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МОДЕЛИРОВАНИЕ ЗАЗЕМЛИТЕЛЯ  
В ГРУНТЕ С ЧАСТОТНО-ЗАВИСИМОЙ УДЕЛЬНОЙ ПРОВОДИМОСТЬЮ 

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

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

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

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

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

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

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

˹̅˾˻˼̀̈̉˹˿˿ ˿̃̆̊̂̓̈̅˹ ̉̅́˷ ̈ ̃˷̂̒̃ ̋̇̅̄̉̅̃ ˿ ̃˷̂̅̀ ˻̂˿̉˼̂̓̄̅̈̉̓̕. 
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SIMULATION OF GROUNDING SYSTEM IN SOIL  
WITH FREQUENCY-DEPENDENT SPECIFIC CONDUCTIVITY 

Specific conductivity of soil depends on frequency that must be taken into account in calculations of 

impulse processes in grounding systems under lightning current. The Fourier method currently does not 

require modification of the standard model of the grounding system, but the scope of its applications is 

limited by linear problems, and difficulties with the causality principle may arise. We have developed a time-

discrete model of a grounding system in soil with arbitrary frequency-dependent complex specific 

conductivity, suitable for calculations of impulse transient processes using standard methods in time 

domain. It is shown on numerical examples that overvoltage impulses in grounding systems, which are 

located in high-resistance soil with frequency-dependent parameters, are significantly smoothed and 

attenuated under the influence of current impulses with short front and short duration. 
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ВǤǧǦǧǯǪǧ 

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

̉̒ ˹̅˾˻̊̏̄̒̌ ̂˿̄˿̀ (˙ˢ) ˿ ̔̂˼́̉̇˿̎˼̈́˿̌ 

̆̅˻̈̉˷̄̍˿̀ (˦˨) ˹ ̄˷̖̈̉̅̐˼˼ ˹̇˼̖̃ ̆̇̅˹̅-

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

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

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

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

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

̄˷̖ ̈ ̅̉́̇̒̉˿̖ ̎˷̈̉̅̉̄̒̌ ̈˹̅̀̈̉˹ ̔̂˼́̉̇̅̂˿-

̉̅˹ ˦. ˛˼˸˷˼̃ ˿ ˬ. ˫˷̂̓́˼̄̌˷˺˼̄̅̃ (1928 ˺.) ˿ 

̇˷˸̅̉ K.S. Cole, R.H. Cole (1941 ˺.). 

˨̅˺̂˷̈̄̅ ̈̅˹̇˼̃˼̄̄̒̃ ̔́̈̆˼̇˿̃˼̄̉˷̂̓-

̄̒̃ ˻˷̄̄̒̃ [1–3] ̊˻˼̂̓̄˷̖ ̆̇̅˹̅˻˿̃̅̈̉̓ ˹̒-

̈̅́̅̅̃̄̅˺̅ ˺̇̊̄̉˷ ̄˷ ̎˷̈̉̅̉˼ 1 ˣ˚̍ ˹ ̄˼-
̈́̅̂̓́̅ ̇˷˾ ˸̅̂̓̏˼, ̎˼̃ ̄˷ ̎˷̈̉̅̉˼ 100 ˚̍, ˷ 

̅̉̄̅̈˿̉˼̂̓̄˷̖ ˻˿̔̂˼́̉̇˿̎˼̈́˷̖ ̆̇̅̄˿̍˷˼-
̃̅̈̉̓ ˺̇̊̄̉˷ ̄˷ ̄˿˾́˿̌ ̎˷̈̉̅̉˷̌ ̈̅̈̉˷˹̖̂˼̉ 
̖̉̒̈̎˿ ˼˻˿̄˿̍ (˹̃˼̈̉̅ ̆̇˿˹̒̎̄̒̌ 5–30). 

˪̎˼̉ ̔̉˿̌ ̋˷́̉̅̇̅˹ ˹ ̃̅˻˼̖̂̌ ˺̇̊̄̉˷ ̆̇˿˹̅˻˿̉ 
́ ̈̄˿˽˼̄˿̕ ̄˷ 30–100 % ̇˷̈̈̎˿̉̒˹˷˼̃̒̌ 

˾̄˷̎˼̄˿̀ ̈̅̆̇̅̉˿˹̂˼̄˿̖ ˾˷˾˼̃̂˿̉˼̂˼̀ [2–5] ˿ 

̆˼̇˼̄˷̖̆̇˽˼̄˿̀ ˙ˢ [6, 7] ̆̇˿ ˹̉̅̇̅̃ ˿ ̆̅̈̂˼-
˻̊̐̕˿̌ ˿̃̆̊̂̓̈˷̌ ̉̅́˷ ̃̅̂̄˿˿.  

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

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

˹̈˼̃ ̎˷̈̉̅̉̄̅̃ ˻˿˷̆˷˾̅̄˼ ̉̅́˷ ̃̅̂̄˿˿ 

(25 ́˚̍ – 1 ˣ˚̍) ˿ ˿̃̆̊̂̓̈̄̒̌ ̆̅̃˼̌ ̄˷ ˦˨ 

(˻̅ ̄˼̈́̅̂̓́˿̌ ˣ˚̍), ̄˼ ̖˹̖̂˼̖̉̈ ˷˻˼́˹˷̉̄̅̀: 

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

̇˷̀̅̄̅˹ ̈ ˹̒̈̅́̅̅̃̄̒̃ ˺̇̊̄̉̅̃ (̈́˷̂̓̄̒̀, 

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

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

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

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

̃˼̉̅˻ [2–7]. ˦̇˿̎˿̄˷ ̖̆̅̄̉̄˷: ̆˼̇˼̌̅˻ ́ ̃̅˻˼-
̂˿ ˺̇̊̄̉˷ ̈ ̎˷̈̉̅̉̄̅-˾˷˹˿̈˿̃̒̃˿ ̆˷̇˷̃˼̉̇˷̃˿ 

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

́̅̃̆̓̉̕˼̇̄̒̌ ̆̇̅˺̇˷̃̃. ˥˻̄˷́̅ ̅˸̂˷̈̉̓ ̆̇˿-

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

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

̆̇̅̄˿̍˷˼̃̅̈̉˿ ̈̉˷̂̓̄̒̌ ̈̉˼̇˽̄˼̀ ˿ ̊˻˼̂̓̄̅̀ 

̆̇̅˹̅˻˿̃̅̈̉˿ ˺̇̊̄̉˷ ˿˾-˾˷ ̇˷˾̖̇˻̄̒̌ ̆̇̅̍˼̈-
̈̅˹ ̆̇˿ ˸̅̂̓̏˿̌ ̉̅́˷̌, ̉˷́ ˿ ˺̇̅˾̅˾˷̐˿̉̊ ˙ˢ ˿ 

˦˨ ̈ ̊̎˼̉̅̃ ̄˼̂˿̄˼̀̄̒̌ ̔̂˼̃˼̄̉̅˹. 

К̇̅̃˼ ̉̅˺̅, ̆̇˿ ̇˷̈̎˼̉˼ ˾˷˾˼̃̂˿̉˼̂˼̀ ˹ 

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

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

̄˷̎˷̂̓̄̒̀ ̃̅̃˼̄̉ ˹̇˼̃˼̄˿ ̄˷̖̆̇˽˼̄˿˼ ̄˼ 
̇˷˹̄̅ ̄̊̂̕ [8–11]. ˦̇˿̎˿̄˷ – ̅˺̇˷̄˿̎˼̄̄̒̀ 

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

̄̒̌. И̉˼̇˷̍˿̅̄̄̒˼ ̃˼̉̅˻˿́˿ [9], ̔́̈̉̇˷̆̅-

̖̂̍˿̖ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̌ ˻˷̄̄̒̌ [9, 10], 

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

̄̒̃ ̆̇̅̍˼̈̈̅̃ [11] ̊̈̉̇˷̖̄̉̕ ̆̇̅˸̂˼̃̊, ̄̅ 

̊˹˼̂˿̎˿˹˷̉̕ ̉̇̊˻̅˼̃́̅̈̉̓ ̇˼̏˼̄˿̖. 

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

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

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

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

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

˾˷˹˿̈˿̃̒̌ ̆˷̇˷̃˼̉̇̅˹ ˹̅ ˹̇˼̃˼̄̄о̀ ̅˸̂˷̈̉˿. 

ǘǧǭǾ ǲǢбоǴǽ – ̆̇˼˻̂̅˽˿̉̓ ̃̅˻˼̂̓ ˾˷˾˼̃-

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

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

̆̊̂̓̈̄̒̌ ̆̇̅̍˼̈̈̅˹ ˹̅ ˹̇˼̃˼̄̄о̀ ̅˸̂˷̈̉˿ 

̈̉˷̄˻˷̇̉̄̒̃˿ ̃˼̉̅˻˷̃˿. 

ǖǪǩǪǹǧǳǬǪǧ ǱǲоǸǧǳǳǽ, оǱǲǧǦǧǭȁȀǻǪǧ  
ǹǢǳǴоǴǯǽǧ ǳǤоǫǳǴǤǢ ǿǭǧǬǴǲоǱǲоǤоǦǯоǳǴǪ ǥǲǵǯǴǢ 

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

̔̂˼́̉̇̅̇˷˾˹˼˻́˼ [12]. ˦̇̅˹̅˻˿̃̅̈̉̓ ˺̇̊̄̉˷ 
̅˸̊̈̂̅˹̂˼̄˷ ̄˷̂˿̎˿˼̃ ̔̂˼́̉̇̅̂˿̉˷ (˹̅˻˷ ̈ 

̇˷̈̉˹̅̇˼̄̄̒̃˿ ̖̈̅̂̃˿). ˩̅́ ˹ ̔̂˼́̉̇̅̂˿̉˼ 
̆̇˼˻̈̉˷˹̖̂˼̉ ̈̅˸̅̀ ˻˹˿˽˼̄˿˼ ˿̅̄̅˹, ̎̉̅ ̆̇˿-

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

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

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

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

̌̇̅̄̄̅, ̆̅̔̉̅̃̊ ̊˻˼̂̓̄˷̖ ̆̇̅˹̅˻˿̃̅̈̉̓ ʨ0 ̄˷ 
̄˿˾́̅̀ ̎˷̈̉̅̉˼ – ˻˼̀̈̉˹˿̉˼̂̓̄˷̖ ˹˼̂˿̎˿̄˷. 

˨ ̊˹˼̂˿̎˼̄˿˼̃ ̎˷̈̉̅̉̒ ̄˷̎˿̄˷˼̉ ̈́˷˾̒-

˹˷̖̉̓̈ ˿̄˼̇̍˿̅̄̄̅̈̉̓ ̆̇̅̍˼̈̈̅˹ ˻˿̋̋̊˾˿˿ – 

˿̅̄̒ ̄˼ ̊̈̆˼˹˷̉̕ ̆˼̇˼̃˼̈̉˿̖̉̓̈ ˹̈̂˼˻ ˾˷ 
˹̄˼̏̄˿̃ ̆̅̂˼̃, ̆̅̔̉̅̃̊ ̆̇̅̍˼̈̈̒ ̖̆̅̂̇˿˾˷-
̍˿˿ ̅̈̂˷˸˼˹˷̉̕, ˷ ̊˻˼̂̓̄˷̖ ̆̇̅˹̅˻˿̃̅̈̉̓ ̊˹˼-
̂˿̎˿˹˷˼̖̉̈ ̆̅ ̈̇˷˹̄˼̄˿̕ ̈ ʨ0. ˦̇˿ ˿̃̆̊̂̓̈-
̄̅̃ ˹̅˾˻˼̀̈̉˹˿˿ ˹̄̊̉̇˼̄̄˼˼ ̆̅̂˼ ˾˷̆˷˾˻̒˹˷˼̉ 
˹̅ ˹̇˼̃˼̄˿. ˦̇˿ ˺˷̇̃̅̄˿̎˼̈́̅̃ ˹̅˾˻˼̀̈̉˹˿˿ 

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

́̅̃̆̂˼́̈̄˷̖ ˹˼̂˿̎˿̄˷ (ʨ = ʨR + jʨI). 

ˤ˷ ̎˷̈̉̅̉˷̌ ˹ ̈̅̉̄˿ ́˿̂̅˺˼̇̍ ̄˼̅˸̌̅˻˿̃̅ 

̊̎˿̉̒˹˷̉̓ ̉̅́ ̔̂˼́̉̇˿̎˼̈́̅˺̅ ̈̃˼̐˼̄˿̖ ˹ 

˺̇̊̄̉˼. ˦̂̅̉̄̅̈̉̓ ̆̅̂̄̅˺̅ ̉̅́˷ 
 ,J E j E     

˺˻˼ E – ̄˷̖̆̇˽˼̄̄̅̈̉̓ ̔̂˼́̉̇˿̎˼̈́̅˺̅ ̖̆̅̂.  

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

˺̇̊̄̉˷ 
 ( ) Rj j j          

˺˻˼ ' =  + I/ – ̔́˹˿˹˷̂˼̄̉̄˷̖ ́˷˽̊̐˷̖̖̈ 

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

̖̆̅̄̉̄̒̃˿ ̅˺̇̅̃̄̒˼ ˹˼̂˿̎˿̄̒ ̅̉̄̅̈˿̉˼̂̓-

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

˼˻˿̄˿̍ [1–3] ̄˷ ̄˿˾́̅̀ ̎˷̈̉̅̉˼. ˥̄˿ ̅̆̇˼˻˼-
̖̖̂̉̈̕ ̃̄˿̃̅̀ ̎˷̈̉̓̕ ́̅̃̆̂˼́̈̄̅̀ ̊˻˼̂̓̄̅̀ 

̆̇̅˹̅˻˿̃̅̈̉˿. ˨ ̊˹˼̂˿̎˼̄˿˼̃ ̎˷̈̉̅̉̒ ̔́˹˿-

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

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

ЧǢǳǴоǴǯǽǧ ǩǢǤǪǳǪмоǳǴǪ  

ǿǭǧǬǴǲоǱǲоǤоǦǯоǳǴǪ ǥǲǵǯǴǢ 

˨̅˺̂˷̈̄̅ ̃̅˻˼̂˿ Cole – Cole ́̅̃̆̂˼́̈̄˷̖ 

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

 0 0

( )
( ) ,

1 (1 )( )

c

c

j
j

j

 
   

  
 (1) 

˺˻˼ ʨ0 – ̊˻˼̂̓̄˷̖ ̆̇̅˹̅˻˿̃̅̈̉̓ ̆̇˿ ̄˿˾́̅̀ ̎˷̈-
̉̅̉˼; ω – ̊˺̂̅˹˷̖ ̎˷̈̉̅̉˷, τ – ˹̇˼̃  ̖̇˼̂˷́̈˷̍˿˿ 

̔̂˼́̉̇̅̂˿̉˷, ʙ – ̖̆̅̂̇˿˾̊˼̃̅̈̉̓ ̔̂˼́̉̇̅̂˿̉˷, c – 

̆̅́˷˾˷̉˼̂̓ ̈̉˼̆˼̄˿ (̆̇˿ c = 1 – ̃̅˻˼̂̓ ˛˼˸˷̖).  

˙ ˾˷˻˷̎˷̌ ̔̂˼́̉̇̅̇˷˾˹˼˻́˿ ̆˷̇˷̃˼̉̇̒ 

̋̅̇̃̊̂̒ (1) ̅̆̇˼˻˼̖̖̂̉̈̕ ˹ ̌̅˻˼ ˿̄̉˼̇̆̇˼̉˷-
̍˿˿ ˻˷̄̄̒̌ ˿̄˻̊́̍˿̅̄̄̅˺̅ ˾̅̄˻˿̇̅˹˷̄˿̖ 

˾˼̃̂˿ [12]. ˨ ˹̄˼˻̇˼̄˿˼̃ ̎˷̈̉̅̉̄̅-˾˷˹˿̈˿̃̒̌ 

̃̅˻˼̂˼̀ ˺̇̊̄̉˷ ̔̉̅̉ ̆̅˻̌̅˻ ˸̊˻˼̉ ˹̅̈̉̇˼˸̅˹˷̄ 

˿ ˻̖̂ ̇˷̈̎˼̉˷ ˾˷˾˼̃̂˿̉˼̂˼̀, ̄̅ ˹ ̄˷̖̈̉̅̐˼˼ 
˹̇˼̖̃ ˿˾̃˼̖̇˼̖̉̈ ̉̅̂̓́̅ ʨ0. 

ˮ˷̈̉̅̉̄̒˼ ˾˷˹˿̈˿̃̅̈̉˿ ̊˻˼̂̓̄̅̀ ̆̇̅˹̅-

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

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

ˢ̅̄˺̃˷˼̇˷, ˣ˼̈̈˿̇˷, ˙˿̈˷́̇̅ ˿ ˦̅̇̉˼̂˷, 
˗̂˿̆˿̅ ˿ ˙˿̈˷́̇̅. ˥̄˿ ̆̇˿˹˼˻˼̄̒ ˹ ̅˸˾̅̇˼ 
[8] ˿ ̆̇̅˻̊˸̂˿̇̅˹˷̄̒ ˹ [11] ̈ ̊̎˼̉̅̃ ˿˾̃˼̄˼-
̄˿̀ [2]. ˦̅ ̇˼˾̊̂̓̉˷̉˷̃ ˿̈̈̂˼˻̅˹˷̄˿̖ [11] ̅˺̇˷-
̄˿̎˿̖̃̈ ˻˹̖̊̃ ̎˷̈̉̅̉̄̒̃˿ ˾˷˹˿̈˿̖̃̅̈̉̃˿. 

˨̅˺̂˷̈̄̅ ˣ˼̈̈˿̇̊, ˹ ̎˷̈̉̅̉̄̅̃ ˻˿˷̆˷˾̅̄˼ 
100 ˚̍ – 1 ˣ˚̍ 
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 (2) 

˺˻˼ ʨ0, ˨̃/̃ – ̊˻˼̂̓̄˷̖ ̆̇̅˹̅˻˿̃̅̈̉̓ ˺̇̊̄̉˷ 

̄˷ ̎˷̈̉̅̉˼ 100 ˚̍;   – ˻˿̔̂˼́̉̇˿̎˼̈́˷̖ 

̆̇̅̄˿̍˷˼̃̅̈̉̓ ̄˷ ˹̒̈̅́̅̀ ̎˷̈̉̅̉˼ (˻˷̂˼˼ ˿̈-
̆̅̂̓˾̊˼̃ ̅˸̅˾̄˷̎˼̄˿˼ ʛ). Э̉˷ ̃̅˻˼̂̓ ̆̅̂̊̎˼̄˷ 

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

˹̇˼̃˼̄̄о̀ ̅˸̂˷̈̉˿. 

˨̅˺̂˷̈̄̅ ˗̂˿̆˿̅ – ˙˿̈˷́̇̅ [2], ˹ ̎˷̈̉̅̉-
̄̅̃ ˻˿˷̆˷˾̅̄˼ 100 ˚̍ – 4 ˣ˚̍ 
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(3) 

˺˻˼ ʨ0, ̃˨̃/̃. Э̉̅ ̈̅˹̇˼̃˼̄̄˷̖ ̃̅˻˼̂̓ ˺̇̊̄̉˷, 
̎˷̈̉̅̉̄̒̀ ˻˿˷̆˷˾̅̄ ́̅̉̅̇̅̀ ˻̅̈̉˷̉̅̎˼̄ ˻̖̂ 

̇˼̏˼̄˿̖ ˾˷˻˷̎ ̃̅̂̄˿˼˾˷̐˿̉̒ ˿ ̔̂˼́̉̇̅̃˷˺-
̄˿̉̄̅̀ ̈̅˹̃˼̈̉˿̃̅̈̉˿. 
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˧˿̈. 1. ˮ˷̈̉̅̉̄̒˼ ˾˷˹˿̈˿̃̅̈̉˿ ̃̅˻̖̊̂ ̊˻˼̂̓̄̅̀ ̆̇̅˹̅˻˿̃̅̈̉˿ (а) ˿ ̅̉̄̅̈˿̉˼̂̓̄̅̀ ˻˿̔̂˼́̉̇˿̎˼̈́̅̀ ̆̇̅-

̄˿̍˷˼̃̅̈̉˿ ˺̇̊̄̉˷ ̆̅ ̃̅˻˼̂˿ ˗̂˿̆˿̅–˙˿̈˷́̇̅ (ȁ) ̆̇˿ ʨ0, ̇˷˹̄̅̃ 10 (1), 1 (2), 0,5 (3) ˿ 0,2 (4) ̃˨̃/̃ 

Fig. 1. Frequency-dependence of module of specific conductivity (а) and soil specific permittivity according  

to the Alipio–Visacro model (ȁ) when: 1 – ʨ0 = 10 mS/m; 2 – ʨ0 = 1 mS/m; 3 – ʨ0 = 0,5 mS/m; 4 – ʨ0 = 0,2 mS/m 
 

 

 

 

а)  

ȁ)  

 
 

˧˿̈. 2. ˦̅̂˼˹˷̖ (а) ˿ ̍˼̆̄˷̖ (ȁ) ̃̅˻˼̂˿ ˾˷˾˼̃̂˿̉˼̖̂ 

Fig. 2. Grounding system field (a) and circuit (ȁ) models 
 

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

̉˷ ̄˷ ̎˷̈̉̅̉˷̌ ˹ ̈̅̉̄˿ ́˿̂̅˺˼̇̍ ̃̅˽˼̉ ˸̒̉̓ ˹ 

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

(̇˿̈. 1, а), ˷ ́˷˽̊̐˷̖̖̈ ̅̉̄̅̈˿̉˼̂̓̄˷̖ ˻˿̔̂˼́-

̉̇˿̎˼̈́˷̖ ̆̇̅̄˿̍˷˼̃̅̈̉̓ ̃̅˽˼̉ ˻̅̈̉˿˺˷̉̓ ̉̒-

̖̈̎ ˼˻˿̄˿̍ ̄˷ ̄˿˾́˿̌ ̎˷̈̉̅̉˷̌ (̇˿̈. 1, ȁ). 

ǓǵǻǧǳǴǤǵȀǻǢȁ моǦǧǭǾ ǩǢǩǧмǭǪǴǧǭȁ 

Ц˼̆̄̅-̆̅̂˼˹˷̖ ̃̅˻˼̂̓ ˾˷˾˼̃̂˿̉˼̖̂ ˹ 

˺̇̊̄̉˼ ̈ ̖̆̅̈̉̅̄̄̒̃˿ ̊˻˼̂̓̄̅̀ ̆̇̅˹̅˻˿̃̅-

̈̉̓̕ ˿ ˻˿̔̂˼́̉̇˿̎˼̈́̅̀ ̆̇̅̄˿̍˷˼̃̅̈̉̓̕ 

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

̈̉˿) ˿ ̍˼̆̄̒˼ (̉̅́˿ ˿ ̄˷̖̆̇˽˼̄˿̖) ̆˷̇˷̃˼̉-
̇̒, ̇˷˾̇˷˸̅̉˷̄˷ ˹ [13]. ˞˷˾˼̃̂˿̉˼̂̓ ˻̇̅˸˿̖̉̈ 

̄˷ ̔̂˼̃˼̄̉̒ ̃˷̂̅̀ ˻̂˿̄̒ (̇˿̈. 2, а), ̎̉̅ ̆̅˾-
˹̖̅̂˼̉ ̇˷̈̈̎˿̉˷̉̓ ˿̌ ̔̂˼́̉̇̅̃˷˺̄˿̉̄̒˼ ̆˷-

̇˷̃˼̉̇̒ – ̃˷̉̇˿̍̒ ̈̅˸̈̉˹˼̄̄̒̌ ˿ ˹˾˷˿̃̄̒̌ 

̆̇̅˹̅˻˿̃̅̈̉˼̀ ̇˷̈̉˼́˷̄˿̖ G, ˼̃́̅̈̉˼̀ C, 

˿̄˻̊́̉˿˹̄̅̈̉˼̀ M ˹ ̈̉˷̉˿̎˼̈́̅̃ ̆̇˿˸̂˿˽˼-
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̄˿˿ (˷̄˷̂˿̉˿̎˼̈́˿). ˦̅̂˼˹̅̀ ̃̅˻˼̂˿ (̇˿̈. 2, 

а) ̈̉˷˹˿̖̉̈ ˹ ̈̅̅̉˹˼̉̈̉˹˿˼ ̍˼̆̄˷̖ ̃̅˻˼̂̓, ̈̅-

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

̎˼̉̒̇˼̌̆̅̂̈̄̕˿́̅˹ (̇˿̈. 2, ȁ). ˣ˷̉̇˿̍̒ G ˿ 

C, ̅̆̇˼˻˼̂˼̄̄̒˼ ˹ ̈̇˼˻̄˿̌ ̉̅̎́˷̌ ̔̂˼̃˼̄̉̅˹ 

̆̅̂˼˹̅̀ ̃̅˻˼̂˿, ̆̇˼̅˸̇˷˾̅˹˷̄̒ ˹ ̊˾̂̅˹̒˼ 
̃˷̉̇˿̍̒ Gȓ ˿ Cy ̍˼̆̄̅̀ ̃̅˻˼̂˿. 

˦̇˿ ̆˼̇˼̌̅˻˼ ́ ̃̅˻˼̂˿ ˺̇̊̄̉˷ ̈ ̎˷̈̉̅̉̄̅-

˾˷˹˿̈˿̃̒̃˿ ̆˷̇˷̃˼̉̇˷̃˿ ̔̂˼̃˼̄̉̒ ̃˷̉̇˿̍ G 

˿ C ˾˷˹˿̖̈̉ ̅̉ ̎˷̈̉̅̉̒. Э̉˿ ˿˾̃˼̄˼̄˿̖ ̄˼ ̆̇˿-

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

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

˧˷̈̎˼̉ ̔̂˼̃˼̄̉̅˹ ̃˷̉̇˿̍ G ˿ C ˹ ˺̇̊̄̉˼ ̈ 
̎˷̈̉̅̉̄̅-˾˷˹˿̈˿̃̒̃˿ ̆˷̇˷̃˼̉̇˷̃˿ ˹̅ ˹̇˼-
̃˼̄̄̅̀ ̅˸̂˷̈̉˿ ˿ ˿̌ ̈̌˼̃̄̒˼ ̃̅˻˼̂˿ – ̆̇˼˻-

̃˼̉ ˻˷̂̓̄˼̀̏˼˺̅ ̇˷̈̈̃̅̉̇˼̄˿̖. 

ǎǧǴоǦǽ ǲǢǳǹǧǴǢ ǪмǱǵǭǾǳǯǽǷ ǱǲоǸǧǳǳоǤ  
Ǥо Ǥǲǧмǧǯǯоǫ обǭǢǳǴǪ 

ˣ˼̉̅˻ ˻˿̈́̇˼̉̄̒̌ ̈̌˼̃ – ̄˷˿˸̅̂˼˼ ̇˷̈-
̆̇̅̈̉̇˷̄˼̄̄̒̀ ̎˿̈̂˼̄̄̒̀ ̃˼̉̅˻ ̇˷̈̎˼̉˷ ̆˼-
̇˼̌̅˻̄̒̌ ̆̇̅̍˼̈̈̅˹ ˹̅ ˹̇˼̃˼̄̄о̀ ̅˸̂˷̈̉˿, 

˿̈̆̅̂̓˾̊˼̃̒̀, ̄˷̆̇˿̃˼̇, ˹ ̆̇̅˺̇˷̃̃˼ EMTP. 

˙̇˼̃˼̄̄̅̀ ˿̄̉˼̇˹˷̂ ̇˷˾˸˿˹˷˼̖̉̈ ̄˷ N ̇˷˹-

̄̒̌ ̏˷˺̅˹ ̃˷̂̅̀ ˻̂˿̄̒ h. Ӣ˻̊́̉˿˹̄̅̈̉˿ ˿ 

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

ȁ) ̃̅˻˼̂˿̖̇̊̉̈̕ ˻˿̈́̇˼̉̄̒̃˿ ̇˼˾˿̈̉˿˹̄̒̃˿ 

̈̌˼̃˷̃˿ ̈ ̖̆̅̈̉̅̄̄̒̃˿ ̈̅̆̇̅̉˿˹̂˼̄˿̖̃˿ ˿ 

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

̃˿ Э˛˨ ˿ ̉̅́˷, ̊̎˿̉̒˹˷̐̕˿̃˿ ̄˷̎˷̂̓̄̒˼  
̊̈̂̅˹˿̖ ́˷˽˻̅˺̅ ̏˷˺˷ (̇˿̈. 3). ˧˷̈̎˼̉ ̆˼̇˼-
̌̅˻̄̅˺̅ ̆̇̅̍˼̈̈˷ ̈˹̅˻˿̖̉̈ ́ ̆̅̏˷˺̅˹̅̃̊  

̇˷̈̎˼̉̊ ̇˼˾˿̈̉˿˹̄̒̌ ̈̌˼̃. 

ˣ˼̉̅˻ ˙̂˷̌˷ [14] – ̎˿̈̂˼̄̄̒̀ ˹˷̇˿˷̄̉ 
̅̆˼̇˷̉̅̇̄̅˺̅ ̃˼̉̅˻˷, ˷̄˷̂̅˺˿̎̄̒̀ ̃˼̉̅˻̊ 

˻˿̈́̇˼̉̄̒̌ ̈̌˼̃, ̈ ̉̅̀ ̇˷˾̄˿̍˼̀, ̎̉̅ ̆˷̇˷̃˼̉-
̇̒ ˻˿̈́̇˼̉̄̒̌ ̈̌˼̃ (̈̃. ̇˿̈. 3) – ́̅̃̆̂˼́̈-
̄̒˼. Э̉̅ ˸̅̂˼˼ ̉̅̎̄̒̀, ̄̅ ˿ ˸̅̂˼˼ ̉̇̊˻̅˼̃́˿̀ 

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

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

˻˿̃̅̈̉˼̀. ˨̇˼˻˿ ˿˾˹˼̈̉̄̒̌ ̃˼̉̅˻˿́ ̇˷̈̎˼̉̒ 

̄˷ ̔́˹˿˹˷̂˼̄̉̄̅̀ ̎˷̈̉̅̉˼ ̉̅́˷ ̃̅̂̄˿˿  

f = 0,25T1, ˺˻˼ T1 – ˻̂˿̉˼̂̓̄̅̈̉̓ ̋̇̅̄̉˷ ˿̃-

̆̊̂̓̈˷, ̄˼̉̅̎̄̒. ˞˷̃˼̄˷ ̈̅̆̇̅̉˿˹̂˼̄˿̖ z(jω) 

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

̈˹̅̀̈̉˹˷̃˿ ̈̊̐˼̈̉˹˼̄̄̅ ̊˹˼̂˿̎˿˹˷˼̉ ̎˿̈̂̅ ̔̂˼-
̃˼̄̉̅˹ ˹ ̃̅˻˼̂˿ ˾˷˾˼̃̂˿̉˼̖̂ ˿ ̉̇̊˻̅˼̃́̅̈̉̓ 
̇˷̈̎˼̉˷. ˞˷̃˼̄˷ ̎˷̈̉̅̉̄̅̀ ̋̊̄́̍˿˿ ʨ(jω) ̄˷ 
˹̇˼̃˼̄̄̊̕ ̋̊̄́̍˿̕ ʨ(t) ˹ ˹˿˻˼ ̈̉˼̆˼̄̄̅˺̅ 

̖̇˻˷ [15] ̆̇˿˺̅˻̄˷ ˻̖̂ ̇˷̈̎˼̉̅˹ ̆̇˿ ̄̊̂˼˹̒̌ 

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

˿ ̃˼̉̅˻˷ ˙̂˷̌˷. 
˪̄˿˹˼̇̈˷̂̓̄˷̖ ̃˼̉̅˻˿́˷ ̃̅˻˼̂˿̇̅˹˷̄˿̖ 

̎˷̈̉̅̉̄̅-˾˷˹˿̈˿̃̅˺̅ ̈̅̆̇̅̉˿˹̂˼̄˿̖ z(jω) ˹̅ 

˹̇˼̃˼̄̄̅̀ ̅˸̂˷̈̉˿ ˻˿̈́̇˼̉̄̅̀ ̈̌˼̃̅̀ (̇˿̈. 3, 

а) ̇˷˾̇˷˸̅̉˷̄˷ ˹ ̇˷˸̅̉˼ [13]. Э̉˷ ̃˼̉̅˻˿́˷ 
̆̇˿̃˼̄˿̃˷ ˿ ˻̖̂ ̃̅˻˼̂˿̇̅˹˷̄˿̖ ̎˷̈̉̅̉̄̅-

˾˷˹˿̈˿̃̅̀ ̆̇̅˹̅˻˿̃̅̈̉˿ y(jω) ˹̅ ˹̇˼̃˼̄̄̅̀ 

̅˸̂˷̈̉˿ ˻˿̈́̇˼̉̄̅̀ ̈̌˼̃̅̀ (̇˿̈. 3, ȁ). 

 

 

а) ȁ)

 
 

˧˿̈. 3. ˛˿̈́̇˼̉̄˷̖ ̈̌˼̃˷ ˿̄˻̊́̉˿˹̄̅̈̉˿ (а) ˿ ˼̃́̅̈̉˿ (ȁ) ̄˷ ˹̇˼̃˼̄̄̅̃ ̏˷˺˼ k 

Fig. 3. Discrete circuit of inductance (а) and capacitance (ȁ) at time step k  
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ǆǪǳǬǲǧǴǯǢȁ Ǥо ǤǲǧмǧǯǪ моǦǧǭǾ ǩǢǩǧмǭǪǴǧǭȁ  

Ǥ ǥǲǵǯǴǧ ǳ ǹǢǳǴоǴǯо-ǩǢǤǪǳǪмǽмǪ ǱǢǲǢмǧǴǲǢмǪ 

˦̊̈̉̓ ˾˷˻˷̄˷ ́̅̃̆̂˼́̈̄˷̖ ̆̇̅˹̅˻˿̃̅̈̉̓ 

y(jω). ˨̂˼˻̖̊ [13], ̆˼̇˼̀˻˼̃ ́ ˼˼ ̅̆˼̇˷̉̅̇̄̅̃̊ 
˿˾̅˸̇˷˽˼̄˿̕ Y(s), ˻˹˷˽˻̒ ̆̇̅˿̄̉˼˺̇˿̇̊˼̃ ˹ 

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

˺˿̄˷̂̊, ̆̅̂̊̎˿̃ ̆˼̇˼̌̅˻̄̊̕ ̆̇̅˹̅˻˿̃̅̈̉̓ 

y(t) = L–1[Y(s)/s2]. ˙˼̂˿̎˿̄˷ y(t) ̎˿̈̂˼̄̄̅ 

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

̎˼̄˿˿ ̍˼̆˿ ̆̅˻ ̄˷̖̆̇˽˼̄˿˼ ˼˻˿̄˿̎̄̅˺̅ ̄˷-

́̂̅̄˷ u(t) = t. ˛˿̈́̇˼̉̄˷̖ ̆˼̇˼̌̅˻̄˷̖ ̆̇̅˹̅-

˻˿̃̅̈̉̓ ́˷˽˻̅˺̅ k-˺̅ ̏˷˺˷ 
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˩̅˺˻˷ ˿̈́̅̃̒˼ ̆˷̇˷̃˼̉̇̒ ̈̌˼̃̒ (̇˿̈. 3, ȁ) 
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˺˻˼ G – ̆̇̅˹̅˻˿̃̅̈̉̓; Jk – ˿̈̉̅̎̄˿́ ̉̅́˷, ˾˷-
˻˷̐̕˿̀ ̄˷̎˷̂̓̄̒˼ ̊̈̂̅˹˿̖ k-˺̅ ̏˷˺˷. 

˩˷́˿̃ ̅˸̇˷˾̅̃, ̆̇̅˿˾˹̅̂̓̄˷̖ ̎˷̈̉̅̉̄̅-

˾˷˹˿̈˿̃˷̖ ̆̇̅˹̅˻˿̃̅̈̉̓ y(jω) ̃̅˻˼̂˿̇̊˼̖̉̈ 

˻˿̈́̇˼̉̄̅̀ ̈̌˼̃̅̀ (̇˿̈. 3, ȁ) ˹̅ ˹̇˼̃˼̄̄̅̀ 

̅˸̂˷̈̉˿ ˷̄˷̂̅˺˿̎̄̅ ˼̃́̅̈̉˿. 

˛̖̂ ̇˼˷̂˿˾˷̍˿˿ ̅̆˿̈˷̄̄̅̀ ̃˼̉̅˻˿́˿ 

̊˻˼̂̓̄˷̖ ̆̇̅˹̅˻˿̃̅̈̉̓ ˺̇̊̄̉˷ ˻̅̂˽̄˷ ˸̒̉̓ ˾˷-
̆˿̈˷̄˷ ˹ ́̅̃̆̂˼́̈̄̅̀ ̋̅̇̃˼ ʨ(jω), ́˷́ ˹ ̃̅˻˼-
̂˿ Cole–Cole (1), ˹ ̉̅ ˹̇˼̖̃ ́˷́ ˾˷˹˿̈˿̃̅̈̉˿ 

(2), (3) ̔̉̅̃̊ ̊̈̂̅˹˿̕ ̄˼ ̊˻̅˹̂˼̉˹̖̅̇̉̕. 
˦̇˼̅˸̇˷˾̊˼̃ ̃̅˻˼̂̓ ˣ˼̈̈˿̇˷ (2): 
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̅̉́̊˻˷ 

 0 0 ,j j j       (5) 

˺˻˼ ̅˸̅˾̄˷̎˼̄˿̖ ̉˼ ˽˼, ̎̉̅ ˿ ˹ (2). 

˨̅̆̅̈̉˷˹̖̖̂ (5) ˿ (1), ˹˿˻˿̃, ̎̉̅ ̃̅˻˼̂̓ 

ˣ˼̈̈˿̇˷ – ̎˷̈̉̄̒̀ ̈̂̊̎˷̀ ̃̅˻˼̂˿ Cole–Cole 

̆̇˿ c = 0,5, η = 1, τ = 4ʛ/ʨ0, ˺˻˼ ̅˸̅˾̄˷̎˼̄˿̖ ̉˼ 
˽˼, ̎̉̅ ˹ (1). ˦̖̅̈̉̅̄̄˷̖ ̇˼̂˷́̈˷̍˿˿ ̔̂˼́̉̇̅-

̂˿̉˷ τ ˾˻˼̈̓ ̌̅̇̅̏̅ ̈̅˺̂˷̈̊˼̖̉̈ ̈ ̖̆̅̈̉̅̄̄̅̀ 

˹̇˼̃˼̄˿ RC ̍˼̆˿. ˩˷́˿̃ ̅˸̇˷˾̅̃, ́̅̃̆̂˼́̈-
̄˷̖ ̋̅̇̃˷ ˾˷̆˿̈˿ (5) ˸̅̂˼˼ ́̅̃̆˷́̉̄˷ ˿ «̋˿-

˾˿̎̄˷», ̎˼̃ ̅̇˿˺˿̄˷̂ (2). 

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

(5) ̇˷˹̄˷ 

 0( ) 2 ,gY j G j C k j        (6) 

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

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

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

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

̄̅̀ l, ̇˷˻˿̊̈̅̃ R ˹ ̅˻̄̅̇̅˻̄̅̀ ̈̇˼˻˼ 

 0

2
; ; .

ln /
g g g
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G k C k k

l R


      

Э̂˼̃˼̄̉̊ ˾˷˾˼̃̂˿̉˼̂̕ ̈ ́̅̃̆̂˼́̈̄̅̀ ̆̇̅-

˹̅˻˿̃̅̈̉̓̕ (6) ̈̅̅̉˹˼̉̈̉˹̊˼̉ ˻˿̈́̇˼̉̄˷̖ ̈̌˼̃˷ 
˹̅ ˹̇˼̃˼̄̄̅̀ ̅˸̂˷̈̉˿ (̇˿̈. 4), ̖̈̅̈̉̅̐˷̖ ˿˾ 
̉̇˼̌ ̆˷̇˷̂̂˼̂̓̄̒̌ ˹˼̉˹˼̀: 1) ˷́̉˿˹̄̅̀ ̆̇̅˹̅-

˻˿̃̅̈̉˿ G; 2) ˻˿̈́̇˼̉̄̅̀ ̈̌˼̃̒ (̇˿̈. 3, ȁ) ˻̖̂ 

̃̅˻˼̂˿̇̅˹˷̄˿̖ ˼̃́̅̈̉˿ C; 3) ˻˿̈́̇˼̉̄̅̀ ̈̌˼̃̒ 

(̇˿̈. 3, ȁ) ˻̖̂ ̃̅˻˼̂˿̇̅˹˷̄˿̖ ̉̇˼̉̓˼˺̅ ̈̂˷˺˷˼̃̅-

˺̅ (6), ̆˷̇˷̃˼̉̇̒ ́̅̉̅̇̅̀ ̄˷̀˻˼̃ ˻˷̂˼˼. ˦˼̇˹̒˼ 
˻˹˼ ˹˼̉˹˿ ̃̅˻˼̂˿̇̊̉̕ ̆̇̅˹̅˻˿̃̅̈̉̓ ˾˷˾˼̃̂˿̉˼-
̖̂ ˹ ̉̇˷˻˿̍˿̅̄̄̅̀ ̃̅˻˼̂˿ ˺̇̊̄̉˷, ̉̇˼̖̉̓ ˹˼̉˹̓ 
̊̎˿̉̒˹˷˼̉ ̊˹˼̂˿̎˼̄˿˼ ̆̇̅˹̅˻˿̃̅̈̉˿ ̈ ̊˹˼̂˿̎˼-
̄˿˼̃ ̎˷̈̉̅̉̒ ˹̅ ˹̇˼̃˼̄̄̅̀ ̅˸̂˷̈̉˿. 

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

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

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

̆̅̂̄˿̉˼̂̓̄˷̖ ̆˷̇˷̂̂˼̂̓̄˷̖ ˹˼̉˹̓ (̇˿̈. 4), ̄̅ ̆̅-

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

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

ˤ˷̀˻˼̃ ̆˷̇˷̃˼̉̇̒ ˻˿̈́̇˼̉̄̅̀ ̈̌˼̃̒ (̈̃. 

̇˿̈. 3, ȁ) ˻̖̂ ̉̇˼̉̓˼˺̅ ̈̂˷˺˷˼̃̅˺̅ ̋̅̇̃̊̂̒ (6): 

 0( ) 2 .gy j k j     
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˧˿̈. 4. ˛˿̈́̇˼̉̄˷̖ ̈̌˼̃˷ ̔̂˼̃˼̄̉˷ ˾˷˾˼̃̂˿̉˼̖̂  

̈ ̎˷̈̉̅̉̄̅-˾˷˹˿̈˿̃̅̀ ̆̇̅˹̅˻˿̃̅̈̉̓̕ Y(jω) ̄˷ ˹̇˼̃˼̄̄̅̃ ̏˷˺˼ k– 

Fig. 4. Discrete circuit of the grounding system element  

with frequency-dependent conductance Y(jω) at time step k  

 

˦˼̇˼̀˻˼̃ ́ ̅̆˼̇˷̉̅̇̄̅̃̊ ˿˾̅˸̇˷˽˼̄˿̕  

 0( ) 2 ,gy s k s   

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

˸̇˷˽˼̄˿̀ ˿, ̆˼̇˼̀˻̖ ́ ̅̇˿˺˿̄˷̂̊, ̆̅̂̊̎˿̃ 

̆˼̇˼̌̅˻̄̊̕ ̆̇̅˹̅˻˿̃̅̈̉̓ 

 
1 2 0( ) ( ) / 4 .g

t
y t L y s s k     

 

˩̅˺˻˷ ˻˿̈́̇˼̉̄˷̖ ̆˼̇˼̌̅˻̄˷̖ ̆̇̅˹̅˻˿̃̅̈̉̓ ̄˷ 
̏˷˺˼ k 

 
0( ) ( )

4 ( 1 ).k g

y kh h y kh
Y k k k

h h

 
   


 

˥̄˷ ̆̅˻̈̉˷˹̖̂˼̖̉̈ ˹ ̋̅̇̃̊̂̒ (4), ́̅̉̅̇̒˼ 
̅̆̇˼˻˼̖̂̉̕ ̆˷̇˷̃˼̉̇̒ ˻˿̈́̇˼̉̄̅̀ ̈̌˼̃̒ 

(̇˿̈. 3, ȁ). 

˛˿̈́̇˼̉̄˷̖ ̆˼̇˼̌̅˻̄˷̖ ̆̇̅˹̅˻˿̃̅̈̉̓ ̏˷-
˺˷ k ̆̅ ̃̅˻˼̂˿ ˗̂˿̆˿̅ – ˙˿̈˷́̇̅ (2) ̄˷̌̅˻˿̉-
̖̈ ˷̄˷̂̅˺˿̎̄̅: 
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˩˷́˿̃ ̅˸̇˷˾̅̃, ̆˷̇˷̃˼̉̇̒ ˻˿̈́̇˼̉̄̒̌ 

̈̌˼̃ (̇˿̈. 3, ȁ ˿ 4) ̆̇̅˹̅˻˿̃̅̈̉˼̀ (̈̅˸̈̉˹˼̄-

̄̅̀ ˿ ˹˾˷˿̃̄̅̀) ̔̂˼̃˼̄̉˷ ˾˷˾˼̃̂˿̉˼̖̂ ˹ ̃̅˻˼-
̂˿ ˺̇̊̄̉˷ ̆̅ ˣ˼̈̈˿̇̊ ˿ ˗̂˿̆˿̅ – ˙˿̈˷́̇̅ ̆̅-

̂̊̎˼̄̒. ˗̄˷̂̅˺˿̎̄̒˼ ̆̇˼̅˸̇˷˾̅˹˷̄˿̖ ˿˾ ̎˷̈-

̉̅̉̄̅̀ ˹̅ ˹̇˼̃˼̄̄у̕ ̅˸̂˷̈̉̓ ̃̅˺̊̉ ˸̒̉̓ ˹̒-

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

˸̅̀ ̃̅˻˼̂˿ ˺̇̊̄̉˷ ̈ ́̅̃̆̂˼́̈̄̅̀ ̆̇̅˹̅˻˿̃̅-

̈̉̓̕ ʨ(jω), ̉. ˼. ̇˷˾̇˷˸̅̉˷̄̄˷̖ ̃˼̉̅˻˿́˷ ̅˸̂˷-
˻˷˼̉ ̅˸̐̄̅̈̉̓̕. ˥̄˷ ̄˼ ̆̇˿˹̅˻˿̉ ́ ̊˹˼̂˿̎˼-
̄˿̕ ̎˿̈̂˷ ̔̂˼̃˼̄̉̅˹ ̍˼̆̄̅̀ ̃̅˻˼̂˿ ˾˷˾˼̃̂˿-

̉˼̖̂ (̇˿̈. 2, ȁ) ˿ ̉̇̊˻̅˼̃́̅̈̉˿ ̇˷̈̎˼̉˷ ˹̅ ˹̇˼-
̃˼̄̄о̀ ̅˸̂˷̈̉˿. ˮ˷̈̉̅̉̄̒̀ ̃˼̉̅˻, ́̅̉̅̇̒̀ ˹ 

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

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

̖̂˼̖̉̈.  

ǒǧǩǵǭǾǴǢǴǽ ǲǢǳǹǧǴоǤ Ǫ ǤǧǲǪǶǪǬǢǸǪȁ  

ǲǢǩǲǢбоǴǢǯǯоǫ моǦǧǭǪ ǩǢǩǧмǭǪǴǧǭȁ 

ˤ˷̀˻˼̃ ̄˷̖̆̇˽˼̄˿˼ ˾˷˾˼̃̂˿̉˼̖̂ (̇˿̈. 5) ̆̇˿ 

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

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

̅̄̄̅̀ ̃̅˻˼̂˿ ˺̇̊̄̉˷ (ʨ = ʨ0 = const) ˿ ˺̇̊̄̉˼ ̈ 
̎˷̈̉̅̉̄̅-˾˷˹˿̈˿̃̅̀ ̊˻˼̂̓̄̅̀ ̆̇̅˹̅˻˿̃̅̈̉̓̕ 

ʨ(jω) ̆̅ ̃̅˻˼̂˿ ˗̂˿̆˿̅ – ˙˿̈˷́̇̅. ˧˷̈̎˼̉̒ ˹̒-

̆̅̂̄˿̃ ˹̅ ˹̇˼̃˼̄̄̅̀ ˿ ̎˷̈̉̅̉̄̅̀ ̅˸̂˷̈̉˿ ˻̖̂ 

˹˼̇˿̋˿́˷̍˿˿ ̇˷˾̇˷˸̅̉˷̄̄̅̀ ̃̅˻˼̂˿. 

˦̇˿ ̆˼̇˼̌̅˻˼ ̅̉ ̃̅˻˼̂˿ ʨ = const ́ ̃̅˻˼̂˿ 

ʨ(jω) ̋̅̇̃˷ ˿̃̆̊̂̓̈˷ ̄˷̖̆̇˽˼̄˿̖ ˾˷˾˼̃̂˿̉˼-
̖̂ ˹ ˹̒̈̅́̅̅̃̄̅̃ ˺̇̊̄̉˼ ̈̊̐˼̈̉˹˼̄̄̅ ̃˼̖̄-

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

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

̊˻˼̂̓̄˷̖ ̆̇̅˹̅˻˿̃̅̈̉̓ ̈̉˷̄̅˹˿̖̉̈ ̃˼̄̓̏˼), 

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

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

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

̃̅̂̄˿˿ ̈ ́̅̇̅̉́˿̃ ̋̇̅̄̉̅̃ ˿ ̅̉̄̅̈˿̉˼̂̓̄̅ 

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

˻˷̇̉̄̒̀ ˺̇̅˾̅˹̅̀ ˿̃̆̊̂̓̈) ̃˷́̈˿̃̊̃ ˿̃-

̆̊̂̓̈˷ ̄˷̖̆̇˽˼̄˿̖ ̊̃˼̄̓̏˷˼̖̉̈ ̄˷ 30 % (̇˿̈. 
5, а). ˨ ̊˹˼̂˿̎˼̄˿˼̃ ˻̂˿̉˼̂̓̄̅̈̉˿ ˿̃̆̊̂̓̈˷ 
(̆̇˿ ̄˼˿˾̃˼̄̄̅̃ ̋̇̅̄̉˼) ̈̄˿˽˼̄˿˼ ˸̊˻˼̉ 
̃˼̄̓̏˼, ˷ ˹ ̆̇˼˻˼̂˼ (˻̖̂ ˸˼̈́̅̄˼̎̄̅ ˻̂˿̄̄̅˺̅ 

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

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

̃̅̃˼̄̉̊ ˾˷̉̊̌˷˼̉ ̄˼˾̄˷̎˿̉˼̂̓̄̅, ̉̅ ˿ ̈̄˿˽˼-
̄˿˼ ̃˷́̈˿̃̊̃˷ ̄˷̖̆̇˽˼̄˿̖ ̃˷̂̅.  

˦̇˿ ˹̅˾˻˼̀̈̉˹˿˿ ̈̇˼˾˷̄̄̅˺̅ (́̅̇̅̉́̅˺̅) 

˿̃̆̊̂̓̈˷ ̉̅́˷, ́̅̉̅̇̒̀ ˹̅˾̄˿́˷˼̉ ̆̇˿ ̅˸̇˷̉-
̄̅̃ ̆˼̇˼́̇̒̉˿˿ ˿˾̖̅̂̍˿˿ ̅̆̅̇̒ ˙ˢ, ̆̇̅˿̈-
̌̅˻˿̉ ̈̊̐˼̈̉˹˼̄̄̅˼ ̈̄˿˽˼̄˿˼ ̃˷́̈˿̃̊̃˷ ̄˷-
̖̆̇˽˼̄˿̖ (˸̅̂̓̏˼, ̎˼̃ ˹ ˻˹˷ ̇˷˾˷ ˹ ˻˷̄̄̅̀ ˾˷-
˻˷̎˼), ̆̅̈́̅̂̓́̊ ˹ ̃̅̃˼̄̉ ̃˷́̈˿̃̊̃˷ ̄˷̖̆̇-

˽˼̄˿̖ ̉̅́ ̈̊̐˼̈̉˹˼̄̄̅ ˾˷̉̊̌˷˼̉ (̇˿̈. 5, ȁ).  

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

́̅̇̅̉́˿̌ ˿̃̆̊̂̓̈̅˹ ˹̒˾̒˹˷˼̉ ˿̃̆̊̂̓̈̄˷̖ ́̅-

̇̅̄˷ ̆̇̅˹̅˻̅˹ ˙ˢ. ˩˷́˿̃ ̅˸̇˷˾̅̃, ̎˷̈̉̅̉̄˷̖ 

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

̄̅˹̒̀ ̋˷́̉̅̇, ˿̈́̂̎̕˷̐̕˿̀ ̇˷̈̆̇̅̈̉̇˷̄˼-
̄˿˼ ˹̅̂̄ ̈ ́̇̊̉̒̃ ̋̇̅̄̉̅̃ ˹ ˙ˢ ̆̇˿ ˹̒̈̅́̅-

̅̃̄̅̃ ˺̇̊̄̉˼. 
˧˷̈̎˼̉̒, ˹̒̆̅̂̄˼̄̄̒˼ ̎˷̈̉̅̉̄̒̃ ̃˼̉̅-

˻̅̃ ˿ ̃˼̉̅˻̅̃ ˙̂˷̌˷ ˹̅ ˹̇˼̃˼̄̄̅̀ ̅˸̂˷̈̉˿ 

(̈̃. ̇˿̈. 5), ̌̅̇̅̏̅ ̈̅˺̂˷̖̈̊̉̈̕ (̇˷̈̌̅˽˻˼̄˿˼ 
˹ ̆̇˼˻˼̂˷̌ 5 %), ̎̉̅ ̆̅˻̉˹˼̇˽˻˷˼̉ ˻̅̈̉̅˹˼̇-

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

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

˾˷˹˿̈˿̃̒̃˿ ̆˷̇˷̃˼̉̇˷̃˿. 
 

 
 

˧˿̈. 5. ˦̅̉˼̄̍˿˷̂ ˹ ̍˼̄̉̇˼ ˾˷˾˼̃̂˿̉˼̖̂ ̆̇˿ ˹˹̅˻˼ ˿̃̆̊̂̓̈˷ ̉̅́˷ ˷̃̆̂˿̉̊˻̅̀ 1 ˗ ̈ ̂˿̄˼̀̄̒̃ ̋̇̅̄̉̅̃ 

˻̂˿̉˼̂̓̄̅̈̉̓̕: 1,2/50 ̃́̈ (а) ˿ 1/5 ̃́̈ (ȁ), ̇˷̈̈̎˿̉˷̄̄̒̀ ̇˷˾̄̒̃˿ ̃˼̉̅˻˷̃˿: 1 – ̆̇˿ ʨ = ʨ0;  

2 – ̆̇˿ ʨ(jω) ̃˼̉̅˻̅̃ ˙̂˷̌˷; 3 – ̆̇˿ ʨ(jω) ̎˷̈̉̅̉̄̒̃ ̃˼̉̅˻̅̃. ˦˷̇˷̃˼̉̇̒ ˾˷˾˼̃̂˿̉˼̖̂: 2020 ̃; 

 ̏˷˺ ̈˼̉́˿ – 5 ̃; ̈̉˼̇˽̄˿ ̈̉˷̂̓̄̒˼; μr = 200, ˻˿˷̃˼̉̇ 20 ̃̃; ˺̂̊˸˿̄˷ ̆̅˺̇̊˽˼̄˿̖ 1 ̃;  

̆˷̇˷̃˼̉̇̒ ˺̇̊̄̉˷ – ʨ0 = 0,2 ̃˨̃/̃, ʛr = 10 

Fig. 5. Potential at the center of the grounding grid when input current impulse of 1 A amplitude with linear  

front of: 1,2/50 μs (а) and 1/5 μs (ȁ), calculated: 1 – when ʨ = ʨ0; 2 – when ʨ(jω) using the Vlach method;  

3 – when ʨ(jω) using the Fourier method; grounding grid parameters: 2020 m, grid step 5 m, steel rods,  

μr = 200, diameter 20 mm, immersion depth 1 m; soil parameters: ʨ0 = 0,2 mS/m, ʛr = 10 
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ǐбǳǵǨǦǧǯǪǧ ǲǧǩǵǭǾǴǢǴоǤ Ǫ ǤǽǤоǦǽ 

1. ˪˻˼̂̓̄˷̖ ̆̇̅˹̅˻˿̃̅̈̉̓ ˺̇̊̄̉˷ – ́̅̃-

̆̂˼́̈̄˷̖ ˹˼̂˿̎˿̄˷, ˾˷˹˿̖̈̐˷̖ ̅̉ ̎˷̈̉̅̉̒. ˥̄˷ 
˹̅˾̇˷̈̉˷˼̉ ˹ ̄˼̈́̅̂̓́̅ ̇˷˾ ̈ ̊˹˼̂˿̎˼̄˿˼̃ ̎˷̈-
̉̅̉̒ ̅̉ 100 ˚̍ ˻̅ 1 ˣ˚̍ ˹ ˹̒̈̅́̅̅̃̄̅̃ ˺̇̊̄̉˼ 
(̈́˷̂̓̄̒̀, ˹˼̎̄̅̃˼̇˾̂̒̀), ̎̉̅ ̈̂˼˻̊˼̉ ̊̎˿̉̒-

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

˺̅ ̋˷́̉̅̇˷, ̃̅˺̊̉ ˸̒̉̓ ̄˼̔̋̋˼́̉˿˹̄̒̃˿. 

2. ˦˼̇˼̌̅˻ ́ ̃̅˻˼̂˿ ˺̇̊̄̉˷ ̈ ̎˷̈̉̅̉̄̅-

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

̇˷̈̎˼̉˷̌ ˿̃̆̊̂̓̈̄̒̌ ̆̇̅̍˼̈̈̅˹ ̎˷̈̉̅̉̄̒̃ 

̃˼̉̅˻̅̃. ˥˻̄˷́̅ ̅˺̇˷̄˿̎˼̄̄˷̖ ̅˸̂˷̈̉̓ ̆̇˿-

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

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

̅̉́˷˾˷̖̉̓̈. 

3. ˧˷˾̇˷˸̅̉˷̄˷ ˻˿̈́̇˼̉̄˷̖ (˹̅ ˹̇˼̃˼̄˿) 

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

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

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

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

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

̃˼̉̅˻̅̃. 

4. ˙̅ ˹̇˼̃˼̄̄̅̀ ̅˸̂˷̈̉˿ ̊˻˼̂̓̄˷̖ ̆̇̅˹̅-

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

̆̇̅̍˼̈̈˷, ˻˷̂˼˼ ̅̄˷ ̈̄˿˽˷˼̖̉̈ ˿ ̈̉̇˼̃˿̖̉̈ ́ 

̊̈̉˷̄̅˹˿˹̏˼̖̃̊̈ ˾̄˷̎˼̄˿̕ ʨ0. ˥̉̈̕˻˷ 
̊̃˼̄̓̏˼̄˿˼ ̄˷̖̆̇˽˼̄˿̖ ˾˷˾˼̃̂˿̉˼̖̂ ˿ ̈˺̂˷-

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

5. ˮ˼̃ ́̅̇̅̎˼ ̋̇̅̄̉ ˿ ˻̂˿̉˼̂̓̄̅̈̉̓ ˿̃-

̆̊̂̓̈˷ ̉̅́˷, ̉˼̃ ˸̅̂̓̏˼ ̈̄˿˽˼̄˿˼ ̃˷́̈˿̃̊̃˷ 

̄˷̖̆̇˽˼̄˿̖ ˾˷˾˼̃̂˿̉˼̖̂ ˹ ˻˷̄̄̅̃ ˺̇̊̄̉˼. 
˨̇˼˾˷̄̄̒˼ ˿̃̆̊̂̓̈̒ ̉̅́˷, ˹̒˾˹˷̄̄̒˼ ̅˸̇˷̉-
̄̒̃˿ ̆˼̇˼́̇̒̉˿̖̃˿ ˿˾̖̅̂̍˿˿ ̅̆̅̇ ˙ˢ, ˾˷̉̊-

̌˷̉̕ ˹ ̄˷˿˸̅̂̓̏˼̀ ̈̉˼̆˼̄˿. Э̉̅̉ ̄̅˹̒̀ ̔̋-

̋˼́̉, ̆̅˻̅˸̄̒̀ ˻˼̀̈̉˹˿̕ ˿̃̆̊̂̓̈̄̅̀ ́̅̇̅̄̒ 

̄˷ ̆̇̅˹̅˻˷̌ ˙ˢ, ̅˸̂˼˺̎˷˼̉ ˹̒˸̅̇ ̈̇˼˻̈̉˹ ˾˷-
̐˿̉̒ ̅̉ ˺̇̅˾̅˹̒̌ ̆˼̇˼̄˷̖̆̇˽˼̄˿̀. 

6. ˛˼̀̈̉˹̊̐̕˿˼ ̄̅̇̃˷̉˿˹̄̒˼ ˻̅́̊̃˼̄̉̒ 

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

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

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

̅̃̄̅̃ ˺̇̊̄̉˼. ˙ ̉̇˼˸̅˹˷̄˿̖ ́ ́̅̃̆̓̉̕˼̇̄̒̃ 

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

˾˷˹˿̈˿̃̒̃˿ ̆˷̇˷̃˼̉̇˷̃˿. 
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