
Ìåæäóíàðîäíàÿ èññëåäîâàòåëüñêàÿ

ëàáîðàòîðèÿ äèíàìèêè íåãëàäêèõ ñèñòåì

International Research Laboratory for

Dynamics of Non-Smooth Systems

Îøñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò (ÎøÃÓ),

Îø, Êûðãûçñêàÿ Ðåñïóáëèêà (ÊÐ)
Èíñòèòóò ìàòåìàòèêè, ôèçèêè, òåõíèêè è èíôîðìàöèîííûõ òåõíîëîãèé ÎøÃÓ



Ðóêîâîäèòåëü è îñíîâàòåëü ëàáîðàòîðèè

Íàó÷íûé ðóêîâîäèòåëü è îñíîâàòåëü ëàáîðàòîðèè: äîêòîð
òåõíè÷åñêèõ íàóê, ïðîôåññîð, ïî÷åòíûé ðàáîòíèê ñôåðû îá-
ðàçîâàíèÿ ÐÔ, ãëàâíûé íàó÷íûé ñîòðóäíèê, ïðîô. êàô. ïðè-
êëàäíîé ìàòåìàòèêè, èíôîðìàòèêè è ãðàôè÷åñêîãî äèçàéíà
Èíñòèòóòà ìàòåìàòèêè, ôèçèêè, òåõíèêè è èíôîðìàöèîííûõ
òåõíîëîãèé ÎøÃÓ Æóñóáàëèåâ Æàíûáàé Òóðñóíáàåâè÷.
Ïðîô. Æóñóáàëèåâ Æ.Ò. � ïðèçíàííûé â ìèðå âåäóùèé
ñïåöèàëèñò ïî íåëèíåéíîé äèíàìèêå, òåîðèè áèôóðêàöèé
íåãëàäêèõ ñèñòåì â ïðèëîæåíèÿõ ê ñèëîâîé ýëåêòðîíèêå,
ýëåêòðîìåõàíèêå, òåîðèè àâòîìàòè÷åñêîãî óïðàâëåíèÿ, ýíäî-
êðèíîëîãèè, ìåõàíèêå è áèîëîãèè.

Íàãðàæä¼í ñåðåáðÿíîé ìåäàëüþ ÂÄÍÕ ÑÑÑÐ (1987 ã.) çà ðàçðàáîòêó è âíåäðåíèå â
ïðîìûøëåííóþ ýêñïëóàòàöèþ ñèñòåì óïðàâëåíèÿ òÿãîâûìè ýëåêòðîïðèâîäàìè ïåðâîãî â ÑÑÑÐ
âûñîêîñêîðîñòíîãî ýëåêòðîïîåçäà ÝÐ200.
Íàãðàæä¼í Ïî÷åòíîé ãðàìîòîé ãîðîäà Êóðñêà.
Íàãðàæä¼í Ïî÷åòíîé ãðàìîòîé Ìèíèñòåðñòâà îáðàçîâàíèÿ è íàóêè Ðîññèéñêîé Ôåäåðàöèè.
Íàãðàæä¼í Ïî÷åòíîé ãðàìîòîé Êîìèòåòà îáðàçîâàíèÿ è íàóêè Êóðñêîé îáëàñòè.
Íàãðàæä¼í Ïî÷åòíîé ãðàìîòîé Ìèíèñòåðñòâà öèôðîâîãî ðàçâèòèÿ è ñâÿçè Êóðñêîé îáëàñòè.
Ïðèñâîåíî ïî÷åòíîå çâàíèå ¾Ïî÷åòíûé ðàáîòíèê ñôåðû îáðàçîâàíèÿ Ðîññèéñêîé Ôåäåðàöèè¿.
Âêëþ÷åí â Êîðïóñ ýêñïåðòîâ ïî åñòåñòâåííûì íàóêàì è ìàòåìàòèêå êàê âûñîêîöèòèðóåìûé
ðîññèéñêèé ó÷åíûé â èçäàíèÿõ, êîòîðûå èíäåêñèðóþòñÿ â Web of Science.
ßâëÿëñÿ ïðèãëàøåííûì ó÷åíûì Äàòñêîãî òåõíè÷åñêîãî óíèâåðñèòåòà (Äàíèÿ): Öåíòð èçó÷åíèÿ
òóðáóëåíòíîñòè è õàîñà, Öåíòð ìîäåëèðîâàíèÿ è íåîáðàòèìîé òåðìîäèíàìèêè, Öåíòð áèîôèçèêè
è ñëîæíûõ ñèñòåì, ôàêóëüòåòà ôèçèêè (1999 � 2017 ãã.).
Â íàñòîÿùùåå âðåìÿ � ïðèãëàøåííûé ó÷åíûé Èíñòèòóòà òåîðèè ñèñòåì è àâòîìàòè÷åñêîãî
óïðàâëåíèÿ Øòóòãàðäñêîãî óíèâåðñèòåòà, Ãåðìàíèÿ è Ôàêóëüòåòà èíôîðìàöèîííûõ òåõíîëîãèé
Óïïñàëüñêîãî óíèâåðñèòåòà, Øâåöèÿ. Èçáðàí ïðèãëàøåííûì ïðîôåññîðîì Ôàêóëüòåòà
èíôîðìàöèîííûõ òåõíîëîãèé Óïïñàëüñêîãî óíèâåðñèòåòà.
Èíäåêñ Õèðøà â Scopus è Web of Science ñîñòàâëÿåò 22 , à â ÐÈÍÖ �26.
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Çàì. ðóêîâîäèòåëÿ è êîîðäèíàòîð ðàáîòû ëàáîðàòîðèè

Ñîïóåâ Óëàíáåê Àäàõèìæàíîâè÷, çàâ. êàô. âûñøåé ìàòåìàòèêè è èííîâàöèîííûõ òåõíîëîãèé
Èíñòèòóòà ìàòåìàòèêè, ôèçèêè, òåõíèêè è èíôîðìàöèîííûõ òåõíîëîãèé ÎøÃÓ, ê.ô.-ì.í., äîöåíò.
ßâëÿëñÿ çàì. íàó÷íîãî ðóêîâîäèòåëÿ ãðàíòîâ ÎøÃÓ (�14-22, �19-24), êîòîðûå ðåàëèçîâûâàëèñü â
ðàìêàõ äîãîâîðà î ñîòðóäíè÷åñòâå ñ Þãî-Çàïàäíûì ãîñóäàðñòâåííûì óíèâåðñèòåòîì (ÞÇÃÓ,
Êóðñê, ÐÔ). Ñ 2018 ãîäà ïî 2024 ãîä áûë äåêàíîì ôàêóëüòåòà ìàòåìàòèêè è èíôîðìàöèîííûõ
òåõíîëîãèé ÎøÃÓ.

Èìååò áîãàòûé îïûò â òåîðèè è ïðàêòèêå óïðàâëÿåìûõ ïðåîáðàçîâàòåëåé ýíåðãèè. Õîðîøî
çíàåò ñîâðåìåííîå ýêñïåðèìåíòàëüíîå îáîðóäîâàíèå, èìååò îïûò â ñîçäàíèè è ïðîåêòèðîâàíèè
óïðàâëÿåìûõ ïðåîáðàçîâàòåëüíûõ óñòðîéñòâ ñèñòåì ýíåðãîîáåñïå÷åíèÿ ìåõàòðîííûõ,
ðîáîòîòåõíè÷åñêèõ îáúåêòîâ. Îáëàäàåò îðãàíèçàòîðñêèìè ñïîñîáíîñòÿìè â ïðîâåäåíèè íàó÷íûõ
èññëåäîâàíèé. Èìååò áîëåå 30 ñîâìåñòíûõ ñ íàó÷íûì ðóêîâîäèòåëåì ðàáîò.
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Öåëè è çàäà÷è, íàó÷íûå ïàðòíåðû

Öåëè è çàäà÷è

Ìåæäóíàðîäíàÿ èññëåäîâàòåëüñêàÿ ëàáîðàòîðèÿ äèíàìèêè íåãëàäêèõ ñèñòåì ÎøÃÓ, ÿâëÿåòñÿ
åäèíñòâåííîé â ñòðàíàõ ÑÍÃ (Ðîññèè, Êûðãûçñòàíà, Êàçàõñòàíà, Óçáåêèñòàíà è äð.) ëàáîðàòîðèåé
ìèðîâîãî óðîâíÿ ïî òåîðèè íåãëàäêèõ äèíàìè÷åñêèõ ñèñòåì.

Ïðèâëå÷åíèå òàëàíòëèâûõ ñòóäåíòîâ è àñïèðàíòîâ â íàóêó, ñîçäàíèå ðåàëüíûõ óñëîâèé äëÿ èõ
èíòåãðàöèè â ìèðîâîé íàó÷íûé ðûíîê.
Ïîâûøåíèå îáðàçîâàòåëüíîãî óðîâíÿ ñòóäåíòîâ ïóòåì ïðèâëå÷åíèÿ ê íàó÷íûì èññëåäîâàíèÿì ïî
ïðèîðèòåòíûì íàïðàâëåíèÿì òåîðèè íåãëàäêèõ ñèñòåì.
Ðåàëèçàöèÿ ïðîãðàìì âíóòðèãîñóäàðñòâåííîé è ìåæäóíàðîäíîé àêàäåìè÷åñêîé ìîáèëüíîñòè
íàó÷íî-ïåäàãîãè÷åñêèõ êàäðîâ, îáó÷àþùèõñÿ â öåëÿõ ïðîâåäåíèÿ ñîâìåñòíûõ íàó÷íûõ
èññëåäîâàíèé è ïîäãîòîâêè êàäðîâ âûñøåé êâàëèôèêàöèè.
Ôîðìèðîâàíèå íàó÷íûõ è îáðàçîâàòåëüíûõ êîíêóðåíòîñïîñîáíûõ çàäåëîâ íà áàçå
ôóíäàìåíòàëüíûõ íàó÷íûõ èññëåäîâàíèé ìèðîâîãî óðîâíÿ, çàäàííûõ ïðîãðàììîé è ñòðàòåãèåé
ðàçâèòèÿ Îøñêîãî ãîñóäàðñòâåííîãî óíèâåðñèòåòà (ÎøÃÓ) â ìèðîâîì íàó÷íî-îáðàçîâàòåëüíîì
ðûíêå.
Ñîçäàíèå âûñîêîòåõíîëîãè÷íîé ñðåäû äëÿ ïðîâåäåíèÿ ïðîðûâíûõ ôóíäàìåíòàëüíûõ íàó÷íûõ
èññëåäîâàíèé ìèðîâîãî óðîâíÿ, ðåçóëüòàòû êîòîðûõ ÿâëÿþòñÿ îñíîâîé ðåàëèçóåìûõ è íîâûõ
íàóêîåìêèõ îáðàçîâàòåëüíûõ ïðîãðàìì ÎøÃÓ â èíòåðåñàõ íàó÷íî-òåõíîëîãè÷åñêîãî ðàçâèòèÿ ÊÐ.
Ñîâåðøåíñòâîâàíèå ñèñòåìû ïîäãîòîâêè íàó÷íî-ïåäàãîãè÷åñêèõ êàäðîâ ÎøÃÓ ïóòåì äîâåäåíèÿ
çàùèùàåìûõ äèññåðòàöèé äî ìèðîâîãî óðîâíÿ çà ñ÷åò îïóáëèêîâàíèÿ ðåçóëüòàòîâ äèññåðòàöèé â
âûñîêîðåéòèíãîâûõ ìåæäóíàðîäíûõ îòå÷åñòâåííûõ, çàðóáåæíûõ ñïåöèàëèçèðîâàííûõ æóðíàëàõ
è îáíàðîäîâàíèå ðåçóëüòàòîâ íà àâòîðèòåòíûõ ìåæäóíàðîäíûõ êîíôåðåíöèÿõ.
Ïîïóëÿðèçàöèÿ íàóêîåìêèõ îáðàçîâàòåëüíûõ ïðîãðàìì ïî ìàòåìàòèêå, ôèçèêå,
èíôîðìàöèîííûì òåõíîëîãèÿì ïóòåì äåìîíñòðàöèè íà ýêñïåðèìåíòàëüíûõ óñòàíîâêàõ
íåëèíåéíûõ ÿâëåíèé â ïðèðîäå è òåõíèêå øêîëüíèêàì íà ôåñòèâàëÿõ íàóêè, äíÿõ îòêðûòûõ
äâåðåé.
Çàêðåïëåíèå ìîëîäûõ òàëàíòëèâûõ ó÷åíûõ-ïåäàãîãîâ â íàó÷íî-îáðàçîâàòåëüíîé ñôåðå ïóòåì
ôîðìèðîâàíèÿ èññëåäîâàòåëüñêèõ êîìàíä, êîòîðûå âïîñëåäñòâèè ìîãóò ñòàòü îñíîâîé íîâûõ
íàó÷íî-îáðàçîâàòåëüíûõ ëàáîðàòîðèé ÎøÃÓ è äðóãèõ óíèâåðñèòåòîâ ÊÐ.
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Öåëè è çàäà÷è, íàó÷íûå ïàðòíåðû

Ïàðòíåðû

Ëàáîðàòîðèÿ èçíà÷àëüíî áûëà ñîçäàíà â 2020 ã. êàê ïîäðàçäåëåíèå Þãî-Çàïàäíîãî
ãîñóäàðñòâåííîãî óíèâåðñèòåòà (Êóðñê, ÐÔ). Ñîçäàíèå ëàáîðàòîðèè ïîääåðæàëè ó÷åíûå âåäóùèõ
óíèâåðñèòåòîâ Åâðîïû, Ëàòèíñêîé Àìåðèêè, Èíäèè è Ðîññèè, êàæäûé èç êîòîðûõ ÿâëÿåòñÿ
êðóïíåéøèì è ïðèçíàííûì â ìèðå ñïåöèàëèñòîì ïî íåëèíåéíîé äèíàìèêå è õàîñó, òåîðèè
áèôóðêàöèé è òåîðèè íåãëàäêèõ äèíàìè÷åñêèõ ñèñòåì:

1. Prof. Laura Gardini, University of Urbino Carlo Bo (îñíîâàí â 1506 ã.), Italy.
2. Prof. Mario di Bernardo, University of Naples Federico II (îñíîâàí â 1224 ã.), Italy.
3. Prof. Alexander Medvedev, Uppsala University (îñíîâàí â 1477 ã.), Sweden.
4. Prof. Nikolay V. Kuznetsov, Ñàíêò-Ïåòåðáóðãñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò (îñíîâàí â 1724
ã.), Ìàòåìàòèêî-ìåõàíè÷åñêèé ôàêóëüòåò, Visiting Professor, University of Jyv�askyl�a (îñíîâàí â
1863 ã.), Finland.
5. Prof. Anton V. Proskurnikov, Professor, Polytechnic University of Turin (îñíîâàí â 1859 ã.), Italy.
6. Prof. Petri Piiroinen, Chalmers University of Technology Gothenburg (îñíîâàí â 1829 ã.), Sweden.
7. Prof. Viktor Avrutin, University of Stuttgart (îñíîâàí â 1829 ã.), Germany.
8. Prof. Abdelali El Aroudi, Universitat Rovira i Virgili (îñíîâàí â 1991 ã.), Spain.
9. Prof. Soumitro Banerjee, Indian Institute of Science Education and Research�Kolkata (îñíîâàí â
2006 ã.), India.
10. Prof. Gerard Olivar Tost, University of Ays�en (îñíîâàí â 2015 ã.), Chile.
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Èññëåäîâàòåëüñêàÿ ëàáîðàòîðèÿ äèíàìèêè íåãëàäêèõ ñèñòåì ÎøÃÓ
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Íàïðàâëåíèÿ íàó÷íûõ èññëåäîâàíèé

1. Àâòîìàòè÷åñêîå óïðàâëåíèå äîçèðîâàíèåì ìèîðåëàêñàíòà äëÿ ïîääåðæàíèÿ óðîâíÿ
íåéðîìûøå÷íîé áëîêàäû ïðè îáùåé àíåñòåçèè.
2. Ãëîáàëüíàÿ äèíàìèêà íåãëàäêèõ ñèñòåì: ãîìîêëèíè÷åñêèå áèôóðêàöèè, ¾border-collisions¿,
êðèçèñû õàîòè÷åñêèõ àòòðàêòîðîâ.
3. Íåãëàäêèå îòîáðàæåíèÿ ñ áîëüøèì ÷èñëîì ìíîãîîîáðàçèé ïåðåêëþ÷åíèÿ â ïðèëîæåíèÿõ
ñèëîâîé ýëåêòðîíèêè: âîçîáíîâëÿåìûå èñòî÷íèêè ýíåðãèè, ýëåêòðîìîáèëè, ðîáîòîòåõíè÷åñêèå
ñèñòåìû, ñâåòîäèîäíîå îñâåùåíèå, êîððåêòîðû êîýôôèöèåíòà ìîùíîñòè äëÿ ñèñòåì
ýíåðãîîáåñïå÷åíèÿ âû÷èñëèòåëüíîé òåõíèêè è ìåäèöèíñêîãî îáîðóäîâàíèÿ.
4. Áèôóðêàöèè êîðàçìåðíîñòè äâà â íåïðåðûâíûõ íåãëàäêèõ îòîáðàæåíèÿõ, ñâÿçàííûå ñ
ñèëüíûìè ðåçîíàíñàìè.
5. Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ðåãóëÿöèè óðîâíÿ òåñòîñòåðîíà â ìóæñêîì îðãàíèçìå.
6. Ðàçðûâíûå îòîáðàæåíèÿ îêðóæíîñòè â ìîäåëÿõ ñèñòåì óïðàâëåíèÿ, ýëåêòðîíèêè è ìåõàíèêè.
7. Êâàçèïåðèîäè÷íîñòü, áèôóðêàöèè çàìêíóòûõ èíâàðèàíòíûõ êðèâûõ.
8. Ìóëüòèñòàáèëüíîñòü è ñêðûòûå àòòðàêòîðû.

Äîêëàäû íà êîíôåðåíöèÿõ

Ðåçóëüòàòû íàó÷íûõ èññëåäîâàíèé äîêëàäûâàëèñü íà êðóïíåéøèõ ìåæäóíàðîäíûõ êîíôåðåíöèÿõ ïî
íåëèíåéíîé äèíàìèêå, òåîðèè óïðàâëåíèÿ, ñèëîâîé ýëåêòðîíèêå, ìåõàíèêå, áèîëîãèè è ìåäèöèíå:
Ðîññèÿ, Äàíèÿ, Àíãëèÿ, Èðëàíäèÿ, Ãåðìàíèÿ, Øâåöèÿ, Íèäåðäàíäû, ÑØÀ, Ôðàíöèÿ, Èòàëèÿ,
Þæíàÿ Àôðèêà, Èñïàíèÿ, ßïîíèÿ, Ïîëüøà, Èíäèÿ, Øâåéöàðèÿ, Àâñòðèÿ.

Ïóáëèêàöèè

Ïî ðåçóëüòàòàì èññëåäîâàíèé îïóáëèêîâàíî áîëåå 100 ñòàòåé â âåäóùèõ âûñîêîðåéòèíãîâûõ
ìåæäóíàðîäíûõ æóðíàëàõ èçäàòåëüñòâ World Scienti�c, Elsevier, Springer, AIP (American Institute of
Physics), APS (American Physical Society), IFAC, IEEE ïî íåëèíåéíîé äèíàìèêå, àâòîìàòè÷åñêîìó
óïðàâëåíèþ, ñèëîâîé ýëåêòðîíèêå, ôèçèêå, ìàòåìàòèêå, áèîëîãèè è ìåäèöèíå: IEEE Transactions on
Circuits and Systems-I; IEEE Transactions on Power Electronics; Chaos; Physical Review E; Physica D; International Journal of
Bifurcation and Chaos; IEEE Transactions on Industrial Informatics; Chaos, Solitons and Fractals; Nonlinear Dynamics;
Mathematics and Computers in Simulation; Nonlinear Analysis:Hybrid Systems; Physics Letters A; Computer Methods and
Programs in Biomedicine è äð.
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Zh. T. Zhusubaliyev and Erik Mosekilde. Bifurcations and Chaos in
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Zhusubaliyev Zh. T., Mosekilde E. Chaos in Pulse-Width Modulated
Control Systems. Handbook of Chaos Control, 2nd Edition, Sholl and
Schuster (Eds.). Weinheim: Wiley � VCH, 2008. (ãëàâà ñïðàâî÷íèêà ïî
óïðàâëåíèþ õàîñîì). (Èíäåêñèðóåòñÿ â Scopus)

Mosekilde E., Laugesen J.L, Zhusubaliyev Zh.T. On the Transition to
Phase Synchronized Chaos. Handbook of Applications of Chaos Theory,
Christos H. Skiadas, Charilaos Skiadas ( Eds.). Boca Raton, New York:
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Kuznetsov, G. Chen ( Eds.). New York: Springer, 2022, 699. (ãëàâà
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ìè àòòðàêòîðàìè).

Ðåöåíçèè íà êíèãó Zh. T. Zhusubaliyev and Erik Mosekilde. Bifurcations and Chaos in Piecewise-Smooth Dynamical Systems. New
Jersey, London, Singapore, Hong-Kong: World Scienti�c, 2003. https://www.worldscienti�c.com/worldscibooks/10.1142/5313:
1. �This book is an important guide for engineers and all scientists working with non-smooth models.� Mathematical Reviews
2. �The book contains interesting examples of piecewise-smooth dynamical systems and its bifurcation phenomena with direct
applications ... it will certainly be a useful tool for many scientists and engineers.� Zentralblatt MATH
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1. Àâòîìàòè÷åñêîå óïðàâëåíèå íåéðîìûøå÷íîé áëîêàäîé

Ñîâìåñòíûå èññëåäîâàíèÿ ñ Óïïñàëüñêèì óíèâåðñèòåòîì, Øâåöèÿ (Department of Information
Technology, Uppsala University, Sweden)

Îáîðóäîâàíèå íà ïëàòôîðìå Galeno (èç PhD äèññåðòàöèè
Margarida M. Silva [1])

Èçìåðåíèå óðîâíÿ íåéðîìûøå÷íîé áëîêàäû (Hospital
de Santo Ant�onio, Porto, èç PhD äèññåðòàöèè
Margarida M. Silva [1]).

[1] Silva M. M. Nonlinear Modeling and Feedback Control of Drug Delivery in Anesthesia. PhD thesis,
Department of Information Technology, Division of Systems and Control, Uppsala University, Sweden,
2014.
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Ìàòåìàòè÷åñêàÿ ìîäåëü äëÿ íàñòðîéêè àïïàðàòóðû

(à) (á)

Ðèñ.1.1. (a) Ïðèìåð ñèñòåìû àâòîìàòè÷åñêîãî óïðàâëåíèÿ. (á) Ñòðóêòóðíàÿ ñõåìà ÏÈÄ ðåãóëÿòîðà ñèñòåìû
àâòîìàòè÷åñêîãî óïðàâëåíèÿ ÍÌÁ

Ñòàíäàðòíûå ôèçèîëîãè÷åñêè îáîñíîâàííûå ìîäåëè, îïèñûâàþùèå âçàèìîñâÿçü ìåæäó ââåäåííîé äîçîé àíåñòåòèêà u(t)
è åãî ýôôåêòîì, ìîæíî ðàçäåëèòü íà ÷åòûðå êàñêàäíûõ áëîêà, ïîêàçàííûõ íà ðèñ.1.1.

Ïåðâûé áëîê ñâÿçûâàåò äîçó àíåñòåòèêà u(t) ñ åãî êîíöåíòðàöèåé cp(t) â ïëàçìå êðîâè. Ýòî ñîñòàâëÿåò ìîäåëü

ôàðìàêîêèíåòèêè PK (PK � pharmacokinetics).

Âòîðîé áëîê ñâÿçûâàåò êîíöåíòðàöèþ ïðåïàðàòà â ïëàçìå êðîâè cp(t) ñ êîíöåíòðàöèåé ïðåïàðàòà íà ìåñòå åãî
äåéñòâèÿ c(t): â ñëó÷àå ìèîðåëàêñàíòîâ � íåðâíîìûøå÷íîì ñîåäèíåíèè, à â ñëó÷àå ñíîòâîðíûõ è àíàëüãåòèêîâ � â
ãîëîâíîì ìîçãå.
Òðåòèé áëîê îïèñûâàåò âçàèìîñâÿçü ìåæäó êîíöåíòðàöèåé c(t) è íàáëþäàåìûì ýôôåêòîì ce(t). Ýòè äâà áëîêà
ïðåäñòàâëÿþò äèíàìè÷åñêóþ ÷àñòü è îïèñûâàþò ôàðìàêîäèíàìèêy (PD � pharmacodynamics), ò.å. ðàñïðåäåëåíèå
ëåêàðñòâ â îðãàíèçìå, êîòîðîå çàâèñèò îò íåñêîëüêèõ òðàíñïîðòíûõ è ìåòàáîëè÷åñêèõ ïðîöåññîâ.
×åòâåðòûé áëîê íà ðèñ. 1.1 ïðåäñòàâëÿåò íåëèíåéíîñòü PD è ñâÿçûâàåò êîíöåíòðàöèþ ýôôåêòà ce(t) ñ ýôôåêòîì
ïðåïàðàòà â êîëè÷åñòâåííîì âûðàæåíèè ïî èçìåðåííîìó óðîâíþ y(t) íåéðîìûøå÷íîé áëîêàäû NMB. Ïàðàìåòðû
ýòîé ôóíêöèè íåîáõîäèìî îöåíèòü íà îñíîâå êëèíè÷åñêèõ äàííûõ.

Óïðàâëÿþùèé ñèãíàë u(t) ôîðìèðóåò ÏÈÄ ðåãóëÿòîð (PID) (ðèñ. 1.1) u(t) = K

�
"(t) + Ti

R
"(s)ds+ Td

d"

dt

�
,

"(t) = yref � y(t). Ïðè íàëè÷èè íàäåæíûõ ìîäåëåé ôàðìàêîêèíåòèêè (PK) è ôàðìàêîäèíàìèêè (PD) ìîæíî èçáåæàòü
íåäîäîçèðîâêè èëè ïåðåäîçèðîâêè, çàïðîãðàììèðîâàâ øïðèöåâûå íàñîñû íà öåëåâûå çíà÷åíèÿ ýôôåêòèâíîñòè
ïðåïàðàòà. Ñóùåñòâóåò íåñêîëüêî ìîäåëåé, îäíà èç íèõ, íàçûâàåìàÿ ¾ìèíèìàëüíî ïàðàìåòðèçîâàííàÿ¿ (minimally

parameterized), èìååò âèä ẋ = f(x); x = (x1; x2; x3; x4)
T ; f(x) = (f1; f2; f3; f4)

T , ãäå

f1 = ��k3 x1 � �
2
k1 k3 K Td �

0
(x3)(x2 � x3) + �k3 K(yref � �(x3)) +

�k3 K
Ti

x4; �(x3) =
100C



50

C


50

+x


3

;

f2 = �k2(x1 � x2); f3 = �k1(x2 � x3); f4 = yref � �(x3):

Çäåñü ôèçè÷åñêèé ñìûñë ïåðåìåííûx x1, x2, x3, x4 è ïàðàìåòðîâ ïîÿñíåíû â íàøèõ ïóáëèêàöèÿõ [2�6].
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Ïðèìåð áèôóðêàöèîííîãî àíàëèçà

1.2. Áèôóðêàöèîííûé àíàëèç

Ïóáëèêàöèè ðåçóëüòàòîâ èññëåäîâàíèé
2. Zh. T. Zhusubaliyev, A. Medvedev, M. Silva, Bifurcation Analysis for PID-controller Tuning Based on a Minimal
Neuromuscular Blockade Model in Closed-loop Anesthesia// 52nd IEEE Conference on Decision and Control, Firenze, Italy,
2013.
3. Zh.T. Zhusubaliyev, A. Medvedev, M. Silva, Nonlinear Dynamics in Closed-loop Anesthesia:
Pharmacokinetic/Pharmacodynamic Model under PID-feedback//The 2014 American Control Conference (ACC 2014),
Portland, Oregon, USA.
4. Zh. T. Zhusubaliyev, M. Silva, A. Medvedev, Automatic Recovery From Nonlinear Oscillations in PID-Controlled Anesthetic
Drug Delivery// European Control Conference (ECC 2015), Linz, Austria, 2015.
5. Zh. T. Zhusubaliyev, A. Medvedev, M. Silva M, Bifurcation Analysis of PID Controlled Neuromuscular Blockade in
Closed-loop Anesthesia//Journal of Process Control, 25, 152-163, 2015, (Impact Factor 3.666, êâàðòèëü Q1).
6. A. Medvedev, Zh. T. Zhusubaliyev, O. Rosen, M. M. Silva, Oscillations-free PID control of anesthetic drug delivery in
neuromuscular blockade//Computer Methods and Programs in Biomedicine, 171 119�131, 2019, (Impact Factor 5.428, êâàðòèëü
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2. Ãëîáàëüíàÿ äèíàìèêà íåãëàäêèõ ñèñòåì

Ñîâìåñòíûå èññëåäîâàíèÿ ñ Òåõíè÷åñêèì óíèâåðñèòåòîì Äàíèè (Technical University of Denmark), Òåõíîëîãè÷åñêèì
èíñòèòóòîì Èíäèè (Indian Institute of Technology), Øòóòòàðòñêèì óíèâåðñèòåòîì, Ãåðìàíèÿ (University of Stuttgart,
Germany)

Êóñî÷íî-ãëàäêîå îòîáðàæåíèå Ìóëüòèñòàáèëüíîñòü,
êëàññè÷åñêèå è ¾border collisions¿
áèôóðêàöèè

Êâàçèïåðèîäè÷íîñòü, ¾border
collisions¿, ðåçîíàíñíû íà
çàìêíóòîé èíâàðèàíòíîé êðèâîé

Áèôóðêàöèè õàîòè÷åñêèõ àòòðàêòîðîâ
(merging bifurcation)

Êëàññè÷åñêàÿ áèôóðêàöèÿ óäâîåíèÿ
ïåðèîäà êîëåáàíèé

(èç ñòàòüè Àëåéíèêîâ Î.À., Áàóøåâ
Â.Ñ. è äð., Ýëåêòðè÷åñòâî, 1991.)
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2.1. Êðèçèñ õàîòè÷åñêîãî àòòðàêòîðà

Ìåõàíèçìû âíåçàïíîãî èçìåíåíèÿ ðàçìåðà õàîòè÷åñêîãî àòòðàêòîðà ÷åðåç ãîìîêëèíè÷åñêóþ áèôóðêàöèþ (expansion
bifurcation, interior crisis) [11]
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2.2. Áèôóðêàöèè êîðàçìåðíîñòè äâà çàìêíóòîé èíâàðèàíòíîé êðèâîé, ñâÿçàííûå ñ ñèëüíûìè
ðåçîíàíñàìè

Ðåçîíàíñ 1:3 [11]
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Îñíîâíûå ïóáëèêàöèè ïî ðåçóëüòàòàì èññëåäîâàíèé

1. Zh. T. Zhusubaliyev, E. A. Soukhoterin and E. Mosekilde, Border-collision Bifurcations and Chaotic Oscillations in a
Piecewise-Smooth Dynamical System// International Journal of Bifurcation and Chaos, 11(12), 2977-3001, 2001 (Impact Factor
2.836, êâàðòèëü Q1).
2. Zh. T. Zhusubaliyev, E. A. Soukhoterin and E. Mosekilde, Border-Collision Bifurcations on a Two-Dimensional Torus//Chaos,
Solitons and Fractals, 13(9), 1889-1915, 2002 (Impact Factor 5.944, êâàðòèëü Q1).
3. Zh. T. Zhusubaliyev, E. A. Soukhoterin and E. Mosekilde, Quasi-Periodicity and Border-Collision Bifurcations in a DC�DC
Converter With Pulsewidth Modulation// IEEE Trans. Circuits and Systems I, 50(8), 1047-1057, 2003 (Impact Factor 3.605,
êâàðòèëü Q1).
4. Zh. T. Zhusubaliyev and E. Mosekilde, Torus Birth Bifurcation in a DC/DC Converter// IEEE Trans. Circuits and Systems I,
53(8), 1839-1850, 2006 (Impact Factor 3.605, êâàðòèëü Q1).
5. Zh. T. Zhusubaliyev and E. Mosekilde, Birth of Bilayered Torus and Torus Breakdown in Piecewise-Smooth Dynamical
system// Physics Letters A, 351, 167-174, 2006 (Impact Factor 2.654, êâàðòèëü Q1).
6. Zh. T. Zhusubaliyev, E. Mosekilde, S. Maity , S. Mohanan and S. Banerjee, Border Collision Route to Quasiperiodicity:
Numerical Investigation and Experimental Con�rmation// Chaos. An Interdisciplinary Journal of Nonlinear Science, 16, 023122,
1-11, 2006 (Impact Factor 3.642, êâàðòèëü Q1).
7. Zh. T. Zhusubaliyev and E. Mosekilde, Direct Transition From a Stable Equilibrium to Quasiperiodicity in Non-Smooth
Systems// Physics Letters A, 372, 2237-2246, 2008 (Impact Factor 2.654, êâàðòèëü Q1).
8. Zh. T. Zhusubaliyev , Mosekilde, S. De and S. Banerjee, Transitions From Phase-Locked Dynamics to Chaos in a
Piecewise-Linear Map// Physical Review E, 77 (2) , 026206, 1-9, 2008 (Impact Factor 2.529, êâàðòèëü Q1).
9. Zh.T. Zhusubaliyev, E. Mosekilde, E. Pavlova, Multistability and Torus Reconstruction in a DC-DC Converter with Multilevel
Control// IEEE Trans. on Industrial Informatics, 9. 1936-1946. 2013 (Impact Factor 10.215, êâàðòèëü Q1).
10. Zh.T. Zhusubaliyev, E. Mosekilde, A.I. Andriyanov, V.V. Shein, Phase Synchronized Quasiperiodicity in Power Electronic
Inverter Systems// Physica D, 14-24, 2014,(Impact Factor 2.3, êâàðòèëü Q1).
11. Zh. T. Zhusubaliyev, V. Avrutin, F. Bastian, Transformations of closed invariant curves and closed-invariant-curve-like
chaotic attractors in piecewise smooth systems//International Journal of Bifurcation and Chaos, 31(2), 2130009 (15 pages),
2021 (Impact Factor 2.836, êâàðòèëü Q1). Avrutin V.,
12. Zh. T. Zhusubaliyev, V. Avrutin, I. Sushko, L.Gardini, Border Collision Bifurcation of a Resonant Closed Invariant Curve //
Chaos: An Interdisciplinary Journal of Nonlinear Science, 32, 043101 (2022). (Impact Factor 2.9, êâàðòèëü Q1 )
https://doi.org/10.1063/5.0086419
13. Zh. T. Zhusubaliyev, V. Avrutin, A.S. Kucherov, R. Haroun, A. El Aroudi, Period adding with symmetry breaking/recovering
in a power inverter with hysteresis control//Physica D: Nonlinear Phenomena, 444, 2023, 133600 (16 pages). (Impact Factor
4.0, êâàðòèëü Q1). https://doi.org/10.1016/j.physd.2022.133600
14. Zhusubaliyev Zh. T., Mandal K., Bastian F., Aroudi A. El. Minimal model for investigation of noise-induced bubbling //
Physica D: Nonlinear Phenomena. 2025. 472. 134475. https://doi.org/10.1016/j.physd.2024.134475 (Èìïàêò ôàêòîð 2.7,
êâàðòèëü Q1)
15. Avrutin V., Weik F., Zhusubaliyev Zh.T., Akyuz Y, Roggenbuck K. Period-Incrementing, Sausage-String- Like Structures,
and Multistability in a Power Converter with Hysteresis Control: An Archetypal Map Approach // Chaos, Solitons and Fractals .
2025. 192. 115951. Èìïàêò-ôàêòîð 5.3, êâàðòèëü Q1) https://doi.org/10.1016/j.chaos.2024.115951
16 Avrutin V., Zhusubaliyev Zh.T. Discontinuous invariant curves and their bifurcations // Int. J. Bifurcat. Chaos. � 2026. � V.
36(01). � P. 2630001(1)- 2630001(20), (Impact Factor 2.3, êâàðòèëü Q1) https://doi.org/10.1142/S0218127426300016.
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3. Îòîáðàæåíèÿ ñ áîëüøèì ÷èñëîì ãðàíèö (borders)

Ñîâìåñòíûå èññëåäîâàíèÿ ñ Òåõíè÷åñêèì óíèâåðñèòåòîì Äàíèè, Øòóòòàðòñêèì óíèâåðñèòåòîì
(Ãåðìàíèÿ), óíèâåðñèòåòîì Óðáèíî (Èòàëèÿ), óíèâåðñèòåòîì Rovira i Virgili (Èñïàíèÿ)

Îäíîôàçíûé èíâåðòîð ñ
øèðîòíî-èìïóëüñíûì óïðàâëåíèåì

×àñòîòû

Îïîðíàÿ ÷àñòîòà: fref = 50 Ãö
×àñòîòà ðàáîòû êëþ÷åé:
fsw / 250êÃö

Çäåñü 50 Ãö / 40 êÃö

Ðåãóëÿðíàÿ äèíàìèêà Õàîòè÷åñêàÿ äèíàìèêà
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3.1. Ìàòåìàòè÷åñêàÿ ìîäåëü èíâåðòîðà ñ íåïðåðûâíûì âðåìåíåì

dx

d�t
=

8<
:
�(x� 1); x(�t)

��
�t=b�tc

<
q

�
cos

�
2�b�tc
m

�
� 2P

��

�
�t� b�tc � 1

2

�
�(x+ 1); x(�t)

��
�t=b�tc

>
q

�
cos

�
2�b�tc
m

�
� 2P

��

�
�t� b�tc � 1

2

�

x =
Ri

E0

, t =
t

a
, P =

R

�E�
V0, q =

R

�E�
Vm, � =

�R

L
a, � =

E0

E�
.

Êðàòíîñòü ÷àñòîò m =
fsw

fref
50 / m / 5 000.
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3.2. Ìàòåìàòè÷åñêàÿ ìîäåëü èíâåðòîðà ñ äèñêðåòíûì âðåìåíåì

xk+1 = F (xk; k); k = 0; 1; 2; :::,

F (xk; k) =

8<
:

FL(xk) = bxk � (b� 1); xk 6 s�
k
;

FM(xk) = bxk � (b+ 1) + 2b(1�zk); s�
k
< xk < s+

k
;

FR(xk) = bxk + (b� 1); s+
k

6 xk;

ìíîãîîáðàçèå ïåðåêëþ÷åíèÿ:

s�
k
=

q

�
cos

�
2�k

m

�
� P

��

îòíîñèòåëüíàÿ äëèòåëüíîñòü èìïóëüñîâ
0 6 zk 6 1:0:

zk =
�q

2P
cos

�
2�k

m

�
� ��

2P
xk +

1

2

íàñûùåíèå ìîäóëÿòîðà:

xk 6 s�
k

) 1

s�
k
< xk < s+

k
) zk

s+
k

6 xk ) 0

Äâóìåðíîå îòîáðàæåíèå
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3.3. Ìàêðîñòðóêòóðà ïðîñòðàíñòâà ïàðàìåòðîâ
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3.4. Ðàçëè÷íûå òèïû ïåðèîäè÷åñêèõ îðáèò â îáëàñòè �1

OMm

Îáëàñòü �
(1)
1 � �1

O
Mk1Rk2Mk3Lk4

,
ãäå k1 + k2 + k3 + k4 = m

Îáëàñòü �
(4)
1 � �1

Áîëåå
ñëîæíûé òèï ïåðèîäè÷åñêèõ
äâèæåíèé

Îáëàñòü �
(�)
1 � �1
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3.5. ¾Border collisions¿ â îáëàñòè �
(4)
1

m íå÷åòíîå P
Mk+1R

k�1
2

�k
MkL

k�1
2

�k

P
MkR

k�1
2

�k
Mk+1L

k�1
2

�k
P
MkR

k�1
2

�k
MkL

k+1
2

�k

�
(1)
�

OO

�
(2)
� //

�
(3)
�

��

�
(4)
�oo P

Mk�1R
k+1
2

�k
MkL

k+1
2

�k

P
MkR

k+1
2

�k
Mk�1L

k+1
2

�k
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3.6. Èññëåäîâàíèå ÿâëåíèÿ ¾bubbling¿

Ëàáîðàòîðèÿ ïðîô. Abdelali El Aroudi, Department of Electronics, Electrical Engineering and Automatic Control Universitat
Rovira i Virgili, Tarragona, Spain. Ýêñïåðèìåíòàëüíîå äåòåêòèðîâàíèå ¾bubbling¿ â îäíîôàçíîì èíâåðòîðå.

Îäíîôàçíûé èíâåðòîð
¾Bubbling¿ èíäóöèðóåòñÿ border, øóìîì ïîñëå pitchfork è �ip
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3.6. Èññëåäîâàíèå ÿâëåíèÿ ¾bubbling¿

Ñîâìåñòíûå èññëåäîâàíèÿ ñî Øòóòòàðòñêèì óíèâåðñèòåòîì (Ãåðìàíèÿ), Óíèâåðñèòåòîì Rovira i
Virgili (Èñïàíèÿ)

Êîððåêòîð êîýôôèöèåíòà ìîùíîñòè
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4. Ðåãóëÿöèÿ óðîâíÿ òåñòîñòåðîíà â ìóæñêîì îðãàíèçìå

Ñîâìåñòíûå èññëåäîâàíèÿ ñ Óïïñàëüñêèì óíèâåðñèòåòîì (Øâåöèÿ), Ñàíêò-Ïåòåðáóðãñêèì
ãîñóäàðñòâåííûì óíèâåðñèòåòîì (Ðîññèÿ), Ïîëèòåõíè÷åñêèì óíèâåðñèòåòîì Òóðèíà (Èòàëèÿ)

Ðèñ.4.1. Ñõåìà
ãèïîòàëàìî-ãèïîôèçàðíî-òåñòèêóëÿðíîé îñè.
Çäåñü FSH � ôîëëèêóëîñòèìóëèðóþùèé
ãîðìîí (Follicle-Stimulating Hormone)

Òåñòîñòåðîí - îñíîâíîé àíäðîãåííûé ñòåðîèäíûé ãîðìîí. Â
ðåãóëÿöèè óðîâíÿ òåñòîñòåðîíà (Te) îñíîâíóþ ðîëü èãðàþò
ëþòåèíèçèðóþùèé ãîðìîí (LH � luteinizing hormone) è ãîíàäîòðîïèí
ðåëèçèíã ãîðìîí (GnRH � gonadotropin-releasing hormone). LH è
GnRH ãîðìîíû ãåíåðèðóþòñÿ â îòäåëàõ ãîëîâíîãî ìîçãà,
ñîîòâåòñòâåííî â ãèïîôèçå è ãèïîòàëàìóñå. Ïîýòîìó äèíàìèêà LH è
îñîáåííî GnRH òåñíî ñâÿçàíà ñ äèíàìèêîé íåéðîíîâ ìîçãà è íîñèò
èìïóëüñíûé õàðàêòåð [1 � 4]. Ïðè ýòîì GnRH ñòèìóëèðóåò ñåêðåöèþ
LH. Êàê òîëüêî LH äîñòèãàåò ÿè÷åê ÷åðåç êðîâü, îí ñòèìóëèðóåò
ñïåöèàëüíûå êëåòêè â ñåìåííèêàõ, íàçûâàåìûå êëåòêàìè Ëåéäèãà.
Ýòè êëåòêè â êîíå÷íîì ñ÷åòå îòâå÷àþò çà âûðàáîòêó òåñòîñòåðîíà ó
ìóæ÷èí (ó æåíùèí � ñïåöèàëèçèðîâàííûå êëåòêè â ÿè÷íèêàõ,
íàçûâàåìûå êëåòêàìè òåêà (theca cells)).
Ïî ìåðå ïîâûøåíèÿ óðîâíÿ òåñòîñòåðîíà â ñûâîðîòêå êðîâè â
ãèïîôèç è ãèïîòàëàìóñ ïîñûëàþòñÿ ñèãíàëû î ïðåêðàùåíèè
ñòèìóëÿöèè âûðàáîòêè òåñòîñòåðîíà. Òàêèì îáðàçîì Te ïîäàâëÿåò
ñåêðåöèþ GnRH è LH.
Ñ òî÷êè çðåíèÿ òåîðèè óïðàâëåíèÿ êëåòêè ãèïîòàëàìóñà,
ãåíåðèðóþùèå GnRH, ìîæíî ðàññìàòðèâàòü êàê èìïóëüñíûé
ýëåìåíò, îñóùåñòâëÿþùèé àìïëèòóäíî-÷àñòîòíóþ ìîäóëÿöèþ. Ïðè
ýòîì óðîâåíü Te âûñòóïàåò â êà÷åñòâå ìîäóëèðóþùåãî ñèãíàëà, à
óðîâåíü GnRH - â êà÷åñòâå ìîäóëèðîâàííîãî èìïóëüñíîãî ñèãíàëà. Ñ
óâåëè÷åíèåì óðîâíÿ Te èìïóëüñû ïîÿâëÿþòñÿ ðåæå, à èõ àìïëèòóäà
óìåíüøàåòñÿ [1 � 4]. ×òî êàñàåòñÿ íàáëþäàåìîãî èìïóëüñíîãî
ïðîöåññà ñåêðåöèè LH, òî åãî ìîæíî ðàññìàòðèâàòü êàê ðåàêöèþ
íåïðåðûâíîé ÷àñòè ñèñòåìû íà èìïóëüñíûé ñèãíàë, ïîñòóïàþùèé îò
ãèïîòàëàìóñà [1 � 4].

1 À. Â. Ìåäâåäåâ, À. Í. ×óðèëîâ, À. È. Øåïåëÿâûé, Ñòîõàñòè÷åñêàÿ îïòèìèçàöèÿ â èíôîðìàòèêå, 2 (2006).
2 A.N. Churilov, A. Medvedev, A.I. Shepeljavyi, Automatica, 45 (2009).
3 A. N. Churilov and A. Medvedev, Automatica, 50 (2014).
4 A.N. Churilov, A. Medvedev, P. Mattsson, IEEE Trans. Automatic Control, 59 (2014).
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4.1. Èìïóëüñíàÿ ìîäåëü ðåãóëÿöèè óðîâíÿ òåñòîñòåðîíà ó ìóæ÷èí

Ìàòåìàòè÷åñêàÿ ìîäåëü [A.N. Churilov, A. Medvedev, A.I. Shepeljavyi, Automatica, 45 (2009)]:

_x = �b1 � x; _y = g1 � x� b2 � y; _z = �b3 � z + g2 � y; x(t
+
k
) = x(t

�
k
) + F (z(tk));

tk+1 = tk + �(z(tk)); �(z) = k1 + k2
(z=h)p

1 + (z=h)p
; F (z) = k3 +

k4

1 + (z=h)p
:

Çäåñü x = GnRH, y = LH, z = Te � êîíöåíòðàöèè ãîðìîíîâ; b1, b2, b3, k1, k2, k3, k4, g1, g2, h è p � ïàðàìåòðû.

Ïåðåõîä ê õàîñó ÷åðåç êëàññè÷åñêèé êàñêàä áèôóðêàöèé óäâîåíèÿ ïåðèîäà
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4.2. Èìïóëüñíàÿ ìîäåëü ðåãóëÿöèè óðîâíÿ òåñòîñòåðîíà ñ çàïàçäûâàíèåì

Ðèñ.4.2. Ñõåìà
ãèïîòàëàìî-ãèïîôèçàðíî-òåñòèêóëÿðíîé îñè ñ

çàïàçäûâàíèåì

Ìóëüòèñòàáèëüíîñòü, êâàçèïåðèîäè÷íîñòü, óäâîåíèå çàìêíóòîé
èíâàðèàíòíîé êðèâîé

Ìàòåìàòè÷åñêàÿ ìîäåëü [A.N. Churilov, A. Medvedev, P. Mattsson, IEEE Trans. Automatic Control, 59 (2014)]:

_x = �b1 � x; _y = g1 � x� b2 � y; _z = �b3 � z + g2 � y(t� �); x(t
+
k
) = x(t

�
k
) + F (z(tk));

tk+1 = tk + �(z(tk)); �(z) = k1 + k2
(z=h)p

1 + (z=h)p
; F (z) = k3 +

k4

1 + (z=h)p
:

Çäåñü � � âðåìåííîå çàïàçäûâàíèå.
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4.3. Èìïóëüñíàÿ ìîäåëü ñ ëîêàëüíîé îáðàòíîé ñâÿçüþ

Ñõåìà ýíäîêðèííîé îñè ãèïîòàëàìóñ-ãèïîôèç.
1� ôóíêöèÿ Õèëëà h(z), îïèñûâàþùàÿ

âíóòðåííþþ îáðàòíóþ ñâÿçü, 2 �
êóñî÷íî-ëèíåéíàÿ àïïðîêñèìàöèÿ h(z)

Ìóëüòèñòàáèëüíîñòü è êðèçèñû õàîòè÷åñêèõ àòòðàêòîðîâ (merging èëè
merging crisis, expansion èëè interior crisis, �nal èëè boundary crises

bifurcations)

Ìàòåìàòè÷åñêàÿ ìîäåëü [H. Taghvafard, A. Medvedev, A. Proskurnikov, M. Cao, Math Biosci., (2019)]:

_x = �b1 � x; _y = g1 � x� b2 � y + h(z); z = g2 � y � b3 � z; x(t
+
k
) = x(t

�
k
) + F (z(tk));

tk+1 = tk + �(z(tk)); �(z) = k1 + k2
(z=h)p

1 + (z=h)p
; F (z) = k3 +

k4

1 + (z=h)p
;

h(z) = b+
a

1 + � � (z=r)s
; b > 0; s > 0; r > 0; a > 0; � > 0:
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5. Ñèñòåìû ñ äâóìÿ ìàñøòàáàìè âðåìåíè

Ñåãîäíÿ ãëîáàëüíûé ñäâèã ýíåðãåòè÷åñêîé ïàðàäèãìû â ñòîðîíó áåçóãëåðîäíûõ òåõíîëîãèé â
ñâÿçè ñ ýêîëîãè÷åñêèìè è ýíåðãåòè÷åñêèìè ïðîáëåìàìè ñäåëàë çàäà÷ó óïðàâëåíèÿ êëþ÷åâûìè
ïðåîáðàçîâàòåëÿìè ýíåðãèè ïîñòîÿííîãî òîêà â ýíåðãèþ ïåðåìåííîãî òîêà êðàéíå àêòóàëüíîé.

(à) (á)

(â)

Ðèñ.1. (à) Ãèáðèäíàÿ ñèñòåìà. (á) Ñîëíå÷íàÿ ýëåêòðîñòàíöèÿ. (â) Èíâåðòîðû

Â ïîñëåäíåå âðåìÿ âîçðîñ èíòåðåñ è ê ìåòîäàì ðåëåéíîãî óïðàâëåíèÿ ïðåîáðàçîâàòåëÿìè. Ýòî
îáóñëîâëåíî òåì, ÷òî òàêèå ñèñòåìû ïðîñòû â ðåàëèçàöèè, ïîñêîëüêó äëÿ ýòîãî òðåáóþòñÿ
òîëüêî ðåëåéíûå ýëåìåíòû è, êàê ñëåäñòâèå âûñîêàÿ íàäåæíîñòü 1.

Ðèñ.2. Ìîñòîâîé èíâåðòîð ñ ðåëåéíûì óïðàâëåíèåì
[1]. Rashid M.H. Power Electronics Handbook. (4th ed), Butterworth-Heinmann, 2018.
[2]. Blaabjerg F. Control of Power Electronic Converters and Systems, Academic Press, 2021.
[3]. Kabalci E. Multilevel Inverters: Control Methods and Advanced Power Electronic Applications. Academic Press, 2021.
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5.1. Ïðèìåðû

Ðèñ.3. Äðóãèå ïðèìåíåíèÿ
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5.2. Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà

Ðèñ.4. Ôóíêöèîíàëüíàÿ ñõåìà è ýêñïåðèìåíòàëüíàÿ óñòàíîâêà ìîñòîâîãî èíâåðòîðà ñ ðåëåéíûì óïðàâëåíèåì. 1 �
ãåíåðàòîð îïîðíîãî ñèíóñîèäàëüíîãî çàäàþùåãî ñèãíàëà Vref (t); 2 � äâà ïðîãðàììèðóåìûõ èñòî÷íèêà ïèòàíèÿ è

èñòî÷íèê âõîäíîãî âàïðÿæåíèÿ E0; 3 � ñõåìà ñèñòåìû óïðàâëåíèÿ; 4 � äâà MOSFET ìîäóëÿ, ñîäåðæàùèõ ïàðó ñèëîâûõ
ïîëóïðîâîäíèêîâûõ êëþ÷åé S1, S2 è S3, S4; 5 � öèôðîâîé îñöèëëîãðàô; 6,7 � ÷åòûðå êàòóøåê èíäóêòèâíîñòåé L è

ðåçèñòîð íàãðóçêè R; 8,9 � òîêîâûé ïðîáíèê è äèôôåðåíöèàëüíûé ïðîáíèê íàïðÿæåíèÿ; CS � äàò÷èê òîêà, Vcs âûõîäíîå
íàïðÿæåíèå äàò÷èêà òîêà (Vcs � � i, ãäå � � ÷óâñòâèòåëüíîñòü äàò÷èêà òîêà) è �0 � ãèñòåðåçèñ ðåëåéíîãî ýëåìåíòà.

Fig.5. Ýêñïåðèìåíòàëüíûå äèàãðàììû òîêà íàãðóçêè (ñèíèé) è íàïðÿæåíèå (ñâåòëî - çåëåíûé) äëÿ àñèììåòðè÷íîãî è
ñèììåòðè÷íîãî ðåæèìîâ
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Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà

Ëàáîðàòîðèÿ äèíàìèêè íåãëàäêèõ ñèñòåì Æóñóáàëèåâ Æ.Ò. page 35 / 50



5.3. Ìîäåëü ñ íåïðåðûâíûì âðåìåíåì

Ìàòåìàòè÷åñêàÿ ìîäåëü

_x = � (x�KF(x; �)); (1)

ãäå _x � ïðîèçâîäíàÿ x ïî âðåìåíè � è êîììóòàöèîííàÿ ôóíêöèÿ KF(x; �), îïðåäåëÿåìàÿ êàê

KF(x; �) =

�
+1 if x < q� cos � � �� or

�
� = +1 and (q� cos � � �� 6 x 6 q� cos � + ��)

�
;

�1 if x > q� cos � + �� or
�
� = �1 and (q� cos � � �� 6 x 6 q� cos � + ��)

�
:
(2)

Ðèñ.6. Ïðèìåðû ÷èñëåííûõ ðàñ÷åòîâ è ýêñïåðèìåíòàëüíûõ äèàãðàìì àñèììåòðè÷íûõ è ñèììåòðè÷íûõ ðåøåíèé
óðàâíåíèÿ äâèæåíèÿ
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Ìîäåëü ñ äèñêðåòíûì âðåìåíåì

Óðàâíåíèÿ (1), (2) ñâîäÿòñÿ ê ìîäåëè ñ äèñêðåòíûì âðåìåíåì (ê îòîáðàæåíèþ ïåðâîãî âîçâðàùåíèÿ
Ïóàíêàðå).

Ðèñ.7.

�0 7! f+(�); f+(�) = Q+(�) mod 2�; Q+(�) = � + z+(�) (3)

� 7! f�(�0); f�(�0) = Q�(�0) mod 2�; Q�(�) = �0 + z�(�); �0 = � + z+(�): (4)

Çäåñü z+, z� øèðèíà ïîëîæèòåëüíîãî è îòðèöàòåëüíîãî èìïóëüñîâ, ïîðåäåëÿåìûå êàê íàèìåíüøèå

íåîòðèöàòåëüíûå ðåøåíèÿ óðàâíåíèé q� cos
�
� + z+

�
+ �� = 1 + (q� cos � � �� � 1)e� z

+
è

q� cos
�
�0 + z�

�
� �� = 1 + (q� cos �0 + �� + 1)e� z

�
. Îêîí÷àòåëüíî îòîáðàæåíèå èìååò âèä

0 < � < 2�:
� 7! F (�); F (�) = f+ � f�(�): (5)

Ëàáîðàòîðèÿ äèíàìèêè íåãëàäêèõ ñèñòåì Æóñóáàëèåâ Æ.Ò. page 37 / 50



Áèôóðêàöèîííàÿ ñòðóêòóðà

2D áèôóðêàöèîííàÿ äèàãðàììà îòîáðàæåíèÿ map (4) íà ïëîñêîñòè ïàðàìåòðîâ (�; �) ïîêàçàíà íà
Ðèñ. 8.

Ðèñ.8. 2D è 1D áèôóðêàöèîííûå äèàãðàììû

Property 1. A regions P1=q , q > 2, is associated with a single cycle with rotation number 1=q if q is odd,
and with a pair of cycles with rotation number 1=q if q is even.

Êàê ïîêàçàëè èññëåäîâàíèÿ, îòîáðàæåíèå (4) èìååò äâå òî÷êè ðàçðûâà. Îáå òî÷êè âîçíèêàþò
îäíîâðåìåííî ïðè ïåðåõîäå ãðàíèöó � ìåæäó �circle è �gap.
Îáëàñòü ïàðàìåòðîâ (�; �), ãäå ôóíêöèÿ F íåïðåðûâíàÿ è ìîíîòîííî âîçðàñòàþùàÿ è ÿâëÿåòñÿ

äèôôåîìîðôèçìîì íà îêðóæíîñòè: �circle =

n
(�; �) j

��� �(�� �)

q
p
1 + �2

��� > 1

o
: Ãðàíèöà �circle

îïðåäåëÿåòñÿ óðàâíåíèåì: � =
�
(�; �) j � = � + q

p
1 + �2 =�

	
.
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Áèôóðêàöèîíàÿ ñòðóêòóðà äîáàâëåíèÿ ïåðèîäà

Fig.16.

Property 2: Suppose, the region P1 is associated with a single cycle O1 and the region P2 is
associated with a pair of cycles Oa

2 , Ob
2. Then the region P3 existing between P1 and P2 is associated

with a pair of cycles Oa
3 , Ob

3 with symbolic sequences given by

�(Oa
3 ) = �(Oa

2 )�(O1); �(Ob
3) = �(O1)�(Ob

2):

Property 3: Suppose, the region P1 is associated with a pair of cycles Oa
1 , Ob

1, while the region P2 is

associated with a pair of cycles Oa
2 , Ob

2. Then the region P3 existing between P1 and P2 is associated

with a single cycle O3 with the symbolic sequence �(O3) = �(Oa
1 )�(Ob

2) � �(Ob
1)�(Oa

2 ).
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6. Ðàçðûâíîå îòîáðàæåíèå îêðóæíîñòè

Ñîâìåñòíûå èññëåäîâàíèÿ ñî Øòóòãàðòñêèì óíèâåðñèòåòîì (Ãåðìàíèÿ) è Áåëãîðîäñêèì
ãîñóäàðñòâåííûì òåõíîëîãè÷åñêèì óíèâåðñèòåòîì èì. Â.Ã. Øóõîâà (Ðîññèÿ)

Ðèñ.6.1. Âèáðàöèîííàÿ ìàøèíà ñ äåáàëàíñíûìè âèáðîâîçáóäèòåëåì

Â áîëüøèíñòâå âèáðàöèîííûõ ìàøèí è óñòðîéñòâ, ïðèìåíÿåìûõ íà ïðàêòèêå (äîáû÷à è ïåðåðàáîòêà ïîëåçíûõ
èñêîïàåìûõ, õèìè÷åñêàÿ ïðîìûøëåííîñòü, ìåòàëëóðãèÿ, ñòðîèòåëüñòâî, ïðèáîðîñòðîåíèå è ò.ä.), êîëåáàíèÿ
âîçáóæäàþòñÿ ìåõàíè÷åñêèìè äåáàëàíñíûìè âèáðîâîçáóäèòåëÿìè. Òàêèå âèáðîâîçáóäèòåëè ïðåäñòàâëÿþò ñîáîé
íåóðàâíîâåøåííûå ðîòîðû, ïðèâîäèìûå âî âðàùåíèå ýëåêòðîäâèãàòåëÿìè ïîñòîÿííîãî èëè ïåðåìåííîãî òîêà.
Ñòðóêòóðíàÿ ñõåìà îäíîé èç òàêèõ ñèñòåì èçîáðàæåíà íà ðèñ. 5.1. Íà ïëàòôîðìå 1 ìàññîé m2, ñâÿçàííîé ñ íåïîäâèæíûì
îñíîâàíèåì ëèíåéíûì óïðóãèì ýëåìåíòîì æåñòêîñòè c (ïðóæèíîé) è äåìïôèðóþùèì ýëåìåíòîì ñ êîýôôèöèåíòîì
âÿçêîãî òðåíèÿ �, óñòàíîâëåí íåóðàâíîâåøåííûé ðîòîð. Ðîòîð ïðèâîäèòñÿ âî âðàùåíèå ýëåêòðîäâèãàòåëåì ïîñòîÿííîãî
òîêà. Ìàññà äåáàëàíñà m1 ñêîíöåíòðèðîâàíà â òî÷êå, îòñòîÿùåé îò îñè ÿêîðÿ ýëåêòðîäâèãàòåëÿ 2 íà ðàññòîÿíèå r.
Ãîðèçîíòàëüíîå äâèæåíèå ïëàòôîðìû îáåñïå÷èâàåòñÿ íàïðàâëÿþùèìè 3, íàïðèìåð, íà ïîäøèïíèêàõ êà÷åíèÿ. Óðàâíåíèÿ
äâèæåíèÿ ýòîé ñèñòåìû èìåþò âèä (Áëåõìàí È.È. Âèáðàöèîííàÿ ìåõàíèêà. � Ì.: Ôèçìàòëèò, 1994.):

(m1 +m2)
d2x

dt2
+ �

dx

dt
+ cx = m1r

h
d2'

dt2
sin'+

�
d'

dt

�2
cos'

i
;

J
d2'

dt2
�m1r

�
d2x

dt2
sin'� g cos'

�
= M(id); L

did

dt
+ Rid + C!

d'

dt
= V0;

M(id) = CE � id; J = Jd + Jr; Jr = m1r
2
:

Çäåñü ' � óãîë ïîâîðîòà ðîòîðà, îòñ÷èòûâàåìûé îò ãîðèçîíòàëüíîãî íàïðàâëåíèÿ; x � ïåðåìåùåíèå ïëàòôîðìû; id �
òîê ÿêîðÿ äâèãàòåëÿ; m1, Jr , r � ñîîòâåòñòâåííî ìàññà, ìîìåíò èíåðöèè ðîòîðà, ýêñöåíòðèñèòåò; g � óñêîðåíèå
ñâîáîäíîãî ïàäåíèÿ; m1 +m2 � ìàññà ñèñòåìû; Jd � ìîìåíò èíåðöèè âàëà äâèãàòåëÿ; M(id) � ìîìåíò, ïåðåäàâàåìûé
íà ðîòîð îò ýëåêòðîäâèãàòåëÿ; L, R, C! , CE � ïàðàìåòðû äâèãàòåëÿ; V0 � íàïðÿæåíèå ïèòàíèÿ.
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6.1. Óïðàâëåíèå êîëåáàíèÿìè âèáðàöèîííîé ìàøèíû

Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà âèáðàöèîííîé ìàøèíû ñ ðåëåéíûì óïðàâëåíèåì. Çäåñü 1, 2 � âèáðàöèîííàÿ ìàøèíà è
ñèñòåìà óïðàâëåíèÿ; 3, 4 � îñöèëëîãðàô è èñòî÷íèê ïèòàíèÿ. Ôóíêöèîíàëüíàÿ ñõåìà ñèñòåìû

Ëàáîðàòîðèÿ äèíàìèêè íåãëàäêèõ ñèñòåì Æóñóáàëèåâ Æ.Ò. page 41 / 50



6.2. Ìàòåìàòè÷åñêàÿ ìîäåëü âèáðàöèîííîé ìàøèíû ñ ðåëåéíûì àâòîìàòè÷åñêèì óïðàâëåíèåì

(m1 +m2)
d2x

dt2
+ �

dx

dt
+ cx = m1r

h
d2'

dt2
sin'+

�
d'

dt

�2
cos'

i
;

J
d2'

dt2
�m1r

�
d2x

dt2
sin'� g cos'

�
= M(id); Ld

did

dt
+ Rid + C!

d'

dt
= V0 KF(�; �);

M(id) = CE � id; J = Jd +m1r
2 ; � = Vref � �id; Ld = L�d + LF; Rd = R�d + RF:

Âûõîäíîé ñèãíàë Sw ðåëåéíîãî ýëåìåíòà îïèñûâàåòñÿ êîììóòàöèîííîé ôóíêöèåé KF(�; �):

KF(�; �) =

n
1; if (� > +�0) or ((��0 6 � 6 �0) and (� = 1))

0; if (� < ��0) or ((��0 6 � 6 �0) and (� = 0)) :

Çäåñü �, �0 � âõîäíîé ñèãíàë è ãèñòåðåçèñ ðåëåéíîãî ýëåìåíòà; � � ïðåäûäóùåå ñîñòîÿíèå
ðåëåéíîãî ýëåìåíòà; Vref � ñèãíàë çàäàíèÿ ìîìåíòà M(id) äâèãàòåëÿ; � � ÷óâñòâèòåëüíîñòü
äàò÷èêà òîêà ÿêîðÿ; CE , C! � ïîñòîÿííûå ýëåêòðè÷åñêîé ìàøèíû; L�d, R

�
d � èíäóêòèâíîñòü è

ñîïðîòèâëåíèå îáìîòêè ÿêîðÿ; LF, RF � èíäóêòèâíîñòü è ñîïðîòèâëåíèå ñãëàæèâàþùåãî ôèëüòðà;
Åñëè KF = 1, òî ñèëîâîé êëþ÷ S çàìêíóò (ñèëîâîé òðàíçèñòîð îòêðûò) è åñëè KF = 0, òî êëþ÷ S
ðàçîìêíóò (òðàíçèñòîð çàêðûò).
Ïàðàìåòðû äâèãàòåëÿ MAXON RE 25:
L�d = 0:238 � 10�3 Ãí; Rd = 2:18 Îì; C! = 0:02353 Â�c/ ðàä.; CE = 23:5 � 10�3 Í� ì/À;
Jd = 1:08 � 10�6 êã� ì2.
Ïàðàìåòðû ñèñòåìû óïðàâëåíèÿ è ìåõàíè÷åñêîé ÷àñòè:
Vref = 0:5 Â; � = 1 Â/À; �0 = 0:02 Â; r = 0:01 ì; m1 = 0:02 êã; m = m1 +m2 = 0:2 êã;

c = 250 Í/ì; � = 102:5 êã/ñ; R = Rd +RF = 2:68 Îì; L = Ld +LF = 1:238 � 10�3 Ãí; V0 > 11:8 Â.
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6.3. Ðåçóëüòàòû ÷èñëåííûõ ýêñïåðèìåíòîâ. ßâëåíèå ñèíõðîíèçàöèè

Ëàáîðàòîðèÿ äèíàìèêè íåãëàäêèõ ñèñòåì Æóñóáàëèåâ Æ.Ò. page 43 / 50



6.4. Ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé äèíàìè÷åñêèõ ðåæèìîâ íà óñòàíîâêå
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6.5. Ñâåäåíèå 5-ìåðíîé ìîäåëè ê äèíàìè÷åñêîé ñèñòåìå ñ äâóìÿ ìàñøòàáàìè âðåìåíè

Óðàâíåíèå äâèæåíèÿ

L
did

dt
+ R id + C! !(t) = V0 KF(�; �); !(t) =

d'

dt
= !0 + !m cos(
t);

!0 =
V0 � Vref Rd=�

C!
; !m =

p
1 + T 2

d

2 Rd

C2
!

�M; Td =
Ld

Rd

;

�M = 0:5CE (Vref + �0 � � i �d )=�; i �d = min
06t6T

id(t):

Óðàâíåíèå äâèæåíèÿ â áåçðàçìåðíîé ôîðìå

_x = � (x�KF(x; �) + 
0 + 
m cos(�)) ;

KF(x; �) =

n
1; if q � x > +� or (jq � xj < � and � = 1) ;

0; if q � x < �� or (jq � xj < � and � = 0) ;


0 =
C!!0

V0
; 
m =

C!!m

V0
; � = � Rd

Ld

; q =

Vref Rd

�V0
; � =

Rd �0

�V0
:
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6.6. Ïîñòðîåíèå ðàçðûâíîãî îòîáðàæåíèÿ îêðóæíîñòè

�k+1 = F (�k) = f� � f+(�k) = �k + z+k + z�k mod 2�:

�k � ôàçà â k-é ìîìåíò ïåðåêëþ÷åíèÿ ðåëåéíîãî ýëåìåíòà.

z+
k
and z�

k
� êîýôôèöèåíòû çàïîëíåíèÿ èìïóëüñîâ.
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6.7. Áèôóðêàöèîííàÿ ñòðóêòóðà
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7. Âíåäðåíèå îñíîâíûõ ðåçóëüòàòîâ ÍÈÐ

7.1. Ñèñòåìà óïðàâëåíèÿ ýëåêòðîïðèâîäàìè ïåðâîãî â ÑÑÑÐ
âûñîêîñêîðîñòíîãî ýëåêòðîïîåçäà ÝÐ200

Ïåðâûé îïûòíûé ýëåêòðîïîåçä ÝÐ200 áûë ïîñòðîåí Ðèæñêèì âàãîíîñòðîèòåëüíûì è Ðèæñêèì
ýëåêòðîìàøèíîñòðîèòåëüíûì çàâîäàìè (ÐÝÇ è ÐÂÇ) â 1973-1974 ã. Â 1975 ã. ïîñëå êîìïëåêñíûõ èñïûòàíèé ïåðåäàí íà
Îêòÿáðüñêóþ æåëåçíóþ äîðîãó â äåïî Ò×-8 (ã. Ëåíèíãðàä). Ñ 1977 ã. ïî 1983 ã. ýëåêòðîïîåçä ÝÐ200 ñîâåðøàë îïûòíûå
ïîåçäêè íà ëèíèè Ëåíèíãðàä � Ìîñêâà è îáðàòíî. Êîìïëåêò ñèñòåì óïðàâëåíèÿ ýëåêòðîïðèâîäàìè îïûòíîãî
ýëåêòðîïîåçäà ÝÐ200 áûë ðàçðàáîòàí è èçãîòîâëåí â ÍÈÈ àâòîìàòèêè è ýëåêòðîìåõàíèêè (ÍÈÈ ÀÝÌ) ïðè Òîìñêîì
èíñòèòóòå àâòîìàòèçèðîâàííûõ ñèñòåì óïðàâëåíèÿ è ðàäèîýëåêòðîíèêè. Ñèñòåìà óïðàâëåíèÿ ìîäåðíèçèðîâàëàñü â
òå÷åíèå âñåãî ïåðèîäà îïûòíîé ýêñïëóàòàöèè. Ðàçðàáîòêà è ìîäåðíèçàöèÿ ñèñòåì óïðàâëåíèÿ îïûòíîãî ýëåêòðîïîåçäà
ÝÐ200 âûïîëíÿëèñü â 12 îòäåëå ÍÈÈ ÀÝÌ íàó÷íîé ãðóïïîé (Êîëîêîëîâ Þ.Â., Ïîäëÿãèí Â.Í., Áóêðååâ Â.Ã. è äð.) ïîä
ðóêîâîäñòâîì ïðîô. Çàéöåâà À.Ï. Ýëåêòðîïîåçä ÝÐ200 áûë ïîñòàâëåí íà ðåãóëÿðíóþ ýêñïëóàòàöèþ ñ ïàññàæèðàìè íà
ëèíèè Ëåíèíãðàä � Ìîñêâà â 1984 ã. Â ïåðèîä ñ 1984 ã. ïî 1987 ã. â ÍÈÈ ÀÝÌ âûïîëíåíû ÍÈÐ ïî ïîâûøåíèþ
íàäåæíîñòè è òåõíè÷åñêèõ õàðàêòåðèñòèê ñèñòåìû óïðàâëåíèÿ òÿãîâûìè ýëåêòðîïðèâîäàìè ñ ó÷åòîì ðåàëüíûõ óñëîâèé
ýêñïëóàòàöèè. Áûëà ðàçðàáîòàíà è ðåàëèçîâàíà ïðèíöèïèàëüíî íîâàÿ êîíöåïöèÿ óïðàâëåíèÿ: ïðèìåíåíèå ðåëåéíîé
ñèñòåìû ñ ãèñòåðåçèñîì äëÿ óïðàâëåíèÿ ýëåêòðîïðèâîäàìè â ðåæèìàõ ýëåêòðîäèíàìè÷åñêîãî òîðìîæåíèÿ è ðåëåéíîé
ñèñòåìû ñ ïðèíóäèòåëüíîé ñèíõðîíèçàöèåé â òÿãîâûõ ðåæèìàõ (À.Ñ. � 1309238 ÑÑÑÐ, ÌÊÈ H 02 P 5/16. Áþë. � 17.
1987; À.Ñ. � 1403320 ÑÑÑÐ, ÌÊÈ H 02 Ð/175. Áþë. � 22). Â 1987 ã. íà ýëåêòðîïðèâîäàõ âñåõ ñåêöèé ýëåêòðîïîåçäà
ÝÐ200 (ñòàíäàðòíûé ñîñòàâ ïîåçäà 6 ñåêöèé, ãäå êàæäàÿ ñåêöèÿ âêëþ÷àåò 2 âàãîíà) áûëà óñòàíîâëåíà íîâàÿ ñèñòåìà
óïðàâëåíèÿ. Àâòîðû ðàçðàáîòêè: Æóñóáàëèåâ Æ. Ò., Êîëîêîëîâ Þ. Â., Êîâàëåíêî Þ. È. Ñèñòåìà óïðàâëåíèÿ

ýêñïëóàòèðîâàëàñü ñ 1987 ã. ïî 1997 ã., ýêñïîíèðîâàëàñü íà ÂÄÍÕ ÑÑÑÐ (1986�1987 ãã.), îòìå÷åíà îäíîé çîëîòîé, äâóìÿ
ñåðåáðÿíûìè è äâóìÿ áðîíçîâûìè ìåäàëÿìè.
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7.2. Ñèñòåìà óïðàâëåíèÿ ýëåêòðîïðèâîäàìè ïåðâîãî è âòîðîãî ýëåêòðîïîåçäîâ ÝÐ200

Â ñîîòâåòñòâèè ñ ïðîãðàììîé Ãîñêîìèòåòà ïî íàóêå è òåõíèêå ÑÑÑÐ âûïóñê âòîðîãî ýëåêòðîïîåçäà ÝÐ200 áûë
íàìå÷åí â 1988-1989 ãã. Òðåòèé ýëåêòðîïîåçä ÝÐ200 ïðåäïîëàãàëîñü âûïóñòèòü â 1990 ã. Îäíàêî ýòó ïðîãðàììó
óäàëîñü ðåàëèçîâàòü ÷àñòè÷íî. Â 1991 ã. ÐÂÇ è ÐÝÇ óñïåëè ïîñòðîèòü òîëüêî îäèí ñîñòàâ. Òðåáîâàëîñü äîðàáîòàòü
è èçãîòîâèòü ñèñòåìó óïðàâëåíèÿ ýëåêòðîïðèâîäàìè íîâîãî ýëåêòðîïîåçäà ÝÐ200. Ýëåêòðîîáîðóäîâàíèå ïåðâîãî
ýëåêòðîïîåçäà òàêæå íóæäàëîñü â çàìåíå.
Â ïåðèîä ñ 1994 ã. ïî 1997 ã. Êóðñêèì ãîñóäàðñòâåííûì òåõíè÷åñêèì óíèâåðñèòåòîì (íûíå Þãî-Çàïàäíûé
ãîñóäàðñòâåííûé óíèâåðñèòåò) ñîâìåñòíî ñ ÎÀÎ ¾Ýêñïåðèìåíòàëüíûé çàâîä¿, Õîëäèíãîâàÿ êîìïàíèÿ ¾Ëåíèíåö¿
(ã. Ñàíêò-Ïåòåðáóðã) ðàçðàáîòàíà ñèñòåìà óïðàâëåíèÿ ýëåêòðîïðèâîäàìè äëÿ ïåðâîãî è âòîðîãî ýëåêòðîïîåçäîâ
ÝÐ200 (ÝÐ200 �1 è ÝÐ200 �2).
Ñèñòåìà ðåàëèçîâàíà íà áàçå ðåëåéíîé ñèñòåìû ñ ãèñòåðåçèñîì è ðåëåéíîé ñèñòåìû ñ äâîéíîé ïðèíóäèòåëüíîé
ñèíõðîíèçàöèé (À.Ñ. � 1614966 ÑÑÑÐ, Â 60 L 15/04. Çàÿâ. 09.02.89. Îïóáë. 23.12.90, Áþë. � 47; À.Ñ. � 1533904
ÑÑÑÐ, ÌÊÈ Í02 P 5/06. Çàÿâ. 14.01.87. Îïóáë. 15.03.91, Áþë. � 10; À.Ñ. � 1403320 ÑÑÑÐ, ÌÊÈ H 02 Ð/175. Çàÿâ.
03.07.86. Îïóáë. 15.06.88, Áþë. � 22).
Ðåëåéíàÿ àâòîìàòè÷åñêàÿ ñèñòåìà ñ äâîéíîé ïðèíóäèòåëüíîé ñèíõðîíèçàöèåé ïîçâîëèëà ïîäàâèòü íåäîïóñòèìûå ïî
óñëîâèÿì áåçîïàñíîñòè äâèæåíèÿ õàîòè÷åñêèå êîëåáàíèÿ, âîçíèêàþùèå â ðåæèìå ðåãóëèðîâàíèÿ ñêîðîñòè
îñëàáëåíèåì ìàãíèòíîãî ïîòîêà äâèãàòåëåé, óëó÷øèòü ýêñïëóàòàöèîííûå è òî÷íîñòíûå õàðàêòåðèñòèêè
ýëåêòðîïðèâîäîâ. Êðîìå òîãî, áëàãîäàðÿ ðåëåéíîé ñèñòåìå ñ ãèñòåðåçèñîì óäàëîñü ïîëíîñòüþ èñêëþ÷èòü
ïåðåðåãóëèðîâàíèå â òîðìîçíûõ ðåæèìàõ, ðåàëèçîâàòü ýëåêòðîäèíàìè÷åñêîå òîðìîæåíèå òÿãîâûõ äâèãàòåëåé ïðè
ìàêñèìàëüíîé óñòàâêå òîêà ÿêîðÿ (òîðìîçíîãî ìîìåíòà), ÷òî ïîâûñèëî íàäåæíîñòü è ýôôåêòèâíîñòü ýëåêòðè÷åñêîãî
òîðìîæåíèÿ.
Êîìïëåêò ñèñòåì óïðàâëåíèÿ âíåäðåí â ïðîìûøëåííóþ ýêñïëóàòàöèþ â ñîñòàâå òÿãîâîãî ýëåêòîðîáîðóäîâàíèÿ äâóõ
ýëåêòðîïîåçäîâ: ÝÐ200 �1 è ÝÐ200 �2. Àâòîðû ðàçðàáîòêè: Æóñóáàëèåâ Æ. Ò., Êîëîêîëîâ Þ. Â., Áîðåéøà Â. À.

Çà ïåðèîä ýêñïëóàòàöèè ïåðâûé ñîâåòñêèé âûñîêîñêîðîñòíîé ýëåêòðîïîåçä ÝÐ200 ñîâåðøèë îêîëî 3000 ðåéñîâ è
ïåðåâåç áîëåå 1,3 ìëí. ïàññàæèðîâ. 28 ôåâðàëÿ 2009 ãîäà ÝÐ200 ïåðåäàë ýñòàôåòó âûñîêîñêîðîñòíîìó
ýëåêòðîïîåçäó íîâîãî ïîêîëåíèÿ ¾Ñàïñàí¿.
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