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Òåõíîëîã³÷í³ êîìïëåêñè õàð÷îâèõ âèðîáíèöòâ ìàþòü âñ³ õàðàêòåðí³ îçíàêè
ñêëàäíèõ îðãàí³çàö³éíî-òåõíîëîã³÷íèõ ñèñòåì. Âîíè ÿâëÿþòü ñîáîþ ñóêóïí³ñòü ð³çíèõ
ï³äñèñòåì, çâ�ÿçàíèõ ì³æ ñîáîþ ïðîöåñàìè ³íòåíñèâíî¿ âçàºìîä³¿ òà îáì³íó åíåðã³ºþ,
ðå÷îâèíîþ òà ³íôîðìàö³ºþ. Ö³ ï³äñèñòåìè º íåë³í³éíèìè, áàãàòîì³ðíèìè òà
ñêëàäíîçâ�ÿçàíèìè, â ÿêèõ ïðîò³êàþòü õàðàêòåðí³ ïåðåõ³äí³ ïðîöåñè òà âèíèêàþòü
êðèòè÷í³ ³ õàîòè÷í³ ðåæèìè [6].

Ïðîáëåìà óïðàâë³ííÿ òàêèìè ñêëàäíèìè òåõíîëîã³÷íèìè ñèñòåìàìè º
íàäçâè÷àéíî àêòóàëüíîþ ç òî÷êè çîðó ï³äâèùåííÿ åôåêòèâíîñò³ ¿õ ôóíêö³îíóâàííÿ.
Êð³ì òîãî, ñòâîðèëèñü íåîáõ³äí³ ïåðåäóìîâè ðîçâ�ÿçàííÿ äàíî¿ ïðîáëåìè íà îñíîâ³
ñó÷àñíèõ äîñÿãíåíü òåîð³¿ òà ïðàêòèêè àâòîìàòèçîâàíîãî óïðàâë³ííÿ òà ïåðåäîâèõ
êîìï�þòåðíèõ òåõíîëîã³é. Âèõîäÿ÷è ³ç îñîáëèâîñòåé  òåõíîëîã³÷íèõ ïðîöåñ³â õàð÷îâèõ
âèðîáíèöòâ, äëÿ ïîáóäîâè åôåêòèâíèõ ñòðàòåã³é óïðàâë³ííÿ íèìè íàéá³ëüø
ïåðñïåêòèâíèì º âèêîðèñòàííÿ ñèíåðãåòè÷íèõ àëãîðèòì³â, â îñíîâ³ ñèíòåçó ÿêèõ
ëåæèòü ñèíåðãåòè÷íà òåîð³ÿ óïðàâë³ííÿ [3].

Ñó÷àñíà òåîð³ÿ óïðàâë³ííÿ, ïîáóäîâàíà íà ê³áåðíåòè÷íèõ çàñàäàõ óñï³øíî
çàñâî¿ëà ìåòîäè äîñèòü ãðóáî¿ çîâí³øíüî¿ ä³¿ ïðèìóñîâîãî õàðàêòåðó íà ð³çí³ òåõí³÷í³
îá�ºêòè, ùî ïðèâîäèòü äî çíà÷íèõ âèòðàò ðåñóðñ³â äëÿ ïîòðåá óïðàâë³ííÿ. Ñèíåðãå-
òè÷íèé ï³äõ³ä äîçâîëÿº ðîçðîáèòè íîâ³ ìåòîäè äîñÿãíåííÿ ö³ëüîâèõ ñòàí³â îá�ºêòà
óïðàâë³ííÿ, îñíîâàíèõ íà ïðîöåñàõ ñàìîîðãàí³çàö³¿ â íåë³í³éíèõ äèíàì³÷íèõ ñèñòåìàõ,
³ ïîáóäóâàòè óí³âåðñàëüí³ îá�ºêòèâí³ çàêîíè òåëåîíîìíîãî óïðàâë³ííÿ íà îñíîâ³
âðàõóâàííÿ ô³çèêî-õ³ì³÷íèõ âëàñòèâîñòåé ÿâèù, ÿê³ â³äáóâàþòüñÿ â îá�ºêòàõ
óïðàâë³ííÿ. Ïðè öüîìó îñíîâíà óâàãà çîñåðåäæóºòüñÿ íà êîîïåðàòèâíèõ, êîãåðåíòíèõ
³ ñàìîóçãîäæóâàëüíèõ ïðîöåñàõ, ùî âèíèêàþòü â ñêëàäíèõ íåë³í³éíèõ ñèñòåìàõ
óïðàâë³ííÿ [7]. Âàæëèâèì àñïåêòîì ïîáóäîâè ñèíåðãåòè÷íèõ àëãîðèòì³â óïðàâë³ííÿ
º íåîáõ³äí³ñòü ñòâîðåííÿ ñïîñîá³â àíàë³çó ïðè÷èí âèíèêíåííÿ, ôîðìóâàííÿ òà ä³¿
âíóòð³øí³õ ñèë ðåçîíàíñíîãî õàðàêòåðó, ùî ïðèâîäÿòü äî âèíèêíåííÿ ó ôàçîâîìó
ïðîñòîð³ ñèñòåì óïðàâë³ííÿ ñò³éêèõ äèñèïàòèâíèõ ñòðóêòóð, ÿê³ â³äîáðàæóþòü
ïðèðîäí³ âëàñòèâîñò³ îá�ºêòà óïðàâë³ííÿ. Öÿ ïðèíöèïîâî íîâà ïðîáëåìà òåîð³¿
óïðàâë³ííÿ ïîðîäæóº íåîáõ³äí³ñòü ðîçâ�ÿçàííÿ ñàìîñò³éíèõ ñïåöèô³÷íèõ çàäà÷ ó
êîíêðåòí³é ïðåäìåòí³é ãàëóç³ � â³äïîâ³äí³é òåõíîëîã³¿ õàð÷îâèõ âèðîáíèöòâ.

Îá�ºêòîì óïðàâë³ííÿ º òåõíîëîã³÷í³ ïðîöåñè âèðîáíèöòâà ïèâà, çîêðåìà,
äîñë³äæóâàëèñü ïðîöåñè ïðèãîòóâàííÿ ïèâíîãî ñóñëà, îäí³ºþ ³ç îñíîâíèõ òåõíîëî-
ã³÷íèõ îïåðàö³é ÿêèõ º ïðîöåñ çàòèðàííÿ. Öåé ïðîöåñ ïåðåäáà÷àº ã³äðîë³ç êðîõìàëþ
ñèðîâèíè � ñîëîäó ïðè ã³äðîòåðì³÷í³é îáðîáö³, ÿêà çä³éñíþºòüñÿ çà ñõåìîþ:
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ï³ä ä³ºþ -àì³ëàçè

ÊÐÎÕÌÀËÜ  ÄÅÊÑÒÐÈÍÈ + ÌÀËÜÒÎÇÀ + ÃËÞÊÎÇÀ

ï³ä ä³ºþ -àì³ëàçè

ÊÐÎÕÌÀËÜ  ÌÀËÜÒÎÇÀ + ÄÅÊÑÒÐÈÍÈ

Ã³äðîë³çó ï³ääàºòüñÿ ñóáñòðàò, â ðåçóëüòàò³ ÷îãî îòðèìóþòüñÿ ïðîäóêòè �
öóêðè: ãëþêîçà, ìàëüòîçà (ðèñ. 1).

Çà ìåòîäèêàìè [1, 2] ðîçðîáëåíà íåë³í³éíà, áàãàòîì³ðíà, áàãàòîçâ�ÿçíà ê³íåòè÷íà
ìîäåëü ã³äðîë³çó çàòîðó [5]:

 = a � l   , (1)

       = k   , (2)

       =   , (3)

       = , (4)

       =  , (5)

              =  . (6)

äå Å0 � êîåô³ö³ºíò àêòèâíîñò³ â-àì³ëàçè; Å01 � êîåô³ö³ºíò àêòèâíîñò³ á-àì³ëàçè; a, l,
K, L, M1, k, l1, L1, K1, M2, k1, ì, ì2, â, N, á, â1, N1, á1, ì1 � ïàðàìåòðè ìîäåë³.

Áóëî ïðîâåäåíî äîñë³äæåííÿ ìîäåë³ (1-6) ç ìåòîþ âèÿâëåííÿ ïðîÿâ³â
àòðàêòèâíî¿ ïîâåä³íêè òà îö³íêè âïëèâó çîâí³øí³õ çáóðåíü òà âíóòð³øí³õ ôëóêòóàö³é.
Äîïîâíåíà ñòîõàñòè÷íîþ ñêëàäîâîþ ó âèãëÿä³ â³íåð³âñüêîãî ïðîöåñó

 d (7)

ìîäåëü (1-6) ðîçâ�ÿçóâàëàñü ÿê ñèñòåìà ñòîõàñòè÷íèõ íåë³í³éíèõ äèôåðåíö³àëüíèõ
ð³âíÿíü ìåòîäîì Êóçíºöîâà Ä.Ô. [4]. Äëÿ öüîãî çä³éñíþâàëîñü ïåðåòâîðåííÿ ìîäåë³
(1-7) øëÿõîì äðóãîãî óí³ô³êîâàíîãî ðîçêëàäàííÿ Òåéëîðà-²òî

R(xs, s) = R(xt, t) + � R(xt, t) *  +           (8)

äå  � ðîçêëàäàííÿ ïîâòîðíèõ ñòîõàñòè÷íèõ ³íòåãðàë³â ²òî ³ Ñòðàòîíîâè÷à,

R(x
t
, t) � ïîë³íîì Ëåæàíäðà,  � á³íîì³àëüíèé êîåô³ö³åíò,  � äåÿêà

ï³äìíîæèíà, s, t � ìîìåíò ÷àñó, k � êîåô³ö³åíò (k=1), l1 � ïàðàìåòð (l1=0,1,2,�),

 � âèïàäêîâ³ ïðîöåñè,  � çàëèøêîâèé ÷ëåí.
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 à á

  â ã

  ä å

Ðèñ. 2 Ôàçîâ³ ïîðòðåòè äèíàì³êè ïðîöåñ³â ã³äðîë³çó:
à � L=0.09; L1=1.1; K1=0.1; K=1; E

0
=0,03; E

01
=0,8; á � L=0.05; L1=1.2; K1=0.1;

K=1; E
0
=0,03; E

01
=0,8; â � L=0.09; L1=1.2; K1=0.1; K=1; E

0
=0,06; E

01
=0,8; ã �

L=0.09; L1=1.2; K1=0.1; K=1; E0=0,03; E01=1,0; ä � L=0.09; L1=1.2; K1=0.4; K=1;
E0=0,03; E01=0,8; å � L=0.09; L1=1.2; K1=0.1; K=0.02; E0=0,03; E01=0,8

Ðèñ 1. Ñõåìà ã³äðîë³çó êðîõìàëþ ïðè çàòèðàíí³:
Gn � êîíöåíòðàö³ÿ êðîõìàëþ; G2 � êîíöåíòðàö³ÿ
ìàëüòîäåêñòðèíó;  G � êîíöåíòðàö³ÿ ìàëüòîçè; E �
êîíöåíòðàö³ÿ -àì³ëàçè; E

0
 � êîíöåíòðàö³ÿ -àì³ëàçè;

Õ � êîíöåíòðàö³ÿ ãëþêîçè
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 Ìîäåëü äîñë³äæóâàëàñü ïðè òàêèõ çíà÷åííÿõ ïàðàìåòð³â a=0,01; l=0,5; l
1
=2;

k=1; k
1
=4; ì=4; ì

1
=2,3; ì

2
=1; â=1; â

1
=1; L=0,03�0,1; á=0,005; N

1
=0,1; N=0,05; á

1
=0,2;

L
1
=1�1,3; Ì

1
=1; Ì

2
=1; K

1
=0,05�0,5; K=0,01�1,4; E

0
=0,03�0,1; E

01
=0,8�1,5.

ßê âèäíî ³ç ðåçóëüòàò³â ìîäåëþâàííÿ (ðèñ. 2), ôàçîâ³ ïîðòðåòè îá�ºêòà
õàðàêòåðèçóþòü åâîëþö³þ àòðàêòèâíî¿ ïîâåä³íêè ïðîöåñ³â ã³äðîë³çó çàòîðó
ôîêóñ�!ãðàíè÷íèé öèêë�!òîð�!äèâíèé àòðàêòîð [1].

ßê ïîêàçàâ àíàë³ç ðåçóëüòàò³â ìîäåëþâàííÿ ïàðàìåòðè ìîäåë³ L, L
1
, K

1
 ,K, E

0
,

E
01
 ÿê³ñíî âïëèâàþòü íà àòðàêòèâíó ïîâåä³íêó îá�ºêòà, ùî ñòîñóºòüñÿ âïëèâó çîâí³øí³õ

çáóðåíü , òî âîíè âèêëèêàþòü ïðèñêîðåííÿ àáî çïîâ³ëüíåííÿ àòðàêòèâíèõ çì³íþâàíü,
í³ÿêèì ÷èíîì íå âïëèâàþ÷è íà õàðàêòåð ïîâåä³íêè.

Â ïîñòàíîâö³ çàäà÷³ ñèíòåçó ñòðàòåã³é óïðàâë³ííÿ îïèñ ñèñòåìè çàäàºòüñÿ
äèôåðåíö³àëüíèìè ð³âíÿííÿìè îá�ºêòà [3, 4]

 (t)=F(x, u, g, J, M), (9)

â ñêëàä ÿêèõ âõîäÿòü êîîðäèíàòè ñòàíó õ(t), à òàêîæ äåÿê³ çîâí³øí³ ñèëè, ùî
ñêëàäàþòüñÿ ³ç óïðàâë³íü u(t), çàâäàíü g(t), çîâí³øí³õ(çáóðþþ÷èõ) M(t) ³ ïàðàìåò-
ðè÷íèõ J(t) âïëèâ³â. Ñèíåðãåòè÷íà òåîð³ÿ óïðàâë³ííÿ ïîëÿãàº ó ôîðìóâàíí³ ó
ôàçîâîìó ïðîñòîð³ ñèñòåì óïðàâë³ííÿ ñèíòåçîâàíèõ ö³ëüîâèõ àòðàêòîð³â, íà ÿê³
íåâ³äâîðîòíüî ïîòðàïëÿþòü âñ³ òðàåêòîð³¿ ðóõó çàìêíåíî¿ ñèñòåìè «îá�ºêò �
ðåãóëÿòîð». Öå äîçâîëÿº ðîçðîáèòè íîâ³ ìåòîäè ö³ëüîâî¿ ä³¿ íà ïðîöåñè ñàìîîðãàí³çàö³¿
â íåë³í³éíèõ äèíàì³÷íèõ îá�ºêòàõ. Âèõîäÿ÷è ³ç ñèíåðãåòè÷íîãî ï³äõîäó íà îñíîâ³

ïðèíöèïó «ðîçøèðåííÿ-ñòèñêàííÿ» ðîç-
ðîáëåíèé íîâèé ìåòîä àíàë³òè÷íîãî êîíñòðó-
þâàííÿ àãðåãîâàíèõ ðåãóëÿòîð³â � ÀÊÀÐ
[3], ùî áàçóºòüñÿ íà ³äå¿ ââåäåííÿ ïðèòÿãó-

þ÷èõ ³íâàð³àíòíèõ áàãàòîîáðàç³â 

 ( )=0, íà ÿêèõ íàéêðàùèì ÷èíîì
óçãîäæóþòüñÿ ïðèðîäí³ âëàñòèâîñò³ îá�ºêòà
òà âèìîãè äî çàäà÷ óïðàâë³ííÿ. Ç ìàòåìà-
òè÷íî¿ òî÷êè çîðó ïðîáëåìà ñèíåðãåòè÷íîãî
ñèíòåçó [3] ïîëÿãàº ó ñïîñîá³ ãåíåðàö³¿ òàêèõ
çàêîí³â óïðàâë³ííÿ u(ø)=u(x), ÿê³ äîçâîëèëè
á ïåðåâåñòè ñèñòåìó ³ç äîâ³ëüíîãî ïî÷àòêî-
âîãî ñòàíó ñïî÷àòêó â îê³ëëÿ áàãàòîîáðàç³â

=0, à ïîò³ì çàáåçïå÷èòè ñò³éêèé ðóõ
ñèñòåìè á³ëÿ öèõ áàãàòîîáðàç³â àæ äî ïîïà-
äàííÿ ñèñòåìè íà ö³ëüîâ³ àòðàêòîðè (ðèñ. 3).
Öÿ çàäà÷à âèð³øóºòüñÿ êîìïëåêñîì êîðå-
ãóþ÷èõ ðåãóëÿòîð³â Ð-Ê, ùî ìàþòü ³ºðàð-
õ³÷íó ñòðóêòóðó.

Äëÿ ïðîöåñ³â ïðèãîòóâàííÿ ïèâíîãî ñóñëà ðîçðîáëåíà ³ºðàðõ³÷íà ñèñòåìà óïðàâë³í-
íÿ, ñòðóêòóðà ÿêî¿ ïåðåäáà÷àº ðåàë³çàö³þ òðüîõ ð³âí³â êîîðäèíóþ÷èõ ðåãóëÿòîð³â. Ïåðøèé
ð³âåíü ðåàë³çóº ëîêàëüíå ðåãóëþâàííÿ îêðåìèõ òåõíîëîã³÷íèõ ïàðàìåòð³â (òåìïåðàòóðè,
êîíöåíòðàö³¿, âèòðàòè), äðóãèé ð³âåíü çàáåçïå÷óº îïòèì³çàö³þ òåõíîëîã³÷íèõ ïðîöåñ³â çà
êðèòåð³ÿìè ïðîäóêòèâíîñò³ îáëàäíàííÿ òà ÿêîñò³ ïðîäóêö³¿, òðåò³é ð³âåíü äîçâîëÿº äîñÿãòè
íàéêðàùèõ ïîêàçíèê³â åêîíîì³÷íî¿ åôåêòèâíîñò³ (ïðèáóòîê, ðåíòàáåëüí³ñòü).

Âèñíîâêè. Çâàæàþ÷è íà ïðèðîäí³ îñîáëèâîñò³ ïðîöåñ³â ïðèãîòóâàííÿ ïèâíîãî
ñóñëà, çîêðåìà äî çäàòíîñò³ ñòâîðåííÿ äèñèïàòèâíèõ ïðîñòîðîâî-÷àñîâèõ ñòðóêòóð
ñàìîîðãàí³çàö³¿, äîö³ëüíî äëÿ åôåêòèâíîãî óïðàâë³ííÿ öèìè ïðîöåñàìè âèêîðèñòî-
âóâàòè ñèíåðãåòè÷í³ ìåõàí³çìè, ÿê³ çàáåçïå÷óþòü îïòèìàëüíèé ïåðåõ³ä ïðîöåñ³â â³ä
íåïåðåäáà÷óâàíî¿ ïîâåä³íêè òà ñèëîâèõ óïðàâëÿþ÷èõ ä³é ïðèìóñîâîãî õàðàêòåðó äî
ðåñóðñîîùàäíèõ òåõíîëîã³é óïðàâë³ííÿ, ùî àäàïòîâàí³ äî ïðèðîäíüî¿ ïîâåä³íêè îá�ºêòà.

Ðèñ. 3 Êîíöåïòóàëüíà ñõåìà îðãàí³çàö³¿
óïðàâë³ííÿ òåõíîëîã³÷íèì ïðîöåñîì

çà ìåòîäîì ÀÊÀÐ
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Â.Ä. Êèøåíüêî, À.Ï. Ëîáîê,
Í.Â. ×åðíåöêèé

Ñèíåðãåòè÷åñêîå óïðàâëåíèå òåõíîëîãè÷åñêèìè
ïðîöåññàìè ïðèãîòîâëåíèÿ ïèâíîãî ñóñëà

Â ñòàòüå ðàññìàòðèâàåòñÿ ïðîáëåìà ïîâûøåíèÿ ýôôåêòèâíîñòè ôóíêöè-
îíèðîâàíèÿ ñëîæíîãî êîìïëåêñà ïðîèçâîäñòâà ïèâíîãî ñóñëà. Ïðèâåäåíû ìåòîäû
ñîâåðøåíñòâîâàíèÿ ñèñòåìû óïðàâëåíèÿ òåõíîëîãè÷åñêèìè ïðîöåññàìè ïðîèçâîäñòâà
ïèâà ïóòåì îðãàíèçàöèè ðåñóðñîñáåðåãàþùèõ óïðàâëÿþùèõ âîçäåéñòâèé íà îñíîâå
ïðèíöèïîâ íåëèíåéíîé äèíàìèêè. Ïîñòðîåíà íåëèíåéíàÿ äèíàìè÷åñêàÿ ìîäåëü
êèíåòèêè ïðîöåññîâ ãèäðîëèçà êðàõìàëà ïðè çàòèðêå. Ïðîâåäåíî êîìïüþòåðíîå
ìîäåëèðîâàíèå ðàçðàáîòàííîé ìàòåìàòè÷åñêîé ìîäåëè è óñòàíîâëåíû ïðîÿâëåíèÿ
àòòðàêòèâíîãî ïîâåäåíèÿ îáúåêòà óïðàâëåíèÿ ïðè èçìåíåíèÿõ òåõíîëîãè÷åñêèõ
ïàðàìåòðîâ: êîíöåíòðàöèè ôåðìåíòîâ, êîíöåíòðàöèè ñóáñòðàòà, êîíöåíòðàöèè
ñàõàðîâ. Èññëåäîâàíî âëèÿíèå âíåøíèõ âîçìóùàþùèõ ôàêòîðîâ íà õàðàêòåð ïîâåäåíèÿ
áèîòåõíîëîãè÷åñêîãî îáúåêòà. Ñôîðìóëèðîâàííà çàäà÷à ðåñóðñîñáåðåãàþùåãî óïðàâ-
ëåíèÿ ïðîöåññàìè ïðèãîòîâëåíèÿ ïèâíîãî ñóñëà íà îñíîâå ñèíåðãåòè÷åñêîãî ïîäõîäà.
Ïðîâåäåí ñèíòåç èåðàðõè÷åñêîé ñèñòåìû óïðàâëåíèÿ òåõíîëîãè÷åñêèìè ïðîöåññàìè
ïðèãîòîâëåíèÿ ïèâíîãî ñóñëà ñ èñïîëüçîâàíèåì ìåòîäà àíàëèòè÷åñêîãî êîíñòðóèðî-
âàíèÿ àãðåãèðîâàííûõ ðåãóëÿòîðîâ.

Êëþ÷åâûå ñëîâà: ïðîèçâîäñòâî ïèâà, ïèâíîå ñóñëî, óïðàâëåíèÿ òåõíîëî-
ãè÷åñêèìè ïðîöåññàìè, ñèíåðãåòèêà, ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå, êèíåòè÷åñêèå
óðàâíåíèÿ.

V. Kyshenko, O. Lobok,
M. Chernetskyi

Synergetic management of technological processes
of beer wort production

The article examines the problem of increase of efficiency of functioning of
difficult technological complex of beer wort production. It also presents the methods of
improvement of control system by technological processes production of beer by
organization of resource saving of managing actions on the basis of principles of
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nonlinear dynamics. Nonlinear dynamic model of the kinetics processes of hydrolysis
of starch during mashing is built. Computer simulations are conducted, mathematical
model is developed and behavioural manifestations attractive control object by changing
process parameters is set. They are: the concentration of enzyme, substrate
concentration, the concentration of sugars. The article presents the influence of external
disturbing factors on the behaviour of biotech facility. It deals with the problem of
resource saving processes of making beer wort on the basis of synergetic approach. It
also presents the synthesis of hierarchical control systems of technological processes of
making beer wort using the method of analytical design of aggregated regulators.

Key words: production of beer, beer wort, process control, synergetics,
mathematical modelling, kinetic equation.
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