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Òåïëîâûå, ýëåêòðîðàêåòíûå äâèãàòåëè è ýíåðãîóñòàíîâêè Thermal engines, electric propulsion and power
ëåòàòåëüíûõ àïïàðàòîâ plants for flying vehicles

Óïðàâëåíèå ñîâðåìåííûìè ãàçîòóðáèííûìè
äâèãàòåëÿìè îñóùåñòâëÿåòñÿ ïî ïàðàìåòðàì, äî-
ñòóïíûì äëÿ èçìåðåíèÿ â ÑÀÓ. Ýòè ïàðàìåòðû
(÷àñòîòà âðàùåíèÿ ðîòîðîâ, òåìïåðàòóðà ãàçà çà
òóðáèíîé íèçêîãî äàâëåíèÿ (ÒÍÄ), ðàñõîä òîïëèâà
â îñíîâíóþ è äîïîëíèòåëüíóþ êàìåðû ñãîðàíèÿ
è äð.) íå â ïîëíîé ìåðå îïðåäåëÿþò ïàðàìåòðû, íå-
ïîñðåäñòâåííî õàðàêòåðèçóþùèå ðàáîòó äâèãàòåëÿ,
òàêèå, êàê òÿãà R, óäåëüíûé ðàñõîä òîïëèâà CR, à
òàêæå áåçîïàñíîñòü ýêñïëóàòàöèè è íàä¸æíîñòü:

òåìïåðàòóðà ãàçà *
ãÒ  â êàìåðå ñãîðàíèÿ (ÊÑ), çà-

ïàñû óКΔ  ãàçîäèíàìè÷åñêîé óñòîé÷èâîñòè (ÃÄÓ)

è äð.
Àïïàðàòóðíîå ðàçâèòèå ñèñòåì àâòîìàòè÷åñêîãî

óïðàâëåíèÿ, â ðåçóëüòàòå êîòîðîãî äëÿ ôîðìèðî-
âàíèÿ àëãîðèòìîâ óïðàâëåíèÿ ñòàëè ïðèìåíÿòüñÿ
ìîùíûå êîìïüþòåðíûå ñèñòåìû, îáëàäàþùèå âû-
ñîêèì áûñòðîäåéñòâèåì, áîëüøèì îáúåìîì ïàìÿòè
è âìåñòå ñ òåì ñïîñîáíûå ðàáîòàòü â óñëîâèÿõ âîç-
äåéñòâèÿ âíåøíèõ ôàêòîðîâ, õàðàêòåðíûõ äëÿ ëå-
òàòåëüíîãî àïïàðàòà è äâèãàòåëÿ (ñèñòåìû òèïà
FADEC1), îòêðûëî ïðèíöèïèàëüíî íîâûå âîçìîæ-

ÓÄÊ 621.452.3 DOI: 10.34759/vst-2019-4-90-97

ÏÐÈÌÅÍÅÍÈÅ ÁÎÐÒÎÂÎÉ ÌÀÒÅÌÀÒÈ×ÅÑÊÎÉ ÌÎÄÅËÈ
ÄËß ÓÏÐÀÂËÅÍÈß ÃÀÇÎÒÓÐÁÈÍÍÛÌ ÄÂÈÃÀÒÅËÅÌ

Ñ ÄÎÏÎËÍÈÒÅËÜÍÎÉ ÊÀÌÅÐÎÉ ÑÃÎÐÀÍÈß

Ãîëüáåðã Ô.Ä.*, Ãóðåâè÷ Î.Ñ.**, Çóåâ Ñ.À.***, Ïåòóõîâ À.À.****

Öåíòðàëüíûé èíñòèòóò àâèàöèîííîãî ìîòîðîñòðîåíèÿ èì. Ï.È. Áàðàíîâà,
ÖÈÀÌ, Àâèàìîòîðíàÿ óë., 2, Ìîñêâà, 111116, Ðîññèÿ

* e-mail: fdgolberg@ciam.ru
** e-mail: gurevich_os@ciam.ru

*** e-mail: sazuev@ciam.ru
**** e-mail: aapetukhov@ciam.ru

Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 15.07.2019

Ðàññìîòðåíû ïðèíöèïû óïðàâëåíèÿ ðàñõîäîì òîïëèâà â äîïîëíèòåëüíóþ êàìåðó ñãîðàíèÿ (ÄÊÑ) è ïëîùà-
äüþ êðèòè÷åñêîãî ñå÷åíèÿ ñîïëà ìíîãîðåæèìíîãî àâèàöèîííîãî äâóõâàëüíîãî äâóõêîíòóðíîãî ãàçîòóðáèííîãî
äâèãàòåëÿ (ÃÒÄ), îñíîâàííûå íà ïðèìåíåíèè â ïðîãðàììíîì îáåñïå÷åíèè öèôðîâîé ñèñòåìû àâòîìàòè÷åñêîãî
óïðàâëåíèÿ (ÑÀÓ) äâèãàòåëÿ åãî áîðòîâîé ìàòåìàòè÷åñêîé ìîäåëè. Ðàçðàáîòàíû ñòðóêòóðà è àëãîðèòìû óïðàâ-
ëåíèÿ äëÿ òàêîãî ðåãóëÿòîðà. Ïðèâåäåíû ðåçóëüòàòû îöåíêè ýôôåêòèâíîñòè ðàññìîòðåííûõ ìåòîäîâ óïðàâëåíèÿ.

Êëþ÷åâûå ñëîâà: ñèñòåìà àâòîìàòè÷åñêîãî óïðàâëåíèÿ, ãàçîòóðáèííûé äâèãàòåëü, «âèðòóàëüíûé äâèãàòåëü»,
ïëîùàäü êðèòè÷åñêîãî ñå÷åíèÿ ñîïëà, ðàñõîä òîïëèâà, äîïîëíèòåëüíàÿ êàìåðà ñãîðàíèÿ.

íîñòè äëÿ óïðàâëåíèÿ ðàáî÷èì ïðîöåññîì â äâè-
ãàòåëå.

Ïîÿâèëàñü âîçìîæíîñòü ââåñòè â ïðîãðàììíîå
îáåñïå÷åíèå (ÏÎ) ýòèõ ñèñòåì âñòðîåííóþ âñåðå-
æèìíóþ ñàìîèäåíòèôèöèðóþùóþñÿ òåðìîãàçîäè-
íàìè÷åñêóþ ìàòåìàòè÷åñêóþ ìîäåëü äâèãàòåëÿ –
«âèðòóàëüíûé äâèãàòåëü» [1, 2]. Ñ ïîìîùüþ òàêîé
ìîäåëè, ðàáîòàþùåé â ðåàëüíîì ìàñøòàáå âðåìå-
íè è îáëàäàþùåé äîñòàòî÷íî âûñîêîé òî÷íîñòüþ,
ìîæíî ðàññ÷èòûâàòü â ïðîöåññå ðàáîòû äâèãàòå-
ëÿ èíôîðìàöèîííûå ïàðàìåòðû ðàáî÷åãî ïðîöåñ-
ñà, íåäîñòóïíûå äëÿ èçìåðåíèÿ, è îñóùåñòâëÿòü
óïðàâëåíèå äâèãàòåëåì ïî ýòèì ïàðàìåòðàì.

Ïðîãðàììíîå îáåñïå÷åíèå «âèðòóàëüíûé äâè-
ãàòåëü», ïîñòðîåííîå íà îñíîâå òàêèõ ìàòåìàòè÷åñ-
êèõ ìîäåëåé, è â ðàáîòàõ çàðóáåæíûõ âåäóùèõ
àâèàäâèãàòåëüíûõ ïðåäïðèÿòèé ðàññìàòðèâàåòñÿ
êàê îäíî èç íàèáîëåå ïåðñïåêòèâíûõ íàïðàâëåíèé
ðàçâèòèÿ ñèñòåì óïðàâëåíèÿ, êîíòðîëÿ è äèàãíî-
ñòèêè äâèãàòåëåé [1—3, 9, 10, 18—20].

Òàê, â ðàáîòå [2], âûïîëíåííîé â èññëåäîâà-
òåëüñêîì öåíòðå NATO (Research and Technology
Organisation of North Atlantic Treaty Organisation)
ðàññìîòðåíà ñõåìà ïðèìåíåíèÿ â ÑÀÓ ÃÒÄ «âèð-
òóàëüíîãî äâèãàòåëÿ» (ðèñ. 1).1 Full authority digital engine control system.
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Ïî òàêîé ñõåìå ñ ïîìîùüþ áîðòîâîé ìàòåìà-
òè÷åñêîé ìîäåëè äâèãàòåëÿ ïðåäïîëàãàåòñÿ ðåàëè-
çîâàòü óïðàâëåíèå äâèãàòåëåì è åãî äèàãíîñòèêó ïî
ïàðàìåòðàì «âèðòóàëüíûõ äàò÷èêîâ», èíà÷å ãîâî-
ðÿ, çàìêíóòîå óïðàâëåíèå ïî íåèçìåðÿåìûì ïàðà-
ìåòðàì (òàêèì, êàê òÿãà, çàïàñû óñòîé÷èâîñòè), äëÿ
êîòîðûõ íå ñóùåñòâóåò «ðåàëüíûõ» äàò÷èêîâ.

Â ðàáîòå [3], ïîñâÿùåííîé ýòèì æå âîïðîñàì,
óòâåðæäàåòñÿ: «Èñïîëüçîâàíèå áîðòîâîé ìîäåëè
äâèãàòåëÿ äëÿ óäîâëåòâîðåíèÿ òðåáîâàíèé ïåðñ-
ïåêòèâíîãî óïðàâëåíèÿ è äèàãíîñòèêè ñòàíîâèò-
ñÿ íàèáîëåå öåëåñîîáðàçíûì ïîäõîäîì. Ïîñòîÿí-
íî óâåëè÷èâàþùàÿñÿ ïðîèçâîäñòâåííàÿ ìîùíîñòü
âû÷èñëèòåëåé äîñòèãëà òàêîãî óðîâíÿ, êîãäà èñ-
ïîëüçîâàíèå àëãîðèòìîâ íà îñíîâå ìîäåëè äëÿ äè-
àãíîñòèêè è óïðàâëåíèÿ ñòàëî îñóùåñòâèìûì.
Ðàíåå ñëîæíîñòü ìîäåëåé òåðìîäèíàìè÷åñêîãî
öèêëà äåëàëà èõ èñïîëüçîâàíèå íåöåëåñîîáðàç-
íûì. Ìåòîäû, îñíîâàííûå íà èñïîëüçîâàíèè
ìîäåëåé, äàþò ïîòåíöèàë äëÿ ñîçäàíèÿ èíòåëëåê-
òóàëüíûõ ñèëîâûõ óñòàíîâîê, êîòîðûå ìîæíî îõà-
ðàêòåðèçîâàòü êàê ñàìîäèàãíîñòèðóåìûå, ñàìî-
ïðîãíîçèðóåìûå, ñàìîîïòèìèçèðóþùèåñÿ, àäàï-
òèðóåìûå è ðîáàñòíûå – ýòî çíà÷èòåëüíî ïðåâû-
øàåò íûíåøíèå ñèñòåìû â ïðîèçâîäèòåëüíîñòè,
íàäåæíîñòè è áåçîïàñíîñòè».

Â ÖÈÀÌ â òå÷åíèå ïîñëåäíèõ ëåò ïðîâîäÿòñÿ
èññëåäîâàíèÿ â ýòèõ íàïðàâëåíèÿõ [4 – 8]. Â ðà-
áîòàõ [4, 6, 7] äëÿ äâèãàòåëÿ òèïà ÒÐÄÄ ðàññìîò-
ðåíî òàêîå óïðàâëåíèå ðàñõîäîì òîïëèâà â êàìå-
ðó ñãîðàíèÿ, íàïðàâëÿþùèìè àïïàðàòàìè êîì-
ïðåññîðîâ è ðàñõîäîì âîçäóõà, îòáèðàåìîãî íà îõ-
ëàæäåíèå òóðáèí.

Â íàñòîÿùåé ñòàòüå ïðèâîäÿòñÿ ðåçóëüòàòû
èññëåäîâàíèé ìåòîäîâ óïðàâëåíèÿ äâóõâàëüíûì
äâóõêîíòóðíûì ìíîãîðåæèìíûì ÃÒÄ ñ äîïîëíè-
òåëüíîé êàìåðîé ñãîðàíèÿ ñ èñïîëüçîâàíèåì áîð-
òîâîé ìàòåìàòè÷åñêîé ìîäåëè äëÿ óïðàâëåíèÿ
ðàñõîäîì òîïëèâà GÒÔ â äîïîëíèòåëüíóþ êàìåðó
ñãîðàíèÿ è ïëîùàäüþ Fêð êðèòè÷åñêîãî ñå÷åíèÿ
ñîïëà.

Ñîâðåìåííûå ñïîñîáû óïðàâëåíèÿ ðàñõîäîì
GÒÔ òîïëèâà è ïëîùàäüþ Fêð êðèòè÷åñêîãî ñå÷å-
íèÿ ñîïëà èëëþñòðèðóåò ñòðóêòóðíàÿ ñõåìà
(ðèñ. 2).

Óïðàâëåíèå ðàñõîäîì òîïëèâà GÒÔ â äîïîëíè-
òåëüíóþ êàìåðó ñãîðàíèÿ, êàê ïðàâèëî, îñóùåñòâ-
ëÿåòñÿ â ñõåìå áåç îáðàòíîé ñâÿçè ïî ïðîãðàììå
âèäà

* *
ÒÔ ÐÓÄ ê âõ,  ( ).,  G f ð Òα=                (1)

Ðèñ. 1.  Ñõåìà îáùåãî ïîäõîäà ê óïðàâëåíèþ è äèàãíîñòèêå, îñíîâàííîãî íà ïðèìåíåíèè ìîäåëè
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Ýòà ïðîãðàììà ïîçâîëÿåò êîñâåííî ðåãóëèðî-

âàòü òÿãó RΣ  (òÿãó äâèãàòåëÿ íà ôîðñèðîâàííûõ

ðåæèìàõ) â çàâèñèìîñòè îò ïîëîæåíèÿ ðû÷àãà óï-
ðàâëåíèÿ äâèãàòåëåì (ÐÓÄ) è îäíîâðåìåííî çíà-

÷åíèÿ òåìïåðàòóðû ãàçà è êîýôôèöèåíòà ÊÑα  èç-

áûòêà âîçäóõà â ÄÊÑ. Ïðÿìîå èçìåðåíèå è ðåãó-

ëèðîâàíèå ïàðàìåòðîâ RΣ  è ÊÑα , ÷òî ïîçâîëèëî

áû ïîâûñèòü êà÷åñòâî óïðàâëåíèÿ èìè, â ñîâðå-
ìåííûõ ñèñòåìàõ íå ìîæåò áûòü îñóùåñòâëåíî.

Óïðàâëåíèå ïëîùàäüþ êðèòè÷åñêîãî ñå÷åíèÿ
ñîïëà ïðè ðàáîòå äîïîëíèòåëüíîé êàìåðû ñãîðà-
íèÿ îñóùåñòâëÿåòñÿ ïî ïðîãðàììàì äâóõ òèïîâ.

Äëÿ çàìêíóòîãî óïðàâëåíèÿ èñïîëüçóåòñÿ ñóì-

ìàðíàÿ ñòåïåíü ðàñøèðåíèÿ ãàçà íà òóðáèíå *
òπ ,

âû÷èñëÿåìàÿ â ÑÀÓ êàê îòíîøåíèå èçìåðåííûõ

çíà÷åíèé äàâëåíèÿ *
êð  çà êîìïðåññîðîì âûñîêî-

ãî äàâëåíèÿ è *
òð  çà ÒÍÄ2.

Â êà÷åñòâå ïðîãðàììû-îãðàíè÷åíèÿ ìèíèìàëü-
íîé ïëîùàäè Fêð ïðèìåíÿåòñÿ ïðîãðàììà

*
êð ÐÓÄ âõ,( ) ,F f Òα=                  (2)

çàùèùàþùàÿ äâèãàòåëü îò íåäîïóñòèìîãî ñíèæå-
íèÿ çàïàñîâ ÃÄÓ âåíòèëÿòîðà.

Óïðàâëåíèå íà ôîðñèðîâàííûõ ðåæèìàõ ðàáî-
òû ÃÒÄ ñ ÄÊÑ ñ ìàòåìàòè÷åñêîé ìîäåëüþ äâèãà-
òåëÿ â åãî ÑÀÓ ïîçâîëÿåò îñóùåñòâèòü íå êîñâåí-
íîå, à ïðÿìîå óïðàâëåíèå ïî ïàðàìåòðàì äâèãàòå-

ëÿ RΣ , ÊÑα , RС Σ  è óÊΔ , íåäîñòóïíûì äëÿ èçìå-

ðåíèÿ è îïðåäåëÿåìûì ïóòåì ðàñ÷åòà â áîðòîâîé
ìàòåìàòè÷åñêîé ìîäåëè.

Ñòðóêòóðíàÿ ñõåìà ïîñòðîåíèÿ ðåãóëÿòîðîâ
GÒÔ è Fêð â òàêîé ñèñòåìå ïðèâåäåíà íà ðèñ. 3.

Âîçäåéñòâèåì íà ðàñõîä òîïëèâà GÒÔ âûïîë-
íÿþòñÿ òðè ïðîãðàììû óïðàâëåíèÿ, îáåñïå÷èâà-
þùèå:

— òðåáóåìóþ çàâèñèìîñòü òÿãè RΣ  îò ïîëîæå-

íèÿ ÐÓÄ â ðàçëè÷íûõ óñëîâèÿõ ïîëåòà:

* *
ÐÓÄ âõ âõ,   ( );,R f ð ÒΣ α=                 (3)

— îãðàíè÷åíèå ìèíèìàëüíîãî min
ÊÑα  è ìàêñè-

ìàëüíîãî max
ÊÑα  çíà÷åíèé êîýôôèöèåíòà ÊÑα  èç-

áûòêà âîçäóõà â ÄÊÑ:

min * *
ÊÑ âõ âõ,  ( );f ð Òα =                  (4)

max * *
ÊÑ âõ âõ,  ( ).f ð Òα =                 (5)

Âûáîð âûïîëíÿåìîé â äàííûé ìîìåíò ïðî-
ãðàììû, âîçäåéñòâóþùåé íà îäèí ðåãóëèðóþùèé
ôàêòîð, îñóùåñòâëÿåòñÿ ïóòåì ñåëåêòèðîâàíèÿ
ïðîãðàìì ñíà÷àëà ïî ìàêñèìàëüíîìó, çàòåì ïî ìè-
íèìàëüíîìó óðîâíþ.

Âîçäåéñòâèåì íà ïëîùàäü Fêð êðèòè÷åñêîãî
ñå÷åíèÿ ñîïëà îñóùåñòâëÿåòñÿ ðåãóëèðîâàíèå ðå-
æèìà ðàáîòû ãàçîãåíåðàòîðà äëÿ îáåñïå÷åíèÿ ìè-
íèìàëüíîãî óäåëüíîãî ðàñõîäà òîïëèâà

RС Σ = (GÒÎ + GÒÔ)/ RΣ .

Ðåàëèçàöèÿ òàêîãî óïðàâëåíèÿ äîëæíà îáåñïå-
÷èâàòüñÿ ñ ïîìîùüþ ñïåöèàëüíîãî ýêñòðåìàëüíîãî
ðåãóëÿòîðà.

Ðèñ. 2.  Ñòðóêòóðíàÿ ñõåìà ñèñòåìû óïðàâëåíèÿ ïðè êîñâåííîì ðåãóëèðîâàíèè

2 Ðàññìàòðèâàåòñÿ òàêæå ïàðàìåòð *
Σπ  — ñóììàðíàÿ ñòåïåíü ïîâûøåíèÿ äàâëåíèÿ â äâèãàòåëå. Îäíàêî, íåñìîòðÿ íà áîëü-

øóþ èíôîðìàòèâíîñòü, åãî ïðèìåíåíèå íå î÷åíü ðàñïðîñòðàíåíî èç-çà òðóäíîñòåé äîñòàòî÷íî òî÷íîãî èçìåðåíèÿ äàâëåíèé
íà âõîäå è âûõîäå äâèãàòåëÿ.
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Äîïîëíèòåëüíî âîçäåéñòâèåì íà ïëîùàäü Fêð
÷åðåç ñåëåêòîð min ðåàëèçóåòñÿ îãðàíè÷åíèå ìè-
íèìàëüíî äîïóñòèìûõ çàïàñîâ ÃÄÓ âåíòèëÿòîðà ïî
ïðîãðàììå:

*
ó min âõâ( ).,  Ê f n ÒΔ =                (6)

Â ñèñòåìå óïðàâëåíèÿ Fêð è GÒÔ ñîõðàíÿþòñÿ
â êà÷åñòâå ðåçåðâíûõ òðàäèöèîííûå ðåãóëÿòîðû,
áàçèðóþùèåñÿ íà èçìåðÿåìûõ ïàðàìåòðàõ.

Äëÿ îöåíêè ýôôåêòèâíîñòè ïðèìåíåíèÿ íî-
âûõ ïðèíöèïîâ óïðàâëåíèÿ ìíîãîðåæèìíûì ÃÒÄ
âûïîëíåíî ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ñ èñ-
ïîëüçîâàíèåì ìàòåìàòè÷åñêèõ ìîäåëåé èññëåäóå-
ìîãî äâèãàòåëÿ è åãî ñèñòåìû àâòîìàòè÷åñêîãî
óïðàâëåíèÿ, à òàêæå áîðòîâîé ìàòåìàòè÷åñêîé
ìîäåëè äâèãàòåëÿ, âñòðîåííîé â ÑÀÓ.

Ìàòåìàòè÷åñêàÿ ìîäåëü èññëåäóåìîãî äâèãàòå-
ëÿ, òàê æå êàê è åãî áîðòîâàÿ ìîäåëü, ÿâëÿþòñÿ
äèíàìè÷åñêèìè âñåðåæèìíûìè òåðìîãàçîäèíàìè-
÷åñêèìè ìàòåìàòè÷åñêèìè ìîäåëÿìè [5], ïîçâîëÿ-
þùèìè îñóùåñòâëÿòü ðàñ÷åò ïàðàìåòðîâ ðàáî÷å-
ãî ïðîöåññà äâèãàòåëÿ íà óñòàíîâèâøèõñÿ è ïåðå-
õîäíûõ ðåæèìàõ åãî ðàáîòû â ïîëíîì äèàïàçîíå
èõ èçìåíåíèÿ è óñëîâèé ýêñïëóàòàöèè äâèãàòåëÿ.

Íà ðèñ. 4 ïîêàçàíî èçìåíåíèå óäåëüíîãî ðàñ-

õîäà òîïëèâà RС Σ  íà òðåõ ôîðñèðîâàííûõ ðåæè-

ìàõ ðàáîòû äâèãàòåëÿ (ìàêñèìàëüíîì, ÷àñòè÷íîì

è ìèíèìàëüíîì) ïðè èçìåíåíèè ïëîùàäè Fêð êðè-
òè÷åñêîãî ñå÷åíèÿ ñîïëà. Ïðè ýòîì íà êàæäîì
ðåæèìå ïîääåðæèâàåòñÿ çàäàííîå çíà÷åíèå ñóì-
ìàðíîé òÿãè äâèãàòåëÿ â ñîîòâåòñòâèè ñ ïðîãðàì-

ìîé ðåãóëèðîâàíèÿ * *
ÐÓÄ âõ âõ,   ( ).,R f ð ÒΣ α=

Ïðîöåññû ðàññ÷èòàíû äëÿ ñòàíäàðòíûõ óñëî-
âèé: Ì = 0, Í = 0, Ò *

âõ ìñà.
Íà ðèñ. 4 è 5 îáîçíà÷åíî:
RUD – ïîëîæåíèå ðû÷àãà óïðàâëåíèÿ äâèãà-

òåëåì. Çíà÷åíèå 1 ñîîòâåòñòâóåò ðåæèìó ìèíè-
ìàëüíûé ôîðñèðîâàííûé, 2–5 – ÷àñòè÷íî ôîðñè-
ðîâàííûé, 6 – ìàêñèìàëüíûé ôîðñèðîâàííûé;

Rotn – îòíîñèòåëüíàÿ âåëè÷èíà òÿãè äâèãàòå-
ëÿ;

RС Σ  – óäåëüíûé ðàñõîä òîïëèâà, êã/(êãñ·÷);

DKV – çàïàñû ãàçîäèíàìè÷åñêîé óñòîé÷èâî-
ñòè êîìïðåññîðà íèçêîãî äàâëåíèÿ, %;

FKPotn – îòíîñèòåëüíàÿ ïëîùàäü êðèòè÷åñêî-
ãî ñå÷åíèÿ ñîïëà.

Èç ãðàôèêîâ (ðèñ. 4) âèäíî, ÷òî íà êàæäîì ðå-

æèìå ìèíèìàëüíîìó çíà÷åíèþ RС Σ  ñîîòâåòñòâóåò

îïðåäåëåííàÿ îïòèìàëüíàÿ âåëè÷èíà ïëîùàäè Fêð.
Ñðàâíèì õàðàêòåðèñòèêè äâèãàòåëÿ, ïîëó÷àå-

ìûå ïðè èñïîëüçîâàíèè ïðîãðàìì óïðàâëåíèÿ (1)
è (3). Âûáåðåì ïðîãðàììó (3) òàê, ÷òîáû õàðàêòå-
ðèñòèêè äâèãàòåëÿ ñîâïàäàëè ñ ïîëó÷àåìûìè ïðè

Ðèñ. 3.  Ñòðóêòóðíàÿ ñõåìà ñèñòåìû óïðàâëåíèÿ ïðè ïðÿìîì ðåãóëèðîâàíèè
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óïðàâëåíèè èì ïî ïðîãðàììå (1). Ïðè ýòîì ïëî-
ùàäü êðèòè÷åñêîãî ñå÷åíèÿ ñîïëà èçìåíÿåòñÿ òàê,
÷òîáû íà óñòàíîâèâøèõñÿ ðåæèìàõ îáåñïå÷èòü
ìèíèìàëüíîå çíà÷åíèå ñóììàðíîãî óäåëüíîãî

ðàñõîäà òîïëèâà RС Σ  (ñì. ðèñ. 4).

Ââåäåì â ìîäåëü èññëåäóåìîãî äâèãàòåëÿ
óìåíüøåíèå ÊÏÄ òóðáèíû âûñîêîãî äàâëåíèÿ íà
2%, êîòîðîå, íàïðèìåð, ìîæåò ïðîèçîéòè ïðè
âûðàáîòêå ðåñóðñà äâèãàòåëÿ.

Íà ðèñ. 5 ïîêàçàíî ïîëó÷åííîå â ýòîì ñëó÷àå
èçìåíåíèå ïàðàìåòðîâ äâèãàòåëÿ äëÿ îáîèõ ðàñ-
ñìàòðèâàåìûõ ñïîñîáîâ óïðàâëåíèÿ ðàñõîäîì òîï-
ëèâà â ÄÊÑ.

Êàê âèäíî èç ãðàôèêîâ, çàìêíóòîå óïðàâëåíèå
ïî ðàñ÷åòíîìó çíà÷åíèþ òÿãè ïîçâîëÿåò ïîääåðæè-
âàòü åå çíà÷åíèå íà çàäàííîì óðîâíå. Ïðè ýòîì
âûïîëíÿþòñÿ âñå îãðàíè÷åíèÿ ïî ïàðàìåòðàì ãà-
çîãåíåðàòîðà ñ ïîìîùüþ ðåãóëÿòîðîâ, âîçäåéñòâó-
þùèõ íà ðàñõîä òîïëèâà â îñíîâíîé êàìåðå ñãî-
ðàíèÿ. Òàêîå ðåãóëèðîâàíèå, â ÷àñòíîñòè, ïîçâî-
ëÿåò íà ðåæèìå «ïîëíûé ôîðñèðîâàííûé» óâåëè-
÷èòü ñóììàðíóþ òÿãó äâèãàòåëÿ (â äàííîì ïðèìå-
ðå – íà 3%). Ïðè ýòîì óïðàâëåíèå ïëîùàäüþ êðè-
òè÷åñêîãî ñå÷åíèÿ ñîïëà ïîçâîëèò îáåñïå÷èòü
ìèíèìàëüíûé óäåëüíûé ñóììàðíûé ðàñõîä òîïëè-

Ðèñ. 4.  Èçìåíåíèå óäåëüíîãî ñóììàðíîãî ðàñõîäà òîïëèâà â çàâèñèìîñòè îò èçìåíåíèÿ ïëîùàäè êðèòè÷åñêîãî
ñå÷åíèÿ ñîïëà

âà ïðè ñîõðàíåíèè çàïàñîâ ãàçîäèíàìè÷åñêîé óñ-
òîé÷èâîñòè âåíòèëÿòîðà.

Âûâîäû

Èññëåäîâàíû ìåòîäû óïðàâëåíèÿ ÃÒÄ ñ ÄÊÑ,
îñíîâàííûå íà èñïîëüçîâàíèè âñòðîåííîé â ÑÀÓ
áîðòîâîé ìàòåìàòè÷åñêîé ìîäåëè äâèãàòåëÿ, ïî-
çâîëÿþùèå îñóùåñòâèòü ðåãóëèðîâàíèå ïî èíôîð-
ìàòèâíûì ïàðàìåòðàì, íåäîñòóïíûì äëÿ èçìåðå-
íèÿ.

Ïîêàçàíî, ÷òî óïðàâëåíèå íåïîñðåäñòâåííî ïî
òÿãå äâèãàòåëÿ âîçäåéñòâèåì íà ðàñõîä òîïëèâà â
äîïîëíèòåëüíóþ êàìåðó ñãîðàíèÿ ïîçâîëÿåò îáåñ-
ïå÷èòü èíâàðèàíòíîñòü òÿãè ê óõóäøåíèþ õàðàê-
òåðèñòèê óçëîâ äâèãàòåëÿ â ïðîöåññå ýêñïëóàòàöèè.

Âîçäåéñòâèåì íà ïëîùàäü êðèòè÷åñêîãî ñå÷å-
íèÿ ñîïëà ìîæíî ìèíèìèçèðîâàòü óäåëüíûé ðàñ-
õîä òîïëèâà è îãðàíè÷èòü çàïàñû ãàçîäèíàìè÷åñ-
êîé óñòîé÷èâîñòè âåíòèëÿòîðà íà ôîðñèðîâàííûõ
ðåæèìàõ.
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Abstract

Modern gas turbine engines control is performed
by the parameters accessible for measuring, which for
the most part characterize indirectly the engine critical
parameters such as thrust value R, specific fuel
consumption CR, as well as parameters, affecting
directly operational safety and reliability, such as gas

temperature *
GT  in the combustion chamber (CC),

stall margin ( )mSΔ  etc.

Employing the all-modes self-identified thermo-
gas-dynamic model of the above said engine in modern
digital automatic control systems (ACS) offer scopes
for new opportunities of substantial control quality
enhancing. This model allows computing with high
precision the engine critical parameters in real-time
scale, and realize the engine control directly by these
parameters.

The article presents the results of studying such
methods for controlling the fuel consumption GFE into
extra combustion chamber, and nozzle throat area FT
of the multi-mode engine.

THE ONBOARD MATHEMATICAL MODEL APPLICATION TO CONTROL
 GAS TURBINE ENGINE WITH EXTRA COMBUSTION CHAMBER

Gol�����berg F.D.*, Gurevich O.S.**, Zuev S.A.***, Petukhov A.A.****

Central Institute of Aviation Motors named after P.I. Baranov,
CIAM, 2, Aviamotornaya str., Moscow 111116, Russia

* e-mail: fdgolberg@ciam.ru
** e-mail: gurevich_os@ciam.ru

*** e-mail: sazuev@ciam.ru
**** e-mail: aapetukhov@ciam.ru

The scheme of structural and algorithmic
construction of such system is introduced.

Implementation of the three control programs,

such as thrust changing RΣ  depending on throttle

position, and minimum αmin
ECC  and maximum αmax

ECC

values limiting of the air-to-fuel ratio αECC  in the

extra combustion chamber is being accomplished by
affecting the fuel consumption (GFE).

Ensuring the minimum possible value of the specific

total fuel consumption ( ) /R FM FAÑ G G RΣ Σ= + , as well

as restriction of fan stall margin, are implemented by
affecting nozzle throat area by the extremal controller.

The effectiveness evaluation of the control methods
under consideration was brought about by the
integrated mathematical models “Engine - ACS -
Onboard Mathematical Model” employed in CIAM.

It was shown, that direct engine thrust control by
the impact on fuel consumption into the extra
combustion chamber allowed ensuring the thrust value
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invariance to the engine components degradation while
in operation.

The impact on the nozzle throat area herewith
minimizes specific fuel consumption and limits the fan
stall margin.

Keywords: automatic control system, gas turbine
engine, “virtual engine”, nozzle throat area, fuel
consumption, extra combustion chamber.
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