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Ââåäåíèå

Ðåãóëÿòîð ðàñõîäà ãîðþ÷åãî óñòàíàâëèâàåòñÿ â
ìàãèñòðàëè ïèòàíèÿ ãàçîãåíåðàòîðà è âûïîëíÿåò
äâå ôóíêöèè [7, 16, 18]: óïðàâëåíèå ðåæèìàìè
ðàáîòû äâèãàòåëÿ ïî òÿãå è ïîääåðæàíèå åå íà ðå-
æèìå ñ çàäàííûìè áûñòðîäåéñòâèåì è òî÷íîñòüþ
ïðè èçìåíåíèè âíåøíèõ è âíóòðåííèõ âîçìóùà-
þùèõ âîçäåéñòâèé. Â ñîâðåìåííûõ ìîùíûõ ÆÐÄ,
óïðàâëÿåìûõ â øèðîêèõ äèàïàçîíàõ äðîññåëèðî-
âàíèÿ è ôîðñèðîâàíèÿ ïî òÿãå, ê òàêèì ðåãóëÿòî-
ðàì ïðåäúÿâëÿþòñÿ òðåáîâàíèÿ ïî ñòàòè÷åñêèì è
äèíàìè÷åñêèì õàðàêòåðèñòèêàì, êîòîðûå îáåñïå-
÷èâàþò óñòîé÷èâóþ ðàáîòó ñàìîãî ðåãóëÿòîðà è
äâèãàòåëÿ â öåëîì [1—6].

 Êàê èñïîëíèòåëüíûé îðãàí ñèñòåìû óïðàâëå-
íèÿ òÿãîé äâèãàòåëÿ îíè èñïîëüçóþòñÿ â ñîâðå-
ìåííûõ ìíîãîðåæèìíûõ äâèãàòåëÿõ, íàïðèìåð
ÐÄ-253, ÐÄ-120, ÐÄ-170, ÐÄ-180, SSME, RL-10
[4—9, 20—23].

Ðåãóëÿòîðû ðàñõîäà, ïðèìåíÿåìûå â ÆÐÄ,
ðàçäåëÿþòñÿ íà äâå ãðóïïû: ðåãóëÿòîðû ïðÿìîãî
è íåïðÿìîãî äåéñòâèé. Â ñîâðåìåííûõ ÆÐÄ øè-
ðîêîå ïðèìåíåíèå íàøëè ðåãóëÿòîðû ðàñõîäà
ïðÿìîãî äåéñòâèÿ [4—11].
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Ïðåäñòàâëåíà ñèñòåìà óðàâíåíèé äèíàìè÷åñêîé è ñòàòè÷åñêîé ìàòåìàòè÷åñêèõ ìîäåëåé ðåãóëÿòîðà ðàñõîäà
êîìïîíåíòà òîïëèâà â ãàçîãåíåðàòîð æèäêîñòíîãî ðàêåòíîãî äâèãàòåëÿ (ÆÐÄ), îïèñûâàþùàÿ ïðîöåññû ñ ñîñðå-
äîòî÷åííûìè ïàðàìåòðàìè. Ïîëó÷åíû òèïè÷íûå íàñòðîå÷íàÿ è íàãðóçî÷íàÿ õàðàêòåðèñòèêè ðåãóëÿòîðà, àìïëè-
òóäíî- è ôàçî÷àñòîòíûå õàðàêòåðèñòèêè äëÿ ñëó÷àåâ âîçìóùåíèé ïî óãëó ïðèâîäà äðîññåëüíîé ÷àñòè ðåãóëÿòîðà
è ïåðåïàäó äàâëåíèÿ ïðè ðåàêöèè ïî ðàñõîäó. Ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû ïðè ïðîåêòèðîâàíèè ðåãóëÿ-
òîðîâ ðàñõîäà è äèàãíîñòèêå åãî ñîñòîÿíèÿ ïðè èñïûòàíèÿõ.

Êëþ÷åâûå ñëîâà: æèäêîñòíûé ðàêåòíûé äâèãàòåëü, ìàòåìàòè÷åñêàÿ ìîäåëü ðåãóëÿòîðà ðàñõîäà, íàñòðîå÷íàÿ
è íàãðóçî÷íàÿ õàðàêòåðèñòèêè ðåãóëÿòîðà, àìïëèòóäíî-÷àñòîòíàÿ è ôàçî÷àñòîòíàÿ õàðàêòåðèñòèêè ðåãóëÿòîðà.

Â äàííîé ñòàòüå ðàññìàòðèâàåòñÿ ñèñòåìà óðàâ-
íåíèé äèíàìèêè ïðîöåññîâ ðåãóëèðîâàíèÿ ðàñõî-
äà ãîðþ÷åãî â îäíîìåðíîé ïîñòàíîâêå çàäà÷è â
íèçêî÷àñòîòíîé îáëàñòè. Èç âñåãî ìíîãîîáðàçèÿ
êîíñòðóêöèé äëÿ èññëåäîâàíèÿ âûáðàíà êîíñòðóê-
öèÿ ðåãóëÿòîðà, ðàñ÷åòíàÿ ñõåìà êîòîðîãî ïðåä-
ñòàâëåíà â ðàáîòàõ [4, 6, 13, 14].

Â ñòàòüå ïðèâåäåíû îñíîâíûå óðàâíåíèÿ, â
îòëè÷èå îò èçâåñòíûõ îòå÷åñòâåííûõ è çàðóáåæ-
íûõ àíàëîãîâ íàèáîëåå ïîëíî îïèñûâàþùèå äè-
íàìèêó ïðîöåññîâ ðåãóëèðîâàíèÿ ðàñõîäà. Ñ ïî-
ìîùüþ òàêîé ìàòåìàòè÷åñêîé ìîäåëè ïîëó÷åíû
òèïè÷íûå õàðàêòåðèñòèêè ñòàöèîíàðíûõ è äèíà-
ìè÷åñêèõ ïðîöåññîâ ðåãóëÿòîðà íà ðàçëè÷íûõ ðå-
æèìàõ ðàáîòû äâèãàòåëÿ.

Ðàçðàáîòàííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü ðåãóëÿ-
òîðà òÿãè ÆÐÄ ñóùåñòâåííî ïîâûøàåò ýôôåêòèâ-
íîñòü àâòîìàòèçèðîâàííûõ ñèñòåì ðåãóëèðîâàíèÿ
è äèàãíîñòèêè äâèãàòåëÿ.

Ìàòåìàòè÷åñêàÿ ìîäåëü ðåãóëÿòîðà ðàñõîäà.
Ðàñ÷åòíàÿ ñõåìà ðåãóëÿòîðà

Â îáùåì âèäå ðàñ÷åòíàÿ ñõåìà ðåãóëÿòîðà ïðÿ-
ìîãî äåéñòâèÿ ïðåäñòàâëåíà íà ðèñ. 1 [4, 6, 13, 14].
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Ïîëîæåíèå ïîäâèæíîãî ýëåìåíòà – óïðàâëÿþ-
ùåãî äðîññåëÿ (äàëåå ïðîñòî äðîññåëÿ) èçìåíÿåò-
ñÿ ñ ïîìîùüþ âàëèêà ïðèâîäîì 1. Çîëîòíèê 6 â èñ-
õîäíîì ïîëîæåíèè íàõîäèòñÿ íà óïîðå ïîä äåé-
ñòâèåì ñèëû ïðåäâàðèòåëüíîãî íàòÿæåíèÿ ïðóæè-
íû 4, à ðåãóëèðóþùèå îòâåðñòèÿ 3 îòêðûòû.

Ñèñòåìà óðàâíåíèé äèíàìèêè ðåãóëÿòîðà
ñ ñîñðåäîòî÷åííûìè ïàðàìåòðàìè

Ìàòåìàòè÷åñêàÿ ìîäåëü ðåãóëÿòîðà ðàñõîäà â
ñîîòâåòñòâèè ñ ðàñ÷åòíîé ñõåìîé (ðèñ. 1) ïðåä-
ñòàâëåíà â âèäå ñèñòåìû óðàâíåíèé ðàáî÷èõ ïðî-
öåññîâ âî âðåìåííîé îáëàñòè. Ýòà ñèñòåìà óðàâ-
íåíèé ïîñëå ñîîòâåòñòâóþùèõ ïðåîáðàçîâàíèé
ìîæåò áûòü èñïîëüçîâàíà äëÿ àíàëèçà ñòàöèîíàð-
íûõ ïðîöåññîâ è ïðîöåññîâ â ÷àñòîòíîé îáëàñòè.

1. Áàëàíñ ðàñõîäîâ íà âõîäå â ðåãóëÿòîð:

pp äð ä.äð 0,G G G- - =                (1)

ãäå ppG  — ðàñõîä íà âõîäå â ðåãóëÿòîð; äðG  – ðàñ-
õîä ÷åðåç äðîññåëü ðåãóëÿòîðà; ä.äðG  – ðàñõîä â
äåìïôèðóþùåå îòâåðñòèå äðîññåëÿ.

2. Áàëàíñ ðàñõîäîâ íà âûõîäå èç ðåãóëÿòîðà:

âûõ.ðð äð ä.ç 0,G G G- - =             (2)

ãäå âûõ.ððG  – ðàñõîä íà âûõîäå èç ðåãóëÿòîðà (âõî-

äå â ãàçîãåíåðàòîð); ä.çG  – ðàñõîä ÷åðåç äåìïôè-

ðóþùèå îòâåðñòèÿ çîëîòíèêà.
3. Ðàñõîä ðàáî÷åãî òåëà â ïîëîñòü äåìïôèðî-

âàíèÿ äðîññåëÿ:

ç
ä.äð ä.äð ,

dx
G S

dt
ρ=                     (3)

ãäå ρ  – ïëîòíîñòü ðàáî÷åãî òåëà; ä.äðS  – ýêâèâà-

ëåíòíàÿ ïëîùàäü äåìïôèðóþùèõ îòâåðñòèé â

äðîññåëå; çx  – ïåðåìåùåíèå çîëîòíèêà.

4. Ðàñõîä ðàáî÷åãî òåëà èç ïîëîñòè äåìïôåðà
çîëîòíèêà:

ç
ä.ç ä.ç ,

dx
G S

dt
ρ=                      (4)

Ðèñ. 1. Ðàñ÷åòíàÿ ñõåìà ðåãóëÿòîðà ðàñõîäà ïðÿìîãî äåéñòâèÿ: 1 – ïðèâîä äðîññåëÿ; 2 – êîðïóñ; 3 – ðåãóëèðóþ-
ùåå îòâåðñòèå; 4 –ïðóæèíà; 5 – äåìïôèðóþùåå îòâåðñòèå çîëîòíèêà; 6 – çîëîòíèê; 7 – öåíòðàëüíîå äåìïôèðó-
þùåå îòâåðñòèå; 8 – óïðàâëÿþùèé äðîññåëü ðåãóëÿòîðà; 9 – äðîññåëèðóþùåå îòâåðñòèå
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ãäå д.зS  – ýêâèâàëåíòíàÿ ïëîùàäü äåìïôèðóþùèõ

îòâåðñòèé â çîëîòíèêå.
5. Äàâëåíèå â ïîëîñòè ðåãóëÿòîðà (íà âûõîäå

èç äåìïôèðóþùèõ îòâåðñòèé â çîëîòíèêå):

äð2
ï.ðð âõ.ðð äð äð äð ,

dG
p p G j

dt
ξ= - -           (5)

ãäå âõ.ððp  – äàâëåíèå íà âõîäå â ðåãóëÿòîð; äð äð, jξ

– ýêâèâàëåíòíûå êîýôôèöèåíòû ãèäðîñîïðîòèâ-
ëåíèÿ è èíåðöèîííîñòè äðîññåëèðóþùèõ îòâåð-
ñòèé,

äð
äð äð2

äðäð äð

1
; ;

2 ( )

l
j

SS
ξ

ρ μ
= =

äð äð äð( )S S h= – ýêâèâàëåíòíàÿ ïëîùàäü ïðî-
òî÷íîé ÷àñòè äðîññåëèðóþùèõ îòâåðñòèé;

 äð äð ðð( )h k α=  – ïåðåêðûòèå ïðîòî÷íîé ÷àñòè
äðîññåëèðóþùèõ îòâåðñòèé;

äðk  – êîýôôèöèåíò ïðîïîðöèîíàëüíîñòè ïå-
ðåêðûòèÿ äðh  ïî óãëó ïîâîðîòà ïðèâîäà äðîññå-
ëÿ;

ððα  – óãîë ïîâîðîòà ïðèâîäà äðîññåëÿ ðåãó-
ëÿòîðà;

äðl  – äëèíà äðîññåëèðóþùèõ îòâåðñòèé;

äðμ  – êîýôôèöèåíò ðàñõîäà äðîññåëèðóþùèõ
îòâåðñòèé.

Ôîðìà äðîññåëèðóþùèõ îòâåðñòèé ïðîôèëè-
ðóåòñÿ äëÿ ïîëó÷åíèÿ îïòèìàëüíîé íàñòðîå÷íîé
õàðàêòåðèñòèêè ðåãóëÿòîðà.

6. Äàâëåíèå íà âûõîäå èç ðåãóëÿòîðà:

âûõ.ðð2
âûõ.ðð ï.ðð 3 âûõ.ðð 3 ,

dG
p p G j

dt
ξ= - -      (6)

ãäå âûõ.ððp  – äàâëåíèå íà âûõîäå èç ðåãóëÿòîðà;

3 3, jξ  — ýêâèâàëåíòíûå êîýôôèöèåíòû ãèäðîñî-
ïðîòèâëåíèÿ è èíåðöèîííîñòè ðåãóëèðóþùèõ îò-
âåðñòèé,

ð.3
3 32

ð.3ð.3 ð.3

1
; ,

2 ( )

l
j

SS
ξ

ρ μ
= =

ð.3 ð.3 3( )S S õ=  – ýêâèâàëåíòíàÿ ïëîùàäü ïðî-
òî÷íîé ÷àñòè ðåãóëèðóþùèõ îòâåðñòèé; ð.3l  –
äëèíà ðåãóëèðóþùèõ îòâåðñòèé; ð.3μ  – êîýôôè-
öèåíò ðàñõîäà ðåãóëèðóþùèõ îòâåðñòèé.

Ôîðìà ðåãóëèðóþùèõ îòâåðñòèé ïðîôèëèðó-
åòñÿ äëÿ ïîëó÷åíèÿ îïòèìàëüíîé íàãðóçî÷íîé
õàðàêòåðèñòèêè ðåãóëÿòîðà.

7.  Äàâëåíèå â äåìïôèðóþùåé ïîëîñòè äðîñ-
ñåëÿ:

ä.äð2
ä.äð âõ.ðð ä.äð ä.äð ä.äð .

dG
p p G j

dt
ξ= - -      (7)

8.  Äàâëåíèå â äåìïôèðóþùåé ïîëîñòè çîëîò-
íèêà:

ä.ç2
ä.ç ï.ðð ä.ç ä.ç ä.ç .

dG
p p G j

dt
ξ= - -        (8)

9. Óðàâíåíèå äâèæåíèÿ çîëîòíèêà:

2
ç ç

ïð ïð ç 0 ä.äð ç.âõ2

ä.ç ç.ïð ïð ç.âõ ç.ïð ãä

( )

( ) ,

d x dx
m k x x p S

dtdt

p S P S S F

ς+ + + = -

- - - +
   

(9)

ãäå ïðm  — ïðèâåäåííàÿ ìàññà ïîäâèæíûõ ÷àñòåé;
ς — êîýôôèöèåíò òðåíèÿ ïîäâèæíûõ ÷àñòåé;

ïðk  — æåñòêîñòü ïðóæèíû; з.вхS  — ïëîùàäü òîð-

öà çîëîòíèêà ñî ñòîðîíû âõîäà â ðåãóëÿòîð; з.прS
— ïëîùàäü òîðöà çîëîòíèêà ñî ñòîðîíû ïðóæè-

íû; 0x  — íà÷àëüíîå ïîäæàòèå ïðóæèíû; ãäF  —

ãèäðîäèíàìè÷åñêàÿ ñèëà, äåéñòâóþùàÿ ñî ñòîðî-

íû æèäêîñòè íà îñòðóþ êðîìêó çîëîòíèêà, ïðè-
áëèæåííî îïðåäåëÿåìàÿ ïî ôîðìóëå:

ãä êð.ç ï.ðð âûõ.ðð( ),F S p p= -

êð.çS — ïëîùàäü îñòðîé êðîìêè çîëîòíèêà â ðåãó-

ëèðóþùèõ îòâåðñòèÿõ.
10. Ïëîùàäü ïðîòî÷íîé ÷àñòè åäèíîãî ðåãóëè-

ðóþùåãî îòâåðñòèÿ â ôîðìå ðàâíîáåäðåííîãî
òðåóãîëüíèêà (ðèñ. 2):

0 2
ç ç( ) tg ,S h x β= -                   (10)

ãäå β  — ïîëîâèíà óãëà âåðøèíû òðåóãîëüíèêà;
0
çx — ïåðåêðûòèå ïðîòî÷íîé ÷àñòè ðåãóëèðóþùå-

ãî îòâåðñòèÿ çîëîòíèêà ïðè ïåðåìåùåíèè îò ïî-
ëîæåíèÿ åãî ïîëíîãî îòêðûòèÿ.

Äëÿ èññëåäîâàíèÿ îñíîâíûõ äèàìè÷åñêèõ è
ñòàòè÷åñêèõ õàðàêòåðèñòèê ðåãóëÿòîðà ïîëåçíî
«ñâåðíóü» ñèñòåìó óðàâíåíèé (1)—(10) ñëåäóþùèì
îáðàçîì.

Îáúåäèíÿÿ óðàâíåíèÿ (1)—(4), ïîëó÷èì

ç
pp âûõ.ðð ä.äð ä.ç .

dõ
G G S S

dt
ρ
Ê ˆ

- = -Á ˜Ë ¯          (11)
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Òîãäà (9) ïðåîáðàçóåòñÿ â ñëåäóþùåå óðàâíå-
íèå:
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 (12)

Íàêîíåö, îáúåäèíÿÿ óðàâíåíèÿ (5) è (6), ïî-
ëó÷èì

ðð

2 2
ppç ç

äð pp ä.äð äð ä.äð 2

p

dGdx d x
G S j S

dt dt dt

Δ

ξ ρ ρ

=

Ê ˆÊ ˆ
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Ñèñòåìà óðàâíåíèé (11)—(13) ñâÿçûâàåò ÷åòû-

ðå íåèçâåñòíûõ ïàðàìåòðà pp âûõ.ðð ç ðð, , ,G G x pΔ . Â

êà÷åñòâå âîçìóùåíèé ìîæíî èñïîëüçîâàòü èçìå-
íåíèå óãëîâîãî ïîëîæåíèÿ ïðèâîäà äðîññåëÿ.

Ñèñòåìà ñòàòè÷åñêèõ óðàâíåíèé ðåãóëÿòîðà

Ïîëàãàÿ âñå ïðîèçâîäíûå ïàðàìåòðîâ ïî âðå-
ìåíè ðàâíûìè íóëþ, ïîëó÷èì ñëåäóþùóþ ñèñòåìó
óðàâíåíèé ñòàöèîíàðíûõ ïðîöåññîâ ðåãóëÿòîðà:

( ) 2
ðð ç ç äð ðð pp( ) ( ) ;p õ GΔ ξ ξ α= +            (14)

( )2
ïð ç 0 pp ç ç pp ç( ) ( ) .k x x p õ G SΔ ξ+ = +        (15)

Îòñþäà, åñëè èçâåñòåí (èçìåðåí) óãîë ïðèâî-

äà äðîññåëÿ ðåãóëÿòîðà ððα , ïåðåìåùåíèå çîëîò-

íèêà çõ  ìîæíî íàéòè, ðåøèâ óðàâíåíèå

ç ç ç
ç pp 0

ïð ç ç äð ðð

( )
1 ,

( ) ( )

S õ
x p x

k õ

ξ
Δ

ξ ξ α

Ê ˆ
= + -Á ˜+Ë ¯

   (16)

à, çàòåì, åñëè èçìåðåí ïåðåïàä äàâëåíèÿ ððpΔ , îï-

ðåäåëèòü è ðàñõîä ððG :

ðð
ðð

ç ç äð ðð

.
( ) ( )

p
G

õ

Δ

ξ ξ α
=

+            (17)

Ñòàòè÷åñêèå õàðàêòåðèñòèêè ðåãóëÿòîðà

Ñòàòè÷åñêèå õàðàêòåðèñòèêè ðåãóëÿòîðà ìîäå-
ëèðóþò ñ ïîìîùüþ ñèñòåìû óðàâíåíèé (14), (15)
â çàäàííûõ äèàïàçîíàõ ïåðåïàäîâ äàâëåíèé è ðàñ-
õîäîâ.

Òèïè÷íûé âèä ìîäåëèðóåìûõ íàñòðîå÷íîé è
íàãðóçî÷íîé õàðàêòåðèñòèê ðåãóëÿòîðà ïðåäñòàâ-
ëåí íà ðèñ. 3 è 4.

Èíòåðåñíî îòìåòèòü, ÷òî íàãðóçî÷íàÿ õàðàê-
òåðèñòèêà (ðèñ. 4) íå ñîäåðæèò àñòàòèçìà â ñîîò-
âåòñòâóþùèõ äèàïàçîíàõ ïåðåïàäîâ äàâëåíèé.

Äèíàìè÷åñêèå õàðàêòåðèñòèêè
ðåãóëÿòîðà ðàñõîäà

Äëÿ îöåíêè óñòîé÷èâîñòè ðàáîòû ðåãóëÿòîðà
íåîáõîäèìî, èñïîëüçóÿ ðàçðàáîòàííóþ ìàòåìàòè-
÷åñêóþ ìîäåëü, èññëåäîâàòü å¸ àìïëèòóäíî-÷àñ-
òîòíûå õàðàêòåðèñòèêè (À×Õ) â çàäàííîì äèàïà-
çîíå ÷àñòîò, à òàêæå ðàñïîëîæåíèå ïîëþñîâ ïåðå-
äàòî÷íûõ ôóíêöèé ïðè âîçìóùåíèè ïî ïåðåïàäó
äàâëåíèÿ è ïî óãëó ïðèâîäà äðîññåëÿ è ðåàêöèè
ðàñõîäà íà âûõîäå èç ðåãóëÿòîðà [12, 15, 17—20].

Àìïëèòóäíî-ôàçî÷àñòîòíûå õàðàêòåðèñòèêè

Ïåðåäàòî÷íàÿ ôóíêöèÿ ðåãóëÿòîðà ïðè ìàòå-
ìàòè÷åñêîì ìîäåëèðîâàíèè îáû÷íî îïðåäåëÿåò-
ñÿ â âèäå

Ðèñ. 2. Ñõåìà ïåðåêðûòèÿ ðåãóëèðóþùåãî îòâåðñòèÿ
òðåóãîëüíîé ôîðìû
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2
2 1

2 2
3 2 1

1
( ) ; ; 1.

1

b q b q
W q k q i i

a q a q a q
ω

+ +
= = = -

+ + +
 (18)

Òðàäèöèîííî äëÿ àíàëèçà â ÷àñòîòíîé îáëàñ-
òè ðàññìàòðèâàåòñÿ ïåðåäàòî÷íàÿ ôóíêöèÿ ïðè
âîçìóùåíèè ïî ïåðåïàäó äàâëåíèÿ è ðåàêöèè ïî
ðàñõîäó íà âûõîäå èç ðåãóëÿòîðà (ðèñ. 5 è 6):

âûõ

pp

( )
( ) .

( )

G q
W q

p q

δ
δΔ

=                     (19)

Äëÿ îïðåäåëåíèÿ ïåðåäàòî÷íîé ôóíêöèè ðå-
øàåòñÿ ëèíåàðèçîâàííàÿ ñèñòåìà óðàâíåíèé (11)—
(13) â ÷àñòîòíîé îáëàñòè. Âîçìóùåíèå çàäàåòñÿ â

âèäå ãàðìîíè÷åñêîãî âîçäåéñòâèÿ pp sin .p A tδΔ ω=

Ðèñ. 3. Íàñòðîå÷íàÿ õàðàêòåðèñòèêà ðåãóëÿòîðà

Ðèñ. 4. Íàãðóçî÷íàÿ õàðàêòåðèñòèêà ðåãóëÿòîðà



101Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.28. ¹1

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

Äëÿ ïåðåäàòî÷íîé ôóíêöèè ïðè âîçìóùåíèè
ïî óãëó ïðèâîäà äðîññåëÿ è ðåàêöèè ïî ðàñõîäó íà
âûõîäå

âûõ

pp

( )
( ) .

( )

G q
W q

q

δ
δα

=

Àìïëèòóäíî-÷àñòîòíàÿ õàðàêòåðèñòèêà è
ôàçî÷àñòîòíàÿ õàðàêòåðèñòèêà  ïðåäñòàâëåíû íà
ðèñ. 7 è 8.

Íà ðèñ. 5—10  ñòðåëêà óêàçûâàåò íàïðàâëåíèå

âîçðàñòàíèÿ ñîîòâåòñòâóþùåãî ïàðàìåòðà: ððα

èëè ððpΔ .

Ðèñ. 5. À×Õ ðåãóëÿòîðà ïðè âîçìóùåíèè ïî ïåðåïàäó äàâëåíèÿ è ðåàêöèè ïî ðàñõîäó íà âûõîäå

Ðèñ. 6. Ôàçî÷àñòîòíàÿ õàðàêòåðèñòèêà (Ô×Õ) ðåãóëÿòîðà ïðè âîçìóùåíèè ïî ïåðåïàäó äàâëåíèÿ è ðåàêöèè ïî
ðàñõîäó íà âûõîäå
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Ïîëþñà ïåðåäàòî÷íîé ôóíêöèè

Äëÿ îöåíêè óñòîé÷èâîñòè ðàáîòû ðåãóëÿòîðà
ñëåäóåò òàêæå îïðåäåëèòü ïîëþñà ïåðåäàòî÷íîé
ôóíêöèè (ðèñ. 9 è 10).

Âûâîäû

Ðàçðàáîòàíà ìàòåìàòè÷åñêàÿ ìîäåëü ðåãóëÿòî-
ðà ðàñõîäà êîìïîíåíòà òîïëèâà ïðÿìîãî äåéñòâèÿ,
îïèñûâàþùàÿ ðàáî÷èå ïðîöåññû ïðè íîðìàëüíîì

Ðèñ. 7. À×Õ ðåãóëÿòîðà ïðè âîçìóùåíèè ïî óãëó ïðèâîäà äðîññåëÿ è ðåàêöèè ïî ðàñõîäó íà âûõîäå

Ðèñ. 8. Ô×Õ ðåãóëÿòîðà ïðè âîçìóùåíèè ïî óãëó ïðèâîäà äðîññåëÿ è ðåàêöèè ïî ðàñõîäó íà âûõîäå
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ôóíêöèîíèðîâàíèè ðåãóëÿòîðà êîìïîíåíòîâ òîï-
ëèâà.

Â ðåçóëüòàòå ìîäåëèðîâàíèÿ ïîëó÷åíû çàâèñè-
ìîñòè èçìåíåíèÿ ðàñõîäà ÷åðåç ðåãóëÿòîð îò óã-
ëîâîãî ïîëîæåíèÿ ïðèâîäà è îò ïåðåïàäà äàâëå-
íèÿ íà ðåãóëÿòîðå.

Óñòàíîâëåíî, ÷òî ïðè ïîâûøåíèè ïåðåïàäà
äàâëåíèÿ è óâåëè÷åíèè ðàñõîäà ïîëþñà ïåðåäàòî÷-

íîé ôóíêöèè ñìåùàþòñÿ âëåâî ïî âåùåñòâåííîé
îñè, ò. å. óñòîé÷èâîñòü ðàáîòû ïîâûøàåòñÿ.

Ðåçóëüòàòû ìîäåëèðîâàíèÿ ìîãóò èñïîëüçî-
âàòüñÿ ïðè äèàãíîñòèêå òåõíè÷åñêîãî ñîñòîÿíèÿ
ñèñòåìû àâòîìàòè÷åñêîãî óïðàâëåíèÿ (ÑÀÓ) ÆÐÄ.

Ðèñ. 9. Ïîëþñà ïåðåäàòî÷íîé ôóíêöèè ïðè âîçìóùåíèè ïî ïåðåïàäó äàâëåíèÿ è ðåàêöèè ïî ðàñõîäó íà âûõîäå

Ðèñ. 10. Ïîëþñà ïåðåäàòî÷íîé ôóíêöèè ïðè âîçìóùåíèè ïî óãëó ïðèâîäà äðîññåëÿ è ðåàêöèè ïî ðàñõîäó íà âûõîäå
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Abstract

The article presents mathematical model of the
liquid propellant rocket engine (LPRE) flow regulator
and the study of its static characteristics, such as fuel
component consumption dependence on the pressure
difference, and dynamic characteristics, such as
regulator amplitude-frequency response. The study was
performed by the developed mathematical model,
which unlike the well-known domestic and foreign
counterparts ensures the most complete description of
the fuel consumption regulation processes. It
demonstrates that dynamic characteristics in technical
systems are being determined by the areas of its
movable part (slide-valve) and differential orifices.

The liquid flow regulator is one of the main units
of any LPRE. These regulators are designate for
maintaining the fuel components consumption
keeping with the specified accuracy, or its varying
according to the certain law under conditions of
internal and external disturbing factors varying.

They are being employed in the modern multimode
engines such as RD-253, RD-120, RD-170, RD-180,
SSME, RL-10 as actuating elements.

The flow regulators employed in the LPRE are
being separated into the two groups: direct- and
indirect-acting regulators. The direct-acting regulators
found wide application in modern LPRE. The direct-
acting regulators are being applied as a rule at a flow

rate *
gm ≤ 0.2 kg/s, though they can be employed at

greater flow rates, if high performance ensuring is
necessary.

A feature of all flow regulators is their ability to
control the flow rate and maintain the flow rate only
at relatively slow changes of control and disturbing
impacts in time.

The article presents a system of equations,
describing working processes at the fuel components
regulator normal functioning. Mathematical model of
the improved direct-acting thrust regulator design for
the LPRE with oxidizing gaz afterburning, allowing
substantially increase effectiveness of automated for

engine control and diagnostics systems. As the result
of modelling, the dependencies of flow rate through
the regulator on the angular position of the actuator
and pressure difference at the regulator were obtained.

Recommendations on flow rate regulations
modernization for the engines of the RD-170 family
were given based on the obtained results. The results
can be used while flow regulators designing and their
state diagnostics while testing.

Keywords: liquid rocket engine, mathematical
model of the regulator, static and dynamic
characteristics, regulator tuning and load
characteristics, regulator amplitude-frequency and
phase-frequency characteristics.
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