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ИМПУЛЬСНЫЙ МЕТОД ИЗМЕРЕНИЯ  
СОПРОТИВЛЕНИЯ ЗАЗЕМЛИТЕЛЕЙ 

И̃̆̊̂̓̈̄̒̀ ̃˼̉̅˻ ̆̇˼˻̄˷˾̄˷̎˼̄ ˻̖̂ ˿˾̃˼̇˼̄˿̖ ̈̅̆̇̅̉˿˹̂˼̄˿̀ ˾˷˾˼̃̂˿̉˼̂˼̀ ̅̆̅̇ ˹̅˾˻̊̏̄̒̌ 

̂˿̄˿̀ (Вˢ) ̈ ̉̇̅̈̅̃ ̆̇˿ ˹̅˾˻˼̀̈̉˹˿˿ ˿̃̆̊̂̓̈̅˹ ̉̅́˷, ˸̂˿˾́˿̌ ̆̅ ̋̅̇̃˼ ́ ̉̅́̊ ̃̅̂̄˿˿. И˾̃˼̇˿-

̉˼̂̓̄̒˼ ̔̂˼́̉̇̅˻̒ ̇˷̈̆̅̂˷˺˷̖̉̈̕ ̆̅ ̅̇̉̅˺̅̄˷̂̓̄̅̀ ̈̌˼̃˼, ̎̉̅ ˿̈́̂̎̕˷˼̉ ˿̄˻̊́̉˿˹̄̒˼ ̆̅̃˼̌˿, 

̄̅ ̆̇˿˹̅˻˿̉ ́ ̆̅˺̇˼̏̄̅̈̉˿, ˻̅̈̉˿˺˷̐̕˼̀ ˻˼̖̈̉́˿ ̆̇̅̍˼̄̉̅˹ ˹ ˺̇̊̄̉˼ ̈ ˹̒̈̅́̅̅̃̄̒̃ ̅̈̄̅˹˷̄˿-

˼̃. ˴̂˼́̉̇̅̆̇̅˹̅˻̄̅̈̉̓ ˹̒̈̅́̅̅̃̄̅˺̅ ˺̇̊̄̉˷ ̈̊̐˼̈̉˹˼̄̄̅ ˾˷˹˿̈˿̉ ̅̉ ̎˷̈̉̅̉̒ ˿̂˿ ˹̇˼̃˼̄˿ ̆̇˿ 

˿̃̆̊̂̓̈̄̒̌ ˹̅˾˻˼̀̈̉˹˿̖̌. ˪˻˼̂̓̄˷̖ ̆̇̅˹̅˻˿̃̅̈̉̓ ̃˷́̈˿̃˷̂̓̄˷ ˹ ̄˷̎˷̂˼ ̆˼̇˼̌̅˻̄̅˺̅ ̆̇̅̍˼̈̈˷, 
˾˷̉˼̃ ̃̅̄̅̉̅̄̄̅ ̊˸̒˹˷˼̉ ˹ ̉˼̎˼̄˿˼ ˻˼̖̈̉́̅˹ ̃˿́̇̅̈˼́̊̄˻, ̎̉̅ ̈̊̐˼̈̉˹˼̄̄̅ ̆̇˼˹̒̏˷˼̉ ˻̂˿̉˼̂̓-

̄̅̈̉̓ ̔́̈̆˼̇˿̃˼̄̉˷. ˦̅ ̔̉̅̀ ̆̇˿̎˿̄˼ ̖̆̇̃̅˼ ˿˾̃˼̇˼̄˿˼ ̈̉˷̍˿̅̄˷̇̄̅˺̅ ̈̅̆̇̅̉˿˹̂˼̄˿̖ ˾˷˾˼̃̂˿-

̉˼̖̂ ̅̆̅̇̒ Вˢ ̈ ̉̇̅̈̅̃ ˿̃̆̊̂̓̈̄̒̃ ̃˼̉̅˻̅̃ ̄˼˹̅˾̃̅˽̄̅. ˦˼̇˼̌̅˻̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ (̇˼˷́̍˿̖ 

̍˼̆˿ ̄˷ ˼˻˿̄˿̎̄̊̕ ̈̉̊̆˼̄̓́̊ ̉̅́˷) ̇˷̈̈̃˷̉̇˿˹˷˼̖̉̈ ́˷́ ̅̈̄̅˹̄˷̖ ̌˷̇˷́̉˼̇˿̈̉˿́˷ ˾˷˾˼̃̂˿̉˼̖̂ 

̆̇˿ ˿̃̆̊̂̓̈̄̒̌ ˹̅˾˻˼̀̈̉˹˿̖̌, ̅̆̇˼˻˼̖̂̐̕˷̖ ˼˺̅ ̈̉˷̍˿̅̄˷̇̄̅˼, ˿̃̆̊̂̓̈̄̅˼ ˿ ̃˺̄̅˹˼̄̄̅˼ ̈̅̆̇̅-

̉˿˹̂˼̄˿˼. ˦̅̂̊̎˼̄̅ ̆̇̅̈̉̅˼ ˷̄˷̂˿̉˿̎˼̈́̅˼ ˹̒̇˷˽˼̄˿˼ ̆˼̇˼̌̅˻̄̅˺̅ ̈̅̆̇̅̉˿˹̂˼̄˿̖ ̈̅̈̇˼˻̅̉̅̎˼̄-

̄̅˺̅ ˾˷˾˼̃̂˿̉˼̖̂ ˹ ˹̒̈̅́̅̅̃̄̅̃ ˺̇̊̄̉˼, ̆̇˿˺̅˻̄̅˼ ˻̖̂ ˿̄˽˼̄˼̇̄̒̌ ̇˷̈̎˼̉̅˹. ˦̇˼˻̂̅˽˼̄ ̈̆̅̈̅˸ 

̅̆̇˼˻˼̂˼̄˿̖ ˻˿̔̂˼́̉̇˿̎˼̈́̅̀ ̆̇̅̄˿̍˷˼̃̅̈̉˿ ˺̇̊̄̉˷ ̆̅ ˻˷̄̄̒̃ ˿̃̆̊̂̓̈̄̅˺̅ ̔́̈̆˼̇˿̃˼̄̉˷. В̒-

̆̅̂̄˼̄̅ ̉˼̈̉˿̇̅˹˷̄˿˼ ̇˷˾̇˷˸̅̉˷̄̄̅̀ ̃˼̉̅˻˿́˿ ̆̇˿ ̅˸̇˷˸̅̉́˼ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̌ ˻˷̄̄̒̌ ˿ ̎˿̈-
̂˼̄̄̅̃ ̃̅˻˼̂˿̇̅˹˷̄˿˿ ˿˾̃˼̇˼̄˿̀ ̈̅̆̇̅̉˿˹̂˼̄˿̖ ˾˷˾˼̃̂˿̉˼̖̂ ̅̆̅̇̒ Вˢ. 
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IMPULSE METHOD OF MEASURING IMPEDANCE  
IN GROUNDING SYSTEMS 

The impulse method is designed for measuring impedances of grounding systems of transmission line towers 

(TL) with overhead grounding wires exposed to current impulses that are similar in form to the lightning 

current. Measuring electrodes are arranged in the orthogonal pattern that eliminates inductive noise, but 

leads to an error of up to tens of percent in soil with high-resistance base. Electrical conductivity of high-

resistance soil significantly depends on the frequency or time of impulse impacts. The specific conductivity 

is maximal at the beginning of the transient process, then decreases monotonically for tens of microseconds, 

which significantly exceeds the experiment duration. For this reason, direct measurement of steady-state 

impedance of the grounding system of the TL tower with the overhead grounding wire using the impulse 

method is impossible. The transient impedance (circuit reaction on the unit step current) is regarded as the 

grounding system’s main characteristic that defines its stationary, impulse and instantaneous impedance 
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upon exposure to impulse impacts. A simple analytical expression of the transient impedance of a 

concentrated grounding conductor in high-resistance soil suitable for engineering calculations is obtained. 

A method for determining the dielectric permeability of soil according to the impulse experiment data is 

proposed. The developed method has been tested for processing experimental data and for numerical 

modeling of the TL tower grounding system measurements. 

Keywords: grounding system, impedance, impulse method, soil specific conductivity, frequency 

dependence, numerical modeling. 
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ВǤǧǦǧǯǪǧ. ˞˷˾˼̃̂˿̉˼̂˿ ̅̆̅̇ ˹̅˾˻̊̏̄̒̌ 

̂˿̄˿̀ (Вˢ) ̈ ˺̇̅˾̅˾˷̐˿̉̄̒̃ ̉̇̅̈̅̃ ̅˸˼̈̆˼-
̎˿˹˷̉̕ ̇˷̈̉˼́˷̄˿˼ ̉̅́̅˹ ̃̅̂̄˿˿ ˿ ̎˷̈̉˿ ̉̅-

́̅˹ ́̅̇̅̉́̅˺̅ ˾˷̃̒́˷̄˿̖ ̔̂˼́̉̇˿̎˼̈́˿̌ ̆̅˻-

̈̉˷̄̍˿̀. ˤ˷˿˸̅̂̓̏˿˼ ̉̇̊˻̄̅̈̉˿ ˹̒˾̒˹˷˼̉ 
̆̇̅˼́̉˿̇̅˹˷̄˿˼ ˾˷˾˼̃̂˿̉˼̂˼̀ ˹ ˹̒̈̅́̅̅̃̄̅̃ 

˺̇̊̄̉˼ (̈́˷̂̓̄̅̃, ̆˼̈̎˷̄̅̃, ̃˼̇˾̂̅̃), ̌˷̇˷́-

̉˼̇̄̅̃ ˻̖̂ ̃̄̅˺˿̌ ̇˼˺˿̅̄̅˹ ˧̅̈̈˿˿, ˹́̂̎̕˷̖ 

̆˼̇̈̆˼́̉˿˹̄̒˼ ̇˷̀̅̄̒ А̇́̉˿́˿ ̈ ˹˼̎̄̅̃˼̇˾-
̂̒̃˿ ˺̇̊̄̉˷̃˿. 

В ̄˷̖̈̉̅̐˼˼ ˹̇˼̖̃ ̄̅̇̃˿̇̊˼̖̉̈ ̈̉˷̍˿̅-

̄˷̇̄̅˼ (̄˿˾́̅̎˷̈̉̅̉̄̅˼) ̈̅̆̇̅̉˿˹̂˼̄˿˼ ˾˷˾˼̃-

̂˿̉˼̂˼̀ ̅̆̅̇ Вˢ, ́̅̉̅̇̅˼ ̆̅˻̂˼˽˿̉ ̅̆̇˼˻˼̂˼-
̄˿̕ ̇˷̈̎˼̉̄̒̃ ̆̊̉˼̃ ̄˷ ̔̉˷̆˼ ̆̇̅˼́̉˿̇̅˹˷̄˿̖ 

˿ ́̅̄̉̇̅̂˿̇̊˼̖̉̈ ˿˾̃˼̇˼̄˿̖̃˿ [1,2]. И̃̆̊̂̓̈-
̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ (̊̈̂̅˹̄̒̀ ˿̃̆˼˻˷̄̈ ̆̅ 

̉˼̇̃˿̄̅̂̅˺˿˿ ˚˥˨˩ ˧ ˣ˴К 62305-1-2010) – 

̅̉̄̅̏˼̄˿˼ ̃˷́̈˿̃̊̃˷ ̄˷̖̆̇˽˼̄˿̖ ˿̃̆̊̂̓̈˷ ́ 

̃˷́̈˿̃̊̃̊ ̉̅́˷ Ri = max u(t) / max i(t). ˣ˺̄̅-

˹˼̄̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ – ̅̉̄̅̏˼̄˿˼ ̃˺̄̅˹˼̄-

̄̅˺̅ ̄˷̖̆̇˽˼̄˿̖ ˿ ̉̅́˷ r(t) = u(t) / i(t). ˥˸˷ 
̔̉˿̌ ̆˷̇˷̃˼̉̇˷ ̏˿̇̅́̅ ˿̈̆̅̂̓˾̖̊̉̈̕ ˹ ˿̄˽˼-
̄˼̇̄̅̀ ̆̇˷́̉˿́˼, ̄˼̖̈̃̅̉̇ ̄˷ ̅̉̈̊̉̈̉˹˿˼ 
̈̉̇̅˺̅˺̅ ̉˼̅̇˼̉˿̎˼̈́̅˺̅ ̅˸̅̈̄̅˹˷̄˿̖. 

˦˼̇˼̌̅˻̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ ˾˷˾˼̃̂˿̉˼̖̂, 

̎˿̈̂˼̄̅ ̇˷˹̄̅˼ ˹̌̅˻̄̅̃̊ ̄˷̖̆̇˽˼̄˿̕ ̆̇˿ 

˹̅˾˻˼̀̈̉˹˿˿ ˼˻˿̄˿̎̄̅˺̅ ̉̅́˷, 

  1( ) ( ) / ,, ( ) ( ) / ( )z t L Z s s Z s U s I s    (1) 

˺˻˼ U(s), I(s)– ̅̆˼̇˷̉̅̇̄̒˼ ˿˾̅˸̇˷˽˼̄˿̖ 

̄˷̖̆̇˽˼̄˿̖ ˿ ̉̅́˷, ˿̈̆̅̂̓˾̊˼̖̉̈ ˹ ̉˼̅̇˼̉˿̎˼-
̈́̅̀ ̔̂˼́̉̇̅̉˼̌̄˿́˼ (̈̅˹̃˼̈̉̄̅ ̈ ̆˼̇˼̌̅˻̄̅̀ 

̆̇̅˹̅˻˿̃̅̈̉̓̕) ˻̖̂ ̇˷̈̎˼̉˷ ˿̃̆̊̂̓̈̄̒̌ ̆̇̅-

̍˼̈̈̅˹. ˧˼˷̂˿˾˷̍˿̖ ̆˼̇˼̌̅˻̄̅˺̅ ̈̅̆̇̅̉˿˹̂˼̄˿̖ 

̈̉˷̄˻˷̇̉̄̒̃˿ ̃˼̉̅˻˷̃˿ ̈˿̄̉˼˾˷ ̔̂˼́̉̇˿̎˼̈́˿̌ 

̍˼̆˼̀ ̆̇˿˹̅˻˿̉ ́ ̔́˹˿˹˷̂˼̄̉̄̒̃ ̈̌˼̃˷̃ ˾˷-
̃˼̐˼̄˿̖ ˾˷˾˼̃̂˿̉˼̂˼̀ [3]. ˨̅˹̇˼̃˼̄̄̒˼ ˻˿̈-
́̇˼̉̄̒˼ ̃̅˻˼̂˿ ˾˷˾˼̃̂˿̉˼̂˼̀, ˿̈̆̅̂̓˾̊˼̃̒˼ ˹ 

̎˿̈̂˼̄̄̒̌ ̇˷̈̎˼̉˷̌, ˸˷˾˿̖̇̊̉̈̕ ̄˷ ̆˼̇˼̌̅˻̄̅̃ 

̈̅̆̇̅̉˿˹̂˼̄˿˿. И ̄˷́̅̄˼̍, ̆˼̇˼̎˿̈̂˼̄̄̒˼ ̇˷-
̄˼˼ ̈̅̆̇̅̉˿˹̂˼̄˿̖ ̖˹̖̖̂̉̈̕ ̆̇̅˿˾˹̅˻̄̒̃˿ ̅̉ 
̆˼̇˼̌̅˻̄̅˺̅ ̈̅̆̇̅̉˿˹̂˼̄˿̖. ˩˼̃ ̄˼ ̃˼̄˼˼, ̆˼-
̇˼̌̅˻̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ ̅̎˼̄̓ ̇˼˻́̅ ˿̈̆̅̂̓˾̊-
˼̖̉̈ ˹ ̄˷̊̎̄̒̌ ˿̈̈̂˼˻̅˹˷̄˿̖̌. 

И˾̃˼̇˼̄˿̖ ̈̉˷̍˿̅̄˷̇̄̅˺̅ ̈̅̆̇̅̉˿˹̂˼̄˿̖ 

˾˷˾˼̃̂˿̉˼̂˼̀ Вˢ ˸˼˾ ̉̇̅̈˷ ̆̇̅˹̅˻̖̖̉̈ ̄˿˾́̅-

̎˷̈̉̅̉̄̒̃˿ ̃˼̉̅˻˷̃˿ (̄˷ ̎˷̈̉̅̉˷̌ ˹ ̈̅̉̄˿ 

˚̍), ́̅̉̅̇̒˼ ̌˷̇˷́̉˼̇˿˾̖̊̉̈̕ ˹̒̈̅́̅̀ ̉̅̎̄̅-

̈̉̓̕ ˾˷ ̈̎˼̉ ̉˼̅̇˼̉˿̎˼̈́˿ ̅˸̅̈̄̅˹˷̄̄̅̀ ̈̌˼-
̃̒ ̇˷̈̈̉˷̄̅˹́˿ ˿˾̃˼̇˿̉˼̂̓̄̒̌ ̔̂˼́̉̇̅˻̅˹. 

˴̉̅̉ ̆̅˻̌̅˻ ˿̈̆̅̂̓˾̊˼̖̉̈ ˹ ˨˯А, ˫˿̖̄̂̄-

˻˿˿, ˚̇˼̍˿˿ [2], ˷ ̉˷́˽˼ ̇˼́̅̃˼̄˻̊˼̖̉̈ ̈̅˹̇˼-
̃˼̄̄̒̃ ̈̉˷̄˻˷̇̉̅̃ ˫˨К ˜˴˨ (˨˩˥ 

56947007-29.240.01.221-2016). 

И˾̃˼̇˼̄˿̖ ̈̅̆̇̅̉˿˹̂˼̄˿̖ ̅̆̅̇ Вˢ ̈ ̉̇̅̈̅̃ 

˹̅ ̃̄̅˺˿̌ ˼˹̇̅̆˼̀̈́˿̌ ̈̉̇˷̄˷̌ ̆̇̅˿˾˹̅˻̖̖̉̈ 

˹̒̈̅́̅̎˷̈̉̅̉̄̒̃ ̃˼̉̅˻̅̃ (̄˷ ̎˷̈̉̅̉˼ 150 ́˚̍) 

[2]. ˩˼̅̇˼̉˿̎˼̈́̅˼ ˿̈̈̂˼˻̅˹˷̄˿˼ ̔̉̅˺̅ ̃˼̉̅˻˷ [3] 

̆̅́˷˾˷̂̅, ̎̉̅ ̄˷ ˻˷̄̄̅̀ ̎˷̈̉̅̉˼ ˿̄˻̊́̉˿˹̄̅̈̉̓ 
˿ ˼̃́̅̈̉̓ ̉̇̅̈˷ ̈̅˾˻˷̉̕ ̇˼˽˿̃ ̇˼˾̅̄˷̄̈˷ ̉̅́̅˹, 

̎̉̅ ˿̈́̂̎̕˷˼̉ ˹̂˿̖̄˿˼ ̈̅̈˼˻̄˿̌ ̅̆̅̇. ˧˼˾̊̂̓̉˷-
̉̅̃ ̖˹̖̂˼̖̉̈ ̈̅̆̇̅̉˿˹̂˼̄˿˼ ˾˷˾˼̃̂˿̉˼̖̂ ̄˷ ˹̒-

̈̅́̅̀ ̎˷̈̉̅̉˼ (˷̄˷̂̅˺ ˿̃̆̊̂̓̈̄̅˺̅ ̈̅̆̇̅̉˿˹̂˼-
̄˿̖), ̄̅ ˹ ˹̒̈̅́̅̅̃̄̅̃ ˺̇̊̄̉˼ ̅̄̅ ̄˼ ̈̅˹̆˷˻˷˼̉ 
̈̅ ̈̉˷̍˿̅̄˷̇̄̒̃ ̈̅̆̇̅̉˿˹̂˼̄˿˼̃ ˾˷˾˼̃̂˿̉˼̖̂, 

̆̅˻̂˼˽˷̐˿̃ ̄̅̇̃˿̇̅˹́˼. 
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И̃̆̊̂̓̈̄̒̀ ̃˼̉̅˻ ˿˾̃˼̇˼̄˿̀ ̄˷ ̅̈̄̅˹˼ 
̆̅̇̉˷̉˿˹̄̒̌ ̊̈̉̇̅̀̈̉˹, ˿̈̆̅̂̓˾̊̐̕˿̌ ̉˼̈̉̅˹̒˼ 
˿̃̆̊̂̓̈̒ ̉̅́˷, ˸̂˿˾́˿˼ ̆̅ ̋̅̇̃˼ ́ ̉̅́̊ ̃̅̂-

̄˿˿, ̆̅̂̊̎˿̂ ̏˿̇̅́̅˼ ̇˷̈̆̇̅̈̉̇˷̄˼̄˿˼ ˹ ̄˷̏˼̀ 

̈̉̇˷̄˼ [3–6] ˿ ˾˷ ̇̊˸˼˽̅̃ [7–12]. ˥̄ ̆̅˾˹̖̅̂˼̉ 
˿˾̃˼̇˿̉̓ ̆˼̇˼̌̅˻̄̅˼, ̃˺̄̅˹˼̄̄̅˼ ˿ ˿̃̆̊̂̓̈̄̅˼ 
̈̅̆̇̅̉˿˹̂˼̄˿˼ ˾˷˾˼̃̂˿̉˼̖̂ ̅̆̅̇̒ Вˢ ̈ ̉̇̅̈̅̃, 

̅˻̄˷́̅ ˿˾̃˼̇˼̄˿˼ ̈̉˷̍˿̅̄˷̇̄̅˺̅ ̈̅̆̇̅̉˿˹̂˼̄˿̖ 

˾˷˾˼̃̂˿̉˼̖̂ ˹ ˹̒̈̅́̅̅̃̄̅̃ ˺̇̊̄̉˼, ˺˻˼ ˻̂˿̉˼̂̓-
̄̅̈̉̓ ̆˼̇˼̌̅˻̄̅˺̅ ̆̇̅̍˼̈̈˷ ̆̇˼˹̒̏˷˼̉ ˻̂˿̉˼̂̓-
̄̅̈̉̓ ̔́̈̆˼̇˿̃˼̄̉˷, ˹̒˾̒˹˷˼̉ ̉̇̊˻̄̅̈̉˿.  

˛̖̂ ̇˼̏˼̄˿̖ ̆̇̅˸̂˼̃̒ ˹ ̇˷˸̅̉˼ [5] ̅̆˿̈˷-
̄̅ ˿˾̃˼̇˿̉˼̂̓̄̅˼ ̊̈̉̇̅̀̈̉˹̅, ˹ ́̅̉̅̇̅̃ ̆̅ ˿˾-
̃˼̇˼̄̄̅̃̊ ̃˺̄̅˹˼̄̄̅̃̊ ̈̅̆̇̅̉˿˹̂˼̄˿̕ ˾˷-
˾˼̃̂˿̉˼̖̂ ˷˹̉̅̃˷̉˿̎˼̈́˿ ̈̉̇̅˿̖̉̈ ̆˷̇˷̂̂˼̂̓-
̄˷̖ RC ̈̌˼̃˷ (˻˷̂˼˼ R||C ̈̌˼̃˷), ˺˻˼ R – ̈̉˷̍˿̅-

̄˷̇̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼. ˴̉˷ ˿ ˸̅̂˼˼ ̈̂̅˽̄̒˼ 
̈̌˼̃̒, ̆̅̂̊̎˼̄̄̒˼ ̆̅ ˻˷̄̄̒̃ ˿̃̆̊̂̓̈̄̅˺̅ 

̃˼̉̅˻˷, ˹̈˼ ̎˷̐˼ ˿̈̆̅̂̓˾̖̊̉̈̕ ˹ ́˷̎˼̈̉˹˼ ̃̅-

˻˼̂˿ ˾˷˾˼̃̂˿̉˼̖̂ ̅̆̅̇̒ Вˢ ˾˷˻˷̎˷̌ ˺̇̅˾̅˾˷̐˿-

̉̒. ˦̇̅˸̂˼̃˷ ˹ ̉̅̃, ̎̉̅ ˻̖̂ ˻̅̈̉˿˽˼̄˿̖ ̃˷̉˼-
̃˷̉˿̎˼̈́̅̀ ̉̅̎̄̅̈̉˿ ̆̇˿̌̅˻˿̖̉̈ «˽˼̇̉˹̅˹˷̉̓» 

̋˿˾˿̎˼̈́˿̃ ̈̅˻˼̇˽˷̄˿˼̃. ˥̆̉˿̃˷̂̓̄̅̀ ˼̃́̅-

̈̉˿ R||C ̈̌˼̃̒ ̈̅̅̉˹˼̉̈̉˹̊˼̉ ˻˿̔̂˼́̉̇˿̎˼̈́˷̖ 

̆̇̅̄˿̍˷˼̃̅̈̉̓ ˺̇̊̄̉˷, ˹ ̄˼̈́̅̂̓́̅ ̇˷˾ ̆̇˼˹̒-

̏˷̐̕˷̖ ̉˿̆̅˹̒˼ ˾̄˷̎˼̄˿̖. 

˧˷˾˹˿̉˿˼ ̉˼̅̇˿˿ ˿̃̆̊̂̓̈̄̅˺̅ ̃˼̉̅˻˷ ˿˾-
̃˼̇˼̄˿̀ (˿ ̉˼̅̇˿˿ ˾˷˾˼̃̂˿̉˼̂˼̀ ˹ ̍˼̂̅̃) ̃̒ 

˹˿˻˿̃ ˹ ̆˼̇˼̌̅˻˼ ́ ̄̅˹̅̀ ̃̅˻˼̂˿ ˺̇̊̄̉˷ ̈ ̎˷-
̈̉̅̉̄̅-˾˷˹˿̈˿̃̒̃˿ ̔̂˼́̉̇˿̎˼̈́˿̃˿ ̆˷̇˷̃˼̉-
̇˷̃˿. ˦̅ ̈̅˹̇˼̃˼̄̄̒̃ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̃ 

˻˷̄̄̒̃ [13] ̊˻˼̂̓̄˷̖ ̆̇̅˹̅˻˿̃̅̈̉̓ ˹̒̈̅́̅-

̅̃̄̅˺̅ ˺̇̊̄̉˷ ˹̅˾̇˷̈̉˷˼̉ ˹ ̄˼̈́̅̂̓́̅ ̇˷˾ ̈ 

̊˹˼̂˿̎˼̄˿˼̃ ̎˷̈̉̅̉̒ ̅̉ 100 ˚̍ ˻̅ 1 ˣ˚̍. 

˪˻˼̂̓̄˷̖ ̆̇̅˹̅˻˿̃̅̈̉̓ ̃˷́̈˿̃˷̂̓̄˷ ˹ ̄˷̎˷̂˼ 
̆˼̇˼̌̅˻̄̅˺̅ ̆̇̅̍˼̈̈˷ ˿ ˻˷̂˼˼ ̊̃˼̄̓̏˷˼̖̉̈ ˹ 

̉˼̎˼̄˿˼ ˻˼̖̈̉́̅˹ ̃˿́̇̅̈˼́̊̄˻ [14], ̎̉̅ ̅˸̖̑̈-
̖̄˼̉ ˻̂˿̉˼̂̓̄̅˼ ˹̅˾̇˷̈̉˷̄˿˼ ̆˼̇˼̌̅˻̄̅˺̅ ̈̅-

̆̇̅̉˿˹̂˼̄˿̖ ˾˷˾˼̃̂˿̉˼̖̂ ˿̄˷̎˼, ̎˼̃ ̆̇̅̍˼̈̈ 
˾˷̖̇˻˷ ˸̅̂̓̏̅̀ ˼̃́̅̈̉˿ ˹ R||C ̈̌˼̃˷̌. 

ǘǧǭǾȀ ǯǢǳǴоȁǻǧǫ ǲǢбоǴǽ ̖˹̖̂˼̖̉̈ ̅̆̇˼˻˼-
̂˼̄˿˼ ̆̅˺̇˼̏̄̅̈̉˼̀ ˿̃̆̊̂̓̈̄̅˺̅ ̃˼̉̅˻˷ ˿˾̃˼-
̇˼̄˿̀ ̈̅̆̇̅̉˿˹̂˼̄˿̀ ˾˷˾˼̃̂˿̉˼̂˼̀ Вˢ ˹ ˹̒̈̅-

́̅̅̃̄̅̃ ˺̇̊̄̉˼, ˹̒˾˹˷̄̄̒̌ ˹̂˿̖̄˿˼̃ ˿˾̃˼̇˿-

̉˼̂̓̄̒̌ ̔̂˼́̉̇̅˻̅˹ ˿ ̎˷̈̉̅̉̄̒̃˿ ̈˹̅̀̈̉˹˷̃˿ 

˺̇̊̄̉˷; ˿̈̈̂˼˻̅˹˷̄˿˼ ̆˼̇˼̌̅˻̄̅˺̅ ̈̅̆̇̅̉˿˹̂˼-
̄˿̖ ̈̅̈̇˼˻̅̉̅̎˼̄̄̅˺̅ ˾˷˾˼̃̂˿̉˼̖̂ ˹ ˺̇̊̄̉˼ ̈ 
̎˷̈̉̅̉̄̅-˾˷˹˿̈˿̃̒̃˿ ̆˷̇˷̃˼̉̇˷̃˿ ˿ ˼˺̅ ̈˹̖-

˾˼̀ ̈̅ ̈̉˷̍˿̅̄˷̇̄̒̃, ˿̃̆̊̂̓̈̄̒̃ ˿ ̃˺̄̅˹˼̄-

̄̒̃ ̈̅̆̇̅̉˿˹̂˼̄˿˼̃, ˹́̂̎̕˷̖ ̇˷˾̇˷˸̅̉́̊ ˿̄-

˽˼̄˼̇̄̒̌ ̋̅̇̃̊̂; ˷̄˷̂˿˾ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̌ 
˻˷̄̄̒̌ ̄˷ ̅̈̄̅˹˼ ̆˼̇˼̌̅˻̄̅˺̅ ̈̅̆̇̅̉˿˹̂˼̄˿̖; 

̎˿̈̂˼̄̄̅˼ ̃̅˻˼̂˿̇̅˹˷̄˿˼ ˿̃̆̊̂̓̈̄̅˺̅ ̃˼̉̅˻˷ 
˿˾̃˼̇˼̄˿̀ ̈̅̆̇̅̉˿˹̂˼̄˿̖ ̅̆̅̇̒ Вˢ ̈ ̉̇̅̈̅̃. 

ǑǲǪǯǸǪǱ ǪǩмǧǲǧǯǪǫ Ǫ ǱоǥǲǧǺǯоǳǴǪ, ǤǽǩǤǢǯǯǽǧ 
ǲǢǳǳǴǢǯоǤǬоǫ ǪǩмǧǲǪǴǧǭǾǯǽǷ ǿǭǧǬǴǲоǦоǤ 

˦̇˿̄̍˿̆˿˷̂̓̄˷̖ ̈̌˼̃˷ ˿˾̃˼̇˼̄˿̀ ̈̅̆̇̅-

̉˿˹̂˼̄˿̖ ˾˷˾˼̃̂˿̉˼̂˼̀ ˹́̂̎̕˷˼̉ ˿˾̃˼̇˿̉˼̂̓-
̄̅˼ ̊̈̉̇̅̀̈̉˹̅ ̈̅ ˹̈̉̇̅˼̄̄̒̃ ˿̈̉̅̎̄˿́̅̃ ̉̅-

́˷ ˿ ˻˹˷ ˿˾̃˼̇˿̉˼̂̓̄̒̌ ̔̂˼́̉̇̅˻˷ (̉̅́̅˹̒̀ ˿ 

̆̅̉˼̄̍˿˷̂̓̄̒̀) (̇˿̈. 1, а). ˩̅́ ˿̈̉̅̎̄˿́˷ I 

˹˹̅˻˿̖̉̈ ˹ ˾˷˾˼̃̂˿̉˼̂̓, ̇˷̈̉˼́˷˼̖̉̈ ˹ ˾˼̃̂˼, 
̈̅˸˿̇˷˼̖̉̈ ̉̅́̅˹̒̃ ̔̂˼́̉̇̅˻̅̃ ˿ ˹̅˾˹̇˷̐˷˼̉-
̖̈ ́ ˿̈̉̅̎̄˿́̊ ̆̅ ̉̅́̅˹̅̃̊ ̆̇̅˹̅˻̄˿́̊. И˾̃˼-
̖̇˼̖̉̈ ̄˷̖̆̇˽˼̄˿˼ ˾˷˾˼̃̂˿̉˼̖̂ U ̅̉̄̅̈˿̉˼̂̓-
̄̅ ̆̅̉˼̄̍˿˷̂̓̄̅˺̅ ̔̂˼́̉̇̅˻˷. ˨̅̆̇̅̉˿˹̂˼̄˿˼ 
˾˷˾˼̃̂˿̉˼̖̂ ̅̆̇˼˻˼̖̂˼̖̉̈ ́˷́ R = U / I ̈ ̄˼́̅-

̉̅̇̅̀ ̆̅˺̇˼̏̄̅̈̉̓̕ ʚ. ˨̉˷˹˿̖̉̈ ˾˷˻˷̎˷ ̇˷̈̈̉˷-
̄̅˹́˿ ˿˾̃˼̇˿̉˼̂̓̄̒̌ ̔̂˼́̉̇̅˻̅˹ ̉˷́, ̎̉̅˸̒ 

̆̅˺̇˼̏̄̅̈̉̓ ˿˾̃˼̇˼̄˿̀ ʚ ˸̒̂˷ ̃˿̄˿̃˷̂̓̄˷. 
В̄˷̎˷̂˼ ̇˷̈̈̃̅̉̇˿̃ ˿˾̃˼̇˼̄˿̖ ̄˷ ̄˿˾́̅̀ 

̎˷̈̉̅̉˼.  
˦̅̉˼̄̍˿˷̂ ˾˷˾˼̃̂˿̉˼̖̂ (̇˿̈. 1) ̇˷˹˼̄ 

 ,IRI R I    

˺˻˼ R – ̈̅̆̇̅̉˿˹̂˼̄˿˼ ˾˷˾˼̃̂˿̉˼̖̂; RI –

˹˾˷˿̃̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ ̃˼˽˻̊ ˾˷˾˼̃̂˿̉˼̂˼̃ 

˿ ̉̅́̅˹̒̃ ̔̂˼́̉̇̅˻̅̃.  

˜̈̂˿ ̇˷̈̆̅̂̅˽˿̉̓ ̆̅̉˼̄̍˿˷̂̓̄̒̀ ̔̂˼́-

̉̇̅˻ ˹ ̉̅̎́˼ ̈ ̆̅̉˼̄̍˿˷̂̅̃ 

 ,u IR I    (2) 

̉̅˺˻˷ 
 , ,0uU RI      

̉. ˼. ˿˾̃˼̇˿̉˼̂̓̄̒˼ ̔̂˼́̉̇̅˻̒ ̄˼ ̈̅˾˻˷̉̕ ̆̅-

˺̇˼̏̄̅̈̉˿. 
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˧˿̈. 1. ˨̌˼̃˷ ˿˾̃˼̇˼̄˿̀ ̈̅̆̇̅̉˿˹̂˼̄˿̖: 1 – ˾˷˾˼̃̂˿̉˼̂̓, 2 – ̉̅́̅˹̒̀ ̔̂˼́̉̇̅˻; ̆̅̉˼̄̍˿˷̂̓̄̒̀  

̔̂˼́̉̇̅˻ ̆̅: 3 – ̅˻̄̅̂̊̎˼˹̅̀ ̈̌˼̃˼, 4 – ˻˹̊̌̂̊̎˼˹̅̀ ́̂˷̈̈˿̎˼̈́̅̀ ̈̌˼̃˼, 6 – ̅̇̉̅˺̅̄˷̂̓̄̅̀ ̈̌˼̃˼;  
а) ˹˿˻ ̈˸̅́̊; b) ˹˿˻ ̈˹˼̇̌̊ 

Fig. 1. Impedance measurement scheme: 1 – grounding system, 2 – current electrode; potential electrode in:  

3 – single-beam scheme, 4 – two-beam classical scheme, 6– orthogonal scheme; a) side view; b) view from the top 

 

 
 

˧˿̈. 2. ˞˷˹˿̈˿̃̅̈̉˿: a) ̅̉̄̅̈˿̉˼̂̓̄̅̀ ̆̅˺̇˼̏̄̅̈̉˿, ˹̒˾˹˷̄̄̅̀ ˿˾̃˼̇˿̉˼̂̓̄̒̃˿  

̔̂˼́̉̇̅˻˷̃˿, ˻̖̂: 1 – ̅˻̄̅̂̊̎˼˹̅̀ ̈̌˼̃̒ (ri  = 100 ̃, ru = 61.8 ̃), 2 – ̅̇̉̅˺̅̄˷̂̓̄̅̀ ̈̌˼̃̒  

(ri = 80 ̃, ru = 80 ̃), 3 – ̅̇̉̅˺̅̄˷̂̓̄̅̀ ̈̌˼̃̒ (ri  = 50 ̃, ru = 50 ̃); b) ̅̆̉˿̃˷̂̓̄̅˺̅ ̇˷̖̈̈̉̅̄˿̖  

˻̅ ̆̅̉˼̄̍˿˷̂̓̄̅˺̅ ̔̂˼́̉̇̅˻˷ ˻̖̂ ̅˻̄̅̂̊̎˼˹̅̀ ̈̌˼̃̒ (ri  = 100 ̃) 

Fig. 2. Dependencies of: a) the relative error caused by measurement electrodes for 1 – single-beam  

scheme (ri  = 100 m, ru = 61.8 m), 2 – orthogonal scheme (ri = 80 m, ru = 80 m), 3 – orthogonal scheme  

(ri  = 50 m, ru = 50 m); b) the optimal distance to potential electrode for single-beam scheme (ri  = 100 m) 

 

˪̈̂̅˹˿̕ (2) ˹ ̅˻̄̅̇̅˻̄̅̃ ˺̇̊̄̉˼ ̈̅̅̉˹˼̉-
̈̉˹̊˼̉ ́̇˿˹˷̖ 3-4-5 (̇˿̈. 1, b), ̆̅̂̊̎˼̄̄˷̖ 

˹ ̆̇˼˻̆̅̂̅˽˼̄˿˿ ̃˷̂̒̌ ̇˷˾̃˼̇̅˹ ˾˷˾˼̃̂˿̉˼̖̂ ˿ 

˿˾̃˼̇˿̉˼̂̓̄̒̌ ̔̂˼́̉̇̅˻̅˹ (̆̅ ̈̇˷˹̄˼̄˿̕ ̈ ̇˷̈-
̖̈̉̅̄˿˼̃ ̃˼˽˻̊ ̄˿̃˿). ˥˸̒̎̄̅ ̆̅̉˼̄̍˿˷̂̓̄̒̀ 

̔̂˼́̉̇̅˻ ̇˷̈̆̅̂˷˺˷̉̕ ˹ ̉̅̎́˼ 3 (̅˻̄̅̂̊̎˼˹˷̖ 

̈̌˼̃˷). ˛˹̊̌̂̊̎˼˹˷̖ ̈̌˼̃˷ ̈ ̆̅̉˼̄̍˿˷̂̓̄̒̃ 

̔̂˼́̉̇̅˻̅̃ ˹ ̉̅̎́˼ 4 ˿̈̆̅̂̓˾̊˼̖̉̈ ˾̄˷̎˿̉˼̂̓̄̅ 

̇˼˽˼. ˧˷̈̆̅̂̅˽˼̄˿˼ ̆̅̉˼̄̍˿˷̂̓̄̅˺  ̅̔̂˼́̉̇̅˻˷ ˹ 
̉̅̎́˼ 5 (˿ ˻̇̊˺˿̌ ̉̅̎́˷̌ ́̇˿˹̅̀ 3-4-5) ̇˷̈̈̃˷̉-
̇˿˹˷˼̖̉̈ ̎˿̈̉̅ ̉˼̅̇˼̉˿̎˼̈́˿.  

˦̇˿ ̇˷̈̆̅̂̅˽˼̄˿˿ ̆̅̉˼̄̍˿˷̂̓̄̅˺̅ ̔̂˼́-

̉̇̅˻˷ ˹̄˼ ̋˿˺̊̇̒, ̅˺̇˷̄˿̎˼̄̄̅̀ ́̇˿˹̅̀ 3-4-5, 

˿˾̃˼̇˼̄̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ ˾˷˾˼̃̂˿̉˼̖̂ ˸̊˻˼̉ 
˾˷̄˿˽˼̄̄̒̃, ˿̄˷̎˼ ˾˷˹̒̏˼̄̄̒̃. 

˧˷̈̎˼̉̒ ̆̅́˷˾̒˹˷̉̕ [15], ̎̉̅ ˿˾̃˼̇˼̄˿̖ 

̆̅ ̅˻̄̅̂̊̎˼˹̅̀ ̈̌˼̃˼ ̈ ̈̅̅̉̄̅̏˼̄˿˼̃ ru = 

0.618 ri ̅̈̉˷̖̉̈̕ ˻̅̈̉˷̉̅̎̄̅ ̉̅̎̄̒̃˿ ˿ ˹ ˻˹̊̌-

̈̂̅̀̄̅̃ ˺̇̊̄̉˼ (̇˿̈. 2, а), ˾˷ ˿̈́̂̎̕˼̄˿˼̃ 

˺̇̊̄̉˷ ̈ ́̅̔̋̋˿̍˿˼̄̉̅̃ ̅̉̇˷˽˼̄˿̖ 

 2 1

2 1

,0.6k
 

 
 

 ˿̂˿ 2 1 4,   , 

˺˻˼ ρ1, ρ2 – ̊˻˼̂̓̄̒˼ ̈̅̆̇̅̉˿˹̂˼̄˿̖ ˹˼̇̌̄˼˺̅ 

˿ ̄˿˽̄˼˺̅ ̖̈̂̅ ˺̇̊̄̉˷. В ̔̉̅̃ ̈̂̊̎˷˼ ̇˷̖̈̈̉̅-

̄˿˼ ˻̅ ̆̅̉˼̄̍˿˷̂̓̄̅˺̅ ̔̂˼́̉̇̅˻˷ ˻̅̂˽̄̅ ˸̒̉̓ 
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̊˹˼̂˿̎˼̄̅ (̇˿̈. 2, b), ̎̉̅˸̒ ˹̖̒̆̅̂̄̂̅̈̓ 

̊̈̂̅˹˿˼ (1). 

˧˷̈̈̃̅̉̇˿̃ ˿˾̃˼̇˼̄˿̖ ̄˷ ˹̒̈̅́̅̀ ̎˷̈̉̅̉˼.  
˦̇˿ ̅˻̄̅̂̊̎˼˹̅̀ ˿ ˻˹̊̌̂̊̎˼˹̅̀ ̈̌˼̃˼ ̇˷̈-

̆̅̂̅˽˼̄˿̖ ˿˾̃˼̇˿̉˼̂̓̄̒̌ ̔̂˼́̉̇̅˻̅˹ ˹̅˾̄˿-

́˷̉̕ ˿̄˻̊́̉˿˹̄̒˼ ̆̅̃˼̌˿ ˹ ̆̅̉˼̄̍˿˷̂̓̄̅̃ 

̆̇̅˹̅˻˼ ̅̉ ̉̅́̅˹̅˺̅ ̆̇̅˹̅˻˷, ̎̉̅ ˹ ̈̅̎˼̉˷̄˿˿ ̈ 
˻̅̈̉˷̉̅̎̄̅ ˸̅̂̓̏̅̀ ˼̃́̅̈̉̓̕ ̆̇̅˹̅˻˷, ̇˷̈̆̅-

̂̅˽˼̄̄̅˺̅ ̄˷ ̆̅˹˼̇̌̄̅̈̉˿ ˾˼̃̂˿, ̆̇˿˹̅˻˿̉ ́ 

̈˿̂̓̄̒̃ ̆̅̃˼̌˷̃ [3, 5]. ˦̅ ̔̉̅̀ ̆̇˿̎˿̄˼ ̅̉ 
́̂˷̈̈˿̎˼̈́˿̌ ̈̌˼̃ ̅̉́˷˾˷̂˿̈̓ ˹ ̆̅̂̓˾̊ ̅̇̉̅˺̅-

̄˷̂̓̄̅̀ ̈̌˼̃̒, ˺˻˼ ̆̇̅˹̅˻˷ ̅̉ ˿˾̃˼̇˿̉˼̂̓̄̒̌ 
̔̂˼́̉̇̅˻̅˹ 1-2 ˿ 1-6 ̇˷̈̆̅̂̅˽˼̄̒ ̅̇̉̅˺̅̄˷̂̓-
̄̅ (̇˿̈. 1, b). ˥˻̄˷́̅, ˿˾-˾˷ ̄˷̇̊̏˼̄˿̖ ̊̈̂̅˹˿̖ 

(2) ̇˼˾̊̂̓̉˷̉̒ ˿˾̃˼̇˼̄˿̀ ˹̈˼˺˻˷ ˾˷̄˿˽˼̄̒. 

ˤ˷̆̇˿̃˼̇, ̆̇˿ k > 0.6 (ρ2 / ρ1 > 4) ̆̅˺̇˼̏̄̅̈̉̓ 
˿˾̃˼̇˼̄˿̀ ̆̇˼˹̒̏˷˼̉ 20 %, ˷ ˹ ̆̇˼˻˼̂˼, ̆̇˿ 

k = 1 (ρ2 >>ρ1) ˻̅̈̉˿˺˷˼̉ 40–50 % ̆̇˿ ̇˷˹̄̅̀ 

̈̊̃̃˷̇̄̅̀ ˻̂˿̄˼ ̆̇̅˹̅˻̄˿́̅˹ ̆̅ ̈̇˷˹̄˼̄˿̕ ̈ 
̅˻̄̅̂̊̎˼˹̅̀ ̈̌˼̃̅̀ (̇˿̈. 2, b). ˪˹˼̂˿̎˼̄˿˼ 
̇˷̖̈̈̉̅̄˿̖ ˻̅ ˿˾̃˼̇˿̉˼̂̓̄̒̌ ̔̂˼́̉̇̅˻̅˹ ˹ ̅̇-

̉̅˺̅̄˷̂̓̄̅̀ ̈̌˼̃˼ ̆̅˾˹̖̅̂˼̉ ̊̃˼̄̓̏˿̉̓ ̆̅-

˺̇˼̏̄̅̈̉̓, ̄̅ ̊̈̉̇˷̄˿̉̓ ˼˼ ̃̅˽̄̅ ̉̅̂̓́̅ ̉˼̅-

̇˼̉˿̎˼̈́˿, ̆̇˿ ˸˼̈́̅̄˼̎̄̅̃ ̊˻˷̂˼̄˿˿ ˿˾̃˼̇˿-

̉˼̂̓̄̒̌ ̔̂˼́̉̇̅˻̅˹, ̎̉̅ ̈̂˼˻̊˼̉ ˿˾ (2). 

˩˷́˿̃ ̅˸̇˷˾̅̃, ˹ ́̂˷̈̈˿̎˼̈́˿̌ ̈̌˼̃˷̌ ˹̈˼-
˺˻˷ ̈̊̐˼̈̉˹̊˼̉ ̆̅̂̅˽˼̄˿˼ ˿˾̃˼̇˿̉˼̂̓̄̒̌ 

̔̂˼́̉̇̅˻̅˹, ˿̈́̂̎̕˷̐̕˿̌ ̆̅˺̇˼̏̄̅̈̉̓ ˿˾̃˼-
̇˼̄˿̀ ̄˷ ̄˿˾́̅̀ ̎˷̈̉̅̉˼. В̒̄̊˽˻˼̄̄̒̀ ̆˼̇˼-
̌̅˻ ́ ̅̇̉̅˺̅̄˷̂̓̄̅̀ ̈̌˼̃˼ ̇˷̈̆̅̂̅˽˼̄˿̖ ˿˾-
̃˼̇˿̉˼̂̓̄̒̌ ̔̂˼́̉̇̅˻̅˹, ˿̈́̂̎̕˷̐̕˿̀ ˿̄-

˻̊́̉˿˹̄̒˼ ̆̅̃˼̌˿ ̃˼˽˻̊ ˿˾̃˼̇˿̉˼̂̓̄̒̃˿ 

̆̇̅˹̅˻˷̃˿ ̆̇˿ ˹̒̈̅́̅̎˷̈̉̅̉̄̒̌ ˿ ˿̃̆̊̂̓̈-
̄̒̌ ˹̅˾˻˼̀̈̉˹˿̖̌, ˾˷̄˿˽˷˼̉ ˿˾̃˼̖̇˼̃̅˼ ̈̅-

̆̇̅̉˿˹̂˼̄˿˼.  

ИмǱǵǭǾǳǯǽǫ мǧǴоǦ ǪǩмǧǲǧǯǪȁ ǳоǱǲоǴǪǤǭǧǯǪȁ 

ǩǢǩǧмǭǪǴǧǭǧǫ оǱоǲ ВǍ ǳ Ǵǲоǳом 

˧˼˾̊̂̓̉˷̉̅̃ ˿˾̃˼̇˼̄˿̀ ˿̃̆̊̂̓̈̄̒̃ ̃˼̉̅-

˻̅̃ ̖˹̖̖̂̉̈̕ ̅̈̍˿̂̂̅˺̇˷̃̃̒ ̄˷̖̆̇˽˼̄˿̖ u(t) 

˿ ̉̅́˷ i(t), ̅˸̇˷˸̅̉́˷ ́̅̉̅̇̒̌ ˻˷˼̉ ̈̅̆̇̅̉˿˹-

̂˼̄˿˼ ˾˷˾˼̃̂˿̉˼̖̂. 

˛̖̂ Вˢ ̈ ̉̇̅̈̅̃ ̆̇˼˻˼̂̓̄̅˼ ˹̇˼̖̃ 

̄˷˸̂̕˻˼̄˿̖ ˾˷ ̆˼̇˼̌̅˻̄̒̃ ̆̇̅̍˼̈̈̅̃ T 

̅˺̇˷̄˿̎˼̄̅ ̃̅̃˼̄̉̅̃ ̆̇˿̌̅˻˷ ̅̉̇˷˽˼̄̄̅̀ 

˹̅̂̄̒ (T = 2 ̃́̈ ̆̇˿ ˻̂˿̄˼ ̆̇̅̂˼̉˷ 300 ̃). 

˥̈̄̅˹̒˹˷̖̈̓ ̄˷ ́̂˷̈̈˿̎˼̈́̅̀ ̃̅˻˼̂˿ ˺̇̊̄̉˷, 

̈̂˼˻̊˼̉ ̈̎˿̉˷̉̓, ̎̉̅ ́ ̃̅̃˼̄̉̊ ˹̇˼̃˼̄˿ T ̆˼-
̇˼̌̅˻̄̅̀ ̆̇̅̍˼̈̈ ˹ ˾˷˾˼̃̂˿̉˼̂˼ ̅̆̅̇̒, ̇˷̈-

̆̅̂̅˽˼̄̄̅̃ ˹ ˹̒̈̅́̅̅̃̄̅̃ ˺̇̊̄̉˼, ˾˷˹˼̇-

̏˼̄, ̉̅˺˻˷ ̈̉˷̍˿̅̄˷̇̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ R = 

r(T) = u(T) / i(T).  

В ˻˼̀̈̉˹˿̉˼̂̓̄̅̈̉˿ ˻̂˿̉˼̂̓̄̅̈̉̓ ̆˼̇˼̌̅˻-

̄̅˺̅ ̆̇̅̍˼̈̈˷ ˾˷˾˼̃̂˿̉˼̖̂ ˹ ˹̒̈̅́̅̅̃̄̅̃ 

˺̇̊̄̉˼ ̈̊̐˼̈̉˹˼̄̄̅ ̆̇˼˹̒̏˷˼̉ ˹̇˼̖̃ ̆̇˿̌̅˻˷ 
̅̉̇˷˽˼̄̄̒̌ ˹̅̂̄ T [14], ̆̅̔̉̅̃̊ ̇˼˾̊̂̓̉˷̉̒ 

˿˾̃˼̇˼̄˿̀ ̆̅˻̂˼˽˷̉ ́̅̇̇˼́̉˿̇̅˹́˼. ˦̅˿̈́ 

˷̄˷̂˿̉˿̎˼̈́˿̌ ̈̅̅̉̄̅̏˼̄˿̀, ̈˹̖˾̒˹˷̐̕˿̌ 

̆˼̇˼̌̅˻̄̅˼ ˿ ̈̉˷̍˿̅̄˷̇̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ 
˾˷˾˼̃̂˿̉˼̖̂, – ̄˷˿˸̅̂˼˼ ̔̋̋˼́̉˿˹̄̒̀ ̆̅˻̌̅˻ 

́ ̇˼̏˼̄˿̕ ˾˷˻˷̎˿.  

ǑǧǲǧǷоǦǯоǧ ǳоǱǲоǴǪǤǭǧǯǪǧ  
ǳоǳǲǧǦоǴоǹǧǯǯоǥо ǩǢǩǧмǭǪǴǧǭȁ  

Ǥ ǥǲǵǯǴǧ ǳ ǹǢǳǴоǴǯо-ǩǢǤǪǳǪмоǫ ǱǲоǤоǦǪмоǳǴǾȀ 

˦̊̈̉̓ ̈̅̈̇˼˻̅̉̅̎˼̄̄̒̀ (̉̅̎˼̎̄̒̀) ˾˷˾˼̃-

̂˿̉˼̂̓ ̇˷̈̆̅̂̅˽˼̄ ˹ ˺̇̊̄̉˼ ̈ ̎˷̈̉̅̉̄̅-

˾˷˹˿̈˿̃̅̀ ̊˻˼̂̓̄̅̀ ̆̇̅˹̅˻˿̃̅̈̉̓̕, ́̅̉̅̇̊̕ 

˾˷˻˷˻˿̃ ̆̅ ˣ˼̈̈˿̇̊  

˹ ̅̆˼̇˷̉̅̇̄̅̀ ̋̅̇̃˼ [14] 

 
 

0 0

0 0

( ) 2

1 2 , / ,

s s s

s s

      

        
 (3) 

˺˻˼ ʨ0 – ̊˻˼̂̓̄˷̖ ̆̇̅˹̅˻˿̃̅̈̉̓ ˺̇̊̄̉˷ ̄˷ ̎˷̈̉̅-

̉˼ 100 ˚̍, ʛ – ˷˸̈̅̂̉̄̕˷̖ ˻˿̔̂˼́̉̇˿̎˼̈́˷̖ ̆̇̅-

̄˿̍˷˼̃̅̈̉̓ ˺̇̊̄̉˷, ʩ – ̖̆̅̈̉̅̄̄˷̖ ˹̇˼̃˼̄˿. 

˦̅̈̂˼˻̄˼˼ ̈̂˷˺˷˼̃̅˼ (3) ̊̎˿̉̒˹˷˼̉ ˿̄˼̇-

̍˿̅̄̄̅̈̉̓ ̆̇̅̍˼̈̈˷ ˻˿̋̋̊˾˿˿ ˿̅̄̅˹ ̔̂˼́̉̇̅-

̂˿̉˷ ˹ ˺̇̊̄̉˼, ̎̉̅ ̖̆̇̅˹̖̂˼̖̉̈ ˹ ̊˹˼̂˿̎˼̄˿˿ 

̊˻˼̂̓̄̅̀ ̆̇̅˹̅˻˿̃̅̈̉˿ ̈ ̊˹˼̂˿̎˼̄˿˼̃ ̎˷̈̉̅-

̉̒ (̆̅˻̇̅˸̄˼˼ [14]).  

˥̆˼̇˷̉̅̇̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ ˾˷˾˼̃̂˿̉˼̖̂ ˹ 

˺̇̊̄̉˼ ̈ ̊˻˼̂̓̄̅̀ ̆̇̅˹̅˻˿̃̅̈̉̓̕ (3) 

   2( ) / 1 2 /(1 ) ,Z s R s s R s        

˺˻˼ R – ̈̉˷̍˿̅̄˷̇̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼.  
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˦˼̇˼̌̅˻̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ ˾˷˾˼̃̂˿̉˼̖̂ (1)  

 1 1
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( )
( ( )
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Z s Rz t L L k t R
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    

 (4) 

˦̇˿˸̂˿˽˼̄̄̅˼ ˹̒̇˷˽˼̄˿˼ ˹ (4), ̇˼́̅̃˼̄-

˻̊˼̃̅˼ ˻̖̂ ˿̄˽˼̄˼̇̄̒̌ ̇˷̈̎˼̉̅˹, ̄˷̀˻˼̄̅ ̃˼-
̉̅˻̅̃ ̄˷˿̃˼̄̓̏˿̌ ́˹˷˻̇˷̉̅˹. 

ǐǱǲǧǦǧǭǧǯǪǧ ǳǴǢǸǪоǯǢǲǯоǥо, ǪмǱǵǭǾǳǯоǥо 

Ǫ мǥǯоǤǧǯǯоǥо ǳоǱǲоǴǪǤǭǧǯǪȁ ǩǢǩǧмǭǪǴǧǭȁ  

ǯǢ оǳǯоǤǧ ǧǥо ǱǧǲǧǷоǦǯоǥо ǳоǱǲоǴǪǤǭǧǯǪȁ 

˦̊̈̉̓ ̆˼̇˼̌̅˻̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ ˿˾̃˼̇˼̄̅ 

˹ ̃̅̃˼̄̉ ˹̇˼̃˼̄˿ T, ̉̅˺˻˷ ̈̉˷̍˿̅̄˷̇̄̅˼ ̈̅-

̆̇̅̉˿˹̂˼̄˿˼ ̇˷˹̄̅ 

 ( ) / ( ),R z T k T  

˺˻˼ k(t) ̅̆̇˼˻˼̂˼̄̅ ˹ (4). 

ˤ˷̖̆̇˽˼̄˿˼ ˾˷˾˼̃̂˿̉˼̖̂ ˻̖̂ ̆̇̅˿˾˹̅̂̓-

̄̅˺̅ ˿̃̆̊̂̓̈˷ ̉̅́˷ ̅̆̇˼˻˼̖̂˼̖̉̈ ˿̄̉˼˺̇˷̂̅̃ 

˛̕˷̃˼̖̂ (̆̇˿ ̄̊̂˼˹̒̌ ̄˷̎˷̂̓̄̒̌ ̊̈̂̅˹˿̖̌) 
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ˣ˺̄̅˹˼̄̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ ˾˷˾˼̃̂˿̉˼̖̂ ̄˷ 
̋̇̅̄̉˼ ˿̃̆̊̂̓̈˷ ́̅̈̅̊˺̅̂̓̄̅̀ ̋̅̇̃̒ ̇˷˹̄̅ 
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 (5) 

˺˻˼ k(t) ̅̆̇˼˻˼̂˼̄̅ ˹ (4); T1 – ˻̂˿̉˼̂̓̄̅̈̉̓ 
̋̇̅̄̉˷ ˿̃̆̊̂̓̈˷ ̉̅́˷. ˦̇˿˸̂˿˽˼̄̄̅˼ ˹̒̇˷˽˼-
̄˿˼ ˹ (5), ̇˼́̅̃˼̄˻̊˼̃̅˼ ˻̖̂ ˿̄˽˼̄˼̇̄̒̌ ̇˷̈̎˼-
̉̅˹, ̆̅̂̊̎˼̄̅ ̃˼̉̅˻̅̃ ̄˷˿̃˼̄̓̏˿̌ ́˹˷˻̇˷̉̅˹.  

˦̊̈̉̓ ˾˷˻˷̄ ̉̅́ ˾˷˾˼̃̂˿̉˼̖̂ ́̅̈̅̊˺̅̂̓̄̅̀ 

̋̅̇̃̒ (̇˿̈. 3) 
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˺˻˼ A– ˷̃̆̂˿̉̊˻˷, T1– ˻̂˿̉˼̂̓̄̅̈̉̓ ̋̇̅̄̉˷, 
T2–˻̂˿̉˼̂̓̄̅̈̉̓ ˻̅ ̆̅̂̊̈̆˷˻˷, 1(x)– ˼˻˿̄˿̎-

̄˷̖ ̋̊̄́̍˿̖. ˩̅˺˻˷ ̄˷̖̆̇˽˼̄˿˼ ˾˷˾˼̃̂˿̉˼̖̂, 

̆̅̂̊̎˼̄̄̅˼ ˹̒̎˿̈̂˼̄˿˼̃ ˿̄̉˼˺̇˷̂˷ ˛̕˷̃˼̖̂, 

̇˷˹̄̅ (̇˿̈. 3) 
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 (6) 

ˣ˺̄̅˹˼̄̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ r(t) = u(t) / i(t) 

˾˷˹˿̈˿̉ ̅̉ ̋̅̇̃̒ ˿̃̆̊̂̓̈˷ ̉̅́˷ (̇˿̈. 3), ̆̅-

̔̉̅̃̊ ̄˼ ̖˹̖̂˼̖̉̈ ̊̄˿˹˼̇̈˷̂̓̄̅̀ ̌˷̇˷́̉˼̇˿-

̈̉˿́̅̀ ˾˷˾˼̃̂˿̉˼̖̂, ˹ ̅̉̂˿̎˿˼ ̅̉ ̆˼̇˼̌̅˻̄̅˺̅ 

̈̅̆̇̅̉˿˹̂˼̄˿̖. ˤ˷ ̈̆˷˻˼ ̉̅́˷ ̃˺̄̅˹˼̄̄̅˼ 

̈̅̆̇̅̉˿˹̂˼̄˿˼ ˻̅̈̉˷̉̅̎̄̅ ̈˿̂̓̄̅ ˹̅˾̇˷̈̉˷˼̉ 
˿ ˹ ̊̈̉˷̄̅˹˿˹̏˼̖̃̈ ̇˼˽˿̃˼ ̆̇˼˹̒̏˷˼̉ ̈̉˷-

̍˿̅̄˷̇̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ (̇˿̈. 3), ̆̅̔̉̅̃̊ 

̆̅˻˸̅̇ ̔́˹˿˹˷̂˼̄̉̄̒̌ ̈̌˼̃ ̄˷ ̅̈̄̅˹˼ ̃˺̄̅-

˹˼̄̄̅˺̅ ̈̅̆̇̅̉˿˹̂˼̄˿̖ ̖̈̅̆̇˽˼̄ ̈ ̆̅˺̇˼̏-

̖̄̅̈̉̃˿. 

 

 
 

˧˿̈. 3. ˦˷̇˷̃˼̉̇̒ ˾˷˾˼̃̂˿̉˼̖̂ ̆̇˿ ˹̅˾˻˼̀̈̉˹˿˿ 

˿̃̆̊̂̓̈˷ ̉̅́˷ ˼˻˿̄˿̎̄̅̀ ˷̃̆̂˿̉̊˻̒, T1 = 1 ̃́̈,  
T2 = 10 ̃́̈, R  = 1 ˥̃; ʨ0 = 1 ̃˨̃,̃, ʛ = 10ʛ0 

Fig.3. Grounding system parameters when exposed to a 

unit current impulse, T1 = 1 μs, T2 = 10 μs, R = 1 Ohm; 

ʨ0 = 1 mS/m, ʛ = 10ʛ0 

 

И̃̆̊̂̓̈̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ ˾˷˾˼̃̂˿̉˼̖̂ 

̇˷˹̄̅ Ri = max u(t) / max i(t), ˺˻˼ u(t) ̅̆̇˼˻˼̂˼-
̄̅ ˹ (6). В ˹̒̈̅́̅̅̃̄̅̃ ˺̇̊̄̉˼ Ri < R. 
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ǟǭǧǬǴǲǪǹǧǳǬǪǧ ǱǢǲǢмǧǴǲǽ ǥǲǵǯǴǢ  

Ǳо ǦǢǯǯǽм ǪмǱǵǭǾǳǯоǥо ǿǬǳǱǧǲǪмǧǯǴǢ 

Ӥ̆̅̂̓˾̅˹˷̄˿˼ ̋̅̇̃̊̂ (3)-(5) ̆̇˼˻̆̅̂˷˺˷˼̉, 
̎̉̅ ̆˷̇˷̃˼̉̇̒ ˺̇̊̄̉˷ ʨ0 ˿ ʛ ̅̆̇˼˻˼̂˼̄̒, ̄˷̆̇˿-

̃˼̇ ˹ ̌̅˻˼ ̆̇˼˻̆̇̅˼́̉̄̒̌ ˿̈̆̒̉˷̄˿̀ ̆̅ ̉̇˷̈̈˼ 
Вˢ (̈̅˺̂˷̈̄̅ ˧˛ 153-34.3-35.125-99). И̃̆̊̂̓̈-
̄̒̀ ̔́̈̆˼̇˿̃˼̄̉ ˻˷˼̉ ̉˷́̊̕ ˹̅˾̃̅˽̄̅̈̉̓.  

˦̇˿ ˿˾̃˼̇˼̄˿̖̌ ˿̃̆̊̂̓̈̄̒̃ ̃˼̉̅˻̅̃ ̈˼-
̇˿̀̄̅ ˹̒̆̊̈́˷˼̃̒̃˿ ̆̇˿˸̅̇˷̃˿ ̅̆̇˼˻˼̖̂˼̉-
̖̈ ̈̅̆̇̅̉˿˹̂˼̄˿˼ ̉̅́̅˹̅̀ ̆˼̉̂˿ [5], ˹́̂̕-

̎˷̖ ̈̅̆̇̅̉˿˹̂˼̄˿˼ ̉̅́̅˹̅˺̅ ̔̂˼́̉̇̅˻˷ RT 

(̇˿̈.  1, а), ̎̉̅ ̆̇˿ ˿˾˹˼̈̉̄̅̀ ˻̂˿̄˼ l ˿ ˻˿˷-
̃˼̉̇˼ d ̉̅́̅˹̅˺̅ ̔̂˼́̉̇̅˻˷ ̆̅˾˹̖̅̂˼̉ ̅̍˼̄˿̉̓ 

̊˻˼̂̓̄̊̕ ̆̇̅˹̅˻˿̃̅̈̉̓ ˺̇̊̄̉˷ [5] 

 0

ln 4 /4 1ln ,
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 (7) 

˛˿̔̂˼́̉̇˿̎˼̈́˷̖ ̆̇̅̄˿̍˷˼̃̅̈̉̓ ˺̇̊̄̉˷ ̃̅-

˽˼̉ ˸̒̉̓ ˹̒˸̇˷̄˷ ̆̅ ̈̆̇˷˹̅̎̄̒̃ ˻˷̄̄̒̃ 

(̄˷̆̇˿̃˼̇, ˧˛ 153-34.3-35.125-99, ˩˷˸̂˿̍˷ 15.2). 

ˤ˷ ̅̈̄̅˹˼ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̌ ˻˷̄̄̒̌, ˹ ̇˷˸̅-

̉˷̌ ˣ˼̈̈˿̇˷ [16] ʛ = 8ʛ0, ˹ ̇˷˸̅̉˼ [13] ʛ = 12ʛ0. 

˘̅̂̓̏˿̄̈̉˹̅ ˿̈̈̂˼˻̅˹˷̉˼̂˼̀ ˹ ̇˷̈̎˼̉˷̌ ˿̃̆̊̂̓-
̈̄̒̌ ̆̇̅̍˼̈̈̅˹ ̆̇˿̄˿̃˷̉̕ ʛ = (10–20)ʛ0. 

˦̇˿˸̂˿˽˼̄̄̒̀ ̌˷̇˷́̉˼̇ ˾˷˻˷̄˿̖ ʛ ˻̅̆̊-

̈̉˿̃ ˻̖̂ ́̂˷̈̈˿̎˼̈́̅̀ ̃̅˻˼̂˿ ˺̇̊̄̉˷ (̆̅-

̈́̅̂̓́̊ ̅˸̒̎̄̅ ωʛ<ʨ0). В ˺̇̊̄̉˼ ̈ ̎˷̈̉̅̉̄̅-

˾˷˹˿̈˿̃̒̃˿ ̆˷̇˷̃˼̉̇˷̃˿ ˹̂˿̖̄˿˼ ʛ ˹̅˾̇˷̈̉˷-
˼̉ (˿˾-˾˷ ̃̄̅˽˿̉˼̖̂ ʛ/ʨ0), ̆̅̔̉̅̃̊ ̉̅̎̄̅̈̉̓ 

̅̆̇˼˻˼̂˼̄˿̖ ʛ ̍˼̂˼̈̅̅˸̇˷˾̄̅ ̆̅˹̒̈˿̉̓.  

˦̇˼˻̂˷˺˷˼̖̉̈ ̈̂˼˻̊̐̕˷̖ ̃˼̉̅˻˿́˷. ˦̊̈̉̓ ˹˼-
̂˿̎˿̄˷ ʨ0 ˾˷˻˷̄˷, ̄˷̆̇˿̃˼̇ ˿˾ (7). ˩̅˺˻˷ ̅̆̇˼˻˼-
̂˼̄˿˼ ʛ ̆̇̅˿˾˹̅˻˿̖̉̈ ˿˾ ̊̈̂̅˹˿̖ ̃˿̄˿̃˿˾˷̍˿˿ 

̈̇˼˻̄˼́˹˷˻̇˷̉˿̎̄̅˺̅ ̅̉́̂̅̄˼̄˿̖ ̆˼̇˼̌̅˻̄̅˺̅ 

̈̅̆̇̅̉˿˹̂˼̄˿̖ z(t), ̆̅̂̊̎˼̄̄̅˺̅ ̔́̈̆˼̇˿̃˼̄-

̉˷̂̓̄̅ ˿ ̇˷̈̎˼̉̄̒̃ ̆̊̉˼̃ (4). А̄˷̂̅˺˿̎̄̅, ˻̖̂ 

˾˷˻˷̄̄̅˺  ̅˾̄˷̎˼̄˿  ̖ʛ ̃̅˽̄  ̅̊ ̉̅̎̄˿̉  ̓˾ ̄˷̎˼̄˿  ˼ʨ0. 

ǐбǲǢбоǴǬǢ ǦǢǯǯǽǷ ǪмǱǵǭǾǳǯоǥо ǿǬǳǱǧǲǪмǧǯǴǢ 

ǯǢ оǳǯоǤǧ ǱǧǲǧǷоǦǯоǥо ǳоǱǲоǴǪǤǭǧǯǪȁ 

В ̇˷˸̅̉˼ [5] ̆̇˿˹˼˻˼̄̒ ̇˼˾̊̂̓̉˷̉̒ ˿̃̆̊̂̓-

̈̄̅˺̅ ̔́̈̆˼̇˿̃˼̄̉˷ ˻̖̂ ̅̆̅̇̒ Вˢ ˸˼˾ ̉̇̅̈˷, 
˹́̂̎̕˷̖ ̆˷̇˷̃˼̉̇̒ ̔́˹˿˹˷̂˼̄̉̄̅̀ R||C ̈̌˼̃̒ 

(̇˿̈. 4). ˨̅̆̇̅̉˿˹̂˼̄˿˼ ̉̅́̅˹̅˺̅ ́̅̄̉̊̇˷ (˾˷-
˾˼̃̂˿̉˼̖̂ ̅̆̅̇̒ ˿ ̉̅́̅˹̅˺̅ ̔̂˼́̉̇̅˻˷) ̈̅-

̈̉˷˹̖̂̂̅ 3000 ˥̃. ˦̅ ̇˼́̅̃˼̄˻˷̍˿˿ ˷˹̉̅̇̅˹ 

[5] ̄˷ ̅̈̄̅˹˼ ̋̅̇̃̊̂̒ (7), ̆̇˿̃˼̃ ̊˻˼̂̓̄̅˼ 
̈̅̆̇̅̉˿˹̂˼̄˿˼ ˺̇̊̄̉˷ ρ = 3000 ˥̃·̃, ʨ0 = 1/ρ. 

 

 
 

˧˿̈. 4. ˧˼˾̊̂̓̉˷̉̒ ˿̃̆̊̂̓̈̄̅˺̅ ̔́̈̆˼̇˿̃˼̄̉˷ ˻̖̂ ˾˷˾˼̃̂˿̉˼̖̂ ̅̆̅̇̒ Вˢ ˸˼˾ ̉̇̅̈˷ ˹ ˹̒̈̅́̅̅̃̄̅̃ ˺̇̊̄̉˼ [5] 

Fig. 4. Results of the impulse experiment for the grounding system of the transmission line tower  

without the overhead grounding wire in high-resistance soil [5] 
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˧˿̈. 5. ˣ˺̄̅˹˼̄̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ ˾˷˾˼̃̂˿̉˼̖̂: 1 – ̔́̈̆˼̇˿̃˼̄̉ [5]; ̆˼̇˼̌̅˻̄̅˼  
̈̅̆̇̅̉˿˹̂˼̄˿˼: 2 – R||C ̈̌˼̃̒ ̆̅ ˻˷̄̄̒̃ [5]; 3 – ̆̇˿ ̅˸̇˷˸̅̉́˼ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̌ ˻˷̄̄̒̌,  

4 – R-R||C ̈̌˼̃˷ ˾˷̃˼̐˼̄˿̖, 5 – ̇˷̈̎˼̉ (4) 

Fig. 5. Instantaneous grounding system impedance: 1 – experiment [5]; transient impedance:  

2 – R||C circuits according to [5] data; 3 – when processing experimental data,  

4 – R-R||C equivalent circuit, 5 – calculation (4) 

 

ˤ˷̖̆̇˽˼̄˿˼ u(t) ˿ ̉̅́ i(t) (̇˿̈. 4) ̅̍˿̋̇̅-

˹˷̄̒ (˸˼˾ ̊̎˼̉˷ ˹̒̈̅́̅̎˷̈̉̅̉̄̒̌ ́̅̂˼˸˷̄˿̀ ˹ 

̄˷̎˷̂˼ ̔́̈̆˼̇˿̃˼̄̉˷). К˷̎˼̈̉˹̅ ̅̍˿̋̇̅˹́˿ 

̅̍˼̄˿˹˷̂̅̈̓ ˹˿˾̊˷̂̓̄̒̃ ̈̅˹̆˷˻˼̄˿˼̃ ̃˺̄̅-

˹˼̄̄̅˺̅ ̈̅̆̇̅̉˿˹̂˼̄˿̖ r(t) = u(t)/i(t) (̇˿̈. 5, 

́̇˿˹˷̖ 1) ̈ ̅̇˿˺˿̄˷̂̅̃ (̇˿̈. 4). 

˦̅ ˻˷̄̄̒̃ ˷˹̉̅̇̅˹ [5] ̃˺̄̅˹˼̄̄̅̃̊ ̈̅-

̆̇̅̉˿˹̂˼̄˿̕ ˾˷˾˼̃̂˿̉˼̖̂ ̈̅̅̉˹˼̉̈̉˹̊˼̉ R||C 

̈̌˼̃˷ (R = 429 ˥̃, C = 9.2 ̄˫) ̈ ̆˼̇˼̌̅˻̄̒̃ 

̈̅̆̇̅̉˿˹̂˼̄˿˼̃ (̇˿̈. 5, ́̇˿˹˷̖ 2).  

˦̇̅˷̄˷̂˿˾˿̇̊˼̃ ̇˼̏˼̄˿˼. ˨˿̄̉˼˾ ̈̌˼̃̒ 

˹̒̆̅̂̄˼̄ ̆̅ ̃˺̄̅˹˼̄̄̅̃̊, ˷ ̄˼ ̆˼̇˼̌̅˻̄̅̃̊ 
̈̅̆̇̅̉˿˹̂˼̄˿̕, ̎̉̅, ́˷́ ˸̒̂̅ ̆̅́˷˾˷̄̅ ̇˷̄˼˼, 
̖̈̅̆̇˽˼̄̅ ̈ ̆̅˺̇˼̖̏̄̅̈̉̃˿. ˜̃́̅̈̉̓ ˹ R||C 

̈̌˼̃˼ ̈˿̂̓̄̅ ˾˷˹̒̏˼̄˷, ̆̅̈́̅̂̓́̊ ̈̅̅̉˹˼̉̈̉˹̊-
̐̕˷̖ ˼̀ ̅̉̄̅̈˿̉˼̂̓̄˷̖ ˻˿̔̂˼́̉̇˿̎˼̈́˷̖ ̆̇̅-

̄˿̍˷˼̃̅̈̉̓ ˺̇̊̄̉˷, ̆̅̂̊̎˼̄̄˷̖ ̄˷ ̅̈̄̅˹˼ ˿˾-
˹˼̈̉̄̅̀ ˷̄˷̂̅˺˿˿ ̈̉˷̉˿̎˼̈́˿̌ ̆̅̂˼̀ RC = ρʛ, 
̇˷˹̄˷ ʛr = 149, ̎̉̅ ̄˷ ̖̆̅̇˻̅́ ̆̇˼˹̒̏˷˼̉ ̉˿̆̅-

˹̒˼ ˾̄˷̎˼̄˿̖. ˥˸̖̑̈̄˼̄˿˼ ˻˷˼̉ ̃̅˻˼̂̓ ˺̇̊̄̉˷ ̈ 
̎˷̈̉̅̉̄̅-˾˷˹˿̈˿̃̒̃˿ ̆˷̇˷̃˼̉̇˷̃˿, ˺˻˼ ̔́˹˿˹˷-
̂˼̄̉̄˷̖ ˻˿̔̂˼́̉̇˿̎˼̈́˷̖ ̆̇̅̄˿̍˷˼̃̅̈̉̓ ̃̅˽˼̉ 
˻̅̈̉˿˺˷̉̓ ˾̄˷̎˿̉˼̂̓̄̒̌ ˹˼̂˿̎˿̄ (̆̅˻̇̅˸̄˼˼ 
[14]). ˤ̅ ˿ ̈ ̔̉̅̀ ̆̅˾˿̍˿˿, ̄˷˸̂̕˻˷˼̖̉̈ ̆̅˻̃˼-
̄˷ ̆̇̅̍˼̈̈˷ ̇˷̈̉˼́˷̄˿̖ ˿̃̆̊̂̓̈̄̅˺̅ ̉̅́˷ ˹ 
˺̇̊̄̉˼ ̈ ̊̃˼̄̓̏˷̐̕˼̖̀̈ ̆̇̅˹̅˻˿̃̅̈̉̓̕ ̆̇̅-

̍˼̈̈̅̃ ˾˷̖̇˻˷ ́̅̄˻˼̄̈˷̉̅̇˷ ˸̅̂̓̏̅̀ ˼̃́̅̈̉˿. 

˦̇̅˹˼˻˼̃ ̅˸̇˷˸̅̉́̊ ̇˼˾̊̂̓̉˷̉̅˹ ̄˷ ̅̈̄̅˹˼ 
̆˼̇˼̌̅˻̄̅˺̅ ̈̅̆̇̅̉˿˹̂˼̄˿̖ (̇˿̈. 5, ́̇˿˹˷̖ 3). 

˜˺̅ ̇˼˷̂˿˾˷̍˿̖ R-R||C ̈̌˼̃̅̀ ̆̇̅˿˾˹̅˻˿̖̉̈ ̈ 

˹̒̈̅́̅̀ ̉̅̎̄̅̈̉̓̕ (̇˿̈. 5, ́̇˿˹˷̖ 4), ̄̅ 

ʛr = 136 ˹̄̅˹̓ ˾˷˹̒̏˼̄̅. 

ˣ˿̄˿̃˿˾˷̍˿̖ ̈̇˼˻̄˼́˹˷˻̇˷̉˿̎̄̅˺̅ ̅̉-
́̂̅̄˼̄˿̖ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̌ ˿ ̇˷̈̎˼̉̄̒̌ 
˾̄˷̎˼̄˿̀ ̆˼̇˼̌̅˻̄̅˺̅ ̈̅̆̇̅̉˿˹̂˼̄˿̖ (̇˿̈. 5, 

́̇˿˹˷̖ 5) ˻˷˼̉ ˸̅̂˼˼ ̇˼˷̂˿̈̉˿̎̄̅˼ ˾̄˷̎˼̄˿˼ 
ʛr  = 18 ˿ ̈̉˷̍˿̅̄˷̇̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ 
R = 457 ˥̃. ˦̅̈̂˼˻̄˼˼ ˾̄˷̎˼̄˿˼ ̄˼ ̆̇̅̉˿˹̅-
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̇˼̎˿̉ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̃ ˻˷̄̄̒̃ (̇˿̈. 4), 

˺˻˼ ̃˷́̈˿̃˷̂̓̄̅˼ ˾̄˷̎˼̄˿˼ ̃˺̄̅˹˼̄̄̅˺̅ ̈̅-

̆̇̅̉˿˹̂˼̄˿̖ ̇˷˹̄̅ 464 ˥̃ (̇˿̈. 5). 

ЧǪǳǭǧǯǯоǧ моǦǧǭǪǲоǤǢǯǪǧ  
ǪмǱǵǭǾǳǯоǥо ǿǬǳǱǧǲǪмǧǯǴǢ 

В̒̆̅̂̄˿̃ ̎˿̈̂˼̄̄̅˼ ̃̅˻˼̂˿̇̅˹˷̄˿˼ ˿˾-
̃˼̇˼̄˿̀ ̈̅̆̇̅̉˿˹̂˼̄˿̖ ˾˷˾˼̃̂˿̉˼̖̂ ̅̆̅̇̒ 

Вˢ ˸˼˾ ̉̇̅̈˷ ˿ ̈ ̉̇̅̈̅̃ (̇˿̈. 6) ˹ ˹̒̈̅́̅̅̃-

̄̅̃ ˺̇̊̄̉˼ ˿̃̆̊̂̓̈̄̒̃ ̃˼̉̅˻̅̃ ˿ ̆̅̆̒̉˷˼̃-

̖̈ ̃˿̄˿̃˿˾˿̇̅˹˷̉̓ ̅̏˿˸́̊ ˹ ̅̆̇˼˻˼̂˼̄˿˿ 

̈̉˷̍˿̅̄˷̇̄̅˺̅ ̈̅̆̇̅̉˿˹̂˼̄˿̖ ˾˷ ̈̎˼̉ ̄˷̀˻˼̄-

̄̒̌ ̇˷̄˼˼ ̆̅̆̇˷˹̅̎̄̒̌ ́̅̔̋̋˿̍˿˼̄̉̅˹. ˦̅-

́˷˽˼̃ ̇˷˾̂˿̎˿̖ ̆̇˿ ˿̈̆̅̂̓˾̅˹˷̄˿˿ ́̂˷̈̈˿̎˼-
̈́̅̀ ˿ ̎˷̈̉̅̉̄̅-˾˷˹˿̈˿̃̅̀ ̃̅˻˼̂˿ ˺̇̊̄̉˷. 

 

 
 

˧˿̈. 6. ˧˷̈̎˼̉̄˷̖ ̃̅˻˼̂̓ ̅̆̅̇̒ Вˢ ̈ ̉̇̅̈̅̃ (а): 

˻̂˿̄˷ ̆̇̅̂˼̉˷ 300 ̃ (̈̅̈˼˻̄˿˼ ̅̆̅̇̒ ̄˼ ̆̅́˷˾˷̄̒); 

˻̂˿̄˷ ˿˾̃˼̇˿̉˼̂̓̄̒̌ ̆̇̅˹̅˻̅˹ 50 ̃ 

Fig. 6. Calculation model of the transmission line tower 

with the overhead grounding wire (a): span length 300 

m (neighboring towers are not shown); measuring wires 

length 50 m 
 

ǢарȈаȍȒ 1. Ǣǫ ȁеȇ ȒрȎȑа. ˘̊˻˼̃ ̆̇̅˹̅˻˿̉̓ 
˿˾̃˼̇˼̄˿̖ ˹ ̃̅̃˼̄̉ ˹̇˼̃˼̄˿ T = 4 ̃́̈. ˦˼̇˼-
̌̅˻̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ ˾˷˾˼̃̂˿̉˼̖̂ ̅̆̅̇̒ ˹ 

́̂˷̈̈˿̎˼̈́̅̀ ̃̅˻˼̂˿ ˺̇̊̄̉˷, ˸˼˾ ˿˾̃˼̇˿̉˼̂̓̄̒̌ 
̔̂˼́̉̇̅˻̅˹ (̇˿̈ 7, а, ˺̇˷̋˿́ 1) ˻̅̈̉˿˺˷˼̉ ̊̈̉˷̄̅-

˹˿˹̏˼˺̖̅̈ ˾̄˷̎˼̄˿̖ ˾˷˻̅̂˺̅ ˻̅ ̃̅̃˼̄̉˷ T, ̉̅˺˻˷ 
̈̉˷̍˿̅̄˷̇̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ r(T) = R = 32.9 ˥̃. 

В ˺̇̊̄̉˼ ̈ ̎˷̈̉̅̉̄̅-˾˷˹˿̈˿̃̒̃˿ ̆˷̇˷̃˼̉-
̇˷̃˿ (̇˿̈. 7, а, ˺̇˷̋˿́ 2) ̈̅̆̇̅̉˿˹̂˼̄˿˼ ˾˷-
˾˼̃̂˿̉˼̖̂ ̇˷˹̄̅ r(T) = 27.5 ˥̃, ̎̉̅ ˹ 1.2 ̇˷˾˷ 
̃˼̄̓̏˼, ̎˼̃ ˹ ́̂˷̈̈˿̎˼̈́̅̀ ̃̅˻˼̂˿ ˺̇̊̄̉˷ 

(˿˾̃˼̇˿̉˼̂̓̄̒˼ ̔̂˼́̉̇̅˻̒ ̄˼ ̊̎˿̉̒˹˷̖̉̈̕). 

˩˼̅̇˼̉˿̎˼̈́˿˼ ̇˷̈̎˼̉̒ (4) ˻˷̉̕ ˷̄˷̂̅˺˿̎̄̊̕ 

̆̅̆̇˷˹́̊ 1/k(T) = 1.2.  

В̂˿̖̄˿˼ ˿˾̃˼̇˿̉˼̂̓̄̒̌ ̔̂˼́̉̇̅˻̅˹ ˹ 

˺̇̊̄̉˼ ̈ ̎˷̈̉̅̉̄̅-˾˷˹˿̈˿̃̒̃˿ ̆˷̇˷̃˼̉̇˷̃˿ 

(̇˿̈. 7, ˺̇˷̋˿́ 3) ̖̆̇̅˹̖̂˼̖̉̈ ˹ ̈̄˿˽˼̄˿˿ ̈̅-

̆̇̅̉˿˹̂˼̄˿̖ ˻̅ r(T) = 24.7 ˥̃ ˿̂˿ ˹ 1.11 ̇˷˾˷. 
А̄˷̂̅˺˿̎̄̒̀ ́̅̔̋̋˿̍˿˼̄̉, ̆̅̂̊̎˼̄̄̒̀ ̉˼̅-

̇˼̉˿̎˼̈́˿ ˻̖̂ ̉̅̎˼̎̄̒̌ ̔̂˼́̉̇̅˻̅˹, ̇˷˹˼̄ 1.08 

(̇˿̈. 2, ˺̇˷̋˿́ 3). 

˩˷́˿̃ ̅˸̇˷˾̅̃, ̈̉˷̍˿̅̄˷̇̄̅˼ ̈̅̆̇̅̉˿˹̂˼-
̄˿˼ ˾˷˾˼̃̂˿̉˼̖̂ ̅̆̅̇̒ Вˢ ̈ ̊̎˼̉̅̃ ̆̅̆̇˷˹̅́ 

̄˷ ̎˷̈̉̅̉̄̒˼ ̈˹̅̀̈̉˹˷ ˺̇̊̄̉˷ ˿ ˹̂˿̖̄˿˼ ˿˾̃˼-
̇˿̉˼̂̓̄̒̌ ̔̂˼́̉̇̅˻̅˹ ̃̅˽˼̉ ˸̒̉̓ ̆̅̂̊̎˼̄̅ ̈ 

˹̒̈̅́̅̀ ̉̅̎̄̅̈̉̓̕. 

ǢарȈаȍȒ 2. Ǣǫ c ȒрȎȑȎȌ. ˚̇˷̋˿́ ̆˼̇˼̌̅˻̄̅-

˺̅ ̈̅̆̇̅̉˿˹̂˼̄˿̖ ˾˷˾˼̃̂˿̉˼̖̂ ̅̆̅̇̒ ˹ ́̂˷̈̈˿-

̎˼̈́̅̀ ̃̅˻˼̂˿ ˺̇̊̄̉˷ ˸˼˾ ˿˾̃˼̇˿̉˼̂̓̄̒̌ ̔̂˼́-

̉̇̅˻̅˹ (̇˿̈ 7, b, ˺̇˷̋˿́ 1) ˿̃˼˼̉ ̌˷̇˷́̉˼̇̄̊̕ 

̈̉̊̆˼̄̎˷̉̊̕ ̋̅̇̃̊, ˹̒˾˹˷̄̄̊̕ ̅̉̇˷˽˼̄̄̒̃˿ 

˹̅̂̄˷̃˿ ̅̉ ̈̅̈˼˻̄˿̌ ̅̆̅̇. «И˾̃˼̇˼̄˿̖» ̆̇̅-

˹̅˻˿̃ ˹ ̃̅̃˼̄̉ ˹̇˼̃˼̄˿ T = 2 ̃́̈ (˻̅ ̆̇˿̌̅˻˷ 
̅̉̇˷˽˼̄̄̒̌ ˹̅̂̄). ˦˼̇˼̌̅˻̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ 
˾˷˾˼̃̂˿̉˼̖̂ ˹ ̃̅̃˼̄̉ ̄˷˸̂̕˻˼̄˿̖ ̇˷˹̄̅ r(T) = 

30,1 ˥̃. ˨˻˼̂˷˼̃ ̆̅̆̇˷˹́̊ ̄˷ ̅̉˹˼̉˹̂˼̄˿˼ ̉̅́˷ 
˹ ̉̇̅̈ ̈ ˹̅̂̄̅˹̒̃ ̈̅̆̇̅̉˿˹̂˼̄˿˼̃ z = 300 ˥̃ 

(˹ ˻˹̊̌ ̄˷̆̇˷˹̂˼̄˿̖̌) 

 1 1,11,
( )

z
k

z r T
 


 

˿ ̆̅̂̊̎˿̃ 1( ) ( )r T k r T   = 33,4 ˥̃, ̎̉̅ ̆̇˷́-

̉˿̎˼̈́˿ ̈̅˹̆˷˻˷˼̉ ̈̅ ̈̉˷̍˿̅̄˷̇̄̒̃ ̈̅̆̇̅-

̉˿˹̂˼̄˿˼̃.  

В ˺̇̊̄̉˼ ̈ ̎˷̈̉̅̉̄̅-˾˷˹˿̈˿̃̒̃˿ ̆˷̇˷̃˼̉-
̇˷̃˿ (̇˿̈. 7, b, ˺̇˷̋˿́ 2) ̈̅̆̇̅̉˿˹̂˼̄˿˼ ˾˷-
˾˼̃̂˿̉˼̖̂ ̇˷˹̄̅ r(T) = 23.8 ˥̃, ̎̉̅ ˹ 1.27 ̇˷˾˷ 
̃˼̄̓̏˼, ̎˼̃ ˹ ́̂˷̈̈˿̎˼̈́̅̀ ̃̅˻˼̂˿ ˺̇̊̄̉˷ 

(˿˾̃˼̇˿̉˼̂̓̄̒˼ ̔̂˼́̉̇̅˻̒ ̄˼ ̊̎˿̉̒˹˷̖̉̈̕). 

˦̅̆̇˷˹́˷, ̆̅̂̊̎˼̄̄˷̖ ̉˼̅̇˼̉˿̎˼̈́˿ (4), ˻˷˼̉ 
k2 = 1/k(T) = 1.29. 

˨ ̊̎˼̉̅̃ ˿˾̃˼̇˿̉˼̂̓̄̒̌ ̔̂˼́̉̇̅˻̅˹ 

(̇˿̈. 7, b, ˺̇˷̋˿́ 3) ̈̅̆̇̅̉˿˹̂˼̄˿˼ ̈̄˿˽˷˼̖̉̈ 

˻̅ r(T) = 21.4 ˥̃ ˿̂˿ ˹ 1,11 ̇˷˾˷. А̄˷̂̅˺˿̎̄̒̀ 

́̅̔̋̋˿̍˿˼̄̉, ̆̅̂̊̎˼̄̄̒̀ ̉˼̅̇˼̉˿̎˼̈́˿ ˻̖̂ 

̉̅̎˼̎̄̒̌ ̔̂˼́̉̇̅˻̅˹, ̈̅̈̉˷˹̖̂˼̉ k3 = 1,08 

(̇˿̈. 2, ˺̇˷̋˿́ 3). 
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˧˿̈. 7. ˦˼̇˼̌̅˻̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ ˾˷˾˼̃̂˿̉˼̖̂ ̅̆̅̇̒ Вˢ (̇˿̈. 6) ˸˼˾ ̉̇̅̈˷ (а) ˿ ̈ ̉̇̅̈̅̃ (b) ˹ ˺̇̊̄̉˼:  
1 – ʨ = ʨ0 = const ˸˼˾ ˿˾̃˼̇˿̉˼̂̓̄̒̌ ̔̂˼́̉̇̅˻̅˹; 2 – ʨ(f) = var ˸˼˾ ˿˾̃˼̇˿̉˼̂̓̄̒̌ ̔̂˼́̉̇̅˻̅˹;  

3 – ʨ(f) = var ̈ ˿˾̃˼̇˿̉˼̂̓̄̒̃˿ ̔̂˼́̉̇̅˻˷̃˿; ʨ0 = 1/1000 ˨̃/̃, ʛ = 10ʛ0 

Fig. 7. Transient grounding impedance of the transmission line tower (Fig. 6) without (a) and with (b)  

the overhead grounding wire in soil: 1 – ʨ = ʨ0 = const without measuring electrodes; 2– ʨ(f) = var without  

measuring electrodes; 3 – ʨ(f) = var with measuring electrodes; ʨ0 = 1/1000 S/m, ʛ = 10ʛ0 
 

В ̇˼˾̊̂̓̉˷̉˼ ˿˾̃˼̇˼̄˿̀ ˿̃̆̊̂̓̈̄̒̃ ̃˼̉̅-

˻̅̃ ̄˷ ̆̇˷́̉˿́˼ ˸̊˻˼̉ ̆̅̂̊̎˼̄˷ ̅̈̍˿̂̂̅˺̇˷̃̃˷ 3 

(̇˿̈. 7, b) ̈ ̆˼̇˼̌̅˻̄̒̃ ̈̅̆̇̅̉˿˹̂˼̄˿˼̃ r(T) =  

= 21,4 ˥̃. ˨̉˷̍˿̅̄˷̇̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ ̆̅̂̊̎˷-
˼̃ ̈ ̊̎˼̉̅̃ ̆̅̆̇˷˹̅́ ̄˷ ˹̂˿̖̄˿˼ ̉̇̅̈˷, ̎˷̈̉̅̉-
̄̒˼ ̈˹̅̀̈̉˹˷ ˺̇̊̄̉˷ ˿ ˿˾̃˼̇˿̉˼̂̓̄̒˼ ̔̂˼́̉̇̅˻̒ 

1 2 3 ( )R k k k r T    = 1,11·1,29·1,08·21,4 = 33,1 ˥̃, 

̎̉̅ ̈̅˺̂˷̈̊˼̖̉̈ ̈ ̉̅̎̄̒̃ ˾̄˷̎˼̄˿˼̃ (32,9 ˥̃). 

˦̇˿ ̈̇˷˹̄˼̄˿˿ ̆˼̇˼̌̅˻̄̅˺̅ ̈̅̆̇̅̉˿˹̂˼-
̄˿̖ Вˢ ˸˼˾ ̉̇̅̈˷ ˿ ̈ ̉̇̅̈̅̃ (̇˿̈. 7), ˹˿˻˿̃, 

̎̉̅ ˻̖̂ Вˢ ˸˼˾ ̉̇̅̈˷ ́̅̂˼˸˷̉˼̂̓̄̒˼ ̆̇̅̍˼̈̈̒ 

˾̄˷̎˿̉˼̂̓̄̅ ˿̄̉˼̄̈˿˹̄˼˼. ˦̇˿̎˿̄˷ – ˹̅̂̄̅-

˹̒˼ ̆̇̅̍˼̈̈̒ ˹ ̅̆̅̇˼ Вˢ. 

ǐбǳǵǨǦǧǯǪǧ ǲǧǩǵǭǾǴǢǴоǤ Ǫ ǤǽǤоǦǽ 

1. ˦˼̇˼̌̅˻̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ – ̉˼̅̇˼̉˿̎˼-
̈́˿ ̅˸̅̈̄̅˹˷̄̄̒̀ ˿ ̄˷˿˸̅̂˼˼ ˿̄̋̅̇̃˷̉˿˹̄̒̀ 

̆˷̇˷̃˼̉̇ ˾˷˾˼̃̂˿̉˼̖̂ ̆̇˿ ˿̃̆̊̂̓̈̄̒̌ ˹̅˾˻˼̀-

̈̉˹˿̖̌. ˨̉˷̍˿̅̄˷̇̄̅˼, ˿̃̆̊̂̓̈̄̅˼ ˿ ̃˺̄̅˹˼̄-

̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ ˾˷˾˼̃̂˿̉˼̖̂ ̖˹̖̖̂̉̈̕ ̆̇̅-

˿˾˹̅˻̄̒̃˿ ̅̉ ̆˼̇˼̌̅˻̄̅˺̅ ̈̅̆̇̅̉˿˹̂˼̄˿̖. 

2. ˦˼̇˼̌̅˻̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ ̃̅˽˼̉ ˸̒̉̓ 
̆̅̂̊̎˼̄̅ ˹ ̌̅˻˼ ˿˾̃˼̇˼̄˿̀ ˿̃̆̊̂̓̈̄̒̃ ̃˼̉̅-

˻̅̃ ̈ ̆̅̃̅̐̓̕ ̈˼̇˿̀̄̅ ˹̒̆̊̈́˷˼̃̒̌ ̆̅̇̉˷-
̉˿˹̄̒̌ ̊̈̉̇̅̀̈̉˹, ˺˼̄˼̇˿̇̊̐̕˿̌ ˿̃̆̊̂̓̈̒ 

̉̅́˷, ˸̂˿˾́˿˼ ̆̅ ̋̅̇̃˼ ́ ̉̅́̊ ̃̅̂̄˿˿. ˤ˼̅˸-

̌̅˻˿̃̅̈̉̓ ̇˷̈̆̅̂̅˽˼̄˿̖ ˿˾̃˼̇˿̉˼̂̓̄̒̌ ̔̂˼́-

̉̇̅˻̅˹ ̆̅ ̅̇̉̅˺̅̄˷̂̓̄̅̀ ̈̌˼̃˼ (˻̖̂ ˿̈́̂̎̕˼-
̄˿̖ ˿̄˻̊́̉˿˹̄̒̌ ̆̅̃˼̌) ̆̇˿˹̅˻˿̉ ́ ̄˼̊̈̉̇˷-
̄˿̃̅̀ ̆̅˺̇˼̏̄̅̈̉˿ ˿˾̃˼̖̇˼̃̅˺̅ ̈̅̆̇̅̉˿˹̂˼-
̄˿̖, ̈̅̈̉˷˹̖̂̐̕˼̀ ˻˼̖̈̉́˿ ̆̇̅̍˼̄̉̅˹ ˹ ̄˼̅˻-

̄̅̇̅˻̄̅̃ ˺̇̊̄̉˼ ̈ ˹̒̈̅́̅̅̃̄̒̃ ̅̈̄̅˹˷̄˿˼̃. 

К̅̇̇˼́̉˿̇̅˹́˷ ̇˼˾̊̂̓̉˷̉̅˹ ˿˾̃˼̇˼̄˿̀ ̄˷ ̅̈-
̄̅˹˼ ̇˷̈̎˼̉̄̒̌ ̃˼̉̅˻˿́ ˾˻˼̈̓ ̄˼˿˾˸˼˽̄˷. 

3. В̒̈̅́̅̅̃̄̒̀ ˺̇̊̄̉ ̅˸̂˷˻˷˼̉ ̖̇́̅ ˹̒̇˷-
˽˼̄̄̒̃˿ ̎˷̈̉̅̉̄̒̃˿ ̈˹̅̀̈̉˹˷̃˿, ̎̉̅ ̖̆̇̅˹̖̂-

˼̖̉̈ ˹ ˾̄˷̎˿̉˼̂̓̄̅̃ ̈̄˿˽˼̄˿˿ ̊˻˼̂̓̄̅̀ ̆̇̅˹̅-

˻˿̃̅̈̉˿ ˺̇̊̄̉˷ ˾˷ ˹̇˼̖̃ ̇˷̈̉˼́˷̄˿̖ ̉̅́˷ ̃̅̂-

̄˿˿. ˦˼̇˼̌̅˻̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ ̃̅̄̅̉̅̄̄̅ 

˹̅˾̇˷̈̉˷˼̉ ˹ ̉˼̎˼̄˿˼ ˻˼̖̈̉́̅˹ ̃˿́̇̅̈˼́̊̄˻, ̎̉̅ 

̈̊̐˼̈̉˹˼̄̄̅ ̆̇˼˹̒̏˷˼̉ ˻̂˿̉˼̂̓̄̅̈̉̓ ˿˾̃˼̇˼-
̄˿̀. ˦̅ ̔̉̅̀ ̆̇˿̎˿̄˼ ̖̆̇̃̅˼ ˿˾̃˼̇˼̄˿˼ ̈̉˷̍˿-

̅̄˷̇̄̅˺̅ ̈̅̆̇̅̉˿˹̂˼̄˿̖ ˾˷˾˼̃̂˿̉˼̖̂ ̅̆̅̇̒ Вˢ 

̈ ̉̇̅̈̅̃ ̄˼˹̅˾̃̅˽̄̅, ˷ ̇˼˾̊̂̓̉˷̉̒ ˿˾̃˼̇˼̄˿̀ 

̆̅˻̂˼˽˷̉ ́̅̇̇˼́̉˿̇̅˹́˼. ˧˼̏˼̄˿˼ ˾˷˻˷̎˿ ̆̊̉˼̃ 

̆̅˻˸̅̇˷ ̔́˹˿˹˷̂˼̄̉̄̒̌ R||C ̈̌˼̃ ̈̉˷̂́˿˹˷˼̖̉̈ ̈ 
̉̇̊˻̖̄̅̈̉̃˿ ̋˿˾˿̎˼̈́̅̀ ˿̄̉˼̇̆̇˼̉˷̍˿˿ ̇˼˾̊̂̓-
̉˷̉̅˹ (˿˾-˾˷ ˾˷˹̒̏˼̄̄̅̀ ˼̃́̅̈̉˿). А̄˷̂˿̉˿̎˼-
̈́˿˼ ̋̅̇̃̊̂̒ ̆˼̇˼̌̅˻̄̅˺̅ ̈̅̆̇̅̉˿˹̂˼̄˿̖ ̈̅-

̈̇˼˻̅̉̅̎˼̄̄̅˺̅ ˾˷˾˼̃̂˿̉˼̖̂ ˹ ˺̇̊̄̉˼ ̈ ̎˷̈̉̅̉̄̅-

˾˷˹˿̈˿̃̒̃˿ ̆˷̇˷̃˼̉̇˷̃˿, ̆̅̂̊̎˼̄̄̒˼ ˹ ˻˷̄̄̅̀ 

̇˷˸̅̉˼, ̆̅˾˹̖̅̂̉̕ ̅̆̇˼˻˼̂˿̉̓ ̄˼ ̉̅̂̓́̅ ̈̉˷̍˿̅-

̄˷̇̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼, ̄̅ ˿ ̅̍˼̄˿̉̓ ˻˿̔̂˼́̉̇˿-

̎˼̈́̊̕ ̆̇̅̄˿̍˷˼̃̅̈̉̓ ˺̇̊̄̉˷. 
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4. ˩˼̈̉˿̇̅˹˷̄˿˼ ̆̇˼˻̂̅˽˼̄̄̅̀ ̃˼̉̅˻˿́˿ 

̆̇˿ ̅˸̇˷˸̅̉́˼ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̌ ˻˷̄̄̒̌ 

˻̇̊˺˿̌ ˿̈̈̂˼˻̅˹˷̉˼̂˼̀ ̆̅́˷˾˷̂̅ ˼˼ ̔̋̋˼́̉˿˹-

̄̅̈̉̓. ˦̇˿ ̎˿̈̂˼̄̄̅̃ ̃̅˻˼̂˿̇̅˹˷̄˿˿ ˿̃-

̆̊̂̓̈̄̅˺̅ ̃˼̉̅˻˷ ˿˾̃˼̇˼̄˿̀ ̈̅̆̇̅̉˿˹̂˼̄˿̖ 

˾˷˾˼̃̂˿̉˼̖̂ ̅̆̅̇̒ Вˢ ˸˼˾ ̉̇̅̈˷ ˿ ̈ ̉̇̅̈̅̃ 

̆̅́˷˾˷̄̅, ̎̉̅ ˹̄˼̈˼̄˿˼ ̆̅̆̇˷˹̅̎̄̒̌ ́̅̔̋̋˿-

̍˿˼̄̉̅˹, ̄˷̀˻˼̄̄̒̌ ̉˼̅̇˼̉˿̎˼̈́˿, ̆̅˾˹̖̅̂˼̉ 
̅̆̇˼˻˼̂˿̉̓ ̈̉˷̍˿̅̄˷̇̄̅˼ ̈̅̆̇̅̉˿˹̂˼̄˿˼ ˾˷-
˾˼̃̂˿̉˼̖̂ ̈ ˻̅̈̉˷̉̅̎̄̅̀ ̉̅̎̄̅̈̉̓̕. 
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