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I 

 

ɩɞɪɢɤɠɰɠ 

ȼ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ ˊɟŬɔɛŬŰŮɨŮŰŬɘ ɕɖŰɐɛŬŰŬ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ əŬɘ Ůɚɏɔɢɞɡ űɤŰɞɓɞɚŰŬɥəɩɜ 

(ūȸ) ůɡůŰɖɛɎŰɤɜ ůŮ ůɡɜɗɐəŮɠ ɞɛɞɘɧɛɞɟűɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɛŮɟɘəɐɠ ůəɑŬůɖɠ. ɄɟɞŰŮɑɜɞɜŰŬɘ 

ɜɏŬ ɛŬɗɖɛŬŰɘəɎ ɛɞɜŰɏɚŬ əŬɘ ŮɝɘůɩůŮɘɠ ˊɞɡ ůɡɜŭɡɎɕɞɡɜ ŬəɟɑɓŮɘŬ əŬɘ ŮɡəɞɚɑŬ ɢɟɐůɖɠ, Ůɜɩ 

ŬɜŬˊŰɨůůɞɜŰŬɘ ŰŮɢɜɘəɏɠ Ůɚɏɔɢɞɡ Űɞɡ ɛŮŰŬŰɟɞˊɏŬ ɘůɢɨɞɠ ɔɘŬ ɓɏɚŰɘůŰɖ ɚŮɘŰɞɡɟɔɑŬ ůŮ ůɡɜɗɐəŮɠ 

ůəɑŬůɖɠ əŬɘ ɔɘŬ Űɐɟɖůɖ ŮűŮŭɟŮɑŬɠ ɘůɢɨɞɠ. 

ȷɟɢɘəɎ, ˊŬɟɞɡůɘɎɕŮŰŬɘ ɛɘŬ ɞɚɞəɚɖɟɤɛɏɜɖ ɛŮɗɞŭɞɚɞɔɑŬ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ Űɞɡ ūȸ 

ůɡůŰɐɛŬŰɞɠ ůŮ ɞɛɞɘɧɛɞɟűɖ ŬəŰɘɜɞɓɞɚɑŬ, ɓŬůɘůɛɏɜɖ ůŰɞ ɛɞɜŰɏɚɞ ɛɑŬɠ ŭɘɧŭɞɡ (single-diode 

PV model). ȼ ɗŮɛŮɚɘɩŭɖɠ Ůɝɑůɤůɖ ɟŮɨɛŬŰɞɠ-ŰɎůɖɠ ŭɘŬŰɡˊɩɜŮŰŬɘ ůŮ ŮɡɗŮɑŬ ɛɞɟűɐ ɛŮ ɢɟɐůɖ 

Űɖɠ ɜŮɞŮɘůŬɢɗŮɑůŬɠ ůɡɜɎɟŰɖůɖɠ Lambert W əŬɘ ŭɑɜɞɜŰŬɘ Ŭˊɚɏɠ ŮɝɘůɩůŮɘɠ ɔɘŬ Űɖɜ ŮɨɟŮůɖ Űɤɜ 

ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ Űɞɡ ɛɞɜŰɏɚɞɡ ɛŮ Ůɡɗɨ Űɟɧˊɞ. Ⱥˊɑůɖɠ, ˊɟɞŰŮɑɜɞɜŰŬɘ ŬɜŬɚɡŰɘəɏɠ ŮəűɟɎůŮɘɠ 

ɡˊɞɚɞɔɘůɛɞɨ Űɖɠ ŰɎůɖɠ əŬɘ Űɞɡ ɟŮɨɛŬŰɞɠ ůŰŬ ůɖɛŮɑŬ ɓɟŬɢɡəɨəɚɤůɖɠ (SC), ŬɜɞɘɢŰɞəɨəɚɤůɖɠ 

(OC) əŬɘ ɛɏɔɘůŰɖɠ ˊŬɟŬɔɤɔɐɠ (MPP), ůɡɜŬɟŰɐůŮɘ ŮɑŰŮ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ ŮɑŰŮ ŬˊŮɡɗŮɑŬɠ 

Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ. 

ɆŰɖ ůɡɜɏɢŮɘŬ, ɛŮɚŮŰɎŰŬɘ ŮɜŭŮɚŮɢɩɠ ɖ ŮˊɑŭɟŬůɖ Űɞɡ űŬɘɜɞɛɏɜɞɡ Űɖɠ ɛŮɟɘəɐɠ ůəɑŬůɖɠ ůŰɖɜ 

ɖɚŮəŰɟɘəɐ Ŭˊɧəɟɘůɖ Ůɜɧɠ ūȸ ůɡůŰɐɛŬŰɞɠ. ȹɞɛŮɑŰŬɘ ɏɜŬ əŬŰɎɚɚɖɚɞ ɖɚŮəŰɟɘəɧ ɛɞɜŰɏɚɞ 

ŬɜŬɚɡŰɘəɐɠ ɛɞɟűɐɠ, Űɞ ɞˊɞɑɞ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ ˊɟɞůɞɛɞɑɤůɖ ˊɚɖɗɩɟŬɠ ůŮɜŬɟɑɤɜ ůəɑŬůɖɠ 

əŬɘ  ůɡůŰɖɛŬŰɘəɐ əŬŰŬɔɟŬűɐ Űɖɠ Űɟɞˊɞˊɞɑɖůɖɠ ˊɞɡ ɡűɑůŰŬɜŰŬɘ ɞɘ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ I-V əŬɘ P-

V. ȼ ŬɜɎɚɡůɖ ɞŭɖɔŮɑ ůŮ ɢŬɟŬəŰɖɟɘůɛɧ ɧɚɤɜ Űɤɜ Űɞˊɘəɩɜ əɞɟɡűɩɜ ɘůɢɨɞɠ (MPPs) ˊɞɡ 

ŮɛűŬɜɑɕɞɜŰŬɘ ůŰɖɜ əŬɛˊɨɚɖ P-V əŬɘ ůŰɖɜ ŬɜɎˊŰɡɝɖ Ŭˊɚɩɜ ˊŮɟɘɔɟŬűɘəɩɜ ůɢɏůŮɤɜ 

ˊɟɞůŭɘɞɟɘůɛɞɨ Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɞɡɠ. ɀŮ Űɘɠ ˊɟɞŰŮɘɜɧɛŮɜŮɠ ŮəűɟɎůŮɘɠ, əŬɗɑůŰŬŰŬɘ 

ŭɡɜŬŰɧɠ ɞ ɡˊɞɚɞɔɘůɛɧɠ Űɖɠ ŮɜŮɟɔŮɘŬəɐɠ Ŭˊɧŭɞůɖɠ Ůɜɧɠ ūȸ ůɡůŰɐɛŬŰɞɠ ˊɞɡ ɡˊɧəŮɘŰŬɘ ůŮ 

ůəɑŬůɖ, ɛŮ Ůɡɗɨ Űɟɧˊɞ əŬɘ ɢɤɟɑɠ əɞˊɘɩŭŮɘɠ ˊɟɞůɞɛɞɘɩůŮɘɠ. ȳɚŬ ŰŬ ɛɞɜŰɏɚŬ əŬɘ ɞɘ ŮɝɘůɩůŮɘɠ 

ˊɞɡ ŮɘůɎɔɞɜŰŬɘ, ŮˊɘɓŮɓŬɘɩɜɞɜŰŬɘ ˊŮɘɟŬɛŬŰɘəɎ ɛŮ ɛŮŰɟɐůŮɘɠ ůŮ ɡűɘůŰɎɛŮɜŮɠ ūȸ ŭɘŬŰɎɝŮɘɠ. 

Ⱥˊɘˊɚɏɞɜ, ŰŬ əŮəŰɖɛɏɜŬ Űɖɠ ɗŮɤɟɖŰɘəɐɠ ɛŮɚɏŰɖɠ ŬɝɘɞˊɞɘɞɨɜŰŬɘ ůŰɖɜ ŬɜɎˊŰɡɝɖ ɏɝɡˊɜɤɜ 

Ŭɚɔɞɟɑɗɛɤɜ Ůɚɏɔɢɞɡ Űɞɡ ɛŮŰŬŰɟɞˊɏŬ ɘůɢɨɞɠ ůŮ ůɡɜɗɐəŮɠ ůəɑŬůɖɠ. ȹɘŬŰɡˊɩɜŮŰŬɘ ɛɑŬ Ŭˊɚɐ əŬɘ 

ɔŮɜɘəɎ ŮűŬɟɛɧůɘɛɖ ŰŮɢɜɘəɐ ŬɜŬɔɜɩɟɘůɖɠ ůəɑŬůɖɠ, Ůɜɩ ŬɜŬˊŰɨůůɞɜŰŬɘ ŭɨɞ Ŭɚɔɧɟɘɗɛɞɘ 

ŬɜɑɢɜŮɡůɖɠ Űɞɡ ůɖɛŮɑɞɡ ɛɏɔɘůŰɖɠ ˊŬɟŬɔɤɔɐɠ (maximum power point tracking ï MPPT) ˊɞɡ 

ŮɔɔɡɩɜŰŬɘ əŬɗɞɚɘəɎ ɓɏɚŰɘůŰɖ ɚŮɘŰɞɡɟɔɑŬ ůŮ ůɡɜɗɐəŮɠ ůəɑŬůɖɠ. 

ɇɏɚɞɠ, ŭɘŮɟŮɡɜɎŰŬɘ Űɞ ŬɜŰɘəŮɑɛŮɜɞ Űɖɠ Űɐɟɖůɖɠ ŮűŮŭɟŮɑŬɠ ɘůɢɨɞɠ Ŭˊɧ ɏɜŬ ūȸ ůɨůŰɖɛŬ ˊɟɞɠ 

ˊŬɟɞɢɐ Ůˊɘəɞɡɟɘəɩɜ ɡˊɖɟŮůɘɩɜ ůŰɞ ɖɚŮəŰɟɘəɧ ŭɑəŰɡɞ. ȷɜŬˊŰɨůůŮŰŬɘ ɛɑŬ ɜɏŬ ŰŮɢɜɘəɐ Ůɚɏɔɢɞɡ 
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This dissertation contributes to the modeling and control of photovoltaic (PV) systems under 

uniform illumination and partial shading conditions. Analytical models and equations are 

introduced that are accurate and easy to use, while new control techniques for the converter of 

the system are proposed that guarantee optimal operation under partial shading and provide 

active power reserves capability. 

A complete model for a PV system operating under uniform illumination is presented, based 

on the single-diode PV model. The current-voltage relation is explicitly formulated using the 

newly introduced Lambert W function, while expressions to extract the five model parameters 

in a straightforward manner are derived. Furthermore, simple equations to determine the 

voltage and current at the short circuit, open circuit and maximum power point are proposed, 

which are explicit functions of either the five parameters or the irradiance and temperature. 

The electrical response of a PV system operating under partial shading conditions is 

thoroughly investigated. For this reason, an analytical model is constructed and used to simulate 

several shading scenarios, in order to investigate the way that the I-V and P-V characteristics 

are modified. This analysis leads to characterization of the local maximum power points 

(MPPs) presented and derivation of simple mathematical formulae to determine their voltage 

and current. These expressions permit calculation of the energy yield at partial shading 

conditions in a direct and easy way, avoiding laborious simulations. All proposed models and 

equations are experimentally validated in actual PV systems. 

Thereafter, the results of the theoretical investigation are used to develop efficient control 

algorithms for the converter of a PV system at partial shading conditions. A simple and 

generally applicable shading detection technique is proposed, while two maximum power point 

algorithms (MPPT) are introduced that guarantee optimal operation under partial shading. 

Finally, the possibilities for a PV system to maintain active power reserves are investigated, 

in order to provide auxiliary services to the electric grid. A new control strategy is developed 

that permits operation at the entire power range from 0% to 100% of the maximum available 

power, employing a single power PI controller and continuously estimating the MPP in real 

time. The proposed control scheme is experimentally evaluated in a 2 kW prototype. 

KEYWORDS 

Active power reserves, analytical expressions, Lambert W, maximum power point (MPP), 

MPPT algorithm, partial shading, photovoltaic (PV) system, simple formulae, single-diode 

model. 
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ɞɭɯɚɪɢɫɬɢɞɫ 

ŪŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ˊɟɤŰɑůŰɤɠ Űɞɜ ŮˊɘɓɚɏˊɞɜŰŬ əŬɗɖɔɖŰɐ ə. ɆŰŬɨɟɞ ɄŬˊŬɗŬɜŬůɑɞɡ, 

ɔɘŬ Űɖ ůŰɞɢŮɡɛɏɜɖ əŬɗɞŭɐɔɖůɖ ˊɞɡ ɛɞɡ ˊŬɟŮɑɢŮ əŬŰɎ Űɖɜ Ůəˊɧɜɖůɖ Űɖɠ ŭɘŭŬəŰɞɟɘəɐɠ ɛɞɡ 

ŭɘŬŰɟɘɓɐɠ əŬɘ ɔɘŬ Űɘɠ ɔɜɩůŮɘɠ ˊɞɡ ɛɞɡ ɛŮŰɏŭɤůŮ ůŰɖ ůɡɔɔɟŬűɐ ŭɖɛɞůɘŮɨůŮɤɜ. ȼ ŮɟŮɡɜɖŰɘəɐ 

ůɡɜŮɟɔŬůɑŬ ˊɞɡ ŮɑɢŬɛŮ ŬɡŰɎ ŰŬ ŰɏůůŮɟŬ ɢɟɧɜɘŬ ɐŰŬɜ Ɏɣɞɔɖ. 

Ⱥˊɑůɖɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ɗŮɟɛɎ Űɞɜ ə. ɆŰɏűŬɜɞ ɀŬɜɘɎ ɔɘŬ Űɖɜ ɡˊɞŭŮɘɔɛŬŰɘəɐ 

ůɡɜŮɟɔŬůɑŬ ɛŬɠ ůŮ ŮɟŮɡɜɖŰɘəɧ ˊɟɧɔɟŬɛɛŬ Űɞɡ ŮɟɔŬůŰɖɟɑɞɡ. ɀɞɡ ɏŭɤůŮ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ 

Ŭůɢɞɚɖɗɩ ɛŮ ˊɟŬəŰɘəɎ ɗɏɛŬŰŬ ɡɚɞˊɞɑɖůɖɠ əŬɘ ŬɜɎˊŰɡɝɖɠ Ůɜɧɠ ɛŮŰŬŰɟɞˊɏŬ ɘůɢɨɞɠ, 

ŬˊɞəŰɩɜŰŬɠ ˊɞɚɨŰɘɛɖ ŮɛˊŮɘɟɑŬ ɔɘŬ Űɖ ɛŮŰɏˊŮɘŰŬ ŮˊŬɔɔŮɚɛŬŰɘəɐ ɛɞɡ ˊɞɟŮɑŬ. 

ȷəɧɛŬ, ɗɏɚɤ ɜŬ ˊɤ ɏɜŬ ɛŮɔɎɚɞ ŮɡɢŬɟɘůŰɩ ůŰɞɡɠ ə. ȷɜŰɩɜɖ ȾɚŬŭɎ əŬɘ ə. ɄŬɨɚɞ 

ũŮɤɟɔɘɚɎəɖ ɔɘŬ Űɖɜ ɡˊɞůŰɐɟɘɝɖ ˊɞɡ ɛɞɡ ˊŬɟŮɑɢŬɜ əŬɘ Űɘɠ ɔɜɩůŮɘɠ ˊɞɡ ɛɞɡ ɛŮŰɏŭɤůŬɜ, Ůɜɩ Űɘɠ 

ˊɘɞ ɗŮɟɛɏɠ ŮɡɢŬɟɘůŰɑŮɠ ŮəűɟɎɕɤ ůŰɞɜ ə. ũɘɩɟɔɞ ɆŰŬɡɟŬəɎəɖ ˊɞɡ ɐŰŬɜ ˊɎɜŰŬ ŭɑˊɚŬ ɛɞɡ Ŭˊɧ 

Űɖɜ ˊŬɟɞɡůɑŬůɖ Űɖɠ ŭɘˊɚɤɛŬŰɘəɐɠ ɛɞɡ ŮɟɔŬůɑŬɠ ɛɏɢɟɘ əŬɘ ůɐɛŮɟŬ. 

ȹŮ ɗŬ ɝŮɢɎůɤ ɓŮɓŬɑɤɠ Űɞɡɠ Ɉˊ. ȹɘŭɎəŰɞɟŮɠ ə. ũɘɩɟɔɞ ȾŬɛˊɑŰůɖ əŬɘ ə. Ⱥɚɏɜɖ ũŬŰɐ, ɛŮ Űɞɡɠ 

ɞˊɞɑɞɡɠ ɧɢɘ ɛɧɜɞ ůɡɜŮɟɔŬůŰɐəŬɛŮ ɎɣɞɔŬ ůŮ ŮˊŬɔɔŮɚɛŬŰɘəɧ ŮˊɑˊŮŭɞ, ŬɚɚɎ ŬɜŬˊŰɨɝŬɛŮ əŬɘ ɛɘŬ 

ɘůɢɡɟɐ űɘɚɑŬ. Ⱥˊɑůɖɠ, ɗɏɚɤ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɖɜ ɞɘəɞɔɏɜŮɘɎ ɛɞɡ əŬɘ Űɞ űɘɚɘəɧ ɛɞɡ ˊŮɟɑɔɡɟɞ 

ˊɞɡ ɛŮ ůŰɐɟɘɝŮ ɛŮ Űɞɜ Űɟɧˊɞ Űɞɡɠ ŬɡŰɎ ŰŬ ŰɏůůŮɟŬ ɢɟɧɜɘŬ. 

ɇɏɚɞɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŮəűɟɎůɤ Űɘɠ ŮɘɚɘəɟɘɜŮɑɠ ɛɞɡ ŮɡɢŬɟɘůŰɑŮɠ ůŰɞ ȲŭɟɡɛŬ ȾɟŬŰɘəɩɜ 

ɈˊɞŰɟɞűɘɩɜ, əŬɘ ɘŭɘŬɑŰŮɟŬ ůŰɖɜ Űɏɤɠ ˊɟɧŮŭɟɞ ə. Ȱűɖ ɀˊɎůŭɟŬ, ɔɘŬ Űɖ ɢɟɖɛŬŰɞŭɧŰɖůɖ Űɖɠ 

ŭɘŭŬəŰɞɟɘəɐɠ ɛɞɡ ŭɘŬŰɟɘɓɐ ɛɏůɤ Űɞɡ ˊɟɞɔɟɎɛɛŬŰɞɠ çɈˊɞŰɟɞűɑŮɠ ŬɟɘůŰŮɑŬɠ Ƚ.Ⱦ.Ɉ. 

ɛŮŰŬˊŰɡɢɘŬəɩɜ ůˊɞɡŭɩɜ ůŰɖɜ ȺɚɚɎŭŬ ï ɄɟɧɔɟŬɛɛŬ Siemensè. ɉɤɟɑɠ Űɖɜ ɞɘəɞɜɞɛɘəɐ 

Ůɜɑůɢɡůɖ Űɞɡ ɘŭɟɨɛŬŰɞɠ ˊɘɗŬɜɧŰŬŰŬ ŭŮ ɗŬ ɐŰŬɜ ŭɡɜŬŰɐ ɖ Ůəˊɧɜɖůɖ ŬɡŰɐɠ Űɖɠ ŭɘŬŰɟɘɓɐɠ. 
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ɤɢɫɬɚ ɫɭɥɛɨɤɱɦ 

a ɇɟɞˊɞˊɞɘɖɛɏɜɞɠ ůɡɜŰŮɚŮůŰɐɠ ŭɘɧŭɞɡ Űɞɡ ɛɞɜŰɏɚɞɡ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ. 

abk ɇɟɞˊɞˊɞɘɖɛɏɜɞɠ ůɡɜŰŮɚŮůŰɐɠ ŭɘɧŭɞɡ űɟŬɔɐɠ (ŰɡˊɘəɎ 50 mV). 

abp ɇɟɞˊɞˊɞɘɖɛɏɜɞɠ ůɡɜŰŮɚŮůŰɐɠ ŭɘɧŭɞɡ ŭɘŬűɡɔɐɠ (ŰɡˊɘəɎ 50 mV). 

b ɆɡɜŰŮɚŮůŰɐɠ ŭɘɧɟɗɤůɖɠ Űɞɡ ɛɞɜŰɏɚɞɡ ūȸ əɡɣɏɚɖɠ ɔɘŬ ŬɟɜɖŰɘəɏɠ ŰɎůŮɘɠ. 

D Duty cycle ˊŬɚɛɞŭɧŰɖůɖɠ dc/dc ɛŮŰŬŰɟɞˊɏŬ ɘůɢɨɞɠ. 

Eg ȺɜŮɟɔŮɘŬəɧ ŭɘɎəŮɜɞ ˊɡɟɘŰɑɞɡ (Eg0 = 1.21 eV = 1.9226e-19 J). 

G ȺɜŮɟɔɧɠ ŬəŰɘɜɞɓɞɚɑŬ. 

Gi
j ȷəŰɘɜɞɓɞɚɑŬ ɞɛɎŭŬɠ j ˊɚŬɘůɘɞůŮɘɟɎɠ i. 

Ibp ɅŮɨɛŬ ˊɞɡ ŭɘŬɟɟɏŮɘ Űɖ ŭɑɞŭɞ ŭɘŬűɡɔɐɠ ɛɑŬɠ ūȸ ůŰɞɘɢŮɘɞůŮɘɟɎɠ. 

Icells ɅŮɨɛŬ ˊɞɡ ŭɘŬɟɟɏŮɘ Űɘɠ əɡɣɏɚŮɠ ůŮ ɛɑŬ ūȸ ůŰɞɘɢŮɘɞůŮɘɟɎ. 

Iph ūɤŰɧɟŮɡɛŬ Űɞɡ ɛɞɜŰɏɚɞɡ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ. 

Is ɅŮɨɛŬ əɞɟŮůɛɞɨ ŭɘɧŭɞɡ Űɞɡ ɛɞɜŰɏɚɞɡ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ. 

Isbk ɅŮɨɛŬ əɞɟŮůɛɞɨ ŭɘɧŭɞɡ űɟŬɔɐɠ (ŰɡˊɘəɎ 1.6 nA). 

Isbp ɅŮɨɛŬ əɞɟŮůɛɞɨ ŭɘɧŭɞɡ ŭɘŬűɡɔɐɠ (ŰɡˊɘəɎ 1.6 nA). 

Isc ɅŮɨɛŬ ɓɟŬɢɡəɨəɚɤůɖɠ (SC) ůŮ ɞɛɞɘɧɛɞɟűŮɠ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ. 

Imp ɅŮɨɛŬ ɛɏɔɘůŰɖɠ ˊŬɟŬɔɤɔɐɠ (MPP) ůŮ ɞɛɞɘɧɛɞɟűŮɠ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ. 

I i
mpj ɅŮɨɛŬ Űɞɡ MPPi

j ůŮ ůɡɜɗɐəŮɠ ůəɑŬůɖɠ. 

k ɆŰŬɗŮɟɎ Boltzmann ï 1.38066e-23 (J/K). 

MPPi
j ɇɞˊɘəɧ ɛɏɔɘůŰɞ Űɖɠ ˊɚŬɘůɘɞůŮɘɟɎɠ i ˊɞɡ ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɖɜ ŬəŰɘɜɞɓɞɚɑŬ Gi

j. 

MPPA i
j ɇɞˊɘəɧ ɛɏɔɘůŰɞ Űɖɠ ůɡůŰɞɘɢɑŬɠ ˊɞɡ ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɞ MPPi

j Űɖɠ ˊɚŬɘůɘɞůŮɘɟɎɠ. 

MPPB ɇɞ ŭŮɝɘɧŰŮɟɞ Űɞˊɘəɧ ɛɏɔɘůŰɞ Űɖɠ ůɡůŰɞɘɢɑŬɠ. 

MPPI ɆɖɛŮɑɞ ɚŮɘŰɞɡɟɔɑŬɠ əŬŰɎ Űɞ ɞˊɞɑɞ ɛŮɔɘůŰɞˊɞɘŮɑŰŬɘ ɖ ɘůɢɨɠ ůŰɖɜ ɏɝɞŭɞ Űɖɠ 

ɘŭŬɜɘəɐ ůɡɜɘůŰɩůŬɠ Űɞɡ ɛɞɜŰɏɚɞɡ (əŬɘ ɧɢɘ Űɞɡ ůɡɜɞɚɘəɞɨ əɡəɚɩɛŬŰɞɠ). 

m ɆɡɜŰŮɚŮůŰɐɠ əŬŰɎɟɟŮɡůɖɠ Űɞɡ ɛɞɜŰɏɚɞɡ ūȸ əɡɣɏɚɖɠ ɔɘŬ ŬɟɜɖŰɘəɏɠ ŰɎůŮɘɠ. 

n ɆɡɜŰŮɚŮůŰɐɠ ŭɘɧŭɞɡ Űɞɡ ɛɞɜŰɏɚɞɡ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ. 

na ɀɏɔɘůŰɞ ˊɚɐɗɞɠ MPPs ˊɞɡ ɛˊɞɟŮɑ ɜŬ ŮɛűŬɜɘůŰɞɨɜ ůŮ ɛɑŬ ūȸ ůɡůŰɞɘɢɑŬ. 

ni Ʉɚɐɗɞɠ ŭɘŬűɞɟŮŰɘəɩɜ Ůˊɘˊɏŭɤɜ ŬəŰɘɜɞɓɞɚɑŬɠ ˊɚŬɘůɘɞůŮɘɟɎɠ i. 

Ni
j Ʉɚɐɗɞɠ ůŰɞɘɢŮɘɞůŮɘɟɩɜ ůŰɖɜ ɞɛɎŭŬ j Űɖɠ ˊɚŬɘůɘɞůŮɘɟɎɠ i. 

Ncs Ʉɚɐɗɞɠ ūȸ ůŰɞɘɢŮɘɞůŮɘɟɩɜ ůŮ ɏɜŬ ūȸ ˊɚŬɑůɘɞ. 

Nm Ʉɚɐɗɞɠ ūȸ ˊɚŬɘůɑɤɜ ůŮ ɛɑŬ ūȸ ˊɚŬɘůɘɞůŮɘɟɎ. 

Np Ʉɚɐɗɞɠ ūȸ ˊɚŬɘůɘɞůŮɘɟɩɜ ůŮ ɛɑŬ ūȸ ůɡůŰɞɘɢɑŬ. 

Ns Ʉɚɐɗɞɠ ūȸ əɡɣŮɚɩɜ ůŮ ɛɑŬ ūȸ ůŰɞɘɢŮɘɞůŮɘɟɎ. 

Pmp Ƚůɢɨɠ ɛɏɔɘůŰɖɠ ˊŬɟŬɔɤɔɐɠ (MPP) ůŮ ɞɛɞɘɧɛɞɟűŮɠ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ. 

Pi
mpj Ƚůɢɨɠ Űɞɡ MPPi

j ůŮ ůɡɜɗɐəŮɠ ůəɑŬůɖɠ. 

q ūɞɟŰɑɞ ɖɚŮəŰɟɞɜɑɞɡ ï 1.60218e-19 (Cb). 

Rc ȷɜŰɑůŰŬůɖ Űɞɡ ŮˊŬɡɝɖɛɏɜɞɡ ūȸ ɛɞɜŰɏɚɞɡ ɛɑŬɠ ŭɘɧŭɞɡ. 

Rcurve ɇŬɚɎɜŰɤůɖ əŬɛˊɨɚɖɠ (curve ripple). 

Rs ɆŮɘɟɘŬəɐ ŬɜŰɑůŰŬůɖ Űɞɡ ɛɞɜŰɏɚɞɡ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ. 

Rsh ȺɔəɎɟůɘŬ ŬɜŰɑůŰŬůɖ Űɞɡ ɛɞɜŰɏɚɞɡ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ. 

Si
j ȯɗɟɞɘůɛŬ ŬəŰɘɜɞɓɞɚɘɩɜ ˊɞɡ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɞ MPPAi

j. 

T ŪŮɟɛɞəɟŬůɑŬ əɡɣɏɚɖɠ. 

Vbk ɇɎůɖ ůŰŬ ɎəɟŬ ɛɑŬɠ ŭɘɧŭɞɡ űɟŬɔɐɠ. 

Vbr ɇɎůɖ əŬŰɎɟɟŮɡůɖɠ Űɞɡ ɛɞɜŰɏɚɞɡ ūȸ əɡɣɏɚɖɠ ɔɘŬ ŬɟɜɖŰɘəɏɠ ŰɎůŮɘɠ. 



 

X 

 

Vc Ʉɖɔɐ ŰɎůɖɠ Űɞɡ ŮˊŬɡɝɖɛɏɜɞɡ ūȸ ɛɞɜŰɏɚɞɡ ɛɑŬɠ ŭɘɧŭɞɡ. 

Vcell ɇɎůɖ ůŰŬ ɎəɟŬ ɛɑŬɠ ūȸ əɡɣɏɚɖɠ. 

Vcs ɇɎůɖ ůŰŬ ɎəɟŬ ɛɑŬɠ ūȸ ůŰɞɘɢŮɘɞůŮɘɟɎɠ. 

Vmod ɇɎůɖ ůŰŬ ɎəɟŬ Ůɜɧɠ ūȸ ˊɚŬɘůɑɞɡ. 

Vmp ɇɎůɖ ɛɏɔɘůŰɖɠ ˊŬɟŬɔɤɔɐɠ (MPP) ůŮ ɞɛɞɘɧɛɞɟűŮɠ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ. 

Vi
mpj ɇɎůɖ Űɞɡ MPPi

j ůŮ ůɡɜɗɐəŮɠ ůəɑŬůɖɠ. 

Voc ɇɎůɖ ŬɜɞɘɢŰɞəɨəɚɤůɖɠ (OC) ůŮ ɞɛɞɘɧɛɞɟűŮɠ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ. 

Vstr ɇɎůɖ ůŰŬ ɎəɟŬ ɛɘŬɠ ūȸ ˊɚŬɘůɘɞůŮɘɟɎɠ. 

VT ŪŮɟɛɘəɐ ŰɎůɖ ŭɘɧŭɞɡ. 

W{ x}  ɆɡɜɎɟŰɖůɖ Lambert W ɛŮ ɧɟɘůɛŬ x. 

w0 ȸɞɖɗɖŰɘəɐ ˊŬɟɎɛŮŰɟɞɠ, ɑůɖ ɛŮ W{ Iph0e/Is0}  = W{ eVoc0/a0+1}  = W{ e1/ŭ0+1} . 

X0 ɄŬɟɎɛŮŰɟɞɠ X ůŮ ůɡɜɗɐəŮɠ STC (ˊ.ɢ. Rs0 ɐ Voc0). 

aImp ŪŮɟɛɞəɟŬůɘŬəɧɠ ůɡɜŰŮɚŮůŰɐɠ ɟŮɨɛŬŰɞɠ MPP. 

aIsc ŪŮɟɛɞəɟŬůɘŬəɧɠ ůɡɜŰŮɚŮůŰɐɠ ɟŮɨɛŬŰɞɠ ɓɟŬɢɡəɨəɚɤůɖɠ. 

ɓVmp ŪŮɟɛɞəɟŬůɘŬəɧɠ ůɡɜŰŮɚŮůŰɐɠ ŰɎůɖɠ MPP. 

ɓVoc ŪŮɟɛɞəɟŬůɘŬəɧɠ ůɡɜŰŮɚŮůŰɐɠ ŰɎůɖɠ ŬɜɞɘɢŰɞəɨəɚɤůɖɠ. 

ȹT ŪŮɟɛɞəɟŬůɘŬəɐ ŭɘŬűɞɟɎ Ŭˊɧ Űɖɜ ɇ0 (25 ÁC). 

ȹVD ɄŰɩůɖ ŰɎůɖɠ ůŮ ɛɑŬ ɎɔɞɡůŬ ŭɑɞŭɞ ŭɘŬűɡɔɐɠ (ŰɡˊɘəɎ 1 V). 

ŭ ɆŰŬɗŮɟɎ Űɞɡ ɛɞɜŰɏɚɞɡ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ, ɞɟɘůɛɏɜɖ ɤɠ ɞ ɚɧɔɞɠ a/Voc. 

ə ȺɛˊŮɘɟɘəɐ ůŰŬɗŮɟɎ ˊɞɡ ɘůɞɨŰŬɘ ɛŮ 0.04 əŬɘ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŰɘɠ ˊŮɟɘɔɟŬűɘəɏɠ 

ůɢɏůŮɘɠ ˊɟɞůŭɘɞɟɘůɛɞɨ Űɤɜ MPPs. 

ɚ ȺɛˊŮɘɟɘəɐ ůŰŬɗŮɟɎ ˊɞɡ ɘůɞɨŰŬɘ ɛŮ 0.06 əŬɘ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŰɘɠ ˊŮɟɘɔɟŬűɘəɏɠ 

ůɢɏůŮɘɠ ˊɟɞůŭɘɞɟɘůɛɞɨ Űɤɜ MPPs. 
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ɤɢɫɬɚ ɚɪɬɢɣɨɤɞɧɱɦ 
ANN Artificial neural networks ɁŮɡɟɤɜɘəɎ ŭɑəŰɡŬ 

APR Active power reserves ȺűŮŭɟŮɑŬ ŮɜŮɟɔɞɨ ɘůɢɨɞɠ 

CFMPPT Curve fitting maximum power 

point algorithm 

ȷɚɔɧɟɘɗɛɞɠ ŬɜɑɢɜŮɡůɖɠ Űɞɡ ɞɚɘəɎ 

ɓɏɚŰɘůŰɞɡ MPP ɛɏůɤ curve fitting 

c-Si Mono-crystalline silicon ɀɞɜɞəɟɡůŰŬɚɚɘəɧ ˊɡɟɑŰɘɞ 

EMI Electromagnetic interference  ȼɚŮəŰɟɞɛŬɔɜɖŰɘəɐ ˊŬɟŮɜɧɢɚɖůɖ 

GMPP Global maximum power point ɃɚɘəɎ ɓɏɚŰɘůŰɞ ůɖɛŮɑɞ ɚŮɘŰɞɡɟɔɑŬɠ 

GMPPT Global maximum power point 

tracking algorithm 

ȷɚɔɧɟɘɗɛɞɠ ŬɜɑɢɜŮɡůɖɠ Űɞɡ ɞɚɘəɎ 

ɛɏɔɘůŰɞɡ MPP 

INC Incremental conductance 

(MPPT algorithm) 

ȷɡɝɖŰɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ (ɛɏɗɞŭɞɠ 

MPPT) 

I-V Current ï voltage characteristic ɉŬɟŬəŰɖɟɘůŰɘəɐ ɟŮɨɛŬŰɞɠ ï ŰɎůɖɠ 

Local MPPs Local maximum power points ɇɞˊɘəɎ ɛɏɔɘůŰŬ ɘůɢɨɞɠ 

LSQ Least squares technique ɇŮɢɜɘəɐ ŮɚŬɢɑůŰɤɜ ŰŮŰɟŬɔɩɜɤɜ 

mc-Si Poly-crystalline silicon ɄɞɚɡəɟɡůŰŬɚɚɘəɧ ˊɡɟɑŰɘɞ 

MPP Maximum power point ɆɖɛŮɑɞ ɛɏɔɘůŰɖɠ ˊŬɟŬɔɤɔɐɠ 

MPPT Maximum power point tracking ȷɚɔɧɟɘɗɛɞɠ ŬɜɑɢɜŮɡůɖɠ Űɞɡ ůɖɛŮɑɞɡ 

ɛɏɔɘůŰɖɠ ˊŬɟŬɔɤɔɐɠ 

NOCT Normal operating cell 

temperature 

ɆɡɜɗɐəŮɠ űɡůɘɞɚɞɔɘəɐɠ ɗŮɟɛɞəɟŬůɑŬɠ 

əɡɣɏɚɖɠ 

NRMSD Normalized root mean square 

deviation 

ȾŬɜɞɜɘəɞˊɞɘɖɛɏɜɖ ŰŮŰɟŬɔɤɜɘəɐ 

Ŭˊɧəɚɘůɖ 

OC Open circuit ȷɜɞɘɢŰɞəɨəɚɤůɖ 

P&O Perturb and observe (MPPT 

algorithm) 

ȹɘŬŰŬɟŬɢɐ əŬɘ ˊŬɟŬŰɐɟɖůɖ (ɛɏɗɞŭɞɠ 

MPPT) 

P-V Power ï voltage characteristic ɉŬɟŬəŰɖɟɘůŰɘəɐ ɘůɢɨɞɠ ï ŰɎůɖɠ 

PWM Pulse width modulation ɀɞɜɎŭŬ ŭɘŬɛɧɟűɤůɖɠ Ůɨɟɞɡɠ ˊŬɚɛɩɜ 

RMS error Root mean square error ɀɏůɞ ŰŮŰɟŬɔɤɜɘəɧ ůűɎɚɛŬ 

SC Short circuit ȸɟŬɢɡəɨəɚɤůɖ 

Si Silicon ɄɡɟɑŰɘɞ 

SNR Signal to noise ratio ȿɧɔɞɠ ɘůɢɨɞɠ ůɐɛŬŰɞɠ ɤɠ ˊɟɞɠ ɗɧɟɡɓɞ 

STC Standard test conditions ɄɟɧŰɡˊŮɠ ůɡɜɗɐəŮɠ Ůɚɏɔɢɞɡ (1000 

W/m2 ï 25 ÁC) 

ȷɄȺ ȷɜŬɜŮɩůɘɛŮɠ ˊɖɔɏɠ ŮɜɏɟɔŮɘŬɠ Renewable energy sources 

ūȸ ūɤŰɞɓɞɚŰŬɥəɧ Photovoltaic 
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ɨɪɨɤɨɜɢɚ 
Dc ɕɡɔɧɠ DC link 

Dc/dc ɛŮŰŬŰɟɞˊɏŬɠ Dc/dc converter 

ȷɚɔɧɟɘɗɛɞɠ MPPT ɛŮ curve fitting Curve fitting MPPT algorithm 

ȯɛŮůɖ (ɐ ŬəŰɘɜɘəɐ) ŬəŰɘɜɞɓɞɚɑŬ Direct (or beam) irradiance 

ȷɜŬəɚɩɛŮɜɖ ŬəŰɘɜɞɓɞɚɑŬ Reflected (or albedo) irradiance 

ȷɜŰɘůŰɟɞűɏŬɠ Inverter 

ȸŬɗɛɧɠ ɢɟɖůɘɛɞˊɞɑɖůɖɠ Duty cycle 

ȹɘŬəɞˊŰɘəɐ əɡɛɎŰɤůɖ Switching ripple 

ȹɘɎɢɡŰɖ ŬəŰɘɜɞɓɞɚɑŬ Diffuse (or scattered) irradiance 

ȹɑɞŭɞɠ ŭɘŬűɡɔɐɠ Bypass diode 

ȹɑɞŭɞɠ űɟŬɔɐɠ Block diode 

ȺɜŰɞɚɐ ŮűŮŭɟŮɑŬɠ Reserve command 

ȺˊŬɜŬůɨɜŭŮůɖɠ űɞɟɏɤɜ Junction recombination 

ȺˊŬűɐ p-n P-n junction 

ȾɡɛɎŰɤůɖ Ripple 

ɀɞɜɎŭŬ ŮəŰɑɛɖůɖɠ MPP Űɖɠ ŰŮɢɜɘəɐɠ APR MPP estimation module of APR technique 

ɀɞɜɎŭŬ əɡɟɑɤɠ Ůɚɏɔɢɞɡ Űɖɠ ŰŮɢɜɘəɐɠ APR Main control module of APR technique 

ɀɞɜɎŭŬ ɟɨɗɛɘůɖɠ ripple Űɖɠ ŰŮɢɜɘəɐɠ APR Ripple control module of APR technique 

ɀɞɜŰɏɚɞ ɛɑŬɠ ŭɘɧŭɞɡ (ɐ ˊɏɜŰŮ 

ˊŬɟŬɛɏŰɟɤɜ) 

Single-diode model (or five parameters 

model) 

ɄŬɟɎɔɞɜŰŮɠ ɛŮɑɤůɖɠ Űɖɠ Ŭˊɧŭɞůɖɠ Derating factors 

ɄɟɞůŬɟɛɞɔɐ əŬɛˊɨɚɖɠ Curve fitting 

ɆɎɟɤůɖ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ əŬɛˊɨɚɖɠ Characteristic curve scan 

ɆɨůŰɖɛŬ ɖɚɘɞˊŬɟŬəɞɚɞɨɗɖůɖɠ (ɐ 

ɘɢɜɖɚɎŰɖůɖɠ ɖɚɑɞɡ)  

Tracker 

ɇŮɢɜɘəɐ ŬɜŬɔɜɩɟɘůɖɠ ůəɑŬůɖɠ Shading detection technique 

ɇŮɢɜɘəɧ űɡɚɚɎŭɘɞ Datasheet 

ūŬɘɜɧɛŮɜɞ ɗŮɟɛɘəɐɠ əɖɚɑŭŬɠ Hot spot effect 

ūȸ əɡɣɏɚɖ (ɐ ůŰɞɘɢŮɑɞ ɐ əɨŰŰŬɟɞ) PV cell 

ūȸ ɚŮˊŰɩɜ ɡɛŮɜɑɤɜ Thin film PVs 

ūȸ ˊɚŬɑůɘɞ PV module 

ūȸ ˊɚŬɘůɘɞůŮɘɟɎ PV string 

ūȸ ůŰɞɘɢŮɘɞůŮɘɟɎ PV cell string 

ūȸ ůɡůŰɞɘɢɑŬ PV array 

 

 

 

 

 

 



ȾȺūȷȿȷȽɃ 1 - ȺɘůŬɔɤɔɐ 

 

ɀˊŬŰɕɏɚɖɠ ȺɡůŰɟɎŰɘɞɠ 1 

 

 

 

 

 

 

 

 

 

 

ɣɞɮɚɤɚɢɨ ρ  

ɞʅʎɻɾʖɾʙ 
 

ɆŰɞ ŮɘůŬɔɤɔɘəɧ əŮűɎɚŬɘɞ, ˊŮɟɘɔɟɎűɞɜŰŬɘ ɞɘ ɓŬůɘəɏɠ ɏɜɜɞɘŮɠ ˊɞɡ ŭɘɏˊɞɡɜ ɏɜŬ űɤŰɞɓɞɚŰŬɥəɧ 

(ūȸ) ůɨůŰɖɛŬ əŬŰŬůəŮɡŬůŰɘəɎ əŬɘ ɚŮɘŰɞɡɟɔɘəɎ, ɛŮ ɘŭɘŬɑŰŮɟɖ ɏɛűŬůɖ ůŰɘɠ ůɡɜɗɐəŮɠ ůəɑŬůɖɠ. 

ȺɝɖɔɞɨɜŰŬɘ ɞɘ Ŭɟɢɏɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡ ūȸ űŬɘɜɞɛɏɜɞɡ əŬɘ ɞɘ ŭɘɎűɞɟŮɠ ūȸ ŰŮɢɜɞɚɞɔɑŮɠ, Ůɜɩ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ ůɡɜɖɗɏůŰŮɟŮɠ ūȸ ŭɘŬŰɎɝŮɘɠ əŬɘ ŰŬ ɖɚŮəŰɟɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Ůɜɧɠ ūȸ 

ˊɚŬɘůɑɞɡ. 

ȷəɞɚɞɨɗɤɠ, ˊŮɟɘɔɟɎűŮŰŬɘ ůɡɜɞˊŰɘəɎ ɖ ŮˊɑŭɟŬůɖ Űɖɠ ɛŮɟɘəɐɠ ůəɑŬůɖɠ ůŰɖɜ ɖɚŮəŰɟɘəɐ 

Ŭˊɧəɟɘůɖ Ůɜɧɠ ūȸ ůɡůŰɐɛŬŰɞɠ. ũɟɎűɞɜŰŬɘ ɚɑɔŬ ɚɧɔɘŬ ɔɘŬ Űɖɜ ŬəŰɘɜɞɓɞɚɑŬ əŬɘ ɔŮɤɛŮŰɟɑŬ Űɖɠ 

ůəɑŬůɖɠ, Ůɜɩ ˊŬɟɞɡůɘɎɕŮŰŬɘ ˊɚɐɟɖɠ ɓɘɓɚɘɞɔɟŬűɘəɐ ŬɜŬůəɧˊɖůɖ ŮɜŮɟɔŮɘŬəɩɜ ɛɞɜŰɏɚɤɜ ɔɘŬ 

ūȸ ůɡůŰɐɛŬŰŬ ůŮ ůɡɜɗɐəŮɠ ůəɑŬůɖɠ.  

ɆŰɖ ůɡɜɏɢŮɘŬ, ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ Űɡˊɘəɐ ŭɞɛɐ Űɞɡ ɛŮŰŬŰɟɞˊɏŬ ɘůɢɨɞɠ ŭɨɞ ůŰŬŭɑɤɜ ˊɞɡ ŮɚɏɔɢŮɘ 

ɛɘŬ ūȸ ŭɘɎŰŬɝɖ, əŬɘ ɔɑɜŮŰŬɘ ŮɘůŬɔɤɔɐ ůŰɞɜ Ŭɚɔɧɟɘɗɛɞ MPPT ˊɞɡ ŮɑɜŬɘ ɡˊŮɨɗɡɜɞɠ ɔɘŬ Űɖɜ 

ŮɝŬɔɤɔɐ Űɖɠ ɛɏɔɘůŰɖɠ ɘůɢɨɞɠ Ŭˊɧ Űɞ ůɨůŰɖɛŬ. 

ɇɏɚɞɠ, ɗɑɔŮŰŬɘ Űɞ ɗɏɛŬ Űɖɠ Űɐɟɖůɖɠ ŮűŮŭɟŮɑŬɠ ɘůɢɨɞɠ Ŭˊɧ Űɞɡɠ ūȸ ůŰŬɗɛɞɨɠ ɔɘŬ ˊŬɟɞɢɐ 

Ůˊɘəɞɡɟɘəɩɜ ɡˊɖɟŮůɘɩɜ ˊɟɞɠ Űɞ ɖɚŮəŰɟɘəɧ ŭɑəŰɡɞ. ȺɝɖɔŮɑŰŬɘ ɧŰɘ ůɨɛűɤɜŬ ɛŮ Űɘɠ ɛŮɚɚɞɜŰɘəɏɠ 

ŬˊŬɘŰɐůŮɘɠ Űɤɜ əɤŭɑəɤɜ ŭɘəŰɨɞɡ, əɎɗŮ ūȸ ůɨůŰɖɛŬ ɗŬ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ůŮ ɗɏůɖ ɜŬ ŰɖɟŮɑ 

ŮűŮŭɟŮɑŬ ɘůɢɨɞɠ, Ůɜɩ ɔɑɜŮŰŬɘ ŬɜŬůəɧˊɖůɖ Űɤɜ ůɢŮŰɘəɩɜ ŮɟŮɡɜɖŰɘəɩɜ ŮɟɔŬůɘɩɜ. 

ɇɞ ŮɘůŬɔɤɔɘəɧ əŮűɎɚŬɘɞ ɞɚɞəɚɖɟɩɜŮŰŬɘ ɛŮ ŬˊŬɟɑɗɛɖůɖ Űɤɜ əɡɟɘɧŰŮɟɤɜ ůɖɛŮɑɤɜ 

ůɡɜŮɘůűɞɟɎɠ Űɖɠ ˊŬɟɞɨůŬɠ ɏɟŮɡɜŬɠ əŬɘ ɛŮ Űɖ ŭɞɛɐ Űɖɠ ŭɘŬŰɟɘɓɐɠ. 

 

  



1.1 - ūɤŰɞɓɞɚŰŬɥəɎ ɆɡůŰɐɛŬŰŬ 

2 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

1.1 ɮʖʐʋɼʋʇʐɻʛʆʗ ɫʑʎʐʙʈɻʐɻ 

ȼ ŰŮɢɜɞɚɞɔɑŬ Űɤɜ űɤŰɞɓɞɚŰŬɥəɩɜ (ūȸ) ŮɑɜŬɘ ɛɑŬ Ŭˊɧ Űɘɠ ˊɘɞ ˊɟɧůűŬŰŮɠ ŰŮɢɜɞɚɞɔɑŮɠ Űɤɜ 

ŬɜŬɜŮɩůɘɛɤɜ ˊɖɔɩɜ ŮɜɏɟɔŮɘŬɠ (ȷɄȺ), ɖ ɞˊɞɑŬ ˊɟɤŰɞŮɛűŬɜɑůŰɖəŮ Űɖ ŭŮəŬŮŰɑŬ Űɞɡ 1960 ůŮ 

ŭɘŬůŰɖɛɘəɏɠ ŮűŬɟɛɞɔɏɠ. ȷˊɧ ŰɧŰŮ, ɏɢŮɘ ŮˊɘŰŮɡɢɗŮɑ ŬɝɘɞůɖɛŮɑɤŰɖ ŬɜɎˊŰɡɝɖ ɛŮ ɢɟɐůɖ ɜŮɩɜ 

ɡɚɘəɩɜ əŬɘ  ˊɘɞ ŬˊɞŭɞŰɘəɏɠ ŭɘŬŭɘəŬůɑŮɠ ˊŬɟŬɔɤɔɐɠ ūȸ ůŰɞɘɢŮɑɤɜ, Ůɜɩ ˊɚɏɞɜ ŰŬ ūȸ 

ůɡůŰɐɛŬŰŬ ɏɢɞɡɜ ŮˊɘŰɨɢŮɘ  ɡɣɖɚɐ ŭɘŮɑůŭɡůɖ ůŰɞ ŮɜŮɟɔŮɘŬəɧ ɛɑɔɛŬ ˊɞɚɚɩɜ ɢɤɟɩɜ ŭɘŮɗɜɩɠ. 

ɇŬ ŭɡɜŬŰɎ ůɖɛŮɑŬ Űɖɠ ūȸ ŰŮɢɜɞɚɞɔɑŬɠ ɏɜŬɜŰɘ Űɤɜ ůɡɛɓŬŰɘəɩɜ ˊɖɔɩɜ ŮɜɏɟɔŮɘŬɠ, ŬɚɚɎ əŬɘ 

ŬɟəŮŰɩɜ ȷɄȺ, ŮɑɜŬɘ ɖ Ůɡɟɏɤɠ ŭɘŬɗɏůɘɛɖ əŬɘ ŬɜŮɝɎɜŰɚɖŰɖ űɨůɖ Űɖɠ ɖɚɘŬəɐɠ ŮɜɏɟɔŮɘŬɠ ůŮ 

ůɡɜŭɡŬůɛɧ ɛŮ Űɖ ůŰɘɓŬɟɧŰɖŰŬ əŬɘ ŬɝɘɧˊɘůŰɖ ɚŮɘŰɞɡɟɔɑŬ Űɤɜ ūȸ ůɡůŰɖɛɎŰɤɜ. ȼ ˊɟɩŰɖ 

ˊŬɟŬŰɐɟɖůɖ ŮɑɜŬɘ ɞ ɚɧɔɞɠ ˊɞɡ ŰŬ ūȸ ůɡůŰɐɛŬŰŬ ˊɟɞŰɘɛɩɜŰŬɘ ůŮ ŬɡŰɧɜɞɛŮɠ ŮɔəŬŰŬůŰɎůŮɘɠ 

ɛɘəɟɐɠ ɘůɢɨɞɠ əŬɘ ŮˊɘŰɟɏˊŮɘ ŭɡɜɖŰɘəɎ ɛŮɔŬɚɨŰŮɟɖ ɔŮɤɔɟŬűɘəɐ ŮɝɎˊɚɤůɖ ůŮ ůɨɔəɟɘůɖ ɛŮ 

ɎɚɚŮɠ ȷɄȺ. Ⱥˊɘˊɚɏɞɜ, ɖ ŬɝɘɞˊɘůŰɑŬ əŬɘ ɛŮɔɎɚɖ ŭɘɎɟəŮɘŬ ɕɤɐɠ (Ɏɜɤ Űɤɜ 25 ŮŰɩɜ) Űɤɜ ūȸ 

ůɡůŰɖɛɎŰɤɜ, ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɖɜ ŬɜŰɞɢɐ Űɞɡɠ ůŮ ŬəɟŬɑŮɠ əŬɘɟɘəɏɠ ůɡɜɗɐəŮɠ (ɘůɢɡɟɞɑ ɎɜŮɛɞɘ, 

ŬəɟŬɑŬ ɢŬɚŬɕɧˊŰɤůɖ əɚˊ.) əŬɘ Űɘɠ ŮɚɎɢɘůŰŮɠ ŬˊŬɘŰɐůŮɘɠ ůɡɜŰɐɟɖůɖɠ, əŬɗɘůŰɞɨɜ Űɖ ůɢŮŰɘəɐ 

Ůˊɏɜŭɡůɖ ůɑɔɞɡɟɖ əŬɘ űŮɟɏɔɔɡŬ.  

ȳɛɤɠ Űɞ ɛŮɔŬɚɨŰŮɟɞ ɑůɤɠ ˊɟɞŰɏɟɖɛŬ Űɖɠ ūȸ ŰŮɢɜɞɚɞɔɑŬɠ, ˊɞɡ ŭŮ ŭɘŬɗɏŰŮɘ əŬɛɑŬ Ɏɚɚɖ 

ůɡɛɓŬŰɘəɐ ɐ ŬɜŬɜŮɩůɘɛɖ ˊɖɔɐ ŮɜɏɟɔŮɘŬɠ, ŮɑɜŬɘ ɖ ˊɞɚɨ ɛŮɔɎɚɖ əɚɑɛŬəŬ ŮűŬɟɛɞɔɩɜ: Ŭˊɧ 

ɛɘəɟɏɠ ɖɚŮəŰɟɞɜɘəɏɠ ůɡůəŮɡɏɠ ɘůɢɨɞɠ ɚɘɔɧŰŮɟɖɠ Űɞɡ Watt, ɧˊɤɠ ɡˊɞɚɞɔɘůŰɏɠ Űůɏˊɖɠ, ɛɏɢɟɘ 

ŮɔəŬŰŬůŰɎůŮɘɠ ůŮ ŭɩɛŬŰŬ əŬɘ ůŰɏɔŮɠ Űɤɜ 5-10 kW, əŬɘ ˊɞɚɨ ɛŮɔɎɚŬ ɡˊŬɑɗɟɘŬ ūȸ ˊɎɟəŬ Űɖɠ 

ŰɎɝɖɠ Űɤɜ MW. ȷɡŰɐ ɖ ŭɡɜŬŰɧŰɖŰŬ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖ ñůˊɞɜŭɡɚɤŰɐò ŭɞɛɐ Ůɜɧɠ ūȸ 

ůɡůŰɐɛŬŰɞɠ, ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ˊɞɚɚɏɠ ɛɘəɟɏɠ ūȸ əɡɣɏɚŮɠ, əŬɗɩɠ əŬɘ Ŭˊɧ Űɖɜ Ŭɗɧɟɡɓɖ əŬɘ 

ɢɤɟɑɠ ɟɨˊŬɜůɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ. 

ɇŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ ˊŬɟŬŰɖɟŮɑŰŬɘ ɏɜŰɞɜŬ ɖ ŰɎůɖ ŮɜůɤɛɎŰɤůɖɠ Űɖɠ ūȸ ŰŮɢɜɞɚɞɔɑŬɠ 

ŭɡɜŬɛɘəɎ ůŰɞ ŬůŰɘəɧ ˊŮɟɘɓɎɚɚɞɜ əŬɘ ůŰɖɜ əŬɗɖɛŮɟɘɜɧŰɖŰŬ Űɤɜ ˊɞɚɘŰɩɜ. ȳɛɤɠ, Űɞ əɨɟɘɞ 

ˊɟɧɓɚɖɛŬ ˊɞɡ ˊɟɞəɨˊŰŮɘ ůŮ ɏɜŬ ŰɏŰɞɘɞ ůŮɜɎɟɘɞ ŮɑɜŬɘ ɞɘ ɛɖ ɘŭŬɜɘəɏɠ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ, əŬɘ 

əɡɟɑɤɠ ɖ ůɡɢɜɐ ůəɑŬůɖ əŬɘ ɖ ŮˊɑˊŰɤůɐ Űɖɠ ůŰɖɜ Ŭˊɧŭɞůɖ Űɞɡ ūȸ ůɡůŰɐɛŬŰɞɠ. ɆŮ ŬɡŰɧ Űɞ 

ůɖɛŮɑɞ ůɡɛɓɎɚɚŮɘ ɖ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, ɛŮɚŮŰɩɜŰŬɠ əŬɘ ɛɞɜŰŮɚɞˊɞɘɩɜŰŬɠ Űɞ űŬɘɜɧɛŮɜɞ Űɖɠ 

ɛŮɟɘəɐɠ ůəɑŬůɖɠ, əŬɘ ˊɟɞŰŮɑɜɞɜŰŬɠ ɚɨůŮɘɠ ɔɘŬ Űɖ ɛŮŰɟɑŬůɖ Űɤɜ ŬɟɜɖŰɘəɩɜ ŮˊɘŭɟɎůŮɩɜ Űɖɠ. 

1.1.1 ɚʍʔʘʏ ʇʀʅʐʋʑʍɾʚɻʏ ɮɛ ʎʐʋʅʔʀʚʖʉ 

ȼ Ŭɟɢɐ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡ ūȸ űŬɘɜɞɛɏɜɞɡ ˊŮɟɘɔɟɎűŮŰŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɔɘŬ Űɖɜ ˊɘɞ ŭɘŬŭŮŭɞɛɏɜɖ 

ŰŮɢɜɞɚɞɔɑŬ: Űɖɜ əɟɡůŰŬɚɚɘəɐ. ȼ ɛɘəɟɧŰŮɟɖ ŭɞɛɘəɐ ɛɞɜɎŭŬ ŮɑɜŬɘ ɖ ūȸ əɡɣɏɚɖ (ɐ ūȸ ůŰɞɘɢŮɑɞ 

ɐ ūȸ əɨŰŰŬɟɞ), ɖ ɞˊɞɑŬ ůɡɜɑůŰŬŰŬɘ ůŮ ɛɑŬ ɚŮˊŰɐ űɏŰŬ ˊɡɟɘŰɑɞɡ ɛŮ əŬŰɎɚɚɖɚŮɠ ˊɟɞůɛɑɝŮɘɠ, 

ɩůŰŮ ɖ ˊɟɧůˊŰɤůɖ ŬəŰɘɜɞɓɞɚɑŬɠ ůŰɖɜ ŮˊɘűɎɜŮɘɎɠ Űɖɠ ɜŬ ˊŬɟɎɔŮɘ ɖɚŮəŰɟɘəɐ ɘůɢɨ. ɀɘŬ Űɡˊɘəɐ 

əɟɡůŰŬɚɚɘəɐ əɡɣɏɚɖ ŬɜŬˊŰɨůůŮɘ ŰɎůɖ 0.5-1.0 V ůŮ əŬŰɎůŰŬůɖ ŬɜɞɘɢŰɞəɨəɚɤůɖɠ əŬɘ 

ˊɡəɜɧŰɖŰŬ ɟŮɨɛŬŰɞɠ 20-40 mA/cm2 ůŮ ɚŮɘŰɞɡɟɔɑŬ ɓɟŬɢɡəɨəɚɤůɖɠ [1]ï[3]. ɆŰɖ ůɡɜɏɢŮɘŬ 

ˊŮɟɘɔɟɎűɞɜŰŬɘ ůɡɜɞˊŰɘəɎ ɞɘ Ŭɟɢɏɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡ ūȸ űŬɘɜɞɛɏɜɞɡ, ɓɎůŮɘ Űɤɜ [4]ï[8]. 

ɇɞ ŭɞɛɘəɧ ɡɚɘəɧ ɛɑŬɠ əɟɡůŰŬɚɚɘəɐɠ əɡɣɏɚɖɠ ŮɑɜŬɘ Űɞ ˊɡɟɑŰɘɞ (Si), əŬɗɩɠ ŭɘŬɗɏŰŮɘ Űɘɠ 

ŬˊŬɟŬɑŰɖŰŮɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɖɛɘŬɔɤɔɞɨ əŬɘ ɓɟɑůəŮŰŬɘ ůŮ ŬűɗɞɜɑŬ ůŰɖ űɨůɖ, Ůɜɩ ˊŬɟɎɚɚɖɚŬ 

ɡˊɎɟɢŮɘ ůɡůůɤɟŮɡɛɏɜɖ ŰŮɢɜɞɔɜɤůɑŬ ůŰɖɜ ŮˊŮɝŮɟɔŬůɑŬ Űɞɡ Ŭˊɧ Űɞɜ ŰɞɛɏŬ Űɖɠ ɖɚŮəŰɟɞɜɘəɐɠ. 

ȼ ŭɞɛɐ ɛɑŬɠ Űɡˊɘəɐɠ əɟɡůŰŬɚɚɘəɐɠ əɡɣɏɚɖɠ űŬɑɜŮŰŬɘ ůŰɞ Ɇɢ. 1.1(Ŭ). ȷˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ 

ŬɜŮɝɎɟŰɖŰŬ ɎŰɞɛŬ ˊɡɟɘŰɑɞɡ (Si) ŰɞˊɞɗŮŰɖɛɏɜŬ ŰŬəŰɘəɎ ůŮ ˊŮɟɘɞŭɘəɐ ŭɞɛɐ (ŰŮŰɟŬŮŭɟɘəɐ 
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əɟɡůŰŬɚɚɘəɐ ŭɞɛɐ), əɎɗŮ ɏɜŬ Ŭˊɧ ŰŬ ɞˊɞɑŬ ɔŮɘŰɜɘɎɕŮɘ ɛŮ 8 ɖɚŮəŰɟɧɜɘŬ əŬɘ ŭɖɛɘɞɡɟɔŮɑ 4 

ɞɛɞɘɞˊɞɚɘəɞɨɠ ŭŮůɛɞɨɠ (ŰŮŰɟŬůɗŮɜɏɠ ůŰɞɘɢŮɑɞ). ɇŬ ɖɚŮəŰɟɧɜɘŬ Űɤɜ ŭŮůɛɩɜ ŬɡŰɩɜ ŮɑɜŬɘ 

ŬůɗŮɜɩɠ ůɡɔəɟŬŰɖɛɏɜŬ əŬɘ ŬˊŮɚŮɡɗŮɟɩɜɞɜŰŬɘ ŮɨəɞɚŬ ɛŮ Ŭˊɞɟɟɧűɖůɖ ŮɜɏɟɔŮɘŬɠ, əɘɜɞɨɛŮɜŬ 

ɎŰŬəŰŬ ůŰɞɜ əɟɨůŰŬɚɚɞ. ɇŬ əŮɜɎ ˊɞɡ Ŭűɐɜɞɡɜ ˊɑůɤ Űɞɡɠ ůŰɞɡɠ ɞɛɞɘɞˊɞɚɘəɞɨɠ ŭŮůɛɞɨɠ 

ŬˊɞəŬɚɞɨɜŰŬɘ ñɞˊɏɠò əŬɘ ɘůɞɨŰŬɘ ůŮ ˊɚɐɗɞɠ ɛŮ ŰŬ ɖɚŮəŰɟɧɜɘŬ ůŮ ůɡɜɗɐəŮɠ ůŰŬɗŮɟɐɠ 

ŮɜŮɟɔŮɘŬəɐɠ əŬŰɎůŰŬůɖɠ, ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ɏŰůɘ ůɡɜɞɚɘəɎ ɞɡŭɏŰŮɟɞ űɞɟŰɑɞ. ȼ ŮűŬɟɛɞɔɐ 

ɖɚŮəŰɟɘəɐɠ ŰɎůɖɠ ůŰɞɜ əɟɨůŰŬɚɚɞ ɓɎɕŮɘ ůŮ ŰɎɝɖ Űɖɜ ɎŰŬəŰɖ əɑɜɖůɖ Űɤɜ űɞɟɏɤɜ, 

ˊɟɞůŭɑŭɞɜŰŬɠ ɏŰůɘ ŬɔɩɔɘɛŮɠ ɘŭɘɧŰɖŰŮɠ ůŰɞ ɡɚɘəɧ. 

ȳŰŬɜ ůŰɞɜ əɟɨůŰŬɚɚɞ ˊɟɞůŰŮɗɞɨɜ ˊɟɞůɛɑɝŮɘɠ ˊŮɜŰŬůɗŮɜɩɜ ůŰɞɘɢŮɑɤɜ (ɜɧɗŮɡůɖ ˊɡɟɘŰɑɞɡ), 

ɧˊɤɠ Űɞ As, ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ŬůɗŮɜɩɠ ůɡɔəɟŬŰɖɛɏɜŬ ɖɚŮəŰɟɧɜɘŬ, ŰŬ ɞˊɞɑŬ ŮɚŮɡɗŮɟɩɜɞɜŰŬɘ 

ŮɨəɞɚŬ ɢɤɟɑɠ ɜŬ Ŭűɐɜɞɡɜ ˊɑůɤ Űɞɡɠ ɞˊɏɠ. ȰɜŬ ŰɏŰɞɘɞ ɡɚɘəɧ əŬɚŮɑŰŬɘ Ŭɔɤɔɧɠ ˊɟɞůɛɑɝŮɤɠ 

Űɨˊɞɡ n (Ɇɢ. 1.1(ɓ)) əŬɘ ˊŮɟɘɏɢŮɘ ˊɚɖɗɩɟŬ ŮɚŮɨɗŮɟɤɜ ɖɚŮəŰɟɞɜɑɤɜ, Ůɜɩ ɖ ŬɜŰɑůŰɞɘɢɖ ˊɟɧůɛɘɝɖ 

ŰɟɘůɗŮɜɩɜ ůŰɞɘɢŮɑɤɜ, ɧˊɤɠ Űɞ B, ŭɖɛɘɞɡɟɔŮɑ ˊɚɖɗɩɟŬ ɞˊɩɜ ůŰɞɜ əɟɨůŰŬɚɚɞ əŬɘ ɞŭɖɔŮɑ ůŮ 

ɖɛɘŬɔɤɔɧ Űɨˊɞɡ p (Ɇɢ. 1.1(ɔ)). 

ūɏɟɜɞɜŰŬɠ ůŮ ŮˊŬűɐ ɏɜŬ ŰŮɛɎɢɘɞ Űɨˊɞɡ n ɛŮ Űɨˊɞɡ p, ŭɖɛɘɞɡɟɔŮɑŰŬɘ ɖ ɏɜɤůɖ p-n (p-n 

junction). ɆŰɞ ůɖɛŮɑɞ Űɖɠ ŮˊŬűɐɠ, ɖɚŮəŰɟɧɜɘŬ əŬɘ ɞˊɏɠ ŭɘŬɢɏɞɜŰŬɘ ˊɟɞɠ Űɘɠ ŭɨɞ ˊɚŮɡɟɏɠ Űɖɠ 

ɏɜɤůɖɠ, ůɢɖɛŬŰɑɕɞɜŰŬɠ Űɖ ɕɩɜɖ ŬɟŬɑɤůɖɠ (ɐ Ŭˊɞɔɨɛɜɤůɖɠ), ůŰɖɜ ɞˊɞɑŬ ŭɖɛɘɞɡɟɔŮɑŰŬɘ 

ɖɚŮəŰɟɞůŰŬŰɘəɧ ŭɡɜŬɛɘəɧ ˊɞɡ ŮɛˊɞŭɑɕŮɘ ɐ ŮˊɘŰɟɏˊŮɘ Űɖ ɟɞɐ ɟŮɨɛŬŰɞɠ ŬɜɎɚɞɔŬ ɛŮ Űɖɜ 

ˊɞɚɘəɧŰɖŰŬ. ɇɞ ūȸ űŬɘɜɧɛŮɜɞ ɓŬůɑɕŮŰŬɘ ůŮ ŬɡŰɐɜ Űɖɜ ɘŭɘɧŰɖŰŬ: ɖ ˊɟɞůˊɑˊŰɞɡůŬ űɤŰŮɘɜɐ ɟɞɐ 

ŬˊɞɟɟɞűɎŰŬɘ Ŭˊɧ Űɞɡɠ ɢɖɛɘəɞɨɠ ŭŮůɛɞɨɠ əŬɘ ŭɖɛɘɞɡɟɔŮɑ űɞɟŮɑɠ ŬɔɤɔɘɛɧŰɖŰŬɠ ˊɞɡ əɘɜɞɨɜŰŬɘ 

ŮɚŮɨɗŮɟŬ ůŰɞɜ əɟɨůŰŬɚɚɞ. ȳŰŬɜ ɞɘ ŰŮɚŮɡŰŬɑɞɘ ɓɟŮɗɞɨɜ ˊɚɖůɑɞɜ Űɖɠ ˊŮɟɘɞɢɐɠ ŬɟŬɑɤůɖɠ, ŰɧŰŮ 

ɛŮŰŬűɏɟɞɜŰŬɘ Ŭˊɧ Űɖɜ ˊŮɟɘɞɢɐ n ůŰɖɜ p, əŬɘ ŬɜŰɑůŰɟɞűŬ, ɡˊɧ Űɖɜ ŮˊɑŭɟŬůɖ Űɞɡ 

ɖɚŮəŰɟɞůŰŬŰɘəɞɨ ˊŮŭɑɞɡ, ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɏŰůɘ ŭɘŬűɞɟɎ ŭɡɜŬɛɘəɞɨ ůŰɘɠ ŭɨɞ ŮˊɘűɎɜŮɘŬɠ Űɖɠ 

ɏɜɤůɖɠ p-n (Ɇɢ. 1.1(ŭ)). ȼ ŰɎůɖ ˊɞɡ ŬɜŬˊŰɨůůŮŰŬɘ ɛˊɞɟŮɑ ɜŬ ŬɝɘɞˊɞɘɖɗŮɑ ůɡɜŭɏɞɜŰŬɠ ɏɜŬ 

ŮɝɤŰŮɟɘəɧ űɞɟŰɑɞ, Űɞ ɞˊɞɑɞ ŰɧŰŮ ŭɘŬɟɟɏŮŰŬɘ Ŭˊɧ ɟŮɨɛŬ əŬɘ ŬˊɞɟɟɞűɎ ɘůɢɨ, ɛɑŬ əŬŰɎůŰŬůɖ ˊɞɡ 

ŭɘŬŰɖɟŮɑŰŬɘ ɧůɞ ŭɘŬɟəŮɑ ɖ ˊɟɧůˊŰɤůɖ ŬəŰɘɜɞɓɞɚɑŬɠ. 

1.1.2 ɝʅʗʒʋʍʀʏ ɮɛ ʐʀʔʉʋʇʋɾʚʀʏ 

ȼ əɟɡůŰŬɚɚɘəɐ ŰŮɢɜɞɚɞɔɑŬ ŮɑɜŬɘ ɘůŰɞɟɘəɎ ɖ ˊɟɩŰɖ ūȸ ŰŮɢɜɞɚɞɔɑŬ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ əŬɘ 

ˊŬɟŬɛɏɜŮɘ ɛɏɢɟɘ ůɐɛŮɟŬ ŬɡŰɐ ɛŮ Űɖ ɛŮɔŬɚɨŰŮɟɖ Ůɛˊɞɟɘəɐ ŭɘŮɑůŭɡůɖ. ɄŬɟɧɚŬ ŬɡŰɎ, ˊɚɐɗɞɠ 

ŮɜŬɚɚŬəŰɘəɩɜ ŰŮɢɜɞɚɞɔɘɩɜ ŬɜŬˊŰɨɢɗɖəŬɜ ɛŮ Űɞ ɢɟɧɜɞ, ɞɘ ɞˊɞɑŮɠ ŰŬɝɘɜɞɛɞɨɜŰŬɘ ɧˊɤɠ űŬɑɜŮŰŬɘ 

ůŰɞ Ɇɢ. 1.2, ůŮ ŭɨɞ əɨɟɘŮɠ əŬŰɖɔɞɟɑŮɠ: Űɖɜ əɟɡůŰŬɚɚɘəɐ (crystalline) əŬɘ Űɖɜ ŰŮɢɜɞɚɞɔɑŬ 

ɚŮˊŰɩɜ ɡɛŮɜɑɤɜ (thin film). ȾɎɗŮ əŬŰɖɔɞɟɑŬ ŭɘŬűɞɟɞˊɞɘŮɑŰŬɘ ɗŮɛŮɚɘɤŭɩɠ ůŰɞɜ Űɟɧˊɞ əŬɘ Űɞ 

   

 
(Ŭ) (ɓ) (ɔ) (ŭ) 

Ɇɢ. 1.1. ȾɟɡůŰŬɚɚɘəɐ ŭɞɛɐ Űɞɡ ˊɡɟɘŰɑɞɡ (Ŭ) ůŮ əŬɗŬɟɐ ɛɞɟűɐ, (ɓ) ɛŮ ˊɟɞůɛɑɝŮɘɠ Űɨˊɞɡ n, əŬɘ (ɔ) ɛŮ 

ˊɟɞůɛɑɝŮɘɠ Űɨˊɞɡ p. (ŭ) ȷˊŮɘəɧɜɘůɖ Űɖɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɖɠ ūȸ əɡɣɏɚɖɠ [4]. 



1.1 - ūɤŰɞɓɞɚŰŬɥəɎ ɆɡůŰɐɛŬŰŬ 

4 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

ɡɚɘəɧ əŬŰŬůəŮɡɐɠ, əŬɘ ɓŮɓŬɑɤɠ ůŰɞɜ ɓŬɗɛɧ Ŭˊɧŭɞůɖɠ. ɆŰɖ ůɡɜɏɢŮɘŬ, ŭɑɜŮŰŬɘ ɛɘŬ ůɡɜɞˊŰɘəɐ 

ˊŮɟɘɔɟŬűɐ Űɤɜ əɡɟɘɧŰŮɟɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɞɡɠ, ůɨɛűɤɜŬ ɛŮ Űɘɠ [2], [7], [9]ï[12]. 

υȢυȢφȢɚ ɬʀʔʉʋʇʋɾʚʀʏ ʆʍʑʎʐɻʇʇʅʆʋʞ ʌʑʍʅʐʚʋʑ ɉcrystalline)  

ɇɞ ˊɡɟɑŰɘɞ ŮɑɜŬɘ Űɞ ɓŬůɘəɧ ŭɞɛɘəɧ ůŰɞɘɢŮɑɞ Űɤɜ ūȸ əɟɡůŰŬɚɚɘəɩɜ əɡɣŮɚɩɜ, ɚɧɔɤ Űɤɜ 

ɖɛɘŬɔɤɔɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ əŬɘ Űɖɠ ŬűɗɞɜɑŬɠ Űɞɡ ůŰɖ űɨůɖ ůŮ ɛɞɟűɐ ɞɝŮɘŭɑɞɡ Űɞɡ ˊɡɟɘŰɑɞɡ 

(ɢŬɚŬɕɑŬɠ ɐ Ɏɛɛɞɠ). ȼ ŮɝŬɔɤɔɐ ˊɡɟɘŰɑɞɡ ůŮ əŬɗŬɟɐ ɛɞɟűɐ, ŬˊŬɟŬɑŰɖŰɖ ɔɘŬ Űɘɠ űɤŰɞɓɞɚŰŬɥəɏɠ 

ŮűŬɟɛɞɔɏɠ, ŬˊŬɘŰŮɑ ˊɞɚɨ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ Űɖɠ ŰɎɝɖɠ Űɤɜ 1800 ÁC. 

Ƀɘ ɛɞɜɞəɟɡůŰŬɚɚɘəɏɠ əɡɣɏɚŮɠ (mono-crystalline) əŬŰŬůəŮɡɎɕɞɜŰŬɘ ɛŮ Űɖɜ ŰŮɢɜɘəɐ 

Czochralski (crucible drawing process), ɗŮɟɛŬɑɜɞɜŰŬɠ ˊɞɚɡˊɡɟɑŰɘɞ ůŮ ɗŮɟɛɞəɟŬůɑŬ 1400 ÁC 

ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ ŭɘůəɑɤɜ ˊɎɢɞɡɠ 0.3 mm. ȼ ɡɣɖɚɐ ɞɛɞɘɞɛɞɟűɑŬ Űɞɡɠ Űɘɠ əŬɗɘůŰɎ Ŭˊɧ Űɘɠ 

ŬˊɞŭɞŰɘəɧŰŮɟɞɡɠ Ůəˊɟɞůɩˊɞɡɠ Űɤɜ ūȸ ůŰɞɘɢŮɑɤɜ, ɛŮ Űɡˊɘəɞɨɠ ɓŬɗɛɞɨɠ Ŭˊɧŭɞůɖɠ 15-18%. 

Ȱɢɞɡɜ ɛɞɟűɐ ůŰɟɞɔɔɡɚɐ, ɖɛɘůŰɟɧɔɔɡɚɖ ɐ ŰŮŰɟŬɔɤɜɘəɐ ŬɜɎɚɞɔŬ Űɞɜ Űɟɧˊɞ əɞˊɐɠ, ɞɛɞɘɞɔŮɜɐ 

ŮɛűɎɜɘůɖ, əŬɘ ůəɞɨɟɞ ɛˊɚŮ ɐ ɛŬɨɟɞ ɢɟɩɛŬ (ɔəɟɘ ɢɤɟɑɠ ŬɜŬəɚŬůŰɘəɧ ůŰɟɩɛŬ). 

ȷɜŰɑɗŮŰŬ, ɞɘ ˊɞɚɡəɟɡůŰŬɚɚɘəɏɠ əɡɣɏɚŮɠ (poly-crystalline) ˊŮɟɘɚŬɛɓɎɜɞɡɜ ůŰɞ ˊɚɏɔɛŬ Űɞɡɠ 

əɟɡůŰɎɚɚɞɡɠ ˊɞɘəɑɚɤɜ ˊɟɞůŬɜŬŰɞɚɘůɛɩɜ, ɚɧɔɤ Űɖɠ ɚɘɔɧŰŮɟɞ ŮɚŮɔɢɧɛŮɜɖɠ ɣɨɝɖɠ Űɞɡ ˊɡɟɘŰɑɞɡ 

əŬŰɎ Űɖɜ əŬŰŬůəŮɡɐ, ɛŮɘɩɜɞɜŰŬɠ ɏŰůɘ ŬɘůɗɖŰɎ Űɞ əɧůŰɞɠ ˊŬɟŬɔɤɔɐɠ. ɋɠ ŬˊɞŰɏɚŮůɛŬ, 

ŮɛűŬɜɑɕɞɡɜ ɢŬɛɖɚɧŰŮɟŮɠ ŬˊɞŭɧůŮɘɠ Űɖɠ ŰɎɝɖɠ 13-16%. Ɇɡɜɐɗɤɠ ɏɢɞɡɜ ŰŮŰɟŬɔɤɜɘəɧ ůɢɐɛŬ ɛŮ 

ŮɡŭɘɎəɟɘŰɖ ŬɜɞɛɞɘɞɔɏɜŮɘŬ ůŰɖɜ ŮɛűɎɜɘůɖ ɚɧɔɤ Űɤɜ ɛŮɛɞɜɤɛɏɜɤɜ əɟɡůŰɎɚɚɤɜ. 

ȼ ŰŮɢɜɞɚɞɔɑŬ ŰŬɘɜɘɩɜ ˊɡɟɘŰɑɞɡ (ribbon silicon), ŮɑɜŬɘ əɚɎŭɞɠ Űɖɠ əɟɡůŰŬɚɚɘəɐɠ ˊɞɡ 

ŭɘŬűɞɟɞˊɞɘŮɑŰŬɘ ůŰɞɜ Űɟɧˊɞ əŬŰŬůəŮɡɐɠ, ŮˊɘŰɡɔɢɎɜɞɜŰŬɠ ɚŮˊŰɧŰŮɟɞ ˊɎɢɞɠ əŬɘ ɞɘəɞɜɞɛɑŬ ůŮ 

ɡɚɘəɧ əŬɘ ŮɜɏɟɔŮɘŬ. Ƀɘ ŰɟŮɘɠ əɨɟɘŮɠ Ůəŭɞɢɏɠ Űɖɠ ŮɑɜŬɘ: EFG (Edge-Defined Film-Fed Growth), 

String ribbon əŬɘ APex, ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ɓŬɗɛɞɨɠ Ŭˊɧŭɞůɖɠ 14%, 12-13% əŬɘ 9.5% 

ŬɜŰɑůŰɞɘɢŬ. 

 
Ɇɢ. 1.2. ɇŬɝɘɜɧɛɖůɖ Űɤɜ ŭɘŬűɧɟɤɜ ūȸ ŰŮɢɜɞɚɞɔɘɩɜ [9]. 



ȾȺūȷȿȷȽɃ 1 - ȺɘůŬɔɤɔɐ 

 

ɀˊŬŰɕɏɚɖɠ ȺɡůŰɟɎŰɘɞɠ 5 

υȢυȢφȢɛ ɬʀʔʉʋʇʋɾʚʀʏ ʇʀʌʐʡʉ ʑʈʀʉʚʖʉ (thin  film ) 

ɇŬ ūȸ ˊɚŬɑůɘŬ ɚŮˊŰɩɜ ɡɛŮɜɑɤɜ ŭɘŬűɏɟɞɡɜ ůŮ ůɢɏůɖ ɛŮ ŰŬ əɟɡůŰŬɚɚɘəɎ, Űɧůɞ ůŰɞɜ Űɟɧˊɞ 

ɧůɞ əŬɘ ůŰɞ ɡɚɘəɧ əŬŰŬůəŮɡɐɠ. ȷɜŰɑ ɔɘŬ əŬɗŬɟɧ ˊɡɟɑŰɘɞ, ůɡɜɖɗɘůɛɏɜŬ ŭɞɛɘəɎ ɡɚɘəɎ ŮɑɜŬɘ Űɞ 

Ɏɛɞɟűɞ ˊɡɟɑŰɘɞ (a-Si), ɞ ŭɘůŮɚɖɜɘɞɨɢɞɠ ɢŬɚəɧɠ ɛŮ ɑɜŭɘɞ (CIS) əŬɘ Űɞ ŰŮɚɚɞɡɟɘɞɨɢɞ əɎŭɛɘɞ 

(CdTe), Ůɜɩ ůɖɛŬɜŰɘəɐ ɏɟŮɡɜŬ ŭɘŮɝɎɔŮŰŬɘ ůŰɖɜ ŮɨɟŮůɖ əŬɘ Ɏɚɚɤɜ ůŰɞɘɢŮɑɤɜ. ȾŬŰɎ Űɖɜ 

əŬŰŬůəŮɡɐ, Űɞ ɡɚɘəɧ ŮɜŬˊɞŰɑɗŮŰŬɘ ůŮ ɚŮˊŰɐ ɖɛɘŬɔɩɔɘɛɖ ɛŮɛɓɟɎɜɖ ˊɎɜɤ ůŮ ɢŬɛɖɚɞɨ əɧůŰɞɡɠ 

ɡˊɧůŰɟɤɛŬ (ůɡɜɐɗɤɠ ɔɡŬɚɑ), ɛŮ ɛŮɗɧŭɞɡɠ ɧˊɤɠ ŮɜŬˊɧɗŮůɖ ŬŰɛɩɜ (vapor deposition), 

ɣŮəŬůɛɧ (sputter processes) ɐ ɖɚŮəŰɟɞɚɡŰɘəɎ ɚɞɡŰɟɎ (electrolytic baths). ȺˊɘŰɡɔɢɎɜŮŰŬɘ ɏŰůɘ, 

ˊɞɚɨ ɛɘəɟɧ ˊɎɢɞɠ Űɖɠ ŰɎɝɖɠ Űɞɡ 1 ɛm, Ůɜɩ ɖ ɗŮɟɛɞəɟŬůɑŬ ˊŬɟŬɔɤɔɐɠ ŮɑɜŬɘ Űɖɠ ŰɎɝɖɠ Űɤɜ 200-

600 ÁC, ůɖɛŬɜŰɘəɎ ɛɘəɟɧŰŮɟɖ Űɤɜ əɟɡůŰŬɚɚɘəɩɜ ŰŮɢɜɞɚɞɔɘɩɜ. Ƀɘ əɡɣɏɚŮɠ ɚŮˊŰɩɜ ɡɛŮɜɑɤɜ 

ŭŮɜ ɏɢɞɡɜ əŬɗɞɟɘůɛɏɜɞ ůɢɐɛŬ, ɧˊɤɠ ɞɘ əɟɡůŰŬɚɚɘəɏɠ, ŬɚɚɎ əŬŰŬůəŮɡɎɕɞɜŰŬɘ ůɡɜɐɗɤɠ ůŮ 

ɛŬəɟɧůŰŮɜŮɠ ɚɤɟɑŭŮɠ ˊɚɎŰɞɡɠ 0.5-2 cm əŬɘ ɛɐəɞɡɠ ɛɏɢɟɘ əŬɘ 1 m. 

ȼ ŰŮɢɜɞɚɞɔɑŮɠ ɚŮˊŰɩɜ ɡɛŮɜɑɤɜ ŮɛűŬɜɑɕɞɡɜ əŬɚɨŰŮɟɖ Ŭɝɘɞˊɞɑɖůɖ Űɖɠ ŭɘɎɢɡŰɖɠ əŬɘ ɢŬɛɖɚɐɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ, Ůɜɩ ˊŬɟɞɡůɘɎɕɞɡɜ ˊɘɞ Ůɡɜɞɥəɞɨɠ ɗŮɟɛɞəɟŬůɘŬəɞɨɠ ůɡɜŰŮɚŮůŰɏɠ Ŭˊɧ Űɘɠ 

əɟɡůŰŬɚɚɘəɏɠ. Ⱥˊɑůɖɠ, ŮɑɜŬɘ ɚɘɔɧŰŮɟɞ ŮɡŬɑůɗɖŰŮɠ ůŮ ůəɑŬůɖ. ɇɞ əɡɟɘɧŰŮɟɞ ɧɛɤɠ ɛŮɘɞɜɏəŰɖɛɎ 

Űɞɡɠ, ˊɞɡ ˊŮɟɘɞɟɑɕŮɘ Ŭəɧɛɖ Űɖɜ ŮɡɟŮɑŬ Ůɛˊɞɟɘəɐ Űɞɡɠ ŭɘɎŭɞůɖ, ŮɑɜŬɘ ɞ ɛɘəɟɧɠ ɓŬɗɛɧɠ 

Ŭˊɧŭɞůɖɠ. Ƀɘ ˊɘɞ ɔɜɤůŰɏɠ ŰŮɢɜɞɚɞɔɑŮɠ ɚŮˊŰɩɜ ɡɛŮɜɑɤɜ ɛŮ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ ŬˊɞŭɧůŮɘɠ ŮɑɜŬɘ: 

Ɏɛɞɟűɞɡ ˊɡɟɘŰɑɞɡ (a-Si) ɛŮ 5-7%, ŭɘůŮɚɖɜɘɞɨɢɞɡ ɘɜŭɘɞɨɢɞɡ ɢŬɚəɞɨ (Copper Indium diSelenide, 

CIS) ɛŮ 9-11%, ŰŮɚɚɞɡɟɘɞɨɢɞɡ əŬŭɛɑɞɡ (Cadmium Telluride, CdTe) ɛŮ 8.5%, 

ɛɘəɟɞəɟɡůŰŬɚɚɘəɞɨ ɐ ɛɘəɟɞɎɛɞɟűɞɡ ˊɡɟɘŰɑɞɡ (a-Si/ɛc-Si) ɛŮ 8-9% əŬɘ əɟɡůŰŬɚɚɘəɞɨ ˊɡɟɘŰɑɞɡ 

ůŮ ɔɡŬɚɑ (Crystalline Silicon on Glass, CSG) ɛŮ 9%. 

υȢυȢφȢɜ ɭɼʍʅɿʅʆʗ ɮɛ ʎʐʋʅʔʀʚɻ (Heterojunction with Intrinsic Thin layer, HIT)  

ȼ əɡɣɏɚŮɠ HIT ŮɑɜŬɘ ɏɜŬɠ ůɡɜŭɡŬůɛɧɠ əɟɡůŰŬɚɚɘəɞɨ əŬɘ Ɏɛɞɟűɞɡ ˊɡɟɘŰɑɞɡ ůɡɜŭŮŭŮɛɏɜŬ 

ɛŮ ɏɜŬ ɛɖ-ɜɞɗŮɡɛɏɜɞ thin film ůŰɟɩɛŬ (i-ůŰɟɩɛŬ). ȼ ɡɓɟɘŭɘəɐ ŬɡŰɐ ŰŮɢɜɞɚɞɔɑŬ ˊŬɟɞɡůɘɎɕŮɘ 

əŬɚɨŰŮɟɖ Ŭɝɘɞˊɞɑɖůɖ Űɞɡ ɖɚɘŬəɞɨ űɎůɛŬŰɞɠ əŬɘ ŮɡɜɞɥəɧŰŮɟɖ ɗŮɟɛɞəɟŬůɘŬəɐ ůɡɛˊŮɟɘűɞɟɎ. 

ȺɑɜŬɘ ɑůɤɠ ɖ ŮɛˊɞɟɘəɎ ŬˊɞŭɞŰɘəɧŰŮɟɖ ŰŮɢɜɞɚɞɔɑŬ, ɛŮ ɓŬɗɛɞɨɠ Ŭˊɧŭɞůɖɠ 18-21%. Ƀɘ əɡɣɏɚŮɠ 

Űɖɠ ɏɢɞɡɜ ŰŮŰɟŬɔɤɜɘəɐ ɛɞɟűɐ, ˊɎɢɞɠ ˊŮɟɑ Űɤɜ 0.2 mm əŬɘ ɞɛɞɘɞɔŮɜɐ ŮɛűɎɜɘůɖ ɛŮ ɛŬɨɟɞ 

ɢɟɩɛŬ. 

υȢυȢφȢɝ ɲʇʇʀʏ ɮɛ ʐʀʔʉʋʇʋɾʚʀʏ 

Ⱥˊɘˊɚɏɞɜ Űɤɜ ˊɟɞŬɜŬűŮɟɗŮɘůɩɜ ŰŮɢɜɞɚɞɔɘɩɜ, ɖ ɏɟŮɡɜŬ əɘɜŮɑŰŬɘ əŬɘ ůŮ ŭɘɎűɞɟŮɠ ɎɚɚŮɠ 

əŬŰŮɡɗɨɜůŮɘɠ ˊɞɡ ŭŮɜ ɏɢɞɡɜ ɞŭɖɔɐůŮɘ Ŭəɧɛɖ ůŮ ůɖɛŬɜŰɘəɐ Ůɛˊɞɟɘəɐ ŭɘŮɑůŭɡůɖ. ɈˊɎɟɢɞɡɜ ūȸ 

ˊɚŬɑůɘŬ ˊɞɡ ɓŬůɑɕɞɜŰŬɘ ůŰɖɜ ȽȽȽ əŬɘ IV ɞɛɎŭŬ Űɞɡ ˊŮɟɘɞŭɘəɞɨ ˊɑɜŬəŬ, ɧˊɤɠ Űɞ ŬɟůŮɜɘəɞɨɢɞ 

ɔɎɚɚɘɞ (GaAs), ˊɞɡ ŮɛűŬɜɑɕɞɡɜ ɡɣɖɚɐ ŬˊɞɟɟɞűɖŰɘəɧŰɖŰŬ ŬəŰɘɜɞɓɞɚɑŬɠ ůŮ ŭɘɎűɞɟŬ űɎůɛŬŰŬ. 

ɄŬɟɞɡůɘɎɕɞɡɜ ɓŬɗɛɞɨɠ Ŭˊɧŭɞůɖɠ ɏɤɠ əŬɘ 25%, ŬɚɚɎ ɘŭɘŬɑŰŮɟŬ ɡɣɖɚɧ əɧůŰɞɠ ˊŬɟŬɔɤɔɐɠ, əŬɘ 

ůɡɜŮˊɩɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɛɧɜɞ ůŮ ŬŮɟɞŭɘŬůŰɖɛɘəɏɠ ŮűŬɟɛɞɔɏɠ. 

ȯɚɚŮɠ ŮɜŬɚɚŬəŰɘəɏɠ ŰŮɢɜɞɚɞɔɑŮɠ ŮɑɜŬɘ ŰŬ ɖɚŮəŰɟɞɢɖɛɘəɎ űɤŰɞɓɞɚŰŬɥəɎ (Electrochemical 

photovoltaics, ECPV), Űɤɜ ɞˊɞɑɤɜ ɖ ɚŮɘŰɞɡɟɔɑŬ ůŰɖɟɑɕŮŰŬɘ ůŮ ɞɝŮɘŭɞŬɜŬɔɤɔɘəɏɠ ŬɜŰɘŭɟɎůŮɘɠ 

əŬɘ űŬɘɜɧɛŮɜŬ ŭɘɎɢɡůɖɠ, ŬɜŰɑ ůŰŬ ɖɚŮəŰɟɘəɎ űŬɘɜɧɛŮɜŬ Űɤɜ əɟɡůŰŬɚɚɘəɩɜ űɤŰɞɓɞɚŰŬɥəɩɜ. 

ȼ Ůɜ ɚɧɔɤ əŬŰɖɔɞɟɑŬ ɛŮɘɞɜŮəŰŮɑ ůŰɞ ɓŬɗɛɧ Ŭˊɧŭɞůɖɠ, ŬɚɚɎ ɡˊŮɟŰŮɟŮɑ ůŮ ɗɏɛŬŰŬ əɧůŰɞɡɠ, 

ŮɡəɞɚɑŬɠ əŬŰŬůəŮɡɐɠ əŬɘ ɢɟɐůɖɠ ɔɘŬ Ůɘŭɘəɏɠ ŮűŬɟɛɞɔɏɠ. Ƀɘ ŭɨɞ əɨɟɘŮɠ Ůəŭɞɢɏɠ Űɖɠ ŮɑɜŬɘ ɞɘ 
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ŮɡŬɘůɗɖŰɞˊɞɘɖɛɏɜŮɠ ɖɚɘŬəɏɠ əɡɣɏɚŮɠ (Dye-sensitized nanocrystalline) əŬɘ ɞɟɔŬɜɘəɏɠ ūȸ 

əɡɣɏɚŮɠ (Organic solar cells), ɛŮ ŬˊɞŭɧůŮɘɠ 5% əŬɘ 5-6% ŬɜŰɑůŰɞɘɢŬ. 

1.1.3 ɮɛ ɿʅɻʐʗʊʀʅʏ 

ȼ ūȸ əɡɣɏɚɖ ŬɜŬˊŰɨůůŮɘ ŭɘŬűɞɟɎ ŭɡɜŬɛɘəɞɨ Űɖɠ ŰɎɝɖɠ Űɤɜ 0.5-1 V, Űɘɛɐ ɘŭɘŬɑŰŮɟŬ ɢŬɛɖɚɐ 

ɔɘŬ Űɘɠ ˊŮɟɘůůɧŰŮɟŮɠ ŮűŬɟɛɞɔɏɠ. ȰŰůɘ, ůŮ ūȸ ůɡůŰɐɛŬŰŬ ŭɘŬůɡɜŭŮŭŮɛɏɜŬ ɛŮ Űɞ ɖɚŮəŰɟɘəɧ 

ŭɑəŰɡɞ, ˊɞɚɚɏɠ əɡɣɏɚŮɠ ůɡɜŭɏɞɜŰŬɘ ůŮ ůŮɘɟɎ ˊɟɞɠ ŮˊɑŰŮɡɝɖ ŰɎůɖɠ Űɤɜ ɚɑɔɤɜ ŮəŬŰɞɜŰɎŭɤɜ 

Volts. ɇɞ ůɡɜɞɚɘəɧ əɨəɚɤɛŬ ˊɞɡ ˊɟɞəɨˊŰŮɘ Ŭˊɧ ˊɞɚɚɏɠ ūȸ əɡɣɏɚŮɠ əŬɘ ŭɘɧŭɞɡɠ ůɡɜŭŮŭŮɛɏɜŮɠ 

ůŮ ůŮɘɟɎ əŬɘ ˊŬɟɎɚɚɖɚŬ, ŬˊɞəŬɚŮɑŰŬɘ ūȸ ŭɘɎŰŬɝɖ əŬɘ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖ ɛɞɜɎŭŬ ˊɞɡ ŭɏɢŮŰŬɘ 

ůŰɖɜ Ůɑůɞŭɧ Űɞɡ ɞ ɛŮŰŬŰɟɞˊɏŬɠ ɘůɢɨɞɠ. ɆŰɞ Ɇɢ. 1.3, ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ŭɘɎűɞɟŮɠ ūȸ ŭɘŬŰɎɝŮɘɠ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůɡɜɐɗɤɠ. 

ȺɛˊɞɟɘəɎ, ɖ ɛɘəɟɧŰŮɟɖ ŭɞɛɘəɐ ɛɞɜɎŭŬ ɛɑŬɠ ūȸ ŭɘɎŰŬɝɖɠ ŮɑɜŬɘ Űɞ ūȸ ˊɚŬɑůɘɞ (PV module), 

Űɞ ɞˊɞɑɞ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ˊɞɚɚɏɠ ūȸ əɡɣɏɚŮɠ (PV cells) ůɡɜŭŮŭŮɛɏɜŮɠ ůŮ ůŮɘɟɎ. ɇɞ ˊɚŬɑůɘɞ 

ŮɑɜŬɘ ɡŭŬŰɞůŰŮɔɏɠ əŬɘ ˊɟɞůŰŬŰŮɨŮɘ Űɘɠ əɡɣɏɚŮɠ Ŭˊɧ Űɞ ŮɝɤŰŮɟɘəɧ ˊŮɟɘɓɎɚɚɞɜ, Ůɜɩ ŬɜŬˊŰɨůůŮɘ 

ŰɎůɖ Űɖɠ ŰɎɝɖɠ Űɤɜ ɚɑɔɤɜ ŭŮəɎŭɤɜ Volts. ȺɜŰɧɠ Űɞɡ ˊɚŬɘůɑɞɡ, ŬɜɎ əɎɛˊɞůŮɠ əɡɣɏɚŮɠ 

ůɡɜŭɏɞɜŰŬɘ ŭɑɞŭɞɘ ˊŬɟɎɚɚɖɚŬ ɔɘŬ ɚɧɔɞɡɠ ˊɟɞůŰŬůɑŬɠ ůŮ ůɡɜɗɐəŮɠ Ŭɜɞɛɞɘɧɛɞɟűɖɠ 

ɚŮɘŰɞɡɟɔɑŬɠ, ɞɘ ɞˊɞɑŮɠ ŬˊɞəŬɚɞɨɜŰŬɘ ŭɑɞŭɞɘ ŭɘŬűɡɔɐɠ (bypass diodes) (Ɇɢ. 1.3). ȼ ɛɞɜɎŭŬ ˊɞɡ 

ˊŮɟɘɚŬɛɓɎɜŮɘ Ns ůŮ ˊɚɐɗɞɠ əɡɣɏɚŮɠ əŬɘ ɛɑŬ ŭɑɞŭɞ ŭɘŬűɡɔɐɠ ŬˊɞəŬɚŮɑŰŬɘ ūȸ ůŰɞɘɢŮɘɞůŮɘɟɎ (PV 

cell string). ȰŰůɘ, Űɞ ūȸ ˊɚŬɑůɘɞ ůɡɜɑůŰŬŰŬɘ ůŮ Ncs ůŰɞɘɢŮɘɞůŮɘɟɏɠ ůɡɜŭŮŭŮɛɏɜŮɠ ůŮ ůŮɘɟɎ, əɎɗŮ 

ɛɑŬ Ŭˊɧ Űɘɠ ɞˊɞɑŮɠ ˊŮɟɘɚŬɛɓɎɜŮɘ Ɂs əɡɣɏɚŮɠ. ɇɡˊɘəɏɠ Űɘɛɏɠ ɔɘŬ Űɘɠ ˊɞůɧŰɖŰŮɠ ŬɡŰɏɠ ŮɑɜŬɘ Ns = 

12-36 əŬɘ Ncs = 1-6, ůɡɜɘůŰɩɜŰŬɠ ūȸ ˊɚŬɑůɘŬ ɛŮ ůɡɜɐɗɤɠ 36-72 əɡɣɏɚŮɠ. 

ũɘŬ ŬɜɎˊŰɡɝɖ ŬəɧɛŬ ɛŮɔŬɚɨŰŮɟɖɠ ŰɎůɖɠ, Nm ́ ɚŬɑůɘŬ ůɡɜŭɏɞɜŰŬɘ ůŮ ůŮɘɟɎ ůɢɖɛŬŰɑɕɞɜŰŬɠ Űɖ 

 
Ɇɢ. 1.3. ȹɞɛɐ Űɤɜ ůɡɜɖɗɏůŰŮɟɤɜ ūȸ ŭɘŬŰɎɝŮɤɜ  
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ūȸ ˊɚŬɘůɘɞůŮɘɟɎ (PV string), Ůɜɩ Np ˊɚŬɘůɘɞůŮɘɟɏɠ ůɡɜŭɏɞɜŰŬɘ ˊŬɟɎɚɚɖɚŬ ˊɟɞɠ ŭɖɛɘɞɡɟɔɑŬ 

Űɖɠ ūȸ ůɡůŰɞɘɢɑŬɠ (PV array). Ƀ Ŭɟɘɗɛɧɠ Nm ɛˊɞɟŮɑ ɜŬ əɡɛŬɑɜŮŰŬɘ Ŭˊɧ 10 ɏɤɠ 30 ˊɚŬɑůɘŬ, Ůɜɩ 

Űɞ ˊɚɐɗɞɠ Np ŭŮɜ ɝŮˊŮɟɜɎ ůɡɜɐɗɤɠ Űɘɠ 4 ɔɘŬ ůɡůŰɐɛŬŰŬ ɢŬɛɖɚɐɠ ŰɎůɖɠ. ȾɎˊɞɘŮɠ űɞɟɏɠ, 

ŰɞˊɞɗŮŰŮɑŰŬɘ ɛɑŬ ŭɑɞŭɞɠ űɟŬɔɐɠ (blocking diode) ůŮ ůŮɘɟɎ ɛŮ əɎɗŮ ˊɚŬɘůɘɞůŮɘɟɎ ɔɘŬ Ŭˊɞűɡɔɐ 

ŬɜɎůŰɟɞűɤɜ ɟŮɡɛɎŰɤɜ ůŮ əŬŰŬůŰɎůŮɘɠ ůűɎɚɛŬŰɞɠ (Ɇɢ. 1.3). 

1.1.4 ɠʇʀʆʐʍʅʆʗ ʔɻʍɻʆʐʂʍʅʎʐʅʆʗ ɮɛ ʌʇɻʅʎʚʋʑ 

ɇŬ ɖɚŮəŰɟɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ ˊɞɡ ŬɜŬɔɟɎűɞɜŰŬɘ ůŰɞ ŰŮɢɜɘəɧ űɡɚɚɎŭɘɞ Űɞɡ ūȸ ˊɚŬɘůɑɞɡ 

ˊŬɟŬŰɑɗŮɜŰŬɘ ɔɘŬ ɛɘŬ ŮɜŭŮɘəŰɘəɐ ˊŮɟɑˊŰɤůɖ ůŰɞɜ ˊɑɜŬəŬ Ʉ. 1.1. ɄɏɟŬɜ Ŭˊɧ Űɖɜ ŰŮɢɜɞɚɞɔɑŬ əŬɘ 

Űɞ ˊɚɐɗɞɠ Űɤɜ əɡɣŮɚɩɜ Ns əŬɘ ŭɘɧŭɤɜ ŭɘŬűɡɔɐɠ Ncs, ˊɎɜŰŬ ŬɜŬűɏɟɞɜŰŬɘ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ 

Űɟɘɩɜ ůɖɛŮɑɤɜ ɚŮɘŰɞɡɟɔɑŬɠ:  

V ɇɞ ůɖɛŮɑɞ ɓɟŬɢɡəɨəɚɤůɖɠ (short circuit ï SC), əŬŰɎ Űɞ ɞˊɞɑɞ Űɞ ūȸ ˊɚŬɑůɘɞ ŮɑɜŬɘ 

ɓɟŬɢɡəɡəɚɤɛɏɜɞ əŬɘ Űɞ ŭɘŬɟɟɏɞɜ ɟŮɨɛŬ Isc0 ŮɑɜŬɘ Űɞ ɛɏɔɘůŰɞ. 

V ɇɞ ůɖɛŮɑɞ ŬɜɞɘɢŰɞəɨəɚɤůɖɠ (open circuit ï OC), ɧˊɞɡ ɞɘ ŬəɟɞŭɏəŰŮɠ Űɞɡ ˊɚŬɘůɑɞɡ 

ŮɑɜŬɘ ŬɜɞɘɢŰɞəɡəɚɤɛɏɜɞɘ əŬɘ ŬɜŬˊŰɨůůŮŰŬɘ ɖ ɛɏɔɘůŰɖ ŰɎůɖ Voc0. 

V ɇɞ ůɖɛŮɑɞ ɛɏɔɘůŰɖɠ ˊŬɟŬɔɤɔɐɠ (maximum power point ï MPP), ůŰɞ ɞˊɞɑɞ 

ˊɟɞůűɏɟŮŰŬɘ ɖ ɛɏɔɘůŰɖ ɘůɢɨɠ Pmp0 ůŮ ŰɎůɖ Vmp0 əŬɘ ɟŮɨɛŬ Imp0. 

ɆŰŬ ɔɟŬűɐɛŬŰŬ Űɞɡ Ɇɢ. 1.4, ŬˊŮɘəɞɜɑɕɞɜŰŬɘ Űɡˊɘəɏɠ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ əŬɛˊɨɚŮɠ ɟŮɨɛŬŰɞɠ-

ŰɎůɖɠ (I-V) (Ɇɢ. 1.4(Ŭ)) əŬɘ ɘůɢɨɞɠ-ŰɎůɖɠ (P-V) (Ɇɢ. 1.4(ɓ)), ůɖɛŮɘɩɜɞɜŰŬɠ ŰŬ ŰɟɑŬ 

ˊɟɞŬɜŬűŮɟɗɏɜŰŬ ůɖɛŮɑŬ ɚŮɘŰɞɡɟɔɑŬɠ. Ɇɡɜɐɗɤɠ, ŰɞɡɚɎɢɘůŰɞɜ ɖ ɛɑŬ Ŭˊɧ Űɘɠ ŭɨɞ əŬɛˊɨɚŮɠ ŮɑɜŬɘ 

ŭɘŬɗɏůɘɛɖ ůŰɞ ŰŮɢɜɘəɧ űɡɚɚɎŭɘɞ Űɞɡ ˊɚŬɘůɑɞɡ. 

ɆŰɞɡɠ ɧɟɞɡɠ Isc0, Voc0, Imp0, Vmp0 əŬɘ Pmp0 Űɞɡ Ʉ. 1.1, ɞ ŭŮɑəŰɖɠ ñ0ò ůɡɛɓɞɚɑɕŮɘ ɧŰɘ ɖ Űɘɛɐ 

ŬɜŰɘůŰɞɘɢŮɑ ůŮ ˊɟɧŰɡˊŮɠ ůɡɜɗɐəŮɠ Ůɚɏɔɢɞɡ (Standard Test Conditions ï STC), ůŰɘɠ ɞˊɞɑŮɠ ɖ 

ŬəŰɘɜɞɓɞɚɑŬ ŮɑɜŬɘ 1000 W/m2, ɖ ɗŮɟɛɞəɟŬůɑŬ 25 ÁC əŬɘ ɖ Ŭɏɟɘɞɠ ɛɎɕŬ 1.5. ȾɎˊɞɘŮɠ űɞɟɏɠ, ŰŬ 

Ůɜ ɚɧɔɤ ɛŮɔɏɗɖ ŬɜŬűɏɟɞɜŰŬɘ əŬɘ ůŮ ůɡɜɗɐəŮɠ űɡůɘɞɚɞɔɘəɐɠ ɗŮɟɛɞəɟŬůɑŬɠ əɡɣɏɚɖɠ (Normal 

Operating Cell Temperature ï NOCT), ɐŰɞɘ 800 W/m2 əŬɘ 45 ÁC. Ɇɡɜɐɗɤɠ ɖ Űɘɛɐ Űɞɡ Imp0 ŮɑɜŬɘ 

Ʉ. 1.1.  ɉŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ ūȸ ˊɚŬɘůɑɞɡ Yingli  YL-165. 

ɀɞɜŰɏɚɞ ɇɨˊɞɠ I sc0 (A) Voc0 (V) Imp0 (A) Vmp0 (V) Pmp0 (W) 

YL-165 mc-Si 7.90 29.0 7.17 23.0 165 

Ns Ncs aIsc (p.u.) ɓVoc (p.u.) ɔPmp (p.u.) ncell nmod 

16 3 +0.0006 -0.0037 -0.0045 14.6% 12.5% 
 

  
(Ŭ) (ɓ) 

Ɇɢ. 1.4. ɇɡˊɘəɏɠ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ əŬɛˊɨɚŮɠ (Ŭ) I-V (ɟŮɨɛŬŰɞɠ-ŰɎůɖɠ), əŬɘ (ɓ) P-V (ɘůɢɨɞɠ-ŰɎůɖɠ). 

ɆɖɛŮɘɩɜɞɜŰŬɘ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ůɖɛŮɑŬ ɚŮɘŰɞɡɟɔɑŬɠ ůŰɖɜ əŬŰɎůŰŬůɖ ɓɟŬɢɡəɨəɚɤůɖɠ (SC), 

ŬɜɞɘɢŰɞəɨəɚɤůɖɠ (OC) əŬɘ ɛɏɔɘůŰɖɠ ˊŬɟŬɔɤɔɐɠ (MPP). 



1.2 - ȺˊɑŭɟŬůɖ Űɖɠ ɆəɑŬůɖɠ ůŰɖɜ ȷˊɧŭɞůɖ Ůɜɧɠ ūȸ ɆɡůŰɐɛŬŰɞɠ 

8 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

ŮɚŬűɟɩɠ ɛɘəɟɧŰŮɟɖ Űɞɡ Isc0, Ůɜɩ ɖ ŰɎůɖ Vmp0 ˊŮɟɑˊɞɡ Űɞ 80% Űɖ Voc0 [13], ɢɤɟɑɠ ŬɡŰɧ ɜŬ ŮɑɜŬɘ 

ɞ əŬɜɧɜŬɠ. 

ȸɏɓŬɘŬ, ůŰɖɜ ˊɟɎɝɖ Űɞ ūȸ ˊɚŬɑůɘɞ ɚŮɘŰɞɡɟɔŮɑ ůŮ ŬɡɗŬɑɟŮŰŮɠ ůɡɜɗɐəŮɠ ŬəŰɘɜɞɓɞɚɑŬɠ G əŬɘ 

ɗŮɟɛɞəɟŬůɑŬɠ T, ŭɘŬűɞɟŮŰɘəɏɠ Ŭˊɧ Űɘɠ STC ɐ NOCT. Ƀɘ ɗŮɟɛɞəɟŬůɘŬəɞɑ ůɡɜŰŮɚŮůŰɏɠ aIsc, ɓVoc 

əŬɘ ɔPmp ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɩůŰŮ ɜŬ ŬɜɎɔɞɡɜ ŬɜŬɚɞɔɘəɎ ŰŬ ŬɜŰɑůŰɞɘɢŬ ɛŮɔɏɗɖ Isc0, Voc0 əŬɘ Pmp0 

ɛŮ Űɖ ɗŮɟɛɞəɟŬůɑŬ. ɄɟɏˊŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ůŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, ɖ ɢɟɐůɖ Űɤɜ 

ůɡɜŰŮɚŮůŰɩɜ ŬɡŰɩɜ ɗŮɤɟŮɑŰŬɘ ˊɎɜŰŬ ůŮ əŬɜɞɜɘəɞˊɞɘɖɛɏɜɖ ɛɞɟűɐ (p.u.), əŬɘ ɧɢɘ ŬˊɧɚɡŰɖ. 

Ⱥˊɑůɖɠ, ůŮ ɧɚŮɠ Űɘɠ ɛŬɗɖɛŬŰɘəɏɠ ůɢɏůŮɘɠ, ɖ ŬəŰɘɜɞɓɞɚɑŬ G ŮɑɜŬɘ ůŮ p.u. əŬɘ ɧɢɘ W/m2 (ˊ.ɢ. G = 

0.8 ́ ɞɡ ůɖɛŬɑɜŮɘ 800 W/m2) əŬɘ ɖ ɗŮɟɛɞəɟŬůɑŬ ɇ ůŮ ɓŬɗɛɞɨɠ Kelvin (ˊ.ɢ. T = 298.15 K ɔɘŬ 

25 ÁC). 

ɇɏɚɞɠ, ɞ ɓŬɗɛɧɠ Ŭˊɧŭɞůɖɠ Űɖɠ əɡɣɏɚɖɠ ncell (Ʉ. 1.1) ŬɜŬűɏɟŮŰŬɘ ůŮ ˊɟɧŰɡˊŮɠ ůɡɜɗɐəŮɠ, 

ůɡɜɐɗɤɠ STC, ˊɞɡ ůɖɛŬɑɜŮɘ ɧŰɘ ŭɘŬűɞɟɞˊɞɘŮɑŰŬɘ ůɖɛŬɜŰɘəɎ ůŮ ɎɚɚŮɠ əŬŰŬůŰɎůŮɘɠ, ŮɘŭɘəɎ 

ɗŮɟɛɞəɟŬůɑŬɠ. ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ˊɤɠ ɞ ɓŬɗɛɧɠ Ŭˊɧŭɞůɖɠ Űɞɡ ˊɚŬɘůɑɞɡ nmod ŮɑɜŬɘ ŬɘůɗɖŰɎ 

ɢŬɛɖɚɧŰŮɟɞɠ, əɡɟɑɤɠ ɚɧɔɤ Űɖɠ ɜŮəɟɐɠ ŮˊɘűɎɜŮɘŬɠ ɛŮŰŬɝɨ Űɤɜ əɡɣŮɚɩɜ ˊɞɡ ˊŬɟŬɛɏɜŮɘ 

ŬəɎɚɡˊŰɖ. 

1.2 ɞʌʚɿʍɻʎʂ ʐʂʏ ɫʆʚɻʎʂʏ ʎʐʂʉ ɚʌʝɿʋʎʂ ʀʉʝʏ ɮɛ 

ɫʑʎʐʙʈɻʐʋʏ 

ȼ ŮɜŮɟɔŮɘŬəɐ ˊŬɟŬɔɤɔɐ Ůɜɧɠ ūȸ ůɡůŰɐɛŬŰɞɠ ŭŮɜ ŮɑɜŬɘ ˊɞŰɏ ůŰɖɜ ˊɟɎɝɖ ŬɡŰɐ ˊɞɡ 

ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ ŰŮɢɜɘəɧ űɡɚɚɎŭɘɞ. ɄɏɟŬɜ Ŭˊɧ Űɘɠ əŬɗɞɟɘůŰɘəɏɠ ˊŮɟɘɓŬɚɚɞɜŰɘəɏɠ ůɡɜɗɐəŮɠ Űɖɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ, ɡˊɎɟɢŮɘ ˊɚɖɗɩɟŬ Ůˊɘˊɚɏɞɜ ˊŬɟŬɔɧɜŰɤɜ ɛŮɑɤůɖɠ Űɖɠ 

Ŭˊɧŭɞůɖɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ (derating factors), ɞɘ ɞˊɞɑɞɘ əŬŰŬɜɏɛɞɜŰŬɘ ůŮ ŭɨɞ ɛŮɔɎɚŮɠ 

əŬŰɖɔɞɟɑŮɠ: Űɘɠ ŬɘŰɑŮɠ ɛŮɑɤůɖɠ Űɖɠ ˊŬɟŬɔɧɛŮɜɖɠ ūȸ ɘůɢɨɞɠ əŬɘ Űɘɠ ɖɚŮəŰɟɘəɏɠ ŬˊɩɚŮɘŮɠ əŬŰɎ Űɖ 

ɛŮŰŬŰɟɞˊɐ əŬɘ ɛŮŰŬűɞɟɎ Űɖɠ. 

ȼ ˊɟɩŰɖ ɞɛɎŭŬ ŬűɞɟɎ Űɞɡɠ ˊŬɟɎɔɞɜŰŮɠ ɔɘŬ Űɞɡɠ ɞˊɞɑɞɡɠ ɖ ɖɚŮəŰɟɘəɐ ŮɜɏɟɔŮɘŬ ˊɞɡ 

ˊŬɟɎɔŮŰŬɘ Ŭˊɧ Űɖ ūȸ ŭɘɎŰŬɝɖ ŮɑɜŬɘ ŮɚŬŰŰɤɛɏɜɖ [8]: 

V ɀɖ ɓɏɚŰɘůŰɖ əŬɗŮŰɧŰɖŰŬ ɛŮ Űɘɠ ŬəŰɑɜŮɠ Űɖɠ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ. ȳŰŬɜ ɖ əɚɑůɖ əŬɘ ɞ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧɠ Űɖɠ ūȸ ŭɘɎŰŬɝɖɠ ŭŮɜ ŮɑɜŬɘ ɞ ɘŭŬɜɘəɧɠ, ɛŮɘɩɜŮŰŬɘ ůɖɛŬɜŰɘəɎ ɞ 

ɓŬɗɛɧɠ Ŭˊɞɟɟɧűɖůɖɠ Űɖɠ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ, əŬɗɩɠ ŬɝɘɞˊɞɘŮɑŰŬɘ ɛɧɜɞ ɖ əɎɗŮŰɖ 

ůɡɜɘůŰɩůŬ Űɖɠ. ɆɡɢɜɎ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůɡůŰɐɛŬŰŬ ɖɚɘɞˊŬɟŬəɞɚɞɨɗɖůɖɠ (ɐ 

ɘɢɜɖɚɎŰɖůɖɠ ï trackers) ɔɘŬ ŮɝŬůűɎɚɘůɖ ůɡɜŮɢɞɨɠ əŬɗŮŰɧŰɖŰŬɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ 

ɖɛɏɟŬɠ. 

V ɃˊŰɘəɏɠ ŬˊɩɚŮɘŮɠ. ũɘŬ ɛŮɔɎɚŮɠ ɔɤɜɑŬɠ ˊɟɧůˊŰɤůɖɠ, ŰɡˊɘəɎ Ɏɜɤ Űɤɜ 60Á, ɏɜŬ Ŭɝɘɧɚɞɔɞ 

ŰɛɐɛŬ Űɖɠ ˊɟɞůˊɑˊŰɞɡůŬɠ ŬəŰɘɜɞɓɞɚɑŬɠ ŬɜŬəɚɎŰŬɘ ůŰɖ ɔɡɎɚɘɜɖ ŮˊɘűɎɜŮɘŬ Űɤɜ ūȸ 

ˊɚŬɘůɑɤɜ əŬɘ ɢɎɜŮŰŬɘ. 

V ȷˊɩɚŮɘŮɠ ɖɚɘŬəɞɨ űɎůɛŬŰɞɠ. ɇɞ ɖɚɘŬəɧ űɎůɛŬ ɡűɑůŰŬŰŬɘ ŭɘŬəɡɛɎɜůŮɘɠ əŬŰɎ Űɖ 

ŭɘɎɟəŮɘŬ Űɖɠ ɖɛɏɟŬɠ, ɞɘ ɞˊɞɑŮɠ ůɡɜŮˊɎɔɞɜŰŬɘ ŬɡɝɞɛŮɑɤůɖ Űɖɠ ŬˊɞɟɟɞűɖůɘɛɧŰɖŰŬɠ Űɖɠ 

ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ Ŭˊɧ Űɘɠ ūȸ əɡɣɏɚŮɠ. 

V ɅɨˊŬɜůɖ. ȳŰŬɜ ɖ ŮˊɘűɎɜŮɘŬ Űɤɜ ūȸ ˊɚŬɘůɑɤɜ ɟɡˊŬɑɜŮŰŬɘ Ŭˊɧ ůəɧɜɖ, ɚɎůˊɖ əŬɘ 

Ɏɚɚɞɡɠ ɟɨˊɞɡɠ, ɛŮɘɩɜŮŰŬɘ ŬɜŬɚɧɔɤɠ ɖ ŮɜŮɟɔɧɠ ŬəŰɘɜɞɓɞɚɑŬ ˊɞɡ űŰɎɜŮɘ ůŰɘɠ ūȸ 

əɡɣɏɚŮɠ. 

V ũɐɟŬɜůɖ. ɇɡˊɘəɎ, ɖ Ŭˊɧŭɞůɖ Ůɜɧɠ ūȸ ˊɚŬɘůɑɞɡ ɛŮɘɩɜŮŰŬɘ ɛŮ ɟɡɗɛɧ 0.5-1.0% Űɞɜ 

ɢɟɧɜɞ ɚɧɔɤ űɡůɘəɐɠ űɗɞɟɎɠ. 
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V ɀŮɟɘəɐ ůəɑŬůɖ. ȼ Ŭɜɞɛɞɘɧɛɞɟűɖ əŬŰŬɜɞɛɐ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ɛɑŬɠ ūȸ 

ŭɘɎŰŬɝɖɠ ŮˊɘűɏɟŮɘ ůɖɛŬɜŰɘəɎ ŭɡůŬɜɎɚɞɔɖ ɛŮɑɤůɖ ůŰɖɜ ɖɚŮəŰɟɘəɐ Űɖɠ ˊŬɟŬɔɤɔɐ. 

ȷˊɞŰŮɚŮɑ ɑůɤɠ Űɞɜ əɡɟɘɧŰŮɟɞ əŬɘ ŭɡůəɞɚɧŰŮɟŬ ŬɜŰɘɛŮŰɤˊɑůɘɛɞ ˊŬɟɎɔɞɜŰŬ ɛŮɑɤůɖɠ 

Űɖɠ Ŭˊɧŭɞůɖɠ. 

ȼ ŭŮɨŰŮɟɖ əŬŰɖɔɞɟɑŬ, ˊŮɟɘɚŬɛɓɎɜŮɘ Űɘɠ ŬˊɩɚŮɘŮɠ əŬŰɎ Űɖ ɛŮŰŬŰɟɞˊɐ əŬɘ ɛŮŰŬűɞɟɎ Űɖɠ 

ɖɚŮəŰɟɘəɐɠ ɘůɢɨɞɠ Ŭˊɧ Űɖ ūȸ ŭɘɎŰŬɝɖ ɏɤɠ Űɞ ůɖɛŮɑɞ ůɨɜŭŮůɖɠ ɛŮ Űɞ ɖɚŮəŰɟɘəɧ ŭɑəŰɡɞ. 

ɃűŮɑɚɞɜŰŬɘ əɡɟɑɤɠ ůŰɘɠ əŬɚɤŭɘɩůŮɘɠ ůŰɞ dc əŬɘ ac ŰɛɐɛŬ, ůŮ ŭɘɧŭɞɡɠ əŬɘ ɚɞɘˊɧ ŭɘŬəɞˊŰɘəɧ 

Ůɝɞˊɚɘůɛɧ, ůŰɞɜ ɛŮŰŬŰɟɞˊɏŬ ɘůɢɨɞɠ, ůŰɞɜ ɛŮŰŬůɢɖɛŬŰɘůŰɐ (Ŭɜ ɡˊɎɟɢŮɘ), ůŮ 

ɛɘəɟɞŭɘŬűɞɟɞˊɞɘɐůŮɘɠ Űɤɜ ūȸ ˊɚŬɘůɑɤɜ ɛŮŰŬɝɨ Űɞɡɠ ə.Ŭ. [8]. 

ȷɜŰɘəŮɑɛŮɜɞ Űɖɠ ˊŬɟɞɨůŬɠ ɏɟŮɡɜŬɠ ŮɑɜŬɘ ɖ ɛŮɚɏŰɖ əŬɘ ŬɜɎɚɡůɖ Űɞɡ ˊɞɚɡˊɚɞəɧŰŮɟɞɡ əŬɘ ˊɘɞ 

əɟɑůɘɛɞɡ ˊŬɟɎɔɞɜŰŬɠ ɛŮɑɤůɖɠ Űɖɠ Ŭˊɧŭɞůɖɠ Ůɜɧɠ ūȸ ůɡůŰɐɛŬŰɞɠ: Űɖɠ ɛŮɟɘəɐɠ ůəɑŬůɖɠ. ɆŰɖ 

ůɡɜɏɢŮɘŬ ŭɑɜŮŰŬɘ ɛɘŬ ůɨɜŰɞɛɖ ˊŮɟɘɔɟŬűɐ Űɞɡ űŬɘɜɞɛɏɜɞɡ əŬɘ Űɤɜ ŭɡůəɞɚɘɩɜ ˊɞɡ ˊɟɞɝŮɜŮɑ, 

Ůɜɩ ŬəɞɚɞɡɗŮɑ ŮəŰŮɜɐɠ ɓɘɓɚɘɞɔɟŬűɘəɐ ŬɜŬůəɧˊɖůɖ ɛɞɜŰɏɚɤɜ Űɖɠ ɓɘɓɚɘɞɔɟŬűɑŬɠ ˊɞɡ 

ŮˊɘɢŮɘɟɞɨɜ Űɖɜ ˊɞůɞŰɘəɞˊɞɑɖůɖɠ ŬɡŰɩɜ Űɤɜ ůɡɜŮˊŮɘɩɜ. 

1.2.1 ɠʇʅɻʆʙ ʀʉʘʍɾʀʅɻ ʆɻʅ ɾʀʖʈʀʐʍʚɻ ʎʆʚɻʎʂʏ 

υȢφȢυȢɚ ɠʇʅɻʆʙ ɻʆʐʅʉʋɼʋʇʚɻ 

ȼ ɖɚɘŬəɐ ŬəŰɘɜɞɓɞɚɑŬ ˊɞɡ ˊɟɞůˊɑˊŰŮɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ɛɑŬɠ ūȸ ŭɘɎŰŬɝɖɠ, ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ 

ŰɟɑŬ əɨɟɘŬ ɛɏɟɖ: Űɖɜ ɎɛŮůɖ ɐ ŬəŰɘɜɘəɐ ůɡɜɘůŰɩůŬ (direct/beam component), Űɖ ŭɘɎɢɡŰɖ 

ŬəŰɘɜɞɓɞɚɑŬ (diffuse/scattered light) əŬɘ Űɖɜ ŬɜŬəɚɩɛŮɜɖ ůɡɜɘůŰɩůŬ (reflected irradiance, 

albedo) (Ɇɢ. 1.5(Ŭ)).  

ȼ ŬəŰɘɜɘəɐ ůɡɜɘůŰɩůŬ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ ŬəŰɘɜɞɓɞɚɑŬ ˊɞɡ əŬŰŬűŰɎɜŮɘ ɎɛŮůŬ Ŭˊɧ Űɞɜ ɐɚɘɞ 

ɢɤɟɑɠ ˊŬɟŮɛˊɧŭɘůɖ ɐ ŬɚɚŬɔɐ əŬŰŮɨɗɡɜůɖɠ, Ůɜɩ ŮɝŬɟŰɎŰŬɘ əŬɗŬɟɎ Ŭˊɧ Űɖ ůɢŮŰɘəɐ ɗɏůɖ Űɞɡ 

ɐɚɘɞɡ ůŮ ůɢɏůɖ ɛŮ Űɖ ūȸ ŭɘɎŰŬɝɖ. ȷɜŰɑɗŮŰŬ, ɖ ŭɘɎɢɡŰɖ ŬəŰɘɜɞɓɞɚɑŬ ˊɟɞəɨˊŰŮɘ Ŭˊɧ ůəɏŭŬůɖ 

ůŰɖɜ ŬŰɛɧůűŬɘɟŬ əŬɘ ˊɟɞůˊɑˊŰŮɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɖɚɘŬəɞɨ ůɡɚɚɏəŰɖ Ŭˊɧ ŭɘɎűɞɟŮɠ 

əŬŰŮɡɗɨɜůŮɘɠ, ůɢŮŭɧɜ ɞɛɞɘɧɛɞɟűŬ Ŭˊɧ Űɞɜ ɞɡɟɎɜɘɞ ɗɧɚɞ. ȼ ŬɜŬəɚɩɛŮɜɖ ůɡɜɘůŰɩůŬ 

ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ ŬɜɎəɚŬůɖ Űɖɠ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ ůŮ ˊŬɟŬəŮɑɛŮɜŬ ŬɜŰɘəŮɑɛŮɜŬ, əŬɘ əɡɟɑɤɠ 

ůŰɞ ɏŭŬűɞɠ [16]. 

ȼ ŬɜŬɚɞɔɑŬ Űɤɜ Űɟɘɩɜ ůɡɜɘůŰɤůɩɜ ůŰɞ ůɨɜɞɚɞ Űɖɠ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɘɠ 

ůɡɜɗɐəŮɠ ɜɏűɤůɖɠ, Űɖɜ ɩɟŬ Űɖɠ ɖɛɏɟŬɠ, ɧˊɤɠ Ůˊɑůɖɠ əŬɘ Ŭˊɧ Űɖɜ əɚɑůɖ Űɤɜ ůɡɚɚŮəŰɩɜ əŬɘ 

Űɖɜ ŬɜŬəɚŬůŰɘəɧŰɖŰŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ŮɔɔɨŰŮɟɞɡ ŮŭɎűɞɡɠ (ŮɘŭɘəɎ ɔɘŬ Űɖɜ ŬɜŬəɚɩɛŮɜɖ). 

 

 

(Ŭ) (ɓ) 

Ɇɢ. 1.5. (Ŭ) ɆɡɜɘůŰɩůŮɠ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ [14], əŬɘ (ɓ) ɔŮɤɛŮŰɟɑŬ ŬɚɚɖɚɞůəɑŬůɖɠ ˊŬɟŬəŮɑɛŮɜɤɜ 

ūȸ ůɡɚɚŮəŰɩɜ [15]. 
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ȸɏɓŬɘŬ, ůŮ ůɡɜɗɐəŮɠ ɡɣɖɚɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ ˊɞɡ ɏɢɞɡɜ ˊɟŬəŰɘəɐ ůɖɛŬůɑŬ, ɖ ɎɛŮůɖ ůɡɜɘůŰɩůŬ 

ŮɑɜŬɘ ˊɎɜŰŬ ɖ əɡɟɑŬɟɢɖ. 

υȢφȢυȢɛ ɫʆʚɻʎʂ ʐʂʏ ɮɛ ɿʅʗʐɻʊʂʏ 

ɋɠ ůəɑŬůɖ, ɞɟɑɕŮŰŬɘ Űɞ űŬɘɜɧɛŮɜɞ əŬŰɎ Űɞ ɞˊɞɑɞ ɛɏɟɞɠ Űɖɠ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ 

ˊŬɟŮɛˊɞŭɑɕŮŰŬɘ əŬɘ ŭŮɜ ˊɟɞůˊɑˊŰŮɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɖɚɘŬəɞɨ ůɡɚɚɏəŰɖ.  ȺɘŭɘəɎ ɛŮ Űɞɜ ɧɟɞ 

ɛŮɟɘəɐ ůəɑŬůɖ, ɜɞŮɑŰŬɘ ɖ Ɏɜɘůɖ əŬŰŬɜɞɛɐ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ɛɘŬɠ ūȸ ŭɘɎŰŬɝɖɠ, 

ŭɖɚŬŭɐ ɧŰŬɜ ŰŬ ŰɛɐɛŬŰŬ Űɖɠ ŭɘɎŰŬɝɖɠ ɡˊɧəŮɘɜŰŬɘ ůŮ ŬəŰɘɜɞɓɞɚɑŬ ŭɘŬűɞɟŮŰɘəɐɠ ɏɜŰŬůɖɠ. 

ɄɟɞəŬɚŮɑŰŬɘ ůɡɜɐɗɤɠ Ŭˊɧ ůŰŮɟŮɎ ŬɜŰɘəŮɑɛŮɜŬ əŬɘ ŮɛˊɧŭɘŬ ůŰɞɜ ŮɔɔɨŰŮɟɞ ɢɩɟɞ, ɧˊɤɠ ŰɛɐɛŬŰŬ 

əŰɘɟɑɤɜ, ŭɏɜŰɟŬ, əɚˊ., ŬɚɚɎ əɡɟɑɤɠ Ŭˊɧ ŰɛɐɛŬŰŬ Űɞɡ ɑŭɘɞɡ Űɞɡ ūȸ ůŰŬɗɛɞɨ (ɎɚɚŮɠ ūȸ 

ŭɘŬŰɎɝŮɘɠ) ˊɞɡ ŮɑɜŬɘ ŰɞˊɞɗŮŰɖɛɏɜŬ ˊɚɖůɑɞɜ ůŮ ɛɘəɟɐ ŬˊɧůŰŬůɖ (ŬɚɚɖɚɞůəɑŬůɖ). Ⱥˊɑůɖɠ, 

ɛˊɞɟŮɑ ɜŬ ˊɟɞɝŮɜɎŰŬɘ Ŭˊɧ ɜɏűɤůɖ ɐ Ŭɜɞɛɞɘɧɛɞɟűɖ ɟɨˊŬɜůɖ ůŰŬ ūȸ ˊɚŬɑůɘŬ. 

ȽŭɘŬɑŰŮɟɞ ŮɜŭɘŬűɏɟɞɜ ˊŬɟɞɡůɘɎɕŮɘ ɖ ɛŮɚɏŰɖ Űɖɠ ɛŮɟɘəɐɠ ůəɑŬůɖɠ ˊɞɡ ˊɟɞəŬɚŮɑŰŬɘ Ŭˊɧ ŰŬ 

ůŰŮɟŮɎ ůɩɛŬŰŬ, əŬɘ ɘŭɑɤɠ ɖ ŬɚɚɖɚɞůəɑŬůɖ ŭɘŬŭɞɢɘəɩɜ ůŮɘɟɩɜ, ɖ ɞˊɞɑŬ ŮɑɜŬɘ ɜŰŮŰŮɟɛɘɜɘůŰɘəɐ 

əŬɘ ŮɝŬɟŰɎŰŬɘ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ Ŭˊɧ Űɘɠ ůɢŮŭɘŬůŰɘəɏɠ Ůˊɘɚɞɔɏɠ Űɖɠ ŮɔəŬŰɎůŰŬůɖɠ. ɆŮ ŬɡŰɐɜ Űɖɜ 

ˊŮɟɑˊŰɤůɖ, ɖ ůəɑŬůɖ ŭɖɛɘɞɡɟɔŮɑŰŬɘ Ŭˊɧ ˊŬɟŮɛˊɧŭɘůɖ əɡɟɑɤɠ Űɖɠ ŬəŰɘɜɘəɐɠ ůɡɜɘůŰɩůŬɠ Űɖ 

ŬəŰɘɜɞɓɞɚɑŬɠ. ȼ ɏɜŰŬůɖ əŬɘ ɏəŰŬůɖ Űɞɡ űŬɘɜɞɛɏɜɞɡ ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ ɏɜŬ ˊɚɐɗɞɠ ˊŬɟŬɔɧɜŰɤɜ, 

ɧˊɤɠ ɖ ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ ŭɘŬŭɞɢɘəɩɜ ūȸ ŭɘŬŰɎɝŮɤɜ, ɞɘ ŭɘŬůŰɎůŮɘɠ Űɞɡɠ, əŬɘ ɔŮɜɘəɎ ɖ 

ŰɟɘůŭɘɎůŰŬŰɖ ɢɤɟɞŰŬɝɑŬ Űɞɡɠ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɞ ɔŮɤɔɟŬűɘəɧ ˊɚɎŰɞɠ (Ɇɢ. 1.5(ɓ)). ȹŮŭɞɛɏɜɞɡ 

ɧŰɘ ɖ ůəɑŬůɖ ŮˊɖɟŮɎɕŮŰŬɘ Ŭˊɧ Űɖɜ ɩɟŬ əŬɘ ɛɏɟŬ Űɞɡ ɢɟɧɜɞɡ, əŬŰɎ Űɖ ůɢŮŭɑŬůɖ Ůɜɧɠ ūȸ 

ůŰŬɗɛɞɨ ˊɟɏˊŮɘ ŰŬ ūȸ ˊɚŬɑůɘŬ ɜŬ əŬŰŬɜɏɛɞɜŰŬɘ əŬŰɎɚɚɖɚŬ ůŰɞɜ ɢɩɟɞ, ɩůŰŮ ɜŬ 

ŮɚŬɢɘůŰɞˊɞɘɞɨɜŰŬɘ ɞɘ ůɡɜɏˊŮɘɏɠ Űɖɠ ɛŮůɞůŰŬɗɛɘəɎ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɞɡ ɏŰɞɡɠ. ɄŮɟŬɘŰɏɟɤ 

ŬɜɎɚɡůɖ Űɖɠ ɔŮɤɛŮŰɟɑŬɠ Űɖɠ ůəɑŬůɖɠ ŮɑɜŬɘ ŭɘŬɗɏůɘɛɖ ůŰɘɠ [2], [8], [17]ï[23]. 

ȸɏɓŬɘŬ, ɖ ŮˊɑŭɟŬůɖ Űɖɠ ɛŮɟɘəɐɠ ůəɑŬůɖɠ ůŰɖɜ ɖɚŮəŰɟɘəɐ Ŭˊɧəɟɘůɖ Ůɜɧɠ ūȸ ůɡůŰɐɛŬŰɞɠ 

ŮɑɜŬɘ ɏɜŬ ɘŭɘŬɑŰŮɟŬ ˊŮɟɑˊɚɞəɞ űŬɘɜɧɛŮɜɞ əŬɘ ɛŮ ůɖɛŬɜŰɘəɧ ŬɜŰɑəŰɡˊɞ ůŰɖɜ ɖɚŮəŰɟɘəɐ 

ˊŬɟŬɔɤɔɐ. ɆŰɖ ůɡɜɏɢŮɘŬ, ɔɑɜŮŰŬɘ ɛɘŬ ŮɘůŬɔɤɔɐ Ůˊɑ Űɤɜ ɗŮɛŮɚɘɤŭɩɜ Ŭɟɢɩɜ Űɞɡ ɗɏɛŬŰɞɠ, Ůɜɩ 

ůŰɞ ɡˊɧɚɞɘˊɞ əŮɑɛŮɜɞ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůɡɢɜɎ ɖ ɏəűɟŬůɖ ñůəɑŬůɖò ɛŮ Űɖɜ ɏɜɜɞɘŬ Űɖɠ ñɛŮɟɘəɐɠ 

ůəɑŬůɖɠò ɔɘŬ ɚɧɔɞɡɠ ůɨɜŰɛɖůɖɠ. 

1.2.2 ɠʇʀʆʐʍʅʆʙ ɻʌʝʆʍʅʎʂ ʎʀ ʎʑʉʃʙʆʀʏ ʎʆʚɻʎʂʏ 

ɇɞ ɗŮɛŮɚɘɩŭŮɠ ˊɟɧɓɚɖɛŬ əŬŰɎ Űɖ ɚŮɘŰɞɡɟɔɑŬ Ůɜɧɠ ūȸ ˊɚŬɘůɑɞɡ ɡˊɧ ůɡɜɗɐəŮɠ ɛŮɟɘəɐɠ 

ůəɑŬůɖɠ ɏɔəŮɘŰŬɘ ůŰɖ ůŮɘɟɘŬəɐ ůɨɜŭŮůɖ Űɤɜ əɡɣŮɚɩɜ, ɖ ɞˊɞɑŬ ůɡɜŮˊɎɔŮŰŬɘ əɞɘɜɧ ɟŮɨɛŬ. ȳŰŬɜ 

ɖ ɏɜŰŬůɖ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ ŭɘŬűɞɟɞˊɞɘŮɑŰŬɘ ŬɜɎɛŮůŬ ůŰɘɠ əɡɣɏɚŮɠ, ŬɚɚɎɕɞɡɜ ŬɜŰɑůŰɞɘɢŬ əŬɘ 

ɞɘ ŭɡɜŬŰɧŰɖŰɏɠ Űɞɡɠ ůŮ ɟŮɨɛŬ, ˊɞɡ ůɖɛŬɑɜŮɘ ɧŰɘ Űɞ ůɨɜɞɚɞ Űɤɜ əɡɣŮɚɩɜ ˊɟɞůŬɟɛɧɕŮŰŬɘ ůŰɞ 

ɛŮɘɤɛɏɜɞ ɟŮɨɛŬ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ ɡˊɞůŰɖɟɑɝɞɡɜ ɞɘ ˊŮɟɘůůɧŰŮɟɞ ůəɘŬůɛɏɜŮɠ Ŭˊɧ ŬɡŰɏɠ.  

ȳˊɤɠ ŮɝɖɔŮɑŰŬɘ ɚŮˊŰɞɛŮɟɩɠ ůŰɖɜ ŮɜɧŰɖŰŬ 3.2, ŬɡŰɐ ɖ əŬŰɎůŰŬůɖ ɞŭɖɔŮɑ ůŮ Ŭ)  ŭɡůŬɜɎɚɞɔɖ 

ɛŮɑɤůɖ Űɖɠ ɖɚŮəŰɟɘəɐɠ ˊŬɟŬɔɤɔɐɠ ůŮ ŮˊɑˊŮŭɞ ůŰɞɘɢŮɘɞůŮɘɟɎɠ, əŬɘ ɓ) ŬɜɎˊŰɡɝɖ ŬɟɜɖŰɘəɐɠ 

ŰɎůɖɠ ůŰɘɠ ůəɘŬůɛɏɜŮɠ əɡɣɏɚŮɠ əŬɘ Ŭˊɞɟɟɧűɖůɖ ɘůɢɨɞɠ. ɇɞ űŬɘɜɧɛŮɜɞ ŬɡŰɧ ůŰɖɜ ŬəɟŬɑŬ Űɞɡ 

ɛɞɟűɐ ɞŭɖɔŮɑ ůŰɖɜ ŮɛűɎɜɘůɖ ɗŮɟɛɘəɩɜ əɖɚɑŭɤɜ (hot spot effect) əŬɘ ůɖɛŬɜŰɘəɐ űɗɞɟɎ, ɏɤɠ 

əŬɘ əŬŰŬůŰɟɞűɐ (cracking), Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ əɡɣŮɚɩɜ. 

ũɘŬ ŬɜŰɘɛŮŰɩˊɘůɖ Űɖɠ Ůɜ ɚɧɔɤ əŬŰɎůŰŬůɖɠ, ŰɞˊɞɗŮŰɞɨɜŰŬɘ ŭɑɞŭɞɘ ŭɘŬűɡɔɐɠ ŬɜɎ ɞɛɎŭŮɠ 

əɡɣŮɚɩɜ ɩůŰŮ ɜŬ Ŭˊɞɛɞɜɤɗɞɨɜ ɞɘ ůŰɞɘɢŮɘɞůŮɘɟɏɠ, ŭɘŬůɩɕɞɜŰŬɠ ɏŰůɘ ɏɜŬ ɛŮɔɎɚɞ ɛɏɟɞɠ Űɖɠ 

ɘůɢɨɞɠ əŬɘ ˊɟɞůŰŬŰŮɨɞɜŰŬɠ Űɘɠ ůəɘŬůɛɏɜŮɠ əɡɣɏɚŮɠ. ȰɜŬ ůɢɖɛŬŰɘəɧ ˊŬɟɎŭŮɘɔɛŬ 
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ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ Ɇɢ. 1.6, ɧˊɞɡ ůəɘɎɕŮŰŬɘ ɛɑŬ Ŭˊɧ Űɘɠ ůɡɜɞɚɘəɎ ŰɏůůŮɟɘɠ əɡɣɏɚŮɠ ɛɑŬɠ 

ůŰɞɘɢŮɘɞůŮɘɟɎɠ. ȷɜ ŭŮɜ ɡˊɐɟɢŬɜ ɞɘ ŭɑɞŭɞɘ ŭɘŬűɡɔɐɠ, ɧɚŮɠ ɞɘ əɡɣɏɚŮɠ ɧɚɤɜ Űɤɜ ůŰɞɘɢŮɘɞůŮɘɟɩɜ 

(ŮɜɜɘɎ ůŮ ˊɚɐɗɞɠ ůŰɞ Ɇɢ. 1.6) ɗŬ ˊŮɟɘɞɟɑɕɞɜŰŬɜ Ŭˊɧ Űɞ ɛŮɘɤɛɏɜɞ ɟŮɨɛŬ Űɖɠ ůəɘŬůɛɏɜɖɠ 

əɡɣɏɚɖɠ. ȷɜŰɑɗŮŰŬ, ɛŮ Űɖɜ ɨˊŬɟɝɖ Űɤɜ ŭɘɧŭɤɜ, ɞɘ ˊɚɐɟɤɠ ŬůəɑŬůŰŮɠ ůŰɞɘɢŮɘɞůŮɘɟɏɠ (ŬɟɘůŰŮɟɎ 

ůŰɞ Ɇɢ. 1.6) ˊɟɞůűɏɟɞɡɜ ɧůɞ ɟŮɨɛŬ ɛˊɞɟɞɨɜ, Űɞ ɞˊɞɑɞ ŭɘŬɟɟɏŮɘ Űɖ ůəɘŬůɛɏɜɖ ůŰɞɘɢŮɘɞůŮɘɟɎ 

(ŭŮɝɘɎ ůŰɞ Ɇɢ. 1.6) ɛɏůɤ Űɖɠ ŭɘɧŭɞɡ ŭɘŬűɡɔɐɠ ˊɞɡ ɎɔŮɘ. ȰŰůɘ, ɖ ůəɘŬůɛɏɜɖ ůŰɞɘɢŮɘɞůŮɘɟɎ 

Ŭˊɚɩɠ ˊŬɟŬəɎɛˊŰŮŰŬɘ, ŬˊɞɟɟɑˊŰɞɜŰŬɠ ˊɚɐɟɤɠ Űɖɜ ŮɜɏɟɔŮɘɎ Űɖɠ, ŬɚɚɎ ŭɘŬůɩɕɞɜŰŬɠ Űɖɜ 

ŮɜɏɟɔŮɘŬ Űɞɡ ɡˊɧɚɞɘˊɞɡ əɡəɚɩɛŬŰɞɠ. 

ȳɛɤɠ, ɖ ˊŬɟŮɜɏɟɔŮɘŬ Űɖɠ ɢɟɐůɖɠ Űɤɜ ŭɘɧŭɤɜ ŭɘŬűɡɔɐɠ ŮɑɜŬɘ ɖ ˊɞɘɞŰɘəɐ Űɟɞˊɞˊɞɑɖůɖ Űɤɜ 

ɢŬɟŬəŰɖɟɘůŰɘəɩɜ əŬɛˊɡɚɩɜ I-V əŬɘ P-V əŬɘ ɖ ŮɛűɎɜɘůɖ ˊɞɚɚŬˊɚɩɜ əɞɟɡűɩɜ ɘůɢɨɞɠ (Űɞˊɘəɩɜ 

ɛŮɔɑůŰɤɜ ɘůɢɨɞɠ ï MPPs). ȰɜŬ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɧ ˊŬɟɎŭŮɘɔɛŬ ˊŬɟŬŰɑɗŮŰŬɘ ůŰɞ Ɇɢ. 1.7, ɧˊɞɡ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰɟɑŬ MPPs ůŰɘɠ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ ɛɑŬɠ ɛŮɟɘəɩɠ ůəɘŬůɛɏɜɖɠ ūȸ ůɡůŰɞɘɢɑŬɠ.  

ɇɞ Ůɜ ɚɧɔɤ űŬɘɜɧɛŮɜɞ ŭɖɛɘɞɡɟɔŮɑ ŭɡůəɞɚɑŮɠ Űɧůɞ əŬŰɎ Űɞ ůŰɎŭɘɞ ɛŮɚɏŰɖɠ Ůɜɧɠ ūȸ ůŰŬɗɛɞɨ, 

ɧůɞ əŬɘ əŬŰɎ Űɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ. ȼ ɨˊŬɟɝɖ ˊɞɚɚŬˊɚɩɜ MPPs əŬɗɘůŰɎ ɘŭɘŬɑŰŮɟŬ ˊŮɟɑˊɚɞəɖ 

ŭɘŬŭɘəŬůɑŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɖɠ ɛɏɔɘůŰɖɠ ɘůɢɨɞɠ Ůɜɧɠ ūȸ ůɡůŰɐɛŬŰɞɠ ůŮ ůɡɜɗɐəŮɠ ɛŮɟɘəɐɠ 

ůəɑŬůɖɠ. ɆɡɜŮˊɩɠ, ŰŬ ˊŮɟɘůůɧŰŮɟŬ ɚɞɔɘůɛɘəɎ ɛŮɚɏŰɖɠ əŬɘ ŮɔəŬŰɎůŰŬůɖɠ ūȸ ůŰŬɗɛɩɜ 

ɚŬɛɓɎɜɞɡɜ ɡˊŮɟŬˊɚɞɡůŰŮɡŰɘəɏɠ ˊŬɟŬŭɞɢɏɠ əŬɘ ɞŭɖɔɞɨɜŰŬɘ ůŮ ŬɜŬəɟɘɓɐ ŬˊɞŰŮɚɏůɛŬŰŬ ɧŰŬɜ 

ɡˊɎɟɢŮɘ ɏɜŰɞɜɖ ůəɑŬůɖ. ȳɛɤɠ, əŬɘ əŬŰɎ Űɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ, ɞ Ŭɚɔɧɟɘɗɛɞɠ 

 
Ɇɢ. 1.6. ɆɢɖɛŬŰɘəɐ ŮˊŮɝɐɔɖůɖ Űɖɠ ɚŮɘŰɞɡɟɔɑŬɠ ɛŮɟɘəɩɠ ůəɘŬůɛɏɜɞɡ ūȸ ˊɚŬɘůɑɞɡ. 

 

  
(Ŭ) (ɓ) 

Ɇɢ. 1.7. ɄŬɟɎŭŮɘɔɛŬ ɛŮɟɘəɐɠ ůəɑŬůɖɠ  ūȸ ůɡůŰɞɘɢɑŬɠ. ɆŰɘɠ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ (Ŭ) I-V əŬɘ (ɓ) P-V 

ŮɛűŬɜɑɕɞɜŰŬɘ ŰɟɑŬ ŰɞˊɘəɎ ɛɏɔɘůŰŬ MPPs. 

Shaded cell

Conducting bypass diodeReverse biased bypass diode

Current

50% shadow intensity



1.2 - ȺˊɑŭɟŬůɖ Űɖɠ ɆəɑŬůɖɠ ůŰɖɜ ȷˊɧŭɞůɖ Ůɜɧɠ ūȸ ɆɡůŰɐɛŬŰɞɠ 

12 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

ŮɜŰɞˊɘůɛɞɨ Űɞɡ ɛɏɔɘůŰɞɡ ůɖɛŮɑɞɡ ɚŮɘŰɞɡɟɔɑŬɠ (maximum power point tracking ï MPPT) ˊɞɡ 

ŮəŰŮɚŮɑ ɞ ɛŮŰŬŰɟɞˊɏŬɠ ɘůɢɨɞɠ, ůɡɢɜɎ ˊŬɔɘŭŮɨŮŰŬɘ ůŮ ɏɜŬ ɡˊɞɓɏɚŰɘůŰɞ Űɞˊɘəɧ ɛɏɔɘůŰɞ əŬɘ ŭŮɜ 

ŮɝɎɔŮɘ Ŭˊɧ Űɞ ūȸ ůɨůŰɖɛŬ Űɖɜ ˊɟŬɔɛŬŰɘəɎ ɛɏɔɘůŰɖ ɘůɢɨ. 

ȼ ˊɞɚɡˊɚɞəɧŰɖŰŬ Űɞɡ űŬɘɜɞɛɏɜɞɡ əŬɘ ɖ ɏɜŰɞɜŬ ŭɡůŬɜɎɚɞɔɖ ŮˊɑŭɟŬůɐ Űɞɡ ůŰɖɜ ɖɚŮəŰɟɘəɐ 

Ŭˊɧəɟɘůɖ əŬɘ Ŭˊɧŭɞůɖ Űɞɡ ūȸ ůɡůŰɐɛŬŰɞɠ, Űɞ əŬɗɘůŰɞɨɜ ɏɜŬ Ŭˊɧ ŰŬ ŭɖɛɞűɘɚɏůŰŮɟŬ 

ŬɜŰɘəŮɑɛŮɜŬ ɏɟŮɡɜŬɠ ůŰɞ ɢɩɟɞ Űɤɜ űɤŰɞɓɞɚŰŬɥəɩɜ. ɆŰɞ ůɖɛŮɑɞ ŬɡŰɧ ůɡɛɓɎɚŮɘ ɖ ˊŬɟɞɨůŬ 

ŭɘŬŰɟɘɓɐ, ˊɟɞŰŮɑɜɞɜŰŬɠ ŭɘɎűɞɟŬ ɛɞɜŰɏɚŬ əŬɘ ŬɜŬɚɡŰɘəɏɠ ůɢɏůŮɘɠ, ɧˊɤɠ Ůˊɑůɖɠ əŬɘ ŬɜɗŮəŰɘəɞɨɠ 

Ŭɚɔɞɟɑɗɛɞɡɠ MPPT ɔɘŬ ůɡɜɗɐəŮɠ ɛŮɟɘəɐɠ ůəɑŬůɖɠ. ɆŰɖ ůɡɜɏɢŮɘŬ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɚŮˊŰɞɛŮɟɐɠ 

ŬɜŬůəɧˊɖůɖ Űɤɜ ɐŭɖ ɡˊŬɟɢɧɜŰɤɜ ɛɞɜŰɏɚɤɜ Űɖɠ ɓɘɓɚɘɞɔɟŬűɑŬɠ, ɧˊɤɠ ŭɖɛɞůɘŮɨŰɖəŮ ůŰɖɜ [24]. 

1.2.3 ɛʅɼʇʅʋɾʍɻʒʅʆʙ ɻʉɻʎʆʝʌʂʎʂ ʀʉʀʍɾʀʅɻʆʡʉ ɮɛ ʈʋʉʐʘʇʖʉ ɾʅɻ ʎʆʚɻʎʂ 

ȺůŰɘɎɕɞɜŰŬɠ ůŰɖɜ əɟɡůŰŬɚɚɘəɐ ŰŮɢɜɞɚɞɔɑŬ, ɡˊɎɟɢɞɡɜ ˊɚɖɗɩɟŬ ŮɜŮɟɔŮɘŬəɩɜ ɛɞɜŰɏɚɤɜ ůŰɖ 

ɓɘɓɚɘɞɔɟŬűɑŬ [25]ï[70] əŬŰɎɚɚɖɚŬ ɔɘŬ ůɡɜɗɐəŮɠ ůəɑŬůɖɠ. ɆŰɘɠ ŬəɧɚɞɡɗŮɠ ˊŬɟŬɔɟɎűɞɡɠ, ŰŬ 

ɛɞɜŰɏɚŬ ŬɡŰɎ ɛŮɚŮŰɩɜŰŬɘ əŬɘ ŬɜŬɚɨɞɜŰŬɘ ůŰɞɡɠ ɎɝɞɜŮɠ Űɖɠ ŬəɟɑɓŮɘŬɠ, Űɖɠ ŬɝɘɞˊɘůŰɑŬɠ, Űɖɠ 

ŮɡəɞɚɑŬɠ ɢɟɐůɖɠ əŬɘ Űɞɡ ůəɞˊɞɨ ŮűŬɟɛɞɔɐɠ. Ⱥˊɘˊɚɏɞɜ, əŬŰɖɔɞɟɘɞˊɞɘɞɨɜŰŬɘ ŬɜɎɚɞɔŬ ɛŮ 

ůɡɔəŮəɟɘɛɏɜŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ˊɞɡ ŮɜŭɘŬűɏɟɞɡɜ: Űɖ ɛɏɗɞŭɞ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ, Űɞɜ Űɟɧˊɞ 

ŮɝŬɔɤɔɐɠ ˊŬɟŬɛɏŰɟɤɜ, Űɞ ɓɎɗɞɠ ŬɜɎɚɡůɖɠ (ɛɏɢɟɘ Űɞ ˊɚŬɑůɘɞ, Űɖɜ əɡɣɏɚɖ əɚˊ.), Űɞ 

ɡˊɞɚɞɔɘůŰɘəɧ əɧůŰɞɠ, Űɞ ˊɚɐɗɞɠ Űɤɜ Ůˊɘˊɏŭɤɜ ŬəŰɘɜɞɓɞɚɑŬɠ, əŬɘ Űɖɜ ˊŬɟɞɢɐ ˊŮɘɟŬɛŬŰɘəɐɠ 

ŮˊɘɓŮɓŬɑɤůɖɠ. ȹɑɜŮŰŬɘ ˊɚɐɟɖɠ ŰŬɝɘɜɧɛɖůɖ ɓɎůŮɘ Űɤɜ ˊɟɞŬɜŬűŮɟɗɏɜŰɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ ůŮ 

ɛɞɟűɐ ɚɑůŰŬɠ. 

υȢφȢχȢɚ ɞʅʎɻɾʖɾʙ 

ȰɜŬ ŮɜŮɟɔŮɘŬəɧ ūȸ ɛɞɜŰɏɚɞ ˊŮɟɘɚŬɛɓɎɜŮɘ ɏɜŬ ɘůɞŭɨɜŬɛɞ ɖɚŮəŰɟɘəɧ əɨəɚɤɛŬ, ɛŬɗɖɛŬŰɘəɏɠ 

ŮɝɘůɩůŮɘɠ, ɏɜŬ ůŮŰ ˊŬɟŬɛɏŰɟɤɜ əŬɘ ɛɘŬ ůŬűɐ ɛŮɗɞŭɞɚɞɔɑŬ ˊɟɞůŭɘɞɟɘůɛɞɨ Űɖɠ ɖɚŮəŰɟɘəɐɠ 

Ŭˊɧəɟɘůɖɠ Űɞɡ ūȸ ůɡůŰɐɛŬŰɞɠ, əŬɘ ɘŭɘŬɑŰŮɟŬ Űɖɠ ŮɜŮɟɔŮɘŬəɐɠ Űɞɡ ˊŬɟŬɔɤɔɐɠ. Ƀɘ Ůɑůɞŭɞɘ ůŮ 

ŬɡŰɐɜ Űɖ ŭɘŬŭɘəŬůɑŬ ŮɑɜŬɘ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɖɠ ŮɔəŬŰɎůŰŬůɖɠ, ɧˊɤɠ ɞɘ ɘŭɘɧŰɖŰŮɠ Űɤɜ ūȸ 

ˊɚŬɘůɑɤɜ, ɖ ɢɤɟɞŰŬɝɑŬ əŬɘ ŭɘŬůɨɜŭŮůɐ Űɞɡɠ, əŬɗɩɠ əŬɘ ɞɘ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ ůŮ ɧɟɞɡɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Ůɜɧɠ ŮɜŮɟɔŮɘŬəɧ ɛɞɜŰɏɚɞɡ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ 

ůɡɔəŮəɟɘɛɏɜŬ ůɖɛŮɑŬ ɚŮɘŰɞɡɟɔɑŬɠ, ɧˊɤɠ ŰŬ ŰɞˊɘəɎ ɛɏɔɘůŰŬ əŬɘ Űɞ ɞɚɘəɎ ɓɏɚŰɘůŰɞ MPP (global 

MPP ï GMPP), ɐ ɞɚɧəɚɖɟɖ ɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ əŬɛˊɨɚɖ I-V əŬɘ P-V. ȺɘŭɘəɎ ɔɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ 

Űɖɠ Ŭɜɞɛɞɘɧɛɞɟűɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ (ɛŮɟɘəɐ ůəɑŬůɖ), ɞ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɤɜ ŬɜɤŰɏɟɤ 

ɢŬɟŬəŰɖɟɘůŰɘəɩɜ ŮɑɜŬɘ ɛɘŬ ɘŭɘŬɑŰŮɟŬ ˊŮɟɑˊɚɞəɖ ŭɘŬŭɘəŬůɑŬ. 

ɆŰɞ Ɇɢ. 1.8, ŬˊŮɘəɞɜɑɕŮŰŬɘ ɏɜŬ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɧ əɨəɚɤɛŬ ɔɘŬ Űɖ ūȸ əɡɣɏɚɖ ɓŬůɘůɛɏɜɞ 

ůŰɞ ūȸ ɛɞɜŰɏɚɞ ŭɨɞ ŭɘɧŭɤɜ. ȷˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɛɑŬ ˊɖɔɐ űɤŰɞɟŮɨɛŬŰɞɠ Iph, ŭɨɞ ŭɘɧŭɞɡɠ D1 əŬɘ 

D2, ɛɑŬ ůŮɘɟɘŬəɐ Rs əŬɘ ɛɑŬ ŮɔəɎɟůɘŬ ŬɜŰɑůŰŬůɖ Rsh, əŬɗɩɠ əŬɘ ɏɜŬɜ ɧɟɞ I(Vd) ˊɞɡ ˊŮɟɘɔɟɎűŮɘ 

 
Ɇɢ. 1.8. ȽůɞŭɨɜŬɛɞ əɨəɚɤɛŬ Űɞɡ ɛɞɜŰɏɚɞɡ ŭɨɞ ŭɘɧŭɤɜ ɛŮ ŮˊŬɨɝɖůɖ ɔɘŬ ŬɟɜɖŰɘəɐ ŰɎůɖ. 
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ȾȺūȷȿȷȽɃ 1 - ȺɘůŬɔɤɔɐ 

 

ɀˊŬŰɕɏɚɖɠ ȺɡůŰɟɎŰɘɞɠ 13 

Űɖɜ ˊŮɟɘɞɢɐ əŬŰɎɟɟŮɡůɖɠ Űɤɜ  ŭɘɧŭɤɜ. ɄŬɟɧɛɞɘŬɠ űɨůɖɠ ɘůɞŭɨɜŬɛŬ əɡəɚɩɛŬŰŬ ɡɘɞɗŮŰɞɨɜŰŬɘ 

ůŰŬ ˊŮɟɘůůɧŰŮɟŬ ɛɞɜŰɏɚŬ, ɧɚŬ ɓŬůɘůɛɏɜŬ ůŰɖɜ ɖɚŮəŰɟɞɜɘəɐ ɗŮɤɟɑŬ [25]ï[36], [38], [40], [41], 

[43]ï[46], [48]ï[50], [52]ï[61], [63], [65]ï[70]. ɇŬ ɛɞɜŰɏɚŬ ˊɞɡ ŮɑɜŬɘ ŭɘŬɗɏůɘɛŬ ůŰɖ 

ɓɘɓɚɘɞɔɟŬűɑŬ ŭɘŬűɏɟɞɡɜ ůɖɛŬɜŰɘəɎ ɤɠ ˊɟɞɠ Űɖ űɘɚɞůɞűɑŬ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ, Űɖɜ ŬəɟɑɓŮɘŬ, Űɖɜ 

ˊɞɚɡˊɚɞəɧŰɖŰŬ əŬɘ Űɞ ůəɞˊɧ ŮűŬɟɛɞɔɐɠ. ɆŰɞɜ Ŭəɧɚɞɡɗɞ ˊɑɜŬəŬ Ʉ. 1.2, ŭɑɜŮŰŬɘ ɛɑŬ 

ŰŬɝɘɜɧɛɖůɖ Űɤɜ ɛɞɜŰɏɚɤɜ [25]ï[70] ɓɎůŮɘ Űɤɜ ůɖɛŬɜŰɘəɧŰŮɟɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɞɡɠ, ŰŬ 

ɞˊɞɑŬ ŬɜŬɚɨɞɜŰŬɘ ɛŮ ɛŮɔŬɚɨŰŮɟɖ ɚŮˊŰɞɛɏɟŮɘŬ ůŰɘɠ ŮˊɧɛŮɜŮɠ ˊŬɟŬɔɟɎűɞɡɠ. 

 

 

Ʉ. 1.2. ɇŬɝɘɜɧɛɖůɖ əŬɘ ɢŬɟŬəŰɖɟɘůɛɧɠ Űɤɜ ŮɜŮɟɔŮɘŬəɩɜ ūȸ ɛɞɜŰɏɚɤɜ ɔɘŬ ůɡɜɗɐəŮɠ ůəɑŬůɖɠ. 

ȷɜŬ 

űɞɟɎ 

ɀɏɗɞŭɞɠ 

ɛɞɜŰŮɚɞˊɞɑɖůɖɠ 

ȺɝŬɔɤɔɐ 

ˊŬɟŬɛɏŰɟɤɜ 

ɄŮɘɟŬɛ. 

ɛŮŰɟɐůŮɘɠ 

ȾɚɑɛŬəŬ 

ɛɞɜŰŮɚɞˊ. 

ȷɚɔɧɟɘɗɛɞɠ 

ɡˊɞɚɞɔɘůɛɞɨ 

ȺˊɑˊŮŭŬ 

ŬəŰɘɜɞɓɞɚ.  

[25] 
Single-diode 
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Random from 
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Cell to 

Array 

Evaluation of explicit 

equations + linear 

interpolation 

Any 

[26] 
Double-diode 

equivalent + neg 

Specific values 

assumed 
Yes 

Cell to 

Array 

Numerical solution of 

system of equations 
Any 

[27] 
Single-diode 

equivalent + neg 

Measurements 

+ datasheet 
No 

Cell to 

Array 
Not stated Any 

[28] 
Single-diode 

equivalent 

Random from 

normal 

distribution 

No 
Cell to 

Array 

Numerical solution of 

system of equations 
Any 

[29] 
Single-diode 

equivalent + neg 

Specific values 

assumed 
Yes 

Cell to 

Module 

Numerical solution of 

system of equations 
Any 

[30] 
Single-diode 

equivalent - No Rs 

Specific values 

assumed 
No 

Cell to 

Array 

Alternative iterative 

algorithm 
Any 

[31] 
Single-diode 

equivalent 
Not stated No 

Cell to 

Array 

Numerical solution of 

system of equations 
Any 

[32] 
Single-diode 

equivalent + neg 

Specific values 

assumed 
No 

Cell to 

String 
Not stated Any 

[33] 
Single-diode 

equivalent 

Measurements 

+ datasheet 
No 

Cell to 

Array 

Numerical solution of 

system of equations 
Any 

[34] 
Single-diode 

equivalent 

Specific values 

assumed 
No 

Module to 

Array 

Numerical solution of 

system of equations 
Any 

[35] 
Single-diode 

equivalent + neg 

Specific values 

assumed 
Yes 

Cell to 

Module 

Circuit simulation in 

SIMULINK  
Any 

[36] 
Single-diode 

equivalent 
Datasheet Yes 

Cell to 

Array 

Numerical solution of 

individual equations + 

linear interpolation  

Any 

[37] 
Artificial Neural 

Network 

Measurements 

+ datasheet 
Yes PV plant 

Artificial Neural 

Network 
2 

[38] 
Double-diode 

equivalent + neg 

Specific values 

assumed 
Yes 

Cell to 

Array 

Circuit simulation in 

PSPICE 
Any 

[39] 

Empirical 

mathematical 

expressions 

Empirical 

constants + 

datasheet 

Yes PV plant 
Evaluation of empirical 

explicit expressions 
2 
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[40] 
Single-diode 

equivalent 

Measurements 

+ datasheet 
Yes 

Module to 

Array 

Numerical solution of 

system of equations 
Any 

[41] 
Double-diode 

equivalent + neg 

Specific values 

assumed 
No 

Cell to 

Array 

Circuit simulation in 

PSPICE 
Any 

[42] 

Empirical 

mathematical 

expressions 

Datasheet Yes PV plant 
Evaluation of empirical 

explicit expressions 
2 

[43] 
Double-diode 

equivalent 
Datasheet Yes 

Cell to 

Array 

Numerical solution of 

individual equations + 

linear interpolation  

Any 

[44] 
Single-diode 

equivalent 
Not stated No 

Cell to 

Module 

Circuit simulation in 

SIMULINK+PSPICE 
Any 

[45] 

Single-diode 

equivalent - No 

Rs/Rsh 

Datasheet No 
Cellstring to 

Array 

Numerical solution of 

system of equations 
Any 

[46] 
Single-diode 

equivalent 

Measurements 

+ datasheet 
Yes 

Cell to 

Array 

Circuit simulation in 

PSCAD 
Any 

[47] 
Artificial Neural 

Network 

Measurements 

+ datasheet 
Yes Module 

Artificial Neural 

Network 
2 

[48] 
Double-diode 

equivalent 
Datasheet Yes 

Module to 

Array 

Circuit simulation in 

SIMULINK  
Any 

[49] 

Double-diode 

equivalent + neg / 

mathematical 

expressions 

Empirical 

constants + 

datasheet 

Yes 
Cell to 

Module 

Evaluation of explicit 

equations 
2 

[50] Piecewise  model 
Specific values 

assumed 
No 

Module to 

Array 

Numerical solution of 

system of equations 
Any 

[51] 

Empirical 

mathematical 

expressions 

Empirical 

constants + 

datasheet 

Yes PV plant 
Evaluation of empirical 

explicit expressions 
2 

[52] 
Single-diode 

equivalent + neg 

Specific values 

assumed 
No 

Cell to 

Array 

Numerical solution of 

system of equations 
Any 

[53] 
Single-diode 

equivalent 
Datasheet No 

Cell to 

Array 

Circuit simulation in 

SIMULINK  
2 

[54] 
Single-diode 

equivalent 
Datasheet Yes 

Cell to 

Array 

Circuit simulation in 

SIMULINK  
2 

[55] 
Single-diode 

equivalent 

Specific values 

assumed 
No 

Module to 

String 

Numerical solution of 

system of equations 
Any 

[56] 

Single-diode 

equivalent - No 

Rs/Rsh 

Datasheet No 
Module to 

Array 

Numerical solution of 

system of equations 
Any 

[57] 

Single-diode 

equivalent - No 

Rsh 

Measurements 

+ datasheet 
Yes cell to array 

Circuit simulation in 

SIMULINK  
Any 

[58] 
Single-diode 

equivalent 

Specific values 

assumed 
Yes 

Module to 

Array 

Numerical solution of 

system of equations 
Any 

[59] 
Single-diode 

equivalent 
Not stated No 

Cell to 

String 

Numerical solution of 

individual equations + 

linear interpolation 

2 
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[60] 

Empirical 

mathematical 

expressions 

Specific values 

assumed 
Yes 

Cell to 

Module 

Numerical solution of a 

single equation 
2 

[61] 
Single-diode 

equivalent 

Specific values 

assumed 
Yes 

Module to 

Array 

Numerical solution of 

system of equations 
Any 

[62] 

Empirical 

mathematical 

expressions 

Empirical 

constants + 

datasheet 

No 
Cell to 

Array 

Evaluation of empirical 

explicit expressions 
2 

[63] Piecewise  model Datasheet Yes 
Cell to 

Array 

Numerical solution of 

system of equations 
Any 

[64] 

Empirical 

mathematical 

expressions 

Empirical 

constants + 

datasheet 

Yes 
Module to 

Array 

Evaluation of empirical 

explicit expressions 
2 

[65] 
Double-diode 

equivalent 

Measurements 

+ datasheet 
Yes 

Cell to 

Array 

Circuit simulation in 

PSPICE 
Any 

[66] 
Single-diode 

equivalent 
Datasheet No 

Cell to 

Array 

Circuit simulation in 

SIMULINK  
2 

[67] 

Single-diode 

equivalent + neg / 

mathematical 

expressions 

Empirical 

constants + 

datasheet 

Yes 
Cell to 

String 

Evaluation of explicit 

equations 
Any 

[68] 

Empirical 

mathematical 

expressions 

Empirical 

constants + 

datasheet 

Yes 
Cell to 

Array 

Evaluation of explicit 

equations 
Any 

[69] Piecewise  model Not stated Yes 
Module to 

Array 

Evaluation of explicit 

equations + linear 

interpolation 

Any 

[70] 
Single-diode 

equivalent 
Not stated No 

Cell to 

Array 

Numerical solution of 

system of equations 
Any 

 

 

υȢφȢχȢɛ ɥʘʃʋɿʋʏ ʈʋʉʐʀʇʋʌʋʚʂʎʂʏ 

ȼ ˊɚŮɘɞɣɖűɑŬ Űɤɜ ɡˊɧ ɛŮɚɏŰɖ ŮɟɔŬůɘɩɜ ɢɟɖůɘɛɞˊɞɘɞɨɜ ɏɜŬ ɖɚŮəŰɟɘəɧ əɨəɚɤɛŬ ɔɘŬ Űɖ 

ɗŮɛŮɚɘɩŭɖ ŭɞɛɘəɐ ɛɞɜɎŭŬ, ˊɞɡ ɛˊɞɟŮɑ ɜŬ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖ ūȸ əɡɣɏɚɖ, ˊɚŬɑůɘɞ ɐ ɞɚɧəɚɖɟɖ 

ůɡůŰɞɘɢɑŬ, ŬɜɎɚɞɔŬ Űɖɜ əɚɑɛŬəŬ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ. ɇɞ ˊɘɞ Ůɡɟɏɤɠ ŭɘŬŭŮŭɞɛɏɜɞ ɛɞɜŰɏɚɞ ŮɑɜŬɘ 

Űɞ ɛɞɜŰɏɚɞ ɛɑŬɠ ŭɘɧŭɞɡ, Űɞ əɨəɚɤɛŬ Űɞɡ ɞˊɞɑɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ Ɇɢ. 1.8, Ŭɜ ŬűŬɘɟŮɗŮɑ ɖ ŭŮɨŰŮɟɖ 

ŭɑɞŭɞɠ D2 əŬɘ ɞ ɧɟɞɠ ɔɘŬ ŬɟɜɖŰɘəɏɠ ŰɎůŮɘɠ I(Vd) [28], [31], [33], [34], [36], [40], [44], [46], 

[53]ï[55], [58], [59], [61], [66], [70]. ɈˊɎɟɢɞɡɜ Ůˊɑůɖɠ ŭɘɎűɞɟŮɠ ŬˊɚɞɡůŰŮɡɛɏɜŮɠ Ůəŭɞɢɏɠ Űɞɡ 

Ůɜ ɚɧɔɤ əɡəɚɩɛŬŰɞɠ, ɧˊɞɡ ŬɛŮɚŮɑŰŬɘ ɖ ůŮɘɟɘŬəɐ ɐ/əŬɘ ŮɔəɎɟůɘŬ ŬɜŰɑůŰŬůɖ [30], [45], [56], 

[57]. 

ȳŰŬɜ ŬˊŬɘŰŮɑŰŬɘ ɖ ˊŮɟɘɔɟŬűɐ Űɖɠ ɚŮɘŰɞɡɟɔɑŬɠ ůŰɖɜ ˊŮɟɘɞɢɐ əŬŰɎɟɟŮɡůɖɠ (ůŮ ŬɟɜɖŰɘəɐ 

ŰɎůɖ), ˊɟɞŰŮɑɜɞɜŰŬɘ ŭɘɎűɞɟŮɠ ŮˊŮəŰɎůŮɘɠ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ (ůɡɛɓɞɚɑɕɞɜŰŬɘ ɛŮ Űɞɜ ɧɟɞ +neg) 

[25], [27], [29], [32], [35], [52], [67]. ɇɞ ˊɚɖɟɏůŰŮɟɞ əɨəɚɤɛŬ ɓŬůɑɕŮŰŬɘ ůŰɞ ɛɞɜŰɏɚɞ Űɤɜ ŭɨɞ 

ŭɘɧŭɤɜ, ɛŮ ɐ ɢɤɟɑɠ Űɞɜ ɧɟɞ +neg, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ Ɇɢ. 1.8 [26], [38], [41], [43], [48], [49], 

[65], Ůɜɩ ŭɘɎűɞɟŮɠ ŬˊɚɞˊɞɘɐůŮɘɠ ŭɑɜɞɜŰŬɘ ůŰɘɠ [50], [63], [69]. ȳɚŮɠ ɞɘ ˊɟɞŬɜŬűŮɟɗŮɑůŮɠ 

ɛɏɗɞŭɞɘ ɢɟɖůɘɛɞˊɞɘɞɨɜ Űɞ ɡɘɞɗŮŰɖɛɏɜɞ ɛɞɜŰɏɚɞ ɤɠ Űɖ ɓŬůɘəɐ ɛɞɜɎŭŬ ɔɘŬ Űɞ ůɢɖɛŬŰɘůɛɧ Űɞɡ 

ˊɚɐɟɞɡɠ əɡəɚɩɛŬŰɞɠ ˊɞɡ ˊŮɟɘɔɟɎűŮɘ ɧɚɞ Űɞ ūȸ ůɨůŰɖɛŬ. ɇɞ ŰŮɚɘəɧ əɨəɚɤɛŬ ŮˊɘɚɨŮŰŬɘ 
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ůɡɜɐɗɤɠ Ŭˊɧ əŬŰɎɚɚɖɚɞ ɚɞɔɘůɛɘəɧ ˊɟɞůɞɛɞɑɤůɖɠ ɖɚŮəŰɟɘəɩɜ əɡəɚɤɛɎŰɤɜ ɐ Ůɘŭɘəɞɨɠ 

Ŭɚɔɞɟɑɗɛɞɡɠ. ȷɡŰɐ ɖ əŬŰɖɔɞɟɑŬ ɛŮɗɧŭɤɜ ŮɑɜŬɘ ɖ ŬəɟɘɓɏůŰŮɟɖ əŬɘ ůɡɜɎɛŬ ˊɞɚɡˊɚɞəɧŰŮɟɖ, 

ŮˊɘŰɟɏˊɞɜŰŬɠ əŬŰŬůəŮɡɐ ɞɚɧəɚɖɟɖɠ Űɖɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ I-V əŬɘ ˊɚɐɟɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɖɠ 

ɖɚŮəŰɟɘəɐɠ Ŭˊɧəɟɘůɖɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ.  

ȸɏɓŬɘŬ, ɡˊɎɟɢɞɡɜ əŬɘ ŮɜŬɚɚŬəŰɘəɏɠ ˊɟɞůŮɔɔɑůŮɘɠ ɏɜŬɜŰɘ Űɖɠ ɚŮˊŰɞɛŮɟɞɨɠ əŬɘ əɞˊɘɩŭɞɡɠ 

əɡəɚɤɛŬŰɘəɐɠ ɛŮɗɧŭɞɡ, ɞɘ ɞˊɞɑŮɠ ŮůŰɘɎɕɞɡɜ ůŮ ůɡɔəŮəɟɘɛɏɜŬ ůɖɛŮɑŬ ɚŮɘŰɞɡɟɔɑŬɠ, ɧˊɤɠ ŰŬ 

MPPs, ŬˊɞűŮɨɔɞɜŰŬɠ ɏŰůɘ Űɖɜ əŬŰŬůəŮɡɐ Űɖɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ I-V əŬɘ P-V. Ɇɡɜɐɗɤɠ 

ŮűŬɟɛɧɕɞɡɜ Ŭˊɚɏɠ əŬɘ ŮɨɢɟɖůŰŮɠ ɛŬɗɖɛŬŰɘəɏɠ ůɢɏůŮɘɠ, ŮɜůɤɛŬŰɩɜɞɜŰŬɠ ůɡɢɜɎ ŮɛˊŮɘɟɘəɞɨɠ 

ɧɟɞɡɠ, ɞɘ ɞˊɞɑŮɠ ˊŬɟɞɡůɘɎɕɞɡɜ ɛɏŰɟɘŬ ŬəɟɑɓŮɘŬ [39], [42], [51], [60], [62], [64], [67], [68].  

ȺűŬɟɛɞɔɏɠ ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ (artificial neural networks ï ANN) ˊɟɞŰŮɑɜɞɜŰŬɘ ůŰɘɠ [37], 

[47]. 

υȢφȢχȢɜ ɞʊɻɾʖɾʙ ʌɻʍɻʈʘʐʍʖʉ ʐʋʑ ʈʋʉʐʘʇʋʑ 

ɆŰɘɠ əɡəɚɤɛŬŰɘəɏɠ ˊɟɞůŮɔɔɑůŮɘɠ, ɞɘ ˊŬɟɎɛŮŰɟɞɘ Űɞɡ ɛɞɜŰɏɚɞɡ ŬɜŰɘůŰɞɘɢɞɨɜ ůŰŬ ůŰɞɘɢŮɑŬ 

Űɞɡ əɡəɚɩɛŬŰɞɠ (Iph, Rs, ɢŬɟŬəŰɖɟɘůŰɘəɎ ŭɘɧŭɞɡ əɚˊ.). Ɇɡɜɐɗɤɠ, ŬɡŰɎ ŰŬ ŭŮŭɞɛɏɜŬ ŭŮɜ ŮɑɜŬɘ 

ŭɘŬɗɏůɘɛŬ ůŰɞ ŰŮɢɜɘəɧ űɡɚɚɎŭɘɞ Űɞɡ ūȸ ˊɚŬɘůɑɞɡ əŬɘ ɢɟŮɘɎɕŮŰŬɘ ɜŬ ɡˊɞɚɞɔɘůɗɞɨɜ. ȾɎˊɞɘŬ 

Ŭˊɧ ŰŬ ɡˊɧ ɛŮɚɏŰɖ ɛɞɜŰɏɚŬ ŮɝɎɔɞɡɜ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ ůŮ ůɡɜɗɐəŮɠ STC əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ 

ŬɜɎɔɞɡɜ Űɘɠ Űɘɛɏɠ Űɞɡɠ ůŰɘɠ ŮəɎůŰɞŰŮ ůɡɜɗɐəŮɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ, 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɛɧɜɞ ˊɚɖɟɞűɞɟɑŮɠ Űɞɡ ŰŮɢɜɘəɞɨ űɡɚɚŬŭɑɞɡ [36], [42], [43], [45], [48], [53], 

[54], [56], [63], [66]. ũɘŬ Űɞɜ ůəɞˊɧ ŬɡŰɧ, ůɢɖɛŬŰɑɕŮŰŬɘ ɏɜŬ ůɨůŰɖɛŬ ŮɝɘůɩůŮɤɜ ˊɞɡ ŮˊɘɚɨŮŰŬɘ 

ɛŮ ŬɟɘɗɛɖŰɘəɐ/ŮˊŬɜŬɚɖˊŰɘəɐ ɛɏɗɞŭɞ. ɆɡɔəŮəɟɘɛɏɜŬ ůŰɘɠ [45], [56], Űɞ ůɨůŰɖɛŬ ŮɝɘůɩůŮɤɜ 

ŮˊɘɚɨŮŰŬɘ ůɡɛɓɞɚɘəɎ/ŬɜŬɚɡŰɘəɎ, ɚɧɔɤ Űɖɠ ŬˊɚɧŰɖŰŬɠ Űɞɡ ɛɞɜŰɏɚɞɡ (ɛɞɜŰɏɚɞ Űɟɘɩɜ 

ˊŬɟŬɛɏŰɟɤɜ). ȯɚɚŮɠ ˊɟɞůŮɔɔɑůŮɘɠ ɓŬůɑɕɞɜŰŬɘ ůŮ ˊŮɘɟŬɛŬŰɘəɏɠ ɛŮŰɟɐůŮɘɠ, ɧˊɤɠ ɖ 

ɢŬɟŬəŰɖɟɘůŰɘəɐ I-V ɐ ůɡɔəŮəɟɘɛɏɜŬ ůɖɛŮɑŬ ɚŮɘŰɞɡɟɔɑŬɠ, ŰŬ ɞˊɞɑŬ ůɡɜŭɡɎɕɞɜŰŬɘ ɛŮ Űɘɠ 

ˊɚɖɟɞűɞɟɑŮɠ Űɞɡ ŰŮɢɜɘəɞɨ űɡɚɚŬŭɑɞɡ ɔɘŬ Űɖɜ ŮɝŬɔɤɔɐ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ Űɞɡ ɛɞɜŰɏɚɞɡ ɛŮ 

ŰŮɢɜɘəɏɠ ́ ɟɞůŬɟɛɞɔɐɠ əŬɛˊɨɚɖɠ (curve fitting) [27], [40], ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ [33], [37], [47] 

ɐ ɛɏůɤ ŬˊɚɞɡůŰŮɡɛɏɜɤɜ ŬɜŬɚɡŰɘəɩɜ ŮəűɟɎůŮɤɜ [46], [57], [65]. 

ɄŬɟɞɛɞɑɤɠ, ɞɘ ŮɛˊŮɘɟɘəɏɠ ɛɏɗɞŭɞɘ ˊɞɡ ŭŮ ɓŬůɑɕɞɜŰŬɘ ůŮ ɘůɞŭɨɜŬɛŬ əɡəɚɩɛŬŰŬ, 

ɢɟɖůɘɛɞˊɞɘɞɨɜ əŬɘ ŬɡŰɏɠ ɏɜŬ ůŮŰ ˊŬɟŬɛɏŰɟɤɜ, ůɡɜɐɗɤɠ ŮɛˊŮɘɟɘəɐɠ űɨůŮɤɠ. ɆŮ ůɡɜŭɡŬůɛɧ ɛŮ 

ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ ūȸ ˊɚŬɘůɑɞɡ əŬɘ Űɘɠ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ, ůɡɜɘůŰɞɨɜ ŰŬ ŭŮŭɞɛɏɜŬ 

Ůɘůɧŭɞɡ Űɤɜ ɛŬɗɖɛŬŰɘəɩɜ ŮəűɟɎůŮɤɜ ˊɞɡ ɡˊɞɚɞɔɑɕɞɡɜ Űɖɜ ŮɜŮɟɔŮɘŬəɐ ˊŬɟŬɔɤɔɐ Űɞɡ ūȸ 

ůɡůŰɐɛŬŰɞɠ [39], [42], [49], [51], [62], [64], [67], [68]. 

Ƀɘ ɡˊɧɚɞɘˊŮɠ ɛɏɗɞŭɞɘ Űɖɠ ŬɜŬůəɧˊɖůɖɠ ŭŮɜ ˊɟɞŰŮɑɜɞɡɜ ɛɘŬ ůŬűɐ ŭɘŬŭɘəŬůɑŬ ɔɘŬ Űɞɜ 

ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ Űɞɡ ɛɞɜŰɏɚɞɡ. ȺɑŰŮ, ɗŮɤɟɞɨɜ ůɡɔəŮəɟɘɛɏɜŮɠ Űɘɛɏɠ ɔɘŬ Űɖɜ əɎɗŮ 

ˊŮɟɑˊŰɤůɖ [26], [29], [30], [32], [34], [35], [38], [41], [50], [52], [55], [58], [60], [61], ŮɑŰŮ 

ˊŬɟɎɔɞɡɜ Űɘɛɏɠ Ŭˊɧ əŬɜɞɜɘəɐ əŬŰŬɜɞɛɐ [25], [28], Ůɜɩ ůŮ əɎˊɞɘŮɠ ŮɟɔŬůɑŮɠ ŭŮɜ ŬɜŬűɏɟɞɜŰŬɘ 

əŬɗɧɚɞɡ [31], [44], [59], [69], [70]. 

υȢφȢχȢɝ ɣʇʚʈɻʆɻ ʈʋʉʐʀʇʋʌʋʚʂʎʂʏ 

ȼ ɏɜɜɞɘŬ əɚɑɛŬəŬ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ ˊŮɟɘɔɟɎűŮɘ Űɞ ˊɞɘŬ ŮɑɜŬɘ ɖ ɛɘəɟɧŰŮɟɖ ŭɞɛɘəɐ ɛɞɜɎŭŬ Űɞɡ 

ůɡůŰɐɛŬŰɞɠ əŬɘ ɛɏɢɟɘ ˊɞɘɞ ɛɏɔŮɗɞɠ ūȸ ŭɘɎŰŬɝɖɠ ɛˊɞɟŮɑ ɜŬ ɡˊɞůŰɖɟɘɢɗŮɑ Ŭˊɧ Űɞ ɛɞɜŰɏɚɞ. Ƀɘ 

ŬəɟɘɓɏůŰŮɟŮɠ Ůə Űɤɜ ɛŮɗɧŭɤɜ ɡˊɞůŰɖɟɑɕɞɡɜ Űɖɜ ˊɚɐɟɖ əɚɑɛŬəŬ: Ŭˊɧ Űɖ əɡɣɏɚɖ ɛɏɢɟɘ Űɖ 

ůɡůŰɞɘɢɑŬ, ɛɞɜŰŮɚɞˊɞɘɩɜŰŬɠ ɞˊɞɘŬŭɐˊɞŰŮ ůŮɜɎɟɘɞ Ŭɜɞɛɞɘɧɛɞɟűɖɠ ɚŮɘŰɞɡɟɔɑŬɠ [25]ï[28], 

[30], [31], [33], [36], [38], [41], [43], [46], [52]ï[54], [57], [62], [63], [65], [66], [68], [70]. 
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ȯɚɚŮɠ ɛɏɗɞŭɞɘ ɗŮɤɟɞɨɜ Űɖ ůŰɞɘɢŮɘɞůŮɘɟɎ ɐ Űɞ ˊɚŬɑůɘɞ ɤɠ Űɖ ɗŮɛŮɚɘɩŭɖ ŭɞɛɘəɐ ɛɞɜɎŭŬ Űɞɡ 

ůɡůŰɐɛŬŰɞɠ ɔɘŬ ɚɧɔɞɡɠ ŬˊɚɧŰɖŰŬɠ [34], [40], [45], [48], [50], [56], [58], [61], [64], [69], ɐ 

ˊŮɟɘɞɟɑɕɞɜŰŬɘ ůŮ ůŮɘɟɘŬəɏɠ ūȸ ŭɘŬŰɎɝŮɘɠ ɡˊɞůŰɖɟɑɕɞɜŰŬɠ əɚɑɛŬəŬ Űɨˊɞɡ əɡɣɏɚɖ ɏɤɠ 

ˊɚŬɘůɘɞůŮɘɟɎ [32], [59], [67], ˊɚŬɑůɘɞ ɏɤɠ ˊɚŬɘůɘɞůŮɘɟɎ [55], ɐ Ŭəɧɛɖ əŬɘ əɡɣɏɚɖ ɏɤɠ ˊɚŬɑůɘɞ 

[29], [35], [44], [47], [49], [60]. ȾɎˊɞɘŬ Ŭˊɧ ŰŬ ŮɛˊŮɘɟɘəɎ ɛɞɜŰɏɚŬ, ˊɞɡ ŭŮɜ ɡɘɞɗŮŰɞɨɜ Űɖ 

ůˊɞɜŭɡɚɤŰɐ ŭɞɛɐ Űɤɜ əɡəɚɤɛŬŰɘəɩɜ ˊɟɞůŮɔɔɑůŮɤɜ, ŮűŬɟɛɧɕɞɜŰŬɘ ůŮ ɞˊɞɘŬŭɐˊɞŰŮ ūȸ 

ůŰŬɗɛɧ ŬůɢɏŰɤɠ Űɖɠ ŭɘɎŰŬɝɖɠ ɐ ůɡɜŭŮůɛɞɚɞɔɑŬɠ Űɞɡ [37], [39], [42], [51]. 

υȢφȢχȢɞ ɚʇɾʝʍʅʃʈʋʏ ʑʌʋʇʋɾʅʎʈʋʞ ʆɻʅ ʌʋʇʑʌʇʋʆʝʐʂʐɻ 

ȼ ɡ́ɞɚɞɔɘůŰɘəɐ ŭɘŬŭɘəŬůɑŬ Űɞɡ ɛɞɜŰɏɚɞɡ ŮɑɜŬɘ əɟɑůɘɛɖ ˊŬɟɎɛŮŰɟɞɠ ɔɘŬ Űɖɜ ŮűŬɟɛɞɔɐ, Űɖ 

ůŰɘɓŬɟɧŰɖŰŬ əŬɘ Űɖɜ ˊɞɚɡˊɚɞəɧŰɖŰŬ Űɖɠ ɛŮɗɧŭɞɡ. Ƀɘ əɡəɚɤɛŬŰɘəɏɠ ˊɟɞůŮɔɔɑůŮɘɠ ɓŬůɑɕɞɜŰŬɘ 

ŮɑŰŮ ůŮ Ŭɚɔɞɟɑɗɛɞɡɠ Ůˊɑɚɡůɖɠ ŮɝɘůɩůŮɤɜ ˊɞɡ ɡɚɞˊɞɘɞɨɜŰŬɘ ůŮ ɛŬɗɖɛŬŰɘəɎ ŮɟɔŬɚŮɑŬ, ɧˊɤɠ 

MATLB, ŮɑŰŮ ůŮ ɚɞɔɘůɛɘəɧ ˊɟɞůɞɛɞɑɤůɖɠ ɖɚŮəŰɟɘəɩɜ əɡəɚɤɛɎŰɤɜ. ɇɏŰɞɘɞ ɚɞɔɘůɛɘəɧ ŮɑɜŬɘ Űɞ 

MATLAB/Simulink [35], [48], [53], [54], [57], [66], Űɞ PSPICE [38], [41], [65], Űɞ 

PSCAD/ETDC [46] ɐ ůɡɜŭɡŬůɛɧɠ ŬɡŰɩɜ [44]. ȷɡŰɧɠ ɞ Űɟɧˊɞɠ Ůˊɑɚɡůɖɠ ŮɜŭŮɑəɜɡŰŬɘ ɧŰŬɜ ůŰɞ 

ŮɜɘŬɑɞ əɨəɚɤɛŬ ˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ əŬɘ ɎɚɚŬ ůŰɞɘɢŮɑŬ, ɧˊɤɠ ɖɚŮəŰɟɞɜɘəɎ ɘůɢɨɞɠ, ŬɚɚɎ ŬˊŬɘŰŮɑ 

ˊɞɚɨ ɢɟɧɜɞ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ əŬɘ ˊɟɞůɞɛɞɑɤůɖ Űɞɡ əɡəɚɩɛŬŰɞɠ. 

ȷˊɧ Űɖɜ Ɏɚɚɖ, ɖ ɛɏɗɞŭɞɠ Űɖɠ ɛŬɗɖɛŬŰɘəɐɠ Ůˊɑɚɡůɖɠ Űɤɜ ŮɝɘůɩůŮɤɜ ˊŬɟɏɢŮɘ Ŭɡɝɖɛɏɜɖ 

ŮɡŮɚɘɝɑŬ, əŬɗɩɠ ɡɚɞˊɞɘŮɑŰŬɘ ůŮ ŭɘɎűɞɟŮɠ ˊɚŬŰűɧɟɛŮɠ əŬɘ ɡˊɞɚɞɔɘůŰɘəɎ ŮɟɔŬɚŮɑŬ, ŬɚɚɎ 

ɡˊɞűɏɟŮɘ ůɡɢɜɎ Ŭˊɧ ɗɏɛŬŰŬ ůɨɔəɚɘůɖɠ əŬɘ ŮˊɘɚɡůɘɛɧŰɖŰŬɠ [26], [28], [29], [31], [33], [34], 

[40], [45], [50], [52], [55], [56], [58], [61], [63], [70]. ɄŬɟŬɚɚŬɔɏɠ ŬɡŰɐ Űɖɠ ˊɟɞůɏɔɔɘůɖɠ 

Ůˊɘɚɨɞɡɜ ŬɜŮɝɎɟŰɖŰŬ Űɘɠ ŭɘɎűɞɟŮɠ ŮɝɘůɩůŮɘɠ, ŬɜŰɑ ɧɚŮɠ ɛŬɕɑ ŰŬɡŰɧɢɟɞɜŬ ůŮ ůɨůŰɖɛŬ 

ŮɝɘůɩůŮɤɜ, [36], [43], [59], Ůɜɩ ɛɑŬ ɛɞɜŬŭɘəɐ Ůɝɑůɤůɖ ŮˊɘɚɨŮŰŬɘ ŬɟɘɗɛɖŰɘəɎ ůŰɖɜ [60], ŬɚɚɎ 

ɖ Ůɜ ɚɧɔɤ ɛɏɗɞŭɞɠ ˊŮɟɘɞɟɑɕŮŰŬɘ ůŰɞ ŮˊɑˊŮŭɞ Űɞɡ ūȸ ˊɚŬɘůɑɞɡ. ȷɡŰɐ ɖ əŬŰɖɔɞɟɑŬ Ůˊɑɚɡůɖɠ 

ɡůŰŮɟŮɑ ŰɡˊɘəɎ ůŮ ůŰɘɓŬɟɧŰɖŰŬ əŬɘ ɓŮɓŬɘɧŰɖŰŬ ůɨɔəɚɘůɖɠ. 

Ⱥˊɘˊɚɏɞɜ ŬɡŰɩɜ, ɡˊɎɟɢɞɡɜ ɚɑɔŮɠ ŬɜŬɚɡŰɘəɏɠ ˊɟɞůŮɔɔɑůŮɘɠ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ, ɞɘ ɞˊɞɑŮɠ 

ɓŬůɑɕɞɜŰŬɘ ůŮ Ŭˊɚɏɠ ůɢɏůŮɘɠ ŮɡɗŮɑŬɠ ɛɞɟűɐɠ ɔɘŬ Űɞɜ ɎɛŮůɞ ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ MPPs [49], [67], 

[68], [71]. Ƀɘ Ůɜ ɚɧɔɤ ɛɏɗɞŭɞɘ ɓŬůɑɕɞɜŰŬɘ ůŮ ŮɛˊŮɘɟɘəɞɨɠ ůɡɜŰŮɚŮůŰɏɠ ɔɘŬ Űɞɜ ŬˊŮɡɗŮɑŬɠ 

ɡˊɞɚɞɔɘůɛɧ Űɖɠ ŰɎůɖɠ əŬɘ Űɖɠ ɘůɢɨɞɠ ɛɧɜɞ Űɤɜ MPPs, ŬɜŰɑ ɞɚɧəɚɖɟɖɠ Űɖɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ. 

ȷˊɞűŮɨɔŮŰŬɘ ɏŰůɘ ɖ əɞˊɘɩŭɖɠ ˊɟɞůɞɛɞɑɤůɖ Űɞɡ əɡəɚɩɛŬŰɞɠ, ɛŮɘɩɜɞɜŰŬɠ ŭɟŬůŰɘəɎ Űɞɜ 

ɡˊɞɚɞɔɘůŰɘəɧ űɧɟŰɞ əŬɘ ˊɞɚɡˊɚɞəɧŰɖŰŬ, ɛŮ əɧůŰɞɠ ɧɛɤɠ Űɖɜ ˊŮɟɘɞɟɘůɛɏɜɖ ŮűŬɟɛɞůɘɛɧŰɖŰŬ 

əŬɘ ŬəɟɑɓŮɘŬ. ũɘŬ Űɘɠ ˊŮɟɘˊŰɩůŮɘɠ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ əŬɛˊɨɚɖ, ɛˊɞɟɞɨɜ ɜŬ 

ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ŰŬ ɛɞɜŰɏɚŬ [25], [69], [71], ůŰŬ ɞˊɞɑŬ ˊɟɞŰŮɑɜŮŰŬɘ ŬɜŬɚɡŰɘəɧɠ Űɟɧˊɞɠ 

əŬŰŬůəŮɡɐ Űɖɠ əŬɛˊɨɚɖɠ I-V ɢɤɟɑɠ ŮˊŬɜŬɚɖˊŰɘəɧ Ŭɚɔɧɟɘɗɛɞ. 

ȯɚɚŮɠ ŮɜŬɚɚŬəŰɘəɏɠ ˊɞɡ ŭŮ ɓŬůɑɕɞɜŰŬɘ ůŮ ɘůɞŭɨɜŬɛŬ əɡəɚɩɛŬŰŬ, ŭɘŬŰɡˊɩɜɞɡɜ Ŭˊɚɏɠ 

ŮɛˊŮɘɟɘəɏɠ ŮɝɘůɩůŮɘɠ ɞɘ ɞˊɞɑŮɠ Ŭɝɘɞˊɞɘɞɨɜ ɛŬəɟɞůəɞˊɘəɏɠ ˊŬɟŬŰɖɟɐůŮɘɠ ůɢŮŰɘəɎ ɛŮ Űɖɜ 

ɖɚŮəŰɟɘəɐ ˊŬɟŬɔɤɔɐ əŬɘ Űɖɜ ɏɜŰŬůɖ əŬɘ ɏəŰŬůɖ Űɖɠ ůəɑŬůɖɠ [39], [42], [51], [62], [64]. 

ȸŬůɑɕɞɜŰŬɘ əɨɟɘŬ ůŰɖɜ ɏɜɜɞɘŬ Űɞɡ ɓŬɗɛɞɨ Ŭˊɧŭɞůɖɠ ˊɚŬɘůɑɞɡ nmod, ɞ ɞˊɞɑɞɠ ŬɜɎɔŮŰŬɘ ůŮ 

ɞɚɧəɚɖɟɞ Űɞ ūȸ ůŰŬɗɛɧ ɔɘŬ Ŭɜɞɛɞɘɧɛɞɟűɖ ŬəŰɘɜɞɓɞɚɑŬ. Ƀɘ Ůɜ ɚɧɔɤ ŮɛˊŮɘɟɘəɏɠ ɛɏɗɞŭɞɘ 

ˊɟɞůűɏɟɞɡɜ Ŭˊɚɏɠ əŬɘ ŮɨɢɟɖůŰŮɠ ɛŬɗɖɛŬŰɘəɏɠ ŮɝɘůɩůŮɘɠ ɔɘŬ Űɖɜ ŮəŰɑɛɖůɖ Űɖɠ ŮɜŮɟɔŮɘŬəɐɠ 

ˊŬɟŬɔɤɔɐɠ, ŬɚɚɎ ɡůŰŮɟɞɨɜ ůŮ ɗŮɤɟɖŰɘəɧ ɡˊɧɓŬɗɟɞ əŬɘ űŮɟŮɔɔɡɧŰɖŰŬ ŬˊɞŰŮɚŮůɛɎŰɤɜ. 

ɂŮɢɤɟɘůŰɐ əŬŰɖɔɞɟɑŬ ŮɑɜŬɘ ɞɘ Ŭɚɔɧɟɘɗɛɞɘ ANN [37], [47], ɞɘ ɞˊɞɑɞɘ ŭŮ ɛɞɜŰŮɚɞˊɞɘɞɨɜ Űɞ 

ůɨůŰɖɛŬ əɡəɚɤɛŬŰɘəɎ, ŬɚɚɎ ŭɞɛɩɜŰŬɠ ɏɜŬ ɜŮɡɟɤɜɘəɧ ŭɑəŰɡɞ. Ⱥɜ ɔɏɜŮɘ, ˊŬɟɞɡůɘɎɕɞɡɜ 



1.3 - ɀŮŰŬŰɟɞˊɏŬɠ Ƚůɢɨɞɠ ūȸ ɆɡůŰɐɛŬŰɞɠ 

18 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

ɘəŬɜɞˊɞɘɖŰɘəɐ ŬəɟɑɓŮɘŬ əŬɘ ɡˊɞɚɞɔɘůŰɘəɐ ˊɞɚɡˊɚɞəɧŰɖŰŬ, ŬɚɚɎ ŬˊŬɘŰɞɨɜ ɛɘŬ Ůɘŭɘəɐ 

ŭɘŬŭɘəŬůɑŬ ŮəˊŬɑŭŮɡůɖɠ Űɞɡ ANN ůŰɞ ůɡɔəŮəɟɘɛɏɜɞ ůɨůŰɖɛŬ ɔɘŬ Űɞ ɞˊɞɑɞ ˊɟɞɞɟɑɕɞɜŰŬɘ, 

ɔŮɔɞɜɧɠ ˊɞɡ ˊŮɟɘɞɟɑɕŮɘ ůɖɛŬɜŰɘəɎ Űɖɜ ŮɡŮɚɘɝɑŬ əŬɘ ŮűŬɟɛɞůɘɛɧŰɖŰɎ Űɞɡɠ. 

υȢφȢχȢɫɬ ɞʌʚʌʀɿɻ ɻʆʐʅʉʋɼʋʇʚɻʏ 

ȼ ˊɚŮɘɞɣɖűɑŬ Űɤɜ ɛɞɜŰɏɚɤɜ ˊɞɡ ɛŮɚŮŰɩɜŰŬɘ ɡˊɞůŰɖɟɑɕɞɡɜ ɞůŬŭɐˊɞŰŮ ŮˊɑˊŮŭŬ 

ŬəŰɘɜɞɓɞɚɑŬɠ, ɚɧɔɤ Űɖɠ ůˊɞɜŭɡɚɤŰɐɠ ŭɞɛɐɠ Űɤɜ əɡəɚɤɛɎŰɤɜ, ɖ ɞˊɞɑŬ ŮˊɘŰɟɏˊŮɘ ɗŮɩɟɖůɖ 

ŭɘŬűɞɟŮŰɘəɩɜ ůɡɜɗɖəɩɜ ɚŮɘŰɞɡɟɔɑŬɠ ůŮ əɎɗŮ ůɡɜɘůŰɩůŬ (əɡɣɏɚɖɠ, ˊɚŬɑůɘɞ əŰɚ.). ȷɜŰɑɗŮŰŬ, 

ɞɘ ŮɛˊŮɘɟɘəɏɠ ɛɏɗɞŭɞɘ [39], [42], [51], [62], [64] əŬɘ ŰŬ ANN [37], [47] ˊŮɟɘɞɟɑɕɞɜŰŬɘ ůŰɖɜ 

ŬˊɚɞɨůŰŮɟɖ, ˊɚɖɜ ůɡɜɖɗɏůŰŮɟɖ, ˊŮɟɑˊŰɤůɖ Űɤɜ ŭɨɞ Ůˊɘˊɏŭɤɜ ŬəŰɘɜɞɓɞɚɑŬɠ (ɏɜŬ ɔɘŬ Űɞ 

ůəɘŬůɛɏɜɞ ŰɛɐɛŬ əŬɘ ɏɜŬ Ɏɚɚɞ ɔɘŬ Űɞ ŬůəɑŬůŰɞ). ȼ ɑŭɘŬ ɗŮɩɟɖůɖ ɚŬɛɓɎɜŮŰŬɘ ɡˊɧɣɘɜ ɔɘŬ Űɖɜ 

ŮɝŬɔɤɔɐ Űɤɜ ŬɜŬɚɡŰɘəɩɜ MPP ŮəűɟɎůŮɤɜ Űɖɠ [49], Űɖ ɓŮɚŰɑɤůɖ Űɖɠ ɡˊɞɚɞɔɘůŰɘəɐɠ 

ŭɘŬŭɘəŬůɑŬɠ ůŰɖɜ [59] əŬɘ Űɖ ŭɘŬŰɨˊɤůɖ ɛɑŬ ɛɞɜŬŭɘəɐɠ Ůɝɑůɤůɖɠ ɔɘŬ Űɞ ūȸ ˊɚŬɑůɘɞ ůŰɖɜ [60]. 

Ⱥˊɑůɖɠ, ůŰɖɜ [66] ɖ ɑŭɘŬ ɡˊɧɗŮůɖ ŮˊɘŰɟɏˊŮɘ ɚŮˊŰɞɛŮɟɐ ŬɜɎɚɡůɖ Űɞɡ űŬɘɜɞɛɏɜɞɡ Űɖɠ ɛŮɟɘəɐɠ 

ůəɑŬůɖɠ əŬɘ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɤɜ ŭɘŬűɧɟɤɜ ˊŬɟŬɛɏŰɟɤɜ. 

υȢφȢχȢɟ ɩʀʅʍɻʈɻʐʅʆʙ ʀʌʅɼʀɼɻʚʖʎʂ 

ȼ ˊŬɟɞɡůɑŬůɖ ˊŮɘɟŬɛŬŰɘəɩɜ ɛŮŰɟɐůŮɤɜ ˊɞɡ ŮˊɘɓŮɓŬɘɩɜɞɡɜ Űɖɜ ɘůɢɨ Űɞɡ ˊɟɞŰŮɘɜɧɛŮɜɞɡ 

ɛɞɜŰɏɚɞɡ ŮɑɜŬɘ ɏɜŬ ɘŭɘŬɑŰŮɟŬ ɗŮŰɘəɧ ůŰɞɘɢŮɑɞ ɛɑŬɠ ŮɟɔŬůɑŬɠ. ɀŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧ, 

ˊɞůɞŰɘəɞˊɞɘŮɑŰŬɘ ɖ ŬəɟɑɓŮɘŬ Űɖɠ ɛŮɗɧŭɞɡ əŬɘ ŬˊɞŭŮɘəɜɨŮŰŬɘ ůŰɖɜ ˊɟɎɝɖ ɖ əŬŰŬɚɚɖɚɧɚɖŰɎ Űɖɠ 

ůŮ ˊɟŬɔɛŬŰɘəɏɠ ůɡɜɗɐəŮɠ. ȼ Ůɜ ɚɧɔɤ ŭɘŬŭɘəŬůɑŬ ˊŮɟɘɚŬɛɓɎɜŮɘ ůɡɜɐɗɤɠ ˊŮɘɟŬɛŬŰɘəɐ 

əŬŰŬɔɟŬűɐ Űɖɠ əŬɛˊɨɚɖɠ I-V əŬɘ ůɨɔəɟɘůɖ ɛŮ ŰŬ ŬɜŰɑůŰɞɘɢŬ ŬˊɞŰŮɚɏůɛŬŰŬ Ŭˊɧ Űɞ ɛɞɜŰɏɚɞ, 

ůŮ ŭɘɎűɞɟŮɠ ůɡɜɗɐəŮɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ůŮɜɎɟɘŬ ůəɑŬůɖɠ. ȷˊɧ Űɞ ůɨɜɞɚɞ ɧɚɤɜ Űɤɜ ɡˊɧ ɛŮɚɏŰɖ 

ŭɖɛɞůɘŮɨůŮɤɜ, ˊŮɘɟŬɛŬŰɘəɐ ŮˊɘɓŮɓŬɑɤůɖ ˊŬɟɏɢŮŰŬɘ ɛɧɜɞ ůŰɘɠ [25], [26], [29], [35]ï[40], [42], 

[43], [46]ï[49], [51], [54], [57], [58], [60], [61], [63]ï[65], [67]ï[69]. 

1.3 ɥʀʐɻʐʍʋʌʘɻʏ ɢʎʔʞʋʏ ɮɛ ɫʑʎʐʙʈɻʐʋʏ 

ȼ ɖɚŮəŰɟɘəɐ ɘůɢɨɠ ˊɞɡ ˊŬɟɎɔŮɘ ɛɑŬ ūȸ ŭɘɎŰŬɝɖ ŭŮɜ ŮɑɜŬɘ ůŮ əŬŰɎɚɚɖɚɖ ɛɞɟűɐ ɔɘŬ ŬˊŮɡɗŮɑŬɠ 

ɢɟɐůɖ əŬɘ əŬŰŬɜɎɚɤůɖ. ȺɘŭɘəɎ ɔɘŬ ŰŬ ŭɘŬůɡɜŭŮŭŮɛɏɜŬ ūȸ ůɡůŰɐɛŬŰŬ, Űɞ ɟŮɨɛŬ ˊɟɏˊŮɘ ɜŬ 

ɛŮŰŬŰɟŬˊŮɑ Ŭˊɧ ůɡɜŮɢɏɠ (dc) ůŮ ŮɜŬɚɚŬůůɧɛŮɜɞ (ac) əŬɘ Űɞ ŮˊɑˊŮŭɞ Űɖɠ ŰɎůɖɠ ɜŬ ɟɡɗɛɘůŰŮɑ 

ůŰŬ əŬŰɎɚɚɖɚŬ ŮˊɑˊŮŭŬ Űɞɡ ŭɘəŰɨɞɡ. ȷɡŰɏɠ ɞɘ əɨɟɘŮɠ ɚŮɘŰɞɡɟɔɑŮɠ ŮˊɘŰŮɚɞɨɜŰŬɘ Ŭˊɧ Űɞɜ 

ɛŮŰŬŰɟɞˊɏŬ Űɞɡ ūȸ ůɡůŰɐɛŬŰɞɠ. 

ɆŰɞ Ŭəɧɚɞɡɗɞ Ɇɢ. 1.9, ŬˊŮɘəɞɜɑɕŮŰŬɘ ɛɘŬ ŬˊɚɞɡůŰŮɡɛɏɜɖ Ůəŭɞɢɐ Űɞɡ əɡəɚɩɛŬŰɞɠ ɘůɢɨɞɠ 

Ůɜɧɠ ūȸ ůɡůŰɐɛŬŰɞɠ ůɡɜŭŮŭŮɛɏɜɞɡ ɛŮ Űɞ ŭɑəŰɡɞ ɢŬɛɖɚɐɠ ŰɎůɖɠ. Ƀ ɛŮŰŬŰɟɞˊɏŬɠ ɘůɢɨɞɠ Űɞɡ 

ůɡůŰɐɛŬŰɞɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŭɨɞ əɨɟɘŮɠ ůɡɜɘůŰɩůŮɠ: Űɞɜ dc/dc ɛŮŰŬŰɟɞˊɏŬ (boost converter 

ůŰɞ Ɇɢ. 1.9) əŬɘ Űɞɜ ŬɜŰɘůŰɟɞűɏŬ (inverter), ˊɞɡ ŮɑɜŬɘ ůɡɜŭŮŭŮɛɏɜɞɘ ůŮ ůŮɘɟɎ (ŰɞˊɞɚɞɔɑŬ ŭɨɞ 

ŮˊɑˊŮŭɩɜ ï two stage topology). Ƀ ɟɧɚɞɠ Űɞɡ ˊɟɩŰɞɡ ɡˊɞůɡůŰɐɛŬŰɞɠ ŮɑɜŬɘ ɜŬ ɟɡɗɛɑɕŮɘ Űɞ 

ůɖɛŮɑɞ ɚŮɘŰɞɡɟɔɑŬɠ Űɖɠ ūȸ ŭɘɎŰŬɝɖɠ ɛŮ Űɞɜ Ŭɚɔɧɟɘɗɛɞ MPPT ɩůŰŮ ɜŬ ŮɝɎɔŮŰŬɘ ɖ ɛɏɔɘůŰɖ 

ɘůɢɨɠ, ɧˊɤɠ Ůˊɑůɖɠ ɜŬ ŬɜɡɣɩɜŮɘ (ɐ ɜŬ ɡˊɞɓɘɓɎɕŮɘ) Űɖɜ ŰɎůɖ Űɖɠ ūȸ ŭɘɎŰŬɝɖɠ ůŮ əŬŰɎɚɚɖɚŬ 

ŮˊɑˊŮŭŬ ɔɘŬ Űɖɜ ŰɟɞűɞŭɧŰɖůɖ Űɞɡ ɖɚŮəŰɟɘəɞɨ ŭɘəŰɨɞɡ. ȼ ůɡůŰɞɘɢɑŬ ˊɡəɜɤŰɩɜ ůŰɖɜ ɏɝɞŭɞ Űɞɡ 

dc/dc ɛŮŰŬŰɟɞˊɏŬ ŬˊɞəŬɚŮɑŰŬɘ dc ɕɡɔɧɠ (dc link). Ƀ ŬɜŰɘůŰɟɞűɏŬɠ ɛŮ Űɖ ůŮɘɟɎ Űɞɡ ŬˊɞɟɟɞűɎ 

Űɖɜ ɘůɢɨ ˊɞɡ ŭɘŬŰɑɗŮŰŬɘ ůŰɞɜ dc ɕɡɔɧ, Űɖ ɛŮŰŬŰɟɏˊŮɘ ůŮ ŮɜŬɚɚŬůůɧɛŮɜɖ əŬɘ Űɖɜ ˊɟɞɤɗŮɑ ůŰɞ 

ŭɑəŰɡɞ ɛŮ əŬŰɎɚɚɖɚɞ ɏɚŮɔɢɞ ŮɜŮɟɔɞɨ-ɎŮɟɔɞɡ ɘůɢɨɞɠ (PQ control), ŭɘŬŰɖɟɩɜŰŬɠ ˊŬɟɎɚɚɖɚŬ 
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Űɖɜ ŰɎůɖ ůŰɞɜ dc ɕɡɔɧ ůŰŬɗŮɟɐ. 

ɆŰɖ ůɡɜɏɢŮɘŬ ŬəɞɚɞɡɗŮɑ ůɡɜɞˊŰɘəɐ ˊŮɟɘɔɟŬűɐ Űɖɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡ dc/dc ɛŮŰŬŰɟɞˊɏŬ ˊɞɡ 

ŮɜŭɘŬűɏɟŮɘ Űɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, əŬɗɩɠ Űɞ ůɡɔəŮəɟɘɛɏɜɞ ɡˊɞůɨůŰɖɛŬ ŮɑɜŬɘ ɡˊŮɨɗɡɜɞ ɔɘŬ Űɞɜ 

ɏɚŮɔɢɞ Űɖɠ ūȸ ŭɘɎŰŬɝɖɠ. 

1.3.1 Dc/dc  ʈʀʐɻʐʍʋʌʘɻʏ ɻʉʞʕʖʎʂʏ ʐʗʎʂʏ 

ȷɜɎɚɞɔŬ Űɞ ŮˊɑˊŮŭɞ ŰɎůɖɠ Űɖɠ ūȸ ŭɘɎŰŬɝɖɠ ůŮ ůɢɏůɖ ɛŮ Űɞ ɖɚŮəŰɟɘəɧ ŭɑəŰɡɞ, ɖ ŰɎůɖ Űɖɠ 

ˊɟɩŰɖɠ ɛˊɞɟŮɑ ɜŬ ŬɜɡɣɩɜŮŰŬɘ, ɜŬ ɡˊɞɓɘɓɎɕŮŰŬɘ ɐ əŬɘ ŰŬ ŭɨɞ. ȰŰůɘ, ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ 

ŬɜŰɑůŰɞɘɢŬ ɛŮŰŬŰɟɞˊɏŬɠ Ŭɜɨɣɤůɖɠ ůɡɜŮɢɞɨɠ ŰɎůɖɠ (boost dc/dc converter), ɛŮŰŬŰɟɞˊɏŬɠ 

ɡˊɞɓɘɓŬůɛɞɨ ůɡɜŮɢɞɨɠ ŰɎůɖɠ (buck ɐ step down dc/dc converter) ɐ ɛŮŰŬŰɟɞˊɏŬɠ 

ɡˊɞɓɘɓŬůɛɞɨ-Ŭɜɨɣɤůɖɠ ůɡɜŮɢɞɨɠ ŰɎůɖɠ (buck-boost dc/dc converter) [72]. ȼ ůɨɔɢɟɞɜɖ 

ˊɟŬəŰɘəɐ ɔɘŬ ūȸ ůɡůŰɐɛŬŰŬ ɚɑɔɤɜ kW ˊɞɡ ůɡɜŭɏɞɜŰŬɘ ɛŮ Űɞ ŭɑəŰɡɞ ɢŬɛɖɚɐɠ ŰɎůɖɠ, ŮɑɜŬɘ ɖ 

ɢɟɐůɖ boost converter ɩůŰŮ Űɞ ůɨůŰɖɛŬ ɜŬ ɛɖ ɢɟŮɘɎɕŮŰŬɘ ɛŮŰŬůɢɖɛŬŰɘůŰɐ Ŭɜɨɣɤůɖɠ 

(transformerless), ŮˊɘŰɡɔɢɎɜɞɜŰŬɠ ɏŰůɘ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧŭɞůɖ əŬɘ ɢŬɛɖɚɧŰŮɟɞ əɧůŰɞɠ. ɇɞ Ɇɢ. 

1.9 ŬɜŰɘůŰɞɘɢŮɑ ůŮ ɛɘŬ ŰɏŰɞɘŬ ŭɘɎŰŬɝɖ. 

ȺůŰɘɎɕɞɜŰŬɠ ůŰɞɜ ɛŮŰŬŰɟɞˊɏŬ Ŭɜɨɣɤůɖɠ ŰɎůɖɠ, ŰŬ əɨɟɘŬ ůŰɞɘɢŮɑŬ Ŭˊɧ ŰŬ ɞˊɞɑŬ ŬˊɞŰŮɚŮɑŰŬɘ 

ŮɑɜŬɘ: ɏɜŬɠ ɖɛɘŬɔɤɔɘəɧɠ ŭɘŬəɧˊŰɖɠ S (ůɡɜɐɗɤɠ IGBT ɐ MOSFET), ɏɜŬ ˊɖɜɑɞ Ldc, ɛɑŬ ŭɑɞŭɞɠ 

D əŬɘ ɛɘŬ ůɡůŰɞɘɢɑŬ ˊɡəɜɤŰɩɜ ůŰɖɜ Ůɑůɞŭɞ Cpv əŬɘ ůŰɖɜ ɏɝɞŭɞ Cdc (Ɇɢ. 1.9). Ƀ ɖɛɘŬɔɤɔɘəɧɠ 

ŭɘŬəɧˊŰɖɠ S ˊŬɚɛɞŭɞŰŮɑŰŬɘ Ŭˊɧ Űɖ ɛɞɜɎŭŬ ŭɘŬɛɧɟűɤůɖɠ Ůɨɟɞɡɠ ˊŬɚɛɩɜ (pulse width 

modulation ï PWM), ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɖɠ ɞˊɞɑŬɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ŭɘŬŭɞɢɘəɐ ɏɜŬɡůɖ əŬɘ ůɓɏůɖ Űɞɡ 

S, ɩůŰŮ ɜŬ ŬɜɡɣɤɗŮɑ ɖ ŰɎůɖ Ůɘůɧŭɞɡ Vpv ůŰɞ əŬŰɎɚɚɖɚɞ ŮˊɑˊŮŭɞ Űɖɠ ŰɎůɖɠ Ůɝɧŭɞɡ Vdc. ɇɞ 

ˊɞůɞůŰɧ Űɖɠ ŭɘŬəɞˊŰɘəɐɠ ˊŮɟɘɧŭɞɡ ůŰɞ ɞˊɞɑɞ ɞ S ɓɟɑůəŮŰŬɘ ůŮ əŬŰɎůŰŬůɖ Ŭɔɤɔɐɠ, 

ŬˊɞəŬɚŮɑŰŬɘ ɓŬɗɛɧɠ ɢɟɖůɘɛɞˊɞɑɖůɖɠ (duty cycle). ũɘŬ ɚŮɘŰɞɡɟɔɑŬ ůɡɜŮɢɞɨɠ ɟŮɨɛŬŰɞɠ, ɞɘ ŭɨɞ 

ŰɎůŮɘɠ ůɡɜŭɏɞɜŰŬɘ ɛŮ Űɞ duty cycle D ɤɠ Ůɝɐɠ [72]: 

 1
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ɆŰɞ əɨəɚɤɛŬ Űɞɡ Ɇɢ. 1.9, ɖ ŰɎůɖ Ůɝɧŭɞɡ Vdc ŭɘŬŰɖɟŮɑŰŬɘ ůŰŬɗŮɟɐ Ŭˊɧ Űɞ PQ control Űɞɡ 

ŬɜŰɘůŰɟɞűɏŬ. Ⱥˊɞɛɏɜɤɠ, ɛŮŰŬɓɎɚɚɞɜŰŬɠ Űɞ duty cycle ŬɚɚɎɕŮɘ ɖ ŰɎůɖ Ůɘůɧŭɞɡ Vpv (1.1), ɖ 
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1.3 - ɀŮŰŬŰɟɞˊɏŬɠ Ƚůɢɨɞɠ ūȸ ɆɡůŰɐɛŬŰɞɠ 

20 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

ɞˊɞɑŬ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ ŰɎůɖ ɚŮɘŰɞɡɟɔɑŬɠ Űɖɠ ūȸ ŭɘɎŰŬɝɖɠ. ȹɖɚŬŭɐ, ɞ ɏɚŮɔɢɞɠ Űɞɡ ůɖɛŮɑɞɡ 

ɚŮɘŰɞɡɟɔɑŬɠ Űɖɠ ŰŮɚŮɡŰŬɑŬɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ əŬŰɎɚɚɖɚɖ ɟɨɗɛɘůɖ Űɞɡ duty cycle Űɞɡ dc/dc 

ɛŮŰŬŰɟɞˊɏŬ.  

ȰɜŬ ŮɜŭŮɘəŰɘəɧ ˊŬɟɎŭŮɘɔɛŬ ˊŬɟŬŰɑɗŮŰŬɘ ůŰɞ Ɇɢ. 1.10. ȳŰŬɜ D = 100% əŬɘ ɞ ɖɛɘŬɔɤɔɘəɧɠ 

ŭɘŬəɧˊŰɖɠ ɎɔŮɘ ůɡɜŮɢɩɠ, Űɞ ůɨůŰɖɛŬ ɚŮɘŰɞɡɟɔŮɑ ůŰɖ ɓɟŬɢɡəɨəɚɤůɖ (əɧəəɘɜɞ ɢɟɩɛŬ). 

ȷɜŰɑɗŮŰŬ, ɧŰŬɜ D = 0% ɞ ŭɘŬəɧˊŰɖɠ S ɓɟɑůəŮŰŬɘ ɛɞɜɑɛɤɠ ůŮ Ŭˊɞəɞˊɐ əŬɘ ˊɟŬəŰɘəɎ ɞ dc/dc 

ɛŮŰŬŰɟɞˊɏŬɠ ˊŬɟŬəɎɛˊŰŮŰŬɘ. ȷɜ ɖ ŰɎůɖ Ůɝɧŭɞɡ Vdc ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɖ Űɖɠ ŰɎůɖɠ Űɖɠ ūȸ 

ŭɘɎŰŬɝɖɠ Vpv, ŬɡŰɐ ɖ əŬŰɎůŰŬůɖ ůɡɜŮˊɎɔŮŰŬɘ ŬɜɞɘɢŰɞəɨəɚɤůɖ Űɖɠ ŰŮɚŮɡŰŬɑŬɠ (ˊɟɎůɘɜɞ 

ɢɟɩɛŬ). ɆɡɜŮˊɩɠ, ɞɘ ɢɟɐůɘɛŮɠ Űɘɛɏɠ Űɞɡ duty cycle ŮɑɜŬɘ ŬɜɎɛŮůŬ ůŰɞ 0% əŬɘ 100% (əɑŰɟɘɜɞ 

ɢɟɩɛŬ), əŬɘ ůɡɔəŮəɟɘɛɏɜŬ ɖ ɓɏɚŰɘůŰɖ Űɘɛɐ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ ŰɎůɖ MPP, ɧˊɞɡ ŮɝɎɔŮŰŬɘ ɖ 

ɛɏɔɘůŰɖ ɘůɢɨɠ Ŭˊɧ Űɖ ūȸ ɔŮɜɜɐŰɟɘŬ (ɛɤɓ ɢɟɩɛŬ). ȹŮŭɞɛɏɜɞɡ ɧŰɘ ɖ əŬɛˊɨɚɖ ɘůɢɨɞɠ ŬɚɚɎɕŮɘ 

Ŭˊɧ ůɨůŰɖɛŬ ůŮ ůɨůŰɖɛŬ əŬɘ ɛŮŰŬɓɎɚɚŮŰŬɘ ɏɜŰɞɜŬ ɛŮ Űɘɠ ŮəɎůŰɞŰŮ ˊŮɟɘɓŬɚɚɞɜŰɘəɏɠ ůɡɜɗɐəŮɠ, 

ŬˊŬɘŰŮɑŰŬɘ əŬŰɎɚɚɖɚɖ ůŰɟŬŰɖɔɘəɐ Ůɚɏɔɢɞɡ ˊɞɡ ɜŬ ɟɡɗɛɑɕŮɘ Űɞ duty cycle ɩůŰŮ ɜŬ ŬɜŰɘůŰɞɘɢŮɑ 

ˊɎɜŰŬ ůŰɞ MPP. Ƀ ɏɚŮɔɢɞɠ ŬɡŰɧɠ ŬˊɞəŬɚŮɑŰŬɘ Ŭɚɔɧɟɘɗɛɞɠ ŬɜɑɢɜŮɡůɖɠ Űɞɡ ůɖɛŮɑɞɡ ɛɏɔɘůŰɖɠ 

ˊŬɟŬɔɤɔɐɠ (maximum power point tracking ï MPPT). 

1.3.2 ɚʇɾʝʍʅʃʈʋʏ MPPT 

Ʉɚɐɟɖ ɓɘɓɚɘɞɔɟŬűɘəɐ ŬɜŬůəɧˊɖůɖ Űɤɜ Ŭɚɔɞɟɑɗɛɤɜ MPPT ŭɑɜŮŰŬɘ ůŰɖɜ [73]. ȷˊɧ Űɘɠ 

ɔɜɤůŰɧŰŮɟŮɠ ɛŮɗɧŭɞɡɠ ŮɑɜŬɘ ɞɘ Ŭɚɔɧɟɘɗɛɞɘ Perturb & observe (P&O) əŬɘ Incremental 

conductance (INC) [73]. ȸŬůɘəɐ űɘɚɞůɞűɑŬ Űɤɜ Ůɜ ɚɧɔɤ ŰŮɢɜɘəɩɜ ŮɑɜŬɘ ɖ ŭɖɛɘɞɡɟɔɑŬ ůɡɜŮɢɞɨɠ 

ŭɘŬŰŬɟŬɢɐɠ ˊŮɟɘɞɟɘůɛɏɜɞɡ Ůɨɟɞɡɠ (1-5%) ůŰɞ duty cycle, ɩůŰŮ ɜŬ ŰŬɚŬɜŰɩɜŮŰŬɘ ɛɞɜɑɛɤɠ Űɞ 

ůɖɛŮɑɞ ɚŮɘŰɞɡɟɔɑŬɠ ůŮ ɏɜŬ ɛɘəɟɧ ŰɛɐɛŬ Űɖɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ P-V, ɞŭɖɔɩɜŰŬɠ Űɞ ɏŰůɘ ˊɟɞɠ Űɖɜ 

əŬŰŮɨɗɡɜůɖ ˊɞɡ ɡˊɧůɢŮŰŬɘ ɛŮɔŬɚɨŰŮɟɖ ɘůɢɨ. ɇɞ Ŭɚɔɞɟɘɗɛɘəɧ ŭɘɎɔɟŬɛɛŬ Űɖɠ ɛŮɗɧŭɞɡ INC 

ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ Ɇɢ. 1.11. 

ȯɚɚŮɠ ˊɘɞ ˊŮɟɑˊɚɞəŮɠ ŰŮɢɜɘəɏɠ MPPT Ŭɝɘɞˊɞɘɞɨɜ Űɖɜ ɐŭɖ ɡˊɎɟɢɞɡůŬ əɡɛɎŰɤůɖ Űɞɡ 

ůɖɛŮɑɞɡ ɚŮɘŰɞɡɟɔɑŬɠ, ɚɧɔɤ ŭɘŬəɞˊŰɘəɐɠ ŰŬɚɎɜŰɤůɖɠ (switching ripple) ɐ ŭɘŬəɨɛŬɜůɖɠ Űɖɠ 

ůŰɘɔɛɘŬɑŬɠ ɘůɢɨɞɠ ˊɞɡ ŬˊɞɟɟɞűɎŰŬɘ Ŭˊɧ Űɞ ŭɑəŰɡɞ (grid ripple), əŬɘ ŭŮ ɢɟŮɘɎɕŮŰŬɘ ɜŬ 

ŭɘŬŰŬɟɎůůɞɡɜ Űɞ  duty cycle [74]ï[77]. ȺɜŬɚɚŬəŰɘəɐ ˊɟɞůɏɔɔɘůɖ ůŰɞ ɗɏɛŬ ŭɑɜɞɡɜ ɞɘ ɛŮɚɏŰŮɠ 

 
Ɇɢ. 1.10. ȺɜŭŮɘəŰɘəɐ ɚŮɘŰɞɡɟɔɑŬ Ůɜɧɠ ūȸ ˊɚŬɘůɑɞɡ ůŮ ŭɘɎűɞɟŬ ůɖɛŮɑŬ ɚŮɘŰɞɡɟɔɑŬɠ, ŬɜɎɚɞɔŬ Űɖɜ Űɘɛɐ 

Űɞɡ duty cycle Űɞɡ dc/dc ɛŮŰŬŰɟɞˊɏŬ.  

0% duty 

cycle

Optimal 

duty cycle

100% duty 

cycle

SC OC

MPP

Suboptimal 

duty cycle

Suboptimal 

operating 

point



ȾȺūȷȿȷȽɃ 1 - ȺɘůŬɔɤɔɐ 

 

ɀˊŬŰɕɏɚɖɠ ȺɡůŰɟɎŰɘɞɠ 21 

ůŰɘɠ [78]ï[85], ɞɘ ɞˊɞɑŮɠ ŮűŬɟɛɧɕɞɡɜ ŭɘɎűɞɟŬ ɛŬɗɖɛŬŰɘəɎ ɛɞɜŰɏɚŬ ůŰɘɠ ŰɟɏɢɞɡůŮɠ ɛŮŰɟɐůŮɘɠ 

ŰɎůŮɘɠ əŬɘ ɟŮɨɛŬŰɞɠ, əŬɘ ŮəŰɘɛɞɨɜ ɏŰůɘ ɏɜŬ ɛŮɔɎɚɞ ŰɛɐɛŬ Űɖɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ P-V, 

ůɡɛˊŮɟɘɚŬɛɓŬɜɞɛɏɜɞɡ Űɞɡ ůɖɛŮɑɞɡ MPP, ŮɜŰɞˊɑɕɞɜŰŬɠ ŬˊŮɡɗŮɑŬɠ Űɖɜ ŮˊɘɗɡɛɖŰɐ ŰɎůɖ 

ɚŮɘŰɞɡɟɔɑŬɠ. ȳɛɤɠ, ɧɚŮɠ ɞɘ ŬɜɤŰɏɟɤ ɛŮɚɏŰŮɠ ŮɑɜŬɘ ůɢŮŭɘŬůɛɏɜŮɠ ɔɘŬ Űɖɜ Ůɡɜɞɥəɐ ˊŮɟɑˊŰɤůɖ 

Űɖɠ ɞɛɞɘɧɛɞɟűɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ, ɧˊɞɡ ŮɛűŬɜɑɕŮŰŬɘ ɏɜŬ ɛɧɜɞ MPP ůŰɖɜ əŬɛˊɨɚɖ ɘůɢɨɞɠ Űɞɡ ūȸ 

ůɡůŰɐɛŬŰɞɠ. ȳˊɤɠ ŮɝɖɔŮɑŰŬɘ ůŰɞ ȾŮűɎɚŬɘɞ 4, ůŮ ůɡɜɗɐəŮɠ ɛŮɟɘəɐɠ ůəɑŬůɖɠ ɞɘ ˊŮɟɘůůɧŰŮɟɞɘ 

Ŭɚɔɧɟɘɗɛɞɘ MPPT ŭɡůɚŮɘŰɞɡɟɔɞɨɜ əŬɘ ŮɛűŬɜɑɕɞɡɜ ŭɡůəɞɚɑŮɠ ůŰɖɜ ŬɜɑɢɜŮɡůɖ Űɞɡ ɞɚɘəɎ 

ɛɏɔɘůŰɞɡ MPP (global MPP ï GMPP). 

1.4 ɬʙʍʂʎʂ ɞʒʀɿʍʀʚɻʏ ɢʎʔʞʋʏ ɻʌʝ ʐɻ ɮɛ ɫʑʎʐʙʈɻʐɻ 

Ƀɘ ůɨɔɢɟɞɜɞɘ əɩŭɘəŮɠ ŭɘəŰɨɞɡ ŬˊŬɘŰɞɨɜ Ŭˊɧ Űɞɡɠ ůŰŬɗɛɞɨɠ ŭɘŮůˊŬɟɛɏɜɖɠ ˊŬɟŬɔɤɔɐɠ ɜŬ 

ˊŬɟɏɢɞɡɜ Ůˊɘəɞɡɟɘəɏɠ ɡˊɖɟŮůɑŮɠ ůŰɞ ɖɚŮəŰɟɘəɧ ŭɑəŰɡɞ, ůŰɘɠ ɞˊɞɑŮɠ ůɡɔəŬŰŬɚɏɔŮŰŬɘ əŬɘ ɖ 

ŮűŮŭɟŮɑŬ ŮɜŮɟɔɞɨ ɘůɢɨɞɠ. ȼ Űɐɟɖůɖ ŮűŮŭɟŮɘɩɜ əŬɘ ɖ ůɡɜŬəɧɚɞɡɗɖ ˊŬɟɞɢɐ ɡˊɖɟŮůɘɩɜ 

ɟɨɗɛɘůɖɠ ůɡɢɜɧŰɖŰŬɠ ůŰŬŭɘŬəɎ ŮˊŮəŰŮɑɜŮŰŬɘ ůŮ ůŰŬɗɛɞɨɠ ŭɘŮůˊŬɟɛɏɜɖɠ ˊŬɟŬɔɤɔɐɠ ˊɞɡ 

ůɡɜŭɏɞɜŰŬɘ ůŮ ɧɚɞ əŬɘ ɢŬɛɖɚɧŰŮɟŬ ŮˊɑˊŮŭŬ ŰɎůɖɠ. ũɘŬ ɜŬ ŮɑɜŬɘ ůɡɛɓŬŰɧ ɏɜŬ ūȸ ůɨůŰɖɛŬ ɛŮ 

ŬɡŰɞɨɠ Űɞɡɠ əŬɜɞɜɘůɛɞɨɠ, ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ůŮ ɗɏůɖ ɜŬ ŭɘŬŰɖɟŮɑ ŮűŮŭɟŮɑŬ ɘůɢɨɞɠ əŬɘ ɜŬ 

ŬɡɝɞɛŮɘɩɜŮɘ Űɖɜ ˊɟɞůűŮɟɧɛŮɜɖ ɘůɢɨ ůɨɛűɤɜŬ ɛŮ Űɘɠ ŮɜŰɞɚɏɠ Űɞɡ ŭɘŬɢŮɘɟɘůŰɐ Űɞɡ ŭɘəŰɨɞɡ. ɆŰɖ 

ůɡɜɏɢŮɘŬ, ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ŰɟɏɢɞɡůŬ ŰŮɢɜɞɚɞɔɘəɐ ůŰɎɗɛɖ əŬɘ ˊɟɞŮŰɞɘɛɎɕŮŰŬɘ Űɞ ɏŭŬűɞɠ ɔɘŬ 

Űɖɜ ˊɟɞŰŮɘɜɧɛŮɜɖ ŰŮɢɜɘəɐ Ůɚɏɔɢɞɡ ˊɞɡ ˊŮɟɘɔɟɎűŮŰŬɘ ůŰɞ ȾŮűɎɚŬɘɞ 5. 

 
Ɇɢ. 1.11. ȷɚɔɞɟɘɗɛɘəɧ ŭɘɎɔɟŬɛɛŬ Űɖɠ ɛŮɗɧŭɞɡɠ MPPT: INC [73]. 



1.4 - ɇɐɟɖůɖ ȺűŮŭɟŮɑŬɠ Ƚůɢɨɞɠ Ŭˊɧ ŰŬ ūȸ ɆɡůŰɐɛŬŰŬ 

22 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

1.4.1 ɞʌʅʆʋʑʍʅʆʘʏ ʑʌʂʍʀʎʚʀʏ ʎʐɻʃʈʡʉ ɿʅʀʎʌɻʍʈʘʉʂʏ ʌɻʍɻɾʖɾʙʏ  

ɀɏɢɟɘ ˊɟɧŰɘɜɞɠ, ɖ ůŰɟŬŰɖɔɘəɐ ŭɘŬɢŮɑɟɘůɖɠ Űɤɜ ůŰŬɗɛɩɜ ŭɘŬůˊŬɟɛɏɜɖɠ ˊŬɟŬɔɤɔɐɠ, ɧˊɤɠ 

ūȸ ůŰŬɗɛɞɑ əŬɘ ɞɘ ˊŮɟɘůůɧŰŮɟŮɠ ȷɄȺ, ɐŰŬɜ ɜŬ ɛɖɜ ˊɟɞůűɏɟɞɡɜ Ůˊɘəɞɡɟɘəɏɠ ɡˊɖɟŮůɑŮɠ ůŰɞ 

ɖɚŮəŰɟɘəɧ ŭɑəŰɡɞ. ȼ Ůɜ ɚɧɔɤ ɡˊɞɢɟɏɤůɖ ŬɜɐəŮ ŬˊɞəɚŮɘůŰɘəɎ ůŰɞɡɠ ůɡɛɓŬŰɘəɞɨɠ ůŰŬɗɛɞɨɠ 

ˊŬɟŬɔɤɔɐɠ ŮɜɏɟɔŮɘŬɠ. Ƀɘ ůŰŬɗɛɞɑ ŭɘŮůˊŬɟɛɏɜɖɠ ˊŬɟŬɔɤɔɐɠ ŬˊɞůɡɜŭɏɞɜŰŬɜ ůŮ ůɡɜɗɐəŮɠ 

ůűɎɚɛŬŰɞɠ ɐ ŭɘŬŰŬɟŬɢɐɠ ůŰɖɜ ŰɎůɖ əŬɘ ůŰɖ ůɡɢɜɧŰɖŰŬ, əŬɘ ŮˊŬɜŬůɡɜŭɏɞɜŰŬɜ ɧŰŬɜ Űɞ 

ůɨůŰɖɛŬ ŮɑɢŮ ŮˊŬɜɏɚɗŮɘ ůŮ əŬŰɎůŰŬůɖ əŬɜɞɜɘəɐɠ ɚŮɘŰɞɡɟɔɑŬɠ. 

ȳɛɤɠ ůŮ ŭɑəŰɡŬ ɛŮ ɡɣɖɚɐ ůɡɛɛŮŰɞɢɐ ŭɘŮůˊŬɟɛɏɜɖɠ ˊŬɟŬɔɤɔɐɠ, ŬɡŰɐ ɖ ˊɟɞůɏɔɔɘůɖ ŮɜŰŮɑɜŮɘ 

ŰɏŰɞɘŬ ˊɟɞɓɚɐɛŬŰŬ ɞŭɖɔɩɜŰŬɠ ˊɘɞ ŮɨəɞɚŬ Űɞ ůɨůŰɖɛŬ ůŮ ŬůŰɎɗŮɘŬ [86]. ȰŰůɘ, ŰŬ ŰŮɚŮɡŰŬɑŬ 

ɢɟɧɜɘŬ ŮɛűŬɜɑɕŮŰŬɘ ɖ ŰɎůɖ ŬɜŬɗŮɩɟɖůɖɠ Űɤɜ əɤŭɑəɤɜ ŭɘəŰɨɞɡ, ŬˊŬɘŰɩɜŰŬɠ Ŭˊɧ Űɞɡɠ Ůɜ ɚɧɔɤ 

ůŰŬɗɛɞɨɠ ɜŬ ˊɟɞůűɏɟɞɡɜ Ůˊɘəɞɡɟɘəɏɠ ɡˊɖɟŮůɑŮɠ əŬɘ ɜŬ ˊŬɟŬɛɏɜɞɡɜ ůɡɜŭŮŭŮɛɏɜɞɘ ůŰɞ ŭɑəŰɡɞ 

ůŮ ůɡɜɗɐəŮɠ ŭɘŬŰŬɟŬɢɐɠ [87]ï[89]. ɆŮ ŬɡŰɏɠ Űɘɠ ɡˊɖɟŮůɑŮɠ ůɡɔəŬŰŬɚɏɔɞɜŰŬɘ Ŭ) ɖ ɟɨɗɛɘůɖ 

ůɡɢɜɧŰɖŰŬɠ (frequency regulation) (Ɇɢ. 1.12), ɓ) ɖ ˊŬɟŬɛɞɜɐ ůŮ ůɡɜɗɐəŮɠ Ŭˊɧəɚɘůɖɠ Űɖɠ ŰɎůɖɠ 

Űɞɡ ŭɘəŰɨɞɡ (voltage ride through ï VRT), ɔ) ɖ ɏɔɢɡůɖ ɎŮɟɔɞɡ ɘůɢɨɞɠ (reactive power 

injection), əŬɘ ɔŮɜɘəɎ ŭ) ɖ ŭɡɜŬŰɧŰɖŰŬ ŬɡɝɞɛŮɑɤůɖɠ Űɖɠ ˊŬɟŬɔɧɛŮɜɖɠ ɘůɢɨɞɠ (up/down power 

regulation) ɔɘŬ ŭɘɎűɞɟɞɡɠ ɞɘəɞɜɞɛɞŰŮɢɜɘəɞɨɠ ɚɧɔɞɡɠ [86], [90]ï[97]. 

ȺɑɜŬɘ ŮɜŭŮɘəŰɘəɧ Űɞ ˊŬɟɎŭŮɘɔɛŬ Űɞɡ Ɇɢ. 1.12, ɧˊɞɡ ŬˊŮɘəɞɜɑɕŮŰŬɘ ɖ ŬˊŬɑŰɖůɖ ŬɡɝɞɛŮɑɤůɖɠ 

Űɖɠ ˊŬɟŬɔɧɛŮɜɖɠ ɘůɢɨɞɠ Ŭˊɧ ɏɜŬ ůŰŬɗɛɧ ɧŰŬɜ ɡˊɎɟɢŮɘ ŭɘŬəɨɛŬɜůɖ ůɡɢɜɧŰɖŰŬɠ, ůɨɛűɤɜŬ ɛŮ 

Űɖɜ ɞŭɖɔɑŬ ENTSO-2013 [87]. ɆŮ ůɡɜɗɐəŮɠ ɡˊŮɟůɡɢɜɧŰɖŰŬɠ ŬˊŬɘŰŮɑŰŬɘ ɛŮɑɤůɖ Űɖɠ 

ˊɟɞůűŮɟɧɛŮɜɖɠ ɘůɢɨɞɠ, Ůɜɩ ůŮ ɡˊɞůɡɢɜɧŰɖŰŬ Ŭɨɝɖůɖ Űɖɠ ˊŬɟŬɔɤɔɐɠ. ȼ ˊɟɩŰɖ ɚŮɘŰɞɡɟɔɑŬ 

ŮɑɜŬɘ ŮɨəɞɚŬ əŬɘ ɔŮɜɘəɎ ŮűŬɟɛɧůɘɛɖ, Ůɜɩ ŬɜŰɑɗŮŰŬ ɖ ŭŮɨŰŮɟɖ ˊɟɞɦˊɞɗɏŰŮɘ ɧŰɘ ɞ ůŰŬɗɛɧɠ ŰɖɟŮɑ 

ŮűŮŭɟŮɑŬ ɘůɢɨɞɠ. Ⱥˊɘˊɚɏɞɜ, ůɨɛűɤɜŬ ɛŮ Űɖɜ ɑŭɘŬ ɞŭɖɔɑŬ, ɞɘ ůŰŬɗɛɞɑ ˊŬɟŬɔɤɔɐɠ ɞűŮɑɚɞɡɜ ɜŬ 

ɟɡɗɛɑɕɞɡɜ Űɖɜ ˊɟɞůűŮɟɧɛŮɜɖ ɘůɢɨ ůɨɛűɤɜŬ ɛŮ Űɘɠ ŮɜŰɞɚɏɠ ɟɨɗɛɘůɖɠ ɘůɢɨɞɠ (power set-points) 

ˊɞɡ ŭɏɢɞɜŰŬɘ ŮɝɤŰŮɟɘəɎ Ŭˊɧ Űɞɜ ŭɘŬɢŮɘɟɘůŰɐ Űɞɡ ŭɘəŰɨɞɡ. ɄŬɟɧɛɞɘŬ ŬˊŬɑŰɖůɖ ŮɘəɎɕŮŰŬɘ ɧŰɘ ɗŬ 

ˊɟɞɓɚɏˊŮŰŬɘ əŬɘ Ŭˊɧ Űɞɜ ũŮɟɛŬɜɘəɧ əɩŭɘəŬ ɔɘŬ Űɞɡɠ ūȸ ůŰŬɗɛɞɨɠ [98], ɞɘ ɞˊɞɑɞɘ ɗŬ ˊɟɏˊŮɘ 

ɜŬ ŮɑɜŬɘ ůŮ ɗɏůɖ ɜŬ ˊŮɟɘɞɟɑɕɞɡɜ Űɖɜ ˊŬɟŬɔɤɔɐ Űɞɡɠ ɛɏɢɟɘ əŬɘ Űɞ 70% Űɖɠ ŮɔəŬŰŮůŰɖɛɏɜɖɠ 

 
Ɇɢ. 1.12. ȷˊŬɑŰɖůɖ ŬɡɝɞɛŮɑɤůɖ Űɖɠ ˊŬɟŬɔɧɛŮɜɖɠ ɘůɢɨɞɠ əŬŰɎ Űɖ ɟɨɗɛɘůɖ ůɡɢɜɧŰɖŰŬɠ, ůɨɛűɤɜŬ ɛŮ 

Űɖɜ ɞŭɖɔɑŬ ENTSO-2013 [87]. 



ȾȺūȷȿȷȽɃ 1 - ȺɘůŬɔɤɔɐ 

 

ɀˊŬŰɕɏɚɖɠ ȺɡůŰɟɎŰɘɞɠ 23 

ɘůɢɨɞɠ. ȷəɧɛŬ, ɞ əɩŭɘəŬɠ ENTSO ˊɟɞɓɚɏˊŮɘ ɧŰɘ ůŰɞ ɛɏɚɚɞɜ ɞɘ ůŰŬɗɛɞɑ ˊŬɟŬɔɤɔɐɠ ɗŬ 

ŬˊŬɘŰŮɑŰŬɘ ɜŬ Ůɝɞɛɞɘɩɜɞɡɜ ŬŭɟŬɜŮɘŬəɐ Ŭˊɧəɟɘůɖ, ɩůŰŮ ɜŬ ůɡɛɓɎɚɚɞɡɜ ůŰɞɜ ˊŮɟɘɞɟɘůɛɧ Űɞɡ 

ɟɡɗɛɞɨ ɛŮŰŬɓɞɚɐɠ Űɖɠ ůɡɢɜɧŰɖŰŬɠ ˊɞɡ ˊɟɞəŬɚŮɑŰŬɘ Ŭˊɧ ɛŮɔɎɚŮɠ ŭɘŬŰŬɟŬɢɏɠ. 

ũɘŬ Űɖɜ ˊŬɟɞɢɐ Űɤɜ ˊŮɟɘůůɧŰŮɟɤɜ Ŭˊɧ Űɘɠ ˊɟɞŬɜŬűŮɟɗŮɑůŮɠ ɡˊɖɟŮůɑŮɠ, ɏɜŬ ūȸ ůɨůŰɖɛŬ 

ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ůŮ ɗɏůɖ ɜŬ ŰɖɟŮɑ ŮűŮŭɟŮɑŬ ŮɜŮɟɔɞɨ ɘůɢɨɞɠ əŬɘ ɜŬ ɟɡɗɛɑɕŮɘ Űɖɜ ˊŬɟŬɔɤɔɐ Űɞɡ 

ůɨɛűɤɜŬ ɛŮ Űɘɠ ŮɜŰɞɚɏɠ Űɞɡ ŭɘŬɢŮɘɟɘůŰɐ ŭɘəŰɨɞɡ [93], [98]ï[102]. Ⱥˊɘˊɚɏɞɜ Űɤɜ ŬˊŬɘŰɐůŮɤɜ 

Űɞɡ əɤŭɑəɤɜ (Űɤɟɘɜɩɜ əŬɘ ɛŮɚɚɞɜŰɘəɩɜ), ɖ Űɐɟɖůɖ ŮűŮŭɟŮɑŬɠ ɘůɢɨɞɠ ɗŮɤɟŮɑŰŬɘ ɞɘəɞɜɞɛɘəɎ 

əŬɘ ŰŮɢɜɘəɎ ŮˊɤűŮɚɐɠ ɔɘŬ Űɞ ɖɚŮəŰɟɘəɧ ŭɑəŰɡɞ, ɛŮɘɩɜɞɜŰŬɠ Űɖ ůŰɟŮűɧɛŮɜɖ ŮűŮŭɟŮɑŬ Űɤɜ 

ɗŮɟɛɘəɩɜ ůŰŬɗɛɩɜ [103] əŬɘ ŮɝɞɛŬɚɨɜɞɜŰŬɠ Űɖ ŭɘŬəɨɛŬɜůɖ Űɖɠ ūȸ ˊŬɟŬɔɤɔɐɠ ˊɞɡ 

ˊɟɞəŬɚŮɑŰŬɘ Ŭˊɧ ˊŮɟɘɓŬɚɚɞɜŰɘəɏɠ ůɡɜɗɐəŮɠ [104]. 

1.4.2 ɬʀʔʉʅʆʘʏ ʐʙʍʂʎʂʏ ʀʒʀɿʍʀʚɻʏ ʅʎʔʞʋʏ ʎʐʂ ɼʅɼʇʅʋɾʍɻʒʚɻ 

Ⱥɜ ɔɏɜŮɘ, ɡˊɎɟɢɞɡɜ ŭɨɞ ŮɜŬɚɚŬəŰɘəɏɠ ˊɟɞůŮɔɔɑůŮɘɠ ɔɘŬ Űɖɜ Űɐɟɖůɖ ŮűŮŭɟŮɑŬɠ ɘůɢɨɞɠ Ŭˊɧ 

ɏɜŬ ūȸ ůɨůŰɖɛŬ: Ŭ) ɛŮ ŮɔəŬŰɎůŰŬůɖ ůɡůŰɐɛŬŰɞɠ ŬˊɞɗɐəŮɡůɖɠ ŮɜɏɟɔŮɘŬɠ ɐ ɓ) ɛŮ Ŭˊɧɟɟɘɣɖ 

ŮɜɏɟɔŮɘŬɠ [93], [104], [105]. ȼ ˊɟɩŰɖ ŮɜŬɚɚŬəŰɘəɐ ˊŮɟɘɚŬɛɓɎɜŮɘ ɛˊŬŰŬɟɑŮɠ [106], 

ɡˊŮɟˊɡəɜɤŰɏɠ  [94], [107] ɐ əɡɣɏɚŮɠ əŬɡůɑɛɞɡ [108], ɔɘŬ ŬˊɞɗɐəŮɡůɖ Űɖɠ ˊɚŮɞɜɎɕɞɡůŬɠ 

ŮɜɏɟɔŮɘŬɠ əŬɘ ɛŮŰɏˊŮɘŰŬ Ŭɝɘɞˊɞɑɖůɐ Űɖɠ. ȼ ůɡɔəŮəɟɘɛɏɜɖ ˊɟɞůɏɔɔɘůɖ ůɡɜŮˊɎɔŮŰŬɘ Ŭɡɝɖɛɏɜɖ 

ˊɞɚɡˊɚɞəɧŰɖŰŬ əŬɘ ŮˊɘˊɟɧůɗŮŰŬ əɧůŰɖ ŮɔəŬŰɎůŰŬůɖɠ əŬɘ ůɡɜŰɐɟɖůɖɠ. ȷɜŰɑɗŮŰŬ, ɖ ŭŮɨŰŮɟɖ 

ɛɏɗɞŭɞɠ Űɖɠ Ŭˊɧɟɟɘɣɖɠ ɘůɢɨɞɠ ɛˊɞɟŮɑ ɜŬ ɡɚɞˊɞɘɖɗŮɑ ɛŮ ŰŮɢɜɖŰɧ űɞɟŰɑɞ [109], ɛŮ 

ɕŮɨɝɖ/ŬˊɧɕŮɡɝɖ ˊɚŬɘůɘɞůŮɘɟɩɜ ɛɏůɤ dc ɟŮɚɏ [110], ɐ ůɡɜɖɗɏůŰŮɟŬ ɛŮ əŬŰɎɚɚɖɚɞ ɏɚŮɔɢɞ Űɞɡ 

ɛŮŰŬŰɟɞˊɏŬ ɘůɢɨɞɠ.  

ȺɘŭɘəɎ ɖ ŰŮɚŮɡŰŬɑŬ Ůˊɘɚɞɔɐ ŮɑɜŬɘ ˊɟɞŰɘɛɖŰɏŬ, əŬɗɩɠ ŮɑɜŬɘ Ŭɜɏɝɞŭɖ əŬɘ ŮɨəɞɚŬ ɡɚɞˊɞɘɐůɘɛɖ, 

ŬˊɚɎ ŰɟɞˊɞˊɞɘɩɜŰŬɠ Űɞɜ Ŭɚɔɧɟɘɗɛɞ Ůɚɏɔɢɞɡ Űɞɡ ɛŮŰŬŰɟɞˊɏŬ ɘůɢɨɞɠ MPPT, ɩůŰŮ ɜŬ ɚŮɘŰɞɡɟɔŮɑ 

ůŮ ɡˊɞɓɏɚŰɘůŰɖ ůŰɎɗɛɖ ɘůɢɨɞɠ, ŬɜŰɑ ůŰɖ ɛɏɔɘůŰɖ (MPP) [92], [93], [95], [99]ï[102], [111]ï[113]. 

ɇɧŰŮ, ɞ Ŭɚɔɧɟɘɗɛɞɠ ŬˊɞəŬɚŮɑŰŬɘ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ ɤɠ ŰŮɢɜɘəɐ Ůɚɏɔɢɞɡ Űɐɟɖůɖɠ ŮűŮŭɟŮɑŬɠ 

ŮɜŮɟɔɞɨ ɘůɢɨɞɠ (active power reserves ï APR). ɀɎɚɘůŰŬ, əɎˊɞɘŮɠ ŮɟɔŬůɑŮɠ əŬŰŬɚɐɔɞɡɜ ůŰɞ 

ůɡɛˊɏɟŬůɛŬ ɧŰɘ ɖ Ůɜ ɚɧɔɤ ŭɡɜŬŰɧŰɖŰŬ ɡˊɞɓɏɚŰɘůŰɖɠ ɚŮɘŰɞɡɟɔɑŬɠ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ŬəɧɛŬ əŬɘ 

ůŮ ůɡůŰɐɛŬŰŬ ɛŮ ŬˊɞɗɐəŮɡůɖ ŮɜɏɟɔŮɘŬɠ, ˊɟɞɠ Ŭˊɞűɡɔɐ ɡˊŮɟűɧɟŰɘůɖɠ ɛˊŬŰŬɟɘɩɜ [113] əŬɘ 

ɔɘŬ ɓɏɚŰɘůŰɖ ŭɘŬůŰŬůɘɞɚɧɔɖůɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ [104]. ɆŰɖ ůɡɜɏɢŮɘŬ, ŭɑɜŮŰŬɘ ɏɛűŬůɖ ůŰɘɠ 

ŰŮɢɜɘəɏɠ Ůɚɏɔɢɞɡ APR Űɞɡ ɛŮŰŬŰɟɞˊɏŬ ɘůɢɨɞɠ ˊɞɡ ŮˊɘŰɟɏˊɞɡɜ ůŰɞ ūȸ ůɨůŰɖɛŬ ɜŬ ŰɖɟŮɑ 

ŮűŮŭɟŮɑŬ ɘůɢɨɞɠ. 

ɆŰɞɡɠ ɛŮŰŬŰɟɞˊŮɑɠ Ůɜɧɠ Ůˊɘˊɏŭɞɡ (single-stage systems), ɖ Ůɜ ɚɧɔɤ ɚŮɘŰɞɡɟɔɑŬ ŮˊɘŰɡɔɢɎɜŮŰŬɘ 

ɛŮ ŮˊɏəŰŬůɖ Űɞɡ Ŭɚɔɞɟɑɗɛɞɡ Ůɚɏɔɢɞɡ Űɞɡ ŬɜŰɘůŰɟɞűɏŬ [92], [95]ï[97], [112], [113]. ȷɜŰɑɗŮŰŬ, 

ůŰɞɡɠ ɛŮŰŬŰɟɞˊŮɑɠ ŭɨɞ Ůˊɘˊɏŭɤɜ (two-stage systems) ˊɞɡ ŮůŰɘɎɕŮɘ ɖ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, 

ɢɟŮɘɎɕŮŰŬɘ ɜŬ ŰɟɞˊɞˊɞɘɖɗŮɑ ɖ ŰŮɢɜɘəɐ Ůɚɏɔɢɞɡ Űɞɡ dc/dc ɛŮŰŬŰɟɞˊɏŬ [93], [99]ï[101], [111], 

[114], [115], Űɞ ɞˊɞɑɞ ɗŮɤɟŮɑŰŬɘ ɔŮɜɘəɎ ˊɘɞ ŬˊŬɘŰɖŰɘəɐ ŭɘŬŭɘəŬůɑŬ [93]. ɆɡɛɓŬŰɘəɎ, ɛˊɞɟŮɑ ɜŬ 

ŮűŬɟɛɞůŰŮɑ ɏɜŬɠ Űɡˊɘəɧɠ Ŭɚɔɧɟɘɗɛɞɠ P&O ɐ INC ɛŮ ˊŮɟɘɞɟɘůŰɐ ɘůɢɨɞɠ, ɧˊɤɠ ůŰɘɠ [111], [114], 

[115], ˊɟɞůűɏɟɞɜŰŬɠ ɏŰůɘ Ŭˊɚɐ ɡɚɞˊɞɑɖůɖ, ˊɚɖɜ ŬɜŮˊŬɟəɐ ŭɡɜŬɛɘəɐ Ŭˊɧəɟɘůɖ.  

Ʉɟɞɠ ŬɜŰɘɛŮŰɩˊɘůɖ Űɖɠ ŰŮɚŮɡŰŬɑŬɠ ŬŭɡɜŬɛɑŬɠ, ɞɘ ɛɏɗɞŭɞɘ ˊɞɡ ˊɟɞŰŮɑɜɞɜŰŬɘ ůŰɘɠ [93], [99]ï

[101] ɢɟɖůɘɛɞˊɞɘɞɨɜ ŮɚŮɔəŰɏɠ PI, ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ůɖɛŬɜŰɘəɎ əŬɚɨŰŮɟɖ ŭɡɜŬɛɘəɐ 

ůɡɛˊŮɟɘűɞɟɎ əŬɘ ŮɚŮɔɝɘɛɧŰɖŰŬ. ȳɛɤɠ, ɞ ŮɚŮɔəŰɐɠ PI ˊɞɡ əŬɗɞɟɑɕŮɘ Űɞ duty cycle ůŰɘɠ [93], 

[99], [100] ɟɡɗɛɑɕŮɘ Űɖɜ ŰɎůɖ ɚŮɘŰɞɡɟɔɑŬɠ, ŬɜŰɑ Űɖɜ ɘůɢɨ, ɚɧɔɤ Űɖɠ ɛɖ-ɛɞɜɧŰɞɜɖɠ ůɢɏůɖɠ 

ɛŮŰŬɝɨ ɘůɢɨɞɠ əŬɘ duty cycle, ŭɡůəɞɚŮɨɞɜŰŬɠ Űɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ ůŮ ůɡɔəŮəɟɘɛɏɜɖ 



1.5 - Ɇɡɛɓɞɚɐ əŬɘ ɄɟɤŰɞŰɡˊɑŬ Űɖɠ ȹɘŬŰɟɘɓɐɠ 

24 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

ůŰɎɗɛɖ ɘůɢɨɞɠ. ɆŰɖɜ [101], ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɏɜŬɠ ŮɚŮɔəŰɐɠ PI ɘůɢɨɞɠ, ŬɜŰɘɛŮŰɤˊɑɕɞɜŰŬɠ Ůɜ 

ɛɏɟŮɘ Űɞ ɗɏɛŬ Űɖɠ ɛɞɜɞŰɞɜɑŬɠ, ɞŭɖɔɩɜŰŬɠ ɧɛɤɠ ůɡɢɜɎ ůŮ ɚŮɘŰɞɡɟɔɑŬ ůŰɞ ŬɟɘůŰŮɟɧ ŰɛɐɛŬ Űɖɠ 

ɢŬɟŬəŰɖɟɘůŰɘəɐɠ P-V, Űɞ ɞˊɞɑɞ ɔŮɜɘəɎ ŭŮɜ ŮɑɜŬɘ ŮˊɘɗɡɛɖŰɧ [93], [95], [99], [102], [112]. 

Ⱥˊɘˊɚɏɞɜ, ɏɜŬ ůɖɛŬɜŰɘəɧ ɢŬɟŬəŰɖɟɘůŰɘəɧ ɛɑŬɠ ŰɏŰɞɘŬɠ ŰŮɢɜɘəɐɠ Ůɚɏɔɢɞɡ ŮɑɜŬɘ ɖ ŭɡɜŬŰɧŰɖŰŬ 

ŮəŰɑɛɖůɖɠ Űɞɡ MPP ůŮ ˊɟŬɔɛŬŰɘəɧ ɢɟɧɜɞ, əŬɗɩɠ Űɞ ůɨůŰɖɛŬ ɚŮɘŰɞɡɟɔŮɑ ůŮ ɡˊɞɓɏɚŰɘůŰɖ 

ůŰɎɗɛɖ ɘůɢɨɞɠ. ɆŮ ɛɑŬ ŰɏŰɞɘŬ ˊŮɟɑˊŰɤůɖ, Űɞ ūȸ ůɨůŰɖɛŬ ɛˊɞɟŮɑ ɜŬ ŰɖɟŮɑ ůɡɔəŮəɟɘɛɏɜɖ 

ˊɞůɧŰɖŰŬ ŮűŮŭɟŮɑŬɠ, ˊɟɞůŭɘɞɟɘɕɧɛŮɜɖ ŮɑŰŮ ůŮ ŬˊɧɚɡŰɖ ɛɞɟűɐ (kW/MW) ŮɑŰŮ ůŮ ˊɞůɞůŰɧ Űɖɠ 

ɛɏɔɘůŰɖɠ ŭɘŬɗɏůɘɛɖ ɘůɢɨɞɠ (reserve ratio). Ƀɘ ŮɟɔŬůɑŮɠ ůŰɘɠ [92], [93], [95], [99]ï[102] 

ŮűŬɟɛɧɕɞɡɜ ŰŮɢɜɘəɏɠ Ůɚɏɔɢɞɡ APR ́ ɞɡ ɡˊɞůŰɖɟɑɕɞɡɜ ŮɝɤŰŮɟɘəɏɠ ŮɜŰɞɚɏɠ ɘůɢɨɞɠ, ŮˊɘˊɟɧůɗŮŰŬ 

Űɖɠ ɟɨɗɛɘůɖɠ ůɡɢɜɧŰɖŰŬɠ, ŭɘŬűɏɟɞɡɜ ɧɛɤɠ ůɖɛŬɜŰɘəɎ ůŰɖ ɛɏɗɞŭɞ ŮəŰɑɛɖůɖɠ Űɞɡ MPP.  

ɆŰɘɠ [92], [102], ŬɝɘɞˊɞɘɞɨɜŰŬɘ ɛŮŰɟɐůŮɘɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ ɛŮ Űɘɠ ɞˊɞɑŮɠ 

ŬɜɎɔɞɜŰŬɘ ŭŮŭɞɛɏɜŬ Űɞɡ ŰŮɢɜɘəɞɨ űɡɚɚŬŭɑɞɡ ɓɎůŮɘ ŮɛˊŮɘɟɘəɩɜ ůɢɏůŮɤɜ, Ůɜɩ ůŰɘɠ [93], [95], 

[99]ï[101] ŮűŬɟɛɧɕŮŰŬɘ ɏɜŬ ɛŬɗɖɛŬŰɘəɧ ɛɞɜŰɏɚɞ ůŰɘɠ ŰɟɏɢɞɡůŮɠ ɛŮŰɟɐůŮɘɠ ŰɎůɖɠ əŬɘ 

ɟŮɨɛŬŰɞɠ ˊɞɡ əŬŰŬɔɟɎűɞɜŰŬɘ Ŭˊɧ Űɞɜ dc/dc ɛŮŰŬŰɟɞˊɏŬ. ȼ ˊɟɩŰɖ ˊɟɞůɏɔɔɘůɖ ŮɑɜŬɘ 

ŬˊɚɞɨůŰŮɟɖ, ŬɚɚɎ ˊŬɟɞɡůɘɎɕŮɘ ůűɎɚɛŬŰŬ ŮəŰɑɛɖůɖɠ ɚɧɔɤ Űɖɠ ŮɛˊŮɘɟɘəɐɠ űɨůɖɠ Űɤɜ ůɢɏůŮɤɜ 

ŬɜŬɔɤɔɐɠ əŬɘ Űɖɠ ŬɜŬˊɧűŮɡəŰɖɠ ŭɘŬűɞɟɞˊɞɑɖůɖɠ Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɤɜ ūȸ ˊɚŬɘůɑɤɜ Ŭˊɧ 

ŰŬ ŬɜŬɔɟŬűɧɛŮɜŬ ůŰɞɘɢŮɑŬ ůŰɞ ŰŮɢɜɘəɧ űɡɚɚɎŭɘɞ. ȷɜŰɑɗŮŰŬ, ɞɘ ɛɏɗɞŭɞɘ Űɤɜ [93], [95], [99]ï

[101] ˊɟɞůűɏɟɞɡɜ ŮɝŬɘɟŮŰɘəɐ ˊɟɞůŬɟɛɞůŰɘəɧŰɖŰŬ ůŰɞ ˊɟŬɔɛŬŰɘəɧ ůɨůŰɖɛŬ, ŬɚɚɎ 

ŮűŬɟɛɧɕɞɡɜ ŬˊɚɞˊɞɘɖɛɏɜŬ əɡəɚɤɛŬŰɘəɎ ɛɞɜŰɏɚŬ əŬɘ ˊŬɟɞɡůɘɎɕɞɡɜ ŮɡŬɘůɗɖůɑŬ ůŮ ůɡɜɗɐəŮɠ 

ɗɞɟɨɓɞɡ (ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɐ ˊŬɟŮɜɧɢɚɖůɖ ï EMI). ɆɡɔəŮəɟɘɛɏɜŬ, ɞɘ [93], [99] ɓŬůɑɕɞɜŰŬɘ ůŮ 

ɏɜŬ ɔɟŬɛɛɘəɧ-ˊŬɟŬɓɞɚɘəɧ ɛɞɜŰɏɚɞ ˊɞɡ ŬɝɘɞˊɞɘŮɑ ɛɧɜɞ Űɘɠ ŭɨɞ ˊɟɞɖɔɞɨɛŮɜŮɠ ɛŮŰɟɐůŮɘɠ, Ůɜɩ 

ɖ [95] ŮűŬɟɛɧɕŮɘ ɏɜŬ ŭŮɡŰŮɟɞɓɎɗɛɘɞ ˊɞɚɡɩɜɡɛɞ ůŰŬ ŰɟɑŬ ŰŮɚŮɡŰŬɑŬ ůɖɛŮɑŬ ɚŮɘŰɞɡɟɔɑŬɠ.  

ȾŬŰɎ Űɖɜ Ůəˊɧɜɖůɖ Űɖɠ ŭɘŬŰɟɘɓɐɠ, ŭɘŮɝɐɢɗɖ ɏɟŮɡɜŬ ůŰɞ Ůɜ ɚɧɔɤ ŬɜŰɘəŮɑɛŮɜɞ, ŭɑɜɞɜŰŬɠ 

ɘŭɘŬɑŰŮɟɖ ɏɛűŬůɖ ůŰɖɜ ŮɡɟɤůŰɑŬ Űɖɠ ŰŮɢɜɘəɐɠ Ůɚɏɔɢɞɡ ůŮ Ůɜɗɧɟɡɓɞ ˊŮɟɘɓɎɚɚɞɜ. ɆɖɛŮɑɞ əɚŮɘŭɑ ůŮ 

ɛɘŬ ŰɏŰɞɘŬ ˊɟɞůˊɎɗŮɘŬ ŮɑɜŬɘ ɖ ɢɟɐůɖ Űɖɠ ŰŮɢɜɘəɐɠ ˊɟɞůŬɟɛɞɔɐɠ əŬɛˊɨɚɖɠ (curve fitting) ůŮ 

ɏɜŬ ɛŮɔɎɚɞ ˊɚɐɗɞɠ ůɖɛŮɑɤɜ ɚŮɘŰɞɡɟɔɑŬɠ, ɏɜŬɜŰɘ ɚɑɔɤɜ ɛŮɛɞɜɤɛɏɜɤɜ ɛŮŰɟɐůŮɤɜ. ȺɜŭɘɎɛŮůŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ ŬɡŰɐ Űɖɠ ŭɘŮɟŮɨɜɖůɖɠ ŮɑɜŬɘ ŭɨɞ Ŭɚɔɧɟɘɗɛɞɘ ˊɞɡ ŮűŬɟɛɧɕɞɡɜ curve fitting, 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬ ˊŬɟŬɓɞɚɘəɧ ɛɞɜŰɏɚɞ [100] ɐ ɛɑŬ Ŭˊɚɞˊɞɘɖɛɏɜɖ Ůəŭɞɢɐ Űɞɡ ɛɞɜŰɏɚɞɡ 

ɛɑŬɠ ŭɘɧŭɞɡ [101]. ȸɏɓŬɘŬ, ɖ Ŭˊɚɞˊɞɑɖůɖ Űɞɡ ɗŮɛŮɚɘɩŭɞɡɠ ɛɞɜŰɏɚɞɡ ˊɞɡ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŰɘɠ 

ŭɨɞ ŬɜɤŰɏɟɤ ɛŮɗɧŭɞɡɠ, ɞŭɖɔŮɑ ůŮ ůűɎɚɛŬŰŬ ŮəŰɑɛɖůɖɠ. Ƀ Ůɜ ɚɧɔɤ ˊŮɟɘɞɟɘůɛɧɠ 

ŬɜŰɘɛŮŰɤˊɑɕŮŰŬɘ ůŰɖɜ ŰŮɢɜɘəɐ ˊɞɡ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ȾŮűɎɚŬɘɞ 5, ɖ ɞˊɞɑŬ ɓŬůɑɕŮŰŬɘ ůŰɞ 

ˊɚɐɟŮɠ (ɛɖ-Ŭˊɚɞˊɞɘɖɛɏɜɞ) ɛɞɜŰɏɚɞ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ. 

1.5 ɫʑʈɼʋʇʙ ʆɻʅ ɩʍʖʐʋʐʑʌʚɻ ʐʂʏ ɝʅɻʐʍʅɼʙʏ 

ȼ ́ ŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ ůɡɜŮɘůűɏɟŮɘ ˊɟɤŰɑůŰɤɠ ůŰɖ ɗŮɤɟɑŬ Űɖɠ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ Űɤɜ 

űɤŰɞɓɞɚŰŬɥəɩɜ (ūȸ) ůɡůŰɖɛɎŰɤɜ, Űɧůɞ ɔɘŬ ůɡɜɗɐəŮɠ ɞɛɞɘɧɛɞɟűɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ ɧůɞ əŬɘ 

ɛŮɟɘəɐɠ ůəɑŬůɖɠ. Ⱥˊɘˊɚɏɞɜ, ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ ŬɝɘɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ 

ɜɏɤɜ ŰŮɢɜɘəɩɜ Ůɚɏɔɢɞɡ Űɞɡ dc/dc ɛŮŰŬŰɟɞˊɏŬ, ɞɘ ɞˊɞɑŮɠ ŬɡɝɎɜɞɡɜ Űɖɜ Ŭˊɧŭɞůɖ ůŮ ůɡɜɗɐəŮɠ 

ůəɑŬůɖɠ əŬɘ ŮˊɘŰɟɏˊɞɡɜ ůŰɞ ūȸ ůɨůŰɖɛŬ ɜŬ ŰɖɟŮɑ ŮűŮŭɟŮɑŬ ɘůɢɨɞɠ.  

ũɘŬ ɞɛɞɘɧɛɞɟűŮɠ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ, ˊɟɞŰŮɑɜɞɜŰŬɘ ɜɏŮɠ ŬɜŬɚɡŰɘəɏɠ ŮɝɘůɩůŮɘɠ ɔɘŬ Űɞɜ 

ɡˊɞɚɞɔɘůɛɧ Űɖɠ ŰɎůɖɠ əŬɘ Űɞɡ ɟŮɨɛŬŰɞɠ ůŰɞ ůɖɛŮɑɞ ɛɏɔɘůŰɖɠ ˊŬɟŬɔɤɔɐɠ (MPP), ůɡɜŬɟŰɐůŮɘ 

Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ. Ƀɘ Ůɜ ɚɧɔɤ ŮəűɟɎůŮɘɠ ŮɑɜŬɘ Ŭˊɧ Űɘɠ ɚɑɔŮɠ ɛŮɗɧŭɞɡɠ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ 

ˊɞɡ ˊɟɞůŭɘɞɟɑɕɞɡɜ Űɞ MPP ɛŮ Ůɡɗɨ Űɟɧˊɞ, ɢɤɟɑɠ ŮˊŬɜŬɚɖˊŰɘəɧ Ŭɚɔɧɟɘɗɛɞ Ůˊɑɚɡůɖɠ. 
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ɆŰɖ ůɡɜɏɢŮɘŬ, ŭɘŬŰɡˊɩɜɞɜŰŬɘ ɜɏŮɠ Ŭˊɚɏɠ ŮɝɘůɩůŮɘɠ ɔɘŬ Űɖɜ ŮɝŬɔɤɔɐ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ 

Űɞɡ ūȸ ɛɞɜŰɏɚɞɡ ɛɑŬɠ ŭɘɧŭɞɡ (single-diode PV model). ɃɟɑɕŮŰŬɘ ɛɑŬ ɜɏŬ ůŰŬɗŮɟɎ ŭ0 ˊɞɡ 

ůɡɜŭɏŮɘ Űɞ ůɡɜŰŮɚŮůŰɐ Űɖɠ ŭɘɧŭɞɡ ɛŮ Űɞɡɠ ɗŮɟɛɞəɟŬůɘŬəɞɨɠ ůɡɜŰŮɚŮůŰɏɠ, ŮˊɘŰɟɏˊɞɜŰŬɠ Ůɡɗɨ 

ɡˊɞɚɞɔɘůɛɧ Űɞɡ ˊɟɩŰɞɡ ɎɛŮůŬ Ŭˊɧ ŰŬ ŭŮŭɞɛɏɜŬ Űɞɡ ŰŮɢɜɘəɞɨ űɡɚɚŬŭɑɞɡ Űɞɡ ūȸ ˊɚŬɘůɑɞɡ. ȼ 

ˊɟɞŰŮɘɜɧɛŮɜɖ ɛɏɗɞŭɞɠ ŬˊɞűŮɨɔŮɘ Űɖɜ ŬɟɘɗɛɖŰɘəɐ Ůˊɑɚɡůɖ, ɓŬůɑɕŮŰŬɘ ɛɧɜɞ ůŰɞ ŰŮɢɜɘəɧ 

űɡɚɚɎŭɘɞ əŬɘ ŮˊɘŭŮɘəɜɨŮɘ ˊɞɚɨ ɘəŬɜɞˊɞɘɖŰɘəɐ ŬəɟɑɓŮɘŬ ůŮ ůɢɏůɖ ɛŮ ɎɚɚŮɠ ˊɟɞůŮɔɔɑůŮɘɠ Űɖɠ 

ɓɘɓɚɘɞɔɟŬűɑŬɠ. 

ȷɝɘɞˊɞɘɩɜŰŬɠ ŰŬ ˊɟɞŬɜŬűŮɟɗɏɜŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ, ŮɘůɎɔɞɜŰŬɘ ɜɏŮɠ ɛŬɗɖɛŬŰɘəɏɠ ŮəűɟɎůŮɘɠ 

ɔɘŬ Űɞɜ Ůɡɗɨ ɡˊɞɚɞɔɘůɛɧ Űɤɜ ůɖɛŮɑɤɜ ɓɟŬɢɡəɨəɚɤůɖɠ (SC), ŬɜɞɘɢŰɞəɨəɚɤůɖɠ (OC) əŬɘ MPP, 

ůɡɜŬɟŰɐůŮɘ ŬˊŮɡɗŮɑŬɠ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ. Ƀɘ Ůɜ ɚɧɔɤ ŮɝɘůɩůŮɘɠ ŮɑɜŬɘ 

ɗŮɤɟɖŰɘəɎ ŰŮəɛɖɟɘɤɛɏɜŮɠ əŬɘ ŬˊŬɚɚŬɔɛɏɜŮɠ Ŭˊɧ ŮɛˊŮɘɟɘəɞɨɠ ůɡɜŰŮɚŮůŰɏɠ, Ůɜɩ ɓɟɑůəɞɜŰŬɘ ůŮ 

ˊɚɐɟɖ ůɨɔəɚɘůɖ ɛŮ Űɞ ɛɞɜŰɏɚɞ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ, ůŮ ŬɜŰɑɗŮůɖ ɛŮ ɎɚɚŮɠ ɛŮɗɧŭɞɡɠ Űɖɠ 

ɓɘɓɚɘɞɔɟŬűɑŬɠ. 

ȽŭɘŬɑŰŮɟɖ ɏɛűŬůɖ ŭɑɜŮŰŬɘ ůŰɖ ɛŮɚɏŰɖ Űɞɡ űŬɘɜɞɛɏɜɞɡ Űɖɠ ɛŮɟɘəɐɠ ůəɑŬůɖɠ əŬɘ Űɤɜ 

ŮˊɘŭɟɎůŮɩɜ Űɞɡ ůŰɖɜ ɖɚŮəŰɟɘəɐ Ŭˊɧəɟɘůɖ Ůɜɧɠ ūȸ ůɡůŰɐɛŬŰɞɠ. ȹɘŬŰɡˊɩɜŮŰŬɘ ɏɜŬ Ŭˊɧ ŰŬ 

ɟ́ɩŰŬ ɛɞɜŰɏɚŬ ŮɡɗŮɑŬɠ ɛɞɟűɐɠ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ, Űɞ ɞˊɞɑɞ ˊŮɟɘɔɟɎűŮɘ ˊɚɐɟɤɠ ɛɑŬ ūȸ 

ůɡůŰɞɘɢɑŬ ůŮ ɓɎɗɞɠ ŬɜɎɚɡůɖɠ əɡɣɏɚɖɠ əŬɘ ɡˊɞůŰɖɟɑɕŮɘ ɞˊɞɘŬŭɐˊɞŰŮ ůŮɜɎɟɘɞ Ŭɜɞɛɞɘɧɛɞɟűɖɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ. ȹŮŭɞɛɏɜɞɡ ɧŰɘ ŭŮɜ ˊŮɟɘɚŬɛɓɎɜŮɘ ŬɟɘɗɛɖŰɘəɐ/ŮˊŬɜŬɚɖˊŰɘəɐ ŭɘŬŭɘəŬůɑŬ, Űɞ Ůɜ 

ɚɧɔɤ ɛɞɜŰɏɚɞ ˊŬɟɞɡůɘɎɕŮɘ ˊɞɚɨ ɛɘəɟɧ ɡˊɞɚɞɔɘůŰɘəɧ əɧůŰɞɠ əŬɘ Ůɔɔɡɖɛɏɜɖ ŮˊɘɚɡůɘɛɧŰɖŰŬ. 

ȰŰůɘ, ŮűŬɟɛɧɕŮŰŬɘ ůŮ ˊɞɚɡɎɟɘɗɛŬ ůŮɜɎɟɘŬ ůəɑŬůɖɠ əŬɘ ɔɘŬ ŭɘɎűɞɟŮɠ ūȸ ŭɘŬŰɎɝŮɘɠ, 

ŮɝɎɔɞɜŰŬɠ ůɖɛŬɜŰɘəɎ ůɡɛˊŮɟɎůɛŬŰŬ ɔɘŬ Űɞɜ Űɟɧˊɞ ɛŮ Űɞɜ ɞˊɞɑɞ ɖ ůəɑŬůɖ ŮˊɖɟŮɎɕŮɘ Űɘɠ 

ɢŬɟŬəŰɖɟɘůŰɘəɏɠ əŬɛˊɨɚŮɠ I-V əŬɘ P-V. ȼ ůɡɔəŮəɟɘɛɏɜɖ ŭɘŮɟŮɨɜɖůɖ əŬŰŬɚɐɔŮɘ ůŮ ˊɚɐɟɖ 

ɢŬɟŬəŰɖɟɘůɛɧ ɧɚɤɜ Űɤɜ Űɞˊɘəɩɜ ɛŮɔɑůŰɤɜ ɘůɢɨɞɠ (MPPs) ˊɞɡ ŮɛűŬɜɑɕɞɜŰŬɘ ůŮ ŬɡŰɏɠ Űɘɠ 

əŬɛˊɨɚɏɠ, ŮɝɖɔɩɜŰŬɠ ˊɩɠ ŮˊɖɟŮɎɕɞɜŰŬɘ Ŭˊɧ Űɖɜ ɏɜŰŬůɖ əŬɘ ɏəŰŬůɖ Űɖɠ ůəɑŬůɖɠ. 

ȼ ˊɟɞŬɜŬűŮɟɗŮɑůŬ ŬɜɎɚɡůɖ ɞŭɖɔŮɑ ůŰɖ ŭɘŬŰɨˊɤůɖ Ŭˊɚɩɜ ˊŮɟɘɔɟŬűɘəɩɜ ŮɝɘůɩůŮɤɜ ɔɘŬ Űɞɜ 

ɡˊɞɚɞɔɘůɛɧ Űɖɠ ŰɎůɖɠ əŬɘ Űɞɡ ɟŮɨɛŬŰɞɠ ůŮ ɧɚŬ ŰŬ ŰɞˊɘəɎ MPPs ɛɘŬɠ ɛŮɟɘəɩɠ ůəɘŬůɛɏɜɖɠ ūȸ 

ˊɚŬɘůɘɞůŮɘɟɎɠ əŬɘ ůɡůŰɞɘɢɑŬɠ. Ƀɘ ˊɟɞŰŮɘɜɧɛŮɜŮɠ ůɢɏůŮɘɠ ŮɑɜŬɘ ɞɘ ˊɟɩŰŮɠ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ ˊɞɡ 

ŮˊɘŰɡɔɢɎɜɞɡɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ MPPs ŬɜŬɚɡŰɘəɎ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɛɧɜɞ ŭŮŭɞɛɏɜŬ Űɞɡ 

ŰŮɢɜɘəɞɨ űɡɚɚŬŭɑɞɡ, ˊɟɞůűɏɟɞɜŰŬɠ ɏŰůɘ ɏɜŬɜ Ŭˊɚɧ əŬɘ ŮɨɢɟɖůŰɞ Űɟɧˊɞ ɡˊɞɚɞɔɘůɛɞɨ Űɖɠ 

Ŭˊɧŭɞůɖɠ ůŮ ɞˊɞɘŮůŭɐˊɞŰŮ ůɡɜɗɐəŮɠ ůəɑŬůɖɠ. 

ɆŮ ɧɚŮɠ Űɘɠ ˊŮɟɘˊŰɩůŮɘɠ, ŰŬ ˊɟɞŰŮɘɜɧɛŮɜŬ ɛɞɜŰɏɚŬ əŬɘ ŬɜŬɚɡŰɘəɏɠ ůɢɏůŮɘɠ ɡˊɞůŰɖɟɑɕɞɜŰŬɘ 

Ŭˊɧ ˊɚɐɟɖ ˊŮɘɟŬɛŬŰɘəɐ ŮˊɘɓŮɓŬɑɤůɖ ɛŮ ɛŮŰɟɐůŮɘɠ ůŮ ɡűɘůŰɎɛŮɜŮɠ ūȸ ŭɘŬŰɎɝŮɘɠ. ɇŬ 

ˊŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ əŬŰŬŭŮɘəɜɨɞɡɜ ˊɞɚɨ ɘəŬɜɞˊɞɘɖŰɘəɐ ŬəɟɑɓŮɘŬ ůŮ ɧɚŮɠ Űɘɠ 

ˊŮɟɘˊŰɩůŮɘɠ. 

Ⱥˊɘˊɚɏɞɜ, ŰŬ əŮəŰɖɛɏɜŬ Ŭˊɧ Űɖɜ ŬɜɎɚɡůɖ Űɞɡ űŬɘɜɞɛɏɜɞɡ Űɖɠ ůəɑŬůɖɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ 

ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ ɜɏɤɜ ŰŮɢɜɘəɩɜ Ůɚɏɔɢɞɡ Űɞɡ dc/dc ɛŮŰŬŰɟɞˊɏŬ, ŮɘŭɘəɎ ůɢŮŭɘŬůɛɏɜɤɜ ɔɘŬ 

ůɡɜɗɐəŮɠ ůəɑŬůɖɠ. ȷɟɢɘəɎ, ˊɟɞŰŮɑɜŮŰŬɘ ɛɑŬ ŮɨəɞɚŬ əŬɘ ɔŮɜɘəɎ ŮűŬɟɛɧůɘɛɖ ɛɏɗɞŭɞɠ 

ŬɜŬɔɜɩɟɘůɖɠ Űɤɜ ůɡɜɗɖəɩɜ ůəɑŬůɖɠ Ŭˊɧ Űɞɜ dc/dc ɛŮŰŬŰɟɞˊɏŬ. ɆŰɖ ůɡɜɏɢŮɘŬ, ŬɜŬˊŰɨůůŮŰŬɘ 

ɏɜŬɠ Ŭˊɚɧɠ Ŭɚɔɧɟɘɗɛɞɠ ŬɜɑɢɜŮɡůɖɠ Űɞɡ ůɖɛŮɑɞɡ ɛɏɔɘůŰɖɠ ˊŬɟŬɔɤɔɐɠ (MPPT) ˊɞɡ ŮɔɔɡɎŰŬɘ 

ˊɟŬɔɛŬŰɘəɎ ɓɏɚŰɘůŰɖ ɚŮɘŰɞɡɟɔɑŬ ůŮ ɛɑŬ ūȸ ˊɚŬɘůɘɞůŮɘɟɎ ɖ ɞˊɞɑŬ ůəɘɎɕŮŰŬɘ ůŮ ŭɨɞ ŮˊɑˊŮŭŬ 

ŬəŰɘɜɞɓɞɚɑŬɠ, ɢɤɟɑɠ ˊŮɟɘɞŭɘəɐ ŭɘŬəɨɛŬɜůɖ Űɞɡ ůɖɛŮɑɞɡ ɚŮɘŰɞɡɟɔɑŬɠ. Ⱥˊɘˊɚɏɞɜ, ˊɟɞŰŮɑɜŮŰŬɘ 

ɏɜŬɠ ŬˊɞŭɞŰɘəɧŰŮɟɞɠ, ˊɚɖɜ ˊɞɚɡˊɚɞəɧŰŮɟɞɠ, Ŭɚɔɧɟɘɗɛɞɠ MPPT ˊɞɡ ŮűŬɟɛɧɕŮɘ ˊɟɞůŬɟɛɞɔɐ 

əŬɛˊɨɚɖɠ (curve fitting), ɞ ɞˊɞɑɞɠ ɝŮˊŮɟɜɎ əɎˊɞɘɞɡɠ Ŭˊɧ Űɞɡɠ ˊŮɟɘɞɟɘůɛɞɨɠ Űɞɡ 

ˊɟɞɖɔɞɡɛɏɜɞɡ. 



1.6 - ȹɞɛɐ ȺɟɔŬůɑŬɠ 

26 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

ɇɏɚɞɠ, ŬɜŬˊŰɨůůŮŰŬɘ ɛɑŬ ŰŮɢɜɘəɐ Ůɚɏɔɢɞɡ ɔɘŬ Űɞɜ ɛŮŰŬŰɟɞˊɏŬ ɘůɢɨɞɠ Űɞɡ ūȸ ůɡůŰɐɛŬŰɞɠ 

ˊɞɡ ŮˊɘŰɟɏˊŮɘ Űɐɟɖůɖ ŮűŮŭɟŮɑŬɠ ɘůɢɨɞɠ. ȼ əŬɘɜɞŰɞɛɑŬ Űɖɠ Ůɜ ɚɧɔɤ ɛŮɗɧŭɞɡ ŮɑɜŬɘ ɧŰɘ ŮəŰɘɛɎ Űɞ 

MPP ůŮ ˊɟŬɔɛŬŰɘəɧ ɢɟɧɜɞ əŬɗɩɠ Űɞ ůɨůŰɖɛŬ ɚŮɘŰɞɡɟɔŮɑ ůŮ ɡˊɞɓɏɚŰɘůŰɖ ůŰɎɗɛɖ ɘůɢɨɞɠ 

(ɛŬəɟɘɎ Ŭˊɧ Űɞ MPP). ȺˊɘŰɟɏˊŮɘ ɚŮɘŰɞɡɟɔɑŬ ůŮ ɧɚɞ Űɞ ŭɡɜŬŰɧ Ůɨɟɞɠ Ŭˊɧ 0% ɏɤɠ 100% Űɖɠ 

ɛɏɔɘůŰɖɠ ˊŬɟŬɔɤɔɐɠ, Ůɜɩ ɢɟɖůɘɛɞˊɞɘŮɑ ɏɜŬɜ ɛɧɜɞ ŮɚŮɔəŰɐ PI ˊŬɟɎ Űɖ ɛɖ-ɛɞɜɧŰɞɜɖ ůɢɏůɖ 

ɛŮŰŬɝɨ ɘůɢɨɞɠ əŬɘ duty cycle. ȼ ˊɟɞŰŮɘɜɧɛŮɜɖ ůŰɟŬŰɖɔɘəɐ Ůɚɏɔɢɞɡ ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ ɛŮ 

ɛŮŰɟɐůŮɘɠ ůŮ ˊŮɘɟŬɛŬŰɘəɐ ŭɘɎŰŬɝɖ 2 kW. 

1.6 ɝʋʈʙ ɞʍɾɻʎʚɻʏ 

ɆŰɖɜ ȺɘůŬɔɤɔɐ, ˊŮɟɘɔɟɎűɞɜŰŬɘ ŰŬ ɓŬůɘəɎ əŬŰŬůəŮɡŬůŰɘəɎ əŬɘ ɚŮɘŰɞɡɟɔɘəɎ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ Ůɜɧɠ ūȸ ůɡůŰɐɛŬŰɞɠ. ɆɢɖɛŬŰɑɕŮŰŬɘ ɛɑŬ ˊɟɩŰɖ ŮɘəɧɜŬ ɔɘŬ Űɞ ˊɩɠ ɖ ůəɑŬůɖ 

ŮˊɖɟŮɎɕŮɘ Űɖɜ ɖɚŮəŰɟɘəɐ Űɞɡ Ŭˊɧəɟɘůɖ əŬɘ ŭɑɜŮŰŬɘ ɚŮˊŰɞɛŮɟɐɠ ɓɘɓɚɘɞɔɟŬűɘəɐ ŬɜŬůəɧˊɖůɖ 

ŮɜŮɟɔŮɘŬəɩɜ ɛɞɜŰɏɚɤɜ ˊɞɡ ŮɑɜŬɘ ŮɘŭɘəɎ ůɢŮŭɘŬůɛɏɜŬ ɔɘŬ ŬɜɞɛɞɘɧɛɞɟűŮɠ ůɡɜɗɐəŮɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ. Ⱥˊɑůɖɠ, ˊŮɟɘɔɟɎűɞɜŰŬɘ ɞɘ ɓŬůɘəɏɠ Ŭɟɢɏɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡ ɛŮŰŬŰɟɞˊɏŬ ɘůɢɨɞɠ Űɞɡ 

ūȸ ůɡůŰɐɛŬŰɞɠ əŬɘ Űɞɡ Ŭɚɔɞɟɑɗɛɞɡ Ůɚɏɔɢɞɡ MPPT, Ůɜɩ ŭɘŮɟŮɡɜɩɜŰŬɘ ɞɘ ŭɡɜŬŰɧŰɖŰŮɠ 

Űɐɟɖůɖɠ ŮűŮŭɟŮɑŬɠ ɘůɢɨɞɠ Ŭˊɧ ɏɜŬ ūȸ ůɨůŰɖɛŬ. 

ɇɞ ȾŮűɎɚŬɘɞ 2 ŬůɢɞɚŮɑŰŬɘ ɛŮ Űɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɞɡ ūȸ ůɡůŰɐɛŬŰɞɠ ůŮ ůɡɜɗɐəŮɠ 

ɞɛɞɘɧɛɞɟűɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ. ȺɝɖɔŮɑŰŬɘ Űɞ ɛɞɜŰɏɚɞ ɛɑŬɠ ŭɘɧŭɞɡ əŬɘ ɞɘ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ I-V əŬɘ 

P-V, Ůɜɩ ˊŮɟɘɔɟɎűɞɜŰŬɘ ɞɘ ŭɘŬŭɘəŬůɑŮɠ ŮɨɟŮůɖɠ əŬɘ ŬɜŬɔɤɔɐɠ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ. ɆŰɞ ɑŭɘɞ 

əŮűɎɚŬɘɞ, ŭɘŬŰɡˊɩɜɞɜŰŬɘ Ŭˊɚɏɠ ŬɜŬɚɡŰɘəɏɠ ŮəűɟɎůŮɘɠ ɔɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ ůɖɛŮɑɤɜ SC, 

OC əŬɘ MPP ůɡɜŬɟŰɐůŮɘ ŮɑŰŮ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ ŮɑŰŮ ŬˊŮɡɗŮɑŬɠ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ 

ɗŮɟɛɞəɟŬůɑŬɠ.  

ȿŮˊŰɞɛŮɟɐɠ ɛŮɚɏŰɖ əŬɘ ŬɜɎɚɡůɖ Űɤɜ ŮˊɘŭɟɎůŮɤɜ Űɖɠ ůəɑŬůɖɠ ůŰɖɜ ɖɚŮəŰɟɘəɐ Ŭˊɧəɟɘůɖ 

Ůɜɧɠ ūȸ ůɡůŰɐɛŬŰɞɠ ɔɑɜŮŰŬɘ ůŰɞ ȾŮűɎɚŬɘɞ 3. ȷɟɢɘəɎ, ˊŮɟɘɔɟɎűŮŰŬɘ Űɞ ˊɟɞŰŮɘɜɧɛŮɜɞ 

ŬɜŬɚɡŰɘəɧ ɛɞɜŰɏɚɞ ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɖɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ əŬɛˊɨɚɖɠ Ůɜɧɠ ūȸ ůɡůŰɐɛŬŰɞɠ, 

Űɞ ɞˊɞɑɞ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɔɘŬ ˊɟɞůɞɛɞɑɤůɖ ˊɚɖɗɩɟŬɠ ůŮɜŬɟɑɤɜ ůəɑŬůɖɠ. ɇŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ Ŭˊɧ Űɖ ɔɟŬűɘəɐ ŬɜɎɚɡůɖ ŬɝɘɞˊɞɘɞɨɜŰŬɘ Ŭəɞɚɞɨɗɤɠ ɔɘŬ Űɖ ŭɘŬŰɨˊɤůɖ Ŭˊɚɩɜ 

ˊŮɟɘɔɟŬűɘəɩɜ ŮɝɘůɩůŮɤɜ Ůɡɗɨ ɡˊɞɚɞɔɘůɛɞɨ ɧɚɤɜ Űɤɜ Űɞˊɘəɩɜ MPPs ɛɘŬɠ ůəɘŬůɛɏɜɖɠ ūȸ 

ˊɚŬɘůɘɞůŮɘɟɎɠ əŬɘ ůɡůŰɞɘɢɑŬɠ. 

ɆŰɞ ȾŮűɎɚŬɘɞ 4, ˊŮɟɘɔɟɎűɞɜŰŬɘ ɞɘ ŭɡůəɞɚɑŮɠ ˊɞɡ ŬɜŰɘɛŮŰɤˊɑɕŮɘ ɞ Ŭɚɔɧɟɘɗɛɞɠ MPPT ůŮ 

ůɡɜɗɐəŮɠ ɛŮɟɘəɐɠ ůəɑŬůɖɠ, Ůɜɩ ŬɜŬˊŰɨůůɞɜŰŬɘ ŰɟŮɘɠ ŰŮɢɜɘəɏɠ Ůɚɏɔɢɞɡ ˊɞɡ ŮɑɜŬɘ ŮɘŭɘəɎ 

ůɢŮŭɘŬůɛɏɜŮɠ ɔɘŬ ŬɡŰɏɠ Űɘɠ ůɡɜɗɐəŮɠ. 

ɆŰɞ ȾŮűɎɚŬɘɞ 5, ˊɟɞŰŮɑɜŮŰŬɘ ɛɑŬ ɞɚɞəɚɖɟɤɛɏɜɖ ŰŮɢɜɘəɐ Ůɚɏɔɢɞɡ ɔɘŬ Űɞɜ ɛŮŰŬŰɟɞˊɏŬ ɘůɢɨɞɠ 

Ůɜɧɠ ūȸ ůɡůŰɐɛŬŰɞɠ, ɖ ɞˊɞɑŬ ŮˊɘŰɟɏˊŮɘ Űɐɟɖůɖ ŮűŮŭɟŮɑŬɠ ɘůɢɨɞɠ ůɨɛűɤɜŬ ɛŮ Űɖɜ ŮɜŰɞɚɐ Űɞɡ 

ŭɘŬɢŮɘɟɘůŰɐ Űɞɡ ůɡůŰɐɛŬŰɞɠ/ŭɘəŰɨɞɡ, ŮəŰɘɛɩɜŰŬɠ ŰŬɡŰɧɢɟɞɜŬ Űɖ ɛɏɔɘůŰɖ ŭɘŬɗɏůɘɛɖ ɘůɢɨ ɛŮ 

ɛŬɗɖɛŬŰɘəɧ Űɟɧˊɞ. 

ɆŰɞ ȾŮűɎɚŬɘɞ 6, ůɡɜɞɣɑɕɞɜŰŬɘ ŰŬ ůɡɛˊŮɟɎůɛŬŰŬ əŬɘ ˊɟɞŰŮɑɜɞɜŰŬɘ əŬŰŮɡɗɨɜůŮɘɠ ˊŮɟŬɘŰɏɟɤ 

ɏɟŮɡɜŬɠ. ȼ ɗŮɤɟɑŬ ˊɑůɤ Ŭˊɧ Űɖ ůɡɜɎɟŰɖůɖ Lambert W ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ əŬŰɎ əɧɟɞɜ ůŰɖɜ 

ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ ŭɑɜŮŰŬɘ ůŰɞ ɄȷɅȷɅɇȼɀȷ ȷ, Ůɜɩ ɞɘ ɚŮˊŰɞɛɏɟŮɘŮɠ əŬɘ ŰŬ ɛŬɗɖɛŬŰɘəɎ 

ɓɐɛŬŰŬ ŮɝŬɔɤɔɐɠ ůɡɔəŮəɟɘɛɏɜɤɜ ŮɝɘůɩůŮɤɜ ˊŬɟŬŰɑɗŮɜŰŬɘ ůŰɞ ɄȷɅȷɅɇȼɀȷ ȸ. ɆŰɞ 

ɄȷɅȷɅɇȼɀȷ ũ ůɡɔəŮɜŰɟɩɜɞɜŰŬɘ ɞɘ ůɖɛŬɜŰɘəɧŰŮɟŮɠ ůɢɏůŮɘɠ Űɖɠ ŭɘŬŰɟɘɓɐɠ ˊɞɡ Ŭűɞɟɞɨɜ Űɖ 

ūȸ ɛɞɜŰŮɚɞˊɞɑɖůɖ. 
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ɣɞɮɚɤɚɢɨ ς  

ɥʋʉʐʀʇʋʌʋʚʂʎʂ ɮɛ ɫʑʎʐʂʈʗʐʖʉ 

ʎʀ ɨʈʋʅʝʈʋʍʒʂ ɚʆʐʅʉʋɼʋʇʚɻ 
  

ɆŰɞ ˊŬɟɧɜ əŮűɎɚŬɘɞ ˊŮɟɘɔɟɎűɞɜŰŬɘ ɞɘ ɓŬůɘəɏɠ ɏɜɜɞɘŮɠ Űɖɠ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ Ůɜɧɠ ūȸ 

ůɡůŰɐɛŬŰɞɠ ˊɞɡ ɚŮɘŰɞɡɟɔŮɑ ůŮ ɞɛɞɘɧɛɞɟűŮɠ ůɡɜɗɐəŮɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ. 

ɄŬɟɞɡůɘɎɕŮŰŬɘ əŬɘ ŬɜŬɚɨŮŰŬɘ Űɞ ŮɡɟɨŰŬŰŬ ŭɘŬŭŮŭɞɛɏɜɞ ūȸ ɛɞɜŰɏɚɞ Űɖɠ ɛɑŬɠ ŭɘɧŭɞɡ (single-

diode PV model), ůŰɞ ɞˊɞɑɞ ɓŬůɑɕŮŰŬɘ ɖ ˊŬɟɞɨůŬ ɏɟŮɡɜŬ. 

ɀŮɚŮŰɩɜŰŬɘ ŰŬ ŰɟɑŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ůɖɛŮɑŬ ɚŮɘŰɞɡɟɔɑŬɠ ůŮ əŬŰɎůŰŬůɖ ɓɟŬɢɡəɨəɚɤůɖɠ 

(SC), ŬɜɞɘɢŰɞəɨəɚɤůɖɠ (OC) əŬɘ ɛɏɔɘůŰɖɠ ˊŬɟŬɔɤɔɐɠ (MPP), əŬɘ ŭɘŬŰɡˊɩɜɞɜŰŬɘ ŬɜŬɚɡŰɘəɏɠ 

ŮɝɘůɩůŮɘɠ ůɡɜŬɟŰɐůŮɘ  Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ ɔɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɞɡɠ. ȺɘŭɘəɎ ɔɘŬ Űɞ MPP, 

ɞɘ ɜɏŮɠ ůɢɏůŮɘɠ ˊɞɡ ˊɟɞŰŮɑɜɞɜŰŬɘ ɓŬůɑɕɞɜŰŬɘ ůŰɖɜ ˊŬɟŬŰɐɟɖůɖ ɧŰɘ ɖ ɘůɢɨɠ Űɞɡ ˊɟŬɔɛŬŰɘəɞɨ 

əɡəɚɩɛŬŰɞɠ ɛŮɔɘůŰɞˊɞɘŮɑŰŬɘ ɧŰŬɜ ɛŮɔɘůŰɞˊɞɘŮɑŰŬɘ əŬɘ ɖ ɘůɢɨɠ Űɖɠ ɘŭŬɜɘəɐ ůɡɜɘůŰɩůŬɠ Űɞɡ 

ɛɞɜŰɏɚɞɡ [116]. 

ɆŰɖ ůɡɜɏɢŮɘŬ, ɔɑɜŮŰŬɘ ŮəŰŮɜɐɠ ůɡɕɐŰɖůɖ ɔɘŬ Űɖ ŭɘŬŭɘəŬůɑŬ ŮɨɟŮůɖɠ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ 

ůŮ ůɡɜɗɐəŮɠ ŬɜŬűɞɟɎɠ (STC) əŬɘ ŬɜŬɔɤɔɐɠ ůŰɘɠ ŮəɎůŰɞŰŮ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ. ȷűɞɨ 

ˊŬɟɞɡůɘŬůɗŮɑ ɖ ŰɟɏɢɞɡůŬ ŰŮɢɜɞɚɞɔɘəɐ ůŰɎɗɛɖ, ŮɘůɎɔŮŰŬɘ ɖ ɜɏŬ ůŰŬɗŮɟɎ ŭ0, ɛŮ ɢɟɐůɖ Űɖɠ 

ɞˊɞɑŬɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɖ ŭɘŬŰɨˊɤůɖ ɜɏɤɜ ŬɜŬɚɡŰɘəɩɜ ŮəűɟɎůŮɤɜ ɔɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ 

ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ [117]. 

ɇɏɚɞɠ, ˊɟɞŰŮɑɜɞɜŰŬɘ Ŭˊɚɏɠ ůɢɏůŮɘɠ ɔɘŬ Űɖɜ ŰɎůɖ əŬɘ Űɞ ɟŮɨɛŬ Űɤɜ SC, OC əŬɘ MPP ́ ɞɡ ŮɑɜŬɘ 

ůɡɜŬɟŰɐůŮɘɠ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ, ŬɜŰɑ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ. Ƀɘ 

ůɡɔəŮəɟɘɛɏɜŮɠ ŮɝɘůɩůŮɘɠ ŮɑɜŬɘ ŮɨəɞɚŬ əŬɘ ɔŮɜɘəɎ ŮűŬɟɛɧůɘɛŮɠ, Ůɜɩ ɓɟɑůəɞɜŰŬɘ ůŮ ˊɚɐɟɖ 

ůɡɛűɤɜɑŬ ɛŮ Űɖ ɗŮɤɟɑŬ Űɞɡ ɛɞɜŰɏɚɞɡ ɛɑŬɠ ŭɘɧŭɞɡ. 

ȸŬůɘəɧ ɛŬɗɖɛŬŰɘəɧ ŮɟɔŬɚŮɑɞ ɔɘŬ Űɖɜ ŮɝŬɔɤɔɐ Űɤɜ ůɢɏůŮɤɜ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŮ ŬɡŰɧ Űɞ 

əŮűɎɚŬɘɞ ŮɑɜŬɘ ɖ ɜŮɞŮɘůŬɢɗŮɑůŬ ůɡɜɎɟŰɖůɖ Lambert W.  



2.1 - ɀɞɜŰɏɚɞ ɄɏɜŰŮ ɄŬɟŬɛɏŰɟɤɜ 

28 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

2.1 ɥʋʉʐʘʇʋ ɩʘʉʐʀ ɩɻʍɻʈʘʐʍʖʉ 

ɆŰɖɜ ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ, ɡɘɞɗŮŰŮɑŰŬɘ Űɞ ɛɞɜŰɏɚɞ ɛɑŬɠ ŭɘɧŭɞɡ (single-diode model) ɐ ɛɞɜŰɏɚɞ 

ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ (five parameters model) ɔɘŬ Űɖɜ ˊŮɟɘɔɟŬűɐ Ůɜɧɠ ūȸ ůɡůŰɐɛŬŰɞɠ 

əɟɡůŰŬɚɚɘəɐɠ ŰŮɢɜɞɚɞɔɑŬɠ ˊɞɡ ɚŮɘŰɞɡɟɔŮɑ ůŮ ɞɛɞɘɧɛɞɟűŮɠ ůɡɜɗɐəŮɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ 

ɗŮɟɛɞəɟŬůɑŬɠ. ɇɞ ɛɞɜŰɏɚɞ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ŮɡɟɨŰŬŰŬ ůŰɖ 

ɓɘɓɚɘɞɔɟŬűɑŬ [3], [33], [36], [67], [116], [118]ï[154], əŬɗɩɠ ůɡɜŭɡɎɕŮɘ ŬəɟɑɓŮɘŬ əŬɘ ŬˊɚɧŰɖŰŬ 

ůŰɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ. ȯɚɚŬ ɛɞɜŰɏɚŬ Űɖɠ ɓɘɓɚɘɞɔɟŬűɑŬɠ ˊŮɟɘɔɟɎűɞɜŰŬɘ ůɡɜɞˊŰɘəɎ Ŭəɞɚɞɨɗɤɠ. 

2.1.1 ɢʎʋɿʞʉɻʈʋ ʂʇʀʆʐʍʅʆʝ ʆʞʆʇʖʈɻ ʆɻʅ ʔɻʍɻʆʐʂʍʅʎʐʅʆʙ I-V 

ɇɞ əɡəɚɤɛŬŰɘəɧ ɘůɞŭɨɜŬɛɞ Űɞɡ ɛɞɜŰɏɚɞɡ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ Ɇɢ. 

2.1. ɇŬ ɓŬůɘəɎ Űɞɡ ůŰɞɘɢŮɑŬ ŮɑɜŬɘ: 

V ȼ ˊɖɔɐ űɤŰɞɟŮɨɛŬŰɞɠ Iph ˊɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ ɟŮɨɛŬ ˊɞɡ ˊŬɟɎɔŮŰŬɘ Ŭˊɧ Űɖɜ 

ˊɟɞůˊɑˊŰɞɡůŬ ɟɞɐ űɤŰɞɜɑɤɜ. 

V ȼ ŭɑɞŭɞɠ D, ɖ ɞˊɞɑŬ ɛɞɜŰŮɚɞˊɞɘŮɑ Űɖɜ ŮˊŬűɐ p-n əŬɘ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ Űɞ ɟŮɨɛŬ 

əɞɟŮůɛɞɨ Is əŬɘ Űɞɜ Űɟɞˊɞˊɞɘɖɛɏɜɞ ůɡɜŰŮɚŮůŰɐ ŭɘɧŭɞɡ a. ȼ ˊŬɟɎɛŮŰɟɞɠ a ŬɜŰɘůŰɞɘɢŮɑ 

ɞɡůɘŬůŰɘəɎ ůŰɖ ɗŮɟɛɘəɐ ŰɎůɖ VT ˊɟɞůŬɡɝɖɛɏɜɖ əŬŰɎ Űɞ ůɡɜŰŮɚŮůŰɐ ŭɘɧŭɞɡ n:                

a = nVT = nkT/q, ɧˊɞɡ k ŮɑɜŬɘ ɖ ůŰŬɗŮɟɎ Boltzmann, T ɖ ɗŮɟɛɞəɟŬůɑŬ əɡɣɏɚɖɠ əŬɘ q 

Űɞ űɞɟŰɑɞ Űɞɡ ɖɚŮəŰɟɞɜɑɞɡ. 

V ȼ ůŮɘɟɘŬəɐ Rs əŬɘ ŮɔəɎɟůɘŬ ŬɜŰɑůŰŬůɖ Rsh ˊɞɡ ŮɘůɎɔɞɜŰŬɘ ɔɘŬ Űɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɤɜ 

ɤɛɘəɩɜ ŬˊɤɚŮɘɩɜ əŬɘ Űɤɜ ɟŮɡɛɎŰɤɜ ŭɘŬɟɟɞɐɠ ŬɜŰɑůŰɞɘɢŬ. 

Ƀɘ ɛŮŰŬɓɚɖŰɏɠ Iph, Is, a, Rs əŬɘ Rsh ŬˊɞəŬɚɞɨɜŰŬɘ ˊɏɜŰŮ ˊŬɟɎɛŮŰɟɞɘ Űɞɡ ɛɞɜŰɏɚɞɡ əŬɘ 

ŮɜůɤɛŬŰɩɜɞɡɜ Űɘɠ əŬŰŬůəŮɡŬůŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ əŬɘ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡ ūȸ ůɡůŰɐɛŬŰɞɠ. 

ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ Ŭɜ Ŭɔɜɞɖɗɞɨɜ ɞɘ ŭɨɞ ŬɜŰɘůŰɎůŮɘɠ Rs əŬɘ Rsh, ŰɧŰŮ Űɞ əɨəɚɤɛŬ ˊɞɡ 

ˊɟɞəɨˊŰŮɘ ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ ɘŭŬɜɘəɧ ɛɞɜŰɏɚɞ ɛɑŬɠ ŭɘɧŭɞɡ ɐ ɛɞɜŰɏɚɞ Űɟɘɩɜ ˊŬɟŬɛɏŰɟɤɜ. ɆɡɜŮˊɩɠ, 

ůŰɞ ˊɚɐɟŮɠ əɨəɚɤɛŬ Űɞɡ  Ɇɢ. 2.1, Űɞ ŰɛɐɛŬ ˊɞɡ ˊŮɟɘəɚŮɑŮŰŬɘ ɛŮ ŭɘŬəŮəɞɛɛɏɜɞ ˊɚŬɑůɘɞ 

ŬˊɞəŬɚŮɑŰŬɘ ɘŭŬɜɘəɐ ůɡɜɘůŰɩůŬ [116]. 

ɆŰɞ Ɇɢ. 2.2, ́ ŬɟɞɡůɘɎɕŮŰŬɘ ɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ əŬɛˊɨɚɖ ɟŮɨɛŬŰɞɠ-ŰɎůɖɠ (I-V) ɔɘŬ ɛɘŬ Űɡˊɘəɐ 

ūȸ əɡɣɏɚɖ. ũɘŬ ɢŬɛɖɚɏɠ Űɘɛɏɠ ŰɎůɖɠ (ŬɟɘůŰŮɟɧ ŰɛɐɛŬ əŬɛˊɨɚɖɠ), ɖ əɡɣɏɚɖ ɚŮɘŰɞɡɟɔŮɑ ɤɠ 

ˊɖɔɐ ɟŮɨɛŬŰɞɠ, Ůɜɩ ŮɘŭɘəɎ ɔɘŬ ɛɖŭŮɜɘəɐ ŰɎůɖ ɖ əɡɣɏɚɖ ŮɑɜŬɘ ɓɟŬɢɡəɡəɚɤɛɏɜɖ (short circuit ï 

SC) əŬɘ ŬˊɞŭɑŭŮɘ Űɞ ɛɏɔɘůŰɞ ɟŮɨɛŬ (əɧəəɘɜɞɠ əɡəɚɘəɧɠ ŭŮɑəŰɖɠ). ȷɜŰɑɗŮŰŬ, ɔɘŬ ɢŬɛɖɚɏɠ Űɘɛɏɠ 

ɟŮɨɛŬŰɞɠ ɖ əɡɣɏɚɖ ůɡɛˊŮɟɘűɏɟŮŰŬɘ ɤɠ ˊɖɔɐ ŰɎůɖɠ (ŭŮɝɑ ŰɛɐɛŬ əŬɛˊɨɚɖɠ), ŬˊɞŭɑŭɞɜŰŬɠ Űɖ 

ɛɏɔɘůŰɖ Űɘɛɐ Űɖɠ ůŰɖɜ ŬɜɞɘɢŰɞəɨəɚɤůɖ (open circuit ï OC) (ˊɟɎůɘɜɞɠ əɡəɚɘəɧɠ ŭŮɑəŰɖɠ). 

Ⱥˊɘˊɚɏɞɜ, ɘŭɘŬɑŰŮɟɞ ŮɜŭɘŬűɏɟɞɜ ˊŬɟɞɡůɘɎɕŮɘ Űɞ ůɖɛŮɑɞ ɛɏɔɘůŰɖɠ ˊŬɟŬɔɤɔɐɠ (maximum power 

 
Ɇɢ. 2.1. ȼɚŮəŰɟɘəɧ ɘůɞŭɨɜŬɛɞ əɨəɚɤɛŬ Űɞɡ ɛɞɜŰɏɚɞɡ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ. 
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point ï MPP) (ɛɤɓ əɡəɚɘəɧɠ ŭŮɑəŰɖɠ), ůŰɞ ɞˊɞɑɞ ŮɝɎɔŮŰŬɘ ɖ ɛɏɔɘůŰɖ ɘůɢɨɠ Ŭˊɧ Űɞ əɨəɚɤɛŬ. 

ȷɜŬɚɡŰɘəɏɠ ůɢɏůŮɘɠ ɡˊɞɚɞɔɘůɛɞɨ Űɤɜ Űɟɘɩɜ ŬɡŰɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ ůɖɛŮɑɤɜ ůɡɜŬɟŰɐůŮɘ Űɤɜ 

ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ ŭɑɜɞɜŰŬɘ ůŮ ŮˊɧɛŮɜɖ ŮɜɧŰɖŰŬ. ɆŰɞ Ɇɢ. 2.3, ŬˊŮɘəɞɜɑɕŮŰŬɘ ɔɟŬűɘəɎ ɖ ůɨɜɗŮůɖ 

Űɖɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ I-V Űɖɠ ɘŭŬɜɘəɐɠ əɡɣɏɚɖɠ Ŭˊɧ Űɘɠ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ Űɤɜ ůɡɜɘůŰɤůɩɜ Űɖɠ: 

Űɖ ŭɑɞŭɞ əŬɘ Űɖɜ ˊɖɔɐ űɤŰɞɟŮɨɛŬŰɞɠ [145]. Ƀɘ ŭɨɞ ŬɜŰɘůŰɎůŮɘɠ Ŭˊɚɩɠ ˊɟɞůŬɟɛɧɕɞɡɜ Űɖɜ 

əɚɑůɖ Űɖɠ əŬɛˊɨɚɖɠ.  

2.1.2 ɡʀʈʀʇʅʡɿʂʏ ʀʊʚʎʖʎʂ ʍʀʞʈɻʐʋʏ - ʐʗʎʂʏ 

ȼ ɗŮɛŮɚɘɩŭɖɠ Ůɝɑůɤůɖ Űɞɡ ɛɞɜŰɏɚɞɡ ŭɑɜŮŰŬɘ Ŭˊɧ: 
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  (2.1) 

ɧˊɞɡ ɛŮ V əŬɘ Ƚ ůɡɛɓɞɚɑɕɞɜŰŬɘ ɖ ŰɎůɖ əŬɘ Űɞ ɟŮɨɛŬ ůŰɖɜ ɏɝɞŭɞ Űɞɡ əɡəɚɩɛŬŰɞɠ. ȺɑɜŬɘ ŮɛűŬɜɏɠ 

ɧŰɘ ɖ ɛɞɟűɐ Űɖɠ (2.1) ŭŮɜ ŮˊɘŰɟɏˊŮɘ ŬˊŮɡɗŮɑŬɠ Ůˊɑɚɡůɖ, əŬɗɩɠ ŭŮɜ ŮɑɜŬɘ ŮəűɟŬůɛɏɜɖ ůŰɖ ɛɞɟűɐ 

I=f(V) ɐ V=f(I). ɆɡɜŮˊɩɠ, ŬˊŬɘŰŮɑŰŬɘ ŬɟɘɗɛɖŰɘəɐ/ŮˊŬɜŬɚɖˊŰɘəɐ ɛɏɗɞŭɞɠ Ůˊɑɚɡůɖɠ, ɧˊɤɠ o 

Ŭɚɔɧɟɘɗɛɞɠ Gauss-Newton [155] ɐ ˊŬɟŬɚɚŬɔɏɠ Űɞɡ, ɔŮɔɞɜɧɠ ˊɞɡ ŭɡůɢŮɟŬɑɜŮɘ ůɖɛŬɜŰɘəɎ Űɖɜ 

Ůˊɑɚɡůɖ əŬɘ ŮɔŮɑɟŮɘ ɗɏɛŬŰŬ Ŭɟɢɘəɞˊɞɑɖůɖɠ əŬɘ ůɨɔəɚɘůɖɠ. 

ũɘŬ ɜŬ ŬɜŰɘɛŮŰɤˊɘůŰɞɨɜ ŰŬ ŬɜɤŰɏɟɤ ˊɟɞɓɚɐɛŬŰŬ, ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɖ 

ɛŬɗɖɛŬŰɘəɐ ůɡɜɎɟŰɖůɖ Lambert W, ɛŮ ɢɟɐůɖ Űɖɠ ɞˊɞɑŬɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ŬɜŬɚɡŰɘəɐ 

 
Ɇɢ. 2.2. ɉŬɟŬəŰɖɟɘůŰɘəɐ I-V ɛɑŬɠ Űɡˊɘəɐɠ ūȸ əɡɣɏɚɖɠ ůŮ ůɡɜɗɐəŮɠ STC. 

 
Ɇɢ. 2.3. ũɟŬűɘəɐ ŬˊŮɘəɧɜɘůɖ Űɖɠ ůɨɜɗŮůɖɠ Űɖɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ I-V Ŭˊɧ Űɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ Űɖɠ ŭɘɧŭɞɡ 

əŬɘ Űɖɠ ˊɖɔɐɠ űɤŰɞɟŮɨɛŬŰɞɠ ɔɘŬ Űɖɜ ɘŭŬɜɘəɐ əɡɣɏɚɖ [145]. 



2.1 - ɀɞɜŰɏɚɞ ɄɏɜŰŮ ɄŬɟŬɛɏŰɟɤɜ 

30 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

ŬɜŬŭɘŬŰɨˊɤůɖ Űɖɠ (2.1) ɤɠ ˊɟɞɠ ɟŮɨɛŬ ɐ ŰɎůɖ [34], [40], [58], [67], [71], [116], [117], [122]: 
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ɧˊɞɡ ɛŮ W{ x} ůɡɛɓɞɚɑɕŮŰŬɘ ɖ ůɡɜɎɟŰɖůɖ Lambert W. ȼ ůɡɜɎɟŰɖůɖ Lambert W ŮɑɜŬɘ ůɡɔɔŮɜɐɠ 

Űɖɠ ɚɞɔŬɟɘɗɛɘəɐɠ ůɡɜɎɟŰɖůɖɠ əŬɘ ɡˊɞůŰɖɟɑɕŮŰŬɘ Ŭˊɧ ɧɚŬ ŰŬ ůɨɔɢɟɞɜŬ ɛŬɗɖɛŬŰɘəɎ ŮɟɔŬɚŮɑŬ 

əŬɘ ɡˊɞɚɞɔɘůŰɘəɏɠ ˊɚŬŰűɧɟɛŮɠ, ɧˊɤɠ MATLAB, Maple, əŬɘ Mathematica. ȿŮˊŰɞɛɏɟŮɘŮɠ ɔɘŬ Űɞ 

ɗŮɤɟɖŰɘəɧ Űɖɠ ɡˊɧɓŬɗɟɞ əŬɘ ůŮɘɟɏɠ ůɨɔəɚɘůɖɠ ɡˊɞɚɞɔɘůɛɞɨ ŭɑɜɞɜŰŬɘ ůŰɞ ɄȷɅȷɅɇȼɀȷ ȷ. 

2.1.3 ɞʌʘʆʐɻʎʂ ʎʀ ɮɛ ʎʑʎʐʋʅʔʚɻ 

ɇɞ ɛɞɜŰɏɚɞ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ ŭŮɜ ˊŮɟɘɞɟɑɕŮŰŬɘ ɛɧɜɞ ůŮ ɛɑŬ ūȸ əɡɣɏɚɖ, ŬɚɚɎ 

ˊŮɟɘɔɟɎűŮɘ ɞˊɞɘŬŭɐˊɞŰŮ ūȸ ŭɘɎŰŬɝɖ (ˊɚŬɑůɘɞ, ˊɚŬɘůɘɞůŮɘɟɎ, ůɡůŰɞɘɢɑŬ əɚˊ.) ŬɟəŮɑ ɜŬ 

ɚŮɘŰɞɡɟɔŮɑ ůŮ ɞɛɞɘɧɛɞɟűŮɠ ůɡɜɗɐəŮɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ. ɆŰɖ ɔŮɜɘəɐ ˊŮɟɑˊŰɤůɖ 

ɛɘŬɠ ūȸ ůɡůŰɞɘɢɑŬɠ, ɞɘ ˊŬɟɎɛŮŰɟɞɑ Űɖɠ ůɡɜŭɏɞɜŰŬɘ ɛŮ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ Űɘɠ əɡɣɏɚɖɠ ɤɠ Ůɝɐɠ: 
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ɧˊɞɡ ɞɘ ˊŬɟɎɛŮŰɟɞɘ ɛŮ ŭŮɑəŰɖ çarrayè ŬɜŬűɏɟɞɜŰŬɘ ůŰɖ ůɡůŰɞɘɢɑŬ əŬɘ ɛŮ çcellè ůŰɖ əɡɣɏɚɖ. 

ȷɜŰɑůŰɞɘɢŬ ůɡɜŭɏɞɜŰŬɘ ɞɘ ˊŬɟɎɛŮŰɟɞɘ əŬɘ Űɤɜ ɡˊɞɚɞɑˊɤɜ ūȸ ŭɘŬŰɎɝŮɤɜ. 

2.1.4 ɲʇʇɻ ʈʋʉʐʘʇɻ ʐʂʏ ɼʅɼʇʅʋɾʍɻʒʚɻʏ 

ɇɞ ɛɞɜŰɏɚɞ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ ŬˊɞɚŬɛɓɎɜŮɘ ŮɡɟɨŰŬŰɖ ˊŬɟŬŭɞɢɐ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ 

ɚɧɔɤ Űɞɡ ɘůɞŭɡɜɎɛɞɡ əɡəɚɩɛŬŰɞɠ ˊɞɡ ŬɜŬˊŬɟɘůŰɎ ˊɞɚɨ ɟŮŬɚɘůŰɘəɎ Űɖ ɚŮɘŰɞɡɟɔɑŬ ɛɘŬɠ ūȸ 

əɡɣɏɚɖɠ ɛɞɜɞəɟɡůŰŬɚɚɘəɐɠ əŬɘ ˊɞɚɡəɟɡůŰŬɚɚɘəɐɠ ŰŮɢɜɞɚɞɔɑŬɠ. ɄŮɟɘɔɟɎűŮɘ ˊɚɐɟɤɠ Űɖ 

ɢŬɟŬəŰɖɟɘůŰɘəɐ I-V ůŰɞ 1ɞ ŰŮŰŬɟŰɖɛɧɟɘɞ (V>0 əŬɘ Ƚ>0), Ůɜɩ ŮˊɘŰɟɏˊŮɘ ŬɜŬɚɡŰɘəɐ ŭɘŬŰɨˊɤůɖ 

Űɖɠ ɗŮɛŮɚɘɩŭɞɡɠ Ůɝɑůɤůɖɠ ɛŮ ɢɟɐůɖ Űɖɠ ůɡɜɎɟŰɖůɖɠ Lambert W. 

ɆŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ ɡˊɎɟɢɞɡɜ ŭɘɎűɞɟŮɠ ˊŬɟŬɚɚŬɔɏɠ Űɞɡ Ůɜ ɚɧɔɤ ɛɞɜŰɏɚɞɡ, ɞɘ ɞˊɞɑŮɠ ɧɛɤɠ 

ɓɟɑůəɞɡɜ ɛɘəɟɧŰŮɟɖ Ŭˊɞŭɞɢɐ. ȷˊɚɞˊɞɘɖɛɏɜŮɠ Ůəŭɞɢɏɠ ůŰɘɠ ɞˊɞɑŮɠ ŬɔɜɞŮɑŰŬɘ ɖ ŮɔəɎɟůɘŬ 

ŬɜŰɑůŰŬůɖ Rsh [156]ï[159] ɐ əŬɘ ɞɘ ŭɡɞ ŬɜŰɘůŰɎůŮɘɠ Rs, Rsh [142], [160], ŬɛŮɚɞɨɜ ŰŬ ɟŮɨɛŬŰŬ 

ŭɘŬɟɟɞɐɠ əŬɘ Űɘɠ ɤɛɘəɏɠ ŬˊɩɚŮɘŮɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ŬɛűɘůɓɖŰɐůɘɛɖ ŬəɟɑɓŮɘŬ. 

ȺɜŬɚɚŬəŰɘəɎ, Űɞ ɛɞɜŰɏɚɞ Űɖɠ ŭɘˊɚɐɠ ŭɘɧŭɞɡ [26], [49], [161]ï[169] ɗŮɤɟŮɑŰŬɘ ɧŰɘ ˊɟɞůűɏɟŮɘ 

ɛŮɔŬɚɨŰŮɟɖ ŬəɟɑɓŮɘŬ ůŮ ɢŬɛɖɚɐ ŬəŰɘɜɞɓɞɚɑŬ, əŬɗɩɠ ɛɞɜŰŮɚɞˊɞɘŮɑ Űɞ űŬɘɜɧɛŮɜɞ Űɖɠ 

ŮˊŬɜŬůɨɜŭŮůɖɠ Űɤɜ űɞɟɏɤɜ (junction recombination). ȸɏɓŬɘŬ, ɖ ŮˊɘˊɟɧůɗŮŰɖ ́ ɞɚɡˊɚɞəɧŰŬŰŬ 

ŭŮɜ ŮˊɘŰɟɏˊŮɘ ŬɜŬɚɡŰɘəɐ ŭɘŬŰɨˊɤůɖ Űɖɠ Ůɝɑůɤůɖɠ əŬɘ Űɞ əɏɟŭɞɠ ůŮ ŬəɟɑɓŮɘŬ ůŮ ɟŮŬɚɘůŰɘəɏɠ 



ȾȺūȷȿȷȽɃ 2 - ɀɞɜŰŮɚɞˊɞɑɖůɖ ūȸ ɆɡůŰɖɛɎŰɤɜ ůŮ Ƀɛɞɘɧɛɞɟűɖ ȷəŰɘɜɞɓɞɚɑŬ 

 

ɀˊŬŰɕɏɚɖɠ ȺɡůŰɟɎŰɘɞɠ 31 

ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ ŭŮɜ ŮɑɜŬɘ Ŭɝɘɧɚɞɔɞ. ɆŰɞ ɑŭɘɞ ˊɜŮɨɛŬ, Űɞ ɛɞɜŰɏɚɞ ˊɞɡ ˊɟɞŰŮɑɜŮŰŬɘ ůŰɞ 

[170] ŮɘůɎɔŮɘ əŬɘ ŰɟɑŰɖ ŭɑɞŭɞ ůŰɞ əɨəɚɤɛŬ ɔɘŬ Űɖɜ ˊŮɟɘɔɟŬűɐ ŭɘŬɟɟɞɩɜ ˊŮɟɘűŮɟɘəɞɨ ɟŮɨɛŬŰɞɠ. 

ɆŰɞ ůɖɛŮɑɞ ŬɡŰɧ ŬɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ Űɞ ɓŬůɘəɧ ɛɞɜŰɏɚɞ (ɛɑŬɠ ŭɘɧŭɞɡ) əŬɘ ɞɘ ˊŬɟŬɚɚŬɔɏɠ 

Űɞɡ ůɡɢɜɎ ˊɟɞůŬɡɝɎɜɞɜŰŬɘ əŬŰɎ ɛɑŬ ŮɚŮɔɢɧɛŮɜɖ ˊɖɔɐ ɟŮɨɛŬŰɞɠ ɧŰŬɜ ŬˊŬɘŰŮɑŰŬɘ 

ɛɞɜŰŮɚɞˊɞɑɖůɖ əŬɘ ůŰɞ 2ɞ ŰŮŰŬɟŰɖɛɧɟɘɞ (ŬɟɜɖŰɘəɐ ŰɎůɖ) [25], [29], [35], [38], [49], [52], 

[171], [172]. ȼ ůɡɔəŮəɟɘɛɏɜɖ ˊɟɞůɗɐəɖ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖ ɛŮɚɏŰɖ Űɖɠ ůəɑŬůɖɠ, ɧˊɤɠ ŮɝɖɔŮɑŰŬɘ 

ŮəŰŮɜɩɠ ůŰɞ ȾŮűɎɚŬɘɞ 3. ɆɡɜŮˊɩɠ, ɞɘ ŬɜɤŰɏɟɤ ŮˊŮəŰɎůŮɘɠ Űɞɡ ɛɞɜŰɏɚɞɡ Űɤɜ ˊɏɜŰŮ 

ˊŬɟŬɛɏŰɟɤɜ əɟɑɜɞɜŰŬɘ ɛɎɚɚɞɜ ˊŮɟɘŰŰɏɠ ɔɘŬ ɞɛɞɘɧɛɞɟűŮɠ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ. 

ȺəŰɧɠ Űɤɜ əɡəɚɤɛŬŰɘəɩɜ ˊɟɞůŮɔɔɑůŮɤɜ, ɡˊɎɟɢɞɡɜ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ əŬɘ ɎɚɚŬ ɛŬɗɖɛŬŰɘəɎ 

ɛɞɜŰɏɚŬ ˊɞɡ ˊɟɞůŭɘɞɟɑɕɞɡɜ ɛŮ ŮɛˊŮɘɟɘəɏɠ ɛŮɗɧŭɞɡɠ ůɡɔəŮəɟɘɛɏɜŬ ɛɧɜɞ ůɖɛŮɑŬ ɚŮɘŰɞɡɟɔɑŬɠ 

(ˊ.ɢ. SC, OC, MPP ə.Ŭ.), ŬɜŰɑ ɔɘŬ ɞɚɧəɚɖɟɖ Űɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ [173]ï[179]. ȰɜŬ Ŭˊɧ ŰŬ 

ɔɜɤůŰɧŰŮɟŬ ŮɑɜŬɘ Űɞ ɛɞɜŰɏɚɞ Űɤɜ ŮɟɔŬůŰɖɟɑɤɜ Sandia [173], Űɞ ɞˊɞɑɞ ɓŬůɑɕŮŰŬɘ ůŮ ɛŮŰɟɐůŮɘɠ 

ˊɞɡ ŭɘŮɜŮɟɔŮɑ Űɞ ŮɟɔŬůŰɐɟɘɞ ůŰɞ ɡˊɧ ɛŮɚɏŰɖ ūȸ ˊɚŬɑůɘɞ ˊɟɞɠ ŮɝŬɔɤɔɐ ŮɛˊŮɘɟɘəɩɜ 

ůɡɜŰŮɚŮůŰɩɜ. Ƀɘ ůɡɜŰŮɚŮůŰɏɠ ŬɡŰɞɑ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ Ŭˊɚɏɠ ŬɜŬɚɡŰɘəɏɠ ůɢɏůŮɘɠ ɔɘŬ Űɖɜ 

ŮɨɟŮůɖ ˊɏɜŰŮ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ ůɖɛŮɑɤɜ ɚŮɘŰɞɡɟɔɑŬɠ. ɄŬɟɧɚɞ ˊɞɡ ɖ ŬˊɚɧŰɖŰŬ Űɞɡ ɛɞɜŰɏɚɞɡ 

ůɡɜŮŰɏɚŮůŮ ůŮ Ŭɝɘɧɚɞɔɖ Ŭˊɞŭɞɢɐ Ŭˊɧ Űɖɜ ŮɟŮɡɜɖŰɘəɐ əɞɘɜɧŰɖŰŬ Űɖɜ ˊɟɞɖɔɞɨɛŮɜɖ ŭŮəŬŮŰɑŬ, 

ˊɚɏɞɜ ɏɢŮɘ ˊɏůŮɘ ɛɎɚɚɞɜ ůŮ ŬűɎɜŮɘŬ. Ƀ əɡɟɘɧŰŮɟɞɠ ɚɧɔɞɠ ŮɑɜŬɘ ɖ ŮɝɎɟŰɖůɐ Űɞɡ Ŭˊɧ Űɘɠ 

ɛŮŰɟɐůŮɘɠ Űɤɜ ŮɟɔŬůŰɖɟɑɤɜ Sandia, əŬɗɩɠ ɖ ɓɎůɖ ŭŮŭɞɛɏɜɤɜ ˊɞɡ ˊɟɞɛɐɗŮɡŮ Űɞɡɠ 

ŮɛˊŮɘɟɘəɞɨɠ ůɡɜŰŮɚŮůŰɏɠ ŭŮɜ ŮɑɜŬɘ ˊɚɏɞɜ ŮɚŮɨɗŮɟŬ ˊɟɞůɓɎůɘɛɖ. 

2.2 ɫʔʘʎʀʅʏ SC, OC ʆɻʅ MPP ʎʑʉɻʍʐʙʎʀʅ ʐʖʉ ɩʘʉʐʀ 

ɩɻʍɻʈʘʐʍʖʉ 

ɇŬ ŰɟɑŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ůɖɛŮɑŬ: ɓɟŬɢɡəɨəɚɤůɖɠ (SC), ŬɜɞɘɢŰɞəɨəɚɤůɖɠ (OC) əŬɘ ɛɏɔɘůŰɖɠ 

ɘůɢɨɞɠ (MPP) (Ɇɢ. 2.2) ˊŮɟɘɔɟɎűɞɡɜ ůɡɜɞˊŰɘəɎ əŬɘ ŬˊɞŰŮɚŮůɛŬŰɘəɎ Űɖ ɚŮɘŰɞɡɟɔɑŬ Ůɜɧɠ ūȸ 

ůɡůŰɐɛŬŰɞɠ ůŮ ɞɛɞɘɧɛɞɟűɖ ŬəŰɘɜɞɓɞɚɑŬ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, Űɞ ɟŮɨɛŬ ɓɟŬɢɡəɨəɚɤůɖɠ Isc 

ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ ɛɏɔɘůŰɞ ɟŮɨɛŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ, Űɞ ɞˊɞɑɞ əŬɗɞɟɑɕŮɘ Űɞɜ ɖɚŮəŰɟɞɚɞɔɘəɧ 

Ůɝɞˊɚɘůɛɧ Űɖɠ ŮɔəŬŰɎůŰŬůɖɠ (dc ŬůűɎɚŮɘŮɠ, dc ɛɘəɟɞŬɡŰɧɛŬŰɞɘ əɚˊ.). Ƀɛɞɑɤɠ, ɖ ŰɎůɖ 

ŬɜɞɘɢŰɞəɨəɚɤůɖɠ Voc ŮɑɜŬɘ ɖ ɛɏɔɘůŰɖ ŰɎůɖ ˊɞɡ ŬɜŬˊŰɨůůŮŰŬɘ ůŰɞɡɠ ŬəɟɞŭɏəŰŮɠ Űɞɡ ūȸ 

ůɡůŰɐɛŬŰɞɠ, ɛɘŬ ɘŭɘŬɑŰŮɟŬ əɟɑůɘɛɖ ˊŬɟɎɛŮŰɟɞɠ əŬŰɎ Űɖɜ Ůˊɘɚɞɔɐ Űɞɡ ɛŮŰŬŰɟɞˊɏŬ ɘůɢɨɞɠ. ȾŬɘ 

ɓŮɓŬɑɤɠ, ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ MPP, ŰɎůɖ Vmp, ɟŮɨɛŬ Imp əŬɘ ɘůɢɨɠ Pmp, ŮɜŭɘŬűɏɟɞɡɜ 

ůɖɛŬɜŰɘəɎ əŬŰɎ Űɖ ŭɘŬůŰŬůɘɞɚɧɔɖůɖ əŬɘ ɚŮɘŰɞɡɟɔɑŬ Ůɜɧɠ ūȸ ůŰŬɗɛɞɨ. ɆŰɘɠ ŮˊɧɛŮɜŮɠ ůŮɚɑŭŮɠ, 

ŬɜŬɚɨŮŰŬɘ ɖ ɚŮɘŰɞɡɟɔɑŬ ɛɘŬɠ ūȸ ŭɘɎŰŬɝɖɠ ůŰɘɠ ŰɟŮɘɠ ŬɡŰɏɠ əŬŰŬůŰɎůŮɘɠ əŬɘ ŮɝɎɔɞɜŰŬɘ Ŭˊɚɏɠ 

ŬɜŬɚɡŰɘəɏɠ ůɢɏůŮɘɠ ˊɟɞůŭɘɞɟɘůɛɞɨ Űɖɠ ŰɎůɖɠ əŬɘ Űɞɡ ɟŮɨɛŬŰɞɠ ɓɎůŮɘ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ. 

Ƀɘ ŮɝɘůɩůŮɘɠ ŬɡŰɏɠ ɛŮŰŬůɢɖɛŬŰɑɕɞɜŰŬɘ ůŰɖɜ ŮɜɧŰɖŰŬ 2.4 ɩůŰŮ ɜŬ ŮəűɟɎɕɞɜŰŬɘ ůɡɜŬɟŰɐůŮɘ 

ŬˊŮɡɗŮɑŬɠ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ. 

2.2.1 ɤʀʅʐʋʑʍɾʚɻ ɼʍɻʔʑʆʞʆʇʖʎʂʏ ɉSC) 

ȳŰŬɜ ɖ ɘůɞŭɨɜŬɛɖ ŬɜŰɑůŰŬůɖ Űɞɡ űɞɟŰɑɞɡ ˊɞɡ ůɡɜŭɏŮŰŬɘ ůŰɖɜ ɏɝɞŭɞ Űɖɠ ūȸ ɔŮɜɜɐŰɟɘŬɠ ɏɢŮɘ 

ɛɖŭŮɜɘəɐ Űɘɛɐ, ŰɧŰŮ ŮɑɜŬɘ ɓɟŬɢɡəɡəɚɤɛɏɜɖ. ȼ əŬŰɎůŰŬůɖ ɓɟŬɢɡəɨəɚɤůɖɠ ŮɑɜŬɘ ɛɘŬ ˊɞɚɨ 

űɡůɘɞɚɞɔɘəɐ ɚŮɘŰɞɡɟɔɑŬ ɔɘŬ ɛɘŬ ūȸ əɡɣɏɚɖ əŬɘ ŭŮ ůɡɜŮˊɎɔŮŰŬɘ űɗɞɟɎ ɐ əŬŰŬůŰɟɞűɐ. ɇɧŰŮ 

ůɡɛˊŮɟɘűɏɟŮŰŬɘ ɤɠ ˊɖɔɐ ɟŮɨɛŬŰɞɠ (əɧəəɘɜɞɠ əɡəɚɘəɧɠ ŭŮɑəŰɖɠ ůŰɞ Ɇɢ. 2.2). ɀŮɚŮŰɩɜŰŬɠ Űɞ 

əɨəɚɤɛŬ Űɞɡ Ɇɢ. 2.1, ůɡɛˊŮɟŬɑɜŮŰŬɘ ɧŰɘ Űɞ űɤŰɧɟŮɡɛŬ Iph ɟɏŮɘ əɡɟɑɤɠ ɛɏůɤ Űɤɜ ŭɨɞ 



2.2 - ɆɢɏůŮɘɠ SC, OC əŬɘ MPP ůɡɜŬɟŰɐůŮɘ Űɤɜ ɄɏɜŰŮ ɄŬɟŬɛɏŰɟɤɜ 

32 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

ŬɜŰɘůŰɎůŮɤɜ Rsh əŬɘ Rs, ́ ŬɟɎ ɛɏůɤ Űɖɠ ŭɘɧŭɞɡ D, Ŭűɞɨ ɖ ŰɎůɖ ůŰŬ ɎəɟŬ Űɖɠ ŰŮɚŮɡŰŬɑŬɠ ŮɑɜŬɘ 

ůɢŮŭɧɜ ɛɖŭŮɜɘəɐ əŬɘ ůɡɜŮˊɩɠ ŭŮɜ ɎɔŮɘ. ȯɟŬ, Űɞ ɘůɞŭɨɜŬɛɞ əɨəɚɤɛŬ ůŰɖɜ əŬŰɎůŰŬůɖ 

ɓɟŬɢɡəɨəɚɤůɖɠ ŬɜŰɘůŰɞɘɢŮɑ ůŮ ɏɜŬ ŭɘŬɘɟɏŰɖ ɟŮɨɛŬŰɞɠ (Ɇɢ. 2.4(Ŭ)) əŬɘ ŭɑɜŮŰŬɘ Ŭˊɧ Űɖ ůɢɏůɖ: 
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ȼ Ůɝɑůɤůɖ (2.5) ŮɑɜŬɘ Ůɡɟɏɤɠ ŭɘŬŭŮŭɞɛɏɜɖ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ, Ůɜɩ ůɡɢɜɎ ŬˊɚɞɡůŰŮɨŮŰŬɘ 

ˊŮɟŬɘŰɏɟɤ ˊŬɟŬŰɖɟɩɜŰŬɠ ɧŰɘ ɖ ůŮɘɟɘŬəɐ ŬɜŰɑůŰŬůɖ Rs ŮɑɜŬɘ ůɖɛŬɜŰɘəɎ ɛɘəɟɧŰŮɟɖ Űɖɠ 

ŮɔəɎɟůɘŬɠ Rsh, əŬŰŬɚɐɔɞɜŰŬɠ ůŰɖɜ ɘůɧŰɖŰŬ Isc = Iph. 

2.2.2 ɤʀʅʐʋʑʍɾʚɻ ɻʉʋʅʔʐʋʆʞʆʇʖʎʂʏ ɉOC) 

ɆŰɖɜ əŬŰɎůŰŬůɖ ŬɜɞɘɢŰɞəɨəɚɤůɖɠ, Űɞ ūȸ ůɨůŰɖɛŬ ŬɜŬˊŰɨůůŮɘ Űɖ ɛɏɔɘůŰɖ ŰɎůɖ, ˊɚɖɜ ůŮ 

ɛɖŭŮɜɘəɧ ɟŮɨɛŬ Ůɝɧŭɞɡ (ˊɟɎůɘɜɞɠ əɡəɚɘəɧɠ ŭŮɑəŰɖɠ ůŰɞ Ɇɢ. 2.2). Ⱥűɧůɞɜ Űɞ ɟŮɨɛŬ Ůɝɧŭɞɡ 

ŮɑɜŬɘ ɛɖŭŮɜɘəɧ, ŭŮɜ ɡˊɎɟɢŮɘ ˊŰɩůɖ ŰɎůɖɠ ůŰɖ ůŮɘɟɘŬəɐ ŬɜŰɑůŰŬůɖ Rs. Ⱥˊɘˊɚɏɞɜ, Űɞ űɤŰɧɟŮɡɛŬ 

Iph ɟɏŮɘ əɡɟɑɤɠ ɛɏůɤ Űɖɠ ɎɔɞɡůŬɠ ŭɘɧŭɞɡ D, ˊŬɟɎ ɛɏůɤ Űɖɠ ŮɔəɎɟůɘŬɠ ŬɜŰɑůŰŬůɖɠ Rsh. 

ɆɡɜŮˊɩɠ, Űɞ ɘůɞŭɨɜŬɛɞ əɨəɚɤɛŬ ůɡɜɑůŰŬŰŬɘ ɞɡůɘŬůŰɘəɎ ɛɧɜɞ Ŭˊɧ Űɖɜ ɘŭŬɜɘəɐ ůɡɜɘůŰɩůŬ, 

ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ Ɇɢ. 2.4(ɓ). ȰŰůɘ, ɖ ɗŮɛŮɚɘɩŭɖɠ Ůɝɑůɤůɖ (2.1) ŬˊɚɞˊɞɘŮɑŰŬɘ ůŰɖɜ: 
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ȼ Ůɝɑůɤůɖ (2.6) ŮɑɜŬɘ ɐŭɖ ɔɜɤůŰɐ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ. 

2.2.3 ɤʀʅʐʋʑʍɾʚɻ ʈʘɾʅʎʐʂʏ ʌɻʍɻɾʖɾʙʏ (MPP) 

ȼ əŬŰɎůŰŬůɖ ɛɏɔɘůŰɖɠ ˊŬɟŬɔɤɔɐɠ (MPP) ɏɢŮɘ ɘŭɘŬɑŰŮɟɞ ŮɜŭɘŬűɏɟɞɜ, əŬɗɩɠ ɖ ɘůɢɨɠ Ůɝɧŭɞɡ 

ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɘɠ ɛɏɔɘůŰŮɠ ŭɡɜŬŰɧŰɖŰŮɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ůŰɘɠ ůɡɔəŮəɟɘɛɏɜŮɠ 

ˊŮɟɘɓŬɚɚɞɜŰɘəɏɠ ůɡɜɗɐəŮɠ (ɛɤɓ əɡəɚɘəɧɠ ŭŮɑəŰɖɠ ůŰɞ Ɇɢ. 2.2). ȺəŰɧɠ Űɖɠ ɘůɢɨɞɠ Pmp, ůɡɢɜɎ 

ŬˊŬɘŰŮɑŰŬɘ əŬɘ ɖ ɔɜɩůɖ Űɖɠ ŰɎůɖɠ Vmp ɐ ɟŮɨɛŬŰɞɠ Imp, əɡɟɑɤɠ ůŮ ɛŮɚɏŰŮɠ Ŭɚɔɞɟɑɗɛɤɜ MPPT.  

ɆŰɖ ůɡɜɏɢŮɘŬ, ˊŮɟɘɔɟɎűŮŰŬɘ ɛɑŬ ɜɏŬ ŬɜŬɚɡŰɘəɐ ɛɏɗɞŭɞɠ ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɞɡ MPP ˊɞɡ 

ŭɖɛɞůɘŮɨŰɖəŮ ůŰɞ [116], ɖ ɞˊɞɑŬ ŰŮəɛɖɟɘɩɜŮŰŬɘ ɗŮɤɟɖŰɘəɎ əŬɘ ˊŬɟɞɡůɘɎɕŮɘ ˊɞɚɨ 

ɘəŬɜɞˊɞɘɖŰɘəɐ ŬəɟɑɓŮɘŬ. ȸɎůɖ Űɖɠ Ůɜ ɚɧɔɤ ɛŮɗɧŭɞɡ ŮɑɜŬɘ ɖ ˊŬɟŬŰɐɟɖůɖ ˊɤɠ ɧŰŬɜ ɖ ūȸ 

əɡɣɏɚɖ ɚŮɘŰɞɡɟɔŮɑ ůŰɞ MPP, ŰɧŰŮ əŬɘ ɖ ɘŭŬɜɘəɐ Űɖɠ ůɡɜɘůŰɩůŬ ŬˊɞŭɑŭŮɘ ˊɟɞůŮɔɔɘůŰɘəɎ Űɖ 

  

(Ŭ) (ɓ) 

Ɇɢ. 2.4. ȷˊɚɞˊɞɘɖɛɏɜɞ ɘůɞŭɨɜŬɛɞ əɨəɚɤɛŬ ůŮ ɚŮɘŰɞɡɟɔɑŬ (Ŭ) ɓɟŬɢɡəɨəɚɤůɖɠ əŬɘ (ɓ) 

ŬɜɞɘɢŰɞəɨəɚɤůɖɠ. 
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ɛɏɔɘůŰɖ ɘůɢɨ. Ƀɘ ˊɟɞŰŮɘɜɧɛŮɜŮɠ ůɢɏůŮɘɠ ŮɑɜŬɘ Ŭˊɚɏɠ ŬɜŬɚɡŰɘəɏɠ ŮəűɟɎůŮɘɠ Űɤɜ ˊɏɜŰŮ 

ˊŬɟŬɛɏŰɟɤɜ əŬɘ ɢɟɖůɘɛɞˊɞɘɞɨɜ Űɖ ůɡɜɎɟŰɖůɖ Lambert W. 

φȢφȢχȢɚ ɛʅɼʇʅʋɾʍɻʒʅʆʙ ɻʉɻʎʆʝʌʂʎʂ 

ɈˊɎɟɢɞɡɜ ˊɞɚɚɏɠ ɛŮɚɏŰŮɠ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ ˊɞɡ ˊɟɞŰŮɑɜɞɡɜ ɛŬɗɖɛŬŰɘəɏɠ ůɢɏůŮɘɠ əŬɘ 

ɛŮɗɧŭɞɡɠ ɡˊɞɚɞɔɘůɛɞɨ Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɞɡ MPP, ɓŬůɘůɛɏɜŮɠ ůŰɞ ɛɞɜŰɏɚɞ Űɤɜ ˊɏɜŰŮ 

ˊŬɟŬɛɏŰɟɤɜ [118]ï[122], [130], [137], [142], [144], [154], [169], [180]ï[185]. Ƀɘ 

ˊŮɟɘůůɧŰŮɟŮɠ ŮűŬɟɛɧɕɞɡɜ ŮˊŬɜŬɚɖˊŰɘəɧ Ŭɚɔɧɟɘɗɛɞ ɔɘŬ Űɖɜ Ůˊɑɚɡůɖ Ůɜɧɠ ůɡůŰɐɛŬŰɞɠ 

ŮɝɘůɩůŮɤɜ [119], [130], [137], [144], [154], ɐ ˊɘɞ ŬˊɞŭɞŰɘəɎ ɛɑŬɠ ɛɞɜŬŭɘəɐɠ Ůɝɑůɤůɖɠ 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖ ůɡɜɎɟŰɖůɖ Lambert W [122] ɐ Űɖ ůɡɜɎɟŰɖůɖ special Trans [120], [121]. 

Ƀɘ ŬɜɤŰɏɟɤ ˊɟɞůŮɔɔɑůŮɘɠ ˊɎůɢɞɡɜ Ŭˊɧ ɡˊɞɚɞɔɘůŰɘəɐ ˊɞɚɡˊɚɞəɧŰɖŰŬ əŬɘ ˊŬɟɞɡůɘɎɕɞɡɜ 

ɗɏɛŬŰŬ Ŭɟɢɘəɞˊɞɑɖůɖɠ əŬɘ ůɨɔəɚɘůɖɠ. ȯɚɚŮɠ ɛɏɗɞŭɞɘ ˊɞɡ ŮɘůɎɔɞɡɜ ɜŮɡɟɤɜɘəɎ ŭɑəŰɡŬ, ɧˊɤɠ 

ŮɜŭŮɘəŰɘəɎ ɖ [180], ŭŮɜ ɝŮˊŮɟɜɞɨɜ Űɘɠ ˊɟɞŬɜŬűŮɟɗŮɑůŮɠ ŬŭɡɜŬɛɑŮɠ. 

ȺɜŬɚɚŬəŰɘəɐ ˊɟɞůɏɔɔɘůɖ ůŰɞ ɗɏɛŬ ŭɑɜŮŰŬɘ Ŭˊɧ Űɘɠ [118], [142], [147], [181]ï[185], ůŰɘɠ 

ɞˊɞɑŮɠ ˊɟɞŰŮɑɜɞɜŰŬɘ ŬɜŬɚɡŰɘəɏɠ ůɢɏůŮɘɠ ɡˊɞɚɞɔɘůɛɞɨ Űɞɡ MPP, ŬˊɞűŮɨɔɞɜŰŬɠ ɏŰůɘ Űɖɜ 

əɞˊɘɩŭɖ əŬɘ ŬɓɏɓŬɘɖ ŮˊŬɜŬɚɖˊŰɘəɐ Ůˊɑɚɡůɖ. ɆɡɔəŮəɟɘɛɏɜŬ, ůŰɖɜ [118] ɗŮɤɟŮɑŰŬɘ ɧŰɘ ɖ əɚɑůɖ 

Űɖɠ I-V ůŰɞ MPP ɘůɞɨŰŬɘ ɛŮ Űɞ ɚɧɔɞ Voc/Isc, Ůɜɩ ůŰɞ OC ɛŮ Űɖ ůŮɘɟɘŬəɐ ŬɜŰɑůŰŬůɖ Rs. ȼ ɑŭɘŬ 

ɡˊɧɗŮůɖ ɔɘŬ Űɖɜ əɚɑůɖ ůŰɞ MPP ɚŬɛɓɎɜŮŰŬɘ əŬɘ ůŰɘɠ [142], [147], Ůɜɩ ɖ ŰŮɚŮɡŰŬɑŬ ŮɟɔŬůɑŬ 

ɗŮɤɟŮɑ Űɞ ɘŭŬɜɘəɧ ɛɞɜŰɏɚɞ Űɖɠ ɛɑŬɠ ŭɘɧŭɞɡ. ȺɜŬɚɚŬəŰɘəɎ, ɏɜŬ ˊɞɚɡɤɜɡɛɘəɧ ūȸ ɛɞɜŰɏɚɞ 

ŮɘůɎɔŮŰŬɘ ůŰɞ [181] əŬɘ ɓŮɚŰɘɩɜŮŰŬɘ ůŰɖɜ [182], ůŰɞ ɞˊɞɑɞ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɛɧɜɞ ŭɨɞ 

ˊŬɟɎɛŮŰɟɞɘ, ŬɜŰɑ ɔɘŬ ˊɏɜŰŮ, əŬŰŬɚɐɔɞɜŰŬɠ ůŮ ɛɑŬ əɚŮɘůŰɐ ůɢɏůɖ ɔɘŬ Űɞ MPP. ɆŰɞ ɑŭɘɞ ˊɜŮɨɛŬ, 

ɛɘŬ əɚŬůɛŬŰɘəɐ ůɢɏůɖ ˊɟɞŰŮɑɜŮŰŬɘ ůŰɘɠ [183]ï[185] ɔɘŬ Űɖ ɚŮɘŰɞɡɟɔɑŬ Űɖɠ ūȸ əɡɣɏɚɖɠ, 

ɞŭɖɔɩɜŰŬɠ ůŮ ŬˊɚɞˊɞɘɖɛɏɜŮɠ ɛŬɗɖɛŬŰɘəɏɠ ŮəűɟɎůŮɘɠ ɔɘŬ Űɞ MPP. ɄŬɟɎ Űɖɜ Ŭˊɚɞˊɞɑɖůɖ ˊɞɡ 

ˊɟɞůűɏɟɞɡɜ ɞɘ ŬɜɤŰɏɟɤ ŮɟɔŬůɑŮɠ, Űɞ ˊɚɐɗɞɠ Űɤɜ ɡˊɞɗɏůŮɤɜ ˊɞɡ ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɘɜ ́ ɚɐŰŰŮɘ 

ůɖɛŬɜŰɘəɎ Űɖɜ ŬəɟɑɓŮɘŬ əŬɘ ŬɝɘɞˊɘůŰɑŬ Űɞɡɠ.  

φȢφȢχȢɛ ɫʑʈɼɻʐʅʆʙ ɻʍʅʃʈʂʐʅʆʙ ʀʌʚʇʑʎʂ ʀʊʅʎʡʎʀʖʉ 

ɆɨɛűɤɜŬ ɛŮ Űɖ ɗŮɤɟɑŬ, ůŰɖɜ əŬŰɎůŰŬůɖ ɛɏɔɘůŰɖɠ ˊŬɟŬɔɤɔɐɠ ɖ ˊŬɟɎɔɤɔɞɠ Űɖɠ ɘůɢɨɞɠ ɤɠ 

ˊɟɞɠ ŰɎůɖ dP/dV ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ɛɖŭɏɜ: 
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ȸɎůŮɘ Űɖɠ Ůɝɑůɤůɖɠ (2.1), ɖ ˊŬɟɎɔɤɔɞɠ Űɞɡ ɟŮɨɛŬŰɞɠ ɤɠ ˊɟɞɠ ŰɎůɖ dV/dI ŭɑɜŮŰŬɘ Ŭˊɧ Űɖɜ: 
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ȰŰůɘ, ŬɜŰɘəŬɗɘůŰɩɜŰŬɠ Űɖɜ (2.8) ůŰɖɜ (2.7) əŬɘ ůɡɜŭɡɎɕɞɜŰŬɠ ɛŮ Űɖɜ (2.1), ˊɟɞəɨˊŰŮɘ 

ůɨůŰɖɛŬ 2 ŮɝɘůɩůŮɤɜ ˊɞɡ ŮˊɘɚɨŮŰŬɘ ŬɟɘɗɛɖŰɘəɎ (ŮˊŬɜŬɚɖˊŰɘəɎ), ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ɛɏůɤ Űɖɠ 

ɛŮɗɧŭɞɡ Gauss-Newton. ȷɡŰɧ ŮɑɜŬɘ ɞɡůɘŬůŰɘəɎ Űɞ ɡˊɧɓŬɗɟɞ Űɤɜ ŮɟɔŬůɘɩɜ [144], [154], [169]. 
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Ʉɘɞ ůɡɜŮəŰɘəɐ ŭɘŬŰɨˊɤůɖ ˊɟɞəɨˊŰŮɘ ŮűŬɟɛɧɕɞɜŰŬɠ Űɖ ůɡɜɎɟŰɖůɖ Lambert W. 

ɆɡɔəŮəɟɘɛɏɜŬ, ˊŬɟŬɔɤɔɑɕɞɜŰŬɠ Űɘɠ (2.2) əŬɘ (2.3) ɞɘ dI/dV əŬɘ dV/dI ɓɟɑůəɞɜŰŬɘ ŬˊŮɡɗŮɑŬɠ: 
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ɆŰɖ ůɡɜɏɢŮɘŬ, ɞɘ (2.9) əŬɘ (2.2) ŬɜŰɘəŬɗɑůŰŬɜŰŬɘ ůŰɖɜ (2.7) ˊɟɞɠ ŮɝŬɔɤɔɐ ɛɑŬɠ ɛɞɜŬŭɘəɐɠ 

Ůɝɑůɤůɖɠ ˊŮˊɚŮɔɛɏɜɖɠ ɛɞɟűɐɠ ɛŮ ɛɧɜɖ ɎɔɜɤůŰɖ Űɖɜ Vmp. ȷɡŰɐ ŮˊɘɚɨŮŰŬɘ ŮˊŬɜŬɚɖˊŰɘəɎ ɔɘŬ 

Űɖɜ ŮɨɟŮůɖ Űɖɠ Vmp əŬɘ ɛŮŰɎ Űɞɡ Imp Ŭˊɧ Űɖɜ (2.2) Ŭɜ ɢɟŮɘɎɕŮŰŬɘ. ȼ ůɡɔəŮəɟɘɛɏɜɖ ˊɟɞůɏɔɔɘůɖ 

ŬˊɞŰŮɚŮɑ Űɖ ɓɎůɖ ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɞɡ ɓɏɚŰɘůŰɞɡ űɞɟŰɑɞɡ ůŰɖɜ [122]. 

ɄŬɟɧɛɞɘŬ ŰŮɢɜɘəɐ ŬəɞɚɞɡɗŮɑŰŬɘ əŬɘ ůŰɘɠ [120], [121], ɛŮ Űɖ ŭɘŬűɞɟɎ ɧŰɘ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɖ 

ůɡɜɎɟŰɖůɖ special Trans ɏɜŬɜŰɘ Űɖɠ Lambert W. ɄŬɟɧɚŬ ŬɡŰɎ, ɧɚŮɠ ɞɘ ˊŬɟŬˊɎɜɤ ɛɏɗɞŭɞɘ 

ŬˊŬɘŰɞɨɜ ŮˊŬɜŬɚɖˊŰɘəɐ Ůˊɑɚɡůɖ ɛŮ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ ůɡɜŮˊŬɔɧɛŮɜŮɠ ŮˊɘˊŰɩůŮɘɠ. 

φȢφȢχȢɜ ɚʉɻʇʑʐʅʆʘʏ ʎʔʘʎʀʅʏ MPP ɾʅɻ ʐʋ ʅɿɻʉʅʆʝ ɮɛ ʈʋʉʐʘʇʋ 

ũɘŬ ɚɧɔɞɡɠ əŬŰŬɜɧɖůɖɠ, ŬɜŬɚɨŮŰŬɘ ˊɟɩŰŬ Űɞ ɘŭŬɜɘəɧ ɛɞɜŰɏɚɞ ɛɑŬɠ ŭɘɧŭɞɡ ůŮ ɚŮɘŰɞɡɟɔɑŬ 

ɛɏɔɘůŰɖɠ ɘůɢɨɞɠ (MPP), əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɞɘ ˊŬɟŬŰɖɟɐůŮɘɠ ŮˊŮəŰŮɑɜɞɜŰŬɘ ůŰɞ ˊɚɐɟŮɠ ɛɞɜŰɏɚɞ 

Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ. ȺůŰɘɎɕɞɜŰŬɠ ůŰɖɜ ɘŭŬɜɘəɐ ůɡɜɘůŰɩůŬ Űɞɡ əɡəɚɩɛŬŰɞɠ Űɞɡ Ɇɢ. 2.5, ɖ 

Ůɝɑůɤůɖ ɟŮɨɛŬŰɞɠ-ŰɎůɖɠ ŬˊɚɞˊɞɘŮɑŰŬɘ ůŰɖɜ: 

 1
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  (2.11) 

ɧˊɞɡ ɛŮ Videal əŬɘ Ƚideal ůɡɛɓɞɚɑɕɞɜŰŬɘ ɖ ŰɎůɖ əŬɘ Űɞ ɟŮɨɛŬ ůŰɞ ɘŭŬɜɘəɧ ŰɛɐɛŬ Űɞɡ ɛɞɜŰɏɚɞɡ 

(Ɇɢ. 2.5). ɄɟɞűŬɜɩɠ ɖ (2.7) ɘůɢɨŮɘ əŬɘ ůŮ ŬɡŰɐɜ Űɖɜ ˊŮɟɑˊŰɤůɖ, ɛŮ Űɖ ŭɘŬűɞɟɎ ɧŰɘ ɖ 

dIideal/dVideal ŭɑɜŮŰŬɘ Ŭˊɧ Űɖɜ ˊɞɚɨ ŬˊɚɞɨůŰŮɟɖ ɏəűɟŬůɖ: 

 
Ɇɢ. 2.5. ɄɚɐɟŮɠ ɘůɞŭɨɜŬɛɞ əɨəɚɤɛŬ Űɞɡ ɛɞɜŰɏɚɞɡ ɛɑŬɠ ŭɘɧŭɞɡ ɛŮ ŮˊɘůɐɛŬɜůɖ Űɖɠ ɘŭŬɜɘəɐɠ 
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ȰŰůɘ, ɔɟɎűɞɜŰŬɠ Űɘɠ (2.12) əŬɘ (2.11) ůŮ ůɡɜɗɐəŮɠ MPP əŬɘ ŬɜŰɘəŬɗɘůŰɩɜŰŬɠ ůŰɖɜ (2.7), 

ˊɟɞəɨˊŰŮɘ ŬɜŬɚɡŰɘəɐ ɏəűɟŬůɖ ɔɘŬ Űɖɜ Vmp,ideal ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖ ůɡɜɎɟŰɖůɖ Lambert W: 
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ũɘŬ Űɖɜ ŮɨɟŮůɖ Űɞɡ Imp,ideal, ɖ (2.13) ŬɜŰɘəŬɗɑůŰŬŰŬɘ ůŰɖɜ (2.11), əŬŰŬɚɐɔɞɜŰŬɠ ůŰɖɜ: 
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ɇɏɚɞɠ, Űɞ ɓɏɚŰɘůŰɞ űɞɟŰɑɞ ŭɑɜŮŰŬɘ Ŭˊɧ: 
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φȢφȢχȢɝ ɞʌʘʆʐɻʎʂ ɻʉɻʇʑʐʅʆʡʉ ʎʔʘʎʀʖʉ MPP ʎʐʋ ʌʇʙʍʀʏ ɮɛ ʈʋʉʐʘʇʋ 

ɆŰɞ Ɇɢ. 2.6, ŬɜŰɘˊŬɟŬɓɎɚɚɞɜŰŬɘ ɞɘ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ I-V ɛɘŬɠ ˊɟŬɔɛŬŰɘəɐɠ əɡɣɏɚɖɠ (ɛˊɚŮ 

ɢɟɩɛŬ) əŬɘ ɛɘŬɠ ɘŭŬɜɘəɐɠ (əɧəəɘɜɞ ɢɟɩɛŬ). ȺɑɜŬɘ ŮɛűŬɜɏɠ ɧŰɘ ɞɘ ŭɨɞ əŬɛˊɨɚŮɠ ůɡɛˊɑˊŰɞɡɜ 

ůŰɘɠ ˊŮɟɘɞɢɏɠ SC əŬɘ OC, Ůɜɩ ůŮ ɧɚɞ Űɞ ɡˊɧɚɞɘˊɞ ŭɘɎůŰɖɛŬ, ůɡɛˊŮɟɘɚŬɛɓŬɜɞɛɏɜɞɡ əŬɘ Űɞɡ 

MPP, Ŭˊɞəɚɑɜɞɡɜ ůɖɛŬɜŰɘəɎ. ɆɡɜŮˊɩɠ, Űɞ ɛɞɜŰɏɚɞ Űɤɜ Űɟɘɩɜ ˊŬɟŬɛɏŰɟɤɜ ŭŮɜ ŮˊŬɟəŮɑ ɔɘŬ Űɞɜ 

Ŭəɟɘɓɐ ˊɟɞůŭɘɞɟɘůɛɧ Űɞɡ MPP. 

ɆŰŬ Ɇɢ. 2.7(Ŭ)-(ɓ), ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ I-V əŬɘ P-V ɛɑŬɠ Űɡˊɘəɐɠ ūȸ 

əɡɣɏɚɖɠ, ůɖɛŮɘɩɜɞɜŰŬɠ Űɞ MPP əŬɘ Űɖɜ ŬɜŰɑůŰɞɘɢɖ əŬɛˊɨɚɖ űɞɟŰɑɞɡ ɛŮ ˊɟɎůɘɜɞ ɢɟɩɛŬ. 

Ⱥˊɘˊɚɏɞɜ, ůɖɛŮɘɩɜŮŰŬɘ əŬɘ ɏɜŬ Ɏɚɚɞ ůɖɛŮɑɞ ŮɜŭɘŬűɏɟɞɜŰɞɠ ɛŮ əɧəəɘɜɞ əɡəɚɘəɧ ŭŮɑəŰɖ, Űɞ 

MPPI. ɇɞ MPPI ŮɑɜŬɘ Űɞ ůɖɛŮɑɞ ɚŮɘŰɞɡɟɔɑŬɠ ůŰɞ ɞˊɞɑɞ ɛŮɔɘůŰɞˊɞɘŮɑŰŬɘ ɖ ɘůɢɨɠ Űɖɠ ɘŭŬɜɘəɐɠ 

 
Ɇɢ. 2.6. ɉŬɟŬəŰɖɟɘůŰɘəɐ əŬɛˊɨɚɖ I-V Űɖɠ ˊɟŬɔɛŬŰɘəɐɠ əɡɣɏɚɖɠ əŬɘ Űɖɠ ɘŭŬɜɘəɐɠ Űɖɠ ůɡɜɘůŰɩůŬɠ. 
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ůɡɜɘůŰɩůŬɠ ůŰɞ Ɇɢ. 2.5, ŬɜŰɑ Űɞɡ ˊɚɐɟɞɡɠ əɡəɚɩɛŬŰɞɠ. ȳˊɤɠ űŬɑɜŮŰŬɘ, Űɞ MPPI ŭɘŬűɏɟŮɘ 

ŮɚɎɢɘůŰŬ Ŭˊɧ Űɞ MPP, ˊɞɡ ůɖɛŬɑɜŮɘ ɧŰɘ ɧŰŬɜ ɖ ˊɟŬɔɛŬŰɘəɐ əɡɣɏɚɖ ɚŮɘŰɞɡɟɔŮɑ ůŰɞ MPPI, ɖ 

ɘůɢɨɠ Ůɝɧŭɞɡ Űɖɠ ŮɑɜŬɘ ˊɟŬəŰɘəɎ/ˊɟɞůŮɔɔɘůŰɘəɎ ɑŭɘŬ ɛŮ Űɞɡ MPP, ŭɖɚŬŭɐ ůɢŮŭɧɜ ɛɏɔɘůŰɖ. ȼ 

ůɡɔəŮəɟɘɛɏɜɖ ˊŬɟŬŰɐɟɖůɖ ŬˊɞŰŮɚŮɑ Űɖ ɓɎůɖ ɔɘŬ Űɖɜ ˊɟɞůɏɔɔɘůɖ Űɞɡ MPP Ŭˊɧ Űɞ ŮɡəɞɚɧŰŮɟŬ 

ɡˊɞɚɞɔɘɕɧɛŮɜɞ MPPI. ȼ Ůɜ ɚɧɔɤ ɡˊɧɗŮůɖ ŰŮəɛɖɟɘɩɜŮŰŬɘ ɗŮɤɟɖŰɘəɎ ůŰɞ ɄȷɅȷɅɇȼɀȷ ȸ, 

Ůɜɩ ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɛɏůɤ ˊɟɞůɞɛɞɘɩůŮɤɜ əŬɘ ˊŮɘɟŬɛŬŰɘəɩɜ ɛŮŰɟɐůŮɤɜ. 

ȰŰůɘ, ůŮ ɚŮɘŰɞɡɟɔɑŬ MPPI, ɖ ŰɎůɖ əŬɘ Űɞ ɟŮɨɛŬ ůŰɖɜ ɏɝɞŭɞ Űɖɠ ɘŭŬɜɘəɐɠ ůɡɜɘůŰɩůŬɠ Vmp,ideal 

əŬɘ Imp,ideal (Ɇɢ. 2.5) ŭɑɜɞɜŰŬɘ Ŭˊɧ Űɘɠ (2.13) əŬɘ (2.14) ŬɜŰɑůŰɞɘɢŬ. ɆɡɜŮˊɩɠ, ɖ ŰɎůɖ əŬɘ Űɞ ɟŮɨɛŬ 

Űɞɡ ˊɚɐɟɞɡɠ əɡəɚɩɛŬŰɞɠ ɡˊɞɚɞɔɑɕɞɜŰŬɘ ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɘɜ Űɞɠ ɜɧɛɞɡɠ Kirchhoff: 
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ɧˊɞɡ w=W{ Iphe/Is}  ŮɑɜŬɘ ɛɑŬ ɓɞɖɗɖŰɘəɐ ˊŬɟɎɛŮŰɟɞɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑ Űɖ ůɡɜɎɟŰɖůɖ Lambert 

W. Ƀɘ ŮɝɘůɩůŮɘɠ (2.16) əŬɘ (2.17) ́ ɟɞůűɏɟɞɡɜ ɏɜŬ Ůɡɗɨ əŬɘ Ŭˊɚɧ Űɟɧˊɞ ɡˊɞɚɞɔɘůɛɞɨ Űɖɠ MPP 

ŰɎůɖɠ əŬɘ ɟŮɨɛŬŰɞɠ ůɡɜŬɟŰɐůŮɘ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ. Ⱥˊɘˊɚɏɞɜ, ɛˊɞɟɞɨɜ ɜŬ ůɡɜŭɡŬůŰɞɨɜ 

ůŰɖɜ Ŭəɧɚɞɡɗɖ ɏəűɟŬůɖ, ůɡɜŭɏɞɜŰŬɠ Űɖɜ ŰɎůɖ ɛŮ Űɞ ɟŮɨɛŬ: 

 ( )-1mp s mpV a w R I= -   (2.18) 

ȷɝɑɕŮɘ ɜŬ ŮˊɘůɖɛŬɜɗŮɑ ˊɤɠ ɖ ˊŬɟŬˊɎɜɤ ŬɜɎɚɡůɖ əŬɘ ɞɘ ŮɝɘůɩůŮɘɠ ŭŮɜ ˊŮɟɘɞɟɑɕɞɜŰŬɘ ɛɧɜɞ 

ůŮ ɛɘŬ ūȸ əɡɣɏɚɖ, ŬɚɚɎ Ŭűɞɟɞɨɜ əɎɗŮ ūȸ ůɨůŰɖɛŬ ɞˊɞɘŬůŭɐˊɞŰŮ ŭɘɎŰŬɝɖɠ (ˊɚŬɑůɘɞ, 

ůɡůŰɞɘɢɑŬ əɚˊ.) ŭŮŭɞɛɏɜɞɡ ɧŰɘ ɚŮɘŰɞɡɟɔŮɑ ůŮ ɞɛɞɘɧɛɞɟűŮɠ ůɡɜɗɐəŮɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ 

ɗŮɟɛɞəɟŬůɑŬɠ. ȼ ɛɞɜŬŭɘəɐ ˊŬɟŬŭɞɢɐ ˊɞɡ ɚŬɛɓɎɜŮŰŬɘ ɡˊɧɣɘɜ ŮɑɜŬɘ ɖ ŬɜŰɘůŰɞɑɢɘůɖ Űɞɡ MPPI 

ɛŮ Űɞ MPP, ɖ ɞˊɞɑŬ ŰŮəɛɖɟɘɩɜŮŰŬɘ ɗŮɤɟɖŰɘəɎ ůŰɞ ɄȷɅȷɅɇȼɀȷ ȸ. ɄŬɟɧɛɞɘŮɠ ŮəűɟɎůŮɘɠ 

ŬɚɚɎ ɛŮ ŭɘŬűɞɟŮŰɘəɐ ŭɘŬŰɨˊɤůɖ ˊɟɞŰŮɑɜɞɜŰŬɘ ůŰɘɠ [186] əŬɘ [187]. 

φȢφȢχȢɞ ɫʑɾʆʍʅʐʅʆʙ ɻʉʗʇʑʎʂ ʎʒɻʇʈʗʐʖʉ ʈʘʎʖ ʌʍʋʎʋʈʋʅʡʎʀʖʉ 

ɆŰɖɜ ůɡɜɏɢŮɘŬ, ́ ɟɞůɞɛɞɘɩɜɞɜŰŬɘ ɞɘ ŬɟɘɗɛɖŰɘəɏɠ əŬɘ ŬɜŬɚɡŰɘəɏɠ ɛɏɗɞŭɞɘ  ́ ɟɞůŭɘɞɟɘůɛɞɨ Űɞɡ 

  
(Ŭ) (ɓ) 

Ɇɢ. 2.7. ɉŬɟŬəŰɖɟɘůŰɘəɐ (Ŭ) Ƚ-V əŬɘ (ɓ) P-V ɛɑŬɠ Űɡˊɘəɐɠ ūȸ əɡɣɏɚɖɠ ɛŮ ŮˊɘůɐɛŬɜůɖ Űɤɜ ůɖɛŮɑɤɜ 

MPP əŬɘ MPPI. 



ȾȺūȷȿȷȽɃ 2 - ɀɞɜŰŮɚɞˊɞɑɖůɖ ūȸ ɆɡůŰɖɛɎŰɤɜ ůŮ Ƀɛɞɘɧɛɞɟűɖ ȷəŰɘɜɞɓɞɚɑŬ 

 

ɀˊŬŰɕɏɚɖɠ ȺɡůŰɟɎŰɘɞɠ 37 

MPP ɞɘ ɞˊɞɑŮɠ ́ ŮɟɘɔɟɎűɞɜŰŬɘ ́ ŬɟŬˊɎɜɤ [118], [142], [147], [182], [185], əŬɘ ůɡɔəɟɑɜɞɜŰŬɘ ɛŮ 

Űɘɠ ŮɝɘůɩůŮɘɠ (2.16)-(2.17) ˊɞɡ ˊɟɞŰŮɑɜɞɜŰŬɘ ůŰɖɜ ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ, ůŰɞɡɠ ɎɝɞɜŮɠ Űɖɠ 

ŬəɟɑɓŮɘŬɠ əŬɘ Űɞɡ ɡˊɞɚɞɔɘůŰɘəɞɨ űɧɟŰɞɡ. ũɘŬ Űɞ ůəɞˊɧ ŬɡŰɧ, ˊɟɞůɞɛɞɘɩɜɞɜŰŬɘ 23 

ŭɘŬűɞɟŮŰɘəɎ ŮɛˊɞɟɘəɎ ūȸ ˊɚŬɑůɘŬ ůŮ ɏɜŬ ɛŮɔɎɚɞ Ůɨɟɞɠ ɞɛɞɘɧɛɞɟűɤɜ ůɡɜɗɖəɩɜ ɚŮɘŰɞɡɟɔɑŬɠ, 

ɛŮ Űɖɜ ŬəŰɘɜɞɓɞɚɑŬ ɜŬ əɡɛŬɑɜŮŰŬɘ Ŭˊɧ 50 ɏɤɠ 1000 W/m2 (ɓɐɛŬ 50 W/m2) əŬɘ Űɖ ɗŮɟɛɞəɟŬůɑŬ 

Ŭˊɧ 0 ɏɤɠ 75 ÁC (ɓɐɛŬ 5 ÁC), ŭɖɚŬŭɐ 320 ůŮɜɎɟɘŬ ůɡɜɞɚɘəɎ. 

ɆŰɖ ůɡɜɏɢŮɘŬ, ɞ ɧɟɞɠ Systems2eqs ŬɜŰɘůŰɞɘɢŮɑ ůŰɖ ɛɏɗɞŭɞ ŬɟɘɗɛɖŰɘəɐɠ Ůˊɑɚɡůɖɠ 

ůɡůŰɐɛŬŰɞɠ ŭɨɞ ŮɝɘůɩůŮɤɜ ˊɞɡ ˊŮɟɘɔɟɎűŮŰŬɘ ˊɟɩŰɖ ůŰɖɜ ŮɜɧŰɖŰŬ 2.2.3.ȸ, Ůɜɩ ɛŮ 

LambertW1eq əŬɘ Trans1eq ŮɜɜɞŮɑŰŬɘ ɖ ŮˊŬɜŬɚɖˊŰɘəɐ Ůˊɑɚɡůɖ ɛɑŬɠ Ůɝɑůɤůɖɠ ɛŮ ɢɟɐůɖ Űɖɠ 

ůɡɜɎɟŰɖůɖɠ Lambert W ɐ special Trans ŬɜŰɑůŰɞɘɢŬ. ũɘŬ Űɖɜ Systems2eqs, ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɖ 

ŮɜŰɞɚɐ fsolve Űɖɠ ɡˊɞɚɞɔɘůŰɘəɐɠ ˊɚŬŰűɧɟɛŬɠ MATLAB, Ůɜɩ ɖ Ůˊɑɚɡůɖ Űɤɜ LambertW1eq əŬɘ 

Trans1eq ɔɑɜŮŰŬɘ ɛɏůɤ Űɖɠ ŮɜŰɞɚɐɠ fzero ˊɞɡ ŮɑɜŬɘ ˊɘɞ ŬˊɞŭɞŰɘəɐ Ŭˊɧ Űɖ ɛɏɗɞŭɞ Gauss-

Newton, ŬɚɚɎ ŮɑɜŬɘ ŮűŬɟɛɧůɘɛɖ ɛɧɜɞ ůŮ ɛɑŬ Ůɝɑůɤůɖ. ɆŮ ɧɚŮɠ Űɘɠ ɛŮɗɧŭɞɡɠ, ɖ ůɡɜɎɟŰɖůɖ 

Lambert W ɡˊɞɚɞɔɑɕŮŰŬɘ ɛŮ Űɘɠ ůŮɘɟɏɠ ůɨɔəɚɘůɖɠ ˊɞɡ ŭɑɜɞɜŰŬɘ ůŰɞ ɄȷɅȷɅɇȼɀȷ ȷ. ȼ special 

Trans ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɘɠ ůŮɘɟɏɠ ˊɞɡ ˊɟɞŰŮɑɜɞɜŰŬɘ ůŰɘɠ [188], [189], ɧˊɞɡ ɞ Ŭɟɘɗɛɧɠ Űɤɜ 

ɧɟɤɜ Űɖɠ ůŮɘɟɎɠ ŮɑɜŬɘ 10. 

ȼ ɢɟɐůɖ Űɤɜ ˊɟɞŰŮɘɜɧɛŮɜɤɜ (2.16)-(2.17) ůɡɛɓɞɚɑɕŮŰŬɘ ɛŮ Direct. Ⱥˊɘˊɚɏɞɜ, ŮűŬɟɛɧɕɞɜŰŬɘ 

ɞɘ ŬɜŬɚɡŰɘəɏɠ ɛɏɗɞŭɞɘ Űɤɜ [118], [142],[147] (ɛŮ ůɡɔəŮəɟɘɛɏɜŮɠ ŭɘɞɟɗɩůŮɘɠ), [182], [185] əŬɘ 

ůɡɛɓɞɚɑɕɞɜŰŬɘ ɛŮ ŰŬ ɞɜɧɛŬŰŬ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ əɡɟɑɤɜ ůɡɔɔɟŬűɏɤɜ: Rodriguez, Saloux, 

Fernandes, Karmalkar əŬɘ Das. ȷəɧɛŬ, ɛŮ Űɞɜ ɧɟɞ Ideal Model ŮɜɜɞɞɨɜŰŬɘ ɞɘ (2.13)-(2.14) 

ˊɞɡ ɓŬůɑɕɞɜŰŬɘ ůŰɖɜ ɘŭŬɜɘəɐ ɏəŭɞůɖ Űɞɡ ɛɞɜŰɏɚɞɡ (ɛɞɜŰɏɚɞ Űɟɘɩɜ ˊŬɟŬɛɏŰɟɤɜ). 

Ƀɘ ŰɟŮɘɠ ŮˊŬɜŬɚɖˊŰɘəɏɠ ɛɏɗɞŭɞɘ ˊŬɟɎɔɞɡɜ ŰŬ ɑŭɘŬ ŬˊɞŰŮɚɏůɛŬŰŬ, əŬɗɩɠ ŭŮɜ ŮűŬɟɛɧɕɞɡɜ 

ŬˊɚɞɡůŰŮɨůŮɘɠ ůŰɞ ɛɞɜŰɏɚɞ, əŬɘ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɤɠ ŬɜŬűɞɟɎ ɔɘŬ Űɖɜ Ŭɝɘɞɚɧɔɖůɖ Űɖɠ 

ŬəɟɑɓŮɘŬɠ Űɖɠ Direct əŬɘ Űɤɜ ɡˊɞɚɞɑˊɤɜ ŬɜŬɚɡŰɘəɩɜ ɛŮɗɧŭɤɜ Űɖɠ ɓɘɓɚɘɞɔɟŬűɑŬɠ. ɆŰɞ Ɇɢ. 2.8, 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ɔɟŬűɘəɎ ɖ əŬŰŬɜɞɛɐ Űɞɡ ɛɏůɞɡ ůűɎɚɛŬŰɞɠ ŮəŰɑɛɖůɖɠ Űɞɡ MPP Ŭˊɧ Űɖɜ Direct 

ɔɘŬ 23 ŮɛˊɞɟɘəɎ ūȸ ˊɚŬɑůɘŬ ůŰɞ ůɨɜɞɚɞ Űɤɜ 320 ůŮɜŬɟɑɤɜ. ȳˊɤɠ űŬɑɜŮŰŬɘ, ɖ MPP ŰɎůɖ 

  
(Ŭ) (ɓ) 

 
(ɔ) 

Ɇɢ. 2.8. ɇɟɘůŭɘɎůŰŬŰɖ əŬŰŬɜɞɛɐ ůűɎɚɛŬŰɞɠ ŮəŰɑɛɖůɖɠ (Ŭ) Vmp, (ɓ) Imp əŬɘ (ɔ) Pmp Ŭˊɧ Űɖɜ Direct  

ɛɏɗɞŭɞ ɔɘŬ ɧɚŬ ŰŬ ůŮɜɎɟɘŬ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ (320 ůŰɞ ůɨɜɞɚɞ), ɗŮɤɟɩɜŰŬɠ ɤɠ ŬɜŬűɞɟɎ 

Űɘɠ ŮˊŬɜŬɚɖˊŰɘəɏɠ ɛŮɗɧŭɞɡɠ. ȾɎɗŮ Űɘɛɐ ůűɎɚɛŬŰɞɠ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɖ ɛɏůɖ Űɘɛɐ ɔɘŬ 23 ŮɛˊɞɟɘəɎ ūȸ 

ˊɚŬɑůɘŬ. 



2.2 - ɆɢɏůŮɘɠ SC, OC əŬɘ MPP ůɡɜŬɟŰɐůŮɘ Űɤɜ ɄɏɜŰŮ ɄŬɟŬɛɏŰɟɤɜ 

38 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

əɡɟɑɤɠ ɡˊɞŮəŰɘɛɎŰŬɘ Ůɜɩ Űɞ MPP ɟŮɨɛŬ ɡˊŮɟŮəŰɘɛɎŰŬɘ, ˊŬɟɞɡůɘɎɕɞɜŰŬɠ rms əŬɘ ɛɏɔɘůŰŬ 

ůűɎɚɛŬŰŬ ɔɨɟɤ ůŰɞ 0.6% əŬɘ 1.6% ŬɜŰɑůŰɞɘɢŬ (Ɇɢ. 2.8). ȺəűɟɎůŮɘɠ ˊɟɞůŭɘɞɟɘůɛɞɨ Űɞɡ 

ůűɎɚɛŬŰɞɠ ɤɠ Űɘɛɐ əŬɘ ˊɟɧůɖɛɞ ŭɑɜɞɜŰŬɘ ůŰɞ ɄȷɅȷɅɇȼɀȷ ȸ. ȹŮŭɞɛɏɜɞɡ ɧŰɘ ɞɘ ŬˊɞəɚɑůŮɘɠ 

ůŰɖɜ ŰɎůɖ əŬɘ Űɞ ɟŮɨɛŬ ŮɑɜŬɘ ŬɜŰɑɟɟɞˊŮɠ, ɖ ŮəŰɑɛɖůɖ Űɖɠ MPP ɘůɢɨɞɠ ŬˊɞŭŮɘəɜɨŮŰŬɘ ɘŭɘŬɑŰŮɟŬ 

Ŭəɟɘɓɐɠ, ˊŬɟɞɡůɘɎɕɞɜŰŬɠ rms əŬɘ ɛɏɔɘůŰɞ ůűɎɚɛŬ ɛɧɜɞ 0.05% əŬɘ 0.17% ŬɜŰɑůŰɞɘɢŬ (Ɇɢ. 

2.8(ɔ)). ȺɑɜŬɘ ŮɛűŬɜɏɠ ɧŰɘ ŬɡŰɏɠ ɞɘ Űɘɛɏɠ ůűɎɚɛŬŰɞɠ ŮɑɜŬɘ ŬɛŮɚɖŰɏŮɠ, əŬɘ ɎɟŬ ɖ Direct ɛɏɗɞŭɞɠ 

ɓɟɑůəŮŰŬɘ ůŮ ůɡɛűɤɜɑŬ ɛŮ Űɞ ɛɞɜŰɏɚɞ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ əŬɘ ŮəŰɘɛɎ Űɞ MPP ɛŮ ŬəɟɑɓŮɘŬ. 

ȼ ŬəɟɑɓŮɘŬ ɧɚɤɜ Űɤɜ ŬɜŬɚɡŰɘəɩɜ ɛŮɗɧŭɤɜ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɔɟŬűɘəɎ ůŮ űɗɑɜɞɡůŬ ŰŬɝɘɜɧɛɖůɖ 

(əŬŰɎ ŬˊɧɚɡŰɖ Űɘɛɐ) ůŰɞ Ɇɢ. 2.9 ɔɘŬ ŰŬ 320 ůŮɜɎɟɘŬ ˊŮɟɘɓŬɚɚɞɜŰɘəɩɜ ůɡɜɗɖəɩɜ əŬɘ ɔɘŬ əɎɗŮ 

ūȸ ˊɚŬɑůɘɞ (7360 ŮˊŬɜŬɚɐɣŮɘɠ ůɡɜɞɚɘəɎ). ȳˊɤɠ űŬɑɜŮŰŬɘ, ɖ əŬɛˊɨɚɖ ůűŬɚɛɎŰɤɜ Űɤɜ Saloux 

(əɑŰɟɘɜɞ ɢɟɩɛŬ) əŬɘ Rodriguez (ɛˊɞɟɜŰɧ ɢɟɩɛŬ) ŰŬɡŰɑɕŮŰŬɘ ɛŮ Űɖ ɛɏɗɞŭɞ Űɞɡ ɘŭŬɜɘəɞɨ 

ɛɞɜŰɏɚɞɡ Ideal (ɛŬɨɟɞ ɢɟɩɛŬ), ɡˊŮɟŮəŰɘɛɩɜŰŬɠ ˊɎɜŰŬ Űɖɜ ɘůɢɨ ɏɤɠ əŬɘ 20% (7.6% rms 

ůűɎɚɛŬ). ȷɜŰɑɗŮŰŬ, ɞɘ ŮɜŬɚɚŬəŰɘəɏɠ ɛɞɜŰŮɚɞˊɞɘɐůŮɘɠ Karmalkar (ˊɟɎůɘɜɞ ɢɟɩɛŬ) əŬɘ Das 

(ɛɤɓ ɢɟɩɛŬ) ɡˊɞŮəŰɘɛɞɨɜ ́ ɎɜŰŬ Űɖɜ Pmp, ́ ŬɟɞɡůɘɎɕɞɜŰŬɠ ɛɏɔɘůŰŬ ůűɎɚɛŬŰŬ 7.9 % əŬɘ 13.9% 

(3.9% əŬɘ 6.7% rms ůűɎɚɛŬŰŬ ŬɜŰɑůŰɞɘɢŬ). ȼ ˊɟɧůűŬŰɖ ɛɏɗɞŭɞɠ Fernandes (ɛˊɚŮ ɢɟɩɛŬ) 

ŬˊɞŭŮɘəɜɨŮŰŬɘ ŬɟəŮŰɎ Ŭəɟɘɓɐɠ ɛŮ 0.77% rms əŬɘ 1.54% ɛɏɔɘůŰɞ ůűɎɚɛŬ. ɄŬɟɧɚŬ ŬɡŰɎ, ɖ 

ˊɟɞŰŮɘɜɧɛŮɜŮɠ ŮɝɘůɩůŮɘɠ Űɖɠ Direct (əɧəəɘɜɖ ŭɘŬəŮəɞɛɛɏɜɖ ɔɟŬɛɛɐ) ˊɟɞůűɏɟɞɡɜ Űɖɜ 

əŬɚɨŰŮɟɖ ŬəɟɑɓŮɘŬ Ŭˊɧ ɧɚŮɠ Űɘɠ ŬɜŬɚɡŰɘəɏɠ ŮɜŬɚɚŬəŰɘəɏɠ, ˊŬɟɞɡůɘɎɕɞɜŰŬɠ 0.05% rms ůűɎɚɛŬ 

əŬɘ 0.36% ɛɏɔɘůŰɞ ůűɎɚɛŬ. 

ɆɢŮŰɘəɎ ɛŮ Űɞ ɡˊɞɚɞɔɘůŰɘəɧ əɧůŰɞɠ, ɞɘ ɢɟɧɜɞɘ ŮəŰɏɚŮůɖɠ ɧɚɤɜ Űɤɜ ŮˊŬɜŬɚɖˊŰɘəɩɜ əŬɘ 

ŬɜŬɚɡŰɘəɩɜ ɛŮɗɧŭɤɜ ŭɑɜɞɜŰŬɘ ůŰɞɜ Ŭəɧɚɞɡɗɞ ˊɑɜŬəŬ Ʉ. 2.1, ůŮ ŬˊɧɚɡŰɖ əŬɘ 

əŬɜɞɜɘəɞˊɞɘɖɛɏɜɖ ɛɞɟűɐ. Ƀɘ ˊɟɞůɞɛɞɘɩůŮɘɠ ɏɔɘɜŬɜ ůŰɞɜ ɑŭɘɞ ɖɚŮəŰɟɞɜɘəɧ ɡˊɞɚɞɔɘůŰɐ ɛŮ 3.4 

GHz CPU əŬɘ 4.0 GB RAM. ȳˊɤɠ űŬɑɜŮŰŬɘ, ɞɘ ŮˊŬɜŬɚɖˊŰɘəɏɠ ɛɏɗɞŭɞɘ ŬˊɞŭŮɘəɜɨɞɜŰŬɘ 2 

ŰɎɝŮɘɠ ɛŮɔɏɗɞɡɠ ˊɘɞ Ŭɟɔɏɠ ůŮ ůɢɏůɖ ɛŮ Űɘɠ ŬˊɚɞɨůŰŮɟŮɠ ŬɜŬɚɡŰɘəɏɠ ˊɟɞůŮɔɔɑůŮɘɠ. 

ɆɡɔəŮəɟɘɛɏɜŬ, ɖ System2eqs ˊŬɟɞɡůɘɎɕŮɘ Űɞɜ ɡɣɖɚɧŰŮɟɞ ɢɟɧɜɞ ŮəŰɏɚŮůɖɠ ŬɜɎɛŮůŬ ůŰɘɠ ŰɟŮɘɠ 

ŮˊŬɜŬɚɖˊŰɘəɏɠ ŮɜŬɚɚŬəŰɘəɏɠ, əŬɗɩɠ ŮɑɜŬɘ ŭɡůəɞɚɧŰŮɟɖ ɖ Ůˊɑɚɡůɖ Ůɜɧɠ ůɡůŰɐɛŬŰɞɠ ŭɨɞ ɛɖ 

ɔɟŬɛɛɘəɩɜ ŮɝɘůɩůŮɤɜ Ŭˊɧ Űɖɜ fsolve, ůŮ ůɢɏůɖ ɛŮ ɛɑŬ Ůɝɑůɤůɖ Ŭˊɧ Űɖɜ ŬˊɞŭɞŰɘəɧŰŮɟɖ fzero. 

ȷɜŰɑɗŮŰŬ, ɞɘ ŮɜŬɚɚŬəŰɘəɏɠ ɛɏɗɞŭɞɘ ŬˊŬɘŰɞɨɜ ɑŭɘɞɡ Ůˊɘˊɏŭɞɡ ɢɟɧɜɞ ŮəŰɏɚŮůɖɠ, ɛŮ ɛɘəɟɏɠ 

ŭɘŬűɞɟɏɠ ɚɧɔɤ Űɖɠ ɛŬɗɖɛŬŰɘəɐɠ ˊɞɚɡˊɚɞəɧŰɖŰŬɠ əŬɘ Űɞɡ ˊɚɐɗɞɡɠ Űɤɜ ɧɟɤɜ ůŰɘɠ ůɢɏůŮɘɠ. 

 
Ɇɢ. 2.9. Ɇɨɔəɟɘůɖ ůűŬɚɛɎŰɤɜ ŮəŰɑɛɖůɖɠ Pmp ɧɚɤɜ Űɤɜ ŬɜŬɚɡŰɘəɩɜ ɛŮɗɧŭɤɜ. ɇŬ ůűɎɚɛŬŰŬ ŭɑɜɞɜŰŬɘ 

ůŮ űɗɑɜɞɡůŬ ŰŬɝɘɜɧɛɖůɖ əŬŰɎ ŬˊɧɚɡŰɖ Űɘɛɐ ɔɘŬ Űɞ ůɨɜɞɚɞ Űɤɜ 7360 ůŮɜŬɟɑɤɜ ˊɟɞůɞɛɞɑɤůɖɠ. 
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ɆɡɛˊŮɟŬůɛŬŰɘəɎ, ɖ ˊɟɞŰŮɘɜɧɛŮɜɖ Direct ɛɏɗɞŭɞɠ ˊŬɟɞɡůɘɎɕŮɘ Űɖ ɛŮɔŬɚɨŰŮɟɖ ŬəɟɑɓŮɘŬ əŬɘ 

ˊŬɟɧɛɞɘɞ ɡˊɞɚɞɔɘůŰɘəɧ əɧůŰɞɠ ɛŮ Űɘɠ ɡˊɧɚɞɘˊŮɠ ŬɜŬɚɡŰɘəɏɠ ˊɟɞůŮɔɔɑůŮɘɠ Űɘɠ ɓɘɓɚɘɞɔɟŬűɑŬɠ. 

φȢφȢχȢɫɬ ɩʀʅʍɻʈɻʐʅʆʙ ʀʌʅɼʀɼɻʚʖʎʂ 

Ƀɘ ŮɝɘůɩůŮɘɠ (2.16)-(2.17) ˊɞɡ ˊɟɞŰŮɑɜɞɜŰŬɘ ůŰɖɜ ˊŬɟɞɨůŬ ŮɟɔŬůɑŬ ŮˊɘɓŮɓŬɘɩɜɞɜŰŬɘ 

ˊŮɟŬɘŰɏɟɤ ˊŮɘɟŬɛŬŰɘəɎ ɛŮ ˊɏɜŰŮ ūȸ ˊɚŬɑůɘŬ ůŮ ɞɛɞɘɧɛɞɟűŮɠ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ. ũɘŬ əɎɗŮ 

ˊɚŬɑůɘɞ, əŬŰŬɔɟɎűŮŰŬɘ ɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ əŬɛˊɨɚɖ I-V ůŮ ŰɟɑŬ ŭɘŬűɞɟŮŰɘəɎ ůŮɜɎɟɘŬ 

ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ. ũɘŬ Űɞ ůəɞˊɧ ŬɡŰɧ, ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɏɜŬ ˊɞŰŮɜůɘɧɛŮŰɟɞ 

Ʉ. 2.1. ɉɟɧɜɞɠ ŮəŰɏɚŮůɖɠ ɧɚɤɜ Űɤɜ ŮˊŬɜŬɚɖˊŰɘəɩɜ əŬɘ ŬɜŬɚɡŰɘəɩɜ ɛŮɗɧŭɤɜ ŮəŰɑɛɖůɖɠ Űɞɡ MPP. 

ɀɏɗɞŭɞɠ 
ȾŬɜɞɜɘəɞˊɞɘɖɛɏɜɞɠ ɢɟɧɜɞɠ ŮəŰɏɚŮůɖɠ ɤɠ 

ˊɟɞɠ Űɞɜ ɢɟɧɜɞ Űɖɠ Direct 

ȷˊɧɚɡŰɞɠ ɢɟɧɜɞɠ ŮəŰɏɚŮůɖɠ 

ŬɜɎ ůŮɜɎɟɘɞ (ɛs) 

System2eqs 125.54 4.174.29 

LambertW1eq 40.65 1.351.73 

Trans1eq 36.29 1.206.56 

Direct 1.00 33.25 

Ideal Model 0.99 33.03 

Rodriguez 0.99 33.03 

Karmalkar 0.91 30.33 

Saloux 0.82 27.32 

Fernandes 0.77 25.44 

Das 0.71 23.76 
 

 
Ɇɢ. 2.10. Ⱥɝɞˊɚɘůɛɧɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖɜ ˊŮɘɟŬɛŬŰɘəɐ ŮˊɘɓŮɓŬɑɤůɖɠ Űɤɜ ŬɜŬɚɡŰɘəɩɜ 

ůɢɏůŮɤɜ ɡˊɞɚɞɔɘůɛɞɨ MPP. 

Computer



2.2 - ɆɢɏůŮɘɠ SC, OC əŬɘ MPP ůɡɜŬɟŰɐůŮɘ Űɤɜ ɄɏɜŰŮ ɄŬɟŬɛɏŰɟɤɜ 

40 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

ɘůɢɨɞɠ ɤɠ ɛŮŰŬɓɚɖŰɧ űɞɟŰɑɞ, ɛŮŰŬɓɎɚɚɞɜŰŬɠ Űɞ ůɖɛŮɑɞ ɚŮɘŰɞɡɟɔɑŬɠ Ŭˊɧ Űɖɜ ŬɜɞɘɢŰɞəɨəɚɤůɖ 

ůŰɖ ɓɟŬɢɡəɨəɚɤůɖ, Ůɜɩ ɞɘ Űɘɛɏɠ ɟŮɨɛŬŰɞɠ əŬɘ ŰɎůɖɠ ɛŮŰɟɞɨɜŰŬɘ ɛŮ Űɞɜ Ůɝɞˊɚɘůɛɧ LABVIEW. 

ɇŬ ŭŮŭɞɛɏɜŬ əŬŰŬɔɟɎűɞɜŰŬɘ ůŮ ɖɚŮəŰɟɞɜɘəɧ ɡˊɞɚɞɔɘůŰɐ əŬɘ ŮˊŮɝŮɟɔɎɕɞɜŰŬɘ ůŰɖɜ 

ɡˊɞɚɞɔɘůŰɘəɐ ˊɚŬŰűɧɟɛŬ MATLAB (Ɇɢ. 2.10). ȼ ŭɘŬŭɘəŬůɑŬ ŮˊŮɝŮɟɔŬůɑŬɠ Űɤɜ ɛŮŰɟɐůŮɤɜ ɏɢŮɘ 

ɤɠ Ůɝɐɠ:  

V Ŭˊɧ Űɖ ɛŮŰɟɖɛɏɜɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ əŬɛˊɨɚɖ ŮɜŰɞˊɑɕŮŰŬɘ Űɞ ˊɟŬɔɛŬŰɘəɧ MPP əŬɘ 

ˊɟɞůŭɘɞɟɑɕɞɜŰŬɘ ɞɘ ɚŮɘŰɞɡɟɔɘəɏɠ ůɡɜɗɐəŮɠ, 

V Ŭˊɧ Űɞ ŰŮɢɜɘəɧ űɡɚɚɎŭɘɞ Űɞɡ ūȸ ˊɚŬɘůɑɞɡ ɡˊɞɚɞɔɑɕɞɜŰŬɘ ɞɘ ˊɏɜŰŮ ˊŬɟɎɛŮŰɟɞɘ 

ŬɜŬűɞɟɎɠ əŬɘ ŬɜɎɔɞɜŰŬɘ ůŰɘɠ ŮəɎůŰɞŰŮ ůɡɜɗɐəŮɠ ůɨɛűɤɜŬ ɛŮ Űɞ ɛɞɜŰɏɚɞ Űɖɠ De Soto 

[151] (ˊŮɟɘůůɧŰŮɟŮɠ ɚŮˊŰɞɛɏɟŮɘŮɠ ůŰɖɜ ŮɜɧŰɖŰŬ 2.3), 

V ŭŮŭɞɛɏɜɤɜ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ, ˊɟɞůɞɛɞɘɩɜŮŰŬɘ ɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ əŬɘ 

ɡˊɞɚɞɔɑɕŮŰŬɘ Űɞ MPP ɛŮ Ŭ) Űɘɠ ŮˊŬɜŬɚɖˊŰɘəɏɠ əŬɘ ɓ) Űɖɜ Direct ɛɏɗɞŭɞ. 

ȰɜŬ ŮɜŭŮɘəŰɘəɧ ˊŬɟɎŭŮɘɔɛŬ ŬəɞɚɞɡɗŮɑ ůŰɞ Ɇɢ. 2.11, ɧˊɞɡ ɛŮ ɛˊɚŮ ŰŮɚŮɑŮɠ ůɢŮŭɘɎɕŮŰŬɘ ɖ 

ɛŮŰɟɖɛɏɜɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ əŬɘ ɛŮ əɧəəɘɜɖ ůɡɜŮɢɐ ɔɟŬɛɛɐ ɖ ˊɟɞůɞɛɞɘɤɛɏɜɖ əŬɛˊɨɚɖ. ȺɑɜŬɘ 

ŮɛűŬɜɏɠ ɧŰɘ ɞɘ ŭɨɞ əŬɛˊɨɚŮɠ ůɡɔəɚɑɜɞɡɜ ɘəŬɜɞˊɞɘɖŰɘəɎ ůŮ ɧɚɞ Űɞ Ůɨɟɞɠ ɚŮɘŰɞɡɟɔɑŬɠ. ȷəɧɛŬ, 

 
(Ŭ) 

 
(ɓ) 

Ɇɢ. 2.11. ɀŮŰɟɖɛɏɜŮɠ əŬɘ ˊɟɞůɞɛɞɘɤɛɏɜŮɠ  əŬɛˊɨɚŮɠ (Ŭ) I-V əŬɘ (ɓ) P-V Ůɜɧɠ ŮɜŭŮɘəŰɘəɞɨ ūȸ ˊɚŬɘůɑɞɡ 

(Sharp NE-Q5E3E). 
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Űɞ ŮəŰɘɛɩɛŮɜɞ MPP ɛɏůɤ Űɖɠ Direct (əɑŰɟɘɜɞɠ əɡəɚɘəɧɠ ŭŮɑəŰɖɠ) əŬɘ Űɤɜ ŮˊŬɜŬɚɖˊŰɘəɩɜ 

ɛŮɗɧŭɤɜ (ɛɤɓ ŰŮŰɟŬɔɤɜɘəɧɠ ŭŮɑəŰɖɠ) ŰŬɡŰɑɕŮŰŬɘ ůŮ ɧɚŬ ŰŬ ůŮɜɎɟɘŬ, əŬɘ ŭɘŬűɏɟŮɘ ŮɚɎɢɘůŰŬ Ŭˊɧ 

Űɞ ɛŮŰɟɖɛɏɜɞ MPP (ˊɟɎůɘɜɞɠ Űɟɘɔɤɜɘəɧɠ ŭŮɑəŰɖɠ). 

ȷɡŰɏɠ ɞɘ ˊŬɟŬŰɖɟɐůŮɘɠ ŮˊɘɓŮɓŬɘɩɜɞɜŰŬɘ ˊŮɟŬɘŰɏɟɤ Ŭˊɧ Űɞɜ Ŭəɧɚɞɡɗɞ ˊɑɜŬəŬ Ʉ. 2.2, ɧˊɞɡ 

Űɞ ůűɎɚɛŬ ŮəŰɑɛɖůɖɠ Űɖɠ Pmp, Vmp əŬɘ Imp ŭɑɜŮŰŬɘ ɔɘŬ Űɘɠ ŮˊŬɜŬɚɖˊŰɘəɏɠ əŬɘ Űɖɜ Direct 

ŮɜŬɚɚŬəŰɘəɐ ɔɘŬ ɧɚŬ ŰŬ ūȸ ˊɚŬɑůɘŬ əŬɘ ůŮɜɎɟɘŬ. ȺɑɜŬɘ ŮɛűŬɜɏɠ ɧŰɘ əŬɘ ɞɘ ŭɡɞ ˊɟɞůŮɔɔɑůŮɘɠ 

ŮˊɘŰɡɔɢɎɜɞɡɜ ɘəŬɜɞˊɞɘɖŰɘəɧŰŬŰɖ ŬəɟɑɓŮɘŬ, ɛŮ rms əŬɘ ɛɏɔɘůŰɞ ůűɎɚɛŬ ɔɨɟɤ ůŰɞ 2% əŬɘ 

ɚɘɔɧŰŮɟɞ Ŭˊɧ 5% ŬɜŰɑůŰɞɘɢŬ. ɄɟɎɔɛŬŰɘ, ŰŬ ůűɎɚɛŬŰŬ Pmp Űɤɜ ŭɨɞ ŮɜŬɚɚŬəŰɘəɩɜ ŮɑɜŬɘ ůɢŮŭɧɜ 

ŰŬɡŰɧůɖɛŬ, Ůɜɩ ɖ Direct ɛɏɗɞŭɞɠ ˊŬɟɞɡůɘɎɕŮɘ ɛɘəɟɧŰŮɟɞ ůűɎɚɛŬ ůŰɖ Vmp əŬɘ ɛŮɔŬɚɨŰŮɟɞ 

ůűɎɚɛŬ ůŰɞ Imp, ŮˊɘɓŮɓŬɘɩɜɞɜŰŬɠ Űɖ ɗŮɤɟɖŰɘəɐ ŬɜɎɚɡůɖ əŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ 

ˊɟɞůɞɛɞɘɩůŮɤɜ. 

ɃɡůɘŬůŰɘəɎ, Űɞ əɨɟɘɞ ůɡɛˊɏɟŬůɛŬ Ŭˊɧ Űɖɜ ˊŮɘɟŬɛŬŰɘəɐ ŭɘŮɟŮɨɜɖůɖ ŮɑɜŬɘ ɧŰɘ ɖ 

ˊɟɞŰŮɘɜɧɛŮɜŮɠ ŮɝɘůɩůŮɘɠ (2.16)-(2.17) ɔɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɞɡ MPP (Direct ɛɏɗɞŭɞɠ) 

ůɡɛűɤɜɞɨɜ ŬˊɧɚɡŰŬ ɛŮ Űɖ ɗŮɤɟɑŬ Űɞɡ ūȸ ɛɞɜŰɏɚɞɡ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ. ȹɖɚŬŭɐ, ŮɑɜŬɘ 

Űɧůɞ ŬəɟɘɓŮɑɠ ůŮ ˊɟŬɔɛŬŰɘəɏɠ/ˊŮɘɟŬɛŬŰɘəɏɠ ůɡɜɗɐəŮɠ ɧůɞ Űɞ ɑŭɘɞ Űɞ ɛɞɜŰɏɚɞ, Ůɜɩ ɖ ɛɞɜŬŭɘəɐ 

ɡˊɧɗŮůɖ ůŰɖɜ ɞˊɞɑŬ ɓŬůɑɕɞɜŰŬɘ ɞɘ Ůɜ ɚɧɔɤ ŮɝɘůɩůŮɘɠ (ɘůɞŭɡɜŬɛɑŬ MPP ɛŮ MPPI) ŭŮɜ ŮɘůɎɔŮɘ 

ůűɎɚɛŬ Ɏɝɘɞ ŬɜŬűɞɟɎɠ. 

2.3 ɩʍʋʎɿʅʋʍʅʎʈʝʏ ʐʖʉ ɩʘʉʐʀ ɩɻʍɻʈʘʐʍʖʉ 

ȼ ŬˊɧəŰɖůɖ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ Űɞɡ ɞɛɩɜɡɛɞɡ ɛɞɜŰɏɚɞɡ ŭŮɜ ŮɑɜŬɘ ŰŮŰɟɘɛɛɏɜɖ 

ŭɘŬŭɘəŬůɑŬ, əŬɗɩɠ ŭŮɜ ŮɑɜŬɘ ŭɘŬɗɏůɘɛŮɠ ůŰɞ ŰŮɢɜɘəɧ űɡɚɚɎŭɘɞ Űɤɜ ūȸ ˊɚŬɘůɑɤɜ əŬɘ 

Ʉ. 2.2. ɄŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ůűŬɚɛɎŰɤɜ ŮəŰɑɛɖůɖɠ Űɞɡ MPP Ŭˊɧ Űɖɜ Direct əŬɘ Űɘɠ 

ŮˊŬɜŬɚɖˊŰɘəɏɠ (ȺˊŬɜ.) ɛŮɗɧŭɞɡɠ ůŮ ˊɏɜŰŮ ŮɛˊɞɟɘəɎ ūȸ ˊɚŬɑůɘŬ əŬɘ ŰɟɑŬ ůŮɜɎɟɘŬ ůɡɜɗɖəɩɜ. 

ūȸ ˊɚŬɑůɘɞ ɆűɎɚɛŬ Pmp (%)  ɆűɎɚɛŬ Vmp (%)  ɆűɎɚɛŬ Imp (%)  
ɆɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ ȺˊŬɜ. Direct ȺˊŬɜ. Direct ȺˊŬɜ. Direct 

Conergy 190PC       
650 W/m2 ï 25 ÁC 3.65 3.63 2.15 1.70 1.57 2.00 
330 W/m2 ï 20 ÁC 0.99 0.99 0.82 0.66 0.24 0.40 

147 W/m2 ï 18 ÁC 1.50 1.50 0.94 0.93 0.16 0.17 

Day4 Energy 60MC-I       

1000 W/m2 ï 29 ÁC 3.21 3.15 2.34 1.54 0.76 1.49 
610 W/m2 ï 22 ÁC 2.90 2.88 1.96 1.58 0.84 1.20 

480 W/m2 ï 20 ÁC 3.78 3.78 1.50 1.25 2.12 2.37 

Sharp NE-Q5E3E       

970 W/m2 ï 24 ÁC 2.14 2.13 0.72 0.43 1.47 1.76 
590 W/m2 ï 30 ÁC 4.01 4.01 0.82 0.85 2.98 2.94 

470 W/m2 ï 24 ÁC 1.58 1.57 1.28 1.45 0.14 -0.02 

Yingli  YL -165       

840 W/m2 ï 35 ÁC 4.17 4.15 2.05 1.46 2.09 2.66 
430 W/m2 ï 28 ÁC 0.13 0.13 0.53 0.51 0.52 0.53 

225 W/m2 ï 25 ÁC 2.31 2.31 0.70 0.91 1.66 1.45 

Yingli  YL -210       

740 W/m2 ï 33 ÁC 2.06 2.02 -2.15 -2.84 4.22 4.93 
545 W/m2 ï 31 ÁC -0.65 -0.65 -3.36 -3.50 2.73 2.88 

145 W/m2 ï 25 ÁC -2.42 -2.46 -0.67 0.04 -2.05 -2.78 

ɃȿȽȾɃ RMS 2.66 2.65 1.67 1.57 1.94 2.24 

ɃȿȽȾɃ ɀȺũȽɆɇɃ 4.17 4.15 2.34 1.58 4.22 4.93 
 



2.3 - Ʉɟɞůŭɘɞɟɘůɛɧɠ Űɤɜ ɄɏɜŰŮ ɄŬɟŬɛɏŰɟɤɜ 

42 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

ŮˊɖɟŮɎɕɞɜŰŬɘ ůɖɛŬɜŰɘəɎ Ŭˊɧ Űɘɠ ŮəɎůŰɞŰŮ ůɡɜɗɐəŮɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ. 

ɆɡɛɓŬŰɘəɎ, ɞ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ ůɡɜɑůŰŬŰŬɘ ůŮ ŭɨɞ Ůˊɘɛɏɟɞɡɠ ŭɘŬŭɘəŬůɑŮɠ: 

V ɄɟɩŰŬ, ŮɝɎɔɞɜŰŬɘ ɞɘ ˊŬɟɎɛŮŰɟɞɘ ŬɜŬűɞɟɎɠ Iph0, Is0, a, Rs0 əŬɘ Rsh0 ůŮ ůɡɜɗɐəŮɠ STC, 

ŮɑŰŮ Ŭˊɧ ŭŮŭɞɛɏɜŬ Űɞɡ ŰŮɢɜɘəɞɨ űɡɚɚŬŭɑɞɡ ŮɑŰŮ Ŭˊɧ ɛŮŰɟɖɛɏɜŮɠ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ I-V. 

Ƀ ŭŮɑəŰɖɠ ç0è ɡˊɞŭɖɚɩɜŮɘ ˊŬɟɎɛŮŰɟɞ ůŮ ůɡɜɗɐəŮɠ STC. 

V ɆŰɖ ůɡɜɏɢŮɘŬ, ɞɘ ˊŬɟɎɛŮŰɟɞɘ ŬɜŬűɞɟɎɠ ŬɜɎɔɞɜŰŬɘ ůŰɘɠ ŮəɎůŰɞŰŮ ůɡɜɗɐəŮɠ ŬəŰɘɜɞɓɞɚɑŬɠ 

G əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ ɇ ɛɏůɤ ůɢɏůŮɤɜ ŬɜŬɔɤɔɐɠ. 

ɆŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ ɡˊɎɟɢŮɘ ŬɝɘɞůɖɛŮɑɤŰŬ ɛŮɔɎɚɞ ˊɚɐɗɞɠ ŮɟɔŬůɘɩɜ ˊɞɡ ˊɟŬɔɛŬŰŮɨɞɜŰŬɘ Űɞ 

Ůɜ ɚɧɔɤ ŬɜŰɘəŮɑɛŮɜɞ, əŬɘ ɘŭɘŬɑŰŮɟŬ Űɞ ˊɟɩŰɞ ůəɏɚɞɠ ˊɞɡ ŬűɞɟɎ Űɖɜ ŮɝŬɔɤɔɐ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ 

ůŮ ůɡɜɗɐəŮɠ ŬɜŬűɞɟɎɠ. Ƀɘ ˊŮɟɘůůɧŰŮɟŮɠ Ŭˊɧ ŬɡŰɏɠ ˊɟɞŰŮɑɜɞɡɜ ŮˊŬɜŬɚɖˊŰɘəɞɨɠ Ŭɚɔɞɟɑɗɛɞɡɠ 

Ŭɡɝɖɛɏɜɖɠ ˊɞɚɡˊɚɞəɧŰɖŰŬɠ əŬɘ ɡˊɞɚɞɔɘůŰɘəɞɨ əɧůŰɞɡɠ. ɆŰɖ ůɡɜɏɢŮɘŬ Űɖɠ ˊŬɟɞɨůŬɠ ŮɜɧŰɖŰŬɠ, 

ˊŮɟɘɔɟɎűŮŰŬɘ ɛɘŬ ɜɏŬ ɛɏɗɞŭɞɠ ɔɘŬ Űɖɜ ŮɝŬɔɤɔɐ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ ɛŮ Ŭˊɚɏɠ əŬɘ ŬɜŬɚɡŰɘəɏɠ 

ůɢɏůŮɘɠ, ɧˊɤɠ ŭɖɛɞůɘŮɨŰɖəŮ ůŰɞ [117]. 

2.3.1 ɛʅɼʇʅʋɾʍɻʒʅʆʙ ɻʉɻʎʆʝʌʂʎʂ 

ȼ ˊɘɞ ŭɘŬŭŮŭɞɛɏɜɖ ˊɟɞůɏɔɔɘůɖ ɔɘŬ Űɖɜ ŮɨɟŮůɖ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ ůŮ ůɡɜɗɐəŮɠ STC  

ŮɑɜŬɘ ɛɏůɤ ŬɟɘɗɛɖŰɘəɩɜ ɛŮɗɧŭɤɜ, ůɨɛűɤɜŬ ɛŮ Űɘɠ ɞˊɞɑŮɠ ůɢɖɛŬŰɑɕŮŰŬɘ ɏɜŬ ůɨůŰɖɛŬ 

ŮɝɘůɩůŮɤɜ ˊɞɡ ŮˊɘɚɨŮŰŬɘ ŬɟɘɗɛɖŰɘəɎ/ŮˊŬɜŬɚɖŰ́ɘəɎ [124]ï[126], [128], [130], [132]ï[134], 

[137]ï[140], [143], [145], [148], [151], [156], [160], [165], [166], [190], [191]. ɀɑŬ 

ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɐ əŬɘ ɘŭɘŬɑŰŮɟŬ ŭɘŬŭŮŭɞɛɏɜɖ ɛɏɗɞŭɞɠ ŬɡŰɐɠ Űɖɠ əŬŰɖɔɞɟɑŬɠ ˊŬɟɞɡůɘɎɕŮŰŬɘ 

ůŰɖɜ [151] (ɛɞɜŰɏɚɞ De Soto), ɧˊɞɡ ŭɞɛŮɑŰŬɘ ɏɜŬ ůɨůŰɖɛŬ ˊɏɜŰŮ ŮɝɘůɩůŮɤɜ ɔɘŬ Űɞɜ 

ɡˊɞɚɞɔɘůɛɧ Űɤɜ ɘůɎɟɘɗɛɤɜ ˊŬɟŬɛɏŰɟɤɜ. ɆɡɔəŮəɟɘɛɏɜŬ, ɞɘ ŰɟŮɘɠ ŮɝɘůɩůŮɘɠ ůɢɖɛŬŰɑɕɞɜŰŬɘ 

ŮűŬɟɛɧɕɞɜŰŬɠ Űɖ ɗŮɛŮɚɘɩŭɖ Ůɝɑůɤůɖ Űɞɡ ɛɞɜŰɏɚɞɡ ůŰŬ ůɖɛŮɑŬ SC, OC əŬɘ MPP, Ůɜɩ ɖ 

ŰɏŰŬɟŰɖ Ůɝɑůɤůɖ ŬˊŬɘŰɩɜŰŬɠ ɛɖŭŮɜɘəɐ əɚɑůɖ Űɖɠ P-V əŬɛˊɨɚɖɠ ůŰɞ MPP. ũɘŬ Űɖɜ ˊɏɛˊŰɖ 

Ůɝɑůɤůɖ, ŬɝɘɞˊɞɘŮɑŰŬɘ ɖ ɔɟŬɛɛɘəɐ ŮɝɎɟŰɖůɖ Űɖɠ ŰɎůɖɠ ŬɜɞɘɢŰɞəɨəɚɤůɖɠ Voc ɛŮ Űɖ 

ɗŮɟɛɞəɟŬůɑŬ ˊɞɡ ɛɞɜŰŮɚɞˊɞɘŮɑŰŬɘ ɛɏůɤ Űɞɡ ɗŮɟɛɞəɟŬůɘŬəɞɨ ůɡɜŰŮɚŮůŰɐ ɓVoc. ȸŬůɘəɧ 

ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɖɠ Ůɜ ɚɧɔɤ ɛŮɗɧŭɞɡ ŮɑɜŬɘ ɧŰɘ ɓŬůɑɕŮŰŬɘ Ůɝ ɞɚɞəɚɐɟɞɡ ůŰɞ ŰŮɢɜɘəɧ űɡɚɚɎŭɘɞ 

Űɞɡ ūȸ ˊɚŬɘůɑɞɡ, ɘŭɘɧŰɖŰŬ ˊɞɡ Űɖɠ ˊɟɞůŭɑŭŮɘ ŮɡŮɚɘɝɑŬ əŬɘ ɔŮɜɘəɐ ŮűŬɟɛɞůɘɛɧŰɖŰŬ. ɆŰɞ ɑŭɘɞ 

ˊɜŮɨɛŬ əɘɜɞɨɜŰŬɘ əŬɘ ɞɘ [126], [128], [130], [132], [137], [138], [140], [143], [145], [148], 

[156], [160], [166], [190], Ůɜɩ ɎɚɚŮɠ ɛɏɗɞŭɞɘ Űɖɠ ɑŭɘŬɠ əŬŰɖɔɞɟɑŬɠ ŬˊŬɘŰɞɨɜ ɤɠ Ůˊɘˊɚɏɞɜ 

ŭŮŭɞɛɏɜŬ Ůɘůɧŭɞɡ Űɖɜ əɚɑůɖ Űɖɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ I-V ůŰɞ SC ɐ/əŬɘ ůŰɞ OC [125], [134], [139], 

[165], ɐ ŬəɧɛŬ əŬɘ ɞɚɧəɚɖɟɖ Űɖɜ əŬɛˊɨɚɖ I-V [124], [133], [191]. ȸɘɓɚɘɞɔɟŬűɘəɐ ŬɜŬůəɧˊɖůɖ 

əŬɘ ůɡɔəɟɘŰɘəɐ ɛŮɚɏŰɖ ɛɏůɤ ˊŮɘɟŬɛŬŰɘəɩɜ ɛŮŰɟɐůŮɤɜ ɔɘŬ Űɘɠ ɛŮɗɧŭɞɡɠ ŬɡŰɞɨ Űɞɡ Űɨˊɞɡ 

ŭɑɜɞɜŰŬɘ ůŰɘɠ [192] əŬɘ [193]. 

ɀɘŬ ŮɜŬɚɚŬəŰɘəɐ ˊɟɞůɏɔɔɘůɖ ůŰɞ ɗɏɛŬ ŭɑɜŮŰŬɘ ŮűŬɟɛɧɕɞɜŰŬɠ ŰŮɢɜɘəɏɠ ˊɟɞůŬɟɛɞɔɐɠ 

əŬɛˊɨɚɖɠ (curve fitting) ůŮ ɛŮŰɟɐůŮɘɠ Űɖɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ I-V. ȼ ůɡɛɓŬŰɘəɐ ɛɏɗɞŭɞɠ Űɤɜ 

ŮɚŬɢɑůŰɤɜ ŰŮŰɟŬɔɩɜɤɜ (least squares ï LSQ) ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŰɘɠ [127], [150], [154], [167], 

Ůɜɩ Ɏɚɚɞɘ Ŭɚɔɧɟɘɗɛɞɘ ŮɡɟɘůŰɘəɐɠ űɨůŮɤɠ ˊɟɞŰŮɑɜɞɜŰŬɘ Ůˊɑůɖɠ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ, ɧˊɤɠ genetic 

algorithms [144], neural networks [136], pattern search [168], particle swarm optimization 

[194], differential evolution [141] əŬɘ bird mating optimization [169]. Ʉɚɐɟɖɠ ɓɘɓɚɘɞɔɟŬűɘəɐ 

ŬɜŬůəɧˊɖůɖ Űɤɜ ɛŮɗɧŭɤɜ Űɖɠ ůɡɔəŮəɟɘɛɏɜɖɠ əŬŰɖɔɞɟɑŬɠ ŭɑɜŮŰŬɘ ůŰɖɜ [195]. 

ɄŬɟɧɚɞ ˊɞɡ ɞɘ ŭɨɞ ŬɜɤŰɏɟɤ ˊɟɞůŮɔɔɑůŮɘɠ ˊŬɟɞɡůɘɎɕɞɡɜ ɔŮɜɘəɎ ɘəŬɜɞˊɞɘɖŰɘəɐ ŬəɟɑɓŮɘŬ, 

ɡˊɞűɏɟɞɡɜ Ŭˊɧ ŰŬ əɞɘɜɎ ˊɟɞɓɚɐɛŬŰŬ Űɖɠ ŮˊŬɜŬɚɖˊŰɘəɐɠ Ůˊɑɚɡůɖɠ, ɧˊɤɠ ŭɡůəɞɚɑŬ 
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Ŭɟɢɘəɞˊɞɑɖůɖɠ, ɗɏɛŬŰŬ ůɨɔəɚɘůɖɠ, ŬɓŮɓŬɘɧŰɖŰŬ ɞɚɞəɚɐɟɤůɖɠ əŬɘ Ŭɡɝɖɛɏɜɞ ɡˊɞɚɞɔɘůŰɘəɧ 

əɧůŰɞɠ. Ʉɟɞɠ ŬɜŰɘɛŮŰɩˊɘůɖ ŬɡŰɩɜ Űɤɜ ɛŮɘɞɜŮəŰɖɛɎŰɤɜ, ɏɢɞɡɜ ŭɖɛɞůɘŮɡɗŮɑ ɚɑɔŮɠ ŬɜŬɚɡŰɘəɏɠ 

ɛɏɗɞŭɞɘ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ ˊɞɡ ˊɟɞůŭɘɞɟɑɕɞɡɜ Űɘɠ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɞɡɠ ɛŮ Ŭˊɚɧ əŬɘ Ůɡɗɨ Űɟɧˊɞ, 

ɞɘ ɞˊɞɑŮɠ ɧɛɤɠ ˊŬɟɞɡůɘɎɕɞɡɜ ɛŮɘɤɛɏɜɖ ŬəɟɑɓŮɘŬ [129], [131], [135], [142], [146], [149], [153], 

[157]ï[159], [196]. ɆɡɔəŮəɟɘɛɏɜŬ, ůŰɖɜ [142] ŬɛŮɚɞɨɜŰŬɘ ɖ ůŮɘɟɘŬəɐ əŬɘ ŮɔəɎɟůɘŬ ŬɜŰɑůŰŬůɖ 

Űɞɡ ɛɞɜŰɏɚɞɡ əŬɘ ɞɘ ŮɜŬˊɞɛŮɑɜŬůŮɠ ŰɟŮɘɠ ˊŬɟɎɛŮŰɟɞɘ ɡˊɞɚɞɔɑɕɞɜŰŬɘ ɡˊɧ Űɖɜ ɡˊɧɗŮůɖ ɧŰɘ ɖ 

əɚɑůɖ Űɖɠ əŬɛˊɨɚɖɠ I-V ůŰɞ MPP ɘůɞɨŰŬɘ ɛŮ Űɞɜ ɚɧɔɞ Űɖɠ ŰɎůɖɠ ŬɜɞɘɢŰɞəɨəɚɤůɖɠ ˊɟɞɠ Űɞ 

ɟŮɨɛŬ ɓɟŬɢɡəɨəɚɤůɖɠ Voc/Isc. ȼ ŮɔəɎɟůɘŬ ŬɜŰɑůŰŬůɖ ŬɔɜɞŮɑŰŬɘ Ůˊɑůɖɠ əŬɘ ůŰɖɜ [157], 

ɞŭɖɔɩɜŰŬɠ ůŮ ŬɜŬɚɡŰɘəɏɠ ŮɝɘůɩůŮɘɠ ɔɘŬ Űɘɠ ŰɏůůŮɟɘɠ ˊŬɟŬɛɏŰɟɞɡɠ ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɘɜ 

ŭɘɎűɞɟŮɠ ŬˊɚɞɡůŰŮɨůŮɘɠ. Ƀɘ ɑŭɘŮɠ ŮɝɘůɩůŮɘɠ ŮɑɜŬɘ Űɞ ŬˊɞŰɏɚŮůɛŬ Űɖɠ ŭɘŮɟŮɨɜɖůɖɠ ůŰɖɜ [158], 

Ůɜɩ ɖ ˊŬɟɎɚŮɘɣɖ Űɖɠ ŮɔəɎɟůɘŬɠ ŬɜŰɑůŰŬůɖɠ ůŰɖɜ [159] ŮˊɘŰɟɏˊŮɘ Űɖɜ ŮɝŬɔɤɔɐ Űɤɜ 

ŮɜŬˊɞɛŮɘɜŬůɩɜ ˊŬɟŬɛɏŰɟɤɜ Ŭˊɧ ɛŮŰɟɐůŮɘɠ ůŮ ɏɝɘ ůɖɛŮɑŬ ɚŮɘŰɞɡɟɔɑŬɠ. ɀɘŬ ŮɜŭɘŬűɏɟɞɡůŬ 

ɛɏɗɞŭɞɠ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɖɜ [129],  ɖ ɞˊɞɑŬ ɗŮɤɟŮɑ ɧŰɘ ɖ ůŮɘɟɘŬəɐ əŬɘ ŮɔəɎɟůɘŬ ŬɜŰɑůŰŬůɖ 

ɘůɞɨŰŬɘ ɛŮ Űɖɜ əɚɑůɖ Űɖɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ I-V ůŰŬ ůɖɛŮɑŬ SC əŬɘ OC ŬɜŰɑůŰɞɘɢŬ, Űɘɠ ɞˊɞɑŮɠ 

ŮəŰɘɛɎ ɛŮ Ŭˊɚɧ əŬɘ Ůɡɗɨ Űɟɧˊɞ ɛŮ Űɞ ɛɞɜŰɏɚɞ ŰŮůůɎɟɤɜ ˊŬɟŬɛɏŰɟɤɜ, əŬɗɩɠ ɞɘ əɚɑůŮɘɠ ŬɡŰɏɠ 

ŭŮɜ ŮɑɜŬɘ ŭɘŬɗɏůɘɛŮɠ ůŰɞ ŰŮɢɜɘəɧ űɡɚɚɎŭɘɞ Űɞɡ ūȸ ˊɚŬɘůɑɞɡ. 

ȸɏɓŬɘŬ, ɧŰŬɜ ɞɘ əɚɑůŮɘɠ ůŰɞ SC əŬɘ OC ŮɑɜŬɘ ŭɘŬɗɏůɘɛŮɠ Ŭˊɧ ɛŮŰɟɐůŮɘɠ, ɛˊɞɟŮɑ ɜŬ 

ŮűŬɟɛɞůŰŮɑ ɖ ŰŮɢɜɘəɐ Űɖɠ [149], ɖ ɞˊɞɑŬ ŮɑɜŬɘ əŬɘ ɖ ˊɟɩŰɖ ɢɟɞɜɞɚɞɔɘəɎ ˊɞɡ ŭɘŬŰɨˊɤůŮ 

ŬɜŬɚɡŰɘəɏɠ ůɢɏůŮɘɠ ɔɘŬ Űɖɜ ŮɝŬɔɤɔɐ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ. Ƀɘ ɑŭɘŮɠ ŮɝɘůɩůŮɘɠ ɡɘɞɗŮŰɞɨɜŰŬɘ 

ůŰɘɠ [197] əŬɘ [152], Ůɜɩ ɎɚɚŮɠ ˊɟɞůŮɔɔɑůŮɘɠ ˊɞɡ Ůˊɑůɖɠ ɓŬůɑɕɞɜŰŬɘ ůŰɘɠ ˊɟɞŬɜŬűŮɟɗŮɑůŮɠ 

əɚɑůŮɘɠ ˊɟɞŰŮɑɜɞɜŰŬɘ ůŰɘɠ [131], [135], [153]. ɆŰɘɠ [196] əŬɘ [146], ŬˊŬɘŰɞɨɜŰŬɘ ŮˊɘˊɟɧůɗŮŰŬ 

ɛŮŰɟɖɛɏɜŬ ůɖɛŮɑŬ ɚŮɘŰɞɡɟɔɑŬɠ, ŮəŰɧɠ Űɤɜ SC, OC əŬɘ MPP.  

ȷˊɧ ɧɚŬ ŰŬ ˊɟɞŬɜŬűŮɟɗɏɜŰŬ ŬɜŬɚɡŰɘəɎ ɛɞɜŰɏɚŬ Űɖɠ ɓɘɓɚɘɞɔɟŬűɑŬɠ, ɛɧɜɞ ŬɡŰɎ Űɤɜ [129], 

[142], [157] ɓŬůɑɕɞɜŰŬɘ Ůɝ ɞɚɞəɚɐɟɞɡ ůŮ ˊɚɖɟɞűɞɟɑŮɠ ˊɞɡ ŮɑɜŬɘ ˊɎɜŰŬ ŭɘŬɗɏůɘɛŮɠ ůŰɞ ŰŮɢɜɘəɧ 

űɡɚɚɎŭɘɞ Űɞɡ ūȸ ˊɚŬɘůɑɞɡ əŬɘ ŭŮɜ ŬˊŬɘŰɞɨɜ ŮˊɘˊɟɧůɗŮŰŮɠ ˊɚɖɟɞűɞɟɑŮɠ ˊɞɡ ůɡɜŮˊɎɔɞɜŰŬɘ 

Ůˊɘˊɚɏɞɜ ɛŮŰɟɐůŮɘɠ. ɄŬɟɧɚŬ ŬɡŰɎ, ŰŬ Ůɜ ɚɧɔɤ ɛɞɜŰɏɚŬ ŮˊɘŭŮɘəɜɨɞɡɜ ɛɏŰɟɘŬ ŬəɟɑɓŮɘŬ, ɧˊɤɠ 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɖ ůɡɜɏɢŮɘŬ. 

2.3.2 ɡʀʖʍʚɻ ɾʅɻ ʐʂʉ ʀʊɻɾʖɾʙ ʐʖʉ ʌʘʉʐʀ ʌɻʍɻʈʘʐʍʖʉ ɻʉɻʒʋʍʗʏ 

ȼ ɓŬůɘəɐ ɘŭɏŬ ɔɘŬ Űɖɜ ŮɝŬɔɤɔɐ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ ŮɑɜŬɘ ɜŬ ŮˊɘɚŮɢɗɞɨɜ ɞɘ əŬŰɎɚɚɖɚŮɠ 

Űɘɛɏɠ ɩůŰŮ ɜŬ ɘəŬɜɞˊɞɘŮɑŰŬɘ ɖ ɗŮɛŮɚɘɩŭɖɠ Ůɝɑůɤůɖ Űɞɡ ɛɞɜŰɏɚɞɡ (2.1) ůŮ ɏɜŬ ŭŮŭɞɛɏɜɞ ůŮŰ 

ůɖɛŮɑɤɜ ɚŮɘŰɞɡɟɔɑŬɠ. ȳˊɤɠ ŮɝɖɔŮɑŰŬɘ ˊŬɟŬˊɎɜɤ, ŬɡŰɧ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ŮɑŰŮ ɛɏůɤ curve fitting 

ůŮ ɞɚɧəɚɖɟɖ Űɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ əŬɛˊɨɚɖ [127], [136], [141], [144], [150], [154], [167]ï[169], 

[195], ŮɑŰŮ ɛŮ Ůˊɑɚɡůɖ Ůɜɧɠ ůɡůŰɐɛŬŰɞɠ ŮɝɘůɩůŮɤɜ ůŮ ůɡɔəŮəɟɘɛɏɜŬ ůɖɛŮɑŬ [126], [128]ï

[130], [132], [137], [138], [140], [142], [143], [145], [148], [151], [156]ï[158], [160], [190].  

ȷɜ ŬˊŬɘŰŮɑŰŬɘ ɔŮɜɘəɐ ŮűŬɟɛɞůɘɛɧŰɖŰŬ Űɖɠ ɛŮɗɧŭɞɡ, ɖ Ůˊɘɚɞɔɐ Űɞɡ curve fitting ŭŮɜ ŮɑɜŬɘ 

əŬŰɎɚɚɖɚɖ, əŬɘ ɛɧɜɖ ɚɨůɖ ŮɑɜŬɘ ɖ ŭɘŬŰɨˊɤůɖ ˊɏɜŰŮ ŮɝɘůɩůŮɤɜ ɔɘŬ Űɖɜ ŮɨɟŮůɖ Űɤɜ ɘůɎɟɘɗɛɤɜ 

ˊŬɟŬɛɏŰɟɤɜ. Ƀɘ ŰɟŮɘɠ ŮɝɘůɩůŮɘɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ɧɚŮɠ Űɘɠ ˊŬɟŬˊɎɜɤ ůɢŮŰɘəɏɠ ɛŮɚɏŰŮɠ 

ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ ŮűŬɟɛɞɔɐ Űɖɠ (2.1) ůŰŬ ůɖɛŮɑŬ SC, OC əŬɘ MPP ɔɘŬ ůɡɜɗɐəŮɠ STC (ŭŮŭɞɛɏɜŬ 

ŰŮɢɜɘəɞɨ űɡɚɚŬŭɑɞɡ): 
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ɋɠ ŰɏŰŬɟŰɖ Ůɝɑůɤůɖ, ɖ ˊŬɟɎɔɤɔɞɠ Űɖɠ ɘůɢɨɞɠ ɤɠ ˊɟɞɠ ŰɎůɖ ůŰɞ MPP ɚŬɛɓɎɜŮŰŬɘ ůɡɜɐɗɤɠ 

ɑůɖ ɛŮ Űɞ ɛɖŭɏɜ [125], [126], [128], [130], [132], [137], [148], [151], [156]ï[158]: 
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ȳůɞɜ ŬűɞɟɎ Űɖɜ ˊɏɛˊŰɖ Ůɝɑůɤůɖ, ŰɟŮɘɠ əɨɟɘŮɠ ŮɜŬɚɚŬəŰɘəɏɠ ˊɟɞůŮɔɔɑůŮɘɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ 

ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ, ɧˊɤɠ ŮɝɖɔŮɑŰŬɘ ůŰɘɠ [128] əŬɘ [192]: 
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ɆŰɘɠ [125], [129], [130], [143], [148], ɖ əɚɑůɖ Űɖɠ I-V əŬɛˊɨɚɖɠ ůŰɞ SC ɚŬɛɓɎɜŮŰŬɘ ɑůɖ ɛŮ 

Űɖɜ ŬɜŰɑɗŮŰɖ Űɘɛɐ Űɖɠ ŬɜŰɘůŰɟɧűɞɡ Űɖɠ ŮɔəɎɟůɘŬɠ ŬɜŰɑůŰŬůɖɠ Rsh0, ɓɎůŮɘ Űɖɠ (2.23). ɀɘŬ 

ˊŬɟɧɛɞɘŬ ɡˊɧɗŮůɖ ɗŮɤɟŮɑŰŬɘ ůŰɘɠ [143] əŬɘ [129], ɛŮ Űɖ ŭɘŬűɞɟɎ ɧŰɘ ŮűŬɟɛɧɕŮŰŬɘ ůŮ ůɡɜɗɐəŮɠ 

OC ɔɘŬ Űɖɜ ŬɜŰɑůŰŬůɖ Rs0 (2.24). ɇɞ əɨɟɘɞ ɛŮɘɞɜɏəŰɖɛŬ ŬɡŰɩɜ Űɤɜ ˊɟɞůŮɔɔɑůŮɤɜ ŮɑɜŬɘ ɧŰɘ ɞɘ 

ŮɝɘůɩůŮɘɠ (2.23) əŬɘ (2.24) ɏɢɞɡɜ ŬůɗŮɜɏɠ ɗŮɤɟɖŰɘəɧ ɡˊɧɓŬɗɟɞ, ɧˊɤɠ ŬˊɞŭŮɘəɜɨŮŰŬɘ ůŰɖɜ 

[192], ɞŭɖɔɩɜŰŬɠ ůŮ ŬɜŬəɟɑɓŮɘŮɠ əŬɘ ŭɡůəɞɚɑŮɠ ŬɟɘɗɛɖŰɘəɐɠ Ůˊɑɚɡůɖɠ. ȷɜŰɑɗŮŰŬ, ɖ (2.25) 

ŭɘŬŰɡˊɩɜŮɘ ɧŰɘ ɖ ŰɎůɖ ŬɜɞɘɢŰɞəɨəɚɤůɖɠ Voc ɛŮŰŬɓɎɚɚŮŰŬɘ ŬɜŬɚɞɔɘəɎ ɛŮ Űɖ ɗŮɟɛɞəɟŬůɑŬ ɇ, 

ůɨɛűɤɜŬ ɛŮ Űɞɜ ɗŮɟɛɞəɟŬůɘŬəɧ ůɡɜŰŮɚŮůŰɐ ɓVoc [137], [151], [190]. ȼ ɘůɢɨ Űɖɠ Ůɜ ɚɧɔɤ 

ˊɟɧŰŬůɖɠ ŮɑɜŬɘ Ůɡɟɏɤɠ ŬˊɞŭŮəŰɐ, ŰɞɡɚɎɢɘůŰɞɜ ɔɘŬ ˊŮɟɘɞɟɘůɛɏɜɞ ɗŮɟɛɞəɟŬůɘŬəɧ Ůɨɟɞɠ ɔɨɟɤ 

Ŭˊɧ Űɞɡɠ 25 ÁC, Ůɜɩ ɞ ɓVoc ŮɑɜŬɘ ˊɎɜŰŬ ŭɘŬɗɏůɘɛɞɠ ůŰɞ ŰŮɢɜɘəɧ űɡɚɚɎŭɘɞ Űɞɡ ūȸ ˊɚŬɘůɑɞɡ. 

ȺəŰŮɜɐɠ ůɡɕɐŰɖůɖ ůɢŮŰɘəɎ ɛŮ Űɖɜ əŬŰŬɚɚɖɚɧɚɖŰŬ Űɤɜ (2.23)-(2.25) ɤɠ ́ ɏɛˊŰɖ Ůɝɑůɤůɖ ůŰɞ 

ůɨůŰɖɛŬ ŮɝɘůɩůŮɤɜ ɔɑɜŮŰŬɘ ůŰɘɠ [192] and [128]. ɆŰɖɜ ˊɟɩŰɖ ɛŮɚɏŰɖ, ůɡɛˊŮɟŬɑɜŮŰŬɘ ɧŰɘ ɞɘ 

(2.23) əŬɘ (2.25) ɞŭɖɔɞɨɜ ůŮ əŬɚɨŰŮɟŬ ŬˊɞŰŮɚɏůɛŬŰŬ ůŮ ůɢɏůɖ ɛŮ Űɖɜ (2.24), Ůɜɩ ɖ [128] 

əŬŰŬɚɐɔŮɘ ˊɤɠ əɎɗŮ ɛɑŬ Ŭˊɧ Űɘɠ ŰɟŮɘɠ ŮɜŬɚɚŬəŰɘəɏɠ ɏɢŮɘ ŰŬ ɛŮɘɞɜŮəŰɐɛŬŰɎ Űɖɠ. ɆɡɔəŮəɟɘɛɏɜŬ 

ɔɘŬ Űɖɜ (2.25), ŬˊɞŭŮɘəɜɨŮŰŬɘ ɧŰɘ ŭŮɜ ɞŭɖɔɞɨɜ ɧɚŮɠ ɞɘ Űɘɛɏɠ Űɖɠ ɗŮɟɛɞəɟŬůɘŬəɐɠ ŭɘŬűɞɟɎɠ ȹɇ 

ůŮ ɚɨůɖ, ŮɔŮɑɟɞɜŰŬɠ ɗɏɛŬ ɔɘŬ Űɖɜ əŬŰɎɚɚɖɚɖ Ůˊɘɚɞɔɐ Űɖɠ Űɘɛɐɠ Űɖɠ. 

ɇɞ ˊɟɧɓɚɖɛŬ ŬɡŰɧ ŬɜŰɘɛŮŰɤˊɑɕŮŰŬɘ ůŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, ŮˊɘɚɨɞɜŰŬɠ ůɡɛɓɞɚɘəɎ Űɖɜ 

(2.25), ˊŬɟɎɔɞɜŰŬɠ ɏŰůɘ ɛɑŬ Ŭˊɚɐ ŬɜŬɚɡŰɘəɐ ɏəűɟŬůɖ ŬɜŮɝɎɟŰɖŰɖ Űɖɠ ȹɇ. ȷɡŰɐ ɖ Ůɝɑůɤůɖ 

ůɡɜŭɡɎɕŮŰŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɛŮ Űɘɠ (2.19)-(2.22) ˊɟɞɠ ůɢɖɛŬŰɘůɛɧ Ůɜɧɠ ůɡůŰɐɛŬŰɞɠ ˊɏɜŰŮ 

ŮɝɘůɩůŮɤɜ, ˊŬɟɞɛɞɑɞɡ ɛŮ ŬɡŰɞɨ ˊɞɡ ˊɟɞŰŮɑɜŮŰŬɘ Ŭˊɧ Űɖ De Soto ůŰɖɜ [151], ɛŮ Űɖɜ Ůɘŭɞˊɞɘɧ 

ŭɘŬűɞɟɎ ɧŰɘ ɖ ŬˊɚɞɨůŰŮɟɖ ɛɞɟűɐ Űɞɡ ŮˊɘŰɟɏˊŮɘ ůɡɛɓɞɚɘəɐ Ůˊɑɚɡůɖ. 
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ɀˊŬŰɕɏɚɖɠ ȺɡůŰɟɎŰɘɞɠ 45 

2.3.3 ɚʉɻɾʖɾʙ ʐʖʉ ʌʘʉʐʀ ʌɻʍɻʈʘʐʍʖʉ ʎʀ ɻʑʃɻʚʍʀʐʀ ʎʑʉʃʙʆʀʏ 

ɀŮ Űɖɜ ŮɝŬɔɤɔɐ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ ŬɜŬűɞɟɎɠ, ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɞɡ ūȸ 

ůɡůŰɐɛŬŰɞɠ ůŮ ůɡɜɗɐəŮɠ STC. ũɘŬ ɜŬ ɛŮɚŮŰɖɗŮɑ ɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ ůŮ ɞˊɞɘŮůŭɐˊɞŰŮ ůɡɜɗɐəŮɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ G əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ T, ŬˊŬɘŰŮɑŰŬɘ ɖ əŬŰɎɚɚɖɚɖ ŬɜŬɔɤɔɐ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ. ɆŰɖɜ 

ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, ɡɘɞɗŮŰɞɨɜŰŬɘ ɞɘ ůɢɏůŮɘɠ ŬɜŬɔɤɔɐɠ ˊɞɡ ˊɟɞŰŮɑɜɞɜŰŬɘ Ŭˊɧ Űɖɜ De Soto ůŰɖɜ 

[151], ɞɘ ɞˊɞɑŮɠ ŮɑɜŬɘ ˊɘɗŬɜɧŰŬŰŬ ɞɘ ˊɘɞ ŭɘŬŭŮŭɞɛɏɜŮɠ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ. 

φȢχȢχȢɚ ɮʖʐʝʍʀʑʈɻ - Iph 

Ƀ ɟɡɗɛɧɠ ɛŮ Űɞɜ ɞˊɞɑɞ ŬˊŮɚŮɡɗŮɟɩɜɞɜŰŬɘ əŬɘ əɘɜɞɨɜŰŬɘ ɞɘ űɞɟŮɑɠ ůŰɞɜ əɟɨůŰŬɚɚɞ ˊɡɟɘŰɑɞɡ 

ŮɝŬɟŰɎŰŬɘ Ůɡɗɏɤɠ ŬɜŬɚɞɔɘəɎ Ŭˊɧ Űɖɜ ɏɜŰŬůɖ Űɖɠ ˊɟɞůˊɑˊŰɞɡůŬɠ ŬəŰɘɜɞɓɞɚɑŬɠ G. Ⱥˊɘˊɚɏɞɜ, 

ˊŬɟŬŰɖɟŮɑŰŬɘ ˊŮɘɟŬɛŬŰɘəɎ ɧŰɘ Űɞ űɤŰɧɟŮɡɛŬ Iph ŮɛűŬɜɑɕŮɘ ŬůɗŮɜɐ Ŭɨɝɖůɖ ɔɟŬɛɛɘəɐɠ űɨůŮɤɠ 

ɛŮ Űɖɜ Ɏɜɞŭɞ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ T, ůɨɛűɤɜŬ ɛŮ Űɞɜ ɗŮɟɛɞəɟŬůɘŬəɧ ůɡɜŰŮɚŮůŰɐ 

ɓɟŬɢɡəɨəɚɤůɖɠ aIsc, əŬŰŬɚɐɔɞɜŰŬɠ ůŰɖɜ ŰŮɚɘəɐ ɏəűɟŬůɖ: 

 0 (1 )ph ph IscI I G a T= + D  (2.26) 

φȢχȢχȢɛ ɚʉʗʎʐʍʋʒʋ ʍʀʞʈɻ ʆʋʍʀʎʈʋʞ - Is 

ɆɨɛűɤɜŬ ɛŮ Űɖɜ ɖɚŮəŰɟɞɜɘəɐ ɗŮɤɟɑŬ, Űɞ ŬɜɎůŰɟɞűɞ ɟŮɨɛŬ əɞɟŮůɛɞɨ Űɖɠ ŭɘɧŭɞɡ ˊɞɡ 

ɛɞɜŰŮɚɞˊɞɘŮɑ Űɖɜ ŮˊŬűɐ p-n ŭɑɜŮŰŬɘ Ŭˊɧ Űɖ ůɢɏůɖ: 
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ɧˊɞɡ ɛŮ Eg ůɡɛɓɞɚɑɕŮŰŬɘ Űɞ ŮɜŮɟɔŮɘŬəɧ ŭɘɎəŮɜɞ Űɞɡ ˊɡɟɘŰɑɞɡ ůŮ ŬɡɗŬɑɟŮŰɖ ɗŮɟɛɞəɟŬůɑŬ T, Űɞ 

ɞˊɞɑɞ ůɡɜŭɏŮŰŬɘ ɛŮ Űɞ ŭɘɎəŮɜɞ ŬɜŬűɞɟɎɠ Eg0 ɛŮ Űɖ ůɢɏůɖ: Eg=Eg0(1-0.00002677ȹT). ũɘŬ 

ɚɧɔɞɡɠ ŬˊɚɧŰɖŰŬɠ, ɖ ˊŬɟŬˊɎɜɤ Ůɝɑůɤůɖ ŬɜŬŭɘŬŰɡˊɩɜŮŰŬɘ ůŰɖɜ [117] ŬɜŰɘəŬɗɘůŰɩɜŰŬɠ Űɘɠ 

Űɘɛɏɠ Űɤɜ ůŰŬɗŮɟɩɜ ˊɞɡ ŮɛˊŮɟɘɏɢŮɘ, əŬŰŬɚɐɔɞɜŰŬɠ ůŰɖɜ: 

 
47.1

3
0

T

T
s sI I KT e

D

=   (2.27) 

ɧˊɞɡ ɞ ɧɟɞɠ KT ˊŮɟɘɔɟɎűŮɘ Űɞ ɚɧɔɞ ɗŮɟɛɞəɟŬůɘɩɜ ɇ/ɇ0 (ůŮ ɓŬɗɛɞɨɠ Kelvin) əŬɘ ɖ ůŰŬɗŮɟɎ 

47.1 ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɘɠ Űɘɛɏɠ Űɤɜ Eg0 əŬɘ k. 

φȢχȢχȢɜ ɬʍʋʌʋʌʋʅʂʈʘʉʋʏ ʎʑʉʐʀʇʀʎʐʙʏ ɿʅʝɿʋʑ - a 

ȿŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɘɜ ɧŰɘ ɞ ůɡɜŰŮɚŮůŰɐɠ Űɖɠ ŭɘɧŭɞɡ n ˊŬɟŬɛɏɜŮɘ ŬɛŮŰɎɓɚɖŰɞɠ Ŭˊɧ Űɘɠ 

ˊŮɟɘɓŬɚɚɞɜŰɘəɏɠ ůɡɜɗɐəŮɠ, ɞ Űɟɞˊɞˊɞɘɖɛɏɜɞɠ ůɡɜŰŮɚŮůŰɐɠ a ˊɞɡ ŮɜůɤɛŬŰɩɜŮɘ Űɖ ɗŮɟɛɘəɐ 

ŰɎůɖ ŮˊɖɟŮɎɕŮŰŬɘ ŬɜŬɚɞɔɘəɎ ɛŮ Űɖ ɗŮɟɛɞəɟŬůɑŬ ɤɠ Ůɝɐɠ: 

 0a a KT=   (2.28) 



2.3 - Ʉɟɞůŭɘɞɟɘůɛɧɠ Űɤɜ ɄɏɜŰŮ ɄŬɟŬɛɏŰɟɤɜ 

46 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

φȢχȢχȢɝ ɫʀʅʍʅɻʆʙ ɻʉʐʚʎʐɻʎʂ - Rs 

ȼ ɛŮŰŬɓɞɚɐ Űɖɠ ůŮɘɟɘŬəɐɠ ŬɜŰɑůŰŬůɖɠ Rs ɛŮ Űɘɠ ɚŮɘŰɞɡɟɔɘəɏɠ ůɡɜɗɐəŮɠ ůɡɜɐɗɤɠ ɗŮɤɟŮɑŰŬɘ 

ŬɛŮɚɖŰɏŬ əŬɘ ɖ Űɘɛɐ Űɖɠ ɚŬɛɓɎɜŮŰŬɘ ɑůɖ ɛŮ Űɖɜ ŬɜŰɑůŰɞɘɢɖ ůŮ ůɡɜɗɐəŮɠ ŬɜŬűɞɟɎɠ: 

 
0s sR R=   (2.29) 

φȢχȢχȢɞ ɞɾʆʗʍʎʅɻ ɻʉʐʚʎʐɻʎʂ - Rsh 

ȳůɞɜ ŬűɞɟɎ Űɖɜ ŮɔəɎɟůɘŬ ŬɜŰɑůŰŬůɖ Rsh, ˊŬɟŬŰɖɟŮɑŰŬɘ ˊŮɘɟŬɛŬŰɘəɎ ˊɤɠ ɖ əɚɑůɖ Űɖɠ 

ɢŬɟŬəŰɖɟɘůŰɘəɐɠ I-V ůŰɖɜ ˊŮɟɘɞɢɐ SC ɛŮŰŬɓɎɚɚŮŰŬɘ ŬɜŬɚɞɔɘəɎ ɛŮ Űɖɜ ɏɜŰŬůɖ Űɖɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ. ȹŮŭɞɛɏɜɞɡ ɧŰɘ ůŰɖ ůɡɔəŮəɟɘɛɏɜɖ ˊŮɟɘɞɢɐ ɚŮɘŰɞɡɟɔɑŬɠ ɖ əɚɑůɖ Űɖɠ I-V ůɡɜŭɏŮŰŬɘ 

ŬɜŰɘůŰɟɧűɤɠ ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ŮɔəɎɟůɘŬ ŬɜŰɑůŰŬůɖ Rsh0 (2.23), ˊɟɞəɨˊŰŮɘ ɧŰɘ: 

 0sh
sh

R
R

G
=   (2.30) 

ɆŰɞ Ɇɢ. 2.12, ˊŬɟɞɡůɘɎɕŮŰŬɘ ɔɟŬűɘəɎ ɖ ɛŮŰŬɓɞɚɐ Űɖɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ I-V ɛŮ Űɖɜ 

ŬɡɝɞɛŮɑɤůɖ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ, ŰɟɞˊɞˊɞɘɩɜŰŬɠ Űɘɠ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɞɡɠ 

ůɨɛűɤɜŬ ɛŮ Űɘɠ (2.26)-(2.30). ȺɑɜŬɘ ŮɛűŬɜɏɠ ɧŰɘ ɖ ŬəŰɘɜɞɓɞɚɑŬ ŮˊɖɟŮɎɕŮɘ ɘůɢɡɟɎ əŬɘ 

ŬɜŬɚɞɔɘəɎ Űɞ ɟŮɨɛŬ, ɘŭɘŬɑŰŮɟŬ ˊɚɖůɑɞɜ Űɖɠ ˊŮɟɘɞɢɐɠ ɓɟŬɢɡəɨəɚɤůɖɠ, ŬɚɚɎ ŬůɗŮɜɏůŰŮɟŬ 

(ɚɞɔŬɟɘɗɛɘəɎ) Űɖɜ ŰɎůɖ ůŰɖɜ ˊŮɟɘɞɢɐ ŬɜɞɘɢŰɞəɨəɚɤůɖɠ (Ɇɢ. 2.12(Ŭ)). ȷɜŰɑɗŮŰŬ, ɖ 

ɗŮɟɛɞəɟŬůɑŬ ŮˊɘŭɟɎ ɛŮ ɔɟŬɛɛɘəɧ Űɟɧˊɞ Űɧůɞ ůŰɖɜ ŰɎůɖ ɧůɞ əŬɘ ůŰɞ ɟŮɨɛŬ, ɛŮ Űɖ ŭɘŬűɞɟɎ ɧŰɘ 

ɖ ŮˊɑŭɟŬůɖ ůŰɖɜ ŰɎůɖ ŮɑɜŬɘ ɘůɢɡɟɧŰŮɟɖ əŬɘ ɏɢŮɘ ŬɟɜɖŰɘəɧ ˊɟɧůɖɛɞ, ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɞ ɟŮɨɛŬ 

ɞ́ɡ ŮɑɜŬɘ ŬůɗŮɜɏůŰŮɟɖ əŬɘ ɗŮŰɘəɐ (Ɇɢ. 2.12(ɓ)). 

2.3.4 ɞʊɻɾʖɾʙ ʐʂʏ ʌɻʍɻʈʘʐʍʋʑ a0 ʆɻʅ ʋʍʅʎʈʝʏ ʐʂʏ ʎʐɻʃʀʍʗʏ ɿ0 

ȼ ŮɝŬɔɤɔɐ Űɖɠ ˊŬɟŬɛɏŰɟɞɡ a0 ŮɑɜŬɘ ˊɟɧəɚɖůɖ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ. ȾɎˊɞɘɞɘ ŮɟŮɡɜɖŰɏɠ 

ɗŮɤɟɞɨɜ Űɡˊɘəɏɠ Űɘɛɏɠ ɔɘŬ Űɞɜ ůɡɜŰŮɚŮůŰɐ ŭɘɧŭɞɡ n əŬɘ Űɞɜ ŬɜɎɔɞɡɜ əŬŰɎɚɚɖɚŬ ůŰɞɜ a0 [132], 

[145], Ůɜɩ ɞɘ ˊŮɟɘůůɧŰŮɟɞɘ ɡˊɞɚɞɔɑɕɞɡɜ Űɖɜ Űɘɛɐ Űɞɡ ɛŬɕɑ ɛŮ Űɘɠ ɡˊɧɚɞɘˊŮɠ ˊŬɟŬɛɏŰɟɞɡɠ Űɞɡ 

ɛɞɜŰɏɚɞɡ ɛɏůɤ Ůɜɧɠ ŮˊŬɜŬɚɖˊŰɘəɞɨ Ŭɚɔɞɟɑɗɛɞɡ, ɧˊɤɠ ŮɝɖɔŮɑŰŬɘ ůŰɘɠ ˊɟɞɖɔɞɨɛŮɜŮɠ 

ˊŬɟŬɔɟɎűɞɡɠ. ɈˊɎɟɢɞɡɜ ɚɑɔŮɠ ɛŮɚɏŰŮɠ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ ˊɞɡ ˊɟɞŰŮɑɜɞɡɜ ŬɜŬɚɡŰɘəɐ ɏəűɟŬůɖ 

  
(Ŭ) (ɓ) 

Ɇɢ. 2.12. ɀŮŰŬɓɞɚɐ Űɖɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ əŬɛˊɨɚɖɠ I-V ɛŮ (Ŭ) Űɖɜ ŬəŰɘɜɞɓɞɚɑŬ G əŬɘ (ɓ) Űɖ 

ɗŮɟɛɞəɟŬůɑŬ T, ɧˊɤɠ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɘɠ ŮɝɘůɩůŮɘɠ ŬɜŬɔɤɔɐɠ ɔɘŬ ɛɑŬ Űɡˊɘəɐ ūȸ əɡɣɏɚɖ. 



ȾȺūȷȿȷȽɃ 2 - ɀɞɜŰŮɚɞˊɞɑɖůɖ ūȸ ɆɡůŰɖɛɎŰɤɜ ůŮ Ƀɛɞɘɧɛɞɟűɖ ȷəŰɘɜɞɓɞɚɑŬ 

 

ɀˊŬŰɕɏɚɖɠ ȺɡůŰɟɎŰɘɞɠ 47 

ɔɘŬ Űɞɜ a0 ɤɠ ůɡɜɎɟŰɖůɖ Űɖɠ ŰɎůɖɠ əŬɘ Űɞɡ ɟŮɨɛŬŰɞɠ ůŰŬ ůɖɛŮɑŬ SC, OC əŬɘ MPP [129], [142], 

[157], ɞɘ ɞˊɞɑŮɠ ɧɛɤɠ ɢɎɜɞɡɜ ůŮ ŬəɟɑɓŮɘŬ əŬɘ ŬɝɘɞˊɘůŰɑŬ ɚɧɔɤ Űɤɜ ɡˊɞɗɏůŮɤɜ əŬɘ 

ŬˊɚɞɡůŰŮɨůŮɤɜ ˊɞɡ ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɘɜ. 

ɆŰɖɜ ˊŬɟɞɨůŬ ŮɜɧŰɖŰŬ, ŭɘŮɟŮɡɜɎŰŬɘ ɖ ůɡůɢɏŰɘůɖ Űɞɡ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ůɡɜŰŮɚŮůŰɐ ŭɘɧŭɞɡ Ŭ0 

ɛŮ Űɖɜ ŰɎůɖ ŬɜɞɘɢŰɞəɨəɚɤůɖɠ Voc0 ůŮ ůɡɜɗɐəŮɠ STC, Ůɜɩ ŬˊɞŭŮɘəɜɨŮŰŬɘ ɧŰɘ ɞ ɚɧɔɞɠ Űɞɡɠ 

ɛˊɞɟŮɑ ɜŬ ŮəűɟŬůŰŮɑ ɤɠ ůɡɜɎɟŰɖůɖ Űɤɜ ɗŮɟɛɞəɟŬůɘŬəɩɜ ůɡɜŰŮɚŮůŰɩɜ aIsc əŬɘ ɓVoc. ȺɘůɎɔŮŰŬɘ 

ɛɘŬ ɜɏŬ ůŰŬɗŮɟɎ ˊɞɡ ůɡɛɓɞɚɑɕŮŰŬɘ ɛŮ ŭ0, ɖ ɞˊɞɑŬ ˊɟɞůŭɘɞɟɑɕŮŰŬɘ ɓɎůŮɘ Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ 

Űɞɡ ūȸ ˊɚŬɘůɑɞɡ Ŭˊɧ Űɞ ŰŮɢɜɘəɧ űɡɚɚɎŭɘɞ, əŬɘ ŮˊɘŰɟɏˊŮɘ ɏŰůɘ ɡˊɞɚɞɔɘůɛɧ Űɖɠ ˊŬɟŬɛɏŰɟɞɡ a0 

ɛŮ Ŭˊɚɧ əŬɘ Ůɡɗɨ Űɟɧˊɞ [117]. ȼ ůɡɜŮɘůűɞɟɎ Űɖɠ Ŭəɧɚɞɡɗɖɠ ɏɟŮɡɜŬɠ ɏɔəŮɘŰŬɘ ůŰɞ ůŰɏɟŮɞ 

ɗŮɤɟɖŰɘəɧ Űɖɠ ɡˊɧɓŬɗɟɞ əŬɘ Űɖɜ ˊɚɐɟɖ ɛŬɗɖɛŬŰɘəɐ Űɖɠ ŰŮəɛɖɟɑɤůɖ, əŬɗɩɠ ɓŬůɑɕŮŰŬɘ Ůɝ 

ɞɚɞəɚɐɟɞɡ ůŰɘɠ ůɢɏůŮɘɠ ŬɜŬɔɤɔɐɠ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ (2.26)-(2.30). 

ȼ ŬɜɎɚɡůɖ ůŰɖɟɑɕŮŰŬɘ ůŰɖɜ Ůɝɑůɤůɖ Űɖɠ Voc (2.6) ˊɞɡ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɖɜ ŮɜɧŰɖŰŬ 2.2.2. 

ȷɜ ŬɡŰɐ ɖ Ůɝɑůɤůɖ ɔɟŬűŮɑ ɔɘŬ ɞɜɞɛŬůŰɘəɐ ŬəŰɘɜɞɓɞɚɑŬ G0=1.0 əŬɘ ŬɡɗŬɑɟŮŰɖ ɗŮɟɛɞəɟŬůɑŬ T 

ɛŮ ŮűŬɟɛɞɔɐ Űɤɜ ůɢɏůŮɤɜ ŬɜŬɔɤɔɐɠ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ (2.26)-(2.30), ŰɧŰŮ ˊɟɞəɨˊŰŮɘ: 
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ɧˊɞɡ ɖ ɏəűɟŬůɖ (1+ɓVocȹT)Voc0 ůŰɞɜ ŮəɗɏŰɖ Űɞɡ ŭŮɨŰŮɟɞɡ ŮəɗŮŰɘəɞɨ ɧɟɞɡ ɛɞɜŰŮɚɞˊɞɘŮɑ Űɖ 

ɔɟŬɛɛɘəɐ ŮɝɎɟŰɖůɖ Űɖɠ Voc ɛŮ Űɖ ɗŮɟɛɞəɟŬůɑŬ ɓɎůŮɘ Űɞɡ ůɡɜŰŮɚŮůŰɐ ɓVoc. ɆŰɖ ůɡɜɏɢŮɘŬ, 

ŬɜŰɘəŬŰɎůŰŬůɖ ɧɟɤɜ əŬɘ ŬɜŬŭɘŬŰɨˊɤůɖ Űɖɠ (2.31) ɞŭɖɔŮɑ ůŰɖɜ (ɚŮˊŰɞɛɏɟŮɘŮɠ ůŰɞ 

ɄȷɅȷɅɇȼɀȷ ȸ): 
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ȼ (2.32) ůɡɜŭɏŮɘ Űɞɡɠ ɧɟɞɡɠ a0, Voc0, ŬIsc əŬɘ ɓVoc ɛŮ Űɖ ɗŮɟɛɞəɟŬůɘŬəɐ ŭɘŬűɞɟɎ ȹT. Ⱥə 

ˊɟɩŰɖɠ ɧɣŮɤɠ, ɖ ůɢɏůɖ ŬɡŰɐ ɛɞɘɎɕŮɘ ˊŬɟɎŭɞɝɖ, əŬɗɩɠ ɞɘ ŰɏůůŮɟɘɠ ˊɟɞŬɜŬűŮɟɗɏɜŰŮɠ ɧɟɞɘ 

Ŭűɞɟɞɨɜ Űɖɜ ɞɜɞɛŬůŰɘəɐ ɗŮɟɛɞəɟŬůɑŬ T0. ȹɖɚŬŭɐ, ŮɝŬɟŰɩɜŰŬɘ ɛɧɜɞ Ŭˊɧ ŰŬ əŬŰŬůəŮɡŬůŰɘəɎ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ ūȸ ůɡůŰɐɛŬŰɞɠ əŬɘ ɧɢɘ Ŭˊɧ Űɘɠ ɚŮɘŰɞɡɟɔɘəɏɠ ůɡɜɗɐəŮɠ. ɄŬɟɧɚŬ ŬɡŰɎ, Ŭɜ 

ɞ ɧɟɞɠ f(ȹT) ɡˊɞɚɞɔɘůɗŮɑ ɔɘŬ Űɡˊɘəɏɠ Űɘɛɏɠ Űɞɡ ŬIsc ůŮ ɏɜŬ ɘŭɘŬɑŰŮɟŬ ɛŮɔɎɚɞ Ůɨɟɞɠ 

ɗŮɟɛɞəɟŬůɘɩɜ T  ɴ[-25 ЈC, 75 ЈC], ŰɧŰŮ ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ əɡɛŬɑɜŮŰŬɘ ˊɞɚɨ əɞɜŰɎ ůŰɖɜ Űɘɛɐ 3, 

ɛŮ ŭɘŬəɨɛŬɜůɖ ɚɘɔɧŰŮɟɖ Ŭˊɧ 0.5. ɇɞ ůɡɛˊɏɟŬůɛŬ ŬɡŰɧ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɞ Ɇɢ. 2.13(Ŭ) 

ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɘɜ 20 ŮɛˊɞɟɘəɎ ˊɚŬɑůɘŬ. ȹɖɚŬŭɐ, ɖ ŭɘŬəɨɛŬɜůɖ Űɞɡ ɧɟɞɡ f(ȹT) ɛŮ Űɖ 

ɗŮɟɛɞəɟŬůɑŬ ŮɑɜŬɘ ŬɛŮɚɖŰɏŬ Ůɜ ůɡɔəɟɑůŮɘ ɛŮ Űɖ ůŰŬɗŮɟɎ 47.1 ůŰɞɜ ˊŬɟɞɜɞɛŬůŰɐ Űɖɠ (2.32), 

ɔŮɔɞɜɧɠ ˊɞɡ ŬˊɞŰŮɚŮɑ ɏɜŭŮɘɝɖ ˊɤɠ ɖ ɗŮɟɛɞəɟŬůɑŬ ɞɡůɘŬůŰɘəɎ ŭŮɜ ŮˊɘŭɟɎ ůŰɖɜ Ůɜ ɚɧɔɤ ůɢɏůɖ. 

ȼ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɐ Űɘɛɐ Űɞɡ ɧɟɞɡ ɔɘŬ ɞɜɞɛŬůŰɘəɐ ɗŮɟɛɞəɟŬůɑŬ f(ȹT=0) ůɖɛŮɘɩɜŮŰŬɘ ɛŮ ɛˊɚŮ 

ŰŮŰɟŬɔɤɜɘəɞɨɠ ŭŮɑəŰŮɠ ůŰɞ Ɇɢ. 2.13(Ŭ). 

ȼ ́ ŬɟŬˊɎɜɤ ˊŬɟŬŰɐɟɖůɖ ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ ˊŮɟŬɘŰɏɟɤ Ŭˊɧ Űɞ Ɇɢ. 2.13(ɓ), ůŰɞ ɞˊɞɑɞ 

ůɢŮŭɘɎɕŮŰŬɘ ɞ ɚɧɔɞɠ a0/Voc0(ȹɇ) Ŭˊɧ Űɖɜ (2.32) ɔɘŬ Űɞ ɑŭɘɞ Ůɨɟɞɠ ɗŮɟɛɞəɟŬůɘɩɜ, 

əŬɜɞɜɘəɞˊɞɘɖɛɏɜɞɠ ɤɠ ˊɟɞɠ Űɖɜ ŬɜŰɑůŰɞɘɢɖ Űɘɛɐ Űɞɡ ɔɘŬ ɞɜɞɛŬůŰɘəɐ ɗŮɟɛɞəɟŬůɑŬ 

a0/Voc0(ȹɇ=0). ȼ Ŭˊɧəɚɘůɖ ŮɑɜŬɘ ɚɘɔɧŰŮɟɖ Ŭˊɧ 0.5% ůŮ ɧɚŮɠ Űɘɠ ˊŮɟɘˊŰɩůŮɘɠ, ɞŭɖɔɩɜŰŬɠ ůŰɞ 

Ůɨɚɞɔɞ ůɡɛˊɏɟŬůɛŬ ɧŰɘ ɞ ɧɟɞɠ f(ȹT) ŭŮɜ ŮˊɖɟŮɎɕŮŰŬɘ ůŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ Ŭˊɧ Űɖ 

ɗŮɟɛɞəɟŬůɑŬ, ŬɚɚɎ ŬˊɞŰŮɚŮɑ ˊɟɞɥɧɜ ɛŮɟɘəɐɠ ŬůɡɛűɤɜɑŬɠ Űɤɜ ɗŮɤɟɖŰɘəɩɜ ůɢɏůŮɤɜ ůŰɘɠ 



2.3 - Ʉɟɞůŭɘɞɟɘůɛɧɠ Űɤɜ ɄɏɜŰŮ ɄŬɟŬɛɏŰɟɤɜ 

48 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

ɞˊɞɑŮɠ ɓŬůɑůŰɖəŮ ɖ ŮɝŬɔɤɔɐ Űɖɠ (2.32). ȸɏɓŬɘŬ, ɛɘŬɠ əŬɘ ɖ Ŭˊɧəɚɘůɖ ŮɑɜŬɘ ŬɛŮɚɖŰɏŬ, ɖ 

ɛɞɜŰŮɚɞˊɞɑɖůɖ ɛˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ ɏɔəɡɟɖ, ɚŬɛɓɎɜɞɜŰŬɠ Űɞɜ Ůɜ ɚɧɔɤ ɧɟɞ ůŰŬɗŮɟɧ ɛŮ Űɡˊɘəɐ 

Űɘɛɐ Űɖɜ f(ȹT=0). 

ȰŰůɘ, ŬɜŰɘəŬɗɘůŰɩɜŰŬɠ ůŰɖɜ (2.32) Űɖɜ Űɘɛɐ f(ȹT=0) (ɚŮˊŰɞɛɏɟŮɘŮɠ ůŰɞ ɄȷɅȷɅɇȼɀȷ ȸ), 

ɞ ɚɧɔɞɠ a0/Voc0 ŬˊɚɞˊɞɘŮɑŰŬɘ ˊŮɟŬɘŰɏɟɤ əŬɘ ɞɟɑɕŮŰŬɘ ɤɠ ɛɘŬ ɜɏŬ ůŰŬɗŮɟɎ ŭ0: 
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ɧˊɞɡ ɞɘ ɗŮɟɛɞəɟŬůɘŬəɞɑ ůɡɜŰŮɚŮůŰɏɠ ɚŬɛɓɎɜɞɜŰŬɘ əŬɜɞɜɘəɞˊɞɘɖɛɏɜɞɘ (p.u.) əŬɘ 

ˊɟɞůɖɛŬůɛɏɜɞɘ (ɓVoc<0, aIsc>0). 

ɆŰɖɜ (2.33), ɖ ŭ0 ůɡůɢŮŰɑɕŮɘ Űɖ ɗŮɟɛɞəɟŬůɘŬəɐ ŮɝɎɟŰɖůɖ Űɤɜ a0 əŬɘ Voc0, ɧˊɤɠ ŬɡŰɐ 

ɛɞɜŰŮɚɞˊɞɘŮɑŰŬɘ ɛɏůɤ Űɤɜ ŮɝɘůɩůŮɤɜ ŬɜŬɔɤɔɐɠ (2.26)-(2.30) əŬɘ ˊɞůɞŰɘəɞˊɞɘŮɑŰŬɘ ɛŮ Űɞɡɠ 

ɗŮɟɛɞəɟŬůɘŬəɞɨɠ ůɡɜŰŮɚŮůŰɏɠ ɓVoc əŬɘ ŬIsc. ɃɡůɘŬůŰɘəɎ, ɖ ɜɏŬ ŬɡŰɐ Ůɝɑůɤůɖ ŬˊɞŰŮɚŮɑ 

ŬɜŬŭɘŬŰɨˊɤůɖ Űɖɠ (2.25) ́ ɞɡ ŬűɞɟɎ Űɖ ɗŮɟɛɞəɟŬůɘŬəɐ ŮɝɎɟŰɖůɖ Űɖɠ Voc, ŬˊɞŭŮɘəɜɨɞɜŰŬɠ ɧŰɘ 

ŰŮɚɘəɎ ɖ Űɘɛɐ Űɖɠ ȹɇ ŭŮɜ ˊŬɑɕŮɘ ɟɧɚɞ, ɧˊɤɠ ɐŭɖ ŮˊɘůɖɛŬɑɜŮŰŬɘ ůŰɖɜ [128]. ɄŬɟɎɚɚɖɚŬ, ɖ 

ɘŭɘŬɑŰŮɟŬ Ŭˊɚɐ əŬɘ ŬɜŬɚɡŰɘəɐ ɛɞɟűɐ Űɖɠ ŮɝŬůűŬɚɑɕŮɘ Ůɨəɞɚɖ əŬɘ Ůɔɔɡɖɛɏɜɖ ŮˊɘɚɡůɘɛɧŰɖŰŬ, 

ɝŮˊŮɟɜɩɜŰŬɠ ɏŰůɘ Űɞɜ ůɢŮŰɘəɧ ˊɟɞɓɚɖɛŬŰɘůɛɧ Űɖɠ [128] ́ ɞɡ ˊŮɟɘɔɟɎűŮŰŬɘ ůŰɖɜ ŮɜɧŰɖŰŬ 2.3.2. 

ȼ ɘŭɘɧŰɖŰŬ ŬɡŰɐ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ŰŬ ŭŮŭɞɛɏɜŬ Ůɘůɧŭɞɡ ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɖɠ 

ŮɑɜŬɘ ɛɧɜɞ ɞɘ ŭɨɞ ɗŮɟɛɞəɟŬůɘŬəɞɑ ůɡɜŰŮɚŮůŰɏɠ (ˊɎɜŰŬ ŭɘŬɗɏůɘɛɞɘ ůŰɞ ŰŮɢɜɘəɧ űɡɚɚɎŭɘɞ Űɞɡ 

ūȸ ˊɚŬɘůɑɞɡ), Űɖɜ əŬɗɘůŰɞɨɜ ɘŭŬɜɘəɐ ɏəűɟŬůɖ ɔɘŬ ɜŬ ŬɜŰɘəŬŰŬůŰɐůŮɘ Űɖɜ (2.25) ůŰɞ ůɨůŰɖɛŬ 

Űɤɜ ˊɏɜŰŮ ŮɝɘůɩůŮɤɜ ɔɘŬ Űɖɜ ŮɝŬɔɤɔɐ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ ŬɜŬűɞɟɎɠ. 

2.3.5 ɚʉɻʇʑʐʅʆʘʏ ʎʔʘʎʀʅʏ ʀʞʍʀʎʂʏ ʐʖʉ ʌʘʉʐʀ ʌɻʍɻʈʘʐʍʖʉ 

ɆɨɛűɤɜŬ ɛŮ Űɖ ɗŮɤɟɖŰɘəɐ ŬɜɎɚɡůɖ Űɖɠ ŮɜɧŰɖŰŬɠ 2.3.2, Űɞ ůɨůŰɖɛŬ ŮɝɘůɩůŮɤɜ ˊɞɡ 

ɗŮɤɟŮɑŰŬɘ ŮɔəɡɟɧŰŮɟɞ ɔɘŬ Űɖɜ ŮɝŬɔɤɔɐ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ ˊŮɟɘɚŬɛɓɎɜŮɘ ŰɏůůŮɟɘɠ 

ŮɝɘůɩůŮɘɠ ɔɘŬ ŰŬ ůɖɛŮɑŬ ɚŮɘŰɞɡɟɔɑŬɠ SC, OC əŬɘ MPP, əŬɗɩɠ əŬɘ ɛɘŬ ˊɏɛˊŰɖ Ůɝɑůɤůɖ ˊɞɡ 

ɛɞɜŰŮɚɞˊɞɘŮɑ Űɖ ɗŮɟɛɞəɟŬůɘŬəɐ ŮɝɎɟŰɖůɖ Űɖɠ ŰɎůɖɠ OC. ɉɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɘɠ (2.19)-(2.22) 

əŬɘ Űɖɜ (2.33) ˊɞɡ Ůɘůɐɢɗɖ ůŰɖɜ ˊɟɞɖɔɞɨɛŮɜɖ ŮɜɧŰɖŰŬ, ɏɜŬɜŰɘ Űɖɠ (2.25), ˊɟɞəɨˊŰŮɘ ɏɜŬ 

ůɨůŰɖɛŬ ŮɝɘůɩůŮɤɜ ˊɞɡ ŮɑɜŬɘ ůɡɜŮˊɏɠ ɛŮ Űɖ ɗŮɤɟɑŬ, ŬɚɚɎ ŭŮɜ ŮɑɜŬɘ Ŭəɧɛɖ ůɡɛɓɞɚɘəɎ 

Ůˊɘɚɨůɘɛɞ, ŬˊŬɘŰɩɜŰŬɠ əŬɘ ˊɎɚɘ ŮˊŬɜŬɚɖˊŰɘəɧ Ŭɚɔɧɟɘɗɛɞ. ɆŰɖ ůɡɜɏɢŮɘŬ, ˊŮɟɘɔɟɎűŮŰŬɘ ˊɩɠ 

  
(Ŭ) (ɓ) 

Ɇɢ. 2.13. ȹɘŬəɨɛŬɜůɖ (Ŭ) Űɞɡ ɧɟɞɡ f(ȹT), əŬɘ (ɓ) Űɞɡ ɚɧɔɞɡ Ŭ0/Voc0(ȹT) əŬɜɞɜɘəɞˊɞɘɖɛɏɜɞɡ ɤɠ ˊɟɞɠ 

Űɖɜ ɞɜɞɛŬůŰɘəɐ Űɘɛɐ Űɞɡ Ŭ0/Voc0(ȹT=0) Ŭˊɧ Űɖɜ (2.32), ůŮ ɏɜŬ ɛŮɔɎɚɞ Ůɨɟɞɠ ɟŮŬɚɘůŰɘəɩɜ 

ɗŮɟɛɞəɟŬůɘɩɜ ɔɘŬ ŰŬ 20 ŮɛˊɞɟɘəɎ ūȸ ˊɚŬɑůɘŬ ˊɞɡ ɛŮɚŮŰɩɜŰŬɘ ůŰɖɜ ŮɜɧŰɖŰŬ 2.3.6. 



ȾȺūȷȿȷȽɃ 2 - ɀɞɜŰŮɚɞˊɞɑɖůɖ ūȸ ɆɡůŰɖɛɎŰɤɜ ůŮ Ƀɛɞɘɧɛɞɟűɖ ȷəŰɘɜɞɓɞɚɑŬ 
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ɛˊɞɟŮɑ ɜŬ ɛŮŰŬůɢɖɛŬŰɘůŰŮɑ Űɞ Ůɜ ɚɧɔɤ ůɨůŰɖɛŬ ŮɝɘůɩůŮɤɜ ůŮ ŬɜŬɚɡŰɘəɏɠ ŮəűɟɎůŮɘɠ, ˊɟɩŰŬ 

ɔɘŬ ůɡɜɗɐəŮɠ STC əŬɘ ɛŮŰɎ ɔɘŬ ɞˊɞɘŮůŭɐˊɞŰŮ ŬɡɗŬɑɟŮŰŮɠ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ. 

φȢχȢωȢɚ ɞʊɻɾʖɾʙ ʎʀ ʎʑʉʃʙʆʀʏ ɻʉɻʒʋʍʗʏ ɉSTC) 

ȼ ˊɞɚɡˊɚɞəɧŰɖŰŬ Űɞɡ ůŮŰ  (2.19)-(2.22) əŬɘ (2.33) ɏɔəŮɘŰŬɘ ůŰɘɠ ŭɨɞ ŮɝɘůɩůŮɘɠ ˊɞɡ Ŭűɞɟɞɨɜ 

Űɞ MPP: (2.21)-(2.22), əŬɘ ɘŭɘŬɑŰŮɟŬ ůŰɖɜ (2.22) ́ ɞɡ ŬˊŬɘŰŮɑ ɖ ˊŬɟɎɔɤɔɞɠ Űɖɠ ɘůɢɨɞɠ ůŰɞ MPP 

ɜŬ ŮɑɜŬɘ ɛɖŭɏɜ. ũɘŬ ɜŬ ɝŮˊŮɟŬůŰŮɑ ŬɡŰɐ ɖ ŭɡůəɞɚɑŬ, ɞɘ Ůɜ ɚɧɔɤ ŭɨɞ ŮɝɘůɩůŮɘɠ ŬɜŰɘəŬɗɑůŰŬɜŰŬɘ 

Ŭˊɧ Űɘɠ ŬɜŬɚɡŰɘəɏɠ MPP ŮəűɟɎůŮɘɠ (2.17) əŬɘ (2.18) ˊɞɡ ˊɟɞŰŮɑɜɞɜŰŬɘ ůŰɖɜ ŮɜɧŰɖŰŬ 2.2.3.  

ȰŰůɘ, Ŭɜ ɖ (2.33) ŮˊɘɚɡɗŮɑ ɤɠ ˊɟɞɠ Ŭ0 əŬɘ ɖ (2.18) ɤɠ ˊɟɞɠ Rs0, ˊɟɞəɨˊŰɞɡɜ ɞɘ ŬəɧɚɞɡɗŮɠ 

(2.34) əŬɘ (2.35). Ⱥˊɘˊɚɏɞɜ, ɚɨɜɞɜŰŬɠ Űɖɜ (2.17) ɤɠ ˊɟɞɠ Rsh0 ɡˊɧ Űɖɜ ɡˊɧɗŮůɖ ɧŰɘ Űɞ 

űɤŰɧɟŮɡɛŬ Iph0 ŰŬɡŰɑɕŮŰŬɘ ɛŮ Űɞ ɟŮɨɛŬ ɓɟŬɢɡəɨəɚɤůɖɠ Isc0, ŭɘŬŰɡˊɩɜŮŰŬɘ ɖ (2.36). ɆŰɖ 

ůɡɜɏɢŮɘŬ, ŬɜŬŭɘŬŰɎůůɞɜŰŬɠ Űɘɠ (2.5) əŬɘ (2.6) Ŭˊɧ Űɖɜ ŮɜɧŰɖŰŬ 2.2.1 ɩůŰŮ ɜŬ Ŭˊɞɛɞɜɤɗɞɨɜ ɞɘ 

ɧɟɞɘ Iph0 əŬɘ Is0 ŬɜŰɑůŰɞɘɢŬ, ˊɟɞəɨˊŰɞɡɜ ɞɘ (2.37) əŬɘ (2.38). ɆŰɖɜ ŰŮɚŮɡŰŬɑŬ ɏɢŮɘ ŮűŬɟɛɞůŰŮɑ 

Ůˊɘˊɚɏɞɜ ɖ (2.33) ɔɘŬ ɜŬ ŮəűɟŬůŰŮɑ ůɡɜŬɟŰɐůŮɘ Űɖɠ ůŰŬɗŮɟɎɠ ŭ0. 
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ȼ ůŰŬɗŮɟɎ ŭ0 ˊɟɞůŭɘɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖɜ (2.33), Ůɜɩ ɖ ɓɞɖɗɖŰɘəɐ ˊŬɟɎɛŮŰɟɞɠ w0 ɡˊɞɚɞɔɑɕŮŰŬɘ 

ŬɜŰɘəŬɗɘůŰɩɜŰŬɠ Űɘɠ (2.6) əŬɘ (2.33) ůŰɖɜ w0 = W{ Iph0e/Is0}:  
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ɆɡɜŮˊɩɠ, ɖ ŮɨɟŮůɖ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ ůŮ ůɡɜɗɐəŮɠ STC ŬˊŬɘŰŮɑ ˊɟɩŰŬ ˊɟɞůŭɘɞɟɘůɛɧ 

Űɖɠ ůŰŬɗŮɟɎɠ ŭ0 Ŭˊɧ Űɖɜ (2.33) əŬɘ ɛŮŰɎ ɡˊɞɚɞɔɘůɛɧ Űɖɠ w0 Ŭˊɧ Űɖɜ (2.39). ɆŰɖ ůɡɜɏɢŮɘŬ, ɞɘ 

ŬɜŬɚɡŰɘəɏɠ ŮəűɟɎůŮɘɠ (2.34)-(2.38) ŮűŬɟɛɧɕɞɜŰŬɘ ůŮɘɟɘŬəɎ: ˊɟɩŰŬ ɖ (2.34) ɔɘŬ Űɞɜ a0, ɛŮŰɎ ɞɘ 

(2.35)-(2.36) ɔɘŬ Űɘɠ ŬɜŰɘůŰɎůŮɘɠ Rs0 əŬɘ Rsh0, ůŰɖ ůɡɜɏɢŮɘŬ ɖ (2.37) ɔɘŬ Űɞ Iph0 əŬɘ Űɏɚɞɠ ɖ (2.38) 

ɔɘŬ Űɞ Is0. 

ȼ ˊɟɞŰŮɘɜɧɛŮɜɖ ɛɏɗɞŭɞɠ ŮɑɜŬɘ ɛɘŬ əŬɗŬɟɎ ŬɜŬɚɡŰɘəɐ ɛŬɗɖɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ, Ŭˊɚɐ əŬɘ 

Ůɨəɞɚɖ ůŰɖɜ ŮűŬɟɛɞɔɐ, Ůɜɩ ŰŬ ŭŮŭɞɛɏɜŬ Ůɘůɧŭɞɡ (Isc0, Voc0, Imp0, Vmp0, aIsc əŬɘ ɓVoc) ŮɑɜŬɘ ˊɎɜŰŬ 

ŭɘŬɗɏůɘɛŬ ůŰɞ ŰŮɢɜɘəɧ űɡɚɚɎŭɘɞ Űɞɡ ūȸ ˊɚŬɘůɑɞɡ. ȼ ŬəɟɑɓŮɘɎ Űɖɠ ɛŮɗɧŭɞɡ ŮɑɜŬɘ ˊɚɐɟɤɠ 

ɘəŬɜɞˊɞɘɖŰɘəɐ, ɧˊɤɠ ŮɝɖɔŮɑŰŬɘ ůŰɖ ůɡɜɏɢŮɘŬ Űɞɡ əŮűŬɚŬɑɞɡ. 



2.3 - Ʉɟɞůŭɘɞɟɘůɛɧɠ Űɤɜ ɄɏɜŰŮ ɄŬɟŬɛɏŰɟɤɜ 

50 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

φȢχȢωȢɛ ɞʊɻɾʖɾʙ ʎʀ ɻʑʃɻʚʍʀʐʀʏ ʎʑʉʃʙʆʀʏ 

ɆɡɢɜɎ ɞɘ ůɡɜɗɐəŮɠ ŬɜŬűɞɟɎɠ ŭɘŬűɏɟɞɡɜ Ŭˊɧ Űɘɠ STC, əŬɗɩɠ ɛˊɞɟŮɑ ɜŬ Ŭűɞɟɞɨɜ NOCT ɐ 

ɎɚɚŮɠ ˊɞɚɨ ůɡɔəŮəɟɘɛɏɜŮɠ ůɡɜɗɐəŮɠ ˊŮɘɟŬɛŬŰɘəɩɜ ɛŮŰɟɐůŮɤɜ. Ⱥɡɗɨɠ Ŭəɞɚɞɨɗɤɠ ŮɝɖɔŮɑŰŬɘ 

ˊɩɠ ɞɘ ůɢɏůŮɘɠ (2.34)-(2.38) ɛˊɞɟɞɨɜ ɜŬ ŬɜŬɢɗɞɨɜ ůŮ ɞˊɞɘŮůŭɐˊɞŰŮ ůɡɜɗɐəŮɠ ŬəŰɘɜɞɓɞɚɑŬɠ 

əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ, ɔɘŬ Űɘɠ ɞˊɞɑŮɠ ŭɘŬŰɑɗŮɜŰŬɘ ŰŬ ŭŮŭɞɛɏɜŬ Ůɘůɧŭɞɡ: Isc, Voc, Imp, Vmp, aIsc əŬɘ ɓVoc. 

ȷɟɢɘəɎ, ɞ ɚɧɔɞɠ Ŭ ́ɟɞɠ Voc ɞɟɑɕŮŰŬɘ ɔɘŬ Űɖ ɔŮɜɘəɐ ˊŮɟɑˊŰɤůɖ ɤɠ ŭ (ɢɤɟɑɠ Űɞɜ ŭŮɑəŰɖ ç0è), 

əŬɘ ɡˊɞɚɞɔɑɕŮŰŬɘ ɔɘŬ ŬɡɗŬɑɟŮŰŮɠ ůɡɜɗɐəŮɠ. ȹŮŭɞɛɏɜɞɡ ɧŰɘ ɞ Űɟɞˊɞˊɞɘɖɛɏɜɞɠ ůɡɜŰŮɚŮůŰɐɠ Űɖɠ 

ŭɘɧŭɞɡ a ŮˊɖɟŮɎɕŮŰŬɘ ŬɜŬɚɞɔɘəɎ Ŭˊɧ Űɖ ɗŮɟɛɞəɟŬůɑŬ əŬɘ ŭŮɜ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ ŬəŰɘɜɞɓɞɚɑŬ 

(2.28), ɖ ŭ ŮəűɟɎɕŮŰŬɘ ŬɝɘɞˊɞɘɩɜŰŬɠ Űɞɜ ɞɟɘůɛɧ Űɖɠ ŭ0 (2.33): 
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ɆɡɜŮˊɩɠ, ŭŮŭɞɛɏɜɤɜ Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ ůɖɛŮɑɤɜ SC, OC əŬɘ MPP ɔɘŬ Űɘɠ ɡˊɧ ɛŮɚɏŰɖ 

ůɡɜɗɐəŮɠ, əŬɗɩɠ Ůˊɑůɖɠ əŬɘ ɔɘŬ Űɘɠ STC Ŭˊɧ Űɞ ŰŮɢɜɘəɧ űɡɚɚɎŭɘɞ, ɖ ˊɟɞŰŮɘɜɧɛŮɜɖ ɛŮɗɞŭɞɚɞɔɑŬ 

ŬˊŬɘŰŮɑ ˊɟɩŰŬ ɡˊɞɚɞɔɘůɛɧ Űɖɠ ůŰŬɗŮɟɎɠ ŭ0 Ŭˊɧ Űɖɜ (2.33), əŬɘ ůŰɖɜ ůɡɜɏɢŮɘŬ Űɖɠ ŭ Ŭˊɧ Űɖɜ 

ŬɜɤŰɏɟɤ (2.40). ȷəɞɚɞɨɗɤɠ, ˊɟɞůŭɘɞɟɑɕŮŰŬɘ ɖ ɓɞɖɗɖŰɘəɐ ˊŬɟɎɛŮŰɟɞɠ w=W{ e1/ŭ+1}  əŬɘ 

ŮűŬɟɛɧɕɞɜŰŬɘ ɞɘ (2.34)-(2.38), ɛŮ Űɖ ŭɘŬűɞɟɎ ɧŰɘ ɧɚɞɘ ɞɘ ɧɟɞɘ ůŰɘɠ ůɢɏůŮɘɠ ŬɜŬűɏɟɞɜŰŬɘ ůŰɘɠ 

ɡˊɧ ɛŮɚɏŰɖ ůɡɜɗɐəŮɠ ŬɜŰɑ ɔɘŬ STC. 

2.3.6 ɞʌʅɼʀɼɻʚʖʎʂ ʈʘʎʖ ʌʍʋʎʋʈʋʅʡʎʀʖʉ 

ɆŰɖɜ ˊŬɟɞɨůŬ ˊŬɟɎɔɟŬűɞ, ɖ ˊɟɞŰŮɘɜɧɛŮɜɖ ɛɏɗɞŭɞɠ ŮɝŬɔɤɔɐɠ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ 

ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ ɛɏůɤ ˊɟɞůɞɛɞɘɩůŮɤɜ ůŰɞ ɡˊɞɚɞɔɘůŰɘəɧ ŮɟɔŬɚŮɑɞ MATLAB. ɋɠ ŬɜŬűɞɟɎ, 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Űɞ Ůɡɟɏɤɠ ŬˊɞŭŮəŰɧ ɛɞɜŰɏɚɞ Űɖɠ De Soto [151], Űɞ ɞˊɞɑɞ ɗŮɤɟŮɑ Űɞ ůɨůŰɖɛŬ 

ŮɝɘůɩůŮɤɜ: (2.19)-(2.22) əŬɘ (2.25) ˊɞɡ ɏɢŮɘ Űɖɜ ɑŭɘŬ ɗŮɤɟɖŰɘəɐ ɓɎůɖ, ŬɚɚɎ ˊɘɞ ˊŮɟɑˊɚɞəɖ 

ŭɘŬŰɨˊɤůɖ əŬɘ ŬˊŬɘŰŮɑ ŮˊŬɜŬɚɖˊŰɘəɧ Ŭɚɔɧɟɘɗɛɞ Ůˊɑɚɡůɖɠ. ɀŮ ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ ŬˊɞŭŮɘəɜɨŮŰŬɘ 

ɧŰɘ ɖ ˊɟɞŰŮɘɜɧɛŮɜɖ ŬɜŬɚɡŰɘəɐ ɛɏɗɞŭɞɠ ŮɑɜŬɘ ůɡɜŮˊɐɠ ɛŮ Űɖ ɗŮɤɟɑŬ əŬɘ ˊŬɟɞɡůɘɎɕŮɘ Űɖɜ ɑŭɘŬ 

ŬəɟɑɓŮɘŬ ɛŮ Űɞ [151], ˊɚɖɜ ůŮ ˊɞɚɨ ŬˊɚɞɨůŰŮɟɖ ŭɘŬŰɨˊɤůɖ əŬɘ ɛɞɟűɐ. 

φȢχȢϊȢɚ ɫʐɻʃʀʍʗ ɿ0 

Ʉɟɞɠ ŮˊɘɓŮɓŬɑɤůɖ Űɖɠ ɗŮɤɟɖŰɘəɐɠ ŬɜɎɚɡůɖɠ ůɢŮŰɘəɎ ɛŮ Űɞɜ ɞɟɘůɛɧ Űɖɠ ůŰŬɗŮɟɎɠ ŭ0, ɞ ɚɧɔɞɠ 

a0 ˊɟɞɠ Voc0 əŬŰŬɔɟɎűŮŰŬɘ ɔɘŬ 20 ŮɛˊɞɟɘəɎ ūȸ ˊɚŬɑůɘŬ (ˊɑɜŬəŬɠ Ʉ. 2.3 Ŭəɞɚɞɨɗɤɠ) ɛɏůɤ Űɖɠ 

ɛŮɗɧŭɞɡ Űɖɠ De Soto, əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ůɡɔəɟɑɜŮŰŬɘ ɛŮ Űɖɜ ŬɜŰɑůŰɞɘɢɖ Űɘɛɐ Űɖɠ ŭ0, ɧˊɤɠ 

ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɖɜ (2.33). ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ Ɇɢ. 2.14, ɧˊɞɡ ɞɘ Űɘɛɏɠ 

ŬɜŬűɞɟɎɠ Űɞɡ ɚɧɔɞɡ a0/Voc0 ůɢŮŭɘɎɕɞɜŰŬɘ ɛŮ ɛˊɚŮ ŰŮŰɟŬɔɤɜɘəɞɨɠ ŭŮɑəŰŮɠ, Ůɜɩ ɞɘ ˊɟɞůŮɔɔɑůŮɘɠ 

Ŭˊɧ Űɖ ůŰŬɗŮɟɎ ŭ0 ɛŮ əɧəəɘɜɞɡɠ ůŰŬɡɟɞɨɠ. ȼ ůɨɔəɚɘůɖ ŮɑɜŬɘ ŮɝŬɘɟŮŰɘəɐ, ˊŬɟɞɡůɘɎɕɞɜŰŬɠ rms 

əŬɘ ɛɏɔɘůŰɖ Ŭˊɧəɚɘůɖ 0.07% əŬɘ ɚɘɔɧŰŮɟɖ Ŭˊɧ 0.1% ŬɜŰɑůŰɞɘɢŬ. 

Ⱥˊɘˊɚɏɞɜ, ŬɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ˊɤɠ ɧɚŮɠ ɞɘ Űɘɛɏɠ əɡɛŬɑɜɞɜŰŬɘ ˊɞɚɨ əɞɜŰɎ ůŰɞ 0.04 (ˊɟɎůɘɜɖ 

ɞɟɘɕɧɜŰɘŬ ɔɟŬɛɛɐ). ȷɡŰɧ ɛˊɞɟŮɑ ɜŬ ŬɘŰɘɞɚɞɔɖɗŮɑ Ŭˊɧ Űɖɜ (2.33), Ŭɜ ɚɖűɗŮɑ ɡˊɧɣɘɜ ɖ ůɢŮŭɧɜ 

ɛɖŭŮɜɘəɐ Űɘɛɐ Űɞɡ aIsc əŬɘ Űɞ ɔŮɜɘəɎ ˊŮɟɘɞɟɘůɛɏɜɞ Ůɨɟɞɠ Űɞɡ ɓVoc əɞɜŰɎ ůŰɞ -0.003 p.u./K. 

ɇɞˊɞɗŮŰɩɜŰŬɠ ŬɡŰɏɠ Űɘɠ Űɘɛɏɠ ůŰɖɜ (2.33), ɖ ŭ0 ˊɟɞəɨˊŰŮɘ 0.04. Ⱥˊɞɛɏɜɤɠ, ɖ Ůɜ ɚɧɔɤ Űɘɛɐ 

ɛˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ Űɡˊɘəɐ/ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɐ ɔɘŬ Űɖ ůŰŬɗŮɟɎ ŭ0. 



ȾȺūȷȿȷȽɃ 2 - ɀɞɜŰŮɚɞˊɞɑɖůɖ ūȸ ɆɡůŰɖɛɎŰɤɜ ůŮ Ƀɛɞɘɧɛɞɟűɖ ȷəŰɘɜɞɓɞɚɑŬ 

 

ɀˊŬŰɕɏɚɖɠ ȺɡůŰɟɎŰɘɞɠ 51 

φȢχȢϊȢɛ ɥʘʃʋɿʋʏ ɻʉɻʇʑʐʅʆʙʏ ʀʞʍʀʎʂʏ ʌʘʉʐʀ ʌɻʍɻʈʘʐʍʖʉ 

ɆŰɖ ůɡɜɏɢŮɘŬ, ŮűŬɟɛɧɕŮŰŬɘ ɖ ˊɟɞŰŮɘɜɧɛŮɜɖ ɛɏɗɞŭɞɠ ŮɝŬɔɤɔɐɠ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ əŬɘ 

ůɡɔəɟɑɜŮŰŬɘ ɛŮ ɎɚɚŮɠ ŰɟŮɘɠ ŬɜŬɚɡŰɘəɏɠ ˊɟɞůŮɔɔɑůŮɘɠ Űɖɠ ɓɘɓɚɘɞɔɟŬűɑŬɠ ɤɠ ˊɟɞɠ Űɖɜ ŬəɟɑɓŮɘŬ 

əŬɘ Űɞ ɡˊɞɚɞɔɘůŰɘəɧ əɧůŰɞɠ. Ƀɘ ůɡɔəŮəɟɘɛɏɜŮɠ ŰŮɢɜɘəɏɠ, ɞɘ ɞˊɞɑŮɠ ŬˊŬɘŰɞɨɜ əŬɘ ŬɡŰɏɠ ɤɠ 

ŭŮŭɞɛɏɜŬ Ůɘůɧŭɞɡ ɛɧɜɞ Űɞ ŰŮɢɜɘəɧ űɡɚɚɎŭɘɞ Űɞɡ ūȸ ˊɚŬɘůɑɞɡ, ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɘɠ [129], 

[142], [157] əŬɘ ŬɜŬűɏɟɞɜŰŬɘ ůŰɞ Ŭəɧɚɞɡɗɞ əŮɑɛŮɜɞ ɛŮ Űɞ ɧɜɞɛŬ Űɞɡ əɨɟɘɞɡ ůɡɔɔɟŬűɏŬ Űɞɡɠ: 

Saloux, Khezzar, əŬɘ Bai. Ƀɘ ˊɟɞůɞɛɞɘɩůŮɘɠ Ŭűɞɟɞɨɜ ɛŮɔɎɚŬ Ůɨɟɖ ŬəŰɘɜɞɓɞɚɑŬɠ (100 ɏɤɠ 

1000 W/m2 ɛŮ ɓɐɛŬ 50 W/m2) əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ (-25 ɏɤɠ 75ÁC ɛŮ ɓɐɛŬ 5ÁC), Ůɜɩ 

ŮˊŬɜŬɚŬɛɓɎɜɞɜŰŬɘ ɔɘŬ 20 ŮɛˊɞɟɘəɎ ūȸ ˊɚŬɑůɘŬ, əŬŰŬɚɐɔɞɜŰŬɠ ůŮ 7980 ůŮɜɎɟɘŬ ůɡɜɞɚɘəɎ.  

ȼ ɛŮɗɞŭɞɚɞɔɑŬ ˊɟɞůɞɛɞɑɤůɖɠ ˊɞɡ ɡɘɞɗŮŰŮɑŰŬɘ ˊŮɟɘɚŬɛɓɎɜŮɘ ŰŬ ŬəɧɚɞɡɗŬ ɓɐɛŬŰŬ: 

V ɄɟɩŰɞɜ, ɞɘ ˊɟŬɔɛŬŰɘəɏɠ ˊɏɜŰŮ ˊŬɟɎɛŮŰɟɞɘ ˊɟɞůŭɘɞɟɑɕɞɜŰŬɘ ůŮ ůɡɜɗɐəŮɠ STC 

ůɨɛűɤɜŬ ɛŮ Űɞ ɛɞɜŰɏɚɞ Űɖɠ De Soto [151] ɔɘŬ Űɞ ɡˊɧ ɛŮɚɏŰɖ ūȸ ˊɚŬɑůɘɞ.  

V ũɘŬ əɎɗŮ ůŮɜɎɟɘɞ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ, ˊɟɞůŬɟɛɧɕɞɜŰŬɘ əŬŰɎɚɚɖɚŬ ɞɘ 

ˊɏɜŰŮ ˊŬɟɎɛŮŰɟɞɘ ɛŮ Űɘɠ ůɢɏůŮɘɠ ŬɜŬɔɤɔɐɠ (2.26)-(2.30) əŬɘ əŬŰŬůəŮɡɎɕŮŰŬɘ ɖ 

ɢŬɟŬəŰɖɟɘůŰɘəɐ I-V  ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɛɑŬ Ůə Űɤɜ ɘůɞŭɡɜɎɛɤɜ ŮɝɘůɩůŮɤɜ (2.1)-(2.3). 

V ȺɜŰɞˊɑɕɞɜŰŬɘ ŰŬ ŰɟɑŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ůɖɛŮɑŬ SC, OC əŬɘ MPP, ŰŬ ɞˊɞɑŬ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɤɠ ŭŮŭɞɛɏɜŬ Ůɘůɧŭɞɡ ɔɘŬ Űɖɜ ŮűŬɟɛɞɔɐ Űɖɠ ˊɟɞŰŮɘɜɧɛŮɜɖɠ 

Proposed əŬɘ Űɤɜ ɡˊɞɚɞɑˊɤɜ ŬɜŬɚɡŰɘəɩɜ ɛŮɗɧŭɤɜ. 

V ɆŰɖ ůɡɜɏɢŮɘŬ, ɞɘ ŮəŰɘɛɖɛɏɜŮɠ Űɘɛɏɠ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ ŬɝɘɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖɜ 

ŬɜŬəŬŰŬůəŮɡɐ Űɖɠ əŬɛˊɨɚɖɠ I-V ˊɟɞɠ ůɨɔəɟɘůɖ ɛŮ Űɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ ŬɜŬűɞɟɎɠ De 

Soto Űɞɡ ˊɟɞɖɔɞɨɛŮɜɞɡ ɓɐɛŬŰɞɠ. ɋɠ ɛŮŰɟɘəɐ ůɨɔəɟɘůɖɠ, ɡɘɞɗŮŰŮɑŰŬɘ ɖ 

əŬɜɞɜɘəɞˊɞɘɖɛɏɜɖ rms Ŭˊɧəɚɘůɖ (NRMSD) Űɤɜ ŭɨɞ əŬɛˊɡɚɩɜ ůŮ ɧɚɞ Űɞ Ůɨɟɞɠ Űɞɡɠ, 

ɧˊɤɠ ˊɟɞŰŮɑɜŮŰŬɘ ůŰɖɜ [133]. 

ũɘŬ ɜŬ ŬˊɞŰɘɛɖɗŮɑ ɖ ŬəɟɑɓŮɘŬ Űɖɠ Proposed ɛŮɗɧŭɞɡ, əŬŰŬɔɟɎűŮŰŬɘ ɖ əŬŰŬɜɞɛɐ Űɞɡ 

ůűɎɚɛŬŰɞɠ NRMSD ůŮ ɧɚɞ Űɞ Ůɨɟɞɠ Űɤɜ ůŮɜŬɟɑɤɜ ˊɟɞůɞɛɞɑɤůɖɠ ůŰɞ Ɇɢ. 2.15. ȾɎɗŮ Űɘɛɐ 

ŬɜŬˊŬɟɘůŰɎ Űɞ ɛɏůɞ ɧɟɞ NRMSD ɔɘŬ 20 ūȸ ˊɚŬɑůɘŬ ůŰɘɠ ɑŭɘŮɠ ůɡɜɗɐəŮɠ. ɇɞ ɞɚɘəɎ ɛɏɔɘůŰɞ 

ůűɎɚɛŬ ŭŮɜ ɝŮˊŮɟɜɎ Űɞ 1% əŬɘ Űɞ rms ůűɎɚɛŬ ŮɑɜŬɘ ɚɘɔɧŰŮɟɞ Ŭˊɧ 0.5%, Űɘɛɏɠ ɘŭɘŬɑŰŮɟŬ 

ɘəŬɜɞˊɞɘɖŰɘəɏɠ ˊɞɡ ŮˊɘɓŮɓŬɘɩɜɞɡɜ Űɖɜ ŬəɟɑɓŮɘŬ Űɖɠ ɛŮɗɧŭɞɡ. ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ˊɤɠ ɞɘ 

 
Ɇɢ. 2.14. ȿɧɔɞɠ a0 ˊɟɞɠ Voc0 ɔɘŬ 20 ūȸ ˊɚŬɑůɘŬ ɧˊɤɠ ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɖ ɛɏɗɞŭɞ Űɖɠ De Soto əŬɘ Űɖ 

ůŰŬɗŮɟɎ ŭ0 ɛɏůɤ Űɖɠ (2.33). 



2.3 - Ʉɟɞůŭɘɞɟɘůɛɧɠ Űɤɜ ɄɏɜŰŮ ɄŬɟŬɛɏŰɟɤɜ 

52 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

ɛŮɔŬɚɨŰŮɟŮɠ ŬˊɞəɚɑůŮɘɠ ˊŬɟŬŰɖɟɞɨɜŰŬɘ ůŮ ɡɣɖɚɏɠ Űɘɛɏɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ, 

əɡɟɑɤɠ ŮˊŮɘŭɐ ůŮ ŬɡŰɏɠ Űɘɠ ůɡɜɗɐəŮɠ ŮɛűŬɜɑɕɞɡɜ ŰŬ ɛŮɔŬɚɨŰŮɟŬ ůűɎɚɛŬŰŬ ɞɘ MPP ŮɝɘůɩůŮɘɠ 

(2.17) əŬɘ (2.18) ůŰɘɠ ɞˊɞɑŮɠ ůŰɖɟɑɕɞɜŰŬɘ ɞɘ ŮəűɟɎůŮɘɠ Űɖɠ Proposed. 

ɆŰɞɜ ˊɑɜŬəŬ Ʉ. 2.3, ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ rms əŬɘ ɛɏɔɘůŰŬ NRMSD ůűɎɚɛŬŰŬ ɔɘŬ əɎɗŮ ɛɑŬ 

Ŭˊɧ Űɘɠ ŰɏůůŮɟɘɠ ŬɜŬɚɡŰɘəɏɠ ɛŮɗɧŭɞɡɠ əŬɘ ɔɘŬ ŰŬ 20 ūȸ ˊɚŬɑůɘŬ ́ ɞɡ ɛŮɚŮŰɩɜŰŬɘ ůŰɖɜ ˊŬɟɞɨůŬ 

ˊŬɟɎɔɟŬűɞ. ȼ Proposed ˊɟɞůɏɔɔɘůɖ ŮˊɘŭŮɘəɜɨŮɘ Űɖɜ əŬɚɨŰŮɟɖ ŬəɟɑɓŮɘŬ ŬɜɎɛŮůŬ ůŰɘɠ 

 
Ɇɢ. 2.15. ȾŬŰŬɜɞɛɐ Űɞɡ ůűɎɚɛŬŰɞɠ NRMSD ɔɘŬ ɧɚŬ ŰŬ ůŮɜɎɟɘŬ ŬəŰɘɜɞɓɞɚɑŬɠ G əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ T 

ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɖɜ ŮűŬɟɛɞɔɐ Űɖɠ ˊɟɞŰŮɘɜɧɛŮɜɖɠ ŬɜŬɚɡŰɘəɐɠ ɛŮɗɧŭɞɡ (Proposed). ȼ Űɘɛɐ ɔɘŬ 

əɎɗŮ ůŮɜɎɟɘɞ ɚŮɘŰɞɡɟɔɘəɩɜ ůɡɜɗɖəɩɜ ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ ɛɏůɞ ɧɟɞ 20 ūȸ ˊɚŬɘůɑɤɜ. 

Ʉ. 2.3. ɆűɎɚɛŬ ŮəŰɑɛɖůɖɠ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ (NRMSD Ŭˊɧəɚɘůɖ əŬɛˊɡɚɩɜ) Ŭˊɧ Űɘɠ ŬɜŬɚɡŰɘəɏɠ 

ɛŮɗɧŭɞɡɠ ɛŮ ɓɎůɖ Űɞ ɛɞɜŰɏɚɞ Űɖɠ De Soto ɔɘŬ 20 ŮɛˊɞɟɘəɎ ūȸ ˊɚŬɑůɘŬ. 

ūȸ ˊɚŬɑůɘɞ 

ɆűɎɚɛŬ NRMSD (%) Űɤɜ ŬɜŬɚɡŰɘəɩɜ ɛŮɗɧŭɤɜ 

Saloux Khezzar Bai Proposed 

RMS MAX  RMS MAX  RMS MAX  RMS MAX  

Aleo s18-235 3.49 7.61 0.59 1.25 1.34 2.07 0.42 0.97 

Bosch M60s-245 3.48 7.39 0.39 0.72 1.39 2.10 0.44 0.98 

Canadian Solar CS6P 250 3.04 6.87 0.95 2.02 1.27 2.06 0.31 0.77 

Conergy PowerPlus 190P 3.13 6.79 0.74 1.59 1.28 1.99 0.34 0.80 

Day4 Energy 60MC-I  3.30 7.09 0.94 1.96 1.16 1.67 0.33 0.75 

ET Zero-rack 240 3.90 8.61 0.54 1.12 1.38 2.17 0.50 1.14 

LDK 235 P-20 2.77 6.25 0.76 1.58 1.31 2.13 0.29 0.71 

Perllight PLM-250P-60 2.14 4.40 2.20 4.10 1.45 2.74 0.33 0.51 

REC 250PE 3.50 7.69 1.32 2.76 1.17 2.06 0.32 0.75 

Renesola Virtus II 250 3.36 7.12 0.67 1.46 1.24 1.88 0.37 0.85 

SCHOTT Perform 240 3.09 7.12 1.81 3.62 1.28 2.45 0.28 0.58 

Sharp NU-E240 (J5) 3.30 7.43 2.07 4.20 1.32 2.79 0.32 0.61 

Silcio SE250 3.84 8.23 0.56 1.21 1.25 1.90 0.46 1.02 

Solea SM 190 3.33 7.52 1.44 2.98 1.22 2.15 0.30 0.72 

Sopray SR 245 2.57 5.66 1.08 2.19 1.26 1.94 0.24 0.56 

Sunmodule SW 240 2.69 5.70 0.40 0.88 1.59 2.38 0.36 0.82 

Sunpower E19-240 2.50 5.50 1.25 2.45 1.21 1.85 0.20 0.48 

Upsolar UP-M240P 3.29 6.85 0.35 0.81 1.53 2.24 0.45 0.95 

Yingli YGE 250P-29b 3.69 7.88 0.62 1.34 1.31 2.00 0.45 1.03 

Yingli YL-165 4.05 9.48 2.60 5.18 1.38 3.28 0.44 0.76 

ɆɈɁɃȿȽȾȷ 3.26 9.48 1.24 5.18 1.32 3.28 0.37 1.14 
 



ȾȺūȷȿȷȽɃ 2 - ɀɞɜŰŮɚɞˊɞɑɖůɖ ūȸ ɆɡůŰɖɛɎŰɤɜ ůŮ Ƀɛɞɘɧɛɞɟűɖ ȷəŰɘɜɞɓɞɚɑŬ 

 

ɀˊŬŰɕɏɚɖɠ ȺɡůŰɟɎŰɘɞɠ 53 

ŰɏůůŮɟɘɠ ŬɜŬɚɡŰɘəɏɠ ɛŮɗɧŭɞɡɠ. ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ɞɘ Saloux, Khezzar əŬɘ Bai ŰŮɢɜɘəɏɠ 

ˊŬɟɞɡůɘɎɕɞɡɜ ŰŬ ɛɏɔɘůŰŬ ůűɎɚɛŬŰŬ ůŰɞ ˊɚŬɑůɘɞ YL-165 (ŰŮɚŮɡŰŬɑŬ ɔɟŬɛɛɐ), Űɞ ɞˊɞɑɞ ŮɑɜŬɘ 

Űɞ ɢɟɞɜɞɚɞɔɘəɎ ˊŬɚŬɘɧŰŮɟɞ, ɛŮ ůɖɛŬɜŰɘəɏɠ ůŮɘɟɘŬəɏɠ əŬɘ ŮɔəɎɟůɘŮɠ ŬˊɩɚŮɘŮɠ. ȷəɧɛŬ, ŬɝɑɕŮɘ 

ɜŬ ŬɜŬűŮɟɗŮɑ ˊɤɠ Ŭɜ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɖ Ŭˊɚɐ ůɢɏůɖ ɡˊɞɚɞɔɘůɛɞɨ Űɖɠ ůɡɜɎɟŰɖůɖɠ Lambert W 

ŬɜŰɑ ɔɘŬ Űɘɠ ůŮɘɟɏɠ ůɨɔəɚɘůɖɠ (ɄȷɅȷɅɇȼɀȷ ȷ), ŰɧŰŮ ɖ Ŭɨɝɖůɖ Űɞɡ ůűɎɚɛŬŰɞɠ Űɖɠ Proposed 

ɛŮɗɧŭɞɡ ŭŮɜ ɝŮˊŮɟɜɎ Űɞ 0.05%, əŬɗɘůŰɩɜŰŬɠ Űɖɜ Ůɜ ɚɧɔɤ ŮɜŬɚɚŬəŰɘəɐ ɢɟɐůɘɛɖ ɔɘŬ ŬəɧɛŬ 

ŬˊɚɞɨůŰŮɟɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ. 

ȳůɞɜ ŬűɞɟɎ Űɞ ɡˊɞɚɞɔɘůŰɘəɧ əɧůŰɞɠ, ɞ ɢɟɧɜɞɠ ˊɟɞůɞɛɞɑɤůɖɠ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ Ŭˊɧ Űɞ 

ɛɞɜŰɏɚɞ De Soto əŬɘ əɎɗŮ ɛɑŬ Ŭˊɧ Űɘɠ ŰɏůůŮɟɘɠ ŬɜŬɚɡŰɘəɏɠ ˊɟɞůŮɔɔɑůŮɘɠ əŬŰŬɔɟɎűŮŰŬɘ ůŮ 

ŬˊɧɚɡŰɖ əŬɘ əŬɜɞɜɘəɞˊɞɘɖɛɏɜɖ ɛɞɟűɐ ůŰɞɜ ˊɑɜŬəŬ Ʉ. 2.4. ȳɚŮɠ ɞɘ ˊɟɞůɞɛɞɘɩůŮɘɠ 

ŭɘŮɝɐɢɗɖůŬɜ ůŰɞɜ ɑŭɘɞ ɡˊɞɚɞɔɘůŰɐ ɛŮ ɢɟɞɜɘůɛɧ ŮˊŮɝŮɟɔŬůŰɐ 3.4 GHz əŬɘ ɛɏɔŮɗɞɠ ɛɜɐɛɖ 6 

GB. ȳˊɤɠ űŬɑɜŮŰŬɘ, ɖ Proposed ŮɑɜŬɘ ŮɚŬűɟɩɠ ˊɘɞ ɢɟɞɜɞɓɧɟŬ ɛɏɗɞŭɞɠ Ůɜ ůɡɔəɟɑůŮɘ ɛŮ Űɘɠ 

ɎɚɚŮɠ ŰɟŮɘɠ ŬɜŬɚɡŰɘəɏɠ ŰŮɢɜɘəɏɠ, ɚɧɔɤ Űɞɡ ɡˊɞɚɞɔɘůɛɞɨ Űɖɠ ůɡɜɎɟŰɖůɖɠ Lambert W. ȼ 

ŭɘŬűɞɟɎ ŬɡŰɐ ŮɝŬɚŮɑűŮŰŬɘ ˊɟŬəŰɘəɎ ɛŮ Űɖ ɢɟɐůɖ Űɖɠ Ŭˊɚɐɠ ůɢɏůɖɠ ɡˊɞɚɞɔɘůɛɞɨ (Proposed 

(simple W)). ɄŬɟɧɚŬ ŬɡŰɎ, ɧɚŮɠ ɞɘ ŬɜŬɚɡŰɘəɏɠ ɛɏɗɞŭɞɘ ŮˊɘŭŮɘəɜɨɞɡɜ ɞɡůɘŬůŰɘəɎ Űɞ ɑŭɘɞ əɧůŰɞɠ 

ůɡɔəɟɘɜɧɛŮɜŮɠ ɛŮ Űɞ ɛɞɜŰɏɚɞ De Soto, Űɞ ɞˊɞɑɞ ŮɑɜŬɘ 3-4 ŰɎɝŮɘɠ ɛŮɔɏɗɞɡɠ ˊɘɞ Ŭɟɔɧ. 

ɆɡɛˊŮɟŬůɛŬŰɘəɎ, ɖ ˊɟɞŰŮɘɜɧɛŮɜŮɠ ŮɝɘůɩůŮɘɠ ɔɘŬ Űɖɜ ŮɝŬɔɤɔɐ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ ɛŮ 

Ůɡɗɨ Űɟɧˊɞ ˊŬɟɞɡůɘɎɕɞɡɜ Űɖɜ ɑŭɘŬ ŬəɟɑɓŮɘŬ ɛŮ Űɖ ɛɏɗɞŭɞ De Soto, ŬɚɚɎ ˊɟɞůűɏɟɞɡɜ 

ůɖɛŬɜŰɘəɎ ŬˊɚɞɨůŰŮɟɖ əŬɘ ɡˊɞɚɞɔɘůŰɘəɎ ŬˊɞŭɞŰɘəɧŰŮɟɖ ɡɚɞˊɞɑɖůɖ. 

2.3.7 ɩʀʅʍɻʈɻʐʅʆʙ ʀʌʅɼʀɼɻʚʖʎʂ 

ũɘŬ ɜŬ ŮˊɘɓŮɓŬɘɤɗŮɑ ɖ ŮɔəɡɟɧŰɖŰŬ Űɖɠ ˊɟɞŰŮɘɜɧɛŮɜɖɠ ɛŮɗɧŭɞɡ ůŮ ɟŮŬɚɘůŰɘəɏɠ ůɡɜɗɐəŮɠ, 

ɚŬɛɓɎɜɞɜŰŬɘ ˊŮɘɟŬɛŬŰɘəɏɠ ɛŮŰɟɐůŮɘɠ ɔɘŬ ˊɏɜŰŮ ŮɛˊɞɟɘəɎ ūȸ ˊɚŬɑůɘŬ ůŮ ŰɟŮɘɠ əŬŰŬůŰɎůŮɘɠ 

ɚŮɘŰɞɡɟɔɑŬɠ. ɇŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ ūȸ ˊɚŬɘůɑɤɜ ˊŬɟŬŰɑɗŮɜŰŬɘ ůŰɞɜ ˊɑɜŬəŬ Ʉ. 2.5. ȼ 

ɢŬɟŬəŰɖɟɘůŰɘəɐ I-V əŬɘ ɞɘ ŰɟɏɢɞɡůŮɠ Űɘɛɏɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ əŬŰŬɔɟɎűɞɜŰŬɘ ɛŮ 

Űɞɜ Ůɝɞˊɚɘůɛɧ Amprobe Solar-4000 Analyzer PV tracer (Ɇɢ. 2.16). Ƀ ŬɘůɗɖŰɐɟŬɠ ŬəŰɘɜɞɓɞɚɑŬɠ 

ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŭɨɞ ūȸ əɡɣɏɚŮɠ, ɛɑŬ ɛɞɜɞəɟɡůŰŬɚɚɘəɐ əŬɘ ɛɑŬ ˊɞɚɡəɟɡůŰŬɚɚɘəɐ, Ůɜɩ Űɞ 

Ʉ. 2.4. ɉɟɧɜɞɠ ŮəŰɏɚŮůɖɠ Űɖɠ De Soto əŬɘ Űɤɜ ŬɜŬɚɡŰɘəɩɜ ɛŮɗɧŭɤɜ ɔɘŬ Űɖɜ ŮɨɟŮůɖ Űɤɜ ˊɏɜŰŮ 

ˊŬɟŬɛɏŰɟɤɜ. 

ɀɏɗɞŭɞɠ 
ȷˊɧɚɡŰɞɠ ɢɟɧɜɞɠ ŮəŰɏɚŮůɖɠ 

ŬɜɎ ůŮɜɎɟɘɞ (ɛs) 

ȾŬɜɞɜɘəɞˊɞɘɖɛɏɜɞɠ ɢɟɧɜɞɠ ŮəŰɏɚŮůɖɠ ɤɠ 

ˊɟɞɠ Űɞɜ ɢɟɧɜɞ Űɖɠ Proposed 

De Soto 10805.4 3178.06 

Saloux 1.4 0.41 

Khezzar 1.5 0.44 

Bai 2.5 0.74 

Proposed 3.4 1.00 

Proposed (simple W) 1.9 0.59 
 

Ʉ. 2.5. ɉŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ ūȸ ˊɚŬɘůɑɤɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ůŰɖɜ ˊŮɘɟŬɛŬŰɘəɐ ŮˊɘɓŮɓŬɑɤůɖ. 

ɀɞɜŰɏɚɞ ūȸ ˊɚŬɘůɑɞɡ ɇɨˊɞɠ ȾɡɣɏɚŮɠ I sc0 (A) Voc0 (V) Imp0 (A) Vmp0 (V) 

Conergy PowerPlus 190PC mc-Si 48 8.61 29.52 8.09 23.87 

Day4 Energy 60MC-I  mc-Si 60 8.58 37.32 8.08 30.29 

Perllight PLM-250P-60 mc-Si 60 8.49 37.58 7.88 31.73 

Solea SM 190 c-Si 72 5.73 44.18 5.33 35.65 

Yingli YL-165 mc-Si 48 7.90 29.00 7.17 23.00 
 



2.3 - Ʉɟɞůŭɘɞɟɘůɛɧɠ Űɤɜ ɄɏɜŰŮ ɄŬɟŬɛɏŰɟɤɜ 
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ɛŮŰɟɖŰɘəɧ ɗŮɟɛɞəɟŬůɑŬɠ ůɡɜɑůŰŬŰŬɘ ůŮ ŬɘůɗɖŰɐɟŬ ɡˊɏɟɡɗɟɤɜ. ȼ ˊŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ 

ˊŮɟɘɚŬɛɓɎɜŮɘ ŰŬ ŬəɧɚɞɡɗŬ ɓɐɛŬŰŬ: 

V ȷɟɢɘəɎ, əŬŰŬɔɟɎűŮŰŬɘ ɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ əŬɛˊɨɚɖ I-V ɛŮ Űɞɜ PV tracer. 

V ɆŰɖ ůɡɜɏɢŮɘŬ, ˊɟɞůŭɘɞɟɑɕɞɜŰŬɘ ŰŬ ůɖɛŮɑŬ SC, OC əŬɘ MPP əŬɘ ŰɟɞűɞŭɞŰɞɨɜŰŬɘ ůŰɘɠ 

ŰɏůůŮɟɘɠ ŬɜŬɚɡŰɘəɏɠ ɛŮɗɧŭɞɡɠ ɔɘŬ Űɖɜ ŮəŰɑɛɖůɖ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ. 

V ȷəɞɚɞɨɗɤɠ, əŬŰŬůəŮɡɎɕŮŰŬɘ ɖ əŬɛˊɨɚɖ I-V ɓɎůŮɘ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ ɛŮ ɢɟɐůɖ 

Űɖɠ (2.3) əŬɘ ůɡɔəɟɑɜŮŰŬɘ ɛŮ Űɖɜ ˊŮɘɟŬɛŬŰɘəɎ əŬŰŬɔŮɔɟŬɛɛɏɜɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ. 

ɆŰɞ Ɇɢ. 2.17, ˊŬɟɞɡůɘɎɕŮŰŬɘ ɏɜŬ ŮɜŭŮɘəŰɘəɧ ůŮɜɎɟɘɞ ɔɘŬ ɏɜŬ Ŭˊɧ ŰŬ ūȸ ˊɚŬɑůɘŬ ˊɞɡ 

ɛŮŰɟɐɗɖəŬɜ. Ƀɘ ɛŮŰɟɐůŮɘɠ ůɡɛɓɞɚɑɕɞɜŰŬɘ ɛŮ ɛŬɨɟɞɡɠ əɡəɚɘəɞɨɠ ŭŮɑəŰŮɠ, Ůɜɩ ɞɘ 

ˊɟɞůɞɛɞɘɤɛɏɜŮɠ əŬɛˊɨɚŮɠ ɛŮ Űɘɠ ŰɏůůŮɟɘɠ ɛŮɗɧŭɞɡɠ ůɢŮŭɘɎɕɞɜŰŬɘ ɛŮ ɢɟɤɛŬŰɘůɛɏɜŮɠ ɔɟŬɛɛɏɠ. 

ȳˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ Ɏɜɤ ˊɚŬɑůɘɞ ŮůŰɑŬůɖɠ, ɞɘ Saloux (əɑŰɟɘɜɖ ɔɟŬɛɛɐ) əŬɘ Khezzar (ˊɟɎůɘɜɖ 

ɔɟŬɛɛɐ) ɛɏɗɞŭɞɘ ɡˊŮɟŮəŰɘɛɞɨɜ Űɞ ɟŮɨɛŬ ůŰɖɜ ˊŮɟɘɞɢɐ ɛŮŰŬɝɨ SC əŬɘ MPP, ɚɧɔɤ ˊŬɟɎɚŮɘɣɖɠ 

Űɖɠ ŮɔəɎɟůɘŬɠ ŬɜŰɑůŰŬůɖ ůŰɞ ɛɞɜŰɏɚɞ. ȷɜŰɑɗŮŰŬ, ɖ Bai (ɛˊɚŮ ɔɟŬɛɛɐ) ɡˊɞŮəŰɘɛɎŮɘ Űɞ ɟŮɨɛŬ 

ůŰɖɜ ɑŭɘŬ ˊŮɟɘɞɢɐ, əɡɟɑɤɠ ɚɧɔɤ Űɤɜ ɡˊɞɗɏůŮɤɜ ˊɞɡ ɚŬɛɓɎɜŮɘ ůɢŮŰɘəɎ ɛŮ Űɖɜ əɚɑůɖ Űɖɠ 

əŬɛˊɨɚɖɠ ůŰɞ SC. ɆŰɖɜ ˊŮɟɘɞɢɐ ɛŮŰŬɝɨ MPP əŬɘ OC (əɎŰɤ ˊɚŬɑůɘɞ ŮůŰɑŬůɖɠ ůŰɞ Ɇɢ. 2.17), ɖ 

Saloux ŬˊɞəɚɑɜŮɘ ŮɛűŬɜɩɠ Ŭˊɧ Űɘɠ ɛŮŰɟɐůŮɘɠ ɚɧɔɤ Űɤɜ ŬˊɚɞˊɞɘɐůŮɤɜ Űɞɡ ɛɞɜŰɏɚɞɡ 

(ŬɔɜɞɞɨɜŰŬɘ ɞɘ ŭɨɞ ŬɜŰɘůŰɎůŮɘɠ ï ɖ əɚɑůɖ ůŰɞ MPP ɗŮɤɟŮɑŰŬɘ ɑůɖ ɛŮ Voc/Isc), Ůɜɩ ɞɘ ɎɚɚŮɠ ŭɨɞ 

ŰŮɢɜɘəɏɠ ˊɟɞůűɏɟɞɡɜ ɘəŬɜɞˊɞɘɖŰɘəɐ ůɨɔəɚɘůɖ. ȼ Proposed ɛɏɗɞŭɞɠ (əɧəəɘɜɖ ŭɘŬəŮəɞɛɛɏɜɖ 

ɔɟŬɛɛɐ) ŮˊɘŭŮɘəɜɨŮɘ ŮɝŬɘɟŮŰɘəɐ ŬəɟɑɓŮɘŬ ůŮ ɧɚɞ Űɞ Ůɨɟɞɠ Űɖɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ. 

 
Ɇɢ. 2.16. Ⱥɝɞˊɚɘůɛɧɠ ˊŮɘɟŬɛŬŰɘəɩɜ ɛŮŰɟɐůŮɤɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖɜ ŮˊɘɓŮɓŬɑɤůɖ Űɤɜ 

ˊɟɞŰŮɘɜɧɛŮɜɤɜ ŬɜŬɚɡŰɘəɩɜ ůɢɏůŮɤɜ ŮɨɟŮůɖɠ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ. 

PV tracer

Irradiance & 

Temperature meter

PV module
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Ƀɘ ŬɜɤŰɏɟɤ ˊŬɟŬŰɖɟɐůŮɘɠ ŮˊɘɓŮɓŬɘɩɜɞɜŰŬɘ əŬɘ Ŭˊɧ Űɞɜ ůɢŮŰɘəɧ ˊɑɜŬəŬ Ʉ. 2.6, ůŰɞɜ ɞˊɞɑɞ 

ˊŬɟɞɡůɘɎɕŮŰŬɘ Űɞ ůűɎɚɛŬ NRMSD ɔɘŬ ŰŬ ŰɏůůŮɟŬ ŬɜŬɚɡŰɘəɎ ɛɞɜŰɏɚŬ, ɧˊɤɠ ˊɟɞəɨˊŰŮɘ Ŭˊɧ 

Űɖ ůɨɔəɟɘůɖ ɛŮ Űɘɠ ɛŮŰɟɐůŮɘɠ. ȼ ɛɏɗɞŭɞɠ Saloux ŮˊɘŭŮɘəɜɨŮɘ ůűɎɚɛŬŰŬ ɏɤɠ əŬɘ ůɢŮŭɧɜ 10%, 

Ůɜɩ ɞɘ Khezzar əŬɘ Bai ůɡɛˊŮɟɘűɏɟɞɜŰŬɘ ůɢŮŰɘəɎ əŬɚɨŰŮɟŬ. ɄŬɟɧɚŬ ŬɡŰɎ, ɧɚŮɠ ɞɘ ɎɚɚŮɠ 

ŰŮɢɜɘəɏɠ ˊŬɟɞɡůɘɎɕɞɡɜ rms ůűɎɚɛŬ ɛŮɔŬɚɨŰŮɟɞ Ŭˊɧ Űɞ ɛɏɔɘůŰɞ Űɖɠ Proposed ɛŮɗɧŭɞɡ. ɇɞ rms 

ůűɎɚɛŬ Űɤɜ ˊɟɞŰŮɘɜɧɛŮɜɤɜ ŮɝɘůɩůŮɤɜ ˊɟɞəɨˊŰŮɘ ŮɚɎɢɘůŰŬ ɛŮɔŬɚɨŰŮɟɞ Ŭˊɧ Űɞ 1%, 

ŬˊɞŭŮɘəɜɨɞɜŰŬɠ ɏŰůɘ Űɖɜ ŬəɟɑɓŮɘŬ əŬɘ ŮɔəɡɟɧŰɖŰɎ Űɞɡɠ ůŮ ɟŮŬɚɘůŰɘəɏɠ ůɡɜɗɐəŮɠ. 

 
Ɇɢ. 2.17. ɀŮŰɟɖɛɏɜɖ əŬɘ ˊɟɞůɞɛɞɘɤɛɏɜŮɠ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ I-V, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɘɠ ŬɜŬɚɡŰɘəɏɠ 

ɛŮɗɧŭɞɡɠ ɔɘŬ ɛɑŬ ŮɜŭŮɘəŰɘəɐ ˊŮɟɑˊŰɤůɖ (Perllight PLM-250P-60 ůŮ 805 W/m2 ï 45 ÁC). 

Ʉ. 2.6. ɄŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ŰŮůůɎɟɤɜ ŬɜŬɚɡŰɘəɩɜ ɛŮɗɧŭɤɜ ŮɨɟŮůɖɠ Űɤɜ ˊɏɜŰŮ 

ˊŬɟŬɛɏŰɟɤɜ ůŮ ˊɏɜŰŮ ŮɛˊɞɟɘəɎ ūȸ ˊɚŬɑůɘŬ. 

ūȸ ˊɚŬɑůɘɞ NRMSD (%) Ůɜ ůɡɔəɟɑůŮɘ ɛŮ Űɖ ɛŮŰɟɖɛɏɜɖ I -V 

ɆɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ Saloux Khezzar Bai Proposed 

Conergy PowerPlus 190PC     

917 W/m2 ï 57 ÁC 5.91 1.90 3.13 1.15 

857 W/m2 ï 56 ÁC 6.11 1.78 3.00 0.94 

465 W/m2 ï 58 ÁC 1.74 2.60 1.83 1.75 

Day4 Energy 60MC-I     

906 W/m2 ï 47 ÁC 7.12 2.10 3.21 1.76 

743 W/m2 ï 42 ÁC 5.44 1.12 2.43 1.34 

518 W/m2 ï 39 ÁC 3.05 0.80 1.56 1.53 

Perllight PLM -250P-60     

902 W/m2 ï 40 ÁC 9.44 2.22 3.06 0.54 

805 W/m2 ï 45 ÁC 8.51 1.54 2.58 0.66 

500 W/m2 ï 47 ÁC 5.10 3.23 1.94 1.70 

Solea SM 190     

930 W/m2 ï 45 ÁC 3.92 0.38 1.55 0.72 

772 W/m2 ï 40 ÁC 2.59 1.03 1.27 0.72 

544 W/m2 ï 35 ÁC 2.26 0.49 1.82 1.22 

Yingli YL -165     

976 W/m2 ï 58 ÁC 4.86 1.65 2.59 0.91 

593 W/m2 ï 47 ÁC 2.60 2.27 3.26 0.59 

437 W/m2 ï 43 ÁC 4.25 0.64 2.21 1.07 

ɃȿȽȾɃ RMS 5.34 1.78 2.45 1.18 

ɃȿȽȾɃ ɀȺũȽɆɇɃ 9.44 3.23 3.26 1.76 
 



2.4 - ɆɢɏůŮɘɠ SC, OC əŬɘ MPP ůɡɜŬɟŰɐůŮɘ ȷəŰɘɜɞɓɞɚɑŬɠ əŬɘ ŪŮɟɛɞəɟŬůɑŬɠ 
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2.4 ɫʔʘʎʀʅʏ SC, OC ʆɻʅ MPP ʎʑʉɻʍʐʙʎʀʅ ɚʆʐʅʉʋɼʋʇʚɻʏ 

ʆɻʅ ɡʀʍʈʋʆʍɻʎʚɻʏ 

ɆŰɖɜ ŮɜɧŰɖŰŬ 2.2, ŭɑɜɞɜŰŬɘ ɛŬɗɖɛŬŰɘəɏɠ ŮɝɘůɩůŮɘɠ ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ 

Űɤɜ Űɟɘɩɜ ůɖɛŮɑɤɜ ɚŮɘŰɞɡɟɔɑŬɠ SC, OC əŬɘ MPP ůɡɜŬɟŰɐůŮɘ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ Űɞɡ 

ɛɞɜŰɏɚɞɡ. Ƀɘ Ůɜ ɚɧɔɤ ŮɝɘůɩůŮɘɠ (2.5), (2.6) əŬɘ (2.16)-(2.17) ŮɑɜŬɘ Ŭˊɚɏɠ əŬɘ ŬɜŬɚɡŰɘəɐɠ 

ɛɞɟűɐɠ, ŬɚɚɎ ˊɟɞɦˊɞɗɏŰɞɡɜ Űɖ ɔɜɩůɖ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ ɔɘŬ Űɖɜ ŮűŬɟɛɞɔɐ Űɞɡɠ. 

ɆŰɖ ůɡɜɏɢŮɘŬ, ŬɡŰɏɠ ɞɘ ŮɝɘůɩůŮɘɠ ɛŮŰŬůɢɖɛŬŰɑɕɞɜŰŬɘ əŬŰɎɚɚɖɚŬ ɩůŰŮ ɜŬ ŬˊɞŰŮɚɞɨɜ 

ŮəűɟɎůŮɘɠ ɛɧɜɞ Űɤɜ ůɡɜɗɖəɩɜ ɚŮɘŰɞɡɟɔɑŬɠ (ŬəŰɘɜɞɓɞɚɑŬ/ɗŮɟɛɞəɟŬůɑŬ) əŬɘ ŭŮŭɞɛɏɜɤɜ Űɞɡ 

ŰŮɢɜɘəɞɨ űɡɚɚŬŭɑɞɡ. ȼ ŬɜŬŭɘŬŰɨˊɤůɖ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ŮűŬɟɛɧɕɞɜŰŬɠ Űɘɠ ŬɜŬɚɡŰɘəɏɠ ůɢɏůŮɘɠ 

ŮɨɟŮůɖɠ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ (2.34)-(2.38) əŬɘ ŬɜŬɔɤɔɐɠ Űɞɡɠ ůŮ ŬɡɗŬɑɟŮŰŮɠ ůɡɜɗɐəŮɠ 

(2.26)-(2.30) Űɖɠ ˊɟɞɖɔɞɨɛŮɜɖɠ ŮɜɧŰɖŰŬɠ 2.3, ůŰɘɠ ˊɟɞŬɜŬűŮɟɗŮɑůŮɠ (2.5), (2.6) əŬɘ (2.16)-

(2.17). ȰŰůɘ, ɞɘ ŰŮɚɘəɏɠ ŮəűɟɎůŮɘɠ ŮɑɜŬɘ ůɡɜŬɟŰɐůŮɘɠ ɛŬəɟɞůəɞˊɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ əŬɘ ɧɢɘ 

əɡəɚɤɛŬŰɘəɩɜ ůŰɞɘɢŮɑɤɜ, ɔŮɔɞɜɧɠ ˊɞɡ Űɘɠ əŬɗɘůŰɎ ŮɨəɞɚŬ əŬɘ ɎɛŮůŬ ŮűŬɟɛɧůɘɛŮɠ ɔɘŬ 

ɞˊɞɘŬŭɐˊɞŰŮ ūȸ ˊɚŬɑůɘɞ əŬɘ ůŮ ɞˊɞɘŮůŭɐˊɞŰŮ ůɡɜɗɐəŮɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ.  

ȼ ŬəɟɑɓŮɘŬ Űɤɜ ůɢɏůŮɤɜ Űɖɠ ˊŬɟɞɨůŬɠ ŮɜɧŰɖŰŬɠ ŬˊɞŰɘɛɎŰŬɘ ɛŮ ˊɟɞůɞɛɞɘɩůŮɘɠ ůŰɞ 

ɚɞɔɘůɛɘəɧ MATLAB, əŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŭŮɑɢɜɞɡɜ ɧŰɘ ɓɟɑůəɞɜŰŬɘ ůŮ ˊɞɚɨ əŬɚɐ ůɡɛűɤɜɑŬ ɛŮ 

Űɖ ɗŮɤɟɑŬ Űɞɡ ɛɞɜŰɏɚɞɡ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ. ȼ ɎɟŰɘŬ ɗŮɤɟɖŰɘəɐ ɓɎůɖ əŬɘ Ŭˊɚɐ ŭɘŬŰɨˊɤůɖ 

əŬɗɘůŰɎ Űɘɠ ˊɟɞŰŮɘɜɧɛŮɜŮɠ ŮɝɘůɩůŮɘɠ ɛɑŬ Ŭˊɚɐ əŬɘ Ůɨəɞɚɖ ɛɏɗɞŭɞ ́ ɟɞůŭɘɞɟɘůɛɞɨ Űɤɜ ɛŮɔŮɗɩɜ 

Isc, Voc, Imp əŬɘ Vmp. 

2.4.1 ɪʀʞʈɻ ɼʍɻʔʑʆʞʆʇʖʎʂʏ - Isc  

ȳˊɤɠ ŮɝɖɔŮɑŰŬɘ ůŰɖɜ ˊŬɟɎɔɟŬűɞ 2.2.1, ůŮ əŬŰɎůŰŬůɖ ɓɟŬɢɡəɨəɚɤůɖɠ Űɞ ɟŮɨɛŬ Isc 

əŬɗɞɟɑɕŮŰŬɘ əɡɟɑɤɠ Ŭˊɧ Űɞ űɤŰɧɟŮɡɛŬ Iph. ȳɛɤɠ, Űɞ ŰŮɚŮɡŰŬɑɞ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ ŬəŰɘɜɞɓɞɚɑŬ 

əŬɘ ɗŮɟɛɞəɟŬůɑŬ ůɨɛűɤɜŬ ɛŮ Űɖɜ (2.26). ȰŰůɘ, ɖ Ůɝɑůɤůɖ ɔɘŬ Űɞ ɟŮɨɛŬ ɓɟŬɢɡəɨəɚɤůɖɠ ŮɑɜŬɘ 

ŬˊɚɎ: 

 
0(1 )sc sc IscI GI a T= + D  (2.41) 

ȼ (2.41) ŬɜŰɘəŬŰɞˊŰɟɑɕŮɘ Űɖɜ ɘůɢɡɟɐ-ŬɜŬɚɞɔɘəɐ ŮɝɎɟŰɖůɖ Űɞɡ Isc Ŭˊɧ Űɖɜ ŬəŰɘɜɞɓɞɚɑŬ G əŬɘ 

Űɖɜ ŬůɗŮɜɏůŰŮɟɖ-ɔɟŬɛɛɘəɐ ŮˊɑŭɟŬůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ T, ɖ ɞˊɞɑŬ ˊɞůɞŰɘəɞˊɞɘŮɑŰŬɘ ɛɏůɤ Űɞɡ 

ɗŮɟɛɞəɟŬůɘŬəɞɨ ůɡɜŰŮɚŮůŰɐ aIsc. ȼ ŬɜɤŰɏɟɤ Ůɝɑůɤůɖ ŮɑɜŬɘ Ůɡɟɏɤɠ ŭɘŬŭŮŭɞɛɏɜɖ əŬɘ ɛɖ 

ŬɛűɘůɓɖŰɐůɘɛɖ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ [46], [57], [132], [152], [198]ï[200]. ɄŬɟŬɚɚŬɔɏɠ Űɖɠ 

ŭɘŬűɏɟɞɡɜ ɤɠ ˊɟɞɠ Űɖ ɗŮɟɛɞəɟŬůɘŬəɐ ŮˊɑŭɟŬůɖ: ůŰɖɜ [201] ŬɔɜɞŮɑŰŬɘ ˊŬɜŰŮɚɩɠ ɞ 

ɗŮɟɛɞəɟŬůɘŬəɧɠ ˊŬɟɎɔɞɜŰŬɠ, Ůɜɩ ůŰɖɜ [175] ɛɞɜŰŮɚɞˊɞɘŮɑŰŬɘ ɛɏůɤ Ůɜɧɠ ŮəɗŮŰɘəɞɨ ɧɟɞɡ. 

Ⱥˊɑůɖɠ, ůŮ əɎˊɞɘŮɠ ɛŮɚɏŰŮɠ ɞ ůɡɜŰŮɚŮůŰɐɠ aIsc ŬɜŰɘəŬɗɑůŰŬŰŬɘ Ŭˊɧ ɏɜŬɜ ˊŬɟɎɔɞɜŰŬ ŭɘɧɟɗɤůɖɠ 

ˊɞɡ ˊɟɞůŭɘɞɟɑɕŮŰŬɘ ˊŮɘɟŬɛŬŰɘəɎ Ŭˊɧ ɛŮŰɟɐůŮɘɠ [68], [202]ï[205]. 

2.4.2 ɬʗʎʂ ɻʉʋʅʔʐʋʆʞʆʇʖʎʂʏ - Voc  

ɄŮɘɟŬɛŬŰɘəɎ ɏɢŮɘ ˊŬɟŬŰɖɟɖɗŮɑ ɧŰɘ ɖ ŰɎůɖ ŬɜɞɘɢŰɞəɨəɚɤůɖɠ Voc ŮˊɖɟŮɎɕŮŰŬɘ ɚɞɔŬɟɘɗɛɘəɎ 

Ŭˊɧ Űɖɜ ŬəŰɘɜɞɓɞɚɑŬ əŬɘ ɔɟŬɛɛɘəɎ Ŭˊɧ Űɖ ɗŮɟɛɞəɟŬůɑŬ [57], [119], [132], [137], [152], [173], 

[198], [199], [203], [204]. ȳɛɤɠ, ɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ ŬɡŰɩɜ Űɤɜ ŮˊɘŭɟɎůŮɤɜ ŭŮɜ ŮɑɜŬɘ 



ȾȺūȷȿȷȽɃ 2 - ɀɞɜŰŮɚɞˊɞɑɖůɖ ūȸ ɆɡůŰɖɛɎŰɤɜ ůŮ Ƀɛɞɘɧɛɞɟűɖ ȷəŰɘɜɞɓɞɚɑŬ 

 

ɀˊŬŰɕɏɚɖɠ ȺɡůŰɟɎŰɘɞɠ 57 

Űɡˊɞˊɞɘɖɛɏɜɖ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ. ȼ ˊɟɞŰŮɘɜɧɛŮɜɖ ůɢɏůɖ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ ŮɑɜŬɘ 

(ɚŮˊŰɞɛɏɟŮɘŮɠ ůŰɞ ɄȷɅȷɅɇȼɀȷ ȸ): 

 ( )0 01 lnoc oc VocV V KT G Td b= + + D  (2.42) 

ɧˊɞɡ ɞ ůɡɜŰŮɚŮůŰɐɠ ŭ0 ŭɑɜŮŰŬɘ Ŭˊɧ Űɖɜ (2.33). ȼ (2.42) ŮəűɟɎɕŮɘ ɝŮəɎɗŬɟŬ Űɖ ɚɞɔŬɟɘɗɛɘəɐ 

ŮˊɑŭɟŬůɖ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ G (ɛŮůŬɑɞɠ ɧɟɞɠ ůŰɖɜ ˊŬɟɏɜɗŮůɖ), ɖ ɞˊɞɑŬ ɛɞɜŰŮɚɞˊɞɘŮɑŰŬɘ əŬɘ ůŮ 

ɎɚɚŮɠ ɛŮɚɏŰŮɠ ɛŮ ɘůɞŭɨɜŬɛɖ ŭɘŬŰɨˊɤůɖ [57], [83], [130], [142], [173], [202]: 

 0 0 0

0

ln ln ln lnoc s s T

T kT
V KT G a G N n G N nV G

T q
d = = =   (2.43) 

ȼ əɨɟɘŬ ŭɘŬűɞɟɎ Űɤɜ ŬɜɤŰɏɟɤ ɛŮɚŮŰɩɜ ůŮ ůɢɏůɖ ɛŮ Űɖɜ ˊɟɞŰŮɘɜɧɛŮɜɖ (2.42) ŮɑɜŬɘ ůŰɞ 

ůɡɜŰŮɚŮůŰɐ Űɞɡ ɚɞɔŬɟɑɗɛɞɡ lnG: ŮɑŰŮ Űɞɜ ɢɟŮɘɎɕɞɜŰŬɘ ɤɠ ŭŮŭɞɛɏɜɞ Ůɘůɧŭɞɡ (ɛŮ Űɖ ɛɞɟűɐ Űɖɠ 

ˊŬɟŬɛɏŰɟɞɡ a0 ɐ Űɞɡ ůɡɜŰŮɚŮůŰɐ ŭɘɧŭɞɡ n) [142], [173], ŮɑŰŮ ɗŮɤɟɞɨɜ ɛɑŬ ŮɛˊŮɘɟɘəɐ ůŰŬɗŮɟɎ 

0.06 ůŰɖ ɗɏůɖ Űɞɡ ˊŬɟɎɔɞɜŰŬ ŭ0 [57], [202]. ȺɘŭɘəɎ ɔɘŬ Űɖɜ ŰŮɚŮɡŰŬɑŬ ˊɟɞůɏɔɔɘůɖ, ɖ Űɘɛɐ 0.06 

ŮɑɜŬɘ ŮɛűŬɜɩɠ ˊɞɚɨ əɞɜŰɎ ůŰɘɠ Űɘɛɏɠ ˊɞɡ ɚŬɛɓɎɜŮɘ ɞ ŭ0 (ɔɨɟɤ ůŰɞ 0.04). ȸɏɓŬɘŬ, ɞ ŮˊŬəɟɘɓɩɠ 

ˊɟɞůŭɘɞɟɘůɛɧɠ ŬɡŰɞɨ Űɞɡ ůɡɜŰŮɚŮůŰɐ ɛɏůɤ Űɖɠ (2.33) ́ ɟɞůűɏɟŮɘ əŬɚɨŰŮɟɖ ˊɟɞůŬɟɛɞɔɐ ůŰɞ ɡˊɧ-

ɛŮɚɏŰɖ ůɨůŰɖɛŬ, əŬɘ ɎɟŬ ɛŮɔŬɚɨŰŮɟɖ ŬəɟɑɓŮɘŬ ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɘɠ ˊɟɞůɞɛɞɘɩůŮɘɠ ůŰɖ ůɡɜɏɢŮɘŬ. 

ɈˊɎɟɢɞɡɜ ɚɑɔŮɠ ŮɟɔŬůɑŮɠ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ ˊɞɡ ŭɘŬűɞɟɞˊɞɘɞɨɜŰŬɘ ɤɠ ˊɟɞɠ Űɖ ŮˊɑŭɟŬůɖ Űɖɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ: ůŰɖɜ [175] ˊŮɟɘɔɟɎűŮŰŬɘ ɛŮ ɏɜŬɜ ŮəɗŮŰɘəɧ ɧɟɞ, Ůɜɩ ůŰɘɠ [201], [68] ŬɔɜɞŮɑŰŬɘ 

ˊŬɜŰŮɚɩɠ. Ⱥˊɘˊɚɏɞɜ, ɞ ɗŮɟɛɞəɟŬůɘŬəɧɠ ůɡɜŰŮɚŮůŰɐɠ ɓVoc ˊɟɞůŭɘɞɟɑɕŮŰŬɘ ˊŮɘɟŬɛŬŰɘəɎ ůŰɘɠ 

[202], [68] ɐ ɚŬɛɓɎɜŮŰŬɘ ɤɠ ůŰŬɗŮɟɎ ɔɘŬ ɧɚŬ ŰŬ ˊɚŬɑůɘŬ ůŰɖɜ [201]. 

2.4.3 ɪʀʞʈɻ ʎʐʋ MPP - Imp  

ȼ ŮɝɎɟŰɖůɖ Űɞɡ MPP ɟŮɨɛŬŰɞɠ Imp Ŭˊɧ Űɘɠ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ ŭŮɜ ŮɑɜŬɘ ŭŮŭɞɛɏɜɖ ůŰɖ 

ɓɘɓɚɘɞɔɟŬűɑŬ. ɆɡɢɜɎ ɗŮɤɟŮɑŰŬɘ ŬɜŬɚɞɔɘəɐ ŮˊɑŭɟŬůɖ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ, ˊŬɟɧɛɞɘŬ ɛŮ Űɞ Isc [46], 

[68], Ůɜɩ ɖ ŬůɗŮɜɐɠ Ůˊɘɟɟɞɐ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ˊŬɟŬɛɏɜŮɘ ŬˊɟɞůŭɘɧɟɘůŰɖ. ɆŰɖɜ ˊŬɟɞɨůŬ 

ŭɘŬŰɟɘɓɐ, ɖ Ůɝɑůɤůɖ ɔɘŬ Űɞ Imp ŮɑɜŬɘ (ŭɘŬŭɘəŬůɑŬ ŮɝŬɔɤɔɐɠ ůŰɞ ɄȷɅȷɅɇȼɀȷ ȸ): 

 ( )0  1mp mp ImpI G I Ta= + D  (2.44) 

ɧˊɞɡ aImp ŮɑɜŬɘ ɞ ɗŮɟɛɞəɟŬůɘŬəɧɠ ůɡɜŰŮɚŮůŰɐɠ Űɞɡ MPP ɟŮɨɛŬŰɞɠ ˊɞɡ ŭŮɜ ŮɑɜŬɘ ůŰŬɗŮɟɎ, ŬɚɚɎ 

ůɡɜɎɟŰɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ, əŬɘ ŭɑɜŮŰŬɘ Ŭˊɧ Űɖɜ Ŭəɧɚɞɡɗɖ ůɢɏůɖ: 

 0

0

1/ 1    
   

1 1    

Voc Isc
Imp Isc

Voc

T T

w T

b a
a a

b

- + D
= +

- + D
  (2.45) 

ɧˊɞɡ ɞ w0 ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɖɜ (2.39), ɖ ɞˊɞɑŬ ɢɟɖůɘɛɞˊɞɘŮɑ Űɞɜ ŭ0 ˊɞɡ ɓɟɑůəŮŰŬɘ Ŭˊɧ Űɖɜ 

(2.33). ȼ (2.44) ɏɢŮɘ ɔɟŬűŮɑ ɏŰůɘ ɩůŰŮ ɜŬ ɞɛɞɘɎɕŮɘ ůŰɖɜ ŬɜŰɑůŰɞɘɢɖ (2.41) ɔɘŬ Űɞ ɟŮɨɛŬ 

ɓɟŬɢɡəɨəɚɤůɖɠ, ŮɜůɤɛŬŰɩɜɞɜŰŬɠ Űɖɜ ˊŮɟɘˊɚɞəɧŰŮɟɖ ɗŮɟɛɞəɟŬůɘŬəɐ ŮˊɑŭɟŬůɖ ůŰɞɜ 

ůɡɜŰŮɚŮůŰɐ aImp. Ƀ ŰŮɚŮɡŰŬɑɞɠ ŭŮ ůɡɛˊɑˊŰŮɘ ˊɚɐɟɤɠ ɛŮ Űɞɜ aIsc (ŬˊɞŰŮɚŮɑ Ŭˊɚɩɠ ɛɑŬ əɨɟɘŬ 

ůɡɜɘůŰɩůŬ Űɞɡ) əŬɘ ŭŮɜ ŮɑɜŬɘ ůŰŬɗŮɟɎ. Ȳůɤɠ ŬɡŰɧɠ ɜŬ ŮɑɜŬɘ əŬɘ ɞ ɚɧɔɞɠ ˊɞɡ ɖ ůɡɜŰɟɘˊŰɘəɐ 

ˊɚŮɘɞɣɖűɑŬ Űɤɜ ŰŮɢɜɘəɩɜ űɡɚɚŬŭɑɤɜ ŭŮɜ ɏɢɞɡɜ Űɘɛɐ ɔɘŬ Űɞɜ aImp. ȸɏɓŬɘŬ, ůɨɛűɤɜŬ ɛŮ Űɖɜ 



2.4 - ɆɢɏůŮɘɠ SC, OC əŬɘ MPP ůɡɜŬɟŰɐůŮɘ ȷəŰɘɜɞɓɞɚɑŬɠ əŬɘ ŪŮɟɛɞəɟŬůɑŬɠ 

58 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

(2.45) ɞ aImp ɚŬɛɓɎɜŮɘ ˊɞɚɨ ɛɘəɟɏɠ Űɘɛɏɠ (Űɖɠ ɑŭɘŬ ŰɎɝɖɠ ɛŮɔɏɗɞɡɠ ɛŮ Űɞɜ aIsc), ́ ɞɡ ŭɘəŬɘɞɚɞɔŮɑ 

Ůɜ ɛɏɟŮɘ Űɖɜ ŰŬɨŰɘůɐ Űɞɡ ɛŮ Űɞɜ aIsc, ɖ ŬəɧɛŬ əŬɘ Űɞɜ ɛɖŭŮɜɘůɛɧ Űɞɡ Ŭˊɧ əɎˊɞɘɞɡɠ ŮɟŮɡɜɖŰɏɠ 

[206]. ɆŮ əɎɗŮ ˊŮɟɑˊŰɤůɖ, ɖ ˊɟɞŰŮɘɜɧɛŮɜɖ ˊɟɞůɏɔɔɘůɖ ˊŬɟɞɡůɘɎɕŮɘ əŬɚɨŰŮɟɖ ŬəɟɑɓŮɘŬ, ɧˊɤɠ 

ŬˊɞŭŮɘəɜɨŮŰŬɘ ůŰɖ ůɡɜɏɢŮɘŬ Ŭˊɧ Űɘɠ ˊɟɞůɞɛɞɘɩůŮɘɠ.  

2.4.4 ɬʗʎʂ ʎʐʋ MPP - Vmp 

ɆɢŮŰɘəɎ ɛŮ Űɖɜ MPP ŰɎůɖ, ŭŮɜ ɡˊɎɟɢŮɘ ůɨɔəɚɘůɖ ŬˊɧɣŮɤɜ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ. ɈˊɎɟɢɞɡɜ 

əɎˊɞɘŮɠ ɛŮɚɏŰŮɠ ˊɞɡ ˊŬɟŬŰɖɟɞɨɜ ɔɟŬɛɛɘəɐ-ɚɞɔŬɟɘɗɛɘəɐ ŮɝɎɟŰɖůɖ ɛŮ Űɖ ɗŮɟɛɞəɟŬůɑŬ [202], 

[57], [130], Űɞ ɞˊɞɑɞ ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ əŬɘ Ŭˊɧ Űɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ. ȼ ˊɟɞŰŮɘɜɧɛŮɜɖ ůɢɏůɖ 

ŮɑɜŬɘ (ɚŮˊŰɞɛɏɟŮɘŮɠ ůŰɞ ɄȷɅȷɅɇȼɀȷ ȸ): 

 ( ) ( )0 0 0 0 0    1 1 ln  mp Voc omp cGV G w KTV G T Vd d bè ø+ - - + + Dê ú=   (2.46) 

ɧˊɞɡ ɞɘ ɓɞɖɗɖŰɘəɞɑ ɧɟɞɘ ŭ0 əŬɘ w0 ŭɑɜɞɜŰŬɘ Ŭˊɧ Űɘɠ (2.33) əŬɘ (2.39) ŬɜŰɑůŰɞɘɢŬ. ɆŰɖɜ (2.46) 

ŮɑɜŬɘ ŮɛűŬɜɏɠ ɧŰɘ ɖ ŮˊɑŭɟŬůɖ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ G ŮɑɜŬɘ ůɡɜŭɡŬůŰɘəɎ ɔɟŬɛɛɘəɐ əŬɘ ɚɞɔŬɟɘɗɛɘəɐ 

(ˊɟɩŰɞɠ ɧɟɞɠ Űɖɠ ůɢɏůɖɠ əŬɘ ŭɨɞ ɧɟɞɘ Űɖɠ Ŭɔəɨɚɖɠ), Ůɜɩ ɖ Ůˊɘɟɟɞɐ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ 

ɔɟŬɛɛɘəɐ. ɆŮ ɎɚɚŮɠ ŮɟɔŬůɑŮɠ, ɗŮɤɟŮɑŰŬɘ ŬˊɚɞɡůŰŮɡŰɘəɎ ɧŰɘ ɖ Vmp ŬɜɎɔŮŰŬɘ ůŰɘɠ ɚŮɘŰɞɡɟɔɘəɏɠ 

ůɡɜɗɐəŮɠ Ŭəɟɘɓɩɠ ɧˊɤɠ ɖ Voc [46], [68], Ůɜɩ ůŰɖɜ [173] ɖ ŮɝɎɟŰɖůɖ Ŭˊɧ Űɖɜ ŬəŰɘɜɞɓɞɚɑŬ 

ɛɞɜŰŮɚɞˊɞɘŮɑŰŬɘ ɛɏůɤ Ůɜɧɠ ŭɘɩɜɡɛɞɡ ɛŮ ˊŮɘɟŬɛŬŰɘəɎ ˊɟɞůŭɘɞɟɘůɛɏɜɞɡɠ ůɡɜŰŮɚŮůŰɏɠ. ɇɞ 

ˊɚŮɞɜɏəŰɖɛŬ Űɖɠ (2.46) ŮɑɜŬɘ ɧŰɘ ɛɞɜŰŮɚɞˊɞɘŮɑ Űɞ űŬɘɜɧɛŮɜɞ ůŮ ŬˊɧɚɡŰɖ ůɡɛűɤɜɑŬ ɛŮ Űɞ 

ɛɞɜŰɏɚɞ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ əŬɘ ŮɑɜŬɘ ŬˊŬɚɚŬɔɛɏɜɖ Ŭˊɧ ŮɛˊŮɘɟɘəɏɠ ůŰŬɗŮɟɏɠ, ůŮ ŬɜŰɑɗŮůɖ ɛŮ 

ɎɚɚŮɠ ŮɟɔŬůɑŮɠ. 

Ⱥˊɘˊɚɏɞɜ, ŬɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ Ŭɜ ɖ (2.46) ŮűŬɟɛɞůŰŮɑ ɔɘŬ ɞɜɞɛŬůŰɘəɐ ŬəŰɘɜɞɓɞɚɑŬ əŬɘ 

ŬɡɗŬɑɟŮŰɖ ɗŮɟɛɞəɟŬůɑŬ, ɔɑɜŮŰŬɘ: 
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ȹɖɚŬŭɐ, űŬɑɜŮŰŬɘ ɧŰɘ ɞ ɗŮɟɛɞəɟŬůɘŬəɧɠ ůɡɜŰŮɚŮůŰɐɠ Űɖɠ MPP ŰɎůɖɠ ɓVmp ůɡɜŭɏŮŰŬɘ ɛŮ Űɞɜ 

ŬɜŰɑůŰɞɘɢɞ ůɡɜŰŮɚŮůŰɐɠ ɓVoc ůɨɛűɤɜŬ ɛŮ Űɖɜ: 
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H (2.48) ˊɟɞůŭɘɞɟɑɕŮɘ Űɞɜ ɓVmp (ˊɞɡ Ůɜ ɔɏɜŮɘ ŭŮ ŭɑɜŮŰŬɘ ůŰɞ ŰŮɢɜɘəɧ űɡɚɚɎŭɘɞ) ůɡɜŬɟŰɐůŮɘ 

ŭŮŭɞɛɏɜɤɜ Űɞɡ ŰŮɢɜɘəɞɨ űɡɚɚŬŭɑɞɡ.  

2.4.5 ɫʔʘʎʀʅʏ ʎʑɾʆʀʉʐʍʖʐʅʆʗ 

Ƀɘ ŰɏůůŮɟɘɠ ůɢɏůŮɘɠ Űɤɜ Isc, Voc, Imp əŬɘ Vmp ˊŬɟŬŰɑɗŮɜŰŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ůɡɔəŮɜŰɟɤŰɘəɎ: 
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Ƀɘ ɓɞɖɗɖŰɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ ŬˊŬɘŰɞɨɜŰŬɘ ɔɘŬ Űɖɜ ŮűŬɟɛɞɔɐ Űɞɡɠ ŮɑɜŬɘ: 
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Ƀɘ ˊɟɞŰŮɘɜɧɛŮɜŮɠ ŮɝɘůɩůŮɘɠ ŮɑɜŬɘ Ŭˊɚɏɠ ŬɜŬɚɡŰɘəɏɠ ŮəűɟɎůŮɘɠ ˊɞɡ ɢɟŮɘɎɕɞɜŰŬɘ ɤɠ ŭŮŭɞɛɏɜŬ 

Ůɘůɧŭɞɡ ɛɧɜɞ ˊɚɖɟɞűɞɟɑŮɠ ˊɞɡ ŮɑɜŬɘ ˊɎɜŰŬ ŭɘŬɗɏůɘɛŮɠ ůŰɞ ŰŮɢɜɘəɧ űɡɚɚɎŭɘɞ Űɞɡ ūȸ ˊɚŬɘůɑɞɡ: 

V ɇŬ ɞɜɞɛŬůŰɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ (ůŮ STC) Űɤɜ ɛŮɔŮɗɩɜ Isc0, Voc0, Imp0 əŬɘ Vmp0 

V Ƀɘ ɗŮɟɛɞəɟŬůɘŬəɞɑ ůɡɜŰŮɚŮůŰɏɠ aIsc əŬɘ ɓVoc (ůŮ p.u.) 

V ȾŬɘ ɓŮɓŬɑɤɠ ɞɘ ŮəɎůŰɞŰŮ ůɡɜɗɐəŮɠ ŬəŰɘɜɞɓɞɚɑŬɠ G əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ ɇ 

2.4.6 ɞʌʅɼʀɼɻʚʖʎʂ ʈʘʎʖ ʌʍʋʎʋʈʋʅʡʎʀʖʉ 

ɆŰɖ ůɡɜɏɢŮɘŬ, ŬˊɞŰɘɛɎŰŬɘ ɖ ŬəɟɑɓŮɘŬ Űɤɜ ˊɟɞŰŮɘɜɧɛŮɜɤɜ ŮɝɘůɩůŮɤɜ ɛɏůɤ ˊɟɞůɞɛɞɘɩůŮɤɜ 

ůŰɞ ɚɞɔɘůɛɘəɧ MATLAB, ůŮ ůɨɔəɟɘůɖ əŬɘ ɛŮ ɎɚɚŮɠ ŰɟŮɘɠ ůɢŮŰɘəɏɠ ɛŮɗɧŭɞɡɠ Űɖɠ ɓɘɓɚɘɞɔɟŬűɑŬɠ. 

ɆɡɔəŮəɟɘɛɏɜŬ, ŮűŬɟɛɧɕɞɜŰŬɘ ɞɘ ɛɏɗɞŭɞɘ Űɤɜ [201], [142] əŬɘ [202] (ɧˊɤɠ ɓŮɚŰɘɩɜŮŰŬɘ ůŰɘɠ 

[57], [130]), ɞɘ ɞˊɞɑŮɠ ůɡɛɓɞɚɑɕɞɜŰŬɘ ɛŮ ŰŬ ɞɜɧɛŬŰŬ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ əɨɟɘɤɜ ůɡɔɔɟŬűɏɤɜ 

Fuentes, Saloux əŬɘ Ding (Ŭˊɧ Űɞɡɠ ůɡɔɔɟŬűŮɑɠ Űɤɜ [57], [130]). Ƀɘ ˊɟɞŬɜŬűŮɟɗŮɑůŮɠ ŰŮɢɜɘəɏɠ 

ŮˊɘɚɏɢɗɖəŬɜ ɔɘŬ ůɨɔəɟɘůɖ ɛŮ Űɘɠ ŮəűɟɎůŮɘɠ (2.49) Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ (Proposed), ŭɘɧŰɘ 

ŮɑɜŬɘ əŬɘ ŬɡŰɏɠ ŬɜŬɚɡŰɘəɐɠ űɨůŮɤɠ əŬɘ ɔŮɜɘəɎ ŮűŬɟɛɧůɘɛŮɠ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɤɠ ŭŮŭɞɛɏɜŬ 

Ůɘůɧŭɞɡ ɛɧɜɞ ˊɚɖɟɞűɞɟɑŮɠ Űɞɡ ŰŮɢɜɘəɞɨ űɡɚɚŬŭɑɞɡ. ɀŮɚŮŰɩɜŰŬɘ 20 ŭɘŬűɞɟŮŰɘəɎ ūȸ ˊɚŬɑůɘŬ 

ůŮ ˊɞɚɚɏɠ ŭɘŬűɞɟŮŰɘəɏɠ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ, ɛŮ ŬəŰɘɜɞɓɞɚɑŬ Ŭˊɧ 100 W/m2 ɏɤɠ 1000 W/m2 

(ɓɐɛŬ 50 W/m2) əŬɘ ɗŮɟɛɞəɟŬůɑŬ -5 ÁC ɏɤɠ 75 ÁC (ɓɐɛŬ 5 ÁC), ŭɖɚŬŭɐ 6460 ůŮɜɎɟɘŬ 

ůɡɜɞɚɘəɎ. 

ȼ ŭɘŬŭɘəŬůɑŬ ɏɢŮɘ ɤɠ Ůɝɐɠ: 

V ũɘŬ əɎɗŮ ůŮɜɎɟɘɞ ˊɟɞůɞɛɞɑɤůɖɠ, ˊŬɟɎɔɞɜŰŬɘ ɞɘ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ əŬɛˊɨɚŮɠ I-V əŬɘ P-

V ůɨɛűɤɜŬ ɛŮ Űɞ ɛɞɜŰɏɚɞ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ Űɖɠ ˊŬɟɞɨůŬɠ ŮɜɧŰɖŰŬɠ. 

V ȺɜŰɞˊɑɕɞɜŰŬɘ ůŰɘɠ əŬɛˊɨɚŮɠ ŰŬ ŰɟɑŬ ůɖɛŮɑŬ SC, OC əŬɘ MPP, ɗŮɤɟɩɜŰŬɠ Űɖɜ ŰɎůɖ əŬɘ 

Űɞ ɟŮɨɛŬ Űɞɡɠ ɤɠ ɓɎůɖ ɔɘŬ Űɖ ůɨɔəɟɘůɖ ˊɞɡ ŬəɞɚɞɡɗŮɑ.  

V ȺűŬɟɛɧɕɞɜŰŬɘ ɞɘ Proposed ŮɝɘůɩůŮɘɠ əŬɘ ɞɘ ɎɚɚŮɠ ŰɟŮɘɠ ɛɏɗɞŭɞɘ Űɖɠ ɓɘɓɚɘɞɔɟŬűɑŬɠ, ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ɞˊɞɑɤɜ ůɡɔəɟɑɜɞɜŰŬɘ ɛŮ ŰŬ ŬɜŰɑůŰɞɘɢŬ Űɖɠ ˊɟɞůɞɛɞɑɤůɖɠ Ŭˊɧ Űɞ 

ˊɟɞɖɔɞɨɛŮɜɞ ɓɐɛŬ, ˊɟɞɠ ŬˊɞŰɑɛɖůɖ Űɖɠ ŬəɟɑɓŮɘŬɠ. 

ɆŰɞ Ɇɢ. 2.18, ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɘůŰɞɔɟɎɛɛŬŰŬ ůűŬɚɛɎŰɤɜ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɖɜ ŮűŬɟɛɞɔɐ 

Űɤɜ Proposed ŮəűɟɎůŮɤɜ ůŰɞ ůɨɜɞɚɞ Űɤɜ 6460 ůŮɜŬɟɑɤɜ. ȺɑɜŬɘ ŮɛűŬɜɏɠ ɧŰɘ ɖ ŮəŰɑɛɖůɖ Űɤɜ 

Isc əŬɘ Voc ŮɑɜŬɘ ˊɞɚɨ ɘəŬɜɞˊɞɘɖŰɘəɐ, əŬɗɩɠ ɖ əŬŰŬɜɞɛɐ Űɤɜ ůűŬɚɛɎŰɤɜ ŮɑɜŬɘ ůɡɔəŮɜŰɟɤɛɏɜɖ 



2.4 - ɆɢɏůŮɘɠ SC, OC əŬɘ MPP ůɡɜŬɟŰɐůŮɘ ȷəŰɘɜɞɓɞɚɑŬɠ əŬɘ ŪŮɟɛɞəɟŬůɑŬɠ 

60 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

ɔɨɟɤ Ŭˊɧ Űɞ ɛɖŭɏɜ, ɛŮ ɛɏɔɘůŰŮɠ ŬˊɞəɚɑůŮɘɠ ˊɞɡ ŭŮɜ ɝŮˊŮɟɜɞɨɜ Űɞ 0.5% əŬɘ 0.15% ŬɜŰɑůŰɞɘɢŬ 

(Ɇɢ. 2.18(Ŭ)-(ɓ)). ũɘŬ Űɞ Isc, űŬɑɜŮŰŬɘ ɜŬ ɡˊɎɟɢŮɘ ɛɑŬ ŰɎůɖ ŮɚŬűɟɘɎɠ ɡˊɞŮəŰɑɛɖůɖɠ, Ůɜɩ ɔɘŬ Űɖɜ 

Voc ŬɜŮˊŬɑůɗɖŰɖɠ ɡˊŮɟŮəŰɑɛɖůɖɠ. ȳɛɤɠ, əŬɘ ɔɘŬ ŰŬ ɛŮɔɏɗɖ Imp əŬɘ Vmp (Ɇɢ. 2.18(ɔ)-(ŭ)), ɖ ɛɏůɖ 

Űɘɛɐ Űɖɠ əŬŰŬɜɞɛɐɠ ŮɑɜŬɘ ˊɞɚɨ əɞɜŰɎ ůŰɞ ɛɖŭɏɜ ɛŮ ɛɏɔɘůŰŬ ůűɎɚɛŬŰŬ Űɖɠ ŰɎɝɖɠ Űɞɡ 1%. Ⱥŭɩ 

ɞɘ ŬˊɞəɚɑůŮɘɠ ɚŬɛɓɎɜɞɡɜ ůɡɛɛŮŰɟɘəɎ ɗŮŰɘəɧ əŬɘ ŬɟɜɖŰɘəɧ ˊɟɧůɖɛɞ. ɇɞ əɨɟɘɞ ůɡɛˊɏɟŬůɛŬ 

Ŭˊɧ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ Űɞɡ Ɇɢ. 2.18 ŮɑɜŬɘ ɧŰɘ ˊɟɞŰŮɘɜɧɛŮɜŮɠ ŮɝɘůɩůŮɘɠ (2.49) ɓɟɑůəɞɜŰŬɘ ůŮ ˊɚɐɟɖ 

ůɡɛűɤɜɑŬ ɛŮ Űɖ ɗŮɤɟɑŬ Űɞɡ ɛɞɜŰɏɚɞɡ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ. 

ɆŰɞ Ŭəɧɚɞɡɗɞ Ɇɢ. 2.19 ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ůŮ ŬɜŰɘˊŬɟŬɓɞɚɐ ŰŬ ůűɎɚɛŬŰŬ əŬɘ Űɤɜ ŰŮůůɎɟɤɜ 

ɛŮɗɧŭɤɜ ůŮ ɛɞɟűɐ əŬɛˊɨɚɖɠ ŭɘɎɟəŮɘŬɠ (ŰŬɝɘɜɞɛɖɛɏɜŬ ůŮ űɗɑɜɞɡůŬ ůŮɘɟɎ əŬŰɎ ŬˊɧɚɡŰɖ Űɘɛɐ) 

ɔɘŬ ɧɚŬ ŰŬ ůŮɜɎɟɘŬ ˊɟɞůɞɛɞɑɤůɖɠ. ȳůɞɜ ŬűɞɟɎ Űɞ Isc, ɞɘ əŬɛˊɨɚŮɠ Űɤɜ Saloux, Ding əŬɘ 

Proposed ŬɜŬɛŮɜɧɛŮɜŬ ŰŬɡŰɑɕɞɜŰŬɘ ˊɚɐɟɤɠ əŬɘ ŮˊɘŭŮɘəɜɨɞɡɜ ŮɝŬɘɟŮŰɘəɐ ŬəɟɑɓŮɘŬ, əŬɗɩɠ 

ɢɟɖůɘɛɞˊɞɘɞɨɜ Űɖɜ ɑŭɘŬ Ŭəɟɘɓɩɠ ůɢɏůɖ ȷɡŰɧ ŭŮɜ ɘůɢɨŮɘ ɔɘŬ Űɖɜ Fuentes (ɛˊɚŮ ɔɟŬɛɛɐ), ɖ 

ɞˊɞɑŬ ŬˊɞəɚɑɜŮɘ ɛɏɢɟɘ əŬɘ 4%, ŭɘɧŰɘ ŬɔɜɞŮɑ Űɞɜ ɗŮɟɛɞəɟŬůɘŬəɧ ˊŬɟɎɔɞɜŰŬ. 

ȷɜŰɑɗŮŰŬ, ɔɘŬ Űɖɜ Voc ɞɘ ŰɟŮɘɠ ɛɏɗɞŭɞɘ Űɖɠ ɓɘɓɚɘɞɔɟŬűɑŬɠ ŮɛűŬɜɑɕɞɡɜ ŬɝɘɞůɖɛŮɑɤŰŬ 

ůűɎɚɛŬŰŬ, Ůɜɩ ɖ Proposed (əɧəəɘɜɖ ŭɘŬəŮəɞɛɛɏɜɖ ɔɟŬɛɛɐ) ˊŬɟŬɛɏɜŮɘ ůŰŬɗŮɟɎ ˊɎɜɤ ůŰɞ 

ɛɖŭɏɜ. ȺɑɜŬɘ ŮɜŭɘŬűɏɟɞɜ ɧŰɘ ˊŬɟɧɚɞ ˊɞɡ ɖ ŭɞɛɐ Űɖɠ Ůɝɑůɤůɖɠ ɔɘŬ Űɖɜ Voc ůŰɖɜ Proposed əŬɘ 

Ding ŮɑɜŬɘ ɑŭɘŬ, ɞ Ŭəɟɘɓɐɠ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɞɡ ůɡɜŰŮɚŮůŰɐ ŭ0 ́ ɞɡ ŮˊɘŰɡɔɢɎɜŮŰŬɘ Ŭˊɧ Űɖɜ ˊɟɩŰɖ, 

ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɖ ůŰŬɗŮɟɎ 0.06 ˊɞɡ ɗŮɤɟŮɑŰŬɘ ůŰɖ ŭŮɨŰŮɟɖ, ŬˊɞŭŮɘəɜɨŮŰŬɘ ɞɡůɘŬůŰɘəɐɠ 

ůɖɛŬůɑŬɠ. 

ɄŬɟɞɛɞɑɤɠ ɔɘŬ ŰŬ Imp əŬɘ Vmp (Ɇɢ. 2.19(ɔ)-(ŭ)), ɞɘ ŰɟŮɘɠ ɛɏɗɞŭɞɘ Fuentes, Saloux əŬɘ Ding 

ˊŬɟɞɡůɘɎɕɞɡɜ ůɖɛŬɜŰɘəɎ ɛŮɔŬɚɨŰŮɟŮɠ ŬˊɞəɚɑůŮɘɠ ůŮ ůɢɏůɖ ɛŮ Űɘɠ ˊɟɞŰŮɘɜɧɛŮɜŮɠ ŮɝɘůɩůŮɘɠ 

(əɧəəɘɜɖ ŭɘŬəŮəɞɛɛɏɜɖ ɔɟŬɛɛɐ). ũɘŬ Űɞ Imp, əŬɗɞɟɘůŰɘəɐ ŮɑɜŬɘ ɖ ůɡɛɓɞɚɐ Űɞɡ ɜɏɞɡ ůɡɜŰŮɚŮůŰɐ 

  
(Ŭ) (ɓ) 

  
(ɔ) (ŭ) 

Ɇɢ. 2.18. ȽůŰɞɔɟɎɛɛŬŰŬ ůűɎɚɛŬŰɞɠ ŮəŰɑɛɖůɖɠ Űɤɜ ɛŮɔŮɗɩɜ (Ŭ) Isc, (ɓ) Voc, (ɔ) Imp əŬɘ (ŭ) Vmp ɛŮ Űɘɠ 

ˊɟɞŰŮɘɜɧɛŮɜŮɠ ůɢɏůŮɘɠ (2.49) (Proposed) ɔɘŬ ŰŬ 6460 ůŮɜɎɟɘŬ ˊɟɞůɞɛɞɑɤůɖɠ. 



ȾȺūȷȿȷȽɃ 2 - ɀɞɜŰŮɚɞˊɞɑɖůɖ ūȸ ɆɡůŰɖɛɎŰɤɜ ůŮ Ƀɛɞɘɧɛɞɟűɖ ȷəŰɘɜɞɓɞɚɑŬ 

 

ɀˊŬŰɕɏɚɖɠ ȺɡůŰɟɎŰɘɞɠ 61 

aImp ˊɞɡ ˊɟɞůűɏɟŮɘ ůŰɖɜ Proposed ɛɏɗɞŭɞ ˊɞɚɨ əŬɚɐ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɘŬəɐɠ 

ŮˊɑŭɟŬůɖɠ. ȷɜŰɑɗŮŰŬ, ɖ Ŭəɟɘɓɐɠ ŮəŰɑɛɖůɖ Űɖɠ Vmp Ŭˊɧ Űɖɜ ŰŮɚŮɡŰŬɑŬ ŮɑɜŬɘ ŬˊɧɟɟɞɘŬ Űɖɠ 

ɗŮɤɟɖŰɘəɎ ŰŮəɛɖɟɘɤɛɏɜɖɠ Ůɝɑůɤůɖɠ ˊɞɡ ɛɞɜŰŮɚɞˊɞɘŮɑ ɞɟɗɎ Űɖɜ Ůˊɘɟɟɞɐ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ ɤɠ 

ɔɟŬɛɛɘəɐ-ɚɞɔŬɟɘɗɛɘəɐ əŬɘ Űɖ ůɡɜŭɏŮɘ ɛŮ Űɖɜ ˊŬɟɎɛŮŰɟɞ ŭ0. ɄŬɟɧɚɞ ˊɞɡ ˊŬɟɧɛɞɘŬɠ ɛɞɟűɐɠ 

Ůɝɑůɤůɖ ˊɟɞŰŮɑɜŮŰŬɘ əŬɘ ůŰɖɜ Ding, ɖ ŮɛˊŮɘɟɘəɐ űɨůɖ Űɤɜ ůɡɜŰŮɚŮůŰɩɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ 

ɞŭɖɔŮɑ ůŮ ɛŮɔŬɚɨŰŮɟŬ ůűɎɚɛŬŰŬ. 

ɇŬ ŬɜɤŰɏɟɤ ŬˊɞŰŮɚɏůɛŬŰŬ ˊɞůɞŰɘəɞˊɞɘɞɨɜŰŬɘ əŬɘ ůŰɞɜ Ŭəɧɚɞɡɗɞ ˊɑɜŬəŬ Ʉ. 2.7. ȼ Fuentes 

ŮɛűŬɜɑɕŮɘ ɛŮɔɎɚŬ ůűɎɚɛŬŰŬ ůŮ ɧɚŬ ŰŬ ɛŮɔɏɗɖ, Ůɜɩ ɞɘ Saloux əŬɘ Ding Ŭˊɞəɚɑɜɞɡɜ ůŰɖɜ 

ŮəŰɑɛɖůɖ Űɤɜ Voc, Imp əŬɘ Vmp. ȼ ŰŮɚŮɡŰŬɑŬ ˊŬɟɞɡůɘɎɕŮɘ rms ůűɎɚɛŬŰŬ ɛɏɢɟɘ əŬɘ ˊŮɟɑˊɞɡ 2%, 

ŬɚɚɎ ŮˊɘŭŮɘəɜɨŮɘ ɛɏɔɘůŰŮɠ ŬˊɞəɚɑůŮɘɠ Űɖɠ ŰɎɝɖɠ Űɞɡ 7.5%. ȷɜŰɑɗŮŰŬ, ɞɘ ˊɟɞŰŮɘɜɧɛŮɜŮɠ 

ŮɝɘůɩůŮɘɠ (2.49) ˊɟɞůűɏɟɞɡɜ Ůɔɔɡɖɛɏɜɖ ŮəŰɑɛɖůɖ ɧɚɤɜ Űɤɜ ɛŮɔŮɗɩɜ ɛŮ rms əŬɘ ɛɏɔɘůŰŬ 

ůűɎɚɛŬŰŬ ˊɞɡ ŭŮɜ ɝŮˊŮɟɜɎɜŮ Űɞ 0.35% əŬɘ 1.22% ŬɜŰɑůŰɞɘɢŬ. 

Ⱥɜ əŬŰŬəɚŮɑŭɘ, Űɞ əɨɟɘɞ ůɡɛˊɏɟŬůɛŬ Ŭˊɧ Űɖ ŭɘŮɟŮɨɜɖůɖ Űɖɠ ˊŬɟɞɨůŬɠ ˊŬɟŬɔɟɎűɞɡ ŮɑɜŬɘ 

ɧŰɘ ɞɘ ŮəűɟɎůŮɘɠ (2.49) ˊɟɞůűɏɟɞɡɜ Űɖɜ əŬɚɨŰŮɟɖ ůɨɔəɚɘůɖ ɛŮ Űɞ ɛɞɜŰɏɚɞ Űɤɜ ˊɏɜŰŮ 

ˊŬɟŬɛɏŰɟɤɜ, ŬɜɎɛŮůŬ ůŰɘɠ ɛŮɗɧŭɞɡɠ Űɖɠ ɓɘɓɚɘɞɔɟŬűɑŬɠ. 

  
(Ŭ) (ɓ) 

  
(ɔ) (ŭ) 

Ɇɢ. 2.19. Ɇɨɔəɟɘůɖ ůűŬɚɛɎŰɤɜ ɡˊɞɚɞɔɘůɛɞɨ Űɤɜ ɛŮɔŮɗɩɜ (Ŭ) Isc, (ɓ) Voc, (ɔ) Imp əŬɘ (ŭ) Vmp ɛŮ Űɘɠ 

ŰɏůůŮɟɘɠ ɛŮɗɧŭɞɡɠ ɔɘŬ ŰŬ 6460 ůŮɜɎɟɘŬ ˊɟɞůɞɛɞɑɤůɖɠ. ɇŬ ůűɎɚɛŬŰŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŮ űɗɑɜɞɡůŬ 

ŰŬɝɘɜɧɛɖůɖ əŬŰɎ ŬˊɧɚɡŰŮɠ Űɘɛɏɠ. 

Ʉ. 2.7. ɆűɎɚɛŬŰŬ ŮəŰɑɛɖůɖɠ Űɤɜ ŰŮůůɎɟɤɜ ɛŮɗɧŭɤɜ ɔɘŬ ŰŬ 6460 ůŮɜɎɟɘŬ ˊɟɞůɞɛɞɑɤůɖɠ. 

ɀɏɗɞŭɞɠ 
ɆűɎɚɛŬ I sc (%)  ɆűɎɚɛŬ Voc (%)  ɆűɎɚɛŬ Imp (%)  ɆűɎɚɛŬ Vmp (%)  

RMS MAX  RMS MAX  RMS MAX  RMS MAX  

Fuentes 1.39 3.92 7.87 28.57 4.05 8.93 7.18 23.42 

Saloux 0.09 0.44 3.67 16.98 2.06 7.82 7.85 28.72 

Ding 0.09 0.44 2.12 6.26 0.93 3.03 2.26 7.47 

Proposed 0.09 0.44 0.05 0.15 0.35 1.22 0.32 0.89 
 



2.4 - ɆɢɏůŮɘɠ SC, OC əŬɘ MPP ůɡɜŬɟŰɐůŮɘ ȷəŰɘɜɞɓɞɚɑŬɠ əŬɘ ŪŮɟɛɞəɟŬůɑŬɠ 

62 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 
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ɣɞɮɚɤɚɢɨ σ  

ɚʉʗʇʑʎʂ ʆɻʅ ɥʋʉʐʀʇʋʌʋʚʂʎʂ ɮɛ 

ɫʑʎʐʂʈʗʐʖʉ ʎʀ ɫʑʉʃʙʆʀʏ 

ɫʆʚɻʎʂʏ 
 

ɆŮ ŬɡŰɧ Űɞ əŮűɎɚŬɘɞ ɛŮɚŮŰɎŰŬɘ əŬɘ ɛɞɜŰŮɚɞˊɞɘŮɑŰŬɘ Űɞ ūȸ ůɨůŰɖɛŬ ůŮ ůɡɜɗɐəŮɠ 

Ŭɜɞɛɞɘɧɛɞɟűɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ (ɛŮɟɘəɐ ůəɑŬůɖ). ȷɟɢɘəɎ, ŮɘůɎɔŮŰŬɘ ɏɜŬ ɜɏɞ əɡəɚɤɛŬŰɘəɧ 

ɛɞɜŰɏɚɞ ŬɜŬɚɡŰɘəɐɠ ɛɞɟűɐɠ, Űɞ ɞˊɞɑɞ ˊŬɟɞɡůɘɎɕŮɘ ůɖɛŬɜŰɘəɎ ŰŬɢɨŰŮɟɖ əŬɘ ˊɘɞ ŬɝɘɧˊɘůŰɖ 

ŮəŰɏɚŮůɖ ůŮ ůɨɔəɟɘůɖ ɛŮ Űɖ ůɡɛɓŬŰɘəɐ ˊɟɞůɏɔɔɘůɖ ŬɟɘɗɛɖŰɘəɐɠ Ůˊɑɚɡůɖɠ ɡˊŮɟɛŮɔɏɗɞɡɠ 

ůɡůŰɐɛŬŰɞɠ ŮɝɘůɩůŮɤɜ. 

ɇɞ Ůɜ ɚɧɔɤ ɛɞɜŰɏɚɞ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ ˊɟɞůɞɛɞɑɤůɖ ˊɞɚɡɎɟɘɗɛɤɜ ůŮɜŬɟɑɤɜ ůəɑŬůɖɠ ůŮ 

ŭɘɎűɞɟŮɠ ūȸ ŭɘŬŰɎɝŮɘɠ. ȷˊɧ Űɖɜ ŬɜɎɚɡůɖ ˊɟɞəɨˊŰɞɡɜ ɢɟɐůɘɛŬ ůɡɛˊŮɟɎůɛŬŰŬ ɔɘŬ Űɖɜ 

ŮˊɑŭɟŬůɖ Űɖɠ ůəɑŬůɖɠ ůŰɘɠ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ I-V, P-V əŬɘ Űɖɜ ŮɛűɎɜɘůɖ ˊɞɚɚŬˊɚɩɜ Űɞˊɘəɩɜ 

ɛŮɔɑůŰɤɜ ɘůɢɨɞɠ (MPP).  

ɆŰɖ ůɡɜɏɢŮɘŬ, ɟ́ɞŰŮɑɜɞɜŰŬɘ Ŭˊɚɏɠ ˊŮɟɘɔɟŬűɘəɏɠ ůɢɏůŮɘɠ ɔɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɖɠ ŰɎůɖɠ, 

ɟŮɨɛŬŰɞɠ əŬɘ ɘůɢɨɞɠ Űɤɜ MPPs ɛŮɟɘəɩɠ ůəɘŬůɛɏɜɖɠ ˊɚŬɘůɘɞůŮɘɟɎɠ əŬɘ ůɡůŰɞɘɢɑŬɠ. Ƀɘ 

ˊɟɞŰŮɘɜɧɛŮɜŮɠ ŮɝɘůɩůŮɘɠ ˊɟɞůűɏɟɞɡɜ ɏɜŬɜ Ůɨəɞɚɞ Űɟɧˊɞ ɡˊɞɚɞɔɘůɛɞɨ Űɤɜ ŬˊɤɚŮɘɩɜ 

ůəɑŬůɖɠ, ŬˊɞűŮɨɔɞɜŰŬɠ Űɖɜ əɞˊɘɩŭɖ ůɢŮŭɑŬůɖ ɞɚɧəɚɖɟɖɠ Űɖɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ ɘůɢɨɞɠ. 

ɇŬ ɛɞɜŰɏɚŬ ˊɞɡ ˊɟɞŰŮɑɜɞɜŰŬɘ ůŮ ŬɡŰɧ Űɞ əŮűɎɚŬɘɞ ŮˊɘɓŮɓŬɘɩɜɞɜŰŬɘ ɛɏůɤ ˊɟɞůɞɛɞɘɩůŮɤɜ 

əŬɘ ˊŮɘɟŬɛŬŰɘəɩɜ ɛŮŰɟɐůŮɤɜ ůŮ ˊɚɖɗɩɟŬ ůŮɜŬɟɑɤɜ ůəɑŬůɖɠ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ 

əŬŰŬŭŮɘəɜɨɞɡɜ ɘəŬɜɞˊɞɘɖŰɘəɐ ŬəɟɑɓŮɘŬ əŬɘ ůɖɛŬɜŰɘəɐ ɓŮɚŰɑɤůɖ Űɞɡ ɡˊɞɚɞɔɘůŰɘəɞɨ əɧůŰɞɡɠ. 

ɇɞ ɡɚɘəɧ Űɞɡ ˊŬɟɧɜŰɞɠ əŮűŬɚŬɑɞɡ ŭɖɛɞůɘŮɨŰɖəŮ ůŰɘɠ [67], [71]. 

 

  



3.1 - ɀɞɜŰŮɚɞˊɞɑɖůɖ ůŮ ɆɡɜɗɐəŮɠ ɆəɑŬůɖɠ 

64 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

3.1 ɥʋʉʐʀʇʋʌʋʚʂʎʂ ʎʀ ɫʑʉʃʙʆʀʏ ɫʆʚɻʎʂʏ 

ɇɞ ɛɞɜŰɏɚɞ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ ˊɞɡ ˊŮɟɘɔɟɎűŮŰŬɘ ůŰɞ ˊɟɞɖɔɞɨɛŮɜɞ əŮűɎɚŬɘɞ ŭŮɜ ŮɑɜŬɘ 

ɎɛŮůŬ ŮűŬɟɛɧůɘɛɞ ůŮ ůɡɜɗɐəŮɠ Ŭɜɞɛɞɘɧɛɞɟűɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ. ȳŰŬɜ Űɞ ɡˊɧ ɛŮɚɏŰɖ ůɨůŰɖɛŬ 

ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ˊɞɚɚɎ ūȸ ˊɚŬɑůɘŬ ůɡɜŭŮŭŮɛɏɜŬ ůŮɘɟɘŬəɎ əŬɘ ˊŬɟɎɚɚɖɚŬ ˊɞɡ ɚŮɘŰɞɡɟɔɞɨɜ 

ɡˊɧ ŭɘŬűɞɟŮŰɘəɏɠ ůɡɜɗɐəŮɠ, ŬˊŬɘŰŮɑŰŬɘ ˊɞɚɡˊɚɞəɧŰŮɟɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ. ɆŰɖ ůɡɜɏɢŮɘŬ 

ŮɝɖɔŮɑŰŬɘ ˊɩɠ Űɞ ɛɞɜŰɏɚɞ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ ŮˊŮəŰŮɑɜŮŰŬɘ ůŮ ůɡɜɗɐəŮɠ ɛŮɟɘəɐɠ ůəɑŬůɖɠ 

əŬɘ ŭɞɛŮɑŰŬɘ ɛɑŬ ɞɚɞəɚɖɟɤɛɏɜɖ ɛŮɗɞŭɞɚɞɔɑŬ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ ˊɞɡ  ɡˊɞůŰɖɟɑɕŮɘ 

ŬɜɞɛɞɘɞɛɞɟűɑŬ ɞˊɞɘŬůŭɐˊɞŰŮ ɛɞɟűɐɠ (ˊɞɚɚŬˊɚɎ ŮˊɑˊŮŭŬ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ) 

əŬɘ ŬɜɎɚɡůɖ ɛɏɢɟɘ əŬɘ Űɞ ŮˊɑˊŮŭɞ Űɖɠ ūȸ əɡɣɏɚɖɠ.  

ȼ ŭɘŬŰɨˊɤůɖ Űɞɡ ɛɞɜŰɏɚɞɡ ˊɟŬɔɛŬŰɩɜŮŰŬɘ ɛŮ ŭɨɞ Űɟɧˊɞɡɠ: Ŭ) Űɖ ůɡɛɓŬŰɘəɐ ɛɏɗɞŭɞ 

ŭɧɛɖůɖɠ Ůɜɧɠ ůɡůŰɐɛŬŰɞɠ ŮɝɘůɩůŮɤɜ ˊɞɡ ŮˊɘɚɨŮŰŬɘ ŬɟɘɗɛɖŰɘəɎ/ŮˊŬɜŬɚɖˊŰɘəɎ, əŬɘ ɓ) Űɖɜ 

ŬɜŬɚɡŰɘəɐ ŭɘŬŰɨˊɤůɖ Űɞɡ ɛɞɜŰɏɚɞɡ ɛŮ ɢɟɐůɖ Űɖɠ ůɡɜɎɟŰɖůɖɠ Lambert W ˊɟɞɠ ŭɖɛɘɞɡɟɔɑŬ 

ɛɑŬɠ ɛɞɜɎɢŬ Ůɝɑůɤůɖɠ ɔɘŬ əɎɗŮ ˊɚŬɘůɘɞůŮɘɟɎ Űɖɠ ūȸ ůɡůŰɞɘɢɑŬɠ. Ƀɘ ŭɨɞ ˊɟɞůŮɔɔɑůŮɘɠ 

ůɡɔəɟɑɜɞɜŰŬɘ ɤɠ ˊɟɞɠ Űɖɜ ŬəɟɑɓŮɘŬ əŬɘ Űɞ ɡˊɞɚɞɔɘůŰɘəɧ əɧůŰɞɠ. ɇɞ ˊŮɟɘŮɢɧɛŮɜɞ əŬɘ ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ˊŬɟɞɨůŬɠ ŮɜɧŰɖŰŬɠ ŭɖɛɞůɘŮɨŰɖəŬɜ ůŰɖɜ [67]. 

3.1.1 ɩʇʙʍʀʏ ʈʋʉʐʘʇʋ ɮɛ ʆʑʕʘʇʂʏ ɾʅɻ ʃʀʐʅʆʙ ʆɻʅ ɻʍʉʂʐʅʆʙ ʐʗʎʂ 

ɇɞ ɛɞɜŰɏɚɞ ɛɑŬɠ ŭɘɧŭɞɡ (ɐ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ) ˊɞɡ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ˊɟɞɖɔɞɨɛŮɜɞ 

əŮűɎɚŬɘɞ ˊŮɟɘɔɟɎűŮɘ Űɖ ɚŮɘŰɞɡɟɔɑŬ ɛɘŬɠ ūȸ əɡɣɏɚɖɠ ɛɧɜɞ ůŮ ɗŮŰɘəɏɠ ŰɎůŮɘɠ, ŭɖɚŬŭɐ ůŰɞ 

ˊɟɩŰɞ əŬɘ ŰɏŰŬɟŰɞ ŰŮŰŬɟŰɖɛɧɟɘɞ Űɖɠ I-V ɢŬɟŬəŰɖɟɘůŰɘəɐɠ. ȳɛɤɠ, ůŮ ůɡɜɗɐəŮɠ ɛŮɟɘəɐɠ 

ůəɑŬůɖɠ, ŮɜŭɏɢŮŰŬɘ əɎˊɞɘŮɠ əɡɣɏɚŮɠ ɜŬ ɚŮɘŰɞɡɟɔɞɨɜ ůŮ ŬɟɜɖŰɘəɐ ŰɎůɖ ɡˊɧ Űɖɜ ŮˊɐɟŮɘŬ Űɞɡ 

ɡɣɖɚɧŰŮɟɞɡ ɟŮɨɛŬŰɞɠ ˊɞɡ ŮˊɘɓɎɚɚŮŰŬɘ Ŭˊɧ Űɞ ŬůəɑŬůŰɞ ŰɛɐɛŬ Űɖɠ ūȸ ŭɘɎŰŬɝɖɠ. Ⱥˊɞɛɏɜɤɠ, 

Űɞ ɛɞɜŰɏɚɞ Űɖɠ ūȸ əɡɣɏɚɖɠ ŬˊŬɘŰŮɑŰŬɘ ɜŬ ŮˊŮəŰŬɗŮɑ əŬɘ ůŰŬ ŰɏůůŮɟŬ ŰŮŰŬɟŰɖɛɧɟɘŬ Űɖɠ 

ɢŬɟŬəŰɖɟɘůŰɘəɐɠ, ɐŰɞɘ əŬɘ ůŮ ŬɟɜɖŰɘəɏɠ ŰɎůŮɘɠ. 

χȢυȢυȢɚ ɞʌʘʆʐɻʎʂ ʐʋʑ ʈʋʉʐʘʇʋʑ ʌʘʉʐʀ ʌɻʍɻʈʘʐʍʖʉ ʎʀ ʐʘʎʎʀʍɻ ʐʀʐɻʍʐʂʈʝʍʅɻ 

ɈˊɎɟɢɞɡɜ ŭɘɎűɞɟŮɠ ˊɟɞůŮɔɔɑůŮɘɠ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ ˊɞɡ ˊɟŬɔɛŬŰŮɨɞɜŰŬɘ Űɞ ůɡɔəŮəɟɘɛɏɜɞ 

ŬɜŰɘəŮɑɛŮɜɞ. ɀɘŬ ŮɜŭɘŬűɏɟɞɡůŬ ůɡɔəɟɘŰɘəɐ ŬɜɎɚɡůɖ ŭɑɜŮŰŬɘ ůŰɞ [171]. ɆŰɖɜ ˊŬɟɞɨůŬ ɛŮɚɏŰɖ, 

ɡɘɞɗŮŰŮɑŰŬɘ ɖ ůɡɜɖɗɏůŰŮɟɖ ˊɟɞůɏɔɔɘůɖ ůɨɛűɤɜŬ ɛŮ Űɖɜ ɞˊɞɑŬ Űɞ ɘůɞŭɨɜŬɛɞ əɨəɚɤɛŬ Űɞɡ 

ɛɞɜŰɏɚɞɡ ɛɑŬɠ ŭɘɧŭɞɡ ŮˊŮəŰŮɑɜŮŰŬɘ ɛŮ Űɖɜ ˊɟɞůɗɐəɖ ɛɑŬɠ ŮɔəɎɟůɘŬɠ ˊɖɔɐɠ ɟŮɨɛŬŰɞɠ 

ŮɚŮɔɢɧɛŮɜɖɠ Ŭˊɧ ŰɎůɖ [29], [38], [49], [52], [172], ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ Ɇɢ. 3.1. ȰŰůɘ, ɖ Ůɝɑůɤůɖ 

ɟŮɨɛŬŰɞɠ ï ŰɎůɖɠ ˊɞɡ ˊŮɟɘɔɟɎűŮɘ Űɞ ɜɏɞ əɨəɚɤɛŬ ŰɟɞˊɞˊɞɘŮɑŰŬɘ ɤɠ Ůɝɐɠ: 

 
Ɇɢ. 3.1. ȼɚŮəŰɟɘəɧ ɘůɞŭɨɜŬɛɞ əɨəɚɤɛŬ ūȸ əɡɣɏɚɖɠ ŰŮůůɎɟɤɜ ŰŮŰŬɟŰɖɛɧɟɘɤɜ. 
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ɧˊɞɡ ɞ ŰŮɚŮɡŰŬɑɞɠ ɧɟɞɠ ɛɞɜŰŮɚɞˊɞɘŮɑ Űɖ ɜŮɞŮɘůŬɢɗŮɑůŬ ˊɖɔɐ ɟŮɨɛŬŰɞɠ. Ƀɘ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ 

ŮɛˊŮɟɘɏɢɞɜŰŬɘ ůŰɞɜ Ůɜ ɚɧɔɤ ɧɟɞ ŮɑɜŬɘ: ɞ ůɡɜŰŮɚŮůŰɐɠ ŭɘɧɟɗɤůɖɠ b, ɖ ŰɎůɖ əŬŰɎɟɟŮɡůɖɠ Vbr 

əŬɘ ɞ ůɡɜŰŮɚŮůŰɐɠ əŬŰɎɟɟŮɡůɖɠ m. ɇɡˊɘəɏɠ Űɘɛɏɠ ɔɘŬ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ ŬɡŰɏɠ ɚŬɛɓɎɜɞɜŰŬɘ Ŭˊɧ 

Űɖ ɓɘɓɚɘɞɔɟŬűɑŬ: b = 0.002 ɋ-1, Vbr = -21.3 V əŬɘ m = 3 [29], [35], [52]. 

ȼ ˊɚɐɟɖɠ ɢŬɟŬəŰɖɟɘůŰɘəɐ I-V ɔɘŬ ɗŮŰɘəɏɠ əŬɘ ŬɟɜɖŰɘəɏɠ ŰɎůŮɘɠ ŭɑɜŮŰŬɘ ůŰɞ Ɇɢ. 3.2, ɧˊɤɠ 

ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖɜ (3.1) ɔɘŬ ɛɘŬ Űɡˊɘəɐ ūȸ əɡɣɏɚɖ. ȼ ɛɞɟűɐ Űɖɠ əŬɛˊɨɚɖɠ ŭŮɜ ŬɚɚɎɕŮɘ ůŰɞ 

ˊɟɩŰɞ ŰŮŰŬɟŰɖɛɧɟɘɞ (ˊɚŬɑůɘɞ ŮůŰɑŬůɖɠ), Ůɜɩ ŬɜŰɑɗŮŰŬ ŰɟɞˊɞˊɞɘŮɑŰŬɘ ůɖɛŬɜŰɘəɎ ůŰɘɠ ŬɟɜɖŰɘəɏɠ 

ŰɎůŮɘɠ. ȾɞɜŰɎ ůŰɖɜ ˊŮɟɘɞɢɐ ɓɟŬɢɡəɨəɚɤůɖɠ, ɖ əɚɑůɖ Űɖɠ əŬɛˊɨɚɖɠ ŮɑɜŬɘ ůŰŬɗŮɟɐ əŬɘ ůɢŮŭɧɜ 

ɞɟɘɕɧɜŰɘŬ, əŬɗɩɠ ŮˊɖɟŮɎɕŮŰŬɘ əɡɟɑɤɠ Ŭˊɧ Űɖɜ ŮɔəɎɟůɘŬ ŬɜŰɑůŰŬůɖ Rsh. ȳɛɤɠ, ɔɘŬ ˊɞɚɨ 

ŬɟɜɖŰɘəɏɠ ŰɎůŮɘɠ, ɖ ŭɑɞŭɞɠ Űɞɡ ɛɞɜŰɏɚɞɡ D ŮɘůɏɟɢŮŰŬɘ ůŰɖɜ ˊŮɟɘɞɢɐ əŬŰɎɟɟŮɡůɖɠ əŬɘ ɖ əɚɑůɖ 

Űɖɠ əŬɛˊɨɚɖɠ ɔɑɜŮŰŬɘ ɏɜŰɞɜŬ ŬɟɜɖŰɘəɐ, ɧˊɤɠ ɛɞɜŰŮɚɞˊɞɘŮɑŰŬɘ Ŭˊɧ Űɞɜ ŰŮɚŮɡŰŬɑɞ ɧɟɞ Űɖɠ (3.1)

. ȷəɧɛŬ, ůŰɞ ŰɏŰŬɟŰɞ ŰŮŰŬɟŰɖɛɧɟɘɞ, Ŭɜ ɖ əɡɣɏɚɖ ŮɝŬɜŬɔəŬůŰŮɑ ɜŬ ɚŮɘŰɞɡɟɔɐůŮɘ ůŮ ŰɎůɖ 

ɛŮɔŬɚɨŰŮɟɖ Űɖɠ ŬɜɞɘɢŰɞəɨəɚɤůɖɠ ɡˊɧ Űɖɜ ŮˊɐɟŮɘŬ Űɞɡ ɡˊɞɚɞɑˊɞɡ əɡəɚɩɛŬŰɞɠ, ŰɧŰŮ Űɞ ɟŮɨɛŬ 

ɚŬɛɓɎɜŮɘ ŬɟɜɖŰɘəɐ Űɘɛɐ ˊɞɡ ŬɜŰɘůŰɞɘɢŮɑ əŬɘ ˊɎɚɘ ůŮ Ŭˊɞɟɟɧűɖůɖ ɘůɢɨɞɠ. 

χȢυȢυȢɛ ɚʉɻʇʑʐʅʆʙ ɿʅɻʐʞʌʖʎʂ ʐʂʏ ʃʀʈʀʇʅʡɿʋʑʏ ʀʊʚʎʖʎʂʏ 

ȼ (3.1) ŬˊŬɘŰŮɑ ŬɟɘɗɛɖŰɘəɐ/ŮˊŬɜŬɚɖˊŰɘəɐ Ůˊɑɚɡůɖ, əŬɗɩɠ ɖ ɛɞɟűɐ Űɖɠ ŭŮɜ ŮɑɜŬɘ ŬɜŬɚɡŰɘəɐ. 

ȳˊɤɠ ŮɝɖɔŮɑŰŬɘ ůŰɘɠ ŮˊɧɛŮɜŮɠ ŮɜɧŰɖŰŮɠ, ůŮ ůɡɜɗɐəŮɠ ůəɑŬůɖɠ ˊɞɡ Űɞ ūȸ ůɨůŰɖɛŬ 

ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ ɏɜŬ ŮɝŬɘɟŮŰɘəɎ ɛŮɔɎɚɞ əɨəɚɤɛŬ, ɖ ˊŮˊɚŮɔɛɏɜɖ ɛɞɟűɐ Űɖɠ (3.1) ůɡɜŮˊɎɔŮŰŬɘ 

Űɖ ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ ɡˊŮɟɛŮɔɏɗɞɡɠ ůɡůŰɐɛŬŰɞɠ ɛɖ-ɔɟŬɛɛɘəɩɜ ŮɝɘůɩůŮɤɜ ˊɞɡ ŮˊɘɚɨŮŰŬɘ əŬɘ 

ŬɟɢɘəɞˊɞɘŮɑŰŬɘ ˊɞɚɨ ŭɨůəɞɚŬ. Ʉɟɞɠ ŬɜŰɘɛŮŰɩˊɘůɖ Űɖɠ ůɡɔəŮəɟɘɛɏɜɖɠ ŭɡůəɞɚɑŬɠ, ɖ (3.1) 

ŬɜŬŭɘŬŰɡˊɩɜŮŰŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ůŮ ŮɡɗŮɑŬ ɛɞɟűɐ V = f(I) ɛŮ ɢɟɐůɖ Űɖɠ ůɡɜɎɟŰɖůɖɠ Lambert W 

əŬɘ Űɖɠ ɛŮɗɧŭɞɡ Ferrari. ȼ Ŭəɧɚɞɡɗɖ ŬɜɎɚɡůɖ ɓŬůɑɕŮŰŬɘ ůŮ ŭɨɞ əŬɑɟɘŮɠ ˊŬɟŬŰɖɟɐůŮɘɠ ˊɞɡ 

Ŭűɞɟɞɨɜ Űɖɜ (3.1) əŬɘ Űɞ əɨəɚɤɛŬ Űɞɡ Ɇɢ. 3.1: 

V ɆŮ ɗŮŰɘəɐ ŰɎůɖ (ˊɟɩŰɞ əŬɘ ŰɏŰŬɟŰɞ ŰŮŰŬɟŰɖɛɧɟɘɞ), ɖ ˊɖɔɐ ɟŮɨɛŬŰɞɠ I(Vd) ˊɞɡ 

 
Ɇɢ. 3.2. ɉŬɟŬəŰɖɟɘůŰɘəɐ əŬɛˊɨɚɖ I-V Űɡˊɘəɐɠ ūȸ əɡɣɏɚɖɠ ůŮ ɧɚŬ ŰŬ ŰŮŰŬɟŰɖɛɧɟɘŬ (ɗŮŰɘəɏɠ əŬɘ 

ŬɟɜɖŰɘəɏɠ ŰɎůŮɘɠ). 



3.1 - ɀɞɜŰŮɚɞˊɞɑɖůɖ ůŮ ɆɡɜɗɐəŮɠ ɆəɑŬůɖɠ 

66 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

ɛɞɜŰŮɚɞˊɞɘŮɑ Űɖ ɚŮɘŰɞɡɟɔɑŬ Űɖɠ əɡɣɏɚɖɠ ůŰɖɜ ˊŮɟɘɞɢɐ əŬŰɎɟɟŮɡůɖɠ ŭŮɜ ɏɢŮɘ 

ɞɡůɘŬůŰɘəɧ ɜɧɖɛŬ (Ɇɢ. 3.1). ȹɖɚŬŭɐ, ɞ ŰŮɚŮɡŰŬɑɞɠ ɧɟɞɠ Űɖɠ Ůɝɑůɤůɖɠ (3.1) ŭŮɜ ɏɢŮɘ 

ˊɟŬəŰɘəɐ ůɖɛŬůɑŬ ɔɘŬ V > 0. ȯɚɚɤůŰŮ, ɞɘ Űɘɛɏɠ ˊɞɡ ɚŬɛɓɎɜŮɘ ŰɧŰŮ ŮɑɜŬɘ ɛɖŭŮɜɘəɏɠ, əŬɘ 

ɎɟŬ ɛˊɞɟŮɑ ɜŬ ŬɛŮɚɖɗŮɑ ɢɤɟɑɠ ŮˊɑˊŰɤůɖ ůŰɖɜ ŬəɟɑɓŮɘŬ Űɞɡ ɛɞɜŰɏɚɞɡ. 

V ɆŮ ŬɟɜɖŰɘəɐ ŰɎůɖ (ŭŮɨŰŮɟɞ ŰŮŰŬɟŰɖɛɧɟɘɞ), ɖ ŭɑɞŭɞɠ D Űɞɡ əɡəɚɩɛŬŰɞɠ ˊɞɡ ˊŮɟɘɔɟɎűŮɘ 

Űɖɜ ŮˊŬűɐ p-n ŮɑɜŬɘ ŬɜɎůŰɟɞűŬ ˊɞɚɤɛɏɜɖ əŬɘ ɚŮɘŰɞɡɟɔŮɑ ɞɡůɘŬůŰɘəɎ ɤɠ 

ŬɜɞɘɢŰɞəɨəɚɤɛŬ. Ƀ ŮəɗŮŰɘəɧɠ ɧɟɞɠ Űɖɠ (3.1) ůɢŮŭɧɜ ɛɖŭŮɜɑɕŮŰŬɘ, ůɡɔəɚɑɜɞɜŰŬɠ ůŰɞ 

ŬɜɎůŰɟɞűɞ ɟŮɨɛŬ əɞɟŮůɛɞɨ Is ˊɞɡ ɚŬɛɓɎɜŮɘ Űɘɛɏɠ Űɖɠ ŰɎɝɖɠ Űɤɜ ɛA. ɆɡɜŮˊɩɠ, ɞ Ůɜ 

ɚɧɔɤ ɧɟɞɠ ɛˊɞɟŮɑ ɜŬ ŬɛŮɚɖɗŮɑ ɔɘŬ ŬɟɜɖŰɘəɏɠ ŰɎůŮɘɠ ɢɤɟɑɠ ɓɚɎɓɖ Űɖɠ ɔŮɜɘəɧŰɖŰŬɠ. 

ȹɖɚŬŭɐ, Űɞ ɘůɞŭɨɜŬɛɞ əɨəɚɤɛŬ Űɖɠ ūȸ əɡɣɏɚɖɠ Űɞɡ Ɇɢ. 3.1 ɛˊɞɟŮɑ ɜŬ ŬˊɚɞˊɞɘɖɗŮɑ ůŰŬ 

əɡəɚɩɛŬŰŬ Űɞɡ Ɇɢ. 3.3(Ŭ)-(ɓ), ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ŰɎůɖ ɚŮɘŰɞɡɟɔɑŬɠ. ȷɜŰɑůŰɞɘɢŬ, ɖ (3.1) 

ŬɜŬŭɘŬŰɡˊɩɜŮŰŬɘ ɤɠ Ůɝɐɠ: 
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  (3.2) 

Ʉɚɏɞɜ, ɖ ɛɞɟűɐ Űɖɠ (3.2) ŮˊɘŰɟɏˊŮɘ ŬɜŬɚɡŰɘəɐ ŬɜŬŭɘŬŰɨˊɤůɖ Űɞɡ əɎɗŮ əɚɎŭɞɡ ɝŮɢɤɟɘůŰɎ. 

ɆɡɔəŮəɟɘɛɏɜŬ, ɞ Ɏɜɤ əɚɎŭɞɠ ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ ůɡɛɓŬŰɘəɧ ɛɞɜŰɏɚɞ Űɤɜ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ, Űɞ 

ɞˊɞɑɞ ɏɢŮɘ ɐŭɖ ɔɟŬűŮɑ ŬɜŬɚɡŰɘəɎ Ŭˊɧ Űɞ ˊɟɞɖɔɞɨɛŮɜɞ əŮűɎɚŬɘɞ ůŰɖɜ (2.3). ȷɜŰɑɗŮŰŬ, ɞ əɎŰɤ 

əɚɎŭɞɠ Űɖɠ (3.2) ŮɑɜŬɘ ɛɘŬ ˊɞɚɡɤɜɡɛɘəɐ Ůɝɑůɤůɖ m+1 ɓŬɗɛɞɨ. ũɘŬ ɜŬ ŮˊɘŰɟŬˊŮɑ ɖ ŬɜŬɚɡŰɘəɐ 

ŭɘŬŰɨˊɤůɐ Űɞɡ, ɗŮɤɟŮɑŰŬɘ ůŰŬɗŮɟɐ Űɘɛɐ ɔɘŬ Űɞ ůɡɜŰŮɚŮůŰɐ əŬŰɎɟɟŮɡůɖɠ m = 3, ɖ ɞˊɞɑŬ 

ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ Űɘɛɐ ˊɞɡ ɚŬɛɓɎɜŮŰŬɘ ůɡɜɖɗɏůŰŮɟŬ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ [29], [35], [52]. ȰŰůɘ, ɞ 

əɎŰɤ əɚɎŭɞɠ Űɖɠ (3.2) ɔɟɎűŮŰŬɘ ɤɠ Ůɝɐɠ: 
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  (3.3) 

ɧˊɞɡ z = Vbr ïV ïIRs ŮɑɜŬɘ ɛɘŬ ɓɞɖɗɖŰɘəɐ ɛŮŰŬɓɚɖŰɐ. ȼ (3.3) ŮɑɜŬɘ ɛɑŬ ˊɞɚɡɤɜɡɛɘəɐ Ůɝɑůɤůɖ 

ŰŮŰɎɟŰɞɡ ɓŬɗɛɞɨ ɛŮ ŬɜŮɝɎɟŰɖŰɖ ɛŮŰŬɓɚɖŰɐ Űɞ z , ɖ ɞˊɞɑŬ ɛˊɞɟŮɑ ɜŬ ŮˊɘɚɡɗŮɑ ɛŮ Ůɡɗɨ Űɟɧˊɞ 

ɛŮ Űɖ ɛŮɗɞŭɞɚɞɔɑŬ Űɞɡ Ferrari [207], [208]. ȷˊɧ Űɘɠ ŰɏůůŮɟɘɠ ɟɑɕŮɠ Űɖɠ Ůɝɑůɤůɖɠ, űɡůɘəɧ ɜɧɖɛŬ 

ɏɢŮɘ ɛɧɜɞ ɖ ɛɘəɟɧŰŮɟɖ ˊɟŬɔɛŬŰɘəɐ ɟɑɕŬ min{ real{ z}}, Ŭˊɧ Űɖɜ ɞˊɞɑŬ ůŰɖ ůɡɜɏɢŮɘŬ 

ˊɟɞůŭɘɞɟɑɕŮŰŬɘ ɖ ŰɎůɖ Űɖɠ əɡɣɏɚɖɠ ɤɠ: V = Vbr ïIRs ï min{ real{ z}} . 

  
(Ŭ) (ɓ) 

Ɇɢ. 3.3. ȷˊɚɞˊɞɘɖɛɏɜɞ ɘůɞŭɨɜŬɛɞ əɨəɚɤɛŬ Űɞɡ ˊɚɐɟɞɡɠ ɛɞɜŰɏɚɞɡ Űɖɠ ūȸ əɡɣɏɚɖɠ ɧŰŬɜ ɚŮɘŰɞɡɟɔŮɑ 

(Ŭ) ůŮ ŬɟɜɖŰɘəɏɠ ŰɎůŮɘɠ (V < 0, I > Isc) əŬɘ (ɓ) ůŮ ɗŮŰɘəɏɠ ŰɎůŮɘɠ (V Ó 0, I Ò Isc). 
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ɇŮɚɘəɎ, ˊɟɞəɨˊŰŮɘ ɖ (3.4) ˊɞɡ ŮɑɜŬɘ ŮűŬɟɛɧůɘɛɖ ůŮ ɧɚɞ Űɞ Ůɨɟɞɠ ɚŮɘŰɞɡɟɔɑŬɠ ɛɘŬɠ ūȸ 

əɡɣɏɚɖɠ. ɋɠ əɟɘŰɐɟɘɞ Ůˊɘɚɞɔɐɠ əɚɎŭɞɡ, ůɡɔəɟɑɜŮŰŬɘ Űɞ ɟŮɨɛŬ I ɛŮ Űɞ ɟŮɨɛŬ ɓɟŬɢɡəɨəɚɤůɖɠ 

ɧˊɤɠ ŭɑɜŮŰŬɘ Ŭˊɧ Űɖɜ (2.5): 
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ɉɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ Ůɝɑůɤůɖ Űɖɠ ūȸ əɡɣɏɚɖɠ ɤɠ ŭɞɛɘəɧ ɚɑɗɞ, ŮˊɘŰɡɔɢɎɜŮŰŬɘ 

ɛɞɜŰŮɚɞˊɞɑɖůɖ ɧɚɤɜ Űɤɜ ɛŮɔŬɚɨŰŮɟɤɜ ūȸ ŭɘŬŰɎɝŮɤɜ ůŰɘɠ ŮˊɧɛŮɜŮɠ ˊŬɟŬɔɟɎűɞɡɠ. ũɘŬ ɚɧɔɞɡɠ 

ŭɘŬɢɤɟɘůɛɞɨ Űɤɜ ŭɨɞ ŮɜŬɚɚŬəŰɘəɩɜ ŭɘŬŰɡˊɩůŮɤɜ Űɖɠ Ůɝɑůɤůɖɠ, ˊŮˊɚŮɔɛɏɜɖ ɛɞɟűɐ (3.1) əŬɘ 

ŬɜŬɚɡŰɘəɐ (3.4), ůŰɞ Ŭəɧɚɞɡɗɞ əŮɑɛŮɜɞ ɖ ˊɟɩŰɖ ůɡɛɓɞɚɑɕŮŰŬɘ ɛŮ fcell(Vcell, I) = 0 əŬɘ ɖ ŭŮɨŰŮɟɖ 

ɛŮ Vcell = Vcell(I).  ȼ ŭɘŬűɞɟɎ Űɞɡɠ ɏɔəŮɘŰŬɘ ůŰɞɜ Űɟɧˊɞ Ůˊɑɚɡůɖɠ: ɔɘŬ Űɖ ůɡɛɓŬŰɘəɐ ˊŮˊɚŮɔɛɏɜɖ 

ɛɞɟűɐ (3.1) ɢɟŮɘɎɕŮŰŬɘ ɜŬ ŭɞɛɖɗŮɑ ɏɜŬ ůɨůŰɖɛŬ ˊɞɚɚɩɜ ŮɝɘůɩůŮɤɜ ˊɞɡ ŬˊŬɘŰŮɑ ŬɟɘɗɛɖŰɘəɐ 

Ůˊɑɚɡůɖ, Ůɜɩ ɔɘŬ Űɖɜ ˊɟɞŰŮɘɜɧɛŮɜɖ ŭɘŬŰɨˊɤůɖ (3.4) ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɞ ůɢɖɛŬŰɘůɛɧɠ ɛɑŬɠ 

ɛɞɜŬŭɘəɐɠ Ůɝɑůɤůɖɠ ɔɘŬ əɎɗŮ ūȸ ˊɚŬɘůɘɞůŮɘɟɎ Űɖɠ ůɡůŰɞɘɢɑŬɠ. 

3.1.2 ɮɛ ʎʐʋʅʔʀʅʋʎʀʅʍʗ 

ȺɜŭŮɘəŰɘəɐ ŭɞɛɐ ɛɑŬɠ ūȸ ůŰɞɘɢŮɘɞůŮɘɟɎɠ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ Ɇɢ. 3.4. ȳˊɤɠ ŮɝɖɔŮɑŰŬɘ ůŰɞ 

ŮɘůŬɔɤɔɘəɧ əŮűɎɚŬɘɞ, ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ Ns əɡɣɏɚŮɠ ůɡɜŭŮŭŮɛɏɜŮɠ ůŮ ůŮɘɟɎ ˊɟɞɠ Ŭɨɝɖůɖ Űɖɠ 

ŬˊɞŭɘŭɧɛŮɜɖɠ ŰɎůɖɠ, ůɡɕŮɡɔɛɏɜŮɠ ůɡɜɞɚɘəɎ ɛŮ ɛɑŬ ŭɑɞŭɞ ŭɘŬűɡɔɐɠ ɔɘŬ ɚɧɔɞɡɠ ˊɟɞůŰŬůɑŬɠ. 

ɆŰɞ Ɇɢ. 3.4, ɖ ŰɎůɖ əɎɗŮ əɡɣɏɚɖɠ i ůɡɛɓɞɚɑɕŮŰŬɘ ɛŮ Vcell-i əŬɘ ɖ ůɡɜɞɚɘəɐ ŰɎůɖ Űɖɠ 

ůŰɞɘɢŮɘɞůŮɘɟɎɠ ɛŮ Vcs, Ůɜɩ Űɞ ůɡɜɞɚɘəɧ ɟŮɨɛŬ I ůɡɜɑůŰŬŰŬɘ Ŭˊɧ Űɞ ɟŮɨɛŬ ˊɞɡ ŭɘŬɟɟɏŮɘ Űɘɠ 

əɡɣɏɚŮɠ Icells əŬɘ Űɞ ɟŮɨɛŬ Űɖɠ ŭɘɧŭɞɡ ŭɘŬűɡɔɐɠ Ibp. 

χȢυȢφȢɚ ɫʑʈɼɻʐʅʆʙ ɿʅɻʐʞʌʖʎʂ 

ɆɡɛɓŬŰɘəɎ, ɖ ūȸ ůŰɞɘɢŮɘɞůŮɘɟɎ ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ ɏɜŬ ůɨůŰɖɛŬ Ns+2 ŮɝɘůɩůŮɤɜ:  
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  (3.5) 

Ƀɘ ˊɟɩŰŮɠ Ns ŮɝɘůɩůŮɘɠ fcell(Vcell-i, Icells) = 0 Ŭűɞɟɞɨɜ əɎɗŮ ɛɑŬ Ŭˊɧ Űɘɠ Ns əɡɣɏɚŮɠ, Ůɜɩ ɖ 

ŮˊɧɛŮɜɖ Ůɝɑůɤůɖ ůɡɜŭɏŮɘ Űɘɠ Ůˊɘɛɏɟɞɡɠ ŰɎůŮɘɠ Űɤɜ əɡɣŮɚɩɜ Vcell-i ɛŮ Űɖɜ ŰɎůɖ Űɖɠ 



3.1 - ɀɞɜŰŮɚɞˊɞɑɖůɖ ůŮ ɆɡɜɗɐəŮɠ ɆəɑŬůɖɠ 

68 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

ůŰɞɘɢŮɘɞůŮɘɟɎɠ Vcs ůɨɛűɤɜŬ ɛŮ Űɞɜ ɜɧɛɞ ŰɎůŮɤɜ Kirchhoff. ȼ ŰŮɚŮɡŰŬɑŬ Ůɝɑůɤůɖ ˊŮɟɘɔɟɎűŮɘ 

Űɖ ɚŮɘŰɞɡɟɔɑŬ Űɖɠ ŭɘɧŭɞɡ ŭɘŬűɡɔɐɠ, ɧˊɞɡ ɖ ŭɘŬűɞɟɎ I-Icells ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ ɟŮɨɛŬ Űɖɠ ŭɘɧŭɞɡ Ibp 

əŬɘ ɞɘ ɧɟɞɘ Isbp əŬɘ abp ůɡɛɓɞɚɑɕɞɡɜ Űɞ ŬɜɎůŰɟɞűɞ ɟŮɨɛŬ əɞɟŮůɛɞɨ əŬɘ Űɞɜ Űɟɞˊɞˊɞɘɖɛɏɜɞ 

ůɡɜŰŮɚŮůŰɐ Űɖɠ ŭɘɧŭɞɡ. Ɇɡɜɐɗɤɠ ɚŬɛɓɎɜɞɜŰŬɘ Űɡˊɘəɏɠ Űɘɛɏɠ ɔɘŬ Űɘɠ Ůɜ ɚɧɔɤ ˊŬɟŬɛɏŰɟɞɡɠ ɩůŰŮ 

ɜŬ ˊɟɞəɨˊŰŮɘ ˊŰɩůɖ ŰɎůɖɠ ůŰɖ ŭɑɞŭɞ ŭɘŬűɡɔɐɠ Űɖɠ ŰɎɝɖɠ Űɞɡ 1 V. ɆŰɖɜ ˊŬɟɞɨůŬ ɛŮɚɏŰɖ 

ɗŮɤɟŮɑŰŬɘ ɧŰɘ Isbp = 1.6 nA əŬɘ abp = 50 mV. ɆɡɜɞɚɘəɎ Űɞ ůɨůŰɖɛŬ ŮɝɘůɩůŮɤɜ (3.5) 

ůɡɛɓɞɚɑɕŮŰŬɘ ɛŮ fcs(Vcs, I) = 0. 

ɆŰɞ Ɇɢ. 3.5, ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ ɛɘŬɠ Űɡˊɘəɐɠ ůŰɞɘɢŮɘɞůŮɘɟɎɠ ɚŬɛɓɎɜɞɜŰŬɠ 

ɡˊɧɣɘɜ Űɖ ŭɑɞŭɞ ŭɘŬűɡɔɐɠ (əɧəəɘɜɖ ŭɘŬəŮəɞɛɛɏɜɖ ɔɟŬɛɛɐ) əŬɘ ɢɤɟɑɠ ŬɡŰɐɜ (ɛˊɚŮ ůɡɜŮɢɐɠ 

ɔɟŬɛɛɐ). ȺɑɜŬɘ ŮɛűŬɜɏɠ ˊɤɠ ɞɘ ŭɨɞ əŬɛˊɨɚŮɠ ŰŬɡŰɑɕɞɜŰŬɘ ˊɚɐɟɤɠ ɔɘŬ ɗŮŰɘəɏɠ ŰɎůŮɘɠ (ˊɟɩŰɞ 

əŬɘ ŰɏŰŬɟŰɞ ŰŮŰŬɟŰɖɛɧɟɘɞ), ɧˊɞɡ ɖ ŭɑɞŭɞɠ ŭɘŬűɡɔɐɠ ˊŬɟŬɛɏɜŮɘ ŬɜɎůŰɟɞűŬ ˊɞɚɤɛɏɜɖ. 

ȷɜŰɑɗŮŰŬ, ůŰɞ ŭŮɨŰŮɟɞ ŰŮŰŬɟŰɖɛɧɟɘɞ ɖ ɎɔɞɡůŬ ŭɑɞŭɞɠ əɡɟɘŬɟɢŮɑ ůŰɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ Űɖɠ 

ˊɟɩŰɖɠ ˊŮɟɑˊŰɤůɖɠ, ˊŮɟɘɞɟɑɕɞɜŰŬɠ Űɖɜ ŬɟɜɖŰɘəɐ ŰɎůɖ ůŰɞ ŮˊɑˊŮŭɞ Űɖɠ ˊŰɩůɖɠ ŰɎůɖɠ Űɖɠ 

ŭɘɧŭɞɡ ŭɘŬűɡɔɐɠ (ŰɡˊɘəɎ ɔɨɟɤ ůŰɞ -1 V). ȼ ůɡɔəŮəɟɘɛɏɜɖ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬ ŮɑɜŬɘ əŬɗɞɟɘůŰɘəɐ 

Űɧůɞ ɔɘŬ Űɖɜ ˊɟɞůŰŬůɑŬ Űɞɡ əɡəɚɩɛŬŰɞɠ ůŮ ůɡɜɗɐəŮɠ ůəɑŬůɖɠ, ɧůɞ əŬɘ ɔɘŬ Űɖɜ Űɟɞˊɞˊɞɑɖůɖ 

Űɖɠ əŬɛˊɨɚɖɠ P-V əŬɘ Űɖɜ ŮɛűɎɜɘůɖ ˊɞɚɚŬˊɚɩɜ Űɞˊɘəɩɜ ɛŮɔɑůŰɤɜ, ɧˊɤɠ ŮɝɖɔŮɑŰŬɘ ůŰɖɜ 

ŮˊɧɛŮɜɖ ŮɜɧŰɖŰŬ. 

χȢυȢφȢɛ ɚʉɻʇʑʐʅʆʙ ɿʅɻʐʞʌʖʎʂ 

ɆŰɞ ˊɟɩŰɞ əŬɘ ŰɏŰŬɟŰɞ ŰŮŰŬɟŰɖɛɧɟɘɞ, ɖ ŰɎůɖ Űɖɠ ůŰɞɘɢŮɘɞůŮɘɟɎɠ ɛŮ ɐ ɢɤɟɑɠ ŭɑɞŭɞ ŭɘŬűɡɔɐɠ 

ŮɑɜŬɘ ɑŭɘŬ əŬɘ ůɡɜɑůŰŬŰŬɘ Ŭˊɚɩɠ ůŰɞ ɎɗɟɞɘůɛŬ Űɤɜ ŰɎůŮɤɜ Űɤɜ ůɡɜɘůŰɤůɩɜ əɡɣŮɚɩɜ. 

ɉɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ ŬɜŬɚɡŰɘəɐ ŭɘŬŰɨˊɤůɖ Űɖɠ (3.4) ɔɘŬ Űɖ ūȸ əɡɣɏɚɖ, ɖ ŰɎůɖ Űɖɠ 

ůŰɞɘɢŮɘɞůŮɘɟɎɠ Vcs ˊɟɞəɨˊŰŮɘ ɤɠ: 

 
Ɇɢ. 3.4. ȹɞɛɘəɧ ŭɘɎɔɟŬɛɛŬ Űɡˊɘəɐɠ ūȸ ůŰɞɘɢŮɘɞůŮɘɟɎɠ ɛŮ Ns = 16 əɡɣɏɚŮɠ. 

 
Ɇɢ. 3.5. ɉŬɟŬəŰɖɟɘůŰɘəɐ əŬɛˊɨɚɖ I-V Űɡˊɘəɐɠ ūȸ ůŰɞɘɢŮɘɞůŮɘɟɎ ɛŮ əŬɘ ɢɤɟɑɠ ŭɑɞŭɞ ŭɘŬűɡɔɐɠ. 
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Vcs

Vcell-i

Ibp



ȾȺūȷȿȷȽɃ 3 - ȷɜɎɚɡůɖ əŬɘ ɀɞɜŰŮɚɞˊɞɑɖůɖ ūȸ ɆɡůŰɖɛɎŰɤɜ ůŮ ɆɡɜɗɐəŮɠ ɆəɑŬůɖɠ 

 

ɀˊŬŰɕɏɚɖɠ ȺɡůŰɟɎŰɘɞɠ 69 

 
1

( ) , 0
sN

cs cell i cells cs

i

V V I I V-

=

= = ²ä   (3.6) 

ɃɡůɘŬůŰɘəɎ, ůŰɖɜ (3.6) ŬɝɘɞˊɞɘŮɑŰŬɘ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ɖ (3.4) ŮɑɜŬɘ ŮəˊŮűɟŬůɛɏɜɖ ɤɠ ˊɟɞɠ ŰɎůɖ 

ɛŮ ŬɜŮɝɎɟŰɖŰɖ ɛŮŰŬɓɚɖŰɐ Űɞ əɞɘɜɧ ɟŮɨɛŬ Icells, əŬɘ ŮűŬɟɛɧɕŮŰŬɘ ɞ ɜɧɛɞɠ ŰɎůŮɤɜ Kirchhoff 

əŬŰŬɚɐɔɞɜŰŬɠ ůŮ ɛɑŬ ɛɧɜɞ Ůɝɑůɤůɖ, ɏɜŬɜŰɘ Űɤɜ Ns ŮɝɘůɩůŮɤɜ ůɡɛɓŬŰɘəɎ. ɆŰɖɜ ɡˊɧ ɛŮɚɏŰɖ 

ˊŮɟɑˊŰɤůɖ, Űɞ ɟŮɨɛŬ Űɤɜ əɡɣŮɚɩɜ Icells əŬɘ Űɞ ůɡɜɞɚɘəɧ ɟŮɨɛŬ Űɖɠ ůŰɞɘɢŮɘɞůŮɘɟɎɠ I 

ŰŬɡŰɑɕɞɜŰŬɘ, əŬɗɩɠ ɖ ŭɑɞŭɞɠ ŭɘŬűɡɔɐɠ ŮɑɜŬɘ ŬɜɎůŰɟɞűŬ ˊɞɚɤɛɏɜɖ. 

ȷɜŰɑɗŮŰŬ, ɔɘŬ ŬɟɜɖŰɘəɐ ŰɎůɖ ɖ ŭɑɞŭɞɠ ɎɔŮɘ əŬɘ əɡɟɘŬɟɢŮɑ ůŰɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ (Ɇɢ. 3.5). ũɘŬ 

ɜŬ ŮˊɘŰŮɡɢɗŮɑ ŬɜŬɚɡŰɘəɐ ŭɘŬŰɨˊɤůɖ əŬɘ ůŮ ŬɡŰɐɜ Űɖɜ ˊŮɟɘɞɢɐ ɚŮɘŰɞɡɟɔɑŬɠ, ŬɝɘɞˊɞɘɞɨɜŰŬɘ ɞɘ 

ŬəɧɚɞɡɗŮɠ ˊŬɟŬŰɖɟɐůŮɘɠ: 

V ȼ ŭɑɞŭɞɠ ŭɘŬűɡɔɐɠ ˊŮɟɘɞɟɑɕŮɘ Űɖɜ ŬɟɜɖŰɘəɐ ŰɎůɖ ůŮ ɏɜŬ ɘŭɘŬɑŰŮɟŬ ɛɘəɟɧ Ůɨɟɞɠ əɞɜŰɎ 

ůŰɖɜ ˊŮɟɘɞɢɐ ɓɟŬɢɡəɨəɚɤůɖɠ, ɧˊɞɡ ɖ əɚɑůɖ ŮɑɜŬɘ ůɢŮŭɧɜ ɛɖŭŮɜɘəɐ. ɆɡɜŮˊɩɠ, Űɞ 

ɟŮɨɛŬ ˊɞɡ ɟɏŮɘ Űɘɠ əɡɣɏɚŮɠ Icells ŮɑɜŬɘ ůɢŮŭɧɜ ůŰŬɗŮɟɧ əŬɘ ɑůɞ ɛŮ Űɞ ɟŮɨɛŬ 

ɓɟŬɢɡəɨəɚɤůɖɠ Űɖɠ ůŰɞɘɢŮɘɞůŮɘɟɎɠ ISC,cs, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ Ɇɢ. 3.5. Ⱥˊɞɛɏɜɤɠ, ɖ 

ɢŬɟŬəŰɖɟɘůŰɘəɐ I-V Űɖɠ ůŰɞɘɢŮɘɞůŮɘɟɎɠ ˊɟŬəŰɘəɎ ŰŬɡŰɑɕŮŰŬɘ ɛŮ Űɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ 

ɛɘŬɠ ŭɘɧŭɞɡ ˊɞɡ ŭɘŬɟɟɏŮŰŬɘ Ŭˊɧ ɟŮɨɛŬ Ibp = Ƚ-ȽSC,cs (ŬɜŮůŰɟŬɛɛɏɜɖ ɤɠ ˊɟɞɠ ŰɎůɖ ɚɧɔɤ 

ůɡɜŭŮůɛɞɚɞɔɑŬɠ). 

V ɇɞ ISC,cs əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖ əɡɣɏɚɖ ɛŮ Űɞ ɛɘəɟɧŰŮɟɞ ɟŮɨɛŬ ɓɟŬɢɡəɨəɚɤůɖɠ, ɚɧɔɤ Űɖɠ 

ůŮɘɟɘŬəɐɠ ůɨɜŭŮůɖɠ, əŬɘ ɛˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ ɧŰɘ ɘůɞɨŰŬɘ ɛŮ Űɞ ŮɚɎɢɘůŰɞ ɟŮɨɛŬ 

ɓɟŬɢɡəɨəɚɤůɖɠ Űɤɜ Ůˊɘɛɏɟɞɡɠ əɡɣŮɚɩɜ, ůɨɛűɤɜŬ ɛŮ Űɖɜ Ŭəɧɚɞɡɗɖ (3.7). ȳˊɤɠ 

ŮɝɖɔŮɑŰŬɘ ůŰɖɜ ŮˊɧɛŮɜɖ ŮɜɧŰɖŰŬ, ɖ ŬɜɤŰɏɟɤ ˊɟɞůɏɔɔɘůɖ ŮɑɜŬɘ ůɡɜŰɖɟɖŰɘəɐ. ȹɖɚŬŭɐ, 

Ůɜ ɔɏɜŮɘ Űɞ ISC,cs ŮɑɜŬɘ ́ Ůɟɑˊɞɡ ɧůɞ ˊɟɞůŭɘɞɟɑɕŮɘ ɖ (3.7) əŬɘ ŮɜɑɞŰŮ ŮɚŬűɟɩɠ ɛŮɔŬɚɨŰŮɟɞ 

(ɐ əŬɘ ŮɚɎɢɘůŰŬ ɛɘəɟɧŰŮɟɞ) ŬɜŬɚɧɔɤɠ Űɞ ůŮɜɎɟɘɞ ůəɑŬůɖɠ. 

 , min sh i
SC cs ph i

i
s i sh i

R
I I

R R

-
-

- -

ë û
= ì ü

+í ý
  (3.7) 

ɆɡɜŮˊɩɠ, ɖ Ůɝɑůɤůɖ Űɖɠ ūȸ ůŰɞɘɢŮɘɞůŮɘɟɎɠ ɛŮ ŭɑɞŭɞ ŭɘŬűɡɔɐɠ ɔɘŬ ŬɟɜɖŰɘəɏɠ ŰɎůŮɘɠ 

ˊɟɞůŮɔɔɑɕŮŰŬɘ ˊɞɚɨ ɘəŬɜɞˊɞɘɖŰɘəɎ Ŭˊɧ Űɖɜ Ŭəɧɚɞɡɗɖ (3.8),  ɖ ɞˊɞɑŬ ˊɟɞəɨˊŰŮɘ ŮˊɘɚɨɞɜŰŬɠ Űɖɜ 

Ůɝɑůɤůɖ Űɖɠ ŭɘɧŭɞɡ ŭɘŬűɡɔɐɠ (ŰŮɚŮɡŰŬɑŬ Ůɝɑůɤůɖ ůŰɞ ůɨůŰɖɛŬ (3.5)) ɤɠ ˊɟɞɠ ŰɎůɖ: 

 
,max{ ,0}

ln 1 , 0
SC cs

cs bp cs

sbp

I I
V a V

I

è ø-
=- + <é ù

é ùê ú

  (3.8) 

ɧˊɞɡ ɔɘŬ ɟŮɨɛŬ ŭɘɧŭɞɡ Ibp ŰɑɗŮŰŬɘ ɖ ŭɘŬűɞɟɎ Űɞɡ ůɡɜɞɚɘəɞɨ ɟŮɨɛŬŰɞɠ I  ́ ɚɖɜ Űɞɡ ɟŮɨɛŬŰɞɠ Űɤɜ 

əɡɣŮɚɩɜ ISC,cs, Ŭűɞɨ ˊŮɟɘɞɟɘůŰŮɑ ůŮ ɛɖ-ŬɟɜɖŰɘəɏɠ Űɘɛɏɠ (max{ Ibp, 0} = max{ IïISC,cs, 0}). ȼ 

ŰŮɚŮɡŰŬɑŬ ˊɟɞůɗɐəɖ ŮɘůɎɔŮŰŬɘ ŭɘɧŰɘ ůŮ ɚɑɔŮɠ ˊŮɟɘˊŰɩůŮɘɠ ɖ (3.7) ŮəŰɘɛɎ Űɞ ɟŮɨɛŬ 

ɓɟŬɢɡəɨəɚɤůɖɠ ŮɚɎɢɘůŰŬ ɛŮɔŬɚɨŰŮɟɞ Ŭˊɧ Űɞ ˊɟŬɔɛŬŰɘəɧ, ɞŭɖɔɩɜŰŬɠ ůŮ ŮɚŬűɟɩɠ ŬɟɜɖŰɘəɧ 

ɟŮɨɛŬ ŭɘɧŭɞɡ. ȼ Ůɜ ɚɧɔɤ ŬɜŬəɟɑɓŮɘŬ ŭŮɜ ɏɢŮɘ ˊɞůɞŰɘəɐ ůɖɛŬůɑŬ, ŬɚɚɎ ɗŬ ɛˊɞɟɞɨůŮ ɜŬ 

ŭɖɛɘɞɡɟɔɐůŮɘ ŬɟɜɖŰɘəɧ ɧɟɘůɛŬ ůŰɞɜ ɚɞɔɎɟɘɗɛɞ Űɖɠ (3.8), Ŭɜ ŭŮ ɚŬɛɓɎɜɞɜŰŬɜ ɡˊɧɣɘɜ ɖ 

ůɡɔəŮəɟɘɛɏɜɖ Űɟɞˊɞˊɞɑɖůɖ. 

Ⱥˊɞɛɏɜɤɠ, ɏɢɞɜŰŬɠ ŭɘŬŰɡˊɩůŮɘ Űɘɠ (3.6) əŬɘ (3.8) ɔɘŬ ɗŮŰɘəɐ əŬɘ ŬɟɜɖŰɘəɐ ŰɎůɖ ɚŮɘŰɞɡɟɔɑŬɠ 

ŬɜŰɑůŰɞɘɢŬ, ɞɘ ŭɨɞ ůɢɏůŮɘɠ ůɡɜŭɡɎɕɞɜŰŬɘ ůŰɖɜ Ŭəɧɚɞɡɗɖ əɚŬŭɘəɐ ɏəűɟŬůɖ: 



3.1 - ɀɞɜŰŮɚɞˊɞɑɖůɖ ůŮ ɆɡɜɗɐəŮɠ ɆəɑŬůɖɠ 
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ɧˊɞɡ ɤɠ ůɡɜɗɐəɖ Ůˊɘɚɞɔɐ əɚɎŭɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɖ ŰɎůɖ Űɖɠ ůŰɞɘɢŮɘɞůŮɘɟɎɠ ɢɤɟɑɠ Űɖ ŭɑɞŭɞ 

ŭɘŬűɡɔɐɠ 
1

( )
sN

cell ii
V I-=ä . ȹɖɚŬŭɐ, ɡˊɞɚɞɔɑɕŮŰŬɘ ˊɟɩŰŬ ɞ ůɡɔəŮəɟɘɛɏɜɞɠ ɧɟɞɠ əŬɘ Ŭɜ ˊɟɞəɨɣŮɘ 

ɗŮŰɘəɧɠ, ŰɧŰŮ ŬˊɚɎ ŬˊɞŰŮɚŮɑ Űɖɜ Űɘɛɐ Űɖɠ ɕɖŰɞɨɛŮɜɖɠ ŰɎůɖɠ Vcs. ȷɜŰɑɗŮŰŬ, Ŭɜ ˊɟɞəɨɣŮɘ 

ŬɟɜɖŰɘəɧɠ ŭŮ ɚŬɛɓɎɜŮŰŬɘ ɡˊɧɣɘɜ, əŬɗɩɠ ɖ Vcs ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɖ ŭɑɞŭɞ ŭɘŬűɡɔɐɠ. ȷɝɑɕŮɘ ɜŬ 

ůɖɛŮɘɤɗŮɑ ɧŰɘ Űɞ Ůɜ ɚɧɔɤ ɎɗɟɞɘůɛŬ ŮɑɜŬɘ ůɡɜɎɟŰɖůɖ Űɖɠ ŬɜŮɝɎɟŰɖŰɖɠ ɛŮŰŬɓɚɖŰɐɠ Űɞɡ 

ůɡɜɞɚɘəɞɨ ɟŮɨɛŬŰɞɠ I, əŬɘ ŭŮɜ ˊɟɏˊŮɘ ɜŬ ɝŮɜɑɕŮɘ ɖ ɢɟɐůɖ Űɞɡ ɤɠ əɟɘŰɐɟɘɞ Ůˊɘɚɞɔɐɠ əɚɎŭɞɡ. 

3.1.3 ɮɛ ʌʇɻʚʎʅʋ 

ɇɞ ūȸ ˊɚŬɑůɘɞ ŬˊɞŰŮɚŮɑ ŮɛˊɞɟɘəɎ Űɖ ɛɘəɟɧŰŮɟɖ ūȸ ŭɞɛɘəɐ ɛɞɜɎŭŬ əŬɘ ůɡɜɑůŰŬŰŬɘ ůŮ 

ˊɚɐɗɞɠ Ncs ůŰɞɘɢŮɘɞůŮɘɟɏɠ ůɡɜŭŮŭŮɛɏɜŮɠ ůŮ ůŮɘɟɎ. ɆŰɞ Ŭəɧɚɞɡɗɞ Ɇɢ. 3.6 ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ 

ŰɞˊɞɚɞɔɑŬ Ůɜɧɠ Űɡˊɘəɞɨ ūȸ ˊɚŬɘůɑɞɡ ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰɟŮɘɠ ůŰɞɘɢŮɘɞůŮɘɟɏɠ. ȼ ŰɎůɖ ůŰŬ 

ɎəɟŬ Űɞɡ ˊɚŬɘůɑɞɡ ůɡɛɓɞɚɑɕŮŰŬɘ ɛŮ Vmod. 

χȢυȢχȢɚ ɫʑʈɼɻʐʅʆʙ ɿʅɻʐʞʌʖʎʂ 

ȷɝɘɞˊɞɘɩɜŰŬɠ Űɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɖɠ ˊɟɞɖɔɞɨɛŮɜɖɠ ˊŬɟŬɔɟɎűɞɡ, Űɞ ůɨůŰɖɛŬ ŮɝɘůɩůŮɤɜ 

ˊɞɡ ˊŮɟɘɔɟɎűŮɘ Űɞ ūȸ ˊɚŬɑůɘɞ ůŮ ˊŮˊɚŮɔɛɏɜɖ ɛɞɟűɐ ŮɑɜŬɘ: 
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ȾɎɗŮ ɛɑŬ Ŭˊɧ Űɘɠ ˊɟɩŰŮɠ Ncs ŮəűɟɎůŮɘɠ fcs(Vcs-i, I) = 0 ůɡɛɓɞɚɑɕŮɘ ɏɜŬ ůɨůŰɖɛŬ ŮɝɘůɩůŮɤɜ 

ˊɞɡ ŬűɞɟɎ Űɖ ůŰɞɘɢŮɘɞůŮɘɟɎ i, ůɨɛűɤɜŬ ɛŮ Űɖɜ (3.5), Ůɜɩ ɖ ŰŮɚŮɡŰŬɑŬ ůɢɏůɖ ŮűŬɟɛɧɕŮɘ Űɞɜ 

ɜɧɛɞ ŰɎůŮɤɜ Űɞɡ Kirchhoff. ȼ ŭɘŬŰɨˊɤůɖ (3.10) ŮɜůɤɛŬŰɩɜŮɘ Ncs(Ns+2)+1 ŮɝɘůɩůŮɘɠ. 

ȺɜŭŮɘəŰɘəɎ, ɔɘŬ Űɞ ˊŬɟɎŭŮɘɔɛŬ Űɞɡ Ɇɢ. 3.6 ˊɟɞəɨˊŰŮɘ ɏɜŬ ůɨůŰɖɛŬ Ŭˊɧ 61 ɛɖ ɔɟŬɛɛɘəɏɠ 

ŮɝɘůɩůŮɘɠ. 

χȢυȢχȢɛ ɚʉɻʇʑʐʅʆʙ ɿʅɻʐʞʌʖʎʂ 

ȷɝɘɞˊɞɘɩɜŰŬɠ Űɖɜ ŬɜŬɚɡŰɘəɐ ŭɘŬŰɨˊɤůɖ ɔɘŬ Űɖɜ ŰɎůɖ Űɖɠ ůŰɞɘɢŮɘɞůŮɘɟɎɠ (3.9), ɖ ŰɎůɖ Űɞɡ 

ūȸ ˊɚŬɘůɑɞɡ ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɚɩɠ ɤɠ Űɞ ŬɚɔŮɓɟɘəɧ ɎɗɟɞɘůɛŬ Űɤɜ Ůˊɘɛɏɟɞɡɠ ŰɎůŮɤɜ: 
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ȼ (3.11) ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ ɎɗɟɞɘůɛŬ ˊɞɚɚɩɜ ɧɟɤɜ, ŬɚɚɎ ˊŬɟŬɛɏɜŮɘ ɛɑŬ ɛɞɜŬŭɘəɐ 

Ůɝɑůɤůɖ ˊɞɡ ɡˊɞɚɞɔɑɕŮŰŬɘ ɛŮ Ůɡɗɨ Űɟɧˊɞ ɢɤɟɑɠ ŮˊŬɜŬɚɖˊŰɘəɧ Ŭɚɔɧɟɘɗɛɞ. 

3.1.4 ɮɛ ʌʇɻʅʎʅʋʎʀʅʍʗ 

ɆŰŬ ˊŮɟɘůůɧŰŮɟŬ ūȸ ůɡůŰɐɛŬŰŬ, ŰŬ ūȸ ˊɚŬɑůɘŬ ůɡɜŭɏɞɜŰŬɘ ůŮ ůŮɘɟɎ ˊɟɞɠ ŬɜɎˊŰɡɝɖ 

ɡɣɖɚɐɠ ŰɎůɖɠ Űɖɠ ŰɎɝɖɠ Űɤɜ ŮəŬŰɞɜŰɎŭɤɜ V, ůɢɖɛŬŰɑɕɞɜŰŬɠ Űɖ ūȸ ˊɚŬɘůɘɞůŮɘɟɎ. ɆŰɞ Ɇɢ. 3.7, 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ɛɘŬ Űɡˊɘəɐ ˊɚŬɘůɘɞůŮɘɟɎ ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ Nm ́ ɚŬɑůɘŬ əŬɘ ɛɘŬ ŭɑɞŭɞ űɟŬɔɐɠ 

ůŮ ůŮɘɟɎ ůɡɜŭŮŭŮɛɏɜŬ. ȼ ŰɎůɖ ůŰɞɡɠ ŬəɟɞŭɏəŰŮɠ Űɖɠ ŰŮɚŮɡŰŬɑŬɠ ůɡɛɓɞɚɑɕŮŰŬɘ ɛŮ Vbk, Ůɜɩ ɖ 

ůɡɜɞɚɘəɐ ŰɎůɖ Űɖɠ ˊɚŬɘůɘɞůŮɘɟɎɠ ɛŮ Vstr. 

χȢυȢψȢɚ ɫʑʈɼɻʐʅʆʙ ɿʅɻʐʞʌʖʎʂ 

Ƀɛɞɑɤɠ ɛŮ Űɘɠ ˊɟɞɖɔɞɨɛŮɜŮɠ ˊŬɟŬɔɟɎűɞɡɠ, Űɞ ůɨůŰɖɛŬ ŮɝɘůɩůŮɤɜ ˊɞɡ ůɢɖɛŬŰɑɕŮŰŬɘ ɔɘŬ 

Űɖɜ ˊŮɟɘɔɟŬűɐ Űɖɠ ūȸ ˊɚŬɘůɘɞůŮɘɟɎɠ ŮɑɜŬɘ: 
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Ƀɘ Nm ůŮ ˊɚɐɗɞɠ ůɢɏůŮɘɠ fmod(Vmod-i, I) = 0 ŬɜŰɘůŰɞɘɢɞɨɜ ůŰŬ ūȸ ˊɚŬɑůɘŬ ůɨɛűɤɜŬ ɛŮ Űɖɜ 

(3.10), Ůɜɩ ɖ ɏəűɟŬůɖ ŬɗɟɞɑůɛŬŰɞɠ ůŰɞ ɜɧɛɞ ŰɎůŮɤɜ Kirchhoff ɚŬɛɓɎɜŮɘ ɡˊɧɣɘɜ əŬɘ Űɖɜ 

ŮəɗŮŰɘəɐ Ůɝɑůɤůɖ ɔɘŬ Űɖ ŭɑɞŭɞ űɟŬɔɐɠ. ɆŰɖɜ ŰŮɚŮɡŰŬɑŬ, ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɞɘ ˊŬɟɎɛŮŰɟɞɘ: 

 
Ɇɢ. 3.6. ȹɞɛɘəɧ ŭɘɎɔɟŬɛɛŬ Űɡˊɘəɞɨ ūȸ ˊɚŬɘůɑɞɡ ɛŮ Ɂcs = 3 ůŰɞɘɢŮɘɞůŮɘɟɏɠ, əɎɗŮ ɛɑŬ Ŭˊɧ Űɘɠ ɞˊɞɑŮɠ 

ŭɞɛŮɑŰŬɘ ůɨɛűɤɜŬ ɛŮ Űɞ Ɇɢ. 3.4. 

Vmod

I

Vcs-i



3.1 - ɀɞɜŰŮɚɞˊɞɑɖůɖ ůŮ ɆɡɜɗɐəŮɠ ɆəɑŬůɖɠ 

72 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

ŬɜɎůŰɟɞűɞ ɟŮɨɛŬ əɞɟŮůɛɞɨ Isbk əŬɘ Űɟɞˊɞˊɞɘɖɛɏɜɞɠ ůɡɜŰŮɚŮůŰɐɠ ŭɘɧŭɞɡ abk, ˊɞɡ ɚŬɛɓɎɜɞɡɜ 

ůɡɜɐɗɤɠ Űɘɠ ɑŭɘŮɠ Űɘɛɏɠ ɛŮ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ Űɖɠ ŭɘɧŭɞɡɠ ŭɘŬűɡɔɐɠ. ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ Űɞ 

ŬɜɤŰɏɟɤ ůɨůŰɖɛŬ ŮɝɘůɩůŮɤɜ ɏɢŮɘ űŰɎůŮɘ Ŭɘůɑɤɠ Űɘɠ Nm[Ncs(Ns+2)+1]+1 = 733 ŮɝɘůɩůŮɘɠ. 

χȢυȢψȢɛ ɚʉɻʇʑʐʅʆʙ ɿʅɻʐʞʌʖʎʂ 

ȷɜŰɑɗŮŰŬ, ɖ ŮɡɗŮɑŬ ˊɟɞůɏɔɔɘůɖ ŬˊɞűŬɑɜŮŰŬɘ ɛɘŬ ɛɞɜɎɢŬ Ůɝɑůɤůɖ ŬɜŬɚɡŰɘəɐɠ ɛɞɟűɐɠ: 
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ɃɡůɘŬůŰɘəɎ, ůŰɖɜ (3.13) ˊɟɞůŰɑɗŮɜŰŬɘ ɞɘ Ůˊɘɛɏɟɞɡɠ ŰɎůŮɘɠ Űɤɜ ˊɚŬɘůɑɤɜ Ŭˊɧ Űɖɜ (3.11) əŬɘ 

Űɖɜ ˊŰɩůɖ ŰɎůɖɠ ůŰɖ ŭɑɞŭɞ űɟŬɔɐɠ, Ůɜɩ ˊɞɘɞŰɘəɎ ŭŮ ŭɘŬűɏɟŮɘ Ŭˊɧ Űɞɜ Űɟɧˊɞ ˊɞɡ ɡˊɞɚɞɔɑůŰɖəŮ 

ɖ (3.11). ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ ŭŮɜ ɡˊɎɟɢŮɘ ŭɑɞŭɞɠ űɟŬɔɐɠ ůŰɞ əɨəɚɤɛŬ, ŬˊŬɚŮɑűŮŰŬɘ ɞ 

ŰŮɚŮɡŰŬɑɞɠ ɧɟɞɠ Űɖɠ (3.13). 

3.1.5 ɮɛ ʎʑʎʐʋʅʔʚɻ 

ɆŰɞ Ŭəɧɚɞɡɗɞ Ɇɢ. 3.8, űŬɑɜŮŰŬɘ ɛɑŬ ūȸ ůɡůŰɞɘɢɑŬ ɛŮ Np = 3 ˊɚŬɘůɘɞůŮɘɟɏɠ ůɡɜŭŮŭŮɛɏɜŮɠ 

ˊŬɟɎɚɚɖɚŬ. ȾɎɗŮ ɛɑŬ Ŭˊɧ ŬɡŰɏɠ ŭɘŬɟɟɏŮŰŬɘ Ŭˊɧ ɟŮɨɛŬ Istr-i ůɡɜɗɏŰɞɜŰŬɠ Űɞ ůɡɜɞɚɘəɧ ɟŮɨɛŬ 

Űɖɠ ůɡůŰɞɘɢɑŬɠ Iarr, Ůɜɩ ɖ əɞɘɜɐ ŰɎůɖ Űɤɜ Ůˊɘɛɏɟɞɡɠ əɚɎŭɤɜ ůɡɛɓɞɚɑɕŮŰŬɘ ɛŮ V. 

χȢυȢωȢɚ ɫʑʈɼɻʐʅʆʙ ɿʅɻʐʞʌʖʎʂ 

ɇɞ ŰŮɚɘəɧ ůɨůŰɖɛŬ ŮɝɘůɩůŮɤɜ ˊɞɡ ɛɞɜŰŮɚɞˊɞɘŮɑ ɛɏɢɟɘ əŬɘ Űɖ ūȸ ůɡůŰɞɘɢɑŬ ŮɑɜŬɘ: 
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ȳˊɤɠ əŬɘ ˊɟɞɖɔɞɡɛɏɜɤɠ, ɞɘ ŮəűɟɎůŮɘɠ fstr(V, Istr-i) = 0 ˊŮɟɘɔɟɎűŮɘ Űɖɜ ˊɚŬɘůɘɞůŮɘɟɎ i ɛɏůɤ 

Űɖɠ (3.12), Ůɜɩ ɖ ŰŮɚŮɡŰŬɑŬ Ůɝɑůɤůɖ ŬɜŰɘůŰɞɘɢŮɑ ůŰɞɜ ɜɧɛɞ ɟŮɡɛɎŰɤɜ Kirchhoff ɔɘŬ Űɘɠ 

ˊŬɟɎɚɚɖɚŮɠ ˊɚŬɘůɘɞůŮɘɟɏɠ. ɇɞ ˊɚɐɗɞɠ Űɤɜ ŮɝɘůɩůŮɤɜ Ŭˊɧ Űɘɠ ɞˊɞɑŮɠ ŬˊɞŰŮɚŮɑŰŬɘ Űɞ (3.14) 

ŮɑɜŬɘ Np(Nm[Ncs(Ns+2)+1]+1)+1, ɐŰɞɘ 2200 ŮɝɘůɩůŮɘɠ. ȹɨůəɞɚŬ ɏɜŬ ŰɏŰɞɘɞ ůɨůŰɖɛŬ 

ŮɝɘůɩůŮɤɜ ŮɑɜŬɘ Ůˊɘɚɨůɘɛɞ ɛŮ ŬɟɘɗɛɖŰɘəɐ ɛɏɗɞŭɞ ɢɤɟɑɠ ŬˊɚɞˊɞɘɐůŮɘɠ. 

 
Ɇɢ. 3.7. ȹɞɛɘəɧ ŭɘɎɔɟŬɛɛŬ Űɡˊɘəɐɠ ūȸ ˊɚŬɘůɘɞůŮɘɟɎɠ ɛŮ Nm = 12 ́ ɚŬɑůɘŬ, əɎɗŮ ɏɜŬ Ŭˊɧ ŰŬ ɞˊɞɑŬ 

ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ ŭɘɎɔɟŬɛɛŬ Űɞɡ Ɇɢ. 3.6. 
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ȾȺūȷȿȷȽɃ 3 - ȷɜɎɚɡůɖ əŬɘ ɀɞɜŰŮɚɞˊɞɑɖůɖ ūȸ ɆɡůŰɖɛɎŰɤɜ ůŮ ɆɡɜɗɐəŮɠ ɆəɑŬůɖɠ 

 

ɀˊŬŰɕɏɚɖɠ ȺɡůŰɟɎŰɘɞɠ 73 

χȢυȢωȢɛ ɚʉɻʇʑʐʅʆʙ ʌʍʋʎʘɾɾʅʎʂ 

ȹɡůŰɡɢɩɠ,  ɖ ˊɞɟŮɑŬ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ ˊɞɡ ŬəɞɚɞɡɗŮɑŰŬɘ ɛɏɢɟɘ əŬɘ Űɖɜ ˊɚŬɘůɘɞůŮɘɟɎ ŭŮɜ 

ɛˊɞɟŮɑ ɜŬ ŮˊŮəŰŬɗŮɑ ŮɨəɞɚŬ əŬɘ ůŰɖ ūȸ ůɡůŰɞɘɢɑŬ. ȷɡŰɧ ůɡɛɓŬɑɜŮɘ ŭɘɧŰɘ ɧɚŮɠ ɞɘ ŮəűɟɎůŮɘɠ 

Űɤɜ ūȸ ŭɘŬŰɎɝŮɤɜ ɏɤɠ əŬɘ Űɖɜ ˊɚŬɘůɘɞůŮɘɟɎ ŮɑɜŬɘ ŮəˊŮűɟŬůɛɏɜŮɠ ɤɠ ˊɟɞɠ ŰɎůɖ ůŰɖ ɛɞɟűɐ     

V = f(I), ɔŮɔɞɜɧɠ ˊɞɡ ŭɘŮɡəɞɚɨɜŮɘ Űɖɜ ˊŮɟɘɔɟŬűɐ Űɤɜ ůŮɘɟɘŬəɎ ůɡɜŭŮŭŮɛɏɜɤɜ ůŰɞɘɢŮɑɤɜ ɛŮ 

Ɏɗɟɞɘůɖ Űɤɜ Ůˊɘɛɏɟɞɡɠ ŰɎůŮɤɜ. ȺɘŭɘəɎ ɔɘŬ Űɖ ŭɑɞŭɞ ŭɘŬűɡɔɐɠ ůŰɖ ůŰɞɘɢŮɘɞůŮɘɟɎ, ɏɔɘɜŮ Ůɘŭɘəɐ 

ɛŮɚɏŰɖ əŬɘ Ŭˊɚɞˊɞɑɖůɖ ůŰɖɜ ˊŬɟɎɔɟŬűɞ 3.1.2, ɩůŰŮ ɜŬ ɝŮˊŮɟŬůŰŮɑ Űɞ Ůɛˊɧŭɘɞ Űɖɠ ˊŬɟɎɚɚɖɚɖɠ 

ůɨɜŭŮůɐɠ Űɖɠ. ɄŬɟɧɚŬ ŬɡŰɎ, ůŮ ŮˊɑˊŮŭɞ ůɡůŰɞɘɢɑŬɠ, ůɡɜŭɏɞɜŰŬɘ ˊŬɟɎɚɚɖɚŬ ˊɞɚɚɞɑ əɚɎŭɞɘ 

əɎɗŮ ɏɜŬɠ Ŭˊɧ Űɞɡɠ ɞˊɞɑɞɡɠ ŭɘŬɗɏŰŮɘ ˊŮɟɑˊɚɞəɖ ŭɞɛɐ əŬɘ ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ ɛɘŬ Ůɝɑůɤůɖ (3.13) 

ˊɞɡ ŮɑɜŬɘ ŮəűɟŬůɛɏɜɖɠ ɤɠ ˊɟɞɠ ŰɎůɖ. 

ȹɖɚŬŭɐ, ɔɘŬ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ŬɜŬɚɡŰɘəɐ ŭɘŬŰɨˊɤůɖ ůŮ ŮˊɑˊŮŭɞ ůɡůŰɞɘɢɑŬɠ ɡˊɎɟɢŮɘ ɖ ŬɜɎɔəɖ 

ɔɘŬ ŭɘŬŰɡˊɩůŮɘɠ Űɖɠ ɛɞɟűɐɠ Istr-i = f(V) ɔɘŬ Űɘɠ ˊɚŬɘůɘɞůŮɘɟɏɠ, əɎŰɘ Űɞ ɞˊɞɑɞ ŭŮɜ ŮɑɜŬɘ ŭɡɜŬŰɧ 

ɚɧɔɤ Űɖɠ ˊɞɚɡˊɚɞəɧŰɖŰŬɠ Űɖɠ (3.13). ȰŰůɘ, ɡˊɎɟɢɞɡɜ ŭɨɞ Ůˊɘɚɞɔɏɠ: Ŭ) ŭɧɛɖůɖ Np+1 

ŬɜŮɝɎɟŰɖŰɤɜ ŮɝɘůɩůŮɤɜ ˊɞɡ ɚɨɜɞɜŰŬɘ ŬɟɘɗɛɖŰɘəɎ, əŬɘ ɓ) ɡˊɏɟɗŮůɖ əŬɛˊɡɚɩɜ ɧŰŬɜ ɞ ůŰɧɢɞɠ 

ŮɑɜŬɘ ɖ ˊŬɟŬɔɤɔɐ ɧɚɖɠ Űɖɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ I-V, ŭɘŬŰɖɟɩɜŰŬɠ ɏŰůɘ ŬɜŬɚɡŰɘəɐ ŭɘŬŰɨˊɤůɖ. 

Ŭ) ȷɟɘɗɛɖŰɘəɐ Ůˊɑɚɡůɖ Np+1 ŬɜŮɝɎɟŰɖŰɤɜ ŮɝɘůɩůŮɤɜ 

ɉɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ (3.13) ɔɘŬ əɎɗŮ ɛɑŬ Ŭˊɧ Űɘɠ ˊɚŬɘůɘɞůŮɘɟɏɠ əŬɘ Űɞɜ ɜɧɛɞ ɟŮɡɛɎŰɤɜ 

Kirchhoff, ˊɟɞəɨˊŰŮɘ Űɞ Ŭəɧɚɞɡɗɞ ůɨůŰɖɛŬ ŮɝɘůɩůŮɤɜ (3.15). ȹŮŭɞɛɏɜɞɡ ɧŰɘ ɞɘ Np ˊɟɩŰŮɠ 

ŮɝɘůɩůŮɘɠ ŮɑɜŬɘ ŬɜŮɝɎɟŰɖŰŮɠ ɛŮŰŬɝɨ Űɞɡɠ, ŮˊɘɚɨŮŰŬɘ ɝŮɢɤɟɘůŰɎ ɖ əɎɗŮ ɛɘŬ ɛŮ ŬɟɘɗɛɖŰɘəɐ 

ɛɏɗɞŭɞ ɔɘŬ ŭŮŭɞɛɏɜɖ ŰɎůɖ V, əŬɘ ɏˊŮɘŰŬ ŬɗɟɞɑɕɞɜŰŬɘ ŰŬ ůɡɜɘůŰɩɜŰŬ ɟŮɨɛŬŰŬ. ȰŰůɘ, Űɞ 

ůɨůŰɖɛŬ ŮɝɘůɩůŮɤɜ (3.15) ŭŮɜ ɏɢŮɘ ˊɞɚɚɏɠ ŭɘŬůŰɎůŮɘɠ Ůˊɑɚɡůɖɠ ŬɚɚɎ ɛɧɜɞ ɛɑŬ, ɔŮɔɞɜɧɠ ˊɞɡ 

ˊŮɟɘɞɟɑɕŮɘ ůɖɛŬɜŰɘəɎ Űɞɜ ɡˊɞɚɞɔɘůŰɘəɧ űɧɟŰɞ əŬɘ Űɘɠ ŭɡůəɞɚɑŮɠ ůɨɔəɚɘůɖɠ. 
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  (3.15) 

ũɘŬ Űɖɜ Ůˊɑɚɡůɖ Űɤɜ Ůɜ ɚɧɔɤ ŮɝɘůɩůŮɤɜ ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɞˊɞɘŬŭɐˊɞŰŮ ŬɟɘɗɛɖŰɘəɐ 

ɛɏɗɞŭɞɠ, ɧˊɤɠ ɖ Gauss-Newton [155] ɐ ˊŬɟŬɚɚŬɔɏɠ Űɖɠ. ɆŰɖɜ ˊɚŬŰűɧɟɛŬ MATLAB, ɖ ŮɜŰɞɚɐ 

fsolve ɡɚɞˊɞɘŮɑ Űɘɠ ŭɘɎűɞɟŮɠ Ůəŭɞɢɏɠ əŬɘ ŮˊŮəŰɎůŮɘɠ Űɞɡ ůɡɔəŮəɟɘɛɏɜɞɡ Ŭɚɔɞɟɑɗɛɞɡ. 

 
Ɇɢ. 3.8. ȹɞɛɘəɧ ŭɘɎɔɟŬɛɛŬ Űɡˊɘəɐɠ ūȸ ůɡůŰɞɘɢɑŬɠ ɛŮ Np = 3 ́ ŬɟɎɚɚɖɚɞɡɠ əɚɎŭɞɡɠ (ˊɚŬɘůɘɞůŮɘɟɏɠ). 
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3.1 - ɀɞɜŰŮɚɞˊɞɑɖůɖ ůŮ ɆɡɜɗɐəŮɠ ɆəɑŬůɖɠ 

74 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

ɀɞɚŬŰŬɨŰŬ, ůŰɖɜ ˊŬɟɞɨůŬ ɛŮɚɏŰɖ ŮˊɘɚɏɢɗɖəŮ ɖ ŮɜŰɞɚɐ fzero ˊɞɡ ŮɑɜŬɘ ŬˊɞŭɞŰɘəɧŰŮɟɖ Ŭˊɧ 

Űɖɜ ˊɟɞɖɔɞɨɛŮɜɖ, ŬɚɚɎ ŮűŬɟɛɧůɘɛɖ ɛɧɜɞ ɔɘŬ Űɖɜ Ůˊɑɚɡůɖ ɛɑŬɠ Ůɝɑůɤůɖɠ ɛŮ ɛɑŬ ɛŮŰŬɓɚɖŰɐ. 

ɓ) ɈˊɏɟɗŮůɖ əŬɛˊɡɚɩɜ 

ȳŰŬɜ ɞ ůəɞˊɧɠ Űɖɠ ŭɘŮɟŮɨɜɖůɖɠ ŮɑɜŬɘ ɖ ůɢŮŭɑŬůɖ ɞɚɧəɚɖɟɖɠ Űɖɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ I-V Űɖɠ 

ůɡůŰɞɘɢɑŬɠ, əŬɘ ɧɢɘ ɖ ŮɨɟŮůɖ ɛŮɛɞɜɤɛɏɜɤɜ ůɖɛŮɑɤɜ, ŰɧŰŮ ŮɑɜŬɘ ˊɟɞŰɘɛɖŰɏŬ ɖ Ŭəɧɚɞɡɗɖ 

ˊɟɞůɏɔɔɘůɖ. ȼ ŭɘŬŭɘəŬůɑŬ ˊŮɟɘɚŬɛɓɎɜŮɘ ˊɟɩŰŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ Ůˊɘɛɏɟɞɡɠ 

ɢŬɟŬəŰɖɟɘůŰɘəɩɜ əŬɛˊɡɚɩɜ Űɤɜ ūȸ ˊɚŬɘůɘɞůŮɘɟɩɜ ɛŮ Ůɡɗɨ Űɟɧˊɞ ɓɎůŮɘ Űɖɠ (3.13), 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬ əŬŰɎɚɚɖɚɞ ŭɘɎɜɡůɛŬ ɟŮɨɛŬŰɞɠ ɔɘŬ əɎɗŮ ˊŮɟɑˊŰɤůɖ. ɆŰɖ ůɡɜɏɢŮɘŬ, 

ŮˊɘɚɏɔŮŰŬɘ ɏɜŬ əɞɘɜɧ ŭɘɎɜɡůɛŬ ŰɎůɖɠ ɔɘŬ ɧɚŮɠ Űɘɠ ˊɚŬɘůɘɞůŮɘɟɏɠ əŬɘ ŮűŬɟɛɧɕŮŰŬɘ ɔɟŬɛɛɘəɐ 

ˊŬɟŮɛɓɞɚɐ ɩůŰŮ ɜŬ ˊŬɟŬɢɗŮɑ Űɞ ŬɜŰɑůŰɞɘɢɞ ŭɘɎɜɡůɛŬ ɟŮɨɛŬŰɞɠ ɔɘŬ əɎɗŮ ɛɑŬ. ȷəɞɚɞɨɗɤɠ, ŰŬ 

Ůˊɘɛɏɟɞɡɠ ŭɘŬɜɨůɛŬŰŬ ɟŮɡɛɎŰɤɜ ˊɟɞůŰɑɗŮŰŬɘ ˊɟɞɠ ˊŬɟŬɔɤɔɐ Űɞɡ ůɡɜɘůŰŬɛɏɜɞɡ ɟŮɨɛŬŰɞɠ Űɖɠ 

ůɡůŰɞɘɢɑŬɠ. 

ȼ ŬɜɤŰɏɟɤ ŭɘŬŭɘəŬůɑŬ ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ Ŭˊɚɐ ůŰɖɜ ŮűŬɟɛɞɔɐ əŬɘ ŭŮɜ ˊŮɟɘɚŬɛɓɎɜŮɘ 

ŮˊŬɜŬɚɖˊŰɘəɧ Ŭɚɔɧɟɘɗɛɞ ůɨɔəɚɘůɖɠ. ɀɎɚɘůŰŬ, ŭɘŬŰɖɟŮɑ Űɖ ɔɟŬɛɛɘəɐ ˊɞɚɡˊɚɞəɧŰɖŰŬ əŬɘ 

əɞůŰɑɕŮɘ ɡˊɞɚɞɔɘůŰɘəɎ ůŬɜ ɜŬ ŮɑɢŮ ŮˊɘŰŮɡɢɗŮɑ ŬɜŬɚɡŰɘəɐ ŭɘŬŰɨˊɤůɖ ɔɘŬ Űɖ ūȸ ůɡůŰɞɘɢɑŬ. ȳůɞɜ 

ŬűɞɟɎ ůŰɖɜ ŬəɟɑɓŮɘŬ, ɖ ɔɟŬɛɛɘəɐ ˊŬɟŮɛɓɞɚɐ ˊɞɡ ŮűŬɟɛɧɕŮŰŬɘ ŭŮɜ ŮɘůɎɔŮɘ Ŭɝɘɧɚɞɔɞ ůűɎɚɛŬ 

ˊɟŬəŰɘəɐɠ ůɖɛŬůɑŬɠ, ŭŮŭɞɛɏɜɞɡ ɧŰɘ ɖ əɎɗŮ ɢŬɟŬəŰɖɟɘůŰɘəɐ ɏɢŮɘ ɡˊɞɚɞɔɘůɗŮɑ ůŮ ɘəŬɜɞˊɞɘɖŰɘəɧ 

Ŭɟɘɗɛɧ ůɖɛŮɑɤɜ (ŰɞɡɚɎɢɘůŰɞɜ əɎˊɞɘŮɠ ŭŮəɎŭŮɠ), ɧˊɤɠ ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ ůŰɖ ůɡɜɏɢŮɘŬ. 

3.1.6 ɫʑɾʆʍʅʐʅʆʙ ɻʉʗʇʑʎʂ ʐʂʏ ʎʑʈɼɻʐʅʆʙʏ ʆɻʅ ʐʂʏ ɻʉɻʇʑʐʅʆʙʏ 

ʌʍʋʎʘɾɾʅʎʂʏ 

ɆɨɛűɤɜŬ ɛŮ Űɖɜ ŬɜɎɚɡůɖ Űɤɜ ˊɟɞɖɔɞɨɛŮɜɤɜ ˊŬɟŬɔɟɎűɤɜ, ɡˊɎɟɢɞɡɜ ŭɨɞ ŮɜŬɚɚŬəŰɘəɏɠ 

ˊɟɞůŮɔɔɑůŮɘɠ ůŰɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ Ůɜɧɠ ūȸ ůɡůŰɐɛŬŰɞɠ ůŮ ůɡɜɗɐəŮɠ Ŭɜɞɛɞɘɧɛɞɟűɖɠ 

ɚŮɘŰɞɡɟɔɑŬɠ, əŬɘ ŭɖ ůəɑŬůɖɠ: Űɞ ůɡɛɓŬŰɘəɧ ɛɞɜŰɏɚɞ ˊɞɡ ůɢɖɛŬŰɑɕŮɘ ɏɜŬ ɛŮɔɎɚɞ ůɨůŰɖɛŬ 

ŮɝɘůɩůŮɤɜ, əŬɘ Űɞ ˊɟɞŰŮɘɜɧɛŮɜɞ ŬɜŬɚɡŰɘəɧ ɛɞɜŰɏɚɞ ˊɞɡ ŮˊɘɚɨŮŰŬɘ ɛŮ Ůɡɗɨ Űɟɧˊɞ ɛɏɢɟɘ əŬɘ Űɖɜ 

ˊɚŬɘůɘɞůŮɘɟɎ.  

ɇɞ ůɡɛɓŬŰɘəɧ ɛɞɜŰɏɚɞ ůɡɜɑůŰŬŰŬɘ ɞɡůɘŬůŰɘəɎ ůŰɞ ůɨůŰɖɛŬ ŮɝɘůɩůŮɤɜ (3.14) ˊɞɡ 

ŮɜůɤɛŬŰɩɜŮɘ ŬɜŬŭɟɞɛɘəɎ Űɘɠ ŮɝɘůɩůŮɘɠ ˊɞɡ ˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ ůŰŬ: (3.12), (3.10), (3.5) əŬɘ 

(3.1). ɄŮɟɘɔɟɎűŮɘ ɛŮ Űɖ ɛɏɔɘůŰɖ ŭɡɜŬŰɐ ŬəɟɑɓŮɘŬ Űɞ ūȸ ůɨůŰɖɛŬ, əŬɗɩɠ ŭŮ ŭŮůɛŮɨŮŰŬɘ Ŭˊɧ 

ˊŮɟɘɞɟɘůɛɞɨɠ ˊɞɚɡˊɚɞəɧŰɖŰŬɠ, əŬɘ ɏŰůɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰɎ Űɞɡ ɚŬɛɓɎɜɞɜŰŬɘ ɤɠ ɓɎůɖ 

ůɨɔəɟɘůɖɠ Űɖɠ ŬəɟɑɓŮɘŬɠ Űɞɡ ŬɜŬɚɡŰɘəɞɨ ɛɞɜŰɏɚɞɡ. ɇɞ ɛŮɘɞɜɏəŰɖɛɎ Űɞɡ ŮɑɜŬɘ Űɞ ɛɏɔŮɗɞɠ Űɞɡ 

ůɡůŰɐɛŬŰɞɠ ŮɝɘůɩůŮɤɜ, Űɞ ɞˊɞɑɞ ɔɑɜŮŰŬɘ ɘŭɘŬɑŰŮɟŬ ɛŮɔɎɚɞ ɔɘŬ ŬɜɎɚɡůɖ ɛɏɢɟɘ Űɞ ŮˊɑˊŮŭɞ Űɖɠ 

əɡɣɏɚɖɠ, əŬɘ əŬɗɑůŰŬŰŬɘ ůɡɢɜɎ ŭɨůəɞɚŬ Ůˊɘɚɨůɘɛɞ. ȷˊŬɘŰŮɑ ŮűŬɟɛɞɔɐ ŬɟɘɗɛɖŰɘəɞɨ 

Ŭɚɔɞɟɑɗɛɞɡ, ɧˊɤɠ ɞ Gauss-Newton ɐ ˊŬɟŬɚɚŬɔɩɜ Űɞɡ. ũɘŬ Űɖɜ ŮɝŬɔɤɔɐ Űɤɜ Ŭəɧɚɞɡɗɤɜ 

ŬˊɞŰŮɚŮůɛɎŰɤɜ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɖ ŮɜŰɞɚɐ fsolve Űɖɠ ɡˊɞɚɞɔɘůŰɘəɐɠ ˊɚŬŰűɧɟɛŬɠ MATLAB 

ɛŮ ɏɝɡˊɜɖ Ŭɟɢɘəɞˊɞɑɖůɖ əŬɘ ˊɟɞ-ŰɟɞűɞŭɧŰɖůɖ Űɞɡ ȽŬəɤɓɘŬɜɞɨ ˊɑɜŬəŬ. 

ɇɞ ŬɜŬɚɡŰɘəɧ ɛɞɜŰɏɚɞ ŮɑɜŬɘ ŬˊɞŭɞŰɘəɧŰŮɟɞ əŬɘ ɔɟɖɔɞɟɧŰŮɟɞ ůŰɖɜ ŮűŬɟɛɞɔɐ, ɢɤɟɑɠ 

ŭɡůəɞɚɑŮɠ Ŭɟɢɘəɞˊɞɑɖůɖɠ əŬɘ ˊɟɞɓɚɐɛŬŰŬ ůɨɔəɚɘůɖɠ ɐ ɞɚɞəɚɐɟɤůɖɠ. ɇɞ ɛŮɔŬɚɨŰŮɟɞ ɧɛɤɠ 

ˊɟɞŰɏɟɖɛŬ Űɞɡ ŮɑɜŬɘ ɞ ɜŰŮŰŮɟɛɘɜɘůɛɧɠ əŬɘ ɖ ůɘɔɞɡɟɘɎ ůŰɞ ɢɟɧɜɞ ŮəŰɏɚŮůɖɠ: ŭŮɜ ɡˊɎɟɢŮɘ 

ˊɘɗŬɜɧŰɖŰŬ ɜŬ ŬˊɞŰɨɢŮɘ əŬɘ Űɞ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ ɞɚɞəɚɐɟɤůɖɠ ŮɑɜŬɘ ůŰŬɗŮɟɧ əŬɘ Ŭˊɧ ˊɟɘɜ 

ɔɜɤůŰɧ. ȼ ŰŮɚŮɡŰŬɑŬ ɘŭɘɧŰɖŰŬ Űɖɜ əŬɗɘůŰɎ ɘŭŬɜɘəɐ ɔɘŬ ŮɜůɤɛɎŰɤůɖ ůŮ ˊɚɐɗɞɠ ŮűŬɟɛɞɔɩɜ ˊɞɡ 

ůɢŮŰɑɕɞɜŰŬɘ ɛŮ ɚɞɔɘůɛɘəɎ ɛŮɚɏŰɖɠ əŬɘ ŮɔəŬŰɎůŰŬůɖɠ ūȸ ůŰŬɗɛɩɜ, ŬɚɚɎ əŬɘ ɛŮ ŮɟŮɡɜɖŰɘəɐ 
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ɀˊŬŰɕɏɚɖɠ ȺɡůŰɟɎŰɘɞɠ 75 

ŭɟŬůŰɖɟɘɧŰɖŰŬ. Ƀ ůɡɛɓɘɓŬůɛɧɠ ůŰɖɜ ŬəɟɑɓŮɘŬ ŮɑɜŬɘ ŬɛŮɚɖŰɏɞɠ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰŬ ŬəɧɚɞɡɗŬ 

ŭɘŬɔɟɎɛɛŬŰŬ. 

χȢυȢϊȢɚ ɫʞɾʆʍʅʎʂ ʑʌʋʇʋɾʅʎʐʅʆʋʞ ʆʝʎʐʋʑʏ 

ɆŰɞɜ ˊɑɜŬəŬ Ʉ. 3.1, əŬŰŬɔɟɎűŮŰŬɘ Űɞ ɡˊɞɚɞɔɘůŰɘəɧ əɧůŰɞɠ Űɤɜ ŭɨɞ ˊɟɞůŮɔɔɑůŮɤɜ ɤɠ ˊɟɞɠ 

Űɞ ˊɚɐɗɞɠ Űɤɜ ŮɝɘůɩůŮɤɜ əŬɘ Űɞ ɢɟɧɜɞ ŮəŰɏɚŮůɖɠ. ɇɞ ūȸ ůɨůŰɖɛŬ ˊɞɡ ɛŮɚŮŰɎŰŬɘ ɏɢŮɘ Űɖ ŭɞɛɐ 

Űɞɡ ˊŬɟŬŭŮɑɔɛŬŰɞɠ Űɖɠ ˊŬɟɞɨůŬɠ ŮɜɧŰɖŰŬɠ, ŬɚɚɎ əɎɗŮ ůŰɐɚɖ ŬɜŰɘůŰɞɘɢŮɑ ůŮ ŭɘŬűɞɟŮŰɘəɐ 

ŭɘɎŰŬɝɖ (ˊ.ɢ. ɖ ˊɟɩŰɖ ůŰɐɚɖ ŬűɞɟɎ ɛɑŬ ɛɧɜɞ əɡɣɏɚɖ, ɖ ŭŮɨŰŮɟɖ ůŰɐɚɖ ɛɑŬ ůŰɞɘɢŮɘɞůŮɘɟɎ ɛŮ 

16 əɡɣɏɚŮɠ əɚˊ.), Ůɜɩ ɖ ŬɜɎɚɡůɖ ɔɑɜŮŰŬɘ ˊɎɜŰŬ ɗŮɤɟɩɜŰŬɠ ɤɠ ɛɘəɟɧŰŮɟɖ ŭɞɛɘəɐ ɛɞɜɎŭŬ Űɖ 

ūȸ əɡɣɏɚɖ. ȾɎɗŮ ˊŮɟɑˊŰɤůɖ ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ ɛɏůɞ ɧɟɞ 10 ůŮɜŬɟɑɤɜ ŰɡɢŬɑŬɠ əŬŰŬɜɞɛɐɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ůəɞˊɧɠ Űɞɡ əɎɗŮ ůŮɜŬɟɑɞɡ ŮɑɜŬɘ ɖ ˊŬɟŬɔɤɔɐɠ Űɖɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ I-V ůŮ 

100 ůɖɛŮɑŬ. ȳɚŮɠ ɞɘ ˊɟɞůɞɛɞɘɩůŮɘɠ ɏɔɘɜŬɜ ůŮ ȼ/Ɉ ɛŮ 3.4 GHz CPU əŬɘ 4.0 GB RAM. 

ȺůŰɘɎɕɞɜŰŬɠ ůŰɞ ˊɚɐɗɞɠ Űɤɜ ŮɝɘůɩůŮɤɜ, ŬɜŬɛŮɜɧɛŮɜŬ Űɞ ůɡɛɓŬŰɘəɧ ɛɞɜŰɏɚɞ ŬˊŬɘŰŮɑ Űɖɜ 

ŬɟɘɗɛɖŰɘəɐ Ůˊɑɚɡůɖ Ůɜɧɠ ɛŮɔɎɚɞɡ ˊɚɐɗɞɡɠ ŮɝɘůɩůŮɤɜ ˊɞɡ ŬɡɝɎɜŮŰŬɘ ŬɜɎɚɞɔŬ ɛŮ Űɞ ɛɏɔŮɗɞɠ 

Űɞɡ ůɡůŰɐɛŬŰɞɠ (Ʉ. 3.1). ȷɜŰɑɗŮŰŬ, Űɞ ŬɜŬɚɡŰɘəɧ ɛɞɜŰɏɚɞ ŭɘŬŰɡˊɩɜŮɘ ɛɑŬ ɛɞɜɎɢŬ Ůɝɑůɤůɖ ˊɞɡ 

ŮˊɘɚɨŮŰŬɘ ŬɜŬɚɡŰɘəɎ ɔɘŬ ɧɚŮɠ Űɘɠ ūȸ ŭɘŬŰɎɝŮɘɠ ɛɏɢɟɘ əŬɘ Űɖ ˊɚŬɘůɘɞůŮɘɟɎ. ȳɛɤɠ, ŬəɧɛŬ əŬɘ 

ɔɘŬ Űɞ ŮˊɑˊŮŭɞ Űɖɠ ūȸ ůɡůŰɞɘɢɑŬɠ, ŮűŬɟɛɧɕŮŰŬɘ ɖ ɡˊɏɟɗŮůɖ əŬɛˊɡɚɩɜ ˊɞɡ ˊŮɟɘɔɟɎűŮŰŬɘ ůŰɖɜ 

ˊɟɞɖɔɞɨɛŮɜɖ ˊŬɟɎɔɟŬűɞ (əŬɗɩɠ ɕɖŰŮɑŰŬɘ ɞ ˊɟɞůŭɘɞɟɘůɛɧɠ ɞɚɧəɚɖɟɖɠ Űɖɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ), 

ŬˊŬɘŰɩɜŰŬɠ ɏŰůɘ Űɖɜ ŬɜŬɚɡŰɘəɐ Ůˊɑɚɡůɖ 3 ŮɝɘůɩůŮɤɜ ï ɛɑŬ ɔɘŬ əɎɗŮ ˊɚŬɘůɘɞůŮɘɟɎ. 

ɆɡɜŮˊɩɠ, ɞ ɢɟɧɜɞɠ ŮəŰɏɚŮůɖɠ Űɞɡ ůɡɛɓŬŰɘəɞɨ ɛɞɜŰɏɚɞɡ ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ ɛɑŬɠ 

ɢŬɟŬəŰɖɟɘůŰɘəɐɠ əɡɛŬɑɜŮŰŬɘ Ŭˊɧ 1/4 Űɞɡ ŭŮɡŰŮɟɞɚɏˊŰɞɡ ɔɘŬ Űɖɜ əɡɣɏɚɖ ɛɏɢɟɘ əŬɘ ŰŬ 3/4 Űɞɡ 

ɚŮˊŰɞɨ ɔɘŬ Űɖ ůɡůŰɞɘɢɑŬ Űɟɘɩɜ ˊɚŬɘůɘɞůŮɘɟɩɜ. ȷɜŰɑɗŮŰŬ, ɖ ŬɜŬɚɡŰɘəɐ ˊɟɞůɏɔɔɘůɖ ŬˊŬɘŰŮɑ ɚɑɔŬ 

ms ɔɘŬ ɧɚŮɠ Űɘɠ ūȸ ŭɘŬŰɎɝŮɘɠ. Ƀ ɚɧɔɞɠ Űɞɡ ɢɟɧɜɞɡ ŮəŰɏɚŮůɖɠ Űɞɡ ůɡɛɓŬŰɘəɞɨ ɛɞɜŰɏɚɞɡ ɤɠ ˊɟɞɠ 

Űɞɡ ŬɜŬɚɡŰɘəɞɨ ɔɘŬ əɎɗŮ ˊŮɟɑˊŰɤůɖ ŭɑɜŮŰŬɘ ůŰɖɜ ŰŮɚŮɡŰŬɑŬ ɔɟŬɛɛɐ Űɞɡ ˊɑɜŬəŬ Ʉ. 3.1. 

ȷɜŬɛŮɜɧɛŮɜŬ, ɧůɞ ɛŮɔŬɚɩɜŮɘ Űɞ ɛɏɔŮɗɞɠ Űɖɠ ūȸ ŭɘɎŰŬɝɖɠ ɖ ŭɘŬűɞɟɎ ɔɑɜŮŰŬɘ ˊŮɟɘůůɧŰŮɟɞ 

ɏɜŰɞɜɖ, ɝŮˊŮɟɜɩɜŰŬɠ Űɘɠ 200 űɞɟɏɠ ɔɟɖɔɞɟɧŰŮɟɖ ŮəŰɏɚŮůɖ ɔɘŬ Űɖɜ ɡˊɧ ɛŮɚɏŰɖ ūȸ ůɡůŰɞɘɢɑŬ. 

ɄŮɟŬɘŰɏɟɤ ŭɘŮɟŮɨɜɖůɖ Űɞɡ əɏɟŭɞɡɠ ůŰɞ ɡˊɞɚɞɔɘůŰɘəɧ əɧůŰɞɠ ɔɑɜŮŰŬɘ ůŰɞ ŭɘɎɔɟŬɛɛŬ Űɞɡ Ɇɢ. 

3.9, ɧˊɞɡ ɞ ɚɧɔɞɠ Űɤɜ ɢɟɧɜɤɜ ŮəŰɏɚŮůɖɠ Űɤɜ ŭɨɞ ɛŮɗɧŭɤɜ ůɢŮŭɘɎɕŮŰŬɘ ɔɘŬ ɛɑŬ ūȸ 

ˊɚŬɘůɘɞůŮɘɟɎ, ůɡɜŬɟŰɐůŮɘ Űɞɡ ˊɚɐɗɞɡɠ Űɤɜ əɡɣŮɚɩɜ Ŭˊɧ Űɖɜ ɞˊɞɑŬ ŬˊɞŰŮɚŮɑŰŬɘ. ȺɑɜŬɘ 

ŮɛűŬɜɏɠ ɧŰɘ ɧůɞ ŬɡɝɎɜŮɘ Űɞ ɛɏɔŮɗɞɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ, ɛŮɔŬɚɩɜŮɘ ɞ ɚɧɔɞɠ ɛŮ ɟɡɗɛɧ 

ˊɞɚɡɤɜɡɛɘəɧ. ũɘŬ ɛɑŬ ˊɚŬɘůɘɞůŮɘɟɎ ɛɘəɟɞɨ ɛŮɔɏɗɞɡɠ ɛŮ 500 ï 600 əɡɣɏɚŮɠ , ɧˊɤɠ ŬɡŰɐ ˊɞɡ 

ɛŮɚŮŰɎŰŬɘ ůŰɖɜ ˊŬɟɞɨůŬ ŮɜɧŰɖŰŬ, Űɞ əɏɟŭɞɠ ŮɑɜŬɘ ˊŮɟɑˊɞɡ 100 űɞɟɏɠ, Ůɜɩ ɔɘŬ ɛɘŬ ɛŮɔŬɚɨŰŮɟɖ 

ˊɚŬɘůɘɞůŮɘɟɎ ɝŮˊŮɟɜɎ Űɞ 200. 

ɄŬɟɧɛɞɘŬ ŬɜɎɚɡůɖ ɔɑɜŮŰŬɘ ůŰɞ Ɇɢ. 3.10 ɔɘŬ Űɖ ūȸ ůɡůŰɞɘɢɑŬ, ɧˊɞɡ ŬɜŰɘˊŬɟŬɓɎɚɚŮŰŬɘ ɞ 

Ʉ. 3.1. Ɇɨɔəɟɘůɖ ɡˊɞɚɞɔɘůŰɘəɞɨ əɧůŰɞɡɠ ůɡɛɓŬŰɘəɞɨ əŬɘ ŬɜŬɚɡŰɘəɞɨ ɛɞɜŰɏɚɞɡ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ Űɖɠ 

ɢŬɟŬəŰɖɟɘůŰɘəɐɠ I-V (100 ůɖɛŮɑɤɜ) ŭɘŬűɧɟɤɜ ūȸ ŭɘŬŰɎɝŮɤɜ ůŮ ůɡɜɗɐəŮɠ Ŭɜɞɛɞɘɧɛɞɟűɖɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ. 

ȾɧůŰɞɠ ɀɞɜŰɏɚɞ Ⱦɡɣɏɚɖ 
ɆŰɞɘɢŮɘɞůŮɘɟɎ ɄɚŬɑůɘɞ ɄɚŬɘůɘɞůŮɘɟɎ ɆɡůŰɞɘɢɑŬ 

16 əɡɣɏɚŮɠ 48 əɡɣɏɚŮɠ 576 əɡɣɏɚŮɠ 1728 əɡɣɏɚŮɠ 

ȺɝɘůɩůŮɘɠ 
ɆɡɛɓŬŰɘəɧ 1 20 61 733 2 200 

ȷɜŬɚɡŰɘəɧ 1 1 1 1 3 

ɉɟɧɜɞɠ (ms) 
ɆɡɛɓŬŰɘəɧ 276.6 465.7 637.1 6 647.5 43 286.0 

ȷɜŬɚɡŰɘəɧ 7.9 10.1 13.4 63.9 184.6 

ȿɧɔɞɠ ɢɟɧɜɤɜ ŮəŰɏɚŮůɖɠ 35 46 47 104 235 
 



3.1 - ɀɞɜŰŮɚɞˊɞɑɖůɖ ůŮ ɆɡɜɗɐəŮɠ ɆəɑŬůɖɠ 

76 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

ɢɟɧɜɞɠ ŮəŰɏɚŮůɖɠ Űɖɠ ůɡɛɓŬŰɘəɐɠ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ (ɛˊɚŮ ɢɟɩɛŬ) əŬɘ Űɞɡ ŬɜŬɚɡŰɘəɞɨ ɛɞɜŰɏɚɞɡ 

ɛŮ Űɘɠ ŭɨɞ ŮɜŬɚɚŬəŰɘəɏɠ ŮűŬɟɛɞɔɏɠ: ŮˊŬɜŬɚɖˊŰɘəɐ Ůˊɑɚɡůɖ ŬɜŮɝɎɟŰɖŰɤɜ ŮɝɘůɩůŮɤɜ (ˊɟɎůɘɜɞ 

ɢɟɩɛŬ) əŬɘ ɡˊɏɟɗŮůɖ əŬɛˊɡɚɩɜ (əɧəəɘɜɞ ɢɟɩɛŬ). ũɘŬ əɎɗŮ ůŮɜɎɟɘɞ əŬŰŬɔɟɎűŮŰŬɘ ɞ ɢɟɧɜɞɠ 

ˊɟɞůɞɛɞɑɤůɖɠ ɞɚɧəɚɖɟɖɠ Űɖɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ I-V ůŮ 100 ůɖɛŮɑŬ, ɗŮɤɟɩɜŰŬɠ ˊɚŬɘůɘɞůŮɘɟɏɠ 

Űɤɜ 20 ˊɚŬɘůɑɤɜ (960 əɡɣɏɚŮɠ). ũɘŬ ŮɡəɞɚɑŬ ůɨɔəɟɘůɖɠ, ɞɘ ɢɟɧɜɞɘ ŮəŰɏɚŮůɖɠ ŮɑɜŬɘ 

əŬɜɞɜɘəɞˊɞɘɖɛɏɜɞɘ ɤɠ ˊɟɞɠ Űɞɜ ɢɟɧɜɞ ŮűŬɟɛɞɔɐɠ Űɞɡ ŬɜŬɚɡŰɘəɞɨ ɛɞɜŰɏɚɞɡ ɔɘŬ ɛɑŬ 

ˊɚŬɘůɘɞůŮɘɟɎ. 

ȷɜŬɛŮɜɧɛŮɜŬ, Űɞ ůɡɛɓŬŰɘəɧ ɛɞɜŰɏɚɞ (ɛˊɚŮ ɔɟŬɛɛɐ) ˊŬɟɞɡůɘɎɕŮɘ ɏɜŰɞɜɖ Ŭɨɝɖůɖ Űɞɡ 

ɡˊɞɚɞɔɘůŰɘəɞɨ űɧɟŰɞɡ ɛŮ Űɞ ɛɏɔŮɗɞɠ Űɖɠ ůɡůŰɞɘɢɑŬɠ, ɛɎɚɚɞɜ ˊɞɚɡɤɜɡɛɘəɐɠ űɨůŮɤɠ, 

ŭŮŭɞɛɏɜɞɡ ɧŰɘ Űɞ ůɨůŰɖɛŬ ŮɝɘůɩůŮɤɜ ˊɞɡ ˊɟɞəɨˊŰŮɘ ŰŮɑɜŮɘ ɜŬ ɔɑɜŮɘ ŬˊŬɔɞɟŮɡŰɘəɎ ɛŮɔɎɚɞ əŬɘ 

ŭɡůŮˊɑɚɡŰɞ. ȷɜŰɑɗŮŰŬ, Űɞ ɡˊɞɚɞɔɘůŰɘəɧ əɧůŰɞɠ Űɖɠ ɡˊɏɟɗŮůɖɠ əŬɛˊɡɚɩɜ (əɧəəɘɜɖ ɔɟŬɛɛɐ) 

ˊŬɟɞɡůɘɎɕŮɘ əŬɗŬɟɎ ŬɜŬɚɞɔɘəɐ ŮɝɎɟŰɖůɖ ɛŮ Űɞ ˊɚɐɗɞɠ Űɤɜ ˊɚŬɘůɘɞůŮɘɟɩɜ (ˊɚŬɑůɘɞ ŮůŰɑŬůɖɠ 

ůŰɞ Ɇɢ. 3.10). ȺɜŭŮɘəŰɘəɎ, ɔɘŬ 8 ˊɚŬɘůɘɞůŮɘɟɏɠ ŬˊŬɘŰŮɑ ɞɢŰŬˊɚɎůɘɞ ɢɟɧɜɞ ŮəŰɏɚŮůɖɠ Ůɜ 

 
Ɇɢ. 3.9. ȿɧɔɞɠ ɢɟɧɜɤɜ ŮəŰɏɚŮůɖɠ Űɞɡ ůɡɛɓŬŰɘəɞɨ ɤɠ ˊɟɞ Űɞ ŬɜŬɚɡŰɘəɧ ɛɞɜŰɏɚɞ ɔɘŬ ɛɘŬ ūȸ 

ˊɚŬɘůɘɞůŮɘɟɎ, ɤɠ ůɡɜɎɟŰɖůɖ Űɞɡ ˊɚɐɗɞɡɠ Űɤɜ əɡɣŮɚɩɜ. 

 
Ɇɢ. 3.10. ɉɟɧɜɞɘ ŮəŰɏɚŮůɖɠ Űɞɡ ůɡɛɓŬŰɘəɞɨ əŬɘ Űɤɜ ŭɨɞ ŮɜŬɚɚŬəŰɘəɩɜ ɡɚɞˊɞɘɐůŮɤɜ Űɞɡ ŬɜŬɚɡŰɘəɞɨ 

ɛɞɜŰɏɚɞɡ ɔɘŬ ɛɑŬ ūȸ ůɡůŰɞɘɢɑŬ ɤɠ ˊɟɞɠ Űɞ ˊɚɐɗɞɠ Űɤɜ ˊɚŬɘůɘɞůŮɘɟɩɜ. Ƀɘ ɢɟɧɜɞɘ ŮəŰɏɚŮůɖɠ ŮɑɜŬɘ 

əŬɜɞɜɘəɞˊɞɘɖɛɏɜɞɘ ˊɟɞɠ Űɞɜ ɢɟɧɜɞ ŮəŰɏɚŮůɖɠ Űɞɡ ŬɜŬɚɡŰɘəɞɨ ɛɞɜŰɏɚɞɡ ɔɘŬ ɛɘŬ ˊɚŬɘůɘɞůŮɘɟɎ. 



ȾȺūȷȿȷȽɃ 3 - ȷɜɎɚɡůɖ əŬɘ ɀɞɜŰŮɚɞˊɞɑɖůɖ ūȸ ɆɡůŰɖɛɎŰɤɜ ůŮ ɆɡɜɗɐəŮɠ ɆəɑŬůɖɠ 

 

ɀˊŬŰɕɏɚɖɠ ȺɡůŰɟɎŰɘɞɠ 77 

ůɡɔəɟɑůŮɘ ɛŮ Űɞ ɢɟɧɜɞ ŬɜŬűɞɟɎɠ ɛɑŬɠ ˊɚŬɘůɘɞůŮɘɟɎɠ, ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɞ ůɡɛɓŬŰɘəɧ ɛɞɜŰɏɚɞ 

ˊɞɡ ˊŬɟɞɡůɘɎɕŮɘ 15000 űɞɟɏɠ ɡɣɖɚɧŰŮɟɞ ɡˊɞɚɞɔɘůŰɘəɧ əɧůŰɞɠ. ȼ ˊɟɞůɏɔɔɘůɖ Űɖɠ Ůˊɑɚɡůɖɠ 

ŬɜŮɝɎɟŰɖŰɤɜ ŮɝɘůɩůŮɤɜ Űɞɡ ŬɜŬɚɡŰɘəɞɨ ɛɞɜŰɏɚɞɡ (ˊɟɎůɘɜɖ ɔɟŬɛɛɐ) ŬˊŬɘŰŮɑ ŮɜŭɘɎɛŮůɞ 

ɡˊɞɚɞɔɘůŰɘəɧ əɧůŰɞɠ, ŭɘŬŰɖɟɩɜŰŬɠ ɧɛɤɠ Űɖ ɔɟŬɛɛɘəɐ ŮɝɎɟŰɖůɖ ɛŮ Űɞ ˊɚɐɗɞɠ Űɤɜ 

ˊɚŬɘůɘɞůŮɘɟɩɜ. 

χȢυȢϊȢɛ ɫʞɾʆʍʅʎʂ ɻʆʍʚɼʀʅɻʏ 

ũɘŬ Űɖ ŭɘŬŰɨˊɤůɖ Űɞɡ ŬɜŬɚɡŰɘəɞɨ ɛɞɜŰɏɚɞɡ ɏɢɞɡɜ ɔɑɜŮɘ ŭɨɞ əɨɟɘŮɠ ˊŬɟŮɛɓɎůŮɘɠ/ 

ŬˊɚɞˊɞɘɐůŮɘɠ: ůŰɖ ɗŮɛŮɚɘɩŭɖ Ůɝɑůɤůɖ Űɖɠ ūȸ əɡɣɏɚɖɠ (3.1) ɩůŰŮ ɜŬ ˊɟɞəɨɣŮɘ ɖ ŬɜŬɚɡŰɘəɐ 

(3.4), əŬɘ ůŰɖɜ Ůɝɑůɤůɖ Űɖɠ ūȸ ůŰɞɘɢŮɘɞůŮɘɟɎɠ ɩůŰŮ ɜŬ ɛɞɜŰŮɚɞˊɞɘɖɗŮɑ ɖ ŭɑɞŭɞɠ ŭɘŬűɡɔɐɠ 

(3.9). ȼ ˊɟɩŰɖ ˊŬɟɏɛɓŬůɖ ŭŮɜ ŮɘůɎɔŮɘ ɛŮŰɟɐůɘɛɞ ůűɎɚɛŬ, əŬɗɩɠ ɞɘ ŮűŬɟɛɞɔɐ Űɤɜ ŭɨɞ 

ŮɝɘůɩůŮɤɜ (3.1) əŬɘ (3.4) ˊŬɟɎɔŮɘ ˊŬɜɞɛɞɘɧŰɡˊŮɠ əŬɛˊɨɚŮɠ ɛŮ ŭɘŬűɞɟɞˊɞɑɖůɖ ˊɎɜŰŬ 

ɛɘəɟɧŰŮɟɖ Űɞɡ 0.1%.  

ȳůɞɜ ŬűɞɟɎ Űɖ ūȸ ůŰɞɘɢŮɘɞůŮɘɟɎ, ɖ Ŭˊɚɞˊɞɑɖůɖ Űɞɡ ŬɜŬɚɡŰɘəɞɨ ɛɞɜŰɏɚɞɡ ˊɟɞɝŮɜŮɑ 

ŬɜŮˊŬɑůɗɖŰɖ ŬɜŬəɟɑɓŮɘŬ ůŰɖɜ ˊŮɟɘɞɢɐ Ŭɔɤɔɐɠ Űɖɠ ŭɘɧŭɞɡ ŭɘŬűɡɔɐɠ ɔɘŬ ɏɜŰɞɜŬ ŬəɟŬɑŬ ůŮɜɎɟɘŬ 

ůəɑŬůɖɠ. ȰɜŬ ŰɏŰɞɘɞ ůŮɜɎɟɘɞ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ Ɇɢ. 3.11, ɧˊɞɡ űŬɑɜŮŰŬɘ ɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ I-V 

ɛɘŬɠ ūȸ ůŰɞɘɢŮɘɞůŮɘɟɎɠ ˊɞɡ ůəɘɎɕŮŰŬɘ ɛɧɜɞ əŬŰɎ 1 əɡɣɏɚɖ Ŭˊɧ Űɘɠ 16 ůŮ ɏɜŰŬůɖ 10% Űɖɠ 

əŬɜɞɜɘəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ. ȺɑɜŬɘ ŮɛűŬɜɐɠ ɖ ůɨɔəɚɘůɖ Űɤɜ ŭɨɞ ɛɞɜŰɏɚɤɜ ůŮ ɧɚɞ Űɞ Ůɨɟɞɠ Űɖɠ 

ɢŬɟŬəŰɖɟɘůŰɘəɐɠ, ŮəŰɧɠ Ŭˊɧ Űɖɜ ˊŮɟɘɞɢɐ Ŭɔɤɔɐɠ Űɖɠ ŭɘɧŭɞɡ ŭɘŬűɡɔɐɠ. ȳˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ 

ˊɚŬɑůɘɞ ŮůŰɑŬůɖɠ Űɞɡ Ɇɢ. 3.11, ɖ ŬɜŬɚɡŰɘəɐ ˊɟɞůɏɔɔɘůɖ (əɧəəɘɜɖ ŭɘŬəŮəɞɛɛɏɜɖ ɔɟŬɛɛɐ) 

ŬˊɞəɚɑɜŮɘ ŮɚŬűɟɩɠ Ŭˊɧ Űɖ ůɡɛɓŬŰɘəɐ ɛɏɗɞŭɞ (ɛˊɚŮ ůɡɜŮɢɧɛŮɜɖ ɔɟŬɛɛɐ) ůŰɖɜ Ůɜ ɚɧɔɤ ˊŮɟɘɞɢɐ 

ɚŮɘŰɞɡɟɔɑŬɠ. ɄŬɟɧɚŬ ŬɡŰɎ, ɖ Ůɜ ɚɧɔɤ ŭɘŬűɞɟɞˊɞɑɖůɖ ŭŮɜ ɏɢŮɘ ˊɟŬəŰɘəɐ ůɖɛŬůɑŬ, əŬɗɩɠ 

ŬűɞɟɎ ŰɞˊɘəɎ ŮɚɎɢɘůŰŬ əŬɘ ɧɢɘ ɛɏɔɘůŰŬ ůŰɖɜ əŬɛˊɨɚɖ P-V. 

ɆɡɜŮˊɩɠ, ɓɎůŮɘ Űɖɠ ˊɟɞŬɜŬűŮɟɗŮɑůŬɠ ŬɜɎɚɡůɖɠ, Űɞ ˊɟɞŰŮɘɜɧɛŮɜɞ ŬɜŬɚɡŰɘəɧ ɛɞɜŰɏɚɞ 

ˊɚŮɞɜŮəŰŮɑ ůɖɛŬɜŰɘəɎ ůŮ ůɨɔəɟɘůɖ ɛŮ Űɖ ůɡɛɓŬŰɘəɐ ŭɧɛɖůɖ ůɡůŰɐɛŬŰɞɠ ŮɝɘůɩůŮɤɜ ɤɠ ˊɟɞɠ 

Űɖɜ ɡˊɞɚɞɔɘůŰɘəɐ ˊɞɚɡˊɚɞəɧŰɖŰŬ əŬɘ Űɞɜ ɜŰŮŰŮɟɛɘɜɘůɛɧ ŮəŰɏɚŮůɖɠ, Ůɜɩ ɞ ůɡɛɓɘɓŬůɛɧɠ ůŰɖ 

ŬəɟɑɓŮɘŬ ŮɑɜŬɘ ŬɛŮɚɖŰɏɞɠ. ɆŰɖ ůɡɜɏɢŮɘŬ, Űɞ ˊɟɞŰŮɘɜɧɛŮɜɞ ɛɞɜŰɏɚɞ ŬɝɘɞˊɞɘŮɑŰŬɘ ůŮ ɧɚŮɠ Űɘɠ 

ˊɟɞůɞɛɞɘɩůŮɘɠ Űɤɜ ŮˊɧɛŮɜɤɜ ŮɜɞŰɐŰɤɜ Űɞɡ ˊŬɟɧɜŰɞɠ əŮűŬɚŬɑɞ ɔɘŬ Űɖ ɛŮɚɏŰɖ Űɖɠ ůəɑŬůɖɠ. 

 
Ɇɢ. 3.11. ȺɜŭŮɘəŰɘəɐ ŬəɟŬɑŬ ˊŮɟɑˊŰɤůɖ ůəɑŬůɖɠ ūȸ ůŰɞɘɢŮɘɞůŮɘɟɎɠ, Ŭˊɧ Űɖɜ ɞˊɞɑŬ ůəɘɎɕŮŰŬɘ 1 ɛɧɜɞ 

əɡɣɏɚɖ Ŭˊɧ Űɘɠ ůɡɜɞɚɘəɎ 16 əɡɣɏɚŮɠ, ůŮ ɏɜŰŬůɖ 10% Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ.   



3.2 - ũɟŬűɘəɐ ȷɜɎɚɡůɖ əŬɘ ɉŬɟŬəŰɖɟɘůɛɧɠ Űɖɠ ɆəɑŬůɖɠ 

78 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

3.2 ɜʍɻʒʅʆʙ ɚʉʗʇʑʎʂ ʆɻʅ ɯɻʍɻʆʐʂʍʅʎʈʝʏ ʐʂʏ ɫʆʚɻʎʂʏ 

ɆŰɖɜ ˊŬɟɞɨůŬ ŮɜɧŰɖŰŬ ɛŮɚŮŰɩɜŰŬɘ ɔɟŬűɘəɎ ɞɘ ŮˊɘˊŰɩůŮɘɠ Űɞɡ űŬɘɜɞɛɏɜɞɡ Űɖɠ ɛŮɟɘəɐɠ 

ůəɑŬůɖɠ ůŮ ɧɚŬ ŰŬ ŮˊɑˊŮŭŬ ɛɘŬɠ ūȸ ŭɘɎŰŬɝɖɠ, Ŭˊɧ Űɖɜ əɡɣɏɚɖ ɛɏɢɟɘ Űɖ ůɡůŰɞɘɢɑŬ. ȸŬůɘəɧ 

ŬɜŰɘəŮɑɛŮɜɞ Űɖɠ ŬɜɎɚɡůɖɠ ŮɑɜŬɘ ɖ ɛɞɟűɐ əŬɘ Űɟɞˊɞˊɞɑɖůɖ Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ əŬɛˊɨɚɤɜ I-

V əŬɘ P-V ůŮ ůɡɜɗɐəŮɠ ůəɑŬůɖɠ, əŬɘ əɡɟɑɤɠ ɞ ɢŬɟŬəŰɖɟɘůɛɧɠ Űɤɜ ˊɞɚɚŬˊɚɩɜ Űɞˊɘəɩɜ 

ɛŮɔɑůŰɤɜ ɘůɢɨɞɠ (local MPPs) ˊɞɡ ŮɛűŬɜɑɕɞɜŰŬɘ. ũɘŬ Űɖɜ əŬɚɨŰŮɟɖ əŬŰŬɜɧɖůɖ Űɞɡ 

űŬɘɜɞɛɏɜɞɡ, ůŰɘɠ ˊɟɩŰŮɠ ˊŬɟŬɔɟɎűɞɡɠ ŮɝŮŰɎɕŮŰŬɘ ɖ ŬˊɚɞɨůŰŮɟɖ əŬɘ ůɡɜɖɗɏůŰŮɟɖ ˊŮɟɑˊŰɤůɖ 

Űɤɜ ŭɨɞ Ůˊɘˊɏŭɤɜ ŬəŰɘɜɞɓɞɚɑŬɠ (ůəɑŬůɖ Ůɜɧɠ Ůˊɘˊɏŭɞɡ), ɧˊɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŭɨɞ ɛɧɜɞ MPPs 

ůŰɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ P-V. ȷəɞɚɞɨɗɤɠ, ɞɘ ˊŬɟŬŰɖɟɐůŮɘɠ əŬɘ ɖ ɞɜɞɛŬŰɞɚɞɔɑŬ ˊɞɡ ŮɘůɎɔŮŰŬɘ 

ɔŮɜɘəŮɨŮŰŬɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ˊɞɚɚŬˊɚɩɜ Ůˊɘˊɏŭɤɜ ŬəŰɘɜɞɓɞɚɑŬɠ. ɇɞ ɡɚɘəɧ Űɖɠ ˊŬɟɞɨůŬɠ 

ŮɜɧŰɖŰŬɠ ŭɖɛɞůɘŮɨŰɖəŮ ůŰɘɠ [67], [71]. 

3.2.1 ɮɛ ʆʑʕʘʇʂ 

ɋɠ ɛɘəɟɧŰŮɟɖ ŭɞɛɘəɐ ɛɞɜɎŭŬ Űɞɡ ūȸ ůɡůŰɐɛŬŰɞɠ, ɖ əɡɣɏɚɖ ɗŮɤɟŮɑŰŬɘ ŮɑŰŮ ŬůəɑŬůŰɖ ŮɑŰŮ 

ˊɚɐɟɤɠ ůəɘŬůɛɏɜɖ, ŭɖɚŬŭɐ ɚŮɘŰɞɡɟɔŮɑ ˊɎɜŰŬ ůŮ ɞɛɞɘɧɛɞɟűɖ ŬəŰɘɜɞɓɞɚɑŬ. ŪŮɤɟɖŰɘəɎ, ŮɑɜŬɘ 

ŭɡɜŬŰɧɜ ɛɑŬ əɡɣɏɚɖ ɜŬ ɡˊɧəŮɘŰŬɘ ůŮ ŭɨɞ ŭɘŬűɞɟŮŰɘəɎ ŮˊɑˊŮŭŬ ŬəŰɘɜɞɓɞɚɑŬɠ. ɇɧŰŮ, ɖ 

ɚŮɘŰɞɡɟɔɑŬ Űɖɠ ŮɑɜŬɘ ɘůɞŭɨɜŬɛɖ ɛŮ ŭɨɞ ɛɘəɟɧŰŮɟŮɠ əɡɣɏɚŮɠ ŬɜɎɚɞɔɖɠ ŮˊɘűɎɜŮɘŬɠ ůɡɜŭŮŭŮɛɏɜŮɠ 

ˊŬɟɎɚɚɖɚŬ [209]. ũɘŬ Űɖɜ əɟɡůŰŬɚɚɘəɐ ŰŮɢɜɞɚɞɔɑŬ, ɧˊɞɡ ɖ ŮˊɘűɎɜŮɘŬ ɛɘŬɠ ūȸ əɡɣɏɚɖɠ ůˊɎɜɘŬ 

ɝŮˊŮɟɜɎ Űɘɠ 6 ɑɜŰůŮɠ, ŭŮɜ ɏɢŮɘ ˊɟŬəŰɘəɐ ŬɝɑŬ ɖ ŬɜɎɚɡůɖ ůŮ ŰɏŰɞɘɞ ɓɎɗɞɠ. ȷəɧɛŬ əŬɘ ɔɘŬ Űɘɠ 

əɡɣɏɚŮɠ Ɏɛɞɟűɞɡ ˊɡɟɘŰɑɞɡ ˊɞɡ ɏɢɞɡɜ ɛŮɔɎɚɞ ɛɐəɞɠ, əɎˊɞɘŮɠ ɛŮɚɏŰŮɠ ɗŮɤɟɞɨɜ ŮɜɘŬɑŬ 

ŬəŰɘɜɞɓɞɚɑŬ ůŰɖɜ əɡɣɏɚɖ, ɑůɖ ɛŮ Űɞɜ ůŰŬɗɛɘůɛɏɜɞ ɛɏůɞ ɧɟɞ Űɤɜ ŭɘŬűɞɟŮŰɘəɩɜ ŮɜŰɎůŮɤɜ 

ŬəŰɘɜɞɓɞɚɑŬɠ [210]. 

ȼ ɢŬɟŬəŰɖɟɘůŰɘəɐ I-V əŬɘ P-V ɛɑŬɠ Űɡˊɘəɐɠ əɡɣɏɚɖɠ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ Ɇɢ. 3.12 ɔɘŬ ŭɘɎűɞɟŮɠ 

Űɘɛɏɠ ŮɜŮɟɔɞɨ ŬəŰɘɜɞɓɞɚɑŬɠ. ȳˊɤɠ ŮɝɖɔŮɑŰŬɘ ůŰɞ ȾŮűɎɚŬɘɞ 2, Űɞ ɟŮɨɛŬ ŮɝŬɟŰɎŰŬɘ ɏɜŰɞɜŬ əŬɘ 

ŬɜŬɚɞɔɘəɎ ɛŮ Űɖɜ ŬəŰɘɜɞɓɞɚɑŬ ɚɧɔɤ Űɞɡ űɤŰɞɟŮɨɛŬŰɞɠ Iph, Ůɜɩ ɖ ŰɎůɖ ŬůɗŮɜɏůŰŮɟŬ əŬɘ 

ɚɞɔŬɟɘɗɛɘəɎ (Ɇɢ. 3.12(Ŭ)) [29], [175]. ȷˊɧ Űɖɜ əŬɛˊɨɚɖ ɘůɢɨɞɠ Űɞɡ Ɇɢ. 3.12(ɓ) ůɡɜŮˊɎɔŮŰŬɘ 

ɧŰɘ ɖ ɛɞɟűɐ Űɖɠ ŭŮɜ ŰɟɞˊɞˊɞɘŮɑŰŬɘ ˊɞɘɞŰɘəɎ, ˊŬɟɎ ɛɧɜɞ ˊɞůɞŰɘəɎ: ŭɘŬŰɖɟŮɑ Űɖɜ ɑŭɘŬ ɛɞɜɞŰɞɜɑŬ 

əŬɘ əŬɛˊɡɚɧŰɖŰŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ɏɜŬ ɛɞɜŬŭɘəɧ ɛɏɔɘůŰɞ ɘůɢɨɞɠ MPP. 

3.2.2 ɮɛ ʎʐʋʅʔʀʅʋʎʀʅʍʗ 

ȳŰŬɜ ɖ ůəɑŬůɖ əŬɚɨˊŰŮɘ ɧɚɖ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɖɠ ūȸ ůŰɞɘɢŮɘɞůŮɘɟɎɠ, ɚŮɘŰɞɡɟɔŮɑ ůŮ 

  
(Ŭ) (ɓ) 

Ɇɢ. 3.12. ɉŬɟŬəŰɖɟɘůŰɘəɏɠ (Ŭ) I-V əŬɘ (ɓ) P-V Űɡˊɘəɐɠ ūȸ əɡɣɏɚɖɠ ɔɘŬ ŭɘɎűɞɟŮɠ Űɘɛɏɠ ŬəŰɘɜɞɓɞɚɑŬɠ. 



ȾȺūȷȿȷȽɃ 3 - ȷɜɎɚɡůɖ əŬɘ ɀɞɜŰŮɚɞˊɞɑɖůɖ ūȸ ɆɡůŰɖɛɎŰɤɜ ůŮ ɆɡɜɗɐəŮɠ ɆəɑŬůɖɠ 

 

ɀˊŬŰɕɏɚɖɠ ȺɡůŰɟɎŰɘɞɠ 79 

ɞɛɞɘɧɛɞɟűɖ ŬəŰɘɜɞɓɞɚɑŬ Űɖɠ ɞˊɞɑŬɠ ɖ ɏɜŰŬůɖ ŮɑɜŬɘ Ŭˊɚɩɠ ɛŮɘɤɛɏɜɖ. ɇɧŰŮ, ŭŮɜ ɡˊɎɟɢŮɘ əɎˊɞɘŬ 

ŬůɡɛűɤɜɑŬ ɛŮŰŬɝɨ Űɤɜ ůɡɜɘůŰɤůɩɜ əɡɣŮɚɩɜ əŬɘ ɞɘ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ əŬɛˊɨɚŮɠ ɏɢɞɡɜ 

ˊɞɘɞŰɘəɎ Űɖɜ ɑŭɘŬ ɛɞɟűɐ ɛŮ ŬɡŰɏɠ Űɖɠ əɡɣɏɚɖɠ (Ɇɢ. 3.12). ȳŰŬɜ ɧɛɤɠ ɖ əŬŰŬɜɞɛɐ Űɖɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ ůŰɖ ůŰɞɘɢŮɘɞůŮɘɟɎ ŭɘŬűɏɟŮɘ əŬɘ əɎɗŮ əɡɣɏɚɖ ŭɏɢŮŰŬɘ űɤŰŮɘɜɐ ɟɞɐ ŭɘŬűɞɟŮŰɘəɐɠ  

ɏɜŰŬůɖɠ, ŰɧŰŮ ɖ ůŰɞɘɢŮɘɞůŮɘɟɎ ɚŮɘŰɞɡɟɔŮɑ ůŮ ůɡɜɗɐəŮɠ ɛŮɟɘəɐɠ ůəɑŬůɖɠ əŬɘ ɖ ɖɚŮəŰɟɘəɐ Űɖɠ 

Ŭˊɧəɟɘůɐ ŭɘŬűɞɟɞˊɞɘŮɑŰŬɘ ůɖɛŬɜŰɘəɎ. ȷɡŰɧ ůɡɛɓŬɑɜŮɘ ŭɘɧŰɘ əɡɣɏɚŮɠ ɛŮ ˊɚɏɞɜ ŭɘŬűɞɟŮŰɘəɏɠ 

ŭɡɜŬŰɧŰɖŰŮɠ ŭɘŬɟɟɏɞɜŰŬɘ Ŭˊɧ Űɞ əɞɘɜɧ ɟŮɨɛŬ Icells (Ɇɢ. 3.4), ɞŭɖɔɩɜŰŬɠ Űɘɠ ˊŮɟɘůůɧŰŮɟɞ 

ůəɘŬůɛɏɜŮɠ Ůɝô ŬɡŰɩɜ ůŮ ŬɟɜɖŰɘəɐ ŰɎůɖ. 

ũɘŬ əŬɚɨŰŮɟɖ əŬŰŬɜɧɖůɖ Űɞɡ űŬɘɜɞɛɏɜɞɡ, ˊŬɟŬŰɑɗŮŰŬɘ Űɞ Ɇɢ. 3.13 ůŰɞ ɞˊɞɑɞ ŬˊŮɘəɞɜɑɕŮŰŬɘ 

ɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ I-V ɛɑŬɠ ūȸ ůŰɞɘɢŮɘɞůŮɘɟɎɠ ɢɤɟɑɠ ŭɑɞŭɞ ŭɘŬűɡɔɐɠ ɛŮ 8 əɡɣɏɚŮɠ (ˊɟɎůɘɜɖ 

ɔɟŬɛɛɐ), Ŭˊɧ Űɘɠ ɞˊɞɑŮɠ ɖ 1 Ůɝô ŬɡŰɩɜ ŭɏɢŮŰŬɘ Űɞ 50% Űɖɠ əŬɜɞɜɘəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ. 

ȷɜŬɛŮɜɧɛŮɜŬ, ɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ Űɖɠ ůəɘŬůɛɏɜɖɠ əɡɣɏɚɖɠ (əɧəəɘɜɖ ɔɟŬɛɛɐ) ŮɑɜŬɘ ŮɚŬŰŰɤɛɏɜɖ 

əŬŰɎ Űɞ ɐɛɘůɡ ɤɠ ˊɟɞɠ Űɞ ɟŮɨɛŬ, ůŮ ůɢɏůɖ ɛŮ Űɖɜ əŬɛˊɨɚɖ Űɤɜ ɡˊɧɚɞɘˊɤɜ 7 ŬůəɑŬůŰɤɜ 

əɡɣŮɚɩɜ (ɛˊɚŮ ɔɟŬɛɛɐ). ȹŮŭɞɛɏɜɞɡ ɧŰɘ ɧɚŮɠ ɞɘ əɡɣɏɚŮɠ ŭɘŬɟɟɏɞɜŰŬɘ Ŭˊɧ Űɞ ɑŭɘɞ ɟŮɨɛŬ, ɖ 

ɢŬɟŬəŰɖɟɘůŰɘəɐ Űɖɠ ůŰɞɘɢŮɘɞůŮɘɟɎɠ ˊɟɞůŬɟɛɧɕŮŰŬɘ ůŰɘɠ ɛŮɘɤɛɏɜŮɠ ŭɡɜŬŰɧŰɖŰŮɠ Űɖɠ 

ůəɘŬůɛɏɜɖɠ əɡɣɏɚɖɠ, ŭɘŬɛɞɟűɩɜɞɜŰŬɠ ɟŮɨɛŬ ɏɜŰɞɜŬ ɛŮɘɤɛɏɜɞ. ȳˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ Ɇɢ. 3.13,  

ɖ əŬɛˊɨɚɖ I-V Űɖɠ ůŰɞɘɢŮɘɞůŮɘɟɎɠ (ˊɟɎůɘɜɖ ɔɟŬɛɛɐ) ɏɢŮɘ ˊɞɚɨ ɛɘəɟɧŰŮɟɞ ɨɣɞɠ Ůɜ ůɡɔəɟɑůŮɘ 

ɛŮ Űɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ Űɤɜ ŬůəɑŬůŰɤɜ əɡɣŮɚɩɜ (ɛˊɚŮ ɔɟŬɛɛɐ), ˊɞɡ ůɖɛŬɑɜŮɘ ɧŰɘ ˊŬɟɎ Űɖɜ 

ŮɚɎɢɘůŰɖ ɏəŰŬůɖ ůəɑŬůɖɠ, ɖ ɛŮɑɤůɖ ůŰɖ ůɡɜɞɚɘəɐ Ŭˊɧŭɞůɖ ŮɑɜŬɘ ŭɡůŬɜɎɚɞɔŬ ůɖɛŬɜŰɘəɐ. 

Ⱥˊɘˊɚɏɞɜ, ůŰɖ ůɡɔəŮəɟɘɛɏɜɖ əŬŰɎůŰŬůɖ ɖ ůəɘŬůɛɏɜɖ əɡɣɏɚɖ ˊɘɗŬɜɧɜ ɜŬ ŬˊɞɟɟɞűɎ ɘůɢɨ 

Ŭˊɧ Űɞ əɨəɚɤɛŬ, ŬɜŰɑ ɜŬ ˊɟɞůŭɑŭŮɘ ůŮ ŬɡŰɧ, ɞŭɖɔɩɜŰŬɠ ůŰɖɜ ŮɛűɎɜɘůɖ Űɞɡ űŬɘɜɞɛɏɜɞɡ Űɖɠ 

ɗŮɟɛɘəɐɠ əɖɚɑŭŬɠ (hot spot effect). ɆɡɔəŮəɟɘɛɏɜŬ, Ŭɜ Űɞ ůɖɛŮɑɞ ɚŮɘŰɞɡɟɔɑŬɠ Űɖɠ ůŰɞɘɢŮɘɞůŮɘɟɎɠ 

ŬɜŰɘůŰɞɘɢŮɑ ůŮ ɟŮɨɛŬ ɛŮɔŬɚɨŰŮɟɖɠ Űɘɛɐɠ Ŭˊɧ Űɞ ɟŮɨɛŬ ɓɟŬɢɡəɨəɚɤůɖɠ Űɖɠ ůəɘŬůɛɏɜɖɠ 

əɡɣɏɚɖɠ (ˊ.ɢ. ˊɟɎůɘɜɞɠ ŭŮɑəŰɖɠ ůŰɞ Ɇɢ. 3.13), ŰɧŰŮ Űɞ ůɖɛŮɑɞ ůŰɞ ɞˊɞɑɞ ɚŮɘŰɞɡɟɔŮɑ ɖ ůəɘŬůɛɏɜɖ 

əɡɣɏɚɖ (əɧəəɘɜɞɠ ŭŮɑəŰɖɠ) ɏɢŮɘ ŬɟɜɖŰɘəɐ ŰɎůɖ, ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɞ ůɖɛŮɑɞ Űɤɜ ŬůəɑŬůŰɤɜ 

əɡɣŮɚɩɜ (ɛˊɚŮ ŭŮɑəŰɖɠ) ˊɞɡ ˊŬɟŬɛɏɜŮɘ ůŮ ɗŮŰɘəɐ ŰɎůɖ. ȹɖɚŬŭɐ, ɧŰŬɜ Űɞ əɞɘɜɧ ŭɘŬɟɟɏɞɜ ɟŮɨɛŬ 

ˊɟɞəɨˊŰŮɘ ɛŮɔŬɚɨŰŮɟɞ Űɤɜ ŭɡɜŬŰɞŰɐŰɤɜ Űɖɠ ůəɘŬůɛɏɜɖɠ əɡɣɏɚɖɠ (ˊɎɜɤ Ŭˊɧ Űɖ ɛɤɓ 

ŭɘŬəŮəɞɛɛɏɜɖ ɔɟŬɛɛɐ ůŰɞ Ɇɢ. 3.13), Űɞ ůəɘŬůɛɏɜɞ ŰɛɐɛŬ Űɖɠ ůŰɞɘɢŮɘɞůŮɘɟɎɠ ůɡɛˊŮɟɘűɏɟŮŰŬɘ 

ɤɠ űɞɟŰɑɞ. ũɘŬ Űɞɜ ˊŮɟɘɞɟɘůɛɧ ŮɛűɎɜɘůɖɠ Űɖɠ əŬŰɎůŰŬůɖɠ ŬɡŰɐɠ, ŮɘůɎɔŮŰŬɘ ɛɑŬ ŭɑɞŭɞɠ 

 
Ɇɢ. 3.13. ɉŬɟŬəŰɖɟɘůŰɘəɐ I-V ɛŮɟɘəɩɠ ůəɘŬůɛɏɜɖɠ ūȸ ůŰɞɘɢŮɘɞůŮɘɟɎɠ ɢɤɟɑɠ ŭɑɞŭɞ ŭɘŬűɡɔɐɠ, ɧˊɞɡ 1 

əɡɣɏɚɖ Ŭˊɧ Űɘɠ  ůɡɜɞɚɘəɎ 8 ŮɑɜŬɘ ůəɘŬůɛɏɜɖ ůŮ ɏɜŰŬůɖ 50%. 
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3.2 - ũɟŬűɘəɐ ȷɜɎɚɡůɖ əŬɘ ɉŬɟŬəŰɖɟɘůɛɧɠ Űɖɠ ɆəɑŬůɖɠ 

80 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

ŭɘŬűɡɔɐɠ ůɡɜɐɗɤɠ ŬɜɎ 10-20 əɡɣɏɚŮɠ, ɩůŰŮ Űɞ ˊɚŮɞɜɎɕɞɜ ɟŮɨɛŬ ɜŬ ɟɏŮɘ ɛɏůɤ Űɖɠ ŭɘɧŭɞɡ əŬɘ 

ɞɘ ůəɘŬůɛɏɜŮɠ əɡɣɏɚŮɠ ɜŬ ŮɛűŬɜɑɕɞɡɜ ŬɟɜɖŰɘəɐ ŰɎůɖ ŮɜŰɧɠ ŬˊɞŭŮəŰɩɜ ɞɟɑɤɜ (ˊŰɩůɖ ŰɎůɖɠ 

ůŰɖ ŭɑɞŭɞ ŭɘŬűɡɔɐɠ). 

ɆŰɞ Ɇɢ. 3.14, ŬˊŮɘəɞɜɑɕŮŰŬɘ ɖ əŬɛˊɨɚɖ I-V ɛɘŬɠ Űɡˊɘəɐɠ ůŰɞɘɢŮɘɞůŮɘɟɎɠ ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ 

16 əɡɣɏɚŮɠ, ɔɘŬ ŭɘɎűɞɟŮɠ ŮəŰɎůŮɘɠ ůəɑŬůɖɠ. ȺɑɜŬɘ ŮɛűŬɜɏɠ ɧŰɘ ɐŭɖ Ŭˊɧ Űɞ ůŮɜɎɟɘɞ ůəɑŬůɖɠ 

ɛɧɜɞ 1/16 əɡɣɏɚŮɠ (əɧəəɘɜɖ ɔɟŬɛɛɐ), ɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ ɏɢŮɘ ůɡɔəɚɑɜŮɘ ůɖɛŬɜŰɘəɎ ˊɟɞɠ Űɖɜ 

əŬɛˊɨɚɖ ˊɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŮ ɞɚɘəɐ ůəɑŬůɖ (ɔŬɚŬɜɐ ɔɟŬɛɛɐ). ȹɖɚŬŭɐ, Űɞ ůɡɛˊɏɟŬůɛŬ ˊɞɡ 

ŮɝɎɔŮŰŬɘ Ŭˊɧ ŬɡŰɐɜ Űɖɜ ŬɜɎɚɡůɖ ŮɑɜŬɘ ɧŰɘ Ŭɜ ɖ ūȸ ůŰɞɘɢŮɘɞůŮɘɟɎ ůəɘɎɕŮŰŬɘ ŰɞɡɚɎɢɘůŰɞɜ ůŰɞ 

10% Űɖɠ ɏəŰŬůɖɠ Űɖɠ, ɚŮɘŰɞɡɟɔŮɑ ůɢŮŭɧɜ ůŬɜ ɜŬ ɐŰŬɜ ɞɚɘəɎ ůəɘŬůɛɏɜɖ. ȷɡŰɐ ɖ ˊŬɟŬŰɐɟɖůɖ ŮɑɜŬɘ 

ɔɜɤůŰɐ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ [29], [33], əŬɘ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůɡɢɜɎ ɔɘŬ Űɖɜ Ŭˊɚɞˊɞɑɖůɖ Űɞɡ 

űŬɘɜɞɛɏɜɞɡ. 

3.2.3 ɮɛ ʌʇɻʚʎʅʋ 

ȹŮŭɞɛɏɜɞɡ ɧŰɘ Űɞ ūȸ ˊɚŬɑůɘɞ ůɡɜɑůŰŬŰŬɘ ůŮ ůŰɞɘɢŮɘɞůŮɘɟɏɠ ˊɞɡ ŮɛˊŮɟɘɏɢɞɡɜ ŭɑɞŭɞ 

ŭɘŬűɡɔɐɠ, ɖ ŮˊɑŭɟŬůɖ Űɖɠ ɛŮɟɘəɐɠ ůəɑŬůɖɠ ůŰɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ əŬɛˊɨɚɖ Űɞɡ ŮɑɜŬɘ 

əŬɗɞɟɘůŰɘəɐ ɔɘŬ Űɖ ɛɞɟűɐ Űɖɠ. ɆŰɞ Ɇɢ. 3.15, ˊŬɟɞɡůɘɎɕŮŰŬɘ ɏɜŬ ŮɜŭŮɘəŰɘəɧ ůŮɜɎɟɘɞ ůəɑŬůɖɠ 

Ůɜɧɠ ūȸ ˊɚŬɘůɑɞɡ 3 ůŰɞɘɢŮɘɞůŮɘɟɩɜ, Ŭˊɧ Űɘɠ ɞˊɞɑŮɠ ɖ 1 ůŰɞɘɢŮɘɞůŮɘɟɎ ůəɘɎɕŮŰŬɘ ˊɚɐɟɤɠ ůŮ 

ɏɜŰŬůɖ 50%. ȼ ɢŬɟŬəŰɖɟɘůŰɘəɐ I-V Űɖɠ ůəɘŬůɛɏɜɖɠ ůŰɞɘɢŮɘɞůŮɘɟɎɠ (əɧəəɘɜɖ ɔɟŬɛɛɐ) ůŰɞ 

ˊɟɩŰɞ ŰŮŰŬɟŰɖɛɧɟɘɞ ŬˊɞŭɑŭŮɘ Űɞ ɛɘůɧ ɟŮɨɛŬ Ůɜ ůɡɔəɟɑůŮɘ ɛŮ Űɘɠ ŬůəɑŬůŰŮɠ ůŰɞɘɢŮɘɞůŮɘɟɏɠ 

(ɛˊɚŮ ɔɟŬɛɛɐ), Ůɜɩ ůŰɞ ŭŮɨŰŮɟɞ ŰŮŰŬɟŰɖɛɧɟɘɞ əɡɟɘŬɟɢŮɑ ɖ ŭɑɞŭɞɠ ŭɘŬűɡɔɐɠ ůŰɖɜ əŬɛˊɨɚɖ. ɋɠ 

ŬˊɞŰɏɚŮůɛŬ, ɖ ůɡɜɘůŰŬɛɏɜɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ I-V Űɞɡ ˊɚŬɘůɑɞɡ ŰɟɞˊɞˊɞɘŮɑŰŬɘ ˊɞɘɞŰɘəɩɠ əŬɘ 

ŮɛűŬɜɑɕŮɘ çŭɨɞ ůəŬɚɞˊɎŰɘŬè (curve stairs) (ˊɟɎůɘɜɖ ɔɟŬɛɛɐ). ɃɡůɘŬůŰɘəɎ, ɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ 

ūȸ ˊɚŬɘůɑɞɡ ŭɘŬɢɤɟɑɕŮŰŬɘ ůŮ ŭɨɞ ŭɘŬəɟɘŰɏɠ əŬŰŬůŰɎůŮɘɠ [49], [67]: 

V ȳŰŬɜ Űɞ ůɖɛŮɑɞ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡ ˊɚŬɘůɑɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŮ ɟŮɨɛŬ ɛŮ ɛŮɔŬɚɨŰŮɟɖ Űɘɛɐ 

Ŭˊɧ Űɞ ɟŮɨɛŬ ɓɟŬɢɡəɨəɚɤůɖɠ Űɖɠ ůəɘŬůɛɏɜɖɠ ůŰɞɘɢŮɘɞůŮɘɟɎɠ, ŰɧŰŮ ůŰɖɜ ŰŮɚŮɡŰŬɑŬ 

ɎɔŮɘ ɖ ŭɑɞŭɞɠ ŭɘŬűɡɔɐɠ (ˊŮɟɘɞɢɐ ˊɎɜɤ Ŭˊɧ Űɖ ɛɤɓ ŭɘŬəŮəɞɛɛɏɜɖ ɔɟŬɛɛɐ ůŰɞ Ɇɢ. 3.15). 

ɆŰɖ ůɡɔəŮəɟɘɛɏɜɖ ˊŮɟɘɞɢɐ, ŮɛűŬɜɑɕŮŰŬɘ ɏɜŬ Űɞˊɘəɧ ɛɏɔɘůŰɞ ˊɞɡ ůɡɛɓɞɚɑɕŮŰŬɘ ɛŮ 

MPP1 (ˊɟɎůɘɜɞɠ əɡəɚɘəɧɠ ŭŮɑəŰɖɠ). ȳŰŬɜ Űɞ ˊɚŬɑůɘɞ ɚŮɘŰɞɡɟɔŮɑ ůŰɞ MPP1, ɞɘ 

 
Ɇɢ. 3.14. ɉŬɟŬəŰɖɟɘůŰɘəɐ I-V ɛŮɟɘəɩɠ ůəɘŬůɛɏɜɖɠ ūȸ ůŰɞɘɢŮɘɞůŮɘɟɎɠ 16 əɡɣŮɚɩɜ (ŭɞɛɐ Űɞɡ Ɇɢ. 3.4)  

ɔɘŬ ůəɑŬůɖ ŭɘŬűɧɟɤɜ ŮəŰɎůŮɤɜ, Ŭˊɧ ɛɖŭŮɜɘəɐ ɏɤɠ ˊɚɐɟɖ (50% ɏɜŰŬůɖ ůəɑŬůɖɠ). 
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ŬůəɑŬůŰŮɠ ůŰɞɘɢŮɘɞůŮɘɟɏɠ ɚŮɘŰɞɡɟɔɞɨɜ əɞɜŰɎ ůŰɞ əŬɜɞɜɘəɧ Űɞɡɠ ɛɏɔɘůŰɞ (ɛˊɚŮ 

əɡəɚɘəɧɠ ŭŮɑəŰɖɠ), Ůɜɩ ɖ ůəɘŬůɛɏɜɖ ůŰɞɘɢŮɘɞůŮɘɟɎ ɞɡůɘŬůŰɘəɎ ˊŬɟŬəɎɛˊŰŮŰŬɘ ɚɧɔɤ 

Űɖɠ ŭɘɧŭɞɡɠ ŭɘŬűɡɔɐɠ. 

V ȷɜ Űɞ ˊɚŬɑůɘɞ ŬˊɞŭɑŭŮɘ ɢŬɛɖɚɧ ɟŮɨɛŬ ŮɜŰɧɠ Űɤɜ ŭɡɜŬŰɞŰɐŰɤɜ Űɖɠ ůəɘŬůɛɏɜɖɠ 

ůŰɞɘɢŮɘɞůŮɘɟɎɠ, ɖ ŭɑɞŭɞɠ ŭɘŬűɡɔɐɠ ˊŬɟŬɛɏɜŮɘ ŬɜɎůŰɟɞűŬ ˊɞɚɤɛɏɜɖ əŬɘ 

ůɡɛˊŮɟɘűɏɟŮŰŬɘ ɤɠ ŬɜɞɘɢŰɞəɨəɚɤɛŬ (ˊŮɟɘɞɢɐ əɎŰɤ Ŭˊɧ Űɖ ɛɤɓ ŭɘŬəŮəɞɛɛɏɜɖ ɔɟŬɛɛɐ 

ůŰɞ Ɇɢ. 3.15). ɇɞ Űɞˊɘəɧ ɛɏɔɘůŰɞ ˊɞɡ ŮɛűŬɜɑɕŮŰŬɘ ůŰɖɜ əŬɛˊɨɚɖ ůɡɛɓɞɚɑɕŮŰŬɘ ɛŮ 

MPP2 (ˊɟɎůɘɜɞɠ ŰŮŰɟŬɔɤɜɘəɧɠ ŭŮɑəŰɖɠ), ɧˊɞɡ ŰɧŰŮ ɧɚŮɠ ɞɘ ůŰɞɘɢŮɘɞůŮɘɟɏɠ ˊɟɞůűɏɟɞɡɜ 

ɘůɢɨ ůŰɞ əɨəɚɤɛŬ ˊɞɚɨ əɞɜŰɎ ůŰɘɠ ɛɏɔɘůŰŮɠ ŭɡɜŬŰɧŰɖŰɏɠ Űɤɜ ůəɘŬůɛɏɜɤɜ (ɛˊɚŮ əŬɘ 

əɧəəɘɜɞɠ ŰŮŰɟŬɔɤɜɘəɧɠ ŭŮɑəŰɖɠ).  

ɃɟɑɕɞɜŰŬɘ ɏŰůɘ ŭɨɞ ɞɛɎŭŮɠ ůŰɞɘɢŮɘɞůŮɘɟɩɜ ŮɜŰɧɠ Űɞɡ ˊɚŬɘůɑɞɡ: ɖ ŬůəɑŬůŰɖ ɞɛɎŭŬ 1 (group 

1) ˊɞɡ ŭɏɢŮŰŬɘ Űɖɜ ˊɚɐɟɖ ŬəŰɘɜɞɓɞɚɑŬ G1 = 1.0 əŬɘ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ N1 = 2 ůŰɞɘɢŮɘɞůŮɘɟɏɠ, əŬɘ 

ɖ ůəɘŬůɛɏɜɖ ɞɛɎŭŬ 2 (group 2) ˊɞɡ ˊŮɟɘɚŬɛɓɎɜŮɘ Ɂ2 = 1 ůŰɞɘɢŮɘɞůŮɘɟɎ ɖ ɞˊɞɑŬ ɡˊɧəŮɘŰŬɘ ůŮ 

ɛŮɘɤɛɏɜɖ ŬəŰɘɜɞɓɞɚɑŬ G2 = 0.5. ɆŰɞ MPP1, ɘůɢɨ ˊɟɞůűɏɟŮɘ ɛɧɜɞ ɖ ɞɛɎŭŬ 1 əŬɗɩɠ ɖ ɞɛɎŭŬ 2 

 
Ɇɢ. 3.15. ɉŬɟŬəŰɖɟɘůŰɘəɐ I-V ɛŮɟɘəɩɠ ůəɘŬůɛɏɜɞɡ ūȸ ˊɚŬɘůɑɞɡ 3 ůŰɞɘɢŮɘɞůŮɘɟɩɜ (ŭɞɛɐ Űɞɡ Ɇɢ. 3.6), 

ɧˊɞɡ 1 ůŰɞɘɢŮɘɞůŮɘɟɎ ŮɑɜŬɘ ůəɘŬůɛɏɜɖ ůŮ ɏɜŰŬůɖ 50%. 

 
Ɇɢ. 3.16. ɉŬɟŬəŰɖɟɘůŰɘəɐ P-V ɛŮɟɘəɩɠ ůəɘŬůɛɏɜɞɡ ūȸ ˊɚŬɘůɑɞɡ 3 ůŰɞɘɢŮɘɞůŮɘɟɩɜ (ŭɞɛɐ Űɞɡ Ɇɢ. 3.6), 

ɔɘŬ ůəɑŬůɖ ŭɘŬűɞɟŮŰɘəɞɨ ˊɚɐɗɞɡɠ əɡɣŮɚɩɜ (G1 = 1.0, G2 = 0.5). 
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ˊŬɟŬəɎɛˊŰŮŰŬɘ Ŭˊɧ Űɖɜ ɎɔɞɡůŬ ŭɑɞŭɞ ŭɘŬűɡɔɐɠ Űɖɠ, Ůɜɩ ŬɜŰɑɗŮŰŬ ůŰɞ MPP2 ɧɚŮɠ ɞɘ ɞɛɎŭŮɠ 

ůɡɜŮɘůűɏɟɞɡɜ ɘůɢɨ ůŰɞ űɞɟŰɑɞ əŬɘ ɞɘ ŭɑɞŭɞɘ ˊŬɟŬɛɏɜɞɡɜ ŬɜɎůŰɟɞűŬ ˊɞɚɤɛɏɜŮɠ. 

ũɘŬ ˊŮɟŬɘŰɏɟɤ ŭɘŮɟŮɨɜɖůɖ Űɞɡ űŬɘɜɞɛɏɜɞɡ, ˊŬɟŬŰɑɗŮŰŬɘ Űɞ Ɇɢ. 3.16, ůŰɞ ɞˊɞɑɞ ŬˊŮɘəɞɜɑɕŮŰŬɘ 

ɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ P-V Ůɜɧɠ ˊɚŬɘůɑɞɡ ɛŮ 3 ůŰɞɘɢŮɘɞůŮɘɟɏɠ Űɤɜ 16 əɡɣŮɚɩɜ  əɎɗŮ ɛɑŬ (48 

əɡɣɏɚŮɠ ůŰɞ ůɨɜɞɚɞ), Űɞ ɞˊɞɑɞ ůəɘɎɕŮŰŬɘ ůŮ ŭɘɎűɞɟŮɠ ŮəŰɎůŮɘɠ. ȳŰŬɜ ůəɘɎɕŮŰŬɘ 1 ɛɧɜɞ 

ůŰɞɘɢŮɘɞůŮɘɟɎ (Ɂ2 = 1), ŮɑŰŮ ɛŮɟɘəɩɠ (ɛˊɚŮ əŬɘ əɧəəɘɜɖ ŭɘŬəŮəɞɛɛɏɜɖ ɔɟŬɛɛɐ) ŮɑŰŮ ɞɚɘəɩɠ 

(əɑŰɟɘɜɖ ůɡɜŮɢɐɠ ɔɟŬɛɛɐ), ɞɘ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ əŬɛˊɨɚŮɠ ŭŮ ŭɘŬűɏɟɞɡɜ ůɖɛŬɜŰɘəɎ ɛŮŰŬɝɨ Űɞɡɠ 

(ŮɘŭɘəɎ ůŰɖɜ ˊŮɟɘɞɢɐ Űɞɡ MPP1), əŬɗɩɠ ɖ ɛŮɟɘəɐ ůəɑŬůɖ ůŮ ɛɑŬ ůŰɞɘɢŮɘɞůŮɘɟɎ ɘůɞŭɡɜŬɛŮɑ ɛŮ 

ɞɚɘəɐ ůəɑŬůɖ. ũɘŬ ůəɑŬůɖ 17-32 əɡɣŮɚɩɜ (ɛŮɟɘəɐ-ɞɚɘəɐ ůəɑŬůɖ əŬɘ Űɖɠ 2ɖɠ ůŰɞɘɢŮɘɞůŮɘɟɎɠ ï 

Ɂ2 = 2, ɛɤɓ-ˊɟɎůɘɜɖ-ɔŬɚŬɜɐ ɔɟŬɛɛɐ), Űɞ MPP1 ɛŮŰŬəɘɜŮɑŰŬɘ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ ŰɎůŮɘɠ 

ŭŮŭɞɛɏɜɞɡ ɧŰɘ ɛɧɜɞ 1 ůŰɞɘɢŮɘɞůŮɘɟɎ (ŬůəɑŬůŰɖ ï Ɂ1 = 1) ůɡɜŮɘůűɏɟŮɘ ůŰɖɜ ɖɚŮəŰɟɘəɐ 

ˊŬɟŬɔɤɔɐ. Ⱥɜɩ, ɧŰŬɜ əŬɘ ɞɘ 3 ůŰɞɘɢŮɘɞůŮɘɟɏɠ ŭɏɢɞɜŰŬɘ Űɖ ɛŮɘɤɛɏɜɖ ŬəŰɘɜɞɓɞɚɑŬ G2, Űɞ MPP1 

ŭŮɜ ŮɛűŬɜɑɕŮŰŬɘ əŬɗɧɚɞɡ ůŰɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ P-V Űɞɡ ˊɚŬɘůɑɞɡ. ɆŮ ɧɚŮɠ Űɘɠ ŬɜɤŰɏɟɤ 

ˊŮɟɘˊŰɩůŮɘɠ, Űɞ MPP2 ŮˊɖɟŮɎɕŮŰŬɘ ɚɑɔɞ, əŬɗɩɠ ŰɧŰŮ ɧɚŮɠ ɞɘ ɞɛɎŭŮɠ ɚŮɘŰɞɡɟɔɞɨɜ ůŰɘɠ 

ˊŮɟɘɞɟɘůɛɏɜŮɠ ŭɡɜŬŰɧŰɖŰŮɠ Űɖɠ ůəɘŬůɛɏɜɖɠ ɞɛɎŭŬɠ əŬɘ ŭŮɜ ɎɔŮɘ əŬɛɑŬ ŭɑɞŭɞɠ ŭɘŬűɡɔɐɠ. 

ɆŰɞ Ɇɢ. 3.17, ˊŬɟɞɡůɘɎɕŮŰŬɘ ˊɩɠ ɛŮŰŬɓɎɚɚŮŰŬɘ ɖ əŬɛˊɨɚɖ P-V Űɞɡ ɑŭɘɞɡ ˊɚŬɘůɑɞɡ ɧŰŬɜ ɖ 

ɏəŰŬůɖ ŭɘŬŰɖɟŮɑŰŬɘ ůŰŬɗŮɟɐ ůŮ ɛɑŬ ůŰɞɘɢŮɘɞůŮɘɟɎ (N2 = 1), ŬɚɚɎ ɛŮŰŬɓɎɚɚŮŰŬɘ ɖ ɏɜŰŬůɖ Űɖɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ ůŰɖɜ ɞɛɎŭŬ 2 G2. ɇɞ MPP1 ́ ŬɟŬɛɏɜŮɘ ŬɛŮŰɎɓɚɖŰɞ ůŮ ɧɚŬ ŰŬ ůŮɜɎɟɘŬ əŬɗɩɠ ɖ 

ŬɚɚŬɔɐ Űɖɠ G2 ŮˊɘŭɟɎ ɛɧɜɞ ůŰɖɜ ɞɛɎŭŬ 2 ɖ ɞˊɞɑŬ ŰɧŰŮ ˊŬɟŬəɎɛˊŰŮŰŬɘ, Ůɜɩ Űɞ MPP2 ɛɞɘɎɕŮɘ 

ɜŬ ŮˊɖɟŮɎɕŮŰŬɘ ɔɟŬɛɛɘəɎ ɤɠ ˊɟɞɠ Űɖɜ ɘůɢɨ əŬɘ Űɖɜ ŰɎůɖ. 

ɆɡɜŮˊɩɠ, ůŮ ɏɜŬ ūȸ ˊɚŬɑůɘɞ ˊɞɡ ɡˊɧəŮɘŰŬɘ ůŮ ŭɨɞ ŮˊɑˊŮŭŬ ŬəŰɘɜɞɓɞɚɑŬɠ, ŮɛűŬɜɑɕɞɜŰŬɘ 

ɛɏɢɟɘ əŬɘ 2 MPPs, Űɤɜ ɞˊɞɑɤɜ ɖ ɘůɢɨɠ əŬɘ ŰɎůɖ ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ Űɖɜ ɏɜŰŬůɖ əŬɘ ɏəŰŬůɖ Űɖɠ 

ůəɑŬůɖɠ. ȺɑɜŬɘ ůɖɛŬɜŰɘəɧ ɜŬ ŮɑɜŬɘ ŭɡɜŬŰɐ ɖ ŮəŰɑɛɖůɖ ŬɡŰɩɜ Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ ɔɘŬ əɎɗŮ 

MPP, ɩůŰŮ ɜŬ ŮˊɘɚŮɢɗŮɑ Űɞ ɞɚɘəɎ ɛɏɔɘůŰɞ Ůɝô ŬɡŰɩɜ. ɆŰɖɜ ŮˊɧɛŮɜɖ ŮɜɧŰɖŰŬ ˊɟɞŰŮɑɜɞɜŰŬɘ Ŭˊɚɏɠ 

ɛŬɗɖɛŬŰɘəɏɠ ůɢɏůŮɘɠ ɔɘŬ Űɖɜ ŮəŰɑɛɖůɖ ɧɚɤɜ Űɤɜ MPPs. 

3.2.4 ɮɛ ʌʇɻʅʎʅʋʎʀʅʍʗ 

ȷˊɧ ˊɚŮɡɟɎɠ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ, ɖ ūȸ ˊɚŬɘůɘɞůŮɘɟɎ ɘůɞŭɡɜŬɛŮɑ ɛŮ ɏɜŬ ɡˊŮɟɛɏɔŮɗŮɠ ūȸ 

 
Ɇɢ. 3.17.  ɉŬɟŬəŰɖɟɘůŰɘəɐ P-V ɛŮɟɘəɩɠ ůəɘŬůɛɏɜɞɡ ūȸ ˊɚŬɘůɑɞɡ 3 ůŰɞɘɢŮɘɞůŮɘɟɩɜ (ŭɞɛɐ Űɞɡ Ɇɢ. 3.6), 

ɔɘŬ ůəɑŬůɖ 1 ůŰɞɘɢŮɘɞůŮɘɟɎɠ ůŮ ŭɘŬűɞɟŮŰɘəɏɠ ŮɜŰɎůŮɘɠ (G1 = 1.0, G2 = ɛŮŰŬɓɚɖŰɧ). 
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ˊɚŬɑůɘɞ ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ˊɞɚɚɏɠ ůŰɞɘɢŮɘɞůŮɘɟɏɠ ůɡɜŭŮŭŮɛɏɜŮɠ ůŮ ůŮɘɟɎ. ɆŰɖ ůɡɜɏɢŮɘŬ, 

ɛŮɚŮŰɎŰŬɘ ɖ ɖɚŮəŰɟɘəɐ Űɖɠ Ŭˊɧəɟɘůɖɠ ůŮ ůɡɜɗɐəŮɠ ůəɑŬůɖɠ ˊɟɩŰŬ ŭɨɞ ŮˊɑˊŮŭɤɜ ŬəŰɘɜɞɓɞɚɑŬɠ 

əŬɘ Ŭəɞɚɞɨɗɤɠ ůŰɖ ɔŮɜɘəɐ ˊŮɟɑˊŰɤůɖ ˊɞɚɚŬˊɚɩɜ Ůˊɘˊɏŭɤɜ. 

χȢφȢψȢɚ ɫʆʚɻʎʂ ʈʀ φ ʀʌʚʌʀɿɻ ɻʆʐʅʉʋɼʋʇʚɻʏ 

ɆŰɞ Ŭəɧɚɞɡɗɞ Ɇɢ. 3.18, ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Ŭˊɧ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɎ ï 

ɟŮŬɚɘůŰɘəɎ ůŮɜɎɟɘŬ ůəɑŬůɖɠ ɔɘŬ ɛɑŬ ˊɚŬɘůɘɞůŮɘɟɎ 12 ˊɚŬɘůɑɤɜ Űɤɜ 3 ůŰɞɘɢŮɘɞůŮɘɟɩɜ (36 

ůŰɞɘɢŮɘɞůŮɘɟɏɠ ůɡɜɞɚɘəɎ), ůɨɛűɤɜŬ ɛŮ Űɞ Ɇɢ. 3.7, ůŮ ɞɟɘɕɧɜŰɘŬ əŬɘ əŬŰŬəɧɟɡűɖ ŭɘɎŰŬɝɖ. ũɘŬ 

əɎɗŮ ůŮɜɎɟɘɞ ůɢŮŭɘɎɕŮŰŬɘ ɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ əŬɛˊɨɚɖ P-V ɗŮɤɟɩɜŰŬɠ ůəɑŬůɖ Ůɜɧɠ Ůˊɘˊɏŭɞɡ 

(ŭɨɞ ŮˊɑˊŮŭŬ ŬəŰɘɜɞɓɞɚɑŬɠ) əŬɘ ŭɘɎűɞɟŮɠ ŮɜŰɎůŮɘɠ ůəɑŬůɖɠ (G2 = 0.9, 0.6, 0.4, 0.1). 

ɄŮɟɘůůɧŰŮɟɞ ŮɝŬɜŰɚɖŰɘəɎ ůŮɜɎɟɘŬ ůəɑŬůɖɠ ɛŮɚŮŰɩɜŰŬɘ ůŰɖɜ [1]. 
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(Ů) (ůŰ) 

Ɇɢ. 3.18. ɉŬɟŬəŰɖɟɘůŰɘəɏɠ P-V ɛŮɟɘəɩɠ ůəɘŬůɛɏɜɖɠ ˊɚŬɘůɘɞůŮɘɟɎɠ ůŮ ɞɟɘɕɧɜŰɘŬ əŬɘ əŬŰŬəɧɟɡűɖ 

ŭɘɎŰŬɝɖ ɔɘŬ ŰɡˊɘəɎ ůŮɜɎɟɘŬ ůəɑŬůɖɠ: ůəɑŬůɖ 1 ɔɟŬɛɛɐɠ əɡɣŮɚɩɜ ůŮ (Ŭ) ɞɟɘɕɧɜŰɘŬ əŬɘ (ɓ) əŬŰŬəɧɟɡűɖ 

ŭɘɎŰŬɝɖ, ůəɑŬůɖ 1 ůŰɐɚɖɠ əɡɣŮɚɩɜ ůŮ (ɔ) ɞɟɘɕɧɜŰɘŬ əŬɘ (ŭ) əŬŰŬəɧɟɡűɖ ŭɘɎŰŬɝɖ, əŬɘ ůəɑŬůɖ 

ŮˊɘűɎɜŮɘŬɠ 4x48 əɡɣŮɚɩɜ ůŮ (Ů) ɞɟɘɕɧɜŰɘŬ əŬɘ (ůŰ) əŬŰŬəɧɟɡűɖ ŭɘɎŰŬɝɖ. 

 

ɀɘŬ ˊɟɩŰɖ ˊŬɟŬŰɐɟɖůɖ ŮɑɜŬɘ ɧŰɘ ůŮ ɧɚŮɠ Űɘɠ əŬɛˊɨɚŮɠ ŮɛűŬɜɑɕɞɜŰŬɘ ɏɜŬ ɐ ŭɨɞ MPPs, ɧˊɤɠ 

əŬɘ ůŰɞ Űɞ ūȸ ˊɚŬɑůɘɞ. ȷɡŰɧ ŮɑɜŬɘ ŬɜŬɛŮɜɧɛŮɜɞ, əŬɗɩɠ ɖ ˊɚŬɘůɘɞůŮɘɟɎ ůɡɜɑůŰŬŰŬɘ ɞɡůɘŬůŰɘəɎ 

ůŰɘɠ ŭɨɞ ɞɛɎŭŮɠ ŬůəɑŬůŰɤɜ əŬɘ ůəɘŬůɛɏɜɤɜ (ɛŮɟɘəɩɠ ɐ ɞɚɘəɩɠ) ůŰɞɘɢŮɘɞůŮɘɟɩɜ, ˊɞɡ 

ůɡɜɗɏŰɞɡɜ ɖɚŮəŰɟɘəɐ Ŭˊɧəɟɘůɖ ŬɜŰɑůŰɞɘɢɖ ɛŮ Űɞɡ ūȸ ˊɚŬɘůɑɞɡ, ˊɚɖɜ ůŮ ɛŮɔŬɚɨŰŮɟɖ əɚɑɛŬəŬ. 

ȹɖɚŬŭɐ, ŭŮɜ ɏɢŮɘ ůɖɛŬůɑŬ ɖ ɗɏůɖ Űɤɜ ůŰɞɘɢŮɘɞůŮɘɟɩɜ ŰɞˊɞɚɞɔɘəɎ ůŰɖɜ ˊɚŬɘůɘɞůŮɘɟɎ, ɞɨŰŮ ɞ 

Ŭɟɘɗɛɧɠ Űɤɜ ůəɘŬůɛɏɜɤɜ əɡɣŮɚɩɜ ŮɜŰɧɠ ɛɘŬɠ ůŰɞɘɢŮɘɞůŮɘɟɎɠ. 

ɆŰɞ Ɇɢ. 3.18(Ŭ)-(ɓ), ŬˊŮɘəɞɜɑɕŮŰŬɘ Űɞ ůɡɜɖɗɏůŰŮɟɞ ɑůɤɠ ɛɞŰɑɓɞ ůəɑŬůɖɠ ˊɞɡ ůɡɜŬɜŰɎŰŬɘ 

ůŰɖɜ ˊɟɎɝɖ: ůəɑŬůɖ əŬŰɎ ɔɟŬɛɛɏɠ, əŬɘ ůɡɔəŮəɟɘɛɏɜŬ ɖ ŬəɟŬɑŬ ˊŮɟɑˊŰɤůɖ ůəɑŬůɖɠ ɛɑŬɠ ɛɧɜɞ 

ɔɟŬɛɛɐɠ əɡɣŮɚɩɜ. ȼ ůɡɔəŮəɟɘɛɏɜɖ əŬŰŬɜɞɛɐ ŬəŰɘɜɞɓɞɚɑŬɠ ˊɟɞəɨˊŰŮɘ ůɡɢɜɎ Ŭˊɧ 

ŬɚɚɖɚɞůəɑŬůɖ Űɤɜ ˊɚŬɘůɘɞůŮɘɟɩɜ ɧŰŬɜ ɏɢɞɡɜ ŮɔəŬŰŬůŰŬɗŮɑ ůŮ əɞɜŰɘɜɐ ŬˊɧůŰŬůɖ ɛɏůŬ ůŰɞ 

ˊɎɟəɞ. ɆŰɖɜ ɞɟɘɕɧɜŰɘŬ ŭɘɎŰŬɝɖ, ůəɘɎɕŮŰŬɘ ɛɑŬ ůŰɞɘɢŮɘɞůŮɘɟɎ əŬŰɎ Űɞ ɐɛɘůɡ ůŮ əɎɗŮ ˊɚŬɑůɘɞ 

(Ɇɢ. 3.18(Ŭ)), ˊɟɞůɓɎɚɚɞɜŰŬɠ ɞɡůɘŬůŰɘəɎ 12/36 ůŰɞɘɢŮɘɞůŮɘɟɏɠ.  

ȷɜɎɚɞɔŬ ɛŮ Űɖɜ ɏɜŰŬůɖ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ, Űɞ MPP2 (ŭŮɝɑ ŰɛɐɛŬ Űɖɠ əŬɛˊɨɚɖɠ ï ɡɣɖɚɧŰŮɟɖ 

ŰɎůɖ) ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ Űɞ ɞɚɘəɎ ɛɏɔɘůŰɞ (G2 = 0.9 əŬɘ G2 = 0.6) ɐ ɡˊɞŭŮɏůŰŮɟɞ Ŭˊɧ Űɞ MPP1 

(ŬɟɘůŰŮɟɧ ŰɛɐɛŬ Űɖɠ əŬɛˊɨɚɖɠ ï ɢŬɛɖɚɧŰŮɟɖ ŰɎůɖ) (G2 = 0.4 əŬɘ G2 = 0.1). ȷɜŰɑɗŮŰŬ, ůŰɖɜ 

əŬŰŬəɧɟɡűɖ ŭɘɎŰŬɝɖ ɧɚŮɠ ɞɘ ůŰɞɘɢŮɘɞůŮɘɟɏɠ ˊɟɞůɓɎɚɚɞɜŰŬɘ Ŭˊɧ ůəɑŬůɖ əŬŰɎ 2/16 əɡɣɏɚŮɠ ɖ 

əɎɗŮ ɛɘŬ (Ɇɢ. 3.18(ɓ)), ɞŭɖɔɩɜŰŬɠ ůŮ ɘůɞŭɨɜŬɛɖ ɚŮɘŰɞɡɟɔɑŬ ɞɚɘəɎ ůəɘŬůɛɏɜɖɠ ˊɚŬɘůɘɞůŮɘɟɎɠ, 

ɧˊɞɡ ŮɛűŬɜɑɕŮŰŬɘ ɛɧɜɞ Űɞ MPP2 (Űɞ MPP1 ŭŮɜ ŮəűɟɎɕŮŰŬɘ ůŰɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ). ȺɑɜŬɘ 

ŮɛűŬɜɏɠ ɧŰɘ ɖ əŬŰŬəɧɟɡűɖ ŭɘɎŰŬɝɖ ŮɑɜŬɘ ˊŮɟɘůůɧŰŮɟɞ ŮˊɘɟɟŮˊɐɠ ůŮ ůəɑŬůɖ əŬŰɎ ɔɟŬɛɛɏɠ Ŭˊɧ 

Űɖɜ ɞɟɘɕɧɜŰɘŬ ŭɘɎŰŬɝɖ, əŬɗɩɠ ɛŮ ɚɑɔɖ ɏəŰŬůɖ ůəɑŬůɖɠ ŮɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ ˊɟɞůɓɚɖɗɞɨɜ ɧɚŮɠ ɞɘ 

ůŰɞɘɢŮɘɞůŮɘɟɏɠ Űɤɜ ˊɚŬɘůɑɤɜ. 

ȷɜŰɑɗŮŰŬ, ůŮ ůəɑŬůɖ əŬŰɎ ůŰɐɚŮɠ ɖ ůəɑŬůɖ ŮəŰŮɑɜŮŰŬɘ ˊɚŬɑůɘɞ ï ˊɚŬɑůɘɞ ůŰɖɜ ɞɟɘɕɧɜŰɘŬ 

ŭɘɎŰŬɝɖ (Ɇɢ. 3.18(ɔ)), ŬɚɚɎ ůŰɞɘɢŮɘɞůŮɘɟɎ ï ůŰɞɘɢŮɘɞůŮɘɟɎ ůŰɖɜ əŬŰŬəɧɟɡűɖ (Ɇɢ. 3.18(ŭ)), ˊɞɡ 

ůɖɛŬɑɜŮɘ ɧŰɘ ɖ ŰŮɚŮɡŰŬɑŬ ŭɘɎŰŬɝɖ ˊɟɞəɨˊŰŮɘ ˊɘɞ ŬɜɗŮəŰɘəɐ ůŰɞ Ůɜ ɚɧɔɤ ɛɞŰɑɓɞ ůəɑŬůɖɠ. 

ɆɡɜŮˊɩɠ, Űɞ MPP1 ůŰɘɠ P-V əŬɛˊɨɚŮɠ Űɖɠ əŬŰŬəɧɟɡűɖɠ ŭɘɎŰŬɝɖɠ ɏɢŮɘ ɛŮɔŬɚɨŰŮɟɖ ɘůɢɨ ůŮ 



ȾȺūȷȿȷȽɃ 3 - ȷɜɎɚɡůɖ əŬɘ ɀɞɜŰŮɚɞˊɞɑɖůɖ ūȸ ɆɡůŰɖɛɎŰɤɜ ůŮ ɆɡɜɗɐəŮɠ ɆəɑŬůɖɠ 

 

ɀˊŬŰɕɏɚɖɠ ȺɡůŰɟɎŰɘɞɠ 85 

ůɢɏůɖ ɛŮ Űɞ MPP1 Űɖɠ ɞɟɘɕɧɜŰɘŬɠ, ɢɤɟɑɠ ɧɛɤɠ ɞɡůɘɩŭɖ ŭɘŬűɞɟɎ. 

ũɘŬ ŭɘŬɔɩɜɘŬ ůəɑŬůɖ, ɖ ŮɜŭŮɘəŰɘəɐ ˊŮɟɑˊŰɤůɖ ůəɘŬůɛɏɜɖɠ ŮˊɘűɎɜŮɘŬɠ 4 ɔɟŬɛɛɩɜ x 48 

ůŰɖɚɩɜ əɡɣŮɚɩɜ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰŬ Ɇɢ. 3.18(Ů)-(ůŰ). ɄŬɟɧɚɞ ˊɞɡ ɖ ŮˊɘűɎɜŮɘŬ ůəɑŬůɖɠ ŮɑɜŬɘ 

ɑŭɘŬ ɔɘŬ Űɘɠ ŭɨɞ ŭɘŬŰɎɝŮɘɠ (ůŰŬ ŬɜŰɑůŰɞɘɢŬ ůɢɐɛŬŰŬ űŬɑɜŮŰŬɘ ˊɚŬůɛŬŰɘəɎ ŭɘŬűɞɟŮŰɘəɐ ɚɧɔɤ Űɖɠ 

əɚɑɛŬəŬɠ, ŬɚɚɎ ŮɑɜŬɘ ɑŭɘŬ ůŬɜ ɏəŰŬůɖ əŬɘ əɡɣɏɚŮɠ), ˊɟɞůɓɎɚɚɞɜŰŬɘ ɞɘ ŭɘˊɚɎůɘŮɠ 

ůŰɞɘɢŮɘɞůŮɘɟɏɠ ůŰɖɜ əŬŰŬəɧɟɡűɖ ŭɘɎŰŬɝɖ (24 ůŰɞɘɢŮɘɞůŮɘɟɏɠ) ůŮ ůɢɏůɖ ɛŮ Űɖɜ ɞɟɘɕɧɜŰɘŬ 

ŭɘɎŰŬɝɖ (12 ůŰɞɘɢŮɘɞůŮɘɟɏɠ). ȾŬŰɎ ůɡɜɏˊŮɘŬ, ɞɘ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ P-V Űɤɜ ŭɨɞ ˊŮɟɘˊŰɩůŮɤɜ 

ŮɛűŬɜɑɕɞɡɜ ůɖɛŬɜŰɘəɐ ŭɘŬűɞɟɞˊɞɑɖůɖ ůŰɞ MPP1 Ůɡɗɏɤɠ ŬɜŬɚɞɔɘəɎ. 

ɆɡɜŮˊɩɠ, ɖ əŬɛˊɨɚɖ ɘůɢɨɞɠ ɛɘŬɠ ūȸ ˊɚŬɘůɘɞůŮɘɟɎɠ ˊɞɡ ɡˊɧəŮɘŰŬɘ ůŮ ŭɨɞ ŭɘŬűɞɟŮŰɘəɎ 

ŮˊɑˊŮŭŬ ŬəŰɘɜɞɓɞɚɑŬɠ ŮɛűŬɜɑɕŮɘ ɏɜŬ ɖ ŭɨɞ ŰɞˊɘəɎ ɛɏɔɘůŰŬ, ŰŬ MPP1 əŬɘ MPP2, ɧˊɤɠ 

ɞɟɑůŰɖəŬɜ əŬɘ ɔɘŬ Űɞ ūȸ ˊɚŬɑůɘɞ. ȹŮɜ ɏɢŮɘ ůɖɛŬůɑŬ ɖ ŰɞˊɞɚɞɔɑŬ Űɖɠ ˊɚŬɘůɘɞůŮɘɟɎɠ (ɞɟɘɕɧɜŰɘŬ, 

əŬŰŬəɧɟɡűɖ ɐ ˊɘɞ ˊŮɟɑˊɚɞəŮɠ ŭɘŬŰɎɝŮɘɠ ɛŮ ŬəŬɜɧɜɘůŰɖ ɗɏůɖ ˊɚŬɘůɑɤɜ), ɞɨŰŮ Űɞ ɛɏɔŮɗɞɠ Űɖɠ 

ůəɘŬůɛɏɜɖɠ ŮˊɘűɎɜŮɘŬɠ. ɆɖɛŬůɑŬ ɏɢŮɘ ɛɧɜɞ ˊɧůŮɠ ůŰɞɘɢŮɘɞůŮɘɟɏɠ ŮɑɜŬɘ ɛŮɟɘəɩɠ ɐ ɞɚɘəɩɠ 

ůəɘŬůɛɏɜŮɠ (ˊɟŬəŰɘəɎ ŮɑɜŬɘ Űɞ ɑŭɘɞ) əŬɘ ůŮ Űɘ ɏɜŰŬůɖ ŬəŰɘɜɞɓɞɚɑŬɠ. 

χȢφȢψȢɛ ɜʀʉʚʆʀʑʎʂ ɾʅɻ n ʀʌʚʌʀɿɻ ɻʆʐʅʉʋɼʋʇʚɻʏ 

ɀɞɚɞɜɧŰɘ ɖ ůɡɜɖɗɘůɛɏɜɖ ˊŮɟɑˊŰɤůɖ ɛŮɟɘəɐɠ ůəɑŬůɖɠ ŬűɞɟɎ ŭɨɞ ŮˊɑˊŮŭŬ ŬəŰɘɜɞɓɞɚɑŬɠ, ůŰɖ 

ɔŮɜɘəɐ ˊŮɟɑˊŰɤůɖ ɛɑŬ ɛŮɟɘəɩɠ ůəɘŬůɛɏɜɖ ˊɚŬɘůɘɞůŮɘɟɎ ɛˊɞɟŮɑ ɜŬ ɡˊɧəŮɘŰŬɘ ůŮ ˊŮɟɘůůɧŰŮɟŬ 

ŮˊɑˊŮŭŬ ŬəŰɘɜɞɓɞɚɑŬɠ. ɇɏŰɞɘŮɠ ůɡɜɗɐəŮɠ ɛˊɞɟŮɑ ɜŬ ˊɟɞəɚɖɗɞɨɜ ɧŰŬɜ ŭɘŬűɞɟŮŰɘəɎ ŮɛˊɧŭɘŬ 

ůəɘɎɕɞɡɜ Űɖɜ ɑŭɘŬ ˊɚŬɘůɘɞůŮɘɟɎ (ˊ.ɢ. ɛɑŬ ŭɘˊɚŬɜɐ ˊɚŬɘůɘɞůŮɘɟɎ əŬɘ ɏɜŬ Ɏɚɚɞ ŬɜŰɘəŮɑɛŮɜɞ ůŮ 

ɛŮɔŬɚɨŰŮɟɖ ŬˊɧůŰŬůɖ), ˊɟɞəŬɚɩɜŰŬɠ ɏŰůɘ Űɖɜ ŮɛűɎɜɘůɖ ˊŬɟŬˊɎɜɤ Ŭˊɧ ŭɨɞ MPPs. 

ɆŰɞ Ɇɢ. 3.19, ˊŬɟɞɡůɘɎɕŮŰŬɘ ɏɜŬ ŮɜŭŮɘəŰɘəɧ ůŮɜɎɟɘɞ ůəɑŬůɖɠ Űɟɘɩɜ Ůˊɘˊɏŭɤɜ ŬəŰɘɜɞɓɞɚɑŬɠ 

G1 = 1.0, G2 = 0.7 əŬɘ G3 = 0.3. Ƀɘ ŰɟŮɘɠ ŬɜŰɑůŰɞɘɢŮɠ ɞɛɎŭŮɠ ůŰɞɘɢŮɘɞůŮɘɟɩɜ 1, 2 əŬɘ 3 

ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ N1 = 18, N2 = 6 əŬɘ Ɂ3 = 12 ůŰɞɘɢŮɘɞůŮɘɟɏɠ. ȰŰůɘ, ŮɛűŬɜɑɕɞɜŰŬɘ ŰɟɑŬ MPPs 

ůŰɘɠ əŬɛˊɨɚŮɠ I-V əŬɘ P-V. ɆŰɞ MPP1 (əɧəəɘɜɞɠ ŭŮɑəŰɖɠ), ɛɧɜɞ ɖ ɞɛɎŭŬ 1 ůɡɜŮɘůűɏɟŮɘ ůŰɖɜ 

ˊŬɟŬɔɤɔɐ, əŬɗɩɠ ɞɘ ɞɛɎŭŮɠ 2 əŬɘ 3 ˊŬɟŬəɎɛˊŰɞɜŰŬɘ. ɆŰɞ MPP2 (ˊɟɎůɘɜɞɠ ŭŮɑəŰɖɠ), ɞɘ ɞɛɎŭŮɠ 

1 əŬɘ 2 ˊɟɞůűɏɟɞɡɜ ɘůɢɨ ůŰɞ ɛŮɘɤɛɏɜɞ ɟŮɨɛŬ ˊɞɡ ŮˊɘɓɎɚɚŮŰŬɘ Ŭˊɧ Űɖɜ ŬəŰɘɜɞɓɞɚɑŬ G2, Ůɜɩ ɖ 

ɞɛɎŭŬ 3 ˊŬɟŬəɎɛˊŰŮŰŬɘ. ȷɜŰɑɗŮŰŬ, ůŰɞ MPP3 (əɑŰɟɘɜɞɠ ŭŮɑəŰɖɠ) əŬɘ ɞɘ ŰɟŮɘɠ ɞɛɎŭŮɠ 

 

  
(Ŭ) (ɓ) 

Ɇɢ. 3.19. ȺɜŭŮɘəŰɘəɐ ˊŮɟɑˊŰɤůɖ ɛŮɟɘəɩɠ ůəɘŬůɛɏɜɖɠ ūȸ ˊɚŬɘůɘɞůŮɘɟɎɠ, ɖ ɞˊɞɑŬ ŭɏɢŮŰŬɘ ŰɟɑŬ 

ŭɘŬűɞɟŮŰɘəɎ ŮˊɑˊŮŭŬ ŬəŰɘɜɞɓɞɚɑŬɠ (G1 = 1.0, G2 = 0.7 əŬɘ G3 = 0.3).  

G3 = 0.3 G1 = 1.0 G2 = 0.7
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3.2 - ũɟŬűɘəɐ ȷɜɎɚɡůɖ əŬɘ ɉŬɟŬəŰɖɟɘůɛɧɠ Űɖɠ ɆəɑŬůɖɠ 

86 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

ɚŮɘŰɞɡɟɔɞɨɜ ůŰɞ ŮɚɎɢɘůŰɞ ɟŮɨɛŬ ˊɞɡ əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖ ɛɘəɟɧŰŮɟɖ ŬəŰɘɜɞɓɞɚɑŬ G3 Űɖɠ 

ɞɛɎŭŬɠ 3, Ůɜɩ ɧɚŮɠ ɞɘ ŭɑɞŭɞɘ ŭɘŬűɡɔɐɠ ˊŬɟŬɛɏɜɞɡɜ ŬɜɎůŰɟɞűŬ ˊɞɚɤɛɏɜŮɠ. 

Ƀɘ ɎɜɤɗŮɜ ˊŬɟŬŰɖɟɐůŮɘɠ ɔŮɜɘəŮɨɞɜŰŬɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ɛɘŬɠ ūȸ ˊɚŬɘůɘɞůŮɘɟɎɠ ˊɞɡ 

ɡˊɧəŮɘŰŬɘ ůŮ n ŭɘŬűɞɟŮŰɘəɎ ŮˊɑˊŮŭŬ ŬəŰɘɜɞɓɞɚɑŬɠ Gj, ɛŮ j = 1, é, n, ŰŬɝɘɜɞɛɖɛɏɜŬ əŬŰɎ 

űɗɑɜɞɡůŬ ůŮɘɟɎ (Gi > Gj, i > j). ɃɟɑɕɞɜŰŬɘ ŬɜŰɑůŰɞɘɢŬ n ɞɛɎŭŮɠ ůŰɞɘɢŮɘɞůŮɘɟɩɜ 1, é, n, əɎɗŮ 

ɛɑŬ Ŭˊɧ Űɘɠ ɞˊɞɑŮɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ N1, é, Nn ůŰɞɘɢŮɘɞůŮɘɟɏɠ ůŮ ˊɚɐɗɞɠ. ɇɧŰŮ, ɛˊɞɟŮɑ ɜŬ 

ŮɛűŬɜɘůŰɞɨɜ ɛɏɢɟɘ əŬɘ n ŰɞˊɘəɎ MPPs ůŰɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ P-V, ŭŮŭɞɛɏɜɞɡ ɧŰɘ ɡˊɎɟɢɞɡɜ 

ŰɞɡɚɎɢɘůŰɞɜ n ŭɑɞŭɞɘ ŭɘŬűɡɔɐɠ ůŰɞ əɨəɚɤɛŬ. ɆŮ əɎɗŮ MPPj, ɞɘ ɞɛɎŭŮɠ j+1 ɏɤɠ n 

ˊŬɟŬəɎɛˊŰɞɜŰŬɘ Ŭˊɧ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ ɎɔɞɡůŮɠ ŭɘɧŭɞɡɠ ŭɘŬűɡɔɐɠ, Ůɜɩ ɞɘ ɞɛɎŭŮɠ 1 ɏɤɠ j 

ɚŮɘŰɞɡɟɔɞɨɜ ůŰɞ ɛŮɘɤɛɏɜɞ ɟŮɨɛŬ ˊɞɡ əŬɗɞɟɑɕŮɘ ɖ ŬəŰɘɜɞɓɞɚɑŬ Gj Űɖɠ ɞɛɎŭŬɠ j. ȹɖɚŬŭɐ, Űɞ MPPj 

ůɢŮŰɑɕŮŰŬɘ ɎɛŮůŬ ɛŮ Űɞ ŮˊɑˊŮŭɞ ŬəŰɘɜɞɓɞɚɑŬɠ Gj ˊɞɡ ŭɏɢŮŰŬɘ ɖ ɞɛɎŭŬ j. 

3.2.5 ɮɛ ʎʑʎʐʋʅʔʚɻ 

 ȼ ŮɟɛɖɜŮɑŬ Űɖɠ ɖɚŮəŰɟɘəɐɠ Ŭˊɧəɟɘůɖɠ ɛɑŬɠ ɛŮɟɘəɩɠ ůəɘŬůɛɏɜɖɠ ūȸ ůɡůŰɞɘɢɑŬɠ ŮɑɜŬɘ 

ɘŭɘŬɑŰŮɟŬ ˊŮɟɑˊɚɞəɖ, əŬɘ ŮɘŭɘəɎ ɞ ɢŬɟŬəŰɖɟɘůɛɧɠ Űɤɜ Űɞˊɘəɩɜ MPPs ˊɞɡ ŮɛűŬɜɑɕɞɜŰŬɘ ůŰɖ 

ɢŬɟŬəŰɖɟɘůŰɘəɐ P-V. ȸɎůŮɘ Űɖɠ ŬɜɎɚɡůɖɠ Űɖɠ ˊɟɞɖɔɞɨɛŮɜɖɠ ˊŬɟŬɔɟɎűɞɡ, ŭŮɜ ɏɢŮɘ ɜɧɖɛŬ ɜŬ 

ɛŮɚŮŰɖɗɞɨɜ ŰɞˊɞɚɞɔɘəɎ ŭɘɎűɞɟŬ ůŮɜɎɟɘŬ ůəɑŬůɖɠ, ŬɚɚɎ ɛɧɜɞ ɞɘ ŭɘŬűɞɟŮŰɘəɏɠ ɞɛɎŭŮɠ 

ůŰɞɘɢŮɘɞůŮɘɟɩɜ ˊɞɡ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ (ŮɑŰŮ ɛŮɟɘəɩɠ, ŮɑŰŮ ɞɚɘəɎ ůəɘŬůɛɏɜŮɠ ůŰɞɘɢŮɘɞůŮɘɟɏɠ ï ŭŮɜ 

ɏɢŮɘ ůɖɛŬůɑŬ) ɧŰŬɜ ɡˊɧəŮɘɜŰŬɘ ůŮ ŭɘŬűɞɟŮŰɘəɐ ɏɜŰŬůɖ ŬəŰɘɜɞɓɞɚɑŬɠ.  

ȼ ŬɜɎɚɡůɖ ˊɞɡ ŬəɞɚɞɡɗŮɑ ŬˊŬɘŰŮɑ Űɖɜ ŮˊɏəŰŬůɖ Űɤɜ ɞɟɘůɛɩɜ Űɖɠ ˊɟɞɖɔɞɨɛŮɜɖɠ 

ˊŬɟŬɔɟɎűɞɡ. ȾɎɗŮ ɛɑŬ Ŭˊɧ Űɘɠ Np ́ ŬɟɎɚɚɖɚŬ ůɡɜŭŮŭŮɛɏɜŮɠ ˊɚŬɘůɘɞůŮɘɟɏɠ ŭɏɢŮŰŬɘ ɏɜŬ ˊɚɐɗɞɠ 

Ŭˊɧ ni (i = 1, é, Np) ŭɘŬűɞɟŮŰɘəɏɠ ŮɜŰɎůŮɘɠ ŬəŰɘɜɞɓɞɚɑŬɠ Gi
j, j = 1, é, ni, ŰŬɝɘɜɞɛɖɛɏɜŮɠ əŬŰɎ 

űɗɑɜɞɡůŬ ůŮɘɟɎ (Gi
j > G i

j+1), əŬɘ ˊŬɟɞɡůɘɎɕŮɘ ɛɏɢɟɘ ni ŰɞˊɘəɎ MPPs ůŰɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ P-V. 

Ƀ ůɡɛɓɞɚɘůɛɧɠ MPPi
j ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ ŰŬ Ůɜ ɚɧɔɤ ŰɞˊɘəɎ ɛɏɔɘůŰŬ, ɧˊɞɡ ɞ ŮəɗɏŰɖɠ i 

ůɡɛɓɞɚɑɕŮɘ Űɖɜ ˊɚŬɘůɘɞůŮɘɟɎ i əŬɘ ɞ ŭŮɑəŰɖɠ j Űɞ ŮˊɑˊŮŭɞ ŬəŰɘɜɞɓɞɚɑŬɠ Gi
j. ũɘŬ Űɖɜ ˊɚŬɘůɘɞůŮɘɟɎ 

i, o Ŭɟɘɗɛɧɠ Űɤɜ ůŰɞɘɢŮɘɞůŮɘɟɩɜ ˊɞɡ ůɡɜɘůŰɞɨɜ əɎɗŮ ɞɛɎŭŬ j ˊɞɡ ɡˊɧəŮɘɜŰŬɘ ůŰɖɜ ɑŭɘŬ ɏɜŰŬůɖ 

ŬəŰɘɜɞɓɞɚɑŬɠ Gi
j, ůɡɛɓɞɚɑɕŮŰŬɘ ɛŮ Ni

j. ȷˊɧ Ůŭɩ əŬɘ ůŰɞ Ůɝɐɠ, ɞ ŮəɗɏŰɖɠ i əŬɘ ɞ ŭŮɑəŰɖɠ j ɗŬ 

ŬɜŰɘůŰɞɘɢɞɨɜ ˊɎɜŰŬ ůŰɖɜ ˊɚŬɘůɘɞůŮɘɟɎ əŬɘ ůŰɞ ŮˊɑˊŮŭɞ ŬəŰɘɜɞɓɞɚɑŬɠ, ŬɜŰɑůŰɞɘɢŬ. 

ũɘŬ ŭɘŮɡəɧɚɡɜůɖ Űɖɠ əŬŰŬɜɧɖůɖɠ, ɛŮɚŮŰɎŰŬɘ Űɞ ˊŬɟɎŭŮɘɔɛŬ Űɞɡ Ɇɢ. 3.20, ůŰɞ ɞˊɞɑɞ ɛɑŬ ūȸ 

ůɡůŰɞɘɢɑŬ ŭɨɞ ˊɚŬɘůɘɞůŮɘɟɩɜ ɡˊɧəŮɘŰŬɘ ůŮ ɛŮɟɘəɐ ůəɑŬůɖ ɏɜŰŬůɖɠ 50%. ȼ ˊɚŬɘůɘɞůŮɘɟɎ 1 

(ˊɎɜɤ əɚɎŭɞɠ) ŭɏɢŮŰŬɘ ŭɨɞ ŮˊɑˊŮŭŬ ŬəŰɘɜɞɓɞɚɑŬɠ G1
1 = 1.0 əŬɘ G1

2 = 0.5, ůɢɖɛŬŰɑɕɞɜŰŬɠ ŭɨɞ 

ɞɛɎŭŮɠ Űɤɜ N1
1 = 32 əŬɘ N1

2 = 4 ůŰɞɘɢŮɘɞůŮɘɟɩɜ ŬɜŰɑůŰɞɘɢŬ. ȷɜŬɛŮɜɧɛŮɜŬ, ɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ 

Űɖɠ əŬɛˊɨɚɖ (ɛˊɚŮ ɔɟŬɛɛɐ) ˊŬɟɞɡůɘɎɕŮɘ ŭɨɞ ŰɞˊɘəɎ ɛɏɔɘůŰŬ MPP1
1 (ɛˊɚŮ ŰŮŰɟŬɔɤɜɘəɧɠ 

ŭŮɑəŰɖɠ) əŬɘ MPP1
2 (ɛˊɚŮ əɡəɚɘəɧɠ ŭŮɑəŰɖɠ). ȷɜŰɑůŰɞɘɢŬ ɔɘŬ Űɖɜ ́ ɚŬɘůɘɞůŮɘɟɎ 2 (əɎŰɤ əɚɎŭɞɠ), 

N2
1 = 24 ůŮ ˊɚɐɗɞɠ ůŰɞɘɢŮɘɞůŮɘɟɏɠ ɡˊɧəŮɘɜŰŬɘ ůŮ ŬəŰɘɜɞɓɞɚɑŬ G2

1 = 1.0 əŬɘ N2
2 = 12 

ůŰɞɘɢŮɘɞůŮɘɟɏɠ ůŮ G2
2 = 0.5, ŭɖɛɘɞɡɟɔɩɜŰŬɠ ŰŬ MPP2

1 (əɧəəɘɜɞɠ ŰŮŰɟŬɔɤɜɘəɧɠ ŭŮɑəŰɖɠ) əŬɘ  

MPP2
2 (əɧəəɘɜɞɠ əɡəɚɘəɧɠ ŭŮɑəŰɖɠ) ůŰɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ (əɧəəɘɜɖ ɔɟŬɛɛɐ). 

ȼ ůɡɜɘůŰŬɛɏɜɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ I-V əŬɘ P-V Űɖɠ ůɡůŰɞɘɢɑŬɠ (ˊɟɎůɘɜɖ ɔɟŬɛɛɐ ůŰŬ Ɇɢ. 

3.20(Ŭ)-(ɓ)) ˊŬɟɞɡůɘɎɕŮɘ ŰɟɑŬ ŰɞˊɘəɎ ɛɏɔɘůŰŬ ůɡɜɞɚɘəɎ. ȺůŰɘɎɕɞɜŰŬɠ ůŰŬ ŭɘŬəŮəɞɛɛɏɜŬ 

ˊɚŬɑůɘŬ, ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ əɎɗŮ MPP Űɖɠ ůɡůŰɞɘɢɑŬɠ ůɡůɢŮŰɑɕŮŰŬɘ ɛŮ əɎˊɞɘɞ MPP ɛɑŬɠ Ůə Űɤɜ 

ˊɚŬɘůɘɞůŮɘɟɩɜ. ɆɡɔəŮəɟɘɛɏɜŬ, Űɞ Űɞˊɘəɧ ɛɏɔɘůŰɞ ˊɞɡ ůɡɛɓɞɚɑɕŮŰŬɘ ɛŮ MPPA2
1 (əɧəəɘɜɞɠ 

ŰŮŰɟŬɔɤɜɘəɧɠ ŭŮɑəŰɖɠ ůŰɖɜ ˊɟɎůɘɜɖ əŬɛˊɨɚɖ) ŮɝŬɟŰɎŰŬɘ ŮɛűŬɜɩɠ Ŭˊɧ Űɞ MPP2
1 Űɖɠ 

ˊɚŬɘůɘɞůŮɘɟɎɠ 2 (əɧəəɘɜɞɠ ŰŮŰɟŬɔɤɜɘəɧɠ ŭŮɑəŰɖɠ ůŰɖɜ əɧəəɘɜɖ ɔɟŬɛɛɐ). ȷɡŰɧ ůɡɛɓŬɑɜŮɘ ŭɘɧŰɘ 
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ůŰɖ ůɡɔəŮəɟɘɛɏɜɖ ˊŮɟɘɞɢɐ ɖ əŬɛˊɡɚɧŰɖŰŬ Űɖɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ Űɖɠ ůɡůŰɞɘɢɑŬɠ əŬɗɞɟɑɕŮŰŬɘ 

Ŭˊɧ Űɖɜ əɧəəɘɜɖ əŬɛˊɨɚɖ, əŬɗɩɠ ɖ ɛˊɚŮ ɢŬɟŬəŰɖɟɘůŰɘəɐ ŮɑɜŬɘ ˊɟɞůŮɔɔɘůŰɘəɎ ŮɡɗŮɑŬ ɔɟŬɛɛɐ 

(Ɇɢ. 3.20(Ŭ)). ɆɡɜŮˊɩɠ, ɖ ŰɎůɖ Űɞɡ MPPA2
1 ˊɟɞəɨˊŰŮɘ ˊɞɚɨ əɞɜŰɎ ůŰɖɜ V2

mp1 Űɞɡ MPP2
1 

(ŮɚŬűɟɩɠ ɛŮɔŬɚɨŰŮɟɖ ï ˊɚŬɑůɘɞ ŮůŰɑŬůɖɠ ůŰɞ Ɇɢ. 3.20(Ŭ)), Ůɜɩ Űɞ ɟŮɨɛŬ ɘůɞɨŰŬɘ ˊŮɟɑˊɞɡ ɛŮ 

Űɞ ɎɗɟɞɘůɛŬ Űɞɡ ɟŮɨɛŬŰɞɠ Ƚ2mp1 Űɞɡ MPP2
1 ůɡɜ Űɞ ɟŮɨɛŬ Űɖɠ ˊɚŬɘůɘɞůŮɘɟɎɠ 1 ůŰɖɜ ŰɎůɖ V2

mp1.  

ɄŬɟɞɛɞɑɤɠ, Űɞ ŮˊɧɛŮɜɞ Űɞˊɘəɧ ɛɏɔɘůŰɞ Űɖɠ ůɡůŰɞɘɢɑŬɠ MPPA1
1 (ɛˊɚŮ ŰŮŰɟŬɔɤɜɘəɧɠ ŭŮɑəŰɖɠ 

ůŰɖɜ ˊɟɎůɘɜɖ əŬɛˊɨɚɖ) ŮɑɜŬɘ ɎɛŮůŬ ůɡɜŭŮŭŮɛɏɜɞ ɛŮ Űɞ MPP1
1 Űɖɠ ˊɚŬɘůɘɞůŮɘɟɎɠ 1 (ɛˊɚŮ 

 

 
(Ŭ) 

 
(ɓ) 

Ɇɢ. 3.20. ɉŬɟŬəŰɖɟɘůŰɘəɏɠ (Ŭ) I-V əŬɘ (ɓ) P-V ɛɑŬɠ ɛŮɟɘəɩɠ ůəɘŬůɛɏɜɖɠ ūȸ ůɡůŰɞɘɢɑŬɠ əŬɘ Űɤɜ ŭɨɞ 

ůɡɜɘůŰɤůɩɜ ˊɚŬɘůɘɞůŮɘɟɩɜ ɔɘŬ ůəɑŬůɖ 2 ŮˊɑˊŮŭɤɜ ŬəŰɘɜɞɓɞɚɑŬɠ. 
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88 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

ŰŮŰɟŬɔɤɜɘəɧɠ ŭŮɑəŰɖɠ ůŰɖɜ ɛˊɚŮ əŬɛˊɨɚɖ), əŬɘ ŮɛűŬɜɑɕŮŰŬɘ ůŮ ŮɚɎɢɘůŰŬ ɛŮɔŬɚɨŰŮɟɖ ŰɎůɖ Ŭˊɧ 

Űɖɜ V1
mp1 Űɞɡ MPP1

1. 

ȷɜŰɑɗŮŰŬ ɛŮ ŰŬ ŭɨɞ ˊɟɞŬɜŬűŮɟɗɏɜŰŬ MPPs Űɖɠ ůɡůŰɞɘɢɑŬɠ, əɎɗŮ ɏɜŬ Ŭˊɧ ŰŬ ɞˊɞɑŬ ŮɝŬɟŰɎŰŬɘ 

Ŭˊɧ ɏɜŬ ůɡɔəŮəɟɘɛɏɜɞ MPP ɛɘŬɠ ˊɚŬɘůɘɞůŮɘɟɎɠ, Űɞ ŰŮɚŮɡŰŬɑɞ Űɞˊɘəɧ ɛɏɔɘůŰɞ ůŰɖɠ ůɡůŰɞɘɢɑŬɠ 

(MPPB ï ɛɤɓ əɡəɚɘəɧɠ ŭŮɑəŰɖɠ) ɛɞɘɎɕŮɘ ɜŬ ŮˊɖɟŮɎɕŮŰŬɘ Ŭˊɧ ŭɨɞ MPPs: Űɞ ŰŮɚŮɡŰŬɑɞ Űɞˊɘəɧ 

ɛɏɔɘůŰɞ əɎɗŮ ˊɚŬɘůɘɞůŮɘɟɎɠ (MPP1
2 ï ɛˊɚŮ əɡəɚɘəɧɠ ŭŮɑəŰɖɠ ůŰɖɜ ɛˊɚŮ əŬɛˊɨɚɖ, MPP2

2 ï 

əɧəəɘɜɞɠ əɡəɚɘəɧɠ ŭŮɑəŰɖɠ ůŰɖɜ əɧəəɘɜɖ əŬɛˊɨɚɖ). ȳŰŬɜ ɛɑŬ ˊɚŬɘůɘɞůŮɘɟɎ ɚŮɘŰɞɡɟɔŮɑ ůŰɞ 

ŰŮɚŮɡŰŬɑɞ MPPi
ni, ɧɚŮɠ ɞɘ ůŰɞɘɢŮɘɞůŮɘɟɏɠ Űɖɠ ŭɘŬɟɟɏɞɜŰŬɘ Ŭˊɧ Űɞ ɛŮɘɤɛɏɜɞ ɟŮɨɛŬ ˊɞɡ 

əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖ ɛɘəɟɧŰŮɟɖ ŬəŰɘɜɞɓɞɚɑŬ Gi
ni. ȷɡŰɧ ůɡɜŮˊɎɔŮŰŬɘ ůɢŮŰɘəɎ əɞɜŰɘɜɐ ŰɎůɖ ɧɚɤɜ 

Űɤɜ MPPi
ni ŬůɢɏŰɤɠ Űɞɡ ůŮɜŬɟɑɞɡ ůəɑŬůɖɠ, ɔŮɔɞɜɧɠ ˊɞɡ ɞŭɖɔŮɑ ůŰɖɜ ŮɛűɎɜɘůɖ Ůɜɧɠ ɛɞɜŬŭɘəɧ 

MPPB ůŰɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ Űɖɠ ůɡůŰɞɘɢɑŬɠ (Ɇɢ. 3.20). 

ȹɖɚŬŭɐ, ɞɟɑɕɞɜŰŬɘ ŭɨɞ əŬŰɖɔɞɟɑŮɠ Űɞˊɘəɩɜ ɛŮɔɑůŰɤɜ ůŰɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ ɛɘŬɠ ůɡůŰɞɘɢɑŬɠ: 

V ɇŬ MPPȷi
j, əŬɗɏɜŬ Ŭˊɧ ŰŬ ɞˊɞɑŬ ůɡɜŭɏŮŰŬɘ ɛŮ Űɞ MPPi

j (ɏɜŬ Ŭˊɧ ŰŬ ˊɟɩŰŬ ni-1 MPPs 

Űɖɠ ˊɚŬɘůɘɞůŮɘɟɎɠ i), ɧˊɞɡ ɞ ŮəɗɏŰɖɠ i ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ ˊɚŬɘůɘɞůŮɘɟɎ i əŬɘ ɞ ŭŮɑəŰɖɠ j 

ůŰɞ ŮˊɑˊŮŭɞ ŬəŰɘɜɞɓɞɚɑŬɠ Gi
j Űɖɠ ˊɚŬɘůɘɞůŮɘɟɎɠ i. Ⱥɜ ɔɏɜŮɘ, Űɞ ˊɚɐɗɞɠ Űɤɜ MPPAs 

ɘůɞɨŰŬɘ ɛŮ Űɞ ɎɗɟɞɘůɛŬ ɧɚɤɜ Űɤɜ MPPs ŮəŰɧɠ Űɞɡ ŰŮɚŮɡŰŬɑɞɡ ɔɘŬ əɎɗŮ ˊɚŬɘůɘɞůŮɘɟɎ. 

V ɇɞ ɛɞɜŬŭɘəɧ MPPB, Űɞ ɞˊɞɑɞ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɞɡ ŰŮɚŮɡŰŬɑɞɡ MPP 

əɎɗŮ ˊɚŬɘůɘɞůŮɘɟɎɠ (MPPi
ni). 

Ⱥˊɞɛɏɜɤɠ, Űɞ ɛɏɔɘůŰɞ ŭɡɜŬŰɧ ˊɚɐɗɞɠ ɧɚɤɜ Űɤɜ Űɞˊɘəɩɜ ɛŮɔɑůŰɤɜ ɛɑŬɠ ɛŮɟɘəɩɠ ůəɘŬůɛɏɜɖɠ 

ˊɚŬɘůɘɞůŮɘɟɎɠ na ŮɑɜŬɘ: 

 ( )
1 1

1 1 1 
p p

i i

N N

a p

i i

n n n N
= =

= - + = - +ä ä   (3.16) 

ŭɖɚŬŭɐ, ni-1 MPPȷs ɔɘŬ əɎɗŮ ɛɑŬ Ŭˊɧ Űɘɠ Np ˊɚŬɘůɘɞůŮɘɟɏɠ əŬɘ ɏɜŬ ɛɞɜŬŭɘəɧ MPPB. ȸɏɓŬɘŬ, 

ɞ ˊɟŬɔɛŬŰɘəɧɠ Ŭɟɘɗɛɧɠ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɞɠ ŬɜɎɚɞɔŬ Űɘɠ ůɡɜɗɐəŮɠ ůəɑŬůɖɠ. 

ɆŰɞ Ɇɢ. 3.21, ŬˊŮɘəɞɜɑɕŮŰŬɘ ɏɜŬ ˊɞɚɡˊɚɞəɧŰŮɟɞ ůŮɜɎɟɘɞ ůəɑŬůɖɠ ɔɘŬ ˊŮɟŬɘŰɏɟɤ ŭɘŮɡəɟɑɜɘůɖ 

Űɤɜ ˊɟɞɖɔɞɡɛɏɜɤɜ Ůɜɜɞɘɩɜ əŬɘ ŬɜɎɚɡůɖɠ. ȼ ˊɚŬɘůɘɞůŮɘɟɎ 1 ɡˊɧəŮɘŰŬɘ ůŮ ŰɟɑŬ ŮˊɑˊŮŭŬ 

ŬəŰɘɜɞɓɞɚɑŬɠ (G1
1 = 0.8, G1

2 = 0.5 əŬɘ G1
3 = 0.3, ɛŮ N1

1 = 18, N1
2 = 12 and N1

3 = 6 ůŰɞɘɢŮɘɞůŮɘɟɏɠ 

ŬɜŰɑůŰɞɘɢŬ), Ůɜɩ ɖ ˊɚŬɘůɘɞůŮɘɟɎ 2 ŭɏɢŮŰŬɘ ŭɨɞ ŭɘŬűɞɟŮŰɘəɏɠ ŮɜŰɎůŮɘɠ ŬəŰɘɜɞɓɞɚɑŬɠ (G2
1 = 1.0 

əŬɘ G2
2 = 0.5, ɛŮ N2

1 = 24 əŬɘ N2
2 = 12 ůŰɞɘɢŮɘɞůŮɘɟɏɠ). ɆɨɛűɤɜŬ ɛŮ Űɖɜ (3.16), ŮɛűŬɜɑɕɞɜŰŬɘ 

ɏɤɠ ŰɏůůŮɟŬ MPPs ůŰɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ əŬɛˊɨɚɖ Űɖɠ ůɡůŰɞɘɢɑŬɠ: 

V ɇɞ MPPA1
1 (ŬɟɘůŰŮɟɧɠ ɛˊɚŮ ŰŮŰɟŬɔɤɜɘəɧɠ ŭŮɑəŰɖɠ ůŰɖɜ ˊɟɎůɘɜɖ əŬɛˊɨɚɖ) ˊɞɡ 

ůɡɜŭɏŮŰŬɘ ɛŮ Űɞ MPP1
1 Űɖɠ ˊɚŬɘůɘɞůŮɘɟɎɠ 1 (ŬɟɘůŰŮɟɧɠ ɛˊɚŮ ŰŮŰɟŬɔɤɜɘəɧɠ ŭŮɑəŰɖɠ ůŰɖɜ 

ɛˊɚŮ əŬɛˊɨɚɖ). 

V ɇɞ MPPA2
1 (əɧəəɘɜɞɠ ŰŮŰɟŬɔɤɜɘəɧɠ ŭŮɑəŰɖɠ ůŰɖɜ ˊɟɎůɘɜɖ əŬɛˊɨɚɖ) ˊɞɡ ůɡůɢŮŰɑɕŮŰŬɘ 

ɛŮ Űɞ MPP2
1 Űɖɠ ˊɚŬɘůɘɞůŮɘɟɎɠ 2 (əɧəəɘɜɞɠ ŰŮŰɟŬɔɤɜɘəɧɠ ŭŮɑəŰɖɠ ůŰɖɜ əɧəəɘɜɖ 

əŬɛˊɨɚɖ). 

V ɇɞ MPPA1
2 (ŭŮɝɐɠ ɛˊɚŮ ŰŮŰɟŬɔɤɜɘəɧɠ ŭŮɑəŰɖɠ ůŰɖɜ ˊɟɎůɘɜɖ əŬɛˊɨɚɖ) ˊɞɡ ŮɝŬɟŰɎŰŬɘ 

ɎɛŮůŬ Ŭˊɧ Űɞ MPP1
2 Űɖɠ ˊɚŬɘůɘɞůŮɘɟɎɠ 1 (ŭŮɝɐɠ ɛˊɚŮ ŰŮŰɟŬɔɤɜɘəɧɠ ŭŮɑəŰɖɠ ůŰɖɜ ɛˊɚŮ 

ɔɟŬɛɛɐ). 

V ɇɞ MPPB (ɛɤɓ əɡəɚɘəɧɠ ŭŮɑəŰɖɠ ůŰɖɜ ˊɟɎůɘɜɖ əŬɛˊɨɚɖ), ɞ ɞˊɞɑɞɠ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖɜ 

ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɤɜ MPP1
3 əŬɘ MPP2

2 (əɡəɚɘəɞɑ ŭŮɑəŰŮɠ ůŰɖɜ ɛˊɚŮ əŬɘ əɧəəɘɜɖ 

əŬɛˊɨɚɖ), ŭɖɚŬŭɐ Űɤɜ ŰŮɚŮɡŰŬɑɤɜ MPPs əɎɗŮ ˊɚŬɘůɘɞůŮɘɟɎɠ. 
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ȺɝɞɜɡɢɘůŰɘəɐ ŬɜɎɚɡůɖ ˊɚɖɗɩɟŬɠ ɔŮɤɛŮŰɟɘɩɜ ůəɑŬůɖɠ ɛŮɚŮŰɩɜŰŬɘ ůŰɖɜ [211], 

əŬŰŬɚɐɔɞɜŰŬɠ ˊɎɜŰŬ ůŰɞ ɑŭɘɞ ůɡɛˊɏɟŬůɛŬ: ɞɘ əŬɗɞɟɘůŰɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ ɔɘŬ Űɖ ɛɞɟűɐ Űɖɠ 

ɢŬɟŬəŰɖɟɘůŰɘəɐɠ əŬɘ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ MPPs ŭŮɜ ŮɑɜŬɘ ɖ ɏəŰŬůɖ əŬɘ ɔŮɤɛŮŰɟɑŬ Űɖɠ ůəɑŬůɖɠ, 

ŬɚɚɎ ɛɧɜɞ ŰŬ ŭɘŬűɞɟŮŰɘəɎ ŮˊɑˊŮŭŬ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɖ əŬŰŬɜɞɛɐ Űɤɜ ůŰɞɘɢŮɘɞůŮɘɟɩɜ ůŰɘɠ 

ŬɜŰɑůŰɞɘɢŮɠ ɞɛɎŭŮɠ. Ƀ ɢŬɟŬəŰɖɟɘůɛɧɠ Űɖɠ ˊŬɟɞɨůŬɠ ŮɜɧŰɖŰŬɠ ŮˊŮəŰŮɑɜŮɘ Űɖɜ ŬɜɎɚɡůɖ Űɞɡ [68] 

əŬɘ ŭɘŬɢɤɟɑɕŮɘ ŰŬ ŰɞˊɘəɎ ɛɏɔɘůŰŬ ůŮ ŭɨɞ Űɨˊɞɡɠ: ŰŬ MPPA əŬɘ Űɞ MPPB. 

3.3  ɩʀʍʅɾʍɻʒʅʆʘʏ ɫʔʘʎʀʅʏ ɩʍʋʎɿʅʋʍʅʎʈʋʞ ʐʖʉ MPPs 

ɮɛ ɩʇɻʅʎʅʋʎʀʅʍʗʏ 

ɆŮ ŬɡŰɐɜ Űɖɜ ŮɜɧŰɖŰŬ, ŮˊɘɢŮɘɟŮɑŰŬɘ ɞ ˊɟɞůŭɘɞɟɘůɛɧɠ ɧɚɤɜ Űɤɜ Űɞˊɘəɩɜ ɛŮɔɑůŰɤɜ ˊɞɡ 

ŮɛűŬɜɑɕɞɜŰŬɘ ůŰɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ ɛɑŬɠ ūȸ ˊɚŬɘůɘɞůŮɘɟɎɠ ɖ ɞˊɞɑŬ ɡˊɧəŮɘŰŬɘ ůŮ ɛŮɟɘəɐ ůəɑŬůɖ. 

Ƀɘ ˊŮɟɘɔɟŬűɘəɏɠ ůɢɏůŮɘɠ ˊɞɡ ˊɟɞŰŮɑɜɞɜŰŬɘ ŮɑɜŬɘ Ŭˊɚɏɠ ɛŬɗɖɛŬŰɘəɏɠ ŮɝɘůɩůŮɘɠ ŬɜŬɚɡŰɘəɐɠ 

ɛɞɟűɐɠ ˊɞɡ ɓŬůɑɕɞɜŰŬɘ ɛɧɜɞ ůŮ ŭŮŭɞɛɏɜŬ ˊɞɡ ŬɜŬɔɟɎűɞɜŰŬɘ ůŰɞ ŰŮɢɜɘəɧ űɡɚɚɎŭɘɞ Űɞɡ ūȸ 

ˊɚŬɘůɑɞɡ. ɀŮ ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ, ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɖ ŬˊŮɡɗŮɑŬɠ ŮɨɟŮůɖ Űɖɠ ŰɎůɖɠ əŬɘ Űɖɠ ɘůɢɨɞɠ 

ɧɚɤɜ Űɤɜ MPPs, ɢɤɟɑɠ ɜŬ ɛŮůɞɚŬɓŮɑ ɖ əɞˊɘɩŭɖɠ əŬɘ ɡˊɞɚɞɔɘůŰɘəɎ ŬˊŬɘŰɖŰɘəɐ ŭɘŬŭɘəŬůɑŬ 

ůɢŮŭɑŬůɖɠ ɞɚɧəɚɖɟɖɠ Űɖɠ ɢŬɟŬəŰɖɟɘůŰɘəɐɠ P-V. ȼ ŮűŬɟɛɞɔɐ Űɤɜ ˊɟɞŰŮɘɜɧɛŮɜɤɜ ůɢɏůŮɤɜ 

ŮɑɜŬɘ ˊɞɚɨ Ŭˊɚɐ, Ůɜɩ ŬˊŬɘŰɞɨɜ ŰŬ ŮɚɎɢɘůŰŬ ŭŮŭɞɛɏɜŬ Ůɘůɧŭɞɡ, ɔŮɔɞɜɧɠ ˊɞɡ Űɘɠ əŬɗɘůŰɎ 

ɘŭɘŬɑŰŮɟŬ ɢɟɐůɘɛŮɠ ɔɘŬ ŮɜůɤɛɎŰɤůɖ ůŮ ɚɞɔɘůɛɘəɧ ɛŮɚɏŰɖɠ əŬɘ ŮɔəŬŰɎůŰŬůɖɠ ūȸ ůŰŬɗɛɩɜ, 

əŬɗɩɠ Ůˊɑůɖɠ əŬɘ ůŰɞɜ ɛɘəɟɞəɩŭɘəŬ ɛŮŰŬŰɟɞˊɏɤɜ ɘůɢɨɞɠ ɔɘŬ ūȸ ůɡůŰɐɛŬŰŬ.  

ȼ ɔɟŬűɘəɐ ŬɜɎɚɡůɖ Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ I-V əŬɘ P-V Űɖɠ ˊŬɟŬɔɟɎűɞɡ 3.2.4, Ŭɞ́ŰŮɚŮɑ Űɖ 

 

 
Ɇɢ. 3.21. ɉŬɟŬəŰɖɟɘůŰɘəɐ I-V ůəɘŬůɛɏɜɖɠ ūȸ ˊɚŬɘůɘɞůŮɘɟɎɠ əŬɘ Űɤɜ ůɡɜɘůŰɤůɩɜ ˊɚŬɘůɘɞůŮɘɟɩɜ Űɖɠ 

ɔɘŬ ůəɑŬůɖ ŰŮůůɎɟɤɜ Ůˊɘˊɏŭɤɜ ŬəŰɘɜɞɓɞɚɑŬɠ. 
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3.3 - ɄŮɟɘɔɟŬűɘəɏɠ ɆɢɏůŮɘɠ Ʉɟɞůŭɘɞɟɘůɛɞɨ Űɤɜ MPPs ūȸ ɄɚŬɘůɘɞůŮɘɟɎɠ 

90 ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ 

ɓɎůɖ ɔɘŬ Űɖɜ ŮɝŬɔɤɔɐ Űɤɜ ůɢɏůŮɤɜ ɔɘŬ Űɖ ūȸ ˊɚŬɘůɘɞůŮɘɟɎ. ɄŬɟɧɛɞɘɞɡ ɢŬɟŬəŰɐɟŬ ɛŮɚɏŰɖ 

ɏɔɘɜŮ ˊŬɚŬɘɧŰŮɟŬ ůŰɞ ŮɟɔŬůŰɐɟɘɞ əŬɘ ŭɖɛɞůɘŮɨŰɖəŮ ůŰɖɜ [49]. ȳɛɤɠ, ɖ Ůɜ ɚɧɔɤ ŮɟɔŬůɑŬ 

ŮůŰɘɎɕŮɘ ůŮ ūȸ ŭɘŬŰɎɝŮɘɠ ɛɘəɟɧŰŮɟɖɠ əɚɑɛŬəŬɠ, ɡˊɞůŰɖɟɑɕɞɜŰŬɠ ŬɜɎɚɡůɖ ůŮ ɓɎɗɞɠ əɡɣɏɚɖɠ 

əŬɘ ɛɏɢɟɘ Űɞ ŮˊɑˊŮŭɞ Űɞɡ ūȸ ˊɚŬɘůɑɞɡ. ɇɏŰɞɘŬ ŬɜɎɚɡůɖ ŭŮɜ ŮɑɜŬɘ ˊɟŬəŰɘəɐ əŬɘ ŮűŬɟɛɧůɘɛɖ 

ɔɘŬ ɛŮɔŬɚɨŰŮɟŬ ůɡůŰɐɛŬŰŬ, ɧˊɤɠ ɖ ˊɚŬɘůɘɞůŮɘɟɎ əŬɘ ɖ ůɡůŰɞɘɢɑŬ. 

ȰŰůɘ, ůŰɘɠ ŮˊɧɛŮɜŮɠ ˊŬɟŬɔɟɎűɞɡɠ Űɞ ɓɎɗɞɠ ŬɜɎɚɡůɖɠ ŮɑɜŬɘ ɖ ůŰɞɘɢŮɘɞůŮɘɟɎ, ɖ ɞˊɞɑŬ 

ɗŮɤɟŮɑŰŬɘ ɧŰɘ ɚŮɘŰɞɡɟɔŮɑ ɞɛɞɘɞɔŮɜɩɠ ůŮ ɛɑŬ əɞɘɜɐ ɏɜŰŬůɖ ŬəŰɘɜɞɓɞɚɑŬɠ. ȼ ɛŮɚɏŰɖ ˊɞɡ 

ŬəɞɚɞɡɗŮɑ ŮůŰɘɎɕŮɘ ˊɟɩŰŬ ůŰɖɜ ŬˊɚɞɡůŰŮɡɛɏɜɖ, ˊɚɖɜ ůɡɜɖɗɏůŰŮɟɖ, ˊŮɟɑˊŰɤůɖ Űɖɠ ůəɑŬůɖɠ 

ɛŮ ŭɨɞ ŭɘŬəɟɘŰɏɠ ŬəŰɘɜɞɓɞɚɑŮɠ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɔŮɜɘəŮɨŮŰŬɘ ůŰɞ ˊɚɐɟŮɠ ůŮɜɎɟɘɞ ˊɞɚɚŬˊɚɩɜ 

Ůˊɘˊɏŭɤɜ ŬəŰɘɜɞɓɞɚɑŬɠ. ɆŰɖɜ ˊŬɟɞɨůŬ ŮɜɧŰɖŰŬ 3.3 ɗŮɤɟŮɑŰŬɘ ɞɜɞɛŬůŰɘəɐ ɗŮɟɛɞəɟŬůɑŬ ɇ = 25 

ÁC ɔɘŬ ɚɧɔɞɡɠ ŬˊɚɞɨůŰŮɡůɖɠ əŬɘ ŮɡəɞɚɑŬɠ ůŰɖɜ əŬŰŬɜɧɖůɖ. Ƀ ůɡɔəŮəɟɘɛɏɜɞɠ ˊŮɟɘɞɟɘůɛɧɠ 

ŬɑɟŮŰŬɘ ůŰɖ ůɡɜɏɢŮɘŬ, ɧˊɞɡ ɞɘ ˊŮɟɘɔɟŬűɘəɏɠ ůɢɏůŮɘɠ ŰŮɚŮɘɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖ ūȸ ůɡůŰɞɘɢɑŬ. ɇɞ 

ˊŮɟɘŮɢɧɛŮɜɞ ˊɞɡ ŬəɞɚɞɡɗŮɑ ŭɖɛɞůɘŮɨŰɖəŮ ůŰɖɜ [67]. 

3.3.1 ɞʆʒʍʗʎʀʅʏ ɾʅɻ ɿʞʋ ʀʌʚʌʀɿɻ ɻʆʐʅʉʋɼʋʇʚɻʏ 

ɆɨɛűɤɜŬ ɛŮ Űɖɜ ŬɜɎɚɡůɖ Űɖɠ ŮɜɧŰɖŰŬɠ 3.2, ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ŭɨɞ ŭɘŬəɟɘŰɩɜ Ůˊɘˊɏŭɤɜ 

ŬəŰɘɜɞɓɞɚɑŬɠ G1 əŬɘ G2, ɖ ˊɚŬɘůɘɞůŮɘɟɎ ɢɤɟɑɕŮŰŬɘ ůŮ ŭɨɞ ɞɛɎŭŮɠ ˊɞɡ ˊŮɟɘɚŬɛɓɎɜɞɡɜ N1 əŬɘ 

Ɂ2 ůŰɞɘɢŮɘɞůŮɘɟɏɠ, Ůɜɩ ɖ ɢŬɟŬəŰɖɟɘůŰɘəɐ P-V ˊŬɟɞɡůɘɎɕŮɘ ɛɏɢɟɘ ŭɨɞ MPPs. 

χȢχȢυȢɚ ɫʔʘʎʀʅʏ ɾʅɻ ʐʋ MPP1 

ɆŰɞ MPP1, ɞɘ ůəɘŬůɛɏɜŮɠ ůŰɞɘɢŮɘɞůŮɘɟɏɠ Űɖɠ ɞɛɎŭŬɠ 2 ˊŬɟŬəɎɛˊŰɞɜŰŬɘ, əŬɘ Űɞ ɘůɞŭɨɜŬɛɞ 

əɨəɚɤɛŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ N1 ŬůəɑŬůŰŮɠ ůŰɞɘɢŮɘɞůŮɘɟɏɠ ˊɞɡ ˊɟɞůűɏɟɞɡɜ ɘůɢɨ ůɡɜŭŮŭŮɛɏɜŮɠ ůŮ 

ůŮɘɟɎ ɛŮ N2 ɎɔɞɡůŮɠ ŭɘɧŭɞɡɠ ŭɘŬűɡɔɐɠ. ȹɖɚŬŭɐ, ɔɘŬ Űɖɜ ŰɎůɖ Vmp1 Űɞɡ MPP1, ɛˊɞɟŮɑ ɜŬ ɔɟŬűŮɑ 

ɖ Ŭəɧɚɞɡɗɖ ůɢɏůɖ, ŬɜŬŭɘŬŰɡˊɤɛɏɜɖ Ŭˊɧ Űɖɜ [49]: 

 1 1 0 2ȹmp mp DV N V N V= -   (3.17) 

ɧˊɞɡ ɛŮ Vmp0 ůɡɛɓɞɚɑɕŮŰŬɘ ɖ ɞɜɞɛŬůŰɘəɐ ŰɎůɖ ɛɑŬɠ ůŰɞɘɢŮɘɞůŮɘɟɎɠ, ɖ ɞˊɞɑŬ ŮɝŬɟŰɎŰŬɘ ŬůɗŮɜɩɠ 

ɛŮ Űɖɜ ŬəŰɘɜɞɓɞɚɑŬ, əŬɘ ɛŮ ȹVD ɖ ˊŰɩůɖ ŰɎůɖɠ ˊɎɜɤ ůŮ ɛɑŬ ŭɑɞŭɞ ŭɘŬűɡɔɐɠ ˊɞɡ ɎɔŮɘ (ŰɡˊɘəɎ 

ɔɨɟɤ ůŰɞ 1 V). Ƀɘ ůɡɛɓɞɚɘůɛɞɑ Vmp0, Imp0, Voc0 əŬɘ Isc0 Ůűô Ůɝɐɠ ŬɜŬűɏɟɞɜŰŬɘ ůŰɖɜ ɞɜɞɛŬůŰɘəɐ 

Űɘɛɐ Űɞɡ ɛŮɔɏɗɞɡɠ ɔɘŬ ɛɑŬ ůŰɞɘɢŮɘɞůŮɘɟɎ, ɖ ɞˊɞɑŬ ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɖɜ ŬɜŰɑůŰɞɘɢɖ Űɘɛɐ ɔɘŬ Űɞ ūȸ 

ˊɚŬɑůɘɞ ˊɞɡ ŬɜŬɔɟɎűŮŰŬɘ ůŰɞ ŰŮɢɜɘəɧ űɡɚɚɎŭɘɞ. 

ɇɞ ɟŮɨɛŬ ůŰɞ MPP1, Imp1, ɗŮɤɟŮɑŰŬɘ Ůɡɗɏɤɠ ŬɜɎɚɞɔɞ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ G1 Űɖɠ ŬůəɑŬůŰɖɠ 

ɞɛɎŭŬɠ 1, ŭɖɚŬŭɐ: 

 1 1 0mp mpI G I=   (3.18) 

Ƀɘ ŭɨɞ ˊɟɞŬɜŬűŮɟɗŮɑůŮɠ ůɢɏůŮɘɠ ŬˊɞŰɘɛɩɜŰŬɘ ůŰɞ Ɇɢ. 3.22, ɧˊɞɡ ŬˊŮɘəɞɜɑɕŮŰŬɘ ɖ ɛŮŰŬɓɞɚɐ 

Űɤɜ ɛŮɔŮɗɩɜ Vmp1, Imp1 əŬɘ Pmp1 ɛŮ Űɖɜ ɏəŰŬůɖ əŬɘ ɏɜŰŬůɖ Űɖɠ ůəɑŬůɖɠ, ŭɖɚŬŭɐ N2 əŬɘ G2 (G1 

= 1.0). Ƀɘ ůɡɜŮɢŮɑɠ ɔɟŬɛɛɏɠ ŬɜŰɘůŰɞɘɢɞɨɜ ůŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ 

ˊɟɞůɞɛɞɑɤůɖ Űɞɡ əɡəɚɤɛŬŰɘəɞɨ ɛɞɜŰɏɚɞɡ Űɖɠ ŮɜɧŰɖŰŬɠ 3.1, Ůɜɩ ɞɘ ŭɘŬəŮəɞɛɛɏɜŮɠ ɔɟŬɛɛɏɠ 

ůŰɘɠ ŮɝɘůɩůŮɘɠ (3.17)-(3.18). ȼ əɨɟɘŬ ˊŬɟŬŰɐɟɖůɖ ˊɞɡ ŮɝɎɔŮŰŬɘ əŬɘ Ŭˊɧ ŰŬ ŰɟɑŬ ɔɟŬűɐɛŬŰŬ 

Ɇɢ. 3.22(Ŭ)-(ɔ), ŮɑɜŬɘ ɧŰɘ ɖ ŬəŰɘɜɞɓɞɚɑŬ G2 ŭŮɜ ŮˊɖɟŮɎɕŮɘ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ MPP1, əŬɗɩɠ 



ȾȺūȷȿȷȽɃ 3 - ȷɜɎɚɡůɖ əŬɘ ɀɞɜŰŮɚɞˊɞɑɖůɖ ūȸ ɆɡůŰɖɛɎŰɤɜ ůŮ ɆɡɜɗɐəŮɠ ɆəɑŬůɖɠ 
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ɧɚŮɠ ɞɘ əŬɛˊɨɚŮɠ ŭɘŬűɞɟŮŰɘəɩɜ ɢɟɤɛɎŰɤɜ ůɡɛˊɑˊŰɞɡɜ ɛŮŰŬɝɨ Űɞɡɠ. ȼ ůɡɔəŮəɟɘɛɏɜɖ 

ˊŬɟŬŰɐɟɖůɖ ŬɘŰɘɞɚɞɔŮɑŰŬɘ ˊɚɐɟɤɠ ɗŮɤɟɖŰɘəɎ, ŭŮŭɞɛɏɜɞɡ ɧŰɘ Űɞ ůəɘŬůɛɏɜɞ ŰɛɐɛŬ Űɖɠ 

ˊɚŬɘůɘɞůŮɘɟɎɠ ˊŬɟŬəɎɛˊŰŮŰŬɘ ůŰɞ MPP1,  əŬɘ ɎɟŬ ɞɟɗɩɠ ůŰɘɠ  (3.17)-(3.18) ŭŮɜ ŮɛűŬɜɑɕŮŰŬɘ 

ɧɟɞɠ G2. 

ȺůŰɘɎɕɞɜŰŬɠ ůŰɞ Ɇɢ. 3.22(Ŭ), űŬɑɜŮŰŬɘ ɧŰɘ ɖ ŰɎůɖ Vmp1 ŮɝŬɟŰɎŰŬɘ ŬɜŬɚɞɔɘəɎ Ŭˊɧ Űɞ N2. 

ȹŮŭɞɛɏɜɞɡ ɧŰɘ ɞɘ ɧɟɞɘ N1 əŬɘ N2 ŮɑɜŬɘ ůɡɛˊɚɖɟɤɛŬŰɘəɏɠ ˊɞůɧŰɖŰŮɠ, ɖ Vmp1 ŮɝŬɟŰɎŰŬɘ ɔɟŬɛɛɘəɎ 

əŬɘ Ŭˊɧ Űɞ ˊɚɐɗɞɠ Űɤɜ ŬůəɑŬůŰɤɜ ůŰɞɘɢŮɘɞůŮɘɟɩɜ N1, ɧˊɤɠ ɛɞɜŰŮɚɞˊɞɘŮɑŰŬɘ ůŰɖɜ (3.17). ȺɑɜŬɘ 

ŮɛűŬɜɐɠ ɖ ɘəŬɜɞˊɞɘɖŰɘəɐ ůɨɔəɚɘůɖ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ Űɞɡ ɚŮˊŰɞɛŮɟɞɨɠ əɡəɚɤɛŬŰɘəɞɨ 

ɛɞɜŰɏɚɞɡ (ůɡɜŮɢŮɑɠ ɔɟŬɛɛɏɠ) əŬɘ Űɖɠ Ŭˊɚɞɥəɐɠ ůɢɏůɖɠ (3.17) (ŭɘŬəŮəɞɛɛɏɜŮɠ ɔɟŬɛɛɏɠ). 

ȳůɞɜ ŬűɞɟɎ ůŰɖɜ ŮəŰɑɛɖůɖ Űɞɡ ɟŮɨɛŬŰɞɠ Imp1 Ŭˊɧ Űɖɜ (3.18), ɖ ůɨɔəɚɘůɖ Űɤɜ ŭɨɞ 

ˊɟɞůŮɔɔɑůŮɤɜ ŮɑɜŬɘ ɘəŬɜɞˊɞɘɖŰɘəɐ ɧůɞ ɖ ɏəŰŬůɖ Űɖɠ ůəɑŬůɖɠ ŭŮ ɚŬɛɓɎɜŮɘ ˊɞɚɨ ɛŮɔɎɚŮɠ Űɘɛɏɠ 

(Ɇɢ. 3.22(ɓ)). ɆŰɖɜ ŬəɟŬɑŬ ˊŮɟɑˊŰɤůɖ Űɞɡ ɛŮɔɎɚɞɡ N2, Űɞ ɟŮɨɛŬ űŬɑɜŮŰŬɘ ɜŬ ɛŮɘɩɜŮŰŬɘ ɛŮ ɛɖ-

ɔɟŬɛɛɘəɧ Űɟɧˊɞ (ůɡɜŮɢŮɑɠ ɔɟŬɛɛɏɠ), ɚɧɔɤ Űɖɠ ůɤɟŮɡɛɏɜɖɠ ˊŰɩůɖɠ ŰɎůɖɠ Ŭˊɧ Űɘɠ ɎɔɞɡůŮɠ 

ŭɘɧŭɞɡɠ ŭɘŬűɡɔɐɠ ˊɞɡ ˊɟŬəŰɘəɎ Űɟɞˊɞˊɞɘɞɨɜ Űɖɜ I-V əŬɘ ɛŮŰŬŰɞˊɑɕɞɡɜ Űɞ MPP1 ůŮ ŮɚɎɢɘůŰŬ 

ɛŮɔŬɚɨŰŮɟɖ ŰɎůɖ (Ɇɢ. 3.22(Ŭ)) əŬɘ ŬɘůɗɖŰɎ ɛɘəɟɧŰŮɟɞ ɟŮɨɛŬ (Ɇɢ. 3.22(ɓ)).  

ɄŬɟɧɚŬ ŬɡŰɎ, ŰŬ ůűɎɚɛŬŰŬ ůŰɖɜ ŮəŰɑɛɖůɖ Űɞɡ Vmp1 əŬɘ Imp1 ůŰɞ ŭŮɝɑ ŰɛɐɛŬ Űɤɜ 

ŭɘŬɔɟŬɛɛɎŰɤɜ ŰŮɑɜɞɡɜ ɜŬ ŬɚɚɖɚɞŮɝɞɡŭŮŰŮɟɩɜɞɜŰŬɘ, əŬŰŬɚɐɔɞɜŰŬɠ ůŮ ˊɞɚɨ ɘəŬɜɞˊɞɘɖŰɘəɐ 

ŮəŰɑɛɖůɖ Űɖɠ ɘůɢɨɞɠ Pmp1 ůŮ ɧɚɞ Űɞ Ůɨɟɞɠ Űɖɠ ɏəŰŬůɖɠ Űɖɠ ůəɑŬůɖɠ (Ɇɢ. 3.22(ɔ)). ȸɏɓŬɘŬ, ɏŰůɘ 

əŬɘ Ŭɚɚɘɩɠ Űɞ MPP1 ŭŮɜ ɏɢŮɘ ɘŭɘŬɑŰŮɟɖ ŬɝɑŬ ůŮ ŰɏŰɞɘŬ ůŮɜɎɟɘŬ ɡˊŮɟɓɞɚɘəɐɠ ůəɑŬůɖɠ, əŬɗɩɠ 

ŰɧŰŮ Űɞ MPP2 ́ ɟɞəɨˊŰŮɘ ŬɟəŮŰɎ ɘůɢɡɟɧŰŮɟɞ əŬɘ əɡɟɘŬɟɢŮɑ ůŰɖɜ əŬɛˊɨɚɖ P-V. 

  
(Ŭ) (ɓ) 

 

 

(ɔ)  

Ɇɢ. 3.22. ɀŮŰŬɓɞɚɐ Űɤɜ (Ŭ) Vmp1, (ɓ) Imp1 əŬɘ (ɔ) Pmp1 ɛŮ Űɞ ˊɚɐɗɞɠ Űɤɜ ůŰɞɘɢŮɘɞůŮɘɟɩɜ N2 əŬɘ Űɖɜ 

ɏɜŰŬůɖ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ G2 ɔɘŬ Űɖ ūȸ ˊɚŬɘůɘɞůŮɘɟɎ Űɞɡ Ɇɢ. 3.7 (G1 = 1.0). 


















































































































































































































