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Àíîòàö³ÿ. Çàïðîïîíîâàíî ìåòîä äîñë³äæåííÿ íàä³éíîñò³ ñèñòåì ³ç ðåçåðâó-
âàííÿì, ïîñë³äîâíèì ç’ºäíàííÿì åëåìåíò³â ³ ñòðàòåã³ÿìè â³äíîâëåííÿ, ÿê³
ïåðåäáà÷àþòü çì³íó ³íòåíñèâíîñò³ ðåìîíòó çàëåæíî â³ä ê³ëüêîñò³ íåñïðàâ-
íèõ åëåìåíò³â. Ðîçãëÿíóòî âèïàäîê ïîêàçíèêîâîãî ðîçïîä³ëó ÷àñó áåçâ³äìîâ-
íî¿ ðîáîòè åëåìåíò³â, íåïîêàçíèêîâîãî ðîçïîä³ëó ÷àñó â³äíîâëåííÿ ³ íàÿâ-
íîñò³ îäíîãî êàíàëó ðåìîíòó. Îòðèìàíî ôîðìóëè äëÿ âèçíà÷åííÿ ïåðåòâî-
ðåíü Ëàïëàñà ðîçïîä³ëó ê³ëüêîñò³ íåñïðàâíèõ åëåìåíò³â ïðîòÿãîì ïåð³îäó
çàéíÿòîñò³ êàíàëó ðåìîíòó, ôóíêö³¿ ðîçïîä³ëó ïåð³îäó çàéíÿòîñò³ òà äëÿ îá-
÷èñëåííÿ ñòàö³îíàðíèõ õàðàêòåðèñòèê íàä³éíîñò³.

Êëþ÷îâ³ ñëîâà: íàä³éí³ñòü, â³äíîâëþâàíà ñèñòåìà, ðåçåðâóâàííÿ, ïîñë³äîâ-
íå ç’ºäíàííÿ åëåìåíò³â, ìåòîä ïîòåíö³àë³â.

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×²

Â ³íæåíåðí³é ïðàêòèö³ ÷àñòî âèêîðèñòîâóþòü â³äíîâëþâàí³ ñèñòåìè ç ïî-
ñë³äîâíèì ç’ºäíàííÿì åëåìåíò³â ³ ãðóïîþ ðåçåðâíèõ åëåìåíò³â, êîæåí ç ÿêèõ
ìîæå áóòè çàä³ÿíèé ó âèïàäêó âèõîäó ç ëàäó åëåìåíòà îñíîâíî¿ ñèñòåìè [1, 2].
Åëåìåíò, ùî âèéøîâ ç ëàäó, ñêåðîâóþòü íà ðåìîíò ³ ðåçåðâíèé åëåìåíò ìèò-
òºâî çàéìàº éîãî ì³ñöå. Òàêà ñèñòåìà, ÿêà ñêëàäàºòüñÿ ç îäíîòèïíèõ (³äåíòè÷-
íèõ) åëåìåíò³â, ìîæå áóòè ñòðóêòóðíîþ îäèíèöåþ ñèñòåìè, äî ñêëàäó ÿêî¿
âõîäÿòü ï³äñèñòåìè äåê³ëüêîõ òèï³â.

Ðîçãëÿíåìî ñèñòåìó, ÿêà ñêëàäàºòüñÿ ç n m� åëåìåíò³â îäíàêîâî¿ íàä³éíîñò³.
Îñíîâí³ n åëåìåíò³â ç’ºäíàí³ ïîñë³äîâíî, m — ê³ëüê³ñòü ðåçåðâíèõ åëåìåíò³â
( )m � 0 , ïðè öüîìó çàñòîñîâóºòüñÿ ðîçä³ëüíå ðåçåðâóâàííÿ çàì³ùåííÿì (ðèñ. 1).
Ñèñòåìà ïðèïèíÿº ôóíêö³îíóâàííÿ â íîðìàëüíîìó ðåæèì³ â ìîìåíò, êîëè
ê³ëüê³ñòü åëåìåíò³â, ùî âèéøëè ç ëàäó, äîñÿãàº ÷èñëà m �1. Ïðèïóñêàºìî, ùî ò³

n �1 åëåìåíò³â, ÿê³ áóëè ñïðàâíèìè
³ ïðàöþâàëè â ìîìåíò âèõîäó ñèñòå-
ìè ç ëàäó, â ðåæèì³ ïðîñòîþ ñèñòå-
ìè ïðîäîâæóþòü ïðàöþâàòè ³ ìî-
æóòü âèõîäèòè ç ëàäó. Ðåìîíò
åëåìåíò³â çä³éñíþº îäèí êàíàë.

ßêùî ðîçïîä³ëè ÷àñó áåçâ³äìîâ-
íî¿ ðîáîòè ³ ÷àñó ðåìîíòó êîæíîãî

åëåìåíòà º ïîêàçíèêîâèìè ç ïàðàìåòðàìè � ³ � â³äïîâ³äíî, ³ «k» — ñòàí ñèñòåìè,
ÿêèé îçíà÷àº, ùî k åëåìåíò³â âèéøëè ç ëàäó, òî ãðàô ñòàí³â ñèñòåìè ìàº âèãëÿä,
çîáðàæåíèé íà ðèñ. 2.

Íåõàé pk — ñòàö³îíàðíà éìîâ³ðí³ñòü ïåðåáóâàííÿ ñèñòåìè ó ñòàí³ «k», òîä³
ñòàö³îíàðí³ õàðàêòåðèñòèêè íàä³éíîñò³ ñèñòåìè âèçíà÷àþòü çà ôîðìóëàìè
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Ðèñ. 1. Ñèñòåìà ç ðåçåðâóâàííÿì ³ ïîñë³äîâíèì
ç’ºäíàííÿì åëåìåíò³â
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Òóò K — êîåô³ö³ºíò ãîòîâíîñò³, òîáòî éìîâ³ðí³ñòü òîãî, ùî ñèñòåìà ïðàöþº
â íîðìàëüíîìó ðåæèì³; N — ñåðåäíÿ ê³ëüê³ñòü åëåìåíò³â, ùî âèéøëè ç ëàäó;
Q — ñåðåäíÿ äîâæèíà ÷åðãè íà ðåìîíò; W — ñåðåäí³é ÷àñ î÷³êóâàííÿ â ÷åðç³
íà ðåìîíò.

ßêùî ðîçãëÿäàòè îïèñàíó ñèñòåìó ÿê îäíîêàíàëüíó ñèñòåìó îáñëóãîâóâàííÿ,
òî ó ðàç³ â³äñóòíîñò³ ðåçåðâíèõ åëåìåíò³â (m � 0 ) öå — êëàñè÷íà çàìêíåíà ñèñòåìà
îáñëóãîâóâàííÿ [3]. Ó âèïàäêó m � 0 ôîðìóëè äëÿ ñòàö³îíàðíèõ ³ìîâ³ðíîñòåé pk

â³äîì³ ëèøå äëÿ ñèñòåìè ç ïîêàçíèêîâèìè ðîçïîä³ëàìè [1]. ¯õ ìîæíà îòðèìàòè, âðà-
õîâóþ÷è, ùî ïðîöåñ çì³íè ñòàí³â ñèñòåìè — öå ïðîöåñ çàãèáåë³ òà ðîçìíîæåííÿ.

Ó ö³é ñòàòò³ ðîçãëÿíóòî óçàãàëüíåííÿ îïèñàíî¿ ñèñòåìè çà ïðèïóùåííÿ, ùî
ðîçïîä³ë ÷àñó ðåìîíòó º íåïîêàçíèêîâèì ³ äëÿ ï³äâèùåííÿ íàä³éíîñò³ ñèñòåìè
ìîæíà çàñòîñóâàòè ïîðîãîâó ñòðàòåã³þ çì³íè ³íòåíñèâíîñò³ ðåìîíòó çàëåæíî â³ä
ê³ëüêîñò³ åëåìåíò³â, ùî âèéøëè ç ëàäó. Ïðèðîäíîþ º ñòðàòåã³ÿ, çã³äíî ç ÿêîþ
³íòåíñèâí³ñòü ðåìîíòó çá³ëüøóºòüñÿ ðàçîì ç ê³ëüê³ñòþ íåñïðàâíèõ åëåìåíò³â. Íå-
õàé F xk ( ) — ôóíêö³ÿ ðîçïîä³ëó ÷àñó ðåìîíòó îäíîãî åëåìåíòà, äå k — ê³ëüê³ñòü
íåñïðàâíèõ åëåìåíò³â ó ìîìåíò ïî÷àòêó ðåìîíòó åëåìåíòà (1 1� � � �k m n ).

Äëÿ âèçíà÷åííÿ ðîçïîä³ëó ê³ëüêîñò³ íåñïðàâíèõ åëåìåíò³â çàñòîñîâàíî ìåòîä
ïîòåíö³àë³â, ðîçðîáëåíèé ó ïðàöÿõ [4–8] äëÿ äîñë³äæåííÿ îäíîêàíàëüíèõ ñèñòåì îá-
ñëóãîâóâàííÿ ç ïîðîãîâèìè òà ã³ñòåðåçèñíèìè ñòðàòåã³ÿìè ôóíêö³îíóâàííÿ.

ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ ÁÀÇÎÂÈÕ ÂÈÏÀÄÊÎÂÈÕ ÁËÓÊÀÍÜ

Íåõàé Pk — óìîâíà éìîâ³ðí³ñòü çà óìîâè, ùî â ïî÷àòêîâèé ìîìåíò ÷àñó íà
ðåìîíò³ ïåðåáóâàþòü k m n� �{ }0 1 2, , , ,� åëåìåíò³â; �( )x — ê³ëüê³ñòü åëå-
ìåíò³â, ÿê³ âèéøëè ç ëàäó íà ïðîì³æêó ÷àñó [ ; )0 x . Äëÿ k m n� �{ }1 2, , ,� ïî-
êëàäåìî:
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Ðîçïîä³ë ÷àñó ðåìîíòó ìîæå çì³íþâàòèñÿ ëèøå â ìîìåíò ïî÷àòêó ðåìîíòó åëå-
ìåíòà ³ íå çì³íþºòüñÿ äî çàâåðøåííÿ ðåìîíòó öüîãî åëåìåíòà. Îñê³ëüêè â ìî-
ìåíò ïî÷àòêó ðåìîíòó åëåìåíòà íà â³äíîâëåíí³ íå ìîæå ïåðåáóâàòè m n� åëå-
ìåíò³â, òî ïîêëàäåìî F x F xm n m n� � ��( ) ( )1 .

Äëÿ Re s � 0 ³ k m n� �{ }12, , ,� ðîçãëÿíåìî ïîñë³äîâíîñò³ � ki s( ) ³ q ski ( ), ÿê³
âèçíà÷àþòüñÿ çà äîïîìîãîþ ñï³ââ³äíîøåíü
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Ðèñ. 2. Ãðàô ñòàí³â ñèñòåìè ç ïîêàçíèêîâèìè ðîçïîä³ëàìè



áàçîâèì), ÿêå â³äïîâ³äàº ôóíêö³¿ ðîçïîä³ëó F xk ( ) ³ éìîâ³ðíîñòÿì Pk x i{ }�( ) � �1 .
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Íåõàé Tk — âèïàäêîâà âåëè÷èíà, ðîçïîä³ëåíà ïîêàçíèêîâî ç ïàðàìåòðîì k�.
Ï³ñëÿ îá÷èñëåííÿ ôóíêö³é ðîçïîä³ë³â ñê³í÷åííèõ ñóì íåçàëåæíèõ âèïàäêîâèõ
âåëè÷èí îòðèìàºìî
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Ïîñë³äîâíîñò³ � �ki
s

ki s�
��
lim ( )

0
, q q ski

s
ki�

��
lim ( )

0
âèêîðèñòîâóâàòèìåìî äëÿ

îá÷èñëåííÿ ñòàö³îíàðíèõ õàðàêòåðèñòèê íàä³éíîñò³ ñèñòåìè. Äëÿ îá÷èñëåííÿ
öèõ ïîñë³äîâíîñòåé ñë³ä âðàõîâóâàòè, ùî

lim ( ) , lim
( )

, , , ,
s

k
s

k
kf s

f s

s
M k m n

�� ��
�

�
� � �

0 0
1

1
1 2{ }� .

ÎÁ×ÈÑËÅÍÍß ÕÀÐÀÊÒÅÐÈÑÒÈÊ ÍÀÄ²ÉÍÎÑÒ² ÑÈÑÒÅÌÈ

Íåõàé �( )t — ê³ëüê³ñòü åëåìåíò³â, ùî ïåðåáóâàþòü íà ðåìîíò³ â ìîìåíò
÷àñó t , ³ � �� � �inf : ( ){ }t t0 0 ïîçíà÷àº ïåðøèé ïåð³îä çàéíÿòîñò³ êàíàëó ðåìîí-
òó. Ââåäåìî ïîçíà÷åííÿ:

� � � �k k k
st

kt u t u t s u e t u dt( , ) ( ) , , ( , ) ( , )� � � � �
�


P { } �

0

,

Re { }s k u m n� � �0 1 2, , , , ,� .

Î÷åâèäíî, ùî �0 0( , )t u � . Çà äîïîìîãîþ ôîðìóëè ïîâíî¿ éìîâ³ðíîñò³ îòðè-
ìàºìî ð³âíîñò³
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� � � � � �I k u m n t u k F tk k{ } { }P �( ) ( ) , 1 � � �k m n.

Òóò I A{ } äîð³âíþº 1 àáî 0, çàëåæíî â³ä òîãî, â³äáóëàñÿ ïîä³ÿ A ÷è í³.
Óâ³âøè ïîçíà÷åííÿ f s u m n I k u m n q sk k u k( ) ,( , , , ) ( )� � � � �{ } , îäåðæèìî ñèñ-

òåìó ð³âíÿíü äëÿ â³äøóêàííÿ ôóíêö³é �k s u( , ):

� �k k

j

m n k

k j k j ks u f s s s u f s( , ) ( ) ( ) ( , ) ( ,, ( )� �
�

� �

� � ��
0

1 1� u m n, , ),
(1)

1 00� � � �k m n s k; ( , )� .

Äëÿ ðîçâ’ÿçàííÿ ñèñòåìè ð³âíÿíü (1) âèêîðèñòîâóâàòèìåìî ôóíêö³¿ �ki s( ),
ÿê³ âèçíà÷èìî çà äîïîìîãîþ ðåêóðåíòíèõ ñï³ââ³äíîøåíü:

�k ks R s1 1( ) ( );� �
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j

s R s s f s s, , ,( ) ( ) ( ) ( ) ( )� � � � �
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� � �1 1 1 1 1
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� �k i j i s� � �

�
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�
�

�

�

�
�1 , ( ) , (2)

0 1 1 1� � � � � � � �k m n j m n k, – .

ßêùî ³íòåíñèâí³ñòü ðåìîíòó º ñòàëîþ (íå çàëåæèòü â³ä ê³ëüêîñò³ íåñïðàâíèõ
åëåìåíò³â), òî

F x F x f s f s e dF x k m nk k
sx( ) ( ), ( ) ( ) ( ),� � � � � ��

�



0

1 .

Ñòàë³ � �ki
s

ki s k m n� � � �
��
lim ( ) (

0
0 , 1 � � � �i m n k ) îá÷èñëþâàòèìåìî çà

äîïîìîãîþ ðåêóðåíòíèõ ñï³ââ³äíîøåíü, ÿê³ âèïëèâàþòü ç (2):

� � � �k k k j k k j k i

i

j

k i j iR R1 1 1 1 1 1
0

1

1� � �� � � � �
�
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� � ��; , , , ,�
�

�

�
�

�

�

�
�
,

0 1 1 1� � � � � � � � �k m n j m n k, .

Îñê³ëüêè ð³âíÿííÿ (1) ìàþòü òàêó ñàìó ñòðóêòóðó, ÿê ³ îäåðæàí³ ðàí³øå â
ïðàöÿõ [4, 7], òî íàâåäåí³ íèæ÷å òâåðäæåííÿ âèïëèâàþòü áåçïîñåðåäíüî ç öèõ
ïóáë³êàö³é ç ïîïðàâêîþ íà çàìêíåíó ñòðóêòóðó ïîòîêó íåñïðàâíèõ åëåìåíò³â.

Òåîðåìà 1. Äëÿ âñ³õ u m n� �{ }1 2, , ,� ³ Re s� 0 ôóíêö³¿ �k s u( , ) âèçíà÷àþòü-

ñÿ ôîðìóëàìè:

� �k k m n k m n

i

m n k

ki k is u s s u s f( , ) ( ) ( , ) ( ), ( )� �� � �
�

� �

��� �

1

( , , , ), –s u m n k m n1 1� � � ;

�m n
m n

i

i

m n

is u
s

s f s u m n�
� �

�

� �( , )
( )

( ) ( , , , )
,

( )
1

0
0

1�
� .

Òåîðåìà 2. Ïåðåòâîðåííÿ Ëàïëàñà â³ä ôóíêö³¿ ðîçïîä³ëó ïåð³îäó çàéíÿòîñò³ �

êàíàëó ðåìîíòó ìàº âèãëÿä
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Òåîðåìà 3. Ñåðåäíÿ òðèâàë³ñòü ïåð³îäó çàéíÿòîñò³ êàíàëó ðåìîíòó T ³ ñòà-
ö³îíàðíèé ðîçïîä³ë ê³ëüêîñò³ íåñïðàâíèõ åëåìåíò³â lim ( )

t
kt k p

��
� �P{ }� ,

0 � � �k m n , âèçíà÷àþòüñÿ ôîðìóëàìè

T M M p
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ßêùî ³íòåíñèâí³ñòü ðåìîíòó º ñòàëîþ, òî M Mk � , 1 1� � � �k m n , ³

T M m n
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k k� � �
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�� � �0 1
1
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0 1, ( ) .

ÏÐÈÊËÀÄÈ ÎÁ×ÈÑËÅÍÍß ÑÒÀÖ²ÎÍÀÐÍÈÕ ÕÀÐÀÊÒÅÐÈÑÒÈÊ ÍÀÄ²ÉÍÎÑÒ²

Ðîçãëÿíåìî ñèñòåìó, â ÿê³é ïîñë³äîâíî ç’ºäíàí³ ï’ÿòü åëåìåíò³â îäíàêîâî¿
íàä³éíîñò³ (n � 5), m — ê³ëüê³ñòü ðåçåðâíèõ åëåìåíò³â. Ïðèïóñòèìî, ùî ÷àñ
áåçâ³äìîâíî¿ ðîáîòè êîæíîãî åëåìåíòà ðîçïîä³ëåíèé ïîêàçíèêîâî ç ïàðàìåò-
ðîì � � 0.25.

Ñïî÷àòêó ðîçãëÿíåìî ñèñòåìó ç³ ñòàëîþ ³íòåíñèâí³ñòþ ðåìîíòó, êîëè ñå-
ðåäí³é ÷àñ ðåìîíòó îäíîãî åëåìåíòà M �1 ³ íå çàëåæèòü â³ä ê³ëüêîñò³ íåñïðàâíèõ
åëåìåíò³â. Äëÿ ðîçïîä³ë³â ÷àñó ðåìîíòó ââåäåìî òàê³ ïîçíà÷åííÿ: E — ïîêàçíè-
êîâèé ðîçïîä³ë ç ïàðàìåòðîì � �1, U [ ; ]0 2 — ð³âíîì³ðíèé ðîçïîä³ë íà â³äð³çêó
[ ; ],0 2 �( )V ³ W V( ) — ãàììà-ðîçïîä³ë ³ ðîçïîä³ë Âåéáóëëà â³äïîâ³äíî ç êîåô³ö³ºíòîì
âàð³àö³¿ V . Äëÿ ïîð³âíÿííÿ ñòàö³îíàðíèõ ðîçïîä³ë³â ê³ëüêîñò³ íåñïðàâíèõ åëåìåíò³â
äëÿ ñèñòåì ç íåïîêàçíèêîâèì ³ ïîêàçíèêîâèì ðîçïîä³ëàìè ÷àñó ðåìîíòó âèêîðèñòî-

âóâàòèìåìî àáñîëþòíå â³äõèëåííÿ � e k k e

k

m n

p p� �
�

�

� | |( )
0

, äå pk ³ pk e( ) — ñòà-

ö³îíàðí³ éìîâ³ðíîñò³ äëÿ âèïàäê³â íåïîêàçíèêîâîãî ³ ïîêàçíèêîâîãî ðîçïîä³ë³â
÷àñó ðåìîíòó â³äïîâ³äíî. Çíà÷åííÿ ñòàö³îíàðíèõ õàðàêòåðèñòèê ñèñòåì ç³ ñòàëîþ
³íòåíñèâí³ñòþ ðåìîíòó äëÿ ð³çíèõ çíà÷åíü ê³ëüêîñò³ ðåçåðâíèõ åëåìåíò³â m, îá-
÷èñëåí³ çà äîïîìîãîþ ìåòîäó ïîòåíö³àë³â, íàâåäåíî ó òàáë. 1.

Ó òàáë. 2 íàâåäåíî ïîêàçíèêè íàä³éíîñò³ ñèñòåì, äëÿ ÿêèõ âèêîðèñòîâóºòüñÿ
ñòðàòåã³ÿ çá³ëüøåííÿ ³íòåíñèâíîñò³ ðåìîíòó ç³ çá³ëüøåííÿì ê³ëüêîñò³ íåñïðàâíèõ
åëåìåíò³â. Äëÿ ñèñòåìè áåç ðåçåðâíèõ åëåìåíò³â (m � 0) çàñòîñîâóºòüñÿ ñòðàòåã³ÿ
ç òàêèìè ñåðåäí³ìè çíà÷åííÿìè ÷àñó ðåìîíòó:
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Ò à á ë è ö ÿ 1

Íàéìåíóâàííÿ
ðîçïîä³ëó

m

Çíà÷åííÿ õàðàêòåðèñòèê íàä³éíîñò³ ñèñòåì ç ð³çíèìè ðîçïîä³ëàìè
÷àñó ðåìîíòó (âèïàäîê ñòàëî¿ ³íòåíñèâíîñò³ ðåìîíòó)

T N K W �e

�(0.1) 0 4.3975 1.6157 0.1539 0.9096 0.2887

W(0.1) 0 4.3971 1.6157 0.1539 0.9097 0.2886

�(0.5) 0 3.9770 1.6699 0.1675 1.0058 0.1970

W(0.5) 0 3.9630 1.6718 0.1680 1.0093 0.1939

U [ ; ]0 2 0 3.8077 1.6945 0.1736 1.0505 0.1571

� (0.9) 0 3.3627 1.7687 0.1922 1.1895 0.0409

E 0 3.2188 1.7963 0.1991 1.2427 —

W(1.5) 0 2.6816 1.9191 0.2298 1.4917 0.1845

W ( )2 0 2.3378 2.0198 0.2550 1.7110 0.3359

W ( )5 0 1.6294 2.3172 0.3293 2.4548 0.7604

�(0.1) 3 28.1351 3.7738 0.4020 2.8811 0.3070

W(0.1) 3 28.1251 3.7738 0.4020 2.8811 0.3070

�(0.5) 3 19.3738 3.7641 0.4112 2.9196 0.2126

W(0.5) 3 19.1390 3.7658 0.4102 2.9232 0.2119

U [ ; ]0 2 3 16.7403 3.7707 0.4092 2.9509 0.1817

�(0.9) 3 11.4186 3.7694 0.4214 3.0335 0.0451

E 3 10.0991 3.7752 0.4232 3.0743 —

W ( . )15 3 6.3475 3.8095 0.4343 3.2897 0.2021

W ( )2 3 4.6594 3.8520 0.4424 3.5134 0.3743

W ( )5 3 2.2878 4.0372 0.4565 4.4489 0.8876

�(0.1) 5 76.5135 5.5026 0.4393 4.5602 0.3322

W ( . )01 5 76.4773 5.5026 0.4392 4.5602 0.3322

�( . )0 5 5 44.5345 5.4173 0.4559 4.5146 0.2241

W(0.5) 5 43.8476 5.4175 0.4553 4.5163 0.2234

U [ ; ]0 2 5 36.4566 5.3963 0.4574 4.5147 0.1903

�(0.9) 5 21.2944 5.3004 0.4750 4.4995 0.0457

E 5 18.0299 5.2762 0.4783 4.5104 —

W(1.5) 5 9.7024 5.1877 0.4916 4.6155 0.2075

W ( )2 5 6.5000 5.1473 0.4981 4.7808 0.3850

W ( )5 5 2.6766 5.1758 0.4966 5.7227 0.9136



Äëÿ ðîçïîä³ë³â ÷àñó ðåìîíòó â òàáë. 2 âèêîðèñòîâóºìî ò³ ñàì³ ïîçíà÷åííÿ, ùî é
ó òàáë. 1, ç äîäàâàííÿì ³íäåêñó k äëÿ ðîçïîä³ëó ³ç ñåðåäí³ì çíà÷åííÿì M k . Çîêðåìà,
ïîçíà÷åííÿU k âèêîðèñòîâóºìî äëÿ ð³âíîì³ðíîãî ðîçïîä³ëó íà â³äð³çêó [ ; ]0 2M k .

Àíàë³çóþ÷è äàí³ òàáë. 1 áà÷èìî, ùî â³äõèëåííÿ � e çá³ëüøóºòüñÿ â³äïîâ³äíî
äî çá³ëüøåííÿ âåëè÷èíè | – | ,V 1 äå V — êîåô³ö³ºíò âàð³àö³¿ ðîçïîä³ëó ÷àñó ðå-
ìîíòó; ñåðåäíÿ òðèâàë³ñòü ïåð³îäó çàéíÿòîñò³ êàíàëó ðåìîíòó T çìåíøóºòüñÿ ç³
çá³ëüøåííÿìV äëÿ ô³êñîâàíîãî çíà÷åííÿ m ³ çðîñòàº ç³ çá³ëüøåííÿì m äëÿ ô³êñî-
âàíîãî ðîçïîä³ëó ÷àñó ðåìîíòó. Ñåðåäíÿ ê³ëüê³ñòü íåñïðàâíèõ åëåìåíò³â N òà-
êîæ çá³ëüøóºòüñÿ ç³ çá³ëüøåííÿì m äëÿ ô³êñîâàíîãî ðîçïîä³ëó ÷àñó ðåìîíòó, ùî
çóìîâëåíî, çîêðåìà, çá³ëüøåííÿì çàãàëüíî¿ ê³ëüêîñò³ åëåìåíò³â. Ç³ çá³ëüøåííÿì
V ñåðåäíÿ ê³ëüê³ñòü íåñïðàâíèõ åëåìåíò³â N çá³ëüøóºòüñÿ äëÿ âèïàäê³â, êîëè
m � 0 ³ m � 3, ³ çìåíøóºòüñÿ äëÿ m � 5. Êîåô³ö³ºíò ãîòîâíîñò³ K ³ ñåðåäí³é ÷àñ
î÷³êóâàííÿ íà ðåìîíò W çðîñòàþòü ç³ çá³ëüøåííÿì V ³ m . Äëÿ ñèñòåì ç ðîç-
ïîä³ëàìè �(0.1) ³ W(0.1) ÷àñó ðåìîíòó ñòàö³îíàðí³ õàðàêòåðèñòèêè ïðàêòè÷íî
çá³ãàþòüñÿ.

Äàí³ òàáë. 2 ñâ³ä÷àòü ïðî òå, ùî âèêîðèñòàííÿ ñòðàòåã³¿ çðîñòàííÿ ³íòåíñèâ-
íîñò³ ðåìîíòó ç³ çá³ëüøåííÿì ê³ëüêîñò³ íåñïðàâíèõ åëåìåíò³â ïðèçâîäèòü äî
çìåíøåííÿ âåëè÷èí T , N ³ W ³ äî çá³ëüøåííÿ êîåô³ö³ºíòà ãîòîâíîñò³ K.

Îòæå, çà äîïîìîãîþ ìåòîäó ïîòåíö³àë³â îäåðæàíî ïðîñò³ òà çðó÷í³ äëÿ ÷èñ-
ëîâî¿ ðåàë³çàö³¿ ôîðìóëè äëÿ â³äøóêàííÿ õàðàêòåðèñòèê íàä³éíîñò³ ñèñòåì ç
ïîñë³äîâíèì ç’ºäíàííÿì åëåìåíò³â, âèêîðèñòàííÿì ðåçåðâóâàííÿ ³ ïîðîãîâèõ
ñòðàòåã³é â³äíîâëåííÿ ç íåïîêàçíèêîâèìè ðîçïîä³ëàìè ÷àñó ðåìîíòó. Ìè îáìå-
æèëèñÿ âèïàäêîì ïîêàçíèêîâîãî ðîçïîä³ëó ÷àñó áåçâ³äìîâíî¿ ðîáîòè åëåìåíò³â ³
íàÿâíîñò³ îäíîãî êàíàëó ðåìîíòó. Îäåðæàí³ àíàë³òè÷íèì ìåòîäîì ðåçóëüòàòè ïå-
ðåâ³ðåíî çà äîïîìîãîþ ³ì³òàö³éíèõ ìîäåëåé ç âèêîðèñòàííÿì GPSS World [2, 9].
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Ò à á ë è ö ÿ 2

Íàéìåíóâàííÿ
ðîçïîä³ëó

m

Çíà÷åííÿ õàðàêòåðèñòèê íàä³éíîñò³ ñèñòåì ç ð³çíèìè ðîçïîä³ëàìè ÷àñó
ðåìîíòó (âèïàäîê çàñòîñóâàííÿ ïîðîãîâèõ ñòðàòåã³é â³äíîâëåííÿ)

T N K W �e

�k (0.1) 0 3.7112 1.4202 0.1773 0.6677 0.2974

Uk 0 3.2119 1.4870 0.1994 0.7816 0.1677

Ek 0 2.7390 1.5853 0.2261 0.9504 —

Wk (1.5) 0 2.3136 1.7151 0.2569 1.1837 0.1805

Wk ( )5 0 1.4980 2.1978 0.3481 2.2067 0.7750

�k (0.1) 3 20.9210 3.2527 0.5355 2.1305 0.3188

Uk 3 12.7702 3.2408 0.5289 2.1763 0.1884

Ek 3 7.9454 3.2506 0.5274 2.2831 —

Wk (1.5) 3 5.1489 3.3123 0.5218 2.4962 0.2206

Wk ( )5 3 2.0437 3.7616 0.4956 3.8597 0.9218

�k (0.1) 5 58.4388 4.9412 0.5733 3.6318 0.3339

Uk 5 28.7117 4.8227 0.5774 3.5757 0.1949

Ek 5 14.6647 4.7041 0.5824 3.5705 —

Wk (1.5) 5 8.1220 4.6400 0.5787 3.6880 0.2258

Wk ( )5 5 2.4329 4.8682 0.5341 5.0565 0.9414
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Þ.Â. Æåðíîâûé
ÍÀÄÅÆÍÎÑÒÜ ÑÈÑÒÅÌÛ Ñ ÐÅÇÅÐÂÈÐÎÂÀÍÈÅÌ, ÏÎÑËÅÄÎÂÀÒÅËÜÍÛÌ
ÑÎÅÄÈÍÅÍÈÅÌ ÝËÅÌÅÍÒÎÂ È ÏÎÐÎÃÎÂÛÌÈ ÑÒÐÀÒÅÃÈßÌÈ ÂÎÑÑÒÀÍÎÂËÅÍÈß

Àííîòàöèÿ. Ïðåäëîæåí ìåòîä èññëåäîâàíèÿ íàäåæíîñòè ñèñòåì ñ ðåçåðâè-
ðîâàíèåì, ïîñëåäîâàòåëüíûì ñîåäèíåíèåì ýëåìåíòîâ è ñòðàòåãèÿìè âîññòà-
íîâëåíèÿ, êîòîðûå ïðåäóñìàòðèâàþò èçìåíåíèå èíòåíñèâíîñòè ðåìîíòà
â çàâèñèìîñòè îò ÷èñëà íåèñïðàâíûõ ýëåìåíòîâ. Ðàññìîòðåí ñëó÷àé ïîêàçà-
òåëüíîãî ðàñïðåäåëåíèÿ âðåìåíè áåçîòêàçíîé ðàáîòû ýëåìåíòîâ, íåïîêàçà-
òåëüíîãî ðàñïðåäåëåíèÿ âðåìåíè âîññòàíîâëåíèÿ è íàëè÷èÿ îäíîãî êàíàëà
ðåìîíòà. Ïîëó÷åíû ôîðìóëû äëÿ îïðåäåëåíèÿ ïðåîáðàçîâàíèé Ëàïëàñà ðàñ-
ïðåäåëåíèÿ ÷èñëà íåèñïðàâíûõ ýëåìåíòîâ â òå÷åíèå ïåðèîä çàíÿòîñòè êàíà-
ëà ðåìîíòà, ôóíêöèè ðàñïðåäåëåíèÿ ïåðèîäà çàíÿòîñòè è äëÿ âû÷èñëåíèÿ
ñòàöèîíàðíûõ õàðàêòåðèñòèê íàäåæíîñòè.

Êëþ÷åâûå ñëîâà: íàäåæíîñòü, âîññòàíàâëèâàåìàÿ ñèñòåìà, ðåçåðâèðîâàíèå,
ïîñëåäîâàòåëüíîå ñîåäèíåíèå ýëåìåíòîâ, ìåòîä ïîòåíöèàëîâ.

Yu.V. Zhernovyi
RELIABILITY OF A SERIES SYSTEM WITH REDUNDANCY
AND THRESHOLD RECOVERY STRATEGIES

Abstract. We propose a method for studying the reliability of series systems
with redundancy and recovery strategies, which provide for a change in the
repair intensity depending on the number of failed units. The case of the
exponential distribution of the time to failure of units, the non-exponential
distribution of the recovery time, and one repair channel are considered.
Formulas to determine Laplace transforms of the distribution of the number of
failed units during the busy period of the repair channel and of the distribution
function of the busy period and to calculate the stationary reliability indices are
obtained.

Keywords: reliability, recoverable system, redundancy, series system, method of
potentials.
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