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ʂʆʄɹʀʅʆɺɸʅʀ ɸʇʈʆʂʉʀʄɸʊʀɺʅʆ-ʄɽʊɸʍɽʋʈʀʉʊʀʏʂʀ 

ʆʇʊʀʄʀɿɸʎʀʆʅʀ ʇʈʀʉʊʋʇ ɿɸ ʆɼʈɽɫʀɺɸɳɽ ʇɸʈɸʄɽʊɸʈɸ 

ɽʂɺʀɺɸʃɽʅʊʅɽ ʐɽʄɽ ʂɸɺɽɿʅʀʍ ɸʉʀʅʍʈʆʅʀʍ ʄʆʊʆʈɸ ʉɸ 

ʋɺɸɾɸɺɸɳɽʄ ʇʈɽʃɸɿʅʀʍ ʇʈʆʎɽʉɸ ʅɸ ʈʆʊʆʈʋ 

 

ʉʘʞʝʪʘʢ 

 

ɼʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ ʠʩʪʨʘʞʫʿʝ ʧʨʦʙʣʝʤ ʦʜʨʝʹʠʚʘˁʘ (ʫ ʜʘˀʝʤ 

ʪʝʢʩʪʫ: ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ) ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʢʘʚʝʟʥʠʭ 

ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ, ʫʟ ʘʥʘʣʠʟʫ ʧʦʩʪʦʿʝ˂ʠʭ ʤʘʪʝʤʘʪʠʯʢʠʭ ʤʦʜʝʣʘ ʠ 

ˁʠʭʦʚʠʭ ʦʛʨʘʥʠʯʝˁʘ. ʇʦʣʘʟʝ˂ʠ ʦʜ ʦʛʨʘʥʠʯʝʥʝ ʧʨʝʮʠʟʥʦʩʪʠ ʢʣʘʩʠʯʥʠʭ 

ʿʝʜʥʦʢʘʚʝʟʥʠʭ ʠ ʜʚʦʢʘʚʝʟʥʠʭ ʤʦʜʝʣʘ ʫ ʧʦʩʪʫʧʢʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ 

ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʠ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ, 

ʧʨʝʜʣʦʞʝʥ ʿʝ ʢʦʤʙʠʥʦʚʘʥʠ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦ-ʤʝʪʘʭʝʫʨʠʩʪʠʯʢʠ 

ʦʧʪʠʤʠʟʘʮʠʦʥʠ ʧʨʠʩʪʫʧ ʢʦʿʠ ʫʚʘʞʘʚʘ ʧʨʝʣʘʟʥʝ ʧʨʦʮʝʩʝ ʥʘ ʨʦʪʦʨʫ. 

ʄʝʪʦʜʦʣʦʛʠʿʘ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʜʚʦʩʪʝʧʝʥʦʿ ʧʨʠʤʝʥʠ ʘʣʛʦʨʠʪʤʘ 

ʦʧʪʠʤʠʟʘʮʠʿʝ ʨʦʿʝʤ ʯʝʩʪʠʮʘ, ʢʘʦ ʠ ʥʘ ʘʧʨʦʢʩʠʤʘʮʠʿʠ ʧʨʦʤʝʥʝ ʨʦʪʦʨʩʢʠʭ 

ʧʘʨʘʤʝʪʘʨʘ ʫ ʬʫʥʢʮʠʿʠ ʙʨʟʠʥʝ, ʨʘʜʠ ʬʦʨʤʠʨʘˁʘ ʩʪʘʪʠʯʢʝ ʤʝʭʘʥʠʯʢʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ, ʫʟ ʫʚʘʞʘʚʘˁʝ ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ. 

ʋ ʧʨʚʦʤ ʩʪʝʧʝʥʫ ʦʧʪʠʤʠʟʘʮʠʿʝ ʠʜʝʥʪʠʬʠʢʫʿʫ ʩʝ ʧʘʨʘʤʝʪʨʠ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʤʦʪʦʨʘ ʟʘ ʥʘʟʠʚʥʠ ʨʝʞʠʤ ʨʘʜʘ, ʤʠʥʠʤʠʟʠʨʘˁʝʤ 

ʦʜʩʪʫʧʘˁʘ ʠʟʤʝʹʫ ʜʦʙʠʿʝʥʠʭ ʚʝʣʠʯʠʥʘ ʠ ʢʘʪʘʣʦʰʢʠʭ ʧʦʜʘʪʘʢʘ ʢʦʿʠ 

ʦʜʛʦʚʘʨʘʿʫ ʪʦʤ ʨʝʞʠʤʫ. ʋ ʜʨʫʛʦʤ ʩʪʝʧʝʥʫ ʦʧʪʠʤʠʟʘʮʠʿʝ ʚʨʰʠ ʩʝ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʧʨʠ ʧʦʣʘʩʢʫ ʤʦʪʦʨʘ, ʥʘ ʦʩʥʦʚʫ 

ʢʘʪʘʣʦʰʢʠʭ ʧʦʜʘʪʘʢʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠʭ ʟʘ ʪʘʿ ʨʝʞʠʤ. ʈʘʟʤʘʪʨʘʥʝ ʩʫ ʜʚʝ 

ʚʨʩʪʝ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʧʨʦʤʝʥʝ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʫ ʬʫʥʢʮʠʿʠ ʙʨʟʠʥʝ: 



 
 

ʣʠʥʝʘʨʥʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʠ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʟʘʩʥʦʚʘʥʘ ʥʘ ʢʚʘʜʨʘʪʥʦʤ 

ʢʦʨʝʥʫ ʙʨʟʠʥʝ. ʆʚʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʥʝ ʢʦʨʠʩʪʝ ʩʝ ʜʠʨʝʢʪʥʦ ʫ ʧʦʩʪʫʧʢʫ 

ʦʧʪʠʤʠʟʘʮʠʿʝ, ʚʝ˂ ʟʘ ʬʦʨʤʠʨʘˁʝ ʩʪʘʪʠʯʢʠʭ ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ 

ʤʦʪʦʨʘ. ɼʦʜʘʪʥʦ ʩʫ ʘʥʘʣʠʟʠʨʘʥʘ ʜʚʘ ʩʣʫʯʘʿʘ: ʧʨʚʠ, ʫ ʢʦʿʝʤ ʩʝ 

ʧʨʝʪʧʦʩʪʘʚˀʘ ʿʝʜʥʘʢʦʩʪ ʧʦʣʘʟʥʝ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʨʦʪʦʨʘ ʠ ʨʘʩʠʧʥʝ 

ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ, ʠ ʜʨʫʛʠ, ʫ ʢʦʿʝʤ ʩʝ ʦʚʝ ʚʝʣʠʯʠʥʝ ʧʦʩʤʘʪʨʘʿʫ ʢʘʦ 

ʤʝʹʫʩʦʙʥʦ ʨʘʟʣʠʯʠʪʝ. ʀʩʧʠʪʘʥ ʿʝ ʫʪʠʮʘʿ ʦʚʠʭ ʧʨʝʪʧʦʩʪʘʚʢʠ ʥʘ ʪʘʯʥʦʩʪ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʠ ʥʘ ʜʦʙʠʿʘˁʝ ʤʝʭʘʥʠʯʢʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ. ʇʨʝʜʣʦʞʝʥʠ ʧʨʠʩʪʫʧ ʿʝ ʧʨʠʤʝˁʝʥ ʥʘ 48 ʢʘʚʝʟʥʠʭ 

ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʨʘʟʣʠʯʠʪʠʭ ʥʘʟʠʚʥʠʭ ʩʥʘʛʘ ʠ ʙʨʦʿʘ ʧʦʣʦʚʘ, ʘ 

ʜʦʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ ʫʧʦʨʝʹʝʥʠ ʩʫ ʩʘ ʢʘʪʘʣʦʰʢʠʤ ʧʦʜʘʮʠʤʘ ʠ 

ʨʝʬʝʨʝʥʪʥʠʤ ʤʝʭʘʥʠʯʢʠʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ ʢʦʿʝ ʥʘʚʦʜʠ ʧʨʦʠʟʚʦʹʘʯ. 

ʇʦʨʝʜ ʪʦʛʘ, ʨʝʟʫʣʪʘʪʠ ʧʨʝʜʣʦʞʝʥʦʛ ʧʨʠʩʪʫʧʘ ʫʧʦʨʝʹʝʥʠ ʩʫ ʩʘ 

ʨʝʟʫʣʪʘʪʠʤʘ ʜʦʙʠʿʝʥʠʤ ʧʨʠʤʝʥʦʤ ʘʣʛʦʨʠʪʤʘ ʦʧʪʠʤʠʟʘʮʠʿʝ ʨʦʿʝʤ ʯʝʩʪʠʮʘ 

ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʿʝʜʥʦʢʘʚʝʟʥʠʤ ʠ ʜʚʦʢʘʚʝʟʥʠʤ ʤʦʜʝʣʠʤʘ ʠʟ ʨʝʣʝʚʘʥʪʥʝ 

ʣʠʪʝʨʘʪʫʨʝ. 

ʇʨʠʩʪʫʧ ʿʝ ʜʦʜʘʪʥʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʚʝʨʠʬʠʢʦʚʘʥ ʥʘ ʘʩʠʥʭʨʦʥʦʤ 

ʤʦʪʦʨʫ ʥʘʟʠʚʥʝ ʩʥʘʛʝ 2.2 kW, ʧʨʠ ʯʝʤʫ ʩʫ ʨʝʟʫʣʪʘʪʠ ʧʦʨʝʹʝʥʠ ʩʘ 

ʧʦʜʘʮʠʤʘ ʜʦʙʠʿʝʥʠʤ ʧʨʠʤʝʥʦʤ ɸʄɸ ʪʝʩʪʘ ʥʘ ʬʨʝʢʚʝʥʪʥʦʤ ʧʨʝʪʚʘʨʘʯʫ. 

ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ʧʨʝʜʣʦʞʝʥʠ ʧʨʠʩʪʫʧ ʦʙʝʟʙʝʹʫʿʝ ʙʦˀʝ ʩʣʘʛʘˁʝ 

ʠʜʝʥʪʠʬʠʢʦʚʘʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʠ ʜʦʙʠʿʝʥʠʭ 

ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʦʪʦʨʘ ʩʘ ʢʘʪʘʣʦʰʢʠʤ ʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ 

ʧʦʜʘʮʠʤʘ ʫ ʦʜʥʦʩʫ ʥʘ ʢʣʘʩʠʯʥʝ ʤʦʜʝʣʝ. ɼʦʜʘʪʥʦ ʿʝ ʫʪʚʨʹʝʥʦ ʜʘ ʪʘʯʥʦʩʪ 

ʜʦʙʠʿʘˁʘ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ ʟʥʘʯʘʿʥʦ ʟʘʚʠʩʠ ʦʜ ʠʟʙʦʨʘ 

ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʧʨʦʤʝʥʝ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʩʘ ʧʨʦʤʝʥʦʤ ʙʨʟʠʥʝ ʠ 



 
 

ʧʨʝʪʧʦʩʪʘʚʢʠ ʦ ʦʜʥʦʩʫ ʧʦʣʘʟʥʝ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʨʦʪʦʨʘ ʠ ʨʘʩʠʧʥʝ 

ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ. 

ʋ ʜʠʩʝʨʪʘʮʠʿʠ ʿʝ ʩʧʨʦʚʝʜʝʥʘ ʠ ʘʥʘʣʠʟʘ ʦʩʝʪˀʠʚʦʩʪʠ ʤʝʭʘʥʠʯʢʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ ʥʘ ʧʦʿʝʜʠʥʘʯʥʝ ʧʨʦʤʝʥʝ ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ. 

ʆʚʠʤ ʿʝ ʦʤʦʛʫ˂ʝʥʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ ʩʘ ʥʘʿʚʝ˂ʠʤ ʫʪʠʮʘʿʝʤ ʥʘ 

ʦʙʣʠʢ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ, ʧʨʠ ʯʝʤʫ ʿʝ ʧʦʢʘʟʘʥʦ ʜʘ ʟʥʘʯʘʿʘʥ 

ʫʪʠʮʘʿ ʠʤʘʿʫ ʧʦʣʘʟʥʠ ʨʦʪʦʨʩʢʠ ʧʘʨʘʤʝʪʨʠ, ʢʘʦ ʠ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ 

ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ. 

ʂˀʫʯʥʝ ʨʝʯʠ: ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ, ʘʥʘʣʠʟʘ 

ʦʩʝʪˀʠʚʦʩʪʠ, ʜʚʦʩʪʝʧʝʥʘ ʦʧʪʠʤʠʟʘʮʠʿʘ, ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ, ʤʝʭʘʥʠʯʢʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ, ʧʦʣʘʟʥʘ ʨʘʩʠʧʥʘ 

ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ, ʢʘʚʝʟʥʠ ʘʩʠʥʭʨʦʥʠ ʤʦʪʦʨʠ. 

ʅʘʫʯʥʘ ʦʙʣʘʩʪ: ɽʣʝʢʪʨʦʪʝʭʥʠʯʢʦ ʠ ʨʘʯʫʥʘʨʩʢʦ ʠʥʞʝˁʝʨʩʪʚʦ 

ʋʞʘ ʥʘʫʯʥʘ ʦʙʣʘʩʪ: ɽʣʝʢʪʨʦʝʥʝʨʛʝʪʠʢʘ 
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A COMBINED APPROXIMATE-METAHEURISTIC OPTIMIZATION 

APPROACH FOR DETERMINING THE EQUIVALENT CIRCUIT 

PARAMETERS OF SQUIRREL CAGE INDUCTION MOTORS WITH 

CONSIDERATION OF ROTOR TRANSIENT PHENOMENA 

 

Abstract 

 

The doctoral dissertation investigates the problem of parameter 

determination (hereinafter referred to as parameter identification) of the 

equivalent circuit of squirrel cage induction motors, including an analysis of 

existing mathematical models and their limitations. Starting from the limited 

accuracy of classical single cage and double cage models in the identification 

of electrical parameters and the torque-speed characteristic of induction 

motors, a combined approximate-metaheuristic optimization approach is 

proposed, which takes into account transient processes in the rotor. The 

methodology is based on a two stage application of the Particle Swarm 

Optimization (PSO) algorithm, as well as on the approximation of rotor 

parameter variation as a function of speed, for the purpose of forming the 

motorôs static torque-speed characteristic while considering the skin effect. 

In the first stage of optimization, the parameters of the motor equivalent 

circuit are identified for the rated operating condition by minimizing the 

deviation between the obtained quantities and the manufacturerôs catalog data 

corresponding to that operating regime. In the second stage, the rotor 

parameters at motor startup are identified based on catalog data characteristic 

of that regime. Two types of approximations of rotor parameter variation as a 

function of speed are considered: a linear approximation and an approximation 



 
 

based on the square root of speed. These approximations are not used directly 

in the optimization process, but rather for forming the static torque-speed 

characteristics of the motor. Additionally, two cases are analyzed: the first 

assumes equality between the starting rotor leakage reactance and the stator 

leakage reactance, while the second treats these quantities as distinct. The 

influence of these assumptions on the accuracy of equivalent circuit parameter 

identification and on the obtained torque-speed characteristics is examined. 

The proposed approach is applied to a set of 48 squirrel cage induction motors 

of different rated powers and pole numbers, and the obtained results are 

compared with catalog data and reference torque-speed characteristics 

provided by the manufacturer.  

Furthermore, the results of the proposed approach are compared with 

those obtained using the Particle Swarm Optimization algorithm in 

combination with single cage and double cage models reported in the relevant 

literature. The proposed approach is further experimentally validated on an 

induction motor with a rated power of 2.2 kW, where the results are compared 

with data obtained from the Automatic Motor Adaptation (AMA) test 

performed using a frequency converter. 

It is shown that the proposed approach provides better agreement between 

the identified equivalent circuit parameters and the motor torque-speed 

characteristics with catalog and experimental data, compared to classical 

models. Additionally, it is established that the accuracy of the obtained torque-

speed characteristic significantly depends on the selected approximation of 

rotor parameter variation with speed, as well as on the assumptions regarding 

the relationship between the starting rotor leakage reactance and the stator 

leakage reactance. 



 
 

The dissertation also includes a sensitivity analysis of the motorôs torque-

speed characteristic with respect to individual variations of electrical 

parameters. This enabled the identification of parameters with the greatest 

influence on the shape of the torque-speed characteristic, showing that starting 

rotor parameters, as well as stator and rotor leakage reactances, have a 

significant impact. 

Keywords: equivalent circuit parameter identification, rotor parameter 

approximation, sensitivity analysis, squirrel cage induction motors, starting 

rotor leakage reactance, torque-speed characteristic, two stage optimization. 
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1. ʋɺʆɼ 

1.1. ʇʨʝʜʤʝʪ ʠ ʮʠˀ ʠʩʪʨʘʞʠʚʘˁʘ 

ʉʘ ʠʥʪʝʥʟʠʚʥʠʤ ʨʘʟʚʦʿʝʤ ʠʥʜʫʩʪʨʠʿʝ, ʠ ʨʘʩʪʫ˂ʠʤ ʟʘʭʪʝʚʠʤʘ ʟʘ ʝʥʝʨʛʝʪʩʢʦʤ 

ʝʬʠʢʘʩʥʦʰ˂ʫ, ʝʣʝʢʪʨʦʤʦʪʦʨʠ ʢʘʦ ʿʝʜʥʠ ʦʜ ʥʘʿʚʝ˂ʠʭ ʧʦʪʨʦʰʘʯʘ ʝʣʝʢʪʨʠʯʥʝ ʝʥʝʨʛʠʿʝ ʫ 

ʩʚʝʪʫ, ʜʦʙʠʿʘʿʫ ʩʚʝ ʚʝ˂ʠ ʪʝʭʥʦʣʦʰʢʠ ʠ ʝʢʦʥʦʤʩʢʠ ʟʥʘʯʘʿ. ɿʙʦʛ ʩʚʦʿʝ ʨʦʙʫʩʥʦʩʪʠ, 

ʥʠʩʢʝ ʮʝʥʝ, ʿʝʜʥʦʩʪʘʚʥʝ ʢʦʥʩʪʨʫʢʮʠʿʝ ʠ ʧʦʫʟʜʘʥʦʛ ʨʘʜʘ, ʢʘʚʝʟʥʠ ʘʩʠʥʭʨʦʥʠ ʤʦʪʦʨʠ 

ʧʨʝʜʩʪʘʚˀʘʿʫ ʜʦʤʠʥʘʥʪʘʥ ʪʠʧ ʤʦʪʦʨʘ ʫ ʠʥʜʫʩʪʨʠʿʩʢʠʤ ʧʦʛʦʥʠʤʘ. ʆʥʠ ʩʝ 

ʪʨʘʜʠʮʠʦʥʘʣʥʦ ʢʦʨʠʩʪʝ ʫ ʧʦʛʦʥʠʤʘ ʩʘ ʢʦʥʩʪʘʥʪʥʦʤ ʙʨʟʠʥʦʤ, ʛʜʝ ʩʫ ʜʠʨʝʢʪʥʦ 

ʧʨʠʢˀʫʯʝʥʠ ʥʘ ʤʨʝʞʥʠ ʥʘʧʦʥ, ʜʦʢ ʿʝ ˁʠʭʦʚʘ ʧʨʠʤʝʥʘ ʜʦʜʘʪʥʦ ʧʨʦʰʠʨʝʥʘ ʫ 

ʨʝʛʫʣʠʩʘʥʠʤ ʝʣʝʢʪʨʦʤʦʪʦʨʥʠʤ ʧʦʛʦʥʠʤʘ ʩʘ ʧʨʦʤʝʥˀʠʚʦʤ ʙʨʟʠʥʦʤ, ʫ ʢʦʿʠʤʘ ʩʝ 

ʥʘʧʘʿʘˁʝ ʨʝʘʣʠʟʫʿʝ ʧʦʩʨʝʜʩʪʚʦʤ ʬʨʝʢʚʝʥʪʥʠʭ ʧʨʝʪʚʘʨʘʯʘ. ʆʚʘ ʰʠʨʦʢʘ ʧʨʠʤʝʥʘ ʠ ʩʚʝ 

ʚʝ˂ʠ ʟʘʭʪʝʚʠ ʟʘ ʧʨʝʮʠʟʥʠʤ ʤʦʜʝʣʦʚʘˁʝʤ, ʥʘʧʨʝʜʥʠʤ ʘʣʛʦʨʠʪʤʠʤʘ ʫʧʨʘʚˀʘˁʘ ʠ 

ʚʝ˂ʦʤ ʝʥʝʨʛʝʪʩʢʦʤ ʝʬʠʢʘʩʥʦʰ˂ʫ, ʥʝʤʠʥʦʚʥʦ ʥʘʤʝ˂ʫ ʧʦʪʨʝʙʫ ʟʘ ʧʦʫʟʜʘʥʠʿʠʤ ʠ 

ʜʝʪʘˀʥʠʿʠʤ ʦʧʠʩʦʤ ʧʝʨʬʦʨʤʘʥʩʠ ʦʚʠʭ ʤʦʪʦʨʘ. ʋ ʪʦʤ ʢʦʥʪʝʢʩʪʫ, ʿʝʜʥʘ ʦʜ ʥʘʨʦʯʠʪʦ 

ʘʢʪʫʝʣʥʠʭ ʦʙʣʘʩʪʠ ʠʩʪʨʘʞʠʚʘˁʘ ʿʝʩʪʝ ʧʨʝʮʠʟʥʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ. ʊʘʯʥʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʦʚʠʭ ʧʘʨʘʤʝʪʘʨʘ 

ʥʝʦʧʭʦʜʥʘ ʿʝ ʟʘ ʘʥʘʣʠʟʫ ʨʝʞʠʤʘ ʨʘʜʘ ʤʦʪʦʨʘ, ʧʨʦʿʝʢʪʦʚʘˁʝ ʫʧʨʘʚˀʘʯʢʠʭ ʘʣʛʦʨʠʪʘʤʘ, 

ʧʨʦʮʝʥʫ ʝʬʠʢʘʩʥʦʩʪʠ ʠ ʜʝʪʝʢʮʠʿʫ ʢʚʘʨʦʚʘ. ʂʘʢʦ ʥʝʪʘʯʥʠ ʧʘʨʘʤʝʪʨʠ ʤʦʛʫ ʜʦʚʝʩʪʠ ʜʦ 

ʧʦʛʨʝʰʥʦʛ ʪʫʤʘʯʝˁʘ ʧʦʥʘʰʘˁʘ ʤʦʪʦʨʘ ʠ ʥʝʩʪʘʙʠʣʥʦʩʪʠ ʫ ʩʠʩʪʝʤʫ ʫʧʨʘʚˀʘˁʘ 

ʧʦʛʦʥʘ, ʨʘʟʚʦʿ ʧʦʫʟʜʘʥʠʭ ʠ ʧʨʘʢʪʠʯʥʦ ʧʨʠʤʝʥˀʠʚʠʭ ʤʝʪʦʜʘ ʟʘ ˁʠʭʦʚʫ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʨʝʜʩʪʘʚˀʘ ʿʝʜʘʥ ʦʜ ʢˀʫʯʥʠʭ ʠʟʘʟʦʚʘ ʫ ʦʙʣʘʩʪʠ ʝʣʝʢʪʨʦʤʦʪʦʨʥʠʭ 

ʧʦʛʦʥʘ. 

ʊʨʘʜʠʮʠʦʥʘʣʥʝ ʤʝʪʦʜʝ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʟʘʭʪʝʚʘʿʫ ʠʟʚʨʰʘʚʘˁʝ ʦʛʣʝʜʘ ʧʨʘʟʥʦʛ ʭʦʜʘ ʠ ʢʨʘʪʢʦʛ ʩʧʦʿʘ, ʰʪʦ 

ʦʪʝʞʘʚʘ ˁʠʭʦʚʫ ʧʨʠʤʝʥʫ ʫ ʝʣʝʢʪʨʦʤʦʪʦʨʥʠʤ ʧʦʛʦʥʠʤʘ, ʧʦʩʝʙʥʦ ʫ ʩʣʫʯʘʿʫ ʢʘʜʘ ʿʝ 

ʤʦʪʦʨ ʧʨʝʢʦ ʚʨʘʪʠʣʘ ʩʧʨʝʛʥʫʪ ʩʘ ʤʝʭʘʥʠʯʢʠʤ ʦʧʪʝʨʝ˂ʝˁʝʤ. ɿʘʪʦ ʩʝ ʧʨʠʙʝʛʘʚʘ 

ʧʨʠʤʝʥʠ ʘʥʘʣʠʪʠʯʢʠʭ ʠ ʦʧʪʠʤʠʟʘʮʠʦʥʠʭ ʤʝʪʦʜʘ ʟʘ ʨʝʰʘʚʘˁʝ ʧʨʦʙʣʝʤʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ. ʉ ʦʙʟʠʨʦʤ ʥʘ ʪʦ 

ʜʘ ʩʝ ʤʦʜʝʣ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʧʨʝʜʩʪʘʚˀʘ ʧʨʝʢʦ ʥʝʣʠʥʝʘʨʥʦʛ ʩʠʩʪʝʤʘ ʿʝʜʥʘʯʠʥʘ ʠ 
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ʜʘ ʧʨʠ ʪʦʤʝ ʪʨʝʙʘ ʫʚʘʞʠʪʠ ʫʪʠʮʘʿʝ ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ ʫ ʥʘʤʦʪʘʿʫ ʨʦʪʦʨʘ ʠ 

ʟʘʩʠ˂ʝˁʘ ʤʘʛʥʝʪʥʦʛ ʢʦʣʘ ʤʦʪʦʨʘ, ʦʚʘʿ ʧʨʦʙʣʝʤ ʿʝ ʨʝʣʘʪʠʚʥʦ ʩʣʦʞʝʥ ʟʘ ʨʝʰʘʚʘˁʝ. 

ʇʦʩʪʫʧʘʢ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʤʦʪʦʨʘ ʙʘʟʠʨʘ ʩʝ ʥʘ ʫʧʦʨʝʹʠʚʘˁʫ 

ʢʘʪʘʣʦʰʢʠʭ ʠ/ʠʣʠ ʠʟʤʝʨʝʥʠʭ ʚʨʝʜʥʦʩʪʠ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠʭ ʚʝʣʠʯʠʥʘ ʤʦʪʦʨʘ (ʢʘʦ ʰʪʦ 

ʩʫ: ʥʘʧʦʥ, ʩʪʨʫʿʘ, ʤʦʤʝʥʪ, ʬʘʢʪʦʨ ʩʥʘʛʝ, ʩʪʝʧʝʥ ʠʩʢʦʨʠʰ˂ʝˁʘ ʠ ʙʨʟʠʥʘ) ʩʘ ʜʦʙʠʿʝʥʠʤ 

ʚʨʝʜʥʦʩʪʠʤʘ. 

ʇʨʝʜʤʝʪ ʠʩʪʨʘʞʠʚʘˁʘ ʦʚʝ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ ʿʝʩʪʝ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ 

ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʧʨʠʤʝʥʦʤ 

ʤʝʪʘʭʝʫʨʠʩʪʠʯʢʠʭ ʦʧʪʠʤʠʟʘʮʠʦʥʠʭ ʤʝʪʦʜʘ, ʩʘ ʮʠˀʝʤ ʧʦʚʝ˂ʘˁʘ ʪʘʯʥʦʩʪ 

ʠʜʝʥʪʠʬʠʢʦʚʘʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ, ʜʦʙʠʿʘˁʘ ʬʠʟʠʯʢʠ ʨʝʘʣʥʠʿʠʭ ʤʝʭʘʥʠʯʢʠʭ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʦʪʦʨʘ ʠ ʩʤʘˁʝˁʘ ʚʨʝʤʝʥʘ ʧʦʪʨʝʙʥʦʛ ʟʘ ʠʟʚʨʰʘʚʘˁʝ 

ʦʧʪʠʤʠʟʘʮʠʦʥʦʛ ʧʦʩʪʫʧʢʘ. ʋ ʧʨʚʦʤ ʜʝʣʫ ʠʩʪʨʘʞʠʚʘˁʘ ʘʥʘʣʠʟʠʨʘʥʠ ʩʫ ʤʘʪʝʤʘʪʠʯʢʠ 

ʤʦʜʝʣʠ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ, ʫʟ ʩʘʛʣʝʜʘʚʘˁʝ ˁʠʭʦʚʠʭ ʧʨʝʜʥʦʩʪʠ ʠ ʦʛʨʘʥʠʯʝˁʘ, ʢʘʦ ʠ 

ʨʘʟʚʦʿ ʧʦʫʟʜʘʥʦʛ ʠ ʨʦʙʫʩʥʦʛ ʧʦʩʪʫʧʢʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ 

ʰʝʤʝ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ, ʩʘ ʫʚʘʞʘʚʘˁʝʤ ʫʪʠʮʘʿ ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ ʥʘ 

ʝʣʝʢʪʨʠʯʥʝ ʧʘʨʘʤʝʪʨʝ ʨʦʪʦʨʘ. ʇʦʨʝʜ ʪʦʛʘ, ʨʘʟʤʘʪʨʘʥʝ ʩʫ ʘʧʨʦʢʩʠʤʘʮʠʦʥʝ ʬʫʥʢʮʠʿʝ 

ʢʦʿʝ ʥʘ ʬʠʟʠʯʢʠ ʨʝʘʣʥʠʿʠ ʥʘʯʠʥ ʦʧʠʩʫʿʫ ʧʨʦʤʝʥʫ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʫ ʟʘʚʠʩʥʦʩʪʠ 

ʦʜ ʙʨʟʠʥʝ, ʩʘ ʮʠˀʝʤ ʫʥʘʧʨʝʹʝˁʘ ʪʘʯʥʦʩʪʠ ʜʦʙʠʿʝʥʠʭ ʩʪʘʪʠʯʢʠʭ ʤʝʭʘʥʠʯʢʠʭ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ. ʇʨʝʜʣʦʞʝʥʠ ʧʨʠʩʪʫʧ ʿʝ ʪʝʩʪʠʨʘʥ ʥʘ ʘʩʠʥʭʨʦʥʠʤ ʤʦʪʦʨʠʤʘ 

ʨʘʟʣʠʯʠʪʠʭ ʥʘʟʠʚʥʠʭ ʩʥʘʛʘ ʠ ʙʨʦʿʘ ʧʦʣʦʚʘ, ʘ ˁʝʛʦʚʘ ʧʨʠʤʝʥˀʠʚʦʩʪ ʿʝ ʚʝʨʠʬʠʢʦʚʘʥʘ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ. ʋ ʜʨʫʛʦʤ ʜʝʣʫ ʠʩʪʨʘʞʠʚʘˁʘ ʠʟʚʨʰʝʥʘ ʿʝ ʘʥʘʣʠʟʘ ʦʩʝʪˀʠʚʦʩʪʠ 

ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ ʥʘ ʚʘʨʠʿʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ, ʩʘ 

ʮʠˀʝʤ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʫʪʠʮʘʿʘ ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʥʘ ʦʙʣʠʢ ʠ ʢˀʫʯʥʝ ʪʘʯʢʝ 

ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ. 

1.2. ʇʦʣʘʟʥʝ ʭʠʧʦʪʝʟʝ 

ʋ ʩʢʣʘʜʫ ʩʘ ʧʨʝʜʤʝʪʦʤ ʠ ʮʠˀʝʚʠʤʘ ʠʩʪʨʘʞʠʚʘˁʘ ʬʦʨʤʫʣʠʩʘʥʘ ʿʝ ʧʦʣʘʟʥʘ 

ʭʠʧʦʪʝʟʘ ʢʦʿʘ ʛʣʘʩʠ: ʊʘʯʥʦʩʪ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʤʦʞʝ ʩʝ ʟʥʘʯʘʿʥʦ ʧʦʚʝ˂ʘʪʠ ʨʘʟʚʦʿʝʤ ʢʦʤʙʠʥʦʚʘʥʦʛ 

ʘʧʨʦʢʩʠʤʘʪʠʚʥʦ-ʤʝʪʘʭʝʫʨʠʩʪʠʯʢʦʛ ʦʧʪʠʤʠʟʘʮʠʦʥʦʛ ʧʨʠʩʪʫʧʘ, ʫ ʢʦʤʝ ʩʝ ʧʦʣʘʟʥʠ ʠ 
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ʥʘʟʠʚʥʠ ʨʝʞʠʤʠ ʨʘʜʘ ʪʨʝʪʠʨʘʿʫ ʢʘʦ ʜʚʘ ʬʠʟʠʯʢʠ ʨʘʟʜʚʦʿʝʥʘ ʨʝʞʠʤʘ. ʋ ʦʚʘʢʦ 

ʜʝʬʠʥʠʩʘʥʦʤ ʧʨʠʩʪʫʧʫ ʧʘʨʘʤʝʪʨʠ ʥʘʟʠʚʥʦʛ ʠ ʧʦʣʘʟʥʦʛ ʨʝʞʠʤʘ ʠʜʝʥʪʠʬʠʢʫʿʫ ʩʝ ʫ 

ʜʚʘ ʦʜʚʦʿʝʥʘ ʦʧʪʠʤʠʟʘʮʠʦʥʘ ʢʦʨʘʢʘ, ʜʦʢ ʩʝ ʫ ʧʦʩʪʫʧʢʫ ʜʦʙʠʿʘˁʘ ʩʪʘʪʠʯʢʝ 

ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ˁʠʭʦʚʘ ʤʝʹʫʩʦʙʥʘ ʚʝʟʘ ʫʩʧʦʩʪʘʚˀʘ ʧʫʪʝʤ 

ʘʧʨʦʢʩʠʤʘʮʠʦʥʠʭ ʬʫʥʢʮʠʿʘ ʢʦʿʝ ʦʧʠʩʫʿʫ ʧʨʦʤʝʥʫ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʫ ʬʫʥʢʮʠʿʠ 

ʙʨʟʠʥʝ. ʅʘ ʦʚʘʿ ʥʘʯʠʥ ˂ʝ ʩʝ ʧʦʚʝ˂ʘʪʠ ʪʘʯʥʦʩʪ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʠ ʜʦʙʠʿʘˁʘ 

ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ, ʫʟ ʩʤʘˁʝʥʫ ʚʝʨʦʚʘʪʥʦ˂ʫ Ăʟʘʛʣʘʚˀʠʚʘˁʘò 

ʦʧʪʠʤʠʟʘʮʠʦʥʠʭ ʤʝʪʦʜʘ ʫ ʣʦʢʘʣʥʠʤ ʤʠʥʠʤʫʤʠʤʘ. ʇʦʩʪʘʚˀʝʥʘ ʿʝ ʠ ʧʦʤʦ˂ʥʘ ʭʠʧʦʪʝʟʘ 

ʢʦʿʘ ʛʣʘʩʠ: ʅʘ ʪʘʯʥʦʩʪ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʠʭ 

ʤʦʪʦʨʘ, ʢʘʦ ʠ ʥʘ ʪʘʯʥʦʩʪ ʜʦʙʠʿʝʥʝ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ, ʟʥʘʯʘʿʥʦ ʫʪʠʯʫ 

ʧʨʝʪʧʦʩʪʘʚʢʝ ʦ ʤʝʹʫʩʦʙʥʦʤ ʦʜʥʦʩʫ ʧʦʣʘʟʥʝ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʨʦʪʦʨʘ ʠ ʫʩʪʘˀʝʥʝ 

ʚʨʝʜʥʦʩʪʠ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ. ʋ ʠʩʪʨʘʞʠʚʘˁʫ ʩʝ ʧʦʣʘʟʠ ʦʜ ʪʦʛʘ ʜʘ ˂ʝ 

ʧʨʠʤʝʥʘ ʧʨʝʪʧʦʩʪʘʚʢʝ ʦ ˁʠʭʦʚʦʿ ʤʝʹʫʩʦʙʥʦʿ ʨʘʟʣʠʯʠʪʦʩʪʠ, ʟʘ ʨʘʟʣʠʢʫ ʦʜ ʫʦʙʠʯʘʿʝʥʝ 

ʧʨʝʪʧʦʩʪʘʚʢʝ ʦ ˁʠʭʦʚʦʿ ʿʝʜʥʘʢʦʩʪʠ, ʜʦʧʨʠʥʝʪʠ ʧʦʚʝ˂ʘˁʫ ʪʘʯʥʦʩʪʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ 

ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʠ ʜʦʙʠʿʘˁʫ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ. 

ʀʩʧʠʪʠʚʘˁʝʤ ʦʚʝ ʭʠʧʦʪʝʟʝ ʢʨʦʟ ʥʫʤʝʨʠʯʢʝ ʝʢʩʧʝʨʠʤʝʥʪʝ ʥʘ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʦʤ 

ʫʟʦʨʢʫ ʤʦʪʦʨʘ ʨʘʟʣʠʯʠʪʠʭ ʩʥʘʛʘ ʫʪʚʨʜʠ˂ʝ ʩʝ ʩʪʝʧʝʥ ʫʪʠʮʘʿʘ ʥʘʚʝʜʝʥʠʭ ʧʨʝʪʧʦʩʪʘʚʢʠ 

ʥʘ ʢʚʘʣʠʪʝʪ ʢʦʥʘʯʥʠʭ ʨʝʟʫʣʪʘʪʘ ʧʨʝʜʣʦʞʝʥʦʛ ʢʦʤʙʠʥʦʚʘʥʦʛ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦ-

ʤʝʪʘʭʝʫʨʠʩʪʠʯʢʦʛ ʧʨʠʩʪʫʧʘ. 

1.3. ʅʘʫʯʥʝ ʤʝʪʦʜʝ ʠʩʪʨʘʞʠʚʘˁʘ 

ʈʝʘʣʠʟʘʮʠʿʘ ʠʩʪʨʘʞʠʚʘʯʢʠʭ ʟʘʜʘʪʘʢʘ ʦʚʝ ʜʠʩʝʨʪʘʮʠʿʝ ʟʘʩʥʠʚʘ ʩʝ ʥʘ ʩʠʩʪʝʤʘʪʩʢʦʿ 

ʧʨʠʤʝʥʠ ʩʣʝʜʝ˂ʠʭ ʥʘʫʯʥʠʭ ʤʝʪʦʜʘ ʠ ʧʦʩʪʫʧʢʘ: 

¶ ʊʝʦʨʠʿʩʢʦ-ʘʥʘʣʠʪʠʯʢʘ ʤʝʪʦʜʘ ʠ ʧʨʝʛʣʝʜ ʣʠʪʝʨʘʪʫʨʝ. ʉʧʨʦʚʝʜʝʥ ʿʝ 

ʢʨʠʪʠʯʢʠ ʧʨʝʛʣʝʜ ʠ ʘʥʘʣʠʟʘ ʜʦʤʘ˂ʝ ʠ ʤʝʹʫʥʘʨʦʜʥʝ ʥʘʫʯʥʝ ʣʠʪʝʨʘʪʫʨʝ 

ʠʟ ʦʙʣʘʩʪʠ ʝʣʝʢʪʨʦʤʦʪʦʨʥʠʭ ʧʦʛʦʥʘ ʠ ʝʣʝʢʪʨʠʯʥʠʭ ʤʘʰʠʥʘ, ʩʘ 

ʧʦʩʝʙʥʠʤ ʘʢʮʝʥʪʦʤ ʥʘ ʨʘʜʦʚʝ ʦʙʿʘʚˀʝʥʝ ʫ ʧʨʝʩʪʠʞʥʠʤ ʯʘʩʦʧʠʩʠʤʘ. 

ʌʦʢʫʩ ʿʝ ʙʠʦ ʥʘ: 

- ʤʝʪʦʜʠʤʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ; 
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- ʪʝʭʥʠʢʘʤʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʦʣʘʟʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʨʦʪʦʨʘ; 

- ʨʘʟʚʦʿʫ ʠ ʧʨʠʤʝʥʠ ʤʝʪʘʭʝʫʨʠʩʪʠʯʢʠʭ ʦʧʪʠʤʠʟʘʮʠʦʥʠʭ ʤʝʪʦʜʘ ʟʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʠʭ 

ʤʦʪʦʨʘ. 

¶ ʅʫʤʝʨʠʯʢʦ-ʘʥʘʣʠʪʠʯʢʦ ʤʦʜʝʣʠʨʘˁʝ ʠ ʦʧʪʠʤʠʟʘʮʠʿʘ. ʇʨʠʤʝˁʝʥʠ ʩʫ 

ʥʫʤʝʨʠʯʢʠ ʤʦʜʝʣʠ, ʘʥʘʣʠʪʠʯʢʠ ʠʟʨʘʟʠ ʠ ʘʧʨʦʢʩʠʤʘʮʠʦʥʝ ʬʫʥʢʮʠʿʝ ʫ 

ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʤʝʪʘʭʝʫʨʠʩʪʠʯʢʠʤ ʦʧʪʠʤʠʟʘʮʠʦʥʠʤ ʤʝʪʦʜʘʤʘ ʨʘʜʠ: 

- ʪʘʯʥʠʿʝ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʠ 

- ʜʦʙʠʿʘˁʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ. 

¶ ʉʪʦʭʘʩʪʠʯʢʘ ʘʥʘʣʠʟʘ ʠ ʩʠʤʫʣʘʮʠʿʘ. ʂʦʨʠʰ˂ʝʥʠ ʩʫ ʩʪʘʪʠʩʪʠʯʢʠ ʤʦʜʝʣʠ 

ʨʘʩʧʦʜʝʣʝ ʚʝʨʦʚʘʪʥʦ˂ʘ ʠ ʤʝʪʦʜʝ ʩʪʦʭʘʩʪʠʯʢʝ ʩʠʤʫʣʘʮʠʿʝ (Monte Carlo) 

ʟʘ ʩʧʨʦʚʦʹʝˁʝ ʘʥʘʣʠʟʝ ʦʩʝʪˀʠʚʦʩʪʠ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ 

ʥʘ ʚʘʨʠʿʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ. 

¶ ʈʘʟʚʦʿ ʩʧʝʮʠʿʘʣʠʟʦʚʘʥʠʭ ʩʦʬʪʚʝʨʩʢʠʭ ʘʣʘʪʘ. ʀʟʚʨʰʝʥ ʿʝ ʨʘʟʚʦʿ ʜʚʘ 

Matlab ʙʘʟʠʨʘʥʘ ʧʨʦʛʨʘʤʘ: 

- ʉʦʬʪʚʝʨʩʢʦʛ ʨʝʰʝˁʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ, ʫʩʢʣʘʹʝʥʦʛ ʩʘ ʜʝʬʠʥʠʩʘʥʠʤ 

ʦʧʪʠʤʠʟʘʮʠʦʥʠʤ ʟʘʭʪʝʚʠʤʘ ʠ ʦʜʘʙʨʘʥʠʤ ʤʝʪʘʭʝʫʨʠʩʪʠʯʢʠʤ 

ʘʣʛʦʨʠʪʤʦʤ; 

- ʇʨʦʛʨʘʤʘ ʟʘ ʘʥʘʣʠʟʫ ʦʩʝʪˀʠʚʦʩʪʠ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ, 

ʯʠʿʠ ʿʝ ʮʠˀ ʙʠʦ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ ʩʘ ʥʘʿʚʝ˂ʠʤ 

ʫʪʠʮʘʿʝʤ ʥʘ ʤʝʭʘʥʠʯʢʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ ʤʦʪʦʨʘ. 

¶ ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʚʝʨʠʬʠʢʘʮʠʿʘ. ʋ ʦʚʦʿ ʬʘʟʠ ʠʩʪʨʘʞʠʚʘˁʘ ʠʟʚʨʰʝʥʘ ʿʝ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʧʨʦʚʝʨʘ ʧʨʝʜʣʦʞʝʥʦʛ ʧʨʠʩʪʫʧʘ ʧʨʠʤʝʥʦʤ ʩʘʚʨʝʤʝʥʠʭ 

ʢʦʤʝʨʮʠʿʘʣʥʠʭ ʘʣʘʪʘ ʠ ʣʘʙʦʨʘʪʦʨʠʿʩʢʝ ʦʧʨʝʤʝ. ɿʘ ʛʝʥʝʨʠʩʘˁʝ 

ʨʝʬʝʨʝʥʪʥʠʭ ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʦʪʦʨʘ ʢʦʨʠʰ˂ʝʥ ʿʝ MotSize 

ʩʦʬʪʚʝʨʩʢʠ ʧʘʢʝʪ, ʜʦʢ ʿʝ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ 

ʰʝʤʝ ʧʨʠʤʝʥʦʤ ɸʄɸ (ʝʥʛ. Automatic Motor Adaptation) ʪʝʩʪʘ 
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ʫʧʦʪʨʝʙˀʝʥ Danfoss FC302 ʬʨʝʢʚʝʥʪʥʠ ʧʨʝʪʚʘʨʘʯ. ɼʦʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ 

ʧʨʝʜʣʦʞʝʥʦʛ ʧʨʠʩʪʫʧʘ ʫʧʦʨʝʹʝʥʠ ʩʫ ʩʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʜʦʙʠʿʝʥʠʤ 

ʚʨʝʜʥʦʩʪʠʤʘ, ʯʠʤʝ ʿʝ ʠʟʚʨʰʝʥʘ ʦʙʿʝʢʪʠʚʥʘ ʚʘʣʠʜʘʮʠʿʘ ʪʘʯʥʦʩʪʠ 

ʧʨʝʜʣʦʞʝʥʦʛ ʧʦʩʪʫʧʢʘ ʫ ʨʝʘʣʥʠʤ ʫʩʣʦʚʠʤʘ. 

1.4. ʆʯʝʢʠʚʘʥʠ ʨʝʟʫʣʪʘʪʠ ʠ ʥʘʫʯʥʠ ʜʦʧʨʠʥʦʩ 

ʆʯʝʢʠʚʘʥʠ ʨʝʟʫʣʪʘʪʠ ʠ ʥʘʫʯʥʠ ʜʦʧʨʠʥʦʩ ʦʚʝ ʜʠʩʝʨʪʘʮʠʿʝ ʧʨʦʠʟʠʣʘʟʝ ʠʟ 

ʧʨʠʤʝʥʝ ʤʫʣʪʠʤʝʪʦʜʦʣʦʰʢʦʛ ʧʨʠʩʪʫʧʘ ʠ ʦʙʫʭʚʘʪʘʿʫ ʥʝʢʦʣʠʢʦ ʢˀʫʯʥʠʭ ʜʦʤʝʥʘ 

ʫʥʘʧʨʝʹʝˁʘ ʧʦʩʪʫʧʢʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʠʭ 

ʤʦʪʦʨʘ. 

ʇʨʚʠ ʠ ʦʩʥʦʚʥʠ ʜʦʧʨʠʥʦʩ ʿʝ ʨʘʟʚʦʿ ʢʦʤʙʠʥʦʚʘʥʦʛ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦ-

ʤʝʪʘʭʝʫʨʠʩʪʠʯʢʦʛ ʦʧʪʠʤʠʟʘʮʠʦʥʦʛ ʧʨʠʩʪʫʧʘ. ʆʚʘʿ ʧʨʠʩʪʫʧ ʦʤʦʛʫ˂ʘʚʘ ʧʨʝʮʠʟʥʠʿʫ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʠʩʢˀʫʯʠʚʦ ʥʘ ʦʩʥʦʚʫ ʢʘʪʘʣʦʰʢʠʭ 

ʧʦʜʘʪʘʢʘ, ʫʟ ʫʚʘʞʘʚʘˁʝ ʧʨʝʣʘʟʥʠʭ ʧʨʦʮʝʩʘ ʥʘ ʨʦʪʦʨʫ. ʇʦʩʝʙʥʘ ʚʨʝʜʥʦʩʪ ʤʝʪʦʜʝ ʣʝʞʠ 

ʫ ʦʜʚʦʿʝʥʦʿ ʠʜʝʥʪʠʬʠʢʘʮʠʿʠ ʥʘʟʠʚʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʠ ʧʦʣʘʟʥʠʭ 

ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʨʦʪʦʨʘ, ʰʪʦ ʧʨʝʜʩʪʘʚˀʘ ʟʥʘʯʘʿʘʥ ʥʘʧʨʝʜʘʢ ʫ ʦʜʥʦʩʫ ʥʘ 

ʧʦʩʪʦʿʝ˂ʝ ʿʝʜʥʦʩʪʘʚʥʠʿʝ ʤʦʜʝʣʝ. 

ɼʨʫʛʠ ʟʥʘʯʘʿʘʥ ʨʝʟʫʣʪʘʪ ʦʛʣʝʜʘ ʩʝ ʫ ʧʨʦʥʘʣʘʞʝˁʫ ʠ ʚʘʣʠʜʘʮʠʿʠ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ 

ʘʧʨʦʢʩʠʤʘʮʠʦʥʠʭ ʬʫʥʢʮʠʿʘ ʢʦʿʝ ʥʘ ʘʜʝʢʚʘʪʘʥ ʠ ʬʠʟʠʯʢʠ ʨʝʘʣʠʩʪʠʯʘʥ ʥʘʯʠʥ ʦʧʠʩʫʿʫ 

ʧʨʦʤʝʥʝ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ (ʦʪʧʦʨʥʦʩʪʠ ʠ ʨʝʘʢʪʘʥʩʝ) ʫ ʬʫʥʢʮʠʿʠ ʙʨʟʠʥʝ. ʆʚʝ 

ʬʫʥʢʮʠʿʝ ʯʠʥʝ ʙʠʪʥʫ ʢʦʤʧʦʥʝʥʪʫ ʨʘʟʚʠʿʝʥʦʛ ʧʨʠʩʪʫʧʘ, ʦʙʝʟʙʝʹʫʿʫ˂ʠ ʬʠʟʠʯʢʠ 

ʧʨʠʭʚʘʪˀʠʚʠʿʠ ʦʧʠʩ ʧʦʥʘʰʘˁʘ ʤʦʪʦʨʘ ʫ ʩʚʠʤ ʨʘʜʥʠʤ ʨʝʞʠʤʠʤʘ. 

ʊʨʝ˂ʠ ʜʦʧʨʠʥʦʩ ʦʜʥʦʩʠ ʩʝ ʥʘ ʩʠʩʪʝʤʘʪʩʢʦ ʠʩʧʠʪʠʚʘˁʝ ʫʪʠʮʘʿʘ ʫʦʙʠʯʘʿʝʥʝ 

ʧʨʝʪʧʦʩʪʘʚʢʝ ʦ ʿʝʜʥʘʢʦʩʪʠ ʧʦʣʘʟʥʝ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʨʦʪʦʨʘ ʠ ʫʩʪʘˀʝʥʝ ʚʨʝʜʥʦʩʪʠ 

ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ. ʀʩʪʨʘʞʠʚʘˁʝʤ ˂ʝ ʩʝ ʢʚʘʥʪʠʪʘʪʠʚʥʦ ʦʜʨʝʜʠʪʠ ʫʪʠʮʘʿ ʦʚʝ 

ʧʨʝʪʧʦʩʪʘʚʢʝ ʥʘ ʪʘʯʥʦʩʪ ʮʝʣʝ ʧʨʦʮʝʜʫʨʝ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ, ʘ ʧʦʩʝʙʥʦ ʥʘ 

ʦʙʣʠʢ ʠ ʧʨʝʮʠʟʥʦʩʪ ʜʦʙʠʿʝʥʝ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ, ʯʠʤʝ ˂ʝ ʩʝ ʧʨʫʞʠʪʠ ʦʩʥʦʚʘ 

ʟʘ ˁʝʥʫ ʢʨʠʪʠʯʢʫ ʨʝʚʠʟʠʿʫ ʫ ʩʧʝʮʠʬʠʯʥʠʤ ʧʨʠʤʝʥʘʤʘ. 

ʅʘʫʯʥʠ ʜʦʧʨʠʥʦʩ ʜʘˀʝ ʫʢˀʫʯʫʿʝ ʠ ʩʧʨʦʚʦʹʝˁʝ ʘʥʘʣʠʟʝ ʦʩʝʪˀʠʚʦʩʪʠ ʤʝʭʘʥʠʯʢʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ. ʆʚʦʤ ʘʥʘʣʠʟʦʤ ˂ʝ ʩʝ ʦʜʨʝʜʠʪʠ ʥʠʚʦ ʫʪʠʮʘʿʘ ʩʚʘʢʦʛ 



6 

 

ʧʦʿʝʜʠʥʘʯʥʦʛ ʧʘʨʘʤʝʪʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʚʝʣʠʯʠʥʝ ʤʦʪʦʨʘ 

(ʢʘʦ ʰʪʦ ʩʫ ʥʘʟʠʚʥʠ ʦʙʨʪʥʠ ʤʦʤʝʥʪ, ʧʦʣʘʟʥʠ ʤʦʤʝʥʪ ʠ ʧʨʝʚʘʣʥʠ ʤʦʤʝʥʪ), 

ʠʜʝʥʪʠʬʠʢʫʿʫ˂ʠ ʧʘʨʘʤʝʪʨʝ ʦʜ ʢˀʫʯʥʦʛ ʟʥʘʯʘʿʘ ʟʘ ʧʦʥʘʰʘˁʝ ʫ ʨʘʟʣʠʯʠʪʠʤ ʨʝʞʠʤʠʤʘ 

ʨʘʜʘ. 

ʇʦʪʚʨʜʘ ʦʩʪʚʘʨʝʥʠʭ ʥʘʫʯʥʠʭ ʜʦʧʨʠʥʦʩʘ ʨʝʘʣʠʟʦʚʘʥʘ ʿʝ ʢʨʦʟ ʦʙʿʘʚˀʠʚʘˁʝ 

ʨʝʟʫʣʪʘʪʘ ʫ ʨʝʮʝʥʟʠʨʘʥʠʤ ʤʝʹʫʥʘʨʦʜʥʠʤ ʯʘʩʦʧʠʩʠʤʘ ʠ ʧʨʝʟʝʥʪʦʚʘˁʝ ʥʘ ʠʩʪʘʢʥʫʪʠʤ 

ʥʘʫʯʥʠʤ ʢʦʥʬʝʨʝʥʮʠʿʘʤʘ, ʯʠʤʝ ʩʝ ʨʝʟʫʣʪʘʪʠ ʩʪʘʚˀʘʿʫ ʥʘ ʨʘʩʧʦʣʘʛʘˁʝ ʰʠʨʦʿ 

ʘʢʘʜʝʤʩʢʦʿ ʠ ʩʪʨʫʯʥʦʿ ʟʘʿʝʜʥʠʮʠ. ʉʚʠ ʨʝʣʝʚʘʥʪʥʠ ʨʘʜʦʚʠ ʢʦʿʠ ʯʠʥʝ ʜʝʦ ʦʚʝ 

ʜʠʩʝʨʪʘʮʠʿʝ ʥʘʚʝʜʝʥʠ ʩʫ ʫ ʧʨʠʣʦʞʝʥʦʿ ʣʠʩʪʠ ʨʝʬʝʨʝʥʮʠ, ʘ ˁʠʭʦʚʘ ʧʦʚʝʟʘʥʦʩʪ ʩʘ 

ʧʦʿʝʜʠʥʠʤ ʨʝʟʫʣʪʘʪʠʤʘ ʜʦʜʘʪʥʦ ʿʝ ʥʘʟʥʘʯʝʥʘ ʥʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʤʝʩʪʠʤʘ ʫ ʪʝʢʩʪʫ. ʅʘ 

ʪʘʿ ʥʘʯʠʥ ʫʢʫʧʥʦ ʠʩʪʨʘʞʠʚʘˁʝ ʜʦʙʠʿʘ ʧʦʪʧʫʥʦʩʪ ʠ ʚʝʨʠʬʠʢʫʿʝ ʩʝ ˁʝʛʦʚʘ ʥʘʫʯʥʘ 

ʚʘˀʘʥʦʩʪ. 

1.5. ʇʣʘʥ ʠʩʪʨʘʞʠʚʘˁʘ ʠ ʩʪʨʫʢʪʫʨʘ ʜʠʩʝʨʪʘʮʠʿʝ 

ɼʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ ʿʝ ʩʪʨʫʢʪʫʨʠʩʘʥʘ ʫ ʜʝʩʝʪ ʧʦʛʣʘʚˀʘ, ʩʘʜʨʞʠ ʩʧʠʩʘʢ 

ʢʦʨʠʰ˂ʝʥʝ ʣʠʪʝʨʘʪʫʨʝ, ʢʘʦ ʠ 2 ʧʨʠʣʦʛʘ. 

ʋ ʫʚʦʜʫ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʘ ʧʨʦʙʣʝʤʘʪʠʢʘ ʢʦʿʦʤ ʩʝ ʜʠʩʝʨʪʘʮʠʿʘ ʙʘʚʠ, ʜʝʬʠʥʠʩʘʥʠ 

ʩʫ ʧʨʝʜʤʝʪ ʠ ʮʠˀ ʠʩʪʨʘʞʠʚʘˁʘ, ʬʦʨʤʫʣʠʩʘʥʝ ʧʦʣʘʟʥʝ ʭʠʧʦʪʝʟʝ, ʦʧʠʩʘʥʝ ʤʝʪʦʜʝ 

ʥʘʫʯʥʦʛ ʠʩʪʨʘʞʠʚʘˁʘ, ʢʘʦ ʠ ʦʯʝʢʠʚʘʥʠ ʨʝʟʫʣʪʘʪʠ ʠ ʥʘʫʯʥʠ ʜʦʧʨʠʥʦʩ ʨʘʜʘ. 

ʋ ʜʨʫʛʦʤ ʧʦʛʣʘʚˀʫ ʠʟʚʨʰʝʥ ʿʝ ʩʠʩʪʝʤʘʪʠʯʘʥ ʠ ʢʨʠʪʠʯʢʠ ʧʨʝʛʣʝʜ ʜʦʩʘʜʘʰˁʝ 

ʣʠʪʝʨʘʪʫʨʝ, ʫʢˀʫʯʫʿʫ˂ʠ ʢˀʫʯʥʘ ʥʘʫʯʥʘ ʠʩʪʨʘʞʠʚʘˁʘ ʠ ʨʝʣʝʚʘʥʪʥʝ ʜʦʢʪʦʨʩʢʝ 

ʜʠʩʝʨʪʘʮʠʿʝ ʠʟ ʩʨʦʜʥʠʭ ʦʙʣʘʩʪʠ, ʯʠʤʝ ʩʝ ʫʪʚʨʹʫʿʝ ʠʩʪʨʘʞʠʚʘʯʢʠ ʢʦʥʪʝʢʩʪ ʠ 

ʠʜʝʥʪʠʬʠʢʫʿʝ ʧʨʦʩʪʦʨ ʟʘ ʥʘʫʯʥʠ ʜʦʧʨʠʥʦʩ ʦʚʦʛ ʨʘʜʘ. 

ʋ ʪʨʝ˂ʝʤ ʧʦʛʣʘʚˀʫ ʨʘʟʤʘʪʨʘʥʘ ʿʝ ʧʨʦʙʣʝʤʘʪʠʢʘ ʤʦʜʝʣʦʚʘˁʘ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ 

ʧʦʤʦ˂ʫ ʟʘʤʝʥʩʢʝ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ. ɼʝʪʘˀʥʦ ʩʫ ʘʥʘʣʠʟʠʨʘʥʠ ʿʝʜʥʦʢʘʚʝʟʥʠ ʠ 

ʜʚʦʢʘʚʝʟʥʠ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣʠ ʤʦʪʦʨʘ, ʢʘʦ ʠ ʧʨʦʰʠʨʝʥʠ ʿʝʜʥʦʢʘʚʝʟʥʠ ʤʘʪʝʤʘʪʠʯʢʠ 

ʤʦʜʝʣ ʫ ʢʦʿʝʤ ʩʝ ʫʚʘʞʘʚʘ ʫʪʠʮʘʿ ʧʨʝʣʘʟʥʠʭ ʧʨʦʮʝʩʘ ʥʘ ʨʦʪʦʨʫ. ʊʘʢʦʹʝ, ʩʫ ʧʨʠʢʘʟʘʥʝ 

ʧʨʝʜʥʦʩʪʠ ʠ ʦʛʨʘʥʠʯʝˁʘ ʩʚʘʢʦʛ ʦʜ ʦʚʘ ʪʨʠ ʤʦʜʝʣʘ. ʇʦʩʝʙʥʘ ʧʘʞˁʘ ʧʦʩʚʝ˂ʝʥʘ ʿʝ 

ʫʪʠʮʘʿʫ ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ ʫ ʨʦʪʦʨʫ ʠ ʘʧʨʦʢʩʠʤʘʮʠʦʥʠʭ ʬʫʥʢʮʠʿʘ ʢʦʿʝ ʦʧʠʩʫʿʫ 

ʧʨʦʤʝʥʫ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʙʨʟʠʥʝ. 
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ʋ ʯʝʪʚʨʪʦʤ ʧʦʛʣʘʚˀʫ ʜʝʪʘˀʥʦ ʩʫ ʨʘʟʤʘʪʨʘʥʝ ʢʣʘʩʠʯʥʝ ʤʝʪʦʜʝ ʟʘ ʜʦʙʠʿʘˁʝ 

ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ, ʟʘʩʥʦʚʘʥʝ ʥʘ ʩʪʘʥʜʘʨʜʫ IEEE 112. 

ʇʨʝʜʩʪʘʚˀʝʥ ʿʝ ʢʦʤʧʣʝʪʘʥ ʧʦʩʪʫʧʘʢ ʠʟʚʦʹʝˁʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʤʝʨʝˁʘ, ʫʩʚʦʿʝʥʘ 

ʧʦʿʝʜʥʦʩʪʘʚˀʝˁʘ, ʢʘʦ ʠ ʘʥʘʣʠʪʠʯʢʠ ʧʨʦʨʘʯʫʥʠ ʥʝʦʧʭʦʜʥʠ ʟʘ ʜʦʙʠʿʘˁʝ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ. 

ʋ ʧʝʪʦʤ ʧʦʛʣʘʚˀʫ ʠʟʣʦʞʝʥ ʿʝ ʢʦʤʙʠʥʦʚʘʥʠ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦ-ʤʝʪʘʭʝʫʨʠʩʪʠʯʢʠ 

ʦʧʪʠʤʠʟʘʮʠʦʥʠ ʧʨʠʩʪʫʧ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʩʘ ʫʚʘʞʘʚʘˁʝʤ ʧʨʝʣʘʟʥʠʭ ʧʨʦʮʝʩʘ ʥʘ ʨʦʪʦʨʫ. ɼʝʪʘˀʥʦ ʿʝ 

ʬʦʨʤʫʣʠʩʘʥ ʠʩʪʨʘʞʠʚʘʯʢʠ ʧʨʦʙʣʝʤ, ʜʝʬʠʥʠʩʘʥʝ ʬʫʥʢʮʠʿʝ ʮʠˀʘ ʦʧʪʠʤʠʟʘʮʠʿʝ ʠ 

ʧʨʝʮʠʟʠʨʘʥʘ ʦʛʨʘʥʠʯʝˁʘ. ʈʘʜʠ ʦʙʝʟʙʝʹʠʚʘˁʘ ʫʧʦʨʝʜʠʚʦʩʪʠ ʜʦʙʠʿʝʥʠʭ ʨʝʟʫʣʪʘʪʘ ʩʘ 

ʧʦʩʪʦʿʝ˂ʠʤ ʧʨʠʩʪʫʧʠʤʘ, ʧʨʠʢʘʟʘʥʘ ʿʝ ʧʨʠʤʝʥʘ ʿʝʜʥʦʢʘʚʝʟʥʦʛ ʠ ʜʚʦʢʘʚʝʟʥʦʛ 

ʤʘʪʝʤʘʪʠʯʢʦʛ ʤʦʜʝʣʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ, ʢʘʦ ʠ 

ʬʫʥʢʮʠʿʝ ʮʠˀʘ ʠ ʦʛʨʘʥʠʯʝˁʘ ʢʦʿʘ ʩʫ ʫ ʪʠʤ ʤʦʜʝʣʠʤʘ ʫʩʚʦʿʝʥʘ. 

ʋ ʰʝʩʪʦʤ ʧʦʛʣʘʚˀʫ ʧʨʝʜʩʪʘʚˀʝʥʘ ʿʝ ʢʣʘʩʠʬʠʢʘʮʠʿʘ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʧʨʝʤʘ 

ʦʙʣʠʢʫ ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʠ ʧʝʨʬʦʨʤʘʥʩʠ ʜʝʬʠʥʠʩʘʥʠʭ ʧʨʝʤʘ NEMA MG-

1-2009 ʩʪʘʥʜʘʨʜʫ. ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʧʨʠʢʘʟʘʥʠ ʩʫ ʢʘʪʘʣʦʰʢʠ ʧʦʜʘʮʠ ʠ ʤʝʭʘʥʠʯʢʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʟʘ 48 ʤʦʪʦʨʘ ʥʘ ʢʦʿʠʤʘ ʿʝ ʪʝʩʪʠʨʘʥ ʧʨʝʜʣʦʞʝʥʠ ʧʨʠʩʪʫʧ. ʊʘʢʦʹʝ, 

ʠʟʚʨʰʝʥʦ ʿʝ ʤʝʹʫʩʦʙʥʦ ʧʦʨʝʹʝˁʝ ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʦʪʦʨʘ ʠʩʪʠʭ ʩʥʘʛʘ ʘ 

ʨʘʟʣʠʯʠʪʦʛ ʙʨʦʿʘ ʧʦʣʦʚʘ, ʢʘʦ ʠ ʢʣʘʩʠʬʠʢʘʮʠʿʘ ʨʘʟʤʘʪʨʘʥʠʭ ʤʦʪʦʨʘ ʫ ʩʢʣʘʜʫ ʩʘ NEMA 

ʩʪʘʥʜʘʨʜʦʤ. 

ʋ ʩʝʜʤʦʤ ʧʦʛʣʘʚˀʫ ʧʨʝʜʩʪʘʚˀʝʥʠ ʩʫ ʨʝʟʫʣʪʘʪʠ ʜʦʙʠʿʝʥʠ ʧʨʠʤʝʥʦʤ ʥʦʚʦʛ 

ʧʨʠʩʪʫʧʘ ʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʠ ʧʘʨʘʤʝʪʘʨʘ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʢʦʿʠ ʩʝ ʟʘʩʥʠʚʘ ʥʘ 

ʢʦʤʙʠʥʦʚʘʥʦʿ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦ-ʤʝʪʘʭʝʫʨʠʩʪʠʯʢʦʿ ʦʧʪʠʤʠʟʘʮʠʦʥʦʿ ʤʝʪʦʜʠ. ʊʘʢʦʹʝ, ʫ 

ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʧʨʠʤʝˁʝʥʝ ʩʫ ʤʝʪʦʜʝ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ 

ʢʦʿʝ ʢʦʨʠʩʪʝ ʿʝʜʥʦʢʘʚʝʟʥʠ ʠ ʜʚʦʢʘʚʝʟʥʠ ʤʦʜʝʣ. ʈʘʜʠ ʦʙʝʟʙʝʹʠʚʘˁʘ ʚʘʣʠʜʥʦʛ 

ʧʦʨʝʹʝˁʘ ʜʦʙʠʿʝʥʠʭ ʨʝʟʫʣʪʘʪʘ, ʩʚʝ ʨʘʟʤʘʪʨʘʥʝ ʤʝʪʦʜʝ ʨʝʘʣʠʟʦʚʘʥʝ ʩʫ ʫ Matlab 

ʦʢʨʫʞʝˁʫ, ʧʨʠ ʯʝʤʫ ʿʝ ʟʘ ʩʚʘʢʫ ʦʜ ˁʠʭ ʧʨʠʤʝˁʝʥ ʘʣʛʦʨʠʪʘʤ ʦʧʪʠʤʠʟʘʮʠʿʝ ʨʦʿʝʤ 

ʯʝʩʪʠʮʘ (PSO) (ʝʥʛ. Particle Swarm Optimization), ʧʦʩʝʙʥʦ ʧʨʠʣʘʛʦʹʝʥ ˁʠʭʦʚʠʤ 

ʩʧʝʮʠʬʠʯʥʦʩʪʠʤʘ. ʋʨʘʹʝʥʘ ʿʝ ʜʝʪʘˀʥʘ ʘʥʘʣʠʟʘ ʧʦʨʝʹʝˁʝʤ ʥʫʤʝʨʠʯʢʠʭ ʠ ʛʨʘʬʠʯʢʠʭ 

ʨʝʟʫʣʪʘʪʘ, ʧʨʠʤʝʥʦʤ ʿʝʜʥʦʛ ʥʦʚʦʛ ʧʨʠʩʪʫʧʘ ʠ ʜʚʘ ʚʝ˂ ʧʨʠʤʝˁʠʚʘʥʘ ʧʨʠʩʪʫʧʘ ʫ ʦʚʦʿ 
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ʦʙʣʘʩʪʠ, ʫ ʦʜʥʦʩʫ ʥʘ ʢʘʪʘʣʦʰʢʝ ʧʦʜʘʪʢʝ ʠ ʨʝʬʝʨʝʥʪʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʢʦʿʝ ʿʝ 

ʜʝʬʠʥʠʩʘʦ ʧʨʦʠʟʚʦʹʘʯ. ʅʘʿʧʨʝ ʿʝ ʘʥʘʣʠʟʠʨʘʥ ʫʪʠʮʘʿ ʧʨʝʪʧʦʩʪʘʚʢʝ ʜʘ ʿʝ ʧʦʣʘʟʥʘ 

ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ ʿʝʜʥʘʢʘ ʫʩʪʘˀʝʥʦʿ ʚʨʝʜʥʦʩʪʠ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ ʥʘ 

ʪʘʯʥʦʩʪ ʥʦʚʦʛ ʧʨʠʩʪʫʧʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʝ ʝhʤʝ ʤʦʪʦʨʘ. 

ɿʘʪʠʤ ʿʝ ʧʨʠʤʝˁʝʥ ʧʨʝʜʣʦʞʝʥʠ ʧʨʠʩʪʫʧ ʙʝʟ ʧʨʝʪʭʦʜʥʦ ʥʘʚʝʜʝʥʦʛ ʫʧʨʦʰ ʝ˂ˁʘ, 

ʫʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ ʜʘ ʩʝ ʫ ʪʦʢʫ ʧʨʝʣʘʟʥʦʛ ʧʨʦʮʝʩʘ ʧʦʣʘʩʢʘ ʤʦʪʦʨʘ ʧʦʣʘʟʥʘ ʨʘʩʠʧʥʘ 

ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ ʨʘʟʣʠʢʫʿʝ ʦʜ ʫʩʪʘˀʝʥʝ ʚʨʝʜʥʦʩʪʠ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ. 

ʋ ʦʩʤʦʤ ʧʦʛʣʘʚˀʫ ʧʨʠʢʘʟʘʥʘ ʿʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʚʝʨʠʬʠʢʘʮʠʿʘ ʧʨʝʜʣʦʞʝʥʦʛ 

ʧʨʠʩʪʫʧʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ. 

ɺʝʨʠʬʠʢʘʮʠʿʘ ʿʝ ʩʧʨʦʚʝʜʝʥʘ ʢʨʦʟ ʜʚʘ ʤʝʹʫʩʦʙʥʦ ʢʦʤʧʣʝʤʝʥʪʘʨʥʘ ʧʦʩʪʫʧʢʘ 

ʧʨʠʤʝˁʝʥʘ ʥʘ ʠʩʪʦʤ ʘʩʠʥʭʨʦʥʦʤ ʤʦʪʦʨʫ. ʇʨʚʦ, ʠʟʚʨʰʝʥʦ ʿʝ ʥʫʤʝʨʠʯʢʦ ʧʦʨʝʹʝˁʝ 

ʠʜʝʥʪʠʬʠʢʦʚʘʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʠ ʜʦʙʠʿʝʥʠʭ ʚʨʝʜʥʦʩʪʠ ʤʦʤʝʥʪʘ ʫ 

ʪʨʠ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʨʘʜʥʝ ʪʘʯʢʝ (ʧʦʣʘʟʥʦʿ, ʧʨʝʚʘʣʥʦʿ ʠ ʥʘʟʠʚʥʦʿ) ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ 

ʜʦʙʠʿʝʥʠʤ ʧʨʠʤʝʥʦʤ ɸʄɸ ʪʝʩʪʘ ʥʘ ʬʨʝʢʚʝʥʪʥʦʤ ʧʨʝʪʚʘʨʘʯʫ Danfoss FC302 ʢʦʿʠʤ ʩʝ 

ʠʩʧʠʪʠʚʘʥʠ ʤʦʪʦʨ ʥʘʧʘʿʘʦ ʫ ʪʦʢʫ ʝʢʩʧʝʨʠʤʝʥʪʘ. ɼʨʫʛʦ, ʠʟʚʨʰʝʥʦ ʿʝ ʛʨʘʬʠʯʢʦ 

ʧʦʨʝʹʝˁʝ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ, ʜʦʙʠʿʝʥʝ ʧʨʠʤʝʥʦʤ ʧʨʝʜʣʦʞʝʥʦʛ 

ʧʨʠʩʪʫʧʘ, ʩʘ ʤʝʭʘʥʠʯʢʦʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʦʤ ʢʦʥʩʪʨʫʠʩʘʥʦʤ ʥʘ ʦʩʥʦʚʫ ʧʘʨʘʤʝʪʘʨʘ 

ʜʦʙʠʿʝʥʠʭ ɸʄɸ ʪʝʩʪʦʤ. 

ʋ ʜʝʚʝʪʦʤ ʧʦʛʣʘʚˀʫ ʩʧʨʦʚʝʜʝʥʘ ʿʝ ʘʥʘʣʠʟʘ ʦʩʝʪˀʠʚʦʩʪʠ ʤʝʭʘʥʠʯʢʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʥʘ ʧʨʦʤʝʥʝ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ. 

ʆʩʥʦʚʥʠ ʮʠˀ ʦʚʝ ʘʥʘʣʠʟʝ ʿʝʩʪʝ ʜʘ ʩʝ ʢʚʘʥʪʠʬʠʢʫʿʝ ʧʦʿʝʜʠʥʘʯʥʠ ʫʪʠʮʘʿ ʩʚʘʢʦʛ ʦʜ 

ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʤʦʪʦʨʘ ʥʘ ʚʨʝʜʥʦʩʪʠ ʤʦʤʝʥʪʘ ʫ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠʤ ʨʘʜʥʠʤ 

ʪʘʯʢʘʤʘ, ʢʘʦ ʠ ʥʘ ʩʘʤ ʦʙʣʠʢ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʫ ʮʝʣʦʤ ʨʘʜʥʦʤ ʦʧʩʝʛʫ. ɿʘ 

ʧʦʪʨʝʙʝ ʦʚʝ ʘʥʘʣʠʟʝ, ʧʨʠʤʝˁʝʥʘ ʿʝ ʤʝʪʦʜʘ Monte Carlo ʩʠʤʫʣʘʮʠʿʝ, ʢʦʿʘ ʦʤʦʛʫ˂ʘʚʘ 

ʩʠʩʪʝʤʘʪʩʢʦ ʠʩʧʠʪʠʚʘˁʝ ʫʪʠʮʘʿʘ ʚʘʨʠʿʘʮʠʿʘ ʫʣʘʟʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʥʘ ʠʟʣʘʟʥʝ ʚʝʣʠʯʠʥʝ 

ʤʦʜʝʣʘ, ʯʠʤʝ ʩʝ ʩʪʠʯʝ ʫʚʠʜ ʫ ʨʦʙʫʩʥʦʩʪ ʧʨʝʜʣʦʞʝʥʦʛ ʧʨʠʩʪʫʧʘ. 

ʋ ʜʝʩʝʪʦʤ ʧʦʛʣʘʚˀʫ ʠʟʚʝʜʝʥʘ ʩʫ ʟʘʢˀʫʯʥʘ ʨʘʟʤʘʪʨʘˁʘ ʜʠʩʝʨʪʘʮʠʿʝ ʢʦʿʠʤʘ ʩʫ 

ʩʫʤʠʨʘʥʠ ʨʝʟʫʣʪʘʪʠ ʨʘʟʚʦʿʘ ʠ ʚʘʣʠʜʘʮʠʿʝ ʢʦʤʙʠʥʦʚʘʥʦʛ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦ-

ʤʝʪʘʭʝʫʨʠʩʪʠʯʢʦʛ ʦʧʪʠʤʠʟʘʮʠʦʥʦʛ ʧʨʠʩʪʫʧʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ. ʅʘ ʦʩʥʦʚʫ ʦʧʩʝʞʥʦʛ ʪʝʩʪʠʨʘˁʘ ʥʘ 
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48 ʤʦʪʦʨʘ ʨʘʟʣʠʯʠʪʠʭ ʥʘʟʠʚʥʠʭ ʩʥʘʛʘ ʠ ʙʨʦʘʿ ʧʦʣʦʚʘ, ʧʦʪʚʨʹʝʥʦ ʿʝ ʜʘ ʧʨʝʜʣʦʞʝʥʘ 

ʜʚʦʩʪʝʧʝʥʘ ʦʧʪʠʤʠʟʘʮʠʦʥʘ ʩʪʨʫʢʪʫʨʘ, ʫʟ ʧʨʠʤʝʥʫ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʧʨʦʤʝʥʝ ʨʦʪʦʨʩʢʠʭ 

ʧʘʨʘʤʝʪʘʨʘ ʫ ʬʫʥʢʮʠʿʠ ʙʨʟʠʥʝ, ʦʙʝʟʙʝʹʫʿʝ ʟʥʘʯʘʿʥʦ ʚʝ˂ʫ ʪʘʯʥʦʩʪ ʤʝʭʘʥʠʯʢʠʭ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʫ ʦʜʥʦʩʫ ʥʘ ʢʣʘʩʠʯʥʝ ʿʝʜʥʦʢʘʚʝʟʥʝ ʠ ʜʚʦʢʘʚʝʟʥʝ ʤʦʜʝʣʝ. ʋʪʚʨʹʝʥʦ ʿʝ 

ʜʘ ʠʟʙʦʨ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʘʧʨʦʢʩʠʤʘʮʠʦʥʝ ʬʫʥʢʮʠʿʝ ʠ ʧʨʝʪʧʦʩʪʘʚʢʝ ʦ ʨʘʟʣʠʯʠʪʦʩʪʠ 

ʫʩʪʘˀʝʥʝ ʚʨʝʜʥʦʩʪʠ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ ʠ ʧʦʣʘʟʥʝ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʨʦʪʦʨʘ 

ʠʤʘʿʫ ʧʨʝʩʫʜʘʥ ʫʪʠʮʘʿ ʥʘ ʢʚʘʣʠʪʝʪ ʜʦʙʠʿʝʥʠʭ ʨʝʟʫʣʪʘʪʘ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʘ 

ʚʝʨʠʬʠʢʘʮʠʿʘ ʥʘ ʘʩʠʥʭʨʦʥʦʤ ʤʦʪʦʨʫ ʩʥʘʛʝ 2.2 kW, ʫʟ ʧʨʠʤʝʥʫ Danfoss ʬʨʝʢʚʝʥʪʥʦʛ 

ʧʨʝʪʚʘʨʘʯʘ ʠ ɸʄɸ ʪʝʩʪʘ, ʧʦʪʚʨʜʠʣʘ ʿʝ ʜʘ ʧʨʝʜʣʦʞʝʥʠ ʧʨʠʩʪʫʧ ʜʘʿʝ ʥʘʿʤʘˁʘ 

ʦʜʩʪʫʧʘˁʘ ʠʜʝʥʪʠʬʠʢʦʚʘʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʠ ʥʘʿʚʝʨʥʠʿʫ ʨʝʢʦʥʩʪʨʫʢʮʠʿʫ ʤʝʭʘʥʠʯʢʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʫ ʦʜʥʦʩʫ ʥʘ ʫʧʦʨʝʹʠʚʘʥʝ ʤʝʪʦʜʝ. ɸʥʘʣʠʟʘ ʦʩʝʪˀʠʚʦʩʪʠ, ʩʧʨʦʚʝʜʝʥʘ 

Monte Carlo ʩʠʤʫʣʘʮʠʿʘʤʘ, ʜʦʜʘʪʥʦ ʿʝ ʫʢʘʟʘʣʘ ʥʘ ʜʦʤʠʥʘʥʪʘʥ ʫʪʠʮʘʿ ʨʘʩʠʧʥʠʭ 

ʨʝʘʢʪʘʥʩʠ ʠ ʧʦʣʘʟʥʠʭ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʥʘ ʦʙʣʠʢ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ, 

ʯʠʤʝ ʩʫ ʧʨʫʞʝʥʝ ʩʤʝʨʥʠʮʝ ʟʘ ʜʘˀʘ ʫʥʘʧʨʝʹʝˁʘ ʤʦʜʝʣʘ ʠ ʧʨʘʢʪʠʯʥʫ ʠʥʞʝˁʝʨʩʢʫ 

ʧʨʠʤʝʥʫ. 

ʅʘ ʢʨʘʿʫ ʨʫʢʦʧʠʩʘ ʜʠʩʝʨʪʘʮʠʿʝ ʥʘʚʝʜʝʥ ʿʝ ʧʨʝʛʣʝʜ ʨʝʬʝʨʝʥʪʥʝ ʣʠʪʝʨʘʪʫʨʝ ʢʦʿʘ ʿʝ 

ʧʦʩʣʫʞʠʣʘ ʢʘʦ ʪʝʦʨʠʿʩʢʘ ʠ ʤʝʪʦʜʦʣʦʰʢʘ ʦʩʥʦʚʘ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ ʠʩʪʨʘʞʠʚʘˁʘ. ʋ 

ʧʨʠʣʦʟʠʤʘ ʩʫ ʧʨʝʜʩʪʘʚˀʝʥʠ ʜʦʧʫʥʩʢʠ ʤʘʪʝʨʠʿʘʣʠ ʢʦʿʠʤʘ ʩʝ ʯʠʪʘʦʮʫ ʦʤʦʛʫ˂ʘʚʘ 

ʜʝʪʘˀʥʠʿʠ ʫʚʠʜ ʫ ʧʨʠʤʝˁʝʥʝ ʤʝʪʦʜʝ ʠ ʢʦʨʠʰ˂ʝʥʝ ʦʟʥʘʢʝ. ʋ ʧʨʠʣʦʛʫ ɸ ʜʘʪ ʿʝ ʜʝʪʘˀʘʥ 

ʦʧʠʩ PSO ʘʣʛʦʨʠʪʤʘ, ʜʦʢ ʿʝ ʫ ʧʨʠʣʦʛʫ ɹ ʧʨʝʜʩʪʘʚˀʝʥ ʩʘʞʝʪ ʧʨʠʢʘʟ ʤʝʪʦʜʝ Monte 

Carlo ʩʠʤʫʣʘʮʠʿʝ. ʇʨʠʣʦʛ ɺ ʩʘʜʨʞʠ ʩʧʠʩʘʢ ʢʦʨʠʰ˂ʝʥʠʭ ʩʢʨʘ˂ʝʥʠʮʘ, ʧʨʠʣʦʛ ɻ ʩʧʠʩʘʢ 

ʩʠʤʙʦʣʘ, ʜʦʢ ʩʫ ʫ ʧʨʠʣʦʛʫ ɼ ʜʘʪʠ ʧʨʝʛʣʝʜʠ ʪʘʙʝʣʘ ʠ ʩʣʠʢʘ ʧʨʠʢʘʟʘʥʠʭ ʫ ʨʘʜʫ. 
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2. ʇʈɽɻʃɽɼ ʃʀʊɽʈɸʊʋʈɽ 

2.1. ʀʜʝʥʪʠʬʠʢʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ 

ʤʦʪʦʨʘ 

ʀʜʝʥʪʠʬʠʢʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ 

ʧʨʝʜʩʪʘʚˀʘ ʢˀʫʯʘʥ ʘʩʧʝʢʪ ʫ ʘʥʘʣʠʟʠ, ʤʦʜʝʣʠʨʘˁʫ ʠ ʦʧʪʠʤʠʟʘʮʠʿʠ ʨʘʜʘ 

ʝʣʝʢʪʨʦʤʦʪʦʨʥʠʭ ʧʦʛʦʥʘ. ʇʨʝʮʠʟʥʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʦʚʠʭ ʧʘʨʘʤʝʪʘʨʘ ʧʨʝʜʩʪʘʚˀʘ 

ʦʩʥʦʚ ʟʘ ʧʦʫʟʜʘʥʦ ʜʦʙʠʿʘˁʝ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ. ʆʚʦ ʿʝ ʧʦʩʝʙʥʦ ʚʘʞʥʦ 

ʫ ʧʨʠʤʝʥʠ ʥʘʧʨʝʜʥʠʭ ʩʠʩʪʝʤʘ ʫʧʨʘʚˀʘˁʘ, ʢʘʦ ʰʪʦ ʩʫ ʚʝʢʪʦʨʩʢʘ ʢʦʥʪʨʦʣʘ ʠ ʜʠʨʝʢʪʥʘ 

ʢʦʥʪʨʦʣʘ ʤʦʤʝʥʪʘ. ʋ ʧʦʩʣʝʜˁʠʭ ʥʝʢʦʣʠʢʦ ʜʝʮʝʥʠʿʘ ʦʙʿʘʚˀʝʥ ʿʝ ʚʝʣʠʢʠ ʙʨʦʿ ʨʘʜʦʚʘ 

ʢʦʿʠ ʩʝ ʙʘʚʝ ʦʚʦʤ ʧʨʦʙʣʝʤʘʪʠʢʦʤ. ʇʨʝʜʣʦʞʝʥʠ ʩʫ ʨʘʟʣʠʯʠʪʠ ʘʣʛʦʨʠʪʤʠ ʠ ʤʝʪʦʜʝ ʟʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʩʘ 

ʮʠˀʝʤ ʧʦʙʦˀʰʘˁʘ ʪʘʯʥʦʩʪʠ ʠʜʝʥʪʠʬʠʢʦʚʘʥʠʭ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ ʤʦʪʦʨʘ, ʫʟ 

ʧʦʚʝ˂ʘˁʝ ʙʨʟʠʥʝ ʠʟʚʨʰʘʚʘˁʘ ʧʨʦʨʘʯʫʥʘ. 

ʇʦʜʝʣʘ ʤʝʪʦʜʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʢʘʚʝʟʥʠʭ 

ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʤʦʞʝ ʩʝ ʠʟʚʨʰʠʪʠ ʥʘ ʚʠʰʝ ʥʘʯʠʥʘ, ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʠʟʘʙʨʘʥʦʛ 

ʢʨʠʪʝʨʠʿʫʤʘ. ʆʚʝ ʧʦʜʝʣʝ ʩʫ ʯʝʩʪʦ ʫʩʣʦʚˀʝʥʝ ʘʫʪʦʨʩʢʠʤ ʧʨʠʩʪʫʧʦʤ ʠ ʤʦʛʫ ʩʝ 

ʨʘʟʣʠʢʦʚʘʪʠ, ʯʘʢ ʠ ʢʘʜʘ ʩʝ ʟʘʩʥʠʚʘʿʫ ʥʘ ʠʩʪʠʤ ʦʩʥʦʚʘʤʘ. ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʧʨʠʩʪʫʧʘ 

ʨʝʰʘʚʘˁʫ ʧʨʦʙʣʝʤʘ, ʤʝʪʦʜʝ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʩʝ ʤʦʛʫ ʧʦʜʝʣʠʪʠ ʥʘ ʘʥʘʣʠʪʠʯʢʝ, ʥʫʤʝʨʠʯʢʝ ʠ ʦʥʝ ʟʘʩʥʦʚʘʥʝ ʥʘ 

ʚʝʰʪʘʯʢʦʿ ʠʥʪʝʣʠʛʝʥʮʠʿʠ. ʇʨʝʤʘ ʚʨʩʪʠ ʠ ʧʦʨʝʢʣʫ ʧʦʜʘʪʘʢʘ, ʨʘʟʣʠʢʫʿʫ ʩʝ ʤʝʪʦʜʝ ʢʦʿʝ 

ʢʦʨʠʩʪʝ ʤʝʨʝˁʘ ʫ ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʪʘˁʫ, ʤʝʨʝˁʘ ʪʦʢʦʤ ʧʨʝʣʘʟʥʠʭ ʧʦʿʘʚʘ, ʢʘʦ ʠ ʦʥʝ 

ʢʦʿʝ ʩʝ ʦʩʣʘˁʘʿʫ ʥʘ ʧʦʜʘʪʢʝ ʠʟ ʪʝʭʥʠʯʢʝ ʜʦʢʫʤʝʥʪʘʮʠʿʝ ʧʨʦʠʟʚʦʹʘʯʘ. ʋ ʧʦʛʣʝʜʫ 

ʟʘʭʪʝʚʘ ʟʘ ʦʧʨʝʤʦʤ, ʧʦʜʝʣʘ ʩʝ ʤʦʞʝ ʠʟʚʨʰʠʪʠ ʥʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʝ ʤʝʪʦʜʝ, ʢʦʿʝ 

ʧʦʜʨʘʟʫʤʝʚʘʿʫ ʜʠʨʝʢʪʥʘ ʤʝʨʝˁʘ ʥʘ ʤʦʪʦʨʫ, ʠ ʤʝʪʦʜʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʤʦʜʝʣʠʤʘ ʢʦʠʿ 

ʢʦʨʠʩʪʝ ʩʠʤʫʣʘʮʠʦʥʝ ʘʣʘʪʝ. ʉʘ ʩʪʘʥʦʚʠʰʪʘ ʜʠʥʘʤʠʢʝ ʧʨʠʤʝʥʝ, ʤʝʪʦʜʝ ʩʝ ʤʦʛʫ 

ʧʦʜʝʣʠʪʠ ʥʘ offline ʧʨʠʩʪʫʧʝ, ʢʦʿʠ ʩʝ ʧʨʠʤʝˁʫʿʫ ʧʨʝ ʠʣʠ ʥʘʢʦʥ ʨʘʜʘ ʤʦʪʦʨʘ, ʠ online 

ʧʨʠʩʪʫʧʝ, ʢʦʿʠ ʦʤʦʛʫ˂ʘʚʘʿʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʫ ʪʦʢʫ ʨʘʜʘ ʤʦʪʦʨʘ, ʪʿ. ʫ 

ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ. 
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ɸʫʪʦʨʠ Lindenmeyer ʠ ʩʘʨʘʜʥʠʮʠ [1], ʢʘʦ ʠ Amaral ʠ ʩʘʨʘʜʥʠʮʠ [2] ʩʫ ʫ ʩʚʦʿʠʤ 

ʨʘʜʦʚʠʤʘ ʠʟʚʨʰʠʣʠ ʧʦʜʝʣʫ ʤʝʪʦʜʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ 

ʰʝʤʝ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʥʘ ʦʩʥʦʚʫ ʜʦʩʪʫʧʥʠʭ ʠ ʢʦʨʠʰ˂ʝʥʠʭ ʧʦʜʘʪʘʢʘ ʫ ʩʣʝʜʝ˂ʠʭ 

ʧʝʪ ʛʨʫʧʘ: (1) ʤʝʪʦʜʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʢʦʥʩʪʨʫʢʮʠʦʥʠʤ ʧʦʜʘʮʠʤʘ ʤʦʪʦʨʘ; (2) ʤʝʪʦʜʝ 

ʟʘʩʥʦʚʘʥʝ ʥʘ ʤʦʜʝʣʠʤʘ ʩʪʘʮʠʦʥʘʨʥʦʛ ʩʪʘˁʘ ʤʦʪʦʨʘ; (3) ʤʝʪʦʜʝ ʟʘʩʥʦʚʘʥʝ ʥʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʠ ʧʘʨʘʤʝʪʘʨʘ ʫ ʬʨʝʢʚʝʥʪʥʦʤ ʜʦʤʝʥʫ; (4) ʤʝʪʦʜʝ ʟʘʩʥʦʚʘʥʝ ʥʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʠ ʧʘʨʘʤʝʪʘʨʘ ʫ ʚʨʝʤʝʥʩʢʦʤ ʜʦʤʝʥʫ ʠ (5) ʤʝʪʦʜʝ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ 

ʧʘʨʘʤʝʪʘʨʘ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ. ʉʣʠʯʥʫ ʧʦʜʝʣʫ ʧʨʝʜʣʦʞʠʣʠ ʩʫ ʠ ʘʫʪʦʨʠ ʨʘʜʘ [3], ʢʦʿʠ 

ʩʫ ʫ ʦʢʚʠʨʫ ʤʝʪʦʜʘ ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʪʘˁʫ, ʜʦʜʘʪʥʦ ʠʟʜʚʦʿʠʣʠ ʧʦʜʛʨʫʧʝ 

ʢʦʿʝ ʦʙʫʭʚʘʪʘʿʫ ʩʪʘʥʜʘʨʜʠʟʦʚʘʥʝ ʪʝʩʪʦʚʝ ʧʨʝʤʘ IEEE ʠ IEC ʩʪʘʥʜʘʨʜʠʤʘ, 

ʦʧʪʠʤʠʟʘʮʠʦʥʝ ʤʝʪʦʜʝ, ʢʘʦ ʠ ʤʝʪʦʜʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʤʝʨʝˁʠʤʘ. 

ʇʨʝʤʘ [1-3] ʤʝʪʦʜʝ ʠʟ ʧʨʚʝ ʛʨʫʧʝ ʟʘʩʥʠʚʘʿʫ ʩʝ ʥʘ ʜʝʪʘˀʥʠʤ ʠʥʬʦʨʤʘʮʠʿʘʤʘ ʦ 

ʛʝʦʤʝʪʨʠʿʠ ʤʘʰʠʥʝ, ʚʨʩʪʠ ʤʘʪʝʨʠʿʘʣʘ, ʜʠʤʝʥʟʠʿʘʤʘ ʥʘʤʦʪʘʿʘ ʠ ʜʨʫʛʠʤ ʬʠʟʠʯʢʠʤ 

ʧʘʨʘʤʝʪʨʠʤʘ ʤʘʰʠʥʝ. ʆʚʝ ʤʝʪʦʜʝ ʦʙʠʯʥʦ ʢʦʨʠʩʪʝ ʩʦʬʪʚʝʨʩʢʝ ʘʣʘʪʝ ʟʘ ʨʝʰʘʚʘˁʝ 

ʝʣʝʢʪʨʦʤʘʛʥʝʪʥʠʭ ʧʦˀʘ ʤʝʪʦʜʦʤ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ (FEM) (ʝʥʛ. Finite Element 

Method), ʯʠʤʝ ʦʙʝʟʙʝʹʫʿʫ ʧʨʝʮʠʟʥʝ ʨʝʟʫʣʪʘʪʝ, ʘʣʠ ʫʟ ʟʥʘʯʘʿʥʝ ʨʘʯʫʥʘʨʩʢʝ ʨʝʩʫʨʩʝ. ʋ 

ʜʨʫʛʫ ʛʨʫʧʫ ʩʧʘʜʘʿʫ ʤʝʪʦʜʝ ʢʦʿʝ ʢʦʨʠʩʪʝ ʧʦʜʘʪʢʝ ʜʦʙʠʿʝʥʝ ʪʦʢʦʤ ʨʘʜʘ ʤʘʰʠʥʝ ʫ 

ʩʪʘʙʠʣʥʠʤ ʫʩʣʦʚʠʤʘ (ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʪʘˁʫ). ʆʥʝ ʤʦʛʫ ʙʠʪʠ ʙʘʟʠʨʘʥʝ ʥʘ ʢʘʪʘʣʦʰʢʠʤ 

ʧʦʜʘʮʠʤʘ ʧʨʦʠʟʚʦʹʘʯʘ (ʥʘʟʠʚʥʠ ʥʘʧʦʥ, ʩʪʨʫʿʘ, ʬʘʢʪʦʨ ʩʥʘʛʝ, ʦʙʨʪʥʠ ʤʦʤʝʥʪ, ʠʪʜ.) 

ʠʣʠ ʥʘ ʤʝʨʝˁʠʤʘ ʢʦʿʘ ʩʝ ʠʟʚʦʜʝ ʜʠʨʝʢʪʥʦ ʥʘ ʤʘʰʠʥʠ. ʆʚʝ ʤʝʪʦʜʝ ʩʫ ʯʝʩʪʦ 

ʿʝʜʥʦʩʪʘʚʥʠʿʝ ʟʘ ʧʨʠʤʝʥʫ ʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʜʦʙʘʨ ʢʦʤʧʨʦʤʠʩ ʠʟʤʝʹʫ ʧʨʝʮʠʟʥʦʩʪʠ ʠ 

ʧʨʘʢʪʠʯʥʝ ʫʧʦʪʨʝʙˀʠʚʦʩʪʠ. ʄʝʪʦʜʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʠ ʧʘʨʘʤʝʪʘʨʘ ʫ 

ʬʨʝʢʚʝʥʪʥʦʤ ʜʦʤʝʥʫ ʢʦʨʠʩʪʝ ʢʦʤʧʣʝʪʥʫ ʬʨʝʢʚʝʥʮʠʿʩʢʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ ʩʠʩʪʝʤʘ, ʢʦʿʘ 

ʦʙʫʭʚʘʪʘ ʢʘʢʦ ʘʤʧʣʠʪʫʜʥʫ, ʪʘʢʦ ʠ ʬʘʟʥʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ, ʜʦʙʠʿʝʥʫ ʤʝʨʝˁʝʤ ʦʜʟʠʚʘ 

ʤʦʪʦʨʘ ʥʘ ʧʦʙʫʜʥʝ ʩʠʛʥʘʣʝ ʨʘʟʣʠʯʠʪʠʭ ʬʨʝʢʚʝʥʮʠʿʘ. ʆʚʘʢʘʚ ʧʨʠʩʪʫʧ ʦʤʦʛʫ˂ʘʚʘ 

ʪʘʯʥʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʫʟ ʠʩʪʦʚʨʝʤʝʥʦ ʫʚʘʞʘʚʘˁʝ ʫʪʠʮʘʿʘ ʟʘʩʠ˂ʝˁʘ 

ʤʘʛʥʝʪʥʦʛ ʢʦʣʘ ʠ ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ (ʝʥʛ. skin effect). Mʝʪʦʜʝ ʟʘʩʥʦʚʘʥʝ ʥʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʠ ʧʘʨʘʤʝʪʘʨʘ ʫ ʚʨʝʤʝʥʩʢʦʤ ʜʦʤʝʥʫ ʫʢˀʫʯʫʿʫ ʘʥʘʣʠʟʫ ʜʠʥʘʤʠʯʢʠʭ 

ʧʨʦʮʝʩʘ, ʢʘʦ ʰʪʦ ʩʫ ʧʦʢʨʝʪʘˁʝ ʠ ʟʘʫʩʪʘʚˀʘˁʝ ʤʦʪʦʨʘ. ʊʦʢʦʤ ʦʚʠʭ ʧʨʦʮʝʩʘ ʚʨʰʝ ʩʝ 

ʤʝʨʝˁʘ ʩʪʨʫʿʝ, ʥʘʧʦʥʘ ʠ ʙʨʟʠʥʝ ʨʦʪʦʨʘ, ʘ ʨʝʰʘʚʘˁʝʤ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʭ ʿʝʜʥʘʯʠʥʘ 
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ʢʦʿʝ ʦʧʠʩʫʿʫ ʜʠʥʘʤʠʢʫ ʤʘʰʠʥʝ ʤʦʛʫ ʩʝ ʧʦʫʟʜʘʥʦ ʠʜʝʥʪʠʬʠʢʦʚʘʪʠ ʧʘʨʘʤʝʪʨʠ ʤʦʪʦʨʘ. 

Mʝʪʦʜʝ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ ʫʢˀʫʯʫʿʫ ʢʦʥʪʠʥʫʠʨʘʥʫ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʠ ʘʞʫʨʠʨʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʪʦʢʦʤ ʥʦʨʤʘʣʥʦʛ ʨʘʜʘ ʤʘʰʠʥʝ. ʊʦ ʩʝ 

ʧʦʩʪʠʞʝ ʧʦʤʦ˂ʫ ʩʘʚʨʝʤʝʥʠʭ ʫʨʝʹʘʿʘ ʟʘ ʤʦʥʠʪʦʨʠʥʛ ʠ ʨʘʯʫʥʘʨʩʢʠʭ ʘʣʛʦʨʠʪʘʤʘ, ʢʦʿʠ 

ʦʤʦʛʫ˂ʘʚʘʿʫ ʪʨʝʥʫʪʥʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʥʦʚʠʭ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ ʫ ʩʢʣʘʜʫ ʩʘ 

ʧʨʦʤʝʥʘʤʘ ʫ ʨʘʜʫ ʤʘʰʠʥʝ, ʢʘʦ ʰʪʦ ʩʫ ʪʝʤʧʝʨʘʪʫʨʥʝ ʧʨʦʤʝʥʝ, ʝʬʝʢʪʠ ʟʘʩʠ˂ʝˁʘ ʠ 

ʝʚʝʥʪʫʘʣʥʘ ʦʰʪʝ˂ʝˁʘ. 

ʋ ʥʘʫʯʥʦʿ ʣʠʪʝʨʘʪʫʨʠ ʧʨʝʜʣʦʞʝʥ ʿʝ ʚʝʣʠʢʠ ʙʨʦʿ ʤʝʪʦʜʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ 

ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ, ʢʦʿʝ ʦʙʫʭʚʘʪʘʿʫ ʢʘʢʦ ʘʥʘʣʠʪʠʯʢʝ, 

ʪʘʢʦ ʠ ʨʘʟʣʠʯʠʪʝ ʥʫʤʝʨʠʯʢʝ ʧʨʠʩʪʫʧʝ, ʫʢˀʫʯʫʿʫ˂ʠ ʠʪʝʨʘʪʠʚʥʝ ʠ ʦʧʪʠʤʠʟʘʮʠʦʥʝ 

ʪʝʭʥʠʢʝ. ʆʚʝ ʤʝʪʦʜʝ ʩʝ ʫ ʥʘʿʚʝ˂ʝʤ ʙʨʦʿʫ ʩʣʫʯʘʿʝʚʘ ʦʩʣʘˁʘʿʫ ʥʘ ʜʦʩʪʫʧʥʝ ʢʘʪʘʣʦʰʢʝ 

ʧʦʜʘʪʢʝ, ʦʜʥʦʩʥʦ ʧʦʜʘʪʢʝ ʩʘ ʥʘʪʧʠʩʥʝ ʧʣʦʯʠʮʝ ʤʦʪʦʨʘ, ʠ ʢʦʨʠʩʪʝ ʩʝ ʟʘ ʧʨʝʮʠʟʥʫ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʤʦʪʦʨʘ. ɳʠʭʦʚ ʨʘʟʚʦʿ ʠ ʧʨʠʤʝʥʘ 

ʫʢʫˀʯʫʿʫ ʫʧʦʪʨʝʙʫ ʨʘʟʣʠʯʠʪʠʭ ʨʘʯʫʥʘʨʩʢʠʭ ʘʣʘʪʘ ʢʦʿʠ ʦʤʦʛʫ˂ʘʚʘʿʫ ʝʬʠʢʘʩʥʫ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ, ʥʘʨʦʯʠʪʦ ʫ ʩʠʪʫʘʮʠʿʘʤʘ ʢʘʜʘ ʿʝ ʧʨʠʤʝʥʘ 

ʪʨʘʜʠʮʠʦʥʘʣʥʠʭ ʪʝʩʪʦʚʘ ʧʨʘʟʥʦʛ ʭʦʜʘ ʠ ʢʨʘʪʢʦʛ ʩʧʦʿʘ ʦʛʨʘʥʠʯʝʥʘ. 

ʋ ʥʘʩʪʘʚʢʫ ʦʚʦʛ ʧʦʛʣʘʚˀʘ ʠʟʣʦʞʝʥ ʿʝ ʩʠʩʪʝʤʘʪʠʟʦʚʘʥ ʧʨʝʛʣʝʜ ʨʘʜʦʚʘ ʢʦʿʠ ʩʝ 

ʙʘʚʝ ʠʜʝʥʪʠʬʠʢʘʮʠʿʦʤ ʧʘʨʘʤʝʪʘʨʘ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ, ʧʨʠ ʯʝʤʫ ʩʫ ʘʥʘʣʠʪʠʯʢʝ ʠ 

ʥʫʤʝʨʠʯʢʝ ʤʝʪʦʜʝ ʨʘʟʤʘʪʨʘʥʝ ʦʜʚʦʿʝʥʦ, ʩ ʥʘʛʣʘʩʢʦʤ ʥʘ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʠ ʧʨʝʜʥʦʩʪʠ 

ʩʚʘʢʦʛ ʧʨʠʩʪʫʧʘ. ʊʝʨʤʠʥ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ ʢʦʨʠʩʪʠ ʩʝ ʫ ʰʠʨʝʤ ʩʤʠʩʣʫ ʠ 

ʦʙʫʭʚʘʪʘ ʘʥʘʣʠʪʠʯʢʝ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʠ ʦʧʪʠʤʠʟʘʮʠʦʥʝ ʧʨʠʩʪʫʧʝ. 

2.1.1. ɸʥʘʣʠʪʠʯʢʝ ʤʝʪʦʜʝ 

ɸʥʘʣʠʪʠʯʢʝ ʤʝʪʦʜʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʢʣʘʩʠʯʘʥ ʧʨʠʩʪʫʧ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ, ʟʘʩʥʦʚʘʥ ʥʘ ʜʠʨʝʢʪʥʦʤ ʨʝʰʘʚʘˁʫ ʿʝʜʥʘʯʠʥʘ 

ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʢʦʣʘ ʧʨʠʤʝʥʦʤ ʧʦʜʘʪʘʢʘ ʩʘ ʥʘʪʧʠʩʥʝ ʧʣʦʯʠʮʝ ʠʣʠ ʨʝʟʫʣʪʘʪʘ 

ʩʪʘʥʜʘʨʜʥʠʭ ʪʝʩʪʦʚʘ. ɳʠʭʦʚʘ ʦʩʥʦʚʥʘ ʧʨʝʜʥʦʩʪ ʦʛʣʝʜʘ ʩʝ ʫ ʙʨʟʠʥʠ ʠ ʿʝʜʥʦʩʪʘʚʥʦʩʪʠ 

ʧʨʦʨʘʯʫʥʘ, ʙʫʜʫ˂ʠ ʜʘ ʩʝ ʧʘʨʘʤʝʪʨʠ ʠʜʝʥʪʠʬʠʢʫʿʫ ʙʝʟ ʫʧʦʪʨʝʙʝ ʠʪʝʨʘʪʠʚʥʠʭ 

ʧʦʩʪʫʧʘʢʘ, ʰʪʦ ʠʭ ʯʠʥʠ ʧʨʘʢʪʠʯʥʦ ʧʨʠʤʝˁʠʚʠʤ ʫ ʠʥʞʝˁʝʨʩʢʠʤ ʘʧʣʠʢʘʮʠʿʘʤʘ ʩʘ 

ʦʛʨʘʥʠʯʝʥʠʤ ʙʨʦʿʝʤ ʫʣʘʟʥʠʭ ʧʦʜʘʪʘʢʘ. ʄʝʹʫʪʠʤ, ʛʣʘʚʥʠ ʥʝʜʦʩʪʘʪʘʢ ʦʚʠʭ ʤʝʪʦʜʘ 



13 

 

ʦʛʣʝʜʘ ʩʝ ʫ ʯʠˁʝʥʠʮʠ ʜʘ ʯʝʩʪʦ ʟʘʥʝʤʘʨʫʿʫ ʥʝʣʠʥʝʘʨʥʝ ʝʬʝʢʪʝ ʢʘʦ ʰʪʦ ʩʫ ʤʘʛʥʝʪʥʦ 

ʟʘʩʠ˂ʝˁʝ, ʧʦʚʨʰʠʥʩʢʠ ʝʬʝʢʘʪ ʠ ʪʝʤʧʝʨʘʪʫʨʥʝ ʧʨʦʤʝʥʝ, ʯʠʤʝ ʩʝ ʟʥʘʯʘʿʥʦ ʫʤʘˁʫʿʝ 

ˁʠʭʦʚʘ ʧʨʝʮʠʟʥʦʩʪ ʧʨʠʣʠʢʦʤ ʤʦʜʝʣʠʨʘˁʘ ʩʣʦʞʝʥʠʿʠʭ ʨʘʜʥʠʭ ʨʝʞʠʤʘ ʤʦʪʦʨʘ. 

ʋ ʨʘʜʦʚʠʤʘ [2, 4, 5] ʧʨʝʜʩʪʘʚˀʝʥʝ ʩʫ ʘʥʘʣʠʪʠʯʢʝ ʤʝʪʦʜʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ 

ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʟʘʩʥʦʚʘʥʝ ʥʘ ʧʦʜʘʮʠʤʘ ʦ 

ʩʥʘʟʠ, ʩʪʨʫʿʠ, ʬʘʢʪʦʨʫ ʩʥʘʛʝ ʠ ʩʪʝʧʝʥʫ ʠʩʢʦʨʠʰ˂ʝˁʘ ʧʨʠ 50%, 75% ʠ 100% 

ʦʧʪʝʨʝ˂ʝˁʘ. ʈʘʜʠ ʧʦʿʝʜʥʦʩʪʘʚˀʝˁʘ ʧʨʦʨʘʯʫʥʘ ʫ ʦʚʠʤ ʠʩʪʨʘʞʠʚʘˁʠʤʘ ʫʩʚʦʿʝʥ ʿʝ 

ʬʠʢʩʥʠ ʦʜʥʦʩ ʠʟʤʝʹʫ ʨʘʩʠʧʥʠʭ ʨʝʘʢʪʘʥʩʠ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ, ʜʝʬʠʥʠʩʘʥ ʥʘ ʦʩʥʦʚʫ 

ʦʙʣʠʢʘ ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʦʪʦʨʘ ʧʨʝʤʘ NEMA ʩʪʘʥʜʘʨʜʫ (ʝʥʛ. National 

Electrical Manufacturers Association). ʋ [6] ʧʨʝʜʩʪʘʚˀʝʥʘ ʿʝ ʤʝʪʦʜʘ ʢʦʿʘ ʢʦʤʙʠʥʫʿʝ 

ʥʫʤʝʨʠʯʢʠ ʠ ʘʥʘʣʠʪʠʯʢʠ ʙʝʟʜʠʤʝʥʟʠʦʥʘʣʥʠ ʧʨʠʩʪʫʧ, ʫʟ ʧʨʠʤʝʥʫ ʊʝʚʝʥʝʥʦʚʝ ʪʝʦʨʝʤʝ 

(ʝʥʛ. Theveninôs theorem), ʯʠʤʝ ʩʝ ʧʦʩʪʠʞʝ ʩʠʥʝʨʛʠʿʩʢʘ ʠʥʪʝʨʘʢʮʠʿʘ ʦʙʘ ʧʦʩʪʫʧʢʘ. ʀ ʫ 

ʦʚʦʤ ʩʣʫʯʘʿʫ ʿʝ, ʨʘʜʠ ʧʦʿʝʜʥʦʩʪʘʚˀʝˁʘ, ʧʨʝʪʧʦʩʪʘʚˀʝʥʦ ʜʘ ʩʫ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ 

ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ ʿʝʜʥʘʢʝ. ʋ ʨʘʜʦʚʠʤʘ [2, 4, 5, 6], ʤʦʪʦʨʠ ʩʫ ʤʦʜʝʣʦʚʘʥʠ ʢʘʦ 

ʿʝʜʥʦʢʘʚʝʟʥʠ, ʧʨʠ ʯʝʤʫ ʥʠʿʝ ʨʘʟʤʘʪʨʘʥʘ ʥʝʨʘʚʥʦʤʝʨʥʘ ʨʘʩʧʦʜʝʣʘ ʩʪʨʫʿʝ ʫ ʰʠʧʢʘʤʘ 

ʨʦʪʦʨʘ, ʢʦʘʿ ʥʘʩʪʘʿʝ ʫʩʣʝʜ ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ, ʥʠʪʠ ʫʪʠʮʘʿ ʤʘʛʥʝʪʥʦʛ ʟʘʩʠ˂ʝˁʘ 

ʿʝʟʛʨʘ. ʂʦʨʠʰ˂ʝʥʘ ʿʝ Ăʊò ʝʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʤʦʪʦʨʘ, ʧʨʠ ʯʝʤʫ ʩʫ ʫ ʨʘʜʦʚʠʤʘ [2, 4, 5] 

ʛʫʙʠʮʠ ʫ ʤʘʛʥʝʪʥʦʤ ʢʦʣʫ ʫʟʝʪʠ ʫ ʦʙʟʠʨ ʧʦʩʨʝʜʩʪʚʦʤ ʝʢʚʠʚʘʣʝʥʪʥʝ ʘʢʪʠʚʥʝ 

ʦʪʧʦʨʥʦʩʪʠ, ʜʦʢ ʿʝ ʫ ʨʘʜʫ [6] ʦʚʘ ʦʪʧʦʨʥʦʩʪ ʟʘʥʝʤʘʨʝʥʘ. 

ʋ [7] ʘʫʪʦʨʠ ʩʫ ʧʨʝʜʣʦʞʠʣʠ ʿʝʜʥʦʩʪʘʚʥʫ ʤʝʪʦʜʫ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʜʚʦʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ, ʟʘʩʥʦʚʘʥʫ ʥʘ ʨʝʟʫʣʪʘʪʠʤʘ 

ʠʩʧʠʪʠʚʘˁʘ ʫ ʧʨʘʟʥʦʤ ʭʦʜʫ ʠ ʢʨʘʪʢʦʤ ʩʧʦʿʫ. ʄʝʪʦʜʘ ʫʟʠʤʘ ʫ ʦʙʟʠʨ ʝʬʝʢʘʪ ʤʘʛʥʝʪʥʦʛ 

ʟʘʩʠ˂ʝˁʘ ʨʦʪʦʨʘ, ʢʦʜ ʤʦʪʦʨʘ ʩʘ ʢʘʚʝʟʥʠʤ ʨʦʪʦʨʦʤ, ʠ ʤʦʞʝ ʩʝ ʧʨʠʤʝʥʠʪʠ ʥʝ ʩʘʤʦ ʥʘ 

ʜʚʦʢʘʚʝʟʥʝ, ʚʝ˂ ʠ ʥʘ ʿʝʜʥʦʢʘʚʝʟʥʝ ʤʦʜʝʣʝ ʤʦʪʦʨʘ, ʰʪʦ ʫʢʘʟʫʿʝ ʥʘ ˁʝʥʫ ʰʠʨʦʢʫ 

ʧʨʠʤʝʥˀʠʚʦʩʪ. ʋ [8] ʧʨʝʜʣʦʞʝʥʘ ʿʝ ʜʠʨʝʢʪʥʘ ʤʝʪʦʜʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʥʘ ʦʩʥʦʚʫ ʢʘʪʘʣʦʰʢʠʭ ʧʦʜʘʪʘʢʘ. ʇʦʩʝʙʥʘ 

ʧʘʞˁʘ ʧʦʩʚʝ˂ʝʥʘ ʿʝ ʤʦʜʝʣʦʚʘˁʫ ʧʨʦʤʝʥʝ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʢʦʜ ʤʦʪʦʨʘ ʩʘ 

ʜʫʙʦʢʠʤ ʞʣʝʙʦʚʠʤʘ ʠ ʜʚʦʩʪʨʫʢʠʤ ʢʘʚʝʟʦʤ, ʧʨʠ ʯʝʤʫ ʩʫ ʦʚʝ ʧʨʦʤʝʥʝ, ʥʘʩʪʘʣʝ ʢʘʦ 

ʧʦʩʣʝʜʠʮʘ ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ, ʧʨʝʜʩʪʘʚˀʝʥʝ ʢʘʦ ʬʫʥʢʮʠʿʘ ʢʣʠʟʘˁʘ. ʇʨʦʤʝʥʝ 

ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʫʩʣʝʜ ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ ʨʘʟʤʘʪʨʘʥʝ ʩʫ ʪʘʢʦʹʝ, ʠ ʫ ʨʘʜʫ [9]. 
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ɸʫʪʦʨʠ ʩʫ ʧʨʝʪʧʦʩʪʘʚʠʣʠ ʜʘ ʧʘʨʘʤʝʪʨʠ ʨʦʪʦʨʘ ʧʨʠ ʥʠʞʠʤ ʬʨʝʢʚʝʥʮʠʿʘʤʘ ʩʪʨʫʿʝ 

ʨʦʪʦʨʩʢʠʭ ʰʠʧʢʠ ʫ ʦʧʩʝʛʫ ʦʜ (0-15) Hz ʠʤʘʿʫ ʢʦʥʩʪʘʥʪʥʝ ʚʨʝʜʥʦʩʪʠ, ʘ ʟʘ ʬʨʝʢʚʝʥʮʠʿʝ 

ʚʝ˂ʝ ʦʜ 15 Hz ʧʨʦʤʝʥʘ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʧʨʝʜʩʪʘʚˀʝʥʘ ʿʝ ʢʘʦ ʬʫʥʢʮʠʿʘ 

ʢʚʘʜʨʘʪʥʦʛ ʢʦʨʝʥʘ ʙʨʟʠʥʝ. 

ɱʦʰ ʿʝʜʘʥ ʘʥʘʣʠʪʠʯʢʠ ʤʝʪʦʜ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʟʘʩʥʦʚʘʥ ʩʘʤʦ ʥʘ ʧʦʜʘʮʠʤʘ ʩʘ ʥʘʪʧʠʩʥʝ ʧʣʦʯʠʮʝ ʧʨʝʜʣʦʞʝʥ ʿʝ ʫ 

[10]. ʄʝʪʦʜ ʿʝ ʠʤʧʣʝʤʝʥʪʠʨʘʥ ʠ ʚʝʨʠʬʠʢʦʚʘʥ ʢʨʦʟ ʩʠʤʫʣʘʮʠʿʝ ʫ Matlab/Simulink 

ʦʢʨʫʞʝˁʫ. ʋ ʦʢʚʠʨʫ ʦʚʦʛ ʤʦʜʝʣʘ ʠʟʚʨʰʝʥʠ ʩʫ ʨʘʟʣʠʯʠʪʠ ʪʝʩʪʦʚʠ ʫʢˀʫʯʫʿʫ˂ʠ ʪʝʩʪ 

ʥʘʧʘʿʘˁʘ ʿʝʜʥʦʩʤʝʨʥʠʤ ʥʘʧʦʥʦʤ (ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʦʪʧʦʨʥʦʩʪʠ ʩʪʘʪʦʨʘ), ʪʝʩʪ 

ʧʨʘʟʥʦʛ ʭʦʜʘ (ʟʘ ʧʨʦʮʝʥʫ ʛʫʙʠʪʘʢʘ ʫ ʛʚʦʞʹʫ ʤʘʛʥʝʪʥʦʛ ʢʦʣʘ ʠ ʤʝʭʘʥʠʯʢʠʭ ʛʫʙʠʪʘʢʘ), 

ʪʝʩʪ ʢʨʘʪʢʦʛ ʩʧʦʿʘ (ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʨʘʩʠʧʥʠʭ ʨʝʘʢʪʘʥʩʠ), ʪʝʩʪ ʧʦʜ ʦʧʪʝʨʝ˂ʝˁʝʤ ʠ 

ʩʠʤʫʣʘʮʠʿʘ ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ (ʟʘ ʚʝʨʠʬʠʢʘʮʠʿʫ ʤʦʜʝʣʘ). ɼʦʙʠʿʝʥʠ 

ʨʝʟʫʣʪʘʪʠ ʧʦʢʘʟʘʣʠ ʩʫ ʜʦʙʨʦ ʩʣʘʛʘˁʝ ʩʘ ʧʦʜʘʮʠʤʘ ʩʘ ʥʘʪʧʠʩʥʝ ʧʣʦʯʠʮʝ, ʧʦʩʝʙʥʦ ʟʘ 

ʥʘʟʠʚʥʠ ʠ ʧʨʝʚʘʣʥʠ ʤʦʤʝʥʪ. ʀʘʢʦ ʤʝʪʦʜ ʥʝ ʛʘʨʘʥʪʫʿʝ ʚʠʩʦʢʫ ʧʨʝʮʠʟʥʦʩʪ, ʠʧʘʢ 

ʧʨʝʜʩʪʘʚˀʘ ʧʨʘʢʪʠʯʘʥ ʠ ʜʦʩʪʫʧʘʥ ʥʘʯʠʥ ʟʘ ʜʦʙʠʿʘˁʝ ʢʦʨʠʩʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʤʦʪʦʨʘ ʫ 

ʩʣʫʯʘʿʝʚʠʤʘ ʢʘʜʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʪʝʩʪʠʨʘˁʝ ʥʠʿʝ ʠʟʚʦʜˀʠʚʦ. ɸʫʪʦʨʠ Averbukh ʠ 

Lockshin ʩʫ ʫ [11] ʧʨʝʜʩʪʘʚʠʣʠ ʢʦʤʙʠʥʦʚʘʥʫ ʘʥʘʣʠʪʠʯʢʦ-ʥʫʤʝʨʠʯʢʫ ʤʝʪʦʜʫ ʟʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ. ʀʜʝʥʪʠʬʠʢʘʮʠʿʘ 

ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʨʝʟʫʣʪʘʪʠʤʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠʭ ʠʩʧʠʪʠʚʘˁʘ, ʧʨʠ ʯʝʤʫ ʩʝ ʢʦʨʠʩʪʠ 

ʢʦʤʙʠʥʘʮʠʿʘ ʂʣʦʩʦʚʝ ʿʝʜʥʘʯʠʥʝ (ʝʥʛ. Kloss equation) ʠ ʊʝʚʝʥʝʥʦʚʝ ʪʝʦʨʝʤʝ. ʄʦʪʦʨ ʿʝ 

ʪʦʢʦʤ ʝʢʩʧʝʨʠʤʝʥʪʘ ʦʧʪʝʨʝ˂ʠʚʘʥ ʫ ʚʠʰʝ ʨʘʜʥʠʭ ʨʝʞʠʤʘ, ʧʨʠ ʯʝʤʫ ʩʫ ʤʝʨʝʥʝ 

ʚʨʝʜʥʦʩʪʠ ʦʙʨʪʥʦʛ ʤʦʤʝʥʪʘ, ʙʨʟʠʥʝ, ʩʪʨʫʿʝ ʠ ʩʥʘʛʝ. ɼʦʙʠʿʝʥʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ 

ʧʦʜʘʮʠ ʢʦʨʠʰ˂ʝʥʠ ʩʫ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʨʝʚʘʣʥʦʛ ʤʦʤʝʥʪʘ ʠ ʧʨʝʚʘʣʥʦʛ ʢʣʠʟʘˁʘ 

ʧʨʠʤʝʥʦʤ ʂʣʦʩʦʚʝ ʿʝʜʥʘʯʠʥʝ, ʫʟ ʫʧʦʪʨʝʙʫ ʤʝʪʦʜʝ ʥʘʿʤʘˁʠʭ ʢʚʘʜʨʘʪʘ (LMS) (ʝʥʛ. 

Least Mean Square Technique). ʊʝʚʝʥʝʥʦʚʘ ʪʝʦʨʝʤʘ ʿʝ ʢʦʨʠʰ˂ʝʥʘ ʟʘ ʧʦʿʝʜʥʦʩʪʘʚˀʝˁʝ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ, ʯʠʤʝ ʿʝ ʩʤʘˁʝʥ ʙʨʦʿ ʥʝʧʦʟʥʘʪʠʭ ʧʘʨʘʤʝʪʘʨʘ, ʘ ʫ ʤʦʜʝʣ ʩʫ 

ʫʚʝʜʝʥʝ ʠ ʙʝʟʜʠʤʝʥʟʠʦʥʝ ʧʨʦʤʝʥˀʠʚʝ (Ŭ ʠ ɓ) ʨʘʜʠ ʣʘʢʰʝʛ ʨʝʰʘʚʘˁʘ ʩʠʩʪʝʤʘ 

ʿʝʜʥʘʯʠʥʘ. ʆʩʥʦʚʥʠ ʮʠˀ ʦʚʦʛ ʨʘʜʘ ʙʠʦ ʿʝ ʧʨʝʚʘʟʠʣʘʞʝˁʝ ʦʛʨʘʥʠʯʝˁʘ ʢʣʘʩʠʯʥʠʭ 

ʤʝʪʦʜʘ, ʢʘʦ ʰʪʦ ʩʫ ʪʝʩʪʦʚʠ ʧʨʘʟʥʦʛ ʭʦʜʘ ʠ ʢʨʘʪʢʦʛ ʩʧʦʿʘ, ʢʦʿʠ ʯʝʩʪʦ ʜʦʚʦʜʝ ʜʦ 

ʥʝʧʦʫʟʜʘʥʠʭ ʨʝʟʫʣʪʘʪʘ. ʈʘʜʠ ʜʦʙʠʿʘˁʘ ʦʧʪʠʤʘʣʥʠʭ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ 
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ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʠ ʊʝʚʝʥʝʥʦʚʦʛ ʥʘʧʦʥʘ ʧʨʠʤʝˁʝʥʘ ʿʝ ʥʫʤʝʨʠʯʢʘ ʦʧʪʠʤʠʟʘʮʠʿʘ ʫ 

ʧʨʦʛʨʘʤʩʢʦʤ ʦʢʨʫʞʝˁʫ Matlab, ʩʘ ʮʠˀʝʤ ʤʠʥʠʤʠʟʘʮʠʿʝ ʛʨʝʰʢʝ ʫ ʧʨʦʮʝʥʠ ʩʪʨʫʿʝ. 

ʄʝʪʦʜʘ ʿʝ ʪʝʩʪʠʨʘʥʘ ʥʘ ʘʩʠʥʭʨʦʥʦʤ ʤʦʪʦʨʫ ʩʥʘʛʝ 1 kW, ʘ ʜʦʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ 

ʧʦʢʘʟʘʣʠ ʩʫ ʜʘ ʧʨʝʜʣʦʞʝʥʠ ʧʨʠʩʪʫʧ ʦʤʦʛʫ˂ʘʚʘ ʧʨʝʮʠʟʥʠʿʫ ʠ ʧʨʘʢʪʠʯʥʠʿʫ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʪʨʘʜʠʮʠʦʥʘʣʥʠʤ ʪʝʭʥʠʢʘʤʘ. 

ʂʦʤʙʠʥʘʮʠʿʦʤ ʘʥʘʣʠʪʠʯʢʠʭ ʠ ʥʫʤʝʨʠʯʢʠʭ ʝʣʝʤʝʥʘʪʘ ʦʙʝʟʙʝʹʝʥʘ ʿʝ ʙʨʟʘ 

ʢʦʥʚʝʨʛʝʥʮʠʿʘ ʠ ʚʠʩʦʢʘ ʧʦʫʟʜʘʥʦʩʪ, ʰʪʦ ʿʝ ʧʦʩʝʙʥʦ ʟʥʘʯʘʿʥʦ ʫ ʩʣʫʯʘʿʝʚʠʤʘ ʢʘʜʘ ʥʠʩʫ 

ʜʦʩʪʫʧʥʠ ʢʦʤʧʣʝʪʥʠ ʧʦʜʘʮʠ ʦʜ ʧʨʦʠʟʚʦʹʘʯʘ. 

ɱʦʰ ʿʝʜʥʘ ʢʦʤʙʠʥʘʮʠʿʘ ʘʥʘʣʠʪʠʯʢʦ-ʥʫʤʝʨʠʯʢʝ ʤʝʪʦʜʝ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ 

ʧʘʨʘʤʝʪʘʨʘ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʫ ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʪʘˁʫ, ʫʟ ʢʦʨʠʰ˂ʝˁʝ ʥʘʧʦʥʩʢʦʛ 

ʠʥʚʝʨʪʦʨʘ ʧʨʝʜʣʦʞʝʥʘ ʿʝ ʫ [12]. ʆʪʧʦʨʥʦʩʪ ʩʪʘʪʦʨʘ, ʪʨʘʥʟʠʿʝʥʪʥʘ ʠʥʜʫʢʪʠʚʥʦʩʪ 

ʩʪʘʪʦʨʘ ʠ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʨʦʪʦʨʘ ʜʦʙʠʿʝʥʠ ʩʫ ʘʥʘʣʠʪʠʯʢʠ, ʧʨʠʤʝʥʦʤ ʿʝʜʥʘʯʠʥʘ 

ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʬʠʟʠʯʢʠʤ ʧʨʠʥʮʠʧʠʤʘ, ʜʦʢ ʩʫ ʢʦʤʧʝʥʟʘʮʠʿʘ ʥʝʣʠʥʝʘʨʥʩʪʠ ʠʥʚʝʨʪʦʨʘ 

ʠ ʠʥʪʝʛʨʘʮʠʿʘ ʿʝʜʥʘʯʠʥʘ ʜʠʥʘʤʠʯʢʦʛ ʤʦʜʝʣʘ ʨʝʘʣʠʟʦʚʘʥʠ ʥʫʤʝʨʠʯʢʠ ʫ ʧʨʦʛʨʘʤʩʢʦʤ 

ʦʢʨʫʞʝˁʫ Matlab, ʢʦʨʠʰ˂ʝˁʝʤ ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʥʫʤʝʨʠʯʢʦ ʨʝʰʘʚʘˁʝ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʭ 

ʿʝʜʥʘʯʠʥʘ. ʄʝʪʦʜʘ ʫʟʠʤʘ ʫ ʦʙʟʠʨ ʦʜʩʪʫʧʘˁʘ ʦʪʧʦʨʥʦʩʪʠ ʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʦʜ 

ʧʨʦʿʝʢʪʦʚʘʥʠʭ ʚʨʝʜʥʦʩʪʠ ʫʩʣʝʜ ʨʝʘʣʥʠʭ ʫʩʣʦʚʘ ʨʘʜʘ. ʇʨʚʝʥʩʪʚʝʥʦ ʿʝ ʥʘʤʝˁʝʥʘ 

ʧʦʛʦʥʠʤʘ ʚʝʣʠʢʝ ʩʥʘʛʝ ʠ ʚʝʨʠʬʠʢʦʚʘʥʘ ʿʝ ʥʘ ʘʩʠʥʭʨʦʥʦʤ ʤʦʪʦʨʫ ʩʥʘʛʝ 875 kW, ʛʜʝ ʩʫ 

ʜʦʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ ʙʠʣʠ ʫ ʩʢʣʘʜʫ ʩʘ ʧʨʦʿʝʢʪʦʚʘʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ. ʀʩʪʘ ʤʝʪʦʜʘ ʿʝ 

ʫʩʧʝʰʥʦ ʧʨʠʤʝˁʝʥʘ ʠ ʥʘ ʘʩʠʥʭʨʦʥʦʿ ʤʘʰʠʥʠ ʩʥʘʛʝ 5 hp (1 hp å 0.75 kW), ʧʨʠ ʯʝʤʫ ʩʫ 

ʜʦʙʠʿʝʥʠ ʧʘʨʘʤʝʪʨʠ ʧʦʢʘʟʘʣʠ ʜʦʙʨʦ ʧʦʢʣʘʧʘˁʝ ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ 

ʠʩʧʠʪʠʚʘˁʘ. 

2.1.2. ʅʫʤʝʨʠʯʢʝ ʤʝʪʦʜʝ 

ʅʫʤʝʨʠʯʢʝ ʤʝʪʦʜʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʩʘʚʨʝʤʝʥʠ ʧʨʠʩʪʫʧ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ 

ʧʘʨʘʤʝʪʘʨʘ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ, ʟʘʩʥʦʚʘʥ ʥʘ ʠʪʝʨʘʪʠʚʥʦʤ ʫʩʢʣʘʹʠʚʘˁʫ ʤʦʜʝʣʘ ʩʘ 

ʢʘʪʘʣʦʰʢʠʤ (ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ) ʨʝʟʫʣʪʘʪʠʤʘ. ʆʚʘʿ ʧʨʠʩʪʫʧ ʧʦʢʘʟʫʿʝ ʧʦʩʝʙʥʫ 

ʝʬʠʢʘʩʥʦʩʪ ʫ ʩʣʦʞʝʥʠʤ ʩʠʪʫʘʮʠʿʘʤʘ, ʢʘʦ ʰʪʦ ʩʫ ʤʦʪʦʨʠ ʩʘ ʜʚʦʩʪʨʫʢʠʤ ʢʘʚʝʟʦʤ ʥʘ 

ʨʦʪʦʨʫ ʠʣʠ ʫʩʣʦʚʠ ʨʘʜʘ ʧʨʠ ʧʨʦʤʝʥˀʠʚʦʿ ʪʝʤʧʝʨʘʪʫʨʠ, ʛʜʝ ʢʣʘʩʠʯʥʠ ʘʥʘʣʠʪʠʯʢʠ 

ʤʦʜʝʣʠ ʥʝ ʦʙʝʟʙʝʹʫʿʫ ʜʦʚʦˀʥʫ ʧʨʝʮʠʟʥʦʩʪ. ʄʦʛʫ˂ʥʦʩʪ ʫʢˀʫʯʠʚʘˁʘ ʥʝʣʠʥʝʘʨʥʠʭ 
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ʝʬʝʢʘʪʘ ʠ ʧʨʠʣʘʛʦʹʘʚʘˁʘ ʨʝʘʣʥʠʤ ʫʩʣʦʚʠʤʘ ʨʘʜʘ ʦʤʦʛʫ˂ʘʚʘ ʚʠʩʦʢʫ ʪʘʯʥʦʩʪ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ, ʘʣʠ ʠʩʪʦʚʨʝʤʝʥʦ ʟʘʭʪʝʚʘ ʟʥʘʯʘʿʥʝ ʨʘʯʫʥʘʨʩʢʝ ʨʝʩʫʨʩʝ ʠ ʧʨʠʤʝʥʫ 

ʩʧʝʮʠʿʘʣʠʟʦʚʘʥʠʭ ʘʣʛʦʨʠʪʘʤʘ. ɿʙʦʛ ʪʦʛʘ ʥʫʤʝʨʠʯʢʠ ʧʨʠʩʪʫʧ ʩʚʝ ʚʠʰʝ ʧʦʪʠʩʢʫʿʝ 

ʪʨʘʜʠʮʠʦʥʘʣʥʝ ʤʝʪʦʜʝ ʫ ʩʘʚʨʝʤʝʥʠʤ ʠʩʪʨʘʞʠʚʘˁʠʤʘ, ʥʘʨʦʯʠʪʦ ʫ ʦʙʣʘʩʪʠʤʘ ʛʜʝ ʿʝ 

ʥʝʦʧʭʦʜʥʘ ʧʨʝʮʠʟʥʘ ʢʦʥʪʨʦʣʘ ʠʣʠ ʜʠʿʘʛʥʦʩʪʠʢʘ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ. 

ɱʝʜʘʥ ʦʜ ʧʨʠʤʝʨʘ ʧʨʠʤʝʥʝ ʥʫʤʝʨʠʯʢʦʛ ʧʨʠʩʪʫʧʘ ʟʘʩʥʦʚʘʥʦʛ ʥʘ ʥʝʣʠʥʝʘʨʥʦʿ 

ʦʧʪʠʤʠʟʘʮʠʿʠ ʧʨʝʜʩʪʘʚˀʝʥ ʿʝ ʫ ʨʘʜʫ [1], ʛʜʝ ʿʝ ʨʘʟʚʠʿʝʥʘ ʤʝʪʦʜʘ ʟʘ ʧʨʝʮʠʟʥʫ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʚʝʣʠʢʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ. ʄʝʪʦʜʘ 

ʢʦʨʠʩʪʠ SOLNP ʘʣʛʦʨʠʪʘʤ (ʝʥʛ. Sequential Quadratic Programming using Augmented 

Lagrangian method) ʟʘ ʨʝʰʘʚʘˁʝ ʥʝʣʠʥʝʘʨʥʠʭ ʦʧʪʠʤʠʟʘʮʠʦʥʠʭ ʧʨʦʙʣʝʤʘ, ʧʨʠ ʯʝʤʫ 

ʩʝ ʤʠʥʠʤʠʟʫʿʝ ʬʫʥʢʮʠʿʘ ʮʠˀʘ ʢʦʿʘ ʧʨʝʜʩʪʘʚˀʘ ʨʘʟʣʠʢʫ ʠʟʤʝʹʫ ʧʦʜʘʪʘʢʘ ʦ 

ʧʝʨʬʦʨʤʘʥʩʘʤʘ ʢʦʿʝ ʦʙʝʟʙʝʹʫʿʝ ʧʨʦʠʟʚʦʹʘʯ ʠ ʨʝʟʫʣʪʘʪʘ ʜʦʙʠʿʝʥʠʭ ʤʦʜʝʣʦʤ. 

ʇʘʨʘʤʝʪʨʠ ʤʦʪʦʨʘ ʠʜʝʥʪʠʬʠʢʦʚʘʥʠ ʩʫ ʨʝʰʘʚʘˁʝʤ ʩʠʩʪʝʤʘ ʿʝʜʥʘʯʠʥʘ ʜʦʙʠʿʝʥʦʛ ʥʘ 

ʦʩʥʦʚʫ ʜʚʦʢʘʚʝʟʥʦʛ ʤʘʪʝʤʘʪʠʯʢʦʛ ʤʦʜʝʣʘ ʤʦʪʦʨʘ. ʇʨʠʩʪʫʧ ʫʟʠʤʘ ʫ ʦʙʟʠʨ ʝʬʝʢʪʝ 

ʤʘʛʥʝʪʥʦʛ ʟʘʩʠ˂ʝˁʘ ʢʨʦʟ ʧʨʠʣʘʛʦʹʘʚʘˁʝ ʨʘʩʠʧʥʠʭ ʨʝʘʢʪʘʥʩʠ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ 

ʬʫʥʢʮʠʿʦʤ ʢʦʿʘ ʦʧʠʩʫʿʝ ʥʝʣʠʥʝʘʨʥʦ ʤʘʛʥʝʪʥʦ ʧʦʥʘʰʘˁʝ. ʄʝʪʦʜa ʿʝ ʚʝʨʠʬʠʢʦʚʘʥʘ ʥʘ 

ʤʦʪʦʨʫ ʩʥʘʛʝ 447 kW, ʘ ʜʦʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ ʩʫ ʧʦʪʚʨʹʝʥʠ ʧʦʨʝʹʝˁʝʤ ʩʘ ʧʦʜʘʮʠʤʘ 

ʧʨʦʠʟʚʦʹʘʯʘ ʠ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠʤ ʢʨʠʚʘʤʘ ʧʝʨʬʦʨʤʘʥʩʠ. ʋ [13] ʘʥʘʣʠʟʠʨʘʥʠ ʩʫ 

ʿʝʜʥʦʢʘʚʝʟʥʠ ʠ ʜʚʦʢʘʚʝʟʥʠ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣʠ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ. ɿʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʧʨʠʤʝˁʝʥʘ ʿʝ ʥʫʤʝʨʠʯʢʘ ʤʝʪʦʜʘ ʟʘʩʥʦʚʘʥʘ ʥʘ ʨʝʰʘʚʘˁʫ 

ʥʝʣʠʥʝʘʨʥʦʛ ʩʠʩʪʝʤʘ ʿʝʜʥʘʯʠʥʘ ʬʦʨʤʫʣʠʩʘʥʦʛ ʢʘʦ ʧʨʦʙʣʝʤ ʤʠʥʠʤʠʟʘʮʠʿʝ ʩʘ 

ʦʛʨʘʥʠʯʝˁʠʤʘ, ʫʟ ʧʨʠʤʝʥʫ Gauss-Newton-ʦʚʝ ʠʣʠ Levenberg-Marquardt-ʦʚʝ ʤʝʪʦʜʝ. 

ʊʝʩʪʠʨʘˁʝ ʥʘ 223 ʤʦʪʦʨʘ ʩʘ ʥʘʟʠʚʥʠʤ ʩʥʘʛʘʤʘ ʫ ʨʘʩʧʦʥʫ ʦʜ 4 kW ʜʦ 800 kW ʧʦʢʘʟʘʣʦ 

ʿʝ ʜʘ ʜʚʦʢʘʚʝʟʥʠ ʤʦʜʝʣ ʦʙʝʟʙʝʹʫʿʝ ʚʝ˂ʫ ʪʘʯʥʦʩʪ ʫ ʧʨʦʮʝʥʠ ʧʦʣʘʟʥʝ ʩʪʨʫʿʝ ʠ ʤʦʤʝʥʪʘ. 

ʇʦʨʝʜ ʥʫʤʝʨʠʯʢʠʭ ʤʝʪʦʜʘ ʫ ʢʦʿʠʤʘ ʩʝ ʧʘʨʘʤʝʪʨʝ ʤʦʪʦʨʘ ʠʜʝʥʪʠʬʠʢʫʿʫ ʥʘ 

ʦʩʥʦʚʫ ʢʘʪʘʣʦʰʢʠʭ ʧʦʜʘʪʘʢʘ, ʫ ʨʘʜʫ [14] ʧʨʝʜʣʦʞʝʥʘ ʿʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ-ʥʫʤʝʨʠʯʢʘ 

ʪʝʭʥʠʢʘ ʢʦʿʘ ʢʦʤʙʠʥʫʿʝ ʪʝʩʪ ʙʝʟ ʨʦʪʦʨʘ (ʝʥʛ. non-rotor test) ʠ ʪʝʩʪ ʩʘ ʜʚʘ ʨʘʟʣʠʯʠʪʘ 

ʦʧʪʝʨʝ˂ʝˁʘ (DLT) (ʝʥʛ. Dual Load Test). ʆʚʘʿ ʧʨʠʩʪʫʧ ʫʟʠʤʘ ʫ ʦʙʟʠʨ ʫʪʠʮʘʿ 

ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ, ʤʘʛʥʝʪʥʦʛ ʟʘʩʠ˂ʝˁʘ ʠ ʛʫʙʠʪʘʢʘ ʫ ʛʚʦʞʹʫ ʤʘʛʥʝʪʥʦʛ ʢʦʣʘ. 

ʇʘʨʘʤʝʪʨʠ ʩʪʘʪʦʨʘ ʜʦʙʠʿʝʥʠ ʩʫ ʧʨʝʢʦ ʪʝʩʪʘ ʙʝʟ ʨʦʪʦʨʘ, ʢʦʿʠ ʩʝ ʩʧʨʦʚʦʜʠ ʜʦʚʦʹʝˁʝʤ 
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ʥʘʧʦʥʘ ʦʜʨʝʹʝʥʝ ʬʨʝʢʚʝʥʮʠʿʝ (25, 50 ʠʣʠ 75 Hz) ʥʘ ʩʪʘʪʦʨ, ʜʦʢ ʿʝ ʨʦʪʦʨ ʬʠʟʠʯʢʠ 

ʫʢʣʦˁʝʥ, ʠʣʠ ʿʝ ʤʦʪʦʨ ʫ ʧʦʩʝʙʥʦʤ ʩʪʘˁʫ ʫ ʢʦʿʝʤ ʨʦʪʦʨ ʥʝ ʛʝʥʝʨʠʰʝ ʧʦʚʨʘʪʥʝ ʝʬʝʢʪʝ 

(ʥʧʨ. ʦʜʩʧʦʿʝʥ ʠʣʠ ʙʣʦʢʠʨʘʥ). ʇʘʨʘʤʝʪʨʠ ʨʦʪʦʨʩʢʝ ʛʨʘʥʝ ʠ ʛʨʘʥʝ ʤʘʛʥʝ˂ʝˁʘ ʜʦʙʠʿʝʥʠ 

ʩʫ ʧʨʠʤʝʥʦʤ DLT ʪʝʩʪʘ ʟʘʩʥʦʚʘʥʦʛ ʥʘ ʤʝʨʝˁʫ ʧʨʠ ʜʚʘ ʨʘʟʣʠʯʠʪʘ ʦʧʪʝʨʝ˂ʝˁʘ, ʫʟ 

ʧʨʠʙʣʠʞʥʦ ʢʦʥʩʪʘʥʪʘʥ ʥʘʧʦʥ ʥʘ ʛʨʘʥʠ ʤʘʛʥʝ˂ʝˁʘ. ʈʝʟʫʣʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ 

ʚʝʨʠʬʠʢʘʮʠʿʝ ʥʘ ʜʚʘ ʤʦʪʦʨʘ, ʿʝʜʥʦʤ ʩʘ ʦʪʚʦʨʝʥʠʤ ʠ ʜʨʫʛʠʤ ʩʘ ʟʘʪʚʦʨʝʥʠʤ ʞʣʝʙʦʚʠʤʘ 

ʨʦʪʦʨʘ ʧʦʢʘʟʘʣʠ ʩʫ ʜʘ ʤʝʪʦʜʘ ʧʦʩʪʠʞʝ ʟʥʘʯʘʿʥʦ ʚʝ˂ʫ ʪʘʯʥʦʩʪ ʫ ʧʦʨʝʹʝˁʫ ʩʘ 

ʪʨʘʜʠʮʠʦʥʘʣʥʠʤ ʤʝʪʦʜʘʤʘ ʟʘʩʥʦʚʘʥʠʤ ʥʘ DC ʪʝʩʪʫ, ʪʝʩʪʫ ʧʨʘʟʥʦʛ ʭʦʜʘ ʠ ʢʨʘʪʢʦʛ 

ʩʧʦʿʘ. 

ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʧʨʝʪʭʦʜʥʦ ʦʧʠʩʘʥʠʭ ʤʝʪʦʜʘ, ʫ [15] ʧʨʝʜʣʦʞʝʥ ʿʝ ʧʨʠʩʪʫʧ ʟʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʦʪʧʦʨʥʦʩʪʠ ʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʨʦʪʦʨʘ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʟʘʩʥʦʚʘʥ ʥʘ 

ʧʨʦʰʠʨʝʥʦʤ ʂʘʣʤʘʥʦʚʦʤ ʬʠʣʪʨʫ (EKF) (ʝʥʛ. Extended Kalman filter). ʆʚʘ ʿʧʨʠʩʪʫʧ 

ʝʣʠʤʠʥʠʰʝ ʧʦʪʨʝʙʫ ʟʘ ʢʣʘʩʠʯʥʠʤ ʠʩʧʠʪʠʚʘˁʠʤʘ ʫ ʧʨʘʟʥʦʤ ʭʦʜʫ ʠ ʢʨʘʪʢʦʤ ʩʧʦʿʫ. 

ʂʘʦ ʧʨʝʜʫʩʣʦʚ, ʟʘʭʪʝʚʘ ʩʘʤʦ ʤʝʨʝˁʝ ʦʪʧʦʨʥʦʩʪʠ ʥʘʤʦʪʘʿʘ ʩʪʘʪʦʨʘ ʫ DC ʪʝʩʪʫ, ʢʘʦ ʠ 

ʧʨʘ˂ʝˁʝ ʥʘʧʦʥʘ, ʩʪʨʫʿʝ ʠ ʙʨʟʠʥʝ ʨʦʪʦʨʘ ʧʨʠ ʨʘʟʣʠʯʠʪʠʤ ʦʧʪʝʨʝ˂ʝˁʠʤʘ, ʫ ʫʩʣʦʚʠʤʘ 

ʙʝʟ ʤʘʛʥʝʪʥʝ ʟʘʩʠ˂ʝʥʦʩʪʠ ʿʝʟʛʨʘ. ʊʘʯʥʦʩʪ ʤʝʪʦʜʝ ʧʦʪʚʨʹʝʥʘ ʿʝ ʧʦʤʦ˂ʫ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʧʦʜʘʪʘʢʘ ʜʦʙʠʿʝʥʠʭ ʥʘ ʨʝʘʣʥʦʤ ʤʦʪʦʨʫ. ʋ [16] ʦʧʠʩʘʥʘ ʿʝ ʪʝʭʥʠʢʘ 

ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʢʦʿʘ ʢʦʤʙʠʥʫʿʝ 

ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʢʨʠʚʠʭ (ʝʥʛ. curve fitting) ʠ ʠʪʝʨʘʪʠʚʥʝ ʤʝʪʦʜʝ ʧʦʜʝʰʘʚʘˁʘ ʚʨʝʜʥʦʩʪʠ 

ʦʪʧʦʨʥʦʩʪʠ ʠ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʨʦʪʦʨʘ. ʇʦʩʝʙʥʘ ʧʘʞˁʘ ʫʩʤʝʨʝʥʘ ʿʝ ʥʘ ʚʘʨʠʿʘʮʠʿʝ 

ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʙʨʟʠʥʝ, ʥʘʩʪʘʣʝ ʫʩʣʝʜ ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ. 

ʇʨʝʜʣʦʞʝʥʦ ʿʝ ʤʦʜʝʣʦʚʘˁʝ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʢʘʦ ʧʦʣʠʥʦʤʘ ʯʝʪʚʨʪʦʛ ʨʝʜʘ ʫ 

ʬʫʥʢʮʠʿʠ ʙʨʟʠʥʝ, ʥʘ ʦʩʥʦʚʫ ʧʦʜʘʪʘʢʘ ʠʟ ʪʝʭʥʠʯʢʝ ʜʦʢʫʤʝʥʪʘʮʠʿʝ ʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ 

ʤʦʤʝʥʪʘ ʠ ʩʪʨʫʿʝ. ʄʝʪʦʜ ʿʝ ʨʝʘʣʠʟʦʚʘʥ ʫ ʪʨʠ ʬʘʟʝ: ʩʘ ʬʠʢʩʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ, ʩʘ 

ʘʧʨʦʢʩʠʤʘʮʠʿʦʤ ʩʘʤʦ ʨʦʪʦʨʩʢʝ ʦʪʧʦʨʥʦʩʪʠ, ʠ ʥʘ ʢʨʘʿʫ ʩʘ ʘʧʨʦʢʩʠʤʘʮʠʿʦʤ ʠ 

ʦʪʧʦʨʥʦʩʪʠ ʠ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʨʦʪʦʨʘ. ɺʝʨʠʬʠʢʘʮʠʿʘ ʨʝʟʫʣʪʘʪʘ ʠʟʚʨʰʝʥʘ ʿʝ 

ʫʧʦʨʝʹʠʚʘˁʝʤ ʜʦʙʠʿʝʥʠʭ ʠ ʢʘʪʘʣʦʰʢʠʭ ʤʝʭʘʥʠʯʢʠʭ ʠ ʩʪʨʫʿʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ, ʧʨʠ 

ʯʝʤʫ ʿʝ ʤʦʜʝʣ ʩʘ ʘʧʨʦʢʩʠʤʘʮʠʿʦʤ ʦʙʘ ʧʘʨʘʤʝʪʨʘ ʧʦʢʘʟʘʦ ʥʘʿʚʝ˂ʫ ʧʨʝʮʠʟʥʦʩʪ ʠ 

ʥʘʿʙʦˀʝ ʩʣʘʛʘˁʝ ʩʘ ʢʘʪʘʣʦʰʢʠʤ ʧʦʜʘʮʠʤʘ ʤʦʪʦʨʘ. 



18 

 

ɱʦʰ ʿʝʜʘʥ ʧʨʠʩʪʫʧ ʢʦʿʠ ʢʦʨʠʩʪʠ ʧʦʣʠʥʦʤʠʿʘʣʥʫ ʨʝʛʨʝʩʠʿʫ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ 

ʧʘʨʘʤʝʪʘʨʘ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʧʨʝʜʩʪʘʚˀʝʥ ʿʝ ʫ [17], ʛʜʝ ʿʝ ʧʦʢʘʟʘʥʦ ʢʘʢʦ ʦʚʘ 

ʪʝʭʥʠʢʘ ʤʦʞʝ ʧʦʙʦˀʰʘʪʠ ʪʘʯʥʦʩʪ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʝʣʝʢʪʨʠʯʥʠʭ ʠ ʤʝʭʘʥʠʯʢʠʭ 

ʧʘʨʘʤʝʪʘʨʘ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʜʨʫʛʠʤ ʪʝʭʥʠʢʘʤʘ. ʆʩʥʦʚʫ ʤʝʪʦʜʝ ʯʠʥʠ ʠʟʚʦʹʝˁʝ 

ʠʤʧʝʜʘʥʩʝ ʢʘʦ ʬʫʥʢʮʠʿʝ ʢʣʠʟʘˁʘ, ʢʦʿʘ ʩʝ ʤʦʜʝʣʫʿʝ ʫ ʦʙʣʠʢʫ ʧʦʣʠʥʦʤʩʢʦʛ ʨʘʟʣʦʤʢʘ. 

ʅʘ ʪʘʿ ʥʘʯʠʥ, ʧʨʠʤʝˁʫʿʫ˂ʠ ʨʝʛʨʝʩʠʿʫ ʙʝʟ ʠʥʠʮʠʿʘʣʥʠʭ ʚʨʝʜʥʦʩʪʠ ʠ ʙʝʟ ʧʦʪʨʝʙʝ ʟʘ 

ʠʪʝʨʘʪʠʚʥʠʤ ʧʨʦʮʝʩʠʤʘ, ʠʜʝʥʪʠʬʠʢʫʿʫ ʩʝ ʧʘʨʘʤʝʪʨʠ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʤʦʪʦʨʘ. 

ʂʦʨʠʰ˂ʝʥ ʿʝ ʩʪʘʮʠʦʥʘʨʥʠ Ăʊò ʤʦʜʝʣ ʢʦʿʠ ʿʝ ʧʨʦʰʠʨʝʥ ʜʠʥʘʤʠʯʢʠʤ ʿʝʜʥʘʯʠʥʘʤʘ ʫ 

dq0 ʢʦʦʨʜʠʥʘʪʥʦʤ ʩʠʩʪʝʤʫ ʨʘʜʠ ʩʠʤʫʣʘʮʠʿʝ ʨʘʜʘ ʤʦʪʦʨʘ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ, ʢʘʦ ʠ 

ʿʝʜʥʘʯʠʥʦʤ ʦʙʨʪʥʦʛ ʤʦʤʝʥʪʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʤʦʤʝʥʪʘ ʠʥʝʨʮʠʿʝ ʠ ʢʦʝʬʠʮʠʿʝʥʪʘ ʪʨʝˁʘ. 

ʄʝʪʦʜʘ ʩʝ ʦʜʣʠʢʫʿʝ ʿʝʜʥʦʩʪʘʚʥʠʤ ʠ ʙʨʟʠʤ ʧʨʦʨʘʯʫʥʦʤ, ʦʪʧʦʨʥʦʰ˂ʫ ʥʘ ʣʦʢʘʣʥʝ 

ʤʠʥʠʤʫʤʝ ʠ ʚʠʩʦʢʠʤ ʩʪʝʧʝʥʦʤ ʪʘʯʥʦʩʪʠ. ɼʦʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ, ʫʢˀʫʯʫʿʫ˂ʠ 

ʠʜʝʥʪʠʬʠʢʦʚʘʥʝ ʝʣʝʢʪʨʠʯʥʝ ʧʘʨʘʤʝʪʨʝ ʠ ʦʜʨʝʹʝʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʠʤʧʝʜʘʥʩʝ, 

ʧʦʢʘʟʘʣʠ ʩʫ ʜʦʙʨʫ ʩʘʛʣʘʩʥʦʩʪ ʩʘ ʪʝʦʨʠʿʩʢʠʤ ʠ ʤʝʨʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ. 

Lee ʠ ʩʘʨʘʜʥʠʮʠ [18] ʨʘʟʚʠʣʠ ʩʫ ʠʪʝʨʘʪʠʚʥʫ ʤʝʪʦʜʫ ʢʦʿʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ 

ʧʘʨʘʤʝʪʘʨʘ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʢʦʨʠʩʪʠ ʠʩʢˀʫʯʠʚʦ ʧʦʜʘʪʢʝ ʩʘ ʥʘʪʧʠʩʥʝ ʧʣʦʯʠʮʝ. 

ʂʦʨʠʰ˂ʝʥʠ ʩʫ ʧʦʜʘʮʠ ʦ ʥʘʟʠʚʥʦʿ ʩʥʘʟʠ, ʥʘʧʦʥʫ, ʩʪʝʧʝʥʫ ʠʩʢʦʨʠʰ˂ʝˁʘ, ʬʘʢʪʦʨʫ 

ʩʥʘʛʝ ʠ ʙʨʟʠʥʠ, ʢʘʦ ʠ ʧʦʜʝʣʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʦʪʦʨʘ ʧʨʝʤʘ NEMA ʩʪʘʥʜʘʨʜʫ. ʄʝʪʦʜa 

ʦʙʫʭʚʘʪʘ ʯʝʪʠʨʠ ʢʦʨʘʢʘ: (1) ʧʨʦʨʘʯʫʥ ʩʥʘʛʝ ʤʦʪʦʨʘ ʧʨʠ ʧʫʥʦʤ ʦʧʪʝʨʝ˂ʝˁʫ ʠ ʧʨʠ 

ʧʦʣʘʩʢʫ, (2) ʧʨʦʮʝʥʘ ʛʫʙʠʪʘʢʘ ʤʦʪʦʨʘ ʥʘ ʦʩʥʦʚʫ ʧʦʜʘʪʘʢʘ ʩʘ ʥʘʪʧʠʩʥʝ ʧʣʦʯʠʮʝ ʠ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʜʠʟʘʿʥʘ ʧʨʝʤʘ NEMA ʩʪʘʥʜʘʨʜʫ, (3) ʨʘʟʚʠʿʘˁʝ ʩʠʩʪʝʤʘ ʥʝʣʠʥʝʘʨʥʠʭ 

ʿʝʜʥʘʯʠʥʘ ʢʦʿʝ ʧʦʚʝʟʫʿʫ ʩʥʘʛʫ ʤʦʪʦʨʘ ʠ ʛʫʙʠʪʢʝ ʩʘ ʧʘʨʘʤʝʪʨʠʤʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ, 

(4) ʨʝʰʘʚʘˁʝ ʦʚʦʛ ʩʠʩʪʝʤʘ ʥʝʣʠʥʝʘʨʥʠʭ ʿʝʜʥʘʯʠʥʘ ʠʪʝʨʘʪʠʚʥʦʤ Gauss-Seidel 

ʤʝʪʦʜʦʤ. 

ɱʝʜʘʥ ʦʜ ʯʝʩʪʦ ʢʦʨʠʰ˂ʝʥʠʭ ʥʫʤʝʨʠʯʢʠʭ ʧʦʩʪʫʧʘʢʘ ʟʘ ʨʝʰʘʚʘˁʝ ʠʥʚʝʨʟʥʠʭ 

ʧʨʦʙʣʝʤʘ, ʫʢˀʫʯʫʿʫ˂ʠ ʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʠʭ 

ʤʦʪʦʨʘ ʿʝ ʤʝʪʦʜʘ ʥʘʿʤʘˁʠʭ ʢʚʘʜʨʘʪʘ. ɳʝʥʘ ʧʨʠʤʝʥʘ ʦʤʦʛʫ˂ʘʚʘ ʧʨʦʥʘʣʘʞʝˁʝ ʩʢʫʧʘ 

ʧʘʨʘʤʝʪʘʨʘ ʤʘʪʝʤʘʪʠʯʢʦʛ ʤʦʜʝʣʘ ʢʦʿʠ ʤʠʥʠʤʠʟʫʿʝ ʨʘʟʣʠʢʫ ʠʟʤʝʹʫ ʜʦʙʠʿʝʥʠʭ ʠ 

ʢʘʪʘʣʦʰʢʠʭ ʚʨʝʜʥʦʩʪʠ ʝʣʝʢʪʨʠʯʥʠʭ ʠ ʤʝʭʘʥʠʯʢʠʭ ʚʝʣʠʯʠʥʘ ʢʘʦ ʰʪʦ ʩʫ ʩʪʨʫʿʘ, 

ʤʦʤʝʥʪ, ʬʘʢʪʦʨ ʩʥʘʛʝ, ʩʪʝʧʝʥ ʠʩʢʦʨʠʰ˂ʝˁʘ ʠ ʙʨʟʠʥʘ. ɿʘʭʚʘˀʫʿʫ˂ʠ ʩʧʦʩʦʙʥʦʩʪʠ ʜʘ 



19 

 

ʦʙʝʟʙʝʜʠ ʩʪʘʙʠʣʥʦ ʠ ʨʦʙʫʩʥʦ ʨʝʰʝˁʝ ʠ ʫ ʫʩʣʦʚʠʤʘ ʢʘʜʘ ʧʦʜʘʮʠ ʦ ʤʦʪʦʨʫ ʥʠʩʫ 

ʧʦʪʧʫʥʠ, ʦʚʘ ʤʝʪʦʜʘ ʩʝ ʧʨʠʤʝˁʫʿʝ ʫ ʨʘʟʣʠʯʠʪʠʤ ʧʨʠʩʪʫʧʠʤʘ, ʦʜ ʘʥʘʣʠʟʘ ʟʘʩʥʦʚʘʥʠʭ 

ʥʘ ʢʘʪʘʣʦʰʢʠʤ ʧʦʜʘʮʠʤʘ ʜʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʠʩʧʠʪʠʚʘˁʘ ʠ online ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ. 

ʋ ʥʘʩʪʘʚʢʫ ʩʫ ʦʧʠʩʘʥʠ ʨʘʟʣʠʯʠʪʠ ʧʨʠʩʪʫʧʠ ʢʦʿʠ ʢʦʨʠʩʪʝ ʤʝʪʦʜʫ ʥʘʿʤʘˁʠʭ ʢʚʘʜʨʘʪʘ 

ʢʘʦ ʦʩʥʦʚʫ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ. 

ʋ [19] ʧʨʝʜʩʪʘʚˀʝʥʘ ʿʝ ʤʝʪʦʜʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ 

ʰʝʤʝ ʤʦʪʦʨʘ NEMA ʜʠʟʘʿʥʘ ĂAò ʠ ĂBò ʥʘ ʦʩʥʦʚʫ ʢʘʪʘʣʦʰʢʠʭ ʧʦʜʘʪʘʢʘ. ɿʘ ʨʝʰʘʚʘˁʝ 

ʩʠʩʪʝʤʘ ʥʝʣʠʥʝʘʨʥʠʭ ʿʝʜʥʘʯʠʥʘ ʿʝʜʥʦʢʘʚʝʟʥʦʛ ʤʦʜʝʣʘ ʩʘ ʧʘʨʘʤʝʪʨʠʤʘ ʨʦʪʦʨʘ 

ʟʘʚʠʩʥʠʤ ʦʜ ʢʣʠʟʘˁʘ ʧʨʠʤʝˁʝʥʘ ʿʝ Matlab ʬʫʥʢʮʠʿʘ Ăfsolveò, ʟʘʩʥʦʚʘʥʘ ʥʘ ʤʝʪʦʜʠ 

ʥʘʿʤʘˁʠʭ ʢʚʘʜʨʘʪʘ (Gauss-Newton ʠʣʠ Levenberg-Marquardt ʘʣʛʦʨʠʪʘʤ). ʇʨʝʮʠʟʥʦʩʪ 

ʿʝ ʧʦʙʦˀʰʘʥʘ ʘʧʨʦʢʩʠʤʘʮʠʿʦʤ ʧʨʦʤʝʥʝ ʦʪʧʦʨʥʦʩʪʠ ʠ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʨʦʪʦʨʘ ʫ 

ʬʫʥʢʮʠʿʠ ʢʣʠʟʘˁʘ. ʄʝʪʦʜʘ ʿʝ ʪʝʩʪʠʨʘʥʘ ʥʘ ʧʨʝʢʦ 300 ʤʦʪʦʨʘ ʩʥʘʛʝ 110-750 kW, ʛʜʝ ʿʝ 

ʧʦʩʪʠʛʥʫʪʘ ʚʠʩʦʢʘ ʪʘʯʥʦʩʪ ʫ ʧʨʦʮʝʥʠ ʧʦʣʘʟʥʦʛ ʠ ʧʨʝʚʘʣʥʦʛ ʤʦʤʝʥʪʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʪʨʘʜʠʮʠʦʥʘʣʥʝ ʤʝʪʦʜʝ. 

ʋ [20] ʨʘʟʚʠʿʝʥʘ ʿʝ ʤʝʪʦʜʘ ʟʘʩʥʦʚʘʥʘ ʥʘ ʪʝʩʪʫ ʬʨʝʢʚʝʥʮʠʿʩʢʦʛ ʦʜʟʠʚʘ ʫ ʩʪʘˁʫ 

ʤʠʨʦʚʘˁʘ (SSFR) (ʝʥʛ. Standstill Frequency Response), ʛʜʝ ʩʝ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ 

ʧʘʨʘʤʝʪʘʨʘ ʪʘʢʦʹʝ ʢʦʨʠʩʪʠ ʤʝʪʦʜʘ ʥʘʿʤʘˁʠʭ ʢʚʘʜʨʘʪʘ. ʊʦʢʦʤ ʪʝʩʪʘ, ʜʚʝ ʬʘʟʝ ʩʪʘʪʦʨʘ 

ʥʘʧʘʿʘʥʝ ʩʫ ʥʘʧʦʥʦʤ ʧʨʦʤʝʥˀʠʚʝ ʬʨʝʢʚʝʥʮʠʿʝ, ʜʦʢ ʿʝ ʨʦʪʦʨ ʫ ʩʪʘˁʫ ʤʠʨʦʚʘˁʘ. 

ɸʥʘʣʠʟʘ ʿʝ ʦʙʫʭʚʘʪʠʣʘ ʤʝʨʝˁʝ ʠʤʧʝʜʘʥʩʠ ʫ ʰʠʨʦʢʦʤ ʬʨʝʢʚʝʥʪʥʦʤ ʦʧʩʝʛʫ, 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʠ ˁʠʭʦʚʫ ʚʘʣʠʜʘʮʠʿʫ ʫ ʦʜʥʦʩʫ ʥʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʝ 

ʧʦʜʘʪʢʝ. ʇʦʨʝʹʝˁʝʤ ʤʘʪʝʤʘʪʠʯʢʠʭ ʤʦʜʝʣʘ ʤʦʪʦʨʘ ʧʦʢʘʟʘʥʦ ʿʝ ʜʘ ʜʚʦʢʘʚʝʟʥʠ ʤʦʜʝʣ 

ʜʘʿʝ ʧʨʝʮʠʟʥʠʿʝ ʨʝʟʫʣʪʘʪʝ ʫ ʩʚʠʤ ʨʝʞʠʤʠʤʘ ʨʘʜʘ, ʜʦʢ ʿʝ ʧʨʠʤʝʥˀʠʚʦʩʪ ʿʝʜʥʦʢʘʚʝʟʥʦʛ 

ʤʦʜʝʣʘ ʦʛʨʘʥʠʯʝʥʘ ʫ ʦʢʦʣʠʥʠ ʩʠʥʭʨʦʥʝ ʙʨʟʠʥʝ. 

ʄʝʪʦʜʘ ʥʘʿʤʘˁʠʭ ʢʚʘʜʨʘʪʘ ʥʘʰʣʘ ʿʝ ʧʨʠʤʝʥʫ ʠ ʫ [21], ʫ ʦʢʚʠʨʫ ʘʥʘʣʠʟʝ 

ʧʘʨʘʟʠʪʥʠʭ ʤʦʤʝʥʪʘ ʫ ʤʝʭʘʥʠʯʢʠʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ. ɸʫʪʦʨʠ ʩʫ 

ʠʩʧʠʪʘʣʠ ʚʠʰʝ ʨʘʟʣʠʯʠʪʠʭ ʤʦʜʝʣʘ, ʦʜ ʢʣʘʩʠʯʥʠʭ ʿʝʜʥʦʢʘʚʝʟʥʠʭ ʠ ʜʚʦʢʘʚʝʟʥʠʭ ʜʦ 

ʣʘʥʯʘʥʠʭ ʤʦʜʝʣʘ ʩʘ ʠ ʙʝʟ ʫʪʠʮʘʿʘ ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ, ʫ ʮʠˀʫ ʧʨʝʮʠʟʥʦʛ 

ʤʦʜʝʣʠʨʘˁʘ ʩʪʚʘʨʥʦʛ ʧʦʥʘʰʘˁʘ ʤʦʪʦʨʘ. ʇʘʨʘʤʝʪʨʠ ʩʫ ʦʧʪʠʤʠʟʦʚʘʥʠ ʤʠʥʠʤʠʟʘʮʠʿʦʤ 

ʨʝʣʘʪʠʚʥʝ ʛʨʝʰʢʝ ʠʟʤʝʹʫ ʜʦʙʠʿʝʥʠʭ ʠ ʢʘʪʘʣʦʰʢʠʭ (ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ) ʚʨʝʜʥʦʩʪʠ 

ʤʦʤʝʥʪʘ ʠ ʩʪʨʫʿʝ. ʈʝʟʫʣʪʘʪʠ ʩʫ ʧʦʢʘʟʘʣʠ ʜʘ ʢʣʘʩʠʯʥʠ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣʠ ʥʠʩʫ 
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ʤʦʛʣʠ ʜʘ ʨʝʧʨʦʜʫʢʫʿʫ ʧʘʨʘʟʠʪʥʝ ʤʦʤʝʥʪʝ ʩʘ ʜʦʚʦˀʥʦʤ ʧʨʝʮʠʟʥʦʰ˂ʫ, ʜʦʢ ʿʝ ʥʘʿʚʝ˂ʫ 

ʪʘʯʥʦʩʪ ʧʦʩʪʠʛʘʦ ʣʘʥʯʘʥʠ ʤʦʜʝʣ ʩʘ ʫʚʘʞʘʚʘˁʝʤ ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ. 

ʋ ʦʢʚʠʨʫ online ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ, Zamora ʠ 

Garcia-Cerrada [22] ʩʫ ʧʨʝʜʣʦʞʠʣʠ ʘʣʛʦʨʠʪʤʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʤʦʜʝʣʫ ʣʠʥʝʘʨʥʝ 

ʨʝʛʨʝʩʠʿʝ, ʛʜʝ ʿʝ ʧʨʠʤʝˁʝʥʘ ʤʝʪʦʜʘ ʪʦʪʘʣʥʠʭ ʥʘʿʤʘˁʠʭ ʢʚʘʜʨʘʪʘ (TLS) (ʝʥʛ. Total 

Least Square). ɸʣʛʦʨʠʪʘʤ ʿʝ ʟʘʩʥʦʚʘʥ ʠʩʢˀʫʯʠʚʦ ʥʘ ʤʝʨʝˁʠʤʘ ʥʘʧʦʥʘ ʠ ʩʪʨʫʿʝ 

ʩʪʘʪʦʨʘ, ʧʨʠʣʘʛʦʹʝʥʠʤ ʨʘʜʥʦʿ ʪʘʯʢʠ ʤʦʪʦʨʘ. ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʦʧʪʝʨʝ˂ʝˁʘ ʠ ʙʨʟʠʥʝ 

ʨʦʪʦʨʘ ʠʜʝʥʪʠʬʠʢʦʚʘʥʠ ʩʫ ʨʘʟʣʠʯʠʪʠ ʧʘʨʘʤʝʪʨʠ, ʧʦʧʫʪ ʩʪʘʪʦʨʩʢʝ ʦʪʧʦʨʥʦʩʪʠ ʠ 

ʠʥʜʫʢʪʠʚʥʦʩʪʠ, ʢʘʦ ʠ ʨʘʩʫʪʝ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʩʪʘʪʦʨʘ. ɽʬʠʢʘʩʥʦʩʪ ʧʨʠʩʪʫʧʘ ʧʦʪʚʨʹʝʥʘ 

ʿʝ ʩʠʤʫʣʘʮʠʿʘʤʘ ʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʠʩʧʠʪʠʚʘˁʝʤ ʤʦʪʦʨʘ ʩʥʘʛʝ 15 kW. ʅʘ ʩʣʠʯʥʠʤ 

ʦʩʥʦʚʘʤʘ, ʫ [23] ʧʨʝʜʣʦʞʝʥʘ ʿʝ ʜʚʦʩʪʝʧʝʥʘ ʧʨʦʮʝʜʫʨʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ 

ʥʘ ʦʩʥʦʚʫ ʢʘʪʘʣʦʰʢʠʭ ʧʦʜʘʪʘʢʘ. ʇʦʯʝʪʥʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʠʟʚʨʰʝʥʘ ʿʝ ʧʨʠʤʝʥʦʤ 

ʠʥʞʝˁʝʨʩʢʝ ʤʝʪʦʜʝ (ʝʥʛ. Engineering Method), ʥʘʢʦʥ ʯʝʛʘ ʿʝ ʦʧʪʠʤʠʟʘʮʠʿʘ 

ʨʝʘʣʠʟʦʚʘʥʘ ʫ ʜʚʝ ʬʘʟʝ, ʧʨʚʦ ʩʫ ʢʦʨʠʛʦʚʘʥʠ ʧʘʨʘʤʝʪʨʠ ʩʪʘʪʦʨʘ, ʘ ʧʦʪʦʤ, ʧʦ ʧʦʪʨʝʙʠ, 

ʠ ʧʘʨʘʤʝʪʨʠ ʨʦʪʦʨʘ. ɿʘ ʤʠʥʠʤʠʟʘʮʠʿʫ ʛʨʝʰʢʝ ʠʟʤʝʹʫ ʜʦʙʠʿʝʥʠʭ ʠ ʢʘʪʘʣʦʰʢʠʭ 

ʚʨʝʜʥʦʩʪʠ ʧʦʣʘʟʥʦʛ ʤʦʤʝʥʪʘ, ʧʨʝʚʘʣʥʦʛ ʤʦʤʝʥʪʘ ʠ ʧʦʣʘʟʥʝ ʩʪʨʫʿʝ ʧʦʥʦʚʦ ʿʝ 

ʢʦʨʠʰ˂ʝʥʘ ʤʝʪʦʜʘ ʥʘʿʤʘˁʠʭ ʢʚʘʜʨʘʪʘ. ʆʚʘʿ ʧʨʠʩʪʫʧ ʿʝ ʧʦʢʘʟʘʦ ʟʥʘʯʘʿʥʦ ʧʦʙʦˀʰʘˁʝ 

ʪʘʯʥʦʩʪʠ ʫ ʦʜʥʦʩʫ ʥʘ ʩʘʤʦʩʪʘʣʥʫ ʧʨʠʤʝʥʫ ʠʥʞʝˁʝʨʩʢʝ ʤʝʪʦʜʝ. 

ʇʦʩʣʝʜˁʠʭ ʛʦʜʠʥʘ ʤʝʪʘʭʝʫʨʠʩʪʠʯʢʝ ʤʝʪʦʜʝ ʩʫ ʧʨʠʚʫʢʣʝ ʚʝʣʠʢʫ ʧʘʞˁʫ 

ʠʩʪʨʘʞʠʚʘʯʘ, ʧʨʝ ʩʚʝʛʘ ʟʙʦʛ ʩʧʦʩʦʙʥʦʩʪʠ ʜʘ ʝʬʠʢʘʩʥʦ ʨʝʰʘʚʘʿʫ ʩʣʦʞʝʥʝ, ʥʝʣʠʥʝʘʨʥʝ 

ʠ ʚʠʰʝʜʠʤʝʥʟʠʦʥʘʣʥʝ ʦʧʪʠʤʠʟʘʮʠʦʥʝ ʧʨʦʙʣʝʤʝ. ʅʘʿʟʘʩʪʫʧˀʝʥʠʿʝ ʤʝʪʦʜʝ ʫ ʦʚʦʿ 

ʦʙʣʘʩʪʠ ʫʢˀʫʯʫʿʫ: ʦʧʪʠʤʠʟʘʮʠʿʫ ʨʦʿʝʤ ʯʝʩʪʠʮʘ (PSO), ʛʝʥʝʪʩʢʠ ʘʣʛʦʨʠʪʘʤ (GA) (ʝʥʛ. 

Genetic Algorithm), ʜʠʬʝʨʝʥʮʠʿʘʣʥʫ ʝʚʦʣʫʮʠʿʫ (DE) (ʝʥʛ. Differential Evolution), 

ʚʝʰʪʘʯʢʝ ʢʦʣʦʥʠʿʝ ʧʯʝʣʘ (ABC) (ʝʥʛ. Artificial Bee Colony), ʘʣʛʦʨʠʪʘʤ ʭʘʨʤʦʥʠʿʩʢʝ 

ʧʨʝʪʨʘʛʝ (HSA) (ʝʥʛ. Harmony Search Algorithm), ʦʧʪʠʤʠʟʘʪʦʨ ʩʠʚʠʭ ʚʫʢʦʚʘ (GWO) 

(ʝʥʛ. Grey Wolf Optimizer), ʢʘʦ ʠ ʥʠʟ ˁʠʭʦʚʠʭ ʭʠʙʨʠʜʥʠʭ ʚʘʨʠʿʘʥʪʠ. ʆʚʝ ʤʝʪʦʜʝ 

ʦʤʦʛʫ˂ʘʚʘʿʫ ʧʨʝʮʠʟʥʫ ʠ ʝʬʠʢʘʩʥʫ ʤʠʥʠʤʠʟʘʮʠʿʫ ʬʫʥʢʮʠʿʝ ʮʠˀʘ, ʢʦʿʘ ʩʝ ʥʘʿʯʝʰ˂ʝ 

ʜʝʬʠʥʠʰʝ ʢʘʦ ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ ʜʦʙʠʿʝʥʠʭ ʠ ʢʘʪʘʣʦʰʢʠʭ ʚʨʝʜʥʦʩʪʠ ʧʝʨʬʦʨʤʘʥʩʠ 

ʤʦʪʦʨʘ, ʢʘʦ ʰʪʦ ʩʫ ʧʦʣʘʟʥʠ, ʥʘʟʠʚʥʠ ʠ ʧʨʝʚʘʣʥʠ ʤʦʤʝʥʪ, ʬʘʢʪʦʨ ʩʥʘʛʝ, ʠ ʩʪʝʧʝʥ 

ʠʩʢʦʨʠʰ˂ʝˁʘ ʤʦʪʦʨʘ. 
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ʋ ʨʘʜʦʚʠʤʘ [24-32] ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʢʦʨʠʰ˂ʝʥʘ ʿʝ ʦʧʪʠʤʠʟʘʮʠʿʘ ʨʦʿʝʤ ʯʝʩʪʠʮʘ, ʢʘʦ ʠ ˁʝʥʝ ʭʠʙʨʠʜʥʝ 

ʚʝʨʟʠʿʝ ʢʦʿʝ ʢʦʤʙʠʥʫʿʫ ʧʨʝʜʥʦʩʪʠ PSO ʘʣʛʦʨʠʪʤʘ ʩʘ ʜʨʫʛʠʤ ʦʧʪʠʤʠʟʘʮʠʦʥʠʤ 

ʘʣʛʦʨʠʪʤʠʤʘ. ʋ [24] ʘʫʪʦʨʠ ʩʫ ʧʨʝʜʣʦʞʠʣʠ ʢʦʤʙʠʥʦʚʘʥʠ ʜʚʦʩʪʝʧʝʥʠ ʤʝʪʦʜ ʟʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ, 

ʟʘʩʥʦʚʘʥ ʥʘ ʧʨʠʤʝʥʠ PSO ʘʣʛʦʨʠʪʤʘ ʠ ʘʧʨʦʢʩʠʤʘʮʠʿʠ ʧʨʦʤʝʥʝ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ 

ʫ ʬʫʥʢʮʠʿʠ ʙʨʟʠʥʝ, ʫʟ ʫʚʘʞʘʚʘˁʝ ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ. ʄʝʪʦʜ ʿʝ ʨʝʘʣʠʟʦʚʘʥ ʢʨʦʟ ʜʚʝ 

ʬʘʟʝ ʦʧʪʠʤʠʟʘʮʠʿʝ: ʫ ʧʨʚʦʿ ʬʘʟʠ ʠʟʚʨʰʝʥʘ ʿʝ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʤʦʪʦʨʘ ʫ ʥʘʟʠʚʥʦʤ ʨʝʞʠʤʫ ʨʘʜʘ, ʜʦʢ ʩʫ ʫ ʜʨʫʛʦʿ ʬʘʟʠ 

ʠʜʝʥʪʠʬʠʢʦʚʘʥʠ ʨʦʪʦʨʩʢʠ ʧʘʨʘʤʝʪʨʠ ʧʨʠ ʧʦʣʘʩʢʫ ʤʦʪʦʨʘ. ɸʧʨʦʢʩʠʤʘʮʠʿʘ ʨʦʪʦʨʩʢʠʭ 

ʧʘʨʘʤʝʪʘʨʘ ʫ ʬʫʥʢʮʠʿʠ ʙʨʟʠʥʝ ʥʠʿʝ ʜʠʨʝʢʪʥʦ ʫʢˀʫʯʝʥʘ ʫ ʦʧʪʠʤʠʟʘʮʠʦʥʠ ʧʦʩʪʫʧʘʢ, 

ʚʝ˂ ʿʝ ʢʦʨʠʰ˂ʝʥʘ ʟʘ ʜʦʙʠʿʘˁʝ ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʦʪʦʨʘ. ʀʜʝʥʪʠʬʠʢʘʮʠʿʘ 

ʧʘʨʘʤʝʪʘʨʘ ʩʧʨʦʚʝʜʝʥʘ ʿʝ ʤʠʥʠʤʠʟʘʮʠʿʦʤ ʦʜʩʪʫʧʘˁʘ ʠʟʤʝʹʫ ʜʦʙʠʿʝʥʠʭ ʚʝʣʠʯʠʥʘ ʠ 

ʢʘʪʘʣʦʰʢʠʭ ʧʦʜʘʪʘʢʘ ʧʨʦʠʟʚʦʹʘʯʘ. ʇʨʝʜʣʦʞʝʥʠ ʤʝʪʦʜ ʿʝ ʚʝʨʠʬʠʢʦʚʘʥ ʥʘ ʦʩʘʤ 

ʜʚʦʧʦʣʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʨʘʟʣʠʯʠʪʠʭ ʥʘʟʠʚʥʠʭ ʩʥʘʛʘ, ʢʣʘʩʝ ʝʥʝʨʛʝʪʩʢʝ 

ʝʬʠʢʘʩʥʦʩʪʠ IE3, ʧʨʠ ʯʝʤʫ ʿʝ ʧʦʢʘʟʘʥʦ ʜʦʙʨʦ ʩʣʘʛʘˁʝ ʠʟʤʝʹʫ ʜʦʙʠʿʝʥʠʭ ʠ 

ʨʝʬʝʨʝʥʪʥʠʭ ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ, ʫʟ ʩʨʝʜˁʫ ʘʧʩʦʣʫʪʥʫ ʧʨʦʮʝʥʪʫʘʣʥʫ ʛʨʝʰʢʫ 

ʤʘˁʫ ʦʜ 5%. ʋ [25] ʠʩʪʠ ʘʫʪʦʨʠ ʩʫ ʩʧʨʦʚʝʣʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʫ ʚʝʨʠʬʠʢʘʮʠʿʫ 

ʢʦʤʙʠʥʦʚʘʥʦʛ ʜʚʦʩʪʝʧʝʥʦʛ PSO ʘʣʛʦʨʠʪʤʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʢʘʚʝʟʥʦʛ 

ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ. ʀʩʧʠʪʠʚʘˁʘ ʩʫ ʨʝʘʣʠʟʦʚʘʥʘ ʥʘ ʤʦʪʦʨʫ ʥʘʟʠʚʥʝ ʩʥʘʛʝ 2.2 kW, ʧʨʠ 

ʯʝʤʫ ʩʫ ʧʘʨʘʤʝʪʨʠ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʥʘʿʧʨʝ ʠʜʝʥʪʠʬʠʢʦʚʘʥʠ ʧʨʠʤʝʥʦʤ 

ʢʦʤʙʠʥʦʚʘʥʦʛ ʜʚʦʩʪʝʧʝʥʦʛ PSO ʘʣʛʦʨʠʪʤʘ, ʘ ʟʘʪʠʤ ʥʝʟʘʚʠʩʥʦ ʠʜʝʥʪʠʬʠʢʦʚʘʥʠ 

ʧʨʠʤʝʥʦʤ ʬʨʝʢʚʝʥʪʥʦʛ ʧʨʝʪʚʘʨʘʯʘ, ʢʨʦʟ ɸʄɸ ʪʝʩʪ. ʇʦʨʝʹʝˁʝʤ ʧʘʨʘʤʝʪʘʨʘ 

ʜʦʙʠʿʝʥʠʭ ʧʨʠʤʝʥʦʤ ʦʙʝ ʤʝʪʦʜʝ ʫʪʚʨʹʝʥ ʿʝ ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʠ ʩʪʝʧʝʥ ˁʠʭʦʚʦʛ 

ʤʝʹʫʩʦʙʥʦʛ ʧʦʢʣʘʧʘˁʘ, ʯʠʤʝ ʿʝ ʥʫʤʝʨʠʯʢʠ ʢʦʤʙʠʥʦʚʘʥʠ ʜʚʦʩʪʝʧʝʥʠ PSO ʘʣʛʦʨʠʪʘʤ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʧʦʪʚʨʹʝʥ ʢʘʦ ʧʦʫʟʜʘʥʘ ʪʝʭʥʠʢʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ 

ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ. ʋ [26] ʘʫʪʦʨʠ ʩʫ ʜʦʜʘʪʥʦ ʧʨʦʰʠʨʠʣʠ ʢʦʤʙʠʥʦʚʘʥʠ ʜʚʦʩʪʝʧʝʥʠ 

PSO ʧʨʠʩʪʫʧ ʨʘʜʠ ʜʝʪʘˀʥʠʿʝ ʘʥʘʣʠʟʝ ʪʘʯʥʦʩʪʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ. ʋ ʧʨʚʦʤ ʩʪʝʧʝʥʫ ʦʧʪʠʤʠʟʘʮʠʿʝ ʟʘʜʨʞʘʥ ʿʝ 

ʠʩʪʠ PSO ʘʣʛʦʨʠʪʘʤ, ʜʦʢ ʿʝ ʫ ʜʨʫʛʦʤ ʩʪʝʧʝʥʫ ʫʚʝʜʝʥʘ ʧʨʦʰʠʨʝʥʘ ʬʫʥʢʮʠʿʘ ʮʠˀʘ 
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ʨʘʜʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʧʨʠ ʧʦʣʘʩʢʫ ʤʦʪʦʨʘ. ʇʦʨʝʜ ʪʦʛʘ, 

ʘʥʘʣʠʟʠʨʘʥʘ ʩʫ ʜʚʘ ʩʣʫʯʘʿʘ ʫ ʧʦʛʣʝʜʫ ʦʜʥʦʩʘ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ ʠ ʧʦʣʘʟʥʝ 

ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʨʦʪʦʨʘ: ʫ ʧʨʚʦʤ ʩʣʫʯʘʿʫ ʧʨʝʪʧʦʩʪʘʚˀʝʥʘ ʿʝ ʿʝʜʥʘʢʦʩʪ ʦʚʠʭ 

ʨʝʘʢʪʘʥʩʠ, ʜʦʢ ʩʫ ʫ ʜʨʫʛʦʤ ʩʣʫʯʘʿʫ ʦʚʝ ʚʝʣʠʯʠʥʝ ʪʨʝʪʠʨʘʥʝ ʢʘʦ ʨʘʟʣʠʯʠʪʝ. ɸʥʘʣʠʟʘ ʿʝ 

ʩʧʨʦʚʝʜʝʥʘ ʥʘ ʰʝʩʥʘʝʩʪ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʨʘʟʣʠʯʠʪʠʭ ʥʘʟʠʚʥʠʭ ʩʥʘʛʘ ʠ ʙʨʦʿʘ 

ʧʦʣʦʚʘ, ʘ ʨʝʟʫʣʪʘʪʠ ʩʫ ʧʦʢʘʟʘʣʠ ʜʘ ʪʘʯʥʦʩʪ ʠʜʝʥʪʠʬʠʢʘʮʠʝʿ ʧʘʨʘʤʝʪʘʨʘ ʠ ʜʦʙʠʿʘˁʝ 

ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʟʥʘʯʘʿʥʦ ʟʘʚʠʩʝ ʦʜ ʠʟʘʙʨʘʥʠʭ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʧʨʦʤʝʥʝ 

ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʠ ʦʜʥʦʩʘ ʨʘʩʠʧʥʠʭ ʨʝʘʢʪʘʥʩʠ. 

ʋ [27] ʘʫʪʦʨʠ ʩʫ ʧʨʝʜʩʪʘʚʠʣʠ ʤʝʪʦʜʫ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʪʨʦʬʘʟʥʦʛ ʢʘʚʝʟʥʦʛ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʧʨʠʤʝʥʦʤ ʦʧʪʠʤʠʟʘʮʠʿʝ 

ʨʦʿʘ ʯʝʩʪʠʮʘ. ɸʫʪʦʨʠ ʩʫ ʨʘʟʚʠʣʠ ʤʦʜʝʣ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʫ Matlab/Simulink 

ʦʢʨʫʞʝˁʫ, ʟʘʩʥʦʚʘʥ ʥʘ dq-ʪʨʘʥʩʬʦʨʤʘʮʠʿʠ, ʢʘʢʦ ʙʠ ʧʦʿʝʜʥʦʩʪʘʚʠʣʠ ʜʠʥʘʤʠʯʢʝ 

ʿʝʜʥʘʯʠʥʝ ʠ ʦʣʘʢʰʘʣʠ ʩʠʤʫʣʘʮʠʿʫ. ʇʘʨʘʤʝʪʨʠ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʤʦʪʦʨʘ 

ʠʜʝʥʪʠʬʠʢʦʚʘʥʠ ʩʫ ʤʠʥʠʤʠʟʘʮʠʿʦʤ ʩʫʤʝ ʢʚʘʜʨʘʪʘ ʛʨʝʰʘʢʘ ʠʟʤʝʹʫ ʢʘʪʘʣʦʰʢʠʭ 

(ʠʟʤʝʨʝʥʠʭ) ʠ ʜʦʙʠʿʝʥʠʭ ʚʨʝʜʥʦʩʪʠ ʬʘʟʥʠʭ ʩʪʨʫʿʘ ʩʪʘʪʦʨʘ ʠ ʙʨʟʠʥʝ ʨʦʪʦʨʘ. 

ʋʧʦʨʝʜʥʦʤ ʘʥʘʣʠʟʦʤ ʩʘ ʛʝʥʝʪʩʢʠʤ ʘʣʛʦʨʠʪʤʦʤ ʠ ʘʣʛʦʨʠʪʤʦʤ ʩʠʤʫʣʠʨʘʥʦʛ ʢʘˀʝˁʘ 

(SA) (ʝʥʛ. Simulated ɸnnealing), ʧʦʢʘʟʘʥʦ ʿʝ ʜʘ PSO ʥʫʜʠ ʧʨʝʮʠʟʥʦʩʪ ʠ ʙʨʟʠʥʫ ʫ 

ʧʨʦʮʝʩʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ. 

Sakthivel ʠ ʩʘʨʘʜʥʠʮʠ ʩʫ ʫ [28] ʧʨʝʜʣʦʞʠʣʠ ʤʝʪʦʜʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ 

ʿʝʜʥʦʢʘʚʝʟʥʦʛ ʤʦʜʝʣʘ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʢʦʨʠʰ˂ʝˁʝʤ ʫʥʘʧʨʝʹʝʥʦʛ ʘʣʛʦʨʠʪʤʘ ʨʦʿa 

ʯʝʩʪʠʮʘ, ʢʦʿʠ ʢʦʤʙʠʥʫʿʝ ʩʪʘʥʜʘʨʜʥʠ PSO ʘʣʛʦʨʠʪʘʤ ʩʘ ʭʘʦʪʠʯʥʠʤ ʥʠʟʦʚʠʤʘ (IPSO) 

(ʝʥʛ. Integrated Particle Swarm Optimization with Chaotic Sequences). ʆʚʘʿ ʧʨʠʩʪʫʧ 

ʦʤʦʛʫ˂ʘʚʘ ʧʨʝʮʠʟʥʠʿʫ ʦʧʪʠʤʠʟʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʧʫʪʝʤ ʤʠʥʠʤʠʟʘʮʠʿʝ ʛʨʝʰʢʝ ʠʟʤʝʹʫ 

ʜʦʙʠʿʝʥʠʭ ʠ ʢʘʪʘʣʦʰʢʠʭ ʧʦʜʘʪʘʢʘ ʤʦʪʦʨʘ. ʋ ʧʦʨʝʹʝˁʫ ʩʘ ʩʪʘʥʜʘʨʜʥʠʤ PSO 

ʘʣʛʦʨʠʪʤʦʤ, ʧʨʝʜʣʦʞʝʥʠ ʘʣʛʦʨʠʪʘʤ ʧʦʙʦˀʰʘʚʘ ʛʣʦʙʘʣʥʫ ʧʨʝʪʨʘʛʫ, ʩʤʘˁʫʿʝ 

ʚʝʨʦʚʘʪʥʦ˂ʫ Ăʟʘʛʣʘʚˀʠʚʘˁʘò ʫ ʣʦʢʘʣʥʝ ʦʧʪʠʤʫʤʝ ʠ ʫʙʨʟʘʚʘ ʧʨʦʮʝʩ ʢʦʥʚʝʨʛʝʥʮʠʿʝ. ʋ 

ʢʘʩʥʠʿʝʤ ʨʘʜʫ ʠʩʪʠʭ ʘʫʪʦʨʘ [29], ʧʨʠʤʝʥʘ PSO ʘʣʛʦʨʠʪʤʘ ʧʨʦʰʠʨʝʥʘ ʿʝ ʥʘ ʜʚʦʢʘʚʝʟʥʠ 

ʤʦʜʝʣ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ. ʇʨʠʤʝʥʦʤ ʚʠʰʝʮʠˀʥʝ ʦʧʪʠʤʠʟʘʮʠʿʝ ʢʦʿʘ ʠʩʪʦʚʨʝʤʝʥʦ 

ʤʠʥʠʤʠʟʫʿʝ ʛʨʝʰʢʝ ʫ ʚʠʰʝ ʧʘʨʘʤʝʪʘʨʘ, ʧʦʩʪʠʛʥʫʪʘ ʿʝ ʚʝ˂ʘ ʪʘʯʥʦʩʪ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ 

ʧʘʨʘʤʝʪʘʨʘ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ. ʍʠʙʨʠʜʥʠ GA-PSO ʘʣʛʦʨʠʪʘʤ (HGAPSO), ʢʦʿʠ 
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ʢʦʤʙʠʥʫʿʝ ʧʨʝʜʥʦʩʪʠ ʛʝʥʝʪʩʢʦʛ ʘʣʛʦʨʠʪʤʘ ʠ ʦʧʪʠʤʠʟʘʮʠʿʝ ʨʦʿʝʤ ʯʝʩʪʠʮʘ 

ʧʨʝʜʩʪʘʚˀʝʥ ʿʝ ʫ [30]. ʆʚʘʿ ʘʣʛʦʨʠʪʘʤ ʢʦʨʠʩʪʠ ʩʝʣʝʢʮʠʦʥʠ ʤʝʭʘʥʠʟʘʤ ʛʝʥʝʪʩʢʦʛ 

ʘʣʛʦʨʠʪʤʘ ʟʘ ʦʜʨʞʘʚʘˁʝ ʨʘʟʥʦʚʨʩʥʦʩʪʠ ʧʦʧʫʣʘʮʠʿʝ, ʜʦʢ ʩʝ ʣʦʢʘʣʥʘ ʧʨʝʪʨʘʛʘ ʠ 

ʧʨʝʮʠʟʥʘ ʦʧʪʠʤʠʟʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ ʠʟʚʦʜʝ ʧʦʤʦ˂ʫ PSO ʘʣʛʦʨʠʪʤʘ. ʈʝʟʫʣʪʘʪʠ 

ʠʩʪʨʘʞʠʚʘˁʘ ʧʦʢʘʟʘʣʠ ʩʫ ʜʘ HGAPSO ʘʣʛʦʨʠʪʘʤ ʦʩʪʚʘʨʫʿʝ ʟʥʘʪʥʦ ʙʨʞʫ 

ʢʦʥʚʝʨʛʝʥʮʠʿʫ ʫ ʦʜʥʦʩʫ ʥʘ ʩʪʘʥʜʘʨʜʥʝ GA ʠ PSO ʘʣʛʦʨʠʪʤʝ, ʫʟ ʤʘˁʫ ʛʨʝʰʢʫ ʫ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʠ ʧʘʨʘʤʝʪʘʨʘ ʠ ʧʨʝʮʠʟʥʠʿʝ ʧʨʦʮʝʥʝ ʧʝʨʬʦʨʤʘʥʩʠ ʤʦʪʦʨʘ. ʆʚʘ 

ʭʠʙʨʠʜʥʘ ʩʪʨʘʪʝʛʠʿʘ ʦʤʦʛʫ˂ʘʚʘ ʙʦˀʫ ʨʘʚʥʦʪʝʞʫ ʠʟʤʝʹʫ ʛʣʦʙʘʣʥʝ ʧʨʝʪʨʘʛʝ GA ʠ 

ʝʢʩʧʣʦʘʪʘʮʠʿʝ ʥʘʿʙʦˀʠʭ ʨʝʰʝˁʘ PSO, ʯʠʤʝ ʩʝ ʧʦʙʦˀʰʘʚʘ ʝʬʠʢʘʩʥʦʩʪ ʦʧʪʠʤʠʟʘʮʠʿʝ. 

ɱʦʰ ʿʝʜʥʘ ʭʠʙʨʠʜʥʘ ʚʝʨʟʠʿʘ PSO ʘʣʛʦʨʠʪʤʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʧʨʝʜʣʦʞʝʥʘ ʿʝ ʫ [31]. ɸʫʪʦʨʠ ʩʫ ʧʨʠʤʝʥʠʣʠ 

ʭʠʙʨʠʜʥʠ ʘʣʛʦʨʠʪʘʤ ʬʘʟʦʨʩʢʝ ʦʧʪʠʤʠʟʘʮʠʿʝ ʨʦʿʝʤ ʯʝʩʪʠʮʘ ʠ ʛʨʘʚʠʪʘʮʠʦʥʦʛ 

ʧʨʝʪʨʘʞʠʚʘʯʢʦʛ ʘʣʛʦʨʠʪʤʘ (PPSOGSA) (ʝʥʛ. Phasor Particle Swarm Optimization and 

Gravitational Search Algorithm) ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʢʘʚʝʟʥʦʛ 

ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ. ʂˀʫʯʥʝ ʠʥʦʚʘʮʠʿʝ ʘʣʛʦʨʠʪʤʘ ʫʢˀʫʯʠʚʘʣʝ ʩʫ: ʪʨʠʛʦʥʦʤʝʪʨʠʿʩʢʫ 

ʪʨʘʥʩʬʦʨʤʘʮʠʿʫ ʟʘ ʙʦˀʫ ʢʦʥʪʨʦʣʫ ʧʘʨʘʤʝʪʘʨʘ ʢʦʿʠ ʫʪʠʯʫ ʥʘ ʧʨʝʪʨʘʞʠʚʘʯʢʝ 

ʩʧʦʩʦʙʥʦʩʪʠ ʘʣʛʦʨʠʪʤʘ, ʜʠʥʘʤʠʯʢʦ ʙʘʣʘʥʩʠʨʘˁʝ ʠʟʤʝʹʫ ʛʣʦʙʘʣʥʝ ʠ ʣʦʢʘʣʥʝ ʧʨʝʪʨʘʛʝ 

ʠ ʘʫʪʦʤʘʪʩʢʦ ʧʦʜʝʰʘʚʘˁʝ ʪʝʞʠʥʩʢʠʭ ʬʘʢʪʦʨʘ, ʯʠʤʝ ʩʝ ʧʦʙʦˀʰʘʚʘ ʘʜʘʧʪʘʮʠʿʘ 

ʘʣʛʦʨʠʪʤʘ ʪʦʢʦʤ ʧʨʦʮʝʩʘ ʦʧʪʠʤʠʟʘʮʠʿʝ. ʈʝʟʫʣʪʘʪʠ ʩʫ ʧʦʢʘʟʘʣʠ ʜʘ ʭʠʙʨʠʜʥʠ 

PPSOGSA ʘʣʛʦʨʠʪʘʤ ʧʦʩʪʠʞʝ ʙʨʞʫ ʢʦʥʚʝʨʛʝʥʮʠʿʫ ʢʘ ʦʧʪʠʤʘʣʥʦʤ ʨʝʰʝˁʫ ʫ ʦʜʥʦʩʫ 

ʥʘ ʩʪʘʥʜʘʨʜʥʠ ʭʠʙʨʠʜʥʠ ʘʣʛʦʨʠʪʘʤ ʦʧʪʠʤʠʟʘʮʠʿʝ ʨʦʿʝʤ ʯʝʩʪʠʮʘ ʠ ʛʨʘʚʠʪʘʮʠʦʥʦʛ 

ʧʨʝʪʨʘʞʠʚʘʯʢʦʛ ʘʣʛʦʨʠʪʤʘ (PSOGSA) (ʝʥʛ. Particle Swarm Optimization and 

Gravitational Search Algorithm), ʫʟ ʧʨʝʮʠʟʥʠʿʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʝʣʝʢʪʨʠʯʥʠʭ 

ʧʘʨʘʤʝʪʘʨʘ ʤʦʪʦʨʘ. ʆʚʘ ʫʥʘʧʨʝʹʝˁʘ ʩʫ ʧʦʩʪʠʛʥʫʪʘ ʫʟ ʟʘʥʝʤʘʨˀʠʚʦ ʧʦʚʝ˂ʘˁʝ ʚʨʝʤʝʥʘ 

ʧʨʦʨʘʯʫʥʘ. 

ʋ [32] ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ ʘʩʠʥʭʨʦʥʝ ʤʘʰʠʥʝ ʟʘʩʥʦʚʘʥʘ ʿʝ ʥʘ ʪʝʩʪʫ 

ʧʦʢʨʝʪʘˁʘ ʤʦʪʦʨʘ ʫʟ ʧʨʠʤʝʥʫ ʩʪʘʥʜʘʨʜʥʦʛ U/f ʠʥʚʝʨʪʦʨʘ. ʇʨʦʤʝʥˀʠʚʘ ʬʨʝʢʚʝʥʮʠʿʘ 

ʪʦʢʦʤ ʧʦʢʨʝʪʘˁʘ ʘʢʪʠʚʠʨʘ ʨʘʟʣʠʯʠʪʝ ʜʠʥʘʤʠʯʢʝ ʧʨʦʮʝʩʝ ʫ ʤʦʪʦʨʫ, ʜʦʢ ʢʦʥʩʪʘʥʪʘʥ 

ʦʜʥʦʩ U/f ʦʙʝʟʙʝʹʫʿʝ ʜʘ ʤʘʛʥʝʪʥʠ ʬʣʫʢʩ ʦʩʪʘʥʝ ʧʨʠʙʣʠʞʥʦ ʢʦʥʩʪʘʥʪʘʥ ʠ ʿʝʜʥʘʢ 

ʥʘʟʠʚʥʦʿ ʚʨʝʜʥʦʩʪʠ. ʉʥʠʤʘˁʝʤ ʪʘʣʘʩʥʦʛ ʦʙʣʠʢʘ ʧʦʣʘʟʥʝ ʩʪʨʫʿʝ ʠ ʧʨʠʤʝʥʦʤ 
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ʘʣʛʦʨʠʪʘʤʘ ʦʧʪʠʤʠʟʘʮʠʿʝ ʟʘ ʤʠʥʠʤʠʟʘʮʠʿʫ ʛʨʝʰʢʝ ʠʟʤʝʹʫ ʩʥʠʤˀʝʥʦʛ ʪʘʣʘʩʥʦʛ 

ʦʙʣʠʢʘ ʠ ʦʥʦʛ ʜʦʙʠʿʝʥʦʛ ʤʦʜʝʣʦʤ ʤʦʪʦʨʘ ʠʜʝʥʪʠʬʠʢʦʚʘʥʠ ʩʫ ʧʘʨʘʤʝʪʨʠ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ. ɿʘ ʧʨʦʥʘʣʘʞʝˁʝ ʦʧʪʠʤʘʣʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʤʦʪʦʨʘ ʢʦʨʠʰ˂ʝʥ ʿʝ 

ʤʦʜʠʬʠʢʦʚʘʥ PSO ʘʣʛʦʨʠʪʘʤ, ʧʨʠ ʯʝʤʫ ʿʝ ʤʦʜʠʬʠʢʘʮʠʿʘ ʦʙʫʭʚʘʪʘʣʘ ʬʦʨʤʠʨʘˁʝ 

Ăʢʣʫʙʦʚʘò ʨʦʿʘ ʯʝʩʪʠʮʘ, ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ ʘʜʘʧʪʠʚʥʫ ʧʨʦʤʝʥʫ Ăʢʣʫʙʦʚʘò ʠ ʩʧʨʝʯʘʚʘ 

Ăʟʘʛʣʘʚˀʠʚʘˁʝò ʫ ʣʦʢʘʣʥʦʤ ʦʧʪʠʤʫʤʫ. ʇʝʨʬʦʨʤʘʥʩʝ ʤʦʜʠʬʠʢʦʚʘʥʦʛ PSO ʘʣʛʦʨʠʪʤʘ 

ʫʧʦʨʝʹʝʥʝ ʩʫ ʩʘ ʜʨʫʛʠʤ ʤʝʪʦʜʘʤʘ ʦʧʪʠʤʠʟʘʮʠʿʝ, ʫʢˀʫʯʫʿʫ˂ʠ ʘʣʛʦʨʠʪʘʤ ʣʠʥʝʘʨʥʝ 

ʧʨʝʪʨʘʛʝ (LS) (ʝʥʛ. Linear Search algorithm), ʩʪʘʥʜʘʨʜʥʠ PSO ʠ ʛʝʥʝʪʩʢʠ ʘʣʛʦʨʠʪʘʤ. 

Gomez-Gonzalez ʠ ʩʘʨʘʜʥʠʮʠ [33] ʩʫ ʢʦʨʠʩʪʠʣʠ ʝʣʝʤʝʥʪʝ ʠʟ ʦʧʪʠʤʠʟʘʮʠʿʝ ʨʦʿʝʤ 

ʯʝʩʪʠʮʘ ʜʘ ʙʠ ʧʦʙʦˀʰʘʣʠ ʧʨʝʮʠʟʥʦʩʪ ʠ ʢʦʥʚʝʨʛʝʥʮʠʿʫ ʤʦʜʠʬʠʢʦʚʘʥʦʛ ʘʣʛʦʨʠʪʤʘ 

ʤʝʰʦʚʠʪʠʭ ʩʢʦʢʦʚʘ ʞʘʙʘ (MSFLA) (ʝʥʛ. Modified Shuffled Frog Leaping Algorithm). 

ʇʘʨʘʤʝʪʨʠ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʜʚʦʢʘʚʝʟʥʦʛ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʠʜʝʥʪʠʬʠʢʦʚʘʥʠ ʩʫ 

ʥʘ ʦʩʥʦʚʫ ʧʦʜʘʪʘʢʘ ʩʘ ʥʘʪʧʠʩʥʝ ʧʣʦʯʠʮʝ, ʢʘʦ ʰʪʦ ʩʫ ʥʘʟʠʚʥʠ ʤʦʤʝʥʪ, ʬʘʢʪʦʨ ʩʥʘʛʝ, 

ʧʦʣʘʟʥʘ ʠ ʥʘʟʠʚʥʘ ʩʪʨʫʿʘ, ʢʘʦ ʠ ʧʨʝʚʘʣʥʠ ʠ ʧʦʣʘʟʥʠ ʤʦʤʝʥʪ. ʎʠˀ ʿʝ ʙʠʦ 

ʤʠʥʠʤʠʟʘʮʠʿʘ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ ʢʦʿʘ ʿʝ ʦʜʨʝʹʠʚʘʣʘ ʛʨʝʰʢʫ ʠʟʤʝʹʫ ʜʦʙʠʿʝʥʠʭ ʠ 

ʢʘʪʘʣʦʰʢʠʭ ʚʨʝʜʥʦʩʪʠ ʧʦʜʘʪʘʢʘ ʤʦʪʦʨʘ. ʇʨʝʜʣʦʞʝʥʠ ʘʣʛʦʨʠʪʘʤ ʫʧʦʨʝʹʠʚʘʥ ʿʝ ʩʘ GA 

ʠ PSO ʘʣʛʦʨʠʪʤʠʤʘ. ʋ ʥʘʨʝʜʥʦʤ ʠʩʪʨʘʞʠʚʘˁʫ [34] ʠʩʪʠ ʘʫʪʦʨʠ ʧʨʦʰʠʨʠʣʠ ʩʫ 

ʧʨʠʤʝʥʫ MSFLA ʘʣʛʦʨʠʪʤʘ ʥʘ ʿʝʜʥʦʢʘʚʝʟʥʝ ʘʩʠʥʭʨʦʥʝ ʤʦʪʦʨʝ, ʠ ʜʦʜʘʪʥʦ ʛʘ 

ʫʧʦʨʝʜʠʣʠ ʩʘ ʘʣʛʦʨʠʪʤʦʤ ʜʠʬʝʨʝʥʮʠʿʘʣʥʝ ʝʚʦʣʫʮʠʿʝ. 

Ĺalasan ʠ ʩʘʨʘʜʥʠʮʠ [3] ʩʫ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʘʩʠʥʭʨʦʥʝ ʤʘʰʠʥʝ ʧʨʝʜʣʦʞʠʣʠ ʭʠʙʨʠʜʥʠ ʦʧʪʠʤʠʟʘʮʠʦʥʠ ʧʨʠʩʪʫʧ ʢʦʿʠ ʢʦʤʙʠʥʫʿʝ 

ʘʣʛʦʨʠʪʤʝ ʩʠʤʫʣʠʨʘʥʦʛ ʢʘˀʝˁʘ ʠ ʚʦʜʝʥʦʛ ʮʠʢʣʫʩʘ ʩʘ ʩʪʦʧʦʤ ʠʩʧʘʨʘʚʘˁʘ (SA-

ERWCA) (ʝʥʛ. Simulated Annealing-Evaporation Rate Water Cycle Algorithm). ʄʝʪʦʜ ʿʝ 

ʪʝʩʪʠʨʘʥ ʥʘ ʧʦʜʘʮʠʤʘ ʩʘ ʪʠʧʩʢʠʭ ʥʘʪʧʠʩʥʠʭ ʧʣʦʯʠʮʘ, ʠʟ ʣʠʪʝʨʘʪʫʨʝ ʠ ʚʝʨʠʬʠʢʦʚʘʥ 

ʥʘ ʦʩʥʦʚʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʤʝʨʝˁʘ, ʢʘʢʦ ʟʘ ʿʝʜʥʦʢʘʚʝʟʥʠ ʪʘʢʦ ʠ ʟʘ ʜʚʦʢʘʚʝʟʥʠ 

ʤʦʜʝʣ. ʋʧʦʨʝʹʠʚʘˁʝʤ ʩʘ ʧʦʟʥʘʪʠʤ ʤʝʪʦʜʘʤʘ ʠ ʜʨʫʛʠʤ ʘʣʛʦʨʠʪʤʠʤʘ ʧʦʢʘʟʘʥʦ ʿʝ ʜʘ 

SA-ERWCA ʦʙʝʟʙʝʹʫʿʝ ʚʝ˂ʫ ʪʘʯʥʦʩʪ ʠ ʙʦˀʫ ʢʦʥʚʝʨʛʝʥʮʠʿʫ. 

ʋ [35] ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ 

ʢʦʨʠʰ˂ʝʥ ʿʝ ʘʣʛʦʨʠʪʘʤ ʚʝʰʪʘʯʢʝ ʢʦʣʦʥʠʿʝ ʧʯʝʣʘ. ɿʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ 

ʘʫʪʦʨʠ ʩʫ ʢʦʨʠʩʪʠʣʠ ʜʚʝ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ: ʿʝʜʥʫ ʩʘ ʧʘʨʘʣʝʣʥʦʤ, ʘ ʜʨʫʛʫ ʩʘ ʨʝʜʥʦʤ 
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ʚʝʟʦʤ ʫ ʛʨʘʥʠ ʤʘʛʥʝ˂ʝˁʘ. ʅʘ ʘʩʠʥʭʨʦʥʦʤ ʤʦʪʦʨʫ ʩʥʘʛʝ 7,5 kW ʠʟʚʨʰʝʥʘ ʿʝ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ ʥʘ ʦʩʥʦʚʫ ʢʘʪʘʣʦʰʢʠʭ (ʠʟʤʝʨʝʥʠʭ) ʠ ʜʦʙʠʿʝʥʠʭ 

ʚʨʝʜʥʦʩʪʠ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ, ʫʣʘʟʥʝ ʠ ʠʟʣʘʟʥʝ ʩʥʘʛʝ, ʢʘʦ ʠ ʬʘʢʪʦʨʘ ʩʥʘʛʝ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ ʚʘʣʠʜʘʮʠʿʦʤ ʘʫʪʦʨʠ ʩʫ ʧʦʢʘʟʘʣʠ ʜʘ ʿʝ ABC ʘʣʛʦʨʠʪʘʤ ʧʦʩʪʠʛʘʦ 

ʚʠʩʦʢʫ ʧʨʝʮʠʟʥʦʩʪ ʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʠ ʧʘʨʘʤʝʪʘʨʘ, ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʚʨʝʜʥʦʩʪʠʤʘ 

ʜʝʬʠʥʠʩʘʥʠʤ ʩʪʘʥʜʘʨʜʦʤ IEEE 112-2004. ʄʝʹʫʪʠʤ, ʦʩʥʦʚʥʘ ʚʝʨʟʠʿʘ ʦʚʦʛ ʘʣʛʦʨʠʪʤʘ 

ʧʦʩʝʜʦʚʘʣʘ ʿʝ ʦʜʨʝʹʝʥʘ ʦʛʨʘʥʠʯʝˁʘ, ʢʘʦ ʰʪʦ ʩʫ: ʩʧʦʨʘ ʢʦʥʚʝʨʛʝʥʮʠʿʘ, ʧʨʦʙʣʝʤ 

Ăʟʘʛʣʘʚˀʠʚʘˁʘò ʫ ʣʦʢʘʣʥʝ ʦʧʪʠʤʫʤʝ, ʣʦʰʘ ʝʬʠʢʘʩʥʦʩʪ ʠʟʚʠʹʘʯʢʠʭ ʧʯʝʣʘ ʠ 

ʥʝʧʦʩʪʦʿʘˁʝ ʩʠʩʪʝʤʘʪʩʢʦʛ ʥʘʯʠʥʘ ʧʦʜʝʰʘʚʘˁʘ ʢʦʥʪʨʦʣʥʠʭ ʧʘʨʘʤʝʪʘʨʘ. ɸʫʪʦʨʠ ʨʘʜʘ 

[36], ʩʫ ʧʨʝʚʘʟʠʰʣʠ ʦʚʝ ʥʝʜʦʩʪʘʪʢʝ ʢʨʦʟ ʥʝʢʦʣʠʢʦ ʢˀʫʯʥʠʭ ʤʦʜʠʬʠʢʘʮʠʿʘ. ʋʤʝʩʪʦ 

ʿʝʜʥʦʛ ʛʣʦʙʘʣʥʦʛ ʥʘʿʙʦˀʝʛ ʨʝʰʝˁʘ, ʧʨʠʤʝˁʝʥ ʿʝ ʧʨʠʩʪʫʧ ʩʘ ʚʠʰʝ ʥʘʿʙʦˀʠʭ ʨʝʰʝˁʘ 

(EABC) (ʝʥʛ. Enhanced Artificial Bee Colony), ʰʪʦ ʿʝ ʠʩʪʦʚʨʝʤʝʥʦ ʫʥʘʧʨʝʜʠʣʦ 

ʝʢʩʧʣʦʘʪʘʮʠʿʫ ʠ ʠʩʪʨʘʞʠʚʘˁʝ ʧʨʦʩʪʦʨʘ ʨʝʰʝˁʘ. ʇʦʣʘʟʥʘ ʿʝʜʥʘʯʠʥʘ ʟʘ ʛʝʥʝʨʠʩʘˁʝ 

ʥʦʚʦʛ ʨʝʰʝˁʘ ʫ ʦʨʠʛʠʥʘʣʥʦʤ ABC ʘʣʛʦʨʠʪʤʫ ʿʝ ʤʦʜʠʬʠʢʦʚʘʥʘ ʢʦʤʙʠʥʦʚʘˁʝʤ 

ʠʥʬʦʨʤʘʮʠʿʘ ʠʟ ʚʠʰʝ ʨʝʬʝʨʝʥʪʥʠʭ ʪʘʯʘʢʘ, ʘ ʬʘʟʘ ʠʟʚʠʹʘʯʢʠʭ ʧʯʝʣʘ ʧʦʙʦˀʰʘʥʘ ʿʝ 

ʛʝʥʝʨʠʩʘˁʝʤ ʨʝʰʝˁʘ ʫ ʙʣʠʟʠʥʠ ʛʣʦʙʘʣʥʦʛ ʦʧʪʠʤʫʤʘ (ʫʟ ʚʘʨʠʿʘʮʠʿʝ ʦʜ Ñ10%). 

ʉʣʦʞʝʥʦ ʧʦʜʝʰʘʚʘˁʝ ʢʦʥʪʨʦʣʥʠʭ ʧʘʨʘʤʝʪʘʨʘ, ʟʘʤʝˁʝʥʦ ʿʝ ʿʝʜʥʦʩʪʘʚʥʠʤ ʬʠʢʩʥʠʤ 

ʚʨʝʜʥʦʩʪʠʤʘ ʫʟ ʧʦʜʝʣʫ ʧʦʧʫʣʘʮʠʿʝ ʫ ʧʝʪ ʛʨʫʧʘ. ɸʣʛʦʨʠʪʘʤ ʿʝ ʪʝʩʪʠʨʘʥ ʥʘ ʜʚʘ ʤʦʜʝʣʘ 

ʢʘʚʝʟʥʦʛ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ: ʧʨʠʙʣʠʞʥʦʤ ʫ ʢʦʤʝ ʿʝ ʟʘʥʝʤʘʨʝʥʘ ʨʝʘʢʪʘʥʩʘ ʤʘʛʥʝ˂ʝˁʘ, 

ʠ ʪʘʯʥʦʤ ʫ ʢʦʤʝ ʿʝ ʦʚʘ ʨʝʘʢʪʘʥʩʘ ʫʟʝʪʘ ʫ ʦʙʟʠʨ. 

ʋ ʨʘʜʦʚʠʤʘ [37-41] ʧʨʠʤʝˁʝʥʠ ʩʫ ʩʘʚʨʝʤʝʥʠ ʤʝʪʘʭʝʫʨʠʩʪʠʯʢʠ ʘʣʛʦʨʠʪʤʠ ʟʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ, ʩʘ ʘʢʮʝʥʪʦʤ ʥʘ ʧʦʚʝ˂ʘˁʝ ʪʘʯʥʦʩʪʠ ʠ 

ʝʬʠʢʘʩʥʦʩʪʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ. ʋ ʩʚʠʤ ʨʘʜʦʚʠʤʘ ʢʦʨʠʰ˂ʝʥʠ ʩʫ ʢʘʪʘʣʦʰʢʠ ʧʦʜʘʮʠ 

ʪʨʦʬʘʟʥʦʛ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʩʥʘʛʝ 5 hp, ʜʦʢ ʩʫ ʫ ʨʘʜʦʚʠʤʘ [38-41] ʜʦʜʘʪʥʦ 

ʦʙʫʭʚʘ˂ʝʥʠ ʠ ʧʦʜʘʮʠ ʟʘ ʤʦʪʦʨ ʩʥʘʛʝ 40 hp. ʀʜʝʥʪʠʬʠʢʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ ʟʘʩʥʦʚʘʥʘ ʿʝ 

ʥʘ ʿʝʜʥʦʢʘʚʝʟʥʦʤ ʤʦʜʝʣʫ ʤʦʪʦʨʘ ʠ ʥʘ ʤʠʥʠʤʠʟʘʮʠʿʠ ʬʫʥʢʮʠʿʝ ʮʠˀʘ ʜʝʬʠʥʠʩʘʥʝ ʢʘʦ 

ʩʫʤʝ ʢʚʘʜʨʘʪʘ ʛʨʝʰʘʢʘ ʠʟʤʝʹʫ ʜʦʙʠʿʝʥʠʭ ʠ ʢʘʪʘʣʦʰʢʠʭ ʚʨʝʜʥʦʩʪʠ ʧʦʣʘʟʥʦʛ, ʥʘʟʠʚʥʦʛ 

ʠ ʧʨʝʚʘʣʥʦʛ ʤʦʤʝʥʪʘ, ʢʘʦ ʠ ʬʘʢʪʦʨʘ ʩʥʘʛʝ. ʋ [37] ʧʨʠʤʝˁʝʥ ʿʝ ʦʧʪʠʤʠʟʘʮʠʦʥʠ 

ʘʣʛʦʨʠʪʘʤ ʠʥʩʧʠʨʠʩʘʥ ʧʦʥʘʰʘˁʝʤ ʙʘʢʪʝʨʠʿʘ ʫ ʧʦʪʨʘʟʠ ʟʘ ʭʨʘʥʦʤ (BFA) (ʝʥʛ. 

Bacterial Foraging Algorithm), ʢʦʿʠ ʿʝ ʦʩʪʚʘʨʠʦ ʚʠʩʦʢʫ ʧʨʝʮʠʟʥʦʩʪ ʠ ʙʨʟʠʥʫ 
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ʢʦʥʚʝʨʛʝʥʮʠʿʝ. ɸʫʪʦʨʠ ʨʘʜʘ [38] ʧʨʝʜʣʦʞʠʣʠ ʩʫ ʘʣʛʦʨʠʪʘʤ ʟʘʩʥʦʚʘʥ ʥʘ ʬʠʟʠʯʢʠʤ 

ʧʨʠʥʮʠʧʠʤʘ ʝʣʝʢʪʨʦʤʘʛʥʝʪʥʠʭ ʩʠʣʘ (EMO) (ʝʥʛ. Electromagnetism-Like Optimization). 

ɸʣʛʦʨʠʪʘʤ ʿʝ ʫʧʦʨʝʹʝʥ ʩʘ ʩʪʘʥʜʘʨʜʥʠʤ ʤʝʪʘʭʝʫʨʠʩʪʠʯʢʠʤ ʘʣʛʦʨʠʪʤʠʤʘ ʢʘʦ ʰʪʦ ʩʫ 

PSO, GA ʠ DE, ʠ ʧʦʢʘʟʘʦ ʩʫʧʝʨʠʦʨʥʝ ʨʝʟʫʣʪʘʪʝ ʫ ʧʦʛʣʝʜʫ ʪʘʯʥʦʩʪʠ ʠ ʩʪʘʙʠʣʥʦʩʪʠ. 

ʈʘʜ [39] ʧʨʝʜʩʪʘʚˀʘ ʧʨʠʤʝʥʫ ʘʣʛʦʨʠʪʤʘ ʦʧʪʠʤʠʟʘʮʠʿʝ ʜʠʚˀʠʭ ʢʦˁʘ (WHO) (ʝʥʛ. 

Wild Horse Optimizer) ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʠʭ 

ʤʦʪʦʨʘ. WHO ʘʣʛʦʨʠʪʘʤ ʿʝ ʠʥʩʧʠʨʠʩʘʥ ʧʦʥʘʰʘˁʝʤ ʜʠʚˀʠʭ ʢʦˁʘ ʫ ʧʨʠʨʦʜʠ, 

ʫʢˀʫʯʫʿʫ˂ʠ ʢʨʝʪʘˁʝ, ʧʘʨʝˁʝ ʠ ʭʠʿʝʨʘʨʭʠʿʫ ʫ ʛʨʫʧʘʤʘ. ʈʝʟʫʣʪʘʪʠ ʩʫ ʧʦʢʘʟʘʣʠ ʜʘ WHO 

ʘʣʛʦʨʠʪʘʤ ʦʜʣʠʢʫʿʫ ʠʟʫʟʝʪʥʘ ʨʦʙʫʩʥʦʩʪ ʠ ʝʬʠʢʘʩʥʦʩʪ, ʧʨʠ ʯʝʤʫ ʿʝ ʥʘʜʤʘʰʠʦ ʚʠʰʝ 

ʨʝʬʝʨʝʥʪʥʠʭ ʤʝʪʦʜʘ, ʫʢˀʫʯʫʿʫ˂ʠ SFLA, MSFLA ʠ PPSOGSA. ʋ ʨʘʜʫ [40] 

ʧʨʝʜʩʪʘʚˀʝʥ ʿʝ ʭʠʙʨʠʜʥʠ ʧʨʠʩʪʫʧ ʢʦʿʠ ʢʦʤʙʠʥʫʿʝ ʘʣʛʦʨʠʪʤʝ ʩʠʚʠʭ ʚʫʢʦʚʘ (GWO) ʠ 

ʢʫʢʘʚʠʯʿʝ ʧʨʝʪʨʘʛʝ (CS) (ʝʥʛ. Cuckoo Search), ʯʠʤʝ ʿʝ ʧʦʩʪʠʛʥʫʪʘ ʟʥʘʯʘʿʥʘ ʥʘʜʤʦ˂ ʫ 

ʦʜʥʦʩʫ ʥʘ ʩʪʘʥʜʘʨʜʥʝ ʪʝʭʥʠʢʝ, ʢʘʢʦ ʫ ʧʦʛʣʝʜʫ ʧʨʝʮʠʟʥʦʩʪʠ ʪʘʢʦ ʠ ʫ ʙʨʟʠʥʠ 

ʢʦʥʚʝʨʛʝʥʮʠʿʝ. ʋ [41] ʧʨʝʜʩʪʘʚˀʝʥ ʿʝ ʧʨʠʩʪʫʧ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ 

ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʟʘʩʥʦʚʘʥ ʥʘ ʚʝʰʪʘʯʢʦʤ ʠʤʫʥʦʣʦʰʢʦʤ ʩʠʩʪʝʤʫ (AIS) (ʝʥʛ. 

Artificial immune system), ʢʦʨʠʩʪʝ˂ʠ ʪʨʠ ʨʘʟʣʠʯʠʪʘ ʤʘʪʝʤʘʪʠʯʢʘ ʤʦʜʝʣʘ: ʧʨʠʙʣʠʞʥʠ 

ʤʦʜʝʣ, ʪʘʯʥʠ ʤʦʜʝʣ ʠ ʤʦʜʝʣ ʩʘ ʜʫʙʦʢʠʤ ʞʣʝʙʦʚʠʤʘ ʥʘ ʨʦʪʦʨʫ. ɿʘ ʧʨʠʙʣʠʞʥʠ ʤʦʜʝʣ 

ʢʦʨʠʰ˂ʝʥʠ ʩʫ ʧʦʜʘʮʠ ʦ ʧʦʣʘʟʥʦʤ, ʧʨʝʚʘʣʥʦʤ ʠ ʥʘʟʠʚʥʦʤ ʤʦʤʝʥʪʫ, ʜʦʢ ʿʝ ʪʘʯʥʠ 

ʤʦʜʝʣ ʫʢˀʫʯʠʚʘʦ ʠ ʥʘʟʠʚʥʠ ʬʘʢʪʦʨ ʩʥʘʛʝ. ʄʦʜʝʣ ʩʘ ʜʫʙʦʢʠʤ ʞʣʝʙʦʚʠʤʘ ʜʦʜʘʪʥʦ ʿʝ 

ʫʢˀʫʯʠʚʘʦ ʧʦʜʘʪʢʝ ʦ ʥʘʟʠʚʥʦʿ ʩʪʨʫʿʠ. ʄʝʪʦʜ ʿʝ ʫʧʦʨʝʹʝʥ ʩʘ ʛʝʥʝʪʩʢʠʤ ʘʣʛʦʨʠʪʤʦʤ, ʘ 

ʨʝʟʫʣʪʘʪʠ ʩʫ ʧʦʢʘʟʘʣʠ ʜʘ ʧʨʝʜʣʦʞʝʥʠ ʧʨʠʩʪʫʧ ʧʦʩʪʠʞʝ ʤʘˁʝ ʜʝʚʠʿʘʮʠʿʝ ʛʨʝʰʢʝ ʠ 

ʙʨʞʫ ʢʦʥʚʝʨʛʝʥʮʠʿʫ ʫ ʦʜʥʦʩʫ ʥʘ GA, ʫʟ ʤʘˁʝ ʩʪʘʥʜʘʨʜʥʝ ʜʝʚʠʿʘʮʠʿʝ ʪʦʢʦʤ ʚʝ˂ʝʛ 

ʙʨʦʿʘ ʧʦʥʘʚˀʘˁʘ. 

ʇʦʨʝʜ ʪʨʦʬʘʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ, ʥʝʢʠ ʨʘʜʦʚʠ ʫʩʤʝʨʘʚʘʿʫ ʧʘʞˁʫ ʠ ʢʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʠ ʧʘʨʘʤʝʪʘʨʘ ʚʠʰʝʬʘʟʥʠʭ ʤʦʪʦʨʘ, ʢʘʦ ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʫ [42]. 

ʇʨʝʜʣʦʞʝʥ ʿʝ ʭʠʙʨʠʜʥʠ ʘʣʛʦʨʠʪʘʤ HPJOA, ʢʦʿʠ ʢʦʤʙʠʥʫʿʝ PSO ʠ JAYA  ʘʣʛʦʨʠʪʤʝ, 

ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʚʠʰʝʬʘʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ. ɸʥʘʣʠʟʠʨʘʥʘ ʩʫ ʜʚʘ 

ʤʦʪʦʨʘ: ʪʨʦʬʘʟʥʠ (1/3 hp) ʠ ʰʝʩʪʦʬʘʟʥʠ (3 hp), ʘ ʧʘʨʘʤʝʪʨʠ ʩʫ ʠʜʝʥʪʠʬʠʢʦʚʘʥʠ ʥʘ 

ʦʩʥʦʚʫ ʬʫʥʢʮʠʿʝ ʮʠˀʘ ʢʦʿʘ ʤʠʥʠʤʠʟʫʿʝ ʛʨʝʰʢʝ ʠʟʤʝʹʫ ʜʦʙʠʿʝʥʠʭ ʠ ʢʘʪʘʣʦʰʢʠʭ 

ʚʨʝʜʥʦʩʪʠ ʤʦʤʝʥʪʘ ʠ ʬʘʢʪʦʨʘ ʩʥʘʛʝ. ʋ ʨʘʜʫ [43] ʠʩʪʠ ʘʫʪʦʨʠ ʩʫ ʧʨʝʜʣʦʞʠʣʠ ʥʦʚʠ 
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ʭʠʙʨʠʜʥʠ ʘʣʛʦʨʠʪʘʤ ʧʦʜ ʥʘʟʠʚʦʤ ʧʦʙʦˀʰʘʥʠ ʘʣʛʦʨʠʪʘʤ ʫʥʫʪʨʘʰˁʝ ʧʨʝʪʨʘʛʝ (IISA) 

(ʝʥʛ. Improved Interior Search Algorithm). ɸʣʛʦʨʠʪʘʤ ʿʝ ʠʤʘʦ ʟʘ ʮʠˀ ʫʥʘʧʨʝʹʝˁʝ 

ʝʬʠʢʘʩʥʦʩʪʠ ʠ ʧʨʝʮʠʟʥʦʩʪʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʢʨʦʟ 

ʠʥʪʝʛʨʘʮʠʿʫ ʩʪʨʘʪʝʛʠʿʝ ʫʢʨʰʪʘˁʘ (ʝʥʛ. crossover strategy) ʠ ʢʦʥʮʝʧʪʘ ʭʘʦʪʠʯʥʝ 

ʧʨʝʪʨʘʛʝ (ʝʥʛ. chaotic search). ʇʘʨʘʤʝʪʨʠ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʤʦʪʦʨʘ ʩʫ 

ʠʜʝʥʪʠʬʠʢʦʚʘʥʠ ʤʠʥʠʤʠʟʘʮʠʿʦʤ ʠʩʪʝ ʬʫʥʢʮʠʿʝ ʮʠˀʘ ʢʘʦ ʫ [42], ʘ ʪʝʩʪʠʨʘˁʝ ʿʝ 

ʠʟʚʨʰʝʥʦ ʥʘ ʠʩʪʠʤ ʚʠʰʝʬʘʟʥʠʤ ʤʦʪʦʨʠʤʘ. ʈʝʟʫʣʪʘʪʠ ʜʦʙʠʿʝʥʠ ʧʨʠʤʝʥʦʤ IISA 

ʘʣʛʦʨʠʪʤʘ ʫʧʦʨʝʹʝʥʠ ʩʫ ʩʘ ʦʩʥʦʚʥʠʤ ʘʣʛʦʨʠʪʤʦʤ ʫʥʫʪʨʘʰˁʝ ʧʨʝʪʨʘʛʝ (ISA), ʠ 

ʜʨʫʛʠʤ ʤʝʪʘʭʝʫʨʠʩʪʠʯʢʠʤ ʘʣʛʦʨʠʪʤʠʤʘ. ʉʪʘʪʠʩʪʠʯʢʘ ʘʥʘʣʠʟʘ ʠ ʘʥʘʣʠʟʘ ʩʪʘʙʠʣʥʦʩʪʠ 

ʧʦʢʘʟʘʣʝ ʩʫ ʜʘ IISA ʦʙʝʟʙʝʹʫʿʝ ʚʝ˂ʫ ʧʨʝʮʠʟʥʦʩʪ ʠ ʙʨʞʫ ʢʦʥʚʝʨʛʝʥʮʠʿʫ, ʯʠʤʝ 

ʧʨʝʜʩʪʘʚˀʘ ʟʥʘʯʘʿʥʦ ʧʦʙʦˀʰʘˁʝ ʫ ʦʜʥʦʩʫ ʥʘ ʦʩʥʦʚʥʠ ISA ʘʣʛʦʨʠʪʘʤ. 

ʋ ʥʘʩʪʦʿʘˁʫ ʜʘ ʩʝ ʠʟʙʝʛʥʫ ʪʨʘʜʠʮʠʦʥʘʣʥʝ ʤʝʪʦʜʝ ʠʩʧʠʪʠʚʘˁʘ ʘʩʠʥʭʨʦʥʠʭ 

ʤʦʪʦʨʘ ʫ ʧʨʘʟʥʦʤ ʭʦʜʫ ʠ ʧʨʠ ʢʨʘʪʢʦʤ ʩʧʦʿʫ, ʫ [44] ʧʨʝʜʣʦʞʝʥ ʿʝ ʧʨʠʩʪʫʧ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʠ ʧʘʨʘʤʝʪʘʨʘ ʟʘʩʥʦʚʘʥ ʥʘ ʦʧʪʠʤʠʟʘʮʠʿʠ ʿʘʪʘ ʢʦʢʦʰʘʢʘ (CSO) (ʝʥʛ. 

Chicken Swarm Optimization). ʇʨʠʤʝˁʝʥʝ ʩʫ ʜʚʝ ʚʘʨʠʿʘʥʪʝ Ăʊò ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʤʦʪʦʨʘ, ʩʘ ʧʘʨʘʣʝʣʥʦʤ ʠ ʨʝʜʥʦʤ ʢʦʥʬʠʛʫʨʘʮʠʿʦʤ ʛʨʘʥʝ ʤʘʛʥʝ˂ʝˁʘ. ɽʬʠʢʘʩʥʦʩʪ 

ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʦʣʦʛʠʿʝ ʚʝʨʠʬʠʢʦʚʘʥʘ ʿʝ ʝʢʩʧʝʨʠʤʝʥʪʠʤʘ ʥʘ ʤʦʪʦʨʫ ʩʥʘʛʝ 7.5 kW, 

ʛʜʝ ʿʝ ʧʦʩʪʠʛʥʫʪʘ ʚʠʩʦʢʘ ʪʘʯʥʦʩʪ ʫ ʦʜʥʦʩʫ ʥʘ ʢʣʘʩʠʯʥʫ ʤʝʪʦʜʫ ʜʝʬʠʥʠʩʘʥʫ IEEE 112 

ʩʪʘʥʜʘʨʜʦʤ. Mahmoud ʠ ʩʘʨʘʜʥʠʮʠ ʫ ʩʚʦʤ ʨʘʜʫ [45] ʧʨʝʜʣʘʞʫ ʜʚʝ ʩʪʨʘʪʝʛʠʿʝ ʟʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʪʨʦʬʘʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ: ʤʝʪʦʜʫ ʟʘʩʥʦʚʘʥʫ ʥʘ 

ʪʝʭʥʠʯʢʦʿ ʜʦʢʫʤʝʥʪʘʮʠʿʠ ʧʨʦʠʟʚʦʹʘʯʘ (MDSM) (ʝʥʛ. Manufacturerôs datasheet method) 

ʠ ʤʝʪʦʜʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʪʦʢʦʤ ʨʘʜʘ ʤʦʪʦʨʘ (OsM) (ʝʥʛ. On-service 

method), ʢʦʿʘ ʥʝ ʟʘʭʪʝʚʘ ʤʝʭʘʥʠʯʢʦ ʦʜʚʘʿʘˁʝ ʤʦʪʦʨʘ ʦʜ ʦʧʪʝʨʝ˂ʝˁʘ. ʂʦʨʠʰ˂ʝʥʠ ʩʫ 

ʿʝʜʥʦʢʘʚʝʟʥʠ ʠ ʜʚʦʢʘʚʝʟʥʠ ʤʦʜʝʣʠ ʤʦʪʦʨʘ ʢʦʿʠ ʫʢˀʫʯʫʿʫ ʛʫʙʠʪʢʝ ʫ ʛʚʦʞʹʫ ʤʘʛʥʝʪʥʦʛ 

ʢʦʣʘ. ɿʘ ʦʧʪʠʤʠʟʘʮʠʿʫ ʿʝ ʧʨʠʤʝˁʝʥ ʘʣʛʦʨʠʪʘʤ ʝʣʝʢʪʨʦʩʪʘʪʠʯʢʦʛ ʧʨʘʞˁʝˁʘ (ESDO) 

(ʝʥʛ. Electrostatic Discharge Optimizer), ʘ ʪʝʩʪʠʨʘˁʘ ʥʘ ʤʦʪʦʨʠʤʘ ʩʥʘʛʘ 90 kW, 45 kW 

ʠ 2.2 kW ʧʦʢʘʟʘʣʘ ʩʫ ʙʦˀʝ ʨʝʟʫʣʪʘʪʝ ʫ ʧʦʛʣʝʜʫ ʪʘʯʥʦʩʪʠ ʠ ʙʨʟʠʥʝ ʫ ʦʜʥʦʩʫ ʥʘ 

ʛʝʥʝʪʩʢʠ ʘʣʛʦʨʠʪʘʤ ʠ ʘʣʛʦʨʠʪʘʤ ʚʦʜʝʥʦʛ ʮʠʢʣʫʩʘ (WCA) (ʝʥʛ. Water cycle algorithm). 

ʋ [46] ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʫ ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʪʘˁʫ 

ʢʦʨʠʰ˂ʝʥʘ ʿʝ ʩʪʨʘʪʝʛʠʿʘ ʝʚʦʣʫʮʠʿe ʩʘ ʧʨʠʣʘʛʦʹʘʚʘˁʝʤ ʤʘʪʨʠʮʝ ʢʦʚʘʨʠʿʘʥʩʝ (CMA-
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ES) (ʝʥʛ. Covariance Matrix Adaptation Evolution Strategy). CMA-ES ʘʣʛʦʨʠʪʘʤ 

ʠʪʝʨʘʪʠʚʥʦ ʧʨʠʣʘʛʦʹʘʚʘ ʧʘʨʘʤʝʪʨʝ ʤʦʪʦʨʘ ʢʘʪʘʣʦʰʢʠʤ (ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ) 

ʧʦʜʘʮʠʤʘ, ʫʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ ʫʪʠʮʘʿ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘ ʦʪʧʦʨʥʦʩʪʠ. ʄʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣ 

ʟʘʩʥʦʚʘʥ ʿʝ ʥʘ Ăʊò ʝʢʚʠʚʘʣʝʥʪʥʦʿ ʰʝʤʠ, ʠ ʦʙʫʭʚʘʪʘ ʛʫʙʠʪʢʝ ʫ ʛʚʦʞʹʫ ʤʘʛʥʝʪʥʦʛ ʢʦʣʘ 

ʠ ʦʪʧʦʨʥʦʩʪʠ ʢʦʿʝ ʟʘʚʠʩʝ ʦʜ ʪʝʤʧʝʨʘʪʫʨʝ. ʄʦʜʝʣ ʿʝ ʚʝʨʠʬʠʢʦʚʘʥ ʧʦʤʦ˂ʫ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʧʦʜʘʪʘʢʘ ʟʘ ʜʚʘ ʘʩʠʥʭʨʦʥʘ ʤʦʪʦʨʘ ʩʥʘʛʘ 1.1 kW ʠ 4 kW, ʩʘ 

ʤʝʨʝˁʠʤʘ ʥʘʧʦʥʘ, ʩʪʨʫʿʝ, ʢʣʠʟʘˁʘ ʠ ʪʝʤʧʝʨʘʪʫʨʝ. ʇʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʘ ʿʝ ʫʧʦʨʝʹʝʥʘ ʩʘ 

ʜʨʫʛʠʤ ʤʝʪʘʭʝʫʨʠʩʪʠʯʢʠʤ ʧʨʠʩʪʫʧʠʤʘ ʠ ʧʦʢʘʟʘʣʘ ʿʝ ʙʨʞʫ ʢʦʥʚʝʨʛʝʥʮʠʿʫ ʠ ʙʦˀʫ 

ʪʘʯʥʦʩʪ, ʧʦʩʝʙʥʦ ʟʘ ʧʘʨʘʤʝʪʨʝ ʢʦʿʠ ʟʘʚʠʩʝ ʦʜ ʪʝʤʧʝʨʘʪʫʨʝ. 

ʋ [47] ʧʨʝʜʩʪʘʚˀʝʥʘ ʿʝ offline ʤʝʪʦʜʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʝʣʝʢʪʨʠʯʥʠʭ 

ʧʘʨʘʤʝʪʘʨʘ ʜʠʥʘʤʠʯʢʦʛ ʤʦʜʝʣʘ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ, ʢʦʿʘ ʫʟʠʤʘ ʫ ʦʙʟʠʨ ʝʬʝʢʘʪ 

ʤʘʛʥʝʪʥʦʛ ʟʘʩʠ˂ʝˁʘ ʠ ʛʫʙʠʪʢʝ ʫ ʛʚʦʞʹʫ ʤʘʛʥʝʪʥʦʛ ʢʦʣʘ. ʋ ʦʚʦʤ ʤʦʜʝʣʫ ʤʘʛʥʝʪʥʦ 

ʟʘʩʠ˂ʝˁʝ ʤʦʜʝʣʦʚʘʥʦ ʿʝ ʥʘ ʜʚʘ ʥʘʯʠʥʘ: ʧʨʝʢʦ ʟʘʚʠʩʥʦʩʪʠ ʩʪʨʫʿʝ ʦʜ ʬʣʫʢʩʘ ʠ ʧʨʝʢʦ 

ʟʘʚʠʩʥʦʩʪʠ ʬʣʫʢʩʘ ʦʜ ʩʪʨʫʿʝ, ʜʦʢ ʩʫ ʛʫʙʠʮʠ ʫ ʛʚʦʞʹʫ ʨʘʟʜʚʦʿʝʥʠ ʥʘ ʭʠʩʪʝʨʝʟʥʝ ʠ 

ʚʠʭʦʨʥʝ ʛʫʙʠʪʢʝ. ʀʜʝʥʪʠʬʠʢʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ ʟʘʩʥʦʚʘʥʘ ʿʝ ʥʘ ʧʨʠʤʝʥʠ ʛʝʥʝʪʩʢʦʛ 

ʘʣʛʦʨʠʪʤʘ ʢʦʿʠ ʤʠʥʠʤʠʟʫʿʝ ʬʫʥʢʮʠʿʫ ʮʠˀʘ, ʜʝʬʠʥʠʩʘʥʫ ʢʘʦ ʦʜʩʪʫʧʘˁʝ ʠʟʤʝʹʫ 

ʢʘʪʘʣʦʰʢʝ (ʠʟʤʝʨʝʥʝ) ʠ ʜʦʙʠʿʝʥʝ ʩʪʘʪʦʨʩʢʝ ʩʪʨʫʿʝ. ʇʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʘ ʪʝʩʪʠʨʘʥʘ ʿʝ 

ʥʘ ʥʫʤʝʨʠʯʢʠʤ ʩʠʤʫʣʘʮʠʿʘʤʘ, ʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʚʝʨʠʬʠʢʦʚʘʥʘ ʥʘ ʤʦʪʦʨʫ ʩʥʘʛʝ 

2.2 kW. 

Danin ʠ ʩʘʨʘʜʥʠʮʠ [48] ʧʨʝʜʣʦʞʠʣʠ ʩʫ ʧʦʙʦˀʰʘʥʠ ʘʣʛʦʨʠʪʘʤ ʦʧʪʠʤʠʟʘʮʠʿʝ 

ʨʦʿʘ ʥʦ˂ʥʠʭ ʣʝʧʪʠʨʘ (IMFO) (ʝʥʛ. Improved Moth Flame Optimization), ʨʘʜʠ 

ʧʦʙʦˀʰʘˁʘ ʛʣʦʙʘʣʥʦʛ ʧʨʝʪʨʘʞʠʚʘˁʘ ʠ ʠʟʙʝʛʘʚʘˁʘ ʣʦʢʘʣʥʠʭ ʦʧʪʠʤʫʤʘ. ʇʘʨʘʤʝʪʨʠ 

ʤʦʪʦʨʘ ʩʫ ʠʜʝʥʪʠʬʠʢʦʚʘʥʠ ʤʠʥʠʤʠʟʘʮʠʿʦʤ ʦʜʩʪʫʧʘˁʘ ʠʟʤʝʹʫ ʢʘʪʘʣʦʰʢʠʭ 

(ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ) ʧʦʜʘʪʘʢʘ ʠ ʚʨʝʜʥʦʩʪʠ ʜʦʙʠʿʝʥʠʭ ʥʘ ʦʩʥʦʚʫ ʊʝʚʝʥʝʥʦʚʦʛ 

ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʤʦʜʝʣʘ. IMFO ʘʣʛʦʨʠʪʘʤ ʿʝ ʫʧʦʨʝʹʝʥ ʩʘ ʚʠʰʝ ʤʝʪʘʭʝʫʨʠʩʪʠʯʢʠʭ 

ʘʣʛʦʨʠʪʘʤʘ, ʧʨʠ ʯʝʤʫ ʿʝ ʧʦʢʘʟʘʦ ʩʫʧʝʨʠʦʨʥʝ ʨʝʟʫʣʪʘʪʝ ʧʦ ʧʠʪʘˁʫ ʪʘʯʥʦʩʪʠ ʠ ʙʨʟʠʥʝ 

ʢʦʥʚʝʨʛʝʥʮʠʿʝ. 

ʋ [49] ʧʨʦʫʯʘʚʘʥʘ ʿʝ ʪʝʭʥʠʢʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ 

ʟʘʩʥʦʚʘʥʘ ʥʘ ʦʧʪʠʤʠʟʘʮʠʿʠ ʢʨʜʘ ʩʣʦʥʦʚʘ (EHO) (ʝʥʛ. Elephant Herding Optimization), 

ʧʨʠ ʯʝʤʫ ʩʫ ʦʧʪʠʤʘʣʥʠ ʧʘʨʘʤʝʪʨʠ ʜʦʙʠʿʝʥʠ ʤʝʪʦʜʦʤ ʥʘʿʤʘˁʠʭ ʩʨʝʜˁʠʭ ʢʚʘʜʨʘʪʘ. 
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ʀʩʧʠʪʠʚʘʥʘ ʿʝ ʫʣʘʟʥʘ ʠʤʧʝʜʘʥʩʘ ʤʦʪʦʨʘ ʧʨʠ ʨʘʟʣʠʯʠʪʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʢʣʠʟʘˁʘ, ʘ 

ʨʘʟʚʠʿʝʥ ʿʝ ʤʦʜʝʣ ʩʪʘʮʠʦʥʘʨʥʦʛ ʩʪʘˁʘ ʢʘʚʝʟʥʦʛ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʢʦʠʿ ʫʢˀʫʯʫʿʝ 

ʥʝʣʠʥʝʘʨʥʫ ʦʪʧʦʨʥʦʩʪ ʛʫʙʠʪʘʢʘ ʫ ʛʚʦʞʹʫ ʤʘʛʥʝʪʥʦʛ ʢʦʣʘ. ʈʝʘʣʥʠ ʧʘʨʘʤʝʪʨʠ ʤʦʪʦʨʘ 

ʜʦʙʠʿʝʥʠ ʩʫ ʧʨʘʢʪʠʯʥʠʤ ʠʩʧʠʪʠʚʘˁʝʤ ʠ ʢʦʨʠʰ˂ʝʥʠ ʩʫ ʢʘʦ ʧʦʯʝʪʥʝ ʚʨʝʜʥʦʩʪʠ ʫ 

ʦʧʪʠʤʠʟʘʮʠʦʥʦʤ ʘʣʛʦʨʠʪʤʫ. ʋʚʘʞʘʚʘˁʝ ʥʝʣʠʥʝʘʨʥʝ ʦʪʧʦʨʥʦʩʪʠ ʛʫʙʠʪʘʢʘ ʫ ʛʚʦʞʹʫ ʫ 

ʤʘʪʝʤʘʪʠʯʢʦʤ ʤʦʜʝʣʫ ʜʦʧʨʠʥʝʣʦ ʿʝ ʧʦʚʝ˂ʘˁʫ ʪʘʯʥʦʩʪʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʤʦʪʦʨʘ. ʋ [50] ʧʨʝʜʩʪʘʚˀʝʥʝ ʩʫ ʜʚʝ ʤʝʪʦʜʝ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ 

ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʪʨʦʬʘʟʥʦʛ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʩʘ ʢʨʘʪʢʦʩʧʦʿʝʥʠʤ ʨʦʪʦʨʦʤ. 

ʇʨʚʘ ʤʝʪʦʜʘ ʧʨʘʪʠ ʩʪʘʥʜʘʨʜʥʫ IEEE 112 ʧʨʦʮʝʜʫʨʫ, ʢʦʿʘ ʦʙʫʭʚʘʪʘ DC ʪʝʩʪ, ʪʝʩʪ 

ʧʨʘʟʥʦʛ ʭʦʜʘ ʠ ʪʝʩʪ ʢʨʘʪʢʦʛ ʩʧʦʿʘ, ʨʘʜʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ 

ʤʦʪʦʨʘ. ɼʨʫʛʘ ʤʝʪʦʜʘ ʢʦʨʠʩʪʠ ʪʝʭʥʠʢʫ ʥʝʣʠʥʝʘʨʥʝ ʦʧʪʠʤʠʟʘʮʠʿʝ ʧʫʪʝʤ 

MATLAB/Simulink  Parameter Estimation Toolbox-ʘ. ʋ ʦʚʦʿ ʤʝʪʦʜʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ 

ʧʘʨʘʤʝʪʘʨʘ ʩʝ ʚʨʰʠ ʤʠʥʠʤʠʟʘʮʠʿʦʤ ʟʙʠʨʘ ʢʚʘʜʨʘʪʘ ʛʨʝʰʘʢʘ ʠʟʤʝʹʫ ʠʟʤʝʨʝʥʠʭ ʠ 

ʜʦʙʠʿʝʥʠʭ ʧʦʣʘʟʥʠʭ ʩʪʨʫʿʘ ʩʪʘʪʦʨʘ, ʢʦʨʠʩʪʝ˂ʠ ʤʝʨʝˁʘ ʥʘʧʦʥʘ ʠ ʩʪʨʫʿʝ ʙʝʟ ʧʦʪʨʝʙʝ ʟʘ 

ʩʝʥʟʦʨʠʤʘ ʙʨʟʠʥʝ ʨʦʪʦʨʘ. ʄʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣ ʤʦʪʦʨʘ ʟʘʩʥʦʚʘʥ ʿʝ ʥʘ dq0 

ʪʨʘʥʩʬʦʨʤʘʮʠʿʠ, ʢʦʿʘ ʫʢˀʫʯʫʿʝ ʿʝʜʥʘʯʠʥʝ ʟʘ ʥʘʧʦʥ ʠ ʬʣʫʢʩʥʝ ʚʝʟʝ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ ʫ 

ʧʨʦʠʟʚʦˀʥʦʤ ʨʝʬʝʨʝʥʪʥʦʤ ʢʦʦʨʜʠʥʘʪʥʦʤ ʩʠʩʪʝʤʫ. ɸʫʪʦʨʠ ʩʫ ʫʧʦʨʝʜʠʣʠ ʨʝʟʫʣʪʘʪʝ 

ʜʦʙʠʿʝʥʝ ʧʨʝʜʣʦʞʝʥʦʤ ʤʝʪʦʜʦʤ ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ ʩʪʘʥʜʘʨʜʥʝ IEEE 112 ʧʨʦʮʝʜʫʨʝ, ʠ 

ʧʦʢʘʟʘʣʠ ʜʘ ʧʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʘ ʧʦʩʪʠʞʝ ʥʠʞʝ ʩʨʝʜˁʝ ʢʚʘʜʨʘʪʥʝ ʛʨʝʰʢʝ ʫ 

ʦʜʨʝʹʠʚʘˁʫ ʩʪʨʫʿʘ. 

Rezaee ʠ Hoseini [51] ʩʫ ʧʨʝʜʩʪʘʚʠʣʠ ʤʝʪʦʜʫ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ 

ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʢʦʿʘ ʢʦʨʠʩʪʠ ʘʣʛʦʨʠʪʘʤ ʢʦʦʧʝʨʘʪʠʚʥe ʢʦʝʚʦʣʫʮʠʿʝ (CCEA) (ʝʥʛ. 

Cooperative-Coevolution algorithm) ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʥʝʣʠʥʝʘʨʥʦʤ ʤʝʪʦʜʦʤ 

ʟʘʩʥʦʚʘʥʦʤ ʥʘ Lyapunov-ʦʚʦʿ ʩʪʘʙʠʣʥʦʩʪʠ. ʇʘʨʘʤʝʪʨʠ ʤʦʪʦʨʘ ʠʜʝʥʪʠʬʠʢʦʚʘʥʠ ʩʫ 

ʤʠʥʠʤʠʟʘʮʠʿʦʤ ʛʨʝʰʢʝ ʠʟʤʝʹʫ ʠʟʤʝʨʝʥʠʭ ʠ ʜʦʙʠʿʝʥʠʭ ʧʦʜʫʞʥʠʭ ʠ ʧʦʧʨʝʯʥʠʭ 

ʢʦʤʧʦʥʝʥʪʠ ʩʪʨʫʿʝ. ʇʨʝʜʣʦʞʝʥʠ ʤʝʪʦʜ ʿʝ ʫʧʦʨʝʹʝʥ ʩʘ ʩʪʘʥʜʘʨʜʥʠʤ ʛʝʥʝʪʩʢʠʤ 

ʘʣʛʦʨʠʪʤʦʤ, ʢʣʘʩʠʯʥʠʤ ʪʝʩʪʦʚʠʤʘ ʧʨʘʟʥʦʛ ʭʦʜ ʠ ʢʨʘʪʢʦʛ ʩʧʦʿʘ, ʠ ʨʝʢʫʨʟʠʚʥʦʤ 

ʤʝʪʦʜʦʤ ʥʘʿʤʘˁʠʭ ʢʚʘʜʨʘʪʘ (RLS) (ʝʥʛ. Recursive Least Squares). ʈʝʟʫʣʪʘʪʠ ʩʫ 

ʧʦʪʚʨʜʠʣʠ ʪʘʯʥʦʩʪ ʤʝʪʦʜʝ, ʩʘ ʚʠʩʦʢʠʤ ʧʦʢʣʘʧʘˁʝʤ ʠʟʤʝʹʫ ʜʦʙʠʿʝʥʠʭ ʠ ʢʘʪʘʣʦʰʢʠʭ 
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ʚʨʝʜʥʦʩʪʠ ʤʦʤʝʥʪʘ, ʢʘʦ ʠ ʙʨʞʫ ʢʦʥʚʝʨʛʝʥʮʠʿʫ ʠ ʙʦˀʝ ʨʝʰʘʚʘˁʝ ʥʝʣʠʥʝʘʨʥʠʭ 

ʧʨʦʙʣʝʤʘ ʫ ʦʜʥʦʩʫ ʥʘ ʫʧʦʨʝʹʝʥʝ ʤʝʪʦʜʝ. 

ʈʘʜ [52] ʧʨʝʜʩʪʘʚˀʘ ʩʠʩʪʝʤʘʪʠʯʘʥ ʧʨʠʩʪʫʧ ʙʘʟʠʨʘʥ ʥʘ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦʿ 

ʝʚʦʣʫʮʠʿʠ. ʋʟ ʤʦʜʝʣ ʫ ʩʪʘʮʠʦʥʘʨʥʦʤ ʢʦʦʨʜʠʥʘʪʥʦʤ ʩʠʩʪʝʤʫ ʠ ʩʘʤʦ ʩʪʨʫʿʥʝ ʩʠʛʥʘʣʝ 

ʢʘʦ ʫʣʘʟ, ʧʦʩʪʠʛʥʫʪʝ ʩʫ ʚʝʦʤʘ ʥʠʩʢʝ ʛʨʝʰʢʝ ʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʠ ʧʘʨʘʤʝʪʘʨʘ. ʄʦʜʝʣ ʿʝ 

ʦʙʫʭʚʘʪʘʦ ʿʝʜʥʘʯʠʥʝ ʥʘʧʦʥʘ ʠ ʩʪʨʫʿʝ ʟʘ ʩʪʘʪʦʨ ʠ ʨʦʪʦʨ, ʿʝʜʥʘʯʠʥʝ ʤʘʛʥʝʪʥʦʛ ʬʣʫʢʩʘ ʠ 

ʧʨʦʨʘʯʫʥ ʝʣʝʢʪʨʦʤʘʛʥʝʪʥʦʛ ʤʦʤʝʥʪʘ, ʩʚʝ ʫ ʦʜʥʦʩʫ ʥʘ ʥʝʧʦʢʨʝʪʥʠ ʢʦʦʨʜʠʥʘʪʥʠ 

ʩʠʩʪʝʤ. ʇʦʨʝʹʝˁʝʤ ʤʝʪʦʜʝ ʩʘ ʜʨʫʛʠʤ ʪʝʭʥʠʢʘʤʘ ʘʫʪʦʨʠ ʩʫ ʧʦʢʘʟʘʣʠ ʨʦʙʫʩʥʦʩʪ ʠ 

ʝʬʠʢʘʩʥʦʩʪ ʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʠ ʧʘʨʘʤʝʪʘʨʘ, ʧʦʩʝʙʥʦ ʢʘʜʘ ʩʝ ʢʘʦ ʫʣʘʟ ʢʦʨʠʩʪʝ ʩʘʤʦ 

ʩʠʛʥʘʣʠ ʩʪʨʫʿʝ. ʋ [53] ʠʩʧʠʪʠʚʘʥʝ ʩʫ ʧʝʨʬʦʨʤʘʥʩʝ ʨʘʟʣʠʯʠʪʠʭ ʦʧʪʠʤʠʟʘʮʠʦʥʠʭ 

ʘʣʛʦʨʠʪʘʤʘ ʧʨʠʤʝˁʝʥʠʭ ʥʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʩʘ 

ʥʘʤʦʪʘʥʠʤ ʠ ʢʘʚʝʟʥʠʤ ʨʦʪʦʨʦʤ. ɸʥʘʣʠʟʠʨʘʥʠ ʩʫ ʘʣʛʦʨʠʪʤʠ: ʧʨʝʪʨʘʛʘ ʥʘʝʣʝʢʪʨʠʩʘʥʦʛ 

ʩʠʩʪʝʤʘ (CSS) (ʝʥʛ. Charged System Search), ʜʠʬʝʨʝʥʮʠʿʘʣʥʘ ʝʚʦʣʫʮʠʿʘ, ʦʧʪʠʤʠʟʘʮʠʿʘ 

ʨʦʿʝʤ ʯʝʩʪʠʮʘ ʠ ʛʝʥʝʪʩʢʠ ʘʣʛʦʨʠʪʘʤ. ʅʘ ʦʩʥʦʚʫ Ăʊò ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʜʝʬʠʥʠʩʘʥʘ ʿʝ 

ʬʫʥʢʮʠʿʘ ʮʠˀʘ ʟʘʩʥʦʚʘʥʘ ʥʘ ʧʦʣʘʟʥʦʤ, ʥʘʟʠʚʥʦʤ ʠ ʧʨʝʚʘʣʥʦʤ ʤʦʤʝʥʪʫ. ɸʥʘʣʠʟʘ 

ʨʝʟʫʣʪʘʪʘ ʧʦʢʘʟʘʣʘ ʿʝ ʩʫʧʝʨʠʦʨʥʦʩʪ CSS ʠ DE ʘʣʛʦʨʠʪʘʤʘ ʫ ʦʜʥʦʩʫ ʥʘ PSO ʠ GA, ʫ 

ʧʦʛʣʝʜʫ ʪʘʯʥʦʩʪʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʠ ʦʙʨʪʥʠʭ ʤʦʤʝʥʘʪʘ. 

ʇʨʠʤʝʥʘ ʤʝʪʦʜʘ ʤʘʰʠʥʩʢʦʛ ʫʯʝˁʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʢʘʚʝʟʥʠʭ 

ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʩʘ ʿʝʜʥʠʤ ʠ ʜʚʘ ʢʘʚʝʟʘ ʥʘ ʨʦʪʦʨʫ ʘʥʘʣʠʟʠʨʘʥʘ ʿʝ ʫ [54], ʛʜʝ ʩʫ 

ʢʦʨʠʰ˂ʝʥʝ ʚʝʰʪʘʯʢʝ ʥʝʫʨʦʥʩʢʝ ʤʨʝʞʝ (ANN) (ʝʥʛ. Artifical neural netrork) ʠ 

ʘʜʘʧʪʠʚʥʠ ʥʝʫʨʦ-ʬʘʟʠ ʩʠʩʪʝʤʠ ʟʘʢˀʫʯʠʚʘˁʘ (ANFIS) (ʝʥʛ. Adaptive neuro-fuzzy 

inference system). ɿʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʤʦʪʦʨʘ ʢʦʨʠʰ˂ʝʥʠ ʩʫ ʧʦʜʘʮʠ 20 

ʤʦʪʦʨʘ ʩʥʘʛʘ ʦʜ 8 kW ʜʦ 500 kW, ʧʨʠ ʯʝʤʫ ʩʫ ʨʘʟʚʠʿʝʥʠ ʤʦʜʝʣʠ ʦʙʫʯʘʚʘʥʠ ʥʘ 80% 

ʜʦʩʪʫʧʥʠʭ ʧʦʜʘʪʘʢʘ ʠ ʪʝʩʪʠʨʘʥʠ ʥʘ ʧʨʝʦʩʪʘʣʠʭ 20%. ʈʝʟʫʣʪʘʪʠ ʩʫ ʧʦʢʘʟʘʣʠ ʜʘ ANFIS 

ʤʦʜʝʣ, ʩʘ ʧʨʠʤʝˁʝʥʠʤ Sugeno ʪʠʧʦʤ ʬʘʟʠ ʩʠʩʪʝʤʘ ʠ Gauss-ʦʚʠʤ ʬʫʥʢʮʠʿʘʤʘ 

ʧʨʠʧʘʜʥʦʩʪʠ, ʦʩʪʚʘʨʫʿʝ ʚʝ˂ʫ ʪʘʯʥʦʩʪ ʠ ʙʨʞʫ ʢʦʥʚʝʨʛʝʥʮʠʿʫ ʫ ʦʜʥʦʩʫ ʥʘ ANN, 

ʧʦʩʝʙʥʦ ʢʦʜ ʤʦʪʦʨʘ ʩʘ ʜʚʦʩʪʨʫʢʠʤ ʢʘʚʝʟʦʤ. ʇʦʪʧʫʥʦ ʜʨʫʛʘʯʠʿʠ ʢʦʥʮʝʧʪ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʤʦʪʦʨʘ ʧʨʝʜʩʪʘʚˀʝʥ ʿʝ ʫ [55], ʛʜʝ ʩʝ ʤʦʪʦʨ ʢʦʨʠʩʪʠ ʢʘʦ 

ʠʥʩʪʨʫʤʝʥʪ ʟʘ ʤʝʨʝˁʝ ʩʥʘʛʝ, ʤʦʤʝʥʪʘ ʠ ʙʨʟʠʥʝ, ʘ ʧʘʨʘʤʝʪʨʠ ʩʝ ʜʦʙʠʿʘʿʫ ʫ ʨʝʘʣʥʠʤ 

ʫʩʣʦʚʠʤʘ ʨʘʜʘ. ʇʨʠʤʝˁʝʥ ʿʝ ʘʣʛʦʨʠʪʘʤ ʭʘʨʤʦʥʠʿʩʢʝ ʧʨʝʪʨʘʛʝ, ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ 
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ʿʝʜʥʘʯʠʥʘʤʘ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ ʫ ʩʪʘʮʠʦʥʘʨʥʦʤ ʢʦʦʨʜʠʥʘʪʥʦʤ ʩʠʩʪʝʤʫ, ʯʠʤʝ ʿʝ 

ʦʤʦʛʫ˂ʝʥʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ ʫ ʮʝʣʦʤ ʦʧʝʨʘʪʠʚʥʦʤ ʦʧʩʝʛʫ. ʆʚʘʿ ʧʨʠʩʪʫʧ 

ʧʨʝʜʩʪʘʚˀʘʦ ʿʝ ʟʥʘʯʘʿʘʥ ʢʦʨʘʢ ʢʘ ʠʥʪʝʛʨʘʮʠʿʠ ʤʝʨʝˁʘ ʠ ʫʧʨʘʚˀʘˁʘ ʫʥʫʪʘʨ ʩʘʤʦʛ 

ʤʦʪʦʨʘ. 

ʋ [56] ʨʘʟʚʠʿʝʥʘ ʿʝ ʧʨʦʮʝʜʫʨʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ 

ʫ ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʪʘˁʫ, ʩʘ ʮʠˀʝʤ ʦʤʦʛʫ˂ʘʚʘˁʘ ʩʘʤʦʧʦʜʝʰʘʚʘˁʘ ʙʝʟ ʫʧʦʪʨʝʙʝ 

ʩʝʥʟʦʨʘ. ɿʘ ʪʫ ʩʚʨʭʫ ʢʦʨʠʰ˂ʝʥʠ ʩʫ ʪʝʩʪʦʚʠ ʩʘ ʠʥʿʝʢʮʠʿʦʤ ʥʘʧʦʥʘ ʧʨʝʢʦ ʠʥʚʝʨʪʦʨʘ, 

ʧʨʠ ʯʝʤʫ ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʠʥʚʝʨʪʦʨʘ ʥʠʩʫ ʢʦʤʧʝʥʟʦʚʘʥʝ. ʇʨʦʮʝʜʫʨʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ 

ʦʙʫʭʚʘʪʘʣʘ ʿʝ ʤʝʨʝˁʝ ʩʪʘʪʠʯʢʝ ʦʪʧʦʨʥʦʩʪʠ ʩʪʘʪʦʨʘ DC ʪʝʩʪʦʤ, ʦʜʨʝʹʠʚʘˁʝ ʟʘʩʠ˂ʝˁʘ 

ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʩʪʘʪʦʨʘ, ʢʘʦ ʠ ʧʨʦʨʘʯʫʥ ʠʤʧʝʜʘʥʩʝ ʨʦʪʦʨʩʢʦʛ ʢʘʚʝʟʘ. ʄʝʪʦʜ ʿʝ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʚʝʨʠʬʠʢʦʚʘʥ ʥʘ ʜʚʘ ʠʥʜʫʩʪʨʠʿʩʢʘ ʘʩʠʥʭʨʦʥʘ ʤʦʪʦʨʘ ʩʥʘʛʝ 5.6 kW ʠ 

45 kW, ʛʜʝ ʩʫ ʜʦʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ ʧʦʢʘʟʘʣʠ ʜʦʙʨʫ ʩʘʛʣʘʩʥʦʩʪ ʩʘ ʚʨʝʜʥʦʩʪʠʤʘ 

ʦʜʨʝʹʝʥʠʤ ʢʣʘʩʠʯʥʠʤ ʤʝʪʦʜʘʤʘ ʤʝʨʝˁʘ. 

2.2. ɸʥʘʣʠʟʘ ʦʩʝʪˀʠʚʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ 

ʤʦʪʦʨʘ 

ʇʨʦʮʝʩ ʧʨʦʠʟʚʦʜˁʝ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʥʠʿʝ ʫ ʧʦʪʧʫʥʦʩʪʠ ʢʦʥʟʠʩʪʝʥʪʘʥ, ʧʘ ʟʘʪʦ 

ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʢʦʿʝ ʥʘʚʦʜʝ ʧʨʦʠʟʚʦʹʘʯʠ ʯʝʩʪʦ ʩʘʜʨʞʝ 

ʦʜʨʝʹʝʥ ʩʪʝʧʝʥ ʥʝʠʟʚʝʩʥʦʩʪʠ, ʙʫʜʫ˂ʠ ʜʘ ʩʝ ʥʘʿʯʝʰ˂ʝ ʟʘʩʥʠʚʘʿʫ ʥʘ ʪʠʧʠʯʥʠʤ 

ʚʨʝʜʥʦʩʪʠʤʘ ʟʘ ʤʦʪʦʨʝ ʩʣʠʯʥʠʭ ʜʠʤʝʥʟʠʿʘ ʢʫ˂ʠʰʪʘ. ʀʟ ʪʦʛ ʨʘʟʣʦʛʘ ʫʦʙʠʯʘʿʝʥʦ ʿʝ ʜʘ 

ʧʦʩʪʦʿʝ ʦʜʩʪʫʧʘˁʘ ʠʟʤʝʹʫ ʩʪʚʘʨʥʠʭ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ ʠ ʧʦʜʘʪʘʢʘ ʢʦʿʝ ʦʙʝʟʙʝʹʫʿʝ 

ʧʨʦʠʟʚʦʹʘʯ [57-59]. ʊʘʢʦʹʝ, ʝʣʝʢʪʨʠʯʥʠ ʧʘʨʘʤʝʪʨʠ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʧʦʢʘʟʫʿʫ 

ʚʠʩʦʢʫ ʦʩʝʪˀʠʚʦʩʪ ʥʘ ʨʘʜʥʝ ʫʩʣʦʚʝ, ʫʩʣʝʜ ʯʝʛʘ ʤʦʛʫ ʟʥʘʯʘʿʥʦ ʚʘʨʠʨʘʪʠ ʩʘ ʧʨʦʤʝʥʘʤʘ 

ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʩʪʝʧʝʥʘ ʤʘʛʥʝʪʥʦʛ ʟʘʩʠ˂ʝˁʘ [58, 59]. ʊʘʢʦ, ʦʪʧʦʨʥʦʩʪʠ ʩʪʘʪʦʨʘ ʠ 

ʨʦʪʦʨʘ ʟʘʚʠʩʝ ʦʜ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʫʩʣʦʚʘ, ʜʦʢ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʫʛʣʘʚʥʦʤ ʟʘʚʠʩʝ ʦʜ 

ʟʘʩʠ˂ʝˁʘ ʤʘʛʥʝʪʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʠ ʛʫʩʪʠʥʝ ʬʣʫʢʩʘ. ʆʚʝ ʚʘʨʠʿʘʮʠʿʝ ʤʦʛʫ ʧʨʦʫʟʨʦʢʦʚʘʪʠ 

ʦʜʩʪʫʧʘˁʘ ʫ ʧʝʨʬʦʨʤʘʥʩʘʤʘ ʤʦʪʦʨʘ ʠ ʜʦʚʝʩʪʠ ʜʦ ʧʦʪʝʥʮʠʿʘʣʥʠʭ ʦʧʝʨʘʪʠʚʥʠʭ 

ʧʨʦʙʣʝʤʘ. ʋ ʪʦʤ ʢʦʥʪʝʢʩʪʫ, ʘʥʘʣʠʟʘ ʦʩʝʪˀʠʚʦʩʪʠ ʧʨʝʜʩʪʘʚˀʘ ʟʥʘʯʘʿʘʥ ʘʣʘʪ, ʿʝʨ 

ʦʤʦʛʫ˂ʘʚʘ ʧʨʦʮʝʥʫ ʠʥʜʠʚʠʜʫʘʣʥʦʛ ʫʪʠʮʘʿʘ ʩʚʘʢʦʛ ʝʣʝʢʪʨʠʯʥʦʛ ʧʘʨʘʤʝʪʨʘ ʥʘ ʨʘʜ 
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ʤʦʪʦʨʘ. ʆʚʘʢʚʝ ʘʥʘʣʠʟʝ ʩʫ ʦʜ ʧʦʩʝʙʥʝ ʚʘʞʥʦʩʪʠ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʫ ʧʨʦʿʝʢʪʦʚʘˁʘ ʠ ʨʘʜʘ 

ʤʦʪʦʨʘ, ʢʘʦ ʠ ʟʘ ʜʝʪʝʢʮʠʿʫ ʠ ʜʠʿʘʛʥʦʩʪʠʢʫ ʢʚʘʨʦʚʘ. 

ʋ ʣʠʪʝʨʘʪʫʨʠ ʩʫ ʩʝ ʤʦʛʫ ʥʘ˂ʠ ʨʘʟʣʠʯʠʪʠ ʧʨʠʩʪʫʧʠ ʢʦʿʠ ʢʦʤʙʠʥʫʿʫ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʤʦʪʦʨʘ ʩʘ ʘʥʘʣʠʟʦʤ ʦʩʝʪˀʠʚʦʩʪʠ. 

ʊʘʢʦ ʿʝ ʫ [57] ʩʧʨʦʚʝʜʝʥʘ ʘʥʘʣʠʟʘ ʦʩʝʪˀʠʚʦʩʪʠ ʥʘ ʘʩʠʥʭʨʦʥʦʤ ʤʦʪʦʨʫ ʩʥʘʛʝ 1000 hp, 

ʢʘʢʦ ʙʠ ʩʝ ʠʜʝʥʪʠʬʠʢʦʚʘʦ ʧʘʨʘʤʝʪʘʨ ʢʦʿʠ ʥʘʿʚʠʰʝ ʫʪʠʯʝ ʥʘ ʧʝʨʬʦʨʤʘʥʩʝ ʤʦʪʦʨʘ. 

ɸʥʘʣʠʟʠʨʘʥʝ ʩʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʢʘʦ ʰʪʦ ʩʫ ʧʨʝʚʘʣʥʠ ʠ ʥʘʟʠʚʥʠ ʦʙʨʪʥʠ ʤʦʤʝʥʘʪ, 

ʩʪʨʫʿʘ ʩʪʘʪʦʨʘ ʠ ʬʘʢʪʦʨ ʩʥʘʛʝ, ʧʨʠ ʯʝʤʫ ʩʫ ʢʦʨʠʰ˂ʝʥʠ ʧʘʨʮʠʿʘʣʥʠ ʠʟʚʦʜʠ ʫ ʦʜʥʦʩʫ ʥʘ 

ʨʝʣʝʚʘʥʪʥʝ ʝʣʝʢʪʨʠʯʥʝ ʧʘʨʘʤʝʪʨʝ. 

ɸʥʘʣʠʟʘ ʦʩʝʪˀʠʚʦʩʪʠ ʠʟ [58] ʧʨʠʤʝˁʝʥʘ ʿʝ ʥʘ ʤʦʪʦʨʫ ʩʥʘʛʝ 2.2 kW, ʫʟ 

ʨʘʟʤʘʪʨʘˁʝ ʜʚʘ ʩʮʝʥʘʨʠʿʘ: ʟʘʥʝʤʘʨʠʚʘˁʝ ʠ ʫʚʘʞʘʚʘˁʝ ʦʪʧʦʨʥʦʩʪʠ ʩʨʘʟʤʝʨʥʝ 

ʛʫʙʠʮʠʤʘ ʩʥʘʛʝ ʤʘʛʥʝʪʥʦʛ ʢʦʣʘ. ʀʩʧʠʪʠʚʘˁʝ ʿʝ ʠʟʚʝʜʝʥʦ ʧʨʠ ʨʘʟʣʠʯʠʪʠʤ ʫʩʣʦʚʠʤʘ 

ʦʧʪʝʨʝ˂ʝˁʘ, ʫʟ ʚʘʨʠʿʘʮʠʿʫ ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʦʜ 1%. ʀʪʝʨʘʪʠʚʥʘ ʧʨʦʮʝʜʫʨʘ 

ʧʨʝʜʣʦʞʝʥʘ ʫ [59] ʢʦʨʠʩʪʠ ʧʦʜʘʪʢʝ ʧʨʦʠʟʚʦʹʘʯʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ, ʧʨʠ 

ʯʝʤʫ ʿʝ ʘʥʘʣʠʟʘ ʦʩʝʪˀʠʚʦʩʪʠ ʧʨʠʤʝˁʝʥʘ ʫ ʩʚʘʢʦʿ ʠʪʝʨʘʮʠʿʠ ʨʘʜʠ ʧʨʝʮʠʟʥʠʿʝ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ. ʉʣʠʯʘʥ ʧʨʠʩʪʫʧ ʧʨʠʤʝˁʝʥ ʿʝ ʠ ʫ [13, 29], ʛʜʝ ʿʝ ʘʥʘʣʠʟʘ 

ʦʩʝʪˀʠʚʦʩʪʠ ʢʦʨʠʰ˂ʝʥʘ ʨʘʜʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʩʘ ʥʘʿʚʝ˂ʠʤ ʫʪʠʮʘʿʝʤ ʥʘ 

ʧʝʨʬʦʨʤʘʥʩʝ ʤʦʪʦʨʘ. 

ɸʫʪʦʨʠ ʨʘʜʘ [60] ʘʥʘʣʠʟʠʨʘʣʠ ʩʫ ʫʪʠʮʘʿ ʚʘʨʠʿʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʥʘ ʨʘʜ 

ʧʝʪʦʬʘʟʥʦʛ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ. ɺʘʨʠʿʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ ʿʝ ʫʚʝʜʝʥʘ ʧʦʩʪʝʧʝʥʠʤ 

ʧʦʚʝ˂ʘˁʝʤ ʦʪʧʦʨʥʦʩʪʠ ʿʝʜʥʝ ʬʘʟʝ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ ʩʘ ʩʢʦʢʦʤ ʦʜ 10%, ʘ ʟʘʪʠʤ ʩʫ ʫ 

Matlab/Simulink ʦʢʨʫʞʝˁʫ ʩʠʤʫʣʠʨʘʥʠ ʨʘʟʣʠʯʠʪʠ ʩʮʝʥʘʨʠʿʠ. ʀʩʧʠʪʠʚʘʥ ʿʝ ʫʪʠʮʘʿ 

ʦʚʠʭ ʧʨʦʤʝʥʘ ʥʘ ʢˀʫʯʥʝ ʧʦʢʘʟʘʪʝˀʝ ʧʝʨʬʦʨʤʘʥʩʠ: ʪʘʣʘʩʘˁʝ ʤʦʤʝʥʪʘ (ʝʥʛ. torque 

ripples), ɷʫʣʦʚʝ ʛʫʙʠʪʢʝ ʫ ʩʪʘʪʦʨʫ ʠ ʨʦʪʦʨʫ ʠ ʤʝʭʘʥʠʯʢʫ ʙʨʟʠʥʫ. ʈʝʟʫʣʪʘʪʠ ʩʫ 

ʧʦʢʘʟʘʣʠ ʜʘ ʧʦʚʝ˂ʘˁʝ ʦʪʧʦʨʥʦʩʪʠ ʜʦʚʦʜʠ ʜʦ ʧʦʨʘʩʪʘ ʛʫʙʠʪʘʢʘ ʠ ʪʘʣʘʩʘˁʘ ʤʦʤʝʥʪʘ, 

ʢʘʦ ʠ ʜʦ ʙʣʘʛʦʛ ʧʘʜʘ ʙʨʟʠʥʝ, ʧʨʠ ʯʝʤʫ ʩʫ ʝʬʝʢʪʠ ʠʟʨʘʞʝʥʠʿʠ ʢʦʜ ʚʘʨʠʿʘʮʠʿʝ ʨʦʪʦʨʩʢʝ 

ʦʪʧʦʨʥʦʩʪʠ ʟʙʦʛ ʧʦʚʝ˂ʘʥʦʛ ʢʣʠʟʘˁʘ. 

ʀʩʪʨʘʞʠʚʘˁʝ ʠʟ [61] ʙʘʚʠ ʩʝ ʘʥʘʣʠʟʦʤ ʦʩʝʪˀʠʚʦʩʪʠ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ 

ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʥʘ ʧʦʿʝʜʠʥʘʯʥʝ ʚʘʨʠʿʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ. 

ɸʥʘʣʠʟʘ ʦʩʝʪˀʠʚʦʩʪʠ ʿʝ ʩʧʨʦʚʝʜʝʥʘ ʥʘ ʧʦʜʘʮʠʤʘ ʜʚʦʧʦʣʥʦʛ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ 
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ʥʘʟʠʚʥʝ ʩʥʘʛʝ 75 kW ʧʨʠʤʝʥʦʤ Monte Carlo ʩʠʤʫʣʘʮʠʿʝ. ɼʦʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ 

ʧʦʢʘʟʘʣʠ ʩʫ ʜʘ ʥʘʿʚʝ˂ʠ ʫʪʠʮʘʿ ʥʘ ʦʙʣʠʢ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʠʤʘʿʫ ʨʦʪʦʨʩʢʠ 

ʧʘʨʘʤʝʪʨʠ ʧʨʠ ʧʦʣʘʩʢʫ ʤʦʪʦʨʘ, ʢʘʦ ʠ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ. ʅʘʩʫʧʨʦʪ 

ʪʦʤʝ, ʫʪʠʮʘʿ ʦʪʧʦʨʥʦʩʪʠ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ ʿʝ ʟʥʘʪʥʦ ʤʘˁʠ, ʜʦʢ ʿʝ ʫʪʠʮʘʿ ʧʘʨʘʤʝʪʘʨʘ 

ʧʦʧʨʝʯʥʝ ʛʨʘʥʝ ʥʘ ʤʝʭʘʥʠʯʢʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ ʧʨʘʢʪʠʯʥʦ ʟʘʥʝʤʘʨˀʠʚ. 

Alamir ʿʝ ʫ ʩʚʦʤ ʨʘʜʫ [62] ʩʧʨʦʚʝʦ ʘʥʘʣʠʟʫ ʦʩʝʪˀʠʚʦʩʪʠ ʫ ʢʦʥʪʝʢʩʪʫ 

ʠʩʪʦʚʨʝʤʝʥʝ ʧʨʦʮʝʥʝ ʩʪʘˁʘ ʠ ʧʘʨʘʤʝʪʘʨʘ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ. ʇʨʦʙʣʝʤ ʿʝ 

ʬʦʨʤʫʣʠʩʘʦ ʫ ʦʙʣʠʢʫ ʩʝʧʘʨʘʙʠʣʥʠʭ ʥʘʿʤʘˁʠʭ ʢʚʘʜʨʘʪʘ (ʝʥʛ. separable least squares), 

ʢʘʢʦ ʙʠ ʙʠʣʦ ʤʦʛʫ˂ʝ ʜʝʬʠʥʠʩʘʪʠ ʠ ʠʟʨʘʯʫʥʘʪʠ ʢʨʠʪʝʨʠʿʫʤ ʦʩʝʪˀʠʚʦʩʪʠ. ʀʟʚʝʜʝʥʠ ʩʫ 

ʧʦʢʘʟʘʪʝˀʠ ʦʩʝʪˀʠʚʦʩʪʠ ʢʦʿʠ ʤʝʨʝ ʢʦʣʠʢʦ ʛʨʝʰʢʝ ʫ ʧʨʦʮʝʥʠ ʩʪʘˁʘ ʫʪʠʯʫ ʥʘ ʛʨʝʰʢʝ 

ʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʠ ʧʘʨʘʤʝʪʘʨʘ. ʅʫʤʝʨʠʯʢʝ ʩʠʤʫʣʘʮʠʿʝ ʧʦʢʘʟʘʣʝ ʩʫ ʜʘ ʩʫ ʧʦʿʝʜʠʥʝ 

ʢʦʤʙʠʥʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ, ʥʘʨʦʯʠʪʦ ʠʟʨʘʟʠ ʢʦʿʠ ʩʘʜʨʞʝ ʨʦʪʦʨʩʢʫ ʦʪʧʦʨʥʦʩʪ, ʠʟʫʟʝʪʥʦ 

ʦʩʝʪˀʠʚʝ, ʦʜʥʦʩʥʦ ʜʘ ʨʝʣʘʪʠʚʥʝ ʛʨʝʰʢʝ ʫ ʧʨʦʮʝʥʠ ʩʪʘˁʘ ʤʦʛʫ ʜʦʚʝʩʪʠ ʜʦ ʛʨʝʰʘʢʘ ʫ 

ʧʘʨʘʤʝʪʨʠʤʘ ʫʚʝ˂ʘʥʠʭ ʠ ʟʘ ʪʨʠ ʨʝʜʘ ʚʝʣʠʯʠʥʝ. ʊʘʢʦʹʝ ʿʝ ʧʦʢʘʟʘʥʦ ʜʘ ʠʩʪʦʚʨʝʤʝʥʘ 

ʧʨʦʮʝʥʘ ʩʪʘˁʘ ʠ ʧʘʨʘʤʝʪʘʨʘ ʟʥʘʯʘʿʥʦ ʟʘʚʠʩʠ ʦʜ ʤʝʨʝˁʘ, ʰʫʤʦʚʘ ʠ ʘʧʨʦʢʩʠʤʘʮʠʿʘ, 

ʟʙʦʛ ʯʝʛʘ ʘʣʛʦʨʠʪʤʝ ʪʨʝʙʘ ʧʘʞˀʠʚʦ ʪʝʩʪʠʨʘʪʠ ʫ ʨʝʘʣʥʠʤ ʫʩʣʦʚʠʤʘ. 

ʋ ʨʘʜʫ [63] ʧʨʠʤʝˁʝʥʘ ʿʝ ʘʥʘʣʠʟʘ ʦʩʝʪˀʠʚʦʩʪʠ ʟʘʩʥʦʚʘʥʘ ʥʘ ʩʦʧʩʪʚʝʥʠʤ 

ʚʨʝʜʥʦʩʪʠʤʘ (ʝʥʛ. eigenvalue-based sensitivity analysis) ʨʘʜʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ 

ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʢʦʿʠ ʥʘʿʚʠʰʝ ʫʪʠʯʫ ʥʘ 

ʧʝʨʬʦʨʤʘʥʩʝ ʠ ʩʪʘʙʠʣʥʦʩʪ ʧʦʛʦʥʘ ʩʘ ʚʝʢʪʦʨʩʢʦʤ ʢʦʥʪʨʦʣʦʤ. ɼʦʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ 

ʧʦʢʘʟʘʣʠ ʩʫ ʜʘ ʨʦʪʦʨʩʢʘ ʦʪʧʦʨʥʦʩʪ ʠ ʨʝʘʢʪʘʥʩʘ ʤʘʛʥʝ˂ʝˁʘ ʧʨʝʜʩʪʘʚˀʘʿʫ 

ʥʘʿʢʨʠʪʠʯʥʠʿʝ ʧʘʨʘʤʝʪʨʝ, ʯʠʿʘ ʥʝʪʘʯʥʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ ʜʝʛʨʘʜʘʮʠʿʝ 

ʝʬʠʢʘʩʥʦʩʪʠ, ʧʦʚʝ˂ʘˁʘ ʪʘʣʘʩʘˁʘ ʤʦʤʝʥʪʘ ʠ ʥʝʩʪʘʙʠʣʥʦʩʪʠ. 

Shiri ʠ ʩʘʨʘʜʥʠʮʠ [64] ʩʫ ʠʟʚʨʰʠʣʠ ʘʥʘʣʠʟʫ ʦʩʝʪˀʠʚʦʩʪʠ ʠʥʜʠʨʝʢʪʥʦʛ 

ʚʝʢʪʦʨʩʢʦʛ ʫʧʨʘʚˀʘˁʘ ʘʩʠʥʭʨʦʥʠʤ ʤʦʪʦʨʦʤ ʥʘ ʚʘʨʠʿʘʮʠʿʝ ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ. 

ɸʫʪʦʨʠ ʩʫ ʥʘʿʧʨʝ ʠʟ ʦʩʥʦʚʥʠʭ ʿʝʜʥʘʯʠʥʘ ʠʟʚʝʣʠ ʘʥʘʣʠʪʠʯʢʝ ʬʫʥʢʮʠʿʝ ʢʦʿʝ ʧʦʚʝʟʫʿʫ 

ʤʦʤʝʥʪ ʠ ʨʦʪʦʨʩʢʠ ʬʣʫʢʩ ʩʘ ʢˀʫʯʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ ʤʦʪʦʨʘ, ʧʨʝ ʩʚʝʛʘ ʦʪʧʦʨʥʦʰ˂ʫ 

ʨʦʪʦʨʘ ʠ ʤʝʹʫʠʥʜʫʢʪʠʚʥʦʰ˂ʫ. ɼʝʬʠʥʠʩʘʣʠ ʩʫ ʙʝʟʜʠʤʝʥʟʠʦʥʝ ʢʦʝʬʠʮʠʿʝʥʪʝ 

ʦʩʝʪˀʠʚʦʩʪʠ ʠ ʬʦʨʤʠʨʘʣʠ ʬʫʥʢʮʠʿʝ ʟʘ ʧʨʦʮʝʥʫ ʦʜʩʪʫʧʘˁʘ ʩʪʚʘʨʥʠʭ ʚʨʝʜʥʦʩʪʠ 

ʤʦʤʝʥʪʘ ʠ ʬʣʫʢʩʘ ʦʜ ʢʘʪʘʣʦʰʢʠʭ. ʇʦʢʘʟʘʣʠ ʩʫ ʜʘ ʦʪʧʦʨʥʦʩʪ ʨʦʪʦʨʘ ʠʤʘ ʥʘʿʚʝ˂ʠ 
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ʫʪʠʮʘʿ ʥʘ ʩʪʘʙʠʣʥʦʩʪ ʠ ʧʨʝʮʠʟʥʦʩʪ ʫʧʨʘʚˀʘˁʘ, ʜʦʢ ʧʨʦʤʝʥʝ ʤʝʹʫʠʥʜʫʢʪʠʚʥʦʩʪʠ 

ʫʟʨʦʢʫʿʫ ʦʩʮʠʣʘʮʠʿʝ, ʘ ʚʘʨʠʿʘʮʠʿʝ ʦʪʧʦʨʥʦʩʪʠ ʩʪʘʪʦʨʘ ʫʪʠʯʫ ʥʘ ʩʤʘˁʝˁʝ ʤʦʤʝʥʪʘ ʠ 

ʬʣʫʢʩʘ. 

ʋ [65] ʠʩʧʠʪʘʥ ʿʝ ʫʪʠʮʘʿ ʝʢʚʠʚʘʣʝʥʪʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ʥʘ ʨʘʜʥʝ ʧʝʨʬʦʨʤʘʥʩʝ 

ʪʨʦʬʘʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ. ɸʥʘʣʠʟʠʨʘʥʝ ʩʫ ʦʪʧʦʨʥʦʩʪʠ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ, ʢʘʦ ʠ 

ʦʪʧʦʨʥʦʩʪ ʩʨʘʟʤʝʨʥʘ ʛʫʙʠʮʠʤʘ ʩʥʘʛʝ ʤʘʛʥʝʪʥʦʛ ʢʦʣʘ ʢʨʦʟ ʨʝʘʣʥʝ ʢʦʥʩʪʨʫʢʪʠʚʥʝ 

ʠʟʤʝʥʝ: ʧʨʦʤʝʥʫ ʧʨʝʯʥʠʢʘ ʧʨʦʚʦʜʥʠʢʘ, ʧʨʝʩʝʢʘ ʨʦʪʦʨʩʢʠʭ ʰʠʧʢʠ ʠ ʚʨʩʪʝ ʯʝʣʠʢʘ. 

ɺʘʨʠʿʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʩʫ ʠʩʧʠʪʠʚʘʥʝ ʤʦʜʝʣʦʤ ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʢʦʣʘ ʠ FEM 

ʩʠʤʫʣʘʮʠʿʘʤʘ, ʧʨʠ ʜʚʘ ʢʨʠʪʝʨʠʿʫʤʘ: ʿʝʜʥʘʢʘ ʟʘʛʨʝʿʘʥʦʩʪ ʠ ʿʝʜʥʘʢʘ ʠʟʣʘʟʥʘ ʩʥʘʛʘ 

ʤʦʪʦʨʘ. ʈʝʟʫʣʪʘʪʠ ʩʫ ʧʦʢʘʟʘʣʠ ʜʘ ʩʤʘˁʝˁʝ ʦʪʧʦʨʥʦʩʪʠ ʩʪʘʪʦʨʘ ʧʦʚʝ˂ʘʚʘ ʝʬʠʢʘʩʥʦʩʪ 

ʠ ʩʥʘʛʫ, ʧʨʦʤʝʥʝ ʦʪʧʦʨʥʦʩʪʠ ʨʦʪʦʨʘ ʫʪʠʯʫ ʥʘ ʙʨʟʠʥʫ ʠ ʤʦʤʝʥʪ, ʘ ʠʟʙʦʨ ʯʝʣʠʢʘ ʩʘ 

ʤʘˁʠʤ ʛʫʙʠʮʠʤʘ ʟʥʘʯʘʿʥʦ ʧʦʙʦˀʰʘʚʘ ʝʬʠʢʘʩʥʦʩʪ, ʘʣʠ ʩʣʘʙʠ ʧʦʣʘʟʥʝ ʧʝʨʬʦʨʤʘʥʩʝ. 

ʋ [66] ʘʫʪʦʨʠ ʩʫ ʩʧʨʦʚʝʣʠ ʘʥʘʣʠʟʫ ʦʩʝʪˀʠʚʦʩʪʠ ʧʝʨʬʦʨʤʘʥʩʠ ʘʩʠʥʭʨʦʥʦʛ 

ʤʦʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ ʧʘʨʘʤʝʪʨʝ ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʢʦʣʘ. ɸʥʘʣʠʟʘ ʦʩʝʪˀʠʚʦʩʪʠ ʿʝ ʠʟʚʝʜʝʥʘ 

ʪʘʢʦ ʰʪʦ ʿʝ ʩʚʘʢʠ ʧʘʨʘʤʝʪʘʨ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʤʝˁʘʥ ʧʦʿʝʜʠʥʘʯʥʦ ʟʘ Ñ1%, ʥʘʢʦʥ 

ʯʝʛʘ ʿʝ ʠʟʨʘʯʫʥʘʪ ʧʨʦʮʝʥʘʪ ʧʨʦʤʝʥʝ ʧʦʿʝʜʠʥʠʭ ʨʘʜʥʠʭ ʚʝʣʠʯʠʥʘʤʘ ʤʦʪʦʨʘ. 

ʀʩʧʠʪʠʚʘʥʠ ʩʫ ʫʪʠʮʘʿʠ ʥʘ: ʬʘʢʪʦʨ ʩʥʘʛʝ, ʫʣʘʟʥʫ/ʠʟʣʘʟʥʫ ʩʥʘʛʫ, ʢʣʠʟʘˁʝ, ʩʪʝʧʝʥ 

ʠʩʢʦʨʠʰ˂ʝˁʘ, ʧʨʝʚʘʣʥʠ ʠ ʧʦʣʘʟʥʠ ʤʦʤʝʥʪ, ʢʘʦ ʠ ʩʪʨʫʿʝ ʧʨʠ ʧʦʣʘʩʢʫ ʠ ʫ ʨʘʜʫ. 

ʈʝʟʫʣʪʘʪʠ ʩʫ ʧʦʢʘʟʘʣʠ ʜʘ ʨʦʪʦʨʩʢʘ ʦʪʧʦʨʥʦʩʪ ʠ ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʩʪʘʪʦʨʘ 

ʜʦʤʠʥʘʥʪʥʦ ʫʪʠʯʫ ʥʘ ʩʪʨʫʿʫ ʩʪʘʪʦʨʘ, ʫʣʘʟʥʫ ʩʥʘʛʫ ʠ ʧʦʣʘʟʥʠ ʤʦʤʝʥʪ, ʨʘʩʠʧʥʘ 

ʨʝʘʢʪʘʥʩʘ ʠ ʦʪʧʦʨʥʦʩʪ ʩʪʘʪʦʨʘ ʥʘʿʚʠʰʝ ʫʪʠʯʫ ʥʘ ʧʨʝʚʘʣʥʠ ʤʦʤʝʥʪ, ʜʦʢ ʨʘʩʠʧʥʝ 

ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ ʫʪʠʯʫ ʥʘ ʧʦʣʘʟʥʫ ʩʪʨʫʿʫ. ɼʦʜʘʪʥʦ, ʘʥʘʣʠʟʠʨʘʥʘ ʿʝ ʠ 

ʦʩʝʪˀʠʚʦʩʪ ʫ ʦʜʥʦʩʫ ʥʘ ʥʘʧʦʥ ʠ ʬʨʝʢʚʝʥʮʠʿʫ ʥʘʧʘʿʘˁʘ. ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ʩʫ ʩʪʨʫʿʝ ʠ 

ʤʦʤʝʥʪʠ ʦʩʝʪˀʠʚʠ ʥʘ ʧʨʦʤʝʥʝ ʥʘʧʦʥʘ ʠ ʬʨʝʢʚʝʥʮʠʿʝ, ʜʦʢ ʩʪʝʧʝʥ ʠʩʢʦʨʠʰ˂ʝˁʘ ʠ 

ʬʘʢʪʦʨ ʩʥʘʛʝ ʧʨʘʢʪʠʯʥʦ ʥʠʩʫ ʧʦʛʦʹʝʥʠ. 

Hatos ʠ ʩʘʨʘʜʥʠʮʠ [67] ʩʧʨʦʚʝʣʠ ʩʫ ʘʥʘʣʠʟʫ ʦʩʝʪˀʠʚʦʩʪʠ ʫ Matlab/Simulink 

ʦʢʨʫʞʝˁʫ ʜʘ ʙʠ ʠʟʚʨʰʠʣʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʢˀʫʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʤʦʜʝʣʘ ʘʩʠʥʭʨʦʥʦʛ 

ʤʦʪʦʨʘ. ɸʥʘʣʠʟʠʨʘʥʦ ʿʝ ʪʨʠʥʘʝʩʪ ʧʘʨʘʤʝʪʘʨʘ ʤʦʪʦʨʘ ʠ ʠʥʚʝʨʪʦʨʘ, ʤʝʹʫ ʢʦʿʠʤʘ ʩʫ 

ʦʪʧʦʨʥʦʩʪʠ, ʠʥʜʫʢʪʠʚʥʦʩʪʠ, ʤʦʤʝʥʪ ʠʥʝʨʮʠʿʝ ʠ ʧʘʨʘʤʝʪʨʠ ʧʨʠʛʫʰʥʦʛ ʠ ʤʦʩʪʥʦʛ 

ʢʦʣʘ. ʋʪʠʮʘʿ ˁʠʭʦʚʝ ʚʘʨʠʿʘʮʠʿʝ ʧʦʩʤʘʪʨʘʥ ʿʝ ʢʨʦʟ ʦʜʟʠʚ ʥʘʧʦʥʘ, ʩʪʨʫʿʝ, ʙʨʟʠʥʝ ʠ 
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ʝʣʝʢʪʨʦʤʘʛʥʝʪʥʦʛ ʤʦʤʝʥʪʘ. ʈʝʟʫʣʪʘʪʠ ʩʫ ʧʦʢʘʟʘʣʠ ʜʘ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʩʪʘʪʦʨʘ ʠ 

ʨʦʪʦʨʘ ʧʨʝʜʩʪʘʚˀʘʿʫ ʢʨʠʪʠʯʥʦ ʦʩʝʪˀʠʚʝ ʧʘʨʘʤʝʪʨʝ, ʜʦʢ ʩʫ ʤʦʤʝʥʪ ʠʥʝʨʮʠʿʝ ʠ 

ʦʪʧʦʨʥʦʩʪ ʩʪʘʪʦʨʘ ʦʮʝˁʝʥʠ ʢʘʦ ʫʤʝʨʝʥʦ ʦʩʝʪˀʠʚʠ. ʄʘˁʫ ʦʩʝʪˀʠʚʦʩʪ ʧʦʢʘʟʘʣʠ ʩʫ 

ʦʪʧʦʨʥʦʩʪ ʨʦʪʦʨʘ ʠ ʤʝʹʫʠʥʜʫʢʪʠʚʥʦʩʪ, ʜʦʢ ʧʘʨʘʤʝʪʨʠ ʤʦʩʪʥʦʛ ʠ ʧʨʠʛʫʰʥʦʛ ʢʦʣʘ 

ʧʨʘʢʪʠʯʥʦ ʥʠʩʫ ʠʤʘʣʠ ʟʥʘʯʘʿʘʥ ʫʪʠʮʘʿ ʥʘ ʦʜʟʠʚ ʩʠʩʪʝʤʘ. 

ʋ [68] ʩʧʨʦʚʝʜʝʥʘ ʿʝ ʘʥʘʣʠʟʘ ʦʩʝʪˀʠʚʦʩʪʠ ʨʘʜʠ ʧʨʦʮʝʥʝ ʫʪʠʮʘʿʘ ʨʘʩʠʧʥʝ 

ʨʝʘʢʪʘʥʩʝ ʠ ʦʪʧʦʨʥʦʩʪʠ ʨʦʪʦʨʘ, ʢʘʦ ʠ ʨʝʘʢʪʘʥʩʝ ʤʘʛʥʝ˂ʝˁʘ ʥʘ ʨʝʟʫʣʪʘʪʝ ʦʜʨʝʹʠʚʘˁʘ 

ʤʦʤʝʥʪʘ ʤʦʪʦʨʘ. ɸʥʘʣʠʟʘ ʿʝ ʦʙʫʭʚʘʪʘʣʘ ʜʚʝ ʤʝʪʦʜʦʣʦʛʠʿʝ: (1) ʚʘʨʠʨʘˁʝ ʩʚʘʢʦʛ 

ʧʘʨʘʤʝʪʨʘ ʧʦʿʝʜʠʥʘʯʥʦ ʠ (2) ʬʠʢʩʠʨʘˁʝ ʧʦʿʝʜʠʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʜʦʢ ʩʝ ʦʩʪʘʣʠ ʤʝˁʘʿʫ. 

ʈʝʟʫʣʪʘʪʠ ʩʫ ʧʦʢʘʟʘʣʠ ʜʘ ʿʝ ʥʘʿʦʩʝʪˀʠʚʠʿʠ ʧʘʨʘʤʝʪʘʨ ʦʪʧʦʨʥʦʩʪ ʨʦʪʦʨʘ, ʟʘʪʠʤ 

ʨʝʘʢʪʘʥʩʘ ʤʘʛʥʝ˂ʝˁʘ, ʜʦʢ ʿʝ ʫʪʠʮʘʿ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʟʘʥʝʤʘʨˀʠʚ. ɼʦʜʘʪʥʝ 

ʩʠʤʫʣʘʮʠʿʝ ʥʘ ʨʘʟʣʠʯʠʪʠʤ ʙʨʟʠʥʘʤʘ ʧʦʢʘʟʘʣʝ ʩʫ ʜʘ ʩʫ ʛʨʝʰʢʝ ʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʠ 

ʧʘʨʘʤʝʪʘʨʘ ʧʦʩʝʙʥʦ ʢʨʠʪʠʯʥʝ ʧʨʠ ʤʘʣʠʤ ʙʨʟʠʥʘʤʘ, ʛʜʝ ʯʘʢ ʠ ʨʝʣʘʪʠʚʥʦ ʤʘʣʘ 

ʦʜʩʪʫʧʘˁʘ ʤʦʛʫ ʜʦʚʝʩʪʠ ʜʦ ʟʥʘʯʘʿʥʠʭ ʧʨʝʮʝˁʠʚʘˁʘ ʠʣʠ ʧʦʪʮʝˁʠʚʘˁʘ ʤʦʤʝʥʪʘ. 

2.3. ʇʨʝʛʣʝʜ ʜʦʢʪʦʨʩʢʠʭ ʜʠʩʝʨʪʘʮʠʿʘ 

ʋ ʨʝʣʝʚʘʥʪʥʦʿ ʣʠʪʝʨʘʪʫʨʠ ʜʦʩʪʫʧʘʥ ʿʝ ʟʥʘʯʘʿʘʥ ʙʨʦʿ ʜʦʢʪʦʨʩʢʠʭ ʜʠʩʝʨʪʘʮʠʿʘ ʢʦʿʝ 

ʩʝ ʙʘʚʝ ʨʘʟʚʦʿʝʤ ʠ ʫʥʘʧʨʝʹʝˁʝʤ ʤʝʪʦʜʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʝʣʝʢʪʨʠʯʥʠʭ ʠ 

ʤʝʭʘʥʠʯʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ. ʆʚʝ ʜʠʩʝʨʪʘʮʠʿʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʰʠʨʦʢ 

ʦʧʩʝʛ ʧʨʠʩʪʫʧʘ, ʦʜ ʭʝʫʨʠʩʪʠʯʢʠʭ ʦʧʪʠʤʠʟʘʮʠʦʥʠʭ ʤʝʪʦʜʘ ʠ ʪʝʭʥʠʢʘ ʤʘʰʠʥʩʢʦʛ 

ʫʯʝˁʘ, ʧʨʝʢʦ ʘʜʘʧʪʠʚʥʠʭ ʠ online ʘʣʛʦʨʠʪʘʤʘ, ʜʦ ʢʣʘʩʠʯʥʠʭ ʤʘʪʝʤʘʪʠʯʢʠʭ ʤʝʪʦʜʘ ʠ 

ʠʥʪʝʛʨʠʩʘʥʠʭ ʭʘʨʜʚʝʨʩʢʦ-ʩʦʬʪʚʝʨʩʢʠʭ ʩʠʩʪʝʤʘ. ʀʟ ʘʥʘʣʠʟʝ ʩʝ ʤʦʞʝ ʫʦʯʠʪʠ ʜʘ ʩʚʝ ʦʚʝ 

ʠʩʪʨʘʞʠʚʘʯʢʝ ʣʠʥʠʿʝ ʜʝʣʝ ʟʘʿʝʜʥʠʯʢʫ ʪʝʥʜʝʥʮʠʿʫ ʢʘ ʫʥʘʧʨʝʹʝˁʫ ʪʘʯʥʦʩʪʠ ʤʦʜʝʣʘ, 

ʨʦʙʫʩʥʦʩʪʠ ʫ ʜʠʥʘʤʠʯʢʠʤ ʨʝʞʠʤʠʤʘ ʠ ʤʦʛʫ˂ʥʦʩʪʠ ʧʨʠʤʝʥʝ ʫ ʨʝʘʣʥʠʤ 

ʠʥʜʫʩʪʨʠʿʩʢʠʤ ʫʩʣʦʚʠʤʘ. 

ʋ ʦʢʚʠʨʫ ʧʨʚʝ ʛʨʫʧʝ ʜʠʩʝʨʪʘʮʠʿʘ ʧʦʩʝʙʥʦ ʩʝ ʠʩʪʠʯʫ ʠʩʪʨʘʞʠʚʘˁʘ ʢʦʿʘ 

ʧʨʠʤʝˁʫʿʫ ʝʚʦʣʫʮʠʦʥʝ ʘʣʛʦʨʠʪʤʝ ʠ ʜʨʫʛʝ ʭʝʫʨʠʩʪʠʯʢʝ ʪʝʭʥʠʢʝ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ 

ʧʘʨʘʤʝʪʘʨʘ ʥʘ ʦʩʥʦʚʫ ʦʛʨʘʥʠʯʝʥʦʛ ʩʝʪʘ ʤʝʨʝʥʠʭ ʚʝʣʠʯʠʥʘ, ʥʘʿʯʝʰ˂ʝ ʪʦʢʦʤ 

ʪʨʘʥʟʠʿʝʥʪʥʠʭ ʩʪʘˁʘ. Kampision [69] ʧʨʠʤʝˁʫʿʝ ʛʝʥʝʪʩʢʠ ʘʣʛʦʨʠʪʘʤ ʫ offline ʨʝʞʠʤʫ 

ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ, ʘʥʘʣʠʟʠʨʘʿʫ˂ʠ ʪʨʘʥʟʠʿʝʥʪʥʝ 



36 

 

ʦʜʟʠʚʝ ʫ ʚʝʢʪʦʨʩʢʠ ʢʦʥʪʨʦʣʠʩʘʥʦʤ ʧʦʛʦʥʫ. ʎʠˀ ʿʝ ʧʦʩʪʠʟʘˁʝ ʚʠʩʦʢʝ ʧʨʝʮʠʟʥʦʩʪʠ 

ʥʝʦʧʭʦʜʥʝ ʟʘ ʦʜʚʘʿʘˁʝ ʬʣʫʢʩʘ ʠ ʦʙʨʪʥʦʛ ʤʦʤʝʥʪʘ ʤʦʪʦʨʘ. ʇʦʢʘʟʘʥʦ ʿʝ ʜʦʙʨʦ 

ʧʦʢʣʘʧʘˁʝ ʜʦʙʠʿʝʥʠʭ ʠ ʠʟʤʝʨʝʥʠʭ ʨʝʟʫʣʪʘʪʘ, ʘ ʧʨʠʿʘʚˀʝʥʠ ʨʝʟʫʣʪʘʪʠ ʪʘʢʦʹʝ ʫʢʘʟʫʿʫ 

ʥʘ ʠʟʨʘʞʝʥ ʫʪʠʮʘʿ ʨʘʜʥʠʭ ʫʩʣʦʚʘ (ʢʘʦ ʰʪʦ ʩʫ ʦʧʪʝʨʝ˂ʝˁʝ ʠ ʤʘʛʥʝʪʥʦ ʟʘʩʠ˂ʝˁʝ) ʥʘ 

ʚʨʝʜʥʦʩʪʠ ʨʝʘʢʪʘʥʩʝ ʤʘʛʥʝ˂ʝˁʘ ʠ ʦʪʧʦʨʥʦʩʪʠ ʨʦʪʦʨʘ. ʉʣʠʯʘʥ ʧʨʠʩʪʫʧ ʧʨʠʤʝˁʫʿʝ ʠ 

ɹʘʿʨʝʢʪʘʨʝʚʠ˂ [70], ʢʦʿʘ ʢʦʨʠʩʪʠ ʛʝʥʝʪʩʢʠ ʘʣʛʦʨʠʪʘʤ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ 

ʥʘ ʦʩʥʦʚʫ ʧʦʜʘʪʘʢʘ ʧʨʠ ʪʝʩʪʫ ʩʣʦʙʦʜʥʦʛ ʫʙʨʟʘˁʘ ʤʦʪʦʨʘ. ɼʦʙʠʿʝʥʠ ʧʘʨʘʤʝʪʨʠ, 

ʠʟʤʝʨʝʥʠ ʢʦʨʠʰ˂ʝˁʝʤ ʩʠʩʪʝʤʘ ʟʘ ʘʢʚʠʟʠʮʠʿʫ ʧʦʜʘʪʘʢʘ ʠ LabVIEW ʩʦʬʪʚʝʨʘ, ʧʦʢʘʟʫʿʫ 

ʚʠʩʦʢʫ ʩʘʛʣʘʩʥʦʩʪ ʩʘ ʨʝʬʝʨʝʥʪʥʠʤ IEEE ʩʪʘʥʜʘʨʜʥʠʤ ʪʝʩʪʦʚʠʤʘ. Abdel-Rehim [71], 

ʨʘʟʚʠʿʘ ʤʝʪʦʜ ʢʦʿʠ ʢʦʤʙʠʥʫʿʝ ʛʝʥʝʪʩʢʠ ʘʣʛʦʨʠʪʘʤ ʠ ʦʧʪʠʤʠʟʘʮʠʿʫ ʨʦʿʝʤ ʯʝʩʪʠʮʘ ʟʘ 

ʝʬʠʢʘʩʥʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʝʣʝʢʪʨʠʯʥʠʭ ʠ ʤʝʭʘʥʠʯʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ. 

ɸʫʪʦʨ ʥʘʛʣʘʰʘʚʘ ʜʘ ʦʚʘʿ ʧʨʠʩʪʫʧ, ʠʘʢʦ ʧʨʠʧʘʜʘ ʢʣʘʩʠ ʩʣʘʙʠʭ ʧʨʦʮʝʜʫʨʘ ʧʨʝʪʨʘʛʝ, 

ʦʤʦʛʫ˂ʘʚʘ ʧʦʫʟʜʘʥʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʥʘ ʦʩʥʦʚʫ ʦʛʨʘʥʠʯʝʥʦʛ ʩʝʪʘ ʫʣʘʟʥʠʭ 

ʧʦʜʘʪʘʢʘ (ʩʘʤʦ ʤʝʨʝˁʘ ʩʪʘʪʦʨʩʢʠʭ ʥʘʧʦʥʘ ʠ ʩʪʨʫʿʘ). ʊʝʩʪʠʨʘˁʝ ʿʝ ʠʟʚʝʜʝʥʦ ʪʦʢʦʤ 

ʩʣʦʙʦʜʥʦʛ ʫʙʨʟʘˁʘ ʤʦʪʦʨʘ ʧʨʠ ʢʦʥʩʪʘʥʪʥʦʿ ʬʨʝʢʚʝʥʮʠʿʠ, ʘ ʜʦʙʠʿʝʥʠ ʧʘʨʘʤʝʪʨʠ ʩʫ 

ʧʦʢʘʟʘʣʠ ʜʦʙʨʫ ʩʘʛʣʘʩʥʦʩʪ ʩʘ IEEE ʩʪʘʥʜʘʨʜʥʠʤ ʪʝʩʪʦʚʠʤʘ. Rengarajan [72], 

ʧʨʝʜʩʪʘʚˀʘ ʩʣʦʞʝʥʠʿʠ, ʚʠʰʝʩʣʦʿʥʠ ʧʨʠʩʪʫʧ ʟʘ ʘʫʪʦʤʘʪʠʟʘʮʠʿʫ ʧʨʦʮʝʩʘ ʧʦʜʝʰʘʚʘˁʘ 

ʧʘʨʘʤʝʪʘʨʘ (ʝʥʛ. Parameter Tuning), ʧʨʚʝʥʩʪʚʝʥʦ ʥʘʤʝˁʝʥ ʟʘ ʜʝʪʝʢʮʠʿʫ ʠ ʠʟʦʣʘʮʠʿʫ 

ʢʚʘʨʦʚʘ. ʆʚʘʿ ʧʨʠʩʪʫʧ ʠʥʪʝʛʨʠʰʝ ʪʝʭʥʠʢʝ ʚʝʰʪʘʯʢʝ ʠʥʪʝʣʠʛʝʥʮʠʿʝ ʢʘʦ ʰʪʦ ʩʫ Quasi-

Monte Carlo ʫʟʦʨʢʦʚʘˁʝ ʠ ʛʝʥʝʪʩʢʠ ʘʣʛʦʨʠʪʘʤ ʩʘ ʧʨʦʰʠʨʝʥʠʤ ʂʘʣʤʘʥʦʚʠʤ 

ʬʠʣʪʝʨʦʤ. ʍʝʫʨʠʩʪʠʯʢʠ ʤʝʪʦʜʠ (GA ʠ Quasi-Monte Carlo) ʤʦʛʫ ʧʦʫʟʜʘʥʦ ʜʘ 

ʠʜʝʥʪʠʬʠʢʫʿʫ ʧʘʨʘʤʝʪʨʝ ʢʦʨʠʩʪʝ˂ʠ batch estimator (ʥʘ ʦʩʥʦʚʫ ʧʨʠʢʫʧˀʝʥʦʛ ʩʢʫʧʘ 

ʧʦʜʘʪʘʢʘ, ʰʪʦ ʿʝ ʨʘʯʫʥʘʨʩʢʠ ʟʘʭʪʝʚʥʦ ʠ offline), ʜʦʢ ʧʨʦʰʠʨʝʥʠ ʂʘʣʤʘʥʦʚ ʬʠʣʪʝʨ 

ʦʤʦʛʫ˂ʘʚʘ online ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ, ʛʜʝ ʩʝ ʘʞʫʨʠʨʘˁʝ ʚʨʰʠ ʥʘ ʦʩʥʦʚʫ 

ʪʝʢʫ˂ʠʭ ʤʝʨʝˁʘ. ʈʘʜ ʧʦʪʚʨʹʫʿʝ ʤʦʛʫ˂ʥʦʩʪ ʧʨʠʤʝʥʝ ʦʚʦʛ ʧʨʠʩʪʫʧʘ ʥʘ ʘʩʠʥʭʨʦʥʝ 

ʤʦʪʦʨʝ ʨʘʟʣʠʯʠʪʠʭ ʥʘʟʠʚʥʠʭ ʩʥʘʛʘ. 

ɼʨʫʛʠ ʩʝʛʤʝʥʪ ʜʠʩʝʨʪʘʮʠʿʘ ʫʩʤʝʨʝʥ ʿʝ ʥʘ ʨʘʟʚʦʿ online ʘʜʘʧʪʠʚʥʠʭ ʘʣʛʦʨʠʪʘʤʘ 

ʧʦʛʦʜʥʠʭ ʟʘ ʧʨʠʤʝʥʝ ʫ ʥʘʧʨʝʜʥʠʤ ʝʣʝʢʪʨʦʤʦʪʦʨʥʠʤ ʧʦʛʦʥʠʤʘ, ʫʢˀʫʯʫʿʫ˂ʠ ʠ 

ʧʦʛʦʥʩʢʝ ʩʠʩʪʝʤʝ ʫ ʝʣʝʢʪʨʠʯʥʠʤ ʠ ʭʠʙʨʠʜʥʠʤ ʚʦʟʠʣʠʤʘ. Hasan [73] ʫ ʦʢʚʠʨʫ ʩʚʦʛ 

ʠʩʪʨʘʞʠʚʘˁʘ ʬʦʢʫʩʠʨʘʥʦʛ ʥʘ ʧʦʛʦʥʩʢʠ ʤʦʪʦʨ (ʘʩʠʥʭʨʦʥʘ ʤʘʰʠʥʘ) ʭʠʙʨʠʜʥʦʛ 
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ʝʣʝʢʪʨʠʯʥʦʛ ʚʦʟʠʣʘ, ʨʘʟʚʠʿʘ Luenberger-sliding ʤʝʪʦʜʫ ʩʘ online ʧʨʠʣʘʛʦʹʘʚʘˁʝʤ 

ʧʘʨʘʤʝʪʘʨʘ. ʆʚʘ ʤʝʪʦʜʘ ʦʤʦʛʫ˂ʘʚʘ ʩʪʘʙʠʣʥʫ ʠ ʧʨʝʮʠʟʥʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʦʜ 

ʜʠʥʘʤʠʯʢʠʤ ʫʩʣʦʚʠʤʘ ʠ ʫʩʣʦʚʠʤʘ ʙʨʟʝ ʧʨʦʤʝʥʝ ʦʧʪʝʨʝ˂ʝˁʘ, ʰʪʦ ʿʝ ʢˀʫʯʥʦ ʟʘ 

ʧʨʠʤʝʥʫ ʫ ʝʣʝʢʪʨʠʯʥʠʤ ʚʦʟʠʣʠʤʘ. ɺʘʣʠʜʘʮʠʿʘ ʘʣʛʦʨʠʪʤʘ ʠʟʚʨʰʝʥʘ ʿʝ ʢʦʨʠʰ˂ʝˁʝʤ  

ʚʠʨʪʫʝʣʥʠʭ ʩʠʤʫʣʘʮʠʿʘ ʬʠʟʠʯʢʦʛ ʩʠʩʪʝʤʘ, ʯʠʤʝ ʿʝ ʧʦʪʚʨʹʝʥʘ ʙʨʟʘ ʢʦʥʚʝʨʛʝʥʮʠʿʘ 

ʧʘʨʘʤʝʪʘʨʘ ʠ ʦʜʣʠʯʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʦʜʟʠʚʘ ʧʦʛʦʥʘ. Karanayil [74], ʩʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, 

ʧʨʠʤʝˁʫʿʝ ʚʝʰʪʘʯʢʝ ʥʝʫʨʦʥʩʢʝ ʤʨʝʞʝ ʠ fuzzy ʣʦʛʠʯʢʝ ʩʠʩʪʝʤʝ ʢʘʢʦ ʙʠ ʦʤʦʛʫ˂ʠʦ 

ʚʝʦʤʘ ʙʨʟʫ ʠ ʨʦʙʫʩʥʫ online ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʦʪʧʦʨʥʦʩʪʠ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ ʫ 

ʩʠʩʪʝʤʠʤʘ ʩʘ ʨʦʪʦʨʩʢʠ ʦʨʠʿʝʥʪʠʩʘʥʦʤ ʢʦʥʪʨʦʣʦʤ. ɸʫʪʦʨ ʿʝ ʨʝʰʠʦ ʧʨʦʙʣʝʤ 

ʦʜʨʝʹʠʚʘˁʘ ʬʣʫʢʩʘ ʨʦʪʦʨʘ ʨʘʟʚʦʿʝʤ ʘʣʪʝʨʥʘʪʠʚʥʦʛ ʩʠʥʪʝʪʠʟʘʪʦʨʘ ʬʣʫʢʩʘ. ɳʝʛʦʚʠ 

ʨʝʟʫʣʪʘʪʠ ʜʝʤʦʥʩʪʨʠʨʘʿʫ ʩʫʧʝʨʠʦʨʥʦʩʪ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʟʘʩʥʦʚʘʥʝ ʥʘ 

ʥʝʫʨʦʥʩʢʠʤ ʤʨʝʞʘʤʘ (ʧʦʩʝʙʥʦ feedforward ʠ recurrent ʤʨʝʞʘʤʘ) ʥʘʜ PI ʠ fuzzy 

ʤʝʪʦʜʘʤʘ, ʢʘʢʦ ʫ ʧʦʛʣʝʜʫ ʜʠʥʘʤʠʢʝ, ʪʘʢʦ ʠ ʫ ʫʩʣʦʚʠʤʘ ʧʨʦʤʝʥʝ ʪʝʤʧʝʨʘʪʫʨʝ ʤʦʪʦʨʘ, 

ʦʤʦʛʫ˂ʘʚʘʿʫ˂ʠ ʨʘʜ ʙʝʟ ʩʝʥʟʦʨʘ ʙʨʟʠʥʝ. 

ɼʝʦ ʣʠʪʝʨʘʪʫʨʝ ʦʙʫʭʚʘʪʘ ʠ ʨʘʜʦʚʝ ʢʦʿʠ ʨʘʟʚʠʿʘʿʫ ʢʣʘʩʠʯʥʝ ʤʘʪʝʤʘʪʠʯʢʝ 

ʤʝʪʦʜʦʣʦʛʠʿʝ ʟʘ ʨʝʰʘʚʘˁʝ ʥʝʣʠʥʝʘʨʥʠʭ ʧʨʦʙʣʝʤʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʤʦʪʦʨʘ. Wang [75], ʧʨʝʜʩʪʘʚˀʘ online ʤʝʪʦʜ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ 

ʧʘʨʘʤʝʪʘʨʘ ʩʠʩʪʝʤʘ ʯʠʿʠ ʩʫ ʨʝʛʨʝʩʠʦʥʠ ʤʦʜʝʣʠ ʥʝʣʠʥʝʘʨʥʠ ʫ ʧʘʨʘʤʝʪʨʠʤʘ, ʢʘʦ ʰʪʦ 

ʿʝ ʩʣʫʯʘʿ ʢʦʜ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʫʩʣʝʜ ʥʝʤʝʨˀʠʚʠʭ ʩʪʘˁʘ ʨʦʪʦʨʘ. ɸʫʪʦʨ ʧʨʠʤʝˁʫʿʝ 

ʪʝʦʨʠʿʫ ʝʣʠʤʠʥʘʮʠʿʝ ʟʘ ʧʨʝʬʦʨʤʫʣʘʮʠʿʫ ʥʝʣʠʥʝʘʨʥʦʛ ʧʨʦʙʣʝʤʘ ʥʘʿʤʘˁʠʭ ʢʚʘʜʨʘʪʘ ʫ 

ʩʠʩʪʝʤ ʿʝʜʥʘʯʠʥʘ ʫ ʦʙʣʠʢʫ ʧʦʣʠʥʦʤʘ. ʊʘʢʘʚ ʩʠʩʪʝʤ ʤʦʞʝ ʙʠʪʠ ʨʝʝhʥ ʫ ʢʦʥʘʯʥʦʤ 

ʙʨʦʿʫ ʢʦʨʘʢʘ, ʯʠʤʝ ʩʝ ʠʟʙʝʛʘʚʘ ʧʦʪʨʝʙʘ ʟʘ ʫʦʙʠʯʘʿʝʥʠʤ ʧʦʿʝʜʥʦʩʪʘʚˀʫʿʫ˂ʠʤ 

ʧʨʝʪʧʦʩʪʘʚʢʘʤʘ, ʢʘʦ ʰʪʦ ʿʝ ʧʨʝʪʧʦʩʪʘʚʢʘ ʩʧʦʨʦ ʧʨʦʤʝʥˀʠʚʝ ʙʨʟʠʥʝ, ʢʦʿʘ ʩʝ ʠʥʘʯʝ 

ʢʦʨʠʩʪʠ ʧʨʠ ʤʦʜʝʣʠʨʘˁʫ ʘʩʠʥʭʨʦʥʠʭ ʤʘʰʠʥʘ. Li [76], ʨʘʟʚʠʿʘ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦ-

ʘʣʛʝʙʘʨʩʢʠ ʧʨʠʩʪʫʧ ʢʦʿʠʤ ʩʝ ʙʨʟʠʥʘ ʠ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʨʦʪʦʨʘ ʤʦʛʫ ʦʜʨʝʜʠʪʠ 

ʠʩʢˀʫʯʠʚʦ ʥʘ ʦʩʥʦʚʫ ʠʟʤʝʨʝʥʠʭ ʩʪʘʪʦʨʩʢʠʭ ʥʘʧʦʥʘ ʠ ʩʪʨʫʿʘ. ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ʩʝ ʙʨʟʠʥʘ 

ʤʦʞʝ ʠʟʨʘʟʠʪʠ ʢʘʦ ʨʝʰʝˁʝ ʿʝʜʥʘʯʠʥʘ ʜʨʫʛʦʛ ʠ ʪʨʝ˂ʝʛ ʩʪʝʧʝʥʘ, ʯʠʿʠ ʢʦʝʬʠʮʠʿʝʥʪʠ 

ʟʘʚʠʩʝ ʦʜ ʠʟʤʝʨʝʥʠʭ ʧʘʨʘʤʝʪʘʨʘ. ʆʚʘʢʦ ʦʜʨʝʹʝʥʘ ʙʨʟʠʥʘ ʩʝ ʟʘʪʠʤ ʢʦʨʠʩʪʠ ʢʘʦ ʫʣʘʟ ʟʘ 

ʘʜʘʧʪʠʚʥʫ Luenberger-ʦʚʫ ʤʝʪʦʜʫ ʢʘʢʦ ʙʠ ʩʝ ʜʦʙʠʣʘ ʧʦʫʟʜʘʥʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ. ʆʚʘʿ 

ʧʨʠʩʪʫʧ ʦʙʝʟʙʝʹʫʿʝ ʚʠʩʦʢʫ ʪʘʯʥʦʩʪ ʯʘʢ ʠ ʫ ʨʝʞʠʤʠʤʘ ʤʘʣʠʭ ʙʨʟʠʥʘ (ʫʢˀʫʯʫʿʫ˂ʠ ʠ 



38 

 

ʥʫʣʪʫ ʙʨʟʠʥʫ), ʰʪʦ ʿʝ ʪʨʘʜʠʮʠʦʥʘʣʥʦ ʧʨʝʜʩʪʘʚˀʘʣʦ ʟʥʘʯʘʿʘʥ ʠʟʘʟʦʚ ʫ ʩʠʩʪʝʤʠʤʘ 

ʚʝʢʪʦʨʩʢʝ ʢʦʥʪʨʦʣʝ. 

ʋ ʦʙʣʘʩʪʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʿʝʜʥʦʬʘʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʟʥʘʯʘʿʘʥ 

ʿʝ ʨʘʜ Huynh-ʘ [77], ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘ ʩʚʝʦʙʫʭʚʘʪʥʫ, ʚʠʰʝʩʪʝʧʝʥʫ ʤʝʪʦʜʦʣʦʛʠʿʫ 

ʧʦʛʦʜʥʫ ʟʘ ʤʦʜʝʣʠʨʘˁʝ ʢʘʢʦ ʩʪʘʮʠʦʥʘʨʥʠʭ, ʪʘʢʦ ʠ ʪʨʘʥʟʠʿʝʥʪʥʠʭ ʦʜʟʠʚʘ ʤʘʰʠʥʝ. 

ʄʝʪʦʜʦʣʦʛʠʿʘ ʩʝ ʩʘʩʪʦʿʠ ʦʜ ʪʨʠ ʬʘʟʝ. ʇʦʯʝʪʥʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ: ʢʦʨʠʰ˂ʝˁʝ Newton-

Raphson-ʦʚʦʛ ʧʦʩʪʫʧʢʘ ʟʘ ʠʥʠʮʠʿʘʣʥʦ ʨʝʰʘʚʘˁʝ ʩʠʩʪʝʤʘ ʥʝʣʠʥʝʘʨʥʠʭ ʿʝʜʥʘʯʠʥʘ ʠ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʢʘʦ ʰʪʦ ʩʫ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʠ ʦʪʧʦʨʥʦʩʪ ʨʦʪʦʨʘ ʥʘ ʦʩʥʦʚʫ 

ʩʪʘʮʠʦʥʘʨʥʠʭ ʤʝʨʝˁʘ. ʇʨʝʮʠʟʥʦ ʧʦʜʝʰʘʚʘˁʝ: ʧʨʠʤʝʥʘ ʥʝʣʠʥʝʘʨʥʝ ʦʧʪʠʤʠʟʘʮʠʿʝ 

ʥʘʿʤʘˁʠʭ ʢʚʘʜʨʘʪʘ, ʢʦʨʠʰ˂ʝˁʝʤ Levenberg-Marquardt-ʦʚʦʛ ʘʣʛʦʨʠʪʤʘ, ʯʠʤʝ ʩʝ 

ʧʘʨʘʤʝʪʨʠ ʬʠʥʦ ʧʦʜʝʰʘʚʘʿʫ ʥʘ ʦʩʥʦʚʫ ʤʝʨʝˁʘ ʧʨʠʢʫʧˀʝʥʠʭ ʪʦʢʦʤ ʧʦʣʘʟʥʠʭ 

ʪʨʘʥʟʠʿʝʥʘʪʘ. ʇʨʘ˂ʝˁʝ ʧʘʨʘʤʝʪʘʨʘ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ: ʫʧʦʪʨʝʙʘ ʧʨʦʰʠʨʝʥʦʛ 

ʂʘʣʤʘʥʦʚʦʛ ʬʠʣʪʝʨʘ ʟʘ ʧʨʘ˂ʝˁʝ ʚʨʝʤʝʥʩʢʠ ʧʨʦʤʝʥˀʠʚʝ ʧʦʣʘʟʥʝ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ. 

ʆʚʘʿ ʢʦʨʘʢ, ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʬʘʟʦʤ ʥʝʣʠʥʝʘʨʥʝ ʦʧʪʠʤʠʟʘʮʠʿʝ ʤʝʪʦʜʦʤ ʥʘʿʤʘˁʠʭ 

ʢʚʘʜʨʘʪʘ, ʟʘʭʪʝʚʘ ʠʩʢˀʫʯʠʚʦ ʧʨʠʢʫʧˀʘˁʝ ʧʦʜʘʪʘʢʘ ʪʦʢʦʤ ʥʦʨʤʘʣʥʠʭ ʧʨʝʣʘʟʥʠʭ 

ʨʝʞʠʤʘ. ʇʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ʠʤʘ ʟʥʘʯʘʿʥʫ ʧʨʘʢʪʠʯʥʫ ʚʨʝʜʥʦʩʪ, ʿʝʨ ʿʝ ʜʠʨʝʢʪʥʦ 

ʧʨʠʤʝʥˀʠʚʘ ʫ online ʜʠʿʘʛʥʦʩʪʠʮʠ ʠ ʧʨʦʛʥʦʟʠ ʩʪʘˁʘ ʘʩʠʥʭʨʦʥʝ ʤʘʰʠʥʝ. 

ɿʥʘʯʘʿʘʥ ʜʦʧʨʠʥʦʩ ʦʚʦʿ ʦʙʣʘʩʪʠ ʧʨʝʜʩʪʘʚˀʘ ʜʠʩʝʨʪʘʮʠʿʘ Tabatabaei-Yazdi-ʿʘ 

[78], ʢʦʿʘ ʦʧʠʩʫʿʝ ʨʘʟʚʦʿ ʥʦʚʝ ʠʥʪʝʛʨʠʩʘʥʝ ʤʝʪʦʜʝ ʟʘ online ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ 

ʧʘʨʘʤʝʪʘʨʘ ʪʨʦʬʘʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ. ʆʚʘ ʤʝʪʦʜʘ ʿʝ 

ʟʘʩʥʦʚʘʥʘ ʥʘ ʥʘʧʨʝʜʥʦʤ ʩʠʩʪʝʤʫ ʟʘ ʘʢʚʠʟʠʮʠʿʫ ʧʦʜʘʪʘʢʘ ʩʘ ʜʠʛʠʪʘʣʥʠʤ ʧʨʦʮʝʩʦʨʦʤ 

ʩʠʛʥʘʣʘ, ʢʦʿʠ ʦʤʦʛʫ˂ʘʚʘ ʧʨʝʮʠʟʥʦ ʠ ʜʠʥʘʤʠʯʥʦ ʤʝʨʝˁʝ ʩʚʠʭ ʧʦʪʨʝʙʥʠʭ ʚʝʣʠʯʠʥʘ 

(ʩʪʨʫʿʝ, ʥʘʧʦʥʘ, ʩʥʘʛʝ ʠ ʙʨʟʠʥʝ) ʪʦʢʦʤ ʧʨʦʮʝʩʘ ʧʦʣʘʩʢʘ ʤʦʪʦʨʘ. ʂˀʫʯʥʘ ʠʥʦʚʘʮʠʿʘ 

ʣʝʞʠ ʫ ʢʦʨʠʰ˂ʝˁʫ ʠʥʚʝʨʪʦʨʘ ʩʘ ʩʠʥʫʩʦʠʜʥʦʤ ʤʦʜʫʣʘʮʠʿʦʤ ʟʘ ʩʠʥʪʝʪʠʯʢʦ 

ʦʧʪʝʨʝ˂ʝˁʝ, ʯʠʤʝ ʩʝ ʫ ʧʦʪʧʫʥʦʩʪʠ ʝʣʠʤʠʥʠʰʝ ʧʦʪʨʝʙʘ ʟʘ ʛʣʦʤʘʟʥʠʤ ʠ ʩʢʫʧʠʤ 

ʤʝʭʘʥʠʯʢʠʤ ʜʠʥʘʤʦʤʝʪʨʠʤʘ. ɸʫʪʦʨ ʧʦʢʘʟʫʿʝ ʜʘ ʦʚʘʿ ʧʨʠʩʪʫʧ ʟʥʘʯʘʿʥʦ ʩʢʨʘ˂ʫʿʝ ʚʨʝʤʝ 

ʪʝʩʪʠʨʘˁʘ, ʦʙʝʟʙʝʹʫʿʝ ʚʠʩʦʢʫ ʪʘʯʥʦʩʪ ʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʠ ʧʘʨʘʤʝʪʘʨʘ ʨʘʟʣʠʯʠʪʠʭ 

ʪʠʧʦʚʘ ʨʦʪʦʨʘ. 

ʂʘʦ ʪʨʝ˂ʠ ʩʝʛʤʝʥʪ ʣʠʪʝʨʘʪʫʨʝ, ʠʟʜʚʘʿʘʿʫ ʩʝ ʨʘʜʦʚʠ ʬʦʢʫʩʠʨʘʥʠ ʥʘ ʤʝʪʦʜʦʣʦʛʠʿʝ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʥʝʦʧʭʦʜʥʠʭ ʟʘ ʝʢʦʥʦʤʠʯʥʝ ʧʦʛʦʥʝ, ʢʘʦ ʠ ʥʘ ʧʨʠʤʝʥʫ 
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ʥʘʧʨʝʜʥʠʭ ʦʧʪʠʤʠʟʘʮʠʦʥʠʭ ʘʣʛʦʨʠʪʘʤʘ ʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʠ ʧʘʨʘʤʝʪʘʨʘ ʠ ʜʠʿʘʛʥʦʩʪʠʮʠ 

ʢʚʘʨʦʚʘ. ʆzyurt [79] ʩʝ ʬʦʢʫʩʠʨʘ ʥʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʠ ʙʨʟʠʥʝ ʘʩʠʥʭʨʦʥʠʭ 

ʤʦʪʦʨʘ ʢʦʨʠʩʪʝ˂ʠ ʢʘʪʘʣʦʰʢʝ ʧʦʜʘʪʢʝ ʧʨʦʠʟʚʦʹʘʯʘ ʠ ʿʝʜʥʦʩʪʘʚʥʘ ʤʝʨʝˁʘ, ʫʟ 

ʧʨʠʤʘʨʥʠ ʮʠˀ ʜʘ ʩʝ ʜʦʙʠʿʫ ʤʝʪʦʜʝ ʧʦʛʦʜʥʝ ʟʘ ʝʢʦʥʦʤʠʯʥʝ ʧʦʛʦʥʝ. ɸʫʪʦʨ ʠʩʪʨʘʞʫʿʝ ʠ 

ʧʨʝʜʣʘʞʝ ʚʠʰʝ ʤʝʪʦʜʘ offline ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ, ʧʨʠʣʘʛʦʹʝʥʠʭ ʩʢʘʣʘʨʥʦʿ 

ʢʦʥʪʨʦʣʠ, ʝʣʠʤʠʥʠʰʫ˂ʠ ʧʦʪʨʝʙʫ ʟʘ ʩʢʫʧʠʤ ʩʪʘʥʜʘʨʜʥʠʤ ʪʝʩʪʦʚʠʤʘ (ʢʘʦ ʰʪʦ ʩʫ ʪʝʩʪ 

ʧʨʘʟʥʦʛ ʭʦʜʘ ʠ ʪʝʩʪ ʢʨʘʪʢʦʛ ʩʧʦʿʘ). Duan [80] ʧʨʝʜʩʪʘʚˀʘ ʢʦʤʧʣʝʢʩʥʫ ʤʝʪʦʜʦʣʦʛʠʿʫ 

ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʠ ʜʠʿʘʛʥʦʩʪʠʢʫ ʢʚʘʨʦʚʘ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ 

ʢʦʨʠʰ˂ʝˁʝʤ ʦʧʪʠʤʠʟʘʮʠʦʥʠʭ ʘʣʛʦʨʠʪʘʤʘ. ʂˀʫʯʥʠ ʜʦʧʨʠʥʦʩ ʿʝ ʫ ʧʨʠʤʝʥʠ Sparse 

Grid ʦʧʪʠʤʠʟʘʮʠʿʝ (ʧʦʩʝʙʥʦ Hyperbolic Cross Point Algorithm-HCPA) ʟʘ ʧʨʝʮʠʟʥʫ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ. ʊʘʢʦ ʠʜʝʥʪʠʬʠʢʦʚʘʥʠ ʧʘʨʘʤʝʪʨʠ ʩʝ ʟʘʪʠʤ ʢʦʨʠʩʪʝ ʢʘʦ 

ʦʩʥʦʚʘ ʟʘ ʛʝʥʝʨʠʯʢʫ ʤʝʪʦʜʫ ʜʝʪʝʢʮʠʿʝ ʢʚʘʨʦʚʘ, ʫʢˀʫʯʫʿʫ˂ʠ ʠ ʢʨʘʪʢʝ ʩʧʦʿʝʚʝ ʥʘ 

ʩʪʘʪʦʨʫ. 

ʀʘʢʦ ʤʝʹʫʥʘʨʦʜʥʘ ʣʠʪʝʨʘʪʫʨʘ ʦʙʫʭʚʘʪʘ ʚʝʣʠʢʠ ʙʨʦʿ ʜʠʩʝʨʪʘʮʠʿʘ ʢʦʿʝ ʩʝ ʙʘʚʝ 

ʨʘʟʣʠʯʠʪʠʤ ʘʩʧʝʢʪʠʤʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ, ʦʜ 

ʭʝʫʨʠʩʪʠʯʢʝ ʦʧʪʠʤʠʟʘʮʠʿʝ, ʧʨʝʢʦ ʘʣʛʝʙʘʨʩʢʠʭ ʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦ-ʘʣʛʝʙʘʨʩʢʠʭ ʤʝʪʦʜʘ, 

ʜʦ online ʘʜʘʧʪʘʮʠʿʝ ʫ ʩʣʦʞʝʥʠʤ ʫʧʨʘʚˀʘʯʢʠʤ ʩʪʨʫʢʪʫʨʘʤʘ, ʫʦʯʘʚʘ ʩʝ ʧʦʪʨʝʙʘ ʟʘ 

ʜʘˀʠʤ ʫʥʘʧʨʝʹʝˁʝʤ ʪʘʯʥʦʩʪʠ, ʨʦʙʫʩʥʦʩʪʠ ʠ ʧʨʠʤʝʥˀʠʚʦʩʪʠ ʧʨʝʜʣʦʞʝʥʠʭ ʧʨʠʩʪʫʧʘ. 

ʋ ʜʦʤʘ˂ʦʿ ʥʘʫʯʥʦʿ ʟʘʿʝʜʥʠʮʠ ʦʚʘʿ ʧʨʦʙʣʝʤ ʨʘʟʤʘʪʨʘʥ ʿʝ ʫ ʤʘˁʝʤ ʙʨʦʿʫ ʜʠʩʝʨʪʘʮʠʿʘ, 

ʢʦʿʝ ʩʝ ʦʜʣʠʢʫʿʫ ʚʠʩʦʢʠʤ ʩʪʝʧʝʥʦʤ ʨʝʣʝʚʘʥʪʥʦʩʪʠ. ʋʚʠʜ ʫ ʨʘʩʧʦʣʦʞʠʚʝ ʠʟʚʦʨʝ 

ʧʦʢʘʟʫʿʝ ʜʘ ʩʫ ʫ ʜʦʤʘ˂ʦʿ ʣʠʪʝʨʘʪʫʨʠ ʧʨʦʥʘʹʝʥʝ ʜʚʝ ʜʠʩʝʨʪʘʮʠʿʝ ʢʦʿʝ ʩʝ ʜʠʨʝʢʪʥʦ ʙʘʚʝ 

ʘʥʘʣʠʟʦʤ ʧʘʨʘʤʝʪʘʨʘ ʘʩʠʥʭʨʦʥʠʭ ʤʘʰʠʥʘ. ɳʠʭʦʚ ʪʝʤʘʪʩʢʠ ʬʦʢʫʩ ʠ ʤʝʪʦʜʦʣʦʰʢʠ 

ʧʨʠʩʪʫʧ ʯʠʥʝ ʠʭ ʟʥʘʯʘʿʥʠʤ ʟʘ ʢʦʤʧʘʨʘʮʠʿʫ ʩʘ ʛʣʦʙʘʣʥʠʤ ʠʩʪʨʘʞʠʚʘʯʢʠʤ ʪʦʢʦʚʠʤʘ, 

ʧʘ ʩʝ ʫ ʥʘʩʪʘʚʢʫ ʜʘʿʝ ˁʠʭʦʚ ʩʘʞʝʪʠ ʧʨʝʛʣʝʜ. ɼʠʩʝʨʪʘʮʠʿʘ ʇʦʧʦʚʘ [81], ʧʨʝʜʩʪʘʚˀʘ 

ʤʝʪʦʜ ʥʝʠʥʚʘʟʠʚʥʦʛ ʦʜʨʝʹʠʚʘˁʘ ʪʝʤʧʝʨʘʪʫʨʝ ʨʦʪʦʨʘ ʙʝʟ ʢʦʨʠʰ˂ʝˁʘ ʜʦʜʘʪʥʠʭ 

ʩʝʥʟʦʨʘ. ʄʝʪʦʜʘ ʩʝ ʦʩʣʘˁʘ ʥʘ ʘʥʘʣʠʟʫ ʚʠʩʦʢʦʬʨʝʢʚʝʥʪʥʠʭ ʢʦʤʧʦʥʝʥʘʪʘ ʩʪʘʪʦʨʩʢʠʭ 

ʥʘʧʦʥʘ ʠ ʩʪʨʫʿʘ, ʢʦʿʝ ʩʫ ʛʝʥʝʨʠʩʘʥʝ ʩʘʤʠʤ ʝʥʝʨʛʝʪʩʢʠʤ ʧʨʝʪʚʘʨʘʯʝʤ (ʠʥʚʝʨʪʦʨʦʤ) ʢʘʦ 

ʧʦʩʣʝʜʠʮʘ PWM ʢʦʤʫʪʘʮʠʿʘ. ɸʫʪʦʨ ʧʦʢʘʟʫʿʝ ʜʘ ʩʝ ʥʘ ʚʠʰʠʤ ʬʨʝʢʚʝʥʮʠʿʘʤʘ, ʫʩʣʝʜ 

ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ, ʤʦʛʫ ʧʦʫʟʜʘʥʦ ʦʜʨʝʜʠʪʠ ʪʝʤʧʝʨʘʪʫʨʥʦ ʟʘʚʠʩʥʠ ʧʘʨʘʤʝʪʨʠ ʢʘʦ 

ʰʪʦ ʿʝ ʨʦʪoʨʩʢʘ ʦʪʧʦʨʥʦʩʪ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʚʘʣʠʜʘʮʠʿʘ ʥʘ ʚʠʰʝ ʪʠʧʦʚʘ ʤʦʪʦʨʘ ʠ 



40 

 

ʨʘʟʣʠʯʠʪʠʤ ʧʨʝʪʚʘʨʘʯʠʤʘ ʧʦʪʚʨʹʫʿʝ ʜʘ ʤʝʪʦʜ ʤʦʞʝ ʙʠʪʠ ʧʨʠʤʝʥˀʠʚ ʫ 

ʨʝʘʣʥʦʚʨʝʤʝʥʩʢʠʤ ʫʧʨʘʚˀʘʯʢʠʤ ʩʪʨʫʢʪʫʨʘʤʘ. ɼʠʩʝʨʪʘʮʠʿʘ ʂʠʨʘˀʘ [82] ʨʘʟʚʠʿʘ 

ʧʨʦhʠʨʝʥʠ ʤʝʪʦʜ ʧʨʦʩʪʦʨʥʠʭ ʚʝʢʪʦʨʘ ʟʘʩʥʦʚʘʥ ʥʘ ʨʝʰʘʚʘˁʫ ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ 

ʤʝʪʦʜʦʤ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ. ʇʨʝʜʣʦʞʝʥʠ ʧʦʩʪʫʧʘʢ ʦʤʦʛʫ˂ʘʚʘ ʧʨʝʮʠʟʥʠʿʫ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ, ʫʢˀʫʯʫʿʫ˂ʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʠ 

ʨʦʪoʨʩʢʫ ʦʪʧʦʨʥʦʩʪ, ʥʘ ʦʩʥʦʚʫ ʬʘʟʦʨʘ ʩʪʨʫʿʘ ʠ ʬʣʫʢʩʥʠʭ ʦʙʫʭʚʘʪʘ ʜʦʙʠʿʝʥʠʭ ʠʟ FEM 

ʨʝʰʝˁʘ. ʇʦʩʝʙʥʘ ʚʨʝʜʥʦʩʪ ʨʘʜʘ ʿʝ ʫ ʤʦʛʫ˂ʥʦʩʪʠ ʠʟʜʚʘʿʘˁʘ ʧʨʦʩʪʦʨʥʠʭ ʭʘʨʤʦʥʠʢʘ 

ʨʦʪoʨʩʢʠʭ ʩʪʨʫʿʘ ʠ ʘʥʘʣʠʟʝ ˁʠʭʦʚʦʛ ʫʪʠʮʘʿʘ ʥʘ ʤʦʤʝʥʪ (ʫʢˀʫʯʫʿʫ˂ʠ ʢʦʤʧʦʥʝʥʪʝ 

ʢʦʯʠʦʥʦʛ ʤʦʤʝʥʪʘ). ɺʝʨʠʬʠʢʘʮʠʿʘ ʧʦʩʪʫʧʢʘ ʥʘ ʥʠʩʢʦʥʘʧʦʥʩʢʦʤ ʠ ʚʠʩʦʢʦʥʘʧʦʥʩʢʦʤ 

ʤʦʪʦʨʫ ʧʦʪʚʨʹʫʿʝ ˁʝʛʦʚʫ ʧʨʝʮʠʟʥʦʩʪ ʠ ʜʦʙʨʫ ʩʘʛʣʘʩʥʦʩʪ ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ ʜʦʙʠʿʝʥʠʤ 

ʘʥʘʣʠʪʠʯʢʠʤ ʤʦʜʝʣʠʤʘ ʠ ʄʘʢʩʚʝʣʦʚʠʤ ʩʪʨʝʩ-ʪʝʥʟʦʨʦʤ (ʝʥʛ. Maxwell stress tensor). 

ʋ ʮʝʣʠʥʠ, ʘʥʘʣʠʟʠʨʘʥʝ ʜʠʩʝʨʪʘʮʠʿʝ ʫʢʘʟʫʿʫ ʥʘ ʰʠʨʦʢʫ ʨʘʟʥʦʚʨʩʥʦʩʪ ʧʨʠʩʪʫʧʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ, ʘʣʠ ʠ ʥʘ ʿʘʩʥʫ ʢʦʥʚʝʨʛʝʥʮʠʿʫ ʢʘ 

ʤʝʪʦʜʘʤʘ ʢʦʿʝ ʦʙʝʟʙʝʹʫʿʫ ʚʠʩʦʢʫ ʪʘʯʥʦʩʪ, ʤʦʛʫ˂ʥʦʩʪ online ʧʨʠʤʝʥʝ ʠ ʨʦʙʫʩʥʦ 

ʧʦʥʘʰʘˁʝ ʫ ʨʝʘʣʥʠʤ ʨʘʜʥʠʤ ʫʩʣʦʚʠʤʘ. ʆʚʘ ʠʩʪʨʘʞʠʚʘˁʘ ʧʨʝʜʩʪʘʚˀʘʿʫ ʟʥʘʯʘʿʥʫ 

ʦʩʥʦʚʫ ʟʘ ʜʘˀʠ ʨʘʟʚʦʿ ʥʘʧʨʝʜʥʠʭ ʤʝʪʦʜʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʠ ʤʦʜʝʣʠʨʘˁʘ 

ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ.  
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3. ʄɸʊɽʄɸʊʀʏʂʀ ʄʆɼɽʃʀ ʂɸɺɽɿʅʆɻ ɸʉʀʅʍʈʆʅʆɻ ʄʆʊʆʈɸ 

ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʦʙʨʘʹʝʥʘ ʿʝ ʧʨʦʙʣʝʤʘʪʠʢʘ ʤʦʜʝʣʦʚʘˁʘ ʢʘʚʝʟʥʦʛ ʘʩʠʥʭʨʦʥʦʛ 

ʤʦʪʦʨʘ ʧʦʤʦ˂ʫ ʟʘʤʝʥʩʢʝ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ. ɼʝʪʘˀʥʦ ʩʫ ʦʧʠʩʘʥʘ ʪʨʠ ʤʘʪʝʤʘʪʠʯʢʘ 

ʤʦʜʝʣʘ: ʿʝʜʥʦʢʘʚʝʟʥʠ ʤʦʜʝʣ, ʜʚʦʢʘʚʝʟʥʠ ʤʦʜʝʣ, ʢʘʦ ʠ ʿʝʜʥʦʢʘʚʝʟʥʠ ʤʦʜʝʣ ʩʘ 

ʫʚʘʞʘʚʘˁʝʤ ʧʨʝʣʘʟʥʠʭ ʧʨʦʮʝʩʘ ʥʘ ʨʦʪʦʨʫ. 

3.1. ɱʝʜʥʦʢʘʚʝʟʥʠ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣ 

ʅʘʿʟʘʩʪʫʧˀʝʥʠʿʠ ʥʘʯʠʥ ʤʦʜʝʣʦʚʘˁʘ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʟʘʩʥʠʚʘ ʩʝ ʥʘ ʫʧʦʪʨʝʙʠ 

ʿʝʜʥʦʢʘʚʝʟʥʦʛ ʤʘʪʝʤʘʪʠʯʢʦʛ ʤʦʜʝʣʘ, ʦʜʥʦʩʥʦ ʪʘʢʦʟʚʘʥʝ Ăʊò ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ. ʆʚʘ 

ʰʝʤʘ ʧʨʝʜʩʪʘʚˀʝʥʘ ʿʝ ʥʘ ʉʣ. 3.1, ʠ ʧʨʝʜʩʪʘʚˀʘ ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʠ ʤʦʜʝʣ ʢʦʿʠ 

ʦʤʦʛʫ˂ʘʚʘ ʘʥʘʣʠʟʫ ʝʣʝʢʪʨʦʤʘʛʥʝʪʥʦʛ ʧʦʥʘʰʘˁʘ ʤʦʪʦʨʘ ʫ ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʪʘˁʫ. 

ʊʦʧʦʣʦʛʠʿʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʿʝʜʥʦʢʘʚʝʟʥʦʛ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʦʙʫʭʚʘʪʘ ʜʚʝ 

ʦʩʥʦʚʥʝ ʛʨʘʥʝ: ʨʝʜʥʫ ʠ ʧʘʨʘʣʝʣʥʫ. ʋ ʨʝʜʥʦʿ ʛʨʘʥʠ ʥʘʣʘʟʝ ʩʝ ʦʪʧʦʨʥʦʩʪ ʠ ʨʘʩʠʧʥʘ 

ʨʝʘʢʪʘʥʩʘ ʩʪʘʪʦʨʘ (Rs ʠ Xs), ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʝʣʝʢʪʨʠʯʥʝ ʛʫʙʠʪʢʝ ʠ ʨʘʩʠʧʥʠ ʬʣʫʢʩ ʫ 

ʥʘʤʦʪʘʿʠʤʘ ʩʪʘʪʦʨʘ. ʇʘʨʘʣʝʣʥʦ ʩʘ ʦʚʦʤ ʛʨʘʥʦʤ ʥʘʣʘʟʠ ʩʝ ʛʨʘʥʘ ʤʘʛʥʝ˂ʝˁʘ, ʢʦʿʘ ʩʝ 

ʩʘʩʪʦʿʠ ʦʜ ʨʝʘʢʪʘʥʩʝ ʤʘʛʥʝ˂ʝˁʘ (Xm) ʠ ʦʪʧʦʨʥʦʩʪʠ ʩʨʘʟʤʝʨʥʝ ʛʫʙʠʮʠʤʘ ʩʥʘʛʝ 

ʤʘʛʥʝʪʥʦʛ ʢʦʣʘ (Rfe). ʀʧʘʢ, ʧʦʰʪʦ ʿʝ ʚʨʝʜʥʦʩʪ ʦʚʝ ʦʪʧʦʨʥʦʩʪʠ ʦʙʠʯʥʦ ʤʥʦʛʦ ʚʝ˂ʘ ʦʜ 

ʚʨʝʜʥʦʩʪʠ ʨʝʘʢʪʘʥʩʝ ʤʘʛʥʝ˂ʝˁʘ, ʩʪʨʫʿʘ ʢʦʿʘ ʧʨʦʪʠʯʝ ʢʨʦʟ ʦʚʫ ʦʪʧʦʨʥʦʩʪ ʿʝ ʚʝʦʤʘ 

ʤʘʣʘ, ʧʘ ʿʝ ˁʝʥ ʫʪʠʮʘʿ ʟʘʥʝʤʘʨˀʠʚ. ʇʦʨʝʜ ʪʦʛʘ ʫ ʘʥʘʣʠʟʠ ʨʘʜʘ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʫ 

ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʪʘˁʫ ʛʫʙʠʮʠ ʫ ʤʘʛʥʝʪʥʦʤ ʢʦʣʫ ʩʝ ʯʝʩʪʦ ʨʘʯʫʥʘʿʫ ʫ ʦʢʚʠʨʫ 

ʤʝʭʘʥʠʯʢʠʭ ʛʫʙʠʪʘʢʘ, ʧʘ ʩʝ ʦʪʧʦʨʥʦʩʪ (Rfe) ʫ ʧʨʘʢʩʠ ʥʘʿʯʝʰ˂ʝ ʟʘʥʝʤʘʨʫʿʝ. ʉʘ ʜʝʩʥʝ 

ʩʪʨʘʥʝ ʛʨʘʥʝ ʤʘʛʥʝ˂ʝˁʘ ʥʘʣʘʟʝ ʩʝ ʦʪʧʦʨʥʦʩʪ ʠ ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ (Rr ʠ Xr), 

ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʝʣʝʢʪʨʠʯʥʝ ʛʫʙʠʪʢʝ ʠ ʨʘʩʠʧʥʠ ʬʣʫʢʩ ʫ ʥʘʤʦʪʘʿʠʤʘ ʨʦʪʦʨʘ. 

ʆʩʪʘʣʝ ʦʟʥʘʢʝ ʥʘ ʝʢʚʠʚʘʣʝʥʪʥʦʿ ʰʝʤʠ ʠʤʘʿʫ ʩʣʝʜʝ˂ʘ ʟʥʘʯʝˁʘ: 

Uph - ʬʘʟʥʠ ʥʘʧʦʥ ʩʪʘʪʦʨʘ; 

Is - ʬʘʟʥʘ ʩʪʨʫʿʘ ʩʪʘʪʦʨʘ; 

Ir - ʬʘʟʥʘ ʩʪʨʫʿʘ ʨʦʪʦʨʘ; 

Im - ʩʪʨʫʿʘ ʤʘʛʥʝ˂ʝˁʘ; 

s - ʢʣʠʟʘˁʝ. 
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ʉʣ. 3.1 ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʧʦ ʬʘʟʠ ʿʝʜʥʦʢʘʚʝʟʥʦʛ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ [13, 39] 

ʅʘ ʦʩʥʦʚʫ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʩʘ ʉʣ. 3.1 ʤʦʛʫ ʩʝ ʠʟʚʝʩʪʠ ʠʟʨʘʟʠ ʟʘ ʩʪʨʫʿʝ 

ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ ʢʘʦ ʬʫʥʢʮʠʿʝ ʢʣʠʟʘˁʘ [13, 39]: 
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ʛʜʝ ʿʝ ʩʘ p( )Z s  ʧʨʝʜʩʪʘʚˀʝʥʘ ʝʢʚʠʚʘʣʝʥʪʥʘ ʠʤʧʝʜʘʥʩʘ ʧʘʨʘʣʝʣʥʝ ʚʝʟʝ ʛʨʘʥʝ 

ʤʘʛʥʝ˂ʝˁʘ ʠ ʨʦʪʦʨʩʢʝ ʛʨʘʥʝ, ʜʘʪʘ ʩʣʝʜʝ˂ʠʤ ʠʟʨʘʟʦʤ: 
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ɽʣʝʢʪʨʦʤʘʛʥʝʪʥʠ ʤʦʤʝʥʪ ʤʦʪʦʨʘ ʫ ʬʫʥʢʮʠʿʠ ʢʣʠʟʘˁʘ ʧʨʝʜʩʪʘʚˀʝʥ ʿʝ ʩʣʝʜʝ˂ʠʤ 

ʠʟʨʘʟʦʤ: 
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ɿʘʤʝʥʦʤ ʥʘʟʠʚʥʦʛ ʢʣʠʟʘˁʘ (snom) ʫ ʿʝʜʥʘʯʠʥʠ (3.4) ʜʦʙʠʿʘ ʩʝ ʥʘʟʠʚʥʠ ʤʦʤʝʥʪ 

ʤʦʪʦʨʘ Mnom, ʧʨʠ ʯʝʤʫ ʩʝ ʥʘʟʠʚʥʦ ʢʣʠʟʘˁʝ ʦʜʨʝʹʫʿʝ ʥʘ ʦʩʥʦʚʫ ʩʣʝʜʝ˂ʝʛ ʠʟʨʘʟʘ: 
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ʛʜʝ ʩʫ ʩʘ 'n  ʠ nnom ʦʟʥʘʯʝʥʝ ʩʠʥʭʨʦʥʘ ʠ ʥʘʟʠʚʥʘ ʙʨʟʠʥʘ ʤʦʪʦʨʘ. 

ʇʨʝʚʘʣʥʠ ʤʦʤʝʥʪ ʤʦʪʦʨʘ (Mpr) ʜʦʙʠʿʘ ʩʝ ʟʘʤʝʥʦʤ ʧʨʝʚʘʣʥʦʛ ʢʣʠʟʘˁʘ (spr) ʫ 

ʿʝʜʥʘʯʠʥʫ (3.4). ɺʨʝʜʥʦʩʪ ʧʨʝʚʘʣʥʦʛ ʢʣʠʟʘˁʘ ʤʦʞʝ ʩʝ ʦʜʨʝʜʠʪʠ ʧʨʝʤʘ ʩʣʝʜʝ˂ʦʿ 

ʬʦʨʤʫʣʠ: 
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ʋ ʿʝʜʥʘʯʠʥʠ (3.6) (RTh) ʠ (XTh) ʧʨʝʜʩʪʘʚˀʘʿʫ ʨʝʘʣʘʥ ʠ ʠʤʘʛʠʥʘʨʘʥ ʜʝʦ 

ʊʝʚʝʥʝʥʦʚʝ ʠʤʧʝʜʘʥʩʝ (ZTh): 
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,             (3.7) 

{ } { }Th Th Th ThRe ,    ImR Z X Z= = .             (3.8) 

ɿʘ ʦʜʨʝʹʠʚʘˁʝ ʧʦʣʘʟʥʦʛ ʤʦʤʝʥʪʘ ʤʦʪʦʨʘ (Mpol) ʫ ʿʝʜʥʘʯʠʥʠ (3.4) ʧʦʪʨʝʙʥʦ ʿʝ 

ʫʚʨʩʪʠʪʠ ʧʦʣʘʟʥʦ ʢʣʠʟʘˁʝ (spol = 1). 

ʇʨʠʚʠʜʥʘ ʩʥʘʛʘ ʤʦʪʦʨʘ ʢʦʿʘ ʩʝ ʧʨʠ ʥʘʟʠʚʥʦʤ ʦʧʪʝʨʝ˂ʝˁʫ ʫʟʠʤʘ ʠʟ ʤʨʝʞʝ, ʢʘʦ ʠ 

ˁʝʥʘ ʘʢʪʠʚʥʘ ʠ ʨʝʘʢʪʠʚʥʘ ʢʦʤʧʦʥʝʥʪʘ ʤʦʛʫ ʩʝ ʦʜʨʝʜʠʪʠ ʧʨʝʢʦ ʩʣʝʜʝ˂ʠʭ ʠʟʨʘʟʘ: 

[ ]sel.nom ph nom3 ( )S U I s
*

= Ö Ö ,              (3.9) 

{ } { }el.nom nom el.nom nomRe ( ) ,    Im ( )P S s Q S s= = .          (3.10) 

ʆʚʘʢʦ ʦʜʨʝʹʝʥʝ ʚʨʝʜʥʦʩʪʠ ʘʢʪʠʚʥʝ ʠ ʨʝʘʢʪʠʚʥʝ ʩʥʘʛʝ ʤʦʪʦʨʘ ʢʦʨʠʩʪʝ ʩʝ ʫ ʠʟʨʘʟʫ 

ʟʘ ʥʘʟʠʚʥʠ ʬʘʢʪʦʨ ʩʥʘʛʝ ʤʦʪʦʨʘ: 

el.nom
nom

el.nom

cos cos arctan
Q

P
j

è øå õ
= é ùæ ö

é ùç ÷ê ú
.           (3.11) 
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3.1.1. ʇʨʝʜʥʦʩʪʠ ʠ ʦʛʨʘʥʠʯʝˁʘ ʿʝʜʥʦʢʘʚʝʟʥʦʛ ʤʘʪʝʤʘʪʠʯʢʦʛ ʤʦʜʝʣʘ 

ɱʝʜʥʦʢʘʚʝʟʥʠ ʤʦʜʝʣ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʠʤʘ ʥʝʢʦʣʠʢʦ ʧʨʝʜʥʦʩʪʠ ʢʦʿʝ ʛʘ ʯʠʥʝ 

ʢʦʨʠʩʥʠʤ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ. ɿʙʦʛ ʤʘʣʦʛ ʙʨʦʿʘ ʧʘʨʘʤʝʪʘʨʘ, 

ʦʚʘʿ ʤʦʜʝʣ ʿʝ ʿʝʜʥʦʩʪʘʚʘʥ ʟʘ ʧʨʠʤʝʥʫ, ʣʘʢʦ ʩʝ ʢʦʨʠʩʪʠ ʫ ʫʧʨʘʚˀʘʯʢʠʤ ʘʣʛʦʨʠʪʤʠʤʘ ʠ 

ʥʝ ʟʘʭʪʝʚʘ ʚʝʣʠʢʝ ʨʘʯʫʥʘʨʩʢʝ ʨʝʩʫʨʩʝ. ʇʨʫʞʘ ʜʦʚʦˀʥʫ ʪʘʯʥʦʩʪ ʟʘ ʦʧʠʩ ʨʘʜʘ ʤʦʪʦʨʘ ʫ 

ʫʩʪʘˀʝʥʦʤ ʨʝʞʠʤʫ ʨʘʜʘ ʫ ʙʣʠʟʠʥʠ ʥʘʟʠʚʥʝ ʙʨʟʠʥʝ. 

ʀʧʘʢ, ʥʝ ʦʙʫʭʚʘʪʘ ʫʪʠʮʘʿ ʜʚʦʩʪʨʫʢʦʛ ʢʘʚʝʟʘ ʥʘ ʨʦʪʦʨʫ ʠʣʠ ʜʫʙʦʢʠʭ ʞʣʝʙʦʚʘ, 

ʰʪʦ ʛʘ ʯʠʥʠ ʥʝʧʦʫʟʜʘʥʠʤ ʟʘ ʘʥʘʣʠʟʫ ʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʧʨʠ ʧʦʣʘʩʢʫ 

ʤʦʪʦʨʘ. ɿʙʦʛ ʪʦʛʘ ʥʠʿʝ ʧʦʛʦʜʘʥ ʟʘ ʧʨʠʤʝʥʝ ʛʜʝ ʿʝ ʚʘʞʥʦ ʪʘʯʥʦ ʦʜʨʝʜʠʪʠ ʧʦʣʘʟʥʠ 

ʤʦʤʝʥʪ ʠ ʩʪʨʫʿʫ, ʧʦʩʝʙʥʦ ʫ ʫʩʣʦʚʠʤʘ ʦʧʪʝʨʝ˂ʝʥʦʛ ʧʦʣʘʩʢʘ. ɿʙʦʛ ʪʠʭ ʦʛʨʘʥʠʯʝˁʘ, 

ʿʝʜʥʦʢʘʚʝʟʥʠ ʤʦʜʝʣ ʯʝʩʪʦ ʥʠʿʝ ʜʦʚʦˀʘʥ ʟʘ ʧʨʝʮʠʟʥʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʫ 

ʮʝʣʦʤ ʨʘʜʥʦʤ ʦʧʩʝʛʫ ʤʦʪʦʨʘ. 

3.2. ɼʚʦʢʘʚʝʟʥʠ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣ 

ɼʨʫʛʠ ʥʘʯʠʥ ʤʦʜʝʣʦʚʘˁʘ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʿʝ ʧʨʝʢʦ ʜʚʦʢʘʚʝʟʥʦʛ ʤʦʜʝʣʘ, ʢʦʿʠ 

ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ ʉʣ. 3.2 [13, 31]. ʋ ʦʜʥʦʩʫ ʥʘ ʿʝʜʥʦʢʘʚʝʟʥʠ ʤʦʜʝʣ, ʢʦʜ ʦʚʦʛ ʤʦʜʝʣʘ ʿʝ ʥʘ 

ʨʦʪʦʨʫ ʜʦʜʘʪʘ ʿʦʰ ʿʝʜʥʘ ʧʦʧʨʝʯʥʘ ʛʨʘʥʘ, ʢʦʿʘ ʧʨʝʜʩʪʘʚˀʘ ʩʧʦˀʘʰˁʠ ʢʘʚʝʟ, ʪʘʢʦʟʚʘʥʠ 

ʧʦʣʘʟʥʠ ʢʘʚʝʟ. ʅʘ ʦʚʘʿ ʥʘʯʠʥ ʩʝ ʧʦʩʪʠʞʝ ʧʨʝʮʠʟʥʠʿʝ ʤʦʜʝʣʦʚʘˁʝ ʧʦʥʘʰʘˁʘ ʤʦʪʦʨʘ 

ʪʦʢʦʤ ʧʦʣʘʩʢʘ. 

ʅʘ ʉʣ. 3.2, ʦʟʥʘʢʝ ʩʪʘʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʠ ʧʘʨʘʤʝʪʘʨʘ ʛʨʘʥʝ ʤʘʛʥʝ˂ʝˁʘ ʩʫ ʠʩʪʝ 

ʢʘʦ ʢʦʜ ʿʝʜʥʦʢʘʚʝʟʥʦʛ ʤʦʜʝʣʘ. ʈʦʪʦʨʩʢʠ ʧʘʨʘʤʝʪʨʠ ʠʤʘʿʫ ʩʣʝʜʝ˂ʝ ʦʟʥʘʢʝ: 

Rr_nom - ʦʤʩʢʘ ʦʪʧʦʨʥʦʩʪ ʫʥʫʪʨʘʰˁʝʛ ʢʘʚʝʟʘ ʨʦʪʦʨʘ; 

Xr_nom - ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʫʥʫʪʨʘʰˁʝʛ ʢʘʚʝʟʘ ʨʦʪʦʨʘ; 

Rr_pol - ʦʤʩʢʘ ʦʪʧʦʨʥʦʩʪ ʩʧʦˀʘʰˁʝʛ ʢʘʚʝʟʘ ʨʦʪʦʨʘ; 

Xr_pol - ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʩʧʦˀʘʰˁʝʛ ʢʘʚʝʟʘ ʨʦʪʦʨʘ; 

Ir_nom - ʬʘʟʥʘ ʩʪʨʫʿʘ ʫʥʫʪʨʘʰˁʝʛ ʢʘʚʝʟʘ ʨʦʪʦʨʘ; 

Ir_pol - ʬʘʟʥʘ ʩʪʨʫʿʘ ʩʧʦˀʘʰˁʝʛ ʢʘʚʝʟʘ ʨʦʪʦʨʘ. 
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sR sX

mX
r_nomX

r_nomR

s

phU

sI

ʉʪʘʪʦʨʩʢʘ ʛʨʘʥʘ

mI

ɻʨʘʥʘ ʤʘʛʥʝ˂ʝˁʘ

r_polX

r_polR

sr_polI
r_nomI

ɻʨʘʥʘ ʫʥʫʪʨʘh ʝˁʛ

ʢʘʚʝʟʘ ʨʦʪʦʨʘ

ɻʨʘʥʘ ʩʧʦˀ ʘh ʝˁʛ

ʢʘʚʝʟʘ ʨʦʪʦʨʘ  

ʉʣ. 3.2 ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʧʦ ʬʘʟʠ ʜʚʦʢʘʚʝʟʥʦʛ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ [13, 31] 

ʋ ʜʚʦʢʘʚʝʟʥʦʤ ʤʦʜʝʣʫ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʧʨʝʢʦ ʧʘʨʘʤʝʪʘʨʘ ʫʥʫʪʨʘʰˁʝʛ ʢʘʚʝʟʘ 

ʦʧʠʩʫʿʝ ʩʝ ʥʘʟʠʚʥʠ ʨʘʜʥʠ ʨʝʞʠʤ ʤʦʪʦʨʘ, ʜʦʢ ʩʝ ʧʨʝʢʦ ʧʘʨʘʤʝʪʘʨʘ ʩʧʦˀʘʰˁʝʛ ʢʘʚʝʟʘ 

ʦʧʠʩʫʿʝ ʧʦʥʘʰʘˁʝ ʤʦʪʦʨʘ ʧʨʠ ʧʦʣʘʩʢʫ. 

ʅʘ ʦʩʥʦʚʫ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʧʨʝʜʩʪʘʚˀʝʥʝ ʥʘ ʉʣ. 3.2 ʤʦʛʫ ʩʝ ʠʟʚʝʩʪʠ 

ʘʥʘʣʠʪʠʯʢʠ ʠʟʨʘʟʠ ʢʦʿʠ ʦʤʦʛʫ˂ʘʚʘʿʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʤʦʪʦʨʘ: 

ʉʪʨʫʿʘ ʩʪʘʪʦʨʘ ʫ ʬʫʥʢʮʠʿʠ ʢʣʠʟʘˁʘ: 

ph

s

p2s s

( )
( )

U
I s

R jX Z s
=
+ +

.            (3.12) 

ʉʪʨʫʿʘ ʫʥʫʪʨʘʰˁʝʛ ʢʘʚʝʟʘ ʨʦʪʦʨʘ ʫ ʬʫʥʢʮʠʿʠ ʢʣʠʟʘˁʘ: 

p2 s

r_nom
r_nom

r_nom

( ) ( )
( )

Z s I s
I s

R
jX

s

Ö
=

+

.            (3.13) 

ʉʪʨʫʿʘ ʩʧʦˀʘʰˁʝʛ ʢʘʚʝʟʘ ʨʦʪʦʨʘ ʫ ʬʫʥʢʮʠʿʠ ʢʣʠʟʘˁʘ: 

p2 s

r_pol
r_pol

r_pol

( ) ( )
( )

Z s I s
I s

R
jX

s

Ö
=

+

,            (3.14) 
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ʛʜʝ ʩʠʤʙʦʣ p2( )Z s  ʦʟʥʘʯʘʚʘ ʝʢʚʠʚʘʣʝʥʪʥʫ ʠʤʧʝʜʘʥʩʫ ʧʘʨʘʣʝʣʥʝ ʚʝʟʝ ʛʨʘʥʝ 

ʤʘʛʥʝ˂ʝˁʘ, ʫʥʫʪʨʘʰˁʝ ʠ ʩʧʦˀʘʰˁʝ ʨʦʪʦʨʩʢʝ ʛʨʘʥʝ, ʜʝʬʠʥʠʩʘʥʝ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 

p2

r_nom r_polm
r_nom r_pol

1
( )

1 1 1
Z s

R RjX
jX jX

s s

=

+ +

+ +

.         (3.15) 

ɽʣʝʢʪʦʤʘʛʥʝʪʥʠ ʤʦʤʝʥʪ ʤʦʪʦʨʘ ʫ ʬʫʥʢʮʠʿʠ ʢʣʠʟʘˁʘ ʧʨʝʜʩʪʘʚˀʝʥ ʿʝ ʩʣʝʜʝ˂ʠʤ 

ʠʟʨʘʟʦʤ:  

2 2r_nom r_pol

r_nom r_pol

s

3
( ) ( ) ( )

R Rp
M s I s I s

s sw

å õ
è ø è ø= +æ öê ú ê ú
ç ÷

.         (3.16) 

ʂʘʦ ʠ ʢʦʜ ʿʝʜʥʦʢʘʚʝʟʥʦʛ ʤʘʪʝʤʘʪʠʯʢʦʛ ʤʦʜʝʣʘ ʟʘʤʝʥʦʤ ʥʘʟʠʚʥʦʛ snom, ʧʨʝʚʘʣʥʦʛ 

spr ʠ ʧʦʣʘʟʥʦʛ spol = 1 ʢʣʠʟʘˁʘ ʫ ʿʝʜʥʘʯʠʥʠ (3.16) ʜʦʙʠʿʘʿʫ ʩʝ ʥʘʟʠʚʥʠ Mnom, ʧʨʝʚʘʣʥʠ 

Mpr ʠ ʧʦʣʘʟʥʠ Mpol ʤʦʤʝʥʪ ʤʦʪʦʨʘ. ʀʟʨʘʟ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʥʘʟʠʚʥʦʛ ʢʣʠʟʘˁʘ ʠʩʪʠ ʿʝ ʢʘʦ 

ʢʦʜ ʿʝʜʥʦʢʘʚʝʟʥʦʛ ʤʦʜʝʣʘ, ʪʿ. ʠʟʨʘʟ (3.5). ʇʦʣʘʟʥʦ ʢʣʠʟʘˁʝ ʩʝ ʪʘʢʦʹʝ ʧʦʩʪʘʚˀʘ ʥʘ 

ʿʝʜʠʥʠʮʫ, ʜʦʢ ʩʝ ʧʨʝʚʘʣʥʦ ʢʣʠʟʘˁʝ ʦʜʨʝʹʫʿʝ ʨʝʰʘʚʘˁʝʤ ʩʣʝʜʝ˂ʝ ʿʝʜʥʘʯʠʥʝ: 

pr( )
0

dM s

ds
= .              (3.17) 

ʇʨʠʚʠʜʥʘ, ʘʢʪʠʚʥʘ ʠ ʨʝʘʢʪʠʚʥʘ ʩʥʘʛʘ ʢʦʿʝ ʤʦʪʦʨ ʫʟʠʤʘ ʠʟ ʤʨʝʞʝ, ʢʘʦ ʠ ʥʘʟʠʚʥʠ 

ʬʘʢʪʦʨ ʩʥʘʛʝ ʤʦʪʦʨʘ ʦʜʨʝʹʫʿʫ ʩʝ ʥʘ ʠʩʪʠ ʥʘʯʠʥ ʢʘʦ ʠ ʢʦʜ ʿʝʜʥʦʢʘʚʝʟʥʦʛ ʤʦʜʝʣʘ, 

ʦʜʥʦʩʥʦ ʧʨʝʢʦ ʿʝʜʥʘʯʠʥʘ (3.9) ʜʦ (3.11). 

3.2.1. ʇʨʝʜʥʦʩʪʠ ʠ ʦʛʨʘʥʠʯʝˁʘ ʜʚʦʢʘʚʝʟʥʦʛ ʤʘʪʝʤʘʪʠʯʢʦʛ ʤʦʜʝʣʘ 

ɼʚʦʢʘʚʝʟʥʠ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʦʤʦʛʫ˂ʘʚʘ ʧʨʝʮʠʟʥʠʿʝ 

ʦʧʠʩʠʚʘˁʝ ʧʦʥʘʰʘˁʘ ʤʦʪʦʨʘ ʫ ʰʠʨʝʤ ʦʧʩʝʛʫ ʨʘʜʘ, ʫʢˀʫʯʫʿʫ˂ʠ ʧʦʣʘʟʘʢ ʧʦʜ 

ʦʧʪʝʨʝ˂ʝˁʝʤ. ɿʘʭʚʘˀʫʿʫ˂ʠ ʜʦʜʘʪʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ ʢʦʿʠ ʤʦʜʝʣʫʿʫ ʫʥʫʪʨʘʰˁʠ ʠ 

ʩʧʦˀʘʰˁʠ ʢʘʚʝʟ ʥʘ ʨʦʪʦʨʫ, ʦʚʘʿ ʤʦʜʝʣ ʦʤʦʛʫ˂ʘʚʘ ʨʝʘʣʠʩʪʠʯʥʫ ʩʠʤʫʣʘʮʠʿʫ ʧʦʣʘʟʥʠʭ 

ʩʪʨʫʿʘ ʠ ʤʦʤʝʥʪʘ, ʰʪʦ ʛʘ ʯʠʥʠ ʧʦʛʦʜʥʠʤ ʟʘ ʤʦʪʦʨʝ ʩʘ ʜʚʦʩʪʨʫʢʠʤ ʢʘʚʝʟʦʤ ʠ ʜʫʙʦʢʠʤ 

ʞʣʝʙʦʚʠʤʘ. ʇʦʨʝʜ ʪʦʛʘ, ʧʨʠʤʝʥˀʠʚ ʿʝ ʫ ʜʠʥʘʤʠʯʢʠʤ ʘʥʘʣʠʟʘʤʘ ʠ ʫ ʨʘʟʚʦʿʫ 

ʥʘʧʨʝʜʥʠʭ ʫʧʨʘʚˀʘʯʢʠʭ ʘʣʛʦʨʠʪʘʤʘ. ʄʝʹʫʪʠʤ, ʫʩʣʝʜ ʚʝ˂ʝʛ ʙʨʦʿʘ ʧʘʨʘʤʝʪʘʨʘ, 
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ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʿʝ ʩʣʦʞʝʥʠʿʘ, ʠ ʟʘʭʪʝʚʘ ʚʝ˂ʝ ʨʘʯʫʥʘʨʩʢʝ ʨʝʩʫʨʩʝ ʫ ʧʦʨʝʹʝˁʫ ʩʘ 

ʿʝʜʥʦʩʪʘʚʥʠʿʠʤ ʤʦʜʝʣʠʤʘ. ɿʙʦʛ ʪʦʛʘ ʩʝ ʜʚʦʢʘʚʝʟʥʠ ʤʦʜʝʣ ʢʦʨʠʩʪʠ ʢʘʜʘ ʿʝ ʧʦʪʨʝʙʥʘ 

ʚʝ˂ʘ ʪʘʯʥʦʩʪ ʠ ʜʝʪʘˀʥʠʿʘ ʘʥʘʣʠʟʘ ʧʦʥʘʰʘˁʘ ʤʦʪʦʨʘ ʫ ʨʘʟʣʠʯʠʪʠʤ ʨʝʞʠʤʠʤʘ ʨʘʜʘ. 

3.3. ɱʝʜʥʦʢʘʚʝʟʥʠ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣ ʩʘ ʫʚʘʞʘʚʘˁʝʤ ʫʪʠʮʘʿʘ ʧʦʚʨʰʠʥʩʢʦʛ 

ʝʬʝʢʪʘ 

ʅʘ ʉʣ. 3.3 ʧʨʠʢʘʟʘʥʘ ʿʝ ʝʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʧʦ ʬʘʟʠ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʩʘ 

ʫʚʘʞʘʚʘˁʝʤ ʧʨʦʤʝʥʝ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʫʩʣʝʜ ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ. ʆʚʘ 

ʝʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʥʘ ʧʨʚʠ ʧʦʛʣʝʜ ʠʟʛʣʝʜʘ ʠʜʝʥʪʠʯʥʦ ʢʘʦ ʢʦʜ ʢʣʘʩʠʯʥʦʛ 

ʿʝʜʥʦʢʘʚʝʟʥʦʛ ʤʦʜʝʣʘ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ. ʄʝʹʫʪʠʤ, ʢˀʫʯʥʘ ʨʘʟʣʠʢʘ ʩʝ ʦʛʣʝʜʘ ʫ ʪʦʤʝ 

ʰʪʦ ʨʦʪʦʨʩʢʠ ʧʘʨʘʤʝʪʨʠ, ʦʜʥʦʩʥʦ ʦʪʧʦʨʥʦʩʪ ʠ ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ, ʚʠʰʝ ʥʠʩʫ 

ʢʦʥʩʪʘʥʪʥʝ ʚʝʣʠʯʠʥʝ, ʚʝ˂ ʩʫ ʬʫʥʢʮʠʿʝ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʤʦʜʝʣ ʫʚʘʞʘʚʘ 

ʫʪʠʮʘʿ ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ, ʢʦʿʠ ʿʝ ʠʟʨʘʞʝʥ ʧʦʩʝʙʥʦ ʫ ʫʩʣʦʚʠʤʘ ʧʦʣʘʩʢʘ ʠ ʚʝʣʠʢʠʭ 

ʩʪʨʫʿʘ, ʤʝˁʘʿʫ˂ʠ ʨʘʩʧʦʜʝʣʫ ʩʪʨʫʿʘ ʫ ʰʠʧʢʘʤʘ ʨʦʪʦʨʘ ʠ ʪʠʤʝ ʝʬʝʢʪʠʚʥʝ ʚʨʝʜʥʦʩʪʠ 

ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ [8, 24]. 

ʆʟʥʘʢʝ ʥʘ ʉʣ. 3.3 ʠʤʘʿʫ ʠʩʪʦ ʟʥʘʯʝˁʝ ʢʘʦ ʢʦʜ ʿʝʜʥʦʢʘʚʝʟʥʦʛ ʤʘʪʝʤʘʪʠʯʢʦʛ 

ʤʦʜʝʣʘ, ʩ ʪʠʤ ʰʪʦ ʿʝ ʧʦʪʨʝʙʥʦ ʜʦʜʘʪʠ ʿʦʰ ʜʚʘ ʧʘʨʘʤʝʪʘʨʘ ʢʦʿʠ ʦʧʠʩʫʿʫ ʧʦʥʘʰʘˁʝ 

ʨʦʪʦʨʘ ʧʨʠ ʧʦʣʘʩʢʫ ʤʦʪʦʨʘ: ʧʦʣʘʟʥʫ ʘʢʪʠʚʥʫ ʦʪʧʦʨʥʦʩʪ ʨʦʪʦʨʘ Rr_pol = Rr(n = 0) ʠ 

ʧʦʣʘʟʥʫ ʨʘʩʠʧʥʫ ʨʝʘʢʪʘʥʩʫ ʨʦʪʦʨʘ Xr_pol = Xr(n = 0). 

sR sX

mX

()rX n

()rR n

s

phU

sI

ʉʪʘʪʦʨʩʢʘ ʛʨʘʥʘ

ɻʨʘʥʘ ʤʘʛʥʝ˂ʝˁʘ

rI

ʈʦʪʦʨʩʢʘ ʛʨʘʥʘ ʩʘ ʧʘʨʘʤʝʪʨʠʤʘ 

ʧʨʦʤʝʥˀʠʚʠʤ ʫ ʬʫʥʢʮʠʿʠ ʙʨʟʠʥʝ

feR

 

ʉʣ. 3.3 ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʧʦ ʬʘʟʠ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʩʘ ʫʚʘʞʘʚʘˁʝʤ ʧʨʦʤʝʥʝ 

ʧʘʨʘʤʝʪʘʨʘ ʥʘ ʨʦʪʦʨʫ ʫʩʣʝʜ ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ [8, 24] 
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ʅʘ ʦʩʥʦʚʫ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʤʦʛʫ ʩʝ ʠʟʚʝʩʪʠ ʠʟʨʘʟʠ ʟʘ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ, 

ʤʦʤʝʥʪ ʤʦʪʦʨʘ ʠ ʬʘʢʪʦʨ ʩʥʘʛʝ: 

ph

s

ps s

( )
( )

U
I s

R jX Z s
=
+ +

,            (3.18) 

p s

r

r
r

( ) ( )
( )
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Z s I s
I s

R n
jX n

s

Ö
=

+

,             (3.19) 

ʛʜʝ ʿʝ ʩʘ p( )Z s  ʧʨʝʜʩʪʘʚˀʝʥʘ ʝʢʚʠʚʘʣʝʥʪʥʘ ʠʤʧʝʜʘʥʩʘ ʧʘʨʘʣʝʣʥʝ ʚʝʟʝ 

ʤʘʛʥʝʪʠʟʘʮʠʦʥʝ ʠ ʨʦʪʦʨʩʢʝ ʛʨʘʥʝ, ʜʘʪʘ ʩʣʝʜʝ˂ʠʤ ʠʟʨʘʟʦʤ: 

()
()

p

fe m r

r
fe m

1
( )

1 1
Z s

R jX R n
jX n

R jX s

=

+
Ö

+
+

.           (3.20) 

ɽʣʝʢʪʨʦʤʘʛʥʝʪʥʠ ʤʦʤʝʥʪ ʤʦʪʦʨʘ ʫ ʬʫʥʢʮʠʿʠ ʢʣʠʟʘˁʘ ʧʨʝʜʩʪʘʚˀʝʥ ʿʝ ʩʣʝʜʝ˂ʠʤ 

ʠʟʨʘʟʦʤ: 

[ ]
()2 r

r

s

3
( ) ( )

R np
M s I s

sw
= .            (3.21) 

ɿʘʤʝʥʦʤ ʥʘʟʠʚʥʦʛ ʢʣʠʟʘˁʘ snom ʫ ʿʝʜʥʘʯʠʥʘʤʘ (3.18) ʜʦ (3.21) ʜʦʙʠʿʘʿʫ ʩʝ ʠʟʨʘʟʠ 

ʟʘ ʥʘʟʠʚʥʝ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ, ʢʘʦ ʠ ʥʘʟʠʚʥʠ ʤʦʤʝʥʪ ʤʦʪʦʨʘ. ʅʘʟʠʚʥʦ ʢʣʠʟʘˁʝ 

ʦʜʨʝʹʫʿʝ ʩʝ ʠʩʪʦ ʢʘʦ ʠ ʢʦʜ ʧʨʝʪʭʦʜʥʘ ʜʚʘ ʤʦʜʝʣʘ ʥʘ ʦʩʥʦʚʫ ʠʟʨʘʟʘ (3.5). ʀʟʨʘʟʠ ʟʘ 

ʧʦʣʘʟʥʝ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ, ʢʘʦ ʠ ʟʘ ʧʦʣʘʟʥʠ ʤʦʤʝʥʪ ʤʦʪʦʨʘ ʜʦʙʠʿʘʿʫ ʩʝ ʟʘʤʝʥʦʤ 

ʧʦʣʘʟʥʦʛ ʢʣʠʟʘˁʘ spol = 1 ʫ ʿʝʜʥʘʯʠʥʘʤʘ (3.18) ʜʦ (3.21). ʇʨʝʚʘʣʥʠ ʤʦʤʝʥʪ ʤʦʪʦʨʘ Mpr 

ʜʦʙʠʿʘ ʩʝ ʫʥʦʰʝˁʝʤ ʧʨʝʚʘʣʥʦʛ ʢʣʠʟʘˁʘ spr ʫ ʿʝʜʥʘʯʠʥʫ (3.21). ɺʨʝʜʥʦʩʪ ʧʨʝʚʘʣʥʦʛ 

ʢʣʠʟʘˁʘ ʤʦʞʝ ʩʝ ʦʜʨʝʜʠʪʠ ʧʨʝʤʘ ʩʣʝʜʝ˂ʦʿ ʬʦʨʤʫʣʠ: 

( )

r_nom

pr
2

2

Th Th r_nom

R
s

R X X

=

+ +

,            (3.22) 

ʛʜʝ ʩʫ RTh ʠ XTh ʨʝʘʣʘʥ ʠ ʠʤʘʛʠʥʘʨʘʥ ʜʝʦ ʊʝʚʝʥʝʥʦʚʝ ʠʤʧʝʜʘʥʩʝ ZTh: 
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Th Th Th

fe ms s
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1

1 1
Z R jX

R jXR jX

R jX

= + =

+
Ö+

+

,          (3.23) 

{ } { }Th Th Th ThRe ,    ImR Z X Z= = .           (3.24) 

ʇʨʠʚʠʜʥʘ ʩʥʘʛʘ ʤʦʪʦʨʘ ʢʦʿʘ ʩʝ ʧʨʠ ʥʘʟʠʚʥʦʤ ʦʧʪʝʨʝ˂ʝˁʫ ʫʟʠʤʘ ʠʟ ʤʨʝʞʝ, ʢʘʦ ʠ 

ˁʝʥʘ ʘʢʪʠʚʥʘ ʠ ʨʝʘʢʪʠʚʥʘ ʢʦʤʧʦʥʝʥʪʘ ʦʜʨʝʹʫʿʫ ʩʝ ʧʨʠʤʝʥʦʤ ʠʟʨʘʟʘ (3.9) ʠ (3.10). 

ʇʨʠʚʠʜʥʘ (Sel.pol), ʘʢʪʠʚʥʘ (Pel.pol) ʠ ʨʝʘʢʪʠʚʥʘ (Qel.pol) ʩʥʘʛʘ ʢʦʿʝ ʤʦʪʦʨ ʧʨʠ ʩʪʘʨʪʫ 

ʫʟʠʤʘ ʠʟ ʤʨʝʞʝ ʦʜʨʝʹʫʿʫ ʩʝ ʟʘʤʝʥʦʤ ʧʦʣʘʟʥʦʛ ʢʣʠʟʘˁʘ (spol = 1) ʫ ʿʝʜʥʘʯʠʥʘʤʘ (3.9) ʠ 

(3.10). 

ʅʘ ʦʩʥʦʚʫ ʦʚʠʭ ʩʥʘʛʘ ʤʦʛʫ ʩʝ ʦʜʨʝʜʠʪʠ ʥʘʟʠʚʥʠ ʬʘʢʪʦʨ ʩʥʘʛʝ cosűnom ʠ ʧʦʣʘʟʥʠ 

ʬʘʢʪʦʨ ʩʥʘʛʝ cosűpol ʤʦʪʦʨʘ: 

el.nom
nom

2 2

el.nom el.nom

cos
P

P Q
j =

+
,            (3.25) 

el.pol

pol
2 2

el.pol el.pol

cos
P

P Q
j =

+
.            (3.26) 

ʅʘʟʠʚʥʠ ʩʪʝʧʝʥ ʠʩʢʦʨʠʰʝ˂ˁʘ ʤʦʪʦʨʘ ʜʦʙʠʿʘ ʩʝ ʧʦʤʦ˂ʫ ʩʣʝʜʝ˂ʝ ʿʝʜʥʘʯʠʥʝ: 

nom
nom

el.nom

P

P
h = ,              (3.27) 

ʛʜʝ ʿʝ Pnom ʤʝʭʘʥʠʯʢʘ ʩʥʘʛʘ ʤʦʪʦʨʘ ʧʨʠ ʥʘʟʠʚʥʦʤ ʦʧʪʝʨʝ˂ʝˁʫ, ʢʦʿʘ ʩʝ ʜʘʿʝ ʢʘʦ 

ʢʘʪʘʣʦʰʢʠ ʧʦʜʘʪʘʢ (ʥʘʟʠʚʥʘ ʩʥʘʛʘ ʤʦʪʦʨʘ). 

3.3.1. ʋʪʠʮʘʿ ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ 

ɼʘ ʙʠ ʩʝ ʜʠʥʘʤʠʯʢʦ ʧʦʥʘʰʘˁʝ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʧʨʠʢʘʟʘʣʦ ʥʘ ʬʠʟʠʯʢʠ 

ʨʝʘʣʠʩʪʠʯʘʥ ʥʘʯʠʥ, ʫ ʤʘʪʝʤʘʪʠʯʢʠʤ ʤʦʜʝʣʠʤʘ ʤʦʪʦʨʘ ʥʝʦʧʭʦʜʥʦ ʿʝ ʫʚʘʞʠʪʠ ʫʪʠʮʘʿ 

ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ. ʆʚʘ ʧʦʿʘʚʘ ʥʘʨʦʯʠʪʦ ʿʝ ʠʟʨʘʞʝʥʘ ʢʦʜ ʜʚʦʢʘʚʝʟʥʠʭ ʤʦʪʦʨʘ ʠ 

ʤʦʪʦʨʘ ʩʘ ʜʫʙʦʢʠʤ ʞʣʝʙʦʚʠʤʘ ʥʘ ʨʦʪʦʨʫ, ʿʝʨ ʟʥʘʯʘʿʥʦ ʫʪʠʯʝ ʥʘ ʨʘʩʧʦʜʝʣʫ ʩʪʨʫʿʝ ʫ 

ʨʦʪʦʨʩʢʠʤ ʧʨʦʚʦʜʥʠʮʠʤʘ. ʅʘ ʉʣ. 3.4 ʧʨʠʢʘʟʘʥ ʿʝ ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ ʜʝʣʘ ʨʦʪʦʨʘ ʩʘ 
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ʜʫʙʦʢʠʤ ʞʣʝʙʦʚʠʤʘ ʫ ʜʚʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʘ ʨʝʞʠʤʘ: ʘ) ʧʨʠ ʧʦʣʘʩʢʫ ʤʦʪʦʨʘ ʠ ʙ) ʫ 

ʥʘʟʠʚʥʦʤ ʨʝʞʠʤʫ ʨʘʜʘ. 

ʂʘʜʘ ʿʝ ʘʩʠʥʭʨʦʥʠ ʤʦʪʦʨ ʜʠʨʝʢʪʥʦ ʧʨʠʢˀʫʯʝʥ ʥʘ ʤʨʝʞʫ, ʘ ʨʦʪʦʨ ʫʢʦʯʝʥ, 

ʬʨʝʢʚʝʥʮʠʿʘ ʥʘʧʦʥʘ ʠʥʜʫʢʦʚʘʥʦʛ ʫ ʨʦʪʦʨʩʢʠʤ ʧʨʦʚʦʜʥʠʮʠʤʘ ʿʝʜʥʘʢʘ ʿʝ ʬʨʝʢʚʝʥʮʠʿʠ 

ʥʘʠʟʤʝʥʠʯʥʦʛ ʥʘʧʦʥʘ ʥʘ ʩʪʘʪʦʨʫ. ʋ ʟʦʥʠ ʚʘʟʜʫʰʥʦʛ ʟʘʟʦʨʘ ʠʟʥʘʜ ʨʦʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ 

ʨʝʣʫʢʪʘʥʩʘ ʿʝ ʚʝ˂ʘ ʦʜ ʨʝʣʫʢʪʘʥʩʝ ʛʚʦʞʹʘ ʨʦʪʦʨʘ. ʇʦʰʪʦ ʿʝ ʠʥʜʫʢʪʠʚʥʦʩʪ ʥʘʤʦʪʘʿʘ 

ʦʙʨʥʫʪʦ ʧʨʦʧʦʨʮʠʦʥʘʣʥʘ ʨʝʣʫʢʪʘʥʩʠ, ʘ ʨʝʘʢʪʘʥʩʘ ʩʝ ʜʦʙʠʿʘ ʢʘʦ ʧʨʦʠʟʚʦʜ 

ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʠ ʬʨʝʢʚʝʥʮʠʿʝ, ʧʨʦʠʟʠʣʘʟʠ ʜʘ ʿʝ ʨʝʘʢʪʘʥʩʘ ʥʘ ʚʨʭʫ ʞʣʝʙʘ ʤʘˁʘ ʦʜ 

ʨʝʘʢʪʘʥʩʝ ʫ ʫʥʫʪʨʘʰˁʦʩʪʠ ʞʣʝʙʘ [8, 83]. ɿʙʦʛ ʪʦʛʘ ˂ʝ ʛʫʩʪʠʥʘ ʩʪʨʫʿʝ ʙʠʪʠ ʚʝ˂ʘ ʥʘ 

ʚʨʭʫ ʞʣʝʙʘ ʥʝʛʦ ʫ ʫʥʫʪʨʘʰˁʝʤ ʜʝʣʫ ʞʣʝʙʘ ʉʣ. 3.4 ʘ). ʇʦʚʝ˂ʘʥʘ ʛʫʩʪʠʥʘ ʩʪʨʫʿʝ ʫ 

ʩʤʘˁʝʥʦʤ ʧʦʧʨʝʯʥʦʤ ʧʨʝʩʝʢʫ ʜʦʚʦʜʠ ʜʦ ʚʝ˂ʝ ʦʪʧʦʨʥʦʩʪʠ ʨʦʪʦʨʘ ʠ ʚʠʩʦʢʦʛ ʧʦʣʘʟʥʦʛ 

ʤʦʤʝʥʪʘ [8, 83]. 

ɻʚʦʟʜʝʥʦ 

ʝʿʟʛʨʦ

ɺʘʟʜʫh ʥʠ 

ʟʘʟʦʨ

ɼʫʙʦʢʠ 

ʞʣʝʙ

ʘ) ʙ)

 
ʉʣ. 3.4 ʋʪʠʮʘʿ ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ ʥʘ ʜʫʙʦʢʝ ʞʣʝʙʦʚʝ ʨʦʪʦʨʘ [8] 

ʊʦʢʦʤ ʥʘʟʠʚʥʦʛ ʨʝʞʠʤʘ ʨʘʜʘ ʤʦʪʦʨʘ ʩʘ ʤʘʣʠʤ ʢʣʠʟʘˁʝʤ, ʬʨʝʢʚʝʥʮʠʿʘ ʥʘʧʦʥʘ 

ʠʥʜʫʢʦʚʘʥʦʛ ʫ ʨʦʪʦʨʫ ʪʝʞʠ ʥʫʣʠ, ʧʘ ʩʝ ʨʝʘʢʪʘʥʩʘ ʤʦʞʝ ʟʘʥʝʤʘʨʠʪʠ. ʇʨʠ ʪʦʤʝ ʜʦʣʘʟʠ 

ʜʦ ʙʦˀʝ ʨʘʩʧʦʜʝʣʝ ʩʪʨʫʿʝ ʧʦ ʮʝʣʦʿ ʧʦʚʨʰʠʥʠ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʧʨʦʚʦʜʥʠʢʘ, ʠ 

ʩʤʘˁʝˁʘ ʨʦʪʦʨʩʢʝ ʦʪʧʦʨʥʦʩʪʠ ʉʣ. 3.4 ʙ). ʄʘʛʥʝʪʥʦ ʧʦˀʝ ʨʦʪʦʨʘ ʩʝ ʪʘʜʘ ʰʠʨʠ ʢʨʦʟ 

ʟʦʥʫ ʩʘ ʥʠʩʢʦʤ ʨʝʣʫʢʪʘʥʩʦʤ (ʢʨʦʟ ʛʚʦʟʜʝʥʦ ʿʝʟʛʨʦ), ʰʪʦ ʜʦʚʦʜʠ ʜʦ ʧʦʚʝ˂ʘʥʝ 

ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʨʦʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ. ɼʘʢʣʝ, ʜʦʢ ʿʝ ʨʦʪʦʨʩʢʘ ʦʪʧʦʨʥʦʩʪ 

ʧʨʦʧʦʨʮʠʦʥʘʣʥʘ ʢʣʠʟʘˁʫ, ʠʥʜʫʢʪʠʚʥʦʩʪ ʨʘʩʪʝ ʩʘ ʩʤʘˁʝˁʝʤ ʢʣʠʟʘˁʘ. ʇʨʝʣʘʟ ʠʟ 

ʩʪʘˁʘ (ʘ) ʫ ʩʪʘˁʝ (ʙ) ʦʜʚʠʿʘ ʩʝ ʧʦʩʪʝʧʝʥʦ ʠ ʢʦʥʪʠʥʫʠʨʘʥʦ. ɼʘ ʙʠ ʩʝ ʫ ʤʦʜʝʣʫ 
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ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʘʜʝʢʚʘʪʥʦ ʫʚʘʞʠʦ ʫʪʠʮʘʿ ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ, ʧʘʨʘʤʝʪʨʝ ʨʦʪʦʨʘ 

ʧʨʠ ʧʦʣʘʩʢʫ ʤʦʪʦʨʘ ʪʨʝʙʘ ʦʜʨʝʜʠʪʠ ʪʘʢʦ ʜʘ ʦʙʝʟʙʝʜʝ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʚʨʝʜʥʦʩʪʠ ʧʦʣʘʟʥʝ 

ʩʪʨʫʿʝ ʠ ʧʦʣʘʟʥʦʛ ʤʦʤʝʥʪʘ ʤʦʪʦʨʘ. ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʧʘʨʘʤʝʪʨʝ ʨʦʪʦʨʘ ʧʨʠ ʥʘʟʠʚʥʦʤ 

ʨʝʞʠʤʫ ʨʘʜʘ ʪʨʝʙʘ ʦʜʨʝʜʠʪʠ ʪʘʢʦ ʜʘ ʦʜʛʦʚʘʨʘʿʫ ʥʘʟʠʚʥʠʤ ʨʘʜʥʠʤ ʫʩʣʦʚʠʤʘ. ɿʘʪʦ ʿʝ 

ʪʦʢʦʤ ʩʠʤʫʣʘʮʠʿʘ ʨʘʜʘ ʤʦʪʦʨʘ, ʘ ʧʦʩʝʙʥʦ ʧʨʠ ʦʜʨʝʹʠʚʘˁʫ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ 

ʤʦʪʦʨʘ, ʧʦʪʨʝʙʥʦ ʧʘʨʘʤʝʪʨʝ ʨʦʪʦʨʘ ʤʝˁʘʪʠ ʦʜ ʧʦʯʝʪʥʠʭ ʜʦ ʥʘʟʠʚʥʠʭ ʚʨʝʜʥʦʩʪʠ, 

ʧʨʝʩʣʠʢʘʚʘʿʫ˂ʠ ʩʪʚʘʨʥʠ ʨʘʜ ʤʦʪʦʨʘ, ʪʘʢʦ ʜʘ ʿʝ ʧʦʚʨʰʠʥʩʢʠ ʝʬʝʢʘʪ ʦʙʫʭʚʘ˂ʝʥ 

ʟʘʢʦʥʦʤ ʧʨʦʤʝʥʝ ʧʘʨʘʤʝʪʘʨʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʙʨʟʠʥʝ [8]. 

3.3.2. ʇʨʦʤʝʥʘ ʧʘʨʘʤʝʪʘʨʘ ʨʦʪʦʨʘ ʫ ʬʫʥʢʮʠʿʠ ʙʨʟʠʥʝ 

ʇʨʝʤʘ ʣʠʪʝʨʘʪʫʨʠ [9, 24, 25], ʧʨʦʤʝʥʘ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʤʦʞʝ ʩʝ ʦʧʠʩʘʪʠ 

ʢʘʦ ʬʫʥʢʮʠʿʘ ʢʚʘʜʨʘʪʥʦʛ ʢʦʨʝʥʘ ʙʨʟʠʥʝ. ʊʘ ʟʘʚʠʩʥʦʩʪ ʤʦʞʝ ʩʝ ʤʘʪʝʤʘʪʠʯʢʠ ʠʟʨʘʟʠʪʠ 

ʩʣʝʜʝ˂ʠʤ ʿʝʜʥʘʯʠʥʘʤʘ: 

r_pol r_nom

r r_pol

nom

( )
R R

R n R n
n

-
= - ,           (3.28) 

r_nom r_pol

r r_pol

nom

( )
X X

X n X n
n

-
= + .           (3.29) 

ʇʨʦʤʝʥʘ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʤʦʞʝ ʩʝ ʧʨʝʜʩʪʘʚʠʪʠ ʠ ʢʘʦ ʣʠʥʝʘʨʥʘ ʬʫʥʢʮʠʿʘ 

ʙʨʟʠʥʝ, ʰʪʦ ʩʝ ʤʦʞʝ ʠʟʨʘʟʠʪʠ ʩʣʝʜʝ˂ʠʤ ʿʝʜʥʘʯʠʥʘʤʘ [7, 24, 25]: 

r_pol r_nom

r r_pol

nom

( )
R R

R n R n
n

-
= - ,            (3.30) 

r_nom r_pol

r r_pol

nom

( )
X X

X n X n
n

-
= + .           (2.31) 

ʅʘ ʉʣ. 3.5 ʧʨʠʢʘʟʘʥʘ ʿʝ ʧʨʦʤʝʥʘ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʫ ʬʫʥʢʮʠʿʠ ʢʚʘʜʨʘʪʥʦʛ 

ʢʦʨʝʥʘ ʙʨʟʠʥʝ, ʜʦʢ ʿʝ ʥʘ ʉʣ. 3.6 ʧʨʠʢʘʟʘʥʘ ʧʨʦʤʝʥʘ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʢʘʦ 

ʣʠʥʝʘʨʥʘ ʬʫʥʢʮʠʿʘ ʙʨʟʠʥʝ. ʇʨʠʢʘʟʘʥʝ ʟʘʚʠʩʥʦʩʪʠ ʩʫ ʦʜʨʝʹʝʥʝ ʟʘ ʜʚʦʧʦʣʥʠ ʤʦʪʦʨ 

ʩʥʘʛʝ 75 kW. 
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ʉʣ. 3.5 ʇʨʦʤʝʥʘ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʫ 

ʬʫʥʢʮʠʿʠ ʢʚʘʜʨʘʪʥʦʛ ʢʦʨʝʥʘ ʙʨʟʠʥʝ 

 

ʉʣ. 3.6 ʇʨʦʤʝʥʘ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ 

ʢʘʦ ʣʠʥʝʘʨʥʘ ʬʫʥʢʮʠʿʘ ʙʨʟʠʥʝ 

ʋ ʣʠʪʝʨʘʪʫʨʠ ʩʝ ʤʦʛʫ ʥʘ˂ʠ ʠ ʜʨʫʛʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʧʨʦʤʝʥʝ ʨʦʪʦʨʩʢʠʭ 

ʧʘʨʘʤʝʪʘʨʘ. ʋ ʨʘʜʫ [8], ʘʫʪʦʨʠ ʩʫ ʧʨʝʪʧʦʩʪʘʚʠʣʠ ʜʘ ʩʝ ʧʘʨʘʤʝʪʨʠ ʨʦʪʦʨʘ ʤʝˁʘʿʫ ʢʘʦ 

ʬʫʥʢʮʠʿʘ ʢʚʘʜʨʘʪʥʦʛ ʢʦʨʝʥʘ ʢʣʠʟʘˁʘ ʠ ʧʨʠʢʘʟʘʣʠ ʧʨʦʤʝʥʝ ʦʪʧʦʨʥʦʩʪʠ ʠ ʨʘʩʠʧʥʝ 

ʨʝʘʢʪʘʥʩʝ ʨʦʪʦʨʘ ʢʨʦʟ ʩʣʝʜʝ˂ʝ ʤʦʥʦʪʦʥʩʢʝ ʥʝʣʠʥʝʘʨʥʝ ʬʫʥʢʮʠʿʝ ʢʣʠʟʘˁʘ: 

r 1

r r_pol( )
g s

R s R e
-

= ,             (3.32) 

x 1

r r_pol( )
g s

X s X e
-

= ,             (3.33) 

r r_pol

k

( ) 0.5 0.5
s

R s R
s

è ø
= +é ù

ê ú
,            (3.34) 

k
r r_pol( ) 0.4 0.6

s
X s X

s

è ø
= +é ù

ê ú
,            (3.35) 

ʛʜʝ ʩʫ: gr - ʬʘʢʪʦʨ ʚʘʨʠʿʘʮʠʿʝ ʦʪʧʦʨʥʦʩʪʠ ʨʦʪʦʨʘ, ʧʨʝʜʩʪʘʚˀʝʥ ʩʣʝʜʝ˂ʠʤ ʠʟʨʘʟʦʤ: 

( )r_pol r_nom

r

nom

ln /

1

R R
g

s
=

-
,             (3.36) 

s - ʢʣʠʟʘˁʝ ʧʨʠ ʙʠʣʦ ʢʦʿʝʤ ʦʧʪʝʨʝ˂ʝˁʫ ʦʜ ʧʨʘʟʥʦʛ ʭʦʜʘ ʜʦ ʥʘʟʠʚʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ, ʠ 

ʦʜʨʝʹʫʿʝ ʩʝ ʩʣʝʜʝ˂ʠʤ ʠʟʨʘʟʦʤ:  

( )nom nom opt nom

1
1 1 4 1 /

2
s s s P Pè ø= - - -

ê ú
.          (3.37) 

ʋ ʧʨʝʪʭʦʜʥʦʤ ʠʟʨʘʟʫ snom ʧʨʝʜʩʪʘʚˀʘ ʥʘʟʠʚʥʦ ʢʣʠʟʘˁʝ ʤʦʪʦʨʘ, Popt ʿʝ ʤʝʭʘʥʠʯʢʘ 

ʩʥʘʛʘ ʦʧʪʝʨʝ˂ʝˁʘ, ʜʦʢ ʿʝ Pnom ʥʘʟʠʚʥʘ ʩʥʘʛʘ ʤʦʪʦʨʘ. 
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gx - ʬʘʢʪʦʨ ʚʘʨʠʿʘʮʠʿʝ ʨʘʩʠʧʥʠʭ ʨʝʘʢʪʘʥʩʠ ʨʦʪʦʨʘ, ʧʨʝʜʩʪʘʚˀʝʥ ʩʣʝʜʝ˂ʠʤ ʠʟʨʘʟʦʤ: 

( )r_pol pr

x

k

ln /

1

X X
g

s
=

-
,             (3.38) 

sk - ʢʣʠʟʘˁʝ ʧʨʠ ʤʠʥʠʤʘʣʥʦʤ ʤʦʤʝʥʪʫ: 

( )2

k nom pol pol 1s s m m= + -,            (3.39) 

mpol - ʦʜʥʦʩ ʧʦʣʘʟʥʦʛ ʤʦʤʝʥʪʘ ʧʨʝʤʘ ʥʘʟʠʚʥʦʤ ʤʦʤʝʥʪʫ ʤʦʪʦʨʘ, 

Xpr - ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ ʧʨʠ ʧʨʝʚʘʣʥʦʤ ʤʦʤʝʥʪʫ ʤʦʪʦʨʘ: 

pr

pr

k

R
X

s
= ,              (3.40) 

Rpr - ʦʪʧʦʨʥʦʩʪ ʨʦʪʦʨʘ ʧʨʠ ʧʨʝʚʘʣʥʦʤ ʤʦʤʝʥʪʫ ʤʦʪʦʨʘ: 

1r k

pr r_pol

g s

R R ʝ
-

= .             (3.41) 

3.3.3. ɸʥʘʣʠʟʘ ʠʟʨʘʟʘ ʟʘ ʧʦʣʘʟʥʫ ʩʪʨʫʿʫ ʤʦʪʦʨʘ 

ʇʨʝʤʘ ʨʝʬʝʨʝʥʮʠ [84], ʪʦʢʦʤ ʪʨʘʥʟʠʿʝʥʪʥʠʭ ʧʨʦʮʝʩʘ ʢʘʦ ʰʪʦ ʿʝ ʜʠʨʝʢʪʥʦ 

ʧʨʠʢˀʫʯʝˁʝ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʥʘ ʤʨʝʞʫ ʠʣʠ ʪʦʢʦʤ ʧʨʦʤʝʥʘ ʦʧʪʝʨʝ˂ʝˁʘ, ʦʜʥʦʩ 

ʨʘʩʠʧʥʠʭ ʨʝʘʢʪʘʥʩʠ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ ʥʠʿʝ ʢʦʥʩʪʘʥʪʘʥ. ʇʦʨʝʜ ʪʦʛʘ, ʚʨʝʜʥʦʩʪʠ 

ʨʘʩʠʧʥʠʭ ʨʝʘʢʪʘʥʩʠ ʤʝˁʘʿʫ ʩʝ ʪʦʢʦʤ ʦʚʠʭ ʧʨʝʣʘʟʥʠʭ ʧʨʦʮʝʩʘ. ʆʚʠ ʥʘʣʘʟʠ ʠʟ 

ʨʝʬʝʨʝʥʮʝ [84] ʜʦʚʝʣʠ ʩʫ ʜʦ ʧʨʝʪʧʦʩʪʘʚʢʝ ʜʘ ʢʦʜ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʩʘ ʜʚʦʩʪʨʫʢʠʤ 

ʢʘʚʝʟʦʤ ʧʦʣʘʟʥʘ ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ ʥʠʿʝ ʿʝʜʥʘʢʘ ʫʩʪʘˀʝʥʦʿ ʚʨʝʜʥʦʩʪʠ ʨʘʩʠʧʥʝ 

ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ. 

ʇʨʝʪʧʦʩʪʘʚʢʘ ʜʘ ʩʝ ʧʦʣʘʟʥʘ ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ ʨʘʟʣʠʢʫʿʝ ʦʜ ʫʩʪʘˀʝʥʝ 

ʚʨʝʜʥʦʩʪʠ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ ʢʦʜ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʩʘ ʜʫʙʦʢʠʤ ʰʠʧʢʘʤʘ ʠ 

ʜʚʦʩʪʨʫʢʠʤ ʢʘʚʝʟʦʤ ʥʘ ʨʦʪʦʨʫ ʟʘʩʥʠʚʘ ʩʝ ʥʘ ʘʥʘʣʠʟʠ ʠʟʨʘʟʘ ʟʘ ʧʦʣʘʟʥʫ ʩʪʨʫʿʫ ʤʦʪʦʨʘ, 

ʧʨʠ ʯʝʤʫ ʧʦʩʝʙʘʥ ʟʥʘʯʘʿ ʠʤʘ ʫʚʘʞʘʚʘˁʝ ʧʨʦʤʝʥʝ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʫ ʬʫʥʢʮʠʿʠ 

ʙʨʟʠʥʝ. ʇʨʠ ʧʦʣʘʩʢʫ ʤʦʪʦʨʘ, ʫʩʣʝʜ ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ ʛʫʩʪʠʥʘ ʩʪʨʫʿʝ ʢʦʥʮʝʥʪʨʠʩʘʥʘ 

ʿʝ ʥʘ ʧʦʚʨʰʠʥʠ ʧʨʦʚʦʜʥʠʢʘ ʨʦʪʦʨʘ (ʦʜʥʦʩʥʦ ʫ ʩʧʦˀʘʰˁʝʤ ʢʘʚʝʟʫ ʢʦʜ ʨʦʪʦʨʘ ʩʘ 

ʜʚʦʩʪʨʫʢʠʤ ʢʘʚʝʟʦʤ) ʰʪʦ ʩʪʚʘʨʘ ʨʘʟʣʠʯʠʪʝ ʝʣʝʢʪʨʦʤʘʛʥʝʪʥʝ ʫʩʣʦʚʝ ʫ ʦʜʥʦʩʫ ʥʘ 
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ʩʪʘʪʦʨʩʢʝ ʥʘʤʦʪʘʿʝ ʠ ʜʦʚʦʜʠ ʜʦ ʪʦʛʘ ʜʘ ʩʝ ʧʦʣʘʟʥʘ ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ ʠ 

ʫʩʪʘˀʝʥʘ ʚʨʝʜʥʦʩʪ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ ʨʘʟʣʠʢʫʿʫ. 

ʋ ʦʚʦʿ ʘʥʘʣʠʟʠ ʨʘʟʤʘʪʨʘ ʩʝ ʜʠʨʝʢʪʥʘ ʛʨʘʥʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ, ʜʦʢ ʿʝ ʛʨʘʥʘ 

ʤʘʛʥʝ˂ʝˁʘ ʟʘʥʝʤʘʨʝʥʘ, ʨʘʜʠ ʧʦʿʝʜʥʦʩʪʘʚˀʝˁʘ ʧʦʩʪʫʧʢʘ ʠʟʚʦʹʝˁʘ. ʅʘʚʝʜʝʥʦ 

ʧʦʿʝʜʥʦʩʪʘʚˀʝˁʝ ʧʨʠʤʝˁʫʿʝ ʩʝ ʠʩʢˀʫʯʠʚʦ ʨʘʜʠ ʠʟʚʦʹʝˁʘ ʘʥʘʣʠʪʠʯʢʦʛ ʠʟʨʘʟʘ, ʠ ʥʝ 

ʧʨʠʤʝˁʫʿʝ ʩʝ ʫ ʩʘʤʦʤ ʘʣʛʦʨʠʪʤʫ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ. 

ʆʧʰʪʠ ʠʟʨʘʟ ʟʘ ʩʪʘʪʦʨʩʢʫ ʩʪʨʫʿʫ: 

( )

ph

s
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s s r
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I s
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R j X X
s
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+ + +

.            (3.42) 

ʉʪʨʫʿʘ ʩʪʘʪʦʨʘ ʫ ʬʫʥʢʮʠʿʠ ʢʣʠʟʘˁʘ (ʙʨʟʠʥʝ), ʩʘ ʫʚʘʞʘʚʘˁʝʤ ʧʨʦʤʝʥʝ ʨʦʪʦʨʩʢʠʭ 

ʧʘʨʘʤʝʪʘʨʘ: 
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s s r
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.           (3.43) 

ʉʪʘʪʦʨʩʢʘ ʩʪʨʫʿʘ ʧʨʠ ʧʦʣʘʩʢʫ ʤʦʪʦʨʘ (s = 1): 

( )

ph

pol
r_pol
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,           (3.44) 
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.          (3.45) 

ʇʨʦʤʝʥʝ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʫ ʬʫʥʢʮʠʿʠ ʙʨʟʠʥʝ ʧʨʝʜʩʪʘʚˀʝʥʝ ʩʫ ʠʟʨʘʟʠʤʘ 

(3.28) ʠ (3.29), ʪʿ. ʫ ʦʚʦʤ ʢʦʥʢʨʝʪʥʦʤ ʠʟʚʦʹʝˁʫ ʢʘʦ ʧʨʦʤʝʥʝ ʫ ʬʫʥʢʮʠʿʠ ʢʚʘʜʨʘʪʥʦʛ 

ʢʦʨʝʥʘ ʙʨʟʠʥʝ. ʇʨʠ ʧʦʣʘʩʢʫ ʤʦʪʦʨʘ ʙʨʟʠʥʘ ʦʙʨʪʘˁʘ ʿʝ ʿʝʜʥʘʢʘ ʥʫʣʠ (ʢʣʠʟʘˁʝ ʿʝ 

ʿʝʜʥʘʢʦ ʿʝʜʠʥʠʮʠ): 

r_pol r_nom

r r_pol r_pol
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(0) 0
R R

R R R
n

-
= - = ,          (3.46) 
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r_non r_pol

r r_pol r_pol

nom

(0) 0
X X

X X X
n

-
= + = .          (3.47) 

ʉʪʘʪʦʨʩʢʘ ʩʪʨʫʿʘ ʧʨʠ ʧʦʣʘʩʢʫ ʤʦʪʦʨʘ (s = 1): 
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ʉʪʘʪʦʨʩʢʘ ʩʪʨʫʿʘ ʧʨʠ ʧʦʣʘʩʢʫ ʤʦʪʦʨʘ (n = 0): 

[ ] [ ]

ph

pol
2 2

s r s r

(0)

(0) (0)

U
I

R R X X

=

+ + +

,           (3.49) 

ph

pol
2 2

s r_pol s r_pol

U
I

R R X X

=

è ø è ø+ + +ê ú ê ú

,           (3.50) 

ph

pol
2 2

nom nom
s r_pol s r_pol

1 1U
I

I I
R R X X

Ö =

è ø è ø+ + +ê ú ê ú

,          (3.51) 

ph

pol nom

2 2
nom

s r_pol s r_pol

U

I I

I
R R X X

=

è ø è ø+ + +ê ú ê ú

,           (3.52) 

2 2 ph

s r_pol s r_pol
polnom

nom

1U
R R X X

II

I

è ø è ø+ + + =ê ú ê ú
,          (3.53) 

2

ph

2 2
nom

s r_pol s r_pol
pol

nom

U

I
R R X X

I

I

å õ
æ ö
æ öè ø è ø+ + + =ê ú ê úæ ö
æ ö
ç ÷

,           (3.54) 



56 

 

2

ph

2 2
nom

s r_pol s r_pol
pol

nom

U

I
X X R R

I

I

å õ
æ ö
æ öè ø è ø+ = - +ê ú ê úæ ö
æ ö
ç ÷

,           (3.55) 

2

ph

2
nom

s r_pol s r_pol
pol

nom

U

I
X X R R

I

I

å õ
æ ö
æ öè ø+ = - +ê úæ ö
æ ö
ç ÷

,           (3.56) 

2

ph

2
nom

s s r_pol r_pol
pol

nom

U

I
X R R X

I

I

å õ
æ ö
æ öè ø= - + -ê úæ ö
æ ö
ç ÷

.           (3.57) 

ʇʨʝʪʭʦʜʥʦ ʠʟʚʝʜʝʥʠ ʠʟʨʘʟ ʫ ʧʦʪʧʫʥʦʩʪʠ ʿʝ ʩʘʛʣʘʩʘʥ ʩʘ ʨʝʬʝʨʝʥʮʦʤ [8] 

(ʿʝʜʥʘʯʠʥʘ (28)). ʆʚʦ ʧʦʢʘʟʫʿʝ ʜʘ ʧʦʩʪʦʿʠ ʟʘʚʠʩʥʦʩʪ ʫʩʪʘˀʝʥʝ ʚʨʝʜʥʦʩʪʠ ʨʘʩʠʧʥʝ 

ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ ʦʜ ʧʦʣʘʟʥʝ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʨʦʪʦʨʘ. 

.  
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4. ʄɽʊʆɼʆʃʆɻʀɱɽ ʇʈʆʈɸʏʋʅɸ ʇɸʈɸʄɽʊɸʈɸ ɽʂɺʀɺɸʃɽʅʊʅɽ ʐɽʄɽ 

ɸʉʀʅʍʈʆʅʆɻ ʄʆʊʆʈɸ ʇʈɽʄɸ IEEE 112 ʉʊɸʅɼɸʈɼʋ 

IEEE 112 ʩʪʘʥʜʘʨʜ [85] ʜʝʬʠʥʠʰʝ ʯʝʪʠʨʠ ʤʝʪʦʜʝ ʟʘ ʧʨʦʨʘʯʫʥ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ, ʟʘʩʥʦʚʘʥʝ ʥʘ ʧʦʜʘʮʠʤʘ ʠʟʤʝʨʝʥʠʤ ʪʦʢʦʤ 

ʠʩʧʠʪʠʚʘˁʘ ʫ ʦʛʣʝʜʫ ʧʨʘʟʥʦʛ ʭʦʜʘ ʠ ʿʝʜʥʠʤ ʦʜ ʠʤʧʝʜʘʥʩʥʠʭ ʠʩʧʠʪʠʚʘˁʘ. ʋ ʥʘʩʪʘʚʢʫ 

ʦʚʦʛ ʧʦʛʣʘʚˀʘ ʧʨʝʜʩʪʘʚˀʝʥ ʿʝ ʜʝʪʘˀʘʥ ʦʧʠʩ ʦʚʠʭ ʠʩʧʠʪʠʚʘˁʘ, ʫʢˀʫʯʫʿʫ˂ʠ ʫʩʣʦʚʝ 

ʧʦʜ ʢʦʿʠʤʘ ʩʝ ʚʨʰʝ ʤʝʨʝˁʘ ʠ ʤʝʪʦʜʦʣʦʛʠʿʫ ʧʨʦʨʘʯʫʥʘ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ 

ʰʝʤʝ. 

4.1. ʀʩʧʠʪʠʚʘˁʝ ʫ ʦʛʣʝʜʫ ʧʨʘʟʥʦʛ ʭʦʜʘ 

 ʆʚʦ ʠʩʧʠʪʠʚʘˁʝ ʩʝ ʠʟʚʦʜʠ ʪʘʢʦ ʜʘ ʩʝ ʘʩʠʥʭʨʦʥʠ ʤʦʪʦʨ ʧʦʢʨʝ˂ʝ ʙʝʟ ʤʝʭʘʥʠʯʢʦʛ 

ʦʧʪʝʨʝ˂ʝˁʘ ʥʘ ʦʩʦʚʠʥʠ, ʧʨʠ ʥʘʟʠʚʥʦʤ ʥʘʧʦʥʫ ʠ ʥʘʟʠʚʥʦʿ ʬʨʝʢʚʝʥʮʠʿʠ. ʇʦʰʪʦ ʿʝ 

ʨʦʪʦʨ ʥʝʦʧʪʝʨʝ˂ʝʥ, ˁʝʛʦʚʘ ʙʨʟʠʥʘ ˂ʝ ʙʠʪʠ ʙʣʠʩʢʘ ʩʠʥʭʨʦʥʦʿ ʙʨʟʠʥʠ, ʘ ʢʣʠʟʘˁʝ ʠ 

ʬʨʝʢʚʝʥʮʠʿʘ ʥʘ ʨʦʪʦʨʫ ʙʣʠʩʢʠ ʥʫʣʠ, ʧʘ ˂ʝ ʛʫʙʠʮʠ ʩʥʘʛʝ ʫ ʛʚʦʞʹʫ ʠ ʙʘʢʨʫ ʨʦʪʦʨʘ ʙʠʪʠ 

ʿʝʜʥʘʢʠ ʥʫʣʠ. ʇʨʠ ʦʚʦʤ ʠʩʧʠʪʠʚʘˁʫ ʤʝʨʝ ʩʝ ʬʘʟʥʠ ʥʘʧʦʥ, ʬʘʟʥʘ ʩʪʨʫʿʘ ʠ ʫʢʫʧʥʘ 

ʘʢʪʠʚʥʘ ʩʥʘʛʘ ʧʦ ʬʘʟʠ ʢʦʿʫ ʤʦʪʦʨ ʫʟʠʤʘ ʠʟ ʤʨʝʞʝ. ʉʪʨʫʿʘ ʨʦʪʦʨʘ ʿʝ ʟʘʥʝʤʘʨˀʠʚʦ ʤʘʣʘ 

ʿʝʨ ʥʝʤʘ ʦʧʪʝʨʝ˂ʝˁʘ, ʧʘ ʩʝ ʫʣʘʟʥʘ ʩʥʘʛʘ ʫʛʣʘʚʥʦʤ ʪʨʦʰʠ ʥʘ ʧʦʢʨʠʚʘˁʝ ʛʫʙʠʪʘʢʘ ʫ 

ʛʚʦʞʹʫ, ʤʝʭʘʥʠʯʢʠʭ ʛʫʙʠʪʘʢʘ (ʛʫʙʠʪʘʢʘ ʫʩʣʝʜ ʪʨʝˁʘ ʠ ʚʝʥʪʠʣʘʮʠʿʝ) ʠ ʛʫʙʠʪʘʢʘ ʫ 

ʙʘʢʨʫ ʩʪʘʪʦʨʘ. ʇʦʰʪʦ ʩʫ ʛʫʙʠʮʠ ʫ ʙʘʢʨʫ ʩʪʘʪʦʨʘ ʤʘʣʠ ʟʙʦʛ ʥʠʩʢʝ ʩʪʨʫʿʝ, ʤʦʞʝ ʩʝ 

ʧʨʝʪʧʦʩʪʘʚʠʪʠ ʜʘ ʩʝ ʚʝ˂ʠ ʜʝʦ ʫʣʘʟʥʝ ʩʥʘʛʝ ʪʨʦʰʠ ʥʘ ʧʦʢʨʠʚʘˁʝ ʤʝʭʘʥʠʯʢʠʭ ʛʫʙʠʪʘʢʘ 

ʠ ʛʫʙʠʪʘʢʘ ʫ ʛʚʦʞʹʫ. ʅʘ ʦʩʥʦʚʫ ʠʟʤʝʨʝʥʠʭ ʚʨʝʜʥʦʩʪʠ ʤʦʛʫ ʩʝ ʧʨʦʨʘʯʫʥʘʪʠ ʧʘʨʘʤʝʪʨʠ 

ʧʦʧʨʝʯʥʝ ʛʨʘʥʝ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʤʦʪʦʨʘ, ʢʘʦ ʰʪʦ ʩʫ ʨʝʘʢʪʘʥʩʘ ʤʘʛʥʝ˂ʝˁʘ ʠ 

ʦʪʧʦʨʥʦʩʪ ʢʦʘʿ ʿʝ ʩʨʘʟʤʝʨʥʘ ʛʫʙʠʮʠʤʘ ʩʥʘʛʝ ʤʘʛʥʝʪʥʦʛ ʢʦʣʘ. ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ 

ʠʩʧʠʪʠʚʘˁʘ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʧʨʠ ʧʨʘʟʥʦʤ ʭʦʜʫ ʧʨʠʢʘʟʘʥʘ ʿʝ ʥʘ ʉʣ. 4.1. 
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ʉʣ. 4.1 ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʧʨʠ ʠʩʧʠʪʠʚʘˁʫ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʫ ʦʛʣʝʜʫ ʧʨʘʟʥʦʛ 

ʭʦʜʘ [85] 

4.2. ʀʤʧʝʜʘʥʩʥʘ ʠʩʧʠʪʠʚʘˁʘ 

ʀʤʧʝʜʘʥʩʥʦ ʠʩʧʠʪʠʚʘˁʝ ʧʦʜʨʘʟʫʤʝʚʘ ʤʝʨʝˁʝ ʬʘʟʥʦʛ ʥʘʧʦʥʘ, ʬʘʟʥʝ ʩʪʨʫʿʝ, 

ʫʢʫʧʥʝ ʘʢʪʠʚʥʝ ʩʥʘʛʝ ʧʦ ʬʘʟʠ ʢʦʿʫ ʤʦʪʦʨ ʫʟʠʤʘ ʠʟ ʤʨʝʞʝ, ʢʘʦ ʠ ʦʪʧʦʨʥʦʩʪʠ ʩʪʘʪʦʨʘ 

ʠʣʠ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘʤʦʪʘʿʘ ʩʪʘʪʦʨʘ, ʧʨʠ ʿʝʜʥʦʿ ʠʣʠ ʚʠʰʝ ʨʘʟʣʠʯʠʪʠʭ ʚʨʝʜʥʦʩʪʠ 

ʬʨʝʢʚʝʥʮʠʿʝ, ʥʘʧʦʥʘ ʠ/ʠʣʠ ʥʠʚʦʘ ʦʧʪʝʨʝ˂ʝˁʘ. ʆʚʠ ʧʦʜʘʮʠ, ʧʦʟʥʘʪʠ ʢʘʦ ʠʤʧʝʜʘʥʩʥʠ 

ʧʦʜʘʮʠ ʢʦʨʠʩʪʝ ʩʝ ʫ ʤʝʪʦʜʘʤʘ ʟʘ ʧʨʦʨʘʯʫʥ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ. 

ʀʤʧʝʜʘʥʩʥʘ ʠʩʧʠʪʠʚʘˁʘ ʪʨʝʙʘ ʠʟʚʨʰʠʪʠ ʧʨʠ ʥʘʟʠʚʥʦʿ ʩʪʨʫʿʠ ʦʧʪʝʨʝ˂ʝˁʘ, ʢʘʢʦ 

ʙʠ ʩʝ ʦʙʝʟʙʝʜʠʣʦ ʜʘ ʠʟʤʝʨʝʥʘ ʚʨʝʜʥʦʩʪ ʨʝʘʢʪʘʥʩʝ ʧʨʝʜʩʪʘʚˀʘ ʩʪʚʘʨʥʠ ʥʠʚʦ 

ʤʘʛʥʝʪʥʦʛ ʟʘʩʠ˂ʝˁʘ ʠ ʫʪʠʮʘʿʘ ʝʬʝʢʪʘ ʜʫʙʦʢʠʭ ʞʣʝʙʦʚʘ ʫ ʨʦʪʦʨʫ. ʋ ʩʫʧʨʦʪʥʦʤ ʤʦʞʝ 

ʜʦ˂ʠ ʜʦ ʧʦʛʨʝʰʥʦʛ ʦʜʨʝʹʠʚʘˁʘ ʚʨʝʜʥʦʩʪʠ ʬʘʢʪʦʨʘ ʩʥʘʛʝ. 

ʇʨʠʣʠʢʦʤ ʧʨʦʨʘʯʫʥʘ ʨʝʘʢʪʘʥʩʝ ʠ ʠʤʧʝʜʘʥʩʝ, ʤʝʨʝˁʘ ʪʨʝʙʘ ʦʙʘʚʠʪʠ ʥʘ 

ʪʝʤʧʝʨʘʪʫʨʠ ʢʦʿʫ ʤʘʰʠʥʘ ʠʤʘ ʫ ʪʨʝʥʫʪʢʫ ʠʩʧʠʪʠʚʘˁʘ. ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʠʟʤʝʨʝʥʝ 

ʦʪʧʦʨʥʦʩʪʠ ʤʦʨʘʿʫ ʩʝ ʢʦʨʠʛʦʚʘʪʠ ʥʘ ʧʨʦʧʠʩʘʥʫ ʨʝʬʝʨʝʥʪʥʫ ʪʝʤʧʝʨʘʪʫʨʫ ʧʨʝ ʥʝʛʦ 

ʰʪʦ ʩʝ ʫʩʚʦʿʝ ʢʘʦ ʧʘʨʘʤʝʪʨʠ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ. ɸʢʦ ʩʝ ʠʩʧʠʪʫʿʝ ʤʘʰʠʥʘ ʩʘ 

ʥʘʤʦʪʘʥʠʤ ʨʦʪʦʨʦʤ, ʪʦʢʦʤ ʠʤʧʝʜʘʥʩʥʦʛ ʠʩʧʠʪʠʚʘˁʘ ʨʦʪʦʨ ʤʦʨʘ ʙʠʪʠ ʢʨʘʪʢʦ ʩʧʦʿʝʥ 

ʢʘʢʦ ʙʠ ʩʝ ʦʙʝʟʙʝʜʠʣʘ ʪʘʯʥʦʩʪ ʨʝʟʫʣʪʘʪʘ. ɿʘ ʦʜʨʝʹʠʚʘˁʝ ʠʤʧʝʜʘʥʩʥʠʭ ʧʦʜʘʪʘʢʘ ʤʦʛʫ 

ʩʝ ʢʦʨʠʩʪʠʪʠ ʩʣʝʜʝ˂ʝ ʤʝʪʦʜʝ: 

 ʄʝʪʦʜʘ 1 - ʀʤʧʝʜʘʥʩʥʦ ʠʩʧʠʪʠʚʘˁʝ ʩʘ ʫʢʦʯʝʥʠʤ ʨʦʪʦʨʦʤ ʧʨʠ ʥʘʟʠʚʥʦʿ ʩʪʨʫʿʠ 

ʠ ʬʨʝʢʚʝʥʮʠʿʠ ʢʦʿʘ ʥʝ ʧʨʝʣʘʟʠ 25% ʥʘʟʠʚʥʝ ʬʨʝʢʚʝʥʮʠʿʝ. 
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 ʄʝʪʦʜʘ 2 - ʀʤʧʝʜʘʥʩʥʦ ʠʩʧʠʪʠʚʘˁʝ ʩʘ ʫʢʦʯʝʥʠʤ ʨʦʪʦʨʦʤ ʥʘ ʪʨʠ ʬʨʝʢʚʝʥʮʠʿʝ: 

ʧʨʠ ʥʘʟʠʚʥʦʿ ʬʨʝʢʚʝʥʮʠʿʠ, ʧʨʠ ʧʨʠʙʣʠʞʥʦ 50% ʥʘʟʠʚʥʝ ʬʨʝʢʚʝʥʮʠʿʝ ʠ ʧʨʠ 25% 

ʥʘʟʠʚʥʝ ʬʨʝʢʚʝʥʮʠʿʝ. ʉʚʘ ʪʨʠ ʠʩʧʠʪʠʚʘˁʘ ʠʟʚʦʜʝ ʩʝ ʧʨʠ ʥʘʟʠʚʥʦʿ ʩʪʨʫʿʠ. ʅʘ ʦʩʥʦʚʫ 

ʦʚʠʭ ʤʝʨʝˁʘ ʬʦʨʤʠʨʘʿʫ ʩʝ ʢʨʠʚʝ ʢʦʿʝ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʜʦʙʠʿʘˁʝ ʫʢʫʧʥʝ ʨʝʘʢʪʘʥʩʝ ʠ 

ʦʪʧʦʨʥʦʩʪʠ ʨʦʪʦʨʘ ʥʘ ʪʨʘʞʝʥʦʿ ʩʥʠʞʝʥʦʿ ʬʨʝʢʚʝʥʮʠʿʠ. 

 ʄʝʪʦʜʘ 3 - ʀʤʧʝʜʘʥʩʥʦ ʠʩʧʠʪʠʚʘˁʝ ʧʨʠ ʙʨʟʠʥʠ ʦʜʥʦʩʥʦ ʢʣʠʟʘˁʫ ʢʦʝʿ 

ʧʨʠʙʣʠʞʥʦ ʦʜʛʦʚʘʨʘ ʞʝˀʝʥʦʿ ʩʥʠʞʝʥʦʿ ʬʨʝʢʚʝʥʮʠʿʠ ʨʦʪʦʨʘ. ʋ ʦʢʚʠʨʫ ʦʚʝ ʤʝʪʦʜʝ, 

ʤʦʪʦʨ ʩʝ ʧʦʢʨʝ˂ʝ ʙʝʟ ʦʧʪʝʨʝ˂ʝˁʘ ʠʣʠ ʩʘ ʩʤʘˁʝʥʠʤ ʦʧʪʝʨʝ˂ʝˁʝʤ, ʘ ʥʘʧʦʥ ʩʝ ʩʤʘˁʫʿʝ 

ʪʘʢʦ ʜʘ ʩʝ ʧʨʠʙʣʠʞʥʦ ʧʦʩʪʠʛʥʝ ʨʘʜʥʘ ʪʘʯʢʘ ʢʦʿʘ ʦʜʛʦʚʘʨʘ ʙʨʟʠʥʠ ʦʜʥʦʩʥʦ ʢʣʠʟʘˁʫ 

ʧʨʠ ʧʫʥʦʤ ʦʧʪʝʨʝ˂ʝˁʫ. ɺʨʝʜʥʦʩʪʠ ʙʨʟʠʥʝ ʠ ʢʣʠʟʘˁʘ ʤʦʨʘʿʫ ʩʝ ʧʘʞˀʠʚʦ ʠʟʤʝʨʠʪʠ 

ʢʘʢʦ ʙʠ ʩʝ ʦʙʝʟʙʝʜʠʣʘ ʪʘʯʥʦʩʪ ʨʝʟʫʣʪʘʪʘ. 

 ʄʝʪʦʜʘ 4 - ʋ ʩʣʫʯʘʿʫ ʜʘ ʥʠʿʝʜʥʘ ʦʜ ʧʨʝʪʭʦʜʥʠʭ ʤʝʪʦʜʘ ʥʠʿʝ ʠʟʚʦʜˀʠʚʘ, ʤʦʛʫ ʩʝ 

ʧʨʠʤʝʥʠʪʠ ʩʣʝʜʝ˂ʘ ʠʩʧʠʪʠʚʘˁʘ: ʠʤʧʝʜʘʥʩʥʦ ʠʩʧʠʪʠʚʘˁʝ ʩʘ ʫʢʦʯʝʥʠʤ ʨʦʪʦʨʦʤ, ʠ 

ʠʩʧʠʪʠʚʘˁʝ ʧʦʜ ʦʧʪʝʨʝ˂ʝˁʝʤ. ʀʤʧʝʜʘʥʩʥʦ ʠʩʧʠʪʠʚʘˁʝ ʩʘ ʫʢʦʯʝʥʠʤ ʨʦʪʦʨʦʤ ʠʟʚʦʜʠ 

ʩʝ ʧʨʠ ʩʥʠʞʝʥʦʤ ʥʘʧʦʥʫ ʠ ʥʘʟʠʚʥʦʿ ʬʨʝʢʚʝʥʮʠʿʠ, ʪʘʢʦ ʜʘ ʩʝ ʜʦʙʠʿʝ ʧʨʠʙʣʠʞʥʦ 

ʥʘʟʠʚʥʘ ʩʪʨʫʿʘ. 

4.3. ʇʨʦʨʘʯʫʥ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ - ʄʝʪʦʜʘ 1 

4.3.1. ʀʩʧʠʪʠʚʘˁʝ ʩʘ ʫʢʦʯʝʥʠʤ ʨʦʪʦʨʦʤ 

ʂʦʜ ʤʦʪʦʨʘ ʩʘ ʢʘʚʝʟʥʠʤ ʨʦʪʦʨʦʤ, ʢʦʥʩʪʨʫʢʮʠʿʘ ʨʦʪʦʨʘ ʿʝ ʩʠʤʝʪʨʠʯʥʘ, ʰʪʦ 

ʨʝʟʫʣʪʠʨʘ ʛʦʪʦʚʦ ʢʦʥʩʪʘʥʪʥʦʤ ʚʨʝʜʥʦʰ˂ʫ ʠʤʧʝʜʘʥʩʝ ʙʝʟ ʦʙʟʠʨʘ ʥʘ ʧʦʣʦʞʘʿ ʨʦʪʦʨʘ ʫ 

ʦʜʥʦʩʫ ʥʘ ʩʪʘʪʦʨ. ʄʝʹʫʪʠʤ, ʢʦʜ ʤʦʪʦʨʘ ʩʘ ʥʘʤʦʪʘʥʠʤ ʨʦʪʦʨʦʤ, ʠʤʧʝʜʘʥʩʘ ʨʦʪʦʨʘ 

ʟʘʚʠʩʠ ʦʜ ʫʛʣʘ ʨʦʪʘʮʠʿʝ ʨʦʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ ʩʪʘʪʦʨ. ɿʙʦʛ ʪʦʛʘ ʿʝ, ʧʨʠʣʠʢʦʤ ʠʟʚʦʹʝˁʘ 

ʠʩʧʠʪʠʚʘˁʘ ʩʘ ʫʢʦʯʝʥʠʤ ʨʦʪʦʨʦʤ, ʥʝʦʧʭʦʜʥʦ ʧʨʝʮʠʟʥʦ ʦʜʨʝʜʠʪʠ ʧʦʣʦʞʘʿ ʨʦʪʦʨʘ ʢʦʿʠ 

ʜʘʿʝ ʧʨʦʩʝʯʥʫ ʚʨʝʜʥʦʩʪ ʠʤʧʝʜʘʥʩʝ. 

ʇʨʝ ʧʦʯʝʪʢʘ ʠʩʧʠʪʠʚʘˁʘ, ʥʘʤʦʪʘʿʠ ʨʦʪʦʨʘ ʤʦʨʘʿʫ ʙʠʪʠ ʢʨʘʪʢʦ ʩʧʦʿʝʥʠ. ɼʘ ʙʠ ʩʝ 

ʦʜʨʝʜʠʣʘ ʫʛʘʦʥʘ ʫʜʘˀʝʥʦʩʪ ʢʨʦʟ ʢʦʿʫ ʪʨʝʙʘ ʧʦʩʤʘʪʨʘʪʠ ʧʨʦʤʝʥʫ ʩʪʨʫʿʝ, ʨʦʪʦʨ ʩʝ 

ʦʢʨʝ˂ʝ ʧʦʣʘʢʦ, ʘ ʩʪʨʫʿʘ ʫ ʩʪʘʪʦʨʫ ʩʝ ʥʝʧʨʝʢʠʜʥʦ ʧʨʘʪʠ. ɹʝʣʝʞʠ ʩʝ ʫʛʘʦ ʢʦʿʠ ʨʦʪʦʨ 

ʤʦʨʘ ʧʨʝ˂ʠ ʜʘ ʙʠ ʩʪʨʫʿʘ ʫ ʩʪʘʪʦʨʫ ʧʨʦʰʣʘ ʢʨʦʟ ʿʝʜʘʥ ʮʝʦ ʧʝʨʠʦʜ ʧʨʦʤʝʥʝ. ɿʘ 
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ʪʨʦʬʘʟʥʝ ʤʘʰʠʥʝ ʢʦʜ ʢʦʿʠʭ ʿʝ ʙʨʦʿ ʞʣʝʙʦʚʘ ʧʦ ʧʦʣʫ ʠ ʧʦ ʬʘʟʠ ʮʝʦ ʙʨʦʿ, ʦʚʘ ʫʛʘʦʥʘ 

ʫʜʘˀʝʥʦʩʪ ʠʟʥʦʩʠ ʜʚʝ ʪʨʝ˂ʠʥʝ ʧʦʣʥʦʛ ʢʦʨʘʢʘ. ʂʦʜ ʤʘʰʠʥʘ ʢʦʜ ʢʦʿʠʭ ʙʨʦʿ ʞʣʝʙʦʚʘ ʧʦ 

ʧʦʣʫ ʠ ʧʦ ʬʘʟʠ  ʥʠʿʝ ʮʝʦ ʙʨʦʿ, ʦʚʘ ʫʛʘʦʥʘ ʫʜʘˀʝʥʦʩʪ ʤʦʞʝ ʜʦʩʪʠ˂ʠ ʮʝʦ ʧʦʣʥʠ ʢʦʨʘʢ. 

ʈʦʪʦʨ ʩʝ ʟʘʪʠʤ ʬʠʢʩʠʨʘ ʪʘʢʦ ʜʘ ʥʝ ʤʦʞʝ ʩʣʦʙʦʜʥʦ ʜʘ ʨʦʪʠʨʘ, ʘʣʠ ʜʘ ʩʝ ʤʦʞʝ ʨʫʯʥʦ 

ʦʢʨʝʪʘʪʠ. 

ʀʩʧʠʪʠʚʘˁʝ ʧʦʯʠˁʝ ʧʦʩʪʝʧʝʥʠʤ ʧʦʚʝ˂ʘʚʘˁʝʤ ʥʘʧʦʥʘ ʩʚʝ ʜʦʢ ʩʝ ʥʝ ʧʦʩʪʠʛʥʝ 

ʩʪʨʫʿʘ ʧʨʠʙʣʠʞʥʦ ʿʝʜʥʘʢʘ ʥʘʟʠʚʥʦʿ. ʇʨʠ ʪʦʤʝ ʩʝ ʤʝʨʝ ʠ ʙʝʣʝʞʝ ʥʘʧʦʥ ʠ ʩʪʨʫʿʘ ʫ ʩʚʠʤ 

ʬʘʟʘʤʘ, ʚʦʜʝ˂ʠ ʨʘʯʫʥʘ ʜʘ ʥʘʧʦʥʠ ʫ ʩʚʠʤ ʬʘʟʘʤʘ ʙʫʜʫ ʩʠʤʝʪʨʠʯʥʠ. ɿʘʜʨʞʘʚʘʿʫ˂ʠ ʠʩʪʫ 

ʚʨʝʜʥʦʩʪ ʥʘʧʦʥʘ, ʨʦʪʦʨ ʪʨʝʙʘ ʧʦʣʘʢʦ ʦʢʨʝʪʘʪʠ, ʠ ʙʝʣʝʞʠʪʠ ʤʠʥʠʤʘʣʥʝ ʠ ʤʘʢʩʠʤʘʣʥʝ 

ʚʨʝʜʥʦʩʪʠ ʩʪʨʫʿʝ ʪʦʢʦʤ ʮʝʣʦʢʫʧʥʦʛ ʮʠʢʣʫʩʘ. ʅʘʢʦʥ ʪʦʛʘ, ʨʦʪʦʨ ʩʝ ʙʣʦʢʠʨʘ ʫ 

ʧʦʣʦʞʘʿʫ ʢʦʿʠ ʜʘʿʝ ʩʪʨʫʿʫ ʿʝʜʥʘʢʫ ʩʨʝʜˁʦʿ ʚʨʝʜʥʦʩʪʠ ʠʟʤʝʹʫ ʨʝʛʠʩʪʨʦʚʘʥʠʭ 

ʤʠʥʠʤʘʣʥʠʭ ʠ ʤʘʢʩʠʤʘʣʥʠʭ ʚʨʝʜʥʦʩʪʠ ʩʪʨʫʿʝ. 

ʊʦʢʦʤ ʠʩʧʠʪʠʚʘˁʘ ʩʘ ʫʢʦʯʝʥʠʤ ʨʦʪʦʨʦʤ ʧʦʪʨʝʙʥʦ ʿʝ ʠʩʪʦʚʨʝʤʝʥʦ ʚʨʰʠʪʠ 

ʤʝʨʝˁʘ ʥʘʧʦʥʘ ʠ ʩʪʨʫʿʝ ʫ ʩʚʠʤ ʬʘʟʘʤʘ, ʢʘʦ ʠ ʫʣʘʟʥʝ ʩʥʘʛʝ, ʠ ʪʦ ʥʘ ʚʠʰʝ ʥʠʚʦʘ 

ʥʘʧʦʥʘ. ʇʦʩʝʙʥʫ ʧʘʞˁʫ ʪʨʝʙʘ ʧʦʩʚʝʪʠʪʠ ʦʧʩʝʛʫ ʩʪʨʫʿʘ ʫ ʙʣʠʟʠʥʠ ʥʘʟʠʚʥʝ ʚʨʝʜʥʦʩʪʠ, 

ʿʝʨ ʩʝ ʫ ʪʦʤ ʜʦʤʝʥʫ ʜʦʙʠʿʘʿʫ ʥʘʿʨʝʣʝʚʘʥʪʥʠʿʠ ʧʦʜʘʮʠ ʟʘ ʧʨʦʨʘʯʫʥ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ. ʊʘʢʦʹʝ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʠʟʤʝʨʠʪʠ ʪʝʤʧʝʨʘʪʫʨʫ ʥʘʤʦʪʘʿʘ ʩʪʘʪʦʨʘ 

ʠʣʠ ʦʪʧʦʨʥʦʩʪ ʥʘʤʦʪʘʿʘ, ʢʘʦ ʠʥʜʠʢʘʪʦʨ ʪʝʤʧʝʨʘʪʫʨʥʦʛ ʩʪʘˁʘ. ʈʘʜʠ ʩʧʨʝʯʘʚʘˁʘ 

ʧʨʝʛʨʝʚʘˁʘ ʥʘʤʦʪʘʿʘ, ʧʨʝʧʦʨʫʯʫʿʝ ʩʝ ʜʘ ʩʝ ʤʝʨʝˁʝ ʦʪʧʦʯʥʝ ʧʨʠ ʥʘʿʚʠʰʠʤ 

ʚʨʝʜʥʦʩʪʠʤʘ ʥʘʧʦʥʘ, ʘ ʟʘʪʠʤ ʥʘʩʪʘʚʠ ʩʘ ʧʦʩʪʝʧʝʥʠʤ ʩʤʘˁʝˁʝʤ. ʆʚʘʢʚʠʤ ʧʨʠʩʪʫʧʦʤ 

ʫʙʣʘʞʘʚʘʿʫ ʩʝ ʪʝʤʧʝʨʘʪʫʨʥʝ ʨʘʟʣʠʢʝ ʪʦʢʦʤ ʠʩʧʠʪʠʚʘˁʘ. ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ 

ʠʩʧʠʪʠʚʘˁʘ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʩʘ ʫʢʦʯʝʥʠʤ ʨʦʪʦʨʦʤ ʧʨʠʢʘʟʘʥʘ ʿʝ ʥʘ ʉʣ. 4.2. 

sR sX
rX
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ʉʣ. 4.2 ɽʢʚʠʚʘʣʝʥʪʥʘ ʰʝʤʘ ʠʩʧʠʪʠʚʘˁʘ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʧʨʠ ʫʢʦʯʝʥʦʤ ʨʦʪʦʨʫ [85] 
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4.3.2. ʄʘʪʝʤʘʪʠʯʢʠ ʧʨʦʨʘʯʫʥ 

ʅʘ ʦʩʥʦʚʫ ʠʟʤʝʨʝʥʠʭ ʚʨʝʜʥʦʩʪʠ ʬʘʟʥʦʛ ʥʘʧʦʥʘ, ʬʘʟʥʝ ʩʪʨʫʿʝ ʠ ʫʢʫʧʥʝ ʘʢʪʠʚʥʝ 

ʩʥʘʛʝ ʫʟʝʪʝ ʠʟ ʤʨʝʞʝ ʤʦʛʫ ʩʝ ʦʜʨʝʜʠʪʠ ʦʪʧʦʨʥʦʩʪ ʨʦʪʦʨʘ (Rr) ʠ ʫʢʫʧʥʘ ʨʘʩʠʧʥʘ 

ʨʝʘʢʪʘʥʩʘ (Xs+Xr), ʧʨʠʤʝʥʦʤ ʠʟʨʘʟʘ (4.1) ʜʦ (4.11). ʇʨʦʨʘʯʫʥ ʟʘʧʦʯʠˁʝ ʧʨʝʪʧʦʩʪʘʚʢʦʤ 

ʦʜʥʦʩʘ ʠʟʤʝʹʫ ʨʘʩʠʧʥʠʭ ʨʝʘʢʪʘʥʩʠ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ. ɸʢʦ ʩʫ ʧʦʟʥʘʪʠ ʢʦʥʩʪʨʫʢʮʠʦʥʠ 

ʧʦʜʘʮʠ ʤʦʪʦʨʘ ʢʦʨʠʩʪʠ ʩʝ ʪʘʯʥʦ ʦʜʨʝʹʝʥ ʦʜʥʦʩ ʦʚʠʭ ʨʝʘʢʪʘʥʩʠ. ʋ ʩʫʧʨʦʪʥʦʤ ʢʦʨʠʩʪʝ 

ʩʝ ʦʜʥʦʩʠ ʜʝʬʠʥʠʩʘʥʠ NEMA ʩʪʘʥʜʘʨʜʦʤ [86], ʢʦʿʠ ʦʜʛʦʚʘʨʘʿʫ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠʤ 

ʦʙʣʠʮʠʤʘ ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ: 

s

r

1
X

X
= , ʟʘ ʤʦʪʦʨʝ ʯʠʿʝ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʧʦ ʦʙʣʠʢʫ ʦʜʛʦʚʘʨʘʿʫ ʪʠʧʫ Ăɸò, ʠʣʠ 

ʪʠʧʫ ĂDò ʧʨʝʤʘ NEMA ʢʣʘʩʠʬʠʢʘʮʠʿʠ, ʢʘʦ ʠ ʟʘ ʘʩʠʥʭʨʦʥʝ ʤʦʪʦʨʝ ʩʘ ʥʘʤʦʪʘʥʠʤ 

ʨʦʪʦʨʦʤ; 

s

r

0.67
X

X
= , ʟʘ ʤʦʪʦʨʝ ʯʠʿʝ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʧʦ ʦʙʣʠʢʫ ʦʜʛʦʚʘʨʘʿʫ ʪʠʧʫ ĂBò; 

s

r

0.43
X

X
= , ʟʘ ʤʦʪʦʨʝ ʯʠʿʝ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʧʦ ʦʙʣʠʢʫ ʦʜʛʦʚʘʨʘʿʫ ʪʠʧʫ ĂCò. 

ʇʨʦʨʘʯʫʥ ʨʝʘʢʪʠʚʥʝ ʩʥʘʛʝ ʤʦʪʦʨʘ ʧʨʠ ʧʨʘʟʥʦʤ ʭʦʜʫ, ʠ ʧʨʠ ʫʩʣʦʚʠʤʘ 

ʠʤʧʝʜʘʥʩʥʦʛ ʠʩʧʠʪʠʚʘˁʘ: 

0 0 0

2 2

0( )Q mU I P= - ,               (4.1) 

2 2

L L L L( )Q mU I P= - .               (4.2) 

ʋ ʛʦʨˁʠʤ ʠʟʨʘʟʠʤʘ ʦʟʥʘʢʝ ʠʤʘʿʫ ʩʣʝʜʝ˂ʘ ʟʥʘʯʝˁʘ: m - ʙʨʦʿ ʬʘʟʘ, U0 - ʥʘʧʦʥ 

ʧʨʘʟʥʦʛ ʭʦʜʘ, I0 - ʩʪʨʫʿʘ ʧʨʘʟʥʦʛ ʭʦʜʘ, P0 - ʘʢʪʠʚʥʘ ʩʥʘʛʘ ʧʨʘʟʥʦʛ ʭʦʜʘ, UL - ʥʘʧʦʥ ʧʨʠ 

ʠʤʧʝʜʘʥʩʥʦʤ ʠʩʧʠʪʠʚʘˁʫ, IL - ʩʪʨʫʿʘ ʧʨʠ ʠʤʧʝʜʘʥʩʥʦʤ ʠʩʧʠʪʠʚʘˁʫ, PL - ʘʢʪʠʚʥʘ 

ʩʥʘʛʘ ʧʨʠ ʠʤʧʝʜʘʥʩʥʦʤ ʠʩʧʠʪʠʚʘˁʫ. 
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ʇʨʦʨʘʯʫʥ ʨʝʘʢʪʘʥʩʝ ʤʘʛʥʝ˂ʝˁʘ: 

( )

2

0

22

0 0 s s

m

m

1

1

mU
X

Q mI X X

X

= Ö
- å õ

+æ ö
ç ÷

.              (4.3) 

ʇʨʦʨʘʯʫʥ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ ʧʨʠ ʠʩʧʠʪʥʦʿ ʬʨʝʢʚʝʥʮʠʿʠ: 

m

s sL
s_L

r m2 s s
L

r

1

X XQ
X

X XX X
mI

X X

è øå õ
= Ö +é ùæ ö

è øå õ ç ÷ê ú+ +é ùæ ö
ç ÷ê ú

Ö

.            (4.4) 

ʇʨʦʨʘʯʫʥ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ ʧʨʠ ʥʘʟʠʚʥʦʿ ʬʨʝʢʚʝʥʮʠʿʠ: 

s s_L

L

f
X X

f
= Ö ,                (4.5) 

ʛʜʝ ʿʝ fL ʠʩʧʠʪʥʘ ʬʨʝʢʚʝʥʮʠʿʘ. 

ɱʝʜʥʘʯʠʥʝ (4.3), (4.4) ʠ (4.5), ʤʦʛʫ ʩʝ ʨʝʰʠʪʠ ʩʣʝʜʝ˂ʠʤ ʧʦʩʪʫʧʢʦʤ: 

 ʇʨʝʪʧʦʩʪʘʚʠʪʠ ʚʨʝʜʥʦʩʪ ʟʘ (Xs), ʢʘʦ ʠ ʦʜʥʦʩ (Xs/Xm), ʠ ʥʘ ʦʩʥʦʚʫ ʿʝʜʥʘʯʠʥʝ (4.3) 

ʠʟʨʘʯʫʥʘʪʠ (Xm); 

 ʂʦʨʠʰ˂ʝˁʝʤ ʠʩʪʦʛ ʦʜʥʦʩʘ (Xs/Xm), ʠʟ ʿʝʜʥʘʯʠʥʝ (4.4) ʠʟʨʘʯʫʥʘʪʠ (Xs_L); 

 ʀʟ ʿʝʜʥʘʯʠʥʝ (4.5) ʠʟʨʘʯʫʥʘʪʠ (Xs); 

 ʇʦʥʦʚʦ ʠʟ ʿʝʜʥʘʯʠʥʝ (4.3) ʠʟʨʘʯʫʥʘʪʠ (Xm) ʢʦʨʠʩʪʝ˂ʠ ʚʨʝʜʥʦʩʪ ʟʘ (Xs) ʠʟ 

ʿʝʜʥʘʯʠʥʝ (4.5), ʠ ʧʨʝʪʭʦʜʥʠ ʦʜʥʦʩ (Xs/Xm); 

 ʇʦʩʪʫʧʘʢ ʩʝ ʧʦʥʘʚˀʘ ʠʪʝʨʘʪʠʚʥʦ ʩʚʝ ʜʦʢ ʩʝ ʚʨʝʜʥʦʩʪʠ (Xs) ʠ (Xm) ʥʝ 

ʩʪʘʙʠʣʠʟʫʿʫ ʫʥʫʪʘʨ ʟʘʜʘʪʝ ʪʦʣʝʨʘʥʮʠʿʝ ʦʜ 0.1%. 

ʇʨʦʨʘʯʫʥ ʩʫʩʮʝʧʪʘʥʩʝ ʛʨʘʥʝ ʤʘʛʥʝ˂ʝˁʘ: 

m

m

1
B

X
= .                (4.6) 

ʇʨʦʨʘʯʫʥ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʨʦʪʦʨʘ ʧʨʠ ʠʩʧʠʪʥʦʿ ʬʨʝʢʚʝʥʮʠʿʠ: 

s_L

r_L

s

r

X
X

X

X

=
å õ
æ ö
ç ÷

.                (4.7) 
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ʇʨʦʨʘʯʫʥ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʨʦʪʦʨʘ ʧʨʠ ʥʘʟʠʚʥʦʿ ʬʨʝʢʚʝʥʮʠʿʠ: 

nom
r r_L

L

f
X X

f
= Ö .                (4.8) 

ʂʦʥʜʫʢʪʘʥʩʘ ʩʨʘʟʤʝʨʥʘ ʛʫʙʠʮʠʤʘ ʩʥʘʛʝ ʤʘʛʥʝʪʥʦʛ ʢʦʣʘ: 

2

sh
fe 2

0 m

1
XP

G
mU X

å õ
= ³ +æ ö

ç ÷
,               (4.9) 

ʛʜʝ ʩʫ (Ph) ʫʢʫʧʥʠ ʛʫʙʠʮʠ ʫ ʛʚʦʞʹʫ ʠʟʨʘʞʝʥʠ ʫ [W]. 

ʆʪʧʦʨʥʦʩʪ ʩʨʘʟʤʝʨʥʘ ʛʫʙʠʮʠʤʘ ʩʥʘʛʝ ʤʘʛʥʝʪʥʦʛ ʢʦʣʘ: 

fe

fe

1
R

G
= .              (4.10) 

ʆʪʧʦʨʥʦʩʪ ʨʦʪʦʨʘ ʧʨʦʨʘʯʫʥʘʪʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʠ ʟʘʙʝʣʝʞʝʥʦʿ ʪʦʢʦʤ ʠʩʧʠʪʠʚʘˁʘ: 

( )
22

2L r r
r_L s_L s_L fe2

L m s

1
P X X

R R X G
m I X X

å õå õ å õ
= - Ö + - ³æ öæ ö æ ö

Öç ÷ ç ÷ç ÷
.        (4.11) 

ʆʪʧʦʨʥʦʩʪ (Rs_L) ʿʝʜʥʘʢʘ ʿʝ ʧʦʣʦʚʠʥʠ ʠʟʤʝʨʝʥʝ ʚʨʝʜʥʦʩʪʠ ʦʪʧʦʨʥʦʩʪʠ ʩʪʘʪʦʨʘ 

ʠʟʤʝʹʫ ʜʚʝ ʬʘʟʝ, ʥʘ ʪʝʤʧʝʨʘʪʫʨʠ ʟʘʙʝʣʝʞʝʥʦʿ ʪʦʢʦʤ ʠʩʧʠʪʠʚʘˁʘ. 

ʆʪʧʦʨʥʦʩʪʠ (Rs_L) ʠ (Rr_L) ʢʦʨʠʛʫʿʫ ʩʝ ʥʘ ʟʘʜʘʪʫ ʪʝʤʧʝʨʘʪʫʨʫ ʧʦʤʦ˂ʫ ʩʣʝʜʝ˂ʠʭ 

ʠʟʨʘʟʘ, ʠ ʦʟʥʘʯʘʚʘʿʫ ʩʝ ʩʘ (Rs) ʠ (Rr): 

bs_L 1

s

a 1

( )R t k
R

t k

+
=

+
,             (4.12) 

br_L 1

r

a 1

( )R t k
R

t k

+
=

+
,             (4.13) 

ʛʜʝ ʩʫ: ta - ʪʝʤʧʝʨʘʪʫʨʘ ʫ [ęʉ] ʧʨʠ ʢʦʿʦʿ ʩʫ ʠʟʤʝʨʝʥʝ ʦʪʧʦʨʥʦʩʪʠ (Rs_L) ʠ (Rr_L); tb -

 ʪʝʤʧʝʨʘʪʫʨʘ ʫ [ęʉ] ʥʘ ʢʦʿʫ ʪʨʝʙʘ ʢʦʨʠʛʦʚʘʪʠ ʦʚʝ ʦʪʧʦʨʥʦʩʪʠ; k1 - ʪʝʤʧʝʨʘʪʫʨʥʘ 

ʢʦʥʩʪʘʥʪʘ ʧʨʦʚʦʜʥʠʢʘ: ʟʘ ʙʘʢʘʨ ʠʟʥʦʩʠ 234,5, ʟʘ ʘʣʫʤʠʥʠʿʫʤ 225. 
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4.4. ʇʨʦʨʘʯʫʥ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ - ʄʝʪʦʜʘ 2 

ʆʚʘ ʤʝʪʦʜʘ ʧʦʜʨʘʟʫʤʝʚʘ ʠʩʧʠʪʠʚʘˁʘ ʧʨʠ ʫʢʦʯʝʥʦʤ ʨʦʪʦʨʫ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ, 

ʩʘ ʪʨʠ ʨʘʟʣʠʯʠʪʝ ʬʨʝʢʚʝʥʮʠʿʝ: ʥʘʟʠʚʥʦʿ ʬʨʝʢʚʝʥʮʠʿʠ; ʬʨʝʢʚʝʥʮʠʿʠ ʢʦʿʘ ʦʜʛʦʚʘʨʘ 

ʧʨʠʙʣʠʞʥʦ 50% ʥʘʟʠʚʥʝ ʬʨʝʢʚʝʥʮʠʿʝ ʠ ʬʨʝʢʚʝʥʮʠʿʠ ʢʦʿʘ ʦʜʛʦʚʘʨʘ ʧʨʠʙʣʠʞʥʦ 25% 

ʥʘʟʠʚʥʝ ʬʨʝʢʚʝʥʮʠʿʝ. ʉʚʘ ʪʨʠ ʠʩʧʠʪʠʚʘˁʘ ʠʟʚʦʜʝ ʩʝ ʧʨʠ ʩʪʨʫʿʠ ʢʦʿʘ ʦʜʛʦʚʘʨʘ 

ʥʘʟʠʚʥʦʿ ʚʨʝʜʥʦʩʪʠ. ʅʘ ʦʩʥʦʚʫ ʠʟʤʝʨʝʥʠʭ ʚʨʝʜʥʦʩʪʠ ʬʘʟʥʦʛ ʥʘʧʦʥʘ, ʬʘʟʥʝ ʩʪʨʫʿʝ, 

ʫʢʫʧʥʝ ʘʢʪʠʚʥʝ ʩʥʘʛʝ ʧʦ ʬʘʟʠ ʢʦʿʫ ʤʦʪʦʨ ʫʟʠʤʘ ʠʟ ʤʨʝʞʝ, ʟʘ ʩʚʘʢʫ ʦʜ ʠʩʧʠʪʠʚʘʥʠʭ 

ʬʨʝʢʚʝʥʮʠʿʘ ʠʟʨʘʯʫʥʘʚʘʿʫ ʩʝ ʨʦʪʦʨʩʢʘ ʦʪʧʦʨʥʦʩʪ (Rr_L) ʠ ʫʢʫʧʥʘ ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ 

(Xs_L + Xr_L), ʢʦʨʠʩʪʝ˂ʠ ʧʨʝʪʭʦʜʥʦ ʜʝʬʠʥʠʩʘʥ ʤʘʪʝʤʘʪʠʯʢʠ ʧʨʦʨʘʯʫʥ. ʅʘʢʦʥ ʪʦʛʘ, 

ʢʦʥʩʪʨʫʠʰʫ ʩʝ ʢʨʠʚʝ ʢʦʿʝ ʧʨʠʢʘʟʫʿʫ ʟʘʚʠʩʥʦʩʪ ʦʪʧʦʨʥʦʩʪʠ ʠ ʫʢʫʧʥʝ ʨʘʩʠʧʥʝ 

ʨʝʘʢʪʘʥʩʝ ʦʜ ʬʨʝʢʚʝʥʮʠʿʝ. ʊʝ ʢʨʠʚʝ ʦʤʦʛʫ˂ʘʚʘʿʫ ʠʥʪʝʨʧʦʣʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʧʨʠ 

ʞʝˀʝʥʦʿ ʩʥʠʞʝʥʦʿ ʨʘʜʥʦʿ ʬʨʝʢʚʝʥʮʠʿʠ. ɼʦʙʠʿʝʥʝ ʚʨʝʜʥʦʩʪʠ ʨʦʪʦʨʩʢʝ ʦʪʧʦʨʥʦʩʪʠ ʠ 

ʨʘʩʠʧʥʠʭ ʨʝʘʢʪʘʥʩʠ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ, ʢʦʨʠʛʦʚʘʥʝ ʥʘ ʞʝˀʝʥʫ ʬʨʝʢʚʝʥʮʠʿʫ, ʫʥʦʩʝ ʩʝ ʫ 

ʝʢʚʠʚʘʣʝʥʪʥʫ ʰʝʤʫ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ ʠ ʢʦʨʠʩʪʝ ʩʝ ʟʘ ʜʘˀʫ ʘʥʘʣʠʟʫ ʨʘʜʥʠʭ 

ʧʝʨʬʦʨʤʘʥʩʠ ʤʦʪʦʨʘ. 

4.5. ʇʨʦʨʘʯʫʥ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ - ʄʝʪʦʜʘ 3 

4.5.1. ʀʤʧʝʜʘʥʩʥʦ ʠʩʧʠʪʠʚʘˁʝ ʧʨʠ ʩʥʠʞʝʥʦʤ ʥʘʧʦʥʫ ʥʘʧʘʿʘˁʘ ʠ ʙʨʟʠʥʠ, 

ʦʜʥʦʩʥʦ ʢʣʠʟʘˁʫ ʢʦʝʿ ʦʜʛʦʚʘʨʘ ʞʝˀʝʥʦʿ ʩʥʠʞʝʥʦʿ ʬʨʝʢʚʝʥʮʠʿʠ 

ʆʪʧʦʨʥʦʩʪ ʨʦʪʦʨʘ (Rr) ʠ ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ (Xr) ʧʨʠ ʩʥʠʞʝʥʦʿ 

ʬʨʝʢʚʝʥʮʠʿʠ ʤʦʛʫ ʩʝ ʦʜʨʝʜʠʪʠ ʥʘ ʦʩʥʦʚʫ ʠʟʤʝʨʝʥʠʭ ʚʨʝʜʥʦʩʪʠ: ʬʘʟʥʦʛ ʥʘʧʦʥʘ, ʬʘʟʥʝ 

ʩʪʨʫʿʝ, ʫʢʫʧʥʝ ʘʢʪʠʚʥʝ ʩʥʘʛʝ ʫʟʝʪʝ ʠʟ ʤʨʝʞʝ, ʢʣʠʟʘˁʘ, ʪʝʤʧʝʨʘʪʫʨʝ ʥʘʤʦʪʘʿʘ ʩʪʘʪʦʨʘ 

ʠʣʠ ʦʪʧʦʨʥʦʩʪʠ ʥʘʤʦʪʘʿʘ ʩʪʘʪʦʨʘ ʧʨʠ ʙʨʟʠʥʠ, ʦʜʥʦʩʥʦ ʢʣʠʟʘˁʫ ʢʦʝʿ ʧʨʠʙʣʠʞʥʦ 

ʦʜʛʦʚʘʨʘ ʞʝˀʝʥʦʿ ʩʥʠʞʝʥʦʿ ʬʨʝʢʚʝʥʮʠʿʠ ʨʦʪʦʨʘ. ʋ ʦʢʚʠʨʫ ʦʚʝ ʤʝʪʦʜʝ, ʤʘʰʠʥʘ ʨʘʜʠ 

ʙʝʟ ʤʝʭʘʥʠʯʢʦʛ ʦʧʪʝʨʝ˂ʝˁʘ ʠʣʠ ʩʘ ʩʥʠʞʝʥʠʤ ʦʧʪʝʨʝ˂ʝˁʝʤ, ʧʨʠ ʥʘʧʦʥʫ ʢʦʿʠ 

ʦʙʝʟʙʝʹʫʿʝ ʞʝˀʝʥʫ ʙʨʟʠʥʫ ʦʙʨʪʘˁʘ. 
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4.5.2. ʄʘʪʝʤʘʪʠʯʢʠ ʧʨʦʨʘʯʫʥ 

ʅʘ ʦʩʥʦʚʫ ʨʝʟʫʣʪʘʪʘ ʠʩʧʠʪʠʚʘˁʘ ʫ ʦʛʣʝʜʫ ʧʨʘʟʥʦʛ ʭʦʜʘ, ʤʦʞʝ ʩʝ ʠʟʨʘʯʫʥʘʪʠ 

ʫʢʫʧʥʘ ʨʝʘʢʪʘʥʩʘ ʧʦ ʬʘʟʠ ʟʘ ʩʚʘʢʫ ʪʘʯʢʫ ʤʝʨʝˁʘ. ʅʘʢʦʥ ʪʦʛʘ ʢʦʥʩʪʨʫʠʰʝ ʩʝ ʢʨʠʚʘ 

ʫʢʫʧʥʝ ʨʝʘʢʪʘʥʩʝ ʧʦ ʬʘʟʠ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʬʘʟʥʦʛ ʥʘʧʦʥʘ ʫ ʦʛʣʝʜʫ ʧʨʘʟʥʦʛ ʭʦʜʘ. 

ʇʨʠʤʝʨ ʪʘʢʚʝ ʢʨʠʚʝ ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʉʣ. 4.3. ʅʘʿʚʠʰʘ ʪʘʯʢʘ ʥʘ ʦʚʦʿ ʢʨʠʚʦʿ ʫʟʠʤʘ ʩʝ ʢʘʦ 

ʫʢʫʧʥʘ ʨʝʘʢʪʘʥʩʘ ʧʦ ʬʘʟʠ ʧʨʠ ʧʨʘʟʥʦʤ ʭʦʜʫ (Xs + Xm), ʠ ʢʦʨʠʩʪʠ ʩʝ ʫ ʧʨʦʨʘʯʫʥʠʤʘ 

ʧʨʠʣʠʢʦʤ ʠʤʧʝʜʘʥʩʥʦʛ ʠʩʧʠʪʠʚʘˁʘ ʧʨʠ ʩʥʠʞʝʥʦʤ ʥʘʧʦʥʫ ʥʘʧʘʿʘˁʘ ʠ ʙʨʟʠʥʠ, 

ʦʜʥʦʩʥʦ ʢʣʠʟʘˁʫ ʢʦʿʝ ʦʜʛʦʚʘʨʘ ʞʝˀʝʥʦʿ ʩʥʠʞʝʥʦʿ ʬʨʝʢʚʝʥʮʠʿʠ ʨʦʪʦʨʘ. 

phU
ʌʘʟʥʠ ʥʘʧʦʥ

ʋ
ʢ
ʫ
ʧ
ʥ
ʘ 
ʨ
ʘʩ
ʠ
ʧ
ʥ
ʘ 
ʨ
ʝʘ
ʢ
ʪʘ
ʥ
ʩʘ
 ʧ
ʦ
 ʬ
ʘʟ
ʠ

X

D
F

CG

E
B A

 

ʉʣ. 4.3 ɿʘʚʠʩʥʦʩʪ ʫʢʫʧʥʝ ʨʝʘʢʪʘʥʩʝ ʦʜ ʬʘʟʥʦʛ ʥʘʧʦʥʘ ʫ ʦʛʣʝʜʫ ʧʨʘʟʥʦʛ ʭʦʜʘ [85] 

ʆʟʥʘʢʝ ʥʘ ʩʣʠʮʠ ʠʤʘʿʫ ʩʣʝʜʝ˂ʝ ʟʥʘʯʝˁʝ: 

ɸ - ʥʘʟʠʚʥʠ ʥʘʧʦʥ ʥʘʧʘʿʘˁʘ; 

B - ʩʥʠʞʝʥʠ ʥʘʧʦʥ ʥʘʧʘʿʘˁʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ ʧʨʠ ʠʤʧʝʜʘʥʩʥʦʤ ʠʩʧʠʪʠʚʘˁʫ ʠ ʢʣʠʟʘˁʫ 

ʢʦʿʝ ʧʨʠʙʣʠʞʥʦ ʦʜʛʦʚʘʨʘ ʞʝˀʝʥʦʿ ʩʥʠʞʝʥʦʿ ʬʨʝʢʚʝʥʮʠʿʠ ʨʦʪʦʨʘ; 

CDE - ʢʨʠʚʘ ʫʢʫʧʥʝ ʨʝʘʢʪʘʥʩʝ ʜʦʙʠʿʝʥʘ ʠʟ ʠʩʧʠʪʠʚʘˁʘ ʫ ʦʛʣʝʜʫ ʧʨʘʟʥʦʛ ʭʦʜʘ; 

F - ʨʝʘʢʪʘʥʩʘ ʢʦʿʘ ʦʜʛʦʚʘʨʘ ʥʘʿʚʠʰʦʿ ʪʘʯʢʠ D ʥʘ ʢʨʠʚʦʿ CDE. ʆʚʘ ʚʨʝʜʥʦʩʪ ʩʝ ʢʦʨʠʩʪʠ 

ʢʘʦ ʫʢʫʧʥʘ ʨʝʘʢʪʘʥʩʘ (Xs + Xm) ʫ ʠʤʧʝʜʘʥʩʥʦʤ ʠʩʧʠʪʠʚʘˁʫ ʧʨʠ ʢʣʠʟʘˁʫ ʢʦʿʝ 

ʧʨʠʙʣʠʞʥʦ ʦʜʛʦʚʘʨʘ ʞʝˀʝʥʦʿ ʩʥʠʞʝʥʦʿ ʬʨʝʢʚʝʥʮʠʿʠ ʨʦʪʦʨʘ; 

G - ʿʝ ʫʢʫʧʥʘ ʨʝʘʢʪʘʥʩʘ (Xs + Xm), ʢʦʿʘ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʜʦʙʠʿʘˁʝ ʨʝʘʢʪʘʥʩʝ ʤʘʛʥʝ˂ʝˁʘ 

(Xm), ʥʘʢʦʥ ʰʪʦ ʩʝ ʠʟ ʠʩʧʠʪʠʚʘˁʘ ʧʨʠ ʩʥʠʞʝʥʦʤ ʥʘʧʦʥʫ ʠʟʨʘʯʫʥʘʿʫ Xs, Xr ʠ Rr. 
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ʅʘ ʦʩʥʦʚʫ ʧʦʜʘʪʘʢʘ ʜʦʙʠʿʝʥʠʭ ʠʟ ʠʤʧʝʜʘʥʩʥʦʛ ʠʩʧʠʪʠʚʘˁʘ ʧʨʠ ʩʥʠʞʝʥʦʤ 

ʥʘʧʦʥʫ ʥʘʧʘʿʘˁʘ ʠ ʢʣʠʟʘˁʫ ʢʦʿʝ ʦʜʛʦʚʘʨʘ ʞʝˀʝʥʦʿ ʩʥʠʞʝʥʦʿ ʬʨʝʢʚʝʥʮʠʿʠ 

ʠʟʨʘʯʫʥʘʚʘʿʫ ʩʝ ʩʣʝʜʝ˂ʠ ʧʘʨʘʤʝʪʨʠ: ʫʢʫʧʥʘ ʠʤʧʝʜʘʥʩʘ ʧʦ ʬʘʟʠ (Z) ʠ ʬʘʢʪʦʨ ʩʥʘʛʝ 

(cosű). 

ʌʘʟʥʠ ʫʛʘʦ ʫʣʘʟʥʝ ʩʪʨʫʿʝ (ɗ1), ʫʢʫʧʥʘ ʧʨʠʚʠʜʥʘ ʦʪʧʦʨʥʦʩʪ ʧʦ ʬʘʟʠ (R), ʠ ʫʢʫʧʥʘ 

ʧʨʠʚʠʜʥʘ ʨʝʘʢʪʘʥʩʘ ʧʦ ʬʘʟʠ (X), ʤʦʛʫ ʩʝ ʠʟʨʘʯʫʥʘʪʠ ʧʦʤʦ˂ʫ ʩʣʝʜʝ˂ʠʭ ʠʟʨʘʟʘ: 

1 arccos(cos )q j=- ,             (4.14) 

1cos( )R Z q= Ö -,             (4.15) 

1sin( )X Z q= Ö -.             (4.16) 

ɺʨʝʜʥʦʩʪ (X) ʜʦʙʠʿʝʥʘ ʠʟ ʿʝʜʥʘʯʠʥʝ (4.16), ʠ ʢʦʨʠʩʪʠ ʩʝ ʢʘʦ ʧʦʯʝʪʥʘ ʧʨʦʮʝʥʘ 

ʟʙʠʨʘ (Xs + Xr), ʜʦʢ ʩʝ ʦʜʥʦʩ (Xs/Xr) ʦʜʨʝʹʫʿʝ ʥʘ ʦʩʥʦʚʫ ʧʨʦʿʝʢʪʥʠʭ ʧʦʜʘʪʘʢʘ, ʠʣʠ ʩʝ 

ʫʩʚʘʿʘ ʥʘ ʦʩʥʦʚʫ NEMA ʩʪʘʥʜʘʨʜʘ. ʂʦʨʠʰ˂ʝˁʝʤ ʜʦʙʠʿʝʥʦʛ ʟʙʠʨʘ ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ 

ʦʜʥʦʩʘ ʧʦʯʝʪʥʘ ʧʨʦʮʝʥʘ ʚʨʝʜʥʦʩʪʠ (Xs) ʤʦʞʝ ʩʝ ʜʦʙʠʪʠ ʧʦʤʦ˂ʫ ʩʣʝʜʝ˂ʝʤ ʠʟʨʘʟʫ: 

s

r

s

s

r

1

X

X
X X

X

X

å õ
æ ö
ç ÷=
å õ
+æ ö
ç ÷

.             (4.17) 

ʂʦʨʠʩʪʝ˂ʠ ʚʨʝʜʥʦʩʪ ʫʢʫʧʥʝ ʨʝʘʢʪʘʥʩʝ ʧʨʠ ʧʨʘʟʥʦʤ ʭʦʜʫ (Xs + Xm), ʜʦʙʠʿʝʥʫ ʠʟ 

ʪʘʯʢʝ D ʩʘ ʉʣ. 4.3, ʧʨʠʙʣʠʞʥʘ ʚʨʝʜʥʦʩʪ ʨʝʘʢʪʘʥʩʝ ʤʘʛʥʝ˂ʝˁʘ (Xm) ʤʦʞʝ ʩʝ 

ʠʟʨʘʯʫʥʘʪʠ ʥʘ ʦʩʥʦʚʫ ʠʟʨʘʟʘ: 

( )m s m sX X X X= + -.             (4.18) 

ʅʘ ʦʩʥʦʚʫ ʧʦʜʘʪʘʢʘ ʜʦʙʠʿʝʥʠʭ ʠʟ ʠʤʧʝʜʘʥʩʥʦʛ ʠʩʧʠʪʠʚʘˁʘ ʧʨʠ ʩʥʠʞʝʥʦʤ 

ʥʘʧʦʥʫ ʥʘʧʘʿʘˁʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʠʟʨʘʯʫʥʘʪʠ ʩʣʝʜʝ˂ʝ: 

2 2

r ph s 1 s 1 s s 1s s 1[ ( cos sin )] [ ( sin cos )]U U I R X I R Xq q q q= - - + + ,       (4.19) 

ʛʜʝ (Rs) ʧʨʝʜʩʪʘʚˀʘ ʦʪʧʦʨʥʦʩʪ ʩʪʘʪʦʨʘ ʩʚʝʜʝʥʫ ʥʘ ʪʝʤʧʝʨʘʪʫʨʫ ʠʟʤʝʨʝʥʫ ʪʦʢʦʤ 

ʠʩʧʠʪʠʚʘˁʘ. 
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ʅʘʢʦʥ ʠʟʨʘʯʫʥʘʚʘˁʘ ʬʘʟʥʦʛ ʫʛʣʘ ʫʢʫʧʥʝ ʩʪʘʪʦʨʩʢʝ ʩʪʨʫʿʝ ʫ ʦʜʥʦʩʫ ʥʘ ʥʘʧʦʥ 

ʥʘʧʘʿʘˁʘ (ɗ2), ʟʥʘʢ ʨʝʟʫʣʪʘʪʘ ʟʘʚʠʩʠ ʦʜ ʟʥʘʢʦʚʘ ʯʣʘʥʦʚʘ ʫ ʙʨʦʿʠʦʮʫ ʠ ʠʤʝʥʠʦʮʫ, ʰʪʦ 

ʦʜʨʝʹʫʿʝ ʫ ʢʦʤ ˂ʝ ʢʚʘʜʨʘʥʪʫ ʫʛʘʦ ʙʠʪʠ ʩʤʝʰʪʝʥ. 

s s 1 s 1
2

ph s s 1 s 1

( sin cos )
arctan

( cos sin )
 

I R X

U I R X

q q
q

q q

- -
=

- -
.          (4.20) 

ʉʪʨʫʿʘ ʤʘʛʥʝ˂ʝˁʘ: 

r
m

m

U
I

X
= .              (4.21) 

ʆʪʧʦʨʥʦʩʪ ʩʨʘʟʤʝʨʥʘ ʛʫʙʠʮʠʤʘ ʩʥʘʛʝ ʤʘʛʥʝʪʥʦʛ ʢʦʣʘ: 

2

r
fe

h

U
R

P

m

=
å õ
æ ö
ç ÷

.              (4.22) 

ʂʦʥʜʫʢʪʘʥʩʘ ʩʨʘʟʤʝʨʥʘ ʛʫʙʠʮʠʤʘ ʩʥʘʛʝ ʤʘʛʥʝʪʥʦʛ ʢʦʣʘ: 

fe

fe

1
G

R
= .              (4.23) 

ʉʪʨʫʿʘ ʤʘʛʥʝʪʥʦʛ ʢʦʣʘ: 

r
fe

fe

U
I

R
= .              (4.24) 

ʉʪʨʫʿʘ ʨʦʪʦʨʘ: 

2 2

r s 1 m 2 fe 2 s 1 m 2 fe 2[ cos sin cos ] [ sin cos sin ]I I I I I I Iq q q q q q= - - + - + + .       (4.25) 

ʈʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ: 

2 2

ph s 1 s s m m

r 2

r

sinU I I X I X
X

I

q- - -
= .           (4.26) 

ʋʢʫʧʥʘ ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ: 

s r   X X X= + .              (4.27) 
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ʋ ʜʘˀʝʤ ʧʦʩʪʫʧʢʫ ʧʦʪʨʝʙʥʦ ʿʝ ʧʦʥʦʚʠʪʠ ʧʨʦʨʘʯʫʥʝ ʦʜ ʿʝʜʥʘʯʠʥʝ (4.17) ʜʦ 

(4.27), ʢʦʨʠʩʪʝ˂ʠ ʧʦʯʝʪʥʠ ʦʜʥʦʩ (Xs/Xr) ʠʟ ʿʝʜʥʘʯʠʥʝ (4.17) ʠ ʥʦʚʫ ʚʨʝʜʥʦʩʪ (X) 

ʜʦʙʠʿʝʥʫ ʠʟ ʝʿʜʥʘʯʠʥʝ (4.27). ʇʨʦʮʝʩ ʩʝ ʥʘʩʪʘʚˀʘ ʠʪʝʨʘʪʠʚʥʦ ʜʦʢ ʩʝ ʥʝ ʜʦʙʠʿʫ 

ʩʪʘʙʠʣʥʝ ʚʨʝʜʥʦʩʪʠ ʟʘ (Xs) ʠ (Xr), ʪʿ. ʜʦʢ ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ ʚʨʝʜʥʦʩʪʠ ʫ ʜʚʝ ʫʟʘʩʪʦʧʥʝ 

ʠʪʝʨʘʮʠʿʝ ʥʝ ʙʫʜʝ ʤʘˁʘ ʦʜ 0.1%. 

ʀʤʧʝʜʘʥʩʘ ʨʦʪʦʨʘ: 

r
r

r

U
Z

I
= .              (4.28) 

ʆʪʧʦʨʥʦʩʪ ʨʦʪʦʨʘ: 

2 2

r rrR s Z X= - .             (4.29) 

ʂʦʨʠʩʪʝ˂ʠ ʚʨʝʜʥʦʩʪ ʫʢʫʧʥʝ ʨʝʘʢʪʘʥʩʝ (Xs + Xm) ʠʟ ʪʘʯʢʝ C ʩʘ ʉʣ. 4.3, ʢʦʿʘ 

ʦʜʛʦʚʘʨʘ ʥʘʟʠʚʥʦʤ ʥʘʧʦʥʫ ʧʨʠ ʪʝʩʪʫ ʧʨʘʟʥʦʛ ʭʦʜʘ, ʤʦʛʫ ʩʝ ʠʟʨʘʯʫʥʘʪʠ ʩʣʝʜʝ˂ʝ 

ʚʝʣʠʯʠʥʝ: 

¶ ʨʝʘʢʪʘʥʩʘ ʤʘʛʥʝ˂ʝˁʘ: 

( )m s m sX X X X= + -,             (4.30) 

¶ ʩʫʩʮʝʧʪʘʥʩa ʛʨʘʥʝ ʤʘʛʥʝ˂ʝˁʘ: 

m

m

1
B

X
= ,              (4.31) 

¶ ʬʘʟʥʠ ʥʘʧʦʥ ʥʘ ʨʦʪʦʨʫ: 

[ ]
2 2

r ph s s 1 s 1 s s 1 s 1( cos sin ) ( sin cos )U U I R X I R Xq q q qè ø= - + + +ê ú ,       (4.32) 

¶ ʢʦʥʜʫʢʪʘʥʩa ʩʨʘʟʤʝʨʥʘ ʛʫʙʠʮʠʤʘ ʩʥʘʛʝ ʤʘʛʥʝʪʥʦʛ ʢʦʣʘ: 

h
fe 2

r

P
G

mU
= .              (4.33) 

4.6. ʇʨʦʨʘʯʫʥ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ - ʄʝʪʦʜʘ 4 

ɿʘ ʜʦʙʠʿʘˁʝ ʧʦʜʘʪʘʢʘ ʥʝʦʧʭʦʜʥʠʭ ʟʘ ʧʨʦʨʘʯʫʥ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʠʟʚʨʰʠʪʠ ʩʣʝʜʝ˂ʘ ʠʩʧʠʪʠʚʘˁʘ ʧʨʠ ʥʘʟʠʚʥʦʿ 

ʬʨʝʢʚʝʥʮʠʿʠ: 
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¶ ʠʩʧʠʪʠʚʘˁʝ ʧʨʠ ʧʨʘʟʥʦʤ ʭʦʜʫ; 

¶ ʠʩʧʠʪʠʚʘˁʝ ʩʘ ʫʢʦʯʝʥʠʤ ʨʦʪʦʨʦʤ, ʧʨʠ ʩʥʠʞʝʥʦʤ ʥʘʧʦʥʫ, ʪʘʢʦ ʜʘ ʩʪʨʫʿʘ 

ʩʪʘʪʦʨʘ ʜʦʩʪʠʛʥʝ ʥʘʟʠʚʥʫ ʚʨʝʜʥʦʩʪ; 

¶ ʠʩʧʠʪʠʚʘˁʝ ʨʘʜʘ ʤʦʪʦʨʘ ʙʝʟ ʦʧʪʝʨʝ˂ʝˁʘ ʠʣʠ ʩʘ ʩʤʘˁʝʥʠʤ ʦʧʪʝʨʝ˂ʝˁʝʤ, ʧʨʠ 

ʩʥʠʞʝʥʦʤ ʥʘʧʦʥʫ, ʪʘʢʦ ʜʘ ʿʝ ʢʣʠʟʘˁʝ ʧʨʠʙʣʠʞʥʦ ʿʝʜʥʘʢʦ ʥʘʟʠʚʥʦʤ ʢʣʠʟʘˁʫ. ʇʨʠ 

ʦʚʦʤ ʠʩʧʠʪʠʚʘˁʫ ʢʣʠʟʘˁʝ ʤʦʨʘ ʙʠʪʠ ʧʨʝʮʠʟʥʦ ʦʜʨʝʹʝʥʦ. 

ʊʦʢʦʤ ʩʚʠʭ ʥʘʚʝʜʝʥʠʭ ʠʩʧʠʪʠʚʘˁʘ ʧʦʪʨʝʙʥʦ ʿʝ ʟʘʙʝʣʝʞʠʪʠ ʩʣʝʜʝ˂ʝ ʧʘʨʘʤʝʪʨʝ: 

ʬʘʟʥʠ ʥʘʧʦʥ, ʬʘʟʥʫ ʩʪʨʫʿʫ, ʫʢʫʧʥʫ ʘʢʪʠʚʥʫ ʩʥʘʛʫ ʧʦ ʬʘʟʠ ʢʦʿʫ ʤʦʪʦʨ ʫʟʠʤʘ ʠʟ ʤʨʝʞʝ, 

ʢʣʠʟʘˁʝ, ʢʘʦ ʠ ʦʪʧʦʨʥʦʩʪ ʠʣʠ ʪʝʤʧʝʨʘʪʫʨʫ ʥʘʤʦʪʘʿʘ ʩʪʘʪʦʨʘ. 

4.6.1. ʄʘʪʝʤʘʪʠʯʢʠ ʧʨʦʨʘʯʫʥ 

ɺʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ (Xs, Xr, Xm ʠ Rfe) ʜʦʙʠʿʘʿʫ ʩʝ ʥʘ ʦʩʥʦʚʫ ʨʝʟʫʣʪʘʪʘ 

ʠʩʧʠʪʠʚʘˁʘ ʫ ʦʛʣʝʜʫ ʧʨʘʟʥʦʛ ʭʦʜʘ ʠ ʠʩʧʠʪʠʚʘˁʘ ʩʘ ʫʢʦʯʝʥʠʤ ʨʦʪʦʨʦʤ ʧʨʠ ʥʘʟʠʚʥʦʿ 

ʬʨʝʢʚʝʥʮʠʿʠ. ʆʪʧʦʨʥʦʩʪ ʨʦʪʦʨʘ (Rr) ʧʨʠ ʩʥʠʞʝʥʦʿ ʬʨʝʢʚʝʥʮʠʿʠ ʠʟʨʘʯʫʥʘʚʘ ʩʝ ʥʘ 

ʦʩʥʦʚʫ ʧʦʜʘʪʘʢʘ ʜʦʙʠʿʝʥʠʭ ʪʦʢʦʤ ʠʩʧʠʪʠʚʘˁʘ ʨʘʜʘ ʤʦʪʦʨʘ ʧʨʠ ʩʥʠʞʝʥʦʤ ʦʧʪʝʨʝ˂ʝˁʫ 

ʠ ʥʘʧʦʥʫ ʥʘʧʘʿʘˁʘ, ʪʘʢʦ ʜʘ ʿʝ ʢʣʠʟʘˁʝ ʧʨʠʙʣʠʞʥʦ ʿʝʜʥʘʢʦ ʥʘʟʠʚʥʦʤ ʢʣʠʟʘˁʫ. 

ʅʘʢʦʥ ʰʪʦ ʩʝ ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʩʪʘʪʦʨʘ (Xs) ʠʟʨʘʯʫʥʘ ʠʟ ʠʤʧʝʜʘʥʩʥʦʛ 

ʠʩʧʠʪʠʚʘˁʘ ʩʘ ʫʢʦʯʝʥʠʤ ʨʦʪʦʨʦʤ, ʦʪʧʦʨʥʦʩʪ ʨʦʪʦʨʘ (Rr) ʩʝ ʠʟʨʘʯʫʥʘʚʘ ʥʘ ʦʩʥʦʚʫ 

ʧʦʜʘʪʘʢʘ ʜʦʙʠʿʝʥʠʭ ʪʦʢʦʤ ʠʩʧʠʪʠʚʘˁʘ ʧʨʠ ʧʫʥʦʤ ʦʧʪʝʨʝ˂ʝˁʫ, ʢʨʦʟ ʩʣʝʜʝ˂ʝ ʢʦʨʘʢʝ: 

¶ ʠʟʨʘʯʫʥʘʪʠ ʥʘʧʦʥ ʥʘ ʨʦʪʦʨʫ (Ur) ʧʦʤʦ˂ʫ ʠʟʨʘʟʘ (4.19); 

¶ ʠʟʨʘʯʫʥʘʪʠ ʩʪʨʫʿʝ ʫ ʛʨʘʥʠ ʤʘʛʥʝ˂ʝˁʘ (Im ʠ Ife) ʧʦʤʦ˂ʫ ʠʟʨʘʟʘ (4.21) ʠ (4.24); 

¶ ʠʟʨʘʯʫʥʘʪʠ ʩʪʨʫʿʫ ʨʦʪʦʨʘ (Ir) ʧʦʤʦ˂ʫ ʠʟʨʘʟʘ (4.25); 

¶ ʠʟʨʘʯʫʥʘʪʠ ʠʤʧʝʜʘʥʩʫ ʨʦʪʦʨʘ (Zr) ʧʦʤʦ˂ʫ ʠʟʨʘʟʘ (4.28); 

¶ ʠʟʨʘʯʫʥʘʪʠ ʦʪʧʦʨʥʦʩʪ ʨʦʪʦʨʘ (Rr) ʧʨʝʤʘ ʿʝʜʥʘʯʠʥʠ (4.29) ʠ ʢʦʨʠʛʦʚʘʪʠ ʿʝ ʥʘ 

ʨʝʬʝʨʝʥʪʥʫ ʪʝʤʧʝʨʘʪʫʨʫ.  
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5. ʇʆʉʊʋʇɸʂ ʀɼɽʅʊʀʌʀʂɸʎʀɱɽ ʇɸʈɸʄɽʊɸʈɸ ɽʂɺʀɺɸʃɽʅʊʅɽ 

ʐɽʄɽ ʂɸɺɽɿʅʀʍ ɸʉʀʅʍʈʆʅʀʍ ʄʆʊʆʈɸ 

ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʜʝʪʘˀʥʦ ʿʝ ʦʧʠʩʘʥ ʧʨʝʜʣʦʞʝʥʠ ʢʦʤʙʠʥʦʚʘʥʠ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦ-

ʤʝʪʘʭʝʫʨʠʩʪʠʯʢʠ ʦʧʪʠʤʠʟʘʮʠʦʥʠ ʧʨʠʩʪʫʧ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʩʘ ʫʚʘʞʘʚʘˁʝʤ ʧʨʝʣʘʟʥʠʭ ʧʨʦʮʝʩʘ 

ʥʘ ʨʦʪʦʨʫ (ʫ ʜʘˀʝʤ ʪʝʢʩʪʫ: KM ʧʨʠʩʪʫʧ). ʇʦʨʝʜ ʪʦʛʘ, ʧʨʝʜʩʪʘʚˀʝʥ ʿʝ ʠ ʩʚʝʦʙʫʭʚʘʪʘʥ 

ʦʧʠʩ ʧʨʠʤʝʥʝ ʧʨʠʩʪʫʧʘ ʟʘʩʥʦʚʘʥʦʛ ʥʘ ʢʣʘʩʠʯʥʦʤ ʿʝʜʥʦʢʘʚʝʟʥʦʤ ʤʦʜʝʣʫ (ʫ ʜʘˀʝʤ 

ʪʝʢʩʪʫ: JK ʧʨʠʩʪʫʧ) ʠ ʧʨʠʩʪʫʧʘ ʟʘʩʥʦʚʘʥʦʛ ʥʘ ʜʚʦʢʘʚʝʟʥʦʤ ʤʘʪʝʤʘʪʠʯʢʦʤ ʤʦʜʝʣʫ (ʫ 

ʜʘˀʝʤ ʪʝʢʩʪʫ: DK ʧʨʠʩʪʫʧ) ʫ ʧʦʩʪʫʧʢʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ 

ʰʝʤʝ ʤʦʪʦʨʘ, ʩʘ ʮʠˀʝʤ ʦʤʦʛʫ˂ʘʚʘˁʘ ʫʧʦʨʝʜʥʝ ʘʥʘʣʠʟʝ ʠ ʚʝʨʠʬʠʢʘʮʠʿʝ ʪʘʯʥʦʩʪʠ 

ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ. 

ɿʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ 

ʢʦʨʠʰ˂ʝʥ ʿʝ PSO ʘʣʛʦʨʠʪʘʤ, ʢʦʿʠ ʿʝ ʠʟʘʙʨʘʥ ʟʙʦʛ ʩʚʦʿʝ ʿʝʜʥʦʩʪʘʚʥʦʩʪʠ, ʩʪʘʙʠʣʥʦʩʪʠ ʠ 

ʚʠʩʦʢʝ ʝʬʠʢʘʩʥʦʩʪʠ ʫ ʨʝʰʘʚʘˁʫ ʧʨʦʙʣʝʤʘ ʦʧʪʠʤʠʟʘʮʠʿʝ. ʀʤʧʣʝʤʝʥʪʘʮʠʿʘ PSO 

ʘʣʛʦʨʠʪʤʘ ʧʨʠʣʘʛʦʹʝʥʘ ʿʝ ʩʧʝʮʠʬʠʯʥʦʩʪʠʤʘ ʩʚʘʢʦʛ ʦʜ ʪʨʠ ʧʨʠʤʝˁʝʥʘ ʧʨʠʩʪʫʧʘ. ʅʘ 

ʪʘʿ ʥʘʯʠʥ ʦʙʝʟʙʝʹʝʥʦ ʿʝ ʜʠʨʝʢʪʥʦ ʠ ʢʦʨʝʢʪʥʦ ʧʦʨʝʹʝˁʝ ʜʦʙʠʿʝʥʠʭ ʨʝʟʫʣʪʘʪʘ, ʪʘʢʦ ʜʘ 

ʥʘ ˁʠʭʦʚʫ ʪʘʯʥʦʩʪ ʫʪʠʯʝ ʠʩʢˀʫʯʠʚʦ ʠʟʙʦʨ ʤʘʪʝʤʘʪʠʯʢʦʛ ʤʦʜʝʣʘ, ʘ ʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ 

ʦʧʪʠʤʠʟʘʮʠʦʥʦʛ ʘʣʛʦʨʠʪʤʘ. ɼʝʪʘˀʘʥ ʦʧʠʩ PSO ʘʣʛʦʨʠʪʤʘ ʜʘʪ ʫ ʧʨʠʣʦʛʫ ɸ. 

5.1. ʄʘʪʝʤʘʪʠʯʢʘ ʬʦʨʤʫʣʘʮʠʿʘ ʧʨʦʙʣʝʤʘ 

ʇʨʠʤʝʥʘ ʤʝʪʘʭʝʫʨʠʩʪʠʯʢʠʭ ʦʧʪʠʤʠʟʘʮʠʦʥʠʭ ʤʝʪʦʜʘ ʥʘ ʧʨʦʙʣʝʤ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʩʚʦʜʠ 

ʩʝ ʥʘ ʧʨʝʜʩʪʘʚˀʘˁʝ ʦʚʦʛ ʧʨʦʙʣʝʤʘ ʢʘʦ ʦʧʪʠʤʠʟʘʮʠʦʥʦʛ ʧʨʦʙʣʝʤʘ. ʎʠˀ ʦʧʪʠʤʠʟʘʮʠʿʝ 

ʿʝ ʧʨʦʥʘʣʘʞʝˁʝ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ ʟʘ ʢʦʿʝ ʠʟʣʘʟʥʝ ʚʝʣʠʯʠʥʝ ʤʦʜʝʣʘ (ʥʧʨ. ʤʦʤʝʥʪ 

ʤʦʪʦʨʘ, ʩʪʨʫʿʘ ʩʪʘʪʦʨʘ, ʬʘʢʪʦʨ ʩʥʘʛʝ, ʩʪʝʧʝʥ ʠʩʢʦʨʠʰ˂ʝˁʘ) ʠʤʘʿʫ ʤʠʥʠʤʘʣʥʦ 

ʦʜʩʪʫʧʘˁʝ ʫ ʦʜʥʦʩʫ ʥʘ ʨʘʩʧʦʣʦʞʠʚʝ ʢʘʪʘʣʦʰʢʝ (ʠʟʤʝʨʝʥʝ) ʧʦʜʘʪʢʝ. ʊʦ ʦʜʩʪʫʧʘˁʝ ʩʝ 

ʤʝʨʠ ʬʫʥʢʮʠʿʦʤ ʮʠˀʘ, ʯʠʿʘ ʤʠʥʠʤʠʟʘʮʠʿʘ ʧʨʝʜʩʪʘʚˀʘ ʩʫʰʪʠʥʫ ʧʨʦʮʝʩʘ 

ʦʧʪʠʤʠʟʘʮʠʿʝ. 
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5.1.1. ʌʫʥʢʮʠʿʘ ʮʠˀʘ 

 ʌʫʥʢʮʠʿʘ ʮʠˀʘ (ʢʨʠʪʝʨʠʿʫʤʩʢʘ ʬʫʥʢʮʠʿʘ) ʧʨʝʜʩʪʘʚˀʘ ʢˀʫʯʥʠ ʜʝʦ 

ʦʧʪʠʤʠʟʘʮʠʦʥʦʛ ʟʘʜʘʪʢʘ. ɳʝʥʘ ʩʚʨʭʘ ʿʝ ʜʘ ʢʚʘʥʪʠʬʠʢʫʿʝ ʨʘʟʣʠʢʫ ʠʟʤʝʹʫ 

ʠʜʝʥʪʠʬʠʢʦʚʘʥʠʭ ʠ ʢʘʪʘʣʦʰʢʠʭ ʧʦʜʘʪʘʢʘ, ʦʜʥʦʩʥʦ ʜʘ ʦʤʦʛʫ˂ʠ ʘʣʛʦʨʠʪʤʫ ʜʘ ʧʨʦʮʝʥʠ 

ʢʚʘʣʠʪʝʪ ʩʚʘʢʝ ʧʦʪʝʥʮʠʿʘʣʥʝ ʢʦʤʙʠʥʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ x . ʋ ʦʧʰʪʝʤ ʦʙʣʠʢʫ, ʬʫʥʢʮʠʿʘ 

ʮʠˀʘ ʤʦʞʝ ʙʠʪʠ ʜʝʬʠʥʠʩʘʥʘ ʢʘʦ ʩʫʤʘ ʢʚʘʜʨʘʪʘ ʛʨʝʰʘʢʘ ʠʟʤʝʹʫ ʢʘʪʘʣʦʰʢʠʭ ʠ 

ʠʜʝʥʪʠʬʠʢʦʚʘʥʠʭ ʚʨʝʜʥʦʩʪʠ: 

() ()( )
2

ʢʘʪʘʣʦʰʢʦ ʠʜʝʥʪʠʬʠʢʦʚʘʥʦ

1

N

i i

i

f x y y x
=

= -ä ,            (5.1) 

ʛʜʝ ʿʝ: 

x  - ʚʝʢʪʦʨ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ; 

ʢʘʪʘʣʦʰʢʦ

iy  - ʢʘʪʘʣʦʰʢʝ ʚʨʝʜʥʦʩʪʠ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʠʟʣʘʟʥʠʭ ʚʝʣʠʯʠʥʘ (ʥʧʨ. ʤʦʤʝʥʪ 

ʤʦʪʦʨʘ, ʩʥʘʛʘ, ʩʪʨʫʿʘ) ʫ ʨʘʟʣʠʯʠʪʠʤ ʨʝʞʠʤʠʤʘ ʨʘʜʘ; 

()ʠʜʝʥʪʠʬʠʢʦʚʘʥʦ

iy x  - ʠʟʣʘʟʥʝ ʚʝʣʠʯʠʥʝ ʜʦʙʠʿʝʥʝ ʥʘ ʦʩʥʦʚʫ ʠʜʝʥʪʠʬʠʢʦʚʘʥʠʭ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ x ; 

N - ʫʢʫʧʘʥ ʙʨʦʿ ʧʦʜʘʪʘʢʘ (ʪʘʯʘʢʘ) ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʝʚʘʣʫʘʮʠʿʫ. 

ʎʠˀ ʦʧʪʠʤʠʟʘʮʠʿʝ ʿʝ ʤʠʥʠʤʠʟʦʚʘʪʠ ʬʫʥʢʮʠʿʫ ʮʠˀʘ ()f x , ʪʿ. ʧʨʦʥʘ˂ʠ ʦʥʘʿ ʩʢʫʧ 

ʧʘʨʘʤʝʪʘʨʘ ʢʦʿʠ ʜʦʚʦʜʠ ʜʦ ʥʘʿʤʘˁʝʛ ʤʦʛʫ˂ʝʛ ʦʜʩʪʫʧʘˁʘ ʤʦʜʝʣʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʢʘʪʘʣʦʰʢʝ ʧʦʜʘʪʢʝ. 

5.1.2. ʆʛʨʘʥʠʯʝˁʘ 

ʆʛʨʘʥʠʯʝˁʘ ʧʨʝʜʩʪʘʚˀʘʿʫ ʩʢʫʧ ʫʩʣʦʚʘ ʢʦʿʝ ʩʚʘʢʦ ʨʝʰʝˁʝ ʤʦʨʘ ʜʘ ʠʩʧʫʥʠ ʜʘ ʙʠ 

ʙʠʣʦ ʧʨʠʭʚʘʪˀʠʚʦ, ʿʝʨ ʜʝʬʠʥʠʰʫ ʜʦʟʚʦˀʝʥʠ ʧʨʦʩʪʦʨ ʧʨʝʪʨʘʛʝ ʠ ʦʥʝʤʦʛʫ˂ʘʚʘʿʫ 

ʨʘʟʤʘʪʨʘˁʝ ʬʠʟʠʯʢʠ, ʪʝʭʥʠʯʢʠ ʠʣʠ ʤʘʪʝʤʘʪʠʯʢʠ ʥʝʠʟʚʦʜˀʠʚʠʭ ʨʝʰʝˁʘ. ʆʥʘ ʤʦʛʫ 

ʙʠʪʠ ʬʠʟʠʯʢʝ ʠʣʠ ʪʝʭʥʠʯʢʝ ʧʨʠʨʦʜʝ (ʥʧʨ. ʟʘʭʪʝʚ ʜʘ ʧʘʨʘʤʝʪʨʠ ʤʦʪʦʨʘ ʙʫʜʫ 

ʧʦʟʠʪʠʚʥʠ ʠʣʠ ʫ ʦʢʚʠʨʫ ʨʝʘʣʥʠʭ ʛʨʘʥʠʮʘ), ʤʘʪʝʤʘʪʠʯʢʠ ʜʝʬʠʥʠʩʘʥʘ (ʫ ʦʙʣʠʢʫ 

ʿʝʜʥʘʢʦʩʪʠ ʠʣʠ ʥʝʿʝʜʥʘʢʦʩʪʠ), ʠʣʠ ʤʦʛʫ ʧʨʝʜʩʪʘʚˀʘʪʠ ʿʝʜʥʦʩʪʘʚʥʘ ʦʛʨʘʥʠʯʝˁʘ 
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ʚʘʨʠʿʘʙʠʣʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʫ ʚʠʜʫ ʜʦˁʠʭ ʠ ʛʦʨˁʠʭ ʛʨʘʥʠʮʘ. ʋʩʧʦʩʪʘʚˀʘˁʝ ʦʚʠʭ 

ʦʛʨʘʥʠʯʝˁʘ ʦʤʦʛʫ˂ʘʚʘ ʦʯʫʚʘˁʝ ʬʠʟʠʯʢʝ ʚʘʣʠʜʥʦʩʪʠ ʨʝʰʝˁʘ, ʧʦʚʝ˂ʘʚʘ ʝʬʠʢʘʩʥʦʩʪ ʠ 

ʩʪʘʙʠʣʥʦʩʪ ʧʨʦʮʝʩʘ ʧʨʝʪʨʘʛʝ ʠ ʜʦʧʨʠʥʦʩʠ ʜʦʙʠʿʘˁʫ ʨʝʘʣʥʠʭ ʠ ʧʨʠʤʝʥˀʠʚʠʭ 

ʦʧʪʠʤʘʣʥʠʭ ʨʝʟʫʣʪʘʪʘ. 

5.2. ʂʦʤʙʠʥʦʚʘʥʠ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦ-ʤʝʪʘʭʝʫʨʠʩʪʠʯʢʠ ʦʧʪʠʤʠʟʘʮʠʦʥʠ ʧʨʠʩʪʫʧ 

ʩʘ ʫʚʘʞʘʚʘˁʝʤ ʧʨʝʣʘʟʥʠʭ ʧʨʦʮʝʩʘ ʥʘ ʨʦʪʦʨʫ 

ʆʚʘʿ ʧʨʠʩʪʫʧ ʟʘʩʥʠʚʘ ʩʝ ʥʘ ʜʚʦʩʪʝʧʝʥʦʿ ʧʨʠʤʝʥʠ PSO ʘʣʛʦʨʠʪʤʘ ʠ 

ʘʧʨʦʢʩʠʤʘʮʠʿʘʤʘ ʧʨʦʤʝʥʝ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʙʨʟʠʥʝ. ʇʦʩʪʫʧʘʢ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʧʦʜʝˀʝʥ ʿʝ ʥʘ ʜʚʘ ʦʧʪʠʤʠʟʘʮʠʦʥʘ 

ʩʪʝʧʝʥʘ: 

ʇʨʚʠ ʩʪʝʧʝʥ ʦʧʪʠʤʠʟʘʮʠʿʝ: ʀʜʝʥʪʠʬʠʢʫʿʫ ʩʝ ʧʘʨʘʤʝʪʨʠ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʢʦʿʠ ʦʜʛʦʚʘʨʘʿʫ ʥʘʟʠʚʥʦʤ ʨʝʞʠʤʫ ʨʘʜʘ ʤʦʪʦʨʘ: ʦʪʧʦʨʥʦʩʪ ʩʪʘʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ Rs, 

ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʩʪʘʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ Xs, ʥʘʟʠʚʥʘ ʦʪʧʦʨʥʦʩʪ ʨʦʪʦʨʘ ʠ ʥʘʟʠʚʥʘ 

ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ Rr_nom ʠ Xr_nom, ʨʝʘʢʪʘʥʩʘ ʤʘʛʥʝ˂ʝˁʘ Xm, ʢʘʦ ʠ ʦʪʧʦʨʥʦʩʪ Rfe 

ʢʦʿʘ ʿʝ ʩʨʘʟʤʝʨʥʘ ʛʫʙʠʮʠʤʘ ʩʥʘʛʝ ʤʘʛʥʝʪʥʦʛ ʢʦʣʘ. ʆʧʪʠʤʠʟʘʮʠʿʘ ʩʝ ʚʨʰʠ 

ʤʠʥʠʤʠʟʠʨʘˁʝʤ ʨʘʟʣʠʢʝ ʠʟʤʝʹʫ ʜʦʙʠʿʝʥʠʭ ʚʨʝʜʥʦʩʪʠ ʠ ʢʘʪʘʣʦʰʢʠʭ ʧʦʜʘʪʘʢʘ ʟʘ 

ʥʘʟʠʚʥʠ ʨʝʞʠʤ ʨʘʜʘ, ʢʘʦ ʰʪʦ ʩʫ ʥʘʟʠʚʥʠ ʤʦʤʝʥʪ, ʥʘʟʠʚʥʘ ʩʪʨʫʿʘ, ʬʘʢʪʦʨ ʩʥʘʛʝ ʠ 

ʩʪʝʧʝʥ ʠʩʢʦʨʠʰ˂ʝˁʘ. 

ɼʨʫʛʠ ʩʪʝʧʝʥ ʦʧʪʠʤʠʟʘʮʠʿʝ: ʀʜʝʥʪʠʬʠʢʫʿʫ ʩʝ ʨʦʪʦʨʩʢʠ ʧʘʨʘʤʝʪʨʠ ʧʨʠ 

ʧʦʣʘʩʢʫ ʤʦʪʦʨʘ: ʧʦʣʘʟʥʘ ʦʪʧʦʨʥʦʩʪ ʨʦʪʦʨʘ Rr_pol ʠ ʧʦʣʘʟʥʘ ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ 

Xr_pol. ʆʧʪʠʤʠʟʘʮʠʿʘ ʩʝ ʚʨʰʠ ʤʠʥʠʤʠʟʠʨʘˁʝʤ ʦʜʩʪʫʧʘˁʘ ʠʟʤʝʹʫ ʜʦʙʠʿʝʥʠʭ ʚʨʝʜʥʦʩʪʠ 

ʠ ʢʘʪʘʣʦʰʢʠʭ ʧʦʜʘʪʘʢʘ ʟʘ ʧʦʣʘʟʘʢ ʤʦʪʦʨʘ, ʢʘʦ ʰʪʦ ʩʫ ʧʦʣʘʟʥʠ ʤʦʤʝʥʪ ʠ ʧʦʣʘʟʥʠ 

ʬʘʢʪʦʨ ʩʥʘʛʝ. 

ʅʘ ʦʚʘʿ ʥʘʯʠʥ ʩʝ ʧʦʣʘʟʥʠ ʠ ʥʘʟʠʚʥʠ ʨʝʞʠʤ ʨʘʜʘ ʤʦʪʦʨʘ ʧʦʩʤʘʪʨʘʿʫ ʢʘʦ ʜʚʘ 

ʦʜʚʦʿʝʥʘ ʨʝʞʠʤʘ. ɼʘ ʙʠ ʩʝ ʫ ʤʦʜʝʣʫ ʫʚʘʞʠʦ ʫʪʠʮʘʿ ʧʨʝʣʘʟʥʠʭ ʧʨʦʮʝʩʘ ʫ ʨʦʪʦʨʫ ʠ 

ˁʠʭʦʚ ʦʜʨʘʟ ʥʘ ʩʪʘʪʠʯʢʫ ʤʝʭʘʥʠʯʢʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ ʤʦʪʦʨʘ, ʢʦʨʠʩʪʝ ʩʝ 

ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʧʨʦʤʝʥʝ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʫ ʬʫʥʢʮʠʿʠ ʙʨʟʠʥʝ. ʇʨʠʤʝˁʝʥʘ ʩʫ ʜʚʘ 

ʪʠʧʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ: ʣʠʥʝʘʨʥʘ ʬʫʥʢʮʠʿʘ ʙʨʟʠʥʝ ʠ ʬʫʥʢʮʠʿʘ ʢʚʘʜʨʘʪʥʦʛ ʢʦʨʝʥʘ 

ʙʨʟʠʥʝ. ʆʚʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʦʧʠʩʫʿʫ ʧʨʦʤʝʥʫ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʦʜ ʚʨʝʜʥʦʩʪʠ 
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ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠʭ ʟʘ ʧʦʣʘʟʥʠ ʨʝʞʠʤ ʜʦ ʚʨʝʜʥʦʩʪʠ ʢʦʿʝ ʦʜʛʦʚʘʨʘʿʫ ʥʘʟʠʚʥʦʤ ʨʝʞʠʤʫ 

ʨʘʜʘ. ʅʘʚʝʜʝʥʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʥʝ ʢʦʨʠʩʪʝ ʩʝ ʜʠʨʝʢʪʥʦ ʫ ʧʦʩʪʫʧʢʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ 

ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʤʦʪʦʨʘ, ʚʝ˂ ʩʣʫʞʝ ʟʘ ʬʦʨʤʠʨʘˁʝ ʩʪʘʪʠʯʢʝ ʤʝʭʘʥʠʯʢʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ, ʯʠʤʝ ʩʝ ʨʝʘʣʥʠʿʝ ʦʧʠʩʫʿʝ ʫʪʠʮʘʿ ʜʠʥʘʤʠʢʝ ʨʦʪʦʨʘ. ʈʘʜʠ 

ʿʝʜʥʦʩʪʘʚʥʦʩʪʠ ʠʟʨʘʟʘ, ʫ ʜʘˀʝʤ ʪʝʢʩʪʫ ʦʚʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ˂ʝ ʩʝ ʦʟʥʘʯʘʚʘʪʠ ʢʘʦ 

ʤʝʭʘʥʠʯʢʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʦʪʦʨʘ. 

ʋ ʦʢʚʠʨʫ KM ʧʨʠʩʪʫʧʘ ʧʨʝʜʩʪʘʚˀʝʥʘ ʩʫ ʜʚʘ ʩʣʫʯʘʿʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ 

ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ. ʋ ʧʨʚʦʤ ʩʣʫʯʘʿʫ, 

ʧʨʝʪʧʦʩʪʘʚˀʘ ʩʝ ʜʘ ʩʫ ʫʩʪʘˀʝʥʘ ʚʨʝʜʥʦʩʪ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ ʠ ʧʦʣʘʟʥʘ 

ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ ʿʝʜʥʘʢʝ. ʆʚʘ ʧʨʝʪʧʦʩʪʘʚʢʘ ʩʝ ʯʝʩʪʦ ʢʦʨʠʩʪʠ ʧʨʠ 

ʤʦʜʝʣʦʚʘˁʫ ʜʚʦʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʠ ʤʦʪʦʨʘ ʩʘ ʜʫʙʦʢʠʤ ʞʣʝʙʦʚʠʤʘ ʥʘ 

ʨʦʪʦʨʫ, ʿʝʨ ʩʤʘˁʫʿʝ ʙʨʦʿ ʥʝʧʦʟʥʘʪʠʭ ʧʘʨʘʤʝʪʘʨʘ ʠ ʪʠʤʝ ʧʦʿʝʜʥʦʩʪʘʚˀʫʿʝ ʠ ʫʙʨʟʘʚʘ 

ʧʦʩʪʫʧʘʢ ˁʠʭʦʚʝ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ. ʋ ʜʨʫʛʦʤ ʩʣʫʯʘʿʫ, ʫʩʪʘˀʝʥʘ ʚʨʝʜʥʦʩʪ ʨʘʩʠʧʥʝ 

ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ ʠ ʧʦʣʘʟʥʘ ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ ʩʝ ʪʨʝʪʠʨʘʿʫ ʢʘʦ ʦʜʚʦʿʝʥʠ 

ʧʘʨʘʤʝʪʨʠ, ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ ˁʠʭʦʚʫ ʧʨʝʮʠʟʥʠʿʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ. ʇʦʨʝʹʝˁʝʤ ʦʚʘ ʜʚʘ 

ʩʣʫʯʘʿʘ ʘʥʘʣʠʟʠʨʘʥ ʿʝ ʫʪʠʮʘʿ ʥʘʚʝʜʝʥʝ ʧʨʝʪʧʦʩʪʘʚʢʝ ʥʘ ʧʦʩʪʫʧʘʢ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ 

ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʠ ʥʘ ʦʙʣʠʢ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ. 

ʂʘʦ ʰʪʦ ʿʝ ʨʝʯʝʥʦ ʥʘ ʧʦʯʝʪʢʫ ʦʚʦʛ ʧʦʪʧʦʛʣʘʚˀʘ, ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʤʦʪʦʨʘ ʚʨʰʠ ʩʝ ʧʨʠʤʝʥʦʤ ʜʚʦʩʪʝʧʝʥʝ ʦʧʪʠʤʠʟʘʮʠʿʝ. ʀʟ ʪʦʛ 

ʨʘʟʣʦʛʘ ʧʦʪʨʝʙʥʦ ʿʝ ʜʝʬʠʥʠʩʘʪʠ ʜʚʝ ʬʫʥʢʮʠʿʝ ʮʠˀʘ: ʿʝʜʥʫ ʟʘ ʥʘʟʠʚʥʠ ʨʝʞʠʤ ʨʘʜʘ ʠ 

ʜʨʫʛʫ ʟʘ ʧʦʣʘʟʘʢ ʤʦʪʦʨʘ. ʉ ʦʙʟʠʨʦʤ ʥʘ ʨʘʟʣʠʯʠʪʫ ʧʨʠʨʦʜʫ ʪʨʘʥʟʠʿʝʥʪʥʠʭ ʧʨʦʮʝʩʘ ʫ 

ʦʚʘ ʜʚʘ ʨʝʞʠʤʘ, ʧʨʝʜʣʦʞʝʥʠ KM ʧʨʠʩʪʫʧ ʿʝ ʧʨʠʣʘʛʦʹʝʥ ʧʨʠʨʦʜʠ ʨʘʜʘ ʤʦʪʦʨʘ. ʇʨʚʘ 

ʬʫʥʢʮʠʿʘ ʮʠˀʘ ʦʜʥʦʩʠ ʩʝ ʥʘ ʩʪʘʮʠʦʥʘʨʥʦ ʩʪʘˁʝ ʤʦʪʦʨʘ, ʜʦʢ ʿʝ ʜʨʫʛʘ ʫʩʤʝʨʝʥʘ ʥʘ 

ʧʦʣʘʟʘʢ ʤʦʪʦʨʘ. 

ʇʨʦʤʝʥʝ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ, ʘ ʪʠʤʝ ʠ ʦʙʣʠʢʘ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ 

ʤʦʪʦʨʘ ʠʟʤʝʹʫ ʦʚʝ ʜʚʝ ʨʘʜʥʝ ʪʘʯʢʝ, ʫʟʝʪʝ ʩʫ ʫ ʦʙʟʠʨ ʧʨʠʤʝʥʦʤ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ 

ʘʧʨʦʢʩʠʤʘʮʠʿʘ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʠʟʙʝʛʘʚʘ ʩʝ ʧʦʛʨʝʰʘʥ ʧʨʠʩʪʫʧ ʦʧʪʠʤʠʟʘʮʠʦʥʠʤ 

ʤʝʪʦʜʘʤʘ, ʢʦʿʠ ʙʠ ʫ ʦʢʚʠʨʫ ʿʝʜʥʝ ʬʫʥʢʮʠʿʝ ʮʠˀʘ ʧʦʚʝʟʘʣʠ ʧʨʦʤʝʥˀʠʚʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʟʘ ʥʘʟʠʚʥʠ ʠ ʧʦʣʘʟʥʠ ʨʝʞʠʤ ʨʘʜʘ ʤʦʪʦʨʘ. 
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5.2.1. ʇʨʚʘ ʬʫʥʢʮʠʿʘ ʮʠˀʘ 

ʋ ʧʨʚʦʤ ʩʪʝʧʝʥʫ ʦʧʪʠʤʠʟʘʮʠʿʝ ʠʜʝʥʪʠʬʠʢʫʿʫ ʩʝ ʧʘʨʘʤʝʪʨʠ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʟʘ ʥʘʟʠʚʥʠ ʨʝʞʠʤ ʨʘʜʘ ʤʦʪʦʨʘ. ʉʭʦʜʥʦ ʪʦʤʝ, ʚʝʢʪʦʨ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʠʤʘ ʦʙʣʠʢ: 

s s r_nom r_nom fe m, , , , ,x R X R X R Xè ø=ê ú.             (5.2) 

ɼʘ ʙʠ ʩʝ ʠʜʝʥʪʠʬʠʢʦʚʘʣʝ ʚʨʝʜʥʦʩʪʠ ʦʚʠʭ ʧʘʨʘʤʝʪʘʨʘ ʧʦʪʨʝʙʥʦ ʿʝ ʤʠʥʠʤʠʟʠʨʘʪʠ 

ʚʨʝʜʥʦʩʪ ʬʫʥʢʮʠʿʝ ʮʠˀʘ OF1: 

2 2 2 2

1 1 2 3 4OF F F F F= + + +,              (5.3) 

ʛʜʝ ʧʨʚʘ ʜʚʘ ʯʣʘʥʘ F1 ʠ F2 ʧʨʝʜʩʪʘʚˀʘʿʫ ʨʝʣʘʪʠʚʥʘ ʦʜʩʪʫʧʘˁʘ ʜʦʙʠʿʝʥʠʭ ʚʨʝʜʥʦʩʪʠ 

ʥʘʟʠʚʥʦʛ ʠ ʧʨʝʚʘʣʥʦʛ ʤʦʤʝʥʪʘ ʦʜ ʢʘʪʘʣʦʰʢʠʭ ʚʨʝʜʥʦʩʪʠ: 

2 r_nom

r nom nom_kat

s nom
1

nom_kat

3
( ) ï

Rp
I s M

s
F

M

w
= ,             (5.4) 

2 r_nom

r pr pr_kat

s pr

2

pr_kat

3
( ) ï

Rp
I s M

s
F

M

w
= .             (5.5) 

ʊʨʝ˂ʠ ʯʣʘʥ ʬʫʥʢʮʠʿʝ ʮʠˀʘ F3 ʧʨʝʜʩʪʘʚˀʘ ʨʝʣʘʪʠʚʥʦ ʦʜʩʪʫʧʘˁʝ ʜʦʙʠʿʝʥʝ 

ʚʨʝʜʥʦʩʪʠ ʥʘʟʠʚʥʦʛ ʩʪʝʧʝʥʘ ʠʩʢʦʨʠʰ˂ʝˁʘ ʦʜ ʢʘʪʘʣʦʰʢʝ ʚʨʝʜʥʦʩʪʠ: 

nom
nom_kat

el.nom
3

nom_kat

ï
P

P
F

h

h
= .               (5.6) 

ʏʝʪʚʨʪʠ ʯʣʘʥ ʬʫʥʢʮʠʿʝ ʮʠˀʘ F4 ʧʨʝʜʩʪʘʚˀʘ ʨʝʣʘʪʠʚʥʦ ʦʜʩʪʫʧʘˁʝ ʜʦʙʠʿʝʥʝ 

ʚʨʝʜʥʦʩʪʠ ʥʘʟʠʚʥʦʛ ʬʘʢʪʦʨʘ ʩʥʘʛʝ ʤʦʪʦʨʘ ʦʜ ʢʘʪʘʣʦʰʢʝ ʚʨʝʜʥʦʩʪʠ: 
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el.nom
nom_kat

el.nom

4

nom_kat

cos arctan cos

cos

Q

P
F

j

j

è øå õ
-é ùæ ö

ç ÷ê ú= ,            (5.7) 

ʇʨʚʘ ʬʫʥʢʮʠʿʘ ʮʠˀʘ ʠʤʘ ʠʩʪʠ ʦʙʣʠʢ ʠ ʫ ʩʣʫʯʘʿʫ ʢʘʜʘ ʩʝ ʫʩʚʦʿʠ ʧʨʝʪʧʦʩʪʘʚʢʘ ʜʘ 

ʩʫ ʫʩʪʘˀʝʥʘ ʚʨʝʜʥʦʩʪ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ ʠ ʧʦʣʘʟʥʘ ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ 

ʿʝʜʥʘʢʝ, ʠ ʢʘʜʘ ʩʝ ʪʝ ʜʚʝ ʨʝʘʢʪʘʥʩʝ ʧʦʩʤʘʪʨʘʿʫ ʢʘʦ ʜʚʘ ʨʘʟʣʠʯʠʪʘ ʧʘʨʘʤʝʪʨʘ. 

5.2.2. ɼʨʫʛʘ ʬʫʥʢʮʠʿʘ ʮʠˀʘ 

ʋ ʜʨʫʛʦʤ ʩʪʝʧʝʥʫ ʦʧʪʠʤʠʟʘʮʠʿʝ ʠʜʝʥʪʠʬʠʢʫʿʫ ʩʝ ʨʦʪʦʨʩʢʠ ʧʘʨʘʤʝʪʨʠ ʧʨʠ 

ʧʦʣʘʩʢʫ ʤʦʪʦʨʘ ʤʠʥʠʤʠʟʠʨʘˁʝʤ ʚʨʝʜʥʦʩʪʠ ʜʨʫʛʝ ʬʫʥʢʮʠʿʝ ʮʠˀʘ. ʇʨʝʪʧʦʩʪʘʚʢʘ ʦ 

ʪʦʤʝ ʜʘ ʣʠ ʩʫ ʫʩʪʘˀʝʥʘ ʚʨʝʜʥʦʩʪ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ ʠ ʧʦʣʘʟʥʘ ʨʘʩʠʧʥʘ 

ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ ʿʝʜʥʘʢʝ ʠʣʠ ʨʘʟʣʠʯʠʪʝ ʜʠʨʝʢʪʥʦ ʫʪʠʯʝ ʥʘ ʬʦʨʤʫ ʦʚʝ ʬʫʥʢʮʠʿʝ ʮʠˀʘ, 

ʧʘ ˂ʝ ʩʝ ʠ ˁʝʥ ʦʙʣʠʢ ʨʘʟʣʠʢʦʚʘʪʠ ʟʘ ʦʚʘ ʜʚʘ ʩʣʫʯʘʿʘ. 

5.2.2.1. ʇʨʚʠ ʩʣʫʯʘʿ - ʫʩʪʘˀʝʥʘ ʚʨʝʜʥʦʩʪ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ ʠ ʧʦʣʘʟʥʘ 

ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ ʩʫ ʿʝʜʥʘʢʝ 

ɺʝʢʪʦʨ ʧʘʨʘʤʝʪʨʘ ʢʦʿʠ ʩʝ ʠʜʝʥʪʠʬʠʢʫʿʝ ʫ ʜʨʫʛʦʤ ʩʪʝʧʝʥʫ ʦʧʪʠʤʠʟʘʮʠʿʝ ʟʘ ʧʨʚʠ 

ʩʣʫʯʘʿ ʠʤʘ ʦʙʣʠʢ: 

r_polx Rè ø=ê ú.                (5.9) 

ʋ ʦʢʚʠʨʫ ʧʨʚʦʛ ʩʣʫʯʘʿʘ ʬʫʥʢʮʠʿʘ ʮʠˀʘ OF2.1 ʠʤʘ ʩʣʝʜʝ˂ʠ ʦʙʣʠʢ. 

2

2.1 5OF F= ,              (5.10) 

ʛʜʝ F5 ʧʨʝʜʩʪʘʚˀʘ ʨʝʣʘʪʠʚʥʦ ʦʜʩʪʫʧʘˁʝ ʜʦʙʠʿʝʥʝ ʚʨʝʜʥʦʩʪʠ ʧʦʣʘʟʥʦʛ ʤʦʤʝʥʪʘ ʦʜ 

ʢʘʪʘʣʦʰʢʝ ʚʨʝʜʥʦʩʪʠ: 

2 r_pol

r pol pol_kat

s pol

5

pol_kat

3
( ) ï

Rp
I s M

s
F

M

w
= .           (5.11) 
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ʄʠʥʠʤʠʟʘʮʠʿʦʤ ʚʨʝʜʥʦʩʪʠ ʬʫʥʢʮʠʿʝ ʮʠˀʘ OF2.1 ʠʜʝʥʪʠʬʠʢʫʿʝ ʩʝ ʚʨʝʜʥʦʩʪ 

ʧʦʣʘʟʥʝ ʨʦʪʦʨʩʢʝ ʦʪʧʦʨʥʦʩʪʠ, ʜʦʢ ʩʝ ʧʦʣʘʟʥʘ ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ ʫʟʠʤʘ ʜʘ ʿʝ 

ʿʝʜʥʘʢʘ ʫʩʪʘˀʝʥʦʿ ʚʨʝʜʥʦʩʪʠ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ ʠʜʝʥʪʠʬʠʢʦʚʘʥʝ ʫ ʧʨʚʦʤ 

ʩʪʝʧʝʥʫ ʦʧʪʠʤʠʟʘʮʠʿʝ. 

5.2.2.2. ɼʨʫʛʠ ʩʣʫʯʘʿ - ʫʩʪʘˀʝʥʘ ʚʨʝʜʥʦʩʪ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ ʠ ʧʦʣʘʟʥʘ 

ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ ʩʫ ʨʘʟʣʠʯʠʪʝ 

ʋ ʜʨʫʛʦʤ ʩʣʫʯʘʿʫ ʧʦʨʝʜ ʧʦʣʘʟʥʝ ʨʦʪʦʨʩʢʝ ʦʪʧʦʨʥʦʩʪʠ ʧʦʪʨʝʙʥʦ ʿʝ 

ʠʜʝʥʪʠʬʠʢʦʚʘʪʠ ʠ ʧʦʣʘʟʥʫ ʨʘʩʠʧʥʫ ʨʝʘʢʪʘʥʩʫ ʨʦʪʦʨʘ, ʧʘ ʚʝʢʪʦʨ ʧʘʨʘʤʝʪʘʨʘ ʢʦʿʠ ʩʝ 

ʠʜʝʥʪʠʬʠʢʫʿʫ ʠʤʘ ʦʙʣʠʢ: 

r_pol r_pol,x R Xè ø=ê ú.             (5.12) 

ɿʙʦʛ ʪʦʛʘ ʩʝ ʧʨʝʪʭʦʜʥʘ ʬʫʥʢʮʠʿʘ ʮʠˀʘ ʧʨʦʰʠʨʫʿʝ ʜʦʜʘʪʥʠʤ ʯʣʘʥʦʤ ʠ ʜʦʙʠʿʘ 

ʩʣʝʜʝ˂ʠ ʦʙʣʠʢ: 

2 2

2.2 5 6OF F F= + .              (5.13) 

ʇʨʠ ʪʦʤʝ F5 ʧʨʝʜʩʪʘʚˀʘ ʨʝʣʘʪʠʚʥʦ ʦʜʩʪʫʧʘˁʝ ʜʦʙʠʿʝʥʝ ʚʨʝʜʥʦʩʪʠ ʧʦʣʘʟʥʦʛ 

ʤʦʤʝʥʪʘ ʫ ʦʜʥʦʩʫ ʥʘ ʢʘʪʘʣʦʰʢʫ ʚʨʝʜʥʦʩʪʠ ʠ ʜʦʙʠʿʘ ʩʝ ʧʦʤʦ˂ʫ ʠʟʨʘʟʘ (5.11), ʜʦʢ F6 

ʧʨʝʜʩʪʘʚˀʘ ʨʝʣʘʪʠʚʥʦ ʦʜʩʪʫʧʘˁʝ ʜʦʙʠʿʝʥʝ ʚʨʝʜʥʦʩʪʠ ʧʦʣʘʟʥʦʛ ʬʘʢʪʦʨʘ ʩʥʘʛʝ ʫ 

ʦʜʥʦʩʫ ʥʘ ʢʘʪʘʣʦʰʢʫ ʚʨʝʜʥʦʩʪ ʠ ʜʦʙʠʿʘ ʩʝ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 

el.pol

pol_kat

el.pol

6

pol_kat

cos arctan ïcos

cos

Q

P
F

j

j

è øå õ
é ùæ öæ ö
é ùç ÷ê ú= .           (5.14) 

ɹʣʦʢ ʜʠʿʘʛʨʘʤ KM ʧʨʠʩʪʫʧʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʩʘ ʫʚʘʞʘʚʘˁʝʤ ʧʨʝʣʘʟʥʠʭ ʧʨʦʮʝʩʘ ʥʘ ʨʦʪʦʨʫ, ʢʦʿʠ 

ʦʙʫʭʚʘʪʘ ʨʘʟʤʘʪʨʘʥʝ ʩʣʫʯʘʿʝʚʝ (1 ʠ 2) ʜʘʪ ʿʝ ʥʘ ʩʣʝʜʝ˂ʦʿ ʩʣʠʮʠ. 
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ʇʦʯʝʪʘʢ

ɼʝʬʠʥʠʩʘˁʝ ʢʦʥʪʨʦʣʥʠʭ ʠ ʟʘʚʠʩʥʠʭ 

ʧʨʦʤʝʥˀʠʚʠʭ, ʦʛʨʘʥʠʯʝˁʘ ʠ 

ʬʫʥʢʮʠʿʝ ʮʠˀ ʘ (OF1)

ʀʥʠʮʠʿʘʣʠʟʘʮʠʿʘ PSO ʧʘʨʘʤʝʪʘʨʘ: 

ʫʢʫʧʘʥ ʙʨʦʿ ʘʛʝʥʘʪʘ (N), ʫʢʫʧʘʥ ʙʨʦʿ 

ʠʪʝʨʘʮʠʿʘ (tmax), ʢʦʝʬʠʮʠʿʝʥʪʠ 

ʯʝʩʪʠʮʘ (c1, c2), ʢʦʝʬʠʮʠʿʝʥʪ 

ʠʥʝʨʮʠʿʝ (w)

ɻʝʥʝʨʠʩʘˁʝ ʧʦʯʝʪʥʝ ʩʣʫʯʘʿʥʝ 

ʧʦʧʫʣʘʮʠʿʝ ʦʜ N ʘʛʝʥʘʪʘ

ʀʟʨʘʯʫʥʘʚʘˁʝ ʧʦʜʦʙʥʦʩʪʠ ʩʚʘʢʦʛ 

ʘʛʝʥʪʘ ʫ ʧʦʧʫʣʘʮʠʿʠ

ɸʞʫʨʠʨʘˁʝ ʙʨʟʠʥʝ ʠ ʧʦʣʦʞʘʿʘ ʩʚʠʭ 

ʘʛʝʥʘʪʘ ʠ ʧʨʦʥʘʣʘʞʝˁʝ ʥʘʿʙʦˀʝʛ 

ɼʦʜʝʣʘ: t=1

ʀʟʨʘʯʫʥʘʚʘˁʝ ʬʫʥʢʮʠʿʝ ʮʠˀ ʘ OF1 ʟʘ 

ʩʚʘʢʠ ʘʛʝʥʪ ʫ ʧʦʧʫʣʘʮʠʿʠ

ɸʞʫʨʠʨʘˁʝ ʙʨʟʠʥʝ ʠ ʧʦʣʦʞʘʿʘ ʩʚʠʭ 

ʘʛʝʥʘʪʘ ʫ ʧʦʧʫʣʘʮʠʿʠ

ʂʨʠʪʝʨʠʿʫʤ 

ʟʘʫʩʪʘʚˀ ʘˁʘ (t Ó tmax)

ɼɸ

ʅɽ

ɼʝʬʠʥʠʩʘˁʝ ʢʦʥʪʨʦʣʥʠʭ ʠ ʟʘʚʠʩʥʠʭ 

ʧʨʦʤʝʥˀʠʚʠʭ, ʦʛʨʘʥʠʯʝˁʘ ʠ 

ʬʫʥʢʮʠʿa ʮʠˀ ʘ (OF2.1 ʠ OF2.2)

ʀʥʠʮʠʿʘʣʠʟʘʮʠʿʘ PSO ʧʘʨʘʤʝʪʘʨʘ: 

ʫʢʫʧʘʥ ʙʨʦʿ ʘʛʝʥʘʪʘ (N), ʫʢʫʧʘʥ ʙʨʦʿ 

ʠʪʝʨʘʮʠʿʘ (tmax), ʢʦʝʬʠʮʠʿʝʥʪʠ 

ʯʝʩʪʠʮʘ (c1, c2), ʢʦʝʬʠʮʠʿʝʥʪ 

ʠʥʝʨʮʠʿʝ (w)

ɻʝʥʝʨʠʩʘˁʝ ʧʦʯʝʪʥʝ ʩʣʫʯʘʿʥʝ 

ʧʦʧʫʣʘʮʠʿʝ ʦʜ N ʘʛʝʥʘʪʘ

ʀʟʨʘʯʫʥʘʚʘˁʝ ʧʦʜʦʙʥʦʩʪʠ ʩʚʘʢʦʛ 

ʘʛʝʥʪʘ ʫ ʧʦʧʫʣʘʮʠʿʠ

ɸʞʫʨʠʨʘˁʝ ʙʨʟʠʥʝ ʠ ʧʦʣʦʞʘʿʘ ʩʚʠʭ 

ʘʛʝʥʘʪʘ ʠ ʧʨʦʥʘʣʘʞʝˁʝ ʥʘʿʙʦˀʝʛ 

ɼʦʜʝʣʘ: t=1

ʀʟʨʘʯʫʥʘʚʘˁʝ ʬʫʥʢʮʠʿʝ 

ʮʠˀ ʘ OF2.1 ʟʘ ʩʚʘʢʠ 

ʘʛʝʥʪ ʫ ʧʦʧʫʣʘʮʠʿʠ

Xr_pol = Xs

ʀʟʨʘʯʫʥʘʚʘˁʝ ʬʫʥʢʮʠʿʝ 

ʮʠˀ ʘ OF2.2 ʟʘ ʩʚʘʢʠ 

ʘʛʝʥʪ ʫ ʧʦʧʫʣʘʮʠʿʠ

ɼɸ ʅɽ

ɼʦʜʝʣʘ: t=1

ɸʞʫʨʠʨʘˁʝ ʙʨʟʠʥʝ ʠ 

ʧʦʣʦʞʘʿʘ ʩʚʠʭ ʘʛʝʥʘʪʘ ʫ 

ʧʦʧʫʣʘʮʠʿʠ

ɸʞʫʨʠʨʘˁʝ ʙʨʟʠʥʝ ʠ 

ʧʦʣʦʞʘʿʘ ʩʚʠʭ ʘʛʝʥʘʪʘ ʫ 

ʧʦʧʫʣʘʮʠʿʠ

 (t Ó tmax) (t Ó tmax)

ʂʨʘʿ

t = t+1

ʇʨʚʠ ʩʪʝʧʝʥ ʦʧʪʠʤʠʟʘʮʠʿʝ ɼʨʫʛʠ ʩʪʝʧʝʥ ʦʧʪʠʤʠʟʘʮʠʿʝ

ʋʥʦʩ ʢʘʪʘʣʦh ʢʠʭ ʧʦʜʘʪʘʢʘ ʤʦʪʦʨʘ

t = t+1

ʀʟʣʘʟ: ʦʧʪʠʤʘʣʥʠ ʝʣʝʢʪʨʠʯʥʠ 

ʧʘʨʘʤʝʪʨʠ ʤʦʪʦʨʘ ʟʘ ʥʘʟʠʚʥʠ ʨʝʞʠʤ 

ʨʘʜʘ (Rs, Rr_nom, Xs, Xr_nom, Xm, Rfe)

t = t+1

ʀʟʣʘʟ: ʦʧʪʠʤʘʣʥʠ ʝʣʝʢʪʨʠʯʥʠ 

ʧʘʨʘʤʝʪʨʠ ʤʦʪʦʨʘ ʟʘ ʧʦʣʘʟʥʠ ʨʝʞʠʤ 

ʨʘʜʘ (Rr_pol, Xr_pol)

ʅɽ ʅɽ

ɼɸ ɼɸ

 

ʉʣ. 5.1. ɹʣʦʢ ʜʠʿʘʛʨʘʤ ʢʦʤʙʠʥʦʚʘʥʦʛ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦ-ʤʝʪʘʭʝʫʨʠʩʪʠʯʢʦʛ 

ʦʧʪʠʤʠʟʘʮʠʦʥʦʛ ʧʨʠʩʪʫʧʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʩʘ ʫʚʘʞʘʚʘˁʝʤ ʧʨʝʣʘʟʥʠʭ ʧʨʦʮʝʩʘ ʥʘ ʨʦʪʦʨʫ 
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5.2.3. ʆʛʨʘʥʠʯʝˁʘ ʫ ʦʢʚʠʨʫ ʧʨʚʦʛ ʩʪʝʧʝʥʘ ʦʧʪʠʤʠʟʘʮʠʿʝ 

ɿʘ ʧʨʚʠ ʩʪʝʧʝʥ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ, ʪʿ. ʟʘ ʧʨʚʫ ʬʫʥʢʮʠʿʫ ʮʠˀʘ 

ʧʨʠʤʝˁʫʿʫ ʩʝ ʩʣʝʜʝ˂ʘ ʦʛʨʘʥʠʯʝˁʘ: 

1. ʇʦʟʠʪʠʚʥʦʩʪ ʩʚʠʭ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ. 

ʋʚʦʹʝˁʝ ʦʚʦʛ ʦʛʨʘʥʠʯʝˁʘ ʫ ʦʧʪʠʤʠʟʘʮʠʦʥʠʤ ʤʦʜʝʣʠʤʘ ʿʝ ʥʝʦʧʭʦʜʥʦ ʟʘ 

ʜʦʙʠʿʘˁʝ ʬʠʟʠʯʢʠ ʩʤʠʩʣʝʥʠʭ ʠ ʧʨʠʤʝʥˀʠʚʠʭ ʨʝʟʫʣʪʘʪʘ. ʅʘʠʤʝ, ʘʢʪʠʚʥʝ 

ʠ ʨʝʘʢʪʠʚʥʝ ʦʪʧʦʨʥʦʩʪʠ ʫ ʝʣʝʢʪʨʠʯʥʦʤ ʢʦʣʫ ʦʜʨʘʞʘʚʘʿʫ ʨʝʘʣʥʝ 

ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʝ ʠ ʪʦʧʣʦʪʥʝ ʧʨʦʮʝʩʝ, ʢʘʦ ʰʪʦ ʩʫ ʜʠʩʠʧʘʮʠʿʘ ʩʥʘʛʝ 

(ʘʢʪʠʚʥʝ ʦʪʧʦʨʥʦʩʪʠ), ʠ ʘʢʫʤʫʣʘʮʠʿʘ ʤʘʛʥʝʪʥʝ ʝʥʝʨʛʠʿʝ (ʨʝʘʢʪʠʚʥʝ 

ʦʪʧʦʨʥʦʩʪʠ). 

s r_nom fe s r_nom m, , , , , 0R R R X X X > .          (5.15) 

2. ɺʝ˂ʘ ʚʨʝʜʥʦʩʪ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʨʦʪʦʨʘ ʧʨʠ ʥʘʟʠʚʥʦʤ ʨʝʞʠʤʫ ʨʘʜʘ ʫ 

ʦʜʥʦʩʫ ʥʘ ʚʨʝʜʥʦʩʪ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ. ʆʚʦ ʦʛʨʘʥʠʯʝˁʝ 

ʧʨʦʠʟʠʣʘʟʠ ʠʟ ʝʣʝʢʪʨʦʤʘʛʥʝʪʥʠʭ ʦʩʦʙʠʥʘ ʤʦʪʦʨʘ ʧʨʠ ʥʘʟʠʚʥʦʤ ʨʘʜʫ. 

ʇʨʠ ʥʘʟʠʚʥʦʤ ʨʘʜʫ ʤʦʪʦʨʘ ʨʘʩʠʧʥʘ ʤʘʛʥʝʪʥʘ ʧʦˀʘ ʫ ʨʦʪʦʨʫ ʩʫ 

ʠʥʪʝʥʟʠʚʥʠʿʘ ʫʩʣʝʜ ʩʤʘˁʝʥʦʛ ʫʪʠʮʘʿʘ ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ ʠ ʨʘʚʥʦʤʝʨʥʝ 

ʨʘʩʧʦʜʝʣʝ ʩʪʨʫʿʝ ʧʦ ʧʦʚʨʰʠʥʠ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʧʨʦʚʦʜʥʠʢʘ ʨʦʪʦʨʘ, 

ʰʪʦ ʜʦʚʦʜʠ ʜʦ ʚʝ˂ʝ ʫʢʫʧʥʝ ʨʘʩʠʧʥʝ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʨʦʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʩʪʘʪʦʨ. 

r_nom sX X> .             (5.16) 

5.2.4. ʆʛʨʘʥʠʯʝˁʘ ʫ ʦʢʚʠʨʫ ʜʨʫʛʦʛ ʩʪʝʧʝʥʘ ʦʧʪʠʤʠʟʘʮʠʿʝ 

ɿʘ ʜʨʫʛʠ ʩʪʝʧʝʥ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ, ʪʿ. ʟʘ ʜʨʫʛʫ ʬʫʥʢʮʠʿʫ ʮʠˀʘ 

ʧʨʠʤʝˁʫʿʫ ʩʝ ʩʣʝʜʝ˂ʘ ʦʛʨʘʥʠʯʝˁʘ: 

1. ɺʝ˂ʘ ʚʨʝʜʥʦʩʪ ʧʦʣʘʟʥʝ ʨʦʪʦʨʩʢʝ ʦʪʧʦʨʥʦʩʪʠ ʫ ʦʜʥʦʩʫ ʥʘ ʥʘʟʠʚʥʫ 

ʚʨʝʜʥʦʩʪ ʨʦʪʦʨʩʢʝ ʦʪʧʦʨʥʦʩʪʠ. ʊʦʢʦʤ ʧʦʣʘʩʢʘ ʤʦʪʦʨʘ, ʟʙʦʛ ʚʝ˂ʝʛ ʫʪʠʮʘʿʘ 

ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ ʧʨʠ ʚʠʩʦʢʠʤ ʬʨʝʢʚʝʥʮʠʿʘʤʘ, ʩʪʨʫʿʘ ʿʝ 

ʢʦʥʮʝʥʪʨʠʩʘʥʘ ʫ ʩʧʦˀʘʰˁʠʤ ʜʝʣʦʚʠʤʘ ʨʦʪʦʨʩʢʠʭ ʧʨʦʚʦʜʥʠʢʘ 
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(ʩʧʦˀʘʰˁʠ ʢʘʚʝʟ ʢʦʜ ʜʚʦʢʘʚʝʟʥʠʭ ʨʦʪʦʨʘ) ʰʪʦ ʩʤʘˁʫʿʝ ʝʬʝʢʪʠʚʥʫ 

ʧʨʦʚʦʜʥʫ ʧʦʚʨʰʠʥʫ ʨʦʪʦʨʩʢʠʭ ʧʨʦʚʦʜʥʠʢʘ. ʆʚʘ ʧʦʿʘʚʘ ʜʦʚʦʜʠ ʜʦ 

ʧʦʚʝ˂ʘˁʘ ʦʪʧʦʨʥʦʩʪʠ ʨʦʪʦʨʘ ʧʨʠ ʧʦʣʘʩʢʫ ʤʦʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ ʥʘʟʠʚʥʫ 

ʚʨʝʜʥʦʩʪ, ʢʘʜʘ ʩʪʨʫʿʘ ʧʨʦʜʠʨʝ ʜʫʙˀʝ ʫ ʧʨʦʚʦʜʥʠʢʝ ʨʦʪʦʨʘ ʠ ʢʦʨʠʩʪʠ 

ʚʝ˂ʠ ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ. 

r_pol r_nomR R> .             (5.17) 

ʇʨʚʠ ʩʣʫʯʘʿ 

2. ɱʝʜʥʘʢʦʩʪ ʧʦʣʘʟʥʝ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʨʦʪʦʨʘ ʠ ʫʩʪʘˀʝʥʝ ʚʨʝʜʥʦʩʪʠ 

ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ. ʇʨʠ ʧʦʣʘʩʢʫ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ, ʟʙʦʛ 

ʜʨʫʛʘʯʠʿʝ ʨʘʩʧʦʜʝʣʝ ʩʪʨʫʿʝ ʫ ʨʦʪʦʨʩʢʠʤ ʧʨʦʚʦʜʥʠʮʠʤʘ ʠ ʫʪʠʮʘʿʘ 

ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ, ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ ʿʝ ʤʘˁʘ ʦʜ ʚʨʝʜʥʦʩʪʠ 

ʢʦʿʫ ʦʚʘ ʨʝʘʢʪʘʥʩʘ ʠʤʘ ʫ ʥʘʟʠʚʥʦʤ ʨʝʞʠʤʫ ʨʘʜʘ ʤʦʪʦʨʘ. ʋ ʙʨʦʿʥʠʤ 

ʨʘʜʦʚʠʤʘ ʢʦʿʠ ʩʝ ʙʘʚʝ ʠʜʝʥʪʠʬʠʢʘʮʠʿʦʤ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʜʚʦʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ, ʨʘʜʠ ʧʦʿʝʜʥʦʩʪʘʚˀʝˁʘ ʤʘʪʝʤʘʪʠʯʢʦʛ 

ʤʦʜʝʣʘ, ʯʝʩʪʦ ʩʝ ʧʨʝʪʧʦʩʪʘʚˀʘ ʜʘ ʩʫ ʧʦʣʘʟʥʘ ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ ʠ 

ʫʩʪʘˀʝʥʘ ʚʨʝʜʥʦʩʪ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ ʿʝʜʥʘʢʝ. ʆʚʘ ʧʨʝʪʧʦʩʪʘʚʢʘ 

ʧʨʦʠʟʠʣʘʟʠ ʠʟ ʿʝʜʥʘʢʦʩʪʠ ʨʘʩʠʧʥʠʭ ʨʝʘʢʪʘʥʩʠ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ ʢʦʜ 

ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʩʘ ʥʘʤʦʪʘʥʠʤ ʨʦʪʦʨʦʤ, ʢʦʿʘ ʚʘʞʠ ʟʙʦʛ ʩʠʤʝʪʨʠʿʝ ʫ 

ʪʨʦʬʘʟʥʠʤ ʥʘʤʦʪʘʿʠʤʘ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ. ʅʘ ʦʩʥʦʚʫ ʪʝ ʩʠʤʝʪʨʠʿʝ, 

ʜʦʙʠʿʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʩʝʨʠʿʩʢʝ ʛʨʘʥʝ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʤʦʪʦʨʘ ʢʨʦʟ 

ʠʩʧʠʪʠʚʘˁʝ ʢʨʘʪʢʦʛ ʩʧʦʿʘ ʘʥʘʣʦʛʥʦ ʿʝ ʠʩʧʠʪʠʚʘˁʫ ʢʨʘʪʢʦʛ ʩʧʦʿʘ ʢʦʜ 

ʪʨʦʬʘʟʥʠʭ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ. 

r_pol sX X= .             (5.18) 

ʅʘ ʦʚʘʿ ʥʘʯʠʥ ʩʝ ʧʦʿʝʜʥʦʩʪʘʚˀʫʿʝ ʧʦʩʪʫʧʘʢ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʤʦʪʦʨʘ, ʪʿ. ʙʨʦʿ ʧʘʨʘʤʝʪʘʨʘ ʢʦʿʠ ʩʝ ʠʜʝʥʪʠʬʠʢʫʿʝ ʫ ʜʨʫʛʦʤ 

ʩʪʝʧʝʥʫ ʦʧʪʠʤʠʟʘʮʠʿʝ ʩʝ ʩʤʘˁʫʿʝ ʟʘ ʿʝʜʘʥ. 
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ɼʨʫʛʠ ʩʣʫʯʘʿ 

3. ʈʘʟʣʠʯʠʪʦʩʪ ʧʦʣʘʟʥʝ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʨʦʪʦʨʘ ʠ ʫʩʪʘˀʝʥʝ ʚʨʝʜʥʦʩʪʠ 

ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ, ʢʘʦ ʠ ʤʘˁʘ ʚʨʝʜʥʦʩʪ ʧʦʣʘʟʥʝ ʨʘʩʠʧʥʝ 

ʨʝʘʢʪʘʥʩʝ ʨʦʪʦʨʘ ʦʜ ʥʘʟʠʚʥʝ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʨʦʪʦʨʘ. ʂʦʜ ʘʩʠʥʭʨʦʥʠʭ 

ʤʦʪʦʨʘ ʩʘ ʢʘʚʝʟʥʠʤ ʨʦʪʦʨʦʤ, ʯʠʿʘ ʢʦʥʩʪʨʫʢʮʠʿʘ ʟʥʘʪʥʦ ʦʜʩʪʫʧʘ ʦʜ 

ʢʦʥʩʪʨʫʢʮʠʿʝ ʤʦʪʦʨʘ ʩʘ ʥʘʤʦʪʘʥʠʤ ʨʦʪʦʨʦʤ, ʧʦʩʝʙʥʦ ʫ ʩʣʫʯʘʿʫ ʧʣʠʪʢʠʭ ʠ 

ʜʫʙʦʢʠʭ ʞʣʝʙʦʚʘ ʢʘʦ ʠ ʢʦʜ ʜʚʦʢʘʚʝʟʥʠʭ ʨʦʪʦʨʘ, ʩʠʤʝʪʨʠʿʘ ʠʟʤʝʹʫ 

ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ ʥʝ ʧʦʩʪʦʿʠ. ɿʘʪʦ ʧʦʣʘʟʥʘ ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ ʠ 

ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʩʪʘʪʦʨʘ ʥʠʩʫ ʿʝʜʥʘʢʝ. ʇʦʨʝʜ ʪʦʛʘ, ʢʦʨʠʩʥʠʮʠ ʦʙʠʯʥʦ 

ʥʝʤʘʿʫ ʧʦʜʘʪʢʝ ʦ ʛʝʦʤʝʪʨʠʿʠ ʞʣʝʙʦʚʘ ʨʦʪʦʨʘ ʠ ʩʪʘʪʦʨʘ, ʯʘʢ ʠ ʢʘʜʘ ʩʫ 

ʢʘʪʘʣʦʰʢʠ ʧʦʜʘʮʠ ʤʦʪʦʨʘ ʜʦʩʪʫʧʥʠ. ʋʧʨʘʚʦ ʪʘ ʛʝʦʤʝʪʨʠʿʘ ʠʤʘ ʟʥʘʯʘʿʘʥ 

ʫʪʠʮʘʿ ʥʘ ʚʨʝʜʥʦʩʪʠ ʨʘʩʠʧʥʠʭ ʨʝʘʢʪʘʥʩʠ, ʰʪʦ ʜʦʜʘʪʥʦ ʫʩʣʦʞˁʘʚʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʤʦʪʦʨʘ. 

r_pol s r_pol r_nomX X X X¸ Ø < .           (5.19) 

5.3. ʇʦʩʪʫʧʘʢ ʟʘʩʥʦʚʘʥ ʥʘ ʿʝʜʥʦʢʘʚʝʟʥʦʤ ʤʘʪʝʤʘʪʠʯʢʦʤ ʤʦʜʝʣʫ ʤʦʪʦʨʘ 

ʇʨʠʤʝʥʦʤ ʢʣʘʩʠʯʥʦʛ ʿʝʜʥʦʢʘʚʝʟʥʦʛ ʤʘʪʝʤʘʪʠʯʢʦʛ ʤʦʜʝʣʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ 

ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ, ʚʨʰʠ ʩʝ ʿʝʜʥʦʩʪʝʧʝʥʘ 

ʦʧʪʠʤʠʟʘʮʠʿʘ, ʪʿ. ʫ ʿʝʜʥʦʤ ʦʧʪʠʤʠʟʘʮʠʦʥʦʤ ʢʦʨʘʢʫ ʩʝ ʠʜʝʥʪʠʬʠʢʫʿʫ ʩʚʠ ʧʘʨʘʤʝʪʨʠ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʤʦʪʦʨʘ. ɿʘ ʨʘʟʣʠʢʫ ʦʜ KM ʧʨʠʩʪʫʧʘ, ʫ ʦʚʦʤ ʧʨʠʩʪʫʧʫ ʩʝ 

ʧʘʨʘʤʝʪʨʠ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʤʦʪʦʨʘ ʫ ʧʦʣʘʟʥʦʤ ʠ ʥʘʟʠʚʥʦʤ ʨʝʞʠʤʫ ʨʘʜʘ ʥʝ 

ʨʘʟʣʠʢʫʿʫ, ʪʿ. ʢʦʨʠʩʪʠ ʩʝ ʿʝʜʠʥʩʪʚʝʥʠ ʩʢʫʧ ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʟʘ ʩʚʝ ʨʘʜʥʝ 

ʨʝʞʠʤʝ ʤʦʪʦʨʘ. 

5.3.1. ʌʫʥʢʮʠʿʘ ʮʠˀʘ 

ʉ ʦʙʟʠʨʦʤ ʥʘ ʪʦ ʜʘ ʩʝ ʿʝʜʥʦʢʘʚʝʟʥʠ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ 

ʩʘʩʪʦʿʠ ʦʜ ʧʝʪ ʧʘʨʘʤʝʪʘʨʘ, ʚʝʢʪʦʨ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʢʦʿʠ ʪʨʝʙʘ 

ʠʜʝʥʪʠʬʠʢʦʚʘʪʠ ʠʤʘ˂ʝ ʩʝʜʝ˂ʠ ʦʙʣʠʢ: 
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[ ]s s r r m, , , ,x R X R X X= .             (5.20) 

ɿʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʚʨʝʜʥʦʩʪʠ ʦʚʠʭ ʧʘʨʘʤʝʪʘʨʘ ʧʨʠʤʝʥʦʤ PSO ʘʣʛʦʨʠʪʤʘ 

ʢʦʨʠʩʪʠ ʩʝ ʩʣʝʜʝ˂ʘ ʬʫʥʢʮʠʿʘ ʮʠˀʘ: 

2 2 2 2

3 1.1 2.1 3.1 4.1OF F F F F= + + +,            (5.21) 

ʛʜʝ ʢʦʤʧʦʥʝʥʪʝ ʬʫʥʢʮʠʿʝ ʮʠˀʘ F1.1 ʜʦ F4.1 ʧʨʝʜʩʪʘʚˀʘʿʫ ʩʣʝʜʝ˂ʘ ʨʝʣʘʪʠʚʥʘ 

ʦʜʩʪʫʧʘˁʘ: 

F1.1 - ʨʝʣʘʪʠʚʥʦ ʦʜʩʪʫʧʘˁʝ ʜʦʙʠʿʝʥʝ ʚʨʝʜʥʦʩʪʠ ʥʘʟʠʚʥʦʛ ʤʦʤʝʥʪʘ ʤʦʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʢʘʪʘʣʦʰʢʫ ʚʨʝʜʥʦʩʪ: 

2 r
r nom nom_kat

s nom
1.1

nom_kat

ï
3

( )
Rp

I s M
s

F
M

w
= ,           (5.22) 

F2.1 - ʨʝʣʘʪʠʚʥʦ ʦʜʩʪʫʧʘˁʝ ʜʦʙʠʿʝʥʝ ʚʨʝʜʥʦʩʪʠ ʧʦʣʘʟʥʦʛ ʤʦʤʝʥʪʘ ʤʦʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʢʘʪʘʣʦʰʢʫ ʚʨʝʜʥʦʩʪ: 

2
r

r pol pol_kat

s pol

2.1

pol_kat

ï
3

( )
Rp

I s M
s

F
M

w
= ,           (5.23) 

F3.1 - ʨʝʣʘʪʠʚʥʦ ʦʜʩʪʫʧʘˁʝ ʜʦʙʠʿʝʥʝ ʚʨʝʜʥʦʩʪʠ ʧʨʝʚʘʣʥʦʛ ʤʦʤʝʥʪʘ ʤʦʪʦʨʘ ʫ ʦʜʥʦʩʫ 

ʥʘ ʢʘʪʘʣʦʰʢʫ ʚʨʝʜʥʦʩʪ: 

2
r

r pr pr_kat

s pr

3.1

pr_kat

3
( ï)

Rp
I s M

s
F

M

w
= ,            (5.24) 

F4.1 - ʨʝʣʘʪʠʚʥʦ ʦʜʩʪʫʧʘˁʝ ʜʦʙʠʿʝʥʝ ʚʨʝʜʥʦʩʪʠ ʬʘʢʪʦʨʘ ʩʥʘʛʝ ʧʨʠ ʥʘʟʠʚʥʦʤ 

ʦʧʪʝʨʝ˂ʝˁʫ ʤʦʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ ʢʘʪʘʣʦʰʢʫ ʚʨʝʜʥʦʩʪ: 

el.nom
nom_kat

el.nom

4.1

nom_kat

cos arct ïcosan

cos

Q

P
F

j

j

è øå õ
é ùæ ö

ç ÷ê ú= .          (5.25) 
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ɹʣʦʢ ʜʠʿʘʛʨʘʤ JK ʧʨʠʩʪʫʧʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʉʣ. 5.2. 

ʇʦʯʝʪʘʢ

ɼʝʬʠʥʠʩʘˁʝ ʢʦʥʪʨʦʣʥʠʭ ʠ ʟʘʚʠʩʥʠʭ 

ʧʨʦʤʝʥˀʠʚʠʭ, ʦʛʨʘʥʠʯʝˁʘ ʠ 

ʬʫʥʢʮʠʿʝ ʮʠˀ ʘ (OF3)

ʀʥʠʮʠʿʘʣʠʟʘʮʠʿʘ PSO ʧʘʨʘʤʝʪʘʨʘ: 

ʫʢʫʧʘʥ ʙʨʦʿ ʘʛʝʥʘʪʘ (N), ʫʢʫʧʘʥ ʙʨʦʿ 

ʠʪʝʨʘʮʠʿʘ (tmax), ʢʦʝʬʠʮʠʿʝʥʪʠ 

ʯʝʩʪʠʮʘ (c1, c2), ʢʦʝʬʠʮʠʿʝʥʪ 

ʠʥʝʨʮʠʿʝ (w)

ɻʝʥʝʨʠʩʘˁʝ ʧʦʯʝʪʥʝ ʩʣʫʯʘʿʥʝ 

ʧʦʧʫʣʘʮʠʿʝ ʦʜ N ʘʛʝʥʘʪʘ

ʀʟʨʘʯʫʥʘʚʘˁʝ ʧʦʜʦʙʥʦʩʪʠ ʩʚʘʢʦʛ 

ʘʛʝʥʪʘ ʫ ʧʦʧʫʣʘʮʠʿʠ

ɸʞʫʨʠʨʘˁʝ ʙʨʟʠʥʝ ʠ ʧʦʣʦʞʘʿʘ ʩʚʠʭ 

ʘʛʝʥʘʪʘ ʠ ʧʨʦʥʘʣʘʞʝˁʝ ʥʘʿʙʦˀʝʛ 

ɼʦʜʝʣʘ: t=1

ʀʟʨʘʯʫʥʘʚʘˁʝ ʬʫʥʢʮʠʿʝ ʮʠˀ ʘ OF3 ʟʘ 

ʩʚʘʢʠ ʘʛʝʥʪ ʫ ʧʦʧʫʣʘʮʠʿʠ

ɸʞʫʨʠʨʘˁʝ ʙʨʟʠʥʝ ʠ ʧʦʣʦʞʘʿʘ ʩʚʠʭ 

ʘʛʝʥʘʪʘ ʫ ʧʦʧʫʣʘʮʠʿʠ

ʂʨʠʪʝʨʠʿʫʤ 

ʟʘʫʩʪʘʚˀ ʘˁʘ (t Ó tmax)

ɼɸ

ʅɽ

ʋʥʦʩ ʢʘʪʘʣʦh ʢʠʭ ʧʦʜʘʪʘʢʘ ʤʦʪʦʨʘ

ʀʟʣʘʟ: ʦʧʪʠʤʘʣʥʠ ʝʣʝʢʪʨʠʯʥʠ 

ʧʘʨʘʤʝʪʨʠ ʤʦʪʦʨʘ (Rs, Rr, Xs, Xr, Xm)

ʂʨʘʿ

 

ʉʣ. 5.2 ɹʣʦʢ ʜʠʿʘʛʨʘʤ ʧʨʠʩʪʫʧʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʟʘʩʥʦʚʘʥʦʛ ʥʘ ʿʝʜʥʦʢʘʚʝʟʥʦʤ ʤʘʪʝʤʘʪʠʯʢʦʤ ʤʦʜʝʣʫ 
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5.3.2. ʆʛʨʘʥʠʯʝˁʘ 

ʂʦʜ JK ʧʨʠʩʪʫʧʘ ʧʨʠʤʝˁʫʿʫ ʩʝ ʩʣʝʜʝ˂ʘ ʦʛʨʘʥʠʯʝˁʘ: 

1. ʇʦʟʠʪʠʚʥʦʩʪ ʩʚʠʭ ʧʘʨʘʤʝʪʘʨʘ - ʘʢʪʠʚʥʝ ʠ ʨʝʘʢʪʠʚʥʝ ʦʪʧʦʨʥʦʩʪʠ ʤʦʨʘʿʫ 

ʙʠʪʠ ʚʝ˂ʝ ʦʜ ʥʫʣʝ ʿʝʨ ʧʨʝʜʩʪʘʚˀʘʿʫ ʩʪʚʘʨʥʝ ʬʠʟʠʯʢʝ ʚʝʣʠʯʠʥʝ ʫ 

ʝʣʝʢʪʨʠʯʥʦʤ ʢʦʣʫ: 

s r s r m, , , , 0R R X X X > .            (5.26) 

2. ɺʝ˂ʘ ʚʨʝʜʥʦʩʪ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʨʦʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ ʚʨʝʜʥʦʩʪ ʨʘʩʠʧʥʝ 

ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ: 

r sX X> .             (5.27) 

5.4. ʇʦʩʪʫʧʘʢ ʟʘʩʥʦʚʘʥ ʥʘ ʜʚʦʢʘʚʝʟʥʦʤ ʤʘʪʝʤʘʪʠʯʢʦʤ ʤʦʜʝʣʫ ʤʦʪʦʨʘ 

ʂʦʜ DK ʧʨʠʩʪʫʧʘ ʢʘʦ ʠ ʢʦʜ JK ʧʨʠʩʪʫʧʘ, ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʚʨʰʠ ʩʝ ʿʝʜʥʦʩʪʝʧʝʥʦʤ ʦʧʪʠʤʠʟʘʮʠʿʦʤ, ʧʨʠ ʯʝʤʫ ʩʝ ʫ ʿʝʜʥʦʤ 

ʦʧʪʠʤʠʟʘʮʠʦʥʦʤ ʢʦʨʘʢʫ ʠʩʪʦʚʨʝʤʝʥʦ ʠʜʝʥʪʠʬʠʢʫʿʫ ʧʘʨʘʤʝʪʨʠ ʢʦʿʠ ʦʜʛʦʚʘʨʘʿʫ 

ʩʧʦˀʘʰˁʝʤ ʠ ʫʥʫʪʨʘʰˁʝʤ ʢʘʚʝʟʫ ʨʦʪʦʨʘ. ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʿʝʜʥʦʢʘʚʝʟʥʦʛ ʤʦʜʝʣʘ, ʢʦʿʠ 

ʢʦʨʠʩʪʠ ʿʝʜʠʥʩʪʚʝʥʠ ʩʢʫʧ ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʟʘ ʩʚʝ ʨʘʜʥʝ ʨʝʞʠʤʝ, ʢʦʜ 

ʜʚʦʢʘʚʝʟʥʦʛ ʤʦʜʝʣʘ ʫʟʝʪʘ ʿʝ ʫ ʦʙʟʠʨ ʯʠˁʝʥʠʮʘ ʜʘ ʩʝ ʝʣʝʢʪʨʠʯʥʠ ʧʘʨʘʤʝʪʨʠ ʨʦʪʦʨʘ 

ʧʨʠ ʧʦʣʘʩʢʫ ʤʦʪʦʨʘ ʨʘʟʣʠʢʫʿʫ ʦʜ ʧʘʨʘʤʝʪʘʨʘ ʨʦʪʦʨʘ ʧʨʠ ʥʘʟʠʚʥʦʤ ʨʝʞʠʤʫ ʨʘʜʘ. ʅʘ 

ʪʘʿ ʥʘʯʠʥ ʧʦʩʪʠʞʝ ʩʝ ʙʦˀʝ ʩʣʘʛʘˁʝ ʩʘ ʢʘʪʘʣʦʰʢʠʤ ʧʦʜʘʮʠʤʘ ʠ ʜʦʙʠʿʘˁʝ ʨʝʘʣʥʠʿʠʭ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʦʪʦʨʘ. ʆʚʘʿ ʤʦʜʝʣ ʿʝ ʥʘʨʦʯʠʪʦ ʧʦʛʦʜʘʥ ʟʘ ʜʚʦʢʘʚʝʟʥʝ ʤʦʪʦʨʝ ʢʦʜ 

ʢʦʿʠʭ ʿʝ ʠʟʨʘʞʝʥ ʧʦʚʨʰʠʥʩʢʠ ʝʬʝʢʘʪ, ʿʝʨ ʫʚʘʞʘʚʘ ʨʘʟʣʠʯʠʪʝ ʩʪʨʫʿʥʝ ʨʘʩʧʦʜʝʣʝ ʫ 

ʫʥʫʪʨʘʰˁʝʤ ʠ ʩʧʦˀʘʰˁʝʤ ʢʘʚʝʟʫ ʨʦʪʦʨʘ, ʰʪʦ ʟʥʘʯʘʿʥʦ ʫʪʠʯʝ ʥʘ ʪʘʯʥʦʩʪ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʦʣʘʟʥʠʭ ʠ ʥʘʟʠʚʥʠʭ ʧʝʨʬʦʨʤʘʥʩʠ ʤʦʪʦʨʘ. 

5.4.1. ʌʫʥʢʮʠʿʘ ʮʠˀʘ 

ʂʦʜ DK ʧʨʠʩʪʫʧʘ ʚʝʢʪʦʨ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʤʦʪʦʨʘ ʦʙʫʭʚʘʪʘ ʦʩʘʤ 

ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʢʦʿʝ ʿʝ ʧʦʪʨʝʙʥʦ ʠʜʝʥʪʠʬʠʢʦʚʘʪʠ: 
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s s r_nom r_nom m r_pol r_pol, , , , , ,x R X R X X R Xè ø=ê ú.          (5.28) 

ʌʫʥʢʮʠʿʘ ʮʠˀʘ ʥʘ ʦʩʥʦʚʫ ʢʦʿʝ ʩʝ ʚʨʰʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʚʨʝʜʥʦʩʪʠ ʦʚʠʭ 

ʧʘʨʘʤʝʪʘʨʘ ʜʝʬʠʥʠʩʘʥʘ ʿʝ ʩʣʝʜʝ˂ʠʤ ʠʟʨʘʟʦʤ: 

2 2 2 2 2 2

4 1.2 2.2 3.2 4.2 5.2 6.2OF F F F F F F= + + + + +.          (5.29) 

ʂʦʤʧʦʥʝʥʪʝ ʬʫʥʢʮʠʿʝ ʮʠˀʘ F1.2 ʜʦ F6.2 ʧʨʝʜʩʪʘʚˀʘʿʫ ʩʣʝʜʝ˂ʘ ʨʝʣʘʪʠʚʥʘ 

ʦʜʩʪʫʧʘˁʘ: 

F1.2 - ʨʝʣʘʪʠʚʥʦ ʦʜʩʪʫʧʘˁʝ ʜʦʙʠʿʝʥʝ ʚʨʝʜʥʦʩʪʠ ʥʘʟʠʚʥʦʛ ʤʦʤʝʥʪʘ ʤʦʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʢʘʪʘʣʦʰʢʫ ʚʨʝʜʥʦʩʪ: 

2 2r_nom r_pol

r_nom nom r_pol nom nom_kat

s nom nom

1.2

nom_kat

3
( ) ( ï)

R Rp
I s I s M

s s
F

M

w

å õ
è ø è ø+æ öê ú ê ú
ç ÷= ,       (5.30) 

F2.2 - ʨʝʣʘʪʠʚʥʦ ʦʜʩʪʫʧʘˁʝ ʜʦʙʠʿʝʥʝ ʚʨʝʜʥʦʩʪʠ ʧʦʣʘʟʥʦʛ ʤʦʤʝʥʪʘ ʤʦʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʢʘʪʘʣʦʰʢʫ ʚʨʝʜʥʦʩʪ: 

2 2r_nom r_pol

r_nom pol r_pol pol pol_kat

s pol pol

2.2

pol_kat

3
( ) ( ï)

R Rp
I s I s M

s s
F

M

w

å õ
è ø è ø+æ öê ú ê úæ ö
ç ÷= ,       (5.31) 

F3.2 - ʨʝʣʘʪʠʚʥʦ ʦʜʩʪʫʧʘˁʝ ʜʦʙʠʿʝʥʝ ʚʨʝʜʥʦʩʪʠ ʧʨʝʚʘʣʥʦʛ ʤʦʤʝʥʪʘ ʤʦʪʦʨʘ ʫ ʦʜʥʦʩʫ 

ʥʘ ʢʘʪʘʣʦʰʢʫ ʚʨʝʜʥʦʩʪ: 

2 2r_nom r_pol

r_nom pr r_pol pr pr_kat

s pr pr

3.2

pr_kat

3
( ) ( ) ï

R Rp
I s I s M

s s
F

M

w

å õ
è ø è ø+æ öê ú ê úæ ö
ç ÷= ,        (5.32) 

F4.2 - ʨʝʣʘʪʠʚʥʦ ʦʜʩʪʫʧʘˁʝ ʜʦʙʠʿʝʥʝ ʚʨʝʜʥʦʩʪʠ ʬʘʢʪʦʨʘ ʩʥʘʛʝ ʧʨʠ ʥʘʟʠʚʥʦʤ 

ʦʧʪʝʨʝ˂ʝˁʫ ʤʦʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ ʢʘʪʘʣʦʰʢʫ ʚʨʝʜʥʦʩʪ: 
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el.nom
nom_kat

el.nom

4.2

nom_kat

cos arct ïcosan

cos

Q

P
F

j

j

è øå õ
é ùæ ö

ç ÷ê ú= ,          (5.33) 

F5.2 - ʨʝʣʘʪʠʚʥʦ ʦʜʩʪʫʧʘˁʝ ʜʦʙʠʿʝʥʝ ʚʨʝʜʥʦʩʪʠ ʧʦʣʘʟʥʝ ʩʪʨʫʿʝ ʤʦʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʢʘʪʘʣʦʰʢʫ ʚʨʝʜʥʦʩʪ: 

ph

s_pol_kat

s s

r_nom r_polm
r_nom r_pol

pol pol

5.2

s_pol_kat

1

1 1

ï

1

U
I

R jX

R RjX
jX jX

s s
F

I

+ +

+ +

+ +

= ,       (5.34) 

F6.2 - ʨʝʣʘʪʠʚʥʦ ʦʜʩʪʫʧʘˁʝ ʜʦʙʠʿʝʥʝ ʚʨʝʜʥʦʩʪʠ ʥʘʟʠʚʥʝ ʩʪʨʫʿʝ ʤʦʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʢʘʪʘʣʦʰʢʫ ʚʨʝʜʥʦʩʪ: 

ph

s_nom_kat

s s

r_nom r_polm
r_nom r_pol

nom pol

6.2

s_nom_kat

1

1 1

ï

1

U
I

R jX

R RjX
jX jX

s s
F

I

+ +

+ +

+ +

= ,      (5.35) 

ɹʣʦʢ ʜʠʿʘʛʨʘʤ DK ʧʨʠʩʪʫʧʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ, ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʉʣ. 5.3. 
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ʇʦʯʝʪʘʢ

ɼʝʬʠʥʠʩʘˁʝ ʢʦʥʪʨʦʣʥʠʭ ʠ ʟʘʚʠʩʥʠʭ 

ʧʨʦʤʝʥˀʠʚʠʭ, ʦʛʨʘʥʠʯʝˁʘ ʠ 

ʬʫʥʢʮʠʿʝ ʮʠˀ ʘ (OF4)

ʀʥʠʮʠʿʘʣʠʟʘʮʠʿʘ PSO ʧʘʨʘʤʝʪʘʨʘ: 

ʫʢʫʧʘʥ ʙʨʦʿ ʘʛʝʥʘʪʘ (N), ʫʢʫʧʘʥ ʙʨʦʿ 

ʠʪʝʨʘʮʠʿʘ (tmax), ʢʦʝʬʠʮʠʿʝʥʪʠ 

ʯʝʩʪʠʮʘ (c1, c2), ʢʦʝʬʠʮʠʿʝʥʪ 

ʠʥʝʨʮʠʿʝ (w)

ɻʝʥʝʨʠʩʘˁʝ ʧʦʯʝʪʥʝ ʩʣʫʯʘʿʥʝ 

ʧʦʧʫʣʘʮʠʿʝ ʦʜ N ʘʛʝʥʘʪʘ

ʀʟʨʘʯʫʥʘʚʘˁʝ ʧʦʜʦʙʥʦʩʪʠ ʩʚʘʢʦʛ 

ʘʛʝʥʪʘ ʫ ʧʦʧʫʣʘʮʠʿʠ

ɸʞʫʨʠʨʘˁʝ ʙʨʟʠʥʝ ʠ ʧʦʣʦʞʘʿʘ ʩʚʠʭ 

ʘʛʝʥʘʪʘ ʠ ʧʨʦʥʘʣʘʞʝˁʝ ʥʘʿʙʦˀʝʛ 

ɼʦʜʝʣʘ: t=1

ʀʟʨʘʯʫʥʘʚʘˁʝ ʬʫʥʢʮʠʿʝ ʮʠˀ ʘ OF4 ʟʘ 

ʩʚʘʢʠ ʘʛʝʥʪ ʫ ʧʦʧʫʣʘʮʠʿʠ

ɸʞʫʨʠʨʘˁʝ ʙʨʟʠʥʝ ʠ ʧʦʣʦʞʘʿʘ ʩʚʠʭ 

ʘʛʝʥʘʪʘ ʫ ʧʦʧʫʣʘʮʠʿʠ

ʂʨʠʪʝʨʠʿʫʤ 

ʟʘʫʩʪʘʚˀ ʘˁʘ (t Ó  tmax)

ɼɸ

ʅɽ

ʋʥʦʩ ʢʘʪʘʣʦh ʢʠʭ ʧʦʜʘʪʘʢʘ ʤʦʪʦʨʘ

ʀʟʣʘʟ: ʦʧʪʠʤʘʣʥʠ ʝʣʝʢʪʨʠʯʥʠ 

ʧʘʨʘʤʝʪʨʠ ʤʦʪʦʨʘ (Rs, Rr_nom, Xs, 

Xr_nom, Xm, Rr_pol, Xr_pol)

ʂʨʘʿ

 

ʉʣ. 5.3 ɹʣʦʢ ʜʠʿʘʛʨʘʤ ʧʨʠʩʪʫʧʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʟʘʩʥʦʚʘʥʦʛ ʥʘ ʜʚʦʢʘʚʝʟʥʦʤ ʤʘʪʝʤʘʪʠʯʢʦʤ ʤʦʜʝʣʫ 
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5.4.2. ʆʛʨʘʥʠʯʝˁʘ 

ʂʦʜ DK ʧʨʠʩʪʫʧʘ ʧʨʠʤʝˁʫʿʫ ʩʝ ʩʣʝʜʝ˂ʘ ʦʛʨʘʥʠʯʝˁʘ: 

1. ʇʦʟʠʪʠʚʥʦʩʪ ʩʚʠʭ ʧʘʨʘʤʝʪʘʨʘ - ʘʢʪʠʚʥʝ ʠ ʨʝʘʢʪʠʚʥʝ ʦʪʧʦʨʥʦʩʪʠ ʤʦʨʘʿʫ 

ʙʠʪʠ ʚʝ˂ʝ ʦʜ ʥʫʣʝ: 

s r_nom s r_nom m r_pol r_pol, , , , , , 0R R X X X R X > .         (5.36) 

2. ɺʝ˂ʘ ʚʨʝʜʥʦʩʪ ʦʪʧʦʨʥʦʩʪʠ ʩʧʦˀʘʰˁʝʛ ʢʘʚʝʟʘ ʨʦʪʦʨʘ ʦʜ ʦʪʧʦʨʥʦʩʪʠ 

ʫʥʫʪʨʘʰˁʝʛ ʢʘʚʝʟʘ ʨʦʪʦʨʘ. ʆʚʘʿ ʫʩʣʦʚ ʧʨʝʜʩʪʘʚˀʘ ʿʝʜʥʫ ʦʜ ʦʩʥʦʚʥʠʭ 

ʧʨʝʪʧʦʩʪʘʚʢʠ ʜʚʦʢʘʚʝʟʥʦʛ ʤʘʪʝʤʘʪʠʯʢʦʛ ʤʦʜʝʣʘ, ʿʝʨ ʦʜʨʘʞʘʚʘ ʨʝʘʣʥʫ 

ʢʦʥʩʪʨʫʢʪʠʚʥʫ ʨʘʟʣʠʢʫ ʠʟʤʝʹʫ ʜʚʘ ʢʘʚʝʟʘ. ʇʨʦʚʦʜʥʠʮʠ ʩʧʦˀʘʰˁʝʛ ʢʘʚʝʟʘ 

ʠʤʘʿʫ ʤʘˁʠ ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ ʠ ʧʦʜʣʦʞʥʠʿʠ ʩʫ ʫʪʠʮʘʿʫ ʧʦʚʨʰʠʥʩʢʦʛ 

ʝʬʝʢʪʘ, ʰʪʦ ʨʝʟʫʣʪʫʿʝ ʚʝ˂ʦʤ ʝʬʝʢʪʠʚʥʦʤ ʦʪʧʦʨʥʦʰ˂ʫ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, 

ʧʨʦʚʦʜʥʠʮʠ ʫʥʫʪʨʘʰˁʝʛ ʢʘʚʝʟʘ ʩʫ ʤʘʩʠʚʥʠʿʠ ʠ ʤʘˁʝ ʦʩʝʪˀʠʚʠ ʥʘ 

ʧʦʚʨʰʠʥʩʢʠ ʝʬʝʢʘʪ, ʧʘ ʩʘʤʠʤ ʪʠʤ ʠʤʘʿʫ ʤʘˁʫ ʦʪʧʦʨʥʦʩʪ. ʆʚʘ ʨʘʟʣʠʢʘ ʿʝ 

ʦʜ ʢˀʫʯʥʦʛ ʟʥʘʯʘʿʘ ʟʘ ʧʨʘʚʠʣʥʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʦʣʘʟʥʠʭ ʠ ʥʘʟʠʚʥʠʭ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʦʪʦʨʘ ʫ ʦʢʚʠʨʫ ʜʚʦʢʘʚʝʟʥʦʛ ʤʦʜʝʣʘ: 

r_pol r_nomR R> .             (5.37) 

3. ɺʝ˂ʘ ʚʨʝʜʥʦʩʪ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʫʥʫʪʨʘʰˁʝʛ ʢʘʚʝʟʘ ʨʦʪʦʨʘ ʦʜ ʨʘʩʠʧʥʝ 

ʨʝʘʢʪʘʥʩʝ ʩʧʦˀʘʰˁʝʛ ʢʘʚʝʟʘ ʨʦʪʦʨʘ. ʆʚʘʿ ʫʩʣʦʚ ʧʨʦʠʩʪʠʯʝ ʠʟ ʧʦʣʦʞʘʿʘ 

ʫʥʫʪʨʘʰˁʝʛ ʢʘʚʝʟʘ ʫ ʦʜʥʦʩʫ ʥʘ ʤʘʛʥʝʪʥʦ ʧʦˀʝ, ʙʫʜʫ˂ʠ ʜʘ ʿʝ ʦʥ ʩʤʝʰʪʝʥ 

ʜʘˀʝ ʦʜ ʚʘʟʜʫʰʥʦʛ ʟʘʟʦʨʘ ʠ ʩʘʤʠʤ ʪʠʤ ʠʟʣʦʞʝʥ ʚʝ˂ʝʤ ʨʘʩʠʧʘˁʫ 

ʤʘʛʥʝʪʥʦʛ ʬʣʫʢʩʘ. ʉʧʦˀʘʰˁʠ ʢʘʚʝʟ, ʢʘʦ ʙʣʠʞʠ ʚʘʟʜʫʰʥʦʤ ʟʘʟʦʨʫ, ʠʤʘ 

ʤʘˁʫ ʨʘʩʠʧʥʫ ʨʝʘʢʪʘʥʩʫ ʿʝʨ je ʠʟʣʦʞʝʥ ʤʘˁʝʤ ʨʘʩʠʧʥʦʤ ʤʘʛʥʝʪʥʦʤ 

ʬʣʫʢʩʫ. ʈʘʟʣʠʢʘ ʫ ʚʨʝʜʥʦʩʪʠʤʘ ʨʘʩʠʧʥʠʭ ʨʝʘʢʪʘʥʩʠ ʫʥʫʪʨʘʰˁʝʛ ʠ 

ʩʧʦˀʘʰˁʝʛ ʢʘʚʝʟʘ ʦʤʦʛʫ˂ʘʚʘ ʜʚʦʢʘʚʝʟʥʦʤ ʤʦʜʝʣʫ ʜʘ ʚʝʨʥʠʿʝ ʧʨʠʢʘʞʝ 

ʜʠʥʘʤʠʯʢʦ ʧʦʥʘʰʘˁʝ ʤʦʪʦʨʘ: 

r_nom r_polX X> .             (5.38) 
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4. ʇʨʝʪʧʦʩʪʘʚʢʘ ʜʘ ʿʝ ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ ʧʨʠ ʧʦʣʘʩʢʫ ʤʦʪʦʨʘ ʿʝʜʥʘʢʘ 

ʫʩʪʘˀʝʥʦʿ ʨʘʩʠʧʥʦʿ ʨʝʘʢʪʘʥʩʠ ʩʪʘʪʦʨʘ. ʆʚʦ ʧʦʿʝʜʥʦʩʪʘʚˀʝˁʝ ʦʤʦʛʫ˂ʘʚʘ 

ʩʤʘˁʝˁʝ ʩʣʦʞʝʥʦʩʪʠ ʧʨʦʨʘʯʫʥʘ ʫ ʧʦʩʪʫʧʢʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʤʦʪʦʨʘ ʫ ʦʢʚʠʨʫ DK ʧʨʠʩʪʫʧʘ: 

r_pol sX X= .             (5.39) 
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6. ʂʃɸʉʀʌʀʂɸʎʀɱɸ ʂɸɺɽɿʅʀʍ ɸʉʀʅʍʈʆʅʀʍ ʄʆʊʆʈɸ ʇʈɽʄɸ 

NEMA  MG-1-2009 ʉʊɸʅɼɸʈɼʋ 

ʇʨʝʤʘ ʩʪʘʥʜʘʨʜʫ NEMA MG-1-2009 [86], ʫ ʩʣʫʯʘʿʝʚʠʤʘ ʢʘʜʘ ʿʝ ʢʦʥʩʪʨʫʢʮʠʿʘ 

ʤʦʪʦʨʘ ʥʝʧʦʟʥʘʪʘ (ʢʦʥʩʪʨʫʢʮʠʿʘ ʨʦʪʦʨʘ), ʤʦʪʦʨʠ ʩʝ ʤʦʛʫ ʢʣʘʩʠʬʠʢʦʚʘʪʠ ʥʘ ʦʩʥʦʚʫ 

ʦʙʣʠʢʘ ˁʠʭʦʚʠʭ ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ. ɿʘ ʘʩʠʥʭʨʦʥʝ ʤʦʪʦʨʝ ʩʥʘʛʝ ʫ ʦʧʩʝʛʫ ʦʜ 

0.367 kW ʜʦ 367 kW ʩʪʘʥʜʘʨʜ ʜʝʬʠʥʠʰʝ ʯʝʪʠʨʠ ʢʣʘʩʝ (A, B, C ʠ D) ʠ ʟʘ ʩʚʘʢʫ ʦʜ ˁʠʭ 

ʧʨʦʧʠʩʫʿʝ ʦʜʥʦʩʝ ʨʘʩʠʧʥʠʭ ʨʝʘʢʪʘʥʩʠ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ. ʆʚʘ ʢʣʘʩʠʬʠʢʘʮʠʿʘ ʦʤʦʛʫ˂ʘʚʘ 

ʧʨʝʧʦʟʥʘʚʘˁʝ ʪʠʧʘ ʤʦʪʦʨʘ ʠ ʧʨʦʮʝʥʫ ˁʝʛʦʚʠʭ ʧʝʨʬʦʨʤʘʥʩʠ, ʯʘʢ ʠ ʢʘʜʘ ʥʠʩʫ 

ʜʦʩʪʫʧʥʠ ʜʝʪʘˀʥʠ ʧʦʜʘʮʠ ʦ ʢʦʥʩʪʨʫʢʮʠʿʠ. 

ʇʨʝʤʘ [87], ʤʦʪʦʨʠ ʪʠʧʘ ĂAò ʠ ĂBò ʠʤʘʿʫ ʩʣʠʯʥʝ ʧʝʨʬʦʨʤʘʥʩʝ ʠ ʥʘʿʯʝʰ˂ʝ ʩʝ 

ʢʦʨʠʩʪʝ ʫ ʩʠʩʪʝʤʠʤʘ ʛʜʝ ʩʝ ʥʝ ʟʘʭʪʝʚʘ ʚʠʩʦʢʠ ʧʦʣʘʟʥʠ ʤʦʤʝʥʪ. ʈʘʟʣʠʢʫʿʫ ʩʝ, ʤʝʹʫʪʠʤ, 

ʫ ʟʘʭʪʝʚʠʤʘ ʟʘ ʧʦʣʘʟʥʦʤ ʩʪʨʫʿʦʤ: ʤʦʪʦʨʠ ʢʣʘʩʝ ĂAò ʥʝʤʘʿʫ ʦʛʨʘʥʠʯʝˁʝ ʤʘʢʩʠʤʘʣʥʝ 

ʧʦʣʘʟʥʝ ʩʪʨʫʿʝ ʠ ʧʨʠʤʝˁʫʿʫ ʩʝ ʫ ʩʠʩʪʝʤʠʤʘ ʛʜʝ ʩʝ ʟʘʭʪʝʚʘ ʚʝ˂ʘ ʚʨʝʜʥʦʩʪ ʧʨʝʚʘʣʥʦʛ 

ʤʦʤʝʥʪʘ ʠ ʚʝ˂ʘ ʝʬʠʢʘʩʥʦʩʪ ʫ ʦʜʥʦʩʫ ʥʘ ĂBò ʪʠʧ. ʄʦʪʦʨʠ ʪʠʧʘ Ăɸò ʩʝ ʦʙʠʯʥʦ 

ʢʦʥʩʪʨʫʠʰʫ ʩʘ ʿʝʜʥʦʩʪʘʚʥʠʤ ʦʙʣʠʢʦʤ ʞʣʝʙʦʚʘ ʥʘ ʨʦʪʦʨʫ, ʜʦʢ ʩʝ ʤʦʪʦʨʠ ʪʠʧʘ ĂBò 

ʠʟʚʦʜʝ ʩʘ ʜʚʦʩʪʨʫʢʠʤ ʢʘʚʝʟʦʤ ʥʘ ʨʦʪʦʨʫ ʠʣʠ ʩʘ ʜʫʙʦʢʠʤ ʞʣʝʙʦʚʠʤʘ. 

ʄʦʪʦʨʠ ʪʠʧʘ ĂBò ʩʫ ʥʘʿʨʘʩʧʨʦʩʪʨʘˁʝʥʠʿʠ ʠ ʥʘʿʯʝʰ˂ʝ ʩʝ ʢʦʨʠʩʪʝ ʢʘʦ ʫʥʠʚʝʨʟʘʣʥʠ 

ʤʦʪʦʨʠ, ʙʫʜʫ˂ʠ ʜʘ ʢʦʤʙʠʥʫʿʫ ʩʨʝʜˁʠ ʧʦʣʘʟʥʠ ʤʦʤʝʥʪ ʩʘ ʥʠʩʢʦʤ ʧʦʣʘʟʥʦʤ ʩʪʨʫʿʦʤ. ʋ 

ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʩʥʘʛʝ ʠ ʙʨʟʠʥʝ, ʤʠʥʠʤʘʣʥʠ ʧʦʣʘʟʥʠ ʤʦʤʝʥʪ ʢʨʝ˂ʝ ʩʝ ʫ ʦʧʩʝʛʫ ʦʜ 150 ʜʦ 

200% ʥʘʟʠʚʥʦʛ ʤʦʤʝʥʪʘ. ʅʘʿʯʝʰ˂ʝ ʧʨʠʤʝʥʝ ʩʫ ʫ ʚʝʥʪʠʣʘʪʦʨʠʤʘ, ʮʝʥʪʨʠʬʫʛʘʣʥʠʤ 

ʧʫʤʧʘʤʘ, ʢʦʤʧʨʝʩʦʨʠʤʘ ʠ ʤʦʪʦʨ-ʛʝʥʝʨʘʪʦʨʩʢʠʤ ʩʢʣʦʧʦʚʠʤʘ, ʛʜʝ ʩʝ ʥʝ ʟʘʭʪʝʚʘʿʫ 

ʚʠʩʦʢʠ ʧʦʣʘʟʥʠ ʤʦʤʝʥʪʠ. 

ʄʦʪʦʨʠ ʪʠʧʘ ĂCò ʨʘʟʚʠʿʘʿʫ ʚʝ˂ʠ ʧʦʣʘʟʥʠ ʤʦʤʝʥʪ ʫ ʦʜʥʦʩʫ ʥʘ ʤʦʪʦʨʝ ʪʠʧʘ Ăɸò ʠ 

ĂBò, ʧʨʠ ʠʩʪʠʤ ʦʛʨʘʥʠʯʝˁʠʤʘ ʧʦʣʘʟʥʝ ʩʪʨʫʿʝ. ʄʝʹʫʪʠʤ, ʪʦ ʩʝ ʧʦʩʪʠʞʝ ʧʦ ʮʝʥʠ ʥʠʞʝʛ 

ʧʨʝʚʘʣʥʦʛ ʠ ʥʘʟʠʚʥʦʛ ʤʦʤʝʥʪʘ, ʚʝ˂ʝʛ ʥʘʟʠʚʥʦʛ ʢʣʠʟʘˁʘ ʠ ʩʤʘˁʝʥʝ ʝʬʠʢʘʩʥʦʩʪʠ. 

ʂʦʥʩʪʨʫʢʪʠʚʥʦ ʩʝ ʠʟʚʦʜʝ ʩʘ ʜʚʦʩʪʨʫʢʠʤ ʢʘʚʝʟʦʤ ʥʘ ʨʦʪʦʨʫ ʠ ʚʝ˂ʦʤ ʨʦʪʦʨʩʢʦʤ 

ʦʪʧʦʨʥʦʰ˂ʫ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʤʦʪʦʨʠʤʘ ʪʠʧʘ ĂBò. ʂʦʨʠʩʪʝ ʩʝ ʫ ʩʠʩʪʝʤʠʤʘ ʛʜʝ ʿʝ 

ʥʝʦʧʭʦʜʘʥ ʧʦʫʟʜʘʥ ʧʦʣʘʟʘʢ ʧʨʠ ʚʠʩʦʢʠʤ ʦʧʪʝʨʝ˂ʝˁʫ, ʢʘʦ ʰʪʦ ʩʫ: ʪʨʘʥʩʧʦʨʪʝʨʠ, 

ʜʨʦʙʠʣʠʮʝ ʠ ʢʣʠʧʥʠ ʢʦʤʧʨʝʩʦʨʠ. 



90 

 

ʄʦʪʦʨʠ ʪʠʧʘ ĂDò ʩʝ ʥʘʿʯʝʰ˂ʝ ʠʟʚʦʜʝ ʩʘ ʿʝʜʥʦʩʪʘʚʥʠʤ ʢʘʚʝʟʥʠʤ ʨʦʪʦʨʦʤ, ʠ 

ʧʨʠʤʝˁʫʿʫ ʩʝ ʫ ʩʠʩʪʝʤʠʤʘ ʛʜʝ ʿʝ ʧʦʪʨʝʙʘʥ ʚʝʦʤʘ ʚʠʩʦʢ ʧʦʣʘʟʥʠ ʤʦʤʝʥʪ. ʆʜʣʠʢʫʿʫ ʩʝ 

ʚʝʦʤʘ ʤʘʣʦʤ ʧʦʣʘʟʥʦʤ ʩʪʨʫʿʦʤ, ʘʣʠ ʚʝʣʠʢʠʤ ʥʘʟʠʚʥʠʤ ʢʣʠʟʘˁʝʤ ʟʙʦʛ ʯʝʛʘ ʠʤ ʿʝ 

ʝʬʠʢʘʩʥʦʩʪ ʥʘʿʥʠʞʘ ʫ ʦʜʥʦʩʫ ʥʘ ʦʩʪʘʣʝ ʪʠʧʦʚʝ. ʇʨʠʤʝˁʫʿʫ ʩʝ ʟʘ ʧʦʢʨʝʪʘˁʝ 

ʦʧʪʝʨʝ˂ʝˁʘ ʚʝʣʠʢʝ ʠʥʝʨʮʠʿʝ ʠ ʧʦʚʨʝʤʝʥʦʛ ʨʘʜʘ, ʢʘʦ ʰʪʦ ʩʫ ʝʢʩʮʝʥʪʘʨʩʢʝ ʧʨʝʩʝ, 

ʜʠʟʘʣʠʮʝ, ʚʠʪʣʘ ʠ ʣʠʬʪʦʚʠ. 

ʋ ʊʘʙ. 6.1 ʧʨʠʢʘʟʘʥʠ ʩʫ ʪʠʧʠʯʥʠ ʦʧʩʝʟʠ ʝʣʝʢʪʨʦʤʘʛʥʝʪʥʠʭ ʧʝʨʬʦʨʤʘʥʩʠ 

ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʧʦ NEMA ʢʣʘʩʠʬʠʢʘʮʠʿʠ, ʜʦʢ ʩʫ ʥʘ ʉʣ. 6.1 ʧʨʠʢʘʟʘʥʝ 

ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʢʣʘʩʠʬʠʢʦʚʘʥʠʭ ʧʦ NEMA 

ʩʪʘʥʜʘʨʜʫ. 

ʊʘʙ. 6.1 ʂʣʘʩʠʬʠʢʘʮʠʿʘ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʧʨʝʤʘ NEMA ʩʪʘʥʜʘʨʜʫ [87] 

 ʊʠʧ ɸ ʊʠʧ B ʊʠʧ C ʊʠʧ D 

ʇʦʣʘʟʥʘ ʩʪʨʫʿʘ (Ipol) [%] ʅʠʿʝ ʜʝʬʠʥʠʩʘʥʦ 600-800 600-800 600-800 

ʇʦʣʘʟʥʠ ʤʦʤʝʥʪ (Mpol) [%] 70-275 70-275 200-285 275 

ʇʨʝʚʘʣʥʠ ʤʦʤʝʥʪ (Mpr) [%] 175-300 175-300 190-225 275 

ʄʠʥʠʤʘʣʥʠ ʤʦʤʝʥʪ (Mmin) [%] 65-190 65-190 140-195 ʅʠʿʝ ʜʝʬʠʥʠʩʘʥʦ 

ʅʘʟʠʚʥʦ ʢʣʠʟʘˁʝ (snom) [%] 0.5-5 0.5-5 1-5 >5 

ʅʘʟʠʚʥʠ ʩʪʝʧʝʥ 

ʠʩʢʦʨʠʰ˂ʝˁʘ (ɖnom) 
ʚʠʩʦʢ ʩʨʝʜˁʠ ʩʨʝʜˁʠ ʥʠʟʘʢ 

ʇʦʣʘʟʥʘ ʩʪʨʫʿʘ, ʢʘʦ ʠ ʧʦʣʘʟʥʠ, ʧʨʝʚʘʣʥʠ ʠ ʤʠʥʠʤʘʣʥʠ ʤʦʤʝʥʪ ʫ ʊʘʙ. 6.1 

ʧʨʠʢʘʟʘʥʠ ʩʫ ʢʘʦ ʧʨʦʮʝʥʪʫʘʣʥʝ ʚʨʝʜʥʦʩʪʠ ʫ ʦʜʥʦʩʫ ʥʘ ʥʘʟʠʚʥʝ ʚʝʣʠʯʠʥʝ ʤʦʪʦʨʘ, ʰʪʦ 

ʦʤʦʛʫ˂ʘʚʘ ʣʘʢʰʝ ʫʧʦʨʝʹʠʚʘˁʝ ʨʘʟʣʠʯʠʪʠʭ ʪʠʧʦʚʘ ʤʦʪʦʨʘ. ʅʘʟʠʚʥʦ ʢʣʠʟʘˁʝ ʪʘʢʦʹʝ ʿʝ 

ʠʟʨʘʞʝʥʦ ʫ ʧʨʦʮʝʥʪʠʤʘ, ʜʦʢ ʿʝ ʩʪʝʧʝʥ ʠʩʢʦʨʠʰ˂ʝˁʘ ʧʨʝʜʩʪʘʚˀʝʥ ʢʚʘʣʠʪʘʪʠʚʥʦ ʢʘʦ 

ʚʠʩʦʢ, ʩʨʝʜˁʠ ʠʣʠ ʥʠʟʘʢ, ʙʝʟ ʢʦʥʢʨʝʪʥʠʭ ʙʨʦʿʯʘʥʠʭ ʧʦʜʘʪʘʢʘ. 
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ʉʣ. 6.1 ʂʣʘʩʠʬʠʢʘʮʠʿʘ ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʦʪʦʨʘ ʧʨʝʤʘ NEMA MG-1-2009 

ʩʪʘʥʜʘʨʜʫ [87] 

ʅʘ ʩʣʝʜʝ˂ʦʿ ʩʣʠʮʠ ʧʨʠʢʘʟʘʥʠ ʩʫ ʟʘʭʪʝʚʠ ʧʨʦʧʠʩʘʥʠ ʧʨʝʤʘ NEMA ʩʪʘʥʜʘʨʜʫ ʟʘ 

ʯʝʪʚʦʨʦʧʦʣʥʝ ʤʦʪʦʨʝ ʢʣʘʩʝ ʝʥʝʨʛʝʪʩʢʝ ʝʬʠʢʘʩʥʦʩʪʠ IE3, ʩʥʘʛʝ ʫ ʦʧʩʝʛʫ ʦʜ 0.367 kW 

ʜʦ 367 kW. ʇʨʝʜʩʪʘʚˀʝʥʝ ʩʫ ʪʨʠ ʛʨʫʧʝ ʚʝʣʠʯʠʥʘ: ʤʦʤʝʥʪ, ʩʪʨʫʿʘ ʠ ʩʪʝʧʝʥ 

ʠʩʢʦʨʠʰ˂ʝˁʘ ʫ ʬʫʥʢʮʠʿʠ ʥʘʟʠʚʥʝ ʩʥʘʛʝ ʤʦʪʦʨʘ [87]. 

 

ʉʣ. 6.2 ɿʘʭʪʝʚʠ ʧʨʦʧʠʩʘʥʠ ʧʨʝʤʘ NEMA ʩʪʘʥʜʘʨʜʫ ʟʘ ʯʝʪʚʦʨʦʧʦʣʥʝ ʤʦʪʦʨʝ ʢʣʘʩʝ 

ʝʥʝʨʛʝʪʩʢʝ ʝʬʠʢʘʩʥʦʩʪʠ IE2 ʠ IE3 ʫ ʦʧʩʝʛʫ ʩʥʘʛʘ ʦʜ 0.367 kW ʜʦ 367 kW [87] 

ʉʣʠʢʘ ʿʘʩʥʦ ʠʣʫʩʪʨʫʿʝ ʢʦʤʧʨʦʤʠʩʝ ʫ ʢʦʥʩʪʨʫʢʮʠʿʠ ʤʦʪʦʨʘ: ʤʘʣʠ ʤʦʪʦʨʠ ʠʤʘʿʫ 

ʚʠʩʦʢ ʧʦʣʘʟʥʠ ʠ ʧʨʝʚʘʣʥʠ ʤʦʤʝʥʪ ʘʣʠ ʥʠʞʠ ʩʪʝʧʝʥ ʠʩʢʦʨʠʰ˂ʝˁʘ, ʜʦʢ ʚʝ˂ʠ ʤʦʪʦʨʠ 

ʠʤʘʿʫ ʟʥʘʪʥʦ ʚʝ˂ʠ ʩʪʝʧʝʥ ʠʩʢʦʨʠʰ˂ʝˁʘ ʘʣʠ ʥʠʞʫ ʩʧʦʩʦʙʥʦʩʪ ʧʦʢʨʝʪʘˁʘ (ʫ 

ʧʨʦʮʝʥʪʠʤʘ ʥʘʟʠʚʥʦʛ ʤʦʤʝʥʪʘ) ʠ ʟʥʘʪʥʦ ʚʝ˂ʝ ʧʦʣʘʟʥʝ ʩʪʨʫʿʝ. ʆʚʠ ʧʦʜʘʮʠ ʩʫ ʢˀʫʯʥʠ 
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ʧʨʠ ʠʟʙʦʨʫ ʤʦʪʦʨʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʥʘʤʝʥʝ (ʜʘ ʣʠ ʿʝ ʚʘʞʥʠʿʘ ʩʧʦʩʦʙʥʦʩʪ ʧʦʢʨʝʪʘˁʘ, 

ʝʥʝʨʛʝʪʩʢʘ ʝʬʠʢʘʩʥʦʩʪ ʠʣʠ ʦʛʨʘʥʠʯʝˁʝ ʧʦʣʘʟʥʝ ʩʪʨʫʿʝ). 

ʊʨʝʙʘ ʥʘʧʦʤʝʥʫʪʠ ʜʘ ʥʘʚʝʜʝʥʝ NEMA ʢʣʘʩʝ ʜʝʬʠʥʠʰʫ ʤʠʥʠʤʘʣʥʝ ʟʘʭʪʝʚʝ, ʘʣʠ 

ʧʨʦʠʟʚʦʹʘʯʠ ʯʝʩʪʦ ʢʦʥʩʪʨʫʠʰʫ ʤʦʪʦʨʝ ʢʦʿʠ ʠʭ ʧʨʝʤʘʰʫʿʫ. ʊʘʢʦ ʤʦʪʦʨʠ ʢʣʘʩʝ ĂBò ʫ 

ʧʨʘʢʩʠ ʤʦʛʫ ʠʤʘʪʠ ʧʦʣʘʟʥʠ ʤʦʤʝʥʪ ʩʣʠʯʘʥ ʤʦʪʦʨʠʤʘ ʢʣʘʩʝ ĂCò. ɿʙʦʛ ʪʦʛʘ ʿʝ ʪʦʢʦʤ 

ʢʣʘʩʠʬʠʢʘʮʠʿʝ ʤʦʪʦʨʘ ʚʘʞʥʦ ʧʘʞˀʠʚʦ ʘʥʘʣʠʟʠʨʘʪʠ ʩʚʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ. 

6.1. ʂʘʪʘʣʦʰʢʠ ʧʦʜʘʮʠ ʠ ʨʝʬʝʨʝʥʪʥʝ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ 

ʂʘʪʘʣʦʰʢʠ ʧʦʜʘʮʠ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ, ʢʘʦ ʠ ˁʠʭʦʚʝ ʤʝʭʘʥʠʯʢʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ, ʧʨʝʫʟʝʪʠ ʩʫ ʠʟ ABB-ʦʚʦʛ ʩʦʬʪʚʝʨʩʢʦʛ ʧʘʢʝʪʘ Motsize [88], ʢʦʿʠ ʿʝ 

ʢʦʨʠʰ˂ʝʥ ʢʘʦ ʙʘʟʘ ʟʘ ʪʝʩʪʠʨʘˁʝ ʤʝʪʦʜʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ 

ʰʝʤʝ. ʈʘʟʤʘʪʨʘʥʦ ʿʝ ʫʢʫʧʥʦ 48 ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ, ʯʠʿʠ ʩʫ ʢʘʪʘʣʦʰʢʠ 

ʧʦʜʘʮʠ ʧʨʠʢʘʟʘʥʠ ʫ ʊʘʙ. 6.2. 

ʄʦʪʦʨʠ ʩʫ ʦʜʘʙʨʘʥʠ ʪʘʢʦ ʜʘ ʧʦʢʨʠʚʘʿʫ ʦʧʩʝʛ ʩʥʘʛʘ ʦʜ 2.2 kW ʜʦ 110 kW, ʧʨʠ 

ʯʝʤʫ ʿʝ ʟʘ ʩʚʘʢʫ ʩʥʘʛʫ ʠʟʘʙʨʘʥʦ ʧʦ ʯʝʪʠʨʠ ʤʦʪʦʨʘ ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʙʨʦʿʝʤ ʧʦʣʦʚʘ (2, 4, 6 

ʠ 8). ʅʘ ʦʚʘʿ ʥʘʯʠʥ ʬʦʨʤʠʨʘʥ ʿʝ ʨʝʧʨʝʟʝʥʪʘʪʠʚʘʥ ʩʢʫʧ ʧʦʜʘʪʘʢʘ ʢʦʿʠ ʦʤʦʛʫ˂ʘʚʘ 

ʩʚʝʦʙʫʭʚʘʪʥʫ ʘʥʘʣʠʟʫ ʠ ʚʝʨʠʬʠʢʘʮʠʿʫ ʧʨʠʤʝʥˀʠʚʦʩʪʠ ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ ʟʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ, ʢʘʢʦ ʥʘ ʤʦʪʦʨʠʤʘ ʨʘʟʣʠʯʠʪʠʭ ʩʥʘʛʘ, 

ʪʘʢʦ ʠ ʥʘ ʤʦʪʦʨʠʤʘ ʨʘʟʣʠʯʠʪʠʭ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʠʟʚʝʜʙʠ. 

ʊʘʙ. 6.2 ʂʘʪʘʣʦʰʢʠ ʧʦʜʘʮʠ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ [88] 

ʂʘʪʘʣʦʰʢʘ ʦʟʥʘʢʘ 
Pnom 

[kW]  

ɹʨ. 

ʧʦʣ. 

Uph 

[kV]  

fnom 

[Hz] 

nnom 

[o/min] 

Inom 

[A]  
Ipol/Inom 

Mnom 

[Nm] 

Mpol / 

Mnom 

Mpr / 

Mnom 
cosűnom cosűpol ɖnom 

3GBP 091 530-ASK 

2.2 

2 231 50 2900 7 8.3 7.2 2.9 3.5 0.89 0.48 0.859 

3GBP 102 810-ASK 4 231 50 1454 7.45 8.9 14.4 3.1 4.1 0.83 0.45 0.867 

3GBP 113 390-ASK 6 231 50 967 9 6.5 21.7 2.4 3.5 0.69 0.49 0.843 

3GBP 134 210-ASK 8 231 50 725 10.05 5.2 29 2 3 0.64 0.48 0.819 

3GBP 101 810-ADK 

3 

2 231 50 2896 9.4 8.4 9.9 3.2 3.9 0.89 0.56 0.871 

3GBP 102 820-ADK 4 231 50 1452 10.2 9 19.7 3.5 4.2 0.83 0.45 0.877 

3GBP 133 321-ADB 6 231 50 975 13.84 5.1 29.4 3 3.9 0.63 0.34 0.853 

3GBP 134 270-ADK 8 231 50 723 13 4.8 40 1.8 2.8 0.66 0.43 0.835 

3GBP 131 260-ADK 

5.5 

2 231 50 2901 16.8 7.9 18.1 2.3 3.4 0.91 0.39 0.892 

3GAA 132 300-ADJ 4 231 50 1460 19.05 6.6 36 2.2 3.3 0.82 0.39 0.896 

3GBP 133 280-ADK 6 231 50 966 20.96 5 54 1.83 2.7 0.73 0.31 0.88 

3GBP 164 420-ADK 8 231 50 732 22.52 5 72 2 2.4 0.69 0.5 0.862 

3GBP 131 230-ASM 

7.5 

2 231 50 2933 22 9.3 24.4 2.4 4 0.92 0.34 0.917 

3GBP 132 270-ASK 4 231 50 1464 26 7.7 49 2.5 3.6 0.81 0.37 0.904 

3GBP 163 410-ADM 6 231 50 984 23.27 7.1 73 1.8 3.6 0.75 0.34 0.913 

3GAA 164 430-ASK 8 231 50 733 31 5.1 98 2 2.4 0.69 0.49 0.0873 
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ʊʘʙ. 6.2 ʂʘʪʘʣʦʰʢʠ ʧʦʜʘʮʠ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ [88] (ʥʘʩʪʘʚʘʢ) 

ʂʘʪʘʣʦʰʢʘ ʦʟʥʘʢʘ 
Pnom 

[kW]  

ɹʨ. 

ʧʦʣ. 

Uph 

[kV]  

fnom 

[Hz] 

nnom 

[o/min] 

Inom 

[A]  
Ipol/Inom 

Mnom 

[Nm] 

Mpol / 

Mnom 

Mpr / 

Mnom 
cosűnom cosűpol ɖnom 

3GBP 161 410-ASK 

11 

2 231 50 2943 33 8 36 2.6 3.6 0.91 0.43 0.912 

3GBP 162 410-ASK 4 231 50 1477 37 7.6 71 2.6 3.3 0.82 0.28 0.914 

3GAA 163 420-ASG 6 231 50 972 40 7.5 108 1.9 2.9 0.79 0.5 0.893 

3GBP 184 410-ADK 8 400 50 731 25.3 5 144 2.1 2.19 0.7 0.46 0.886 

3GAA 161 420-ASK 

15 

2 231 50 2947 46.5 8.2 49 3.2 4.2 0.88 0.42 0.919 

3GBP 162 420-ASK 4 231 50 1474 49.6 8.2 97 3 3.7 0.81 0.41 0.921 

3GBP 183 410-ASG 6 231 50 977 54.9 5.8 147 1.8 2.7 0.76 0.49 0.897 

3GBP 204 410-ASK 8 231 50 737 56.3 5.2 194 2.1 2.4 0.74 0.43 0.896 

3GBP 201 410-ADK 

22 

2 231 50 2956 65.6 6.4 71 2 2.6 0.9 0.35 0.927 

3GAA 182 420-ADG 4 400 50 1475 40.9 7.3 142 2.6 3 0.84 0.46 0.923 

3GBP 203 420-ASG 6 231 50 987 73.5 6.6 213 2.2 2.8 0.82 0.48 0.92 

3GBP 224 220-ADK 8 400 50 736 27.4 5.3 285 2.3 2.5 0.73 0.41 0.906 

3GAA 221 210-ASL 

45 

2 231 50 2956 135 8 145 2.9 3.3 0.89 0.38 0.94 

3GBP 252 210-ADK 4 231 50 1477 135.5 5.6 291 1.9 2.3 0.88 0.4 0.942 

3GBP 283 220-ADL 6 231 50 990 141.7 6.4 434 2.2 2.6 0.84 0.37 0.937 

3GBP 284 220-ADL 8 400 50 741 51.7 7.6 580 1.8 3.1 0.78 0.29 0.922 

3GBP 251 210-ADK 

55 

2 400 50 2963 94.57 5.9 177 2.1 2.5 0.89 0.35 0.943 

3GBP 252 210-ADK 4 400 50 1485 98.21 7.9 354 3 3.3 0.85 0.42 0.946 

3GBP 283 230-ADK 6 400 50 990 99.59 6.8 531 2.4 2.6 0.85 0.37 0.941 

3GBP 314 210-ADK 8 400 50 742 106.69 7.1 708 1.6 2.7 0.8 0.27 0.925 

3GBP 251 220-ADK 

75 

2 400 50 2971 127 7.9 241 2.8 3.3 0.9 0.39 0.947 

3GBP 282 220-ADL 4 400 50 1485 133 6.4 482 2.3 2.8 0.86 0.35 0.95 

3GBP 313 230-ADK 6 400 50 994 138 7 720 2.2 2.8 0.83 0.32 0.94 

3GBP 314 220-ADK 8 400 50 741 146 7.1 966 1.7 2.7 0.82 0.27 0.931 

3GBP 281 230-ADL 

90 

2 400 50 2976 155.02 7.4 289 2.1 2.9 0.89 0.32 0.95 

3GBP 282 230-ADL 4 400 50 1485 159.35 7 579 2.5 2.9 0.86 0.37 0.952 

3GBP 313 240-ADK 6 400 50 994 169.74 7.2 865 2.4 2.9 0.81 0.33 0.949 

3GBP 314 230-ADK 8 400 50 741 171.13 7.4 1160 1.8 2.7 0.82 0.27 0.934 

3GBP 281 240-ADL 

110 

2 400 50 2977 190 7.5 353 2.4 3.1 0.88 0.28 0.952 

3GBP 312 240-AEK 4 400 50 1486 189 6.2 707 1.9 2.4 0.87 0.31 0.959 

3GBP 313 420-ADK 6 400 50 994 202 6.9 1057 2.3 2.7 0.83 0.34 0.951 

3GBP 314 410-ADG 8 400 50 740 211 7.3 1419 1.8 2.7 0.93 0.29 0.937 

ʆʙʿʘʰˁʝˁʝ ʟʥʘʯʝˁʘ ʢʘʪʘʣʦʰʢʝ ʦʟʥʘʢʝ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʜʘʪʦ ʿʝ ʥʘ ʧʨʠʤʝʨʫ 

ʰʝʩʪʦʧʦʣʥʦʛ ʤʦʪʦʨʘ ʥʘʟʠʚʥʝ ʩʥʘʛʝ 90 kW. 

ʊʘʙ. 6.3 ʉʪʨʫʢʪʫʨʘ ʢʘʪʘʣʦʰʢʝ ʦʟʥʘʢʝ ʤʦʪʦʨʘ 

3 G B P 3 1 3 2 4 0 - A D K  

1 2 3 4 5 6 7 8 9 10 - 11 12 13 

ɿʥʘʯʝˁʝ ʧʦʿʝʜʠʥʘʯʥʠʭ ʩʠʤʙʦʣʘ ʧʨʝʤʘ ʨʝʜʥʦʤ ʙʨʦʿʫ [89, 90]: 

1-2 (3G) - ʊʠʧ ʤʦʪʦʨʘ 

ʆʚʘ ʜʚʘ ʩʠʤʙʦʣʘ ʦʟʥʘʯʘʚʘʿʫ ʜʘ ʩʝ ʨʘʜʠ ʦ ʥʠʩʢʦʥʘʧʦʥʩʢʠʤ ʪʨʦʬʘʟʥʠʤ ʘʩʠʥʭʨʦʥʠʤ 

ʤʦʪʦʨʠʤʘ. 
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3 - ʉʠʤʙʦʣ ʢʫ˂ʠʰʪʘ  

ʊʨʝ˂ʠ ʩʠʤʙʦʣ ʜʝʬʠʥʠʰʝ ʚʨʩʪʫ ʠ ʤʘʪʝʨʠʿʘʣ ʢʫ˂ʠʰʪʘ: 

V, A - ʧʦʪʧʫʥʦ ʟʘʪʚʦʨʝʥʠ ʤʦʪʦʨ ʩʘ ʢʫ˂ʠʰʪʝʤ ʦʜ ʘʣʫʤʠʥʠʿʫʤʘ, 

Q, B  - ʧʦʪʧʫʥʦ ʟʘʪʚʦʨʝʥʠ ʤʦʪʦʨ ʩʘ ʢʫ˂ʠʰʪʝʤ ʦʜ ʣʠʚʝʥʦʛ ʛʚʦʞʹʘ,  

C - ʧʦʪʧʫʥʦ ʟʘʪʚʦʨʝʥʠ ʤʦʪʦʨ ʩʘ ʢʫ˂ʠʰʪʝʤ ʦʜ ʯʝʣʠʢʘ. 

4 - ʊʠʧ ʨʦʪʦʨʘ 

ʏʝʪʚʨʪʠ ʩʠʤʙʦʣ ʦʜʨʝʹʫʿʝ ʪʠʧ ʨʦʪʦʨʘ: 

A - ʢʘʚʝʟʥʠ ʨʦʪʦʨ,  

P - ĂProcess Performance Motorò ʦʜʥʦʩʥʦ ʤʦʪʦʨ ʧʨʦʿʝʢʪʦʚʘʥ ʟʘ ʩʪʘʙʠʣʥʝ ʧʝʨʬʦʨʤʘʥʩʝ 

ʫ ʠʥʜʫʩʪʨʠʿʩʢʠʤ ʧʨʦʮʝʩʠʤʘ. 

5-6 ɺʝʣʠʯʠʥʘ ʨʘʤʘ (IEC ʚʠʩʠʥʘ ʦʩʦʚʠʥʝ) 

ʇʝʪʠ ʠ ʰʝʩʪʠ ʩʠʤʙʦʣ ʧʨʝʜʩʪʘʚˀʘʿʫ ʩʪʘʥʜʘʨʜʠʟʦʚʘʥʫ IEC ʚʝʣʠʯʠʥʫ ʨʘʤʘ ʤʦʪʦʨʘ 

(ʚʠʩʠʥʫ ʦʩʦʚʠʥʝ ʫ ʤʠʣʠʤʝʪʨʠʤʘ), ʫ ʩʢʣʘʜʫ ʩʘ ʩʪʘʥʜʘʨʜʦʤ IEC 60072 [91]. 

ʊʘʙ. 6.4 IEC ʚʠʩʠʥʘ ʦʩʦʚʠʥʝ ʧʨʝʤʘ ʩʠʤʙʦʣʠʤʘ [89, 91] 

ʩʠʤʙʦʣ IEC ʚʠʩʠʥʘ ʦʩʦʚʠʥʝ [mm] 

09 90 

10 100 

11 112 

13 132 

16 160 

18 180 

20 200 

22 225 

25 250 

28 280 

31 315 

7 - ɹʨʦʿ ʧʘʨʠ ʧʦʣʦʚʘ 

ʉʝʜʤʠ ʩʠʤʙʦʣ ʦʟʥʘʯʘʚʘ ʙʨʦʿ ʧʘʨʠ ʧʦʣʦʚʘ ʤʦʪʦʨʘ: 

1- ʿʝʜʘʥ ʧʘʨʘ ʧʦʣʦʚʘ (2 ʧʦʣʘ), 

2 - ʜʚʘ ʧʘʨʘ ʧʦʣʦʚʘ (4 ʧʦʣʘ), 

3 - ʪʨʠ ʧʘʨʘ ʧʦʣʦʚʘ (6 ʧʦʣʦʚʘ), 

4 - ʯʝʪʠʨʠ ʧʘʨʘ ʧʦʣʦʚʘ (8 ʧʦʣʦʚʘ). 

8-10 ʉʝʨʠʿʩʢʠ ʙʨʦʿ 

ʆʚʠ ʩʠʤʙʦʣʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʠʥʪʝʨʥʠ ʩʝʨʠʿʩʢʠ ʙʨʦʿ ʤʦʪʦʨʘ. 
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11 - ʅʘʯʠʥ ʤʦʥʪʘʞʝ 

ɱʝʜʘʥʘʝʩʪʠ ʩʠʤʙʦʣ ʜʝʬʠʥʠʰʝ ʥʘʯʠʥ ʤʦʥʪʘʞʝ ʤʦʪʦʨʘ: 

A - ʭʦʨʠʟʦʥʪʘʣʥʘ ʤʦʥʪʘʞʘ, 

B - ʬʣʘʥʰʥʘ ʤʦʥʪʘʞʘ, ʚʝʣʠʢʠ ʬʣʘʥʰ, 

C - ʬʣʘʥʰʥʘ ʤʦʥʪʘʞʘ, ʤʘʣʠ ʬʣʘʥʰ, 

F, H, J - ʢʦʤʙʠʥʦʚʘʥʘ ʤʦʥʪʘʞʘ (ʤʦʥʪʘʞʘ ʥʘ ʩʪʦʧʝ + ʬʣʘʥʰ). 

12 - ʂʦʜ ʥʘʧʦʥʘ ʠ ʬʨʝʢʚʝʥʮʠʿʝ 

ɼʚʘʥʘʝʩʪʠ ʩʠʤʙʦʣ ʧʨʝʜʩʪʘʚˀʘ ʢʦʜ ʥʘʧʦʥʘ ʠ ʬʨʝʢʚʝʥʮʠʿʝ. ʂʦʥʢʨʝʪʥʝ ʚʨʝʜʥʦʩʪʠ 

ʥʘʧʦʥʘ ʠ ʬʨʝʢʚʝʥʮʠʿʝ ʧʨʝʤʘ ʩʠʤʙʦʣʫ ʥʘʚʝʜʝʥʝ ʩʫ ʫ ʊʘʙ. 6.5. 

ʊʘʙ. 6.5 ɺʨʝʜʥʦʩʪʠ ʥʘʧʦʥʘ ʠ ʬʨʝʢʚʝʥʮʠʿʘ ʠ ʪʠʧ ʩʧʨʝʛʝ ʧʨʝʤʘ ʩʠʤʙʦʣʫ [89, 90] 

ʆʟʥʘʢʘ 
Unom 

[V]  
ʉʧʨʝʛʘ 

fnom 

[Hz] 
ʆʟʥʘʢʘ 

Unom 

[V]  
ʉʧʨʝʛʘ 

fnom 

[Hz] 

A 380 VY 50 P 200 VD 60 

B 380 VD 50 Q 440/480 VY/VY 50/60 

D 400 VD 50 R 380/220 VY/ VD 60 

E 500 VD 50 S 400 VY 50 

F 500 VY 50 T 660 VD 50 

G 415 VY 50 U 690 VD 50 

H 415 VD 50 V 220/440 VDD/VD 50 

J 690 VY 60 W 660 VY 60 

K 440 VD 50 X oʩʪʘʣʦ / / 

M 230/460 VYY/VY  60 Y 600 VD 60 

N 460/230 VY/VD  60 Z 575 VD 60 

13 - ɻʝʥʝʨʘʮʠʿʩʢʠ ʢʦʜ 

ʊʨʠʥʘʝʩʪʠ ʩʠʤʙʦʣ ʦʟʥʘʯʘʚʘ ʛʝʥʝʨʘʮʠʿʩʢʠ ʢʦʜ, ʢʦʿʠ ʜʝʬʠʥʠʰʝ ʚʘʨʠʿʘʥʪʫ/ʛʝʥʝʨʘʮʠʿʫ 

ʢʦʥʩʪʨʫʢʮʠʿʝ ʤʦʪʦʨʘ. 

ʂʣʘʩʠʬʠʢʘʮʠʿʘ 48 ʘʥʘʣʠʟʠʨʘʥʠʭ ʤʦʪʦʨʘ ʠʟʚʨʰʝʥʘ ʿʝ ʥʘ ʦʩʥʦʚʫ ʦʙʣʠʢʘ 

ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʦʪʦʨʘ ʧʨʝʫʟʝʪʠʭ ʠʟ Motsize ʧʨʦʛʨʘʤʘ. ʄʝʭʘʥʠʯʢʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ ʠʩʪʝ ʥʘʟʠʚʥʝ ʩʥʘʛʝ, ʘʣʠ ʨʘʟʣʠʯʠʪʦʛ ʙʨʦʿʘ ʧʦʣʦʚʘ, ʛʨʘʬʠʯʢʠ ʩʫ 

ʫʧʦʨʝʹʠʚʘʥʝ, ʥʘʢʦʥ ʯʝʛʘ ʿʝ ʦʙʣʠʢ ʪʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʫʧʦʨʝʹʝʥ ʩʘ ʦʙʣʠʢʦʤ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʜʝʬʠʥʠʩʘʥʠʭ NEMA ʩʪʘʥʜʘʨʜʦʤ. ɼʦʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ ʧʨʠʢʘʟʘʥʠ ʩʫ ʥʘ 

ʩʣʠʢʘʤʘ ʉʣ. 6.4 ʜʦ ʉʣ. 6.8. ɼʘ ʙʠ ʩʝ ʦʣʘʢʰʘʣʦ ʧʦʨʝʹʝˁʝ ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ 

ʤʦʪʦʨʘ ʠʩʪʝ ʥʘʟʠʚʥʝ ʩʥʘʛʝ ʘʣʠ ʨʘʟʣʠʯʠʪʦʛ ʙʨʦʿʘ ʧʦʣʦʚʘ, ʪʿ. ʜʘ ʙʠ ʩʝ ʿʘʩʥʠʿʝ ʫʦʯʠʣʝ 

ʩʣʠʯʥʦʩʪʠ ʠʣʠ ʨʘʟʣʠʢʝ ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ, ʥʘ ʜʠʿʘʛʨʘʤʠʤʘ ʩʫ ʙʨʟʠʥʘ ʠ 

ʤʦʤʝʥʪ ʧʨʠʢʘʟʘʥʠ ʫ ʨʝʣʘʪʠʚʥʠʤ ʿʝʜʠʥʠʮʘʤʘ. 
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(a) (ʙ) 

ʉʣ. 6.3 ʇʦʨʝʹʝˁʝ ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʩʘ 

ʨʘʟʣʠʯʠʪʠʤ ʙʨʦʿʝʤ ʧʦʣʦʚʘ (2, 4, 6 ʠ 8): (a) ʥʘʟʠʚʥʘ ʩʥʘʛʘ 2.2 kW; (ʙ) ʥʘʟʠʚʥʘ ʩʥʘʛʘ 

3 kW 

  
(a) (b) 

ʉʣ. 6.4 ʇʦʨʝʹʝˁʝ ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʩʘ 

ʨʘʟʣʠʯʠʪʠʤ ʙʨʦʿʝʤ ʧʦʣʦʚʘ (2, 4, 6 ʠ 8): (a) ʥʘʟʠʚʥʘ ʩʥʘʛʘ 5.5 kW; (b) ʥʘʟʠʚʥʘ ʩʥʘʛʘ 

7.5 kW 

  
(a) (ʙ) 

ʉʣ. 6.5 ʇʦʨʝʹʝˁʝ ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʩʘ 

ʨʘʟʣʠʯʠʪʠʤ ʙʨʦʿʝʤ ʧʦʣʦʚʘ (2, 4, 6 ʠ 8): (a) ʥʘʟʠʚʥʘ ʩʥʘʛʘ 11 kW; (ʙ) ʥʘʟʠʚʥʘ ʩʥʘʛʘ 

15 kW 
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(a) (ʙ) 

ʉʣ. 6.6 ʇʦʨʝʹʝˁʝ ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʩʘ 

ʨʘʟʣʠʯʠʪʠʤ ʙʨʦʿʝʤ ʧʦʣʦʚʘ (2, 4, 6 ʠ 8): (a) ʥʘʟʠʚʥʘ ʩʥʘʛʘ 22 kW; (ʙ) ʥʘʟʠʚʥʘ ʩʥʘʛʘ 

45 kW 

  
(a) (ʙ) 

ʉʣ. 6.7 ʇʦʨʝʹʝˁʝ ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʩʘ 

ʨʘʟʣʠʯʠʪʠʤ ʙʨʦʿʝʤ ʧʦʣʦʚʘ (2, 4, 6 ʠ 8): (a) ʥʘʟʠʚʥʘ ʩʥʘʛʘ 55 kW; (ʙ) ʥʘʟʠʚʥʘ ʩʥʘʛʘ 

75 kW 

  
(a) (ʙ) 

ʉʣ. 6.8 ʇʦʨʝʹʝˁʝ ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʩʘ 

ʨʘʟʣʠʯʠʪʠʤ ʙʨʦʿʝʤ ʧʦʣʦʚʘ (2, 4, 6 ʠ 8): (a) ʥʘʟʠʚʥʘ ʩʥʘʛʘ 90 kW; (ʙ) ʥʘʟʠʚʥʘ ʩʥʘʛʘ 

110 kW 
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ɸʥʘʣʠʟʦʤ ʿʝ ʫʦʯʝʥʦ ʜʘ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ ʩʥʘʛʝ ʦʜ 2.2 kW ʜʦ 

15 kW ʠʤʘʿʫ ʩʣʠʯʘʥ ʦʙʣʠʢ. ɳʠʭʦʚ ʦʙʣʠʢ ʿʝ ʥʘʿʙʣʠʞʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ ʢʣʘʩʘ ĂAò ʠ 

ĂBò ʜʝʬʠʥʠʩʘʥʠʤ ʩʪʘʥʜʘʨʜʦʤ NEMA MG-1-2009 (ʉʣ. 6.1). ʀʟʫʟʝʪʘʢ ʯʠʥʝ ʦʩʤʦʧʦʣʥʠ 

ʤʦʪʦʨʠ ʩʥʘʛʝ 11 kW ʠ 15 kW, ʯʠʿʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʧʦ ʦʙʣʠʢʫ ʚʠʰʝ ʦʜʛʦʚʘʨʘʿʫ ʢʣʘʩʠ 

ĂCò. ɿʘ ʤʦʪʦʨʝ ʩʥʘʛʝ ʦʜ 22 kW ʜʦ 110 kW ʪʘʢʦʹʝ ʿʝ ʫʦʯʝʥʘ ʤʝʹʫʩʦʙʥʘ ʩʣʠʯʥʦʩʪ, ʘ 

ˁʠʭʦʚʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʫʛʣʘʚʥʦʤ ʦʜʛʦʚʘʨʘʿʫ ʢʣʘʩʠ ĂCò. ɱʝʜʠʥʠ ʠʟʫʟʝʪʘʢ ʫ ʦʚʦʤ ʦʧʩʝʛʫ 

ʿʝ ʯʝʪʚʦʨʦʧʦʣʥʠ ʤʦʪʦʨ ʩʥʘʛʝ 22 kW, ʯʠʿʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʦ ʦʙʣʠʢʫ ʚʠʰʝ ʣʠʯʠ ʥʘ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʢʣʘʩʝ ĂAò ʠ ĂBò. 
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7. ʈɽɿʋʃʊɸʊʀ ʀ ɼʀʉʂʋʉʀɱɸ 

ɿʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ 

ʧʨʠʤʝˁʝʥʘ ʩʫ ʪʨʠ ʨʘʟʣʠʯʠʪʘ ʧʨʠʩʪʫʧʘ: ʢʦʤʙʠʥʦʚʘʥʠ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦ-

ʤʝʪʘʭʝʫʨʠʩʪʠʯʢʠ ʦʧʪʠʤʠʟʘʮʠʦʥʠ ʧʨʠʩʪʫʧ (KM ʧʨʠʩʪʫʧ), ʧʨʠʩʪʫʧ ʟʘʩʥʦʚʘʥ ʥʘ 

ʜʚʦʢʘʚʝʟʥʦʤ ʤʘʪʝʤʘʪʠʯʢʦʤ ʤʦʜʝʣʫ (DK ʧʨʠʩʪʫʧ) ʠ ʧʨʠʩʪʫʧ ʟʘʩʥʦʚʘʥ ʥʘ 

ʿʝʜʥʦʢʘʚʝʟʥʦʤ ʤʘʪʝʤʘʪʠʯʢʦʤ ʤʦʜʝʣʫ ʘʩʠʥʭʨʦʥʦʛ ʤʦʪʦʨʘ (JK ʧʨʠʩʪʫʧ), ʢʦʿʠ ʩʫ 

ʜʝʪʘˀʥʦ ʦʧʠʩʘʥʠ ʫ ʧʝʪʦʤ ʧʦʛʣʘʚˀʫ. ʋ ʩʚʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʢʘʦ ʦʧʪʠʤʠʟʘʮʠʦʥʠ 

ʘʣʛʦʨʠʪʘʤ ʢʦʨʠʰ˂ʝʥʘ ʿʝ ʦʧʪʠʤʠʟʘʮʠʿʘ ʨʦʿʝʤ ʯʝʩʪʠʮʘ (PSO), ʧʦʩʝʙʥʦ ʧʨʠʣʘʛʦʹʝʥʘ 

ʩʧʝʮʠʬʠʯʥʦʩʪʠʤʘ ʩʚʘʢʦʛ ʧʨʠʩʪʫʧʘ. ʉʚʠ ʧʨʠʩʪʫʧʠ ʨʘʟʚʠʿʝʥʠ ʩʫ ʫ Matlab R2017b 

ʦʢʨʫʞʝˁʫ ʠ ʠʟʚʨʰʘʚʘʥʠ ʥʘ ʨʘʯʫʥʘʨʫ ʩʘ AMD Ryzen 7 3700U ʧʨʦʮʝʩʦʨʦʤ ʠ 12 GB 

RAM ʤʝʤʦʨʠʿʝ. ʇʘʨʘʤʝʪʨʠ PSO ʘʣʛʦʨʠʪʤʘ ʙʠʣʠ ʩʫ ʧʦʜʝʰʝʥʠ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 

ʢʦʝʬʠʮʠʿʝʥʪʠ ʢʦʛʥʠʪʠʚʥʦʛ ʠ ʩʦʮʠʿʘʣʥʦʛ ʫʙʨʟʘˁʘ c1 ʠ c2 ʧʦʩʪʘʚˀʝʥʠ ʩʫ ʥʘ ʚʨʝʜʥʦʩʪ 2, 

ʜʦʢ ʩʫ ʤʘʢʩʠʤʘʣʥʘ ʠ ʤʠʥʠʤʘʣʥʘ ʪʝʞʠʥʘ ʠʥʝʨʮʠʿʝ wmax, wmin ʠʟʥʦʩʠʣʝ 0.9 ʠ 0.4. 

ɺʝʣʠʯʠʥʘ ʧʦʧʫʣʘʮʠʿʝ ʠ ʤʘʢʩʠʤʘʣʘʥ ʙʨʦʿ ʠʪʝʨʘʮʠʿʘ ʙʠʣʠ ʩʫ ʧʦʜʝʰʝʥʠ ʥʘ 100. ɼʝʦ 

ʨʝʟʫʣʪʘʪʘ ʧʨʝʜʩʪʘʚˀʝʥ ʫ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʦʙʿʘʚˀʝʥ ʿʝ ʫ ʨʘʜʦʚʠʤʘ [24] ʠ [26]. 

7.1. ʈʝʟʫʣʪʘʪʠ ʜʦʙʠʿʝʥʠ ʧʨʠʤʝʥʦʤ ʢʦʤʙʠʥʦʚʘʥʦʛ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦ-

ʤʝʪʘʭʝʫʨʠʩʪʠʯʢʦʛ ʦʧʪʠʤʠʟʘʮʠʦʥʦʛ ʧʨʠʩʪʫʧʘ 

ʋ ʧʦʩʪʫʧʢʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʤʦʪʦʨʘ ʧʨʠʤʝʥʦʤ 

ʦʧʪʠʤʠʟʘʮʠʦʥʠʭ ʤʝʪʦʜʘ, ʫʚʦʹʝˁʝ ʜʦˁʠʭ ʠ ʛʦʨˁʠʭ ʛʨʘʥʠʯʥʠʭ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ 

ʿʝ ʦʜ ʩʫʰʪʠʥʩʢʦʛ ʟʥʘʯʘʿʘ, ʿʝʨ ʦʤʦʛʫ˂ʘʚʘ ʦʛʨʘʥʠʯʘʚʘˁʝ ʧʨʦʩʪʦʨʘ ʧʨʝʪʨʘʛʝ ʥʘ ʬʠʟʠʯʢʠ 

ʠʟʚʦʜˀʠʚʝ ʦʙʣʘʩʪʠ, ʠ ʜʦʧʨʠʥʦʩʠ ʩʪʘʙʠʣʥʦʩʪʠ ʠ ʝʬʠʢʘʩʥʦʩʪʠ ʦʧʪʠʤʠʟʘʮʠʦʥʦʛ 

ʧʦʩʪʫʧʢʘ. ʄʝʹʫʪʠʤ, ʟʘ ʰʠʨʦʢ ʦʧʩʝʛ ʨʘʟʤʘʪʨʘʥʠʭ ʤʦʪʦʨʘ ʨʘʟʣʠʯʠʪʠʭ ʥʘʟʠʚʥʠʭ ʩʥʘʛʘ ʠ 

ʙʨʦʿʘ ʧʦʣʦʚʘ, ʫʩʚʘʿʘˁʝ ʿʝʜʠʥʩʪʚʝʥʦʛ ʦʧʩʝʛʘ ʛʨʘʥʠʯʥʠʭ ʚʨʝʜʥʦʩʪʠ ʜʦʚʝʣʦ ʙʠ ʜʦ 

ʧʨʝʚʠʰʝ ʚʝʣʠʢʦʛ ʧʨʦʩʪʦʨʘ ʧʨʝʪʨʘʛʝ, ʰʪʦ ʤʦʞʝ ʥʝʛʘʪʠʚʥʦ ʫʪʠʮʘʪʠ ʥʘ ʢʦʥʚʝʨʛʝʥʮʠʿʫ ʠ 

ʧʦʫʟʜʘʥʦʩʪ ʜʦʙʠʿʝʥʠʭ ʨʝʟʫʣʪʘʪʘ. 

ʀʟ ʪʦʛ ʨʘʟʣʦʛʘ ʤʦʪʦʨʠ ʩʫ ʛʨʫʧʠʩʘʥʠ ʧʨʝʤʘ ʥʘʟʠʚʥʦʿ ʩʥʘʟʠ, ʪʘʢʦ ʜʘ ʩʝ ʤʦʪʦʨʠ 

ʩʣʠʯʥʠʭ ʩʥʘʛʘ ʥʘʣʘʟʝ ʫ ʠʩʪʦ ʿʛʨʫʧʠ, ʟʘ ʢʦʿʫ ʩʫ ʟʘʪʠʤ ʜʝʬʠʥʠʩʘʥʠ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʦʧʩʝʟʠ 

ʛʨʘʥʠʯʥʠʭ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ. ʆʚʘ ʧʦʜʝʣʘ ʿʝ ʟʘʩʥʦʚʘʥʘ ʥʘ ʯʠˁʝʥʠʮʠ ʜʘ ʧʘʨʘʤʝʪʨʠ 
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ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʫ ʥʘʿʚʝ˂ʦʿ ʤʝʨʠ ʟʘʚʠʩʝ ʦʜ ʥʘʟʠʚʥʝ ʩʥʘʛʝ ʤʦʪʦʨʘ, ʩ ʜʨʫʛʝ ʩʪʨʘʥʝ, 

ʠʘʢʦ ʙʨʦʿ ʧʦʣʦʚʘ ʫʪʠʯʝ ʥʘ ʨʘʜʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ, ˁʝʛʦʚ ʫʪʠʮʘʿ ʥʘ ʚʨʝʜʥʦʩʪʠ 

ʧʘʨʘʤʝʪʘʨʘ ʿʝ ʤʘˁʝ ʠʟʨʘʞʝʥ ʫ ʦʜʥʦʩʫ ʥʘ ʫʪʠʮʘʿ ʥʘʟʠʚʥʝ ʩʥʘʛʝ. ɿʙʦʛ ʪʦʛʘ, ʫ ʮʠˀʫ 

ʧʦʿʝʜʥʦʩʪʘʚˀʝˁʘ ʧʦʩʪʫʧʢʘ ʠ ʩʤʘˁʝˁʘ ʙʨʦʿʘ ʨʘʟʣʠʯʠʪʠʭ ʩʢʫʧʦʚʘ ʛʨʘʥʠʯʥʠʭ 

ʚʨʝʜʥʦʩʪʠ, ʤʦʪʦʨʠ ʥʠʩʫ ʜʦʜʘʪʥʦ ʛʨʫʧʠʩʘʥʠ ʧʨʝʤʘ ʙʨʦʿʫ ʧʦʣʦʚʘ. ʆʚʘʢʦ ʜʝʬʠʥʠʩʘʥʘ 

ʛʨʫʧʘʮʠʿʘ ʦʤʦʛʫ˂ʘʚʘ ʝʬʠʢʘʩʥʠʿʫ ʦʧʪʠʤʠʟʘʮʠʿʫ, ʫʟ ʦʯʫʚʘˁʝ ʬʠʟʠʯʢʦʛ ʩʤʠʩʣʘ 

ʠʜʝʥʪʠʬʠʢʦʚʘʥʠʭ ʧʘʨʘʤʝʪʘʨʘ, ʢʦʿʠ ʦʜʛʦʚʘʨʘʿʫ ʨʝʘʣʥʠʤ ʚʝʣʠʯʠʥʘʤʘ ʤʦʪʦʨʘ. ʅʘ 

ʦʩʥʦʚʫ ʬʦʨʤʠʨʘʥʠʭ ʛʨʫʧʘ, ʫ ʊʘʙ. 7.1 ʧʨʠʢʘʟʘʥʠ ʩʫ ʦʧʩʝʟʠ ʛʨʘʥʠʯʥʠʭ ʚʨʝʜʥʦʩʪʠ 

ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ. 

ʊʘʙ. 7.1 ɻʨʘʥʠʯʥʝ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ 

Pnom [kW] 
Rs [Ý] Rr_nom [Ý] Xs [Ý] Xr_nom [Ý] Xm [Ý] Rfe [Ý] Rr_pol [Ý] Xr_pol [Ý] 

min max min max min max min max min max min max min max min max 

2.2, 3 0.3 8 0.3 8 0.3 10 0.3 10 20 150 300 1500 0.5 15 0.5 10 

5.5, 7.5 0.1 5 0.1 5 0.1 7 0.1 7 10 100 100 1000 0.3 10 0.1 7 

11, 15, 22 0.05 3 0.05 3 0.05 3 0.05 3 5 50 70 700 0.1 7 0.06 3 

45, 55 0.01 1 0.01 1 0.05 2 0.05 2 4 30 50 500 0.03 4 0.01 1 

75, 90, 110 0.001 0.8 0.001 0.8 0.01 1.5 0.01 1.5 1 20 40 400 0.01 3 0.01 0.5 

 ʋ ʦʢʚʠʨʫ KM ʧʨʠʩʪʫʧʘ ʘʥʘʣʠʟʠʨʘʥ ʿʝ ʫʪʠʮʘʿ ʧʨʝʪʧʦʩʪʘʚʢʠ ʦ ʦʜʥʦʩʫ ʨʘʩʠʧʥʠʭ 

ʨʝʘʢʪʘʥʩʠ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ. ʈʘʟʤʘʪʨʘʥʝ ʩʫ ʜʚʝ ʤʦʛʫ˂ʥʦʩʪʠ: ʿʝʜʥʘʢʦʩʪ ʫʩʪʘˀʝʥʝ 

ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ ʠ ʧʦʣʘʟʥʝ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʨʦʪʦʨʘ, ʢʘʦ ʠ ˁʠʭʦʚʘ 

ʨʘʟʣʠʯʠʪʦʩʪ. ʎʠˀ ʘʥʘʣʠʟʝ ʿʝ ʜʘ ʩʝ ʫʪʚʨʜʠ ʢʘʢʦ ʦʚʝ ʧʨʝʪʧʦʩʪʘʚʢʝ ʫʪʠʯʫ ʥʘ ʪʘʯʥʦʩʪ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʤʦʪʦʨʘ ʠ ʥʘ ʧʨʝʮʠʟʥʦʩʪ ʜʦʙʠʿʘˁʘ ˁʠʭʦʚʠʭ 

ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ. ʅʘ ʦʩʥʦʚʫ ʪʦʛʘ, ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʠʟʚʨʰʝʥʘ ʿʝ ʫ ʜʚʘ ʧʦʩʝʙʥʘ ʩʣʫʯʘʿʘ: 

 ʉʣʫʯʘʿ 1 - ʫʩʪʘˀʝʥʘ ʚʨʝʜʥʦʩʪ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ ʠ ʧʦʣʘʟʥʘ ʨʘʩʠʧʥʘ 

ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ ʩʫ ʿʝʜʥʘʢʝ (ʜʝʪʘˀʘʥ ʦʧʠʩ ʫ ʧʦʪʧʦʛʣʘʚˀʫ 5.2.2.1.); 

 ʉʣʫʯʘʿ 2 - ʫʩʪʘˀʝʥʘ ʚʨʝʜʥʦʩʪ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ ʠ ʧʦʣʘʟʥʘ ʨʘʩʠʧʥʘ 

ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ ʩʫ ʨʘʟʣʠʯʠʪʝ (ʜʝʪʘˀʘʥ ʦʧʠʩ ʫ ʧʦʪʧʦʛʣʘʚˀʫ 5.2.2.2.). 

 ʇʦʩʪʫʧʘʢ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʤʦʪʦʨʘ ʠʟʚʨʰʝʥ ʿʝ ʥʘ 

ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: ʫ ʧʨʚʦʤ ʩʪʝʧʝʥʫ ʦʧʪʠʤʠʟʘʮʠʿʝ ʠʜʝʥʪʠʬʠʢʦʚʘʥʠ ʩʫ ʝʣʝʢʪʨʠʯʥʠ 
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ʧʘʨʘʤʝʪʨʠ ʤʦʪʦʨʘ ʟʘ ʥʘʟʠʚʥʠ ʨʝʞʠʤ ʨʘʜʘ, ʜʦʢ ʩʫ ʫ ʜʨʫʛʦʤ ʩʪʝʧʝʥʫ ʦʧʪʠʤʠʟʘʮʠʿʝ 

ʠʜʝʥʪʠʬʠʢʦʚʘʥʠ ʨʦʪʦʨʩʢʠ ʧʘʨʘʤʝʪʨʠ ʧʨʠ ʧʦʣʘʩʢʫ ʤʦʪʦʨʘ ʟʘ ʦʙʘ ʥʘʚʝʜʝʥʘ ʩʣʫʯʘʿʘ. ɿʘ 

ʦʙʘ ʩʣʫʯʘʿʘ, ʚʨʝʜʥʦʩʪʠ ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʠʜʝʥʪʠʬʠʢʦʚʘʥʝ ʫ ʧʨʚʦʤ ʩʪʝʧʝʥʫ 

ʦʧʪʠʤʠʟʘʮʠʿʝ ʟʘʜʨʞʘʥʝ ʩʫ ʢʘʦ ʢʦʥʩʪʘʥʪʥʝ, ʩʘ ʮʠˀʝʤ ʜʘ ʩʝ ʠʟʦʣʫʿʝ ʠ ʧʨʝʮʠʟʥʠʿʝ 

ʘʥʘʣʠʟʠʨʘ ʫʪʠʮʘʿ ʨʘʟʤʘʪʨʘʥʠʭ ʧʨʝʪʧʦʩʪʘʚʢʠ ʥʘ ʪʘʯʥʦʩʪ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʠ ʥʘ ʦʙʣʠʢ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ. 

 ɺʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʟʘ ʨʘʟʤʘʪʨʘʥʠʭ 48 ʢʘʚʝʟʥʠʭ 

ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʠʜʝʥʪʠʬʠʢʦʚʘʥʝ ʧʨʠʤʝʥʦʤ KM ʧʨʠʩʪʫʧʘ ʧʨʠʢʘʟʘʥʝ ʩʫ ʫ ʊʘʙ. 7.2. 

ʋ ʣʝʚʦʤ ʜʝʣʫ ʪʘʙʝʣʝ ʜʘʪʠ ʩʫ ʠʜʝʥʪʠʬʠʢʦʚʘʥʠ ʝʣʝʢʪʨʠʯʥʠ ʧʘʨʘʤʝʪʨʠ ʤʦʪʦʨʘ ʟʘ 

ʥʘʟʠʚʥʠ ʨʝʞʠʤ ʨʘʜʘ, ʜʦʢ ʩʫ ʫ ʜʝʩʥʦʤ ʜʝʣʫ ʜʘʪʝ ʠʜʝʥʪʠʬʠʢʦʚʘʥʝ ʚʨʝʜʥʦʩʪʠ ʨʦʪʦʨʩʢʠʭ 

ʧʘʨʘʤʝʪʘʨʘ ʧʨʠ ʧʦʣʘʩʢʫ ʤʦʪʦʨʘ ʟʘ ʦʙʘ ʨʘʟʤʘʪʨʘʥʘ ʩʣʫʯʘʿʘ. 

ʊʘʙ. 7.2 ʇʘʨʘʤʝʪʨʠ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʠʜʝʥʪʠʬʠʢʦʚʘʥʠ 

ʧʨʠʤʝʥʦʤ ʧʨʝʜʣʦʞʝʥʦʛ ʧʨʠʩʪʫʧʘ 

Pnom 

[kW] 

ɹʨ. 

ʧʦʣʦʚʘ 

Rs 

[Ý] 

Rr_nom 

[Ý] 

Xs 

[Ý] 

Xr_nom 

[Ý] 

Xm 

[Ý] 

Rfe 

[Ý] 

(Xr_pol = Xs) (Xr_pol Í Xs) 

Rr_pol 

[Ý] 

Xr_pol 

[Ý] 

Rr_pol 

[Ý] 

Xr_pol 

[Ý] 

2.2 

2 1.5360 2.0958 3.0940 4.9012 138.10 636.63 2.2720 3.0940 1.8050 2.5204 

4 0.7802 1.9430 3.3560 4.0753 110.65 693.71 2.5748 3.3560 1.8074 2.3938 

6 1.7062 1.8940 3.4572 3.8029 59.05 994.75 2.3437 3.4572 2.1179 3.1433 

8 1.9746 1.8239 3.8181 4.5281 49.80 1397.93 2.4026 3.8181 2.1540 3.4407 

3 

2 0.8867 1.6133 2.4876 2.9534 125.43 644.59 2.2102 2.4876 1.5634 1.8319 

4 0.7194 1.5008 2.3201 2.8786 83.11 829.94 2.0401 2.3201 1.5005 1.7623 

6 0.7253 1.1591 2.2289 3.3111 66.27 785.19 1.4793 2.2289 1.3672 2.0746 

8 1.3284 1.4398 3.2414 3.5052 41.79 875.28 2.0405 3.2414 1.5253 2.4332 

5.5 

2 0.4505 0.8328 1.5887 1.9339 82.46 528.03 1.0357 1.5887 0.9219 1.4251 

4 0.4060 0.6705 1.5179 2.0897 45.30 513.30 0.9039 1.5179 1.4974 0.8905 

6 0.7310 0.8098 1.8172 2.3041 45.01 651.70 1.1365 1.8172 1.1399 1.8246 

8 2.1123 0.5355 0.7149 2.1092 42.21 741.25 0.7423 0.7149 1.0316 1.3215 

7.5 

2 0.3019 0.4329 0.9122 1.3218 58.00 404.12 0.4562 0.9122 0.5190 1.0277 

4 0.2771 0.4577 0.8994 1.5900 45.98 717.26 0.4642 0.8994 0.8226 1.4386 

6 0.5376 0.2983 1.0625 1.1645 46.12 763.58 0.4904 1.0625 0.3203 0.6475 

8 0.8524 0.3647 1.3021 1.6739 17.82 683.96 1.0952 1.3021 1.2418 1.4470 
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ʊʘʙ. 7.2 ʇʘʨʘʤʝʪʨʠ ʝʢʚʠʚʘʣʝʥʪʥʝ ʰʝʤʝ ʢʘʚʝʟʥʠʭ ʘʩʠʥʭʨʦʥʠʭ ʤʦʪʦʨʘ ʠʜʝʥʪʠʬʠʢʦʚʘʥʠ 

ʧʨʠʤʝʥʦʤ ʧʨʝʜʣʦʞʝʥʦʛ ʧʨʠʩʪʫʧʘ (ʥʘʩʪʘʚʘʢ) 

Pnom 

[kW] 

ɹʨ. 

ʧʦʣʦʚʘ 

Rs 

[Ý] 

Rr_nom 

[Ý] 

Xs 

[Ý] 

Xr_nom 

[Ý] 

Xm 

[Ý] 

Rfe 

[Ý] 

(Xr_pol = Xs) (Xr_pol Í Xs) 

Rr_pol 

[Ý] 

Xr_pol 

[Ý] 

Rr_pol 

[Ý] 

Xr_pol 

[Ý] 

11 

2 0.4627 0.2363 0.6789 0.6800 28.51 436.46 0.5343 0.6789 0.4997 0.6362 

4 0.6784 0.1884 0.5259 0.6761 18.33 574.73 0.4404 0.5259 0.5080 0.6170 

6 0.2397 0.3463 0.7620 1.2830 19.58 204.69 0.3780 0.7620 0.3670 0.7411 

8 0.4352 0.2753 1.1525 1.2618 13.91 420.10 1.4350 1.1525 1.2804 1.0731 

15 

2 0.1927 0.1658 0.4545 0.5248 20.70 285.48 0.3494 0.4545 0.3087 0.3950 

4 0.2904 0.1587 0.4623 0.5489 14.99 339.92 0.3952 0.4623 0.2031 0.2066 

6 0.5040 0.1976 0.4260 0.8054 12.40 530.95 0.2261 0.4260 0.3417 0.6566 

8 0.1922 0.1480 0.7789 1.0279 12.68 302.04 0.6681 0.7789 0.8644 0.9256 

22 

2 0.1599 0.0942 0.4016 0.7977 38.66 408.75 0.2210 0.4016 0.3787 0.6235 

4 0.2408 0.3251 1.3442 1.8050 45.22 529.75 1.1416 1.3442 1.2925 1.4804 

6 0.1575 0.0807 0.4700 0.5752 13.74 252.22 0.3687 0.4700 0.3920 0.4942 

8 0.3134 0.3476 1.0186 2.6928 28.26 425.00 0.5462 1.0186 0.4396 0.8247 

45 

2 0.0427 0.0477 0.1333 0.3458 8.51 75.93 0.0695 0.1333 0.0642 0.1224 

4 0.0698 0.0474 0.1872 0.4707 9.43 192.32 0.0922 0.1872 0.1159 0.2304 

6 0.0361 0.0314 0.2355 0.3774 9.31 173.05 0.1696 0.2355 0.1429 0.2016 

8 0.0931 0.1141 0.5888 0.9616 22.61 488.38 0.2659 0.5888 0.3358 0.7244 

55 

2 0.1209 0.0960 0.4445 1.1041 24.43 260.35 0.2258 0.4445 0.2816 0.5412 

4 0.0663 0.0768 0.4256 0.7464 11.71 376.43 0.3143 0.4256 0.2758 0.3794 

6 0.0862 0.0769 0.4670 1.0227 16.61 218.59 0.2906 0.4670 0.3570 0.5560 

8 0.0417 0.0807 0.6142 0.8197 13.52 116.08 0.3188 0.6142 0.3965 0.7411 

75 

2 0.0669 0.0557 0.3936 0.4653 16.99 301.08 0.3657 0.3936 0.1989 0.2157 

4 0.0443 0.0571 0.4243 0.6054 13.86 152.57 0.3201 0.4243 0.2509 0.3397 

6 0.0682 0.0287 0.4372 0.4588 3.59 344.60 0.3806 0.4372 0.1853 0.2163 

8 0.0097 0.0673 0.4879 0.6042 12.38 121.41 0.2929 0.4870 0.2667 0.4480 

90 

2 0.0578 0.0380 0.3657 0.4516 13.97 250.28 0.2588 0.3657 0.1806 0.2567 

4 0.0520 0.0483 0.2670 0.5602 11.43 128.89 0.1604 0.2670 0.1861 0.3039 

6 0.0553 0.0285 0.2555 0.5509 8.54 119.85 0.1399 0.2555 0.1723 0.3066 

8 0.0608 0.0551 0.3650 0.4990 9.52 169.57 0.2171 0.3650 0.2853 0.4588 

110 

2 0.0058 0.0307 0.2704 0.3914 9.93 60.99 0.1334 0.1933 0.1891 0.2704 

4 0.0386 0.0355 0.3629 0.4614 11.31 184.61 0.2879 0.3629 0.1885 0.2414 

6 0.0629 0.0229 0.2609 0.4366 7.89 174.67 0.1827 0.2609 0.1646 0.2375 

8 0.0042 0.0514 0.2778 0.4752 8.20 84.17 0.1434 0.2778 0.2074 0.3788 
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 ʅʘ ʦʩʥʦʚʫ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ ʠʟ ʊʘʙ. 7.2 ʧʨʠʤʝʥʦʤ ʠʟʨʘʟʘ (3.21) ʠ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʧʨʦʤʝʥʝ ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʫ ʬʫʥʢʮʠʿʠ ʙʨʟʠʥʝ 

(3.28) ʜʦ (3.31), ʜʦʙʠʿʝʥʝ ʩʫ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ, ʧʨʠʢʘʟʘʥʝ ʥʘ ʉʣ. 7.1 

ʜʦ ʉʣ. 7.12. ʅʘ ʦʚʠʤ ʩʣʠʢʘʤʘ ʜʘʪʦ ʿʝ ʧʦʨʝʹʝˁʝ ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʜʦʙʠʿʝʥʠʭ 

ʧʨʠʤʝʥʦʤ ʣʠʥʝʘʨʥʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʠ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʢʚʘʜʨʘʪʥʠʤ ʢʦʨʝʥʦʤ ʙʨʟʠʥʝ, ʟʘ 

ʦʙʘ ʨʘʟʤʘʪʨʘʥʘ ʩʣʫʯʘʿʘ. 

 ʇʦʨʝʜ ʪʦʛʘ, ʠʟʚʨʰʝʥʦ ʿʝ ʠ ʧʦʨʝʹʝˁʝ ʩʘ ʨʝʬʝʨʝʥʪʥʠʤ ʤʝʭʘʥʠʯʢʠʤ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ. ʈʝʬʝʨʝʥʪʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʧʨʝʫʟʝʪʝ ʩʫ ʠʟ ABB-ʦʚʦʛ ʩʦʬʪʚʝʨʘ 

Motsize [88], ʛʜʝ ʠʭ ʧʨʦʠʟʚʦʹʘʯ ʜʘʿʝ ʢʘʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʠʟʤʝʨʝʥʝ ʚʨʝʜʥʦʩʪʠ 

ʤʦʤʝʥʪʘ ʠ ʙʨʟʠʥʝ ʫ 42 ʪʘʯʢʝ. ʆʥʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʧʦʫʟʜʘʥ ʢʨʠʪʝʨʠʿʫʤ ʟʘ ʧʨʦʚʝʨʫ 

ʪʘʯʥʦʩʪʠ ʜʦʙʠʿʝʥʠʭ ʨʝʟʫʣʪʘʪʘ ʠ ʦʮʝʥʫ ʢʚʘʣʠʪʝʪʘ ʧʨʠʤʝˁʝʥʠʭ ʧʨʠʩʪʫʧʘ. 

ʅʘ ʦʚʠʤ ʩʣʠʢʘʤʘ ʦʟʥʘʢʘ ĂAKKò ʦʟʥʘʯʘʚʘ ʧʨʠʤʝʥʫ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʢʚʘʜʨʘʪʥʠʤ 

ʢʦʨʝʥʦʤ, ʜʦʢ ʦʟʥʘʢʘ ĂLAò ʦʟʥʘʯʘʚʘ ʧʨʠʤʝʥʫ ʣʠʥʝʘʨʥʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʧʨʦʤʝʥʝ 

ʨʦʪʦʨʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʫ ʬʫʥʢʮʠʿʠ ʙʨʟʠʥʝ. 

ʂʘʨʘʢʪʝʨʠʩʪʠʢʝ ʧʨʝʜʩʪʘʚˀʝʥʝ ʧʫʥʦʤ ʧʣʘʚʦʤ ʣʠʥʠʿʦʤ ʜʦʙʠʿʝʥʝ ʩʫ ʧʨʠʤʝʥʦʤ 

ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʢʚʘʜʨʘʪʥʠʤ ʢʦʨʝʥʦʤ ʫʟ ʧʨʝʪʧʦʩʪʘʚʢʫ ʜʘ ʩʫ ʫʩʪʘˀʝʥʘ ʚʨʝʜʥʦʩʪ 

ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ ʠ ʧʦʣʘʟʥʘ ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ ʨʘʟʣʠʯʠʪʝ. 

ʀʩʧʨʝʢʠʜʘʥʦʤ ʮʨʥʦʤ ʣʠʥʠʿʦʤ ʧʨʠʢʘʟʘʥʝ ʩʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʜʦʙʠʿʝʥʝ ʠʩʪʦʤ 

ʘʧʨʦʢʩʠʤʘʮʠʿʦʤ, ʘʣʠ ʫʟ ʧʨʝʪʧʦʩʪʘʚʢʫ ʿʝʜʥʘʢʦʩʪʠ ʥʘʚʝʜʝʥʠʭ ʨʝʘʢʪʘʥʩʠ. ʇʫʥʦʤ 

ʟʝʣʝʥʦʤ ʣʠʥʠʿʦʤ ʧʨʠʢʘʟʘʥʝ ʩʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʜʦʙʠʿʝʥʝ ʣʠʥʝʘʨʥʦʤ ʘʧʨʦʢʩʠʤʘʮʠʿʦʤ 

ʫʟ ʧʨʝʪʧʦʩʪʘʚʢʫ ʜʘ ʩʫ ʫʩʪʘˀʝʥʘ ʚʨʝʜʥʦʩʪ ʨʘʩʠʧʥʝ ʨʝʘʢʪʘʥʩʝ ʩʪʘʪʦʨʘ ʠ ʧʦʣʘʟʥʘ 

ʨʘʩʠʧʥʘ ʨʝʘʢʪʘʥʩʘ ʨʦʪʦʨʘ ʨʘʟʣʠʯʠʪʝ, ʘ ʠʩʧʨʝʢʠʜʘʥʦʤ ʨʦʟʝ ʣʠʥʠʿʦʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ 

ʜʦʙʠʿʝʥʝ ʣʠʥʝʘʨʥʦʤ ʘʧʨʦʢʩʠʤʘʮʠʿʦʤ ʫʟ ʧʨʝʪʧʦʩʪʘʚʢʫ ʿʝʜʥʘʢʦʩʪʠ ʦʚʠʭ ʨʝʘʢʪʘʥʩʠ. 

ʈʝʬʝʨʝʥʪʥʝ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʦʟʥʘʯʝʥʝ ʩʫ ʮʨʚʝʥʠʤ ʢʨʫʛʦʚʠʤʘ. 
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(a) (ʙ) 

  
(ʚ) (ʛ) 

ʉʣ. 7.1 ʄʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ ʩʥʘʛʝ 2.2 kW ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʙʨʦʿʝʤ ʧʦʣʦʚʘ, 

ʜʦʙʠʿʝʥʝ ʧʨʠʤʝʥʦʤ ʩʣʫʯʘʿʝʚʘ 1 ʠ 2 ʫʟ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʢʚʘʜʨʘʪʥʠʤ ʢʦʨʝʥʦʤ ʠ ʣʠʥʝʘʨʥʫ 

ʘʧʨʦʢʩʠʤʘʮʠʿʫ: (a) 2 ʧʦʣʘ; (ʙ) 4 ʧʦʣʘ; (ʚ) 6 ʧʦʣʦʚʘ; (ʛ) 8 ʧʦʣʦʚʘ 

  

(a) (ʙ) 

  
(ʚ) (ʛ) 

ʉʣ. 7.2 ʄʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ ʩʥʘʛʝ 3 kW ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʙʨʦʿʝʤ ʧʦʣʦʚʘ, 

ʜʦʙʠʿʝʥʝ ʧʨʠʤʝʥʦʤ ʩʣʫʯʘʿʝʚʘ 1 ʠ 2 ʫʟ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʢʚʘʜʨʘʪʥʠʤ ʢʦʨʝʥʦʤ ʠ ʣʠʥʝʘʨʥʫ 

ʘʧʨʦʢʩʠʤʘʮʠʿʫ: (a) 2 ʧʦʣʘ; (ʙ) 4 ʧʦʣʘ; (ʚ) 6 ʧʦʣʦʚʘ; (ʛ) 8 ʧʦʣʦʚʘ 
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(a) (ʙ) 

  
(ʚ) (ʛ) 

ʉʣ. 7.3 ʄʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ ʩʥʘʛʝ 5.5 kW ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʙʨʦʿʝʤ ʧʦʣʦʚʘ, 

ʜʦʙʠʿʝʥʝ ʧʨʠʤʝʥʦʤ ʩʣʫʯʘʿʝʚʘ 1 ʠ 2 ʫʟ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʢʚʘʜʨʘʪʥʠʤ ʢʦʨʝʥʦʤ ʠ ʣʠʥʝʘʨʥʫ 

ʘʧʨʦʢʩʠʤʘʮʠʿʫ: (a) 2 ʧʦʣʘ; (ʙ) 4 ʧʦʣʘ; (ʚ) 6 ʧʦʣʦʚʘ; (ʛ) 8 ʧʦʣʦʚʘ 

  

(a) (ʙ) 

  
(ʚ) (ʛ) 

ʉʣ. 7.4 ʄʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ ʩʥʘʛʝ 7.5 kW ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʙʨʦʿʝʤ ʧʦʣʦʚʘ, 

ʜʦʙʠʿʝʥʝ ʧʨʠʤʝʥʦʤ ʩʣʫʯʘʿʝʚʘ 1 ʠ 2 ʫʟ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʢʚʘʜʨʘʪʥʠʤ ʢʦʨʝʥʦʤ ʠ ʣʠʥʝʘʨʥʫ 

ʘʧʨʦʢʩʠʤʘʮʠʿʫ: (a) 2 ʧʦʣʘ; (ʙ) 4 ʧʦʣʘ; (ʚ) 6 ʧʦʣʦʚʘ; (ʛ) 8 ʧʦʣʦʚʘ 
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(a) (ʙ) 

  
(ʚ) (ʛ) 

ʉʣ. 7.5 ʄʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ ʩʥʘʛʝ 11 kW ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʙʨʦʿʝʤ ʧʦʣʦʚʘ, 

ʜʦʙʠʿʝʥʝ ʧʨʠʤʝʥʦʤ ʩʣʫʯʘʿʝʚʘ 1 ʠ 2 ʫʟ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʢʚʘʜʨʘʪʥʠʤ ʢʦʨʝʥʦʤ ʠ ʣʠʥʝʘʨʥʫ 

ʘʧʨʦʢʩʠʤʘʮʠʿʫ: (a) 2 ʧʦʣʘ; (ʙ) 4 ʧʦʣʘ; (ʚ) 6 ʧʦʣʦʚʘ; (ʛ) 8 ʧʦʣʦʚʘ 

  

(a) (ʙ) 

   
(ʚ) (ʛ) 

ʉʣ. 7.6 ʄʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ ʩʥʘʛʝ 15 kW ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʙʨʦʿʝʤ ʧʦʣʦʚʘ, 

ʜʦʙʠʿʝʥʝ ʧʨʠʤʝʥʦʤ ʩʣʫʯʘʿʝʚʘ 1 ʠ 2 ʫʟ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʢʚʘʜʨʘʪʥʠʤ ʢʦʨʝʥʦʤ ʠ ʣʠʥʝʘʨʥʫ 

ʘʧʨʦʢʩʠʤʘʮʠʿʫ: (a) 2 ʧʦʣʘ; (ʙ) 4 ʧʦʣʘ; (ʚ) 6 ʧʦʣʦʚʘ; (ʛ) 8 ʧʦʣʦʚʘ 
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(a) (ʙ) 

  
(ʚ) (ʛ) 

ʉʣ. 7.7 ʄʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ ʩʥʘʛʝ 22 kW ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʙʨʦʿʝʤ ʧʦʣʦʚʘ, 

ʜʦʙʠʿʝʥʝ ʧʨʠʤʝʥʦʤ ʩʣʫʯʘʿʝʚʘ 1 ʠ 2 ʫʟ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʢʚʘʜʨʘʪʥʠʤ ʢʦʨʝʥʦʤ ʠ ʣʠʥʝʘʨʥʫ 

ʘʧʨʦʢʩʠʤʘʮʠʿʫ: (a) 2 ʧʦʣʘ; (ʙ) 4 ʧʦʣʘ; (ʚ) 6 ʧʦʣʦʚʘ; (ʛ) 8 ʧʦʣʦʚʘ 

  

(a) (ʙ) 

  
(ʚ) (ʛ) 

ʉʣ. 7.8 ʄʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ ʩʥʘʛʝ 45 kW ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʙʨʦʿʝʤ ʧʦʣʦʚʘ, 

ʜʦʙʠʿʝʥʝ ʧʨʠʤʝʥʦʤ ʩʣʫʯʘʿʝʚʘ 1 ʠ 2 ʫʟ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʢʚʘʜʨʘʪʥʠʤ ʢʦʨʝʥʦʤ ʠ ʣʠʥʝʘʨʥʫ 

ʘʧʨʦʢʩʠʤʘʮʠʿʫ: (a) 2 ʧʦʣʘ; (ʙ) 4 ʧʦʣʘ; (ʚ) 6 ʧʦʣʦʚʘ; (ʛ) 8 ʧʦʣʦʚʘ 
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(a) (ʙ) 

  
(ʚ) (ʛ) 

ʉʣ. 7.9 ʄʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ ʩʥʘʛʝ 55 kW ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʙʨʦʿʝʤ ʧʦʣʦʚʘ, 

ʜʦʙʠʿʝʥʝ ʧʨʠʤʝʥʦʤ ʩʣʫʯʘʿʝʚʘ 1 ʠ 2 ʫʟ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʢʚʘʜʨʘʪʥʠʤ ʢʦʨʝʥʦʤ ʠ ʣʠʥʝʘʨʥʫ 

ʘʧʨʦʢʩʠʤʘʮʠʿʫ: (a) 2 ʧʦʣʘ; (ʙ) 4 ʧʦʣʘ; (ʚ) 6 ʧʦʣʦʚʘ; (ʛ) 8 ʧʦʣʦʚʘ 

   

(a) (ʙ) 

  
(ʚ) (ʛ) 

ʉʣ. 7.10 ʄʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ ʩʥʘʛʝ 75 kW ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʙʨʦʿʝʤ 

ʧʦʣʦʚʘ, ʜʦʙʠʿʝʥʝ ʧʨʠʤʝʥʦʤ ʩʣʫʯʘʿʝʚʘ 1 ʠ 2 ʫʟ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʢʚʘʜʨʘʪʥʠʤ ʢʦʨʝʥʦʤ ʠ 

ʣʠʥʝʘʨʥʫ ʘʧʨʦʢʩʠʤʘʮʠʿʫ: (a) 2 ʧʦʣʘ; (ʙ) 4 ʧʦʣʘ; (ʚ) 6 ʧʦʣʦʚʘ; (ʛ) 8 ʧʦʣʦʚʘ 
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(a) (ʙ) 

  
(ʚ) (ʛ) 

ʉʣ. 7.11 ʄʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ ʩʥʘʛʝ 90 kW ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʙʨʦʿʝʤ 

ʧʦʣʦʚʘ, ʜʦʙʠʿʝʥʝ ʧʨʠʤʝʥʦʤ ʩʣʫʯʘʿʝʚʘ 1 ʠ 2 ʫʟ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʢʚʘʜʨʘʪʥʠʤ ʢʦʨʝʥʦʤ ʠ 

ʣʠʥʝʘʨʥʫ ʘʧʨʦʢʩʠʤʘʮʠʿʫ: (a) 2 ʧʦʣʘ; (ʙ) 4 ʧʦʣʘ; (ʚ) 6 ʧʦʣʦʚʘ; (ʛ) 8 ʧʦʣʦʚʘ 

   

(a) (ʙ) 

  
(ʚ) (ʛ) 

ʉʣ. 7.12 ʄʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʪʦʨʘ ʩʥʘʛʝ 110 kW ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʙʨʦʿʝʤ 

ʧʦʣʦʚʘ, ʜʦʙʠʿʝʥʝ ʧʨʠʤʝʥʦʤ ʩʣʫʯʘʿʝʚʘ 1 ʠ 2 ʫʟ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʢʚʘʜʨʘʪʥʠʤ ʢʦʨʝʥʦʤ ʠ 

ʣʠʥʝʘʨʥʫ ʘʧʨʦʢʩʠʤʘʮʠʿʫ: (a) 2 ʧʦʣʘ; (ʙ) 4 ʧʦʣʘ; (ʚ) 6 ʧʦʣʦʚʘ; (ʛ) 8 ʧʦʣʦʚʘ 




































































































































































































































