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Ïîñòàíîâêà ïðîáëåìè
Òåïëîàêóìóëþþ÷³ ïðèñòðî¿ âèêîðèñòîâóþòü

â ð³çíèõ ãàëóçÿõ ïðîìèñëîâîñò³: äëÿ çàõèñòó åëåê-
òðîííèõ ïðèëàä³â â³ä ïåðåãð³âó, äëÿ ñòàá³ë³çàö³¿
òåìïåðàòóð â ïðèì³ùåíí³ òà îáëàäíàííÿ. Êëþ-
÷åâèì º âèêîðèñòàííÿ àêóìóëÿòîð³â òåïëîâî¿
åíåðã³¿ â ãåë³îñèñòåìàõ òåïëîïîñòà÷àííÿ, ÿêå
äîçâîëÿº ñêîðåãóâàòè äîáîâó òà ñåçîííó íå-
ð³âíîì³ðí³ñòü ïîòîêó ñîíÿ÷íîãî âèïðîì³íþâàí-
íÿ, à òàêîæ íåçáàëàíñîâàí³ñòü ïåð³îä³â âèðîá-
íèöòâà òà ñïîæèâàííÿ òåïëîâî¿ åíåðã³¿.

Àíàë³ç îñòàíí³õ äîñë³äæåíü òà ïóáë³êàö³é
Çàñòîñóâàííÿ àäñîðáö³éíèõ òåïëîâèõ àêó-

ìóëÿòîð³â â ñèñòåìàõ îïàëþâàííÿ, à òàêîæ
ï³ä³ãð³âó òà êîíäèö³îíóâàííÿ ïðèïëèâíîãî ïî-
â³òðÿ ïðîïîíóâàëîñü ïðîòÿãîì îñòàíí³õ äåñÿòè
ðîê³â [1–3]. Ïåðñïåêòèâíèìè äëÿ ïîä³áíèõ ïðè-
ñòðî¿â äëÿ ïîãëèíàííÿ, òðàíñôîðìàö³¿ òà àêó-
ìóëþâàííÿ òåïëîâî¿ åíåðã³¿ º êîìïîçèòí³ àäñîð-
áåíòè òèïó «ñ³ëü â ïîðèíí³é ìàòðèö³» [4,5]. Òàê,
êîìïîçèò SWS-1A (îêñèä àëþì³í³þ, ÿêèé ³ìïðå-
ãîâàíî êàëüö³é õëîðèäîì) âèÿâèâ êðàù³ àä-
ñîðáö³éí³ âëàñòèâîñò³ â ïîð³âíÿíí³ ç òðàäèö³é-
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íèìè ä³îêñèäîì êðåìí³þ òà îêñèäîì àëþì³-
í³þ [5]. Â òîé æå ÷àñ, ìàòåìàòè÷í³ ìîäåë³ ðîç-
ãëÿäàþòü ïåðåâàæíî îäíó ç³ ñòàä³é ïðîöåñ³â åê-
ñïëóàòàö³¿ àäñîðáö³éíèõ òåïëîàêóìóëþþ÷èõ ïðè-
ñòðî¿â, çîêðåìà, ïðîöåñè ìàñîïåðåíåñåííÿ ïðè
àäñîðáö³¿ [6,7]. Àëãîðèòìè òà ìåòîäèêè ðîçðà-
õóíêó, ÿê³ äîçâîëÿþòü îö³íèòè êîðåëÿö³þ êîí-
ñòðóêö³¿ òà åôåêòèâí³ñòü åêñïëóàòàö³¿ àêóìóëÿ-
òîð³â òåïëîâî¿ åíåðã³¿ ðîçðîáëåí³ ïåðåâàæíî äëÿ
ºìí³ñíèõ ïðèñòðî¿â [8]. Îòæå ñòàº àêòóàëüíîþ
çàäà÷à ðîçðîáêè çàãàëüíèõ ïðèíöèï³â âèçíà÷åííÿ
êîíñòðóêòèâíèõ õàðàêòåðèñòèê, ÿê³ â³äïîâ³äàþòü
ìàêñèìàëüí³é åôåêòèâíîñò³ àäñîðáö³éíèõ òåï-
ëîàêóìóëþþ÷èõ ïðèñòðî¿â.

Ôîðìóëþâàííÿ ìåòè äîñë³äæåííÿ
Íàäàíà ðîáîòà ïðèñâÿ÷åíà ðîçðîáö³ àëãî-

ðèòìó âèçíà÷åííÿ êîíñòðóêòèâíèõ õàðàêòåðèñ-
òèê àäñîðáö³éíîãî òåïëîâîãî àêóìóëÿòîðà, ÿê³
â³äïîâ³äàþòü éîãî ìàêñèìàëüí³é åôåêòèâíîñò³.

Êîíñòðóêö³ÿ òåïëîàêóìóëþþ÷îãî ïðèñòðîþ
â³äêðèòîãî òèïó íàâåäåíà íà ðèñ. 1 çã³äíî ç [2].

Ðèñ. 1. Åêñïåðèìåíòàëüíà óñòàíîâêà äëÿ äîñë³äæåííÿ

òåïëîàêóìóëþþ÷èõ ìàòåð³àë³â: 1 – òåïëî³çîëüîâàíèé

êîðïóñ; 2 – òåïëîàêóìóëþþ÷èé ìàòåð³àë; 3 – êîìïðåñîð;

4 – çâîëîæóâà÷; 5 – ðåçèñòèâíèé íàãð³âàëüíèé åëåìåíò;

6 – òåðåçè

Åêñïëóàòàö³þ çä³éñíþþòü â äâà åòàïè. Íà
ïåðøîìó åòàï³ ïîâ³òðÿ ç íàâêîëèøíüîãî ñåðå-
äîâèùà çà äîïîìîãîþ êîìïðåñîðà 3 ïîäàþòü â
çâîëîæóâà÷ 4, äå éîãî â³äíîñíà âîëîã³ñòü çðîñ-
òàº äî 60–80 %. Äàë³ çâîëîæåíå ïîâ³òðÿ íàãð³âà-
þòü â åëåêòðè÷íîìó ðåçèñòèâíîìó íàãð³âàëüíî-
ìó åëåìåíò³ 5, äî òåìïåðàòóð á³ëüø çà 300. Ïîò³ì
çâîëîæåíå ïîâ³òðÿ ïîäàþòü äî øàðó àäñîðáåíòó.
Ï³ñëÿ íåòðèâàëîãî ïðîãð³âàííÿ òåïëîàêóìóëþ-
þ÷îãî ìàòåð³àëó (15 õâ) âîäà àäñîðáóºòüñÿ ç ïî-
â³òðÿ, ùî ïîäàºòüñÿ â òåïëîàêóìóëþþ÷èé ìàòå-
ð³àë, ùî º åêçîòåðì³÷íèì ïðîöåñîì. Òåìïåðàòó-
ðè ÿê òåïëîàêóìóëþþ÷îãî ìàòåð³àëó, òàê ³ ïî-
â³òðÿ çðîñòàþòü. Ïðè öüîìó òåìïåðàòóðà ïîâ³òðÿ
íà âèõîä³ ç òåïëîàêóìóëþþ÷îãî ïðèñòðîþ ñêëà-

äàº 90–1150Ñ. Íà äðóãîìó åòàï³ çä³éñíþºòüñÿ ðå-
ãåíåðàö³ÿ àäñîðáåíòà øëÿõîì ïîäà÷³ ãàðÿ÷îãî
ïîâ³òðÿ, ùî ïðèâîäèòü äî íàãð³âàííÿ àäñîðáåí-
òó äî òåìïåðàòóð íå íèæ÷å 900Ñ, ³, îòæå, äî äå-
ñîðáö³¿.

Êîåô³ö³ºíò êîðèñíî¿ ä³¿ (ÊÊÄ) ðîçðàõîâó-
âàëè çà çàïðîïîíîâàíèì àëãîðèòìîì [2], ÿê, %:

кор

з

Q
ККД 100,

Q
    

(1)

äå Qêîð – êîðèñíà òåïëîòà (òåïëîòà àäñîðáöèè),
êÄæ:

Qêîð=Ì àäñÍ àäñ,  (2)

äå Ìàäñ – ìàñà àäñîðáåíòó, êã; Íàäñ – òåïëîòà
àäñîðáö³¿, êÄæ/êã; Qç – âèòðàòè òåïëîòè, êÄæ:

води води

з адс корп нагр вип дес адсQ Q Q Q Q Q Q      , (3)

äå Qàäñ, Qêîðï, Qíàãð, 
води

випQ , Qäåñ, Qàäñ
âîäè

 – â³äïîâ³äíî,

íà êîæí³é ñòàä³¿, âèòðàòè òåïëîòè äëÿ íàãð³âó
àäñîðáåíòó, êîðïóñà óñòàíîâêè, íàãð³âàííÿ âîäè
â áàêó, âèïàðîâóâàííÿ âîäè â áàêó, äåñîðáö³þ,
íàãð³âàííÿ àäñîðáîâàíî¿ âîäè, êÄæ.

Ê³ëüê³ñòü òåïëîòè, íåîáõ³äíå äëÿ íàãð³âàí-
íÿ ìàòåð³àëó ³ äåòàëåé ïðèñòðîþ ðîçðàõîâóâàëè
çà çàãàëüíîâ³äîìîþ ôîðìóëîþ

Q=M C t,  (4)

äå Ì – ìàñà ìàòåð³àëó àáî äåòàë³, êã; Ñ – òåï-
ëîºìí³ñòü ìàòåð³àëó àáî äåòàë³, êÄæ/êã·Ê; t –
çì³íà òåìïåðàòóðè, 0Ñ.

Âèòðàòè íà âèïàðîâóâàííÿ âîäè âèçíà÷à-
ëè, ÿê äîáóòîê ìàñè âîäè, ÿêó ïîäàíî äî øàðó
òåïëîàêóìóëþþ÷îãî ìàòåð³àëó (àäñîðáåíòó) ÌÍ2Î

òà òåïëîòè âèïàðîâóâàííÿ Íâèï:

2

води

вип H O випQ M H  .  (5)

Âïëèâ øâèäêîñò³ ðóõó ïàðîïîâ³òðÿíî¿
ñóì³ø³ íà êîåô³ö³ºíò êîðèñíî¿ ä³¿ âðàõîâàíèé
ââåäåííÿì â ðîçðàõóíîê êîåô³ö³ºíòà À, ÿêèé ïî-
êàçóº âåëè÷èíó àäñîðáö³¿, êã/êã. Öåé êîåô³ö³ºíò
âèêîðèñòîâóâàëè ïðè ðîçðàõóíêó âèòðàò òåïëî-
òè íà äåñîðáö³¿:

дес дес адсQ H М А      (6)
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³ íà íàãð³âàííÿ àäñîðáîâàíî¿ âîäè:

води

сор адс в рег н.с.Q M А С (t t )     ,  (7)

äå tðåã – òåìïåðàòóðà ðåãåíåðàö³¿ àäñîðáåíòó, 0C;
tí.ñ. – òåìïåðàòóðà íàâêîëèøíüîãî ñåðåäîâèùà,
0C; Íäåñ=2850 – òåïëîòà äåñîðáö³¿, êÄæ/êã.

Âåëè÷èíó àäñîðáö³¿ âèçíà÷àëè, ÿê:

0
пов

адс

C C
A V

M


  ,  (8)

äå Vïîâ – îá’ºì ïîâ³òðÿ: Vïîâ=Fàäñwt, ì3; w –
øâèäê³ñòü ïàðîïîâ³òðÿíîãî ïîòîêó, ì/ñ; Fàäñ –
ïëîùà ïåðåð³çó òåïëîâîãî àêóìóëÿòîðà, ì2; Ñ –
àáñîëþòíà âîëîã³ñòü ïàðîïîâ³òðÿíîãî ïîòîêó íà
âèõîä³ ç òåïëîâîãî àêóìóëÿòîðà [2]:

0

max

0

( w C )
[ H]]

A

w

C
C

e 1

 
 





,  (9)

äå t – òðèâàë³ñòü àäñîðáö³¿, ñ; Ñ0 – àáñîëþòíà
âîëîã³ñòü ïàðîïîâ³òðÿíîãî ïîòîêó íà âõîä³ â òåï-
ëîâèé àêóìóëÿòîð, êã/ì3; Í – øàðó àäñîðáåíòà,
ì; Àmax – àäñîðáö³éíà ºìí³ñòü òåïëîàêóìóëþ-
þ÷îãî ìàòåð³àëó, êã/êã;  – êîåô³ö³ºíò ìàñîïå-
ðåäà÷³, ñ–1, ÿêèé âèçíà÷åíî çã³äíî ç çàëåæí³ñòþ
[2]:

y п пр

1 1 1 1
  

   
,

äå y, ï òà ïð – êîåô³ö³ºíòè ìàñîâ³ääà÷³ â ãà-
çîâ³é ôàç³, â ïîðàõ ³ ïîâçäîâæíüîãî ïåðåì³øó-
âàííÿ [2].

Äëÿ ðîçðîáêè ìåòîä³â ï³äâèùåííÿ êîåô³ö³-
ºíòà êîðèñíî¿ ä³¿ âèêîíàíî àíàë³ç ñòðóêòóðè òåï-
ëîâèõ âèòðàò ïðè åêñïëóàòàö³¿ òåïëîàêóìóëþ-
þ÷îãî ïðèñòðîþ â³äêðèòîãî òèïó [2]. Çã³äíî ç
éîãî ðåçóëüòàòàìè âñòàíîâëåíî, ùî íàéá³ëüø
çíà÷íèìè º âèòðàòè íà âèïàðîâóâàííÿ âîäè
(43%) òà äåñîðáö³þ (47%), äàë³ éäóòü âèòðàòè íà
íàãð³â àäñîðáîâàíî¿ âîäè (6%), íàãð³âàííÿ âîäè
(3%) òà íàãð³âàííÿ êîðïóñà òåïëîâîãî àêóìóëÿ-
òîðà (1%). Âî÷åâèäü, ³ñòîòíî ñêîðîòèòè âèòðàòè
òåïëîòè ìîæíà øëÿõîì çì³íè ìàñè âîäè, ÿêó
ïîäàíî äî øàðó àäñîðáåíòó.

Ìàñó âîäè, ÿêà ïîäàíà äî øàðó àäñîðáåí-
òó, ìîæå áóòè ïðèéíÿòî â³äïîâ³äíî äî ãðàíè-
÷íî¿ àäñîðáö³¿

ÌÍ2Î=Àmax·M àäñ   (10)

àáî, âðàõîâóþ÷è øâèäê³ñòü ïîòîêó âîëîãîãî ïî-
â³òðÿ, ÿê äîáóòîê îá’ºìó ïîâ³òðÿ, ùî ïðîéøîâ
÷åðåç òåïëîêóìóëþþ÷èé ìàòåð³àë, Vïîâ òà àáñî-
ëþòíî¿ âîëîãîñò³ ïàðîïîâ³òðÿíîãî ïîòîêó íà
âõîä³ äî øàðó àäñîðáåíòà Ñ0:

ÌÍ2Î=Vïîâ·Ñ 0.  (11)

Áëîê-ñõåìà äîïîâíåíîãî àëãîðèòìó, ÿêà
ðîçðîáëåíà â³äïîâ³äíî äî äàíî¿ ìåòîäèêè ðîç-
ðàõóíêó, íàäàíà íà ðèñ. 2.

Ðèñ. 2. Áëîê-ñõåìà àëãîðèòìó ðîçðàõóíêó êîåô³ö³ºíòà

êîðèñíî¿ ä³¿ àäñîðáö³éíîãî òåïëîâîãî àêóìóëÿòîðà

â³äêðèòîãî òèïó
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Âèêëàäåííÿ îñíîâíîãî ìàòåð³àëó äîñë³äæåííÿ
Ðèñ. 3 ïîêàçóº çàëåæí³ñòü êîåô³ö³ºíòà êî-

ðèñíî¿ ä³¿ â³ä øâèäêîñò³ ïàðîïîâ³òðÿíîãî ïîòî-
êó, ùî ïîäàºòüñÿ íà òåïëîàêóìóëþþ÷èé
ïðèñòð³é. Ë³í³ÿ 1 ïîêàçóº, ùî, ÿêùî ìàñà âîäè
ïðèéíÿòà â³äïîâ³äíîþ ãðàíè÷í³é àäñîðáö³¿, òî
ìàêñèìàëüíå çíà÷åííÿ êîåô³ö³ºíòà êîðèñíî¿ ä³¿
(ÊÊÄ) ñïîñòåð³ãàºòüñÿ â äîâîë³ âóçüêîìó ä³àïà-
çîí³ øâèäêîñòåé.

Â òîé æå ÷àñ, ÿêùî ïðè ïîäà÷³ âîäè â³äïî-
â³äíî äî îá’ºìó òà àáñîëþòí³é âîëîãîñò³ ïîâ³òðÿ
çã³äíî ç ôîðìóëîþ (11), òî íà ãðàô³êó çàëåæ-
íîñò³ ÊÊÄ â³ä øâèäêîñò³ ïîâ³òðÿ, â³í âèõîäèòü
íà ïëàòî ïðè w=0,1 ì/ñ (ðèñ. 3, êðèâ³ 2). Â òîé
æå ÷àñ ïðè àíàëîã³÷íèõ óìîâàõ (ðèñ. 4), îñê³ëü-
êè ìàñà âîäè, ÿêà ïîäàíî äî øàðó òåïëîàêóìó-
ëþþ÷îãî ìàòåð³àëó, íå ëèøå çàëåæèòü â³ä øâèä-
êîñò³ ïîòîêó, àëå é ïåðåâèùóº âåëè÷èíó, ùî
â³äïîâ³äàº àäñîðáö³¿ âîäÿíî¿ ïàðè øàðîì êîì-
ïîçèòó çà äàíèõ óìîâ, áëèçüêî â òðè ðàçè. Êî-
åô³ö³ºíò êîðèñíî¿ ä³¿ ïðè öüîìó íå ïåðåâè-
ùóº 40%.

Ñêîðåãóâàòè âåëè÷èíó ìàñè âîäè, ÿêó ïî-
äàíî äî øàðó àäñîðáåíòà, âðàõîâóþ÷è âïëèâ
àáñîëþòíî¿ âîëîãîñò³ ïîâ³òðÿ íà àäñîðáö³þ, ìîæ-
ëèâî, âî÷åâèäü, çì³íþþ÷è îá’ºì ïîâ³òðÿ, øëÿ-
õîì çì³íè ïëîù³ ïåðåð³çó òåïëîâîãî àêóìóëÿòî-
ðà, ³, îòæå, òîâùèíè øàðó àäñîðáåíòó. Òàê, çíè-
æåííÿ ïëîù³ ïåðåð³çó â³ä 0,1662 äî 0,0831 ì2

ñïðèÿº ï³äâèùåííþ êîåô³ö³ºíòà êîðèñíî¿ ä³¿ â³ä
42 äî 50% (ðèñ. 5). Ïðè öüîìó ìàêñèìàëüí³ çíà-
÷åííÿ êîåô³ö³ºíòà êîðèñíî¿ ä³¿ ñïîñòåð³ãàþòüñÿ
â á³ëüø øèðîêîìó ³íòåðâàë³ øâèäêîñòåé ïàðî-
ïîâ³òðÿíîãî ïîòîêó â ïîð³âíÿíí³ ç ïîäà÷åþ âî-
ëîãè â³äïîâ³äíî äî ãðàíè÷íî¿ àäñîðáö³¿.

Â òîé æå ÷àñ ìàêñèìàëüí³ çíà÷åííÿ àä-
ñîðáö³¿ ñïîñòåð³ãàþòüñÿ âî÷åâèäü ïðè çíà÷åí-
íÿõ w=0,5–0,8 ì/ñ [2] òåìïåðàòóðàõ 40–600Ñ  òà
â³äíîñíèõ âîëîãîñòÿõ ïàðîïîâ³òðÿíîãî ïîòîêó íå
íèæ÷å çà 40–50%. Îòæå, âðàõîâóþ÷è çàáåçïå-
÷åííÿ ìàêñèìàëüíîãî òåïëîâîãî íàâàíòàæåííÿ,
äîö³ëüíî åêñïëóàòóâàòè òåïëîâèé àêóìóëÿòîð
â³äïîâ³äíî äî çàçíà÷åíèõ åêñïëóàòàö³éíèõ õàðàê-
òåðèñòèê.

                                à                                                       á                                                       â

Ðèñ. 3. Âïëèâ øâèäêîñò³ ïàðîïîâ³òðÿíîãî ïîòîêó (àáñîëþòíà âîëîã³ñòü: à – 0,04; á – 0,06; â – 0,08 ã/ì3) íà êîåô³ö³ºíò

êîðèñíî¿ ä³¿ àäñîðáö³éíîãî òåïëîâîãî àêóìóëÿòîðà â³äêðèòîãî òèïó: 1 – ìàñà âîäè â³äïîâ³äàº ãðàíè÷í³é àäñîðáö³¿;

2 – ìàñà âîäè, ÿêà ïîäàíà ç âîëîãèì ïîâ³òðÿì äî øàðó àäñîðáåíòó
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                           à                                                         á                                                          â

Ðèñ. 4. Âïëèâ øâèäêîñò³ ïàðîïîâ³òðÿíîãî ïîòîêó òà â³äíîñíî¿ âîëîãîñò³ íà êîåô³ö³ºíò êîðèñíî¿ ä³¿ àäñîðáö³éíîãî

òåïëîâîãî àêóìóëÿòîðà â³äêðèòîãî òèïó. Òåìïåðàòóðà ïàðîïîâ³òðÿíîãî ïîòîêó, 0Ñ: à – 40; á – 50; â – 60.

Òîâùèíà øàðó àäñîðáåíòó 0,25 ì
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Âèñíîâêè
Äîñë³äæåíî ïðîöåñè åêñïëóàòàö³¿ àäñîðá

ö³éíîãî àêóìóëÿòîðà òåïëîâî¿ åíåðã³¿ â³äêðèòî-
ãî òèïó íà îñíîâ³ êîìïîçèòíîãî àäñîðáåíòà «ñè-
ë³êàãåëü – íàòð³é ñóëüôàò». Îòðèìàâ ïîäàëüøèé
ðîçâèòîê àëãîðèòì âèçíà÷åííÿ åêñïëóàòàö³éíèõ
õàðàêòåðèñòèê àäñîðáö³éíîãî òåïëîâîãî àêóìó-
ëÿòîðà.

Ïîêàçàíî âïëèâ øâèäêîñò³, òåìïåðàòóðè òà
âîëîãîñò³ ïàðîïîâ³òðÿíîãî ïîòîêà íà êîåô³ö³ºíò
êîðèñíî¿ ä³¿ òåïëîâîãî àêóìóëÿòîðà. Âñòàíîâëå-
íî êîðåëÿö³þ ì³æ êîíñòðóêòèâíèìè õàðàêòåðè-
ñòèêàìè êîåô³ö³ºíòîì êîðèñíî¿ ä³¿ àäñîðáö³é-
íîãî òåïëîàêóìóëþþ÷îãî ïðèñòðîþ. Ìàêñè-
ìàëüí³ çíà÷åííÿ êîåô³ö³ºíòà êîðèñíî¿ ä³¿
â³äïîâ³äàþòü ïëîù³ ïåðåð³çó òåïëîàêóìóëþþ÷î-
ãî ìàòåð³àëó 0,08–0,11 ì2 çà óìîâè â³äíîñíî¿
âîëîãîñò³ ïàðîïîâ³òðÿíîãî ïîòîêó íå íèæ÷å 40–
50% òà øâèäêîñòÿõ 0,5–0,8 ì/ñ.

Íàäàíà ðîáîòà âèêîíàíà çà ÷àñòêîâî¿
ï³äòðèìêè Ì³í³ñòåðñòâà îñâ³òè ³ íàóêè Óêðà¿íè
(íîìåð äåðæðåºñòðàö³¿ òåìè ÍÄÐ 0119U002243).
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ÀËÃÎÐÈÒÌ ÐÀÑ×ÅÒÀ ÊÎÍÑÒÐÓÊÒÈÂÍÛÕ È
ÅÊÑÏËÓÀÒÀÖÈÎÍÍÛÕ ÕÀÐÀÊÒÅÐÈÑÒÈÊ
ÀÄÑÎÐÁÖÈÎÍÍÎÃÎ ÀÊÊÓÌÓËßÒÎÐÀ ÒÅÏËÎÂÎÉ
ÝÍÅÐÃÈÈ ÎÒÊÐÛÒÎÃÎ ÒÈÏÀ ÍÀ ÎÑÍÎÂÅ
ÊÎÌÏÎÇÈÒÍÛÕ ÀÄÑÎÐÁÅÍÒÎÂ
Áåëÿíîâñêàÿ Å.À., Ëèòîâ÷åíêî Ð.Ä., Ìèõàéëîâ À.Ã.,
Ñóõîé Ê.Ì., Ñóõàÿ È.Â.

Ðàáîòà ïîñâÿùåíà ðàçðàáîòêå ýôôåêòèâíîãî àëãîðèò-
ìà îïðåäåëåíèÿ ýêñïëóàòàöèîííûõ è êîíñòðóêòèâíûõ õàðàê-
òåðèñòèê àäñîðáöèîííîãî àêêóìóëÿòîðà òåïëîâîé ýíåðãèè
îòêðûòîãî òèïà. Ïîëó÷èë äàëüíåéøåå ðàçâèòèå àëãîðèòì ðàñ-
÷åòà ýêñïëóàòàöèîííûõ õàðàêòåðèñòèê àäñîðáöèîííîãî òåï-
ëîâîãî àêêóìóëÿòîðà îòêðûòîãî òèïà. Ïðåäëàãàåòñÿ ñëåäóþ-
ùèé ïîðÿäîê ðàñ÷åòà: âû÷èñëåíèå êîýôôèöèåíòà ìàññîïåðåäà-
÷è, îïðåäåëåíèå ìàññû âîäû, ïðåäñòàâëåííîé ñ ïàðîâîçäóøíûì
ïîòîêîì ê ñëîþ òåïëîàêêóìóëèðóþùåãî ìàòåðèàëà (àäñîðáåí-
òà), ðàñ÷åò âåëè÷èíû àäñîðáöèè, ïîëåçíîé òåïëîòû àäñîðá-
öèè, îïðåäåëåíèÿ ðàñõîäà òåïëîòû íà ýêñïëóàòàöèþ, âêëþ÷à-
þùèå ðàñõîäû òåïëîòû äëÿ íàãðåâà àäñîðáåíòà, êîðïóñà óñ-
òàíîâêè, âîäû â óâëàæíèòåëå, èñïàðåíèÿ âîäû, íàãðåâ àäñîð-
áèðîâàííîé âîäû è äåñîðáöèþ, à òàêæå âû÷èñëåíèÿ êîýôôèöè-
åíòà ïîëåçíîãî äåéñòâèÿ. Ìàññó âîäû, ïîäàííîé â ñëîé àäñîð-
áåíòà, îïðåäåëÿëè äâóìÿ ñïîñîáàìè: â ñîîòâåòñòâèè ñ ïðå-
äåëüíîé àäñîðáöèè èëè ó÷èòûâàÿ îáúåì è àáñîëþòíóþ âëàæ-
íîñòü ïàðîâîçäóøíîãî ïîòîêà, êîòîðûé ïîñòóïàåò â ñëîé àä-
ñîðáåíòà. Èçó÷åíû ýêñïëóàòàöèîííûå õàðàêòåðèñòèêè òåï-
ëîâîãî àêêóìóëÿòîðà îòêðûòîãî òèïà ïðè èñïîëüçîâàíèè êîì-

                               à                                                    á                                                           â

Ðèñ. 5. Âïëèâ êîíñòðóêòèâíèõ õàðàêòåðèñòèê íà âåëè÷èíó êîåô³ö³ºíòà êîðèñíî¿ ä³¿ òåïëîàêóìóëþþ÷îãî ïðèñòðîþ

â³äêðèòîãî òèïó. Òåìïåðàòóðà ïàðîïîâ³òðÿíîãî ïîòîêó 500Ñ. Â³äíîñíà âîëîã³ñòü ïàðîïîâ³òðÿíîãî ïîòîêó:
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ïîçèòíîãî àäñîðáåíòà «ñèë³êàãåëü–íàòðèé ñóëüôàò». Ïîäòâåð-
æäåíî ïîâûøåíèå êîýôôèöèåíòà ïîëåçíîãî äåéñòâèÿ ïðè ðîñ-
òå ñêîðîñòè è îòíîñèòåëüíîé âëàæíîñòè ïàðîâîçäóøíîé ïî-
òîêà. Ïîêàçàíà êîððåëÿöèÿ êîíñòðóêòèâíûõ õàðàêòåðèñòèê
è ýôôåêòèâíîñòè àäñîðáöèîííîãî òåïëîàêêóìóëèðóþùåãî óñ-
òðîéñòâà. Îñíîâûâàÿñü íà ïðåäëîæåííîì àëãîðèòìå, ïîêàçà-
íî, ÷òî ìàêñèìàëüíûå çíà÷åíèÿ êîýôôèöèåíòà ïîëåçíîãî äåé-
ñòâèÿ ñîîòâåòñòâóþò ïëîùàäè ñå÷åíèÿ òåïëîàêêóìóëèðóþ-
ùåãî ìàòåðèàëà 0,08–0,11 ì2 ïðè îòíîñèòåëüíîé âëàæíîñòè
ïàðîâîçäóøíîé ïîòîêà íå íèæå 40–50% è ñêîðîñòÿõ 0,5–0,8 ì/ñ.
Ðåçóëüòàòû ïðîâåäåííîãî èññëåäîâàíèÿ ìîãóò áûòü èñïîëüçî-
âàíû ïðè ðàçðàáîòêå ýíåðãîýôôåêòèâíûõ äåöåíòðàëèçîâàííûõ
ñèñòåì âîçäóøíîãî îòîïëåíèÿ, à òàêæå àäñîðáöèîííûõ ìîäó-
ëåé-îñóøèòåëåé äëÿ æèëûõ ïîìåùåíèé.

Êëþ÷åâûå ñëîâà: àäñîðáöèîííûé àêêóìóëÿòîð òåïëîâîé
ýíåðãèè, êîýôôèöèåíò ïîëåçíîãî äåéñòâèÿ, òåïëîòà
àäñîðáöèè, êîìïîçèòíûé àäñîðáåíò.

ALGORITHM FOR CALCULATION OF DESIGN AND
PERFORMANCE OF OPEN-TYPE HEAT STORAGE
DEVICE BASED ON COMPOSITE ADSORBENTS

Belyanovskaya Å.À., Lytovchenko R.D., Mikhailov À.G.,
Sukhyy Ê.Ì., Sukha I.V.

Ukrainian State University of Chemical Engineering, Dnipro,
Ukraine

The present work is focused on the development of an effective
algorithm to determine the operational and design characteristics of
an open-type thermal energy storage device. The algorithm for
calculating the performance characteristics of an open type adsorption
heat accumulator has been further developed. The following
calculation procedure is proposed: calculating the mass transfer
coefficient, determining mass of water supplied with vapor-air flow
to the heat storage material layer (adsorbent), calculation of
adsorption, effective heat of adsorption, determination of an
operational heat input, including a heat input for warming of an
adsorbent, a case, water in a humidifier, evaporation of water, heating
the adsorbed water and desorption, as well as calculating the efficiency
factor. The mass of water supplied to the adsorbent layer was
determined in two ways: in accordance with the limiting adsorption
or taking into account the volume and absolute humidity of the
vapor-air flow that enters the adsorbent layer. The performance of
an open-type thermal accumulator was studied using the composite
adsorbent “silica gel-sodium sulphate”. An increase in the efficiency
with increasing speed and relative humidity of a vapor-air flow was
confirmed. The correlation between design characteristics and an
efficiency factor of an adsorptive heat storage device is shown. Based
on the proposed algorithm, it is shown that the maximum values of
efficiency correspond to the cross-sectional area of heat-accumulating
material 0,08–0,11 m2 at a relative humidity of the vapor-air flow
of not less than 40–50% and speeds of 0,5–0,8 m/s. The results of
the study can be used in the development of energy-efficient
decentralized air heating systems, as well as adsorption dryers for
residential premises.

Keywords: adsorption accumulator of thermal energy, ef-
ficiency, heat of adsorption, composite adsorbent.
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ÏÎÈÑÊ ÝÔÔÅÊÒÈÂÍÎÉ ÒÎÏÎËÎÃÈÈ ÑÒÐÓÊÒÓÐÍÛÕ ÊÎÍÑÒÐÓÊÖÈÉ ÍÀ
ÎÑÍÎÂÅ ÏÎËÓÎÏÐÅÄÅËÅÍÍÎÉ ÎÏÒÈÌÈÇÀÖÈÈ

ÃÂÓÇ «Ïðèäíåïðîâñêàÿ ãîñóäàðñòâåííàÿ àêàäåìèÿ ñòðîèòåëüñòâà è àðõèòåêòóðû», ã. Äíåïð, Óêðàèíà

Â ñòàòüå ðàññìàòðèâàåòñÿ çàäà÷à ïîèñêà îïòèìàëüíîé òîïîëîãèè ïðîñòðàíñòâåí-

íûõ ôåðìåííûõ ñòðóêòóð. Â ìàòåìàòè÷åñêîì êîíòåêñòå ïðåäëîæåííûé ïîäõîä îáúå-

äèíÿåò çàäà÷ó âûïóêëîé îïòèìèçàöèè ñ äîïîëíèòåëüíûìè íåâûïóêëûìè óñëîâè-

ÿìè è ñâîäèò åå ê ïîëóîïðåäåëåííîé îïòèìèçàöèîííîé çàäà÷å. Öåëüþ ïðåäëîæåí-

íîãî àëãîðèòìà ÿâëÿåòñÿ ìèíèìèçàöèÿ ìàññû ïðîñòðàíñòâåííîé êîíñòðóêöèè â

ñîîòâåòñòâèè ñ òàêèìè íåâûïóêëûìè óñëîâèÿìè, êàê óñëîâèå ïðî÷íîñòè è óñòîé-

÷èâîñòè. Â ïðèíöèïå êîëè÷åñòâî òàêèõ óñëîâèé íå îãðàíè÷èâàåòñÿ. Â îáùåì ñëó-

÷àå ðàññìàòðèâàåìóþ ïðîáëåìó ìîæíî îïðåäåëèòü êàê çàäà÷ó ìíîãîêðèòåðèàëüíîé

îïòèìèçàöèè {Jv,Ju,–J}min, ãäå Jv – ôóíêöèîíàë îáúåìà, Ju – ôóíêöèîíàë æåñò-

êîñòè, J – ôóíêöèîíàë ïðî÷íîñòè. Äëÿ ïîèñêà îïòèìàëüíîé òîïîëîãèè ñòåðæíå-

âîé ñèñòåìû ñ îïòèìàëüíûì çíà÷åíèåì ôóíêöèîíàëà Ju â ðàáîòå èñïîëüçóåòñÿ ìî-

äèôèöèðîâàííàÿ çàäà÷à ïîëóîïðåäåëåííîé îïòèìèçàöèè (SDP). Ãèïîòåçà, ïîëî-

æåííàÿ â îñíîâó ðàññìàòðèâàåìîãî ïîäõîäà, ñîñòîèò â òîì, ÷òî ìèíèìèçàöèÿ ýíåðãèè

óïðóãîé äåôîðìàöèè ñòåðæíåâîé ñèñòåìû ïðèâîäèò ê ãåîìåòðè÷åñêè íåèçìåíÿå-

ìîé ñõåìå ñ îïòèìàëüíûì ñîîòíîøåíèåì ìåæäó îáúåìàìè ñòåðæíåé. Ðåøåíèå

ïîëóîïðåäåëåííîé çàäà÷è îïòèìèçàöèè òîïîëîãèè ñòåðæíåâîé ñèñòåìû çàäàåò ñî-

îòíîøåíèå ìåæäó îáúåìàìè ñòåðæíåé v1:v2:...:vm. Îáúåì êàæäîãî ñòåðæíÿ ìîæíî

âû÷èñëèòü êàê ti=Vvi, ãäå èíòåãðàëüíûé ïàðàìåòð V, îïðåäåëÿþùèé çíà÷åíèå ôóí-

êöèîíàëà Jv, ìîæíî ïîëó÷èòü èç äîïîëíèòåëüíûõ óñëîâèé ïðî÷íîñòè è óñòîé÷èâî-

ñòè. Óñëîâèå ïðî÷íîñòè çàïèñûâàåòñÿ â ñîîòâåòñòâèè ñ ÄÁÍ Â.2.6-198:2014, à êðè-

òåðèé óñòîé÷èâîñòè ïðèíèìàåòñÿ â âèäå detK>0, ãäå K – êàñàòåëüíàÿ ìàòðèöà

æåñòêîñòè ñòåðæíåâîé ñèñòåìû. Äëÿ èëëþñòðàöèè ðàáîòû ïðåäëîæåííîãî ïîäõîäà

ðåøåíà çàäà÷à îïòèìèçàöèè òîïîëîãèè ñòðóêòóðíîé ïëèòû ñ ðàçìåðàìè 9 ì8 ì2 ì
è ðàçëè÷íûìè âàðèàíòàìè ðàñïîëîæåíèÿ îïîð.

Êëþ÷åâûå ñëîâà: òîïîëîãèÿ, îïòèìèçàöèÿ, ñòåðæíåâàÿ ñèñòåìà, ñòðóêòóðíàÿ ïëèòà,

ìîìåíò èíåðöèè, êóñî÷íî-ëèíåéíàÿ àïïðîêñèìàöèÿ, óñòîé÷èâîñòü.

DOI: 10.32434/2521-6406-2019-5-1-9-14

Ïîñòàíîâêà ïðîáëåìû
Ýôôåêòèâíîñòü ïðîñòðàíñòâåííûõ ñòåðæ-

íåâûõ ñèñòåì, êîòîðûå íàøëè øèðîêîå ïðèìå-
íåíèå â ïðîìûøëåííîì, ãðàæäàíñêîì è âîåí-
íîì ñòðîèòåëüñòâå, â çíà÷èòåëüíîé ìåðå çàâè-
ñèò îò ïðàâèëüíî âûáðàííîé êîíñòðóêòèâíîé
ñõåìû, èëè – â îáùåì ñëó÷àå – òîïîëîãèè. Â
ñâîþ î÷åðåäü, çàäà÷à îïðåäåëåíèÿ ðàöèîíàëü-
íîé òîïîëîãèè ïðîñòðàíñòâåííîé ñèñòåìû íå-
ðàçðûâíî ñâÿçàíà ñ ïðîáëåìîé ñíèæåíèÿ ìàòå-
ðèàëîåìêîñòè è îáåñïå÷åíèÿ íàäåæíîñòè ôóí-
êöèîíèðîâàíèÿ êîíñòðóêöèè. Çà÷àñòóþ ðåøèòü
òàêóþ çàäà÷ó î÷åíü ñëîæíî, ïîýòîìó îáû÷íî

ïðèõîäèòñÿ ðàññìàòðèâàòü ìíîæåñòâî âîçìîæ-
íûõ âàðèàíòîâ. Ïðè ýòîì äàëåêî íå ôàêò, ÷òî
ñðåäè ðàññìîòðåííûõ îêàæåòñÿ òàêîé âàðèàíò,
êîòîðûé îáåñïå÷èâàåò ìèíèìóì ðàñõîäà ìàòå-
ðèàëà. Îòñþäà ñëåäóåò, ÷òî âî âñåõ òàêèõ ñëó÷à-
ÿõ àêòóàëüíûìè ñòàíîâÿòñÿ îïòèìèçàöèîííûå
àëãîðèòìû, ïîçâîëÿþùèå ðåøàòü ïîäîáíûå çà-
äà÷è â áîëåå ñòðîãîé ïîñòàíîâêå.

Àíàëèç ïîñëåäíèõ èññëåäîâàíèé è ïóáëèêàöèé
Îáû÷íî ðàáîòû, ñóùåñòâóþùèå â îáëàñòè

îïòèìàëüíîãî ïðîåêòèðîâàíèÿ, ëèáî èññëåäóþò
ñóãóáî ìàòåìàòè÷åñêóþ ñòîðîíó âîïðîñà, èëè
îãðàíè÷èâàþòñÿ ðåøåíèåì èíæåíåðíûõ ïðè-
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êëàäíûõ çàäà÷. Ê ïåðâîé ãðóïïå ìîæíî îòíåñòè
ðàáîòû Í.Â. Áàíè÷óêà [1], Ò. Òàêàäû [2], À. Áåí-
Òàëÿ [3]. Òàê, â [1] àíàëèòè÷åñêè ðåøàåòñÿ çàäà-
÷à îïòèìàëüíîãî ïðîåêòèðîâàíèÿ â âèäå ôóíê-
öèîíàëîâ. Â [2] àâòîð ðàññìàòðèâàåò çàäà÷ó îï-
òèìèçàöèè òîïîëîãèè ñ ïîçèöèé ëèíåéíîãî ïðî-
ãðàììèðîâàíèÿ, à â ðàáîòå [3] ïðîâîäèòñÿ àíà-
ëèç è îáîñíîâàíèå ïðîáëåìû îïòèìèçàöèè ñòåð-
æíåâûõ ñèñòåì, êîòîðàÿ ïðåäñòàâëåíà êàê çàäà-
÷à ïîëóîïðåäåëåííîãî ïðîãðàììèðîâàíèÿ.

Èç âòîðîé ãðóïïû ìîæíî âûäåëèòü ðàáîòû
Â.Á. Ãðèíåâà [4], À.Â. Ïåðåëüìóòåðà, Â.À. Ïåð-
ìÿêîâà [5], Â.Â. Òðîôèìîâè÷à [6], Ñ.Ô. Ïè÷óãè-
íà [7]. Â [4] àâòîð, íàïðèìåð, ðàññìàòðèâàåò
îïòèìèçàöèþ ýëåìåíòîâ êîíñòðóêöèé ïî ñïåê-
òðó ñîáñòâåííûõ ÷àñòîò. Â [5] àâòîðû ïðèâîäÿò
ïðàêòè÷åñêèå ìåòîäû ðåøåíèÿ íåêîòîðûõ îï-
òèìèçàöèîííûõ çàäà÷. Â [6] ñðåäè ïðî÷åãî ðàñ-
ñìàòðèâàåòñÿ îïòèìèçàöèÿ ïðåäâàðèòåëüíî íà-
ïðÿæåííûõ ìåòàëëè÷åñêèõ êîíñòðóêöèé, à â [7]
èñïîëüçóåòñÿ âåðîÿòíîñòíûå ìåòîäû äëÿ ïîäáî-
ðà ïàðàìåòðîâ ýëåìåíòîâ ñòàëüíûõ êîíñòðóêöèé.

Ôîðìóëèðîâàíèå öåëè èññëåäîâàíèÿ
Â óêàçàííûõ âûøå ðàáîòàõ ìîæíî îòìåòèòü

ñëåäóþùèå îñîáåííîñòè: îáùèå îïòèìèçàöèîí-
íûå ìåòîäû ìàëîïðèìåíèìû äëÿ ðåøåíèÿ ðå-
àëüíûõ òåõíè÷åñêèõ çàäà÷, à èíæåíåðíûå ïîä-
õîäû îáû÷íî íå îáåñïå÷èâàþò îïòèìàëüíîñòü.
Â áîëüøèíñòâå ñëó÷àåâ ýòî ñâîäèò íà íåò âñå
óñèëèÿ ïî îïðåäåëåíèþ ýôôåêòèâíîé êîíñòðóê-
òèâíîé ñõåìû.

Â ðàáîòå ïðåäëàãàåòñÿ àëãîðèòì îïòèìèçà-
öèè òîïîëîãèè ïðîñòðàíñòâåííûõ ñòåðæíåâûõ
ñèñòåì, êîòîðûé ïîçâîëÿåò ñîâìåñòèòü ìàòåìà-
òè÷åñêèé îïòèìèçàöèîííûé ïîäõîä ñ èíæåíåð-
íûìè êðèòåðèÿìè, â ÷àñòíîñòè ñ íîðìàòèâíû-
ìè òðåáîâàíèÿìè ê ïðî÷íîñòè è óñòîé÷èâîñòè.
Öåëü îïòèìèçàöèîííîãî àëãîðèòìà – ìèíèìè-
çàöèÿ ìàòåðèàëîåìêîñòè ïðè îáåñïå÷åíèè âû-
ïîëíåíèÿ íîðìàòèâíûõ òðåáîâàíèé. Èçâåñò-
íî [8], ÷òî çàòðàòû íà ìàòåðèàëû ìîãóò äîñòè-
ãàòü 60–70% îáùåé ñòîèìîñòè êîíñòðóêöèè èç
ìåòàëëà, ïîýòîìó ðåøåíèå òàêîé çàäà÷è ÿâëÿåò-
ñÿ âåñüìà àêòóàëüíîé ïðîáëåìîé.

Èçëîæåíèå îñíîâíîãî ìàòåðèàëà
Ðàññìàòðèâàÿ ïðîòîòèï êîíñòðóêöèè êàê

ïîëíûé ãðàô (ðèñ. 1), êîëè÷åñòâî âåðøèí â êî-
òîðîì n=Y, à êîëè÷åñòâî ðåáåð m=E, ââå-
äåì ñëåäóþùèå îáîçíà÷åíèÿ: fRm, ERm, LRm,
vRm – ñîîòâåòñòâåííî îñåâûå ñèëû, âîçíèêà-
þùèå â ñòåðæíÿõ, ìîäóëè Þíãà, äëèíû è îáúå-
ìû ñòåðæíåé; AR3nm  – ìàòðèöà óðàâíåíèé ðàâ-
íîâåñèÿ ñèñòåìû, T

ia – åå ñòîëáåö; KR3n3n –
ìàòðèöà æåñòêîñòè ñèñòåìû; FR3n – âíåøíèå

ñèëû, ïðèëîæåííûå ê óçëàì êîíñòðóêöèè; uR3n

– ïåðåìåùåíèÿ óçëîâ.

Ðèñ. 1. Ïðèìåð ïîëíîãî ãðàôà-ïðîòîòèïà àðî÷íîé ôåðìû

Åñëè ñèñòåìà íàõîäèòñÿ â ðàâíîâåñèè, òî
óðàâíåíèå áàëàíñà ñèë ìîæíî çàïèñàòü òàê:

Af+F=0.  (1)

À îñåâûå ñèëû, âîçíèêàþùèå â ñòåðæíÿõ,
êîòîðûå ïîä÷èíÿþòñÿ êëàññè÷åñêîé òåîðèè Ýé-
ëåðà-Áåðíóëëè, îïèñûâàþòñÿ óðàâíåíèåì:

Ti i
i i2

i

E v
f a u

L


 .  (2)

Ïåðåìåùåíèÿ óçëîâ ñâÿçàíû ñ äåéñòâèåì
âíåøíèõ ñèë ñëåäóþùèì ðàâåíñòâîì:

K u=F,  (3)

ãäå ìàòðèöó æåñòêîñòè ìîæíî ïðåäñòàâèòü êàê:

m
Ti i

i i2
i 1 i

E v
K a a .

L

   (4)

Ðàáîòó âíåøíèõ ñèë (à çíà÷èò – è ýíåðãèþ
óïðóãîé äåôîðìàöèè êîíñòðóêöèè), ñâÿçàííóþ
ñ ïåðåìåùåíèåì óçëîâ ñèñòåìû, ìîæíî âûðà-
çèòü òàê:

T1
W F u.

2
   (5)

Â èòîãå ïîëó÷àåòñÿ, ÷òî äëÿ ðåøåíèÿ îïòè-
ìèçàöèîííîé çàäà÷è íåîáõîäèìî ìèíèìèçèðî-

âàòü äâå âåëè÷èíû: W è 


m

1i
iv , à çàäà÷à îïòèìè-

çàöèè òîïîëîãèè ñòåðæíåâûõ êîíñòðóêöèé ìî-
æåò áûòü  ïðåäñòàâëåíà â ñëåäóþùåì âèäå:
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u,v

m

i

i=1

m

0

minimize W :

Ku = F;

v V;

v R .





   

(6)

Íî òàêàÿ çàäà÷à íå ÿâëÿåòñÿ âûïóêëîé, ïî-
ýòîìó åå íåîáõîäèìî ïðåîáðàçîâàòü, ó÷èòûâàÿ
ñîîòíîøåíèÿ (1)–(5). Ïðè ýòîì âûáåðåì òàêîé
åå âèä, êîòîðûé áû ñîîòâåòñòâîâàë çàäà÷å ïîëó-
îïðåäåëåííîé îïòèìèçàöèè [3], òàê êàê èìåííî
äëÿ òàêîãî êëàññà ïðîáëåì ðàçðàáîòàíî íàèáî-
ëåå ïðîèçâîäèòåëüíîå ïðèêëàäíîå ïðîãðàììíîå
îáåñïå÷åíèå (solvers). Ìîæíî ïîêàçàòü, ÷òî äëÿ
ïîëîæèòåëüíî ïîëóîïðåäåëåííîé ìàòðèöû:

TF
0

F K

 
 

 
  

(7)

ñóùåñòâóåò òàêîé âåêòîð u, êîòîðûé ïîçâîëèò
çàïèñàòü ýêâèâàëåíòíóþ ñèñòåìó:

Ku F;

K 0;

W.


 
 

  
(8)

Áîëåå òîãî, ìîæíî ïîêàçàòü, ÷òî â ñèñòåìå
ñ îïòèìàëüíîé òîïîëîãèåé ñîîòíîøåíèå
v1:v2:...:vm íå çàâèñèò îò âåëè÷èíû V, ïîýòîìó

ñóììó 


m

1i
iv  ñâåðõó ìîæíî îãðàíè÷èòü 1, ÷òî ïî-

çâîëÿåò ñóùåñòâåííî óñêîðèòü îáùåå ðåøåíèå
çàäà÷è. Ñ ó÷åòîì âûøåïåðå÷èñëåííîãî, çàäà÷ó
(6) ìîæíî ïåðåîïðåäåëèòü ê âèäó:

,v

m

i

i 1

i

T

m
Ti i

i i2
i 1 i

minimize :

v 1;

v 0 i 1...m;

F

0.E v
F a a

L











  

 
   
 
 





  

(9)

Â òàêîì âèäå îïòèìèçàöèîííàÿ çàäà÷à ñòà-
íîâèòñÿ âûïóêëîé. Â ðåçóëüòàòå åå ðåøåíèÿ îï-
ðåäåëÿåòñÿ îïòèìàëüíàÿ òîïîëîãèÿ êîíñòðóêöèè
è ñîîòíîøåíèÿ ìåæäó îáúåìàìè ñòåðæíåé. Ñëå-
äóþùèé øàã ñîñòîèò â ïîäáîðå òàêîãî ìèíè-
ìàëüíîãî îáúåìà ìàòåðèàëà V (è ñîîòâåòñòâåí-
íî ïëîùàäåé ñå÷åíèé), ïðè êîòîðîì âûïîëíÿ-
ëèñü áû óñëîâèÿ ïðî÷íîñòè è îáùåé óñòîé÷è-
âîñòè ñèñòåìû [9]. Óñëîâèå ïðî÷íîñòè ìîæåò
áûòü çàïèñàíî â âèäå:

i i

i

f L
R,i 1...m

Vv
   ,  (10)

ãäå  – êîýôôèöèåíò óñëîâèé ðàáîòû, R – ðàñ-
÷åòíîå ñîïðîòèâëåíèå ìàòåðèàëà. Îáùàÿ óñòîé-
÷èâîñòü ñèñòåìû îïðåäåëÿåòñÿ êðèòåðèåì:

detK >0,  (11)

ãäå K – ãëîáàëüíàÿ êàñàòåëüíàÿ ìàòðèöà ñòåð-
æíåâîé ñèñòåìû. Îáúåì êàæäîãî ñòåðæíÿ îïðå-
äåëÿåòñÿ èç ñîîòíîøåíèÿ ti=viV.

Ðèñ. 2. Áëîê-ñõåìà ðåøåíèÿ îïòèìèçàöèîííîé çàäà÷è
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Íà çàêëþ÷èòåëüíîì ýòàïå ïîëó÷åííàÿ ìî-
äåëü ïðîâåðÿåòñÿ â ïðîãðàììíîì êîìïëåêñå
ANSYS. Â öåëîì, ðåøåíèå îïòèìèçàöèîííîé
çàäà÷è ìîæíî ïðåäñòàâèòü áëîê-ñõåìîé, ïðèâå-
äåííîé íà ðèñ. 2.

Ðàññìîòðèì ïðîñòðàíñòâåííóþ ñòåðæíåâóþ
ñèñòåìó [10] ñ ãåíåðàëüíûìè ðàçìåðàìè
9 ì8 ì2 ì. Óçëû è ïîëíûé ãðàô ñèñòåìû èçîá-
ðàæåíû íà ðèñ. 3. Ê óçëàì íèæíåãî ïîÿñà 1-20
ïðèëîæåíà ðàñïðåäåëåííàÿ íàãðóçêà g=10 êÍ/ì2.

Ïðîâåäåì ÷èñëåííûé ýêñïåðèìåíò è âû-
ÿñíèì, êàê áóäåò ìåíÿòüñÿ îïòèìàëüíàÿ òîïî-
ëîãèÿ ïëèòû è åå ìàññà ïðè ñëåäóþùèõ ðàñïî-
ëîæåíèÿõ øàðíèðíî-íåïîäâèæíûõ îïîð: à) ïî
óãëàì â óçëàõ 1, 4, 17, 20; á) â óçëàõ 1, 4, 9, 12,
17, 20; â) â óçëàõ 1, 4, 10, 11, 17, 20.

Ìîäóëü Þíãà ïðèíèìàëñÿ ðàâíûì 21011 Ïà,
ðàñ÷åòíîå ñîïðîòèâëåíèå ìàòåðèàëà – 2,1108 Ïà,
êîýôôèöèåíò óñëîâèé ðàáîòû 0,9. Ïðè ïðîâåð-
êå êîíñòðóêöèè íà óñòîé÷èâîñòü äëÿ ïîñòðî-
åíèÿ êàñàòåëüíîé ìàòðèöû æåñòêîñòè ñèñòåìû
K ïëîñêèå ìîìåíòû èíåðöèè ñå÷åíèé îïðåäå-
ëÿëèñü ñîãëàñíî [11]. Ïðîâåäåííîå ìîäåëèðîâà-
íèå ïîçâîëèëî âûÿâèòü îïòèìàëüíûå òîïîëîãè-
÷åñêèå ñõåìû êîíñòðóêöèé (ðèñ. 4). Ïðè ýòîì
ìàññû ïðîñòðàíñòâåííûõ ñòåðæíåâûõ ñèñòåì äëÿ
òðåõ âàðèàíòîâ ðàçìåùåíèÿ îïîð ñîñòàâèëè ñî-
îòâåòñòâåííî 702 êã, 563 êã, 362 êã.

Ìîæíî îòìåòèòü, ÷òî ïðè óâåëè÷åíèè ÷èñ-
ëà îïîð óìåíüøàåòñÿ êàê ìàññà ñòåðæíåâîé ñè-
ñòåìû, òàê è êîëè÷åñòâî åå ñòåðæíåé, à ðàçìå-
ùåíèå äîïîëíèòåëüíûõ îïîð â öåíòðå êîíñòðóê-

Ðèñ. 3. Óçëû è ïîëíûé ãðàô ñòðóêòóðíîé ïëèòû

Ðèñ. 4. Îïòèìàëüíûå òîïîëîãèè ïðè ðàçëè÷íûõ âàðèàíòàõ ðàñïîëîæåíèÿ îïîð
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öèè ÿâëÿåòñÿ áîëåå ýôôåêòèâíûì, íåæåëè ðàñ-
ïîëîæåíèå îïîð òîëüêî ïî ïåðèìåòðó.

Âûâîäû
Ïðèâåäåííàÿ ìîäèôèöèðîâàííàÿ ôîðìà

ïîëóîïðåäåëåííîé çàäà÷è îïòèìèçàöèè òîïîëî-
ãèè ñòåðæíåâîé ñèñòåìû ïîçâîëÿåò èíòåãðèðî-
âàòü îïòèìèçàöèîííóþ çàäà÷ó ñ îñíîâíûìè èí-
æåíåðíûìè êðèòåðèÿìè è çà ñ÷åò ýòîãî ñóùå-
ñòâåííî ñîêðàòèòü îáúåì âû÷èñëåíèé ïðè ðå-
øåíèè ñëîæíûõ ïðîñòðàíñòâåííûõ ñèñòåì.
Ïðåäëîæåííàÿ îáîáùåííàÿ ñõåìà ðåøåíèÿ îï-
òèìèçàöèîííîé çàäà÷è îáúåäèíÿåò ìàòåìàòè÷åñ-
êèé è èíæåíåðíûé ïîäõîäû ê îïòèìàëüíîìó
ïðîåêòèðîâàíèþ ïðîñòðàíñòâåííûõ ñòåðæíåâûõ
ñèñòåì.
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ÏÎØÓÊ ÅÔÅÊÒÈÂÍÎ¯ ÒÎÏÎËÎÃ²¯ ÑÒÐÓÊÒÓÐÍÈÕ
ÊÎÍÑÒÐÓÊÖ²É ÍÀ ÎÑÍÎÂ² ÍÀÏ²ÂÂÈÇÍÀ×ÅÍÎ¯
ÎÏÒÈÌ²ÇÀÖ²¯

ªãîðîâ ª.À., Êó÷åðåíêî Î.ª.

Ó ñòàòò³ ðîçãëÿäàºòüñÿ çàäà÷à ïîøóêó îïòèìàëüíî¿
òîïîëîã³¿ ïðîñòîðîâèõ ñòðóêòóð. Ó ìàòåìàòè÷íîìó êîíòåêñò³
çàïðîïîíîâàíèé ï³äõ³ä îá’ºäíóº çàäà÷ó îïóêëî¿ îïòèì³çàö³¿ ç
äîäàòêîâèìè íåîïóêëèìè óìîâàìè òà çâîäèòü ¿¿ äî íàï³ââèç-
íà÷åíî¿ îïòèì³çàö³éíî¿ çàäà÷³. Ìåòîþ çàïðîïîíîâàíîãî àëãî-
ðèòìó º ì³í³ì³çàö³ÿ ìàñè ïðîñòîðîâî¿ êîíñòðóêö³¿ â³äïîâ³äíî
äî òàêèõ íåîïóêëèõ óìîâ, ÿê óìîâà ì³öíîñò³ ³ ñò³éêîñò³. Ïðèí-
öèïîâî ê³ëüê³ñòü òàêèõ óìîâ íåîáìåæåíà. Ó çàãàëüíîìó âèïàä-
êó ïðîáëåìó, ÿêà ðîçãëÿäàºòüñÿ, ìîæíà âèçíà÷èòè ÿê çàäà÷ó
áàãàòîêðèòåð³àëüíî¿ îïòèì³çàö³¿ {Jv,Ju,–J}min, äå Jv –
ôóíêö³îíàë îá’ºìó, Ju – ôóíêö³îíàë æîðñòêîñò³, J – ôóíêö³-
îíàë ì³öíîñò³. Äëÿ ïîøóêó îïòèìàëüíî¿ òîïîëîã³¿ ñòðèæíåâî¿
ñèñòåìè ç îïòèìàëüíèì çíà÷åííÿì ôóíêö³îíàëó æîðñòêîñò³
Ju â ðîáîò³ âèêîðèñòîâóºòüñÿ ìîäèô³êîâàíà çàäà÷à íàï³ââèç-
íà÷åíî¿ îïòèì³çàö³¿ (SDP). Ã³ïîòåçà, ùî ïîêëàäåíà â îñíîâó
çàïðîïîíîâàíîãî ï³äõîäó, ïîëÿãàº â òîìó, ùî ì³í³ì³çàö³ÿ åíåðã³¿
ïðóæíî¿ äåôîðìàö³¿ ñòðèæíåâî¿ ñèñòåìè ïðèçâîäèòü äî ãå-
îìåòðè÷íî íåçì³ííî¿ ñõåìè ç îïòèìàëüíèì ñï³ââ³äíîøåííÿì ì³æ
îá’ºìàìè ñòðèæí³â. Ðîçâ’ÿçîê íàï³ââèçíà÷åíî¿ çàäà÷³ îïòèì³-
çàö³¿ òîïîëîã³¿ ñòðèæíåâî¿ ñèñòåìè çàäàº ñï³ââ³äíîøåííÿ ì³æ
îá’ºìàìè ñòðèæí³â v1: v2: ...: vm. Îá’ºì êîæíîãî ñòðèæíÿ ìîæíà
îá÷èñëèòè ÿê ti=Vvi, äå ³íòåãðàëüíèé ïàðàìåòð V, ÿêèé âèçíà-
÷àº çíà÷åííÿ ôóíêö³îíàëó îá’ºìó Jv, ìîæíà îòðèìàòè ç äî-
äàòêîâèõ óìîâ ì³öíîñò³ ³ ñò³éêîñò³. Óìîâà ì³öíîñò³ çàïèñóºòü-
ñÿ â³äïîâ³äíî äî ÄÁÍ Â.2.6-198:2014, à êðèòåð³é ñò³éêîñò³
ïðèéìàºòüñÿ ó âèãëÿä³ det K>0, äå K – äîòè÷íà ìàòðèöÿ
æîðñòêîñò³ ñòåðæíåâî¿ ñèñòåìè. Äëÿ ³ëþñòðàö³¿ ðîáîòè çà-
ïðîïîíîâàíîãî ï³äõîäó ðîçâ’ÿçàíà çàäà÷à îïòèì³çàö³¿ òîïîëîã³¿
ñòðóêòóðíî¿ ïëèòè ç ðîçì³ðàìè 9 ì8 ì2 ì ³ ð³çíèìè âàð³àí-
òàìè ðîçòàøóâàííÿ îïîð.

Êëþ÷îâ³ ñëîâà: òîïîëîã³ÿ, îïòèì³çàö³ÿ, ñòðèæíåâà
ñèñòåìà, ñòðóêòóðíà ïëèòà, ìîìåíò ³íåðö³¿, êóñêîâî-ë³í³éíà
àïðîêñèìàö³ÿ, ñò³éê³ñòü.
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FINDING OF EFFECTIVE TOPOLOGY OF SPACE
STRUCTURES USING SEMIDEFINITE PROGRAMMING

Egorov E.A., Kucherenko A.E.

Prydniprovska State Academy of Civil Engineering and Architec-
ture, Dnipro, Ukraine

The paper considers the problem of topology optimization of
space truss-like structures. The proposed algorithm combines convex
optimization problem with non-convex conditions. The purpose of
the algorithm is to minimize the mass of a spatial structure according
to such non-convex conditions as structural safety requirement and
buckling. Basically, there are no limitations in number of these
conditions (convex or non-convex). In general, the problem can be
specified as a multicriteria optimization task in following form:
{Jv,Ju,–J}  min, where Jv is a functional of volume, Ju is a functional
of stiffness, Jis a functional of strength. The stiffness functional Ju

can be defined by means of nodes displacements and energy of a
system (compliance). Here to find an optimal truss topology with
minimal compliance we use the modified semidefinite optimization
problem (SDP), which can be obtained after certain transformations
of the non-convex truss topology optimization task. The basic
hypothesis is that truss compliance minimization leads to an invariable
topology of the truss-like structure with optimal ratio of volumes of
truss members. Solution of the semidefinite optimization problem
defines the ratio of  beams volumes v1:v2:...:vm. A volume of each
member can be calculated as ti=V’vi where the parameter V, which
defines the value of the integral functional Jv, can be obtained from
additional conditions such as strength and buckling. The next
important step is approximation of geometric characteristics of cross-
sections. We need to calculate area moments of inertia to assemble
the stiffness matrix of a structure. This matrix plays a key role in
defining of buckling conditions. For simple cross-sections such as
«solid circular», «square» calculation of moments of inertia is a
trivial problem solved via well-known formulas. For complex cross-
sections the dependence of moments of inertia on area is not so
simple and may be considered as an ill-posed problem. The condition
of strength is recorded in accordance with DBN V.2.6-198:2014,
and the buckling condition is determined using the tangent stiffness
matrix of a structure as follows: det K>0. To illustrate the proposed
approach, the problem of topology optimization of a space structure
with sides 9 m8 m2 m and different positions of supports has been
solved.

Keywords: topology, optimization, truss, space structure,
moment of inertia, piecewise linear approximation, buckling.
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The article offers and justifies a method for solving a problem of optimal design of bent

rods exposed to aggressive media. The problems of such class have special place among

the problems of optimal design, which is explained by the fact that modeling corrosion

deformation in structural elements requires solving not only the equations of solid mechanics,

but also the system of differential equations describing the accumulation of geometric

damage and including stress functions. The authors analyze existing approaches to solving

these problem and problems of these approaches. On the basis of this analysis a

fundamentally different approach to solving some problems of optimal design of bending

rod elements that function in aggressive media is proposed, the statement of a problem,

the numerical solution of which requires much less computational cost, and the result is

the same as for the traditional problem statement, is proposed and justified. The authors

consider a problem of vector optimization by two criteria: minimum area and perimeter of

a cross-section at the time of exhaustion of the bearing capacity. The objective function

includes the weight coefficient , taking into account the influence of cross-sectional

perimeter. A modified scheme for solving the optimization problem is created, which

involves a module for one-dimensional optimization by parameter . The proposed method

is based on the assumption that there is only one value of the coefficient of perimeter

influence, for which the solutions of problems in both traditional and new statements

coincide. To compare these results correctly, it is necessary for a cross-section to be

represented in both statements by a set of rectangular fragments both at an initial time and

at a time corresponding to the limit state, so the model of corroding equivalent cross-

section is used. A numerical illustration demonstrates almost complete coincidence of the

solutions for both problem statements. At the same time utilization of developed method

allows reducing the computational cost by several orders of magnitude compared to

traditional methods for solving problems of this class.

Keywords: optimal design, aggressive medium, model of corroding cross-section, system

of differential equations.
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Statement of the problem

Problems of optimization of structures exposed
to aggressive media have special place among the
problems of optimal design. This is explained by the
fact that the equations of solid mechanics of are not
enough to calculate the constraint functions. The
influence of aggressive media causes destruction of
a surface layer of metal (corrosive wear) and,
consequently, changes in initial geometric
characteristics of structural elements. As noted in
many works of Ukrainian and foreign researchers,
mechanical stresses significantly accelerate the

corrosion process [1–5]. In this case, a model of
corrosion deformation of a structure is necessary for
calculation of constraint functions. In its most general
form, it consists of a system of differential equations
(SDU) describing the accumulation of geometric
damage and including stress functions, and a system
of mechanical equations for calculation of the stress-
strain state (SSS). The dimension of a SDU is
determined by a number of parameters that allows a
researcher to find a unique solution, which defines
the geometric characteristics of a structure at any
given time. When modeling the process of corrosive
deformation in real structures, only the numerical
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solution of SDU is possible.
Thus, the problem of optimal design of

corroding structures consists of two related tasks: to
reduce computational costs and to ensure a required
accuracy of the result. Previously, these tasks were
accomplished by adapting numerical optimization
methods and methods of solving systems of
differential equations to the class of problems under
consideration, including the creation of error control
algorithms based on artificial neural networks
(ANNs). This approach has partially solved the
problems of accuracy and efficiency, but in general
they still remain relevant.

This paper proposes a fundamentally different
approach to solving some problems of optimal design
of bending rod elements that function in aggressive
media. The authors propose and justify the statement
of a problem, the numerical solution of which
requires much less computational cost, and the result
is the same as for the traditional problem statement.

Analysis of recent research and publications

As noted above, the main ways to reduce
computational costs in solving problems of optimal
design of corroding structures were modifications of
numerical methods of mathematical programming
and methods for solving systems of differential
equations. Considering the first approach, it is
necessary to note the work [6] dedicated to the
modification of the flexible tolerance method. The
paper proposed to consider the integration step for
SDU (and, consequently, its solution error) as a
decreasing function of the iteration number in solving
the problem of mathematical programming. This
approach significantly reduced the computational
cost, especially at the initial iterations, due to the
relatively high error in the computation of constraint
functions. However, it was impossible to predict a
solution error since the influence of factors other
than integration step value remained unexplored.
These factors are the initial stress value, the
parameters of an aggressive medium and the
characteristics of cross-sections of rod elements
(shape, area and perimeter). Later in [7,8]
information about the influence of these factors on
the error of SDU solution was formalized using
artificial neural networks. The use of ANNs made it
possible to determine an integration step value for a
SDU while solving the problem, depending on the
required accuracy of a solution.

In the last decade, numerical-analytical
methods have been used in the calculation of
constraint functions [9], increasing efficiency due to
a reasonable change in the integration step in the
process of solving a SDU.

All of these modifications have improved the
efficiency of computations, which allowed the
researchers to solve a number of complex applied
problems, but in general the problem of optimal
design of corroding structures remains relevant.

A characteristic feature of bending rod elements
is that corrosion leads to a change not only in size
but also in shape of a section [9]. The reason is the
uneven distribution of stress across the height of a
section. As a result, firstly, the number of parameters
that determine the geometric characteristics of a
section at random moment of time increases, and,
secondly, for a random section, it has not yet been
possible to obtain user-friendly analytical
dependences that allow a researcher to determine
the durability of an element. In the study of such
structures, the use of the above modifications of
computational procedures is not possible.

The fact of the influence of cross-section
perimeter of a bent corroding rod on its optimal
parameters was described, for example, in [10]. In
this paper a new problem statement, which makes it
possible to determine the optimal parameters of a
rod with rectangular cross-section, was also proposed.

Formulation of the research objectives

As an object of research in this article rod
elements (beams) in conditions of pure bending
intended for operation in aggressive media are
considered. For certainty, we will consider the I-
beam. The weight optimization problem is formulated
as follows: it is required to determine the dimensions
of a beam cross-section so that its area is minimal
and for a given time a beam retains its load-bearing
capacity. In the form of a problem of nonlinear
mathematical programming, this formulation under
strength constraints has the form:

  DA x min;  x X  ;

      n

DX : x E g x x, t * 0     .  (1)

Here  T0000 T;D;B;Hx  is the vector of variable
parameters; A is the cross-sectional area of a rod
element;  and [] are the current and the limit
values of stress; t* is the specified service life.

As a model of geometric damage accumulation,
the following differential equation will be
used [11,12]:

 i
0 t 0

d
v 1 k ; 0

dt



      ,  (2)

where i is the depth of corrosion damage (damage
parameter); v0 is the corrosion rate in the absence of
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stress; k is the coefficient of stress influence on the
rate of corrosion process; t is time.

The possibility of using equation (2) in modeling
the processes of corrosion deformation is justified in
the monograph [9,13].

The calculation of constraint functions (CF)
involves the calculation of the stress state in a cross-
section at a given time, taking into account the
corrosion process occurring in it.

Models of corroding cross-sections under pure
bending conditions are described in detail in [9].
Main provisions necessary to solve the problem are
described below.

Two parameters are enough to determine the
size and shape of a section at given time: 1 and
2 (Fig. 1).

Fig. 1. I-beam cross-section

The system of differential equations for these
parameters has a form:

   

   

1
0 1 1

2
0 2 2

d
v 1 k ; 0 0;

dt

d
v 1 k ; 0 0.

dt

     

     



  
(3)

Stresses 1 and 2 are calculated according to
formulas:

 0 1

1

M H 2T 2
;

2I

  
 

 0 2

2

M H 2
,

2I

 
   (4)

where a value of the cross-sectional moment of inertia
is determined as follows:

   

 

 
 

3 3

0 2 0 0 1

0 0 2

3

0 0 1

0 0 1

H 2 H 2T 2

B 0,5v t 1,51
I .

12 H 2T 2

D 0,5v t 1,5

          
      

  
     
 
     

 (5)

Thus, the computation of constraint functions
in the optimization problem involves solving
numerically the system of differential equations (3)
together with the equations (4) and (5). A scheme
for solving the optimization problem is a two-circuit
scheme (Fig. 2) where OF is a module for
computation of objective function; CF is a module
for computation of constraint function; PR is a
module for recalculation of cross-sectional
parameters; NLP is a module for solutions of the
nonlinear programming problem.

Fig. 2. Two-circuit scheme for solving the optimization

problem

The presence of feedback significantly increases
a computational cost of solving the optimization
problem and sensitivity to errors in the calculation
of a constraint function. Nevertheless, it is possible
to obtain a strict solution of the optimization problem
only in this way.

On the other hand, an alternative approach to
solving optimization problems for corroding structures
has been used for more than 20 years. It consists in
finding an optimal solution for a neutral medium
with subsequent restoration of a sacrificial metal
layer [14] (Fig. 3).

Fig. 3. Scheme for solving the optimization problem with

separate sequential circuits
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Here SDU is a module for solving a system of
differential equations.

Variable parameters in this case are the
dimensions of a cross-section at the time of
exhaustion of the bearing capacity:

 Ttttt T;D;B;Hx  . With regard to the object of this

study, a formulation of the problem in this approach
is the following:

  DA x min;  x X  ;

      n

DX : x E g x x 0     .  (6)

In this case, the strength constraint can be used
as a coupling equation, and formally the problem
takes a form of an unconditional optimization
problem with three variable parameters. The system
of differential equations is solved only once. Despite
the fact that the advantages of this approach are
obvious from the point of view of computational
costs, it is not a complete alternative to the traditional
formulation of the problem for the following reasons.

1. In reality, the dimensions of an I-beam cross-
section are determined by the structural constraints
(the boundaries of variation of the variable
parameters) and the coupling equation (the strength
constraint), so they are not optimal in the
conventional sense of the word. Since the
constructive constraints are determined by a person
who sets a task, the only solution of the problem (6)
does not exist at all.

2. The problem statement (1) assumes that at
the initial moment of time a cross-section is
represented by rectangular fragments. Since the stress
varies linearly in a height of a cross-section, at the
moment of exhaustion of the bearing capacity it loses
its initial form (Fig. 1). Obviously, when building a
sacrificial layer of metal (solution of the system (3)
when changing the sign in the right parts) on a cross-
section, the dimensions of which will be determined
from a solution of the problem (6), at the initial
moment of time it won’t also be represented by
rectangular fragments. Therefore, it is not possible to
make a correct comparison of results obtained by solving
optimization problems in statements (1) and (6).

3. An optimal solution of the problem in the
statement (1) is significantly influenced by the
perimeter of a cross-section P, which is implicitly
included in the constraint function. The change in
the cross-sectional area A due to corrosion will be
determined by the formula

  
t*

0

P 0

A v 1 k P, t dP dt     .  (7)

At the same time, the statement (6) completely
ignores this fact.

The objective of this work is to develop a
method that will allow obtaining the same results as
in the statement (1) at minimal computational cost
required to solve a problem in the formulation (6).

An outline of the main research material

We consider a problem of vector optimization
by two criteria: minimum area and perimeter of a
cross-section at the time of exhaustion of the bearing
capacity:

   

   
D

P x P
G x

P P

A x A
1 min; x X ;

A A



 



 


  




   


      n

DX : x E g x x 0 .       (8)

Here  is the weight coefficient, taking into
account the influence of cross-sectional perimeter
([0;1]); P–, P+, A–, A+ is, respectively, the smallest
and the largest of values that perimeter and area can
take in a given range of variable parameter values.

Same as in the statement (6), found optimal
cross-section sizes are increased by a value
corresponding to the sacrificial metal layer. Therefore,
there is a modified scheme for solving the
optimization problem, presented in figure 4, where
an additional block ODO is a module for one-
dimensional optimization by parameter .

Fig. 4. A modified scheme for solving the optimization

problem

The proposed method is based on the following
assumption: there is only one value of the coefficient
of perimeter influence, for which the solutions of
problems in the statements (1) and (8) coincide.
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To confirm the validity of this thesis it is
necessary to eliminate problems arising while solving
the problem in the statement (6).

Problems of constructive constraints and
ignoring the perimeter of a cross-section are
eliminated by the problem statement itself.

To compare results correctly, it is necessary
for a cross-section to be represented in both
statements by a set of rectangular fragments both at
an initial time and at a time corresponding to the
limit state. In this case, it is proposed to use a model
of corroding equivalent cross-section – a section
that at any time retains its shape, and a value of its
moment of inertia is equal to a moment of inertia of
a cross-section with a changed shape. This is achieved
by introducing a coefficient for stress averaging over
a cross-section height. In particular, for the damage
accumulation model (2), this coefficient is 0.75. A
detailed description for the model of corroding
equivalent cross-section is given in [9]. Using this
model, a system of differential equations describing
the change in size of an I-beam cross-section (Fig. 5)
takes the form:

   

   

   

    

1
0 1 1

2
0 2 2

1eq

0 1 1 eq

2eq

0 1 2 2eq

d
v 1 k ;  0 0;

dt

d
v 1 k ;  0 0;

dt

d
v 1 0,75k ;  0 0;

dt

d
v 1 0,5k ;  0 0.

dt

     

     


      

       


 (9)

When the sacrificial metal layer is restored, signs
on the right side of the system (9) are reversed.

The cross-sectional moment of inertia for this
model is determined by the formula:

   

 
   

3 3

0 2 0 0 1

eq 0 2eq

3

0 0 1 0 1eq

H 2 H 2T 2

1
I B 2 .

12

H 2T 2 D 2

          
 

     
 
      
 

(10)

Fig. 5. Equivalent I-beam cross-section

For a numerical illustration, a beam of I-section
was considered, and its geometric dimensions varied
in the intervals: 5.0H10.0 (cm), 1.0B4.0 (cm),

0.1D2.5 (cm), 1.0T2.5 (cm). The value of the
bending moment M=100 kNcm, corrosion rate in
the absence of stress 0=0.1 cm/year, the coefficient
of stress influence on the corrosion rate, the ultimate
stress []=240 MPa. The durability of the structure
varied in the range from 1 to 5 years to evaluate the
optimal solution with varying degrees of
aggressiveness of a medium.

It is obvious that the comparison of results of
solving problems (1) and (8)–(9) is possible only
when methods of their solution guarantee a global
extremum. Since the number of variable parameters
is small, the brute force method was used in this
paper. The parameters of computational procedures
were chosen in such a way that maximum permissible
errors in solution of the system of differential
equations (9) and optimization problems themselves
in both statements were the same. In particular, a
spatial grid with the uniform distance between nodes
equal to 0.01 of the length of the change interval for
each variable parameter was used to solve the global
optimization problem by the brute force method.
The step for solving the SDE numerically was taken
to be ht=0.002t*.

The solution of the problem in the statement (1)
was taken as a reference.

In particular, for t*=5.0 years the following
optimal solution for the initial time was obtained:

 Tx 7,38;2,1754;1, 2176;2,3626 ; A=13.5117 cm2.

At the time of destruction, the dimensions of the
cross-section were the following:

 Ttx 6,0725;0,8679;0,1001;1,1304 . The maximum

stress value in the cross-section was t=239.99 MPa.
The analysis of the obtained solution leads to the
conclusion that an optimal design is determined,
among other factors, by a strength restriction and a
lower limit for a structural restriction on the
parameter D (Fig. 3). Similar conclusions follow
from the analysis of solutions obtained for other
values of t*.

When solving the problem in the statement (8)–
(9), the number of variable parameters of the internal
optimization problem was reduced to two due to the
use of a coupling equation and taking into account
the information obtained while solving the previous
problem.

The results of solving the internal optimization
problem are shown in table 1 for t*=5.0 years.

The bottom row of the table shows the results
of external optimization by parameter . The internal
optimization problem was solved by the method of
parabolas.
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The discrepancy between the solution results
on the value of cross-sectional area at the initial
time was 0.32%. This result can be considered quite
satisfactory taking into account the fact that in the
numerical implementation for both statements there
were errors of the brute force method, the solution
of systems of differential equations and, for the
second formulation, the parabolas method used for
external optimization.

Table  1

Optimal solutions for different values of parameter 

 H, cm B, cm D, cm T, cm A, cm2 

0.200 

0.220 

0.240 

0.260 

0.280 

0.300 

7.75717 

7.62171 

7.50174 

7.39450 

7.29791 

7.21040 

2.14737 

2.16506 

2.18154 

2.19697 

2.21151 

2.22522 

1.22975 

1.22763 

1.22542 

1.22313 

1.22080 

1.21841 

2.22379 

2.25665 

2.28755 

2.31682 

2.34471 

2.37145 

13.62059 

13.58758 

13.56713 

13.55690 

13.55512 

13.56044 

0.275 7.32110 2.20796 1.22138 2.33787 13.55486 

 
When solving the problem in the statement (1)

with the above parameters of the computational
method, SDU (9) was solved numerically
103183209 times, while in the formulation (8)–(9)
it was solved only 11 times.

In table 2 the results of solving the problem in
two statements with different values of the parameter
of medium aggressiveness v0t are shown. Here are
the optimal values of the coefficient of perimeter
influence , the values of cross-sectional areas: A1

and A2 obtained while solving problems in
statements (1) and (8)–(9) respectively, and the
values of discrepancy of the results.

Table  2

Optimal solutions for different values of parameter 0t

0t, cm  A1, cm
2
 A2, cm

2
 , % 

0.1 0.106 4.338 4.343 0.12 

0.2 0.169 6.665 6.674 0.14 

0.3 0.214 8.327 8.342 0.18 

0.4 0.248 11.196 11.226 0.27 

0.5 0.275 13.512 13.555 0.32 

 

These results confirm almost complete
coincidence of the solutions for both problem
statements.

Conclusions

A new method for solving a class of problems
of optimal design of corroding structural elements is
proposed and justified. It makes it possible to solve
the problem of search for optimum parameters of a
cross-section as a lower-dimension two-criterion

problem of unconstrained optimization (the criteria
are minimum area and perimeter of a cross-section).
The solution of this problem is followed by the
restoration of a sacrificial metal layer at a given value
of the parameter , which is the coefficient of
perimeter influence (internal optimization), and one-
dimensional optimization of this parameter (external
optimization). Analysis of the results of numerical
experiments confirms the fact of reducing the
computational cost by several orders of magnitude
compared to traditional methods for solving problems
of this class. Further increase in efficiency of the
proposed method can be achieved, according to the
authors, by approximating the dependence of the
coefficient of perimeter influence on a degree of
aggressiveness of a medium and a value of an applied
load. In this case, there is no need to solve the
problem of external optimization.
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ÌÅÒÎÄ ÐÎÇÂ’ßÇÀÍÍß ÇÀÄÀ× ÎÏÒÈÌ²ÇÀÖ²¯
ÇÃÈÍÍÈÕ ÑÒÐÈÆÍ²Â Ç ÓÐÀÕÓÂÀÍÍßÌ
ÊÎÐÎÇ²ÉÍÎÃÎ ÇÍÎÑÓ

Çåëåíöîâ Ä.Ã., Äåíèñþê Î.Ð.

Ó ñòàòò³ ïðîïîíóºòüñÿ ³ îá´ðóíòîâóºòüñÿ ìåòîä ðîç-
â’ÿçàííÿ çàäà÷³ îïòèìàëüíîãî ïðîåêòóâàííÿ çãèííèõ ñòðèæí³â,
ùî çíàõîäÿòüñÿ ï³ä âïëèâîì àãðåñèâíèõ ñåðåäîâèù. Çàäà÷³ òà-
êîãî êëàñó çàéìàþòü îñîáëèâå ì³ñöå ñåðåä çàäà÷ îïòèìàëüíîãî
ïðîåêòóâàííÿ, ùî ïîÿñíþºòüñÿ òèì, ùî ìîäåëþâàííÿ êîðîç³é-
íî¿ äåôîðìàö³¿ â åëåìåíòàõ êîíñòðóêö³¿ âèìàãàº ðîçâ’ÿçàííÿ íå
ò³ëüêè ð³âíÿíü ìåõàí³êè òâåðäîãî ò³ëà, àëå ³ ñèñòåìè äèôåðåí-
ö³àëüíèõ ð³âíÿíü, ùî îïèñóþòü íàêîïè÷åííÿ ãåîìåòðè÷íèõ ïî-
øêîäæåíü ³ âêëþ÷àþòü â ñåáå ôóíêö³¿ íàïðóæåíü. Àâòîðè àíà-
ë³çóþòü ³ñíóþ÷³ ï³äõîäè äî ðîçâ’ÿçàííÿ ïîä³áíèõ çàäà÷ ³ ïðîáëå-
ìè, ùî âèíèêàþòü ïðè ¿õ âèêîðèñòàíí³. Íà îñíîâ³ âèêîíàíîãî
àíàë³çó çàïðîïîíîâàíî ïðèíöèïîâî ³íøèé ï³äõ³ä äî ðîçâ’ÿçàííÿ
äåÿêèõ çàäà÷ îïòèìàëüíîãî ïðîåêòóâàííÿ çãèííèõ ñòðèæíåâèõ
åëåìåíò³â, ùî ôóíêö³îíóþòü â àãðåñèâíèõ ñåðåäîâèùàõ, à òà-
êîæ çàïðîïîíîâàíî ³ îá´ðóíòîâàíî ïîñòàíîâêó çàäà÷³, ÷èñå-
ëüíèé ðîçâ’ÿçîê ÿêî¿ âèìàãàº íàáàãàòî ìåíøèõ îá÷èñëþâàëüíèõ
âèòðàò, à ðåçóëüòàò çá³ãàºòüñÿ ç òðàäèö³éíîþ ïîñòàíîâêîþ.
Àâòîðè ðîçãëÿäàþòü çàäà÷ó âåêòîðíî¿ îïòèì³çàö³¿ çà äâîìà
êðèòåð³ÿìè: ì³í³ìàëüíî¿ ïëîù³ ³ ïåðèìåòðà ïîïåðå÷íîãî ïåðå-
ð³çó â ìîìåíò âè÷åðïàííÿ íåñó÷î¿ çäàòíîñò³. Ö³ëüîâà ôóíêö³ÿ
âêëþ÷àº â ñåáå âàãîâèé êîåô³ö³ºíò , ùî âðàõîâóº âïëèâ ïåðè-
ìåòðà ïîïåðå÷íîãî ïåðåð³çó. Ñòâîðåíà ìîäèô³êîâàíà ñõåìà ðîç-
â’ÿçàííÿ çàäà÷³ îïòèì³çàö³¿, ùî âêëþ÷àº ìîäóëü îäíîâèì³ðíî¿
îïòèì³çàö³¿ çà ïàðàìåòðîì . Çàïðîïîíîâàíèé ñïîñ³á çàñíîâà-
íèé íà ïðèïóùåíí³, ùî ³ñíóº ò³ëüêè îäíå çíà÷åííÿ êîåô³ö³ºíòà
âïëèâó ïåðèìåòðà, ïðè ÿêîìó ðîçâ’ÿçêè çàäà÷³ ÿê â òðàäèö³éí³é,
òàê ³ â íîâ³é ïîñòàíîâêàõ çá³ãàþòüñÿ. Äëÿ ïðàâèëüíîãî ïî-
ð³âíÿííÿ öèõ ðåçóëüòàò³â íåîáõ³äíî, ùîá ïåðåð³ç áóëî íàäàíî â
îáîõ ïîñòàíîâêàõ íàáîðîì ïðÿìîêóòíèõ ôðàãìåíò³â ÿê â ïî-
÷àòêîâèé ìîìåíò ÷àñó, òàê ³ â ìîìåíò, ùî â³äïîâ³äàº ãðàíè-
÷íîìó ñòàíó, òîìó âèêîðèñòîâóºòüñÿ ìîäåëü êîðîäóþ÷îãî
åêâ³âàëåíòíîãî ïåðåð³çó. ×èñåëüíà ³ëþñòðàö³ÿ äåìîíñòðóº
ìàéæå ïîâíèé çá³ã ðîçâ’ÿçê³â äëÿ îáîõ ïîñòàíîâîê çàäà÷³. Ó

òîé æå ÷àñ, âèêîðèñòàííÿ ðîçðîáëåíîãî ìåòîäó äîçâîëÿº çíè-
çèòè îá÷èñëþâàëüí³ âèòðàòè íà ê³ëüêà ïîðÿäê³â â ïîð³âíÿíí³ ç
òðàäèö³éíèìè ìåòîäàìè ðîçâ’ÿçàííÿ çàäà÷ öüîãî êëàñó.
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Â ñòàòüå ïðåäëàãàåòñÿ è îáîñíîâûâàåòñÿ ìåòîä ðåøå-
íèÿ çàäà÷è îïòèìàëüíîãî ïðîåêòèðîâàíèÿ èçãèáàåìûõ ñòåðæ-
íåé, ïîäâåðæåííûõ âîçäåéñòâèþ àãðåññèâíûõ ñðåä. Çàäà÷è òà-
êîãî êëàññà çàíèìàþò îñîáîå ìåñòî ñðåäè çàäà÷ îïòèìàëüíîãî
ïðîåêòèðîâàíèÿ, ÷òî îáúÿñíÿåòñÿ òåì, ÷òî ìîäåëèðîâàíèå
êîððîçèîííîé äåôîðìàöèè â ýëåìåíòàõ êîíñòðóêöèè òðåáóåò
ðåøåíèÿ íå òîëüêî óðàâíåíèé ìåõàíèêè òâåðäîãî òåëà, íî è
ñèñòåìû äèôôåðåíöèàëüíûõ óðàâíåíèé, îïèñûâàþùèõ íàêîï-
ëåíèå ãåîìåòðè÷åñêèõ ïîâðåæäåíèé è âêëþ÷àþùèõ â ñåáÿ ôóí-
êöèè íàïðÿæåíèé. Àâòîðû àíàëèçèðóþò ñóùåñòâóþùèå ïîä-
õîäû ê ðåøåíèþ ïîäîáíûõ çàäà÷ è âîçíèêàþùèå ïðè èõ èñïîëü-
çîâàíèè ïðîáëåìû. Íà îñíîâå ïðîâåäåííîãî àíàëèçà ïðåäëîæåí
ïðèíöèïèàëüíî èíîé ïîäõîä ê ðåøåíèþ íåêîòîðûõ çàäà÷ îïòè-
ìàëüíîãî ïðîåêòèðîâàíèÿ èçãèáàåìûõ ñòåðæíåâûõ ýëåìåíòîâ,
ôóíêöèîíèðóþùèõ â àãðåññèâíûõ ñðåäàõ, à òàêæå ïðåäëîæåíà
è îáîñíîâàíà ïîñòàíîâêà çàäà÷è, ÷èñëåííîå ðåøåíèå êîòîðîé
òðåáóåò ãîðàçäî ìåíüøèõ âû÷èñëèòåëüíûõ çàòðàò, à ðåçóëü-
òàò ñîâïàäàåò ñ òðàäèöèîííîé ïîñòàíîâêîé. Àâòîðû ðàññìàò-
ðèâàþò çàäà÷ó âåêòîðíîé îïòèìèçàöèè ïî äâóì êðèòåðèÿì:
ìèíèìàëüíîé ïëîùàäè è ïåðèìåòðó ïîïåðå÷íîãî ñå÷åíèÿ â ìî-
ìåíò èñ÷åðïàíèÿ íåñóùåé ñïîñîáíîñòè. Öåëåâàÿ ôóíêöèÿ âêëþ-
÷àåò â ñåáÿ âåñîâîé êîýôôèöèåíò , ó÷èòûâàþùèé âëèÿíèå
ïåðèìåòðà ïîïåðå÷íîãî ñå÷åíèÿ. Ñîçäàíà ìîäèôèöèðîâàííàÿ
ñõåìà ðåøåíèÿ çàäà÷è îïòèìèçàöèè, âêëþ÷àþùàÿ ìîäóëü îä-
íîìåðíîé îïòèìèçàöèè ïî ïàðàìåòðó . Ïðåäëàãàåìûé ñïîñîá
îñíîâàí íà ïðåäïîëîæåíèè, ÷òî ñóùåñòâóåò òîëüêî îäíî çíà-
÷åíèå êîýôôèöèåíòà âëèÿíèÿ ïåðèìåòðà, ïðè êîòîðîì ðåøå-
íèÿ çàäà÷è êàê â òðàäèöèîííîé, òàê è â íîâîé ïîñòàíîâêàõ
ñîâïàäàþò. Äëÿ ïðàâèëüíîãî ñðàâíåíèÿ ýòèõ ðåçóëüòàòîâ íå-
îáõîäèìî, ÷òîáû ñå÷åíèå áûëî ïðåäñòàâëåíî â îáåèõ ïîñòàíîâ-
êàõ íàáîðîì ïðÿìîóãîëüíûõ ôðàãìåíòîâ êàê â íà÷àëüíûé ìî-
ìåíò âðåìåíè, òàê è â ìîìåíò, ñîîòâåòñòâóþùèé ïðåäåëüíî-
ìó ñîñòîÿíèþ, ïîýòîìó èñïîëüçóåòñÿ ìîäåëü êîððîäèðóþùåãî
ýêâèâàëåíòíîãî ñå÷åíèÿ. ×èñëåííàÿ èëëþñòðàöèÿ äåìîíñòðè-
ðóåò ïî÷òè ïîëíîå ñîâïàäåíèå ðåøåíèé äëÿ îáåèõ ïîñòàíîâîê
çàäà÷è. Â òî æå âðåìÿ, èñïîëüçîâàíèå ðàçðàáîòàííîãî ìåòîäà
ïîçâîëÿåò ñíèçèòü âû÷èñëèòåëüíûå çàòðàòû íà íåñêîëüêî ïî-
ðÿäêîâ ïî ñðàâíåíèþ ñ òðàäèöèîííûìè ìåòîäàìè ðåøåíèÿ çà-
äà÷ ýòîãî êëàññà.

Êëþ÷åâûå ñëîâà: îïòèìàëüíîå ïðîåêòèðîâàíèå,
àãðåññèâíàÿ ñðåäà, ìîäåëü êîððîäèðóþùåãî ñå÷åíèÿ, ñèñòåìà
äèôôåðåíöèàëüíûõ óðàâíåíèé.
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A METHOD FOR SOLVING PROBLEMS OF BENDING
ROD OPTIMIZATION TAKING CORROSION INTO
ACCOUNT

Zelentsov D.G., Denysiuk O.R.

Ukrainian State University of Chemical Technology, Dnipro,
Ukraine

The article offers and justifies a method for solving a problem
of optimal design of bent rods exposed to aggressive media. The
problems of such class have special place among the problems of
optimal design, which is explained by the fact that modeling corrosion
deformation in structural elements requires solving not only the
equations of solid mechanics, but also the system of differential
equations describing the accumulation of geometric damage and
including stress functions. The authors analyze existing approaches
to solving these problem and problems of these approaches. On the
basis of this analysis a fundamentally different approach to solving
some problems of optimal design of bending rod elements that function
in aggressive media is proposed, the statement of a problem, the
numerical solution of which requires much less computational cost,
and the result is the same as for the traditional problem statement, is
proposed and justified. The authors consider a problem of vector
optimization by two criteria: minimum area and perimeter of a cross-
section at the time of exhaustion of the bearing capacity. The objective
function includes the weight coefficient , taking into account the
influence of cross-sectional perimeter. A modified scheme for solving
the optimization problem is created, which involves a module for
one-dimensional optimization by parameter . The proposed method
is based on the assumption that there is only one value of the coefficient
of perimeter influence, for which the solutions of problems in both
traditional and new statements coincide. To compare these results
correctly, it is necessary for a cross-section to be represented in both
statements by a set of rectangular fragments both at an initial time
and at a time corresponding to the limit state, so the model of corroding
equivalent cross-section is used. A numerical illustration demonstrates
almost complete coincidence of the solutions for both problem
statements. At the same time utilization of developed method allows
reducing the computational cost by several orders of magnitude
compared to traditional methods for solving problems of this class.

Keywords: optimal design, aggressive medium, model of
corroding cross-section, system of differential equations.
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Íàö³îíàëüíèé òåõí³÷íèé óí³âåðñèòåò «Äí³ïðîâñüêà ïîë³òåõí³êà», ì. Äí³ïðî, Óêðà¿íà

Â ðîáîò³ ðîçãëÿäàºòüñÿ çàäà÷à îïòèìàëüíîãî ðîçì³ùåííÿ çàðÿäíèõ ñòàíö³é äëÿ åëåê-

òðîìîá³ë³â ó ì. Äí³ïðî ó ïðèïóùåíí³, ùî òàêèìè ñòàíö³ÿìè âàðòî îáëàäíóâàòè

íàñàìïåðåä ³ñíóþ÷³ ìàéäàí÷èêè äëÿ ïàðêóâàííÿ àâòîòðàíñïîðòó. Íà îñíîâ³ ðåçóëü-

òàò³â àíàë³çó ðèíêó åëåêòðîìîá³ë³â ÿê â ö³ëîìó ïî Óêðà¿í³, òàê ³ â ñàìîìó ì. Äí³ï-

ðî, ÷èñëà âëàñíèê³â åëåêòðè÷íèõ àâòîìîá³ë³â, òåõí³÷íèõ ïàðàìåòð³â åëåêòðîìîá³ë³â

³ çàðÿäîê, à òàêîæ ïàðàìåòð³â ðîáîòè âæå ôóíêö³îíóþ÷èõ íà òåðèòîð³¿ ì³ñòà çàðÿä-

íèõ ñòàíö³é ñïî÷àòêó âèð³øóºòüñÿ ïèòàííÿ ïðî ðàö³îíàëüíó ê³ëüê³ñòü çàðÿäíèõ

ñòàíö³é, ÿê³ ïîòð³áíî ðîçì³ñòèòè çà äëÿ çàäîâîëåííÿ ïîòî÷íîãî ïîïèòó. Äàë³, ç

óðàõóâàííÿì òðàíñïîðòíî¿ ³íôðàñòðóêòóðè ì³ñòà, ñåðåä ôóíêö³îíóþ÷èõ àâòîñòî-

ÿíîê çä³éñíþºòüñÿ ïîøóê â ðîçðàõîâàí³é ê³ëüêîñò³ òèõ, äå íàéá³ëüø ðàö³îíàëüíî

(çà òåðèòîð³àëüíèì êðèòåð³ºì) âñòàíîâèòè çàðÿäí³ ïðèñòðî¿. Òîáòî ìåòîþ îïòèì³-

çàö³¿ º ì³í³ì³çàö³ÿ â³äñòàí³ â³ä íàéâ³ääàëåí³øîãî ìàéäàí÷èêà äëÿ ïàðêóâàííÿ àâòî-

òðàíñïîðòó äî íàéáëèæ÷î¿ çàðÿäíî¿ ñòàíö³¿. Âèçíà÷åííÿ îïòèìàëüíî¿ ê³ëüêîñò³ çà-

ðÿäíèõ ñòàíö³é â ì³ñò³ Äí³ïðî, ùî çàáåçïå÷óº ì³í³ìàëüí³ ñóìàðí³ âòðàòè â³ä ïðî-

ñòîþ ïîñò³â òà â³äìîâ íà îáñëóãîâóâàííÿ, çä³éñíåíî, çàñòîñîâóþ÷è ìîäåë³ ³ ìåòîäè

òåîð³¿ ìàñîâîãî îáñëóãîâóâàííÿ. Âèêîíàíèé àíàë³ç òàêèõ ïàðàìåòð³â ñèñòåìè ìàñî-

âîãî îáñëóãîâóâàííÿ, ÿê ïîò³ê çàÿâîê ³ ìîæëèâà ïðîäóêòèâí³ñòü êàíàë³â. Ðåàë³çàö³ÿ

ñèñòåìè ìàñîâîãî îáñëóãîâóâàííÿ çä³éñíåíà ìîâîþ ïðîãðàìóâàííÿ C++ çà íàñòóï-

íèõ âèõ³äíèõ óìîâ. Ðîçðàõóíîê îïòèìàëüíî¿ ê³ëüêîñò³ çàðÿäíèõ ï³ñòîëåò³â íà òåðè-

òîð³¿ ì³ñòà çä³éñíþºòüñÿ ó ïðèïóùåíí³, ùî ó âàðò³ñíîìó âèðàæåíí³ äîõ³ä â³ä

åêñïëóàòàö³¿ îäíîãî çàðÿäíîãî ï³ñòîëåòà ³ âèòðàòè íà éîãî óòðèìàííÿ ïðè âèìóøå-

íîìó ïðîñòî¿ ìàéæå ò³ ñàì³. À êîåô³ö³ºíò ÷èñòîãî äîõîäó çàðÿäíî¿ ñòàíö³¿ äëÿ åëåê-

òðîìîá³ë³â º ïðîïîðö³éíèì ð³çíèö³ ì³æ ñåðåäíüîþ ê³ëüê³ñòþ åëåêòðîìîá³ë³â, ùî

îáñëóãîâóþòüñÿ ñèñòåìîþ, òà ÷èñëîì ï³ñòîëåò³â, ùî âèìóøåíî ïðîñòîþþòü. Äëÿ

ðîçâ’ÿçàííÿ çàäà÷³ êîìá³íàòîðíî¿ îïòèì³çàö³¿  âèêîðèñòîâóºòüñÿ íàáëèæåíèé àëãî-

ðèòì øòó÷íî¿ ³ìóííî¿ ñèñòåìè.
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Ïîñòàíîâêà ïðîáëåìè

Ôîðìóâàííÿ óìîâ ñòàëîãî ðîçâèòêó Äí³ïðî-
ïåòðîâñüêîãî ðåã³îíó ïîòðåáóº ãàðìîí³éíîãî ïî-
ºäíàííÿ åêîíîì³÷íî¿, ñîö³àëüíî¿ òà åêîëîã³÷íî¿
ìåòè ðîçâèòêó ñîö³àëüíî¿ ³íôðàñòðóêòóðè, äî-
ñÿãíåííÿ ÿêî¿ ïåðåäáà÷àº ìîäåðí³çàö³þ ðåã³-
îíàëüíî¿ ³íôðàñòðóêòóðè ç óðàõóâàííÿì ïîòðåá
ðîçâèòêó ëþäñüêîãî ïîòåíö³àëó ïðîìèñëîâîãî
ðåã³îíó [1]. Ïåðñïåêòèâíèìè äëÿ äîñÿãíåííÿ
ñòàëîãî ðîçâèòêó ðåã³îíó âèñòóïàþòü êðîêè,
ñïðÿìîâàí³ íà ï³äñèëåííÿ êîíêóðåíòíèõ ïåðå-

âàã ðîçâèòêó ðåã³îíàëüíî¿ ñîö³àëüíî¿ ³íôðàñòðóê-
òóðè, ùî ïåðåäáà÷àº óçãîäæåííÿ íàïðÿì³â ðîç-
âèòêó ìàëîãî òà ñåðåäíüîãî á³çíåñó ç ïð³îðèòåò-
íèìè íàïðÿìàìè ðîçâèòêó ñôåðè ïîñëóã ó ðåã³-
îí³; ï³äâèùåííÿ åôåêòèâíîñò³ âèêîðèñòàííÿ
íàóêîâî-îñâ³òíüîãî ïîòåíö³àëó ðåã³îíó ó âïðî-
âàäæåíí³ ³ííîâàö³éíèõ òåõíîëîã³é ðîçâèòêó ñîö³-
àëüíî¿ ³íôðàñòðóêòóðè òà ³í. Îäíèì ç ïð³îðè-
òåòíèõ íàïðÿì³â ì³í³ì³çàö³¿ ðèçèê³â ñîö³àëüíî-
åêîíîì³÷íîãî ðîçâèòêó, à îòæå, é ïðîñóâàííÿ
Äí³ïðîïåòðîâñüêîãî ðåã³îíó â á³ê ðåàë³çàö³¿ ö³ëåé
ñòàëîãî ðîçâèòêó Äí³ïðî-2030 â åêîëîã³÷í³é
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ï³äñèñòåì³ º çìåíøåííÿ âèêèä³â øê³äëèâèõ ðå-
÷îâèí ó ïîâ³òðÿ. Ñåðåä ³íøîãî â [1] çàïðîïîíî-
âàíî ðîçâèâàòè ÿê³ñíó, íàä³éíó, ñòàëó òà äî-
ñòóïíó ³íôðàñòðóêòóðó, ÿêà áàçóºòüñÿ íà âèêî-
ðèñòàíí³ ³ííîâàö³éíèõ òåõíîëîã³é, ó ò.÷. åêîëî-
ã³÷íî ÷èñòèõ âèä³â òðàíñïîðòó.

Íàéá³ëüø ïåðñïåêòèâíèìè òåõíîëîã³ÿìè
ùîäî çíèæåííÿ âèêèä³â ïàðíèêîâèõ ãàç³â º åëåê-
òðîìîá³ë³, ÿê³ âêëþ÷àþòü ã³áðèäè ç³ çì³ííèìè
ìîäóëÿìè ³ àâòîìîá³ë³ ç àêóìóëÿòîðàìè. Ïîïèò
íà ìàøèíè, ùî ìàþòü çàì³ñòü äâèãóíà âíóòð³ø-
íüîãî çãîðÿííÿ àêóìóëÿòîðíó áàòàðåþ, ñòð³ìêî
çðîñòàº, îñê³ëüêè, ó ïîð³âíÿíí³ ç àâòîìîá³ëÿìè
íà îðãàí³÷íîìó ïàëèâ³, îêð³ì â³äñóòíîñò³ øê³äëè-
âèõ âèõëîï³â, ÿê³ º îäíèì ç ãîëîâíèõ åëåìåíò³â
çàáðóäíåííÿ íàâêîëèøíüîãî ñåðåäîâèùà, åëåê-
òðîìîá³ë³ ìàþòü òàê³ ïåðåâàãè: íàä³éí³ñòü ³ äîâ-
ãîâ³÷í³ñòü äâèãóíà ïðè òðèâàë³é åêñïëóàòàö³¿;
âèñîêèé êîåô³ö³ºíò êîðèñíî¿ ä³¿; ìîæëèâ³ñòü
çàðÿäêè àêóìóëÿòîð³â â³ä ñòàíäàðòíî¿ åëåêòðè-
÷íî¿ ìåðåæ³. Îñòàíí³é àñïåêò ñâ³ä÷èòü ïðî òå,
ùî åëåêòðîìîá³ëü (ÅÌ) äîçâîëÿº çíà÷íî åêîíî-
ìèòè íà âèòðàòàõ, îñîáëèâî â í³÷í³ ÷àñè.

Çà äàíèìè ñàéòó IRS Group ëèøå ç ñ³÷íÿ
ïî êâ³òåíü 2019 ðîêó ê³ëüê³ñòü àâòîìîá³ë³â â
êðà¿í³ çá³ëüøèëàñü íà 13,1% ³ íà ïåðøå êâ³òíÿ
ñòàíîâèëà 12119 åëåêòðîìîá³ë³â. Ê³ëüê³ñòü åëåê-
òðîìîá³ë³â â ì. Äí³ïðî òàêîæ çá³ëüøóºòüñÿ ùî-
ì³ñÿöÿ. Â ìåæàõ ì³ñòà îäíèì ³ç ñåãìåíò³â, â ÿêèõ
âæå âèêîðèñòîâóþòüñÿ åëåêòðîìîá³ë³, º âàíòàæí³
òà ïåðñîíàëüí³ ïåðåâåçåííÿ.

Ç îãëÿäîì íà òå, ùî àêóìóëÿòîðí³ áàòàðå¿
çàáåçïå÷óþòü ïðîá³ã åëåêòðîìîá³ë³â â³ä 160 äî
240 êì áåç ï³äçàðÿäêè, ¿õ âàæêî ââàæàòè ïðè-
äàòíèìè äëÿ òðèâàëèõ ïî¿çäîê, îñîáëèâî ç óðà-
õóâàííÿì â³äñóòíîñò³ ñòàíö³é ï³äçàðÿäêè. Ñàìå
íåðîçâèíåíó ³íôðàñòðóêòóðó çàðÿäíèõ ñòàíö³é
ââàæàþòü îäíèì ç íåäîë³ê³â ÅÌ íà äàíèé ìî-
ìåíò. ² öå ä³éñíî ñåðéîçíà ïðîáëåìà â åêñïëóà-
òàö³¿, îñê³ëüêè çàëèøèòèñÿ ñòîÿòè íà äîðîç³ ç
àêóìóëÿòîðîì, ùî ðîçðÿäèâñÿ, – çîâñ³ì íåáà-
æàíà ïîä³ÿ äëÿ âîä³ÿ. Çàçâè÷àé äëÿ ïîâíîãî çàðÿ-
äæåííÿ åëåêòðîìîá³ëÿ ïîòð³áíî áëèçüêî 8–10 ãî-
äèí. Îòæå, ìîæå çíàäîáèòèñÿ ñïåö³àëüíà ñòàí-
ö³ÿ äëÿ ï³äçàðÿäêè, íà ÿê³é åëåêòðîìîá³ëü çìî-
æå ïåðåáóâàòè ïðîòÿãîì öüîãî ÷àñó.

Íà äàíèé ìîìåíò â Äí³ïð³ íàðàõîâóºòüñÿ
áëèçüêî 20 çàðÿäíèõ ñòàíö³é. Ðîçòàøîâàí³ âîíè,
â îñíîâíîìó, ïîáëèçó òîðãîâèõ öåíòð³â, àâòîñà-
ëîí³â, íà äåÿêèõ çàïðàâêàõ ³ âåëèêèõ àâòîñòîÿí-
êàõ. Àëå ¿õ ìàº áóòè çíà÷íî á³ëüøå. Ç 1 ëèïíÿ
2019 ðîêó âñòóïàþòü â ä³þ òàê³ íîðìàòèâè:
ì³í³ìóì 5% ì³ñöü íà ïàðêîâèõ ìàéäàí÷èêàõ ì³ñòà
Äí³ïðà ìàþòü áóòè îñíàùåí³ ñòàíö³ÿìè äëÿ çà-

ðÿäêè åëåêòðîìîá³ë³â. À ïðîòÿãîì íàñòóïíèõ
11 ðîê³â ïëàíóºòüñÿ îáëàäíàòè òàêèìè ñòàíö³-
ÿìè âñ³ àâòîìàéäàí÷èêè â Óêðà¿í³.

Îòæå, îñê³ëüêè ìàñîâå âïðîâàäæåííÿ ÅÌ
íà äàíèé ÷àñ óòðóäíåíå òåõí³÷íèìè îáìåæåí-
íÿìè, ïîâ’ÿçàíèìè ç äèñòàíö³ºþ ïåðåñóâàííÿ òà
òðèâàëèì ÷àñîì çàðÿäêè àêóìóëÿòîðà, àêòóàëü-
íîþ ïðîáëåìîþ º âèçíà÷åííÿ ðàö³îíàëüíîãî
÷èñëà çàðÿäíèõ ñòàíö³é â ìåæàõ ì³ñòà àáî ðåã³-
îíó òà ¿õ ðîçì³ùåííÿ.

Â äàí³é ðîáîò³, ïî ïåðøå, âèð³øóºòüñÿ ïè-
òàííÿ ïðî îïòèìàëüíó ê³ëüê³ñòü çàðÿäíèõ
ñòàíö³é, ÿê³ ïîòð³áíî ðîçì³ñòèòè ó ì³ñò³ Äí³ïðî
àáè çàäîâîëüíèòè ïîòî÷íèé ïîïèò, âèêîðèñòî-
âóþ÷è åëåìåíòè òåîð³¿ ìàñîâîãî îáñëóãîâóâàí-
íÿ. Ïî-äðóãå, ñòàâèòüñÿ ³ ðîçâ’ÿçóºòüñÿ çàäà÷à
îïòèìàëüíîãî (çà òåðèòîð³àëüíèì êðèòåð³ºì)
ðîçì³ùåííÿ çàðÿäíèõ ïðèñòðî¿â ó ïðèïóùåíí³,
ùî ¿õ âàðòî ðîçòàøîâóâàòè íà ìàéäàí÷èêàõ äëÿ
ïàðêóâàííÿ òðàíñïîðòíèõ çàñîá³â.

Îãëÿä îñòàíí³õ äîñë³äæåíü ³ ïóáë³êàö³é

Ïèòàííÿ, ïîâ’ÿçàí³ ç îïòèìàëüíèì ðîçì³-
ùåííÿì çàðÿäíèõ ñòàíö³é äëÿ åëåêòðîìîá³ë³â,
ïðîòÿãîì îñòàííüîãî äåñÿòèë³òòÿ ðîçãëÿäàëèñü
áàãàòüìà â÷åíèìè òà ïðàêòèêàìè ÿê â³ò÷èçíÿ-
íèìè, òàê ³ çàðóá³æíèìè.

Òàê, ö³êàâîþ ç òî÷êè çîðó ïðèêëàäíèõ çàñ-
òîñóâàíü âèÿâèëàñÿ ðîáîòà [2], äå ïîðÿä ç ìî-
äåëëþ îïòèì³çàö³¿ çàãàëüíèõ âèòðàò ñèñòåìè
åëåêòðè÷íèõ òàêñ³ ðîçãëÿäàºòüñÿ çàäà÷à îïòèì³-
çàö³¿ êîìïîíóâàííÿ çàðÿäíî¿ ³íôðàñòðóêòóðè ç
óðàõóâàííÿì ïîïèòó íà ïàñàæèðñüê³ ïåðåâåçåí-
íÿ òà ïîòðåáè ó çàðÿäæåíí³.

Ïðîáëåìà çàðÿäæåííÿ åëåêòðîìîá³ë³â ó
ßïîí³¿ ðîçãëÿäàºòüñÿ â [3]. Òóò àâòîðè, êîíöåí-
òðóþòü óâàãó íà ìàëîìó ïðîá³ãó åëåêòðîìîá³ë³â
(ó ñåðåäíüîìó 160 êì), ÿêèé íå äîçâîëÿº çä³éñíþ-
âàòè äàëåê³ ïîäîðîæ³ áåç äîñòàòíüî¿ ê³ëüêîñò³ çà-
ðÿäíèõ ñòàíö³é, ³ òîìó ïðîïîíóºòüñÿ âñòàíîâ-
ëþâàòè çàðÿäí³ ïðèëàäè íà ì³ñöÿõ çóïèíêè á³ëÿ
äîð³ã, ùî íàäàñòü çìîãó âëàñíèêàì åëåêòðî-
ìîá³ë³â ïîäîðîæóâàòè ßïîí³ºþ â³ëüíî, íå õâè-
ëþþ÷èñü çà çàðÿä ñâîãî åëåêòðîòðàíñïîðòó.

Â ðîáîò³ [4] ðîçãëÿäàþòüñÿ ïèòàííÿ, ïîâ’ÿ-
çàí³ ç ðîçì³ùåííÿì çàðÿäíèõ ñòàíö³é ó êðèòè-
÷íèõ ì³ñöÿõ äåê³ëüêîõ ðàéîí³â Ñòàìáóëà. Âèêî-
ðèñòîâóþ÷è ìåòîä àíàë³çó ³ºðàðõ³é, àâòîðè îö³-
íþþòü âàãó êîæíîãî àëüòåðíàòèâíîãî ì³ñöÿ ðîç-
òàøóâàííÿ ç ïîäàëüøèì ¿õ ðàíæóâàííÿì. Íà-
äàë³, ö³ âàãè âèêîðèñòîâóþòüñÿ ó ÿêîñò³ âõ³äíèõ
äàíèõ äëÿ ìàòåìàòè÷íî¿ ìîäåë³ çàäà÷³ âèçíà÷åí-
íÿ ê³ëüêîñò³ çàðÿäíèõ ñòàíö³é, ùî ìàþòü áóòè
âñòàíîâëåí³.

Ó ðîáîò³ [5] çà äîïîìîãîþ ñòàòèñòè÷íèõ
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ìåòîä³â òà òåîð³¿ ìàñîâîãî îáñëóãîâóâàííÿ ðîç-
ðàõîâóþòüñÿ ïàðàìåòðè, ÿê³ º êëþ÷îâèìè ïðè
âèáîð³ òèï³â çàðÿäíèõ ñòàíö³é äëÿ åëåêòðî-
ìîá³ë³â. Ó ñòàòò³ âèêîíàí³ ðîçðàõóíêè â³äíîñíî
äâîõ ð³çíèõ òèï³â ñòàíö³é: ìàëî¿, ç ìîæëèâ³ñòþ
øâèäêîãî çàðÿäæåííÿ, ³ âåëèêî¿, äå ÷àñ çàðÿ-
äæåíîãî îäíîãî åëåêòðîìîá³ëÿ çíà÷íî á³ëüøèé.

Äåÿê³ íàóêîâö³ ïðîïîíóþòü ðîçãëÿäàòè â
ÿêîñò³ ìîæëèâèõ ì³ñöü äëÿ ðîçòàøóâàííÿ ñòàíö³é
çàðÿäêè åëåêòðîìîá³ë³â ³ ñåðâ³ñ³â ç çàì³íè àêó-
ìóëÿòîðíèõ áàòàðåé òðàäèö³éí³ ìåðåæ³ àâòîçàï-
ðàâíèõ ñòàíö³é (íàïðèêëàä, â ðîáîò³ [6]). Îá´ðóí-
òîâóþòü òàêå ð³øåííÿ çìåíøåííÿì âàðòîñò³ òà
âèêîðèñòàííÿì çåìë³ íà ïîáóäîâó çàðÿäíèõ òà
àêóìóëÿòîðíèõ ñòàíö³é.

Íåçâàæàþ÷è íà ÷èñëåíí³ñòü ïóáë³êàö³é,
ïðèñâÿ÷åíèõ ïðîáëåìàì îïòèìàëüíîãî ðîçì³-
ùåííÿ çàðÿäíèõ ñòàíö³é òà ïóíêò³â òåõí³÷íîãî
îáñëóãîâóâàííÿ åëåêòðîìîá³ë³â, àêòóàëüíèì íà-
ïðÿìîì íàóêîâèõ äîñë³äæåíü çàëèøàºòüñÿ âè-
ÿâëåííÿ ðàö³îíàëüíèõ ì³ñöü ðîçòàøóâàííÿ çà-
ðÿäíèõ ñòàíö³é äëÿ ÅÌ â ìåæàõ îäíîãî ì³ñòà íà
áàç³ âèêîðèñòàííÿ ñó÷àñíèõ ìåòîä³â îïòèì³çàö³¿
òà ³íôîðìàö³éíèõ òåõíîëîã³é.

Ìåòà äîñë³äæåííÿ

Îá’ºêòîì äîñë³äæåííÿ º ñèñòåìà ìàñîâîãî
îáñëóãîâóâàííÿ (ÑÌÎ) âëàñíèê³â åëåêòðî-
ìîá³ë³â. Ïðåäìåòîì äîñë³äæåííÿ º ïîêàçíèêè
åôåêòèâíîñò³ ðîáîòè ÑÌÎ, à òàêîæ ïîøóê íàé-
êðàùèõ ì³ñöü ðîçòàøóâàííÿ ñòàíö³é äëÿ çàðÿ-
äæåííÿ àêóìóëÿòîð³â åëåêòðîìîá³ë³â. Ìåòîþ äîñ-
ë³äæåíü º çíèæåííÿ âèòðàò íà çàêóï³âëþ ³ óñòà-
íîâêó çàðÿäíèõ ñòàíö³é â ê³ëüêîñò³, äîñòàòí³é
äëÿ çàäîâîëåííÿ ïîòî÷íîãî ïîïèòó ç îãëÿäîì íà
òå, ùî ìàñîâå âèêîðèñòàííÿ åëåêòðîìîá³ë³â ïðè
çä³éñíåíí³ ³ âàíòàæíèõ, ³ ïåðñîíàëüíèõ ïåðåâå-
çåíü º êëþ÷îâèì ñòðàòåã³÷íèì ïèòàííÿì ç òî÷-
êè çîðó åíåðãåòè÷íî¿ áåçïåêè ÿê äëÿ Óêðà¿íè â
ö³ëîìó, òàê ³ â ìåæàõ ì³ñòà Äí³ïðà.

Ïîñòàíîâêà çàäà÷³

Íà îñíîâ³ ñòàòèñòè÷íèõ äàíèõ ïðî ê³ëüê³ñòü
åëåêòðîìîá³ë³â ³ ôóíêö³îíóþ÷èõ çàðÿäíèõ
ñòàíö³é â ì. Äí³ïðî, îö³íèòè ê³ëüê³ñòü N çàðÿä-
íèõ ñòàíö³é, ùî ìàþòü áóòè ðîçì³ùåí³ íà òåðè-
òîð³¿ ì³ñòà â íàéáëèæ÷èé ÷àñ, äîñòàòíþ äëÿ çà-
áåçïå÷åííÿ ïîòðåá ó òàêèõ ñòàíö³ÿõ çà óìîâè
ÿêîìîãà ìåíøèõ âèòðàò â³ä ïðîñòîþ òåõíîëîã³-
÷íîãî îáëàäíàííÿ.

Ó ïðèïóùåíí³, ùî çàðÿäíèìè ïðèñòðîÿìè
ìàþòü áóòè îñíàùåí³ íàñàìïåðåä  ìàéäàí÷èêè
äëÿ ïàðêóâàííÿ òðàíñïîðòíèõ çàñîá³â (ó òîìó
÷èñë³ ³ åëåêòðîìîá³ë³â), çíàéòè N àâòîñòîÿíîê â
ì. Äí³ïðî äëÿ îáëàäíàííÿ ¿õ çàðÿäíèìè ñòàíö³-
ÿìè òàê³, ùîá ìàêñèìàëüíà â³äñòàíü â³ä áóäü-

ÿêî¿ ç íèõ äî íàéáëèæ÷î¿ çàðÿäíî¿ ñòàíö³¿ áóëà
ì³í³ìàëüíîþ.

Âèêëàä îñíîâíîãî ìàòåð³àëó

Âèçíà÷åííÿ îïòèìàëüíî¿ ê³ëüêîñò³ çàðÿä-
íèõ ñòàíö³é â ì³ñò³ Äí³ïðî, ùî çàáåçïå÷óº
ì³í³ìàëüí³ ñóìàðí³ âòðàòè â³ä ïðîñòîþ ïîñò³â òà
â³äìîâ íà îáñëóãîâóâàííÿ, çä³éñíåíî, çàñòîñî-
âóþ÷è ìîäåë³ ³ ìåòîäè òåîð³¿ ìàñîâîãî îáñëóãî-
âóâàííÿ. Ïðè öüîìó ïðîâåäåíèé àíàë³ç òàêèõ
ïàðàìåòð³â ÑÌÎ, ÿê ïîò³ê çàÿâîê òà ìîæëèâà
ïðîäóêòèâí³ñòü êàíàë³â. Ââåäåìî íàñòóïí³ ïî-
çíà÷åííÿ: m – ³íòåíñèâí³ñòü îáñëóãîâóâàííÿ, ÿêà
ðîçðàõîâóºòüñÿ ÿê 1/charging_time, äå
charging_time – ÷àñ îáñëóãîâóâàííÿ îäíîãî åëåê-
òðîìîá³ëÿ (ãîäèí); l – ³íòåíñèâí³ñòü ïîòîêà ìà-
øèí, ÿêà ðîçðàõîâóºòüñÿ çà ôîðìóëîþ
1/(station_time/number_cars), äå station_time – ÷àñ
ðîáîòè ñòàíö³¿, number_cars – ê³ëüê³ñòü àâòî-
ìîá³ë³â, ÿê³ çàðÿäæàþòüñÿ â îäèí äåíü; ñ – íà-
âàíòàæåííÿ îäí³º¿ çàðÿäíî¿ ñòàíö³¿, ÿêå äîð³â-
íþº ÷àñòö³ l/m. ²íø³ ïîêàçíèêè åôåêòèâíîñò³
ðîáîòè ñèñòåìè ìàñîâîãî îáñëóãîâóâàííÿ ³ ôîð-
ìóëè äëÿ ¿õ îá÷èñëåííÿ íàâåäåí³ â òàáë. 1. Ðåà-
ë³çàö³ÿ ñèñòåìè ìàñîâîãî îáñëóãîâóâàííÿ
çä³éñíåíà ìîâîþ ïðîãðàìóâàííÿ Ñ++ çà íàñòóï-
íèõ âèõ³äíèõ äàíèõ. Çã³äíî ç ñàéòîì IRS Group,
ó ì³ñò³ Äí³ïðî ñòàíîì íà 01.04.2019 íàðàõîâóºòüñÿ
1256 åëåêòðîìîá³ë³â òà ã³áðèä³â. Ïîâíèé çàðÿä
àêóìóëÿòîðà ìîæíà îòðèìàòè ï³ñëÿ ÷îòèðüîõ
ãîäèí íåïåðåðâíî¿ çàðÿäêè. Åëåêòðîêàð ïîòð³áíî
çàðÿäæàòè â ñåðåäíüîìó êîæí³ òðè äí³.

Òàáëèöÿ 1

Ïîêàçíèêè åôåêòèâíîñò³ ÑÌÎ
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Ðåçóëüòàòè ðîçðàõóíê³â âñ³õ çàçíà÷åíèõ ïî-
êàçíèê³â åôåêòèâíîñò³ ðîáîòè ñèñòåìè ìàñîâî-
ãî îáñëóãîâóâàííÿ ïðè çì³íí³é ê³ëüêîñò³ çàðÿä-
íèõ ï³ñòîëåò³â íàâåäåí³ â òàáë. 2.

Òóò ïåðåäáà÷àºòüñÿ, ùî ó âàðò³ñíîìó âèðà-
æåíí³ äîõ³ä â³ä åêñïëóàòàö³¿ îäíîãî çàðÿäíîãî
ï³ñòîëåòà ³ âèòðàòè íà éîãî óòðèìàííÿ ïðè âè-
ìóøåíîìó ïðîñòî¿ ìàéæå ò³ ñàì³, à ÷èñòèé äîõ³ä
çàðÿäíî¿ ñòàíö³¿ äëÿ ÅÌ º ïðîïîðö³éíèì ð³çíèö³
ì³æ â³äíîñíîþ ïðîïóñêíîþ ñïðîìîæí³ñòþ, òîáòî
ñåðåäíüîþ äîëåþ ÅÌ, ùî îáñëóãîâóþòüñÿ ñèñ-
òåìîþ, òà ÷èñëîì ï³ñòîëåò³â, ùî âèìóøåíî ïðî-
ñòîþþòü.

Àíàë³ç ðåçóëüòàò³â ðîçðàõóíê³â ïîêàçóº, ùî
÷èì á³ëüøå çàðÿäíèõ ï³ñòîëåò³â, òèì á³ëüøà
ê³ëüê³ñòü âëàñíèê³â åëåêòðîìîá³ë³â ìîæå êîðèñ-
òàòèñü ïîñëóãàìè ç çàðÿäæåííÿ àâòî. Îäíàê, ç³
çíà÷íèì çðîñòàííÿì ê³ëüêîñò³ ïðèñòðî¿â
çá³ëüøóºòüñÿ ê³ëüê³ñòü òàêèõ, ÿê³ âèìóøåíî ïðî-
ñòîþþòü, ³ îòæå, çðîñòàþòü íåïðîäóêòèâí³ âèò-
ðàòè íà ¿õ óòðèìàííÿ. Îïòèìàëüíà ê³ëüê³ñòü çà-
ðÿäíèõ ï³ñòîëåò³â äëÿ ñòàíö³é – 73. Ç òàêîþ
ê³ëüê³ñòþ çàðÿäíèõ ïðèñòðî¿â 93% âëàñíèê³â
åëåêòðîìîá³ë³â, ùî ïîòðåáóþòü çàðÿäêè, çìîæóòü
îòðèìàòè â³äïîâ³äíó ïîñëóãó.

Ïîñòàâëåíà çàäà÷à ïðî îïòèìàëüíå ðîçì³-
ùåííÿ çàðÿäíèõ ñòàíö³é äëÿ ÅÌ íà òåðèòîð³¿
ì. Äí³ïðî º çàäà÷åþ êîìá³íàòîðíî¿ îïòèì³çàö³¿
(çàäà÷à ïðî ïîêðèòòÿ íà ãðàô³). Çà íåâåëèêî¿ ðîç-
ì³ðíîñò³ âîíà ìîæå áóòè ðîçâ’ÿçàíà ïîâíèì ïå-
ðåáîðîì, â ³íøîìó âèïàäêó âèêîðèñòîâóþòü íà-
áëèæåí³ àëãîðèòìè – åâîëþö³éí³, ðîéîâ³, ïî-
ñë³äîâí³ àëãîðèòìè, ³íø³ ìåòîäè.

Íàâåäåìî ìàòåìàòè÷íó ïîñòàíîâêó çàäà÷³.
Áóäåìî âèêîðèñòîâóâàòè òàê³ ïîçíà÷åííÿ: Õ –
ìíîæèíà âñ³õ àâòîñòîÿíîê, êîæíà ç ÿêèõ íàäàíà
ñâî¿ìè ãåîãðàô³÷íèìè êîîðäèíàòàìè

)x,x(x m
2

m
1

m  , m=1,2,…,M, îòæå |Õ|=Ì;

Ì*={1,2,…,Ì} – ìíîæèíà ³íäåêñ³â åëåìåíò³â ç

X; N
J  – ìíîæèíà âñ³ëÿêèõ êîìá³íàö³é ³ç M åëå-

ìåíò³â ïî N åëåìåíò³â,  i i i
i 1 2 Nj , j ,..., j   – åëåìåíò

ìíîæèíè N
J , N

M
N
J C ; c(xm, xk) – â³äñòàíü ì³æ

àâòîñòîÿíêàìè xm, xk, mk, m, kM.

Ïîòð³áíî çíàéòè òàêå N
J*  , çà ÿêîãî íà-

áóâàº ì³í³ìàëüíîãî çíà÷åííÿ íàñòóïíà âåëè÷è-
íà:

m k

km M*\
R( ) max min c(x , x )

 
  .

Òîáòî âåëè÷èíà R(s) äëÿ êîæíîãî ô³êñîâà-
íîãî íàáîðó N ³ñíóþ÷èõ ìàéäàí÷èê³â äëÿ ïàð-
êóâàííÿ àâòîìîá³ë³â âèçíà÷àº íàéá³ëüøó â³äñòàíü
â³ä áóäü-ÿêî¿ àâòîñòîÿíêè äî íàéáëèæ÷îãî ìàé-
äàí÷èêó ³ç çàðÿäíèì ïðèñòðîºì.

Âõ³äíîþ ³íôîðìàö³ºþ äëÿ çàäà÷³ º ìàòðèöÿ
íàéáëèæ÷èõ â³äñòàíåé ì³æ êîæíîþ ïàðîþ ìàé-
äàí÷èê³â, ÿêà ïîáóäîâàíà çà äîïîìîãîþ ñåðâ³ñó
Google API. ßêùî ïðèïóñòèòè, ùî çàðÿäí³ ñòàíö³¿
ìàþòü òðè çàðÿäí³ ï³ñòîëåòè, òîáòî êîæåí êàíàë
ÑÌÎ ìàº òðè ïîñòè, òî, âèõîäÿ÷è ç ïîïåðåäíüî
îòðèìàíèõ ðåçóëüòàò³â, â ì³ñò³ Äí³ïðî ìàº áóòè
24 òàêèõ ñòàíö³é. Îñê³ëüêè ðîçì³ðí³ñòü çàäà÷³ çà
òàêèõ äàíèõ âåëèêà, ðîçâ’ÿçîê çàäà÷³ îòðèìàíèé
çà äîïîìîãîþ íàáëèæåíîãî àëãîðèòìó øòó÷íî¿
³ìóííî¿ ñèñòåìè, à ñàìå àëãîðèòìó êëîíàëüíîãî
â³äáîðó (CLONALG) [7], áëîê ñõåìó ÿêîãî íà-
âåäåíî íà ðèñ. 1.

Àëãîðèòì ðåàë³çîâàíî çà äîïîìîãîþ ìîâ
ïðîãðàìóâàííÿ R òà Ñ++. Â³í ìàí³ïóëþº âåêòî-

Òàáëèöÿ 2

Ïîêàçíèêè åôåêòèâíîñò³ ðîáîòè ÑÌÎ

Кількість 
зарядних 
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спроможність, 
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Відносна 
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спроможність 
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відмови 
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Середня кількість 
незадіяних зарядних 

пістолетів 

Дохід, умов. 
грош. один.

1 0,246 0,014 0,985 0,985 0,014 0,971 
2 0,492 0,028 0,971 1,971 0,028 1,942 
3 0,739 0,042 0,958 2,956 0,044 2,913 

… … … … … … … 
71 16,048 0,921 0,079 64,193 6,807 57,386 
72 16,186 0,929 0,070 64,744 7,255 57,489 
73 16,316 0,936 0,063 65,266 7,734 57,531 

74 16,439 0,943 0,056 64,756 8,243 57,512 
75 16,553 0,950 0,049 66,214 8,785 57,428 
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ðîì ä³éñíèõ ÷èñåë, äå êîæåí åëåìåíò – öå íî-
ìåð àâòîìîá³ëüíîãî ìàéäàí÷èêà, íà ÿêèé íåîá-
õ³äíî âñòàíîâèòè çàðÿäíó ñòàíö³þ. Äîâæèíà âåê-
òîðó äîð³âíþº ê³ëüêîñò³ çàðÿäíèõ ïðèñòðî¿â, ÿê³

íåîáõ³äíî ðîçì³ñòèòè ó ì³ñò³ Äí³ïðî. Ðîçðîáëå-
íà ïðîãðàìà ïåðåäáà÷àº âèá³ð ö³º¿ âåëè÷èíè êî-
ðèñòóâà÷åì. Íà ðèñ. 2 íàâåäåíî ãðàô³ê, ùî â³äîá-
ðàæóº çá³æí³ñòü ïðîöåñó íàëàøòóâàííÿ øòó÷íî¿

Ðèñ. 1. Áëîê-ñõåìà àëãîðèòìó CLONALG

Ðèñ. 2. Ðåçóëüòàòè ðîçðàõóíê³â øòó÷íî¿ ³ìóííî¿ ñèñòåìè

Ðèñ. 3. Îïòèìàëüíå ðîçì³ùåííÿ 24 çàðÿäíèõ ñòàíö³é â ì. Äí³ïðî
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³ìóííî¿ ñèñòåìè äëÿ ïîøóêó ðîçâ’ÿçêó çàäà÷³
êîìá³íàòîðíî¿ îïòèì³çàö³¿ ìåòîäîì êëîíàëüíî-
ãî â³äáîðó, ðîáîòà ÿêîãî çàëåæèòü â³ä òàêèõ ïà-
ðàìåòð³â àëãîðèòìó: ðîçì³ð ïîïóëÿö³¿, êîåô³ö³ºíò
êëîíóâàííÿ, êîåô³ö³ºíò íàéã³ðøèõ àíòèò³ë,
ê³ëüê³ñòü êëîí³â [8].

Çà äîïîìîãîþ á³áë³îòåê shiny òà leaflet îò-
ðèìàí³ ðåçóëüòàòè ðîçðàõóíê³â áóëè â³äîáðàæåí³
íà ³íòåðàêòèâí³é êàðò³ ì³ñòà Äí³ïðà. Íà ðèñ. 3
íàâåäåíî îïòèìàëüíå ðîçì³ùåííÿ 24 çàðÿäíèõ
ñòàíö³é. Êð³ì òîãî, íà êàðò³ êîæí³é ðîçòàøî-
âàí³é çàðÿäí³é ñòàíö³¿ ïîñòàâëåíèé ó
â³äïîâ³äí³ñòü ñâ³é êîë³ð, ³ öèì êîëüîðîì ïîçíà-
÷åí³ íàéáëèæ÷³ äî íüîãî ³ñíóþ÷³ ìàéäàí÷èêè.
Îòæå, âîäíî÷àñ ³ç ðîçòàøóâàííÿì çàðÿäíèõ
ñòàíö³é çä³éñíåíå ðîçáèòòÿ ìíîæèíè âñ³õ ôóí-
êö³îíóþ÷èõ ìàéäàí÷èê³â äëÿ ïàðêóâàííÿ àâòî-
òðàíñïîðòó íà ï³äìíîæèíè, â ìåæàõ ÿêèõ íàé-
áëèæ÷à çàðÿäíà ñòàíö³ÿ îäíà é òà ñàìà.

Âèñíîâêè

Îòæå, â ðîáîò³ ðîçâ’ÿçàíà çàäà÷à îïòèìàëü-
íîãî ðîçì³ùåííÿ çàðÿäíèõ ñòàíö³é äëÿ åëåêòðî-
ìîá³ë³â â ì. Äí³ïðî ó ïðèïóùåíí³, ùî òàêèìè
ñòàíö³ÿìè âèã³äíî îáëàäíóâàòè íàñàìïåðåä ³ñíó-
þ÷³ ìàéäàí÷èêè äëÿ ïàðêóâàííÿ àâòîìîá³ë³â.
Ïðè öüîìó ñòàâèëàñÿ çà ìåòó ì³í³ì³çàö³ÿ â³äñòàí³
â³ä íàéâ³ääàëåí³øîãî ìàéäàí÷èêà äëÿ ïàðêóâàííÿ
àâòîòðàíñïîðòó äî íàéáëèæ÷î¿ çàðÿäíî¿ ñòàíö³¿.
Ê³ëüê³ñòü çàðÿäíèõ ñòàíö³é, ÿê³ ðîçì³ùóâàëèñÿ,
ðîçðàõîâàíà çà äîïîìîãîþ ìåòîä³â òåîð³¿ ìàñî-
âîãî îáñëóãîâóâàííÿ. Ç óðàõóâàííÿì ðåçóëüòàò³â
àíàë³çó ðèíêó åëåêòðîìîá³ë³â ÿê â ö³ëîìó ïî
Óêðà¿í³, òàê ³ â ñàìîìó ì. Äí³ïðî, ÷èñëà âëàñ-
íèê³â åëåêòðè÷íèõ àâòîìîá³ë³â, òåõí³÷íèõ õàðàê-
òåðèñòèê åëåêòðîìîá³ë³â ³ çàðÿäîê, à òàêîæ ïà-
ðàìåòð³â ðîáîòè âæå ôóíêö³îíóþ÷èõ íà òåðè-
òîð³¿ ì³ñòà çàðÿäíèõ ñòàíö³é âèÿâëåíî, ùî äëÿ
çàäîâîëåííÿ ïîïèòó ìàéæå 93% âîä³¿â åëåêòðî-
êàð³â äîñòàòíüî ðîçì³ñòèòè íà òåðèòîð³¿ ì³ñòà
73 çàðÿäíèõ ï³ñòîëåòè. Ó ïðèïóùåí³, ùî êîæíà
ñòàíö³ÿ ìàº â ñåðåäíüîìó ïî 3 çàðÿäí³ ï³ñòîëå-
òè, ñåðåä  ôóíêö³îíóþ÷èõ àâòîñòîÿíîê çíàéäåí³
24 òèõ, äå íàéá³ëüø ðàö³îíàëüíî (çà òåðèòîð³-
àëüíèì êðèòåð³ºì) âñòàíîâèòè çàðÿäí³ ïðèñòðî¿.
Îïòèìàëüíå ðîçì³ùåííÿ çàðÿäíèõ ñòàíö³é íà
òåðèòîð³¿ ì³ñòà, à òàêîæ íàéáëèæ÷³ äî êîæíî¿ ç
íèõ àâòîìîá³ëüí³ ñòîÿíêè ïðåäñòàâëåí³ íà êàðò³
ì³ñòà Äí³ïðà.

Íàäàë³ êîðèñíî ïðè ìîäåëþâàíí³ çàäà÷³
îïòèìàëüíîãî ðîçì³ùåííÿ ñòàíö³é âðàõîâóâàòè
ð³âíîì³ðíå íàâàíòàæåííÿ íà âñ³ ñòàíö³¿, ìîæ-
ëèâèé ïðèáóòîê ³ òåðì³í îêóïíîñò³ âêëàäåíèõ
³íâåñòèö³é.
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ÎÏÐÅÄÅËÅÍÈÅ ÎÏÒÈÌÀËÜÍÎÃÎ ÊÎËÈ×ÅÑÒÂÀ È
ÌÅÑÒ ÐÀÇÌÅÙÅÍÈß ÇÀÐßÄÍÛÕ ÑÒÀÍÖÈÉ ÄËß
ÝËÅÊÒÐÎÌÎÁÈËÅÉ ÍÀ ÒÅÐÐÈÒÎÐÈÈ ÃÎÐÎÄÀ

Êîðÿøêèíà Ë.Ñ., Áåëÿåâ À.Ð.

Â ðàáîòå ðàññìàòðèâàåòñÿ çàäà÷à îïòèìàëüíîãî ðàç-
ìåùåíèÿ çàðÿäíûõ ñòàíöèé äëÿ ýëåêòðîìîáèëåé â ãîðîäå Äíåïð
â ïðåäïîëîæåíèè, ÷òî òàêèìè ñòàíöèÿìè íåîáõîäèìî îáîðó-
äîâàòü, â ïåðâóþ î÷åðåäü, ñóùåñòâóþùèå ìåñòà äëÿ ïàðêîâêè
àâòîòðàíñïîðòà. Ïðåäñòàâëåíû ðåçóëüòàòû àíàëèçà ðûíêà
ýëåêòðîìîáèëåé êàê â öåëîì ïî Óêðàèíå, òàê è â ñàìîì ãîðîäå
Äíåïð. Íà îñíîâå èíôîðìàöèè î êîëè÷åñòâå âëàäåëüöåâ ýëåêò-
ðè÷åñêèõ àâòîìîáèëåé, òåõíè÷åñêèõ ïàðàìåòðàõ ýëåêòðîìî-
áèëåé è çàðÿäîê, à òàê æå ïàðàìåòðàõ ðàáîòû óæå ôóíêöèî-
íèðóþùèõ íà òåððèòîðèè ãîðîäà çàðÿäíûõ ñòàíöèé, ðåøàåòñÿ
âíà÷àëå âîïðîñ î ðàöèîíàëüíîì êîëè÷åñòâå çàðÿäíûõ ñòàíöèé,
êîòîðûå íåîáõîäèìî ðàçìåñòèòü äëÿ óäîâëåòâîðåíèÿ òåêóùå-
ãî ñïðîñà. Äàëåå, ñ ó÷åòîì òðàíñïîðòíîé èíôðàñòðóêòóðû
ãîðîäà, ñðåäè ôóíêöèîíèðóþùèõ àâòîñòîÿíîê îñóùåñòâëÿåò-
ñÿ ïîèñê â íóæíîì êîëè÷åñòâå òåõ, ãäå íàèáîëåå ðàöèîíàëüíî
(ïî òåððèòîðèàëüíîìó êðèòåðèþ) óñòàíîâèòü çàðÿäíûå óñò-
ðîéñòâà. Öåëüþ îïòèìèçàöèè ÿâëÿåòñÿ ìèíèìèçàöèÿ ðàññòîÿ-
íèÿ îò ñàìîé äàëüíåé ïëîùàäêè äëÿ ïàðêîâêè àâòîòðàíñïîð-
òà äî áëèæàéøåé çàðÿäíîé ñòàíöèè. Îïðåäåëåíèå îïòèìàëü-
íîãî êîëè÷åñòâà çàðÿäíûõ ñòàíöèé â ãîðîäå Äíåïð, êîòîðûå
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îáåñïå÷èâàþò ìèíèìàëüíûå ñóììàðíûå ðàñõîäû îò ïðîñòîÿ
ïîñòîâ è îòêàçîâ íà îáñëóæèâàíèå, ðåàëèçîâàíî ñ ïîìîùüþ
ìîäåëåé è ìåòîäîâ òåîðèè ìàññîâîãî îáñëóæèâàíèÿ. Ïðîâåäåí
àíàëèç òàêèõ ïàðàìåòðîâ ñèñòåìû ìàññîâîãî îáñëóæèâàíèÿ,
êàê ïîòîê çàÿâîê è âîçìîæíàÿ ïðîäóêòèâíîñòü êàíàëîâ. Ðåà-
ëèçàöèÿ ñèñòåìû ìàññîâîãî îáñëóæèâàíèÿ ðåàëèçîâàíà íà ÿçû-
êå ïðîãðàììèðîâàíèÿ Ñ++ ñ èñïîëüçîâàíèåì ñëåäóþùèõ èñõîä-
íûõ óñëîâèé. Ðàñ÷¸ò îïòèìàëüíîãî êîëè÷åñòâà çàðÿäíûõ ïèñ-
òîëåòîâ íà òåððèòîðèè ãîðîäà îñóùåñòâëÿåòñÿ â ïðåäïîëî-
æåíèè, ÷òî â ñòîèìîñòíîì âûðàæåíèè äîõîäû îò ýêñïëóàòà-
öèè îäíîãî çàðÿäíîãî ïèñòîëåòà è ðàñõîäû íà åãî ñîäåðæàíèå
ïðè âûíóæäåííîì ïðîñòîå ïî÷òè îäíè è òå æå. À êîýôôèöè-
åíò ÷èñòîãî äîõîäà çàðÿäíîé ñòàíöèè äëÿ ýëåêòðîìîáèëåé ÿâ-
ëÿåòñÿ ïðîïîðöèîíàëüíûì ðàçíèöå ìåæäó ñðåäíèì êîëè÷åñòâîì
ýëåêòðîìîáèëåé, êîòîðûå îáñëóæèâàþòñÿ ñèñòåìîé, è ÷èñëîì
ïèñòîëåòîâ, êîòîðûå âûíóæäåííî ïðîñòàèâàþò. Äëÿ ðåøå-
íèÿ çàäà÷è êîìáèíàòîðíîé îïòèìèçàöèè èñïîëüçóåòñÿ ïðèáëè-
æåííûé àëãîðèòì èñêóññòâåííîé èììóííîé ñèñòåìû.

Êëþ÷åâûå ñëîâà: ýëåêòðîìîáèëè, çàðÿäíûå ñòàíöèè,
îïòèìàëüíîå ðàçìåùåíèå, êîìáèíàòîðíàÿ îïòèìèçàöèÿ,
èììóííûå ñèñòåìû, ãåîèíôîðìàöèîííûå òåõíîëîãèè.

DETERMINATION OF OPTIMAL NUMBER AND PLACES
OF LOCATION OF CHARGING STATION FOR ELECTRIC
VEHICLES INSIDE THE CITY

Koriashkina L.S., Belyaev A.R.

Dnipro Polytechnic, Dnipro, Ukraine

The article deals with the problem of optimal placement of
charging stations for electric vehicles in Dnipro under the assumption
that the existing sites for parking should be primarily equipped with
such stations. Based on the results of electric vehicles market analysis,
generally in Ukraine, as well as inside Dnipro city, of the number of
electric car owners, technical parameters of electric vehicles and
charging stations and also operation conditions of charging stations
that already exist in the territory of the city, the issue about rational
quantity of charging stations which need to be placed for satisfying
current demand should be settled above all. After that, taking into
consideration transport infrastructure of the city, the search of the
estimated number of car parking lots among operational ones is
carried out in order to find the ones where chargers are mostly
rational to be installed (according to territorial criterion). Thus, the
purpose of optimization is to minimize the distance from the most
remote car parking lot to the nearest charging station. Determination
of the optimal number of charging stations in Dnipro, which ensures
minimal total losses from posts downtime and service denial, is carried
out using models and methods of Queuing theory. The analysis of
such parameters of the Queuing system as the flow of applications
and the possible efficiency of channels was carried out. The
implementation of the Queuing system is effected using C++
programming language with the following source data. The calculation
of the optimal number of charging pistols in the city is based on the
assumption that in terms of value, income from one charging pistol
operation and expenses for its maintenance under forced downtime
are almost the same and the coefficient of net income of charging
station for electric vehicles is proportional to the difference between
the average number of electric vehicles serviced by the system and
the number of pistols forced to stand idle. To solve the combinatorial
optimization issue, the approximate algorithm of the artificial immune
system is used.

Keywords: electric vehicles, charging stations, optimal
placement, combinatorial optimization, immune systems, geoin-
formation technologies.
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Informational methods for analyzing and managing systems under uncertainty are studied.

The expediency of use of information uncertainty in tasks of identification of control

objects and synthesis of regulatory systems is justified. For the numerical evaluation of

information uncertainty, an amount of disinformation is used as Bongard’s negative useful

information. Such information uncertainty can serve as a criterion for the adequacy of a

mathematical model of a control object. Information assessment of the modeling accuracy

is applicable to any method of identification and allows a researcher to compare the

accuracy of models that differ from each other by the method of obtaining (analytical or

experimental), nature (deterministic or stochastic models), specific implementation (physical

or mathematical models). In the course of parametric identification, an optimization

problem of finding a minimum of information uncertainty in the parameter space of a

mathematical model can be solved. The information uncertainty criterion provides

verification of the statistical hypothesis about the adequacy of a particular model. If the

criterion value exceeds a certain critical value, the adequacy hypothesis must be rejected.

To calculate the critical values of the information adequacy criterion, a statistical experiment

was performed. Using the Monte Carlo method, the probability distribution of the

information criterion was investigated. A sufficiently smooth empirical criterion distribution

function was constructed. The distribution of the information criterion has a pronounced

asymmetry and a small positive kurtosis. It is revealed that this distribution is best

approximated by the Generalized Extreme Value Distribution law. The critical value can

be defined as a quantile of the level of 0.01 or 0.05 for this distribution.

Keywords: adequacy, computer modeling, distribution law, identification, information

criterion, Monte Carlo method, control object, statistical hypothesis, uncertainty.
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Statement of the problem

As known, the synthesis of control systems
begins with the process of obtaining a mathematical
model of a controllable object. Meanwhile,
developers are encountering the problem of
incomplete correspondence of models with an
identified object. Thus, during system synthesis, the
models remain uncertain.

The sources of model uncertainty are:
– incomplete knowledge of the physical and

chemical processes occurring in the object;
– assumptions and simplifications, taken during

a model formation;
– noises, interferences and measurement errors

taking place in experimental researches of objects;
– parameters changes in the object over time.
Ànother problem is the quality assessment of

the obtained model. To solve this problem, additional
researches are carried out, listed in the report [1].

Verification is the process of determining that
a model implementation accurately represents the
developer’s conceptual description of the model and
its solution.

Validation is the process of determining the
degree to which a model is an accurate representation
of the real world from the perspective of the intended
uses of a model.

Both verification and validation are processes
that accumulate evidence of a model’s correctness
or accuracy for a specific scenario; thus, they cannot
prove that a model is correct and accurate for all
possible scenarios, but, rather, it can provide evidence
that a model is sufficiently accurate for its intended
use.
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Adequacy is the decision that the model fidelity
is sufficient for its intended use.

Fidelity is the difference between simulation
and experimental outcomes.

Analysis of recent research and publications

Conceptual model validity, model verification,
operational validity, and data validity were discussed
by Robert G. Sargent [2]. Four different approaches
to determining model validity are described, a
graphical paradigm that relates verification and
validation to the model development process is
presented, and various validation techniques are
defined.

In the article [3], the analytical expressions are
obtained to determine the dynamic characteristics
of controllable objects by the parameters of closed
systems transient function. However, the automation
of such process is extremely difficult.

In the work [4], the peculiarities of the
controllable object identification by measures of
Toolbox PID Tuner in the MATLAB environment
are considered. There is stated that automatic
identification does not always give satisfactory results.

A.N. Trunov [5] gives an overview of the works
devoted to the general patterns of selection criteria
search for settling the adequacy. There is an
indication of a single expression of adequacy
assessment absence, which makes possible taking into
account several factors of influence and suggesting
expressions for their calculation. It is proposed to
use a criterion that is inversely proportional to the
standard deviation of a model from experimental
values.

The dispersion methods for adequacy
assessment are widely known. E.P. Chernogorov [6]
states that the system model allows a researcher to
model some general population. The experiment
provides a separate implementation of this general
population. The model also provides an
implementation of a general population, reproducing
the experimental conditions. The adequacy
assessment lies in checking statistical hypotheses
about the belonging of these realizations to the same
general population.

It should be noted that the dispersion criteria
of the adequacy, like Fisher criterion [7], are
applicable only in the case of a normal distribution
of model variables, which doesn’t always take place
in practice.

Objective

The purpose of this work is to substantiate the
criterion of information uncertainty application to
assess the adequacy of models obtained in the course
of identifying controllable objects.

Informational uncertainty

The philosophical category of “uncertainty” is
in the focus of many scientists’ attention. The authors
of the article [8] consider uncertainty as a concept
expressing a certain phenomenon associated with a
subject-object relation. This makes it possible to
distinguish four aspects of the study of the uncertainty
concept. Uncertainty is a concept that can display:
the properties of an object, the conditions of
interaction between an object and a subject, the
features of subjective perception, the features of
interaction of new knowledge with current
knowledge. So uncertainty is a category that reflects
the absence of any (material or ideal) orderliness.

For control systems that are the subject of our
research, in work [9], questions of quantitative
estimation of orderliness and related concepts of
complexity, organization, and entropy are considered.
According to [9], ranking can be viewed as a
characteristic of order – the absence of a difference
in relation to something taken as the standard of
order.

We consider a multidimensional parallelepiped
in the parameter space of a system used in interval
systems theory as such standard. We will consider
such n-dimensional parallelepiped as a target area,
a vector etX , directed from the origin of coordinates
to the target area as a standard of order, and a system
in such a state as ranked. The difference measure of
the system parameters real vector  1 2 nX= x , x ,..., x

from order standard etX  characterizes the disorder

У .
Uncertainty takes different meanings in different

situations and at different times. If m situations are
possible, the probabilities of which are p1,p2,...,pm,
then the ensemble gives a complete characteristic of
disorder at each moment of time

1 2 m

1 2 m

У ,У ,...,У

p ,p ,..., p

 
 
 

. (1)

A generalized ranking characteristic is the
organization of the system, which, like ranking, is
more convenient to estimate through the opposite
value – disorder:

 
l d m

β i jO α s p f У    , (2)

where   is the symbol of generalization of the
disorder characteristics, respectively, for m situations,
d elements of a system and l time intervals; f is a
function by which weighting of the disorder is
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performed by the existence factor of its occurring in
relation to a certain functioning of the system
indicator; pj, si,  are the weights of j-th situation,
i-th element and -th time interval, respectively.

Taking formula (2) as a basis, we can derive a
set of relations that can be used as an estimate of
uncertainty. To simplify, let’s take d=1 and l=1. We
perform the operation of generalization by m
situations with weighting by probabilities included
in the ensemble (1):

m

j Уj
j 1

О p log ,


   (3)

where jУ  is some numerical characteristic of
differences X  from etX , called the disorder
parameter.

Taking a j-th situation disorder probability

jУj
p 

 as a parameter, we obtain Shannon’s

informational entropy formula:

j j

j

O H p log p .    
(4)

Mathematical model of a system under
investigation due to inevitable inaccuracies gives
distribution Q={qj} instead of real distribution P={pj}.

Taking 
jУj

q  , we obtain Bongard’s uncertainty

formula [10]:

j j

j

O N(p / q) p logq .    (5)

According to Bongard, useful information
stored in the distribution Q={qj}, regarding the
problem with a probability of response P={pj}, is:

j

п j

j j

q
I H N(p / q) p log .

p
    (6)

Unlike the amount of information according
to Shannon’s classical theory, useful information can
have both positive and negative meaning. Due to
inaccuracies of a system’s mathematical description,
we should talk about the misinformation:

j

j

j j

p
D N(p / q) H p log .

q
    (7)

Thus, the uncertainty estimate brought by the
model is disorganization according to formula (3),
in which jУ =pj/qj. We will call the amount of
misinformation (7) the information uncertainty.

Obviously, the largest value of misinformation
occurs when H=0. Dividing the information
uncertainty (7) by its maximum possible value, we
obtain the relative information uncertainty:

j

j j j
j j j

j j j j

j j

p
p log p log p

qD
1 .

supD p logq p logq
    



 

   (8)

Ways to use informational uncertainty in

identification tasks

Information uncertainty in the form (7) can
be used as a criterion for the adequacy of
mathematical models. Accurate assessment of
modeling accuracy is possible with any method that
makes it possible to compare models with different
characteristics (analytical or experimental), character
(deterministic or stochastic models), implementation
of realizations (physical or mathematical models).
A mathematical model cannot be defined as minimal
uncertainty.

Relative information uncertainty in the form
(8) can be used as a criterion for the adequacy of
models obtained by other methods. Moreover, there
is both the possibility of comparing several models
and choosing the most adequate, taking the least
amount of misinformation, as well as examining the
adequacy of a particular model’s statistical hypothesis.

Here is the way to determine whether the model
is adequate. Let us assume that there is some object,
a state of which is characterized by the variable y
(output value of the object). As a result of
experimental researches, which used the method of
a passive experiment, for instance, a statistical
sampling of the object’s values was obtained. The
estimate of probabilities pj is a ratio of a sample’s
number of vj implementations, falling within a j-th
separation interval of a range of y value, to the sample
size n.

Let there also be a mathematical model of such
an object, for which model value of the output

variable ŷ  can be calculated, and by methods of

information theory or mathematical statistics, a
distribution Q={qj} can be found.

We hypothesize that a mathematical model is
adequate to an object. To examine the hypothesis,
we need to calculate a criterion of information
uncertainty value for model in the form (7), for which
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we use statistics

j

j

j j

1
S log .

n nq


   (9)

The resulting criterion value is compared with
its critical value. If the calculated value is greater
than critical, the adequacy hypothesis is rejected.

To calculate critical values, it is necessary to
know the adequacy criterion distribution law. The
distribution law can be determined by the statistical
computer simulation method, described in [11].

The calculating power of modern computers
allows us to solve many problems using a statistical
experiment. Regulatory document P 50.1.037–
2002 [12] recommends: if the probability distribution
law is used to describe the sample F(x,) and
estimates of its parameters are found, and to test a
complex hypothesis H0: F(x){F(x,),Q} a
researcher doesn’t know the statistical distribution
of the corresponding criterion, it is rational to use
the methodology of statistical laws computer analysis,
which is well proven in modeling distributions of
criteria statistics.

To do so, by the law F(x,) there should be
modeled N statistical samples of the same volume n
as a sample, for which an examination of the
hypothesis H0: F(x){F(x,),Q} is needed. Next,
for each of the N samples, it is necessary to calculate
the same parameters of the law estimates, and then
S statistics of the studied criterion value. As a result,
statistics values sampling S1,S2,...,SN will be obtained
with the distribution law G(Sn½H0) for examined
hypothesis H0. For this sample, with a sufficiently
large N, a quite smooth empirical distribution
function of GN(Sn½H0) can be built, which can be
directly used to conclude whether the hypothesis H0

can be accepted. Simulated distribution deviations
from the theoretical one at N=2000 usually have an
order of H±0.015. If necessary, it is possible to
build an approximate analytical model,
approximating GN(Sn½H0), and to make afterward a
decision about the examined hypothesis, based on
this model.

The information criterion of the probability
distribution values research was carried out by the
Monte Carlo method. A sample of random vj values
was generated, for which the value of the S statistics
was determined, and this was repeated 3000 times.
This is a number greater than N=2000, recommended
in [12]. For a sample of criterion values obtained
this way, the distribution of criterion values histogram
was built. The critical value was defined as 0.01-

quantile.
The information criterion distribution has a

pronounced asymmetry and a small positive kurtosis.
Lognormal Distribution, Gamma Distribution,
Weibull Distribution, Generalized Extreme Value
Distribution can give such a picture. Compliance
with all these distributions was verified using the
information criterion. The calculation results showed
that the Generalized Extreme Value Distribution
provides the best approximation. However, as shown
by additional researches, in the small values of
information uncertainty criterion region, these
distributions density curves differ from the normal
distribution curve a little bit, and the quantile level
of 0.05 for these distributions is almost equal. This
gives grounds to state that at a trust level of 90%, it
is permissible to use value tables of the normal
distribution function to determine the critical values
of the information adequacy criterion.

Conclusions

The use of the informative uncertainty criteria
in the tasks of identification has been proposed in
this paper. As a criterion for informational
uncertainty, it was proposed to use the amount of
misinformation brought by the mathematical model.
The formulas for calculating such a criterion were
given. The ways of using the criterion in the course
of solving identification problems are shown.
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Ìàíêî Ã.²., ×èñòîêëåòîâ ª.Ï.

Âèâ÷àþòüñÿ ³íôîðìàö³éí³ ìåòîäè àíàë³çó òà óïðàâë³ííÿ
ñèñòåìàìè â óìîâàõ íåâèçíà÷åíîñò³. Îá´ðóíòîâàíî äîö³ëüí³ñòü
âèêîðèñòàííÿ ³íôîðìàö³éíî¿ íåâèçíà÷åíîñò³ â çàäà÷àõ ³äåíòè-
ô³êàö³¿ îá’ºêò³â óïðàâë³ííÿ ³ ñèíòåçó ñèñòåì ðåãóëþâàííÿ. Äëÿ
÷èñëîâîãî îö³íþâàííÿ ³íôîðìàö³éíî¿ íåâèçíà÷åíîñò³ âèêîðèñ-
òîâóºòüñÿ ê³ëüê³ñòü äåç³íôîðìàö³¿ ÿê íåãàòèâíî¿ êîðèñíî¿ ³íôîð-
ìàö³¿ Áîíãàðäà. Òàêà ³íôîðìàö³éíà íåâèçíà÷åí³ñòü ìîæå ñëó-
ãóâàòè ÿê êðèòåð³é àäåêâàòíîñò³ ìàòåìàòè÷íî¿ ìîäåë³
îá’ºêòà óïðàâë³ííÿ. ²íôîðìàö³éíà îö³íþâàííÿ òî÷íîñò³ ìîäå-
ëþâàííÿ ìîæå áóòè çàñòîñîâàíà ïðè áóäü-ÿêîìó ìåòîä³ ³äåí-
òèô³êàö³¿ ³ äîçâîëÿº ïîð³âíþâàòè òî÷í³ñòü ìîäåëåé, ùî â³äð³çíÿ-
þòüñÿ îäíà â³ä îäíî¿ ìåòîäîì îòðèìàííÿ (àíàë³òè÷íèì àáî
åêñïåðèìåíòàëüíèì), õàðàêòåðîì (äåòåðì³íîâàí³ àáî ñòîõàñ-
òè÷í³ ìîäåë³), êîíêðåòíîþ ðåàë³çàö³ºþ (ô³çè÷í³ àáî ìàòåìà-
òè÷í³ ìîäåë³). Â õîä³ ïàðàìåòðè÷íî¿ ³äåíòèô³êàö³¿ ìîæå âèð³-
øóâàòèñÿ îïòèì³çàö³éíà çàäà÷à ïîøóêó ì³í³ìóìó ³íôîðìàö³é-
íî¿ íåâèçíà÷åíîñò³ â ïðîñòîð³ ïàðàìåòð³â ìàòåìàòè÷íî¿ ìî-
äåë³. Êðèòåð³é ³íôîðìàö³éíî¿ íåâèçíà÷åíîñò³ çàáåçïå÷óº ïåðå-
â³ðêó ñòàòèñòè÷íî¿ ã³ïîòåçè ïðî àäåêâàòí³ñòü êîíêðåòíî¿
ìîäåë³. ßêùî çíà÷åííÿ êðèòåð³þ ïåðåâèùóº äåÿêå êðèòè÷íå
çíà÷åííÿ, ã³ïîòåçà ïðî àäåêâàòí³ñòü ïîâèííà áóòè â³äêèíóòà.
Äëÿ ðîçðàõóíêó êðèòè÷íèõ çíà÷åíü ³íôîðìàö³éíîãî êðèòåð³þ
àäåêâàòíîñò³ áóâ çä³éñíåíèé ñòàòèñòè÷íèé åêñïåðèìåíò. Ç
âèêîðèñòàííÿì ìåòîäó Ìîíòå-Êàðëî áóëî äîñë³äæåíî ðîçïîä³ë
éìîâ³ðíîñòåé ³íôîðìàö³éíîãî êðèòåð³þ. Áóëà ïîáóäîâàíà äî-
ñèòü ãëàäêà åìï³ðè÷íà ôóíêö³ÿ ðîçïîä³ëó êðèòåð³þ. Ðîçïîä³ë
³íôîðìàö³éíîãî êðèòåð³þ ìàº âèðàæåíó àñèìåòð³þ ³ íåâåëè-
êèé ïîçèòèâíèé åêñöåñ. Âèÿâëåíî, ùî öåé ðîçïîä³ë íàéêðàùèì
÷èíîì àïðîêñèìóºòüñÿ çàêîíîì Generalized Extreme Value
Distribution. Êðèòè÷íå çíà÷åííÿ ìîæå áóòè âèçíà÷åíî ÿê êâàí-
òèëü ð³âíÿ 0,01 àáî 0,05 öüîãî ðîçïîä³ëó.

Êëþ÷îâ³ ñëîâà: àäåêâàòí³ñòü, êîìï’þòåðíå
ìîäåëþâàííÿ, çàêîí ðîçïîä³ëó, ³äåíòèô³êàö³ÿ,
³íôîðìàö³éíèé êðèòåð³é, ìåòîä Ìîíòå-Êàðëî,

êîíòðîëüîâàíèé îá’ºêò, ñòàòèñòè÷íà ã³ïîòåçà, íåâèçíà÷åí³ñòü.

ÈÑÏÎËÜÇÎÂÀÍÈÅ ÈÍÔÎÐÌÀÖÈÎÍÍÎÉ
ÍÅÎÏÐÅÄÅËÅÍÍÎÑÒÈ Â ÇÀÄÀ×ÀÕ
ÈÄÅÍÒÈÔÈÊÀÖÈÈ

Ìàíêî Ã.È., ×èñòîêëåòîâ Å.Ï.

Èçó÷àþòñÿ èíôîðìàöèîííûå ìåòîäû àíàëèçà è óïðàâ-
ëåíèÿ ñèñòåìàìè â óñëîâèÿõ íåîïðåäåëåííîñòè. Îáîñíîâàíà
öåëåñîîáðàçíîñòü èñïîëüçîâàíèÿ èíôîðìàöèîííîé íåîïðåäåëåí-
íîñòè â çàäà÷àõ èäåíòèôèêàöèè îáúåêòîâ óïðàâëåíèÿ è ñèí-
òåçà ñèñòåì ðåãóëèðîâàíèÿ. Äëÿ ÷èñëîâîé îöåíêè èíôîðìàöè-
îííîé íåîïðåäåëåííîñòè èñïîëüçóåòñÿ êîëè÷åñòâî äåçèíôîðìà-
öèè êàê îòðèöàòåëüíîé ïîëåçíîé èíôîðìàöèè Áîíãàðäà. Òàêàÿ
èíôîðìàöèîííàÿ íåîïðåäåëåííîñòü ìîæåò ñëóæèòü â êà÷å-
ñòâå êðèòåðèÿ àäåêâàòíîñòè ìàòåìàòè÷åñêîé ìîäåëè îáúåê-
òà óïðàâëåíèÿ. Èíôîðìàöèîííàÿ îöåíêà òî÷íîñòè ìîäåëèðî-
âàíèÿ ïðèìåíèìà ïðè ëþáîì ìåòîäå èäåíòèôèêàöèè è ïîçâî-
ëÿåò ñðàâíèâàòü òî÷íîñòü ìîäåëåé, îòëè÷àþùèõñÿ äðóã îò
äðóãà ìåòîäîì ïîëó÷åíèÿ (àíàëèòè÷åñêèì èëè ýêñïåðèìåíòàëü-
íûì), õàðàêòåðîì (äåòåðìèíèðîâàííûå èëè ñòîõàñòè÷åñêèå
ìîäåëè), êîíêðåòíîé ðåàëèçàöèåé (ôèçè÷åñêèå èëè ìàòåìàòè-
÷åñêèå ìîäåëè). Â õîäå ïàðàìåòðè÷åñêîé èäåíòèôèêàöèè ìî-
æåò ðåøàòüñÿ îïòèìèçàöèîííàÿ çàäà÷à ïîèñêà ìèíèìóìà èí-
ôîðìàöèîííîé íåîïðåäåëåííîñòè â ïðîñòðàíñòâå ïàðàìåòðîâ
ìàòåìàòè÷åñêîé ìîäåëè. Êðèòåðèé èíôîðìàöèîííîé íåîïðå-
äåëåííîñòè îáåñïå÷èâàåò ïðîâåðêó ñòàòèñòè÷åñêîé ãèïîòåçû
îá àäåêâàòíîñòè êîíêðåòíîé ìîäåëè. Åñëè çíà÷åíèå êðèòåðèÿ
ïðåâûøàåò íåêîòîðîå êðèòè÷åñêîå çíà÷åíèå, ãèïîòåçà îá àäåê-
âàòíîñòè äîëæíà áûòü îòâåðãíóòà. Äëÿ ðàñ÷åòà êðèòè÷åñ-
êèõ çíà÷åíèé èíôîðìàöèîííîãî êðèòåðèÿ àäåêâàòíîñòè áûë
ïðîâåäåí ñòàòèñòè÷åñêèé ýêñïåðèìåíò. Ñ èñïîëüçîâàíèåì ìå-
òîäà Ìîíòå-Êàðëî áûëî èññëåäîâàíî ðàñïðåäåëåíèå âåðîÿòíî-
ñòåé èíôîðìàöèîííîãî êðèòåðèÿ. Áûëà ïîñòðîåíà äîñòàòî÷-
íî ãëàäêàÿ ýìïèðè÷åñêàÿ ôóíêöèÿ ðàñïðåäåëåíèÿ êðèòåðèÿ.
Ðàñïðåäåëåíèå èíôîðìàöèîííîãî êðèòåðèÿ èìååò âûðàæåííóþ
àñèììåòðèþ è íåáîëüøîé ïîëîæèòåëüíûé ýêñöåññ. Âûÿâëåíî,
÷òî ýòî ðàñïðåäåëåíèå íàèëó÷øèì îáðàçîì àïïðîêñèìèðóåòñÿ
çàêîíîì Generalized Extreme Value Distribution. Êðèòè÷åñêîå
çíà÷åíèå ìîæåò áûòü îïðåäåëåíî êàê êâàíòèëü óðîâíÿ 0,01
èëè 0,05 ýòîãî ðàñïðåäåëåíèÿ.

Êëþ÷åâûå ñëîâà: àäåêâàòíîñòü, êîìïüþòåðíîå
ìîäåëèðîâàíèå, çàêîí ðàñïðåäåëåíèÿ, èäåíòèôèêàöèÿ,
èíôîðìàöèîííûé êðèòåðèé, ìåòîä Ìîíòå-Êàðëî,
êîíòðîëèðóåìûé îáúåêò, ñòàòèñòè÷åñêàÿ ãèïîòåçà,
íåîïðåäåëåííîñòü.
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Ukraine

Informational methods for analyzing and managing systems
under uncertainty are studied. The expediency of use of information
uncertainty in tasks of identification of control objects and synthesis
of regulatory systems is justified. For the numerical evaluation of
information uncertainty, an amount of disinformation is used as
Bongard’s negative useful information. Such information uncertainty
can serve as a criterion for the adequacy of a mathematical model of
a control object. Information assessment of the modeling accuracy is
applicable to any method of identification and allows a researcher to
compare the accuracy of models that differ from each other by the
method of obtaining (analytical or experimental), nature (deterministic
or stochastic models), specific implementation (physical or
mathematical models). In the course of parametric identification, an
optimization problem of finding a minimum of information uncertainty
in the parameter space of a mathematical model can be solved. The
information uncertainty criterion provides verification of the statistical
hypothesis about the adequacy of a particular model. If the criterion
value exceeds a certain critical value, the adequacy hypothesis must
be rejected. To calculate the critical values of the information
adequacy criterion, a statistical experiment was performed. Using
the Monte Carlo method, the probability distribution of the information
criterion was investigated. A sufficiently smooth empirical criterion
distribution function was constructed. The distribution of the
information criterion has a pronounced asymmetry and a small positive
kurtosis. It is revealed that this distribution is best approximated by
the Generalized Extreme Value Distribution law. The critical value
can be defined as a quantile of the level of 0.01 or 0.05 for this
distribution.

Keywords: adequacy, computer modeling, distribution law,
identification, information criterion, Monte Carlo method, con-
trol object, statistical hypothesis, uncertainty.
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RECOGNITION AND GENERATION OF QR/BAR CODES IN MOBILE APPLICATIONS
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The article is devoted to the analysis of methods of recognition and generation of QR/bar

codes in mobile applications. The most common algorithms for detecting and generating

codes are considered: Otsu method, Reed-Solomon codes, binary coding algorithm, Orazio

Gallo and Roberto Manduchi approach. In this article, it is proposed to use an algorithm

based on these approaches, which is refined and used for the software implementation of

the mobile application. The main stages of the recognition process in the work are: converting

a color image into gray shades (using the pixel hue difference method); gray image

binarization (Otsu algorithm); using affine transformations to preserve parallelism, which

includes rotation, stretching, shifting, scaling. The main stages of the generating process

for QR codes are: processing and reduction to the standard form for QR codes; the process

of generating a binary string (in the work data of only numerical and symbolic types was

considered); counting the total number of characters in the source string and converting

the decimal number to a binary representation; determining the length of the generated

binary string according to the Denso Wave standard (the encoding of character types is

different); determining the required length of the final binary string; auxiliary tokens are

concatenated; generation of Reed-Solomon error correction codes. Three types of bar

codes are considered: code 128, code 39, and EAN 13. The last type was used. A bar code

scanner includes two steps for automatically scanning all bar codes: finding the location of

the bar code, bar code decoding. To localize the image and the bar code that is captured

by the system, the algorithm of Orazio Gallo and Roberto Manduchi is used. In order to

obtain a smoothed map, a block filter of a certain size was used, taking into account the

size of the input code image. In addition to the code localization, it is cut off: the intensity

of each pixel is taken into account, and the lines of the bar code (pixels with an intensity

greater than zero) are highlighted. An image with improved contrast is converted to binary

form, and to convert to an ideal image, each image column is scanned and checked for the

maximum number of pixels with an intensity of zero or one. This article focuses on

describing the edge detection process. The decoding algorithm uses an array of code width

bands. All the above approaches and algorithms based on them are implemented as a

mobile application for recognition and generation of codes.
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Formulation of a problem

A sufficient amount of works has been devoted
to recognition of texts [1], labels and barcodes. The
use of QR codes (Quick Response code) in everyday
life opens up new opportunities: to establish a
connection between hyperspace and real life, using
modern technologies for transmitting digital data
streams and methods of indirect information transfer.
QR codes are often used for commercial tracking,
travel tickets, storage of personal information, etc.

As is well known, bar codes are read with
scanners that use laser beams. Currently, smartphones
can also be used as scanning devices for QR codes.
This is a very simple, easy and convenient way to
access specific URLs or websites. The fact that there
is no need to manually enter the URL provides a
better conversion, and therefore it is good for
marketing purposes and more.

Quite contradictory requirements are put
forward for QR codes: the code must store a huge
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amount of necessary information, however, at the
same time occupy a small area. In addition, if the
information is damaged, then it should be easily
restored. In this case, the code must have a high
recognition rate, despite the fact that some of it may
be missing. Obviously, it is quite convenient and
practical to scan information using mobile phones
where a recognition program is installed. Obviously,
the development of free mobile applications for
recognition and generation of codes is relevant.

Analysis of recent research and publications

It should be noted that, despite the practical
application of codes and the relevance of their use,
there are not so many works on their detection and
generation. As you know, the concept of a QR code
first appeared in Japan in 1994: a code standard was
developed and presented to track the different stages
of Toyota production at its enterprises. Due to
simplicity, the popularity of QR codes has increased,
which made it possible to use these two-dimensional
codes in all spheres of human life [2]. The most
common is the algorithm proposed by Otsu,
calculating the binarization threshold for a halftone
image, which is used in the field of computer pattern
recognition and image processing to produce black
and white images [3].

One approach to decoding bar codes was
proposed by Orazio Gallo and Roberto Manduchi.
The method is based on deformable patterns and
uses all the information about the gray level of each
pixel. They presented a new bar code decoding
algorithm (localization and reading) that can work
with blurred, noisy images and low-resolution
images [4].

In the general case, when generating noise-
proof codes (Reed-Solomon), multiplication and
division of polynomials into each other is used [5].
The algorithm proposed by Luping Fang and Chao
Xie can detect a bar code area even against a complex
background using image analysis based on areas.
Unlike traditional image analysis based on regions,
the algorithm is processed using an integral image.
It can work with images that are blurred, contain
obliquely arranged barcode areas and are shot under
different lighting conditions. The fast and reliable
way to detect a noisy barcode is offered by Xianyong
Fang [6–8].

Formulation of the objectives of the article

(problem statement)

The paper discusses the methods of recognition
and generation of QR / bar codes that are available
in the public domain and analyzes them. An aim of
the work is to develop an algorithm for generating
and detecting codes, on the basis of which a mobile

application is created. In this case, special attention
is paid to the performance of the developed algorithm.

Presentation of the main research material

As is known, the use of two-dimensional bar
codes is that the printed code is transmitted to the
object, then read using a mobile device that has a
functioning camera and installed necessary software
that will decode the bar code itself.

The QR code detection algorithm presented in
this work consists of several stages: searching for
outlines in the image; contour approximations; search
for suitable quadrangles; FP block ratio checker
(Finder Pattern).

There are not many programs that read and
decode QR codes, they are all implemented using a
simple code detection algorithm on the image
obtained from the camera, after which a simple
procedure for information decoding takes place. And
all this requires a completely clear positioning of the
selected area on the device and a special arrangement
of QR codes, the area must exactly coincide with
sides of QR codes. That is, the user needs to
independently focus on a necessary QR code and
control that the area for QR code scanning coincides
with the decoded QR code itself.

Let us dwell on the important points of this
process. First of all, you need to convert a color
image into an image with gray shades. A method
based on the difference in the illumination of pixels
is used. It is a modifiable analogue of the method of
averaging values of the three components of each
pixel [2]. Calculated by the formula:
P[i][j]=(R+G+B)/3.

For this work, the selected coefficients of color
components are: Pnew=0.21R+0.71G+0.07B.

The result will be the calculation of all pixels
in the image by the formula, after which a new image
only in shades of gray is obtained.

For binarization of the image, the Otsu method
is used, where the image forms a bimodal histogram.
Next, the optimal threshold is computed, which
divides the two classes so that their intragroup
dispersion tends to the minimum value. The method
is described in a way below [3].

Let q1 and q2 be the probabilities of each class,
which were calculated using the formulas:

   
t

1

i 1

q t P x


 ;

   
I

2

i t 1

q t P x
 

  .
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Dispersion for each of the classes is determined
as follows:

     
 
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22

1 1

i 1 1

P i
t i t
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     
 
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2 2

i t 1 2

P i
t i t

q t 
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The mean value of each class is calculated:
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In order to get a result you need to maximize
the following equation:
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As a result, the required threshold was obtained,
by which it is possible to divide the histogram into
two classes and to assign the pixels of the smaller
class to zeros, and to the pixels of the other class to
ones. Thus, the binarized image is obtained and
proceed to the next stage.

As is known, affine transformations retain
parallelism. The full group of affine transformations
consists of four transformations:

– turn;
– stretching;
– shift;
– scaling.
Transformations of this group can be written

in different ways, for example, [4].
The process of coding QR codes is divided into

several main stages. The process, which is
implemented in this work, is described below.

The first stage is that a string with input data is
processed and reduced to the standard form for QR
codes.

After the string with the initial data is received,
the process of generating a binary string begins. Four
technical bits are added to the beginning of the binary
string X, which are determined based on the data
type being encoded. The list of possible combinations

includes: 0001 – numeric data, 0010 – alphanumeric
data, 0100 – binary information, 1000 – special
Japanese characters. In order to simplify the process
of displaying the results, only numerical and symbolic
data were considered in the paper.

In the next generation step, the total number
of characters in the source string is calculated and
the decimal number is converted to a binary
representation. It is necessary to determine a length
of the generated binary string according to the Denso
Wave standard.

In order to encode a character data type, the
source string must be broken into pairs of characters.
Then you need to know the value from the ASCII
table for the first character in each of the pairs, this
value is multiplied by the number 45, then the value
is taken according to the same ASCII table for the
second character in each of the pairs. These two
values are summed, and each pair of symbols has its
own numerical value. The resulting numbers must
be sequentially represented as 11-bit numbers in
binary form. If the line contains an odd number of
characters, then the value for this character from
ASCII is taken and converted to a 6-bit binary
number. All received blocks are also concatenated
with the generated string X on the right side.

After completing the described steps, it is
necessary to refer to the version table of Denso Wave
again, and to determine the required length of the
final binary string. If the length of the string X is less
than required, then from the right side from 1 to
4 bits are added (depending on how many characters
are missing). The generated string X is divided into
8-bit tokens (blocks) and, if the last block is less
than 8 bits, then zeros are appended to it on the
right side.

At the final stage of generating a binary string,
auxiliary tokens are concatenated with string X. In
case the generated string is smaller than required
(according to the version table), eight bit blocks are
added to the end of the generated string in turn,
until the required number of bits is reached: 11101100
and 00010001. When the generated string contains
the required number of bits, the binary string is
considered to be finally generated and can be used
in the next steps of generating QR codes.

Next, go to the generation of Reed-Solomon
codes for error correction. As noted earlier, in general
case, when generating Reed-Solomon codes, the
multiplication and division of polynomials are used.
For example, if polynomial A is a code word
(generated on the basis of the binary string obtained
in the previous step), and B is an irreducible
polynomial that is known to both sides exchanging
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information, then their multiplication will generate
a new polynomial C.

This process means that when the transmitted
message is received, the process of decoding it will
be to divide the polynomials by each other. If the
division of a polynomial C by a polynomial B leaves
a remainder, then a transmitted message contains
an error. The remainder of the division forms a
polynomial syndrome, through which you can find
out the damaged bits. In addition, in some cases,
you can correct a certain number of errors in the
received message. If the degree of polynomial B
differs from the degree of polynomial A by at least
two, then it is possible not only to determine the
presence or absence of an error in the transmitted
message, but also to correct some of them. In this
case, the following equation (where k is the degree
of the polynomial; t is the maximum value of possible
corrections) shows that the redundancy of Reed-
Solomon codes is: k=2t.

The process of generating Reed-Solomon codes,
their encoding and decoding, is described in the
appendix of the QR codes specification [5]. As a
result of generating a string using Reed-Solomon
codes for the original message, a set of decimal values
will be generated. They need to be converted to binary
format and concatenated with the source line on
the right side. The result of all the previous steps
will be a string in binary format containing the original
message data plus Reed-Solomon codes in order to
provide the possibility of error correction in the
decoded message. Using Reed-Solomon codes, code
words are generated in order to recover errors when
reading information from a QR code. Then they are
combined with the original message, which was
generated at the first stage of the algorithm. The
result will be one line containing a certain number
of bits according to the specification. At this stage,
the QR code has not yet been formed. Next, we
analyze how the two-dimensional representation of
a QR code is generated. To begin with, a standard
QR code pattern is generated, which contain all the
necessary technical bits needed to define auxiliary
information. Such standard template is the basis of
any QR code. This template always includes three
positioning markers located in an upper left and right
corner, as well as in a lower left corner of a template.
In addition, all the templates contain special Timing
Patterns (alternating white and black pixels), which
serve to pre-determine the version of the QR code.

With a known version of the QR code and a
level of error correction, and in the presence of all
the technical primitives in the template, the filling
of the template of the QR code with previously

generated information begins. The process of adding
bits of the original message to the matrix is as follows:
first, the first pixel (a color is selected according to
the value of the bit) is located in the lower right-
most corner of the template. The second pixel is
added to the left of the first on the same line. The
next pair of bits is located on top, similar to the first
two. This is how the entire template column is filled.
When the filled column has reached the top of the
template, the process begins anew, but from the first
free cell located on the top-right (the same process,
but only from the bottom upwards), as well as the
first column. Thus, the entire QR code template is
filled. The received QR code is not fully completed
at this stage. In order to complete the code generation
process, it is necessary to apply special masks and
calculate penalty values from the received QR codes.
According to the specification, it is necessary to
generate eight different types of QR codes based on
the newly generated one. Each of these eight codes
is defined by its formula, presented in the table.

Each of the formulas presented is used to
determine whether a pixel located with certain indices
should be replaced with the opposite value.

A bar code is a visual display of information in
the form of stripes and gaps on the surface. Stripes
and spaces can be of different widths and consist of
numbers, symbols. Today, different types of bar codes
are used (code 128, code 39 and EAN 13) [6–8]. In
this case, EAN 13 is used.

Formulas for generating eight codes

Mask Pattern Condition 

0 (i+j) mod 2=0 

1 i mod 2=0 

2 j mod 3=0 

3 (i + j) mod 3=0 

4 ((i div 2)+(j div 3)) mod 2=0 

5 (i j) mod 2+(i j) mod 3=0 

6 ((i j) mod 2+(i j) mod 3) mod 2=0 

7 ((i j) mod 3+(i+j) mod 2) mod 2=0 

 

Here i is the row index, j is the column index.
The BAR code scanner includes several bar

code scanning steps:
– finding the location of the bar code;
– bar code decoding.
The numbers are divided into three groups, that

is, they form three different sets of numbers. The
first group is encoded using a scheme, where each
digit has two possible codings: one with even parity
and the other with odd parity. The first digit is
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encoded with the choice of pattern. Each digit in
the last group of six digits is encoded using one set
of column patterns that are used for the Universal
Product Code (UPC). When the first digit is zero,
then the digits in the first group of six are encoded
using patterns that are used for the UPC; because of
this, the UPC bar code is treated as an EAN-13 bar
code with the first digit shown as zero [6].

In this paper, the algorithm by Roberto
Manduchi and Orazio Gallo was chosen, which states
that the bar code image is captured by the camera in
such way that the vertical axis is parallel to the stripes.
Also, this image is transformed into an image in a
gray tint [7]. It is necessary to calculate the horizontal
and vertical derivatives Ie(n) and Iy(n) for each pixel
n, then they are combined in a non-linear way, which
is calculated by the formula: Ie(n)=|Ix(n)–|Iy(n)|.

It is possible to suggest that the majority of
points in the bar code must have a large Ie(n) value.
To achieve it, a block filter of size 31´31 is used over
Ie(n), and a smoothed map Is(n) is obtained.

The filter size is selected from the size of the
incoming bar code image and the smallest bar code
size. As a result, the binary form Is(n) is presented
with a threshold, which is calculated using the simple
Otsu method, and the output image. Next, the pixel
No is selected, which tends to the maximum Is(n).
The vertical and horizontal line extends from No
and a rectangle is formulated, which has sides parallel
to the axes of the bar code image.

As is well known, when a bar code is scanned,
unnecessary information that surrounds it enters the
camera. Therefore, when the process of localization

of the bar code passes, the information surrounding
it will be deleted (the pixels are zero). The image is
then cropped: the lines of the bar code are highlighted
(the pixels are greater than zero).

Since an image can be distorted in real time, it
needs to be converted to perfect. To do this, you
need to check each column for the maximum number
of pixels with an intensity of zero or one. If a column
has more pixels with one, then the column needs to
be converted to pixels with intensity of one. In order
to detect edges, you need to create an array of edges
that forms the edges of the bar code image strips.
The bandwidth is calculated by subtracting the
successive elements of the array of edges (the
bandwidth is the input to the decoding).

Decoding occurs in such a way that the bar
code number is decoded using an array of width
bands. The first digit does not change (because the
first digit is the country code, it will not change).
The first group, which includes six digits, is encoded
as LGLGGL, and the remaining group, which also
consists of six digits, is encoded as RRRRR (the
black and white columns alternate where white is
zero and black is one) [7].

All of the above is implemented as a mobile
application, some of the results of its use are shown
in the figure.

Results and conclusions

The article describes an approach to developing
a mobile application for recognizing and decoding
QR/bar codes.

As a result, the following tasks were solved:
– algorithms for the transformation of

Windows of the mobile application «Recognition and generation of QR/bar codes»
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geometric objects on the plane, coding and decoding
of QR/ bar codes, recognition and image processing
were studied;

– algorithms for the selection of QR/bar code
in the image;

– algorithms necessary for converting QR codes
to standard form using affine transformations are
presented;

– implemented QR/bar code decoding
algorithm;

– developed a mobile application based on the
described algorithm.
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ÐÎÇÏ²ÇÍÀÂÀÍÍß ÒÀ ÃÅÍÅÐÀÖ²ß QR/BAR-ÊÎÄ²Â Ó
ÌÎÁ²ËÜÍÈÕ ÄÎÄÀÒÊÀÕ

Íèêîíåíêî Î.Ì., Êîðîòêà Ë.².

Ñòàòòÿ ïðèñâÿ÷åíà àíàë³çó ìåòîä³â ðîçï³çíàâàííÿ òà
ãåíåðàö³¿ QR/bar êîä³â â ìîá³ëüíèõ äîäàòêàõ. Ðîçãëÿíóòî
íàéá³ëüø ïîøèðåí³ àëãîðèòìè äåòåêòóâàííÿ ³ êîäóâàííÿ êîä³â:
ìåòîä Îöó, êîäè Ð³äà-Ñîëîìîíà, àëãîðèòì äâ³éêîâîãî êîäó-
âàííÿ, ï³äõ³ä Îðàö³î Ãàëëî ³ Ðîáåðòî Ìàíäó÷³. Ó ðîáîò³ ïðîïî-
íóºòüñÿ âèêîðèñòîâóâàòè àëãîðèòì, ÿêèé áàçóºòüñÿ íà çàçíà-
÷åíèõ ï³äõîäàõ, òà, ÿêèé äîîïðàöüîâàíî ³ âèêîðèñòàíî äëÿ ïðî-
ãðàìíî¿ ðåàë³çàö³¿ ìîá³ëüíîãî äîäàòêó. Îñíîâíèìè åòàïàìè
ïðîöåñó ðîçï³çíàâàííÿ â ðîáîò³ º: êîíâåðòàö³ÿ êîëüîðîâîãî çîá-
ðàæåííÿ ó â³äò³íêè ñ³ðîãî (âèêîðèñòîâóºòüñÿ ìåòîä ð³çíèö³
â³äò³íê³â ï³êñåë³â); á³íàðèçàö³ÿ ñ³ðîãî çîáðàæåííÿ (àëãîðèòì
Îöó); âèêîðèñòàííÿ àô³ííèõ ïåðåòâîðåíü äëÿ çáåðåæåííÿ ïà-
ðàëåëüíîñò³, ÿê³ âêëþ÷àþòü ïîâîðîò, ðîçòÿãíåííÿ, çðóøåííÿ,
ìàñøòàáóâàííÿ. Îñíîâíèìè åòàïàìè ïðîöåñó ãåíåðàö³¿ QR-êîä³â
º: îáðîáêà ³ ïðèâåäåííÿ äî ñòàíäàðòíîãî äëÿ QR êîä³â âèäó;
ïðîöåñ ãåíåðàö³¿ á³íàðíèõ ðÿäê³â (â ðîáîò³ ðîçãëÿäàëèñÿ äàí³
ò³ëüêè ÷èñåëüíîãî ³ ñèìâîëüíîãî òèï³â); ï³äðàõóíîê çàãàëüíî¿
ê³ëüêîñò³ ñèìâîë³â ó çàäàíîìó ðÿäêó ³ ïåðåòâîðåííÿ äåñÿòêî-
âîãî ÷èñëà â á³íàðíå íàäàííÿ; âèçíà÷åííÿ äîâæèíè á³íàðíîãî
ðÿäêà, ùî ãåíåðóºòüñÿ, â³äïîâ³äíî äî ñòàíäàðòó êîìïàí³¿ Denso
Wave (êîäóâàííÿ ñèìâîëüíèõ òèï³â çä³éñíþºòüñÿ ³íàêøå); âè-
çíà÷åííÿ íåîáõ³äíî¿ äîâæèíè ê³íöåâîãî á³íàðíîãî ðÿäêà; äî-
ïîì³æí³ òîêåíè êîíêàòåíóþòüñÿ; ãåíåðàö³ÿ êîä³â Ð³äà-Ñîëî-
ìîíà äëÿ êîðåêö³¿ ïîìèëîê. Â ðîáîò³ ðîçãëÿíóò³ òðè òèïè
øòðèõ-êîä³â: êîä 128, êîä 39 ³ EAN 13. Âèêîðèñòàíî îñòàíí³é
òèï. Ñêàíåð øòðèõ-êîäó âêëþ÷àº â ñåáå äâà êðîêè äëÿ àâòî-
ìàòè÷íîãî ñêàíóâàííÿ âñ³õ øòðèõ-êîä³â: çíàõîäæåííÿ ðîçòà-
øóâàííÿ øòðèõ-êîäó; äåêîäóâàííÿ øòðèõ-êîäó. Äëÿ ëîêàë³çàö³¿
çîáðàæåííÿ øòðèõ-êîäó, ÿêèé çàõîïëþºòüñÿ ñèñòåìîþ, âèêî-
ðèñòàíèé àëãîðèòì Îðàöèî Ãàëëî ³ Ðîáåðòî Ìàíäó÷³. Ç ìåòîþ
îòðèìàííÿ çãëàäæåíî¿ êàðòè, âèêîðèñòàíî áëîêîâèé ô³ëüòð
ïåâíîãî ðîçì³ðó ç óðàõóâàííÿì ðîçì³ðó âõ³äíîãî çîáðàæåííÿ êîäó.
Êð³ì ëîêàë³çàö³¿ êîäó, âèêîíóºòüñÿ éîãî îáð³çêà: ðîçãëÿäàºòüñÿ
³íòåíñèâí³ñòü êîæíîãî ï³êñåëÿ ³ âèä³ëÿþòüñÿ ðÿäêè øòðèõ-
êîäó (ï³êñåë³ ç ³íòåíñèâí³ñòþ á³ëüøå íóëÿ). Çîáðàæåííÿ ç ïîë³ï-
øåíîþ êîíòðàñòí³ñòþ ïåðåòâîðþºòüñÿ â äâ³éêîâó ôîðìó äëÿ
ïåðåòâîðåííÿ â ³äåàëüíå çîáðàæåííÿ, êîæåí ñòîâïåöü çîáðà-
æåííÿ ñêàíóºòüñÿ ³ ïåðåâ³ðÿºòüñÿ íà ìàêñèìàëüíó ê³ëüê³ñòü
ï³êñåë³â ç ³íòåíñèâí³ñòþ íóëü àáî îäèíèöÿ. Â ðîáîò³ îêðåìó
óâàãó ïðèä³ëåíî îïèñó ïðîöåñó âèÿâëåííÿ ãðàíèöü çîáðàæåííÿ.
Àëãîðèòì äåêîäóâàííÿ âèêîðèñòîâóº ìàñèâ ñìóã øèðèíè êîäó.
Âñ³ âèùå âèêëàäåí³ ï³äõîäè òà íà ¿õ îñíîâ³ àëãîðèòìè, ðåàë³çî-
âàí³ ó âèãëÿä³ ìîá³ëüíîãî äîäàòêó ðîçï³çíàâàííÿ òà ãåíåðàö³¿
êîä³â.

Êëþ÷îâ³ ñëîâà: ðîçï³çíàâàííÿ, ãåíåðàö³ÿ, á³íàðèçàö³ÿ,
àôô³ííå ïåðåòâîðåííÿ, øòðèõ-êîä.

ÐÀÑÏÎÇÍÀÂÀÍÈÅ È ÃÅÍÅÐÀÖÈß QR/BAR-ÊÎÄÎÂ Â
ÌÎÁÈËÜÍÛÕ ÏÐÈËÎÆÅÍÈßÕ

Íèêîíåíêî À.Í., Êîðîòêàÿ Ë.È.

Ñòàòüÿ ïîñâÿùåíà àíàëèçó ìåòîäîâ ðàñïîçíàâàíèÿ è
ãåíåðàöèè QR/bar êîäîâ â ìîáèëüíûõ ïðèëîæåíèÿõ. Ðàññìîò-
ðåíû íàèáîëåå ðàñïðîñòðàíåííûå àëãîðèòìû äåòåêòèðîâàíèÿ
è êîäèðîâàíèÿ êîäîâ: ìåòîä Îöó, êîäû Ðèäà-Ñîëîìîíà, àëãî-
ðèòì äâîè÷íîãî êîäèðîâàíèÿ, ïîäõîä Îðàöèî Ãàëëî è Ðîáåðòî
Ìàíäó÷è. Â ðàáîòå ïðåäëàãàåòñÿ èñïîëüçîâàòü àëãîðèòì, áà-
çèðóþùèéñÿ íà óêàçàííûõ ïîäõîäàõ, êîòîðûé äîðàáîòàí è èñ-
ïîëüçîâàí äëÿ ïðîãðàììíîé ðåàëèçàöèè ìîáèëüíîãî ïðåäëîæå-
íèÿ. Îñíîâíûìè ýòàïàìè ïðîöåññà ðàñïîçíàâàíèÿ â ðàáîòå ÿâ-
ëÿþòñÿ: êîíâåðòàöèÿ öâåòíîãî èçîáðàæåíèÿ â îòòåíêè ñåðîãî
(èñïîëüçóåòñÿ ìåòîä ðàçíîñòè îòòåíêîâ ïèêñåëåé); áèíàðèçà-
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öèÿ ñåðîãî èçîáðàæåíèÿ (àëãîðèòì Îöó); èñïîëüçîâàíèå àô-
ôèííûõ ïðåîáðàçîâàíèé äëÿ ñîõðàíåíèÿ ïàðàëëåëüíîñòè, êîòî-
ðûå âêëþ÷àþò ïîâîðîò, ðàñòÿæåíèå, ñäâèã, ìàñøòàáèðîâà-
íèå. Îñíîâíûìè ýòàïàìè ïðîöåññà ãåíåðàöèè QR-êîäîâ ÿâëÿ-
þòñÿ: îáðàáîòêà è ïðèâåäåíèå ê ñòàíäàðòíîìó äëÿ QR êîäîâ
âèäó; ïðîöåññ ãåíåðàöèè áèíàðíîé ñòðîêè (â ðàáîòå ðàññìàò-
ðèâàëèñü äàííûå òîëüêî ÷èñëåííîãî è ñèìâîëüíîãî òèïîâ); ïîä-
ñ÷åò îáùåãî êîëè÷åñòâà ñèìâîëîâ â èñõîäíîé ñòðîêå è ïðåîá-
ðàçîâàíèå äåñÿòè÷íîãî ÷èñëà â áèíàðíîå ïðåäñòàâëåíèå; îïðå-
äåëåíèå äëèíû ãåíåðèðóåìîé áèíàðíîé ñòðîêè ñîãëàñíî ñòàí-
äàðòó êîìïàíèè Denso Wave (êîäèðîâàíèå ñèìâîëüíûõ òèïîâ
îñóùåñòâëÿåòñÿ èíà÷å); îïðåäåëåíèå íåîáõîäèìîé äëèíû êîíå÷-
íîé áèíàðíîé ñòðîêè; âñïîìîãàòåëüíûå òîêåíû êîíêàòåíèðó-
þòñÿ; ãåíåðàöèÿ êîäîâ Ðèäà-Ñîëîìîíà äëÿ êîððåêöèè îøèáîê.
Â ðàáîòå ðàññìîòðåíû òðè òèïà øòðèõ-êîäîâ: êîä 128, êîä 39
è EAN 13. Èñïîëüçîâàí ïîñëåäíèé òèï. Ñêàíåð øòðèõ-êîäà
âêëþ÷àåò â ñåáÿ äâà øàãà äëÿ àâòîìàòè÷åñêîãî ñêàíèðîâàíèÿ
âñåõ øòðèõ-êîäîâ: íàõîæäåíèå ìåñòîïîëîæåíèå øòðèõ-êîäà;
äåêîäèðîâàíèå øòðèõ-êîäà. Äëÿ ëîêàëèçàöèè èçîáðàæåíèÿ
øòðèõ-êîäà, êîòîðûé çàõâàòûâàåòñÿ ñèñòåìîé, èñïîëüçîâàí
àëãîðèòì Îðàöèî Ãàëëî è Ðîáåðòî Ìàíäó÷è. Ñ öåëüþ ïîëó÷å-
íèÿ ñãëàæåííîé êàðòû, èñïîëüçîâàí áëî÷íûé ôèëüòð îïðåäå-
ëåííîãî ðàçìåðà ñ ó÷åòîì ðàçìåðà âõîäíîãî èçîáðàæåíèÿ êîäà.
Ïîìèìî ëîêàëèçàöèè êîäà, âûïîëíÿåòñÿ åãî îáðåçêà: ðàññìàò-
ðèâàåòñÿ èíòåíñèâíîñòü êàæäîãî ïèêñåëÿ è âûäåëÿþòñÿ ñòðîêè
øòðèõ-êîäà (ïèêñåëè ñ èíòåíñèâíîñòüþ áîëüøå íóëÿ). Èçîá-
ðàæåíèå ñ óëó÷øåííîé êîíòðàñòíîñòüþ ïðåîáðàçóåòñÿ â äâî-
è÷íóþ ôîðìó è äëÿ ïðåîáðàçîâàíèÿ â èäåàëüíîå èçîáðàæåíèå,
êàæäûé ñòîëáåö èçîáðàæåíèÿ ñêàíèðóåòñÿ è ïðîâåðÿåòñÿ íà
ìàêñèìàëüíîå êîëè÷åñòâî ïèêñåëåé ñ èíòåíñèâíîñòüþ íîëü èëè
åäèíèöà. Â ðàáîòå îòäåëüíîå âíèìàíèå óäåëåíî îïèñàíèþ ïðî-
öåññà îáíàðóæåíèÿ êðàåâ. Àëãîðèòì äåêîäèðîâàíèÿ èñïîëüçóåò
ìàññèâ ïîëîñ øèðèíû êîäà. Âñå âûøå èçëîæåííûå ïîäõîäû è íà
èõ îñíîâå àëãîðèòìû, ðåàëèçîâàíû â âèäå ìîáèëüíîãî ïðèëîæå-
íèÿ ðàñïîçíàâàíèÿ è ãåíåðàöèè êîäîâ.

Êëþ÷åâûå ñëîâà: ðàñïîçíàâàíèå, ãåíåðàöèÿ,
áèíàðèçàöèÿ, àôôèííûå ïðåîáðàçîâàíèÿ, øòðèõ-êîä.

RECOGNITION AND GENERATION OF QR/BAR CODES
IN MOBILE APPLICATIONS

Nikonenko A.N., Korotka L.I.

Ukrainian State University of Chemical Technology, Dnipro,
Ukraine

The article is devoted to the analysis of methods of recognition
and generation of QR/bar codes in mobile applications. The most
common algorithms for detecting and generating codes are considered:
Otsu method, Reed-Solomon codes, binary coding algorithm, Orazio
Gallo and Roberto Manduchi approach. In this article, it is proposed
to use an algorithm based on these approaches, which is refined and
used for the software implementation of the mobile application. The
main stages of the recognition process in the work are: converting a
color image into gray shades (using the pixel hue difference method);
gray image binarization (Otsu algorithm); using affine transformations
to preserve parallelism, which includes rotation, stretching, shifting,
scaling. The main stages of the generating process for QR codes are:
processing and reduction to the standard form for QR codes; the
process of generating a binary string (in the work data of only
numerical and symbolic types was considered); counting the total
number of characters in the source string and converting the decimal
number to a binary representation; determining the length of the
generated binary string according to the Denso Wave standard (the
encoding of character types is different); determining the required
length of the final binary string; auxiliary tokens are concatenated;
generation of Reed-Solomon error correction codes. Three types of
bar codes are considered: code 128, code 39, and EAN 13. The last
type was used. A bar code scanner includes two steps for automatically

scanning all bar codes: finding the location of the bar code, bar code
decoding. To localize the image and the bar code that is captured by
the system, the algorithm of Orazio Gallo and Roberto Manduchi is
used. In order to obtain a smoothed map, a block filter of a certain
size was used, taking into account the size of the input code image.
In addition to the code localization, it is cut off: the intensity of each
pixel is taken into account, and the lines of the bar code (pixels with
an intensity greater than zero) are highlighted. An image with improved
contrast is converted to binary form, and to convert to an ideal
image, each image column is scanned and checked for the maximum
number of pixels with an intensity of zero or one. This article focuses
on describing the edge detection process. The decoding algorithm
uses an array of code width bands. All the above approaches and
algorithms based on them are implemented as a mobile application
for recognition and generation of codes.

Keywords: recognition, generation, binarization, affine
transformations, bar code.
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ÍÅÊÎÒÎÐÛÅ ÎÑÎÁÅÍÍÎÑÒÈ ÊÎÌÏÜÞÒÅÐÍÎÃÎ ÌÎÄÅËÈÐÎÂÀÍÈß ÈÇÃÈÁÀ
ÓÏÐÓÃÎÉ ÊÐÓÃÎÂÎÉ ÀÐÊÈ Ñ ÂÛÐÅÇÎÌ

à ÃÂÓÇ «Óêðàèíñêèé ãîñóäàðñòâåííûé õèìèêî-òåõíîëîãè÷åñêèé óíèâåðñèòåò», ã. Äíåïð, Óêðàèíà
á ÃÂÓÇ «Äíåïðîâñêèé íàöèîíàëüíûé óíèâåðñèòåò èìåíè Îëåñÿ Ãîí÷àðà», ã. Äíåïð, Óêðàèíà

Êîíñòðóêöèè, ìîäåëèðîâàíèå êîòîðûõ ñâîäèòñÿ ê ñõåìå êðóãîâîé àðêè, øèðîêî

ïðèìåíÿþòñÿ â ñëîæíûõ ñîîðóæåíèÿõ òèïà ïëîòèí è ïåðåêðûòèé, ïðè ïðîåêòèðî-

âàíèè ñèëîâûõ ýëåìåíòîâ â àâèà- è ñóäîñòðîåíèè. Äëÿ ðåøåíèÿ ðàçëè÷íûõ òåõíî-

ëîãè÷åñêèõ çàäà÷ â òîëùèíå àðêè ÷àñòî íåîáõîäèìî ïðåäóñìîòðåòü âûðåçû. Ïðè

ýòîì ïðè âûáîðå ðàöèîíàëüíûõ ïàðàìåòðîâ êîíñòðóêöèè íåîáõîäèìî äåëàòü ìíî-

æåñòâåííûå ïåðåñ÷åòû óïðóãîãî èçãèáà àðêè, ïîýòîìó â çàäà÷àõ îïòèìèçàöèè êîí-

ñòðóêöèè ïðèíÿòî èñïîëüçîâàòü óïðîùåííûå ñõåìû ðàñ÷åòà. Òàêèå ñõåìû ÷àñòî íå

ó÷èòûâàþò îñîáåííîñòè äåôîðìèðîâàíèÿ àðêè ñ âûðåçàìè, êîíöåíòðàöèþ íàïðÿ-

æåíèé â òàêèõ êîíñòðóêöèÿõ è èçìåíåíèå õàðàêòåðà èõ èçãèáà ïî ñðàâíåíèþ ñ

öåëüíîé àðêîé. Îñîáåííî ÿðêî òàêèå îñîáåííîñòè ïðîÿâëÿþòñÿ â àðêàõ, èìåþùèõ

îòíîñèòåëüíî áîëüøóþ âûñîòó ïðîôèëÿ â ðàäèàëüíîì íàïðàâëåíèè. Ê òàêèì ìî-

äåëÿì ñâîäèòñÿ ðàñ÷åò àðêè-ñòåíêè è îáëåã÷åííîé àðêè èç ñâàðíûõ ëèñòîâ. Â ðàáî-

òå ïðîâåäåí ïëîñêèé ðàñ÷åò óïðóãîé êðóãîâîé ìåòàëëè÷åñêîé àðêè ñ öåíòðàëüíûì

ïîëóêðóãëûì âûðåçîì c ðàçëè÷íûì ñîîòíîøåíèåì êîíñòðóêòèâíûõ ïàðàìåòðîâ ïðè

äåéñòâèè íà íåå ðàâíîìåðíîãî âíåøíåãî äàâëåíèÿ. Äëÿ ìîäåëèðîâàíèÿ èñïîëüçî-

âàí ïðîãðàììíûé êîìïëåêñ SolidWorks. Ïîëó÷åíû çàâèñèìîñòè êîýôôèöèåíòà

êîíöåíòðàöèè íàïðÿæåíèé â âåðøèíå âûðåçà îò ñîîòíîøåíèÿ ðàçìåðîâ âûðåçà è

òîëùèíû àðêè, à òàêæå åå ðàäèóñà. Ïîêàçàíà, ÷òî çàìåíà â óïðîùåííîì ðàñ÷åòå

àðêè ñ âûðåçîì íà ñïëîøíóþ àðêó, èìåþùóþ óìåíüøåííóþ íà ðàäèóñ âûðåçà

âûñîòó ïðîôèëÿ, íå äàåò ïðåäñòàâëåíèÿ î ðåàëüíîì ðàñïðåäåëåíèè óñèëèé è ïåðå-

ìåùåíèé è ïðèâîäèò ê íåàäåêâàòíûì ðàñ÷åòàì. Óïðîùåííóþ ìîäåëü ìîæíî èñ-

ïîëüçîâàòü äëÿ ïðåäâàðèòåëüíûõ ðàñ÷åòîâ òîëüêî ñ ó÷åòîì ïîïðàâî÷íûõ êîýôôè-

öèåíòîâ, ðàñ÷èòàííûõ â ðàáîòå.

Êëþ÷åâûå ñëîâà: êðóãîâàÿ àðêà, âûðåç, êîíöåíòðàöèÿ íàïðÿæåíèé, óïðîùåííàÿ

ìîäåëü.
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Íàñòîÿùóþ ðàáîòó ìû õîòåëè áû ïîñâÿòèòü
ïàìÿòè íàøåãî äðóãà è êîëëåãè, êàíäèäàòà ôè-
çèêî-ìàòåìàòè÷åñêèõ íàóê, äîêòîðà òåõíè÷åñêèõ
íàóê, ïðîôåññîðà Áàðàíåíêî Âàëåðèÿ Àëåêñåå-
âè÷à, èçâåñòíîãî ó÷åíîãî â îáëàñòè äèíàìè÷åñ-
êîãî ïðîãðàììèðîâàíèÿ, íå÷åòêîãî ìîäåëèðî-
âàíèÿ è îïòèìèçàöèè ìåõàíè÷åñêèõ êîíñòðóê-
öèé, â ðàáîòàõ êîòîðîãî âïåðâûå áûëè ðàññìîò-
ðåíû ïîäîáíûå çàäà÷è [1].

Ïîñòàíîâêà ïðîáëåìû â îáùåì âèäå è åå ñâÿçü
ñ âàæíûìè ïðàêòè÷åñêèìè çàäà÷àìè

Èçâåñòíî, ÷òî â ñîâðåìåííîé ïðîìûøëåí-
íîñòè è ñòðîèòåëüñòâå øèðîêîå ïðèìåíåíèå

íàõîäÿò ýëåìåíòû íåñóùèõ êîíñòðóêöèé òèïà
áàëîê è àðîê [1]. Â ðåçóëüòàòå ñèëîâûõ âîçäåé-
ñòâèé â òàêèõ ýëåìåíòàõ âîçíèêàþò íåðàâíîìåð-
íûå ïîëÿ íàïðÿæåíèé, áåç äåòàëüíîãî èçó÷åíèÿ
êîòîðûõ íåâîçìîæíî îáåñïå÷èòü ïðî÷íîñòü è
íàäåæíîñòü ðàáîòû âñåé êîíñòðóêöèè. Êîíñò-
ðóêöèè, ìîäåëèðîâàíèå êîòîðûõ ñâîäèòñÿ ê ñõå-
ìå êðóãîâîé àðêè, øèðîêî ïðèìåíÿþòñÿ â ñëîæ-
íûõ ñîîðóæåíèÿõ òèïà ïëîòèí è ïåðåêðûòèé,
ïðè ïðîåêòèðîâàíèè ñèëîâûõ ýëåìåíòîâ â àâèà-
è ñóäîñòðîåíèè [2,3]. Â ñòðîèòåëüñòâå àðêè ïðè-
ìåíÿþòñÿ ïðè âîçâåäåíèè ìîñòîâ, ïàâèëüîíîâ,
êðûòûõ ðûíêîâ, àíãàðîâ, ñïîðòèâíûõ çàëîâ è
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äðóãèõ ñòðîåíèé áîëüøîé ïëîùàäè. Ðàñõîä ìà-
òåðèàëà ïðè ñîîðóæåíèè àðêè îêàçûâàåòñÿ çíà-
÷èòåëüíî ìåíüøå, ÷åì ïðè ñîçäàíèè áàëî÷íûõ
è ðàìíûõ ñèñòåì, ïðè ýòîì àðêè ïðîñòû â èçãî-
òîâëåíèè è ìîíòàæå.

Äëÿ ðåøåíèÿ ðàçëè÷íûõ òåõíîëîãè÷åñêèõ
çàäà÷ â òîëùèíå àðêè ÷àñòî íåîáõîäèìî ïðåäóñ-
ìîòðåòü âûðåçû [2–4]. Ïðè íå÷åòêîì ìîäåëèðî-
âàíèè èëè ïðè âûáîðå ðàöèîíàëüíûõ ïàðàìåò-
ðîâ êîíñòðóêöèè íåîáõîäèìî äåëàòü ìíîæå-
ñòâåííûå ïåðåñ÷åòû óïðóãîãî èçãèáà àðêè, ïî-
ýòîìó â òàêèõ çàäà÷àõ ïðèíÿòî èñïîëüçîâàòü
óïðîùåííûå ñõåìû ðàñ÷åòà äëÿ óìåíüøåíèÿ
âðåìåíè êîìïüþòåðíîãî ìîäåëèðîâàíèÿ ïðè
ñîõðàíåíèè òî÷íîñòè [1,5,6]. Òàêèì îáðàçîì,
êîððåêòíûé óïðîùåííûé ðàñ÷åò àðêè ñ âûðå-
çîì ïðåäñòàâëÿåò ñóùåñòâåííûé ïðàêòè÷åñêèé
èíòåðåñ.

Àíàëèç ïóáëèêàöèé, âûäåëåíèå íåðåøåííûõ
÷àñòåé ïðîáëåìû

Ïðîáëåìå ðàñ÷åòà àðîê, â òîì ÷èñëå îñëàá-
ëåííûõ âûðåçàìè è îòâåðñòèÿìè, ïîñâÿùåíî
ìíîæåñòâî ðàáîò [1,3–13]. Ê ñõîäíûì çàäà÷àì
ïðèâîäèòñÿ ðàñ÷åò îñåñèììåòðè÷íûõ îáîëî÷åê
ïðè äåéñòâèè äàâëåíèÿ è ðåøåíèå ïëîñêèõ çà-
äà÷ òåîðèè óïðóãîñòè [7,10,14,15]. Ðàñ÷åòû è
ýêñïåðèìåíòû, ïðîâåäåííûå â ðàññìàòðèâàåìûõ
ðàáîòàõ, ïîêàçûâàþò, ÷òî àðêà äåôîðìèðóåòñÿ
íåîäíîðîäíî. Îñíîâíîå âíèìàíèå àâòîðàìè óäå-
ëÿåòñÿ âîïðîñó êðåïëåíèÿ êîíöîâ àðêè ïðè îò-
ñóòñòâèè âûðåçîâ [15] è îïòèìèçàöèè ôîðìû
âûðåçà ïðè åãî íàëè÷èè [3–6,11]. Ãëàâíûì ôàê-
òîðîì, îáóñëàâëèâàþùèì ðàçðóøåíèå êîíñòðóê-
öèè ïðè óñòîé÷èâîì äåôîðìèðîâàíèè, ÿâëÿåò-
ñÿ êîíöåíòðàöèÿ íàïðÿæåíèé [3–5,7].

Àíàëèç ðàáîò ïîêàçûâàåò, ÷òî èñïîëüçóå-
ìûå óïðîùåííûå ñõåìû [7–10] ÷àñòî íå ó÷èòû-
âàþò îñîáåííîñòè äåôîðìèðîâàíèÿ àðêè ñ âû-

ðåçàìè, êîíöåíòðàöèþ íàïðÿæåíèé â òàêèõ êîí-
ñòðóêöèÿõ è èçìåíåíèå õàðàêòåðà èõ èçãèáà ïî
ñðàâíåíèþ ñ öåëüíîé àðêîé. Îñîáåííî ÿðêî òà-
êèå îñîáåííîñòè ïðîÿâëÿþòñÿ â àðêàõ, èìåþ-
ùèõ îòíîñèòåëüíî áîëüøóþ âûñîòó ïðîôèëÿ â
ðàäèàëüíîì íàïðàâëåíèè, òî åñòü äëÿ àðêè-ñòåí-
êè è îáëåã÷åííîé àðêè èç ñâàðíûõ ëèñòîâ [6,7],
è òðåáóþò äîïîëíèòåëüíîãî áîëåå ïîäðîáíîãî
ðàññìîòðåíèÿ.

Ôîðìóëèðîâàíèå öåëåé ñòàòüè è ïîñòàíîâ-
êà çàäà÷è

Çàäà÷åé íàñòîÿùåé ðàáîòû ÿâëÿåòñÿ àíà-
ëèç âîçìîæíîñòè çàìåíû ðàñ÷åòíîé ñõåìû àðêè
ñ êðóãîâûì âûðåçîì ýêâèâàëåíòíîé àðêîé áåç
âûðåçà ìåíüøåé òîëùèíû. Ñ ýòîé öåëüþ â ðà-
áîòå ïðîâåäåí ïëîñêèé ðàñ÷åò óïðóãîé êðóãî-
âîé ìåòàëëè÷åñêîé àðêè â âèäå ïîëóêîëüöà, òà-
êîé æå àðêè ñ öåíòðàëüíûì ïîëóêðóãëûì âûðå-
çîì [12–14], à òàêæå àðêè áåç âûðåçà ñ âûñîòîé
ñå÷åíèÿ, ðàâíîé ðàçíîñòè âûñîòû ñå÷åíèÿ èñ-
õîäíîé àðêè è ðàäèóñà âûðåçà ïðè äåéñòâèè íà
íèõ ðàâíîìåðíîãî âíåøíåãî äàâëåíèÿ. Âûáîð â
êà÷åñòâå íàãðóçêè ðàâíîìåðíîãî âíåøíåãî äàâ-
ëåíèÿ îáóñëîâëåí íàèáîëåå õàðàêòåðíîé ôîð-
ìîé èñïîëüçîâàíèÿ àðîê.

Èçëîæåíèå îñíîâíîãî ìàòåðèàëà èññëåäîâàíèÿ
Ñîîòíîøåíèå êîíñòðóêòèâíûõ ïàðàìåòðîâ

âàðüèðîâàëîñü â ñëåäóþùèõ ïðåäåëàõ: ðàäèóñ
àðêè R ïðèíèìàëñÿ ðàâíûì 10 ì, âûñîòà ñå÷å-
íèÿ h – 1 ì è 2 ì; ðàäèóñ âûðåçà r èçìåíÿëñÿ îò
0,05h äî 0,5h; âûñîòà ñå÷åíèÿ ïðèâåäåííîé àðêè
ïðèíèìàëàñü ðàâíîé h-r. Ñõåìà àðîê ïðè h=1 ì
è r=0,5 ì, èñïîëüçîâàííàÿ äëÿ ìîäåëèðîâàíèÿ,
ïðèâåäåíà íà ðèñ. 1.

Ðàññìàòðèâàëîñü ðàâíîìåðíîå âíåøíåå äàâ-
ëåíèå èíòåíñèâíîñòüþ 500 Ïà, ïðèëîæåííîå ê
âíåøíåé ãðàíèöå àðêè. Ìàòåðèàë àðêè – ëåãè-
ðîâàííàÿ êîíñòðóêöèîííàÿ ñòàëü ìàðêè 20ÕÃÑÀ,

                                      à                                       á                                             â

Ðèñ. 1. Ãåîìåòðè÷åñêàÿ ñõåìà ðàñ÷åòà àðîê: à – ñ âûðåçîì (ìîäåëü I), á – áåç âûðåçà (ìîäåëü II), â – ïðèâåäåííàÿ

(ìîäåëü III)
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Ðèñ. 2. Íàïðÿæåíèÿ ïî Ìèçåñó â óïðóãèõ àðêàõ:

à – r=0,05h, h=1 ì; á – r=0,05h, h=2 ì; â – r=0,5h, h=1 ì; ã – r=0,5h, h=2 ì

à

á

â
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ìîäóëü Þíãà 2,1105 ÌÏà, ïðåäåë òåêó÷åñòè
0,62 ÃÏà, êîýôôèöèåíò Ïóàññîíà 0,28. Íèæíèé
ñðåç àðêè æåñòêî çàäåëàí èëè øàðíèðíî îïåðò,
à âåðõíèé èìååò ñêîëüçÿùóþ â âåðòèêàëüíîì
íàïðàâëåíèè æåñòêóþ çàäåëêó, ÷òî ñîîòâåòñòâó-
åò óñëîâèÿì ñèììåòðèè ïîëóêðóãëîé àðêè. Äëÿ
ìîäåëèðîâàíèÿ èñïîëüçîâàí ïðîãðàììíûé êîì-
ïëåêñ SolidWorks [16]. Ñåòêà ãåíåðèðîâàëàñü àâ-
òîìàòè÷åñêè, ïåðåñòðàèâàëàñü àäàïòèâíî ê ôîð-
ìå îáúåêòà, ìèíèìàëüíîå êîëè÷åñòâî ýëåìåí-
òîâ âäîëü ó÷àñòêà äóãè àðêè ñîñòàâëÿëî 36, ìàê-
ñèìàëüíûé ðàçìåð ÿ÷åéêè ñîñòàâëÿë 25 ìì. Ðàñ-
÷åò ïðîèçâîäèëñÿ ñî ñãóùåíèåì ñåòêè äî äîñòè-
æåíèÿ çàäàííîé òî÷íîñòè. Íàïðÿæåíèÿ ïî Ìè-
çåñó [17] è ïåðåìåùåíèÿ ïðèâåäåíû íà ðèñ. 2–
10.

Íà ðèñóíêàõ ïîêàçàíà óòðèðîâàííàÿ ôîð-
ìà äåôîðìèðîâàííîé àðêè (ïåðåìåùåíèÿ óâå-
ëè÷åíû â 200 ðàç), ïîðÿäîê ðàñïîëîæåíèå îáúåê-
òîâ íà ðèñóíêàõ ñîîòâåòñòâóåò ðàñïîëîæåíèþ èõ
íà ðèñ. 1 (â äàëüíåéøåì áóäåì íàçûâàòü èõ ìî-
äåëè I, II è III).

Àíàëèç ðåçóëüòàòîâ ðàñ÷åòà ïðè æåñòêîé çà-
äåëêå íèæíåãî êîíöà àðîê (ðèñ. 2–7) ïîêàçûâà-
åò, ÷òî íàïðÿæåíèÿ è ïåðåìåùåíèÿ íåîäíîðîä-
íû êàê ïî äëèíå àðêè, òàê è ïî âûñîòå åå ñå÷å-
íèÿ. Ïîâåäåíèå àðêè ñ âûðåçîì è áåç íåãî ñó-
ùåñòâåííî îòëè÷àþòñÿ ìåæäó ñîáîé.

Ó àðêè áåç âûðåçà ìàêñèìàëüíûå íàïðÿæå-
íèÿ äîñòèãàþòñÿ ñ âíóòðåííåé ñòîðîíû ñå÷åíèÿ
â çîíå çàäåëêè (ðèñ. 2,à, ðèñ. 2,á).

Ó àðêè ñ âûðåçîì â ýòîé îáëàñòè òàêæå
èìååòñÿ çíà÷èòåëüíàÿ êîíöåíòðàöèÿ íàïðÿæå-
íèé, íî ìàêñèìàëüíûå íàïðÿæåíèÿ äîñòèãàþò-

ñÿ â âåðøèíå âûðåçà (ðèñ. 2,â, ðèñ. 2,ä). Íåñìîò-
ðÿ íà òî, ÷òî òàêèå íàïðÿæåíèÿ äîñòèãàþòñÿ
ëèøü â î÷åíü ìàëîé îáëàñòè ñå÷åíèÿ (íà
ðèñ. 2,à, ðèñ. 2,á çîíà êîíöåíòðàöèè íàïðÿæå-
íèé óâåëè÷åíà è óêàçàíà ñòðåëêîé), ðàñ÷åò àðêè
ñ ó÷åòîì ïëàñòè÷åñêèõ ñâîéñòâ ìàòåðèàëà ïîêà-
çûâàåò óâåëè÷åíèå çîíû ïëàñòè÷åñêîãî äåôîð-
ìèðîâàíèÿ ïðè óâåëè÷åíèè íàãðóçêè (ðèñ. 3).
Ýòî îçíà÷àåò, ÷òî ðàçðóøåíèå íàñòóïàåò èìåí-
íî â çîíå êîíöåíòðàöèè ìàêñèìàëüíûõ íàïðÿ-
æåíèé â âåðøèíå âûðåçà.

Ñðàâíåíèå ïîëåé ïåðåìåùåíèé, àáñîëþò-
íûå çíà÷åíèÿ êîòîðûõ ïðèâåäåíû íà ðèñ. 4–6,
ïîçâîëÿåò ñäåëàòü âûâîä î ñìåíå õàðàêòåðà ïðî-
ãèáà àðêè ñ âûðåçîì ïðè óâåëè÷åíèè ðàäèóñà
âûðåçà:

– äëÿ ìàëûõ çíà÷åíèé ðàäèóñà âûðåçà
0,05hr0,3h õàðàêòåðíà ôîðìà äåôîðìèðîâàíèÿ
ñ ìàêñèìóìîì â çîíå âåðøèíû àðêè (èëè âåðõ-
íåì êîíöå ðàññìàòðèâàåìîé ÷åòâåðòè àðêè)
(ðèñ. 4). Òàêàÿ ôîðìà äåôîðìèðîâàíèÿ áëèçêà
ê ïåðåìåùåíèÿì àðêè áåç âûðåçà (ìîäåëè II, III);

– ñ óâåëè÷åíèåì ðàäèóñà âûðåçà â äèàïà-
çîíå 0,4hr0,5h çîíà ìàêñèìàëüíûõ ïåðåìåùå-
íèé óäàëÿåòñÿ îò âåðõíåãî ñðåçà (ðèñ. 6);

– çíà÷åíèå 0,3hr0,4h ÿâëÿåòñÿ ïåðåõîä-
íûì îò îäíîãî òèïà èçãèáà ê äðóãîìó (ðèñ. 5).

Èçìåíåíèå õàðàêòåðà äåôîðìèðîâàíèÿ ñâÿ-
çàíî ñ óìåíüøåíèåì ñîïðîòèâëåíèÿ â çîíå âû-
ðåçà è ïåðåñòðîéêîé íàïðÿæåííîãî ñîñòîÿíèÿ â
ôîðìó ñ óâåëè÷åíèåì êîíöåíòðàöèè íàïðÿæå-
íèé â âåðøèíå âûðåçà. Ýòî èçìåíåíèå õàðàêòå-
ðèçóåò ïåðåõîä âûðåçà èç ôàêòîðà ëîêàëüíîé
ïðî÷íîñòè ê âèäó êîíñòðóêòèâíîãî ýëåìåíòà,
èçìåíÿþùåãî õàðàêòåð äåôîðìèðîâàíèÿ îáúåê-
òà êàê åäèíîãî öåëîãî.

Ðàñ÷åò êîýôôèöèåíòà êîíöåíòðàöèè íàïðÿ-
æåíèé K â àðêå ñ âûðåçîì (ìîäåëü I) è ïðèâå-
äåííîé àðêè áåç âûðåçà (ìîäåëü III) ïî ñðàâíå-
íèþ ñ ìàêñèìàëüíûìè íàïðÿæåíèÿìè èñõîäíîé
àðêè áåç âûðåçà (ìîäåëü II) äëÿ ñëó÷àÿ æåñòêîé
çàäåëêè íèæíåãî òîðöà ïðèâåäåíû íà ðèñ. 7,à.
Íà ðèñ. 7,á ïðèâåäåíû êîýôôèöèåíò îòíîøå-
íèÿ àìïëèòóä ìàêñèìàëüíûõ ïåðåìåùåíèé k â
àðêå ñ âûðåçîì (ìîäåëü I) è â ïðèâåäåííîé àðêå
áåç âûðåçà (ìîäåëü III) ïî ñðàâíåíèþ ñ ìàêñè-
ìàëüíûìè íàïðÿæåíèÿìè èñõîäíîé àðêè áåç
âûðåçà (ìîäåëü II) äëÿ ñëó÷àÿ æåñòêîé çàäåëêè
íèæíåãî êîíöà àðîê.

Íà ãðàôèêàõ ÷åòêî âèäíî êà÷åñòâåííîå èç-
ìåíåíèå, ñîîòâåòñòâóþùåå äèàïàçîíàì ñìåíû
õàðàêòåðà äåôîðìèðîâàíèÿ àðêè ñ âûðåçîì.

Ðàñ÷åò àðîê ñ øàðíèðíîé çàäåëêîé íèæíå-
ãî òîðöà ïðèâåäåí íà ðèñ. 8–9 è êà÷åñòâåííî

Ðèñ. 3. Íàïðÿæåíèÿ ïî Ìèçåñó â àðêàõ ñ áîëüøèì

âûðåçîì ïðè ðàñ÷åòå ïëàñòè÷åñêîãî äåôîðìèðîâàíèÿ

(r=0,5h, h=2 ì)
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Ðèñ. 4. Àìïëèòóäû ïåðåìåùåíèÿ â àðêàõ ñ ìàëûì âûðåçîì r=0,05h: à – h=1 ì; á – h=2 ì

á

Ðèñ. 5. Àìïëèòóäû ïåðåìåùåíèÿ â àðêàõ ñ âûðåçîì r=0,4h: à – h=1 ì; á – h=2 ì

à

à
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Ðèñ. 6. Àìïëèòóäû ïåðåìåùåíèÿ â àðêàõ ñ áîëüøèì âûðåçîì r=0,5h: à – h=1 ì; á – h=2 ì

à                                                                                     á

Ðèñ. 7. Ñîîòíîøåíèÿ ìàêñèìàëüíûõ çíà÷åíèé ïàðàìåòðîâ ìîäåëåé: à – íàïðÿæåíèÿ, á – ïåðåìåùåíèÿ

(ñïëîøíàÿ ÷åðíàÿ ëèíèÿ – I ê II, h=1 ì, øòðèõïóíêòèðíàÿ ëèíèÿ – I ê II, h=2 ì, øòðèõîâàÿ ÷åðíàÿ ëèíèÿ – III ê II,

h=1 ì, ïóíêòèðíàÿ ëèíèÿ – III ê II, h=2 ì, ñïëîøíàÿ ñåðàÿ ëèíèÿ – I ê III äëÿ íàïðÿæåíèé è III ê I äëÿ ïåðåìåùåíèé,

h=1 ì, øòðèõîâàÿ ñåðàÿ ëèíèÿ – I ê III äëÿ íàïðÿæåíèé è III ê I äëÿ ïåðåìåùåíèé)

à

ìàëî îòëè÷àåòñÿ îò ñëó÷àÿ æåñòêîé çàäåëêè.
Ðàñ÷åò êîýôôèöèåíòà êîíöåíòðàöèè íàïðÿ-

æåíèé K â àðêå ñ âûðåçîì (ìîäåëü I) è ïðèâå-
äåííîé àðêè áåç âûðåçà (ìîäåëü III) ïî ñðàâíå-
íèþ ñ ìàêñèìàëüíûìè íàïðÿæåíèÿìè èñõîäíîé
àðêè áåç âûðåçà (ìîäåëü II) äëÿ ñëó÷àÿ øàðíèð-
íîé çàäåëêè íèæíåãî òîðöà ïðèâåäåíû íà
ðèñ. 10,à. Íà ðèñ. 10,á ïðèâåäåíû êîýôôèöèåí-

òû îòíîøåíèÿ àìïëèòóä ìàêñèìàëüíûõ ïåðåìå-
ùåíèé k â àðêå ñ âûðåçîì (ìîäåëü I) è â ïðèâå-
äåííîé àðêå áåç âûðåçà (ìîäåëü III) ïî ñðàâíå-
íèþ ñ ìàêñèìàëüíûìè íàïðÿæåíèÿìè èñõîäíîé
àðêè áåç âûðåçà (ìîäåëü II) äëÿ ñëó÷àÿ øàðíèð-
íîé çàäåëêè íèæíåãî êîíöà àðîê.

Â [18] ïðèâåäåíû çíà÷åíèÿ êîýôôèöèåíòà
êîíöåíòðàöèè íîðìàëüíûõ íàïðÿæåíèé äëÿ ÷è-
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ã

Ðèñ. 8. Íàïðÿæåíèÿ ïî Ìèçåñó â óïðóãèõ àðêàõ:

à – r=0,05h, h=1 ì; á – r=0,05h, h=2 ì; â – r=0,5h, h=1 ì; ã – r=0,5h, h=2 ì

à

á

â
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ã

Ðèñ. 9. Àìïëèòóäû ïåðåìåùåíèÿ â àðêàõ: à – r=0,05h, h=1 ì; á – r=0,05h, h=2 ì; â – r=0,5h, h=1 ì; ã – r=0,5h, h=2 ì

à

á

â
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à                                                                                           á

Ðèñ. 10. Ñîîòíîøåíèÿ ìàêñèìàëüíûõ çíà÷åíèé ïàðàìåòðîâ ìîäåëåé: à – íàïðÿæåíèÿ, á – ïåðåìåùåíèÿ

(ñïëîøíàÿ ÷åðíàÿ ëèíèÿ – I ê II, h=1 ì, øòðèõïóíêòèðíàÿ ëèíèÿ – I ê II, h=2 ì, øòðèõîâàÿ ÷åðíàÿ ëèíèÿ – III ê II,

h=1 ì, ïóíêòèðíàÿ ëèíèÿ – III ê II, h=2 ì, ñïëîøíàÿ ñåðàÿ ëèíèÿ – I ê III äëÿ íàïðÿæåíèé è III ê I äëÿ ïåðåìåùåíèé,

h=1 ì, øòðèõîâàÿ ñåðàÿ ëèíèÿ – I ê III äëÿ íàïðÿæåíèé è III ê I äëÿ ïåðåìåùåíèé)

ñòîãî èçãèáà áåñêîíå÷íîé ïîëîñû ñ îäíîñòîðîí-
íèì ïîëóêðóãëûì âûðåçîì â åå ïëîñêîñòè.
Ñðàâíåíèå ðåçóëüòàòîâ ðàñ÷åòà ñ äàííûìè [18]
ïîêàçûâàåò, ÷òî äëÿ àðêè êîýôôèöèåíò êîíöåí-
òðàöèè íàïðÿæåíèÿ ïî ñðàâíåíèþ ñ íîìèíàëü-
íûì, ïîëó÷åííûì äëÿ ïðèâåäåííîé àðêè áåç
âûðåçà, âûøå ïðèìåðíî íà 20%, ÷åì äëÿ ïîëî-
ñû. Ýòî åñòåñòâåííî, ïîñêîëüêó â [18] íå ó÷èòû-
âàåòñÿ êðèâèçíà è êîíå÷íûé îáúåì êîíñòðóê-
öèè. Êðîìå òîãî, â [18] íå ïðèâåäåíû äàííûå
äëÿ âûðåçîâ â äèàïàçîíå 0,3hr0,5h, à òàêèå
âûðåçû íàèáîëåå ÷àñòî èñïîëüçóþòñÿ ïðè èçãî-
òîâëåíèè òåõíîëîãè÷åñêèõ îòâåðñòèé â îáëåã÷åí-
íûõ àðêàõ.

Îñíîâûâàÿñü íà äàííûõ ðàñ÷åòà äëÿ ðàñ-
ñìàòðèâàåìîãî âèäà íàãðóçêè ìîæíî ïðåäëîæèòü
ñëåäóþùèå ïðèáëèæåííûå ôîðìóëû äëÿ îïðå-
äåëåíèÿ ìàæîðèðóþùèõ êîýôôèöèåíòîâ Ê êîí-
öåíòðàöèè ïðèâåäåííûõ ïî Ìèçåñó íàïðÿæåíèé
â ñëåäóþùåì âèäå:

K=3 äëÿ 0,05hr0,2h,

K=3,2+2,5(r/h) äëÿ 0,25hr0,5h.

Ïðè ðàñ÷åòå äåôîðìèðîâàíèÿ àðêè ñëåäóåò
òàêæå ïðèíèìàòü êîýôôèöèåíò k óâåëè÷åíèÿ
ìàêñèìàëüíûõ ïåðåìåùåíèé äëÿ ïðèâåäåííîé
àðêè ïî ôîðìóëå

K=1,06+2,5(r/h).

Ïðèìåíåíèå óêàçàííûõ êîýôôèöèåíòîâ

ïîçâîëÿåò ïðîèçâîäèòü ïðèáëèæåííûé ïðåäâà-
ðèòåëüíûé ðàñ÷åò àðêè ñ âûðåçîì ïðè äåéñòâèè
âíåøíåãî äàâëåíèÿ è çíà÷èòåëüíî ñíèæàåò îáúåì
íåîáõîäèìûõ ðàñ÷åòîâ ïðè âàðüèðîâàíèè ïàðà-
ìåòðîâ. Ïðè ýòîì ñëåäóåò ïîìíèòü, ÷òî ðàñïî-
ëîæåíèå êðèòè÷åñêèõ òî÷åê ìàêñèìàëüíûõ íà-
ïðÿæåíèé è ïåðåìåùåíèé ó ïðèâåäåííîé àðêè
è àðêè ñ âûðåçîì îòëè÷àåòñÿ. Ýòî îñîáåííî âàæ-
íî ïðè ïðîâåäåíèè îïòèìèçàöèè êîíñòðóêöèè
ñ êèíåìàòè÷åñêèìè îãðàíè÷åíèÿìè è, â ÷àñò-
íîñòè, ìåòîäîì äèíàìè÷åñêîãî ïðîãðàììèðîâà-
íèÿ [1].

Âûâîäû
Â ðàáîòå ïðîâåäåí ïëîñêèé ðàñ÷åò óïðóãîé

êðóãîâîé ìåòàëëè÷åñêîé àðêè ñ öåíòðàëüíûì
ïîëóêðóãëûì âûðåçîì c ðàçëè÷íûì ñîîòíîøå-
íèåì êîíñòðóêòèâíûõ ïàðàìåòðîâ ïðè äåéñòâèè
íà íåå ðàâíîìåðíîãî âíåøíåãî äàâëåíèÿ. Äëÿ
ìîäåëèðîâàíèÿ èñïîëüçîâàí ïðîãðàììíûé êîì-
ïëåêñ SolidWorks. Ïîëó÷åíû çàâèñèìîñòè êîýô-
ôèöèåíòà êîíöåíòðàöèè íàïðÿæåíèé â âåðøè-
íå âûðåçà îò ñîîòíîøåíèÿ ðàçìåðîâ âûðåçà è
òîëùèíû àðêè, à òàêæå åå ðàäèóñà. Ïîêàçàíî,
÷òî çàìåíà â óïðîùåííîì ðàñ÷åòå àðêè ñ âûðå-
çîì íà ñïëîøíóþ àðêó, èìåþùóþ óìåíüøåí-
íóþ íà ðàäèóñ âûðåçà âûñîòó ïðîôèëÿ, íå äàåò
ïðåäñòàâëåíèÿ î ðåàëüíîì ðàñïðåäåëåíèè óñè-
ëèé è ïåðåìåùåíèé è ïðèâîäèò ê íåàäåêâàò-
íûì ðàñ÷åòàì. Äëÿ ïðåäâàðèòåëüíûõ ðàñ÷åòîâ
ìîæíî èñïîëüçîâàòü óïðîùåííóþ ìîäåëü òîëü-
êî ñ ó÷åòîì ïîïðàâî÷íûõ êîýôôèöèåíòîâ, ðàñ-
÷èòàííûõ â ðàáîòå.



Olevskyi V.I., Olevskyi O.V.

52 ISSN 2521-6406, Computer Modeling: Analysis, Control, Optimization, 2019, No. 1, pp. 43-53

ÑÏÈÑÎÊ ËÈÒÅÐÀÒÓÐÛ

1. Ïî÷òìàí Þ.Ì., Áàðàíåíêî Â.À. Äèíàìè÷åñêîå ïðî-

ãðàììèðîâàíèå â çàäà÷àõ ñòðîèòåëüíîé ìåõàíèêè. – Ì.:

Ñòðîéèçäàò, 1975. – 112 ñ.

2. Ýéãåíñîí Ñ.Í., Êîðèõèí Í.Â., Ãîëîâèí À.È. Ýêñïåðè-

ìåíòàëüíîå èññëåäîâàíèå íàïðÿæåííîãî ñîñòîÿíèÿ íåêîòî-

ðûõ îòâåòñòâåííûõ êîíñòðóêöèé êðóïíûõ ãèäðîýíåðãåòè÷åñ-

êèõ ñîîðóæåíèé // Èíæåíåðíî-ñòðîèòåëüíûé æóðíàë. – 2014.

– ¹ 1 (45). – Ñ.59-70.

3. Ìàâëþòîâ Ð.Ð. Êîíöåíòðàöèÿ íàïðÿæåíèé â ýëå-

ìåíòàõ àâèàöèîííûõ êîíñòðóêöèé. – Ì.: Íàóêà, 1981. – 142 ñ.

4. Êîíñòðóêòèâíî-òåõíîëîãè÷åñêèå ìåòîäû ïîâûøåíèÿ

óñòàëîñòíîé äîëãîâå÷íîñòè ýëåìåíòîâ êîíñòðóêöèè ïëàíå-

ðà ñàìîëåòà â çîíå ôóíêöèîíàëüíûõ îòâåðñòèé / Êèâà Ä.Ñ.,

Êðèâîâ Ã.À., Ñåìåíöîâ Â.Ô. è äð. – Êèåâ: ÊÂÈÖ, 2015. –

188 ñ.

5. Äóêàðñêèé Þ.Ì., Ìèõàéëîâà Î.Â. Îïòèìèçàöèÿ êîí-

ñòðóêòèâíîãî ðåøåíèÿ è àíàëèç íàïðÿæåííîãî ñîñòîÿíèÿ

ñòàëüíûõ áàëîê ñ ïåðôîðèðîâàííîé ñòåíêîé // Ñá. ìàòåðè-

àëîâ ÍÒÊ ÌÃÓÏ. – Ì.: ÌÃÓÏ, 2002. – Ñ.82-84.

6. Ëàâðîâà À.Ñ. Ñîâåðøåíñòâîâàíèå ìåòîäîâ ðàñ÷åòà

ïåðôîðèðîâàííûõ áàëîê ñ êðóãëûìè âûðåçàìè ñ ïîìîùüþ

êîíå÷íî-ýëåìåíòíîãî àíàëèçà è ìîäåëèðîâàíèÿ: Äèñ...êàíä.

òåõí. íàóê: 05.23.01. – Êàëèíèíãðàä: Êàëèíèíãðàäñêèé ãî-

ñóäàðñòâåííûé òåõíè÷åñêèé óíèâåðñèòåò, 2018. – 167 ñ.

7. Âàéíáåðã Ä.Â. Êîíöåíòðàöèÿ íàïðÿæåíèé â ïëàñòè-

íàõ îêîëî îòâåðñòèé è âûêðóæåê. – Êèåâ: Òåõíèêà, 1969. –

220 ñ.

8. Âëàñîâ À.Í., Ñîâàòàðîâà Â.Ë., Òàëîíîâ À.Â. Îïèñà-

íèå ôèçè÷åñêèõ ïðîöåññîâ â ñòðóêòóðíî íåîäíîðîäíûõ ñðå-

äàõ. – Ì.: ÐÓÄÍ, 2009. – 258 ñ.

9. Ãðèãîëþê Ý. È. Íàïðÿæåííîå ñîñòîÿíèå âáëèçè îò-

âåðñòèé // Íåêîòîðûå ïðèêëàäíûå çàäà÷è òåîðèè ïëàñòèí è

îáîëî÷åê. – Ì.: ÌÃÓ, 1981. – Ñ.226-237.

10. Êîëïàêîâ À.Ã. Ê ðàñ÷åòó ïëàñòèíû ñ ëîêàëüíûì

âîçìóùåíèåì ôîðìû // Ïðèêëàäíàÿ ìåõàíèêà è òåõíè÷åñ-

êàÿ ôèçèêà. – 2012. – Ò. 53, ¹ 4. – Ñ. 171-182.

11. Ïðèòûêèí À.È. Êîíöåíòðàöèÿ íàïðÿæåíèé âî ôëî-

ðàõ ñ êðóãëûìè è îâàëüíûìè âûðåçàìè // Âåñòíèê ÀÃÒÓ.

Ñåð. Ìîðñêàÿ òåõíèêà è òåõíîëîãèÿ. – 2009. – ¹ 1. – Ñ.76-

81.

12. Ñàëåíêî Ñ.Ä., Øåâ÷åíêî Ñ.Ñ. Ñíèæåíèå êîíöåíò-

ðàöèè íàïðÿæåíèé â îêðåñòíîñòè îäíîñòîðîííåãî âûðåçà â

ïëàñòèíå // Ñóäîñòðîåíèå. – 2013. – ¹ 5 (820). – Ñ.32-33.

13. Zhang L.L., Yang Z., Hou J., Wang Z. Q. The Stress

and Strain Concentrations in Curved Beams of Finite Thickness

with End Moments // Advanced Materials Research. – 2011. –

Vols. 163-167. – P.2953-2963.

14. Ñåìåíîâ-Åæîâ È.Å., Øèðøîâ À.À. Êîíöåíòðàöèÿ

íàïðÿæåíèé â òîëñòîñòåííûõ öèëèíäðè÷åñêèõ îáîëî÷êàõ è

êîðïóñíûõ äåòàëÿõ ïðè äåéñòâèè äàâëåíèÿ // Èíæåíåðíûé

âåñòíèê. – 2015. – ¹ 5. – Ñ.1-12.

15. Savin G.N. The stress distribution in a thin shell with

an arbitrary hole // Problems of Continuum Mechanics. –

Philadelphia: Society for Industrial and Applied Mathematics. –

1961. – P. 382-405.

16. Àëÿìîâñêèé À.À. SolidWorks Simulation. Èíæåíåð-

íûé àíàëèç äëÿ ïðîôåññèîíàëîâ: çàäà÷è, ìåòîäû, ðåêîìåí-

äàöèè. – Ì.: ÄÌÊ Ïðåññ, 2015. – 562 c.

17. Monchiet V., Kondo D., Charkaluk E., Oana C.

Macroscopic yield criteria for plastic anisotropic materials

containing spheroidal voids // International Journal of Plasticity.

– 2008. – Vol. 24 (7). – P.1158-1189.

18. Pilkey W.D. and Pilkey D.F. Peterson’s Stress

Concentration Factors, Third Edition. – New Jersey: John Wiley

& Sons, Inc., Hoboken, 2008. – 522 p.

Ïîñòóïèëà â ðåäàêöèþ 13.05.2019

ÄÅßÊ² ÎÑÎÁËÈÂÎÑÒ² ÊÎÌÏ’ÞÒÅÐÍÎÃÎ
ÌÎÄÅËÞÂÀÍÍß ÇÃÈÍÓ ÏÐÓÆÍÎ¯ ÊÐÓÃÎÂÎ¯ ÀÐÊÈ
Ç ÂÈÐ²ÇÎÌ

Îëåâñüêèé Â.²., Îëåâñüêèé Î.Â.

Êîíñòðóêö³¿, ìîäåëþâàííÿ ÿêèõ çâîäèòüñÿ äî ñõåìè êðó-
ãîâî¿ àðêè, øèðîêî çàñòîñîâóþòüñÿ â ñêëàäíèõ ñïîðóäàõ òèïó
ãðåáåëü ³ ïåðåêðèòò³â, ïðè ïðîåêòóâàíí³ ñèëîâèõ åëåìåíò³â â
àâ³à- ³ ñóäíîáóäóâàíí³. Äëÿ âèð³øåííÿ ð³çíèõ òåõíîëîã³÷íèõ çàâ-
äàíü ó òîâùèí³ àðêè ÷àñòî íåîáõ³äíî ïåðåäáà÷èòè âèð³çè. Ïðè
öüîìó ïðè âèáîð³ ðàö³îíàëüíèõ ïàðàìåòð³â êîíñòðóêö³¿ íåîáõ³ä-
íî ðîáèòè ìíîæèíí³ ïåðåðàõóíêè ïðóæíîãî âèãèíó àðêè, òîìó
â çàäà÷àõ îïòèì³çàö³¿ êîíñòðóêö³¿ ïðèéíÿòî âèêîðèñòîâóâàòè
ñïðîùåí³ ñõåìè ðîçðàõóíêó. Òàê³ ñõåìè ÷àñòî íå âðàõîâóþòü
îñîáëèâîñò³ äåôîðìóâàííÿ àðêè ç âèð³çàìè, êîíöåíòðàö³þ íà-
ïðóæåíü â òàêèõ êîíñòðóêö³ÿõ ³ çì³íó õàðàêòåðó ¿õ âèãèíó â
ïîð³âíÿíí³ ç ö³ë³ñíîþ àðêîþ. Íàéá³ëüø ÿñêðàâî òàê³ îñîáëè-
âîñò³ ïðîÿâëÿþòüñÿ â àðêàõ, ùî ìàþòü â³äíîñíî âåëèêó âèñî-
òó ïðîô³ëþ â ðàä³àëüíîìó íàïðÿìêó. Äî òàêèõ ìîäåëåé çâî-
äèòüñÿ ðîçðàõóíîê àðêè-ñò³íêè ³ ïîëåãøåíî¿ àðêè ç³ çâàðíèõ
ëèñò³â. Â ðîáîò³ âèêîíàíî ïëîñêèé ðîçðàõóíîê ïðóæíî¿ êðóãî-
âî¿ ìåòàëåâî¿ àðêè ç öåíòðàëüíèì íàï³âêðóãëèì âèð³çîì ç ð³çíèì
ñï³ââ³äíîøåííÿì êîíñòðóêòèâíèõ ïàðàìåòð³â ïðè ä³¿ íà íå¿
ð³âíîì³ðíîãî çîâí³øíüîãî òèñêó. Äëÿ ìîäåëþâàííÿ âèêîðèñòà-
íèé ïðîãðàìíèé êîìïëåêñ SolidWorks. Îòðèìàíî çàëåæíîñò³
êîåô³ö³ºíòà êîíöåíòðàö³¿ íàïðóæåíü ó âåðøèí³ âèð³çó â³ä
ñï³ââ³äíîøåííÿ ðîçì³ð³â âèð³çó ³ òîâùèíè àðêè, à òàêîæ ¿¿ ðà-
ä³óñà. Ïîêàçàíî, ùî çàì³íà â ñïðîùåíîìó ðîçðàõóíêó àðêè ç
âèð³çîì íà ñóö³ëüíó àðêó, ùî ìàº çìåíøåíó íà ðàä³óñ âèð³çó
âèñîòó ïðîô³ëþ, íå äàº óÿâëåííÿ ïðî ðåàëüíèé ðîçïîä³ë çóñèëü ³
ïåðåì³ùåíü ³ ïðèçâîäèòü äî íåàäåêâàòíèõ ðîçðàõóíê³â. Ñïðî-
ùåíó ìîäåëü ìîæíà âèêîðèñòîâóâàòè äëÿ ïîïåðåäí³õ ðîçðà-
õóíê³â ò³ëüêè ç óðàõóâàííÿì ïîïðàâî÷íèõ êîåô³ö³ºíò³â, ðîçðà-
õîâàíèõ â ðîáîò³.

Êëþ÷îâ³ ñëîâà: êðóãîâà àðêà, âèð³ç, êîíöåíòðàö³ÿ
íàïðóæåíü, ñïðîùåíà ìîäåëü.
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Structures, the modeling of which is reduced to the circular
arch scheme, are widely used in complex structures such as dams
and ceilings, in the design of load-bearing elements in aircraft and
shipbuilding. To solve various technological problems it is often
necessary to provide cuts in the thickness of the arch. In this case,
when choosing rational parameters of a structure, it is necessary to
make multiple recalculations of the elastic bend of the arch; therefore,
it is a common practice to use simplified calculation schemes in the
problems of structure optimization. Such schemes often do not take
into account peculiarities of deformation in an arch with cutouts,
stress concentration in such structures, and change in the nature of
their bending compared to a solid arch. Such features are especially
vividly manifested in arches with a relatively large profile height in
a radial direction. Calculation of arch-walls and lightweight arches
of welded sheets is reduced to such models. A flat calculation of an
elastic circular metal arch with a central semicircular cutout with a
different ratio of design parameters under the action of uniform
external pressure on it was carried out. The SolidWorks software
complex was used for modeling. The dependences of the stress
concentration coefficient at an apex of a cutout on the ratio of  the
dimensions of a cutout and the thickness of an arch, as well as its
radius, are obtained. It is shown that the replacement of an arch
with a cutout with a solid arch, having a profile height reduced by a
cutout radius, in a simplified calculation does not give an idea of the
real distribution of forces and displacements and leads to inadequate
calculations. The simplified model can be used for preliminary
calculations only taking into account the correction factors calculated
in the work.

Keywords: circular arch, cutout, stress concentration, sim-
plified model.
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ÄÂÍÇ «Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò», ì. Äí³ïðî, Óêðà¿íà

Ñòàòòÿ ïðèñâÿ÷åíà ðîçðîáö³ àíàë³òè÷íî¿ ìùäåë³ äëÿ ðîçðàõóíêó ³ îïòèì³çàö³¿ â³áðî-

àêóñòè÷íîãî íàâàíòàæåííÿ òðóáîïðîâîä³â òåõíîëîã³÷íèõ àïàðàò³â. Â³äõèëåííÿ ïà-

ðàìåòð³â ãåîìåòð³¿ òðóáîïðîâîäó â³ä ³äåàëüíèõ ³ íåîäíîð³äí³ñòü ìàòåð³àëó âïëèâà-

þòü íà â³áðîàêóñòè÷íå íàâàíòàæåííÿ òåõíîëîã³÷íèõ àïàðàò³â. ²ñíóþ÷³ ÷èñåëüí³ àë-

ãîðèòìè ðîçðàõóíê³â ÷àñòîò ³ ôîðì êîëèâàíü òåõíîëîã³÷íèõ òðóáîïðîâîä³â, ÿê³ âè-

êîðèñòîâóþòü äëÿ îö³íþâàííÿ îñíîâíî¿ ÷àñòîòè êîëèâàëüíî¿ ñèñòåìè íå âðàõîâó-

þòü äèíàì³÷í³ õàðàêòåðèñòèêè. Òî÷í³ñòü ÷àñòîòè êîëèâàíü âèçíà÷åííÿ â³áðîàêóñ-

òè÷íîãî íàâàíòàæåííÿ çàëåæèòü â³ä âèáîðó ôîðìè êîëèâàíü, ÿêó ³íîä³ âàæêî çàç-

äàëåã³äü ïåðåäáà÷èòè. Ïðàêòè÷í³ çàâäàííÿ âèìàãàþòü âèêîíàííÿ ðîçðàõóíêîâèõ

ðîá³ò ç íåîáõ³äíîþ òî÷í³ñòþ. Â³äñóòí³ñòü òî÷íîãî ìåòîäà ðîçðàõóíêó ÷àñòîò ³ ôîðì

êîëèâàíü òðóáîïðîâîä³â, ÿêèé áè âðàõîâóâàâ òèï êð³ïëåííÿ òà ðîçòàøóâàííÿ îï³ð,

ïðîåêòóâàëüíèêè çìóøåí³ àäàïòóâàòè ³ñíóþ÷³ ï³äõîäè òà ìîäåë³ ðîçðàõóíê³â äî êîí-

êðåòíèõ âèì³ðþâàëüíèõ óìîâ. Òîìó íà ïðàêòèö³ çàñòîñîâóþòü ñïðîùåí³ ³ íàáëè-

æåí³ ìåòîäè ðîçðàõóíêó. Ïðè íàÿâíîñò³ çîñåðåäæåíèõ ìàñ ³ â ðàç³ âðàõóâàííÿ ðîç-

ñ³þâàííÿ åíåðã³¿ ó ì³ñöÿõ çàêð³ïëåííÿ òðóáîïðîâîä³â àëãîðèòìè ðîçðàõóíêó ñòàþòü

á³ëüø òðóäîì³ñòêèìè. Â äåÿêèõ âèïàäêàõ ìîæëèâ³ñòü ìàòåìàòè÷íî¿ òðàêòóâàííÿ

çàâäàííÿ ñòàº çä³éñíåííîþ ëèøå çà óìîâè ââåäåííÿ â ðîçðàõóíîê äåÿêèõ ñïðî-

ùåíü. Çàïðîïîíîâàíà àíàë³òè÷íà ìîäåëü ðîçðàõóíêó ÷àñòîò ³ ôîðì êîëèâàíü â³áðî-

àêóñòè÷íîãî íàâàíòàæåííÿ áàçóºòüñÿ íà ìåòîä³ Êðèëîâà. Âèçíà÷åííÿ âëàñíèõ ôîðì

³ ÷àñòîò êîëèâàíü òðóáîïðîâîäó çä³éñíþºòüñÿ ³íòåãðàö³ºþ âèõ³äíîãî äèôåðåíö³àëü-

íîãî ð³âíÿííÿ â³ëüíèõ ïîïåðå÷íèõ êîëèâàíü äëÿ ð³çíèõ òèï³â çàêð³ïëåííÿ ê³íö³â.

Íàâåäåí³ ðåçóëüòàòè ïðîãðàìíî¿ ðåàë³çàö³¿ ìîäåë³ â ïðîãðàìíîìó ñåðåäîâèù³ Python.

Êëþ÷îâ³ ñëîâà: â³áðî÷àñòîòíèé ìåòîä êîíòðîëþ, ÷àñòîòà, ôîðìà êîëèâàíü, ôóíêö³¿

Êðèëîâà.
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Ââåäåííÿ

Â òåõíîëîã³÷íîìó îáëàäíàíí³ (òåïëîìàñî-
îáì³íí³ àïàðàòè, àïàðàòè çàíóðåíîãî ãîð³ííÿ,
êàâ³òàö³éí³ òåïëîãåíåðàòîðè òà ³í.) ìîæóòü âè-
íèêàòè ñèëüí³ íåë³í³éí³ êîëèâàííÿ, ÿê³ ìîæóòü
³ñòîòíî ³íòåíñèô³êóâàòè òåõíîëîã³÷í³ ïðîöåñè
(ï³äâèùóâàòè òåïëîíàïðóæåíí³ñòü òîïêîâèõ êà-
ìåð (ÿê öå â³äáóâàºòüñÿ â êàìåðàõ â³áðàö³éíîãî
ãîð³ííÿ), ïîêðàùóâàòè òåïëî- ³ ìàñîîáì³í, çíè-
æóâàòè ã³äðàâë³÷íèé îï³ð) [1]. Ç ³íøîãî áîêó
íåë³í³éí³ êîëèâàííÿ ìîæóòü ïðèçâåñòè äî íå-
êîíòðîëüîâàíîãî çá³ëüøåííÿ ì³ñöåâèõ êî-
åô³ö³ºíò³â òåïëîâ³ääà÷³, ìåõàí³÷íèõ ³ òåïëîâèõ
íàïðóã, ùî ìîæå ïðèçâîäèòè äî ðóéíóâàííÿ åëå-

ìåíò³â êîíñòðóêö³é [2]. Êð³ì òîãî, ìîæëèâà ñè-
òóàö³ÿ, êîëè çâîðîòíèé çâ’ÿçîê ì³æ êîëèâàííÿ-
ìè ïàðàìåòð³â ãàçó ³ òåïëîìàñîï³äâîäîì, ³, òà-
êèì ÷èíîì, êîëèâàííÿ ìîæóòü ñòàâàòè ñàìî-
çáóäæóâàíèìè [3].

Äîñë³äæåííÿ íåë³í³éíèõ êîëèâàíü ³ ïðî-
öåñ³â ó àïàðàòàõ, ùî â³äáóâàþòüñÿ ï³ä âïëèâîì
òàêèõ ñêëàäíèõ êîëèâàíü, ñòàíîâèòü çíà÷í³
ìàòåìàòè÷í³ òðóäíîù³. Òîìó àêòóàëüíîþ º ðîç-
ðîáêà ìåòîäèêè êîíòðîëþ òà äîñë³äæåíü ðåçî-
íàíñíèõ íåë³í³éíèõ êîëèâàíü, ùî âèíèêàþòü â
á³ëüø ïðîñòèõ ñèñòåìàõ, çîêðåìà, â òðóáîïðî-
âîäàõ.
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Àíàë³ç ë³òåðàòóðíèõ äàíèõ ³ ïîñòàíîâêà ïðî-

áëåìè

Äæåðåëà êîëèâàíü òðóáîïðîâîä³â ìàþòü
ð³çíå ïîõîäæåííÿ, íàïðèêëàä, â ðîáîò³ [4] äå-
òàëüíî äîñë³äæåíèé ïàðàìåòðè÷íèé ðåçîíàíñ
òðóáîïðîâîä³â, ÿêèé ÿâëÿº ñîáîþ çðîñòàþ÷³ êî-
ëèâàííÿ áëèçüêî õèòêå ñòàíîâèùå ð³âíîâàãè.
Îäíàê íàéá³ëüø ïîøèðåíèì äæåðåëîì êîëèâàíü
òðóáîïðîâîä³â º çâè÷àéíèé ðåçîíàíñ, êîëè
÷àñòîòà çáóðþþ÷èõ êîëèâàíü íàáëèæàºòüñÿ äî
÷àñòîòè âëàñíèõ êîëèâàíü ñèñòåìè. Ó çàãàëüíî-
ìó âèïàäêó âçàºìîä³ÿ òðóáîïðîâîäó ç âíóòð³øí³ì
ïîòîêîì ð³äèíè íîñèòü äâîñòîðîíí³é õàðàêòåð:
ïóëüñàö³¿ âíóòð³øíüîãî ïîòîêó ð³äèíè âèêëèêà-
þòü äèíàì³÷í³ äåôîðìàö³¿ òðóáîïðîâîäó, à äè-
íàì³÷í³ äåôîðìàö³¿ òðóáîïðîâîäó ìîæóòü ñòàòè
ïðè÷èíîþ ïóëüñàö³é ïîòîêó â ã³äðîñèñòåì³,
÷àñòèíîþ ÿêî¿ º òðóáîïðîâ³ä.

Äëÿ åôåêòèâíîãî êîíòðîëþ íåîáõ³äíèé òî÷-
íèé ðîçðàõóíîê ÷àñòîò ³ ôîðì êîëèâàíü ä³ëÿíîê
òðóáîïðîâîäó ì³æ êð³ïëåííÿìè ç óðàõóâàííÿì
¿õ ðîçòàøóâàííÿ ³ æîðñòêîñò³ (ï³ääàòëèâîñò³), ùî
äîçâîëèòü êîíòðîëþâàòè ì³ñöÿ ìàêñèìàëüíèõ
íàïðóæåíü ³ â³äïîâ³äíî çä³éñíþâàòè ë³êâ³äàö³þ
àâàð³éíèõ ñèòóàö³é, ùî îñîáëèâî âàæëèâî ïðè
ïåðåêà÷óâàííÿ ëåãêîçàéìèñòèõ ³ ñèëüíî òîêñè-
÷íèõ ð³äèí.

Ïðîáëåìîþ äîñòîâ³ðíîãî êîíòðîëþ º òå, ùî
âèçíà÷åííÿ ÷àñòîò ³ ôîðì êîëèâàíü çä³éñíþºòü-
ñÿ íàáëèæåíèìè ìåòîäàìè [5–6] áåç óðàõóâàí-
íÿ æîðñòêîñò³ (ï³ääàòëèâîñò³) çàêð³ïëåíü ³ ¿õ
ðîçòàøóâàííÿ, ùî çíèæóº åôåêòèâí³ñòü êîíò-
ðîëþ âíàñë³äîê òðóäîì³ñòêèõ, à ³íîä³ ³ ïîìèë-
êîâèõ âèçíà÷åíü ì³ñöü ìàêñèìàëüíèõ íàïðóæåíü
íà ä³ëÿíêàõ òðóáîïðîâîä³â.

²ñíóþ÷³ ÷èñåëüí³ àëãîðèòìè ðîçðàõóíê³â ÷à-
ñòîò ³ ôîðì êîëèâàíü òðóáîïðîâîä³â âèêîðèñòî-
âóþòü êëàñè÷íó òåîð³þ êîëèâàíü, ìåòîä Ôóð’º,
ìåòîä Ä’Àëàìáåðà, âàð³àö³éí³ ìåòîäè Ðåëåÿ, Ð³òöà
òà ³í.

Â³äîìèé ìåòîä Ðåëåÿ çàñòîñîâóºòüñÿ ãîëîâ-
íèì ÷èíîì äëÿ îö³íêè îñíîâíî¿ ÷àñòîòè êîëè-
âàëüíî¿ ñèñòåìè, îäíàê, ³íø³ ¿¿ äèíàì³÷í³ õàðàê-
òåðèñòèêè çàëèøàþòüñÿ íåðîçêðèòèìè. Òî÷í³ñòü
÷àñòîòè êîëèâàíü çàëåæèòü â³ä âèáîðó ôîðìè
êîëèâàíü, ÿêó ³íîä³ âàæêî çàçäàëåã³äü ïåðåäáà-
÷èòè [7].

Ìåòîä Ð³òöà º ïîäàëüøèì ðîçâèòêîì ìåòî-
äó Ðåëåÿ ³ çàñíîâàíèé íà âàð³àö³éíîìó ïðèí-
öèï³ Ãàì³ëüòîíà. Â³í äîçâîëÿº çâåñòè ðîçðàõó-
íîê ñèñòåìè ç ðîçïîä³ëåíîþ ìàñîþ äî ðîçðà-
õóíêó á³ëüø ïðîñòî¿ ñèñòåìè ç ê³íöåâèì ÷èñëîì
ñòóïåí³â ñâîáîäè [8].

Øèðîêî â³äîì³ íàáëèæåí³ ìåòîäè âèçíà-

÷åííÿ âëàñíèõ ÷àñòîò ³ ôîðì êîëèâàíü òðóáî-
ïðîâîä³â. Îñíîâíèì íåäîë³êîì ïîä³áíèõ ìåòîä³â,
ùî ïðèçâîäèòü ÷àñîì äî çíà÷íèõ ê³ëüê³ñíèõ ïî-
õ³áîê ðîçðàõóíêó, º ñïðîùåííÿ, ïðèéíÿò³ ïðè
îáë³êó êðàéîâèõ óìîâ (ãåîìåòðè÷íèõ ³ äèíàì³-
÷íèõ óìîâ, ùî íàêëàäàþòü îáìåæåííÿ íà ñâî-
áîäó ïåðåì³ùåííÿ ê³íö³â òðóáîïðîâîäó, à òàêîæ
íà âèãèíàþ÷èé ìîìåíò ³ ïîïåðå÷íó ñèëó).

Â³äõèëåííÿ ïàðàìåòð³â ãåîìåòð³¿ òðóáîïðî-
âîäó ïðè åêñïëóàòàö³¿ â³ä ³ íåîäíîð³äí³ñòü ìàòå-
ð³àëó âïëèâàþòü íà ðîçïîä³ë â³áðîàêóñòè÷íèõ
íàâàíòàæåíü. ²ñíóþ÷³ ÷èñåëüí³ àëãîðèòìè ðîç-
ðàõóíê³â ÷àñòîò ³ ôîðì êîëèâàíü òðóáîïðîâîä³â,
ùî âèêîðèñòîâóþòü äëÿ îö³íþâàííÿ îñíîâíî¿ ÷à-
ñòîòè êîëèâàëüíî¿ ñèñòåìè íå âðàõîâóþòü äè-
íàì³÷í³ õàðàêòåðèñòèêè, çì³íó ãóñòèíè òà â’ÿç-
êîñò³ ð³äèíè â ñåðåäèí³ òðóáîïðîâîäó. Òî÷í³ñòü
÷àñòîòè êîëèâàíü òðóáîïðîâîäó òàêîæ çàëåæèòü
â³ä âèáîðó ôîðìè êîëèâàíü, ÿêó ³íîä³ âàæêî çà-
çäàëåã³äü ïåðåäáà÷èòè. Ïðàêòè÷í³ çàâäàííÿ âè-
ìàãàþòü âèêîíàííÿ ðîçðàõóíêîâèõ ðîá³ò ç íå-
îáõ³äíîþ òî÷í³ñòþ. Â³äñóòí³ñòü àíàë³òè÷íîãî ìå-
òîäó âèçíà÷åííÿ ÷àñòîò ³ ôîðì êîëèâàíü òðóáî-
ïðîâîäó, ÿêèé áè âðàõîâóâàâ òèï êð³ïëåííÿ òà
ðîçòàøóâàííÿ îï³ð, çìóøóº ïðîåêòóâàëüíèê³â
àäàïòóâàòè ³ñíóþ÷³ ï³äõîäè òà ìîäåë³ ðîçðàõóíê³â
äî êîíêðåòíèõ âèì³ðþâàëüíèõ óìîâ.

Òîìó àêòóàëüíîþ íàóêîâî-ïðèêëàäíîþ çà-
äà÷åþ º ðîçðîáêà àíàë³òè÷íî¿ ìîäåë³ ðîçðàõóí-
êó ÷àñòîò ³ ôîðì êîëèâàíü òðóáîïðîâîä³â ç óðà-
õóâàííÿì æîðñòêîñò³ (ï³ääàòëèâîñò³) îïîð ³ ¿õ
ðîçòàøóâàííÿ. Çàñòîñóâàííÿ òàêî¿ ìîäåë³ äîç-
âîëèòü ï³äâèùèòè òî÷í³ñòü ìåòîäó êîíòðîëþ
ÿêîñò³ òåõíîëîã³÷íîãî ïðîöåñó òà ñóòòºâî ñïðîñ-
òèòü çàäà÷ó ïðîåêòóâàííÿ òà àäàïòàö³¿ ³ñíóþ÷î-
ãî ïðèëàäíîãî ïàðêó â³áðî÷àñòîòíèõ äàò÷èê³â äî
êîíêðåòíèõ âèì³ðþâàëüíèõ çàäà÷.

Ö³ëü òà çàäà÷³ äîñë³äæåííÿ

Ìåòîþ äàíî¿ ðîáîòè º ðîçðîáêà àíàë³òè÷-
íî¿ ìîäåë³ äëÿ ðîçðàõóíêó ÷àñòîò ³ ôîðì êîëè-
âàíü òðóáîïðîâîäó ç óðàõóâàííÿì æîðñòêîñò³
(ï³ääàòëèâîñò³) îïîð ³ ¿õ ðîçòàøóâàííÿ. Äëÿ äî-
ñÿãíåííÿ ïîñòàâëåíî¿ ìåòè íåîáõ³äíî âèð³øèòè
íàñòóïí³ çàâäàííÿ:

– ðîçðîáèòè ìàòåìàòè÷íó ìîäåëü àíàë³òè-
÷íîãî ìåòîäó ðîçðàõóíêó ÷àñòîò ³ ôîðì êîëè-
âàíü òðóáîïðîâîäó çà ðàõóíîê çàñòîñóâàííÿ òî÷-
íîãî ñïðîùåííÿ îñíîâíèõ ð³âíÿíü ðåçîíàíñíèõ
êîëèâàíü ç óðàõóâàííÿì æîðñòêîñò³ (ï³ääàòëè-
âîñò³) îïîð ³ ¿õ ðîçòàøóâàííÿ;

– âèêîíàòè ðîçðàõóíîê ÷àñòîòè ³ ôîðìè
êîëèâàíü òðóáîïðîâîäó äëÿ ð³çíèõ óìîâ çàêð³ï-
ëåííÿ;

– âèêîíàòè àíàë³ç ðåçóëüòàò³â ðîçðàõóíê³â
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øëÿõîì ïîð³âíÿííÿ ç ðåçóëüòàòàìè â³äîìèõ ìå-
òîä³â òà îö³íèòè òî÷í³ñòü îòðèìàíî¿ ìîäåë³.

Ðîçðîáêà àíàë³òè÷íî¿ ìîäåë³ ðîçðàõóíêó
â³áðîàêóñòè÷íîãî íàâàíòàæåííÿ òåõíîëîã³÷íîãî
òðóáîïðîâîäó

Çàïèøåìî ð³âíÿííÿ âëàñíèõ êîëèâàíü
ä³ëÿíêè òðóáîïðîâîäó ó âèãëÿä³ [9]:

   4 2

4 2

z

y x, t y x, tm

x EJ x

 
 

 
.  (1)

Ó ð³âíÿíí³ (1) ôóíêö³ÿ êîëèâàíü y(x,t) â³äðà-
õîâóºòüñÿ â³ä ïîëîæåííÿ îñüîâî¿ ë³í³¿ òðóáîïðî-
âîäó ïðè éîãî ñòàòè÷íîìó ð³âíîâàç³ (áåç óðàõó-
âàííÿ ïðîãèíó â³ä âëàñíî¿ âàãè).

Çàñòîñîâóþ÷è ìåòîä Ôóð’º (ìåòîä ïîä³ëó
çì³ííèõ) [4] ð³øåííÿ äèôåðåíö³àëüíèõ ð³âíÿíü
â ïðèâàòíèõ ïîõ³äíèõ, ôóíêö³þ êîëèâàíü áóäå-
ìî øóêàòè ó âèãëÿä³:

y(x,t)=Y(x)T(t).  (2)

Ï³äñòàâëÿþ÷è ð³øåííÿ (2) â ð³âíÿííÿ (1) ³
ïðèìíîæóþ÷è ë³âó ³ ïðàâó ÷àñòèíè ð³âíÿííÿ íà

)t(T)x(Y

1

m

EJ
, ìàºìî:

   4 2

4 2

d Y x d T tEJ 1 1

m Y(x) dx T(t) dt
  .  (3)

Òàê ÿê ôóíêö³¿ ð³çíèõ àðãóìåíò³â ìîæóòü
áóòè ð³âí³ ò³ëüêè êîíñòàíò³, òî îòðèìóºìî äâà
ð³âíÿííÿ:

 4

2z

4

d Y xEJ 1

m Y(x) dx
   àáî

 
 

4

2

4

z

d Y x m
Y x 0

dx EJ
   ,  (4)

 

 2

2

2

d T t1

T t dt
    àáî

 
 

2

2

2

d T t
T t 0

dt
  .  (5)

Ð³âíÿííÿ (6) ìàº óÿâí³ êîðåí³ õàðàêòåðè-
ñòè÷íîãî ð³âíÿííÿ ³, îòæå:

T(t)=asint+bcost,  (6)

Ç îòðèìàíîãî ð³øåííÿ âèïëèâàº, ùî ïàðà-
ìåòð  âèçíà÷àº ÷àñòîòó âëàñíèõ êîëèâàíü áàëêè.

Ð³âíÿííÿ (4) âèçíà÷àº ôîðìó êîëèâàíü
ä³ëÿíêè òðóáîïðîâîäó ³ íàçèâàºòüñÿ äèôåðåíö³-
àëüíèì ð³âíÿííÿ ôîðìè êîëèâàíü òðóáîïðîâî-
äó.

Ïðè ïåðåõîä³ äî áåçðîçì³ðíîãî ïàðàìåòðà
(àðãóìåíò) îòðèìàºìî:

y(x)=AS(kx)+BT(kx)+CU(kx)+DV(kx),  (7)

äå y(x) – â³äõèëåííÿ òî÷îê îñ³ òðóáîïðîâîäó â³ä
ð³âíîâàæíîãî ïîëîæåííÿ; A, B, C, D – ïîñò³éí³
ï³ä³áðàí³ òàê, ùîá âèáðàí³ òàê ùîá äëÿ ôóíêö³¿
y(x) âèêîíóâàëèñÿ óìîâè çàêð³ïëåííÿ ê³íö³â;
S(kx), BT(kx),CU(kx), DV(kx) – ôóíêö³ÿ Êðèëî-
âà [5]:

S(kx)=1/2(chkx+coskx),

T(kx)=1/2(shkx+sinkx),

U(kx)=1/2(chkx+coskx),

T(kx)=1/2(shkx+sinkx).  (8)

Òàáëèöÿ 1

Ñõåìè ìîæëèâèõ âàð³àíò³â êîìïîíîâêè òðóáîïðîâîäó
íà äâîõ ³ òðüîõ îïîðàõ

Номер компоновки 
Тип закріплення 

трубопроводу на опорах 

n=1 
 

n=2 

 

n=3 
 

n=4 
 

n=5 
 

n=6 
 

n=7 
 

n=8 
 

n=9 
 

n=10 
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Ðîçãëÿíåìî êîëèâàííÿ òðóáîïðîâîä³â äëÿ
÷îòèðüîõ îñíîâíèõ óìîâ çàêð³ïëåííÿ ê³íö³â òðó-
áîïðîâîäó çà äàíèìè [6]:

– ê³íåöü òðóáîïðîâîäó â³ëüíèé;
– æîðñòêå êð³ïëåííÿ ê³íöÿ òðóáîïðîâîäó;
– çàêð³ïëåííÿ ê³íöÿ òðóáîïðîâîäó â

ïðóæí³é îïîð³.
Ôóíêö³¿ Êðèëîâà äàþòü çìîãó çàïèñàòè âè-

ðàç çàãàëüíîãî ³íòåãðàëà, ùî çàäîâîëüíÿº óìî-
âàì íà ê³íö³ x=0 ³ ì³ñòèòü ò³ëüêè äâ³ ïîñò³éí³,
ÿê³ âèçíà÷àþòüñÿ ç óìîâ íà ³íøîìó ê³íö³ x=l [4].
Ïðè íàÿâíîñò³ ïðîì³æíî¿ îïîðè âèðàç äëÿ çà-
ïèñó ôîðìè ãîëîâíîãî êîëèâàííÿ ìàº âèãëÿä
(l äîâæèíà òðóáîïðîâîäó):

y(x)=AS(kx)+BT(kx)+CU(kx)+DV(kx),

ïðè 0õl;

y(x)=AS(kx)+BT(kx)+CU(kx)+DV(kx)+
+R/k3EIV(k(x-l)), ïðè l1õl1+l2.             (9)

Ó òàáë. 1 íàâåäåíî ñõåìè âñ³õ ìîæëèâèõ
âàð³àíò³â êð³ïëåííÿ òðóáîïðîâîäó íà äâîõ ³ òðüîõ
îïîðàõ óðàõóâàííÿì ÿêèõ âèêîíàíî ðîçðàõóíêè
çà ë³òåðàòóðíèìè äàíèìè [5].

Ïðîïîíîâàíà êëàñèô³êàö³ÿ ïîêëàäåíà â
îñíîâó ðîçðîáëåíîãî ïðîãðàìíîãî êîìïëåêñó ç
ðîçðàõóíêó âëàñíèõ ÷àñòîò ³ ôîðì êîëèâàíü òðó-
áîïðîâîäó. Àëãîðèòì ðîçðàõóíêîâî¿ ÷àñòèíè
ïðîãðàìè ïðîäåìîíñòðîâàíî íà ïðèêëàä³.

1. Çàâàíòàæóºìî ðîáî÷³ ìîäóë³ òà âèõ³äí³ äàí³
ç íåîáõ³äíèìè ðîçðàõóíêîâèìè ñï³ââ³äíîøåííÿìè
äëÿ ïàðàìåòð³â ä³ëÿíêè òðóáîïðîâîäó (ñõåìà 1).

2. Çàäàºìî ôóíêö³¿ Êðèëîâà âèêîðèñòîâó-
þ÷è ïðèéîì äëÿ ¿õ áàãàòîðàçîâîãî âèêîðèñòàí-

from scipy.optimizeimport * # Для вирішення чисельним методом 

from numpy import * # для розрахунків 

import matplotlib.pyplot as plt # графіка 

import matplotlib as mpl # графіка 

mpl.rcParams [ 'font.family'] = 'fantasy' # графіка 

mpl.rcParams [ 'font.fantasy'] = 'Comic Sans MS, Arial' # графіка 

L1 = 0.5 # довжина ділянки трубопроводу між опорами в м. 

L2 = 1.0 # довжина ділянки трубопроводу між опорами в м. 

L = L1 + L2 # довжина ділянки трубопроводу в м. 

# X = x / L відносна довжина ділянки трубопроводу 

d = 20e-3 # внутрішній діаметр трубопроводу в м. 

dt = 1.5e-3 # товщина стінки трубопроводу в м. 

D = d + 2 * dt # зовнішній діаметр трубопроводу в м. 

E = 196e9 # модуль Юнга матеріалу в н / м2. 

rm = 7.9e3 # масова щільність матеріалу в кг / м3. 

rg = 1e3 # масова щільність рідини в кг / м3. 

І = (pi / 64) * (D ** 4-d ** 4) # статичний момент інерції труби в М4. 

mg = (pi / 4) * d ** 2 * rg # маса одиниці довжини рідини в кг / м3 

mt = (pi / 4) * (D ** 2-d ** 2) * rm # маса одиниці довжини труби в кг / м3 

m = mg + mt # маса одиниці довжини труби з рідиною в кг / м3 

EJ = E * J # добуток модуля пружності на статичний момент інерції в н * м2 

c = 1e5 # жорсткість закладення в н / м 

c1 = 1e4 # жорсткість закладення в н / м 

c2 = 2e4 # жорсткість закладення в н / м 

c3 = 2e4 # жорсткість закладення в н / м 

n = 2 # вибір компонування ділянки трубопроводу 

l1 = L1 / L # відносна довжина ділянки до закріплення 

l2 = L2 / L # відносна довжина ділянки до закріплення 

l = l1 + l2 # загальна відносна довжина 

 
Ñõåìà 1

def S(k,x):# функція Крилова 

 return (cosh(k*x)+cos(k*x))/2 

def T(k,x):# функція Крилова 

 return (sinh(k*x)+sin(k*x))/2 

def U(k,x):# функція Крилова 

 return (cosh(k*x)-cos(k*x))/2 

def V(k,x):# функція Крилова 

 return (sinh(k*x)-sin(k*x))/2 

 
Ñõåìà 2
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Ñõåìà 3

def f(k):# функції для розрахунку коефіцієнта k форми коливань  

 if n==1: 

 return U(k,1)**2-T(k,1)*V(k,1) 

 elif n==2: 

 return S(k,1)**2-T(k,1)*V(k,1) 

 elif n==3: 

 return (k**3*EJ*S(k,1)- c*V(k,1))*S(k,1)-(k**3*EJ*V(k,1)- c*U(k,1))*T(k,1) 

 elif n==4: 

 return (k**3*EJ*T(k,1)/c+S(k,1))*V(k,1)-(k**3*EJ*U(k,1)/c+T(k,1))*U(k,1) 

 elif n==5: 

 return V(k,1)*(k**3*EJ/c*(k**3*EJ*T(k,1)-c*S(k,1))+k**3*EJ*S(k,1)-c*V(k,1))-(k**3*EJ*U(k,1)-

c*T(k,1))*(k**3*EJ/c*U(k,1)+T(k,1)) 

 elif n==6: 

 a1=U(k,l); 

 a2=T(k,l); 

 a3=k**3*EJ*V(k,l1)-c*U(k,l1); 

 b1=V(k,l); 

 b2=U(k,l) 

 b3=k**3*EJ*S(k,l1)-c*V(k,l1); 

 d1=V(k,l2); 

 d2=U(k,l2) 
 return d1*(a2*b3-a3*b2)-d2*(a1*b3-a3*b1) 

 elif n==7: 

 a1=S(k,l); 

 a2=V(k,l); 

 a3=k**3*EJ*V(k,l1)-c*U(k,l1); 

 b1=T(k,l); 

 b2=S(k,l) 

 b3=k**3*EJ*S(k,l1)-c*V(k,l1); 

 d1=T(k,l2); 

 d2=S(k,l2) 

 return d1*(a2*b3-a3*b2)-d2*(a1*b3-a3*b1) 

 elif n==8: 

 a1=S(k,l); 

 a2=k**3*EJ*V(k,l1)-c1*U(k,l1); 

 a3=k**3*EJ*V(k,l)-c2*U(k,l); 

 b1=U(k,l); 

 b2=k**3*EJ*S(k,l1)-c1*V(k,l1); 

 b3=k**3*EJ*S(k,l)-c2*V(k,l); 

 d1=T(k,l2); 

 d2=k**3*EJ*S(k,l2)-c2*V(k,l2); 

 return d1*(a2*b3-a3*b2)+d2*(a1*b2-a2*b1) 

 elif n==9: 

 a1=V(k,l); 

 a2=U(k,l); 

 a3=k**3*EJ*U(k,l1)-c2*T(k,l1); 

 b1=k**3*EJ/c1*U(k,l)+T(k,l); 

 b2=k**3*EJ/c1*T(k,l)+S(k,l); 

 b3=(k**3*EJ/c1*T(k,l1)+S(k,l1))*k**3*EJ-c2*(k**3*EJ/c1*S(k,l1)+V(k,l1)); 

 d1=T(k,l2); 

 d2=S(k,l2);  

 return d1*(a2*b3-a3*b2)-d2*(a1*b3-a3*b1) 

 elif n==10: 

 a1=V(k,l); 

 a2=k**3*EJ*U(k,l1)-c2*T(k,l1); 

 a3=k**3*EJ*U(k,l)-c2*T(k,l); 

 b1=k**3*EJ/c1*U(k,l)+T(k,l); 

 b2=k**6*E**2*J**2/c1*T(k,l1)+(1-c2/c1)*k**3*EJ*S(k,l1)-c2*V(k,l1); 

 b3=k**6*E**2*J**2/c1*T(k,l)+(1-c3/c1)*k**3*EJ*S(k,l)-c3*V(k,l); 

 d1=T(k,l2); 

 d2=k**3*EJ*S(k,l2)-c3*V(k,l2);  

 return d1*(a2*b3-a3*b2)+d2*(a1*b2-a2*b1) 
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Ñõåìà 4

def y(k,x):# функції для розрахунку форми коливань  

  

 if n==1: 
 return U(k,x)-T(k,1)*V(k,x)/U(k,1) 

 elif n==2: 

 return U(k,x)-V(k,1)*V(k,x)/S(k,1) 

 elif n==3: 

 return U(k,x)-S(k,1)*V(k,x)/T(k,1) 

 elif n==4: 

 return k**3*EJ*S(k,x)/c-(T(k,x)/V(k,1))*(k**3*EJ*U(k,1)/c+T(k,1))+V(k,x) 

 elif n==5: 

 return k**3*EJ*S(k,x)/c-(T(k,x)/V(k,1))*(k**3*EJ*U(k,1)/c+T(k,1))+V(k,x) 

 elif n==6: 

 a1=U(k,l);  

 a3=k**3*EJ*V(k,l1)-c*U(k,l1); 

 b1=V(k,l);b2=U(k,l) 

 b3=k**3*EJ*S(k,l1)-c*V(k,l1); 

 d1=V(k,l2);  

 if 0<=x<=l1: 

 return -b3/a3*U(k,x)+V(k,x) 

 elif l1<x<=l: 

 return -b3/a3*U(k,x)+V(k,x)-1/d1*(-b3/a3*a1+b1)*V(k,x-l1) 

 elif n==7: 

 a1=S(k,l); 

 a2=V(k,l); 

 a3=k**3*EJ*V(k,l1)-c*U(k,l1);  

 b3=k**3*EJ*S(k,l1)-c*V(k,l1); 

 d2=S(k,l2)  

 if 0<=x<=l1: 

 return -b3/a3*U(k,x)+V(k,x) 

 elif l1<x<=l: 

 return -b3/a3*U(k,x)+V(k,x)-1/d2*(-b3/a3*a2+a1)*V(k,x-l1)  

 elif n==8: 

 a1=S(k,l); 

 a2=k**3*EJ*V(k,l1)-c1*U(k,l1);  

 b1=U(k,l); 

 b2=k**3*EJ*S(k,l1)-c1*V(k,l1);  

 d1=T(k,l2);  

 if 0<=x<=l1: 

 return -b2/a2*U(k,x)+V(k,x) 

 elif l1<x<=l: 

 return -b2/a2*U(k,x)+V(k,x)-1/d1*(-b2/a2*a1+b1)*V(k,x-l1)  

 elif n==9: 

 a1=V(k,l);  

 a3=k**3*EJ*U(k,l1)-c2*T(k,l1); 

 b1=k**3*EJ/c1*U(k,l)+T(k,l);  
 b3=(k**3*EJ/c1*T(k,l1)+S(k,l1))*k**3*EJ-c2*(k**3*EJ/c1*S(k,l1)+V(k,l1)); 

 d1=T(k,l2);  

 if 0<=x<=l1: 

 return -b3/a3*T(k,x)+k**3*EJ/c1*S(k,x)+V(k,x) 

 elif l1<x<=l: 

 return -b3/a3*T(k,x)+k**3*EJ/c1*S(k,x)+V(k,x)-1/d1*(b1-a1*b3/a3)*V(k,x-l1)  

 elif n==10: 

 a1=V(k,l); 

 a2=k**3*EJ*U(k,l1)-c2*T(k,l1);  

 b1=k**3*EJ/c1*U(k,l)+T(k,l); 

 b2=k**6*E**2*J**2/c1*T(k,l1)+(1-c2/c1)*k**3*EJ*S(k,l1)-c2*V(k,l1);  

 d1=T(k,l2);  

 if 0<=x<=l1: 

 return -b2/a2*T(k,x)+k**3*EJ/c1*S(k,x)+V(k,x) 

 elif l1<x<=l: 

 return -b2/a2*T(k,x)+k**3*EJ/c1*S(k,x)+V(k,x)-1/d1*(b1-a1*b2/a2)*V(k,x-l1) 
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Ñõåìà 5

d=[] 

w=0 

for i in range(0,4+w):# перебор k  

 k=brentq(lambda k:f(k),0+pi*i,pi+pi*i)# числове визначення k 

 if k==0:# виключення нульового значення k 

 w=1 

 elif k!=0: 

 p=round(k,3) 

 if p not in d: 

 d.append(p) 

 

q =linspace(0,1,100)  

x=[w for w in q ] 

for k in d: 

 w=round((k**2*(EJ/m)**0.5)/(2*pi*L**2),3) 

 z=[y(k,x)for x in q] 

 plt.plot(x, z,label='k= %s,f=%s Гц' %(str(k),str(w))) 

plt.title('Перші три форми вигибних коливань у вісьовій лінії труби для компоновки № %s'%n) 

plt.xlabel(' x/L ') 

plt.ylabel('Y(x/L) ') 

plt.legend(loc='best') 

plt.grid(True)plt.show() 

plt.show() 

 
Ñõåìà 6

íÿ ó âèãëÿä³ ïðîãðàìíèõ ôóíêö³é defS(k,x) ç ïå-
ðåäà÷åþ â íèõ çì³ííèõ k, x (ñõåìà 2).

3.Îòðèìóºìî ôóíêö³¿ äëÿ âèçíà÷åííÿ êî-
åô³ö³ºíòà ôîðìè êîëèâàíü k â³äïîâ³äíî äî íî-
ìåð³â êîìïîíîâîê n â³ä 1 äî 10 (ñõåìà 3).

4. Îòðèìóºìî ôóíêö³¿ äëÿ âèçíà÷åííÿ ôîð-
ìè êîëèâàíü y(x) â³äïîâ³äíî äî íîìåðàìè êîì-
ïîíîâîê n â³ä 1 äî 10 (ñõåìà 4).

5. Çíàõîäèìî ÷èñåëüí³ çíà÷åííÿ ïåðøèõ
òðüîõ êîåô³ö³ºíò³â ôîðìè k âèêëþ÷àþ÷è ïðè
öüîìó éîãî íóëüîâå çíà÷åííÿ. Ïðè öüîìó âèð³-
øóºìî ïðîáëåìó îáëàñò³ ïîøóêó äëÿ k øëÿõîì
âèêîðèñòàííÿ ä³àïàçîíó 0+pi*i, pi+pi*i (ñõåìà 5).

6. Áóäóºìî íà îäíîìó ãðàô³êó óñ³ òðè ôîð-
ìè êîëèâàíü ç îá÷èñëåíèìè ÷àñòîòàìè (ñõåìà 6).

Ç âèêîðèñòàííÿì ðîçðîáëåíîãî ïðîãðàìíî-
ãî çàáåçïå÷åííÿ âèçíà÷èìî ôîðìè êîëèâàíü òðó-
áîïðîâîäó äëÿ âèïàäêó, êîëè òðóáîïðîâ³ä çàêð³-
ïëåíèé íà äâîõ ïðóæíèõ îïîðàõ ùîäî ïîïåðå-
÷íèõ ïåðåì³ùåíü íà ê³íöÿõ. Êîðèñòóþ÷èñü íà-
âåäåíîþ ìåòîäèêîþ, ðåàë³çîâàíîþ â ðîçðîáëåí³é
ïðîãðàì³, îòðèìàºìî â³çóàë³çàö³þ ÷àñòîòè ³ ôîð-

ìè ãîëîâíèõ êîëèâàíü äëÿ âêàçàíî¿ êîìïîíîâ-
êè ä³ëÿíêè òðóáîïðîâîäó ó â³äïîâ³äíîñò³ äî
ð³âíÿíü ðîçðàõóíêó ÷àñòîòè òà ôîðìè ãîëîâíèõ

Òàáëèöÿ 2

Åêñïåðèìåíòàëüíà ïåðåâ³ðêà òî÷íîñò³ âèçíà÷åííÿ ÷àñòîò

Номер власної 

частоти 

Експериментальне 

значення, Гц 
Розраховане значення, Гц 

Похибка розрахунку,  

% 

Перша форма 66,6 67,8 1,2 

Друга форма 132,1 134,3 2,2 

Третя форма 284,2 290,1 5,9 

 

Â³çóàë³çàö³ÿ ïåðøèõ òðüîõ ôîðì âèãèáíèõ êîëèâàíü

â³ñüîâî¿ ë³í³¿ òðóáîïðîâîäó
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êîëèâàíü (ðèñóíîê).
Åêñïåðèìåíòàëüíà ïåðåâ³ðêà òî÷íîñò³ âèç-

íà÷åííÿ ÷àñòîò ïðîâîäèëàñü ç âèêîðèñòàííÿì
ÂÄ ç öèë³íäðè÷íèì ðåçîíàòîðîì [10]. Ðåçóëüòà-
òè ïîð³âíÿëüíîãî àíàë³çó íàâåäåí³ â òàáë. 2.

Ïîì³òíî, ùî ïîõèáêà çðîñòàº ç³ çðîñòàí-
íÿì ôîðìè, îäíàê çíà÷åííÿ ïîõèáêè âèçíà÷åí-
íÿ ÷àñòîòè êîëèâàííÿ íà ïåðø³é ôîðì³ º ïåðå-
êîíëèâèì àðãóìåíòîì äëÿ âèêîðèñòàííÿ ðîçðîá-
ëåíî¿ àíàë³òè÷íî¿ ìîäåë³. Äëÿ ³íøèõ ôîðì ïî-
õèáêà â ìåæàõ äîïóñòèìîãî (5%) ç óðàõóâàííÿì
òîãî ùî ðîçðàõóíîê íå âðàõîâóº òåðòÿ ³ âïëèâ
øâèäêîñò³ ïîòîêó [10].
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Îëåéíèê Î.Þ., Òàðàíåíêî Þ.Ê.

Ñòàòüÿ ïîñâÿùåíà ðàçðàáîòêå àíàëèòè÷åñêîé äëÿ ðàñ-
÷åòà è îïòèìèçàöèè âèáðîàêóñòè÷åñêîãî íàãðóçêè òðóáîïðî-
âîäîâ òåõíîëîãè÷åñêèõ àïïàðàòîâ. Îòêëîíåíèå ïàðàìåòðîâ
ãåîìåòðèè òðóáîïðîâîäà îò èäåàëüíûõ è íåîäíîðîäíîñòü ìà-
òåðèàëà âëèÿþò íà âèáðîàêóñòè÷åñêèé íàãðóçêè òåõíîëîãè-
÷åñêèõ àïïàðàòîâ. Ñóùåñòâóþùèå ìíîãî÷èñëåííûå àëãîðèòìû
ðàñ÷åòîâ ÷àñòîò è ôîðì êîëåáàíèé òåõíîëîãè÷åñêèõ òðóáî-
ïðîâîäîâ, èñïîëüçóåìûõ äëÿ îöåíêè îñíîâíîé ÷àñòîòû êîëåáà-
òåëüíîé ñèñòåìû íå ó÷èòûâàþò äèíàìè÷åñêèå õàðàêòåðèñ-
òèêè. Òî÷íîñòü ÷àñòîòû êîëåáàíèé îïðåäåëåíèÿ âèáðîàêóñ-
òè÷åñêîãî íàãðóçêè çàâèñèò îò âûáîðà ôîðìû êîëåáàíèé, êî-
òîðóþ èíîãäà òðóäíî çàðàíåå ïðåäñêàçàòü. Ïðàêòè÷åñêèå çà-
äà÷è òðåáóþò âûïîëíåíèÿ ðàñ÷åòíûõ ðàáîò ñ òðåáóåìîé òî÷-
íîñòüþ. Îòñóòñòâèå òî÷íîãî ìåòîäà ðàñ÷åòà ÷àñòîò è ôîðì
êîëåáàíèé òðóáîïðîâîäîâ, êîòîðûé áû ó÷èòûâàë òèï êðåïëå-
íèÿ è ðàñïîëîæåíèÿ ñîïðîòèâëåíèå, ïðîåêòèðîâùèêè âûíóæ-
äåíû àäàïòèðîâàòü ñóùåñòâóþùèå ïîäõîäû è ìîäåëè ðàñ÷å-
òîâ ê êîíêðåòíûì èçìåðèòåëüíûì óñëîâèÿì. Ïîýòîìó íà ïðàê-
òèêå ïðèìåíÿþò óïðîùåííûå è ïðèáëèæåííûå ìåòîäû ðàñ÷å-
òà. Ïðè íàëè÷èè ñîñðåäîòî÷åííûõ ìàññ è â ñëó÷àå ó÷åòà ðàññå-
ÿíèÿ ýíåðãèè â ìåñòàõ êðåïëåíèÿ òðóáîïðîâîäîâ àëãîðèòìû
ðàñ÷åòà ñòàíîâÿòñÿ áîëåå òðóäîåìêèìè. Â íåêîòîðûõ ñëó÷àÿõ
âîçìîæíîñòü ìàòåìàòè÷åñêîé òðàêòîâêè çàäà÷à ñòàíîâèò-
ñÿ âûïîëíèìîé òîëüêî ïðè óñëîâèè ââåäåíèÿ â ðàñ÷åò íåêîòî-
ðûõ óïðîùåíèé. Ïðåäëîæåííàÿ àíàëèòè÷åñêàÿ ìîäåëü ðàñ÷åòà
÷àñòîò è ôîðì êîëåáàíèé âèáðîàêóñòè÷åñêîãî íàãðóçêè áàçè-
ðóåòñÿ íà ìåòîäå Êðûëîâà. Îïðåäåëåíèå ñîáñòâåííûõ ôîðì è
÷àñòîò êîëåáàíèé òðóáîïðîâîäà îñóùåñòâëÿåòñÿ èíòåãðàöè-
åé èñõîäíîãî äèôôåðåíöèàëüíîãî óðàâíåíèÿ ñâîáîäíûõ ïîïåðå÷-
íûõ êîëåáàíèé äëÿ ðàçëè÷íûõ òèïîâ çàêðåïëåíèÿ êîíöîâ. Ïðè-
âåäåííûå ðåçóëüòàòû ïðîãðàììíîé ðåàëèçàöèè ìîäåëè â ïðî-
ãðàììíîé ñðåäå Python.

Êëþ÷åâûå ñëîâà: âèáðî÷àñòîòíûé ìåòîä êîíòðîëÿ,
÷àñòîòà, ôîðìà êîëåáàíèé, ôóíêöèè Êðûëîâà.
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DEVELOPMENT OF AN ANALYTICAL MODEL FOR
CALCULATING AND OPTIMIZING VIBROACOUSTIC
LOADING OF TECHNOLOGICAL EQUIPMENT
PIPELINES

Oliynyk O., Taranenko Y.

Ukrainian State Chemical Technological University, Dnipro,
Ukraine

The article is devoted to the development of analytical model
for calculation and optimization of vibroacoustic load of pipelines of
technological apparatuses. A deviation of pipeline geometry from the
ideal one and the heterogeneity of material affect the vibroacoustic
load of a technological apparatus. Numerous existing algorithms for
calculating frequencies and forms of fluctuations in technological
pipelines used to estimate the fundamental frequency of a vibrational
system do not take into account dynamic characteristics. An accuracy
of an oscillation frequency of determining the vibration acoustic load
depends on the choice of the form of oscillation, which is sometimes
difficult to predict in advance. Practical tasks require performing
design work with a required accuracy. The lack of an accurate
method for calculating frequencies and forms of fluctuations in
pipelines, which would take into account a type of fastening and a
location of resistance, forces designers to adapt existing approaches
and models of calculations to specific measuring conditions. Therefore,
in practice, simplified and approximate methods of calculation are
used. In the presence of concentrated masses and in the case of
energy scattering registration in places where pipelines are fastened,
calculation algorithms become more labor intensive. In some cases,
a possibility of mathematical interpretation of a task becomes feasible
only if some simplifications are introduced. The proposed analytical
model for calculation of frequencies and forms of vibroacoustic load
oscillations is based on the Krylov method. The determination of
eigenforms and frequencies of vibrations of a pipeline is carried out
by integrating an initial differential equation of free transverse
oscillations for various types of fastening of the ends. The results of
the software implementation of the model in the Python software
environment are shown.

Êëþ÷îâ³ ñëîâà: vibration frequency control method, fre-
quency, waveform, Krylov function.
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ÄÂÍÇ «Óêðà¿íñüêèé äåðæàâíèé õ³ì³êî-òåõíîëîã³÷íèé óí³âåðñèòåò», ì. Äí³ïðî, Óêðà¿íà

Ñòàòòÿ ïðèñâÿ÷åíà ô³íàíñîâî-åêîíîì³÷íîìó îö³ííþâàíí³ ñòàíó àâòîòðàíñïîðòíèõ

ï³äïðèºìñòâ Óêðà¿íè øëÿõîì âèêîðèñòàííÿ áàãàòîâèì³ðíîãî ñòàòèñòè÷íîãî êëàñ-

òåðíîãî àíàë³çó. Â ñòàòò³ áóëî ðîçâ’ÿçàíî çàäà÷ó àíàë³çó ô³íàíñîâî-åêîíîì³÷íîãî

ñòàíó ï³äïðèºìñòâ Óêðà¿íè çà 2013–2017 ðð. ó ïàêåò³ STATISTICA ç óðàõóâàííÿì

ô³íàíñîâî-åêîíîì³÷íèõ ïîêàçíèê³â. Ó äîñë³äæåíí³ çàñòîñîâàíî ÷îòèðè ãðóïè ïî-

êàçíèê³â: ë³êâ³äí³ñòü, ô³íàíñîâà ñò³éê³ñòü, ä³ëîâà àêòèâí³ñòü, ðåíòàáåëüí³ñòü çà äà-

íèìè ô³íàíñîâî¿ çâ³òíîñò³ äåñÿòè àâòîòðàíñïîðòíèõ ï³äïðèºìñòâ. Âèêîðèñòàííÿ

ìåòîäó k-ñåðåäí³õ òà àãëîìåðàòèâíîãî ìåòîäó äåðåâîïîä³áíî¿ êëàñòåðèçàö³¿ äîçâî-

ëèëî ðîçä³ëèòè ï³äïðèºìñòâà íà òðè êëàñòåðè, ÿê³ â³äîáðàæàþòü ¿õ ñòàí: êðèçîâèé,

ïåðåäêðèçîâèé, íåêðèçîâèé. Ïðè çàñòîñóâàíí³ ìåòîäó k-ñåðåäí³õ ìåòîäîì ñîðòó-

âàííÿ â³äñòàí³ òà âèáîðó ñïîñòåðåæåííÿ íà ïîñò³éíèõ ³íòåðâàëàõ çàäàíî ïî÷àòêîâ³

öåíòðè êëàñòåð³â, âèáðàíî ñïîñòåðåæåííÿ, ÿê³ ìàêñèì³çóþòü ïî÷àòêîâ³ â³äñòàí³ ì³æ

êëàñòåðàìè. Îòðèìàíî çíà÷åííÿ ì³æãðóïîâèõ ³ ñåðåäíüîãðóïîâèõ äèñïåðñ³é, ïàðà-

ìåòðà F òà ð³âíÿ çíà÷óùîñò³, ùî äîçâîëèëî âèÿâèòè ô³íàíñîâî-åêîíîì³÷í³ ïîêàç-

íèêè, ÿê³ íåñóòü íàéá³ëüøó ³íôîðìàòèâí³ñòü äëÿ ïðîöåñó êëàñòåðèçàö³¿ ìåòîäîì k-

ñåðåäí³õ. Äëÿ êëàñòåðèçàö³¿ àãëîìåðàòèâíèì ìåòîäîì äåðåâîïîä³áíî¿ êëàñòåðèçàö³¿

ó ÿêîñò³ ïðàâèëà îá’ºäíàííÿ â êëàñòåðè âçÿòî ìåòîä îäèíî÷íîãî çâ’ÿçêó. B ðåçóëü-

òàò³ êëàñòåðèçàö³¿ ïîáóäîâàíî äåíäðîãðàìó, ÿêà äîçâîëÿº âèçíà÷èòè êëàñòåðè â çà-

ëåæíîñò³ â³ä â³äñòàí³ ì³æ íèìè. Öå äîçâîëèëî ðîçãëÿíóòè õàðàêòåðèñòèêó ð³çíèõ

ñòîð³í ô³íàíñîâîãî ñòàíó ï³äïðèºìñòâà, âèÿâèòè ÿê³ ïàðàìåòðè óòâîðþþòü ïî÷àò-

êîâ³ êëàñòåðè ñòàíó ï³äïðèºìñòâ, òà ÿê³ óòâîðþþòü îêðåì³ êëàñòåðè ³ ïîñòóïîâî

ïðèºäíóþòüñÿ äî ïåðøèõ êëàñòåð³â. Ïîáóäîâàíà ãîðèçîíòàëüíà äåðåâîïîä³áíà ä³àã-

ðàìà àâòîòðàíñïîðòíèõ ï³äïðèºìñòâ â³äîáðàæàº ï³äïðèºìñòâà, ÿê³ ò³ñíî ñòèñêà-

þòüñÿ îäèí ç îäíèì òà øëÿõîì îá’ºäíàííÿ ôîðìóþòü íîâ³ êëàñòåðè. Îòðèìàí³

êëàñòåðè øëÿõîì êëàñòåðèçàö³¿ ìåòîäîì k-ñåðåäí³õ òà àãëîìåðàòèâíèì ìåòîäîì

äåðåâîïîä³áíî¿ êëàñòåðèçàö³¿ áóëî ïðîàíàë³çîâàíî òà çðîáëåíî âèñíîâêè ùîäî ¿õ

ñòàíó.

Êëþ÷îâ³ ñëîâà: êëàñòåðíèé àíàë³ç, ìåòîä k-ñåðåäí³õ, àãëîìåðàòèâíèé ìåòîä äåðåâî-

ïîä³áíî¿ êëàñòåðèçàö³¿, ô³íàíñîâî-åêîíîì³÷íèé ñòàí ï³äïðèºìñòâ, ñòàí ï³äïðèºìñòâ.
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Ïîñòàíîâêà ïðîáëåìè

Çà óìîâ ³íòåãðàö³¿ òà ãëîáàë³çàö³¿ êëþ÷îâå
çíà÷åííÿ ó ðîçâ’ÿçàíí³ ïðîáëåì çðîñòàííÿ êîí-
êóðåíòîñïðîìîæíîñò³ íàö³îíàëüíî¿ åêîíîì³êè
ìàþòü ñó÷àñí³ îðãàí³çàö³éí³ óòâîðåííÿ, à ñàìå:
íàóêîâ³ ³ òåõíîëîã³÷í³ ïàðêè, òåõíîïîë³ñè, ³ííî-
âàö³éí³ òà íàóêîâî-òåõíîëîã³÷í³ öåíòðè, á³çíåñ-
³íêóáàòîðè, êëàñòåðè. Àäæå, ãîñïîäàðñüêà ãëî-
áàë³çàö³ÿ çíà÷íî ïîñëàáëþº íàö³îíàëüí³ áàð’º-
ðè, ñïðèÿþ÷è óí³ô³êàö³¿ á³çíåñó ³ çà äàíèõ óìîâ

ðåã³îíàëüíî-ïðîñòîðîâ³ ñèñòåìè º ãîëîâíèìè
ñóá’ºêòàìè ãîñïîäàðþâàííÿ ÿê â ìåæàõ êðà¿íè,
òàê ³ â ãëîáàëüíîìó ñåðåäîâèù³ [1].

Àíàë³ç ô³íàíñîâîãî ñòàíó ï³äïðèºìñòâà º
âàæëèâîþ ³ àêòóàëüíîþ ïðîáëåìîþ, ÿê äëÿ êîæ-
íîãî ï³äïðèºìñòâà, òàê ³ äëÿ äåðæàâè â ö³ëîìó.
Ðàí³øå ïðè àíàë³ç³ ñòàíó ï³äïðèºìñòâà ââîäè-
ëèñÿ ð³çíîãî ðîäó ë³ì³òè, ôîíäè, ³ ç ãîëîâíèõ
ïîêàçíèê³â âèä³ëÿëè ïðèáóòîê. Öåé ïîêàçíèê áóâ
îñíîâîþ ùîäî âèñíîâê³â ïðî ô³íàíñîâèé ñòàí



Pisarkova V.R., Naumenko N.Yu.

64 ISSN 2521-6406, Computer Modeling: Analysis, Control, Optimization, 2019, No. 1, pp. 63-69

ï³äïðèºìñòâà.
Â äàíèé ÷àñ òàêèé ï³äõ³ä íåìîæëèâèé, òàê

ÿê êîæíå ï³äïðèºìñòâî â óìîâàõ ðèíêîâèõ â³äíî-
ñèí çàö³êàâëåíå â ñòàá³ëüíîñò³, ïëàòîñïðîìîæ-
íîñò³, ìîæëèâîñò³ åêîíîì³÷íîãî çðîñòàííÿ, â ñó-
÷àñíèõ ìåòîäàõ îö³íþâàííÿ òà àíàë³çó. Ó çâ’ÿç-
êó ç öèì âàæëèâî âæå íå ñò³ëüêè âðàõîâóâàòè
ðîçì³ð ïðèáóòêó, ñê³ëüêè âèçíà÷àòè ð³âåíü ïëà-
òîñïðîìîæíîñò³, ô³íàíñîâó ñò³éê³ñòü, ä³ëîâó àê-
òèâí³ñòü, ðåíòàáåëüí³ñòü.

Çàñòîñîâóâàí³ â Óêðà¿í³ ìåòîäè àíàë³çó
ô³íàíñîâî-åêîíîì³÷íîãî ñòàíó ï³äïðèºìñòâà
â³äñòàþòü â³ä ðîçâèòêó ðèíêîâî¿ åêîíîì³êè. Áà-
ãàòî ïèòàíü ³ ïðîáëåìè òàê³, ÿê îö³íêà ñòàíó
ï³äïðèºìñòâà ìåòîäàìè ñó÷àñíîãî áàãàòîâèì³ð-
íîãî ñòàòèñòè÷íîãî àíàë³çó äîñë³äæåí³ ç íåäî-
ñòàòíüîþ ïîâíîòîþ.

Àíàë³ç îñòàíí³õ äîñë³äæåíü ³ ïóáë³êàö³é

Ïîíÿòòÿ «êëàñòåð» õàðàêòåðèçóºòüñÿ çíà÷-
íîþ ê³ëüê³ñòþ ï³äõîä³â äî ðîçóì³ííÿ éîãî ñóò-
íîñò³, åêîíîì³÷íîãî çì³ñòó ³ ïîÿñíåííÿ ç òî÷êè
çîðó ³íñòèòóö³éíî¿ òåîð³¿. Ðîçãëÿäó êëàñòåð³â
ïðèñâÿ÷åí³ ðîáîòè: Â. Àãàôîíîâà, Ì. Àôàíàñüº-
âà, À. Áóðÿêà, ª. Áåçâóøêî, Í. Âëàñîâî¿,
Ì. Âîéíàðåíêî, À. Âîðîíîâà, Ä. Ãðóøåâñüêîãî,
Â. Äóáíèöüêîãî, Ð. Êà÷àëîâà, Ã. Êëåéíåðà,
À. Êóä³íîâà, Þ. Ëàâðèêîâà, ². Ï³ñòóíîâà, Å. Ìî-
íàñòèðíîãî, Í. Íàãðóäíî¿, Ñ. Îñàä÷óêà, Â. Îñè-
ïîâà, ². Ïèëèïåíêî, Î. Ðîìàíîâî¿, Ñ. Ñîêîëåí-
êî, Â. ×åâãàíîâà, Î. Þäàíîâà òà ³í.

Ìåòà ³ ïîñòàíîâêà çàäà÷³ äîñë³äæåííÿ

Ìåòîþ äîñë³äæåííÿ º çàñòîñóâàííÿ áàãà-
òîâèì³ðíîãî ñòàòèñòè÷íîãî êëàñòåðíîãî àíàë³çó
äëÿ ô³íàíñîâî-åêîíîì³÷íîãî îö³íþâàííÿ ñòàíó
àâòîòðàíñïîðòíèõ ï³äïðèºìñòâ Óêðà¿íè.

Âèêëàä îñíîâíîãî ìàòåð³àëó äîñë³äæåííÿ

Êëàñòåðèçàö³ÿ, â çàãàëüíîìó âèãëÿä³, âèç-
íà÷àºòüñÿ ÿê ïðîöåñ ñóì³ñíîãî ðîçòàøóâàííÿ
ô³ðì ³ ³íøèõ ä³éîâèõ îñ³á óñåðåäèí³ êîíöåíòðî-
âàíî¿ ãåîãðàô³÷íî¿ îáëàñò³, êîîïåðàö³¿ íàâêîëî
ïåâíî¿ ôóíêö³îíàëüíî¿ í³ø³ ³ âñòàíîâëåííÿ
ò³ñíèõ âçàºìîçâ’ÿçê³â ³ ðîáî÷èõ àëüÿíñ³â äëÿ
ïîñèëåííÿ ¿õ êîëåêòèâíî¿ êîíêóðåíòîñïðîìîæ-
íîñò³ [2].

Êëàñòåðíèé àíàë³ç – öå çàãàëüíà íàçâà
áåçë³÷³ îá÷èñëþâàëüíèõ ïðîöåäóð, ùî âèêîðè-
ñòîâóþòüñÿ ïðè ñòâîðåíí³ êëàñèô³êàö³¿. Á³ëüø
òî÷íî, êëàñòåðíèé ìåòîä – öå áàãàòîâèì³ðíà
ñòàòèñòè÷íà ïðîöåäóðà, ùî âèêîíóº çá³ð äàíèõ,
ÿê³ ì³ñòÿòü ³íôîðìàö³þ ïðî âèá³ðêó îá’ºêò³â, à
ïîò³ì âïîðÿäêîâóº îá’ºêòè â ïîð³âíÿíî îäíîð³äí³
ãðóïè.

Îäíå ç âàæëèâèõ ïðèçíà÷åíü êëàñòåðèçàö³¿
– ï³äâèùåííÿ êîíêóðåíòîñïðîìîæíîñò³ êîæíî¿

êîìïàí³¿, ÿêà âõîäèòü â êëàñòåð, ï³äâèùåííÿ
êîíêóðåíòîñïðîìîæíîñò³ âèðîáíèöòâà ³ ñò³éêîãî
ôóíêö³îíóâàííÿ åëåìåíò³â âñ³º¿ ñèñòåìè. ×àñ-
òêà ê³íöåâî¿ ïðîäóêö³¿ â çàãàëüíîìó îáñÿç³ ïðî-
äàæ³â àíàëîã³÷íî¿ ïðîäóêö³¿ – ãîëîâíèé ïîêàç-
íèê êîíêóðåíòîñïðîìîæíîñò³ [3].

Äëÿ îá’ºäíàííÿ îá’ºêò³â â êëàñòåðè íåîá-
õ³äíî ìàòè â ðîçïîðÿäæåíí³ ì³ðó ïîä³áíîñò³ ì³æ
îá’ºêòàìè. Òå, ùî äåÿê³ ðå÷³ âèÿâëÿþòü ì³æ ñî-
áîþ ïîä³áí³ñòü àáî â³äì³íí³ñòü, º âåëüìè âàæ-
ëèâèì ìîìåíòîì äëÿ ïðîöåñó êëàñèô³êàö³¿.
Ïðèíöèï ïîåòàïíîãî ìåòîäó ðîçáèòòÿ âèá³ðêè
íà îêðåì³ ãðóïè äîñèòü ïðîñòèé. Îäíàê, íåçâà-
æàþ÷è íà ïðîñòîòó, ïîíÿòòÿ ïîä³áíîñò³ ³ îñîá-
ëèâî ïðîöåäóðè, ÿê³ âèêîðèñòîâóþòüñÿ ïðè âè-
ì³ðþâàíí³ ïîä³áíîñò³, íå òàê³ ïðîñò³. Íå ³ñíóº
í³ îäí³º¿ çàãàëüíîïðèéíÿòî¿ äëÿ âèêîðèñòàííÿ
ì³ðè ñõîæîñò³. Íàéá³ëüø ïîøèðåíèìè ï³äõîäà-
ìè º: êîåô³ö³ºíòè êîðåëÿö³¿, ìåòîäè â³äñòàí³,
êîåô³ö³ºíòè àñîö³àòèâíîñò³, ³ìîâ³ðí³ñòí³ êîåô³-
ö³ºíòè ïîä³áíîñò³.

Çà äîïîìîãîþ ð³çíèõ ìåòîä³â êëàñòåðèçàö³¿
ìîæíà îòðèìàòè ð³çí³ ðåçóëüòàòè äëÿ îäíèõ ³ òèõ
ñàìèõ âèõ³äíèõ äàíèõ. Äåÿê³ ìåòîäè ìàþòü îñîá-
ëèâîñò³ ³ âëàñòèâîñò³, ùî íå ïðèòàìàíí³ ³íøèì
ìåòîäàì. Íàïðèêëàä, ìåòîä îäèíî÷íîãî çâ’ÿçêó
ìàº òåíäåíö³þ äî óòâîðåííÿ äîâãèõ ëàíöþã³â
êëàñòåð³â, â òîé ÷àñ ÿê ìåòîä Óîðäà ñõèëüíèé äî
óòâîðåííÿ ù³ëüíèõ ã³ïåðñôåðè÷íèõ êëàñòåð³â.
Ðîçóì³ííÿ òîãî, ùî ð³çí³ ìåòîäè êëàñòåðèçàö³¿
áóäóòü ïîðîäæóâàòè ð³çí³ ðåçóëüòàòè, ìàº á³ëüø
í³æ ïðîñòî àêàäåì³÷íèé ³íòåðåñ, îñê³ëüêè ö³
ìåòîäè çàñòîñîâóþòüñÿ äî äîñë³äæåííÿ ðåàëü-
íèõ äàíèõ áåç îñîáëèâèõ ðîçäóì³â. Êðàùå ùå äî
âè÷åðïíîãî àíàë³çó äàíèõ çíàòè ñèëüí³ ³ ñëàáê³
ñòîðîíè ð³çíèõ ìåòîä³â, í³æ ðàïòîâî âèÿâèòè,
ùî ðåçóëüòàòè àíàë³çó áàãàòî â ÷îìó çîáîâ’ÿçàí³
âëàñòèâîñòÿì ñàìîãî ìåòîäó, à íå âíóòð³øí³é
ñòðóêòóð³ äàíèõ.

Ãîëîâíå ïðèçíà÷åííÿ êëàñòåðíîãî àíàë³çó
(â³ä àíãë. Cluster – ãðîíî, ñêóï÷åííÿ) – ðîçáèò-
òÿ ìíîæèíè äîñë³äæóâàíèõ îá’ºêò³â ³ îçíàê íà
îäíîð³äí³ â äåÿêîìó ñåíñ³ ãðóïè àáî êëàñòåðè [4].
Ìåòîäè êëàñòåðíîãî àíàë³çó ìîæíà çàñòîñîâó-
âàòè íàâ³òü òîä³, êîëè ìîâà éäå ïðî ïðîñòå óãðó-
ïóâàííÿ, â ÿêîìó âñå çâîäèòüñÿ äî óòâîðåííÿ
ãðóï ïî ê³ëüê³ñí³é ïîä³áíîñò³.

Äëÿ ïðîâåäåííÿ êëàñòåðíîãî àíàë³çó äëÿ
àâòîòðàíñïîðòíèõ ï³äïðèºìñòâ çàñòîñîâàíî ìå-
òîä k-ñåðåäí³õ. Ìåòîä k-ñåðåäí³õ – öå ìåòîä
êëàñòåðíîãî àíàë³çó, ìåòà ÿêîãî ïîëÿãàº â ðîç-
ïîä³ëåíí³ m ñïîñòåðåæåíü (ç ïðîñòîðó Rn) íà k
êëàñòåð³â, ïðè öüîìó êîæíå ñïîñòåðåæåííÿ
â³äíîñèòüñÿ äî òîãî êëàñòåðó, äî öåíòðó ÿêîãî
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âîíî íàéáëèæ÷å.
Â ÿêîñò³ ì³ðè áëèçüêîñò³ âèêîðèñòîâóºòüñÿ

Åâêë³äîâà â³äñòàíü (1):

n 2

p pp 1

n

(x, y) x y (x y ) ,

де x, y R .


    




  

(1)

Ðîçãëÿíåìî íèçêó ñïîñòåðåæåíü
(õ(1),õ(2),…,õ(m)), õ(j) Rn.

Ìåòîä k-ñåðåäí³õ ïîä³ëÿº m ñïîñòåðåæåíü
íà k êëàñòåð³â (km) S={S1,S2,…,Sk}, ùîá ì³í³ì³çó-
âàòè ñóìàðíå êâàäðàòè÷íå â³äõèëåííÿ òî÷îê êëà-
ñòåð³â â³ä öåíòð³â öèõ êëàñòåð³â (2):

i

2k ( j)

i 1 x( j) S

( j) n n

i

min x ,

де x R ,  R ,

 
   

  

 
  

(2)

äå i – öåíòð êëàñòåðà Si.
ßêùî ì³ðà áëèçüêîñò³ äî öåíòðó êëàñòåðà

âèçíà÷åíà, òî ðîçáèòòÿ îá’ºêò³â íà êëàñòåðè çâî-
äèòüñÿ äî âèçíà÷åííÿ öåíòð³â êëàñòåð³â. ×èñëî
êëàñòåð³â k çàäàºòüñÿ çàçäàëåã³äü.

Ðîçãëÿíåìî ïî÷àòêîâèé íàá³ð k ñåðåäí³õ
(öåíòð³â) 1,…,ê ó êëàñòåðàõ S1,S2,…,Sk. Íà ïåð-
øîìó åòàï³ öåíòðè êëàñòåð³â îáèðàþòüñÿ âèïàä-
êîâî àáî çà ïåâíèì ïðàâèëîì (íàïðèêëàä, îáðà-
òè öåíòðè, ÿê³ ìàêñèì³çóþòü ïî÷àòêîâ³ â³äñòàí³
ì³æ êëàñòåðàìè).

Â³äíîñèìî ñïîñòåðåæåííÿ äî òèõ êëàñòåð³â,
÷èº ñåðåäíº (öåíòð) äî íèõ íàéáëèæ÷å. Êîæíå
ñïîñòåðåæåííÿ íàëåæèòü ò³ëüêè äî îäíîãî êëàñ-
òåðà, íàâ³òü ÿêùî éîãî ìîæíà â³äíåñòè äî äâîõ
àáî á³ëüøå êëàñòåð³â.

Ï³ñëÿ öüîãî, öåíòð êîæíîãî i-ãî êëàñòåðà
ïåðåðàõîâóºòüñÿ çà íàñòóïíèì ïðàâèëîì (3):

( j)
i

( j)

j

x si

1
x .

s 

     (3)

Òàêèì ÷èíîì àëãîðèòì k-ñåðåäí³õ ïîëÿãàº
ó ïåðåðàõóíêó íà êîæíîìó êðîö³ öåíòðó äëÿ êîæ-
íîãî êëàñòåðà, îòðèìàíîãî íà ïîïåðåäíüîìó
êðîö³. Àëãîðèòì çóïèíÿºòüñÿ, êîëè çíà÷åííÿ mi

íå çì³íþþòüñÿ: i
êðîê t=i

êðîê t+1.
Íà îñíîâ³ äàíèõ áóõãàëòåðñüêîãî áàëàíñó

çà 5 ðîê³â ä³ÿëüíîñò³ äëÿ êëàñòåðíîãî àíàë³çó
ðîçðàõîâàíî ô³íàíñîâî-åêîíîì³÷í³ ïîêàçíèêè
äëÿ äåñÿòè àâòîòðàíñïîðòíèõ ï³äïðèºìñòâ Óê-
ðà¿íè, à ñàìå: ÏÏ «Àâòîåêñïðåñ-Äí³ïðî»,

ÏÀÒ «ÀÒÏ-11210», ÏÀÒ «Òåðíè-ÀÂÒÎ»,
ÏÀÒ «Ï³âí³÷òðàíñ», ÏÀÒ «Óêðáóä», ÏÐÀÒ «×åð-
êàñèàâòîòðàíñ», ÏÐÀÒ «Çàêàðïàòàâòîòðàíñ»,
ÏÐÀÒ «Ïîä³ëëÿ-Ïëþñ», ÒÎÂ «ÂÎÑÒÎÊ»,
ÏÀÒ «Äí³ïðîïåòðîâñüêå àâòîòðàíñïîðòíå
ï³äïðèºìñòâî 11201»).

²íôîðìàö³éíèì çàáåçïå÷åííÿì âèñòóïèëè
íàñòóïí³ ê³ëüê³ñí³ ô³íàíñîâ³ ïîêàçíèêè: êî-
åô³ö³ºíò çàãàëüíî¿ ë³êâ³äíîñò³ (L1), êîåô³ö³ºíò
àáñîëþòíî¿ ë³êâ³äíîñò³ (L2), êîåô³ö³ºíò ïîòî-
÷íî¿ ë³êâ³äíîñò³ (L3), êîåô³ö³ºíò íåçàëåæíîñò³
(F1), êîåô³ö³ºíò ô³íàíñîâî¿ çàëåæíîñò³ (F2),
êîåô³ö³ºíò çàáåçïå÷åíîñò³ âëàñíèìè îáîðîòíè-
ìè çàïàñàìè (F3), êîåô³ö³ºíò ô³íàíñóâàííÿ (F4),
îáîðîòí³ñòü äåá³òîðñüêî¿ çàáîðãîâàíîñò³ (D1),
îáîðîòí³ñòü êðåäèòîðñüêî¿ çàáîðãîâàíîñò³ (D2),
îáîðîòí³ñòü âëàñíîãî êàï³òàëó (D3). Íà îñíîâ³
ðîçðàõîâàíèõ ïîêàçíèê³â òà ¿õ îïòèìàëüíèõ çíà-
÷åíü áóëî çðîáëåíî âèñíîâîê ùîäî ñòàíó
ï³äïðèºìñòâ.

Äëÿ ðîçâ’ÿçàííÿ çàäà÷³ àíàë³çó ô³íàíñîâî-
åêîíîì³÷íîãî ñòàíó ï³äïðèºìñòâ çà äîïîìîãîþ
êëàñòåðíîãî àíàë³çó âèêîðèñòàíî ïðîãðàìíèé
ïðîäóêò STATISTICA. Ó ïðîãðàì³ ðåàë³çîâàí³ òàê
çâàí³ àãëîìåðàòèâí³ ìåòîäè ì³í³ìàëüíî¿ äèñ-
ïåðñ³¿: joining (tree clustering) (äåðåâîïîä³áíà êëà-
ñòåðèçàö³ÿ) ³ two-way joining (äâîâõîäîâà êëàñ-
òåðèçàö³ÿ), ìåòîä k-means (k-ñåðåäí³õ).

Ó ðåçóëüòàò³, êëàñòåðèçàö³ÿ ï³äïðèºìñòâ
ðîçïîä³ëèòü ¿õ íà êðèçîâ³, ïåðåäêðèçîâ³ òà íå-
êðèçîâ³ ï³äïðèºìñòâà, òîáòî, ê³ëüê³ñòü êëàñòåð³â
áóäå äîð³âíþâàòè òðüîì. Ïî÷àòêîâ³ öåíòðè êëà-
ñòåð³â çàäàíî ìåòîäîì ñîðòóâàííÿ â³äñòàí³ òà
âèáîðó ñïîñòåðåæåííÿ íà ïîñò³éíèõ ³íòåðâàëàõ.
Äëÿ âñòàíîâëåííÿ ïî÷àòêîâèõ öåíòð³â êëàñòåð³â
îáðàíî ñïîñòåðåæåííÿ, ÿê³ ìàêñèì³çóþòü ïî÷àò-
êîâ³ â³äñòàí³ ì³æ êëàñòåðàìè, ïðè ïîáóäîâ³ êëà-
ñòåð³â çàäàºòüñÿ ìàêñèìàëüíà ê³ëüê³ñòü ³òåðàö³é.

Ðåçóëüòàòè êëàñòåðèçàö³¿ ìåòîäîì k-ñå-
ðåäí³õ íàâåäåí³ ó òàáëèö³. Â í³é ïðèâåäåí³ çíà-
÷åííÿ ì³æãðóïîâèõ òà ñåðåäíüîãðóïîâèõ äèñ-
ïåðñ³é. ×èì ìåíøå çíà÷åííÿ ñåðåäíüîãðóïîâî¿
äèñïåðñ³¿ òà ÷èì á³ëüøå çíà÷åííÿ ì³æãðóïîâî¿
äèñïåðñ³¿, òèì êðàùå îçíàêà õàðàêòåðèçóº ïðè-
íàëåæí³ñòü îá’ºêò³â äî êëàñòåðà.

Êðàùèé ðåçóëüòàò êëàñòåðèçàö³¿ õàðàêòåðè-
çóºòüñÿ á³ëüøèìè çíà÷åííÿìè ïàðàìåòðà F òà
ìåíøèìè çíà÷åííÿìè ïàðàìåòðà signif. p (ð³âåíü
çíà÷óùîñò³). Ïàðàìåòðè ç ð³âíåì çíà÷óùîñò³
ð>0,05 ìîæíà âèêëþ÷èòè ç äîñë³äæåííÿ.

Òàê³ ïîêàçíèêè ÿê F2 (êîåô³ö³ºíò çàáåçïå-
÷åíîñò³ âëàñíèìè îáîðîòíèìè çàñîáàìè), F4
(êîåô³ö³ºíò ô³íàíñóâàííÿ), D1 (îáîðîòí³ñòü äå-
á³òîðñüêî¿ çàáîðãîâàíîñò³) òà D2 (îáîðîòí³ñòü
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êðåäèòîðñüêî¿ çàáîðãîâàíîñò³) íåñóòü íàéá³ëü-
øó ³íôîðìàòèâí³ñòü äëÿ ïðîöåñó êëàñòåðèçàö³¿.
Äëÿ øâèäêîãî ðîçãëÿäó ñòàíó ï³äïðèºìñòâ áóäå
äîñòàòíüî ðîçãëÿíóòè ñàìå ö³ ïîêàçíèêè.

Ñåðåäí³ çíà÷åííÿ äëÿ ñôîðìîâàíèõ êëàñ-
òåð³â íàâåäåí³ íà ðèñ. 1.

Ãðàô³ê ïåðåäáà÷àº 3 êëàñòåðè, ñåðåäí³ çíà-
÷åííÿ ÿêèõ â³äð³çíÿþòüñÿ îäèí â³ä îäíîãî. Êîæíà
ëàìàíà ë³í³ÿ íà ë³í³éíîìó ãðàô³êó â³äïîâ³äàº
îäíîìó ç îòðèìàíèõ êëàñòåð³â. Êîæíèé ðîçïîä³ë
ãîðèçîíòàëüíî¿ îñ³ ãðàô³êà â³äïîâ³äàº îäí³é ³ç
çì³ííèõ, ÿê³ âêëþ÷åí³ â àíàë³ç. Âåðòèêàëüíà â³ñü
â³äïîâ³äàº ñåðåäí³ì çíà÷åííÿì çì³ííèõ äëÿ
îá’ºêò³â, ùî âõîäÿòü â êîæåí ç êëàñòåð³â. Ç
ðèñ. 1 âèäíî, ùî çá³ãè ïðèñóòí³ â á³ëüø³é
ê³ëüêîñò³ ïàðàìåòð³â.

Ðèñ. 1. Ë³í³éíèé ãðàô³ê ñåðåäí³õ çíà÷åíü ñôîðìîâàíèõ

êëàñòåð³â

Àíàë³çóþ÷è îòðèìàí³ ðåçóëüòàòè, îòðèìà-
íî íàñòóïíå îö³íþâàííÿ ñòàíó ï³äïðèºìñòâ.
Ïåðøèé êëàñòåð ïåðåäáà÷àº êðèçîâ³ ï³äïðèºì-

ñòâà, äî öüîãî êëàñòåðà ïîòðàïèëè íàñòóïí³
òðàíñïîðòí³ ï³äïðèºìñòâà: «ÀÒÏ-11210», «Òåð-
íè-ÀÂÒÎ», «Ï³âí³÷òðàíñ» çà 2016 òà 2017 ðîêè
ä³ÿëüíîñò³, «Óêðáóä», «Çàêàðïàòàâòî-òðàíñ»,
«Ïîä³ëëÿ-Ïëþñ» çà ïîêàçíèêàìè 2017 ðîêó,
«ÂÎÑÒÎÊ» òà «Äí³ïðîïåòðîâñüêå àâòîòðàíñïîð-
òíå ï³äïðèºìñòâî 11201».

Äî ïåðåäêðèçîâèõ ï³äïðèºìñòâ, òîáòî äî
äðóãîãî êëàñòåðà, ïîòðàïèëè ï³äïðèºìñòâà: «Àâ-
òîåêñïðåñ-Äí³ïðî» çà ïîêàçíèêàìè 2014 ðîêó,
«Ï³âí³÷òðàíñ» çà 2013–2015 ðîêè ä³ÿëüíîñò³,
«Ïîä³ëëÿ-Ïëþñ» ç ô³íàíñîâî-åêîíîì³÷íèìè
ïîêàçíèêàìè 2015 ðîêó.

Òðåò³é êëàñòåð íàë³÷óº íàñòóïí³ ï³äïðèºì-
ñòâà: «Àâòîåêñïðåñ-Äí³ïðî», à ñàìå 2015–2017 ðð.
ä³ÿëüíîñò³, «×åðêàñèàâòîòðàíñ» òà «Ïîä³ëëÿ-
Ïëþñ» çà ïîêàçíèêàìè çà 2013 òà 2016 ðîêè. Öå
îçíà÷àº, ùî ö³ ï³äïðèºìñòâà â³äíîñÿòüñÿ äî íå-
êðèçîâèõ ï³äïðèºìñòâ.

Âàæëèâèì ìîìåíòîì ïðè êëàñòåðèçàö³¿
îá’ºêò³â º âèçíà÷åííÿ â³äñòàí³ ì³æ êëàñòåðàìè.
Íà ïåðøîìó êðîö³ ³ºðàðõ³÷íî¿ àãëîìåðàòèâíî¿
ïðîöåäóðè, êîëè êîæíèé îá’ºêò º îêðåìèì êëà-
ñòåðîì, â³äñòàí³ ì³æ öèìè îá’ºêòàìè âèçíà÷à-
þòüñÿ îáðàíîþ ì³ðîþ. Îäíàê, êîëè çâ’ÿçóþòüñÿ
ðàçîì äåê³ëüêà îá’ºêò³â, âèíèêàº ïðîáëåìà âèç-
íà÷åííÿ â³äñòàí³ ì³æ êëàñòåðàìè, òîáòî íåîáõ³-
äíå ïðàâèëî îá’ºäíàííÿ àáî çâ’ÿçêó äëÿ äâîõ
êëàñòåð³â. ²ñíóº áåçë³÷ ìåòîä³â îá’ºäíàííÿ êëà-
ñòåð³â: â³äñòàíü «íàéáëèæ÷îãî ñóñ³äà» (îäèíè-
÷íèé çâ’ÿçîê), â³äñòàíü «äàëüíüîãî ñóñ³äà» (ïî-
âíèé çâ’ÿçîê), íåçâàæåíå òà çâàæåíå ïîïàðíå
ñåðåäíº (ñåðåäí³é çâ’ÿçîê), íåçâàæåíèé òà çâà-
æåíèé öåíòðî¿äíèé ìåòîäè, ìåòîä Óîðäà [5].

Ïðè êëàñòåðèçàö³¿ àãëîìåðàòèâíèì ìåòîäîì

Ðåçóëüòàòè êëàñòåðèçàö³¿ ìåòîäîì k-ñåðåäí³õ

Дисперсія 
Показник 

Міжгрупова Середньогрупова 
F 

signif. p (рівень 

значущості) 

L1 1,65 121,12 0,32 0,73 

L2 0,72 17,71 0,96 0,39 

L3 0,01 59,61 0,00 1,00 

F1 0,51 30,94 0,39 0,68 

F2 907,33 800,28 26,64 0,00 

F3 6,29 102,97 1,44 0,25 

F4 903,73 725,59 29,27 0,00 

D1 1068,45 1172,26 21,42 0,00 

D2 915,15 447,00 48,11 0,00 

D3 31,90 263,64 2,84 0,07 

D4 1,72 77,10 0,52 0,60 

R1 0,09 3,72 0,55 0,58 

R2 0,01 0,62 0,54 0,59 

R3 0,60 2,43 5,83 0,01 

R5 0,28 4,60 1,41 0,25 
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äåðåâîïîä³áíî¿ êëàñòåðèçàö³¿ ó ÿêîñò³ ïðàâèëà
³ºðàðõ³÷íîãî îá’ºäíàííÿ â êëàñòåðè âèêîðèñòî-
âóºòüñÿ ìåòîä îäèíî÷íîãî çâ’ÿçêó.

Â ðåçóëüòàò³ êëàñòåðèçàö³¿ áóäóºòüñÿ ãîðè-
çîíòàëüíà àáî âåðòèêàëüíà äåíäðîãðàìà – ãðàô³ê,
íà ÿêîìó âèçíà÷åí³ â³äñòàí³ ì³æ îá’ºêòàìè ³ êëà-
ñòåðàìè ïðè ¿õ ïîñë³äîâíîìó îá’ºäíàíí³. Äåðå-
âîïîä³áíà ñòðóêòóðà ãðàô³êà äîçâîëÿº âèçíà÷è-
òè êëàñòåðè â çàëåæíîñò³ â³ä îáðàíîãî ïîðîãà –
çàäàíî¿ â³äñòàí³ ì³æ êëàñòåðàìè.

Ç ðèñ. 2 âèäíî, ùî ïåðøèé êëàñòåð óòâî-
ðþþòü íàéá³ëüø ñõîæ³ ïàðàìåòðè: çàãàëüíà ðåí-
òàáåëüí³ñòü (R1) ³ ðåíòàáåëüí³ñòü ïðîäóêö³¿ (R4),
äðóãèé êëàñòåð óòâîðþþòü øâèäêèé êîåô³ö³ºíò
ë³êâ³äíîñò³ (L1) ³ ïîòî÷íèé êîåô³ö³ºíò ë³êâ³äíîñò³
(L3). Âñ³ ³íø³ êîåô³ö³ºíòè õàðàêòåðèçóþòü ð³çí³
ñòîðîíè ô³íàíñîâîãî ñòàíó ï³äïðèºìñòâà, óòâî-
ðþþòü îêðåì³ êëàñòåðè ³ ïîñòóïîâî ïðèºäíóþòü-
ñÿ äî ïåðøèõ êëàñòåð³â.

Ðèñ. 2. Ãîðèçîíòàëüíà äåðåâîïîä³áíà ä³àãðàìà îçíàê

ï³äïðèºìñòâ

Âèá³ð ê³ëüêîñò³ êëàñ³â äëÿ äåíäðîãðàìè äëÿ
ï³äïðèºìñòâ ïðè ìåòîä³ îäèíî÷íîãî çâ’ÿçêó ìîæå
âèçíà÷àòèñÿ íà îñíîâ³ àíàë³çó ñïåö³àëüíèõ ôóí-
êö³îíàë³â ÿêîñò³, íà îñíîâ³ ïîð³âíÿííÿ ðîçáèò-
òÿ íà ð³çíó ê³ëüê³ñòü êëàñ³â, ìîæëèâîñò³ çì³ñòîâ-
íî¿ ³íòåðïðåòàö³¿ òà ³íøèõ êðèòåð³¿â. Íàéá³ëüø
äîö³ëüíó ðîçáèâêó âèáèðàº íàé÷àñò³øå ñàì äîñ-
ë³äíèê çà äåíäðîãðàìîþ, ùî â³äîáðàæàº ðåçóëü-
òàòè ãðóïóâàííÿ îá’ºêò³â íà âñ³õ êðîêàõ àëãî-
ðèòìó. Îäíî÷àñíî ìîæóòü òàêîæ âèêîðèñòîâó-
âàòèñÿ ³ ìàòåìàòè÷í³ êðèòåð³¿ ÿêîñò³ ãðóïóâàí-
íÿ [6].

Ä³àãðàìó ñòàí³â ï³äïðèºìñòâ íàäàíî íà
ðèñ. 3, äå âèäíî, ùî çàëåæíî â³ä â³äñòàí³,
ï³äïðèºìñòâà ïîòðàïèëè äî îäíîãî ç ìîæëèâèõ

êëàñòåð³â.
Ä³àãðàìà ïî÷èíàºòüñÿ çë³âà ç êîæíîãî

ï³äïðèºìñòâà â ñâîºìó âëàñíîìó êëàñòåð³. Ïðè
ðóñ³ âïðàâî, òðàíñïîðòí³ ï³äïðèºìñòâà, ÿê³ á³ëüø
ò³ñíî ñòèñêàþòüñÿ îäèí ç îäíèì, îá’ºäíóþòüñÿ ³
ôîðìóþòü íîâ³ êëàñòåðè. Êîæåí âóçîë ä³àãðà-
ìè, íàâåäåíî¿ íà ðèñ. 3, ñòàíîâèòü îá’ºäíàííÿ
äâîõ àáî á³ëüøå êëàñòåð³â, ïîëîæåííÿ âóçë³â íà
ãîðèçîíòàëüí³é îñ³ âèçíà÷àº â³äñòàíü, íà ÿê³é
áóëè îá’ºäíàí³ â³äïîâ³äí³ êëàñòåðè.

Ï³ñëÿ çä³éñíåííÿ äåðåâîïîä³áíî¿ êëàñòåðè-
çàö³¿, äî êëàñòåðà íåêðèçîâèõ ï³äïðèºìñòâ ïî-
òðàïèëè íàñòóïí³ ï³äïðèºìñòâà: «Àâòîåêñïðåñ-
Äí³ïðî» çà 2017 òà 2016 ðð., «×åðêàñèàâòîòðàíñ»
çà 2013 òà 2017 ðîêè ä³ÿëüíîñò³, «ÀÒÏ-11210» çà
2014–2017 ðîêè ä³ÿëüíîñò³, «Óêðáóä» ç ïîêàçíè-
êàìè 2013, 2014, 2016 òà 2017 ðîê³â, «Çàêàðïà-
òàâòîòðàíñ» çà 2013–2014 ðîêè ä³ÿëüíîñò³,
«Äí³ïðîïåòðîâñüêå àâòîòðàíñïîðòíå ï³äïðèºì-
ñòâî 11201».

Äî êëàñòåðà êðèçîâèõ ï³äïðèºìñòâ ïîòðà-
ïèëè: «ÀÒÏ-11210» çà 2013 ð³ê, «Äí³ïðîïåòðîâñü-
êå àâòîòðàíñïîðòíå ï³äïðèºìñòâî 11201» çà
2013–2014 ðîêè ä³ÿëüíîñò³, «Çàêàðïàòàâòîòðàíñ»
çà 2015–2017 ðîêè, «Òåðíè-ÀÂÒÎ», «Ïîä³ëëÿ-
Ïëþñ», «ÂÎÑÒÎÊ», òà «Ï³âí³÷òðàíñ» çà 2016 òà
2017 ðîêè ä³ÿëüíîñò³.

Îñòàíí³é êëàñòåð ïåðåäáà÷àº ïåðåäêðèçîâ³
àâòîòðàíñïîðòí³ ï³äïðèºìñòâà, à ñàìå: «×åðêà-
ñèàâòîòðàíñ» ç ô³íàíñîâî-åêîíîì³÷íèìè ïîêàç-
íèêàìè çà ïåð³îä 2014–2016 ðð., «Ïîä³ëëÿ-Ïëþñ»
çà 2015–2017 ðð., «Àâòîåêñïðåñ-Äí³ïðî» çà 2014–
2015 ðîêè ä³ÿëüíîñò³ òà «Ï³âí³÷òðàíñ» çà 2013–
2015 ðîêè ä³ÿëüíîñò³ ï³äïðèºìñòâà.

Ðåçóëüòàò àíàë³çó äîçâîëèâ ðîçáèòè îá’ºêòè
äîñë³äæåííÿ íà òðè ãðóïè: êðèçîâ³, ïåðåäêðè-
çîâ³ òà íåêðèçîâ³ ï³äïðèºìñòâà. Êëàñòåðíèé
àíàë³ç ô³íàíñîâî-åêîíîì³÷íèõ ïîêàçíèê³â
îá’ºêò³â äîñë³äæåííÿ ïîêàçàâ, ùî ñàìå ïîêàç-
íèêè ä³ëîâî¿ àêòèâíîñò³ òà ô³íàíñîâî¿ ñò³éêîñò³
ñåðåä óñ³õ 15 ðîçãëÿíóòèõ ìîæóòü õàðàêòåðèçó-
âàòè ï³äïðèºìñòâî òà â³äíåñòè éîãî äî ïåâíîãî
êëàñòåðà. Ïðî öå ãîâîðÿòü ðåçóëüòàòè êëàñòåðè-
çàö³¿ øëÿõîì ìåòîäó k-ñåðåäí³õ.

Âèñíîâêè

Êëàñòåðíèé àíàë³ç º ïîòóæíèì çàñîáîì
ðîçâ³äóâàëüíîãî àíàë³çó äàíèõ ³ ñòàòèñòè÷íèõ
äîñë³äæåíü â áóäü-ÿê³é ïðåäìåòí³é îáëàñò³. Ó
ïðîãðàì³ STATISTICA ðåàë³çîâàí³ ÿê ³ºðàðõ³÷í³,
òàê ³ ñòðóêòóðí³ ìåòîäè êëàñòåðíîãî àíàë³çó.
Ïåðåâàãè öüîãî ñòàòèñòè÷íîãî ïàêåòó îáóìîâ-
ëåí³ ¿õ ãðàô³÷íèìè ìîæëèâîñòÿìè. Ïåðåäáà÷åí³
äâîâèì³ðí³ ³ òðèâèì³ðí³ ãðàô³÷í³ â³äîáðàæåííÿ
îòðèìàíèõ êëàñòåð³â â ïðîñòîð³ äîñë³äæóâàíèõ
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çì³ííèõ, à òàêîæ ðåçóëüòàòè ðîáîòè ³ºðàðõ³÷íî¿
ïðîöåäóðè ãðóïóâàííÿ îá’ºêò³â.

Íåîáõ³äíî çàñòîñîâóâàòè ð³çí³ àëãîðèòìè
êëàñòåðíîãî àíàë³çó ³ ðîáèòè âèñíîâêè íà ï³äñòàâ³
çàãàëüíî¿ îö³íêè ðåçóëüòàò³â ðîáîòè àëãîðèòì³â.
Êëàñòåðíèé àíàë³ç äîçâîëÿº âèÿâèòè ïðîáëåìí³
ñèòóàö³¿ ³ íàì³òèòè øëÿõè ¿õ âèð³øåííÿ. Îòæå,
öåé ìåòîä íåïàðàìåòðè÷íî¿ ñòàòèñòèêè ìîæíà
ðîçãëÿäàòè ÿê ñêëàäîâó ÷àñòèíó ñèñòåìíîãî àíà-
ë³çó.

Òàêèì ÷èíîì, ïðè äîñë³äæåíí³ ñòàíó
ï³äïðèºìñòâ êëàñòåðíà ìîäåëü íå äàº äëÿ îêðå-
ìî âçÿòîãî ï³äïðèºìñòâà ïîâíó àäåêâàòíå îö³-
íþâàííÿ éîãî ñòàíó, òàê ÿê íå º ðåïðåçåíòàòèâ-
íîþ òà ¿¿ ðåêîìåíäóºòüñÿ äîïîâíþâàòè íåéðî-
ìåðåæåâèìè ìîäåëÿìè îö³íêè ³ íå÷³òêèìè ïðî-
äóêö³éíèìè ñèñòåìàìè. Òàêà ãðóïà ìåòîä³â âæå
º ðåïðåçåíòàòèâíîþ. Òîìó äëÿ íàéêðàùîãî ðå-
çóëüòàòó ô³íàíñîâîãî îö³íþâàííÿ ï³äïðèºìñòâà
íåîáõ³äíî êîìïëåêñíî âèêîðèñòîâóâàòè ìîäåë³.
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ÏÎÄÕÎÄÛ ÊËÀÑÒÅÐÍÎÃÎ ÀÍÀËÈÇÀ Ê ÎÖÅÍÊÅ
ÔÈÍÀÍÑÎÂÎ-ÝÊÎÍÎÌÈ×ÅÑÊÎÉ ÄÅßÒÅËÜÍÎÑÒÈ
ÏÐÅÄÏÐÈßÒÈÉ

Ïèñàðüêîâà Â.Ð., Íàóìåíêî Í.Þ.

Ñòàòüÿ ïîñâÿùåíà ôèíàíñîâî-ýêîíîìè÷åñêîé îöåíêå
ñîñòîÿíèÿ àâòîòðàíñïîðòíûõ ïðåäïðèÿòèé Óêðàèíû ïóòåì
èñïîëüçîâàíèÿ ìíîãîìåðíîãî ñòàòèñòè÷åñêîãî êëàñòåðíîãî
àíàëèçà. Â ñòàòüå áûëà ðåøåíà çàäà÷à àíàëèçà ôèíàíñîâî-
ýêîíîìè÷åñêîãî ñîñòîÿíèÿ ïðåäïðèÿòèé Óêðàèíû çà 2013–
2017 ãîäû äåÿòåëüíîñòè â ïàêåòå STATISTICA ñ ó÷åòîì ôè-
íàíñîâî-ýêîíîìè÷åñêèõ ïîêàçàòåëåé. Â èññëåäîâàíèè ïðèìåíå-
íû ÷åòûðå ãðóïïû ïîêàçàòåëåé: ëèêâèäíîñòü, ôèíàíñîâàÿ óñ-
òîé÷èâîñòü, äåëîâàÿ àêòèâíîñòü, ðåíòàáåëüíîñòü ïî äàííûì
ôèíàíñîâîé îò÷åòíîñòè äåñÿòè àâòîòðàíñïîðòíûõ ïðåäïðè-
ÿòèé. Èñïîëüçîâàíèå ìåòîäà k-ñðåäíèõ è àãëîìåðàòèâíîãî ìå-
òîäà äðåâîâèäíîé êëàñòåðèçàöèè ïîçâîëèëî ðàçäåëèòü ïðåä-
ïðèÿòèÿ íà òðè êëàñòåðà, êîòîðûå îòðàæàþò èõ ñîñòîÿíèå:
êðèçèñíîå, ïðåäêðèçèñíîå, íåêðèçèñíîå. Ïðè ïðèìåíåíèè ìåòî-
äà k-ñðåäíèõ ìåòîäîì ñîðòèðîâêè ðàññòîÿíèÿ è âûáîðà íà-
áëþäåíèÿ íà ïîñòîÿííûõ èíòåðâàëàõ çàäàíû íà÷àëüíûå öåí-
òðû êëàñòåðîâ, âûáðàíû íàáëþäåíèÿ, êîòîðûå ìàêñèìèçèðó-
þò íà÷àëüíûå ðàññòîÿíèÿ ìåæäó êëàñòåðàìè. Ïîëó÷åíû çíà-
÷åíèÿ ìåæãðóïïîâûõ è ñðåäíåãðóïïîâûõ äèñïåðñèé, ïàðàìåòðà
F è óðîâíÿ çíà÷èìîñòè, ÷òî ïîçâîëèëî âûÿâèòü ôèíàíñîâî-
ýêîíîìè÷åñêèå ïîêàçàòåëè, êîòîðûå íåñóò íàèáîëüøóþ èíôîð-
ìàòèâíîñòü äëÿ ïðîöåññà êëàñòåðèçàöèè ìåòîäîì k-ñðåäíèõ.
Äëÿ êëàñòåðèçàöèè àãëîìåðàòèâíûì ìåòîäîì äðåâîâèäíîé êëà-
ñòåðèçàöèè â êà÷åñòâå ïðàâèëà îáúåäèíåíèÿ â êëàñòåðû âçÿò
ìåòîä îäèíî÷íîé ñâÿçè. Â ðåçóëüòàòå êëàñòåðèçàöèè ïîñòðî-
åíî äåíäðîãðàììó, êîòîðàÿ ïîçâîëÿåò îïðåäåëèòü êëàñòåðû â
çàâèñèìîñòè îò ðàññòîÿíèÿ ìåæäó íèìè. Ýòî ïîçâîëèëî ðàñ-
ñìîòðåòü õàðàêòåðèñòèêó ðàçëè÷íûõ ñòîðîí ôèíàíñîâîãî
ñîñòîÿíèÿ ïðåäïðèÿòèÿ, âûÿâèòü ïàðàìåòðû, îáðàçóþùèå íà-
÷àëüíûå êëàñòåðû ñîñòîÿíèÿ ïðåäïðèÿòèé, è êëàñòåðû, êîòî-
ðûå îáðàçóþò îòäåëüíûå êëàñòåðû è ïîñòåïåííî ïðèñîåäèíÿ-
þòñÿ ê ïåðâûì êëàñòåðàì. Ïîñòðîåíà ãîðèçîíòàëüíàÿ äðåâî-
âèäíàÿ äèàãðàììà àâòîòðàíñïîðòíûõ ïðåäïðèÿòèé, êîòîðàÿ
îòðàæàåò ïðåäïðèÿòèÿ, òåñíî ñæèìàþùèåñÿ äðóã ñ äðóãîì, è
ïóòåì îáúåäèíåíèÿ ôîðìèðóåò íîâûå êëàñòåðû. Ïîëó÷åííûå
êëàñòåðû ïóòåì êëàñòåðèçàöèè ìåòîäîì k-ñðåäíèõ è àãëîìå-
ðàòèâíûì ìåòîäîì äðåâîâèäíîé êëàñòåðèçàöèè áûëè ïðîàíà-
ëèçèðîâàíû è ñäåëàíû âûâîäû îòíîñèòåëüíî èõ ñîñòîÿíèÿ.

Êëþ÷åâûå ñëîâà: êëàñòåðíûé àíàëèç, ìåòîä k-ñðåäíèõ,
àãëîìåðàòèâíûé ìåòîä äðåâîâèäíîé êëàñòåðèçàöèè,
ôèíàíñîâî-ýêîíîìè÷åñêîå ñîñòîÿíèå ïðåäïðèÿòèé,
ñîñòîÿíèå ïðåäïðèÿòèé.

CLUSTER ANALYSIS APPROACHES TO ASSESSING
THE FINANCIAL AND ECONOMIC ACTIVITIES OF
ENTERPRISES

Pisarkova V.R., Naumenko N.Yu.

Ukrainian State University of Chemical Technology, Dnipro,
Ukraine

The article is devoted to the financial and economic assessment
of the state of road transport enterprises in Ukraine through the use
of multidimensional statistical cluster analysis. The article solved
the task of analyzing the financial and economic state of enterprises
in Ukraine for 2013-2017 years in the STATISTICA software product,
taking into account financial and economic indicators. The study
used four groups of indicators: liquidity, financial stability, business
activity, profitability according to the financial statements of ten
road transport enterprises. The use of the k-means method and the
agglomerative tree-clustering method made it possible to divide

enterprises into three clusters that reflect their state: crisis, pre-crisis,
and non-crisis. When the k-means method is used, the initial centers
of the clusters are specified by the method of sorting the distance and
selecting observations at constant intervals, observations that maximize
the initial distances between the clusters are chosen. The value of
intergroup and average group variances, the F parameter and the
level of significance were obtained, which made it possible to identify
financial and economic indicators that are most informative for the
clustering process using the k-means method. For clustering using
the agglomerative tree-clustering method, the single link method was
taken as the clustering rule. As a result of clustering, a dendrogram
was constructed, which allows determining the clusters depending on
the distance between them. This made it possible to analyse the
characteristics of various aspects of the financial condition of the
enterprise, to identify the parameters that form the initial clusters of
the state of enterprises, and the clusters, which form separate clusters
and gradually join the first clusters. A horizontal tree diagram of
road transport enterprises has been built, which reflects enterprises
that are closely shrinking with each other and form new clusters by
combining. The clusters obtained using  the method of k-means and
agglomerative method of tree clustering were analyzed and conclusions
regarding their state were drawn.

Keywords: cluster analysis, k-means method, agglomera-
tive tree clustering method, financial and economic state of en-
terprises, state of enterprises.
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âîé ñìåñè è ò.ä.  Ñíèæåíèå âëàæíîñòè èçìåëü÷åííîãî ïðîäóêòà ÿâëÿåòñÿ íåîáõî-
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Ïîñòàíîâêà ïðîáëåìû è àíàëèç ïîñëåäíèõ
èññëåäîâàíèé è ïóáëèêàöèé

Ìåòîä ñóøêè âëàæíûõ ìàòåðèàëîâ ñ îäíî-
âðåìåííûì èçìåëü÷åíèåì õàðàêòåðèçóåòñÿ âû-
ñîêîé èíòåíñèâíîñòüþ ïðîöåññà, øèðîêèì äè-
àïàçîíîì ñâîéñòâ îáðàáàòûâàåìûõ ìàòåðèàëîâ,
õîðîøèìè òåõíèêî-ýêîíîìè÷åñêèìè ïîêàçàòå-
ëÿìè. Ïðè ñóøêå ñ îäíîâðåìåííûì èçìåëü÷å-
íèåì ïðîèñõîäèò èíòåíñèôèêàöèÿ âíóòðåííåãî

è âíåøíåãî òåïëîîáìåíà, ïðè÷åì â ýòîì ñëó÷àå
îòñóòñòâóþò îãðàíè÷åíèÿ, ïðèñóùèå áîëüøèí-
ñòâó ñóøèëîê âçâåøåííîãî ñëîÿ, è ìîãóò ïåðå-
ðàáàòûâàòüñÿ êðóïíîêóñêîâûå, êîìêóþùèåñÿ è
ñëèïàþùèåñÿ ìàòåðèàëû.

Èññëåäîâàíèå ïðîöåññà ñóøêè ñ îäíîâðå-
ìåííûì èçìåëü÷åíèåì ïîêàçàëè íå òîëüêî åãî
óíèâåðñàëüíîñòü ïðè îáðàáîòêå ñàìûõ ðàçíîîá-
ðàçíûõ ìàòåðèàëîâ, íî è ïðàêòè÷åñêè ìãíîâåí-
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íîå óäàëåíèå áîëüøåé ÷àñòè âëàãè [1]. Ïðè ýòîì
ñóøêà èíòåíñèôèöèðóåòñÿ âñëåäñòâèå íå òîëü-
êî áûñòðîãî ðàçâèòèÿ ïîâåðõíîñòè êîíòàêòà, íî
è àêòèâíîãî ïåðåìåøèâàíèÿ âîçäóõà è ìàòåðèà-
ëà, à òàêæå, âåðîÿòíî, â ðåçóëüòàòå áîëåå áûñò-
ðîãî èñïàðåíèÿ âëàãè ñî ñâåæåîáðàçîâàííûõ
ïîâåðõíîñòåé. Ñðàâíåíèå ðàçëè÷íûõ òèïîâ ñó-
øèëîê ïîêàçàëî, ÷òî ñóøèëêè ñ îäíîâðåìåííûì
èçìåëü÷åíèåì ìàòåðèàëà èìåþò ïðåèìóùåñòâà
ïî äîïóñòèìûì òåìïåðàòóðàì ãàçà, âðåìåíè ïðå-
áûâàíèÿ, ñòåïåíè ïåðåìåøèâàíèÿ, çàíèìàåìûì
ãàáàðèòàì.

Èçìåëü÷åíèå ìàòåðèàëîâ â öåíòðîáåæíûõ
ìåëüíèöàõ, îñîáåííî òîíêîãî ïîìîëà, ñîïðîâîæ-
äàåòñÿ çíà÷èòåëüíûì òåïëîâûäåëåíèåì, ÷òî ïî-
çâîëÿåò îñóùåñòâëÿòü ñóøêó ìàòåðèàëà îäíîâðå-
ìåííî ñ èçìåëü÷åíèåì [2]. Îáðàçîâàíèå òåïëî-
òû â ðàáî÷èõ çîíàõ äàííîãî òèïà èçìåëü÷èòåëåé
îáóñëîâëåíî ñëåäóþùèìè ôàêòîðàìè: òðåíèåì
âîçäóõà è ìàòåðèàëà î ðàáî÷èå ýëåìåíòû, òóðáó-
ëèçàöèè ïûëåãàçîâîé ñìåñè, âîçíèêíîâåíèåì
íîâûõ ïîâåðõíîñòåé ïðè ðàçðóøåíèè, ìíîãî-
êðàòíûì ñæàòèåì ïûëåãàçîâîé ñìåñè è ò.ä. Äëÿ
áîëüøîãî êîëè÷åñòâà ìàòåðèàëîâ ñíèæåíèå
âëàæíîñòè ÿâëÿåòñÿ íåîáõîäèìûì óñëîâèåì äëÿ
äàëüíåéøåãî èñïîëüçîâàíèÿ â ïðîèçâîäñòâå, äëÿ
÷åãî èñïîëüçóþò äîïîëíèòåëüíîå ñóøèëüíîå
îáîðóäîâàíèå. Ñ äðóãîé ñòîðîíû, ÷ðåçìåðíîå
ïîâûøåíèå òåìïåðàòóðû ïðè èçìåëü÷åíèè äëÿ
ìíîãèõ ìàòåðèàëîâ íåæåëàòåëüíî, òàê êàê â íå-
êîòîðûõ ñëó÷àÿõ ýòî ïðèâîäèò ê óõóäøåíèþ êà-
÷åñòâà ïðîäóêòà, à òàêæå, ïðèâîäèò ê ñîçäàíèþ
âçðûâîîïàñíîé îáñòàíîâêè.

Òàêèì îáðàçîì, àêòóàëüíîé ïðîáëåìîé ÿâ-
ëÿåòñÿ íàõîæäåíèå ìàòåìàòè÷åñêèõ çàâèñèìîñ-
òåé, ïîçâîëÿþùèõ ïðîãíîçèðîâàòü ðàáîòó èç-
ìåëü÷èòåëÿ è îïðåäåëÿòü îïòèìàëüíûå çíà÷åíèÿ
âõîäíûõ âåëè÷èí äëÿ ïîëó÷åíèÿ êà÷åñòâåííîãî
èçìåëü÷åííîãî ïðîäóêòà ñ íåîáõîäèìîé êîíå÷-
íîé âëàæíîñòüþ.

Ôîðìóëèðîâêà öåëåé ñòàòüè
Çàäà÷åé èññëåäîâàíèÿ ÿâëÿåòñÿ óñòàíîâëå-

íèå ìàòåìàòè÷åñêîé çàâèñèìîñòè ìåæäó âõîä-
íûìè è âûõîäíûìè òåõíîëîãè÷åñêèìè ïàðàìåò-
ðàìè ïðîöåññà èçìåëü÷åíèÿ, ÷òî ïîçâîëèò ðàñ-
÷åòíûì ïóòåì îïðåäåëÿòü îïòèìàëüíûå çíà÷å-
íèÿ ïàðàìåòðîâ â öåíòðîáåæíîé ìåëüíèöå.

Èçëîæåíèå îñíîâíîãî ìàòåðèàëà èññëåäîâàíèÿ
Âûïîëíèì ïàðàìåòðè÷åñêèé àíàëèç öåíò-

ðîáåæíîé ìåëüíèöû íà îñíîâàíèè òåïëîâîãî
áàëàíñà ïðîöåññà èçìåëü÷åíèÿ.

Â ìåëüíèöó ïîñòóïàåò G0 (êã/ñ) èñõîäíîãî
ìàòåðèàëà, èìåþùåãî òåìïåðàòóðó 0 (

0Ñ) è íà-
÷àëüíóþ âëàæíîñòü 0 (%), èç êîòîðîãî èñïàðÿ-

åòñÿ W (êã/ñ) âëàãè. Â èçìåëü÷èòåëü ïîñòóïàåò
L0 (êã/ñ) âëàæíîãî âîçäóõà ñ òåìïåðàòóðîé t0 (

0Ñ)
è îòíîñèòåëüíîé âëàæíîñòüþ âîçäóõà 0, ñî-
äåðæàùåãî L (êã/ñ) àáñîëþòíî ñóõîãî âîçäóõà. Ýí-
òàëüïèÿ âîçäóõà íà âõîäå â ìåëüíèöó – I0 (Äæ/êã).
Èç ìåëüíèöû óäàëÿåòñÿ G2 (êã/ñ) âûñóøåííîãî
ìàòåðèàëà ñ òåìïåðàòóðîé 2 (

0Ñ) è êîíå÷íîé
âëàæíîñòüþ 2 (%). Âîçäóõ, âûõîäÿùèé èç ìåëü-
íèöû, èìååò ýíòàëüïèþ I2 (Äæ/êã) è òåìïåðàòó-
ðó t2 (

0Ñ).
Ïîëó÷åíèå ìàòåìàòè÷åñêîé çàâèñèìîñòè

òåìïåðàòóðû ïûëåãàçîâîé ñìåñè íà âûõîäå èç-
ìåëü÷èòåëÿ t2 îò èçìåíåíèÿ âõîäíûõ ïàðàìåò-
ðîâ âûïîëíèì àíàëèòè÷åñêèì ñïîñîáîì [3].

Îáùèé òåïëîâîé áàëàíñ ïðîöåññà âûðàæà-
åòñÿ çàâèñèìîñòüþ [4]:

QH=QÊ,  (1)

ãäå Qí – ïðèõîä òåïëà, Âò; Qê – ðàñõîä òåïëà, Âò.
Ñõåìà òåïëîâûõ ïîòîêîâ â ìåëüíèöå ïðåä-

ñòàâëåíà íà ðèñ. 1.
Ñîñòàâèì óðàâíåíèå òåïëîâîãî áàëàíñà:

LI0+G 0Câë.ì0+Q ä=LI2+G 2Cì2+Qï,  (2)

ãäå Câë.ì – òåïëîåìêîñòü âëàæíîãî ìàòåðèàëà,
Äæ/(êãÊ); Qä – òåïëîòà, âîçíèêàþùàÿ â ðàáî-
÷åé çîíå ìåëüíèöû ïðè èçìåëü÷åíèè (òåïëîòà
èçìåëü÷åíèÿ), Âò; Cì – òåïëîåìêîñòü âûñóøåí-
íîãî ìàòåðèàëà, Äæ/(êãÊ); Qï – ïîòåðè òåïëî-
òû â îêðóæàþùóþ ñðåäó, Âò.

Ðèñ. 1. Ñõåìà òåïëîâûõ ïîòîêîâ â öåíòðîáåæíîé ìåëüíèöå

Ïðèõîä òåïëîòû ñ âëàæíûì ìàòåðèàëîì
ïðåäñòàâèì êàê ñóììó äâóõ ñîñòàâëÿþùèõ: òåï-
ëîòû, ïðèõîäÿùåé ñ âûñóøåííûì ìàòåðèàëîì,
è òåïëîòû, ïðèõîäÿùåé ñ óäàëÿåìîé âëàãîé:

G0Câë.ì0=G2Cì0+WCâë.0.  (3)

Ïîäñòàâèâ óðàâíåíèå (3) â ôîðìóëó (2),
ïîëó÷èì:

LI0+G2Cì0+WCâë.0+Qä=LI2+G2Cì2+Qï.  (4)

Èç óðàâíåíèÿ (4) âûðàçèì ðàñõîä òåïëîòû
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èçìåëü÷åíèÿ Qä:

Qä=L(I2–I0)+G2Cì(2–0)–WCâë.0+Qï.   (5)

Ðàñõîä àáñîëþòíî ñóõîãî âîçäóõà îïðåäå-
ëèì ÷åðåç ðàñõîä âëàæíîãî âîçäóõà:

L=L 0(1–X0),  (6)

ãäå Õ0 – íà÷àëüíîå âëàãîñîäåðæàíèå âîçäóõà,
(êã âë./êã ñóõ.ìàò.).

Ðàñõîä âûñóøåííîãî ìàòåðèàëà âûðàçèì
÷åðåç ðàñõîä âëàæíîãî ìàòåðèàëà [5]:

0
2 0

2

(100 )
G G

(100 )





. (7)

Ðàñõîä óäàëåííîé âëàãè îïðåäåëèì ïî óðàâ-
íåíèþ:

 
 

0 2

0

2

W G
100

 



.  (8)

Êîíå÷íîå âëàãîñîäåðæàíèå âîçäóõà ïðåä-
ñòàâèì â âèäå:

X2=X0+Xä,  (9)

ãäå Õä – äîïîëíèòåëüíîå âëàãîñîäåðæàíèå, êî-
òîðîå âîçíèêàåò â ðåçóëüòàòå ïåðåõîäà èñïàðåí-
íîé âëàãè â âîçäóõ, (êã âë./êã ñóõ.ìàò.).

Äîïîëíèòåëüíîå âëàãîñîäåðæàíèå îïðåäå-
ëèì êàê îòíîøåíèå ðàñõîäà óäàëåííîé âëàãè ê
ðàñõîäó àáñîëþòíî ñóõîãî âîçäóõà:

 
 

   

д

0 0

0 0 2

2 0 0

W W
X

L L 1 X

G
.

100 L 1 X

  


 


 

  
(10)

Íà÷àëüíóþ ýíòàëüïèþ âîçäóõà îïðåäåëèì
ïî óðàâíåíèþ:

I0=Cc.â.t 0+iï.0Õ0, (11)

ãäå Cñ.â. – òåïëîåìêîñòü ñóõîãî âîçäóõà, Äæ/(êãÊ);
in.o – íà÷àëüíàÿ ýíòàëüïèÿ ïàðà, Äæ/êã.

Êîíå÷íóþ ýíòàëüïèþ âîçäóõà îïðåäåëèì ïî
óðàâíåíèþ:

I2=Cc.â.t 2+iï.2Õ2, (12)

ãäå in.2 – êîíå÷íàÿ ýíòàëüïèÿ ïàðà, Äæ/êã.
Ïîòåðè òåïëîòû ïðåäñòàâëÿþò ñîáîé ñëîæ-

íóþ òåïëîîòäà÷ó îò ïîâåðõíîñòè èçìåëü÷èòåëÿ
â îêðóæàþùóþ ñðåäó [6]:

Qï=Ft, (13)

ãäå  – ñóììàðíûé êîýôôèöèåíò òåïëîîòäà÷è
ëó÷åèñïóñêàíèåì è êîíâåêöèåé, Âò/(ì2Ê);
F – ïëîùàäü ïîâåðõíîñòè ìåëüíèöû, ì2;
t – ðàçíîñòü òåìïåðàòóð ìåæäó ïîâåðõíîñòüþ
ìåëüíèöû è îêðóæàþùåé ñðåäîé, 0Ñ.

Ñóììàðíûé êîýôôèöèåíò òåïëîîòäà÷è ëó-
÷åèñïóñêàíèåì è êîíâåêöèåé îïðåäåëèì ïî
óðàâíåíèþ [5]:

=9,74+0,07t.  (14)

Ïîäñòàâèâ óðàâíåíèÿ (6)–(14) â óðàâíåíèå
(5), ïîëó÷èì:
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 
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(15)

Ïîñëå ïðåîáðàçîâàíèé ïîëó÷èì:

с.в. 2 0

д 0 0

0 п.2 п.0

0 2 п.2 с.в. 0

п

0 м 2 02

С (t t )
Q L (1 Х )

Х (i i )

( )(i C t )G
Q .

(100 )C (t t )100

  
     

    
      

 
(16)

Ðàçäåëèâ îáå ÷àñòè óðàâíåíèÿ (16) íà ìàñ-
ñîâûé ðàñõîä ïûëåãàçîâîé ñìåñè Ìñì ïîëó÷èì
óäåëüíûé ðàñõîä òåïëîòû èçìåëü÷åíèÿ, òî åñòü
òåïëîòó èçìåëü÷åíèÿ, ïðèõîäÿùóþñÿ íà 1 êã
ïûëåãàçîâîé ñìåñè:
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Ïðåîáðàçîâàíèå ôîðìóëû (16) ïîçâîëÿåò
ïîëó÷èòü çàâèñèìîñòü òåìïåðàòóðû ïûëåãàçîâîé
ñìåñè îò òåõíîëîãè÷åñêèõ ïàðàìåòðîâ ïðîöåññà:

 
д п 0 0

с.в. 0 0 п.2 п.0

2
0 2 м
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2

0 2 п.2 вл. 00

2 0 м 0

0 2 м
0 0 с.в.

2
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100
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100
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    
     


 



 

(18)

Äëÿ ïðîâåðêè çàâèñèìîñòè (18) íà àäåêâàò-
íîñòü ïðîâåäåíû ýêñïåðèìåíòàëüíûå èññëåäî-
âàíèÿ ïî âëèÿíèþ òåõíîëîãè÷åñêèõ ïàðàìåòðîâ
ïðîöåññà èçìåëü÷åíèÿ íà òåìïåðàòóðó ïûëåãà-
çîâîé ñìåñè íà âûõîäå èç ìåëüíèöû.

Íà ðèñ. 2 ïðåäñòàâëåíû ãðàôè÷åñêèå çàâè-
ñèìîñòè òåìïåðàòóðû ïûëåãàçîâîé ñìåñè îò ðàñ-
õîäà ìàòåðèàëà ïðè èçìåëü÷åíèè ìðàìîðà è
êðàñíîãî æåëåçî-îêèñíîãî ïèãìåíòà.

Äëÿ ïîëó÷åííîé ìàòåìàòè÷åñêîé çàâèñèìî-
ñòè áûëè ðàññ÷èòàíû ïîêàçàòåëè àäåêâàòíîñòè
è ñäåëàí âûâîä, ÷òî ìàòåìàòè÷åñêàÿ ìîäåëü ÿâ-
ëÿåòñÿ äîñòîâåðíîé è ìîæåò áûòü èñïîëüçîâàíà
äëÿ òàêîãî òèïà èçìåëü÷èòåëåé.

Âûâîäû
Â ðåçóëüòàòå ïðîâåäåííûõ òåîðåòè÷åñêèõ

èññëåäîâàíèé, ïîëó÷åíà ìàòåìàòè÷åñêàÿ çàâè-
ñèìîñòü âëèÿíèÿ òåõíîëîãè÷åñêèõ ïàðàìåòðîâ
ïðîöåññà èçìåëü÷åíèÿ íà òåìïåðàòóðó ïûëåãà-
çîâîé ñìåñè íà âûõîäå ìåëüíèöû. Ïîëó÷åííàÿ
ìàòåìàòè÷åñêàÿ ìîäåëü ïîçâîëÿåò ïðîãíîçèðî-
âàòü ðàáîòó èçìåëü÷èòåëÿ è îïðåäåëÿòü îïòè-
ìàëüíûå çíà÷åíèÿ âõîäíûõ âåëè÷èí äëÿ ïîëó-
÷åíèÿ êà÷åñòâåííîãî èçìåëü÷åííîãî ïðîäóêòà ñ
íåîáõîäèìîé êîíå÷íîé âëàæíîñòüþ.
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ÏÎÄÐ²ÁÍÅÍÍß Ç ÎÄÍÎ×ÀÑÍÈÌ ÑÓØ²ÍÍßÌ
ÌÀÒÅÐ²ÀËÓ Â Â²ÄÖÅÍÒÐÎÂÎÌÓ ÌËÈÍ²

Ò³òîâà Î.Â., Êðàâåöü Â.²., Ì³íàêîâà Í.Î., ×åðíåöüêèé ª.Â.,
Ãíàòêî Î.Ì.

Ó äàí³é ðîáîò³ ðîçãëÿíóòà àêòóàëüíà çàäà÷à îòðèìàííÿ
ìàòåìàòè÷íîãî îïèñó ïðîöåñó ïîäð³áíåííÿ ìàòåð³àëó â â³äöåí-
òðîâîìó ìëèí³ ç îäíî÷àñíîþ ñóøêîþ ìàòåð³àëó. Äîñë³äæåííÿ
ïðîöåñó ñóø³ííÿ ç îäíî÷àñíèì ïîäð³áíåííÿì ïîêàçàëè íå ò³ëüêè
éîãî óí³âåðñàëüí³ñòü ïðè îáðîáö³ íàéð³çíîìàí³òí³øèõ ìàòåð³-
àë³â, àëå ³ ïðàêòè÷íî ìèòòºâå âèäàëåííÿ á³ëüøî¿ ÷àñòèíè âî-
ëîãè. Ïðè öüîìó ñóø³ííÿ ³íòåíñèô³êóºòüñÿ âíàñë³äîê íå ò³ëüêè
øâèäêîãî ðîçâèòêó ïîâåðõí³ êîíòàêòó, àëå ³ àêòèâíîãî ïåðå-
ì³øóâàííÿ ïîâ³òðÿ ³ ìàòåð³àëó, à òàêîæ â ðåçóëüòàò³ á³ëüø
øâèäêîãî âèïàðîâóâàííÿ âîëîãè ç ñâ³æîóòâîðåíèõ ïîâåðõîíü.
Ïîäð³áíåííÿ ìàòåð³àë³â ó â³äöåíòðîâèõ ìëèíàõ, îñîáëèâî òîí-
êîãî ïîìåëó, ñóïðîâîäæóºòüñÿ çíà÷íèì âèä³ëåííÿì òåïëà, ùî
äîçâîëÿº çä³éñíþâàòè ñóø³ííÿ ìàòåð³àëó îäíî÷àñíî ç ïîäð³áíåí-
íÿì. Óòâîðåííÿ òåïëîòè â ðîáî÷èõ çîíàõ äàíîãî òèïó ïîä-
ð³áíþâà÷³â îáóìîâëåíî íàñòóïíèìè ôàêòîðàìè: òåðòÿì ïî-
â³òðÿ ³ ìàòåð³àëó îá ðîáî÷³ åëåìåíòè, òóðáóë³çàö³¿ ïèëîãàçîâî¿
ñóì³ø³, âèíèêíåííÿì íîâèõ ïîâåðõîíü ïðè ðóéíóâàíí³, áàãàòî-
ðàçîâèì ñòèñíåííÿì ïèëîãàçîâî¿ ñóì³ø³ òà ³í. Çíèæåííÿ âîëî-
ãîñò³ ïîäð³áíåíîãî ïðîäóêòó º íåîáõ³äíîþ óìîâîþ äëÿ ïîäàëü-
øîãî âèêîðèñòàííÿ ó âèðîáíèöòâ³, äëÿ ÷îãî âèêîðèñòîâóþòü
äîäàòêîâå ñóøèëüíå óñòàòêóâàííÿ. Ç ³íøîãî áîêó, íàäì³ðíå
ï³äâèùåííÿ òåìïåðàòóðè ïðè ïîäð³áíåíí³ äëÿ áàãàòüîõ ìàòåð³-
àë³â íåáàæàíî, îñê³ëüêè ìîæå ïðèâåñòè äî ïîã³ðøåííÿ ÿêîñò³
ïðîäóêòó, à òàêîæ, ïðèçâîäèòü äî ñòâîðåííÿ âèáóõîíåáåçïå÷-
íî¿ îáñòàíîâêè. Îòðèìàíà ìàòåìàòè÷íà ìîäåëü äîçâîëÿº ïðî-
ãíîçóâàòè ðîáîòó ïîäð³áíþâà÷à ³ âèçíà÷àòè çíà÷åííÿ âõ³äíèõ
âåëè÷èí äëÿ îäåðæííÿ ÿê³ñíîãî ïîäð³áíåíîãî ïðîäóêòó ç íåîá-
õ³äíîþ ê³íöåâîþ âîëîã³ñòþ. Ó ñòàòò³ íàäàíèé òåïëîâèé áà-
ëàíñ â³äöåíòðîâîãî ìëèíà. Íàâåäåíî ìàòåìàòè÷í³ çàëåæíîñò³
äëÿ ðîçðàõóíêó ïèòîìî¿ âèòðàòè òåïëîòè ³ òåìïåðàòóðè ïè-
ëîãàçîâî¿ ñóì³ø³ íà âèõîä³ ç â³äöåíòðîâîãî ìëèíà. Îòðèìàíî
åêñïåðèìåíòàëüí³ çàëåæíîñò³ ùîäî âïëèâó òåõíîëîã³÷íèõ ïà-
ðàìåòð³â íà òåìïåðàòóðó ïèëîãàçîâî¿ ñóì³ø³, ùî ï³äòâåðäæó-
þòü ðåçóëüòàòè òåîðåòè÷íèõ äîñë³äæåíü.

Êëþ÷îâ³ ñëîâà: ìîäåëþâàííÿ ïðîöåñó ïîäð³áíåííÿ,
òåïëîòà ïîäð³áíåííÿ, òåìïåðàòóðà ïèëîãàçîâî¿ ñóì³ø³,
â³äöåíòðîâèé ìëèí, ð³âíÿííÿ ðåãðåñ³¿.

MATHEMATICAL MODELING OF THE GRINDING
PROCESS WITH SIMULTANEOUS DRYING OF THE
MATERIAL IN A CENTRIFUGAL MILL

Titova Î.V., Kravets V.I., Minakova N.O., Chernetsky E.V.,
Gnatko Î.Ì.

Ukrainian State University of Chemical Technology, Dnipro,
Ukraine

In this work, the relevant task of obtaining a mathematical
description of the process of material grinding in a centrifugal mill
with simultaneous drying of the material is considered. The study of

the drying process with simultaneous grinding showed not only its
versatility in processing a wide variety of materials, but also almost
instantaneous removal of most of the moisture. In this case, drying is
intensified due to not only the rapid development of the contact
surface, but also the active mixing of air and material, as well as
due to the more rapid evaporation of moisture from freshly formed
surfaces. The grinding of materials in centrifugal mills, especially
fine grinding, is accompanied by a significant heat release, which
allows the material to be dried simultaneously with grinding. The
formation of heat in the working areas of this type of grinders happens
due to following factors: air and material friction on work items,
turbulence in the dust-gas mixture, emergence of new surfaces during
fracture, repeated compression of the dust-gas mixture, etc. Reducing
the moisture content of the crushed product is a prerequisite for
further use in production, for which additional drying equipment is
used. On the other hand, excessive temperature increase during
grinding is undesirable for many materials, as it can lead to
deterioration of the product quality, and also leads to the creation of
an explosive situation. The obtained mathematical model makes it
possible to predict the operation of the shredder and determine the
values of input quantities to obtain a high-quality grinded product
with a required final humidity. The article presents the heat balance
of a centrifugal mill. Mathematical dependences are given for
calculating the specific heat consumption and temperature of the
dust-gas mixture at the exit from the centrifugal mill. Experimental
dependences on the influence of technological parameters on the
temperature of the dust-gas mixture, confirming the results of
theoretical studies, are obtained.

Keywords: modeling of grinding process, heat of grinding,
temperature of the gas-dust mixture, centrifugal mill, regression
equation.
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