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Â ñòàòüå ïðèâåäåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé èçìåíåíèÿ âíóòðåííåãî äèàìå-
òðà öèëèíäðà ìíîãîöåëåâûõ äèçåëåé ñ âîçäóøíûì îõëàæäåíèåì îò äåéñòâèÿ ìîíòàæíûõ óñèëèé, 
à òàêæå çàêîíîìåðíîñòè âëèÿíèÿ ìîíòàæíûõ äåôîðìàöèé öèëèíäðà äèçåëÿ íà åãî ýêñïëóàòàöèîí-
íûå ïîêàçàòåëè. Âíóòðåííèé äèàìåòð èññëåäóåìûõ öèëèíäðîâ èçìåðÿëñÿ íà êîíòðîëüíî-èçìåðè-
òåëüíîé ìàøèíå ïîñëå ïðèëîæåíèÿ è ñíÿòèÿ ìîíòàæíûõ óñèëèé. Äëÿ èìèòàöèè ïðèëîæåíèÿ ìîí-
òàæíûõ óñèëèé áûëî èçãîòîâëåíî ïðèñïîñîáëåíèå-êàññåòà, èìèòèðóþùåå âåðõíþþ ÷àñòü êàðòåðà 
äèçåëÿ è ãîëîâêó öèëèíäðà è ïîçâîëÿþùåå âûïîëíèòü èçìåðåíèÿ âíóòðåííåãî äèàìåòðà öèëèíäðà 
â íàïðÿæåííîì ñîñòîÿíèè. Óñòàíîâëåíî, ÷òî äåôîðìàöèè öèëèíäðîâ íîñÿò óïðóãèé õàðàêòåð. Â 
÷àñòíîñòè, ïðè ïðîâåäåíèè èçìåðåíèé öèëèíäðîâ ñ äèàìåòðàìè 85 ìì è 95 ìì áûë óñòàíîâëåí 
ôàêò âîññòàíîâëåíèÿ ïåðâîíà÷àëüíîãî âíóòðåííåãî äèàìåòðà ïîñëå ïðèëîæåíèÿ è ñíÿòèÿ ìîí-
òàæíûõ óñèëèé. Òàêæ ýêñïåðèìåíòàëüíûì ïóòåì áûëî óñòàíîâëåíî, ÷òî ïîä äåéñòâèåì ìîíòàæíûõ 
óñèëèé ñòàáèëüíîñòü ãåîìåòðèè ðàáî÷åé ïîâåðõíîñòè öèëèíäðà óõóäøàåòñÿ ñ óâåëè÷åíèåì åãî 
âíóòðåííåãî äèàìåòðà, â ÷àñòíîñòè, äëÿ öèëèíäðà 95 ìì èçìåíåíèÿ äèàìåòðà ïðè ìîíòàæå ìîãóò 
ïðåâûøàòü 20 ìêì â íåêîòîðûõ ïîÿñàõ. Äëÿ ïîâûøåíèÿ ñòàáèëüíîñòè ãåîìåòðèè öèëèíäðà áûëà 
àïðîáèðîâàíà òåõíîëîãèÿ õîíèíãîâàíèÿ öèëèíäðîâ â íàïðÿæåííîì ñîñòîÿíèè (â ïðèñïîñîáëåíè-
ÿõ-êàññåòàõ) è ïðîâåäåíà ýêñïåðèìåíòàëüíàÿ îöåíêà åå ýôôåêòèâíîñòè. Ïðèâåäåíû ðåçóëüòàòû 
èñïûòàíèé äèçåëÿ ÒÌÇ-650Ä ñ ñåðèéíûìè è îïûòíûìè öèëèíäðàìè. Ïîêàçàíî, ÷òî äèçåëü ñ îïûò-
íûì öèëèíäðîì ïðè íàðàáîòêå 13 ÷, èìååò ýôôåêòèâíûå ïîêàçàòåëè, ïîëíîñòüþ ñîîòâåòñòâóþùèå 
òðåáîâàíèÿì ÒÓ è ïðàêòè÷åñêè íå óñòóïàþùèå äèçåëþ ñ ñåðèéíûìè öèëèíäðàìè ïðè íàðàáîòêå 
21 ÷. Àíàëèç ïîëó÷åííûõ ðåçóëüòàòîâ ïîçâîëÿåò ðåêîìåíäîâàòü äëÿ äèçåëÿ ÒÌÇ-650Ä ñ îïûòíûì 
öèëèíäðîì ïðîäîëæèòåëüíîñòü íàðàáîòêè â îáúåìå 13 ÷.

Êëþ÷åâûå ñëîâà: äèçåëü, öèëèíäð, ìîíòàæíûå äåôîðìàöèè, ýêñïëóàòàöèîííûå ïîêàçàòåëè.

 Ââåäåíèå
Öèëèíäð ÿâëÿåòñÿ îäíîé èç íàèáîëåå îò-

âåòñòâåííûõ äåòàëåé äâèãàòåëåé âíóòðåííåãî 
ñãîðàíèÿ (ÄÂÑ). Óðîâåíü äåôîðìàöèé öèëèí-
äðà è ñòàáèëüíîñòü åãî ãåîìåòðèè ïðè ïðî÷èõ 
ðàâíûõ óñëîâèÿõ ñóùåñòâåííî âëèÿþò íà 
ïðîäîëæèòåëüíîñòü îáêàòêè ÄÂÑ, âåëè÷èíó 
ìåõàíè÷åñêèõ ïîòåðü [1], âåðîÿòíîñòü ïðèõâà-
òà (êëèíåíèÿ) â öèëèíäðîïîðøíåâîé ãðóïïå 
(ÖÏÃ) íà ñòàäèè îáêàòêè è âîçìîæíîñòü äîñòè-
æåíèÿ äâèãàòåëåì òðåáóåìûõ âûõîäíûõ õàðàê-
òåðèñòèê [2]. Îòìå÷åííîå, â áîëüøåé ñòåïåíè, 
õàðàêòåðíî äëÿ îäíîöèëèíäðîâûõ áûñòðîõîä-
íûõ äèçåëåé ñ âîçäóøíûì îõëàæäåíèåì [2–4].

Èññëåäîâàíèþ ìîíòàæíûõ äåôîðìàöèé 
öèëèíäðà ÄÂÑ, à òàêæå àíàëèçó èõ âëèÿíèÿ 
íà ïîêàçàòåëè ðàáîòû äâèãàòåëÿ ïîñâÿùåíû 
òðóäû [1, 2, 4–10] Àãååâà À.Ã., Ïóòèíöåâà Ñ.Â., 

×àéíîâà Í.Ä., Ïîñïåëîâà Ä.Ð., Ýôðîñà Â.Â., Âà-
ãàáîâà Í.Ì., ×óãóíîâà Ã.Ï. è äðóãèõ ó÷åíûõ. Â 
îïóáëèêîâàííûõ ðàáîòàõ ðàññìàòðèâàþòñÿ âî-
ïðîñû ïðèðîäû âîçíèêíîâåíèÿ äåôîðìàöèé, èõ 
ìîäåëèðîâàíèå, ñïîñîáû óìåíüøåíèÿ, îäíàêî 
íå óäåëåíî äîëæíîå âíèìàíèå êîìïëåêñíîìó 
àíàëèçó âëèÿíèÿ ìîíòàæíûõ äåôîðìàöèé öè-
ëèíäðà äèçåëÿ íà åãî ýêñïëóàòàöèîííûå ïîêà-
çàòåëè, òàêèå êàê:

– ýôôåêòèâóþ ìîùíîñòü;
– ýôôåêòèâíûé êðóòÿùèé ìîìåíò;
– óäåëüíûé ýôôåêòèâíûé è ÷àñîâîé ðàñõîä 

òîïëèâà;
– ðàñõîä êàðòåðíûõ ãàçîâ;
– ìîìåíò ìåõàíè÷åñêèõ ïîòåðü;
– ïðîäîëæèòåëüíîñòü íàðàáîòêè äèçåëÿ 

ïåðåä ïðåäúÿâèòåëüñêèìè è ïåðèîäè÷åñêèìè 
èñïûòàíèÿìè [11].
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Â äàííîé ðàáîòå äëÿ ðàçëè÷íûõ êîíñòðóêöèé 
öèëèíäðîâ áûñòðîõîäíûõ äèçåëåé ÒÌÇ, ïðîèç-
âîäñòâà ÀÎ «ÀÊ “Òóëàìàøçàâîä”», âûïîëíåíû 
íàòóðíûå ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ 
âíóòðåííåãî äèàìåòðà öèëèíäðà íà ðàçëè÷íûõ 
ñòàäèÿõ æèçíåííîãî öèêëà, à èìåííî:

– ïîñëå ôèíèøíîé ìåõàíè÷åñêîé îáðàáîòêè;
– â ñáîðêå ïîä âîçäåéñòâèåì ìîíòàæíûõ 

óñèëèé;
– ïîñëå íàðàáîòêè è èñïûòàíèé.
Ïðîâåäåíà ýêñïåðèìåíòàëüíàÿ îöåíêà âëè-

ÿíèÿ ïðåäëîæåííîé òåõíîëîãèè õîíèíãîâàíèÿ 
öèëèíäðîâ â êàññåòàõ (ïîä äåéñòâèåì ìîíòàæ-
íûõ óñèëèé) íà ïðîöåññ íàðàáîòêè è ýêñïëóà-
òàöèîííûå ïîêàçàòåëè ïåðñïåêòèâíîãî äèçåëÿ 
ÒÌÇ-650Ä.

Èññëåäîâàíèå óïðóãèõ ñâîéñòâ è 
óðîâíÿ ìîíòàæíûõ äåôîðìàöèé 
öèëèíäðîâ
Íà ïåðâîì ýòàïå áûëà ïðîâåäåíà ýêñïåðèìåí-

òàëüíàÿ îöåíêà óïðóãèõ ñâîéñòâ è óðîâíÿ ìîíòàæ-
íûõ äåôîðìàöèé öèëèíäðîâ äèçåëåé ÒÌÇ [12]. 

Äëÿ ïðîâåäåíèÿ ýêñïåðèìåíòàëüíûõ èññëå-
äîâàíèé áûëî èçãîòîâëåíî ïðèñïîñîáëåíèå-
êàññåòà, èìèòèðóþùåå âåðõíþþ ÷àñòü êàðòåðà 
äèçåëÿ è ãîëîâêó öèëèíäðà è ïîçâîëÿþùåå ïðî-
âåñòè èçìåðåíèÿ âíóòðåííåãî äèàìåòðà öèëèí-
äðà â ñîáðàííîì ñîñòîÿíèè. Ïðèñïîñîáëåíèå 
ñîñòîèò èç 2-õ ñòàëüíûõ êîëåö. Íèæíåå êîëüöî 
èìèòèðóåò âåðõíþþ ÷àñòü êàðòåðà äèçåëÿ ïîä 
ïîñàäêó öèëèíäðà è èìååò ÷åòûðå îòâåðñòèÿ ñ 
ðåçüáîé äëÿ øïèëåê. Âåðõíåå êîëüöî (ôàëüø-
ãîëîâêà) ñ ÷åòûðüìÿ îòâåðñòèÿìè è ïðîòî÷êîé 
èìèòèðóåò ãîëîâêó öèëèíäðà.

Îáùèé âèä öèëèíäðîâ â êàññåòàõ ïðåäñòàâ-
ëåí íà ðèñ. 1.

Ðèñ. 1. Öèëèíäðû â êàññåòàõ

Èçìåðåíèÿ âíóòðåííåãî äèàìåòðà öèëèí-
äðîâ ïðîâîäèëèñü íà êîîðäèíàòíî-èçìåðèòåëü-
íîé ìàøèíå (ÊÈÌ) â äâèãàòåëüíîì ïðîèçâîä-
ñòâå ÀÎ «ÀÊ “Òóëàìàøçàâîä”».

Êîîðäèíàòû ïîÿñîâ öèëèíäðà ïðè ïðîâåäå-
íèè èçìåðåíèé ïðèâåäåíû â òàáëèöå 1. 

Çà íà÷àëî îò÷åòà ïðèíÿòà âåðõíÿÿ ÷àñòü öè-
ëèíäðà. Ñõåìà öèëèíäðà ïðè ïðîâåäåíèè èçìå-
ðåíèé ïîêàçàíà íà ðèñ. 2.

Ðèñ. 2. Ñõåìà öèëèíäðà ïðè ïðîâåäåíèè èçìåðåíèé

Ïðè ïðîâåäåíèè èçìåðåíèé öèëèíäðîâ äè-
çåëåé ÒÌÇ-450Ä è ÒÌÇ-650Ä ñ äèàìåòðàìè 
85 ìì è 95 ìì ñîîòâåòñòâåííî áûë óñòàíîâëåí 
ôàêò âîññòàíîâëåíèÿ ïåðâîíà÷àëüíîãî âíó-
òðåííåãî äèàìåòðà ïîñëå ïðèëîæåíèÿ è ñíÿòèÿ 
ìîíòàæíûõ óñèëèé. Ïðè ýòîì ìàêñèìàëüíàÿ 
ðàçíèöà äèàìåòðîâ öèëèíäðîâ äî ìîíòàæà è 
ïîñëå ñîñòàâèëà íå áîëåå 7 ìêì.

Äëÿ ðàññìàòðèâàåìûõ êîíñòðóêöèé öè-
ëèíäðîâ óðîâåíü ìîíòàæíûõ äåôîðìàöèé âî 
ìíîãîì çàâèñèò îò âåëè÷èíû èõ äèàìåòðîâ. Íà 
ðèñ. 3, à è 3, á ïîêàçàíû ãðàôèêè èçìåíåíèÿ 
âíóòðåííåãî äèàìåòðà öèëèíäðîâ â ÷åòûðåõ 
âåðòèêàëüíûõ ïëîñêîñòÿõ. Èç ãðàôèêîâ âèäíî, 
÷òî èçìåíåíèÿ äèàìåòðà öèëèíäðà äèçåëÿ 
ÒÌÇ-650Ä ïî ñðàâíåíèþ ñ äèçåëåì ÒÌÇ-450Ä 
ïðè ìîíòàæå áîëåå ñóùåñòâåííû è ïðåâûøà-
þò 20 ìêì â íåêîòîðûõ ïîÿñàõ. Â òî æå âðåìÿ 
â äèçåëå ÒÌÇ-450Ä ñ äèàìåòðîì öèëèíäðà 
85 ìì ýòè äåôîðìàöèè íå ïðåâûøàþò 8 ìêì.

Ñ öåëüþ óìåíüøåíèÿ èñêàæåíèÿ ôîðìû 
öèëèíäðà äèçåëÿ ÒÌÇ-650Ä, âîçíèêàùåãî 
ïðè åãî ìîíòàæå, è ñîêðàùåíèÿ äëèòåëüíîñòè 
öèêëîâ îáêàòêè, à òàêæå ñ ó÷åòîì âûÿâëåííî-
ãî ýôôåêòà âîññòàíîâëåíèÿ ôîðìû âíóòðåííåé 

Òàáëèöà 1

Êîîðäèíàòû ïîÿñîâ öèëèíäðà ïðè ïðîâåäåíèè èçìåðåíèé íà ÊÈÌ

№ ïîÿñà 1 2 3 4 5 6 7 8

Êîîðäèíàòà, ìì 5,0 15,0 22,0 50,0 80,0 100,0 115,0 140,0
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ïîâåðõíîñòè öèëèíäðà îò äåéñòâèÿ ìîíòàæ-
íûõ óñèëèé áûë àïðîáèðîâàí ïðîöåññ õîíèí-
ãîâàíèÿ öèëèíäðîâ â êàññåòàõ.

Ñóùåñòâóþùåå ïðèñïîñîáëåíèå äëÿ õî-
íèíãîâàëüíîãî ñòàíêà áûëî ìîäåðíèçèðîâàíî 
òàêèì îáðàçîì, ÷òîáû â íåãî ìîæíî áûëî óñòà-
íàâëèâàòü îáðàáàòûâàåìûé öèëèíäð â êàññåòå. 
Ñõåìà ïðèñïîñîáëåíèÿ äëÿ õîíèíãîâàíèÿ öè-
ëèíäðîâ áûëà âûáðàíà êëàññè÷åñêàÿ: æåñòêîå 
çàêðåïëåíèå îáðàáàòûâàåìîé äåòàëè è ïîäâèæ-
íûé íà øàðíèðàõ èíñòðóìåíò. 

Ïðîâåäåííûå èññëåäîâàíèÿ ïîêàçàëè, ÷òî 
öèëèíäð ïðàêòè÷åñêè ïîëíîñòüþ âîññòàíàâ-
ëèâàåò ïåðâîíà÷àëüíóþ ôîðìó âíóòðåííåé 
ïîâåðõíîñòè, ïîëó÷åííóþ ïðè õîíèíãîâàíèè 
â êàññåòå, ïîñëå ðàçáîðêè è ïîñëåäóþùåé 
ñáîðêè â êàññåòó. 

Èññëåäîâàíèå âëèÿíèÿ ìîíòàæíûõ 
äåôîðìàöèé öèëèíäðà äèçåëÿ 
íà åãî ýêñïëóàòàöèîííûå ïîêàçàòåëè
Íà âòîðîì ýòàïå áûëà ïðîâåäåíà ýêñïåðèìåí-

òàëüíàÿ îöåíêà âëèÿíèÿ ìîíòàæíûõ äåôîðìàöèé 

öèëèíäðà äèçåëÿ íà åãî ýêñïëóàòàöèîííûå ïîêà-
çàòåëè, à òàêæå ïðîâåðêà ýôôåêòèâíîñòè òåõíî-
ëîãèè õîíèíãîâàíèÿ öèëèíäðîâ â êàññåòàõ. 

Ýêñïåðèìåíò ïðîâîäèëñÿ íà ñòåíäå òåõ-
íîëîãè÷åñêîé îáêàòêè è èñïûòàíèé äèçåëåé â 
îòäåëå íàäåæíîñòè ÀÎ «ÀÊ “Òóëàìàøçàâîä”». 
Îáúåêò èñïûòàíèé – äèçåëü ÒÌÇ-650Ä ñ íàðà-
áîòêîé 30 ÷àñîâ.

Öèëèíäðû äëÿ ïðîâåäåíèÿ èñïûòàíèé â êî-
ëè÷åñòâå 6 øòóê áûëè âçÿòû èç îäíîé ïëàâêè. 
Ïðè ïðîâåäåíèè èñïûòàíèé çà îñíîâó áûëà 
âçÿòà ïðîèçâîäñòâåííàÿ ïðîãðàììà íàðàáîòêè 
äèçåëÿ ïåðåä ïðåäúÿâèòåëüñêèìè èñïûòàíèÿ-
ìè â îáúåìå 21 ÷ (7 öèêëîâ ïî 3 ÷àñà êàæäûé).

Ñòåíä îáåñïå÷èâàë èçìåðåíèÿ â ðàáî÷åì 
äèàïàçîíå ñêîðîñòíûõ è íàãðóçî÷íûõ ðåæèìîâ 
ñëåäóþùèõ ïîêàçàòåëåé ðàáîòû äèçåëÿ:

– ÷àñòîòû âðàùåíèÿ êîëåí÷àòîãî âàëà, n;
– íàãðóçêè, M;
– ìãíîâåííîãî ðàñõîäà òîïëèâà, Gt;
– äàâëåíèÿ è òåìïåðàòóðû ìàñëà, p

ì
 è t

ì
;

– òåìïåðàòóðû îòðàáîòàâøèõ ãàçîâ, t
îã

.
– ðàñõîäà êàðòåðíûõ ãàçîâ G

êã
.

Ðèñ. 3. Îñðåäíåííûå ðåçóëüòàòû èçìåðåíèÿ äèàìåòðà öèëèíäðîâ äèçåëåé â ñâîáîäíîì ñîñòîÿíèè è â ñáîðêå: 
à) ÒÌÇ-650Ä; á) ÒÌÇ-450Ä
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Ðåçóëüòàòû èñïûòàíèé äèçåëÿ ÒÌÇ-650Ä ñ 
ñåðèéíûìè è îïûòíûìè öèëèíäðàìè ïðèâåäå-
íû íà ðèñ. 4 è â òàáëèöå 2. 

Íà îñíîâàíèè ðåçóëüòàòîâ, ïðèâåäåííûõ â 
òàáëèöå 2, ìîæíî ñäåëàòü âûâîä, ÷òî äèçåëü 
ÒÌÇ-650Ä ñ îïûòíûì öèëèíäðîì è íàðàáîò-
êîé 13 ÷, èìååò ýôôåêòèâíûå ïîêàçàòåëè ïîë-
íîñòüþ ñîîòâåòñòâóþùèå òðåáîâàíèÿì ÒÓ è 
ïðàêòè÷åñêè íå óñòóïàþùèå äèçåëþ ñ ñåðèé-
íûìè öèëèíäðàìè ïðè íàðàáîòêå 21 ÷.

Çàêëþ÷åíèå
Òàêèì îáðàçîì, äëÿ ðàññìàòðèâàåìûõ öè-

ëèíäðîâ ñ óïðóãèì õàðàêòåðîì ìîíòàæíûõ 
äåôîðìàöèé õîíèíãîâàíèå â íàïðÿæåííîì ñî-
ñòîÿíèè ÿâëÿåòñÿ öåëåñîîáðàçíûì, òàê êàê 
ñïîñîáñòâóåò ïîâûøåíèþ ñòàáèëüíîñòè èõ ãåî-
ìåòðèè. Àíàëèç ïîëó÷åííûõ ðåçóëüòàòîâ ïî-
çâîëÿåò ðåêîìåíäîâàòü äëÿ äèçåëÿ ÒÌÇ-650Ä 
ñ îïûòíûì öèëèíäðîì, õàðàêòåðèçóþùèìñÿ 
ìåíüøèì óðîâíåì ìîíòàæíûõ äåôîðìàöèé, 
ïðîäîëæèòåëüíîñòü íàðàáîòêè â îáúåìå 13 ÷, 
÷òî íà 38 % ìåíüøå íàðàáîòêè, óñòàíîâëåííîé 
äëÿ äèçåëÿ ñ ñåðèéíûì öèëèíäðîì. 
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Òàáëèöà 2 
Ðåçóëüòàòû èñïûòàíèé äèçåëÿ ñ ñåðèéíûìè è îïûòíûìè öèëèíäðàìè

Õàðàêòåðèñòèêà 
öèëèíäðà

Ne, êÂò
(ïðè n = 3350 îá/ìèí)

g
e
, ã/(êÂò÷), 

(ïðè n = 3350 îá/ìèí)
G

êã ñð
, 

ë/ìèí

Óñëîâíûå 
ìåõàíè÷åñêèå 
ïîòåðè, êÂò

Òðåáóåìàÿ 
íàðàáîòêà, ÷

Ñåðèéíûé 11,82 289 12,67 5,84 21

Îïûòíûé 11,75 288 11,0 5,65 13
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2JSC “Tulamashzavod”, Tula, Russia

aiah@yandex.ru

The article presents the results of experimental studies of changes in the inner diameter of the cylin-
der of air-cooled multi-purpose diesels from the action of mounting forces, as well as the patterns of 
the influence of mounting deformations of a diesel cylinder on its performance. The internal diameter 
of the investigated cylinders was measured on a control and measuring machine after the application 
and removal of mounting forces. To simulate the application of mounting forces, a cassette device was 
made that simulated the upper part of the diesel crankcase and the cylinder head, and made it pos-
sible to measure the internal diameter of the cylinder in a stressed state. It is figured out that cylinder 
deformations are elastic. In particular, when measuring cylinders with diameters of 85 mm and 95 mm, 
the fact of restoration of the original internal diameter after application and removal of mounting forces 
was established. It was also experimentally established that under the influence of mounting forces, the 
stability of the geometry of the working surface of the cylinder deteriorates with an increase in its inner 
diameter, in particular, for a 95 mm cylinder, diameter changes during installation can exceed 20 microns 
in some zones. To increase the stability of the cylinder geometry, the technology of honing cylinders in a 
stressed state (in cassette devices) was tested and an experimental assessment of its effectiveness was 
carried out. The test results of the TMZ-650D diesel engine with serial and experimental cylinders are 
presented. It is shown that a diesel engine with an experimental cylinder at an operating time of 13 hours 
has effective indicators that fully comply with the requirements of specification and are almost equal to a 
diesel engine with serial cylinders at an operating time of 21 hours.

Keywords: diesel engine, cylinder, mounting deformations, operational indicators.
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Â ñòàòüå ðàññìîòðåíû ïðè÷èíû óñòàëîñòíîãî ðàçðóøåíèÿ ïîðøíåé âûñîêîíàãðóæåííûõ äèçåëåé. 
Îòìå÷àåòñÿ, ÷òî ïîÿâëåíèå òðåùèí íà äíèùå ïîðøíÿ ÿâëÿåòñÿ ñëåäñòâèåì âûñîêîãî óðîâíÿ åãî 
íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ (ÍÄÑ), îáóñëîâëåííîãî ñîâìåñòíûì âîçäåéñòâèåì íå-
ñòàöèîíàðíûõ òåïëîâûõ è ìåõàíè÷åñêèõ íàãðóçîê. Ðàññìîòðåí ìåõàíèçì çàðîæäåíèÿ òðåùèí ïðè 
öèêëè÷åñêîì èçìåíåíèè òåïëîñìåí. Ïðåäëîæåí äåôîðìàöèîííî-êèíåòè÷åñêèé êðèòåðèé, îáîá-
ùåííûé íà íåèçîòåðìè÷åñêîå íàãðóæåíèå, ïîçâîëÿþùèé áîëåå êîððåêòíî ïðîâîäèòü ðàñ÷åò ïî 
÷èñëó öèêëîâ òåðìîíàãðóæåíèÿ äî ïîÿâëåíèÿ óñòàëîñòíîãî ïîâðåæäåíèÿ. Ñ öåëüþ ïîëó÷åíèÿ èñ-
õîäíûõ äàííûõ äëÿ êîíêðåòíîé ðåàëèçàöèè ïðåäëîæåííîãî êðèòåðèÿ ïðîâåäåíà ðàñ÷åòíàÿ îöåíêà 
ÍÄÑ ïîðøíÿ ñ ïîìîùüþ ÌÊÝ. Ãðàíè÷íûå óñëîâèÿ äëÿ ðàñ÷åòà ïîëó÷åíû ïóòåì òåðìîìåòðèðîâà-
íèÿ ãîëîâêè ïîðøíÿ íà áåçìîòîðíîì òåïëîâîì ñòåíäå (ÁÒÑ) â óñëîâèÿõ òåðìîöèêëè÷åñêîãî íà-
ãðóæåíèÿ. Óñòàíîâëåíî, ÷òî îïðåäåëÿþùèìè íàïðÿæåíèÿìè â çîíå êðîìêè êàìåðû ñãîðàíèÿ (ÊÑ) 
ÿâëÿþòñÿ êîëüöåâûå, â òî âðåìÿ, êàê ðàäèàëüíûå, îñåâûå è ñäâèãîâûå áîëåå ÷åì íà ïîðÿäîê íèæå. 
Îïðåäåëåíî, ÷òî íà êðîìêå ÊÑ ðåàëèçóåòñÿ ïðàêòè÷åñêè ïðîñòîå (ëó÷åâîå) íàãðóæåíèå, ñîîòâåò-
ñòâóþùåå óñëîâèÿì ïðèìåíèìîñòè ïðåäëîæåííîãî êðèòåðèÿ. Ïðèâåäåíà êèíåòèêà óïðóãîïëàñòè-
÷åñêîãî ÍÄÑ êðîìêè ÊÑ. Îòìå÷àåòñÿ, ÷òî âûïîëíåííûå ðàñ÷åòû íå óñòàíîâèëè ñìåùåíèÿ ïåòëè 
óïðóãîïëàñòè÷åñêîãî ãèñòåðåçèñà èç-çà îòñóòñòâèÿ ïîëíîöåííûõ ñâåäåíèé ïî ïîëçó÷åñòè ïîðøíå-
âûõ ìàòåðèàëîâ. Ïðè íàëè÷èè òàêèõ ñâåäåíèé ìåòîäèêà ðàñ÷åòà ìîæåò áûòü îòêîððåêòèðîâàíà ñ 
èõ ó÷åòîì. Ïðèâåäåíî ñîïîñòàâëåíèå ðàñ÷åòíûõ è ýêñïåðèìåíòàëüíûõ (íà ÁÒÑ) çíà÷åíèé êîëè÷å-
ñòâà òåðìîöèêëîâ äî ïîÿâëåíèÿ òðåùèí íà êðîìêå ÊÑ ïîðøíåé, èçãîòîâëåííûõ ìåòîäîì ëèòüÿ è 
èçîòåðìè÷åñêîé øòàìïîâêè, ÷òî ïîêàçàëî èõ óäîâëåòâîðèòåëüíîå ñîîòâåòñòâèå.

Êëþ÷åâûå ñëîâà: ïîðøåíü, êðîìêà êàìåðû ñãîðàíèÿ, òåðìîöèêëè÷åñêîå íàãðóæåíèå, íàïðÿæåí-
íî-äåôîðìèðîâàííîå ñîñòîÿíèå.

Ââåäåíèå
Îäíîé èç ïðè÷èí, ïðèâîäÿùèõ ê ïðåæäåâ-

ðåìåííîé çàìåíå ïîðøíåé â ýêñïëóàòàöèè, 
ÿâëÿåòñÿ îáðàçîâàíèå è ðàçâèòèå òðåùèí íà 
êðîìêàõ èõ êàìåð ñãîðàíèÿ (ÊÑ). Àíàëèç îïó-
áëèêîâàííûõ â íàñòîÿùåå âðåìÿ òåîðåòè÷å-
ñêèõ è ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé äàåò 
îñíîâàíèå ñ÷èòàòü, ÷òî ïîÿâëåíèå óñòàëîñòíûõ 
ïîâðåæäåíèé íà êðîìêàõ ÊÑ ÿâëÿåòñÿ ñëåä-
ñòâèåì âûñîêîãî óðîâíÿ íàïðÿæåííî- äåôîðìè-
ðîâàííîãî ñîñòîÿíèÿ (ÍÄÑ) ïîðøíÿ, âûçâàííî-
ãî ñîâìåñòíûì âîçäåéñòâèåì íåñòàöèîíàðíûõ 
òåïëîâûõ è ìåõàíè÷åñêèõ íàãðóçîê. 

Íåñòàöèîíàðíîñòü òåìïåðàòóðíîãî ïîëÿ 
â ãîëîâêå ïîðøíÿ îáóñëîâëåíà êàê èçìåíåíè-
åì òåìïåðàòóðû íà ïîâåðõíîñòè ÊÑ â òå÷åíèå 
ðàáî÷åãî öèêëà äâèãàòåëÿ, òàê è àïåðèîäè÷å-
ñêèìè òåïëîñìåíàìè ïðè åãî ðàáîòå ïî íàãðó-

çî÷íîé õàðàêòåðèñòèêå. Ïåðâûé âèä íåñòàöèî-
íàðíîãî òåðìè÷åñêîãî íàãðóæåíèÿ ïðèâîäèò ê 
âûñîêî÷àñòîòíûì êîëåáàíèÿì òåìïåðàòóðû â 
ïîâåðõíîñòíûõ ñëîÿõ êðîìêè ÊÑ ñ àìïëèòóäîé 
îêîëî 15 °Ñ [1]. Îäíàêî ïðè ýòîì íå âîçíèêàåò 
ñóùåñòâåííûõ òåìïåðàòóðíûõ ãðàäèåíòîâ. Èç-
ìåíåíèå íàãðóçî÷íîãî ðåæèìà ðàáîòû äâèãà-
òåëÿ ïðèâîäèò ê íèçêî÷àñòîòíûì êîëåáàíèÿì 
òåìïåðàòóð â ïîðøíå, îêàçûâàþùèõ áîëåå çíà-
÷èòåëüíîå âëèÿíèå íà åãî ÍÄÑ.

Öåëü èññëåäîâàíèÿ
Îñíîâíàÿ öåëü íàñòîÿùåãî èññëåäîâàíèÿ 

çàêëþ÷àåòñÿ â ðàçðàáîòêå ìåòîäà ðàñ÷åòíî-
ýêñïåðèìåíòàëüíîé îöåíêè òåðìîöèêëè÷åñêîé 
ñòîéêîñòè êðîìîê ÊÑ ïîðøíåé âûñîêîíàãðó-
æåííûõ äèçåëåé ïðè ðåçêîèçìåíÿþùèõñÿ ðå-
æèìàõ èõ ðàáîòû.
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Ìåòîäû è ñðåäñòâà 
ïðîâåäåíèÿ èññëåäîâàíèé
Òàê, ïåðåõîä îò õîëîñòîãî õîäà ê ðåæèìó 

íîìèíàëüíîé ìîùíîñòè ïðèâîäèò ê ðîñòó òåì-
ïåðàòóð íà ïîâåðõíîñòè ÊÑ òèïà ÖÍÈÄÈ îò 
180–200 °Ñ äî 360–375 °Ñ è ïîÿâëåíèþ çíà÷è-
òåëüíûõ ðàäèàëüíûõ ïåðåïàäîâ òåìïåðàòóð 
(äî 80–90 °Ñ) â äíèùå ïîðøíÿ [5]. Ñòåñíåííîå 
äåôîðìèðîâàíèå äíèùà ïîðøíÿ â ïðîöåññå íà-
ãðåâà ïðèâîäèò ê âîçíèêíîâåíèþ çíà÷èòåëü-
íûõ ñæèìàþùèõ íàïðÿæåíèé, ïðåâûøàþùèõ 
çà÷àñòóþ ïðåäåë òåêó÷åñòè ìàòåðèàëà, è, êàê 
ñëåäñòâèå ýòîãî, ïîÿâëåíèþ ïëàñòè÷åñêèõ äå-
ôîðìàöèé íà êðîìêå ÊÑ.

Îáðàòíàÿ êàðòèíà ïîëó÷àåòñÿ ïðè ïåðåõîäå 
íà ðåæèì õîëîñòîãî õîäà. Ñíèæåíèå óðîâíÿ 
òåìïåðàòóð â ïîðøíå ïðèâîäèò ê ïîÿâëåíèþ 
â ïðåäâàðèòåëüíî ñæàòîé çîíå óæå çíà÷èòåëü-
íûõ ðàñòÿãèâàþùèõ íàïðÿæåíèé è ïëàñòè÷å-
ñêèõ äåôîðìàöèé ðàñòÿæåíèÿ. Ïðè ñëåäóþùèõ 
òåïëîñìåíàõ óêàçàííûå ïðîöåññû ïîâòîðÿþò-
ñÿ ñ ïîñòåïåííûì íàêîïëåíèåì ïîâðåæäåíèé, 
ïðèâîäÿùèõ â èòîãå ê óñòàëîñòíîìó ðàçðóøå-
íèþ (ïîÿâëåíèþ òðåùèí) ïðè ìàëîöèêëîâîì 
íàãðóæåíèè. 

Ðàññìîòðåííûé ìåõàíèçì çàðîæäåíèÿ 
òðåùèí íîñèò èäåàëèçèðîâàííûé õàðàêòåð. Â 
ðåàëüíûõ óñëîâèÿõ ýêñïëóàòàöèè äâèãàòåëÿ 
íà ÍÄÑ ïîðøíÿ, êðîìå îáùåãî óðîâíÿ òåðìè-
÷åñêîãî íàãðóæåíèÿ, çíà÷èòåëüíîå âëèÿíèå 
îêàçûâàþò âðåìåííîé õàðàêòåð òåïëîñìåí è 
óñëîâèÿ âçàèìîäåéñòâèÿ ïîðøíÿ ñ äðóãèìè 
ýëåìåíòàìè ÖÏÃ. 

Â íàêîïëåíèå óñòàëîñòíûõ ïîâðåæäåíèé 
âíîñÿò ñâîé âêëàä è öèêëè÷åñêèå ìåõàíè÷å-
ñêèå íàãðóçêè, ïðèâîäÿùèå ê ðîñòó òðåùèí íà 
êðîìêå ÊÑ. Âûñîêî÷àñòîòíîå èçìåíåíèå äàâ-
ëåíèé è òåìïåðàòóð â ÊÑ â òå÷åíèå ðàáî÷åãî 
öèêëà ïðèâîäèò ê ìîäåëè óñòàëîñòíîé ïðî÷-
íîñòè ïðè ìíîãîöèêëîâîì íàãðóæåíèè. Ïðè 
ñîâìåñòíîì ó÷åòå âûñîêî÷àñòîòíûõ è íèçêî-
÷àñòîòíûõ íàãðóçîê ïðèíèìàåòñÿ ãèïîòåçà ëè-
íåéíîãî ñóììèðîâàíèÿ ïîâðåæäåíèé [2]. 

Âêëàä âûñîêî÷àñòîòíûõ òåðìîìåõàíè÷å-
ñêèõ íàãðóæåíèé â îáùåå ñóììàðíîå ïîâðåæ-
äåíèå äåòàëüíî íå îáñóæäàåòñÿ, ïîñêîëüêó 
ýòîò âèä ïîâðåæäåíèé, îáóñëîâëåííûé ìíîãî-
öèêëîâîé óñòàëîñòüþ, äîñòàòî÷íî ïîëíî ðàñ-
ñìîòðåí â ðàáîòàõ [2, 3]. 

Ïîâðåæäåíèÿ nd  íà ïåðåõîäíûõ (ðåçêîèç-
ìåíÿþùèõñÿ) ðåæèìàõ âîçíèêàþò â óñëîâèÿõ 
ðàçâèòûõ öèêëè÷åñêèõ ïëàñòè÷åñêèõ äåôîð-
ìàöèé â çîíå êðîìêè ÊÑ. Ïîýòîìó äëÿ îöåíêè 

ïîâðåæäåíèé îò ìàëîöèêëîâîé óñòàëîñòè 
íàèáîëåå óíèâåðñàëüíûì ìîæíî ñ÷èòàòü äå-
ôîðìàöèîííî-êèíåòè÷åñêèé êðèòåðèé, ðàç-
ðàáîòàííûé êîëëåêòèâîì àâòîðîâ Èíñòèòóòà 
ìàøèíîâåäåíèÿ èì. À.À. Áëàãîíðàâîâà Ðîñ-
ñèéñêîé àêàäåìèè íàóê (ÈÌÀØ ÐÀÍ). Ýòîò 
êðèòåðèé áàçèðóåòñÿ íà ëèíåéíîì ñóììèðî-
âàíèè óñòàëîñòíûõ fd  è êâàçèñòàòè÷åñêèõ sd  
ïîâðåæäåíèé, êîòîðûå â íàøåì ñëó÷àå ìîæíî 
îïðåäåëèòü èç âûðàæåíèÿ:

 n f sd d d  . (1)

Ñ÷èòàåòñÿ, ÷òî ðàçðóøåíèå íàñòóïàåò, åñëè 
ñóììàðíîå ïîâðåæäåíèå nd  äîñòèãàåò ïðåäåëü-
íîãî çíà÷åíèÿ. 

Ïðåäïîëàãàåì, ÷òî öèêëè÷åñêîå óïðóãîïëà-
ñòè÷åñêîå äåôîðìèðîâàíèå ìàòåðèàëà êðîìêè 
ÊÑ äëÿ k-ãî öèêëà â óñëîâèÿõ öèêëè÷åñêîé ñòà-
áèëèçàöèè ïðîèñõîäèò ïî çàêîíó, ïîêàçàííîìó 
íà ðèñ. 1.

Ðèñ. 1. Ñõåìàòè÷åñêàÿ ïåòëÿ 
óïðóãîïëàñòè÷åñêîãî ãèñòåðåçèñà

Óñòàëîñòíîå ìàëîöèêëîâîå ïîâðåæäåíèå çà 
N  öèêëîâ îïðåäåëÿåòñÿ ïî ôîðìóëå:

 
f

x

Nd
N

 , (2)

ãäå xN  – ÷èñëî öèêëîâ äî ðàçðóøåíèÿ. 
×èñëî öèêëîâ äî ðàçðóøåíèÿ â çàâèñèìîñòè 

îò ðàçìàõà ïëàñòè÷åñêîé äåôîðìàöèè îïðåäå-
ëÿåòñÿ ïî èçâåñòíîìó óðàâíåíèþ ìàëîöèêëî-
âîé óñòàëîñòè Êîôôèíà:

 

( )
2
b

x p

TN 



, (3)
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ãäå ( )b T  – ïðåäåëüíàÿ ïëàñòè÷íîñòü ìàòåðè-
àëà (îòíîñèòåëüíîå óäëèíåíèå ïðè ðàçðûâå); 

1
p p p

n n      – øèðèíà ïåòëè óïðóãîïëàñòè-
÷åñêîãî ãèñòåðåçèñà. 

Êâàçèñòàòè÷åñêîå ïîâðåæäåíèå, âñëåäñòâèå 
îäíîñòîðîííå íàêîïëåííîé äåôîðìàöèè (ñìåùå-
íèå ïåòëè óïðóãîïëàñòè÷åñêîãî ãèñòåðåçèñà), 
ìîæåò áûòü îïðåäåëåíî ñëåäóþùèì îáðàçîì:

 ( )

p

s
b

e Nd
T

 



, (4)

ãäå 1 1
p p p

n ne        – îäíîñòîðîííåå ñìåùå-
íèå ïåòëè óïðóãîïëàñòè÷åñêîãî ãèñòåðåçèñà çà 
îäèí öèêë.

Òîãäà ÷èñëî öèêëîâ äî ðàçðóøåíèÿ (ïîÿâëå-
íèÿ ìàêðîòðåùèí) îïðåäåëÿåòñÿ ïî ôîðìóëå:

 

12
2

( ) ( )

p p

b b

eN
T T


          

. (5)

Ïðåäâàðèòåëüíûé ðàñ÷åò ïî ýòîìó êðèòå-
ðèþ ïðè ìèíèìàëüíîì è ìàêñèìàëüíîì çíà-
÷åíèÿõ ïðåäåëüíîé ïëàñòè÷íîñòè ìàòåðèàëà 
ïîêàçàë, ÷òî ÷èñëî öèêëîâ äî ðàçðóøåíèÿ ñî-
ñòàâèëî ñîîòâåòñòâåííî 400 è 4900. Òàêîå îò-
ëè÷èå îáóñëîâëåíî íåèçîòåðìè÷íîñòüþ ïðî-
öåññà è ñóùåñòâåííîé çàâèñèìîñòüþ b  îò 
òåìïåðàòóðû.

Äëÿ ïðîâåäåíèÿ êîððåêòíîãî ðàñ÷åòà äàëåå 
ïðåäëàãàåòñÿ êðèòåðèé, îáîáùåííûé íà íåèçî-
òåðìè÷åñêîå íàãðóæåíèå. Â ýòîì ñëó÷àå óñòà-
ëîñòíîå ïîâðåæäåíèå îïðåäåëÿåòñÿ ïî ôîðìóëå:
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ãäå nn  – ÷èñëî ïåðåõîäíûõ ðåæèìîâ (ïåðåõî-
äîâ ñ õîëîñòîé íàãðóçêè äâèãàòåëÿ íà íîìè-
íàëüíóþ è îáðàòíî); 1,n nT T  – òåìïåðàòóðû íà 
( 1) Mn   è Mn  ïîëóöèêëàõ. 

Êâàçèñòàòè÷åñêîå ïîâðåæäåíèå ïðè íåèçî-
òåðìè÷åñêîì íàãðóæåíèè îïðåäåëÿåòñÿ çàâè-
ñèìîñòüþ:

 0

( )
( )

p p

s n
b n
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Òàêèì îáðàçîì, äëÿ îöåíêè ïîâðåæäåíèÿ 
ìàòåðèàëà êðîìêè ÊÑ îò âîçäåéñòâèÿ ïåðåõîä-
íûõ ðåæèìîâ íåîáõîäèìî èìåòü ñëåäóþùèå 
äàííûå: 1 1, , , ,p p p

n n n ne T T     – êàê ôóíêöèè 

âðåìåíè (ïàðàìåòðà íàãðóæåíèÿ), à òàêæå b  – 
êàê ôóíêöèè òåìïåðàòóðû. 

Ïðè ÷èñëåííîì èëè ãðàôè÷åñêîì âû÷èñ-
ëåíèè èíòåãðàëîâ (6) è (7) ïîäûíòåãðàëüíûå 
ôóíêöèè âûðàæàþòñÿ ñîîòâåòñòâåííî ÷åðåç 
àðãóìåíòû 1, ,p p p

n n e   .
Äëÿ ýêñïåðèìåíòàëüíîé îöåíêè ÷èñëà 

öèêëîâ äî ðàçðóøåíèÿ (ïîÿâëåíèÿ ìàêðîòðå-
ùèíû) â óñëîâèÿõ òåðìîöèêëè÷åñêèõ èñïûòà-
íèé ïîðøíåé íà áåçìîòîðíîì òåïëîâîì ñòåíäå 
(ÁÒÑ) [4] áûë ðàçðàáîòàí öèêë òåðìîíàãðóæå-
íèÿ, êîòîðûé ïî õàðàêòåðó ðàñïðåäåëåíèÿ òåì-
ïåðàòóð â ãîëîâêå ïîðøíÿ áûë ìàêñèìàëüíî 
ïðèáëèæåí ê ðåàëüíîìó ðàñïðåäåëåíèþ òåì-
ïåðàòóð â ïîðøíå äèçåëÿ ïðè ðåçêîì ñáðîñå è 
íàáðîñå íàãðóçêè. Ïðîäîëæèòåëüíîñòü öèêëà 
òåðìîíàãðóæåíèÿ íà ÁÒÑ ñîñòàâèëà 72 ñ 
(36 ñ – íàãðåâ, 36 ñ – îõëàæäåíèå). Ìàêñèìàëü-
íûé ðàäèàëüíûé ïåðåïàä òåìïåðàòóð ïî äíèùó 
ãîëîâêè ïîðøíÿ îò êðîìêè ÊÑ äî ïåðèôåðèè 
ñîñòàâèë t

ÊÏ
 = 65 C.

Íà ðèñ. 2 ïðèâåäåíû êðèâûå èçìåíåíèÿ 
òåìïåðàòóðû íà êðîìêå ÊÑ, à òàêæå ïîêàçàíû 
çíà÷åíèÿ ïåðåïàäîâ òåìïåðàòóð â õàðàêòåðíûõ 
òî÷êàõ äíèùà ïîðøíÿ.

Ñ öåëüþ ïîëó÷åíèÿ èñõîäíûõ äàííûõ äëÿ 
êîíêðåòíîé ðåàëèçàöèè ïðåäëîæåííîãî êðè-
òåðèÿ íà âòîðîì ýòàïå èññëåäîâàíèé ìåòîäîì 
êîíå÷íûõ ýëåìåíòîâ (ÌÊÝ) ïðîâîäèëàñü ðàñ-
÷åòíàÿ îöåíêà ÍÄÑ ãîëîâêè ïîðøíÿ ñ ÊÑ òèïà 
ÖÍÈÄÈ òðàêòîðíîãî äèçåëÿ Ä-245. 

Â êà÷åñòâå ãðàíè÷íûõ óñëîâèé èñïîëüçî-
âàëèñü çíà÷åíèÿ òåìïåðàòóð â òî÷êàõ íà ïî-
âåðõíîñòè ãîëîâêè ïîðøíÿ ïðè åãî òåðìî-
ìåòðèðîâàíèè íà ÁÒÑ ïî çàäàííîìó öèêëó 
òåðìîíàãðóæåíèÿ (ðèñ. 3).

Íèæå êðàòêî èçëàãàþòñÿ îñíîâíûå ïîëî-
æåíèÿ ìåòîäèêè ðàñ÷åòà [5], êîòîðûå òðåáóþò 
îïðåäåëåííûõ äîïóùåíèé è èäåàëèçàöèè ðå-
àëüíûõ óñëîâèé íàãðóæåíèÿ è ïîâåäåíèÿ êîí-
ñòðóêöèè ïîðøíÿ ïðè ðàñ÷åòå åãî ÍÄÑ. 

Ïðåæäå âñåãî áóäåì ñ÷èòàòü ÍÄÑ ïîðøíÿ 
îñåñèììåòðè÷íûì. Ðåàëüíûå óñëîâèÿ íàãðó-
æåíèÿ, à òàêæå êîíñòðóêòèâíûå îñîáåííîñòè 
ïîðøíÿ íå âïîëíå ñîîòâåòñòâóþò óêàçàííîìó 
äîïóùåíèþ. Â òî æå âðåìÿ äëÿ òàêèõ ýëåìåí-
òîâ ïîðøíÿ, êàê êðîìêà ÊÑ, ÿâëÿþùàÿñÿ îñ-
íîâíûì îáúåêòîì íàøåãî èññëåäîâàíèÿ, îñå-
ñèììåòðè÷íàÿ ìîäåëü ÿâëÿåòñÿ ïðèåìëåìîé, 
÷òî ñëåäóåò èç òåîðåòè÷åñêèõ èññëåäîâàíèé 
òðåõìåðíîãî ÍÄÑ è ïîäòâåðæäàåòñÿ õàðàê-
òåðîì îáðàçîâàíèÿ òðåùèí íà íåé â ïðîöåññå 
ýêñïëóàòàöèè äâèãàòåëÿ.
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Â ñîîòâåòñòâèè ñ îñåñèììåòðè÷íîé ïî-
ñòàíîâêîé çàäà÷è ìåðèäèîíàëüíûå ñå÷åíèÿ 
ãîëîâêè ïîðøíÿ ðàçáèâàëèñü íà òðåóãîëüíûå 
ýëåìåíòû. Ñ ó÷åòîì çíà÷èòåëüíîé íåîäíîðîä-
íîñòè òåìïåðàòóðíîãî ïîëÿ è íàïðÿæåííîãî 
ñîñòîÿíèÿ ïîðøíÿ â çîíå êðîìêè ÊÑ èñïîëüçî-
âàëîñü áîëåå äåòàëüíîå ðàçáèåíèå (ðèñ. 4).

Ðàñ÷åò ïðîèçâîäèëñÿ ïî ñëåäóþùåìó àëãî-
ðèòìó. Âåñü òåðìîöèêëè÷åñêèé ïðîöåññ ðàçáè-
âàëñÿ (ðèñ. 2) íà âðåìåííûå ñëîè ñ ïîñòîÿííûì 
èíòåðâàëîì 6 c  .

Äëÿ òåêóùåãî âðåìåííîãî ñëîÿ i  ðåøàëàñü 
çàäà÷à òåïëîïðîâîäíîñòè, çàòåì òåðìîïëàñòè÷-
íîñòè ñ ó÷åòîì çàâèñèìîñòåé òåïëîôèçè÷åñêèõ 
è ìåõàíè÷åñêèõ õàðàêòåðèñòèê ìàòåðèàëà îò 
òåìïåðàòóðû. Äàëåå îñóùåñòâëÿëñÿ ïåðåõîä 
ê íîâîìó âðåìåííîìó ñëîþ 1i i     . Äëÿ 
ïîñëåäóþùåãî óòî÷íåíèÿ çíà÷åíèé ýòèõ õàðàê-
òåðèñòèê ìàòåðèàëà èñïîëüçîâàëèñü ðåçóëüòà-
òû ðåøåíèÿ íà ïðåäûäóùåì âðåìåííîì ñëîå. 
Ïåðâûé ýòàï èññëåäîâàíèé çàêëþ÷àëñÿ â ïðî-

âåäåíèè ðàñ÷åòà òåìïåðàòóðíûõ ïîëåé â ãîëîâ-
êå ïîðøíÿ. 

Íà ðèñ. 3 ïîêàçàíî èçìåíåíèå òåìïåðàòóðû 
â õàðàêòåðíûõ òî÷êàõ ãîëîâêè ïîðøíÿ â ïðåäå-
ëàõ îäíîãî öèêëà òåðìîíàãðóæåíèÿ äëèòåëü-
íîñòüþ 72 ñ. Ïðèâåäåííûå ýêñïåðèìåíòàëüíûå 
çàâèñèìîñòè àïïðîêñèìèðîâàëèñü àíàëèòè÷å-
ñêèìè âûðàæåíèÿìè. Äëÿ òåðìîïàð ñ âûðàæåí-
íûì íåëèíåéíûì õàðàêòåðîì èçìåíåíèÿ òåì-
ïåðàòóðû ïî âðåìåíè ïðèíèìàëèñü ñëåäóþùèå 
çàâèñèìîñòè. 

Äëÿ ïîëóöèêëà «íàãðåâ»:
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Äëÿ ïîëóöèêëà «îõëàæäåíèå»:
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Äëÿ îñòàëüíûõ òåðìîïàð ïðèíèìàëñÿ ëèíåé-
íûé çàêîí èçìåíåíèÿ òåìïåðàòóðû ïî âðåìåíè. 

Ðèñ. 2. Õàðàêòåð òåðìîöèêëè÷åñêîãî íàãðóæåíèÿ ãîëîâêè ïîðøíÿ

Ðèñ. 3. Èçìåíåíèå òåìïåðàòóðû â õàðàêòåðíûõ òî÷êàõ ãîëîâêè ïîðøíÿ 
â ïðåäåëàõ îäíîãî öèêëà òåðìîíàãðóæåíèÿ äëèòåëüíîñòüþ 72 ñ
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Äëÿ ïîëóöèêëà «íàãðåâ»:
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Äëÿ ïîëóöèêëà «îõëàæäåíèå»:
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Â ïðèíÿòûõ çàâèñèìîñòÿõ 0T  è 1T , ñîîòâåò-
ñòâåííî, ìèíèìàëüíûå è ìàêñèìàëüíûå çíà÷å-
íèÿ òåìïåðàòóðû â öèêëå:  – ëîêàëüíîå âðåìÿ 
âíóòðè öèêëà, ñâÿçàííîå ñ âðåìåíåì äëÿ n

–ãî
 

öèêëà ñîîòíîøåíèåì:

72T n    .

Â ïðîìåæóòî÷íûõ óçëàõ êîíå÷íî-ýëåìåíò-
íîé ñåòêè, ëåæàùèõ íà ïîâåðõíîñòè ãîëîâêè, 
çíà÷åíèÿ òåìïåðàòóðû îïðåäåëÿëèñü ìåòîäîì 
èíòåðïîëÿöèè. Äëÿ óçëîâ, ðàñïîëîæåííûõ íà 
äíèùå ãîëîâêè, ïðèìåíÿëàñü êâàäðàòè÷åñêàÿ 
èíòåðïîëÿöèÿ, äëÿ îñòàëüíûõ óçëîâ – ëèíåé-
íàÿ. Ãðàíè÷íûå çíà÷åíèÿ òåìïåðàòóðû íà ïî-
âåðõíîñòè ãîëîâêè ïîðøíÿ èñïîëüçîâàëèñü ïðè 
îïðåäåëåíèè òåìïåðàòóðíîãî ïîëÿ â êàæäûé 
ìîìåíò âðåìåíè òåðìîöèêëè÷åñêîãî íàãðóæå-
íèÿ. Çàâèñèìîñòè òåïëîôèçè÷åñêèõ õàðàêòåðè-
ñòèê ìàòåðèàëà ãîëîâêè îò òåìïåðàòóðû ïðè-
íèìàëèñü â ñîîòâåòñòâèè ñ äàííûìè [3]. 

Íà âòîðîì ýòàïå èññëåäîâàíèé ïðîâîäèëñÿ 
ðàñ÷åò ÍÄÑ ãîëîâêè ïîðøíÿ, îñíîâíûìè çàäà-
÷àìè êîòîðîãî ÿâëÿëèñü:

– óñòàíîâëåíèå îáùåãî õàðàêòåðà ÍÄÑ ãî-
ëîâêè ïîðøíÿ è â îñîáåííîñòè êðîìêè ÊÑ;

– èçó÷åíèå êèíåòèêè ÍÄÑ ïðè òåðìîöèêëè-
÷åñêîì íàãðóæåíèè;

– àíàëèç íåèçîòåðìè÷åñêîãî ïðîöåññà èç-
ìåíåíèÿ ïëàñòè÷åñêèõ äåôîðìàöèé ñ öåëüþ 
ïðîãíîçèðîâàíèÿ òåðìîóñòàëîñòíîé ïðî÷íîñòè 
ãîëîâêè. 

Ïðè ìîäåëèðîâàíèè íåèçîòåðìè÷åñêîãî öè-
êëè÷åñêîãî äåôîðìèðîâàíèÿ ãîëîâêè ïîðøíÿ 
ïðèíèìàëèñü ñëåäóþùèå ïðåäïîëîæåíèÿ:

– ôèçèêî-ìåõàíè÷åñêèå õàðàêòåðèñòèêè ìà-
òåðèàëà çàâèñÿò îò òåìïåðàòóðû;

– â êà÷åñòâå ìîäåëè ïîâåäåíèÿ ìàòåðèàëà 
ïðèíèìàëàñü òåîðèÿ òå÷åíèÿ ñ êèíåìàòè÷å-
ñêèì óïðî÷íåíèåì;

– ïëàñòè÷åñêèå õàðàêòåðèñòèêè ìàòåðèàëà 
îïðåäåëÿëèñü ïî äèàãðàììàì öèêëè÷åñêîãî äå-
ôîðìèðîâàíèÿ. 

Çàâèñèìîñòè ìîäóëÿ óïðóãîñòè ( )E T , êîýô-
ôèöèåíòà Ïóàññîíà ( )T , ïðåäåëà òåêó÷åñòè 

( )T T  è ïðåäåëà ïðî÷íîñòè ( )b T  äëÿ ñïëàâà 
ÀË-25 îïðåäåëÿëèñü ïî äèàãðàììàì öèêëè÷å-
ñêîãî äåôîðìèðîâàíèÿ â ñîîòâåòñòâèè ñ ðàáî-
òàìè [2, 7].

Ïðè îïðåäåëåíèè ÍÄÑ íà íåêîòîðîì âðå-
ìåííîì ñëîå ôèçèêî-ìåõàíè÷åñêèå õàðàêòåðè-
ñòèêè ìàòåðèàëà ïðèíèìàëèñü ñîîòâåòñòâóþ-
ùèìè ïðåäûäóùåìó âðåìåííîìó ñëîþ.

Ðåçóëüòàòû èññëåäîâàíèé 
è èõ îáñóæäåíèå
Íà ðèñ. 5, à ïðèâåäåíû ðåçóëüòàòû ðàñ÷åòà 

òåìïåðàòóðíîãî ïîëÿ â âèäå èçîòåðì, ñîîòâåò-
ñòâóþùèõ ìàêñèìàëüíîìó çíà÷åíèþ òåìïåðà-
òóðû â öèêëå.

Íà ðèñ. 5, â ïîêàçàíî ôîðìîèçìåíåíèå ãî-
ëîâêè ïîðøíÿ äëÿ äâóõ ìîìåíòîâ âðåìåíè, ñî-
îòâåòñòâóþùèõ ìàêñèìàëüíîìó è ìèíèìàëü-
íîìó çíà÷åíèÿì òåìïåðàòóðû â öèêëå. 

Õàðàêòåð ðàñïðåäåëåíèÿ èíòåíñèâíîñòè íà-
ïðÿæåíèé i  ïðèâåäåí íà ðèñ. 5, ã.

Ïî ðåçóëüòàòàì âûïîëíåííîãî ðàñ÷åòà áûëî 
óñòàíîâëåíî, ÷òî îïðåäåëÿþùèìè íàïðÿæå-
íèÿìè â çîíå êðîìêè ÊÑ ÿâëÿþòñÿ êîëüöåâûå 
(ðèñ. 5, á), ìàêñèìàëüíàÿ âåëè÷èíà êîòîðûõ 
äîñòèãàåò 52,3 ÌÏà, â òî âðåìÿ êàê ðàäèàëü-

Ðèñ. 4. Äèñêðåòíî-ýëåìåíòíàÿ ìîäåëü ãîëîâêè ïîðøíÿ



Ðàñ÷åòíî-ýêñïåðèìåíòàëüíûé ìåòîä îöåíêè òåðìîöèêëè÷åñêîé ñòîéêîñòè 
ïîðøíåé ôîðñèðîâàííîãî äèçåëÿ

13Èçâåñòèÿ ÌÃÒÓ «ÌÀÌÈ», ¹ 1(43), 2020

íûå, îñåâûå è ñäâèãîâûå, ñîîòâåòñòâåííî, 
2,0, 1,1 è 0,8 ÌÏà. Ñëåäîâàòåëüíî, íà êðîìêå 
ÊÑ ðåàëèçóåòñÿ ïðàêòè÷åñêè ïðîñòîå (ëó÷åâîå) 
íàãðóæåíèå, ñîîòâåòñòâóþùåå óñëîâèÿì ïðè-
ìåíèìîñòè ïðåäëîæåííîãî êðèòåðèÿ. Íåîáõî-
äèìî îòìåòèòü âûñîêîå çíà÷åíèå êîëüöåâûõ 
íàïðÿæåíèé ñæàòèÿ (52,3 ÌÏà), ïðåâûøàþùèõ 
ïðåäåë òåêó÷åñòè ñïëàâà ÀË-25 ïðè ñîîòâåò-
ñòâóþùåé òåìïåðàòóðå â ïîëóöèêëå íàãðåâà. Â 
ïîëóöèêëå îõëàæäåíèÿ êîëüöåâûå íàïðÿæåíèÿ 
ðàñòÿæåíèÿ õîòÿ è íå ïðåâûøàþò èñõîäíîãî 
ïðåäåëà òåêó÷åñòè ñïëàâà, òåì íå ìåíåå ïðè 
ñíèæåíèè ïðåäåëà òåêó÷åñòè çà ñ÷åò ýôôåêòà 
Áàóøèíãåðà ýòè íàïðÿæåíèÿ òàêæå ïðèâîäÿò ê 
ïëàñòè÷åñêèì äåôîðìàöèÿì.

Ïðîàíàëèçèðóåì õàðàêòåð èçìåíåíèÿ êîëü-
öåâîãî íàïðÿæåíèÿ íà êðîìêå ÊÑ â ïðîöåññå 
íåñòàöèîíàðíîãî òåìïåðàòóðíîãî âîçäåéñòâèÿ 
(ðèñ. 6). 

Â ïåðâîì ïîëóöèêëå íàãðåâà ìàêñèìàëüíûå 
íàïðÿæåíèÿ ñæàòèÿ 52,3    ÌÏà äîñòèãà-
þòñÿ ïðè òåìïåðàòóðå íà êðîìêå 297T  °Ñ, à 
çàòåì ñíèæàþòñÿ è ê êîíöó ïîëóöèêëà, êîãäà 
òåìïåðàòóðà íà êðîìêå ìàêñèìàëüíàÿ, ñîñòàâ-
ëÿþò 40,2    ÌÏà. 

Ïðè îõëàæäåíèè ãîëîâêè íà êðîìêå ÊÑ 
âîçíèêàþò ðàñòÿãèâàþùèå êîëüöåâûå íàïðÿ-
æåíèÿ, äîñòèãàþùèå ìàêñèìàëüíîãî çíà÷åíèÿ 

29,4   ÌÏà â êîíöå öèêëà, êîãäà òåìïåðà-
òóðà íà êðîìêå äîñòèãàåò çíà÷åíèÿ Ò = 230  °Ñ. 
Ïðè ñëåäóþùåì ïîëóöèêëå íàãðåâà íà êðîìêå 
âíîâü ðàçâèâàþòñÿ êîëüöåâûå íàïðÿæåíèÿ 
ñæàòèÿ, äîñòèãàþùèå ìàêñèìàëüíîãî çíà÷åíèÿ 

40,2    ÌÏà è ïåðåõîäÿùèå â ïîëóöèêëå 
îõëàæäåíèÿ â íàïðÿæåíèÿ ðàñòÿæåíèÿ ñ ìàê-
ñèìàëüíûì çíà÷åíèåì 29,3   ÌÏà. Â äàëü-
íåéøåì â ïðîöåññå öèêëè÷åñêîãî èçìåíåíèÿ 
êîëüöåâûõ íàïðÿæåíèé íà êðîìêå ÊÑ îñòàëñÿ 
ïðàêòè÷åñêè íåèçìåííûì. 

Íà ðèñ. 6 ïðèâåäåíà êèíåòèêà óïðóãîïëà-
ñòè÷åñêîãî ÍÄÑ êðîìêè ÊÑ â êîîðäèíàòàõ 
( )   .

Ïîä êîëüöåâîé äåôîðìàöèåé ïîäðàçóìå-
âàåòñÿ «ñèëîâàÿ» äåôîðìàöèÿ, ò.å. ïîëíàÿ äå-
ôîðìàöèÿ çà âû÷åòîì òåìïåðàòóðíîé ñîñòàâ-
ëÿþùåé. Êàê ñëåäóåò èç ïðèâåäåííîé íà ðèñ. 
6 çàâèñèìîñòè, ñòàáèëèçàöèÿ ïåòëè óïðóãî-
ïëàñòè÷åñêîãî ãèñòåðåçèñà íàñòóïàåò ïðàêòè-
÷åñêè ñî âòîðîãî öèêëà íàãðóæåíèÿ. Ìàêñè-
ìàëüíûå ñæèìàþùèå êîëüöåâûå äåôîðìàöèè 

Ðèñ. 5. Íàïðÿæåííî-äåôîðìèðîâàííîå ñîñòîÿíèå ãîëîâêè ïîðøíÿ ïî ðåçóëüòàòàì ðàñ÷åòà ÌÊÝ: 
à) òåìïåðàòóðíîå ïîëå ãîëîâêè ïîðøíÿ â êîíöå ïîëóöèêëà «íàãðåâ»; á) ôîðìà èçìåíåíèÿ ãîëîâêè ïîðøíÿ 
â ïîëóöèêëàõ 1) «íàãðåâ» è 2) «îõëàæäåíèå»; â) õàðàêòåð ðàñïðåäåëåíèÿ êîëüöåâûõ íàïðÿæåíèé  â êîíöå 
ïîëóöèêëà «íàãðåâ»; ã) õàðàêòåð ðàñïðåäåëåíèÿ èíòåíñèâíîñòè íàïðÿæåíèé 

i
 â êîíöå ïîëóöèêëà «íàãðåâ»
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ðàâíûå 0,115 %, äîñòèãàþòñÿ â êîíöå ïîëóöèê-
ëà íàãðåâà ïðè ìàêñèìàëüíîì çíà÷åíèè òåìïå-
ðàòóðû. Ïîñëåäóþùåå îõëàæäåíèå ïðèâîäèò 
ê ñíèæåíèþ óðîâíÿ ñæèìàþùèõ äåôîðìàöèé, 
ïåðåõîäÿùèõ â êîíöå öèêëà îõëàæäåíèÿ â ðàñ-
òÿãèâàþùèå, äîñòèãàþùèå ñâîåãî ìàêñèìàëü-
íîãî çíà÷åíèÿ 0,005 % ïðè ìèíèìàëüíîé òåì-
ïåðàòóðå öèêëà. Ðàçìàõ ñèëîâîé äåôîðìàöèè 
ðàâåí 0,124 %, à ðàçìàõ ïëàñòè÷åñêîé äåôîð-
ìàöèè, êàê ñëåäóåò èç ðàñ÷åòà, ðàâåí 0,056 %. 
Ñëåäîâàòåëüíî, ìåòîäèêà ðàñ÷åòà, â êîòîðîé 
èñïîëüçîâàëàñü ìîäåëü óïðóãîïëàñòè÷åñêî-
ãî ïîâåäåíèÿ ìàòåðèàëà, ïîçâîëèëà îöåíèòü 
íàïðÿæåííî- äåôîðìèðîâàííîå ñîñòîÿíèå 
êðîìêè ÊÑ è âûÿâèòü â åå çîíå âåëè÷èíó ïëà-
ñòè÷åñêîé äåôîðìàöèè. 

Òàêèì îáðàçîì, â ðåçóëüòàòå ïðîâåäåííîãî 
ðàñ÷åòà áûëè ïîëó÷åíû íåîáõîäèìûå äàííûå 
äëÿ àíàëèòè÷åñêîé îöåíêè òåðìîñòîéêîñòè 
êðîìêè ÊÑ êîíêðåòíîãî âàðèàíòà ïîðøíÿ ïî 
ïðåäëîæåííîìó êðèòåðèþ, îáîáùåííîìó íà 
íåèçîòåðìè÷åñêîå íàãðóæåíèå. 

Ïðîèçâåäåííûé ðàñ÷åò ÍÄÑ ãîëîâêè 
ïîðøíÿ ïðè öèêëè÷åñêîì âîçäåéñòâèè òåìïå-
ðàòóðíûõ íàãðóçîê, àíàëîãè÷íûõ ïåðåõîäíî-
ìó ðåæèìó ðàáîòû äèçåëÿ, äàåò íåîáõîäèìóþ 
èíôîðìàöèþ äëÿ îïðåäåëåíèÿ ñ ïîìîùüþ ðàç-
ðàáîòàííîãî êðèòåðèÿ ÷èñëà öèêëîâ äî ðàçðó-
øåíèÿ. Îöåíêà ýòîãî ÷èñëà ïðîèçâîäèëàñü êàê 
äëÿ ëèòîãî (Ë), òàê è äëÿ øòàìïîâàííîãî (Ø) 
ïîðøíåé äèçåëÿ Ä-245. Ïðåäåëüíàÿ ïëàñòè÷å-
ñêàÿ äåôîðìàöèÿ ìàòåðèàëà (îòíîñèòåëüíîå 
óäëèíåíèå ïðè ðàçðûâå) â îáîèõ ñëó÷àÿõ çà-

âèñèò îò òåìïåðàòóðû (ðèñ. 7, à, 7, á) è çíà÷è-
òåëüíî óâåëè÷èâàåòñÿ íà÷èíàÿ ñ 270–300 °Ñ. 

Ïðè ýòîì ïðåäåëüíàÿ ïëàñòè÷íîñòü ó ìàòå-
ðèàëà øòàìïîâàííîãî ïîðøíÿ âî âñåì äèàïàçî-
íå òåìïåðàòóð ñóùåñòâåííî âûøå, ÷åì ó ëèòîãî. 
Òàê êàê çíà÷åíèÿ ïðåäåëüíîé ïëàñòè÷íîñòè â 
ðÿäå ðàáîò èìåþò íåêîòîðûå îòëè÷èÿ, òî åå çíà-
÷åíèÿ ïðèâåäåíû íà ðèñ. 7, à, 7, á â âèäå ïîëîñû 
ðàçáðîñà ýêñïåðèìåíòàëüíûõ äàííûõ. Â ñâÿçè ñ 
ýòèì îöåíêà ÷èñëà öèêëîâ äî ðàçðóøåíèÿ áóäåò 
ïðîèçâîäèòüñÿ ïî ìèíèìàëüíîìó è ìàêñèìàëü-
íîìó çíà÷åíèÿì ïðåäåëüíîé ïëàñòè÷íîñòè. 

Íà ðèñ. 7, à è 7, á ïîêàçàíî èçìåíåíèå â çîíå 
êðîìêè ÊÑ ïðèðàùåíèé ïëàñòè÷åñêîé äåôîð-
ìàöèè, òåìïåðàòóðû, ïðåäåëüíîé ïëàñòè÷íî-
ñòè ëèòîãî (Ë) è øòàìïîâàííîãî (Ø) ïîðøíåé 
äëÿ ( 1)n  ãî  ïîëóöèêëà (îõëàæäåíèå) è n

–ãî
 ïî-

ëóöèêëà (íàãðåâ). Ïðèðàùåíèå ïëàñòè÷åñêîé 
äåôîðìàöèè íà ïîëóöèêëå îõëàæäåíèÿ áîëåå 
ðàâíîìåðíî, ÷åì íà ïîëóöèêëå íàãðåâà, ãäå 
ïëàñòè÷åñêàÿ äåôîðìàöèÿ èìååò ìåñòî òîëüêî 
âî âòîðîé ïîëîâèíå ïîëóöèêëà.

Ñ ïîìîùüþ êðèâûõ, ïðèâåäåííûõ íà ðèñ. 7, à 
è 7, á, ïîëó÷åíû çíà÷åíèÿ ïîäûíòåãðàëüíîé 
ôóíêöèè (ðèñ. 8, à è 8, á), âõîäÿùåé â óðàâíå-
íèå äëÿ îöåíêè ïîâðåæäåíèÿ è õàðàêòåðèçóþ-
ùåé ñêîðîñòü èçìåíåíèÿ ïîâðåæäåíèé íà ñîîò-
âåòñòâóþùèõ ïîëóöèêëàõ.

Ïëîùàäü ïîä ýòèìè êðèâûìè åñòü çíà÷åíèÿ 
ïîâðåæäåíèé íà ( 1)n  ì  è n

–ì
 ïîëóöèêëàõ. Ïî-

âðåæäåíèÿ íà ïîëóöèêëàõ îõëàæäåíèÿ è íà-
ãðåâà, ïîëó÷åííûå ïî ìàêñèìàëüíûì è ìèíè-
ìàëüíûì çíà÷åíèÿì ïðåäåëüíîé ïëàñòè÷åñêîé 

Ðèñ. 6. Öèêëè÷åñêîå èçìåíåíèå íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ êðîìêè ÊÑ 
ïðè íèçêî÷àñòîòíîì íàãðóæåíèè ïîðøíÿ



Ðàñ÷åòíî-ýêñïåðèìåíòàëüíûé ìåòîä îöåíêè òåðìîöèêëè÷åñêîé ñòîéêîñòè 
ïîðøíåé ôîðñèðîâàííîãî äèçåëÿ
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äåôîðìàöèè ïðè ñîîòâåòñòâóþùåé òåìïåðàòó-
ðå, äëÿ ìàòåðèàëà ëèòîãî ïîðøíÿ èçìåíÿþòñÿ 
îò 42,8 10  äî 45,7 10 , à äëÿ øòàìïîâàííîãî 

54,4 10   äî 511,75 10 .
Ñîîòâåòñòâóþùèå èì çíà÷åíèÿ ÷èñëà 

öèêëîâ äî ðàçðóøåíèÿ èçìåíÿþòñÿ îò 1750 äî 
3550 è îò 8500 äî 20750. Òàê êàê äëÿ íàøåãî 

ñëó÷àÿ ïðåäåëüíàÿ ïëàñòè÷åñêàÿ äåôîðìàöèÿ 
ìàòåðèàëà ëèòîãî è øòàìïîâàííîãî ïîðøíåé 
ñîîòâåòñòâîâàëà â ïîëîñå ðàçáðàñûâàåìîìó 
ìèíèìàëüíîìó çíà÷åíèþ (ðèñ. 7, à è 7, á), òî, 
ñëåäîâàòåëüíî, ÷èñëî öèêëîâ äî ðàçðóøåíèÿ 
ñîñòàâèëî: äëÿ ëèòîãî ïîðøíÿ – 1750, äëÿ 
øòàìïîâàííîãî – 8500. 

 à á

Ðèñ. 7. Èçìåíåíèå ïðèðàùåíèÿ ïëàñòè÷åñêîé äåôîðìàöèè, òåìïåðàòóðû è ïðåäåëüíîé ïëàñòè÷íîñòè: 
à) íà ïîëóöèêëå «íàãðåâ»; á) íà ïîëóöèêëå «îõëàæäåíèÿ»

 à á

Ðèñ. 8. Çàâèñèìîñòü ñêîðîñòè íàêîïëåíèÿ ïîâðåæäåíèé äëÿ ëèòîãî (Ë) 
è øòàìïîâàííîãî (Ø) ïîðøíåé îò ïðèðàùåíèÿ ïëàñòè÷åñêîé äåôîðìàöèè: 

à) íà ïîëóöèêëå «íàãðåâ»; á) íà ïîëóöèêëå «îõëàæäåíèå»



Áåëîâ Â.Ï., Àïåëèíñêèé Ä.Â.

16 Èçâåñòèÿ ÌÃÒÓ «ÌÀÌÈ», ¹ 1(43), 2020

Çàêëþ÷åíèå
Ïðèâåäåííîå ñîïîñòàâëåíèå ðàñ÷åòíûõ è 

ýêñïåðèìåíòàëüíûõ (íà ÁÒÑ) çíà÷åíèé êîëè-
÷åñòâà òåðìîöèêëîâ äî ðàçðóøåíèÿ êðîìîê ÊÑ 
ïîðøíåé, ïîêàçàëî èõ óäîâëåòâîðèòåëüíîå ñî-
îòâåòñòâèå:

1. äëÿ ëèòûõ: ðàñ÷åò – 1750; ýêñïåðèìåíò – 
1400...2000; 

2. äëÿ øòàìïîâàííûõ: ðàñ÷åò – 8500; ýêñïå-
ðèìåíò – 5850…6400. 

Ñëåäóåò îòìåòèòü, ÷òî âûïîëíåííûå ðàñ-
÷åòû íå óñòàíîâèëè ñìåùåíèÿ ïåòëè óïðóãî-
ïëàñòè÷åñêîãî ãèñòåðåçèñà, âûðàæàþùåãîñÿ â 
îäíîñòîðîííåì íàêîïëåíèè îñòàòî÷íûõ äåôîð-
ìàöèé è ïðèâîäÿùåãî ê èçìåíåíèþ äèàìåòðà 
êðîìêè ÊÑ, íàáëþäàåìîãî â ðÿäå ýêñïåðèìåí-
òîâ. Ýòî ìîæåò áûòü îáúÿñíåíî èñïîëüçîâàíè-
åì â ðàñ÷åòíîé ìîäåëè óïðóãîïëàñòè÷åñêîãî 
ïîâåäåíèÿ ìàòåðèàëà áåç ó÷åòà åãî ïîëçó÷åñòè, 
òàê êàê ïîëíîöåííûå ñâåäåíèÿ î òàêîé õàðàêòå-
ðèñòèêå ïîðøíåâûõ ìàòåðèàëîâ îòñóòñòâóþò. 
Â òî æå âðåìÿ ïðè íàëè÷èè òàêèõ ñâåäåíèé ìå-
òîäèêà ðàñ÷åòà ìîæåò áûòü îòêîððåêòèðîâàíà 
ñ èõ ó÷åòîì. 

Òàêèì îáðàçîì, ïðåäëîæåííûé äåôîðìà-
öèîííî-êèíåòè÷åñêèé êðèòåðèé, îáîáùåííûé 
íà íåèçîòåðìè÷åñêîå íàãðóæåíèå, ïîçâîëÿåò 
â ñî÷åòàíèè ñ ðàñ÷åòíûì ìåòîäîì êîíå÷íûõ 
ýëåìåíòîâ ÍÄÑ ïîðøíÿ â óïðóãîïëàñòè÷åñêîé 
ïîñòàíîâêå îöåíèâàòü òåðìîñòîéêîñòü êðîìêè 
ÊÑ ïðè íåñòàöèîíàðíûõ ðåæèìàõ òåðìîíàãðó-
æåíèÿ. 
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CALCULATION AND EXPERIMENTAL METHOD FOR ASSESSING 
THE THERMAL CYCLIC RESISTANCE OF FORCED DIESEL PISTONS

PhD in Engineering V.P. Belov, PhD in Engineering D.V. Apelinskij
Moscow Polytechnic University, Moscow, Russia

belovmami@mail.ru

The article considers the causes of fatigue fracture of pistons of highly loaded diesel engines. It is noted 
that the appearance of cracks on the piston bottom is a consequence of the high level stress-strain state 
(SSS), due to the combined effect of unsteady thermal and mechanical loads. The mechanism of crack 
nucleation during cyclic changes in heat exchange is considered. A deformation-kinetic criterion that is 
generalized to nonisothermal loading, which makes it possible to provide calculation more correctly by 
the number of thermal loading cycles until fatigue damage occurs, is proposed. In order to obtain initial 
data for a specific implementation of the proposed criterion, a calculated estimation of the piston SSS by 
means of FEM was carried out. The boundary conditions for the calculation were obtained by measuring 
the piston head on a non-motorized heat test bench (NHTB) under thermocyclic loading. It is established 
that the determining stresses in the zone of the edge of the combustion chamber (CC) are the ring ones, 
while radial, axial and shear ones are subsubstantially lower. It is determined that on the edge of the 
CC, an almost simple (beam) loading that meets the conditions of applicability of the proposed criterion 
is realized. The kinetics of the elastoplastic SSS of the CC edge is given. It is noted that the performed 
calculations did not establish the displacement of the loop of the elastoplastic hysteresis due to the lack 
of complete information on the creep of piston materials. If such information is available, the calculation 
methodology can be adjusted to take them into account. A comparison is made between the calculated 
and experimental (on NHTB) values of the number of thermal cycles until cracks appear on the edge 
of CC pistons, made by casting and isothermal stamping, which showed their satisfactory compliance.

Keywords: piston, combustion chamber edge, thermocyclic loading, stress-strain state.
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Ðàçðàáîòêà òðàíñïîðòíûõ ñðåäñòâ âûñîêîé ïðîõîäèìîñòè â íàøåé ñòðàíå îáóñëîâëåíà íåîáõî-
äèìîñòüþ îñóùåñòâëåíèÿ ïåðåâîçîê â óñëîâèÿõ îòñóòñòâèÿ ðàçâèòîé äîðîæíîé ñåòè, îñîáåííî 
â ðàéîíàõ Ñèáèðè, Ñåâåðà è Äàëüíåãî Âîñòîêà. Îäíèì èç ïåðñïåêòèâíûõ íàïðàâëåíèé ñîçäà-
íèÿ òðàíñïîðòíûõ ñðåäñòâ âûñîêîé ïðîõîäèìîñòè ÿâëÿåòñÿ ðàçðàáîòêà ñî÷ëåíåííûõ ãóñåíè÷íûõ 
ìàøèí, ñîñòîÿùèõ èç íåñêîëüêèõ àêòèâíûõ çâåíüåâ, èìåþùèõ âîçìîæíîñòü ïîâîðà÷èâàòüñÿ äðóã 
îòíîñèòåëüíî äðóãà. Çâåíüÿ ñîåäèíÿþòñÿ äðóã ñ äðóãîì ñ ïîìîùüþ ïîâîðîòíî-ñöåïíîãî óñòðîé-
ñòâà. Îáúåêòîì èññëåäîâàíèÿ â äàííîé ðàáîòå ÿâëÿåòñÿ äâóõçâåííûé ãóñåíè÷íûé ñíåãîáîëîòîõîä. 
Öåëüþ ðàáîòû ÿâëÿåòñÿ ñðàâíèòåëüíûé àíàëèç ðåçóëüòàòîâ íàòóðíûõ ýêñïåðèìåíòîâ ïî îöåíêå 
ñèë, âîçíèêàþùèõ â ýëåìåíòàõ ÏÑÓ ïðè äâèæåíèè ïî ïåðåñå÷åííîé ìåñòíîñòè, è êîìïüþòåðíîãî 
ìîäåëèðîâàíèÿ äâèæåíèÿ ñî÷ëåíåííîé ãóñåíè÷íîé ìàøèíû â ñðåäå MSC.ADAMS. Â ðàáîòå îïè-
ñàíû ýòàïû ïîäãîòîâêè ê ïðîâåäåíèþ íàòóðíûõ èñïûòàíèé: íàêëåéêà òåíçîäàò÷èêîâ íà äåòàëè 
ïîâîðîòíî-ñöåïíîãî óñòðîéñòâà, óñòàíîâêà äàò÷èêîâ äàâëåíèÿ â ãèäðîöèëèíäðû, óñòàíîâêà îáîðó-
äîâàíèÿ â çâåíüÿ ãóñåíè÷íîé ìàøèíû äëÿ îöåíêè ñêîðîñòåé è óñêîðåíèé è äð. Îïèñàíî ñîçäàíèå 
êîìïüþòåðíîé ìîäåëè ñî÷ëåíåííîé ãóñåíè÷íîé ìàøèíû: ñîçäàíèå ìîäåëè ãóñåíè÷íîé ìàøèíû íà 
îñíîâå êîíñòðóêòîðñêîé äîêóìåíòàöèè çàâîäà-èçãîòîâèòåëÿ, çàäàíèå óïðàâëÿþùåãî âîçäåéñòâèÿ 
íà îñíîâå äàííûõ íàòóðíîãî ýêñïåðèìåíòà, ñîçäàíèå âèðòóàëüíîãî ïîëèãîíà, ïîâòîðÿþùåãî ìà-
êðîïðîôèëü ðåàëüíîé ìåñòíîñòè, íà êîòîðîé ïðîèçâîäèëèñü èñïûòàíèÿ. Îñîáîå âíèìàíèå óäåëå-
íî ìîäåëèðîâàíèþ ýëåìåíòîâ ÏÑÓ. Ïðèâåäåíû ðåçóëüòàòû íàòóðíûõ èñïûòàíèé è êîìïüþòåðíîãî 
ìîäåëèðîâàíèÿ. Ñäåëàíû âûâîäû î ñõîäèìîñòè ðåçóëüòàòîâ ìîäåëèðîâàíèÿ ñ äàííûìè, ïîëó÷åí-
íûìè â õîäå íàòóðíûõ èñïûòàíèé.

Êëþ÷åâûå ñëîâà: ñî÷ëåíåííàÿ ãóñåíè÷íàÿ ìàøèíà, ïîâîðîòíî-ñöåïíîå óñòðîéñòâî (ÏÑÓ), ñíå-
ãîáîëîòîõîä, ïðîõîäèìîñòü, ïîäâèæíîñòü, êîìïüþòåðíîå ìîäåëèðîâàíèå, íàòóðíûå èñïûòàíèÿ.

Ââåäåíèå
Ðàçðàáîòêà òðàíñïîðòíûõ ñðåäñòâ âûñîêîé 

ïðîõîäèìîñòè â íàøåé ñòðàíå îáóñëîâëåíà íå-
îáõîäèìîñòüþ îñóùåñòâëåíèÿ ïåðåâîçîê â óñ-
ëîâèÿõ îòñóòñòâèÿ ðàçâèòîé äîðîæíîé ñåòè. 
Ðîññèéñêàÿ Ôåäåðàöèÿ – ýòî ñòðàíà ñ îãðîìíîé 
ïëîùàäüþ, îáøèðíàÿ ÷àñòü êîòîðîé íàõîäèòñÿ 
íà êðàéíåì ñåâåðå è íà ïðèðàâíåííûõ ê òàêî-
âûì òåððèòîðèÿõ. Íà òàêîé îáøèðíîé òåððèòî-
ðèè ÷àñòî âñòðå÷àþòñÿ ìåñòà, ãäå íåò íè äîðîã 
ñ àñôàëüòîâûì ïîêðûòèåì, íè ãðóíòîâûõ äîðîã 
ñ äîñòàòî÷íîé íåñóùåé ñïîñîáíîñòüþ. Èìåííî 
ñ òàêèìè ñëîæíûìè äîðîæíûìè óñëîâèÿìè 
÷àñòî ñòàëêèâàþòñÿ âîåííûå, Ì×Ñ, ãåîëîãî-
ðàçâåäî÷íûå ãðóïïû, ïîèñêîâî-ñïàñàòåëüíûå 
îòðÿäû è äð. Ïîýòîìó âîïðîñ ïîâûøåíèÿ ïðî-
õîäèìîñòè (ïîäâèæíîñòè) ãóñåíè÷íûõ ìàøèí â 

íàøåé ñòðàíå ñòîèò îñîáåííî îñòðî. Îäèíî÷-
íûå ãóñåíè÷íûå òðàíñïîðòíûå ñðåäñòâà èìåþò 
ñóùåñòâåííûå êîíñòðóêòèâíûå îãðàíè÷åíèÿ 
ïî ãàáàðèòàì è ìàêñèìàëüíîé ãðóçîïîäúåì-
íîñòè. Äëÿ ïðåîäîëåíèÿ ýòèõ îãðàíè÷åíèé 
óñèëèÿ ðàçðàáîò÷èêîâ áûëè íàïðàâëåíâ íà ñîç-
äàíèå ñî÷ëåíåííûõ ãóñåíè÷íûõ ìàøèí, èìåþ-
ùèõ ïðèíöèïèàëüíî èíóþ ñõåìó. Ñî÷ëåíåííàÿ 
ãóñåíè÷íàÿ ìàøèíà – ýòî òðàíñïîðòíîå ñðåä-
ñòâî, ñîñòîÿùåå èç íåñêîëüêèõ àêòèâíûõ çâå-
íüåâ, èìåþùèõ âîçìîæíîñòü ïîâîðà÷èâàòüñÿ 
äðóã îòíîñèòåëüíî äðóãà. Çâåíüÿ ñîåäèíÿþòñÿ 
äðóã ñ äðóãîì ñ ïîìîùüþ ïîâîðîòíî-ñöåïíîãî 
óñòðîéñòâà (ÏÑÓ) [1, 2]. ÏÑÓ – ýòî øàðíèð, 
ðàñïîëîæåííûé ìåæäó çâåíüÿìè ãóñåíè÷íîé 
ìàøèíû, êîòîðûé ïîçâîëÿåò èì ñêëàäûâàòüñÿ 
îòíîñèòåëüíî äðóã äðóãà êàê â ãîðèçîíòàëü-
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íîé, òàê è â âåðòèêàëüíîé ïëîñêîñòÿõ, à òàêæå 
ïîçâîëÿåò ñîâåðøàòü çâåíüÿì ïîâîðîò íà îïðå-
äåëåííûé óãîë îòíîñèòåëüíî ïðîäîëüíîé îñè 
ãóñåíè÷íîé ìàøèíû. 

Îáúåêòîì èññëåäîâàíèÿ â äàííîé ðàáîòå 
ÿâëÿåòñÿ äâóõçâåííûé ñî÷ëåíåííûé ñíåãîáî-
ëîòîõîä, îñíàùåííîãî ïîâîðîòíî-ñöåïíûì 
óñòðîéñòâîì (ÏÑÓ). Îáùèé âèä ñíåãîáîëîòî-
õîäà è ÏÑÓ ïðåäñòàâëåí íà ðèñ. 1.

Öåëüþ ðàáîòû ÿâëÿåòñÿ ñðàâíèòåëüíûé 
àíàëèç ðåçóëüòàòîâ íàòóðíûõ ýêñïåðèìåíòîâ 
ïî îöåíêå ñèë, âîçíèêàþùèõ â ýëåìåíòàõ ÏÑÓ 
ïðè äâèæåíèè ïî ïåðåñå÷åííîé ìåñòíîñòè, 
è êîìïüþòåðíîãî ìîäåëèðîâàíèÿ [3] äâèæå-
íèÿ ñî÷ëåíåííîé ãóñåíè÷íîé ìàøèíû â ñðåäå 
MSC.ADAMS. 

Ìåòîäû è ñðåäñòâà 
ïðîâåäåíèÿ èññëåäîâàíèé
Íà ïåðâîì ýòàïå áûëà ïðîèçâåäåíà ïîäãî-

òîâêà ê ïðîâåäåíèþ íàòóðíûõ èñïûòàíèé. Íà 
ãóñåíè÷íóþ ìàøèíó áûëî óñòàíîâëåíî èçìå-
ðèòåëüíîå è ðåãèñòðèðóþùåå îáîðóäîâàíèå, 
âêëþ÷àþùåå â ñåáÿ äâà îñíîâíûõ áëîêà, ñèí-
õðîíèçèðîâàííûõ ìåæäó ñîáîé ïî âðåìåíè. 
Ïåðâûé áëîê ïðåäíàçíà÷åí äëÿ ðåãèñòðàöèè 
ïàðàìåòðîâ, ñâÿçàííûõ ñ ÏÑÓ ìàøèíû, è ñî-
ñòîèò èç ìíîãîêàíàëüíîãî äèíàìè÷åñêîãî èç-

ìåðèòåëüíîãî êîìïëåêñà, ê êîòîðîìó áûëè 
ïîäêëþ÷åíû äàò÷èêè äàâëåíèÿ ìàñëà â ãè-
äðîöèëèíäðàõ ðóëåâîãî óïðàâëåíèÿ, äàò÷èêè 
ïåðåìåùåíèÿ øòîêîâ ãèäðîöèëèíäðîâ è ôîëü-
ãîâûå òåíçîðåçèñòîðû äëÿ èçìåðåíèÿ îòíîñè-
òåëüíûõ äåôîðìàöèé [4]. Ìåñòà óñòàíîâêè äàò-
÷èêîâ ïîêàçàíû íà ðèñ. 2. Âòîðîé áëîê ñëóæèò 
äëÿ çàïèñè ïîëîæåíèÿ â ãëîáàëüíûõ êîîðäèíà-
òàõ, èçìåðåíèÿ ñêîðîñòè è óñêîðåíèÿ ñíåãîáî-
ëîòîõîäà.

 Ôðàãìåíòû íàêëåéêè òåíçîäàò÷èêîâ ïî-
êàçàíû íà ðèñ. 3. Ïîñëå íàêëåéêè äàò÷èêîâ, 
êîíòàêòíûõ ïëàñòèí è ïðèïàéêè ê íèì ïðîâî-
äîâ ïðîâîäèëàñü ïåðâè÷íàÿ ïðîâåðêà èõ ðàáî-
òîñïîñîáíîñòè íà íàãðóæàþùåì ñòåíäå ñ èñ-
ïîëüçîâàíèåì èçãîòîâëåííûõ ïðèñïîñîáëåíèé, 
ïðîâîäèëàñü òàðèðîâêà. Ïîñëå ýòîãî çîíà íà-
êëåéêè äàò÷èêîâ ïîêðûâàëàñü çàùèòíûì ýïîê-
ñèäíûì ñîñòàâîì.

Ðèñ. 1. Îáùèé âèä ñíåãîáîëîòîõîäà è ÏÑÓ
Ðèñ. 2. Ìåñòà óñòàíîâêè äàò÷èêîâ äàâëåíèÿ 

è òðîñîâûõ äàò÷èêîâ
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Äëÿ ñîçäàíèÿ âèðòóàëüíîãî ïîëèãîíà äëÿ 
êîìïüþòåðíîé ìîäåëè ñî÷ëåíåííîé ãóñåíè÷íîé 
ìàøèíû [5] áûëà ïðîâåäåíà çàïèñü ìàêðîïðî-
ôèëÿ ðåàëüíîé ìåñòíîñòè, íà êîòîðîé ïðîèñõî-
äèëè íàòóðíûå èñïûòàíèÿ. Ôðàãìåíò ïðîöåññà 
çàïèñè ìàêðîïðîôèëÿ ïîêàçàí íà ðèñ. 4.

Ïîñëå çàâåðøåíèÿ ïîäãîòîâèòåëüíûõ ðàáîò 
áûëè ïðîâåäåíû íàòóðíûå èñïûòàíèÿ.

Äàííûå èñïûòàíèÿ âêëþ÷àëè â ñåáÿ ðÿä çàåç-
äîâ ïî ïîëèãîíó: âúåçä â ãîðó äèàãîíàëüíîå âûâå-
øèâàíèå, äâèæåíèå ïî ñèëüíî ïåðåñå÷åííîé ìåñò-
íîñòè, äâèæåíèå ïî ïåðåñå÷åííîé ìåñòíîñòè.

Ïîñëå íàòóðíûõ èñïûòàíèé áûëè ïîëó-
÷åíû ìàññèâû ýêñïåðèìåíòàëüíûõ äàííûõ, ñ 
êîòîðûìè âïîñëåäñòâèè áóäåò ñðàâíèâàòüñÿ 
ïîâåäåíèå êîìïüþòåðíîé ìîäåëè ñî÷ëåíåííîé 
ãóñåíè÷íîé ìàøèíû â ñðåäå MSC.ADAMS [6]. 

Íà ðèñ. 5 ïîêàçàíû ôðàãìåíòû ðàçëè÷íûõ íà-
òóðíûõ èñïûòàíèé ñíåãîáîëîòîõîäà. 

Ñëåäóþùèì ýòàïîì ðàáîòû áûëî ñîçäàíèå 
êîìïüþòåðíîé ìîäåëè â âèðòóàëüíîé ñðåäå. Ïî 
ïåðåäàííîé êîíñòðóêòîðñêîé äîêóìåíòàöèè 
(ÊÄ) â ñðåäå MSC.ADAMS áûëà ðàçðàáîòàíà 
ìíîãîìàññîâàÿ äèíàìè÷åñêàÿ ìîäåëü ñî÷ëå-
íåííîé ãóñåíè÷íîé ìàøèíû [7], ïîêàçàííàÿ 
íà ðèñ. 6 è 7. Îñíîâíûå ãàáàðèòíûå ðàçìåðû è 
ìàññîâî-èíåðöèîííûå õàðàêòåðèñòèêè âçÿòû 
èç êîíñòðóêòîðñêîé äîêóìåíòàöèè.

Ýëåìåíòû äëÿ ìîäåëèðîâàíèÿ ãóñåíè÷íîãî 
äâèæèòåëÿ â ñòàíäàðòíîé áèáëèîòåêå MSC.
ADAMS îòñóòñòâóþò, ïîýòîìó áûëî ïðèíÿòî 
ðåøåíèå çàìåíèòü ãóñåíè÷íûé äâèæèòåëü íà 
ðÿäû ìîäåëåé øèí èç ñòàíäàðòíîé áàçû MSC.
ADAMS. Äëÿ îáåñïå÷åíèÿ îäèíàêîâîé óãëîâîé 

      

Ðèñ. 3. Ôðàãìåíòû íàêëåéêè äàò÷èêîâ íà ýëåìåíòû ÏÑÓ

Ðèñ. 4. Ôðàãìåíò ïðîöåññà çàïèñè ìàêðîïðîôèëÿ
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ñêîðîñòè âðàùåíèÿ êàòêîâ, ñìîäåëèðîâàííûõ ñ 
ïîìîùüþ øèí, áûëè èñïîëüçîâàíû ýëåìåíòû 
Coupler.Ñ ïîìîùüþ äàííîãî ýëåìåíòà îáåñïå-
÷èâàåòñÿ ñâÿçü êàòêîâ, êàê ýòî ïðîèñõîäèëî áû 
ïðè íàëè÷èè ãóñåíè÷íîãî îáâîäà. Ìîäåëü äâè-
æèòåëÿ ïîêàçàíà íà ðèñ. 6.

Â ìàòåìàòè÷åñêîé ìîäåëè âîñïðîèçâåäå-
íà òîðñèîííàÿ ïîäâåñêà ñ ïàðàìåòðàìè, ñîîò-
âåòñòâóþùèìè ðåàëüíîé êîíñòðóêöèè ñî÷ëå-
íåííîé ãóñåíè÷íîé ìàøèíû (ðèñ. 7). Óãëîâàÿ 
æåñòêîñòü òîðñèîíà çàäàâàëàñü ñ èñïîëüçîâà-
íèåì ýëåìåíòà Torsion Spring. Óïðóãàÿ õàðàê-
òåðèñòèêà òîðñèîííîãî âàëà áûëà âçÿòà èç ÊÄ.

Äâèæåíèå (êðóòÿùèé ìîìåíò) íà çâåçäî÷-
êè çâåíüåâ ïðåäàåòñÿ ÷åðåç ìîäåëè äèôôå-
ðåíöèàëîâ, ïðè ýòîì ïî àíàëîãèè ñ ðåàëüíîé 
êîíñòðóêöèåé ìåæäó çâåíüÿìè ãóñåíè÷íîé 
ìàøèíû ñìîäåëèðîâàí ìåæçâåííûé äèôôåðåí-
öèàë. Óñëîâíàÿ êèíåìàòè÷åñêàÿ ñõåìà òðàíñ-
ìèññèè ïîêàçàíà íà ðèñ. 8. 

Ïîâîðîòíî-ñöåïíîå óñòðîéñòâî áûëî ñìîäå-
ëèðîâàíî óïðóãèìè òåëàìè (ðèñ. 9).

Äëÿ ó÷åòà óïðóãèõ òåë â Adams íåîáõîäè-
ìî âûïîëíèòü ðåäóêöèþ êîíå÷íî-ýëåìåíòíîé 
ìîäåëè ìåòîäîì Êðýéãà-Áýìïòîíà, ïðè êîòî-
ðîé ðàññ÷èòûâàþòñÿ ñîáñòâåííûå ôîðìû êî-
ëåáàíèÿ óïðóãîé êîíñòðóêöèè è ôîðìû ñòàòè-
÷åñêîé äåôîðìàöèè óïðóãîé êîíñòðóêöèè îò 
åäèíè÷íîãî ïåðåìåùåíèÿ, ïîñëå ÷åãî ïîëó÷åí-
íûå âåêòîðà îáúåäèíÿþòñÿ â åäèíûé áàçèñ.

   

 à á

   

 â ã

Ðèñ. 5. Ôðàãìåíòû íàòóðíûõ èñïûòàíèé: 
à) âúåçä â ãîðó; á) äèàãîíàëüíîå âûâåøèâàíèå; â) äâèæåíèå ïî ñèëüíî ïåðåñå÷åííîé ìåñòíîñòè; 

ã) äâèæåíèå ïî ïåðåñå÷åííîé ìåñòíîñòè

à

á

Ðèñ. 6. Äâèæèòåëü ñî÷ëåíåííîé ãóñåíè÷íîé ìàøèíû: 
à) îáùèé âèä; á) òîðñèîííûé âàë 

ñ ðû÷àãîì è êàòêîì
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Ñëåäóþùèì ýòàïîì ìîäåëèðîâàíèÿ ÿâëÿåò-
ñÿ ñîçäàíèå âèðòóàëüíîãî ïîëèãîíà íà îñíîâå 
äàííûõ î ìàêðîïðîôèëå îïîðíîé ïîâåðõíîñòè, 
ïîëó÷åííûõ âî âðåìÿ íàòóðíûõ èñïûòàíèé.

Àíàëèç ýêñïåðèìåíòàëüíûõ äàííûõ ïîêà-
çàë, ÷òî íàèáîëåå òÿæåëûì ðåæèìîì äëÿ ÏÑÓ 
ÿâëÿåòñÿ èñïûòàíèå «âúåçä â ãîðó», ýòî èñïû-
òàíèå è áóäåò ìîäåëèðîâàòüñÿ â âèðòóàëüíîé 
ñðåäå. Îáùèé âèä âèðòóàëüíîãî ïîëèãîíà äëÿ 

âûïîëíåíèÿ äàííîãî èñïûòàíèÿ ïðåäñòàâëåí 
íà ðèñ. 10. Áûëè âîñïðîèçâåäåíû âûñîòà, óãîë, 
ðàäèóñ çàåçäà è ñúåçäà. Áûëî ïðèíÿòî äîïóùå-
íèå: îïîðíàÿ ïîâåðõíîñòü – íå äåôîðìèðóåìàÿ.

Ïîñëå òîãî, êàê ñîáðàíà ìîäåëü ñî÷ëåíåí-
íîé ãóñåíè÷íîé ìàøèíû è ñîçäàí âèðòóàëüíûé 
ïîëèãîí, íåîáõîäèìî çàäàòü ïàðàìåòðû äâèæå-
íèÿ òðàíñïîðòíîãî ñðåäñòâà. Äâèæåíèå çàäàåò-
ñÿ ñ ïîìîùüþ ãåíåðàòîðà äâèæåíèÿ Rotational 

à) Îáùèé âèä ìîäåëè (êàðêàñíîå ïðåäñòàâëåíèå)

á) Îáùèé âèä ìîäåëè (çàëèâêà)

      

 â) Âåäóùåå çâåíî  ã) Âåäîìîå çâåíî

Ðèñ. 7. Îáùèé âèä ìîäåëè ñî÷ëåíåííîé ãóñåíè÷íîé ìàøèíû â ñðåäå MSC.ADAMS



Ðàñ÷åòíî-ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ óñëîâèé íàãðóæåíèÿ ýëåìåíòîâ 
ïîâîðîòíî-ñöåïíîãî óñòðîéñòâà ñî÷ëåíåííîé ãóñåíè÷íîé ìàøèíû

23Èçâåñòèÿ ÌÃÒÓ «ÌÀÌÈ», ¹ 1(43), 2020

èñïûòàíèÿ, ïóòåì ïåðåñ÷åòà ïîêàçàíèé äàò-
÷èêîâ äàâëåíèÿ íà ñîîòâåòñòâóþùèå ïëîùàäè 
ãèäðîöèëèíäðîâ óïðàâëåíèÿ. Ñðàâíåíèå ïðî-
âåäåíèÿ íàòóðíîãî ýêñïåðèìåíòà è êîìïüþòåð-
íîãî ìîäåëèðîâàíèÿ ïðåäñòàâëåíî íà ðèñ. 11.

Ïî ðåçóëüòàòàì ìîäåëèðîâàíèÿ â ñðåäå 
MSC.ADAMS ïîëó÷åíî íàïðÿæåííî-äåôîðìè-
ðîâàííîå ñîñòîÿíèå äåòàëåé ÏÑÓ (ðèñ. 12–14) 
è ñîñòàâëåíû ãðàôèêè èçìåíåíèÿ ñèë, äåéñòâó-
þùèõ íà äåòàëè ÏÑÓ, íàëîæåíû íà ýêñïåðè-
ìåíòàëüíûå äàííûå (ðèñ. 15).

Íà ðèñ. 15 íàáëþäàåòñÿ õîðîøàÿ ñõîäè-
ìîñòü äàííûõ êîìïüþòåðíîãî ìîäåëèðîâàíèÿ 
è äàííûõ íàòóðíîãî ýêñïåðèìåíòà. Äàííûé 
ôàêò ãîâîðèò îá àäåêâàòíîì ïîâåäåíèè êîì-
ïüþòåðíîé ìîäåëè ñî÷ëåíåííîé ãóñåíè÷íîé 
ìàøèíû â ñðåäå MSC.ADAMS.

Âûâîä
Ñðàâíèòåëüíàÿ îöåíêà ðåçóëüòàòîâ ìîäåëè-

ðîâàíèÿ èñïûòàíèÿ «âúåçä â ãîðó» ñ ðåçóëü-

Ðèñ. 8. Óñëîâíàÿ ìîäåëü òðàíñìèññèè

        

 à) ôëàíåö ñ òÿãàìè  á) êðåñòîâèíà ñî÷ëåíåíèÿ

Ðèñ. 9. Ïîäðîáíûå ÊÝÌ äåòàëåé ÏÑÓ

Ðèñ. 10. Âèðòóàëüíûé ïîëèãîí äëÿ èìèòàöèè 
óñëîâèé äâèæåíèÿ íàòóðíûõ èñïûòàíèé

Joint Motion, â êîòîðûé áûëà çàëîæåíà õàðàê-
òåðèñòèêà äâèæåíèÿ ïåðâîãî çâåíà ãóñåíè÷íîé 
ìàøèíû, ïîëó÷åííàÿ âî âðåìÿ ïðîâåäåíèÿ íà-
òóðíûõ ïîëèãîííûõ èñïûòàíèé. Óïðàâëÿþùèå 
âîçäåéñòâèÿ, óñèëèÿ, âîçíèêàþùèå â ãèäðî-
öèëèíäðàõ, çàäàâàëèñü íà îñíîâå ýêñïåðèìåí-
òàëüíûõ äàííûõ, ïîëó÷åííûõ â õîäå äàííîãî 
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 à) Íàòóðíûé ýêñïåðèìåíò á) Êîìïüþòåðíîå ìîäåëèðîâàíèå

Ðèñ. 11. Ñðàâíåíèå íàòóðíîãî ýêñïåðèìåíòà è êîìïüþòåðíîãî ìîäåëèðîâàíèÿ âî âðåìÿ èñïûòàíèÿ «âúåçä â ãîðó»

   
Ðèñ. 12. Íàïðÿæåííî-äåôîðìèðîâàííîå ñîñòîÿíèå äåòàëè «ôëàíåö ñ òÿãàìè» 

â ìîìåíò äåéñòâèÿ ìàêñèìàëüíîé ðàñòÿãèâàþùåé ñèëû

  
Ðèñ. 13. Íàïðÿæåííî-äåôîðìèðîâàííîå ñîñòîÿíèå äåòàëè «ôëàíåö ñ òÿãàìè» 

â ìîìåíò äåéñòâèÿ ìàêñèìàëüíîé èçãèáàþùåé (âåðòèêàëüíîé) ñèëû

   

Ðèñ. 14. Íàïðÿæåííî-äåôîðìèðîâàííîå ñîñòîÿíèå äåòàëè «êðåñòîâèíà ñî÷ëåíåíèÿ»
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òàòàìè îáðàáîòêè ïîêàçàíèé òåíçîäàò÷èêîâ, 
íàêëååííûõ íà äåòàëè ÏÑÓ, ïîêàçûâàåò äîñòà-
òî÷íî ñõîæèé õàðàêòåð èçìåíåíèÿ äåôîðìàöèé 
(íàïðÿæåíèé) â èññëåäóåìûõ ìåñòàõ. Ðàñõîæ-
äåíèå ìàêñèìàëüíûõ çíà÷åíèé íå ïðåâûøàåò 
20 %. Ïîÿâëåíèå òàêèõ ðàñõîæäåíèé â íåêîòî-
ðûõ ðåæèìàõ ìîæåò áûòü ñâÿçàíî ñ óïðîùåí-
íûì ïðåäñòàâëåíèåì âçàèìîäåéñòâèÿ äâèæèòå-
ëÿ ñ îïîðíîé ïîâåðõíîñòüþ. 

Äàííûå ðåçóëüòàòû ìîäåëèðîâàíèÿ â äàëü-
íåéøåì áûëè èñïîëüçîâàíû äëÿ ìîäåðíèçàöèè 
ýëåìåíòîâ ÏÑÓ. Äàëüíåéøèå ðàáîòû ïî îïòè-
ìèçàöèè ÏÑÓ ïðîèñõîäèëè íà êîìïüþòåðíîé 
ìîäåëè áåç ïðîâåäåíèÿ íàòóðíûõ èñïûòàíèé, òàê 
êàê âèðòóàëüíûå èñïûòàíèÿ ïîêàçàëè õîðîøóþ 
ñõîäèìîñòü ñ äàííûìè íàòóðíûõ èñïûòàíèé.
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CALCULATION AND EXPERIMENTAL STUDY OF THE LOADING CONDITIONS 
OF THE ELEMENTS OF ROTARY COUPLING DEVICE 

OF ARTICULATED CATERPILLAR VEHICLE

A.A. Vasil'ev, PhD in Engineering A.S. Vashurin, PhD in Engineering S.E. Manyanin
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The development of cross-country vehicles in our country is important due to the need for transportation in 
the absence of a developed road network, especially in the regions of Siberia, the North, and the Far East. 
One of the promising directions for creating high-cross-country vehicles is the development of articulated 
tracked vehicles consisting of several active links that can rotate relative to each other. The links are con-
nected to each other using a rotary coupling device. The object of study of this work is a two-link caterpillar 
snow and swamp all-terrain vehicle. The aim of the work is a comparative analysis of the results of full-scale 
experiments to assess the forces arising in the elements of the rotary coupling device when driving over 
rough terrain and computer simulation of the movement of an articulated tracked vehicle in MSC.ADAMS 
software. The work describes the stages of preparation for conducting full-scale tests: putting the tension 
sensors on the parts of the rotary coupling device, installing pressure sensors in hydraulic cylinders, install-
ing equipment in the links of a tracked vehicle for evaluating speeds and accelerations, etc. The creation 
of a computer model of an articulated tracked vehicle is described: the creation of a tracked vehicle model 
based on the design documentation of the manufacturer, the task of control action based on the data of a 
full-scale experiment, the creation of a virtual polygon that repeats the macro profile of the actual terrain, 
where the tests were performed. Particular attention is paid to modeling the elements of rotary coupling 
device. The results of field tests and computer simulations are presented. Conclusions are drawn about the 
convergence of the simulation results with the data obtained during field tests.

Keywords: articulated tracked vehicle, rotary coupling device, snow and swamp all-terrain vehicle, 
maneuverability, mobility, computer simulation, full-scale tests.
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Â äàííîé ñòàòüå àâòîðàìè ðàññìàòðèâàåòñÿ âîçìîæíîñòü ïðèìåíåíèÿ ãèáðèäíîãî íàêîïèòåëÿ 
ýëåêòðîýíåðãèè äëÿ âûðàâíèâàíèÿ ãðàôèêà íàãðóçêè ïðåäïðèÿòèÿ, òàê êàê ðåøåíèå çàäà÷è ðàöèî-
íàëüíîãî èñïîëüçîâàíèÿ íàêîïèòåëåé ýíåðãèè ñ ó÷åòîì èñõîäíîãî ïåðåìåííîãî ãðàôèêà íàãðóçêè 
ïîçâîëèò ñóùåñòâåííî ñíèçèòü íå òîëüêî çàòðàòû íà ïîòðåáëåíèå ýëåêòðîýíåðãèè ïðåäïðèÿòèåì, 
íî è çàòðàòû ïðè åå ïðîèçâîäñòâå. Ïðèâîäÿòñÿ ïîäðîáíûå õàðàêòåðèñòèêè àêêóìóëÿòîðíûõ áàòà-
ðåé ñ ðàçëè÷íûìè òèïàìè ýëåêòðîëèòîâ è ñóïåðêîíäåíñàòîðîâ. Ïðåäñòàâëåíà ìîäåëü àêòèâíîé 
ñõåìû ãèáðèäíîãî íàêîïèòåëÿ ýëåêòðîýíåðãèè, ñîñòîÿùåãî èç ëèòèé-èîííîé áàòàðåè è áëîêà ñó-
ïåðêîíäåíñàòîðîâ ñ ñîîòâåòñòâóþùèìè õàðàêòåðèñòèêàìè. Ìîäåëü ðàçðàáîòàíà ñ ïîìîùüþ ïàêå-
òà ïðèêëàäíûõ ïðîãðàìì SimPowerSystems â MatLab. Ïðè ìîäåëèðîâàíèè íå ó÷èòûâàëèñü òåìïå-
ðàòóðíûé ýôôåêò è ýôôåêò ñòàðåíèÿ àêêóìóëÿòîðíûõ áàòàðåé, òàêæå íå ó÷èòûâàëèñü ïàðàìåòðû 
îòíîñèòåëüíî ñàìîðàçðÿäà àêêóìóëÿòîðíîé áàòàðåè. Â ðåçóëüòàòå ìîäåëèðîâàíèÿ áûëè ïîëó÷å-
íû õàðàêòåðèñòèêè ðàçðÿäà áëîêîâ ñóïåðêîíäåíñàòîðîâ è àêêóìóëÿòîðíûõ áàòàðåé, íà îñíîâà-
íèè êîòîðûõ áûëà âûÿâëåíà öåëåñîîáðàçíîñòü èõ ñîâìåñòíîãî èñïîëüçîâàíèÿ äëÿ âûðàâíèâàíèÿ 
ãðàôèêîâ íàãðóçêè ðàçëè÷íûõ òèïîâ. Ïðåäñòàâëåíû ðåçóëüòàòû ìîäåëèðîâàíèÿ ðåæèìîâ ðàáîòû 
ãèáðèäíîãî íàêîïèòåëÿ ýíåðãèè, ñîâìåùàþùåãî äîñòîèíñòâà äâóõ òèïîâ íàêîïèòåëåé ýíåðãèè, 
à òàêæå ïîëó÷åí ãðàôèê îòäàâàåìîé â ñåòü ìîùíîñòè, ñîîòâåòñòâóþùèé çàäàííûì ïàðàìåòðàì. 
Ïðèâåäåíî ìàòåìàòè÷åñêîå îïèñàíèå ïðîöåññà óâåëè÷åíèÿ ìîùíîñòè ãèáðèäíîãî íàêîïèòåëÿ â 
ðåçóëüòàòå ñîâìåñòíîãî èñïîëüçîâàíèÿ áëîêîâ ñóïåðêîíäåíñàòîðîâ è àêêóìóëÿòîðíûõ áàòàðåé. 
Ïîñòðîåí ãðàôèê çàâèñèìîñòè êîýôôèöèåíòà óâåëè÷åíèÿ ìîùíîñòè îò ÷àñòîòû è âåëè÷èíû êîýô-
ôèöèåíòà çàïîëíåíèÿ èìïóëüñíîãî òîêà, êîòîðûé ïîêàçûâàåò, ÷òî ìàêñèìàëüíî âîçìîæíàÿ âûõîä-
íàÿ ìîùíîñòè ãèáðèäíîé íàêîïèòåëüíîé ñèñòåìû ìîæåò áûòü â ðàçû áîëüøå ìîùíîñòè îäèíî÷íîé 
áàòàðåè ñ îäèíàêîâûìè ïàðàìåòðàìè.

Êëþ÷åâûå ñëîâà: ãèáðèäíûé íàêîïèòåëü ýëåêòðîýíåðãèè, àêêóìóëÿòîðíàÿ áàòàðåÿ, ñóïåðêîíäåí-
ñàòîð, ãðàôèê ýëåêòðè÷åñêîé íàãðóçêè, ïîòðåáëåíèå ýëåêòðîýíåðãèè.

 Ââåäåíèå
Ñ ðàçâèòèåì ýëåêòðîýíåðãåòè÷åñêèõ 

ñèñòåì, ðîñòîì ìîùíîñòåé àãðåãàòîâ, ãåíåðè-
ðóþùèõ ýëåêòðîýíåðãèþ, ñòàíîâèòñÿ âñå áîëåå 
îñòðûì âîïðîñ íàêîïëåíèÿ ýëåêòðîýíåðãèè. 
Òàê êàê îäíèì èç îñíîâíûõ ïîêàçàòåëåé ðà-
öèîíàëüíîãî èñïîëüçîâàíèÿ ïîñòóïàþùåé íà 
ïðåäïðèÿòèå ýíåðãèè ÿâëÿåòñÿ ãðàôèê ýëåê-
òðè÷åñêîé íàãðóçêè, ìîæíî óòâåðæäàòü, ÷òî 
íåðàâíîìåðíîñòü äàííîãî ãðàôèêà ñíèæàåò 
ýíåðãîýôôåêòèâíîñòü ïðîèçâîäñòâà, ïåðåäà-
÷è è ïîòðåáëåíèÿ ýëåêòðîýíåðãèè [1, 2, 3]. Íà 
êàæäîì èç ýòèõ ýòàïîâ òðåáóåòñÿ óñòàíîâêà äî-
ðîãîñòîÿùåãî îáîðóäîâàíèÿ ñ çàâûøåííûìè 
õàðàêòåðèñòèêàìè, êîòîðîå ðàáîòàåò íà ñâîèõ 
íîìèíàëüíûõ çíà÷åíèÿõ ëèøü íåçíà÷èòåëüíûé 
ïðîìåæóòîê âðåìåíè.

Èñõîäÿ èç âûøåñêàçàííîãî ðàçðàáîòêà 
ïîäõîäà ê ðàöèîíàëüíîìó èñïîëüçîâàíèþ íà-
êîïèòåëåé ýíåðãèè (ÍÝ) ñ ó÷åòîì èñõîäíîãî 
ïåðåìåííîãî ãðàôèêà íàãðóçêè ïîçâîëèò ñó-
ùåñòâåííî ñíèçèòü íå òîëüêî çàòðàòû íà ïî-
òðåáëåíèå ýëåêòðîýíåðãèè ïðåäïðèÿòèåì, íî è 
çàòðàòû ïðè åå ïðîèçâîäñòâå. Íàèáîëåå ýôôåê-
òèâíî ïðèìåíåíèå ÍÝ â óçëàõ ñ ðåçêîïåðåìåí-
íûì õàðàêòåðîì íàãðóçêè, â èçîëèðîâàííûõ 
ñèñòåìàõ ýëåêòðîñíàáæåíèÿ, â ìèêðîýíåðãî-
ñèñòåìàõ ñ íåòðàäèöèîííûìè èñòî÷íèêàìè 
ýíåðãèè è íà àâòîíîìíûõ ýëåêòðîñòàíöèÿõ íå-
ôòåãàçîâîãî ñåêòîðà, ãäå ïðåîáëàäàþò ïîòðå-
áèòåëè ñî ñòîõàñòè÷åñêîé èëè ïåðèîäè÷åñêè 
èçìåíÿþùåéñÿ íàãðóçêîé, ìîùíîñòü êîòîðîé 
ñîèçìåðèìà ñ ìîùíîñòüþ ãåíåðàòîðíûõ àãðå-
ãàòîâ.
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Ñóùåñòâóþò ñëåäóþùèå ðåæèìû ðàáîòû 
íàêîïèòåëåé ýëåêòðîýíåðãèè: íàêîïëåíèå 
ýëåêòðîýíåðãèè (çàðÿä), õðàíåíèå (áóôåðíûé), 
âûäà÷è ýëåêòðîýíåðãèè (ðàçðÿä), àâàðèéíûå 
(ðåçêèå ñáðîñû è íàáðîñû íàãðóçêè). 

Â ðåæèìå íàêîïëåíèÿ ýíåðãèè íàêîïèòåëü 
çàðÿæàåòñÿ èçáûòî÷íîé ýëåêòðîýíåðãèåé â îñ-
íîâíîì âî âðåìÿ ïðîõîæäåíèÿ ïðîâàëà íàãðóç-
êè, ÷òî ïîçâîëÿåò èçáåæàòü îñòàíîâêó ãåíåðè-
ðóþùåãî îáîðóäîâàíèÿ. Ïðè ýêñïëóàòàöèè â 
áóôåðíîì (ïëàâàþùåì) ðåæèìå íàêîïèòåëü 
ðàáîòàåò ïàðàëëåëüíî ñ äðóãèì (îñíîâíûì) 
èñòî÷íèêîì ýëåêòðîýíåðãèè. Â ðåæèìå ðàç-
ðÿäà íàêîïèòåëü îòäàåò çàïàñåííóþ ýíåðãèþ 
ïîòðåáèòåëþ. Ïðè âîçíèêíîâåíèè àâàðèéíûõ 
ðåæèìîâ íàêîïèòåëü ïîçâîëÿåò äåìïôèðîâàòü 
êîëåáàíèÿ ìîùíîñòè, òàê êàê ñîâðåìåííûå íà-
êîïèòåëè ýëåêòðîýíåðãèè îáëàäàþò âûñîêîé 
ñêîðîñòüþ âûäà÷è ýíåðãèè â ñåòü, à òàêæå âû-
ñîêîé ìàíåâðåííîñòüþ, êîòîðàÿ õàðàêòåðèçóåò-
ñÿ âðåìåíåì ðåâåðñà ìîùíîñòè t

ðåâ
, íåîáõîäè-

ìûì äëÿ ïåðåâîäà åãî èç ðåæèìà íàêîïëåíèÿ â 
ðåæèì âûäà÷è è íàîáîðîò [4, 5]. ßâëÿÿñü ìíîãî-
ôóíêöèîíàëüíûì ýëåìåíòîì ýíåðãîñèñòåìû, 
íàêîïèòåëü ýíåðãèè ñïîñîáåí, êðîìå óïðàâëå-
íèÿ àêòèâíîé ìîùíîñòüþ, îäíîâðåìåííî âû-
ïîëíÿòü ôóíêöèè óñòðîéñòâà óïðàâëåíèÿ ðåàê-
òèâíîé ìîùíîñòüþ, àêòèâíîãî ôèëüòðà âûñøèõ 
ãàðìîíèê [6], à òàêæå óñòðîéñòâà êîìïåíñàöèè 
íåñèììåòðèè òðåõôàçíîãî íàïðÿæåíèÿ.

Íà äàííûé ìîìåíò ñîçäàí øèðîêèé ñïåêòð 
íàêîïèòåëåé, ïîñòðîåííûõ íà ðàçëè÷íûõ 
ïðèíöèïàõ, îòëè÷àþùèõñÿ êàê òåõíèêî-ýêîíî-
ìè÷åñêèìè ïîêàçàòåëÿìè, òàê è ôóíêöèîíàëü-
íûì íàçíà÷åíèåì, ñðåäè íèõ ñëåäóåò, ïðåæäå 
âñåãî, âûäåëèòü àêêóìóëÿòîðíûå áàòàðåè 
(ÀÊÁ) è ñóïåðêîíäåíñàòîðû (ÑÊ) (èîíèñòîðû). 
Â äàííîé ñòàòüå ïðåäñòàâëåí ñðàâíèòåëüíûé 
àíàëèç õàðàêòåðèñòèê äàííûõ íàêîïèòåëåé, 
ðàññìîòðåíû îñîáåííîñòè èõ ôóíêöèîíèðîâà-

íèÿ, à òàêæå âîçìîæíîñòü ïðèìåíåíèÿ ãèáðèä-
íîãî íàêîïèòåëÿ äëÿ âûðàâíèâàíèÿ ãðàôèêà 
íàãðóçêè ïðåäïðèÿòèÿ.

Öåëü èññëåäîâàíèÿ – îáîñíîâàòü ýôôåêòèâ-
íîñòü ñîâìåñòíîãî ïðèìåíåíèÿ ÀÊÁ è ÑÊ äëÿ 
âûðàâíèâàíèÿ ãðàôèêà íàãðóçêè ïðîìûøëåí-
íîãî ïðåäïðèÿòèÿ. 

Îïðåäåëåíèå ñòðóêòóðû ãèáðèäíîãî 
íàêîïèòåëÿ ýëåêòðîýíåðãèè
Íàêîïèòåëè ðàçëè÷íûõ òèïîâ ïîëó÷èëè 

øèðîêîå ïðèìåíåíèå â ýëåêòðîýíåðãåòè÷åñêèõ 
ñèñòåìàõ ðàçíûõ ñòðàí, îäíàêî ïîêà íàèáîëåå 
ñóùåñòâåííîå ìåñòî ñðåäè íèõ çàíèìàþò àê-
êóìóëÿòîðíûå áàòàðåè. Òàêæå ñòîèò îòìåòèòü, 
÷òî èíòåðåñ ê íàêîïèòåëÿì ýëåêòðîýíåðãèè 
çíà÷èòåëüíî âîçðîñ â ïîñëåäíåå âðåìÿ â ñâÿçè 
ñ àêòèâèçàöèåé ðàáîò ïî ñîçäàíèþ èíòåëëåê-
òóàëüíûõ ýëåêòðîýíåðãåòè÷åñêèõ ñèñòåì, â 
êîòîðûõ ýòè óñòðîéñòâà èãðàþò ðîëü îäíîãî 
èç êëþ÷åâûõ ýëåìåíòîâ. Ïðèíöèï ðàáîòû ÀÊÁ 
îñíîâàí íà îáðàòèìîñòè ïðîòåêàíèÿ õèìè÷å-
ñêèõ ðåàêöèé. Ïîäðîáíûå ñðàâíèòåëüíûå õà-
ðàêòåðèñòèêè ÀÊÁ ñ ðàçëè÷íûìè òèïàìè ýëåê-
òðîëèòîâ ïðåäñòàâëåíû â òàáëèöå 1.

Íàèáîëüøåå ïðèìåíåíèå â ïðîìûøëåííûõ 
íàêîïèòåëÿõ ýëåêòðîýíåðãèè ïîëó÷èëè ëèòèé-
èîííûå è íèêåëü-êàäìèåâûå àêêóìóëÿòîðíûå 
áàòàðåè. Äàííûå àêêóìóëÿòîðû èñïîëüçóþò-
ñÿ, êàê ïðàâèëî, â áóôåðíîì ðåæèìå, ò.å. íà-
õîäÿòñÿ â ïîëíîñòüþ çàðÿæåííîì ñîñòîÿíèè 
è ãîòîâû â ëþáîé ìîìåíò ïðèíÿòü íà ñåáÿ òî-
êîâóþ íàãðóçêó. Ñîñòîÿíèå ïîëíîé çàðàæåí-
íîñòè ïîääåðæèâàåòñÿ ïîñòîÿííûìè èëè ïå-
ðèîäè÷åñêèìè ïîäçàðÿäàìè. Îäíàêî îíè ìîãóò 
ýêñïëóàòèðîâàòüñÿ è â ðåæèìå çàðÿäà-ðàçðÿäà, 
ïîýòîìó ïåðñïåêòèâíî ïðèìåíåíèå äàííûõ íà-
êîïèòåëåé äëÿ ñãëàæèâàíèÿ êîëåáàíèé íàãðóç-
êè â ýíåðãîñèñòåìàõ â òå÷åíèå ñóòîê. Íåäîñòàò-
êàìè ÀÊÁ ÿâëÿþòñÿ âûñîêàÿ ñòîèìîñòü è ñðîê 

Òàáëèöà 1
Ñðàâíèòåëüíûå õàðàêòåðèñòèêè ÀÊÁ

Íàèìåíîâàíèå
Åìêîñòü îäíîãî
ýëåìåíòà, À*÷

Ýíåðãåòè÷åñêàÿ
ïëîòíîñòü, Âò*÷/êã

×èñëî öèêëîâ
çàðÿäà/ðàçðÿäà

Äîïóñòèìûé 
äèàïàçîí 

òåìïåðàòóðû 
çàðÿäà, Ñ

Äîïóñòèìûé 
äèàïàçîí 

òåìïåðàòóðû 
ðàçðÿäà,  Ñ

Lead Acid 26–3000 30–60 200–1200 -20–50 Ñ -20–50 Ñ

Li-ion 40–800 80–160 700–3000 0–45 Ñ -20–60 Ñ

NiCd 10–1100 45–80 1500 0–45 Ñ -20–65 Ñ

Ni-NaCl 40–200 140–190 3000–7000 0–45 С -20–65 С
NiMH 0,3–7 60–120 300–500 0–45 С -20–65 С
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èõ ñëóæáû, êîòîðûé íàïðÿìóþ çàâèñèò îò êî-
ëè÷åñòâà è õàðàêòåðà öèêëîâ «çàðÿä – ðàçðÿä» 
â ïðîöåññå ýêñïëóàòàöèè. Èìåííî ýòè õàðàê-
òåðèñòèêè ÿâëÿþòñÿ ãëàâíûìè, ñäåðæèâàþ-
ùèìè ôàêòîðàìè â ïîâñåìåñòíîì ïðèìåíåíèè 
äàííûõ íàêîïèòåëåé. Òàêæå â ñòàòüå îòìå÷àåò-
ñÿ äðóãîé ñäåðæèâàþùèé ôàêòîð ïðèìåíåíèÿ 
ÀÊÁ, à èìåííî – âðåìÿ îòêëèêà íàêîïèòåëÿ. 
Âðåìÿ îòêëèêà àêêóìóëÿòîðíûõ áàòàðåé ñî-
ñòàâëÿåò äî 60 ìñ ïî äàííûì Electric Power 
Research Institute (Íàó÷íî-èññëåäîâàòåëüñêèé 
èíñòèòóò ýëåêòðîýíåðãåòèêè, ÑØÀ). Äàííûé 
ôàêòîð ìîæåò îêàçàòü ñóùåñòâåííîå âëèÿíèå 
ïðè âûáîðå íàêîïèòåëÿ ýëåêòðîýíåðãèè, òàê 
êàê äëÿ íåêîòîðûõ òåõíîëîãè÷åñêèõ ïðîöåññîâ 
ïåðåáîè ýëåêòðîñíàáæåíèÿ äàæå íà 20 ìñ ÿâëÿ-
þòñÿ êðèòè÷íûìè. 

Îäíàêî âûøåïåðå÷èñëåííûõ íåäîñòàòêîâ 
ïðàêòè÷åñêè ëèøåíû ñóïåðêîíäåíñàòîðû (ÑÊ). 
Îòëè÷èòåëüíûìè îñîáåííîñòÿìè ñóïåðêîí-
äåíñàòîðîâ ÿâëÿþòñÿ èõ ñïîñîáíîñòü áûñòðî 
çàðÿæàòüñÿ íåîãðàíè÷åííîå êîëè÷åñòâî ðàç è 
ðàçðÿæàòüñÿ çà âðåìÿ îò íåñêîëüêèõ ìèëëè-
ñåêóíä äî äåñÿòêîâ ìèíóò, îòäàâàÿ âûñîêèå 
ìîùíîñòè â íàãðóçêó. Äàííîå ñâîéñòâî ñóïåð-
êîíäåíñàòîðîâ ïåðñïåêòèâíî äëÿ ïðèìåíåíèÿ 
ïðè àâàðèéíûõ ðåæèìàõ ôóíêöèîíèðîâàíèÿ 
íàêîïèòåëÿ ýëåêòðîýíåðãèè. Íåäîñòàòêàìè è 

îãðàíè÷èòåëüíûìè ôàêòîðàìè ïðèìåíåíèÿ 
ÑÊ ÿâëÿþòñÿ îòíîñèòåëüíî íèçêàÿ ïëîòíîñòü 
ýíåðãèè è âûñîêèé ñàìîðàçðÿä. Òàêæå ñòîèò 
îòìåòèòü, ÷òî âðåìÿ îòêëèêà ÑÊ ñîñòàâëÿåò 
îò 1 ìêñ. Áîëåå ïîäðîáíûå õàðàêòåðèñòèêè ÑÊ 
ïðåäñòàâëåíû â òàáëèöå 2.

Ñ ó÷åòîì ïðèâåäåííûõ ôàêòîðîâ â íàñòîÿ-
ùåå âðåìÿ ïåðñïåêòèâíûì îêàçûâàåòñÿ ïðèìå-
íåíèå ÀÊÁ ñîâìåñòíî ñ ÑÊ äëÿ êîìïåíñàöèè 
íåäîñòàòêîâ è îáúåäèíåíèÿ äîñòîèíñòâ, ñîçäà-
íèå ãèáðèäíûõ íàêîïèòåëåé ýëåêòðîýíåðãèè 
(ÃÍÝ) [6]. 

Âîçìîæíûå âàðèàíòû ñòðóêòóðû ãèáðèäíî-
ãî íàêîïèòåëÿ ýëåêòðîýíåðãèè áûëè ïîäðîáíî 
ðàññìîòðåíû â ñòàòüå [7]. Èç àíàëèçà èçëîæåí-
íûõ ñõåì ìîæíî ñäåëàòü âûâîä, ÷òî íàèáîëåå 
ïðåäïî÷òèòåëüíûì âàðèàíòîì ñõåìû ÃÍÝ ÿâ-
ëÿåòñÿ àêòèâíàÿ ñõåìà ñ èñïîëüçîâàíèåì äâóõ 
DC-DC ïðåîáðàçîâàòåëåé.

Èìèòàöèîííîå ìîäåëèðîâàíèå 
àêòèâíîé ñõåìû ãèáðèäíîãî 
íàêîïèòåëÿ ýëåêòðîýíåðãèè
Äëÿ îáîñíîâàíèÿ ýôôåêòèâíîñòè ñîâìåñò-

íîãî èñïîëüçîâàíèÿ àêêóìóëÿòîðíûé áàòàðåé 
è ñóïåðêîíäåíñàòîðîâ áûëà ðàçðàáîòàíà èìè-
òàöèîííàÿ ìîäåëü ãèáðèäíîãî íàêîïèòåëÿ, 
ïðåäñòàâëåííàÿ íà ðèñ. 1.

Òàáëèöà 2
Õàðàêòåðèñòèêè ñóïåðêîíäåíñàòîðîâ

 Íàèìåíîâàíèå
Åìêîñòü îäíîãî

ýëåìåíòà, Ô
Ýíåðãåòè÷åñêàÿ

ïëîòíîñòü, Âò*÷/êã
×èñëî öèêëîâ
çàðÿäà/ðàçðÿäà

Äîïóñòèìûé 
äèàïàçîí 

òåìïåðàòóðû 
çàðÿäà, Ñ

Äîïóñòèìûé 
äèàïàçîí 

òåìïåðàòóðû 
ðàçðÿäà, Ñ

ÑÊ 500–12 000 1–10 >500 000 -40–65 Ñ -40–65 Ñ

Ðèñ. 1. Èìèòàöèîííàÿ ìîäåëü ãèáðèäíîãî íàêîïèòåëÿ ýëåêòðîýíåðãèè
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Â äàííîé ìîäåëè ïðåäñòàâëåíà àêòèâíàÿ 
ñõåìà ãèáðèäíîãî íàêîïèòåëÿ ýëåêòðîýíåð-
ãèè, ñîñòîÿùåãî èç ëèòèé-èîííîé áàòàðåè è 
áëîêà ñóïåðêîíäåíñàòîðîâ ñ ñîîòâåòñòâóþùè-
ìè õàðàêòåðèñòèêàìè. Ïðè ìîäåëèðîâàíèè íå 
ó÷èòûâàëñÿ òåìïåðàòóðíûé ýôôåêò è ýôôåêò 
ñòàðåíèÿ àêêóìóëÿòîðíûõ áàòàðåé. Òàêæå íå 
ó÷èòûâàëîñü âëèÿíèå ñàìîðàçðÿäà áàòàðåè. 

Íà ðèñ. 2 ïðåäñòàâëåíà ìîäåëü DC-DC ïðåîá-
ðàçîâàòåëåé äëÿ áëîêîâ ÀÊÁ è ÑÊ, êîòîðûå ÿâëÿ-
þòñÿ îäíèìè èç îñíîâíûõ ñîñòàâëÿþùèõ ÃÍÝ.

Â ðåçóëüòàòå ìîäåëèðîâàíèÿ áûëè ïîëó-
÷åíû çàâèñèìîñòè âûðàáàòûâàåìîé ìîùíîñòè 
àêêóìóëÿòîðíîé áàòàðååé è ñóïåðêîíäåíñàòî-
ðàìè îò âðåìåíè, ïðåäñòàâëåííûå íà ðèñ. 3.

Ïðîàíàëèçèðîâàâ äàííûå çàâèñèìîñòè, îò-
ìåòèì ðàçëè÷èÿ â õàðàêòåðå îòäà÷è ìîùíî-

ñòè â ñåòü. Òàê êàê îñîáåííîñòüþ ÑÊ ÿâëÿåòñÿ 
áûñòðàÿ ðàçðÿäêà áëîêà ñ îòäà÷åé áîëüøîãî 
êîëè÷åñòâà ìîùíîñòè â ñåòü, òî ëîãè÷íî èñ-
ïîëüçîâàòü äàííûé íàêîïèòåëü äëÿ êîìïåíñà-
öèè ïèêîâûõ ïðîâàëîâ. Äëÿ àêêóìóëÿòîðíûõ 
áàòàðåé æå ñâîéñòâåííî ìåäëåííî ðàçðÿæàòü-
ñÿ, ïîñòåïåííî îòäàâàÿ ìîùíîñòü â ñåòü, ÷òî 
ïîçâîëèò ñêîìïåíñèðîâàòü áîëåå äëèòåëüíûå 
ïðîâàëû ìîùíîñòè. Òàêæå ñòîèò îòìåòèòü óâå-
ëè÷åíèå æèçíåííîãî öèêëà àêêóìóëÿòîðíûõ 
áàòàðåé çà ñ÷åò ñíèæåíèÿ âëèÿíèÿ ïèêîâûõ íà-
ãðóçîê ïðè ñîâìåñòíîì èñïîëüçîâàíèè ñ ñóïåð-
êîíäåíñàòîðàìè.

Íà ðèñ. 4 ïðèâåäåí ãðàôèê îòäàâàåìîé â 
ñåòü ìîùíîñòè ãèáðèäíîãî íàêîïèòåëÿ ýëåê-
òðîýíåðãèè, ñîâìåùàþùåãî äîñòîèíñòâà äâóõ 
òèïîâ íàêîïèòåëåé ýíåðãèè.

a 

á
Ðèñ. 2. Ìîäåëü DC-DC ïðåîáðàçîâàòåëåé äëÿ áëîêîâ ÀÊÁ è ÑÊ:

a) ìîäåëü ïîâûøàþøåãî ïðåîáðàçîâàòåëÿ; á) ìîäåëü ïîâûøàþøåãî/ïîíèæàþùåãî ïðåîáðàçîâàòåëÿ
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Èñõîäÿ èç ïîëó÷åííûõ ðåçóëüòàòîâ ìîæíî 
ñäåëàòü âûâîä, ÷òî ïðèìåíåíèå ãèáðèäíûõ íà-
êîïèòåëåé ýëåêòðîýíåðãèè ïîçâîëèò ýôôåêòèâ-
íî ðåøàòü çàäà÷è, ñâÿçàííûå ñ âûðàâíèâàíèåì 
ãðàôèêà íàãðóçêè. Òàê êàê áîëüøèíñòâî ãðà-
ôèêîâ íàãðóçêè ïðîìûøëåííûõ ïðåäïðèÿòèé 
íîñèò ðåçêîïåðåìåííûé õàðàêòåð, òî ñîâìåñò-
íîå èñïîëüçîâàíèå ñóïåðêîíäåíñàòîðîâ è àê-
êóìóëÿòîðíûõ áàòàðåé ïîçâîëèò ýôôåêòèâíåå 
óòèëèçèðîâàòü èçáûòêè è âûðàâíèâàòü ïðîâàëû 

ìîùíîñòè. Ãèáðèäíûå íàêîïèòåëè â îòëè÷èè îò 
íàêîïèòåëåé, ñîñòîÿùèõ òîëüêî èç ÀÊÁ, îáëà-
äàþò ñëåäóþùèìè ïðåèìóùåñòâàìè:

– óâåëè÷åíèå ìàêñèìàëüíîé ìîùíîñòè íà-
êîïèòåëÿ ýëåêòðîýíåðãèè;

– óâåëè÷åíèå âðåìåíè ðàáîòû íàêîïèòåëÿ 
ýëåêòðîýíåðãèè çà ñ÷åò óìåíüøåíèÿ âëèÿíèÿ 
ïèêîâîé íàãðóçêè íà ÀÊÁ;

– ñîêðàùåíèå âðåìåíè ðåâåðñà ìîùíîñòè, òàê 
êàê ÑÊ îáëàäàþò âûñîêèì áûñòðîäåéñòâèåì.

Ðèñ. 3. Ãðàôèê âûðàáàòûâàåìîé ìîùíîñòè ÀÊÁ è áëîêîì ÑÊ

Ðèñ. 4. Ãðàôèê âûðàáàòûâàåìîé ãèáðèäíûì íàêîïèòåëåì ýëåêòðîýíåðãèè è òðåáóåìîé ìîùíîñòè íàãðóçêè
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Îäíàêî íåîáõîäèìî ó÷èòûâàòü, ÷òî îòäà÷à 
ýëåêòðîýíåðãèè íàãðóçêå îò íàêîïèòåëÿ ïðîèçâî-
äèòñÿ ïðè óñëîâèè ñîáëþäåíèÿ ïàðàìåòðîâ êà÷å-
ñòâà ýëåêòðîýíåðãèè, à ýòî òðåáóåò ðåøåíèÿ âî-
ïðîñà ýëåêòðîìàãíèòíîé ñîâìåñòèìîñòè îáúåêòîâ 
ñ ó÷åòîì èõ ýêîíîìè÷åñêîé ýôôåêòèâíîñòè [10]. 

Êîýôôèöèåíò óâåëè÷åíèÿ ìîùíîñòè 
ãèáðèäíîé íàêîïèòåëüíîé ñèñòåìû
Êàê áûëî îòìå÷åíî ðàíåå, ñîâìåñòíîå èñ-

ïîëüçîâàíèå ÑÊ è ÀÊÁ ïîçâîëÿåò óâåëè÷èòü 
îáùóþ ìîùíîñòü íàêîïèòåëÿ ýëåêòðîýíåðãèè. 
Ñðàâíèì ìîùíîñòü ãèáðèäíîãî íàêîïèòåëÿ ñ 
íàêîïèòåëåì, ñîñòîÿùèì òîëüêî èç ÀÊÁ. 

Ìàêñèìàëüíûé òîê â ÀÊÁ äîñòèãàåòñÿ â 
êîíöå èìïóëüñà òîêà íàãðóçêè. Îäíàêî ìàêñè-
ìàëüíûé òîê ÀÊÁ ïðè n-ì èìïóëüñå íàãðóçêè 
çàâèñèò îò íà÷àëüíûõ óñëîâèé. Ïðè n  
ìàêñèìàëüíûé òîê ÀÊÁ îïðåäåëÿåòñÿ ñëåäóþ-
ùèì âûðàæåíèåì:

  1

,max 0

0 0
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SC

 – àêòèâíîå ñîïðîòèâëåíèå ÑÊ;
 

C
SC

 – ýëåêòðè÷åñêàÿ åìêîñòü ÑÊ; D – êîýôôè-
öèåíò çàïîëíåíèÿ èìïóëüñíîãî òîêà íàãðóçêè; 
T – ïåðèîä èìïóëüñíîãî òîêà; 

c
 – êîýôôèöè-

åíò ðàñïðåäåëåíèÿ. 
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à  – ýòî êîýôôèöèåíò óâåëè÷åíèÿ ìîùíîñòè, 
êîòîðûé ðàâåí:
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Ïðè îòñóòñòâèè ÑÊ 
ñ
 = 0, 1   è ,max 0bI I ,

ò.å. âñÿ íàãðóçêà ïðèõîäèòñÿ íà ÀÊÁ. Ãèáðèä-
íàÿ æå ñèñòåìà ñïîñîáíà ïèòàòü áîëåå ìîùíóþ 
íàãðóçêó, ÷åì îäèíî÷íàÿ ÀÊÁ. Åñëè íîìèíàëü-

íûé òîê áàòàðåè I
b
, òî ñîãëàñíî âûðàæåíèþ 

 0
1( ) ( )b b
b

i t U U t
R

   íîâûé âîçìîæíûé òîê 

íàãðóçêè äëÿ ãèáðèäíîé ñèñòåìû ìîæåò áûòü 
îïðåäåëåí ñîãëàñíî âûðàæåíèþ:

0 ,bI I 

à ìãíîâåííàÿ ìàêñèìàëüíàÿ ìîùíîñòü:

max 0 b b bíP I U I U P     .

Ïðè íàëè÷èè ÑÊ êîýôôèöèåíò óâåëè÷åíèÿ 
ìîùíîñòè  ñòàíîâèòñÿ áîëüøå 1. Äàííûé êî-
ýôôèöèåíò ïîêàçûâàåò, êàêîå äîïîëíèòåëüíîå 
êîëè÷åñòâî ìîùíîñòè ìîæåò çàïàñàòü ãèáðèäíàÿ 
ñèñòåìà ïî ñðàâíåíèþ ñ îäèíî÷íîé ÀÊÁ. Òàêæå 
îòìåòèì, ÷òî êîýôôèöèåíò óâåëè÷åíèÿ ìîùíî-
ñòè  çàâèñèò îò ÷àñòîòû f è êîýôôèöèåíòà çàïîë-
íåíèÿ D  èìïóëüñíîãî òîêà íàãðóçêè. Íà ðèñ. 5 
ïðèâåäåí ãðàôèê çàâèñèìîñòè êîýôôèöèåíòà 
óâåëè÷åíèÿ ìîùíîñòè  îò ÷àñòîòû è âåëè÷èíû 
êîýôôèöèåíòà çàïîëíåíèÿ D èìïóëüñíîãî òîêà.

Èç äàííîãî ãðàôèêà âèäíî, ÷òî ÷åì ìåíüøå 
ñòàíîâèòñÿ ÷àñòîòà èìïóëüñíîãî òîêà íàãðóç-
êè (ïðèáëèæàåòñÿ ê ïîñòîÿííîìó òîêó), òåì 
ìåíüøå ñòàíîâèòñÿ êîýôôèöèåíò óâåëè÷åíèÿ 
ìîùíîñòè  äëÿ âñåõ âåëè÷èí êîýôôèöèåíòà 
çàïîëíåíèÿ D. ×åì áîëüøå ÷àñòîòà èìïóëüñíî-
ãî òîêà íàãðóçêè ïðèáëèæàåòñÿ ê âíóòðåííåé 
÷àñòîòå ñèñòåìû, òåì ìåíåå çàìåòíûì ñòàíî-
âèòñÿ âîçðàñòàíèå êîýôôèöèåíòà óâåëè÷åíèÿ 
ìîùíîñòè , ëèìèò êîòîðîãî äîñòèãàåòñÿ ïðè 
f = 10 f

ñèñò
. Äëÿ ëþáîé ÷àñòîòû êîýôôèöèåíò 

óâåëè÷åíèÿ ìîùíîñòè  äîñòèãàåò ñâîåãî 
ìàêñèìàëüíîãî çíà÷åíèÿ ïðè D  0. Â íàøåì 

ñëó÷àå: 
0

lim 9,6SC b

D
b

R R
R


   . Ýòî çíà÷èò, ÷òî 

òåîðåòè÷åñêè ìàêñèìàëüíî âîçìîæíàÿ âåëè-
÷èíà âûõîäíîé ìîùíîñòè ãèáðèäíîé íàêîïè-
òåëüíîé ñèñòåìû â 9,6 ðàç áîëüøå îäèíî÷íîé 
ÀÊÁ ñ òåìè æå ïàðàìåòðàìè. Ïðè îäèíàêîâîì 
õàðàêòåðå íàãðóçêè óâåëè÷åíèå ýëåêòðè÷åñêîé 
åìêîñòè ÑÊ äàåò ïðèðîñò c  è , ñâÿçàííûé ñ 
áîëüøèì ðàñïðåäåëåíèåì òîêà íà ÑÊ. Òàêæå 
î÷åâèäíî, ÷òî ÷åì ìåíüøå âíóòðåííåå ñîïðî-
òèâëåíèå ÑÊ, òåì ëó÷øå õàðàêòåðèñòèêè ãè-
áðèäíîé íàêîïèòåëüíîé ñèñòåìû. 

Âûâîä
Ðàññìîòðåííûé â ñòàòüå âîïðîñ ñîâìåñòíî-

ãî èñïîëüçîâàíèÿ ñóïåðêîíäåíñàòîðîâ è àêêó-
ìóëÿòîðíûõ áàòàðåé ïîçâîëÿåò ñäåëàòü âûâîä, 
÷òî ïðèìåíåíèå òàêèõ ãèáðèäíûõ íàêîïèòå-
ëåé ýëåêòðîýíåðãèè ïîçâîëÿåò ýôôåêòèâíî 



Âûðàâíèâàíèå ãðàôèêà íàãðóçêè ïðåäïðèÿòèé çà ñ÷åò ïðèìåíåíèÿ 
ãèáðèäíûõ íàêîïèòåëåé ýëåêòðîýíåðãèè
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ñïðàâëÿòüñÿ ñ çàäà÷åé âûðàâíèâàíèÿ ãðàôèêà 
íàãðóçêè, âåäåò ê ïîâûøåíèþ ýôôåêòèâíîñòè 
ôóíêöèîíèðîâàíèÿ íàêîïèòåëÿ. Ñ äðóãîé ñòî-
ðîíû, âûðàâíèâàíèå ãðàôèêà íàãðóçêè âûãîäíî 
äëÿ ñàìîãî ïðåäïðèÿòèÿ è ýíåðãîñèñòåìû, ÷òî 
ýêîíîìè÷åñêè ñòèìóëèðóåòñÿ. Âûðàâíèâàíèå 
ãðàôèêà íàãðóçêè ïîçâîëÿåò óâåëè÷èòü êîýô-
ôèöèåíò èñïîëüçîâàíèÿ óñòàíîâëåííîé ìîù-
íîñòè ýëåêòðîñòàíöèé, ïðè ýòîì óìåíüøàåòñÿ 
âðåìÿ ïðîñòîÿ ãåíåðèðóþùèõ ìîùíîñòåé è 
ñíèæàåòñÿ óäåëüíîå ïîòðåáëåíèå òîïëèâà. 

Ëèòåðàòóðà
1. Øêëÿðñêèé ß.Ý., Ïèðîã Ñ. Âëèÿíèå ãðàôèêà íà-

ãðóçêè íà ïîòåðè â ýëåêòðè÷åñêîé ñåòè ïðåäïðè-
ÿòèÿ // Çàïèñêè Ãîðíîãî èíñòèòóòà. 2016. Ò. 222. 
Ñ. 859–863. DOI 10.18454/PMI.2016.6.859.

2. Âîëîáðèíñêèé Ñ.Ä. Ýëåêòðè÷åñêèå íàãðóçêè 
è áàëàíñû ïðîìûøëåííûõ ïðåäïðèÿòèé // Ë.: 
Ýíåðãèÿ, 1976. – 128 ñ.

3. Õðîíóñîâ Ã.Ñ. Ôîðìèðîâàíèå ýôôåêòèâíûõ ðå-
æèìîâ ýëåêòðîïîòðåáëåíèÿ ïðîìûøëåííûõ 
ïðåäïðèÿòèé // Åêàòåðèíáóðã, 1998.

4. Àñòàõîâ Þ.Í., Âåíèêîâ Â.À., Òåð-Ãàçàðÿí À.Ã. 
Íàêîïèòåëè ýíåðãèè â ýëåêòðè÷åñêèõ ñèñòåìàõ: 
ó÷åá. ïîñîáèå äëÿ ýëåêòðîýíåðãåò. ñïåö. âóçîâ. 
Ì.: Âûñø. øê., 1989. 159 ñ.

5. Èâàíîâ Â.Ñ., Ñîêîëîâ Â.È. Ðåæèìû ïîòðåáëåíèÿ 
è êà÷åñòâî ýëåêòðîýíåðãèè ñèñòåì ýëåêòðîñíàá-

æåíèÿ ïðîìûøëåííûõ ïðåäïðèÿòèé // Ì.: Ýíåð-
ãîàòîìèçäàò, 1987. 336 ñ.

6. Êîñòèí Â.Í., Êðèâåíêî À.Â., Ñåðèêîâ Â.À. Ìî-
äåëèðîâàíèå íåñèíóñîèäàëüíûõ ðåæèìîâ ðàáîòû 
ñèñòåì ýëåêòðîñíàáæåíèÿ // Èçâåñòèÿ Òóëüñêîãî 
ãîñóäàðñòâåííîãî óíèâåðñèòåòà. Òåõíè÷åñêèå 
íàóêè. 2019. № 7. Ñ. 394–405. 

7. Ìàðüåíêîâ Ñ.À. Ãèáðèäíûé íàêîïèòåëü ýëåêòðè-
÷åñêîé ýíåðãèè äëÿ ñåòåé ñ ðàñïðåäåëåííîé ãå-
íåðàöèåé íà îñíîâå âîçîáíîâëÿåìûõ èñòî÷íèêîâ 
ýëåêòðè÷åñêîé ýíåðãèè // Ìåæäóíàðîäíûé íàó÷-
íî-èññëåäîâàòåëüñêèé æóðíàë. 2017. № 02 (56). 
×àñòü 3. Ñ. 120–123.

8. Áåðäíèêîâ Ð.Í., Ôîðòîâ Â.Å., Ñîí Ý.Å., Äåíüùè-
êîâ Ê.Ê., Æóê À.Ç., Øàêàðÿí Þ.Ã. Ãèáðèäíûé 
íàêîïèòåëü ýëåêòðîýíåðãèè äëÿ ÅÍÝÑ íà áàçå 
àêêóìóëÿòîðîâ è ñóïåðêîíäåíñàòîðîâ // Ýíåðãèÿ 
åäèíîé ñåòè. 2013. № 1.

Reference
1. SHklyarskij YA.E., Pirog S. Influence of the 

load schedule on losses in the enterprise elec-
tric network. Zapiski Gornogo instituta. 2016. 
Vol. 222, pp. 859–863 (in Russ.). DOI 10.18454/
PMI.2016.6.859.

2. Volobrinskij S.D. Elektricheskie nagruzki i bal-
ansy promyshlennyh predpriyatij [Electric loads 
and balances of industrial enterprises]. Leningrad: 
Energiya Publ., 1976. 128 p.

Ðèñ. 5. Ãðàôèê çàâèñèìîñòè êîýôôèöèåíòà óâåëè÷åíèÿ ìîùíîñòè  îò ÷àñòîòû f 
è âåëè÷èíû êîýôôèöèåíòà çàïîëíåíèÿ D èìïóëüñíîãî òîêà íàãðóçêè



Âàñèëüêîâ Î.Ñ., Áàòóåâà Ä.Å., Õîìÿêîâ Ê.À., Ïàëÿíèöèí Ï.Ñ.

34 Èçâåñòèÿ ÌÃÒÓ «ÌÀÌÈ», ¹ 1(43), 2020

3. Hronusov G.S. Formirovanie effektivnyh rezhimov 
elektropotrebleniya promyshlennyh predpriyatij 
[Formation of efficient power consumption modes 
of industrial enterprises]. Ekaterinburg, 1998.

4. Astahov YU.N., Venikov V.A., Ter-Gazaryan 
A.G. Nakopiteli energii v elektricheskih sistemah 
[Energy storage devices in electrical systems]: 
Ucheb. Posobie dlya elektroenerget. spec. vuzov. 
Moscow: Vyssh. shk. Publ., 1989, 159 p. 

5. Ivanov V.S., Sokolov V.I. Rezhimy potrebleniya i 
kachestvo elektroenergii sistem elektrosnabzheni-
ya promyshlennyh predpriyatij [Consumption 
modes and power quality of industrial enterprises 
power supply systems]. Moscow: Energoatomizdat 
Publ., 1987. 336 p.

6. Kostin V.N., Krivenko A.V., Serikov V.A. Mod-
eling non-sinusoidal modes of operation of power 
supply systems. Izvestiya Tul’skogo gosudarstven-
nogo universiteta. Tekhnicheskie nauki. 2019. No 
7, pp. 394–405 (in Russ.). 

7. Mar’enkov S.A. Hybrid electric energy storage 
device for networks with distributed generation 
based on renewable electric energy sources. Mezh-
dunarodnyj nauchno-issledovatel’skij zhurnal. 
2017. No 02 (56). CH. 3, pp. 120–123 (in Russ.).

8. Berdnikov R.N., Fortov V.E., Son E.E., Den’shchik-
ov K.K., ZHuk A.Z., SHakaryan YU.G. Hybrid 
energy storage for the Unified national (all-Russian) 
electric network based on batteries and supercapac-
itors. Energiya edinoj seti. 2013. No 1 (in Russ.).

ALIGNING THE LOAD SCHEDULE OF ENTERPRISES THROUGH 
THE USE OF HYBRID ENERGY STORAGE

O.S. Vasil'kov, D.E. Batueva, K.A. Homyakov, P.S. Palyanicin
Saint Petersburg Mining University, Saint Petersburg, Russia

s175070@stud.spmi.ru

In this article, the authors consider the possibility of using a hybrid energy storage device to even out 
the load schedule of an enterprise, since solving the problem of rational use of energy storage, taking 
into account the initial variable load schedule, will significantly reduce not only the cost of electricity 
consumption by the enterprise, but also the costs of its production. Detailed characteristics of batteries 
with various types of electrolytes and supercapacitors are given. A model of the active circuit of a hybrid 
electric energy storage device consisting of a lithium-ion battery and a supercapacitor unit with the cor-
responding characteristics is presented. The model was developed using the SimPowerSystems applica-
tion package in MatLab. During the simulation, the temperature and aging effects of the batteries were 
not taken into account, and the parameters regarding the self-discharge of the battery were not taken 
into account. As a result of the simulation, discharge characteristics of the blocks of supercapacitors and 
rechargeable batteries were obtained, on the basis of which the expediency of their joint use for leveling 
load graphs of various types was revealed. The results of modeling the operating modes of a hybrid en-
ergy storage unit combining the advantages of two types of energy storage devices are presented, and 
a graph of the power delivered to the network corresponding to the specified parameters is obtained. A 
mathematical description of the process of increasing the power of a hybrid drive as a result of the joint 
use of supercapacitor blocks and batteries is given. A graph is constructed of the dependence of the 
power increase coefficient on the frequency and the pulse current duty ratio, which shows that the max-
imum possible output power of the hybrid storage system can be several times greater than the power 
of a single battery with the same parameters.

Keywords: hybrid power storage, rechargeable battery, supercapacitor, electric load graph, electricity 
consumption.
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Ñòàòüÿ ñîäåðæèò äàííûå î ðàçðàáîòêå íîâîãî êðèòåðèÿ ýôôåêòèâíîñòè ñåëüñêîõîçÿéñòâåííîãî 
ìîáèëüíîãî ýíåðãîñðåäñòâà. Èññëåäîâàíèå íàïðàâëåíî íà îáîñíîâàíèå â êà÷åñòâå òåõíîëîãè÷å-
ñêîãî íàïðàâëåíèÿ ðàçâèòèÿ ñèñòåìû ñåëüñêîõîçÿéñòâåííûõ ìîáèëüíûõ ýíåðãîñðåäñòâ ïîâûøå-
íèå ýíåðãîýôôåêòèâíîñòè è îáåñïå÷åíèå ýêîëîãè÷åñêîé áåçîïàñíîñòè â ïîëíîì æèçíåííîì öè-
êëå. Â ñòàòüå ðàññìîòðåíî ïðèìåíåíèå «Ìåòîäèêè òîïëèâíî-ýíåðãåòè÷åñêîé îöåíêè ïðîèçâîäñòâà 
ïðîäóêöèè ðàñòåíèåâîäñòâà» äëÿ îïðåäåëåíèÿ âîçìîæíîñòåé ïîâûøåíèÿ ýíåðãåòè÷åñêîé ýôôåê-
òèâíîñòè êîëåñíîãî òðàêòîðà òÿãîâîãî êëàññà 1,4 â 1,5 ðàçà â ïîëíîì æèçíåííîì öèêëå çà ñ÷åò 
óìåíüøåíèÿ êîíñòðóêöèîííîé ìàññû è óìåíüøåíèÿ ðàñõîäà òîïëèâà ïðè âîçìîæíîì ïîâûøåíèè 
ïðîèçâîäèòåëüíîñòè ìàøèííî-òðàêòîðíûõ àãðåãàòîâ íà áàçå ýòîãî òðàêòîðà â óñëîâèÿõ ãîäîâîé 
çàãðóçêè â Ìîñêîâñêîé îáëàñòè. Ïðåäëîæåííàÿ â ïîðÿäêå òåõíîëîãè÷åñêîé êîíêóðåíöèè ìåòîäè-
êà ïîçâîëèëà ïîëó÷èòü ôîðìóëüíîå âûðàæåíèå çàâèñèìîñòè îòíîñèòåëüíîãî ñíèæåíèÿ ïîëíûõ 
óäåëüíûõ òîïëèâíî-ýíåðãåòè÷åñêèõ çàòðàò âî âñåì ñïåêòðå òåõíîëîãè÷åñêèõ îïåðàöèé îò êîýôôè-
öèåíòîâ óìåíüøåíèÿ êîíñòðóêöèîííîé ìàññû, óìåíüøåíèÿ ðàñõîäà òîïëèâà è ïîâûøåíèÿ ïðîèç-
âîäèòåëüíîñòè. Íà îñíîâå ó÷åòà äîñòèãíóòûõ è ïåðñïåêòèâíûõ ðåçóëüòàòîâ ïî ñîâåðøåíñòâîâàíèþ 
îñíîâíûõ òðàêòîðíûõ ñèñòåì áûëè ðàññ÷èòàíû îòíîñèòåëüíûå ïîêàçàòåëè èñïîëüçîâàíèÿ òðàêòî-
ðîâ êëàññà 1,4 «Áåëàðóñ» 1025 ñ òðàäèöèîííûì êîìïëåêñîì ìàøèí è òðàêòîðà ýêîëîãè÷åñêè áåç-
îïàñíîãî íîâîãî ïîêîëåíèÿ ñ ïåðñïåêòèâíûì êîìïëåêñîì ìàøèí (Ìîñêîâñêàÿ îáëàñòü), à òàêæå 
îòíîñèòåëüíîå ñíèæåíèå ïîëíûõ óäåëüíûõ ýíåðãîçàòðàò òåõíîëîãè÷åñêèõ îïåðàöèé è ïîñòðîåí 
òðåõïàðàìåòðîâûõ ãðàôèê îòíîñèòåëüíîãî ñíèæåíèÿ ïîëíûõ óäåëüíûõ òîïëèâî-ýíåðãåòè÷åñêèõ 
çàòðàò â çàâèñèìîñòè îò ïîâûøåíèÿ ïðîèçâîäèòåëüíîñòè, óìåíüøåíèÿ ðàñõîäà òîïëèâà è óìåíü-
øåíèÿ êîíñòðóêöèîííîé ìàññû. Ïðè ýòîì ñðåäíåâçâåøåííîå îòíîñèòåëüíîå ñíèæåíèå ïîëíîé 
óäåëüíîé ýíåðãîåìêîñòè, îïðåäåëåííîå ïî ôîðìóëå, â ðàññìîòðåííîì ñëó÷àå ñîñòàâèëî 34,3%. 
Â êà÷åñòâå ñîâðåìåííîãî òåõíîëîãè÷åñêîãî íàïðàâëåíèÿ ðàçâèòèÿ ñèñòåìû ñåëüñêîõîçÿéñòâåííûõ 
ìîáèëüíûõ ýíåðãåòè÷åñêèõ ñðåäñòâ ðåêîìåíäîâàíî ðàññìàòðèâàòü ýíåðãîýôôåêòèâíîñòü è ýêî-
ëîãè÷åñêóþ áåçîïàñíîñòü â ïîëíîì æèçíåííîì öèêëå ïðè ýòîì ãëàâíûì îöåíî÷íûì ïîêàçàòåëåì 
äîëæíî áûòü ñíèæåíèå ïîëíûõ óäåëüíûõ òîïëèâíî-ýíåðãåòè÷åñêèõ çàòðàò âî âñåì ñïåêòðå èõ ãî-
äîâîé çàíÿòîñòè íà îñíîâå óìåíüøåíèÿ êîíñòðóêöèîííîé ìàññû, óìåíüøåíèÿ ðàñõîäà òîïëèâà è 
ïîâûøåíèÿ ïðîèçâîäèòåëüíîñòè.

Êëþ÷åâûå ñëîâà: ñåëüñêîõîçÿéñòâåííîå ìîáèëüíîå ýíåðãîñðåäñòâî, ïîëíûé æèçíåííûé öèêë, 
îòíîñèòåëüíîå ñíèæåíèå ïîëíûõ óäåëüíûõ ýíåðãîçàòðàò, êîíñòðóêöèîííàÿ ìàññà, ðàñõîä òîïëèâà, 
ïðîèçâîäèòåëüíîñòü ìàøèííî-òðàêòîðíîãî àãðåãàòà.

Ââåäåíèå
Ñëîæèâøàÿñÿ ñåãîäíÿ â Ðîññèéñêîé Ôåäå-

ðàöèè ñèñòåìà Ìîáèëüíûõ ýíåðãåòè÷åñêèõ 
ñðåäñòâ ìîæåò ðàññìàòðèâàòüñÿ êàê ðåçóëüòàò 
ïîñëåäîâàòåëüíî ñîâåðøàþùèõñÿ ýòàïîâ ñîâåð-
øåíñòâîâàíèÿ òåõíîëîãè÷åñêèõ ñâîéñòâ òðàê-
òîðîâ. Ê òàêèì ýòàïàì îòíîñÿò ïðèìåíåíèå 
ïíåâìàòè÷åñêèõ øèí, äèçåëåçàöèþ, óñòàíîâêó 
íà òðàêòîðàõ íàâåñíûõ ãèäðîôèöèðîâàííûõ 
ñèñòåì, óâåëè÷åíèå øèðèíû çàõâàòà è ðàáî-
÷åé ñêîðîñòè ìàøèííî-òðàêòîðíîãî àãðåãàòà 
(ÌÒÀ), ïðèìåíåíèå êîìáèíèðîâàííûõ ÌÒÀ, 

âêëþ÷àþùèõ íåñêîëüêî ñåëüñêîõîçÿéñòâåííûõ 
ìàøèí, èíòåñèôèêàöèþ êîðìîïðîèçâîäñòâà ñ 
âûñîêèì óðîâíåì ýíåðãîïîòðåáëåíèÿ [1]. Â íà-
ñòîÿùåå âðåìÿ ñîâåðøåíñòâîâàíèå êîíñòðóê-
öèè ñåëüñêîõîçÿéñòâåííîãî òðàêòîðà èäåò ïî 
ïóòè óëó÷øåíèÿ åãî òÿãîâî-ñöåïíûõ êà÷åñòâ è 
â íàïðàâëåíèè ðàçâèòèÿ ôóíêöèè ìîáèëüíîãî 
ýíåðãîíîñèòåëÿ ñ øèðîêèì áàëëàñòèðîâàíèåì 
[2–4]. Âñå áîëåå ðåàëüíûìè ñòàíîâÿòñÿ ïåð-
ñïåêòèâû ðàñøèðÿþùåãîñÿ ïðèìåíåíèÿ ñåëü-
ñêîõîçÿéñòâåííîãî òðàêòîðà â êà÷åñòâå ìî-
áèëüíîãî èñòî÷íèêà ýíåðãèè è ýâîëþöèîííîãî 
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ïåðåõîäà îò òÿãîâîé ê òÿãîâî-ýíåðãåòè÷åñêîé 
êîíöåïöèè òðàêòîðà, ïðè ýòîì êîíöåïòóàëüíû-
ìè òåõíîëîãè÷åñêèìè íàïðàâëåíèÿìè ðàññìà-
òðèâàþòñÿ ýíåðãîýôôåêòèâíîñòü è ýêîëîãè÷å-
ñêàÿ áåçîïàñíîñòü â ïîëíîì æèçíåííîì öèêëå 
íà îñíîâå óìåíüøåíèÿ êîíñòðóêöèîííîé ìàññû 
[5–7].

Öåëü èññëåäîâàíèÿ – îáîñíîâàòü â êà÷åñòâå 
òåõíîëîãè÷åñêîãî íàïðàâëåíèÿ ðàçâèòèÿ ñè-
ñòåìû ñåëüñêîõîçÿéñòâåííûõ ìîáèëüíûõ ýíåð-
ãîñðåäñòâ ïîâûøåíèå ýíåðãîýôôåêòèâíîñòè 
è îáåñïå÷åíèå ýêîëîãè÷åñêîé áåçîïàñíîñòè â 
ïîëíîì æèçíåííîì öèêëå.

Ìàòåðèàëû è ìåòîäû
Â ñòàòüå ðàññìîòðåíî ïðèìåíåíèå «Ìåòî-

äèêè òîïëèâíî-ýíåðãåòè÷åñêîé îöåíêè ïðî-
èçâîäñòâà ïðîäóêöèè ðàñòåíèåâîäñòâà» äëÿ 
îïðåäåëåíèÿ âîçìîæíîñòåé ïîâûøåíèÿ ýíåð-
ãåòè÷åñêîé ýôôåêòèâíîñòè êîëåñíîãî òðàêòîðà 
òÿãîâîãî êëàññà 1,4 â 1,5 ðàçà â ïîëíîì æèçíåí-
íîì öèêëå çà ñ÷åò óìåíüøåíèÿ êîíñòðóêöèîí-
íîé ìàññû è óìåíüøåíèÿ ðàñõîäà òîïëèâà ïðè 
âîçìîæíîì ïîâûøåíèè ïðîèçâîäèòåëüíîñòè 
ìàøèííî-òðàêòîðíûõ àãðåãàòîâ íà áàçå ýòîãî 
òðàêòîðà â óñëîâèÿõ ãîäîâîé çàãðóçêè â Ìî-
ñêîâñêîé îáëàñòè.

Ðåçóëüòàòû è îáñóæäåíèå
Â ñâÿçè ñ òåì, ÷òî íàáëþäàþùèåñÿ ðåêëàì-

íî-âûñòàâî÷íûå òåíäåíöèè, âûðàæàþùèåñÿ 
âî âíåøíèõ ïðèçíàêàõ ïîâûøåíèÿ åäèíè÷íîé 
ìîùíîñòè è íàñûùåíèè òðàêòîðîâ ýëåìåíòàìè 
àâòîìàòèçàöèè ñ ïðåòåíçèÿìè íà èíòåëëåêòó-
àëüíûå êà÷åñòâà è ðîáîòèçàöèþ, ÿâëÿþòñÿ äëÿ 
Ðîññèè òåõíîëîãè÷åñêè óñòàðåâøèìè, â êà÷å-
ñòâå ãëàâíîãî ïîêàçàòåëÿ êîíêóðåíòñïîñîáíî-
ñòè íîâîãî òðàêòîðà ïðåäëàãàåòñÿ ðàññìîòðåòü 
ïîëíûå óäåëüíûå òîïëèâî-ýíåðãåòè÷åñêèå 
çàòðàòû íà ïðîèçâîäñòâî ôèçè÷åñêîé åäèíè-
öû ïðîäóêöèè – ýíåðãîåìêîñòè ïðîäóêöèè ñ 
ó÷åòîì óìåíüøåíèÿ êîíñòðóêöèîííîé ìàññû 
äî óðîâíÿ ýêîëîãè÷åñêîé áåçîïàñíîñòè ïî âîç-
äåéñòâèþ íà ïî÷âó [8].

Ïðè îöåíêå ýíåðãåòè÷åñêîé ýôôåêòèâíîñòè 
ïåðñïåêòèâíîãî òðàêòîðà ñ êîìïëåêñîì ìàøèí 
ïðèìåíåíèå òàêîé ìåòîäèêè çàòðóäíèòåëüíî, 
ïîñêîëüêó îñòàþòñÿ íåèçâåñòíûìè îáúåìû 
ïðîèçâîäñòâà ïðîäóêöèè. Â ýòîì ñëó÷àå ïðåä-
ëàãàåòñÿ ïðîâåñòè ýíåðãåòè÷åñêóþ îöåíêó ïî 
îòíîñèòåëüíîìó ñíèæåíèþ ïîëíûõ óäåëüíûõ 
òîïëèâíî-ýíåðãåòè÷åñêèõ çàòðàò 
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íûå ê 1 ÷àñó ðàáîòû, ñîîòâåòñòâåííî, òðàêòîðà, 
ìàøèíû, ñðåäñòâ õèìèçàöèè è òîïëèâà, ÌÄæ/ãà; 
W

ñì
 – ñìåííàÿ ïðîèçâîäèòåëüíîñòü, ãà/÷.

Äëÿ îïðåäåëåíèÿ îòíîñèòåëüíîãî ñíèæåíèÿ 
óäåëüíûõ ýíåðãîçàòðàò âûïîëíåíèÿ òåõíîëîãè-
÷åñêîé îïåðàöèè ïðè îäèíàêîâîé ìàññå ñðàâ-
íèâàåìûõ ìàøèí  M Má í

ì ì  è ðàâíûõ äîçàõ 
âíåñåíèÿ ñðåäñòâ õèìèçàöèè óïðîñòèì ñ íåêî-
òîðûì ïðèáëèæåíèåì âûðàæåíèå (2) äî âèäà:
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Â ñîîòâåòñòâèè ñ [1] îïðåäåëèì:
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ãäå Ì
òð

 – êîíñòðóêòèâíàÿ ìàññà òðàêòîðà, êã; 


òð
 – ýíåðãåòè÷åñêèé ýêâèâàëåíò òðàêòîðà, 

ÌÄæ/êã; à
òð

, R
òð

 – ãîäîâûå àìîðòèçàöèîííûå 
îò÷èñëåíèÿ íà ðåíîâàöèþ è ðåìîíò, %; Ò

ã.òð
 – 

ãîäîâàÿ íîðìàòèâíàÿ çàãðóçêà òðàêòîðà, ÷;

  310g N e      òîï å å òîï òîïÝ , ÌÄæ/÷,

ãäå g
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 – óäåëüíûé ðàñõîä òîïëèâà ïðè íîìè-

íàëüíîé ìîùíîñòè, ã/êÂò÷; N
å
 – íîìèíàëüíàÿ 

ìîùíîñòü äâèãàòåëÿ, êÂò; 
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 – ýíåðãåòè÷å-
ñêèé ýêâèâàëåíò òîïëèâà, ÌÄæ/êã; å

òîï
 – òå-

ïëîñîäåðæàíèå òîïëèâà, ÌÄæ/êã.
Â ðåçóëüòàòå ïðåîáðàçîâàíèé óðàâíåíèÿ (3), 
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Òàêèì îáðàçîì, çàäà÷à ñâîäèòñÿ ê îïðåäå-
ëåíèþ ýíåðãîçàòðàò òðàêòîðà á

òðÝ  è òîïëèâà 
á
òîïÝ  ïî áàçîâîìó âàðèàíòó è êîýôôèöèåíòîâ 

à, b, ñ, ñîîòâåòñòâóþùèõ õàðàêòåðèñòèêàì 
íîâîãî êîìïëåêñà ìàøèí äëÿ âñåãî ñïåêòðà âû-
ïîëíÿåìûõ ñåëüñêîõîçÿéñòâåííûõ ðàáîò.

Ïðåäëîæåííàÿ ìåòîäèêà áûëà îïðîáîâàíà 
ïðè ñðàâíåíèè ýíåðãåòè÷åñêîé ýôôåêòèâíî-
ñòè ïåðñïåêòèâíîãî ýêîëîãè÷åñêè áåçîïàñíî-
ãî òðàêòîðà êëàññà 1,4 [4] è áàçîâîãî òðàêòîðà 
«Áåëàðóñ» 1025. Êîíöåïòóàëüíàÿ îñîáåííîñòü 
ïåðñïåêòèâíîãî óíèâåðñàëüíî-ïðîïàøíîãî 
òðàêòîðà êëàññà 1,4 çàêëþ÷àåòñÿ â îáîñíîâàí-
íîì ñóùåñòâåííîì ñíèæåíèè óäåëüíîé ìàòå-
ðèàëîåìêîñòè ñ 57,3 êã/êÂò («Áåëàðóñ» 1025) äî 
37,3 êã/êÂò ïðè ñîõðàíåíèè òÿãîâûõ ïîêàçàòå-
ëåé ñ îäíîâðåìåííûì ñíèæåíèåì áóêñîâàíèÿ 
è îáåñïå÷åíèè ýêîëîãè÷åñêèõ îãðàíè÷åíèé 
ïî âîçäåéñòâèþ äâèæèòåëåé íà ïî÷âó. Ïåðñïåê-
òèâíûé òðàêòîð ïðè êîíñòðóêöèîííîé ìàññå 
M í

òð  2430 êã õàðàêòåðèçóþò äèçåëü ïîñòîÿí-
íîé ìîùíîñòè N íå  75 êÂò ñ ìèíèìàëüíûì 
óäåëüíûì ðàñõîäîì òîïëèâà .minge  = 193 ã/êÂò÷, 
ìåõàíè÷åñêàÿ òðàíñìèññèÿ ñ ïåðåêëþ÷åíèåì 
ïåðåäà÷ âíóòðè äèàïàçîíà áåç ðàçðûâà ñèëîâî-
ãî ïîòîêà è áåññòóïåí÷àòûì ðåãóëèðîâàíèåì 
ìåæäó ñìåæíûìè ïåðåäà÷àìè ñ àâòîìàòè÷å-
ñêèì îòêëþ÷åíèåì çàäíåãî ìîñòà íà ïîâîðîòå 
äëÿ îáåñïå÷åíèÿ ñóïåðìàíåâðåííîñòè òðàêòî-
ðà (ïîâîðîò âîêðóã ïðîåêöèè öåíòðà çàäíåãî 
ìîñòà íà îïîðíóþ ïîâåðõíîñòü, R

n
 = 0), ìåõà-

íè÷åñêàÿ ñèñòåìà îòáîðà ìîùíîñòè ñ àâòîìà-
òè÷åñêèì ïîääåðæàíèåì çàäàííîé ÷àñòîòû 
âðàùåíèÿ õâîñòîâèêà ÂÎÌ, ñìåííûé òèï äâè-
æèòåëÿ (êîëåñíûé, ãóñåíè÷íûé) ñ óñëîâíûì 
òÿãîâûì ÊÏÄ íà ñòåðíå 0,72–0,80.

Ïåðå÷èñëåííûå êîíñòðóêòèâíûå îñîáåííî-
ñòè ïîçâîëÿþò ïðèáëèæåííî îöåíèòü çíà÷åíèÿ 
èñêîìûõ îòíîøåíèé à, b è c.

Îòíîøåíèå à êîíñòðóêöèîííûõ ìàññ íîâîãî 
è áàçîâîãî òðàêòîðîâ (M á

òð  = 3930 êã) ÿâëÿåòñÿ 
çàäàííûì (à = 0,86).

Îòíîøåíèå b íîâîãî óäåëüíîãî ðàñõîäà òî-
ïëèâà ê áàçîâîìó ( .mineg

á  = 224 ã/êÂò÷) îïðå-
äåëåíî (òàáë. 1) ñ ó÷åòîì îñíàùåíèÿ òðàêòî-
ðà àâòîìàòè÷åñêèì ÂÎÌ, îáåñïå÷èâàþùèì 
ñíèæåíèå óäåëüíîãî ðàñõîäà òîïëèâà ïðè íå-
äîãðóçêå ïî ìîùíîñòè çà ñ÷åò îïòèìàëüíîãî 
ðåãóëèðîâàíèÿ äâèãàòåëÿ ñ ïåðåõîäîì íà ÷à-
ñòè÷íûå ðåæèìû ðàáîòû. Ïðîãðàììà ðàñ÷åòà 
ñíèæåíèÿ ðàñõîäà òîïëèâà äëÿ äàííîãî âàðè-
àíòà àãðåãàòèðîâàíèÿ ïðåäñòàâëåíà [5]. Äîïîë-
íèòåëüíîå âëèÿíèå íà óìåíüøåíèå êîýôôè-
öèåíòà b îêàçûâàåò îòíîøåíèå ìèíèìàëüíûõ 
óäåëüíûõ ðàñõîäîâ òîïëèâà íîâîãî è áàçîâîãî 
äâèãàòåëåé.

Çíà÷åíèÿ îòíîøåíèé ñ íîâîé è áàçîâîé ïðî-
èçâîäèòåëüíîñòè ïî ñïåêòðó âûïîëíÿåìûõ òåõ-
íîëîãè÷åñêèõ îïåðàöèé (òàáë. 1) ó÷èòûâàþò 
ñëåäóþùèå ôàêòîðû, õàðàêòåðíûå äëÿ íîâîãî 
âàðèàíòà:

– óâåëè÷åíèå ðàáî÷åé ñêîðîñòè íà 5–9 % çà 
ñ÷åò óìåíüøåíèÿ áóêñîâàíèÿ;

– óâåëè÷åíèå 
ñì

 íà 5 % çà ñ÷åò óìåíüøåíèÿ 
çàòðàò âðåìåíè íà ïîâîðîòû (R

n
 = 0);

– óâåëè÷åíèå ðàáî÷åé ñêîðîñòè íà 4–6 % çà 
ñ÷åò óâåëè÷åíèÿ êïä òðàíñìèññèè;

– îòñóòñòâèå áóêñîâàíèÿ ïðè ñîâìåùåíèè 
ôóíêöèé àêòèâíûõ ðàáî÷èõ îðãàíîâ è äâèæè-
òåëåé;

– óâåëè÷åíèå ðàáî÷åé ñêîðîñòè ïðè èñïîëü-
çîâàíèè àâòîìàòè÷åñêîãî ÂÎÌ íà 8–15 %;

– ñíèæåíèå óäåëüíîãî ðàñõîäà òîïëèâà çà 
ñ÷åò îïòèìàëüíîãî ðåãóëèðîâàíèÿ äâèãàòåëÿ 
íà 5–15 % ïðè íåäîãðóçêå ïî ìîùíîñòè [9].

Ñ ó÷åòîì äàííûõ: 
òð

 = 120 ÌÄæ/êã; 
òîï

 =
= 10 ÌÄæ/êã; å

òîï
 = 42,7 ÌÄæ/êã; Ò

ã
 = 1095 ÷; 

à = 10 %; R = 14,9 %, îïðåäåëÿåì – á
òðÝ  = 

= 107,0; á
òoïÝ  = 885,0 ÌÄæ/÷.

Ïîëó÷åííûå çíà÷åíèÿ á
òðÝ  è á

òoïÝ  ïîçâîëÿ-
þò ïðèâåñòè ôîðìóëó (4) ñ âû÷èñëåíèåì ðå-
çóëüòàòà â % ê âèäó:

 
11 1 89 1w

a b
c c

          
   

ïÝ . (5)
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Ïîëó÷åííîå óðàâíåíèå (5) äëÿ ïðèíÿòûõ 
çíà÷åíèÿõ îòíîøåíèé ñìåííîé ïðîèçâîäèòåëü-
íîñòè è óäåëüíîãî ðàñõîäà òîïëèâà (òàáë. 1), è 
ìàññ òðàêòîðîâ ïîçâîëÿåò îïðåäåëèòü îòíîñè-
òåëüíîå ñíèæåíèå ïîëíûõ óäåëüíûõ òîïëèâ-
íî-ýíåðãåòè÷åñêèõ çàòðàò (òàáë. 2) ïî ñïåêòðó 
òåõíîëîãè÷åñêèõ îïåðàöèé [10].

Ñðåäíåâçâåøåííîå îòíîñèòåëüíîå ñíèæå-
íèå ïîëíûõ óäåëüíûõ ýíåðãîåìêîñòåé, îïðå-
äåëåííîå ïî ôîðìóëå (1), â ðàññìîòðåííîì 
ñëó÷àå ñîñòàâèò: w ïêÝ  = 34,3 % (ðèñ. 1).

Àíàëèç ïðåäñòàâëåííîé íà ðèñ. 1 çàâè-
ñèìîñòè ïîêàçûâàåò, ÷òî îáùàÿ ýêîíîìèÿ 

34,3 %W Ý  âêëþ÷àåò 15 % çà ñ÷åò ïîâûøå-
íèÿ ïðîèçâîäèòåëüíîñòè n = 1,2, 15 % çà ñ÷åò 
ñíèæåíèÿ ðàñõîäà òîïëèâà b = 0,8 è 4 % çà ñ÷åò 
óìåíüøåíèÿ êîíñòðóêöèîííîé ìàññû a = 0,62. 
Ñ ó÷åòîì òîãî, ÷òî â ýêîíîìèè òîïëèâà îäíîé 

Òàáëèöà 1

Îòíîñèòåëüíûå ïîêàçàòåëè èñïîëüçîâàíèÿ òðàêòîðîâ êëàññà 1,4 «Áåëàðóñ» 1025 
ñ òðàäèöèîííûì êîìïëåêñîì ìàøèí è òðàêòîðà ýêîëîãè÷åñêè áåçîïàñíîãî íîâîãî ïîêîëåíèÿ 

ñ ïåðñïåêòèâíûì êîìïëåêñîì ìàøèí (Ìîñêîâñêàÿ îáëàñòü)

Òåõíîëîãè÷å-
ñêàÿ îïåðàöèÿ

Áàçîâûé âàðèàíò Íîâûé âàðèàíò
Îòíîøåíèå 

ñìåííîé 
ïðîèçâî-
äèòåëüíî-
ñòè íîâûõ 
àãðåãàòîâ 
ê áàçîâûì, 

(c)

Îòíîøåíèå 
óäåëüíîãî 

ðàñõîäà 
òîïëèâà 
íîâîãî ê 

áàçîâîìó, 
(b) 

ñðåäíÿÿ 
çàãðóçêà 
ïî ìîù-
íîñòè, %

èñïîëüçîâàíèå 
ÂÎÌ

ñðåäíÿÿ 
çàãðóçêà 
ïî ìîù-
íîñòè, 

%

èñïîëüçîâàíèå ÂÎÌ

îòíîñè-
òåëüíàÿ 

çàíÿ-
òîñòü, %

ñðåäíÿÿ 
çàãðóç-
êà, %

îòíîñèòåëü-
íàÿ çàíÿòîñòü, 

%, â ò.÷. ñ 
ñîâìåùåíè-
åì ôóíêöèè 
äâèæèòåëÿ

ñðåäíÿÿ 
çàãðóç-
êà, %

1 2 3 4 5 6 7 8 9

Âñïàøêà 80–84 – – 98–100 30–35 70 1,27 0,86

Ñïëîøíàÿ 
êóëüòèâàöèÿ

88–92 – – 100 10–151) 60 1,20 0,86

Ñåâ 40–50 402) 10–12 40–50 äî 40 10–12 1,15 0,73

Ñåíîóáîðêà 60–70 50-60 40 60–70 50–60 40 1,15 0,77

Óáîðêà 
ñèëîñà

80–90 40 60–70 80–90 40 60–70 1,2 0,83

Ìåæäóðÿäíàÿ 
îáðàáîòêà3) 60–70 – – 60–70 – –  1,2 0,86

Âíåñåíèå 
óäîáðåíèé 4) 70–80 100 60–70 70–80 100 60–70 1,27 0,81

Òðàíñïîðòíûå 
ðàáîòû

40–50 – – 40–50 – – 1,15 0,75

Ïðî÷èå 
ðàáîòû

50 40 30 50 40 30 1,15 0,86

1) ïðè ñîâìåùåíèè ôóíêöèé àêòèâíûõ ðàáî÷èõ îðãàíîâ è äâèæèòåëåé; 2) ïíåâìîñåÿëêè; 3) áåç ïîä-
êîðìêè; 4) âûõîä íà ÷àñòè÷íûé ðåæèì.

Ðèñ. 1. Îòíîñèòåëüíîå ñíèæåíèå ïîëíûõ óäåëüíûõ 
òîïëèâíî-ýíåðãåòè÷åñêèõ çàòðàò w ïêÝ  

â çàâèñèìîñòè îò ïîâûøåíèÿ ïðîèçâîäèòåëüíîñòè 
c, óìåíüøåíèÿ ðàñõîäà òîïëèâà b è óìåíüøåíèÿ 

êîíñòðóêöèîííîé ìàññû à
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èç ñîñòàâëÿþùèõ ÿâëÿåòñÿ óìåíüøåíèå ðàñõî-
äà òîïëèâà â ñâÿçè ñ óìåíüøåíèåì ñîïðîòèâëå-
íèþ êà÷åíèþ, ïðîïîðöèîíàëüíîãî êîíñòðóêöè-
îííîé ìàññå è ñîñòàâëÿþùåãî â îáùåì ðàñõîäå 
òîïëèâà 20 % (îäíó ïÿòóþ ÷àñòü) íåîáõîäèìî 
îáùèé áàëàíñ ïîâûøåíèÿ ýêîíîìè÷åñêîé ýô-
ôåêòèâíîñòè ïðåäñòàâèòü â ñëåäóþùåì âèäå:

– óìåíüøåíèå ìàññû – 7 %,
– óìåíüøåíèå ðàñõîäà òîïëèâà – 12 %,
– ïîâûøåíèå ïðîèçâîäèòåëüíîñòè – 15 %,
– âñåãî – 34 %.

Âûâîäû
Â êà÷åñòâå ñîâðåìåííîãî òåõíîëîãè÷åñêî-

ãî íàïðàâëåíèÿ ðàçâèòèÿ ñèñòåìû ñåëüñêî-
õîçÿéñòâåííûõ ìîáèëüíûõ ýíåðãåòè÷åñêèõ 
ñðåäñòâ ðåêîìåíäîâàíî ðàññìàòðèâàòü ýíåð-
ãîýôôåêòèâíîñòü è ýêîëîãè÷åñêóþ áåçîïàñ-
íîñòü â ïîëíîì æèçíåííîì öèêëå ïðè ýòîì 
ãëàâíûì îöåíî÷íûì ïîêàçàòåëåì äîëæíî áûòü 
ñíèæåíèå ïîëíûõ óäåëüíûõ òîïëèâíî-ýíåð-
ãåòè÷åñêèõ çàòðàò âî âñåì ñïåêòðå èõ ãîäîâîé 
çàíÿòîñòè íà îñíîâå óìåíüøåíèÿ êîíñòðóêöè-
îííîé ìàññû, óìåíüøåíèÿ ðàñõîäà òîïëèâà è 
ïîâûøåíèÿ ïðîèçâîäèòåëüíîñòè. Ïðîâåäåí-
íàÿ ïî óïðîùåííîé ìåòîäèêå áåç îïðåäåëåíèÿ 
îáúåìîâ ïðîèçâåäåííîé ïðîäóêöèè îöåíêà ïî-
êàçàëà, ÷òî ñíèæåíèå ïîëíûõ óäåëüíûõ ýíåð-
ãîçàòðàò âûïîëíåíèÿ òåõíîëîãè÷åñêèõ îïåðà-
öèé íîâûì êîìïëåêñîì ìàøèí, âêëþ÷àþùèì 
ìàøèíû ñ àêòèâíûìè ðàáî÷èìè îðãàíàìè, ñî-
âìåùàþùèìè ôóíêöèè äâèæèòåëåé, ñ ýêîëî-
ãè÷åñêè áåçîïàñíûì òðàêòîðîì êëàññà 1,4 ïî 
ñðàâíåíèþ ñ áàçîâûì âàðèàíòîì (òðàêòîð «Áå-

ëàðóñ» 1025) â óñëîâèÿõ Ìîñêîâñêîé îáëàñòè 
ñîñòàâèò 34,3 % èëè â 1,51 ðàçà.
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Îòíîñèòåëüíîå ñíèæåíèå ïîëíûõ óäåëüíûõ ýíåðãîçàòðàò òåõíîëîãè÷åñêèõ îïåðàöèé

№
ïï

Òåõíîëîãè÷åñêàÿ 
îïåðàöèÿ

Ðàñ÷åòíûå 
êîýôôèöèåíòû

Îòíîñèòåëüíîå ñíèæåíèå 
ïîëíûõ óäåëüíûõ 

ýíåðãîçàòðàò, w ïÝ , %

Îòíîñèòåëüíàÿ 
çàíÿòîñòü 

â ãîäó, 
ã
, % 

(Ìîñêîâñêàÿ îáë.)à b c
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The article contains data on the development of a new criterion for the effectiveness of agricultural mo-
bile energy facility. (Purpose of the study) To substantiate, as the technological direction of the devel-
opment of the system of agricultural mobile energy facilities, increasing energy efficiency and ensuring 
environmental safety in the full life cycle. (Materials and Methods) The article discusses the use of the 
“Methods of fuel and energy evaluation of crop production” to determine the possibilities of increasing 
the energy efficiency of a wheel tractor of traction class 1.4 by 1.5 times in the full life cycle by reducing 
the structural mass and fuel consumption with a possible increase in the productivity of machine-tractor 
units based on this tractor under annual load conditions in the Moscow region. (Research results and dis-
cussion) The methodology proposed in technological competition allowed to obtain a formulaic expres-
sion of the dependence of the relative decrease in the total specific fuel and energy costs in the entire 
spectrum of technological operations on the coefficients of structural weight reduction, fuel consumption 
reduction and productivity increase. Based on the registration of achieved and promising results for 
improving the main tractor systems, the relative indicators of the use of tractors of traction class 1.4 “Be-
larus” 1025 with a traditional set of facilities and a tractor of an environmentally friendly new generation 
with a promising set of facilities (Moscow region), as well as a relative decrease in total specific energy 
costs of technological operations, were calculated. A three-parameter graph was built for the relative 
decrease in the total specific fuel and energy costs depending of increasing of productivity, reducing of 
fuel consumption and reducing of structural weight. In this case, the weighted average relative decrease 
in the total specific energy intensity, determined by the formula, in the considered case amounted to 
34,3 %. (Conclusions) It is recommended to consider energy efficiency and environmental safety in the 
full life cycle as a modern technological direction for the development of the system of agricultural mobile 
energy resources, while the main evaluation indicator should be a decrease in the total specific fuel and 
energy costs in the entire spectrum of their annual employment based on a decrease in structural weight, 
reduce fuel consumption and increase productivity.

Keywords: agricultural mobile energy facility, full life cycle, relative reduction in total specific energy 
costs, structural mass, fuel consumption, machine and tractor unit performance.
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Â ñòàòüå ðàññìîòðåíû âîïðîñû óðàâíîâåøèâàíèÿ ðÿäíûõ äâóõöèëèíäðîâûõ 4-òàêòíûõ äâèãàòåëåé 
âíóòðåííåãî ñãîðàíèÿ (ÄÂÑ) òèïà R2. Öåëüþ èññëåäîâàíèÿ ÿâëÿëñÿ àíàëèç âîçìîæíîñòåé áîëåå 
ïîëíîãî óðàâíîâåøèâàíèÿ êðóòÿùåãî ìîìåíòà ÄÂÑ òèïà R2 çà ñ÷åò íîâûõ ñõåì ðàñïîëîæåíèÿ 
îñåé áàëàíñèðíûõ âàëîâ. Ïîêàçàíû èçâåñòíûå ñïîñîáû óðàâíîâåøèâàíèÿ ñèë èíåðöèè âîçâðàòíî 
ïîñòóïàòåëüíî äâèæóùèõñÿ ìàññ è ÷àñòè÷íî âîçìóùåíèé îò äåéñòâèÿ êðóòÿùåãî ìîìåíòà ÄÂÑ ñ 
ïîìîùüþ áàëàíñèðíûõ âàëîâ. Ïðåäëîæåíû íîâûå ñõåìû ðàçìåùåíèÿ îñåé áàëàíñèðíûõ âàëîâ, 
îáåñïå÷èâàþùèå ëó÷øåå óðàâíîâåøèâàíèå êðóòÿùåãî ìîìåíòà. Ïîêàçàíî, ÷òî äëÿ óðàâíîâåøè-
âàþùåãî ãàðìîíè÷åñêîãî ìîìåíòà áàëàíñèðíûõ âàëîâ â íîâûõ ñõåìàõ îáåñïå÷èâàåòñÿ âîçìîæ-
íîñòü ïîäáîðà îïòèìàëüíûõ çíà÷åíèé êàê àìïëèòóäû, òàê è íà÷àëüíîé ôàçû. Ðàçðàáîòàíà ïðî-
ãðàììà äëÿ êîëè÷åñòâåííîé îöåíêè âîçìóùåíèé îò äåéñòâèÿ îïðîêèäûâàþùèõ ìîìåíòîâ â ÄÂÑ 
ðàññìàòðèâàåìîãî òèïà è îïðåäåëåíèÿ îïòèìàëüíûõ ïàðàìåòðîâ áàëàíñèðíûõ âàëîâ äëÿ íîâûõ 
ñõåì óðàâíîâåøèâàíèÿ. Âûïîëíåí ïðîãðàììíûé ðàñ÷åò îïòèìàëüíîãî ÷àñòè÷íîãî óðàâíîâåøèâà-
íèÿ ÄÂÑ ñ òèïè÷íûìè äëÿ äàííîãî òèïà âåñîãàáàðèòíûìè ïàðàìåòðàìè íà ðàçíûõ ðåæèìàõ ðàáîòû 
è ïðè ðàçíûõ ñõåìàõ ðàñïîëîæåíèÿ áàëàíñèðíûõ âàëîâ. Ïî äàííûì âûïîëíåííîãî ïðîãðàììíîãî 
àíàëèçà ÷àñòè÷íîãî óðàâíîâåøèâàíèÿ, íàéäåíî, ÷òî ïðåäëàãàåìûå ñõåìû ðàçìåùåíèÿ áàëàíñèð-
íûõ âàëîâ è èõ äèñáàëàíñîâ îáåñïå÷èâàþò áîëüøåå ñíèæåíèå âîçìóùåíèé îò äåéñòâèÿ êðóòÿùåãî 
ìîìåíòà, ÷åì â èçâåñòíûõ. Ïðèâåäåí ïðèìåð êîíêðåòíîãî îïðåäåëåíèÿ ïàðàìåòðîâ áàëàíñèðíûõ 
âàëîâ – äèñáàëàíñîâ è êîîðäèíàò îñåé – äëÿ ÄÂÑ ðàññìàòðèâàåìîãî òèïà. Ñäåëàí âûâîä î öåëå-
ñîîáðàçíîñòè ïðèìåíåíèÿ íîâûõ ñõåì óðàâíîâåøèâàíèÿ.

Êëþ÷åâûå ñëîâà: ðÿäíûé äâóõöèëèíäðîâûé äâèãàòåëü âíóòðåííåãî ñãîðàíèÿ òèïà R2, óðàâíîâå-
øåííîñòü, áàëàíñèðíûå âàëû, îïðîêèäûâàþùèå ìîìåíòû.

 Ââåäåíèå
Ðÿäíûå äâóõöèëèíäðîâûå 4-òàêòíûå äâè-

ãàòåëè âíóòðåííåãî ñãîðàíèÿ òèïà R2 èñïîëü-
çóþòñÿ äëÿ ìàëîé ýíåðãåòèêè, íà ìîòîöèêëàõ, 
òðàêòîðàõ, àâòîìîáèëÿõ [1]. Èõ ñóùåñòâåííûì 
íåäîñòàòêîì ñðàâíèòåëüíî ñ äðóãèìè òèïàìè 
ìíîãîöèëèíäðîâûõ ÄÂÑ ÿâëÿåòñÿ õóäøàÿ 
óðàâíîâåøåííîñòü. Â ýòèõ ÄÂÑ âñåãäà îñó-
ùåñòâëÿþò óðàâíîâåøèâàíèå òîëüêî öåíòðî-
áåæíûõ ñèë âðàùàþùèõñÿ ìàññ (ÂÌ) êðèâî-
øèïíî-øàòóííîãî ìåõàíèçìà. Åñëè ïðèíÿòü, 
÷òî öåíòð ìàññ ÄÂÑ ðàñïîëîæåí â ñåðåäèíå 
êîëåí÷àòîãî âàëà (îáû÷íîå äîïóùåíèå ïðè ïî-
äîáíîì àíàëèçå), òî ïîñëå ýòîãî íåóðàâíîâå-
øåííûìè îñòàþòñÿ ñèëû èíåðöèè âîçâðàòíî-
ïîñòóïàòåëüíî äâèæóùèõñÿ ìàññ (ÂÏÄÌ) 1-ãî 

1jP  è 2-ãî 2jP  ïîðÿäêîâ:

2
1

2
2

2 · · ·cos ,

 2 · · · ·cos2 ,
j

j

P m r

P m r

  

   




ãäå m  – ÂÏÄÌ îäíîãî öèëèíäðà; r  – ðàäèóñ 
êðèâîøèïà;   – óãëîâàÿ ñêîðîñòü âðàùåíèÿ 
êîëåí÷àòîãî âàëà;   – óãîë ïîâîðîòà [2]. 

Êðîìå òîãî, ñóùåñòâåííûì èñòî÷íèêîì íå-
óðàâíîâåøåííîñòè, êàê è âî âñåõ òèïàõ ÄÂÑ, 
ÿâëÿåòñÿ ïåðåìåííûé ðåàêòèâíûé êðóòÿùèé 
ìîìåíò ÄÂÑ constpM M  êp .

Íàèáîëüøèì âîçìóùàþùèì äåéñòâèåì îá-
ëàäàåò ñèëà èíåðöèè ÂÏÄÌ 1-ãî ïîðÿäêà 1jP
. Âî ìíîãèõ êîíñòðóêöèÿõ åå ÷àñòè÷íî óðàâíî-
âåøèâàþò ò.í. åñòåñòâåííûì (ïðîñòûì) ñïîñî-
áîì çà ñ÷åò ñïåöèàëüíîãî óâåëè÷åíèÿ äèñáàëàí-
ñà íàùå÷íûõ ïðîòèâîâåñîâ êîëåí÷àòîãî âàëà [2]. 
Ïîëíîå óðàâíîâåøèâàíèå ýòîé ñèëû âûïîëíÿ-
þò çà ñ÷åò íåêîòîðîãî óñëîæíåíèÿ êîíñòðóêöèè 
ÄÂÑ òèïà R2 ïóòåì óñòàíîâêè áàëàíñèðíûõ 
âàëîâ. Íàéäåíî, ÷òî çà ñ÷åò ñïåöèàëüíî ïîäáè-
ðàåìîãî âåðòèêàëüíîãî ñìåùåíèÿ îñåé áàëàí-
ñèðíûõ âàëîâ îòíîñèòåëüíî êîëåí÷àòîãî îáå-
ñïå÷èâàåòñÿ íå òîëüêî ïîëíîå óðàâíîâåøèâàíèå 
ñèë èíåðöèè 1-ãî ïîðÿäêà 1jP , íî è ÷àñòè÷íîå 
óðàâíîâåøèâàíèå âîçìóùåíèé îò äåéñòâèÿ íå-
ðàâíîìåðíîãî êðóòÿùåãî ìîìåíòà Ì

êð
 [3].

Öåëü èññëåäîâàíèÿ
Öåëüþ èññëåäîâàíèÿ ÿâëÿëñÿ àíàëèç âîç-

ìîæíîñòåé áîëåå ïîëíîãî óðàâíîâåøèâàíèÿ 



Íîâûå âîçìîæíîñòè óðàâíîâåøèâàíèÿ ÄÂÑ òèïà R2

43Èçâåñòèÿ ÌÃÒÓ «ÌÀÌÈ», ¹ 1(43), 2020

êðóòÿùåãî ìîìåíòà ÄÂÑ òèïà R2 çà ñ÷åò íîâûõ 
ñõåì ðàñïîëîæåíèÿ îñåé áàëàíñèðíûõ âàëîâ è 
âåëè÷èí èõ äèñáàëàíñîâ.

Ìåòîäû è ñðåäñòâà 
ïðîâåäåíèÿ èññëåäîâàíèé
Äëÿ äîñòèæåíèÿ ïîñòàâëåííîé öåëè áûëî 

ïðîâåäåíî èññëåäîâàíèå âîçìîæíîñòåé áîëåå 
ïîëíîãî óðàâíîâåøèâàíèÿ êðóòÿùåãî ìîìåí-
òà ÄÂÑ òèïà R2 ïóòåì ïðèìåíåíèÿ ðàçëè÷íûõ 
ñõåì áàëàíñèðíûõ âàëîâ è âåëè÷èí èõ äèñáà-
ëàíñîâ. Àíàëèç âîçìóùåíèé îò äåéñòâèÿ îïðî-
êèäûâàþùèõ ìîìåíòîâ âûïîëíÿëè ïðîãðàìì-
íûì ìåòîäîì, ïîçâîëÿþùèì êîëè÷åñòâåííî 
îöåíèâàòü ýòîò ïàðàìåòð íåóðàâíîâåøåííîñòè 
äâèãàòåëÿ. Ïîëíîå óðàâíîâåøèâàíèå ñèëû 
èíåðöèè ÂÏÄÌ 1-ãî ïîðÿäêà 1jP  â ÄÂÑ 
òèïà R2 âîçìîæíî ïóòåì óñòàíîâêè áàëàíñèð-
íûõ âàëîâ, êàê ïîêàçàíî íà ðèñ. 1. 

Íà ðèñóíêàõ ïðåäñòàâëåíû èçâåñòíûå âàðè-
àíòû ðàçìåùåíèÿ áàëàíñèðíûõ âàëîâ, ïðè÷åì, 
êàê ïîêàçàíî íèæå, äëÿ ñõåìû ðèñ. 1, á îáå-
ñïå÷èâàåòñÿ åùå è äîïîëíèòåëüíîå ÷àñòè÷íîå 
óðàâíîâåøèâàíèå êðóòÿùåãî ìîìåíòà çà ñ÷åò 
îñîáîãî ðàçìåùåíèÿ îñåé áàëàíñèðíûõ âàëîâ 
îòíîñèòåëüíî êîëåí÷àòîãî.

Ïðèíÿòû ñëåäóþùèå îáîçíà÷åíèÿ: 

0 0 1 1 2 2, ,m r m r m rïð ïð ïð ïð  – äèñáàëàíñû ïðîòèâîâå-
ñîâ, îòíîñÿùèõñÿ ê êîëåí÷àòîìó âàëó è áàëàí-
ñèðíûì âàëàì ñîîòâåòñòâåííî; 0 0 1 1 2 2, ,x y x y x y  –
êîîðäèíàòû îñåé êîëåí÷àòîãî è áàëàíñèðíûõ 
âàëîâ. 

Îñè áàëàíñèðíûõ âàëîâ ïàðàëëåëüíû êîëåí-
÷àòîìó âàëó, îíè ðàñïîëîæåíû ñèììåòðè÷íî 
îòíîñèòåëüíî âåðòèêàëüíîé îñè Y, ïðîõîäÿùåé 
÷åðåç îñü êîëåí÷àòîãî âàëà: 1 2 1 2,x x y y   .

Óðàâíîâåøèâàíèå ðåçóëüòèðóþùåé ñèëû 
èíåðöèè ÂÏÄÌ 1-ãî ïîðÿäêà âûïîëíÿåòñÿ ïðè 
óñëîâèè åå ðàâåíñòâà ïðîåêöèÿì öåíòðîáåæ-
íûõ ñèë ïðîòèâîâåñîâ íà âåðòèêàëüíóþ îñü Y 

1jP P  ñó .
Èç ýòîãî, ïîñëå íåêîòîðûõ ïðåîáðàçîâàíèé, 

ñëåäóþò óñëîâèÿ äëÿ îïðåäåëåíèÿ äèñáàëàíñîâ 
ïðîòèâîâåñîâ äëÿ ñõåìû (à):

1 1 2 2 · ,m r m r m r ïð ïð ïð ïð

è äëÿ ñõåìû (á):

1 1 2 2 0 00,5· 0,5· ·m r m r m r m r  ïð ïð ïð ïð .

Äëÿ îáåñïå÷åíèÿ óðàâíîâåøèâàíèÿ âñå äèñ-
áàëàíñû óñòàíàâëèâàþò ñ îäèíàêîâûìè îòíî-
ñèòåëüíî êðèâîøèïà óãëàìè   (ðèñ. 1), óãëî-

âûå ñêîðîñòè  âðàùåíèÿ áàëàíñèðíûõ âàëîâ, 
äîëæíû áûòü òàêèå æå, êàê è ó êîëåí÷àòîãî, 
íî ïðîòèâîïîëîæíî íàïðàâëåíû. Öåíòðû ìàññ 
äèñáàëàíñîâ äîëæíû íàõîäèòüñÿ â ïëîñêîñòè 
ïåðïåíäèêóëÿðíîé êîëåí÷àòîìó âàëó, ïðîõî-
äÿùåé ÷åðåç åãî ñåðåäèíó. Çàìåòèì, ÷òî â íà-
ñòîÿùåå âðåìÿ ïðèìåíÿåòñÿ â îñíîâíîì ñõåìà, 
ðàçðàáîòàííàÿ ôèðìîé Äàéõàöó (ðèñ. 1, á), 

à
 

á

Ðèñ. 1. Ñõåìû óðàâíîâåøèâàíèÿ ÄÂÑ òèïà R2 
áàëàíñèðíûìè âàëàìè: 

à – ñïîñîá Ëàí÷åñòåðà; á – ñïîñîá Äàéõàöó
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ãäå, â îòëè÷èå îò ñõåìû Ëàí÷åñòåðà (ðèñ. 1, à), 
äëÿ ïðèâîäà òðåáóåòñÿ ìåíüøå øåñòåðåí, è, 
êðîìå òîãî, ÷àñòü ìàññû ïðîòèâîâåñîâ ðàñ-
ïîëàãàåòñÿ íà ùåêàõ êîëåí÷àòîãî âàëà, ÷òî 
ðàçãðóæàåò ïîäøèïíèêè áàëàíñèðíûõ âàëîâ 
[4]. Òàêîé ìåòîä óðàâíîâåøèâàíèÿ äîñòàòî÷íî 
øèðîêî èñïîëüçóåòñÿ â àâòîìîáèëüíûõ ÄÂÑ 
(ÔÈÀÒ, ÂÀÇ è äð.). Îïðîêèäûâàþùèé ìîìåíò, 
âîçíèêàþùèé îò öåíòðîáåæíûõ ñèë èíåðöèè 
ïðîòèâîâåñîâ ïðè óêàçàííîì íà ðèñ. 1, á ïî-
ëîæåíèè áàëàíñèðíûõ âàëîâ, îïðåäåëÿåòñÿ èç 
âûðàæåíèÿ:

Ì
ð
 = Ð

ñ12õ
 · à, 

ãäå a – âåðòèêàëüíîå ñìåùåíèå îñåé áàëàíñèð-
íûõ âàëîâ, à = y

1
 = y

2
; Ð

ñ12õ
 – ðåçóëüòèðóþùàÿ 

ïðîåêöèé öåíòðîáåæíûõ ñèë äâóõ áàëàíñèð-
íûõ âàëîâ íà îñü X. 

Èëè ñ ó÷åòîì óêàçàííûõ âûøå ïàðàìåòðîâ 
ðàñ÷åòíîé ñõåìû:

M
á.â.

 = 2 sinm r a    .

Íà îïîðû ñèëîâîé óñòàíîâêè (ÑÓ), âêëþ÷à-
þùåé èññëåäóåìûé ÄÂÑ, â ýòîì ñëó÷àå áóäåò 
äåéñòâîâàòü ñóììàðíûé îïðîêèäûâàþùèé 
ìîìåíò M , îò äåéñòâèÿ ðåàêòèâíîãî êðó-
òÿùåãî ìîìåíòà (ÐÊÌ) ÄÂÑ è áàëàíñèðíûõ 
âàëîâ:

M = M
p
 + M

á.â.
.

Èçâåñòíî, ÷òî ÷àñòè÷íîå óðàâíîâåøèâàíèå 
ÐÊÌ â ÄÂÑ âîçìîæíî çà ñ÷åò óðàâíîâåøèâà-
íèÿ ãëàâíîé ìîòîðíîé ãàðìîíèêè ýòîãî ìî-
ìåíòà ìåõàíèçìîì, ñîçäàþùèì ãàðìîíè÷åñêè 
ìåíÿþùèéñÿ èíåðöèîííûé ìîìåíò ñ òîé æå 
÷àñòîòîé [5]. Èìåííî òàêèìè ñâîéñòâàìè è îá-
ëàäàåò ìîìåíò M

á.â.
. Îïðåäåëÿòü îïòèìàëüíîå 

ñìåùåíèå a
îïò

 ìîæíî ñ èñïîëüçîâàíèåì ðàç-
ðàáîòàííîãî àâòîðîì ìåòîäà ýíåðãåòè÷åñêîé 
îöåíêè âèáðîàêòèâíîñòè, ïóòåì ðàñ÷åòíîãî 
àíàëèçà ìàêñèìàëüíîãî çà öèêë èìïóëüñà ñóì-
ìàðíîãî îïðîêèäûâàþùåãî ìîìåíòà L

èìï.max
. 

Âåëè÷èíó ìàêñèìàëüíîãî èìïóëüñà íà-
õîäÿò ïî äàííûì ðàçíèöû ìàêñèìàëüíîãî è 
ìèíèìàëüíîãî çíà÷åíèé ïåðåìåííîé ïåðâîîá-
ðàçíîé D îò ðàçíîñòè ñóììàðíîãî îïðîêèäûâà-
þùåãî M è ñðåäíåãî èíäèêàòîðíîãî M

i
 ìîìåí-

òîâ çà ïåðèîä t:

 
0

;
t

iD M M dt   (Í·ì·ñ).

Âðåìÿ ïåðèîäà ðåçóëüòèðóþùåãî êðóòÿùå-
ãî ìîìåíòà ñîñòàâëÿåò 2/ ñåêóíä (ñîîòâåò-

ñòâóåò 360° ïîâîðîòà êîëåí÷àòîãî âàëà). Òàêèì 
îáðàçîì, èññëåäóÿ çíà÷åíèå D â ýòîì èíòåðâà-
ëå D = f(t) , íàõîäÿò:

L
èìï.max 

= D
max

 – D
min

.

Îïòèìàëüíîå ñìåùåíèå îñåé áàëàíñèðíûõ 
âàëîâ a

îïò
 ñîîòâåòñòâóåò ìèíèìàëüíîìó âîç-

ìóùåíèþ îò äåéñòâèÿ îïðîêèäûâàþùåãî ìî-
ìåíòà çà ïåðèîä, ò.å. ìèíèìàëüíîìó çíà÷åíèþ 
ïàðàìåòðà L

èìï.max
:

L
èìï.max

  
2

1

1 ,iM M d





   
   (Í·ì·ñ), 

ãäå 1  è 2  – çíà÷åíèÿ óãëîâ ïîâîðîòà êîëåí-
÷àòîãî âàëà (íàïðèìåð, â ðàäèàíàõ) íà ãðàíèöå 
ó÷àñòêà, ñîîòâåòñòâóþùåãî L

èìï.max
.

Çàìåòèì, ÷òî â íåêîòîðûõ ñëó÷àÿõ (ïðè èñ-
ñëåäîâàíèÿõ íà îäèíàêîâûõ ñêîðîñòíûõ ðå-
æèìàõ) óäîáíåå âûïîëíÿòü îöåíêó çíà÷åíèé 
èìïóëüñà âîçìóùåíèÿ ÷åðåç óãëû ïîâîðîòà 
êðèâîøèïà:

L
èìï.max

 =  
2

1

iM M d





   . (Í·ì·ðàä). 

Ðàçðàáîòàíà ïðîãðàììà, ïîçâîëÿþùàÿ ïî-
ëó÷àòü â òàáëè÷íîì è ãðàôè÷åñêîì âèäå çíà÷å-
íèÿ âûøåóêàçàííûõ îïðîêèäûâàþùèõ ìîìåí-
òîâ è èõ ïåðâîîáðàçíûõ äëÿ ðàçëè÷íûõ óãëîâ 
ïîâîðîòà êîëåí÷àòîãî âàëà ÄÂÑ òèïà R2 çà 
ïåðèîä ñ ó÷åòîì çàäàâàåìûõ âåñîãàáàðèòíûõ 
ïàðàìåòðîâ äâèãàòåëÿ, ñêîðîñòíîãî è íàãðóçî÷-
íîãî ðåæèìîâ. Òàêæå äëÿ êàæäîãî ðàñ÷åòíîãî 
âàðèàíòà îöåíèâàëñÿ óðîâåíü âîçìóùåíèé îò 
äåéñòâèÿ îïðîêèäûâàþùèõ ìîìåíòîâ ïî âå-
ëè÷èíå èìïóëüñà L

èìï.max
. Ðåçóëüòàòû òàêîãî 

àíàëèçà ïîêàçàëè âîçìîæíîñòü ñóùåñòâåííîãî 
óëó÷øåíèÿ óðàâíîâåøåííîñòè ÄÂÑ òèïà R2 çà 
ñ÷åò óñòàíîâêè îïòèìàëüíîãî ñìåùåíèÿ îñåé 
áàëàíñèðíûõ âàëîâ ïî ñõåìå Äàéõàöó [3].

Àíàëèç âîçìîæíîñòåé óìåíüøåíèÿ 
âîçìóùåíèé îò äåéñòâèÿ êðóòÿùåãî 
ìîìåíòà çà ñ÷åò íîâûõ ñõåì 
ðàçìåùåíèÿ áàëàíñèðíûõ âàëîâ
Âûïîëíåííûå àâòîðàìè àíàëèòè÷åñêèå 

èññëåäîâàíèÿ ïîêàçàëè âîçìîæíîñòü äàëü-
íåéøåãî ñóùåñòâåííîãî óëó÷øåíèÿ óðàâíî-
âåøåííîñòè óêàçàííîãî ÄÂÑ îò äåéñòâèÿ îïðî-
êèäûâàþùåãî ìîìåíòà çà ñ÷åò îñîáûõ ñõåì 
ðàçìåùåíèÿ áàëàíñèðíûõ âàëîâ è èõ äèñáàëàí-
ñîâ. Ðåçåðâ óìåíüøåíèÿ âîçìóùåíèé îò äåé-
ñòâèÿ ðåàêòèâíîãî îïðîêèäûâàþùåãî ìîìåíòà 
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Ì
ð
 çà ñ÷åò ñîçäàíèÿ ãàðìîíè÷åñêîãî ïðîòèâî-

ìîìåíòà îò áàëàíñèðíûõ âàëîâ, 

M
á.â.

 = ( )sin ,A   

ñîñòîèò â îáåñïå÷åíèè âîçìîæíîñòè ïîäáîðà 
íå òîëüêî àìïëèòóäû «À» ãàðìîíèêè áàëàí-
ñèðíûõ âàëîâ, íî è åå íà÷àëüíîé ôàçû «». 

Â èçâåñòíîé ñõåìå óðàâíîâåøèâàíèÿ ïî 
ìåòîäó Äàéõàöó âåëè÷èíà ïîäáèðàåìîé (èç 
óñëîâèé ëó÷øåé óðàâíîâåøåííîñòè) àìïëèòó-
äû îïðåäåëÿåòñÿ âûáîðîì çíà÷åíèÿ ñìåùåíèÿ 
îñåé «à»:

2A m r a    .

Ïðè ýòîì äèñáàëàíñ ïðîòèâîâåñîâ ìåíÿòü 
íåëüçÿ, ò.ê. îí îïðåäåëÿåòñÿ èç óñëîâèé óðàâíî-
âåøèâàíèÿ ñèëû èíåðöèè ÂÏÄÌ 1jP .

Çíà÷åíèå íà÷àëüíîé ôàçû ïðè ýòîì íåèç-
ìåííî ðàâíî íóëþ:  = 0. Âàðüèðîâàíèå âåëè-
÷èíîé íà÷àëüíîé ôàçîé, êàê ïîêàçàíî íèæå, ïî-
çâîëÿåò çíà÷èòåëüíî ïîâûñèòü ýôôåêòèâíîñòü 
óðàâíîâåøèâàíèÿ. Íàøëè, ÷òî êîíñòðóêòèâíî 
ðåàëèçîâàòü âàðüèðîâàíèå âåëè÷èíîé íà÷àëü-
íîé ôàçû ìîæíî 3-ìÿ ñïîñîáàìè. Âî-ïåðâûõ, 
çà ñ÷åò íåñèììåòðè÷íîãî (îòíîñèòåëüíî âåðòè-
êàëüíîé îñè, ïðîõîäÿùåé ÷åðåç îñü êîëåí÷àòî-
ãî âàëà) ðàçìåùåíèÿ îñåé áàëàíñèðíûõ âàëîâ.

Â ýòîì ñëó÷àå 1 2x x  , à ñ ó÷åòîì øåñòåðåí-
íîãî ïðèâîäà áàëàíñèðíûõ âàëîâ ïðîèçîéäåò 
è îòíîñèòåëüíîå ñìåùåíèå ïî âûñîòå 1 2y y . 
Ñõåìà ðàñïîëîæåíèÿ îñåé áàëàíñèðíûõ âàëîâ 
äëÿ òàêîãî ñëó÷àÿ ïîêàçàíà íà ðèñ. 2, à. 

Âòîðîé ñïîñîá ðåàëèçàöèè ôàçîâîãî ñäâèãà 
ãàðìîíèêè ìîìåíòà áàëàíñèðíûõ âàëîâ ñîñòî-
èò â ïðèìåíåíèè òîëüêî îäíîãî áàëàíñèðíîãî 
âàëà, íà êîòîðîì óñòàíàâëèâàþò äèñáàëàíñ 

1 1m r m r ïð ïð .
Âòîðîé ðàâíûé ïî âåëè÷èíå äèñáàëàíñ m

0
r

0
 

óñòàíàâëèâàåòñÿ íà êîëåí÷àòîì âàëå. Ñõåìà 
ïîêàçàíà íà ðèñ. 2, á. Õîòÿ ýòîò ñïîñîá ñóùå-
ñòâåííî óïðîùàåò ìåõàíèçì óðàâíîâåøèâàíèÿ 
(íåîáõîäèì òîëüêî îäèí áàëàíñèðíûé âàë), çà-
÷àñòóþ îí ìîæåò îêàçàòüñÿ íåïðèåìëåìûì ïî 
êîíñòðóêòèâíûì ñîîáðàæåíèÿì. Îñü áàëàíñèð-
íîãî âàëà äîëæíà íàõîäèòüñÿ âíå òðàåêòîðèé 
êðàéíèõ òî÷åê êðèâîøèïíî-øàòóííîãî ìåõà-
íèçìà è öèëèíäðîâ ÄÂÑ, à ïðè ìàëûõ îïòè-
ìàëüíûõ ñìåùåíèÿõ ýòî íåâûïîëíèìî. Òðåòèé 
ñïîñîá êîíñòðóêòèâíî íàèáîëåå óäîáåí. Â 
ýòîì ñëó÷àå îñè áàëàíñèðíûõ âàëîâ ðàçìåùà-
þò ñèììåòðè÷íî ïî ìåòîäó Äàéõàöó (ðèñ. 1, á). 
Îäíàêî íà îáîèõ áàëàíñèðíûõ âàëàõ óñòàíàâ-
ëèâàþò ðàçíûå äèñáàëàíñû 1 1 2 2m r m rïð ïð ïð ïð . 

Â ýòîì ñëó÷àå ëèíèÿ äåéñòâèÿ ðåçóëüòèðó-
þùåé ïðîåêöèé öåíòðîáåæíûõ ñèë áàëàíñèð-
íûõ âàëîâ 12P ñ ó  ñìåñòèòñÿ îòíîñèòåëüíî îñè 
ñèììåòðèè íà âåëè÷èíó b, àíàëîãè÷íî èçîáðà-
æåííîìó íà ñõåìå ðèñ. 2, à. 

Çàìåòèì, ÷òî äëÿ îáåñïå÷åíèÿ óðàâíîâå-
øèâàíèÿ ñèëû èíåðöèè ÂÏÄÌ 1jP  ñóììàð-
íîå çíà÷åíèå óêàçàííûõ äèñáàëàíñîâ ìåíÿòü 
íåëüçÿ. Èõ ñóììà îïðåäåëÿåòñÿ èç óñëîâèÿ:

1 1 2 2m r m r m r  ïð ïð ïð ïð .

Îïðîêèäûâàþùèé ìîìåíò, âîçíèêàþùèé 
îò öåíòðîáåæíûõ ñèë èíåðöèè ïðîòèâîâåñîâ 
áàëàíñèðíûõ âàëîâ äëÿ ðàññìàòðèâàåìûõ ñõåì 
îïðåäåëèòñÿ èç âûðàæåíèÿ:

2 sin c( )osM m r a b       á.â.
,

à

á

Ðèñ. 2. Íîâûå ñõåìû ðàçìåùåíèÿ áàëàíñèðíûõ âàëîâ 
äëÿ óðàâíîâåøèâàíèÿ ÄÂÑ òèïà R2
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ãäå «à» è «b» ïëå÷è ïðîåêöèé öåíòðîáåæíûõ 
ñèë áàëàíñèðíûõ âàëîâ (ðèñ. 2). 

Îíè îïðåäåëÿþòñÿ êîîðäèíàòàìè îñåé áà-
ëàíñèðíûõ âàëîâ, à äëÿ 3-ãî âàðèàíòà ðàçíèöåé 
äèñáàëàíñîâ 1 1m rïð ïð  è 2 2m rïð ïð .

Åñëè ïðèíÿòü, ÷òî íà÷àëî ñèñòåìû êîîðäè-
íàò íàõîäèòñÿ â öåíòðå ÊØÌ 0 00, 0( )x y  , 
òî ïëå÷è «à» è «b» ìîæíî íàéòè ñëåäóþùèì 
îáðàçîì.

Äëÿ 1-ãî âàðèàíòà:

1 2

1 2

( )
(

0,5  
0 )

,
,5 . 

a y y
b x x
  
  

Äëÿ 2-ãî âàðèàíòà:

1

1

,
.

a y
b x



Äëÿ 3-ãî âàðèàíòà:

1 2 ,a y y 

2 2 1 1
2

–
,

m r m r
b x

m r



ïð ïð ïð ïð

ïðè÷åì 1 2x x   (çàäàþò ïðîèçâîëüíî).
Çàìåòèì, ÷òî âî âñåõ ýòèõ ñëó÷àÿõ ïðîåê-

öèÿ ðåçóëüòèðóþùåé öåíòðîáåæíûõ ñèë îò 
âñåõ äèñáàëàíñîâ (óñòàíîâëåííûõ êàê íà áà-
ëàíñèðíûõ, òàê è êîëåí÷àòîì âàëàõ) íà îñü X 
ðàâíà íóëþ 0P  ñõ , à íà îñü Y ðàâíà ñèëå 

1jP :

1jP P ñó .

Òàêèì îáðàçîì, âûïîëíÿåòñÿ ãëàâíîå óñëîâèå 
óðàâíîâåøèâàíèÿ ñèë èíåðöèè 1–ãî ïîðÿäêà. 

Âûáîð îäíîé èç óêàçàííûõ ñõåì óðàâíîâå-
øèâàíèÿ îñóùåñòâëÿþò ïîñëå ïðåäâàðèòåëü-
íîãî ïðîãðàììíîãî àíàëèçà âîçìîæíîñòåé 
ìàêñèìàëüíîãî óðàâíîâåøèâàíèÿ ÄÂÑ òèïà 
R2 ñ çàäàííûìè âåñîãàáàðèòíûìè ïàðàìåòðà-
ìè è ðåæèìàìè ðàáîòû. Â ðåçóëüòàòå òàêîãî 
àíàëèçà íàõîäÿò îïòèìàëüíûå çíà÷åíèÿ ïàðà-
ìåòðîâ âåðòèêàëüíîãî a

îïò
 è ãîðèçîíòàëüíîãî 

b
îïò

  ñìåùåíèÿ ïðîåêöèé öåíòðîáåæíûõ ñèë 
áàëàíñèðíûõ âàëîâ (ðèñ. 2), ïî êîòîðûì çàòåì 
îïðåäåëÿþò êîîðäèíàòû èõ îñåé èëè ñîîòíî-
øåíèÿ äèñáàëàíñîâ äëÿ 3-ãî âàðèàíòà ñõåìû 
óðàâíîâåøèâàíèÿ. Ïîñëå ýòîãî ñ ó÷åòîì êîí-
ñòðóêòèâíûõ è òåõíîëîãè÷åñêèõ âîçìîæíîñòåé 
ïðèíèìàþò ðåøåíèå î ðåàëèçàöèè îäíîé èç 
ñõåì. Íèæå ïðèâåäåíû ðåçóëüòàòû ïðîãðàìì-
íîãî àíàëèçà âîçìîæíîñòåé òàêîãî óðàâíîâå-
øèâàíèÿ.

Ðåçóëüòàòû èññëåäîâàíèé 
è èõ îáñóæäåíèå
Èññëåäîâàíèÿ âûïîëíèëè ñ ïîìîùüþ ñïå-

öèàëüíî ðàçðàáîòàííîé ïðîãðàììû, â êîòîðîé 
ñ ó÷åòîì êîíêðåòíûõ çíà÷åíèé âåñîãàáàðèò-
íûõ è íàãðóçî÷íûõ ïàðàìåòðîâ ÄÂÑ òèïà R2 
çà ïåðèîä öèêëà ñ èíòåðâàëîì ÷åðåç 10 ãðàäó-
ñîâ óãëà ïîâîðîòà êðèâîøèïà îïðåäåëÿëè çíà-
÷åíèÿ îñíîâíûõ ñèë è ìîìåíòîâ, äåéñòâóþùèõ 
â ÊØÌ è îñòîâå äâèãàòåëÿ, âêëþ÷àÿ è áàëàí-
ñèðíûå âàëû. Êðîìå òîãî, íàõîäèëè è çíà÷åíèÿ 
ïåðâîîáðàçíûõ îïðîêèäûâàþùèõ ìîìåíòîâ, 
ïî äàííûì êîòîðûõ âû÷èñëÿëè èìïóëüñû âîç-
ìóùåíèÿ L

èìï.max
, íåîáõîäèìûå äëÿ îöåíîê 

îáùåé õàðàêòåðèñòèêè óðàâíîâåøåííîñòè. 
Ïðåäóñìîòðåíà âîçìîæíîñòü, ñ èñïîëüçîâà-
íèåì ñïåöèàëüíûõ îïöèé ïðîãðàììû, îïðåäå-
ëåíèÿ îïòèìàëüíûõ çíà÷åíèé ïàðàìåòðîâ a

îïò
 

è b
îïò

, îáåñïå÷èâàþùèõ íàèëó÷øåå óðàâíîâå-
øèâàíèå ðåàêòèâíîãî êðóòÿùåãî ìîìåíòà äëÿ 
èññëåäóåìîãî âàðèàíòà. Ðàñ÷åòû âûïîëíåíû 
íà ïðèìåðå àâòîìîáèëüíîãî áåíçèíîâîãî ÄÂÑ 
ñ òèïè÷íûìè äëÿ äàííîãî êëàññà ïàðàìåòðà-
ìè: äèàìåòð öèëèíäðà 75D   ìì, õîä ïîðøíÿ 

75S   ìì, ìàññà ïîðøíÿ 0,47m ï  êã, ìàññà 
øàòóíà 0,8m ø  êã, ìàññà äåòàëåé ñîâåðøà-
þùèõ âîçâðàòíî-ïîñòóïàòåëüíîå äâèæåíèå 
(ÂÏÄÌ) 0,69m   êã, ñòåïåíü ñæàòèÿ 9,9, ðàáî-
÷èé îáúåì 0,66 ë. 

Ó ýòîãî ÄÂÑ íà ñðåäíåì ðåæèìå ðàáîòû, 
õàðàêòåðèçóåìîì çíà÷åíèåì ñðåäíåãî èíäè-
êàòîðíîãî äàâëåíèÿ 0,74iP   ÌÏà è ÷àñòîòîé 
âðàùåíèÿ 3000n   ìèí-1, ðàñ÷åòíîå çíà÷åíèå 
èìïóëüñà âîçìóùåíèÿ îò äåéñòâèÿ êðóòÿùåãî 
ìîìåíòà ñîñòàâëÿåò L

èìï.max
 = 220,3 Í·ì·ðàä. 

Èìåííî òàêèì çíà÷åíèåì èìïóëüñà áóäåò õà-
ðàêòåðèçîâàòüñÿ íåóðàâíîâåøåííîñòü îò äåé-
ñòâèÿ êðóòÿùåãî ìîìåíòà ïðè îòñóòñòâèè áà-
ëàíñèðíûõ âàëîâ èëè óñòàíîâêå èõ ïî ñõåìå íà 
ðèñ. 1, à. Åñëè óñòàíîâèòü áàëàíñèðíûå âàëû 
ïî îäíîé èç âûøåïðèâåäåííûõ íîâûõ ñõåì, 
òî äëÿ äàííîãî ñëó÷àÿ èõ îïòèìàëüíûå ïàðà-
ìåòðû áóäóò èìåòü çíà÷åíèÿ: a

îïò
 = 36,8 ìì, 

b
îïò

 = 14,4 ìì. Òîãäà èìïóëüñ âîçìóùåíèÿ ñó-
ùåñòâåííî (ïî÷òè â 7 ðàç) óìåíüøèòñÿ è ñîñòà-
âèò L

èìï.max
 = 32,1 Í·ì·ðàä.

Äëÿ íàãëÿäíîñòè íà ðèñ. 3 ïîêàçàíû ãðàôè-
êè ìîìåíòîâ: ðåàêòèâíîãî êðóòÿùåãî ìîìåíòà 
Ì

ð
 = ( )f  , îò áàëàíñèðíûõ âàëîâ Ì

á.â.
 = ( )f  , 

ðåçóëüòèðóþùåãî  ( )M f   , êîòîðûé â èòîãå 
è îïðåäåëÿåò óðàâíîâåøåííîñòü äâèãàòåëÿ îò 
äåéñòâèÿ îïðîêèäûâàþùèõ ìîìåíòîâ. Çà íóëå-
âîå çíà÷åíèå êðóòÿùèõ ìîìåíòîâ çäåñü ïðèíÿ-
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òà âåëè÷èíà ñðåäíåãî èíäèêàòîðíîãî ìîìåíòà 
(Ì

i
 = 39,2 Íì).
Ïðè òàêîì ïðåäñòàâëåíèè ìîæíî íàãëÿäíî 

îöåíèâàòü âåëè÷èíó âîçìóùåíèé îò äåéñòâèÿ 
îïðîêèäûâàþùèõ ìîìåíòîâ: ìàêñèìàëüíàÿ (çà 
ïåðèîä) ïëîùàäü ìåæäó êðèâîé ìîìåíòà è ãî-
ðèçîíòàëüíîé îñüþ àáñöèññ ñîîòâåòñòâóåò èì-
ïóëüñó ìîìåíòà L

èìï.max
. Íà ãðàôèêàõ ñâåòëî-

ñåðûì öâåòîì âûäåëåíà íàèáîëüøàÿ ïëîùàäü 
ïîä êðèâîé Ì

ð
 = ( )f  , ÷òî ñîîòâåòñòâóåò âîç-

ìóùåíèþ ïðè îòñóòñòâèè ñìåùåíèÿ áàëàíñèð-
íûõ âàëîâ, òåìíî-ñåðûì ïîä êðèâîé ( )M f    
ïðè îïòèìàëüíî ïîäîáðàííîì ïîëîæåíèè îñåé. 

Çàòåì áûë âûïîëíåí àíàëèç ïî îïðåäåëå-
íèþ âîçìîæíîñòåé óìåíüøåíèÿ âîçìóùåíèé 
îò äåéñòâèÿ êðóòÿùåãî ìîìåíòà ýòîãî æå âàðè-
àíòà ïðè âàðüèðîâàíèè òîëüêî âåðòèêàëüíûì 
ñìåùåíèåì îñåé áàëàíñèðíûõ âàëîâ – ðàçìå-
ðîì «à», ïîêàçàííûì íà ðèñ. 1, á. Èìåííî òàêîé 
ñïîñîá óðàâíîâåøèâàíèÿ êðóòÿùåãî ìîìåíòà 
ïðåäóñìîòðåí â âûøåîïèñàííîé ñõåìå «Äàéõà-
öó». Íàéäåíî, ÷òî îïòèìàëüíîå çíà÷åíèå ñìå-
ùåíèÿ ñîñòàâëÿåò a

îïò
 = 35,4 ìì. 

Ãîðèçîíòàëüíîå ñìåùåíèå ðåçóëüòèðóþùåé 
öåíòðîáåæíûõ ñèë äëÿ ýòîé ñõåìû óðàâíî-
âåøèâàíèÿ îòñóòñòâóåò: b = 0. Ïðè ýòîì èì-
ïóëüñ âîçìóùåíèÿ ðåçóëüòèðóþùåãî îïðîêè-
äûâàþùåãî ìîìåíòà M  ñîñòàâëÿåò L

èìï.max
 = 

= 87,2 Í·ì·ðàä, ÷òî ïðèìåðíî â 2,5 ðàçà ìåíüøå, 
÷åì ïðè îòñóòñòâèè óðàâíîâåøèâàíèÿ. Îäíàêî 
âèäíî, ÷òî òàêîé ñïîñîá ñóùåñòâåííî óñòóïà-
åò ïðåäûäóùåìó âàðèàíòó. Íà ðèñ. 4 ïîêàçàíû 
ãðàôèêè ìîìåíòîâ òàê æå, êàê è íà ðèñ. 3.

Ïîäîáíûé ñðàâíèòåëüíûé àíàëèç áûë âû-
ïîëíåí è äëÿ äðóãèõ ðåæèìîâ ðàáîòû ðàñ-
ñìàòðèâàåìîãî ÄÂÑ. Â òàáëèöå 1 ïîêàçàíû 
íàéäåííûå ïðîãðàììíûì ñïîñîáîì çíà÷åíèÿ 
èìïóëüñîâ âîçìóùåíèé îïðîêèäûâàþùèõ ìî-
ìåíòîâ áåç óðàâíîâåøèâàíèÿ L

èìï.max
 ïðè óðàâ-

íîâåøèâàíèè òîëüêî çà ñ÷åò âåðòèêàëüíîãî 
ñìåùåíèÿ îñåé áàëàíñèðíûõ âàëîâ L

èìï.max
 è 

äëÿ ñëó÷àÿ, êîãäà ïîäáèðàëè êàê âåðòèêàëüíîå, 
òàê è ãîðèçîíòàëüíîå îïòèìàëüíîå ñìåùåíèå 
L

èìï.max.óõ
. Âåëè÷èíû èìïóëüñîâ äëÿ ðàçíûõ 

ñêîðîñòíûõ è íàãðóçî÷íûõ ðåæèìîâ ïðåäñòàâ-
ëåíû â ðàçìåðíîñòè Í·ì·ðàä. Çäåñü æå ïîêàçà-
íû îïòèìàëüíûå çíà÷åíèÿ ïàðàìåòðîâ óñòàíîâ-
êè áàëàíñèðíûõ âàëîâ a

îïò
, b

îïò
 (ìì).

Èç ðåçóëüòàòîâ ýòèõ èññëåäîâàíèé âèäíî, 
÷òî çà ñ÷åò ñïåöèàëüíîé óñòàíîâêè áàëàíñèð-
íûõ âàëîâ ìîæíî îáåñïå÷èòü ýôôåêòèâíîå 
óëó÷øåíèå óðàâíîâåøåííîñòè ÄÂÑ òèïà R2 
áëàãîäàðÿ óìåíüøåíèþ âîçìóùåíèé îò äåé-
ñòâèÿ êðóòÿùåãî ìîìåíòà. Â èññëåäîâàííîì 
äèàïàçîíå ðåæèìîâ ðàáîòû ðàñ÷åòíîãî ÄÂÑ 
èìïóëüñ âîçìóùåíèé îò äåéñòâèÿ êðóòÿùåãî 
ìîìåíòà L

èìï.max
 óìåíüøàåòñÿ â 1,5…2,5 ðàçà ïðè 

èñïîëüçîâàíèè èçâåñòíîé ñõåìû óðàâíîâåøè-
âàíèÿ «Äàéõàöó» è â áîëüøåé ìåðå â 1,7…7 ðàç
äëÿ íîâûõ âûøåðàññìîòðåííûõ ñõåì, ãäå áà-
ëàíñèðíûå âàëû óñòàíàâëèâàþò ñ äîïîëíè-
òåëüíûì ãîðèçîíòàëüíûì ñìåùåíèåì (îòíî-
ñèòåëüíî îñè öèëèíäðà), ëèáî âûïîëíÿþò ñ 
ðàçíûì äèñáàëàíñîì. 

Çàìåòèì, ÷òî õîòÿ âî âñåõ ýòèõ ñëó÷àÿõ 
âñåãäà îáåñïå÷èâàåòñÿ ïîëíîå óðàâíîâåøèâà-

Ðèñ. 3. Ãðàôèêè îïðîêèäûâàþùèõ ìîìåíòîâ â ðàñ÷åòíîì ÄÂÑ òèïà R2 íà ðåæèìå ðàáîòû: 
n = 3000 ìèí-1 P

i
 = 0,74 ÌÏà ÌÏà ïðè íîâîì ñïîñîáå îïòèìèçàöèè ïàðàìåòðîâ áàëàíñèðíûõ âàëîâ 

(a
îïò

 = 36,8 ìì è b
îïò

 = 14,4 ìì)
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íèå ñèëû èíåðöèè ÂÏÄÌ 1-ãî ïîðÿäêà 1jP ,
îäíàêî ðàçíûì ðåæèìàì ðàáîòû ñîîòâåòñòâóþò 
ðàçíûå çíà÷åíèÿ îïòèìàëüíûõ ïàðàìåòðîâ áà-
ëàíñèðíûõ âàëîâ, ñîîòâåòñòâóþùèõ íàèëó÷øå-
ìó óðàâíîâåøèâàíèþ êðóòÿùåãî ìîìåíòà, ÷òî 
óñëîæíÿåò çàäà÷ó óðàâíîâåøèâàíèÿ, ïîñêîëüêó 
â íàñòîÿùåå âðåìÿ îòñóòñòâóþò ìåõàíèçìû ðå-
ãóëèðîâàíèÿ ïàðàìåòðàìè áàëàíñèðíûõ âàëîâ 
ðàáîòàþùåãî ÄÂÑ. Â ýòîì ñëó÷àå öåëåñîîáðàç-
íî â êà÷åñòâå êðèòåðèÿ îïòèìàëüíîñòè óðàâíî-
âåøèâàíèÿ èñïîëüçîâàòü çíà÷åíèå ïàðàìåòðà 
óñëîâíîé ýíåðãèè âîçìóùåíèÿ äëÿ íåñêîëüêèõ 
ðåæèìîâ E îïðåäåëÿåìîãî èç âûðàæåíèÿ:

E =  2
. .max.

1
,

N

i
i
L


 èìï

ãäå i – íîìåð ðåæèìà; N – âûáðàííîå îáùåå 
÷èñëî ó÷èòûâàåìûõ ðåæèìîâ; è íàõîäèòü îï-
òèìàëüíûå çíà÷åíèÿ ïàðàìåòðîâ áàëàíñèðíûõ 
âàëîâ ïî ýòîìó êðèòåðèþ [6]. 

Çäåñü öåëåñîîáðàçíî îöåíèâàòü çíà÷åíèÿ 
èìïóëüñîâ âîçìóùåíèÿ L

èìï.max
 â ðàçìåðíîñòè 

Í·ì·ðàä, èç-çà ðàçíûõ óãëîâûõ ñêîðîñòåé ðåæè-
ìîâ ïîëÿ. 

Äëÿ ðàññìàòðèâàåìîãî ïðèìåðà ïðè ó÷åòå 
îáåñïå÷åíèÿ îïòèìàëüíîé óðàâíîâåøåííîñòè 

Ðèñ. 4. Ãðàôèêè îïðîêèäûâàþùèõ ìîìåíòîâ â ðàñ÷åòíîì ÄÂÑ òèïà R2 íà ðåæèìå ðàáîòû: 
n = 3000 ìèí ìèí-1 P

i
 = 0,74 ÌÏà ïðè îïòèìàëüíîì ñìåùåíèè îñåé áàëàíñèðíûõ âàëîâ 

òîëüêî ïî âåðòèêàëè (a
îïò

 = 35,4 ìì)

Òàáëèöà 1 

Çíà÷åíèÿ èìïóëüñîâ âîçìóùåíèÿ (Í·ì·ðàä) îò äåéñòâèÿ îïðîêèäûâàþùèõ ìîìåíòîâ 
áåç óðàâíîâåøèâàíèÿ Lèìï.max è ïðè îïòèìàëüíûõ óðàâíîâåøèâàíèÿõ ðàçíûìè ñïîñîáàìè Lèìï.max.ó, Lèìï.max.óõ 

íà ðàçíûõ ðåæèìàõ ðàáîòû â ðàñ÷åòíîì ÄÂÑ òèïà R2 
(â ñêîáêàõ ïðèâåäåíû îïòèìàëüíûå çíà÷åíèÿ ïàðàìåòðîâ áàëàíñèðíûõ âàëîâ aîïò, bîïò (ìì))

n, (ìèí–1) 

Ñðåäíåå èíäèêàòîðíîå äàâëåíèå Ð
i
, (ÌÏà) 

1,00 0,74 0,34

L
èìï.max

L
èìï.max.ó 

(à
îïò

)
L

èìï.max.óõ 
(à

îïò
, b

îïò
)  

L
èìï.max

L
èìï.max.ó 

(à
îïò

)
L

èìï.max.óõ 
(à

îïò
, b

îïò
)

L
èìï.max

L
èìï.max.ó 

(à
îïò

)
L

èìï.max.óõ 
(à

îïò
, b

îïò
) 

4500
339,2

180,4 (22,8)
128,0 (21,3, 9,5)

311,8
177,9 (19,1)

140,3 (18,0, 7,1)

267,8
177,2 (13,0)

160,3 (12,8, 3,2)

3000
265,5

108,8 (39,8)
40,8 (49,0, 18,2)

220,3
87,2 (35,4)

32,1 (36,8, 14,4)

148,6
61,7 (27,4)

42,4 (26,6, 7,0)

2200
270,3

118,0 (83,3)
67,9 (95,3, 39,8)

223,5
88,1 (69,5)

51,6 (79,6, 29,0)

149,3
41,6 (46,3)

27,1 (54,0, 11,5)
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íà 9 ðåæèìàõ (óêàçàííûõ â òàáëèöå 1) ïðî-
ãðàììíûì ñïîñîáîì íàéäåíû ñëåäóþùèå çíà-
÷åíèÿ óñëîâíûõ ýíåðãèé âîçìóùåíèÿ. Ïðè 
îòñóòñòâèè óðàâíîâåøèâàíèÿ êðóòÿùåãî ìî-
ìåíòà E

0
 = 5,45 (Í·ì·ñ)2.

Ïðè îïòèìàëüíîì óðàâíîâåøèâàíèè òîëüêî 
çà ñ÷åò âåðòèêàëüíîãî ñìåùåíèÿ îñåé áàëàíñèð-
íûõ âàëîâ (ìåòîä «Äàéõàöó») E

ó
 = 2,36 (Í·ì·ñ)2 –

îáåñïå÷èâàåòñÿ ïðè çíà÷åíèè à
îïò

 = 32,4 ìì;
ïðè îïòèìàëüíîì óðàâíîâåøèâàíèè íîâûì
ñïîñîáîì E

óõ
 = 2,03 (Í·ì·ñ)2  – îáåñïå÷èâàåòñÿ 

ïðè çíà÷åíèÿõ a
îïò

 = 34,1 ìì, b
îïò

 = 6,8 ìì.
Êàê âèäíî, è äëÿ ýòîãî ñëó÷àÿ ïðåäïî÷òèòåëü-

íû íîâûå ñõåìû óñòàíîâêè áàëàíñèðíûõ âàëîâ. 
Êîíêðåòíûå çíà÷åíèÿ äèñáàëàíñîâ è êîîð-

äèíàò îñåé áàëàíñèðíûõ âàëîâ ïðèìåíèòåëüíî 
ê ðàññìàòðèâàåìîìó ÄÂÑ ìîãóò áûòü íàéäå-
íû ïî åãî âåñîãàáàðèòíûì äàííûì ñ ó÷åòîì 
ðåàëèçàöèè âûáðàííîé ñõåìû óðàâíîâåøèâà-
íèÿ ïîñëå îïðåäåëåíèÿ îïòèìàëüíûõ çíà÷å-
íèé ïàðàìåòðîâ a

îïò
 è b

îïò
. Ïîêàæåì ðåøåíèå 

ýòîé çàäà÷è â ñëó÷àå ïðèìåíåíèÿ ñõåìû ñ 2-ìÿ 
ñèììåòðè÷íî ðàñïîëîæåííûìè áàëàíñèðíû-
ìè âàëàìè (ðèñ. 1, á), ó êîòîðûõ óñòàíîâëåíû 
ðàçíûå äèñáàëàíñû 1 1 2 2m r m rïð ïð ïð ïð , äëÿ îáå-
ñïå÷åíèÿ çàäàííîãî îïòèìàëüíîãî ñìåùåíèÿ 
b

îïò
 (ýòî òàê íàçûâàåìûé òðåòèé ñïîñîá óðàâ-

íîâåøèâàíèÿ îïèñàííûé âûøå). Îöåíêó âû-
ïîëíèì äëÿ ðåæèìà ðàáîòû n =  3000 ìèí-1 
P

i
 = 0,74 ÌÏà ÌÏà, ãäå îïòèìàëüíûìè ÿâëÿþò-

ñÿ çíà÷åíèÿ ïëå÷ (ñì. òàáëèöó 1): a
îïò

 = 36,8 ìì,
b

îïò
 = 14,4 ìì.
Èç óñëîâèé óðàâíîâåøèâàíèÿ ñèëû èíåðöèè 

ÂÏÄÌ 1-ãî ïîðÿäêà 1jP  ñëåäóåò:

0 0 1 1 2 2 ,m r m r m r m r   ïð ïð ïð ïð

ãäå äëÿ ïðèíÿòûõ ïàðàìåòðîâ ðàñ÷åòíîãî ÄÂÑ:

690 3,75 2587,5m r     (ã·ñì).

Êîîðäèíàòû ïîëîæåíèÿ îñåé áàëàíñèðíûõ 
âàëîâ ïî âûñîòå îïðåäåëÿòñÿ èç óñëîâèÿ: 

y
1
 = y

2
 = a

îïò
 = 36,8 ìì.

Êîîðäèíàòû ïîëîæåíèÿ îñåé ïî ãîðèçîíòà-
ëè ñèììåòðè÷íû 1 2x x   è, êàê óêàçàíî âûøå, 
çàäàþòñÿ ïðîèçâîëüíî (ïî êîìïîíîâî÷íûì ñî-
îáðàæåíèÿì). Ïðèìåì x

2
 = 85 ñì. Äèñáàëàíñû 

áàëàíñèðíûõ âàëîâ îïðåäåëÿòñÿ èç óñëîâèÿ 
îáåñïå÷åíèÿ îïòèìàëüíîãî çíà÷åíèÿ ïëå÷à:

2 2 2 1 1( )–x m r m r
b

m r





ïð ïð ïð ïð
îïò .

Ïîñëå íåêîòîðûõ ïðåîáðàçîâàíèé íàéäåíî:

2 2 1513,1m r ïð ïð  ã·ñì,

1 1 1074,4m r ïð ïð  ã·ñì.

Çàìåòèì, ÷òî äëÿ ðàññìàòðèâàåìîãî ÄÂÑ 
â ýòîì ñëó÷àå íåâîçìîæíî ïðèìåíèòü ñõåìó 
óðàâíîâåøèâàíèÿ ñ îäíèì áàëàíñèðíûì 
âàëîì, ïîêàçàííóþ íà ðèñ. 2, á ïî êîìïîíîâî÷-
íûì ïðè÷èíàì.

Çàêëþ÷åíèå
Â ðåçóëüòàòå âûïîëíåííûõ èññëåäîâàíèé 

ïîêàçàíà öåëåñîîáðàçíîñòü ïðèìåíåíèÿ äëÿ 
óðàâíîâåøèâàíèÿ ÄÂÑ òèïà R2 íîâûõ ñõåì 
êîìïîíîâêè áàëàíñèðíûõ âàëîâ. Ïîêàçàíî, ÷òî 
â ýòîì ñëó÷àå ìîæíî îáåñïå÷èòü ñóùåñòâåí-
íîå (â 1,7...7 ðàç) óìåíüøåíèå âîçìóùåíèé îò 
äåéñòâèÿ êðóòÿùåãî ìîìåíòà äâèãàòåëÿ. Ñðàâ-
íèòåëüíûì àíàëèçîì íàéäåíî, ÷òî ýôôåêòèâ-
íîñòü òàêîãî óðàâíîâåøèâàíèÿ â íîâûõ ñõåìàõ 
âûøå, ÷åì ó èçâåñòíûõ. Ðàçðàáîòàíà ïðîãðàì-
ìà äëÿ îïðåäåëåíèÿ îïòèìàëüíûõ ïàðàìåòðîâ 
áàëàíñèðíûõ âàëîâ. Ïðèâåäåí ïðèìåð óðàâ-
íîâåøèâàíèÿ ÄÂÑ òèïà R2 ñ èñïîëüçîâàíèåì 
íîâîé ñõåìû.
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NEW OPTIONS FOR BALANCING ICE OF R2 TYPE

PhD in Engineering V.V. Gusarov, PhD in Engineering D.V. Apelinskij
Moscow Polytechnic University, Moscow, Russia

gusarov39@yandex.ru

The article considers the issues of balancing of in-line two-cylinder 4-stroke internal combustion engines 
(ICE) of R2 type. The aim of the study was to analyze the possibilities of more complete balancing of the 
torque of an engine of R2 type due to new layouts of the axes of the balancer shafts. The known methods 
of balancing the inertia forces of reciprocating moving masses and partially disturbances from the action 
of the internal combustion engine torque using balancer shafts are shown. New layouts of axle balancer 
shafts that provide better balancing of torque are proposed. It is shown that for the balancing harmonic 
moment of the balancer shafts in the new schemes, it is possible to select the optimal values of both 
the amplitude and the initial phase. A program for the quantitative assessment of perturbations from the 
action of overturning moments in the internal combustion engine of the considered type and for deter-
mining the optimal parameters of the balancer shafts for new balancing schemes was developed. The 
program calculation of the optimal partial balancing of the internal combustion engine with the weight 
and size parameters typical for this type was performed for different operating modes and for different 
arrangements of the balancer shafts. According to the performed program analysis of partial balancing, 
it was found that the proposed arrangement of balancer shafts and their imbalances provide a greater 
reduction in disturbances from the action of torque than in the known ones. An example of a specific 
determination of the parameters of the balancer shafts - imbalances and axis coordinates - for the con-
sidered type ICE is given. It is concluded that it is advisable to use new balancing schemes.

Keywords: R2 twin-cylinder internal combustion engine, balance, balancing shafts, overturning moments.
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Ïðè ýêñòðåííîì òîðìîæåíèè àâòîìîáèëÿ âîçìîæíà áëîêèðîâêà îäíîãî èëè íåñêîëüêèõ êîëåñ. 
Â ýòîì ñëó÷àå âåñü çàïàñ ïî ñöåïëåíèþ êîëåñà ñ äîðîãîé èñïîëüçóåòñÿ â ïðîäîëüíîì íàïðàâëå-
íèè. Çàáëîêèðîâàííîå êîëåñî ïåðåñòàåò âîñïðèíèìàòü áîêîâûå ñèëû, óäåðæèâàþùèå àâòîìîáèëü 
íà çàäàííîé òðàåêòîðèè, è ñêîëüçèò ïî äîðîæíîìó ïîêðûòèþ. Àâòîìîáèëü òåðÿåò óïðàâëÿåìîñòü, 
è ìàëåéøåå áîêîâîå óñèëèå ïðèâîäèò åãî ê çàíîñó. Àíòèáëîêèðîâî÷íàÿ ñèñòåìà òîðìîçîâ (ÀÁÑ) 
ïðåäíàçíà÷åíà ïðåäîòâðàòèòü áëîêèðîâêó êîëåñ ïðè òîðìîæåíèè è ñîõðàíèòü óïðàâëÿåìîñòü àâ-
òîìîáèëÿ. Îäíàêî ñàìî ïî ñåáå îòñóòñòâèå áëîêèðîâêè êîëåñ ïðè òîðìîæåíèè íå ãàðàíòèðóåò 
îáåñïå÷åíèå óñòîé÷èâîñòè è óïðàâëÿåìîñòè àâòîìîáèëÿ. Íàïðèìåð, ïðè òîðìîæåíèè íà ñêîëüç-
êîé îïîðíîé ïîâåðõíîñòè è ïîïûòêå îáúåõàòü íàõîäÿùååñÿ âïåðåäè ïðåïÿòñòâèå ñóùåñòâóåò îïàñ-
íîñòü ïîòåðè ñöåïëåíèÿ êîëåñ ñ äîðîãîé è âîçíèêíîâåíèÿ çàíîñà. Ðàçðàáîòàííûå â íàñòîÿùåå 
âðåìÿ àëãîðèòìû ðàáîòû ÀÁÑ íå îáåñïå÷èâàþò ïðåäîòâðàùåíèå âîçíèêíîâåíèÿ è ðàçâèòèÿ çàíî-
ñà â óêàçàííûõ âûøå óñëîâèÿõ. Öåëüþ ðàáîòû ÿâëÿåòñÿ ïîâûøåíèå óñòîé÷èâîñòè è óïðàâëÿåìîñòè 
äâóõîñíûõ àâòîìîáèëåé ñ îäíîé âåäóùåé îñüþ ïðè òîðìîæåíèè çà ñ÷åò ïåðåðàñïðåäåëåíèÿ òîð-
ìîçíûõ ìîìåíòîâ íà êîëåñàõ. Ïðåäëîæåí àëãîðèòì ðàáîòû àíòèáëîêèðîâî÷íîé ñèñòåìû ñ ôóíê-
öèåé ïðîòèâîäåéñòâèÿ çàíîñó äëÿ äâóõîñíûõ àâòîìîáèëåé ñ îäíîé âåäóùåé îñüþ, îòëè÷àþùèéñÿ 
òåì, ÷òî ïðè òîðìîæåíèè àâòîìîáèëÿ íà ñêîëüçêîé îïîðíîé ïîâåðõíîñòè ñ îäíîâðåìåííûì ïîâî-
ðîòîì ðóëÿ îáåñïå÷èâàåòñÿ íå òîëüêî îòñóòñòâèå áëîêèðîâêè êîëåñ, íî è ïðîòèâîäåéñòâèå çàíîñó. 
Ìåòîäàìè èìèòàöèîííîãî ìîäåëèðîâàíèÿ òîðìîæåíèÿ àâòîìîáèëÿ íà ñêîëüçêîé îïîðíîé ïîâåðõ-
íîñòè ñ îäíîâðåìåííûì ïîâîðîòîì ðóëÿ äîêàçàíû ðàáîòîñïîñîáíîñòü è ýôôåêòèâíîñòü ïðåä-
ëîæåííîãî àëãîðèòìà ðàáîòû àíòèáëîêèðîâî÷íîé ñèñòåìû ñ ôóíêöèåé ïðîòèâîäåéñòâèÿ çàíîñó.

Êëþ÷åâûå ñëîâà: àíòèáëîêèðîâî÷íàÿ ñèñòåìà òîðìîçîâ; ïðîòèâîäåéñòâèå çàíîñó; óñòîé÷èâîñòü 
è óïðàâëÿåìîñòü àâòîìîáèëÿ.

 Ââåäåíèå
Îñíîâíûì ïðåäíàçíà÷åíèåì ñèñòåì àêòèâ-

íîé áåçîïàñíîñòè àâòîìîáèëÿ ÿâëÿåòñÿ ïðåäîò-
âðàùåíèå àâàðèéíîé ñèòóàöèè. Ïðè âîçíèêíî-
âåíèè òàêîé ñèòóàöèè ñèñòåìà ñàìîñòîÿòåëüíî 
(áåç ó÷àñòèÿ âîäèòåëÿ) îöåíèâàåò âåðîÿòíóþ 
îïàñíîñòü è ïðè íåîáõîäèìîñòè ïðåäîòâðàùà-
åò åå ïóòåì àêòèâíîãî âìåøàòåëüñòâà â ïðî-
öåññ óïðàâëåíèÿ àâòîìîáèëåì [1]. 

Ïðèìåíåíèå ñèñòåì àêòèâíîé áåçîïàñíîñòè 
ïîçâîëÿåò â ðàçëè÷íûõ êðèòè÷åñêèõ ñèòóàöè-
ÿõ ñîõðàíÿòü êîíòðîëü íàä àâòîìîáèëåì èëè, 
äðóãèìè ñëîâàìè, ñîõðàíèòü êóðñîâóþ óñòîé-
÷èâîñòü è óïðàâëÿåìîñòü àâòîìîáèëÿ. 

Ïðè ýêñòðåííîì òîðìîæåíèè àâòîìîáèëÿ 
âîçìîæíà áëîêèðîâêà îäíîãî èëè íåñêîëüêèõ 
êîëåñ. Â ýòîì ñëó÷àå âåñü çàïàñ ïî ñöåïëåíèþ 
êîëåñà ñ äîðîãîé èñïîëüçóåòñÿ â ïðîäîëüíîì íà-
ïðàâëåíèè. Çàáëîêèðîâàííîå êîëåñî ïåðåñòàåò 

âîñïðèíèìàòü áîêîâûå ñèëû, óäåðæèâàþùèå àâ-
òîìîáèëü íà çàäàííîé òðàåêòîðèè, è ñêîëüçèò ïî 
äîðîæíîìó ïîêðûòèþ [2–4]. Àâòîìîáèëü òåðÿåò 
óïðàâëÿåìîñòü, è ìàëåéøåå áîêîâîå óñèëèå 
ïðèâîäèò åãî ê çàíîñó. Àíòèáëîêèðîâî÷íàÿ ñè-
ñòåìà òîðìîçîâ (ÀÁÑ) ïðåäíàçíà÷åíà ïðåäîò-
âðàòèòü áëîêèðîâêó êîëåñ ïðè òîðìîæåíèè è ñî-
õðàíèòü óïðàâëÿåìîñòü àâòîìîáèëÿ. Íàèáîëåå 
ïåðñïåêòèâíîé ÿâëÿåòñÿ àíòèáëîêèðîâî÷íàÿ 
ñèñòåìà òîðìîçîâ ñ èíäèâèäóàëüíûì ðåãóëèðî-
âàíèåì ñêîëüæåíèÿ êîëåñà [5–7]. Èíäèâèäóàëü-
íîå ðåãóëèðîâàíèå ïîçâîëÿåò ïîëó÷èòü îïòè-
ìàëüíûé òîðìîçíîé ìîìåíò íà êàæäîì êîëåñå 
â ñîîòâåòñòâèè ñ äîðîæíûìè óñëîâèÿìè è, êàê 
ñëåäñòâèå, ìèíèìàëüíûé òîðìîçíîé ïóòü.

Îäíàêî ñàìî ïî ñåáå îòñóòñòâèå áëîêèðîâêè 
êîëåñ ïðè òîðìîæåíèè íå ãàðàíòèðóåò îáåñïå-
÷åíèå óñòîé÷èâîñòè è óïðàâëÿåìîñòè àâòîìî-
áèëÿ. Íàïðèìåð, ïðè òîðìîæåíèè íà ñêîëüç-
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êîé îïîðíîé ïîâåðõíîñòè è ïîïûòêå îáúåõàòü 
íàõîäÿùååñÿ âïåðåäè ïðåïÿòñòâèå ñóùåñòâóåò 
îïàñíîñòü ïîòåðè ñöåïëåíèÿ êîëåñ ñ äîðîãîé è 
âîçíèêíîâåíèÿ çàíîñà. Ðàçðàáîòàííûå â íàñòî-
ÿùåå âðåìÿ àëãîðèòìû ðàáîòû ÀÁÑ íå îáåñïå-
÷èâàþò ïðåäîòâðàùåíèå âîçíèêíîâåíèÿ è ðàç-
âèòèÿ çàíîñà â óêàçàííûõ âûøå óñëîâèÿõ [8, 9].

Öåëüþ ðàáîòû ÿâëÿåòñÿ ïîâûøåíèå óñòîé-
÷èâîñòè è óïðàâëÿåìîñòè äâóõîñíûõ ìàøèí ñ 
îäíîé âåäóùåé îñüþ ïðè òîðìîæåíèè çà ñ÷åò 
ïåðåðàñïðåäåëåíèÿ òîðìîçíûõ ìîìåíòîâ íà êî-
ëåñàõ.

Àëãîðèòì îöåíêè ïàðàìåòðîâ 
äâèæåíèÿ àâòîìîáèëÿ 
ïðè òîðìîæåíèè
Ïðè ðåãóëèðîâàíèè ñêîëüæåíèÿ êîëåñà îñ-

íîâíîé ïðîáëåìîé ÿâëÿåòñÿ îöåíêà âåêòîðà 
ëèíåéíîé ñêîðîñòè öåíòðà êîëåñà. Äëÿ ýòîãî 
íåîáõîäèìî ïðåäâàðèòåëüíî çíàòü ëèíåéíóþ 
ñêîðîñòü ëþáîé òî÷êè êóçîâà àâòîìîáèëÿ, â 
êîòîðóþ ìîæíî óñòàíîâèòü äâóõêîìïîíåíòíûé 
äàò÷èê ëèíåéíûõ óñêîðåíèé (ðèñ. 1), èçìåðÿþ-
ùèé ïðîåêöèè ëèíåéíîãî óñêîðåíèÿ íà ñâÿçàí-
íûå ñ êîðïóñîì àâòîìîáèëÿ îñè Õ è Y. 

Ðèñ. 1. Ïëîñêàÿ ðàñ÷åòíàÿ ñõåìà 
äâóõîñíîãî àâòîìîáèëÿ: 

Ñ – öåíòð ìàññ àâòîìîáèëÿ (ìåñòî óñòàíîâêè 
äàò÷èêà ëèíåéíûõ óñêîðåíèé); X, Y – îñè ñâÿçàííîé 

ñ êîðïóñîì àâòîìîáèëÿ ñèñòåìû êîîðäèíàò; 
l
1
, l

2
 – ðàññòîÿíèÿ îò öåíòðà ìàññ àâòîìîáèëÿ 

äî ïåðåäíåé è çàäíåé îñè ñîîòâåòñòâåííî; L – êîëåñíàÿ 
áàçà;  j

x
, j

y
 – ïðîåêöèè ëèíåéíîãî óñêîðåíèÿ öåíòðà 

ìàññ àâòîìîáèëÿ íà îñè ñâÿçàííîé ñ êîðïóñîì 
àâòîìîáèëÿ ñèñòåìû êîîðäèíàò; z  – óãëîâàÿ 
ñêîðîñòü ïîâîðîòà àâòîìîáèëÿ îòíîñèòåëüíî 

âåðòèêàëüíîé îñè; 
1
 – ñðåäíèé óãîë ïîâîðîòà 

ïåðåäíèõ óïðàâëÿåìûõ êîëåñ; V
1
, V

2
 – âåêòîðà 

ñêîðîñòè öåíòðîâ ïåðåäíåé è çàäíåé îñåé; 
V

C
 – âåêòîð ñêîðîñòè öåíòðà ìàññ

Ïðèìåì äëÿ îïðåäåëåííîñòè, ÷òî äàò÷èê 
óñêîðåíèé óñòàíîâëåí â öåíòðå ìàññ àâòîìî-
áèëÿ. Ðàññìîòðèì îïðåäåëåíèå ëèíåéíûõ ñêî-
ðîñòåé öåíòðà ìàññ àâòîìîáèëÿ îòäåëüíî äëÿ 
çàäíåïðèâîäíîãî è äëÿ ïåðåäíåïðèâîäíîãî àâ-

òîìîáèëåé, èñïîëüçóÿ ïðè ýòîì íåâåäóùóþ (è 
íåáóêñóþùóþ) îñü â êà÷åñòâå ñâîåîáðàçíîãî 
äàò÷èêà ñêîðîñòè.

Âåêòîð ñêîðîñòè V
1
 öåíòðà ïåðåäíåé îñè 

îïðåäåëÿåòñÿ êàê ñóììà ñêîðîñòè V
C
 ïîëþñà 

(öåíòðà ìàññ) è îòíîñèòåëüíîé ñêîðîñòè 1zl  
öåíòðà ïåðåäíåé îñè âîêðóã ïîëþñà:

1 1;C z V V l

1 1
10 ,

2
r

 
V ëåâ ïðàâ

ñò  

ãäå 1 1, ëåâ ïðàâ  – óãëîâûå ñêîðîñòè âðàùåíèÿ 
ïðàâîãî è ëåâîãî êîëåñ ïåðåäíåé îñè â ìîìåíò 
íàæàòèÿ âîäèòåëåì ïåäàëè òîðìîçà; r

ñò
 – ñòà-

òè÷åñêèé ðàäèóñ êîëåñà; V
10
 – ìîäóëü âåêòî-

ðà; V
10

 – âåêòîð ñêîðîñòè V
1
 öåíòðà ïåðåäíåé 

îñè â ìîìåíò íàæàòèÿ âîäèòåëåì ïåäàëè òîð-
ìîçà.

Ïðîåêöèè V
CX

, V
CY

 âåêòîðà ñêîðîñòè V
C
 

öåíòðà ìàññ íà îñè ïîäâèæíîé ñèñòåìû êîîð-
äèíàò X, Y ìîæíî çàïèñàòü òàê:

10 1cos ;CXV  V

10 1 1sin ;CY zV   V l

1 1
1 ,

2
 

  ëåâ ïðàâ

ãäå 1 1, ëåâ ïðàâ  – óãëû ïîâîðîòà ëåâîãî è ïðà-
âîãî ïåðåäíèõ óïðàâëÿåìûõ êîëåñ.

Âåêòîð ñêîðîñòè V
2
 öåíòðà çàäíåé îñè 

îïðåäåëÿåòñÿ êàê ñóììà ñêîðîñòè V
C
 ïîëþñà 

(öåíòðà ìàññ) è îòíîñèòåëüíîé ñêîðîñòè 1zl  
öåíòðà çàäíåé îñè âîêðóã ïîëþñà:

2 2 ;C z V V l

2 2
20 ,

2
r

 
V ëåâ ïðàâ

ñò

ãäå 2 2, ëåâ ïðàâ  – óãëîâûå ñêîðîñòè âðàùåíèÿ 
ïðàâîãî è ëåâîãî êîëåñ çàäíåé îñè â ìîìåíò íà-
æàòèÿ âîäèòåëåì ïåäàëè òîðìîçà; V

20
 – âåêòîð 

ñêîðîñòè V
2
 öåíòðà çàäíåé îñè â ìîìåíò íàæà-

òèÿ âîäèòåëåì ïåäàëè òîðìîçà.
Ïðîåêöèè V

CX
, V

CY
 âåêòîðà ñêîðîñòè V

C
 

öåíòðà ìàññ íà îñè ïîäâèæíîé ñèñòåìû êîîð-
äèíàò X, Y ìîæíî çàïèñàòü òàê

20 ;CXV  V

2.CY zV  l
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Ïðîåêöèè V
CX

, V
CY

 âåêòîðà V
C
 òåêóùåé ëè-

íåéíîé ñêîðîñòè öåíòðà ìàññ àâòîìîáèëÿ â 
ïðîöåññå òîðìîæåíèÿ ìîæíî îïðåäåëèòü òàê:

 
0

0

;
t

CX CX xV V j dt  
  

0
0

t

CY CY yV V j dt   , (1)

ãäå V
CX0

, V
CY0

 – çíà÷åíèÿ ïðîåêöèé V
CX

, V
CY

 âåê-
òîðà V

C
 òåêóùåé ëèíåéíîé ñêîðîñòè öåíòðà 

ìàññ àâòîìîáèëÿ â ìîìåíò íàæàòèÿ âîäèòåëåé 
íà ïåäàëü òîðìîçà; t – âðåìÿ ïðîòåêàíèÿ ïðî-
öåññà òîðìîæåíèÿ.

Äèñêðåòíûé àíàëîã ôîðìóë (1) äëÿ òåêó-
ùåãî âðåìåíè t

i
 ñ èñïîëüçîâàíèåì ìåòîäà òðà-

ïåöèé äëÿ âû÷èñëåíèÿ çíà÷åíèÿ èíòåãðàëà 
ìîæíî çàïèñàòü ñëåäóþùèì îáðàçîì:

( 1)
( 1) ;

2
xi x i

CXi CX i

j j
V V t




    

( 1)
( 1) 2

yi y i
CYi CY i

j j
V V t




   ,

ãäå èíäåêñ (I – 1) ñîîòâåòñòâóåò ìîìåíòó âðå-
ìåíè t

i–1
; 1i it t t     – äèñêðåòíûé èíòåðâàë 

âðåìåíè óïðàâëåíèÿ.
Äëÿ îïðåäåëåíèÿ òåêóùåé ëèíåéíîé ñêîðîñòè 

öåíòðîâ êîëåñ àâòîìîáèëÿ â ïðîöåññå òîðìîæå-
íèÿ ðàññìîòðèì ðàñ÷åòíóþ ñõåìó íà ðèñ. 2.

Ðèñ. 2. Ðàñ÷åòíàÿ ñõåìà äëÿ îïðåäåëåíèÿ 
òåêóùåé ëèíåéíîé ñêîðîñòè öåíòðîâ êîëåñ 

àâòîìîáèëÿ â ïðîöåññå òîðìîæåíèÿ: 
Â – êîëåÿ êîëåñ; O

ki
X

ki
Y

ki
, I = 1,…,4 – ñèñòåìà 

êîîðäèíàò, ñâÿçàííàÿ ñ öåíòðîì i-ãî êîëåñà

Äëÿ êîëåñ ïåðåäíåé îñè ïðîåêöèè 

k 1,3 k 1,3,X YV V  ïðîåêöèè ëèíåéíîé ñêîðîñòè öåí-
òðîâ êîëåñ íà îñè ïîäâèæíîé ñèñòåìû êîîðäè-
íàò CXY îïðåäåëÿþòñÿ òàê:

k 1 1 1sin ;X CX z kV V CO  

k 3 1 1sin ;X CX z kV V CO  

k 1,3 1,3 1cos ;Y CX z kV V CO  

ãäå  
2

2
1 1 ;

4k
BCO l   1

1

arctg .
2
B
l

 

Ïðîåêöèè Xk1, 1,3V i   ñêîðîñòè öåíòðîâ ïå-
ðåäíèõ êîëåñ íà îñè O

ki
X

ki
Y

ki
 ñèñòåì êîîðäèíàò, 

ñâÿçàííûõ ñ öåíòðàìè ïåðåäíèõ êîëåñ, âû÷èñ-
ëÿþòñÿ ñëåäóþùèì îáðàçîì.

Äëÿ 1-ãî è 3-ãî êîëåñ (ïåðåäíÿÿ îñü):

k1 k 1 1 k 1 1cos sin ;X X YV V V   ëåâ ëåâ

k3 k 3 1 k 3 1cos sin .X X YV V V   ïðàâ ïðàâ

Äëÿ íåóïðàâëÿåìûõ 2-ãî è 4-ãî êîëåñ çàäíåé 
îñè:

k2 k2 2sin ;X CX zV V CO  

k4 k4 2sin ;X CX zV V CO  

2
2

arctg .
2
B
l

 

Äàëåå îïðåäåëÿåòñÿ ñêîëüæåíèå S
i
 i-ãî 

êîëåñà ïî èçâåñòíîé ôîðìóëå

k
1

k

, 1,...,4,X i i

X i

V rS i
V


 ñò

ãäå i  – èçìåðåííàÿ óãëîâàÿ ñêîðîñòü âðàùå-
íèÿ i-ãî êîëåñà.

Íàçíà÷åíèå òîðìîçíûõ ìîìåíòîâ 
íà êîëåñàõ
Òîðìîçíîé ìîìåíò TiM  íà i-ì êîëåñå ñ 

ó÷åòîì ðàáîòû ÀÁÑ ìîæåò áûòü îïðåäåëåí òàê:

 max , 1,...,4;Ti brake ABSiM h h T i   (2)

 k

, 1,...,4i
ABSi

X i

rh i
V


 ñò , (3)

ãäå [0...1]brakeh   – ñòåïåíü íàæàòèÿ âîäèòåëåì 
íà ïåäàëü òîðìîçà; [0...1]ABSih   – ñòåïåíü ñíè-
æåíèÿ äåéñòâóþùåãî òîðìîçíîãî ìîìåíòà íà 
i-ì êîëåñå çà ñ÷åò ðàáîòû ÀÁÑ; maxT  – ìàêñè-
ìàëüíûé òîðìîçíîé ìîìåíò, ðàçâèâàåìûé êî-
ëåñíûì òîðìîçíûì ìåõàíèçìîì.

Äëÿ ïîääåðæàíèÿ âåëè÷èíû ñêîëüæåíèÿ 
S

i,i
 = 1,…4 äëÿ êàæäîãî êîëåñà â îïòèìàëüíîì 

äèàïàçîíå 0,1…0,3 [10] ìîæåò áûòü ïðåäëîæåí 
ñëåäóþùèé àëãîðèòì ðàáîòû àíòèáëîêèðîâî÷-
íîé ñèñòåìû:

åñëè 0 0,3, 1, 1,...,4;i
i ABSi

dS S h i
dt

   è òî
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åñëè 
k

0 0,3, , 1,...,4;i i
i ABSi

X i

dS rS h i
dt V


   ñòè òî

åñëè 0 0,1, 1, 1,...,4;i
i ABSi

dS S h i
dt

   è òî

åñëè 
k

0 0,1, ,i i
i ABSi

X i

dS rS h
dt V


   ñòè òî

 
1,..., 4.i 

Ïðîâåðêà ðàáîòîñïîñîáíîñòè 
è ýôôåêòèâíîñòè àëãîðèòìà 
ðàáîòû ÀÁÑ
Ïðîâåðêà ðàáîòîñïîñîáíîñòè è ýôôåêòèâ-

íîñòè ïðåäëîæåííîãî àëãîðèòìà ìåòîäàìè 
èìèòàöèîííîãî ìîäåëèðîâàíèÿ ïîêàçûâàåò, 
÷òî ïðè ýêñòðåííîì òîðìîæåíèè íà ñêîëüçêîé 
äîðîãå (êîýôôèöèåíò ñöåïëåíèÿ ïðè ïîëíîì 
ñêîëüæåíèè 

s
 = 0,35) ëåãêîâîãî àâòîìîáèëÿ 

ïîëíîé ìàññîé 6000 êã ïðè íà÷àëüíîé ñêîðîñòè 
60 êì/÷ ñ îäíîâðåìåííûì ïîâîðîòîì ðóëåâîãî 
êîëåñà (ïîïûòêà âîäèòåëÿ îáúåõàòü ïðåïÿò-
ñòâèå) ïðèâîäèò ê çàíîñó. 

Òðàåêòîðèÿ äâèæåíèÿ àâòîìîáèëÿ ïðè òîð-
ìîæåíèè ïðåäñòàâëåíà íà ðèñ. 3.

Äëÿ ïðåäîòâðàùåíèÿ ðàçâèòèÿ çàíîñà íå-
îáõîäèìî ñíà÷àëà ïðîâåñòè ðàñïîçíàâàíèå âîç-
íèêíîâåíèÿ è ðàçâèòèÿ ïðîöåññà çàíîñà. Äëÿ 
ýòîãî ïðåäëàãàåòñÿ ïðîâåñòè ñðàâíåíèå óãëî-
âûõ ñêîðîñòåé âðàùåíèÿ àâòîìîáèëÿ âîêðóã 
âåðòèêàëüíîé îñè, ïðîõîäÿùåé ÷åðåç åãî öåíòð 
ìàññ: ðåàëüíîé óãëîâîé ñêîðîñòè z , êîòîðóþ 
ìîæíî èçìåðèòü, è òåîðåòè÷åñêîé: 

   2 2

1tg .CX CY
T

V V
L


  

Ïðè òîðìîæåíèè ñ ïîâîðîòîì ðóëåâîãî 
êîëåñà âîçíèêàåò çàíîñ çàäíåé îñè, ïðè ýòîì 

T z   . Äëÿ ïðîòèâîäåéñòâèÿ çàíîñó íåîáõî-
äèìî ñîçäàòü ìîìåíò ïðîòèâîâðàùåíèÿ çà ñ÷åò 
áîëüøåãî ïîäòîðìàæèâàíèÿ ïåðåäíåãî âíåøíå-

ãî ïî îòíîøåíèþ ê íàïðàâëåíèþ çàíîñà êîëåñà. 
Îäíàêî áîëüøåå ïîäòîðìàæèâàíèå ìîæåò ïðè-
âåñòè ê áëîêèðîâàíèþ ýòîãî êîëåñà, ïîýòîìó 
íåîáõîäèìî íàîáîðîò äîïîëíèòåëüíî ðàñòîð-
ìàæèâàòü âñå êîëåñà, êðîìå ïåðåäíåãî âíåøíå-
ãî ïî îòíîøåíèþ ê íàïðàâëåíèþ çàíîñà. Òîãäà 
ôîðìóëà (2) äëÿ îïðåäåëåíèÿ òîðìîçíîãî ìî-
ìåíòà íà êàæäîì êîëåñå ïðèìåò âèä:

max , 1,...,4Ti brake ABSi ESPiM h h h T i  ,

ãäå [0...1]ESPih   – ñòåïåíü ñíèæåíèÿ äåéñòâóþ-
ùåãî òîðìîçíîãî ìîìåíòà íà i-ì êîëåñå çà ñ÷åò 
ðàáîòû àëãîðèòìà ïðîòèâîäåéñòâèÿ çàíîñó 
ïðè òîðìîæåíèè.

Òîãäà àëãîðèòì îïðåäåëåíèÿ çíà÷åíèÿ 
, 1,...,4ESPih i   ñ ó÷åòîì ïðàâèëà çíàêîâ, ïðè-

íÿòîì ïðè ìîäåëèðîâàíèè, äîëæåí áûòü ñëåäó-
þùèì.

Åñëè 1 0    (ïîâîðîò íàëåâî) 
è 0z T    (çàíîñ çàäíåé îñè), òî 

1 2 4 3; 1.ESP ESP ESP z T ESPh h h C h     
Åñëè 1 0    (ïîâîðîò íàïðàâî) 

è 0z T    (çàíîñ çàäíåé îñè), òî 

2 3 4 1; 1.ESP ESP ESP z T ESPh h h C h     
Â ïðèâåäåííûõ âûøå ôîðìóëàõíàîáîðîò: 

Ñ – êîýôôèöèåíò óñèëåíèÿ ðåãóëÿòîðà, êîòî-
ðûé íàñòðàèâàåòñÿ èíäèâèäóàëüíî äëÿ êàæäî-
ãî àâòîìîáèëÿ.

Äëÿ ïðîâåðêè ýôôåêòèâíîñòè è ðàáîòîñïî-
ñîáíîñòè ìåòîäàìè èìèòàöèîííîãî ìîäåëèðî-
âàíèÿ ïðåäëîæåííîãî àëãîðèòìà ðàáîòû ÀÁÑ 
ñ ôóíêöèåé ïðîòèâîäåéñòâèÿ çàíîñó ïðè òîð-
ìîæåíèè áûëî ïðîâåäåíî ìîäåëèðîâàíèå äâè-
æåíèÿ äâóõîñíîãî àâòîìîáèëÿ ïîëíîé ìàññîé 
6000 êã â òåõ æå óñëîâèÿõ, êîòîðûå áûëè îïè-
ñàíû ðàíåå. 

Íà ðèñ. 4 ïðåäñòàâëåíà òðàåêòîðèÿ äâèæåíèÿ 
àâòîìîáèëÿ ïîëíîé ìàññîé 6000 êã ïðè òîðìî-
æåíèè ñ ÀÁÑ è ñ ôóíêöèåé ïðîòèâîäåéñòâèÿ 
çàíîñó, íà ðèñ. 5 – çàâèñèìîñòü êóðñîâîé ñêîðî-
ñòè àâòîìîáèëÿ îò âðåìåíè, íà ðèñ. 6 – ãðàôèêè 
èçìåíåíèÿ óãëîâûõ ñêîðîñòåé êîëåñ îò âðåìåíè.

Ðèñ. 3. Òðàåêòîðèÿ äâèæåíèÿ àâòîìîáèëÿ ïîëíîé ìàññîé 6000 êã 
ïðè òîðìîæåíèè ñ ÀÁÑ áåç ôóíêöèè ïðîòèâîäåéñòâèÿ çàíîñó
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Èç ðèñ. 4–6 âèäíî, ÷òî êîëåñà íå áëîêèðó-
þòñÿ, çàíîñà ïðè ìàíåâðèðîâàíèè íåò, ÷òî ñâè-
äåòåëüñòâóåò î ðàáîòîñïîñîáíîñòè è ýôôåê-
òèâíîñòè ïðåäëîæåííîãî àëãîðèòìà ðàáîòû 
àíòèáëîêèðîâî÷íîé ñèñòåìû ñ ôóíêöèåé ïðî-
òèâîäåéñòâèÿ çàíîñó.

Âûâîäû
1. Ïðåäëîæåí àëãîðèòì ðàáîòû àíòèáëîêè-

ðîâî÷íîé ñèñòåìû ñ ôóíêöèåé ïðîòèâîäåéñòâèÿ 
çàíîñó äëÿ äâóõîñíûõ àâòîìîáèëåé ñ îäíîé âå-
äóùåé îñüþ, îòëè÷àþùèéñÿ òåì, ÷òî ïðè òîð-
ìîæåíèè àâòîìîáèëÿ íà ñêîëüçêîé îïîðíîé ïî-
âåðõíîñòè ñ îäíîâðåìåííûì ïîâîðîòîì ðóëÿ 
îáåñïå÷èâàåòñÿ íå òîëüêî îòñóòñòâèå áëîêèðîâ-
êè êîëåñ, íî è ïðîòèâîäåéñòâèå çàíîñó.

2. Ìåòîäàìè èìèòàöèîííîãî ìîäåëèðîâà-
íèÿ òîðìîæåíèÿ àâòîìîáèëÿ íà ñêîëüçêîé 

îïîðíîé ïîâåðõíîñòè ñ îäíîâðåìåííûì ïî-
âîðîòîì ðóëÿ äîêàçàíû ðàáîòîñïîñîáíîñòü 
è ýôôåêòèâíîñòü ïðåäëîæåííîãî àëãîðèòìà 
ðàáîòû àíòèáëîêèðîâî÷íîé ñèñòåìû ñ ôóíêöè-
åé ïðîòèâîäåéñòâèÿ çàíîñó.

Ëèòåðàòóðà
1. Áóòûëèí Â.Ã., Âûñîöêèé Ì.Ñ., Èâàíîâ Â.Ã., Ëå-

ïåøêî È.È. Àêòèâíàÿ áåçîïàñíîñòü àâòîìîáèëÿ. 
Îñíîâû òåîðèè / Ïîä ðåä. Â.Ã. Èâàíîâà. Ìí.: 
ÍÈÐÓÏ «Áåëàâòîòðàêòîðîñòðîåíèå», 2002. 184 ñ.

2. Ergin A.A., Kolomejtseva M.B., Kotiev G.O. Anti-
blocking control system of the brake drive of auto-
mobile wheel (2004) Pribory i Sistemy Upravleni-
ya, (9), pp. 11–13.

3. Áåëÿåâ Â.Ì., Èâàíîâ Â.Ã., Ìîëèáîøêî Ë.À. 
Ïðîåêòèðîâàíèå òîðìîçíîé ñèñòåìû àâòîìîáè-
ëÿ. – Ìí.: ÁÃÏÀ, 2000. ×. 1: Òîðìîçíàÿ äèíàìèêà 
àâòîìîáèëÿ. Òîðìîçíûå ìåõàíèçìû. 47 ñ.

4. Ìàëþãèí Ï.Í. Âîçìîæíîñòè è ïóòè óëó÷øåíèÿ 
óñòîé÷èâîñòè äâèæåíèÿ àâòîìîáèëÿ ïðè òîðìî-
æåíèè. Äèññ. … êàíä. òåõí. íàóê. Îìñê, 1985. 
229 ñ.

5. Ðÿçàíöåâ Â.À., Àõìåòøèí À.Ì. Ìåòîä ïîâû-
øåíèÿ ýôôåêòèâíîñòè òîðìîçíîãî óïðàâëåíèÿ 
êîëåñíûõ ìàøèí. Àâòîìîáèëüíàÿ ïðîìûøëåí-
íîñòü, 2017. № 7. Ñ. 17–20.

6. Aref M.A. Soliman, Mina M.S. Kaldas. An Inves-
tigation of Anti-lock Braking System for Automo-

Ðèñ. 5. Çàâèñèìîñòü êóðñîâîé ñêîðîñòè àâòîìîáèëÿ îò âðåìåíè

Ðèñ. 6. Ãðàôèêè èçìåíåíèÿ óãëîâûõ ñêîðîñòåé êîëåñ îò âðåìåíè

Ðèñ. 4. Òðàåêòîðèÿ äâèæåíèÿ àâòîìîáèëÿ 
ïîëíîé ìàññîé 6000 êã ïðè òîðìîæåíèè ñ ÀÁÑ 

è ñ ôóíêöèåé ïðîòèâîäåéñòâèÿ çàíîñó



Æèëåéêèí Ì.Ì., Æóðêèí Ì.Ì.

56 Èçâåñòèÿ ÌÃÒÓ «ÌÀÌÈ», ¹ 1(43), 2020

biles. SAE Internationalby Warwick University, 
Thursday, May 05, 2016.

7. Chendi Sun and Xiaofei Pei. Development of ABS 
ECU with Hard ware-in the-Loop Simulation Based 
on Labcar System. SAE International by Warwick 
University, Thursday, May 05, 2016.

8. Edoardo Sabbioni, Federico Cheli and Vincenzo d’Ales-
sandro. Politecnico di Milano Analysis of ABS/ESP Con-
trol Logics Using a HIL Test Bench. SAE International 
by Warwick University, Thursday, May 05, 2016.

9. Farthad Assadian. Mixed 𝐻∞ and Fuzzy Logic Con-
trollers for the Automobile ABS. SAE 2001 World 
Congress Detroit, Michigan March 5–8, 2001.

10. Hart P.M. Review of Heavy Vehicle Braking Sys-
tems Requirements (PBS Requirements), Draft 
Report, 24 April 2003.

References
1. Butylin V.G., Vysockij M.S., Ivanov V.G., Lepe-

shko I.I. Aktivnaya bezopasnost’ avtomobilya. 
Osnovy teorii [Vehicke active safety. Theory 
basics]. Pod red. V.G. Ivanova. Mn.: NIRUP «Be-
lavtotraktorostroenie», 2002. 184 p.

2. Ergin A.A., Kolomejtseva M.B., Kotiev G.O. Anti-
blocking control system of the brake drive of auto-
mobile wheel (2004) Pribory i Sistemy Upravleni-
ya, (9), pp. 11–13.

3. Belyaev V.M., Ivanov V.G., Moliboshko L.A. 
Proektirovanie tormoznoj sistemy avtomobilya 
[Designing of a vehicle brake system]. Mn.: BGPA, 
2000. CH. 1: Tormoznaya dinamika avtomobilya. 

Tormoznye mekhanizmy [Braking dynamics of the 
vehicle. Brake mechanisms]. 47 p.

4. Malyugin P.N. Vozmozhnosti i puti uluchsheni-
ya ustojchivosti dvizheniya avtomobilya pri tor-
mozhenii. Diss. … kand. tekhn. nauk [Possibilities 
and ways to improve vehicle stability during brak-
ing: Dissertation for Degree of Ph.D. (Engineer-
ing)]. Omsk, 1985. 229 p.

5. Ryazancev V.A., Ahmetshin A.M. Method for in-
creasing the efficiency of brake control of wheeled 
vehicles. Avtomobil’naya promyshlennost’, 2017. 
No 7, pp. 17–20 (in Russ.).

6. Aref M.A. Soliman, Mina M.S. Kaldas. An Inves-
tigation of Anti-lock Braking System for Automo-
biles. SAE In-ternationalby Warwick University, 
Thursday, May 05, 2016.

7. Chendi Sun and Xiaofei Pei. Development of ABS 
ECU with Hard ware-in the-Loop Simulation Based 
on Labcar System. SAE International by Warwick 
University, Thursday, May 05, 2016.

8. Edoardo Sabbioni, Federico Cheli and Vincenzo 
d’Alessandro. Politecnico di Milano Analysis of 
ABS/ESP Control Logics Using a HIL Test Bench. 
SAE International by Warwick University, Thurs-
day, May 05, 2016.

9. Farthad Assadian. Mixed 𝐻∞ and Fuzzy Logic Con-
trollers for the Automobile ABS. SAE 2001 World 
Congress Detroit, Michigan March 5–8, 2001.

10. Hart P.M. Review of Heavy Vehicle Braking Sys-
tems Requirements (PBS Requirements), Draft 
Report, 24 April 2003.

ALGORITHM OF ANTI-LOCK BRAKING SYSTEM WITH ANTI-SKID FUNCTION 
FOR TWO-AXLE CARS WITH ONE DRIVING AXLE

DSc in Engineering M.M. Zhileykin, M.M. Zhurkin
Bauman Moscow State Technical University, Moscow, Russia

jileykin_m@mail.ru

In case of emergency braking, one or more wheels may be locked. In this case, the entire stock of the 
wheel coupling with the road is used in the longitudinal direction. The blocked wheel ceases to perceive 
the lateral forces keeping the car on the set trajectory, and slides on a road surface. The car loses control, 
and the slightest lateral force leads it to skid. The anti-lock braking system (ABS) is designed to prevent the 
wheels from locking when braking and to maintain the vehicle's handling. However, the absence of wheel 
lock during braking does not guarantee stability and controllability of the car. For example, when braking 
on a slippery support surface and trying to avoid an obstacle in front, there is a risk of loss of traction and 
skidding. Currently developed ABS algorithms do not prevent the occurrence and development of drift in 
the above conditions. The aim of the work is to increase the stability and controllability of two-axle cars with 
one driving axle when braking due to the redistribution of braking moments on the wheels. The algorithm of 
anti-lock system with anti-skid function for two-axle cars with one driving axle, characterized in that when 
braking the car on a slippery support surface with simultaneous rotation of the steering wheel provides 
not only the absence of wheel lock, but also anti-skid. The efficiency and effectiveness of the proposed 
algorithm of the anti-lock system with the function of anti-skid are proved by the methods of simulation of 
braking of the car on a slippery support surface with simultaneous rotation of the steering wheel.

Keywords: anti-lock braking system; anti-skid; stability and handling of the car.
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Â ñòàòüå ðàññìîòðåí âîïðîñ ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ðàáî÷åãî ïðîöåññà ïíåâìîïðèâîä-
íûõ íàñîñîâ âûñîêîãî äàâëåíèÿ. Â êà÷åñòâå îáúåêòà èññëåäîâàíèÿ ðàññìîòðåí íàèáîëåå ðàñïðî-
ñòðàíåííûé è ïðîñòîé êîíñòðóêòèâíûé âàðèàíò ïîäîáíûõ íàñîñîâ – îäíîïîðøíåâîé íàñîñ îäíî-
êðàòíîãî äåéñòâèÿ, äëÿ êîòîðîãî ïðèâåäåíà ñõåìà è îïèñàí ïðèíöèï ðàáîòû. Â ñîîòâåòñòâèè ñ 
ïðèíöèïèàëüíîé ñõåìîé ðàçðàáîòàíà ðàñ÷åòíàÿ ñõåìà, íà îñíîâàíèè êîòîðîé ñ ðÿäîì äîïóùåíèé 
ñîñòàâëåíà ìàòåìàòè÷åñêàÿ ìîäåëü, îïèñûâàþùàÿ ôèçè÷åñêèå ïðîöåññû, ïðîèñõîäÿùèå ïðè ðà-
áîòå íàñîñà. Äëÿ èññëåäîâàíèÿ íàñîñîâ ðàçëè÷íûõ òèïîðàçìåðîâ çà õàðàêòåðíûé ðàçìåð ïðèíÿò 
äèàìåòð ïëóíæåðà íàñîñíîé ñåêöèè, à òàêæå ââåäåíû êîýôôèöèåíòû ïðîïîðöèîíàëüíîñòè, ÷åðåç 
êîòîðûå âûðàæåíû äèàìåòð ïîðøíÿ ïðèâîäíîé ñåêöèè è ðàáî÷èé õîä ïîðøíÿ. Èç ðåçóëüòàòîâ ìà-
òåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ñëåäóåò, ÷òî ñ óâåëè÷åíèåì õàðàêòåðíîãî ðàçìåðà íàñîñà ïîäà÷à 
åãî ðàñòåò, ÷òî ñîîòâåòñòâóåò õàðàêòåðèñòèêàì ñåðèéíî âûïóñêàåìûõ íàñîñîâ è ïîäòâåðæäàåò 
àäåêâàòíîñòü ìàòåìàòè÷åñêîé ìîäåëè. Ïðè ýòîì ðîñò ïîäà÷è ñ ðîñòîì õàðàêòåðíîãî ðàçìåðà íî-
ñèò íåëèíåéíûé õàðàêòåð. Íàèáîëüøåå âëèÿíèå íà ïîäà÷ó íàñîñà õàðàêòåðíûé ðàçìåð îêàçûâàåò 
ïðè ðàáîòå íàñîñà íà õîëîñòîì õîäó. Ñ ðîñòîì äàâëåíèÿ ïåðåêà÷èâàåìîé æèäêîñòè íà âûõîäå íà-
ñîñà âëèÿíèå õàðàêòåðíîãî ðàçìåðà ñíèæàåòñÿ, òî åñòü åãî óâåëè÷åíèå íå ïðèâîäèò ê ñóùåñòâåí-
íîìó ïîâûøåíèþ ïîäà÷è. Èññëåäîâàíèå âëèÿíèÿ äèàìåòðà ïîðøíÿ è åãî õîäà íà õàðàêòåðèñòèêè 
íàñîñà ïîçâîëèëî óñòàíîâèòü, ÷òî óâåëè÷åíèå õîäà íåñóùåñòâåííî âëèÿåò íà ïîäà÷ó, óâåëè÷åíèå 
äèàìåòðà ïîðøíÿ ïðèâîäíîé ñåêöèè ïðèâîäèò ê ñíèæåíèþ ïîäà÷è ïðè ïðî÷èõ ðàâíûõ óñëîâèÿõ. 
Èç ïîëó÷åííûõ ðåçóëüòàòîâ ñëåäóåò, ÷òî ïðè ïðîåêòèðîâàíèè íîâûõ èëè âûáîðå ñåðèéíûõ íàñîñîâ 
ñëåäóåò òùàòåëüíî àíàëèçèðîâàòü âîçìîæíûå óñëîâèÿ èõ ðàáîòû ñ öåëüþ îïðåäåëåíèÿ ðàöèî-
íàëüíûõ ïàðàìåòðîâ êàê ñàìèõ íàñîñîâ, òàê è ãèäðîñèñòåì â öåëîì. 
Ðàçðàáîòàííàÿ ìîäåëü ìîæåò ïðèìåíÿòüñÿ ïðè ïðîåêòèðîâàíèè íîâûõ íàñîñîâ, à òàêæå ïðè èñ-
ñëåäîâàíèè ðàáîòû ñóùåñòâóþùèõ. Ïîëó÷åííûìè õàðàêòåðíûìè çàâèñèìîñòÿìè ìîæíî ðóêîâîä-
ñòâîâàòüñÿ ïðè âûáîðå ñåðèéíî âûïóñêàåìûõ îáðàçöîâ íàñîñîâ.

Êëþ÷åâûå ñëîâà: ïíåâìîïðèâîäíîé íàñîñ, íàñîñ âûñîêîãî äàâëåíèÿ, ïîðøíåâîé íàñîñ, ïíåâìî-
ãèäðàâëè÷åñêèé ïðåîáðàçîâàòåëü äàâëåíèÿ.

 Ââåäåíèå
Ïíåâìîïðèâîäíûå íàñîñû âûñîêîãî äàâ-

ëåíèÿ (ÏÍÂÄ) ïðèìåíÿþòñÿ â ðàçëè÷íûõ îò-
ðàñëÿõ ïðîìûøëåííîñòè: ìàøèíîñòðîåíèè, 
õèìè÷åñêîé, àâèàöèîííîé, ãîðíî-äîáûâàþùåé 
è äðóãèõ. Òàêæå íàñîñû äàííîãî òèïà øèðîêî 
ïðèìåíÿþòñÿ â èñïûòàòåëüíîì îáîðóäîâàíèè.

Ïíåâìîïðèâîäíîé íàñîñ âûñîêîãî äàâëå-
íèÿ – îáúåìíàÿ ïíåâìîãèäðàâëè÷åñêàÿ ìàøè-
íà, ïðåîáðàçóþùàÿ ýíåðãèþ ñæàòîãî ãàçà â 
ýíåðãèþ ïåðåêà÷èâàåìîé æèäêîñòè ñ ïîâûøå-
íèåì äàâëåíèÿ.

Â ñðàâíåíèè ñ äðóãèìè òèïàìè íàñîñîâ âû-
ñîêîãî äàâëåíèÿ (ÍÂÄ) ÏÍÂÄ îáëàäàþò ñëå-
äóþùèìè ïðåèìóùåñòâàìè: âûñîêàÿ íàäåæ-
íîñòü, ïðîñòîòà êîíñòðóêöèè, íèçêàÿ ìàññà, 

ýêîëîãè÷åñêàÿ áåçîïàñíîñòü, ïðîñòîòà ìîíòà-
æà, ýêñïëóàòàöèè è ðåìîíòà, âîçìîæíîñòü ïå-
ðåêà÷èâàíèÿ àãðåññèâíûõ è ìàëîâÿçêèõ æèäêî-
ñòåé, ïîæàðî- è âçðûâîáåçîïàñíîñòü [1, 6]. 

Ïîäîáíûå íàñîñû èñïîëüçóþòñÿ êàê â ñòà-
öèîíàðíîé, òàê è â ìîáèëüíîé òåõíèêå: â ïðè-
âîäàõ ñòàíêîâ è ñòàíî÷íûõ ïðèñïîñîáëåíèé, 
ðîáîòîòåõíè÷åñêèõ êîìïëåêñàõ, ïîäúåìíî-
òðàíñïîðòíîé òåõíèêå, ïîæàðíîé òåõíèêå, 
ìàøèíàõ ãèäðîàáðàçèâíîé ðåçêè, ðó÷íîì èí-
ñòðóìåíòå, ïðåññîâîì îáîðóäîâàíèè, ñèñòå-
ìàõ ñìàçêè è ò.ä. ÏÍÂÄ øèðîêî ïðèìåíÿþòñÿ 
â èñïûòàòåëüíîì îáîðóäîâàíèè äëÿ ïðîâåðêè 
ïðî÷íîñòè è ãåðìåòè÷íîñòè ñîñóäîâ è òðóáî-
ïðîâîäîâ, â ñòåíäàõ, èìèòèðóþùèõ ãëóáîêî-
âîäíûå óñëîâèÿ.
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Ñåðèéíî âûïóñêàåìûå ÏÍÂÄ îäíîêðàòíî-
ãî äåéñòâèÿ îáåñïå÷èâàþò äàâëåíèå íà âûõî-
äå íàñîñà äî 400 ÌÏà è îáúåìíóþ ïîäà÷ó äî 
22 ë/ìèí.

Âîïðîñ ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ 
ÏÂÍÄ è îïðåäåëåíèÿ èõ õàðàêòåðèñòèê èçó÷åí 
íåäîñòàòî÷íî. Ïíåâìîãèäðàâëè÷åñêèé ïðåîá-
ðàçîâàòåëü – ïîäîáíîå ÏÍÂÄ óñòðîéñòâî –
 ðàññìîòðåí â ðàáîòå [6]. Äèíàìèêà ÏÍÂÄ ðàñ-
ñìîòðåíà â ðàáîòå [5]. Â ðàáîòå ðàññìîòðåíî 
âëèÿíèå íà ïîäà÷ó ÏÍÂÄ äàâëåíèÿ ñæàòîãî 
âîçäóõà è äàâëåíèÿ ïåðåêà÷èâàåìîé æèäêî-
ñòè. Èç ðåçóëüòàòîâ, ïðåäñòàâëåííûõ â ñòàòüå, 
âèäíî, ÷òî ñ ðîñòîì äàâëåíèÿ ñæàòîãî âîçäó-
õà ïîäà÷à ÏÍÂÄ ðàñòåò, à ñ ðîñòîì äàâëåíèÿ 
ïåðåêà÷èâàåìîé æèäêîñòè íà âûõîäå èç íàñîñà 
ïîäà÷à, íàîáîðîò, ñíèæàåòñÿ. Âñå çàâèñèìîñòè 
íîñÿò íåëèíåéíûé õàðàêòåð. Òàêæå èç ðåçóëü-
òàòîâ ðàáîòû âèäíî, ÷òî õàðàêòåð èçìåíåíèÿ 
ïîäà÷è ïðè ðàçëè÷íûõ ýêñïëóàòàöèîííûõ óñ-
ëîâèÿõ îäèíàêîâ. Ïðè ýòîì ñòàòüÿ íå îòðàæàåò 
âëèÿíèå îñíîâíûõ ðàçìåðîâ íàñîñà íà åãî äè-
íàìèêó è õàðàêòåðèñòèêè. Òàêæå ðàçðàáîòàí-
íàÿ ìàòåìàòè÷åñêàÿ ìîäåëü, ñ öåëüþ óïðîùå-
íèÿ, íå âêëþ÷àåò ïîòåðè äàâëåíèÿ íà êëàïàíàõ 
íàãíåòàíèÿ è âñàñûâàíèÿ.

Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿåòñÿ ñîâåð-
øåíñòâîâàíèå ìàòåìàòè÷åñêîé ìîäåëè ÏÍÂÄ 
îäíîêðàòíîãî äåéñòâèÿ è èññëåäîâàíèå õàðàê-
òåðèñòèê íàñîñîâ íåêîòîðîãî ðàçìåðíîãî ðÿäà 
äëÿ îöåíêè âëèÿíèÿ îñíîâíûõ ïàðàìåòðîâ íà 
ðàáî÷èå õàðàêòåðèñòèêè.

Îïèñàíèå è ïðèíöèï ðàáîòû ÏÍÂÄ
Íàèáîëåå ïðîñòûì è ðàñïðîñòðàíåííûì íà 

ïðàêòèêå êîíñòðóêòèâíûì âàðèàíòîì ÏÍÂÄ 
ÿâëÿåòñÿ îäíîïîðøíåâîé íàñîñ îäíîêðàòíî-
ãî äåéñòâèÿ. Ïðèíöèïèàëüíàÿ ñõåìà òàêîãî 
íàñîñà ïðåäñòàâëåíà íà ðèñ. 1.

Ðèñ. 1. Ïðèíöèïèàëüíàÿ ñõåìà ÏÍÂÄ

ÏÍÂÄ ñîñòîèò èç ïðèâîäíîé è íàñîñíîé 
ñåêöèé ÏÑ è ÍÑ ñîîòâåòñòâåííî, îñíîâíîãî 
ïíåâìîðàñïðåäåëèòåëÿ Ð1, ïíåâìîðàñïðåäåëè-
òåëåé Ð2 è Ð3, âûïîëíÿþùèõ ôóíêöèþ êîíå÷-
íûõ âûêëþ÷àòåëåé, êëàïàíîâ âñàñûâàíèÿ Ê1 è 
íàãíåòàíèÿ Ê2. Êîíñòðóêòèâíî âñå ñîñòàâíûå 
÷àñòè îáúåäèíåíû â åäèíîå óñòðîéñòâî. Ïëóí-
æåð íàñîñíîé ñåêöèè è ïîðøåíü ïðèâîäíîé 
ñåêöèè ÿâëÿþòñÿ åäèíûì óçëîì.

Ïðèíöèï ðàáîòû ïðåäñòàâëåííîãî íàñîñà 
äîñòàòî÷íî ïðîñò. Â ñîîòâåòñòâèè ñ ðèñóíêîì 1
â èñõîäíîì ñîñòîÿíèè ïîðøíåâàÿ ïîëîñòü 1 
ïðèâîäíîé ñåêöèè ÏÑ íàñîñà ÷åðåç ïíåâìî-
ðàñïðåäåëèòåëü Ð1 ñîåäèíåíà ñ ïíåâìàòè-
÷åñêîé ëèíèåé íàãíåòàíèÿ, ïîëîñòü 2 ïðè-
âîäíîé ñåêöèè ÏÑ ñîåäèíåíà ñ àòìîñôåðîé. 
Ïðè ïîäà÷å ñæàòîãî âîçäóõà ïîðøåíü íàñîñà 
ïåðåìåùàåòñÿ âïðàâî, è ïåðåêà÷èâàåìàÿ 
æèäêîñòü ÷åðåç êëàïàí Ê2 âûòåñíÿåòñÿ èç 
ïîëîñòè 3 íàñîñíîé ñåêöèè ÍÑ. Ïðè ïðè-
áëèæåíèè ïðèâîäíîãî ïîðøíÿ ê êðàéíåìó 
ïðàâîìó ïîëîæåíèþ îí ìåõàíè÷åñêè ïåðå-
êëþ÷àåò íà ïíåâìîðàñïðåäåëèòåëü Ð2, êî-
òîðûé ñîåäèíÿåò ïíåâìàòè÷åñêóþ ëèíèþ 
íàãíåòàíèÿ ñ óïðàâëÿþùåé ïîëîñòüþ Ó1 
ïíåâìîðàñïðåäåëèòåëÿ Ð1. Ðàñïðåäåëèòåëü 
Ð1 çà ñ÷åò ðàçíîñòè ýôôåêòèâíûõ ïëîùàäåé 
ïîëîñòåé Ó1 è Ó2 ïåðåêëþ÷àåòñÿ è ñîåäèíÿ-
åò ïîëîñòü 2 ïðèâîäíîé ñåêöèè ÏÑ ñ ïíåâìà-
òè÷åñêîé ëèíèåé íàãíåòàíèÿ, à ïîëîñòü 1 – 
ñ àòìîñôåðîé. Ïðè ýòîì ïîðøåíü íàñîñà ïåðå-
ìåùàåòñÿ âëåâî è ïðîèñõîäèò âñàñûâàíèå ïå-
ðåêà÷èâàåìîé æèäêîñòè ÷åðåç êëàïàí Ê1 â ïî-
ëîñòü 3 íàñîñíîé ñåêöèè. Ïðè ïðèáëèæåíèè 
ïîðøíÿ ê êðàéíåìó ëåâîìó ïîëîæåíèþ îí 
ìåõàíè÷åñêè ïåðåêëþ÷àåò ïíåâìîðàñïðåäå-
ëèòåëü Ð3, êîòîðûé ñîåäèíÿåò óïðàâëÿþùóþ 
ïîëîñòü ïíåâìîðàñïðåäåëèòåëÿ Ð1 ñ àòìîñôå-
ðîé. Ïíåâìîðàñïðåäåëü Ð1 âíîâü ïåðåêëþ÷à-
åòñÿ â èñõîäíîå ïîëîæåíèå. Òàêèì îáðàçîì, 
ñõåìà ÏÍÂÄ îáåñïå÷èâàåò åãî íåïðåðûâíóþ 
öèêëè÷åñêóþ ðàáîòó äî ìîìåíòà îòêëþ÷åíèÿ 
åãî îò èñòî÷íèêà ñæàòîãî âîçäóõà èëè ïðåâû-
øåíèè ìàêñèìàëüíî âîçìîæíîãî äàâëåíèÿ â 
ãèäðàâëè÷åñêîé ëèíèè íàãíåòàíèÿ, îïðåäåëÿ-
åìîãî ñîîòíîøåíèåì ýôôåêòèâíûõ ïëîùàäåé 
ïîðøíÿ ïðèâîäíîé ñåêöèè è ïëóíæåðà íàñî-
ñíîé ñåêöèè.

Ìàòåìàòè÷åñêàÿ ìîäåëü ÏÍÂÄ
Ïðè ðàçðàáîòêå ìàòåìàòè÷åñêîé ìîäåëè 

ÏÍÂÄ ïðèíèìàþòñÿ ñëåäóþùèå äîïóùåíèÿ: 
ãàçîäèíàìè÷åñêèå ïðîöåññû, ïðîèñõîäÿùèå 
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â ïîëîñòÿõ ïíåâìàòè÷åñêîãî ïðèâîäíîãî öè-
ëèíäðà ÿâëÿþòñÿ àäèàáàòè÷åñêèìè, â ïíåâ-
ìàòè÷åñêèõ ëèíèÿõ – èçîòåðìè÷åñêèìè; ïå-
ðåêëþ÷åíèå ïíåâìîðàñïðåäåëèòåëÿ Ð1 ïðè 
ïðèáëèæåíèè ïîðøíÿ ê êðàéíèì ïîëîæåíèÿì 
ïðîèñõîäèò ìãíîâåííî, îòêðûòèå è çàêðûòèå 
êëàïàíîâ âñàñûâàíèÿ Ê1 è íàãíåòàíèÿ Ê2 ïðî-
èñõîäèò ìãíîâåííî, ïåðåêà÷èâàåìàÿ æèäêîñòü 
ðàññìàòðèâàåòñÿ êàê ñæèìàåìàÿ, îáúåìíûé 
ìîäóëü óïðóãîñòè æèäêîñòè îñòàåòñÿ ïîñòîÿí-
íûì [2–4].

Íà îñíîâàíèè ïðèíöèïèàëüíîé ñõåìû ÏÍÂÄ 
è ñ ó÷åòîì ïðèíÿòûõ äîïóùåíèé ðàçðàáîòàíà 
ðàñ÷åòíàÿ ñõåìà, ïðåäñòàâëåííàÿ íà ðèñ. 2.

Ðèñ. 2. Ðàñ÷åòíàÿ ñõåìà ÏÍÂÄ

Óðàâíåíèå äâèæåíèÿ ïîðøíÿ èìååò ñëåäóþ-
ùèé âèä:

 1 1 2 2 3 3 ,mx p A p A p A F    ò  (1)

ãäå m – ìàññà ïîäâèæíûõ ÷àñòåé ÏÍÂÄ; 
x – êîîðäèíàòà òåêóùåãî ïîëîæåíèÿ ïîðøíÿ; 
p

1
 – àáñîëþòíîå äàâëåíèå âîçäóõà â ïîðøíå-

âîé ïîëîñòè ïðèâîäíîé ñåêöèè; p
2
 – àáñîëþò-

íîå äàâëåíèå âîçäóõà â øòîêîâîé ïîëîñòè 
ïðèâîäíîé ñåêöèè; p

3
 – àáñîëþòíîå äàâëåíèå 

ïåðåêà÷èâàåìîé æèäêîñòè â ïîëîñòè íàñîñíîé 
ñåêöèè; A

1
 – ýôôåêòèâíàÿ ïëîùàäü ïîðøíåâîé 

ïîëîñòè ïðèâîäíîé ñåêöèè; A
2
 – ýôôåêòèâíàÿ 

ïëîùàäü øòîêîâîé ïîëîñòè ïðèâîäíîé ñåêöèè; 
A

3
 – ýôôåêòèâíàÿ ïëîùàäü ïîëîñòè íàñîñíîé 

ñåêöèè; F
ò
 – ñóììàðíàÿ ñèëà òðåíèÿ.

Íà òàêòå âñàñûâàíèÿ ïðîèñõîäèò äâèæåíèå 
ïîðøíÿ âïðàâî è âûòåñíåíèå ïåðåêà÷èâàåìîé 
æèäêîñòè èç ïîëîñòè 3 íàñîñíîé ñåêöèè. Ïðè 
ýòîì ïîëîñòü 2 ñîåäèíÿåòñÿ ñ ïíåâìàòè÷åñêîé 
ëèíèåé íàãíåòàíèÿ, à ïîëîñòü 1 – ñ ëèíèåé âû-
õëîïà. Èçìåíåíèå äàâëåíèé â ïîëîñòÿõ ïðè-
âîäíîé è íàñîñíîé ñåêöèé ÏÍÂÄ íà òàêòå 
âñàñûâàíèÿ îïèñûâàåòñÿ ñëåäóþùåé ñèñòåìîé 
óðàâíåíèé:
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(2)

ãäå k – ïîêàçàòåëü àäèàáàòû; A
íâ

, A
ââ

 – ïëîùà-
äè ïðîõîäíûõ ñå÷åíèé ïíåâìàòè÷åñêèõ ëèíèé 
íàãíåòàíèÿ è âûõëîïà ñîîòâåòñòâåííî; ζ

íâ
, 

ζ
ââ

 – êîýôôèöèåíòû ñîïðîòèâëåíèé ïíåâìà-
òè÷åñêèõ ëèíèé íàãíåòàíèÿ è âûõëîïà ñîîò-
âåòñòâåííî; R – óíèâåðñàëüíàÿ ãàçîâàÿ ïî-
ñòîÿííàÿ; T – òåìïåðàòóðà ñæàòîãî âîçäóõà â 
ïíåâìàòè÷åñêîé ëèíèè íàãíåòàíèÿ; x

01, 
x

02
 – 

ïðèâåäåííûå êîîðäèíàòû ìåðòâûõ îáúåìîâ 
ïîðøíåâîé è øòîêîâîé ïîëîñòåé ïðèâîäíîé 
ñåêöèè; s – ðàáî÷èé õîä ïîðøíÿ; p

âí
, p

ââ
 – àá-

ñîëþòíûå äàâëåíèÿ âîçäóõà â ïíåâìàòè÷åñêèõ 
ëèíèÿõ íàãíåòàíèÿ è âûõëîïà ñîîòâåòñòâåííî; 
E

æ
 – îáúåìíûé ìîäóëü óïðóãîñòè ïåðåêà÷è-

âàåìîé æèäêîñòè; ρ – ïëîòíîñòü ïåðåêà÷èâà-
åìîé æèäêîñòè; V

3
 – îáúåì ïîëîñòè íàñîñíîé 

ñåêöèè; A
êí

 – ïëîùàäü ïðîõîäíîãî ñå÷åíèÿ êëà-
ïàíà íàãíåòàíèÿ; p

íæ
 – äàâëåíèå ïåðåêà÷èâàå-

ìîé æèäêîñòè íà âûõîäå íàñîñà; μ – êîýôôèöè-
åíò ðàñõîäà ïåðåêà÷èâàåìîé æèäêîñòè.

Íà òàêòå âñàñûâàíèÿ ïðîèñõîäèò âîçâðàò 
ïîðøíÿ ÏÍÂÄ â èñõîäíîå ïîëîæåíèå. Ïðè ýòîì 
ïîëîñòü 2 ñîåäèíÿåòñÿ ñ ïíåâìàòè÷åñêîé ëèíèåé 
íàãíåòàíèÿ, à ïîëîñòü 1 – ñ ëèíèåé âûõëîïà, ïî-
ëîñòü 3 çàïîëíÿåòñÿ ïåðåêà÷èâàåìîé æèäêîñòüþ. 
Èçìåíåíèå äàâëåíèé â ïîëîñòÿõ ïðèâîäíîé è íà-
ñîñíîé ñåêöèé ÏÍÂÄ íà òàêòå âñàñûâàíèÿ îïè-
ñûâàåòñÿ ñëåäóþùåé ñèñòåìîé óðàâíåíèé:
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(3)
ãäå A

êâ
 – ïëîùàäü ïðîõîäíîãî ñå÷åíèÿ êëàïà-

íà âñàñûâàíèÿ; p
âæ

 – äàâëåíèå ïåðåêà÷èâàåìîé 
æèäêîñòè íà âõîäå íàñîñà.

Îáúåì ïîëîñòè íàñîñíîé ñåêöèè ñêëàäû-
âàåòñÿ èç ðàáî÷åãî è ìåðòâûõ îáúåìîâ. Ìåðò-
âûé îáúåì óäîáíî âûðàæàòü ÷åðåç êîýôôèöèåíò 
ìåðòâîãî îáúåìà. Òîãäà îáúåì ïîëîñòè íàñî-
ñíîé ñåêöèè îïðåäåëÿåòñÿ ñëåäóþùèì îáðàçîì:

 
 3 1 ,V c V  ìî ð  (4)

ãäå c
ìî

 – êîýôôèöèåíò ìåðòâîãî îáúåìà; V
ð
 – 

ðàáî÷èé îáúåì íàñîñíîé ñåêöèè, ÿâëÿþùèéñÿ 
ïðîèçâåäåíèåì ïëîùàäè ïëóíæåðà íàñîñíîé 
ñåêöèè è åãî õîäà.

Ñèëà òðåíèÿ, äåéñòâóþùàÿ íà ïîðøåíü 
ÏÍÂÄ, ñêëàäûâàåòñÿ èç ñèëû òðåíèÿ ñêîëüæå-
íèÿ è ñèëû âÿçêîãî òðåíèÿ:

 
,F F x    òð òñ ó âò  (5)

ãäå μ
òñ

 – êîýôôèöèåíò òðåíèÿ ñêîëüæåíèÿ; 
F

ó
 – íîðìàëüíàÿ ê âíóòðåííèì ïîâåðõíîñòÿì 

íàñîñà ñèëà, äåéñòâóþùàÿ â óïëîòíèòåëüíûõ 
óçëàõ; μ

âò
 – êîýôôèöèåíò âÿçêîãî òðåíèÿ.

Ñîâìåñòíî óðàâíåíèå (1) è ñèñòåìû óðàâíå-
íèé (2) è (3) ñ ó÷åòîì óðàâíåíèé (4) è (5) îïè-
ñûâàþò ðàáîòó îäíîïîðøíåâîãî ÏÍÂÄ îäíî-
êðàòíîãî äåéñòâèÿ.

Äëÿ èññëåäîâàíèÿ øèðîêîãî ðàçìåðíîãî 
ðÿäà ÏÍÂÄ çà õàðàêòåðíûé ðàçìåð óäîáíî 
ïðèíÿòü äèàìåòð ïëóíæåðà íàñîñíîé ñåêöèè 
d

í
 (ñì. ðèñ. 2), à äèàìåòð ïîðøíÿ ïðèâîäíîé 

ñåêöèè d
ï
 è ðàáî÷èé õîä ïîðøíÿ s âûðàçèòü 

÷åðåç êîýôôèöèåíòû ïðîïîðöèîíàëüíîñòè K
d
 è 

K
s
 ñîîòâåòñòâåííî:

 ,dd K dï í  (6)

 ,ss K d í  (7)

ãäå K
d
 – êîýôôèöèåíò ïðîïîðöèîíàëüíîñòè 

äèàìåòðà ïîðøíÿ ïðèâîäíîé è ïëóíæåðà íà-
ñîñíîé ñåêöèé; K

s
 – êîýôôèöèåíò ïðîïîðöèî-

íàëüíîñòè õîäà ïîðøíÿ è äèàìåòðà ïëóíæåðà 
íàñîñíîé ñåêöèè.

Êîýôôèöèåíò ìóëüòèïëèêàöèè ÏÍÂÄ òàêæå 
ìîæåò áûòü âûðàæåí ÷åðåç êîýôôèöèåíò K

d
:

 

2
21

2
3

.d
A di K
A d

  ï

í

 (8)

Ðåçóëüòàòû ìîäåëèðîâàíèÿ
Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå âûïîëíÿ-

åòñÿ äëÿ íåêîòîðîãî äèàïàçîíà òèïîðàçìåðîâ 
íàñîñîâ ñ õàðàêòåðíûì ðàçìåðîì d

í
, ðàâíûì 10 

è 15 ìì. Èññëåäîâàíèå âûïîëíÿåòñÿ äëÿ äâóõ 
çíà÷åíèé êîýôôèöèåíòà K

d
, ðàâíûõ 10 è 15, è 

äèàïàçîíà çíà÷åíèé êîýôôèöèåíòà K
s
 îò 5 äî 20. 

Äëÿ ñîõðàíåíèÿ ïîäîáèÿ èññëåäóåìîãî ðàç-
ìåðíîãî ðÿäà ÏÍÂÄ òàêæå ïðèíèìàþòñÿ äèà-
ìåòðû óñëîâíîãî ïðîõîäà ïîäâîäÿùåé ëèíèè, 
ðàâíûé 0,05D

ï
, è âûõëîïíîé ëèíèè, ðàâíûé 

0,1D
ï
. Â êà÷åñòâå ïåðåêà÷èâàåìîé æèäêîñòè 

ðàññìàòðèâàåòñÿ ïðåñíàÿ âîäà. Îñòàëüíûå èñ-
õîäíûå äàííûå, ïðèíÿòûå äëÿ ìàòåìàòè÷åñêî-
ãî ìîäåëèðîâàíèÿ, ïðåäñòàâëåíû â òàáëèöå 1.

Íà ðèñ. 3 è 4 ïðåäñòàâëåíû ãðàôèêè çàâèñè-
ìîñòè ìãíîâåííîé ïîäà÷è ÏÍÂÄ îò âðåìåíè ïðè 
ðàçëè÷íûõ êîíñòðóêòèâíûõ ïàðàìåòðàõ ÏÍÂÄ.

Èç ãðàôèêà âèäíî, ÷òî ñ óâåëè÷åíèåì õàðàê-
òåðíîãî ðàçìåðà ðàñòåò çíà÷åíèå ìãíîâåííîé 
ïîäà÷è íàñîñà, ïðè ýòîì ñíèæàåòñÿ ÷àñòîòà 
ðàáîòû, ÷òî îòðàæàåò ðàáîòó ñåðèéíî âûïóñêà-
åìûõ íàñîñîâ. Ñíèæåíèå ÷àñòîòû ðàáîòû ñâÿ-
çàíî ñ óâåëè÷åíèåì îáúåìîâ ðàáî÷èõ ïîëîñòåé 
ïðèâîäíîé ñåêöèè. Õàðàêòåð èçìåíåíèÿ ìãíî-
âåííîé ïîäà÷è ÏÍÂÄ âî âðåìåíè îäèíàêîâ äëÿ 
âñåõ ðàññìàòðèâàåìûõ âàðèàíòîâ ÏÍÂÄ.

Ðàçðàáîòàííàÿ ìîäåëü òàêæå ïîçâîëÿåò 
îïðåäåëèòü çàâèñèìîñòü ìèíóòíîé ïîäà÷è 
ÏÍÂÄ îò äàâëåíèÿ ïåðåêà÷èâàåìîé æèäêîñòè. 
Íà ðèñ. 4 ïðåäñòàâëåíû ãðàôèêè çàâèñèìîñòè 
ïîäà÷è îò äàâëåíèÿ íà âûõîäå ÏÍÂÄ äëÿ ðàñ-
ñìàòðèâàåìûõ õàðàêòåðíûõ ðàçìåðîâ d

í
.

Èç ðèñ. 4 ñëåäóåò, ÷òî ïðè ïðî÷èõ ðàâíûõ 
óñëîâèÿõ ñ óâåëè÷åíèåì õàðàêòåðíîãî ðàçìå-
ðà ïîäà÷à ÏÍÂÄ ðàñòåò, ÷òî ñîîòâåòñòâóåò õà-
ðàêòåðèñòèêàì ñåðèéíî âûïóñêàåìûõ ÏÍÂÄ. 
Îäíàêî çàâèñèìîñòü ðîñòà ïîäà÷è îò õàðàê-
òåðíîãî ðàçìåðà íîñèò íåëèíåéíûé õàðàêòåð, 
è óâåëè÷åíèå õàðàêòåðíîãî ðàçìåðà íå ïðèâî-
äèò ê ïðÿìî ïðîïîðöèîíàëüíîìó ðîñòó ïîäà÷è 
íàñîñà. Íàèáîëüøåå âëèÿíèå íà ïîäà÷ó õàðàê-
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Òàáëèöà 1

 Ïàðàìåòð Îáîçíà÷åíèå Åä. èçìåðåíèÿ Çíà÷åíèå

Äàâëåíèå âîçäóõà â ïíåâìàòè÷åñêîé ëèíèè íàãíåòàíèÿ p
âí

ÌÏà 0,5

Äàâëåíèå âîçäóõà â ïíåâìàòè÷åñêîé ëèíèè âûõëîïà p
ââ

ÌÏà 0,1

Êîýôôèöèåíò ñîïðîòèâëåíèÿ âõîäíîãî êàíàëà ζ
âí

 12

Êîýôôèöèåíò ñîïðîòèâëåíèÿ âûõîäíîãî êàíàëà ζ
ââ

 9

Ïîëîæåíèå êîíå÷íîãî âûêëþ÷àòåëÿ ÂÊ1 x
ÂÊ1

ìì 5

Ïîëîæåíèå êîíå÷íîãî âûêëþ÷àòåëÿ ÂÊ2 x
ÂÊ2

ìì 5

Äèàìåòð ïðîõîäíîãî ñå÷åíèÿ êëàïàíà íàãíåòàíèÿ D
íæ

ìì 2

Ìîäóëü óïðóãîñòè ïåðåêà÷èâàåìîé æèäêîñòè E
æ

ÌÏà 2000

Ïëîòíîñòü ïåðåêà÷èâàåìîé æèäêîñòè ρ êã/ì3 1000

Ñèëà ñóõîãî òðåíèÿ â óïëîòíèòåëüíûõ óçëàõ F
ñò

Í 1000

Êîýôôèöèåíò âÿçêîãî òðåíèÿ μ
ñò

 15

Êîýôôèöèåíò ðàñõîäà μ  0,7

Êîýôôèöèåíò ìåðòâîãî îáúåìà c
ìî

 0,1

Ðèñ. 3. Çàâèñèìîñòü ìãíîâåííîé ïîäà÷è ÏÍÂÄ îò âðåìåíè

Ðèñ. 4. Çàâèñèìîñòü ïîäà÷è íàñîñà îò äàâëåíèÿ ïåðåêà÷èâàåìîé æèäêîñòè

òåðíûé ðàçìåð îêàçûâàåò íà õîëîñòîì õîäó. Ñ 
ðîñòîì äàâëåíèÿ ïåðåêà÷èâàåìîé æèäêîñòè íà 
âûõîäå íàñîñà âëèÿíèå õàðàêòåðíîãî ðàçìåðà 
íà ïîäà÷ó ñíèæàåòñÿ. Èç ýòîãî ñëåäóåò, ÷òî ïðè 

ïðîåêòèðîâàíèè íîâûõ ÏÍÂÄ è âûáîðå ñåðèé-
íî âûïóñêàåìûõ íàñîñîâ ñëåäóåò òùàòåëüíî 
ó÷èòûâàòü âîçìîæíûå óñëîâèÿ ðàáîòû íàñîñîâ 
ñ öåëüþ èñêëþ÷åíèÿ íåîïðàâäàííîãî óâåëè÷å-
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íèÿ ãàáàðèòîâ è, êàê ñëåäñòâèå, ìåòàëëîåìêî-
ñòè è ñòîèìîñòè êîíñòðóêöèè. Â ðÿäå ñëó÷àåâ 
äëÿ ïîâûøåíèÿ ïîäà÷è íàñîñíîé óñòàíîâêè 
ñëåäóåò âìåñòî îäíîãî íàñîñà ïðèìåíÿòü íå-
ñêîëüêî íàñîñîâ ìåíüøåãî òèïîðàçìåðà.

Âëèÿíèå êîýôôèöèåíòîâ K
d
 è K

s
 íà åãî 

ïîäà÷ó ÏÍÂÄ ïðåäñòàâëåíû íà ðèñ. 5. Õàðàê-
òåðíûé ðàçìåð ÏÍÂÄ d

í
 ðàâåí 10 ìì.

Èç ðèñ. 5 ñëåäóåò, ÷òî óâåëè÷åíèå êîýôôè-
öèåíò K

s
 îêàçûâàåò íåñóùåñòâåííîå âëèÿíèå 

íà ïîäà÷ó ÏÍÂÄ. Ðîñò ïîäà÷è ñ óâåëè÷åíèåì 
çíà÷åíèÿ êîýôôèöèåíòà ñâÿçàí ñ òåì, ÷òî çà 
îäèíàêîâûé ïåðèîä ðàáîòû íàñîñà óìåíüøà-
åòñÿ êîëè÷åñòâî ðåâåðñèðîâàíèé ïîðøíÿ, â 
ïðîöåññå êîòîðûõ âûòåñíåíèÿ ïåðåêà÷èâàåìîé 
æèäêîñòè íå ïðîèñõîäèò. Ýòî ïîäòâåðæäàåòñÿ 
òàêæå çàâèñèìîñòüþ, ïðåäñòàâëåííîé íà ðè-
ñóíêå 3. Ïðè ýòîì èç ðèñóíêà 5, à âèäíî, ÷òî 
âëèÿíèå êîýôôèöåíòà K

s 
ñíèæàåòñÿ ñ ðîñòîì 

äàâëåíèÿ íà âûõîäå íàñîñà, òî åñòü ñ ïðèáëè-
æåíèå çíà÷åíèÿ äàâëåíèÿ ïåðåêà÷èâàåìîé æèä-
êîñòè ê ìàêñèìàëüíî âîçìîæíîìó çíà÷åíèþ, 
îïðåäåëÿåìîìó êîýôôèöèåíòîì ìóëüòèïëè-
êàöèè ïîäà÷à íàñîñà ïðàêòè÷åñêè íå çàâèñèò 
îò õîäà ïîðøíÿ. Ýòî ñâÿçàíî ñ òåì, ÷òî âðåìÿ 
ïåðåìåùåíèÿ ïîðøíÿ ñòàíîâèòñÿ ñóùåñòâåí-
íî áîëüøå, ÷åì âðåìÿ ðåâåðñèðîâàíèÿ, êîòî-
ðîå ïåðåñòàåò îêàçûâàòü âëèÿíèå íà ïîäà÷ó 
íàñîñà. Èç ðèñóíêà 5, á è 5, â âèäíà îáðàòíàÿ 
òåíäåíöèÿ: ïðè ïîâûøåíèè äàâëåíèÿ íà âûõîäå 
íàñîñà âëèÿíèå êîýôôèöèåíòà K

s
 óñèëèâàåòñÿ. 

Òàêæå âèäíî, ÷òî ñ ïîâûøåíèåì êîýôôèöèåíòà 
K

d
 ïîäà÷à ÏÍÂÄ ïàäàåò ïðè òåõ æå çíà÷åíèÿõ 

äàâëåíèÿ ïåðåêà÷èâàåìîé æèäêîñòè íà âûõîäå 
íàñîñà. Ñíèæåíèå ïîäà÷è îáúÿñíÿåòñÿ òåì, 
÷òî, íåñìîòðÿ íà ïîâûøåíèå îñåâîãî óñèëèÿ 
íà ïîðøíå âñëåäñòâèå óâåëè÷åíèÿ åãî ýôôåê-
òèâíîé ïëîùàäè, ñóùåñòâåííî óâåëè÷èâàåòñÿ 

Ðèñ. 5. Çàâèñèìîñòü ïîäà÷è ÏÍÂÄ îò êîýôôèöèåíòîâ K
d
 è K

s
 ïðè dí = 10 ìì

Ðèñ. 6. Çàâèñèìîñòü ïîäà÷è ÏÍÂÄ îò êîýôôèöèåíòîâ K
d
 è K

s
 ïðè dí = 15 ìì
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îáúåì ðàáî÷èõ ïîëîñòåé ïðèâîäíîé ñåêöèè, 
÷òî ïðèâîäèò ê çàìåäëåíèþ èõ çàïîëíåíèÿ 
ñæàòûì âîçäóõîì.

Íà ðèñ. 6 ïðåäñòàâëåíû àíàëîãè÷íûå çàâè-
ñèìîñòè äëÿ ÏÍÂÄ ñ õàðàêòåðíûì ðàçìåðîì, 
ðàâíûì 15 ìì.

Èç ðèñ. 6 ñëåäóåò, ÷òî èçìåíåíèå õàðàêòåð-
íîãî ðàçìåðà íàñîñà íå ïîâëèÿëî íà âûÿâëåí-
íûå çàâèñèìîñòè.

Òàêèì îáðàçîì, ìîæíî ñäåëàòü ñëåäóþ-
ùåå çàêëþ÷åíèå: ïðè ïðîåêòèðîâàíèè íîâûõ 
ÏÍÂÄ ñëåäóåò ó÷èòûâàòü óñëîâèÿ åãî ðàáîòû, 
à èìåííî äàâëåíèå ïåðåêà÷èâàåìîé æèäêîñòè 
íà âûõîäå íàñîñà è äàâëåíèå ñæàòîãî âîçäóõà, 
èçáåãàÿ èçáûòî÷íûõ çíà÷åíèé êîýôôèöèåíòà 
óñèëåíèÿ. Èç ïîëó÷åííûõ ðåçóëüòàòîâ òàêæå 
ñëåäóåò, ÷òî îñíîâíûì êðèòåðèåì äëÿ îïðåäå-
ëåíèÿ ðàáî÷åãî õîäà ñîñòàâíîãî ïîðøíÿ íàñîñà 
â ñâÿçè ñ íåçíà÷èòåëüíûì âëèÿíèåì åãî íà 
ïîäà÷ó íàñîñà ÿâëÿåòñÿ ìèíèìèçàöèÿ ãàáàðèò-
íûõ ðàçìåðîâ. Ïðàêòè÷åñêè ìîæíî ïðèíèìàòü 
ðàáî÷èé õîä ïîðøíÿ, ðàâíûé 8…12 äèàìåòðàì 
ïëóíæåðà íàñîñíîé ñåêöèè.

Çàêëþ÷åíèå
Ðàçðàáîòàííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü ñ íå-

êîòîðûìè äîïóùåíèÿìè îïèñûâàåò ôèçè÷åñêèå 
ïðîöåññû, ïðîèñõîäÿùèå ïðè ðàáîòå ÏÍÂÄ. 
Ìîäåëü ïîçâîëÿåò èññëåäîâàòü ôèçè÷åñêèå 
ïðîöåññû, ïðîèñõîäÿùèå ïðè ðàáîòå ÏÍÂÄ, à 
òàêæå îñíîâíûå õàðàêòåðèñòèêè íàñîñîâ. Ïðåä-
ëîæåííûå êîýôôèöèåíòû, îòðàæàþùèå ñîîò-
íîøåíèå äèàìåòðà ïëóíæåðà íàñîñíîé ñåêöèè 
ê äèàìåòðó ïîðøíÿ ïðèâîäíîé ñåêöèè è åãî 
ðàáî÷åìó õîäó, ïîçâîëÿþò èññëåäîâàòü ðàáîòó 
ÏÍÂÄ ðàçëè÷íûõ òèïîðàçìåðîâ ñ öåëüþ îïðå-
äåëåíèÿ ðàöèîíàëüíûõ êîíñòðóêòèâíûõ ïàðàìå-
òðîâ äëÿ îïðåäåëåííûõ óñëîâèé ðàáîòû íàñîñà. 
Ðàçðàáîòàííàÿ ìîäåëü ìîæåò ïðèìåíÿòüñÿ ïðè 
ïðîåêòèðîâàíèè íîâûõ ÏÍÂÄ, à òàêæå èññëå-
äîâàíèè ðàáîòû ñóùåñòâóþùèõ, ïîëó÷åííûìè 
õàðàêòåðíûìè çàâèñèìîñòÿìè ìîæíî ðóêîâîä-
ñòâîâàòüñÿ ïðè âûáîðå ñåðèéíî âûïóñêàåìûõ 
ÏÍÂÄ. Äîïîëíåíèå ìàòåìàòè÷åñêîé ìîäåëè 
óðàâíåíèÿìè, àíàëîãè÷íûìè ïðåäñòàâëåííûì 
â ðàáîòå, ïîçâîëÿåò èññëåäîâàòü ÏÍÂÄ äðóãèõ 
êîíñòðóêòèâíûõ èñïîëíåíèé: íàñîñû äâóêðàò-
íîãî äåéñòâèÿ è íàñîñû ñ ìíîãîïîðøíåâûìè 
ïðèâîäíûìè ñåêöèÿìè.

Äàëüíåéøåå ñîâåðøåíñòâîâàíèå ìàòåìàòè-
÷åñêîé ìîäåëè ÏÍÂÄ áóäåò íàïðàâëåíî íà èñ-

ñëåäîâàíèå ðàáîòû íàñîñà ñ ó÷åòîì äèíàìèêè 
óïðàâëÿþùåé ïíåâìîàïïàðàòóðû, à èññëåäîâà-
íèÿ áóäóò íàïðàâëåíû íà óïðîùåíèå îïðåäåëå-
íèÿ îñíîâíûõ õàðàêòåðèñòèê âíîâü ðàçðàáàòû-
âàåìûõ íàñîñîâ.
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MATHEMATICAL MODELING OF HIGH PRESSURE PNEUMATIC DRIVE PUMP

N.A. ZHurkin, DSc in Engineering A.S. Donskoj, DSc in Engineering A.A. ZHarkovskij
Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russia

zhurkin47@mail.ru

The article considers the issue of mathematical modeling of the operation of high-pressure pneumatic 
drive pumps. As an object of study, the most common and simple constructive version of such pumps is 
considered, this is a single-piston single-acting pump. Its diagram is given and the principle of operation 
is described. In accordance with the basic scheme, a design scheme was developed, which became the 
base with a number of assumptions of a mathematical model that describes the physical processes that 
occur during pump operation. To study pumps of various sizes, the diameter of the plunger of the pump 
section is taken as a characteristic size, and proportionality coefficients are introduced through which the 
diameter of the piston of the drive section and the working stroke of the piston are expressed. From the 
results of mathematical modeling it follows that with an increase in the characteristic size of the pump, 
the pump flow increases, which corresponds to the characteristics of commercially available pumps and 
confirms the adequacy of the mathematical model. In this case, the increase in supply with an increase 
in the characteristic size is nonlinear. The characteristic size has the greatest influence on the pump flow 
when the pump is idling. With increasing pressure of the pumped liquid at the pump outlet, the influence 
of the characteristic size decreases, which means that its increase does not lead to a significant increase 
in flow. The study of the influence of the piston diameter and its stroke on the characteristics of the pump 
made it possible to establish that an increase in stroke does not significantly affect the feed, an increase 
in the piston diameter of the drive section leads to a decrease in feed, all other things being equal. It 
follows from the results that when designing new or choosing serial pumps, one should carefully analyze 
the possible conditions of their operation in order to determine the rational parameters of both the pumps 
themselves and the hydraulic systems in general.
The developed model can be used in the design of new pumps, as well as in the study of existing ones. 
The obtained characteristic dependencies can be guided by the choice of commercially available pump 
samples.

Keywords: pneumatic drive pump, high pressure pump, piston pump, pneumohydraulic pressure trans-
mitter.
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Ñòàòüÿ ïîñâÿùåíà èññëåäîâàíèþ âîçìîæíîñòè êîððåêòèðîâêè ïîëîæåíèÿ âûõîäíîãî çâåíà ïíåâ-
ìîïðèâîäà ìóñêóëüíîãî òèïà óñèëèåì îïåðàòîðà â òî÷êå ïîçèöèîíèðîâàíèÿ. Ìíîãèå ðàáîòû äðó-
ãèõ àâòîðîâ ïîñâÿùåíû ðàçðàáîòêå ïîçèöèîííûõ è êîíòóðíûõ ñèñòåì äëÿ óïðàâëåíèÿ ïíåâìî-
ìóñêóëîì. Äëÿ ïðîìûøëåííûõ ìàíèïóëÿòîðîâ, èñïîëüçóåìûõ äëÿ ïîãðóçî÷íûõ èëè ðàçãðóçî÷íûõ 
ðàáîò, íå òðåáóåòñÿ ñîçäàíèÿ ñëîæíûõ àâòîìàòè÷åñêèõ ñèñòåì óïðàâëåíèÿ. Ïîýòîìó â ðàáîòå ðàñ-
ñìàòðèâàåòñÿ ìåòîäèêà âûâîäà ãðóçà â òðåáóåìóþ ïîçèöèþ ñ ïîìîùüþ ïðèëîæåíèÿ äîïîëíèòåëü-
íîãî óñèëèÿ îïåðàòîðîì âðó÷íóþ. Äëÿ ðàçðàáîòêè ìåòîäèêè áûëà ïîëó÷åíà ìîäåëü, îñíîâàííàÿ íà 
ðàíåå ðàçðàáîòàííîé ìîäåëè äëÿ ïîäúåìà/îïóñêàíèÿ ãðóçà ïíåâìîìóñêóëîì. Â ðåçóëüòàòå ìîäå-
ëèðîâàíèÿ áûëè ïîëó÷åíû ãðàôèêè çàâèñèìîñòè óñèëèÿ îïåðàòîðà îò âåëè÷èíû äîïîëíèòåëüíîãî 
ïåðåìåùåíèÿ äëÿ ïíåâìîìóñêóëà DMSP-10 ïðè p

M
 = var, m = const, à òàêæå çàâèñèìîñòè äëÿ ðÿäà 

ðàçìåðîâ ïíåâìîìóñêóëà (DMSP-10, DMSP-20, DMSP-40) ïðè p
M
 = const, m = var, è äàíû ðåêî-

ìåíäàöèè. Äëÿ ýêñïåðèìåíòàëüíîé ïðîâåðêè ìåòîäèêè áûë ðàçðàáîòàí ñïåöèàëüíûé ñòåíä. Ýêñ-
ïåðèìåíò ïðîâîäèëñÿ äëÿ ïíåâìîìóñêóëà DMSP-10-400N ñ íà÷àëüíûì äèàìåòðîì 0,01 ì è äëèíîé 
0,4 ì. Â õîäå ýêñïåðèìåíòà áûëè ñíÿòû çàâèñèìîñòè óñèëèÿ îïåðàòîðà îò äîïîëíèòåëüíîãî ïåðå-
ìåùåíèÿ â äèàïàçîíå îò 0,001 ì äî 0,01 ì ïðè ðàçíîì ìàãèñòðàëüíîì äàâëåíèè, p

M
 = var è ïîñòî-

ÿííîé ìàññå ãðóçà, m = const. Ðàñõîæäåíèå ñ ðåçóëüòàòàìè ìîäåëèðîâàíèÿ íàõîäèòñÿ â ïðåäåëàõ 
11 %. Ðàçðàáîòàííàÿ ìîäåëü è ïîëó÷åííûå çàâèñèìîñòè ïîçâîëÿþò îöåíèòü óñèëèÿ îïåðàòîðà íà 
ýòàïå ïðîåêòèðîâàíèÿ ïðèâîäà èëè ìàíèïóëÿòîðà è ïîäîáðàòü êîíñòðóêòèâíûå ïàðàìåòðû ïíåâ-
ìîìóñêóëà äëÿ îáåñïå÷åíèÿ òðåáóåìîãî äèàïàçîíà ïîçèöèîíèðîâàíèÿ. 

Êëþ÷åâûå ñëîâà: ïíåâìàòè÷åñêèé ìóñêóë, ïíåâìîìóñêóë FESTO, ïíåâìîïðèâîä, ïíåâìàòè÷åñêèé 
ïðèâîä ìóñêóëüíîãî òèïà, ìåòîäèêà ïîçèöèîíèðîâàíèÿ, óñèëèå îïåðàòîðà.

Ââåäåíèå
Ïðèìåíåíèå ïíåâìîïðèâîäà íà ïíåâìîöè-

ëèíäðàõ â ïðîìûøëåííûõ ìàíèïóëÿòîðàõ 
îáóñëîâëåíî ðÿäîì åãî ïðåèìóùåñòâ ïî ñðàâ-
íåíèþ ñ ãèäðî- èëè ýëåêòðîïðèâîäîì. Ïíåâìî-
ïðèâîä ìîæíî îõàðàêòåðèçîâàòü áîëüøèì áû-
ñòðîäåéñòâèåì, âûñîêîé óäåëüíîé ìîùíîñòüþ, 
ïðîñòîòîé êîíñòðóêöèè, âîçìîæíîñòüþ ðàáî-
òàòü â çàãðÿçíåííûõ è ýêñòðåìàëüíûõ ñðåäàõ 
(íàïðèìåð, â ðàäèàöèîííûõ) [1]. Èìåþùèåñÿ 
íåäîñòàòêè ïíåâìîïðèâîäà íà ïíåâìîöèëèí-
äðàõ, òàêèå êàê ñëîæíîñòü ðåãóëèðîâàíèÿ ñêî-
ðîñòè, áîëüøîé âåñ è ãàáàðèòíûå ðàçìåðû, ïî-
ìîãóò óñòðàíèòü ïðèâîä ìóñêóëüíîãî òèïà [2]. 

Èñïîëüçîâàíèå ïíåâìàòè÷åñêîãî ìóñêóëà 
â êà÷åñòâå ïðèâîäà ïîçâîëèò ñîçäàòü ìàíèïó-
ëÿòîð ñ ìåíüøèìè ãàáàðèòàìè, ïîâûøåííîé 
áåçîïàñíîñòüþ äëÿ îïåðàòîðà è îêðóæàþùåé 
ñðåäû è ëó÷øèìè ýêñïëóàòàöèîííûìè õàðàê-
òåðèñòèêàìè.

Ãëàâíûå íåäîñòàòêè ïðèìåíåíèÿ ïíåâìî-
ìóñêóëà â êà÷åñòâå ïðèâîäà ìàíèïóëÿòîðà îá-
óñëîâëåíû ñâîéñòâàìè ìàòåðèàëà îáîëî÷êè. 
Íåëèíåéíîñòü ñòàòè÷åñêîé õàðàêòåðèñòèêè, à 
òàêæå òàêîå ÿâëåíèå, êàê ãèñòåðåçèñ, óñëîæíÿ-
åò òî÷íîå ìîäåëèðîâàíèå óñèëèÿ, ðàçâèâàåìîãî 
îáîëî÷êîé ïíåâìîìóñêóëà, è ñîçäàíèå ñèñòåìû 
óïðàâëåíèÿ, óäîâëåòâîðÿþùåé òðåáîâàíèÿì 
áûñòðîäåéñòâèÿ, òî÷íîñòè è óñòîé÷èâîñòè. Íà 
ñåãîäíÿøíèé äåíü ìíîæåñòâî ðàáîò ïîñâÿùåíî 
ðåøåíèþ ýòîé ïðîáëåìû. Ãëàâíûì îáðàçîì, ýòî 
ðàçðàáîòêà àâòîìàòè÷åñêèõ ñèñòåì óïðàâëåíèÿ 
ñ ïðèìåíåíèåì ñîâðåìåííûõ ìåòîäîâ óïðàâëå-
íèÿ, òàêèõ êàê ÏÈÄðåãóëèðîâàíèå [3, 4], àäàï-
òèâíîå óïðàâëåíèå [5], óïðàâëåíèå ñ ïîìîùüþ 
ñêîëüçÿùåãî ðåæèìà [6, 7], íåéðîñåòåé [8], êîì-
ïåíñèðîâàíèå ãèñòåðåçèñà [9, 10]. Îäíèì èç íå-
äîñòàòêîâ ÿâëÿåòñÿ âûñîêàÿ ñòîèìîñòü ðåàëè-
çàöèè òàêèõ ñèñòåì óïðàâëåíèÿ, ïîñêîëüêó îíè 
òðåáóþò èñïîëüçîâàíèÿ äîðîãîé àïïàðàòóðû, à 
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òàêæå ïðåäïîëàãàþò ñëîæíîå ìàòåìàòè÷åñêîå 
ìîäåëèðîâàíèå. Âòîðûì íåäîñòàòêîì ÿâëÿåò-
ñÿ òî, ÷òî ñîçäàííûå ñèñòåìû ïðåäïîëàãàþò 
ðàáîòó ïðèâîäà â óñëîâèÿõ ïîñòîÿííîé íàãðóçêè 
è ïëàâíîãî ïîçèöèîíèðîâàíèÿ è íå ó÷èòûâàþò 
ðåçêîå èçìåíåíèå âåñà ãðóçà. Ðåøåíèå ýòîé ïðî-
áëåìû ïðåäëàãàåò K.K. Ahn et. al. [11], êîòîðûé 
ââîäèò ìàãíèòîðåîëîãè÷åñêèå òîðìîçû â ñèñòå-
ìó óïðàâëåíèÿ. Òàêîé ñïîñîá äàåò õîðîøèå ðå-
çóëüòàòû, îäíàêî óñëîæíÿåò êîíñòðóêöèþ ìàíè-
ïóëÿòîðà è ñèñòåìó óïðàâëåíèÿ, è ïîýòîìó íå 
âñåãäà ÿâëÿåòñÿ öåëåñîîáðàçíûì.

Áîëüøîå êîëè÷åñòâî ðàáîò â ïðîìûø-
ëåííîñòè îòâîäèòñÿ íà ïîãðóçî÷íî-ðàçãðó-
çî÷íûå è âñïîìîãàòåëüíûå îïåðàöèè. Òàêèå 
îïåðàöèè ïðèìåíÿþòñÿ ïðè îáñëóæèâàíèè 
ìàøèíîcòðîèòåëüíûõ ïðîèçâîäñòâ, êîíâåéåð-
íûõ ëèíèé, çîí õðàíåíèÿ ãðóçîâ. Â ìåëêîñå-
ðèéíîì ïðîèçâîäñòâå äëÿ âûïîëíåíèÿ òàêèõ 
îïåðàöèé ïðèìåíÿþò îáû÷íî ñáàëàíñèðîâàí-
íûå ìàíèïóëÿòîðû íå ñ àâòîìàòè÷åñêèì, à ñ 
ðó÷íûì óïðàâëåíèåì [12]. Îñîáåííîñòü òàêèõ 
ìàíèïóëÿòîðîâ çàêëþ÷àåòñÿ â òîì, ÷òî ðó÷íîå 
óïðàâëåíèå ðåàëèçóåòñÿ ñ ïîìîùüþ ïíåâìàòè-
÷åñêîé àïïàðàòóðû, óïðàâëÿåìîé îïåðàòîðîì. 
Òàêæå ïðè ôèêñèðîâàííîì ïîëîæåíèè ãðóçà 
åñòü âîçìîæíîñòü åãî äîâîäêè â òðåáóåìîå ïî-
ëîæåíèå ñ ïîìîùüþ ïðèëîæåíèÿ âðó÷íóþ íå-
êîòîðîãî óñèëèÿ îïåðàòîðà.

Äàííàÿ ðàáîòà ïîñâÿùåíà èññëåäîâàíèþ 
âîçìîæíîñòè ïîäúåìà ãðóçà â íóæíîå ïîëîæå-
íèå ñ ïîìîùüþ ïíåâìîìóñêóëà çà ñ÷åò çàäàíèÿ 
ñîîòâåòñòâóþùåãî äàâëåíèÿ è ïîñëåäóþùåé 
êîððåêòèðîâêè ïîãðåøíîñòè ïîçèöèîíèðîâà-
íèÿ âðó÷íóþ óñèëèåì îïåðàòîðà è ðàçðàáîòêå 
ìàòåìàòè÷åñêîé ìîäåëè äëÿ ðàñ÷åòà íåîáõî-
äèìîãî óñèëèÿ. Ïîëó÷åííûå ðåçóëüòàòû áûëè 
ïîäòâåðæäåíû ýêñïåðèìåíòàëüíî.

Îáúåêò èññëåäîâàíèÿ
Â äàííîé ðàáîòå èññëåäóåòñÿ ïíåâìàòè÷å-

ñêèé ïðèâîä ìóñêóëüíîãî òèïà äëÿ ïîäúåìà 
ãðóçà, ðàñ÷åòíàÿ ñõåìà êîòîðîãî ïîêàçàíà íà 
ðèñ. 1. Ðàçðàáîòàííàÿ ìåòîäèêà òàêæå ïîäõîäèò 
è äëÿ ðàñ÷åòà ïíåâìàòè÷åñêèõ ìàíèïóëÿòîðîâ 
ñ ïíåâìîìóñêóëîì â êà÷åñòâå ïðèâîäà. Ðàíåå â 
ðàáîòå [13] áûëà ïðåäñòàâëåíà ìîäåëü è ìåòîäè-
êà ðàñ÷åòà ìàíèïóëÿòîðà ìóñêóëüíîãî òèïà.

Ìàòåìàòè÷åñêàÿ ìîäåëü
Íà îñíîâå îáîáùåííîé ìîäåëè, ðàçðàáî-

òàííîé ðàíåå [2] äëÿ ïîäúåìà è ñïóñêà ãðóçà 
ïíåâìîìóñêóëîì, ó÷èòûâàþùåé äèíàìèêó èç-

ìåíåíèÿ äàâëåíèÿ, áûëà ðàçðàáîòàíà ñëåäóþ-
ùàÿ ìàòåìàòè÷åñêàÿ ìîäåëü äëÿ ïîäúåìà/îïó-
ñêàíèÿ ãðóçà ïðèâîäîì ñ ó÷åòîì äîáàâî÷íîãî 
óñèëèÿ îïåðàòîðà:
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ãäå m – ìàññà ãðóçà, x – êîîðäèíàòà ïðèâî-
äà, T – óñèëèå, ðàçâèâàåìîå ïíåâìîìóñêóëîì, 
h – êîýôôèöèåíò äåìïôèðîâàíèÿ, Q – óñèëèå 
îïåðàòîðà, D

0
 – íà÷àëüíûé äèàìåòð îáîëî÷êè, 

p – äàâëåíèå â îáîëî÷êå ïíåâìîìóñêóëà, p
A
 – 

àòìîñôåðíîå äàâëåíèå, L
0
 – íà÷àëüíàÿ äëèíà îáî-

Ðèñ. 1. Ðàñ÷åòíàÿ ñõåìà ïíåâìàòè÷åñêîãî ïðèâîäà 
ìóñêóëüíîãî òèïà
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ëî÷êè, α
0
 – íà÷àëüíûé óãîë óêëàäêè ñåòêè êîðäà, 

α – óãîë óêëàäêè ñåòêè êîðäà ïîñëå ïîäà÷è äàâëå-
íèÿ, 0 0 0( , ) ( ) ( )rc p D nD p sD e    – æåñòêîñòü 
ïíåâìîìóñêóëà, n, r, s, e – êîððåêòèðîâî÷íûå 
êîýôôèöèåíòû, k – ïîêàçàòåëü àäèàáàòû, f – 
ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ ëèíèè òðóáî-
ïðîâîäà, R – ãàçîâàÿ ïîñòîÿííàÿ, T

M
 – òåìïåðà-

òóðà ãàçà â ìàãèñòðàëè, p
M

 – äàâëåíèå âîçäóõà 
â ìàãèñòðàëè, ζ

Í
 – êîýôôèöèåíò ñîïðîòèâëå-

íèÿ òðóáîïðîâîäà ïðè íàïîëíåíèè ïíåâìîìó-
ñêóëà, ζ

Â
 – êîýôôèöèåíò ñîïðîòèâëåíèÿ òðó-

áîïðîâîäà ïðè îïóñòîøåíèè ïíåâìîìóñêóëà, 
V – îáúåì îáîëî÷êè ïíåâìîìóñêóëà ïîñëå 
ïîäà÷è äàâëåíèÿ, D – äèàìåòð îáîëî÷êè ïíåâ-
ìîìóñêóëà ïîñëå ïîäà÷è äàâëåíèÿ, à – ëîãè÷å-
ñêèé êîýôôèöèåíò, îïðåäåëÿþùèé ïðîöåññ íà-
ïîëíåíèÿ/îïóñòîøåíèÿ (ïðè a = 1 ïðîèñõîäèò 
ïðîöåññ íàïîëíåíèÿ îáîëî÷êè, ïðè a = 0 – ïðî-
öåññ îïóñòîøåíèÿ îáîëî÷êè). 

Ðåçóëüòàòû ìîäåëèðîâàíèÿ 
òèïîðàçìåðîâ ïíåâìîìóñêóëà 
DMSP ïðè p

M
 = 0,7 ÌÏà

Óñèëèÿ îïåðàòîðà ïðè ïåðåìåùåíèè ãðóçà 
íå äîëæíû ïðåâûøàòü 50 H ïðè ãðóçîïîäúåì-
íîñòè äî 100 êã, 100 H – ïðè ãðóçîïîäúåìíîñòè 
100–250 êã è 160 H – â ëþáîì ñëó÷àå [15]. Íà 
ðèñ. 2 ïîêàçàíû ãðàôèêè çàâèñèìîñòè óñèëèÿ 
îïåðàòîðà ïðè äîâîäêå ãðóçà â çàäàííîå ïîëîæå-
íèå, Q(Δx). Ãðàôèêè ïðåäñòàâëåíû äëÿ òðåõ äè-
àìåòðîâ îáîëî÷êè ïíåâìîìóñêóëîâ DMSP-10, 
DMSP-20, DMSP-40 ïðè äëèíå L

0
 = 1500 ìì, 

ìàãèñòðàëüíîì äàâëåíèè p
M

 = 0,7 ÌÏà. Âåðõ-
íÿÿ îñü ñîîòâåòñòâóåò äîâîäêå ãðóçà íà âåëè÷è-
íó äîïîëíèòåëüíîãî ïåðåìåùåíèÿ Δx â ñëó÷àå 
ñõåìû íà ðèñ. 1, íèæíÿÿ îñü ñîîòâåòñòâóåò ïå-
ðåìåùåíèþ ìàíèïóëÿòîðà-ïàíòîãðàôà íà âå-
ëè÷èíó äîïîëíèòåëüíîãî ïåðåìåùåíèÿ Δx·K, 
ãäå K – êîýôôèöèåíò óñèëèÿ (K = 5) [14].

Èç ðèñ. 2 ìîæíî âèäåòü, ÷òî:
– äëÿ òèïîðàçìåðà DMSP-10 óñèëèÿ îïåðà-

òîðà íå ïðåâûøàþò óêàçàííóþ íîðìó Q ≤ 50 H 
ïðè ïåðåìåùåíèè ãðóçà ìàññîé 20 êã íà 
Δx ≤ 0,04 ì (èëè 0,20 ì äëÿ ìàíèïóëÿòîðà);

– äëÿ òèïîðàçìåðà DMSP-20 óñèëèå îïåðà-
òîðà íå ïðåâûøàåò óêàçàííóþ íîðìó Q ≤ 50 H 
ïðè ïåðåìåùåíèè ãðóçà ìàññîé 80 êã íà 
Δx ≤ 0,015 ì (èëè 0,075 ì äëÿ ìàíèïóëÿòîðà), 
÷òî ñîñòàâëÿåò 1% îò äëèíû ïíåâìîìóñêóëà;

– äëÿ òèïîðàçìåðà DMSP-40 óñèëèå îïåðà-
òîðà íå ïðåâûøàåò óêàçàííóþ íîðìó Q ≤ 100 H 
ïðè ïåðåìåùåíèè ãðóçà ìàññîé 150 êã íà 
Δx ≤ 0,01 ì (èëè 0,05 ì äëÿ ìàíèïóëÿòîðà).

Ðèñ. 2. Çàâèñèìîñòü óñèëèÿ îïåðàòîðà îò âåëè÷èíû 
äîïîëíèòåëüíîãî ïåðåìåùåíèÿ äëÿ ðàçíûõ 

Íà ðèñ. 3–5 ïðåäñòàâëåíû ãðàôèêè äëÿ òðåõ 
äèàìåòðîâ îáîëî÷êè ïíåâìîìóñêóëà DMSP-10, 
DMSP-20, DMSP-40, äëÿ ëþáîé äëèíû îáîëî÷-
êè ïðè ïîäúåìå ðàçíûõ ìàññ ãðóçà ïðè ìàãè-
ñòðàëüíîì äàâëåíèè p

M
 = 0,7 ÌÏà. 

Ðèñ. 3. Çàâèñèìîñòü óñèëèÿ îïåðàòîðà îò âåëè÷èíû 
äîïîëíèòåëüíîãî ïåðåìåùåíèÿ äëÿ ïíåâìîìóñêóëà 

DSMP-10 ïðè pM = 0,7 ÌÏà, m = var

Ðèñ. 4. Çàâèñèìîñòü óñèëèÿ îïåðàòîðà îò âåëè÷èíû 
äîïîëíèòåëüíîãî ïåðåìåùåíèÿ äëÿ ïíåâìîìóñêóëà 

DSMP-20 ïðè pM = 0,7 ÌÏà, m = var
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Ðèñ. 5. Çàâèñèìîñòü óñèëèÿ îïåðàòîðà îò âåëè÷èíû 
äîïîëíèòåëüíîãî ïåðåìåùåíèÿ äëÿ ïíåâìîìóñêóëà 

DSMP-40 ïðè pM = 0,7 ÌÏà, m = var

Èç ðèñ. 3–5 ìîæíî ñäåëàòü ñëåäóþùèå 
âûâîäû:

– ÷åì áîëüøå äëèíà îáîëî÷êè, òåì áîëüøå 
äèàïàçîí ïîçèöèîíèðîâàíèÿ ãðóçà îïåðàòîðîì;

– ïðè ïîäúåìå ãðóçà áîëåå 80 êã íåîáõîäèìî 
âûáèðàòü äëèíó îáîëî÷êè áîëåå 1 ì äëÿ îáå-
ñïå÷åíèÿ äèàïàçîíà ïîçèöèîíèðîâàíèÿ.

Îïèñàíèå ýêñïåðèìåíòàëüíîé 
óñòàíîâêè
Äëÿ ïðîâåðêè ïîëó÷åííîé ìàòåìàòè÷åñêîé 

ìîäåëè áûë ðàçðàáîòàí ñòåíä ñ îáîðóäîâàíè-
åì ôèðìû FESTO è ïðîâåäåí ýêñïåðèìåíò. Íà 
ðèñ. 6 ïðåäñòàâëåíà ïðèíöèïèàëüíàÿ ñõåìà 
ýêñïåðèìåíòàëüíîé óñòàíîâêè.

Óñòàíîâêà ñîñòîèò èç ïíåâìîìóñêóëà 1 
FESTO DMSP-10-400N-PM-CM, çàêðåïëåííî-
ãî íà êðîíøòåéíå. Ê ïíåâìîìóñêóëó ïîäâåøåí 
ãðóç 2. Â êà÷åñòâå ñèëîâîé ÷àñòè óñòàíîâêè èñ-
ïîëüçóåòñÿ êîìïðåññîð JUN-AIR, ìîäåëü 6-25. 
Ôóíêöèþ áëîêà ïîäãîòîâêè âîçäóõà (ÁÏÂ) è 
ðåãóëèðîâàíèÿ äàâëåíèÿ â ñèñòåìå èñïîëíÿ-
åò ðåãóëÿòîð 3 FESTO LFR-QS4-5M-MICRO. 

Äëÿ êîíòðîëÿ çà ïîòîêîì âîçäóõà â îáîëî÷-
êå ïíåâìîìóñêóëà èñïîëüçóåòñÿ ïíåâìàòè÷å-
ñêèé ðàñïðåäåëèòåëü 4 FESTO DIDACTIC D: 
S-PSV-3/2-S-3+S. Äàííûå î ïåðåìåùåíèè ãðóçà 
èçìåðÿþòñÿ ñ ïîìîùüþ äàò÷èêà äâèæåíèÿ 5 
TWK D40041 RP 12/300 è ïåðåäàþòñÿ íà àíà-
ëîãîâî-öèôðîâîé ïðåîáðàçîâàòåëü (ÀÖÏ). 
Ïðèêëàäûâàåìîå óñèëèå îïåðàòîðà ôèêñèðóåò-
ñÿ ñ ïîìîùüþ äèíàìîìåòðà 6 ÄÎÑÌ-3-0,1. 

Â òàáëèöå 1 ïðåäñòàâëåíû ïàðàìåòðû äëÿ 
ýêñïåðèìåíòà.

Ìåòîäèêà ïðîâåäåíèÿ 
ýêñïåðèìåíòà
Áûëî ïðîâåäåíî ýêñïåðèìåíòàëüíîå èññëå-

äîâàíèå ïðè ïîñòîÿííîé ìàññå ãðóçà m, äèà-
ìåòðå îáîëî÷êè ïíåâìîìóñêóëà D

0
 è äîïîëíè-

òåëüíîì ïåðåìåùåíèè Δx è îäíîì èçìåíÿåìîì 
ïàðàìåòðå p – äàâëåíèè, ïîäàâàåìîì â îáîëî÷-
êó ïíåâìîìóñêóëà. Ïåðåä íà÷àëîì ýêñïåðèìåí-
òà ïíåâìîìóñêóë ñ ïîäâåøåííûì ãðóçîì áûë 
óñòàíîâëåí â íóëåâîå ïîëîæåíèå, êàê ïîêàçàíî 
íà ðèñ. 6. Äëÿ ñíÿòèÿ çàâèñèìîñòåé Q

Ý
(p) â îáî-

ëî÷êå óñòàíàâëèâàëîñü îïðåäåëåííîå çíà÷åíèå 
äàâëåíèÿ p (òàáëèöà 1) ïðè ïîìîùè ðåãóëÿòîðà 
è çàòåì ïðèêëàäûâàëîñü óñèëèå îïåðàòîðà äëÿ 

Òàáëèöà 1 
Ïàðàìåòðû äëÿ ýêñïåðèìåíòàëüíîé ïðîâåðêè

Ïàðàìåòð Çíà÷åíèå Åä. èçì

Íà÷àëüíàÿ äëèíà ïíåâìîìóñêóëà, L
0

0,4 ì

Íà÷àëüíûé äèàìåòð ïíåâìîìóñêóëà, D
0

0,01 ì

Íà÷àëüíîå äàâëåíèå â ïíåâìîìóñêóëå, p
A

1 Ïà·105

Íà÷àëüíîå ñîêðàùåíèå, x/L
0

0 %

Íà÷àëüíîå óñèëèå, T 0 Í

Äàâëåíèå â îáîëî÷êå, p 2; 3; 4; 5; 6; 7 Ïà·105

Ìàññà ãðóçà, m 5 êã

Äîïîëíèòåëüíîå ïåðåìåùåíèå, Δx -0,001; -0,005; -0,01; 0,001; 0,005; 0,01 ì

Ðèñ. 6. Ïðèíöèïèàëüíàÿ ñõåìà 
ýêñïåðèìåíòàëüíîé óñòàíîâêè
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äîïîëíèòåëüíîãî ïåðåìåùåíèÿ ïíåâìîìóñêóëà 
íà âåëè÷èíó Δx. Ýêñïåðèìåíòàëüíîå èññëåäî-
âàíèå áûëî âûïîëíåíî äëÿ âñåõ óêàçàííûõ çíà-
÷åíèé ïåðåìåùåíèÿ Δx.

Îáðàáîòêà ðåçóëüòàòîâ
Ñòàòèñòè÷åñêàÿ îáðàáîòêà ýêñïåðèìåíòàëü-

íûõ äàííûõ ïðîâîäèëàñü ìåòîäîì íàèìåíüøèõ 
êâàäðàòîâ. Êðèâàÿ çàâèñèìîñòè Q(p), ïîëó÷åí-
íàÿ â ðåçóëüòàòå ìîäåëèðîâàíèÿ, èìååò âèä ïî-
ëèíîìà âòîðîé ñòåïåíè:

 
2( )Q p a bp cp   , (3)

ãäå a, b, c – ïàðàìåòðû ôóíêöèè.
Äëÿ îïðåäåëåíèÿ êîýôôèöèåíòîâ ïîëèíîìà 

çàïèøåì ñèñòåìó óðàâíåíèé:
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2 3

1 1 1 1

2 3 4 2
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i i i i

na b p c p Q
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a p c p p Q p

  

   

   


  




  



  


  

   

   

Ý

Ý

Ý

 (4)

ãäå n – êîëè÷åñòâî ýêñïåðèìåíòàëüíûõ òî÷åê, 
Q

Ý
 – ýêñïåðèìåíòàëüíîå çíà÷åíèå ñèëû îïå-

ðàòîðà. Ïîñëå ïîäñòàíîâêè çíà÷åíèé äàííûõ, 
ïîëó÷åííûõ â ýêñïåðèìåíòå, â óðàâíåíèÿ è ðå-
øåíèÿ ñèñòåìû (4) îïðåäåëÿþòñÿ ïàðàìåòðû 
a, b, c, êîòîðûå ïîäñòàâëÿþòñÿ â óðàâíåíèå (3) 
äëÿ îïðåäåëåíèÿ êðèâîé ýêñïåðèìåíòàëüíîé 
çàâèñèìîñòè Q

Ý
(p).

Ñðàâíåíèå ñ ðåçóëüòàòàìè 
ìîäåëèðîâàíèÿ
Íà ðèñ. 7–9 ïðåäñòàâëåíû ãðàôèêè çàâèñè-

ìîñòåé, ïîëó÷åííûõ ñ ïîìîùüþ ìàòåìàòè÷å-
ñêîãî ìîäåëèðîâàíèÿ, Q(p) (ñïëîøíàÿ êðèâàÿ) 
è ýêñïåðèìåíòà, QÝ(p) (øòðèõîâàÿ êðèâàÿ).

Íà ðèñ. 7–9 ïðåäñòàâëåíû ãðàôèêè çàâèñè-
ìîñòè óñèëèÿ îïåðàòîðà äëÿ ïíåâìîìóñêóëà 
DMSP10-400N ïðè ðàçíîì äàâëåíèè, ïîäàâà-
åìîì â îáîëî÷êó. Èñõîäÿ èç ðèñ. 7–9 ìîæíî 
ñäåëàòü âûâîä, ÷òî ÷åì áîëüøå äàâëåíèå, òåì 
ìåíüøåå çíà÷åíèå óñèëèÿ îïåðàòîðà íåîáõîäè-
ìî äëÿ ïîçèöèîíèðîâàíèÿ ãðóçà.

Â ïðèâåäåííûõ ðåçóëüòàòàõ ìîæíî âèäåòü:
1. Êðèâûå, ïîëó÷åííûå ðàñ÷åòíûì ïóòåì, 

äàþò ïðàâèëüíîå êà÷åñòâåííîå îïèñàíèå èçìå-
íåíèÿ óñèëèÿ îïåðàòîðà â çàâèñèìîñòè îò ïîäà-
âàåìîãî äàâëåíèÿ â îáîëî÷êó ïíåâìîìóñêóëà. 
Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïîäòâåðäè-

ëè ðàíåå äàííûå ðåêîìåíäàöèè: óñèëèÿ îïåðà-
òîðà óáûâàþò ñ âîçðàñòàíèåì äàâëåíèÿ.

2. Êîëè÷åñòâåííîå ðàñõîæäåíèå ðàñ÷åòíûõ 
è ýêñïåðèìåíòàëüíûõ òî÷åê íå áîëåå 11 %.

3. Ïîëó÷åííûå ðåçóëüòàòû ïîäòâåðæäàþò 
àäåêâàòíîñòü ðàçðàáîòàííîé ìàòåìàòè÷åñêîé 
ìîäåëè ýêñïåðèìåíòàëüíûì äàííûì.

Âûâîäû
Â ïðåäñòàâëåííîé ðàáîòå áûëî ïðîâåäå-

íî ìîäåëèðîâàíèå ïîçèöèîíèðîâàíèÿ ïíåâ-
ìîìóñêóëà óñèëèåì îïåðàòîðà ïðè ïîäúåìå 
è îïóñêàíèè ãðóçà è âûïîëíåíà ýêñïåðèìåí-
òàëüíàÿ ïðîâåðêà ðàçðàáîòàííîé ìàòåìàòè÷å-
ñêîé ìîäåëè. Â ðåçóëüòàòå ñðàâíåíèÿ ðåçóëü-
òàòîâ ìîäåëèðîâàíèÿ è ýêñïåðèìåíòàëüíûõ 
äàííûõ áûëà ïîäòâåðæäåíà ðàáîòîñïîñîáíîñòü 
ìîäåëè. Ïðèâåäåííûå çàâèñèìîñòè íà ðèñ. 3–5 
è 7–9 ïîçâîëÿþò îöåíèòü óñèëèÿ îïåðàòîðà è 
ïîäîáðàòü íåîáõîäèìûé äèàìåòð, äëèíó îáî-
ëî÷êè è ïîäàâàåìîå äàâëåíèå â çàâèñèìîñòè îò 
ïåðåìåùàåìîé ìàññû ãðóçà. Ìîäåëü ïîäõîäèò 
äëÿ äàëüíåéøåãî åå ïðèìåíåíèÿ â ñáàëàíñèðî-
âàííûõ ïîçèöèîííûõ ïíåâìàòè÷åñêèõ ìàíèïó-
ëÿòîðàõ.
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Ðèñ. 7. Çàâèñèìîñòü óñèëèÿ îïåðàòîðà îò äàâëåíèÿ â îáîëî÷êå ïíåâìîìóñêóëà 
ïðè äîïîëíèòåëüíîì ïåðåìåùåíèè ïíåâìîìóñêóëà, Δx = 0,001 ì: 

à) ïðè ïîäúåìå ãðóçà â òî÷êó ïîçèöèîíèðîâàíèÿ; á) ïðè îïóñêàíèè ãðóçà â òî÷êó ïîçèöèîíèðîâàíèÿ

Ðèñ. 8. Çàâèñèìîñòü óñèëèÿ îïåðàòîðà îò äàâëåíèÿ â îáîëî÷êå ïíåâìîìóñêóëà 
ïðè äîïîëíèòåëüíîì ïåðåìåùåíèè ïíåâìîìóñêóëà, Δx = 0,005 ì: 

à) ïðè ïîäúåìå ãðóçà â òî÷êó ïîçèöèîíèðîâàíèÿ; á) ïðè îïóñêàíèè ãðóçà â òî÷êó ïîçèöèîíèðîâàíèÿ 

Ðèñ. 9. Çàâèñèìîñòü óñèëèÿ îïåðàòîðà îò äàâëåíèÿ â îáîëî÷êå ïíåâìîìóñêóëà 
ïðè äîïîëíèòåëüíîì ïåðåìåùåíèè ïíåâìîìóñêóëà, Δx = 0,01 ì: 

à) ïðè ïîäúåìå ãðóçà â òî÷êó ïîçèöèîíèðîâàíèÿ; á) ïðè îïóñêàíèè ãðóçà â òî÷êó ïîçèöèîíèðîâàíèÿ
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THE STUDY OF THE POSITIONING OF THE MUSCLE-TYPE DRIVE 
BY THE OPERATOR’S EFFORT DURING THE VERTICAL MOVEMENT OF THE LOAD

L.A. Kotkas, DSc in Engineering A.S. Donskoj, DSc in Engineering A.A. ZHarkovskij
Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russia

kotkas334@gmail.com

The article is dedicated to study of output link position control by operator force in pneumatic mus-
cle-based actuator. Other researches elaborated control pneumatic systems with pneumatic muscle. 
Position control of industrial manipulators for loading and unloading operations doesn’t require develop-
ment of complex automatic control systems. In this work the methodology of load position control with 
manual operator force was elaborated. Presented mathematical model of pneumatic muscle position 
control is based on earlier model for lifting and dropping load. As a result of modelling the characteris-
tics of operator force/additional movement relationship were obtain for pneumatic muscle DMSP-10 for 
p

M
 = var, m = const and for a range of dimensions of pneumatic muscle (DMSP-10, DMSP-20, DMSP-40) 

for p
M
 = const, m = const and recommendations were made. For verification of position control model, 

the experimental bed was designed. Experiment was carried out for pneumatic muscle DMSP-10-400N 
with initial diameter 0,01 m and initial length 0,4 m. As a result, the characteristics of operator force/
additional movement relationship in range of 0,001–0,01 m for different pressure, p

M
 = var and constant 

mass, m = const were obtained. The difference between results of experimental results and mathemat-
ical modeling is up to 11 %. The obtained model and dependencies allow to estimate operator forces 
during the design stage of actuator or manipulator and calculate construction parameters of pneumatic 
muscle for required position range.

Keywords: pneumatic muscle, FESTO pneumatic muscle, pneumatic actuator, pneumatic muscle-based 
actuator, position control methodology, operator force.
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Îäíèì èç àëüòåðíàòèâíûõ âèäîâ òîïëèâà äëÿ ÄÂÑ ÿâëÿåòñÿ ãåíåðàòîðíûé ãàç (ÃÃ). Îäíàêî ïðè 
ðàáîòå äâèãàòåëÿ íà ãåíåðàòîðíîì ãàçå íàáëþäàåòñÿ ñíèæåíèå ðàçâèâàåìîé ìîùíîñòè äî 40 %, 
÷òî ñâÿçàíî ñ íèçêîé ñêîðîñòüþ ñãîðàíèÿ ãåíåðàòîðíîãî ãàçà ïî ñðàâíåíèþ ñ áåíçèíîì. Ñíèæå-
íèå ñêîðîñòè ñãîðàíèÿ ÷àñòè÷íî ìîæíî êîìïåíñèðîâàòü óâåëè÷åíèåì óãëà îïåðåæåíèÿ çàæèãàíèÿ. 
Äðóãèì íåãàòèâíûì ñâîéñòâîì ÃÃ ÿâëÿåòñÿ ïîíèæåííàÿ, â ñðàâíåíèè ñ áåíçèíîì, íèçøàÿ ðàñ-
÷åòíàÿ òåïëîòà ñãîðàíèÿ. Êîìïåíñàöèÿ ïîíèæåííîé òåïëîòû ñãîðàíèÿ ÃÃ ìîæåò áûòü äîñòèãíóòà 
óâåëè÷åíèåì ïðîõîäíîãî ñå÷åíèÿ âïóñêíîãî òðàêòà, à òàêæå ðàçðàáîòêîé ñìåñèòåëüíîãî óñòðîé-
ñòâà, îáåñïå÷èâàþùåãî ñîçäàíèå îïòèìàëüíîãî ñîñòàâà ñìåñè íà âñåõ ðåæèìàõ. Äëÿ èññëåäî-
âàíèÿ õàðàêòåðèñòèê ñìåñèòåëüíûõ óñòðîéñòâ è îïðåäåëåíèÿ îïòèìàëüíîãî ñîñòàâà òîïëèâíîé 
ñìåñè áûë ðàçðàáîòàí èññëåäîâàòåëüñêèé ñòåíä ñ âîçìîæíîñòüþ ðåãèñòðàöèè âñåõ ïîêàçàòåëåé è 
äàëüíåéøèì âûâîäîì èõ íà ÏÝÂÌ. Àíàëèç ðàçëè÷íûõ ñìåñèòåëåé äëÿ ïîäà÷è ÃÃ è âîçäóõà ïîçâî-
ëèë óñòàíîâèòü îïòèìàëüíóþ êîíñòðóêöèþ, ïîçâîëÿþùóþ êà÷åñòâåííîå è êîëè÷åñòâåííîå ðåãóëè-
ðîâàíèå ñîñòàâà ñìåñè. Ñ öåëüþ ïîëó÷åíèÿ îïòèìàëüíîãî ñîñòàâà ñìåñè ïðåäëàãàåòñÿ çàìåíèòü 
ìåõàíè÷åñêèé ïðèâîä çàñëîíîê ýëëèïòè÷åñêèì ïðèâîäîì ñ ãèáêîé ñâÿçüþ. Âîçìîæíîñòü çàìåíû 
îáîñíîâàíà ðàçðàáîòàííîé ìàòåìàòè÷åñêîé ìîäåëüþ. Ïðåäëàãàåìàÿ êîíñòðóêöèÿ ñìåñèòåëÿ ïî-
çâîëÿåò ïîëó÷èòü ëþáîå ñîîòíîøåíèå óãëîâ îòêðûòèÿ âîçäóøíîé è äðîññåëüíîé çàñëîíîê ïóòåì 
èçìåíåíèÿ êèíåìàòè÷åñêèõ ïàðàìåòðîâ ïðèâîäà. Äëÿ ìèíèìèçàöèè ïàäåíèÿ ìîùíîñòè äâèãàòåëÿ, 
óëó÷øåíèÿ åãî ïðèåìèñòîñòè öåëåñîîáðàçíî èñïîëüçîâàòü ñìåñü ÃÃ ñ áåíçèíîì, äëÿ ÷åãî âîçìîæ-
íà ïîñëåäîâàòåëüíàÿ ñî ñìåñèòåëüíûì óçëîì óñòàíîâêà êàðáþðàòîðà.

Êëþ÷åâûå ñëîâà: ãåíåðàòîðíûé ãàç, àëüòåðíàòèâíàÿ ýíåðãåòèêà, ñìåñü áåíçèíà è ãåíåðàòîðíîãî 
ãàçà, ñìåñèòåëüíîå óñòðîéñòâî, ýëëèïòè÷åñêàÿ ïåðåäà÷à.

 Ââåäåíèå
Èñïîëüçîâàíèå ãåíåðàòîðíîãî ãàçà, êàê àëü-

òåðíàòèâíîãî âèäà òîïëèâà, â íàñòîÿùåå âðåìÿ 
àêòóàëüíî, êàê íèêîãäà. Ýòî ïîäòâåðæäàåòñÿ 
âîçìîæíîñòüþ ïîëó÷åíèÿ òîïëèâà èç ëþáîãî 
âèäà äðåâåñèíû, â ëþáîì ìåñòå, ïðè íåâûñîêîé 
ñòîèìîñòè îáîðóäîâàíèÿ. Ïîñëåäíåå îáñòîÿ-
òåëüñòâî îñîáåííî âàæíî äëÿ ðàéîíîâ, ñíàáæå-
íèå êîòîðûõ òðàäèöèîííûìè âèäàìè òîïëèâà 
ñèëüíî çàòðóäíåíî.

Åùå îäíèì ïðåèìóùåñòâîì ÃÃ ñëåäóåò ñ÷è-
òàòü åãî öåíó, êîòîðàÿ çíà÷èòåëüíî íèæå, ÷åì 
öåíà áåíçèíà èëè ñæèæåííîãî ãàçà. Òåì íå 
ìåíåå, øèðîêîå ïðèìåíåíèå ÃÃ ñäåðæèâàåòñÿ 
ðÿäîì íåäîñòàòêîâ, îäèí èç êîòîðûõ – íåäî-
ñòàòî÷íàÿ èçó÷åííîñòü îñîáåííîñòåé ïðîöåñ-
ñà ñãîðàíèÿ. Ñîîòâåòñòâåííî, îòñóòñòâóþò 
íàó÷íî îáîñíîâàííûå ðåêîìåíäàöèè ïî ìîäåð-
íèçàöèè äâèãàòåëåé [1, 2, 3, 4] ïðè èõ ïåðåâîäå 
äëÿ ðàáîòû íà ÃÃ.

Äëÿ ýôôåêòèâíîé ðàáîòû èñêðîâîãî ÄÂÑ 
íåîáõîäèìà îäíîðîäíàÿ ñìåñü òîïëèâà (ãåíå-
ðàòîðíîãî ãàçà) è âîçäóõà, êîòîðóþ ñîçäàåò 
ñìåñèòåëü. Îñíîâíàÿ çàäà÷à ñìåñèòåëÿ – ïðè-
ãîòàâëèâàòü îïòèìàëüíóþ ïî ñîñòàâó ðàáî÷óþ 
ñìåñü äëÿ âñåõ ðåæèìîâ ðàáîòû ÄÂÑ ïðè ìè-
íèìàëüíîì ñîïðîòèâëåíèè äðîññåëèðîâàíèþ.

Öåëü è çàäà÷è
Öåëüþ íàñòîÿùåãî èññëåäîâàíèÿ ÿâëÿåòñÿ 

ðàçðàáîòêà îïòèìàëüíîé êîíñòðóêòèâíî-òåõíî-
ëîãè÷åñêîé ñõåìû ñìåñèòåëüíîãî óñòðîéñòâà ÃÃ 
ñ âîçäóõîì. Äëÿ äîñòèæåíèÿ ïîñòàâëåííîé öåëè 
áûëî íåîáõîäèìî ðåøèòü ñëåäóþùèå çàäà÷è:

– îïðåäåëèòü òèï ïðèìåíÿåìîãî ñìåñèòåëÿ;
– ïðåäëîæèòü ñïîñîá äîïîëíèòåëüíîé ïî-

äà÷è áåíçèíà;
– òåîðåòè÷åñêè îáîñíîâàòü è ýêñïåðèìåí-

òàëüíî ðàçðàáîòàòü îïòèìàëüíóþ êèíåìàòè÷å-
ñêóþ ñõåìó ïðèâîäà çàñëîíîê.
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Ìåòîäû èññëåäîâàíèÿ
Äëÿ âñåñòîðîííåãî èçó÷åíèÿ ïðîöåññà ñãî-

ðàíèÿ ãåíåðàòîðíîãî ãàçà â èñêðîâîì äâèãàòå-
ëå áûë èñïîëüçîâàí ìîòîðíûé ñòåíä ñ íåîáõî-
äèìûì íàáîðîì èçìåðèòåëüíîãî îáîðóäîâàíèÿ 
(ðèñ. 1).

 
Ðåçóëüòàòû è îáñóæäåíèå
Îáçîð èçâåñòíûõ êîíñòðóêöèé ñìåñèòåëåé 

[5, 6, 7, 8] ïîçâîëèë âûÿâèòü 3 èõ îñíîâíûõ 
òèïà: ýæåêòîðíûé, çîëîòíèêîâûé, ñìåñèòåëü 
òèïà «Òðîéíèê» (ðèñ. 2).

Ïðè àíàëèçå êîíñòðóêöèè îñíîâíûõ òèïîâ 
ñìåñèòåëåé [6] âèäíî, ÷òî âñå îíè ïîçâîëÿþò 

ðåàëèçîâàòü õîðîøåå ïåðåìåøèâàíèå ÃÃ ñ âîç-
äóõîì äëÿ ïîëó÷åíèÿ îäíîðîäíîé ñìåñè ñ çà-
äàííûì ñòåõèîìåòðè÷åñêèì ñîñòàâîì. Íî, êàê 
ïîêàçàëè èññëåäîâàíèÿ [8], õàðàêòåðèñòèêè 
ñìåøèâàíèÿ ïî÷òè íå îêàçûâàþò âëèÿíèÿ íà 
âåëè÷èíó ðàçâèâàåìîé äâèãàòåëåì ìîùíîñòè.

Äîçèðîâàíèå ÃÃ è âîçäóõà â ðàññìîòðåí-
íûõ ñìåñèòåëÿõ îñóùåñòâëÿåòñÿ çàñëîíêàìè, 
ïðè÷åì âðó÷íóþ. Ýòî íå âïîëíå óäîáíî âî 
âðåìÿ ðàáîòû ÄÂÑ.

Èçìåíÿÿ ïîëîæåíèå äðîññåëüíîé è âîçäóø-
íîé çàñëîíîê, ìû ìîæåì âëèÿòü íà ìîùíîñòü 
äâèãàòåëÿ êàê êîëè÷åñòâåííûì, òàê è êà÷å-
ñòâåííûì ñîñòàâîì ñìåñè (ðèñ. 3).

   

 à á

Ðèñ. 1. Îáùèé âèä èñïûòàòåëüíîãî ñòåíäà (à); ñõåìà èññëåäîâàíèÿ ðàáîòû ÄÂÑ íà ÃÃ ãàçå (á)

 á â
Ðèñ. 2. Òèïû ñìåñèòåëåé: 

à) ýæåêòîðíûé; á) çîëîòíèêîâûé; â) ñìåñèòåëü «Òðîéíèê»

à
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Äëÿ ïîëó÷åíèÿ ïîñòîÿííîãî çàäàííîãî çíà-
÷åíèÿ êà÷åñòâåííîãî ñîñòàâà íåîáõîäèìî ñî-
åäèíèòü äðîññåëüíóþ è âîçäóøíóþ çàñëîíêè 
(ðèñ. 4, à) ðû÷àãàìè.

Ïðè ýòîì áóäåò íàáëþäàòüñÿ ëèíåéíàÿ çà-
âèñèìîñòü óãëîâ îòêðûòèÿ âîçäóøíîé è äðîñ-
ñåëüíîé çàñëîíîê (ëèíèÿ 2 íà ðèñ. 5).

Äëÿ îáîãàùåíèÿ òîïëèâíîé ñìåñè (ïðè 
ðàáîòå äâèãàòåëÿ íà õîëîñòîì õîäó è â ðåæèìå 

ìàêñèìàëüíîé ìîùíîñòè) èëè åå îáåäíåíèÿ 
(ïðè óñòàíîâèâøèìñÿ ðåæèìå ðàáîòû ÄÂÑ) 
òðåáóåòñÿ íåëèíåéíàÿ çàâèñèìîñòü ïðîõîäíîãî 
ñå÷åíèÿ âîçäóøíîé çàñëîíêè îò óãëà åå ïîâî-
ðîòà (ëèíèè 1 è 3 íà ðèñ. 5).

Ýòî âîçìîæíî îáåñïå÷èòü, åñëè ïðèìåíèòü 
ýëëèïòè÷åñêóþ ïåðåäà÷ó ñ ãèáêîé íåðàñòÿ-
æèìîé ñâÿçüþ â ïðèâîäå çàñëîíîê (ðèñ. 4, á). 
Çàäàâàÿ ñîîòíîøåíèå ðàäèóñîâ ýëëèïñîâ, ðà-

Ðèñ. 3. Âëèÿíèå óãëà ïîâîðîòà çàñëîíêè íà êîëè÷åñòâåííûé è êà÷åñòâåííûé ñîñòàâ ñìåñè

    
 à á

Ðèñ. 4. Âàðèàíòû ñîåäèíåíèÿ äðîññåëüíîé è âîçäóøíîé çàñëîíîê: 
à) ïðè ïîìîùè òÿã; á) ïðè ïîìîùè ýëëèïñîâ è íåðàñòÿæèìîé íèòè

Ðèñ 5. Çàâèñèìîñòü óãëîâ îòêðûòèÿ âîçäóøíîé è äðîññåëüíîé çàñëîíîê: 
1 – ïðè èñïîëüçîâàíèè òÿã; 2,3 – ïðè èñïîëüçîâàíèè ýëëèïñîâ
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äèàëüíûé ýêñöåíòðèñèòåò, à òàêæå íà÷àëüíîå 
âçàèìíîå ïîëîæåíèå ýëëèïñîâ, ìîæíî ïîëó-
÷èòü ðàçëè÷íûé êà÷åñòâåííûé ñîñòàâ ñìåñè 
ïðè ðàçëè÷íûõ óãëàõ îòêðûòèÿ äðîññåëüíîé 
çàñëîíêè (ðèñ. 6).

Ðàçðàáîòêà è àíàëèç ìàòåìàòè÷åñêîé ìî-
äåëè äâèæåíèÿ çàñëîíîê ïðè èõ óïðàâëåíèè 
ýëëèïòè÷åñêîé ïåðåäà÷åé ïîçâîëèëà ðåøèòü 
çàäà÷ó îïðåäåëåíèÿ âçàèìíîé çàâèñèìîñòè 
óãëîâ ïîâîðîòà çàñëîíîê (ðèñ. 6).

Äëÿ îïðåäåëåíèÿ çàâèñèìîñòè óãëîâ ïîâî-
ðîòà ýëëèïñîâ áûëè ïðèíÿòû ñëåäóþùèå äîïó-
ùåíèÿ:

– óãîë ïîâîðîòà ýëëèïñîâ ñîñòàâëÿåò 0…90;
– äëèíà ãèáêîé ñâÿçè ïîñòîÿííà âî âðåìåíè.
Òîãäà, äëÿ îïèñàííûõ âûøå óñëîâèé ñïðà-

âåäëèâî ðàâåíñòâî:

 w · p = w · p,  (1)

ãäå w – óãëîâàÿ ñêîðîñòü âåäóùåãî ýëëèïñà 
(ÂÙ); w – óãëîâàÿ ñêîðîñòü âåäîìîãî ýëëèïñà 
(ÂÌ); p – ðàäèóñ-âåêòîð òî÷êè ÂÙ; ð – ðàäè-
óñ-âåêòîð òî÷êè ÂÌ.

Îáîçíà÷èì âçàèìîñâÿçü ìåæäó óãëàìè α è φ 
ïîâîðîòà ýëëèïñîâ, êàê ôóíêöèþ:

  f   .  (2)

Òîãäà óãëîâàÿ ñêîðîñòü âåäîìîãî ýëëèïñà 
ìîæåò áûòü íàéäåíà, êàê:

 

dw
dt


 .  (3)

Óãëîâóþ ñêîðîñòü ýëëèïñà â ïîëÿðíûõ êîîð-
äèíàòàõ ìîæíî çàïèñàòü ñëåäóþùèì îáðàçîì:

 

  d f d d dw w
dt d dt d
   

    





. (4)

Óðàâíåíèÿ â ïîëÿðíûõ êîîðäèíàòàõ äëÿ ðà-
äèóñ-âåêòîðîâ:

– âåäóùåãî ýëëèïñà:

 

1 2
2 2 2 2

1 2( ) sin ( ) cos
R R

R R



 







; (5)

– âåäîìîãî ýëëèïñà:

 

1 2
2 2 2 2

1 2( ) cos ( ) sin
R R

R R


 
 

  
. (6)

ãäå R
1
 è R

2
 – ïîëóîñè ýëëèïñîâ, ñîîòâåòñòâåí-

íî, (ρ’, φ) è (ρ, φ) – êîîðäèíàòû òî÷åê ýëëèïñà.
Ïðè ρ = 0 è α = 0 ïîëó÷àåì ðàäèóñ-âåêòîðû 

òî÷åê À’ è À, ñîîòâåòñòâåííî.
Ïîäñòàâèì (4), (5) è (6) â (1) è ïîëó÷èì ñëå-

äóþùåå äèôôåðåíöèàëüíîå óðàâíåíèå ñ ðàçäå-
ëåííûìè ïåðåìåííûìè:

 

2 2 2 2
1 2

2 2 2 2
1 2

( ) sin ( ) cos

 .
( ) cos ( ) sin

d
R R

d
R R

 

 




  




  




  (7)

Â îáåèõ ÷àñòÿõ ðàâåíñòâà (7) ïðèñóòñòâóþò 
íåïîëíûå ýëëèïòè÷åñêèå èíòåãðàëû ïåðâî-
ãî ðîäà, êîòîðûå íå âûðàæàþòñÿ â êîíå÷íîì 
âèäå ÷åðåç ýëåìåíòàðíûå ôóíêöèè, â ñâÿçè ñ 
÷åì ïîëó÷èòü ôóíêöèþ  f    â ÿâíîì âèäå 
íåëüçÿ.

 à á â
Ðèñ 6. Ïðèíöèïèàëüíàÿ ñõåìà (à) è ëàáîðàòîðíûå ìîäåëè (á, â) ýëëèïòè÷åñêîé ïåðåäà÷è ñ óïðóãîé ñâÿçüþ
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Â íåÿâíîì âèäå âçàèìîñâÿçü  f    
èìååò âèä:

 

2 2 2 2
0 1 2

2 2 2 2
0 1 2

( ) sin ( ) cos

.
( ) cos ( ) sin

dx
R x R x

dx
R x R x











 






  (8)

Äàëåå çàäà÷à ðåøàåòñÿ ïî ñëåäóþùåé ñõåìå.
1. Çàäàåòñÿ äèàïàçîí äëÿ φ: 0, 1…90 ñ 

íóæíûì øàãîì, çíà÷åíèÿ óãëîâ ïåðåâîäÿòñÿ â 
ðàäèàíû.

2. Ñ òåì æå øàãîì çàäàåòñÿ äèàïàçîí äëÿ α: 
0, 1, …90, çíà÷åíèÿ óãëîâ ïåðåâîäÿòñÿ â ðà-
äèàíû.

3. Äëÿ ïîëó÷åííûõ çíà÷åíèé â ðàäèàíàõ 
óãëîâ α è φ ñ ïîìîùüþ êîìïüþòåðíîé ïðî-
ãðàììû, èñïîëüçóþùåé ÷èñëåííûå ìåòîäû 
èíòåãðèðîâàíèÿ, âû÷èñëÿþòñÿ çíà÷åíèÿ èíòå-
ãðàëîâ äëÿ ëåâîé è ïðàâîé ÷àñòåé ôîðìóëû (8). 
Óãëû α è φ, ïðè êîòîðûõ çíà÷åíèÿ èíòåãðàëîâ 

2 2 2 2
0 1 2( ) cos ( ) sin

dx
R x R x




  

è 

2 2 2 2
0 1 2( ) cos ( ) sin

dx
R x R x




  

ñîâïàäóò, è åñòü ñîîòâåòñòâóþùèå.
4. Ñîñòàâëÿåòñÿ òàáëèöà ñîâïàâøèõ óãëîâ: 

α
1 

⇒ φ
1
, α

2 
⇒ φ

2
, α

3 
⇒ φ

3, 
… α

n 
⇒ φ

n
.

à

á

Ðèñ. 7. Ñõåìà ïîäà÷è äîïîëíèòåëüíîãî òîïëèâà ñ ïîìîùüþ êàðáþðàòîðà: 
à) ïðè ïîñëåäîâàòåëüíîì ñîåäèíåíèè; á) ïðè ïàðàëëåëüíîì ñîåäèíåíèè 
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Òàêèì îáðàçîì, ìû çàäàåì çíà÷åíèÿ èñêî-
ìîé ôóíêöèè òàáëè÷íî.

Ïîëüçóÿñü ýòîé òàáëèöåé, ìîæíî óêàçàòü, 
êàêîâ äîëæåí áûòü óãîë ïîâîðîòà äëÿ âåäóùå-
ãî ýëëèïñà, ÷òîáû ïîëó÷èòü íåîáõîäèìûé óãîë 
ïîâîðîòà âåäîìîãî ýëëèïñà.

Ðàáîòà äâèãàòåëÿ íà ãåíåðàòîðíîì ãàçå îò-
ìå÷àåòñÿ óñëîæíåíèåì çàïóñêà äâèãàòåëÿ, îñî-
áåííî, â õîëîäíîå âðåìÿ ãîäà [9, 10]. Ñ öåëüþ 
êîìïåíñàöèè âûøåîïèñàííîãî íåäîñòàòêà 
îáû÷íî èñïîëüçóþò áåíçèí [8, 9]. Äëÿ åãî 
ïîäà÷è ìîæíî èñïîëüçîâàòü äîïîëíèòåëüíûé 
êàðáþðàòîð (ðèñ. 7).

Èñïîëüçîâàíèå ñèñòåì âïðûñêèâàíèÿ ñ 
óïðàâëåíèåì îò ýëåêòðîííîãî áëîêà â äàííîì 
ñëó÷àå íåâîçìîæíî ââèäó îòñóòñòâèÿ îáîñíî-
âàííîãî àëãîðèòìà óïðàâëåíèÿ.

Ïðè ïîñëåäîâàòåëüíîì ñîåäèíåíèè ñìåñèòå-
ëÿ è êàðáþðàòîðà (ðèñ. 7, à) ïðîèñõîäèò îäíî-
âðåìåííàÿ ïîäà÷à ãåíåðàòîðíîãî ãàçà è áåíçè-
íà. Íåîáõîäèìàÿ äîëÿ áåíçèíà â ñîñòàâå ñìåñè 
äîñòèãàåòñÿ ïîäáîðîì òîïëèâíîãî æèêëåðà. 
Ïîëîæèòåëüíûå îñîáåííîñòè äàííîé ñõåìû – 
ïðîñòîòà, îòðèöàòåëüíûå – ñëîæíîñòü ðåãóëè-
ðîâàíèÿ âåëè÷èíû äîïîëíèòåëüíîé äîëè áåí-
çèíà â ñîñòàâå òîïëèâà.

Ïàðàëëåëüíîå ñîåäèíåíèå ñìåñèòåëÿ è êàð-
áþðàòîðà (ðèñ. 7, á) äàåò âîçìîæíîñòü ðàáîòû 
äâèãàòåëÿ êàê íà îäíîì èç âèäîâ òîïëèâà, òàê è 
íà èõ êîìáèíàöèè. Îòðèöàòåëüíûì êà÷åñòâîì 
ýòîé ñõåìû ÿâëÿåòñÿ ñëîæíîñòü ñîãëàñîâàíèÿ 
ïîêàçàòåëåé ðàáîòû ñìåñèòåëÿ è êàðáþðàòîðà.
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êà÷åñòâå òîïëèâà äëÿ ÄÂÑ íàèáîëåå öåëåñîî-
áðàçíî ïðèìåíÿòü ñìåñèòåëè òèïà «Òðîéíèê».
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äðîññåëüíîé çàñëîíîê ðåêîìåíäóåòñÿ ïðèìå-
íÿòü ýëëèïòè÷åñêóþ ïåðåäà÷ó.

3. Ðàçðàáîòàííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü 
ïîçâîëÿåò ÷èñëåííî ðåøèòü çàäà÷ó îïðåäåëå-
íèÿ âçàèìíîé çàâèñèìîñòè óãëîâ ïîâîðîòà çà-
ñëîíîê.

4. Îïòèìàëüíûì ñïîñîáîì ïîäà÷è äîïîë-
íèòåëüíîé ïîðöèè áåíçèíà â ÄÂÑ ñëåäóåò ñ÷è-
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STUDY OF THE KINEMATICS OF MIXING DEVICES 
FOR GENERATOR GAS AND GASOLINE

DSc in Engineering S.A. Plotnikov1, A.S. Zubakin1, PhD in Physics and Mathematics YU.A. Plotnikova2 
1Vyatka State University, Kirov, Russia

2Vologda State Dairy Farming Academy named after N.V. Vereshchagin, Vologda, Russia
sa_plotnikov@vyatsu.ru

One of the alternative types of fuel for ICE is generator gas (GG). However, when the engine is running 
on generator gas, the developed power decreases to 40 %, which is associated with a low rate of com-
bustion of the generator gas compared to gasoline. A decrease in the combustion rate can be partially 
compensated by an increase in the ignition timing. Another negative property of GG is the lower, in com-
parison with gasoline, lowest calculated combustion value. Compensation of the reduced combustion 
value of the GG can be achieved by increasing the inlet cross section of the intake tract, as well as by 
developing a mixing device that ensures the creation of the optimal mixture composition in all modes. To 
study the characteristics of mixing devices and determine the optimal composition of the fuel mixture, a 
research test bench was developed with the possibility of recording all indicators and their subsequent 
demonstration on PC. Analysis of various mixers for supplying GG and air made it possible to establish 
the optimal design, allowing qualitative and quantitative control of the composition of the mixture. In order 
to obtain the optimal composition of the mixture, it is proposed to replace the mechanical damper drive 
with an elliptical drive with flexible coupling. The possibility of replacement is justified by the developed 
mathematical model. The proposed mixer design allows to get any ratio of the opening angles of the air 
and throttle by changing the kinematic parameters of the drive. To minimize the drop in engine power and 
improve its responsiveness, it is advisable to use a mixture of GG with gasoline, for which it is possible to 
install a carburetor in a series circuit with the mixing unit.

Keywords: generator gas, alternative energy, mixture of gasoline and generator gas, mixing device, 
elliptical transmission.
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ðàçðàáîòêè ìîäåëüíîãî ðÿäà ñíåãîõîäíîé ìîòîòåõíèêè äëÿ ïîâûøåíèÿ òðàíñïîðòíîé äîñòóïíî-
ñòè íàñåëåíèÿ Àðêòè÷åñêîé çîíû ÐÔ íà êàôåäðå êîëåñíûõ ìàøèí ÌÃÒÓ èì. Áàóìàíà. Äëÿ ïðî-
âåäåíèÿ èñïûòàíèé ðàçðàáîòàí ñïåöèàëüíûé ñòåíä, óêîìïëåêòîâàííûé äàò÷èêàìè, èçìåðèòåëü-
íûì êîìïëåêñîì Zetlab, ñèñòåìîé îõëàæäåíèÿ. Â êà÷åñòâå èñòî÷íèêà ïèòàíèÿ ïðèìåíåíà ëèòèåâàÿ 
àêêóìóëÿòîðíàÿ áàòàðåÿ. Èññëåäîâàíèÿ ïðîâîäèëèñü ïðè ðàáîòå èñïûòóåìîãî ýëåêòðîäâèãàòåëÿ 
EMRAX 208 (íîìèíàëüíàÿ ìîùíîñòü 25...40 êÂò ïðè ÷àñòîòàõ âðàùåíèÿ 3000..5000 ìèí-1, íîìè-
íàëüíûé ìîìåíò 80 Íì) â ðåæèìå ðåãóëèðîâàíèÿ ÷àñòîòû âðàùåíèÿ. Â êà÷åñòâå íàãðóçî÷íîé ìà-
øèíû èñïîëüçîâàëñÿ âòîðîé ýëåêòðîäâèãàòåëü EMRAX 228 (íîìèíàëüíàÿ ìîùíîñòü 35..55 êÂò ïðè 
÷àñòîòàõ âðàùåíèÿ 3000..5000 ìèí-1, íîìèíàëüíûé ìîìåíò 125 Íì), ðàáîòàþùèé â ðåæèìå èñ-
òî÷íèêà ìîìåíòà. Â ðåçóëüòàòå èñïûòàíèé ïîëó÷åíû ìåõàíè÷åñêèå õàðàêòåðèñòèêè, çàâèñèìîñòü 
ìîùíîñòè è ÊÏÄ ýëåêòðîäâèãàòåëÿ EMRAX 208 îò ÷àñòîòû âðàùåíèÿ äëÿ ðàçëè÷íûõ çàäàííûõ ÷à-
ñòîò âðàùåíèÿ (1000, 2000, 3000, 4000, 4400 ìèí-1) ïðè íàãðóçêå îò 25 äî 125 % íîìèíàëüíîé. 
Ïîëó÷åííûå õàðàêòåðèñòèêè ïîäòâåðäèëè òåõíè÷åñêèå äàííûå ýëåêòðîäâèãàòåëÿ, ïðèâåäåííûå 
íà Èíòåðíåò ñòðàíèöå ïðîèçâîäèòåëÿ îáîðóäîâàíèÿ. Ðåçóëüòàòû èñïûòàíèé ìîãóò áûòü èñïîëü-
çîâàíû â ìàòåìàòè÷åñêèõ ìîäåëÿõ òÿãîâîãî ýëåêòðîïðèâîäà äëÿ ïðîãíîçèðîâàíèÿ äèíàìè÷åñêèõ 
õàðàêòåðèñòèê òðàíñïîðòíûõ ñðåäñòâ, à ýëåêòðîäâèãàòåëè ìàðêè EMRAX ñ ñèëîâûì óïðàâëÿåìûì 
ïðåîáðàçîâàòåëåì EmDrive 500 ìîæíî ïðèìåíÿòü íà îïûòíûõ îáðàçöàõ òðàíñïîðòíûõ ñðåäñòâ ñ 
ýëåêòðè÷åñêèìè è ãèáðèäíûìè òðàíñìèññèÿìè.

Êëþ÷åâûå ñëîâà: èñïûòàíèÿ, õàðàêòåðèñòèêè, ýëåêòðîäâèãàòåëü, EMRAX, èíâåðòîð, ýëåêòðîïðè-
âîä, ýëåêòðîòðàíñìèññèÿ.

 Ââåäåíèå
Â ðàçâèòûõ ñòðàíàõ ìèðà, â òîì ÷èñëå è â 

Ðîññèè, íà ïðîòÿæåíèè áîëåå 10 ëåò àêòèâíî 
âåäóòñÿ ðàáîòû ïî ñîçäàíèþ è ðàçâèòèþ àâòî-
òðàíñïîðòíûõ ñðåäñòâ íà ýëåêòðè÷åñêîé òÿãå. 
Â ïîñëåäíåå âðåìÿ â ÐÔ îñîáîå âíèìàíèå 
óäåëÿåòñÿ ðàçðàáîòêå êîëåñíûõ è ãóñåíè÷íûõ 
òðàíñïîðòíûõ ñðåäñòâ (ÒÑ) ìíîãîöåëåâîãî íà-
çíà÷åíèÿ ñâåðõëåãêîé ãðóçîïîäúåìíîñòè (ñíå-
ãîõîäû, ìîòîâåçäåõîäû) ñ ïðèìåíåíèåì ýëåê-
òðè÷åñêèõ è ãèáðèäíûõ òðàíñìèññèé. Â ñâÿçè 
ñ ýòèì íà çàðóáåæíîì è Ðîññèéñêîì ðûíêå ïî-
ÿâèëîñü äîñòàòî÷íî ìíîãî ïðåäëîæåíèé âûñî-
êîòåõíîëîãè÷íûõ òÿãîâûõ ýëåêòðîäâèãàòåëåé 
(ÒÝÄ) è ñèëîâûõ óïðàâëÿþùèõ ïðåîáðàçîâàòå-
ëåé (ÑÓÏ) ñ âûñîêèìè óäåëüíûìè çíà÷åíèÿìè 
ýëåêòðîìåõàíè÷åñêèõ ïîêàçàòåëåé. Òàê íåêî-
òîðûå ïðîèçâîäèòåëè îáîðóäîâàíèÿ çàÿâëÿþò 
çíà÷åíèÿ óäåëüíîé ýëåêòðè÷åñêîé ìîùíîñòè 
ýëåêòðîäâèãàòåëåé äî 10 êÂò íà 1 êã ìàññû è 
ÊÏÄ äî 98 %. Ïðèìåíåíèå òàêèõ äâèãàòåëåé 

íà ëåãêîé òðàíñïîðòíîé òåõíèêå ïîçâîëÿåò 
ïðîãíîçèðîâàòü âûñîêèå ïîêàçàòåëè òÿãîâî-
äèíàìè÷åñêèõ õàðàêòåðèñòèê òðàíñïîðòíîãî 
ñðåäñòâà. 

Îïûò èñïîëüçîâàíèÿ ÒÝÄ è ÑÓÏ â ýëåêòðî-
òðàíñìèññèÿõ íàçåìíûõ ÒÑ [1–4] ïîêàçûâàåò, 
÷òî ïðîèçâîäèòåëè, çà÷àñòóþ, íå ïðåäîñòàâ-
ëÿþò ïîëíóþ èíôîðìàöèþ î ïðåäåëüíûõ è 
äëèòåëüíûõ õàðàêòåðèñòèêàõ ïðåäëàãàåìîãî 
îáîðóäîâàíèÿ. Ïîýòîìó ïðè ñîçäàíèè îïûò-
íûõ îáðàçöîâ òðàíñïîðòíûõ ñðåäñòâ è ïðî-
ãíîçèðîâàíèè èõ ñâîéñòâ ñ èñïîëüçîâàíèåì 
èìèòàöèîííîãî ìàòåìàòè÷åñêîãî ìîäåëèðîâà-
íèÿ òðåáóåòñÿ ïîäòâåðæäåíèå õàðàêòåðèñòèê 
ýëåêòðè÷åñêèõ äâèãàòåëåé è ïðåîáðàçîâàòåëåé 
çàÿâëåííûõ ïðîèçâîäèòåëåì îáîðóäîâàíèÿ, à 
òàêæå èññëåäîâàíèå õàðàêòåðèñòèê ýëåêòðî-
îáîðóäîâàíèÿ â ðàçëè÷íûõ ðåæèìàõ ðàáîòû. 
Íàèáîëåå ïîëíóþ èíôîðìàöèþ î ðàáîòå ÒÝÄ 
è ÑÓÏ ïðè èõ ñîâìåñòíîì èñïîëüçîâàíèè äàþò 
ñòåíäîâûå èñïûòàíèÿ, êîòîðûå â îòëè÷èè îò 
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èñïûòàíèé â ñîñòàâå ÒÑ ìåíåå çàòðàòíûå è 
ïîçâîëÿþò ýìèòèðîâàòü íàãðóçî÷íûå ðåæèìû 
áåç îãðàíè÷åíèé, íàêëàäûâàåìûõ íàòóðíûìè 
èñïûòàíèÿìè îáðàçöà. Òàêèì îáðàçîì, çàäà÷à 
ïî ñîçäàíèþ ñòåíäà äëÿ èñïûòàíèÿ è èññëåäî-
âàíèÿ ðàáîòû ñîâðåìåííûõ âûñîêîòåõíîëîãè÷-
íûõ ÒÝÄ è ÑÓÏ ÿâëÿåòñÿ àêòóàëüíîé.

Â ðàìêàõ ðàáîòû ïî Ñîãëàøåíèþ 
№14.577.21.0272 «Ðàçðàáîòêà ìîäåëüíîãî ðÿäà 
ñíåãîõîäíîé ìîòîòåõíèêè äëÿ ïîâûøåíèÿ 
òðàíñïîðòíîé äîñòóïíîñòè íàñåëåíèÿ Àðêòè-
÷åñêîé çîíû ÐÔ» (óíèêàëüíûé èäåíòèôèêàòîð 
ðàáîò: RFMEFI57717X0272), âûïîëíåííîé â 
ÌÃÒÓ èì. Í.Ý. Áàóìàíà ïðè ôèíàíñîâîé ïîä-
äåðæêå Ìèíîáðíàóêè â 2018−2019 ãîäó â ëàáî-
ðàòîðèè êàôåäðû êîëåñíûõ ìàøèí áûë ñîáðàí 
ñòåíä è ïðîâåäåíû èñïûòàíèÿ ýëåêòðîäâèãà-
òåëåé EMRAX 208, 228. Çàäà÷àìè èñïûòàíèé 
ÿâëÿëîñü ñíÿòèå õàðàêòåðèñòèê ýëåêòðîäâè-
ãàòåëåé, ñ öåëüþ ïîäòâåðæäåíèÿ çàÿâëåííûõ 
ïðîèçâîäèòåëåì ïàðàìåòðîâ îáîðóäîâàíèÿ. 
Èñïûòàíèÿ ïðîâîäèëèñü ïðè ó÷àñòèè ñîòðóä-
íèêîâ êàôåäð êîëåñíûõ ìàøèí è ìíîãîöåëå-
âûõ ãóñåíè÷íûõ ìàøèí è ìîáèëüíûõ ðîáîòîâ.

Èññëåäóåìîå îáîðóäîâàíèå
Ýëåêòðîäâèãàòåëü EMRAX
Â ðàìêàõ ðàáîòû áûëè èññëåäîâàíû ñèí-

õðîííûå äâèãàòåëè ñ ïîñòîÿííûìè ìàãíèòà-
ìè ïðîèçâîäñòâà êîìïàíèè EMRAX Innovative 
E-motors (Ñëîâåíèÿ) ñåðèè 208 è 228 ñ íèçêèì 
íàïðÿæåíèåì ïèòàíèÿ (Low voltage) è êîìáè-
íèðîâàííûì îõëàæäåíèåì. Äâèãàòåëü èìååò 
èñïîëíåíèå, â êîòîðîì ðîòîð êîíñòðóêòèâíî 
âûïîëíåí â âèäå âðàùàþùåãîñÿ êîðïóñà ñî-
åäèíåííîãî ñ ïåðåäíèì ôëàíöåì äâèãàòåëÿ 
(ðèñ. 1, à). Ñòàòîð ñîåäèíåí ñ çàäíèì ôëàíöåì 
äâèãàòåëÿ, ÷åðåç êîòîðûé âûâåäåíû ýëåêòðè÷å-
ñêèå êëåììû ñòàòîðíîé îáìîòêè äâèãàòåëÿ è 
ïàòðóáêè æèäêîñòíîãî îõëàæäåíèÿ (ðèñ. 1, á).

Òåõíè÷åñêèå õàðàêòåðèñòèêè äâèãàòåëåé 
ïðèâåäåíû â òàáëèöå 1 [5].

Ñèëîâîé èíâåðòîð EmDrive 500
Óïðàâëåíèå äâèãàòåëåì EMRAX îñóùåñò-

âëÿëîñü ñ ïîìîùüþ èíâåðòîðà EmDrive 500. 
Èíâåðòîð ïðåäíàçíà÷åí äëÿ óïðàâëåíèÿ áåñ-
ùåòî÷íûìè äâèãàòåëÿìè ïîñòîÿííîãî òîêà, 
ñèíõðîííûìè äâèãàòåëÿìè ñ ïîñòîÿííûìè 
ìàãíèòàìè è àñèíõðîííûìè äâèãàòåëÿìè. Èí-
âåðòîð ïîääåðæèâàåò CANopen – èíòåðôåéñ 
ìîæåò èñïîëüçîâàòüñÿ ñ ðàçëè÷íûìè äàò÷èêà-
ìè ïîëîæåíèÿ ðîòîðà äâèãàòåëÿ.

Â ñèëîâîì èíâåðòîðå ðåàëèçîâàíû ñëåäóþ-
ùèå ôóíêöèè óïðàâëåíèÿ äâèãàòåëåì: ñèíóñî-
èäàëüíîå óïðàâëåíèå òîêîì ñ äàò÷èêàìè õîëëà 
(íàáëþäàòåëü ïîëîæåíèÿ ðîòîðà äâèãàòåëÿ); 
âåêòîðíîå óïðàâëåíèå òîêîì, ïðè êîòîðîì ìè-
íèìèçèðóåòñÿ ïóëüñàöèÿ êðóòÿùåãî ìîìåíòà 
è âèáðàöèÿ äâèãàòåëÿ; óïðàâëåíèå äâèãàòåëåì 
â ÷åòûðåõ êâàäðàíòàõ (âïåðåä / íàçàä ñ ðåêó-
ïåðàöèåé); ðåãóëèðîâàíèå ÷àñòîòû âðàùåíèÿ 
è ïîëîæåíèÿ ðîòîðà äâèãàòåëÿ. Âñòðîåííûå 
ôóíêöèè çàùèòû îáåñïå÷èâàþò: ìàêñèìàëüíî-
òîêîâóþ çàùèòó äâèãàòåëÿ; òåïëîâóþ çàùèòó 
äâèãàòåëÿ ïîñðåäñòâîì ïîäêëþ÷åíèÿ äàò÷èêà 
òåìïåðàòóðû äâèãàòåëÿ; òåïëîâóþ çàùèòó èí-
âåðòåðà; îáíàðóæåíèå îòêàçà äàò÷èêà Õîëëà è 
áåçîïàñíîå îòêëþ÷åíèå äâèãàòåëÿ; çàùèòó îò 
ðàçðÿäà áàòàðåè; çàùèòó îò ïðåâûøåíèÿ íà-
ïðÿæåíèÿ áàòàðåè; ïîëíîå ñàìîòåñòèðîâàíèå 
ïðè çàïóñêå – ïðîâåðÿåò âñå ñèëîâûå êëþ÷è, 
ïîäêëþ÷åíèå äâèãàòåëÿ è ïîäêëþ÷åíèå áàòà-
ðåè. Ôóíêöèÿ ðåãèñòðàöèè ïîçâîëÿåò ñîõðà-
íèòü âî âíóòðåííåé FLASH ïàìÿòè çíà÷åíèÿ 
âñåõ âàæíûõ ïàðàìåòðîâ çà ïîñëåäíèå äâà ÷àñà 
ðàáîòû, òàêèå êàê íàïðÿæåíèå áàòàðåè, òîê áà-
òàðåè, òîê äâèãàòåëÿ, ñêîðîñòü, òåìïåðàòóðà 
äâèãàòåëÿ è èíâåðòîðà è ò.ä. Ýòè æå çíà÷åíèÿ 
ìîãóò áûòü ïåðåäàíû ÷åðåç ïîñëåäîâàòåëüíûé 
ïîðò ïî ïðîòîêîëó CANOpen äëÿ âåäåíèÿ æóð-
íàëà íà ïåðñîíàëüíîì êîìïüþòåðå (ÏÊ). Òàêæå 
â ñèëîâîì èíâåðòîðå ðåàëèçîâàíû äîïîëíè-
òåëüíûå ôóíêöèè: óïðàâëåíèå ìàãíèòíûì òîð-
ìîçîì; âêëþ÷åíèå ñòîï-ñèãíàëà; óïðàâëåíèå 
ðåêóïåðàòèâíûì òîðìîæåíèåì ïî àíàëîãîâî-
ìó ñèãíàëó. Íàñòðîéêà âñåõ ïàðàìåòðîâ èíâåð-
òîðà âûïîëíÿþòñÿ ñ ïîìîùüþ ïðîãðàììíîãî 
ïðèëîæåíèÿ äëÿ ÏÊ. Îáìåí äàííûìè ñ èíâåð-
òîðîì âûïîëíÿåòñÿ ïî ïðîòîêîëó CANOpen.

Âñå ïîäêëþ÷åíèÿ èìåþò àâòîìîáèëüíóþ 
çàùèòó îò ýëåêòðîìàãíèòíûõ ïîìåõ. Ïîäêëþ-
÷åíèÿ óïðàâëåíèÿ çàùèùåíû îò êîðîòêîãî çà-

 à á

Ðèñ. 1. Äâèãàòåëü EMRAX: 
à) âèä íà ïåðåäíèé ôëàíåö; á) âèä íà çàäíèé ôëàíåö
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ìûêàíèÿ íà çåìëþ. Íèçêèé óðîâåíü ýëåêòðî-
ìàãíèòíûõ ïîìåõ ñ íàäëåæàùåé êàáåëüíîé 
ïðîâîäêîé ëåãêî äîñòèæèì â ñîîòâåòñòâèè ñ 
òðåáîâàíèÿìè êëàññà B ïî ýëåêòðîìàãíèòíîé 
ñîâìåñòèìîñòè. Äëÿ ïîäêëþ÷åíèÿ èíâåðòîðà 
íå òðåáóåòñÿ ñèëîâîé êîíòàêòîð.

Èíâåðòîð âûïîëíåí äëÿ óñòàíîâêè íà íå-
ñóùóþ ñèñòåìó òðàíñïîðòíîãî ñðåäñòâà. Îñ-
íîâàíèåì èíâåðòîðà ÿâëÿåòñÿ àëþìèíèåâàÿ 
îïîðíàÿ ïëèòà ñ ðàäèàòîðîì æèäêîñòíîãî 
îõëàæäåíèÿ (ðèñ. 2). Ýëåêòðîííûå ìîäóëè çà-
êðûòû ïëàñòèêîâîé êðûøêîé. Äëÿ ïîäêëþ÷å-
íèÿ àêêóìóëÿòîðà è ôàç äâèãàòåëÿ ïðèìåíåíû 
ñèëîâûå êëåììû ñ âèíòîâûìè ñîåäèíåíèÿìè. 
Ñòåïåíü çàùèòû èíâåðòîðà ïî ÃÎÑÒ 14254-

96 IP65. Ðàçìåðû èíâåðòîðà (âûñîòàøèðèíà 
äëèíà) 78×310×205 ìì, âåñ 4,9 êã.

Òåõíè÷åñêèå õàðàêòåðèñòèêè èíâåðòîðà 
ïðèâåäåíû â òàáëèöå 2 [6].

Òàáëèöà 1

Òåõíè÷åñêèå õàðàêòåðèñòèêè äâèãàòåëåé EMRAX

Òåõíè÷åñêèå äàííûå EMRAX 208 EMRAX 228

Ñòåïåíü çàùèòû ïî ÃÎÑÒ 14254-96 IP21 IP21

Ðàñõîä îõëàæäàþùåé æèäêîñòè, ë/ìèí 8

Òåìïåðàòóðà îõëàæäàþùåé æèäêîñòè, °Ñ 50

Òåìïåðàòóðà îõëàæäàþùåãî âîçäóõà, °Ñ 25

Ìàññà, êã 9,3 12,3

Ðàçìåðû äèàìåòð/øèðèíà, ìì 208/85 228/86

Ìàêñèìàëüíîå íàïðÿæåíèå ïèòàíèÿ èíâåðòîðà, Â 125 130

Ìàêñèìàëüíàÿ ìîùíîñòü äëÿ ìàêñèìàëüíîé ÷àñòîòû âðàùåíèÿ, êÂò 80 100

Íîìèíàëüíàÿ ìîùíîñòü äëÿ ÷àñòîòû âðàùåíèÿ 3000…5000 ìèí-1, êÂò 25…40 35…55

Ìàêñèìàëüíàÿ ÷àñòîòà âðàùåíèÿ, ìèí-1 6000 5500

Ìàêñèìàëüíûé òîê, À 800 900

Íîìèíàëüíûé òîê, À 400 450

Ìàêñèìàëüíûé ìîìåíò, Í·ì 150 240

Íîìèíàëüíûé ìîìåíò, Í·ì 80 125

Ìàêñèìàëüíàÿ òåìïåðàòóðà ìåäè îáìîòêè äâèãàòåëÿ è ìàêñèìàëüíàÿ 
òåìïåðàòóðà ìàãíèòîâ, °Ñ

120

ÊÏÄ äâèãàòåëÿ, % 92–98

Ñîïðîòèâëåíèå ôàçíîé îáìîòêè ïðè 25  °Ñ, ìÎì 0,8 1,12

Ñå÷åíèå ôàçíîãî âûâîäà, ìì2 38

Ñîåäèíåíèå îáìîòîê çâåçäà

Èíäóêòèâíîñòü Ld/Lq, ìêÃí 7,2/7,5 10,3/10,6

Óïðàâëåíèå äâèãàòåëåì ñèíóñîèäàëüíîå

Óäåëüíîå ëèíåéíîå íàïðÿæåíèå äâèãàòåëÿ, Â/ìèí-1 0,0117 0,0176

Óäåëüíàÿ ñêîðîñòü õîëîñòîãî õîäà îò íàïðÿæåíèÿ áàòàðåè, ìèí-1/Â 58 40

Óäåëüíàÿ ñêîðîñòü ïîä íàãðóçêîé îò íàïðÿæåíèÿ áàòàðåè, ìèí-1/Â 50…58 34…40

Ìàãíèòíûé ïîòîê îñåâîé, Âá 0,095 0,0131

Êîëè÷åñòâî ïàð ïîëþñîâ 10

Ìîìåíò èíåðöèè ðîòîðà, êã·ñì2 256 421

Ðèñ. 2. Èíâåðòîð EmDrive 500
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Íàñòðîéêà ðàáîòû èíâåðòîðà âûïîëíÿ-
ëàñü ñ ïîìîùüþ ïðîãðàììíîãî îáåñïå÷åíèÿ 
EDrive Configurator. Ïðîãðàììíûé ïðîäóêò 
ïðåäíàçíà÷åí äëÿ óñòàíîâêè íà ïåðñîíàëüíûé 
êîìïüþòåð (ÏÊ) è ïîçâîëÿåò âûïîëíÿòü íà-
ñòðîéêó ðàáîòû èíâåðòîðà, êîíòðîëü ðàáîòû 
è ðåãèñòðàöèþ ïàðàìåòðîâ ýëåêòðîïðèâîäà. 
Îáìåí äàííûìè ñ èíâåðòîðîì îñóùåñòâëÿåò-
ñÿ ïî ïðîòîêîëó CANOpen. Äëÿ ïîäêëþ÷åíèÿ ê 
ÏÊ òðåáóåòñÿ ïðåîáðàçîâàòåëü USB-CAN. Âèä 
îêîí êîíôèãóðàòîðà ïðèâåäåí íà ðèñ. 3.

Èñïûòàòåëüíûé ñòåíä
Äëÿ èñïûòàíèÿ ýëåêòðîäâèãàòåëåé â ëàáî-

ðàòîðèè êàôåäðû êîëåñíûõ ìàøèí ÌÃÒÓ èì. 
Áàóìàíà áûë ñîçäàí ñòåíä îáåñïå÷èâàþùèé 

ñíÿòèå ìåõàíè÷åñêèõ, ýëåêòðîìåõàíè÷åñêèõ è 
ìîùíîñòíûõ õàðàêòåðèñòèê ýëåêòðîäâèãàòå-
ëåé EMRAX. Îäèí äâèãàòåëü èñïîëüçîâàëñÿ â 
êà÷åñòâå ÒÝÄ, âòîðîé – â êà÷åñòâå íàãðóçî÷íîé 
ìàøèíû. 

Äâà äâèãàòåëÿ áûëè ñîåäèíåíû îáùèì 
âàëîì ÷åðåç êîìïåíñàöèîííóþ ìóôòó. Îäèí 
äâèãàòåëü áûë óñòàíîâëåí íà îïîðó ÷åðåç ïîä-
âèæíîå ñîåäèíåíèå, ñâÿçàííîå ñ îïîðíûì îñ-
íîâàíèåì ÷åðåç òåíçîìåòðè÷åñêèé S-îáðàçíûé 
äàò÷èê. Òàêèì îáðàçîì, âûïîëíÿëîñü èçìåðå-
íèå ìîìåíòà ñîçäàâàåìîãî äâèãàòåëÿìè â ïðî-
öåññå ðàáîòû. 

Â ýëåêòðè÷åñêîé ÷àñòè ñòåíäà áûëè óñòà-
íîâëåíû äàò÷èêè òîêà äëÿ ñíÿòèÿ ýëåêòðè÷å-
ñêèõ õàðàêòåðèñòèê ýëåêòðîîáîðóäîâàíèÿ. 

Òàáëèöà 2

Òåõíè÷åñêèå õàðàêòåðèñòèêè èíâåðòîðà EmDrive 500

Òåõíè÷åñêèå äàííûå Çíà÷åíèå

Âûõîäíîé íîìèíàëüíûé òîê, À 500

Âûõîäíîé ìàêñèìàëüíûé òîê (1 ìèí), À 800

Âõîäíîå íàïðÿæåíèå ïîñòîÿííîãî òîêà, Â  30…120

Íàïðÿæåíèå ïèòàíèÿ (íàïðÿæåíèå çàæèãàíèÿ), Â 12…30

Òîê ïîòðåáëåíèÿ ìàêñèìàëüíûé (òîê çàæèãàíèÿ), ìÀ 750

Âûõîäíàÿ íîìèíàëüíàÿ ìîùíîñòü (ñ ñîîòâåòñòâóþùèì îõëàæäåíèåì), êÂÀ 62

Âûõîäíàÿ ìàêñèìàëüíàÿ ìîùíîñòü (1 ìèí, ñ ñîîòâåòñòâóþùèì îõëàæäåíèåì), êÂÀ 110

×àñòîòà êîììóòàöèè, êÃö 16

Òåìïåðàòóðà îêðóæàþùåé ñðåäû (ïðè òåìïåðàòóðå îõëàæäåíèÿ <60 °C), °C -20…+65

Òåìïåðàòóðà îõëàæäàþùåé æèäêîñòè, °C 60

Ðàáî÷åå äàâëåíèå ñèñòåìû îõëàæäåíèÿ, áàð 2

Ïàäåíèå äàâëåíèÿ (ïðè ðàñõîäå 10 ë/ìèí, ïðè 25  °C), áàð 0,3

Ðèñ. 3. Âèä îêîí êîíôèãóðàòîðà èíâåðòîðà EmDrive
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Íàñòðîéêà ðàáîòû è ðåãèñòðàöèÿ ðåçóëüòà-
òîâ èñïûòàíèé âûïîëíÿëàñü ñ èñïîëüçîâàíèåì 
ïåðåíîñíîãî êîìïüþòåðà. Èíôîðìàöèÿ ñ èç-
ìåðèòåëüíûõ äàò÷èêîâ ðåãèñòðèðîâàëàñü íà 
êîìïüþòåðå ñ ïîìîùüþ ñèñòåìû ñáîðà äàííûõ 
Zetlab.

Â ñîñòàâ ñòåíäà âêëþ÷åíû ñëåäóþùèå 
êîìïîíåíòû: ýëåêòðîäâèãàòåëü íàãðóçî÷íûé 
EMRAX 228; ÒÝÄ EMRAX 208; ñèëîâîé èí-
âåðòîð EmDrive 500; àêêóìóëÿòîðíàÿ áàòàðåÿ; 
äà÷êè ÷àñòîòû âðàùåíèÿ Encoder RM44SC; 
äàò÷èêè òîêà ÄÒÕ-Ò; äàò÷èê òåíçîìåòðè÷å-
ñêèé; ñèñòåìà ñáîðà äàííûõ Zetlab; ïåðåíîñ-
íîé êîìïüþòåð äëÿ íàñòðîéêè îáîðóäîâàíèÿ, 
óïðàâëåíèÿ èñïûòàíèÿìè, ðåãèñòðàöèè è îá-
ðàáîòêè äàííûõ; êîìïåíñàöèîííàÿ ìóôòà; ïîä-
âèæíîå ñîåäèíåíèå ñ ìåõàíè÷åñêîé ñâÿçüþ; ñè-
ñòåìà æèäêîñòíîãî îõëàæäåíèÿ. 

Ñõåìà ñòåíäà ïðèâåäåíà íà ðèñ 4. 
Âíåøíèé âèä ñòåíäà ïîêàçàí íà ðèñ. 5.

Íàãðóçî÷íûé äâèãàòåëü (ïîç. 1 íà ñõåìå 
ðèñ. 4) âêëþ÷àëñÿ â ðåæèìå óïðàâëåíèÿ ìî-
ìåíòîì ñ íóëåâûì çàäàíèåì ìîìåíòà.

Â ïðîãðàììå êîíôèãóðàòîðà èíâåðòîðà áûë 
âûáðàí ðåæèì óïðàâëåíèÿ ñêîðîñòüþ èñïûòóå-
ìîãî äâèãàòåëÿ (ïîç. 2 íà ñõåìå ðèñ. 4). Äâèãà-
òåëü çàïóñêàëñÿ ñ çàäàííîé ÷àñòîòîé âðàùåíèÿ 
áåç íàãðóçêè. 

Äàëåå íà íàãðóçî÷íûé äâèãàòåëü ïëàâíî ïî-
äàâàëîñü çàäàíèå êðóòÿùåãî ìîìåíòà â ñòîðî-
íó ïðîòèâîïîëîæíóþ íàïðàâëåíèþ âðàùåíèÿ 
èñïûòóåìîãî äâèãàòåëÿ. Â ïðîãðàììå êîíôèãó-
ðàòîðà èíâåðòîðà êîíòðîëèðîâàëñÿ òîê èñïû-
òóåìîãî äâèãàòåëÿ íà õîëîñòîì õîäó è â òî÷êàõ 
100À, 200À, 300À, 400À, 500À, ÷òî ñîîòâåò-
ñòâóåò 25 %, 50 %, 75 %, 100 %, 125 % îò íîìè-
íàëüíîãî òîêà. Ïðîèçâîäèëàñü çàïèñü çíà÷åíèÿ 
òîêà äâèãàòåëÿ è ÷àñòîòû âðàùåíèÿ äâèãàòåëÿ.

Ïðîãðàììíûì îáåñïå÷åíèåì Zetlab ïðî-
èçâîäèëàñü ðåãèñòðàöèÿ çíà÷åíèé ïîêàçàíèé 

Ðèñ. 4. Ñõåìà ñòåíäà: 
1 – ýëåêòðîäâèãàòåëü íàãðóçî÷íûé EMRAX 228; 2 – ÒÝÄ EMRAX 208; 3 – ñèëîâîé èíâåðòîð EmDrive 500;

4 – àêêóìóëÿòîðíàÿ áàòàðåÿ; 5 – äà÷êè ÷àñòîòû âðàùåíèÿ Encoder RM44SC; 6 – äàò÷èêè òîêà ÄÒÕ-Ò; 
7 – äàò÷èê òåíçîìåòðè÷åñêèé; 8 – ñèñòåìà ñáîðà äàííûõ Zetlab; 9 – ïåðåíîñíîé êîìïüþòåð; 

10 – êîìïåíñàöèîííàÿ ìóôòà; 11 – ïîäâèæíîå ñîåäèíåíèå ñ ìåõàíè÷åñêîé ñâÿçüþ; 
12 – ñèñòåìà æèäêîñòíîãî îõëàæäåíèÿ

Ðèñ. 5. Èñïûòàòåëüíûé ñòåíä

Èñïûòàíèÿ ýëåêòðîäâèãàòåëåé 
Ïðîãðàììà èñïûòàíèé ýëåêòðîäâèãàòåëåé 

EMRAX âêëþ÷àåò â ñåáÿ: îïðåäåëåíèå çàâèñè-
ìîñòè ìîìåíòà, ðàçâèâàåìîãî ÒÝÄ îò ÷àñòîòû 
âðàùåíèÿ âàëà; îïðåäåëåíèå ìîùíîñòè íà âàëó 
ÒÝÄ îò ÷àñòîòû âðàùåíèÿ âàëà; îïðåäåëåíèå 
ÊÏÄ ÒÝÄ îò ÷àñòîòû âðàùåíèÿ âàëà ïðè ðàç-
ëè÷íûõ ìîìåíòàõ íà âàëó.

Èñïûòàíèå äâèãàòåëÿ EMRAX 208 ïðîèç-
âîäèëîñü äëÿ ïÿòè çíà÷åíèé ÷àñòîò âðàùåíèÿ 
âàëà: 1000, 2000, 3000, 4000, 4400 ìèí-1.



Ñòåíäîâîå èñïûòàíèå ýëåêòðîäâèãàòåëåé EMRAX 208, 228

85Èçâåñòèÿ ÌÃÒÓ «ÌÀÌÈ», ¹ 1(43), 2020

äàò÷èêîâ òîêà è òåíçîìåòðè÷åñêîãî äàò÷èêà. 
Ïî âîëüòìåòðó êîíòðîëèðîâàëîñü íàïðÿæåíèå 
àêêóìóëÿòîðíîé áàòàðåè.

Ìîìåíò íà âàëó äâèãàòåëÿ ðàññ÷èòûâàëñÿ 
ïî ïîêàçàíèÿì òåíçîìåòðè÷åñêîãî äàò÷èêà.

Ìîùíîñòü íà âàëó äâèãàòåëÿ ðàññ÷èòûâàåò-
ñÿ ïî ôîðìóëå:

 30
M nN   

 , (1)

ãäå N – ìîùíîñòü íà âàëó äâèãàòåëÿ; Âò; n – ÷à-
ñòîòà âðàùåíèÿ äâèãàòåëÿ; ìèí-1; M – ìîìåíò 
íà âàëó äâèãàòåëÿ, Íì.

ÊÏÄ ýëåêòðîïðèâîäà (ÒÝÄ è ÑÓÏ) îïðåäå-
ëÿåòñÿ ðàñ÷åòíûì ïóòåì ïî ôîðìóëå:

 

N
P

 ýï
çïò

, (2)

ãäå N – ìîùíîñòü íà âàëó äâèãàòåëÿ, Âò; P
ÇÏÒ 

– 
ýëåêòðè÷åñêàÿ ìîùíîñòü íà çâåíå ïîñòîÿííîãî 
òîêà ÑÓÏ, Âò:

 P U I ÇÏÒ ÇÏÒ ÇÏÒ , (3)

ãäå U
ÇÏÒ

 – íàïðÿæåíèå çâåíà ïîñòîÿííîãî òîêà 
ñèëîâîãî èíâåðòîðà, Â; I

ÇÏÒ
 – òîê çâåíà ïîñòî-

ÿííîãî òîêà ñèëîâîãî èíâåðòîðà, À.

Ðåçóëüòàòû èñïûòàíèé
Çàâèñèìîñòü ìîìåíòà íà âàëó äâèãàòåëÿ îò 

÷àñòîòû âðàùåíèÿ ðîòîðà ïîêàçàíà íà ðèñ. 6. 
Òàêæå íà ðèñ. 6 ïîêàçàíû çíà÷åíèÿ äëèòåëü-
íîãî ìîìåíòà ñîîòâåòñòâóþùåãî ïàñïîðòíûì 
äàííûì äâèãàòåëÿ.

Çàâèñèìîñòü ìîùíîñòè íà âàëó äâèãàòå-
ëÿ îò ÷àñòîòû âðàùåíèÿ ðîòîðà ïîêàçàíà íà 
ðèñ. 7. Òàêæå íà ðèñ. 7 ïîêàçàíû çíà÷åíèÿ äëè-
òåëüíîé ìîùíîñòè ñîîòâåòñòâóþùåé ïàñïîðò-
íûì äàííûì äâèãàòåëÿ.

Çàâèñèìîñòü ÊÏÄ ýëåêòðîïðèâîäà îò ÷àñòî-
òû âðàùåíèÿ ðîòîðà ïðè ðàçëè÷íûõ íàãðóçêàõ 
ïîêàçàíà íà ðèñ 8.

Ïðè àíàëèçå ïðåäñòàâëåííûõ ãðàôèêîâ 
âèäíî, ÷òî â ðåçóëüòàòå èñïûòàíèé äâèãàòåëü 
ðåàëèçîâàë íà âàëó ìîìåíò âûøå íîìèíàëü-
íîãî ïðîäîëæèòåëüíîãî ìîìåíòà, óêàçàííîãî 
ïðîèçâîäèòåëåì îáîðóäîâàíèÿ. Ìîùíîñòü íà 
âàëó äâèãàòåëÿ, ïîëó÷åííàÿ â ðåçóëüòàòå ñòåí-
äîâûõ èñïûòàíèé, òàêæå ïðåâûøàåò äëèòåëü-
íóþ ìîùíîñòü, ïðèâåäåííóþ â òàáëèöå òåõíè-
÷åñêèõ äàííûõ ïðîèçâîäèòåëÿ äâèãàòåëÿ. 

Ïîëó÷åííàÿ â ðåçóëüòàòå èñïûòàíèÿ çàâèñè-
ìîñòü ÊÏÄ ÒÝÄ è ÑÓÒ ïîêàçûâàåò, ÷òî ýëåê-
òðîïðèâîä èìååò íàèëó÷øèå õàðàêòåðèñòè-

êè íà ÷àñòîòå âðàùåíèÿ 4000 ìèí-1 ïðè 50 % 
îò íîìèíàëüíîé íàãðóçêè. Ñîîòâåòñòâóþùåå 
ýòîìó ðåæèìó ðàáîòû ÊÏÄ ÒÝÄ è ÑÓÒ ñî-
ñòàâëÿåò 90,4 %. Åñëè ïðèíÿòü, ÷òî ÊÏÄ ÑÓÒ 
ðàâíî 95 %, òî ÊÏÄ ÒÝÄ ñîñòàâèò 95,2 %, ÷òî 
ñîîòâåòñòâóåò òåõíè÷åñêèì äàííûì äâèãàòåëÿ.

Ðèñ. 6. Çàâèñèìîñòü ìîìåíòà íà âàëó äâèãàòåëÿ îò 
÷àñòîòû âðàùåíèÿ ðîòîðà: 

M – èçìåðåííûé ìîìåíò; Mí – ïàñïîðòíûé 
ïðîäîëæèòåëüíûé ìîìåíò

Ðèñ. 7. Çàâèñèìîñòü ìîùíîñòè íà âàëó äâèãàòåëÿ îò 
÷àñòîòû âðàùåíèÿ ðîòîðà: 

N – èçìåðåííàÿ ìîùíîñòü; Ní – ïàñïîðòíàÿ 
ïðîäîëæèòåëüíàÿ ìîùíîñòü

Ðèñ. 8. Çàâèñèìîñòü ÊÏÄ ýëåêòðîïðèâîäà 
îò ÷àñòîòû âðàùåíèÿ ðîòîðà äâèãàòåëÿ 

ïðè ðàçëè÷íûõ íàãðóçêàõ
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Òàêèì îáðàçîì, â ðåçóëüòàòå èñïûòàíèé 
áûëè ïîäòâåðæäåíû õàðàêòåðèñòèêè äâèãàòå-
ëÿ, çàÿâëåííûå ïðîèçâîäèòåëåì îáîðóäîâàíèÿ. 

Çàêëþ÷åíèå
Ïîëó÷åííûå ðåçóëüòàòû èñïûòàíèé ìîãóò 

áûòü èñïîëüçîâàíû â ìàòåìàòè÷åñêèõ ìîäåëÿõ 
òÿãîâîãî ýëåêòðîïðèâîäà äëÿ ïðîãíîçèðîâàíèÿ 
äèíàìè÷åñêèõ õàðàêòåðèñòèê òðàíñïîðòíûõ 
ñðåäñòâ, à ýëåêòðîäâèãàòåëè ìàðêè EMRAX ñ 
ÑÓÏ EmDrive 500 ìîæíî ðåêîìåíäîâàòü äëÿ 
ïðèìåíåíèÿ íà îïûòíûõ îáðàçöàõ ÒÑ ñ ýëåê-
òðè÷åñêèìè è ãèáðèäíûìè òðàíñìèññèÿìè.

Äàëüíåéøèì íàïðàâëåíèåì èññëåäîâàíèÿ 
ýëåêòðîäâèãàòåëåé EMRAX ÿâëÿåòñÿ èõ èñïû-
òàíèå â ñîñòàâå òÿãîâîãî ýëåêòðîïðèâîäà ñíå-
ãîõîäíîé è ìîòîâåçäåõîäíîé òåõíèêè. 

Ëèòåðàòóðà
1. Êîòèåâ Ã.Î., Íàãàéöåâ Ì.Â., Ñàðà÷ Å.Á. Ýëåêòðî-

òðàíñìèññèÿ ãèáðèäíîãî àâòîìîáèëÿ // Èçâåñòèÿ 
Àêàäåìèè èíæåíåðíûõ íàóê ÐÔ èì. àêàä. À.Ì. 
Ïðîõîðîâà. Òðàíñïîðòíî-òåõíè÷åñêèå ìàøèíû è 
êîìïëåêñû / ïîä ðåä. Þ.Â. Ãóëÿåâà. Ìîñêâà – Í. 
Íîâãîðîä: ÍÃÒÓ, 2008. Ò. 21. Ñ. 70–74.

2. Ãîðåëîâ Â.À., Êîñèöûí Á.Á., Ìèðîøíè÷åíêî 
À.Â., Ñòàäóõèí À.À. Ìåòîä îïðåäåëåíèÿ õàðàê-
òåðèñòèê èíäèâèäóàëüíîãî òÿãîâîãî ýëåêòðîïðè-
âîäà äâóõçâåííîé ãóñåíè÷íîé ìàøèíû íà ýòàïå 
ïðîåêòèðîâàíèÿ // Òðóäû ÍÃÒÓ èì. Ð.Å. Àëåêñåå-
âà. 2019. № 3 (126). Ñ. 120–134.

3. Ïàäàëêèí Á.Â., Ãîðåëîâ Â.À., Ñòàäóõèí À.À., 
Êîñèöûí Á.Á., Áàëêîâñêèé Ê.Ñ. Ìåòîäèêà îïðå-
äåëåíèÿ ïàðàìåòðîâ ýëåêòðîìåõàíè÷åñêîé òðàíñ-
ìèññèè ïðîìûøëåííîãî òðàêòîðà. Òðàêòîðû è 
ñåëüõîçìàøèíû. Ì., 2019. № 5. Ñ. 21–31.

4. E.Sarach. V.Gorelov. M.Sarach Brake resistors 
power determination technique at the wheel vehicle 
with traction electric drive engineering stage // 2020 
IOP Conf. Ser.: Mater. Sci. Eng. 709 022100.

5. Technical Data and Manual for EMRAX Motors / Gen-
erators. Version 5.1/August 2018. www.emrax.com.

6. EmDrive 500 BLDC motor controller. Datasheet 
V2.6. www.emsiso.com.

References
1. Kotiev G.O., Nagajcev M.V., Sarach E.B. Electric 

transmission of hybrid vehicle. Izvestiya Akademii 
inzhenernyh nauk RF im. akad. A.M. Prohorova. 
Transportno-tekhnicheskie mashiny i kompleksy. 
Pod red. YU.V. Gulyaeva. Moskva – N. Novgorod: 
NGTU, 2008. Vol. 21, pp. 70–74 (in Russ.).

2. Gorelov V.A., Kosicyn B.B., Miroshnichenko A.V., 
Staduhin A.A. Method for determining the charac-
teristics of an individual traction electric drive of a 
two-link tracked vehicle at the design stage. Trudy 
NGTU im. R.E. Alekseeva. 2019. No 3 (126), 
pp. 120–134 (in Russ.).

3. Padalkin B.V., Gorelov V.A., Staduhin A.A., Kosi-
cyn B.B., Balkovskij K.S. Method for determining 
the parameters of the electromechanical transmis-
sion of an industrial tractor. Traktory i sel’hozmash-
iny. Moscow, 2019. No 5, pp. 21–31 (in Russ.).

4. E.Sarach. V.Gorelov. M.Sarach Brake resistors 
power determination technique at the wheel vehicle 
with traction electric drive engineering stage. 2020 
IOP Conf. Ser.: Mater. Sci. Eng. 709 022100.

5. Technical Data and Manual for EMRAX Motors. 
Generators. Version 5.1. August 2018. www.
emrax.com.

6. EmDrive 500 BLDC motor controller. Datasheet 
V2.6. www.emsiso.com.



Ñòåíäîâîå èñïûòàíèå ýëåêòðîäâèãàòåëåé EMRAX 208, 228

87Èçâåñòèÿ ÌÃÒÓ «ÌÀÌÈ», ¹ 1(43), 2020

BENCH TESTING OF ELECTRIC MOTORS EMRAX 208, 228

PhD in Engineering M.B. Sarach, DSc in Engineering E.B. Sarach, PhD in Engineering A.YU. Zaharov
Bauman Moscow State Technical University, Moscow, Russia

m.sarach@bmstu.ru

The article presents the results of bench tests of electric motors EMRAX 208 and EMRAX 228 com-
pleted with power control converters EmDrive 500 made as part of the development of a model range 
of snowmobile motor vehicles to increase transport accessibility of the population of the Arctic zone 
of the Russian Federation at the Department of Wheeled vehicles of Bauman Moscow State Technical 
University. A special test bench for testing, equipped with sensors, a Zetlab measuring system and a 
cooling system were developed. A lithium battery is used as a power source. The studies were carried 
out during the work of the tested EMRAX 208 electric motor (rated power 25...40 kW at rotation speeds 
of 3000..5000 min-1, rated torque 80 Nm) in the speed control mode. As a loading machine, the second 
EMRAX 228 electric motor was used (rated power 35..55 kW at rotation speeds of 3000...5000 min-1, 
rated torque 125 Nm), operating in the mode of source of torque. As a result of the tests, the mechanical 
characteristics, the dependence of the power and efficiency of the EMRAX 208 electric motor on the ro-
tational speed for various preset rotational speeds (1000, 2000, 3000, 4000, 4400 min-1) were obtained 
at a load of 25 to 125 % of the nominal. The obtained characteristics confirmed the technical data of the 
electric motor given on the equipment manufacturer’s website. The test results can be used in mathe-
matical models of traction electric drive to predict the dynamic characteristics of vehicles, and EMRAX 
electric motors with EmDrive 500 power controlled inverter can be used on prototypes of vehicles with 
electric and hybrid transmissions.

Keywords: tests, characteristics, electric motor, EMRAX, inverter, electric drive, electric transmission.
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Â ñòàòüå ðàññìîòðåíà îäíîìàññîâàÿ ñèñòåìà âèáðîçàùèòû ñ èñïîëíèòåëüíûì ýëåêòðîìåõàíè-
÷åñêèì óñòðîéñòâîì. Ïðåäñòàâëåíà àêòóàëüíîñòü ïðîâîäèìîãî íàïðàâëåíèÿ èññëåäîâàíèé è ñî-
âðåìåííîå ñîñòîÿíèå åãî èçó÷åííîñòè. Îáîñíîâàíî, ÷òî â ñðàâíåíèè ñ óïðàâëÿåìûìè ýëåìåí-
òàìè âÿçêîãî ñîïðîòèâëåíèÿ óïðàâëÿåìûå ýëåìåíòû æåñòêîñòè îáåñïå÷èâàþò ëó÷øåå êà÷åñòâî 
âèáðîçàùèòû. Ïîä÷åðêíóòà ïåðñïåêòèâíîñòü â ïðèìåíåíèè óïðàâëÿåìûõ ýëåêòðîìåõàíè÷åñêèõ 
ýëåìåíòîâ æåñòêîñòè. Â íàñòîÿùåé ðàáîòå ðàññìîòðåí èñïîëíèòåëüíûé ìåõàíèçì â âèäå ëèíåé-
íîãî äâèãàòåëÿ ïîñòîÿííîãî òîêà. Ïðèâåäåíû ïðèìåðû èñïîëüçîâàíèÿ àêòèâíûõ ñèñòåì âèáðîçà-
ùèòû ñ ëèíåéíûìè ýëåêòðè÷åñêèìè ìàøèíàìè. Â ÷àñòíîñòè, ïðåäñòàâëåí ïðèìåð èñïîëüçîâàíèÿ 
â êà÷åñòâå ïîäâåñêè òðàíñïîðòíîãî ñðåäñòâà. Óêàçàíû ïðåèìóùåñòâà è íàèáîëåå ñóùåñòâåííûå 
íåäîñòàòêè òàêèõ ïîäâåñîê, ñäåðæèâàþùèå èõ ìàññîâîå âíåäðåíèå. Ïðåäñòàâëåíà ðàñ÷åòíàÿ ñõå-
ìà îäíîìàññîâîé êîëåáàòåëüíîé ñèñòåìû ñ ïàðàëëåëüíîé óñòàíîâêîé ýëåìåíòà âÿçêîãî òðåíèÿ è 
ýëåìåíòà æåñòêîñòè. Îáîñíîâàíî, ÷òî ñ ó÷åòîì ïðèíÿòûõ äîïóùåíèé ïðåäñòàâëåííàÿ ñõåìà ýêâè-
âàëåíòíà ïîäâåñêàì òðàíñïîðòíûõ ñðåäñòâ. Ïðåäëîæåíî, ÷òî â êà÷åñòâå óïðàâëÿåìîãî ýëåìåíòà 
âÿçêîãî ñîïðîòèâëåíèÿ èñïîëüçîâàòü ìàãíèòîðåîëîãè÷åñêèé äåìïôåð êîëåáàíèé. Ïðèâåäåí àíà-
ëèç ñîñòîÿíèÿ âîïðîñà ñèñòåì àêòèâíîé âèáðîçàùèòû ñ ìàãíèòîðåîëîãè÷åñêèìè äåìïôåðàìè êî-
ëåáàíèé. Ðàçðàáîòàíà ñòðóêòóðà çàìêíóòîé ïî âèáðîóñêîðåíèþ çàùèùàåìîãî îáúåêòà ñèñòåìû 
âèáðîçàùèòû è ïðåäñòàâëåíû ìàòåìàòè÷åñêèå ìîäåëè åå ôóíêöèîíàëüíî íåîáõîäèìûõ ýëåìåí-
òîâ: äàò÷èêà êîëåáàíèé, ñèñòåìû âèáðîçàùèòû ïî êàíàëó âîçìóùåíèÿ è óïðàâëåíèÿ, ëèíåéíîãî 
ýëåêòðîäâèãàòåëÿ ïîñòîÿííîãî òîêà. Ïðåäëîæåíà ìåòîäèêà ñèíòåçà êîððåêòèðóþùåãî óñòðîéñòâà, 
îáåñïå÷èâàþùåãî æåëàåìûå ðåçîíàíñíûå ñâîéñòâà çàìêíóòîé ñèñòåìû. Ïðåäñòàâëåíû ðåçóëü-
òàòû èìèòàöèîííîãî ìîäåëèðîâàíèÿ ñèñòåìû àêòèâíîé âèáðîçàùèòû ñ ðåãóëÿòîðîì, ñèíòåçèðî-
âàííûì ïî ïðåäëîæåííîé ìåòîäèêå, è ðåãóëÿòîðîì, ñòðóêòóðà êîòîðîãî ïîëó÷åíà â ïðåäûäóùèõ 
ðàáîòàõ àâòîðà. Íà îñíîâàíèè ïîëó÷åííûõ ðåçóëüòàòîâ ñäåëàíû âûâîäû ïî ïîëó÷åííûì â ñòàòüå 
ìàòåðèàëàì è ñôîðìóëèðîâàíû ðåêîìåíäàöèè ïî èñïîëüçîâàíèþ ðåãóëÿòîðîâ.

Êëþ÷åâûå ñëîâà: ñèñòåìà âèáðîçàùèòû, ëèíåéíûé äâèãàòåëü ïîñòîÿííîãî òîêà, ðåãóëÿòîð, çàì-
êíóòàÿ ñèñòåìà, óïðàâëÿåìàÿ ïîäâåñêà, îäíîìàññîâàÿ êîëåáàòåëüíàÿ ñèñòåìà, ýôôåêòèâíîñòü 
ñèñòåìû âèáðîçàùèòû, àìïëèòóäíàÿ ÷àñòîòíàÿ õàðàêòåðèñòèêà, êðèòåðèé ýôôåêòèâíîñòè âèáðî-
çàùèòû.

 Àêòóàëüíîñòü
Â ïîñëåäíèå íåñêîëüêî ëåò â ïîäâåñêàõ 

òðàíñïîðòíûõ ñðåäñòâ âîçðàñòàåò èíòåðåñ ê 
ýëåêòðîìåõàíè÷åñêèì èñïîëíèòåëüíûì ýëå-
ìåíòàì, ñðåäè êîòîðûõ íàèáîëåå ðàñïðîñòðà-
íåíû ìàãíèòîðåîëîãè÷åñêèå äåìïôåðû êîëåáà-
íèé è òàêæå ëèíåéíûå ýëåêòðîäâèãàòåëè.

Êàê èçâåñòíî, ýëåìåíòû âÿçêîãî ñîïðîòèâ-
ëåíèÿ ýôôåêòèâíû íà ðåçîíàíñíûõ ÷àñòîòàõ 
è óõóäøàþò çàðåçîíàíñíûå ñâîéñòâà ñèñòåìû 
âèáðîçàùèòû, â òî âðåìÿ êàê ýëåìåíòû óïðóãî-
ñòè, íàîáîðîò, ýôôåêòèâíû íà çàðåçîíàíñíûõ 
÷àñòîòàõ è óõóäøàþò ðåçîíàíñíûå ñâîéñòâà 

ñèñòåìû [1, 2]. Â ñâÿçè ñ ýòèì, íàèáîëåå ÷àñòî 
ïðèìåíÿþò ñõåìû ñ ñîâìåñòíîé óñòàíîâêîé 
ýëåìåíòà óïðóãîñòè è âÿçêîãî òðåíèÿ, ñðåäè 
êîòîðûõ íàèáîëåå ïîïóëÿðíà ñõåìà Êåëüâèíà 
[3, 4] ñ èõ ïàðàëëåëüíîé óñòàíîâêîé. 

Êàê ïîêàçûâàþò èññëåäîâàíèÿ, ïðîâåäåííûå 
àâòîðàìè [5], ñóùåñòâåííîãî óëó÷øåíèÿ âè-
áðîçàùèòíûõ ñâîéñòâ â ñèñòåìå âèáðîçàùèòû 
òÿæåëî äîñòè÷ü çà ñ÷åò èñïîëüçîâàíèÿ òîëüêî 
ýëåìåíòîâ âÿçêîãî ñîïðîòèâëåíèÿ. Ïîâûøåí-
íóþ ýôôåêòèâíîñòü ïîêàçûâàþò ñèñòåìû âè-
áðîçàùèòû ñ óïðàâëÿåìûìè ýëåìåíòàìè óïðó-
ãîñòè [6]. 
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Íàèáîëåå ÷àñòî â êà÷åñòâå óïðàâëÿåìûõ 
ýëåìåíòîâ æåñòêîñòè âûñòóïàþò ýëåêòðîìå-
õàíè÷åñêèå ïðåîáðàçîâàòåëè â âèäå ëèíåéíûõ 
ýëåêòðè÷åñêèõ ìàøèí ïîñòîÿííîãî òîêà [7]. 
Íà ðèñ. 1 ïðåäñòàâëåíà êîíñòðóêöèÿ ëèíåéíî-
ãî ýëåêòðîäâèãàòåëÿ èñïîëüçóåìîãî â ïîäâå-
ñêå òðàíñïîðòíîãî ñðåäñòâà [8]. Â óêàçàííîé 
êîíñòðóêöèè ýëåêòðîìàãíèòíîé ïîäâåñêè íà 
øòîêå äåìïôåðà, êîòîðûé òàêæå âûïîëíÿåò 
ðîëü ýëåìåíòà óïðóãîñòè, ðàçìåùåíû ïîñòîÿí-
íûå ìàãíèòû, ïåðåìåùàþùèåñÿ â ýëåêòðîìàã-
íèòíîì ïîëå, ñîçäàâàåìûì îáìîòêîé êàòóøêè 
ñòàòîðà.

Ðèñ. 1. Êîíñòðóêöèÿ ëèíåéíîãî ýëåêòðîäâèãàòåëÿ 

Èíòåðåñíîé îñîáåííîñòüþ ýëåêòðîìàãíèò-
íîé ïîäâåñêè ÿâëÿåòñÿ âîçìîæíîñòü âûðàáîò-
êè ýíåðãèè çà ñ÷åò ýëåêòðîìåõàíè÷åñêèõ ïðå-
îáðàçîâàíèé îò äâèæåíèé ïîäâèæíîé ÷àñòè 
øòîêà äâèãàòåëÿ [9, 10]. Â êà÷åñòâå íåäîñòàòêîâ 
ïîäâåñêè ñ ëèíåéíûì äâèãàòåëåì îòìå÷àåò-
ñÿ ïîâûøåííîå ýëåêòðîïîòðåáëåíèå (ïîðÿäêà 
20–30 êÂò) è ñòîèìîñòü. Â öåëÿõ óíèôèêàöèè 
èçäåëèé ýëåêòðîìàãíèòíàÿ ïîäâåñêà àâòîìîáè-
ëÿ âçàèìîçàìåíÿåìà ñî øòàòíîé.

Ýëåêòðîìàãíèòíûå ïîäâåñêè òðàíñïîðò-
íûõ ñðåäñòâ îêàçûâàþòñÿ óäîáíûì ñðåäñòâîì 
óïðàâëåíèÿ äèíàìèêîé êóçîâà äëÿ ñîâðåìåí-
íûõ ýëåêòðîííûõ ñèñòåì ñòàáèëèçàöèè äâè-
æåíèÿ òðàíñïîðòíîãî ñðåäñòâà. Â ÷àñòíîñòè, 

óäàåòñÿ ñòàáèëèçèðîâàòü ïîëîæåíèå êóçîâà 
ïðè ìàíåâðèðîâàíèè è îáúåçäå ïðåïÿòñòâèé, 
÷òî ÿâëÿåòñÿ î÷åíü âàæíîé ïðîáëåìîé äëÿ ïî-
âûøåíèÿ óïðàâëÿåìîñòè òðàíñïîðòíîãî ñðåä-
ñòâà, âëèÿþùåé íà áåçîïàñíîñòü àâòîìîáèëÿ 
äëÿ âîäèòåëÿ ñ ïàññàæèðàìè è îêðóæàþùèõ. 

Ñòåïåíü ðàçðàáîòàííîñòè âîïðîñà
Ê íàñòîÿùåìó âðåìåíè âîïðîñû ðàçðàáîòêè 

è èññëåäîâàíèÿ ýëåêòðîòåõíè÷åñêèõ èñïîëíè-
òåëüíûõ óñòðîéñòâ âèáðîçàùèòû â äîñòàòî÷íîé 
ìåðå èçó÷åíû. Ðàçðàáîòêîé è îïòèìèçàöèåé 
êîíñòðóêöèé ìàãíèòîðåîëîãè÷åñêèõ äåìïôå-
ðîâ ïîñâÿùåíû, â ÷àñòíîñòè, ðàáîòû [11, 12], â 
êîòîðûõ èçó÷àþòñÿ òåïëîâûå, ãèäðîäèíàìè÷å-
ñêèå è ýëåêòðîìàãíèòíûå ïðîöåññû è èõ âçàè-
ìîñâÿçü äðóã ñ äðóãîì.

Îñíîâíûå òåíäåíöèè â êîíñòðóèðîâàíèè 
ëèíåéíûõ äâèãàòåëåé ïîñòîÿííîãî òîêà â çíà-
÷èòåëüíîé ñòåïåíè îïðåäåëåíû. Îäíà ÷àñòü 
ñòàòåé ñâÿçàíà ñ îïòèìèçàöèåé èõ êîíñòðóê-
öèé [14, 15] äëÿ ðàçëè÷íûõ ñôåð ïðèìåíåíèé. 
Äðóãàÿ ÷àñòü ñòàòåé ïîñâÿùåíà èçó÷åíèþ äè-
íàìè÷åñêèõ õàðàêòåðèñòèê ýëåêòðîìåõàíè÷å-
ñêèõ ñèñòåì íà îñíîâå ëèíåéíûõ äâèãàòåëåé 
[16, 17]. Îñòàëüíûå ïóáëèêàöèè ïîñâÿùåíû 
ïðèìåíåíèþ ðàçëè÷íûõ àëãîðèòìîâ óïðàâ-
ëåíèÿ ëèíåéíûìè ýëåêòðîäâèãàòåëÿìè [18]. 
Äëÿ áîëüøèíñòâà ìåõàíèçìîâ õàðàêòåðíî âîç-
ìóùåíèå ñî ñëó÷àéíûìè õàðàêòåðèñòèêàìè. 
Òîãäà àêòóàëüíû â èñïîëüçîâàíèè ñèñòåìû 
óïðàâëåíèÿ, ïîñòðîåííûå íà ïðèíöèïàõ îïòè-
ìàëüíîãî [19] è àäàïòèâíîãî [20] óïðàâëåíèÿ, 
ôàçèðåãóëÿòîðàõ [21] è íåéðîííûõ ñåòÿõ [22]. 
Â äðóãèõ ñëó÷àÿõ, íàïðèìåð, ó òðàíñïîðòíûõ 
ñðåäñòâ ïðè äâèæåíèè ïî ïîâåðõíîñòè ñ ïåðè-
îäè÷åñêèìè íåðîâíîñòÿìè îäèíàêîâîé ôîðìû 
è àìïëèòóäû âîçìóùåíèå ìîæåò ðàññìàòðè-
âàòüñÿ êàê ãàðìîíè÷åñêîå [23]. Â ýòîì ñëó÷àå, 
ïðè ñèíòåçå ðåãóëÿòîðîâ ìîæíî èñïîëüçîâàòü 
êëàññè÷åñêèå ìåòîäû òåîðèè óïðàâëåíèÿ. Â 
íàñòîÿùåé ñòàòüå ðåøåíà çàäà÷à îáåñïå÷åíèÿ 
òðåáóåìûõ ðåçîíàíñíûõ ñâîéñòâ çàìêíóòîé ïî 
âèáðîóñêîðåíèþ ñèñòåìû âèáðîçàùèòû.

Ðàçðàáîòêà 
ìàòåìàòè÷åñêîé ìîäåëè
Â êà÷åñòâå îñíîâíîé ðàñ÷åòíîé ñõåìû ïðè-

íÿòà îäíîìàññîâàÿ êîëåáàòåëüíàÿ ñèñòåìà 
(ðèñ. 2). Òàêàÿ ðàñ÷åòíàÿ ñõåìà ìîäåëèðóåò, â 
÷àñòíîñòè, ðåàëüíóþ êîíñòðóêöèþ ïîäâåñêè 
àâòîìîáèëÿ ïðè äîïóùåíèè î òîì, ÷òî öåíòð 
òÿæåñòè àâòîìîáèëÿ ðàñïîëàãàåòñÿ ïîñåðåäè-
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íå êîëåñíîé áàçû. Â ýòîì ñëó÷àå êîëåáàíèÿ â 
ïåðåäíåé ïîäâåñêå àâòîìîáèëÿ íå çàâèñÿò îò 
êîëåáàíèé â çàäíåé ïîäâåñêå è èõ äîïóñòèìî 
ðàññìàòðèâàòü îòäåëüíî [4].

Íà ðàñ÷åòíîé ñõåìå êîëåáàòåëüíîé ñèñòåìû 
îáîçíà÷åíû: âèáðîçàùèùàåìûé îáúåêò ñ ìàññîé 
m; âîçìóùàþùåå âîçäåéñòâèå â âèäå ïåðåìå-
ùåíèÿ êîîðäèíàòû Z

0 
äîðîæíîé ïîâåðõíîñòè; 

óïðóãîãî ýëåìåíòà, èìåþùåãî æåñòêîñòü C; 
β – êîýôôèöèåíò ãèäðàâëè÷åñêîãî ñîïðîòèâëå-
íèÿ äåìïôèðóþùåãî ýëåìåíòà; Z – ïåðåìåùå-
íèå êîîðäèíàòû çàùèùàåìîãî îáúåêòà.

Ðèñ. 2. Ðàñ÷åòíàÿ ñõåìà îäíîìàññîâîé 
êîëåáàòåëüíîé ñèñòåìû

Â [24] ïîëó÷åíî äèôôåðåíöèàëüíîå óðàâ-
íåíèå, îïèñûâàþùèå äâèæåíèå ðàñ÷åòíîé êî-
ëåáàòåëüíîé ñèñòåìû (çäåñü è äàëåå ðàññìà-
òðèâàþòñÿ óðàâíåíèÿ äëÿ ìàëûõ îòêëîíåíèé 
ïåðåìåííûõ):

 

 

 

2
0

2

0

( ) ( )( )

( ) ( ) 0.

d Z t Z td Z tm
dt dt
C Z t Z t


 

  
  (1)

Óðàâíåíèå (1) çàïèøåì â îïåðàòîðíîé 
ôîðìå:

   2
0 0( ) ( ) ( ) ( ) ( ) 0.mp Z p p Z p Z p C Z p Z p       

(2)

Ïåðåéäåì îò ïåðåìåùåíèé ê óñêîðåíèÿì, 
èñïîëüçóÿ ñëåäóþùèå âûðàæåíèÿ:

22
2 0

02 2

2
0 0

( )( )( ) , ( ) ( ), ( ) ,

( ) ( ).

d Z td Z tt p p Z p t
dt dt

p p Z p

     

 

Ïðåîáðàçîâàâ óðàâíåíèå (2) ñ ó÷åòîì ââå-
äåííûõ îáîçíà÷åíèé, ïîëó÷èì: 

   0 02( ) ( ) ( ) ( ) ( ) 0.Cm p p p p p
p p


         

Ïðèâåäåííîìó îïåðàòîðíîìó óðàâíåíèþ 
ñîîòâåòñòâóåò ñòðóêòóðíàÿ ñõåìà, ïîêàçàííàÿ 
íà ðèñ. 3. 

Ðèñ. 3. Ñòðóêòóðíàÿ ñõåìà ñèñòåìû âèáðîçàùèòû

Íà îñíîâàíèè ïðèâåäåííîé ñòðóêòóðû ïî-
ëó÷åíà ïåðåäàòî÷íàÿ ôóíêöèÿ (ÏÔ) ïàññèâíîé 
ñèñòåìû âèáðîçàùèòû äëÿ âûõîäíîé ïåðåìåí-
íîé – óñêîðåíèå çàùèùàåìîãî îáúåêòà – ε(p) è 
âõîäíîé – ε

0
(p) – óñêîðåíèå êîîðäèíàòû îñíî-

âàíèÿ:

20

1( )( ) .
( ) 1

P

pp CW p mp p p
c C




 
  

Ó÷èòûâàÿ ïðèíÿòûå îáîçíà÷åíèÿ

1 2 1 1, 2 ,m T T T
C C


   

ïîñëåäíåå âûðàæåíèå ìîæíî ïðåäñòàâèòü â 
âèäå:

 

2
2 2

0 2

1( )( ) .
( ) 1P

T ppW p
p T p T p


 
  

 (3)

ÏÔ (3) ñîîòâåòñòâóåò âûðàæåíèå åå àìïëè-
òóäíîé ÷àñòîòíîé õàðàêòåðèñòèêè (À×Õ):

 

2
2

2 2 2
1 2

1 ( )( ) ,
(1 ) ( )

TA
T T
 

 
   

 (4)

äîñòèãàþùåé ñâîåãî ìàêñèìàëüíîãî çíà÷åíèÿ 
ïðè ÷àñòîòå:

 

2

m 2 2
1

1 8 1
.

4 T
  

 
 

 (5)

Íà ðèñ. 4 ïðåäñòàâëåí ãðàôèê çàâèñèìîñòè 


m
 îò êîýôôèöèåíòà çàòóõàíèÿ ξ, äëÿ çíà÷åíèÿ 

T
1
 = 0,07 õàðàêòåðíîãî äëÿ âèáðîçàùèòû òðàíñ-

ïîðòíûõ ñðåäñòâ.
Ïîäñòàâëÿÿ ÷èñëåííûå çíà÷åíèÿ ïî âûðà-

æåíèþ (5) â âûðàæåíèå (4), ïîëó÷èì ãðàôèê 
çàâèñèìîñòè ìàêñèìàëüíîãî çíà÷åíèÿ îòíîñè-
òåëüíîé àìïëèòóäû À×Õ A

m
 îò êîýôôèöèåíòà 

çàòóõàíèÿ ξ, äëÿ T
1
 = 0,07.



Èññëåäîâàíèå ýôôåêòèâíîñòè ýëåêòðîìåõàíè÷åñêîé ñèñòåìû àêòèâíîé âèáðîçàùèòû àâòîìîáèëÿ 
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Ðèñ. 4. Çàâèñèìîñòü m îò êîýôôèöèåíòà çàòóõàíèÿ ξ

Ðèñ. 5. Çàâèñèìîñòü ìàêñèìàëüíîãî çíà÷åíèÿ A
m
 

îò êîýôôèöèåíòà çàòóõàíèÿ ξ

Íà îñíîâàíèè àíàëèçà ãðàôèêîâ íà ðèñ. 3 è 4 
ñäåëàí âûáîð î ïðåäïî÷òèòåëüíîì êîýôôèöèåí-
òå äåìïôèðîâàíèÿ. Òàê, êîýôôèöèåíòó äåìïôè-
ðîâàíèÿ ξ = 0,21 õàðàêòåðíîãî äëÿ èñõîäíîé ïàñ-
ñèâíîé ñèñòåìû âèáðîçàùèòû, ñîîòâåòñòâóåò 
ìàêñèìàëüíîå çíà÷åíèå îòíîñèòåëüíîé àìïëè-
òóäû À×Õ A

m
 = 2,6 î.å. Ñòàâèòñÿ çàäà÷à ñíèæå-

íèÿ àìïëèòóäû óñêîðåíèé â çàìêíóòîé ñèñòåìå 
âèáðîçàùèòû â 2 ðàçà, ò.å. îáåñïå÷åíèè ìàêñè-
ìàëüíîãî çíà÷åíèÿ îòíîñèòåëüíîé àìïëèòóäû 
À×Õ A

m
 = 1,3. Óêàçàííîìó çíà÷åíèþ A

m
 ñîîò-

âåòñòâóåò äåìïôèðîâàíèå ξ = 0,7 – ýòî çíà÷åíèå 
è ïðèíèìàåòñÿ â êà÷åñòâå ðàñ÷åòíîãî.

Äîïîëíèì ïîëó÷åííóþ ìàòåìàòè÷åñêóþ 
ìîäåëü óðàâíåíèÿìè äâèæåíèÿ äëÿ ëèíåéíîãî 
äâèãàòåëÿ ïîñòîÿííîãî òîêà (ËÄÏÒ), èìåþùå-
ãî íåçàâèñèìîå âîçáóæäåíèå [6]:

 

( )( ) ( ) ( ) ,dI tU t E t I t R L
dt

    (6)

 
 0

0

( ) ( ) ( ) ,
t

E t k t t dt   Ô  (7)

ãäå I – òîê ÿêîðÿ; E – ïðîòèâî ÝÄÑ ÿêîðÿ; L – 
èíäóêòèâíîñòü ÿêîðíîé öåïè; R – ñîïðîòèâëå-
íèå öåïè ÿêîðÿ äâèãàòåëÿ; kÔ – êîýôôèöèåíò 
ïåðåäà÷è äâèãàòåëÿ. 

Ìåõàíè÷åñêîå óñèëèå, ñîçäàâàåìîå ËÄÏÒ 
(ïðè óñëîâèè ïîñòîÿíñòâà ìàãíèòíîãî ïîòîêà), 
çàâèñèò îò òîêà ÿêîðÿ:

 ( ) ( ).MF t k I t Ô   (8)

Óðàâíåíèÿ (4)-(6) çàïèøåì â îïåðàòîðíîì 
âèäå:

  ( ) ( ) ( ) 1 ;EU p E p I p R T p     (9)

  0( ) ( ) ( ) / ;E p k p p p   Ô   (10)

 ( ) ( );MF p k p Ô   (11)

ãäå E
LT R  – ýëåêòðîìàãíèòíàÿ ïîñòîÿííàÿ 

ËÄÏÒ.
Óðàâíåíèå (7) ìîæåò áûòü ïðåîáðàçîâàíî:

 
1

( ) 1( ) .
( ) ( ) ( 1)M

E

I pW p
U p E p R T p

 
 

  (12)

Èñõîäíàÿ ñòðóêòóðíàÿ ñõåìà ñèñòåìû, äî-
ïîëíåííàÿ çâåíüÿìè, îòðàæàþùèìè äèíàìè÷å-
ñêèå ñâîéñòâà ËÄÏÒ

 

2

2 2
1 2

( )( ) .
( ) 1M

p p CW p
F p T p T p


 
 Ó   (13)

è ïðèâåäåíà íà ðèñ. 6.

Ðèñ. 6. Ñòðóêòóðíàÿ ñõåìà ñèñòåìû âèáðîçàùèòû ñ ËÄÏÒ è äîïîëíèòåëüíûìè äèíàìè÷åñêèìè çâåíüÿìè
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Íà îñíîâàíèè ïðèâåäåííîé ñòðóêòóðû ïî-
ëó÷åíà ÏÔ îáúåêòà óïðàâëåíèÿ, óñòàíàâëèâà-
þùàÿ âçàèìîñâÿçü ìåæäó óñêîðåíèåì  è ìåõà-
íè÷åñêîé ñèëîé F

M
, ñîçäàâàåìîé äâèãàòåëåì.

Äëÿ îðãàíèçàöèè àêòèâíîé (çàìêíóòîé) 
ñèñòåìû âèáðîçàùèòû ñòðóêòóðà äîïîëíåíà 
öåïüþ îòðèöàòåëüíîé îáðàòíîé ñâÿçè (ïîêàçà-
íà ïóíêòèðíîé ëèíèåé), âêëþ÷àþùåé áåçûíåð-
öèîííûé äàò÷èê óñêîðåíèé ñ êîýôôèöèåíòîì 
ïåðåäà÷è k

s
, ðåãóëÿòîðîì ñ ÏÔ W

R
(p) è óïðàâ-

ëÿåìûì ïðåîáðàçîâàòåëåì ñ ÏÔ W
u
(p) = k

U
. 

Âíóòðåííåé îáðàòíîé ñâÿçüþ ïî ÝÄÑ äâè-
ãàòåëÿ ïðè ñèíòåçå ñèñòåì ýëåêòðîïðèâîäà 
îáû÷íî ïðåíåáðåãàþò. Áåç ó÷åòà ñâÿçè ïî ÝÄÑ 
äâèãàòåëÿ ÏÔ êîíòóðà îòðèöàòåëüíîé îáðàò-
íîé ñâÿçè àêòèâíîé ñèñòåìû âèáðîçàùèòû â 
ðàçîìêíóòîì ñîñòîÿíèè èìååò âèä:

  
( ) ( ) ( ) ,

1
OP

OP R
E

kW p W p W p
T p


Ó   (14)

ãäå êîýôôèöèåíò ïåðåäà÷è

 
.S U

OP
k k kk RC Ô   (15)

Òðàäèöèîííûå ìåòîäû ñèíòåçà ðåãóëÿòîðîâ â 
çàìêíóòûõ ñèñòåìàõ [25] îðèåíòèðîâàíû íà îáå-
ñïå÷åíèå ïîêàçàòåëåé êà÷åñòâà ðåãóëèðîâàíèÿ ïî 
óïðàâëÿþùåìó âîçäåéñòâèþ. Â ðàññìàòðèâàåìîé 
ñèñòåìå íàèáîëüøèé èíòåðåñ ïðåäñòàâëÿþò ïîêà-
çàòåëè êà÷åñòâà ïî âîçìóùàþùåìó âîçäåéñòâèþ. 
Â ÷àñòíîñòè, çàäà÷ó ñèíòåçà ðåãóëÿòîðà ìîæíî 
ñôîðìóëèðîâàòü â ñëåäóþùåì âèäå: òðåáóåòñÿ 
âûáðàòü ðåãóëÿòîð, îáåñïå÷èâàþùèé ñíèæåíèå 
ìàêñèìàëüíîãî çíà÷åíèÿ À×Õ â îáëàñòè ðåçî-
íàíñíîé ÷àñòîòû äî çàäàííîé âåëè÷èíû A

MAX
. Â 

âûðàæåíèè (3) çíà÷åíèå T
2
 < T

1
 è ìàêñèìóì À×Õ 

îïðåäåëÿþòñÿ çíàìåíàòåëåì ÏÔ (3), à èìåííî 
çíà÷åíèåì êîýôôèöèåíòà êîëåáàòåëüíîñòè ξ

1
.

Ó÷èòûâàÿ èçëîæåííîå, çàäàäèì æåëàåìóþ 
ÏÔ çàìêíóòîé ñêîððåêòèðîâàííîé ñèñòåìû 
â ôîðìå, àíàëîãè÷íîé âûðàæåíèþ (3), íî ñ 
íîâûì ýòàëîííûì çíà÷åíèåì ξ

0
 êîýôôèöèåíòà 

çàòóõàíèÿ, îáåñïå÷èâàþùåãî ñíèæåíèå A
MAX

 
äî òðåáóåìîãî çíà÷åíèÿ:

 

2
2 2

1 0 1

1( )( ) .
( ) 2 1

T ppW p
p T p T p


 
   

Ç
Â  (16)

Äëÿ óäîáñòâà ïðîöåäóðû ñèíòåçà íà ðèñ. 7 
ïðåäñòàâëåíà ïðåîáðàçîâàííàÿ ñòðóêòóðíàÿ 
ñõåìà ñèñòåìû âèáðîçàùèòû ñ ËÄÏÒ, ãäå îáîá-
ùåííàÿ ÏÔ ðåãóëÿòîðà:

 1( ) ( ) ( ) ( ).OR OP R u MW p k W p W p W p  (17)

Äëÿ ñõåìû ñ îáîáùåííûì ðåãóëÿòîðîì ïî-
ëó÷åíà ÏÔ çàìêíóòîé ñèñòåìû:

 

1

1

( )( ) ,
( ) ( )OR

W pW p
m W p W p 
 

 (18)

ãäå  0
1 2( ) ,p CW p

p
 

  (19)

êîòîðàÿ äîëæíà áûòü ðàâíà æåëàåìîé ÏÔ ïî 
âûðàæåíèþ (16).

Èç ÏÔ (18) ñ ó÷åòîì âûðàæåíèé (12), (13), 
(14), (15) ïîëó÷åíà îáîáùåííàÿ ñòðóêòóðà ðå-
ãóëÿòîðà:

 

1 1 0

2

2 ( )( ) .
1OR

TW p
T p
  




 (20)

Äîïîëíÿÿ ñòðóêòóðó çàìêíóòîé ñèñòåìû 
äèíàìè÷åñêèìè çâåíüÿìè, îòðàæàþùèìè ñâîé-
ñòâà äàò÷èêà è èñïîëíèòåëüíîãî ìåõàíèçìà, 
ïîëó÷èì ÏÔ äëÿ ðåàëüíîãî ðåãóëÿòîðà çàì-
êíóòîé ñèñòåìû:

3 2
1 1 0 3 2 1 0

2

2 ( )( ) .
1R

T a p a p a p aW p
T p p

        
       

 

(21)
ãäå 2

3 1 ,Ea T T  2 1 1(2 ),Ea TT m    

1 1 1(2 ),E Ea TT T   0 1.a 

Ñ ó÷åòîì ÷èñëåííûõ çíà÷åíèé, õàðàêòåð-
íûõ äëÿ ðåàëüíûõ îáúåêòîâ: 

m = 80 êã, Ñ = 15 
êH

ì
, = 455 êÏÀ·ñ·ì, 

Ò
Å
 = 0,02, k

ÎÐ
 = 6,67·10–4.

è æåëàåìîì çíà÷åíèè ñíèæåíèÿ àìïëèòóäû 
âèáðîóñêîðåíèé îáúåêòà A

m
 = 1,3 îïðåäåëåíû 

÷èñëåííûå çíà÷åíèÿ êîýôôèöèåíòîâ ðåãóëÿòî-
ðà (21): 

à
3
 = 1,1 · 10–4, à

2
 = 0,01, à

1
 = 0,1, à

0
 = 1. 

Ðèñ. 7. Ïðåîáðàçîâàííàÿ ñòðóêòóðíàÿ ñõåìà 
ñèñòåìû âèáðîçàùèòû ñ ËÄÏÒ



Èññëåäîâàíèå ýôôåêòèâíîñòè ýëåêòðîìåõàíè÷åñêîé ñèñòåìû àêòèâíîé âèáðîçàùèòû àâòîìîáèëÿ 
ñ ðàçëè÷íûìè ðåãóëÿòîðàìè

93Èçâåñòèÿ ÌÃÒÓ «ÌÀÌÈ», ¹ 1(43), 2020

Ìîäåëèðîâàíèå äèíàìèêè 
ñèñòåìû âèáðîçàùèòû
Íà ðèñ. 8 ïðåäñòàâëåíû àìïëèòóäíûå ÷àñòîò-

íûå õàðàêòåðèñòèêè (À×Õ) èñõîäíîé ðàçîìêíó-
òîé ñèñòåìû (êðèâàÿ 1), çàìêíóòîé ñèñòåìû âè-
áðîçàùèòû ñ ðåãóëÿòîðîì (21) (êðèâàÿ 3). 

Äîïîëíèòåëüíî íà ðèñ. 8 ïðåäñòàâëåíà À×Õ 
ðåãóëÿòîðà (êðèâàÿ 2), ñòðóêòóðà êîòîðîãî ïî-
ëó÷åíà àâòîðàìè â ðàáîòå [6]. Ýòîò ðåãóëÿòîð 
ñèíòåçèðîâàí èñõîäÿ èç óñëîâèÿ æåëàåìîãî 
âèäà ËÀÕ çàìêíóòîé ñèñòåìû.

Îöåíêà ýôôåêòèâíîñòè àêòèâíîé ñèñòåìû 
âèáðîçàùèòû ïðîâåäåíà íà îñíîâå ñðàâíåíèÿ 
åå õàðàêòåðèñòèê ñ õàðàêòåðèñòèêàìè èñõîä-
íîé ïàññèâíîé ñèñòåìû. Äëÿ ýòîãî ââåäåí ïî-
êàçàòåëü A*, îïðåäåëÿåìûé ïî âûðàæåíèþ:

* max

max
,

P

a
AA A

ãäå max
PA  – ìàêñèìàëüíîå çíà÷åíèå À×Õ â èñ-

õîäíîé ðàçîìêíóòîé ñèñòåìå; max
aA  – ìàêñè-

ìàëüíîå çíà÷åíèå À×Õ â ñêîððåêòèðîâàííîé 
ñèñòåìå.

Êàê ñëåäóåò èç ïðåäñòàâëåííûõ íà ðèñ. 8 
õàðàêòåðèñòèê, íàèáîëüøóþ ýôôåêòèâíîñòü 
îáåñïå÷èâàåò çàìêíóòàÿ ñèñòåìà âèáðîçàùè-
òû ñ ðåãóëÿòîðîì (21), äëÿ êîòîðîé ïîêàçàòåëü 
A* = 1,8. Íàèìåíüøóþ èç ðàññìàòðèâàåìûõ 
ñèñòåì îáåñïå÷èâàåò ñèñòåìà âèáðîçàùèòû 
ñ ðåãóëÿòîðîì [6], äëÿ êîòîðîé ïîêàçàòåëü 
A* = 1,4. Ñðàâíèòåëüíî íèçêàÿ ýôôåêòèâíîñòü 
ðåãóëÿòîðà [6] îáúÿñíÿåòñÿ óïðîùåíèåì ìàòå-
ìàòè÷åñêèõ ìîäåëåé äèíàìè÷åñêèõ çâåíüåâ, 
èñïîëüçîâàííûõ ïðè ñèíòåçå.

Îáñóæäåíèå ðåçóëüòàòîâ 
è ðåêîìåíäàöèè ïî èõ 
èñïîëüçîâàíèþ
Â íàñòîÿùåé ñòàòüå ïîëó÷åíà ñòðóêòóðà 

ðåãóëÿòîðà, îáåñïå÷èâàþùåãî çàäàííûå ðå-
çîíàíñíûå ñâîéñòâà âèáðîçàùèòû. Ñòðóêòóðà 
ðåãóëÿòîðà ïîëó÷åíà ïî ìåòîäèêå, îòëè÷àþ-
ùåéñÿ îò èçâåñòíûõ [25] òåì, ÷òî íå ó÷èòûâàåò 

òðåáóåìûå ïîêàçàòåëè ïåðåõîäíîãî ïðîöåññà 
(æåëàåìîå âðåìÿ ïåðåõîäíîãî ïðîöåññà è ïå-
ðåðåãóëèðîâàíèå). Òåì íå ìåíåå, ðåàëèçàöèÿ 
ñòðóêòóðû ïîëó÷åííîãî ðåãóëÿòîðà (21) ñòàë-
êèâàåòñÿ ñ íåêîòîðûìè çàòðóäíåíèÿìè, ïî-
ñêîëüêó ïðîèçâîäíûå âûñîêîãî ïîðÿäêà (âûøå 
âòîðîé) òåõíè÷åñêè ðåàëèçîâàòü ñëîæíî – ýòî 
ñâÿçàíî ñ îïåðàöèÿìè èäåàëüíîãî äèôôåðåíöè-
ðîâàíèÿ. Â ñâÿçè ñ ýòèì, àâòîðàìè ñòàòüè ïðî-
âåäåíà îöåíêà âîçìîæíîñòè óïðîùåíèÿ ñòðóê-
òóðû ðåãóëÿòîðà. Êàê ïîêàçàë ïðîâåäåííûé 
àíàëèç, êîýôôèöèåíò a

3
 ðåãóëÿòîðà çíà÷èòåëü-

íî ìåíüøå îñòàëüíûõ êîýôôèöèåíòîâ. Â ñâÿçè 
ñ ýòèì äîïîëíèòåëüíî â èíæåíåðíûõ ïðîãðàì-
ìàõ îöåíåíà âîçìîæíîñòü åãî ïðèðàâíèâàíèÿ 
ê íóëþ. Ðåçóëüòàòû ïîêàçàëè, ÷òî óõóäøåíèå 
ðåçîíàíñíûõ ñâîéñòâ íå ïðåâûøàåò 10 % îò 
ìàêñèìàëüíîé àìïëèòóäû À×Õ A

m
. Ïîýòîìó 

äëÿ îáúåêòîâ, ó êîòîðûõ â ðàáîòå ïðåîáëàäàþò 
ðåçîíàíñíûå ÷àñòîòû âîçìóùåíèÿ (íàïðèìåð, 
ñòàöèîíàðíîå ìåòàëëîîáðàáàòûâàþùåå îáîðó-
äîâàíèå èëè îïòèêî-ìåõàíè÷åñêèå êîìïëåêñû), 
óïðîùåííàÿ ñòðóêòóðà ðåãóëÿòîðà (21) ìîæåò 
áûòü èñïîëüçîâàíà. Ðåãóëÿòîð, ïîëó÷åííûé 
â ðàáîòàõ àâòîðà [6], ìîæåò áûòü èñïîëüçîâàí 
äëÿ îáúåêòîâ ñ íåâûñîêèìè òðåáîâàíèÿìè ê êà-
÷åñòâó âèáðîçàùèòû.

Âûâîäû
Â ïðåäëàãàåìîé ñòàòüå ðàññìîòðåíà ñèñòå-

ìà àêòèâíîé âèáðîçàùèòû ñ èñïîëíèòåëüíûì 
ýëåêòðîòåõíè÷åñêèì ýëåìåíòîì â âèäå ëèíåé-
íîãî äâèãàòåëÿ ïîñòîÿííîãî òîêà. Äëÿ ïðè-
íÿòîé ðàñ÷åòíîé ñõåìû êîëåáàòåëüíîé ñèñòå-
ìû ýêâèâàëåíòíîé àâòîìîáèëþ ïðåäñòàâëåíû 
óðàâíåíèÿ äèíàìèêè. Ïðåäñòàâëåíû ìàòåìà-
òè÷åñêèå ìîäåëè çâåíüåâ ñèñòåìû âèáðîçàùè-
òû. Ðàçðàáîòàíà ñòðóêòóðà çàìêíóòîé ïî âè-
áðîóñêîðåíèþ çàùèùàåìîãî îáúåêòà ñèñòåìû. 
Ñèíòåçèðîâàíà ñòðóêòóðà ðåãóëÿòîðà ïî óñëî-
âèþ çàäàííûõ ðåçîíàíñíûõ ñâîéñòâ ñèñòåìû 
âèáðîçàùèòû, è îòëè÷àþùàÿñÿ îò ïîëó÷åííûõ 
ðàíåå ñ ó÷àñòèåì àâòîðîâ òåì, ÷òî ó÷èòûâàåò 

Ðèñ. 8. À×Õ àêòèâíîé ñèñòåìû âèáðîçàùèòû
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èíåðöèîííîñòè äèíàìè÷åñêèõ çâåíüåâ. Ïî ðå-
çóëüòàòàì ìîäåëèðîâàíèÿ ñôîðìóëèðîâàíû 
ðåêîìåíäàöèè ïî èñïîëüçîâàíèþ ðåãóëÿòîðîâ.
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STUDY OF THE EFFECTIVENESS OF THE ELECTROMECHANICAL SYSTEM 
OF ACTIVE VIBRATION PROTECTION OF A VEHICLE WITH VARIOUS REGULATORS
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The article considers a single-mass vibration protection system with operative electromechanical de-
vice. The relevance of the research direction and its current state are presented. It is proved that, in 
comparison with the controlled elements of viscous resistance, the controlled stiffeners provide the best 
quality of vibration protection. The prospects for the use of controlled electromechanical stiffeners are 
emphasized. The paper considers actuator in the form of a linear DC motor. Examples of the use of active 
vibration protection systems with linear electric machines are given. In particular, an example of using 
as a suspension of vehicle is provided. The advantages and the most significant disadvantages of such 
suspensions, which hinder their mass introduction, are indicated. The design scheme of a single-mass 
oscillatory system with parallel installation of a viscous friction element and a stiffener is presented. It is 
substantiated that, taking into account the accepted assumptions, the presented scheme is equivalent 
to vehicle suspensions. It is proposed to use a magnetorheological vibration damper as a controlled ele-
ment of viscous resistance. The analysis of the state of study of active vibration protection systems with 
magnetorheological vibration dampers is given. The structure of the vibration protection system closed 
by vibration acceleration of the protected object is developed, and mathematical models of its functional-
ly necessary elements are presented: vibration sensor, vibration protection system along the disturbance 
and control channel, linear DC motor. A technique for synthesizing a correction device that provides the 
desired resonant properties of a closed system is proposed. The results of simulation modeling of an 
active vibration protection system with a regulator synthesized according to the proposed technique and 
a regulator, the structure of which was obtained in the author’s previous works, are presented. Based on 
the results obtained, conclusions on the materials obtained in the article are drawn and recommenda-
tions on the use of regulators are formulated.

Keywords: vibration protection system, linear DC motor, regulator, closed system, controlled suspen-
sion, single-mass vibration system, vibration protection system efficiency, amplitude frequency response, 
vibration protection efficiency criterion.


