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ПРИМЕНЕНИЕ ПНЕВМАТИЧЕСКИХ ЦИЛИНДРОВ  

С ВОЗВРАТНЫМИ ПРУЖИНАМИ  

В МЕХАТРОННЫХ РЕКУПЕРАТИВНЫХ ПРИВОДАХ  

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

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

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

˿̈̆̅̂̓˾̖̊̉̈̕ ̉̅̂̓́̅ ̆̄˼˹̃˷̉˿̎˼̈́˿˼ ̍˿̂˿̄˻̇̒ ̈ ˹̅˾˹̇˷̉̄̒̃˿ ̆̇̊˽˿̄˷̃˿. ˧˷̈̈̃̅̉̇˼̄̒ ̆̇˿̃˼-
̇̒ ˿̈̆̅̂̓˾̅˹˷̄˿̖ ̉˷́˿̌ ̆̇˿˹̅˻̅˹ ˹ ̋˷̈̅˹̅̎̄̅-̊̆˷́̅˹̅̎̄̅̃ ̅˸̅̇̊˻̅˹˷̄˿˿. ˦̇˼˻̂̅˽˼̄̅ ̆̇˿̃˼-
̖̄̉̓ ̆̄˼˹̃˷̉˿̎˼̈́˿˼ ̆̇˿˹̅˻̒ ̈ ˹̅˾˹̇˷̉̄̒̃˿ ̆̇̊˽˿̄˷̃˿ ˹ ̃˼̌˷̉̇̅̄̄̒̌ ̆̇˿˹̅˻˷̌, ̆̅̈̉̇̅˼̄̄̒̌ 

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

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

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

̅˸˼̈̆˼̎˼̄˷ ̆̇̅̈̉̅̉˷ ˼˺̅ ̇˷˾˸̅̇́˿ ˿ ̈˸̅̇́˿ ˻̖̂ ̈˷̄˿̉˷̇̄̅-˺˿˺˿˼̄˿̎˼̈́̅̀ ̅˸̇˷˸̅̉́˿. ˦̇˼˻̂̅˽˼̄̅ 

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

̅̆̇˼˻˼̂˼̄˿̖ ˻˿̈̈˿̆˷̉˿˹̄̒̌ ̆̅̉˼̇̓. 
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APPLICATION OF PNEUMATIC SPRING-RETURN CYLINDERS 

IN MECHATRONIC DRIVES WITH ENERGY RECOVERY 

We have considered the questions of using pneumatic motors in spring drives for compensating for dissi-

pative losses, fixing the drive in extreme positions of spring batteries. A class of problems has been identi-

fied in which spring drives with energy recovery are created using only pneumatic cylinders with return 
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springs. Examples of using such drives in filling and packaging equipment have been considered. We have 

proposed to make pneumatic actuators with return springs in mechatronic drives constructed on the basis 

of linear spring accumulators with two springs. We have considered algorithms for compensation of dissi-

pative losses in mechatronic drives. The maximum values of the mass which can be mixed by such mech-

atronic drives for each size of pneumatic cylinder have been determined. We have described a scheme for 

a dispenser of bulk products which is easy to disassemble and assemble for sanitary and hygienic pro-

cessing. It is proposed to use pneumatic cylinders with return springs in mechatronic drives with energy 

recovery based on nonlinear spring batteries. Dependences for determining dissipative losses have been 

given. 

Keywords: spring drive, dissipative losses, energy recovery, pneumatic cylinders, dispensers, packaging ma-

terials. 
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ВǤǧǦǧǯǪǧ 
В ˾˷˻˷̎˷̌ ˹̅˾˹̇˷̉̄̅-̆̅̈̉̊̆˷̉˼̂̓̄̅˺̅ ̆˼̇˼-

̃˼̐˼̄˿̖ ̅˸̑˼́̉̅˹ ̈ ̊̆̇˷˹̖̂˼̃̒̃ ˹̒̈̉̅˼̃ ˹ 

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

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

˼̀ ̔̄˼̇˺˿˿ [1–3]. ˞˷̉̇˷̉̒ ̔̄˼̇˺˿˿ ̃̅˺̊̉ ˸̒̉̓ 
̈̄˿˽˼̄̒ ˹ ̄˼̈́̅̂̓́̅ ̇˷˾ [4, 5]. ˩̇˷˻˿̍˿̅̄̄̅ 

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

̄˼̂˿̄˼̀̄̒̀ ̆̇̊˽˿̄̄̒̀ ˷̖́́̊̃̊̂̉̅̇, ̈˿̈̉˼̃̊ 
̊̆̇˷˹̂˼̄˿̖, ̊̆̇˷˹̖̂˼̃̒˼ ̋˿́̈˷̉̅̇̒ ˿ ˻˹˿˺˷-
̉˼̂̓ ˻̖̂ ́̅̃̆˼̄̈˷̍˿˿ ˻˿̈̈˿̆˷̉˿˹̄̒̌ ̆̅̉˼̇̓ 
[6, 7]. В ˺˿˻̇˷˹̂˿̎˼̈́˿̌ ̆̇˿˹̅˻˷̌ ̅̉̆˷˻˷˼̉ 
̄˼̅˸̌̅˻˿̃̅̈̉̓ ˿̈̆̅̂̓˾̅˹˷̄˿̖ ̊̆̇˷˹̖̂˼̃̒̌ 
̋˿́̈˷̉̅̇̅˹, ̄̅ ̉˷́˿˼ ̆̇˿˹̅˻̒ ̍˼̂˼̈̅̅˸̇˷˾̄̅ 

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

˸̅̂˼˼ 1000 ́˺ ̆̇˿ ̄˼˹̒̈̅́̅̃ ˸̒̈̉̇̅˻˼̀̈̉˹˿˿. 

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

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

̈̉˹˿˼̃, ̉˷́ ́˷́ ̆̇˿ ˹̒̈̅́̅̃ ˸̒̈̉̇̅˻˼̀̈̉˹˿˿ 

˹̅˾̇˷̈̉˷˼̉ ̃̅̐̄̅̈̉̓ ˻˹˿˺˷̉˼̖̂ ˿ ̉̇˼˸̖̊̉̈̕ ̆˼-
̇˼˻˷̎˿ ̈ ˸̅̂̓̏˿̃ ̆˼̇˼˻˷̉̅̎̄̒̃ ̎˿̈̂̅̃ [1]. 

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

̅˸˼̈̆˼̎˿˹˷̐̕˿˼ ́̅̃̆˼̄̈˷̍˿̕ ˻˿̈̈˿̆˷̉˿˹̄̒̌ 
̆̅̉˼̇̓, ̋˿́̈˷̍˿̕ ˹̒̌̅˻̄̅˺̅ ˾˹˼̄˷ ˹ ́̇˷̀̄˿̌ 
̆̅̂̅˽˼̄˿̖̌ ˿ ̇˷˸̅̉̊ ̆̇˿ ̉˼̌̄̅̂̅˺˿̎˼̈́˿̌ 
̄˷˺̇̊˾́˷̌ [4].  

˭˼̂̓ ̄˷̏˼̀ ̇˷˸̅̉̒ – ˿̈̈̂˼˻̅˹˷̄˿˼ ̆̄˼˹-

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

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

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

̆̇̊˽˿̄̄̒̌ ˷̖́́̊̃̊̂̉̅̇̅˹. 

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

̄̒˼ ̄˷ ˸˷˾˼ ̆̄˼˹̃˷̉˿̎˼̈́˿̌ ̍˿̂˿̄˻̇̅˹ ̈ ˹̅˾-
˹̇˷̉̄̒̃˿ ̆̇̊˽˿̄˷̃˿ [13–15]. ˥˸̒̎̄̅ ̉˷́˿˼ 
̍˿̂˿̄˻̇̒ ˿̈̆̅̂̓˾̖̊̉̈̕ ˹ ̆̇˿˹̅˻˷̌ ̈ ̅˻̄̅-

̈̉̅̇̅̄̄˼̀ ̄˷˺̇̊˾́̅̀. 

В ̉˷˸̂. 1 ̆̇˼˻̈̉˷˹̂˼̄̒ ̌˷̇˷́̉˼̇˿̈̉˿́˿ 

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

̆̇̊˽˿̄˷̃˿ ˿̉˷̖̂̓̄̈́̅̀ ̋˿̇̃̒ Pnevmax. 

ǎǧǴоǦǽ ǪǳǳǭǧǦоǤǢǯǪȁ 

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

̆̇˿̃˼̖̄˼̃̒˼ ˹ ̆̇˿˹̅˻˷̌ ̈ ̅˻̄̅̈̉̅̇̅̄̄˼̀ 

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

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

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

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

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

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

̄̅̈̉̓ ˿ ̈̄˿˾˿̉̓ ˾˷̉̇˷̉̒ ̄˷ ̆̇̅˼́̉˿̇̅˹˷̄˿˼. 
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ǳ ǤоǩǤǲǢǴǯǽмǪ ǱǲǵǨǪǯǢмǪ  

ǪǴǢǭǾȁǯǳǬоǫ ǶǪǲмǽ Pnevmax 

T a b l e  1  

Characteristics of pneumatic cylinders with return springs 

of the Italian company Pnevmax 

˛˿˷̃˼̉̇ 

̖̆̅̇̏̄, ̃̃ 

ˬ˷̇˷́̉˼̇˿̈̉˿́˿ ̍˿˿̄˻̇̅˹
F̄, ˤ FК, ˤ c, ˤ/̃

ǬȈȊȐȎȖȈȋȈȍȄȐț ȑȅȐȈȈ ISO 6431-1260 (ȕȎȄ 0–40 ȌȌ)

ø 12 9,9 26,5 415

ø 16 10,8 22,6 295

ø 20 10,8 22,6 295

ø 25 7,9 49,1 1030

ø 32 19,7 53,0 832,5

ø 40 39,3 106,0 1667,5

ø 50 39,3 106,0 1667,5

ǬȈȊȐȎȖȈȋȈȍȄȐț ȑȅȐȈȈ ISO 6431-1280 «MIR»  

(ȕȎȄ 0–50 ȌȌ) 

ø 8 2,2 4,2 40

ø 10 2,2 4,2 40

ø 12 4,0 8,7 94

ø 16 7,5 21,0 270

ø 20 11,0 22,0 220

ø 25 16,5 30,7 284

ø 32 23,0 52,5 590

ǶȈȋȈȍȄȐț ȑȅȐȈȈ ISO 15552-1319-20-21  

(ȕȎȄ 0–50 ȌȌ) 

ø 32 17,2 41,7 490

ø 40 24,6 83,4 1176

ø 50 51,0 114,8 1276

ø 63 51,0 114,8 1276

ø 80 98,1 194,2 1922

ø 100 98,1 194,2 1922

ǪȎȌȏаȊȒȍțȅ ȖȈȋȈȍȄȐț «ЕвȐȎȏа» (ȕȎȄ 0–25 ȌȌ) 

ø 12 3,9 9,3 216

ø 16 4,4 17,7 532

ø 20 4,9 18,1 528

ø 25 9,8 25,5 628

ø 32 12,3 34,3 880

ø 40 16,7 44,1 1096

ø 50 27,5 51,0 940

ø 63 37,3 63,8 1060

ø 80 59,4 99,4 1600

ø 100 101,3 141,9 1624

˦ ̇ ˿ ̃ ˼ ̎ ˷ ̄ ˿ ˼ : F̄ – ̄˷̎˷̂̓̄̅˼ ̊̈˿̂˿˼, ̆̇˿ ˹̖̒̉-

̄̊̉̅̃ ̏̉̅́˼; F́ – ̃˷́̈˿̃˷̂̓̄̅˼ ̊̈˿̂˿˼, ̆̇˿ ˹̖̉̄̊̉̅̃ 

̏̉̅́˼ ̆̇̊˽˿̄˼; c – ˽˼̈̉́̅̈̉̓ ̆̇̊˽˿̄̒.  

˦̅̈̉̇̅˼̄˿˼ ̆̇̊˽˿̄̄̒̌ ̆̇˿˹̅˻̅˹ ̈ ̇˼́̊-

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

̄˼̀̄̅˺̅ ̆̇̊˽˿̄̄̅˺̅ ˷̖́́̊̃̊̂̉̅̇˷ ̈ ˻˹̖̊̃ 

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

̇˿̈. 1. 

˘˼˾ ̊̎˼̉˷ ˻˿̈̈˿̆˷̉˿˹̄̒̌ ̆̅̉˼̇̓ ̇˷̈-

̈̃˷̉̇˿˹˷˼̃̒̀ ̆̇̊˽˿̄̄̒̀ ̆̇˿˹̅˻ ̆̇˼˻-

̈̉˷˹̖̂˼̉ ̈̅˸̅̀ ́̅̄̈˼̇˹˷̉˿˹̄̒̀ ̂˿̄˼̀̄̒̀ 

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

̐˼̀ ̅̉ ˷̃̆̂˿̉̊˻̒, ̆̅̔̉̅̃̊ ́ ̄˼̃̊ ̆̇˿̃˼̄˿-

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

̄˼̀̄̒̌ ̅̈̍˿̖̂̂̉̅̇̅˹ [5, 7]. ˩˷́˷̖ ́̅̄̋˿˺̊-

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

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

̇˼̃̅̀ ˴̇˿ ̂̕˸̅̀ ˹̅˾̃̅˽̄̒̀ ˹˷̇˿˷̄̉ ˹́̂̕-

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

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

˷  ˿̃˼̄̄̅: 

˹ ̄˷̎˷̂˼ ̌̅˻˷; 
̄˷ ˹̈˼̃ ̆˼̇˼̃˼̐˼̄˿˿ ̇˷˸̅̎˼˺̅ ̅̇˺˷̄˷; 
˹ ̄˷̎˷̂˼ ˿ ˹ ́̅̄̍˼ ̌̅˻˷ (˹ ̈˼̇˼˻˿̄˼ ˽˼ ̌̅˻˷ 

̆̅̂̅̈̉˿ ̍˿̂˿̄˻̇̅˹ ̈̅˼˻˿̖̖̄̉̈̕ ̈ ˷̉̃̅̈̋˼-
̇̅̀); 

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

ˤ˷ ̇˿̈. 2 ̆̇˼˻̈̉˷˹̂˼̄̅ ˺̇˷̋˿̎˼̈́̅˼ ˿˾̅˸-

̇˷˽˼̄˿˼ ̉˼̅̇˼̃̒ ˴̇˿. 

˩˷́ ́˷́ ̉˼̅̇˼̃˷ ˸̒̂˷ ̈̋̅̇̃̊̂˿̇̅˹˷̄˷ 

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

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

̃˼̌˷̄˿́˿ ́̅̄̈̉̇̊́̉˿˹̄̅ ̆̇̅̐˼ ˸̒̂̅ ̆̅˻˷-

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

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

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

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

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

˼́̉˿̇̅˹˷̄˿̖ ̆̅˾˹̖̅̂̉̕ ˹̒̆̅̂̄˿̉̓ ́̅̃̆˼̄-

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

́̅̄̊, ˼̈̂˿ ̔̉̅ ̄˼ ̆̇̅̉˿˹̅̇˼̎˿̉ ˹̅˾̃̅˽̄̒̃ 

́̅̄̈̉̇̊́̉˿˹̄̒̃ ̅˺̇˷̄˿̎˼̄˿̖̃, ̄˷̆̇˿̃˼̇ 

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

˷̖́́̊̃̊̂̉̅̇̅˹ [4]. 
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˧˿̈. 1. ˨̌˼̃˷ ̂˿̄˼̀̄̅˺̅ ̆̇̊˽˿̄̄̅˺̅ ˷̖́́̊̃̊̂̉̅̇˷ ̈ ˻˹̖̊̃ ̆̇̊˽˿̄˷̃˿ ̈˽˷̉˿̖ 

Fig. 1. Diagram of a linear spring battery with two compression springs 

 

 
 

˧˿̈. 2. ˚̇˷̋˿̎˼̈́̅˼ ˿˾̅˸̇˷˽˼̄˿˼ ̉˼̅̇˼̃̒ ˴̇˿ 

Fig. 2. Graphic representation of the Erie theorem 
 

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

̂˼̄̄̒̌ ˹ ̉˷˸̂. 1 ̆̄˼˹̃˷̉˿̎˼̈́˿̌ ̍˿̂˿̄˻̇̅˹ ̈ 

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

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

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

̖̃̊̂̉̅̇˷ ̈ ˻˹̖̊̃ ̆̇̊˽˿̄˷̃˿. 

˛̖̂ ̂˿̄˼̀̄̅˺̅ ̆̇̊˽˿̄̄̅˺̅ ˷̖́́̊̃̊̂̉̅̇˷ 

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

 π / 2 .t m c  (1) 

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

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

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

̇˷˽˼̄˿˼̃: 

 
min ̄ ./L F c h 

 

(2)

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

˺˿̖ ̆̇̊˽˿̄̒ ̇˷˹̄˷ 

 

2
min ̄˦ 0,5 / .F c

 

(3)

 ˣ˷́̈˿̃˷̂̓̄˷̖ ̆̅̉˼̄̍˿˷̂̓̄˷̖ ̔̄˼̇˺˿̖ 

̆̇̊˽˿̄̒ ̇˷˹̄˷ 

  2

max min0, .5ǯ c S L   (4)

 В˹˼˻˼̃ ̖̆̅̄̉˿˼ ̔̋̋˼́̉˿˹̄̅̀ ̆̅̉˼̄̍˿˷̂̓-
̄̅̀ ̔̄˼̇˺˿˿ ˦̔̋, ̇˷˹̄̅̀ ̇˷˾̄̅̈̉˿ ̃˷́̈˿̃˷̂̓-
̄̅̀ ˿ ̃˿̄˿̃˷̂̓̄̅̀ ̆̅̉˼̄̍˿˷̂̓̄̒̌ ̔̄˼̇˺˿̀: 

 
2

̔̋ max min min0,5c .( S )ǯ ǯ ǯ S L     (5)

 

S

S

S

S

t 

t 

t = T/2 

t = T/2 
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 « » 

a) ) 

) ) 

 
 

˧˿̈. 3. ˚̇˷̋˿́˿ ˿˾̃˼̄˼̄˿̖ ̃˷́̈˿̃˷̂̓̄̅̀ ̃˷̈̈̒ ̆˼̇˼̃˼̐˷˼̃̅̀ ̄˷˺̇̊˾́˿ m  

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

Fig. 3. Graphs of changes in the mass of the load m from a given time of movement t  

 

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

̇̅̈̉̓ ́˷̇˼̉́˿ ˹ ̈̇˼˻̄˼̃ ̆̅̂̅˽˼̄˿˿: 

 max ̔̋2 ./x ǯ m&  (6)

 

˟˾ ̊̇˷˹̄˼̄˿̖ (1) ̃̅˽̄̅ ̅̆̇˼˻˼̂˿̉̓ ̃˷́-

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

˹̇˼̃˼̄˿ ̆˼̇˼̃˼̐˼̄˿̖ t.

 

ˤ˷ ̇˿̈. 3 ̆̇˼˻̈̉˷˹̂˼̄̒ ˾˷˹˿̈˿̃̅̈̉˿ ̃˷́̈˿-

̃˷̂̓̄̅̀ ̃˷̈̈̒ m ̄˷˺̇̊˾́˿, ́̅̉̅̇̊̕ ̃̅˽̄̅ ̆˼-
̇˼̃˼̈̉˿̉̓ ̅̉ ˾˷˻˷̄̄̅˺̅ ˹̇˼̃˼̄˿ ̆˼̇˼̃˼̐˼̄˿̖ t. 

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

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

˨˷̄́̉-˦˼̉˼̇˸̊̇˺̈́̅˺̅ ̆̅̂˿̉˼̌̄˿̎˼̈́̅˺̅ ̊̄˿-

˹˼̇̈˿̉˼̉˷ ˦˼̉̇˷ В˼̂˿́̅˺̅, ̆̅̈̉̇̅˼̄̄̒̀ ̈ ̆̇˿-

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

̆̅ ̈̌˼̃˼ ̂˿̄˼̀̄̅˺̅ ̆̇̊˽˿̄̄̅˺̅ ˷̖́́̊̃̊̂̉̅̇˷ 
c ˻˹̖̊̃ ̆̇̊˽˿̄˷̃˿ (̈̃. ̇˿̈. 1), ̇˷̈̈̃˷̉̇˿˹˷˼̉-
̖̈ ̄˷ ̆̇˿̃˼̇˼ ̆̇˿˹̅˻˷ ̏˿˸˼̇̄̅˺̅ ˻̅˾˷̉̅̇˷. 
˨̌˼̃˷ ̆̅̈̂˼˻̄˼˺̅ ̆̇˼˻̈̉˷˹̂˼̄˷ ̄˷ ̇˿̈. 4. 

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

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

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

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

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

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

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

̅̇˺˷̄˷ ˹ ́̇˷̀̄˿̌ ̆̅̂̅˽˼̄˿̖̌ ˿̈̆̅̂̓˾̊˼̖̉̈ ̇˷̈-
̆̇˼˻˼̂˿̉˼̂̓ 5/3, ̊ ́̅̉̅̇̅˺̅ ˹ ̄˼̀̉̇˷̂̓̄̅̃ ̆̅-

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

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

˹˷̄̒ ̆̄˼˹̃˷̉˿̎˼̈́˿˼ ̍˿̂˿̄˻̇̒ ̋˿̇̃̒ 

˦̄˼˹̃˷́̈ (˟̉˷̂˿̖) ̈ ˻˿˷̃˼̉̇̅̃ ̖̆̅̇̏̄ 16 ̃̃, 

̌̅˻̅̃ ̏̉̅́˷ 25 ̃̃ ˿ ˽˼̈̉́̅̈̉̓̕ ̆̇̊˽˿̄̒ 

295 ˤ/̃ (̈̃. ̉˷˸̂. 1). ˦̇˿ ̃˷̈̈˼ ̏˿˸˼̇˷ 0,7 ́˺ 
˹̇˼̖̃ ̆˼̇˼̃˼̐˼̄˿̖ t ˿˾ ̅˻̄̅˺̅ ́̇˷̀̄˼˺̅ ̆̅-

̂̅˽˼̄˿̖ ˹ ˻̇̊˺̅˼ ̇˷˹̄̅ 0,11 ̈. ˦̇˿ ˿̈̆̅̂̓˾̅-

˹˷̄˿˿ ́̅̃̆˷́̉̄̅˺̅ ̍˿̂˿̄˻̇˷ «˜˹̇̅̆˷» ̈ ̉˷-
́˿̃ ˽˼ ˻˿˷̃˼̉̇̅̃ ̖̆̅̇̏̄ ˿ ̈ ˽˼̈̉́̅̈̉̓̕
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˧˿̈. 4. ˣ˼̌˷̉̇̅̄̄̒̀ ̆̇˿˹̅˻ ̏˿˸˼̇̄̅˺̅ ˻̅˾˷̉̅̇˷: 
1 – ̆̄˼˹̃˷̉˿̎˼̈́˿˼ ̍˿̂˿̄˻̇̒ ̈ ˹̅˾˹̇˷̉̄̒̃˿ ̆̇̊˽˿̄˷̃˿; 2 – ́̅̇̆̊̈ ˻̅˾˷̉̅̇˷;  

3 – ̆̄˼˹̃˷̉˿̎˼̈́˿̀ ̇˷̈̆̇˼˻˼̂˿̉˼̂̓ 5/3; 4 – ˸̂̅́ ̆̅˻˺̅̉̅˹́˿ ˹̅˾˻̊̌˷; 5 – ̇˼˺̊̂˿̇̊˼̃̒˼  
˻̇̅̈̈˼̂˿; 6 – ˻˷̉̎˿́˿ ̆̅̂̅˽˼̄˿̖; 7 – ́̂˷̆˷̄ ˸̒̈̉̇̅˺̅ ˹̒̌̂̅̆˷; 8 – ˺̂̊̏˿̉˼̂̓; 9 – ̏˿˸˼̇ 

Fig. 4. Mechatronic drive of the gate dosing^ 

1 – pneumatic cylinders with return springs; 2 – body of dosing; 3 – pneumatic distributor 5/3;  

4 – air preparation unit; 5 – adjustable throttles; 6 –position sensors; 7 – quick exhaust valve;  

8 – silencer; 9 – gate 

 

̆̇̊˽˿̄̒ 532 ˤ/̃ (̈̃. ̉˷˸̂. 1) ˹̇˼̖̃ t c̅̈̉˷˹˿̉ 
0,09 ̈. ˥̈̅˸˼̄̄̅̈̉̓̕ ̇˷˾̇˷˸̅̉˷̄̄̅˺̅ ̆̇˿˹̅˻˷ 

̖˹̖̂˼̖̉̈ ̇˼˽˿̃ ̇˷˸̅̉̒ ̈ ̄̊̂˼˹̅̀ ̈́̅̇̅̈̉̓̕ 

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

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

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

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

˧˷̈̈̃̅̉̇˿̃ ˹̅˾̃̅˽̄̅̈̉̓ ̆̇˿̃˼̄˼̄˿̖ 

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

̆̇̊˽˿̄˷̃˿ ˹ ̃˼̌˷̉̇̅̄̄̒̌ ̆̇̊˽˿̄̄̒̌ ̇˼́̊-

̆˼̇˷̉˿˹̄̒̌ ̆̇˿˹̅˻˷̌, ̆̅̈̉̇̅˼̄̄̒̌ ̄˷ ˸˷˾˼ 
̄˼̂˿̄˼̀̄̅˺̅ ̆̇̊˽˿̄̄̅˺̅ ˷̖́́̊̃̊̂̉̅̇˷ [5]. 

˨̌˼̃˷ ̄˼̂˿̄˼̀̄̅˺̅ ̆̇̊˽˿̄̄̅˺̅ ˷̖́́̊̃̊̂-

̉̅̇˷ ̆̇˿˹˼˻˼̄˷ ̄˷ ̇˿̈. 5.  

В ̇˷˸̅̉˼ [5] ̆̅́˷˾˷̄̅, ̎̉̅ ̆̇̊˽˿̄̄̒̀ ˷́-

̖́̊̃̊̂̉̅̇ ̆̇˼˹̇˷̐˷˼̖̉̈ ˹ ̂˿̄˼̀̄̒̀ ˺˷̇̃̅-

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

̖̂˼̖̉̈ ̊̇˷˹̄˼̄˿˼̃ (1), ˼̈̂˿ ˹̖̒̆̅̂̄˼̖̉̈ ̈̂˼-
˻̊̐̕˼˼ ̈̅̅̉̄̅̏˼̄˿˼ ̃˼˽˻̊ ̌˷̇˷́̉˼̇˿̈̉˿́˷-
̃˿ ̆̇̊˽˿̄̄̅˺̅ ˷̖́́̊̃̊̂̉̅̇˷: 

 ̄ / ,/h mg c F c   (7) 

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

̃˷̂̓̄̅̃̊ ̇˷̖̈̈̉̅̄˿̕ ̃˼˽˻̊ ̖̅̈̃˿ ̏˷̇̄˿̇̄̒̌ 
̈̅˼˻˿̄˼̄˿̀ ̆̇̊˽˿̄̄̅˺̅ ˷̖́́̊̃̊̂̉̅̇˷. 

ˣ˷̈̈˷ ̆̅̂˾̊̄˷ ˹ ̔̉̅̃ ̈̂̊̎˷˼ ˻̅̂˽̄˷ ˸̒̉̓ 

̇˷˹̄˷ 
 m = Fh/g.  (8) 

В̇˼̖̃ ̆˼̇˼̃˼̐˼̄˿̖ ̇˷˹̄̅ [5] 

 .t h  (9) 

ˣ˷́̈˿̃˷̂̓̄̅˼ ̅̉́̂̅̄˼̄˿˼ ́˷̇˼̉́˿ ̅̉ 
̈̇˼˻̄˼˺̅ ̆̅̂̅˽˼̄˿̖ ȕmax ̅̆̇˼˻˼̖̂˼̖̉̈ ̈̂˼˻̊-

̐̕˿̃ ˹̒̇˷˽˼̄˿˼̃: 

 2
max ,2x s hs   (10) 

˺˻˼ s – ̌̅˻ ̍˿̂˿̄˻̇˷. 
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˧˿̈. 5. ˤ˼̂˿̄˼̀̄̒̀ ̆̇̊˽˿̄̄̒̀ ˷̖́́̊̃̊̂̉̅̇ ̈ ̆̅̈̉̊̆˷̉˼̂̓̄̅̀ ̆˷̇̅̀  

̄˷ ˸˷˾˼ ̆̇̊˽˿̄̒ ̈˽˷̉˿̖: 

1 – ̄˷̆̇˷˹̖̂̐̕˷̖; 2 – ́˷̇˼̉́˷ (̆̅̂˾̊̄); 3 – ̆̇̊˽˿̄˷; 4 – ˸̅́̅˹̒˼ ̏˷̇̄˿̇̒ 

Fig. 5. Non-linear spring battery with a forward pair on the base  

of the compression spring: 

1 – guideway; 2 – carriage (slider); 3 – spring; 4 – side hinges 

 

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

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

̄˷˺̇̊˾́˷ ̄˷ ̄˷̆̇˷˹̖̂̐̊̕̕ ̇˷˹̄˷ ̄̊̂̕. 

В ̉˷˸̂. 2 ̆̇˼˻̈̉˷˹̂˼̄̒ ̆˷̇˷̃˼̉̇̒ ̆̇̊-

˽˿̄̄̅˺̅ ̆̇˿˹̅˻˷ ̈ ̇˷˾˺̇̊˾́̅̀ ̄˷̆̇˷˹̖̂̐̕˿̌ 

̅̉ ̃˷̈̈̒ ́˷̇˼̉́˿,  

˦̇˿ ˿̈̆̅̂̓˾̅˹˷̄˿˿ ̈̉˷̄˻˷̇̉̄̒̌ ̆̇˿̈̅-

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

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

̉˷˸̂. 2, ˿ ̆̇˿˹˼˻˼̄̒ ˹ ̉˷˸̂. 3 ˻̖̂ ̆̄˼˹̃˷̉˿̎˼-
̈́˿̌ ̍˿̂˿̄˻̇̅˹ ̈ ˻˿˷̃˼̉̇˷̃˿ ̖̆̅̇̏̄ ̅̉ 8 ˻̅ 

100 ̃̃. 

В ̔̉̅̃ ̈̂̊̎˷˼ ˹̇˼̖̃ t ̃̅˽̄̅ ̆̅̂̊̎˿̉̓ ˹ 

̈̅̅̉˹˼̉̈̉˹˿˿ ̈ ̇˷˸̅̉̅̀ [9] ˿˾ ̇˼̏˼̄˿̖ ̈̂˼˻̊-

̐̕˼˺̅ ̊̇˷˹̄˼̄˿̖ 

 
m˷̌

m˷̌ m˷̌ ̉

/ 2 ,
˦

x

x

dx
t m

ǯ


  (11) 

˺˻˼ Пт  – ̉˼́̊̐˼˼ ˾̄˷̎˼̄˿˼ ̆̅̉˼̄̍˿˷̂̓̄̅̀ 

̔̄˼̇˺˿˿, ̅̆̇˼˻˼̖̂˼̃̅̀ ́̅̅̇˻˿̄˷̉̅̀ ȕ. 

˦̅̈̂˼ ̆̇˼̅˸̇˷˾̅˹˷̄˿̀ ̊̇˷˹̄˼̄˿˼ (11) 

̆̇˿̄˿̃˷˼̉ ̈̂˼˻̊̐̕˿̀ ˹˿˻: 

 / .tht m cK  (12) 

˞˻˼̈̓ Kth	– ˸˼˾̇˷˾̃˼̇̄̒̀ ́̅̔̋̋˿̍˿˼̄̉, ̆̅-

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

̄˼̄˿̖ 

   
1

2 2
1 2 2 2

/ ,

1

th

dx
K m c

h h x h h



    
  (13) 

˺˻˼ max/ ,h h x  max/ .x x x  

В ̉˷˸̂. 4 ̆̇˿˹˼˻˼̄̒ ̎˿̈̂˼̄̄̒˼ ˾̄˷̎˼̄˿̖ 

́̅̔̋̋˿̍˿˼̄̉˷ kth ˹ ˾˷˹˿̈˿̃̅̈̉˿ ̅̉ .h  

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

̆̇̊˽˿̄˷̃˿ – ̆̇˿˹̅˻ ̖̆̇̅̉˺˿˹˷̄˿̖ ̊̆˷́̅˹̅̎̄̅-

˺̅ ̃˷̉˼̇˿˷̂˷ ˹ ̋˷̈̅˹̅̎̄̅-̊̆˷́̅˹̅̎̄̒̌ ˷˹̉̅̃˷-
̉˷̌, ̆̇˼˻̈̉˷˹̂˼̄̄̒̀ ̄˷ ̇˿̈. 6. 
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˩ ˷ ˸ ̂ ˿ ̍ ˷  2  

ǑǢǲǢмǧǴǲǽ ǱǲǵǨǪǯǯоǥо ǱǲǪǤоǦǢ ǳ ǲǢǩǥǲǵǩǬоǫ  

ǯǢǱǲǢǤǭȁȀǻǪǷ ǱǲǪ мǢǬǳǪмǢǭǾǯоǫ мǢǳǳǧ ǬǢǲǧǴǬǪ 

T a b l e  2  

Parameters of the spring drive with unloading  

guideways with the maximum mass of the carriage 

˛˿˷̃˼̉̇ 

̖̆̅̇̏̄, ̃̃ 
h, ̃ t, ̈ 2xmax, ̃̃ 

ǬȈȊȐȎȖȈȋȈȍȄȐț ȑȅȐȈȈ ISO 6431-1260 (ȕȎȄ 0–40 ȌȌ)

12 0,024 0,154 118 

16 0,037 0,191 135 

20 0,037 0,191 135 

25 0,008 0,088 94 

32 0,024 0,154 118 

40 0,024 0,154 118 

50 0,024 0,154 118 

ǬȈȊȐȎȖȈȋȈȍȄȐț ȑȅȐȈȈ ISO 6431-1280 «MIR»  

(ȕȎȄ 0–50 ȌȌ) 

8 0,055 0,235 179 

10 0,055 0,235 179 

12 0,043 0,206 164 

16 0,028 0,167 145 

20 0,050 0,224 173 

25 0,058 0,241 182 

32 0,039 0,197 160 

ǶȈȋȈȍȄȐț ȑȅȐȈȈ ISO 15552-1319-20-21 (ȕȎȄ 0–50 ȌȌ)

32 0,035 0,187 155 

40 0,021 0,145 136 

50 0,040 0,200 161 

63 0,040 0,200 161 

80 0,051 0,226 174 

100 0,051 0,226 174 

ǪȎȌȏаȊȒȍțȅ ȖȈȋȈȍȄȐț «ЕвȐȎȏа» (ȕȎȄ 0–25 ȌȌ) 

12 0,018 0,134 78 

16 0,008 0,091 64 

20 0,009 0,096 66 

25 0,016 0,125 75 

32 0,014 0,118 73 

40 0,015 0,123 74 

50 0,029 0,171 91 

63 0,035 0,188 98 

80 0,037 0,193 100 

100 0,062 0,250 122 

˩ ˷ ˸ ̂ ˿ ̍ ˷  3  

ǉǯǢǹǧǯǪǧ h ǱǲǪ ǳǴǢǯǦǢǲǴǯǽǷ ǱǲǪǳоǧǦǪǯǪǴǧǭǾǯǽǷ  

ǿǭǧмǧǯǴǢǷ 

T a b l e  3  

h value with standard connections 

˛˿˷̃˼̉̇ 

̖̆̅̇̏̄, ̃̃
hmin, ̃ 2xmax, ̃̃ Kth 

8 46 145 5,024 

10 46 145 5,024 

12 51 150 5,215 

16 51 150 5,215 

20 60 160 5,215 

25 64 164 5,293 

32 109 232 6,276 

40 125 245 6,447 

50 150 265 3,443 

 

˦̇̊˽˿̄̄̒̀ ̆̇˿˹̅˻ ̈̅̈̉̅˿̉ ˿˾ ̆̄˼˹̃˷̉˿̎˼-
̈́̅˺̅ ̍˿̂˿̄˻̇˷ 1, ̈̄˷˸˽˼̄̄̅˺̅ ̆̇̊˽˿̄̅̀ ̈˽˷-
̉˿̖ 2, ́̅̉̅̇˷̖ ̊̈̉˷̄̅˹̂˼̄˷ ˹ ̏̉̅́̅˹̅̀ ̆̅̂̅̈̉˿ 

̍˿̂˿̄˻̇˷ 1. ˨ ̆̅̃̅̐̓̕ ˸̅́̅˹̒̌ ̏˷̇̄˿̇̅˹ 3 

̍˿̂˿̄˻̇ ˾˷́̇˼̆̂˼̄ ̄˷ ́̅̇̆̊̈˼ ̆̇˿˹̅˻˷. ˯̉̅́ 

̍˿̂˿̄˻̇˷ 1 ̏˷̇̄˿̇̄̅ ̈̅˼˻˿̄˼̄ ̈ ̄˷̆̇˷˹̖̂̐̕˼̀ 

4. ˦̇˿˹̅˻ ̈̄˷˸˽˼̄ ̆̄˼˹̃˷̉˿̎˼̈́˿̃ ̇˷̈̆̇˼˻˼̂˿-

̉˼̂˼̃ 5/3 (̆̅˾˿̍˿̖ 5). ˤ˷ ̆̄˼˹̃˷̉˿̎˼̈́̅̃ ̍˿-

̂˿̄˻̇˼ 1 ̊̈̉˷̄̅˹̂˼̄̒ ˻˷̉̎˿́˿ ̆̅̂̅˽˼̄˿̖ – ˺˼̇-

́̅̄̒ 6. ˦̇˿ ˻˹˿˽˼̄˿˿ ̆̅̂˾̊̄˷ ˹ ̂̕˸̅˼ ˿˾ ́̇˷̀-

̄˿̌ ̆̅̂̅˽˼̄˿̀ ̆̇̊˽˿̄˷ 2 ̈˽˿̃˷˼̖̉̈.  

˧˷˸̅̉˷ ̆̇̅˿̈̌̅˻˿̉ ̈̂˼˻̊̐̕˿̃ ̅˸̇˷˾̅̃. 

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

̉˼̂̓ 5, ́̅̉̅̇̒̀ ̆˼̇˼̌̅˻˿̉ ˹ ́̇˷̀̄˼˼ ̂˼˹̅˼ ̆̅-

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

̆̄˼˹̃˷̉˿̎˼̈́˿̀ ̍˿̂˿̄˻̇ 1, ˿ ̄˷̎˿̄˷˼̖̉̈ 

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

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

˻˷̉̎˿́˷ 6, ˹ ́̅̄̉̇̅̂̂˼̇ 7 ̆̅̈̉̊̆˷˼̉ ̈˿˺̄˷̂, ˹ 

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

̉̇̅̃˷˺̄˿̉̄̒̀ ˹̌̅˻ ̇˷̈̆̇˼˻˼̂˿̉˼̖̂ 5, ́̅̉̅̇̒̀ 

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

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

̆̇̅˿̈̌̅˻˿̉ ̉̅̂̓́̅ ̆̅˻ ˻˼̀̈̉˹˿˼̃ ̊̈˿̂˿̖ ̆̇̊-
˽˿̄̒ 2. ˩˷́ ̆̇̅˻̅̂˽˷˼̖̉̈ ˻̅ ̉˼̌ ̆̅̇, ̆̅́˷
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˩ ˷ ˸ ̂ ˿ ̍ ˷  4  

ЧǪǳǭǧǯǯǽǧ ǩǯǢǹǧǯǪȁ ǬоǿǶǶǪǸǪǧǯǴǢ kth Ǥ ǩǢǤǪǳǪмоǳǴǪ оǴ h  

T a b l e  4   

Numerical values of the coefficient kth depending on h  

h  Kth 

0 3,142 

0,01 3,162 

0,02 3,182 

0,03 3,203 

0,04 3,225 

0,05 3,246 

0,06 3,268 

0,07 3,291 

0,08 3,314 

0,09 3,337 

0,10 3,360 

0,11 3,384 

0,12 3,408 

0,13 3,433 

0,14 3,457 

0,15 3,483 

0,16 3,508 

0,17 3,534 

0,18 3,560 

0,19 3,586 

h  Kth 

0,20 3,613 

0,21 3,640 

0,22 3,668 

0,23 3,695 

0,24 3,723 

0,25 3,752 

0,26 3,780 

0,27 3,809 

0,28 3,838 

0,29 3,868 

0,30 3,897 

0,31 3,928 

0,32 3,958 

0,33 3,989 

0,34 4,019 

0,35 4,051 

0,36 4,082 

0,37 4,114 

0,38 4,146 

0,39 4,178 

h  Kth 

0,40 4,211 

0,41 4,243 

0,42 4,276 

0,43 4,310 

0,44 4,343 

0,45 4,377 

0,46 4,411 

0,47 4,445 

0,48 4,480 

0,49 4,514 

0,50 4,549 

0,51 4,585 

0,52 4,620 

0,53 4,656 

0,54 4,692 

0,55 4,728 

0,56 4,764 

0,57 4,800 

0,58 4,837 

0,59 4,874 

h  Kth 

0,60 4,911 

0,61 4,948 

0,62 4,986 

0,63 5,024 

0,64 5,062 

0,65 5,100 

0,66 5,138 

0,67 5,176 

0,68 5,215 

0,69 5,254 

0,70 5,293 

0,71 5,332 

0,72 5,371 

0,73 5,411 

0,74 5,451 

0,75 5,490 

0,76 5,530 

0,77 5,571 

0,78 5,611 

0,79 5,651 

h  Kth 

0,80 5,692 

0,81 5,733 

0,82 5,774 

0,83 5,815 

0,84 5,856 

0,85 5,897 

0,86 5,939 

0,87 5,981 

0,88 6,022 

0,89 6,064 

0,90 6,106 

0,91 6,148 

0,92 6,191 

0,93 6,233 

0,94 6,276 

0,95 6,318 

0,96 6,361 

0,97 6,404 

0,98 6,447 

0,99 6,490 

 

1

2 3 

5

7 4 

6 

 
 

˧˿̈. 6. ˦̇̊˽˿̄̄̒̀ ̆̇˿˹̅˻ ̃˼̌˷̄˿˾̃˷ ̖̆̇̅̉˺˿˹˷̄˿̖ ̊̆˷́̅˹̅̎̄̅˺̅ ̃˷̉˼̇˿˷̂˷: 

1 – ̆̄˼˹̃˷̉˿̎˼̈́˿̀ ̍˿̂˿̄˻̇ ̈ ̆̇̊˽˿̄̅̀ ̈˽˷̉˿̖; 2 – ̆̇̊˽˿̄˷ ̈˽˷̉˿̖; 3 – ˸̅́̅˹̒˼ ̏˷̇̄˿̇̒;  

4 – ̄˷̆̇˷˹̖̂̐̕˷̖; 5 – ̆̄˼˹̃˷̉˿̎˼̈́˿̀ ̇˷̈̆̇˼˻˼̂˿̉˼̂̓ 5/3; 6 – ˺˼̇́̅̄̒; 7 – ̈˿̈̉˼̃˷ ̊̆̇˷˽̄˼̄˿̖ 

Fig. 6. Spring drive mechanism for pulling packaging material: 

1 – pneumatic cylinder with compression spring; 2 – compression spring; 3 – side hinges; 4 – directing;  

5 – pneumatic distributor 5/3; 6 – reed switches; 7 – exercise system 
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̄˼ ˹̅˾̄˿́̄˼̉ ́̅̄̋˿˺̊̇˷̍˿̖, ́̅˺˻˷ ̆̄˼˹̃˷̉˿̎˼-
̈́˿̀ ̍˿̂˿̄˻̇ ˾˷̀̃˼̉ ˹˼̇̉˿́˷̂̓̄̅˼ ̆̅̂̅˽˼̄˿˼; 
˻˷̂̓̄˼̀̏˼˼ ˻˹˿˽˼̄˿˼ ̆̇̅˿̈̌̅˻˿̉ ̆̅˻ ˻˼̀̈̉˹˿˼̃ 

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

̆̅̉˼̄̍˿˷̂̓̄˷̖ ̔̄˼̇˺˿̖ ˹ ̆̇̊˽˿̄˼ 2. К̅˺˻˷ ́˷-
̇˼̉́˷ ̆̇˿˸̂˿˽˷˼̖̉̈ ́ ́̇˷̀̄˼̃̊ ̆̇˷˹̅̃̊ ̆̅̂̅-

˽˼̄˿̕, ̈̇˷˸˷̉̒˹˷˼̉ ˻˷̉̎˿́ ̆̅̂̅˽˼̄˿̖ 6 ˿ ̇˷̈-
̆̇˼˻˼̂˿̉˼̂̓ ̆˼̇˼́̂̎̕˷˼̖̉̈ ˹ ́̇˷̀̄˼˼ ̆̇˷˹̅˼ ̆̅-

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

˹ ́̇˷̀̄˼̃ ̆̇˷˹̅̃ ̆̅̂̅˽˼̄˿˿. ˛˷̂˼˼ ̄˷̎˿̄˷˼̖̉̈ 

˻˹˿˽˼̄˿˼ ˹ ̅˸̇˷̉̄̊̕ ̈̉̅̇̅̄̊. ˤ˷̂˿̎˿˼ ̆̄˼˹̃˷-
̉˿̎˼̈́̅˺̅ ̇˷̈̆̇˼˻˼̂˿̉˼̖̂ 5 ̆̅˾˹̖̅̂˼̉ ˹́̂̎̕˷̉̓ 
˿ ˹̒́̂̎̕˷̉̓ ̆̅˻˷̎̊ ̈˽˷̉̅˺̅ ˹̅˾˻̊̌˷ ˹ ̆̅̂̅̈̉˿ 

̆̄˼˹̃˷̉˿̎˼̈́̅˺̅ ̍˿̂˿̄˻̇˷ 1 ̆̇˿ ̇˷˾̂˿̎̄̒̌ 
́̅̄̋˿˺̊̇˷̍˿̖̌ ̆̇˿˹̅˻˷, ̅˸˼̈̆˼̎˿˹˷̖ ̉̇˼˸̊˼̃̒˼ 
˾˷́̅̄̒ ˻˹˿˽˼̄˿̖ ˹̒̌̅˻̄̅˺̅ ˾˹˼̄˷. ˫˿́̈˷̍˿̖ 

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

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

˺̅ ̍˿̂˿̄˻̇˷. ˦̇̊˽˿̄̄̒̀ ˷̖́́̊̃̊̂̉̅̇ 2 ̖˹̖̂˼̉-
̖̈ ̄˼̂˿̄˼̀̄̅̀ ́̅̂˼˸˷̉˼̂̓̄̅̀ ̈˿̈̉˼̃̅̀ ̈ ̆̅-

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

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

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

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

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

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

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

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

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

̆̇̅̉˿˹̂˼̄˿̖, ̅̆̇˼˻˼̖̂˼̃̅̀ ˹̄̊̉̇˼̄̄˿̃ ̉̇˼-
̄˿˼̃ ˹ ̆̇̊˽˿̄˼, ̇˷˹̄̒ [4] 

 1 ̔̋.˦A   (15) 

К̅̔̋̋˿̍˿˼̄̉ ̇˷̈̈˼˿˹˷̄˿̖  ̃̅˽̄̅ ̆̇˿-

̄˿̃˷̉̓ ̇˷˹̄̒̃ 0,1.  

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

  
max

min

2 ̉p̆p ,

x

x

A F x dx



   (16) 

˺˻˼ F̉̇ ̆̇ – ̈˿̂˷ ̉̇˼̄˿̖ ˹ ̏˷̇̄˿̇̄̒̌ ̈̅˼˻˿̄˼-
̄˿̖̌ ˤ˦А, ̆̇˿˹˼˻˼̄̄˷̖ ́ ̆̅̂˾̊̄̊. 

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

̄˼̄˿˼ ̃˺̄̅˹˼̄̄̒̌ ̃̅̐̄̅̈̉˼̀ ̈˿̈̉˼̃̒: 

 N1 = N2, (17) 

˺˻˼ N1 – ̃˺̄̅˹˼̄̄˷̖ ̃̅̐̄̅̈̉̓ ̆̇˿˹˼˻˼̄̄̅̀ ́ 

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

̖̌ ̆̇̊˽˿̄̒; N2 – ̃˺̄̅˹˼̄̄˷̖ ̃̅̐̄̅̈̉̓ ̈˿̂ 

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

ˣ˺̄̅˹˼̄̄˷̖ ̃̅̐̄̅̈̉̓ ̈˿̂̒ F̉̇ ̆̇ ̉̇˼̄˿̖ 

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

˼̖̉̈ ˿˾ ˹̒̇˷˽˼̄˿̖ 

 1 ̉p ̆p .N F x &  (18) 

В ̈̅̅̉˹˼̉̈̉˹˿˿ ̈ ̇˷˸̅̉̅̀ [4] ̃˺̄̅˹˼̄̄˷̖ 

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

 2 ̆p 2 ,2 /N F fd q &  (19) 

˺˻˼ F̆̇ – ̉˼́̊̐˼˼ ̊̈˿̂˿˼ ̆̇̊˽˿̄̒; f – ́̅̔̋-

̋˿̍˿˼̄̉ ̉̇˼̄˿̖ ˹ ̏˷̇̄˿̇̄̒̌ ̈̅˼˻˿̄˼̄˿̖̌ 
̆̇̊˽˿̄̒; d – ˻˿˷̃˼̉̇ ̅̈˿ ̏˷̇̄˿̇̄̅˺̅ ̈̅˼˻˿-

̄˼̄˿̖; q& – ̊˺̂̅˹˷̖ ̈́̅̇̅̈̉̓ ̆̅˹̅̇̅̉˷ ̆̇̊˽˿-

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

̏˷̇̄˿̇̄̒̌ ̈̅˼˻˿̄˼̄˿̖̌ ̆̅̂̊̎˿̃ ˿˾ ̈̅˹̃˼̈̉-
̄̅˺̅ ̇˼̏˼̄˿̖ ̈˿̈̉˼̃̒ ̊̇˷˹̄˼̄˿̀ (18) ˿ (19): 

 ̉p ̆p ̆p / .F F fdq x & &  (20) 

ˤ˷̀˻˼̃ ̅̉̄̅̏˼̄˿˼ ./q x& &  В ̈̅̅̉˹˼̉̈̉˹˿˿ ̈ 

̇˿̈. 5 ˿̃˼˼̃ 

 tg q = h / x.  (21) 

В˾̖˹ ̆̇̅˿˾˹̅˻̄̒˼ ̅̉ ̂˼˹̅̀ ˿ ̆̇˷˹̅̀ ̎˷-
̈̉˼̀ ̊̇˷˹̄˼̄˿̖ (11), ̆̅̂̊̎˿̃ 

 2 2(1/ cos ) ( / ) ,q q h x x& &  (22) 

˿̂˿ 

 

2 2

2 2 2 2 2 2

)

)

/ ( / cos

( / / (( .)) / ( )

q x h x q

h x x x h h x h

 

   

& &
 (23) 

˩˼́̊̐˼˼ ̊̈˿̂˿˼ ̆̇̊˽˿̄̒ F̆̇ ̅̆̇˼˻˼̖̂˼̖̉̈ 

˿˾ ̊̇˷˹̄˼̄˿̖ 

 2 2
̆̇ ( ( ) ).F c x h h   (24) 
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˦̇˿˹˼˻˼̄̄˷̖ ́ ́˷̇˼̉́˼ ̈˿̂˷ ̉̇˼̄˿̖ ˹ ̏˷̇-

̄˿̇̄̒̌ ̈̅˼˻˿̄˼̄˿̖̌ ̆̇̊˽˿̄̒ ̅̆̇˼˻˼̖̂˼̖̉̈ 

̆̅ ̋̅̇̃̊̂˼ [4] 

 

 2 2
̉̇ ̆̇ 2 2

2 22 2

1
.

h
F cfd x h h

x h

h
cfdh

x hx h

   


 
    

 (25) 

В˹˼˻˼̃ ˸˼˾̇˷˾̃˼̇̄̒˼ ̆˷̇˷̃˼̉̇̒ max/h h x  

˿ max ./x x x  ˩̅˺˻˷ ̊̇˷˹̄˼̄˿˼ (25) ̆̇˿̃˼̉ ˹˿˻ 

 ̉̇ ̆̇ 2 22 2
.

1 h
F cfdh

x hx h

 
    

 (26) 

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

̈̂˼˻̊̐̕˿̃ ˹̒̇˷˽˼̄˿˼̃: 

 
1 1

2 2 22 2
1 1

1
.

h
A cfdh dx dx

x hx h 

 
    

   (27) 

˟ ̆̅̈̂˼ ̆̇˼̅˸̇˷˾̅˹˷̄˿̀ ̆̅̂̊̎˿̃ 

  2
2

1
2 ln 1 1 arctg .lnA cfdh h h h

h

      
 

 (28) 

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

́˷̂̓̄̅̀ ̈̅̈̉˷˹̖̂̐̕˼̀ ̊̈˿̂˿̖ ̆̇̊˽˿̄̒. 

В ̅˸̐˼̃ ˹˿˻˼ ̅̄˷ ̇˷˹̄˷ 

 ̉̇ ̆p s .inF mgf F q   (29) 

˜̈̂˿ ̆˷̇˷̃˼̉̇̒ ̆̇˿˹̅˻˷ ̅˸˼̈̆˼̎˿˹˷̉̕ 
˹̒̆̅̂̄˼̄˿˼ ̈̅̅̉̄̅̏˼̄˿̖ (7), ̉̅ ̆̅̉˼̇˿ ̄˷ 
̉̇˼̄˿˼ ˹ ̄˷̆̇˷˹̖̂̐̕˿̌ ̇˷˹̄̒ ̄̊̂̕. 

ǒǧǩǵǭǾǴǢǴǽ ǪǳǳǭǧǦоǤǢǯǪȁ 

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

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

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

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

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

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

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

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

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

̆̇˿ ˹˼̂˿̎˿̄˼ ̌̅˻˷ ̏̉̅́˷ 40–50 ̃̃ ˹̒̌̅˻̄̅˼ 
˾˹˼̄̅ ̃̅˽˼̉ ̆˼̇˼̃˼̐˷̖̉̓̈ ̄˷ ̇˷̖̈̈̉̅̄˿̖ ˸̅-

̂˼˼ ̎˼̃ ˹ 2 ̇˷˾˷ ˿ ˸̅̂˼˼ ˹˼̂˿̎˿̄̒ ̌̅˻˷  
˧˷̈̈̎˿̉˷̄̒ ̃˷́̈˿̃˷̂̓̄̒˼ ˾̄˷̎˼̄˿̖ ̃˷̈̈ 

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

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

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

1 ̈. ˛̖̂ ̍˿̂˿̄˻̇̅˹ ̈˼̇˿̀ ISO 6431-1260 ˿ ISO 

15552-1319-20-21 ̃˷́̈˿̃˷̂̓̄˷̖ ̃˷̈̈˷ ̃̅˽˼̉ 
˻̅̈̉˿˺˷̉̓ 400 ́˺, ˷ ˻̖̂ ̍˿̂˿̄˻̇̅˹ ̈˼̇˿̀ ISO 

6431-1280 ˿ «˜˹̇̅̆˷» ̃˷́̈˿̃˷̂̓̄˷̖ ̆˼̇˼̃˼-
̐˷˼̃˷̖ ̃˷̈̈˷ ̃̅˽˼̉ ˻̅̈̉˿˺˷̉̓ 200 ́˺. 

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

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

̆̇˿̖̉̄̒˼ ˻˿̄˷̃˿̎˼̈́˿˼ ̇˼˽˿̃̒ ̇˷˸̅̉̒. 

˦̅̂̊̎˼̄̄̒˼ ̇˼˾̊̂̓̉˷̉̒ ˿̈̆̅̂̓˾̅˹˷̄̒ ̆̇˿ 

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

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

̉̅̃˷̉˷ ˻̖̂ ̈̒̆̊̎˿̌ ̆̇̅˻̊́̉̅˹ ˹ ˻˿˷̆˷˾̅̄˼ 
̄˷˺̇̊˾̅́ ̅̉ 0,5 ˻̅ 5 ˺. ˧˼˾̊̂̓̉˷̉˷̃˿ ̃̅˺̊̉ ˹̅̈-
̆̅̂̓˾̅˹˷̖̉̓̈ ̇˷˾̇˷˸̅̉̎˿́˿ ̔̄˼̇˺̅̈˸˼̇˼˺˷̕-

̐˼˺̅ ̉˼̌̄̅̂̅˺˿̎˼̈́̅˺̅ ̅˸̅̇̊˻̅˹˷̄˿̖.  
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