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ȺɡɢŬɟɘůŰɑŮɠ 

ɀŮ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ ŭɘˊɚɤɛŬŰɘəɐɠ ɛɞɡ ŮɟɔŬůɑŬɠ ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ 

ɧɚɞɡɠ ɧůɞɘ ɛŮ ɓɞɐɗɖůŬɜ əŬŰɎ Űɖɜ Ůəˊɧɜɖůɐ Űɖɠ. 

ȺɡɢŬɟɘůŰɩ ɗŮɟɛɎ Űɞɜ ȾŬɗɖɔɖŰɐ ɛɞɡ ə. ɁɘəɧɚŬɞ ɉŬŰɕɖŬɟɔɡɟɑɞɡ ɔɘŬ Űɖɜ 

ŮɛˊɘůŰɞůɨɜɖ ˊɞɡ ɛɞɡ ɏŭŮɘɝŮ ŬɜŬɗɏŰɞɜŰɎɠ ɛɞɡ Űɖɜ ŮɟɔŬůɑŬ ŬɡŰɐ, əŬɘ əɡɟɑɤɠ ɔɘŬ Űɘɠ 

ɔɜɩůŮɘɠ ˊɞɡ ɛɞɡ ɛŮŰɏŭɤůŮ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɤɜ ůˊɞɡŭɩɜ ɛɞɡ. 

ȽŭɘŬɑŰŮɟŮɠ ŮɡɢŬɟɘůŰɑŮɠ ɞűŮɑɚɤ ůŰɞɜ ɡˊɞɣɐűɘɞ ȹɘŭɎəŰɞɟŬ ȾɞŰůŬɛˊɧˊɞɡɚɞ ɄɎɜɞ ɔɘŬ 

Űɖ ůɡɜŮɢɐ Űɞɡ əŬɗɞŭɐɔɖůɖ əŬɘ Űɖɜ ŮɝŬɘɟŮŰɘəɐ ɛŬɠ ůɡɜŮɟɔŬůɑŬ, ˊɞɡ ɐŰŬɜ 

əŬɗɞɟɘůŰɘəɐɠ ůɖɛŬůɑŬɠ ɔɘŬ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ ŮɟɔŬůɑŬɠ. ŪŬ ɐɗŮɚŬ Ůˊɑůɖɠ ɜŬ 

ŮɡɢŬɟɘůŰɐůɤ Űɞɡɠ ȸŬůɑɚɖ ȾɚŮűŰɎəɖ, ȷɗŬɜɎůɘɞ ȸŬůɘɚɎəɖ əŬɘ ȷɚɏɝŬɜŭɟɞ ɅɐɔŬ  ɔɘŬ 

Űɖɜ ˊɞɚɨŰɘɛɖ ɓɞɐɗŮɘɎ Űɞɡɠ. 

Ⱥˊɘˊɚɏɞɜ ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɜ ɇɎůɞ ɇůɘɎɛɖ ɔɘŬ Űɘɠ ˊɞɚɨŰɘɛŮɠ ůɡɛɓɞɡɚɏɠ 

Űɞɡ, əŬɗɩɠ Ůˊɑůɖɠ əŬɘ Űɖɜ ŬŭŮɟűɐ ɛɞɡ ūŬɜɐ ɔɘŬ Űɖɜ ˊɞɚɨŰɘɛɖ ɓɞɐɗŮɘɎ Űɖɠ. 

ɇɏɚɞɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŬűɘŮɟɩůɤ Űɖɜ ŮɟɔŬůɑŬ ŬɡŰɐ ůŰɖɜ ɞɘəɞɔɏɜŮɘɎ ɛɞɡ, ɖ ɞˊɞɑŬ ɛŮ 

ůŰɖɟɑɕŮɘ ɧɚŬ ŬɡŰɎ ŰŬ ɢɟɧɜɘŬ. 
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ɄŮɟɑɚɖɣɖ 

ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ˊɟɞůɞɛɞɑɤůɖ ˊɟŬɔɛŬŰɘəɩɜ 

ˊŮɘɟŬɛɎŰɤɜ ɘůɢɨɞɠ ɖ ɞˊɞɑŬ ɔɑɜŮŰŬɘ ůŮ ˊɟŬɔɛŬŰɘəɧ ɢɟɧɜɞ əŬɘ ɛŮ ŭɞəɑɛɘŬ ˊɟŬɔɛŬŰɘəɧ 

ŮɟɔŬůŰɖɟɘŬəɧ Ůɝɞˊɚɘůɛɧ. ȼ Ůɜ ɚɧɔɞ ŰŮɢɜɘəɐ ɞɜɞɛɎɕŮŰŬɘ Power-Hardware-In-the-

Loop (PHIL) əŬɘ ŬˊɞŰŮɚŮɑ ɏɜŬ ˊɟɤŰɞˊɞɟɘŬəɧ ŮɟɔŬɚŮɑɞ ɔɘŬ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ əŬɘ Űɖ 

ŭɘŮɝŬɔɤɔɐ ˊŮɘɟŬɛɎŰɤɜ əŬɗɩɠ ŮˊɘŰɟɏˊŮɘ Űɖ ŭɘŬůɨɜŭŮůɖ ˊɟŬɔɛŬŰɘəɞɨ Ůɝɞˊɚɘůɛɞɨ 

(Hardware Under Test - HUT) ɛŮ ɏɜŬ ˊɟɞůɞɛɞɘɤɛɏɜɞ ůɨůŰɖɛŬ (Simulated System). 

ȼ ŭɘŬůɨɜŭŮůɖ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ Űɖ ɢɟɐůɖ Ůɜɧɠ ŮɜɘůɢɡŰɐ ɘůɢɨɞɠ (Power Interface). 

ɇɞ ˊɟɩŰɞ ůŰɎŭɘɞ Űɖɠ ŮɟɔŬůɑŬɠ ˊŮɟɘɚŬɛɓɎɜŮɘ ɛɑŬ ŮɘůŬɔɤɔɐ ůŰɘɠ ȷɜŬɜŮɩůɘɛŮɠ Ʉɖɔɏɠ 

ȺɜɏɟɔŮɘŬɠ (ȷɄȺ) əŬɘ ŰŬ ɛɘəɟɞŭɑəŰɡŬ əŬɗɩɠ ŬɡŰɧ ŮɑɜŬɘ ůɨɜɖɗŮɠ ŬɜŰɘəŮɑɛŮɜɞ 

ŭɘŮɝŬɔɤɔɐɠ PHIL ˊŮɘɟŬɛɎŰɤɜ, ɧˊɤɠ ɔɑɜŮŰŬɘ əŬɘ ůŰɞ ŮɟɔŬůŰɐɟɘɞ ɆɡůŰɖɛɎŰɤɜ 

ȼɚŮəŰɟɘəɐɠ ȺɜɏɟɔŮɘŬɠ.  

ɆŰɖ ůɡɜɏɢŮɘŬ ˊŮɟɘɔɟɎűŮŰŬɘ ůɡɜɞˊŰɘəɎ ɞ ɣɖűɘŬəɧɠ ˊɟɞůɞɛɞɘɤŰɐɠ ˊɟŬɔɛŬŰɘəɞɨ 

ɢɟɧɜɞɡ (Real Time Digital Simulator-RTDS) ɞ ɞˊɞɑɞɠ ˊɟɞůɞɛɞɘɩɜŮɘ Űɞ ůɨůŰɖɛŬ ůŰɞ 

ɞˊɞɑɞ ɗŬ ůɡɜŭŮɗŮɑ Űɞ ŭɞəɑɛɘɞ (HUT),  əŬɘ ŬəɞɚɞɡɗŮɑ ůɡɜɞˊŰɘəɐ ˊŬɟɞɡůɑŬůɖ Űɖɠ 

ŰŮɢɜɘəɐɠ PHIL əŬɗɩɠ Ůˊɑůɖɠ əŬɘ Űɤɜ əɟɑůɘɛɤɜ ɕɖŰɖɛɎŰɤɜ  Űɖɠ ŮɡůŰɎɗŮɘŬɠ əŬɘ Űɖɠ 

ŬəɟɑɓŮɘŬɠ Űɖɠ PHIL ˊɟɞůɞɛɞɑɤůɖɠ. ũɑɜŮŰŬɘ ŬɜŬűɞɟɎ ůŰŬ əɟɘŰɐɟɘŬ ŮɡůŰɎɗŮɘŬɠ 

Nyquist, Routh əŬɘ Űɞɜ ũŮɤɛŮŰɟɘəɧ ɇɧˊɞ Ʌɘɕɩɜ (ũɇɅ) ŰŬ ɞˊɞɑŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ 

ɔɘŬ Űɞɜ əŬɗɞɟɘůɛɧ Űɖɠ PHIL ŮɡůŰɎɗŮɘŬɠ. 

ɇɞ ŭŮɨŰŮɟɞ ůŰɎŭɘɞ Űɖɠ ŮɟɔŬůɑŬɠ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɞɡ 

ŮɟɔŬůŰɖɟɘŬəɞɨ PWM ŮɜɘůɢɡŰɐ ɘůɢɨɞɠ (TRIPHASE) ɛŮ ŭɨɞ Űɟɧˊɞɡɠ. ȷɟɢɘəɎ, 

ɗŮɤɟɖŰɘəɎ ɛŮ ɢɟɐůɖ Űɞɡ űɑɚŰɟɞɡ Ůɝɧŭɞɡ Űɞɡ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɛŮ Űɖ ŭɘŮɝŬɔɤɔɐ 

ˊŮɘɟŬɛɎŰɤɜ ɛŮŰŬɓɞɚɐɠ Űɖɠ ŰɎůɖɠ ɗŮɤɟɩɜŰŬɠ Űɞɜ ɤɠ çɛŬɨɟɞ əɞɡŰɑè əŬɘ 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɞ Matlab Identification toolbox ɔɘŬ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ 

ŬˊɞŰŮɚŮůɛɎŰɤɜ. ɆŰɖ ůɡɜɏɢŮɘŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ əŬɘ ůɡɔəɟɑɜɞɜŰŬɘ ˊɏɜŰŮ ɛɏɗɞŭɞɘ ɔɘŬ 

Űɞɜ əŬɗɞɟɘůɛɧ Űɖɠ PHIL ŮɡůŰɎɗŮɘŬɠ, ɞɜɞɛŬůŰɘəɎ: ŰŬ əɟɘŰɐɟɘŬ ŮɡůŰɎɗŮɘŬɠ Nyquist, 

Routh, əŬɘ ɞ ũɇɅ əŬɗɩɠ əŬɘ ɖ ɢɟɐůɖ ŭɨɞ ˊɟɞůɞɛɞɘɤɛɏɜɤɜ ůɡůŰɖɛɎŰɤɜ ůŰɞ Matlab  

simulink, Űɖ ŭɡɜŬɛɘəɐ ˊɟɞůɞɛɞɑɤůɖ Űɞɡ ɖɚŮəŰɟɘəɞɨ əɡəɚɩɛŬŰɞɠ (SimPower-

System simulated circuit) əŬɘ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ Űɞɡ ɗŮɤɟɖŰɘəɞɨ ůɡůŰɐɛŬŰɞɠ 

(ˊɟɞůɞɛɞɑɤůɖ Űɞɡ ɛˊɚɞə ŭɘŬɔɟɎɛɛŬŰɞɠ, Signal-flow simulation). ȾŬŰŬŭŮɘəɜɨɞɜŰŬɘ 

ŮɚɚŮɑɣŮɘɠ əŬɘ ůűɎɚɛŬŰŬ Űɤɜ ɡˊŬɟɢɧɜŰɤɜ ɛŮɗɧŭɤɜ əŬɘ ˊɟɞŰŮɑɜɞɜŰŬɘ ɜɏɞɘ ˊɘɞ 

ŬɝɘɧˊɘůŰɞɘ ɛɏɗɞŭɞɘ ŮəŰɑɛɖůɖɠ Űɖɠ PHIL ŮɡůŰɎɗŮɘŬɠ.  ȷəɞɚɞɡɗŮɑ ɖ ˊŬɟɞɡůɑŬůɖ əŬɘ ɖ 

ůɨɔəɟɘůɖ ŭɨɞ ɛŮɗɧŭɤɜ Ŭˊɧ Űɖ ɓɘɓɚɘɞɔɟŬűɑŬ ɔɘŬ Űɞɜ əŬɗɞɟɘůɛɧ Űɖɠ PHIL ŬəɟɑɓŮɘŬɠ 

əŬɘ əŬŰŬŭŮɘəɜɨŮŰŬɘ ɖ ɘůɞŭɡɜŬɛɑŬ Űɞɡɠ. ɆŰɖ ůɡɜɏɢŮɘŬ ŮɝŮŰɎɕŮŰŬɘ ɖ ŬəɟɑɓŮɘŬ ɔɘŬ Űɞ 

əɨəɚɤɛŬ Űɞɡ ŭɘŬɘɟɏŰɖ ŰɎůɖɠ ɛŮ əŬɘ ɢɤɟɑɠ Űɖɜ ˊɟɞůɗɐəɖ Űɞɡ ŮɜɘůɢɡŰɐ ɘůɢɨɞɠ. 

ɇɏɚɞɠ, ɔɑɜŮŰŬɘ ŬɜŬűɞɟɎ ůŰɞ Low Voltage Ride Through (LVRT) ȹɘŮůˊŬɟɛɏɜɖɠ 

ɄŬɟŬɔɤɔɐɠ əŬɘ ɛŮ ɓɎůɖ ŰŬ ˊŬɟŬˊɎɜɤ ŬəɞɚɞɡɗŮɑ ɛŮɚɏŰɖ ŮɡůŰɎɗŮɘŬɠ ɔɘŬ PHIL 

ˊŮɑɟŬɛŬ ɛŮ Űɞɜ ŮɟɔŬůŰɖɟɘŬəɧ űɤŰɞɓɞɚŰŬɥəɧ ŬɜŰɘůŰɟɞűɏŬ ɤɠ ŭɞəɑɛɘɞ. 
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ɄɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ PHIL ŭɞəɘɛɐ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ˊɟɞŰŮɘɜɧɛŮɜɞ LVRT ŭɑəŰɡɞ Ŭˊɧ 

ŭɘŮɗɜɐ ˊɟɧŰɡˊŬ əŬɘ ŮɝŮŰɎɕŮŰŬɘ ɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ˊɟŬɔɛŬŰɘəɞɨ ŬɜŰɘůŰɟɞűɏŬ ůŮ 

ɓɡɗɑůŮɘɠ ŰɎůɖɠ.  

ȿɏɝŮɘɠ əɚŮɘŭɘɎ: Power-Hardware-In-the-Loop (PHIL), ɛɘəɟɞŭɑəŰɡɞ, ŮɜɘůɢɡŰɐɠ 

ɘůɢɨɞɠ (Power Interface), ɣɖűɘŬəɧɠ ˊɟɞůɞɛɞɘɤŰɐɠ ˊɟŬɔɛŬŰɘəɞɨ ɢɟɧɜɞɡ (Real Time 

Digital Simulator-RTDS) , ŭɞəɑɛɘɞ ˊɟɞɠ ŮɝɏŰŬůɖ (Hardware Under Test - HUT) , 

ˊɟɞůɞɛɞɘɤɛɏɜɞ ůɨůŰɖɛŬ (Simulated System) , Nyquist, Routh əŬɘ Űɞɜ ũŮɤɛŮŰɟɘəɧɠ 

ɇɧˊɞɠ Ʌɘɕɩɜ , Low Voltage Ride Through (LVRT), űɤŰɞɓɞɚŰŬɥəɧɠ ŬɜŰɘůŰɟɞűɏŬɠ  
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Abstract 

This diploma thesis presents a technique for simulating and testing of power devices 

in real time with real laboratory equipment. This technique is called Power-

Hardware-In-the-Loop (PHIL) and is a novel tool for testing as it features the 

interconnection of a piece of hardware in the real world, called the Hardware Under 

Test (HUT) with a Simulated System running in a Real-Time Simulator.  A Power 

Amplifier (interface) is necessary to perform the coupling of the hardware and 

simulated system. 

The first section, of the thesis, contains general information about Renewable Energy 

Sources and microgrids since this is a useful environment for conducting PHIL 

experiments. 

Moreover the Real Time Digital Simulator (RTDS), that emulates the simulated 

system, is briefly described followed by a summary of the PHIL technique as well as 

issues related to PHIL simulation stability and accuracy. Reference is made to the 

criteria Nyquist, Routh and Root Locus, which are used for determining the PHIL 

stability. 

The second section of this thesis begins with the characterization of the laboratory 

power amplifier in two different ways. Theoretically considering its output filter, and 

practically through experiments in steady state and dynamic conditions, assuming 

that is a ñblack boxò,  using Matlab Identification toolbox in order to process the data. 

Then we present and compare five different methods in order to examine PHIL 

stability, namely: Nyquist, Routh and Root Locus stability criteria, SimPower-System 

simulation circuit (simulink implementation with SimPowerSystems library) and 

Signal flow simulation (simulink implementation with Simulink library.). The 

comparison shows gaps and errors of existing methods and new methods for 

determining the PHIL stability are proposed. Then followed the presentation and 

comparison of two methods from literature for determining the PHIL accuracy and 

the accuracy of the voltage divider circuit is examined with and without the addition 

of the power amplifier. 

Finally, the Low Voltage Ride Through capability of Distributed Generation is 

presented and taking into account all the above the stability of a PHIL experiment 

with the laboratory photovoltaic inverter as HUT is examined. PHIL tests are 

executed using a LVRT simulated network according to standards and the behaviour 

of the physical inverter during voltage dips is examined. 

Key words : Power-Hardware-In-the-Loop (PHIL), microgrid, Power Amplifier 

(Interface), Real Time Digital Simulator (RTDS) , Hardware Under Test (HUT) , 
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Simulated System , Nyquist, Routh, Root Locus, Low Voltage Ride Through 

(LVRT),  photovoltaic inverter 
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ȾȺūȷȿȷȽɃ 1  

ȷɜŬɜŮɩůɘɛŮɠ Ʉɖɔɏɠ ȺɜɏɟɔŮɘŬɠ 

 

1.1 ũŮɜɘəɎ 

ɇŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ ˊŬɟŬŰɖɟŮɑŰŬɘ ɛɑŬ ŰɎůɖ ɔɘŬ ɞɚɞɏɜŬ əŬɘ ˊŮɟɘůůɧŰŮɟɖ əŬɘ 

ŬˊɞŭɞŰɘəɧŰŮɟɖ ɢɟɖůɘɛɞˊɞɑɖůɖ Űɤɜ ˊɖɔɩɜ ŮɜɏɟɔŮɘŬɠ əŬɘ ŮɘŭɘəɎ Űɤɜ ŬɜŬɜŮɩůɘɛɤɜ 

ˊɖɔɩɜ (ȷɄȺ). ȷɡŰɧ ɞűŮɑɚŮŰŬɘ ɧɢɘ ɛɧɜɞ ɔɘŬŰɑ Űɞ əŬɨůɘɛɞ Űɤɜ ůɡɛɓŬŰɘəɩɜ ůŰŬɗɛɩɜ 

ŬɜŰɘɛŮŰɤˊɑɕŮɘ Űɞɜ ɞɟŬŰɧ əɑɜŭɡɜɞ ŮɝɎɜŰɚɖůɖɠ əŬɘ ŮɚŬŰŰɩɜŮŰŬɘ ɖ ŬɝɘɞˊɘůŰɑŬ 

ŮűɞŭɘŬůɛɞɨ əŬɡůɑɛɤɜ Űɤɜ əɟŬŰɩɜ ŬɚɚɎ, əɡɟɑɤɠ, ɔɘŬŰɑ ɞɘ ˊŮɟɘɓŬɚɚɞɜŰɘəɏɠ Űɞɡɠ 

ŮˊɘˊŰɩůŮɘɠ ŮɑɜŬɘ ůɞɓŬɟɏɠ ɚɧɔɤ Űɤɜ Ůˊɘəɑɜŭɡɜɤɜ əŬŰŬɚɞɑˊɤɜ əŬɘ ŬˊɞɓɚɐŰɤɜ Űɞɡɠ 

(ˊ.ɢ. űŬɘɜɧɛŮɜɞ Űɞɡ ɗŮɟɛɞəɖˊɑɞɡ ɚɧɔɤ CO2, ŰɟɨˊŬ Űɞɡ ɧɕɞɜŰɞɠ ə.Ŭ.). ȰŰůɘ, ɞɘ 

ŰŮɢɜɞɚɞɔɘəɎ ŬɜŮˊŰɡɔɛɏɜŮɠ, əɡɟɑɤɠ, ɢɩɟŮɠ ůŰɟɏűɞɜŰŬɘ ůŰɖɜ ŬɜɎˊŰɡɝɖ əŬŰɎɚɚɖɚɤɜ 

ŰŮɢɜɘəɩɜ ɏŰůɘ ɩůŰŮ ɜŬ ɓŮɚŰɘůŰɞˊɞɘŮɑŰŬɘ ɖ Ŭɝɘɞˊɞɑɖůɖ Űɤɜ ȷɄȺ ůŰɖɜ ˊŬɟŬɔɤɔɐ 

ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ əŬɘ ɜŬ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɧůɞ Űɞ ŭɡɜŬŰɧɜ ɢŬɛɖɚɧŰŮɟɞ əɧůŰɞɠ 

ˊŬɟŬɔɤɔɐɠ, ɩůŰŮ ŬɡŰɏɠ ɜŬ ɛˊɞɟɞɨɜ ɜŬ ŬɜŰŬɔɤɜɑɕɞɜŰŬɘ Űɘɠ ůɡɛɓŬŰɘəɏɠ ˊɖɔɏɠ.[ 1 ]         

[ 2 ] 

ɆŰɞɜ ɧɟɞ ŬɜŬɜŮɩůɘɛŮɠ ˊɖɔɏɠ ŮɜɏɟɔŮɘŬɠ (ȷɄȺ) ˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ ɞɘ ˊŬɟŬəɎŰɤ: 

¶ ȼ Ŭɘɞɚɘəɐ ŮɜɏɟɔŮɘŬ, ɖ ɞˊɞɑŬ ŬɝɘɞˊɞɘŮɑŰŬɘ ɛɏůɤ Űɤɜ ŬɜŮɛɞɔŮɜɜɖŰɟɘɩɜ 

ɛŮŰŬŰɟɏˊɞɜŰŬɠ Űɖɜ əɘɜɖŰɘəɐ ŮɜɏɟɔŮɘŬ Űɞɡ Ŭɜɏɛɞɡ ůŮ ɖɚŮəŰɟɘəɐ. 

¶ ȼ ɖɚɘŬəɐ ŮɜɏɟɔŮɘŬ, ɖ ɞˊɞɑŬ ŬɝɘɞˊɞɘŮɑŰŬɘ ɛɏůɤ Űɤɜ űɤŰɞɓɞɚŰŬɥəɩɜ 

ɔŮɜɜɖŰɟɘɩɜ ɛŮŰŬŰɟɏˊɞɜŰŬɠ Űɖɜ ɖɚɘŬəɐ ŮɜɏɟɔŮɘŬ ůŮ ɖɚŮəŰɟɘəɐ əŬɘ ɛɏůɤ Űɤɜ 

ɖɚɘŬəɩɜ ůɡɚɚŮəŰɩɜ ɛŮ Űɖ ůɡɔəɏɜŰɟɤůɖ ɡɣɖɚɩɜ ɗŮɟɛɞəɟŬůɘɩɜ əŬɘ Ůɜ ŰɏɚŮɘ 

Űɖɜ ˊŬɟŬɔɤɔɐ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ. 

¶ ɇŬ ɛɘəɟɎ ɡŭɟɞɖɚŮəŰɟɘəɎ, ŰŬ ɞˊɞɑŬ ŮəɛŮŰŬɚɚŮɨɞɜŰŬɘ ŰŬ ɡŭɎŰɘɜŬ ɟŮɨɛŬŰŬ əŬɘ 

ŰŬ ŬŰɛɞůűŬɘɟɘəɎ əŬŰŬəɟɖɛɜɑůɛŬŰŬ. 

¶ ȼ ɔŮɤɗŮɟɛɘəɐ ŮɜɏɟɔŮɘŬ ɖ ɞˊɞɑŬ ŬɜŬűɏɟŮŰŬɘ ůŰɖɜ ɗŮɟɛɧŰɖŰŬ Űɞɡ ŮŭɎűɞɡɠ Űɖɠ 

ɔɖɠ əŬɘ ŬɝɘɞˊɞɘŮɑŰŬɘ ɛŮ əŬŰɎɚɚɖɚŮɠ ŭɘŬŰɎɝŮɘɠ, ɧŰŬɜ ɡˊɎɟɢɞɡɜ ůɡɔəŮəɟɘɛɏɜŮɠ 

ɔŮɤɚɞɔɘəɏɠ ůɡɜɗɐəŮɠ. 

¶ ȼ ɓɘɞɛɎɕŬ, ɖ ɞˊɞɑŬ ŬɜŬűɏɟŮŰŬɘ ůŮ ɔŮɤɟɔɘəɎ ŬɚɚɎ əŬɘ ŭŬůɘəɎ ɡˊɞɚŮɑɛɛŬŰŬ, 

Ŭˊɧ ŰŬ ɞˊɞɑŬ ɛˊɞɟŮɑ ɛŮ Ůɘŭɘəɐ əŬŰŮɟɔŬůɑŬ ɜŬ ŮɝŬɢɗɞɨɜ əŬɨůɘɛŬ. 

¶ Ƀɘ əɡɣɏɚŮɠ əŬɡůɑɛɞɡ, ɞɘ ɞˊɞɑŮɠ ɛŮ Űɖ ɢɟɐůɖ ɖɚŮəŰɟɞɚɡŰɩɜ əŬɘ ŭɘɎűɞɟɤɜ 

ŭɘŬŰɎɝŮɤɜ ɛŮŰŬŰɟɏˊɞɡɜ Űɖ ɢɖɛɘəɐ ŮɜɏɟɔŮɘŬ ůŮ ɖɚŮəŰɟɘəɐ. 

¶ ȼ ŮɜɏɟɔŮɘŬ Űɤɜ ɗŬɚŬůůɑɤɜ əɡɛɎŰɤɜ, Űɖɠ ɞˊɞɑŬɠ ɖ Ŭɝɘɞˊɞɑɖůɖ ɓɟɑůəŮŰŬɘ, 

Ŭəɧɛɖ, ůŮ űɎůɖ ɏɟŮɡɜŬɠ ɩůŰŮ ɜŬ ɛŮŰŬŰɟɏˊŮŰŬɘ ɖ əɘɜɖŰɘəɐ Űɞɡɠ ŮɜɏɟɔŮɘŬ ůŮ 

ɖɚŮəŰɟɘəɐ.[ 2 ] 
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Ƀɘ ȷɄȺ ŮɝŬůűŬɚɑɕɞɡɜ Űɖɜ ŮɜɏɟɔŮɘɎ Űɞɡɠ Ŭˊɧ Űɖɜ ɡˊɎɟɢɞɡůŬ ɟɞɐ ŮɜɏɟɔŮɘŬɠ ɛɏůɤ 

űɡůɘəɩɜ ŭɘŬŭɘəŬůɘɩɜ, ɧˊɤɠ ɞ ɐɚɘɞɠ, ɞ ɎɜŮɛɞɠ, ŰŬ əɨɛŬŰŬ, ɖ ŭɨɜŬɛɖ Ŭˊɧ Űɞ ɜŮɟɧ ˊɞɡ 

ŰɟɏɢŮɘ (ɡŭɟɞɖɚŮəŰɟɘəɐ ŮɜɏɟɔŮɘŬ), ɞɘ ɓɘɞɚɞɔɘəɏɠ ŭɘŮɟɔŬůɑŮɠ, ɧˊɤɠ ɖ ɓɘɞɛɎɕŬ əŬɘ ɖ 

ɔŮɤɗŮɟɛɘəɐ ɟɞɐ ŮɜɏɟɔŮɘŬɠ. Ƀɘ ˊŮɟɘůůɧŰŮɟŮɠ ŬɜŬɜŮɩůɘɛŮɠ ɛɞɟűɏɠ ŮɜɏɟɔŮɘŬɠ, ŮəŰɧɠ 

Ŭˊɧ Űɖ ɔŮɤɗŮɟɛɘəɐ əŬɘ Űɖɜ ˊŬɚɘɟɟɞɥəɐ ŮɜɏɟɔŮɘŬ, ŰŮɚɘəɎ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ Űɖɜ ɖɚɘŬəɐ 

ŮɜɏɟɔŮɘŬ. ȼ ŮɜɏɟɔŮɘŬ Ŭˊɧ ɓɘɞɛɎɕŬ ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ űɡŰɘəɧ ɡɚɘəɧ ˊɞɡ ˊŬɟɎɔŮŰŬɘ Ŭˊɧ 

Űɖ űɤŰɞůɨɜɗŮůɖ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ ŮɜɏɟɔŮɘŬ Űɞɡ ɐɚɘɞɡ. ȼ Ŭɘɞɚɘəɐ ŮɜɏɟɔŮɘŬ 

ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ Űɖɜ Ŭɘɞɚɘəɐ ŭɟŬůŰɖɟɘɧŰɖŰŬ, ɖ ɞˊɞɑŬ ŭɖɛɘɞɡɟɔŮɑŰŬɘ Ŭˊɧ Űɖɜ Ɏɜɘůɖ 

ɗɏɟɛŬɜůɖ Űɖɠ ŬŰɛɧůűŬɘɟŬɠ Ŭˊɧ Űɞɜ ɐɚɘɞ. ȼ ɡŭɟɞɖɚŮəŰɟɘəɐ ŮɜɏɟɔŮɘŬ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ 

Űɖ ɓɟɞɢɐ, ɖ ɞˊɞɑŬ ŭɖɛɘɞɡɟɔŮɑŰŬɘ Ŭˊɧ Űɖɜ ŮɝɎŰɛɘůɖ Űɞɡ ɜŮɟɞɨ ɛɏůɤ Űɞɡ ɖɚɘŬəɞɨ 

űɤŰɧɠ.  

Ƀɘ ȷɄȺ ɏɢɞɡɜ ŭɨɞ ɢŬɟŬəŰɖɟɘůŰɘəɎ ˊɞɡ Űɘɠ ŭɘŬűɞɟɞˊɞɘɞɨɜ ůŮ ůɢɏůɖ ɛŮ Űɘɠ 

ůɡɛɓŬŰɘəɏɠ ɛɞɟűɏɠ ŮɜɏɟɔŮɘŬɠ: ŮɑɜŬɘ Ŭˊɧ Űɖ űɨůɖ Űɞɡɠ əŬŰŬɜŮɛɖɛɏɜŮɠ əŬɘ ŭŮɜ 

ɛˊɞɟɞɨɜ ɜŬ ŮɚŮɔɢɗɞɨɜ. ȷɜ əŬɘ ɞɘ ȷɄȺ ɓɟɑůəɞɜŰŬɘ ůŮ ɛŮɔɎɚŮɠ ˊɞůɧŰɖŰŮɠ ůŰɖ űɨůɖ, 

ŭŮɜ ŮɑɜŬɘ ɔŮɤɔɟŬűɘəɎ əŬŰŬɜŮɛɖɛɏɜŮɠ əŬɘ ˊŬɟɞɡůɘɎɕɞɡɜ ɢŬɛɖɚɐ ŮɜŮɟɔŮɘŬəɐ 

ˊɡəɜɧŰɖŰŬ ůŮ əɎɗŮ ɛɞɜɎŭŬ ɖɚŮəŰɟɞˊŬɟŬɔɤɔɐɠ. ũɘŬ Űɖɜ Ŭɝɘɞˊɞɑɖůɖ Űɖɠ ŮɜɏɟɔŮɘŬɠ 

ŬɡŰɐɠ ɗŬ ˊɟɏˊŮɘ ɜŬ ŮɝŬˊɚɤɗɞɨɜ ůŮ ˊɞɚɚɏɠ ˊŮɟɘɞɢɏɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɛɘəɟɐɠ 

əɚɑɛŬəŬɠ ɛŮŰŬŰɟɞˊŮɑɠ. ȼ ˊɟŬɔɛŬŰɘəɐ ůɡɜŮɘůűɞɟɎ Űɤɜ ɛɞɜɎŭɤɜ ŭɘŮůˊŬɟɛɏɜɖɠ 

ˊŬɟŬɔɤɔɐɠ ůŰɞ ůɨůŰɖɛŬ ŮɑɜŬɘ ɖ Ɏɗɟɞɘůɖ Ůɜɧɠ ɛŮɔɎɚɞɡ Ŭɟɘɗɛɞɨ ŬɡŰɩɜ. ȷɜɎɚɞɔŬ ɛŮ 

Űɞ ŮˊɑˊŮŭɞ ůɡɔəɏɜŰɟɤůɖɠ, ŬɡŰɏɠ ɞɘ ɛɘəɟɐɠ əɚɑɛŬəŬɠ ɛɞɜɎŭŮɠ ˊŬɟŬɔɤɔɐɠ ɛˊɞɟɞɨɜ ɜŬ 

ůɡɜŭŮɗɞɨɜ ůŮ ŭɘŬűɞɟŮŰɘəɎ ŮˊɑˊŮŭŬ ŰɎůɖɠ ůŰɞ ůɨůŰɖɛŬ, ůɡɛˊŮɟɘɚŬɛɓŬɜɞɛɏɜɞɡ əŬɘ 

Űɞɡ ŭɘəŰɨɞɡ ŭɘŬɜɞɛɐɠ. H ɢɟɐůɖ Űɤɜ ȷɄȺ ŮɘůɎɔŮɘ ůŰɞ ŮɜŮɟɔŮɘŬəɧ ɛŮɑɔɛŬ Űɖ ɢɟɐůɖ 

ɜɏɤɜ ˊɖɔɩɜ ŮɜɏɟɔŮɘŬɠ, ɧˊɤɠ ɞ ɐɚɘɞɠ, ɞ ɎɜŮɛɞɠ, Űɞ əɨɛŬŰŬ əŬɘ ɖ ɡŭɟɞɖɚŮəŰɟɘəɐ 

ŮɜɏɟɔŮɘŬ Ŭˊɧ Űɖ ɟɞɐ Űɤɜ ˊɞŰŬɛɩɜ. ȼ ɘůɢɨɠ Űɤɜ Ůɜ ɚɧɔɤ ůŰŬɗɛɩɜ 

ɖɚŮəŰɟɞˊŬɟŬɔɤɔɐɠ ŮɝŬɟŰɎŰŬɘ əɡɟɑɤɠ Ŭˊɧ Űɖ ŭɘŬɗŮůɘɛɧŰɖŰŬ Űɤɜ ˊɖɔɩɜ ŮɜɏɟɔŮɘŬɠ 

əŬɘ ɧɢɘ Ŭˊɧ Űɞ ŭɘŬɢŮɘɟɘůŰɐ Űɞɡ ůɡůŰɐɛŬŰɞɠ. ȯɟŬ ŮɘůɎɔŮŰŬɘ ɏɜŬɠ ɓŬɗɛɧɠ 

ŬɓŮɓŬɘɧŰɖŰŬɠ ůŰɖɜ ˊŬɟŬɔɤɔɐ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ.[ 3 ] 

1.2 ȷɜŮɛɞɔŮɜɜɐŰɟɘŮɠ 

ɀɘŬ ŬɜŮɛɞɔŮɜɜɐŰɟɘŬ ˊŬɟɎɔŮɘ ɖɚŮəŰɟɘəɐ ŮɜɏɟɔŮɘŬ Ŭˊɧ Űɖ ɛŮŰŬŰɟɞˊɐ Űɖɠ əɘɜɖŰɘəɐɠ 

ŮɜɏɟɔŮɘŬɠ Űɞɡ Ŭɜɏɛɞɡ ˊɞɡ ˊŮɟɜɎ ɛɏůŬ Ŭˊɧ Űɘɠ ɚŮˊɑŭŮɠ Űɖɠ. ȼ Ŭɘɞɚɘəɐ ŮɜɏɟɔŮɘŬ ŮɑɜŬɘ 

ɛɘŬ Ŭˊɧ Űɘɠ ˊɚɏɞɜ ɡˊɞůɢɧɛŮɜŮɠ ɛɞɟűɏɠ ŬɜŬɜŮɩůɘɛɤɜ ˊɖɔɩɜ ŮɜɏɟɔŮɘŬɠ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ. ɇɞ ŬɡɝŬɜɧɛŮɜɞ ŮɜŭɘŬűɏɟɞɜ 

ɔɘŬ Űɖɜ Ŭɝɘɞˊɞɑɖůɖ Űɤɜ ŬɜŮɛɞɔŮɜɜɖŰɟɘɩɜ ɏɔəŮɘŰŬɘ ůŰɖɜ ɎˊŮɘɟɖ ŭɘŬɗŮůɘɛɧŰɖŰŬ Űɖɠ 

Ŭɘɞɚɘəɐɠ ŮɜɏɟɔŮɘŬɠ, Űɘɠ ˊŮɟɘɞɟɘůɛɏɜŮɠ ˊŮɟɘɓŬɚɚɞɜŰɘəɏɠ ŮˊɘˊŰɩůŮɘɠ əŬɘ Űɞ 

ŬɜŰŬɔɤɜɘůŰɘəɧ əɧůŰɞɠ ˊŬɟŬɔɤɔɐɠ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ.[ 4 ] 

ɈˊɎɟɢɞɡɜ ˊɞɚɚɩɜ Ůɘŭɩɜ ŬɜŮɛɞɔŮɜɜɐŰɟɘŮɠ ɞɘ ɞˊɞɑŮɠ əŬŰŬŰɎůůɞɜŰŬɘ ůŮ ŭɨɞ ɓŬůɘəɏɠ 

əŬŰɖɔɞɟɑŮɠ:  

¶ ɃɟɘɕɧɜŰɘɞɡ ɎɝɞɜŬ, Űɤɜ ɞˊɞɑɤɜ ɞ ŭɟɞɛɏŬɠ ŮɑɜŬɘ Űɨˊɞɡ ɏɚɘəŬ əŬɘ ɓɟɑůəŮŰŬɘ 

ůɡɜŮɢɩɠ ˊŬɟɎɚɚɖɚɞɠ ɛŮ Űɖɜ əŬŰŮɨɗɡɜůɖ Űɞɡ Ŭɜɏɛɞɡ Űɞɡ ŮŭɎűɞɡɠ. 



19 

 

¶ ȾŬŰŬəɧɟɡűɞɡ ɎɝɞɜŬ, ɞ ɞˊɞɑɞɠ ˊŬɟŬɛɏɜŮɘ ůŰŬɗŮɟɧɠ əŬɘ ŮɑɜŬɘ əɎɗŮŰɞɠ ˊɟɞɠ 

Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŮŭɎűɞɡɠ.  

 

ȺɘəɧɜŬ 1.1 ȾŬŰɖɔɞɟɑŮɠ ȷɜŮɛɞɔŮɜɜɖŰɟɘɩɜ 

ȾɎɗŮ ŬɜŮɛɞɔŮɜɜɐŰɟɘŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰŬ ˊŬɟŬəɎŰɤ ŰɛɐɛŬŰŬ: [ 2 ] 

¶ ɇɞɜ ˊɨɟɔɞ  

¶ ɇɖɜ ɏɚɘəŬ ɛŮ ŭɨɞ ɐ ŰɟɑŬ ˊŰŮɟɨɔɘŬ  

¶ ɇɞ əɘɓɩŰɘɞ ŰŬɢɡŰɐŰɤɜ (ˊɞɚɚŬˊɚŬůɘŬůŰɐ ůŰɟɞűɩɜ)  

¶ ɇɞ ɛɖɢŬɜɘůɛɧ Ůɚɏɔɢɞɡ Űɞɡ ɓɐɛŬŰɞɠ Űɤɜ ˊŰŮɟɡɔɑɤɜ  

¶ ɇɞ ɛɖɢŬɜɘůɛɧ ˊŮɟɘůŰɟɞűɐɠ əŬɘ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ  

¶ ɇɞ ɛɖɢŬɜɘəɧ űɟɏɜɞ  

¶ ɇɖ ɔŮɜɜɐŰɟɘŬ  

¶ ɇɞɜ ɖɚŮəŰɟɘəɧ ˊɑɜŬəŬ əŬɘ Űɞɜ ˊɑɜŬəŬ Ůɚɏɔɢɞɡ  

ȼ ŮɜɏɟɔŮɘŬ ˊɞɡ ˊŬɟɎɔŮŰŬɘ Ŭˊɧ ɛɘŬ ŬɜŮɛɞɔŮɜɜɐŰɟɘŬ (ɛŮ Űɖɜ ˊɟɞɦˊɧɗŮůɖ ɧŰɘ ɖ 

ŰŬɢɨŰɖŰŬ Űɞɡ Ŭɜɏɛɞɡ u ŮɑɜŬɘ ɛŮŰŬɝɨ Űɤɜ Űɘɛɩɜ τ ό ρς ά ίϳ ) ɛˊɞɟŮɑ ɜŬ 

ŮəűɟŬůŰŮɑ Ŭˊɧ Űɖɜ Ŭəɧɚɞɡɗɖ ůɢɏůɖ:  

 ὖ ὅ”όὃ  (1.1) 

ɧˊɞɡ 

 ὅ ρ ρ   (1.2) 

əŬɘ ɧˊɞɡ 

P: ɘůɢɨɠ Ůɝɧŭɞɡ (W) 

ὅ: ŬŮɟɞŭɡɜŬɛɘəɧɠ ůɡɜŰŮɚŮůŰɐɠ ɘůɢɨɞɠ 

ɟ: ˊɡəɜɧŰɖŰŬ ŬɏɟŬ ὯὫάϳ  

u: ŰŬɢɨŰɖŰŬ Ŭɜɏɛɞɡ ά ίϳ  

A: ŮˊɘűɎɜŮɘŬ ŭɟɞɛɏŬ “Ὑ  ά  
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ȺɘəɧɜŬ 1.2 ȹɞɛɐ ɔŮɜɜɐŰɟɘŬɠ ɞɟɘɕɧɜŰɘɞɡ ɎɝɞɜŬ [ 5 ] 

ɆŰɖɜ ˊɟɎɝɖ, ŰŬ ɟ, ȷ əŬɘ ὅ
 
ŮɑɜŬɘ ɜŰŮŰŮɟɛɘɜɘůŰɘəɏɠ ůŰŬɗŮɟɏɠ Űɘɛɏɠ. ȰŰůɘ, ɖ ɘůɢɨɠ ˊɞɡ 

ˊŬɟɎɔŮŰŬɘ Ŭˊɧ ɛɘŬ ŬɜŮɛɞɔŮɜɜɐŰɟɘŬ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ əɡɟɑɤɠ Ŭˊɧ Űɖɜ ŰŬɢɨŰɖŰŬ Űɞɡ 

Ŭɜɏɛɞɡ. ȼ ŰŬɢɨŰɖŰŬ Űɞɡ Ŭɜɏɛɞɡ Ŭˊɧ ɛɧɜɖ Űɖɠ ɏɢŮɘ ɛɘŬ ůŰɞɢŬůŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ, 

ɞˊɞɘŬŭɐˊɞŰŮ ŰŬɢɨŰɖŰŬ Űɞɡ Ŭɜɏɛɞɡ ɛˊɞɟŮɑ ɜŬ ůɡɛɓŮɑ ɞˊɞɘŬŭɐˊɞŰŮ ůŰɘɔɛɐ. Ⱥˊɘˊɚɏɞɜ, 

ɧŰŬɜ ɖ ŰŬɢɨŰɖŰŬ Űɞɡ Ŭɜɏɛɞɡ ŮɑɜŬɘ əɎŰɤ Ŭˊɧ Űɞ ŮˊɘŰɟŮˊɧɛŮɜɞ ŮɚɎɢɘůŰɞ ɐ ˊɎɜɤ Ŭˊɧ 

Űɞ ɛɏɔɘůŰɞ (Űɞ ŮˊɘŰɟŮˊɧɛŮɜɞ ɧɟɘɞ ŮɑɜŬɘ τ ό ρς ά ίϳ ), ɖ ɘůɢɨɠ Ůɝɧŭɞɡ Űɖɠ 

ŬɜŮɛɞɔŮɜɜɐŰɟɘŬɠ ŮɑɜŬɘ 0. ȷɡŰɧ ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ ɜŬ ˊŬɟɎɔŮŰŬɘ ɛɘŬ ůŰɞɢŬůŰɘəɐ 

ɘůɢɨɠ Ůɝɧŭɞɡ.
 
 

1.3 ūɤŰɞɓɞɚŰŬɥəɎ ɆɡůŰɐɛŬŰŬ 

1.3.1 ūɤŰɞɓɞɚŰŬɥəɧ ūŬɘɜɧɛŮɜɞ 

ɇɞ űɤŰɞɓɞɚŰŬɥəɧ (ū/ȸ) űŬɘɜɧɛŮɜɞ ŬűɞɟɎ Űɖɜ ɛŮŰŬŰɟɞˊɐ Űɖɠ ɖɚɘŬəɐɠ ŮɜɏɟɔŮɘŬɠ ůŮ 

ɖɚŮəŰɟɘəɐ. ɄɟɧəŮɘŰŬɘ ɔɘŬ Űɖɜ Ŭˊɞɟɟɧűɖůɖ Űɖɠ ŮɜɏɟɔŮɘŬɠ Űɞɡ űɤŰɧɠ Ŭˊɧ ŰŬ 

ɖɚŮəŰɟɧɜɘŬ Űɤɜ ŬŰɧɛɤɜ Űɞɡ ū/ȸ ůŰɞɘɢŮɑɞɡ əŬɘ Űɖɜ ŬˊɧŭɟŬůɖ Űɤɜ ɖɚŮəŰɟɞɜɑɤɜ 

ŬɡŰɩɜ Ŭˊɧ Űɘɠ əŬɜɞɜɘəɏɠ Űɞɡɠ ɗɏůŮɘɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɟŮɨɛŬŰɞɠ.  
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ɇŬ ɖɚɘŬəɎ ůŰɞɘɢŮɑŬ (ɛɘŬ ɏɜɤůɖ p-n) ɓŬůɑɕɞɡɜ Űɖ ŭɖɛɘɞɡɟɔɑŬ Űɞɡɠ ůŰɖ ŭɖɛɘɞɡɟɔɑŬ 

Ůɜɧɠ ɖɚŮəŰɟɞůŰŬŰɘəɞɨ űɟɎɔɛŬŰɞɠ ŭɡɜŬɛɘəɞɨ Űɞ ɞˊɞɑɞ ŮəŰŮɑɜŮŰŬɘ ůŮ ɧɚɞ Űɞ ˊɚɎŰɞɠ 

Űɞɡ ůŰɞɘɢŮɑɞɡ ˊɞɡ ŭɏɢŮŰŬɘ Űɖɜ ɖɚɘŬəɐ ŬəŰɘɜɞɓɞɚɑŬ. ɇɞ űɟɎɔɛŬ ŭɡɜŬɛɘəɞɨ ɓɟɑůəŮŰŬɘ 

əŬŰŬɜŮɛɖɛɏɜɞ ůŮ ɛɘəɟɧ ɓɎɗɞɠ Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ əŬɘ ŰɞˊɞɗŮŰŮɑŰŬɘ Ŭˊɧ Űɖɜ ˊɚŮɡɟɎ 

əŬŰɎ Űɖɜ ɞˊɞɑŬ ˊɟɞůˊɑˊŰŮɘ Űɞ űɤɠ. ȾɎɗŮ űɤŰɧɜɘɞ Űɖɠ ˊɟɞůˊɑˊŰɞɡůŬɠ ŬəŰɘɜɞɓɞɚɑŬɠ 

ɛŮ ŮɜɏɟɔŮɘŬ ɛŮɔŬɚɨŰŮɟɖ ɐ ɑůɖ Ŭˊɧ Űɞ ŮɜŮɟɔŮɘŬəɧ ŭɘɎəŮɜɞ Űɞɡ ɖɛɘŬɔɤɔɞɨ, ɏɢŮɘ Űɖ 

ŭɡɜŬŰɧŰŬŰŬ ɜŬ ŬˊɞɟɟɞűɖɗŮɑ Ŭˊɧ ɏɜŬ ɢɖɛɘəɧ ŭŮůɛɧ əŬɘ ɜŬ ŭɖɛɘɞɡɟɔɐůŮɘ ɏɜŬ ɕŮɨɔɞɠ 

ŮɚŮɨɗŮɟɤɜ űɞɟɏɤɜ, ŭɖɚŬŭɐ ɏɜŬ ɖɚŮəŰɟɧɜɘɞ ůŰɖ ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ əŬɘ ɛɑŬ ɞˊɐ ůŰɖ 

ɕɩɜɖ ůɗɏɜɞɡɠ. Ƀɘ űɞɟŮɑɠ ŬɡŰɞɑ əŬɗɩɠ əɡəɚɞűɞɟɞɨɜ ůŰɞ ůŰŮɟŮɧ əŬɘ Ůűɧůɞɜ ŭŮɜ 

ŮˊŬɜŬůɡɜŭŮɗɞɨɜ ɛŮ űɞɟŮɑɠ ŬɜŰɑɗŮŰɞɡ ˊɟɧůɖɛɞɡ, ɛˊɞɟŮɑ ɜŬ ɓɟŮɗɞɨɜ ůŰɖɜ ˊŮɟɘɞɢɐ 

Űɖɠ ɏɜɤůɖɠ p-n ɞˊɧŰŮ ɗŬ ŭŮɢŰɞɨɜ Űɖɜ ŮˊɑŭɟŬůɖ Űɞɡ ŮɜůɤɛŬŰɤɛɏɜɞɡ Űɖɠ 

ɖɚŮəŰɟɞůŰŬŰɘəɞɨ ˊŮŭɑɞɡ.  

ɇŬ ŮɚŮɨɗŮɟŬ ɖɚŮəŰɟɧɜɘŬ ŮəŰɟɏˊɞɜŰŬɘ ˊɟɞɠ Űɞ ŰɛɐɛŬ Űɨˊɞɡ n əŬɘ ɞɘ ɞˊɏɠ ŮəŰɟɏˊɞɜŰŬɘ 

ˊɟɞɠ Űɞ ŰɛɐɛŬ Űɨˊɞɡ p, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŭɖɛɘɞɡɟɔɖɗŮɑ ɛɑŬ ŭɘŬűɞɟɎ ŭɡɜŬɛɘəɞɨ 

ŬɜɎɛŮůŬ ůŰɞɡɠ ŬəɟɞŭɏəŰŮɠ Űɤɜ ŭɨɞ ŰɛɖɛɎŰɤɜ Űɖɠ ŭɘɧŭɞɡ. ȹɖɚŬŭɐ, ɖ ŭɘɎŰŬɝɖ 

ŬˊɞŰŮɚŮɑ ɛɑŬ ˊɖɔɐ ɖɚŮəŰɟɘəɞɨ ɟŮɨɛŬŰɞɠ ˊɞɡ ŭɘŬŰɖɟŮɑŰŬɘ ɧůɞ ŭɘŬɟəŮɑ ɖ ˊɟɧůˊŰɤůɖ 

Űɞɡ ɖɚɘŬəɞɨ űɤŰɧɠ ˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ůŰɞɘɢŮɑɞɡ. ũɘŬ Űɖɜ əŬŰŬɜɧɖůɖ Űɞɡ 

ɛɖɢŬɜɘůɛɞɨ ɛˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ ɧŰɘ ŰŬ ɖɚŮəŰɟɧɜɘŬ ůɡɛˊŮɟɘűɏɟɞɜŰŬɘ ůŬɜ ůűŬɑɟŮɠ 

ɛɎɕŬɠ ά  ˊɞɡ əɡɚɞɨɜ ˊɎɜɤ ůŮ əŮəɚɘɛɏɜɞ ŮˊɑˊŮŭɞ Ůɜɩ ɞɘ ɞˊɏɠ ůɡɛˊŮɟɘűɏɟɞɜŰŬɘ ůŬɜ 

űɡůŬɚɑŭŮɠ ˊɞɡ ŬɘɤɟɞɨɜŰŬɘ ɛɏůŬ ůŮ ɏɜŬ ɡɔɟɧ. ɆŰɞ ɛɞɜŰɏɚɞ ŬɡŰɧ Űɞ ɖɚŮəŰɟɧɜɘɞ 

ŮɚŬɢɘůŰɞˊɞɘŮɑ Űɖ ŭɡɜŬɛɘəɐ Űɞɡ ŮɜɏɟɔŮɘŬ əɘɜɞɨɛŮɜɞ ˊɟɞɠ ŰŬ əɎŰɤ Ůɜɩ ɖ űɡůŬɚɑŭŬ 

ŮɚŬɢɘůŰɞˊɞɘŮɑ Űɖ ŭɡɜŬɛɘəɐ Űɖɠ ŮɜɏɟɔŮɘŬ əɘɜɞɨɛŮɜɖ ˊɟɞɠ ŰŬ ˊɎɜɤ ůŮ ɏɜŬ ŭɘɎɔɟŬɛɛŬ 

ŭɡɜŬɛɘəɐɠ ŮɜɏɟɔŮɘŬɠ. ȼ Ůəŭɐɚɤůɖ Űɖɠ ŭɘŬűɞɟɎɠ ŭɡɜŬɛɘəɞɨ ŬɜɎɛŮůŬ ůŰɘɠ ŭɨɞ ɧɣŮɘɠ 

Űɞɡ űɤŰɘɕɧɛŮɜɞɡ ŭɑůəɞɡ, ɖ ɞˊɞɑŬ ŬɜŰɘůŰɞɘɢŮɑ ůŮ ɞɟɗɐ ˊɧɚɤůɖ Űɖɠ ŭɘɧŭɞɡ, 

ɞɜɞɛɎɕŮŰŬɘ űɤŰɞɓɞɚŰŬɥəɧ űŬɘɜɧɛŮɜɞ. ȼ ŬˊɞŭɞŰɘəɐ ɚŮɘŰɞɡɟɔɑŬ Űɤɜ ɖɚɘŬəɩɜ 

űɤŰɞɓɞɚŰŬɥəɩɜ ůŰɞɘɢŮɑɤɜ ˊŬɟŬɔɤɔɐɠ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ ůŰɖɟɑɕŮŰŬɘ ůŰɖɜ 

ˊɟŬəŰɘəɐ ŮəɛŮŰɎɚɚŮɡůɖ Űɞɡ ˊŬɟŬˊɎɜɤ űŬɘɜɞɛɏɜɞɡ. ȺəŰɧɠ Ŭˊɧ Űɘɠ ˊɟɞůɛɑɝŮɘɠ Űɤɜ 

ŰɛɖɛɎŰɤɜ p əŬɘ n ɛɑŬɠ ɞɛɞɏɜɤůɖɠ, ŭɖɚŬŭɐ ɡɚɘəɞɨ Ŭˊɧ Űɞɜ ɑŭɘɞ ɓŬůɘəɎ ɖɛɘŬɔɤɔɧ, Űɞ 

ŮɜůɤɛŬŰɤɛɏɜɞ ɖɚŮəŰɟɞůŰŬŰɘəɧ ˊŮŭɑɞ, ˊɞɡ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ˊɟɞɦˊɧɗŮůɖ ɔɘŬ Űɖɜ 

ˊɟŬɔɛŬŰɞˊɞɑɖůɖ Ůɜɧɠ ɖɚɘŬəɞɨ ůŰɞɘɢŮɑɞɡ ŬɚɚɎ əŬɘ əɎɗŮ űɤŰɞɓɞɚŰŬɥəɐɠ ŭɘɎŰŬɝɖɠ 

ɛˊɞɟŮɑ ɜŬ ˊɟɞɏɟɢŮŰŬɘ Ůˊɑůɖɠ əŬɘ Ŭˊɧ ŭɘɧŭɞɡɠ Ɏɚɚɤɜ Ůɘŭɩɜ, ˊɢ. Ŭˊɧ ŭɘɧŭɞɡɠ 

ŮŰŮɟɞŮɜɩůŮɤɜ p-n ŭɘŬűɞɟŮŰɘəɩɜ ɖɛɘŬɔɤɔɩɜ ɐ Ŭˊɧ ŭɘɧŭɞɡɠ Schottky ˊɞɡ 

ůɢɖɛŬŰɑɕɞɜŰŬɘ ɧŰŬɜ ɏɟɗɞɡɜ ůŮ ŮˊŬűɐ ɏɜŬɠ ɖɛɘŬɔɤɔɧɠ ɛŮ ɏɜŬ ɛɏŰŬɚɚɞ.  
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ȺɘəɧɜŬ 1.3 ɀɖɢŬɜɘůɛɧɠ Ůəŭɐɚɤůɖɠ Űɞɡ ūɤŰɞɓɞɚŰŬɥəɞɨ ūŬɘɜɞɛɏɜɞɡ 

ɆŰŬ űɤŰɞɓɞɚŰŬɥəɎ ůŰɞɘɢŮɑŬ ŭŮɜ ŮɑɜŬɘ ŭɡɜŬŰɐ ɖ ɛŮŰŬŰɟɞˊɐ ůŮ ɖɚŮəŰɟɘəɐ ŮɜɏɟɔŮɘŬ Űɞɡ 

ůɡɜɧɚɞɡ Űɖɠ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ ˊɞɡ ŭɏɢɞɜŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘɎ Űɞɡɠ. ȰɜŬ ɛɏɟɞɠ 

Ŭˊɧ Űɖɜ ŬəŰɘɜɞɓɞɚɑŬ ŬɜŬəɚɎŰŬɘ ˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ůŰɞɘɢŮɑɞɡ əŬɘ ŭɘŬɢɏŮŰŬɘ 

ˊɎɚɘ ˊɟɞɠ Űɞ ˊŮɟɘɓɎɚɚɞɜ. ɆŰɖɜ ůɡɜɏɢŮɘŬ Ŭˊɧ Űɖɜ ŬəŰɘɜɞɓɞɚɑŬ ˊɞɡ ŭɘŮɘůŭɨŮɘ ůŰɞɜ 

ɖɛɘŬɔɤɔɧ, ˊɟɞűŬɜɩɠ ŭŮɜ ɛˊɞɟŮɑ ɜŬ ŬˊɞɟɟɞűɖɗŮɑ Űɞ ɛɏɟɞɠ ŮəŮɑɜɞ ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ 

Ŭˊɧ űɤŰɧɜɘŬ ɛŮ ŮɜɏɟɔŮɘŬ ɛɘəɟɧŰŮɟɖ Ŭˊɧ Űɞ ŮɜŮɟɔŮɘŬəɧ ŭɘɎəŮɜɞ Űɞɡ ɖɛɘŬɔɤɔɞɨ. ũɘŬ 

ŰŬ űɤŰɧɜɘŬ ŬɡŰɎ ɞ ɖɛɘŬɔɤɔɧɠ ůɡɛˊŮɟɘűɏɟŮŰŬɘ ůŬɜ ŭɘŬűŬɜɏɠ ůɩɛŬ. ȰŰůɘ ɖ 

ŬɜŰɑůŰɞɘɢɖ ŬəŰɘɜɞɓɞɚɑŬ ŭɘŬˊŮɟɜɎ ɎɗɘəŰɖ Űɞ ɖɛɘŬɔɩɔɘɛɞ ɡɚɘəɧ Űɞɡ ůŰɞɘɢŮɑɞɡ əŬɘ 

ŬˊɞɟɟɞűɎŰŬɘ ŰŮɚɘəɎ ůŰɞ ɛŮŰŬɚɚɘəɧ ɖɚŮəŰɟɧŭɘɞ ˊɞɡ əŬɚɨˊŰŮɘ Űɖɜ ˊɑůɤ ɧɣɖ Űɞɡ ɛŮ 

ŬˊɞŰɏɚŮůɛŬ ɜŬ Űɞ ɗŮɟɛŬɑɜŮɘ. ȷɚɚɎ əŬɘ Ŭˊɧ ŰŬ űɤŰɧɜɘŬ ˊɞɡ ŬˊɞɟɟɞűɎ ɞ ɖɛɘŬɔɤɔɧɠ, 

ɛɧɜɞ Űɞ ɛɏɟɞɠ ŮəŮɑɜɞ Űɖɠ ŮɜɏɟɔŮɘɎɠ Űɞɡɠ ˊɞɡ ɘůɞɨŰŬɘ ɛŮ Űɞ ŮɜŮɟɔŮɘŬəɧ ŭɘɎəŮɜɞ 

ůɡɛɓɎɚɚŮɘ ůŰɖɜ Ůəŭɐɚɤůɖ Űɞɡ űɤŰɞɓɞɚŰŬɥəɞɨ űŬɘɜɞɛɏɜɞɡ. ɇɞ ɡˊɧɚɞɘˊɞ 

ɛŮŰŬűɏɟŮŰŬɘ ůŬɜ əɘɜɖŰɘəɐ ŮɜɏɟɔŮɘŬ ůŰɞ ɖɚŮəŰɟɧɜɘɞ ˊɞɡ ŮɚŮɡɗŮɟɩɗɖəŮ Ŭˊɧ Űɞɜ 

ŭŮůɛɧ əŬɘ ŰŮɚɘəɎ ɛŮŰŬŰɟɏˊŮŰŬɘ Ůˊɑůɖɠ ůŮ ɗŮɟɛɧŰɖŰŬ.[ 6 ] 

1.4 ȽůɞŭɨɜŬɛɞ əɨəɚɤɛŬ ū/ȸ ůŰɞɘɢŮɑɞɡ 

ũɘŬ ɜŬ ɛŮɚŮŰɖɗɞɨɜ ŰŬ ɖɚŮəŰɟɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ űɤŰɞɓɞɚŰŬɥəɞɨ ůŰɞɘɢŮɑɞɡ, ɗŬ 

ɗŮɤɟɖɗŮɑ ŬɟɢɘəɎ ɤɠ ɛɑŬ ˊɖɔɐ ɟŮɨɛŬŰɞɠ ˊɞɡ ŮɚɏɔɢŮŰŬɘ Ŭˊɧ ɛɑŬ ŭɑɞŭɞ əŬɘ 

ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ Űɞ ŭɘɎɔɟŬɛɛŬ Űɖɠ ȺɘəɧɜŬ 1.4. 
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ȺɘəɧɜŬ 1.4 ȷˊɚɞˊɞɘɖɛɏɜɞ ɘůɞŭɨɜŬɛɞ ɖɚŮəŰɟɘəɧ əɨəɚɤɛŬ Ůɜɧɠ űɤŰɞɓɞɚŰŬɥəɞɨ ůŰɞɘɢŮɑɞɡ [ 6 ] 

ȺűŬɟɛɧɕɞɜŰŬɠ Űɞɜ ɜɧɛɞ ɟŮɡɛɎŰɤɜ Kirchhoff ůŰɖɜ ȺɘəɧɜŬ 1.4, ˊɟɞəɨˊŰŮɘ ɧŰɘ, ɘůɢɨŮɘ 

ɖ ůɢɏůɖ Ὅ Ὅ Ὅ ɧˊɞɡ, Ὅ ŮɑɜŬɘ Űɞ űɤŰɧɟɟŮɡɛŬ ˊɞɡ ŮɑɜŬɘ ŬɜɎɚɞɔɞ ˊɟɞɠ ŰŬ 

űɤŰɧɜɘŬ ˊɞɡ ŬˊɞɟɟɞűɎ Űɞ ɖɚɘŬəɧ ůŰɞɘɢŮɑɞ, Ὅ Űɞ ɟŮɨɛŬ ˊɞɡ ŭɘŬɟɟɏŮɘ Űɞɜ əɚɎŭɞ Űɖɠ 

ŭɘɧŭɞɡ, əŬɘ Ὅ Űɞ ɟŮɨɛŬ ˊɞɡ ŭɘŬɟɟɏŮɘ Űɞ ŮɝɤŰŮɟɘəɧ űɞɟŰɑɞ. 

 Ὅ Ὅ Ὅ Ὡὼὴ ρ  (1.3) 

ɧˊɞɡ 

Ὅ = Űɞ ŬɜɎůŰɟɞűɞ ɟŮɨɛŬ əɧɟɞɡ Űɖɠ ŭɘɧŭɞɡ 

e = Űɞ űɞɟŰɑɞ Űɞɡ ɖɚŮəŰɟɞɜɑɞɡ = 1,602Ĭ10
-19

 coulomb 

k = ɖ ůŰŬɗŮɟɎ Boltzman = 1,38Ĭ10
-23

 joules/Kelvin 

T = ɖ ŬˊɧɚɡŰɖ ɗŮɟɛɞəɟŬůɑŬ ůŮ Kelvin 

ὠ = ɖ ŰɎůɖ ˊɞɡ ŭɖɛɘɞɡɟɔŮɑŰŬɘ ůŰŬ ɎəɟŬ Űɖɠ ŭɘɧŭɞɡ Ŭˊɧ Űɖɜ ˊɟɧůˊŰɤůɖ Űɞɡ űɤŰɧɠ 

 

ɆŮ ůɡɜɗɐəŮɠ ŬɜɞɘɢŰɞɨ əɡəɚɩɛŬŰɞɠ Ὑ ᴼЊ  ɓɟɑůəɞɡɛŮ ɧŰɘ ɖ Űɘɛɐ Űɖɠ ŰɎůɖɠ Űɞɡ 

ůŰɞɘɢŮɑɞɡ ɗŬ ŮɑɜŬɘ ὠ : 

 ὠ
Ὧ 

Ὡ
ÌÎ
Ὅ 
Όπ
ρ  (1.4) 

ɆŰɖɜ Ɏɚɚɖ ŬəɟŬɑŬ ˊŮɟɑˊŰɤůɖ, ŭɖɚŬŭɐ ůŮ ůɡɜɗɐəŮɠ ɓɟŬɢɡəɨəɚɤůɖɠ ŬɜɎɛŮůŬ ůŰɘɠ 

ŭɨɞ ɧɣŮɘɠ Űɞɡ ůŰɞɘɢŮɑɞɡ, Űɞ ɟŮɨɛŬ Ό ɗŬ ɘůɞɨŰŬɘ ɛŮ Űɞ ˊŬɟŬɔɧɛŮɜɞ űɤŰɧɟŮɡɛŬ: 

 Ό Ὅ  (1.5) 

ȳŰŬɜ ɧɛɤɠ Űɞ əɨəɚɤɛŬ Űɞɡ ū/ȸ ůŰɞɘɢŮɑɞɡ əɚŮɑůŮɘ, ŭɘŬɛɏůɞɡ ɛɑŬɠ ŮɝɤŰŮɟɘəɐɠ 

ŬɜŰɑůŰŬůɖɠ Ὑ Űɞ ɟŮɨɛŬ ɗŬ ˊɎɟŮɘ ɛɑŬ ɛɘəɟɧŰŮɟɖ Űɘɛɐ Ὅ ˊɞɡ ɓɟɑůəŮŰŬɘ ɛŮ Űɖ ɚɨůɖ 

Űɖɠ Ůɝɑůɤůɖɠ (1.3). 

ɄɟɞűŬɜɩɠ ɗŬ ɡˊɎɟɢŮɘ əɎˊɞɘŬ Űɘɛɐ Űɖɠ ŬɜŰɑůŰŬůɖɠ (ŭɖɚŬŭɐ Űɞɡ űɞɟŰɑɞɡ Űɞɡ 

əɡəɚɩɛŬŰɞɠ) ɔɘŬ Űɖɜ ɞˊɞɑŬ ɖ ɘůɢɨɠ ˊɞɡ ˊŬɟɎɔŮɘ Űɞ ū/ȸ ůŰɞɘɢŮɑɞ ɗŬ ɔɑɜŮŰŬɘ ɛɏɔɘůŰɖ. 

 ὖ Ὅ ὠ   (1.6) 
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ȺɘəɧɜŬ 1.5 ɇɞ ŭɘɎɔɟŬɛɛŬ I-V Ůɜɧɠ ɖɚɘŬəɞɨ ůŰɞɘɢŮɑɞɡ əŬɘ ŰŬ əɡɟɘɧŰŮɟŬ ɖɚŮəŰɟɘəɎ ɛŮɔɏɗɖ ˊɞɡ Űɞ 

ˊɟɞůŭɘɞɟɑɕɞɡɜ. ɇɞ ůɖɛŮɑɞ ɛɏɔɘůŰɖɠ ɘůɢɨɞɠ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖ ɗɏůɖ ɚŮɘŰɞɡɟɔɑŬɠ (Űɘɛɐ ŬɜŰɑůŰŬůɖɠ 

űɞɟŰɑɞɡ) ˊɞɡ Űɞ ɔɘɜɧɛŮɜɞ ╘□Ͻ╥□ ɛŮɔɘůŰɞˊɞɘŮɑŰŬɘ. ȼ ŬˊɞŭɘŭɧɛŮɜɖ ɛɏɔɘůŰɖ ɘůɢɨɠ ŬɜŰɘůŰɞɘɢŮɑ 

ůɢɖɛŬŰɘəɎ ůŰɖ ɛŮɔɘůŰɞˊɞɑɖůɖ Űɞɡ ɔɟŬɛɛɞůəɘŬůɛɏɜɞɡ ŮɛɓŬŭɞɨ, Űɞɡ ˊŬɟŬɚɚɖɚɧɔɟŬɛɛɞɡ. [ 6 ] 

Ƀɘ ŰɟŮɘɠ ˊŬɟŬˊɎɜɤ ˊŬɟɎɛŮŰɟɞɘ, ŭɖɚŬŭɐ ɞ ὖ , Ό əŬɘ ὠ  ŮɑɜŬɘ Ŭˊɧ Űɞɡɠ əɡɟɘɧŰŮɟɞɡɠ 

ˊŬɟŬɛɏŰɟɞɡɠ Ŭɝɘɞɚɧɔɖůɖɠ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ əŬɘ Űɖɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɤɜ ū/ȸ ůŰɞɘɢŮɑɤɜ 

əŬɘ əŬɗɞɟɑɕɞɡɜ Űɖɜ Ŭˊɧŭɞůɖ Űɞɡɠ. Ƀ ůɡɜŰŮɚŮůŰɐɠ Ŭˊɧŭɞůɖɠ n ɞɟɑɕŮŰŬɘ Ŭˊɧ Űɞɜ ɚɧɔɞ 

ɛŮŰŬɝɨ Űɖɠ ɛɏɔɘůŰɖɠ ŬˊɞŭɘŭɧɛŮɜɖɠ ɖɚŮəŰɟɘəɐɠ ɘůɢɨɞɠ, ˊɟɞɠ Űɖɜ ˊɟɞůˊɑˊŰɞɡůŬ 

űɤŰŮɘɜɐ ɘůɢɨ, ŬɜɎ ɛɞɜɎŭŬ ŮˊɘűɎɜŮɘŬɠ. ɆɡɜŮˊɩɠ ŭɑŭŮŰŬɘ Ŭˊɧ Űɖ ůɢɏůɖ: 

 ὲ
ὖά
Ὄ ὃ

Ὅά ὠά
Ὄ ὃ

  (1.7) 

ȳˊɞɡ ȼ, ɖ ɏɜŰŬůɖ (ˊɡəɜɧŰɖŰŬ ɘůɢɨɞɠ) Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ ˊɞɡ ŭɏɢŮŰŬɘ ɧɚɖ ɖ ŮˊɘűɎɜŮɘŬ 

Űɞɡ ɖɚɘŬəɞɨ (ū/ȸ) ůŰɞɘɢŮɑɞɡ, əŬɘ ȷ = Űɞ ŮɛɓŬŭɧɜ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ɖɚɘŬəɞɨ (ū/ȸ) 

ůŰɞɘɢŮɑɞɡ. [ 6 ] 

ȳɛɤɠ Űɞ ˊŬɟŬˊɎɜɤ ɛɞɜŰɏɚɞ űɤŰɞɓɞɚŰŬɥəɞɨ, ˊŮɟɘɔɟɎűŮɘ ɘŭŬɜɘəɏɠ ůɡɜɗɐəŮɠ ˊɞɡ ŭŮɜ 

ɡˊɎɟɢɞɡɜ ůŰŬ ˊɟŬɔɛŬŰɘəɎ űɤŰɞɓɞɚŰŬɥəɎ ůŰɞɘɢŮɑŬ. ɀɑŬ ůɤůŰɧŰŮɟɖ ˊɟɞůɏɔɔɘůɖ 

ŬˊɞŰŮɚŮɑ Űɞ ɘůɞŭɨɜŬɛɞ əɨəɚɤɛŬ Űɖɠ ȺɘəɧɜŬ 1.6, ŭɘɧŰɘ ˊŮɟɘɏɢŮɘ əŬɘ Űɘɠ ŬɜŬˊɧűŮɡəŰŮɠ 

ŬɜŰɘůŰɎůŮɘɠ Ὑ(series resistance) ˊɞɡ ˊŬɟŮɛɓɎɚɚɞɜŰŬɘ ůŰɖɜ əɑɜɖůɖ Űɤɜ űɞɟɏɤɜ ɛɏůŬ 

ůŰɞɜ ɖɛɘŬɔɤɔɧ (əɡɟɑɤɠ ůŰɞ Ůɛˊɟɧɠ ŮˊɘűŬɜŮɘŬəɧ ůŰɟɩɛŬ Űɞɡ) əŬɘ ůŰɘɠ ŮˊŬűɏɠ ɛŮ ŰŬ 

ɖɚŮəŰɟɧŭɘŬ. ȷəɧɛŬ, ŮˊŮɘŭɐ ɖ ŬɜŰɑůŰŬůɖ ŭɘŬɛɏůɞɡ Űɖɠ ŭɘɧŭɞɡ ŭŮɜ ɏɢŮɘ ɎˊŮɘɟɖ Űɘɛɐ 

Ŭűɞɨ ɚɧɔɤ Ůˊɑůɖɠ ŬɜŬˊɧűŮɡəŰɤɜ əŬŰŬůəŮɡŬůŰɘəɩɜ ŮɚŬŰŰɤɛɎŰɤɜ ɔɑɜɞɜŰŬɘ ŭɘŬɟɟɞɏɠ 

ɟŮɨɛŬŰɞɠ, Űɞ ɘůɞŭɨɜŬɛɞ əɨəɚɤɛŬ ˊŮɟɘɏɢŮɘ əŬɘ Űɖɜ ˊŬɟɎɚɚɖɚɖ ŬɜŰɑůŰŬůɖ Ὑ  (shunt 

resistance). Ɇɡɜɐɗɤɠ, ůŰŬ űɤŰɞɓɞɚŰŬɥəɎ ůŰɞɘɢŮɑŬ Űɞɡ Ůɛˊɞɟɑɞɡ ɖ Ὑ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ 

Ŭˊɧ 5ɋ əŬɘ ɖ Ὑ  ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ 500ɋ. ɄɎɜŰɤɠ ŮˊɖɟŮɎɕɞɡɜ ŬɘůɗɖŰɎ Űɖɜ Űɘɛɐ 

Űɖɠ ŰɎůɖɠ űɞɟŰɑɞɡ əŬɘ Űɞɡ ɟŮɨɛŬŰɞɠ ˊɞɡ ŭɘŬɟɟɏŮɘ Űɞ űɞɟŰɑɞ Űɞɡ əɡəɚɩɛŬŰɞɠ ɛŮ 

ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŬɜŰɑůŰɞɘɢɖ ɛŮɑɤůɖ Űɖɠ Ŭˊɧŭɞůɖɠ Űɞɡ ůŰɞɘɢŮɑɞɡ. [ 6 ] 
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ȺɘəɧɜŬ 1.6 ɇɞ ˊɚɐɟŮɠ ɘůɞŭɨɜŬɛɞ Ůɜɧɠ ū/ȸ ůŰɞɘɢŮɑɞɡ [ 6 ] 

1.5 ȾŬŰɖɔɞɟɑŮɠ ūɤɞɓɞɚŰŬɥəɩɜ  

ɇŬ űɤŰɞɓɞɚŰŬɥəɎ ůŰɞɘɢŮɑŬ ɢɤɟɑɕɞɜŰŬɘ ŬɜɎɚɞɔŬ ɛŮ Űɞ ɡɚɘəɧ əŬŰŬůəŮɡɐɠ Űɞɡɠ ůŮ 

ŰɟŮɘɠ ɓŬůɘəɏɠ əŬŰɖɔɞɟɑŮɠ: [ 6 ] 

¶ ūɤŰɞɓɞɚŰŬɥəɎ ůɡůŰɐɛŬŰŬ ˊɡɟɘŰɑɞɡ ͼʈʀɾʗʇʋʑ ʌʗʔʋʑʏͼ: 

Á ɀɞɜɞəɟɡůŰŬɚɚɘəɞɨ ˊɡɟɘŰɑɞɡ 

Á ɄɞɚɡəɟɡůŰŬɚɚɘəɞɨ ˊɡɟɘŰɑɞɡ 

Á ūɤŰɞɓɞɚŰŬɥəɎ ůŰɞɘɢŮɑŬ ŰŬɘɜɑŬɠ ˊɡɟɘŰɑɞɡ. 

¶ ūɤŰɞɓɞɚŰŬɥəɎ ɡɚɘəɎ ɚŮˊŰɩɜ ŮˊɘůŰɟɩůŮɤɜ, thin film: 

Á ȯɛɞɟűɞɡ ɄɡɟɘŰɑɞɡ 

Á ȹɘůŮɚɖɜɞɥɜŭɘɞɨɢɞɡ ɢŬɚəɞɨ (ὅόὍὲὛὩ ɐ CIS, ɛŮ ˊɟɞůɗɐəɖ ɔɎɚɚɘɞɡ CIGS) 

Á ɇŮɚɞɡɟɘɞɨɢɞɡ KɎŭɛɘɞɡ (CdTe) 

Á ȷɟůŮɜɘəɞɨɢɞɡ ũŬɚɚɑɞɡ (GaAs) 

¶ ɈɓɟɘŭɘəɎ ūɤŰɞɓɞɚŰŬɥəɎ ůŰɞɘɢŮɑŬ əŬɘ ɎɚɚŮɠ ŰŮɢɜɞɚɞɔɑŮɠ (ɞɟɔŬɜɘəɎ/ˊɞɚɡɛŮɟɐ 

ůŰɞɘɢŮɑŬ, ɜŬɜɞəɟɡůŰŬɚɚɘəɎ ůŰɞɘɢŮɑŬ ˊɡɟɘŰɑɞɡ, nc- Si) 

1.6 ɆɨɜŭŮůɖ ūɤɞɓɞɚŰŬɥəɩɜ ůŰɞ ŭɑəŰɡɞ  

ɇŬ ūɤŰɞɓɞɚŰŬɥəɎ ůɡůŰɐɛŬŰŬ ŭɘŬəɟɑɜɞɜŰŬɘ ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ůɨɜŭŮůɖ Űɞɡɠ ůŰɞ ŭɑəŰɡɞ 

ůŮ ŭɨɞ ɓŬůɘəɏɠ əŬŰɖɔɞɟɑŮɠ, ŰŬ ŬˊɞɛɞɜɤɛɏɜŬ (Stand-alone) ɐ ŮəŰɧɠ ŭɘəŰɨɞɡ (Off 

grid) ůɡůŰɐɛŬŰŬ əŬɘ ŰŬ ůɡɜŭŮŭŮɛɏɜŬ ůŰɞ ŭɑəŰɡɞ (Grid connected). ɇŬ ŬˊɞɛɞɜɤɛɏɜŬ 

ūɤŰɞɓɞɚŰŬɥəɎ ůɡůŰɐɛŬŰŬ ŭɘŬəɟɑɜɞɜŰŬɘ Ůˊɑůɖɠ ůŮ ŬɡŰɧɜɞɛŬ əŬɘ ɡɓɟɘŭɘəɎ.  

ȳůɞ ŬűɞɟɎ ůŰɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡɠ, ŰŬ ūɤŰɞɓɞɚŰŬɥəɎ ůɡůŰɐɛŬŰŬ ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ 

ůɡůŰɐɛŬŰŬ ɛŮ ŬˊɞɗɐəŮɡůɖ əŬɘ ɢɤɟɑɠ ŬˊɞɗɐəŮɡůɖ. ɇɏɚɞɠ, ɢɤɟɑɕɞɜŰŬɘ ůŮ ŭɘɎůˊŬɟŰŬ 

ɐ ŬˊɞəŮɜŰɟɤɛɏɜŬ (Decentralized), əŮɜŰɟɘəɞɨ ůŰŬɗɛɞɨ (Centralized) əŬɘ 

əŬŰŬɜŮɛɖɛɏɜŬ (Distributed). 

1.6.1 ȷɡŰɧɜɞɛɞ ūɤŰɞɓɞɚŰŬɥəɧ ůɨůŰɖɛŬ (Stand Alone) 
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ȺɘəɧɜŬ 1.7 ȷˊɚɞˊɞɘɖɛɏɜɞ ŭɘɎɔɟŬɛɛŬ ŬɡŰɧɜɞɛɞɡ ūɤŰɞɓɞɚŰŬɥəɞɨ ůɡůŰɐɛŬŰɞɠ. [ 7 ] 

Ƀɘ ŬɡŰɧɜɞɛŮɠ ɖɚŮəŰɟɘəɏɠ ŮɔəŬŰŬůŰɎůŮɘɠ ŬˊɞŰŮɚɞɨɜ Űɘɠ ůɡɜɖɗɏůŰŮɟŮɠ ŮűŬɟɛɞɔɏɠ Űɖɠ 

űɤŰɞɓɞɚŰŬɥəɐɠ ŰŮɢɜɞɚɞɔɑŬɠ. ȺɑɜŬɘ ŮɔəŬŰŬůŰɎůŮɘɠ ˊɞɡ ɚŮɘŰɞɡɟɔɞɨɜ ŬɡŰɞŭɨɜŬɛŬ ɔɘŬ 

Űɖɜ ŰɟɞűɞŭɧŰɖůɖ əŬɗɞɟɘůɛɏɜɤɜ əŬŰŬɜŬɚɩůŮɤɜ, ɢɤɟɑɠ ɜŬ ůɡɜŭɏɞɜŰŬɘ ɛŮ ɛŮɔɎɚŬ 

əŮɜŰɟɘəɎ ɖɚŮəŰɟɘəɎ ŭɑəŰɡŬ ŭɘŬɜɞɛɐɠ, Ŭˊɧ ŰŬ ɞˊɞɑŬ ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ ŬɜŰɚɞɨɜ 

ůɡɛˊɚɖɟɤɛŬŰɘəɐ ɖɚŮəŰɟɘəɐ ŮɜɏɟɔŮɘŬ ɐ ɜŬ ůŰɏɚɜɞɡɜ Űɖɜ ˊŮɟɑůůŮɘŬ Űɖɠ ˊŬɟŬɔɧɛŮɜɖɠ 

űɤŰɞɓɞɚŰŬɥəɐɠ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ. ȷˊɞŰŮɚɞɨɜ Űɖɜ ɘŭŬɜɘəɧŰŮɟɖ ɚɨůɖ ɔɘŬ ˊŮɟɘɞɢɏɠ 

ˊɞɡ ɓɟɑůəɞɜŰŬɘ ɛŬəɟɘɎ Ŭˊɧ Űɞ əŮɜŰɟɘəɧ ŭɑəŰɡɞ əŬɘ ůŰɘɠ ɞˊɞɑŮɠ ɖ ŭɘŬůɨɜŭŮůɐ Űɞɡɠ ɛŮ 

ŬɡŰɧ ɗŬ ŬˊŬɘŰɞɨůŮ ŰŮɟɎůŰɘŬ ɞɘəɞɜɞɛɘəɎ əŮűɎɚŬɘŬ. ȺɘŭɘəɧŰŮɟŬ ɔɘŬ Űɞɜ ŮɚɚŬŭɘəɧ 

ɢɩɟɞ, ɞ ɞˊɞɑɞɠ ɏɢŮɘ ˊɞɚɡɎɟɘɗɛŬ ɛɘəɟɎ ɜɖůɘɎ əŬɘ ɛɘəɟɞɨɠ ɞɘəɘůɛɞɨɠ, ŰŬ ŬɡŰɧɜɞɛŬ 

űɤŰɞɓɞɚŰŬɥəɎ ůɡůŰɐɛŬŰŬ ɏɢɞɡɜ ɓɟŮɘ ˊɞɚɚɏɠ ŮűŬɟɛɞɔɏɠ, Ůɜɩ ɡˊɎɟɢɞɡɜ ŬəɧɛŬ 

ˊɞɚɚɏɠ ŭɡɜŬŰɧŰɖŰŮɠ ŬɜɎˊŰɡɝɖɠ. 

ɇɞ ɓŬůɘəɧŰŮɟɞ ůɡůŰŬŰɘəɧ Űɞɡ ŬɡŰɧɜɞɛɞɡ űɤŰɞɓɞɚŰŬɥəɞɨ ůɡůŰɐɛŬŰɞɠ ŮɑɜŬɘ ɖ 

űɤŰɞɓɞɚŰŬɥəɐ ɔŮɜɜɐŰɟɘŬ, ůŰɞɡɠ ɖɚɘŬəɞɨɠ ůɡɚɚɏəŰŮɠ Űɖɠ ɞˊɞɑŬɠ ɔɑɜŮŰŬɘ ɖ ɛŮŰŬŰɟɞˊɐ 

Űɖɠ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ ůŮ ɖɚŮəŰɟɘəɐ ŮɜɏɟɔŮɘŬ. ȰˊŮɘŰŬ Űɞ ŬɡŰɧɜɞɛɞ ůɨůŰɖɛŬ 

ˊŮɟɘɚŬɛɓɎɜŮɘ, ŬɜɎɚɞɔŬ ɛŮ Űɞ Ůɑŭɞɠ Űɖɠ əŬŰŬɜɎɚɤůɖɠ əŬɘ Űɞɜ ɓŬɗɛɧ Űɖɠ 

ŬˊŬɘŰɞɨɛŮɜɖɠ ŬɝɘɞˊɘůŰɑŬɠ, ůɡůůɤɟŮɡŰɏɠ ɔɘŬ Űɖɜ ŬˊɞɗɐəŮɡůɖ Űɖɠ ˊŮɟɑůůŮɘŬɠ Űɖɠ 

ˊŬɟŬɔɧɛŮɜɖɠ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ ɩůŰŮ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɧŰŬɜ ɖ ɏɜŰŬůɖ Űɖɠ 

ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ ŮɑɜŬɘ ŬɜŮˊŬɟəɐɠ ɐ ɛɖŭŮɜɘəɐ, ŭɘŬŰɎɝŮɘɠ ɔɘŬ Űɖɜ ɟɨɗɛɘůɖ əŬɘ Űɖɜ 

ɛŮŰŬŰɟɞˊɐ Űɖɠ ŰɎůɖɠ əŬɘ Űɖ ɟɨɗɛɘůɖ Űɖɠ ɘůɢɨɞɠ Űɖɠ ˊŬɟŬɔɧɛŮɜɖɠ ɖɚŮəŰɟɘəɐɠ 

ŮɜɏɟɔŮɘŬɠ, ɩůŰŮ ɜŬ ŬɡɝɖɗŮɑ ɖ Ŭˊɧŭɞůɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ, ɎɚɚŮɠ ŭɘŬŰɎɝŮɘɠ ˊɟɞůŰŬůɑŬɠ 

əŬɘ Ůɚɏɔɢɞɡ əŬɘ ůɡɢɜɎ ɛɑŬ ɓɞɖɗɖŰɘəɐ ɔŮɜɜɐŰɟɘŬ, ůɡɜɐɗɤɠ ɏɜŬ ɖɚŮəŰɟɞˊŬɟŬɔɤɔɧ 

ɕŮɨɔɞɠ ˊɞɡ ɜŬ ɚŮɘŰɞɡɟɔŮɑ ɛŮ əŬɨůɖ ɓŮɜɕɑɜɖɠ ɐ ˊŮŰɟŮɚŬɑɞɡ Diesel ɔɘŬ Űɖɜ 

ŬɜŰɘɛŮŰɩˊɘůɖ ɏəŰŬəŰɤɜ ˊŮɟɘůŰɎůŮɤɜ (ůɡɜŰɐɟɖůɖ ɐ ɓɚɎɓɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ, 

ŰɟɞűɞŭɧŰɖůɖ ˊɟɧůɗŮŰɤɜ űɞɟŰɑɤɜ, Ůˊɘəɞɡɟɘəɐ ɚŮɘŰɞɡɟɔɑŬ ůŮ ŬˊɟɧɓɚŮˊŰŬ ɛŮɔɎɚŮɠ 

ˊŮɟɘɧŭɞɡɠ ɢŬɛɖɚɐɠ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ). [ 7 ] 
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1.6.2 ȹɘŬůɡɜŭŮŭŮɛɏɜɞ ūɤŰɞɓɞɚŰŬɥəɧ ůɨůŰɖɛŬ (Grid connected) 

 

 

ȺɘəɧɜŬ 1.8 ȷˊɚɞˊɞɘɖɛɏɜɞ ŭɘɎɔɟŬɛɛŬ ŭɘŬůɡɜŭŮŭŮɛɏɜɞɡ ūɤŰɞɓɞɚŰŬɥəɞɨ ůɡůŰɐɛŬŰɞɠ. [ 7 ] 

ɀɘŬ ŭɘŬűɞɟŮŰɘəɐ ˊɟɞůɏɔɔɘůɖ Űɖɠ űɤŰɞɓɞɚŰŬɥəɐɠ ŰŮɢɜɞɚɞɔɑŬɠ ŮɑɜŬɘ ɖ ŮűŬɟɛɞɔɐ Űɤɜ 

ŭɘŬůɡɜŭŮŭŮɛɏɜɤɜ űɤŰɞɓɞɚŰŬɥəɩɜ ůɡůŰɖɛɎŰɤɜ, ůŰŬ ɞˊɞɑŬ ɖ ɖɚŮəŰɟɘəɐ ŮɜɏɟɔŮɘŬ 

ŰɟɞűɞŭɞŰŮɑŰŬɘ ůŰɞ ŭɑəŰɡɞ. ɈˊɎɟɢɞɡɜ ŭɨɞ ŭɘŬűɞɟŮŰɘəɏɠ ɡɚɞˊɞɘɐůŮɘɠ, ŬɜɎɚɞɔŬ ɛŮ Űɞ 

Ŭɜ ŰɟɞűɞŭɞŰŮɑŰŬɘ əɎˊɞɘɞ űɞɟŰɑɞ ŬˊŮɡɗŮɑŬɠ Ŭˊɧ Űɞ ůɨůŰɖɛŬ ɐ ɧɢɘ. ɆŮ ɏɜŬ 

ŭɘŬůɡɜŭŮŭŮɛɏɜɞ ůɨůŰɖɛŬ Űɞ ŭɑəŰɡɞ ŮɜŮɟɔŮɑ ɧˊɤɠ ɛɘŬ ɛˊŬŰŬɟɑŬ ɛŮ ŬˊŮɟɘɧɟɘůŰɖ 

ɘəŬɜɧŰɖŰŬ ŬˊɞɗɐəŮɡůɖɠ. Ⱥˊɞɛɏɜɤɠ, ɖ ůɡɜɞɚɘəɐ ŬˊɞŭɞŰɘəɧŰɖŰŬ Ůɜɧɠ 

ŭɘŬůɡɜŭŮŭŮɛɏɜɞɡ űɤŰɞɓɞɚŰŬɥəɞɨ ůɡůŰɐɛŬŰɞɠ, ɗŬ ŮɑɜŬɘ əŬɚɨŰŮɟɖ Ŭˊɧ Űɖɜ 

ŬˊɞŭɞŰɘəɧŰɖŰŬ Ůɜɧɠ ŬɡŰɧɜɞɛɞɡ ůɡůŰɐɛŬŰɞɠ, Ŭűɞɨ Űɞ ŭɑəŰɡɞ ɏɢŮɘ ˊɟŬəŰɘəɎ 

ŬˊŮɟɘɧɟɘůŰɖ ɘəŬɜɧŰɖŰŬ ŬˊɞɗɐəŮɡůɖɠ əŬɘ Ůˊɞɛɏɜɤɠ ɖ ˊŬɟŬɔɧɛŮɜɖ ɖɚŮəŰɟɘəɐ 

ŮɜɏɟɔŮɘŬ ɛˊɞɟŮɑ ˊɎɜŰɞŰŮ ɜŬ ŬˊɞɗɖəŮɨŮŰŬɘ. ȷɜŰɘɗɏŰɤɠ, ůŰɘɠ ŬɡŰɧɜɞɛŮɠ ŮűŬɟɛɞɔɏɠ, ɞɘ 

ůɡůůɤɟŮɡŰɏɠ ɗŬ ŮɑɜŬɘ ŮɜɑɞŰŮ ˊɚɐɟɤɠ űɞɟŰɘůɛɏɜɞɘ, ɧˊɞŰŮ ɖ ˊŬɟŬɔɧɛŮɜɖ ɖɚŮəŰɟɘəɐ 

ŮɜɏɟɔŮɘŬ ɗŬ ˊɟɏˊŮɘ ɛŮ əɎˊɞɘɞ Űɟɧˊɞ ɜŬ ŬˊɞɓɎɚɚŮŰŬɘ.[ 7 ] 
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ȾȺūȷȿȷȽɃ 2  

ɀɘəɟɞŭɑəŰɡŬ 

2.1 ũŮɜɘəɎ 

TŬ ɛɘəɟɞŭɑəŰɡŬ (Microgrids ï ɛGrids) ŮɑɜŬɘ ɏɜŬ Ůɑŭɞɠ ůɡůŰɐɛŬŰɞɠ ɖɚŮəŰɟɘəɐɠ 

ŮɜɏɟɔŮɘŬɠ ˊɞɡ ůŰɞ ɛɏɚɚɞɜ ŬɜŬɛɏɜŮŰŬɘ ɜŬ ŭɘŬŭɟŬɛŬŰɑůɞɡɜ ůɖɛŬɜŰɘəɧ ɟɧɚɞ. ȰɜŬ 

ɛɘəɟɞŭɑəŰɡɞ ˊɟɞůŭɘɞɟɑɕŮŰŬɘ ɤɠ ɏɜŬ Ůɜ ŭɡɜɎɛŮɘ ɖɚŮəŰɟɘəɎ Ŭˊɞɛɞɜɤɛɏɜɞ ůɨɜɞɚɞ 

ɔŮɜɜɖŰɟɘɩɜ ˊɞɡ ŰɟɞűɞŭɞŰɞɨɜ əŬŰô ŬˊɞəɚŮɘůŰɘəɧŰɖŰŬ ɧɚɖ Űɖ ɕɐŰɖůɖ Ůɜɧɠ ůɡɜɧɚɞɡ 

əŬŰŬɜŬɚɤŰɩɜ. ɆɡɛˊŮɟɘɚŬɛɓɎɜɞɡɜ ˊɖɔɏɠ ŭɘŮůˊŬɟɛɏɜɖɠ ˊŬɟŬɔɤɔɐɠ ɘůɢɨɞɠ Ŭˊɧ ɚɑɔŬ 

kW ɛɏɢɟɘ 1-2 MW, ůɡůəŮɡɏɠ ŬˊɞɗɐəŮɡůɖɠ - ɧˊɤɠ ˊɡəɜɤŰɏɠ, ɛˊŬŰŬɟɑŮɠ, 

ůűɞɜŭɨɚɞɡɠ - əŬɘ ŮɚɏɔɝɘɛŬ űɞɟŰɑŬ. 

Ƀ ůɢŮŭɘŬůɛɧɠ Űɞɡ ɛɘəɟɞŭɘəŰɨɞɡ ŮɑɜŬɘ ŬɜŮɝɎɟŰɖŰɞɠ Ŭˊɧ Űɞ əŮɜŰɟɘəɧ ŭɑəŰɡɞ, ɤůŰɧůɞ 

ɛˊɞɟŮɑ ɜŬ ɡˊɎɟɢŮɘ ŭɘŬůɨɜŭŮůɖ ɛŮ ŬɡŰɧ, ɔɘŬ ŬɜŰŬɚɚŬɔɐ ŮɜɏɟɔŮɘŬɠ. ɇɡˊɘəɏɠ ˊɖɔɏɠ Ůɜɧɠ 

ɛɘəɟɞŭɘəŰɨɞɡ ŮɑɜŬɘ ɞɘ ɔŮɜɜɐŰɟɘŮɠ ɜŰɑɕŮɚ ɐ űɡůɘəɞɨ ŬŮɟɑɞɡ, ůɡɛˊŬɟŬɔɤɔɐɠ 

ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ əŬɘ ɕŮůŰɞɨ ɜŮɟɞɨ (ɔŮɜɜɐŰɟɘŮɠ, ɛɘəɟɞůŰɟɧɓɘɚɞɘ), ɞɘ 

ŬɜŮɛɞɔŮɜɜɐŰɟɘŮɠ, ŰŬ űɤŰɞɓɞɚŰŬɥəɎ, ɞɘ əɡɣɏɚŮɠ əŬɡůɑɛɞɡ, ɞɘ ɔŮɤɗŮɟɛɘəɞɑ əŬɘ ɞɘ 

ɖɚɘɞɗŮɟɛɘəɞɑ ůŰŬɗɛɞɑ, ŰŬ ɛɘəɟɎ ɡŭɟɞɖɚŮəŰɟɘəɎ, ɞɘ ɛɞɜɎŭŮɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜ ɤɠ 

ˊɟɩŰɖ ɨɚɖ ɓɘɞɛɎɕŬ, ɓɘɞɜŰɑɕŮɚ ɐ ɞˊɞɘŬŭɐˊɞŰŮ Ɏɚɚɖ ˊɖɔɐ ŮɜɏɟɔŮɘŬɠ. ȰɜŬ ɛɘəɟɞŭɑəŰɡɞ 

ɛˊɞɟŮɑ ɜŬ ŮɔəŬŰŬůŰŬɗŮɑ ŮəŮɑ ɧˊɞɡ ɡˊɎɟɢŮɘ ŭɘŬɗɏůɘɛɖ ɛɘŬ Ŭˊɧ Űɘɠ ˊŬɟŬˊɎɜɤ űɡůɘəɏɠ 

ˊɖɔɏɠ ŮɜɏɟɔŮɘŬɠ əŬɘ ɜŬ əŬɚɨˊŰŮɘ Űɘɠ əŬŰŬɜŬɚɩůŮɘɠ Űɖɠ ˊŮɟɘɞɢɐɠ ˊɞɡ ŮɔəŬɗɑůŰŬŰŬɘ. ȼ 

əɚɑɛŬəŬ Űɞɡ ɛɘəɟɞŭɘəŰɨɞɡ ˊɞɘəɑɚŮɘ, Ŭˊɧ ɛɘŬ ɞɘəɑŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑ ɏɜŬ ɡɓɟɘŭɘəɧ 

ůɨůŰɖɛŬ űɤŰɞɓɞɚŰŬɥəɩɜ əŬɘ ɔŮɜɜɐŰɟɘŬɠ ɜŰɑɕŮɚ ɐ ɓɘɞəŬɡůɑɛɤɜ, ɏɜŬ ɜɞůɞəɞɛŮɑɞ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘŮɑ əɡɣɏɚŮɠ əŬɡůɑɛɞɡ ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ əŬɘ ɕŮůŰɞɨ 

ɜŮɟɞɨ, ɛɏɢɟɘ əŬɘ ɛɘŬ ˊɧɚɖ ˊɞɡ ŰɟɞűɞŭɞŰŮɑŰŬɘ Ŭˊɧ ůŰŬɗɛɞɨɠ ɓɘɞɛɎɕŬɠ, ɔŮɜɜɐŰɟɘŮɠ 

ɜŰɑɕŮɚ əŬɘ ŬɘɞɚɘəɎ ˊɎɟəŬ. ɀɘŬ ůɡɜŭɡŬůɛɏɜɖ ɛɎɚɘůŰŬ ɢɟɐůɖ Űɤɜ ɜɏɤɜ ŰŮɢɜɞɚɞɔɘɩɜ 

ůɡɛˊŬɟŬɔɤɔɐɠ əŬɘ ŬɜŬɜŮɩůɘɛɤɜ ˊɖɔɩɜ, ɗŬ ɛˊɞɟɞɨůŮ ɑůɤɠ ɜŬ əɎɜŮɘ Űɖɜ Űɘɛɐ Űɖɠ 

ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ ůŰɞ ɛɘəɟɞŭɑəŰɡɞ ŬɜŰŬɔɤɜɘůŰɘəɐ ŬɡŰɐɠ Űɤɜ əŮɜŰɟɘəɩɜ ŭɘəŰɨɤɜ 

[ 8 ]. 

ȹŮŭɞɛɏɜɖɠ Űɖɠ ɛɘəɟɐɠ ɘůɢɨɞɠ Űɤɜ ˊŮɟɘůůɧŰŮɟɤɜ ɛɞɜɎŭɤɜ Ůɜɧɠ ɛɘəɟɞŭɘəŰɨɞɡ, ɖ 

ˊŬɟŬɔɤɔɐ əŬɘ ŭɘŬɜɞɛɐ Űɖɠ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ ɔɑɜŮŰŬɘ ůŰɖ ɢŬɛɖɚɐ ŰɎůɖ, ɧˊɞɡ 

ɞɨŰɤɠ ɐ Ɏɚɚɤɠ ŭŮɜ ŬˊŬɘŰŮɑŰŬɘ ɖ ɛŮŰŬűɞɟɎ Űɖɠ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ ůŮ ɛŮɔɎɚŮɠ 

ŬˊɞůŰɎůŮɘɠ. ɇɞ ɛɏɔŮɗɞɠ ŭɖɚŬŭɐ Űɤɜ ɛɞɜɎŭɤɜ ˊŬɟŬɔɤɔɐɠ ŮɑɜŬɘ ɞɡůɘŬůŰɘəɎ ŬɡŰɧ ˊɞɡ 

ůŮ ŰŮɚɘəɐ ŬɜɎɚɡůɖ əŬɗɞɟɑɕŮɘ Űɖɜ ůŰɎɗɛɖ ɚŮɘŰɞɡɟɔɑŬɠ. ɇɞ ɛɏɔŮɗɞɠ ůɡɜɞɚɘəɧŰŮɟŬ Űɤɜ 

ɛɞɜɎŭɤɜ ˊŬɟŬɔɤɔɐɠ əŬɘ Űɤɜ űɞɟŰɑɤɜ, əŬɗɞɟɑɕŮɘ ŮɝɎɚɚɞɡ əŬɘ Űɞɜ Űɟɧˊɞ ŭɘŬůɨɜŭŮůɐɠ 

Űɞɡ ɛŮ ɎɚɚŬ ɛɘəɟɞŭɑəŰɡŬ ɐ ɛŮ Űɞ əŮɜŰɟɘəɧ ŭɑəŰɡɞ, ůŰɖɜ ɛɏůɖ ɐ ůŰɖɜ ɢŬɛɖɚɐ ŰɎůɖ. 

ȺɑɜŬɘ ˊɟɞűŬɜɏɠ ɧŰɘ ɖ ŭɘŬůɨɜŭŮůɖ ůŰɖ ɛɏůɖ ŰɎůɖ ŬˊŬɘŰŮɑ ɛŮɔŬɚɨŰŮɟɖ ɘůɢɨ [ 9 ]. 
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ȸŬůɘəɧ ɔɜɩɟɘůɛŬ Űɤɜ ɛɘəɟɞŭɘəŰɨɤɜ ŮɑɜŬɘ ɞ ůɡɜŰɞɜɘůɛɏɜɞɠ ɏɚŮɔɢɞɠ Űɞɡɠ, ɩůŰŮ 

ŰŮɚɘəɎ ɜŬ ŮɛűŬɜɑɕɞɜŰŬɘ ůŰɞ ŬɜɎɜŰɖ ŭɑəŰɡɞ ɤɠ ɛɑŬ ŮɜɘŬɑŬ ɞɜŰɧŰɖŰŬ ɛŮ Űɞ ŭɘəɧ Űɖɠ 

ŬˊɞəŮɜŰɟɤɛɏɜɞ ůɨůŰɖɛŬ Ůɚɏɔɢɞɡ Űɞ ɞˊɞɑɞ ŭŮɜ ŮˊɘɓŬɟɨɜŮɘ ŰŬ ůɡůŰɐɛŬŰŬ Ůɚɏɔɢɞɡ 

Űɞɡ ŬɜɎɜŰɖ ŮɡɟɘůəɧɛŮɜɞɡ ŭɘəŰɨɞɡ ɛŮ Űɞɜ ɏɚŮɔɢɞ əɎɗŮ ɛɘŬɠ ɛɞɜɎŭŬɠ ɝŮɢɤɟɘůŰɎ. ȰɜŬ 

Ɏɚɚɞ Ůɝɑůɞɡ ɓŬůɘəɧ, ɧůɞ əŬɘ ˊɟɤŰɞˊɞɟɘŬəɧ, ɔɜɩɟɘůɛŬ Űɤɜ ɛɘəɟɞŭɘəŰɨɤɜ ŮɑɜŬɘ ɖ 

ŭɡɜŬŰɧŰɖŰŬ Űɞɡɠ ɜŬ ɚŮɘŰɞɡɟɔɞɨɜ ɧɢɘ ɛɧɜɞ ŭɘŬůɡɜŭŮŭŮɛɏɜŬ ɛŮ Űɞ ŬɜɎɜŰɖ ŭɑəŰɡɞ, ˊɞɡ 

ŮɑɜŬɘ əŬɘ ɖ ůɡɜɐɗɖɠ ɚŮɘŰɞɡɟɔɑŬ Űɞɡɠ, ŬɚɚɎ əŬɘ ŬˊɞɛɞɜɤɛɏɜŬ (ɐ ɜɖůɘŭɞˊɞɘɖɛɏɜŬ) 

ɧŰŬɜ ŭɘŬəɞˊŮɑ ɖ ŭɘŬůɨɜŭŮůɖ ɛŮ Űɞ əɨɟɘɞ ŭɑəŰɡɞ, ɛŮ ɞɟɔŬɜɤɛɏɜɞ əŬɘ ŮɚŮɔɢɧɛŮɜɞ 

Űɟɧˊɞ ˊŬɟɏɢɞɜŰŬɠ ůŰɞɡɠ əŬŰŬɜŬɚɤŰɏɠ Ŭɡɝɖɛɏɜɖ ŬɝɘɞˊɘůŰɑŬ əŬɘ ɓŮɚŰɘɤɛɏɜŬ ŮˊɑˊŮŭŬ 

ˊɞɘɧŰɖŰŬ ɘůɢɨɞɠ. ȷɡŰɐ ɖ ŭɡɜŬŰɧŰɖŰŬ ɓŮɓŬɑɤɠ ŬˊŬɘŰŮɑ ŮɝŮɚɘɔɛɏɜŮɠ ɡˊɞŭɞɛɏɠ 

ˊɟɞůŰŬůɑŬɠ, Ůɚɏɔɢɞɡ əŬɘ ŰɖɚŮˊɘəɞɘɜɤɜɘɩɜ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮɑɜŬɘ ůŮ ɗɏůɖ ɜŬ 

Ŭˊɞɛɞɜɩůɞɡɜ Űɞ ɛɘəɟɞŭɑəŰɡɞ əŬɘ ɜŬ ˊŬɟɎůɢɞɡɜ ůŰŬɗŮɟɐ, ŬɡŰɧɜɞɛɖ ɚŮɘŰɞɡɟɔɑŬ. ȼ 

ŭɘŬɟəɐɠ ɧɛɤɠ ˊɟɧɞŭɞɠ ůŰɞɜ ŰɞɛɏŬ Űɤɜ ŰɖɚŮˊɘəɞɘɜɤɜɘɩɜ əŬɘ ŮɚŮɔəŰɩɜ Űɤɜ ˊɖɔɩɜ 

ŭɘŮůˊŬɟɛɏɜɖɠ ˊŬɟŬɔɤɔɐɠ ůɡɛɓɎɚɚŮɘ ɩůŰŮ ŰɏŰɞɘŬ ɚŮɘŰɞɡɟɔɑŬ ɜŬ ɔɑɜŮŰŬɘ ɞɚɞɏɜŬ əŬɘ 

ˊŮɟɘůůɧŰŮɟɞ Ůɨəɞɚɞ ɜŬ ŮˊɘŰŮɡɢɗŮɑ Űɧůɞ ŰŮɢɜɘəɎ ɧůɞ əŬɘ ɞɘəɞɜɞɛɘəɎ. 

 

ȺɘəɧɜŬ 2.1 ɇɡˊɘəɧ ɀɘəɟɞŭɑəŰɡɞ [ 7 ] 

ȷˊɧ Űɖɜ ˊɚŮɡɟɎ Űɞɡ ŭɘəŰɨɞɡ, ɏɜŬ ɛɘəɟɞŭɑəŰɡɞ ɛˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ ůŬɜ ɛɘŬ 

ŮɚŮɔɢɧɛŮɜɖ ɞɜŰɧŰɖŰŬ ɛɏůŬ ůŰɞ ůɨůŰɖɛŬ ŮɜɏɟɔŮɘŬɠ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ɚŮɘŰɞɡɟɔŮɑ ɧˊɤɠ 

ɏɜŬ ůɡɔəŮɜŰɟɤɛɏɜɞ űɞɟŰɑɞ, ɛɘŬ ɛɘəɟɐ ˊɖɔɐ ŮɜɏɟɔŮɘŬɠ ɐ ůŬɜ ɛɘŬ ɓɞɖɗɖŰɘəɐ ɡˊɖɟŮůɑŬ 

ˊɞɡ ɡˊɞůŰɖɟɑɕŮɘ Űɞ ŭɑəŰɡɞ. ȷˊɧ Űɖɜ ˊɚŮɡɟɎ Űɞɡ əŬŰŬɜŬɚɤŰɐ, ŰŬ ɛɘəɟɞŭɑəŰɡŬ 

Ůəˊɚɖɟɩɜɞɡɜ Űɘɠ ŬɜɎɔəŮɠ Űɞɡɠ ůŮ ɗŮɟɛɧŰɖŰŬ əŬɘ ɖɚŮəŰɟɘůɛɧ, ɧɛɞɘŬ ɛŮ ŰŬ 

ˊŬɟŬŭɞůɘŬəɎ ŭɑəŰɡŬ ŭɘŬɜɞɛɐɠ ɀɏůɖɠ ɇɎůɖɠ, ŬɚɚɎ ŮˊɘˊɟɞůɗɏŰɤɠ Ůɜɘůɢɨɞɡɜ əŬɘ Űɖɜ 

Űɞˊɘəɐ ŬɝɘɞˊɘůŰɑŬ, ɛŮɘɩɜɞɡɜ Űɘɠ Ůəˊɞɛˊɏɠ ŬŮɟɑɤɜ Űɞɡ ɗŮɟɛɞəɖˊɑɞɡ əŬɘ ɓŮɚŰɘɩɜɞɡɜ 

Űɖɜ ˊɞɘɧŰɖŰŬ ŮɜɏɟɔŮɘŬɠ ɡˊɞůŰɖɟɑɕɞɜŰŬɠ Űɖɜ ŰɎůɖ əŬɘ ɛŮɘɩɜɞɜŰŬɠ Űɘɠ ɓɡɗɑůŮɘɠ Űɖɠ. 

Ⱥˊɑůɖɠ, ŭɡɜɖŰɘəɎ, çɟɑɢɜɞɡɜè Űɘɠ Űɘɛɏɠ Űɞɡ ŬˊɞɗɏɛŬŰɞɠ ŮɜɏɟɔŮɘŬɠ. ɇɞ ˊɘɞ ůɖɛŬɜŰɘəɧ 

ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɞɡ ɛɘəɟɞŭɘəŰɨɞɡ ŮɑɜŬɘ ɧŰɘ, Ůɜɩ ɡˊɧ ɞɛŬɚɏɠ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔŮɑ 
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ŭɘŬůɡɜŭŮŭŮɛɏɜɞ ɛŮ Űɞ ŭɑəŰɡɞ, ɛˊɞɟŮɑ ŬɡŰɧɛŬŰŬ ɜŬ ŰŮɗŮɑ ůŮ Ŭˊɞɛɞɜɤɛɏɜɖ ɚŮɘŰɞɡɟɔɑŬ 

ůŮ ˊŮɟɘˊŰɩůŮɘɠ ůűŬɚɛɎŰɤɜ Űɞɡ ŬɜɎɜŰɖ ŭɘəŰɨɞɡ. ɆɡɜŮˊɩɠ ɏɜŬ ɛɘəɟɞŭɑəŰɡɞ ɔɘŬ Űɞ 

ŬɜɎɜŰɖ ŮɡɟɘůəɧɛŮɜɞ ŭɑəŰɡɧ Űɞɡ ŬɜŰɘɛŮŰɤˊɑɕŮŰŬɘ, Űɧůɞ Ŭˊɧ Ɏˊɞɣɖɠ ŬɔɞɟɎɠ, ɧůɞ əŬɘ 

Ŭˊɧ ŰŮɢɜɘəɐ Ɏˊɞɣɖ ůŬɜ ɏɜŬ ŮɜɘŬɑɞ űɞɟŰɑɞ ɐ ůŬɜ ɛɑŬ ŮɜɘŬɑŬ ˊŬɟŬɔɤɔɐ ɖ ɞˊɞɑŬ ɛŮ ŰŬ 

əŬŰɎɚɚɖɚŬ ɞɘəɞɜɞɛɘəɎ əɑɜɖŰɟŬ ɛˊɞɟŮɑ ɜŬ ˊɟɞůűɏɟŮɘ əŬɘ əɎˊɞɘŮɠ ɓɞɖɗɖŰɘəɏɠ 

ɡˊɖɟŮůɑŮɠ ůŰɞ ŭɑəŰɡɞ ŭɘŬɜɞɛɐɠ ɘŭɘŬɑŰŮɟŬ ůŮ ˊŮɟɘɧŭɞɡɠ Ŭɘɢɛɐɠ Ŭəɧɛɖ əŬɘ Űɞˊɘəɞɨ 

Ůˊɘˊɏŭɞɡ. Ƀɘ əŬŰŬɜŬɚɤŰɏɠ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůɡɜŭŮŭŮɛɏɜɞɘ ůŰɞ ɛɘəɟɞŭɑəŰɡɞ, ɧɢɘ ɛɧɜɞ 

ɛˊɞɟɞɨɜ ɧˊɤɠ əŬɘ ˊɟɘɜ ɜŬ ɘəŬɜɞˊɞɘɐůɞɡɜ Űɘɠ ɖɚŮəŰɟɘəɏɠ əŬɘ ɗŮɟɛɘəɏɠ Űɞɡɠ ŬɜɎɔəŮɠ, 

ŬɚɚɎ ɛˊɞɟɞɨɜ ɜŬ ŬˊɞɚŬɨůɞɡɜ ɡɣɖɚɧŰŮɟŬ ŮˊɑˊŮŭŬ ŬɝɘɞˊɘůŰɑŬɠ, əŬɚɨŰŮɟɖ ˊɞɘɧŰɖŰŬ 

ɘůɢɨɞɠ ɛŮ ŮɝɞɛŬɚɡůɛɏɜɖ əŬɛˊɨɚɖ ŰɎůɖɠ əŬɘ ɜŬ ŮˊɘŰɨɢɞɡɜ Ŭəɧɛɖ əŬɘ ŮɡɜɞɥəɧŰŮɟɞɡɠ 

ɞɘəɞɜɞɛɘəɎ ɧɟɞɡɠ ɔɘŬ Űɖɜ ɘəŬɜɞˊɞɑɖůɖ Űɤɜ ŬɜŬɔəɩɜ Űɞɡɠ [ 10 [ 11]. 

ȾɎˊɞɘŮɠ Ŭˊɧ Űɘɠ ɛŮŰŬɓɚɖŰɏɠ ˊɞɡ ŮˊɖɟŮɎɕɞɡɜ Űɘɠ ŭɡɜŬŰɧŰɖŰŮɠ Ůɜɧɠ ɛɘəɟɞŭɘəŰɨɞɡ, Ŭˊɧ 

ɞɘəɞɜɞɛɘəɐɠ əŬɘ ŰŮɢɜɘəɐɠ ŬˊɧɣŮɤɠ, ŮɑɜŬɘ [ 11 ] [ 12]:  

¶ Ƀ Űɨˊɞɠ Űɞɡ űɞɟŰɑɞɡ (ɞɘəɘŬəɧ, ɓɘɞɛɖɢŬɜɘəɧ, Ůɛˊɞɟɘəɧ ɐ ůɡɜŭɡŬůɛɧɠ Űɞɡɠ).  

¶ Ƀ Ŭɟɘɗɛɧɠ Űɤɜ əŬŰŬɜŬɚɤŰɩɜ.  

¶ Ƀ Űɨˊɞɠ Űɤɜ ˊɖɔɩɜ ŭɘŬɜŮɛɖɛɏɜɖɠ ˊŬɟŬɔɤɔɐɠ (űɤŰɞɓɞɚŰŬɥəɏɠ ˊɖɔɏɠ, Ŭɘɞɚɘəɐ 

ŮɜɏɟɔŮɘŬ, əɡɣɏɚɖ əŬɡůɑɛɞɡ/fuel cell əŰɚ.).  

¶ ɇɞ ɛɏɔŮɗɞɠ əŬɘ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ɛɞɜɎŭɤɜ ˊŬɟŬɔɤɔɐɠ.  

¶ ɇɞ ŮˊɑˊŮŭɞ Űɖɠ ŬɝɘɞˊɘůŰɑŬɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ. ȰɜŬɠ Űɟɧˊɞɠ ɛɏŰɟɖůɖɠ Űɞɡ 

ůɡɔəŮəɟɘɛɏɜɞɡ ɛŮɔɏɗɞɡɠ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ Űɞ ˊɞůɞůŰɧ ŬɜŮˊɎɟəŮɘŬɠ 

ŰɟɞűɞŭɞůɑŬɠ Űɤɜ ˊɟɞɓɚŮˊɧɛŮɜɤɜ űɞɟŰɑɤɜ.  

2.2 ɄɚŮɞɜŮəŰɐɛŬŰŬ ɀɘəɟɞŭɘəŰɨɤɜ 

ɇŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ˊŬɟɏɢŮɘ ůŰɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɏɜŬ 

ɛɘəɟɞŭɑəŰɡɞ ůɡɛˊŮɟɘɚŬɛɓɎɜɞɡɜ ɏɜŬ Ůɡɟɨ űɎůɛŬ ˊŮɟɘɞɢɩɜ, ɧˊɤɠ [ 13[ 12 ]: 

ɄŮɟɘɓŬɚɚɞɜŰɘəɎ: 

¶ ȼ ŬɜɎˊŰɡɝɖ ɛɘəɟɞŭɘəŰɨɤɜ əŬɘ ɖ ŮɡɟŮɑŬ ɢɟɐůɖ ůɡůŰɖɛɎŰɤɜ ŭɘŮůˊŬɟɛɏɜɖɠ 

ˊŬɟŬɔɤɔɐɠ ɛˊɞɟɞɨɜ ɜŬ ůɡɛɓɎɚɚɞɡɜ ůŰɖ ɛŮɑɤůɖ Űɞɡ űŬɘɜɞɛɏɜɞɡ Űɞɡ 

ɗŮɟɛɞəɖˊɑɞɡ əŬɘ Űɞ ɛŮŰɟɘŬůɛɧ Űɖɠ ŬɚɚŬɔɐɠ Űɞɡ əɚɑɛŬŰɞɠ. ȷɡŰɧ ůɡɛɓŬɑɜŮɘ 

ŮˊŮɘŭɐ ɖ ɚŮɘŰɞɡɟɔɑŬ Űɤɜ ɛɘəɟɞŭɘəŰɨɤɜ ŮɑɜŬɘ ɓŬůɘůɛɏɜɖ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ ůŰɘɠ 

ŬɜŬɜŮɩůɘɛŮɠ ˊɖɔɏɠ əŬɘ ůŮ ɛɘəɟɏɠ ɛɞɜɎŭŮɠ ˊŬɟŬɔɤɔɐɠ ˊɞɡ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ 

Ŭˊɧ ˊɞɚɨ ɢŬɛɖɚɏɠ Ůəˊɞɛˊɏɠ ŬŮɟɑɤɜ Űɞɡ ɗŮɟɛɞəɖˊɑɞɡ. 

¶ ɆɖɛŬɜŰɘəɧ ˊɚŮɞɜɏəŰɖɛŬ Űɤɜ ɛɘəɟɞŭɘəŰɨɤɜ ŮɑɜŬɘ ɖ ɢɟɖůɘɛɞˊɞɑɖůɖ ŰɞˊɘəɎ Űɖɠ 

ɗŮɟɛɧŰɖŰŬɠ ˊɞɡ ŬˊɞɓɎɚɚŮŰŬɘ əŬŰɎ Űɖɜ ɛŮŰŬŰɟɞˊɐ Űɞɡ əŬɡůɑɛɞɡ ůŮ 

ɖɚŮəŰɟɘəɐ ŮɜɏɟɔŮɘŬ. ȼ ɢɟɐůɖ ŬɡŰɐɠ Űɖɠ ɗŮɟɛɧŰɖŰŬɠ ɛŮɘɩɜŮɘ Űɘɠ Ůəˊɞɛˊɏɠ 

ŬŮɟɘɩɜ ɟɨˊɤɜ əŬɘ ŬɡɝɎɜŮɘ Űɖɜ ŬˊɞŭɞŰɘəɧŰɖŰŬ Űɖɠ ɢɟɐůɖɠ ˊɟɤŰɞɔŮɜɩɜ ˊɖɔɩɜ 

ŮɜɏɟɔŮɘŬɠ əŬŰɎ 30% ˊŮɟɑˊɞɡ. ɆɐɛŮɟŬ, ůɡɜŬɜŰɩɜŰŬɘ ɛŮůŬɑɞɡ ɛŮɔɏɗɞɡɠ 

ŮűŬɟɛɞɔɏɠ ůɡɛˊŬɟŬɔɤɔɐɠ ůŮ ɓɘɞɛɖɢŬɜɘəɎ ůɡůŰɐɛŬŰŬ ůŮ ŭɘɎűɞɟŮɠ ɢɩɟŮɠ əŬɘ 

ɏɢŮɘ ůɖɛŮɘɤɗŮɑ ůɖɛŬɜŰɘəɐ ˊɟɧɞŭɞɠ ůŰɖɜ ŬɜɎˊŰɡɝɖ ɛɘəɟɧŰŮɟɖɠ əɚɑɛŬəŬɠ 

ŮűŬɟɛɞɔɩɜ ůɡɛˊŬɟŬɔɤɔɐɠ, ŬəɧɛŬ əŬɘ ɔɘŬ ɞɘəɘŬəɐ ɢɟɐůɖ. ȷɡŰɎ ŰŬ 
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ůɡůŰɐɛŬŰŬ ŬɜŬɛɏɜŮŰŬɘ ɜŬ ŭɘŬŭɟŬɛŬŰɑůɞɡɜ ˊɞɚɨ ůɖɛŬɜŰɘəɧ ɟɧɚɞ ůŰŬ 

ɛɘəɟɞŭɑəŰɡŬ Űɤɜ ȸɞɟŮɑɤɜ ɢɤɟɩɜ Űɖɠ ȺȺ. ȷɜŰɑůŰɞɘɢŬ, ɞɘ űɤŰɞɓɞɚŰŬɥəɞɑ 

ůɡɚɚɏəŰŮɠ ŬɜŬɛɏɜŮŰŬɘ ɜŬ ɔɑɜɞɡɜ ɧɚɞ əŬɘ ˊŮɟɘůůɧŰŮɟɞ ŭɖɛɞűɘɚŮɑɠ ůŰɘɠ ɁɧŰɘŮɠ 

ɢɩɟŮɠ Űɖɠ ȺȺ. 

¶ Ⱥˊɘˊɚɏɞɜ, ɖ ɚŮɘŰɞɡɟɔɑŬ Űɤɜ ɛɘəɟɞŭɘəŰɨɤɜ ůɡɛɓɎɚŮɘ ůŰɖ ɛŮɑɤůɖ Űɤɜ 

ŬˊɤɚŮɘɩɜ əŬɘ Ůˊɞɛɏɜɤɠ ůŰɖɜ ˊŮɟŬɘŰɏɟɤ ɞɟɗɞɚɞɔɘəɐ ŭɘŬɢŮɑɟɘůɖ Űɖɠ 

ˊŬɟŬɢɗŮɑůŬɠ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ. ȼ ȺɡɟɤˊŬɥəɐ ȺˊɘŰɟɞˊɐ ɏɢŮɘ 

ˊɟɞůŭɘɞɟɑůŮɘ Űɘɠ ŬˊɩɚŮɘŮɠ, ɤɠ ɓŬůɘəɧ ůŰɧɢɞ ɔɘŬ ŰŬ ˊɟɞɔɟɎɛɛŬŰŬ ɏɟŮɡɜŬɠ əŬɘ 

ŬɜɎˊŰɡɝɖɠ, ŬɜŬɔɜɤɟɑɕɞɜŰŬɠ ɧŰɘ ˊɟɧəŮɘŰŬɘ ɔɘŬ ɛɘŬ Ŭˊɧ Űɘɠ ˊɟɞŰŮɟŬɘɧŰɖŰŮɠ ɔɘŬ 

Űɖ ɓŮɚŰɘɤɛɏɜŮɠ ŮɜŮɟɔŮɘŬəɐ ŬˊɞŭɞŰɘəɧŰɖŰŬ əŬɘ Űɖ ůɡɛɓɞɚɐ ůŰɞ ɛŮŰɟɘŬůɛɧ Űɖɠ 

ŬɚɚŬɔɐɠ Űɞɡ əɚɑɛŬŰɞɠ. ȼ ɚŮɘŰɞɡɟɔɑŬ Űɤɜ ɛɘəɟɞŭɘəŰɨɤɜ ɛˊɞɟŮɑ ɜŬ ɛŮɘɩůŮɘ Űɘɠ 

ŬˊɩɚŮɘŮɠ ůŰŬ ŭɑəŰɡŬ ɛŮŰŬűɞɟɎɠ əŬɘ ŭɘŬɜɞɛɐɠ Ŭˊɧ 2 ɏɤɠ 4%, ůɡɛɓɎɚɚɞɜŰŬɠ 

ůŮ ɛɘŬ ɛŮɑɤůɖ 20 ŮəŬŰɞɛɛɡɟɑɤɜ Űɧɜɤɜ ŮŰɖůɑɤɠ Űɞɡ CO2.  

ɇŮɢɜɘəɎ:  

¶ ȼ ůɡɜɏɢɘůɖ Űɖɠ ˊŬɟɞɢɐɠ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ ŮɜŰɧɠ Űɞɡ ɛɘəɟɞŭɘəŰɨɞɡ ůŮ 

ˊŮɟɘˊŰɩůŮɘɠ əŬŰɎɟɟŮɡůɖɠ Űɞɡ əŮɜŰɟɘəɞɨ ŭɘəŰɨɞɡ ˊŬɟɞɢɐɠ ɖɚŮəŰɟɘəɐɠ 

ŮɜɏɟɔŮɘŬɠ. ȼ ŭɡɜŬŰɧŰɖŰŬ Ŭˊɞɛɞɜɤɛɏɜɖɠ ɚŮɘŰɞɡɟɔɑŬɠ ɛˊɞɟŮɑ ɜŬ ŮɝŬůűŬɚɑůŮɘ 

ůŰɞɜ əŬŰŬɜŬɚɤŰɐ ˊɞɡ ŬɜɐəŮɘ ůŰɞ ŮəɎůŰɞŰŮ ɛɘəɟɞŭɑəŰɡɞ Űɖɜ ŬŭɘɎɚŮɘˊŰɖ 

ɚŮɘŰɞɡɟɔɑŬ Űɖɜ ɘŭɑŬ ɩɟŬ ɧˊɞɡ Űɞ ŬɜɎɜŰɖ ŭɑəŰɡɞ ŭɘŬɜɞɛɐɠ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ůŮ 

ŬůŰŬɗɐ əŬŰɎůŰŬůɖ ɐ ɜŬ ɏɢŮɘ əŬŰŬɟɟŮɨůŮɘ ˊɟɞůɤɟɘɜɎ (black out).  

¶ ɇɞ ɛɘəɟɞŭɑəŰɡɞ ɛˊɞɟŮɑ ɜŬ ɟɡɗɛɘůŰŮɑ ɩůŰŮ ɜŬ ˊŬɑɕŮɘ ɡˊɞůŰɖɟɘəŰɘəɧ ɟɧɚɞ ɤɠ 

ˊɟɞɠ Űɞ ŭɑəŰɡɞ, ɚŮɘŰɞɡɟɔɑŬ ɖ ɞˊɞɑŬ ɛˊɞɟŮɑ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ɜŬ ůɖɛŬɑɜŮɘ ɧŰɘ Űɞ 

ɛɘəɟɞŭɑəŰɡɞ ɗŬ ŬˊɞɟɟɞűɎ ɐ ɗŬ ˊŬɟɏɢŮɘ ŮɜŮɟɔɧ ɐ ɎŮɟɔɞ ɘůɢɨ ɧŰŬɜ ɢɟŮɘɎɕŮŰŬɘ 

ɔɘŬ Űɞ əŮɜŰɟɘəɧ ŭɑəŰɡɞ.  

¶ ȼ ŬˊɞŭɞŰɘəɧŰŮɟɖ ˊŬɟŬɔɤɔɐ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ, ɖ ŮɚŬɢɘůŰɞˊɞɑɖůɖ Űɤɜ 

ŬˊɤɚŮɘɩɜ əŬɘ ɖ ɓŮɚŰɑɤůɖ Űɖɠ ˊɞɘɧŰɖŰŬɠ ɘůɢɨɞɠ ɛŮ Űɖɜ ŮɜůɤɛɎŰɤůɖ ɛɞɜɎŭɤɜ 

ůɡɛˊŬɟŬɔɤɔɐɠ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ əŬɘ ɗŮɟɛɧŰɖŰŬɠ (CHP), əŬɗɩɠ əŬɘ ɛŮ 

Űɖɜ ŮɔəŬŰɎůŰŬůɖ ŬɡŰɩɜ əɞɜŰɎ ůŰɞɡɠ əŬŰŬɜŬɚɤŰɏɠ. ȼ Űɞˊɘəɐ əɎɚɡɣɖ Űɞɡ 

űɞɟŰɑɞɡ ůɡɜŮˊɎɔŮŰŬɘ ɧŰɘ ŭŮɜ ˊŬɟŮɛɓɎɚɚɞɜŰŬɘ ɞɨŰŮ ɛŮɔɎɚŬ ɛɐəɖ ɔɟŬɛɛɩɜ 

ɞɨŰŮ ˊɞɚɚɞɑ ŮɜŭɘɎɛŮůɞɘ əŬŰŬɜŬɚɤŰɏɠ ˊɞɡ Ŭɚɚɞɘɩɜɞɡɜ ɛŮ Űɖ ɢɤɟɖŰɘəɐ (ɐ 

ŮˊŬɔɤɔɘəɐ Ŭɜ ˊɟɧəŮɘŰŬɘ ɔɘŬ űɞɟŰɑŬ) ůɡɛˊŮɟɘűɞɟɎ Űɞɡɠ Űɞɜ ůɡɜŰŮɚŮůŰɐ 

ɘůɢɨɞɠ. 

¶ Ʉɘɞ ŬɝɘɧˊɘůŰɖ ˊŬɟɞɢɐ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ ůŰɞɡɠ əŬŰŬɜŬɚɤŰɏɠ ŮɜŰɧɠ ŬɡŰɞɨ, 

Űɞ ɞˊɞɑɞ ŮɑɜŬɘ ɨɣɘůŰɖɠ ůɖɛŬůɑŬɠ ɕɐŰɖɛŬ ɘŭɘŬɑŰŮɟŬ ɔɘŬ Űɞɡɠ əŬŰŬɜŬɚɤŰɏɠ, 

ɧˊɤɠ ɜɞůɞəɞɛŮɑŬ əŰɚ, ɔɘŬ Űɞɡɠ ɞˊɞɑɞɡɠ ŮɑɜŬɘ ůɖɛŬɜŰɘəɐ ɖ ŬŭɘɎɚŮɘˊŰɖ ˊŬɟɞɢɐ 

ŮɜɏɟɔŮɘŬɠ. 

¶ ȸŮɚŰɑɤůɖ Űɖɠ ŬɝɘɞˊɘůŰɑŬɠ əŬɘ Űɖɠ ˊɟɞůŬɟɛɞůŰɘəɧŰɖŰŬɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ, 

Ŭűɞɨ ŰŬ ɛɘəɟɞŭɑəŰɡŬ Ŭəɞɚɞɡɗɞɨɜ Űɖɜ Ŭɟɢɐ Űɖɠ ŭɘŮůˊŬɟɛɏɜɖɠ ˊŬɟŬɔɤɔɐɠ, ɛŮ 

ŬˊɞŰɏɚŮůɛŬ ɖ ɖɚŮəŰɟɘəɐ ŮɜɏɟɔŮɘŬ ɜŬ ɛɖɜ ˊŬɟɎɔŮŰŬɘ ŬˊɞəɚŮɘůŰɘəɎ Ŭˊɧ ɚɑɔŮɠ 

ɛŮɔɎɚŮɠ ɛɞɜɎŭŮɠ. 
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¶ ȺɜŮɟɔɧɠ ŭɘŬɢŮɑɟɘůɖ Űɤɜ űɞɟŰɑɤɜ (Ŭˊɧɟɟɘɣɖ űɞɟŰɑɤɜ), ŭɘŬŭɘəŬůɑŬ ɖ ɞˊɞɑŬ 

ŮɑɜŬɘ ůŮ ɗɏůɖ ɜŬ ɓɞɖɗɎ ůɖɛŬɜŰɘəɎ ůŰɖɜ ŮɡůŰɎɗŮɘŬ Űɞɡ ŭɘəŰɨɞɡ ŬɚɚɎ əŬɘ ůŰɖɜ 

ɞɘəɞɜɞɛɘəɐ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ. 

¶ ȷˊɧ Űɖɜ ˊɚŮɡɟɎ Űɞɡ ɢŮɘɟɘůŰɐ Űɞɡ ȹɘəŰɨɞɡ ȹɘŬɜɞɛɐɠ ɀɏůɖɠ ɇɎůɖɠ ɐ Űɖɠ 

ȺˊɘɢŮɑɟɖůɖɠ ȹɘŬɜɞɛɐɠ ȼɚŮəŰɟɘəɐɠ ȺɜɏɟɔŮɘŬɠ, ɖ ŭɡɜŬŰɧŰɖŰŬ Űɞˊɘəɐɠ 

əɎɚɡɣɖɠ Űɞɡ űɞɟŰɑɞɡ Ŭˊɧ Űɞ ɛɘəɟɞŭɑəŰɡɞ ˊɟɞůűɏɟŮɘ ŬɟəŮŰɎ ˊɚŮɞɜŮəŰɐɛŬŰŬ. 

ȼ ŭɡɜŬŰɧŰɖŰŬ ŬɜŬɓɞɚɐɠ ŮˊŮɜŭɨůŮɤɜ ˊɟɞɠ Ůɜɑůɢɡůɖ Űɞɡ ŭɘəŰɨɞɡ əŬɘ Űɤɜ 

əŮɜŰɟɘəɩɜ ůŰŬɗɛɩɜ ˊŬɟŬɔɤɔɐɠ əŬɗɩɠ Ůˊɑůɖɠ əŬɘ ɖ ɛŮɔŬɚɨŰŮɟɖ ŮɡŮɚɘɝɑŬ 

ůŰɞɜ ɏɚŮɔɢɞ Űɞɡ ŭɘəŰɨɞɡ, ɘŭɘŬɑŰŮɟŬ əŬŰɎ Űɞɜ ɢŮɘɟɘůɛɧ Űɤɜ ůɡɛűɞɟɐůŮɤɜ əŬɘ 

Űɖɜ ŮˊŬɜŬűɞɟɎ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɛŮŰɎ Ŭˊɧ ůɓɏůɖ, ŮɑɜŬɘ ɛŮɟɘəɎ Ŭˊɧ ŬɡŰɎ. 

ɃɘəɞɜɞɛɘəɎ:  

¶ ȷˊɧ Űɖɜ ˊɚŮɡɟɎ Űɞɡ əŬŰŬɜŬɚɤŰɐ, ˊŬɟŬɔɤɔɐ ůŮ Űɞˊɘəɧ ŮˊɑˊŮŭɞ ůŮ 

ˊŮɟɘɓɎɚɚɞɜ ˊɚɐɟɤɠ ŬˊŮɚŮɡɗŮɟɤɛɏɜɖɠ ŬɔɞɟɎɠ ɛˊɞɟŮɑ ɜŬ ůɖɛŬɑɜŮɘ Ŭɨɝɖůɖ 

Űɖɠ ɛŮɑɤůɖɠ Űɞɡ əɧůŰɞɡɠ əɎɚɡɣɖɠ Űɤɜ ŮɜŮɟɔŮɘŬəɩɜ Űɞɡ ŬɜŬɔəɩɜ ɛŮ 

ŮɡɏɚɘəŰɞɡɠ Űɟɧˊɞɡɠ ŭɘŬɢŮɑɟɘůɖɠ Űɖɠ Űɞˊɘəɐɠ ˊŬɟŬɔɤɔɐɠ, ɧŰŬɜ ɞɘ Űɘɛɏɠ ůŰɖɜ 

ŮɚŮɨɗŮɟɖ ŬɔɞɟɎ ŮɜɏɟɔŮɘŬɠ Űɖɜ əŬɗɘůŰɞɨɜ ɞɘəɞɜɞɛɘəɎ ůɡɛűɏɟɞɡůŬ.  

¶ ȼ ŭɡɜŬŰɧŰɖŰŬ ɞɟɔɎɜɤůɖɠ Űɖɠ Űɞˊɘəɐɠ ˊŬɟŬɔɤɔɐɠ Űɞɡ əŬŰŬɜŬɚɤŰɐ əŬɘ 

ůɡɛɛŮŰɞɢɐɠ Űɖɠ ůŰɖɜ ŮɚŮɨɗŮɟɖ ŬɔɞɟɎ ŮɜɏɟɔŮɘŬɠ ɛɏůɤ əɎˊɞɘɞɡ ˊŬɟɞɢɏŬ 

ŮɜŮɟɔŮɘŬəɩɜ ɡˊɖɟŮůɘɩɜ ŬɜɞɑɔŮɘ ˊŮɟŬɘŰɏɟɤ ŭɡɜŬŰɧŰɖŰŮɠ Ŭɨɝɖůɖɠ Űɞɡ 

ŮɘůɞŭɐɛŬŰɞɠ Űɞɡ əŬɘ ůɡɜŮɘůűɏɟŮɘ ůŰɞ ɎɜɞɘɔɛŬ Űɖɠ ŬɔɞɟɎɠ.  

2.3 ɀŮɘɞɜŮəŰɐɛŬŰŬ ɀɘəɟɞŭɘəŰɨɤɜ 

ɇɞ ɛɘəɟɞŭɑəŰɡɞ ŮɑɜŬɘ ůɢŮŭɘŬůɛɏɜɞ ɔɘŬ ɚŮɘŰɞɡɟɔɑŬ Űɧůɞ ůŮ ŭɘŬůɨɜŭŮůɖ ɛŮ Űɞ ŭɑəŰɡɞ 

ɧůɞ əŬɘ ůŮ Ŭˊɞɛɞɜɤɛɏɜɖ əŬŰɎůŰŬůɖ, ůŮ ɏəŰŬəŰŮɠ ˊŮɟɘˊŰɩůŮɘɠ (interconnected or 

emergency mode). ȼ ŭɡɜŬŰɧŰɖŰŬ ŭɘŬůɨɜŭŮůɖɠ ɛŮ Űɞ əŮɜŰɟɘəɧ ŭɑəŰɡɞ ɖɚŮəŰɟɘəɐɠ 

ŮɜɏɟɔŮɘŬɠ ůŮ ˊŬɟŬɚɚɖɚɘůɛɏɜɖ ɚŮɘŰɞɡɟɔɑŬ əŬɗɘůŰɎ ŭɡɜŬŰɐ Űɖɜ ŬɜŰŬɚɚŬɔɐ ŮɜɏɟɔŮɘŬɠ. 

ȹɖɚŬŭɐ, Űɖɜ ˊŬɟɞɢɐ ˊɚŮɞɜɎɕɞɡůŬɠ ŮɜɏɟɔŮɘŬɠ ůŮ ŬɡŰɧ ɐ Űɖɜ Ŭˊɞɟɟɧűɖůɖ ŮɜɏɟɔŮɘŬɠ 

ɧŰŬɜ ɞɘ ɛɞɜɎŭŮɠ Űɞɡ ɛɘəɟɞŭɘəŰɨɞɡ ŭŮɜ ŮˊŬɟəɞɨɜ ɜŬ əŬɚɨɣɞɡɜ Űɖ ɕɐŰɖůɖ. ɆŮ 

ˊŮɟɘˊŰɩůŮɘɠ ˊŬɟŬɚɚɖɚɘůɛɏɜɖɠ ɚŮɘŰɞɡɟɔɑŬɠ ɛŮ Űɞ əŮɜŰɟɘəɧ ŭɑəŰɡɞ, ŬɡŰɧ ˊɞɡ 

ˊɟɤŰɑůŰɤɠ ŮˊɘŭɘɩəŮŰŬɘ ŮɑɜŬɘ ɜŬ ɛɖɜ ˊɟɞəŬɚŮɑ Űɞ ɛɘəɟɞŭɑəŰɡɞ ˊɟɞɓɚɐɛŬŰŬ. ȷɡŰɧ 

ůɖɛŬɑɜŮɘ ɧŰɘ ɖ ˊɞɘɧŰɖŰŬ Űɖɠ ŰɎůɖɠ ˊɟɏˊŮɘ ɜŬ ŬɜŰŬˊɞəɟɑɜŮŰŬɘ ůŰɘɠ ˊɟɞŭɘŬɔɟŬűɏɠ Űɞɡ 

ŭɘəŰɨɞɡ əŬɘ ɖ ŬˊɞɟɟɞűɧɛŮɜɖ ŮɜɏɟɔŮɘŬ ɜŬ ɛɖɜ ɝŮˊŮɟɜɎ Űɘɠ ŬˊŬɘŰɐůŮɘɠ Ůɜɧɠ Űɡˊɘəɞɨ 

əŬŰŬɜŬɚɤŰɐ. 

ȼ ŮɘůŬɔɤɔɐ ɛɞɜɎŭɤɜ ˊŬɟŬɔɤɔɐɠ ůŰɞ ŮˊɑˊŮŭɞ Űɖɜ ɢŬɛɖɚɐɠ əŬɘ ɛɏůɖɠ ŰɎůɖɠ ŭŮɜ ŮɑɜŬɘ 

Ŭˊɚɧ ɗɏɛŬ Ŭˊɧ ŰŮɢɜɘəɐɠ ˊɚŮɡɟɎɠ ŮɘŭɘəɎ Ŭɜ ŬɡŰɐ ŮɜŰŬɗŮɑ ůŰɞ ɛɏɚɚɞɜ. 

ȹɖɛɘɞɡɟɔɞɨɜŰŬɘ ɏŰůɘ, ɛɑŬ ůŮɘɟɎ Ŭˊɧ ŰŮɢɜɘəɎ ɕɖŰɐɛŬŰŬ ŰŬ ɞˊɞɑŬ ŬɜŬűɏɟɞɜŰŬɘ 

ůɡɜɞˊŰɘəɎ ˊŬɟŬəɎŰɤ. 

 

¶ ɀŮŰŬɓɞɚɏɠ ůŰɖɜ ŰɎůɖ Űɞɡ ŭɘəŰɨɞɡ:  
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ũɘŬ əɎɗŮ ŭɑəŰɡɞ ŭɘŬɜɞɛɐɠ ɏɢɞɡɜ ŰŮɗŮɑ ůɡɔəŮəɟɘɛɏɜŬ ɧɟɘŬ ɔɘŬ Űɖɜ ŰɎůɖ. ȷɡŰɎ 

ŰŬ ɧɟɘŬ ůŮ əɎɗŮ ˊŮɟɑˊŰɤůɖ ŮɑɜŬɘ ůɖɛŬɜŰɘəɐ ˊŬɟɎɛŮŰɟɞɠ Űɧůɞ ɔɘŬ Űɖɜ 

ŮˊɏəŰŬůɖ Űɞɡ ŭɘəŰɨɞɡ ɧůɞ əŬɘ ɔɘŬ Űɞ əɧůŰɞɠ ˊɞɡ ŬɡŰɧ ůɡɜŮˊɎɔŮŰŬɘ. ɇɞ ˊɚɏɞɜ 

Ůˊɘəɑɜŭɡɜɞ ůŮɜɎɟɘɞ Ŭˊɧ Űɖɜ ˊŬɟɞɡůɑŬ ɛɘəɟɞˊɖɔɩɜ ůŰɞ ŮˊɑˊŮŭɞ Űɖɠ ɢŬɛɖɚɐɠ 

əŬɘ ɛɏůɖɠ ŰɎůɖɠ ŮɑɜŬɘ ɖ ˊɘɗŬɜɧŰɖŰŬ ɖ ŰɎůɖ ɜŬ ɡˊŮɟɓŮɑ ŰŬ ɛɏɔɘůŰŬ ŮˊɘŰɟŮˊŰɎ 

ɧɟɘŬ. ɇɞ ůŮɜɎɟɘɞ ŬɡŰɧ ɗŬ ůɡɛɓŮɑ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ Űɞ űɞɟŰɑɞ ŰɞˊɘəɎ ŮɑɜŬɘ 

ůŰɞ ŮɚɎɢɘůŰɞ əŬɘ ˊŬɟɎɚɚɖɚŬ ɏɢɞɡɛŮ ůɖɛŬɜŰɘəɐ ˊŬɟŬɔɤɔɐ Ŭˊɧ Űɖɜ ɛɞɜɎŭŬ. 

ɇɞ ˊɟɧɓɚɖɛŬ ŮɜŰŮɑɜŮŰŬɘ ůŰɖɜ ɢŬɛɖɚɐ ŰɎůɖ ŭŮŭɞɛɏɜɞɡ ɧŰɘ ŮəŮɑ ɖ Űɘɛɐ Űɖɠ 

ŬɜŰɑůŰŬůɖɠ Űɤɜ əŬɚɤŭɑɤɜ ŮɑɜŬɘ ůɢŮŰɘəɎ ɛŮɔɎɚɖ ɞˊɧŰŮ ůŰɖɜ Űɘɛɐ Űɖɠ ŰɎůɖɠ 

ŮɛˊɚɏəŮŰŬɘ əŬɘ ɖ ŮɜŮɟɔɧɠ ɘůɢɨɠ. ɀɑŬ ˊɟɞŰŮɘɜɧɛŮɜɖ ɚɨůɖ ůŮ ŬɡŰɐɜ Űɖɜ 

ˊŮɟɑˊŰɤůɖ ŮɑɜŬɘ ɖ Ŭɨɝɖůɖ Űɖɠ ɕɐŰɖůɖɠ ɎŮɟɔɞɡ ɘůɢɨɞɠ Ŭˊɧ Űɖɜ ˊɚŮɡɟɎ Űɖɠ 

ɛɞɜɎŭŬɠ Ůɜɩ ɛɑŬ Ɏɚɚɖ ɚɨůɖ ŮɑɜŬɘ ɖ ɢɟɐůɖ ɛŮ ŬɜŰɘůŰŬɗɛɘůŰɘəɧ Űɟɧˊɞ Űɤɜ 

ɚɐɣŮɤɜ Űɞɡ ɛŮŰŬůɢɖɛŬŰɘůŰɐ (tap changer).  

¶ ȷɨɝɖůɖ ůŰɖ ůŰɎɗɛɖ ɓɟŬɢɡəɡəɚɩůŮɤɠ Űɞɡ ŭɘəŰɨɞɡ:  

ȼ ɢɟɐůɖ ůŰɟŮűɧɛŮɜɤɜ əɡɟɑɤɠ ɛɖɢŬɜɩɜ ůŰɘɠ ɛɞɜɎŭŮɠ ˊŬɟŬɔɤɔɐɠ ˊɟɞűŬɜɩɠ 

ɗŬ ɏɢŮɘ ŮˊɑˊŰɤůɖ ůŰɞ ŮˊɑˊŮŭɞ Űɞɡ ůűɎɚɛŬŰɞɠ. ȼ Ŭɨɝɖůɖ Űɞɡ Ůˊɘˊɏŭɞɡ Űɞɡ 

ůűɎɚɛŬŰɞɠ ˊɘɗŬɜɩɜ ɜŬ ŬˊŬɘŰŮɑ ŬɚɚŬɔɏɠ ůŰɞɡɠ ŭɘŬəɧˊŰŮɠ Űɞɡ ŭɘəŰɨɞɡ əɎŰɘ 

ˊɞɡ ůɡɜŮˊɎɔŮŰŬɘ ůɖɛŬɜŰɘəɐ Ŭɨɝɖůɖ Űɞɡ əɧůŰɞɡɠ ŮɘŭɘəɎ Ŭɜ Űɘɠ ɧˊɞɘŮɠ 

ŬɜŬɓŬɗɛɑůŮɘɠ ŮɑɜŬɘ ɡˊɞɢɟŮɤɛɏɜɞɠ ɜŬ Űɘɠ ŬɜŬɚɎɓŮɘ ɞ ɘŭɘɞəŰɐŰɖɠ Űɖɠ ɛɞɜɎŭŬɠ. 

ɀɘŬ ɚɨůɖ ŮɑɜŬɘ ɖ ŮɔəŬŰɎůŰŬůɖ ɛɑŬɠ ŬɜŰɑŭɟŬůɖɠ (ɛŮŰŬůɢɖɛŬŰɘůŰɐ ɐ ˊɖɜɑɞ) 

ɛŮŰŬɝɨ Űɖɠ ɔŮɜɜɐŰɟɘŬɠ əŬɘ Űɞɡ ŭɘəŰɨɞɡ ɛŮ Ŭɨɝɖůɖ ɧɛɤɠ Űɤɜ ŬˊɤɚŮɘɩɜ əŬɘ 

Űɤɜ ɛŮŰŬɓɞɚɩɜ ůŰɖɜ ŰɎůɖ.  

¶ ɄɞɘɧŰɖŰŬ ɘůɢɨɞɠ:  

ȼ ˊɞɘɧŰɖŰŬ Űɖɠ ɘůɢɨɞɠ ŮɑɜŬɘ ɏɜŬ ůɖɛŬɜŰɘəɧ ɗɏɛŬ ůŰɖɜ ŮɘůŬɔɤɔɐ Űɤɜ 

ɛɘəɟɞɛɞɜɎŭɤɜ ůŰɞ ŭɑəŰɡɞ ɔɘŬ ŬɡŰɧ əŬɘ ŬɜŬɚɨŮŰŬɘ ŭɘŮɝɞŭɘəɎ ŬɟɔɧŰŮɟŬ. ȼ 

ˊɞɘɧŰɖŰŬ ɘůɢɨɞɠ ˊŮɟɘɚŬɛɓɎɜŮɘ ɛɑŬ ůŮɘɟɎ Ŭˊɧ űŬɘɜɧɛŮɜŬ: 

 

Á ɀŮŰŬɓɞɚɐ Űɖɠ ŰɎůɖɠ (Voltage variation) 

Á ȷˊɧŰɞɛɖ ŬɚɚŬɔɐ Űɖɠ ŰɎůɖɠ (Rapid voltage change) 

Á ȹɘŬəɨɛŬɜůɖ Űɖɠ ŰɎůɖɠ (Voltage fluctuation) 

Á ūɚɑəŮɟ (flicker) 

Á Ʉɟɞůɤɟɘɜɐ ɈˊɏɟŰŬůɖ (Temporary Power Frequency Overvoltage or 

Swell) 

Á ȷɟɛɞɜɘəɏɠ ůŰɖɜ ɇɎůɖ (Harmonic Voltage) 

Á ȷůɡɛɛŮŰɟɑŬ ůŰɖɜ ɇɎůɖ (Voltage Unbalance) 

 

ɇŬ űŬɘɜɧɛŮɜŬ ŬɡŰɎ ɛˊɞɟŮɑ ɜŬ ˊɟɞɏɚɗɞɡɜ Ŭˊɧ Űɖɜ ˊŬɟɞɡůɑŬ ůŰɟŮűɧɛŮɜɤɜ 

ɛɖɢŬɜɩɜ, ɖɚŮəŰɟɞɜɘəɩɜ ɘůɢɨɞɠ ŬɚɚɎ əŬɘ Ŭˊɧ ŬˊɧŰɞɛɖ ůɨɜŭŮůɖ ɐ 

ŬˊɞůɨɜŭŮůɖ ɛɞɜɎŭɤɜ.  

¶ ɄɟɞůŰŬůɑŬ:  

ȼ ˊɟɞůŰŬůɑŬ Űɤɜ ůɡůəŮɡɩɜ Űɞɡ ɛɘəɟɞŭɘəŰɨɞɡ ŮɑɜŬɘ ɏɜŬ ůɨɜɗŮŰɞ ɗɏɛŬ Ŭűɞɨ 

ŬűɞɟɎ Űɧůɞ Űɖɜ ɚŮɘŰɞɡɟɔɑŬ Űɤɜ ɡˊŬɟɢɧɜŰɤɜ ˊɟɞůŰŬůɘɩɜ ŬɚɚɎ əŬɘ Űɤɜ 

ŬɚɚŬɔɩɜ ˊɞɡ ɗŬ ˊɟɏˊŮɘ ɜŬ ɔɑɜɞɡɜ ůŰɞ ůɨůŰɖɛŬ ŭɘŬɜɞɛɐɠ. ȺɘŭɘəɧŰŮɟŬ ɗŬ 
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ˊɟɏˊŮɘ ɜŬ ɛŮɚŮŰɖɗŮɑ Űɞ ɗɏɛŬ Űɤɜ ɔŮɘɩůŮɤɜ, Űɤɜ ˊɟɞůŰŬůɘɩɜ ˊɞɡ ɗŬ ˊɟɏˊŮɘ 

ɜŬ ɏɢɞɡɜ ɞɘ ɛɞɜɎŭŮɠ ŬɚɚɎ əŬɘ Űɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ ůŮ əŬŰɎůŰŬůɖ 

ɜɖůɑŭŬɠ.  

¶ ȺɡůŰɎɗŮɘŬ Űɞɡ ŭɘəŰɨɞɡ:  

ɇɞ ɗɏɛŬ Űɖɠ ŮɡůŰɎɗŮɘŬɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ŬűɞɟɎ əɡɟɑɤɠ Űɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ ɖ 

ŮəŰŮŰŬɛɏɜɖ ɢɟɐůɖ Űɖɠ ŭɘŮůˊŬɟɛɏɜɖɠ ˊŬɟŬɔɤɔɐɠ ŬɚɚɎ əŬɘ Űɤɜ ɛɘəɟɞɛɞɜɎŭɤɜ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ Ůɜɑůɢɡůɖ Űɖɠ ŬůűɎɚŮɘŬɠ Űɞɡ ŭɘəŰɨɞɡ. ɇɞ ɓŬůɘəɧ 

ˊɟɧɓɚɖɛŬ ůŮ ŬɡŰɐɜ Űɖɜ ˊŮɟɑˊŰɤůɖ ŮɑɜŬɘ ɖ ůɡɛˊŮɟɘűɞɟɎ Űɤɜ ŭɘŮůˊŬɟɛɏɜɤɜ 

ɛɞɜɎŭɤɜ ɛŮŰɎ Ŭˊɧ ɛɑŬ ŬˊɩɚŮɘŬ ɛɑŬɠ ɛŮɔɎɚɖɠ ɛɞɜɎŭɞɠ ɐ ɛɑŬɠ ɛŮɔɎɚɖɠ 

ɔɟŬɛɛɐɠ ɛŮŰŬűɞɟɎɠ.  
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ȾȺūȷȿȷȽɃ 3  

ɊɖűɘŬəɧɠ ŮɝɞɛɞɘɤŰɐɠ ˊɟŬɔɛŬŰɘəɞɨ ɢɟɧɜɞɡ 

RTDS 

3.1 ȺɘůŬɔɤɔɐ 

Ƀ ɣɖűɘŬəɧɠ ŮɝɞɛɞɘɤŰɐɠ ˊɟŬɔɛŬŰɘəɞɨ ɢɟɧɜɞɡ (RTDS), ˊɞɡ əŬŰŬůəŮɡɎɕŮŰŬɘ Ŭˊɧ Űɞ 

RTDS Technology INC, ŮɑɜŬɘ ɏɜŬɠ ɣɖűɘŬəɧɠ ŮɝɞɛɞɘɤŰɐɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ 

ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ. Ƀ ŮɝɞɛɞɘɤŰɐɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖ ŭɘŮɝŬɔɤɔɐ ŭɞəɘɛɩɜ 

əɚŮɘůŰɞɨ ɓɟɧɔɢɞɡ (HIL), ůŮ ˊɟŬɔɛŬŰɘəɧ ɢɟɧɜɞ, ŭɘɎűɞɟɤɜ ůɡůəŮɡɩɜ, Ŭˊɧ ůɡůəŮɡɏɠ 

ˊɟɞůŰŬůɑŬɠ əŬɘ ůɡůəŮɡɏɠ ŬɡŰɧɛŬŰɞɡ Ůɚɏɔɢɞɡ ɛɏɢɟɘ ŬɜŰɘůŰɟɞűɏɤɜ ɘůɢɨɞɠ ɐ əŬɘ 

ɞɚɧəɚɖɟɤɜ ůɡůŰɖɛɎŰɤɜ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ. Ⱥˊɑůɖɠ, ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŮ 

ŬɜŬɚɡŰɘəɏɠ ɛŮɚɏŰŮɠ ůɡůŰɖɛɎŰɤɜ ɧˊɤɠ əŬɘ ůŰɖɜ ŮəˊŬɑŭŮɡůɖ ɢŮɘɟɘůŰɩɜ, ɛɖɢŬɜɘəɩɜ 

əŬɘ űɞɘŰɖŰɩɜ. ȺɑɜŬɘ ɏɜŬ ŬˊɞŰŮɚŮůɛŬŰɘəɧ ŮɟɔŬɚŮɑɞ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ŬɜŰɘəŬŰŬůŰɐůŮɘ 

Űɞɡɠ ŬɜŬɚɡŰɏɠ Űɖɠ ɛŮŰŬɓŬŰɘəɐɠ əŬŰɎůŰŬůɖɠ Űɤɜ ŭɘəŰɨɤɜ əŬɘ Űɞɡɠ ŬɜŬɚɞɔɘəɞɨɠ 

ŮɝɞɛɞɘɤŰɏɠ. Ƀ ŮɝɞɛɞɘɤŰɐɠ ŮˊɘŰɟɏˊŮɘ ůŰɞ ɢŮɘɟɘůŰɐ Űɞɡ ɜŬ ŭɘŮɟŮɡɜɐůŮɘ Űɘɠ ŮˊɘˊŰɩůŮɘɠ 

Űɤɜ ŭɘŬŰŬɟŬɢɩɜ ůŰɞɜ Ůɝɞˊɚɘůɛɧ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ ɩůŰŮ ɜŬ 

ɚɖűɗɞɨɜ ɛɏŰɟŬ ɔɘŬ Űɖɜ ŬɜŰɘɛŮŰɩˊɘůɖ Űɡɢɧɜ ˊɟɞɓɚɖɛɎŰɤɜ ɐ əŬɘ əŬŰŬůŰɟɞűɩɜ. 

 

Ƀ ŮɝɞɛɞɘɤŰɐɠ ŮɑɜŬɘ ɏɜŬɠ ůɡɜŭɡŬůɛɧɠ ŮɝŮɚɘɔɛɏɜɞɡ ɡˊɞɚɞɔɘůŰɘəɞɨ ɡɚɘəɞɨ əŬɘ 

ŮɝŮɕɖŰɖɛɏɜɞɡ ɚɞɔɘůɛɘəɞɨ. ɇŬ ŭɑəŰɡŬ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ ůɢŮŭɘɎɕɞɜŰŬɘ ůŰɖɜ ɞɗɧɜɖ 

Űɞɡ ɡˊɞɚɞɔɘůŰɐ Ŭˊɧ Űɘɠ ɓɘɓɚɘɞɗɐəŮɠ ɏŰɞɘɛɤɜ ɖɚŮəŰɟɘəɩɜ ůŰɞɘɢŮɑɤɜ ˊɞɡ ˊŮɟɘɏɢŮɘ Űɞ 

ɚɞɔɘůɛɘəɧ Űɞɡ ŮɝɞɛɞɘɤŰɐ (RSCAD). ɇɞ ɚɞɔɘůɛɘəɧ ŮɑɜŬɘ Űɞ əɨɟɘɞ ůŰɞɘɢŮɑɞ 

ŮˊɘəɞɘɜɤɜɑŬɠ Űɞɡ ɢŮɘɟɘůŰɐ ɛŮ Űɞɜ ŮɝɞɛɞɘɤŰɐ əŬɘ ŮɑɜŬɘ ůɢŮŭɘŬůɛɏɜɞ ɩůŰŮ ɜŬ ŮˊɘŰɟɏˊŮɘ 

ůŰɞ ɢɟɐůŰɖ ɜŬ ŮəŰŮɚŮɑ ɧɚŬ ŰŬ 60 ŬˊŬɟŬɑŰɖŰŬ ɓɐɛŬŰŬ ɔɘŬ Űɖɜ ˊɟɞŮŰɞɘɛŬůɑŬ əŬɘ Űɖɜ 

ŮəŰɏɚŮůɖ Űɖɠ Ůɝɞɛɞɑɤůɖɠ əŬɗɩɠ əŬɘ ɜŬ ŭɘŮɝɎɔŮɘ ŭɞəɘɛɏɠ əŬɘ ɜŬ ŬɜŬɚɨŮɘ Űɘɠ Ůɝɧŭɞɡɠ 

Űɞɡ ŮɝɞɛɞɘɤŰɐ. Ƀ ŮɝɞɛɞɘɤŰɐɠ ŮɑɜŬɘ ˊɚɐɟɤɠ ŮˊŮəŰɎůɘɛɞɠ, ŮˊɘŰɟɏˊɞɜŰŬɠ ɛŬɠ ɏŰůɘ ɜŬ 

ŭɞɡɚɏɣɞɡɛŮ ŬəɧɛŬ əŬɘ ɛŮ ŰŬ ˊɘɞ ˊɞɚɨˊɚɞəŬ əŬɘ Ŭəɟɘɓɐ ɛɞɜŰɏɚŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ 

ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ. 

 

ɇɞ ůɖɛŬɜŰɘəɧŰŮɟɞ ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɞɡ RTDS ŮɑɜŬɘ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ɞ ŮɝɞɛɞɘɤŰɐɠ 

ŭɞɡɚŮɨŮɘ ůŮ ůɡɜŮɢɐ ůŰŬɗŮɟɧ ˊɟŬɔɛŬŰɘəɧ ɢɟɧɜɞ. ȷɡŰɧ ŮɑɜŬɘ ŮűɘəŰɧ ŮˊŮɘŭɐ ɞ 

ŮɝɞɛɞɘɤŰɐɠ ɛˊɞɟŮɑ ɜŬ ŮˊɘɚɨůŮɘ Űɘɠ ŮɝɘůɩůŮɘɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ŬɟəŮŰɎ ɔɟɐɔɞɟŬ ɩůŰŮ 

ɖ ɏɝɞŭɞɠ Űɞɡ ɜŬ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ ůɡɜŮɢɩɠ əŬɘ ɟŮŬɚɘůŰɘəɎ Űɘɠ ůɡɜɗɐəŮɠ ůŰɞ 

ˊɟŬɔɛŬŰɘəɧ ŭɑəŰɡɞ. ȷəɟɘɓɩɠ ŮˊŮɘŭɐ ɖ Ůˊɑɚɡůɖ Űɞɡ ŭɘəŰɨɞɡ ɔɑɜŮŰŬɘ ůŮ ˊɟŬɔɛŬŰɘəɧ 

ɢɟɧɜɞ, ɞ ŮɝɞɛɞɘɤŰɐɠ ɛˊɞɟŮɑ ɜŬ ůɡɜŭŮɗŮɑ ɛŮ ŭɘŬŰɎɝŮɘɠ ŬɡŰɞɛɎŰɞɡ Ůɚɏɔɢɞɡ Űɞɡ 

ůɡůŰɐɛŬŰɞɠ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ əŬɗɩɠ əŬɘ ɛŮ ɖɚŮəŰɟɞɜɧɛɞɡɠ ˊɟɞůŰŬůɑŬɠ.  

 



36 

 

ɆŰɘɠ ɛɏɟŮɠ ɛŬɠ ɞ ŮɝɞɛɞɘɤŰɐɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŮ ˊɞɚɚɞɨɠ ŰɞɛŮɑɠ, ŰɡˊɘəɎ ůŰɖɜ 

ŬɜɎˊŰɡɝɖ, ŭɞəɘɛɐ əŬɘ ɛŮɚɏŰɖ ɛŮɗɧŭɤɜ ˊɟɞůŰŬůɑŬɠ ɛŮ ɖɚŮəŰɟɞɜɧɛɞɡɠ, 

ŮɜůɤɛŬŰɤɛɏɜɖɠ ˊɟɞůŰŬůɑŬɠ əŬɘ ůɡůŰɖɛɎŰɤɜ ŬɡŰɧɛŬŰɞɡ Ůɚɏɔɢɞɡ. Ⱥˊɑůɖɠ, 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ ůɡůŰɐɛŬŰŬ Ůɚɏɔɢɞɡ ɔɘŬ HVDC, SVC, ůɨɔɢɟɞɜŮɠ ɛɖɢŬɜɏɠ əŬɘ 

ůɡůəŮɡɏɠ FACTS, ɔɘŬ ɔŮɜɘəɏɠ ɚŮɘŰɞɡɟɔɑŮɠ ůɡůŰɖɛɎŰɤɜ AC əŬɘ DC əŬɘ ɔɘŬ Űɖɜ 

ŬɚɚɖɚŮˊɑŭɟŬůɖ ŭɘɎűɞɟɤɜ ɖɚŮəŰɟɘəɩɜ ŮɔəŬŰŬůŰɎůŮɤɜ. Ⱥˊɑůɖɠ, ɞ ŮɝɞɛɞɘɤŰɐɠ ɏɢŮɘ 

ˊɞɚɨŰɘɛɖ ůɡɜŮɘůűɞɟɎ ůŰɖɜ ŮəˊŬɑŭŮɡůɖ əŬɘ ůŰɘɠ ŮˊɘŭŮɑɝŮɘɠ.[ 14 ] 

 

 

 
 

ȺɘəɧɜŬ 3.1 ɊɖűɘŬəɧɠ ŮɝɞɛɞɘɤŰɐɠ ˊɟŬɔɛŬŰɘəɞɨ ɢɟɧɜɞɡ (RTDS) 

 

3.2 ɇŮɢɜɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ RTDS (hardware) 

 Ƀ ŮɝɞɛɞɘɤŰɐɠ ŮəɛŮŰŬɚɚŮɨŮŰŬɘ Űɖɜ ŬɟɢɘŰŮəŰɞɜɘəɐ Űɖɠ ˊŬɟɎɚɚɖɚɖɠ ŮˊŮɝŮɟɔŬůɑŬɠ 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ˊɞɚɚŬˊɚɞɨɠ ŮˊŮɝŮɟɔŬůŰɏɠ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŮ ŬɜŮɝɎɟŰɖŰŮɠ ɛɞɜɎŭŮɠ 

ˊɞɡ ɞɜɞɛɎɕɞɜŰŬɘ racks. ȾɎɗŮ rack ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŭɘɎűɞɟŮɠ əɎɟŰŮɠ. ȼ ůɨɜɗŮůɖ Ůɜɧɠ 

ŮɝɞɛɞɘɤŰɐ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɘɠ ŬɜɎɔəŮɠ ŮˊŮɝŮɟɔŬůɑŬɠ əŬɘ Ůɘůɧŭɤɜ - Ůɝɧŭɤɜ (Ƚ/Ƀ) Űɖɠ 

əɎɗŮ ŮűŬɟɛɞɔɐɠ. ȰɜŬ backbone ůɡɜŭɏŮɘ ɧɚŮɠ Űɘɠ əɎɟŰŮɠ Ůɜɧɠ rack əŬɘ ŭɘŮəˊŮɟŬɘɩɜŮɘ 

Űɖɜ ŬɜŰŬɚɚŬɔɐ ŭŮŭɞɛɏɜɤɜ ɛŮŰŬɝɨ Űɞɡɠ.  
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ɈˊɎɟɢɞɡɜ ŭɘŬɗɏůɘɛŮɠ ˊɞɚɚɏɠ ŭɘŬűɞɟŮŰɘəɏɠ əɎɟŰŮɠ ůŰɘɠ ɞˊɞɑŮɠ ˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ əŬɘ 

ɞɘ ŬəɧɚɞɡɗŮɠ: GPC (Giga Processor Card), 3PC (Triple Processor Card), IRC 

(Workstation Inter-Rack Communications Card), WIF (Workstation InterFace Card), 

TPC (Tandem Processor Card) əŰɚ. 

 

 

Ƀɘ ŰɟŮɑɠ ɓŬůɘəɞɑ Űɨˊɞɘ əŬɟŰɩɜ ŮɑɜŬɘ: 

 

1. Tandem Processor Card (TPC) : ȷˊɞŰŮɚɞɨɜ Űɘɠ əɨɟɘŮɠ əɎɟŰŮɠ ŮˊŮɝŮɟɔŬůɑŬɠ. 

ȾɎɗŮ TCP əɎɟŰŬ űɏɟŮɘ ŭɨɞ ŬɜŮɝɎɟŰɖŰɞɡɠ ɣɖűɘŬəɞɨɠ ŮˊŮɝŮɟɔŬůŰɏɠ ůɐɛŬŰɞɠ 

NEC77240. Ƀ ůɡɜɞɚɘəɧɠ Ŭɟɘɗɛɧɠ əŬɟŰɩɜ ŮˊŮɝŮɟɔŬůɑŬɠ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŮ 

əɎɗŮ ɓɎůɖ ŮɑɜŬɘ ŭŮəŬɞɢŰɩ (18). 

 

 
 

ȺɘəɧɜŬ 3.2 TPC əɎɟŰŬ [ 16 ] 

 

2. Workstation Interface Card (WIF): ŮɑɜŬɘ ɖ əɎɟŰŬ ˊɞɡ ŮˊɘŰɟɏˊŮɘ Űɖɜ 

ŮˊɘəɞɘɜɤɜɑŬ ɛŮŰŬɝɨ Űɖɠ ɔɟŬűɘəɐɠ ŭɘŮˊɘűɎɜŮɘŬɠ Űɞɡ ɚɞɔɘůɛɘəɞɨ ˊɞɡ ŮɑɜŬɘ 

ŮɔəŬŰŮůŰɖɛɏɜɞ ůŮ ɏɜŬ ůŰŬɗɛɧ ŮɟɔŬůɑŬɠ (PC) əŬɘ Űɖ ɓɎůɖ (rack) Űɞɡ RTDS. 

ȼ əɎɟŰŬ WIC ŭɘŬɗɏŰŮɘ ɏɜŬɜ ŮɚŮɔəŰɐ Ethernet ˊɞɡ ŮɑɜŬɘ ůŮ ɗɏůɖ ɜŬ ŭɘŬɓɎɕŮɘ 

ˊŬəɏŰŬ ŭŮŭɞɛɏɜɤɜ ɛŮŰŬɝɨ Űɞɡ ůŰŬɗɛɞɨ ŮɟɔŬůɑŬɠ əŬɘ Űɞɡ RTDS. ɀŮ ŬɡŰɧɜ 

Űɞɜ Űɟɧˊɞ ˊŬɟɏɢŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ ůŰɞ ɢɟɐůŰɖ ɜŬ űɞɟŰɩɜŮɘ, ɜŬ ɝŮəɘɜɎ, ɜŬ 

ůŰŬɛŬŰɎ əŬɘ ɜŬ ŮɚɏɔɢŮɘ Űɘɠ ˊɟɞůɞɛɞɘɩůŮɘɠ ůŰɞ RTDS. 
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ȺɘəɧɜŬ 3.3 WIF  əɎɟŰŬ [ 15 ] 

 

3. Inter-Rack Communication Card (IRC): ˊɟɧəŮɘŰŬɘ ɔɘŬ Űɖɜ əɎɟŰŬ ˊɞɡ 

ŬɜŰŬɚɚɎůŮɘ ŭŮŭɞɛɏɜŬ ɛŮŰŬɝɨ ŮˊŮɝŮɟɔŬůŰɩɜ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŮ ŭɘŬűɞɟŮŰɘəɏɠ 

ɓɎůŮɘɠ (racks). ȾɎɗŮ əɎɟŰŬ ˊŮɟɘɚŬɛɓɎɜŮɘ ɏɜŬɜ Ŭɟɘɗɛɧ Ŭˊɧ əŬɜɎɚɘŬ 

Ůəˊɞɛˊɞɨ-ŭɏəŰɖ, ŮˊɘŰɟɏˊɞɜŰŬɠ ɏŰůɘ Űɖɠ ŬˊŮɡɗŮɑŬɠ ŮˊɘəɞɘɜɤɜɑŬ ɛŮŰŬɝɨ 

ˊɞɚɚɩɜ ɓɎůŮɤɜ (racks).[ 15 ] 

 

ȼ ɛɞɜɎŭŬ ŮɝɞɛɞɘɤŰɐ ˊɞɡ ŭɘŬɗɏŰŮɘ Űɞ ŮɟɔŬůŰɐɟɘɞ ůɡůŰɖɛɎŰɤɜ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ 

ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ rack ɛŮ 18 əɎɟŰŮɠ ŮˊŮɝŮɟɔŬůɑŬɠ TPC (Tandem Processor Cards) 

əŬɘ ɛɘŬ əɎɟŰŬ WIC (Workstation Interface Card). 

 
 

ȺɘəɧɜŬ 3.4 ɇɡˊɘəɧ rack Űɞɡ ŮɝɞɛɞɘɤŰɐ [ 14 ] 
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ȾɎɗŮ əɎɟŰŬ TPC ŭɘŬɗɏŰŮɘ ŭɨɞ ŮˊŮɝŮɟɔŬůŰɏɠ əŬɗɩɠ əŬɘ ŬɜŬɚɞɔɘəɏɠ əŬɘ ɣɖűɘŬəɏɠ 

Ůɘůɧŭɞɡɠ əŬɘ Ůɝɧŭɞɡɠ. Ƀɘ ŬɜŬɚɞɔɘəɏɠ ɏɝɞŭɞɘ ɓɟɑůəɞɜŰŬɘ ůŰɖɜ ˊɟɧůɞɣɖ Űɞɡ 

ŮɝɞɛɞɘɤŰɐ əŬɘ ɛˊɞɟɞɨɜ ɜŬ ůɡɜŭŮɗɞɨɜ ɛŮ ŮɝɤŰŮɟɘəɧ ɡɚɘəɧ ŮɑŰŮ ɛŮ ŬəɟɞŭɏəŰŮɠ Űɨˊɞɡ 

"ɛˊŬɜɎɜŬ" , ŮɑŰŮ ɛŮ ɞɛɞŬɝɞɜɘəɎ əŬɚɩŭɘŬ. ȾɎɗŮ ŮˊŮɝŮɟɔŬůŰɐɠ ŭɘŬɗɏŰŮɘ 4 ŰɏŰɞɘŮɠ 

Ůɝɧŭɞɡɠ. Ƀɘ ɣɖűɘŬəɏɠ Ůɑůɞŭɞɘ-ɏɝɞŭɞɘ ɓɟɑůəɞɜŰŬɘ ůŰɖɜ ˊɑůɤ ɧɣɖ Űɞɡ ŮɝɞɛɞɘɤŰɐ.  

 

Ƀɘ ɡˊɞŭɞɢɏɠ ŮɑɜŬɘ ɗɡɟɑŭŮɠ Űɤɜ 34 ŬəɟɞŭŮəŰɩɜ ɞɘ ɞˊɞɑŮɠ ɛˊɞɟɞɨɜ ɜŬ ůɡɜŭŮɗɞɨɜ ɛŮ 

ŮɝɤŰŮɟɘəɏɠ ůɡůəŮɡɏɠ ɛŮ Űɖ ɢɟɐůɖ əŬɚɤŭɑɞɡ əɞɟŭɏɚŬɠ. ȾɎɗŮ ɡˊɞŭɞɢɐ ŬˊɞŰŮɚŮɑŰŬɘ 

Ŭˊɧ 2 ůŰɐɚŮɠ 17 ŬəɟɞŭŮəŰɩɜ, ɛɘŬ ɔɘŬ Űɘɠ Ůɘůɧŭɞɡɠ əŬɘ ɛɘŬ ɔɘŬ Űɘɠ Ůɝɧŭɞɡɠ əɎɗŮ 

ŮˊŮɝŮɟɔŬůŰɐ. ȼ əɎɗŮ ůŰɐɚɖ ɛˊɞɟŮɑ ɜŬ űɏɟŮɘ ɛɏɢɟɘ 16 ɣɖűɘŬəɎ ůɐɛŬŰŬ ɛŮ Űɞɜ 17ɞ 

ŬəɟɞŭɏəŰɖ, ˊɞɡ ɓɟɑůəŮŰŬɘ ůŰɖ ɓɎůɖ Űɖɠ ɡˊɞŭɞɢɐɠ, ɜŬ ŮɑɜŬɘ ɞ ŬəɟɞŭɏəŰɖɠ ŬɜŬűɞɟɎɠ 

(ɔɖɠ).[ 14 ] 

 

3.3 ȿɞɔɘůɛɘəɧ RTDS (software) 

Ƀ ŮɝɞɛɞɘɤŰɐɠ ůɡɜɞŭŮɨŮŰŬɘ Ŭˊɧ ɏɜŬ ŮɨɢɟɖůŰɞ, ɔɟŬűɘəɧ ɚɞɔɘůɛɘəɧ ˊɞɡ ɞɜɞɛɎɕŮŰŬɘ 

RSCAD. ȷɡŰɧ Űɞ ˊɟɧɔɟŬɛɛŬ ŮɑɜŬɘ Űɞ əɨɟɘɞ ɛɏůɞ ŮˊɘəɞɘɜɤɜɑŬɠ Űɞɡ ɢŮɘɟɘůŰɐ ɛŮ Űɞɜ 

ŮɝɞɛɞɘɤŰɐ.  

ɇɞ ɚɞɔɘůɛɘəɧ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŭɨɞ ŭɘŬəɟɘŰɎ ŮˊɑˊŮŭŬ: Űɖ ɔɟŬűɘəɐ ŭɘŮˊɘűɎɜŮɘŬ 

(Graphical User Interface-GUI) əŬɘ Űɞ ɛŮŰŬɔɚɤŰŰɘůŰɐ (compiler). 

ȼ ɔɟŬűɘəɐ ŭɘŮˊɘűɎɜŮɘŬ ɢɟɐůŰɖ (GUI) ŮɑɜŬɘ ɡˊŮɨɗɡɜɖ ɔɘŬ Űɖɜ ŮˊɘəɞɘɜɤɜɑŬ Űɞɡ RTDS 

ɛŮ Űɞ ɢɟɐůŰɖ əŬɘ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛɏůɤ Ůɜɧɠ ɔɟŬűɘəɞɨ ˊŮɟɘɓɎɚɚɞɜŰɞɠ ɡɣɖɚɞɨ 

Ůˊɘˊɏŭɞɡ, Űɞɡ RSCAD. ȹɨɞ ɓŬůɘəɎ ŰɛɐɛŬŰŬ Űɞɡ RSCAD ŮɑɜŬɘ Űɞ Draft əŬɘ Űɞ Run 

time. ɆŰɞ ůŰɎŭɘɞ Draft ɔɑɜŮŰŬɘ ɞ ůɢŮŭɘŬůɛɧɠ Űɞɡ ˊɟɞůɞɛɞɘɤɛɏɜɞɡ ŭɘəŰɨɞɡ Ůɜɩ ůŰɞ 

ůŰɎŭɘɞ Run time ɔɑɜŮŰŬɘ ɖ ˊɟɞůɞɛɞɑɤůɖ əŬɘ ɚŬɛɓɎɜɞɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ.  
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ȺɘəɧɜŬ 3.5 ɆŰɎŭɘɞ Draft Űɞɡ RSCAD. [ 16 ]ȾɚŮűŰɎəɖɠ ȸ., "ɀŮɚɏŰɖ ˊɟɞůɞɛɞɑɤůɖɠ 

Power Hardware In the Loop əŬɘ ŭɘŮɟŮɨɜɖůɖ Ŭɜɨɣɤůɖɠ Űɖɠ ŰɎůɖɠ ŮɝŬɘŰɑŬɠ 

Űɖɠ ŭɘŮɑůŭɡůɖɠ űɤŰɞɓɞɚŰŬɥəɩɜ ůŰɖ ɉŬɛɖɚɐ ɇɎůɖ", ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ, 

ȺɀɄ, 2011. 

[ 16 

 

 ɆŰɞ ůŰɎŭɘɞ Run time ɞ ɢɟɐůŰɖɠ ɏɢŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ŮˊɏɛɓŮɘ ŭɡɜŬɛɘəɎ ůŰɖɜ 

Ůɝɞɛɞɑɤůɖ, ɛŮŰŬɓɎɚɚɞɜŰŬɠ ˊŬɟŬɛɏŰɟɞɡɠ, ŬɚɚɎɕɞɜŰŬɠ Űɖ ɗɏůɖ ŭɘŬəɞˊŰɩɜ əŰɚ. 

 

ȺɘəɧɜŬ 3.6 ɆŰɎŭɘɞ Run time Űɞɡ RSCAD. [ 16 ] 
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Ƀ ɛŮŰŬɔɚɤŰŰɘůŰɐɠ (compiler) Űɞɡ RTDS ŭɏɢŮŰŬɘ ɤɠ Ůɑůɞŭɞ ŰŬ ŭŮŭɞɛɏɜŬ Űɞɡ 

ɖɚŮəŰɟɘəɞɨ ŭɘəŰɨɞɡ ˊɞɡ ŮɘůɎɔŮɘ ɞ ɢɟɐůŰɖɠ əŬɘ ɤɠ ɏɝɞŭɞ ˊŬɟɎɔŮɘ Űɞɜ ŮəŰŮɚɏůɘɛɞ 

əɩŭɘəŬ ˊŬɟɎɚɚɖɚɖɠ ŮˊŮɝŮɟɔŬůɑŬɠ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɞɡɠ ɣɖűɘŬəɞɨɠ ŮˊŮɝŮɟɔŬůŰɏɠ 

ůɐɛŬŰɞɠ.[ 15 ] 
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ȾȺūȷȿȷȽɃ 4  

Hardware-In-the-Loop 

4.1 Ʉɟɞůɞɛɞɑɤůɖ Hardware-In-the-Loop 

ȼ Hardware-In-the-Loop (HIL) ˊɟɞůɞɛɞɑɤůɖ ŮɑɜŬɘ ɛɘŬ əŬɘɜɞŰɧɛŬ ŭɘŬŭɘəŬůɑŬ ɖ 

ɞˊɞɑŬ ɏɢŮɘ ŭɖɛɘɞɡɟɔɖɗŮɑ əŬɘ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɛɧɚɘɠ Űɖɜ ŰŮɚŮɡŰŬɑŬ ŮɘəɞůŬŮŰɑŬ, ɛŮ 

ɟɑɕŮɠ ˊɞɡ ˊɖɔɎɕɞɡɜ Ŭˊɧ Űɖɜ ŬŮɟɞˊɞɟɘəɐ ɓɘɞɛɖɢŬɜɑŬ. Ƀ ɓŬůɘəɧɠ ɚɧɔɞɠ ˊɞɡ ɖ HIL 

ˊɟɞůɞɛɞɑɤůɖ ɔɑɜŮŰŬɘ ɧɚɞ əŬɘ ˊɘɞ ŭɘŬŭŮŭɞɛɏɜɖ ůŰɖ ɓɘɞɛɖɢŬɜɑŬ ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ 

ŮɑɜŬɘ ɖ ɛŮɑɤůɖ Űɞɡ ɢɟɧɜɞɡ əŬɘ Űɞɡ əɧůŰɞɡɠ ɔɘŬ Űɖ ŭɘɎɗŮůɖ Ůɜɧɠ ˊɟɞɥɧɜŰɞɠ ůŰɖɜ 

ŬɔɞɟɎ.[ 17 ] 

Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ ɖ HIL ˊɟɞůɞɛɞɑɤůɖ ŮɑɜŬɘ ɛɘŬ ŰŮɢɜɘəɐ ůŰɖɜ ɞˊɞɑŬ ɏɢɞɡɛŮ Űɖ 

ŭɡɜŬŰɧŰɖŰŬ ŭɘŬůɨɜŭŮůɖɠ ɛɘŬɠ ɛɞɜɎŭŬɠ ˊɟŬɔɛŬŰɘəɞɨ Ůɝɞˊɚɘůɛɞɨ ɛŮ ɏɜŬ 

ɟ́ɞůɞɛɞɘɤɛɏɜɞ ůɨůŰɖɛŬ ɛŮ ůəɞˊɧ Űɖ ɛŮɚɏŰɖ Űɖɜ əŬŰŬɔɟŬűɐ əŬɘ Űɖɜ ˊɚɐɟɖ 

əŬŰŬɜɧɖůɖ Űɖɠ ŬɚɚɖɚŮˊɑŭɟŬůɐɠ Űɞɡɠ. ɆɡɜŮˊɩɠ ˊŬɟɏɢŮɘ ˊɚɖɗɩɟŬ ˊɚŮɞɜŮəŰɖɛɎŰɤɜ 

ɏɜŬɜŰɘ Ɏɚɚɤɜ ɛŮɗɧŭɤɜ ˊɟɞůɞɛɞɑɤůɖɠ əŬɗɩɠ ŮˊɘŰɟɏˊŮɘ Űɖɜ ŮɜŭŮɚŮɢɐ əŬɘ Ůɘɠ ɓɎɗɞɠ 

ŮɝɏŰŬůɖ ɛɘŬɠ ůɡůəŮɡɐɠ ůŮ ůɡɜɗɐəŮɠ ŭɞəɘɛɩɜ ˊɞɚɨ əɞɜŰɎ ůŰɘɠ ˊɟŬɔɛŬŰɘəɏɠ, 

ɛŮɘɩɜɞɜŰŬɠ ɏŰůɘ Űɞ əɧůŰɞɠ əŬɘ Űɞ ɟɑůəɞ ɏɟŮɡɜŬɠ ŬəɧɛŬ əŬɘ ŬəɟŬɑɤɜ űŬɘɜɞɛɏɜɤɜ, ŰŬ 

ɞˊɞɑŬ ˊɘɗŬɜɩɠ ɜŬ ɞŭɖɔɞɨůŬɜ ůŮ ɓɚɎɓɖ ɐ ŬəɧɛŬ əŬɘ əŬŰŬůŰɟɞűɐ Űɖɠ ůɡůəŮɡɐɠ ůŮ 

ˊŮɟɑˊŰɤůɖ ˊɟŬɔɛŬŰɘəɩɜ ˊŮɘɟŬɛɎŰɤɜ. ɆɡɜŮˊɩɠ ɛŮ ŬɡŰɧ Űɞɜ Űɟɧˊɞ ɛˊɞɟɞɨɜ ɜŬ 

ŬɜŬɔɜɤɟɘůŰɞɨɜ əɟɡűɎ ŮɚŬŰŰɩɛŬŰŬ Űɞɡ Ůɝɞˊɚɘůɛɞɨ ˊɟɞŰɞɨ əɡəɚɞűɞɟɐůŮɘ ůŰɖɜ 

ŬɔɞɟɎ.  

ȼ HIL ˊɟɞůɞɛɞɑɤůɖ ŮɑɜŬɘ ɛɘŬ ˊɟɞůɞɛɞɑɤůɖ ˊɞɡ ɔɑɜŮŰŬɘ ůŮ ˊɟŬɔɛŬŰɘəɧ ɢɟɧɜɞ, ɖ 

ŭɘŬűɞɟɎ Űɖɠ ɧɛɤɠ Ŭˊɧ Űɘɠ ɎɚɚŮɠ ˊɟɞůɞɛɞɘɩůŮɘɠ ˊɟŬɔɛŬŰɘəɞɨ ɢɟɧɜɞɡ ŮɑɜŬɘ ɧŰɘ 

ŮˊɘŰɟɏˊŮɘ Űɖɜ ˊɟɞůɗɐəɖ Ůɜɧɠ ˊɟŬɔɛŬŰɘəɞɨ ůŰɞɘɢŮɑɞɡ (Ůɝɞˊɚɘůɛɞɨ)  ůŰɞ ɓɟɧɢɞ, ɧˊɤɠ 

ɛɘŬ ɖɚŮəŰɟɞɜɘəɐ ɛɞɜɎŭŬ Ůɚɏɔɢɞɡ. 

ɇɞ HIL ůɨůŰɖɛŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰɟɑŬ ɝŮɢɤɟɘůŰɎ ŬɚɚɎ ɎɟɟɖəŰŬ ůɡɜŭŮŭŮɛɏɜŬ 

ɛŮŰŬɝɨ Űɞɡɠ ɛɏɟɖ, Űɞ ˊɟɞůɞɛɞɘɤɛɏɜɞ ůɨůŰɖɛŬ (simulated system), Űɞ əɞɛɛɎŰɘ Űɞɡ 

Ůɝɞˊɚɘůɛɞɨ ˊɞɡ ŮɝŮŰɎɕŮŰŬɘ (Hardware Under Test - HUT) əŬɘ Űɏɚɞɠ ɛɘŬ ůɡůəŮɡɐ 

(interface) ˊɞɡ ůɡɜŭɏŮɘ Űɞ HUT  ɛŮ Űɞ ˊɟɞůɞɛɞɘɤɛɏɜɞ ůɨůŰɖɛŬ. 

ɄŬɟŬəɎŰɤ ˊŬɟŬŰɑɗŮɜŰŬɘ əɨɟɘɞɘ ɚɧɔɞɘ ˊɞɡ ŮˊɘɓɎɚɞɡɜ Űɖ ɢɟɐůɖ HIL ˊɟɞůɞɛɞɑɤůɖɠ: 

I)  Ɉɣɖɚɧ əɧůŰɞɠ ˊɟŬɔɛŬŰɘəɩɜ ˊŮɘɟŬɛɎŰɤɜ 

ȽȽ) Ⱥˊɘˊɚɏɞɜ əɧůŰɞɠ ůŮ ˊŮɟɑˊŰɤůɖ ɕɖɛɘɎɠ Űɞɡ Ůɝɞˊɚɘůɛɞɨ 

ȽȽȽ) ȹɘŬɗŮůɘɛɧŰɖŰŬ Űɞɡ ŬˊŬɟŬɑŰɖŰɞɡ Ůɝɞˊɚɘůɛɞɨ 
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ȽV) Ⱥ́ ŬɜŬɚɖɣɘɛɧŰɖŰŬ ˊŮɘɟŬɛɎŰɤɜ 

V) ȷɨɝɖůɖ Űɖɠ ŬɝɘɞˊɘůŰɑŬɠ əŬɘ Űɖɠ ˊɞɘɧŰɖŰŬɠ  

 

Ⱦɨɟɘɞɘ ŰɞɛŮɑɠ ůŰɞɡɠ ɞˊɞɑɞɡɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɖ HIL ˊɟɞůɞɛɞɑɤůɖ ŮɑɜŬɘ: [ 17 ] 

1. ɖ ȷɡŰɞəɘɜɖŰɞɓɘɞɛɖɢŬɜɑŬ 

2. ɖ ȷŮɟɞɜŬɡˊɖɔɘəɐ 

3. ŰŬ ɆɡůŰɐɛŬŰŬ ȼɚŮəŰɟɘəɐɠ ȺɜɏɟɔŮɘŬɠ 

4. ŰŬ ȸɘɞɛɖɢŬɜɘəɎ ɀɖɢŬɜɐɛŬŰŬ 

5.  ŰŬ ȽŬŰɟɘəɎ ɀɖɢŬɜɐɛŬŰŬ 

6. ɞɘ ɚŮɡəɏɠ ɖɚŮəŰɟɘəɏɠ ůɡůəŮɡɏɠ 

 

 

ȺɘəɧɜŬ 4.1 Ⱦɨɟɘɞɘ ŰɞɛŮɑɠ ůŰɞɡɠ ɞˊɞɑɞɡɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɖ HIL  ˊɟɞůɞɛɞɑɤůɖ. 

 

ȼ HIL ˊɟɞůɞɛɞɑɤůɖ ɢɤɟɑɕŮŰŬɘ ůŮ ŭɨɞ əŬŰɖɔɞɟɑŮɠ ɞɘ ɞˊɞɑŮɠ ɗŬ ŬɜŬɚɡɗɞɨɜ 

ˊŬɟŬəɎŰɤ, Űɞ Control Hardware-In-the-Loop əŬɘ Űɞ Power Hardware-In-the-Loop. 

4.1.1 Control Hardware -In-the-Loop 

ɇɞ Control Hardware-In-the-Loop ŬűɞɟɎ HIL ˊɟɞůɞɛɞɘɩůŮɘɠ ůŰɘɠ ɞˊɞɑŮɠ Űɞ 

ˊɟɞůɞɛɞɘɤɛɏɜɞ əɨəɚɤɛŬ əŬɘ Űɞ ȼUT Ůˊɘəɞɘɜɤɜɞɨɜ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ůɐɛŬŰŬ ůŮ 

ɢŬɛɖɚɧ ŮˊɑˊŮŭɞ ŰɎůɖɠ, əɎˊɞɘŮɠ Űɡˊɘəɏɠ Űɘɛɏɠ ŮɑɜŬɘ ɔɘŬ Űɘɛɏɠ ŰɎůɖɠ ɛŮŰŬɝɨ ρπὠ əŬɘ 

Űɘɛɏɠ ɟŮɨɛŬŰɞɠ ɛɘəɟɧŰŮɟŮɠ Űɤɜ 50mA. ɆɡɜŮˊɩɠ ɔɑɜŮŰŬɘ ŬɜŰɘɚɖˊŰɧ ɧŰɘ ůŰɞ Control 
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Hardware-In-the-Loop ŭŮɜ ɏɢɞɡɛŮ ɛŮŰŬűɞɟɎ ŮɜɏɟɔŮɘŬɠ ůŰɞ HUT ŬɚɚɎ ɖ 

ŬɚɚɖɚŮˊɑŭɟŬůɐ Űɞɡ ɛŮ Űɞ ˊɟɞůɞɛɞɘɤɛɏɜɞ əɨəɚɤɛŬ ɔɑɜŮŰŬɘ ɛŮŰŬŭɑŭɞɜŰŬɠ ŬɜŬɚɞɔɘəɎ 

ɐ ɣɖűɘŬəɎ ɖɚŮəŰɟɘəɎ ůɐɛŬŰŬ.[ 18 ] 

 

ȺɘəɧɜŬ 4.2 ɇɞˊɞɚɞɔɑŬ Control  Hardware-In-the-Loop. [ 33 ] 

4.1.2 Power Hardware-In-the-Loop 

ɇɞ Power Hardware-In-the-Loop ŭɘŬűɏɟŮɘ Ŭˊɧ Űɞ Control Hardware-In-the-Loop 

əŬɗɩɠ ŮˊɘŰɟɏˊŮɘ Űɖ ůɨɜŭŮůɖ ˊɟŬɔɛŬŰɘəɩɜ ůɡůəŮɡɩɜ ɘůɢɨɞɠ ɤɠ ȼUT , ɧˊɤɠ ɏɜŬɠ 

əɘɜɖŰɐɟŬɠ, ɏɜŬɠ űɤŰɞɓɞɚŰŬɥəɧɠ ɐ Ŭɘɞɚɘəɧɠ ŬɜŰɟɘůŰɟɞűɏŬɠ əŰɚ ɛŮ ˊɟɞůɞɛɞɘɤɛɏɜŬ 

ɖɚŮəŰɟɘəɎ ŭɑəŰɡŬ. ũɘŬ ŬɡŰɐ Űɖ ŭɘŬůɨɜŭŮůɖ əɟɑɜŮŰŬɘ ŬˊŬɟŬɑŰɖŰɖ ɖ ɢɟɐůɖ ɛɘŬɠ 

ůɡůəŮɡɐɠ (interface) ɔɘŬ Űɖɜ ŭɘŬəɑɜɖůɖ Űɖɠ ɘůɢɨɞɠ ɛŮŰŬɝɨ Űɞɡ ˊɟɞůɞɛɞɘɤɛɏɜɞɡ 

ŭɘəŰɨɞɡ əŬɘ Űɞɡ HUT. 

ɇɞ Power Hardware-In-the-Loop ŬˊɞŰŮɚŮɑ Űɖɜ ŰŮɚŮɡŰŬɑŬ ɚɏɝɖ Űɖɠ ŰŮɢɜɞɚɞɔɑŬɠ  ůŰɘɠ 

ˊɟɞůɞɛɞɘɩůŮɘɠ ůɡůŰɖɛɎŰɤɜ ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɖɜ ȺɘəɧɜŬ 

4.3, ɧˊɞɡ ɓɚɏˊɞɡɛŮ ůɡɜɞˊŰɘəɎ Űɖɜ ɘůŰɞɟɘəɐ Ůɝɏɚɘɝɖ ˊɟɞůɞɛɞɘɩůŮɤɜ ɆɡůŰɖɛɎŰɤɜ 

ɖɚŮəŰɟɘəɐɠ ŮɜɏɟɔŮɘŬɠ.[ 18 ] 

 

ȺɘəɧɜŬ 4.3 ȽůŰɞɟɘəɐ Ůɝɏɚɘɝɖ ˊɟɞůɞɛɞɘɩůŮɤɜ ɆɡůŰɖɛɎŰɤɜ ȼɚŮəŰɟɘəɐɠ ȺɜɏɟɔŮɘŬɠ. [ 18 ] 
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ɆŰɞ Power Hardware-In-the-Loop Űɞ ˊɟɞůɞɛɞɘɤɛɏɜɞ ůɨůŰɖɛŬ ɘůɢɨɞɠ, ˊɞɡ ɏɢŮɘ 

əŬŰŬůəŮɡŬůŰŮɑ ůŮ ɖɚŮəŰɟɞɜɘəɧ ɡˊɞɚɞɔɘůŰɐ ɛŮ ɢɟɐůɖ əŬŰɎɚɚɖɚɞɡ ɚɞɔɘůɛɘəɞɨ ˊ.ɢ. R-

SCAD, əŬɘ ŮˊɘɚɨŮŰŬɘ ůŮ ˊɟŬɔɛŬŰɘəɧ ɢɟɧɜɞ (Real-time) Ŭˊɧ Űɞɜ ɣɖűɘŬəɧ 

ˊɟɞůɞɛɞɘɤŰɐ ˊɟŬɔɛŬŰɘəɞɨ ɢɟɧɜɞɡ (RTDS), ŮˊɘəɞɘɜɤɜŮɑ ɛŮ Űɞ interface (ŮɜɘůɢɡŰɐɠ) 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ůɐɛŬŰŬ ůŮ ɢŬɛɖɚɧ ŮˊɑˊŮŭɞ ŰɎůɖɠ ɖ ɞˊɞɑŬ ůŰɖ ůɡɜɏɢŮɘŬ ŮɜɘůɢɨŮŰŬɘ 

əŬɘ ɞŭɖɔŮɑŰŬɘ ůŰɖ ůɡůəŮɡɐ ɘůɢɨɞɠ ˊɟɞɠ ŮɝɏŰŬůɖ (HUT). ɇɞ ɟŮɨɛŬ ˊɞɡ ɟɏŮɘ ˊɟɞɠ Űɞ 

HUT ɛŮŰɟɎŰŬɘ Ŭˊɧ ŰŬ ɛŮŰɟɖŰɘəɎ Űɞɡ ŮɜɘůɢɡŰɐ əŬɘ ŮˊɘůŰɟɏűŮɘ ɤɠ ŬɜŬŰɟɞűɞŭɧŰɖůɖ 

ˊɑůɤ ůŰɞ RTDS. [ 35 ] 

ɇɞ ˊŮɟɘɓɎɚɚɞɜ PHIL ˊɟɞůɞɛɞɑɤůɖɠ Űɞɡ ŮɟɔŬůŰɖɟɑɞɡ ɆɡůŰɖɛɎŰɤɜ ȼɚŮəŰɟɘəɐɠ 

ȺɜɏɟɔŮɘŬɠ űŬɑɜŮŰŬɘ ˊŬɟŬəɎŰɤ: 

 

 

ȺɘəɧɜŬ 4.4 ɄŮɟɘɓɎɚɚɞɜ PHIL  ˊɟɞůɞɛɞɑɤůɖɠ ŮɟɔŬůŰɖɟɑɞɡ ɆɡůŰɖɛɎŰɤɜ ȼɚŮəŰɟɘəɐɠ ȺɜɏɟɔŮɘŬɠ   

[ 19 ] 

 

ɆŰɞ ŮɟɔŬůŰɐɟɘɞ Űɞ power interface ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ ɘůɢɨɞɠ 

ŮɑɜŬɘ ɏɜŬɠ AC/DC/AC ŮɜɘůɢɡŰɐɠ Űɖɠ ŮŰŬɘɟɑŬɠ Triphase. [ 34 ] 

ɆŰɖɜ ɘŭŬɜɘəɐ ˊŮɟɑˊŰɤůɖ Űɞ interface (ŮɜɘůɢɡŰɐɠ) ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŰɖɜ  PHIL 

ˊɟɞůɞɛɞɑɤůɖ ˊɟɏˊŮɘ ɜŬ ɏɢŮɘ ɛɞɜŬŭɘŬɑɞ əɏɟŭɞɠ, ɎˊŮɘɟɞ bandwidth əŬɘ ɛɖŭŮɜɘəɐ 

ɢɟɞɜɘəɐ əŬɗɡůŰɏɟɖůɖ ɏŰůɘ ɩůŰŮ ɜŬ ɛɖɜ ŮˊɖɟŮɎɕŮɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ. ɆŰɖɜ 

ˊɟŬɔɛŬŰɘəɧŰɖŰŬ ɧɛɤɠ ŬɡŰɧ ŭŮɜ ɛˊɞɟŮɑ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɞɘ PHIL 

ˊɟɞůɞɛɞɘɩůŮɘɠ ɜŬ ˊŮɟɘɏɢɞɡɜ ůűɎɚɛŬŰŬ, ɐ ŬəɧɛŬ əŬɘ Űɞ ůɨůŰɖɛɎ ɛŬɠ ɜŬ ɞŭɖɔŮɑŰŬɘ 

ůŮ ŬůŰɎɗŮɘŬ, ɚɧɔɤ Űɖɠ ɛɖ ɘŭŬɜɘəɧŰɖŰŬ Űɞɡ interface. ɆɡɜŮˊɩɠ ŰɑɗŮɜŰŬɘ ŭɨɞ ɕɖŰɐɛŬŰŬ 

ˊɟɞɠ ŬɜɎɚɡůɖ, Űɞ ɕɐŰɖɛŬ Űɖɠ ŮɡůŰɎɗŮɘŬɠ əŬɘ Űɞ ɕɐŰɖɛŬ Űɖɠ ŬəɟɑɓŮɘŬɠ Űɖɠ PHIL 

ˊɟɞůɞɛɞɑɤůɖɠ. 
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4.1.2.1 ɇɞ ɕɐŰɖɛŬ Űɖɠ ȺɡůŰɎɗŮɘŬɠ PHIL  

ɇɞ ́ɘɞ ůɖɛŬɜŰɘəɧ əɞɛɛɎŰɘ ɔɘŬ Űɖɜ ˊɟŬɔɛŬŰɞˊɞɑɖůɖ ɛɘŬɠ PHIL ˊɟɞůɞɛɞɑɤůɖɠ ŮɑɜŬɘ ɖ 

ɛŮɚɏŰɖ Űɖɠ ŮɡůŰɎɗŮɘŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ əɚŮɘůŰɞɨ ɓɟɧɢɞɡ. ȳˊɤɠ ŬɜŬűɏɟŬɛŮ əŬɘ 

ˊŬɟŬˊɎɜɤ ɖ ɢɟɞɜɘəɐ əŬɗɡůŰɏɟɖůɖ ˊɞɡ ŮɘůɎɔŮŰŬɘ Ŭˊɧ Űɞɜ ŮɜɘůɢɡŰɐ (ɞ ɢɟɧɜɞɠ ˊɞɡ 

ɢɟŮɘɎɕŮŰŬɘ ɔɘŬ ɜŬ ŮɜɘůɢɨůŮɘ Űɖɜ ŰɎůɖ) Ŭˊɧ ŰŬ ɧɟɔŬɜŬ əŬɗɩɠ əŬɘ Ŭˊɧ Űɞɜ ɣɖűɘŬəɧ 

ˊɟɞůɞɛɞɘɤŰɐ ˊɟŬɔɛŬŰɘəɞɨ ɢɟɧɜɞɡ (RTDS), ɖ ŮɘůŬɔɤɔɐ ŬɜɩŰŮɟɤɜ Ŭɟɛɞɜɘəɩɜ Ŭˊɧ 

Űɖɜ Ůɜɑůɢɡůɖ əŬɘ Űɞ ˊŮɟɘɞɟɘůɛɏɜɞ Ůɨɟɞɠ ɕɩɜɖɠ Űɞɡ ɛˊɞɟɞɨɜ ɜŬ ŮˊɖɟŮɎůɞɡɜ Űɖɜ 

ŮɡůŰɎɗŮɘŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɞŭɖɔɩɜŰŬɠ ŬəɧɛŬ əŬɘ ŮɡůŰŬɗɐ ůɡůŰɐɛŬŰŬ ůŮ ŬůŰɎɗŮɘŬ.  

ɀɘŬ Ůɝɐɔɖůɖ ɔɘŬ ŬɡŰɧ Űɞ űŬɘɜɧɛŮɜɞ ŭɑɜŮŰŬɘ ɡˊɧ Űɖɜ ˊɟɞɦˊɧɗŮůɖ ɧŰɘ ɖ ˊɟɞůɞɛɞɑɤůɖ 

ɔɑɜŮŰŬɘ ůŮ ŭɘŬəɟɘŰɧ ɢɟɧɜɞ, ɧˊɤɠ əŬɘ ɔɑɜŮŰŬɘ ůŮ ɧɚŬ ŰŬ ˊŮɘɟɎɛŬŰŬ ˊɟŬɔɛŬŰɘəɞɨ 

ɢɟɧɜɞɡ.  

 

ȺɘəɧɜŬ 4.5 Ɉɚɞˊɞɑɖůɖ ŭɘŬɘɟɏŰɖ ŰɎůɖɠ ɛŮ ɢɟɐůɖ PHIL ˊɟɞůɞɛɞɑɤůɖɠ. [ 20 ] 

ɆŰɞ əɨəɚɤɛŬ Űɞɡ ŭɘŬɘɟɏŰɖ ŰɎůɖɠ ˊɞɡ űŬɑɜŮŰŬɘ ˊŬɟŬˊɎɜɤ ɗŮɤɟɞɨɛŮ ɧŰɘ Űɖ ɢɟɞɜɘəɐ 

ůŰɘɔɛɐ tk, ɏɜŬ ůűɎɚɛŬ ŮɘůɎɔŮŰŬɘ ůŰɖɜ Ůɜɑůɢɡůɖ Űɖɠ ŰɎůɖɠ V2. ȷɡŰɧ Űɞ ůűɎɚɛŬ ůŰɖɜ 

ŰɎůɖɠ V2 ůŰɖ ůɡɜɏɢŮɘŬ ɛŮŰŬűɏɟŮŰŬɘ ůŰɞ ɟŮɨɛŬ Ƚ2 əŬɗɩɠ: 

 ὠ ὠ ΌϽὤ (4.1) 

 ὠ ὠ ‐ (4.2) 

 Ό
ὠς
ὤὒ

ὠρ
ὤὒ

‐
ὤὒ

 (4.3) 

ȳŰŬɜ Űɞ ɟŮɨɛŬ ŮˊɘůŰɟɏɣŮɘ ˊɑůɤ ůŰɖɜ ˊɟɞůɞɛɞɑɤůɖ ɗŬ ˊɟɞəŬɚɏůŮɘ ɛŮ Űɖ ůŮɘɟɎ Űɞɡ 

ɏɜŬ Ůˊɘˊɚɏɞɜ ůűɎɚɛŬ ůŰɖɜ ŰɎůɖ V1: 
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 ὠ ὠ ΌϽὤ ὠ ΌϽὤ ὠ ‐  (4.4) 

ȷˊɧ Űɖ ůɢɏůɖ (4.4) ɓɚɏˊɞɡɛŮ ɧŰɘ Űɞ ůűɎɚɛŬ Ů ŮɜɘůɢɨɗɖəŮ əŬŰɎ Űɞɜ ˊŬɟɎɔɞɜŰŬ                   

-(ȻS/ȻL). ɆɡɜŮˊɩɠ Ŭɜ ȻS/ȻL>1 ŰɧŰŮ ɚɧɔɤ Űɖɠ ŮˊŬɜŬɚɖˊŰɘəɐɠ ŭɘŬŭɘəŬůɑŬɠ Űɞ ůűɎɚɛŬ 

ŰŮɑɜŮɘ ůŰɞ ɎˊŮɘɟɞ. [ 20 ] 

ȰɜŬ ůɨůŰɖɛŬ PHIL ɛˊɞɟŮɑ ɜŬ ŬɜŬˊŬɟŬůŰŬɗŮɑ Ŭˊɧ ɏɜŬ block ŭɘɎɔɟŬɛɛŬ 

ůɡɜŬɟŰɐůŮɤɜ ɛŮŰŬűɞɟɎɠ. 

ɇɞ block ŭɘɎɔɟŬɛɛŬ ɔɘŬ Űɞ ɔŮɜɘəɧ PHIL ůɨůŰɖɛŬ Űɞɡ ŭɘŬɘɟɏŰɖ ŰɎůɖɠ űŬɑɜŮŰŬɘ 

ˊŬɟŬəɎŰɤ ůŰɖ ȺɘəɧɜŬ 4.6: 

 

+

_

 

ȺɘəɧɜŬ 4.6 Block ŭɘɎɔɟŬɛɛŬ PHIL  ˊɟɞůɞɛɞɑɤůɖɠ. 

 

ȳˊɞɡ Ȼ2 ŮɑɜŬɘ Űɞ HUT, Ȼ1 Űɞ ˊɟɞůɞɛɞɘɤɛɏɜɞ əɨəɚɤɛŬ, GAMP ɖ ůɡɜɎɟŰɖůɖ 

ɛŮŰŬűɞɟɎɠ Űɞɡ űɑɚŰɟɞɡ Űɞɡ ŮɜɘůɢɡŰɐ (interface) əŬɘ ɇ ɖ ůɡɜɞɚɘəɐ ɢɟɞɜɘəɐ 

əŬɗɡůŰɏɟɖůɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ. 

ɇɞ ˊɟɧɓɚɖɛŬ ɛˊɞɟŮɑ ɜŬ ŬˊɚɞˊɞɘɖɗŮɑ ɗŮɤɟɩɜŰŬɠ Űɞ ůɨůŰɖɛŬ Ůɜɧɠ Ŭˊɚɞɨ ŭɘŬɘɟɏŰɖ 

ŰɎůɖɠ, ˊɞɡ űŬɑɜŮŰŬɘ ˊŬɟŬəɎŰɤ, ɧˊɞɡ ɖ ŬɜŰɑůŰŬůɖ R1 ŮɑɜŬɘ ˊɟɞůɞɛɞɘɤɛɏɜɖ Ůɜɩ ɖ 

ŬɜŰɑůŰŬůɖ R2 ŮɑɜŬɘ Űɞ HUT. ŪŮɤɟɞɨɛŮ ɧŰɘ ɖ ůɡɜɎɟŰɖůɖ ɛŮŰŬűɞɟɎɠ Űɞɡ ŮɜɘůɢɡŰɐ 

ŮɑɜŬɘ ɑůɖ ɛŮ ç1è , ŭɖɚŬŭɐ ɏɢɞɡɛŮ ɛɘŬ ɘŭŬɜɘəɐ Ůɜɑůɢɡůɖ. 

 

+

_

 

ȺɘəɧɜŬ 4.7 Block ŭɘɎɔɟŬɛɛŬ PHIL  ˊɟɞůɞɛɞɑɤůɖɠ ɔɘŬ Űɞ əɨəɚɤɛŬ Űɞɡ ŭɘŬɘɟɏŰɖ ŰɎůɖɠ. 
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ȳˊɤɠ ŭŮɑɝŬɛŮ əŬɘ ɜɤɟɑŰŮɟŬ ŬəɧɛŬ əŬɘ Ŭɜ Űɞ ˊɟŬɔɛŬŰɘəɧ ůɨůŰɖɛŬ Űɞɡ ŭɘŬɘɟɏŰɖ 

ŰɎůɖɠ ŮɑɜŬɘ ɔɜɤůŰɧ ɧŰɘ ŮɑɜŬɘ ŮɡůŰŬɗɏɠ, ɖ PHIL ɡɚɞˊɞɑɖůɖ Űɞɡ ŭŮɜ ŮɑɜŬɘ Ŭɜ ɖ Űɘɛɐ 

Űɞɡ R1 ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ Űɖɜ Űɘɛɐ Űɞɡ R2, ŭɖɚŬŭɐ ɔɘŬ  R1> R2 ŮɝŬɘŰɑŬɠ Űɖɠ 

ɢɟɞɜɘəɐɠ əŬɗɡůŰɏɟɖůɖɠ. Ⱥɜɩ Űɞ ŭɘɎɔɟŬɛɛŬ Nyquist Űɞɡ ˊɟŬɔɛŬŰɘəɞɨ əɡəɚɩɛŬŰɞɠ 

ˊɞɡ űŬɑɜŮŰŬɘ ůŰɖɜ ȺɘəɧɜŬ 4.8 ŮɑɜŬɘ ɏɜŬ ůɖɛŮɑɞ ůŰɞɜ ˊɟŬɔɛŬŰɘəɧ ɎɝɞɜŬ ɛŮ Űɘɛɐ ɑůɖ 

ɛŮ Űɞ ɚɧɔɞ R1/ R2, ůŰɖɜ PHIL ˊɟɞůɞɛɞɑɤůɖ ɖ ɢɟɞɜɘəɐ əŬɗɡůŰɏɟɖůɖ ˊɟɞəŬɚŮɑ ɛɘŬ 

ůɡɜŮɢɐ ɛŮŰŬŰɧˊɘůɖ ůŰɖ ɔɤɜɑŬ Űɞɡ R1/ R2 ɧůɞ ɖ ůɡɢɜɧŰɖŰŬ ŬɡɝɎɜŮŰŬɘ ɛŮ ŬˊɞŰɏɚŮůɛŬ 

ɜŬ ˊɟɞəɨˊŰɞɡɜ ɎˊŮɘɟɞɘ əɨəɚɞɘ ɛŮ ŬəŰɑɜŬ ɑůɖ ɛŮ Űɞɜ ɚɧɔɞ R1/ R2 ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɖɜ 

ȺɘəɧɜŬ 4.9 ɛŮ ůɡɜɏˊŮɘŬ Űɞ ůɨůŰɖɛɎ ɜŬ ŮɑɜŬɘ ŬůŰŬɗɏɠ. 

 

ȺɘəɧɜŬ 4.8 ȹɘɎɔɟŬɛɛŬ Nyquist ɔɘŬ Űɞ ˊɟŬɔɛŬŰɘəɧ ůɨůŰɖɛŬ Űɞɡ ŭɘŬɘɟɏŰɖ ŰɎůɖɠ ɔɘŬ R1/ R2=2. 
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ȺɘəɧɜŬ 4.9 ȹɘɎɔɟŬɛɛŬ Nyquist ɔɘŬ Űɞ ůɨůŰɖɛŬ Űɖɠ PHIL  ˊɟɞůɞɛɞɑɤůɖɠ Űɞɡ ŭɘŬɘɟɏŰɖ ŰɎůɖɠ ɔɘŬ 

R1/ R2=2. 

 

4.1.2.1.1 ɣʍʅʐʙʍʅʋ ʀʑʎʐʗʃʀʅɻʏ Nyquist  

 

ɆɨɛűɤɜŬ ɛŮ Űɞ əɟɘŰɐɟɘɞ ŮɡůŰɎɗŮɘŬɠ Nyquist ɔɘŬ ɜŬ ɛŮɚŮŰɐůɞɡɛŮ Űɖɜ ŮɡůŰɎɗŮɘŬ Ůɜɧɠ 

ůɡůŰɐɛŬŰɞɠ Ůɚɏɔɢɞɡ, ɗŮɤɟɞɨɛŮ Űɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ Ůɝɑůɤůɖ, F(s)=0 : 

 Ὂί ρ ὒί
ὑБ ίᾀὭ
ὲ
Ὥρ

Б ίὴὯ
ὓ
Ὧρ

π (4.5) 

ũɘŬ ɜŬ ŮɑɜŬɘ ŮɡůŰŬɗɏɠ Űɞ ůɨůŰɖɛŬ ˊɟɏˊŮɘ ɧɚŬ ŰŬ ɛɖŭŮɜɘəɎ Űɖɠ F(s) ɜŬ ɓɟɑůəɞɜŰŬɘ 

ůŰɞ ŬɟɘůŰŮɟɧ ɛɘɔŬŭɘəɧ ɖɛɘŮˊɑˊŮŭɞ-s. ɀŮ ɎɚɚŬ ɚɧɔɘŬ, ɞɘ ɟɑɕŮɠ Ůɜɧɠ ŮɡůŰŬɗɞɨɠ 

ůɡůŰɐɛŬŰɞɠ (ŭɖɚŬŭɐ ŰŬ ɛɖŭŮɜɘəɎ Űɖɠ F(s) ) ˊɟɏˊŮɘ ɜŬ ɓɟɑůəɞɜŰŬɘ ŬɟɘůŰŮɟɎ Űɞɡ 

ɎɝɞɜŬ jɤ. ȷɜ ɚɞɘˊɧɜ ŮˊɘɚɏɝɞɡɛŮ ɛɘŬ əŬɛˊɨɚɖ ũS ŰɏŰɞɘŬ ɩůŰŮ ɜŬ ˊŮɟɘəɚŮɑŮɘ ɞɚɧəɚɖɟɞ 

Űɞ ŭŮɝɑ ɛɘɔŬŭɘəɧ ɖɛɘŮˊɑˊŮŭɞ-s əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɞ ɗŮɩɟɖɛŬ Űɞɡ 

Cauchy, ɛˊɞɟɞɨɛŮ ɜŬ ŮɚɏɔɝɞɡɛŮ Ŭɜ ɡˊɎɟɢɞɡɜ ɛɖŭŮɜɘəɎ Űɖɠ F(s) ŮɜŰɧɠ Űɖɠ ˊŮɟɘɞɢɐɠ 

ˊɞɡ ˊŮɟɘəɚŮɑŮɘ ɖ ũS. 

ȼ əŬɛˊɨɚɖ Nyquist ˊɞɡ ˊŮɟɘəɚŮɑŮɘ ɧɚɞ Űɞ ŭŮɝɑ ɛɘɔŬŭɘəɧ ɖɛɘŮˊɑˊŮŭɞ-s ˊŬɟɞɡůɘɎɕŮŰŬɘ 

ůŰɖɜ ȺɘəɧɜŬ 1.1. ȼ əŬɛˊɨɚɖ ũS ŭɘŬůɢɑɕŮɘ Űɞɜ ɎɝɞɜŬ jɤ Ŭˊɧ Űɞ -jɤ ɏɤɠ Űɞ +jɤ. ȼ 

əŬɛˊɨɚɖ ůɡɛˊɚɖɟɩɜŮŰŬɘ Ŭˊɧ ɛɘŬ ɖɛɘˊŮɟɘűɏɟŮɘŬ ŬəŰɑɜŬɠ r, ɧˊɞɡ rŸ¤ əŬɘ ůɡɜŮˊɩɠ 






















































































































































