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Ⱥɧɧɨɬɚɰɢɹ 
Ɋɚɫɫɦɚɬɪɢɜɚɟɬɫɹ ɡɚɞɚɱɚ ɩɨɫɬɪɨɟɧɢɹ ɩɟɪɟɯɨɞɧɵɯ ɩɪɨɰɟɫɫɨɜ ɜ ɫɢɫɬɟɦɚɯ ɭɩɪɚɜɥɟɧɢɹ ɫ 
ɪɚɫɩɪɟɞɟɥɟɧɧɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ ɩɨ ɩɟɪɟɞɚɬɨɱɧɨɣ ɮɭɧɤɰɢɢ ɫɢɫɬɟɦɵ. ɉɟɪɟɞɚɬɨɱɧɚɹ ɮɭɧɤɰɢɹ 
ɦɨɠɟɬ ɛɵɬɶ ɬɪɚɧɫɰɟɧɞɟɧɬɧɨɣ. ȼ ɫɬɚɬɶɟ ɩɪɟɞɩɨɥɚɝɚɟɬɫɹ ɭɫɬɨɣɱɢɜɨɫɬɶ ɢɫɫɥɟɞɭɟɦɨɣ ɫɢɫɬɟɦɵ 
ɭɩɪɚɜɥɟɧɢɹ, ɬ. ɟ. ɩɟɪɟɞɚɬɨɱɧɚɹ ɮɭɧɤɰɢɹ ɫɢɫɬɟɦɵ ɞɨɥɠɧɚ ɛɵɬɶ ɚɧɚɥɢɬɢɱɟɫɤɨɣ ɧɚ ɦɧɢɦɨɣ 
ɨɫɢ ɢ ɜ ɩɪɚɜɨɣ ɩɨɥɭɩɥɨɫɤɨɫɬɢ ɤɨɦɩɥɟɤɫɧɨɣ ɩɥɨɫɤɨɫɬɢ ɩɟɪɟɦɟɧɧɨɝɨ. Ɉɞɧɚɤɨ ɩɪɟɞɥɚɝɚɟɦɵɣ 
ɦɟɬɨɞ ɦɨɠɟɬ ɛɵɬɶ ɨɛɨɛɳɟɧ ɧɚ ɫɥɭɱɚɣ ɧɟɭɫɬɨɣɱɢɜɨɣ ɫɢɫɬɟɦɵ ɭɩɪɚɜɥɟɧɢɹ. Ⱦɥɹ ɪɟɲɟɧɢɹ 
ɩɨɫɬɚɜɥɟɧɧɨɣ ɡɚɞɚɱɢ ɩɪɢɦɟɧɹɸɬɫɹ ɱɚɫɬɨɬɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ, ɩɨɥɭɱɚɟɦɵɟ ɩɨ 
ɩɟɪɟɞɚɬɨɱɧɨɣ ɮɭɧɤɰɢɢ. ɉɪɢɜɨɞɹɬɫɹ ɪɚɫɱɟɬɧɵɟ ɮɨɪɦɭɥɵ ɞɥɹ ɩɨɫɬɪɨɟɧɢɹ ɢɦɩɭɥɶɫɧɨɣ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ, ɚ ɬɚɤɠɟ ɦɟɬɨɞ ɩɨɫɬɪɨɟɧɢɹ ɩɟɪɟɯɨɞɧɵɯ ɩɪɨɰɟɫɫɨɜ ɩɪɢ ɩɪɨɢɡɜɨɥɶɧɨɦ 
ɜɯɨɞɧɨɦ ɜɨɡɞɟɣɫɬɜɢɢ. ɉɨɫɬɪɨɟɧɢɟ ɩɟɪɟɯɨɞɧɵɯ ɩɪɨɰɟɫɫɨɜ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɩɨ ɮɨɪɦɭɥɟ 
ɫɜɟɪɬɤɢ ɢ ɬɪɟɛɭɟɬ ɨɩɪɟɞɟɥɟɧɢɹ ɢɦɩɭɥɶɫɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ. ȼ ɨɫɧɨɜɟ ɪɚɫɱɟɬɧɵɯ ɮɨɪɦɭɥ 
ɥɟɠɢɬ ɦɟɬɨɞ Ƚɚɭɫɫɚ ɱɢɫɥɟɧɧɨɝɨ ɢɧɬɟɝɪɢɪɨɜɚɧɢɹ. ȼ ɫɬɚɬɶɟ ɩɪɢɜɨɞɹɬɫɹ ɩɪɢɦɟɪɵ ɪɚɫɱɟɬɚ 
ɩɟɪɟɯɨɞɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɢ ɩɨɫɬɪɨɟɧɵ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɝɪɚɮɢɤɢ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɪɚɫɩɪɟɞɟɥɟɧɧɵɟ ɫɢɫɬɟɦɵ ɭɩɪɚɜɥɟɧɢɹ; ɩɟɪɟɞɚɬɨɱɧɚɹ ɮɭɧɤɰɢɹ; ɱɚɫɬɨɬɧɚɹ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ; ɩɟɪɟɯɨɞɧɵɣ ɩɪɨɰɟɫɫ. 
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Abstract  
The article covers the problem of calculation of transition processes in distributed control systems 

for the transfer function of system. The transfer function can be transcendental. The article 

assumes stability of the control system under study, i.e. the transfer function of the system must 

be analytic on the imaginary axis and in the right half of the complex plane of the variable. 

However, the proposed method can be generalized to the case of an unstable control system. To 

solve the problem, the author applies the frequency characteristics obtained by the transfer 

function. The article provides the formulas for calculation of the pulse characteristic and also a 

method of calculation of transition processes in case of any arbitrary input signal. The calculation 

of transition processes is carried out with the convolution formula and requires determination of 

the pulse characteristic. The calculation formulas are based on the method of Gauss of numerical 

integration. The article gives examples of calculation of transient response and corresponding 

graphics. 

Keywords: distributed control systems; transfer function; frequency characteristic; transient 

processes. 
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Вɜɟɞɟɧɢɟ 
ɉɪɢ ɚɧɚɥɢɡɟ ɫɢɫɬɟɦ ɚɜɬɨɦɚɬɢɱɟɫɤɨɝɨ 

ɭɩɪɚɜɥɟɧɢɹ c ɪɚɫɩɪɟɞɟɥɟɧɧɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ 
ɨɞɧɨɣ ɢɡ ɜɚɠɧɟɣɲɢɯ ɡɚɞɚɱ ɹɜɥɹɟɬɫɹ ɚɧɚɥɢɡ 
ɩɟɪɟɯɨɞɧɵɯ ɩɪɨɰɟɫɫɨɜ Д6, 9, 10Ж. ȼ ɫɢɫɬɟɦɚɯ 
ɭɩɪɚɜɥɟɧɢɹ ɫ ɪɚɫɩɪɟɞɟɥɟɧɧɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ ɷɬɚ 
ɡɚɞɚɱɚ ɫ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɬɨɱɤɢ ɡɪɟɧɢɹ ɫɜɨɞɢɬɫɹ ɤ 
ɩɨɢɫɤɭ ɨɛɳɟɝɨ ɪɟɲɟɧɢɹ ɧɟɤɨɬɨɪɨɝɨ ɢɧɬɟɝɪɨ-

ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɝɨ ɭɪɚɜɧɟɧɢɹ ɩɪɢ ɡɚɞɚɧɧɵɯ 
ɧɚɱɚɥɶɧɵɯ ɢ ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢɹɯ, ɚ ɬɚɤɠɟ ɩɪɢ 
ɡɚɞɚɧɧɵɯ ɜɨɡɞɟɣɫɬɜɢɹɯ Д6, 7Ж. ȼ ɛɨɥɶɲɢɧɫɬɜɟ 
ɫɥɭɱɚɟɜ ɞɥɹ ɪɚɫɩɪɟɞɟɥɟɧɧɵɯ ɫɢɫɬɟɦ ɭɩɪɚɜɥɟɧɢɹ 
ɧɟ ɜɫɟɝɞɚ ɜɨɡɦɨɠɧɨ ɩɨɥɭɱɢɬɶ ɪɟɲɟɧɢɟ ɜ ɹɜɧɨɦ 
ɜɢɞɟ ɢɥɢ ɭɫɬɚɧɨɜɢɬɶ ɹɜɧɭɸ ɡɚɜɢɫɢɦɨɫɬɶ ɦɟɠɞɭ 
ɩɚɪɚɦɟɬɪɚɦɢ ɫɢɫɬɟɦɵ ɢ ɜɢɞɨɦ ɪɟɲɟɧɢɹ. ɉɨɷɬɨɦɭ 
ɜ ɬɟɨɪɢɢ ɚɜɬɨɦɚɬɢɱɟɫɤɨɝɨ ɭɩɪɚɜɥɟɧɢɹ ɲɢɪɨɤɨ 
ɢɫɩɨɥɶɡɭɸɬɫɹ ɩɪɢɛɥɢɠɟɧɧɵɟ ɦɟɬɨɞɵ ɚɧɚɥɢɡɚ 
ɩɟɪɟɯɨɞɧɵɯ ɩɪɨɰɟɫɫɨɜ Д4Ж. ȼ ɱɚɫɬɧɨɫɬɢ, 
ɩɪɢɦɟɧɟɧɢɟ ɱɚɫɬɨɬɧɵɯ ɦɟɬɨɞɨɜ ɩɨɡɜɨɥɹɟɬ ɛɟɡ 
ɧɚɯɨɠɞɟɧɢɹ ɫɨɛɫɬɜɟɧɧɵɯ ɡɧɚɱɟɧɢɣ ɢ 
ɫɨɛɫɬɜɟɧɧɵɯ ɮɭɧɤɰɢɣ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ 
ɭɪɚɜɧɟɧɢɣ ɨɫɭɳɟɫɬɜɥɹɬɶ ɚɧɚɥɢɡ ɩɟɪɟɯɨɞɧɵɯ 
ɩɪɨɰɟɫɫɨɜ ɫɨɫɪɟɞɨɬɨɱɟɧɧɵɯ ɫɢɫɬɟɦ ɜɵɫɨɤɨɝɨ 
ɩɨɪɹɞɤɚ ɢ ɫɢɫɬɟɦ ɫ ɪɚɫɩɪɟɞɟɥɟɧɧɵɦɢ 
ɩɚɪɚɦɟɬɪɚɦɢ. ɑɚɫɬɨɬɧɵɣ ɦɟɬɨɞ ɚɧɚɥɢɡɚ 
ɩɟɪɟɯɨɞɧɵɯ ɩɪɨɰɟɫɫɨɜ ɨɫɧɨɜɚɧ ɧɚ ɢɫɩɨɥɶɡɨɜɚɧɢɢ 
ɱɚɫɬɨɬɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ, ɤɨɬɨɪɵɟ ɦɨɝɭɬ ɛɵɬɶ 
ɨɩɪɟɞɟɥɟɧɵ ɩɨ ɩɟɪɟɞɚɬɨɱɧɨɣ ɮɭɧɤɰɢɢ ɫɢɫɬɟɦɵ 
ɢɥɢ ɢɡ ɷɤɫɩɟɪɢɦɟɧɬɚ. ɉɪɢ ɷɬɨɦ ɩɟɪɟɞɚɬɨɱɧɚɹ 
ɮɭɧɤɰɢɹ ɫɢɫɬɟɦɵ ɦɨɠɟɬ ɛɵɬɶ ɧɟ ɬɨɥɶɤɨ ɞɪɨɛɧɨ-

ɪɚɰɢɨɧɚɥɶɧɨɣ, ɧɨ ɢ ɬɪɚɧɫɰɟɧɞɟɧɬɧɨɣ ɮɭɧɤɰɢɟɣ 
Д2Ж. ɉɨɷɬɨɦɭ ɞɚɧɧɵɣ ɦɟɬɨɞ ɹɜɥɹɟɬɫɹ 
ɭɧɢɜɟɪɫɚɥɶɧɵɦ ɢ ɩɨɡɜɨɥɹɟɬ ɪɟɲɚɬɶ ɡɚɞɚɱɭ 
ɩɨɫɬɪɨɟɧɢɹ ɩɟɪɟɯɨɞɧɵɯ ɩɪɨɰɟɫɫɨɜ ɫɢɫɬɟɦ 
ɭɩɪɚɜɥɟɧɢɹ, ɫɨɞɟɪɠɚɳɢɯ ɤɚɤ ɫɨɫɪɟɞɨɬɨɱɟɧɧɵɟ, 
ɬɚɤ ɢ ɪɚɫɩɪɟɞɟɥɟɧɧɵɟ ɩɚɪɚɦɟɬɪɵ. 

1. Чɚɫɬɨɬɧɵɣ ɦɟɬɨɞ ɪɚɫɱɟɬɚ ɩɟɪɟɯɨɞɧɵɯ
ɯɚɪɚɤɬɟɪɢɫɬɢɤ 

ɉɭɫɬɶ )( p , Cp , – ɧɟɤɨɬɨɪɚɹ
ɩɟɪɟɞɚɬɨɱɧɚɹ ɮɭɧɤɰɢɹ ɢɫɫɥɟɞɭɟɦɨɣ ɫɢɫɬɟɦɵ 
ɭɩɪɚɜɥɟɧɢɹ. Ȼɭɞɟɦ ɩɪɟɞɩɨɥɚɝɚɬɶ, ɱɬɨ )( p  – 

ɚɧɚɥɢɬɢɱɟɫɤɚɹ ɮɭɧɤɰɢɹ ɜ ɩɪɚɜɨɣ ɩɨɥɭɩɥɨɫɤɨɫɬɢ ɢ 
ɧɚ ɦɧɢɦɨɣ ɨɫɢ ɤɨɦɩɥɟɤɫɧɨɣ ɩɥɨɫɤɨɫɬɢ Cp . 

ɉɭɫɬɶ, ɤɪɨɦɟ ɬɨɝɨ, )(tg  – ɩɪɨɢɡɜɨɥɶɧɨɟ ɡɚɞɚɸɳɟɟ 
ɜɨɡɞɟɣɫɬɜɢɟ ɫɢɫɬɟɦɵ, ɞɥɹ ɤɨɬɨɪɨɝɨ ɫɭɳɟɫɬɜɭɟɬ 
ɢɡɨɛɪɚɠɟɧɢɟ ɩɨ Ʌɚɩɥɚɫɭ. Ɍɨɝɞɚ ɢɡɨɛɪɚɠɟɧɢɟ ɩɨ 
Ʌɚɩɥɚɫɭ ɞɥɹ ɩɟɪɟɯɨɞɧɨɝɨ ɩɪɨɰɟɫɫɚ ɨɩɪɟɞɟɥɹɟɬɫɹ 
ɮɨɪɦɭɥɨɣ 

)()()( pGppX  .          (1) 

Ʉɚɤ ɢɡɜɟɫɬɧɨ Д3Ж, ɮɨɪɦɭɥɚ (1) ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ 
ɨɪɢɝɢɧɚɥɨɜ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɫɜɟɪɬɤɭ 

 
t

dtgtx
0

)()()(  , 0t .        (2) 

Ɂɞɟɫɶ )(t  – ɢɦɩɭɥɶɫɧɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ
ɫɢɫɬɟɦɵ ɫ ɩɟɪɟɞɚɬɨɱɧɨɣ ɮɭɧɤɰɢɟɣ )( p , ɬ.ɟ. 
ɪɟɚɤɰɢɹ ɫɢɫɬɟɦɵ ɫ ɩɟɪɟɞɚɬɨɱɧɨɣ ɮɭɧɤɰɢɟɣ )( p  

ɧɚ ɜɯɨɞɧɨɣ ɫɢɝɧɚɥ ɜ ɜɢɞɟ ɞɟɥɶɬɚ-ɮɭɧɤɰɢɢ Ⱦɢɪɚɤɚ 
ɩɪɢ ɧɭɥɟɜɵɯ ɧɚɱɚɥɶɧɵɯ ɭɫɥɨɜɢɹɯ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɡɚɞɚɱɚ ɩɨɫɬɪɨɟɧɢɹ 
ɩɟɪɟɯɨɞɧɵɯ ɩɪɨɰɟɫɫɨɜ ɜ ɫɢɫɬɟɦɟ ɭɩɪɚɜɥɟɧɢɹ ɩɪɢ 
ɩɪɨɢɡɜɨɥɶɧɨɦ ɜɯɨɞɧɨɦ ɜɨɡɞɟɣɫɬɜɢɢ ɫɜɨɞɢɬɫɹ ɤ 
ɢɧɬɟɝɪɢɪɨɜɚɧɢɸ ɧɟɤɨɬɨɪɨɝɨ ɜɵɪɚɠɟɧɢɹ, 
ɫɨɞɟɪɠɚɳɟɝɨ ɢɦɩɭɥɶɫɧɭɸ ɯɚɪɚɤɬɟɪɢɫɬɢɤɭ 
ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɣ ɫɢɫɬɟɦɵ. 

ȼɵɪɚɠɟɧɢɟ ɞɥɹ ɩɟɪɟɯɨɞɧɨɝɨ ɩɪɨɰɟɫɫɚ )(tx

ɢɦɟɟɬ ɜɢɞ Д3Ж 







j

j

pt
dpepX

j
tx




)(

2

1
)( , 0t ,        (3) 

ɝɞɟ 





0

)()( dtetxpX
pt

,        (4) 

  – ɚɛɫɰɢɫɫɚ ɚɛɫɨɥɸɬɧɨɣ ɫɯɨɞɢɦɨɫɬɢ ɮɭɧɤɰɢɢ 
)( pX ; ɜ ɩɨɥɭɩɥɨɫɤɨɫɬɢ pRe  ɢɡɨɛɪɚɠɟɧɢɟ 
)( pX  – ɚɧɚɥɢɬɢɱɟɫɤɚɹ ɮɭɧɤɰɢɹ. ɂɡ ɮɨɪɦɭɥɵ (3) 

ɩɨɫɥɟ ɷɥɟɦɟɧɬɚɪɧɵɯ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ ɩɨɥɭɱɚɟɦ 
ɫɥɟɞɭɸɳɟɟ ɜɵɪɚɠɟɧɢɟ ɞɥɹ ɩɟɪɟɯɨɞɧɨɝɨ ɩɪɨɰɟɫɫɚ 
[5]: 






 



dejXtx

tj )()(
2

1
)( , 0t .       (5) 

ȿɫɥɢ 0 , ɬɨ ɮɨɪɦɭɥɚ (5) ɩɪɢɨɛɪɟɬɚɟɬ ɜɢɞ 






 



dejXtx

tj)(
2

1
)( , 0t .        (6) 

Ɍɚɤ ɤɚɤ 0)( tx  ɩɪɢ 0t , ɬɨ ɢɡ (6) ɩɨɥɭɱɚɟɦ 






 



dejX

tj)(
2

1
0 .        (7) 

ɉɭɫɬɶ )()()( 
IR

jXXjX  , ɝɞɟ )(
R

X  ɢ 
)(

I
X – ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɜɟɳɟɫɬɜɟɧɧɚɹ ɢ ɦɧɢɦɚɹ
ɱɚɫɬɨɬɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ. ɉɪɢ ɷɬɨɦ, )(

R
X – 

ɱɟɬɧɚɹ, ɚ )(
I

X – ɧɟɱɟɬɧɚɹ ɮɭɧɤɰɢɢ ɚɪɝɭɦɟɧɬɚ
 . Ɍɨɝɞɚ, ɫɤɥɚɞɵɜɚɹ ɮɨɪɦɭɥɵ (6) ɢ (7), ɩɨɥɭɱɚɟɦ 
ɫɥɟɞɭɸɳɟɟ ɜɵɪɚɠɟɧɢɟ: 

.cos)(
2

cos)(
1

))((
2

1
)(

0





























tdXtdjX

deejXtx

R

tjtj

  (8) 

ȼɵɱɢɬɚɹ ɢɡ ɜɵɪɚɠɟɧɢɹ (6) ɜɵɪɚɠɟɧɢɟ (7), 
ɢɦɟɟɦ 
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.sin)(
2

sin)(

))((
2

1
)(

0





























tdXtdjX
j

deejXtx

I

tjtj

   (9) 

2. ɉɨɫɬɪɨɟɧɢɟ ɢɦɩɭɥɶɫɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɢ
ɩɟɪɟɯɨɞɧɨɝɨ ɩɪɨɰɟɫɫɚ 

Ⱦɥɹ ɧɚɯɨɠɞɟɧɢɹ ɢɦɩɭɥɶɫɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ 
ɩɨɥɨɠɢɦ )()( ttg  , ɝɞɟ )(t  – ɞɟɥɶɬɚ-ɮɭɧɤɰɢɢ 
Ⱦɢɪɚɤɚ. Ɍɚɤ ɤɚɤ ɢɡɨɛɪɚɠɟɧɢɟ ɩɨ Ʌɚɩɥɚɫɭ ɞɥɹ 
ɞɟɥɶɬɚ-ɮɭɧɤɰɢɢ Ⱦɢɪɚɤɚ ɨɩɪɟɞɟɥɹɟɬɫɹ ɮɨɪɦɭɥɨɣ 

1)( t ,        (10) 

ɬɨ ɮɨɪɦɭɥɚ (1) ɩɪɢɧɢɦɚɟɬ ɜɢɞ 

)()( ppX  .      (11) 

Ɍɚɤ ɤɚɤ )( p  – ɩɟɪɟɞɚɬɨɱɧɚɹ ɮɭɧɤɰɢɹ 
ɭɫɬɨɣɱɢɜɨɣ ɫɢɫɬɟɦɵ ɭɩɪɚɜɥɟɧɢɹ, ɬɨ )( pX  

ɹɜɥɹɟɬɫɹ ɚɧɚɥɢɬɢɱɟɫɤɨɣ ɮɭɧɤɰɢɟɣ ɜ ɩɪɚɜɨɣ 
ɩɨɥɭɩɥɨɫɤɨɫɬɢ ɤɨɦɩɥɟɤɫɧɨɣ ɩɥɨɫɤɨɫɬɢ ɢ ɧɚ 
ɦɧɢɦɨɣ ɨɫɢ ɢ ɩɨɷɬɨɦɭ ɦɨɠɧɨ ɩɨɥɨɠɢɬɶ 0 . 

Ɍɨɝɞɚ ɢɦɩɭɥɶɫɧɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ )(t  ɦɨɠɟɬ
ɛɵɬɶ ɧɚɣɞɟɧɚ ɩɨ ɮɨɪɦɭɥɚɦ (8) ɢɥɢ (9), ɬ. ɟ. 





00

sin)(
2

cos)(
2

)( 





 tdItdRt ,  (12) 

ɝɞɟ )(R  ɢ )(I  – ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɜɟɳɟɫɬɜɟɧɧɚɹ 
ɢ ɦɧɢɦɚɹ ɱɚɫɬɨɬɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ )( j . 

Ⱦɥɹ ɩɨɫɬɪɨɟɧɢɹ ɩɟɪɟɯɨɞɧɨɝɨ ɩɪɨɰɟɫɫɚ ɩɪɢ 
ɩɪɨɢɡɜɨɥɶɧɨɦ ɜɯɨɞɧɨɦ ɜɨɡɞɟɣɫɬɜɢɢ 
ɜɨɫɩɨɥɶɡɭɟɦɫɹ ɮɨɪɦɭɥɨɣ ɫɜɟɪɬɤɢ (2). Ɍɚɤ ɤɚɤ 
ɢɦɩɭɥɶɫɧɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ ɦɨɠɟɬ ɛɵɬɶ 
ɜɵɱɢɫɥɟɧɚ ɩɨ ɮɨɪɦɭɥɚɦ (12) ɢ ɜɯɨɞɧɨɟ 
ɜɨɡɞɟɣɫɬɜɢɟ )(tg  ɢɡɜɟɫɬɧɨ, ɬɨ ɩɪɢɦɟɧɹɹ 
ɨɩɢɫɚɧɧɵɟ ɜɵɲɟ ɮɨɪɦɭɥɵ ɞɥɹ ɱɢɫɥɟɧɧɨɝɨ 
ɢɧɬɟɝɪɢɪɨɜɚɧɢɹ ɧɟɫɨɛɫɬɜɟɧɧɵɯ ɢɧɬɟɝɪɚɥɨɜ, 
ɦɨɠɧɨ ɧɚɣɬɢ ɪɟɚɤɰɢɸ ɪɚɫɩɪɟɞɟɥɟɧɧɨɣ ɫɢɫɬɟɦɵ 
ɭɩɪɚɜɥɟɧɢɹ ɧɚ ɩɪɨɢɡɜɨɥɶɧɨɟ ɜɯɨɞɧɨɟ ɜɨɡɞɟɣɫɬɜɢɟ 

)(tg . 

ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɩɪɢ ɢɫɫɥɟɞɨɜɚɧɢɢ 
ɫɢɫɬɟɦ ɭɩɪɚɜɥɟɧɢɹ ɧɚɪɹɞɭ ɫ ɢɦɩɭɥɶɫɧɨɣ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɨɣ ɪɚɫɫɱɢɬɵɜɚɸ ɩɟɪɟɯɨɞɧɭɸ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɭ )(th , ɬ. ɟ. ɪɟɚɤɰɢɸ ɫɢɫɬɟɦɵ ɧɚ 
ɜɯɨɞɧɨɣ ɫɢɝɧɚɥ ɜ ɜɢɞɟ ɮɭɧɤɰɢɢ ɏɟɜɢɫɚɣɞɚ 
(ɮɭɧɤɰɢɢ ɟɞɢɧɢɱɧɨɝɨ ɫɤɚɱɤɚ) ɩɪɢ ɧɭɥɟɜɵɯ 
ɧɚɱɚɥɶɧɵɯ ɭɫɥɨɜɢɹɯ. ɋɨɝɥɚɫɧɨ ɨɩɪɟɞɟɥɟɧɢɸ 
ɩɟɪɟɯɨɞɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɩɨɥɨɠɢɦ )(1)( ttg  , 

ɝɞɟ )(1 t  – ɮɭɧɤɰɢɹ ɏɟɜɢɫɚɣɞɚ. Ɍɨɝɞɚ ɩɟɪɟɯɨɞɧɚɹ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ ɫɢɫɬɟɦɵ )(th  ɜ ɫɢɥɭ ɮɨɪɦɭɥɵ (2) 
ɢ ɨɩɪɟɞɟɥɟɧɢɹ ɮɭɧɤɰɢɢ ɏɟɜɢɫɚɣɞɚ ɢɦɟɟɬ ɜɢɞ 


t

dth
0

)()(  , 0t .      (13) 

Ⱦɥɹ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨɝɨ ɜɵɱɢɫɥɟɧɢɹ 
ɢɦɩɭɥɶɫɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ 
ɮɨɪɦɭɥɚɦɢ (12) ɫɥɟɞɭɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶ ɦɟɬɨɞɵ 
ɱɢɫɥɟɧɧɨɝɨ ɢɧɬɟɝɪɢɪɨɜɚɧɢɹ ɧɟɫɨɛɫɬɜɟɧɧɵɯ 
ɢɧɬɟɝɪɚɥɨɜ. ȼ ɱɚɫɬɧɨɫɬɢ, ɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ 
ɫɥɟɞɭɸɳɢɣ ɩɨɞɯɨɞ Д1Ж. Ⱦɥɹ ɜɵɱɢɫɥɟɧɢɹ 
ɢɧɬɟɝɪɚɥɚ ɜɢɞɚ 





a

dzzfJ )(      (14) 

ɩɪɟɞɫɬɚɜɢɦ J  ɤɚɤ ɫɭɦɦɭ ɨɩɪɟɞɟɥɟɧɧɨ ɢɧɬɟɝɪɚɥɚ 
1

J  ɩɨ ɤɨɧɟɱɧɨɦɭ ɩɪɨɦɟɠɭɬɤɭ ],[ ba  ɢ 
ɧɟɫɨɛɫɬɜɟɧɧɨɝɨ ɢɧɬɟɝɪɚɥɚ 

2
J  ɩɨ ɩɪɨɦɟɠɭɬɤɭ 

),[ b , ɬ. ɟ. 

21
)()()( JJdzzfdzzfdzzfJ

b

b

aa

 


.     (15) 

Ɂɞɟɫɶ ab   — ɧɟɤɨɬɨɪɨɟ ɱɢɫɥɨ, ɤɨɬɨɪɨɟ 
ɫɥɟɞɭɟɬ ɜɵɛɢɪɚɬɶ ɢɡ ɭɫɥɨɜɢɹ  

||
2

J          (16) 

ɞɥɹ ɩɪɨɢɡɜɨɥɶɧɨɝɨ ɧɚɩɟɪɟɞ ɡɚɞɚɧɧɨɝɨ ɱɢɫɥɚ  . 

ɉɪɢ ɷɬɨɦ ɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɩɪɢɟɦ, ɤɨɬɨɪɵɣ 
ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɚɜɬɨɦɚɬɢɱɟɫɤɨɦ ɢɡɦɟɧɟɧɢɢ b , 

ɧɚɩɪɢɦɟɪ, ɤɚɤ 
0

b , 
0

2b , 
0

4b , 
0

8b  ɢ ɬ. ɞ., ɝɞɟ 
0

b  – 

ɧɚɱɚɥɶɧɨɟ ɡɧɚɱɟɧɢɟ b , ɫ ɤɨɧɬɪɨɥɟɦ ɧɚ ɤɚɠɞɨɣ 
i -ɣ ɫɬɚɞɢɢ ɭɫɥɨɜɢɹ 

  ||
1,2,2 ii

JJ .        (17) 

ɂɧɬɟɝɪɚɥ 
1

J  ɦɨɠɧɨ ɜɵɱɢɫɥɹɬɶ ɫ ɩɨɦɨɳɶɸ 
ɦɟɬɨɞɚ Ƚɚɭɫɫɚ. Ɇɟɬɨɞ Ƚɚɭɫɫɚ ɨɫɧɨɜɚɧ ɧɚ 
ɢɧɬɟɪɩɨɥɹɰɢɢ )(zf  ɩɨɥɢɧɨɦɨɦ Ʌɚɝɪɚɧɠɚ, ɧɨ 
ɚɛɫɰɢɫɫɵ 

i
z  ɜɵɛɢɪɚɸɬɫɹ ɢɡ ɭɫɥɨɜɢɹ ɨɛɟɫɩɟɱɟɧɢɹ 

ɦɢɧɢɦɭɦɚ ɩɨɝɪɟɲɧɨɫɬɢ ɢɧɬɟɪɩɨɥɹɰɢɢ. ɉɪɢ ɷɬɨɦ 
ɢɧɬɟɝɪɚɥ 

1
J  ɩɨɞɫɬɚɧɨɜɤɨɣ 

y
abab

z
22





      (18) 

ɫɜɨɞɢɬɫɹ ɤ ɜɢɞɭ 









n

i

ii
yfAdyyfJ

1

1

1

1
)()( .      (19) 

Ɇɟɬɨɞ Ƚɚɭɫɫɚ ɨɛɟɫɩɟɱɢɜɚɟɬ ɩɨɜɵɲɟɧɧɭɸ 
ɬɨɱɧɨɫɬɶ – ɮɨɪɦɭɥɚ ɜɟɪɧɚ ɞɥɹ ɩɨɥɢɧɨɦɨɜ ɞɨ 

)12( n -ɣ ɫɬɟɩɟɧɢ. Ⱦɥɹ 3n  ɢɦɟɟɦ 

3/1,9/5

,0,9/8

,3/1,9/5

33

22

11






tA

tA

tA

.   (20) 

Ɉɫɬɚɬɨɱɧɵɣ ɱɥɟɧ (ɩɨɝɪɟɲɧɨɫɬɶ) ɩɪɢ ɷɬɨɦ 
ɪɚɜɟɧ 
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f

ab






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Ⱦɥɹ ɩɨɜɵɲɟɧɢɹ ɬɨɱɧɨɫɬɢ ɢɧɬɟɝɪɢɪɨɜɚɧɢɹ 
ɨɬɪɟɡɨɤ ],[ ba  ɞɪɨɛɢɬɫɹ ɧɚ m  ɱɚɫɬɟɣ. 

3. ɉɪɢɦɟɪɵ
ɋ ɩɨɦɨɳɶɸ ɨɩɢɫɚɧɧɨɣ ɜɵɲɟ ɦɟɬɨɞɢɤɢ 

ɩɨɫɬɪɨɢɦ ɩɟɪɟɯɨɞɧɭɸ ɯɚɪɚɤɬɟɪɢɫɬɢɤɭ ɞɥɹ 
ɫɢɫɬɟɦɵ ɭɩɪɚɜɥɟɧɢɹ ɫ ɩɟɪɟɞɚɬɨɱɧɨɣ ɮɭɧɤɰɢɟɣ 

1

1
)(



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ɇɟɬɪɭɞɧɨ ɩɪɨɜɟɪɢɬɶ, ɱɬɨ ɩɟɪɟɯɨɞɧɚɹ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ ɞɥɹ ɞɚɧɧɨɣ ɫɢɫɬɟɦɵ ɢɦɟɟɬ ɜɢɞ 

t
eth
1)( .      (23) 

ɇɚ ɪɢɫ. 1 ɩɪɟɞɫɬɚɜɥɟɧɵ ɬɨɱɧɚɹ ɢ ɪɚɫɱɟɬɧɚɹ 
ɩɟɪɟɯɨɞɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɞɥɹ ɫɢɫɬɟɦɵ 
ɭɩɪɚɜɥɟɧɢɹ ɫ ɩɟɪɟɞɚɬɨɱɧɨɣ ɮɭɧɤɰɢɟɣ (22). 
Ɉɱɟɜɢɞɧɨ, ɱɬɨ ɤɪɢɜɵɟ ɫɨɜɩɚɥɢ. 

Ɋɢɫ. 1. ɉɟɪɟɯɨɞɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ 

Fig. 1. Transient responses 

ɇɚ ɪɢɫ. 2 ɩɪɟɞɫɬɚɜɥɟɧɚ ɩɟɪɟɯɨɞɧɚɹ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ ɞɥɹ ɪɚɫɩɪɟɞɟɥɟɧɧɨɣ ɫɢɫɬɟɦɵ 
ɭɩɪɚɜɥɟɧɢɹ ɫɨ ɫɥɟɞɭɸɳɟɣ ɩɟɪɟɞɚɬɨɱɧɨɣ 
ɮɭɧɤɰɢɟɣ Д8Ж: 

)1(sh)1(

2shch1sh)1(
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pp

pp
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ȼɫɟ ɪɚɫɱɟɬɵ ɢ ɝɪɚɮɢɱɟɫɤɢɟ ɩɨɫɬɪɨɟɧɢɹ 
ɛɵɥɢ ɩɪɨɜɟɞɟɧɵ ɜ ɩɚɤɟɬɟ Matlab. 
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Ɋɢɫ. 2. ɉɟɪɟɯɨɞɧɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ 

Fig. 2. Transient response

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ 
Ƚɨɫɡɚɞɚɧɢɟɦ № 1.759.2016/ȾААȾ “ɉɪɨɜɟɞɟɧɢɟ 
ɧɚɭɱɧɨ-ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɢɯ ɪɚɛɨɬ ɜ ɪɚɦɤɚɯ 
ɦɟɠɞɭɧɚɪɨɞɧɨɝɨ ɧɚɭɱɧɨ-ɨɛɪɚɡɨɜɚɬɟɥɶɧɨɝɨ 
ɫɨɬɪɭɞɧɢɱɟɫɬɜɚ ɩɨ ɩɪɨɝɪɚɦɦɟ «Ɇɢɯɚɢɥ 
Ʌɨɦɨɧɨɫɨɜ» ɩɨ ɬɟɦɟ: «Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɢ 
ɪɟɝɭɥɢɪɨɜɚɧɢɟ ɥɢɧɟɣɧɵɯ ɫɢɫɬɟɦ ɫ 
ɪɚɫɩɪɟɞɟɥёɧɧɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ»”. 
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