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Ïðè ðàçðàáîòêå òåõíîëîãè÷åñêèõ ñèñòåì ïîÿâëÿåòñÿ íåîáõîäèìîñòü ïåðåäàâàòü èí-
ôîðìàöèþ íà çíà÷èòåëüíûå ðàññòîÿíèÿ áåç èñïîëüçîâàíèÿ òðàäèöèîííûõ ñðåäñòâ ñâÿ-
çè ââèäó íåâîçìîæíîñòè èõ ïðèìåíåíèÿ, íàïðèìåð, â îáëàñòè ãåîíàâèãàöèè ïðè áóðå-
íèè íàêëîííûõ/ãîðèçîíòàëüíûõ ñêâàæèí. Îäíèì èç âîçìîæíûõ êàíàëîâ äëÿ ïåðåäà÷è 
èíôîðìàöèè â äàííîé îáëàñòè ÿâëÿåòñÿ ãèäðàâëè÷åñêèé êàíàë ñâÿçè (ÃÊÑ). Ïîýòîìó â íàñòîÿ-
ùåå âðåìÿ çàäà÷à ïî ðàçðàáîòêå ýôôåêòèâíîãî ìåòîäà è ñïîñîáà ïåðåäà÷è èíôîðìàöèè ïî ÃÊÑ 
ñòàíîâèòñÿ àêòóàëüíîé. Öåëüþ äàííîé ðàáîòû ñòàëî ñîçäàíèå ìàòåìàòè÷åñêîé ìîäåëè ÃÊÑ äëÿ 
ïðåäîñòàâëåíèÿ ïðàêòè÷åñêèõ ðåêîìåíäàöèé ïðè åãî èñïîëüçîâàíèè â òåõíèêå äëÿ îöåíêè âîç-
ìîæíîñòè ïåðåäà÷è ïî íåìó èíôîðìàöèè áåç ïðîâåäåíèÿ äîðîãîñòîÿùèõ íàòóðíûõ èñïûòàíèé.
Â ñòàòüå ïðèâåäåíà ìàòåìàòè÷åñêàÿ ìîäåëü ÃÊÑ, ïðåäñòàâëÿþùåãî ñîáîé äëèííóþ ãèäðîëèíèþ, ñ 
ó÷åòîì ãðàíè÷íûõ óñëîâèé íà åãî âõîäå è âûõîäå èç íåãî. Âõîäíîå ãðàíè÷íîå óñëîâèå ïðåäñòàâëåíî 
ïîðøíåâûì íàñîñîì ñ êðèâîøèïíî-øàòóííûì ïðèâîäíûì ìåõàíèçìîì. Âûõîäíîå ãðàíè÷íîå óñ-
ëîâèå ïðåäñòàâëåíî äðîññåëåì – ìåõàíè÷åñêèì óñòðîéñòâîì, ñïîñîáíûì ïåðåêðûâàòü ïðîõîäíîé 
êàíàë â ãèäðîëèíèè, òåì ñàìûì ñîçäàâàÿ èìïóëüñû äàâëåíèÿ, ñ ïîìîùüþ êîòîðûõ ôîðìèðóåòñÿ ïî-
ëåçíàÿ èíôîðìàöèÿ, ïåðåäàâàåìàÿ ïî ÃÊÑ. Ïîêàçàíà ïîëó÷åííàÿ õàðàêòåðèñòèêà äëÿ îòíîñèòåëü-
íîé ìãíîâåííîé ïîäà÷è Q  â çàâèñèìîñòè îò óãëà   ïîâîðîòà âàëà íàñîñà. Äàíî ñîîòíîøåíèå, óñòà-
íàâëèâàþùåå ñâÿçü ïëîùàäè îòêðûâàåìûõ îêîí äðîññåëÿ îò óãëà ïîâîðîòà åãî âàëà. Ðàññìîòðåíû 
äâà ïðèìåíÿåìûõ ìåòîäà êîäèðîâàíèÿ èíôîðìàöèè â òåõíîëîãè÷åñêèõ ñèñòåìàõ äëÿ ïåðåäà÷è èí-
ôîðìàöèè è ïðèâåäåíà çàâèñèìîñòü äëÿ çàòóõàíèÿ àìïëèòóäû ñèãíàëà ïðè ïåðåäà÷å äàííûõ ïî ÃÊÑ. 
Âûïîëíåíî ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ñèñòåìû ñ ÃÊÑ è îïèñàííûõ ãðàíè÷íûõ óñëîâèÿõ. Ïî-
ëó÷åí âèä èìïóëüñà äàâëåíèÿ. Ïî ðåçóëüòàòàì ðàáîòû áûëè ñäåëàíû âûâîäû.

Êëþ÷åâûå ñëîâà: êàíàë ñâÿçè ãèäðàâëè÷åñêèé, ìîäåëü ìàòåìàòè÷åñêàÿ, ãèäðîëèíèÿ äëèííàÿ, 
ãåíåðàòîð èìïóëüñîâ äàâëåíèÿ
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Ââåäåíèå
Â íàñòîÿùåå âðåìÿ àêòèâíî ðàçðàáàòûâàþò-

ñÿ è èññëåäóþòñÿ âîçìîæíîñòü è òåõíè÷åñêèå 
ñðåäñòâà äëÿ ïåðåäà÷è èíôîðìàöèè â òåõíîëî-
ãè÷åñêèõ ñèñòåìàõ íà áîëüøèå ðàññòîÿíèÿ â 
óñëîâèÿõ, ãäå òðàäèöèîííûå ñðåäñòâà ïåðåäà÷è 
èíôîðìàöèè íå ïðèìåíèìû [1]. Â ñîâðåìåííîé 
òåõíèêå èñïîëíèòåëüíûé ãèäðîïðèâîä, êàê 
ïðàâèëî, ñîâìåùåí â îäíîì áëîêå ñ óïðàâëÿ-
þùèì èì ýëåêòðîãèäðàâëè÷åñêèì óñèëèòåëåì 
(ÝÃÓ) [2, 3]. Äàííûå àïïàðàòû, óñòàíàâëèâà-
åìûå îêîëî ðåãóëèðóþùåãî îðãàíà îáúåêòà, 
ðàñïîëàãàþòñÿ â ðàçíûõ åãî ìåñòàõ è óäàëåí-
íî îò ôîðìèðóþùåãî ñèãíàëû óïðàâëåíèÿ 
óñòðîéñòâà. ×òîáû çàùèòèòü ëèíèè ñâÿçè îò 
âîçäåéñòâèÿ ýëåêòðîìàãíèòíûõ ïîëåé è âûõîäà 
èç ñòðîÿ âñåé ñèñòåìû óïðàâëåíèÿ, ðàíåå ïðè-
ìåíÿëèñü ìåõàíè÷åñêèå ñâÿçè, êîòîðûå íå 
îáåñïå÷èâàëè âîçðàñòàþùèõ òðåáîâàíèé ê 
òî÷íîñòè óïðàâëåíèÿ òàêèìè îáúåêòàìè, êàê 
ëåòàòåëüíûå, ñàìîõîäíûå, ñòàöèîíàðíûå íà-
çåìíûå àïïàðàòû [2]. Â ñâÿçè ñ ýòèì ïîÿâèëèñü 

ïðåäëîæåíèÿ ïî ïðèìåíåíèþ ãèäðàâëè÷åñêîãî 
êàíàëà ñâÿçè (ÃÊÑ). Íåîáõîäèìîñòü ïîâûøåíèÿ 
íàäåæíîñòè ðåçåðâèðîâàíèÿ â ñîâðåìåííûõ ñà-
ìîëåòàõ áîëüøèõ ðàçìåðîâ ïðèâåëà ê ïðèìåíå-
íèþ ÃÊÑ [4, 5]. Äðóãèì ïðèìåðîì ïðèìåíåíèÿ 
ÃÊÑ ìîæåò ñëóæèòü åãî èñïîëüçîâàíèå äëÿ 
ñðåäñòâ ãåîíàâèãàöèè – íàêëîííî-íàïðàâëåííî-
ãî áóðåíèÿ ñîâìåñòíî ñ ïðèáîðîì, ñïîñîáíûì 
ôîðìèðîâàòü â íåì èíôîðìàöèþ [6]. ÃÊÑ ïî 
ñðàâíåíèþ ñ òðàäèöèîííîé êàáåëüíîé ñèñòåìîé 
îêàçûâàåòñÿ íà 70–80% äåøåâëå [7].

Îäíàêî â ÃÊÑ âîçíèêàþò âîëíîâûå ïðîöåñ-
ñû, óñòðàíåíèå êîòîðûõ èçâåñòíûìè ìåòîäàìè 
ìîæåò îòðàçèòüñÿ íà òî÷íîñòè óïðàâëåíèÿ ñè-
ëîâîé ÷àñòüþ ãèäðîïðèâîäà [2]. Â ñâÿçè ñ ýòèì 
ðàçðàáîòêà èíôîðìàöèîííîãî è óïðàâëÿþùåãî 
ÃÊÑ ÿâëÿåòñÿ àêòóàëüíîé çàäà÷åé [2, 6, 7]. 

Öåëüþ äàííîé ðàáîòû ñòàëî ñîçäàíèå ìà-
òåìàòè÷åñêîãî àïïàðàòà äëÿ ïðåäîñòàâëåíèÿ 
ïðàêòè÷åñêèõ ðåêîìåíäàöèé ïðè èñïîëüçîâàíèè 
ÃÊÑ è îöåíêè åãî òåõíîëîãè÷åñêèõ âîçìîæíî-
ñòåé ñ òî÷êè çðåíèÿ ïåðåäà÷è èíôîðìàöèè.
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1. Ìàòåìàòè÷åñêîå îïèñàíèå 
ñèñòåìû ñ ãèäðàâëè÷åñêèì 
êàíàëîì ñâÿçè
Â êà÷åñòâå ïðèìåðà òåõíè÷åñêîé ñèñòåìû 

ñ ÃÊÑ ðàññìîòðåíà ñõåìà óïðàâëåíèÿ ãèäðîï-
íåâìîðåññîðû (ðèñ. 1). 

Äëÿ ñîçäàíèÿ áûñòðîäåéñòâóþùåé ñèñòåìû 
ïîäðåññîðèâàíèÿ íåîáõîäèìî èìåòü âîçìîæ-
íîñòü íåïðåðûâíî îòñëåæèâàòü è êîððåêòèðî-
âàòü âåðòèêàëüíîå ïîëîæåíèå êîëåñ äëÿ ðàâíî-
ìåðíîãî ðàñïðåäåëåíèÿ íàãðóçîê è óâåëè÷åíèÿ 
ñöåïëåíèÿ à/ì ñ äîðîãîé [3, 8, 9]. Èíôîðìàöèÿ 
ìîæåò ñîáèðàòüñÿ, îáðàáàòûâàòüñÿ (êîäèðî-
âàòüñÿ) è ïåðåäàâàòüñÿ â ñèñòåìó óïðàâëåíèÿ 
ïî ÃÊÑ ñ ïîìîùüþ ãåíåðàòîðà èìïóëüñîâ äàâ-
ëåíèÿ [6, 7].

Ïðè ñîñòàâëåíèè ìàòåìàòè÷åñêîé ìîäåëè 
äàííàÿ ñèñòåìà ìîæåò áûòü ñâåäåíà ê îïèñà-
íèþ òðåõ îáúåêòîâ (ýòî îòíîñèòñÿ è ê ëþáîé 
äðóãîé ñèñòåìå ñ ïîäîáíîé ñòðóêòóðîé):

• ãðàíè÷íîå óñëîâèå: ïîðøíåâîé íàñîñ (íàñî-
ñíàÿ óñòàíîâêà) ñ àêêóìóëÿòîðíûì áëîêîì 
è âñïîìîãàòåëüíîé ãèäðîàïïàðàòóðîé;

• äëèííàÿ ãèäðîëèíèÿ (ãèäðîëèíèÿ ñ÷è-
òàåòñÿ äëèííîé, åñëè âðåìÿ çàêðûòèÿ 
çàäâèæêè, óñòàíîâëåííîé íà åå âûõîäå, 
ìåíüøå âðåìåíè ðàñïðîñòðàíåíèÿ óäàð-

íîé âîëíû ïî ãèäðîëèíèè) ÃÊÑ;
• ãðàíè÷íîå óñëîâèå – íàãðóçêà: ãèäðàâëè-

÷åñêèé ïðèâîä ñ ÝÃÓ.
Ïðèíöèïèàëüíàÿ ñõåìà ãèäðîñèñòåìû ñ 

ÃÊÑ ïðèâåäåíà íà ðèñ. 2.
Â ñîñòàâ íàñîñíûé óñòàíîâêè, êàê ïðàâèëî, 

âõîäèò íàñîñ ïîðøíåâîãî òèïà ñ êðèâîøèïíî-
øàòóííûì ïðèâîäîì. Ïðèíöèïèàëüíàÿ ñõåìà 
ìåõàíèçìà íàñîñà ïðèâåäåíû íà ðèñ. 3. Äàííûé 
òèï íàñîñîâ èñïîëüçóþò â íàñòîÿùåå âðåìÿ â 
õèìè÷åñêîì ïðîèçâîäñòâå, íåôòåäîáûâàþùåé 
ïðîìûøëåííîñòè, ãîðíîì äåëå, òåõíèêå âûñî-
êèõ è ñâåðõâûñîêèõ äàâëåíèé [10]. 

Îñîáåííîñòü ïîëó÷åíèÿ ðàáî÷åé õàðàêòåðè-
ñòèêè ïîäà÷è íàñîñà ñâÿçàíà ñ êèíåìàòè÷åñêè-
ìè õàðàêòåðèñòèêàìè ïðèâîäíîãî ìåõàíèçìà 
íàñîñà. Ñìåùåíèå ïîðøíÿ x  (ñì. ðèñ. 3), îò-
ñ÷èòûâàåìîå îò êðàéíåãî âíåøíåãî ïîëîæåíèÿ 
(ïðèíÿëè çà ïîëîæèòåëüíîå íàïðàâëåíèå ïðè 
õîäå íàãíåòàíèÿ (âûòåñíåíèå)), îïðåäåëÿåòñÿ 
ïî ñëåäóþùåìó ñîîòíîøåíèþ [10]:

           1 cos 1 cosx R L , (1)

ãäå R  – ðàäèóñ êðèâîøèïà, L  – äëèíà øàòóíà, 
  – óãîë ïîâîðîòà êðèâîøèïà,   – óãîë îòêëî-
íåíèÿ øàòóíà.

Ðèñ. 1. Ñòðóêòóðíàÿ ñõåìà âàðèàíòà òåõíè÷åñêîé ñèñòåìû ñ ÃÊÑ: 
1 – ãðàíè÷íîå óñëîâèå: ïîðøíåâîé íàñîñ ñ àêêóìóëÿòîðíûì áëîêîì è âñïîìîãàòåëüíîé ãèäðîàïïàðàòóðîé; 

2 – äëèííàÿ ãèäðîëèíèÿ (ÃÊÑ); 3 – ãðàíè÷íîå óñëîâèå – íàãðóçêà: ãèäðàâëè÷åñêèé ïðèâîä ñ ÝÃÓ 
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Íåòðóäíî ïîêàçàòü [10], ÷òî 

              
1 cos 1 cos2

4
x R , (2)

ò.ê.    sin sin
R

L
, ââåäÿ,  

R

L
, ïðèíÿâ 

   
       

2
2 221 sin 1 sin

2
.

Ñêîðîñòü (
ïu ) è óñêîðåíèå ( ïw ) ïîðøíÿ 

ìîæíî îïðåäåëèòü ïîñëåäîâàòåëüíûì äèô-
ôåðåíöèðîâàíèåì óðàâíåíèÿ (2), ïîëàãàÿ 
ñêîðîñòü âðàùåíèÿ êðèâîøèïà ðàâíîìåðíîé 
  /d dt . Ñîãëàñíî óðàâíåíèþ (2), ê îñíîâ-
íîé ãàðìîíèêå äâèæåíèÿ äîáàâëÿåòñÿ âòîðàÿ 
ñîñòàâëÿþùàÿ, èìåþùàÿ â   ðàç ìåíüøóþ àì-
ïëèòóäó è â 2 ðàçà áîëüøóþ ÷àñòîòó. Âëèÿíèå 
ýòîé ñîñòàâëÿþùåé óìåíüøàåòñÿ ñ óâåëè÷å-
íèåì îòíîñèòåëüíîé äëèíû êðèâîøèïà /L R . 
Äëÿ ðàññìîòðåíèÿ êèíåìàòè÷åñêèõ ïðîöåññîâ 
âûðàæåíèÿ äëÿ x , ïu  è ïw  çàìåíÿþò ïðèáëè-
æåííûìè óðàâíåíèÿìè [10]:

    1 cosx R ,   sinïu R , 
    2 cosïw R . (3)

Ó÷èòûâàÿ, ÷òî ïîäà÷à íàñîñà ñâÿçàíà ñî ñêî-
ðîñòüþ ïîðøíÿ ( ïu ), âûðàæåíèå äëÿ ìãíîâåí-
íîé ïîäà÷è áóäåò [10]:

  (4)

ãäå 
ïD  – äèàìåòð ïîðøíÿ.

Äëÿ íàñîñà ñ êëàïàííîé ñèñòåìîé ðàñ-
ïðåäåëåíèÿ (ðèñ. 3) ôóíêöèÿ ïîäà÷è 

 ÿâëÿåòñÿ ïðåðûâèñòîé. Ðàáî-
÷àÿ æèäêîñòü âûòåñíÿåòñÿ â íàïîðíóþ 
ëèíèþ ïðè         1 ,  1, 3, 5k k k . Ïðè 

      1k k  ïîäà÷à  0iQ . Âñëåäñòâèå 
ýòîãî æèäêîñòü ïîñòóïàåò â íàïîðíóþ ëèíèþ 
íåðàâíîìåðíî [10]. Èçìåíåíèå îòíîñèòåëüíîé 
ìãíîâåííîé ïîäà÷è Q  â çàâèñèìîñòè îò óãëà   
ïîâîðîòà âàëà íàñîñà:

 



   2

ï

4
.i

i

Q
Q

D R
 (5)

Ãðàôè÷åñêîå ïðåäñòàâëåíèå äëÿ 
iQ  ïðè 

 3i  (êîëè÷åñòâî ñåêöèé íàñîñà) ïðèâåäåíî íà 
ðèñ. 4.

Íà ðèñ. 4 ïîêàçàíû îòäåëüíî õàðàêòåðèñòè-
êè äëÿ êàæäîé ñåêöèè íàñîñà (âåðõíèé ãðàôèê), 
à òàêæå ñóììà òðåõ õàðàêòåðèñòèê (íèæíèé 
ãðàôèê). Íåðàâíîìåðíîñòü ïîäà÷è íàñîñà õà-
ðàêòåðèçóåòñÿ êîýôôèöèåíòîì íåðàâíîìåð-
íîñòè (ïóëüñàöèè ïîäà÷è) . Äëÿ 
íàñîñà îäíîñòîðîííåãî äåéñòâèÿ ñ òðåìÿ ïîðø-
íÿìè (òðåõñåêöèîííîãî)  [10]. Ïóëü-
ñàöèÿ ïîäà÷è ÿâëÿåòñÿ íåäîñòàòêîì ãèäðàâëè-
÷åñêèõ ñèñòåì, îñîáåííî ïðè èñïîëüçîâàíèè 
ÃÊÑ, ïîñêîëüêó â ãèäðîëèíèè âîçíèêàþò íå-
ñòàöèîíàðíûå ïðîöåññû, âûçâàííûå äåéñòâèåì 

Ðèñ. 2. Ïðèíöèïèàëüíàÿ ñõåìà ãèäðîñèñòåìû ñ ÃÊÑ: 
Ò – áàê; Í – íàñîñ; À – àêêóìóëÿòîðíûé áëîê; Ï 
– ïóëüñàòîð (íàãðóçêà) èëè èíîé äðóãîé ýëåìåíò 

ãèäðîñèñòåìû, ñïîñîáíûé ôîðìèðîâàòü èìïóëüñû 
äàâëåíèÿ â ãèäðîëèíèè; 1–2 – äëèííàÿ ãèäðîëèíèÿ 
èëè ÃÊÑ, òî÷êà (1) – âõîä â äëèííóþ ãèäðîëèíèþ, 

òî÷êà (2) – âûõîä èç íåå 

Ðèñ. 3. Ïðèíöèïèàëüíàÿ ñõåìà êðèâîøèïíî-øàòóííîãî ìåõàíèçìà ïîðøíåâîãî íàñîñà [9]
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ñèë èíåðöèè, ÷òî íåãàòèâíî ñêàçûâàåòñÿ íà ïå-
ðåäà÷å èíôîðìàöèè – áîëüøèå ïîìåõè è áîëü-
øîå çàòóõàíèå ïîëåçíîãî ïåðåäàâàåìîãî ñèã-
íàëà, à òàêæå íà ðåñóðñå îáîðóäîâàíèÿ. Ïðè 
îïðåäåëåííûõ óñëîâèÿõ ýòè ïðîöåññû äåëàþò 
èñïîëüçîâàíèå ÃÊÑ íà òàêèõ ðåæèìàõ íåâîç-
ìîæíûì. Äëÿ óñòðàíåíèÿ äàííûõ íåæåëàòåëü-
íûõ ÿâëåíèé ïðîâîäÿò ðÿä ìåð, íàïðàâëåííûõ 
íà âûðàâíèâàíèå ïóëüñàöèé ïîäà÷è, çàêëþ÷àþ-
ùèõñÿ â ïðèìåíåíèè àêêóìóëÿòîðíûõ áëîêîâ 
è ðåãóëÿòîðîâ [11, 12].

Ìàòåìàòè÷åñêîå îïèñàíèå ãèäðàâëè÷åñêîé 
ïðîâîäêè ñâîäèòñÿ ê îïèñàíèþ ïðîöåññîâ â 
äëèííîé ãèäðîëèíèè [11–14]. Íåñòàöèîíàðíûå 
ïðîöåññû â äëèííîé ãèäðîëèíèè (ÃÊÑ), ñõåìà 
êîòîðîé ïðèâåäåíà íà ðèñ. 2, ìîæíî îïèñûâàòü 
ñ ïîìîùüþ ìàòðè÷íîãî óðàâíåíèÿ èëè òàê íàçû-
âàåìîãî óðàâíåíèÿ ÷åòûðåõïîëþñíèêà [11, 13]:

 
 
     
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p s p s
G s

Q s Q s
, (6)

ãäå 1p , 2p  – äàâëåíèÿ â íà÷àëå è â êîíöå ãè-
äðîëèíèè, ñîîòâåòñòâåííî; 1Q , 2Q  – îáúåì-
íûé ðàñõîä æèäêîñòè â íà÷àëå è â êîíöå ãèäðî-
ëèíèè, ñîîòâåòñòâåííî;  ëG s  – ïåðåäàòî÷íàÿ 
ìàòðèöà ãèäðîëèíèè, îïðåäåëÿåìàÿ â âèäå:
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ãäå    
        

ñæ, sinh
W s

v s x s x
s

 

         1 1,0 cosh ,0p s s L v s  – èçîáðàæåíèå 
ïî Ëàïëàñó ñðåäíåé ñêîðîñòè íåñòàöèîíàðíîãî 
ïîòîêà ïî ñå÷åíèþ ãèäðîëèíèè;  ñæW s  – ïå-
ðåäàòî÷íàÿ ôóíêöèÿ, îïðåäåëÿåìàÿ êàê òð/s B  
[11, 13]; A  – ïëîùàäü ïðîõîäíîãî ñå÷åíèÿ ãè-
äðîëèíèè; L  – äëèíà ãèäðîëèíèè.

Óðàâíåíèå âèäà (6) ñ ó÷åòîì ôîðìóëû (7) 
ïðåäñòàâëÿåò ñîáîé óðàâíåíèå ãèïåðáîëè÷å-
ñêîãî òèïà. Ìåòîäèêà àíàëèòè÷åñêîãî ðåøåíèÿ 
äàííîãî óðàâíåíèÿ ïðèâåäåíà â ðàáîòå [11]. 

Íàãðóçêîé íà âûõîäå èç äëèííîé ãèäðîëè-
íèè ïðè ðàáîòå ÃÊÑ ÿâëÿåòñÿ ìåõàíè÷åñêîå 
óñòðîéñòâî ñïîñîáíîå ïåðåêðûâàòü ïðîõîäíîé 
êàíàë [6], òåì ñàìûì ñîçäàâàÿ èìïóëüñû äàâëå-
íèÿ, ñ ïîìîùüþ êîòîðûõ ôîðìèðóåòñÿ ïîëåç-
íàÿ èíôîðìàöèÿ, ïåðåäàâàåìàÿ ïî ÃÊÑ â ñèñòå-
ìó óïðàâëåíèÿ, ò.å. íàëè÷èå âûñîêîãî óðîâíÿ 
äàâëåíèÿ îçíà÷àåò ëîãè÷åñêóþ «åäèíèöó», îò-

Ðèñ. 4. Èçìåíåíèå îòíîñèòåëüíîé ìãíîâåííîé ïîäà÷è Q  â çàâèñèìîñòè îò óãëà   ïîâîðîòà âàëà íàñîñà
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ñóòñòâèå – ëîãè÷åñêèé «íóëü». Îñíîâíûå óðàâ-
íåíèÿ äëÿ ðàñõîäà æèäêîñòè   íQ , ïðîõîäÿùåé 
÷åðåç îêíà ðîòîðà (çîëîòíèêà) ãåíåðàòîðà èì-
ïóëüñîâ äàâëåíèÿ (ïóëüñàòîðà), îïèñûâàþùèå 
íàãðóçêó, ñëåäóþùèå [12, 15]:

      



2 2 ,í
í í í

p
Q Q A  (8)

ãäå í  – êîýôôèöèåíò ðàñõîäà ÷åðåç îòêðû-
âàþùèåñÿ îêíà ðîòîðà (çîëîòíèêà) ãåíåðàòîðà 
èìïóëüñîâ äàâëåíèÿ (ïóëüñàòîðà) [6], ïðèíöè-
ïèàëüíàÿ ñõåìà ðàñïîëîæåíèÿ ðîòîðà (çîëîò-
íèêà) â ïðîöåññå ðàáîòû ïðèâåäåíà íà ðèñ.  5; 

íA  – ïëîùàäü îòêðûâàåìûõ îêîí ðîòîðà; 
  – ïëîòíîñòü ïðèìåíÿåìîé ðàáî÷åé æèäêî-
ñòè;  íp  – ïåðåïàä äàâëåíèé ðàáî÷åé æèä-
êîñòè â ÃÊÑ ïðè îòêðûòèè/çàêðûòèè îêîí 
ðîòîðà (çîëîòíèêà) ïóëüñàòîðà,   2í ñëp p p , 

ñëp  – äàâëåíèå çà ïóëüñàòîðîì (çà çîëîòíèêîì).
Íåòðóäíî ïîêàçàòü, ÷òî ïëîùàäü îòêðûâàå-

ìûõ îêîí ðîòîðà áóäåò:

 
         

2 2
1 2 10

1
,

2
max

í îêíA z A z R R C  (9)

ãäå îêíA  – ïëîùàäü îäíîãî îêíà (ñåêòîðà) çî-
ëîòíèêà; 1R , 2R  – íàðóæíûé è âíóòðåííèé 
ðàäèóñû îêíà çîëîòíèêà;  , max  – òåêóùèé 
óãîë è ìàêñèìàëüíûé óãîë ïîâîðîòà çîëîòíèêà 
â ðàäèàíàõ (äëÿ ðàññìàòðèâàåìîé êîíñòðóêöèè 
   / 4max ); 1C  – êîíñòàíòà èíòåãðèðîâàíèÿ 
– ïëîùàäü ïðåäóñòàíîâëåííîãî çàçîðà ìåæäó 
ðîòîðîì (çîëîòíèêîì) è ñòàòîðîì; z  – êîëè-
÷åñòâî îêîí çîëîòíèêà, äëÿ ðàññìàòðèâàåìîãî 
ñëó÷àÿ  4z .

2. Ôîðìèðîâàíèå ñèãíàëà 
â ãèäðàâëè÷åñêîì êàíàëå ñâÿçè
Ïîñêîëüêó ÃÊÑ îòíîñèòñÿ ê êàíàëàì ñâÿçè 

ñ âûñîêèì óðîâíåì øóìà, òî íàèáîëåå ðàñ-
ïðîñòðàíåííûì è ïðèìåíÿåìûì ìåòîäîì ôîð-
ìèðîâàíèÿ è êîäèðîâàíèÿ ñèãíàëà ÿâëÿåòñÿ 
«Ìàí÷åñòåðñêèé êîä», îòíîñÿùèéñÿ ê ñàìî-
ñèíõðîíèçèðóþùèìñÿ êîäàì è èìåþùèé äâà 
óðîâíÿ, ÷òî îáåñïå÷èâàåò õîðîøóþ ïîìåõî-
çàùèùåííîñòü [7, 16]. Â ñèñòåìàõ ñ ÃÊÑ êîäè-
ðîâàíèå èíôîðìàöèè âûïîëíÿåòñÿ ïåðåïàäîì 
äàâëåíèÿ, ñîçäàâàåìûì ïåðåêðûòèåì êàíàëà 
ñ æèäêîñòüþ ïðè ïîìîùè ïóëüñàòîðà [6]: ëî-
ãè÷åñêàÿ «åäèíèöà» – ïåðåïàä äàâëåíèÿ îò 
âûñîêîãî óðîâíÿ ñèãíàëà ê íèçêîìó, à «íóëü» 
– îáðàòíûì ïåðåïàäîì. Â íà÷àëå êàæäîãî áè-
òîâîãî èíòåðâàëà ìîæåò ïðîèñõîäèòü ñëóæåá-
íûé ïåðåïàä ñèãíàëà (ïðè ïåðåäà÷å íåñêîëüêèõ 
åäèíèö èëè íóëåé ïîäðÿä) [7, 16]. 

Íà ðèñ. 6 âåðõíèé ãðàôèê ïðåäñòàâëÿ-
åò ñîáîé ïîñëåäîâàòåëüíûå äàííûå íóëåé è 
åäèíèö, êîòîðûå íåîáõîäèìî çàêîäèðîâàòü è 
ïåðåäàòü, à íèæíèé – èíôîðìàöèÿ, çàêîäèðî-
âàííàÿ êîäîì Ìàí÷åñòåð.

Íàðÿäó ñ ðàññìîòðåííûì ïðèíöèïîì êîäè-
ðîâàíèÿ, ïðèìåíÿåòñÿ è ðÿä äðóãèõ ñïîñîáîâ 
êîäèðîâàíèÿ èíôîðìàöèè ïî ÃÊÑ [16], îäíèì 
èç òàêèõ ìåòîäîâ ÿâëÿåòñÿ ìåòîä PPM (Pulse 
Position Modulation èëè ôàçîâî-èìïóëüñíàÿ 
ìîäóëÿöèÿ) [17]. Â îñíîâó äàííîãî ìåòîäà êî-
äèðîâàíèÿ ïîëîæåí ñëåäóþùèé ïðèíöèï: 
ñëîâî äàííûõ â äâîè÷íîé ñèñòåìå êîäèðóþòñÿ 
â èíòåðâàë âðåìåíè ìåæäó äâóìÿ èìïóëüñà-
ìè. Èíûìè ñëîâàìè, íîñèòåëåì èíôîðìàöèè 

Ðèñ. 5. Ïðèíöèïèàëüíàÿ ñõåìà ðàñïîëîæåíèÿ ðîòîðà (çîëîòíèêà) 
ãåíåðàòîðà èìïóëüñîâ äàâëåíèÿ â ïðîöåññå ðàáîòû: 

1 – ðîòîð (çîëîòíèê); 2 - ñòàòîð
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â ýòîì êîäå âûñòóïàåò ïàóçà â ìèëëèñåêóí-
äàõ ìåæäó äâóìÿ èìïóëüñàìè. Â îòëè÷èå îò 
êîäà Ìàí÷åñòåð, ãäå îäèí ïóëüñ ñîîòâåòñòâóåò 
îäíîìó áèòó, îäèí èíòåðâàë íåñåò íåñêîëüêî 
äåñÿòêîâ áèò èíôîðìàöèè. Íà ðèñ. 7 ïðèâåäåíà 
ïðèíöèïèàëüíàÿ ñõåìà êîäèðîâàíèÿ èíôîðìà-
öèè ìåòîäîì PPM [17].

Èíòåðâàë âðåìåíè ìåæäó èìïóëüñàìè 
ÈÂ = ÌÏÂ + ÈÈ*ÑÄ. 

ÌÏÂ – ýòî ìèíèìàëüíûé ïðîìåæóòîê âðå-
ìåíè ìåæäó äâóìÿ èìïóëüñàìè. Åñëè ïåðå-
ìåííàÿ äàííûõ ðàâíà íóëþ, òî ÈÂ = ÌÏÂ.

ÈÈ – ýòî ÷àñòü èíòåðâàëà èìïóëüñà, ñîäåð-
æàùàÿ îäèí áèò èíôîðìàöèè. Âûðàæåíà â ìèë-
ëèñåêóíäàõ, è â ôèçè÷åñêîì ñìûñëå ýòî åñòü 
íè ÷òî èíîå, êàê âðåìÿ íåîáõîäèìîå íà ïåðå-
äà÷ó îäíîãî áèòà èíôîðìàöèè.

ÑÄ – ñëîâî äàííûõ â äâîè÷íîì êîäå.
Ïîäáèðàþòñÿ ýòè âåëè÷èíû èñõîäÿ èç íà-

ëè÷èÿ â êîíñòðóêöèè òåõíè÷åñêîé ñèñòåìû 
ýëåìåíòîâ, ãåíåðèðóþùèõ øóì. Óâåëè÷åíèå 
ÌÏÂ è ÈÈ ïîçâîëÿåò óëó÷øèòü êà÷åñòâî äå-
òåêöèè çà ñ÷åò òîãî, ÷òî èìïóëüñû ñòàíîâÿòñÿ 
áîëåå ðàçëè÷èìûìè â îáùåì ïîòîêå êîëåáà-
íèé. Íî ïðè ýòîì ñíèæàåòñÿ ÷àñòîòà ïåðåäà÷è 
èíôîðìàöèè. Ïðè ïðèìåíåíèè ìåòîäà êîäèðî-
âàíèÿ PPM ÷àñòîòà ïåðåäà÷è äàííûõ è ÷àñòîòà 

ðàáîòû ïóëüñàòîðà íèêîãäà íå ñîâïàäàþò, êàê 
ýòî ïðîèñõîäèò, íàïðèìåð, ïðè ïåðåäà÷å èí-
ôîðìàöèè ñ êîäîì Ìàí÷åñòåð.

Çàòóõàíèå àìïëèòóäû ñèãíàëà ìîæíî îöå-
íèòü ïî óðàâíåíèþ Ëýìáà (10) [18]:
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
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ãäå xp  – âåëè÷èíà àìïëèòóäû èìïóëüñà äàâ-
ëåíèÿ íà ãëóáèíå x , 0p  – âåëè÷èíà èìïóëüñà 
äàâëåíèÿ ó èñòî÷íèêà. Óäàëåííîñòü èñòî÷íèêà 
âîëí äàâëåíèÿ îò ïðèåìíèêà ñâÿçàíà ÷åðåç õà-
ðàêòåðíóþ äëèíó L , ó÷èòûâàþùóþ ñâîéñòâà 
ñðåäû, ïî êîòîðîé ïåðåäàåòñÿ èíôîðìàöèÿ, 
îïðåäåëÿåòñÿ ñîîòíîøåíèåì [18]:

   
   

1
.

2

D
L c

f  (11)

Â óðàâíåíèè (11): D  – âíóòðåííèé äèàìåòð 
ãèäðîëèíèè, ïî êîòîðîé ïåðåäàåòñÿ èíôîð-
ìàöèÿ; c  – ñêîðîñòü ðàñïðîñòðàíåíèÿ âîëíû 
â ñðåäå, çàïîëíÿþùåé ãèäðîëèíèþ;   – êî-
ýôôèöèåíò êèíåìàòè÷åñêîé âÿçêîñòè ñðåäû;
 f  – ÷àñòîòà ñèãíàëà. Òàê, íàïðèìåð, óâåëè÷å-
íèå âÿçêîñòè ñðåäû â äâà ðàçà ìîæåò âûçâàòü 
çàòóõàíèå ñèãíàëà ó ïðèåìíèêà íà 25%.

Ðèñ. 7. Ïðèíöèï êîäèðîâàíèÿ èíôîðìàöèè êîäîì PPM

Ðèñ. 6. Ïðèíöèï êîäèðîâàíèÿ èíôîðìàöèè êîäîì Ìàí÷åñòåð: 
T – ïåðèîä èìïóëüñîâ
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Ñîâìåñòíîå ðåøåíèå ñèñòåìû óðàâíåíèé 
(6), (7), è ó÷èòûâàÿ ãðàíè÷íûå óñëîâèÿ, îïè-
ñàííûå ñîîòíîøåíèÿìè (3)–(5) è (8), (9), ïîçâî-
ëÿåò íàéòè ôîðìó èìïóëüñà äàâëåíèÿ â äëèí-
íîé ãèäðîëèíèè. Âèä ïîëó÷àåìîãî èìïóëüñà 
äàâëåíèÿ ïî ñîñòàâëåííîé ìåòîäèêå ïðèâåäåí 
íà ðèñ. 8 è 9.

Íà ðèñ. 8à ïðèâåäåíû ãðàôèêè èçìåíåíèÿ 
âåëè÷èíû àìïëèòóäû èìïóëüñà äàâëåíèÿ – 
êðèâàÿ 2, ïîëó÷åííîãî â ðåçóëüòàòå ìàòåìà-
òè÷åñêîãî ìîäåëèðîâàíèÿ óðàâíåíèé âèäà (6) 
è (7) ñ ó÷åòîì ãðàíè÷íûõ óñëîâèé, è êðèâàÿ 
1 – çàêîí èçìåíåíèÿ ïëîùàäè îòêðûâàåìûõ 
îêîí ðîòîðà äëÿ ôîðìèðîâàíèÿ èìïóëüñà äàâ-
ëåíèÿ. Íà ðèñ. 8á ïðåäñòàâëåíû ýêñïåðèìåí-

òàëüíûå õàðàêòåðèñòèêè èçìåíåíèÿ âåëè÷èíû 
àìïëèòóäû èìïóëüñà äàâëåíèÿ – êðèâàÿ 2 è 
çàêîí èçìåíåíèÿ ïëîùàäè îòêðûâàåìûõ îêîí 
ðîòîðà äëÿ ôîðìèðîâàíèÿ èìïóëüñà äàâëåíèÿ 
– êðèâàÿ 1, àíàëîãè÷íî [19].

Èç ñðàâíåíèÿ ðèñ. 8à è ðèñ. 8á âèäíî, ÷òî 
âðåìÿ íàðàñòàíèÿ àìïëèòóäû äàâëåíèÿ ïðè ïå-
ðåêðûòèè îêîí ðîòîðà ãåíåðàòîðà èìïóëüñîâ 
äàâëåíèÿ ïðè ìàòåìàòè÷åñêîì ìîäåëèðîâàíèè 
è ðåàëüíîãî ýêñïåðèìåíòà ñîñòàâëÿåò ïîðÿäêà 
0,18 ñ. Ïðè ýòîì àìïëèòóäà èìïóëüñà äàâëåíèÿ 
äîñòèãàåò ïðèìåðíî 1,5 áàð. Èñõîäÿ èç ÷åãî, 
ìîæíî çàêëþ÷èòü, ÷òî ïðåäëîæåííàÿ ìàòåìà-
òè÷åñêàÿ ìîäåëü, âêëþ÷àþùàÿ ñèñòåìó óðàâ-
íåíèé (6), (7), (3)–(5), (8), (9) è (10), (11), è ìå-

Ðèñ. 8. Âèä ïîëó÷åííîãî èìïóëüñà äàâëåíèÿ ïåðåä ãåíåðàòîðîì èìïóëüñîâ äàâëåíèÿ

à)

á)
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òîäèêó [10] ïîçâîëÿåò ïðîãíîçèðîâàòü ðàáîòó 
ñèñòåì óïðàâëåíèÿ, êîäèðîâàíèÿ è äåêîäèðî-
âàíèÿ èíôîðìàöèè ïóòåì ìàòåìàòè÷åñêîãî 
ìîäåëèðîâàíèÿ áåç ïðîâåäåíèÿ äîðîãîñòîÿùèõ 
ïðåäâàðèòåëüíûõ íàòóðíûõ ýêñïåðèìåíòàëü-
íûõ èññëåäîâàíèé.

Èíôîðìàöèþ, ñîáðàííóþ äàò÷èêàìè, ïðè-
ìåíÿÿ îäèí èç ìåòîäîâ êîäèðîâàíèÿ ñèãíàëà 
[7, 15, 19], ëåãêî ïåðåäàòü îïåðàòîðó òåõíîëî-
ãè÷åñêîé ñèñòåìû ïî ÃÊÑ äëÿ äàëüíåéøåãî åå 
èíòåðïðåòèðîâàíèÿ. Òåì ñàìûì, ó îïåðàòîðà 
ïîÿâëÿåòñÿ âîçìîæíîñòü ñëåäèòü è óïðàâëÿòü 
òåõíîëîãè÷åñêèì ïðîöåññîì, ÷òî íàèáîëåå 
âàæíî è öåííî â ñèñòåìàõ íåïðåðûâíîãî êîí-
òðîëÿ è áûñòðîãî ïðèíÿòèÿ ðåøåíèé.

Çàêëþ÷åíèå
Ðåçóëüòàòû ðàáîòû ñîñòîÿò â ñëåäóþùåì.
Ïîëó÷åíà ìàòåìàòè÷åñêàÿ àíàëèòè÷åñêàÿ 

ìîäåëü, ïîçâîëÿþùàÿ ìîäåëèðîâàòü íåñòàöè-
îíàðíûå ïðîöåññû â äëèííîé ãèäðîëèíèè ñ 
ó÷åòîì ãðàíè÷íûõ óñëîâèé äëÿ àíàëèçà ïðî-
öåññîâ ïåðåäà÷è, êîäèðîâàíèÿ è äåêîäèðîâàíèÿ 
èíôîðìàöèè â ãèäðàâëè÷åñêîì êàíàëå ñâÿçè 
(ÃÊÑ) òåõíè÷åñêèõ ñèñòåì.

Ïðèâåäåíû ñîîòíîøåíèÿ äëÿ ãðàíè÷íûõ óñëî-
âèé â íåëèíåéíîì âèäå äëÿ äëèííîé ãèäðîëèíèè.

Ïðèâåäåíû îñíîâíûå ìåòîäû êîäèðîâàíèÿ èí-
ôîðìàöèè â ÃÊÑ, ïðèìåíÿþùèåñÿ â íàñòîÿùåå 
âðåìÿ.

Íà îñíîâàíèè ïðîâåäåííîãî àíàëèçà ìîãóò 
áûòü ñäåëàíû ñëåäóþùèå âûâîäû.

Ñîçäàííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü ïîçâîëÿ-
åò ïîëó÷èòü èìïóëüñ èëè ïîñëåäîâàòåëüíîñòü/
êîìáèíàöèþ èìïóëüñîâ äàâëåíèÿ â äëèííîé 
ãèäðîëèíèè ïðè íåñòàöèîíàðíîì òå÷åíèè 
ðåàëüíîé æèäêîñòè [10], ÷òî ïîçâîëÿåò ïðî-
ãíîçèðîâàòü ðàáîòó ñèñòåì óïðàâëåíèÿ, êîäè-
ðîâàíèÿ è äåêîäèðîâàíèÿ èíôîðìàöèè ïóòåì 
ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ áåç ïðîâåäå-
íèÿ äîðîãîñòîÿùèõ ïðåäâàðèòåëüíûõ íàòóð-
íûõ ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé.

Ïðèâåäåííàÿ ìîäåëü ìîæåò áûòü èñïîëüçî-
âàíà â òàêèõ îáëàñòÿõ ìàøèíîñòðîåíèÿ, êàê 
íàïðèìåð, â àâèàöèè, ìàøèíîñòðîåíèè èëè â 
ãîðíîì äåëå ïðè óïðàâëÿåìîì íàêëîííî/ãî-
ðèçîíòàëüíîì áóðåíèè ñêâàæèí, òàì, ãäå åñòü 
äëèííûå ãèäðîëèíèè è íåîáõîäèìîñòü ïåðåäà-
âàòü èíôîðìàöèþ ïî ÃÊÑ. Òàêæå ïîëó÷åííàÿ 
ìàòåìàòè÷åñêàÿ ìîäåëü íåîáõîäèìà äëÿ âû-
ïîëíåíèÿ ñèíòåçà [20] è íàõîæäåíèÿ îïòèìàëü-
íûõ ïàðàìåòðîâ ñèñòåìû ãåíåðàòîðà èìïóëü-

ñîâ äàâëåíèÿ [6] ïðè ïðèìåíåíèè ìåòîäèêè [10, 
20, 21]. Â êà÷åñòâå âîçìîæíîãî êðèòåðèÿ ïðè 
îïòèìèçàöèè ãåíåðàòîðà èìïóëüñîâ äàâëåíèÿ 
âîçìîæíî èñïîëüçîâàíèå êðèòåðèÿ äëÿ ìåõà-
íèçìîâ ñ âðàùàòåëüíûì òèïîì äâèæåíèÿ âû-
õîäíîãî çâåíà, óêàçàííîãî â ðàáîòàõ [21, 22].
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THE USE OF HYDRAULIC COMMUNICATION CHANNEL IN TECHNICAL SYSTEMS

PhD in Engineering K.A. Trukhanov 
Special design and technology bureau RK, trukhanov@mail.ru

When developing technological systems, it becomes necessary to transmit information over significant 
distances without the use of traditional means of communication, because they can not be used, for 
example, in the field of geonavigation when drilling inclined / horizontal wells. One of the possible channels 
for transmitting information in this area is the hydraulic communication channel (HCC). Therefore, at 
present, the task of developing an effective method and approach for transmitting information on the 
HCC becomes urgent. The purpose of this work was to create a mathematical model of the HCC to 
provide practical recommendations when used in technology to assess the possibility of transmitting 
information on it without conducting costly field tests.
The article presents a mathematical model of the HCC, which is a long hydroline, taking into account 
the boundary conditions at its input and output from it. The input boundary condition is represented by 
a piston pump with a crank-and-rod drive mechanism. The output boundary condition is represented by 
a throttle - a mechanical device capable of overlapping the pass channel in the hydrolysis line, thereby 
creating pressure pulses through which useful transmitted information is generated over the HCC. The 
obtained characteristic for the relative instantaneous feed Q  is shown as a function of the angle  
of rotation of the pump shaft. A relation is given that establishes the relationship between the area of 
the opened throttle windows and the angle of rotation of its shaft. Two applied methods for encoding 
information in technological systems for information transmission are considered and a dependence for 
the attenuation of the signal amplitude during data transmission over the HCC is given.
A mathematical simulation of the system with HCC and the described boundary conditions is performed. 
The form of the pressure pulse is obtained. Based on the results of the work, conclusions were drawn.

Keywords: hydraulic communication channel, mathematical model, long hydroline, pressure pulse generator.


