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Óìåíüøåíèå ìàññîãàáàðèòíûõ ïîêàçàòåëåé èñïîëíèòåëüíûõ ìåõàíèçìîâ ïðèâîäíûõ ñèñòåì ÿâëÿåòñÿ àêòóàëüíîé
çàäà÷åé ðàçâèòèÿ ñèñòåì óïðàâëåíèÿ ëåòàòåëüíûì àïïàðàòîì (ËÀ). Îäèí èç ïóòåé äîñòèæåíèÿ ýòîé öåëè — ïî-
èñê îïòèìàëüíîãî ïåðåäàòî÷íîãî ÷èñëà ïëàíåòàðíîé ïåðåäà÷è, èñïîëüçóåìîé â êà÷åñòâå âûõîäíîé ñòóïåíè ìíî-
ãîñòóïåí÷àòîãî ðåäóêòîðà.

Â êà÷åñòâå ïëàíåòàðíûõ ïåðåäà÷ ðàññìàòðèâàþòñÿ íàèáîëåå ÷àñòî ïðèìåíÿåìûå â èñïîëíèòåëüíûõ ìåõàíèç-
ìàõ ËÀ ñõåìû: îäíîðÿäíàÿ è ñî ñïàðåííûìè ñàòåëëèòàìè.

Âûÿâëåíî, ÷òî îäíîðÿäíàÿ ïëàíåòàðíàÿ ïåðåäà÷à èìååò òàêîå îïòèìàëüíîå ïåðåäàòî÷íîå ÷èñëî, à äëÿ ïëàíå-
òàðíûõ ïåðåäà÷ ñî ñïàðåííûìè ñàòåëëèòàìè óñòàíîâëåíà âçàèìîñâÿçü ìåæäó ïåðåäàòî÷íûìè ÷èñëàìè ñàòåëëèòîâ
ïåðâîãî è âòîðîãî ðÿäà ñ êîíòàêòèðóþùèìè êîëåñàìè.

Êëþ÷åâûå ñëîâà: ïëàíåòàðíàÿ ïåðåäà÷à, äâóõðÿäíûå ñàòåëëèòû, îïòèìàëüíîå ïåðåäàòî÷íîå ÷èñëî.

Ââåäåíèå

Îäíîé èç àêòóàëüíûõ ïðîáëåì ðàçðàáîòêè
ýëåêòðîìåõàíè÷åñêèõ ïðèâîäîâ ËÀ ÿâëÿåòñÿ
óìåíüøåíèå ìàññîãàáàðèòíûõ ïàðàìåòðîâ, â ÷àñ-
òíîñòè ñ öåëüþ ðàçìåùåíèÿ ýëåêòðîìåõàíè÷åñêî-
ãî ïðèâîäà â îãðàíè÷åííîì ïðîñòðàíñòâå, íàïðè-
ìåð â òîíêîì ìèäåëå êðûëà.

Îñîáåííîñòüþ ýëåêòðîìåõàíè÷åñêèõ ïðèâîä-
íûõ ñèñòåì ËÀ ÿâëÿåòñÿ èñïîëüçîâàíèå âûñîêî-
ñêîðîñòíûõ ýëåêòðîäâèãàòåëåé è ðåäóêòîðîâ ñ
áîëüøèì ïåðåäàòî÷íûì ÷èñëîì. Áîëüøèå ïåðåäà-
òî÷íûå ÷èñëà ðåàëèçóþòñÿ çà ñ÷åò ïîñòðîåíèÿ
ðåäóêòîðîâ ïî ìíîãîñòóïåí÷àòîé ñõåìå [1].

Íàèáîëåå êîìïàêòíûå ìåõàíè÷åñêèå ïåðåäà÷è
— âîëíîâûå è ïëàíåòàðíûå ïåðåäà÷è, ïîçâîëÿþ-
ùèå ïîëó÷àòü áîëüøîå ïåðåäàòî÷íîå ÷èñëî â îä-
íîé ñòóïåíè [2]. Êðîìå òîãî, ïëàíåòàðíûå ïåðå-
äà÷è èñïîëüçóþòñÿ äëÿ ñóììèðîâàíèÿ ñêîðîñòåé
èñïîëíèòåëüíûõ äâèãàòåëåé â ðåçåðâèðîâàííûõ
ýëåêòðîìåõàíè÷åñêèõ ïðèâîäàõ áëàãîäàðÿ ñî-

âìåùåíèþ ôóíêöèé äèôôåðåíöèàëà è ðåäóêòîðà
[3—5].

Îñîáåííîñòü ïëàíåòàðíûõ ïåðåäà÷ çàêëþ÷àåò-
ñÿ â ìíîãîïîòî÷íîì çàöåïëåíèè, êîòîðîå ïîçâî-
ëÿåò ðàñïðåäåëèòü ïåðåäàâàåìûé ìîìåíò ïî ñàòåë-
ëèòàì è îáóñëîâëèâàåò ìåíüøèå ãàáàðèòû ïî ñðàâ-
íåíèþ ñ öèëèíäðè÷åñêèìè ïåðåäà÷àìè ïðè ðåà-
ëèçàöèè îäèíàêîâûõ ïåðåäàòî÷íîãî ÷èñëà è ìî-
ìåíòà íà âûõîäíîì âàëó.

Èçâåñòíû ìåòîäèêè ïðîåêòèðîâàíèÿ ïëàíåòàð-
íûõ ïåðåäà÷ [6—8], ïîçâîëÿþùèå îïðåäåëèòü êîí-
ñòðóêòèâíî-êèíåìàòè÷åñêèå ïàðàìåòðû ïëàíåòàð-
íûõ çóá÷àòûõ ïåðåäà÷ ðàçëè÷íûõ òèïîâ. Îäíàêî
ðàçðàáîòêà îáùåãî ïîäõîäà è ðåêîìåíäàöèé ïî
ðàçáèâêå îáùåãî ïåðåäàòî÷íîãî ÷èñëà ðåäóêòîðà,
ñîñòîÿùåãî èç íåñêîëüêèõ ñòóïåíåé ìåõàíè÷åñêèõ
ïåðåäà÷ ðàçëè÷íûõ òèïîâ è âûõîäíîé ïëàíåòàðíîé
ïåðåäà÷è, ÿâëÿåòñÿ çàäà÷åé, íå íàøåäøåé îòðàæå-
íèÿ â òåõíè÷åñêîé ëèòåðàòóðå.
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Èçâåñòíî, ÷òî äëÿ óìåíüøåíèÿ ïðèâåä¸ííîãî
ìîìåíòà èíåðöèè è óâåëè÷åíèÿ òî÷íîñòè öåëåñî-
îáðàçíî èñïîëüçîâàòü â âûõîäíîé ñòóïåíè íàè-
áîëüøåå èç âîçìîæíûõ äëÿ êîíêðåòíûõ òèïîâ
ìåõàíè÷åñêèõ ïåðåäà÷ ïåðåäàòî÷íîå ÷èñëî. Îäíà-
êî ÷åì áîëüøå ïåðåäàòî÷íîå ÷èñëî âûõîäíîé ñòó-
ïåíè, òåì áîëüøå ãàáàðèòíûå ðàçìåðû ðåäóêòîðà
[9]. Äëÿ îäíîðÿäíûõ ïëàíåòàðíûõ ïåðåäà÷ çàâèñè-
ìîñòè ìàññîãàáàðèòíûõ è äèíàìè÷åñêèõ ïàðàìåò-
ðîâ ïëàíåòàðíîãî ðåäóêòîðà îò ïåðåäàòî÷íîãî
÷èñëà è êîíñòðóêòèâíûõ ïàðàìåòðîâ îïðåäåëåíû
â ðàáîòàõ [10—13], à äëÿ ïëàíåòàðíûõ ïåðåäà÷ ñ
äâóõðÿäíûìè ñàòåëëèòàìè — â ðàáîòàõ [14, 15].

Âîçìîæíî ðàâíîìåðíîå ðàñïðåäåëåíèå ïåðåäà-
òî÷íîãî ÷èñëà ïî ñòóïåíÿì ðåäóêòîðà, ðàññìîò-
ðåííîå â ðàáîòàõ [16—18]. Òàêàÿ ðàçáèâêà öåëå-
ñîîáðàçíà òîëüêî ñ òî÷êè çðåíèÿ òåõíîëîãè÷íîñ-
òè êîíñòðóêöèè, íî íå ÿâëÿåòñÿ îïòèìàëüíîé ñ
òî÷êè çðåíèÿ ìàññîãàáàðèòíûõ ïîêàçàòåëåé.

Â ðàáîòå [19] äëÿ âûõîäíîé ñòóïåíè ðåäóêòî-
ðà, ñîäåðæàùåãî îäíîðÿäíóþ ïëàíåòàðíóþ ïåðå-
äà÷ó, îïðåäåëåíî ïåðåäàòî÷íîå ÷èñëî, îáåñïå÷è-
âàþùåå ìèíèìàëüíûé ðàäèóñ âîäèëà ïðè çàäàí-
íîì ìîìåíòå íàãðóçêè. Ïðèâåäåííûé ðåçóëüòàò,
êàê ñëåäóåò èç ïðåäñòàâëåííûõ íèæå èññëåäîâà-
íèé, íå ÿâëÿåòñÿ îïòèìàëüíûì.

Öåëü äàííîé ðàáîòû — îïðåäåëåíèå îïòèìàëü-
íîãî çíà÷åíèÿ ïåðåäàòî÷íûõ ÷èñåë ïëàíåòàðíûõ
ïåðåäà÷, ïðè êîòîðûõ íàðóæíûé äèàìåòð ýòèõ
ïåðåäà÷ ìèíèìàëüíûé.

Îïðåäåëåíèå îïòèìàëüíîãî ñ òî÷êè çðåíèÿ
ìàññîãàáàðèòíûõ ïàðàìåòðîâ ïåðåäàòî÷íîãî ÷èñëà
îäíîðÿäíîé ïëàíåòàðíîé ïåðåäà÷è

Íàèáîëåå øèðîêîå ðàñïðîñòðàíåíèå ïîëó÷è-
ëè ïëàíåòàðíûå ïåðåäà÷è, ñîñòîÿùèå èç öåíòðàëü-
íîãî ñîëíå÷íîãî êîëåñà 1, ñàòåëëèòîâ 2, öåíòðàëü-
íîãî êîðîí÷àòîãî êîëåñà 3 è âîäèëà H. Êèíåìà-
òè÷åñêàÿ ñõåìà òàêîé ïåðåäà÷è ïðåäñòàâëåíà íà
ðèñ. 1.

Ãàáàðèòíûå ðàçìåðû è ìàññà ïðè çàäàííîì ìî-
ìåíòå íàãðóçêè MÍ îïðåäåëÿåòñÿ íàðóæíûì äèà-

ìåòðîì ïåðåäà÷è (â êèíåìàòè÷åñêèõ ðàñ÷¸òàõ áó-
äåì èñïîëüçîâàòü äèàìåòð äåëèòåëüíîé îêðóæíî-
ñòè öåíòðàëüíîãî êîðîí÷àòîãî êîëåñà d3) è øèðè-
íîé çóá÷àòûõ êîëåñ b. Îáà ýòèõ ïàðàìåòðà âûðà-
æàþòñÿ ÷åðåç ìîäóëü çóáà m: d3 = z3m; b = kbm, ãäå
kb – êîýôôèöèåíò øèðèíû çóá÷àòîãî âåíöà,
kb = 10. Ïåðåäàòî÷íîå ÷èñëî òàêîé ïåðåäà÷è îò
öåíòðàëüíîãî ñîëíå÷íîãî êîëåñà 1 ê âîäèëó H ïðè
îñòàíîâëåííîì öåíòðàëüíîì êîðîí÷àòîì êîëåñå 3
îïðåäåëÿåòñÿ çàâèñèìîñòüþ
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ãäå z1, z3 – ÷èñëî çóáüåâ ñîîòâåòñòâóþùèõ êîëåñ.
Ïðè ðàñ÷åòå ïåðåäà÷è äëÿ îáåñïå÷åíèÿ íàè-
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îáåñïå÷åíèÿ ïëàâíîñòè ðàáîòû è ìèíèìèçàöèè
ðàçìåðîâ ïðèíèìàþò z1 = 18.

Îñíîâíûå ñîîòíîøåíèÿ, êîòîðûì äîëæíà
óäîâëåòâîðÿòü ïëàíåòàðíàÿ ïåðåäà÷à:
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ãäå nÑÀÒ – ÷èñëî ñàòåëëèòîâ.
Ýòè ñîîòíîøåíèÿ ïðè îïðåäåëåíèè ìîäóëÿ

çóáà m ïðè çàäàííîì ìîìåíòå íàãðóçêè íå ïîçâî-
ëÿþò îïðåäåëèòü îäíîçíà÷íîå ñîîòíîøåíèå ÷èñ-
ëà çóáüåâ êîëåñ. Ïðè ýòîì îòñóòñòâóåò çàâèñè-
ìîñòü, ïîçâîëÿþùàÿ îïðåäåëèòü, ïðè êàêîì ñîîò-
íîøåíèè ÷èñëà çóáüåâ êîëåñ ïåðåäà÷à èìåëà áû
íàèìåíüøèé íàðóæíûé äèàìåòð. Îñíîâíîé ïàðà-
ìåòð, êîòîðûé âëèÿåò íà äèàìåòð ïåðåäà÷è ïðè
çàäàííîì MÍ, — ýòî ðàäèóñ âîäèëà h, ÿâëÿþùèé-
ñÿ ðàññòîÿíèåì ìåæäó öåíòðàëüíîé îñüþ è îñüþ
ñàòåëëèòîâ (ðèñ. 1).Ðèñ. 1. Êèíåìàòè÷åñêàÿ ñõåìà ïëàíåòàðíîé ïåðåäà÷è
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Ïàðàìåòð h îïðåäåëÿåòñÿ âûðàæåíèåì
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Âûðàçèì ïàðàìåòð h ÷åðåç ìîäóëü çóáà ïåðå-
äà÷è.

Îïðåäåëèì, ïðè êàêîì q12 ïàðàìåòð h áóäåò
èìåòü íàèìåíüøåå çíà÷åíèå. Ìîäóëü çóáà m â
ïëàíåòàðíîé ïåðåäà÷å â ñîîòâåòñòâèè ñ ìåòîäèêîé
[20] îïðåäåëÿåòñÿ ïî ôîðìóëå
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Çàïèøåì óñëîâèå ñîñåäñòâà ÷åðåç ïàðàìåòð q12:
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Ïîäñòàâèì âûðàæåíèÿ (5) è (7) â âûðàæå-
íèå (4). Ó÷èòûâàÿ, ÷òî ÷èñëåííîå çíà÷åíèå ïàðà-
ìåòðà nÑÀÒ äîëæíî ïðèíàäëåæàòü ê ìíîæåñòâó íà-
òóðàëüíûõ ÷èñåë, ïîëó÷èì:
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Çàïèøåì âûðàæåíèå (2) ÷åðåç ìîäóëü çóáà m,
÷èñëî çóáüåâ íà öåíòðàëüíîì ñîëíå÷íîì êîëåñå z1
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Ïðåîáðàçóåì âûðàæåíèå (9):
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Ïðåîáðàçóåì âûðàæåíèå (10):
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(11)

Ïîñòðîèì ãðàôèê çàâèñèìîñòè ïàðàìåòðà h îò
ïåðåäàòî÷íîãî ÷èñëà q12 ïðè çàäàííîì ìîìåíòå
íàãðóçêè, íàïðèìåð MÍ = 100 Í·ì. Ïðè ýòîì äîë-
æíî âûïîëíÿòüñÿ óñëîâèå èñêëþ÷åíèÿ çàêëèíè-
âàíèÿ è ìèíèìèçàöèè ãàáàðèòíûõ ðàçìåðîâ. Â
ñëó÷àå, êîãäà ñàòåëëèòû èìåþò áîëüøåå êîëè÷å-
ñòâî çóáüåâ, ÷åì öåíòðàëüíîå ñîëíå÷íîå êîëåñî,
q12 > 1, ÷èñëî çóáüåâ íà öåíòðàëüíîì ñîëíå÷íîì
êîëåñå z1 = 18, à ïðè ïåðåäàòî÷íûõ ÷èñëàõ q12 < 1,
ò.å. â ñëó÷àå, êîãäà ñàòåëëèòû èìåþò ìåíüøåå
êîëè÷åñòâî çóáüåâ, ÷åì öåíòðàëüíîå ñîëíå÷íîå
êîëåñî, ÷èñëî çóáüåâ íà êàæäîì èç ñàòåëëèòîâ
z2 = 18. Â àíàëèòè÷åñêîé ôîðìå äàííîå óñëîâèå
áóäåò èìåòü ñëåäóþùèé âèä:

12 1

12 2

åñëè 1, òî 18;

åñëè 1, òî 18.

q z

q z

≥ =ÏÔ
Ì

< =ÔÓ
         (12)

Íà ðèñ. 2 ïðèâåäåí ãðàôèê çàâèñèìîñòè ïàðà-
ìåòðà h îò ïåðåäàòî÷íîãî ÷èñëà q12.

Èç ðèñ. 2 ñëåäóåò, ÷òî ìèíèìàëüíîå çíà÷åíèå
ïàðàìåòðà h ñîîòâåòñòâóåò ïåðåäàòî÷íîìó ÷èñëó
q12 = 1, ò. å. ñëó÷àþ, êîãäà êîëè÷åñòâî çóáüåâ ñà-
òåëëèòîâ z2 è öåíòðàëüíîãî ñîëíå÷íîãî êîëåñà z1
îäèíàêîâîå. Ñêà÷êîîáðàçíûå èçìåíåíèÿ ïàðàìåò-
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ðà h îáóñëîâëåíû èçìåíåíèåì êîëè÷åñòâà ñàòåë-
ëèòîâ. Âûðàçèâ ïåðåäàòî÷íîå ÷èñëî ïëàíåòàðíîé

ïåðåäà÷è 3
1 Hq -  ÷åðåç ïåðåäàòî÷íîå ÷èñëî q12 èç óñ-

ëîâèÿ ñîîñíîñòè, ïîëó÷èì:

3
1 122 2.Hq q- = +                   (13)

Èç âûðàæåíèÿ (13) âèäíî, ÷òî îïòèìàëüíîå ïå-

ðåäàòî÷íîå ÷èñëî ïëàíåòàðíîé ïåðåäà÷è 3
1 4.Hq - =

Èç ýòîãî ñëåäóåò, ÷òî ïðè ïîñòðîåíèè ðåäóê-
òîðà ñ áîëüøèì ïåðåäàòî÷íûì ÷èñëîì ñ ìèíèìè-
çàöèåé íàðóæíîãî äèàìåòðà â êà÷åñòâå âûõîäíîé
ñòóïåíè ìîæíî èñïîëüçîâàòü îäíîðÿäíóþ ïëàíå-

òàðíóþ ïåðåäà÷ó ñ ïåðåäàòî÷íûì ÷èñëîì 3
1 4.Hq - =

Òàêèì îáðàçîì, óñëîâèåì ìèíèìèçàöèè îäíî-
ðÿäíîé ïëàíåòàðíîé ïåðåäà÷è ÿâëÿåòñÿ âûáîð
÷èñëà çóáüåâ öåíòðàëüíîãî ñîëíå÷íîãî êîëåñà
z1 = 18 è ïåðåäàòî÷íîãî ÷èñëà q12 = 1.

Ïðè èñïîëüçîâàíèè òàêîé ïëàíåòàðíîé ïåðå-
äà÷è â íåñèëîâûõ èëè ïðèáîðíûõ ñèñòåìàõ ñ öå-
ëüþ óìåíüøåíèÿ ãàáàðèòîâ ìîæíî âûáðàòü öåí-
òðàëüíîå ñîëíå÷íîå êîëåñî ñ ìåíüøèì ÷èñëîì çó-
áüåâ, íàïðèìåð z1 = 13, â êîòîðîì ñ öåëüþ èñêëþ-
÷åíèÿ çàêëèíèâàíèÿ óêîðî÷åíà ãîëîâêà çóáà.

Îïðåäåëåíèå îïòèìàëüíîãî ñ òî÷êè çðåíèÿ
ìàññîãàáàðèòíûõ ïàðàìåòðîâ ïåðåäàòî÷íîãî ÷èñëà
ïëàíåòàðíîé ïåðåäà÷è ñ äâóõðÿäíûìè
ñàòåëëèòàìè

Åñëè ïëàíåòàðíàÿ ïåðåäà÷à, èçîáðàæåííàÿ íà
ðèñ. 1, ïîçâîëÿåò ðåàëèçîâûâàòü ïåðåäàòî÷íûå
÷èñëà äî 12,5 â îäíîé ñòóïåíè ñ âûñîêèì ÊÏÄ, òî
äëÿ ðåàëèçàöèé áîëüøèõ ïåðåäàòî÷íûõ ÷èñåë ñ
òàêèì æå âûñîêèì ÊÏÄ èñïîëüçóþò ñõåìó ñî ñïà-
ðåííûìè (èëè äâóõðÿäíûìè) ñàòåëëèòàìè. Êèíå-
ìàòè÷åñêàÿ ñõåì òàêîé ïåðåäà÷è ïðåäñòàâëåíà íà
ðèñ. 3.

Íàèáîëüøèé äèàìåòð ïåðåäà÷è îïðåäåëÿòñÿ
ïåðâûì ðÿäîì êîëåñ. Äëÿ îïðåäåëåíèÿ íàèìåíü-
øåãî äèàìåòðà ïåðåäà÷è ïðèìåì, ÷òî ìîäóëü çóáà
îäèíàêîâ äëÿ çóá÷àòûõ êîëåñ ïåðâîãî è âòîðîãî
ðÿäà, ÷òî îáåñïå÷èâàåò òåõíîëîãè÷íîñòü êîíñòðóê-
öèè.

Ïåðåäàòî÷íîå ÷èñëî 3
1 Hq -  îò öåíòðàëüíîãî

ñîëíå÷íîãî êîëåñà 1 ê âîäèëó H ïðè îñòàíîâëåí-
íîì öåíòðàëüíîì êîðîí÷àòîì êîëåñå 3 îïðåäåëÿ-
åòñÿ çàâèñèìîñòüþ

3 2 3
1

1 2

1 ,H

z z
q

z z-
¢

= +                     (14)

ãäå z1, z2, z2’, z3 – ÷èñëî çóáüåâ ñîîòâåòñòâóþùèõ
êîëåñ.

Ïåðåäàòî÷íîå ÷èñëî 3
1 Hq -  ïëàíåòàðíîé ïåðå-

äà÷è ñ äâóõðÿäíûìè ñàòåëëèòàìè ðàâíî ïåðåäàòî÷-

íîìó ÷èñëó 3
1 Hq -  îäíîðÿäíîé ïëàíåòàðíîé ïåðå-

äà÷è ïðè ðàâåíñòâå ÷èñëà çóáüåâ çóá÷àòûõ êîëåñ

2 2z z ¢= . Ñ óâåëè÷åíèåì ðàçíèöû êîëè÷åñòâà çóáü-

åâ 2 2z z ¢- > 0 ïåðåäàòî÷íîå ÷èñëî ïëàíåòàðíîé ïå-

ðåäà÷è ñ äâóõðÿäíûìè ñàòåëëèòàìè óâåëè÷èâàåò-
ñÿ. Òàêèì îáðàçîì, èñïîëüçîâàíèå êèíåìàòè÷åñ-
êîé ñõåìû, ïîêàçàííîé íà ðèñ. 3. ïîçâîëÿåò ðåà-
ëèçîâûâàòü ñ âûñîêèì ÊÏÄ ïåðåäàòî÷íûå ÷èñëà

3
1 Hq - ≤ 45.

Îñíîâíûå ñîîòíîøåíèÿ, êîòîðûì äîëæíà
óäîâëåòâîðÿòü ïëàíåòàðíàÿ ïåðåäà÷à ñ äâóõðÿäíû-
ìè ñàòåëëèòàìè:

óñëîâèå ñîîñíîñòè

1 2 3 2 ;
2 2

z z z z ¢+ -
=

Ðèñ. 2. Ãðàôèê çàâèñèìîñòè ïàðàìåòðà h îò ïåðåäàòî÷-
íîãî ÷èñëà q12 Ðèñ. 3. Êèíåìàòè÷åñêàÿ ñõåìà ïëàíåòàðíîé ïåðåäà÷è ñ

äâóõðÿäíûìè ñàòåëëèòàìè: 1 — öåíòðàëüíîå ñîëíå÷íîå
êîëåñî; 2, 2 ' – ñàòåëëèòû; 3 — öåíòðàëüíîå êîðîí÷àòîå
êîëåñî; H – âîäèëî
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óñëîâèå ñîáèðàåìîñòè

3 1 ,
ÑÀÒ

z z
K

n

+
=

ãäå K – öåëîå ÷èñëî;
óñëîâèå ñîñåäñòâà

( )2 1 22 sin
ÑÀÒ

z z z
n

π
+ £ +

èëè

( )2 1 21,05 sin .
ÑÀÒ

z z z
n

π
= +

Ïðè ïðèíÿòûõ äîïóùåíèÿõ, ÷òî ìîäóëè çóáü-
åâ îáîèõ ðÿäîâ îäèíàêîâû è âûïîëíÿþòñÿ óêàçàí-
íûå âàøå ñîîòíîøåíèÿ, î÷åâèäíî, ÷òî, êàê è äëÿ
ðàññìîòðåííîé ðàíåå îäíîðÿäíîé ïëàíåòàðíîé
ïåðåäà÷è, îñíîâíûì ïàðàìåòðîì, îïðåäåëÿþùèì
ãàáàðèòíûå ðàçìåðû ïåðåäà÷è, ÿâëÿåòñÿ ðàññòîÿ-
íèå h ìåæäó îñüþ ñàòåëëèòîâ è îñüþ öåíòðàëüíîãî
êîëåñà.

Ñâÿçü íàðóæíîãî äèàìåòðà D ñ ïàðàìåòðîì h
îïðåäåëÿåòñÿ ïî ôîðìóëå

12

12

2 1 .
1

q
D h

q

Ê ˆ
= +Á ˜+Ë ¯                   (15)

Ïàðàìåòð h îïðåäåëÿåòñÿ ïî ôîðìóëå

2 1 3 2 .
2 2

z z z z
h m m¢- -Ê ˆ Ê ˆ
= =Á ˜ Á ˜Ë ¯ Ë ¯             (16)

Èç óñëîâèÿ ñîîñíîñòè âûðàçèì ïàðàìåòð z3, â
ðåçóëüòàòå ïîëó÷èì

3 1 2 2 .z z z z ¢= + +                    (17)

Èç óñëîâèÿ ìèíèìèçàöèè ãàáàðèòíûõ ðàçìå-
ðîâ è ïëàâíîñòè ðàáîòû ïåðåäà÷è ïðèìåì

1 2 minz z z¢= = . Òîãäà âûðàæåíèå (17) ìîæíî çàïè-
ñàòü â âèäå:

( )3 1 122 .z z q= +                   (18)

Ìîäóëü çóáà â ïëàíåòàðíîé ïåðåäà÷å ñ äâóõ-
ðÿäíûìè ñàòåëëèòàìè ñ ó÷åòîì âûðàæåíèÿ (7)
îïðåäåëÿåòñÿ ïî ôîðìóëå

3

2 2 3
12

12

10
,

4003 1,05
arcsin

1

ÍM
m

z q
q

q

π
¢ ¢

◊
=

Í ˙ ◊Í ˙Ê ˆÍ ˙Á ˜Í ˙+Ë ¯Î ˚

      

(19)

ãäå 2 3q ¢  — ïåðåäàòî÷íîå ÷èñëî îò ñàòåëëèòà âòî-

ðîãî ðÿäà 2z ¢  ê öåíòðàëüíîìó êîðîí÷àòîìó êîëå-

ñó 3.

Ïåðåäàòî÷íîå ÷èñëî 2 3q ¢  äëÿ ñëó÷àÿ

1 2 minz z z¢= =  îïðåäåëÿåòñÿ èç âûðàæåíèÿ (18):

.2 3 122q q¢ = +                      (20)

Ïîäñòàâèâ âûðàæåíèÿ (19), (20) â âûðàæåíèå
(16), ïîëó÷èì

( )

( )

1 12

3

1 123
12

12

1
1

2

10
.

400 2
1,05

arcsin
1

Í

h z q

M

z q
q

q

π

È ˘= + ¥Í ˙Î ˚

◊
¥

Í ˙ ◊ +Í ˙Ê ˆÍ ˙Á ˜Í ˙+Ë ¯Î ˚

      
(21)

Íà ðèñ. 4 ïðåäñòàâëåí ãðàôèê çàâèñèìîñòè
ïàðàìåòðà h îò ïåðåäàòî÷íîãî ÷èñëà q12 ïðè

min 1 2z z z ¢= = =  18 è çàäàííîì ìîìåíòå íàãðóçêè

MÍ =100 Í·ì.
Èç ðèñ. 4 ñëåäóåò, ÷òî ìèíèìàëüíîå çíà÷åíèå

ïàðàìåòðà h ñîîòâåòñòâóåò ïåðåäàòî÷íîìó ÷èñëó
q12 =1, ò.å. äîñòèãàåòñÿ ïðè ðàâåíñòâå ÷èñëà çóáü-

åâ 1 2 2z z z¢= = = 18. Òàêîìó ñîîòíîøåíèþ ÷èñëà

çóáüåâ êîëåñ ñîîòâåòñòâóåò ïåðåäàòî÷íîå ÷èñëî

ìåæäó 2 3q ¢ = 3. Ñêà÷êîîáðàçíûå èçìåíåíèÿ ïàðà-

ìåòðà h îáóñëîâëåíû èçìåíåíèåì êîëè÷åñòâîì ñà-
òåëëèòîâ â ñîîòâåòñòâèè ñ óñëîâèåì ñîñåäñòâà.

Ðàññìîòðèì ñëó÷àè, êîãäà ÷èñëî çóáüåâ öåíò-
ðàëüíîãî ñîëíå÷íîãî êîëåñà z1 íå ðàâíî ÷èñëó çó-

áüåâ ñàòåëëèòîâ âòîðîãî ðÿäà 2z ¢ .

Ïåðåïèøåì óñëîâèå ñîîñíîñòè, âûðàçèâ ïàðà-

ìåòðû z2 è 2z ¢  ÷åðåç ïåðåäàòî÷íûå ÷èñëà ìåæäó

Ðèñ. 4. Ãðàôèê çàâèñèìîñòè ïàðàìåòðà h îò ïåðåäàòî÷-
íîãî ÷èñëà q12



85Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.26. ¹3

Ïðîåêòèðîâàíèå, êîíñòðóêöèÿ è ïðîèçâîäñòâî ëåòàòåëüíûõ àïïàðàòîâ Design, construction and manufacturing of flying vehicles

öåíòðàëüíûì ñîëíå÷íûì êîëåñîì è ñàòåëëèòîì
ïåðâîãî ðÿäà q12 è öåíòðàëüíûì êîðîí÷àòûì êî-

ëåñîì è ñàòåëëèòîì âòîðîãî ðÿäà 2 3q ¢ . Â ðåçóëü-

òàòå ïîëó÷èì:

( ) ( )1 12 2 2 31 1 .z q z q ¢+ = -                (22)

Èç (22) âûðàçèì ïàðàìåòð 2z ¢ :

( )
( )
1 12

2
2 3

1
.

1

z q
z

q¢
¢

+
=

-                   (23)

Âûðàæåíèå (23) îïðåäåëÿåò cñîîòíîøåíèå
ìåæäó êîëè÷åñòâîì çóáüåâ öåíòðàëüíîãî ñîëíå÷-
íîãî êîëåñà è ñàòåëëèòà âòîðîãî ðÿäà â çàâèñèìî-

ñòè îò ïåðåäàòî÷íûõ ÷èñåë q12 è 2 3q ¢ .

Â ñëó÷àå, êîãäà öåíòðàëüíîå ñîëíå÷íîå êîëå-
ñî èìååò ìåíüøåå êîëè÷åñòâî çóáüåâ, ÷åì ñàòåë-
ëèò âòîðîãî ðÿäà, âûðàæåíèå (19) ñ ó÷¸òîì âûðà-
æåíèÿ (23) ïðèìåò âèä

( )
( )

3

12
2 3

12 2 3

12

10
.

1
14003

1,05 1
arcsin

1

ÍM
m

z q
q

q q

q

π
¢

¢

◊
=

+Í ˙ ◊Í ˙Ê ˆ -Í ˙Á ˜Í ˙+Ë ¯Î ˚

 

(24)

Ïàðàìåòð h áóäåò îïðåäåëÿòüñÿ ïî ôîðìóëå

( )

( )
( )

1 12

3

1 12
2 3

12 2 3

12

1

2

10
.

1
4003 1,05 1

arcsin
1

Í

z q
h

M

z q
q

q q

q

π
¢

¢

È ˘+
Í ˙= ¥
Í ˙Î ˚

◊
¥

+Í ˙ ◊◊ Í ˙Ê ˆ -Í ˙Á ˜Í ˙+Ë ¯Î ˚

   
(25)

Â ñëó÷àå, êîãäà öåíòðàëüíîå ñîëíå÷íîå êîëå-
ñî èìååò áîëüøåå êîëè÷åñòâî çóáüåâ, ÷åì ñàòåëëèò

âòîðîãî ðÿäà, ò. å. z1 < 2z ¢  âûðàæåíèå (19) ñ ó÷¸òîì

âûðàæåíèÿ (23) ïðèìåò âèä

3

2 32
12

12

10
.

4003 1,05
arcsin

1

ÍM
m

z q
q

q

π
¢ ¢

◊
=

Í ˙ ◊ ◊Í ˙Ê ˆÍ ˙Á ˜Í ˙+Ë ¯Î ˚

       

(26)

Ïàðàìåòð h áóäåò îïðåäåëÿòüñÿ ïî ôîðìóëå

( )2 2 3

3

2 2 3
12

12

1

2

10
.

4003 1,05
arcsin

1

Í

z q
h

M

z q
q

q

π

¢ ¢

¢ ¢

È ˘-
Í ˙= ¥
Í ˙Î ˚

◊
¥

Í ˙ ◊ ◊Í ˙Ê ˆÍ ˙Á ˜Í ˙+Ë ¯Î ˚

         
(27)

Äëÿ îáåñïå÷åíèÿ ïëàâíîñòè ðàáîòû è ìèíèìè-
çàöèè ðàçìåðîâ ïåðåäà÷è ïðèìåì: åñëè

z1 < 2z ¢ , òî z1 = 18; åñëè z1 > 2z ¢ , òî 2z ¢ = 18.

Íà ðèñ. 5 ïðèâåäåí ãðàôèê çàâèñèìîñòè ïàðà-

ìåòðà h îò ïåðåäàòî÷íûõ ÷èñåë q12 è 2 3q ¢  ïðè ïðè-

íÿòûõ çíà÷åíèÿõ z1 è 2z ¢ . Ãðàôèê ïîñòðîåí â äè-

àïàçîíå çíà÷åíèé q12 = 0,1; 0,2;…; 5 è

2 3q ¢ =2,1; 2,2;...; 10, òàê êàê ñîîòíîøåíèÿ ïåðåäà-

òî÷íûõ ÷èñåë q12 è 2 3q ¢ , âõîäÿùèõ â ýòîò äèàïàçîí

çíà÷åíèé, ÿâëÿþòñÿ íàèáîëåå õàðàêòåðíûìè äëÿ
ïëàíåòàðíûõ ïåðåäà÷ ñ äâóõðÿäíûìè ñàòåëëèòàìè.

Ðèñ. 5. Çàâèñèìîñòü ïàðàìåòðà h îò ïåðåäàòî÷íûõ ÷èñåë q12 è q23
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Íà ðèñ. 5 âèäíî, ÷òî ãðàôè÷åñêàÿ èíòåðïðåòà-
öèÿ çàâèñèìîñòè ïàðàìåòðà h îò ïåðåäàòî÷íûõ
÷èñåë q12  è  q23 ïðåäñòàâëÿåò ñîáîé ñëîæíóþ ïî-
âåðõíîñòü, ÿâëÿþùóþñÿ ðåçóëüòàòîâ «ñêëåèâàíèÿ»
ïîâåðõíîñòåé, ñîîòâåòñòâóþùèõ âûðàæåíèÿì (25)
è (27).

Íàéäåì ìèíèìóì ôóíêöèè h = f (q12, 2 3q ¢ , MÍ)

äëÿ îïðåäåëåíèÿ ñîîòíîøåíèÿ ïåðåäàòî÷íûõ ÷è-

ñåë q12 è 2 3q ¢ , ïîçâîëÿþùèõ îáåñïå÷èòü íàèìåíü-

øèé äèàìåòð ïåðåäà÷è ïðè çàäàííîì ìîìåíòå
íàãðóçêè.

Ýòà ôóíêöèÿ áóäåò èìåòü ýêñòðåìóì, åñëè áó-
äóò ñóùåñòâîâàòü äåéñòâèòåëüíûå ðåøåíèÿ ñèñòå-
ìû óðàâíåíèé:

12
12

2 3
2 3

0, 0;

0, 0.

h
q

q

h
q

q ¢
¢

∂Ï = >Ô ∂Ô
Ì
∂Ô = >Ô∂Ó

              (28)

Äåéñòâèòåëüíûå ðåøåíèÿ ñèñòåìû óðàâíåíèé
(28) îòñóòñòâóþò, à ñëåäîâàòåëüíî, îòñóòñòâóþò è

ïåðåäàòî÷íûå ÷èñëà q12 è 2 3q ¢ , ïîçâîëÿþùèå îáåñ-

ïå÷èòü íàèìåíüøèé íàðóæíûé äèàìåòð ïåðåäà÷è.
Îäíàêî ñóùåñòâîâàíèå ýêñòðåìóìà ôóíêöèè (20)
â òî÷êå (1, 3) ñâèäåòåëüñòâóåò î òîì, ÷òî ôóíêöèÿ

h = f (q12, 2 3q ¢ , MÍ) èìååò «îâðàæíûé âèä», à òî÷-

êà ñ êîîðäèíàòàìè (1, 3) ëåæèò íà «äíå îâðàãà»,
ò.å. ãðàôèê, èçîáðàæ¸ííûé íà ðèñ. 4, ÿâëÿåòñÿ
ñå÷åíèåì èçîáðàæåííîé íà ðèñ. 5 ïîâåðõíîñòè,
ïðîõîäÿùèì ÷åðåç òî÷êè, óäîâëåòâîðÿþùèå âûðà-
æåíèþ (20). Ñëåäîâàòåëüíî, îïðåäåëåíèå íàïðàâ-
ëåíèÿ, âäîëü êîòîðîãî ëåæèò ýòîò «îâðàã», ïîçâî-
ëèò íàéòè îïòèìàëüíûå ñîîòíîøåíèÿ ïåðåäàòî÷-

íûõ ÷èñåë q12 è 2 3q ¢ , ïîçâîëÿþùèå îáåñïå÷èòü

íàèìåíüøèé äèàìåòð ïåðåäà÷è ïðè çàäàííîì îá-

ùåì ïåðåäàòî÷íîì ÷èñëå 3
1 Hq -  è ìîìåíòå íàãðóç-

êè MÍ.
Äëÿ îïðåäåëåíèÿ íàïðàâëåíèÿ, âäîëü êîòîðî-

ãî ëåæèò «îâðàã» ôóíêöèè h = f (q12, 2 3q ¢ , MÍ), íàé-
äåì ãðàäèåíò ôóíêöèè – h = – f (q12, 2 3q ¢ , MÍ) â
òî÷êå (1, 3), òàê êàê íàèìåíüøèå çíà÷åíèÿ ôóíê-
öèè ëåæàò âäîëü íàïðàâëåíèÿ «îâðàãà».

Ãðàäèåíò ôóíêöèè –f â òî÷êå (1, 3) îïðåäåëÿ-
åòñÿ ñëåäóþùèì îáðàçîì:

( ) ( )
( )

( )

( )
( )

1,3
12 2 31,3 1,3

grad ,
h h h

h i j
q q ¢

∂ - ∂ -
- = +

∂ ∂    (29)

ãäå ,i j  – åäèíè÷íûå âåêòîðû.

Ïîëó÷èì

( ) ( )1,3
grad 0,33 0,29 .h i j- = +           (30)

Îïðåäåëèì çàâèñèìîñòü ìåæäó ïàðàìåòðàìè
q12 è 2 3q ¢

( )2 3 12

0,29
3 1 .

0,33
q q¢ - = -              (31)

Ïåðåïèøåì âûðàæåíèå (31) â ñëåäóþùåì âèäå:

2 3 120,88 2,12.q q¢ = +               (32)

Èç ðèñ. 5 âèäíî, ÷òî äíî «îâðàãà» íàïðàâëåíî
âäîëü ïðÿìîé ëèíèè. Òàê êàê íàïðàâëåíèå, âäîëü

êîòîðîãî ëåæèò «îâðàã» ôóíêöèè h = f (q12, 2 3q ¢ ,

MÍ), ÿâëÿåòñÿ ïðÿìîé ëèíèåé, òî â ëþáîé òî÷êå,
óäîâëåòâîðÿþùåé óñëîâèþ (32), ãðàäèåíò ôóíê-
öèè –h äîëæåí áûòü îäèíàêîâûé. Íàïðèìåð, òî÷-
êà (3; 4,76) óäîâëåòâîðÿåò óñëîâèþ (32). Íàéäåì
ãðàäèåíò ôóíêöèè –h â ýòîé òî÷êå:

( ) ( )3; 4,76
grad 0,33 0,29 .h i j- = +       (33)

Çíà÷åíèå ãðàäèåíòà â òî÷êå (1, 3) ñîâïàäàåò ñî
çíà÷åíèåì ãðàäèåíòà â òî÷êå (3, 4,76), ÷òî ñâèäå-
òåëüñòâóåò î òîì, ÷òî íàïðàâëåíèå, âäîëü êîòîðîãî
ëåæèò «îâðàã» ôóíêöèè, åñòü ïðÿìàÿ ëèíèÿ.

Íà ðèñ. 6 ïîêàçàíû ëèíèè óðîâíÿ ôóíêöèè

h = f (q12, 2 3q ¢ , MÍ) è âåêòîð, óêàçûâàþùèé íà

íàïðàâëåíèå «îâðàãà».
Òàêèì îáðàçîì, âûðàæåíèå (32) ÿâëÿåòñÿ ñî-

îòíîøåíèåì ìåæäó ïåðåäàòî÷íûìè ÷èñëàìè q12 è

2 3q ¢ , ïðè êîòîðîì äèàìåòð ïëàíåòàðíîé ïåðåäà÷è

ñ äâóõðÿäíûìè ñàòåëëèòàìè ïðè çàäàííîì ïåðå-
äàòî÷íîì ÷èñëå ìèíèìàëåí.

Âûðàçèì îáùåå ïåðåäàòî÷íîå ÷èñëî ïëàíåòàð-
íîé ïåðåäà÷è ñ äâóõðÿäíûìè ñàòåëëèòàìè, ïîäñòà-
âèâ âûðàæåíèå (32) â âûðàæåíèå (15):

Ðèñ. 6. Ëèíèè óðîâíÿ ôóíêöèè h = f (q12, 2 3q ¢ , MÍ)
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( )3
1 12 121 0,88 2,12 .Hq q q- = + +            (34)

Âûðàæåíèå (34) ïîêàçûâàåò ñâÿçü îáùåãî ïå-

ðåäàòî÷íîãî ÷èñëà 3
1 Hq -  è ïåðåäàòî÷íîãî ÷èñëà q12,

ïîçâîëÿþùåãî îáåñïå÷èòü íàèìåíüøèé íàðóæíûé
äèàìåòð ïåðåäà÷è.

Òàê êàê ÷èñëî çóáüåâ çóá÷àòûõ êîëåñ äîëæíî
áûòü öåëûì ÷èñëîì, à òàêæå äîëæíû âûïîëíÿòü-
ñÿ óñëîâèÿ ñîîñíîñòè, ñîáèðàåìîñòè è ñîñåäñòâà,
òî âûðàæåíèå (32) íåîáõîäèìî ïðèâåñòè ê âûðà-
æåíèþ, óäîáíîìó äëÿ ïðàêòè÷åñêîãî ïðèìåíåíèÿ.

Ïåðåïèøåì âûðàæåíèå (32) ñ êîýôôèöèåíòà-
ìè, îêðóãëåííûìè äî áëèæàéøåãî öåëîãî ÷èñëà:

2 3 12 2.q q¢ = +                      (35)

Äëÿ ïðîâåðêè ïðàâîìî÷íîñòè òàêîãî îêðóãëå-
íèÿ íà ðèñ. 7 èçîáðàæåíû ãðàôèêè çàâèñèìîñòè
ìèíèìàëüíîãî íàðóæíîãî äèàìåòðà ïëàíåòàðíîé
ïåðåäà÷è ñ äâóõðÿäíûìè ñàòåëëèòàìè îò ïåðåäàòî÷-

íûõ ÷èñåë â äèàïàçîíå 3
1 Hq - = 10...45 ïðè ìîìåíòå

íàãðóçêè 100 Í·ì ñ ñîîòíîøåíèÿìè (32) è (34).

Èç ðèñ. 7 ñëåäóåò, ÷òî íàðóæíûé äèàìåòð ïëà-
íåòàðíîé ïåðåäà÷è ìåíÿåòñÿ íåñóùåñòâåííî ïðè
ïåðåõîäå îò âûðàæåíèÿ (32) ê âûðàæåíèþ (35).
Ñëåäîâàòåëüíî, ïðè ïðîåêòèðîâàíèè ïëàíåòàðíûõ
ïåðåäà÷ ñ äâóõðÿäíûìè ñàòåëëèòàìè, ñ îïòèìèçà-
öèåé íàðóæíîãî äèàìåòðà ìîæíî èñïîëüçîâàòü
ñîîòíîøåíèÿ (35).

Âûðàçèì îáùåå ïåðåäàòî÷íîå ÷èñëî ïëàíåòàð-
íîé ïåðåäà÷è ñ äâóõðÿäíûìè ñàòåëëèòàìè, ïîäñòà-
âèâ âûðàæåíèå (35) â âûðàæåíèå (14):

( )3
1 12 121 2 .Hq q q- = + +                (36)

Âûðàæåíèå (35) ïîçâîëÿåò îïðåäåëèòü ïåðåäà-
òî÷íîå ÷èñëî q12, êîòîðîå ïîçâîëÿåò ðàññ÷èòàòü
íàèìåíüøèé íàðóæíûé äèàìåòð ïåðåäà÷è ïðè

çàäàííîì îáùåì ïåðåäàòî÷íîì ÷èñëå 3
1 Hq -  ñ ó÷å-

òîì âûïîëíåíèÿ óñëîâèé ñîîñíîñòè, ñîáèðàåìî-
ñòè è ñîñåäñòâà.

Ïðèìåð ðàñ÷åòà ìèíèìàëüíîãî äèàìåòðà
ïëàíåòàðíîé ïåðåäà÷è ñ äâóõðÿäíûìè
ñàòåëëèòàìè

Îöåíèì äèàìåòð ïëàíåòàðíîé ïåðåäà÷è ñ äâóõ-
ðÿäíûìè ñàòåëëèòàìè ïðè çàäàííîì ïåðåäàòî÷íîì

÷èñëå 3
1 Hq - = 25 è ìîìåíòå íàãðóçêè MÍ = 2500 Í·ì.

1. Îïðåäåëèì îïòèìàëüíîå ïåðåäàòî÷íîå ÷èñëî
q12 ïî ôîðìóëå (36):

( )2 3
12 12 12 0;Hq q q -+ - =

3
1

12

2 4
;

2
Hq

q -- ±
=

12 126; 4.q q= - =

Âûáåðåì äåéñòâèòåëüíîå ðåøåíèå: q12 = 4.

2. Îïðåäåëèì ïåðåäàòî÷íîå ÷èñëî 2 3q ¢  ïî ôîð-

ìóëå (35):

2 3 12 2 6.q q¢ = + =

3. Îïðåäåëèì ÷èñëà çóáüåâ êîëåñ ïåðåäà÷è èç

óñëîâèÿ z1 = 2z ¢ = 18.

Îïðåäåëèì ÷èñëî çóáüåâ ñàòåëëèòà ïåðîâîãî
ðÿäà:

2 1 12 18 4 72.z z q= ◊ = ◊ =

Îïðåäåëèì ÷èñëî çóáüåâ öåíòðàëüíîãî êîðîí-
÷àòîãî êîëåñà:

3 2 2 3 18 6 108.z z q¢ ¢= ◊ = ◊ =

4. Ïðîâåðèì âûïîëíåíèå óñëîâèÿ ñîîñíîñòè:

18 72 108 18
2 2
+ -

=  — óñëîâèå âûïîëíÿåòñÿ.

Îïðåäåëèì ÷èñëî ñàòåëëèòîâ èç óñëîâèÿ ñîñåä-
ñòâà:

3.
1,05 4

arcsin
1 4

ÑÀÒn
πÍ ˙= =Í ˙◊Ê ˆÍ ˙Á ˜Ë ¯+Í ˙Î ˚

Ïðîâåðèì âûïîëíåíèå óñëîâèÿ ñîáèðàåìîñòè:

18 108
54

3
+

=  — óñëîâèå âûïîëíÿåòñÿ.

5. Îïðåäåëèì ìîäóëü çóáà ïî ôîðìóëå (19):

Ðèñ. 7. Ãðàôèêè çàâèñèìîñòè ìèíèìàëüíîãî íàðóæíî-
ãî äèàìåòðà ïëàíåòàðíîé ïåðåäà÷è ñ äâóõðÿäíûìè ñà-
òåëëèòàìè îò îáùåãî ïåðåäàòî÷íîãî ÷èñëà
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32500 103 2,7 ìì.
400 3 18 6

m
◊

= =
◊ ◊ ◊

Âûáåðåì áëèæàéøåå çíà÷åíèå ìîäóëÿ çóáà ïî
ÃÎÑÒ 9563-60 ïî 1-ìó ðÿäó:

m = 3 ìì.

6. Îïðåäåëèì çíà÷åíèå h ïî ôîðìóëå (16):

( )3 18 72
72,5 ìì.

2
h

+
= =

7. Íàðóæíûé äèàìåòð ïåðåäà÷è îïðåäåëÿåòñÿ
ïî ôîðìóëå (15):

4
2 72,5 1 243 ìì.

1 4
D

Ê ˆ= ◊ + =Á ˜Ë ¯+

Âûâîäû

Óñòàíîâëåíî, ÷òî îäíîðÿäíàÿ ïëàíåòàðíàÿ
ïåðåäà÷à èìååò îïòèìàëüíîå ïåðåäàòî÷íîå ÷èñëî

3
1 Hq - = 4, ïðè êîòîðîì íàðóæíûé äèàìåòð ïåðåäà-

÷è ìèíèìàëüíûé.
 Â ïëàíåòàðíîé ïåðåäà÷å ñ äâóõðÿäíûìè ñàòåë-

ëèòàìè îïðåäåëåíî îïòèìàëüíîå ñîîòíîøåíèå

ïåðåäàòî÷íûõ ÷èñåë q12 è 2 3q ¢ , ïîçâîëÿþùèõ îï-

ðåäåëèòü ìèíèìàëüíûé íàðóæíûé äèàìåòð ïåðå-
äà÷è. Èñïîëüçîâàíèå ïîëó÷åííûõ ñîîòíîøåíèé
ïðè ïðîåêòèðîâàíèè ìíîãîñòóïåí÷àòûõ ðåäóêòî-
ðîâ ýëåêòðîìåõàíè÷åñêèõ ïðèâîäîâ ñ âûõîäíîé
ïëàíåòàðíîé ïåðåäà÷åé ïîçâîëÿåò ìèíèìèçèðî-
âàòü ãàáàðèòíûå ðàçìåðû èñïîëíèòåëüíûõ ìåõà-
íèçìîâ ïðèâîäà.
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Abstract

Mass and size parameters reduction is one of actual
issues of aircraft electromechanical drives design. It
concerns especially mechanical transmissions
employed in drive systems of mechanical transmission.
Harmonic and planetary gears are most compact. They
allow obtaining large gear ratio for a single stage. Their
application as the output stage of a multi-stage
reduction gearbox of an electro-mechanical drive, as
a unit transmitting the largest moment, allows mass
and size parameters reduction of a drive system.

The goal of this article consists in determining the
optimal values of gear ratios at which the outer
diameter of planetary transmissions has its minimum
size for the specified load moment.

It was demonstrated, that the main parameter
affecting the outer diameter of planetary transmissions
for the specified load moment was the carrier radius.
For a single-row planetary transmission this radius was
expressed through the gear tooth module value, the
number of teeth of the central sun-gear and gear ratio
between the sun-gear and satellites. The article presents
substantiation of the above said parameters selection.
Minimum acceptable carrier radius was found. It was
established, that optimal gear ratio value of the single-
row planetary transmission equaled four.

The carrier radius planetary gear with double-row
planets was expressed by gear tooth module and two
gear ratios, namely between the central sun-gear of the
planet gear and first-row satellites, and between planet
gear of the second row and the crown-wheel. The
dependence of the carrier radius on these gear ratios,
which is represented by a surface with “ravine”, was
plotted. A unified optimal gear ratio value was not
obtained for the planetary transmission with double-
row satellites was not found. However, a set of quasi-
optimal values do exist. The “ravine” direction, along
which the quasi-optimal values were located, was
determined. The optimal relationship of gear ratios

DETERMINING PLANETARY GEARING OPTIMAL GEAR RATIO ALLOWING
MINIMIZE ITS OUTER DIAMETER AT THE SPECIFIED LOAD TORQUE
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between the central sun-gear and the first-row
satellites, and between the second-row satellites and
the crown wheel was derived. This relationship allows
ensure minimum outer diameter of the planetary
transmission with double-row satellites. An example
of the minimum outer diameter of the planetary gear
with double-row satellites computing is given.

The obtained optimal gear ratio values expand the
knowledge on planetary transmissions and allow
minimize overall dimensions of aircraft drive systems
while developing multi-stage reduction gearboxes for
electromechanical drives with output planetary
transmission.

Keywords: planetary gear, double-row satellite
gear, optimal gear ratio.
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