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Ìåòîäîëîãèÿ è ìåòîäû ìàòåìàòè÷åñêîãî
ìîäåëèðîâàíèÿ ýíåðãåòèêè â ðûíî÷íûõ óñëîâèÿõ

Ïðîàíàëèçèðîâàíû îñîáåííîñòè ðàçâèòèÿ ñèñòåì ìîäåëèðîâàíèÿ ýíåðãåòèêè â óñëîâèÿõ
äåéñòâèÿ ðûíî÷íûõ ìåõàíèçìîâ óïðàâëåíèÿ ýíåðãåòè÷åñêèìè êîìïëåêñàìè. Ñôîðìóëè-
ðîâàíû òðåáîâàíèÿ ïî îáåñïå÷åíèþ àäåêâàòíîñòè ñèñòåì ìîäåëèðîâàíèÿ ýíåðãåòèêè â
ðûíî÷íûõ óñëîâèÿõ. Îïèñàíà îáîáùåííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü êîíêóðåíòíîãî ðàâíî-
âåñèÿ íà ðûíêå ýëåêòðîýíåðãèè â âèäå ñèñòåìû çàäà÷ ìàòåìàòè÷åñêîãî ïðîãðàììèðîâàíèÿ
ñ êîìïëåìåíòàðíûìè îãðàíè÷åíèÿìè. Ïîèñê ðåøåíèÿ òàêîé ñèñòåìû çàäà÷ ñâåäåí ê
ïîèñêó ðåøåíèÿ ñìåøàííîé íåëèíåéíîé êîìïëåìåíòàðíîé çàäà÷è áîëüøîé ðàçìåðíîñòè
â âèäå ñèñòåìû óñëîâèé Êàðóøà—Êóíà—Òàêêåðà. Ïðåäñòàâëåíà ñîâîêóïíîñòü îðèãè-
íàëüíûõ ìåòîäîâ ðåøåíèÿ îòäåëüíûõ ïîäçàäà÷, âîçíèêàþùèõ ïðè ïðèìåíåíèè êâàçèíüþ-
òîíîâñêîãî ìåòîäà ðåøåíèÿ êîìïëåìåíòàðíûõ çàäà÷ áîëüøîé ðàçìåðíîñòè. Ïðåèìóùåñòâà
ñîçäàííîãî íà îðèãèíàëüíîé ìåòîäè÷åñêîé îñíîâå ðåøàòåëÿ òàêèõ çàäà÷ ICRS ïîêàçàíû â
ñðàâíåíèè ñ ðàñïðîñòðàíåííûì â ìèðå ðåøàòåëåì PATH. Ðàçðàáîòàíà ìîäåëü ðàâíîâåñ-
íûõ ñîñòîÿíèé ðûíêà ýëåêòðîýíåðãèè Óêðàèíû â âèäå äåòàëüíîãî îïèñàíèÿ ñèñòåìû çàäà÷
ìàòåìàòè÷åñêîãî ïðîãðàììèðîâàíèÿ ñ êîìïëåìåíòàðíûìè îãðàíè÷åíèÿìè. Ñ ïîìîùüþ
âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ ïîêàçàíû îñîáåííîñòè ïðèìåíåíèÿ ìåòîäîëîãèè ïîñòðîå-
íèÿ àäåêâàòíûõ ìàòåìàòè÷åñêèõ ìîäåëåé ýíåðãåòè÷åñêèõ ðûíêîâ è ïðåäëîæåííûõ ìåòî-
äîâ ðåøåíèÿ ñèñòåìû çàäà÷ ìàòåìàòè÷åñêîãî ïðîãðàììèðîâàíèÿ ñ êîìïëåìåíòàðíûìè
îãðàíè÷åíèÿìè.

Ê ë þ ÷ å â û å ñ ë î â à: ýíåðãåòèêà, ðûíîê, ðàâíîâåñíîå ñîñòîÿíèå, ìåòîäîëîãèÿ ìîäåëè-
ðîâàíèÿ, êîìïëåìåíòàðíàÿ çàäà÷à, ðåøàòåëü çàäà÷ áîëüøîé ðàçìåðíîñòè, âû÷èñëèòåëü-
íûé ýêñïåðèìåíò, ìàòåìàòè÷åñêîå ïðîãðàììèðîâàíèå.

Ìèðîâûå òåíäåíöèè ðàçâèòèÿ ñèñòåì ìîäåëèðîâàíèÿ ýíåðãåòèêè (ÑÌÝ)

îáóñëîâëåíû ïîñòîÿííîé ïîòðåáíîñòüþ â èõ ïðèìåíåíèè äëÿ ðåøåíèÿ
ðàçëè÷íûõ çàäà÷, êîòîðûå êëàññèôèöèðóþò ïî ÷åòûðåì öåëåâûì ãðóïïàì:
ìîäåëèðîâàíèå, èíâåñòèðîâàíèå, óïðàâëåíèå è óïðàâëåíèå è èíâåñòèðî-
âàíèå [1—4].
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Â ãðóïïó «ìîäåëèðîâàíèå» âõîäÿò çàäà÷è èìèòàöèîííîãî ìîäåëèðî-
âàíèÿ ýíåðãåòè÷åñêèõ ñèñòåì (ÝÑ). Èìèòàöèîííûå ìîäåëè äîñòàòî÷íî ñëîæ-
íûå è îñíîâàíû íà ëîãè÷åñêîì è ïðåèìóùåñòâåííî òåõíîëîãè÷åñêîì ïðåä-
ñòàâëåíèÿõ î ôóíêöèîíèðîâàíèè ÝÑ. Èõ ÷àñòî èñïîëüçóþò â ñöåíàðíîì
àíàëèçå, à ýôôåêòû âîçäåéñòâèÿ ïîëèòèêè öåíîîáðàçîâàíèÿ â òàêèõ ìîäåëÿõ
ìåíåå âàæíû.

Ê ãðóïïå «èíâåñòèðîâàíèå» îòíîñÿòñÿ çàäà÷è àíàëèçà èíâåñòèöèîí-
íûõ ïðîåêòîâ â ýíåðãåòèêå. Ìîäåëè èíâåñòèöèîííûõ ïðîöåññîâ â ýíåðãå-
òèêå äàþò âîçìîæíîñòü ïîëüçîâàòåëþ ôîðìèðîâàòü çàäà÷è îïòèìèçàöèè
èíâåñòèöèé, ïîëó÷àòü èõ ðåøåíèÿ, à çàòåì ýòè ðåøåíèÿ ñðàâíèâàòü.

Â ãðóïïó «óïðàâëåíèå» âêëþ÷åíû çàäà÷è ìîäåëèðîâàíèÿ ÝÑ, âåðè-
ôèêàöèè ìîäåëåé ïî èçìåðÿåìûì äàííûì, à òàêæå çàäà÷è ïîèñêà ïðàêòè-
÷åñêèõ ðåøåíèé ïî îïòèìèçàöèè óïðàâëåíèÿ òàêèìè ñèñòåìàìè. Ïðèìåðà-
ìè çàäà÷ îïòèìèçàöèè óïðàâëåíèÿ ÿâëÿþòñÿ çàäà÷è ìèíèìèçàöèè îáùèõ
çàòðàò òîïëèâà, ìèíèìèçàöèè ýêñïëóàòàöèîííûõ çàòðàò, ìàêñèìèçàöèè
äîõîäà è äð.

Â ãðóïïó «óïðàâëåíèå è èíâåñòèðîâàíèå» âõîäèò êîìïëåêñ âçàèìî-
ñâÿçàííûõ îïòèìèçàöèîííûõ çàäà÷ èíâåñòèðîâàíèÿ è óïðàâëåíèÿ â ýíåð-
ãåòèêå.

×èñëî ÑÌÝ ïîñòîÿííî âîçðàñòàåò: ñåãîäíÿ èõ óæå ïðèáëèçèòåëüíî
100 [2, 4] (ðèñ. 1). Â òå÷åíèå ïîñëåäíèõ ÷åòûðåõ äåñÿòèëåòèé ñòðóêòóðà ñïðî-
ñà íà ÑÌÝ ïîñòîÿííî ìåíÿåòñÿ. Â 1970-õ ãîäàõ ìèðîâîé ýíåðãåòè÷åñêèé
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Ðèñ. 1. Äèíàìèêà ÷èñëà ÑÌÝ



êðèçèñ ñòàë ñòèìóëîì ê ðàçâèòèþ ÿäåðíîé ýíåðãåòèêè, ÷òî, â ñâîþ î÷å-
ðåäü, ñïîñîáñòâîâàëî ïîÿâëåíèþ ÑÌÝ, ïðåäíàçíà÷åííûõ â îñíîâíîì äëÿ
ðåøåíèÿ çàäà÷ îïòèìèçàöèè ïðîöåññîâ èíâåñòèðîâàíèÿ è óïðàâëåíèÿ.

Â 1980-å ãîäû ââîäÿòñÿ íîâûå òåõíîëîãèè ïðîèçâîäñòâà ýëåêòðîýíåðãèè,
îñíîâàííûå íà àëüòåðíàòèâíûõ èñòî÷íèêàõ ýíåðãèè, è íà÷èíàþòñÿ ïðîöåññû
äèâåðñèôèêàöèè ïðîèçâîäñòâà. Â ýòîò ïåðèîä ïîÿâëÿþòñÿ ÑÌÝ, îáåñïå÷è-
âàþùèå äåòàëüíûé ïî÷àñîâîé àíàëèç ïðîèçâîäñòâåííûõ ïðîöåññîâ.

Â 1990-å ãîäû îòâåòîì íà ýêîëîãè÷åñêèå ïðîáëåìû ñòàëî ââåäåíèå
íîâûõ òåõíîëîãèé ïðîèçâîäñòâà ýëåêòðîýíåðãèè, èñïîëüçóþùèõ âîçîáíîâ-
ëÿåìûå èñòî÷íèêè. ×èñëî ÑÌÝ çíà÷èòåëüíî âîçðàñòàåò, îñîáåííî òàêèõ,
êîòîðûå îðèåíòèðîâàíû íà ðåøåíèå çàäà÷ îïòèìèçàöèè ïðîöåññîâ óïðàâ-
ëåíèÿ è èíâåñòèðîâàíèÿ.

Â 2000-õ ãîäàõ îñóùåñòâëÿþòñÿ ðåôîðìû â ñôåðå óïðàâëåíèÿ îòäåëü-
íûìè ñåêòîðàìè ýíåðãåòèêè è ôîðìèðóþòñÿ óñòîé÷èâûå ÝÑ. Â ýòîò ïå-
ðèîä ïîÿâëÿþòñÿ ÑÌÝ, îáåñïå÷èâàþùèå ðåøåíèå çàäà÷ îïòèìèçàöèè ïðî-
öåññîâ óïðàâëåíèÿ ÝÑ â êðàòêî- è ñðåäíåñðî÷íîé ïåðñïåêòèâå. Ñîïîñòàâ-
ëåíèå èõ îñíîâíûõ õàðàêòåðèñòèê ïðåäñòàâëåíî íà ðèñ. 2

Ìåòîäîëîãèÿ è ìåòîäû ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ýíåðãåòèêè
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Ðèñ. 2. Äåòàëèçàöèÿ ïðîãíîçèðóåìîãî ïåðèîäà: îñíîâíûå õàðàêòåðèñòèêè 38 ÑÌÝ, ðàçðà-
áîòàííûõ â 2000-õ ãîäàõ (äèàìåòðû êðóãîâûõ äèàãðàìì ñîîòâåòñòâóþò ÷èñëó ÑÌÝ)



Ïîñòîÿííîå ðàñøèðåíèå ìíîæåñòâà àêòóàëüíûõ çàäà÷ àíàëèçà ÝÑ îáóñ-
ëîâèëî íåîáõîäèìîñòü íå òîëüêî ñîçäàíèÿ íîâûõ ÑÌÝ, íî è ïîñòîÿííîãî
îáíîâëåíèÿ ðàíåå ñîçäàííûõ [2, 3]. Ïðè ïîÿâëåíèè çíà÷èòåëüíîãî ÷èñëà ÑÌÝ
âîçíèêëà íåîáõîäèìîñòü èõ êëàññèôèêàöèè ïî ðàçëè÷íûì ïðèçíàêàì [2, 3, 5],
èç êîòîðûõ áàçîâûìè ÿâëÿþòñÿ ìåòîäîëîãè÷åñêèå îñíîâû ïîñòðîåíèÿ ìî-
äåëåé ÝÑ è ìåòîäû ðåøåíèÿ ìàòåìàòè÷åñêèõ çàäà÷ ìîäåëèðîâàíèÿ.

Ìåòîäîëîãè÷åñêîé îñíîâîé ïîñòðîåíèÿ ñóùåñòâóþùèõ ÑÌÝ ÿâëÿþò-
ñÿ ýêîíîìåòðè÷åñêèå, ìàêðîýêîíîìè÷åñêèå, èíâåñòèöèîííûå, èìèòàöèîí-
íûå, ðåòðîïîëÿöèîííûå, ìíîãîêðèòåðèàëüíûå ìîäåëè, ìîäåëè ýêîíîìè-
÷åñêîãî ðàâíîâåñèÿ è ãèáêèå ìîäåëè â âèäå ýëåêòðîííûõ òàáëèö.

Â ñîñòàâ íàèáîëåå ðàñïðîñòðàíåííûõ â ìèðå ÑÌÝ âõîäèò îïåðàöèîí-
íîå ÿäðî â âèäå ðåøàòåëåé îïòèìèçàöèîííûõ çàäà÷ ìîäåëèðîâàíèÿ ÝÑ ñ
öåëåâûìè ôóíêöèÿìè íàèìåíüøèõ çàòðàò è ìàêñèìèçàöèè îáùåñòâåííîãî
áëàãîñîñòîÿíèÿ. Ïðè ôîðìóëèðîâêå òàêèõ çàäà÷ âñåãäà ñ÷èòàåòñÿ, ÷òî
ïðîèçâîäèòåëè è ïîòðåáèòåëè ýíåðãîðåñóðñîâ ÿâëÿþòñÿ öåíîïðèíèìàþ-
ùèìè ñòîðîíàìè, à öåíîîáðàçîâàíèå ïðîèñõîäèò ïî ìàðæèíàëüíîìó ïðèí-
öèïó. Â ñîñòàâ âû÷èñëèòåëüíîãî ÿäðà êàæäîé ÑÌÝ îáÿçàòåëüíî âõîäÿò
ðåøàòåëè çàäà÷, îôîðìëåííûå â âèäå áèáëèîòåê (òàáë. 1).

Îïòèìèçàöèîííûå çàäà÷è ìîäåëèðîâàíèÿ ÝÑ ïðåäñòàâëåíû â âèäå
ìàòåìàòè÷åñêèõ çàäà÷ ëèíåéíîãî, íåëèíåéíîãî, ñìåøàííîãî öåëî÷èñëåí-
íîãî è ñòîõàñòè÷åñêîãî ïðîãðàììèðîâàíèÿ. Êàê ïðàâèëî, ýòî çàäà÷è
áîëüøîé ðàçìåðíîñòè. Äëÿ èõ ðåøåíèÿ â îòíîñèòåëüíî ïðîñòûõ ÑÌÝ
ïðèìåíÿþòñÿ ðåøàòåëè, íàõîäÿùèåñÿ â îòêðûòîì èíòåðíåò-äîñòóïå. Îä-
íàêî â áîëåå ñîâåðøåííûõ ÑÌÝ ïðèìåíÿþòñÿ ðåøàòåëè, àëãîðèòìû êîòî-
ðûõ ðàçðàáàòûâàþòñÿ è ñîâåðøåíñòâóþòñÿ íà ïðîòÿæåíèè äåñÿòèëåòèé
âåäóùèìè íàó÷íî-èññëåäîâàòåëüñêèìè ó÷ðåæäåíèÿìè è ñïåöèàëèçèðî-
âàííûìè êîììåð÷åñêèìè êîìïàíèÿìè.
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ÑÌÝ Ðåøàòåëü Ðàçðàáîò÷èê Ãîä ðàçðàáîòêè

NEMS[6] MPSIII Optimization
and Modeling Library

Ketron Optimization 1980

PLEXOS[7] Xpress-MP FICO 1988

CPLEX IBM 1988

MOSEK MOSEK 2000

GUROBI Gurobi 2009

PRIMES[8] GAMS GAMS Dev. Cor. 1987

CPLEX IBM 1988

PATH Wisconsin Uni. 1995

Òàáëèöà 1. Ðåøàòåëè ñîâðåìåííûõ ÑÌÝ



Ðàçâèòèå ÑÌÝ ñ 2000 ïî 2010 ã. ñâÿçàíî ñ ðåôîðìèðîâàíèåì, ðàçâè-
òèåì è ëèáåðàëèçàöèåé ýíåðãåòè÷åñêèõ ðûíêîâ (ðèñ. 3). Íåîáõîäèìîñòü
ìîäåëèðîâàíèÿ ëèáåðàëèçîâàííîãî ðûíêà ýëåêòðîýíåðãèè Àâñòðàëèè îáóñ-
ëîâèëà ïîÿâëåíèå àäåêâàòíîé ñèñòåìû ìîäåëèðîâàíèÿ NEMSIM [10], êî-
òîðàÿ ÿâëÿåòñÿ àãåíòíî-îðèåíòèðîâàííîé èìèòàöèîííîé ìîäåëüþ. Â ýòîé
ìîäåëè íàöèîíàëüíûé ðûíîê ýëåêòðè÷åñêîé ýíåðãèè Àâñòðàëèè ïðåäñòàâ-
ëåí â âèäå ýâîëþöèîííîé ñèñòåìû ñëîæíûõ ïðîöåññîâ âçàèìîäåéñòâèÿ
ìåæäó ïîâåäåíèåì ÷åëîâåêà íà ðûíêàõ, òåõíè÷åñêèìè èíôðàñòðóêòóð-
íûìè ñèñòåìàìè è îêðóæàþùåé ñðåäîé. Ñèñòåìà NEMSIM ðàçðàáîòàíà
íà îñíîâå ñîáðàííûõ çà øåñòü ëåò äàííûõ îòíîñèòåëüíî ñïðîñà, öåí è
îáúåìîâ ïðîèçâîäñòâà, êîòîðûå áûëè çàôèêñèðîâàíû íà íàöèîíàëüíîì
ðûíêå ýëåêòðè÷åñêîé ýíåðãèè. Ñóùåñòâåííûì íåäîñòàòêîì ìåòîäîëîãèè
àãåíòíî-îðèåíòèðîâàííîãî ìîäåëèðîâàíèÿ ÿâëÿåòñÿ âû÷èñëèòåëüíàÿ ñëîæ-
íîñòü àëãîðèòìîâ ðåøåíèÿ ñîîòâåòñòâóþùèõ ìàòåìàòè÷åñêèõ çàäà÷. Ïî-
ýòîìó òàêàÿ ìåòîäîëîãèÿ ïîñòðîåíèÿ ÑÌÝ íå ïîëó÷èëà øèðîêîãî ðàñ-
ïðîñòðàíåíèÿ â ìèðå.

Ïðîöåññû ðåôîðìèðîâàíèÿ ýíåðãåòè÷åñêèõ ðûíêîâ ÑØÀ íà÷àëèñü
åùå â 1980-õ ãîäàõ êàê îòâåò íà ýíåðãåòè÷åñêèé êðèçèñ 1970-õ ãîäîâ. Òîã-
äà, ïîæàëóé âïåðâûå, ðàçðàáîò÷èêè ÑÌÝ ÑØÀ áûëè âûíóæäåíû îòêà-
çàòüñÿ îò òðàäèöèîííîãî ïðåäïîëîæåíèÿ î òîì, ÷òî âñå ïðîèçâîäèòåëè è
ïîòðåáèòåëè ýíåðãîðåñóðñîâ ÿâëÿþòñÿ öåíîïðèíèìàþùèìè ñòîðîíàìè, à
öåíîîáðàçîâàíèå ïðîèñõîäèò òîëüêî ïî ìàðæèíàëüíîìó ïðèíöèïó. Âçà-
ìåí áûëî ïðåäëîæåíî ïðèäåðæèâàòüñÿ òàêîãî ïðåäïîëîæåíèÿ òîëüêî ïðè
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Ëèáåðàëèçîâàííûé Ðàçâèâàåòñÿ

Ðåôîðìèðóåòñÿ Çàêðûòûé

Ðèñ. 3. Ýíåðãåòè÷åñêèå ðûíêè ìèðà ïî ñîñòîÿíèþ íà 2016 ã. [9]



ìîäåëèðîâàíèè ïðîöåññîâ öåíîîáðàçîâàíèÿ äëÿ îòäåëüíûõ ñåêòîðîâ ýíåð-
ãåòèêè, à íà ìàêðîýêîíîìè÷åñêîì óðîâíå — èñêàòü öåíîâîå ðàâíîâåñèå
ìåæäó ñïðîñîì è ïðåäëîæåíèåì íà ýíåðãîðåñóðñû, ôîðìèðóåìûå ìåæäó
îòäåëüíûìè ñåêòîðàìè ýíåðãåòèêè, ìåæäó íèìè è îñòàëüíûìè ñåêòîðàìè
ýêîíîìèêè ñòðàíû è âíåøíèì ìèðîì.

Íåîáõîäèìîñòü îáåñïå÷åíèÿ àäåêâàòíîñòè ìîäåëåé ýíåðãåòèêè ÑØÀ
â óñëîâèÿõ ðåôîðìèðîâàíèÿ ðûíêîâ ýíåðãåòè÷åñêèõ ðåñóðñîâ îáóñëîâèëà
ðàçðàáîòêó îðèãèíàëüíûõ ïîäõîäîâ ê ôîðìàëèçàöèè è ðåøåíèþ çàäà÷
ïîèñêà ñåêòîðàëüíîãî è îáùåãî ðàâíîâåñèÿ. Â ðåçóëüòàòå áûëè ïðåäëî-
æåíû íîâàÿ ìåòîäîëîãèÿ ìîäåëèðîâàíèÿ ðàâíîâåñíîãî ñîñòîÿíèÿ ýíåðãå-
òèêè ÑØÀ è àëãîðèòì PIES [11] ðåøåíèÿ íîâîãî êëàññà çàäà÷ ìîäåëè-
ðîâàíèÿ — êîìïëåìåíòàðíûõ çàäà÷. Ðåøàòåëü PIES è åãî ìîäèôèêàöèè
áûëè âîïëîùåíû ñíà÷àëà â ñèñòåìó ìîäåëèðîâàíèÿ IFFS, à ïîçæå — â
NEMS [12]. Îäíàêî íåñîâåðøåíñòâî ðåøàòåëÿ PIES è åãî íåñïîñîáíîñòü
íàõîäèòü ðåøåíèÿ êîìïëåìåíòàðíûõ çàäà÷, âîçíèêàþùèõ ïðè óñèëåíèè
ýêîíîìè÷åñêîé âçàèìîçàâèñèìîñòè ýíåðãåòè÷åñêèõ ðûíêîâ ÑØÀ, ñòèìóëè-
ðîâàëè ìíîãèõ ðàçðàáîò÷èêîâ ê ñóùåñòâåííûì ïåðåäåëêàì ñîáñòâåííûõ ñèñ-
òåì. Â íàñòîÿùåå âðåìÿ â ìèðå ñîçäàíî ëèøü íåñêîëüêî ÑÌÝ, îáåñïå÷èâàþ-
ùèõ ðàâíîâåñíîå ìîäåëèðîâàíèå ýíåðãåòè÷åñêèõ ðûíêîâ (òàáë. 2).

Â Åâðîïå ïîäîáíàÿ NEMS ÑÌÝ PRIMES áûëà ðàçðàáîòàíà â ëàáî-
ðàòîðèè E3Mlab — ICCS Àôèíñêîãî íàöèîíàëüíîãî òåõíè÷åñêîãî óíèâåð-
ñèòåòà â ðåçóëüòàòå äëèòåëüíûõ èññëåäîâàíèé, ôèíàíñîâî ïîääåðæàííûõ
Åâðîïåéñêîé êîìèññèåé. Ðàçëè÷íûå âåðñèè ñèñòåìû PRIMES óñïåøíî
ðåöåíçèðîâàíû â 1997 è 2011 ãîäàõ. [8]. Ñîâðåìåííàÿ åå âåðñèÿ ðàçðàáî-
òàíà íà îñíîâå ìåòîäîëîãèè ðàâíîâåñíîãî ìîäåëèðîâàíèÿ, ïðèìåíåííîé
äëÿ ìàòåìàòè÷åñêîãî îïèñàíèÿ ÝÑ Åâðîïåéñêîãî Ñîþçà â âèäå çàäà÷ ðàâ-
íîâåñíîãî ïðîãðàììèðîâàíèÿ ñ ðàâíîâåñíûìè îãðàíè÷åíèÿìè [18].
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Ñèñòåìà è ñòðàíà ïðîèñõîæäåíèÿ Ðåøàòåëü êîìïëåìåíòàðíûõ çàäà÷

IFFS [13] — ÑØÀ PIES ñ àëãîðèòìîì Ãàóññà—Çåéäåëÿ [11, 12]

NEMS [6] — ÑØÀ PIES ñ áëî÷íûì àëãîðèòìîì Ãàóññà—Çåéäåëÿ
[12, 14]

ÅNPEP [15] — ÑØÀ Äàííûå íå íàéäåíû

GEMS [16] — ÑØÀ '' ''

GEMINI [17] — Ôðàíöèÿ PATH [20—23]

PRIMES [18] — Ãðåöèÿ PATH

C-GEM [19] — ÊÍÐ, ÑØÀ PATH

Òàáëèöà 2. Ñèñòåìû ðàâíîâåñíîãî ìîäåëèðîâàíèÿ ýíåðãåòèêè
è èõ ðåøàòåëè êîìïëåìåíòàðíûõ çàäà÷



Çàäà÷è ìîäåëèðîâàíèÿ ðûíêîâ ýëåêòðè÷åñêîé ýíåðãèè ñ N ó÷àñò-
íèêàìè ìîæíî ïðåäñòàâèòü â îáîáùåííîì âèäå, à èìåííî â âèäå ñèñòåìû
çàäà÷ íåëèíåéíîãî ïðîãðàììèðîâàíèÿ ñ êîìïëåìåíòàðíûìè îãðàíè÷åíèÿìè:
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îáîçíà÷åíî îòíîøåíèå îðòîãîíàëüíîñòè. Â áîëåå êîìïàêòíîé ôîðìå ïðåä-
ñòàâëåííàÿ ñèñòåìà çàäà÷ èìååò ñëåäóþùèé âèä:
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1 , (1)

ãäå ñèìâîëàìè � è � îáîçíà÷åíû îïåðàòîð Ãàìèëüòîíà è îïåðàöèÿ ïðîèç-
âåäåíèÿ Àäàìàðà. Ñèñòåìà ðàâåíñòâ è êîìïëåìåíòàðíûõ íåðàâåíñòâ (1) ñ
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íåèçâåñòíûìè X X X
 | ... |1 N
T è äóàëüíûìè íåèçâåñòíûìè � � �
 | ... |1 N

T è

� � �
 | ... |1 N
T ÿâëÿåòñÿ ñìåøàííîé íåëèíåéíîé êîìïëåìåíòàðíîé çàäà÷åé.

Ïðîáëåìû ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ êîíêóðåíòíîãî ðàâ-

íîâåñèÿ íà ðûíêàõ ýëåêòðîýíåðãèè ñëåäóþùèå:
1) íåäîïóñòèìîñòü óïðîùåíèÿ ñèñòåìû âçàèìîñâÿçàííûõ çàäà÷ îïòè-

ìèçàöèè äåÿòåëüíîñòè ó÷àñòíèêîâ ðûíêà;
2) ïëîõîå ñòðóêòóðèðîâàíèå ñèñòåìû çàäà÷ îïòèìèçàöèè;
3) áîëüøàÿ ðàçìåðíîñòü çàäà÷ ìîäåëèðîâàíèÿ;
4) îãðàíè÷åííûå âîçìîæíîñòè èçâåñòíûõ ìàòåìàòè÷åñêèõ ìåòîäîâ

ðåøåíèÿ ñèñòåìû çàäà÷ íåëèíåéíîãî ïðîãðàììèðîâàíèÿ.
Ðåøàòåëü PATH ðåàëèçóåò èòåðàöèîííûé àëãîðèòì ðåøåíèÿ çàäà÷è

(1), îñíîâàííûé íà ëèíåàðèçàöèè ôóíêöèé â îêðåñòíîñòÿõ ïîñëåäîâàòåëü-
íîñòè ïðèáëèæåííûõ ðåøåíèé, ôîðìèðîâàíèè ëèíåéíûõ êîìïëåìåíòàð-
íûõ çàäà÷ è ïðèìåíåíèè ìîäèôèöèðîâàííîãî àëãîðèòìà Ëåìêå äëÿ îïðå-
äåëåíèÿ íàïðàâëåíèé ïîèñêà íåèçâåñòíûõ [21, 22]. Ðåøàòåëü PATH ïðåäëî-
æåí â 1995 ã. ñïåöèàëèñòàìè Óíèâåðñèòåòà Âèñêîíñèí-Ìýäèñîí (ÑØÀ). Ñ
òåõ ïîð îí ñòàë ñòàíäàðòîì, ñ êîòîðûì ñðàâíèâàþò íîâûå ðåøàòåëè ñìåøàí-
íûõ êîìïëåìåíòàðíûõ çàäà÷ è çàäà÷ íà âàðèàöèîííûå íåðàâåíñòâà [23].
Òåïåðü ðåøàòåëü PATH èñïîëüçóåòñÿ â ñèñòåìàõ ìàòåìàòè÷åñêîãî ìîäå-
ëèðîâàíèÿ AMPL, GAMS è MATLAB [20].

Ñ 2000 ïî 2010 ã. ðåøàòåëü PATH ìíîãîêðàòíî ïðèìåíÿëñÿ äëÿ ðåøå-
íèÿ çàäà÷ ìîäåëèðîâàíèÿ ýíåðãåòè÷åñêèõ ðûíêîâ ÅÑ è ÑØÀ [17—19,
24—28]. Íà åãî îñíîâå â 2007—2013 ãã. â Óêðàèíå áûëè ñîçäàíû ìîäåëü-
íûå èíñòðóìåíòû èññëåäîâàíèÿ íàöèîíàëüíîãî ðûíêà ýëåêòðè÷åñêîé
ýíåðãèè è ïðîöåññîâ ðàçâèòèÿ ãåíåðèðóþùèõ ìîùíîñòåé ÒÝÑ â ðûíî÷íûõ
óñëîâèÿõ [29—34]. Ñîçäàííûå ìîäåëüíûå èíñòðóìåíòû ïðèìåíÿëèñü äëÿ
ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé îáúåäèíåííîãî ðûíêà ýëåêòðîýíåðãèè
ñòðàí Áåíèëþêñà, Ãåðìàíèè è Ôðàíöèè [29], à òàêæå äëÿ ïðîâåäåíèÿ
ðàçëè÷íûõ òåñòîâûõ ðàñ÷åòîâ [30—33]. Öåëü òàêèõ èññëåäîâàíèé ñîñòîÿëà
â ïîëó÷åíèè îöåíîê àäåêâàòíîñòè ñîçäàííûõ ìîäåëüíûõ èíñòðóìåíòîâ. Ñ
èñïîëüçîâàíèåì äàííûõ, íàõîäÿùèõñÿ â îòêðûòîì äîñòóïå [35], áûëè
ïðîâåäåíû ðàñ÷åòû ïî îöåíêå âîçäåéñòâèÿ íà ðûíêè ðàçëè÷íûõ ñòðàòåãèé
ïîâåäåíèÿ ãåíåðèðóþùèõ êîìïàíèé â óñëîâèÿõ íàëè÷èÿ è îòñóòñòâèÿ
òðåéäåðà (àðáèòðàæíîãî òîðãîâöà). Ðåçóëüòàòû ïðîâåäåííûõ ýêñïåðèìåí-
òîâ îêàçàëèñü òîæäåñòâåííû ïðåäñòàâëåííûì â óêàçàííûõ âûøå çàðóáåæ-
íûõ ïóáëèêàöèÿõ.

Ñîçäàííûå ìîäåëüíûå èíñòðóìåíòû ïðèìåíÿëèñü òàêæå äëÿ èññëåäî-
âàíèé ðûíêà ýëåêòðîýíåðãèè Óêðàèíû. Äëÿ ýòîãî áûëà èñïîëüçîâàíà àãðå-
ãèðîâàííàÿ ñõåìà îáúåäèíåííîé ýíåðãåòè÷åñêîé ñèñòåìû (ÎÝÑ) ñòðàíû:
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âîñåìü ýíåðãîóçëîâ, ñîåäèíåííûõ 12-þ èíòåðôåéñàìè, â ýíåðãîóçëàõ ðàç-
ìåùåíû 55 ãåíåðèðóþùèõ áëîêîâ, ïðèíàäëåæàùèõ äåñÿòè êîìïàíèÿì, â
òîì ÷èñëå ïÿòè êîíêóðèðóþùèì êîìïàíèÿì ÒÝÑ. Öåëü òàêèõ èññëåäî-
âàíèé çàêëþ÷àëàñü â îöåíêå àäåêâàòíîñòè îòðàæåíèÿ â ìîäåëè îñîáåí-
íîñòåé ðàáîòû ÎÝÑ. Âû÷èñëèòåëüíûå ýêñïåðèìåíòû áûëè ïðîâåäåíû â
2006 ã. äëÿ îäíîãî ÷àñîâîãî ïåðèîäà, à èìåííî ìàêñèìóìà íàãðóçêè ýíåðãî-
ñèñòåìû. Ñîïîñòàâëåíèå ðàñ÷åòíûõ è ôàêòè÷åñêèõ äàííûõ ïî îáúåìàì
ïðîèçâîäñòâà ýëåêòðîýíåðãèè ãåíåðèðóþùèì îáîðóäîâàíèåì ÒÝÑ è åå ïî-
ñòàâîê â ýíåðãîóçëû ÷åðåç èíòåðôåéñû ïîêàçàëî ïîëíîå ñîîòâåòñòâèå ðåçóëü-
òàòîâ ìîäåëèðîâàíèÿ ôàêòè÷åñêèì äàííûì.

Â ðåçóëüòàòå ìíîãî÷èñëåííûõ èññëåäîâàíèé, ïðîâåäåííûõ ñ 2010 ïî
2013 ã. íà ñîçäàííûõ ìîäåëÿõ ðûíêîâ ýëåêòðîýíåðãèè Óêðàèíû, áûëà
ýêñïåðèìåíòàëüíî óñòàíîâëåíà âû÷èñëèòåëüíàÿ íåóñòîé÷èâîñòü ðåøàòåëÿ
PATH [36], íàáëþäàåìàÿ ïðè óñëîâèÿõ:

1) ó÷åòà çíà÷èòåëüíîãî ÷èñëà âçàèìîñâÿçàííûõ ñîñòîÿíèé íàãðóçêè
ÝÑ â çàäà÷àõ ïðîãíîçèðîâàíèÿ ðàçâèòèÿ ãåíåðèðóþùèõ ìîùíîñòåé;

2) íàëè÷èÿ â ÝÑ ãåíåðèðóþùèõ áëîêîâ, ìàðæèíàëüíûå çàòðàòû êîòî-
ðûõ ñóùåñòâåííî ðàçëè÷àþòñÿ.

Ïîýòîìó äàëüíåéøèå èññëåäîâàíèÿ ðûíêà ýëåêòðè÷åñêîé ýíåðãèè
Óêðàèíû òðåáîâàëè ïðèìåíåíèÿ áîëåå ñîâåðøåííîãî ðåøàòåëÿ, êîòîðîãî
â òî âðåìÿ íå ñóùåñòâîâàëî.

Ðåøàòåëü ICRS áûë ñîçäàí â 2016 ã. â âèäå ñïåöèàëüíîãî ìàòåìà-
òè÷åñêîãî îáåñïå÷åíèÿ ðåøåíèÿ êîìïëåìåíòàðíûõ çàäà÷ áîëüøîé ðàçìåð-
íîñòè [37]. Â íåì èñïîëüçóåòñÿ Ñ-ôóíêöèÿ Ôèøåðà—Áóðìåéñòåðà [38]
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Äëÿ ïîèñêà åå ðåøåíèÿ ïðèìåíÿåòñÿ êâàçèíüþòîíîâñêèé èòåðàöèîííûé
ìåòîä, êîòîðîìó ñâîéñòâåííà ãëîáàëüíàÿ ñõîäèìîñòü èòåðàöèîííîãî ïðî-
öåññà [39, 40]. Ñ öåëüþ îïðåäåëåíèÿ íàïðàâëåíèÿ ïîèñêà ðåøåíèÿ çàäà÷è (2)
íà êàæäîé èòåðàöèè îñóùåñòâëÿåòñÿ ëèíåàðèçàöèÿ ñèñòåìû íåãëàäêèõ íåëè-
íåéíûõ óðàâíåíèé. Ïðè ýòîì ôîðìèðîâàíèå îáîáùåííûõ ÿêîáèàíîâ Êëàðêà
âûïîëíÿåòñÿ ñ ïîìîùüþ ñóáäèôôåðåíöèàëà Áóëèãàíà íåãëàäêèõ ôóíêöèé,
â ÷àñòíîñòè òàêèõ, êàê ôóíêöèÿ Ôèøåðà—Áóðìåéñòåðà.
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Ëèíåàðèçîâàííûå ñèñòåìû óðàâíåíèé èìåþò áîëüøóþ ðàçìåðíîñòü è,
ïðè îïðåäåëåííûõ îáñòîÿòåëüñòâàõ, ïëîõóþ îáóñëîâëåííîñòü. Ïîýòîìó
èõ ðåøåíèå îñóùåñòâëÿåòñÿ ñ ïîìîùüþ ðàíåå ðàçðàáîòàííûõ ìåòîäîâ
ïîëíîé CR-ôàêòîðèçàöèè ìàòðèö [41] è èõ íåïîëíîé ICR-ôàêòîðèçàöèè
[42]. Â îòëè÷èå îò äðóãèõ ìåòîä ICR-ôàêòîðèçàöèè ìàòðèö îáåñïå÷èâàåò
äîñòèæåíèå âûñîêèõ àïïðîêñèìèðóþùèõ ñâîéñòâ ìàòðèö-ïðåäîáóñëîâ-
ëèâàòåëåé â èòåðàöèîííûõ ìåòîäàõ Êðûëîâà (GMRES, BCGStab è äð.)
ðåøåíèÿ ñèñòåì ëèíåéíûõ àëãåáðàè÷åñêèõ óðàâíåíèé áîëüøîé ðàçìåð-
íîñòè. Ïðèìåíåíèå ICR-ïðåäîáóñëîâëåííûõ ìåòîäîâ Êðûëîâà â ñîñòàâå
êâàçèíüþòîíîâñêèõ ìåòîäîâ ðåøåíèÿ íåãëàäêèõ ñèñòåì àëãåáðàè÷åñêèõ
óðàâíåíèé ïîçâîëèëî ñóùåñòâåííî óâåëè÷èòü ðàçìåðíîñòü çàäà÷ ìîäåëè-
ðîâàíèÿ ðûíêà ýëåêòðîýíåðãèè, â ÷àñòíîñòè â 200 ðàç óâåëè÷èòü ÷èñëî
âçàèìîñâÿçàííûõ ñîñòîÿíèé íàãðóçêè ÝÑ è ïðàêòè÷åñêè îáåñïå÷èòü âû÷èñ-
ëèòåëüíóþ óñòîé÷èâîñòü ðåøàòåëÿ ICRS â ïåðâîì èç óêàçàííûõ âûøå óñëî-
âèé ïðîÿâëåíèÿ âû÷èñëèòåëüíîé íåóñòîé÷èâîñòè ðåøàòåëÿ PATH [37].

Ðàçðàáîòêå ðåøàòåëÿ ICRS ïðåäøåñòâîâàë àíàëèç áåñêîíå÷íî ìàëûõ
ýëåìåíòîâ ìàòðè÷íûõ êîìïîíåíòîâ îáîáùåííîãî ÿêîáèàíà Êëàðêà ôóíê-
öèè Ôèøåðà—Áóðìåéñòåðà. Â ðåçóëüòàòå óñòàíîâëåíû ïðè÷èíû âîçíèê-
íîâåíèÿ ñèíãóëÿðíîñòè îòäåëüíûõ ìàòðè÷íûõ êîìïîíåíòîâ. Àíàëîãè÷-
íûé àíàëèç áûë ïðîâåäåí â óñëîâèÿõ êîíå÷íî-ðàçðÿäíûõ âû÷èñëåíèé
ìàëûõ ýëåìåíòîâ òåõ æå ìàòðè÷íûõ êîìïîíåíòîâ. Èññëåäîâàíû ïðè÷èíû
âîçíèêíîâåíèÿ ïëîõî îáóñëîâëåííûõ è ñèíãóëÿðíûõ ìàòðè÷íûõ êîìïî-
íåíòîâ îáîáùåííûõ ÿêîáèàíîâ Êëàðêà äëÿ íåãëàäêèõ ñèñòåì íåëèíåéíûõ
óðàâíåíèé. Íà îñíîâå ïðîâåäåííûõ èññëåäîâàíèé ðàçðàáîòàí ìåòîä êîð-
ðåêöèè îñîáûõ ýëåìåíòîâ ìàòðè÷íûõ êîìïîíåíòîâ îáîáùåííîãî ÿêîáèà-
íà Êëàðêà, îáåñïå÷èâàþùèé ÷èñëåííóþ óñòîé÷èâîñòü êâàçèíüþòîíîâñêèõ
ìåòîäîâ èòåðàöèîííîãî ðåøåíèÿ êîìïëåìåíòàðíûõ çàäà÷. Èñïîëüçîâàíèå
ýòîãî ìåòîäà â ñîñòàâå ðåøàòåëÿ ICRS îáåñïå÷èëî åãî âû÷èñëèòåëüíóþ
óñòîé÷èâîñòü âî âòîðîì èç óêàçàííûõ âûøå óñëîâèé ïðîÿâëåíèÿ íåóñ-
òîé÷èâîñòè ðåøàòåëÿ PATH [36]. Ìàòåìàòè÷åñêîå îáåñïå÷åíèå ìîùíîãî
ðåøàòåëÿ ICRS èìååò äîñòàòî÷íî ñëîæíóþ ôîðìó îðãàíèçàöèè âçàèìî-
äåéñòâèÿ ðàçëè÷íûõ ìåòîäîâ è àëãîðèòìîâ, îñíîâíûå èç êîòîðûõ óêàçà-
íû â òàáë. 3.

Àêòóàëüíîñòü çàäà÷ ìîäåëèðîâàíèÿ íîâîãî ðûíêà ýëåêòðîýíåð-

ãèè Óêðàèíû. Çàêîíîì «Î ðûíêå ýëåêòðè÷åñêîé ýíåðãèè Óêðàèíû», ïðè-
íÿòûì â 2017 ã., óñòàíîâëåíû ïðèíöèïû ôóíêöèîíèðîâàíèÿ íîâîãî îòå-
÷åñòâåííîãî ðûíêà ýëåêòðè÷åñêîé ýíåðãèè. Â íàñòîÿùåå âðåìÿ â Óêðàèíå
ïðîèñõîäèò ñëîæíûé ïðîöåññ èìïëåìåíòàöèè ñîîòâåòñòâóþùåãî åâðî-
ïåéñêîãî çàêîíîäàòåëüñòâà, â òîì ÷èñëå òðåáîâàíèé «òðåòüåãî ýíåðãåòè-
÷åñêîãî ïàêåòà». Ñëåäóåò çàìåòèòü, ÷òî îøèáêè ïðè ââåäåíèè íîâûõ ìåõà-

Ìåòîäîëîãèÿ è ìåòîäû ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ýíåðãåòèêè
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íèçìîâ ðåãóëèðîâàíèÿ ðûíêà ìîãóò ïðèâåñòè ê äèñêðåäèòàöèè âñåãî ïðî-
öåññà ëèáåðàëèçàöèè îòíîøåíèé ìåæäó åãî ó÷àñòíèêàìè. Ïîýòîìó íåîá-
õîäèìûì óñëîâèåì ïðèíÿòèÿ îáîñíîâàííûõ ðåøåíèé ïî èçìåíåíèþ ìå-
õàíèçìîâ ðåãóëèðîâàíèÿ ðûíêà ÿâëÿåòñÿ èñïîëüçîâàíèå ìàòåìàòè÷åñêèõ
ìîäåëåé, ïîçâîëÿþùèõ îöåíèòü ïîñëåäñòâèÿ âíåäðåíèÿ ðàçëè÷íûõ ðåøå-
íèé êàê ýôôåêòèâíûõ, òàê è ëîæíûõ.

Ââåäåíèå íîâîãî ðûíêà ýëåêòðè÷åñêîé ýíåðãèè Óêðàèíû ïðåäóñìàò-
ðèâàåò íåîáõîäèìîñòü ðåøåíèÿ êîìïëåêñà ôóíäàìåíòàëüíûõ è ïðèêëàä-
íûõ ïðîáëåì, èç êîòîðûõ íàèáîëåå àêòóàëüíûìè ÿâëÿþòñÿ ïðîáëåìû èñ-
ñëåäîâàíèÿ ðàâíîâåñíûõ ñîñòîÿíèé ðûíêîâ ýëåêòðîýíåðãèè.

Ìîäåëèðîâàíèå ñîñòîÿíèÿ êîíêóðåíòíîãî ðàâíîâåñèÿ ðûíêà

ýëåêòðîýíåðãèè ñâÿçàíî ñ ïîèñêîì òàêèõ öåí íà ýëåêòðè÷åñêóþ ýíåðãèþ â
ýíåðãîóçëàõ è îáúåìîâ ïðîèçâîäñòâà, ïåðåäà÷è è ïîòðåáëåíèÿ ýëåêòðî-
ýíåðãèè, ïðè êîòîðûõ ðåçóëüòàòû äåÿòåëüíîñòè êàæäîãî èç ó÷àñòíèêîâ
(àãåíòîâ) ðûíêà â íàèáîëüøåé ñòåïåíè áëèçêè ê äîñòèæåíèþ ñîáñòâåííûõ
öåëåé, à èìåííî: ïîòðåáèòåëÿ — ìàêñèìóìà ñîáñòâåííîãî áëàãîñîñòîÿ-
íèÿ, êîìïàíèè-ïîñòàâùèêà — ìàêñèìóìà îáúåìîâ ïîñòàâîê ýëåêòðîýíåð-
ãèè ïîòðåáèòåëÿì, ãåíåðèðóþùåé êîìïàíèè — ìàêñèìóìà ñîáñòâåííîé
ïðèáûëè, êîìïàíèè-îïåðàòîðà ñèñòåìû ïåðåäà÷è ýëåêòðîýíåðãèè — ìàê-
ñèìóìà ñîäåéñòâèÿ ó÷àñòíèêàì ðûíêà â âûïîëíåíèè èõ îáÿçàòåëüñòâ.
Ïðåñëåäóÿ ñîáñòâåííûå öåëè, ó÷àñòíèêè ðûíêà, ÿâëÿþùèåñÿ âëàäåëüöàìè
îòäåëüíûõ ýëåêòðîýíåðãåòè÷åñêèõ îáúåêòîâ, ñâîèìè óïðàâëåí÷åñêèìè
äåéñòâèÿìè ôîðìèðóþò òåêóùåå ðàâíîâåñíîå ñîñòîÿíèå ÝÑ è ðåàëèçóþò
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Òèï ìàòåìàòè÷åñêîé çàäà÷è Ìåòîä ðåøåíèÿ çàäà÷è

Ñèñòåìà çàäà÷ íåëèíåéíîãî ïðîãðàììè-
ðîâàíèÿ (SNLP)

Êàðóø—Êóí—Òàêêåð-óñëîâèÿ îïòèìàëü-
íîñòè ðåøåíèÿ SNLP

Ñèñòåìà ðàâåíñòâ è êîìïëåìåíòàðíûõ
íåðàâåíñòâ

Ìåòîä Ñ-ôóíêöèé ôîðìèðîâàíèÿ ñèñòåìû
íåãëàäêèõ íåëèíåéíûõ óðàâíåíèé

Ñèñòåìà íåãëàäêèõ íåëèíåéíûõ óðàâíåíèé Êâàçèíüþòîíîâñêèé èòåðàöèîííûé ìåòîä

Ëèíåàðèçàöèÿ ñèñòåìû íåãëàäêèõ íåëè-
íåéíûõ óðàâíåíèé

Ôîðìèðîâàíèå îáîáùåííîãî ÿêîáèàíà
Êëàðêà, ñóáäèôôåðåíöèðîâàíèå ïî Áóëèãàíó

Ñèñòåìà ëèíåéíûõ àëãåáðàè÷åñêèõ óðàâ-
íåíèé áîëüøîé ðàçìåðíîñòè

ICR-ïðåäîáóñëîâëåííûå ìåòîäû Êðûëîâà

ICR-ïðåäîáóñëîâëèâàíèå ÿêîáèàíîâ
Êëàðêà

ICR-ôàêòîðèçàöèÿ îáîáùåííûõ ÿêîáèàíîâ
Êëàðêà

ICR-ôàêòîðèçàöèÿ ïëîõî îáóñëîâëåííûõ
ÿêîáèàíîâ Êëàðêà

Ìåòîä êîððåêöèè îñîáûõ ýëåìåíòîâ îáîá-
ùåííûõ ÿêîáèàíîâ Êëàðêà

Òàáëèöà 3. Ìàòåìàòè÷åñêîå îáåñïå÷åíèå ðåøàòåëÿ ICRS



åãî â ïðåäåëàõ äîïóñòèìûõ òåõíîëîãè÷åñêèõ ðåæèìîâ ôóíêöèîíèðîâàíèÿ
îòäåëüíûõ ýíåðãåòè÷åñêèõ îáúåêòîâ è ñèñòåìû â öåëîì.

Àäåêâàòíîñòü ìàòåìàòè÷åñêîé ìîäåëè ðàâíîâåñíîãî ñîñòîÿíèÿ êîí-
êóðåíòíîãî ðûíêà ýëåêòðîýíåðãèè îáåñïå÷èâàåòñÿ ñëåäóþùèìè ôàêòîðàìè:

ñòðàòåãèåé ïîâåäåíèÿ ó÷àñòíèêîâ ðûíêà;
îðãàíèçàöèîííî-ýêîíîìè÷åñêèìè è òåõíè÷åñêèìè óñëîâèÿìè ôóíê-

öèîíèðîâàíèÿ ïðåäïðèÿòèé ýëåêòðîýíåðãåòèêè;
óñëîâèÿìè íàäåæíîé ðàáîòû ÝÑ â öåëîì.
Ïîëíûé ïåðå÷åíü àãåíòñêèõ ñòðàòåãèé, êîòîðûå áûëè èëè ìîãóò áûòü

âêëþ÷åíû â ñîñòàâ èíñòðóìåíòîâ ìîäåëèðîâàíèÿ ðûíêîâ ýëåêòðîýíåðãèè,
áûë ñôîðìèðîâàí â 2002 ã. [43]. Â ïåðå÷åíü âîøëè òàêèå ñòðàòåãèè:

ñîâåðøåííîé êîíêóðåíöèè;
Áåðòðàíà îáîáùåííàÿ (èãðà öåíàìè);
Êóðíî (èãðà îáúåìàìè);
ñãîâîðà;
Øòåêåëüáåðãà (òèï èãðû — ñëåäîâàíèå çà ëèäåðîì);
ðàâíîâåñíîé ôóíêöèè ïðåäëîæåíèÿ (SFE);
îáîáùåííûõ ïðèáëèçèòåëüíûõ âàðèàöèé;
âåðîÿòíîé ðàâíîâåñíîé ôóíêöèè ïðåäëîæåíèÿ (CSFE).
Çàìåòèì, ÷òî ïåðâûå òðè ñòðàòåãèè ïîâåäåíèÿ ó÷àñòíèêîâ ðûíêà —

íàèáîëåå ðàñïðîñòðàíåííûå.
Ìîäåëü ðàâíîâåñíîãî ñîñòîÿíèÿ êîíêóðåíòíîãî ðûíêà ýëåêòðî-

ýíåðãèè Óêðàèíû ÿâëÿåòñÿ ñèñòåìíîé ìîäåëüþ, ñî÷åòàþùåé â ñåáå ìî-
äåëè ïîâåäåíèÿ ó÷àñòíèêîâ ðûíêà, òàêèõ êàê ãåíåðèðóþùèå êîìïàíèè,
îïåðàòîð ñèñòåìû ïåðåäà÷è, òðåéäåð, îïåðàòîðû ñèñòåìû ðàñïðåäåëåíèÿ
(ïîñòàâùèêè ýëåêòðîýíåðãèè) è ïîòðåáèòåëè. Â òàáë. 4 óêàçàíû ïðîèçâî-
äèòåëè, ïîñòàâùèêè è ïîòðåáèòåëè ðûíêà. Îïåðàòîðîì ñèñòåìû ïåðåäà÷è
è òðåéäåðîì ÿâëÿþòñÿ ÃÏ ÍÝÊ «Óêðýíåðãî» è ÃÏ «Ýíåðãîðûíîê», êî-
òîðûå â ñâîåé äåÿòåëüíîñòè ïðåñëåäóþò öåëè ñîîòâåòñòâåííî ìàêñèìàëü-
íîãî ñîäåéñòâèÿ ó÷àñòíèêàì ðûíêà â âûïîëíåíèè îáÿçàòåëüñòâ è ìàêñè-
ìèçàöèè ïðèáûëè.

Ìîäåëü ðûíêà îòðàæàåò îñîáåííîñòè ïîâåäåíèÿ åãî ó÷àñòíèêîâ êàê íà
ñåãìåíòå ðûíêà äâóñòîðîííèõ äîãîâîðîâ, òàê è íà ñåãìåíòå ðûíêà «íà
ñóòêè âïåðåä». Ïðè ýòîì ó÷èòûâàåòñÿ êîíêóðåíòíîå ïîâåäåíèå ïðîèçâî-
äèòåëåé ýëåêòðîýíåðãèè íà ýòèõ ñåãìåíòàõ ðûíêà. Â ìîäåëè ðûíêà ÎÝÑ
ïðåäñòàâëåíà â àãðåãèðîâàííîì âèäå (ðèñ. 4), ãäå ðåãèîíàëüíûå ñèñòåìû
ðàñïðåäåëåíèÿ è ïîñòàâêè ýëåêòðîýíåðãèè äëÿ ñîîòâåòñòâóþùèõ ãðóïï
ïîòðåáèòåëåé êîíöåíòðèðóþòñÿ â ýíåðãîóçëàõ, à ìåæóçëîâûå èíòåðôåéñû
îïðåäåëÿþòñÿ ôèçèêî-òåõíè÷åñêèìè õàðàêòåðèñòèêàìè ñóùåñòâóþùåé
ñåòè ëèíèé ýëåêòðîïåðåäà÷è. Ôîðìèðîâàíèå àãðåãèðîâàííîé ñåòè ÎÝÑ
îñóùåñòâëåíî ïî ñïåöèàëüíûì àëãîðèòìàì [44].
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Ðàññìîòðèì ìàòåìàòè÷åñêóþ ìîäåëü ðûíêà, êîòîðàÿ îòëè÷àåòñÿ îò
ïðèâåäåííîé â [17, 18] ðàñøèðåíèåì ìíîæåñòâà èñêîìûõ ïåðåìåííûõ ïî-
ñðåäñòâîì ââåäåíèÿ íîâûõ äâóõ ïîäìíîæåñòâ áèíàðíûõ ïåðåìåííûõ. Â
ìîäåëè îäíî ïîäìíîæåñòâî áèíàðíûõ ïåðåìåííûõ èñïîëüçóåòñÿ äëÿ îïè-
ñàíèÿ äèñêðåòíûõ ñîñòîÿíèé ðàáîòû ãåíåðèðóþùèõ áëîêîâ: ïîä íàãðóç-
êîé — ñîñòîÿíèå «ïîäêëþ÷åí ê ñåòè», íå íàãðóæåí — ñîñòîÿíèå «îòêëþ÷åí
îò ñåòè», à äðóãîå ïîäìíîæåñòâî áèíàðíûõ ïåðåìåííûõ èñïîëüçóåòñÿ äëÿ
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Ïðîèçâîäèòåëü Ïîñòàâùèê Ïîòðåáèòåëü

ÃÏ ÍÀÝÊ «Ýíåðãîàòîì» ÏÀÎ «Âèííèöàîáëýíåðãî» Âèííèöêàÿ îáë.

ÏÀÎ «Äíåïðîýíåðãî» ÏÀÎ «Âîëûíüîáëýíåðãî» Âîëûíñêàÿ îáë.

ÏÀÎ «Äîíáàññýíåðãî» ÏÀÎ «ÄÒÝÊ Äíåïðîîáëýíåðãî» Äíåïðîïåòðîâñêàÿ îáë.

ÏÀÎ ÄÒÝÊ «Çàïàäýíåðãî» ÏÀÎ «ÄÒÝÊ Äîíåöêîáëýíåðãî» Äîíåöêàÿ îáë.

ÎÎÎ ÄÒÝÊ «Âîñòîêýíåðãî» ÏÀÎ «ÝÊ Æèòîìèðîáëýíåðãî» Æèòîìèðñêàÿ îáë.

ÏÀÎ «Öåíòðýíåðãî» ÏÀÎ «Çàêàðïàòüåîáëýíåðãî» Çàêàðïàòñêàÿ îáë.

ÏÀÎ «Óêðãèäðîýíåðãî» ÎÀÎ «Çàïîðîæüåîáëýíåðãî» Çàïîðîæñêàÿ îáë.

ÏÀÎ «Êèåâýíåðãî» ÏÀÎ «Êèåâýíåðãî» ã. Êèåâ

ÏÀÎ «Õàðüêîâñêàÿ ÒÝÖ-5» ÏÀÎ «Êèåâîáëýíåðãî» Êèåâñêàÿ îáë.

Äðóãèå êîìïàíèè ÒÝÖ, ÂÝÑ
è ÑÝÑ

ÏÀÎ «Êèðîâîãðàäîáëýíåðãî» Êèðîâîãðàäñêàÿ îáë.

Òðåéäåð ÃÏ «Ýíåðãîðûíîê» ÎÎÎ «ËÝÎ» Ëóãàíñêàÿ îáë.

ÏÀÎ «Ëüâîâîáëýíåðãî» Ëüâîâñêàÿ îáë.

ÏÀÎ «Íèêîëàåâîáëýíåðãî» Íèêîëàåâñêàÿ îáë.

ÏÀÎ «ÝÊ Îäåññàîáëýíåðãî» Îäåññêàÿ îáë.

ÏÀÎ «Ïîëòàâàîáëýíåðãî» Ïîëòàâñêàÿ îáë.

ÏÀÎ «Ïðèêàðïàòüåîáëýíåðãî» Èâàíî-Ôðàíêîâñêàÿ îáë.

ÏÀÎ «Ðîâíîîáëýíåðãî» Ðîâåíñêàÿ îáë.

ÏÀÎ «Ñóìûîáëýíåðãî» Ñóìñêàÿ îáë.

ÎÀÎ «Òåðíîïîëüîáëýíåðãî» Òåðíîïîëüñêàÿ îáë.

ÀÊ «Õàðüêîâîáëýíåðãî» Õàðüêîâñêàÿ îáë.

ÏÀÎ «ÝÊ Õåðñîíîáëýíåðãî» Õåðñîíñêàÿ îáë.

ÏÀÎ «Õìåëüíèöêîáëýíåðãî» Õìåëüíèöêàÿ îáë.

ÏÀÎ «×åðêàññûîáëýíåðãî» ×åðêàññêàÿ îáë.

ÏÀÎ «ÝÊ ×åðíîâöûîáëýíåðãî» ×åðíîâèöêàÿ îáë.

ÏÀÎ «×åðíèãîâîáëýíåðãî» ×åðíèãîâñêàÿ îáë.

Öåëü: ìàêñèìèçàöèÿ
ïðèáûëè

Öåëü: ìàêñèìèçàöèÿ îáúåìîâ
ïîñòàâîê ýëåêòðîýíåðãèè

Öåëü: ìàêñèìèçàöèÿ
áëàãîñîñòîÿíèÿ

Òàáëèöà 4. Ó÷àñòíèêè ðûíêà ýëåêòðè÷åñêîé ýíåðãèè Óêðàèíû
è öåëè èõ äåÿòåëüíîñòè



îïèñàíèÿ çàòðàòíûõ õàðàêòåðèñòèê îñîáûõ ãåíåðèðóþùèõ áëîêîâ ÒÝÑ, ñïî-
ñîáíûõ ðàáîòàòü ñîîòâåòñòâåííî ñ ïîíèæåííîé íàãðóçêîé â îäíîêîðïóñíîì
ðåæèìå èëè ñ ïîâûøåííîé íàãðóçêîé â äâóõêîðïóñíîì ðåæèìå.

Ìîäåëü ãåíåðèðóþùåé êîìïàíèè ïðåäñòàâëÿåì â âèäå îïòèìèçà-
öèîííîé çàäà÷è ìàêñèìèçàöèè åå ïðèáûëè, à èìåííî: � �f F íàãðóçêè
g fih � 0 ãåíåðèðóþùèõ áëîêîâ h H f i� ( , ), ìíîæåñòâàìè H f i( , ) êîòîðûõ
âëàäååò êîìïàíèÿ f â ýíåðãîóçëàõ i I� ÝÑ, îáúåìû r fih

� � 0 è r fih
� � 0 ðåçåð-

âèðîâàíèÿ ìîùíîñòåé äëÿ çàãðóçêè è ðàçãðóçêè ýòèõ áëîêîâ, à òàêæå
îáúåìû s

fi
� 0 è s

fih
� 0 ïðîäàæ ýëåêòðîýíåðãèè êîìïàíèåé f ñîîòâåòñò-

âåííî ïîòðåáèòåëÿì è êîìïàíèÿì, îñóùåñòâëÿþùèì ïåðåäà÷ó, ðàñïðåäå-
ëåíèå è (èëè) ïîñòàâêè ýëåêòðîýíåðãèè, âûáèðàåì òàêèìè, ÷òîáû â ñîâî-
êóïíîñòè îáåñïå÷èòü ïîëó÷åíèå ìàêñèìàëüíî âîçìîæíîé ïðèáûëè:
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Ðèñ. 4. Àãðåãèðîâàííàÿ ÎÝÑ Óêðàèíû: 26 ðåãèîíàëüíûõ ýíåðãîóçëîâ, ñîåäèíåííûõ 133
ëèíèÿìè ýëåêòðîïåðåäà÷è; â ýíåðãîóçëàõ ðàçìåùåíû 117 ãåíåðèðóþùèõ áëîêîâ, êîòîðûå
ïðèíàäëåæàò 9 êîìïàíèÿì
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Çäåñü êàæäàÿ ïåðåìåííàÿ n fih , õàðàêòåðèçóþùàÿ ñîñòîÿíèå «âêëþ÷åí»
( )n fih 
1 èëè «âûêëþ÷åí» (n fih 
0) ñîîòâåòñòâóþùèé ãåíåðèðóþùèé áëîê,
óäîâëåòâîðÿåò óñëîâèþ 0 1 0�  � �n nfih fih( ) [39, 40]. Ïàðàìåòðû P� è
P� — ïðåäâàðèòåëüíî îïðåäåëåííûå öåíû ðåçåðâèðîâàíèÿ ìîùíîñòåé äëÿ
çàãðóçêè è ðàçãðóçêè ãåíåðèðóþùèõ áëîêîâ. Îáðàòíûå ôóíêöèè ñïðîñà
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îïðåäåëÿþò öåíó ýëåêòðîýíåðãèè â ýíåðãîóçëàõ i I� â çàâèñèìîñòè îò
îáúåìîâ åå ïðîäàæ ïîòðåáèòåëÿì, êîòîðûå îñóùåñòâëÿþòñÿ òðåéäåðîì â
îáúåìàõ ai è ãåíåðèðóþùèìè êîìïàíèÿìè f F� â îáúåìàõ s fi . Êîýô-
ôèöèåíòû , i .0 è -i .0 ëèíåéíûõ ôóíêöèé pi îïðåäåëÿþòñÿ íà îñíîâå
ñòàòèñòè÷åñêèõ äàííûõ îá îáúåìàõ è öåíàõ ïîòðåáëåíèÿ ýëåêòðîýíåðãèè.
Ïàðàìåòð B ìîæåò ïðèíèìàòü îäíî èç äâóõ çíà÷åíèé, à èìåííî 0 èëè 1, ÷òî
ñîîòâåòñòâóåò ìîäåëÿì Áåðòðàíà èëè Êóðíî ñòðàòåãè÷åñêîãî ïîâåäåíèÿ
ãåíåðèðóþùèõ êîìïàíèé íà ðûíêå ýëåêòðîýíåðãèè [24, 27, 45]. Â
âûðàæåíèè (3) àðãóìåíòû ôóíêöèé pi íå óêàçàíû, ïîñêîëüêó îíè íå îòíî-
ñÿòñÿ ê âàðüèðóåìûì ïàðàìåòðàì, à àðãóìåíòû ôóíêöèé Pi âèäà
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÷àñòåé ñëàãàåìûõ. Ñîêðûòèåì àðãóìåíòîâ ôóíêöèé pi è âûäåëåíèåì
âàðüèðóåìûõ ïàðàìåòðîâ â àðãóìåíòàõ ôóíêöèé Pi ôèêñèðóåòñÿ âëèÿíèå
ïàðàìåòðîâ ìàêñèìèçàöèè ôóíêöèîíàëà â âûðàæåíèè (3) íà ýòè öåíîâûå
ôóíêöèè è àäåêâàòíî îòðàæàþòñÿ îñîáåííîñòè ìîäåëåé Áåðòðàíà è Êóðíî
ñòðàòåãè÷åñêîãî ïîâåäåíèÿ ãåíåðèðóþùèõ êîìïàíèé íà ðûíêå.

Ôóíêöèè C gfih
M

fih( ) ïðåäñòàâëÿþò ñåáåñòîèìîñòè ïðîèçâîäñòâà ýëåêòðî-
ýíåðãèè íà ãåíåðèðóþùèõ áëîêàõ â âèäå çàâèñèìîñòåé îò íàãðóçîê g fih ,
ïðè ýòîì / /C gfih

M
fih/ � 0. Äëÿ îäíîêîðïóñíûõ àãðåãàòîâ ýòè ôóíêöèè

èìåþò ëèíåéíóþ ôîðìó C g C gfih
M

fih fih fih( ) 
 , ÷òî ïîçâîëÿåò èñïîëüçîâàòü
êîýôôèöèåíòû óäåëüíûõ ìàðæèíàëüíûõ çàòðàò C

fih
äëÿ îïðåäåëåíèÿ ñå-

áåñòîèìîñòè ïðîèçâîäñòâà ýëåêòðîýíåðãèè íà ñîîòâåòñòâóþùèõ ãåíåðè-
ðóþùèõ áëîêàõ. Äëÿ äâóõêîðïóñíûõ àãðåãàòîâ ñóùåñòâóþò èíûå ôóíê-
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öèîíàëüíûå çàâèñèìîñòè âèäà C g C C gfih
M

fih fih fih fih fih fih( ) [ ( ) ]
 � �+ +I II1 ,
êîòîðûå ó÷èòûâàþò ðàçëè÷íûå çíà÷åíèÿ êîýôôèöèåíòîâ óäåëüíûõ ìàð-
æèíàëüíûõ çàòðàò C fih

I è C fih
II â ñëó÷àÿõ ðàáîòû áëîêîâ ñîîòâåòñòâåííî ñ

ïîíèæåííîé íàãðóçêîé â îäíîêîðïóñíîì ðåæèìå (+ fih 
1) èëè ñ ïîâû-
øåííîé íàãðóçêîé â äâóõêîðïóñíîì ðåæèìå (+ fih 
0). Çàìåòèì, ÷òî èñêî-
ìûå ïåðåìåííûå + fih , ïî êîòîðûì îñóùåñòâëÿåòñÿ ìèíèìèçàöèÿ ôóíêöèî-
íàëà (3), óäîâëåòâîðÿþò óñëîâèÿì âèäà 0 1 0�  � �+ +fih fih( ) [39, 40].

Òàðèô íà óñëóãè îïåðàòîðà ñèñòåìû ïåðåäà÷è è òàðèô íà äèñïåò-
÷åðñêîå (îðãàíèçàöèîííî-òåõíîëîãè÷åñêîå) óïðàâëåíèå ÝÑ â ìîäåëè ïðåä-
ñòàâëåíû â âèäå ñóììàðíîé èõ âåëè÷èíû PTS .

Òàðèô îïåðàòîðà ñèñòåìû ïåðåäà÷è ó÷èòûâàåò íåîáõîäèìîñòü ïîêðû-
òèÿ ðàñõîäîâ íà ïîêóïêó ýëåêòðîýíåðãèè, êîòîðàÿ òåðÿåòñÿ â ìàãèñòðàëü-
íûõ è ìåæãîñóäàðñòâåííûõ ýëåêòðè÷åñêèõ ñåòÿõ, ôîíä çàðàáîòíîé ïëàòû
ïðåäïðèÿòèé, ïðåäîñòàâëÿþùèõ óñëóãè ïî ïåðåäà÷å ýëåêòðîýíåðãèè, îñó-
ùåñòâëåíèå êîìïåíñàöèîííîãî ïëàòåæà ãàðàíòèðîâàííîìó ïîêóïàòåëþ,
óñëóãè êîììåð÷åñêîãî ó÷åòà ýëåêòðîýíåðãèè.

Òàðèô íà äèñïåò÷åðñêîå óïðàâëåíèå ÝÑ ó÷èòûâàåò íåîáõîäèìîñòü
ïîêðûòèÿ ðàñõîäîâ íà ïîêóïêó âñïîìîãàòåëüíûõ óñëóã; õîçÿéñòâåííûå
íóæäû è ôîíä çàðàáîòíîé ïëàòû ïðåäïðèÿòèÿ, âûïîëíÿþùåãî óêàçàííûå
âûøå ôóíêöèè; ïîêðûòèå ðàñõîäîâ, âîçíèêàþùèõ ó îïåðàòîðà ñèñòåìû
ïåðåäà÷è ïðè óñòðàíåíèè ñèñòåìíûõ îãðàíè÷åíèé ìåõàíèçìàìè áàëàíñè-
ðóþùåãî ðûíêà; âûïîëíåíèå ôóíêöèé àäìèíèñòðàòîðà êîììåð÷åñêîãî
ó÷åòà; âûïîëíåíèå ôóíêöèé àäìèíèñòðàòîðà ðàñ÷åòîâ.

Òàðèôû Pi
DS íà ðàñïðåäåëåíèå ýëåêòðîýíåðãèè ñåòÿìè ïåðâîãî è âòî-

ðîãî êëàññîâ íàïðÿæåíèÿ â ýíåðãîóçëàõ i I� , à òàêæå òàðèôû Pi
O íà ïî-

ñòàâêó ýëåêòðîýíåðãèè ïîòðåáèòåëÿì ïåðâîãî êëàññà ïåðâîé ãðóïïû, âòî-
ðîãî êëàññà ïåðâîé ãðóïïû è íàñåëåíèþ ÿâëÿþòñÿ âåëè÷èíàìè ñðåäíåâçâå-
øåííûìè ïî ñîîòâåòñòâóþùèì îáúåìàì ïîòðåáëåíèÿ ýëåêòðîýíåðãèè. Â
âûðàæåíèè (3) âåëè÷èíû Pi

DS è Pi
O ñ÷èòàþòñÿ çàäàííûìè.

Ïîêóïêà ýëåêòðîýíåðãèè îïåðàòîðîì ñèñòåìû ïåðåäà÷è è ðåãèîíàëü-
íûìè ðàñïðåäåëèòåëüíûìè êîìïàíèÿìè â îáúåìàõ, ïîêðûâàþùèõ ïîòåðè
ýëåêòðîýíåðãèè ñîîòâåòñòâåííî â ìàãèñòðàëüíûõ è ìåæãîñóäàðñòâåííûõ
ýëåêòðè÷åñêèõ ñåòÿõ, à òàêæå â ðàñïðåäåëèòåëüíûõ ñåòÿõ, îñóùåñòâëÿåòñÿ
ïî ñðåäíåé öåíå ïðîäàæè ýëåêòðîýíåðãèè ãåíåðèðóþùèìè êîìïàíèÿìè â
ýíåðãîóçëàõ, ò.å.

P

p P P P s

s

S i I

i
TS

i
DS

i
O

f F

fi

i I f F

fi




� � �
� �

� �

� �

��

( )
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Âûðàæåíèå (3) äîïîëíÿåì òàêèìè óñëîâèÿìè:
áàëàíñ ïðîèçâåäåííîé è ïðîäàííîé ýëåêòðîýíåðãèè êîìïàíèåé f

ñîñòàâëÿåò

i I

fi fi

i I h H f i

fihs s g
� � �
� � �� � 
( )

( , )

0;

îãðàíè÷åíèÿ ñâåðõó è ñíèçó íà âåëè÷èíó ãåíåðèðóåìîé ìîùíîñòè êàæ-
äîãî áëîêà h H f i� ( , ) ñîîòâåòñòâåííî èìåþò âèä � � � ��g r n Gfih fih fih fih

max 0
è g r n Gfih fih fih fih� � �� min 0, ãäåG fih

max èG fih
min — ïðåäåëû äîïóñòèìûõ íàãðóçîê

áëîêà h;
îãðàíè÷åíèÿ ãîðÿ÷åãî ðåçåðâèðîâàíèÿ ìîùíîñòåé íà çàãðóçêó è ðàçãðóç-

êó êàæäîãî áëîêà h H f i� ( , ) ñîîòâåòñòâåííî èìåþò âèä � � �� �r n rfih fih fih
max 0

è � � �� �r n rfih fih fih
max 0, ãäå r fih

max� è r fih
max� — ìàêñèìàëüíî äîïóñòèìûå óðîâíè

ðåçåðâèðîâàíèÿ òàêèõ ìîùíîñòåé.
Êðîìå òîãî, êîìïàíèÿ f íàðÿäó ñ äðóãèìè ó÷àñòâóåò â îáåñïå÷åíèè

ãîðÿ÷åãî ðåçåðâèðîâàíèÿ ìîùíîñòåé íà çàãðóçêó è ðàçãðóçêó ãåíåðèðóþ-
ùèõ áëîêîâ â ÝÑ â öåëîì. Ïîýòîìó ñîîòâåòñòâåííî çàïèøåì

f F i I h H f i

fihr R
� � �

� �� � � � 

( , )

0 è
f F i I h H f i

fihr R
� � �

� �� � � � 

( , )

0,

ãäå R� è R� — îáúåìû ðåçåðâèðîâàíèÿ, óñòàíàâëèâàåìûå îïåðàòîðîì
ñèñòåìû ïåðåäà÷è.

Ìîäåëü îïåðàòîðà ñèñòåìû ïåðåäà÷è ïðåäñòàâëÿåì â âèäå îïòè-
ìèçàöèîííîé çàäà÷è, â êîòîðîé îòðàæåíû åãî îñíîâíûå ôóíêöèè, ñâÿçàí-
íûå ñ àêöåïòèðîâàíèåì ñóòî÷íûõ ãðàôèêîâ ýëåêòðîýíåðãèè ó÷àñòíèêîâ
ðûíêà, ýêñïëóàòàöèåé ñåòè ìåæñèñòåìíûõ è ìåæãîñóäàðñòâåííûõ ëèíèé
ýëåêòðîïåðåäà÷è, à òàêæå äèñïåò÷åðèçàöèåé ðåæèìîâ ðàáîòû ÎÝÑ Óêðàèíû,
âûïîëíÿåìûå ñ öåëüþ ìàêñèìàëüíîãî ñîäåéñòâèÿ ó÷àñòíèêàì ðûíêà â
âûïîëíåíèè âçÿòûõ íà ñåáÿ äîãîâîðíûõ îáÿçàòåëüñòâ, ò.å.

i I

i i i
DS

f F h H f i

fih i
y a L g

i
� � �

�� � �� � �
�

 
!
!

"

#
$
$( )

( , )
{ },

0
0 I

� 	�� max,

ãäå âûðàæåíèå â ñêîáêàõ îïðåäåëÿåò îáúåì êóïëè-ïðîäàæè ýëåêòðîýíåð-
ãèè âñåìè ãåíåðèðóþùèìè êîìïàíèÿìè è ïîòðåáèòåëÿìè â ýíåðãîóçëå
i I� . Çäåñü y i ( )0 — ñóììàðíûé îáúåì ïîñòàâîê ýëåêòðîýíåðãèè îïåðà-
òîðîì ñèñòåìû ïåðåäà÷è â ýíåðãîóçåë i, à Li

DS — îáúåì ïîòåðü ýëåêòðî-
ýíåðãèè â ðàñïðåäåëèòåëüíîé ñåòè ýíåðãîóçëà i. Ìíîæåñòâî âàðüèðóåìûõ
âåëè÷èí { },0 i i I� , îáúåäèíåííûõ â âåêòîð 0, ïðåäñòàâëÿåò ìãíîâåííûå
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ôàçîâûå óãëû ñäâèãà âåêòîðîâ íàïðÿæåíèÿ â ýíåðãîóçëàõ ñ íóëåâîé ñóì-
ìîé çíà÷åíèé:

i I

i

�
� 
0 0 [46].

Îáúåìû ïîñòàâîê è ïîòðåáëåíèÿ ýëåêòðîýíåðãèè â êàæäîì ðåãèîíàëü-
íîì ýíåðãîóçëå ÿâëÿþòñÿ ñáàëàíñèðîâàííûìè, ïîýòîìó ìîæíî çàïèñàòü

y a L s gi i i
DS

f F

fi

h H f i

fih( )
( , )

0 � � � �
�

 
!
!

"

#
$
$ 


� �
� � 0, i I� .

Äëÿ àãðåãèðîâàííîé ñåòè ÎÝÑ, èìåþùåé M ìåæóçëîâûõ èíòåðôåéñîâ,
íàõîäÿùèõñÿ ïîä íàïðÿæåíèåì { , }V m Mm � ñ àêòèâíûìè { , }R m Mm � è
ðåàêòèâíûìè{ , }X m Mm � ñîïðîòèâëåíèÿìè, îáúåì ïîñòàâîê ýëåêòðîýíåð-
ãèè â ýíåðãîóçåë îïåðàòîðîì ñèñòåìû ïåðåäà÷è îïðåäåëÿåòñÿ âûðàæåíèåì
âèäà

y
V X

R X

V R

R X
i

m M i

m m

m m

i j
m m

m m

i( ) ( )
(

( )

0 0 0
0


 �
�

� �
�� �

�
2

2 2

2

2 2

�%

&
'

(

)
* �

0 j )2

2

�
�

� �
�

�

� �

�
m M i

m m

m m

i j
m m

m m

i jV X

R X

V R

R X( )

( )
( )2

2 2

2

2 2

2

2
0 0

0 0%

&
'

(

)
* ,

ãäå ìíîæåñòâà M i�( ) è M i�( ) ïðåäñòàâëÿþò äâå ãðóïïû èíòåðôåéñîâ, ÷å-
ðåç êîòîðûå ïîòîêè ýëåêòðîýíåðãèè ñîîòâåòñòâåííî ïîêèäàþò ýíåðãîóçåë i

è ïîñòóïàþò â íåãî.
Â [46] ïîêàçàíî, ÷òî ïîòåðè ýëåêòðîýíåðãèè â ìåæóçëîâîì èíòåðôåéñå

m M� , ïðèñîåäèíåííîì ê ýíåðãîóçëàì i I� è j I� , îïðåäåëÿþòñÿ âåëè-
÷èíîé

L
V X

R X
m

m m

m m

i j

�

�
2

2 2
2( )0 0 ,

à îáùèå ïîòåðè ýëåêòðîýíåðãèè â ñåòè ìåæñèñòåìíûõ è ìåæãîñóäàðñò-
âåííûõ ëèíèé ýëåêòðîïåðåäà÷è — âåëè÷èíîé L L yTS

m M

m

i I

i
 

� �
� � ( )0 . Ïî

âåëè÷èíå LTS ìîæíî îïðåäåëèòü ñîñòàâëÿþùóþ PL
TS òàðèôà PTS , îáóñëîâ-

ëåííóþ ïîòåðÿìè ýëåêòðîýíåðãèè â ñåòè:

P
P L

s

P y

s
L
TS

S TS

i I

fi

f F

S

i I

i

i I

fi

f F


 


� �

�

� �
� �

�

� �

( )0
.
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Êàæäûé ìåæóçëîâîé èíòåðôåéñ m M� èìååò ãðàíèöû ïðîïóñêíîé
ñïîñîáíîñòè, êîòîðûå â ïðÿìîì è îáðàòíîì íàïðàâëåíèÿõ ïîòîêà ýëåêòðî-
ýíåðãèè ÷åðåç íåãî îáîçíà÷àåì ñîîòâåòñòâåííî Ym

� è Ym
� . Ïîýòîìó ïîòîêè

ýëåêòðîýíåðãèè â ìåæóçëîâîì èíòåðôåéñå m óäîâëåòâîðÿþò îãðàíè÷å-
íèÿì âèäà

Y
V X

R X
m

m m

m m

i j
� �

�
� �

2

2 2
0( )0 0 , Y

V X

R X
m

m m

m m

i j
� �

�
� �

2

2 2
0( )0 0 .

Ìîäåëü îïåðàòîðà ñèñòåìû ðàñïðåäåëåíèÿ ïðåäñòàâëÿåì â âèäå
îïòèìèçàöèîííîé çàäà÷è ìàêñèìèçàöèè îáúåìîâ ïîñòàâîê ýëåêòðîýíåð-
ãèè ïîòðåáèòåëÿì â ýíåðãîóçëå i:

y a L gi i i
DS

f F h H f i

fih Li
DS

( ) max
( , )

0 � � � � 	�
� �
� � .

Ïðè ýòîì ó÷èòûâàåì êâàäðàòè÷íóþ çàâèñèìîñòü ïîòåðü ýëåêòðîýíåðãèè â
ðàñïðåäåëèòåëüíîé ñåòè Li

DS îò îáúåìà ïîòðåáëåíèÿ ýëåêòðîýíåðãèè

a si fi

f F

�
�
� . Òàêàÿ çàâèñèìîñòü èìååò âèä êâàäðàòíîãî óðàâíåíèÿ

, -i i
DS

i i
DS

i fi

f F

L L a s� � �
�

 
!!

"

#
$$ 


�
�

2

0

ñ êîýôôèöèåíòàìè , i i i
DSS L
 �0 0 è -i

i
DS

i i
DS

L

S L



�
0

0 0

, âû÷èñëåííûìè ïî ðàíåå

íàáëþäàåìûì çíà÷åíèÿì ñîîòâåòñòâåííî S i 0 è Li
DS
0 îáúåìîâ ïîòðåáëåíèÿ è

ïîòåðü ýëåêòðîýíåðãèè.
Ñîñòàâëÿþùàÿ PLi

DS òàðèôà Pi
DS , îáóñëîâëåííàÿ ïîòåðÿìè ýëåêòðîýíåð-

ãèè â ðàñïðåäåëèòåëüíîé ñåòè ýíåðãîóçëà i, îïðåäåëÿåòñÿ âûðàæåíèåì

P
P L

s
Li
DS

S
i
DS

fi

f F




�
�

.

Ìîäåëü òðåéäåðà èìååò âèä îïòèìèçàöèîííîé çàäà÷è ïîèñêà òàêèõ
îáúåìîâ ïîêóïîê ýëåêòðîýíåðãèè â ýíåðãîóçëàõ ñ íèçêèìè öåíàìè ïîòðåá-
ëåíèÿ è îáúåìîâ åå ïðîäàæ â ýíåðãîóçëàõ ñ âûñîêèìè öåíàìè ïîòðåáëåíèÿ,
ïðè êîòîðûõ äîñòèãàåòñÿ åãî ìàêñèìàëüíàÿ ïðèáûëü:

i I
i i a i I

p a
i

�
�� � 	��

{ },
max.
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Òðåéäåð îñóùåñòâëÿåò ñâîþ ôóíêöèþ ïðè óñëîâèè, ÷òî ñàëüäî îáúåìîâ
êóïëè-ïðîäàæè ýëåêòðîýíåðãèè — íóëåâîå. Ñëåäîâàòåëüíî,

i I
i

a
�
� 
0.

Ìîäåëü ïîâåäåíèÿ ïîòðåáèòåëåé, ñîñðåäîòî÷åííûõ â ýíåðãîóçëàõ
i I� , îòðàæàåò èõ ïîïûòêè ìàêñèìèçèðîâàòü ñîáñòâåííîå áëàãîñîñòîÿíèå,
êîòîðîå îïðåäåëÿåòñÿ èíòåãðèðîâàíèåì îáðàòíûõ ôóíêöèé p qi ( ) ñïðîñà
ïîòðåáèòåëåé ïî ÷àñòè÷íûì îáúåìàì dq â ïðåäåëàõ îáúåìîâQi ïîòðåáëÿå-
ìîé èìè ýëåêòðîýíåðãèè:

0

Q

i Q

i

i

p q dq1 � 	�( ) max
{ }

.

Îáðàòíûå ôóíêöèè ñïðîñà p qi ( ) ïðåäñòàâëÿþòñÿ â âèäå çàâèñèìîñòåé öåí
îò îáúåìîâ ïîòðåáëåíèÿ ýëåêòðîýíåðãèè äëÿ òîãî, ÷òîáû îõàðàêòåðèçîâàòü
îñîáîå ïîâåäåíèå êàæäîé ãðóïïû ïîòðåáèòåëåé. Ïîñòðîåíèå îáðàòíûõ
ôóíêöèé ñïðîñà îñóùåñòâëÿåòñÿ äëÿ êàæäîé ðåãèîíàëüíîé ãðóïïû ïîòðå-
áèòåëåé, îòäåëüíî äëÿ áûòîâîé è ïðîìûøëåííîé ãðóïï ïåðâîãî è âòîðîãî
êëàññà íàïðÿæåíèÿ. Íà îñíîâå ýòèõ ôóíêöèé ôîðìèðóþòñÿ îáîáùåííûå
îáðàòíûå ôóíêöèè ñïðîñà ïîòðåáèòåëåé êàæäîãî ýíåðãîóçëà, êîòîðûå
èìåþò âèä (4).

Ðàâíîâåñíîå ìîäåëèðîâàíèå íîâîãî êîíêóðåíòíîãî ðûíêà ýëåêòðî-

ýíåðãèè Óêðàèíû ïîçâîëÿåò îïðåäåëÿòü ñëåäóþùåå:
óðîâíè ìîùíîñòåé äëÿ ïîòîêîâ ýëåêòðîýíåðãèè íà âõîäå-âûõîäå ìåæ-

óçëîâûõ èíòåðôåéñîâ è ïîòåðè ýëåêòðîýíåðãèè â íèõ;
ñòîèìîñòü ïîòåðü ýëåêòðîýíåðãèè â ìàãèñòðàëüíûõ è ìåæãîñóäàðñò-

âåííûõ ýëåêòðè÷åñêèõ ñåòÿõ;
ñòîèìîñòü ïîòåðü ýëåêòðîýíåðãèè â ðåãèîíàëüíûõ ýëåêòðîñåòÿõ;
óðîâíè íàãðóçêè ýíåðãîáëîêîâ;
îáúåìû ðåçåðâèðîâàíèÿ ìîùíîñòåé íà ýíåðãîáëîêàõ ÒÝÑ;
îáúåìû ïðîäàæ ýëåêòðîýíåðãèè â ýíåðãîóçëàõ êîíêóðèðóþùèìè ãåíå-

ðèðóþùèìè êîìïàíèÿìè ÒÝÑ, ÀÝÑ, ÃÝÑ, ÃÀÝÑ, ÒÝÖ è êîìïàíèÿìè-
ïðîèçâîäèòåëÿìè ýëåêòðè÷åñêîé ýíåðãèè èç âîçîáíîâëÿåìûõ èñòî÷íèêîâ;

öåíû ïðîäàæ ýëåêòðîýíåðãèè êîíêóðèðóþùèìè ãåíåðèðóþùèìè êîì-
ïàíèÿìè ÒÝÑ, ÀÝÑ, ÃÝÑ, ÃÀÝÑ, ÒÝÖ è êîìïàíèÿìè-ïðîèçâîäèòåëÿìè
ýëåêòðè÷åñêîé ýíåðãèè èç âîçîáíîâëÿåìûõ èñòî÷íèêîâ;

îáúåìû êîíå÷íîãî ïîòðåáëåíèÿ ýëåêòðîýíåðãèè â ýíåðãîóçëàõ;
öåíû íà ýëåêòðîýíåðãèþ, ïîòðåáëÿåìóþ â ýíåðãîóçëàõ;
îáúåìû ýëåêòðîýíåðãèè êóïëåííîé è ïðîäàííîé òðåéäåðàìè.
Â íàñòîÿùåå âðåìÿ ïðîâåäåí ðÿä âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ ïî

ìîäåëèðîâàíèþ ðàâíîâåñíûõ ñîñòîÿíèé íîâîãî ðûíêà ýëåêòðîýíåðãèè
Óêðàèíû â óñëîâèÿõ:
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Ðèñ. 5. Îáúåìû ïîòåðü ýëåêòðîýíåðãèè â ðàñïðåäåëèòåëüíûõ ñåòÿõ ýíåðãîóçëîâ, ÌÂò 2 ÷
(îáùèé îáúåì ïîòåðü — 1249,71 ÌÂò 2 ÷) (à) è îáúåìû îòáîðà-ïîñòàâîê ýëåêòðîýíåðãèè â
ýíåðãîóçëàõ ïåðåäàþùåé ñåòè ÃÏ ÍÝÊ «Óêðýíåðãî», ÌÂò 2 ÷ (îáúåì ïîòåðü â ñåòè —
535,51 ÌÂò 2 ÷) (á)
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Ðèñ. 6. Îáúåìû ïðîèçâîäñòâà è ïðîäàæ ýëåêòðîýíåðãèè ãåíåðèðóþùèìè êîìïàíèÿìè â
ýíåðãîóçëàõ, ÌÂò · ÷ (âñåãî ïî ÎÝÑ Óêðàèíû: ïðîèçâîäñòâî — 13172,42 ÌÂò 2 ÷, ïðîäàæè —
11576,65 ÌÂò 2 ÷) (à) è îáúåìû ñäåëîê êóïëè-ïðîäàæè ýëåêòðîýíåðãèè, îñóùåñòâëÿåìûõ
òðåéäåðîì â ýíåðãîóçëàõ, ÌÂò 2 ÷ (á)



ñîâåðøåííîé è íåñîâåðøåííîé (îëèãîïîëèñòè÷åñêîé) êîíêóðåíöèè
ìåæäó êîìïàíèÿìè-ïðîèçâîäèòåëÿìè ýëåêòðîýíåðãèè;

ðàçëè÷íûõ ñòðàòåãèé ðûíî÷íîãî ïîâåäåíèÿ êîìïàíèé-ïðîèçâîäèòå-
ëåé ýëåêòðîýíåðãèè, òàêèõ êàê Áåðòðàíà (èãðà öåíàìè ïðîäàæ) è Êóðíî
(èãðà îáúåìàìè ïðîäàæ);

ïðèñóòñòâèÿ èëè îòñóòñòâèÿ òðåéäåðîâ íà ðûíêå;
ðåãëàìåíòèðîâàííîãî îãðàíè÷åíèÿ ëèêâèäíîñòè ñåãìåíòà ðûíêà äâó-

ñòîðîííèõ äîãîâîðîâ.
Íà ðèñ. 5—7 ïðåäñòàâëåíû íåêîòîðûå ðåçóëüòàòû òàêèõ ýêñïåðèìåí-

òîâ, ïîëó÷åííûå â óñëîâèÿõ, êîãäà ðûíî÷íîå ïîâåäåíèå êîìïàíèé-ïðîèç-
âîäèòåëåé ýëåêòðîýíåðãèè îïðåäåëÿåòñÿ ñòðàòåãèåé Êóðíî è íà ðûíêå
äåéñòâóåò êîìïàíèÿ-òðåéäåð. Êàê âèäíî èç ðèñ. 5— 7, ðàñ÷åòû âûïîëíåíû
äëÿ îäíîãî ÷àñà âå÷åðíåãî ïèêà íàãðóçêè ÎÝÑ Óêðàèíû òèïè÷íîãî ðàáî-
÷åãî èþëüñêîãî äíÿ. Íà ðèñ. 7 ïðåäñòàâëåíû öåíû íà ýëåêòðîýíåðãèþ â
ýíåðãîóçëàõ, ïîëó÷åííûå â ðåçóëüòàòå ìîäåëèðîâàíèÿ äâóõ ðàâíîâåñíûõ
ñîñòîÿíèé ðûíêà, íà êîòîðûå âëèÿåò ôàêòîð ïðèñóòñòâèÿ (îòñóòñòâèÿ) íà
ðûíêå òðåéäåðà. Î÷åâèäíî, â ñëó÷àå îòñóòñòâèÿ òðåéäåðà íåðàâíîìåð-
íîñòü öåí íà ýëåêòðîýíåðãèþ â ýíåðãîóçëàõ çíà÷èòåëüíî âîçðàñòàåò, ÷òî
ñâèäåòåëüñòâóåò î çíà÷èìîñòè åãî ó÷àñòèÿ â ðûíêå.

Ïðîâåäåííûå âû÷èñëèòåëüíûå ýêñïåðèìåíòû ïîäòâåðæäàþò àäåêâàò-
íîñòü ìîäåëè è øèðîêèå âîçìîæíîñòè åå ïðèìåíåíèÿ äëÿ àíàëèçà ïðîöåñ-
ñîâ öåíî- è òàðèôîîáðàçîâàíèÿ â óñëîâèÿõ ëèáåðàëèçîâàííîãî ðûíêà
ýëåêòðîýíåðãèè Óêðàèíû.

Âûâîäû

Ðàçâèòèå ýíåðãåòè÷åñêèõ ðûíêîâ îáóñëîâëèâàåò íåîáõîäèìîñòü ñóùåñò-
âåííîãî ïîâûøåíèÿ óðîâíÿ èíòåëëåêòóàëüíîãî îáåñïå÷åíèÿ ñôåðû óïðàâ-
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ëåíèÿ ýíåðãåòè÷åñêèìè êîìïëåêñàìè. Äëÿ ýòîãî èñïîëüçóþòñÿ ÑÌÝ, êî-
òîðûå ÿâëÿþòñÿ îñíîâíûìè èíñòðóìåíòàìè ðåøåíèÿ àêòóàëüíûõ çàäà÷
óïðàâëåíèÿ. Ñîçäàíèå àäåêâàòíûõ ÑÌÝ â âèäå ìîäåëåé ðàâíîâåñíûõ ñîñ-
òîÿíèé êîíêóðåíòíîãî ðûíêà ýëåêòðîýíåðãèè äëèòåëüíîå âðåìÿ áûëî ñî-
ïðÿæåíî ñ íåîáõîäèìîñòüþ ïðîâåäåíèÿ ôóíäàìåíòàëüíûõ èññëåäîâàíèé
ïî ôîðìèðîâàíèþ ìåòîäîëîãèè ïîñòðîåíèÿ ìàòåìàòè÷åñêèõ ìîäåëåé ðûí-
êà è ðàçðàáîòêè ìåòîäîâ ðåøåíèÿ ñîîòâåòñòâóþùèõ çàäà÷ ìîäåëèðîâàíèÿ.
Òàêèå èññëåäîâàíèÿ ïðèâåëè ê ôîðìèðîâàíèþ ìåòîäîëîãèè ðàâíîâåñíîãî
ìîäåëèðîâàíèÿ ýíåðãåòè÷åñêèõ ðûíêîâ è ðàçðàáîòêå ìåòîäîâ ðåøåíèÿ
êîìïëåìåíòàðíûõ çàäà÷ áîëüøîé ðàçìåðíîñòè. Òàêèì îáðàçîì ñîçäàíà
îñíîâà ïîñòðîåíèÿ ÑÌÝ â ñîâðåìåííûõ ðûíî÷íûõ óñëîâèÿõ.

ÑÏÈÑÎÊ ÈÑÏÎËÜÇÎÂÀÍÍÎÉ ËÈÒÅÐÀÒÓÐÈ

1. Jebaraja S., Iniyan S. A review of energy models// Renewable and Sustainable Energy Re-
views. 2006, V. 10, N 4, p. 281—311.

2. Connolly D., Lund H., Mathiesen B.V., Leahy M. A review of computer tools for analysing
the integration of renewable into various energy systems// Applied Energy. 2010, V. 87, N 4,
p. 1059—1082.

3. Amerighi O., Ciorba U., Tommasino M.C. Inventory and characterization of existing tools.
D2.1 ATEsT Models Characterization Report. Italian National Agency for New Technolo-
gies, 2010, 89 p. http://www.cres.gr/atest/pdf/D_2_1_Models_Characterisation_Report.pdf.

4. Pina A.A. Supply and Demand Dynamics in Energy Systems Modeling. PhD Thesis.
Universidade Tåcnica de Lisboa,. 2012, 109 p. https://www.mitportugal.org/about/docu-
ments/curriculum-vitae/sustainable-energy-ystems/968-thesis-andrepina/file.

5. Beeck N. Classification of Energy Models// Tech. report FEW 777. Tilburg University &
Eindhoven University of Technology, 1999, 25 p. http://citeseerx.ist.psu.edu/viewdoc/
download?doi=10.1.1.43.8055&rep=rep1&type=pdf.

6. Daniels D. Overview of the National Energy Modeling System (NEMS). U.S. Energy Infor-
mation Administration. 2017, 25 p. https://cepl.gatech.edu/sites/default/files/attachments/
NEMS%20Overview_8-31-7FINAL_0.pdf

7. PLEXOS® Integrated Energy Model. http://utilitiesnetwork.energy-business-review.com/
suppliers/energy-exemplar/products/plexos-integrated-energy-model-ebr.

8. PRIMES MODEL 2013-2014. Detailed model description. E3MLab/ICCS at National Tech-
nical University of Athens. https://ec.europa.eu/clima/sites/clima/files/strategies/analysis/
models/docs/primes_model_2013-2014_en.pdf.

9. Parkkonen O. Customer benefits of Demand-Side Management in the Nordic electricity
market. PhD Thesis. Jyv��askyl��a University School of Business and Economics, 2016, 65 p.
https:// jyx.jyu.fi/dspace/handle/123456789/52033.

10. NEMSIM: the National Electricity Market simulator. http://press-files.anu.edu.au/down-
loads/press/p96431/mobile/ch11s08.html.

11. Hogan W.W. Energy Policy Models for Project Independence// Computers & Operations
Research, 1975, N 2, p. 251—271.

12. Gabriel S.A., Kydes A.S., Whitman P. The National Energy Modeling System: A Large-Scale
Energy-Economic Equilibrium Model // Operations Research, 2001, V. 49, N 1, p. 14—25.

Ñ.Å. Ñàóõ

26 ISSN 0204–3572. Electronic Modeling. 2018. V. 40. ¹ 3



13. Murphy F.H., Susan J.C., Shaw S.H., Sanders R. Modeling and forecasting energy markets
with the intermediate future forecasting system // Operations Research, 1988, V. 36, N 3,
p. 406—420.

14. Integrating Module of the National Energy Modeling System: Model Documentation. U.S.
Energy Information Administration, 2014, 62 p. https://www.eia.gov/outlooks/aeo/nems/
documentation/integrating/pdf/m057(2014).pdf.

15. Overview of the Energy and Power Evaluation Program (ENPEP-BALANCE). Center for
Energy, Environmental, and Economic Systems Analysis (CEEESA). Argonne National
Laboratory, 31 p. https://ceeesa.es.anl.gov/pubs/61124.pdf.

16. Nesbitt D., Calvez À. Network Agent Based modeling for EIA. 2014, 153 p. https://www.eia.gov/
outlooks/documentation/workshops/pdf/day_2__2_dale_nesbitt_arrowheadeianetworkmo-
delingapproachassent.pdf.

17. Bernarda F., Viellec M. GEMINI-E3, a general equilibrium model of international-national
interactions between economy, energy and the environment// Computational Management
Science, 2008, V. 5, N 3, p. 173—206.

18. PRIMES MODEL. Version 2 Energy System Model: Design and features. E3Mlab — ICCS
National Technical University of Athens, 51 p. http://www.e3mlab.ntua.gr/manuals/
PRIMREFM.pdf.

19. Qi T., Winchester N., Zhang D. et al. The China-in-Global Energy Model. Massachusetts In-
stitute of Technology. MA, USA. Tsinghua University. Beijing, China, 2014, 33p. https://
dspace.mit.edu/bitstream/handle/1721.1/88606/MITJPSPGC_Rpt262.pdf?sequence=1

20. Dirkse S., Ferris M.C., Munson T. The PATH Solver. University of Wisconsin. http://pages.
cs.wisc.edu/~ferris/path.html

21. Dirkse S.P., Ferris M.C. The PATH solver: A non-monotone stabilization scheme for mixed
complementarity problems// Optimization Methods and Software, 1995, N 5, p. 123—156.

22. Dirkse S.P., Ferri M.C. A pathsearch damped Newton method for computing general equi-
libria. Computer Sciences Department, University of Wisconsin, Madison, Wisconsin,
1994, 19p. http://pages.cs.wisc.edu/~ferris/techreports/94-03.pdf.

23. Billups S.C., Dirkse S.P., Ferris M.C. A comparison of large scale mixed complementarity
problem solvers. Computational Optimization and Applications, 1997, N 7, p. 3—25.

24. Hobbs B.F. Linear Complementarity Models of Nash—Cournot Competition in Bilateral
and POOLCO Power Markets // IEEE Transactions on Power Systems, 2001, V. 16, N 2,
p. 194—202.

25. Murphy F., Smeers Y. On the Impact of Forward Markets on Investments in Oligopolistic
Markets with Reference to Electricity. Part 2. Uncertain Demand. Harvard Electricity Policy
Group Research Paper, 2007, 39 p. http://www.hks.harvard.edu/hepg/Paers/Murphy_and_
Smeers_June_18_07.pdf.

26. Pineau P.-O. Electricity market reforms: Industrial developments, investment dynamics and
game modeling. Montreal, 2000, 199 p. http://www.irec.net/upload/File/memoires_et_theses/
260.pdf.

27. Murphy F., Smeers Y. Generation capacity expansion in imperfectly competitive restruc-
tured electricity markets// Operations Research, 2005, V. 53, N 4, p. 646—661.

28. Hobbs B., Helman U. Complementarity-Based Equilibrium Modeling for Electric Power
Markets. Modeling Prices in Competitive Electricity Markets// Series in Financial Econom-
ics. Chichester: Wiley, 2004, 338 ð.

29. Áîðèñåíêî À.Â., Ñàóõ Ñ.Å. Ìîäåëèðîâàíèå ðàâíîâåñíîãî ñîñòîÿíèÿ ýëåêòðîýíåðãåòè-
÷åñêèõ ñèñòåì â ðûíî÷íûõ óñëîâèÿõ. Ìàòåð³àëè Ì³æíàð. íàóê.-òåõí. êîíô. « Ìîäå-
ëèðîâàíèå-2008», 14-16 òðàâíÿ 2008, Êè¿â, ñ. 172—177.

30. Áîðèñåíêî À.Â., Ñàóõ Ñ.ª. Ìîäåëü ðèíêîâî¿ ð³âíîâàãè â åëåêòðîåíåðãåòè÷íîìó ñåê-
òîð³ Óêðà¿íè // Íîâèíè åíåðãåòèêè, 2009, ¹ 5, ñ. 29—44.

Ìåòîäîëîãèÿ è ìåòîäû ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ýíåðãåòèêè

ISSN 0204–3572. Åëåêòðîí. ìîäåëþâàííÿ. 2018. Ò. 40. ¹ 3 27



31. Áîðèñåíêî À.Â., Ñàóõ Ñ.ª. Ð³âíîâàæíà ìîäåëü ââîäó ãåíåðóþ÷èõ ïîòóæíîñòåé â
óìîâàõ íåäîñêîíàëî¿ êîíêóðåíö³¿ // Òàì æå, 2009, ¹ 11, ñ. 36 — 39; ¹ 12. ñ. 23—39.

32. Áîðèñåíêî À.Â., Ñàóõ Ñ.ª. Ìîäåëü ôóíêö³îíóâàííÿ òà ðîçâèòêó ãåíåðóþ÷èõ ïîòóæ-
íîñòåé â ðèíêîâèõ óìîâàõ. Ïðàö³ ²í-òó åëåêòðîäèíàì³êè ÍÀÍ Óêðà¿íè, 2010, âèï. 25,
ñ. 21—32.

33. Saukh S.Ye., Borysenko A.V. Equilibrium model of Ukrainian generating capacities opera-
tion and development under market conditions. Joint Symposium Proc. of the conf. «Energy
of Russia in XXI century: development strategy» and «Eastern vector and Asian energy co-
operation: what is after the crisis?». Irkutsk: Melentiev Energy Systems Institute, SB RAS,
2010. http://isem.irk.ru/symp2010/en/papers/ENG/S3-12e.pdf.

34. Ñàóõ Ñ.Å. Ìåòîäû êîìïüþòåðíîãî ìîäåëèðîâàíèÿ êîíêóðåíòíîãî ðàâíîâåñèÿ íà ðûí-
êàõ ýëåêòðîýíåðãèè// Ýëåêòðîí. ìîäåëèðîâàíèå, 2013, 35, ¹ 5, ñ. 11—26.

35. Energy Research Centre of the Netherlands. COMPETES input data. http://www.ecn.nl/
fileadmin/ecn/units/bs/COMPETES/cost-functions.xls http://www.ecn.nl/fileadmin/ecn/units/
bs/COMPETES/flowgate-information.xls.

36. Ñàóõ Ñ.Å. Ìåòîä ñìåùåíèÿ ìàëûõ ýëåìåíòîâ â îáîáùåííûõ ÿêîáèàíàõ Êëàðêà äëÿ
îáåñïå÷åíèÿ ÷èñëåííîé óñòîé÷èâîñòè êâàçèíüþòîíîâñêèõ ìåòîäîâ ðåøåíèÿ âàðèà-
öèîííûõ íåðàâåíñòâ // Ýëåêòðîí. ìîäåëèðîâàíèå, 2015, 37, ¹ 4, ñ. 3—18.

37. Ñàóõ Ñ.Å. Ïðèìåíåíèå íåïîëíîé ñòîëáöîâî-ñòðî÷íîé ôàêòîðèçàöèè ìàòðèö â êâà-
çèíüþòîíîâñêèõ ìåòîäàõ ðåøåíèÿ âàðèàöèîííûõ íåðàâåíñòâ áîëüøîé ðàçìåðíîñòè.
Òàì æå, 2015, 37, ¹ 5, ñ. 3—15.

38. Fischer A. A special Newton-type optimization method// Optimization, 1992, V. 24, N 3-4,
p. 269—284.

39. Facchinei F., Pang J.-S. Finite-dimensional Variational Inequalities and Complementarity
Problems. V. I. Springer, 2003, 728 p.

40. Facchinei F., Pang J.-S. Finite-dimensional Variational Inequalities and Complementarity
Problems. V. II. Springer, 2003, 728 p.

41. Ñàóõ Ñ.Å. Ìåòîä CR-ôàêòîðèçàöèè ìàòðèö áîëüøîé ðàçìåðíîñòè // Ýëåêòðîí. ìîäåëè-
ðîâàíèå, 2007, 29, ¹ 6, c. 3—22.

42. Ñàóõ Ñ.Å. Íåïîëíàÿ ñòîëáöîâî-ñòðî÷íàÿ ôàêòîðèçàöèÿ ìàòðèö äëÿ èòåðàöèîííîãî
ðåøåíèÿ áîëüøèõ ñèñòåì óðàâíåíèé // Òàì æå, 2010, 32, ¹ 6, ñ. 3—14.

43. Anderson S.C. Analyzing strategic interaction in multi-settlement electricity markets. A
closed-loop supply function equilibrium model, 2004, 462 p. https://www.hks.harvard.edu/
crump/papers/Anderson_thesis.pdf.

44. Ñàóõ Ñ.Å., Áîðèñåíêî À.Â., Äæèãóí Å.Í. Ìîäåëü ñåòè ìàãèñòðàëüíûõ ëèíèé ýëåêòðî-
ïåðåäà÷è â çàäà÷àõ ïëàíèðîâàíèÿ ðàçâèòèÿ ýëåêòðîýíåðãåòè÷åñêèõ ñèñòåì // Ýëåêòðîí.
ìîäåëèðîâàíèå, 2014, 36, ¹ 4, ñ. 3—14.

45. Wei J.-Y., Smeers Y. Spatial Oligopolistic Electricity Models with Cournot Generators and
Regulated Transmission Prices// Operations Research, 1999, V. 47, N1, p. 102—112.

46. Ñàóõ Ñ.Å., Áîðèñåíêî À.Â. Ìîäåëèðîâàíèå êîíêóðåíòíîãî ðàâíîâåñèÿ íà ýíåðãîðûíêå
ñ ó÷åòîì ïîòåðü ýëåêòðîýíåðãèè â ýëåêòðè÷åñêèõ ñåòÿõ // Ïðîáëåìè çàãàëüíî¿ åíåðãå-
òèêè, 2016, 46, ¹ 3, c. 5—11. https://doi.org/10.15407/pge2016.03.005.

47. Ñàóõ Ñ.Å. Ìàòåìàòè÷åñêàÿ ìîäåëü ðàâíîâåñíîãî ñîñòîÿíèÿ íîâîãî êîíêóðåíòíîãî
ðûíêà ýëåêòðè÷åñêîé ýíåðãèè Óêðàèíû // Ýëåêòðîí. ìîäåëèðîâàíèå, 2017, 39, ¹ 6,
c. 3—14.

48. Ñàóõ Ñ.Å. Ïðîáëåìè ìàòåìàòè÷íîãî ìîäåëþâàííÿ êîíêóðåíòíî¿ ð³âíîâàãè íà ðèíêó
åëåêòðîåíåðã³¿ // Â³ñíèê ÍÀÍ Óêðà¿íè, 2018, ¹ 4, c. 53—67. https://doi.org/10.15407/
visn2018.04.053.

Ïîëó÷åíà 18.04.18

Ñ.Å. Ñàóõ

28 ISSN 0204–3572. Electronic Modeling. 2018. V. 40. ¹ 3



REFERENCES

1. Jebaraja, S. and Iniyan, S. (2006), A review of energy models. Renewable and Sustainable
Energy Reviews, Vol. 10, no. 4, pp. 281-311.

2. Connolly, D., Lund, H., Mathiesen, B.V. and Leahy, M. (2010), A review of computer tools
for analyzing the integration of renewable into various energy systems, Applied Energy, Vol. 87,
no. 4, pp. 1059-1082.

3. Amerighi, O., Ciorba, U. and Tommasino, M.C. (2010), Inventory and characterization of
existing tools, D2.1 ATEsT Models Characterization Report, Italian National Agency for
New Technologies, available at: http://www.cres.gr/atest/pdf/D_2_1_Models_Characteri-
sation_Report.pdf.

4. Pina, A.A. (2012), Supply and demand dynamics in energy systems modeling. PhD Thesis.
Universidade Tåcnica de Lisboa, available at: https://www.mitportugal.org/about/docu-
ments/curriculum-vitae/sustainable-energy-systems/968-thesis-andrepina/file.

5. Beeck, N. (1999), Classification of energy models. Tech. report FEW 777. Tilburg Univer-
sity & Eindhoven University of Technology, available at: http://citeseerx.ist.psu.edu/ viewdoc/
download?doi=10.1.1.43.8055&rep=rep1&type=pdf.

6. Daniels, D. (2017), Overview of the national energy modeling system (NEMS). U.S. Energy
Information Administration, 2017, available at: https://cepl.gatech.edu/sites/default/ files/at-
tachments/NEMS%20Overview_8-31-17FINAL_0.pdf.

7. PLEXOS® Integrated Energy Model, available at: http://utilitiesnetwork.energy-business-
review.com/suppliers/energy-exemplar/products/plexos-integrated-energy-model-ebr.

8. PRIMES MODEL 2013-2014. Detailed model description. E3MLab/ICCS at National
Technical University of Athens, available at:. https://ec.europa.eu/clima/sites/clima/files/
strategies/analysis/models/docs/primes_model_2013-2014_en.pdf.

9. Parkkonen, O. (2016), Customer benefits of demand-side management in the Nordic elec-
tricity market. PhD Thesis: Jyv��askyl��a University School of Business and Economics, 2016,
available at: https://jyx.jyu.fi/dspace/handle/123456789/52033.

10. NEMSIM: the National Electricity Market simulator, available at: http://press-files.anu.
edu.au/downloads/press/p96431/mobile/ch11s08.html.

11. Hogan, W.W. (1975), Energy policy models for project independence, Computers & Opera-
tions Research, no. 2, pp. 251-271.

12. Gabriel, S.A., Kydes, A.S. and Whitman, P. (2001), The National Energy Modeling System:
A large-scale energy-economic equilibrium model, Operations Research, Vol. 49, no. 1,
pp. 14-25.

13. Murphy, F.H., Susan, J.C., Shaw, S.H. and Sanders, R. (1988), Modeling and forecasting
energy markets with the intermediate future forecasting system, Operations Research, Vol. 36,
no. 3, pp. 406-420.

14. Integrating module of the National Energy Modeling System: Model documentation. U.S.
Energy Information Administration. 2014, available at: https://www.eia.gov/outlooks/aeo/
nems/documentation/integrating/pdf/m057(2014).pdf.

15. Overview of the Energy and Power Evaluation Program (ENPEP-BALANCE). Center for
Energy, Environmental, and Economic Systems Analysis (CEEESA). Argonne National
Laboratory, available at: https://ceeesa.es.anl.gov/pubs/61124.pdf.

16. Nesbitt, D. and Calvez, À. (2014), Network agent based modeling for EIA, available at:
https://www.eia.gov/outlooks/documentation/workshops/pdf/day_2__2_dale_nesbitt_arrow-
headeianetworkmodelingapproachassent.pdf .

17. Bernarda F. and Viellec, M. (2008), GEMINI-E3, a general equilibrium model of interna-
tional-national interactions between economy, energy and the environment, Computational
Management Science, Vol. 5, no. 3, pp. 173-206.

Ìåòîäîëîãèÿ è ìåòîäû ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ýíåðãåòèêè

ISSN 0204–3572. Åëåêòðîí. ìîäåëþâàííÿ. 2018. Ò. 40. ¹ 3 29



18. PRIMES MODEL. Version 2 Energy System Model: Design and features. E3Mlab – ICCS.
National Technical University of Athens, available at: http://www.e3mlab.ntua.gr/manuals/
PRIMREFM.pdf.

19. Qi, T., Winchester, N., Zhang, D., Zhang, X. and Karplus, V.J. (2014), The China-in-Global
Energy Model. Massachusetts Institute of Technology. MA, USA. Tsinghua University.
Beijing, China 2014, available at: https://dspace.mit.edu/bitstream/handle/1721.1/88606/
MITJPSPGC_Rpt262.pdf?sequence=1.

20. Dirkse, S., Ferris, M.C. and Munson, T. The PATH solver. University of Wisconsin, USA,
available at: http://pages.cs.wisc.edu/~ferris/path.html.

21. Dirkse, S.P. and Ferris, M.C. (1995), The PATH solver: A non-monotone stabilization scheme
for mixed complementarity problems, Optimization Methods and Software, no. 5, pp. 123-156.

22. Dirkse, S.P. and Ferri, M.C. (1994), A pathsearch damped Newton method for computing
general equilibria, Computer Sciences Department, University of Wisconsin, Madison, Wis-
consin, USA, available at: http://pages.cs.wisc.edu/~ferris/techreports/94-03.pdf.

23. Billups, S.C., Dirkse, S.P. and Ferris, M.C. (1997), A comparison of large scale mixed
complementarity problem solvers, Computational Optimization and Applications, Vol. 7,
pp. 3-25.

24. Hobbs, B.F. (2001), Linear complementarity models of Nash-Cournot competition in bilat-
eral and POOLCO power markets, IEEE Transactions on Power Systems, Vol. 16, no. 2,
pp. 194-202.

25. Murphy, F. and Smeers, Y. (2007), On the impact of forward markets on investments in
oligopolistic markets with reference to electricity. Part 2, Uncertain demand. Harvard Elec-
tricity Policy Group Research Paper, available at: http://www.hks.harvard.edu/ hepg/Pa-
pers/Murphy_and_Smeers_June_18_07.pdf.

26. Pineau, P.-O. (2000), Electricity market reforms: Industrial developments, investment dy-
namics and game modeling. Ph.D Thesis. Montreal, 2000, available at: http://www.irec.net/
upload/File/memoires_et_theses/260.pdf.

27. Murphy, F. and Smeers, Y. (2005), Generation capacity expansion in imperfectly competi-
tive restructured electricity markets, Operations Research, Vol. 53, no. 4, pp. 646-661.

28. Hobbs, B. and Helman, U. (2004), Complementarity-based equilibrium modeling for elec-
tric power markets. Modeling prices in competitive electricity markets, Series in Financial
Economics, Wiley, Chichester, UK.

29. Borisenko, A.V. and Saukh, S.Ye. (2008), “Modeling of equilibrium state of electric power
systems in market conditions”, Modelirovanie – 2008, Materialy mezhdunarodnoi konferentsii
[Simulation-2008, Proceedings of International Conference], Kyiv, May 14-16, 2008,
pp. 172-177.

30. Borisenko, A.V. and Saukh, S.Ye. (2009), “Model of market equilibrium in the electric
power sector of Ukraine”, Novyny energetyky, no. 5, pp.29-44.

31. Borisenko, A.V. and Saukh, S.Ye. (2009), “Equilibrium model for the introduction of gener-
ating capacities in conditions of imperfect competition”, Novyny energetyky, no. 11, pp. 36-
39; no. 12, pp. 23-39.

32. Borisenko, A.V. and Saukh, S.Ye. (2010), “Model of functioning and development of gene-
rating capacities in market conditions”, Pratsi Institutu Electrodynamiky NAN Ukrainy, Iss. 25,
pp. 21-32.

33. Saukh, S.Ye. and Borysenko, A.V. (2010), Equilibrium model of Ukrainian generating ca-
pacities operation and development under market conditions, Joint Symposium Proceedings
of the conferences “Energy of Russia in XXI century: development strategy” and “Eastern
vector and Asian energy cooperation: what is after the crisis?”, Irkutsk: Melentiev Energy
Systems Institute, SB RAS, 2010. http://isem.irk.ru/symp2010/en/papers/ENG/S3-12e.pdf.

34. Saukh, S.Ye. (2013), “Methods of computer simulation of competitive equilibrium in elec-
tricity markets”, Elektronnoe modelirovanie, Vol. 35, no. 5, pp. 11-26.

Ñ.Å. Ñàóõ

30 ISSN 0204–3572. Electronic Modeling. 2018. V. 40. ¹ 3



35. Energy Research Centre of the Netherlands. COMPETES input data, available at: http://
www.ecn.nl/fileadmin/ecn/units/bs/COMPETES/cost-functions.xls http://www.ecn.nl/
fileadmin/ecn/units/bs/COMPETES/flowgate-information.xls.

36. Saukh, S.Ye. (2015), “Method of correction of special elements in Clarke’s generalized
Jacobian to ensure numerical stability of the quasi-Newton methods for solution of varia-
tional inequalities problems” Elektronnoe modelirovanie, Vol. 37, no. 4, pp. 3-18.

37. Saukh, S.Ye. (2015), “Application of incomplete column-row factorization of matrices in
quasi-Newton methods for solving large-scale variational inequalities problems”, Elekt-
ronnoe modelirovanie, Vol. 37, no. 5, pp. 3-15.

38. Fischer, A. (1992), A special Newton-type optimization method, Optimization. Vol. 24, no. 3-4,
pp. 269-284.

39. Facchinei, F. and Pang, J.-S. (2003), Finite-dimensional variational inequalities and comple-
mentarity problems. Vol. I, Springer Int.

40. Facchinei, F. and Pang, J.-S. (2003), Finite-dimensional variational inequalities and comple-
mentarity problems. Vol. II. Springer Int.

41. Saukh, S.Ye. (2007), “CR-factorization method for large dimensional matrices”, Elektron-
noe modelirovanie, Vol. 29, no. 6, pp. 3-22.

42. Saukh, S.Ye. (2010), “Incomplete column-row factorization of matrices for solving of large-
scale system of equations”, Elektronnoe modelirovanie, Vol. 32, no. 6, pp. 3-14.

43. Anderson, S.C. (2004), Analyzing strategic interaction in multi-settlement electricity mar-
kets: A closed-loop supply function equilibrium model, available at: https://www.hks.har-
vard.edu/crump/papers/Anderson_thesis.pdf.

44. Saukh, S.Ye., Borisenko, A.V. and Dzhyigun, E.N. (2014), “Model of the network of
high-voltage transmission lines in the tasks of planning of the development of power sys-
tems”, Elektronnoe modelirovanie, Vol. 36, no. 4, pp. 3-14.

45. Wei, J.-Y. and Smeers, Y. (1999), Spatial oligopolistic electricity models with Cournot gen-
erators and regulated transmission prices, Operations Research, Vol. 47, no. 1, pp. 102-112.

46. Saukh, S.Ye. and Borisenko, A.V. (2016), “Modeling of competitive equilibrium at the elec-
tricity market with regard for energy losses in electric networks”, Problemy zagalnoi
energetyky, Vol. 46, no. 3, pp. 5-11, available at: https://doi.org/10.15407/pge2016.03.005.

47. Saukh, S.Ye. (2017), “Mathematical model of the equilibrium state of the new competitive
electricity market of Ukraine”, Elektronnoe modelirovanie, Vol. 39, no. 6, pp. 3-14.

48. Saukh, S.Ye. (2018), “Mathematical modeling of competitive equilibrium in electricity
markets”, Visnyk NAN Ukrainy, no. 4, pp. 53-67, available at:https://doi.org/10.15407/
visn2018.04.053.

Ïîëó÷åíà 18.04.18

Ñ.ª. Ñàóõ

ÌÅÒÎÄÎËÎÃ²ß ² ÌÅÒÎÄÈ ÌÀÒÅÌÀÒÈ×ÍÎÃÎ
ÌÎÄÅËÞÂÀÍÍß ÅÍÅÐÃÅÒÈÊÈ Â ÐÈÍÊÎÂÈÕ ÓÌÎÂÀÕ

Ïðîàíàë³çîâàíî îñîáëèâîñò³ ðîçâèòêó ñèñòåì ìîäåëþâàííÿ åíåðãåòèêè â óìîâàõ ä¿
ðèíêîâèõ ìåõàí³çì³â óïðàâë³ííÿ åíåðãåòè÷íèìè êîìïëåêñàìè. Ñôîðìóëüîâàíî âèìîãè
ùîäî çàáåçïå÷åííÿ àäåêâàòíîñò³ ñèñòåì ìîäåëþâàííÿ åíåðãåòèêè â ðèíêîâèõ óìîâàõ.
Ðîçðîáëåíî óçàãàëüíåíó ìàòåìàòè÷íó ìîäåëü êîíêóðåíòíî¿ ð³âíîâàãè íà ðèíêó
åëåêòðîåíåðã³¿ ó âèãëÿä³ ñèñòåìè çàäà÷ ìàòåìàòè÷íîãî ïðîãðàìóâàííÿ ç êîìïëåìåíòàð-
íèìè îáìåæåííÿìè. Ïîøóê ðîçâ’ÿçêó òàêî¿ ñèñòåìè çàäà÷ çâåäåíî äî ïîøóêó ðîçâ’ÿçêó
çì³øàíî¿ íåë³í³éíî¿ êîìïëåìåíòàðíî¿ çàäà÷³ âåëèêî¿ ðîçì³ðíîñò³ ó âèãëÿä³ ñèñòåìè óìîâ
Êàðóøà—Êóíà—Òàêåðà. Íàâåäåíî ñóêóïí³ñòü îðèã³íàëüíèõ ìåòîä³â ðîçâ’ÿçóâàííÿ îêðå-
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ìèõ ï³äçàäà÷, ùî âèíèêàþòü ïðè çàñòîñóâàíí³ êâàç³íüþòîí³âñüêîãî ìåòîäó ïîøóêó ðîçâ’ÿçêó
êîìïëåìåíòàðíèõ çàäà÷ âåëèêî¿ ðîçì³ðíîñò³. Ïåðåâàãè ñòâîðåíîãî íà îðèã³íàëüí³é ìåòî-
äè÷í³é îñíîâ³ âèð³øóâà÷à òàêèõ çàäà÷ ICRS ïîêàçàíî ó ïîð³âíÿíí³ ç ïîøèðåíèì ó ñâ³ò³
âèð³øóâà÷åì PATH. Ðîçðîáëåíî ìîäåëü ð³âíîâàæíèõ ñòàí³â ðèíêó åëåêòðîåíåðã³¿ Óêðà¿íè ó
âèãëÿä³ äåòàëüíîãî îïèñó ñèñòåìè çàäà÷ ìàòåìàòè÷íîãî ïðîãðàìóâàííÿ ç êîìïëåìåíòàðíè-
ìè îáìåæåííÿìè. Íà îá÷èñëþâàëüíèõ åêñïåðèìåíòàõ ïîêàçàíî îñîáëèâîñò³ çàñòîñóâàííÿ
ìåòîäîëîã³¿ ïîáóäîâè àäåêâàòíèõ ìàòåìàòè÷íèõ ìîäåëåé åíåðãåòè÷íèõ ðèíê³â òà çàïðî-
ïîíîâàíèõ ìåòîä³â ðîçâ’ÿçóâàííÿ ñèñòåìè çàäà÷ ìàòåìàòè÷íîãî ïðîãðàìóâàííÿ ç êîìï-
ëåìåíòàðíèìè îáìåæåííÿìè.

Ê ë þ ÷ î â ³ ñ ë î â à: åíåðãåòèêà, ðèíîê, ð³âíîâàæíèé ñòàí, ìåòîäîëîã³ÿ ìîäåëþâàííÿ,
ìàòåìàòè÷íå ïðîãðàìóâàííÿ,êîìïëåìåíòàðíà çàäà÷à, ðîçâ’ÿçóâà÷ çàäà÷ âåëèêî¿ ðîçì³ð-

íîñò³, îá÷èñëþâàëüíèé åêñïåðèìåíò

S.Ye. Saukh

METHODOLOGY AND METHODS OF MATHEMATICAL MODELING
OF ENERGY ENGINEERING IN MARKET CONDITIONS

Peculiarities of development of energy engineering modeling systems under conditions of market
mechanisms of energy complex management have been analyzed. The requirements on ensuring
the adequacy of energy modeling systems in market conditions have been formulated. The genera-
lized mathematical model of the competitive equilibrium on the electricity market has been pre-
sented in the form of a system of problems of mathematical programming with complementarity
constraints. The search for the solution of such a system of problems we reduce to finding a solu-
tion of large scale mixed nonlinear complementary problem in the form of a Karush-Kuhn-
Tucker system. A collection of original methods is presented for solving individual subtasks aris-
ing from the application of the quasi-Newtonian method for solving complementary problems of
large dimension. The benefits of our solver (ICRS) created on the original methodology in com-
parison with the worldwide PATH solver are shown. A model of equilibrium states of the elec-
tricity market of Ukraine is presented in the form of a detailed description of the system of tasks
of mathematical programming with complementarity constraints. The computational experi-
ments show the application of the methodology for constructing adequate mathematical models
of energy markets and propose methods for solving a system of problems of mathematical pro-
gramming with complementarity constraints.

K e y w o r d s: energy market, equilibrium state, modeling methodology, mathematical program-
ming, complementary problem, solver of large-scale complementary problems, computational

experiment.
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