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Àíîòàö³ÿ. Íà îñíîâ³ àñèìïòîòè÷íèõ òà ÷èñåëüíèõ ìåòîä³â äîñë³äæåíî ïðè÷èíè òà

ñóêóïí³ñòü ïàðàìåòð³â, ùî ñïðè÷èíÿþòü àåðîïðóæí³ êîëèâàííÿ çà ôëàòåðíèì òèïîì

ó ðîçïîä³ëåíèõ ñèñòåìàõ (ÐÑ). Íåñò³éê³ñòü çóìîâëåíà ñï³ëüíèì âïëèâîì òðüîõ ÷èí-

íèê³â: çíåñåííÿì çáóðåíü âçäîâæ ÐÑ ïî ïîòîêó, çãèíàëüíîþ æîðñòê³ñòþ ³ âïëèâîì

³íåðö³éíî¿ ñèëè, ùî º ðîçïîä³ëåíèì ðóõîìèì âçäîâæ ÐÑ íàâàíòàæåííÿì. Çá³ëüøåííÿ

ñèëè íàòÿãó ³ çãèíàëüíî¿ æîðñòêîñò³ ÐÑ çðóøóº çîíó íåñò³éêîñò³ ó á³ëüø âèñîêî÷àñ-

òîòíèé ä³àïàçîí êîëèâàíü. Çá³ëüøåííÿ â³äíîñíî¿ ù³ëüíîñò³ ïîòîêó ³ â³äíîñíî¿ äîâæè-

íè ÐÑ ðîçøèðþº îáëàñòü íåñò³éêîñò³. Íàÿâí³ñòü êóòà íàõèëó ÐÑ äî ïîòîêó äîäàº

îñîáëèâîñòåé ó áàëàíñ ñèë, ùî ä³þòü íà ÐÑ, ³ â ôîðìóâàííÿ ìåæ³ îáëàñòåé ñò³éêîñò³

³ íåñò³éêîñò³. Îäíàê êîðåêòíå îö³íþâàííÿ éîãî âïëèâó ó ðîçãëÿäóâàí¿é ìîäåë³ íå-

ìîæëèâå ³ âèìàãàº á³ëüø äåòàëüíîãî ïîäàëüøîãî ðîçãëÿäó. Êîíô³ãóðàö³ÿ ÐÑ

ó íåñò³éê³é îáëàñò³ âêàçóº íà êîíöåíòðàö³þ íàïðóæåíü ïîáëèçó âåðõíüîãî ¿¿ ê³íöÿ.

Îòðèìàí³ ðåçóëüòàòè äëÿ ìàëèõ êóò³â íàõèëó ÐÑ äî ïîòîêó óçãîäæóþòüñÿ ç â³äîìè-

ìè ðåçóëüòàòàìè, îäåðæàíèìè ³íøèìè àâòîðàìè.

Êëþ÷îâ³ ñëîâà: õâèë³, àåðîïðóæí³ñòü, àñèìïòîòè÷í³ ìåòîäè, ôëàòåð, áåçëîïàòåâèé

â³òðîãåíåðàòîð.

ÂÑÒÓÏ

Ðîçïîä³ëåí³ ñèñòåìè (ÐÑ) º âàæëèâèì ³íñòðóìåíòîì äëÿ äîñë³äæåíü ö³ëî¿ íèç-

êè ñèñòåì íàóêîâîãî, ïðèêëàäíîãî òà â³éñüêîâîãî õàðàêòåðó â êîñì³÷íîìó,

ïîâ³òðÿíîìó òà âîäíîìó ñåðåäîâèùàõ [1–3]. Ó ïðîöåñ³ åêñïëóàòàö³¿ òàê³ ñèñ-

òåìè ÷óòëèâ³ äî âïëèâó íàá³ãàþ÷îãî ïîòîêó, ùî ä³º íà íèõ ñï³ââ³ñíî àáî ï³ä

äåÿêèì êóòîì. Íàé÷àñò³øå ÐÑ óíàñë³äîê âçàºìîä³¿ ç ïîòîêîì âòðà÷àº ñò³é-

ê³ñòü ³ ïî÷èíàº çä³éñíþâàòè ïîïåðå÷í³ êîëèâàííÿ ìàëî¿ àáî âåëèêî¿ àìïë³òóäè

[4, 5]. Â³äîì³ ðåçóëüòàòè â³ò÷èçíÿíèõ â÷åíèõ Þ.Ã. Êðèâîíîñà òà ².Ò. Ñåëåçîâà

ç äîñë³äæåííÿ àåðî-, ã³äðî- òà ìàãí³òîïðóæíèõ õâèëü ó ïîòîö³ ð³äèíè, ãàçó òà

ïëàçìè [6]. Äîñë³äæóâàëè õâèëüîâ³ ïðîöåñè ó ð³çíèõ ñåðåäîâèùàõ â³äîì³

óêðà¿íñüê³ â÷åí³ À.Â. Ãëàäêèé, ².Â. Ñåðã³ºíêî, Â.Â. Ñêîïåöüêèé [7, 8],

Â.Ô. Ãóáàðåâ [9], Î.Ì. Òðîôèì÷óê [10] òà ³í.

Ç îäíîãî áîêó, «øê³äëèâ³» àåðîïðóæí³ êîëèâàííÿ ñïðè÷èíÿþòü ðóéíóâàí-

íÿ ìîñò³â, êðèë ë³òàê³â òîùî [11–13]. Ç ³íøîãî áîêó, öå ÿâèùå ÿê «ïîçèòèâíå»

âïåðøå áóëî âèêîðèñòàíå â áåçëîïàòåâîìó â³òðîãåíåðàòîð³ ³ñïàíñüêîþ êîì-

ïàí³ºþ Vortex Bladeless ó 2011 ð. [14–16]. Âåðòèêàëüíèé áåçëîïàòåâèé â³òðîãå-

íåðàòîð ìàº âèãëÿä âåëè÷åçíî¿ áåéñáîëüíî¿ áèòè, ùî çàêð³ïëåíà íà ðó÷ö³ òà

ðîçãîéäóºòüñÿ íà â³òð³ (ðèñ. 1). Ðîçãîéäóâàííÿ â³äáóâàºòüñÿ ï³ä ä³ºþ êîëèâíîãî

íàá³ãàþ÷îãî ïîòîêó; â³í âèíèêàº, êîëè ñóö³ëüíå ñåðåäîâèùå îáò³êàº öèë³í-

äðè÷íèé êîðïóñ.

86 ISSN 1019-5262. Ê³áåðíåòèêà òà ñèñòåìíèé àíàë³ç, 2022, òîì 58, ¹ 2

© Þ.². Êàëþõ, Î.Ã. Ëåá³äü, 2022



Íåçâàæàþ÷è íà áàãàòîð³÷í³

äîñë³äæåííÿ àåðî- òà ã³äðîïðóæíèõ êî-

ëèâàíü ÐÑ, âèâ÷åííÿ ïðîáëåìè ¿õíüî¿

ñò³éêîñò³ (íåñò³éêîñò³) çàëèøàºòüñÿ àê-

òóàëüíèì ³ íà öåé ÷àñ [11, 12, 17].

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×²

Íåõàé ÐÑ ä³àìåòðîì d ³ äîâæèíîþ L

ìàº ìàëó ñòð³ëó ïðîãèíó [18]. Ïðè-

ïóñòèìî, ùî ÐÑ îáò³êàº ïîò³ê ç³

øâèäê³ñòþ V0. Îñüîâå çóñèëëÿ T ðîç-

ïîä³ëåíî¿ ñèñòåìè ââàæàòèìåìî ñòà-

ëèì. Äëÿ îïèñó äèíàì³÷íî¿ ïîâåä³íêè

ÐÑ â ïîõèëîìó ïîòîö³ âèêîðèñòî-

âóºìî ë³íåàðèçîâàíó ìîäåëü äèíàì³êè

ÐÑ â ïîòîö³, ïîáóäîâàíó äëÿ äåêàðòî-

âî¿ ñèñòåìè êîîðäèíàò. Îá÷èñëèìî

îö³íêó ñò³éêîñò³ äëÿ ïîïåðå÷íèõ êî-

ëèâàíü ÐÑ, ïåðïåíäèêóëÿðíèõ ïëî-

ùèí³ OXY , â ÿê³é ëåæèòü âåêòîð

øâèäêîñò³ òå÷³¿ V0. Öå çóìîâëåíî

òèì, ùî, ÿê ³ ó âèïàäêó âèìóøåíèõ

êîëèâàíü, ñàìå êîëèâàííÿ ïîïåðåê

ïîòîêó íàéá³ëüøå âïëèâàþòü íà ïðî-

öåñ âòðàòè ñò³éêîñò³ ÐÑ â ïîð³âíÿíí³

ç ïîïåðå÷íèìè êîëèâàííÿìè â ïëîùèí³ OXY , äå ñèëè äåìïô³ðóâàííÿ á³ëüø³

â ìåæàõ ðîçãëÿäóâàíî¿ ìàòåìàòè÷íî¿ ìîäåë³. Íà êîæí³é ä³ëÿíö³ ÐÑ, ñòð³ëà

ïðîãèíó ÿêèõ ìàëà, âåêòîð øâèäêîñò³ V0 ñêëàäàº êóò �0 ç â³ññþ OX . Âðàõî-

âóþ÷è íàâåäåí³ ïðèïóùåííÿ, ðàä³óñ-âåêòîð i-¿ ä³ëÿíêè ÐÑ R S0 ( ) çàïèøåìî ó

âèãëÿä³ [18]
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äå S — ïîòî÷íà äîâæèíà ÐÑ; e — îäèíè÷íèé âåêòîð, íàïðÿìëåíèé âçäîâæ

ÐÑ; r S0 ( ) — âåêòîð ïî÷àòêîâîãî â³äõèëåííÿ ÐÑ ó ìîìåíò ÷àñó t � 0.

Îñüîâå çóñèëëÿ T íà i-é ä³ëÿíö³ ïåðåäáà÷àºòüñÿ ñòàëèì ³ äîð³âíþº

íàï³âñóì³ îñüîâèõ çóñèëü íà ê³íöÿõ i-¿ òà ( )i �1 -¿ ä³ëÿíîê. Ðîçãëÿíåìî íåçíà÷í³

êîëèâàííÿ ÐÑ á³ëÿ ïîëîæåííÿ ñòàòè÷íî¿ ð³âíîâàãè íà îêðåì³é ¿¿ ä³ëÿíö³ ç ìà-

ëîþ ñòð³ëîþ ïðîãèíó [18, 19]:
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r S t( , ) — âåêòîð ïîïåðå÷íèõ êîëèâàíü ÐÑ, y — àìïë³òóäà ïîïåðå÷íèõ

êîëèâàíü ÐÑ âçäîâæ îñ³ OY , z — àìïë³òóäà ïîïåðå÷íèõ êîëèâàíü ÐÑ âçäîâæ

îñ³ OZ, k f — ã³äðîäèíàì³÷íèé êîåô³ö³ºíò îïîðó òåðòÿ, � — ù³ëüí³ñòü ïîòîêó.
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Ðèñ. 1. Ïðèíöèïîâà ñõåìà áåçëîïàòåâîãî â³ò-
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Ï³ä ÷àñ äîñë³äæåííÿ âèìóøåíèõ êîëèâàíü ÐÑ ïåðåäáà÷àºòüñÿ òàêîæ, ùî

óíàñë³äîê ìàëî¿ äèñèïàö³¿ åíåðã³¿ êîëèâàíü ó ìàòåð³àë³ ÐÑ (â ïîð³âíÿíí³ ³ç çà-

ãàñàííÿì åíåðã³¿ êîëèâàíü ï³ä ä³ºþ ñèë äåìïô³ðóâàííÿ ð³çíî¿ ïðèðîäè) âíóò-

ð³øí³ì òåðòÿì ìàòåð³àëó ÐÑ ìîæíà çíåõòóâàòè.

Ð³âíÿííÿ íåë³í³éíî¿ äèíàì³êè ÐÑ [20] ç óðàõóâàííÿì íàâåäåíèõ ïðèïóùåíü

ìîæíà ë³íåàðèçóâàòè, óâ³âøè äîäàòêîâî â ðîçãëÿä çãèíàëüíó æîðñòê³ñòü ÐÑ:
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äå �0 — êóò íàõèëó ïîòîêó; m, M — ìàñà ³ ïðèºäíàíà ìàñà îäèíèö³

äîâæèíè ÐÑ; kn — ã³äðîäèíàì³÷íèé êîåô³ö³ºíò îïîðó ôîðìè; T0 — åôåêòèâíèé

íàòÿã ÐÑ; V0 — øâèäê³ñòü ïîòîêó; t — ÷àñ; E — ìîäóëü Þíãà ÐÑ; I — ìî-

äóëü ³íåðö³¿ ÐÑ. Äëÿ ïîïåðå÷íèõ êîëèâàíü â íàïðÿìêó z ìîæíà îòðèìàòè

ïîä³áíå ð³âíÿííÿ.

Äëÿ çíåðîçì³ðåííÿ ð³âíÿííÿ (4) óâåäåìî òàê³ çì³íí³:
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äå � — çíåðîçì³ðåíà äîâæèíà ÐÑ, � — çíåðîçì³ðåíèé ÷àñ, x —

çíåðîçì³ðåíà àìïë³òóäà ïîïåðå÷íèõ êîëèâàíü ÐÑ âçäîâæ îñ³ OY , �2 — çíå-

ðîçì³ðåíà çãèíàëüíà æîðñòê³ñòü, q — çíåðîçì³ðåíà ìàñà îäèíèö³ äîâæèíè ÐÑ.

Ï³äñòàâèìî (5) â (4) ³ ï³ñëÿ íåñêëàäíèõ òîòîæíèõ ïåðåòâîðåíü îòðèìàºìî
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Ó âèðàç³ (7) âåëè÷èíà � õàðàêòåðèçóº â³äíîøåííÿ æîðñòêîñò³ ÐÑ íà çãèí äî

æîðñòêîñò³ ÐÑ íà ðîçòÿãíåííÿ; 	, � òà 
 — êîåô³ö³ºíòè, ùî õàðàêòåðèçóþòü

ñèëè äåìïô³ðóâàííÿ òà ïðèºäíàíî¿ ìàñè; q — â³äíîøåííÿ ïîãîííî¿ ìàñè ÐÑ äî

¿¿ åôåêòèâíî¿ ìàñè â ïîòîö³ (ìàñà � ïðèºäíàíà ìàñà).

Îáìåæèìîñÿ ðîçãëÿäîì êðàéîâèõ óìîâ æîðñòêîãî çàùåìëåííÿ:
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ÀÑÈÌÏÒÎÒÈ×ÍÅ ÐÎÇÂ’ßÇÓÂÀÍÍß

Äëÿ ÐÑ ïàðàìåòð � çàçâè÷àé º ìàëèì, �  [0.001–0.3] [17, 20, 21]. Óíàñë³äîê

öüîãî ð³âíÿííÿ (6) ç êðàéîâèìè óìîâàìè (8) º ñèíãóëÿðíî çáóðåíèì (ìàëèé

êîåô³ö³ºíò äëÿ ñòàðøî¿ ïîõ³äíî¿). Äëÿ éîãî ðîçâ’ÿçàííÿ ïîòð³áíî âèêîðèñòî-

âóâàòè àñèìïòîòè÷í³ ìåòîäè, íàïðèêëàä ìåòîä çðîùóâàííÿ àñèìïòîòè÷íèõ

ðîçâèíåíü çà ïàðàìåòðîì � [17]:

x g z k( , ) ( , )exp( ( ) / )� � � � � � �� � �1 . (9)
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Ùîá îòðèìàíèé ðîçâ’ÿçîê (9) ì³ñòèâ çã³äíî ç [17] åêñïîíåíö³éíó çà-

ëåæí³ñòü â³ä ÷àñó, ââåäåìî ïåðåòâîðåíèé ìàñøòàá ÷àñó k, ÿêèé ðîçâèíåìî â

ðÿä çà ñòåïåíÿìè ìàëîãî ïàðàìåòðà �:
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u z� � �6 12 	;
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Âèðàçè äëÿ E0, E1, E2, E3 ò³ æ ñàì³, ùî é ó ðîáîò³ [17].

Äëÿ ïðèìåæîâîãî øàðó íà ë³â³é ìåæ³ ñèñòåìè ìàºìî
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Äëÿ ïðàâî¿ ìåæ³ ñèñòåìè çàïèøåìî ð³âíÿííÿ
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Ãðàíè÷í³ óìîâè òðàíñôîðìóþòüñÿ â òàêèé ñïîñ³á:

g g g1 2 30 0 0 0( ) ( ) ( )� � � �� ;
(16)

g g g1 2 30 0 0 0� � �� � � �( ) ( ) ( ) � .

Äëÿ çàïèñó îòðèìàíèõ ð³âíÿíü (13) ³ ãðàíè÷íèõ óìîâ (14)–(16) âèêî-

ðèñòàíî ðîçòÿãíåííÿ çì³ííî¿ �:

— íà ë³â³é ìåæ³ � � 0:

g g g g0 1 1
2

2( ) ( ) ( ) ( )� � � � � � �� � � � �� � ;

— íà ïðàâ³é ìåæ³ �� � 0:

g g g g0 1 1
2

2( ) ( ) ( ) ( )*� � � � � � �� � � � �� � �
� �

Âèïóñêàþ÷è ïðîì³æí³ òîòîæí³ ïåðåòâîðåííÿ, îòðèìóºìî ðîçâ’ÿçêè çà ñòå-

ïåíÿìè çìåíøåííÿ ïàðàìåòðà �:

k q q k qW
0
2

02 1 0� � � � �( ( ))
 	 ,
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r r
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,

äå r1 ³ r2 — êîðåí³ êâàäðàòíîãî ð³âíÿííÿ:

r zr u2 4 0� � � . (17)

Ïàðàìåòð ïåðåòâîðåííÿ z â ð³âíÿíí³ (17) âèçíà÷àâñÿ òàê ñàìå, ÿê ³ â ðî-

áîò³ [17], ùîá

Re ( )r1 0� , Re ( )r2 0� .

×ÈÑÅËÜÍÅ ÐÎÇÂ’ßÇÓÂÀÍÍß

Ìåæó îáëàñò³ ñò³éêîñò³ ìîæíà ÷èñåëüíî âèçíà÷èòè ç óìîâè

Re Re Re Re( ) ( ) ( ) ( )k k k k0 1
2

2
3

3 0� � � �� � � . (18)

Óâåäåìî ôóíêö³þ F q k kf n( , , , , , , , , ... )� � 
 � 	0 :

F q k kf n( , , , , , , , , ... )� � 
 � 	0 �

� � � � � �( ( ) ( ) ( ) ( ) ( ) )Re Re Re Re Rek k k k k0 1
2

2
3

3
4

4
2� � � � � . (19)

Ïîøóê òî÷îê íåéòðàëüíî¿ êðèâî¿ çä³éñíþâàâñÿ ðîçâ’ÿçàííÿì çàäà÷³

íåë³í³éíîãî ïðîãðàìóâàííÿ [22] ïðî ïîøóê ì³í³ìóìó ôóíêö³¿

F q k kf n( , , , , , , , , ... )� � 
 � 	0 çà óìîâ îáìåæåíü ó âèãëÿä³ ð³âíîñòåé

k k k kf f n n� �* *; ;� (20)

³ îáìåæåíü ó âèãëÿä³ íåð³âíîñòåé

� � �� �� � ��� � � �; q q q ; � � � 
 
 
� �� � ��� � � �; ;
(21)

� � � 	 	 	� �� � ��� � � �0 ; .

Ïîêðîêîâå âèêîíàííÿ ÷èñåëüíîãî àëãîðèòìó â³äáóâàëîñÿ òàêèì ÷èíîì [22].

Êðîê 1. Ô³êñóâàëèñÿ çíà÷åííÿ q, �, 
, �0, 	, k f , kn , ...

Êðîê 2. Ïàðàìåòð � âèçíà÷àâñÿ ÷èñåëüíèì ðîçâ’ÿçàííÿì çàäà÷³ ïîøóêó

ì³í³ìóìó ôóíêö³¿ F q k kf n( , , , , , , , , ... )� � 
 � 	0 (19) äëÿ ïåâíîãî ä³àïàçîíó çì³íè

áåçðîçì³ðíîãî ïàðàìåòðà � (� [0.01–0.3]) òàêèì ÷èíîì, ùîá çàáåçïå÷èòè

ì³í³ìóì êâàäðàòà íåâ’ÿçêè.

Êðîê 3. Çä³éñíþâàâñÿ ïåðåõ³ä äî íàñòóïíîãî êðîêó ðîçðàõóíêîâî¿ ñõåìè

(çì³íþâàëèñü âèçíà÷åí³ âåëè÷èíè q, �, 
, �0, 	, k f , kn , ... ²íø³ ïàðàìåòðè íå

çì³íþâàëè ñâîãî ïî÷àòêîâîãî çíà÷åííÿ).

Ï³ñëÿ öüîãî ïåðåõ³ä äî êðîêó 2 àëãîðèòìó.

ßê âèïëèâàº ç ïîêðîêîâîãî îïèñó ÷èñåëüíîãî àëãîðèòìó, çàäà÷ó ïðî áà-

ãàòîïàðàìåòðè÷íèé ïîøóê ì³í³ìóìó ôóíêö³¿ F q k kf n( , , , , , , , , ... )� � 
 � 	0 (18)

ç îáìåæåííÿìè ó âèãëÿä³ ð³âíîñòåé (20) ³ íåð³âíîñòåé (21) ìîæíà çâåñòè äî

ïîñë³äîâíîãî ðîçâ’ÿçàííÿ íàáîðó îêðåìèõ çàäà÷ íåë³í³éíîãî ïðîãðàìóâàí-

íÿ [22].
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Òàêèì ÷èíîì, äëÿ ðîçâ’ÿçàííÿ çàãàëüíî¿ çàäà÷³ íåë³í³éíîãî ïðîãðàìóâàííÿ

(19)–(21) â ïðîñòîð³ çì³ííèõ �, q, �, 
, �0, 	, k f , kn , ... âèêîðèñòàíèé íàñàìïåðåä

ïðèíöèï äåêîìïîçèö³¿ ñêëàäíî¿ çàäà÷³ íà íàá³ð ïðîñòèõ çàäà÷ [21, 22]. Äàë³ áóâ

ïðîâåäåíèé àíàë³ç ðîçâ’ÿçàííÿ êîæíî¿ ïðîñòî¿ çàäà÷³. Íà ê³íöåâîìó åòàï³ áóâ

ïðîâåäåíèé ñèíòåç îòðèìàíèõ îêðåìèõ ðåçóëüòàò³â äëÿ â³äòâîðåííÿ óñüîãî

ïðîöåñó. Âïëèâ ïðèºäíàíî¿ ìàñè íà âòðàòó ñò³éêîñò³ ÐÑ ïîêàçàíî íà ðèñ. 2.

Äëÿ ïîð³âíÿííÿ íàâåäåíî äàí³ ç [17] äëÿ 	 � 0.02 òà 
 � 0.3 (ïîçíà÷åí³ øòðèõî-

âîþ ë³í³ºþ).

Îäíàê âïëèâ ³íøèõ ôàêòîð³â, ùî âèçíà÷àþòü âòðàòó ñò³éêîñò³ ÐÑ

óíàñë³äîê îäíî÷àñíî¿ çàëåæíîñò³ ïàðàìåòð³â �, �, 
, 	 â³ä îäíèõ ³ òèõ ñàìèõ

ô³çè÷íèõ çì³ííèõ, îö³íèòè âàæêî. Çì³íà îäí³º¿ ô³çè÷íî¿ âåëè÷èíè, íàïðèêëàä

æîðñòêîñò³ ÐÑ, çóìîâëþº îäíî÷àñíó çì³íó ïàðàìåòð³â 
, � òà �. Òîìó ïîäàëü-

øèé àíàë³ç ïðîâåäåìî ç âèêîðèñòàííÿì íîâèõ íåçàëåæíèõ çì³ííèõ � òà z� :

� �
�
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0

0

V

T

m M
, z

L

d n

� �
2 1

�

�

�
, (22)

äå �1, �n — ù³ëüí³ñòü ïîòîêó ð³äèíè ³ ÐÑ â³äïîâ³äíî.

Âåëè÷èíà � õàðàêòåðèçóº â³äíîñíó øâèäê³ñòü ïîøèðåííÿ ïîïåðå÷íèõ êîëè-

âàíü â ÐÑ, à ïàðàìåòð z� — áåçðîçì³ðíó äîâæèíó. Ç óðàõóâàííÿì çì³ííèõ (22)

ìîæíà â³äòâîðèòè á³ëüø ïîâíó êàðòèíó âïëèâó òèõ ÷è ³íøèõ ôàêòîð³â íà âòðàòó

ñò³éêîñò³ ÐÑ. Íà ï³äñòàâ³ öüîãî ìîæíà îòðèìàòè ðåêîìåíäàö³¿ ùîäî âèáîðó êîí-

ñòðóêòèâíèõ ïàðàìåòð³â äëÿ çàáåçïå÷åííÿ ñòàá³ëüíîñò³ ÐÑ â çîí³ íåñò³éêèõ àåðî-

ïðóæíèõ êîëèâàíü (ùî âàæëèâî äëÿ áåçëîïàòåâîãî â³òðîãåíåðàòîðà [14–16]).

Ç óðàõóâàííÿì (22) êîåô³ö³ºíòè 	 �, òà 
 çàïèøåìî â òàêèé ñïîñ³á:

	
�

��
�1

2

2
0

q
cos ; �

�

�
��

q k zn
2

2 0
2

2
*

sin ; 

� � �

�
�

� �q q k k zn f( sin )0
.

×èñåëüíèé àíàë³ç êðèòåð³þ ñò³éêîñò³ (18) áóâ ïðîâåäåíèé äëÿ çíà÷åíü

�0 5 70[ , ]; � [0.01, 0.3]; q [0.5, 1], � [0.2, 2] òà z�[ , ]1 103 , ùî íàâåäåíî

íà ðèñ. 3, 4.
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Ðèñ. 2. Âïëèâ ïðèºäíàíî¿ ìàñè íà ñò³éê³ñòü ÐÑ: q � 0.4 (1); q � 0.7 (2); q � 1.0 (3) (øòðèõîâîþ
ë³í³ºþ ïîçíà÷åíî äàí³ ç ðîáîòè [17] äëÿ 	 � 0.02 òà 
 � 0.3)

Íåñò³éê³ñòü

Ñò³éê³ñòü

1 2 3
�

�



ÀÍÀË²Ç ÐÅÇÓËÜÒÀÒ²Â

1. Çá³ëüøåííÿ ïðèºäíàíî¿ ìàñè ðîçøèðþº îáëàñòü íåñò³éêîñò³ ÐÑ (ðèñ. 2);

çá³ëüøåííÿ çãèíàëüíî¿ æîðñòêîñò³ ÐÑ, ñèëè äåìïô³ðóâàííÿ ³ îñüîâîãî çó-

ñèëëÿ ñïðèÿº ¿¿ ñòàá³ë³çàö³¿ (ðèñ. 3, 4).

2. Âòðàòà ñò³éêîñò³ ÐÑ ³ åâîëþö³ÿ ¿¿ êîëèâàíü äî ôëàòåðíîãî òèïó çóìîâëåí³

ñï³ëüíèì âïëèâîì òðüîõ ÷èííèê³â (â³äïîâ³äíî äî ïðèïóùåíü ³ ã³ïîòåç, ÿê³ âèêî-

ðèñòàíî äëÿ ïîáóäîâè àïðîêñèìàö³éíî¿ ìîäåë³): çíåñåííÿì çáóðåíü êîëèâàíü

óçäîâæ ÐÑ ïî íàá³ãàþ÷îìó ïîòîêó; íàÿâí³ñòþ ìàëî¿ çãèíàëüíî¿ æîðñòêîñò³ ÐÑ;

âïëèâîì ³íåðö³éíî¿ ñèëè — ðîçïîä³ëåíîãî ðóõîìîãî íàâàíòàæåííÿ, ùî ä³º íåïå-

ðåðâíî âçäîâæ ÐÑ (ðèñ. 3, 4).

3. Ãåîìåòðè÷íà êîíô³ãóðàö³ÿ ÐÑ ó íåñò³éê³é îáëàñò³ ñâ³ä÷èòü ïðî çá³ëüøåííÿ

äåôîðìàö³é ³ íàïðóæåíü íà â³ëüíîìó ê³íö³ ÐÑ. Öå ìîæå áóòè îäíèì ç ìîæëèâèõ

ïîÿñíåíü ÿâèùà «õëèñòà», ùî ñïîñòåð³ãàºòüñÿ â ÐÑ, ïðè÷èíîþ ïåòëåóòâîðåííÿ

â ÐÑ ³ âèõîäó ¿õ ç ëàäó. Â ðåçóëüòàò³ çíàêîçì³ííèõ íàâàíòàæåíü åâîëþö³ÿ íàòÿãó

ìàº òàêîæ õâèëåïîä³áíèé õàðàêòåð ³, ÿê íàñë³äîê, íåïåðåðâíî ãåíåðóº ïîïå-
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Ðèñ. 4. Âïëèâ â³äíîñíî¿ äîâæèíè ÐÑ ³ â³äíîñíî¿ øâèäêîñò³ ¿¿ îáò³êàííÿ ïîòîêîì íà ñò³éê³ñòü äëÿ
âåëèêèõ çíà÷åíü â³äíîñíî¿ äîâæèíè Z : � � 0.4 (1); � � 0.6 (2); � � 0.8 (3); � � 1.0 (4); � � 1.2 (5);
� � 1.4 (6); � � 1.6 (7); � � 1.8 (8)

Í
åñ

ò³
é

ê
³ñ

òü

1 2 3

�

Z � �10 2

4 5 6 87

Ðèñ. 3. Âïëèâ â³äíîñíî¿ äîâæèíè ÐÑ ³ â³äíîñíî¿ øâèäêîñò³ ¿¿ îáò³êàííÿ ïîòîêîì íà ñò³éê³ñòü äëÿ
ìàëèõ çíà÷åíü â³äíîñíî¿ äîâæèíè Z: � � 0.2 (1); � � 0.4 (2); � � 0.6 (3)

Íåñò³éê³ñòü

1 2 3

�

Z



ðå÷íî-çãèíàëüíî-êðóòèëüí³ õâèë³ ³ â³äïîâ³äí³ ¿ì äåôîðìàö³¿ íà êðàÿõ ÐÑ

[11, 12, 18].

4. Çá³ëüøåííÿ ïîãîííî¿ ìàñè ³ â³äíîñíî¿ äîâæèíè ÐÑ ïðèçâîäèòü äî ðîç-

øèðåííÿ îáëàñò³ ¿¿ íåñò³éêîñò³ òà çá³ëüøåííÿ éìîâ³ðíîñò³ âèíèêíåííÿ àåðî-

ïðóæíèõ ôëàòåðíèõ êîëèâàíü. Çá³ëüøåííÿ íàòÿãó â ÐÑ ³ åôåêòèâíîãî ìîäóëÿ

Þíãà ÐÑ ñïðèÿþòü çì³í³ îáëàñò³ íåñò³éêîñò³ ³ ¿¿ çðóøåííþ â á³ëüø âèñîêî÷àñ-

òîòíèé ä³àïàçîí êîëèâàíü (ðèñ. 3, 4). Çîíà ñò³éêîñò³ íà ðèñ. 3, 4 çíàõîäèòüñÿ

ë³âîðó÷ â³ä íàâåäåíèõ êðèâèõ, à çîíà íåñò³éêîñò³ — ïðàâîðó÷.

5. Íàÿâí³ñòü êóòà íàõèëó ÐÑ äî ïîòîêó äîäàº îñîáëèâîñòåé â áàëàíñ ñèë,

ùî ä³þòü íà ÐÑ, ³ ó ôîðìóâàííÿ ìåæ³ îáëàñòåé ñò³éêîñò³ ³ íåñò³éêîñò³. Îäíàê

êîðåêòíî îö³íèòè âïëèâ êóòà íàõèëó â ðîçãëÿäóâàí³é ìîäåë³ íåìîæëèâî. Öå

âèìàãàº á³ëüø äåòàëüíîãî âèâ÷åííÿ. Çàçíà÷èìî, ùî îòðèìàí³ ðåçóëüòàòè äëÿ

ìàëèõ êóò³â íàõèëó ÐÑ äî ïîòîêó óçãîäæóþòüñÿ ç â³äîìèìè ðåçóëüòàòàìè,

îòðèìàíèìè ³íøèìè àâòîðàìè [18].

ÂÈÑÍÎÂÊÈ

Çà äîïîìîãîþ àñèìïòîòè÷íîãî ìåòîäó òà ÷èñåëüíîãî ìåòîäó íåë³í³éíîãî

ïðîãðàìóâàííÿ âèçíà÷åíî ä³àïàçîí ïàðàìåòð³â, ùî ïðèçâîäÿòü äî êîëèâàíü

ÐÑ çà ôëàòåðíèì òèïîì ó ïîòîö³ ð³äèíè.

Ðîçãëÿíóòèé ï³äõ³ä ìîæíà çàñòîñîâóâàòè äëÿ âèçíà÷åííÿ êîíêðåòíèõ ïàðà-

ìåòð³â áåçëîïàòåâîãî â³òðîãåíåðàòîðà, ÿê³ ñïðèÿþòü âèíèêíåííþ àåðîïðóæíèõ

êîëèâàíü çà ôëàòåðíèì òèïîì òà çá³ëüøåííþ éîãî êîåô³ö³ºíòà êîðèñíî¿ ä³¿.
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I. Kaliukh, Î. Lebid
APPLICATION OF ASYMPTOTIC AND NUMERICAL METHODS FOR DETERMINING
THE STABILITY BOUNDARIES OF DISTRIBUTED SYSTEMS IN A FLOW

Abstract. The reasons and the set of parameters leading to aeroelastic flutter oscillations

in distributed systems (DS) are investigated on the basis of asymptotic and numerical

methods. The instability is caused by the combined influence of three factors: the drift of

disturbances along the DS along the flow, bending stiffness, and the influence of the

inertial force, which is a distributed load moving along the DS. An increase in the tensile

force and bending stiffness of the DS shifts the instability to a higher frequency range of

vibrations. An increase in the relative flux density and the relative length of the DS

expands the region of instability. The presence of the angle of inclination of the DS to

the flow introduces peculiarities in the balance of forces acting on the DS, and in the

formation of the boundary of the regions of stability and instability. However, it is not

possible to correctly assess its influence within the framework of the considered model

and requires more detailed further consideration. The configuration of the DS in the

unstable region indicates the concentration of stresses near its upper end. The results

obtained for small angles of inclination of the DS to the flow agree with the known

results of other authors.

Keywords: waves, aeroelasticity, asymptotic methods, flutter, bladeless wind turbine.
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