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Èäåíòèôèêàöèÿ íåëèíåéíûõ äèíàìè÷åñêèõ
ñèñòåì â âèäå ÿäåð Âîëüòåððû íà îñíîâå äàííûõ
èçìåðåíèé èìïóëüñíûõ îòêëèêîâ

(Ñòàòüþ ïðåäñòàâèë ä-ð òåõí. íàóê À. Ô. Âåðëàíü)

Ïðåäëîæåí íîâûé ìåòîä èäåíòèôèêàöèè íåëèíåéíûõ äèíàìè÷åñêèõ ñèñòåì â âèäå ðÿäîâ

Âîëüòåððû ñ èñïîëüçîâàíèåì èìïóëüñíûõ ïðîáíûõ ñèãíàëîâ, îñíîâàííûé íà âûäåëåíèè

ïàðöèàëüíûõ ñîñòàâëÿþùèõ èç îòêëèêà ñ ïîìîùüþ äèôôåðåíöèðîâàíèÿ ðåàêöèè ñèñòåìû

ïî àìïëèòóäå âõîäíûõ âîçäåéñòâèé. Äëÿ ïîâûøåíèÿ ïîìåõîóñòîé÷èâîñòè âû÷èñëèòåëü-

íîãî àëãîðèòìà èäåíòèôèêàöèè ïðèìåíåíà âåéâëåò-ôèëüòðàöèÿ.

Çàïðîïîíîâàíî íîâèé ìåòîä ³äåíòèô³êàö³¿ íåë³í³éíèõ äèíàì³÷íèõ ñèñòåì ó âèãëÿä³ ðÿä³â

Âîëüòåððè ç âèêîðèñòàííÿì ³ìïóëüñíèõ ïðîáíèõ ñèãíàë³â, ÿêèé áàçóºòüñÿ íà âèä³ëåíí³

ïàðö³àëüíèõ ñêëàäîâèõ ³ç â³äãóêó çà äîïîìîãîþ äèôåðåíö³þâàííÿ ðåàêö³¿ ñèñòåìè ïî

àìïë³òóä³ âõ³äíèõ âïëèâ³â. Äëÿ ï³äâèùåííÿ çàâàäîñò³éêîñò³ îá÷èñëþâàëüíîãî àëãîðèòìó

³äåíòèô³êàö³¿ çàñòîñîâàíî âåéâëåò-ô³ëüòðàö³þ.

Ê ë þ ÷ å â û å ñ ë î â à: èäåíòèôèêàöèÿ, ìîäåëèðîâàíèå, íåëèíåéíûå ñèñòåìû, ðÿä
Âîëüòåððû, ÿäðà Âîëüòåððû.

Ïîñòàíîâêà çàäà÷è. Îäíèì èç íàèáîëåå óíèâåðñàëüíûõ ïîäõîäîâ ê ìàòå-

ìàòè÷åñêîìó ìîäåëèðîâàíèþ íåëèíåéíûõ äèíàìè÷åñêèõ ñèñòåì (ÍÑ),

ïîçâîëÿþùèõ èñïîëüçîâàòü åãî â ðàçëè÷íûõ îáëàñòÿõ íàóêè è òåõíèêè,

ÿâëÿåòñÿ ïðåäñòàâëåíèå îòêëèêà ñèñòåìû íà âíåøíèå âîçäåéñòâèÿ (äåòåð-

ìèíèðîâàííûå è ñëó÷àéíûå) â âèäå èíòåãðî-ñòåïåííîãî ðÿäà Âîëüòåððû

(ÐÂ) [1, 2]. Òåîðèÿ ìîäåëèðîâàíèÿ ÍÑ íà îñíîâå ÐÂ ïîëó÷èëà øèðîêîå

ïðèìåíåíèå â ìíîãî÷èñëåííûõ èññëåäîâàíèÿõ [1—7].

Ïðè îïèñàíèè â âèäå ÐÂ ñîîòíîøåíèå âõîä—âûõîä äëÿ ìîäåëèðóå-

ìîé ÍÑ ïîëíîñòüþ õàðàêòåðèçóåòñÿ ñîâîêóïíîñòüþ èíâàðèàíòíûõ îòíî-

ñèòåëüíî âèäà âõîäíîãî ñèãíàëà ìíîãîìåðíûõ èìïóëüñíûõ ïåðåõîäíûõ

ôóíêöèé — ÿäåð Âîëüòåððû (ßÂ). Çàäà÷à èäåíòèôèêàöèè, ò.å. ïîñòðîåíèÿ

ìîäåëè íà îñíîâå òàêîãî ïðåäñòàâëåíèÿ, çàêëþ÷àåòñÿ â âûáîðå âèäà òåñòî-

âûõ âîçäåéñòâèé è ðàçðàáîòêå àëãîðèòìà, ïîçâîëÿþùåãî îïðåäåëÿòü ïî
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èçìåðåííûì ðåàêöèÿì äèíàìè÷åñêèå õàðàêòåðèñòèêè — ßÂ èññëåäóåìîé

ñèñòåìû [1].

Äëÿ èçâåñòíûõ ýêñïåðèìåíòàëüíûõ ìåòîäîâ îöåíêè ßÂ âî âðåìåííîé

îáëàñòè [1, 4], îñíîâàííûõ íà ïðèìåíåíèè ïðîáíûõ èìïóëüñíûõ (ñòóïåí-

÷àòûõ) ñèãíàëîâ, õàðàêòåðíû ìàëîå âðåìÿ èçìåðåíèÿ, ïðîñòîòà îáðàáîòêè

èíôîðìàöèè è ãåíåðèðîâàíèÿ òåñòîâîãî ñèãíàëà. Îäíàêî ìàëàÿ ïîìåõî-

óñòîé÷èâîñòü ìåòîäîâ äåòåðìèíèðîâàííîé èäåíòèôèêàöèè îãðàíè÷èâàåò

èõ ïðèìåíåíèå â ðåàëüíûõ óñëîâèÿõ ïðè íàëè÷èè ïîãðåøíîñòåé èçìåðå-

íèé äàííûõ îòêëèêîâ, ïîëó÷åííûõ â ðåçóëüòàòå ýêñïåðèìåíòàëüíûõ èññëåäî-

âàíèé âõîä—âûõîä èäåíòèôèöèðóåìîé ñèñòåìû. Ýòî îáóñëîâëèâàåò íåîáõî-

äèìîñòü ïîèñêà íîâûõ ýôôåêòèâíûõ ñïîñîáîâ èäåíòèôèêàöèè ÍÑ ñ

èñïîëüçîâàíèåì äåòåðìèíèðîâàííûõ ïðîáíûõ âîçäåéñòâèé, îñíîâàííûõ

íà ïðèìåíåíèè àëãîðèòìîâ ðåãóëÿðèçàöèè íåêîððåêòíûõ çàäà÷ [8—10] èëè

øóìîïîäàâëåíèÿ ñ ïîìîùüþ âåéâëåò-ïðåîáðàçîâàíèé [11—13].

Ïîâûøåíèå âû÷èñëèòåëüíîé óñòîé÷èâîñòè îöåíîê ßÂ n-ãî ïîðÿäêà ê

øóìàì èçìåðåíèé òåñíî ñâÿçàíî ñ äðóãîé ïðîáëåìîé — âûäåëåíèåì ïàð-

öèàëüíîé ñîñòàâëÿþùåé (ÏÑ) yn (t) ÐÂ (öåëîãî îäíîðîäíîãî ðåãóëÿðíîãî

ôóíêöèîíàëà Âîëüòåððû n-é ñòåïåíè), ïîñêîëüêó â ðåæèìå àêòèâíîãî

ýêñïåðèìåíòà îáû÷íî èçìåðÿåòñÿ ñóììàðíûé îòêëèê y (t) íà çàäàííîå âîç-

ìóùåíèå x (t). Ïîýòîìó ïðèìåíÿþòñÿ ñïåöèàëüíûå ïðèåìû âûäåëåíèÿ

y tn ( ) èç y t( ) [4, 11, 12].

Èññëåäóåì òî÷íîñòü è ïîìåõîóñòîé÷èâîñòü âû÷èñëèòåëüíûõ àëãîðèò-

ìîâ ïðåäëàãàåìîãî ìåòîäà èäåíòèôèêàöèè ÍÑ â âèäå ÐÂ ñ èñïîëüçî-

âàíèåì èìïóëüñíûõ ïðîáíûõ ñèãíàëîâ. Ìåòîä îñíîâàí íà âûäåëåíèè ÏÑ ñ

ïîìîùüþ n-êðàòíîãî äèôôåðåíöèðîâàíèÿ îòêëèêîâ ñèñòåìû ïî àìïëè-

òóäå âõîäíûõ âîçäåéñòâèé.

Ìîäåëèðîâàíèå íåëèíåéíûõ ñèñòåì íà îñíîâå ðÿäîâ Âîëüòåððû.

Â îáùåì ñëó÷àå ñîîòíîøåíèå âõîä—âûõîä äëÿ ÍÑ ìîæåò áûòü ïðåäñòàâ-

ëåíî èíòåãðîñòåïåííûì ÐÂ âèäà

y x t y x t w x
n

n

n

n n[ ( )] [ ( )] ( , , ..., ) (� �

�

�

�

� �

� � ��
1 1 0

2
� � � �

�
t dr r

r

n

�

�

	 � �)

1

, (1)

ãäå x t( ) è y x t[ ( )]— âõîäíîé è âûõîäíîé ñèãíàëû ÍÑ; wn n( , , ..., )� � �
� 2

—

ßÂ n-ãî ïîðÿäêà; y x tn [ ( )]— n-ÿ ÏÑ îòêëèêà îáúåêòà.

Íà ïðàêòèêå ÐÂ (1) çàìåíÿþò ïîëèíîìîì è îáû÷íî îãðàíè÷èâàþòñÿ

íåñêîëüêèìè ïåðâûìè ÷ëåíàìè ðÿäà. Ïðîöåäóðà èäåíòèôèêàöèè çàêëþ÷àåò-

ñÿ â âûäåëåíèè ÏÑ y x tn [ ( )]è îïðåäåëåíèè íà îñíîâå åå ßÂ wn n( , , ..., )� � �
� 2

.

Èçâåñòíî, ÷òî âñÿêàÿ íåïðåðûâíàÿ ôóíêöèÿ ìîæåò áûòü ïîëó÷åíà êàê

ïðåäåë ðàâíîìåðíî ñõîäÿùåéñÿ ïîñëåäîâàòåëüíîñòè ñòóïåí÷àòûõ ôóíê-

öèé xk ( )� [14]. Íåïðåðûâíûé ôóíêöèîíàë y x t[ ( )] îïðåäåëÿåòñÿ â êàæäîé
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òî÷êå òàêîãî ìíîæåñòâà, êàê ïðåäåë ïîñëåäîâàòåëüíîñòè çíà÷åíèé ôóíê-

öèé
~

( , , ..., )y x x xk k� 2
ïðè óñëîâèè, ÷òî xk ( )� äëÿ ðàññìàòðèâàåìîé ñõîäè-

ìîñòè ñòðåìèòñÿ ê x ( )� . Ñëåäîâàòåëüíî, ýòîò ôóíêöèîíàë ìîæåò áûòü

îïðåäåëåí, åñëè èçâåñòíû ôóíêöèè
~

( , , ..., )y x x xk k� 2
. Ìåòîä ïåðåõîäà îò

êîíå÷íîãî ê áåñêîíå÷íîìó, ïðåäëîæåííûé Âîëüòåððîé, ñîñòîèò â âûâîäå

ñâîéñòâ ôóíêöèîíàëà y x t[ ( )]èç ñâîéñòâ ôóíêöèè
~

( , , ..., )y x x xk k� 2
.

Ïðèìåíèì ýòîò ìåòîä ïðè âûâîäå ÐÂ äëÿ âûÿñíåíèÿ ñìûñëà åãî ÿäåð.

Ðàçëàãàÿ ôóíêöèþ
~

( , , ..., )y x x xk k� 2
â ðÿä Òåéëîðà â íåêîòîðîé îêðåñòíîñòè

òî÷êè x x x xk
0

1

0

2

0 0
� ( , , ..., ), ïîëó÷àåì

~
( , ,..., )

~
( , ,..., )y x x x y x x xk k k k� 2 1

0

2

0 0
� 



 


� � �

� � �

l

k
k

l x

l

l

k

l

k
k

l l x

y

x
x

y

x x
1 1 1

2

0

1 2 1 2
0

1

2

�

�

�

� �

~

!

~

� �x xl l
1 2

� 
 ... , (2)

ãäå �x x xl l� �
0
. Áóäåì ðàññìàòðèâàòü ñëó÷àé, êîãäà x 0

0� è
~

( , , ...y x xk � 2

..., )xk �0, ò.å. ïðåäïîëîæèì, ÷òî ñèñòåìà äî ïîäà÷è âõîäíîãî âîçäåéñòâèÿ

íàõîäèëàñü â ñîñòîÿíèè ïîêîÿ (íóëåâûå íà÷àëüíûå óñëîâèÿ). Âîîáùå ãî-

âîðÿ, ôóíêöèÿ
~yk çàâèñèò òàêæå îò ïàðàìåòðà t, ò.å.

~
( , , , ..., )y t x x xk k� 2

.

Ïîýòîìó âûðàæåíèå (2) ìîæíî çàïèñàòü â âèäå

y x t w t xk

l

k

l l l[ ( ), ] ( , )� � � �0

1

1

 
 � 


�

� � �


 


� �

� �

l

k

l

k

l l l l l lw t x x

1 2

1 2 1 2 1 2

1 1

2
( , , ) ...� � � �� � � � , (3)

ãäå � �� � � �l l l� � �
�1

, �� � �t k;

w t
y

x
l

k

l x

1

0

1
( , )

~

�

�

�

�

�

�
�

;

w t
y

x x
l l

k

l l x

2 2

2

0

1 2

1 2

1

2

( , , )

!( )

~

� �

�

�

� �

�

�

�

; (4)

. . .

w t
n

y

x x
n l l n

n
k

l l x

n

n

( , ,..., )

!( )

~

...

� �

�

�

� �
1

1

1

0

�

�

�

.

Â âûðàæåíèè (3), ïåðåõîäÿ ê ïðåäåëó ïðè �� � 0 (k � �), ïîëó÷àåì ðÿä (1).
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Ïðèáëèæåííîå ïðåäñòàâëåíèå ïðîèçâîëüíîé ôóíêöèè x ( )� ñòóïåí÷à-

òîé ôóíêöèåé xk ( )� ýêâèâàëåíòíî ïðåäñòàâëåíèþ âõîäíîãî ñèãíàëà â âèäå

ñóììû k èìïóëüñîâ äëèòåëüíîñòüþ �� è ñ àìïëèòóäàìè x xl l( )� � , âïëîò-

íóþ ñëåäóþùèõ îäèí çà äðóãèì. Ïåðåõîäÿ â âûðàæåíèÿõ (4) ê ìàëûì

êîíå÷íûì ïðèðàùåíèÿì �f k è �x ïðè äîñòàòî÷íî ìàëîì �� òàê, ÷òîáû (3)

ÿâëÿëîñü «õîðîøèì» ïðèáëèæåíèåì (1) (ýòî äîñòèãàåòñÿ â ñëó÷àå, êîãäà

äëèòåëüíîñòü âõîäíîãî èìïóëüñà �� ìàëà ïî ñðàâíåíèþ ñ ìèíèìàëüíîé

ïîñòîÿííîé âðåìåíè èññëåäóåìîé ñèñòåìû), ïîëó÷àåì ñëåäóþùåå ïðèá-

ëèæåííîå ñîîòíîøåíèå äëÿ îïðåäåëåíèÿ ßÂ:

� ( , ..., )
( )

!( )

( )

,.

w t t t t
n x

n n

n

n

ti
i

n

t

� � �

�

�

�

�

1

1
1 1

1

� ��

�

� ..,

( , , ..., )

�

� �

tn

n
y t t t

�

�

0

1

1

. (5)

Çäåñü � ( , ..., )w t t t tn n� �
1

— îöåíêà ñå÷åíèÿ ßÂ n-ãî ïîðÿäêà; y t t tn
( , , ..., )� �

1

—

ðåàêöèÿ ñèñòåìû, èçìåðåííàÿ â ìîìåíò âðåìåíè t ïðè äåéñòâèè íà âõîäå

ìîäóëèðîâàííûõ äåëüòà-èìïóëüñîâ ïëîùàäüþ � ��� �x (áóäåì ñ÷èòàòü,

÷òî àìïëèòóäû ïðîáíûõ èìïóëüñîâ îäèíàêîâû, ò.å. � � �x x xn1
� � �... )

ñîîòâåòñòâåííî â ìîìåíòû âðåìåíè t1, ..., tn, åñëè � ti
�1, òî èìïóëüñ íà

âõîäå ñèñòåìû äåéñòâóåò â ìîìåíò âðåìåíè ti, à åñëè � ti
�0, òî èìïóëüñ íà

âõîäå â ýòîò ìîìåíò îòñóòñòâóåò. Ïîëàãàåì, ÷òî èäåíòèôèöèðóåìàÿ ÍÑ

èíâàðèàíòíà âî âðåìåíè.

Àíàëèçèðóÿ âûðàæåíèå (5), âèäèì, ÷òî èñïîëüçîâàòü åãî äëÿ îöåíêè

ñå÷åíèé ßÂ íåâîçìîæíî, ïîñêîëüêó ïðè îïðåäåëåíèè ßÂ n-ãî ïîðÿäêà

âîçíèêàåò ìåòîäè÷åñêàÿ ïîãðåøíîñòü, îáóñëîâëåííàÿ íåñêîìïåíñèðîâàí-

íûì îáðàáîòêîé âêëàäîì ÷ëåíîâ ðÿäà, ïîðÿäîê êîòîðûõ âûøå n.

Èíòåðïîëÿöèîííûé ìåòîä èäåíòèôèêàöèè. Äëÿ ïîñòðîåíèÿ ìîäå-

ëè ÍÑ â âèäå (1) íåîáõîäèìî ðåøèòü çàäà÷è âûäåëåíèÿ èç ñóììàðíîãî

îòêëèêà ÍÑ ÏÑ n-ãî ïîðÿäêà y x tn [ ( )] è âîññòàíîâëåíèÿ èç íåå ñîîòâåòñò-

âóþùåãî ßÂ. Ðàññìîòðèì ìåòîä âûäåëåíèÿ ÏÑ ñ ïîìîùüþ n-êðàòíîãî

äèôôåðåíöèðîâàíèÿ îòêëèêîâ ÍÑ ïî àìïëèòóäå òåñòîâûõ ñèãíàëîâ, â

êà÷åñòâå êîòîðûõ èñïîëüçóåì ïîëèèìïóëüñíûå ñèãíàëû.

Ïîäàâàÿ íà âõîä ÍÑ ñèãíàë âèäà ax t( ), ãäå a — ìàñøòàáíûé êîýô-

ôèöèåíò (àìïëèòóäà ñèãíàëà), îòêëèê ñèñòåìû ïîëó÷èì â âèäå

y ax t a w x t d

t

[ ( )] ( ) (� �
�
0

� �� � 



 � � 

� �

a w x t x t d d

t t
2

0 0

2 2 1 2 1 2
( , ) ( ) ( ) ...� � � � � �

�
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... ( ,..., ) ( ) ...
 � 

� � 	

�

a w x t dn

n

t t

n n r r

r

n

�
ðàç

0 0 1

� � � �
�

Äëÿ âûäåëåíèÿ ÏÑ n-ãî ïîðÿäêà ïðîäèôôåðåíöèðóåì îòêëèê ñèñòåìû n

ðàç ïî àìïëèòóäå:

�

�

� � � �
�

n

n n ðàç

t t

n n r r

y ax t

a
n w x t d

[ ( )]
! ( ,..., ) ( )� �
� �

�

0 0




�

	

r

n

1


 
 �





 
� �
( )! ( ,..., ) ( )

( )

n a w x t d
n ðàç

t t

n n r r1
1

0 0

1 1
� � � � �

�



�




	 ...

r

n

1

1

Âçÿâ çíà÷åíèå ïðîèçâîäíîé ïðè a = 0, ïîëó÷èì n-þ ÏÑ:

y t w x t d
n

y ax
n

n ðàç

t t

n n r r

n

( ) ( , ..., ) ( )
!

[
� � �
� �

�

0 0

1
� � � �

�

�

( )]t

an
ar

n

�
�

�

	

01

. (6)

Ïîäñòàâëÿÿ (6) â (4) è ïîëàãàÿ � �l ln1

0� � �... , ïîëó÷àåì âûðàæåíèÿ äëÿ

îïðåäåëåíèÿ äèàãîíàëüíûõ ñå÷åíèé ßÂ n-ãî ïîðÿäêà:

� ( )
( )

w t
y t

1

1
�

��

;

� ( , )
( )

( )

w t t
y t

2

2

2
�

��

;

(7)

. . .

� ( , ,..., )
( )

( )

w t t t
y t

n
n

n
�

��

.

Äëÿ îïðåäåëåíèÿ áîêîâûõ ñå÷åíèé ßÂ íà îñíîâàíèè (5) ïîëó÷àåì ñëåäóþ-

ùåå ïðèáëèæåííîå âûðàæåíèå:

� ( ,..., )
( )

!( )

( )

,...

w t t t t
n

n n

n

n

ti
i

n

t

� � �

�

�

�

�

1

1
1 1

1

��

�

� ,

( , , ..., )

�

� �

tn

n
y tn t t

�

�

0

1

1

.

Âû÷èñëèòåëüíûé àëãîðèòì. Äèôôåðåíöèðîâàíèå ôóíêöèè, çàäàí-

íîé â äèñêðåòíûõ òî÷êàõ, ìîæåò áûòü âûïîëíåíî îäíèì èç ÷èñëåííûõ

ìåòîäîâ ïîñëå ïðåäâàðèòåëüíîãî ñãëàæèâàíèÿ ðåçóëüòàòîâ èçìåðåíèé. Çà-

ìåíèì ÷àñòíóþ ïðîèçâîäíóþ âûðàæåíèåì â êîíå÷íûõ ðàçíîñòÿõ. Èçâåñò-

íû ðàçëè÷íûå ôîðìóëû äëÿ ÷èñëåííîãî äèôôåðåíöèðîâàíèÿ [15], îòëè-

÷àþùèåñÿ îäíà îò äðóãîé âåëè÷èíîé ïîãðåøíîñòè. Ïðåäëîæåííûé â [16]

óíèâåðñàëüíûé ïðèåì, ïîçâîëÿåò çàìåíèòü ïðîèçâîäíóþ ëþáîãî ïîðÿäêà
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n ðàçíîñòíûì îòíîøåíèåì òàê, ÷òîáû ïîãðåøíîñòü îò òàêîé çàìåíû äëÿ

ôóíêöèè y (a) áûëà ëþáîãî íàïåðåä çàäàííîãî ïîðÿäêà àïïðîêñèìàöèè p

îòíîñèòåëüíî øàãà h a�� ðàçíîñòíîé ñåòêè ïî àìïëèòóäå. Âîñïîëüçóåìñÿ

ìåòîäîì íåîïðåäåëåííûõ êîýôôèöèåíòîâ äëÿ ðàâåíñòâà

d y a

da
h c y a sh O h

n

n

n
s

p

s s

s
( )

( ) ( )� 
 

�

��

�

1

2

(8)

è ïîäáåðåì íåçàâèñÿùèå îò h êîýôôèöèåíòû cs, s s s s� � � 

1 1 2

1, , ..., , òàê,

÷òîáû ðàâåíñòâî (8) îêàçàëîñü ñïðàâåäëèâûì. Ïðåäåëû ñóììèðîâàíèÿ

s
1

0� è s
2

0� ìîæíî âçÿòü ïðîèçâîëüíûìè, íî òàê, ÷òîáû ïîðÿäîê s s
1 2



ðàçíîñòíîãî îòíîøåíèÿ

h c y a shn
s

�

� 
( )

óäîâëåòâîðÿë íåðàâåíñòâó s s
1 2

 � 
 �n p 1.

Äëÿ îïðåäåëåíèÿ cs íåîáõîäèìî ðåøèòü ñëåäóþùóþ ñèñòåìó óðàâíåíèé:

1 1 1

1

1

1 1 2

1

1

1

1

2

1

1

�

�

� � � �

�

� � 
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� � �

s s s

s s s

s

n n n

n
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� � 
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 �
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1

1

1

2

1

1

1

1

1

)

( ) ( )

( ) (

�

�

� � � �
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�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
 � 
 �

�

�

s s

c

c

n p n p

s

s

1

1

2

1
1

1

) �

1

2

1

0

0

0

0

0




�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

c

n

s

!

�

�

�

.
(9)

Åñëè s s n p
1 2

1
 � 
 � , òî âûïèñàííûå n p
 ðàâåíñòâ îáðàçóþò ëèíåéíóþ

ñèñòåìó îòíîñèòåëüíî òîãî æå ÷èñëà íåèçâåñòíûõ cs. Îïðåäåëèòåëü ýòîé

ñèñòåìû åñòü îïðåäåëèòåëü Âàíäåðìîíäà è îí îòëè÷åí îò íóëÿ. Òàêèì

îáðàçîì, ñóùåñòâóåò åäèíñòâåííûé íàáîð êîýôôèöèåíòîâ cs, óäîâëåòâî-

ðÿþùèé ñèñòåìå (9). Åñëè s s k p
1 2

 � 
 , òî, î÷åâèäíî, òàêèõ ñèñòåì êîýô-

ôèöèåíòîâ cs ìíîãî.

Ïîëó÷åííûå íà îñíîâå (8) ôîðìóëû âû÷èñëåíèÿ ïðîèçâîäíûõ ïðè a =

= 0 ñ èñïîëüçîâàíèåì öåíòðàëüíûõ ðàçíîñòåé äëÿ ðàâíîîòñòîÿùèõ óçëîâ

èìåþò ñëåäóþùèé âèä:

äëÿ ïðîèçâîäíîé ïåðâîãî ïîðÿäêà

� � � 

�

y
h

y y
0 1 1

1

2

( ) ,

� � � 
 �
� �

y
h

y y y y
0 2 1 1 2

1

12

8 8( ) ,
(10)
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� � � 
 � 
 � 

� � �

y
h

y y y y y y
0 3 2 1 1 2 3

1

60

9 45 45 9( ) ;

äëÿ ïðîèçâîäíîé âòîðîãî ïîðÿäêà

�� � � 

�

y
h

y y y
0 2 1 0 1

1
2( ) ,

�� � � 
 � 
 �
� �

y
h

y y y y y
0 2 2 1 0 1 2

1

12

16 30 16( ) , (11)

�� � � 
 � 
 � 

� � �

y
h

y y y y y y y
0 2 3 2 1 0 1 2 3

1

180

2 27 270 490 270 27 2( ) ;

äëÿ ïðîèçâîäíîé òðåòüåãî ïîðÿäêà

��� � � 
 � 

� �

y
h

y y y y
0 3 2 1 1 2

1

2

2 2( ) ,

��� � � 
 � 
 �
� � �

y
h

y y y y y y
0 3 3 2 1 1 2 3

1

8

8 13 13 8( ) ;

(12)

äëÿ ïðîèçâîäíîé ÷åòâåðòîãî ïîðÿäêà

y
h

y y y y y
0

4

4 2 1 0 1 2

1
4 6 4

( )
( )� � 
 � 


� �
,

y
h

y y y y y y y
0

4

4 3 2 1 0 1 2 3

1

6

12 39 56 39 12
( )

( )� � 
 � 
 � 
 �
� � �

,

(13)

ãäå � � �y y
0

0( ), �� � ��y y
0

0( ), ��� � ���y y
0

0( ), y y
0

4 4
0

( ) ( )
( )� , y y shs � ( ), s � � � �0 1 2 3, , , .

Àíàëîãè÷íûå ôîðìóëû ÷èñëåííîãî äèôôåðåíöèðîâàíèÿ äëÿ ðàâíî-

îòñòîÿùèõ óçëîâ ïîëó÷åíû íà îñíîâå (8) ñ èñïîëüçîâàíèåì ïðàâûõ ðàç-

íîñòåé ïðè a = 0:

ïåðâîãî ïîðÿäêà

� � � 
 �y
h

y y y
0 0 1 2

1

2

3 4( ) ,

� � � 
 � 
 �y
h

y y y y y
0 0 1 2 3 4

1

12

25 48 36 16 3( ) , (14)

� � � 
 � 
 � 
 �y
h

y y y y y y y
0 0 1 2 3 4 5 6

1

60

147 360 450 400 225 72 10( ) ;

âòîðîãî ïîðÿäêà

�� � � 
y
h

y y y
0 2 0 1 2

1
2( ) ,
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�� � � 
 � 
y
h

y y y y y
0 2 0 1 2 3 4

1

12

35 104 114 56 11( ) ,
(15)

�� � � 
 � 
 � 
y
h

y y y y y y
0 2 0 1 2 3 4 5

1

8

812 3132 5265 5080 2970 972( 137
6

y ) ;

òðåòüåãî ïîðÿäêà

��� � � 
 � 
 �y
h

y y y y y
0 3 0 1 2 3 4

1

2

5 18 24 14 3( ) ,

��� � � 
 � 
 � 
 �y
h

y y y y y y
0 3 0 1 2 3 4 5

1

180

49 232 461 496 307 104 1( 5
6

y ) ;

(16)

÷åòâåðòîãî ïîðÿäêà

y
h

y y y y y
0

4

4 0 1 2 3 4

1
4 6 4

( )
( )� � 
 � 
 ,

y
h

y y y y y y y
0

4

4 0 1 2 3 4 5 6

1

6

35 186 411 484 321 114 17
( )

(� � 
 � 
 � 
 ).

(17)

Â ôîðìóëàõ (11), (13), (14)—(17) íåîáõîäèìî ïîëîæèòü y
0

0� , ïîñêîëüêó

èäåíòèôèêàöèÿ ÍÑ îñóùåñòâëÿåòñÿ ïðè íóëåâûõ íà÷àëüíûõ óñëîâèÿõ.

Êîìïüþòåðíîå ìîäåëèðîâàíèå. Äëÿ èññëåäîâàíèÿ ìåòîäà èäåíòè-

ôèêàöèè âûáðàí îáúåêò, îïèñûâàåìûé íåëèíåéíûì äèôôåðåíöèàëüíûì

óðàâíåíèåì

dy t

dt
y t y t x t

( )
( ) ( ) ( )
 
 �� �

2
,

ãäå �, � — ïîñòîÿííûå êîýôôèöèåíòû, � = 2,64, � = 1,45. Íåïàðàìåòðè-

÷åñêàÿ ìîäåëü îáúåêòà â âèäå òðåõ ÷ëåíîâ ÐÂ ïðè íóëåâûõ íà÷àëüíûõ

óñëîâèÿõ èìååò âèä

y t w x t d w x t x t

t t t

( ) ( ) ( ( , ) ( ) (� � 
 �
� � �

0

1 1 1 1

0 0

2 2 1
� � � � � � �

�
� 
� � �

2 1 2
) d d


 � � �
� ��

0 00

3 2 3 1 2 3 1 2

t tt

w x t x t x t d d d( , , ) ( ) ( ) ( )� � � � � � � �
�

�
3

,

ãäå

w e
1 1

1( )�
��

�
�

; w e e
2 1 2

1 2 2( , ) ( )
( )

� �

�

�

� � � ��

� �
� 
 �

, � �
1 2

 ;

w
3 1 2 3
( , , )� � � �
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�
�

�

 

!

"

# 
 �
� � � 
 
 � 
1

3

3 4

2

1 2 3 1 2 3 2
�

�

� � � � � � � � � � �

(
( ) ( ) (

e e e 3 1 3 32 2
) ( )

)� 

� 
 �

e e
� � � ��

,

� � �
1 2 3

 
 .

Äèàãîíàëüíûå ñå÷åíèÿ ßÂ ïîëó÷àåì, ïîëàãàÿ �1 = �2 = �3 = t:

w t t e et t
2

2
( , ) ( )� �

� ��

�

� �

, w t t t e e et t t
3

2

3 2
2( , , ) ( )�

�

�

 

!

"

# � 

� � ��

�

� � �

.

Äëÿ îöåíêè ïîãðåøíîñòåé ýêñïåðèìåíòàëüíîãî îïðåäåëåíèÿ ñå÷åíèé

ßÂ èñïîëüçóåì êðèòåðèè ñðåäíåêâàäðàòè÷íîé îøèáêè (ÑÊÎ) $ è ïðîöåíò-

íîé íîðìèðîâàííîé ñðåäíåêâàäðàòè÷íîé îøèáêè (ÏÍÑÊÎ) $ n :

$ � �

�

�

1 2

1
k

w wt t

t

k

( � ) , $ n
t t

tt

k w w

w
�

�

�

�100

2

2

1

%
( � )

,

ãäå k — ÷èñëî îò÷åòîâ íà èíòåðâàëå âðåìåíè íàáëþäåíèÿ; wt — ýòàëîí-

íûå çíà÷åíèÿ ßÂ; �wt — çíà÷åíèÿ îöåíêè ßÂ, ïîëó÷åííûå â ðåçóëüòàòå

îáðàáîòêè ýêñïåðèìåíòàëüíûõ äàííûõ (îòêëèêîâ ñèñòåìû) â äèñêðåòíûå

ìîìåíòû âðåìåíè t.

Íà ðèñ. 1, à è á, ïðåäñòàâëåíû ãðàôèêè çàâèñèìîñòåé ÑÊÎ èäåíòè-

ôèêàöèè $ îò øàãà ïî àìïëèòóäå �a (ïëîùàäè S) èìïóëüñíûõ âîçäåéñòâèé

ïðè îïðåäåëåíèè äèàãîíàëüíûõ ñå÷åíèé ßÂ ñîîòâåòñòâåííî âòîðîãî è

òðåòüåãî ïîðÿäêîâ ñ ïîìîùüþ ôîðìóë (11) è (12) ïî s1 + s2 óçëàì ïðè

ðàçëè÷íûõ ïîãðåøíîñòÿõ èçìåðåíèé îòêëèêîâ �.
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8

6

4

2

0

$ · 10
�2

0,4 0,8 1,2 1,6 2,0

� = 1 %

2 %

5 %

s s
1 2

+ = 2 s s
1 2

+ = 4

0,4 0,8 1,2 1,6 S

� = 1 %

2 %

5 %

a á

Ðèñ. 1. Çàâèñèìîñòè ÑÊÎ èäåíòèôèêàöèè ßÂ âòîðîãî (à) è òðåòüåãî (á) ïîðÿäêîâ îò ïëî-

ùàäè èìïóëüñíûõ âîçäåéñòâèé ïðè ðàçëè÷íûõ ïîãðåøíîñòÿõ èçìåðåíèé �



Â òàáëèöå ïðèâåäåíû ìèíèìàëüíûå çíà÷åíèÿ ÏÍÑÊÎ èäåíòèôèêà-

öèè ßÂ âòîðîãî è òðåòüåãî ïîðÿäêîâ (n = 2, 3) è ñîîòâåòñòâóþùèå èì îïòè-

ìàëüíûå àìïëèòóäû èìïóëüñíûõ âîçäåéñòâèé �a (ïðè íåèçìåííîé äëè-

òåëüíîñòè �� = 0,02) äëÿ èññëåäóåìîãî îáúåêòà.

Íà ðèñ. 2 ïðåäñòàâëåíû ðåçóëüòàòû èäåíòèôèêàöèè äèàãîíàëüíûõ

ñå÷åíèé ßÂ âòîðîãî ïîðÿäêà ñîîòâåòñòâåííî ïðè � = 1 %, � = 3 % è îïòè-

ìàëüíîé ïëîùàäè èìïóëüñíûõ âîçäåéñòâèé (ñì. òàáëèöó). Äëÿ ñãëàæèâà-

íèÿ ðåçóëüòàòîâ èäåíòèôèêàöèè ïðèìåíåíà ôóíêöèÿ øóìîïîäàâëåíèÿ ñ

èñïîëüçîâàíèåì âåéâëåò-ïðåîáðàçîâàíèÿ íà îñíîâå ìàòåðèíñêîãî âåéâ-

ëåòà coiflet [13].

Íà ðèñ. 3 ïðåäñòàâëåíû ðåçóëüòàòû èäåíòèôèêàöèè äèàãîíàëüíûõ ñå-

÷åíèé ßÂ âòîðîãî ïîðÿäêà ïðè � = 1 %, s s
1 2

2
 � è ðàçëè÷íûõ àìïëèòóäàõ

èìïóëüñíûõ âîçäåéñòâèé (áîëüøå (�a �65) è ìåíüøå (�a �10) îïòèìàëüíîé

%�a � 45)), ñîîòâåòñòâóþùèõ îøèáêå èäåíòèôèêàöèè $ = 0, 02 (ñì. ðèñ. 1, à).

Ãðàôèêè, ïðåäñòàâëåííûå íà ðèñ. 3, ñâèäåòåëüñòâóþò î òîì, ÷òî ïðè

èñïîëüçîâàíèè òåñòîâûõ èìïóëüñîâ ñ øàãîì ïðèðàùåíèÿ ïî àìïëèòóäå

ìåíüøå îïòèìàëüíîãî (ñì. ðèñ. 1) äîìèíèðóåò ñëó÷àéíàÿ îøèáêà, ïðè çíà-

÷åíèÿõ øàãà, áîëüøèõ îïòèìàëüíîãî, — ìåòîäè÷åñêàÿ îøèáêà. Òàêèì

îáðàçîì, â ïðåäëàãàåìîì ìåòîäå èäåíòèôèêàöèè â êà÷åñòâå ïàðàìåòðà

ðåãóëÿðèçàöèè èñïîëüçîâàí øàã ïðèðàùåíèÿ ïî àìïëèòóäå (ïëîùàäè)

òåñòîâûõ èìïóëüñîâ. Âûáîð øàãà �a îáóñëîâëèâàåò íàèëó÷øóþ (ò.å. îáåñ-

ïå÷èâàþùóþ ìèíèìàëüíóþ ÑÊÎ) îöåíêó ßÂ. Ñãëàæèâàíèå ïîëó÷àåìûõ

îöåíîê ßÂ äîñòèãàåòñÿ ïðèìåíåíèåì âåéâëåò-ïðåîáðàçîâàíèé.

Ðåçóëüòàò èäåíòèôèêàöèè ïî ÷åòûðåì óçëàì (s s
1 2

4
 � ) ïîääèàãîíàëüíî-

ãî ñå÷åíèÿ ßÂ âòîðîãî ïîðÿäêà, ñìåùåííîãî îòíîñèòåëüíî äèàãîíàëüíîãî íà

Â. Ä. Ïàâëåíêî
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n s s
1 2



Ìèíèìàëüíàÿ ÏÍÑÊÎ èäåíòèôèêàööèè (%) è îïòèìàëüíûå çíà÷åíèÿ øàãà

ïî àìïëèòóäå �a ïðè ðàçëè÷íûõ óðîâíÿõ ïîãðåøíîñòè èçìåðåíèé (%)

Áåç ñãëàæèâàíèÿ
Ñ ïðèìåíåíèåì

âåéâëåò-ôèëüòðàöèè

0 1 3 5 $n

$n $n �a $n �a $n �a 1 3 5

2 2 4,85 13,0 34 26,3 45 37,5 53 10,9 15,5 19,2

4 4,83 14,7 72 36,5 79 58,1 80 11,2 16,8 23,6

6 4,84 19,6 84 54,1 86 88,1 87 11,6 20,8 31,5

3 4 3,94 4,8 51 84,3 65 118,1 69 24,78 44,7 55,88

6 2,03 74,6 75 182 82 278,5 84 32,83 71,1 107,3

Îøèáêè èäåíòèôèêàöèè ßÂ âòîðîãî è òðåòüåãî ïîðÿäêîâ



âåëè÷èíó �
0

= 0,2, ïðè � = 1 % è àìïëèòóäå èìïóëüñíûõ âîçäåéñòâèé �à =

=15 ïðåäñòàâëåí íà ðèñ. 4. Ïîëó÷åííàÿ ïðè ýòîì ÑÊÎ $ = 0,0132 î.å. Ïîñëå

ñãëàæèâàíèÿ ðåçóëüòàòîâ èäåíòèôèêàöèè ñ ïîìîùüþ ôóíêöèè øóìîïî-

äàâëåíèÿ, îñíîâàííîé íà âåéâëåò-ïðåîáðàçîâàíèè ñ èñïîëüçîâàíèåì ìàòå-

ðèíñêîãî âåéâëåòà coiflet, ïîëó÷åíà ÑÊÎ $ = 0,006 î.å. Òàêèì îáðàçîì,

ïðèìåíåíèå âåéâëåò-ôèëüòðàöèè ïîçâîëÿåò óìåíüøèòü ÑÊÎ îöåíêè ñå÷å-

íèÿ ßÂ â 2,2 ðàçà.

Íà ðèñ. 5 ïðåäñòàâëåíû ãðàôèêè çàâèñèìîñòè ÑÊÎ èäåíòèôèêàöèè äèà-

ãîíàëüíîãî ñå÷åíèÿ ßÂ âòîðîãî ïîðÿäêà îò ïëîùàäè (àìïëèòóäû) òåñòîâûõ

èìïóëüñíûõ âîçäåéñòâèé ïðè ðàçëè÷íûõ óðîâíÿõ ïîãðåøíîñòè �. Èç ðèñ. 5

âèäíî, ÷òî ïðè áîëüøèõ ïîãðåøíîñòÿõ èçìåðåíèé ìèíèìóì ÑÊÎ èäåíòè-
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3

Ðèñ. 3. Ãðàôèêè äèàãîíàëüíîãî ñå÷åíèÿ ßÂ âòîðîãî ïîðÿäêà ïðè s s
1 2

2
 � , � �1% è

îøèáêå èäåíòèôèêàöèè $ = 0,02 î.å.: 1 — ðåçóëüòàò èäåíòèôèêàöèè; 2 — ïðèìåíåíèå

âåéâëåò-ïðåîáðàçîâàíèÿ; 3 — ýòàëîííûå çíà÷åíèÿ

0

0,04

0,08

0,12

0,16

�

�

�

�

w t t
2
( , )

0 0,5 1,0 1,5 2,0 2,5 3,0

1

2

3

� = 1 %

a á

0 0,5 1,0 1,5 2,0 2,5 t

1

2

3

� = 3 %

Ðèñ. 2. Ãðàôèêè äèàãîíàëüíîãî ñå÷åíèÿ ßÂ âòîðîãî ïîðÿäêà ïðè s1 + s2 = 2 è ðàçëè÷íîé

ïîãðåøíîñòè èçìåðåíèé: 1 — ðåçóëüòàò èäåíòèôèêàöèè; 2 — ïðèìåíåíèå âåéâëåò-ïðå-

îáðàçîâàíèÿ; 3 — ýòàëîííûå çíà÷åíèÿ



ôèêàöèè îáåñïå÷èâàåòñÿ èñïîëüçîâàíèåì òåñòîâûõ èìïóëüñíûõ âîçäåéñòâèé

ñ áîëüøèìè àìïëèòóäàìè. Ïðè ýòîì ìèíèìàëüíîå çíà÷åíèå ÑÊÎ òàêæå

âîçðàñòàåò.

Íà ðèñ. 6 ïðèâåäåíû ãðàôèêè çàâèñèìîñòè îïòèìàëüíîãî çíà÷åíèÿ

ïëîùàäè (àìïëèòóäû) S îò óðîâíÿ ïîãðåøíîñòè èçìåðåíèé îòêëèêîâ, ïî-

ëó÷åííûå ïðè îïðåäåëåíèè ßÂ ïåðâîãî ïîðÿäêà è äèàãîíàëüíûõ ñå÷åíèé

ßÂ âòîðîãî, òðåòüåãî è ÷åòâåðòîãî ïîðÿäêîâ. ßäðà Âîëüòåððû âû÷èñëåíû

íà îñíîâå (7) è (10) — (13) ñ ðàçëè÷íûì ÷èñëîì óçëîâ (òåñòîâûõ ýêñïåðè-

ìåíòîâ): äëÿ ïåðâîãî è âòîðîãî ïîðÿäêîâ ïðè s s
1 2

2
 � , äëÿ òðåòüåãî è

÷åòâåðòîãî ïîðÿäêîâ ïðè s s
1 2

4
 � .
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Ðèñ. 4. Ãðàôèêè ïîääèàãîíàëüíîãî ñå÷åíèÿ ßÂ âòîðîãî ïîðÿäêà ïðè S = 0,3 è s s
1 2

4
 � :

1 — ýòàëîííûå çíà÷åíèÿ; 2 — ðåçóëüòàò èäåíòèôèêàöèè; 3 —ïðèìåíåíèå âåéâëåò-ïðå-

îáðàçîâàíèÿ
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12
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6

7
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Ðèñ. 5. Ãðàôèêè çàâèñèìîñòè ÑÊÎ èäåíòèôèêàöèè äèàãîíàëüíîãî ñå÷åíèÿ ßÂ âòîðîãî ïîðÿä-

êà îò ïëîùàäè S ïðè ðàçëè÷íûõ óðîâíÿõ ïîãðåøíîñòåé èçìåðåíèé îòêëèêîâ: 1 — òî÷íûå

èçìåðåíèÿ; 2 — �= 0,5 %; 3 — �= 1 %; 4 — �= 1,5 %; 5 — �= 2 %; 6 — �= 2,5 %; 7 — �=

= 3 %; 8 — � = 3,5 %; 9 — � = 4 %; 10 — � = 4,5 %; 11 — � = 5 %; 12 — êðèâàÿ,

ñîåäèíÿþùàÿ òî÷êè ìèíèìóìîâ äàííûõ çàâèñèìîñòåé
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Ðèñ. 6. Ãðàôèêè çàâèñèìîñòè îïòèìàëüíîé ïëîùàäè S îò óðîâíÿ ïîãðåøíîñòè � ïðè

îïðåäåëåíèè ßÂ ïåðâîãî (1), âòîðîãî (2), òðåòüåãî (3) è ÷åòâåðòîãî (4) ïîðÿäêîâ: 1, 2 —

ïðè s s
1 2

2
 � ; 3, 4 — ïðè s s
1 2
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Ðèñ. 7. Ãðàôèêè ÑÊÎ èäåíòèôèêàöèè (à) è äèàãîíàëüíîãî ñå÷åíèÿ ßÂ âòîðîãî ïîðÿäêà

ñèñòåìû c íåèçâåñòíîé ñòðóêòóðîé ïðè s s
1 2

4
 � è ðàçëè÷íûõ çíà÷åíèÿõ S (á, â, ã): 1 —

ýòàëîííûå çíà÷åíèÿ; 2 — ðåçóëüòàò èäåíòèôèêàöèè



Ñ óâåëè÷åíèåì ïîðÿäêà èäåíòèôèöèðóåìîãî ßÂ ïðè îäíîì è òîì æå

çíà÷åíèè $ îïòèìàëüíûå àìïëèòóäû òåñòîâûõ èìïóëüñîâ, îáåñïå÷èâàþ-

ùèå ìèíèìóì ÑÊÎ èäåíòèôèêàöèè, âîçðàñòàþò.

Ìåòîäèêà èäåíòèôèêàöèè ßÂ äëÿ ñèñòåì íåèçâåñòíîé ñòðóêòóðû

(òèïà «÷åðíûé ÿùèê»).

1. Çàäàåì ìàêñèìàëüíî âîçìîæíóþ àìïëèòóäó òåñòîâûõ èìïóëüñîâ,

ïðè êîòîðûõ èäåíòèôèöèðóåìàÿ íåëèíåéíàÿ ñèñòåìà åùå óñòîé÷èâà (íà

ãðàíèöå óñòîé÷èâîñòè ñèñòåìû). Äëèòåëüíîñòü èìïóëüñîâ �
è

âûáèðàåì

ïðè óñëîâèè: � �
è min

 005, / n, ãäå �

min
— ìèíèìàëüíàÿ ïîñòîÿííàÿ âðåìå-

íè ëèíåéíîé ÷àñòè ñèñòåìû, n — ïîðÿäîê îïðåäåëÿåìîãî ßÂ [3].

2. Äëÿ êàæäîãî ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ èäåíòèôèöèðóåìîé

ñèñòåìû è îáðàáîòêè ïîëó÷åííûõ îòêëèêîâ â ñîîòâåòñòâèè ñ îäíèì èç

àëãîðèòìîâ èäåíòèôèêàöèè (10)—(13) èëè (14)—(17), íà÷èíàÿ ñî âòîðîãî

èäåíòèôèêàöèîííîãî ýêñïåðèìåíòà, íàõîäèì ñðåäíåêâàäðàòè÷íîå îòêëî-

íåíèå ìåæäó ñîñåäíèìè ðåçóëüòàòàìè îöåíîê ßÂ n-ãî ïîðÿäêà.

3. Íà îñíîâå ïîëó÷åííûõ ðåçóëüòàòîâ íàõîäèì îïòèìàëüíóþ àìïëè-

òóäó òåñòîâûõ èìïóëüñíûõ ñèãíàëîâ, ïðè êîòîðîé ñîñåäíèå ðåçóëüòàòû

èäåíòèôèêàöèè ßÂ n-ãî ïîðÿäêà áóäóò íàèáîëåå áëèçêèìè ïî êðèòåðèþ

ÑÊÎ (ïðè ìèíèìàëüíîì çíà÷åíèè êðèòåðèÿ).

Íà ðèñ. 7, à, óêàçàíû çíà÷åíèÿ øàãà ïî àìïëèòóäå òåñòîâûõ èìïóëü-

ñîâ: �à = 14 (S = 0,28) è �à = 90 (S = 1,8), ïðè êîòîðûõ ÑÊÎ ðåçóëüòàòîâ

èäåíòèôèêàöèè ïðèíèìàåò îäèíàêîâûå çíà÷åíèÿ (å = 0,024). Ñîîòâåòñò-

âóþùèå èì ðåçóëüòàòû èäåíòèôèêàöèè ßÂ âòîðîãî ïîðÿäêà, ïîëó÷åííûå

èíòåðïîëÿöèîííûì ìåòîäîì ïðè s s
1 2

4
 � , ïðèâåäåíû íà ðèñ. 7, á è 7, â.

Ðåçóëüòàò èäåíòèôèêàöèè, ñîîòâåòñòâóþùèé ìèíèìàëüíîìó çíà÷åíèþ

ÑÊÎ (ïðè å = 0,004), ïðèâåäåí íà ðèñ. 7, ã. Ïðè ýòîì îïòèìàëüíûé øàã ïî

àìïëèòóäå èìïóëüñîâ �à = 76 (S = 1,52).

Âûâîäû. Ïðåäëîæåííûé ìåòîä èäåíòèôèêàöèè íåëèíåéíûõ íåïðå-

ðûâíûõ äèíàìè÷åñêèõ ñèñòåì â âèäå ßÂ, îñíîâàííûé íà âûäåëåíèè ÏÑ

îòêëèêîâ ñ ïîìîùüþ n-êðàòíîãî äèôôåðåíöèðîâàíèÿ âûõîäíûõ ñèãíàëîâ

ñèñòåìû ïî àìïëèòóäå âõîäíûõ èìïóëüñîâ, èññëåäîâàí ýêñïåðèìåíòàëüíî

íà òåñòîâîì îáúåêòå ñ ïîìîùüþ ñðåäñòâ êîìïüþòåðíîãî ìîäåëèðîâàíèÿ â

ïàêåòå MATLAB.

Ïîëó÷åííûå çàâèñèìîñòè ÑÊÎ èäåíòèôèêàöèè îò âåëè÷èíû àìïëè-

òóäû (ïëîùàäè) ïðîáíûõ ñèãíàëîâ ïîçâîëÿþò íàõîäèòü çíà÷åíèÿ îïòè-

ìàëüíîãî øàãà (ïðè êîòîðîì äîñòèãàåòñÿ ìèíèìóì ÑÊÎ) ðàçíîñòíîé ñåò-

êè ïðè ÷èñëåííîì äèôôåðåíöèðîâàíèè îòêëèêîâ ÍÑ ïî àìïëèòóäå äëÿ

ðàçëè÷íûõ óðîâíåé ïîãðåøíîñòåé èçìåðåíèé.
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Äëÿ ïîâûøåíèÿ ïîìåõîóñòîé÷èâîñòè ìåòîäà èäåíòèôèêàöèè ïðèìå-

íåíû ïðîöåäóðû øóìîïîäàâëåíèÿ ê ïîëó÷àåìûì îöåíêàì ìíîãîìåðíûõ ßÂ,

îñíîâàííûå íà âåéâëåò-ïðåîáðàçîâàíèè. Ýòî ïîçâîëÿåò ïîëó÷èòü ñãëàæåííûå

ðåøåíèÿ è óìåíüøèòü ïîãðåøíîñòü èäåíòèôèêàöèè â 1,5—3 ðàçà.

A new method of identification of nonlinear dynamic systems is proposed in a form of the Volterra

series with the use of pulse test signals. The method is based on the response division into partial compo-

nents with the help of differentiation of a target signal on amplitude of input action. The wavelet filtra-

tion is used to increase the noise immunity of the method of identification.
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ÏÀÂËÅÍÊÎ Âèòàëèé Äàíèëîâè÷, êàíä. òåõí. íàóê, ñò. íàó÷. ñîòð., äîöåíò êàôåäðû êîìïüþ-

òåðèçèðîâàííûõ ñèñòåì óïðàâëåíèÿ Îäåññêîãî íàöèîíàëüíîãî ïîëèòåõíè÷åñêîãî óíèâåðñè-

òåòà. Â 1970 ã. îêîí÷èë Îäåññêèé ïîëèòåõíè÷åñêèé èí-ò. Îáëàñòü íàó÷íûõ èññëåäîâàíèé —

ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå è èäåíòèôèêàöèÿ íåëèíåéíûõ äèíàìè÷åñêèõ îáúåêòîâ: òåî-

ðèÿ, ìåòîäû, àëãîðèòìû è ïðîãðàììíûå ñðåäñòâà; èíòåëëåêòóàëüíûå ñèñòåìû îáðàáîòêè

èíôîðìàöèè, èíôîðìàöèîííûå òåõíîëîãèè êîñâåííîãî êîíòðîëÿ è äèàãíîñòèêè ñîñòîÿíèÿ

îáúåêòîâ ðàçíîé ôèçè÷åñêîé ïðèðîäû.

Â. Ä. Ïàâëåíêî
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On Fluctuations of a Nonmonotone
Marked Point Process

2

The present article investigates a bivariate recurrent process, which can describe the behavior of a

nonmonotone financial instrument observed at random times. We are able to find explicitly the

joint distribution of the highest value of the instrument prior to its first drop using a game-theo-

retic approach.

Èññëåäîâàí áèâàðèàíòíûé ðåêóððåíòíûé ïðîöåññ, ñ ïîìîùüþ êîòîðîãî ìîæíî îïèñàòü

ïîâåäåíèå íåìîíîòîííîãî ôèíàíñîâîãî èíñòðóìåíòà, íàáëþäàåìîå â ñëó÷àéíûå ìîìåíòû

âðåìåíè. Ñ èñïîëüçîâàíèåì òåîðåòèêî-èãðîâîãî ïîäõîäà ÿâíî îïðåäåëåíî îáúåäèíåííîå

ðàñïðåäåëåíèå íàèáîëüøåé âåëè÷èíû èíñòðóìåíòà, ïðåäøåñòâóþùåé åãî ïåðâîìó ïàäåíèþ.

K e y w o r d s: random walk analysis, stock market, stochastic games, antagonistic games, fluc-
tuation theory, marked point process, compound Poisson process, ruin time, exit time, first pas-
sage time, stochastic finance.

1. Introduction. In various applications to economics it is of interest to investi-

gate a financial instrument observed over some random times. The key reference

points of interest are: the time of the first drop of the stock or hedge fund if it in-

creases, its highest value prior to the first drop and other data.

In our recent article [1], we assumed that the stochastic process which mode-

led a financial instrument we studied was monotone. In the present setting, the

stochastic process under investigation is not monotone.

Consider a financial instrument observed at random moments of time

� � �
0 1 2
, , ... with respective values B B B

0 1 2
, , ,... so that

( , )� � �

�

�Yk

k
k

�
�

�

(Yk are the increments B B B Yk k� �
�1 0 0

, and � a is the Dirac measure) is a delayed

marked renewal process. Unlike our earlier assumption [1] on Yk 's, here we assume
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that they need not be positive. Consequently, the marginal process � is recurrent and

not renewal as in [1] where we were interested in the behavior of � around some

critical threshold L.

In the present paper we are concerned with the time when � drops for the

first time while increasing, or opposite, when � raises up for the first time while

decreasing. For now, we introduce the auxiliary process � = An( ) with incre-

ments X A Ak k k� �
�1

defined as

X
Y

Y
k

k

k

�

�

	




�

�

0 0

1 0

, ,

,

(1)

and «attach» it to ( , )� � upon � to have the bivariate marked point process

( , , ) ( , )� � � �

�

� X Yk k

k
k

�
�

�

.

In this form, the first drop of � will coincide with the time� k when the auxiliary

marginal process � will once hit 1. We therefore consider ( , , )� � � as the

thri-variate generalized random walk process with exactly one «active» entry �.

The other two entries � and � will be referred to as «passive». Associate with

the random walk is the r.v.

v n A X X Nn n� � 
 
 �min{ : ... }
0

(exit index) for some positive integer N. For example, if N �1, then the value of

the exit index is the vth observation of the random walk when � drops for the

first time. In the general case of N, the exit index v will stop the observation pro-

cess when � drops for the N th time. The corresponding time � v is referred to as

the exit time (or first passage time or hitting time). The following functional

� ( , , , , , ) [ ]w z u E w z e e e e
A A uB Bv v v v v v

� � �
� �� ��

�
� � �

� �
1 1 1

gives all needed information upon the exit time� v and pre-exit time� v�1
. The lat-

ter is of our particular interest, since at this moment, the process � assumes the

largest value while appreciating before dropping for the first time (restricted to

the observation process � ).

We observe that ( , , )� � � can be treated as a one-sided antagonistic game,

in which player A sustains damages from another player B at random times. Pos-

itive values of incrementsYk ’s can be attributed to strikes that hit A, while nega-

tive values ofYk ’s can be interpreted as restoration of wealth of A. Alternatively,

the random walk ( , , )� � � can also be regarded as a two-sided game, in which

positive values of Yk ’s can be attributed to the consecutive strikes sustained by

player A, while negative strikes can be regarded as losses to player B. It resem-

bles a gambler’s ruin problem, in which a game consists of a series of contests

J. H. Dshalalow, R. Robinson
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and each successful contest for player A means a loss for player B and visa versa.

In this case, the first passage time � v represents the first successful contest for

player A, along with the total capitalC Bv� of player A at time� v and the capital

Bv of player B. Thus, Bv�1
is the highest capital value of player B prior to his first

loss. We are interested exactly in Bv�1
.

For an arbitrary value of N, � v will give the observed time when player B

suffers his Nth loss and Bv will be his capital. Note that Bv can also be negative

(the case of a debt). It would be of interest to investigate at what time player A or

player B gets bankrupted, given some nonpositive threshold values, but this is

not the aim of our paper. We are interested in an analytically tractable form for

the joint pdf (probability density function) and PDF (probability distribution

function of r. v.’s (random variables) � v�1
and Bv�1

. In a special case of the in-

strument with position independent marking, we manage to find it as the double

inverse of Laplace—Carson transform and we obtained an explicit formula in

terms of a modified Bessel function. Marginal pdf ’s and PDF’s are also given

and they are very tame. For a numerical illustration, we plotted the joint PDF.

We apply the tools of fluctuation analysis specifically designed for this class

of games (cafe. [1]). A more general literature on fluctuation theory can be re-

ferred to Bimgham [2], Kyprianou and Pistorius [3], Redner [4], and Takacs [5],

of which [3] contains applications to economics and [4] — applications to physics.

Other applications of fluctuation theory to finance can be found in Dshalalow [6,

7] and Dshalalow and Liew [8]. For the game-theoretic aspect of our paper in

connection with its antagonistic nature we mention papers by Fishburn [9],

Konstantinov and Polovinkin [10], and Shashikin [11]. The two latter papers

deal with applications to economics.

2. The Formalism. We begin with more general assumptions on random

walk ( , , )� � � . For a moment we go over its generic version assuming that it is

marked point process with position dependent marking, i.e. (X Yk k, ) depend

on � k through

� � �k k k� �
�1

(2)

only. Suppose (X Yk k k, ,� ) :�� � �



� � �
0

, k = 0, 1, … is a sequence of inde-

pendent random vectors on a probability space (�, , )� P and that for k = 1, 2, ... ,

they are also identically distributed. In other words,

( , , ) [( , , )]X Y X Yk k k� � � , (3)

where the latter is the equivalence class of random vectors with the common

joint transform

�
�

( , , ) : [ ]z E z eX Y
� �

� �

�
�

, z �1, Re ( )� � 0. (4)

Also, let

�
�

0
0 0 0( , , ) : [ ]z E z e

X Y
� �

� �

�
�

, z �1, Re ( )� � 0. (5)
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Under the above assumptions, the following major formula for the func-

tional � ( , , , , , )w z u � � � holds true:

Theorem 1 [7]. Let ( , , )� � � be a bivariate delayed marked renewal pro-

cess with positron dependent marking defined in (2)—(5). Let � be its discrete

component valued in �
0
, which is active in the sense of section 1. For a positive

integer N , let

v n A X X Nn n: inf { : ... }� � 
 
 �
0

be the exit index of ( , , )� � � . Then it holds true that

� ( , , , , , ) [ ]w z u E w z e e e e
A A uB Bv v v v v v

� � �
� �� ��

� �
� � �

� �
1 1 1 �x

N z�

�
1

0
{ ( , , )� � �

� 



 


� 
 


� � �

� � � �

� � � �

� �
0

0

1

( , , )
( , , )

( , , )

[ ( , ,xz
xwz u

xwz u
z � � � �) ( , , )]}� xz

where �
L�1

is the inverse of the operator

D f p x x f p xp
p

p

{ ( )}( ) : ( )( )� �

�

�

� 1

0

, x 	1 (6)

(applied to an integrable function f on set �
0
). The inverse �

k
is

k x y k x x
x y k

k

x
k

x

k

k� � �

�

�

�

( , )
lim

!

( , ) , ,

,

� �

�

��

�

 !

�

�0

1 1

1

0

0 	




�

"

�
" 0

(7)

if applied to a function � ( , )x y analytic at zero in the first variable.

Consider a special case with N = 1 and the initial values�
0

0� a.s. andY
0

0�

is a constant a.s. As mentioned in the Introduction, considering (1), it will corre-

spond to the first observed drop of the process on those paths which are mono-

tone nondecreasing. In this case (i.e with N = 1), the operator �
0

will be in its

simplest form. Furthermore, we would like to look into the marginal functional

E e e
uBv v[ ]� �

�
1 1

��

of the pre-exit elements, i.e. of the process attaining it highest

value Bv�1
before the first drop on one of the observation epochs, along with the

associated observation time � v�1
. Considering (7) we easily arrive at the mar-

ginal joint transform

�v
uB

u E e e
u

v v
�

� �

� �

� �
� �

1

01 1
0 1 0 0

( , ) [ ]
( , , )[ ( , , ) (

�

� � � �
��

0 0 0

1 0

, , )]

( , , )� �� �u
. (8)

In (8), for convenience, we changed the sign of u to its opposite (especially con-

sidering that Bv� �
1

0). The components of (8) are as follows:

� �
�

( , , ) [ ]0 0� �
� �u E e eX uY �

. (9)
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Note that

E P X P Y E YX
[ ] { } { } [ ( )]0 0 0� � � � �




1
�

. (10)

We go on with more assumptions. We assume that the marginal process ( , )� � is

with position independent marking, � is exponentially distributed with parame-

ter #, and Y has a Laplace symmetric pdf (probability density function) with pa-

rameter $:

f x eY
x

( ) �
�$ $

2

, x�� . (11)

In other words, the marginal Laplace—Stieltjes transform of � and moment

generating function of Y, respectively, are

E e�

�




� #

#

�

�

,
(12)

m u E e
u

Y
uY

( ) � �

�

$

$

2

2 2
.

(13)

It can be readily shown that

m u E e Y
u

Y
uY


� �

�



( ) [ ( )]

)

1
�

$

% &$

(14)

and thus

m u E e Y
u

Y
uY
 �

� � �



( ) [ ( )]

)

1
�

$

% &$ 


.
(15)

Consequently, from (9)—(15) we have

� �

#

#

#

#

$

% &$ 


( , , ) [ ( )]

)

0 � �




�




�




u E e Y
u

uY

� �

1
�

.
(16)

Furthermore, from (10) and (11),

� ( , , )1 0 0 1� and � ( , , ) { }0 0 0 0
1

2

� � �P Y .

Therefore, the functional �v�1
of (8) turns

�

�

v
uY

u e

u

�

�

�

�




1
0
1

2

1

1

( , )

)

�

#

#

$

%&$ 


.
(17)

On Fluctuations of a Nonmonotone Marked Point Process

ISSN 0204–3572. Ýëåêòðîí. ìîäåëèðîâàíèå. 2010. Ò. 32. ¹ 3 23



After a straightforward algebra, we have (17) reduce to

�v
uY

u e
u

u

�

�

� 



 �




'

(

)

*

+

,

�

�

�

�

�

1

1

2

1
1

2

1

1

0( , )�

#$


$

� #

$

% & $-
�

�

 

!

!

!

!

.
(18)

Our next goal is to find the joint pdf of the r.v.’s Bv�1
and � v�1

. We will use the

Fubini’s theorem to invert the double Laplace transform, first applying it w.r.t.

variable � and then — variable u.

Let us denote

. ( , )u
u

u

�

#$


$

� #

$

% & $-

�


 �




'

(

)

*

+

,

1

2

1

1

. (19)

Then, applying the inverse Laplace transform to . ( , )u � w.r.t. � we have from

standard tables of Laplace transform:

�
�

�

#

$

%& $-

�

#$

$ 


� � 


�
1

2

{ ( , )}( ) .. u y
u

e ey u
y

The next step will require some auxiliary result not available in the tables

we know.

Lemma 1. For three real numbers: a > 0, b and c, it holds true that

�y
bq

a

y b

y c
q e I aq� �


'

(

)

*

+

,







�

"
"

�

"

"

/

0

"
"

1

"

"

� 

1

0
2

exp

( ) ( ) ( ) ( )
( )b c e e I au ducq b c u

u

q

�
� � �

�

2 0

0

2 ,

where I x
0
( ) is the modified Bessel function of order zero.

P r o o f. Using the representation

1

y c

y b

y c y b

y c b c

y c y b

b c

y c y b


�





 


�


 
 �


 


�

�


 
( ) ( ) ( ) ( ) ( ) ( )







1

y b

and by linearity of �
�1

we obtain

� �y y

a

y b

y c
q

a

y b� �


'

(

)

*

+

,







�

"
"

�

"

"

/

0

"
"

1

"

"

�




'

1 1

exp

( )

exp

(

)

*

+

,







�

"
"

�

"

"

/

0

"
"

1

"

"


 �




'

(

)

*

+

,




�

y b
b c

a

y b

y b y
y( )

exp

�
1 1







�

"
"

�

"

"

/

0

"
"

1

"

"

c
.
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The above transforms are now easy to invert. First, due to Bateman and Erdelyi

[12],

�y
bq

a

y b

y b
e I aq� �


'

(

)

*

+

,







�

"
"

�

"

"

/

0

"
"

1

"

"

�
1

0
2

exp

( ) .

In the second term, the expression

exp
a

y b

y b y c




'

(

)

*

+

,


 


1
can be regarded as a product

of two Laplace transforms:

exp
a

y b

y b




'

(

)

*

+

,




and
1

y c


. Consequently, the inverse of

exp
a

y b

y b y c




'

(

)

*

+

,


 


1
will be the convolution of their respective inverses and thus it

yields

( )

exp

( )b c

a

y b

y b y c
b c ey�




'

(

)

*

+

,


 





�

"
"

�

"

"

/

0

"
"

1

"

"

� �
�

�
1 1 � � �

�

2
�

cq c q u bu

u

q

e e I au du( )
( )

0

0

2

� �
� � �

�

2
( ) ( )

( )b c e e I au ducq b c u

u

q

0

0

2 .

So, we are done with the proof of the lemma.

Applying the Laplace inverse transform w.r.t. variable u to �
�

�
�1

{ ( , )}( ). u y

(. is defined in (19)) and using Lemma 1 we arrive at

g x y u x y e e I
xy

u
y x

( , ) : { ( , )}( , )
,

� �

'

(

)
� � �

�
�

# $

�

#$ #$1

0

2

2

2

.

*

+

,. (20)

Therefore, using the well-known property of the Laplace inverse we have

�
�

�
, ( , )

{ ( , )}( , ) ( , ) ( )u
uY

Ye u x y g x Y y x� �

�
� �

1

0
0

0

. 1 . (21)
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The remaining part of the expression
1

2

1
1

2

1

1

0e
u

u

uY�





 �




'

(

)

*

+

,

�

�

�

�

�

�

�

 

!

!

!

!

#$


$

� #

$

%& $-

to be

dealt with is constant 1 to which we need to apply the double inverse:

�
�

# #
,

{ }( , ) ( ) ( )u D Dx y x y�

�
1

1 , (22)

where #D is the Dirac delta. Consequently, from (22),

�
�

# #
, ( , )

{ }( , ) ( ) ( ) ( )u
uY

D D Ye x y x Y y x� �

�
� �

1

0
0

0

1 . (23)

Finally, compiling all formulas (20)—(23) we have the joint pdf of Bv�1
and � v�1

in the form

f x y x x Y yY D D( , ) ( ) ( ) ( )
( , )

� � 





�

�

�

1

2
0

0
1 # #




�'

(

)
)

*

+

,
,

/

0

1

� � �#$ #$
# $

2

2

2

0

0

0e e I
y x Yy x Y( ) ( )

.
(24)

From (24), using the definition of Dirac delta, we get the joint PDF (probability

distribution function) of Bv�1
and � v�1

F x y f u v dvdu

x y

( , ) ( , )� �

����

2 2

�

�

�

�

� �

�

�

2 2

#$ #$
$ #

4

2

0 0

0

0

0

0u e e I
v u Y

u

x

Y
u Y

v

y
v

1
( , )

( )
( )

( )

2

'

(

)
)

*

+

,
,


dvdu



� �

1

2
0

0
1 1

( , ) ( , )
( ) ( )Y x y .

(25)

Let us summarize the main result of this section as.

Theorem 2. Let ( , )� � �

�

�Yk

k
k

�
�

�

be a marked point process on probability

space (�, , )� P with position independent marking, exponentially distributed

time increments � k k k� �
�

� �
1
, symmetrical Laplace distribution of marks Yk ,

all specified by (11)—(13), and the initial condition of ( , )� � ,Y
0

03 (being a.s. a

constant) and �
0

0� , a.s. Then, the pdf and PDF of the highest value of the pro-

cess Bv�1
before the first drop jointly with the time � v�1

of the first drop satisfies

formulas (24) and (25), respectively. Here I z
0
( ) is the modified Bessel function

of order zero.

J. H. Dshalalow, R. Robinson

26 ISSN 0204–3572. Electronic Modeling. 2010. V. 32. ¹ 3



Figures 1—3 are three different views of plots of the PDF F given in (25) for

a special case (by using Mathematica) with # = 5, $ = 4 andY
0

0 5� , on the inter-

vals 0, 5 � x � 1, 5 and 0 � y � 1, 5. For convenience, the graph is plotted begin-

ning from the rectangle [ , , ) [ , )0 5 0� � � where F is positive. We omitted plotting

for x � 0, 5 where F (x, y) = 0.

3. The Marginal Distribution of B
v�1. To find the marginal pdf of Bv�1

we

integrate f (x, y) with respect to y:

f x f x y dy x x YB

y

Y Dv�
� � � 


�

�

�21 0

0

0

1

2

( ) ( , ) ( ) ( )
( , )

1 #




�'

(

)
)�

� �

�

�

�

2

#$ #$
$ #

4

2

2
0

0

0

0

01
( , )

( )
( )

( )

Y
x Y

y

yx e e I
y x Y *

+

,
,

dy. (26)

To simplify (26) we need the following lemma.

Lemma 2. For two positive real numbers A and B the following exponential

integral of the modified Bessel function is equal to

e I Au du
B

e

u

Bu

A

B

�

�

�

2
�

0

0
2

1
( ) .

P r o o f. We use the formula [13],

I t e t dt e

t

t

�

�

� 





�

2
�

0

1

2 1

4
2 2

2

2

2
4

5 4

4

4

6

5
6

6

5

( )

( )

, (27)
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where J
4

is the Bessel function of order 4, and the relation between the Bessel

and modified Bessel functions:

I z e J ze

i i

4

47

4

7

( ) ( )�
2 2 .

Take 4 = 0 and set 5
2

0� 3B , 6 �2 Ai. Then, (27) will reduce to

t e J A t e dt
B

e

t

Bt

i A

B

�

�

�

2
�

0

0
2

2

2
1

2

( )

7
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and on the other hand, in terms of the modified Bessel function of order

zero, being

te I A t dt

t

Bt

�

�

�

2

0

0

2

2( ) . (28)

With the substitution t u� we have (28) further reduce to

e J Au du
B

e

t

Bu

A

B

�

�

�

2
�

0

0

1

2

2
1

2

( ) .

The latter proves the lemma.

Using Lemma 2 we render the integration of

e I
y x Y

dy e

y

y

x Y

�

�

�

�

2

�'

(

)
)

*

+

,
,

�

0

0

0 22

2

1
0

#

$

#$

#

( )
( )

and finally arrive at the marginal pdf of Bv�1
:

f x x x Y eB Y D

x Y

Yv�
� � 


�

� �

�
1 0

0

0

1

2 4
0

2( ) ( ) ( )
( , )

( )

( , )
1 1#

$

$

. (29)

Further integrating (29) we get the marginal PDF of Bv�1
:

F x f u du x eB

u

x

B Y

x Y

v v� �

� � �

�

�

� �

21 1 0

0

0

21
1

2

( ) ( ) ( )
( , )

( )

1

$

�

�

�

�

�

 

!

!

(30)

which looks very simple compared to the joint PDF of (25).

Theorem 3. Under the condition of Theorem 2, the marginal pdf and PDF of

the highest value Bv�1
of � prior to the first drop satisfy formulas (29) and (30).

4. The Marginal Distribution of �
v�1. To find the marginal pdf of � v�1

in-

tegrate the joint pdf f (x, y) with respect to x:

f y x x Y y
v

x

Y D D�
# #

�

� � 


�

�

�21 0

1

2
0

0
( ) ( ) ( ) ( )
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y

x

x Y
x e e I

y x Y
0

0

4
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2
0

0

0#$ #$
# $

*

+

,
,

�dx
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y e y( ) ( )
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(31)

The result easily follows form Lemma 2:

e I
y x Y

dx e

x

x Y

y

�
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,
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�
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2
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$
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( ,

( )
1

)
( )y .

Proceeding analogously (as in section 3) we have the marginal PDF of � v�1

F y f u du
v v

u

y

� �
� �

� �

�

21 1

0

( ) ( )
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'

(

)

)

*

+

,

,

�
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1

2
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1 1
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2
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1 1 1
( , ) ( , ) ( , )

( ) ( ) ( )y e y y

y#

�

�

�

�

�

�

 

!

!

�1

2

2e

y#

. (32)

Theorem 4. Under the condition of Theorem 2, the marginal pdf and PDF of

the time � v�1
, when the highest value Bv�1

of � prior to the first drop is attained,

satisfy formulas (31) and (32).

Äîñë³äæåíî á³âàð³àíòíèé ðåêóðåíòíèé ïðîöåñ, çà äîïîìîãîþ ÿêîãî ìîæå áóòè îïèñàíå

ïîâîäæåííÿ íåìîíîòîííîãî ô³íàíñîâîãî ³íñòðóìåíòà, ùî ñïîñòåð³ãàºòüñÿ ó âèïàäêîâ³
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À. Á. Êàñóìîâ, êàíä. òåõí. íàóê
Àçåðáàéäæàíñêèé òåõíè÷åñêèé óíèâåðñèòåò
(Àçåðáàéäæàí, AZ1073, Áàêó, ïðîñï. Ã. Äæàâèäà, 25,
òåë. (+99412) 4383201, E-mail: adil.gasimov@mail.ru)

Èññëåäîâàíèå íåñòàöèîíàðíûõ õàðàêòåðèñòèê
äëèíû î÷åðåäè îäíîëèíåéíîé ñèñòåìû ìàññîâîãî
îáñëóæèâàíèÿ, çàâèñÿùèõ îò ÷èñëà òðåáîâàíèé

(Ñòàòüþ ïðåäñòàâèë ä-ð òåõí. íàóê Ì. Â. Ìûñëîâè÷)

Ðàññìîòðåíà îäíîëèíåéíàÿ ñèñòåìà ìàññîâîãî îáñëóæèâàíèÿ, íà âõîä êîòîðîé ïîñòóïàåò

ïîòîê ìàðêîâñêîãî òèïà, çàâèñÿùèé îò ÷èñëà òðåáîâàíèé, íàõîäÿùèõñÿ â ñèñòåìå. Îïðå-

äåëåíû íåñòàöèîíàðíûå è ñòàöèîíàðíûå ðàñïðåäåëåíèÿ äëèíû î÷åðåäè ñ èñïîëüçîâàíèåì

îäíîëèíåéíîé ñèñòåìû ìàññîâîãî îáñëóæèâàíèÿ ñ ïàðàìåòðàìè, çàâèñÿùèìè îò ÷èñëà

òðåáîâàíèé.

Ðîçãëÿíóòî îäíîë³í³éíó ñèñòåìó ìàñîâîãî îáñëóãîâóâàííÿ, íà âõ³ä ÿêî¿ íàäõîäèòü ïîò³ê

ìàðêîâñüêîãî òèïó, ùî çàëåæèòü â³ä ÷èñëà âèìîã, ÿê³ ïåðåáóâàþòü ó ñèñòåì³. Âèçíà÷åíî

íåñòàö³îíàðí³ òà ñòàö³îíàðí³ ðîçïîä³ëåííÿ äîâæèíè ÷åðãè ç âèêîðèñòàííÿì îäíîë³í³éíî¿

ñèñòåìè ìàñîâîãî îáñëóãîâóâàííÿ ç ïàðàìåòðàìè, ùî çàëåæàòü â³ä ÷èñëà âèìîã.

Ê ë þ ÷ å â û å ñ ë î â à: îäíîëèíåéíàÿ ñèñòåìà, äëèíà î÷åðåäè, ñêîðîñòü îáñëóæèâàíèÿ,

ìàðêîâñêèé ïðîöåññ, ïðåîáðàçîâàíèå Ëàïëàñà.

Èçâåñòíî, ÷òî âî ìíîãèõ ñëó÷àÿõ äëÿ ïîâûøåíèÿ íàäåæíîñòè òåõíè÷åñêîãî

óñòðîéñòâà, â ÷àñòíîñòè óçëà ýëåêòðè÷åñêîé ñõåìû ñèñòåìû, íåîáõîäèìî

ðåçåðâèðîâàíèå ïî ìîùíîñòè íàãðóçêè èëè íàïðÿæåíèþ, ÷òî ïðèâîäèò ê

ñóùåñòâåííîìó èçìåíåíèþ ðåæèìà ýêñïëóàòàöèè. Ïîñòîÿííîå âêëþ÷åíèå

èçáûòî÷íûõ ýëåìåíòîâ (òàêèõ êàê êîíäåíñàòîðû, ñîïðîòèâëåíèÿ, ïîëóïðî-

âîäíèêîâûå äèîäû è òðèîäû) òðåáóåò ó÷åòà ïåðåðàñïðåäåëåíèÿ ìîùíîñòåé

(òîêîâ) è íàïðÿæåíèé. Òàêèå çàäà÷è àêòóàëüíû è ïðè ðåçåðâèðîâàíèè ýëå-

ìåíòîâ ñèëüíîòî÷íûõ ñõåì (ñèëîâûõ òðàíñôîðìàòîðîâ, êàáåëåé è äð.). Ïåðå-

ðàñïðåäåëåíèå ìîùíîñòåé è íàïðÿæåíèé ñóùåñòâåííî âëèÿåò íà èíòåí-

ñèâíîñòü îòêàçîâ ñõåìû.

Ïðåäñòàâëÿåòñÿ öåëåñîîáðàçíûì èññëåäîâàòü íåñòàöèîíàðíûå è ñòà-

öèîíàðíûå âåðîÿòíîñòè õàðàêòåðèñòèêè îäíîëèíåéíîé ñèñòåìû ñ î÷åðåäüþ è

ñ÷åòíûì ÷èñëîì ñîñòîÿíèé â ñëó÷àå ïðîèçâîëüíîé çàâèñèìîñòè èíòåíñèâ-
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íîñòè âõîäÿùåãî ïîòîêà � îò ÷èñëà òðåáîâàíèé i, íàõîäÿùèõñÿ â ñèñòåìå

îáñëóæèâàíèÿ, � �i i� ( ). Èññëåäîâàíèÿ íåñòàöèîíàðíûõ âåðîÿòíîñòíûõ õà-

ðàêòåðèñòèê òàêèõ ñèñòåì ÿâëÿþòñÿ âåñüìà àêòóàëüíîé è âàæíîé çàäà÷åé è

ïðåäñòàâëÿþò ñóùåñòâåííûé òåîðåòè÷åñêèé è ïðàêòè÷åñêèé èíòåðåñ.

Ïîñòàíîâêà çàäà÷è. Èìååòñÿ îäíîëèíåéíàÿ ñèñòåìà ìàññîâîãî

îáñëóæèâàíèÿ. Íà åe âõîä ïîñòóïàåò ïîòîê ìàðêîâñêîãî òèïà, ïàðàìåòð

êîòîðîãî � i â ìîìåíò t çàâèñèò îò ÷èñëà òðåáîâàíèé i, íàõîäÿùèõñÿ â

ñèñòåìå â ýòîò ìîìåíò âðåìåíè, ò.å. âåðîÿòíîñòü ïîñòóïëåíèÿ òðåáîâàíèÿ â

èíòåðâàëå âðåìåíè ( , )t t t�� , ãäå �t ìàëî, ðàâíà � i t t� ��0( ). Ñêîðîñòü

îáñëóæèâàíèÿ � i òàêæå çàâèñèò îò i. Ïðè ýòîì âåëè÷èíà ðàáîòû ïî îáñëó-

æèâàíèþ òðåáîâàíèé ðàâíà �i . Ñëó÷àéíàÿ âåëè÷èíà �i èìååò ôóíêöèþ

ðàñïðåäåëåíèÿ H xi ( ) ñ ìàòåìàòè÷åñêèì îæèäàíèåì � i . Íàçîâåì äëèíîé

î÷åðåäè ÷èñëî òðåáîâàíèé â ñèñòåìå. Îáîçíà÷èâ ÷åðåç v t( ) äëèíó î÷åðåäè

â ìîìåíò t, íàéäåì ðàñïðåäåëåíèå äëèíû î÷åðåäè â ìîìåíò t:

P t P v t kk ( ) { ( ) }� � .

Ðåøåíèå çàäà÷è. Ðàññìîòðèì î÷åðåäü äëèíîé v t( ). Ïîñêîëüêó ðàñïðå-

äåëåíèå êîëè÷åñòâà ðàáîòû äëÿ îáñëóæèâàíèÿ òðåáîâàíèÿ ïðîèçâîëüíî,

v t( ) íå ÿâëÿåòñÿ ìàðêîâñêèì ïðîöåññîì. Äëÿ ïîëó÷åíèÿ ìàðêîâñêîãî ïðî-

öåññà ââåäåì äîïîëíèòåëüíóþ ïåðåìåííóþ 	 ( )t — âåëè÷èíó ðàáîòû â

ìîìåíò âðåìåíè t, êîòîðóþ íåîáõîäèìî âûïîëíèòü äëÿ îáñëóæèâàíèÿ

òðåáîâàíèÿ, îáñëóæèâàåìîãî â ýòîò ìîìåíò, åñëè òàêîå èìååòñÿ. Ñëåäóåò

çàìåòèòü, ÷òî âåêòîðíûé ïðîöåññ




	

( )
, ( ) ,

{ ( ), ( )}, ( )
t

v t

v t t v t
�

�

�

�




�

0 0

0

åñëè

åñëè

ÿâëÿåòñÿ ìàðêîâñêèì ñëó÷àéíûì ïðîöåññîì è ÷àñòíûì ñëó÷àåì êóñî÷íî-

ëèíåéíûõ ìàðêîâñêèõ ïðîöåññîâ, ââåäåííûõ È. Í. Êîâàëåíêî [1].

Ââåäåì îáîçíà÷åíèÿ äëÿ ðàñïðåäåëåíèÿ ïðîöåññà 
 ( )t :

�
0

0( ) { ( ) },t P v t� � � 	i x t P v t t x( , ) { ( ) , ( ) },� � �1 �
0 0
( ) ( )t P t� .

Ôóíêöèè � i x t( , ) óäîâëåòâîðÿþò ñëåäóþùåé ñèñòåìå äèôôåðåíöèàëüíûõ

óðàâíåíèé â ÷àñòíûõ ïðîèçâîäíûõ:
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Ïîëîæèì â (2) è (3) x � 0. Ïðèíèìàÿ âî âíèìàíèå òîò ôàêò, ÷òî

� i x t( , ) — îãðàíè÷åííàÿ ìîíîòîííî íåóáûâàþùàÿ ôóíêöèÿ, íàõîäèì
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Òîãäà ñèñòåìà (1)—(3) ïðåîáðàçóåòñÿ ê ñëåäóþùåìó âèäó:
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Ñêëàäûâàÿ ïåðâîå óðàâíåíèå ñèñòåìû (4) ñî âòîðûì, ïîëó÷èâøååñÿ â

ðåçóëüòàòå óðàâíåíèå — ñ òðåòüèì è òàê äàëåå, íàõîäèì
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Ïîñêîëüêó � i it P t( , ) ( )� � , ïîëó÷àåì
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Ïðèìåíÿÿ ê ñèñòåìå (1)—(3) äâîéíîå ïðåîáðàçîâàíèå Ëàïëàñà, ïîëó-

÷àåì ñëåäóþùóþ ñèñòåìó óðàâíåíèé:
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Èññëåäîâàíèå íåñòàöèîíàðíûõ õàðàêòåðèñòèê äëèíû
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Èç òåîðèè ïðåîáðàçîâàíèÿ Ëàïëàñà èçâåñòíî, ÷òî åñëè � ( )x — ôóíêöèÿ,

îãðàíè÷åííàÿ ïðè âñåõ çíà÷åíèÿõ x è ñòðåìÿùàÿñÿ ê êîíå÷íîìó ïðåäåëó ïðè

x � �, à � ( )s — ïðåîáðàçîâàíèå Ëàïëàñà ýòîé ôóíêöèè, òî ñïðàâåäëèâà
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Äåéñòâèòåëüíî, óìíîæàÿ (11), (12), (14), (15) è óñëîâèå P u
u

i

i

( )

�

�

� �

0

1
íà u

è ïîëàãàÿ, ÷òî u� 0, ïîëó÷àåì âûðàæåíèÿ (16), ïî êîòîðûì ëåãêî îïðå-

äåëèòü Pi . Ïðè áîëüøèõ çíà÷åíèÿõ i äëÿ âû÷èñëåíèÿ Pi óäîáíî èñïîëü-

çîâàòü ÝÂÌ.

Ïðåäïîëîæåíèå î òîì, ÷òî ðàñïðåäåëåíèå ðàáîòû ïî îáñëóæèâàíèþ

òðåáîâàíèÿ çàâèñèò îò äëèíû î÷åðåäè â ìîìåíò, êîãäà ýòî òðåáîâàíèå

íà÷èíàåò îáñëóæèâàòüñÿ, ïîçâîëÿåò ðàññìîòðåòü â âèäå ÷àñòíûõ ñëó÷àåâ

ñõåìû, øèðîêî ïðèìåíÿåìûå íà ïðàêòèêå.

Â ñëó÷àå, åñëè ñêîðîñòü îáñëóæèâàíèÿ çàâèñèò îò ñîñòîÿíèÿ è

ìåíÿåòñÿ îò ñîñòîÿíèÿ ê ñîñòîÿíèþ, äîñòàòî÷íî ïîëîæèòü H x
1
( ) ...*

... ( ) ... ( )* * *H x H xi .

Âîçìîæåí ñëó÷àé, êîãäà ñêîðîñòü îáñëóæèâàíèÿ òðåáîâàíèÿ îñòàåòñÿ

ïîñòîÿííîé, è äîïóñòèì, ÷òî îíà ðàâíà åäèíèöå, à âðåìÿ îáñëóæèâàíèÿ

çàâèñèò îò äëèíû î÷åðåäè â íà÷àëå îáñëóæèâàíèÿ. Òîãäà ìîæíî ñ÷èòàòü, ÷òî

H xi ( ) — ýòî ðàñïðåäåëåíèå âðåìåíè îáñëóæèâàíèÿ, åñëè â íà÷àëå îáñëó-

æèâàíèÿ äëèíà î÷åðåäè áûëà ðàâíà i è� i �1(â ýòîì ñëó÷àå âåëè÷èíà ðàáîòû è

âåëè÷èíà âðåìåíè îáñëóæèâàíèÿ ÷èñëåííî îäèíàêîâû).
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Ëåãêî âèäåòü, ÷òî èññëåäóåìûé ïðîöåññ
 � �t ÿâëÿåòñÿ îáîáùåíèåì èçâåñò-

íûõ ïðîöåññîâ ãèáåëè è ðàçìíîæåíèÿ.

Òàêèì îáðàçîì, ïîëó÷åíû ÿâíûå ôîðìóëû äëÿ íåñòàöèîíàðíûõ è ñòà-

öèîíàðíûõ ðàñïðåäåëåíèé äëèíû î÷åðåäè îäíîëèíåéíîé ñèñòåìû ñ ïàðà-

ìåòðàìè, çàâèñÿùèìè îò äëèíû î÷åðåäè.

Âûâîä. Ïðåäëîæåííûå ðåêóððåíòíûå ñîîòíîøåíèÿ ïîçâîëÿþò îïðå-

äåëèòü ñòàöèîíàðíûå è íåñòàöèîíàðíûå ðàñïðåäåëåíèÿ îäíîëèíåéíîé

À. Á. Êàñóìîâ

40 ISSN 0204–3572. Electronic Modeling. 2010. V. 32. ¹ 3



ñèñòåìû ìàññîâîãî îáñëóæèâàíèÿ ïîñòóïàþùåãî ìàðêîâñêîãî ïîòîêà, à

òàêæå ñêîðîñòü îáñëóæèâàíèÿ, çàâèñÿùóþ îò ÷èñëà òðåáîâàíèé, íàõîäÿ-

ùèõñÿ â ñèñòåìå, è èçó÷èòü ïðîñòûå äîñòàòî÷íûå óñëîâèÿ ñóùåñòâîâàíèÿ

ñòàöèîíàðíîãî ýðãîäè÷åñêîãî ðàñïðåäåëåíèÿ ìàðêîâñêîãî ïðîöåññà, õà-

ðàêòåðèçóþùåãî ôóíêöèîíèðîâàíèå ñèñòåìû. Èññëåäîâàíèå òàêèõ ñèñòåì

ÿâëÿåòñÿ âåñüìà àêòóàëüíîé è âàæíîé çàäà÷åé è ïðåäñòàâëÿåò ñóùåñò-

âåííûé òåîðåòè÷åñêèé è ïðàêòè÷åñêèé èíòåðåñ. Â äàëüíåéøèõ èññëåäî-

âàíèÿõ, ïîñâÿùåííûõ ðàññìàòðèâàåìîìó êðóãó âîïðîñîâ, ïðåäñòàâëÿåò

èíòåðåñ íàéòè íåîáõîäèìûå è äîñòàòî÷íûå óñëîâèÿ ñóùåñòâîâàíèÿ ñòàöèî-

íàðíîãî ýðãîäè÷åñêîãî ðàñïðåäåëåíèÿ ðàññìàòðèâàåìûõ ïðîöåññîâ.

A single-line queueing system is considered. Markov’s type stream arrives on this one-line sys-

tem’s input which depends on the number of requirements being in the system. Non-stationary

and stationary distributions of the length of line with the use of a single-line queueing system with

the parameters depending on the number of requirements are defined.
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2. Èâíèöêèé Â. À., Êàñóìîâ À. Á. Ñèñòåìû îáñëóæèâàíèÿ ñ íåíàäåæíûì ïðèáîðîì è

çàâèñèìûìè ïàðàìåòðàìè. — Áàêó : Ýëì, 1986. — 167 ñ.

3. Êàñóìîâ À. Á. Èññëåäîâàíèå îäíîëèíåéíîé ñèñòåìû ìàññîâîãî îáñëóæèâàíèÿ ñ ïàðà-

ìåòðàìè, çàâèñÿùèìè îò åå ñîñòîÿíèÿ // Èçä. ÀÍ Àçåðá. ÑÑÐ. Ñåð. ôèç. òåõ è ìàò. íàóê. —

1999. — ¹ 3, 4. — Ñ. 49—54.

4. Êàñóìîâ À. Á. Èññëåäîâàíèå îäíîëèíåéíîé ñèñòåìû ìàññîâîãî îáñëóæèâàíèÿ ñ íåíà-

äåæíûì îáñëóæèâàþùèì ïðèáîðîì ñ ïàðàìåòðàìè, çàâèñÿùèìè îò åå ñîñòîÿíèÿ //

Âåñò. Áàêèíñêîãî óíèâåðñèòåòà ôèç-ìàò. íàóê. — 2000. — ¹ 3. — Ñ. 120—126.

Ïîñòóïèëà 15.12.09

ÊÀÑÓÌÎÂ Àäèëü Áåþã îãëû, êàíä. òåõí. íàóê, äîöåíò Àçåðáàéäæàíñêîãî òåõíè÷åñêîãî

óíèâåðñèòåòà (ã. Áàêó). Â 1968 ã. îêîí÷èë Àçåðáàéäæàíñêèé ãîñóíèâåðñèòåò. Îáëàñòü íàó÷-

íûõ èññëåäîâàíèé – òåîðèÿ ìàññîâîãî îáñëóæèâàíèÿ, ìàòåìàòè÷åñêèå ìåòîäû â òåîðèè

íàäåæíîñòè.

Èññëåäîâàíèå íåñòàöèîíàðíûõ õàðàêòåðèñòèê äëèíû
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Ìåòîä è ñðåäñòâî âèçóàëèçàöèè
àëãîðèòìîâ òåñòîâ äèàãíîñòèðîâàíèÿ
çàïîìèíàþùèõ óñòðîéñòâ

Äëÿ ñèíòåçà àëãîðèòìîâ è ïðîãðàìì òåñòîâ äèàãíîñòèðîâàíèÿ çàïîìèíàþùèõ óñòðîéñòâ

ïðåäëîæåíà ñèñòåìà âèçóàëèçàöèè àëãîðèòìîâ òåñòîâ, ñîäåðæàùàÿ óñòðîéñòâî óïðàâ-

ëåíèÿ, êâàäðàòíóþ ìàòðèöó çàïîìèíàþùèõ ÿ÷ååê è ÷åòûðå ãîëîâêè çàïèñè (ñ÷èòûâàíèÿ).

Ïðèâåäåí ïðèìåð ñèíòåçà ñ ïîìîùüþ äàííîé ñèñòåìû òåñòà march Ñ. Ñîêðàùåíèå òðó-

äîåìêîñòè ïðîåêòíûõ ðàáîò îáåñïå÷èâàåòñÿ äèíàìè÷åñêîé âèçóàëèçàöèåé ïîñëåäîâà-

òåëüíîñòè âûïîëíÿåìûõ äèàãíîñòè÷åñêèõ îïåðàöèé.

Äëÿ ñèíòåçó àëãîðèòì³â ³ ïðîãðàì òåñò³â ä³àãíîñòóâàííÿ çàïàì’ÿòîâóþ÷èõ ïðèñòðî¿â

çàïðîïîíîâàíî ñèñòåìó â³çóàë³çàö³¿ àëãîðèòì³â òåñò³â, ùî ì³ñòèòü ïðèñòð³é óïðàâë³ííÿ,

êâàäðàòíó ìàòðèöþ çàïàì’ÿòîâóþ÷èõ êîì³ðîê ³ ÷îòèðè ãîëîâêè çàïèñó (ç÷èòóâàííÿ).

Íàâåäåíî ïðèêëàä ñèíòåçó çà äîïîìîãîþ äàíî¿ ñèñòåìè òåñòó march Ñ. Ñêîðî÷åííÿ òðóäî-

ì³ñòêîñò³ ïðîåêòíèõ ðîá³ò çàáåçïå÷óºòüñÿ äèíàì³÷íîþ â³çóàë³çàö³ºþ ïîñë³äîâíîñò³ âèêî-

íóâàíèõ ä³àãíîñòè÷íèõ îïåðàö³é.

Ê ë þ ÷ å â û å ñ ë î â à: çàïîìèíàþùåå óñòðîéñòâî, ìàøèíà Òüþðèíãà, ñèñòåìà âèçóàëè-

çàöèè, òåñò.

Ïîñòàíîâêà çàäà÷è. Ñîâðåìåííûå ìèêðîñõåìû ïîëóïðîâîäíèêîâîé ïà-

ìÿòè òèïà DDR è QDR ìîãóò çà îäíó òðàíçàêöèþ ñîñ÷èòàòü èëè çàïèñàòü

ïàêåò äàííûõ, ñîäåðæàùèé íåñêîëüêî ñëîâ. Ïðè ñ÷èòûâàíèè òàêèå ìèêðî-

ñõåìû âûäàþò ñíà÷àëà ïåðâîå ñëîâî, çàòåì âòîðîå, òðåòüå è òàê äàëåå èëè

ìîãóò èçìåíèòü ïîñëåäîâàòåëüíîñòü âûäà÷è ñëîâ â ëþáîé èõ êîìáèíàöèè.

Äëÿ âûïîëíåíèÿ òåñòîâîãî äèàãíîñòèðîâàíèÿ ñîâðåìåííûõ áûñòðîäåéñò-

âóþùèõ ìèêðîñõåì ïàìÿòè öåëåñîîáðàçíî ïðèìåíÿòü òåñòåðû, èìåþùèå

ìóëüòèïðîöåññîðíóþ ñòðóêòóðó, ñîäåðæàùèå íåñêîëüêî ãðóïï îïåðàöèîí-

íûõ ïðîöåññîðîâ è îáåñïå÷èâàþùèå ïàðàëëåëüíîå ôîðìèðîâàíèå òåñòîâûõ

âîçäåéñòâèé äëÿ ñìåæíûõ òàêòîâ [1]. Íîâûå ôóíêöèîíàëüíûå âîçìîæíîñòè
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ñîâðåìåííûõ ìèêðîñõåì ïàìÿòè òðåáóþò ðàçðàáîòêè ñðåäñòâ ìîäåëèðîâàíèÿ

àëãîðèòìîâ, ñïîñîáíûõ ñîêðàòèòü òðóäîåìêîñòü ñèíòåçà ïðîãðàìì íîâûõ

òåñòîâ.

Äëÿ îáåñïå÷åíèÿ ôóíêöèîíèðîâàíèÿ óêàçàííûõ äèàãíîñòè÷åñêèõ óñò-

ðîéñòâ ðàñïàðàëëåëèâàíèå àëãîðèòìîâ òåñòîâ íåîáõîäèìî âûïîëíÿòü òàê,

÷òîáû îáåñïå÷èòü ñèíõðîííîå âçàèìîäåéñòâèå îòäåëüíûõ îïåðàöèîííûõ

ïðîöåññîðîâ. Äëÿ ðåøåíèÿ äàííîé çàäà÷è òðåáóåòñÿ ïðèìåíåíèå ñïåöèàëü-

íûõ ñðåäñòâ âèçóàëèçàöèè àëãîðèòìîâ òåñòîâ, ÷òî ïîçâîëèò ñóùåñòâåííî

ñíèçèòü òðóäîåìêîñòü ïðîåêòíûõ ðàáîò.

Äëÿ ôîðìàëèçàöèè ïîíÿòèÿ àëãîðèòìîâ èñïîëüçóþò ìàøèíû Òüþðèíãà è

Ïîñòà, ïîçâîëÿþùèå âûäåëèòü ýëåìåíòàðíûå îïåðàöèè. Ñòðîãî âûïîëíÿÿ ýòè

îïåðàöèè è íàáëþäàÿ ïðîöåññ èõ âûïîëíåíèÿ ñ ïîìîùüþ ýìóëÿòîðîâ äàííûõ

ìàøèí, ìîæíî ïîëó÷èòü îæèäàåìûé ðåçóëüòàò çà êîíå÷íîå ÷èñëî øàãîâ

[2, 3]. Îäíàêî ìàøèíû Òüþðèíãà è Ïîñòà èìåþò î÷åíü îãðàíè÷åííûé íàáîð

êîìàíä, îòñóòñòâóþò îñíîâíûå àðèôìåòè÷åñêèå îïåðàöèè è, êðîìå òîãî, îíè

ïðàêòè÷åñêè íåðåàëèçóåìû âñëåäñòâèå íàëè÷èÿ áåñêîíå÷íûõ ëåíò, òàê êàê

ïàìÿòü êîìïüþòåðîâ îãðàíè÷åíà. Â ýòèõ ìàøèíàõ ãîëîâêó èëè êàðåòêó ìîæ-

íî ïåðåìåùàòü âëåâî èëè âïðàâî òîëüêî íà îäíó ïîçèöèþ, ÷òî óñëîæíÿåò

ìîäåëèðîâàíèå àëãîðèòìîâ òåñòîâ.

Ñóùåñòâóþò òàêæå ìíîãîëåíòî÷íûå ìàøèíû Òüþðèíãà, èìåþùèå íå-

ñêîëüêî ëåíò è íåñêîëüêî ãîëîâîê, êàæäàÿ èç êîòîðûõ îáîçðåâàåò òîëüêî

ñâîþ ëåíòó, íî ïðèìåíÿåìûå ëåíòû áåñêîíå÷íû âïðàâî, ïîýòîìó èõ íåâîç-

ìîæíî ðåàëèçîâàòü ïðàêòè÷åñêè.

Â. Ã. Ðÿáöåâ, Ä. Í. Ìîàìàð
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Ðèñ. 1. Ñòðóêòóðà ñèñòåìû ÂÀÒ



Ê íåäîñòàòêàì ïðîãðàììèðîâàíèÿ àëãîðèòìîâ íà âû÷èñëèòåëüíûõ ìà-

øèíàõ ñ àðõèòåêòóðîé ôîí Íåéìàíà ìîæíî îòíåñòè òîò ôàêò, ÷òî ñíà÷àëà

íåîáõîäèìî çàïðîãðàììèðîâàòü êîä àäðåñà, çàòåì êîä äàííûõ è êîä îïå-

ðàöèè äëÿ òåñòèðóåìîãî óñòðîéñòâà, ïðè ýòîì ÷àñòîòà îáðàùåíèÿ ê îáúåê-

òó óìåíüøàåòñÿ è ñíèæàåòñÿ ýôôåêòèâíîñòü òåñòèðîâàíèÿ.

Äëÿ ñîêðàùåíèÿ òðóäîåìêîñòè ñèíòåçà è îòëàäêè àëãîðèòìîâ è ïðîãðàìì

òåñòîâ äèàãíîñòèðîâàíèÿ ìèêðîñõåì ïîëóïðîâîäíèêîâîé ïàìÿòè ïðåäëàãàåò-

ñÿ ñèñòåìà âèçóàëèçàöèè àëãîðèòìîâ òåñòîâ (ÂÀÒ) (ðèñ. 1), êîòîðàÿ ñîäåðæèò

óñòðîéñòâî óïðàâëåíèÿ ÓÓ, êâàäðàòíóþ ìàòðèöó ÿ÷ååê ïàìÿòè ðàçìåðîì 16 �

� 16 è ÷åòûðå ãîëîâêè çàïèñè (ñ÷èòûâàíèÿ) Ã0—Ã3. Ãîëîâêè ìîãóò çàïèñû-

âàòü èëè ñ÷èòûâàòü èç ÿ÷ååê ñèìâîëû àëôàâèòà À è ïåðåìåùàòüñÿ ïî îñè Õ
èëè Ó, èëè ïî îñÿì Õ è Ó îäíîâðåìåííî âëåâî èëè âïðàâî íà 1, 2, ..., ð ïîçèöèé.

Ïåðåìåùåíèÿ ãîëîâîê íåçàâèñèìûå, îíè ìîãóò îáîçðåâàòü ðàçíûå ÿ÷åéêè èëè

îäíó è òó æå ÿ÷åéêó.

Ñèìâîëû, çàïèñûâàåìûå èëè ñ÷èòûâàåìûå èç ÿ÷ååê ïàìÿòè, ïðèíàä-

ëåæàò àëôàâèòó, êîòîðûé âûáèðàåò ïîëüçîâàòåëü. Äëÿ ìàòðèöû ÿ÷ååê ïà-

ìÿòè óñòàíîâëåíû íà÷àëüíûé ag = 0 è êîíå÷íûé an = 255 àäðåñà, ñ êîòîðûõ

îáû÷íî íà÷èíàåòñÿ òåñòèðîâàíèå è çàêàí÷èâàåòñÿ âûïîëíåíèå òåñòà. Óñò-

ðîéñòâî óïðàâëåíèÿ ñèñòåìû ÂÀÒ èìååò êîíå÷íîå ÷èñëî ñîñòîÿíèé, îïðå-

äåëÿåìîå ñëîæíîñòüþ ðåàëèçóåìîãî àëãîðèòìà.

Ôîðìàò êîìàíä ñèñòåìû ÂÀÒ ïðåäñòàâèì â ñëåäóþùåì âèäå:

Q S S C p Q
i r

i
r
j

r r j, , , ,� ,

ãäåQi — òåêóùåå ñîñòîÿíèå ñèñòåìû; S r
i

— ñèìâîë õðàíèâøèéñÿ â ÿ÷åéêå,

êîòîðóþ îáîçðåâàåò r-ÿ ãîëîâêà â òåêóùèé ìîìåíò âðåìåíè; r l� �0 1, —

íîìåð ãîëîâêè; l — ÷èñëî ãîëîâîê çàïèñè (ñ÷èòûâàíèÿ); S r
j

— íîâûé

ñèìâîë, çàïèñûâàåìûé â ÿ÷åéêó r-é ãîëîâêîé; C W R Ar r r r�{ , , } — êîäû

îïåðàöèé äëÿ êàæäîé ãîëîâêè; Wr è Rr — îïåðàöèè çàïèñè ñèìâîëà â

ÿ÷åéêó è ñ÷èòûâàíèÿ èç ÿ÷åéêè, ñêàíèðóåìîé r-é ãîëîâêîé; Ar — îïåðàöèÿ

ñðàâíåíèÿ ñèìâîëà, ñ÷èòàííîãî èç ÿ÷åéêè, ñ ýòàëîííûì çíà÷åíèåì; pr —

êîíñòàíòà èçìåíåíèÿ ïîçèöèè r-é ãîëîâêè; Q j — íîâîå ñîñòîÿíèå ñèñòåìû.

Àëôàâèò ìîæåò ñîäåðæàòü ëþáîé ñèìâîë ñ êëàâèàòóðû ñèìâîëîâ:

S S U X Zr
i

r
j

� �{ , , , , ..., , }0 1 255 ,

ãäå U — íåîïðåäåëåííîå ñîñòîÿíèå; Õ — áåçðàçëè÷íîå ñîñòîÿíèå; Z —

ñèìâîë ñ êëàâèàòóðû, â ÿ÷åéêó ìàòðèöû çàíîñèòñÿ åãî ASCII-êîä.

Ïðè èçìåíåíèè ïîçèöèé ãîëîâêàìè ìîæåò âûïîëíÿòüñÿ îäíà ìèêðî-

îïåðàöèÿ èç ñëåäóþùåãî íàáîðà:

a a pr r:� � ; a a pr r:� � ; a ar g:� ; a ar n:� ,

ãäå p — êîíñòàíòà èçìåíåíèÿ êîäà àäðåñà. Òàêèì îáðàçîì, àäðåñ ÿ÷åéêè,

êîòîðóþ îáîçðåâàåò ãîëîâêà, ìîæåò óâåëè÷èâàòüñÿ èëè óìåíüøàòüñÿ íà ð
ïîçèöèé.

Ìåòîä è ñðåäñòâî âèçóàëèçàöèè àëãîðèòìîâ òåñòîâ
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Ñèíòåç ïðîãðàììû òåñòà march Ñ ñ ïîìîùüþ ñèñòåìû ÂÀÒ.
Ðàññìîòðèì ðåàëèçàöèþ àëãîðèòìà íàèáîëåå ðàñïðîñòðàíåííîãî òåñòà

march Ñ [4]. Âíà÷àëå âñå ãîëîâêè óñòàíàâëèâàåì â ïîëîæåíèå, êîãäà îíè

îáîçðåâàþò îäíó è òó æå ÿ÷åéêó ñ íà÷àëüíûì àäðåñîì, çàòåì ïåðåìåùàåì

ãîëîâêó ñ íîìåðîì 1 íà îäíó ïîçèöèþ âïðàâî, ñ íîìåðîì 2 — íà äâå

ïîçèöèè, ñ íîìåðîì 3 — íà òðè ïîçèöèè:

Q U r r a a Qr r g0 1
0 3, , , , ; ,� � � � ,

Q U a a a a a a Qr1 1 1 2 2 3 3 2
1 2 3, , { : , : , : },� � � � � � � .

Çàïèñûâàåì ôîí íóëåé âî âñå ÿ÷åéêè, êîòîðûå ñêàíèðóåì ñ âîçðàñòàíèåì

êîäà àäðåñà:

Q U r r

a a W a a Q

Wr

n r r r

2

3 2

0 3

0 4

, , , ,

( ), : ,

� � �

	 � �if then

else r r ra a Q( ), : ,0 4
3

� �




�

�




�

�

�

�

�

�end if

.

Óñòàíàâëèâàåì âñå ãîëîâêè â èñõîäíîå ïîëîæåíèå è ïåðåìåùàåì äâå

ãîëîâêè íà îäíó ïîçèöèþ âïðàâî:

Q r r a a Qr r g3 4
0 0 3, , , , ; ,� � � � ,

Q a a a a Qr4 2 2 3 3 5
0 1 1, , { : , : },� � � � � .

Ñîãëàñíî àëãîðèòìó, ãîëîâêè, èìåþùèå íîìåðà 0 è 2, ñ÷èòûâàþò ñèìâîëû

èç ÿ÷ååê ìàòðèöû è ñðàâíèâàþò èõ ñ ýòàëîííûìè çíà÷åíèÿìè, à ãîëîâêè ñ

íîìåðàìè 1 è 3 çàïèñûâàþò â ÿ÷åéêè ÷èñëî 255. Çàòåì âñå ãîëîâêè ïåðå-

ìåùàþòñÿ âïðàâî íà äâå ïîçèöèè:

Q

a a F Q Q

F Q Qr

n

5

3 5 5 5

5 5 6
0

0

0, ,

( , ),

( , ),�

	if then

else

end if




�

�




�

�

�

�

�

�

.

Ñîãëàñíî ôóíêöèè F Q
5 5

0( , ) âûïîëíÿþòñÿ ñëåäóþùèå äåéñòâèÿ:

F Q

R S S a a

a a

5 5

0 0 0 0 0

0 0

0

0 2

2

( , )

( ); : ;

: ,

�

� � �

� �

if then

else Q

W a a

R S S a

stop ;

( ), : ;

( );

end if;

if then

1 1 1

2 2 2

255 2

0

� �

�
2 2

2 2

3 3 3

2

2

255

: ;

: , ;

( ), :

� �

� �

�

a

a a Q

W a a

stopelse

end if;

�




�

�

�

�

�

�




�

�

�

�

� 2.
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Óñòàíàâëèâàåì âñå ãîëîâêè â ïîëîæåíèå, êîãäà îíè îáîçðåâàþò ÿ÷åé-

êó ñ íà÷àëüíûì àäðåñîì, çàòåì äâå ãîëîâêè ñ íîìåðàìè 2 è 3 ñìåùàåì íà

îäíó ïîçèöèþ âïðàâî:

Q r r a a Qr r g6 7
255 0 3, , , , ; ,� � � � ,

Q a a a a Qr7 2 2 3 3 8
255 1 1, , { : , : },� � � � � .

Ãîëîâêè âûïîëíÿþò äåéñòâèÿ ñîãëàñíî àëãîðèòìó òåñòà:

Q

a a F Q Q

F Qr

n

8

3 8 8 8

8 8
255

255

255, ,

( , ),

( , ),�

	if then

else Q
9

end if




�

�




�

�

�

�

�

�

.

Â ñîîòâåòñòâèè ñ ôóíêöèåé F Q
8 8

255( , ) âûïîëíÿþòñÿ ñëåäóþùèå äåéñòâèÿ:

F Q

R S S a a

a a

8 8

0 0 0 0 0

0

255

255 2

( , )

( ); : ;

:

�

� � �

�

if then

else
0

1 1 1 2 2

2

2

0 2

255

�

� �

�

, ;

( ); : ; ( );

Q

W a a R S

S

stop

end if;

if then

else

end if;

a a

a a Q

W a

stop

2 2

2 2

3 3

2

2

0

: ;

: , ;

( ); :

� �

� �

� a
3

2�




�

�

�

�

�

�




�

�

�

�

� .

Äëÿ ñêàíèðîâàíèÿ ÿ÷ååê ñ óìåíüøåíèåì êîäà àäðåñà óñòàíàâëèâàåì

ãîëîâêè â ïîçèöèè, êîãäà îíè îáîçðåâàþò ÿ÷åéêó ñ êîíå÷íûì àäðåñîì:

Q r r a a Qr r n9 10
0 0 3, , , , ; ,� � � � . .

Ñìåùàåì äâå ãîëîâêè ñ íîìåðàìè 2 è 3 íà îäíó ïîçèöèþ âëåâî:

Q a a a a Qr10 2 2 3 3 11
0 1 1, , { : , : },� � � � � .

Ãîëîâêè âûïîëíÿþò äåéñòâèÿ ñîãëàñíî àëãîðèòìó ñ óìåíüøåíèåì êîäà

àäðåñà:

Q

a a F Q Q

F Qr

g

11

3 11 11 11

11 11
0

0

0, ,

( , ),

( , ),�

	if then

else Q
12

end if




�

�




�

�

�

�

�

�

.
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Â ñîîòâåòñòâèè ñ ôóíêöèåé F Q
11 11

0( , )âûïîëíÿþòñÿ ñëåäóþùèå äåéñòâèÿ:

F Q

R S S a a

a a

11 11

0 0 0 0 0

0 0

0

0 2

( , )

( ); : ;

:

�

� � �

� �

if then

else 2

255 2

0

1 1 1

2 2 2

, ;

( ), : ;

( );

Q

W a a

R S S

stop

end if;

if then

� �

�

else

end if;

a a

a a Q

W a

stop

2 2

2 2

3 3

2

2

255

: ;

: , ;

( ), :

� �

� �

� a
3

2�




�

�

�

�

�

�




�

�

�

�

� .

Ñíîâà óñòàíàâëèâàåì ãîëîâêè â ïîëîæåíèÿ, êîãäà âñå îíè îáîçðåâàþò

ÿ÷åéêó ñ êîíå÷íûì àäðåñîì, è ñìåùàåì ãîëîâêè ñ íîìåðàìè 2 è 3 íà îäíó

ïîçèöèþ âëåâî:

Q r r a a Qr r n12 13
255 0 3, , , , ; ,� � � � ,

Q a a a a Qr13 2 2 3 3 14
255 1 1, , { : , : },� � � � � .

Âûïîëíÿþòñÿ äåéñòâèÿ ñîãëàñíî àëãîðèòìó ñ óìåíüøåíèåì êîäà àäðåñà:

Q

a a F Q Q

F Qr

g

14

3 14 14 14

14 14
255

255

, ,

( , ),

(�

	if then

else , ),255
15

Q

end if




�

�




�

�

�

�

�

�

.

Ñîãëàñíî ôóíêöèè F Q
14 14

255( , ) âûïîëíÿþòñÿ ñëåäóþùèå äåéñòâèÿ:

F Q

R S S a a

a

14 14

0 0 0 0 0

0

255

255 2

( , )

( ); : ;

:

�

� � �if then

else � �

� �

�

a Q

W a a

R S S

stop0

1 1 1

2 2 2

2

0 2

255

, ;

( ), : ;

( );

end if;

if then

else

end if;

a a

a a Q

W a

stop

2 2

2 2

3 3

2

2

0

: ;

: , ;

( ),

� �

� �

: .� �




�

�

�

�

�

�




�

�

�

�

� a
3

2
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Óñòàíàâëèâàåì ãîëîâêè â ïîëîæåíèå, êîãäà îíè îáîçðåâàþò ÿ÷åéêó ñ

íà÷àëüíûì àäðåñîì:

Q r r a a Qr r g15 16
0 0 3, , , , ; ,� � � � . .

Ìåíÿåì ïîçèöèè òðåõ ãîëîâîê:

Q a a a a a a Qr16 1 1 2 2 3 3 17
0 1 2 3, , { : , : , : },� � � � � � � .

Ñ÷èòûâàåì äàííûå èç ÿ÷ååê ïàìÿòè ñ óâåëè÷åíèåì êîäà àäðåñà è ñðàâ-

íèâàåì ñ÷èòàííûå äàííûå ñ ýòàëîíîì:

Q

a a F Q Q

F Qr

g

17

3 17 17 17

17 17
0

0

0, ,

( , ),

( , ),�

	if then

else Q
19

end if




�

�




�

�

�

�

�

�

.

Ñîãëàñíî ôóíêöèè F Q
17 17

0( , ) âûïîëíÿþòñÿ ñëåäóþùèå äåéñòâèÿ:

F Q r r

R S

S a a

r r

r r r

17 17
0 0 3

0 4
( , ) , ,

( );

: ;
�� �

� � �if then

else

end if ;

a a Qr r stop: , ;� �




�

�

�




�

�

4

Â êîíöå ïðîãðàììû ñîäåðæàòñÿ êîìàíäû âûäà÷è ðåçóëüòàòîâ òåñòèðîâàíèÿ

â âèäå ñîîòâåòñòâóþùèõ ñîîáùåíèé: Q r19
0, !� , «Ok» èëè Q Xstop r, !�

«Error».

Èçëîæåííûå ñèíòàêñè÷åñêèå îñîáåííîñòè ÿçûêà ñèñòåìû ïîçâîëÿþò

âûäåëèòü ýëåìåíòàðíûå îïåðàöèè, íåîáõîäèìûå äëÿ ïðîåêòèðîâàíèÿ àëãî-

ðèòìîâ è ïðîãðàìì òåñòîâ.

Îñîáåííîñòè ïðèìåíåíèÿ ñèñòåìû âèçóàëèçàöèè àëãîðèòìîâ òåñòîâ.

Ïðè ðàçðàáîòêå àëãîðèòìîâ äèàãíîñòèðîâàíèÿ ñîâðåìåííûõ ìèêðîñõåì ïî-

ëóïðîâîäíèêîâîé ïàìÿòè áîëüøîå çíà÷åíèå èìåþò âèçóàëèçàòîðû àëãîðèò-

ìîâ, ïîçâîëÿþùèå â íàãëÿäíîé ôîðìå äèíàìè÷åñêè îòîáðàæàòü äåòàëè èõ

ðàáîòû [5, 6]. Ïîñêîëüêó ñèñòåìà ÂÀÒ èìååò âñåãî 256 ÿ÷ååê, èõ ñîñòîÿíèå

ìîæíî îäíîâðåìåííî âûâîäèòü íà ýêðàí ìîíèòîðà è äèíàìè÷åñêè äå-

ìîíñòðèðîâàòü âûïîëíÿåìûå îïåðàöèè. Ãëàâíîå ìåíþ ñèñòåìû ÂÀÒ ïðè-

âåäåíî íà ðèñ. 2.

Äëÿ ïðîñìîòðà ïîñëåäîâàòåëüíîñòè âûïîëíÿåìûõ îïåðàöèé ðåàëèçî-

âàí ïîøàãîâûé ðåæèì ðàáîòû ñèñòåìû, ïðè êîòîðîì íà ýêðàí ìîíèòîðà

îñóùåñòâëÿåòñÿ âûâîä ñòðîêè êîìàíäû è ìèêðîîïåðàöèé, âûïîëíÿåìûõ â

òåêóùèé ìîìåíò âðåìåíè.
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Â àâòîìàòè÷åñêîì ðåæèìå ïðè âûïîëíåíèè êîìàíä çàïèñè è ñ÷èòû-

âàíèÿ íà ýêðàí âûäàåòñÿ èíôîðìàöèÿ îá àäðåñå ÿ÷åéêè, ñ êîòîðîé âûïîë-

íÿåòñÿ îïåðàöèÿ è ñèìâîë, õðàíÿùèéñÿ â äàííîé ÿ÷åéêå. Äëÿ óäîáñòâà

âîñïðèÿòèÿ èíôîðìàöèè ïîëüçîâàòåëü ìîæåò èçìåíèòü ñêîðîñòü çàïîëíå-

íèÿ ÿ÷åéêè ïðè çàïèñè èëè ñ÷èòûâàíèè. Ïðè äîñòèæåíèè êîìàíäû àíàëèçà

ðåçóëüòàòîâ äèàãíîñòèðîâàíèÿ íà äèñïëåé âûäàåòñÿ îäíî èç ñîîáùåíèé î

ïðèãîäíîñòè òåñòà: «ãîäåí» èëè «áðàê».

Ïðèìåíÿÿ ñèñòåìó ÂÀÒ, ìîæíî èñïîëüçîâàòü îáùóþ ìåòîäîëîãèþ

ïîñòðîåíèÿ àëãîðèòìîâ è ïðîãðàìì òåñòîâ, êîòîðàÿ âêëþ÷àåò ðåøåíèå

ñëåäóþùèõ çàäà÷:

âûáîð êîýôôèöèåíòà ðàñïàðàëëåëèâàíèÿ îïåðàöèé ôîðìèðîâàíèÿ

òåñòîâûõ ïîñëåäîâàòåëüíîñòåé â ñîîòâåòñòâèè ñ çàäàííûì áûñòðîäåéñò-

âèåì ìèêðîñõåì ïàìÿòè, ÷òî, â êîíå÷íîì ñ÷åòå, îïðåäåëÿåò ÷èñëî ãîëîâîê

ñèñòåìû;

àíàëèç àëãîðèòìà, ïðåäñòàâëåííîãî â îïåðàòîðíîì âèäå, è îïðåäåëå-

íèå êðàòíîñòè ÷èñëà îïåðàöèé â ôðàãìåíòàõ àëãîðèòìà ÷èñëó ãîëîâîê

ñèñòåìû;

âûïîëíåíèå ðåêîíôèãóðàöèè àëãîðèòìà, îáåñïå÷èâàþùåé êðàòíîñòü

÷èñëà îïåðàöèé îáðàùåíèÿ ê ïàìÿòè â öèêëè÷åñêè ïîâòîðÿåìûõ ôðàã-

ìåíòàõ àëãîðèòìà ÷èñëó ãîëîâîê ñèñòåìû;
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îïðåäåëåíèå ÷èñëà öèêëîâ ïîâòîðåíèÿ îòäåëüíûõ ôðàãìåíòîâ àëãîðèòìà

è ìèêðîîïåðàöèè èçìåíåíèÿ êîäîâ àäðåñà è äàííûõ äëÿ êàæäîãî öèêëà;

äåêîìïîçèöèÿ èñõîäíîé çàäà÷è íà çàäà÷ó ìåíüøåé ðàçìåðíîñòè, ò.å.

ïðîåêòèðîâàíèå è îòëàæèâàíèå àëãîðèòìà ñ ïîìîùüþ èíòåðïðåòèðóþùåé

ñèñòåìû ÂÀÒ äëÿ ìèêðîñõåìû ïàìÿòè áàçîâîãî îáúåìà åìêîñòüþ 256 áèò;

óñòàíîâëåíèå ôóíêöèîíàëüíîé çàâèñèìîñòè ïðîãðàììíûõ ïåðåìåí-

íûõ îò åìêîñòè òåñòèðóåìîé ìèêðîñõåìû;

ôîðìèðîâàíèå àëãîðèòìà äëÿ íîâîãî òèïà çàïîìèíàþùåãî óñòðîéñò-

âà, èìåþùåãî, çàäàííóþ åìêîñòü, çàìåíîé ïåðåìåííûõ, ôóíêöèîíàëüíî

çàâèñèìûõ îò åìêîñòè ïàìÿòè.

Ïîñêîëüêó äëÿ êàæäîãî íîâîãî òèïà óñòðîéñòâà íå òðåáóåòñÿ ïîâòî-

ðÿòü âåñü ïðîöåññ ïðîåêòèðîâàíèÿ, óìåíüøàþòñÿ çàòðàòû íà ðàçðàáîòêó

ïðîãðàìì. Êðîìå òîãî, òðóäîåìêîñòü ëîêàëèçàöèè è óñòðàíåíèÿ îøèáîê â

ïðîãðàììàõ, ïðåäíàçíà÷åííûõ äëÿ ìèêðîñõåìû ïàìÿòè åìêîñòüþ 256 áàéò,

çíà÷èòåëüíî íèæå, ÷åì òðóäîåìêîñòü îòëàäêè ïðîãðàìì äëÿ òåñòèðîâàíèÿ

çàïîìèíàþùèõ óñòðîéñòâ áîëüøîé åìêîñòè.

Âûâîäû. Ïðèâåäåííûé ôîðìàò êîìàíä ñèñòåìû ÂÀÒ îáåñïå÷èâàåò

ñèíõðîííîå óïðàâëåíèå ïåðåìåùåíèåì íåñêîëüêèõ ãîëîâîê, ÷òî îáåñïå-

÷èâàåò óâåëè÷åíèå áûñòðîäåéñòâèÿ ôèçè÷åñêè ðåàëèçîâàííîãî óñòðîéñòâà

äèàãíîñòèðîâàíèÿ ïðè ðàñïàðàëëåëèâàíèè ïðîöåññà ôîðìèðîâàíèÿ òåñòî-

âûõ âîçäåéñòâèé. Ðàçäåëåíèå âû÷èñëèòåëüíîãî ïðîöåññà íà ýëåìåíòàðíûå

äåéñòâèÿ ïîçâîëÿåò îïðåäåëèòü íàáîð ìèêðîîïåðàöèé äëÿ ïàðàëëåëüíî

âûïîëíÿåìûõ ïðîöåññîâ.

Â ðåçóëüòàòå âûïîëíåííûõ èññëåäîâàíèé ïîëó÷åíî òåîðåòè÷åñêîå è

ïðàêòè÷åñêîå îáîñíîâàíèå óòâåðæäåíèÿ î òîì, ÷òî àëãîðèòìû âñåõ íàèáîëåå

ðàñïðîñòðàíåííûõ òåñòîâ äèàãíîñòèðîâàíèÿ çàïîìèíàþùèõ óñòðîéñòâ ìîãóò

áûòü ðàçðàáîòàíû ñ ïîìîùüþ ñèñòåìû ÂÀÒ è ïðàêòè÷åñêè ðåàëèçîâàíû

óñòðîéñòâîì äèàãíîñòèðîâàíèÿ, èìåþùèì ìóëüòèïðîöåññîðíóþ ñòðóêòóðó.

For the synthesis of algorithms and software diagnostic tests storage the system for the visualization al-

gorithms tests is proposed containing the control unit, a square matrix of memory cells and four heads

write (read). The example of synthesis using this system test march C is given. Reducing the complexity

of design work is provided by dynamic imaging sequence performed diagnostic operations.
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×åðíîâèöêèé ôàêóëüòåò Íàöèîíàëüíîãî òåõíè÷åñêîãî óíèâåðñèòåòà
«Õàðêîâñüêèé ïîëèòåõíè÷åñêèé èí-ò»
(Óêðàèíà, 58018, ×åðíîâöû, óë. Ãëàâíàÿ, 203à
òåë. (0372) 72415, E-mail: OGDanalaki@gmail.com)

Ìàòåìàòè÷åñêàÿ ìîäåëü ïîëóïðîâîäíèêîâîãî
òåðìîýëåêòðè÷åñêîãî óñòðîéñòâà
äëÿ îõëàæäåíèÿ êîìïüþòåðíîãî ïðîöåññîðà

(Ñòàòüþ ïðåäñòàâèë ä-ð òåõí. íàóê Ì. Â. Ìûñëîâè÷)

Ðàçðàáîòàíû ìàòåìàòè÷åñêèå ìîäåëè òåðìîýëåêòðè÷åñêèõ ïîëóïðîâîäíèêîâûõ óñòðîéñòâ

äëÿ îõëàæäåíèÿ ïðîöåññîðà ñ ïðèìåíåíèåì ïëàâÿùåãîñÿ âåùåñòâà.

Ðîçðîáëåíî ìàòåìàòè÷í³ ìîäåë³ òåðìîåëåêòðè÷íèõ íàï³âïðîâ³äíèêîâèõ ïðèñòðî¿â äëÿ

îõîëîäæåííÿ ïðîöåñîðà ç çàñòîñóâàííÿì âèòîïëþâàëüíî¿ ðå÷îâèíè.

Ê ë þ ÷ å â û å ñ ë î â à: òåðìîýëåìåíòû, ôèçè÷åñêèå ïðîöåññû, ðàñïðåäåëåíèå òåìïåðàòóðû.

Èñïîëüçîâàíèå òåðìîýëåêòðè÷åñêèõ óñòðîéñòâ äëÿ îõëàæäåíèÿ ïðîöåñ-

ñîðà çíà÷èòåëüíî óëó÷øàåò òåìïåðàòóðíûå õàðàêòåðèñòèêè âî âðåìÿ åãî

ðàáîòû â ðàçëè÷íûõ ðåæèìàõ, ÷òî ïîçâîëÿåò çíà÷èòåëüíî óâåëè÷èòü íà-

äåæíîñòü è äîëãîâå÷íîñòü ïðîöåññîðà. Â íàñòîÿùåå âðåìÿ äëÿ îõëàæäåíèÿ

ïðîöåññîðà êîìïüþòåðà èñïîëüçóþòñÿ ñèñòåìû, ðàáîòàþùèå íà ïðîäóâ

âîçäóõà, íàïðèìåð óñòàíîâëåííûé íà ïðîöåññîðå êóëåð. Îäíàêî êóëåð

èìååò ðÿä íåäîñòàòêîâ: íåñïîñîáíîñòü îáåñïå÷èòü íåîáõîäèìûé óðîâåíü

ïûëåçàùèòû è òåìïåðàòóðó âûøå êîìíàòíîé; íåïðèåìëåìîñòü äëÿ òåðìî-

ñòàòèðîâàíèÿ; èíåðöèîííîñòü.

Òåðìîýëåêòðè÷åñêèé ìåòîä îõëàæäåíèÿ ïîçâîëÿåò îñóùåñòâëÿòü ïî-

íèæåíèå òåìïåðàòóðû â ìàëîì îáúåìå ïðè íåçíà÷èòåëüíûõ ãàáàðèòàõ è

âåñå âñåãî óñòðîéñòâà. Â ñëó÷àå íåîáõîäèìîñòè òåìïåðàòóðà, îáåñïå÷è-

âàåìàÿ òåðìîýëåêòðè÷åñêèì îõëàæäàþùèì ïðèáîðîì ïîñðåäñòâîì ñïå-

öèàëüíîé ñõåìû, ìîæåò áûòü ñòàáèëèçèðîâàíà íà òðåáóåìîì óðîâíå ñ

áîëüøîé òî÷íîñòüþ.

Îáçîð ïóáëèêàöèé, ïîñâÿùåííûõ òåðìîýëåêòðè÷åñêèì îõëàæäàþùèì

óñòðîéñòâàì, ñâèäåòåëüñòâóåò î òîì, ÷òî, íåñìîòðÿ íà äîñòàòî÷íî çíà÷è-

òåëüíûå óñïåõè â ýòîé îáëàñòè, â íàñòîÿùåå âðåìÿ ñóùåñòâóåò íåîáõîäè-
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ìîñòü â ðàçðàáîòêå íîâûõ òåðìîýëåêòðè÷åñêèõ ñèñòåì òåïëîîòâîäà è òåð-

ìîñòàáèëèçàöèè êîìïîíåíòîâ êîìïüþòåðà. Ïðè ýòîì íàèáîëåå âàæíîé

ÿâëÿåòñÿ ðàçðàáîòêà âûñîêîýôôåêòèâíîé ñèñòåìû îõëàæäåíèÿ ïðîöåññîðà

äëÿ ïîâûøåíèÿ áûñòðîäåéñòâèÿ è îáúåìîâ ïåðåðàáàòûâàåìîé êîìïüþòå-

ðîì èíôîðìàöèè.

Ðàññìîòðèì ðåçóëüòàòû òåîðåòè÷åñêèõ è ýêñïåðèìåíòàëüíûõ èññëåäî-

âàíèé, íàïðàâëåííûõ íà ðàçðàáîòêó ìàòåìàòè÷åñêîé ìîäåëè òåðìîýëåêòðè-

÷åñêîé ñèñòåìû, ðåàëèçóþùåé ïëàâíûé ïðîãðåâ è îõëàæäåíèå ïðîöåññîðà â

ðåæèìå âêëþ÷åíèÿ è âûêëþ÷åíèÿ êîìïüþòåðà, è ìàòåìàòè÷åñêîé ìîäåëè

ñèñòåìû, îñíîâàííîé íà èñïîëüçîâàíèè ïëàâÿùåãîñÿ ðàáî÷åãî âåùåñòâà

äëÿ òåðìîñòàòèðîâàíèÿ ïðîöåññîðà â óñòàíîâèâøåìñÿ ðåæèìå ðàáîòû.

Äëÿ óëó÷øåíèÿ óñëîâèé òåïëîîáìåíà ïðîöåññîðà ñ îõëàæäàþùèì

óñòðîéñòâîì öåëåñîîáðàçíî ðàçìåùàòü ìåæäó ïðîöåññîðîì è òåðìîýëåêòðè-

÷åñêèì ìîäóëåì (ÒÝÌ) åìêîñòü (êîíòåéíåð) ñ ïëàâÿùèìñÿ ðàáî÷èì âå-

ùåñòâîì, èìåþùèì ñòàáèëüíóþ òåìïåðàòóðó ïëàâëåíèÿ.

Â ðàññìàòðèâàåìîì óñòðîéñòâå (ðèñ. 1) êîíòåéíåð ñ ðàáî÷èì ïëàâÿ-

ùèìñÿ âåùåñòâîì óñòàíîâëåí ìåæäó ïðîöåññîðîì è ÒÝÌ è íàõîäèòñÿ â

êîíäóêòèâíîì òåïëîâîì êîíòàêòå ñ íèìè [1]. Ñ îäíîé ñòîðîíû êîíòåéíåð ñ

ðàáî÷èì âåùåñòâîì íàãðåâàåòñÿ ïðîöåññîðîì, à ñ äðóãîé — îõëàæäàåòñÿ

ÒÝÌ. Òàêàÿ ñõåìà îõëàæäåíèÿ ïðîöåññîðà ïîçâîëÿåò ïîâûñèòü ýôôåê-

òèâíîñòü òåïëîîòâîäà îò ïðîöåññîðà è îáåñïå÷èòü íåîáõîäèìûé òåìïåðà-

òóðíûé ðåæèì åãî ðàáîòû. Ýòî ñòàëî âîçìîæíûì âñëåäñòâèå âûñîêîé òåïëî-

åìêîñòè ïëàâÿùèõñÿ âåùåñòâ (àçîòíîêèñëûé íèêåëü, ïàðàôèí). Îäíîâðå-

ìåííî âåñü îáúåì ñèñòåìíîãî áëîêà êîìïüþòåðà, èçîëèðîâàííûé îò îêðó-
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Ðèñ. 1. Ñõåìà óñòðîéñòâà äëÿ îõëàæäåíèÿ ïðîöåññîðà ñ ïðèìåíåíèåì ïëàâÿùåãîñÿ âåùåñòâà:
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ÒÝÌ; 6 — áëîê ïèòàíèÿ; 7 — ïðîöåññîð; 8 — êîíòåéíåð ñ ðàáî÷èì âåùåñòâîì



æàþùåé ñðåäû, îõëàæäàåòñÿ äðóãèì ÒÝÌ. Ýòî ïîçâîëÿåò ïîääåðæèâàòü â

ñèñòåìíîì áëîêå êîìïüþòåðà òðåáóåìóþ òåìïåðàòóðó, ïðèåìëåìóþ è äëÿ

äðóãèõ êîìïîíåíòîâ êîìïüþòåðà, óñòàíîâëåííûõ â ñèñòåìíîì áëîêå, èñ-

êëþ÷èòü ïîïàäàíèå â íåãî ïûëè è íå äîïóñòèòü âëèÿíèÿ äðóãèõ âîçìîæ-

íûõ âðåäíûõ âîçäåéñòâèé íà êîìïîíåíòû êîìïüþòåðà.

Ìàòåìàòè÷åñêàÿ ìîäåëü ïðåäñòàâëåííîãî óñòðîéñòâà âêëþ÷àåò ìî-

äåëü òåðìîñòàòèðîâàíèÿ ïðîöåññîðà ïîñðåäñòâîì êîíòåéíåðà ñ ïëàâÿùèì-

ñÿ âåùåñòâîì è ÒÝÌ, à òàêæå ìîäåëü òåðìîñòàáèëèçàöèè ñèñòåìíîãî

áëîêà êîìïüþòåðà.

Ðàññìîòðèì âíà÷àëå ìàòåìàòè÷åñêóþ ìîäåëü òåðìîñòàòèðîâàíèÿ ïðî-

öåññîðà ïîñðåäñòâîì êîíòåéíåðà ñ ïëàâÿùèìñÿ âåùåñòâîì è ÒÝÌ. Â

ñîñòàâ óñòðîéñòâà äëÿ îõëàæäåíèÿ ïðîöåññîðà ñ èñïîëüçîâàíèåì ïëàâÿ-

ùåãîñÿ âåùåñòâà âõîäèò òîíêîñòåííàÿ åìêîñòü (êîíòåéíåð) êîíå÷íûõ ãåî-

ìåòðè÷åñêèõ ðàçìåðîâ ñ ãëàäêîé èëè îðåáðåííîé ïîâåðõíîñòüþ, èçãîòîâ-

ëåííàÿ èç ìåòàëëà èëè ïëàñòèêà, ãåðìåòè÷íûé îáúåì êîòîðîé çàïîëíåí

ðàáî÷èì âåùåñòâîì. Êîíòåéíåð ñ ïëàâÿùèìñÿ âåùåñòâîì ïîìåùàåòñÿ

ìåæäó ïðîöåññîðîì è ÒÝÌ. Âî âðåìÿ ðàáîòû îñíîâíàÿ ÷àñòü òåïëà, ðàñ-

ñåèâàåìîãî ïðîöåññîðîì, ïîãëîùàåòñÿ ñêðûòîé òåïëîòîé ïëàâëåíèÿ âå-

ùåñòâà. Ñ ïðîòèâîïîëîæíîé ñòîðîíû êîíòåéíåð îõëàæäàåòñÿ õîëîäíûìè

ñïàÿìè ÒÝÌ.

Òàêèì îáðàçîì, â êîíòåéíåðå ñ ïëàâÿùèìñÿ âåùåñòâîì ñóùåñòâóþò

äâå ôàçû — æèäêàÿ è òâåðäàÿ. Äëÿ îáåñïå÷åíèÿ ïðàêòè÷åñêîãî ïðèìå-

íåíèÿ äàííîãî óñòðîéñòâà, íåîáõîäèìî, ÷òîáû òåïëî, âûäåëÿåìîå ïðîöåñ-

ñîðîì è ïîãëîùàåìîå ðàáî÷èì âåùåñòâîì, ýôôåêòèâíî îòâîäèëîñü ÒÝÌ.

Àíàëèç ìåõàíèçìà ÿâëåíèé, ïðîèñõîäÿùèõ â ïðîöåññå òåïëîîáìåíà â

óñòðîéñòâå, âûïîëíåí äëÿ îäíîìåðíîé ìîäåëè ïðè ñëåäóþùèõ äîïó-

ùåíèÿõ:

òåìïåðàòóðà â æèäêîé è òâåðäîé ôàçàõ ðàáî÷åãî âåùåñòâà ÿâëÿåòñÿ

ôóíêöèåé îäíîé ïðîñòðàíñòâåííîé êîîðäèíàòû;

òåìïåðàòóðà íà ãðàíèöå ðàçäåëà ñîîòâåòñòâóåò óñòîé÷èâîìó ñîñó-

ùåñòâîâàíèþ òâåðäîé è æèäêîé ôàç;

èíòåðâàë òåìïåðàòóð ïëàâëåíèÿ è êðèñòàëëèçàöèè (çàòâåðäåâàíèÿ) ìàë

ïî ñðàâíåíèþ ñ ñîîòâåòñòâóþùèìè òåìïåðàòóðàìè ïëàâëåíèÿ è êðèñòàëëè-

çàöèè, êîòîðûå ïðèíÿòû ïîñòîÿííûìè â òå÷åíèå âñåãî ïðîöåññà;

äëèíà è øèðèíà åìêîñòè, çàïîëíåííîé ðàáî÷èì âåùåñòâîì, çíà÷è-

òåëüíî áîëüøå åå òîëùèíû (ïîýòîìó âëèÿíèåì áîêîâûõ ïîâåðõíîñòåé íà

òåïëîîáìåí ïðåíåáðåãàåì);

ïðîöåññîð óñòàíîâëåí íà ïëîñêîé ïîâåðõíîñòè;

ðàññåèâàåìàÿ ïðîöåññîðîì è îòâîäèìàÿ ÒÝÌ ìîùíîñòü ðàâíîìåðíî

ðàñïðåäåëåíà ïî ïîâåðõíîñòè èõ êîíòàêòà ñ ìåòàëëè÷åñêîé îáîëî÷êîé

óñòðîéñòâà;

Ìàòåìàòè÷åñêàÿ ìîäåëü ïîëóïðîâîäíèêîâîãî òåðìîýëåêòðè÷åñêîãî óñòðîéñòâà
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òåðìè÷åñêèì ñîïðîòèâëåíèåì êîíòàêòà ïðîöåññîðà è ÒÝÌ ñ ìåòàëëè-

÷åñêîé îáîëî÷êîé ïðåíåáðåãàåì.

Ðàñ÷åòíàÿ ñõåìà ïðîöåññà òåïëîîáìåíà ïðè ïëàâëåíèè è çàòâåðäå-

âàíèè ðàáî÷åãî âåùåñòâà, ñîîòâåòñòâóþùàÿ ðàáîòå ïðîöåññîðà è ÒÝÌ,

ïðèâåäåíà íà ðèñ. 2. Ïðè ïîäâîäå òåïëà ê îáîëî÷êå, ñîïðèêàñàþùåéñÿ

ñâåðõó ñ ðàáî÷èì âåùåñòâîì, ïîñëå äîñòèæåíèÿ îïðåäåëåííîé òîëùèíû

ðàñïëàâà âîçíèêàþò êîíâåêòèâíûå ïîòîêè òåïëà, îáóñëîâëåííûå íàëè-

÷èåì ãðàâèòàöèîííûõ ñèë è ãðàäèåíòà ïëîòíîñòè æèäêîñòè ïî òîëùèíå.

Äî ýòîãî ìîìåíòà êîíâåêöèÿ â æèäêîé ôàçå îòñóòñòâóåò èëè äîñòàòî÷íî

ñëàáà, ïîýòîìó ïî òîëùèíå ñëîÿ ñóùåñòâóåò ïîëå òåìïåðàòóð. Ïîñëå

äîñòèæåíèÿ îïðåäåëåííîé òîëùèíû ñëîÿ ðàñïëàâà � íà÷èíàåòñÿ èíòåí-

ñèâíîå ïåðåìåøèâàíèå ãîðÿ÷èõ è õîëîäíûõ ñëîåâ, ïðè ýòîì ïîëåì òåìïå-

ðàòóð ïî æèäêîé ôàçå ìîæíî ïðåíåáðå÷ü.

Óðàâíåíèÿ òåïëîâîãî áàëàíñà ïðè ïëàâëåíèè I äëÿ îáîëî÷êè 1 è çàò-

âåðäåâàíèè II äëÿ îáîëî÷êè 2 èìåþò âèä

( ) ( )c
dT

d
q k T T q I��

�

1

1

1
� � � �

ïð ñð ñð ð.â

(1)

( ) ( )c
dT

d
q k T T q II��

�

2

2

2
� � � � �

ÒÝÌ ñð ñð ð.â
,

(2)

ãäå ñ, � è � — òåïëîåìêîñòü, ïëîòíîñòü è òîëùèíà îáîëî÷êè 1; � — âðåìÿ;

k
ñð

— êîýôôèöèåíò òåïëîîòäà÷è â îêðóæàþùóþ ñðåäó; T
1

è T
2
— ñðåäíå-

ìàññîâûå òåìïåðàòóðû îáîëî÷åê 1 è 2; T
ñð

— òåìïåðàòóðà îêðóæàþùåé

ñðåäû; q
ïð

— êîëè÷åñòâî òåïëîòû, ðàññåèâàåìîå ïðîöåññîðîì; q
ÒÝÌ

—
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ÒÝÌ

q
ïð

II 2

x

I
1

R

�

Ðèñ. 2. Ðàñ÷åòíàÿ ñõåìà ïðîöåññà òåïëîîáìåíà: I è II — æèäêîå è òâåðäîå âåùåñòâî; 1
è 2 — íèæíÿÿ è âåðõíÿÿ îáîëî÷êè



êîëè÷åñòâî òåïëîòû, ïîãëîùàåìîå ÒÝÌ; q Ið.â
è q IIð.â

— êîëè÷åñòâî òåï-

ëîòû, ïîëó÷åííîå è îòäàííîå ðàáî÷èì âåùåñòâîì.

Ó÷èòûâàÿ ðåçóëüòàòû, ïðèâåäåííûå â ðàáîòå [2], è ïîëàãàÿ êîýôôè-

öèåíòû òåïëîîòäà÷è ñî ñòîðîíû îáîëî÷êè è ïîâåðõíîñòè ðàçäåëà ôàç

ïîñòîÿííûìè, ìîæíî ïðèáëèæåííî ñôîðìóëèðîâàòü ìàòåìàòè÷åñêóþ

ïîñòàíîâêó çàäà÷è äëÿ ñèììåòðè÷íîé ìîäåëè:

( ) ( ) ( )cp
dT

d
q k T T T T�

�

	
1

1

1 1 1
� � � � �

ïð ñð ñð ñð
;

(3)

c p
dT

d
T T T T

1 1

1

1 1 1



�

	 	� � � �( ) ( )
ñð ãð ñð

;
(4)

( ) ( )cp
dT

d
q k T T q II�

�

1

1

1
� � � � �

ÒÝÌ ñð ñð ð.â
,

(5)

ãäå 	
1

è 	
ãð

— êîýôôèöèåíòû òåïëîîòäà÷è ñîîòâåòñòâåííî îò îáîëî÷êè 1
ê æèäêîñòè è îò ãðàíèöû ðàçäåëà ôàç ê æèäêîñòè.

Äëÿ æèäêîé (1) è òâåðäîé (2) ôàç ðàáî÷åãî âåùåñòâà

c p
dT

d

d T

dx
1 1

2

2

�

�

�

�

� , i �1 2, , 
 � �x R;
(6)

� � �

�

��
�

1

1

2

2

2

dT

dx

dT

dx
r

d

dx x�

� � �

�

,
(7)

ãäå c p
1 1
, è �

1
— òåïëîåìêîñòü, ïëîòíîñòü è òåïëîïðîâîäíîñòü æèäêîé è

òâåðäîé ôàçû ðàáî÷åãî âåùåñòâà; T T T
1 2

� �
cð

ïðè x ��; T Tx1 0 1�
� ;

q
dT

dx
II x Rð.â

�
�

�
2

2
.

Ïðè ðåøåíèè ñèñòåìû óðàâíåíèé (6), (7) èñïîëüçîâàí ïðèáëèæåííûé

èíòåãðàëüíûé ìåòîä, ïîäîáíûé ïðåäëîæåííîìó â [3], ñ ïîìîùüþ êî-

òîðîãî ñèñòåìà óðàâíåíèé â ÷àñòíûõ ïðîèçâîäíûõ ïðèâåäåíà ê ñèñòåìå

îáûêíîâåííûõ äèôôåðåíöèàëüíûõ óðàâíåíèé ïåðâîãî ïîðÿäêà:

( ) ( ) ( )cp
dT

d
q T T T T�

�


 	
1

1

1 1 1
� � � � � �

ïð ñð ñð cð
;

c p
dT

d
T T L T T

1 1

1

1 1 1



�

	� � � �( ) ( )
cð êð cð

;
(8)

( ) ( )
( )

cp
dT

d
q T T

T T

R
�

�




�

�

2

1

2

2 2
� � � � �

�

�

ÒÝÌ ñð ñð

cð
;

� �

�

�

�

�

	
2

2 2

1

d

d

T T

R
T T�

�

�

� �

( )
( )

cð

cð cð
.
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Ñèñòåìà óðàâíåíèé (8) ðåøåíà ÷èñëåííûì ìåòîäîì Ðóíãå—Êóòòà 4-ãî

ïîðÿäêà â ñðåäå MATHCAD 8.0 (ïðîôåññèîíàëüíàÿ âåðñèÿ) [4, 5].

Íà ðèñ. 3 ïðåäñòàâëåíû çàâèñèìîñòè òåìïåðàòóðû ïðîöåññîðà, ò.å. òåìïå-

ðàòóðû íàãðåâàåìîé èì ïîâåðõíîñòè TI êîíòåéíåðà ñ ïëàâÿùèìñÿ âåùåñòâîì,

è òåìïåðàòóðû æèäêîé ôàçû ïëàâÿùåãîñÿ âåùåñòâà îò âðåìåíè � ïîñëå

âêëþ÷åíèÿ èññëåäóåìîãî óñòðîéñòâà ïðè ðàçëè÷íûõ çíà÷åíèÿõ q
ïð

.

Êàê âèäíî èç ðèñ. 3, à, ñðàçó ïîñëå âêëþ÷åíèÿ êîìïüþòåðà òåìïåðàòó-

ðà ïðîöåññîðà óâåëè÷èâàåòñÿ è çàòåì ïëàâíî ïðèíèìàåò îïðåäåëåííîå çíà-

÷åíèå, ïðèåìëåìîå äëÿ óñòîé÷èâîé ðàáîòû ïðîöåññîðà. Èç ðèñ. 3, á, âèäíî,

÷òî ñðàçó ïîñëå âêëþ÷åíèÿ êîìïüþòåðà òåìïåðàòóðà ïðîöåññîðà óâåëè-

÷èâàåòñÿ è çàòåì òàêæå ïëàâíî ñòàáèëèçèðóåòñÿ.

Íà ðèñ. 4, à, ïðåäñòàâëåíà çàâèñèìîñòü òåìïåðàòóðû ïîâåðõíîñòè T2

êîíòåéíåðà ñ ïëàâÿùèìñÿ âåùåñòâîì, íàõîäÿùåãîñÿ â òåïëîâîì êîíòàêòå ñ

îõëàæäàþùèì ýòó ïîâåðõíîñòü ÒÝÌ, îò âðåìåíè � ïîñëå âêëþ÷åíèÿ

óñòðîéñòâà ïðè ðàçëè÷íûõ çíà÷åíèÿõ q
ïð

. Êàê âèäèì, íà íà÷àëüíîì ýòàïå

òåìïåðàòóðà îáîëî÷êè, íàõîäÿùåéñÿ â òåïëîâîì êîíòàêòå ñ ÒÝÌ, ïàäàåò,

à çàòåì ïîñòåïåííî ñòàáèëèçèðóåòñÿ.
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Ðèñ. 3. Çàâèñèìîñòè òåìïåðàòóðû ãîðÿ÷åé ñòîðîíû êîíòåéíåðà ñ ïëàâÿùèìñÿ âåùåñòâîì

(à) è òåìïåðàòóðû æèäêîé ôàçû ïëàâÿùåãîñÿ âåùåñòâà (á) îò âðåìåíè (ïëàâÿùååñÿ âå-

ùåñòâî — ïàðàôèí; ( )c��
1

= 2,1 � ��
4

Äæ/(ì
2

Ê); R = 0,008 ì): 1 — q
ïð

= 26000 Âò/ì
2
; 2 —

q
ïð

= 27000 Âò/ì
2



Íà ðèñ. 4, á, ïðåäñòàâëåíà òåîðåòè÷åñêàÿ çàâèñèìîñòü êîîðäèíàòû

ãðàíèöû ðàçäåëà ôàç � ïëàâÿùåãîñÿ âåùåñòâà îò âðåìåíè � ïîñëå âêëþ-

÷åíèÿ óñòðîéñòâà. Â çîíå êîíòàêòà ïðîöåññîðà è êîíòåéíåðà îáðàçóåòñÿ

æèäêàÿ ôàçà. Êîîðäèíàòà �, ïîñòåïåííî ñìåùàåòñÿ â ñòîðîíó ÒÝÌ è äàëåå,

â ïðîöåññå ðàáîòû óñòðîéñòâà, çíà÷åíèå � äîñòèãàåò îïðåäåëåííîãî óðîâ-

íÿ, ÷òî ïîçâîëÿåò ñäåëàòü âûâîä î ñòàáèëèçàöèè òåìïåðàòóðíîãî ðåæèìà

ïðîöåññîðà. Äàííîå îáñòîÿòåëüñòâî ñâèäåòåëüñòâóåò î âîçìîæíîñòè èñ-

ïîëüçîâàíèÿ êîíòåéíåðà ñ ïëàâÿùèìñÿ âåùåñòâîì â êà÷åñòâå êîìïîíåíòà

ñèñòåìû òåðìîñòàòèðîâàíèÿ ïðîöåññîðà íà îñíîâå ÒÝÌ.

Ðàññìîòðèì ìàòåìàòè÷åñêóþ ìîäåëü òåðìîñòàáèëèçàöèè ñèñòåìíîãî

áëîêà êîìïüþòåðà. Ðàñ÷åò òåðìîýëåêòðè÷åñêîãî óñòðîéñòâà (ÒÝÓ) òåðìî-

ñòàáèëèçàöèè ñèñòåìíîãî áëîêà êîìïüþòåðà çàêëþ÷àåòñÿ â ðàñ÷åòå óñëî-

âèé òåïëîîáìåíà è ýëåêòðîôèçè÷åñêèõ ïàðàìåòðîâ òåðìîáàòàðåè (ÒÝÁ),

ñîñòîÿùåé èç ÒÝÌ. Êàê âèäíî èç ðèñ. 5, ñóùåñòâóåò íåïîñðåäñòâåííûé

òåïëîâîé êîíòàêò ñïàåâ ÒÝÁ ñ îáúåìîì ñòàòèðîâàíèÿ.

Ïðè òåðìîñòàáèëèçàöèè çàìêíóòîãî îáúåìà â íåì îáåñïå÷èâàåòñÿ

òåìïåðàòóðà ñðåäû Òâ.ñð, îìûâàþùåé âíåøíèå ñïàè ÒÝÁ. Òåïëîâàÿ íà-

ãðóçêà íà ÒÝÁ îïðåäåëÿåòñÿ ñóììîé âíóòðåííèõ òåïëîâûäåëåíèé Wâí è

òåïëîïðèòîêîâ (òåïëîïîòåðü) èçäåëèÿ Qèç ñî ñòîðîíû ñðåäû, îìûâàþùåé

îáúåì ñòàòèðîâàíèÿ. Ñëåäóåò çàìåòèòü, ÷òî â îáùåì ñëó÷àå Òâ.ñð íå ðàâíà

òåìïåðàòóðå ñðåäû Òñï, îìûâàþùåé âíåøíèå ñïàè ÒÝÁ [6].
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Ðèñ. 4. Çàâèñèìîñòè òåìïåðàòóðû õîëîäíîé ñòîðîíû êîíòåéíåðà ñ ïëàâÿùèìñÿ âåùåñòâîì

(à) è êîîðäèíàòû ãðàíèöû ðàçäåëà ôàç â êîíòåéíåðå ñ ïëàâÿùèìñÿ âåùåñòâîì (á) îò

âðåìåíè (ïëàâÿùååñÿ âåùåñòâî — ïàðàôèí;( )c��
2

= 2Ä �10
4

Äæ/(ì
2

� Ê); R =0,008 ì; q
ÒÝÌ

=

= 25000 Âò/ì
2

): 1 — q
ïð

= 26000 BT/ì
2
; 2 — q

ïð
= 27000 Âò/ì

2
; q

ÒÝÁ
= 25000 Âò/ì

2



Ðàñ÷åò êîýôôèöèåíòîâ òåïëîïåðåäà÷è ïî âíóòðåííåé kâí è íàðóæíîé

kíàð ñòîðîíàì ÒÝÁ â ñâÿçè ñ ðàçíîîáðàçèåì ñõåì îðãàíèçàöèè òåïëîîáìåíà

è åãî èíòåíñèôèêàöèè öåëåñîîáðàçíî âûíåñòè çà ðàìêè ðàñ÷åòà ÒÝÁ [7].

×åðåç ÒÝÁ â îáúåì òåðìîñòàáèëèçàöèè èëè íàðóæó ïîñòóïàåò òåïëîâîé

ïîòîê q�. Ïðè íàëè÷èè â îáúåìå òåðìîñòàáèëèçàöèè òåïëîñòîêîâ ìîùíîñòü

âíóòðåííèõ èñòî÷íèêîâ W ââîäèòñÿ ñî çíàêîì ìèíóñ [8].

Îïðåäåëÿåì íåîáõîäèìóþ õîëîäîïðîèçâîäèòåëüíîñòü ÒÝÁ äëÿ òåïëî-

èçîëèðîâàííîãî îáúåìà â ðåæèìå îõëàæäåíèÿ:

Q Q W
0

� �
èç âí

.

Åñëè òåïëîèçîëÿöèÿ îñóùåñòâëÿåòñÿ ñëîåì òåïëîèçîëèðóþùåãî ìàòåðèà-

ëà, òî òåïëîïðèòîêè äëÿ ïëîñêîé ñòåíêè îïðåäåëÿåì ïî ôîðìóëå

Q
t F

èç

èç

èç

èç

�

� �

�

�

	

�

	
�

�

�
2

,

ãäå �
èç

— òîëùèíà ñòåíêè èçäåëèÿ; F — ïëîùàäü ñòåíêè; � t
èç

— ðàçíîñòü

òåìïåðàòóð ñðåä ïî îáåèì ñòîðîíàì ñòåíêè; 	
�

è 	
2

— êîýôôèöèåíòû

òåïëîîòäà÷è íà îáåèõ ñòîðîíàõ ñòåíêè; �
èç

— êîýôôèöèåíò òåïëîïðî-

âîäíîñòè ñòåíêè.

Âûáèðàåì ðåæèì ðàáîòû ÒÝÁ. Ðåæèì ìàêñèìàëüíîé ýíåðãåòè÷åñêîé

ýôôåêòèâíîñòè õàðàêòåðèçóåòñÿ íàèìåíüøèìè çàòðàòàìè ìîùíîñòè äëÿ

âûðàáîòêè çàäàííîãî êîëè÷åñòâà õîëîäà è ïðåäñòàâëÿåò íàèáîëüøèé

ïðàêòè÷åñêèé èíòåðåñ, ïîñêîëüêó ïàðàìåòðû ñîâðåìåííûõ òåðìîýëåìåí-

òîâ (ÒÝ) íå îáåñïå÷èâàþò íàñòîëüêî âûñîêèé êîýôôèöèåíò õîëîäîïðîèç-

âîäèòåëüíîñòè, ÷òîáû èì ìîæíî áûëî ïðåíåáðå÷ü ñ öåëüþ ýêîíîìèè

ìàòåðèàëà. Ðåæèì ìàêñèìàëüíîé ýíåðãåòè÷åñêîé ýôôåêòèâíîñòè ÿâëÿåòñÿ
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Ðèñ. 5. Òåïëîâàÿ ñõåìà ðåæèìà ñòàòèðîâàíèÿ îáúåìà



óíèâåðñàëüíûì, òàê êàê åãî ðåàëèçàöèÿ îáåñïå÷èâàåò îïòèìèçàöèþ ðàç-

ëè÷íûõ õàðàêòåðèñòèê òåðìîýëåêòðè÷åñêèõ îõëàäèòåëåé.

Ðåæèì íàèáîëüøåé õîëîäîïðîèçâîäèòåëüíîñòè ïðèìåíÿåòñÿ, êîãäà íà

èìåþùåéñÿ ÒÝÁ íåîáõîäèìî ïîëó÷èòü íàèáîëüøåå îõëàæäåíèå.

Ðåæèì ìèíèìàëüíîãî òîêà èñïîëüçóåòñÿ òîëüêî â ñëó÷àÿõ, êîãäà âå-

ëè÷èíà ñèëû òîêà èñòî÷íèêà ïèòàíèÿ îãðàíè÷åíà ïðè çàäàííûõ ïàðàìåò-

ðàõ íàïðÿæåíèÿ è âåëè÷èíå õîëîäîïðîèçâîäèòåëüíîñòè.

Çàäàåì ïåðåïàäû òåìïåðàòóð ìåæäó ñïàÿìè è ñðåäàìè òåïëîîáìåíà ñ

íèìè ïî õîëîäíîé � t
x

è ãîðÿ÷åé � t
ã

ñòîðîíàì. Òåìïåðàòóðû õîëîäíîãî è

ãîðÿ÷åãî ñïàåâ:

T T t
x ñð x

� �� , T T t
ã â.ñð ã

� �� .

Îïðåäåëÿåì ìîùíîñòü, ïîòðåáëÿåìóþ ÒÝÁ ïðè îõëàæäåíèè,W Q�
0

/
, è

ïðè íàãðåâå, W Q K�
1

/ ;

òåïëîâûäåëåíèå íà ãîðÿ÷èõ ñïàÿõ ïðè îõëàæäåíèè ñèñòåìíîãî áëîêà:

Q Q W
ã

� �
0

;

ñèëó òîêà:

I
k I

k
�

�

�

�

�

�

�

	

	

;

÷èñëî ÒÝ â áàòàðåå: N U u� / ;

ñå÷åíèå âåòâè ÒÝ:

S
k l

x

k

k
�

�

�

�

�

�

�
ã

1

;

ñå÷åíèå âñåõ âåòâåé ÒÝÁ: S NS
�

�2 .

Íàõîäèì íåîáõîäèìûå êîýôôèöèåíòû òåïëîïåðåäà÷è îðåáðåíèé, îòíå-

ñåííûå ê åäèíèöå èõ ïëîùàäè îñíîâàíèÿ:

ïî õîëîäíîé ñòîðîíå —

k
Q

t
p.x

p.x

�
0

�

,

ïî ãîðÿ÷åé ñòîðîíå —

k
Q

t
p. ã

p. ã

�
0

�

.

Ðàñ÷åò îðåáðåíèé òåïëîîòâîäà ñ âûíóæäåííîé êîíâåêöèåé âûïîëíÿåì

òàê. Äëÿ ïëîñêèõ ðåáåð ñ ïîñòîÿííûì òåïëîâûì ïîòîêîì ïî äëèíå ïðè

ïîñòîÿííûõ êîýôôèöèåíòå òåïëîîòäà÷è è òåìïåðàòóðå ñðåäû ìåæäó ðåá-
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ðàìè ïðåíåáðåãàåì òåïëîîòäà÷åé ñ òîðöîâ. Äëÿ íàèáîëüøåãî òåïëîâîãî

ïîòîêà ïðè îäèíàêîâîì âåñå ðåáåð îïòèìàëüíàÿ âûñîòà ðåáðà

H
K

îïò

p p
�

� �

	

,

ãäå �
p

— êîýôôèöèåíò òåïëîïðîâîäíîñòè ìàòåðèàëà ðåáðà; �
p

— òîëùèíà

ðåáðà; 	 K — êîýôôèöèåíò òåïëîîòäà÷è.

Ïðè îïòèìàëüíîé âûñîòå ðåáðà, êîãäà øèðèíà çàçîðà ìåæäó ðåáðàìè

�
ç

ðàâíà òîëùèíå ðåáðà [3],

	

�

�

K �

0 158
2

2

,
ç p

p p

k

S
�

,

ãäå S
�p

— ïëîùàäü îñíîâàíèÿ îðåáðåíèÿ. Â òî æå âðåìÿ, çíà÷åíèå 	 Ê â

çàçîðå çàâèñèò îò øèðèíû çàçîðà è ñêîðîñòè ïîòîêà ìåæäó ðåáðàìè W
p
.

Âûáðàâ ìàðêó êóëåðà è çàäàâøèñü ìîùíîñòüþ W
ä

ýëåêòðîäâèãàòåëÿ âåí-

òèëÿòîðà èëè íàñîñà, îïðåäåëèì øèðèíó îðåáðåíèÿ:

B
gW

gH W

S

d
p

p

ì

ä ä â

îïò

3

ãp p

ý

� �

�

�

�

�

�

�

�

�

1 4

�

�

�

� � �

.

Çäåñü �
ä

è �
â

— êïä ýëåêòðîäâèãàòåëÿ è âåíòèëÿòîðà; � — óäåëüíûé âåñ

äâèæóùåéñÿ ñðåäû; �
ì

— êîýôôèöèåíò ìåñòíîãî ñîïðîòèâëåíèÿ; �
ãp

—

êîýôôèöèåíò òðåíèÿ ïî äëèíå; g = 9,81 ì/ñ
2
; d

ý
— ýêâèâàëåíòíûé äèàìåòð

êàíàëà ìåæäó ðåáðàìè, d
ý

= 4Fp /P, ãäå Fp è Ð — ïëîùàäü è ïåðèìåòð

ïîïåðå÷íîãî ñå÷åíèÿ êàíàëà. Äëèíà îðåáðåíèÿ L = S B
�p p

/ .

Äëÿ óñëîâèé âûíóæäåííîé êîíâåíöèè ïåðåïàä òåìïåðàòóð ìåæäó

ñïàÿìè è îáúåìîì îõëàæäåíèÿ îïðåäåëÿåì ïî ñëåäóþùåé ôîðìóëå [6]:

�t

I

k
T

I

k z
T T

k

k

I

k

x

cp ã cp

x

�

�
�

�

�

�

�

� � �

� �

	 	

	

2
1

2

1

.

(9)

Ïðåîáðàçîâàâ âûðàæåíèå (9), ïîëó÷èì âûðàæåíèå äëÿ òåìïåðàòóðû â

îáúåìå îõëàæäåíèÿ:

T

t
k

k

I

k

I

k z
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cp
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x

ã
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.
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Íàõîäèì êîýôôèöèåíò õîëîäîïðîèçâîäèòåëüíîñòè:


 �

�

Q

W

I

k
T

I

k z
T T

I

k
T

I

k z

0

2

2

1

2

1
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� � �

�
�
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�

�

�

	 	

	 	

x ã cp

.

Åñëè ÒÝÁ ðàáîòàåò íà îõëàæäåíèå èëè íàãðåâ ïîòîêà, òî ïðè íåáîëüøîì

èçìåíåíèè òåìïåðàòóð ïîòîêîâ äîñòàòî÷íî òî÷íûå ðåçóëüòàòû ïîëó÷àåì

ïðè ðàñ÷åòå ïî ñðåäíèì çíà÷åíèÿì òåìïåðàòóð.

Íà îñíîâå ïðèâåäåííûõ çàâèñèìîñòåé ðåàëèçîâàí ðàñ÷åò ïîëóïðîâîä-

íèêîâûõ ÒÝÁ äëÿ òåðìîýëåêòðè÷åñêîãî îõëàäèòåëÿ. Ìîäåëèðîâàíèå òåðìî-

ýëåêòðè÷åñêîãî îõëàäèòåëÿ âûïîëíåíî â ïàêåòå ïðèêëàäíûõ ïðîãðàìì
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Ðèñ. 6. Çàâèñèìîñòü òåìïåðàòóðû õîëîäíîãî ñïàÿ ïðè ðàçëè÷íîé õîëîäîïðîèçâîäèòåëü-

íîñòè ïðè òåìïåðàòóðå ãîðÿ÷åãî ñïàÿ 300 �Ñ
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Ðèñ. 7. Çàâèñèìîñòü òåìïåðàòóðû â ñèñòåìíîì áëîêå êîìïüþòåðà îò òîêà ïèòàíèÿ îõëàäè-

òåëÿ ïðè ðàçëè÷íîé ìîùíîñòè òåïëîâûäåëåíèé ñèñòåìû òåðìîñòàòèðîâàíèÿ ïðîöåññîðà



Mathcad, â êà÷åñòâå îõëàæäàþùèõ ÒÝÌ, âõîäÿùèõ â ñîñòàâ ÒÝÁ, èñïîëü-

çîâàíû ñòàíäàðòíûå âûñîêîýôôåêòèâíûå ìîäóëè ICE-71.

Íà ðèñ. 6—8 ïðåäñòàâëåíû ðåçóëüòàòû ÷èñëåííîãî ýêñïåðèìåíòà, â

êîòîðîì èññëåäîâàíû çàâèñèìîñòè ïàðàìåòðîâ îõëàæäàþùåãî óñòðîéñòâà

îò òîêà ïèòàíèÿ. Õàðàêòåð çàâèñèìîñòåé òåìïåðàòóðû õîëîäíîãî ñïàÿ îò

òîêà ïèòàíèÿ (ñì. ðèñ. 6) ñâèäåòåëüñòâóåò î òîì, ÷òî ïðè îïðåäåëåííûõ

çíà÷åíèÿõ õîëîäîïðîèçâîäèòåëüíîñòè è òåìïåðàòóðû ãîðÿ÷åãî ñïàÿ

ìîæíî îïðåäåëèòü îïòèìàëüíûé òîê ïèòàíèÿ ÒÝÁ.

Çàâèñèìîñòü òåìïåðàòóðû â ñèñòåìíîì áëîêå êîìïüþòåðà îò òîêà

ïèòàíèÿ òåðìîîõëàäèòåëÿ (ñì. ðèñ. 7) íîñèò íåëèíåéíûé õàðàêòåð. Ïðè

ýêñïëóàòàöèè òåðìîîõëàäèòåëÿ â ðåæèìå ìàêñèìàëüíîé õîëîäîïðîèçâî-

äèòåëüíîñòè òåìïåðàòóðà â ñèñòåìíîì áëîêå äîñòèãàåò ìèíèìàëüíûõ çíà-

÷åíèé. Äèàïàçîí ïîëó÷åííûõ çíà÷åíèé òåìïåðàòóðû â ñèñòåìíîì áëîêå

êîìïüþòåðà ïðè èçìåíåíèè òîêà ïèòàíèÿ è íàïðÿæåíèÿ, ïîäàâàåìîãî íà
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Ðèñ. 8. Çàâèñèìîñòü õîëîäîïðîèçâîäèòåëüíîñòè ÒÝÁ (à) è êîýôôèöèåíòà õîëîäîïðîèçâî-

äèòåëüíîñòè (á) îò ïåðåïàäà òåìïåðàòóð ïðè ðàçëè÷íûõ òîêàõ ïèòàíèÿ



òåðìîîõëàäèòåëü, ïðè ðàçëè÷íûõ çíà÷åíèÿõ ìîùíîñòè òåïëîâûäåëåíèé â

êîìïüþòåðå ïîçâîëÿåò ñäåëàòü âûâîä î âîçìîæíîñòè èñïîëüçîâàíèÿ ðàç-

ðàáîòàííîãî óñòðîéñòâà äëÿ òåðìîñòàáèëèçàöèè ñèñòåìíîãî áëîêà êîì-

ïüþòåðà ïðè âûñîêîé ìîùíîñòè òåïëîâûäåëåíèé ñèñòåìû òåðìîñòàòè-

ðîâàíèÿ ïðîöåññîðà.

Èç ðèñ. 8, à âèäíî, ÷òî õîëîäîïðîèçâîäèòåëüíîñòü îõëàäèòåëÿ ñóùåñò-

âåííî çàâèñèò îò òåìïåðàòóðû ãîðÿ÷åãî ñïàÿ ÒÝÁ. Äëÿ îáåñïå÷åíèÿ ýôôåê-

òèâíîãî îõëàæäåíèÿ ñèñòåìíîãî áëîêà íåîáõîäèìî ñíèæàòü òåìïåðàòóðó

ãîðÿ÷åãî ñïàÿ òåðìîîõëàäèòåëÿ. Ïîýòîìó äëÿ îõëàæäåíèÿ ðàäèàòîðà, óñòà-

íîâëåííîãî íà ãîðÿ÷åì ñïàå, èñïîëüçóåòñÿ âåíòèëÿòîð, ñîçäàþùèé âîç-

äóøíûé ïîòîê, íàïðàâëåííûé íà ðàäèàòîð.

Õîëîäîïðîèçâîäèòåëüíîñòü òåðìîîõëàäèòåëÿ çàâèñèò òàêæå îò òåì-

ïåðàòóðû íà õîëîäíûõ ñïàÿõ. Îäíàêî óêàçàííàÿ òåìïåðàòóðà â ïðîöåññå

ýêñïëóàòàöèè èçìåíÿåòñÿ íåñóùåñòâåííî, ïîýòîìó îíà íåçíà÷èòåëüíî

âëèÿåò íà ðàáîòó òåðìîýëåêòðè÷åñêîé óñòàíîâêè.

Ñóùåñòâåííîãî óâåëè÷åíèÿ õîëîäîïðîèçâîäèòåëüíîñòè óñòðîéñòâà

ìîæíî äîñòè÷ü òàêæå ïðè óâåëè÷åíèè ðàáî÷åãî òîêà. Îäíàêî â ýòîì ñëó÷àå

íàäî èìåòü îïðåäåëåííûé ðåçåðâ ìîùíîñòè, êîòîðûé áû îáåñïå÷èë íå-

îáõîäèìîå óâåëè÷åíèå õîëîäîïðîèçâîäèòåëüíîñòè. Çàâèñèìîñòè, ïîç-

âîëÿþùèå îïðåäåëèòü õàðàêòåð èçìåíåíèÿ Q
0

è êîýôôèöèåíòà 
 îò òîêà,

ìîãóò áûòü èñïîëüçîâàíû äëÿ àíàëèçà õàðàêòåðèñòèê ðåãóëèðîâàíèÿ ÒÝÓ.

Íà ðèñ. 8, á ïðåäñòàâëåíà çàâèñèìîñòü êîýôôèöèåíòà 
 îò ïåðåïàäà

òåìïåðàòóð íà ñïàÿõ îõëàäèòåëÿ ïðè ðàçëè÷íûõ çíà÷åíèÿõ òîêà ïèòàíèÿ.

Êàê âèäèì, ïðè óâåëè÷åíèè òîêà ïèòàíèÿ îõëàäèòåëÿ óâåëè÷èâàåòñÿ ïåðå-

ïàä òåìïåðàòóð íà ñïàÿõ, íî ñíèæàåòñÿ çíà÷åíèå 
.

Ïðîâåäåííûå òåîðåòè÷åñêèå è ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïîç-

âîëèëè ðàçðàáîòàòü ïðàêòè÷åñêèå ðåêîìåíäàöèè ïî èñïîëüçîâàíèþ ÒÝÓ

ïðè ðàçëè÷íûõ óñëîâèÿõ ýêñïëóàòàöèè ñ ó÷åòîì òåïëîâûõ íàãðóçîê

êîìïüþòåðíîãî ïðîöåññîðà.

Âûâîä. Èñïîëüçîâàíèå ÒÝÓ äëÿ îõëàæäåíèÿ è òåðìîñòàòèðîâàíèÿ

ïðîöåññîðà çíà÷èòåëüíî óëó÷øàåò òåìïåðàòóðíûå õàðàêòåðèñòèêè ïðî-

öåññîðà âî âðåìÿ ðàáîòû â ðàçëè÷íûõ ðåæèìàõ, ÷òî ïîçâîëÿåò çíà÷èòåëüíî

óâåëè÷èòü íàäåæíîñòü è äîëãîâå÷íîñòü. Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ

òåðìîýëåêòðè÷åñêèõ ïîëóïðîâîäíèêîâûõ óñòðîéñòâ äëÿ îõëàæäåíèÿ è

òåðìîñòàòèðîâàíèÿ ïðîöåññîðà ïîäòâåðäèëè ïðàâîìî÷íîñòü ðàçðàáîòàííûõ

ìàòåìàòè÷åñêèõ ìîäåëåé.

Mathematical models of thermo-electric semiconductor devices for cooling the processor are devel-

oped with the use of smelting material.
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âîêðóã óðàíîâûõ õâîñòîõðàíèëèù

(Ñòàòüþ ïðåäñòàâèë ä-ð òåõí. íàóê À. ß. Êîíäðàùåíêî)

Ïðèâåäåíû ðåçóëüòàòû ÷èñëåííîãî ìîäåëèðîâàíèÿ àòìîñôåðíîãî ïåðåíîñà ðàäîíà âîêðóã

õâîñòîõðàíèëèù óðàíîâîãî ïðîèçâîäñòâà áûâøåãî ÏÎ «Ïðèäíåïðîâñêèé õèìè÷åñêèé

çàâîä». Ñêîðîñòè ýêñõàëÿöèè (ýìèññèè) çàäàíû íà îñíîâàíèè èçìåðåíèé. Óñòàíîâëåíî,

÷òî çàãðÿçíåíèå ìåñòíîñòè ðàäîíîì îãðàíè÷åíî òåððèòîðèåé, íåïîñðåäñòâåííî ïðèëå-

ãàþùåé ê ãðàíèöàì õâîñòîõðàíèëèù.

Íàâåäåíî ðåçóëüòàòè ÷èñåëüíîãî ìîäåëþâàííÿ àòìîñôåðíîãî ïåðåíîñó ðàäîíó íàâêîëî

õâîñòîñõîâèù óðàíîâîãî âèðîáíèöòâà êîëèøíüîãî ÂÎ «Ïðèäí³ïðîâñüêèé õ³ì³÷íèé çàâîä».

Øâèäêîñò³ åêñõàëÿö³³ (åì³ñ³¿) çàäàíî íà îñíîâ³ âèì³ðþâàííÿ. Çã³äíî ðîçðàõóíê³â çàáðóäíåííÿ

ì³ñöåâîñò³ ðàäîíîì îáìåæåíî òåðèòîð³ºþ, ùî áåçïîñåðåäíüî ïðèëÿãàº äî ìåæ

õâîñòîñõîâèù.

Ê ë þ ÷ å â û å ñ ë î â à: àòìîñôåðíûé ïåðåíîñ, ïëîùàäíîé èñòî÷íèê, CALPUFF, ðàäîí,
ýêñõàëÿöèÿ.

Ïðèäíåïðîâñêèé õèìè÷åñêèé çàâîä (ÏÕÇ) áûë îäíèì èç êðóïíåéøèõ ïðåä-

ïðèÿòèé ïî ïåðåðàáîòêå óðàíà â Ñîâåòñêîì Ñîþçå [1]. Ýòî ïðåäïðèÿòèå

ðàáîòàëî ñ 1948 ã. ïî 1991 ã., à ïîñëå ðàñïàäà ÑÑÑÐ ÏÕÇ áûë ðàçäåëåí íà

íåñêîëüêî êîìïàíèé, è îáðàáîòêà óðàíà íà íåì ïðåêðàòèëàñü. Ïðîäóêòû

ïåðåðàáîòêè óðàíà õðàíÿòñÿ â äåâÿòè õâîñòîõðàíèëèùàõ, è èõ ñóììàðíàÿ

ðàäèîàêòèâíîñòü ñîñòàâëÿåò ïðèáëèçèòåëüíî 32 10
15

, � Áê [1]. Ïîìèìî ðàäèîàê-

òèâíîñòè, ñîõðàíÿþùåéñÿ â ìàòåðèàëå õâîñòîõðàíèëèù, íà òåððèòîðèè ÏÕÇ

íàõîäÿòñÿ çàãðÿçíåííûå çäàíèÿ è äðóãèå îáúåêòû, êîòîðûå áûëè çàäåéñòâî-

âàíû â ïðîèçâîäñòâåííîì òåõíîëîãè÷åñêîì öèêëå. Ïðîìïëîùàäêà ÏÕÇ

íàõîäèòñÿ â íåïîñðåäñòâåííîé áëèçîñòè ê æèëîé çîíå ã. Äíåïðîäçåðæèíñêà
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(ïðèáëèçèòåëüíî 1 êì). Âîçäóøíîå ðàñïðîñòðàíåíèå ðàäîíà (
222

Rn) êàê

ïðîäóêòà ðàñïàäà ðàäèÿ (
226

Ra), ñîäåðæàùåãîñÿ â ðàäèîàêòèâíûõ îòõîäàõ

íà òåððèòîðèè ÏÕÇ, ÿâëÿåòñÿ îäíèì èç âîçìîæíûõ ïóòåé îáëó÷åíèÿ ïåð-

ñîíàëà íà òåððèòîðèè ïðîìïëîùàäêè ÏÕÇ.

Åñòåñòâåííî ïðåäïîëîæåíèå î ñóùåñòâåííîì âêëàäå õâîñòîõðàíèëèù

â ñóììàðíóþ äîçó îáëó÷åíèÿ äëÿ ïåðñîíàëà è íàñåëåíèÿ æèëîé çîíû

âñëåäñòâèå óâåëè÷åíèÿ îáúåìíîé àêòèâíîñòè ðàäîíà â âîçäóõå. Ïîýòîìó â

ðàìêàõ «Ãîñóäàðñòâåííîé ïðîãðàììû ïî ïðèâåäåíèþ îïàñíûõ îáúåêòîâ

ÏÎ «ÏÕÇ» â ýêîëîãè÷åñêè áåçîïàñíîå ñîñòîÿíèå è îáåñïå÷åíèþ çàùèòû

íàñåëåíèÿ îò âðåäíîãî âîçäåéñòâèÿ èîíèçèðóþùåãî èçëó÷åíèÿ íà 2005—

2014 ãã.» ïðîâåäåíû èññëåäîâàíèÿ ïî ìîíèòîðèíãó ðàäèîàêòèâíîñòè ðà-

äîíà â ãðóíòå õâîñòîõðàíèëèù, åãî ñîäåðæàíèþ â ïðèçåìíîì ñëîå âîçäóõà

íàä èõ ïîâåðõíîñòüþ è ñêîðîñòè ýêñõàëÿöèè (ýìèññèè) èç ãðóíòà â âîçäóõ

[2]. Ïðè ýòîì èññëåäîâàíà â îñíîâíîì òåððèòîðèÿ õâîñòîõðàíèëèù. Îä-

íàêî ïðåäñòàâëÿåò òàêæå èíòåðåñ âëèÿíèå õâîñòîõðàíèëèù íà ðàäèîàê-

òèâíîå çàãðÿçíåíèå ðàäîíîì íà ðàññòîÿíèÿõ îò íåñêîëüêèõ ìåòðîâ äî

íåñêîëüêèõ êèëîìåòðîâ.

Ðàññìîòðèì ðåçóëüòàòû èññëåäîâàíèÿ ýòîé ïðîáëåìû ñðåäñòâàìè ìà-

òåìàòè÷åñêîãî ìîäåëèðîâàíèÿ. Ñëåäóåò çàìåòèòü, îäíàêî, ÷òî õâîñòîõðà-

íèëèùà — íå åäèíñòâåííûé èñòî÷íèê ðàäîíà íà òåððèòîðèè ÏÕÇ, ãäå

êðîìå ïðèðîäíîãî ôîíà åñòü çàãðÿçíåííûå çäàíèÿ è äðóãèå òðóäíî ó÷è-

òûâàåìûå è ìàëî èññëåäîâàííûå èñòî÷íèêè. Ïîýòîìó ïîëó÷åííûå ðåçóëü-

òàòû ñëåäóåò èíòåðïðåòèðîâàòü êàê èññëåäîâàíèå âëèÿíèÿ îòäåëüíûõ

õâîñòîõðàíèëèù â âèäå äîïîëíèòåëüíîãî ïîñòóïëåíèÿ ðàäîíà â âîçäóõ è

óâåëè÷åíèÿ åãî îáúåìíîé êîíöåíòðàöèè.

Èññëåäîâàíèå áûëî îãðàíè÷åíî òðåìÿ õâîñòîõðàíèëèùàìè: «Çàïàä-

íîå», «Öåíòðàëüíûé ßð» è «Þãî-Âîñòî÷íîå». Äðóãèå õâîñòîõðàíèëèùà

«Ëàçî», «Áàçà Ñ», «Ñóõà÷åâñêîå» ìåíåå èçó÷åíû è íå ïðåäñòàâëÿþò èíòå-

ðåñà â êà÷åñòâå èñòî÷íèêîâ ðàäîíà («Äíåïðîâñêîå»). Èññëåäîâàííûå òðè

õâîñòîõðàíèëèùà ïðåäñòàâëÿþò ñîáîé îáúåêòû ïëîùàäüþ ïðèáëèçèòåëü-

íî 10
4

ì
2

êàæäûé, ðàñïîëîæåííûå íà ðàññòîÿíèè 0,5—1,5 êì îäèí îò

äðóãîãî. Îñíîâíàÿ öåëü èññëåäîâàíèÿ — îöåíêà ñðåäíåé è ìàêñèìàëüíîé

êîíöåíòðàöèè ðàäîíà â âîçäóõå â íåïîñðåäñòâåííîé áëèçîñòè ê ãðàíèöå

õâîñòîõðàíèëèù (ïðèáëèçèòåëüíî 700 ì) è â îòäàëåíèè, âïëîòü äî ãðà-

íèöû æèëîé çîíû.

Ìîäåëè âîçäóøíîãî ïåðåíîñà ðàäîíà îò ïëîùàäíûõ (ïðîñòðàíñò-

âåííî-ðàñïðåäåëåííûõ) èñòî÷íèêîâ. Êàê èçâåñòíî, àòìîñôåðíûé ïåðå-

íîñ ðàäîíà âî ìíîãèõ ñëó÷àÿõ ìîæåò áûòü ðàññ÷èòàí êàê ðàñïðîñòðàíåíèå

ïàññèâíîé êîíñåðâàòèâíîé ïðèìåñè [3]. Îñíîâàíèÿ äëÿ òàêîãî ïðèáëèæå-

íèÿ â ðàññìàòðèâàåìîì ñëó÷àå ñëåäóþùèå. Ïîñêîëüêó âðåìÿ ïîëóðàñïàäà

ðàäîíà ñîñòàâëÿåò ïðèáëèçèòåëüíî 91 ÷., ðàçìåð âû÷èñëèòåëüíîé îáëàñòè

È. Â. Êîâàëåö, Ì. È. Æåëåçíÿê, À. Â Õàë÷åíêîâ, Î. È. Óäîâåíêî, Ò. Â. Ëàâðîâà

68 ISSN 0204–3572. Electronic Modeling. 2010. V. 32. ¹ 3



â äàííîì ñëó÷àå íå áîëåå 10 êì, à òàêæå ïîñêîëüêó ðàäîí êàê èíåðòíûé ãàç

íå îñàæäàåòñÿ è íå âûìûâàåòñÿ îñàäêàìè, ìàêñèìàëüíàÿ ïðîäîëæèòåëü-

íîñòü ïðåáûâàíèÿ ðàäîíà â âû÷èñëèòåëüíîé îáëàñòè ñîñòàâëÿåò 5 ÷ ïðè

ìèíèìàëüíîé ñêîðîñòè âåòðà 0,5 ì/ñ. Ýòî âðåìÿ çíà÷èòåëüíî ìåíüøå âðå-

ìåíè ïîëóðàñïàäà. Ñëåäîâàòåëüíî, ðàäèîàêòèâíûé ðàñïàä ðàäîíà ìîæíî

íå ó÷èòûâàòü.

Äëÿ ðàñ÷åòà àòìîñôåðíîãî ïåðåíîñà èñïîëüçîâàíà äèàãíîñòè÷åñêàÿ

ìåòåîðîëîãè÷åñêàÿ ìîäåëü (ìåòåîðîëîãè÷åñêèé ïðåïðîöåññîð) CALMET

è ìîäåëü àòìîñôåðíîãî ïåðåíîñà CALPUFF [4]. Ýòè ìîäåëè ðåêîìåíäî-

âàíû Àãåíòñòâîì ïî îõðàíå îêðóæàþùåé ñðåäû (ÑØÀ) äëÿ ðàñ÷åòîâ

áëèæíåãî è äàëüíåãî ïåðåíîñà çàãðÿçíèòåëåé (â òîì ÷èñëå â óñëîâèÿõ

ñëîæíîé òîïîãðàôèè) è ñâîáîäíî ðàñïðîñòðàíÿþòñÿ ÷åðåç Èíòåðíåò. Ìî-

äåëè CALMET-CALPUFF íåîäíîêðàòíî èñïîëüçîâàíû â çàäà÷àõ àòìî-

ñôåðíîãî ïåðåíîñà ðàäèîàêòèâíûõ çàãðÿçíåíèé, íàïðèìåð ïåðåíîñà óðàíà

è åãî ïðîäóêòîâ ðàñïàäà [5] è äð. Äåòàëè àëãîðèòìîâ, èñïîëüçóåìûõ â ýòèõ

ìîäåëÿõ, îïèñàíû â [4]. Îñíîâíûå ïðèíöèïû âû÷èñëèòåëüíûõ àëãîðèòìîâ

ìîäåëåé CALMET è CALPUFF ñëåäóþùèå.

Ìåòåîðîëîãè÷åñêèé ïðåïðîöåññîð CALMET ðàññ÷èòûâàåò ðàñïðåäå-

ëåíèå â ïðîñòðàíñòâå ïîëÿ âåòðà, òåìïåðàòóðû, âûñîòû ïîãðàíè÷íîãî

ñëîÿ, êàòåãîðèè óñòîé÷èâîñòè è äðóãèõ ìåòåîðîëîãè÷åñêèõ ïåðåìåííûõ,

íåîáõîäèìûõ äëÿ ðàñ÷åòà àòìîñôåðíîãî ïåðåíîñà. Â êà÷åñòâå âõîäíûõ

äàííûõ ìîæíî èñïîëüçîâàòü äàííûå ìåòåîðîëîãè÷åñêèõ èçìåðåíèé (íà-

çåìíûå ñòàíöèè, ðàäèîçîíäû è äð.). CALMET ëèíåéíî èíòåðïîëèðóåò è

ýêñòðàïîëèðóåò äàííûå èçìåðåíèé íà âû÷èñëèòåëüíóþ ñåòêó ñ ó÷åòîì

íåîäíîðîäíîñòåé òîïîãðàôèè ìåñòíîñòè. Ó÷åò òîïîãðàôèè îñóùåñòâëÿåò-

ñÿ ñ ïîìîùüþ ìåòîäà ìèíèìèçàöèè äèâåðãåíöèè. Ïðè ðàñ÷åòå âåðòèêàëü-

íîãî ðàñïðåäåëåíèÿ ìåòåîðîëîãè÷åñêèõ ýëåìåíòîâ íàçåìíûå èçìåðåíèÿ

ýêñòðàïîëèðóþò ïî âûñîòå â íèæíåì äâóõñîòìåòðîâîì ñëîå àòìîñôåðû ñ

ïîìîùüþ ïîëóýìïèðè÷åñêèõ ñîîòíîøåíèé, îïèñûâàþùèõ â òîì ÷èñëå

ïîâîðîò âåêòîðà âåòðà ñ âûñîòîé. Â áîëåå âûñîêèõ ñëîÿõ àòìîñôåðû

îñóùåñòâëÿåòñÿ èíòåðïîëÿöèÿ ìåæäó äàííûìè ýêñòðàïîëÿöèè íà âûñîòå

200 ì è äàííûìè ðàäèîçîíäîâ. Íåîáõîäèìûå äëÿ âåðòèêàëüíîé ýêñòðàïî-

ëÿöèè ïàðàìåòðû, òàêèå êàê äèíàìè÷åñêàÿ ñêîðîñòü, ìàñøòàá Ìîíèíî—

Îáóõîâà è äðóãèå, ðàññ÷èòûâàþò íà îñíîâàíèè ñòàíäàðòíûõ äàííûõ íà-

çåìíîé ñòàíöèè — âåêòîðà âåòðà, òåìïåðàòóðû, òî÷êè ðîñû, äàâëåíèÿ è

îáëà÷íîñòè. Ïðè ýòîì èñïîëüçóþò ðÿä ïàðàìåòðîâ, êîòîðûå çàâèñÿò îò

êàòåãîðèè ïîäñòèëàþùåé ïîâåðõíîñòè â ìåñòå ðàñïîëîæåíèÿ òî÷êè èçìå-

ðåíèÿ (øåðîõîâàòîñòü è äð).

Ìîäåëü àòìîñôåðíîãî ïåðåíîñà CALPUFF îòíîñèòñÿ ê ñåìåéñòâó ìî-

äåëåé Ýéëåðà—Ëàãðàíæà. Îíà îïèñûâàåò ðàñïðîñòðàíåíèå çàãðÿçíåíèé îò

òî÷å÷íûõ, ëèíåéíûõ è ïëîùàäíûõ èñòî÷íèêîâ. Â êà÷åñòâå âõîäíûõ ìåòåî-
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ðîëîãè÷åñêèõ äàííûõ â ýòîé ìîäåëè èñïîëüçîâàíû ìåòåîðîëîãè÷åñêèå ïî-

ëÿ, âû÷èñëåííûå ñ ïîìîùüþ ìîäåëè CALMET. Ìîäåëü CALPUFF ìîæåò

áûòü ïðèìåíåíà â óñëîâèÿõ ñëîæíîé òîïîãðàôèè äëÿ îïèñàíèÿ ïðîöåññîâ

ïåðåíîñà ñ ìàñøòàáàìè 0,1—1000 êì. Â ëàãðàíæåâî-ýéëåðîâûõ ìîäåëÿõ

èñïîëüçóåòñÿ ïðåäñòàâëåíèå ïðîäîëæèòåëüíîãî âûáðîñà çàãðÿçíèòåëåé â

âèäå ïîñëåäîâàòåëüíîñòè ìãíîâåííûõ âûáðîñîâ (puffs), êîòîðûå â äàëü-

íåéøåì áóäåì íàçûâàòü «÷àñòèöàìè». Íà êàæäîì âðåìåííîì øàãå ýòè

÷àñòèöû ïåðåíîñÿòñÿ âåòðîì òàê, êàê ýòî ïðîèñõîäèëî áû ñ íàñòîÿùèìè

÷àñòèöàìè. Ñëåäîâàòåëüíî, ðàäèóñ-âåêòîð öåíòðà ìàññ ÷àñòèöû îïèñû-

âàåòñÿ óðàâíåíèåì d dtr V r� ( ) , ãäå V — âåêòîð ñêîðîñòè âåòðà, âû÷èñëåí-

íûé ñ ïîìîùüþ ëèíåéíîé èíòåðïîëÿöèè çíà÷åíèé ñêîðîñòè âåòðà íà ñåòêå

CALMET â öåíòð ìàññ ÷àñòèöû. Îäíàêî, êðîìå êîîðäèíàò öåíòðà ìàññ,

÷àñòèöû ëàãðàíæåâî-ýéëåðîâûõ ìîäåëåé õàðàêòåðèçóþòñÿ òàêæå ðàñïðå-

äåëåíèåì êîíöåíòðàöèè â êàæäîé ÷àñòèöå. Ýòî ðàñïðåäåëåíèå ñîîòâåòñò-

âóåò èçâåñòíûì ïîëóýìïèðè÷åñêèì ñîîòíîøåíèÿì, îïèñûâàþùèì ïðîñò-

ðàíñòâåííî-âðåìåííîå ðàñïðåäåëåíèå âåùåñòâà âñëåäñòâèå òóðáóëåíòíîé

äèôôóçèè ìãíîâåííîãî âûáðîñà [6]. Òàêèì îáðàçîì, êîíöåíòðàöèÿ C âå-

ùåñòâà â òî÷êå ( , , )x y z â ìîìåíò âðåìåíè t âû÷èñëÿåòñÿ, êàê ñóììà âêëàäîâ

îòäåëüíûõ ÷àñòèö:

C x y z
M x xp

xp yp zpp

N
p

xp

( , , )

( )

exp
( )

/
� �

�

�

�

1

2

1

2
3 2

1

2

2
� � � � �

�

	




�

�



�
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�

�



�exp

( )1
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2
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y yp

yp�

� �

��
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exp
( )

exp
( )1

2

1

2

2
2

2

2

2

z z z z zp

zp

p g

zp� �
�




�

�

�

�

�

�

, (1)

ãäå îñü z íàïðàâëåíà âåðòèêàëüíî ââåðõ, óðîâåíü z �0ñîâïàäàåò ñ óðîâíåì

ìîðÿ; ( , , )x y zp p p — êîîðäèíàòû ÷àñòèöû p; N — ñóììàðíîå êîëè÷åñòâî

÷àñòèö; M p — ñóììàðíîå êîëè÷åñòâî âåùåñòâà â p-é ÷àñòèöå; zg —

âûñîòà ïîâåðõíîñòè Çåìëè; � � �xp yp zp, , — ïàðàìåòðû, õàðàêòåðèçóþùèå

ðàñïðåäåëåíèå âåùåñòâà â ÷àñòèöå â ãîðèçîíòàëüíîì è âåðòèêàëüíîì íà-

ïðàâëåíèÿõ.

Â ôîðìóëå (1) ïðåäïîëàãàåòñÿ ïîëíîå îòðàæåíèå îáëàêà îò ïîâåðõ-

íîñòè Çåìëè. Äëÿ� � �xp yp zp, , èñïîëüçóþòñÿ ïàðàìåòðèçàöèè, îñíîâàííûå

íà çàâèñèìîñòè ñêîðîñòè óâåëè÷åíèÿ ýòèõ ïàðàìåòðîâ îò ëîêàëüíûõ õàðàê-

òåðèñòèê òóðáóëåíòíîñòè (äèíàìè÷åñêîé ñêîðîñòè, ìàñøòàáà Ìîíèíà—

Îáóõîâà, âûñîòû ïîãðàíè÷íîãî ñëîÿ) â ìåñòå íàõîæäåíèÿ ÷àñòèöû. Â

ðåçóëüòàòå çàâèñèìîñòè ïàðàìåòðîâ � îò ðàññòîÿíèÿ l, ïðîéäåííîãî ÷àñòè-

öåé, áëèçêè ê ñòåïåííûì çàâèñèìîñòÿì, íàéäåííûì Ïàñêóèëîì: � � al b
,

ãäå çíà÷åíèÿ a ~1, b ~1çàâèñÿò îò êàòåãîðèè óñòîé÷èâîñòè.
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Èñòî÷íèê âûáðîñà. Çíà÷åíèå ñêîðîñòè ýêñõàëÿöèè ðàäîíà ñ åäèíèöû

ïëîùàäè õâîñòîõðàíèëèù ÿâëÿåòñÿ êðèòè÷åñêèì äëÿ ðåçóëüòàòîâ ìîäåëè-

ðîâàíèÿ. Äëÿ çàäàíèÿ ýòîé âåëè÷èíû ìîæíî èñïîëüçîâàòü ëèáî ðàñ÷åòíûå

îöåíêè, ëèáî ðåçóëüòàòû èçìåðåíèé ýêñõàëÿöèè. Ïîñêîëüêó âîêðóã èçó-

÷àåìûõ õâîñòîõðàíèëèù ïðîâîäèëèñü ñåðèè èçìåðåíèé ýêñõàëÿöèè ðàäîíà

[2], èçìåðåííûå çíà÷åíèÿ èñïîëüçîâàíû äëÿ ðàñ÷åòà îáúåìíîé àêòèâíîñòè

ðàäîíà â âîçäóõå. Îäíàêî áûëè ïðîâåäåíû è ðàñ÷åòíûå îöåíêè ýêñõàëÿöèè

äëÿ âûÿñíåíèÿ ÷óâñòâèòåëüíîñòè ðåçóëüòàòîâ ê ñäåëàííûì ïðåäïîëîæåíèÿì.

Â ïåðâîì ïðèáëèæåíèè õâîñòîõðàíèëèùå ìîæíî ïðåäñòàâèòü ñîñòîÿ-

ùèì èç äâóõ ñëîåâ: ñëîÿ ðàäèîàêòèâíûõ îòõîäîâ (ÐÀÎ) è ïîêðûòèÿ, ñäå-

ëàííîãî èñêóñòâåííî äëÿ óìåíüøåíèÿ ýêñõàëÿöèè ðàäîíà ñ ïîâåðõíîñòè.

Õàðàêòåðèñòèêè ïîêðûòèÿ (ìàòåðèàë, òîëùèíà, êîëè÷åñòâî ðàäèÿ â ïîê-

ðûòèè) íåîäíîðîäíî ðàñïðåäåëåíû ïî ïëîùàäè õâîñòîõðàíèëèùà è íå

âñåãäà èçâåñòíû. Íà îñíîâàíèè èìåþùèõñÿ äàííûõ î õàðàêòåðèñòèêàõ

ïîêðûòèÿ è äðóãèõ îñîáåííîñòåé òåððèòîðèÿ õâîñòîõðàíèëèù áûëà ðàçäå-

ëåíà íà ñåêòîðû òàê, ÷òî ýêñõàëÿöèþ â ïðåäåëàõ îòäåëüíîãî ñåêòîðà ìîæíî

ñ÷èòàòü ðàñïðåäåëåííîé ïî÷òè îäíîðîäíî. Ïîýòîìó âûïîëíåííûå â ïðå-

äåëàõ êàæäîãî ñåêòîðà èçìåðåíèÿ îñðåäíÿëèñü, è ïîëó÷åííîå çíà÷åíèå

èñïîëüçîâàëîñü â ðàñ÷åòàõ â êà÷åñòâå âåëè÷èíû ýêñõàëÿöèè äëÿ äàííîãî

ñåêòîðà. Ïðè ýòîì âû÷èñëÿåìàÿ íà îñíîâàíèè èçìåðåíèé ýêñõàëÿöèÿ ðà-

äîíà ïðåäïîëàãàëàñü ïîñòîÿííîé âî âðåìåíè.

Íà ðèñ. 1 ïîêàçàíî äåëåíèå òåððèòîðèè õâîñòîõðàíèëèù íà ñåêöèè â

ñîîòâåòñòâèè ñ îïèñàííûìè âûøå ïðèíöèïàìè è íà îñíîâàíèè òåõíè-

÷åñêèõ òðåáîâàíèé ìîäåëè CALPUFF, â êîòîðîé èñòî÷íèê ìîæíî çàäàâàòü

òîëüêî â ôîðìå ÷åòûðåõóãîëüíèêà (êîîðäèíàòû äàíû â óíèâåðñàëüíîé

ïîïåðå÷íîé ïðîåêöèè ìåðêàòîðà). Òàêèì îáðàçîì, íåñêîëüêî ñåêöèé íà

ðèñ. 1 ñîîòâåòñòâóþò îïðåäåëåííîìó ñåêòîðó. Âåëè÷èíà ýêñõàëÿöèè äëÿ

õâîñòîõðàíèëèù «Çàïàäíîå» (ñì. ðèñ. 1, à) è «Öåíòðàëüíûé ßð» (ñì. ðèñ. 1, á)

áûëà çàäàíà â ñîîòâåòñòâèè ñ òàáë. 1. Äëÿ õâîñòîõðàíèëèùà «Þãî-Âîñòî÷-

íîå» (ñì. ðèñ. 1, â) çàäàíî îäèíàêîâîå çíà÷åíèå ýêñõàëÿöèè äëÿ âñåõ

ñåêöèé — 3 Áê/ì
2
ñ , ïîñêîëüêó íà åãî òåððèòîðèè áûëî ñäåëàíî ìåíüøå

èçìåðåíèé.

Êàê âèäíî èç òàáë. 1, íàèáîëüøàÿ ýêñõàëÿöèÿ íàáëþäàåòñÿ íà òåð-

ðèòîðèè õâîñòîõðàíèëèùà «Öåíòðàëüíûé ßð». Ñëåäóåò îáðàòèòü âíèìà-

íèå íà î÷åíü áîëüøèå ðàçëè÷èÿ (â 30—50 ðàç) â âåëè÷èíå ýêñõàëÿöèè

ìåæäó òåððèòîðèåé äàìáû è âñåé îñòàëüíîé òåððèòîðèåé õâîñòîõðàíè-

ëèùà «Çàïàäíîå». Ýòî ñâÿçàíî ñ òåì, ÷òî ñðåäíèå çíà÷åíèÿ èçìåðåíèé

ýêñõàëÿöèè íà òåððèòîðèè äàìáû, óêàçàííûå â òàáë. 1, óâåëè÷åíû âäâîå

äëÿ ó÷åòà ýêñõàëÿöèè ñî ñêëîíîâ äàìáû, ïëîùàäü êîòîðûõ ïðèáëèçè-

òåëüíî ðàâíà ïëîùàäè åå ãîðèçîíòàëüíîé ÷àñòè. Ñëåäîâàòåëüíî, ðåàëüíûå

ðàçëè÷èÿ ìåæäó ýêñõàëÿöèåé ñ äàìáû è ñ îñòàëüíîé òåððèòîðèè «Çàïàä-
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íîãî» õâîñòîõðàíèëèùà — â 15—25 ðàç. Îñòàëüíûå ðàçëè÷èÿ ìåæäó

ýêñõàëÿöèÿìè â ïðåäåëàõ ðàçëè÷íûõ ñåêòîðîâ îáúÿñíÿþòñÿ, ïî-âèäèìîìó,

íåîäíîðîäíîñòüþ òîëùèíû ïîêðûòèÿ è âåëè÷èíîé êîíöåíòðàöèè ðàäèÿ â

ïîêðûòèè.

Ðàññìîòðèì âîçìîæíûå ïðè÷èíû òàêèõ áîëüøèõ ðàçëè÷èé ìåæäó

ýêñõàëÿöèåé ñ äàìáû è ñ îñòàëüíîé òåððèòîðèè õâîñòîõðàíèëèùà. Íà

ïðèìåðå õâîñòîõðàíèëèùà «Çàïàäíîå», íàèáîëåå ïîäðîáíî èçó÷åííîãî êàê

îòíîñèòåëüíî ãåîìîðôîëîãè÷åñêèõ õàðàêòåðèñòèê [7], òàê è îòíîñèòåëüíî ðà-

äèîàêòèâíîãî çàãðÿçíåíèÿ [2], áûëè ïðîâåäåíû âû÷èñëåíèÿ ñ ïîìîùüþ äâóõ-

ñëîéíîé ìîäåëè ýêñõàëÿöèè ðàäîíà. Ñîãëàñíî [8] ïîòîê ðàäîíà èç õâîñòî-

õðàíèëèùà ñ ïîêðûòèåì íàõîäèì ïî ôîðìóëàì

J R E D x Dt c t c t c t c t c t c( ) ( ) ( ) ( ) ( ) ( )
tanh ( )�10

4
� � � ,

J
J b x

a a b x a a b x

t c c

t c t t t c t t

�

�

� � �

2

1 1

exp( )

/ tanh ( ) [ / tanh ( )]exp( )�

�

2b x
J

c c

c ,

(2)

ãäå èíäåêñû t è c îòíîñÿòñÿ ñîîòâåòñòâåííî ê ñëîþ ÐÀÎ è ê ñëîþ ïî-

êðûòèÿ; J t , J c — ïîòîêè ðàäîíà èç ñëîåâ ÐÀÎ è ïîêðûòèÿ, ðàññìàòðè-

âàåìûõ íåçàâèñèìî îäèí îò äðóãîãî; J — ñóììàðíûé ïîòîê, â êîòîðîì
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Ðèñ. 1. Ñõåìà äåëåíèÿ íà ñåêöèè õâîñ-

òîõðàíèëèù «Çàïàäíîå» (à), «Öåíò-

ðàëüíûé ßð» (á) è «Þãî-Âîñòî÷íîå»

(â): 1W, 2W, 1C,1S, 2S — òî÷êè ïðî-

âåäåíèÿ ÷àñòîòíîãî àíàëèçà



ïåðâûé ÷ëåí îïðåäåëÿåò çàòóõàíèå J t âñëåäñòâèå âëèÿíèÿ ïîêðûòèÿ;

Rt c( )
— óäåëüíàÿ àêòèâíîñòü ðàäèÿ â ìàòåðèàëå;� � �

�

21 10 1
6

, / c — ïîñòîÿííàÿ

ðàñïàäà ðàäèÿ; � t c( )
— ïëîòíîñòü ìàòåðèàëà; x t c( )

— òîëùèíà ñîîòâåòñò-

âóþùåãî ñëîÿ; E �0 35, — áåçðàçìåðíûé êîýôôèöèåíò ýìàíàöèè ðàäîíà

(îïðåäåëÿþùèé, êàêàÿ ÷àñòü ðàäîíà ïîïàäàåò â ïîðû è ñïîñîáíà äèô-

ôóíäèðîâàòü).

Êîýôôèöèåíòû äèôôóçèè Dt c( )
ðàäîíà â (2) îïðåäåëÿåì ïî ôîðìóëå

D m m n mt c t c t c t c t c( ) ( ) ( ) ( ) ( )
exp( ( ))� � � � �

�

7 10 4
6 2 2

, (3)

ãäå mt c( )
è nt c( )

— âëàæíîñòü (îòíîøåíèå îáúåìà ïîð, çàíÿòûõ âîäîé ê

ñóììàðíîìó îáúåìó ïîð â åäèíèöå îáúåìà) è ïîðèñòîñòü ñîîòâåòñòâóþ-

ùèõ ìàòåðèàëîâ; ïàðàìåòðû bt (c) è at (c) îïðåäåëÿåì èç ñëåäóþùèõ ñîîò-

íîøåíèé:

b Dt c t c( ) ( )
� � , a n D k mt c t c t c t c( ) ( ) ( ) ( )

[ ( ) ]� � �
2 2

1 1 ,

ãäå k �0 26, — êîýôôèöèåíò ðàâíîâåñèÿ ìåæäó ðàäîíîì â âîçäóõå è â âîäå.
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Õâîñòîõðàíèëèùå Íîìåð ñåêöèè
Íàçâàíèå

è íîìåð ñåêòîðà

Ýêñõàëÿöèÿ,

Áê/ì
2
ñ

«Çàïàäíîå» 5, 4, 3, 2, 1, 7 Äàìáà 4

11, 12, 13 Ñåâåðíàÿ ÷àñòü, çàïàäíûé

ñåêòîð

0,075

9 Ñåâåðíàÿ ÷àñòü, öåíòðàëü-

íûé ñåêòîð

0,177

6 Ñåâåðíàÿ ÷àñòü, âîñòî÷-

íûé ñåêòîð

0,1

14, 15, 10, 8 Þæíàÿ ÷àñòü, çàïàäíûé

è âîñòî÷íûé ñåêòîðû [2]

0,117

«Öåíòðàëüíûé ßð» 1,2 I 0,75

3 II 8,3

5,4 III, IV 12,5

6 V 3,4

7 VI 3,5

8 VII 3,3

9 VIII 0,7

Òàáëèöà 1. Ðàñ÷åòíûå âåëè÷èíû ýêñõàëÿöèè â ñåêòîðàõ
è ñîîòâåòñòâóþùèõ ñåêöèÿõ õâîñòîõðàíèëèù (ñì. ðèñ. 1)



Ïîñêîëüêó èçìåðåíèÿ ýêñõàëÿöèè ïðîâîäèëèñü íà òåððèòîðèè ñåâåð-

íîé ÷àñòè «Çàïàäíîãî» õâîñòîõðàíèëèùà è íà òåððèòîðèè äàìáû, áûëè

ïðîâåäåíû âû÷èñëåíèÿ äëÿ ýòèõ äâóõ òåððèòîðèé. Íà îñíîâàíèè ïðîâå-

äåííûõ èññëåäîâàíèé [2, 7] äëÿ ñëîÿ ÐÀÎ â îáîèõ ñëó÷àÿõ ïðèíÿòû ñëå-

äóþùèå çíà÷åíèÿ ïàðàìåòðîâ: x t �10 ì, � t �1600 êã/ì
3
, mt �0 7, , nt �0 4, ,

Rt �3169 Áê/êã; äëÿ ñëîÿ ïîêðûòèÿ â îáîèõ ñëó÷àÿõ ïðèíÿòî � �c t� ,

nc �0 3, , mc �0 3, (ðåêîìåíäîâàíî â [8] â êà÷åñòâå çíà÷åíèÿ ïî óìîë÷àíèþ).

Òîëùèíà ïîêðûòèÿ â ñåâåðíîé ÷àñòè xc �2 ì, à äëÿ äàìáû xc �1ì. Àêòèâ-

íîñòü ðàäèÿ â ïîêðûòèè íà òåððèòîðèè äàìáû ñðåäíÿÿ ïî õâîñòîõðàíè-

ëèùó Rc �150 Áê/êã. Òåððèòîðèÿ ñåâåðíîé ÷àñòè ðåêóëüòèâèðîâàíà, ïîý-

òîìó àêòèâíîñòü ðàäèÿ â ïîêðûòèè íà ýòîé òåððèòîðèè ñóùåñòâåííî ìåíü-

øå ñðåäíåé ïî õâîñòîõðàíèëèùó è íà îñíîâàíèè èçìåðåíèé [2] ïðèíÿòà

Rc �30 Áê/êã.

Ïðè äàííûõ çíà÷åíèÿõ ïàðàìåòðîâ ìîäåëè âû÷èñëåíû çíà÷åíèÿ ýêñõà-

ëÿöèè ðàäîíà íà òåððèòîðèè äàìáû, J
dam

�0 823, Áê/ì
2
c, è íà òåððèòîðèè

ñåâåðíîé ÷àñòè: J
N

�0 23, Áê/ì
2
c. Ïî äàííûì èçìåðåíèé íà òåððèòîðèè äàìáû

J
dam

�2 Áê/ì
2
c, à íà òåððèòîðèè ñåâåðíîé ÷àñòè J

N
� �008 018, , Áê/ì

2
ñ.

Òàêèì îáðàçîì, ðåçóëüòàòû âû÷èñëåíèé äëÿ òåððèòîðèè ñåâåðíîé ÷àñ-

òè õâîñòîõðàíèëèùà õîðîøî ñîãëàñóþòñÿ ñ ðåçóëüòàòàìè èçìåðåíèé. Ïî-

ñêîëüêó íà òåððèòîðèè ñåâåðíîé ÷àñòè òîëùèíà ñëîÿ ÐÀÎ è òîëùèíà

ïîêðûòèÿ äîñòàòî÷íî âåëèêè äëÿ òîãî, ÷òîáû çíà÷åíèÿ âëàæíîñòè â íèõ

ìîæíî áûëî ñ÷èòàòü íåèçìåííûìè â òå÷åíèå ãîäà, çíà÷åíèÿ ýêñõàëÿöèè,

ïîëó÷åííûå â ðåçóëüòàòå èçìåðåíèé äëÿ ýòîé ÷àñòè õâîñòîõðàíèëèùà,

ìîæíî ñ÷èòàòü íåèçìåííûìè â òå÷åíèå ãîäà.

Èç ïðèâåäåííûõ ðåçóëüòàòîâ ñëåäóåò, ÷òî íà òåððèòîðèè äàìáû âû-

÷èñëåííûå çíà÷åíèÿ ýêñõàëÿöèè â 2,5 ðàçà ìåíüøå íàáëþäàåìûõ. Òàêèå

ðàçëè÷èÿ ìîãóò áûòü îáóñëîâëåíû äâóìÿ ïðè÷èíàìè: ïîâðåæäåíèÿìè â

ïîêðûòèè (ïîñêîëüêó íà òåððèòîðèè äàìáû ïðîèñõîäèëè îïîëçíè) è ìåíü-

øåé âëàæíîñòüþ îñíîâíîé òîëùè õâîñòîõðàíèëèùà â ðàéîíå äàìáû ïî

ñðàâíåíèþ ñî ñðåäíèì çíà÷åíèåì (ïîñêîëüêó äàìáà âîçâûøàåòñÿ íà 5 ì

íàä ïðèëåãàþùåé òåððèòîðèåé).

Ðåçóëüòàòû ïðîâåäåííûõ ðàñ÷åòîâ ñâèäåòåëüñòâóåò î òîì, ÷òî â ñëó÷àå

îòñóòñòâèÿ ïîêðûòèÿ çíà÷åíèå ýêñõàëÿöèè íà òåððèòîðèè äàìáû ñïîñîáíî

äîñòèãàòü 1,4 Áê/ì
2
ñ. Åñëè, êðîìå òîãî, ñäåëàòü ïðåäïîëîæåíèå î íóëåâîé

âëàæíîñòè ñëîÿ ÐÀÎ, òî ýòî çíà÷åíèå ñïîñîáíî äîñòè÷ü 2 Áê/ì
2
c. Ñëå-

äîâàòåëüíî, ìîæíî ñäåëàòü âûâîä î òîì, ÷òî îöåíêè âåëè÷èíû èñòî÷íèêà

íà äàìáå, ñäåëàííûå íà îñíîâàíèè èçìåðåíèé, áëèçêè ê ìàêñèìàëüíî

âîçìîæíûì çíà÷åíèÿì.

Íà þæíîé ÷àñòè õâîñòîõðàíèëèùà «Çàïàäíîå» èçìåðåíèÿ íå ïðîâî-

äèëè, è çíà÷åíèÿ ïîòîêà çäåñü ïðèíÿòû òàêèå æå, êàê è íà ñåâåðíîé ÷àñòè.
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Îäíàêî þæíàÿ ÷àñòü (öåíòðàëüíûé è âîñòî÷íûé ñåêòîðû) â îñíîâíîì

ïîêðûòà àñôàëüòîì, ïîä êîòîðûì íàõîäÿòñÿ áåòîííûå ïëèòû, à òåððèòî-

ðèÿ çàïàäíîãî ñåêòîðà þæíîé ÷àñòè ðåêóëüòèâèðîâàíà. Áîëüøèå çíà÷åíèÿ

åêñõàëÿöèè ðàäîíà íàáëþäàþòñÿ òîëüêî â ìåñòàõ ïîâðåæäåíèÿ àñôàëüò-

íîãî ïîêðûòèÿ íàä ñî÷ëåíåíèÿìè áåòîííûõ ïëèò, ìåæäó êîòîðûìè ïðî-

ðàñòàåò òðàâà. Ïîýòîìó èñïîëüçîâàííûå çíà÷åíèÿ ýêñõàëÿöèè â äàííîì

ñëó÷àå, ïî-âèäèìîìó, çàâûøåíû.

Òàêèì îáðàçîì, íà îñíîâàíèè èçëîæåííîãî ìîæíî ïðåäïîëîæèòü, ÷òî

çíà÷åíèÿ ýêñõàëÿöèè ðàäîíà, çàäàííûå â ðàñ÷åòàõ ìîäåëè äëÿ «Çàïàäíîãî»

õâîñòîõðàíèëèùà (ñì. òàáë. 1), òåîðåòè÷åñêè áëèçêè ê ìàêñèìàëüíî âîç-

ìîæíûì.

Ðåçóëüòàòû ðàñ÷åòîâ. Ïîñêîëüêó äåòàëüíûå ðàñ÷åòû àòìîñôåðíîãî

ðàñïðåäåëåíèÿ çàãðÿçíåíèÿ îò ïëîùàäíûõ èñòî÷íèêîâ âáëèçè èõ ãðàíèöû

ñîïðÿæåíû ñ ðÿäîì ñëîæíîñòåé [9], ïåðåä ïðîâåäåíèåì ìîäåëèðîâàíèÿ

ðàñïðîñòðàíåíèÿ ðàäîíà áûë âûïîëíåí òåñòîâûé ðàñ÷åò ðàñïðîñòðàíåíèÿ

ïàññèâíîé ïðèìåñè ñ èñïîëüçîâàíèåì ìîäåëè CALPUFF äëÿ ñöåíàðèÿ,

îïèñàííîãî â [9]. Â ýòîì ñöåíàðèè èññëåäîâàíà àòìîñôåðíàÿ äèñïåðñèÿ îò

èñòî÷íèêà êâàäðàòíîé ôîðìû ñî ñòîðîíîé 150 ì, ðàñïîëîæåííîãî íà

óðîâíå çåìëè. Ñêîðîñòü âåòðà ïðèíÿòà ðàâíîé 2 ì/ñ, íàïðàâëåíèå âåòðà

ïåðïåíäèêóëÿðíî îäíîé èç ñòîðîí, ñòðàòèôèêàöèÿ — íåéòðàëüíàÿ, êàòå-

ãîðèÿ çåìëåïîëüçîâàíèÿ — ñåëüñêîõîçÿéñòâåííàÿ ðàñòèòåëüíîñòü, ìîù-

íîñòü èñòî÷íèêà âûáðîñà — 10
–4

ã/ì
2
ñ. Â ðàáîòå [9] ïðåäñòàâëåíû ðàñ-

÷åòíûå çíà÷åíèÿ C x( ) ïðèçåìíîé êîíöåíòðàöèè çàãðÿçíåíèÿ íà îñè ñèì-

ìåòðèè îáëàêà â òî÷êàõ íà ðàçíûõ ðàññòîÿíèÿõ x îò ñåðåäèíû èñòî÷íèêà:

3 5 10 35 18 10
5 6

, ( ) ,� � � �C , 2 5 10 100 7 3 10
5 5

, ( ) ,� � � �C ,

1 2 10 1575 7 0 10
4 4

, ( ) ,� � � �C ,

ãäå â ñêîáêàõ óêàçàíû çíà÷åíèÿ x â ìåòðàõ, à çíà÷åíèÿ êîíöåíòðàöèè äàíû

â ìã/ì
3
. Ñ ïîìîùüþ CALPUFF áûëè ïîëó÷åíû ñëåäóþùèå çíà÷åíèÿ:

C ( ) ,35 7 4 10
5

� � , C ( ) ,100 5 1 10
5

� � , C ( ) ,1575 3 1 10
4

� � .

Ñëåäîâàòåëüíî, äëÿ âñåõ x çíà÷åíèÿ, ðàññ÷èòàííûå ñ ïîìîùüþ

CALPUFF, íàõîäÿòñÿ â ïðåäåëàõ èíòåðâàëà, õàðàêòåðèçóþùåãî ðàçáðîñ

çíà÷åíèé ðàçëè÷íûõ ìîäåëåé [9]. Ïðè ýòîì âáëèçè ãðàíèöû èñòî÷íèêà

( )x �100 çíà÷åíèÿ, ïîëó÷åííûå ñ ïîìîùüþ CALPUFF, íàõîäÿòñÿ áëèæå ê

âåðõíåé ãðàíèöå èíòåðâàëà ðàçáðîñà, à äëÿ áîëüøèõ çíà÷åíèé õ (x �1000) —

ïðèáëèçèòåëüíî ïîñåðåäèíå ýòîãî èíòåðâàëà. Òàêèì îáðàçîì, ðàññ÷èòàí-

íûå ñ ïîìîùüþ ìîäåëè CALPUFF êîíöåíòðàöèè àòìîñôåðíîãî çàãðÿç-

íåíèÿ îò èñòî÷íèêà ñîãëàñóþòñÿ ñ ðåçóëüòàòàìè, ïîëó÷åííûìè ñ ïîìîùüþ

×èñëåííîå ìîäåëèðîâàíèå âîçäóøíîãî ðàñïðîñòðàíåíèÿ ðàäîíà

ISSN 0204–3572. Ýëåêòðîí. ìîäåëèðîâàíèå. 2010. Ò. 32. ¹ 3 75



äðóãèõ ìîäåëåé, àêòèâíî èñïîëüçóåìûõ â ìèðîâîé ïðàêòèêå äëÿ ðåøåíèÿ

àíàëîãè÷íûõ çàäà÷.

Äëÿ ïîëó÷åíèÿ ðåïðåçåíòàòèâíûõ çíà÷åíèé ñðåäíåé êîíöåíòðàöèè

çàãðÿçíåíèÿ âîçäóõà âîêðóã õâîñòîõðàíèëèù áûëè ïðîâåäåíû âû÷èñëåíèÿ

àòìîñôåðíîãî ïåðåíîñà ðàäîíà, ïîñòóïàþùåãî èç õâîñòîõðàíèëèù çà ïå-

ðèîä 4,5 ãîäà (ñ íà÷àëà 2005 ã. ïî ìàé 2009 ã. âêëþ÷èòåëüíî). Âû÷èñëåíèÿ

âûïîëíåíû íà òåððèòîðèè ðàçìåðîì 6 � 6 êì, îõâàòûâàþùåé òðè õâîñòî-

õðàíèëèùà. Â êà÷åñòâå ãåîãðàôè÷åñêèõ äàííûõ î òîïîãðàôèè èñïîëüçîâà-

íû äàííûå DEM (Digital Elevation Model) ñ ïðîñòðàíñòâåííûì ðàçðåøå-

íèåì 198 ì, êîòîðîå ñîâïàäàëî ñ ãîðèçîíòàëüíûì ðàçðåøåíèåì ñåòêè

ìåòåîðîëîãè÷åñêîé ìîäåëè CALMET. Çíà÷åíèÿ êîíöåíòðàöèè çàãðÿçíå-

íèÿ îïðåäåëÿëè â ìåñòàõ ðàñïîëîæåíèÿ çäàíèé, â îòäåëüíî âûáðàííûõ

òî÷êàõ íà òåððèòîðèè, âáëèçè ãðàíèö êàæäîãî èç õâîñòîõðàíèëèù è â

óçëàõ âû÷èñëèòåëüíîé ñåòêè CALMET.

Â ðàñ÷åòàõ áûëè èñïîëüçîâàíû äàííûå íàçåìíîé ìåòåîðîëîãè÷åñêîé

ñòàíöèè, ðàñïîëîæåííîé â Äíåïðîïåòðîâñêå (íàïðàâëåíèå è ñêîðîñòü âåò-

ðà íà âûñîòå 10 ì, ïðèçåìíàÿ òåìïåðàòóðà íà âûñîòå 2 ì, äàâëåíèå, òî÷êà

ðîñû, îáëà÷íîñòü), è äàííûå áëèæàéøåãî ðàäèîçîíäà (íàïðàâëåíèå è ñêî-

ðîñòü âåòðà, òåìïåðàòóðà, âûñîòà íà ñòàíäàðòíûõ óðîâíÿõ äàâëåíèÿ). Ýòè

äàííûå çàäàíû ñ øàãîì, ñîîòâåòñòâóþùèì èíòåðâàëó èçìåðåíèé (3 ÷ äëÿ

íàçåìíîé ñòàíöèè è 12 ÷ äëÿ ðàäèîçîíäîâ). ×èñëî ïðîïóñêîâ ìåòåîðîëî-

ãè÷åñêèõ èçìåðåíèé íåçíà÷èòåëüíî (íå áîëåå 1 % ) è ïîýòîìó íå âëèÿåò íà

ñðåäíèå çíà÷åíèÿ êîíöåíòðàöèé çàãðÿçíåíèé. Â ñëó÷àå îòñóòñòâèÿ ðåçóëü-

òàòîâ èçìåðåíèé äëÿ îáåñïå÷åíèÿ íåïðåðûâíîñòè ðàñ÷åòîâ èñïîëüçîâàíû

ìåòåîðîëîãè÷åñêèå äàííûå çà ïîñëåäíèé ïåðåä ïðîïóñêîì ñðîê èçìåðåíèÿ.

Êàòåãîðèÿ çåìëåïîëüçîâàíèÿ îïðåäåëåíà ýêñïåðòíî íà îñíîâàíèè âè-

çóàëüíîé îöåíêè ôîòîãðàôèé. Ñëåäóåò çàìåòèòü, ÷òî êàòåãîðèÿ çåìëåïîëü-

çîâàíèÿ â äàííûõ ðàñ÷åòàõ âëèÿåò òîëüêî íà ñêîðîñòü ïåðåìåøèâàíèÿ,

ïîñêîëüêó îñàæäåíèå è âûìûâàíèå îòñóòñòâóåò. Ýòî âëèÿíèå îïðåäåëÿåò-

ñÿ ïàðàìåòðîì øåðîõîâàòîñòè [10]

z h
0

30� / ì, (4)

ãäå h — õàðàêòåðíûé ðàçìåð îòäåëüíûõ ýëåìåíòîâ øåðîõîâàòîñòè. Ñîã-

ëàñíî ýòîé ôîðìóëå îñíîâíàÿ òåððèòîðèÿ ïðîìïëîùàäêè ìîæåò áûòü

êëàññèôèöèðîâàíà êàê ãîðîäñêàÿ çàñòðîéêà, ÷òî ñîîòâåòñòâóåò z
0

1� ì.

Îäíàêî, âî-ïåðâûõ, øåðîõîâàòîñòü ïîâåðõíîñòè õâîñòîõðàíèëèù çíà÷è-

òåëüíî ìåíüøå, ÷åì øåðîõîâàòîñòü îñíîâíîé òåððèòîðèè ïðîìïëîùàäêè.

Âî-âòîðûõ, ôîðìóëà (4) ïðèìåíèìà äëÿ âûñîò, áîëüøèõ, ÷åì âûñîòà ýëå-

ìåíòîâ øåðîõîâàòîñòè, ãäå çíà÷åíèå äèíàìè÷åñêîãî òðåíèÿ (è ñîîòâåòñò-

âåííî ïàðàìåòðà øåðîõîâàòîñòè) âñåãäà áîëüøå, ÷åì â ñëîå, ðàñïîëî-
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æåííîì íèæå âûñîòû ýëåìåíòîâ øåðîõîâàòîñòè (çäàíèé) [11]. Â äàííîì

ñëó÷àå èñòî÷íèê ðàñïîëîæåí íà ïîâåðõíîñòè Çåìëè, è ðàñïðîñòðàíåíèå

çàãðÿçíåíèÿ âáëèçè èñòî÷íèêà ïðîèñõîäèò â ñëîå, ðàñïîëîæåííîì íèæå

êðûø çäàíèé, â òàê íàçûâàåìîì ñëîå «ïðîíèêàþùåé øåðîõîâàòîñòè».

Ïîýòîìó â âû÷èñëåíèÿõ áûëî èñïîëüçîâàíî ìåíüøåå çíà÷åíèå øåðî-

õîâàòîñòè: z
0

0 2� , ì.

Íà ðèñ. 2 ïðåäñòàâëåíû ðàñïðåäåëåíèÿ ñðåäíèõ çà âåñü ïðîìåæóòîê

ðàñ÷åòà ïðèçåìíûõ êîíöåíòðàöèé ðàäîíà âîêðóã õâîñòîõðàíèëèù. Ìàêñè-

ìàëüíîå çíà÷åíèå ñðåäíèõ êîíöåíòðàöèé íàä òåððèòîðèåé õâîñòîõðàíè-

ëèùà «Çàïàäíîå» — 20 Áê/ì
3
, íàä òåððèòîðèåé õâîñòîõðàíèëèùà «Öåíò-

ðàëüíûé ßð» — 100 Áê/ì
3
, íàä òåððèòîðèåé õâîñòîõðàíèëèùà «Þãî-

âîñòî÷íîå» — 50 Áê/ì
3
. Íà ðèñ. 2, à, âèäíî, ÷òî ñðåäíèå êîíöåíòðàöèè

âûøå ôîíîâûõ (20 Áê/ì
3
) íàáëþäàþòñÿ ïðàêòè÷åñêè òîëüêî íà òåððèòîðèè

õâîñòîõðàíèëèù è â íåïîñðåäñòâåííîé áëèçîñòè ê íåé. Ñîîòâåòñòâóþùàÿ

ãîäîâàÿ äîçà îò èíãàëÿöèè ðàäîíà è åãî ïðîäóêòîâ ðàñïàäà, ðàññ÷èòàííàÿ
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Ðèñ. 2. Ñðåäíÿÿ (à) è ìàêñèìàëüíàÿ ñðåäíåñóòî÷íàÿ (á) çà ïåðèîä 4,5 ãîäà êîíöåíòðàöèÿ

ðàäîíà, ñîçäàâàåìàÿ õâîñòîõðàíèëèùàìè «Çàïàäíîå» (1), «Öåíòðàëüíûé ßð» (2) è «Þãî-

Âîñòî÷íîå» (3): � — áëèæàéøàÿ ê õâîñòîõðàíèëèùó òî÷êà íà ãðàíèöå æèëîé çîíû



ñîãëàñíî ñòàíäàðòíûì ìåòîäèêàì [12], ñîñòàâëÿåò îò 0,1 ìÇâ (ó ãðàíèö

õâîñòîõðàíèëèù «Çàïàäíîå» è «Þãî-âîñòî÷íîå») äî 0,5 ìÇâ (ó ãðàíèöû

õâîñòîõðàíèëèùà «Öåíòðàëüíûé ßð»). Íà òåððèòîðèè õâîñòîõðàíèëèùà

«Öåíòðàëüíûé ßð» ãîäîâàÿ äîçà äîñòèãàåò 0,8 ìÇâ.

Â îòëè÷èå îò ñðåäíåãîäîâûõ êîíöåíòðàöèé ìàêñèìàëüíûå ñðåäíåñóòî÷-

íûå êîíöåíòðàöèè (ñì. ðèñ. 2, á) çà âåñü ïåðèîä ðàñ÷åòîâ ìîãóò äîñòèãàòü

50 Áê/ì
3

â ðàäèóñå 350 ì îò õâîñòîõðàíèëèùà «Öåíòðàëüíûé ßð» è íà ðàñ-

ñòîÿíèÿõ 100—200 ì îò õâîñòîõðàíèëèù «Çàïàäíîå» è «Þãî-Âîñòî÷íîå».

Ñîãëàñíî ðàñ÷åòàì, âëèÿíèå õâîñòîõðàíèëèùà íà çàãðÿçíåíèå â òî÷êå,

áëèæàéøåé ê õâîñòîõðàíèëèùàì íà ãðàíèöå æèëîé çîíû, íåçíà÷èòåëü-

íî: ñðåäíåå çíà÷åíèå êîíöåíòðàöèè ðàäîíà — 0,5 Áê/ì
3
, ìàêñèìàëüíîå —

15 Áê/ì
3
, à ñðåäíÿÿ ãîäîâàÿ äîçà — 0,004 ìÇâ.

Äîïîëíèòåëüíûé àíàëèç ñðåäíåñóòî÷íûõ êîíöåíòðàöèé ïðîâåäåí äëÿ

îòäåëüíûõ òî÷åê, ðàñïîëîæåííûõ íà ãðàíèöàõ õâîñòîõðàíèëèù, ïðåäñòàâ-

ëåííûõ íà ðèñ. 1. Ïîëó÷åííûå ðåçóëüòàòû ïðåäñòàâëåíû â òàáë. 2. Â òî÷êå

íà ãðàíèöå õâîñòîõðàíèëèùà «Öåíòðàëüíûé ßð» â 60 % ñëó÷àåâ êîíöåíò-

ðàöèÿ ïðåâûøàåò íîðìàòèâíîå çíà÷åíèå 50 Áê/ì
3
. Äëÿ äâóõ ðàçëè÷íûõ

òî÷åê, ðàñïîëîæåííûõ íà ãðàíèöå õâîñòîõðàíèëèùà «Çàïàäíîå», ÷àñòîòà

ïðåâûøåíèÿ çíà÷åíèÿ 50 Áê/ì
3

îòëè÷àåòñÿ íà ïîðÿäîê. Î÷åâèäíî, ÷òî ýòî

ðàçëè÷èå îáóñëîâëåíî íåîäíîðîäíûì ïðîñòðàíñòâåííûì ðàñïðåäåëåíèåì

èñòî÷íèêà (ñì. òàáë. 1). Äëÿ õâîñòîõðàíèëèùà «Þãî-Âîñòî÷íîå» ÷àñòîòà

ïðåâûøåíèÿ 50 Áê/ì
3

äîñòèãàåò 10 % íà ñåâåðî-çàïàäíîé ãðàíèöå è ëèøü

1,8 % íà þãî-âîñòî÷íîé. Ïîñêîëüêó äëÿ ýòîãî õâîñòîõðàíèëèùà ïðîñò-

ðàíñòâåííîå ðàñïðåäåëåíèå èñòî÷íèêà çàäàíî îäíîðîäíûì, òàêèå ðàçëè-

÷èÿ ìîæíî îáúÿñíèòü òîëüêî âëèÿíèåì íåðàâíîìåðíîñòè ðàñïðåäåëåíèÿ

âåòðà ïî âåëè÷èíå è íàïðàâëåíèþ.

Íà ðèñ. 3 ïðèâåäåíû èçìåðåííûå è ðàññ÷èòàííûå âåëè÷èíû êîíöåíò-

ðàöèè ðàäîíà íà òåððèòîðèè òðåõ õâîñòîõðàíèëèù. Êàê âèäèì, äëÿ âñåõ
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Òî÷êà

íà ðèñ. 1

Õâîñòîõðàíèëèùå,

ãðàíèöà

Ññð,

Áê/ì
3

Ñmax,

Áê/ì
3

×àñòîòà N (%)

ïðåâûøåíèÿ çíà÷åíèé

C >20,% C >50,% C >100,%

1W

2W

1C

1S

2S

«Çàïàäíîå», âîñòî÷íàÿ

«Çàïàäíîå», þæíàÿ

«Öåíòðàëüíûé ßð», âîñòî÷íàÿ

«Þãî-Âîñòî÷íîå», ñåâåðî-çàïàäíàÿ

«Þãî-Âîñòî÷íîå», þãî-âîñòî÷íàÿ

29,2

5,5

68

23,7

14

93,63

71,5

281

195

86

61,8

4

94

45

25

14,6

0,1

60

10

1,8

0

0

17,6

0,5

0

Òàáëèöà 2. Ðåçóëüòàòû ÷àñòîòíîãî àíàëèçà ðàñïðåäåëåíèÿ ñðåäíåñóòî÷íûõ
êîíöåíòðàöèé ðàäîíà çà ïåðèîä 4,5 ãîäà



õâîñòîõðàíèëèù ðàññ÷èòàííûå çíà÷åíèÿ êîíöåíòðàöèè â ñðåäíåì ìåíü-

øå, ÷åì èçìåðåííûå. Òàê, çíà÷åíèÿ Ñð, ðàññ÷èòàííûå äëÿ òåððèòîðèè

õâîñòîõðàíèëèùà «Çàïàäíîå», çíà÷èòåëüíî ìåíüøå èçìåðåííûõ â 2008 ã.

(Ñèç = 200 Áê/ì
3
) è â 2007 ã. (Ñèç = 400 Áê/ì

3
). Ðåçóëüòàòû ïðîâåäåííûõ

ðàñ÷åòîâ ñîãëàñóþòñÿ ñ ðåçóëüòàòàìè ïðåäûäóùèõ èññëåäîâàíèé õâîñòî-

õðàíèëèùà «Çàïàäíîå» [7].

Ñëåäóåò òàêæå îáðàòèòü âíèìàíèå íà ñóùåñòâåííûå ðàçëè÷èÿ ìåæäó

ðåçóëüòàòàìè èçìåðåíèé íà òåððèòîðèè õâîñòîõðàíèëèùà «Çàïàäíîå». Òàê, â

èþíå 2008 ã. â òðåõ òî÷êàõ áûëè çàôèêñèðîâàíû çíà÷åíèÿ Ñèç = 20 Áê/ì
3
, à â

èþíå — èþëå 2008 ã. íà òîé æå òåððèòîðèè — çíà÷åíèÿ Ñèç = 100 è Ñèç =

= 193 Áê/ì
3
. Òàêèå æå áîëüøèå ðàñõîæäåíèÿ íàáëþäàþòñÿ è äëÿ õâîñòî-

õðàíèëèùà «Þãî-Âîñòî÷íîå». Äëÿ õâîñòîõðàíèëèùà «Öåíòðàëüíûé ßð»

ñîãëàñîâàíèå ðåçóëüòàòîâ ðàñ÷åòîâ ñ èçìåðåíèÿìè çíà÷èòåëüíî ëó÷øå. Â

ñðåäíåì ðàñ÷åòíûå çíà÷åíèÿ äëÿ ýòîãî õâîñòîõðàíèëèùà â 1,5 ðàçà ìåíüøå

çíà÷åíèé, ïîëó÷åííûõ â ðåçóëüòàòå èçìåðåíèé. Åñëè èñêëþ÷èòü èç ñðàâíåíèÿ

òî÷êè, â êîòîðûõ èçìåðåíèÿ ïðîâîäèëèñü íàä ðàçëîìàìè â ïîêðûòèè, òî ýòî

ðàçëè÷èå áóäåò åùå ìåíüøå. Â òî æå âðåìÿ, äëÿ õâîñòîõðàíèëèù «Çàïàä-

íîå» è «Þãî Âîñòî÷íîå» ðàññ÷èòàíûå êîíöåíòðàöèè â ñðåäíåì ìåíüøå

èçìåðåííûõ çíà÷åíèé ñîîòâåòñòâåííî â òðè è ïÿòü ðàç.

×èñëåííîå ìîäåëèðîâàíèå âîçäóøíîãî ðàñïðîñòðàíåíèÿ ðàäîíà
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Ðèñ. 3. Ïîëó÷åííûå â ðåçóëüòàòå èçìåðåíèé Ñèç è ðàññ÷èòàííûå Ñð êîíöåíòðàöèè

çàãðÿçíåíèé íà òåððèòîðèÿõ õâîñòîõðàíèëèù: + — «Çàïàäíîå»; � — «Öåíòðàëüíûé ßð»;

� — «Þãî-Âîñòî÷íîå»



Òàêèì îáðàçîì, ìîæíî ñäåëàòü âûâîä î òîì, ÷òî ðàçëè÷èå çíà÷åíèé Ñ

áîëüøå äëÿ òåõ õâîñòîõðàíèëèù, ãäå ýêñõàëÿöèÿ ìåíüøå (ýêñõàëÿöèÿ íà

õâîñòîõðàíèëèùå «Öåíòðàëüíûé ßð» â ñðåäíåì çíà÷èòåëüíî áîëüøå, ÷åì

íà äâóõ äðóãèõ). Òàêàÿ ñèòóàöèÿ âîçìîæíà, íàïðèìåð, êîãäà íà êîíöåíò-

ðàöèþ ðàäîíà êðîìå õâîñòîõðàíèëèù çíà÷èòåëüíîå âëèÿíèå îêàçûâàþò

äðóãèå èñòî÷íèêè. Ýòî ïðåäïîëîæåíèå îñíîâàíî íà òîì, ÷òî îöåíêà ôóíê-

öèè èñòî÷íèêà äëÿ õâîñòîõðàíèëèùà «Çàïàäíîå» â ïðîâåäåííûõ ðàññ÷å-

òàõ, ïî-âèäèìîìó, áëèçêà ê ìàêñèìàëüíîìó çíà÷åíèþ (ñì. ïðåäûäóùèé ðàç-

äåë). Ñëåäîâàòåëüíî, ñóùåñòâóþùèå ðàçëè÷èÿ ìåæäó çíà÷åíèÿìè ðàñ-

ñ÷èòàííûõ è èçìåðåííûõ êîíöåíòðàöèé ðàäîíà, âîçìîæíî, îáúÿñíÿþòñÿ:

à) âëèÿíèåì äðóãèõ èñòî÷íèêîâ ðàäîíà; á) îñðåäíåíèåì ðåçóëüòàòîâ ïî âðå-

ìåííûì èíòåðâàëàì, çíà÷èòåëüíî áîëüøèì (â 100 — 200 ðàç), ÷åì èíòåðâàëû

èçìåðåíèé (ïîñêîëüêó òî÷íûå äàòû èçìåðåíèé íåèçâåñòíû); â) âëèÿíèåì

íåó÷òåííûõ â ðàñ÷åòàõ ïîâðåæäåíèé ïîêðûòèé õâîñòîõðàíèëèù.

Âûâîäû. Ðåçóëüòàòû ìîäåëèðîâàíèÿ ñâèäåòåëüñòâóþò î òîì, ÷òî êîí-

öåíòðàöèÿ ðàäîíà â àòìîñôåðå âîêðóã õâîñòîõðàíèëèù «Çàïàäíîå»,

«Öåíòðàëüíûé ßð» è «Þãî-Âîñòî÷íîå» íå ïðåâûøàåò 50 Áê/ì
3

íà ðàññòîÿ-

íèè áîëüøå 300 ì îò ãðàíèö õâîñòîõðàíèëèù. Òàêèì îáðàçîì, âëèÿíèå

õâîñòîõðàíèëèù íà êîíöåíòðàöèè ðàäîíà íà òåððèòîðèè ïðîìïëîùàäêè è

æèëîé çîíû íåçíà÷èòåëüíî. Ýòîò ðåçóëüòàò ñîãëàñóåòñÿ ñ äàííûìè [7],

ïîëó÷åííûìè íà îñíîâàíèè èñïîëüçîâàíèÿ ìîäåëè Ãàóññà è èìåâøèìèñÿ

â 2001 ã. ôàêòè÷åñêèìè äàííûìè.

Ñîçäàâàåìàÿ õâîñòîõðàíèëèùàìè êîíöåíòðàöèÿ ðàäîíà â òî÷êàõ íà èõ

ãðàíèöàõ ïðåâûøàåò 50 Áê/ì
3

â 60 % ñëó÷àåâ äëÿ õâîñòîõðàíèëèùà «Öåíò-

ðàëüíûé ßð», â 15 % ñëó÷àåâ — äëÿ õâîñòîõðàíèëèùà «Çàïàäíîå» è â 10 %

ñëó÷àåâ — äëÿ õâîñòîõðàíèëèùà «Þãî-Âîñòî÷íîå». Ïðè ýòîì íà ãðàíèöå

õâîñòîõðàíèëèù «Çàïàäíîå» è «Þãî-Âîñòî÷íîå» åñòü òî÷êè, ãäå ÷àñòîòà N

ñóùåñòâåííî ìåíüøå íàçâàííûõ çíà÷åíèé âñëåäñòâèå ïðîñòðàíñòâåííîé

íåîäíîðîäíîñòè èñòî÷íèêà ýêñõàëÿöèè ðàäîíà è èçìåí÷èâîñòè âî âðå-

ìåíè è ïðîñòðàíñòâå íàïðàâëåíèÿ è ñêîðîñòè âåòðà.

Âëèÿíèå õâîñòîõðàíèëèùà íà çàãðÿçíåíèå æèëîé çîíû âåñüìà íåçíà÷è-

òåëüíî. Â áëèæàéøåé ê õâîñòîõðàíèëèùàì òî÷êå æèëîé çîíû Ññð = 0,5 Áê/ì
3
,

Ñmàõ = 15 Áê/ì
3
, à ñðåäíÿÿ ãîäîâàÿ äîçà ñîñòàâëÿåò 0,004 ìÇâ. Ìîäåëèðîâà-

íèå àòìîñôåðíîãî ïåðåíîñà ðàäîíà ïðîâåäåíî ñ èñïîëüçîâàíèåì äàííûõ

èçìåðåíèé ýñõêàëÿöèè ðàäîíà. Òåîðåòè÷åñêèå îöåíêè ýñõêàëÿöèè äëÿ

õâîñòîõðàíèëèùà «Çàïàäíîå», ïîëó÷åííûå ñ ó÷åòîì åãî ãåîìîðôîëîãè-

÷åñêèõ õàðàêòåðèñòèê è äàííûõ î ðàäèîíóêëèäíîì ñîñòàâå ïî÷âû, ñâè-

äåòåëüñòâóþò î òîì, ÷òî èñïîëüçîâàííûå â âû÷èñëåíèÿõ çíà÷åíèÿ ýñõêà-

ëÿöèè áëèçêè ê ìàêñèìàëüíûì.

È. Â. Êîâàëåö, Ì. È. Æåëåçíÿê, À. Â Õàë÷åíêîâ, Î. È. Óäîâåíêî, Ò. Â. Ëàâðîâà

80 ISSN 0204–3572. Electronic Modeling. 2010. V. 32. ¹ 3



Çíà÷èòåëüíûå ðàçëè÷èÿ èçìåðåííûõ è ðàññ÷èòàííûõ çíà÷åíèé êîí-

öåíòðàöèè ðàäîíà â âîçäóõå íà òåððèòîðèè õâîñòîõðàíèëèù ìîæíî îáúÿñ-

íèòü âëèÿíèåì ïîñòîðîííèõ òðóäíî êîíòðîëèðóåìûõ èñòî÷íèêîâ ðàäîíà,

ïðèñóòñòâóþùèõ íà òåððèòîðèè ïðîìïëîùàäêè ÏÕÇ, âëèÿíèåì íåó÷òåí-

íûõ â ðàñ÷åòàõ ïîâðåæäåíèé ïîêðûòèé õâîñòîõðàíèëèù, à òàêæå çàâû-

øåíèåì âðåìåíè îñðåäíåíèÿ â ðàñ÷åòàõ ïî ñðàâíåíèþ ñ âðåìåíåì îñðåä-

íåíèÿ èçìåðåíèé.

Àïðîáèðîâàííàÿ ìåòîäèêà ìîæåò áûòü èñïîëüçîâàíà äëÿ ðàñ÷åòà âîç-

äóøíîãî ïåðåíîñà ðàäîíà îò äðóãèõ õâîñòîõðàíèëèù.

Results of digital modeling of the atmospheric transfer of radon around the uranium tailing

dumps of the former Industrial Association (IA) «Pridneprovsky Khimicheskiy zavod» are pre-

sented. The exhalation (emission) rates are preset on the basis of measurements. It has been estab-

lished that the locality contamination with radon is limited by the territory directly adjacent to the

tailing dump boundaries.
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Main objective in this paper is to unify results on controllability and observability on time scales

and deduce the results of classical theory as a particular case and then resolve the time constraints

on concurrency control by incorporating jump operators on time scale dynamical systems.

Îáîáùåíû ðåçóëüòàòû èññëåäîâàíèé óïðàâëÿåìîñòè è íàáëþäàåìîñòè ïðè ìàñøòàáèðî-

âàíèè âî âðåìåíè. Ïîëó÷åíû ðåçóëüòàòû êëàññè÷åñêîé òåîðèè êàê ÷àñòíîãî ñëó÷àÿ, ïðè

ýòîì óñòðàíåíû îãðàíè÷åíèÿ ïî âðåìåíè ïðè ïàðàëëåëüíîì óïðàâëåíèè îïåðàòîðàìè

ïåðåõîäà äëÿ äèíàìè÷åñêèõ ìàñøòàáèðóåìûõ ñèñòåì.

K e y w o r d s: time scale dynamical system, modern control system theory.

1. Introduction. Time scale dynamical system is an interesting area of current

research and a great deal of work has been done by many authors in recent years

[1]. From a modelling point of view, it is perhaps more realistic to model a real

world phenomenon by a time scale dynamical system as it incorporates both

continuous and discrete systems as a particular case [2, 3]. A fascinating fact is

that all the widely different disciplines of application depend on a common core

of Time scale dynamical system of the modern control system theory. These

techniques require real time database systems that run effectively without any

conflicts. In fact the concurrency control method receives certain information

gathered from the transactions made in order to find and resolve conflicts [4].

Further, a real time transaction is a transaction with additional real-time attrac-

tion and importance.

Our main objective in this paper is to unify results on controllability and

observability on time scales and deduce the results of classical theory as a parti-

cular case and then resolve the time constraints on concurrency control by incor-

ISSN 0204–3572. Ýëåêòðîí. ìîäåëèðîâàíèå. 2010. Ò. 32. ¹ 3 83

* Corresponding author, email : nkanuri@hotmail.com



porating jump operators on time scale dynamical systems. More specifically, the

paper is organized as follows: Section 2 presents some salient features of time

scale dynamical systems that are needed for our later discussion. We introduce

the concepts of controllability and observability for m-input, p-output, n-dimen-

sional linear systems on time scales in section 3. In this section we present a set

of necessary and sufficient conditions for the first order time scale dynamical

system to be completely controllable and observable. For a complete theory on con-

trol on linear system we refer [5]. Section 4 is concerned with Real Time Database

Systems and in fact deals with concurrency control of the database systems.

2. Basic results. In this section, we outline some of the basic notions concern-

ing time scales. A time scale T is a closed subset of R; and examples of time

scales include N, Z, R, cantor’s set fuzzy sets etc. The set Q t R Q t� � � �{ \ , }0 1

are not time scales. Time scales need not necessarily be connected. In order to

overcome this deficiency, we introduce the notion of jump operators. The

mappings �, � : T � T defined by

� ( ) inf { : }t s T s t� � � , � ( ) sup{ : }t s T s t� � 	 ,

are called jump operators.A point t T� is said to be right dense if � ( )t t� , left

dense, if � ( )t t� and left scattered, if � ( )t t	 . The graininess 
 : T � [0, �) is

defined by 
 �( ) ( )t t t� � .

We say that f is rd-continuous if it is continuous in right dense points and if

lim f (s) as s t� exists for all right dense points t T� [1]. A function f : T T� is

said to be differentiable at t T T t T tk
� �{ \ ( ( )max ( ), max )}� if

lim
( ( ) ( ))

( )( )�

�

�t s

f t f s

t s�

�

�

,

where s T t� �{ ( )}� exists and is said to be differentiable on T provided it is dif-

ferentiable for each t T k
� . A function F : T T� , with F t f t


( ) ( )� for all t T K
�

is said to be integrable, if

f F t F s

s

t

( ) ( ) ( )� �

�

� � ,

where F is the anti-derivative of f and for all s, t T� . Let f : T T� and if T = R

and a, b T� , then f t f t


( ) ( )�
1

and

f t dt f t t

a

b

a

b

( ) ( )
� �

� 
 .
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Further, if T = Z (discrete case), then f t f t f t f t



( ) ( ) ( ) ( )� � � �1 and

f t t

f k a b

a b

f k a b
a

b k a

b

( )

( ) ,

,

( ) .



�

�

�

	

�

�

�

�

if

if

if

1

0

k b

a

�

�

�

�

�

�

�
�

�

�

�

�

1

If f, g : T � X (X is a Banach space) be differentiable in t T k
� . Then for any two

scalars �, �, the mapping� �f g� is differentiable in t and further we have:

1. �� � � �f g t f t g t� � �) ( ) ( ) ( )

 
 


;

2. � �f g t f t g t f t g t) ( ) ( ) ( ) ( ( )) ( )

 
 


� � ;

3. f t f t t f t( ( )) ( ) ( ) ( )� 
� �



;

4. �k f t k f t) ( ) ( )

 


� , for any scalar k.

Note that if f is 
-differentiable, then f is continuous. Further if t is right

scattered and f is continuous at t then

f t
f t f t

t




( )
( ( )) ( )

( )

�

��




.

For a survey on calculus of 
-differentiable functions, we refer to Lakshmi-

kantham et. al [5].

3. Controllability and observability criteria for �-differentiable func-

tions. In this section, we shall be concerned with the first order 
-differentiable

dynamic system

x t A t x t B t U t


( ) ( ) ( ) ( ) ( )� � , x t x( )
0 0
� , (1)

y t C t x t( ) ( ) ( )� , (2)

where A t( ) is an ( )n n� square matrix and A : T B Rk n
� ( ) is regressive and

rd-continuous. When t = R, (1) is equivalent to

� � �x t A t x t B t U t( ) ( ) ( ) ( ) ( ), x t x( )
0 0
� , (3)

and when t = z, (1) is equivalent to

x n A n x n B n U n( ) ( ) ( ) ( ) ( )� � �1 , x n x( )
0 0
� . (4)

The fundamental concepts of controllability and observability for an m-input,

p-output, n-dimentional linear state equation (1) and (2) will be considered in

this section. For a time varying linear state equation (3), the connection of the in-

put signal to the state variables can change with time. Therefore, the concept of
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controllability is tied to a specific finite time interval [t t f0
, ] with, of course

t tf � 0
. For a discrete system (4), the connection of the input signal to the next

state variables can change with time.

Definition 1. The
-differentiable dynamic system (1) is said to be control-

lable on [t t f0
, ], if for any given initial state x t x( )

0 0
� (x n x( )

0 0
� ), there exists

a continuous (discrete) input signal U (t), such that the corresponding solution of

(1) satisfies x t f( ) �0 (x n f( ) �0).

If time scale dynamical system (1) is controllable for all x0 at t = t0 and for

all xf at t = tf, then the system (1) is said to be completely controllable. We sup-

pose that T a b Tk
� �( , ) and the associated homogeneous system is

x t A t x t


( ) ( ) ( )� , x t x( )
0 0
� .

Let� A t t( , )
0

be a fundamental matrix solution of

x t A t x t


( ) ( ) ( )� .

Then any solution x(t) of (1) has the form

x t t t x t s B s U s sA A

t

t

( ) ( , ) ( , ( )) ( ) ( ) ( )� �
�

� � 

0 0

0

� ,

and it is easy to see that

x t t s B s U s sA

t

t

( ) ( , ( )) ( ) ( ) ( )�
�
� 
�

0

is a particular solution of the dynamic system (1) [1].

We are now in a position to develop criteria for the dynamic system (1) to be

completely controllable and observable. We have the following theorem.

Theorem 1. The time scale dynamical system is completely controllable on

the closed interval J t t f� [ , ]
0

if and only if the (n n� ) symmetric matrix

W t t t s B s B s t s sf

t

t f

( , ) ( , ( )) ( ) ( ) ( , ( )) ( )
* *

0 0

0

�
�
� � 
� �

is non-singular.

P r o o f. We first suppose thatW t t f( , )
0

is nonsingular. Then it is claimed

that the dynamic system (1) is completely controllable. For given an (n�1) vec-

tor x0, choose

U t B t t t W t t xf( ) ( ) ( , ( )) ( , )
* *

� �
�

� �
1

0 0
.
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Clearly, the input signal U is continuous on J and the corresponding general

solution of (1) with the initial condition x t x( )
0 0
� is given by

x t t t x t s B s U s sf f

t

t f

( ) ( , ) ( , ( )) ( ) ( ) ( )� �
�

� � 

0 0 0

0

� .

Substitute for U(t) and using the definition of W t t f( , )
0

, we get

x t t t xf f( ) ( , )� ��
0 0

�
�

� � 
( , ( )) ( ) *( ) *( , ( )) ( , ) ( )t s B s B s t s W t t x sf f

t

t

� �
0

1

0 0

0

f

t t xf�
� �� ( , )

0 0

�
�

� � �( , ) ( , ( )) ( ) *( ) ( , ( )) ( , )t t t s B s B s t s W t t xf f0 0 0

1

0 0
� � 
 ( )s

t

t f

0

0
�

� .

Thus the dynamic system is controllable. This is true for all t t t f0
� � , it follows

that the system (1) is completely controllable.

Next suppose that the dynamic system (1) is completely controllable on J

and suppose that W t t f( , )
0

is singular. Then since W t t f( , )
0

is non-invertible

there exists a non-zero (n�1) vector y such that

y W t t C y t s B s B s t s y sf* ( , ) * ( , ( )) ( ) *( ) *( , ( )) ( ) (
0 0 0

� � � 
� � s

t

t f

)

0

�
.

Because of the fact that the integrand in this expression is non-negative continu-

ous function, we have

y t s B s* ( , ( )) ( )�
0

0� � ,

it follows that

y t s B s* ( , ( )) ( )�
0

0� � , s J� . (5)

Since the state equation is completely controllable on J, choose x0 = y, there

exists a continuous input U (t) such that

0
0

0

� �
�

� � 
( , ) ( , ( )) ( ) ( ) ( )t t y t s B s U s sf f

t

t f

�

or

y t t t s B s U s sf f

t

t f

� � �
�

�
� � 


1

0

0

( , ) ( , ( )) ( ) ( ) ( )�
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� �
�
� 
( , ( )) ( ) ( ) ( )t s B s U s s

t

t f

0

0

� .

Thus,

y y y t s B s U s s

t

t f

* * ( , ( )) ( ) ( ) ( )� �
�

� 

0

0

� ,

and since (5) holds, it follows that y*y = 0, and thus it contradicts the fact that

y � 0. ThusW t t f( , )
0

is non-singular and the proof of the theorem is complete.

We now develop an algorithm corresponding to the time scale dynamical

system (1). We define a sequence of (n m� ) matrix functions

K t B t
0
( ) ( )� , (6)

K t A t K t K tj j j( ) ( ) ( ) ( )� �
� �1 1




, j �1 2 3, , , ... . (7)

We observe the following: � � �
�

( , ( )) ( ) ( ( ))t s t s� ��
�

, when T = R, � ( )s s�

and � � �
�

( , ) ( ) ( )t s t s�
�

. On the other hand when T = Z, � ( )s s� �1 and

� � �
�

( , ) ( ) ( )t s t s� � �
�

1 1 . Further

� �



( , ( )) ( ) ( , ( ))t s A t t s� ��

ànd

[ ( , ( )) ] [ ( ) ( ( ))]� � �

 
t s t s� �� �

�1

� � � �
� �

� � � �( ) [ ( ( )) ( ( ))] ( ) ( ( )) ( ( ))t s A s t s A s1 1
� � � � .

Using the iteration idea given in (6), (7), we can easily verify the following:

�� �



( , ( )) ( ( ))] ( , ( )) ( ( ))t s B s t s K s
j

j� � � �� , j �0 1 2, , , ... ,

where

K s A s K s K sj j j( ( )) ( ( )) ( ( )) ( ( ))� � � ��� �
� �1 1




, j �0 1 2, , , ... .

When � ( )s s t� � , we have

K t t s B sj s t( ) ( , ) ( )]�
�

��



, j �0 1 2, , , ... .

Based on the above iterative criteria, we have the following theorem.

Theorem 2. Suppose m is a positive integer such that for all t t t f�[ , ]
0

, B is

m times continuously
-differentiable and A is (m – 1) times continuously
-dif-

ferentiable. Then the linear dynamic system (1) is completely controllable on

[ , ]t t f0
if for some t t tc f�[ , ]

0
,

Rank [ ( ), ( ), ..., ( )]K t K t K t nc i c m c0
� . (8)
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P r o o f. Suppose rank condition (8) holds for some t t tc f�[ , ]
0

. Then it is

claimed that the dynamic system (1) is completely controllable. To the contrary,

suppose the dynamic system (1) is not completely controllable on [t t f0
, ]. Then

by theorem 1, the Grammian matrix W [t t f0
, ] is non-invertible, and hence there

exists an (n � 1) vector y such that

y t t B t* ( , ) ( )�
0

0� , t t t f�( , )
0

. (9)

Let y1 be a non-zero vector such that y t t rc1 0
�� ( , ) . Then from (9), we have

y t t B tc1
0

*
( , ) ( )� � , t t t f�( , )

0
. In particular, at t = tc, we have y K tc1 0

0
*

( ) � .

Now, 
-differentiation with respect to t yields

y t t K tc c1 1
0

*
( , ) ( )� � , t t t f�( , )

0
.

This implies y K ti c1
0

*
( ) � continuing in this way, we get y K tj c1

0
*

( ) � for j = 0,

1, 2, …, m. Therefore,

y K t K t K tc i c m c1 0
0

*
[ ( ), ( ) ... ( )]� � ,

and this contradicts the fact that (8) holds. Thus the proof of the theorem is com-

plete.

We now turn our attention to the concept of observability on a time scale dy-

namical system. It is simpler to consider the case of zero input, and this does not

entail any loss of generability since the concept is not altered in the presence of a

known input signal. Therefore, we consider the unforced dynamical system

x t A t x t


( ) ( ) ( )� , x t x( )
0 0
� ,

y t C t x t( ) ( ) ( )� .
(10)

Definition 2. The time scale dynamical system (10) is said to be completely

observable on [t t f0
, ], if for any initial state x t x( )

0 0
� , it is uniquely determined

by the corresponding response y (t) for all t t t f�[ , ]
0

.

We now present a necessary and sufficient condition for the system (10) to

be completely observable.

Theorem 3. The time varying time scale dynamical system (10) is com-

pletely observable on [t t f0
, ] if and only if the (n � n) symmetric observability

matrix

M t t s t C s C s s t sf

t

t f

[ , ] ( , ) ( ) ( ) ( , ) ( )
* *

0 0 0

0

�
�
� � 


is non-singular.
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P r o o f. Suppose that M t t f[ , ]
0

is nonsingular. Then the solution ex-

pression withU t( ) �0 is given by y t C t t t x( ) ( ) ( , )� �
0 0

, or

�
* *

( , ) ( ) ( )t t C t y t
0

�� �
* *

( , ) ( ) ( ) ( , )t t C t C t t t x
0 0 0

.

Hence

� 

* *

( , ) ( ) ( ) ( )s t C s y s s

t

t f

0

0

�
�

� �
�
� � 


* *
( , ) ( ) ( ) ( , ) ( ) ( , )s t C s C s s t x s M t t x

t

t

f

f

0 0 0 0

0

.

Since M is non-singular, x0 can be determined uniquely. Thus the dynamical sys-

tem (7) is completely observable.

Conversely, suppose the dynamic system (10) is completely observable.

Then it can be easily proved as in Theorem 1, that M t t f( , )
0

is nonsingular.

4. Real-time database systems. In this section, we shall be concerned with

real time database systems and in fact concurrency control is one of the main is-

sues of real time data base systems. Many real world applications contain time

constraints to data as well as access to data that has temporal validity. Telecom-

munication is an example of an application area, which has database require-

ments that require a real-time database or at least time-cognizant database.

Most database requests are simple reads, with access to few and return to some

value based on the content in the database. Our main concern in this section is,

is there a distributed concurrence control method that is suitable for a real-time

database system.

Traditional databases deal with persistent data. Transactions access this data

while maintaining consistency. The goal of transaction and query processing in

database is to get a good response time. On the other hand, real time systems can

also deal with temporal data; i.e., data that becomes outdated after a certain

amount of time. Due to the temporal character of the data and the response time

requirements forced by the nature, tasks in real time system have time con-

straints. The main purpose of this section is that time goal of real time system is

met with jump operators. These jump operators play a crucial role in updating

data and ignoring the outdated data and in softening the required information and

object information. Efficient concurrency control protocols are required in order

for it to be possible to schedule real-time database transactions. This is achieved

by jump operators to schedule real-time database transactions. We first define

the notion of a «real time». Given t R� , we write � ( )� i t to denote the value of� i

at time t interpreting the clock as a counter. That is � ( ) { / ( ) }� �i it n n t� �Sup .

Here supremum is used in the maximum sense. If the supremum is taken over
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an empty set, then it is zero, that is � ( )� i t = 0 if the clock is not ticked at all until

time t. It may be noted that a real-time transaction is a transaction with additional

real-time attributer: deadline, priority and importance. These attributes are used

by scheduling the real time algorithm and concurrency control method [6, 7].

We assume that every site contains a directory containing all objects and

their location. Further, every site contains data structures for keeping transaction

and object information. The transaction data structure contains information of

transaction and object information. The transaction data structure contains infor-

mation of transaction identification, the phase where a transaction is, transac-

tion’s read and write sets, and other information like administration. Before a

transaction can enter the read phase, we must first initialize data by using zero

( )x �0. Now the read phase starts with a begin operation. In the read phase if the

transaction reads an object several checks must be done. We first note that a

transaction requesting the data must be active and not aborted. Secondly, a re-

quested data item must not be marked as an validating object. Finally, if the ob-

ject is not located in the local node, a dead operation must be requested in the ob-

jects local node.

The importance of a real time database is its processing and its approach to

resolve data and resource conflicts. In real-time databases, timely transaction ex-

ecution is more important and both fairness and maximum resource utilization

become secondary goals. Further, the real time databases use the percentage of

transactions that complete within their deadlines. It is usually assumed that a

hard transaction can never come into conflict with any other transaction and hard

transactions cannot be aborted and will always complete successfully. Whereas

soft transactions might be in conflict with other soft transaction, and, if two soft

transactions attempt to obtain a read lock or write lock which violate the lock

compatibility, then the results in late transactions are considered to be in conflict

with each other. We first establish the following theorem which will be used for

further discussion.

Theorem 4. A hard database transaction can never enter a state of deadlock

caused by conflicts with any other database transaction.

P r o o f. Since hard database transaction can never be in conflict with any

other transaction it follows that conflicts can occur only in soft transactions.

These conflicts among soft transactions can be resolved in two ways : (1) If the

conflicting transaction occurs at a lower priority than any other conflicting soft

transaction, and has not entered the committing step, then it is aborted and thus

resolving the conflict. (2) If the conflicting soft transaction is executing at a

lower priority than any other conflicting soft transaction, and has entered the

committing step will be blocked until the transaction is complete and thus releas-

ing all its locks. Since a transaction, which has entered the committing step, can-
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not obtain any further locks, it cannot cause any further conflicts with any other

transaction, the proof is complete.

First, we initialize data and then local validation can be achieved by

SUCCESOR [SUCC (x) = x + 1] function which acts like iterating all objects ac-

cessed by the transaction, finds conflicting operation (if any), and resolves con-

flicts. The adjustment of time stamp intervals iterates through the READ set and

WRITE set of the validating transaction. This is achieved by the objects read and

write time stamp. When access has been made to the same objects both in the

validating transaction and in the active transaction, the temporal interval of the

active transaction is adjusted by the jump operators. Thus we use deferred dy-

namic time adjustment of the serial order.

The following serialization rule applies to each transaction.

Rule 1. A set of executing soft transactions are serialized in the order they

perform the end of transactions. This enables their changes visible for other

transactions.

Rule 2. A hard transaction, reading or writing the value of a data element x,

is serialized before all hard transactions reading or writing the value of x at a later

time. Further, the transaction is serialized before any soft database transaction

obtaining a lock on x at a later time.
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T Event Database State Comments

T1 INITIALIZE

BOT

Zero (x)

{x, y}

Zero

T1 starts

T1 W-lock (x) W t
DIFF W t W t

DIFF t t




( )
( ( ), ( ))

( , )

�

�

�

1

Lock is removed

DIFF (x, y) = x – y

SUCC (T1)

W t DIFF t t( ( )) ( ( ), ( ))� � �� � 1

T2

W t DIFF t t( ( )) ( ( ), ( ))� � �� � �1

Goes to the next event T2

T2 Write (x) � x� {x, y} T2 pre-empts T1 and update x.

T2 is serialized after T1.

T3 Write (y)� �y {x�, y�} T3 update y. Since y is not yet

write locked on T1. T3 is serialized

before T1 according to Rule 2.

T1 Upd (y1
) �y�� T1 update y however this update is

visible for other transactions.

T1 EOT {x�, y��} T1 ends and releases its lock.

Y11 is now visible.



Rule 3. A hard transaction, updating the value of a data element currently

locked by a soft transaction, is serialized only after that transaction.

We first need to verify that whether or not transactions always read the cor-

rect version of a data element, i.e., the value produced by the last serialized trans-

action updating that particular transaction and no intermediate results produced

by executing transactions are visible to other transactions i.e., we need to verify

consistency of transactions.

Now we consider three transactions T1, T2 and T3 executed in Table.

Note that T1 is a soft transaction T2 and T3 are hard transactions. The algo-

rithm can easily extended to n transactions n  3. In order to avoid monotony we

even omit formulating the algorithm.

From the example we see that the resulting serialization order is T3, T1 and

T2 even thorough the actual order of commit is T2, T3 and T1. This serialization

approach trades a relaxation of serialization for freshness of data.
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Ìîäåëèðîâàíèå òèïîâûõ
ðàñïðåäåëåííûõ çâåíüåâ ìåõàíè÷åñêîé
ñèñòåìû áóðîâîé óñòàíîâêè

(Ñòàòüþ ïðåäñòàâèë ä-ð òåõí. íàóê À. Ô. Âåðëàíü)

Ïîëó÷åíà ñòðóêòóðíàÿ îáðàòèìàÿ ìîäåëü ðàñïðåäåëåííûõ íåëèíåéíûõ çâåíüåâ áóðîâîé

óñòàíîâêè.

Îòðèìàíî ñòðóêòóðíó îáîðîòíó ìîäåëü ðîçïîä³ëåíèõ íåë³í³éíèõ ëàíîê áóðîâî¿ óñòàíîâêè.

Ê ë þ ÷ å â û å ñ ë î â à: ñòðóêòóðíàÿ îáðàòèìàÿ ìîäåëü, áóðîâàÿ óñòàíîâêà, ðàñïðåäå-
ëåííûå çâåíüÿ.

Ïðè ñîîðóæåíèè ñêâàæèí âîçíèêàåò íåîáõîäèìîñòü îáåñïå÷åíèÿ âûñîêèõ

òåõíèêî-ýêîíîìè÷åñêèõ ïîêàçàòåëåé ïðîöåññà áóðåíèÿ. Îñîáåííî àêòóàëü-

íîé ýòà çàäà÷à ñòàíîâèòñÿ ïðè ñîîðóæåíèè ãëóáîêèõ è ñâåðõãëóáîêèõ ñêâà-

æèí. Êàê èçâåñòíî, ñ óâåëè÷åíèåì ãëóáèíû ñêâàæèíû çíà÷èòåëüíî âîçðàñòàåò

òâåðäîñòü ãîðíûõ ïîðîä, òåìïåðàòóðà â çîíå çàáîÿ, ýíåðãîåìêîñòü ðàçðóøå-

íèÿ ïîðîäû, çàòðóäíÿåòñÿ ïîäâîä ïðîìûâî÷íîé æèäêîñòè. Âñå ýòî óõóäøàåò

ïðîöåññ ðàçðóøåíèÿ ïîðîäû, ñíèæàåò äîëãîâå÷íîñòü áóðîâîãî ïîðîäîðàç-

ðóøàþùåãî èíñòðóìåíòà è äðóãèõ óçëîâ áóðîâîé óñòàíîâêè.

Ïîâûñèòü òåõíèêî-ýêîíîìè÷åñêèå ïîêàçàòåëè áóðåíèÿ ìîæíî óëó÷øå-

íèåì äèíàìèêè ïðîöåññà ðàçðóøåíèÿ ïîðîäû ïðè ïåðåäà÷å ìåõàíè÷åñêèõ

óñèëèé ÷åðåç êîëîííó áóðèëüíûõ òðóá ñ ïîâåðõíîñòè ê çàáîþ è â îáðàòíîì

íàïðàâëåíèè, ÷òî, â ñâîþ î÷åðåäü, òðåáóåò èñïîëüçîâàíèÿ â àâòîìàòèçè-

ðîâàííîé ñèñòåìå óïðàâëåíèÿ êîìïüþòåðíûõ ìîäåëåé ýëåìåíòîâ áóðîâîé

óñòàíîâêè [1]. Ïðåæäå âñåãî ýòî îòíîñèòñÿ ê ýëåìåíòàì ñ ðàñïðåäåëåííûìè

ïàðàìåòðàìè, ïðåäñòàâëÿåìûìè â âèäå ðàñïðåäåëåííûõ çâåíüåâ. Â áóðîâîé

óñòàíîâêå ýëåìåíòîì ñ íàèáîëåå âûðàæåííûìè ñâîéñòâàìè ðàñïðåäåëåíèÿ

ïàðàìåòðîâ ÿâëÿåòñÿ êîëîííà áóðèëüíûõ òðóá.
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Ïðèìåíåíèå êîìïüþòåðíîé ìîäåëè êîëîííû áóðèëüíûõ òðóá ïðè àâòî-

ìàòèçèðîâàííîì óïðàâëåíèè ïðîöåññîì áóðåíèÿ äàåò âîçìîæíîñòü ðåøàòü

ñëåäóþùèå çàäà÷è:

îáåñïå÷åíèå îïòèìàëüíîé íàãðóçêè íà äîëîòî ïîñðåäñòâîì ó÷åòà äèíà-

ìè÷åñêîé ñîñòàâëÿþùåé ïðè âçàèìîäåéñòâèè áóðèëüíîé êîëîííû ñ çàáîåì

ñêâàæèíû;

óìåíüøåíèå âðåìåíè ñïóñêîïîäúåìíûõ ðàáîò â ðåçóëüòàòå àâòîìàòè-

÷åñêîé ïîääåðæêè äîïóñòèìûõ íàãðóçî÷íûõ ïàðàìåòðîâ ñ ó÷åòîì âçàèìî-

äåéñòâèÿ êîëîííû ñ ïðîìûâî÷íîé æèäêîñòüþ;

óìåíüøåíèå çàòðàò ýíåðãèè â ðåçóëüòàòå ýôôåêòèâíîãî óïðàâëåíèÿ ðå-

æèìàìè ðàáîòû íàçåìíîé ñèñòåìû.

Ñîâðåìåííàÿ áóðîâàÿ óñòàíîâêà ÿâëÿåòñÿ ñëîæíûì êîìïëåêñîì ðàçíî-

îáðàçíîãî îáîðóäîâàíèÿ: äâèãàòåëåé ñ ñèñòåìàìè óïðàâëåíèÿ; ìåõàíèçìîâ

äëÿ ñïóñêà, ïîäúåìà è âðàùåíèÿ èíñòðóìåíòà; íàñîñîâ äëÿ ïðîêà÷êè ïðî-

ìûâî÷íîé æèäêîñòè; îáîðóäîâàíèÿ äëÿ ìåõàíèçàöèè è àâòîìàòèçàöèè

ñïóñêîïîäúåìíûõ ðàáîò; áóðîâîé âûøêè äëÿ óäåðæàíèÿ òàëåâîãî ìåõàíèçìà

è ðàçìåùåíèÿ áóðèëüíûõ òðóá [2].

Ðàáîòà àãðåãàòîâ áóðîâîãî êîìïëåêñà ñîïðîâîæäàåòñÿ èíòåíñèâíûìè

ìåõàíè÷åñêèìè êîëåáàíèÿìè, êîòîðûå âûçâàíû ÷àñòûìè ïóñêàìè è îñòà-

íîâêàìè ïðèâîäíûõ ñèñòåì, èçìåíåíèåì ñèë ñîïðîòèâëåíèÿ äâèæåíèÿ áó-

ðèëüíîé êîëîííû, êîëåáàíèÿìè äàâëåíèÿ â íàñîñíûõ ñòàíöèÿõ è èçìåíåíèåì

ñèë ñîïðîòèâëåíèÿ ïðè äâèæåíèè ïðîìûâî÷íîé æèäêîñòè â ñêâàæèíå. Â

ïðîöåññå ïðîõîäêè ñêâàæèíû â áóðèëüíîé êîëîííå âîçíèêàþò óïðóãèå âîë-

íû, êîòîðûå ïåðåíîñÿò ýíåðãèþ êîëåáàíèé è îïðåäåëÿþò äèíàìèêó ïðî-

öåññà ðàçðóøåíèÿ ïîðîäû. Íåäîñòàòî÷íîå èçó÷åíèå ïðîöåññîâ, ïðîèñõî-

äÿùèõ âî âðåìÿ áóðåíèÿ, ïðåíåáðåæåíèå äèíàìè÷åñêèìè ñîñòàâëÿþùèìè

ïðè óïðàâëåíèè ïðèâîäÿò ê óõóäøåíèþ êà÷åñòâà óïðàâëåíèÿ, à â îòäåëü-

íûõ ñëó÷àÿõ ê âîçíèêíîâåíèþ àâòîêîëåáàíèé è, êàê ñëåäñòâèå, ê àâà-

ðèéíûì ñèòóàöèÿì.

Ñëåäóåò çàìåòèòü, ÷òî àíàëèç ïðîöåññîâ, ïðîèñõîäÿùèõ ïðè áóðåíèè

ñêâàæèíû, âîçìîæåí ëèøü ïðè óñëîâèè êîìïëåêñíîãî ïîäõîäà, êîãäà

ñèñòåìà ðàññìàòðèâàåòñÿ ñ ó÷åòîì âçàèìîäåéñòâèÿ äâèãàòåëåé, ïåðåäà-

òî÷íûõ ìåõàíèçìîâ, èñïîëíèòåëüíûõ ýëåìåíòîâ è íåñóùèõ êîíñòðóêöèé.

Ïðè ýòîì ïðèõîäèòñÿ èìåòü äåëî ñ ìîäåëÿìè ýëåìåíòîâ ðàçíîé ôèçè-

÷åñêîé ïðèðîäû, èìåþùèõ ñóùåñòâåííûå îòëè÷èÿ ïðè èõ ìàòåìàòè÷åñ-

êîì îïèñàíèè [3, 4]. Àíàëèç òàêèõ ñèñòåì ñ ïîìîùüþ òðàäèöèîííûõ

ìåòîäîâ, êîãäà ðåøàåòñÿ ñèñòåìà óðàâíåíèé, â êîòîðóþ âõîäÿò îáûêíî-

âåííûå äèôôåðåíöèàëüíûå óðàâíåíèÿ, óðàâíåíèÿ â ÷àñòíûõ ïðîèçâîäíûõ,

íåëèíåéíûå äèôôåðåíöèàëüíûå óðàâíåíèÿ, èíòåãðàëüíûå è èíòåãðî-äèôôå-

ðåíöèàëüíûå óðàâíåíèÿ, ñâÿçàí ñ òðóäíîñòÿìè, ïðåæäå âñåãî, âñëåäñòâèå

îòñóòñòâèÿ îáùèõ ìåòîäîâ èõ ðåøåíèÿ.
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Â ïðåäëàãàåìîì ïîäõîäå îñóùåñòâëÿåòñÿ äåêîìïîçèöèÿ ñëîæíîé íå-

îäíîðîäíîé äèíàìè÷åñêîé ñèñòåìû íà áîëåå ïðîñòûå ñòðóêòóðíûå ýëå-

ìåíòû, ÷òî äàåò âîçìîæíîñòü ñâåñòè ðåøåíèå ñëîæíîé çàäà÷è ê ðåøåíèþ

îïðåäåëåííîãî ÷èñëà ïðîñòûõ çàäà÷. Ïðèìåíåíèå ïðèíöèïà äåêîìïîçè-

öèè ïîçâîëÿåò ïðåäñòàâèòü ñëîæíóþ ìîäåëü â âèäå îïðåäåëåííîé ñòðóê-

òóðû èç áîëåå ïðîñòûõ áëîêîâ.

Ïðè ÷èñëåííîé ðåàëèçàöèè äëÿ êàæäîãî ñòðóêòóðíîãî ýëåìåíòà ìàêðî-

ìîäåëè âîçìîæåí âûáîð íàèáîëåå ýôôåêòèâíîãî ìåòîäà, êîòîðûé îïðåäå-

ëÿåòñÿ àëãîðèòìîì, èñïîëüçóåìûì â ñîîòâåòñòâóþùåì ïðîãðàììíîì ìîäóëå.

Òàêîé ïîäõîä ìîæíî íàçâàòü ñòðóêòóðíî-àëãîðèòìè÷åñêèì, ïîñêîëüêó îïðå-

äåëåííîìó ñòðóêòóðíîìó ýëåìåíòó ñòàâèòñÿ â ñîîòâåòñòâèå àëãîðèòì. Â êî-

íå÷íîì ðåçóëüòàòå ïðèìåíåíèå ñòðóêòóðíîãî ïîäõîäà äàåò âîçìîæíîñòü ñèí-

òåçèðîâàòü ìîäåëè ñëîæíûõ ñèñòåì èç îïðåäåëåííîãî áàçîâîãî íàáîðà

êîìïüþòåðíûõ ìîäóëåé.

Â íàñòîÿùåå âðåìÿ äëÿ ðåøåíèÿ î÷åð÷åííîãî êðóãà çàäà÷ ìîæíî èñïîëü-

çîâàòü ìíîæåñòâî ïðîãðàììíûõ ñðåäñòâ, íàïðèìåð MathCAD, Mathematica,

Maple, MatLAB, FemLab, WorkBench, Scilab, ÌÀÐÑ, ADAMS è äð. Äëÿ

ðåàëèçàöèè ñòðóêòóðíî-àëãîðèòìè÷åñêîãî ïîäõîäà ïðè ñèíòåçå êîìïüþ-

òåðíûõ ìîäåëåé íàèáîëåå ýôôåêòèâíîé ñðåäîé ìîäåëèðîâàíèÿ ÿâëÿåòñÿ

MatLAB.

Ïîñòàíîâêà çàäà÷è. Äëÿ ïîâûøåíèÿ òåõíèêî-ýêîíîìè÷åñêèõ ïîêàçà-

òåëåé ïðîöåññà áóðåíèÿ íåîáõîäèìî ðàçðàáîòàòü ýôôåêòèâíûå ìîäåëè

îñíîâíûõ çâåíüåâ áóðîâîé óñòàíîâêè, êîòîðûå ìîãóò áûòü èñïîëüçîâàíû êàê

íà ýòàïå ïðîåêòèðîâàíèÿ îáîðóäîâàíèÿ, òàê è ïðè ñîçäàíèè àâòîìàòèçè-

ðîâàííûõ ñèñòåì óïðàâëåíèÿ. Íà ñòàäèè àïðîáàöèè ìîäåëåé â êà÷åñòâå ñðåäû

ìîäåëèðîâàíèÿ öåëåñîîáðàçíî èñïîëüçîâàòü èíòåðàêòèâíûé èíñòðóìåíòàðèé

äëÿ ìîäåëèðîâàíèÿ, èìèòàöèè è àíàëèçà äèíàìè÷åñêèõ ñèñòåì — Simulink/

MatLAB. Ïîñêîëüêó â ñåðèéíûõ èññëåäîâàòåëüñêèõ ïðîãðàììàõ êîìïüþ-

òåðíîé ìàòåìàòèêè, è â ÷àñòíîñòè â Simulink/MatLAB, îòñóòñòâóþò ñðåäñòâà

äëÿ ìîäåëèðîâàíèÿ çâåíüåâ ñ ðàñïðåäåëåííûìè ïàðàìåòðàìè, à òàêæå çâåíüåâ

ñ äèíàìè÷åñêèìè íåëèíåéíîñòÿìè, âîçíèêàåò çàäà÷à ðàçðàáîòêè íà áàçå ñó-

ùåñòâóþùèõ áèáëèîòåê ìàêðîìîäåëåé òèïîâûõ ðàñïðåäåëåííûõ è íåëèíåé-

íûõ äèíàìè÷åñêèõ çâåíüåâ áóðîâîé óñòàíîâêè.

Íà ðèñ. 1 ïðèâåäåíà óïðîùåííàÿ ñõåìà áóðîâîé óñòàíîâêè, à íà ðèñ. 2 —

åå ñòðóêòóðíàÿ áëîê-ñõåìà. Îáîðóäîâàíèå áóðîâîé óñòàíîâêè âçàèìîäåéñò-

âóåò ìåæäó ñîáîé ïîñðåäñòâîì ñâÿçåé ðàçëè÷íîãî õàðàêòåðà — ìåõàíè÷åñ-

êèõ, ýëåêòðè÷åñêèõ èëè ãèäðàâëè÷åñêèõ.

Ïðè ÷èñëåííîé ðåàëèçàöèè ìîäåëèðóåìûõ áëîêîâ áóðîâîé óñòàíîâêè

çíà÷èòåëüíûå òðóäíîñòè âûçûâàþò ýëåìåíòû ñ ðàñïðåäåëåííûìè ïàðàìåò-

ðàìè. Â ïåðâóþ î÷åðåäü ýòî êàñàåòñÿ êîëîííû áóðèëüíûõ òðóá, êîòîðàÿ

Ìîäåëèðîâàíèå òèïîâûõ ðàñïðåäåëåííûõ çâåíüåâ ìåõàíè÷åñêîé ñèñòåìû
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ÿâëÿåòñÿ íåîäíîðîäíîé, ïîñêîëüêó îíà ñîñòîèò èç ðàçíîîáðàçíîãî îáî-

ðóäîâàíèÿ (ñòàëüíûõ è óòÿæåëåííûõ áóðèëüíûõ òðóá, öåíòðàòîðîâ, ïåðå-

âîäíèêîâ, êàëèáðàòîðîâ, ðàñøèðèòåëåé, øëàìîóëàâëèâàòåëåé è äð.). Ýëå-

ìåíòîì ñ ðàñïðåäåëåííûìè ïàðàìåòðàìè ÿâëÿåòñÿ òàêæå ñòîëá ïðîìû-

âî÷íîé æèäêîñòè, êîòîðàÿ ïîäàåòñÿ ÷åðåç áóðîâóþ êîëîííó ê çàáîþ. Íåîá-

õîäèìîñòü ó÷åòà äèíàìèêè äâèæåíèÿ ïðîìûâî÷íîé æèäêîñòè â áóðîâîé

êîëîííå âûçâàíà òåì, ÷òî ïðîìûâî÷íàÿ æèäêîñòü ïðè áóðåíèè çàáîéíûì

äâèãàòåëåì èñïîëüçóåòñÿ äëÿ ïåðåäà÷è ýíåðãèè ê äâèãàòåëþ, à óïðàâëåíèå

âðàùàòåëüíûì ìîìåíòîì íà äîëîòå îñóùåñòâëÿåòñÿ ÷åðåç ãèäðàâëè÷åñ-

êóþ ñâÿçü.

Êîëîííó áóðèëüíûõ òðóá, ñ ó÷åòîì ðÿäà ïðåäïîëîæåíèé, ìîæíî ñ÷è-

òàòü óïðóãèì ñòåðæíåì ñ ðàñïðåäåëåííîé ìàññîé, óïðóãîñòüþ è âÿçêèì

òðåíèåì. Ê íèæíåìó êîíöó êîëîííû ïðèëîæåíà îñåâàÿ ðåàêöèÿ çàáîÿ è

ðåàêöèÿ äîëîòà, à ïî äëèíå — ðàñïðåäåëåííûå ñèëû âåñà, âÿçêîãî òðåíèÿ,
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Ðèñ. 1. Ñõåìà áóðîâîé óñòàíîâêè: 1 — äîëîòî; 2 — çàáîéíûé äâèãàòåëü; 3 — êîëîííà

áóðèëüíûõ òðóá; 4 — ðîòîð; 5 — âåðòëþã; 6 — òàëåâàÿ ñèñòåìà; 7 — êðîíáëîê; 8 —

ëåáåäêà; 9 — ðåäóêòîð; 10 — ýëåêòðîäâèãàòåëü ïîäà÷è äîëîòà; 11 — ýëåêòðîäâèãàòåëü

ðîòîðà; 12 — òèðèñòîðíûé ïðåîáðàçîâàòåëü; 13 — íàñîñ ïðîìûâî÷íîé æèäêîñòè; 14 — ñèñ-

òåìà óïðàâëåíèÿ; 15 — äàò÷èê íàãðóçêè; 16 — íåïîäâèæíûé êîíåö òàëåâîãî êàíàòà; 17 —

áóðîâàÿ âûøêà



èíåðöèè. Â áóðîâîé êîëîííå ïðèñóòñòâóþò òðè âèäà äåôîðìàöèè —

êðó÷åíèÿ, èçãèáà è ðàñòÿæåíèÿ-ñæàòèÿ.

Äåôîðìàöèÿ êðó÷åíèÿ âëèÿåò íà äèíàìèêó âðàùàòåëüíîãî äâèæåíèÿ

äîëîòà. Ïðè ýòîì íà äîëîòî äåéñòâóåò ïðîäîëüíàÿ ñèëà ñî ñòîðîíû áó-

ðîâîé êîëîííû, êîòîðàÿ, â ñâîþ î÷åðåäü, çàâèñèò îò äèíàìèêè ïðîäîëü-

íîãî äâèæåíèÿ êîëîííû. Äëÿ ïîääåðæêè îïòèìàëüíîé íàãðóçêè íà äîëîòî

íåîáõîäèìî ó÷èòûâàòü òàêæå äåôîðìàöèè ðàñòÿæåíèÿ-ñæàòèÿ â ýëåìåí-

òàõ êîëîííû. Îïðåäåëåííûå èñêàæåíèÿ â ðàñ÷åòû ïðîäîëüíîãî è âðà-

ùàòåëüíîãî äâèæåíèÿ âíîñèò äåôîðìàöèÿ èçãèáà. Òàê, ïðè äåéñòâèè âðà-

ùàòåëüíîãî ìîìåíòà è ñèëû ñæàòèÿ ó÷àñòîê êîëîííû äåôîðìèðóåòñÿ â

âèäå ïðîñòðàíñòâåííîé ñïèðàëè îãðàíè÷åííîé ñòåíêàìè áóðîâîé ñêâà-

æèíû. Îäíàêî äëÿ ìíîãèõ çàäà÷, â ÷àñòíîñòè ïðè èñïîëüçîâàíèè çàáîéíûõ

äâèãàòåëåé, äîñòàòî÷íî ó÷èòûâàòü â ìîäåëè äâå âçàèìîñâÿçàííûå õà-

ðàêòåðèñòèêè — äèíàìèêó âðàùàòåëüíîãî è ïîñòóïàòåëüíîãî äâèæåíèÿ.

Ñâÿçü ïàðàìåòðîâ, õàðàêòåðèçóþùèõ ïîñòóïàòåëüíîå è âðàùàòåëüíîå äâè-

Ìîäåëèðîâàíèå òèïîâûõ ðàñïðåäåëåííûõ çâåíüåâ ìåõàíè÷åñêîé ñèñòåìû
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Ðèñ. 2. Ñòðóêòóðíàÿ áëîê-ñõåìà áóðîâîé óñòàíîâêè



æåíèå, îñóùåñòâëÿåòñÿ ïîñðåäñòâîì ìîäåëè, îïèñûâàþùåé âçàèìîäåéñò-

âèå «ïîðîäà — äîëîòî — êîëîííà». Åñëè èñïîëüçóåòñÿ øàðîøå÷íîå äîëîòî,

òî ïðè åãî âðàùåíèè, â ðåçóëüòàòå ïåðåêà÷èâàíèÿ øàðîøåê ïî çàáîþ

âîçíèêàþò ïðîäîëüíûå êîëåáàíèÿ êîðïóñà äîëîòà, êîòîðûå ïåðåäàþòñÿ

áóðèëüíîé êîëîííå, à çóáöû øàðîøêè, âñëåäñòâèå óäàðíîãî âçàèìîäåéñò-

âèÿ ñ ïîðîäîé, âûçûâàþò åå ðàçðóøåíèå.

Òàêèì îáðàçîì, äëÿ ïîëó÷åíèÿ ïîëíîöåííûõ ðåçóëüòàòîâ ìîäåëèðî-

âàíèÿ íåîáõîäèìî ó÷èòûâàòü âçàèìîäåéñòâèå ïîðîäû, øàðîøå÷íîãî äî-

ëîòà, çàáîéíîãî äâèãàòåëÿ è êîëîíû áóðèëüíûõ òðóá.

Ïîñòðîåíèå ìàòåìàòè÷åñêîé ìîäåëè. Ðàññìîòðèì ñïîñîáû ìàòåìàòè-

÷åñêîãî îïèñàíèÿ äèíàìèêè ïðîäîëüíîãî è âðàùàòåëüíîãî äâèæåíèÿ êîëîí-

íû áóðèëüíûõ òðóá. Ñêîðîñòü ñìåùåíèÿV x t( , ) ñå÷åíèé êîëîííû, âûçâàííàÿ

äåéñòâèåì ïîãîííîé âíåøíåé ñèëû F x t( , ) îïèñûâàåòñÿ äèôôåðåíöèàëüíûì

óðàâíåíèåì â ÷àñòíûõ ïðîèçâîäíûõ
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ãäå m x( ) è h x( ) — ïîãîííàÿ ìàññà è ïîãîííûé êîýôôèöèåíò ñîïðîòèâ-

ëåíèÿ êîëîííû; k — êîýôôèöèåíò óïðóãîñòè; F(x, t) — ïîãîííàÿ âíåøíÿÿ

ñèëà; T x t( , ) — ïîãîííàÿ ñèëà òÿæåñòè; V x t( , ) — ñêîðîñòü äâèæåíèÿ ñå÷å-

íèÿ êîëîííû.

Äëÿ îïèñàíèÿ äèíàìèêè âðàùàòåëüíîãî äâèæåíèÿ êîëîííû èñïîëü-

çóåì óðàâíåíèå
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ãäå �— ÷àñòîòà âðàùåíèÿ êîëîííû; J — ìîìåíò èíåðöèè; G — ìîäóëü

ñäâèãà; Ì — ìîìåíò êðó÷åíèÿ; � — êîýôôèöèåíò ñîïðîòèâëåíèÿ âðàùà-

òåëüíîãî äâèæåíèÿ; Jp — ïîëÿðíûé ìîìåíò èíåðöèè.

Îäíàêî, åñëè êîëîííà áóðèëüíûõ òðóá íåîäíîðîäíàÿ, à òàêæå ïðè

íåëèíåéíîé ïîñòàíîâêå çàäà÷è, ïðèìåíåíèå ïîäõîäà, ïðè êîòîðîì ðå-

øàåòñÿ èñõîäíàÿ ñèñòåìà äèôôåðåíöèàëüíûõ óðàâíåíèé â ÷àñòíûõ ïðîèç-

âîäíûõ, íåýôôåêòèâíî.

Èñïîëüçóåì ñòðóêòóðíûå ìîäåëè â âèäå ìíîãîìàññîâûõ ñèñòåì ñ ñîñ-

ðåäîòî÷åííûìè ìàññàìè. Ïðèìåíèâ ìåòîä ïðÿìûõ ê óðàâíåíèÿì (1) è (2),

ïîëó÷èì äâå ñèñòåìû èç n äèôôåðåíöèàëüíûõ óðàâíåíèé êàæäàÿ:

m
V

t
h

V

t
k V V V

F

t

T
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i

i
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i
i i i i

i i�
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J
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i
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� �
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�

��

�

� � �
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2 1 1
2� � � � �

� �
( ) , i n�1 2, , ..., , (4)

ãäå Vi — ñêîðîñòü äâèæåíèÿ i-ãî ýëåìåíòà; Fi è Ti — âíåøíÿÿ ñèëà è ñèëà

òÿæåñòè, äåéñòâóþùèå íà i-é ýëåìåíò; hi è ki — êîýôôèöèåíò ñîïðîòèâëåíèÿ

è êîýôôèöèåíò óïðóãîñòè äëÿ i-ãî ýëåìåíòà; �i — ÷àñòîòà âðàùåíèÿ i-ãî

ýëåìåíòà êîëîííû; Ìi — ìîìåíò êðó÷åíèÿ, äåéñòâóþùèé íà i-é ýëåìåíò; �i —

êîýôôèöèåíò ñîïðîòèâëåíèÿ âðàùàòåëüíîìó äâèæåíèþ i-ãî ýëåìåíòà êîëîí-

íû; Jpi — ïîëÿðíûé ìîìåíò èíåðöèè i-ãî ýëåìåíòà êîëîííû.

Ïîñëå èíòåãðèðîâàíèÿ ñèñòåì óðàâíåíèé (3) è (4) ïîëó÷èì

m
x

t
h

x

t
k x x x F Ti

i
i

i
i i i i i

�

�

�

�

2

2 1 1
2� � � � � �

� �
( ) , i n�1 2, , ..., ; (5)

J
t t

GJ Mi
i

i
i

pi i i i i

� �

�

�

��

�

� � �

2

2 1 1
2� � � � �

� �
( ) , i n�1 2, , ..., , (6)

ãäå x i è � i — êîîðäèíàòà è óãîë ñäâèãà i-ãî ýëåìåíòà.

Ïîëó÷åííàÿ ìîäåëü â âèäå ñèñòåìû äèôôåðåíöèàëüíûõ óðàâíåíèé

ïîçâîëÿåò ïðîâåñòè äåêîìïîçèöèþ èñõîäíîé ìîäåëè ïî ïåðåìåííûì x è �

íà n çâåíüåâ. Åñëè ïðîâîäèòü äåêîìïîçèöèþ äàëüøå íà óðîâíå ïîëó÷åí-

íûõ çâåíüåâ, òî öåëåñîîáðàçíî âûäåëèòü â åå ñòðóêòóðå âåëè÷èíû, èìåþ-

ùèå ôèçè÷åñêèé ñìûñë. Ýòî äàñò âîçìîæíîñòü ðåàëèçîâàòü äèíàìè÷åñêèå

íåëèíåéíûå çàâèñèìîñòè ÷åðåç ñòàòè÷åñêèå (íàïðèìåð, èñïîëüçîâàíèå íå-

ëèíåéíîé çàâèñèìîñòè â âèäå ïåòëè ãèñòåðåçèñà ïîçâîëÿåò âîññîçäàòü â

ñòðóêòóðíîé ìîäåëè ýôôåêò ïîòåðè ÷àñòè ýíåðãèè ïðè ïëàñòè÷åñêîé äå-

ôîðìàöèè âñëåäñòâèå âíóòðåííåãî òðåíèÿ).

Ïîñëå ýêâèâàëåíòíûõ ïðåîáðàçîâàíèé äëÿ ðåàëèçàöèè i-õ äèôôåðåí-

öèàëüíûõ óðàâíåíèé ñèñòåì (5) è (6) ïîëó÷èì ñòðóêòóðíîå çâåíî â âèäå
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ïîäñèñòåìû simulink-ìîäåëè (ðèñ. 3). Ïîëó÷åííàÿ ïîäñèñòåìà ÿâëÿåòñÿ

îñíîâîé äëÿ ñèíòåçà ñòðóêòóðíîé êîìïüþòåðíîé ìîäåëè, ðåàëèçóþùåé

ñèñòåìû óðàâíåíèé (5), (6). Ñîåäèíåíèå ïîäñèñòåì îñóùåñòâëÿåòñÿ â ñîîò-

âåòñòâèè ñî ñâÿçÿìè ìåæäó ïàðàìåòðàìè â ñèñòåìàõ äèôôåðåíöèàëüíûõ

óðàâíåíèé (ðèñ. 4).

Ñèíòåçèðîâàííàÿ òàêèì îáðàçîì ñòðóêòóðíàÿ ìîäåëü áóðèëüíîé êî-

ëîííû èìååò ðÿä âàæíûõ ñâîéñòâ. Âî-ïåðâûõ, äèñêðåòèçàöèÿ êîëîííû íà

çâåíüÿ ñ ñîñðåäîòî÷åííûìè ìàññàìè äàåò âîçìîæíîñòü äëÿ êàæäîãî çâåíà
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Ðèñ. 3. Ñòðóêòóðíàÿ ñõåìà çâåíà äëÿ ìîäåëèðîâàíèÿ ó÷àñòêà êîëîííû ñ ñîñðåäîòî÷åííîé

ìàññîé ïðè ïîñòóïàòåëüíîì è âðàùàòåëüíîì äâèæåíèÿõ

Xi+1 Xi+1 Xi+1 Xi+1 Xi+1 Xi+1

Xi-1 Xi-1 Xi-1 Xi-1 Xi-1 Xi-1
Xi Xi Xi Xi Xi Xi

Qi+1 Qi+1 Qi+1 Qi+1 Qi+1 Qi+1

Qi-1 Qi-1 Qi-1 Qi-1 Qi-1 Qi-1
Qi Qi Qi Qi Qi Qi

Sub_X-Q36 Sub_X-Q37 Sub_X-Q38 Sub_X-Q39 Sub_X-Q40 Sub_X-Q41

Ðèñ. 4. Ñòðóêòóðíàÿ ñõåìà ó÷àñòêà êîëîííû ïðè àïïðîêñèìàöèè ñîñðåäîòî÷åííûìè ìàññàìè



ïðîâîäèòü óòî÷íåíèå ìîäåëè, ó÷èòûâàÿ îïðåäåëåííûå îñîáåííîñòè íà

ó÷àñòêàõ êîëîííû, â òîì ÷èñëå è íåëèíåéíûå çàâèñèìîñòè (íàïðèìåð,

èçìåíåíèå òåìïåðàòóðû ñ óâåëè÷åíèåì ãëóáèíû, à òàêæå äðóãèõ ïàðàìåò-

ðîâ ìîäåëè, çàâèñÿùèõ îò òåìïåðàòóðû). Âî-âòîðûõ, âñëåäñòâèå îðãàíèçà-

öèè ïðÿìûõ è îáðàòíûõ ñâÿçåé ìåæäó çâåíüÿìè ìîäåëü èìååò ñâîéñòâî

îáðàòèìîñòè, ÷òî äàåò âîçìîæíîñòü îñóùåñòâëÿòü âõîäíûå âîçäåéñòâèÿ è

ïîëó÷àòü ðåçóëüòàòû íà óðîâíå ëþáîãî ñòðóêòóðíîãî çâåíà ìîäåëè.

Ïðè ïîñòðîåíèè ìîäåëè áóðèëüíîé êîëîííû ïðåäïîëîæèì, ÷òî îíà

îäíîðîäíàÿ íà êîíå÷íîì ÷èñëå ó÷àñòêîâ íåíóëåâîé äëèíû. Òîãäà â ïðå-

äåëàõ îäíîãî òàêîãî ó÷àñòêà áóäåì èìåòü íåèçìåííûå ïàðàìåòðû. Ðàñ-

ñìîòðèì íåêîòîðûå èç íèõ.

Ìîìåíò èíåðöèè ó÷àñòêà êîëîííû ïîãîííîé ìàññû m è äëèíû l íàõî-

äèì èç âûðàæåíèÿ

J
ml R r

�

�( )
2 2

2

,

ãäå R è r — âíåøíèé è âíóòðåííèé ðàäèóñû êîëîííû.

Ïîëÿðíûé ìîìåíò èíåðöèè ó÷àñòêà êîëîííû âû÷èñëÿåì ïî ôîðìóëå

J

d
r

R
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�
�

�




�

�

�

�

�






�

�

�
�

�
4

4

1

32

,

ãäå d — âíåøíèé äèàìåòð êîëîííû.

Ìîìåíò ñîïðîòèâëåíèÿ, âûçâàííûé ñèëàìè âÿçêîñòè ïðè âðàùàòåëü-

íîì äâèæåíèè êîëîííû â ïðîìûâî÷íîé æèäêîñòè, âû÷èñëÿåì ïî ôîðìóëå

Ìàðãóëåñà:

�

��� �

�

��

�

h

rT

2

2
1( )

, � �

R

r

ñ

ò

,

ãäå � — êîýôôèöèåíò âÿçêîñòè äëÿ ïðîìûâî÷íîé æèäêîñòè; h — äëèíà

ó÷àñòêà êîëîííû; R
ñ

— ðàäèóñ ñêâàæèíû; r
ò

— âíåøíèé ðàäèóñ ñå÷åíèÿ

áóðèëüíîé òðóáû.

Âàæíûé ìîìåíò â ïðîöåññå ïîñòðîåíèÿ êîìïüþòåðíîé ìîäåëè áó-

ðèëüíîé êîëîííû — âîñïðîèçâåäåíèå âçàèìîäåéñòâèÿ äîëîòà ñ çàáîåì.

Ïðè âðàùåíèè øàðîøå÷íîãî äîëîòà ïðîèñõîäèò ñëîæíûé ïðîöåññ ïåðåêà-

÷èâàíèÿ çóáöîâ âåíöà øàðîøêè ïî çàáîþ è èõ âäàâëèâàíèå â ïîðîäó,

âûçûâàþùåå åå ðàçðóøåíèå. Íà ðèñ. 5 ñõåìàòè÷åñêè ïîêàçàí îäíîðàçîâûé

àêò ïåðåêà÷èâàíèÿ çóáöà êîíè÷åñêîé øàðîøêè âîêðóã ìãíîâåííîãî öåíòðà

âðàùåíèÿ Â1 (Â2). Âñëåäñòâèå ýòîãî îñü øàðîøêè ïåðåìåùàåòñÿ èç òî÷êè
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O1 â òî÷êó O2, à êîðïóñ äîëîòà ñìåùàåòñÿ â âåðòèêàëüíîì íàïðàâëåíèè íà

âåëè÷èíó

h r
z

t
z

� �
�

�




�

�

� �
�

�




�

�

�â ø
cos cos sin

�

�

�

� ,

ãäå �
ø

— óãëîâàÿ ñêîðîñòü âðàùåíèÿ øàðîøêè; r
â

— ðàäèóñ ïåðèôå-

ðèéíîãî âåíöà øàðîøêè; z — ÷èñëî çóáöîâ øàðîøêè; � — óãîë ìåæäó

îñüþ äîëîòà è îñüþ øàðîøêè.

Ïðè ïîâîðîòå øàðîøêè íà óãîë � ��
ø

t âîçíèêàåò ìîìåíò ñèëû, ïðè-

ëîæåííûé ê îñè øàðîøêè,

M r P
z

ø â ø
tg� �

�

�




�

�

��

�

,

ãäå P — ñèëà, äåéñòâóþùàÿ íà äîëîòî ñî ñòîðîíû áóðèëüíîé êîëîííû. Â

ïîëîæåíèè � = 0 ìîìåíò ñèëû M
ø

èçìåíÿåò çíàê, ò.å. íà ïðîìåæóòêå

[– �max, 0] ìîìåíò ñèëû ïðîòèâîäåéñòâóåò âðàùàòåëüíîìó äâèæåíèþ äîëî-

òà, à íà ïðîìåæóòêå [0, �max] óñêîðÿåò åãî.

Îñîáåííîñòüþ ïðîöåññà ïåðåêà÷èâàíèÿ øàðîøêè ÿâëÿåòñÿ òîò ôàêò,

÷òî âðåìÿ t è óãîë � ��
ø

t íàõîäÿòñÿ â ïðîìåæóòêàõ ñîîòâåòñòâåííî
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Ðèñ. 5. Ñõåìà ïîâîðîòà ïåðèôåðèéíîãî âåíöà øàðîøêè âîêðóã ìãíîâåííîãî öåíòðà âðàùåíèÿ



0
1

� �t T è 0
2

� ��

�

ø
t

z
, ãäå T

1
—

âðåìÿ ïåðåêà÷èâàíèÿ øàðîøêè ñ

çóáöà íà çóáåö. Ïàðàìåòðû h, T
1

îïðåäåëÿþò èñõîäÿ èç äîïóùåíèé,

÷òî âñå øàðîøêè äîëîòà ñèíõðîííî

ïåðåêàòûâàþòñÿ ïî çàáîþ, ò.å. îä-

íîâðåìåííî êîíòàêòèðóþò ñ íèì òî

îäíèì, òî äâóìÿ çóáöàìè. Â ìîìåíò

ïåðåñêîêà ñ îäíîãî îïîðíîãî çóáöà

øàðîøêè íà äðóãîé ñêîðîñòü ïî÷òè

ìãíîâåííî èçìåíÿåòñÿ îò ìàêñè-

ìàëüíîãî îòðèöàòåëüíîãî çíà÷åíèÿ

ê ìàêñèìàëüíîìó ïîëîæèòåëüíîìó

çíà÷åíèþ. Â ýòîò ìîìåíò îñåâîå óñ-

êîðåíèå òåîðåòè÷åñêè ñòðåìèòñÿ ê

áåñêîíå÷íîñòè, à íà ïðàêòèêå, ó÷è-

òûâàÿ äåôîðìàöèè ýëåìåíòîâ, èìååò

î÷åíü áîëüøîå ÷èñëåííîå çíà÷åíèå.

Ïðè èññëåäîâàíèè âçàèìîäåéñòâèÿ çóáöà øàðîøêè ñ ïîðîäîé èñ-

ïîëüçóåòñÿ ôóíêöèîíàëüíàÿ çàâèñèìîñòü ñèëû ñîïðîòèâëåíèÿ ïîðîäû Pz,

âûçâàííàÿ âäàâëèâàíèåì çóáöà íà ãëóáèíó �. Íà ðèñ. 6 ïðèâåäåí ëèíåà-

ðèçîâàííûé ãðàôèê òàêîé çàâèñèìîñòè, èìåþùèé ÷åòûðå ó÷àñòêà, êîòî-

ðûå õàðàêòåðèçóþò ðàçíûå ñòàäèè âçàèìîäåéñòâèÿ: óïðóãàÿ äåôîðìàöèÿ

(îòðåçîê ÎÀ); ïëàñòè÷åñêàÿ äåôîðìàöèÿ (îòðåçîê ÀÂ); ðàçðóøåíèå (îòðå-

çîê ÂÑ èëè ÂÑ1); ñíÿòèå íàãðóçêè (îòðåçîê ÑD èëè Ñ1D). Ïðè äîñòèæåíèè

ó÷àñòêà ïëàñòè÷åñêîé äåôîðìàöèè èëè ðàçðóøåíèÿ çóáåö øàðîøêè îñòàâ-

ëÿåò â ïîðîäå óãëóáëåíèå, âñëåäñòâèå ÷åãî êîëîííà òåðÿåò ÷àñòü ñâîåé

ïîòåíöèàëüíîé ýíåðãèè.

Äëÿ âîñïðîèçâåäåíèÿ çàâèñèìîñòåé, ñâÿçàííûõ ñ ïåðåäà÷åé âðàùà-

òåëüíîãî äâèæåíèÿ äîëîòà øàðîøêàì, à òàêæå âçàèìîäåéñòâèÿ çóáöîâ ñ

ïîðîäîé, èñïîëüçóåì ïîäñèñòåìó, ñõåìà êîòîðîé èçîáðàæåíà íà ðèñ. 7.

Ïîëàãàåì, ÷òî ïðè ïîëíîì îáîðîòå äîëîòà ïðîèñõîäèò ðàâíîìåðíîå ðàçðó-

øåíèå ïîðîäû áåç îáðàçîâàíèÿ çàáîéíîé ðåéêè.

Èñïîëüçóåì ïîëó÷åííûå ñòðóêòóðíûå ýëåìåíòû äëÿ ïîñòðîåíèÿ ìî-

äåëè áóðèëüíîé êîëîííû ñ ó÷åòîì åå ïðîäîëüíîãî è âðàùàòåëüíîãî äâè-

æåíèÿ è âçàèìîäåéñòâèÿ äîëîòà ñ çàáîåì. Óïðàâëÿþùèìè âîçäåéñòâèÿìè

áóäåì ñ÷èòàòü ñèëó, ïðèëîæåííóþ ñî ñòîðîíû ëåáåäêè ÷åðåç òàëåâóþ

ñèñòåìó, è ìîìåíò ñèëû ñî ñòîðîíû ðîòîðíîãî ñòîëà èëè çàáîéíîãî äâè-

ãàòåëÿ. Ïðè ýòîì áóäåì ó÷èòûâàòü: íåîäíîðîäíîñòü áóðîâîé êîëîííû
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Ðèñ. 6. Ëèíåàðèçîâàííûé ãðàôèê óïðóãî-

ïëàñòè÷åñêîé äåôîðìàöèè ïîðîäû



âñëåäñòâèå èñïîëüçîâàíèÿ ðàçíîòèïíûõ òðóá (ñòàëüíûå áóðèëüíûå òðóáû

(ÑÁÒ), óòÿæåëåííûå áóðèëüíûå òðóáû (ÓÁÒ)); äåôîðìàöèþ áóðîâîé âûøêè

ïðè íàãðóçêå è åå èíåðòíîñòü; ñèëû ñîïðîòèâëåíèÿ, âûçâàííûå âçàèìîäåéñò-

âèåì ïðîìûâî÷íîé æèäêîñòè ñî ñòåíêàìè êîëîííû; âûòàëêèâàþùóþ ñèëó è

èíåðöèþ ñòîëáà ïðîìûâî÷íîé æèäêîñòè; ñèëû ñîïðîòèâëåíèÿ ïðè âçàèìî-

äåéñòâèè äîëîòà ñ ïîðîäîé.

Èñõîäíûå ïàðàìåòðû ìîäåëè ìåõàíè÷åñêîé ÷àñòè áóðîâîé óñòàíîâêè

ñëåäóþùèå [2, 5].

Äëèíà ñâå÷è (òðè ÑÁÒ)………….………………….......………………….......……….. 36,6 ì

Äèàìåòð ÑÁÒ

âíåøíèé………………….......………………….......………………….......……… 127 ìì

âíóòðåííèé……………….....………………….......…………………................... 113 ìì

Äëèíà ÓÁÒ……………………….……………………….……………………….............. 12 ì

Äèàìåòð ÓÁÒ

âíåøíèé……………………...……………………….………………………......... 178 ìì

âíóòðåííèé…………………...……………………….……………………….......... 88 ìì
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Ðèñ. 7. Ìîäóëü âîñïðîèçâåäåíèÿ âçàèìîäåéñòâèÿ äîëîòà ñ ïîðîäîé



Êîýôôèöèåíò ñîïðîòèâëåíèÿ îòíîñèòåëüíî ïðîäîëüíîé ñêîðîñòè ñâå÷è ............ 920 Í � ñ/ì

Ïëîòíîñòü âåùåñòâà òðóáû……………………………….………………............ 7990 êã/ì
3

Ìàññà ñâå÷è ÑÁÒ………………….……………………….………………. .............. 771,71 êã

Ìàññà ÓÁÒ………………………...……………………….……………….. ............ 1802,8 êã

Ìîäóëü Þíãà äëÿ ìàòåðèàëà òðóáû……….....……………………….…… 2,06 � 10
11

Í/ì
2

Ïëîòíîñòü ïðîìûâî÷íîé æèäêîñòè………….……………………….….. ......... 1150 êã/ì
3

Êîýôôèöèåíò æåñòêîñòè

äëÿ ñâå÷è èç ÑÁÒ……………. ...……………………….……………… 1,5141 � 10
7

Í/ì

äëÿ ñâå÷è èç ÓÁÒ…………….....……………………….……………… 3,2904 � 10
8

Í/ì

Ìàññà âûøêè………………………...……………………….…………….. ........ 1,5 E � 10
4

êã

Ìàññà ïðîìûâî÷íîé æèäêîñòè……..……………………….……………............ 6,8271 � 10
3

Êîýôôèöèåíò æåñòêîñòè âûøêè…………………………………………....... 1,02 E �10
8

Í/ì

Ñêîðîñòü óïðóãîé äåôîðìàöèè ìàòåðèàëà òðóáû………………………....... 5,1267 � 10
3

ì/ñ

Ìîäóëü óïðóãîñòè ïðè ñäâèãå………………………….…………………........... 8 � 10
10

í/ì
2

Ïîãîííûé ìîìåíò èíåðöèè ÑÁÒ……………………….…………………......... 11,8628 êã � ì

Ïîëÿðíûé ìîìåíò èíåðöèè ÑÁÒ………………………..………………… 9,5325 � 10
–6

ì
4

Ïîãîííûé ìîìåíò èíåðöèè ÓÁÒ………………………..…………………........ 64,7377 êã � ì

Ïîëÿðíûé ìîìåíò èíåðöèè ÓÁÒ………………………...………………........ 9,2668 � 10
–5

ì
4

Êîýôôèöèåíò âÿçêîñòè ïðîìûâî÷íîé æèäêîñòè……….………………........... 0,014 Ïà � ñ

Äèàìåòð äîëîòà………………………………………….………………….................. 190 ìì

Äèàìåòð øàðîøåê……………………………………….………………….................. 120 ìì

×èñëî çóáöîâ øàðîøêè………….……………………….…………………........................ 24

Óãîë ìåæäó îñüþ äîëîòà è øàðîøêè………………………………….…....................... 52 �

Êîëîííó áóðèëüíûõ òðóá öåëåñîîáðàçíî ïðåäñòàâëÿòü â âèäå ìíî-

ãîìàññîâîé ñèñòåìû ñ ÷èñëîì ìàññ, ñîîòâåòñòâóþùèì ÷èñëó áóðèëüíûõ

ñâå÷åé. Ïî ìåðå íàðàùèâàíèÿ êîëîííû áóäåò óâåëè÷èâàòüñÿ ÷èñëî ìîäó-

ëåé ìîäåëè. Ñòðóêòóðíàÿ simulink-ìîäåëü èçîáðàæåíà íà ðèñ. 8. Îíà ñîñ-

òîèò èç 65-òè îäíîòèïíûõ çâåíüåâ (íà÷èíàÿ ñî âòîðîé), êîòîðûå âûïîëíåíû â

âèäå ïîäñèñòåìû (ñì. ðèñ. 3). Â ìîäåëü âõîäÿò çâåíüÿ äëÿ âîñïðîèçâåäåíèÿ

äèíàìèêè áóðîâîé âûøêè, çàáîéíîãî äâèãàòåëÿ, èíåðöèè ïðîìûâî÷íîé æèä-

êîñòè â ñêâàæèíå, âçàèìîäåéñòâèÿ äîëîòà ñ ïîðîäîé, à òàêæå ìîäóëè äëÿ

ãåíåðàöèè âõîäíûõ âîçäåéñòâèé, ðåãèñòðàöèè è îòîáðàæåíèÿ ðåçóëüòàòîâ.

Ñ ïîìîùüþ ïîñòðîåííîé ìîäåëè áûëà ïðîâåäåíà ñåðèÿ âû÷èñëèòåëü-

íûõ ýêñïåðèìåíòîâ. Íà ðèñ. 9 ïðåäñòàâëåíû ðåçóëüòàòû ìîäåëèðîâàíèÿ

âçàèìîäåéñòâèÿ øàðîøå÷íîãî äîëîòà ñ äíîì ñêâàæèíû. Êîëîííà â íà÷àëü-

íûé ìîìåíò âðåìåíè íàõîäèëàñü â ïîäâåøåííîì ñîñòîÿíèè â ïðîìû-

âî÷íîé æèäêîñòè íà âûñîòå 0,42 ì îò äíà ñêâàæèíû. Äëÿ ñïóñêà êîëîííû

áûëî óìåíüøåíî óñèëèå íà êðþêå òàëåâîé ñèñòåìû íà 720 êãñ. Â ìîìåíò

âðåìåíè 7,5 ñ ïðîèçîøåë êîíòàêò øàðîøåê äîëîòà ñ äíîì ñêâàæèíû.

Ãðàôèê âîñïðîèçâîäèò ñëîæíûé õàðàêòåð êîëåáàíèé äîëîòà, âûçâàííûé â

ïåðâóþ î÷åðåäü èçìåíåíèÿìè äèíàìè÷åñêîãî óñèëèÿ ñî ñòîðîíû êîëîííû

íà äîëîòî, à òàêæå ñèëàìè, âîçíèêàþùèìè âî âðåìÿ ïåðåêà÷èâàíèÿ øà-
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Ðèñ. 9. Ãðàôèê êîëåáàíèé êîðïóñà äîëîòà
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Ðèñ. 10. Ãðàôèê èçìåíåíèÿ íàãðóçêè íà äîëîòî



ðîøåê ïî çàáîþ. Ãðàôèê èçìåíåíèÿ íàãðóçêè íà äîëîòî ïðè åãî êîíòàêòå ñ

äíîì ñêâàæèíû ïðåäñòàâëåí íà ðèñ. 10.

Âûâîäû. Ðåçóëüòàòû ìîäåëèðîâàíèÿ ñâèäåòåëüñòâóþò î òîì, ÷òî ïî-

ëó÷åííàÿ ñòðóêòóðíàÿ ìîäåëü ìîæåò áûòü ñ óñïåõîì èñïîëüçîâàíà êàê íà

ñòàäèè ïðîåêòèðîâàíèÿ îáîðóäîâàíèÿ áóðîâîé óñòàíîâêè, òàê è íà ñòàäèè

êîìïîíîâêè áóðèëüíîé êîëîííû. Êðîìå òîãî, îíà ìîæåò áûòü èñïîëü-

çîâàíà â ñèñòåìå óïðàâëåíèÿ ïðè ïðîõîäêå ñêâàæèíû äëÿ ïîääåðæêè

îïòèìàëüíûõ ðåæèìîâ áóðåíèÿ, à òàêæå äëÿ îïòèìèçàöèè ñïóñêî-

ïîäúåìíûõ ðàáîò.

Structural reversible model of the distributed nonlinear links of drill unit is obtained.

1. Áàëèöêèé Ï. Â. Âçàèìîäåéñòâèå áóðèëüíîé êîëîííû ñ çàáîåì ñêâàæèíû. — Ì. :

Íåäðà, 1975. — 293 ñ.

2. Àáóáàêèðîâ Â. Ô., Àðõàíãåëüñêèé Â. Ë., Áóðèìîâ Â. Ë. È äð. Áóðîâîå îáîðóäîâàíèå:

Ñïðàâî÷íèê. Â 2-õ òîìàõ. Ò 1. Áóðîâîå îáîðóäîâàíèå. — Ì. : Íåäðà, 2000. — 269 ñ.

3. Êèñåëåâ Í. Â., Ìÿäçåëü Â. Í., Ðàññóäîâ Ë. Í. Ýëåêòðîïðèâîäû ñ ðàñïðåäåëåííûìè

ïàðàìåòðàìè. — Ë. : Ñóäîñòðîåíèå, 1985. — 220 ñ.

4. Õàð÷åíêî Å. Â. Äèíàìè÷åñêèå ïðîöåññû áóðîâûõ óñòàíîâîê. — Ëüâîâ : Ñâèò, 1991. —

176 ñ.

5. Àáóáàêèðîâ Â. Ô., Áóðèìîâ Þ. Ã., Ãíîåâûõ À. Í. è äð. Áóðîâîå îáîðóäîâàíèå:

Ñïðàâî÷íèê. Â 2-õ òîìàõ. Ò 2. Áóðîâîé èíñòðóìåíò. — Ì. : Íåäðà, 2003. — 494 ñ.

Ïîñòóïèëà 03.02.10

ÔÅÄÎÐ×ÓÊ Âëàäèìèð Àíàòîëüåâè÷, êàíä. òåõí. íàóê, äîêòîðàíò Èí-òà ïðîáëåì ìîäåëè-

ðîâàíèÿ â ýíåðãåòèêå èì. Ã.Å. Ïóõîâà ÍÀÍ Óêðàèíû. Â 1984 ã. îêîí÷èë Êàìåíåö-Ïîäîëüñêèé

ãîñóäàðñòâåííûé ïåäàãîãè÷åñêèé èí-ò. Îáëàñòü íàó÷íûõ èññëåäîâàíèé — ìàòåìàòè÷åñêîå

ìîäåëèðîâàíèå óïðàâëÿåìûõ ýëåêòðîìåõàíè÷åñêèõ ñèñòåì.

Â. À. Ôåäîð÷óê

110 ISSN 0204–3572. Electronic Modeling. 2010. V. 32. ¹ 3



ÓÄÊ 62-566, 65.01, 51819-714, 537.533
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Ìåòîä ôîðìèðîâàíèÿ ãðàíèö òóííåëÿ äëÿ
êëàññèôèêàöèè èçîáðàæåíèé ïÿòåí ëàçåðíûõ ïó÷êîâ

Ðàññìîòðåíà ïðîáëåìà îáðàáîòêè è ïðîãíîçèðîâàíèÿ äèíàìè÷åñêèõ èçîáðàæåíèé â ðåàëüíîì

ìàñøòàáå âðåìåíè. Ïðåäëîæåí ñïîñîá ôîðìèðîâàíèÿ ãðàíèö òóííåëÿ ñ èñïîëüçîâàíèåì

ìåòîäà îáðàáîòêè èíôîðìàöèè, ïðè ðåàëèçàöèè êîòîðîãî êëàññèôèöèðóþòñÿ èçîáðàæåíèÿ

ïÿòåí ëàçåðíûõ ïó÷êîâ.

Ðîçãëÿíóòî ïðîáëåìó îáðîáêè é ïðîãíîçóâàííÿ äèíàì³÷íèõ çîáðàæåíü ó ðåàëüíîìó ÷àñ³.

Çàïðîïîíîâàíî ñïîñ³á ôîðìóâàííÿ ãðàíèöü òóíåëþ ç âèêîðèñòàííÿì ìåòîäó îáðîáêè

³íôîðìàö³¿, ïðè ðåàë³çàö³¿ ÿêîãî êëàñèô³êóþòüñÿ çîáðàæåííÿ ïëÿì ëàçåðíèõ ïó÷ê³â.

Ê ë þ ÷ å â û å ñ ë î â à: èçîáðàæåíèÿ ïÿòåí ëàçåðíûõ ïó÷êîâ, äèíàìèêà, òóííåëü, êîððåê-

öèÿ, ïðîãíîçèðîâàíèå.

Ñîçäàíèå ñîâðåìåííûõ âû÷èñëèòåëüíûõ ñðåä îáóñëîâèëî íåîáõîäèìîñòü

ðàçðàáîòêè íîâûõ ìåòîäîâ ïåðåäà÷è èíôîðìàöèè. Æåñòêèå òðåáîâàíèÿ ñèñ-

òåì, îáðàáàòûâàþùèõ èíôîðìàöèþ â ðåæèìå ðåàëüíîãî âðåìåíè, çàñòàâëÿþò

ó÷åíûõ ðåãóëÿðíî ñîçäàâàòü è îáíîâëÿòü ñèñòåìû ïåðåäà÷è èíôîðìàöèè. Â

íàñòîÿùåå âðåìÿ áîëüøèíñòâî èíòåðíåò êàíàëîâ íå ñïîñîáíû îáåñïå÷èòü

íåîáõîäèìûé îáìåí èíôîðìàöèåé ìåæäó òàêèìè ñèñòåìàìè, ÷òî ïðèâîäèò ê

ïåðåãðóçêå êàíàëîâ è ñîçäàíèþ òàê íàçûâàåìûõ öèôðîâûõ ïðîáîê. Îäíèì èç

ñïîñîáîâ ðåøåíèÿ ïðîáëåìû ïåðåäà÷è áîëüøèõ îáúåìîâ èíôîðìàöèè ìîæåò

áûòü ïðèìåíåíèå îïòîâîëîêîííîãî êàáåëÿ, íî ïðîêëàäûâàíèå äàííîãî êàáå-

ëÿ ïî âñåé ïëàíåòå ñëèøêîì äîðîãîå ìåðîïðèÿòèå. Èñïîëüçîâàíèå äëÿ ýòèõ

öåëåé ëàçåðíûõ ëó÷åé è ñïóòíèêîâ ïîçâîëèëî áû, íàïðèìåð, ïåðåäàâàòü äå-

ñÿòêè ïîëíîìåòðàæíûõ ôèëüìîâ â ëþáóþ òî÷êó çåìíîãî øàðà çà äîëè ñåêóí-

äû. Áîëüøèíñòâî ñïóòíèêîâ ïåðåäàþò èíôîðìàöèþ, íàïðèìåð òåëåâèçèîí-

íûå ïðîãðàììû, ñ ïîìîùüþ ìèêðîâîëíîâîãî èçëó÷åíèÿ. Â òî æå âðåìÿ,
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ïåðåäà÷à èíôîðìàöèè ñ ïîìîùüþ ëà-

çåðà ìîæåò ïðîèñõîäèòü â ñîòíè ðàç

áûñòðåå, ÷òî, â ñâîþ î÷åðåäü, ñóùåñò-

âåííî ïîâëèÿåò íà ïðîïóñêíóþ ñïî-

ñîáíîñòü êàíàëà ïåðåäà÷è.

Äëÿ ïåðåäà÷è èíôîðìàöèè ñ ïî-

ìîùüþ ëàçåðà íåîáõîäèìî, ÷òîáû

ñïóòíèê è ïðèíèìàþùåå óñòðîéñòâî

íàõîäèëèñü â îïðåäåëåííîé ïîçèöèè.

Ïîëîæåíèå ëèíçû ïðèíèìàþùåãî óñò-

ðîéñòâà, äèàìåòð êîòîðîé ñîñòàâëÿåò

íåñêîëüêî ñàíòèìåòðîâ, äîëæíî áûòü

îòðåãóëèðîâàíî äî òûñÿ÷íîé äîëè ãðà-

äóñà. Â ïðîòèâíîì ñëó÷àå ïåðåäà÷à

èíôîðìàöèè ïðîñòî íå ñîñòîèòñÿ. Âî

âðåìÿ ïðîöåññà îòñëåæèâàíèÿ ñïóòíèêà ïðèíèìàþùèì óñòðîéñòâîì íà âñåõ

ýòàïàõ ðàáîòû ñèñòåìû îäíîé èç îñíîâíûõ çàäà÷ ÿâëÿåòñÿ ïðîãíîçèðîâàíèå

ïîëîæåíèÿ ïÿòíà ëàçåðíîãî ïó÷êà (ÏËÏ), à èìåííî åãî ãåîìåòðè÷åñêèõ õà-

ðàêòåðèñòèê, êîòîðûå èñêàæàþòñÿ ïîä âîçäåéñòâèåì òóðáóëåíòíîñòè è âîç-

äóøíûõ ìàññ.

Äëÿ ðåøåíèÿ çàäà÷è ïðîãíîçèðîâàíèÿ öåëåñîîáðàçíî êëàññèôèöèðî-

âàòü êàäðû ïîñëåäîâàòåëüíîñòè èçîáðàæåíèé ÏËÏ ñ öåëüþ ôèëüòðàöèè

ëàçåðíîé òðàññû è óäàëåíèÿ ñóùåñòâåííî èñêàæåííûõ äåéñòâèåì ïîìåõ

èçîáðàæåíèé.

Îïèñàíèå ìåòîäà. Áóäåì ïîëàãàòü, ÷òî íà÷àëüíûå çíà÷åíèÿ êîîðäèíàò

ãðàíèö òóííåëÿ ðàñïðåäåëåíû ïî íîðìàëüíîìó çàêîíó, è ïðè èçìåíåíèè

êîîðäèíàò öåíòðà ëàçåðíîãî ïÿòíà [1] ïðîâîäèòü ôîðìèðîâàíèå ãðàíèö.

Îïðåäåëèì êîîðäèíàòû öåíòðà ëàçåðíîãî ïÿòíà (x, y) íà èçîáðàæåíèè

(ðèñ. 1) [2]. Èçìåíåíèÿ åãî ïîëîæåíèÿ â òðàññå ìîæíî îïèñàòü ñëó÷àéíûì

ïðîöåññîì. Ïðåäïîëîæèì, ÷òî îïðåäåëåííàÿ ïîñëåäîâàòåëüíîñòü êàäðîâ

òðàññû ñîäåðæèò ëèøü óíèìîäàëüíûå çíà÷åíèÿ êîîðäèíàò öåíòðîâ ÏËÏ

[3]. Òîãäà ïîÿâëåíèå îïðåäåëåííîãî çíà÷åíèÿ êîîðäèíàò ÏËÏ ìîæíî îïè-

ñàòü íîðìàëüíûì çàêîíîì ðàñïðåäåëåíèÿ ñ ìàòåìàòè÷åñêèìè îæèäàíèÿìè

�x t( ),� y t( )è ñðåäíèìè êâàäðàòè÷åñêèìè îòêëîíåíèÿìè� x t( ),� y t( ). Çíà÷å-

íèÿ ýòèõ âåëè÷èí íàõîäèì ïî ôîðìóëàì

�x

t i

i

N

t

x

N
( ) �

�

�

�

1
, � y

t i

i
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y
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,

Ë. È. Òèì÷åíêî, À. À. Ïîïëàâñêèé, Í. È. Êîêðÿöêàÿ, À. Â. Ïîïëàâñêèé

112 ISSN 0204–3572. Electronic Modeling. 2010. V. 32. ¹ 3

Ðèñ. 1. Ïðèìåð èçîáðàæåíèÿ êàäðà ëàçåð-

íîé òðàññû
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Â ðåàëüíûõ óñëîâèÿõ öåíòð ÏËÏ íà ñìåæíûõ êàäðàõ âñëåäñòâèå âîç-

äåéñòâèÿ îêðóæàþùåé ñðåäû èëè äðóãèõ ôàêòîðîâ ìîæåò áûòü ñìåùåí. Â

ýòîì ñëó÷àå îäíîãî ðàñïðåäåëåíèÿ áóäåò íåäîñòàòî÷íî, è åãî ïàðàìåòðû

íåîáõîäèìî êîððåêòèðîâàòü. Ñëåäóåò âûäåëÿòü ðåçêèå ñìåùåíèÿ öåíòðîâ

ÏËÏ ñ ïîìîùüþ òóííåëÿ è êîððåêòèðîâàòü òóííåëü â ñëó÷àå ïëàâíûõ

ñìåùåíèé. Ïðè ôîðìèðîâàíèè íà÷àëüíûõ ãðàíèö òóííåëÿ öåëåñîîáðàçíî

ïðîâåðèòü ñëåäóþùåå óñëîâèå:

� �t tP( )1
1

� �
�

. (1)

Â ñëó÷àå âûïîëíåíèÿ óñëîâèÿ (1) íåîáõîäèìî äîïîëíèòåëüíî ïðîâåðèòü

óñëîâèå

dx

dt
G� ,

(2)

ãäå P� 	[ , , ]0 95 0 99 — äîâåðèòåëüíàÿ âåðîÿòíîñòü; G — ïîðîãîâîå çíà÷åíèå

ñìåùåíèÿ.

Íåâûïîëíåíèå óñëîâèÿ (1) ñâèäåòåëüñòâóåò î òîì, ÷òî äàííàÿ êîîð-

äèíàòà ñîîòâåòñòâóåò ìîäåëè ñ íàêîïèòåëüíûìè ïàðàìåòðàìè, à âûïîë-

íåíèå óñëîâèÿ (2) óêàçûâàåò íà íàëè÷èå ñóùåñòâåííîãî ñìåùåíèÿ öåíòðà.

Ïðè ôîðìèðîâàíèè ãðàíèö òóííåëÿ â ñëó÷àå âûïîëíåíèÿ óñëîâèÿ (2)

ñëåäóåò ó÷èòûâàòü ïàðàìåòðû äàííîé òî÷êè ñ íàèìåíüøèì âåñîâûì êîýô-

ôèöèåíòîì.

Ôîðìèðîâàíèå ãðàíèö òóííåëÿ. Ïðè ôîðìèðîâàíèè è îáíîâëåíèè

êîîðäèíàò ãðàíèö òóííåëÿ [4, 5] óäîáíî èñïîëüçîâàòü ñðåäíèå çíà÷åíèÿ

êîîðäèíàò öåíòðîâ ÏËÏ, ñìîäåëèðîâàííûå ïî íîðìàëüíîìó çàêîíó ðàñ-

ïðåäåëåíèÿ. Åñëè ñêîðîñòü èçìåíåíèÿ êîîðäèíàò öåíòðîâ ïÿòåí íå íó-

ëåâàÿ è òóííåëü èìååò óçêèå ãðàíèöû, ñóùåñòâóåò âåðîÿòíîñòü ïîïàäàíèÿ

êîîðäèíàò öåíòðîâ, âàæíûõ äëÿ ïðîãíîçèðîâàíèÿ ïÿòåí, âî âíåòóííåëü-

íóþ çîíó, ÷òî ïðèâîäèò ê óâåëè÷åíèþ ïîãðåøíîñòè ïðîãíîçèðîâàíèÿ. Äëÿ

òîãî ÷òîáû ýòîãî èçáåæàòü, íåîáõîäèìî êîððåêòèðîâàòü ãðàíèöû òóííåëÿ

â ñîîòâåòñòâèè ñ èçìåíåíèÿìè êîîðäèíàò öåíòðîâ ÏËÏ, èñêëþ÷àÿ ïðè

ýòîì êàäðû ñ ñóùåñòâåííî èñêàæåííûìè öåíòðàìè, íå ïðèíàäëåæàùèìè ê

òóííåëüíîé çîíå.

Äîñòàòî÷íóþ èíôîðìàöèþ äëÿ ýòîãî îáåñïå÷èâàåò äåòåêòîð âûõîäà çà

ãðàíèöû òóííåëÿ, ñëåäÿùèé çà ïîïàäàíèåì êîîðäèíàò öåíòðà ÏËÏ â òóííåëü,
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è ôèëüòðóþùèì îäèíî÷íûå ïîìåõè. Ïðè íàëè÷èè òàêîé èíôîðìàöèè îáíîâ-

ëåíèå ãðàíèö òóííåëÿ ïðîèñõîäèò ñîãëàñíî ñëåäóþùèì ôîðìóëàì:

x k x kt t xt� � 
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2 2

(3)

0 1
1 2

� � �k k ,

ãäå x t — êîîðäèíàòà ñðåäíåé ëèíèè òóííåëÿ â t-é ìîìåíò âðåìåíè; �xt —

ìàòåìàòè÷åñêîå îæèäàíèå x t ; w — øèðèíà òóííåëÿ; k
1
, k

2
— ïàðàìåòðû,

îïðåäåëÿþùèå ñêîðîñòü îáíîâëåíèÿ ãðàíèö òóííåëÿ. Ïîñêîëüêó íåâîçìîæíî

ñîçäàòü èäåàëüíûé äåòåêòîð ãðàíèö òóííåëÿ, ó÷èòûâàÿ âîçìîæíîñòü ðåçêîãî

èçìåíåíèÿ ïîëîæåíèÿ öåíòðà ÏËÏ, íå ðåêîìåíäóåòñÿ ïðèñâàèâàòü k1 íóëåâîå

çíà÷åíèå, òàê êàê ïðè ýòîì êàäðû ñ âíåòóííåëüíûìè öåíòðàìè ÏËÏ íèêîãäà

íå áóäóò ó÷òåíû. Ýòî ìîæåò ïðèâåñòè ê ïîëíîé ïîòåðå âõîäíîé èíôîðìàöèè

ïðè èìïóëüñíîì èçìåíåíèè öåíòðà ïîëîæåíèÿ ïó÷êà èëè ê íåîáõîäèìîñòè

ðó÷íîé êîððåêòèðîâêè ïîëîæåíèÿ ñðåäíåé ëèíèè òóííåëÿ. Ïðè áîëüøèõ

çíà÷åíèÿõ k2 âëèÿíèå òåêóùåãî çíà÷åíèÿ ïîëîæåíèÿ öåíòðà ÏËÏ íàñòîëüêî

ñóùåñòâåííî, ÷òî ïÿòíà ñ êîîðäèíàòàìè, áëèçêèìè ê ãðàíèöàì òóííåëÿ è

ñîîòâåòñòâåííî â áîëüøèíñòâå ñëó÷àåâ ñ áîëüøèìè çíà÷åíèÿìè øóìîâ, òàê-

æå ñóùåñòâåííî âëèÿþò íà ñðåäíþþ ëèíèþ òóííåëÿ. Îïòèìàëüíûå ýêñïåðè-

ìåíòàëüíî ïîäîáðàííûå çíà÷åíèÿ ñëåäóþùèå: k
1

009� , , k
2

0 35� , .

Íà ðèñ. 2, à (ñì. âêëåéêó) ïðåäñòàâëåíî äèíàìè÷åñêîå èçìåíåíèå

ãðàíèö òóííåëÿ â ñîîòâåòñòâèè ñ èçìåíåíèåì ïîëîæåíèÿ êîîðäèíàò öåíòðà

ÏËÏ âî âðåìåíè, à íà ðèñ. 2, á — ïðèìåð äèíàìè÷åñêîé îáðàáîòêè òðàññû

èçîáðàæåíèé. Êàê âèäíî èç ðèñ. 2, ÷èñëî òî÷åê, ïîïàäàþùèõ â òóí-

íåëüíóþ çîíó, çíà÷èòåëüíî áîëüøå â ñëó÷àå ôîðìèðîâàíèÿ äèíàìè÷åñêèõ

ãðàíèö, ÷åì ñòàòè÷åñêèõ.

Ïðåäëîæåííàÿ ìåòîäèêà äàåò âîçìîæíîñòü êëàññèôèöèðîâàòü èçîáðà-

æåíèÿ òðàññû ÏËÏ, êîîðäèíàòû öåíòðîâ êîòîðûõ âîøëè â òóííåëüíóþ

èëè âíåòóííåëüíóþ çîíû, ïðèíèìàÿ âî âíèìàíèå èíôîðìàòèâíûå ïðè-

çíàêè îáåèõ ãðóïï. Òàêèì îáðàçîì, ïðè ïðîãíîçèðîâàíèè ñëåäóþùåãî

êàäðà, ó÷èòûâàåòñÿ íå òîëüêî «ýòàëîííûå» èçîáðàæåíèÿ è ñîîòâåòñòâóþ-

ùèå èì ìàòåìàòè÷åñêèå îæèäàíèÿ, íî è âîçìîæíîñòü íàëîæåíèÿ øóìà íà

èçîáðàæåíèå.

Âûâîäû. Îáðàáîòàâ çíà÷èòåëüíîå ÷èñëî èçîáðàæåíèé (15 ëàçåðíûõ

òðàññ ïî 1000 èçîáðàæåíèé â êàæäîé òðàññå) (ñì. ðèñ. 2, á) ìîæíî ñäåëàòü
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âûâîä î òîì, ÷òî äëÿ äàëüíåéøåãî ïðîãíîçèðîâàíèÿ ïîâåäåíèÿ ÏËÏ öåëå-

ñîîáðàçíî èñïîëüçîâàòü àâòîìàòè÷åñêóþ êîððåêöèþ ãðàíèö òóííåëÿ â

ñî÷åòàíèè ñ âûñîêîýôôåêòèâíûìè èíòåëëåêòóàëüíûìè àëãîðèòìàìè âû-

äåëåíèÿ êîíòóðîâ [6, 7].

Ê îñíîâíûì ïðåèìóùåñòâàì äàííîãî àëãîðèòìà, ïî ñðàâíåíèþ ñî

ñòàòè÷åñêèìè àëãîðèòìàìè [3, 5], ìîæíî îòíåñòè ñëåäóþùèå.

1. Ýòàï îáó÷åíèÿ âûïîëíÿåòñÿ òîëüêî â íà÷àëå ðàáîòû àëãîðèòìà.

2. Íåò íåîáõîäèìîñòè ïåðåñ÷èòûâàòü çíà÷åíèÿ �x , � y , � x , � y ñ ïî-

ìîùüþ âûáîðîê (â ñëó÷àå âûõîäà öåíòðîâ ÏËÏ çà äèàïàçîí äîïóñòèìûõ

çíà÷åíèé), à ñëåäîâàòåëüíî, èñïîëüçóþòñÿ àáñîëþòíî âñå èçîáðàæåíèÿ

òðàññû.

3. Ôîðìèðîâàíèå ãðàíèö òóííåëÿ íå òðåáóåò çíà÷èòåëüíûõ çàòðàò âðå-

ìåíè.

4. Äèàïàçîí äîïóñòèìûõ âõîäíûõ çíà÷åíèé îãðàíè÷åí òîëüêî âîçìîæ-

íîñòÿìè âû÷èñëèòåëüíîé ñèñòåìû (àëãîðèòì êîððåêòíî ðàáîòàåò ïðè ðåç-

êèõ èçìåíåíèÿõ ïîëîæåíèÿ öåíòðà ÏËÏ).

5. Ó÷èòûâàåòñÿ âîçìîæíîñòü èñêàæåíèÿ ïîëåçíîãî ñèãíàëà øóìàìè.

The problem of processing and prediction of dynamic images in real time is considered. The of-

fered approach of correcting the tunnel borders assumes the method of information processing for

classification of laser beam spots images.
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Èí-ò ïðîáëåì ìîäåëèðîâàíèÿ
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Íåêîòîðûå ðåçóëüòàòû êîìïüþòåðíîãî
ìîäåëèðîâàíèÿ äèíàìèêè âçàèìîäåéñòâèÿ
ñâàðî÷íîé äóãè, âðàùàþùåéñÿ â ðàäèàëüíîì
ìàãíèòíîì ïîëå, ñ òðóá÷àòûì ýëåêòðîäîì

Ñôîðìóëèðîâàíà è ÷èñëåííî ðåøåíà îñåñèììåòðè÷íàÿ íåñòàöèîíàðíàÿ çàäà÷à î âçàèìî-

äåéñòâèè ýëåêòðîäóãîâîé âîçäóøíîé ïëàçìû ñ òðóá÷àòûì ýëåêòðîäîì. Â îñíîâó ÷èñëåííîé

ìîäåëè ïîëîæåíà íà÷àëüíî-êðàåâàÿ çàäà÷à äëÿ ñèñòåìû óðàâíåíèé ìàãíèòíîé ãàçîäèíàìèêè ñ

äæîóëåâûì íàãðåâîì ïëàçìî-ýëåêòðîäíîé ñèñòåìû óñòàíîâêè äëÿ àâòîìàòè÷åñêîé ñâàðêè

òðóá êîëüöåâîãî ñå÷åíèÿ. Ðàññ÷èòàíà òåðìîãàçîäèíàìèêà äóãè, âðàùàþùåéñÿ â ïîïåðå÷íîì

ìàãíèòíîì ïîëå.

Ñôîðìóëüîâàíî òà ÷èñåëüíî ðîçâ’ÿçàíî îñåñèìåòðè÷íó íåñòàö³îíàðíó çàäà÷ó ïðî âçàºìîä³þ

åëåêòðîäóãîâî¿ ïîâ³òðÿíî¿ ïëàçìè ç òðóá÷àñòèì åëåêòðîäîì. Ó ôóíäàìåíò ÷èñåëüíî¿ ìîäåë³

ïîêëàäåíî ïî÷àòêîâî-êðàéîâó çàäà÷ó äëÿ ñèñòåì ð³âíÿíü ìàãí³òíî¿ ãàçîäèíàì³êè ³ç äæîóëå-

âèì íàãð³âîì ïëàçìî-åëåêòðîäíî¿ ñèñòåìè óñòàíîâêè äëÿ àâòîìàòè÷íîãî çâàðþâàííÿ òðóá

ê³ëüöåâîãî ïåðåòèíó. Ðîçðàõîâàíî òåðìîãàçîäèíàì³êó äóãè, ùî îáåðòàºòüñÿ ó ïîïåðå÷íîìó

ìàãí³òíîìó ïîë³.

Ê ë þ ÷ å â û å ñ ë î â à: ìàòåìàòè÷åñêàÿ ìîäåëü ,äèíàìèêà, ïëàçìà, ýëåëåêòðîä, ñâàðêà.

Ïðîáëåìàì ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ íèçêîòåìïåðàòóðíîé ïëàçìû

(ÍÒÏ) ïîñâÿùåíû èññëåäîâàíèÿ ìíîãèõ àêàäåìè÷åñêèõ è íàó÷íî-ïðîèç-

âîäñòâåííûõ êîëëåêòèâîâ, ÷òî îáóñëîâëåíî âîñòðåáîâàííîñòüþ ïðèëîæå-

íèé ðåçóëüòàòîâ ýòèõ èññëåäîâàíèé â ñàìûõ ðàçëè÷íûõ îòðàñëÿõ ïðîìûø-

ëåííîñòè è, ïðåæäå âñåãî, â ýíåðãåòèêå [1, 2]. Â ñâÿçè ñî ñëîæíîñòüþ

ìàòåìàòè÷åñêèõ ìîäåëåé ïðîöåññîâ, ïðîòåêàþùèõ â ÍÒÏ, èõ èññëåäî-

âàíèÿ ïðîâîäÿòñÿ, êàê ïðàâèëî, ðàçíîñòíûìè ìåòîäàìè. Îñîáåííî ñëîæíû

ìàòåìàòè÷åñêèå ìîäåëè äèíàìèêè ïðîöåññîâ â ÍÒÏ [3]. Îäíà èç òàêèõ

ìîäåëåé ïðåäëîæåíà â ðàáîòå [4], â êîòîðîé ïðåäïðèíÿòà ïîïûòêà ñðåäñò-

âàìè ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ îáúÿñíèòü ïðè÷èíû, ñàìîïðîèç-

âîëüíîãî ïðåæäåâðåìåííîãî îáðûâà äóãè â óñòàíîâêå äëÿ ïðåññîâîé ìàã-
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íèòî-äóãîâîé ñâàðêè. Ñîâåðøåíñòâîâàíèå ýòîé óñòàíîâêè òåõíè÷åñêèìè

ñðåäñòâàìè ñ ìîìåíòà åå ñîçäàíèÿ âî âòîðîé ïîëîâèíå 80-õ ãîäîâ [5] äî

íàøèõ äíåé [6] ê ðàäèêàëüíîìó ðåøåíèþ ïðîáëåìû íå ïðèâåëî. Ìîäåëü

[4] ïîçâîëèëà îáíàðóæèòü ôàêòîðû, êîòîðûå ìîãóò ñïîñîáñòâîâàòü ïîÿâ-

ëåíèþ óïîìÿíóòîãî âûøå äåôåêòà óñòàíîâêè.

Â ðàáîòå [4] ïðèâåäåíû ðåçóëüòàòû ðàñ÷åòà ðàññìàòðèâàåìîé ïëàç-

ìåííî-ýëåêòðîäíîé ñèñòåìû (ÏÝÑ) äëÿ ôèêñèðîâàííîãî ìîìåíòà âðåìåíè

íàáëþäåíèÿ t = 1,001 ñ, òîãäà êàê äëÿ ïðèëîæåíèé íå ìåíåå èíòåðåñíû

âðåìåííûå çàâèñèìîñòè îñíîâíûõ òåðìîãàçîäèíàìè÷åñêèõ õàðàêòåðèñòèê

ïëàçìåííîãî ïîòîêà. Òàêèå ðåçóëüòàòû ïîëó÷åíû ñ ïîìîùüþ ìîäåëè,

îïèñàííîé â [4].

Ðåçóëüòàòèâíîñòè âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ ñ ìîäåëüþ, ïðåä-

ñòàâëåííîé â [4], ñïîñîáñòâîâàëè ñëåäóþùèå óïðîùåíèÿ ôîðìóëèðîâêè

çàäà÷è:

ïðåäïîëîæåíèå î ëîêàëüíîì òåðìîäèíàìè÷åñêîì ðàâíîâåñèè è ýëåêò-

ðè÷åñêîé êâàçèíåéòðàëüíîñòè äóãîâîé ïëàçìû íà ïðîòÿæåíèè âñåãî ïðî-

öåññà íàáëþäåíèÿ, âêëþ÷àÿ íà÷àëüíûé îòðåçîê âðåìåíè íàáëþäåíèÿ —

çàæèãàíèå äóãè;

ïðåäñòàâëåíèå ðåàëüíîé èñõîäíîé çàäà÷è â âèäå îñåñèììeòðè÷íîé —

â öèëèíäðè÷åñêîé ñèñòåìå êîîðäèíàò Orz ñ ðàäèàëüíîé r è àêñèàëüíîé z
íåçàâèñèìûìè ïðîñòðàíñòâåííûìè ïåðåìåííûìè;

èñïîëüçîâàíèå â ðàñ÷åòå ìàãíèòíîãî ïîëÿ, ñîçäàâàâàåìîãî ðàáî÷èì

òîêîì äóãè, ìîäåëè êàíàëà;

çàìåíà êàòóøåê, ñîçäàþùèõ óïðàâëÿþùåå ìàãíèòíîå ïîëå [7], ïîñòîÿí-

íûì ìàãíèòîì è ïðåäñòàâëåíèå âíåøíåãî ìàãíèòíîãî ïîëÿ îäíîé ðàäèàëüíîé

êîìïîíåíòîé âåêòîðà ìàãíèòíîé èíäóêöèè Br.

Ïîëó÷åíû çàâèñèìîñòè îò âðåìåíè èñêîìûõ ïåðåìåííûõ: òàíãåí-

öèàëüíîé ñîñòàâëÿþùåé íàïðÿæåííîñòè ìàãíèòíîãî ïîëÿ H = H�, ñîçäà-

âàåìîé ðàáî÷èì òîêîì äóãè Ia; òåìïåðàòóðû � �� ( , , )r z t ; ñêîðîñòè V �

� ( , , )u v w ñ àêñèàëüíîé (ïàðàëëåëüíîé îñè Oz), ðàäèàëüíîé (ïàðàëëåëüíîé

îñè Or) è òàíãåíöèàëüíîé (âðàùåíèÿ äóãè) ñîñòàâëÿþùèìè ñîîòâåòñòâåí-

íî u u r z t� ( , , ), v v r z t� ( , , ) è w w r z t� ( , , ); äàâëåíèÿ p p r z t� ( , , ), à òàêæå

ïëîòíîñòè ïëàçìåííîãî ïîòîêà � �� ( , , )r z t â õàðàêòåðíûõ òî÷êàõ ìîäå-

ëèðóåìîé ÏÝÑ.

Ìàòåìàòè÷åñêàÿ ôîðìóëèðîâêà çàäà÷è. Â îñíîâó ìîäåëè ïîëîæåíà

ñèñòåìà ðàçðåøàþùèõ óðàâíåíèé ìàãíèòíîé ãàçîäèíàìèêè (ÌÃÄ-óðàâíå-

íèé), ïðåäñòàâëåííàÿ ñ ó÷åòîì ïðèíÿòîãî ïðåäïîëîæåíèÿ î öèëèíäðè÷åñ-

êîé ñèììåòðèè çàäà÷è (� �� �a / � ).

Ðàçðåøàþùèå óðàâíåíèÿ. Ñëåäñòâèå óðàâíåíèé Ìàêñâåëëà —
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ãäå 	 	� D H( ) è 
 � 
 ��
 — ñîîòâåòñòâåííî äèíàìè÷åñêàÿ ìàãíèòíàÿ ïðî-

íèöàåìîñòü è óäåëüíàÿ ýëåêòðîïðîâîäíîñòü ñðåäû;

íåêîíñåðâàòèâíàÿ ôîðìà óðàâíåíèÿ ñîõðàíåíèÿ ýíåðãèè —

c
t

VV�
��

�

� � � 
� �
�

�
�

�

�
�

�� � �( ) ( ) /j
2

,
(2)

ãäå c cV V� ( )� — òåïëîåìêîñòü ñðåäû ïðè ïîñòîÿííîì îáúåìå; j = (jr, jz) —

âåêòîð îáúåìíîé ïëîòíîñòè òîêà ñ ðàäèàëüíîé jr è àêñèàëüíîé jz êîìïî-

íåíòàìè;

óðàâíåíèÿ êîëè÷åñòâà äâèæåíèÿ, çàèìñòâîâàííîå èç [8] è çàïèñàííîå â

îáîçíà÷åíèÿõ öèòèðóåìîé ðàáîòû —

��

�

� � �

V

t
VV p� �� �� �( ) ,

(3)

ãäå �V — ìàññîâàÿ ñêîðîñòü; � — òåíçîð íàïðÿæåíèé, ïðåäñòàâëåííûé

òðåõìåðíûì âåêòîðîì (� � �
�z r

, , ) ñ äâóõêîìïîíåíòíûìè ñîñòàâëÿþùèìè

� � �
z

zz zr� ( , ), � � �
r

rz rr� ( , ), � � �
�

� �
� ( , )z r , óäîâëåòâîðÿþùèìè ñîîòíîøå-

íèÿì èç [8], çàïèñàííûìè ñ ó÷åòîì ïðåäïîëàãàåìîé îñåâîé ñèììåòðèè

ïîòîêà:
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� � �a a z r ra r� � � �/ ( / ) ( ) /1 .

Ïîêîìïîíåíòíàÿ ôîðìà âåêòîðíîãî óðàâíåíèÿ (3) ïðåäñòàâëåíà â ìîäåëè

ñëåäóþùèìè ñîîòíîøåíèÿìè:
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�� �( ) ,
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t
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t
wV f�� �( ) ,
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f f f fp E
� � �

�

�

� � � , f
p

p
� �

��

� � , f
�

� �

�� �� , � = z, r, � ;

f j BE
z

r� �
�
; f j BE

r
z� � �

�
; f j B j B

E z r r z
�

� � � � �( ) .

Íåêîòîðûå ðåçóëüòàòû êîìïüþòåðíîãî ìîäåëèðîâàíèÿ
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Â âûðàæåíèÿõ f �

(� = z, r) îòáðîøåíû r è z — ñîñòàâëÿþùèå ëîðåíöîâîé

ñèëû (ñîîòâåòñòâåííî f E
r

è f E
z
) ââèäó ïðåíåáðåæèìîé ìàëîñòè òîêà ïåðå-

íîñà äóãè ( j
�
), âðàùàþùåéñÿ ìåæäó òîðöàìè ýëåêòðîäîâ ïîä äåéñòâèåì

îäíîé åå ñîñòàâëÿþùåé — f
E

�

, òàêæå ïðåäñòàâëåííîé ïðèáëèæåííî: îòáðî-

øåíî âòîðîå ñëàãàåìîå â ñêîáêàõ, ïîñêîëüêó âíåøíåå ìàãíèòíîå ïîëå

ïðåäïîëàãàåòñÿ ñòðîãî ðàäèàëüíûì (B z � 0).

Ñèñòåìó (1) — (3) çàìûêàþò óðàâíåíèÿ

íåïðåðûâíîñòè —

��

�

�

t
V�� �( ) 0

è ñîñòîÿíèÿ — p R� ��, ãäå R — óíèâåðñàëüíàÿ ãàçîâàÿ ïîñòîÿííàÿ.

Íà÷àëüíûå óñëîâèÿ äëÿ èñêîìûõ ïåðåìåííûõ ïðèíÿòû òðèâèàëü-

íûìè çà èñêëþ÷åíèåì òåìïåðàòóðû è ïëîòíîñòè. Íà÷àëüíîå ðàñïðåäåëå-

íèå òåìïåðàòóðû, âû÷èñëåííîå ïî ìåòîäèêå, îïèñàííîé â [9], äëÿ t t� �
1

1c

èçîáðàæåíî íà ðèñ. 1 (ñì. âêëåéêó). Íà ýòîì æå ðèñóíêå ïðåäñòàâëåíî ðàñïðå-

äåëåíèå âåêòîðà ïëîòíîñòè òîêà, àêñèàëüíàÿ êîìïîíåíòà êîòîðîãî èñïîëü-

çîâàíà íà ïåðâîì øàãå ïî âðåìåíè â ðàñ÷åòå ñêîðîñòè âðàùåíèÿ äóãè (ñì.

óðàâíåíèå (4)). Ïëîòíîñòü âîçäóøíîé ïëàçìû ïðè t t�
1

ïðèíÿòà ïîñòîÿí-

íîé, � ( , , )r z t
1

= 0,25 êã/ì
3
, íà âñåé îáëàñòè çàäàíèÿ èñêîìûõ ïàðàìåòðîâ

ïëàçìåííîãî ïîòîêà, ïðåäñòàâëåííîé íà ðèñ. 2.

Ãðàíè÷íûå óñëîâèÿ. Ïðîäîëüíàÿ ìàññîâàÿ ñêîðîñòü (�u) ïî ëèíèÿì

À: �� �u z/ �0 ( ïðÿìîëèíåéíîñòü ïîòîêà);

Â : �� �u r/ �0 (ïðîñòðàíñòâåííàÿ ñòàáèëèçàöèÿ ïîòîêà);

Ñ , D, G, H è F: �u �0 (óñëîâèå ïðèëèïàíèÿ);

Å: �� �u z/ �0 (ïðîñòðàíñòâåííàÿ ñòàáèëèçàöèÿ ïîòîêà);

I: �� �u r/ �0 (óñëîâèå àêñèàëüíîé cèììåòðèè ïîòîêà).

Ïîïåðå÷íàÿ ìàññîâàÿ ñêîðîñòü (�v) ïî ëèíèÿì

À: �v �0 ( ïðÿìîëèíåéíîñòü ïîòîêà);

Â : �� �v r/ �0 (ïðîñòðàíñòâåííàÿ ñòàáèëèçàöèÿ ïîòîêà);

Ñ , D, G, H è F: �v �0 (óñëîâèå ïðèëèïàíèÿ);

Å: �� �v z/ �0 (ïðîñòðàíñòâåííàÿ ñòàáèëèçàöèÿ ïîòîêà);

I: v �0 (ïðÿìîëèíåéíîñòü ëèíèè òîêà).

Îêðóæíàÿ ìàññîâàÿ ñêîðîñòü (�w) ïî ëèíèÿì

À: �� �w z/ �0 ( ìàêñèìóì ñêîðîñòè âðàùåíèÿ);

Â: �� �w r/ �0 (ïðîñòðàíñòâåííàÿ ñòàáèëèçàöèÿ ïîòîêà);

Ñ , D, G, H è F: �v �0 (óñëîâèå ïðèëèïàíèÿ);

Å: w = 0 (âîçäóøíàÿ ìàññà íå âðàùàåòñÿ).

Äàâëåíèå ïî ëèíèèÿì

A, B è Å: � �p n/ �0.
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Ðèñ. 2. Ãðàôèêè ôîðìèðîâàíèÿ ãðàíèö òóííåëÿ (à) è äèíàìè÷åñêîé îáðàáîòêè òðàññû

èçîáðàæåíèé ÏËÏ (á): À — èçìåíåíèå êîîðäèíàòû öåíòðà ÏËÏ â òðàññå; Â — äèíàìè-

÷åñêàÿ ãðàíèöà òóííåëÿ; Ñ — ñòàòè÷åñêàÿ ãðàíèöà òóííåëÿ

Ðèñ. 1. Íà÷àëüíûå ðàñïðåäåëåíèÿ òåìïåðàòóðû è âåê-

òîðà îáúåìíîé ïëîòíîñòè òîêà
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Ðèñ. 3. Çàâèñèìîñòè îò âðåìåíè �t ïàðàìåòðîâ ïëàçìåííîãî ïîòîêà f ïðè ðàçëè÷íîì

ðàñïîëîæåíèè òî÷åê íàáëþäåíèÿ



Ìåòîäèêà, ìåòîäû ðåøåíèÿ çàäà÷è è ñåòî÷íûå ïàðàìåòðû. Ðåçóëü-

òàòèâíîñòè êîìïüþòåðíûõ ýêñïåðèìåíòîâ, êðîìå ïåðå÷èñëåííûõ âûøå

óïðîùåíèé çàäà÷è, â áîëüøîé ìåðå ñïîñîáñòâîâàëè ìåòîäèêà ðåøåíèÿ

çàäà÷è, ìåòîäû âû÷èñëåíèÿ íà÷àëüíîãî ðàñïðåäåëåíèÿ òåìïåðàòóðû [9] è

êîìïîíåíò âåêòîðà îáúåìíîé ïëîòíîñòè òîêà [10].

Îïåðàòîðû, îáåñïå÷èâàþùèå ðàñ÷åò ïðîöåññîâ äèôôóçèè, àïïðîêñèìè-

ðîâàëèñü èíòåãðî-èíòåðïîëÿöèîííûì ìåòîäîì 1-ãî ïîðÿäêà [11], à îïåðà-

òîðû, îáåñïå÷èâàþùèå ðàñ÷åò ïðîöåññîâ ìàññîïåðåíîñà — «âòîðîé ñõåìîé ñ

ðàçíîñòÿìè ïðîòèâ ïîòîêà» [12, ñ. 113]. Ïðè ýòîì èñïîëüçîâàíû ñóùåñòâåííî

íåðàâíîìåðíûå ñåòêè ÿ÷åèñòîé ñòðóêòóðû, ñîäåðæàùèå 157 (nr)  129 (nz)

ÿ÷ååê ñ ðàçíåñåíèåì çíà÷åíèé ïåðåìåííûõ â ñîîòâåòñòâèè ñ ìåòîäèêîé, ïðè-

íÿòîé â âû÷èñëèòåëüíîé ãèäðîäèíàìèêå [12]; èíòåãðèðîâàíèå ïî âðåìåíè

îñóùåñòâëÿëîñü ÿâíûì ìåòîäîì 1-ãî ïîðÿäêà ñ øàãîì � = 10
–7

c.

Ðåçóëüòàòû ðåøåíèÿ çàäà÷è. Äëÿ íàáëþäåíèÿ äèíàìèêè ïîâåäåíèÿ

äóãîâîé ïëàçìû îñóùåñòâëåíà ïðîãðàììíàÿ âèçóàëèçàöèÿ çíà÷åíèé ãàçî-

äèíàìè÷åñêèõ ïåðåìåííûõ â ðàçëè÷íûõ òî÷êàõ îáëàñòè çàäàíèÿ ãàçîâîãî

ïîòîêà.

Íà ðèñ. 3 (ñì. âêëåéêó) ïðåäñòàâëåíû çàâèñèìîñòè

f f t a t a t
t t T

� �

! !

( ) ( ) / max ( )

1

,

îò âðåìåíè " � � �t t t T t( ) / ( )
1 1

íà èíòåðâàëå [1, 1.001] â òðåõ òî÷êàõ ïëàç-

ìåííîãî ïîòîêà, ïîëó÷åííûå äëÿ ñëåäóþùèõ ïàðàìåòðîâ ïðîöåññà à: òåì-

ïåðàòóðû �, äàâëåíèÿ ð, ñêîðîñòè vr , v z , v
�
, ïëîòíîñòè �. Ïîä êðèâûìè

óêàçàíî ðàñïîëîæåíèå òî÷êè íàáëþäåíèÿ.
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Ðèñ. 2. Îáëàñòü çàäàíèÿ ïàðàìåòðîâ ãàçîâîãî ïîòîêà



Âûâîä. Òàêèì îáðàçîì, ðåøåíà íåñòàöèîíàðíàÿ çàäà÷à âçàèìîäåéñò-

âèÿ ÍÒÏ ñ ìåòàëëè÷åñêèìè òðóá÷àòûìè ýëåêòðîäàìè. Ðåçóëüòàòû êîì-

ïüþòåðíîãî ìîäåëèðîâàíèÿ, ïðåäñòàâëåííûå íà ìîíèòîðå âðåìåííûìè

çàâèñèìîñòÿìè îñíîâíûõ ïàðàìåòðîâ ãàçîâîãî ïîòîêà â íåêîòîðûõ õàðàê-

òåðíûõ òî÷êàõ îáëàñòè åãî çàäàíèÿ, ñâèäåòåëüñòâóþò î êîëåáàòåëüíîì

õàðàêòåðå ãàçîäèíàìè÷åñêèõ ïàðàìåòðîâ ÏÝÑ.

An axisymmetric nonstationary problem on interaction of the electric arc air plasma with a tubular

electrode has been formulated and solved numerically. The numerical model is based on an ini-

tial-boundary value problem for the system of equations of magnetic gas dynamics with Joule heating

of the plasma-electrode system of a unit for automatic welding of tubes with a ring section. Thermal

gas dynamics of the arc rotating in the transversal magnetic field has been calculated.
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ÅÒÈ×ÍÈÉ ÊÎÄÅÊÑ Ó×ÅÍÎÃÎ ÓÊÐÀ¯ÍÈ *

Ñõâàëåíî ïîñòàíîâîþ çàãàëüíèõ
çáîð³â ÍÀÍ Óêðà¿íè
â³ä 15 êâ³òíÿ 2009 ðîêó ¹ 2

Ïåðåäìîâà

Ìåòîþ Åòè÷íîãî êîäåêñó â÷åíîãî Óêðà¿íè (íàäàë³ Êîäåêñ) º ôîðìóëþâàííÿ çà-
ãàëüíèõ åòè÷íèõ ïðèíöèï³â, ÿêèõ êîæåí ç íàóêîâö³â ³ âèêëàäà÷³â ìàº äîòðèìó-
âàòèñÿ ó ñâî¿é ðîáîò³. Êîäåêñ ðåãóëþº â³äíîñèíè íàóêîâö³â ì³æ ñîáîþ òà ³ç ñóñ-
ï³ëüñòâîì. Â³í óñòàíîâëþº îñíîâí³ çàñàäè äëÿ îö³íêè â÷åíèìè ñâîº¿ âëàñíî¿
ðîáîòè òà ä³ÿëüíîñò³ êîëåã ï³ä ìîðàëüíèì êóòîì. Çàêð³ïëåí³ òóò ïðèíöèïè ìàþòü
ñëóãóâàòè îñíîâîþ äëÿ åòè÷íî¿ ï³äãîòîâêè ìîëîäèõ íàóêîâö³â. Îñíîâíèì çàâäàí-
íÿì Êîäåêñó º íàäàííÿ ïð³îðèòåòó ìîðàëüíèì âèì³ðàì íàóêè òà ñîö³àëüí³é â³äïî-
â³äàëüíîñò³ ñï³ëüíîòè â÷åíèõ ³ êîæíîãî â÷åíîãî çîêðåìà. Ïðîáëåìà îñîáèñòî¿
â³äïîâ³äàëüíîñò³ â÷åíîãî íàáóëà âàæëèâîãî çíà÷åííÿ òîìó, ùî ñóñï³ëüí³ ³íñòèòóòè
÷àñîì íå âñòèãàþòü çà ñòð³ìêèìè òåìïàìè ðîçâèòêó íàóêè ³ òåõíîëîã³é.

Â óñüîìó ñâ³ò³ åòè÷í³ êîäåêñè áàçóþòüñÿ íà ðîçóì³íí³ òîãî, ùî íàëåæíà
ïðàêòèêà ó ñôåð³ íàóêè ñïðèÿº äîâ³ð³ â ñåðåäîâèù³ íàóêîâîãî ñï³âòîâàðèñòâà òà
ì³æ íèì ³ ñóñï³ëüñòâîì, ùî º íåîáõ³äíèì äëÿ ðîçâèòêó íàóêè. Â÷åí³ ïîâèíí³ áóòè
âïåâíåíèìè â íàä³éíîñò³ ðåçóëüòàò³â ðîáîòè ñâî¿õ êîëåã. Ó ñâîþ ÷åðãó, ñóñ-
ï³ëüñòâî ìàº áóòè âïåâíåíèì ó ÷åñíîñò³ íàóêîâö³â òà äîñòîâ³ðíîñò³ ðåçóëüòàò³â
¿õí³õ äîñë³äæåíü. Íà æàëü, îñòàíí³ì ÷àñîì òàêà äîâ³ðà ïîõèòíóëàñÿ ó çâ’ÿçêó ç
òèì, ùî â áàãàòüîõ êðà¿íàõ ñïîñòåð³ãàëèñÿ ñåðéîçí³ ïîðóøåííÿ åòèêè, ÿê³ ï³ä³ð-
âàëè àâòîðèòåò íàóêè òà äîâ³ðó ñóñï³ëüñòâà äî â÷åíèõ. Ùîá çàïîá³ãòè òàêîìó
ðîçâèòêîâ³ ïîä³é â Óêðà¿í³, âñ³ íàóêîâö³ ìàþòü óñâ³äîìëþâàòè âàæëèâ³ñòü âèñî-
êîåòè÷íî¿ ïîâåä³íêè òà ñâîþ â³äïîâ³äàëüí³ñòü çà ôîðìóâàííÿ ãðîìàäñüêî¿ äóìêè
ùîäî íàóêè.
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1. Çàãàëüí³ ïðèíöèïè

1.1. Åòèêà íàóêè áàçóºòüñÿ íà îñíîâîïîëîæíèõ ö³ííîñòÿõ, íîðìàõ òà ïðèí-
öèïàõ ³ âèçíà÷àº ìîðàëüíó ïîâåä³íêó â÷åíîãî, éîãî â³äïîâ³äàëüí³ñòü ïåðåä
ñóñï³ëüñòâîì.

1.2. Ó ñâî¿é ðîáîò³ â÷åíèé ìàº êåðóâàòèñÿ âèçíàíèìè ñòàíäàðòàìè ïðàêòèêè,
çàãàëüí³ ïîëîæåííÿ ÿêèõ ñôîðìóëüîâàíî ó öüîìó Êîäåêñ³.

1.3. Ó÷åíèé ïîâèíåí óñâ³äîìëþâàòè, ùî åôåêòèâí³ñòü íàóêè îö³íþº ñóñ-
ï³ëüñòâî.

1.4. Ó÷åíèé íåñå ìîðàëüíó â³äïîâ³äàëüí³ñòü çà íàñë³äêè ñâîº¿ ä³ÿëüíîñò³,
ùî ìîæóòü âïëèâàòè íà ðîçâèòîê ëþäñòâà àáî ïðèðîäè. Â÷åíèé ïîâèíåí ïðîòè-
ä³ÿòè îòðèìàííþ ðåçóëüòàò³â, ùî ñóïåðå÷àòü ïðèíöèïàì ãóìàí³çìó, øëÿõîì:

â³äìîâè ó ñï³âïðàö³;
ïîïåðåäæåííÿ ñóñï³ëüñòâà ïðî ìîæëèâ³ íåãàòèâí³ íàñë³äêè âèêîðèñòàííÿ

äîñÿãíåíü íàóêè â àíòèãóìàííîìó íàïðÿìêó;
³íôîðìóâàííÿ ãðîìàäñüêîñò³, çîêðåìà íàóêîâîãî ñï³âòîâàðèñòâà, ùîäî

ìîæëèâèõ íåãàòèâíèõ íàñë³äê³â çàñòîñóâàííÿ íàóêîâèõ äîñÿãíåíü ³ íåîáõ³äíîñ-
ò³ ¿õ ïîïåðåäæåííÿ.

1.5. Ó÷åíèé çîáîâ’ÿçàíèé ïðîòèä³ÿòè êîíôîðì³çìó â íàóêîâîìó ñï³âòîâàðèñò-
â³, áðàòè àêòèâíó ó÷àñòü ó ïðîöåñàõ àòåñòàö³¿ íàóêîâèõ êàäð³â, ïðîòèä³ÿòè ïðè-
ñóäæåííþ íàóêîâèõ ñòóïåí³â ³ çâàíü çà ðîáîòè, ÿê³ íå â³äïîâ³äàþòü ñó÷àñíèì
äîñÿãíåííÿì ñâ³òîâî¿ íàóêè àáî âèêîíàí³ ç ïîðóøåííÿì íîðì åòèêè, çîêðåìà
ð³øó÷å âèêðèâàòè ôàêòè ïëàã³àòó é ³íøèõ ôîðì ïîðóøåíü àâòîðñüêîãî ïðàâà.

1.6. Ó÷åíèé ìàº àêòèâíî ïðîòèä³ÿòè ïñåâäîíàóö³, âèñòóïàòè ïðîòè ðîçïîâ-
ñþäæåííÿ â ñóñï³ëüñòâ³ ¿¿ ïîãëÿä³â ³ ðåêîìåíäàö³é.

1.7. Â÷åíèé ìàº ñïðÿìîâóâàòè ñâî¿ çóñèëëÿ íà ïîäàëüøå çàñòîñóâàííÿ
îòðèìàíèõ çíàíü çàäëÿ áëàãà ëþäñòâà, çáåðåæåííÿ íàâêîëèøíüîãî ñåðåäîâè-
ùà òà íàéåêîíîì³÷í³øîãî âèêîðèñòàííÿ ïðèðîäíèõ ðåñóðñ³â. Âèçíàþ÷è ñóñ-
ï³ëüí³ ïîòðåáè òà îáìåæåí³ñòü ïðèðîäíèõ ðåñóðñ³â, ó÷åíèé ïîâèíåí àêòèâíî
ïðîòèä³ÿòè ïðîâåäåííþ íåîá´ðóíòîâàíèõ äîñë³äæåíü.

1.8. Ñâîáîäà â íàóö³ — öå â ïåðøó ÷åðãó ñâîáîäà âèáîðó íàóêîâèõ íàïðÿ-
ì³â äîñë³äæåííÿ, êîíöåïö³é, ã³ïîòåç, ïàðàäèãì, ïðîáëåì ³ ìåòîä³â ¿õíüîãî âè-
ð³øåííÿ, é ïîíàä óñå, ñâîáîäà äóìêè òà ñëîâà. Ñâîáîäà â íàóêîâ³é òâîð÷îñò³ â
ñâî¿é îñíîâ³ ïîâèííà ìàòè âèñîêèé ïðîôåñ³îíàë³çì. Ó÷åíèé ìàº çàõèùàòè ñâî-
áîäó íàóêîâî¿ äóìêè, çàñóäæóâàòè öåíçóðó ùîäî íàóêîâî¿ òâîð÷îñò³ òà áóäü-ÿê³
íàìàãàííÿ ìîíîïîë³çóâàòè ò³ ÷è ³íø³ íàïðÿìè íàóêè.

1.9. Ó÷åíèé íåñå â³äïîâ³äàëüí³ñòü çà âèíèêíåííÿ íåáåçïåêè äëÿ îêðåìî¿ ëþ-
äèíè, ñóñï³ëüñòâà, åêîíîì³êè àáî øêîäè äëÿ ïðèðîäè, ÿê³ ìîæå çàïîä³ÿòè çàñòîñó-
âàííÿ íåïåðåâ³ðåíèõ íîâèõ íàóêîâèõ çíàíü.

1.10. Ó÷åíèé íå ÷èíèòü ä³é, ÿê³ ìîæóòü çàâäàòè øêîäó ïðîôåñ³éí³é ðåïóòàö³¿
³íøîãî â÷åíîãî. Ïðîòå, çà íàÿâíîñò³ íåñïðîñòîâíèõ äîêàç³â íååòè÷íî¿ ïîâåä³íêè
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÷è íåïðîôåñ³éíèõ ä³é ó÷åíîãî, íàóêîâå ñï³âòîâàðèñòâî ìàº ó â³äêðèò³é íåóïåðåä-
æåí³é äèñêóñ³¿ äàòè ¿ì â³äïîâ³äíó îö³íêó.

1.11. Ó÷åíèé ìàº äîêëàäàòè çóñèëü äî ï³äãîòîâêè òà ðîçâèòêó íàóêîâî¿
ìîëîä³-³íòåë³ãåíò³â, ÷åñíèõ ³ ñàìîâ³ääàíèõ ïàòð³îò³â. Òîìó âèõîâàííÿ íàóêîâî¿
çì³íè íå ïîâèííî îáìåæóâàòèñÿ ò³ëüêè íàäàííÿì òåõí³÷íèõ íàâè÷îê, íåîáõ³ä-
íèõ äëÿ ïðîâåäåííÿ äîñë³äæåííÿ. Ï³äãîòîâêà ìàº âêëþ÷àòè îñíîâí³ åòè÷í³
ñòàíäàðòè òà íîðìè íàóêè. Íàóêîâ³ ñï³âðîá³òíèêè òà âèêëàäà÷³ ìàþòü ñëóãóâàòè
âç³ðöåì ìîðàëüíîñò³ äëÿ ìîëîäèõ â÷åíèõ ùîäî ñòàâëåííÿ äî íàóêè òà äî
àâòîðñüêèõ ïðàâ.

2. Íàóêîâ³ äîñë³äæåííÿ

2.1. Ó÷åíèé ìàñ äîòðèìóâàòèñÿ íàéâèùèõ ïðîôåñ³éíèõ ñòàíäàðò³â ïëàíóâàí-
íÿ òà ïðîâåäåííÿ íàóêîâèõ äîñë³äæåíü íà îñíîâ³ ãëèáîêèõ çíàíü ïðî äîðîáîê
ñâ³òîâî¿ íàóêè ó ïåâí³é ãàëóç³.

2.2. Ó÷åíèé çîáîâ’ÿçàíèé âèøóêóâàòè íàéïðèéíÿòí³ø³ ç îãëÿäó íà àäåêâàò-
í³ñòü òà åêîíîì³÷íó âèïðàâäàí³ñòü øëÿõè âèð³øåííÿ äîñë³äæóâàíî¿ ïðîáëåìè.
Âèñíîâêè çàâåðøåíîãî äîñë³äæåííÿ â÷åíèé çîáîâ’ÿçàíèé âèêëàäàòè îá’ºêòèâ-
íî, íåçâàæàþ÷è íà î÷³êóâàííÿ çàìîâíèêà.

2.3. Ó÷åíèé ìàº çàáåçïå÷óâàòè áåçäîãàííó ÷åñí³ñòü ³ ïðîçîð³ñòü íà âñ³õ ñòàä³ÿõ
íàóêîâîãî äîñë³äæåííÿ òà ââàæàòè íåïðèïóñòèìèì ïðîÿâè øàõðàéñòâà, çîêðåìà
ôàáðèêóâàííÿ òà ôàëüøóâàííÿ äàíèõ, ï³ðàòñòâà ³ ïëàã³àòó. Íåïðèïóñòèìèì º
íàìàãàííÿ êåð³âíèõ îñ³á óïåðåäæåíî âïëèâàòè íà õàðàêòåð îòðèìóâàíèõ â äîñë³ä-
æåíí³ äàíèõ ³ âèñíîâê³â. Ó÷åíèé ñëóæèòü ëèøå îá’ºêòèâí³é ³ñòèí³.

2.4. Ó÷åíèé ìàº ïàì’ÿòàòè, ùî íàóêîâå äîñë³äæåííÿ — öå ïðîöåñ îòðèìàí-
íÿ íîâîãî çíàííÿ. Â³í ìàº ïðàãíóòè äî íàëåæíî¿ åðóäèö³¿ ³ êîìïåòåíòíîñò³, çà
ÿêèõ ìîæëèâèé êðèòè÷íèé àíàë³ç íàéñó÷àñí³øèõ íàóêîâèõ çíàíü,

2.5. Ó÷åíèé ìàº çàáåçïå÷óâàòè íåîáõ³äíèé çàõèñò ³íòåëåêòóàëüíî¿ âëàñíîñò³.
2.6. Â÷åíèé ìàº ñïðèÿòè ÿêíàéïîâí³øîìó âèêîðèñòàííþ ðåçóëüòàò³â ñâîº¿

ïðàö³ â ³íòåðåñàõ ñóñï³ëüñòâà òà ç ìåòîþ îõîðîíè äîâê³ëëÿ.
2.7. Íàóêîâ³ äîñë³äæåííÿ æîäíèì ÷èíîì íå ïîâèíí³ îáðàæàòè ã³äí³ñòü àáî éòè

âñóïåðå÷ ïðàâàì ëþäèíè. Ó ìåäèêî-á³îëîã³÷íèõ äîñë³äæåííÿõ ñë³ä êåðóâàòèñÿ
ïðèíöèïàìè á³îåòèêè.

2.8. Íàóêîâå äîñë³äæåííÿ ìàº ïðîâîäèòèñÿ òàêèì ÷èíîì, ùîá íå ñïðè÷è-
íÿòè øêîäè íàâêîëèøíüîìó ñåðåäîâèùó. ßêùî òàêîãî ïîøêîäæåííÿ íåìîæ-
ëèâî óíèêíóòè, âïëèâ ëþäèíè ïîâèíåí áóòè çâåäåíèé äî ì³í³ìóìó, à ñåðåäîâèùå
ï³ñëÿ çàâåðøåííÿ äîñë³äæåííÿ â³äíîâëåíå äî éîãî ïåðâèííîãî ñòàíó.

3. Ó÷åíèé ÿê àâòîð

3.1. Îñíîâíîþ ìîòèâàö³ºþ ä³ÿëüíîñò³ â÷åíîãî ìàº áóòè ïðàãíåííÿ äî ï³ç-
íàííÿ òà áàæàííÿ çáàãàòèòè íàóêó íîâèìè çíàííÿìè. Ïðè öüîìó íàéâèùîþ
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íàãîðîäîþ â÷åíîãî º äîñÿãíåííÿ ³ñòèíè òà âèçíàííÿ íàóêîâîãî ñï³âòîâàðèñòâà.
Â÷åíèé ìàº ïðàâî òà îáîâ’ÿçîê çàõèùàòè ñâ³é íàóêîâèé ïð³îðèòåò. Ðàçîì ç òèì,
ïóáë³êàö³ÿ íåòî÷íèõ ³ íåïåðåêîíëèâèõ íàóêîâèõ ðåçóëüòàò³â, à òàêîæ ïóáë³êàö³ÿ â
íåíàóêîâèõ âèäàííÿõ ç ìåòîþ äîñÿãíåííÿ ïð³îðèòåòó, íåïðèïóñòèì³.

3.2. Ó÷åíèé âèçíàº ì³æíàðîäí³ òà íàö³îíàëüí³ ïðàâîâ³ íîðìè ùîäî àâòîðñü-
êèõ ïðàâ. Â³í ìîæå âèêîðèñòîâóâàòè ³íôîðìàö³þ ç áóäü-ÿêèõ ïóáë³êàö³é çà óìîâè,
ùî âêàçóº äæåðåëî òà ïðîâîäèòü ÷³òêó ìåæó ì³æ âëàñíèìè äàíèìè òà çäîáóòêàìè
³íøèõ. Çàïîçè÷åííÿ äëÿ âëàñíèõ ïóáë³êàö³é áóäü-ÿêèõ ôîòîãðàô³é, ðèñóíê³â, òàá-
ëèöü, ñõåì òîùî ïîòðåáóº, çã³äíî ç âèäàâíè÷èìè ïðàâèëàìè, äîçâîëó àâòîðà àáî
âèäàâíèöòâà.

3.3. Ïðè ïóáë³êàö³¿ ðåçóëüòàò³â äîñë³äæåííÿ, ùî ïðîâîäèëîñÿ ãðóïîþ â÷å-
íèõ, âñ³, õòî áðàâ òâîð÷ó ó÷àñòü ó ðîáîò³, ìàþòü áóòè çàçíà÷åíèìè ÿê àâòîðè; ó
ðàç³ íåîáõ³äíîñò³ ìîæå áóòè çàçíà÷åíî ¿õí³é îñîáèñòèé âíåñîê.

Ò³ëüêè ðåàëüíèé òâîð÷èé âíåñîê ó íàóêîâó ðîáîòó ìîæå ñëóãóâàòè êðèòåð³ºì
àâòîðñòâà. Ïîñòóïàòèñÿ àâòîðñòâîì íà íàóêîâó ðîáîòó ³íø³é îñîá³, ïðèéìàòè
àâòîðñòâî àáî ñï³âàâòîðñòâî òà, îñîáëèâî, âèìàãàòè éîãî º íåïðèïóñòèìèì.

3.4. Ó÷åíèé íå ïîâèíåí ïîâòîðþâàòè ñâî¿ íàóêîâ³ ïóáë³êàö³¿ ç ìåòîþ ï³äâèùåííÿ
¿õ ê³ëüêîñò³. ßêùî äëÿ ïðîïàãàíäè íàóêîâèõ äîñÿãíåíü äîö³ëüíà ïóáë³êàö³ÿ îäí³º¿ ³ ò³º¿
æ ðîáîòè â ð³çíèõ æóðíàëàõ, ðåäàêòîðè îñòàíí³õ ïîâèíí³ áóòè ïî³íôîðìîâàí³ ïðî
ôàêò ïóáë³êàö³¿ â ³íøèõ âèäàííÿõ.

3.5. Ó÷åíèé ïîâèíåí áóòè îá’ºêòèâíèì â îö³íö³ âëàñíèõ äîñÿãíåíü. Ïðåñà,
ðàä³î òà òåëåáà÷åííÿ ìîæóòü áóòè âèêîðèñòàí³ äëÿ ïðîïàãàíäè íàóêîâèõ äîñÿã-
íåíü, àëå íå âëàñíî¿ îñîáè. Ïðè ïóáë³êàö³¿ ðîáîòè â÷åíèé ï³äïîðÿäêîâóºòüñÿ
âèìîãàì âèäàâöÿ, àëå áàæàíî, ùîá íàóêîâ³ ñòóïåí³ òà çâàííÿ àâòîðà íå áóëè
âêàçàí³. Òàêà ³íôîðìàö³ÿ ìîæå áóòè ïîäàíà ó ïðèì³òö³.

4. Ó÷åíèé ÿê êåð³âíèê

4.1. Äëÿ íàóêîâî¿ ïðàö³ â÷åíèé îòî÷óº ñåáå ñï³âðîá³òíèêàìè ò³ëüêè íà
îñíîâ³ íåóïåðåäæåíî¿ îö³íêè ¿õí³õ ³íòåëåêòóàëüíèõ, åòè÷íèõ ³ ïåðñîíàëüíèõ ðèñ.
Ó÷åíèé ïîâèíåí ïðîòèä³ÿòè âñ³ì ïðîÿâàì ïðîòåêö³îí³çìó, êîðóïö³¿ ³ äèñêðè-
ì³íàö³¿.

4.2. Ó÷åíèé áóäóº âçàºìèíè ç³ ñï³âðîá³òíèêàìè íà ïðèíöèïàõ ñïðàâåäëè-
âîñò³, âèÿâëÿº äîáðîçè÷ëèâ³ñòü ³ ï³äòðèìêó ñâî¿ì ó÷íÿì òà îö³íþº êîæíîãî ç íèõ
îá’ºêòèâíî. ßê êåð³âíèê â³í ìàº ñïðèÿòè ñëóæáîâîìó çðîñòàííþ ï³äïîðÿäêîâàíèõ
éîìó ñï³âðîá³òíèê³â â³äïîâ³äíî äî ¿õíüî¿ êâàë³ô³êàö³¿ ³ ñòàâëåííÿ äî ïðàö³.

4.3. Ó÷åíèé íå ïåðåêëàäàº íà ñâî¿õ ñï³âðîá³òíèê³â âèêîíàííÿ çàâäàíü, ÿê³ â³í
ïîâèíåí âèêîíóâàòè ñàì.

4.4. Ó÷åíèé-êåð³âíèê çîáîâ’ÿçàíèé îá´ðóíòîâóâàòè, àëå íå íàâ’ÿçóâàòè ÷ëå-
íàì ñâîãî êîëåêòèâó ñâîº íàóêîâå áà÷åííÿ ïðîáëåìè.

4.5. Ó÷åíèé ïîâèíåí äîêëàäàòè âñ³õ çóñèëü äëÿ ñòâîðåííÿ íàëåæíî¿ òâîð-
÷î¿ àòìîñôåðè â êîëåêòèâ³.
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5. Ó÷åíèé ÿê âèêëàäà÷

5.1. Ó÷åíèé ìàº ç ïîâàãîþ ñòàâèòèñÿ äî ñâî¿õ ó÷í³â ³ äî ¿õíüîãî â³ëüíîãî é
êðèòè÷íîãî ìèñëåííÿ.

5.2. Ó÷åíèé ó ñâî¿é âèêëàäàöüê³é ðîáîò³ ïîâèíåí íå ëèøå äîíîñèòè äî àóäèòîð³¿
äîñòîâ³ðíó íàóêîâó ³íôîðìàö³þ, àëå é ñïðèÿòè ñòàíîâëåííþ ãðîìàäÿíñüêî¿ ïîçè-
ö³¿ ìîëîäîãî ïîêîë³ííÿ.

5.3. Ó÷åíèé íå ïîâèíåí ïåðåøêîäæàòè ñï³ëêóâàííþ ñâî¿õ ó÷í³â ç ³íøèìè
â÷åíèìè òà íàóêîâèìè ³íñòèòóö³ÿìè. Â³í ïîâàæàº ¿õ ïðàâî íà â³ëüíå îá’ºäíàííÿ,
ñàìîâðÿäóâàííÿ òà ÷ëåíñòâî â êîëåã³àëüíèõ àêàäåì³÷íèõ îðãàí³çàö³ÿõ, ïðèñëó-
õàºòüñÿ äî äóìêè ñòóäåíòñüêîãî ñï³âòîâàðèñòâà ùîäî ôîðìè òà ìåòîä³â íàâ-
÷àííÿ.

5.4. Ó÷åíèé ïîâèíåí ïðîâîäèòè çàíÿòòÿ â ö³êàâ³é ôîðì³, ïðèéíÿòí³é äëÿ
øèðîêîãî êîëà ó÷í³â. Â³í ìàº ïåðåêîíàòèñÿ â íàëåæíîìó çàáåçïå÷åíí³ ëàáîðà-
òîð³é òà á³áë³îòåê, çàíÿòòÿ ïðîâîäèòè ñóâîðî â³äïîâ³äíî äî ðîçêëàäó. Çì³ñò ëåêö³é
ïîâèíåí â³äîáðàæàòè ñó÷àñí³ äîñÿãíåííÿ ñâ³òîâî¿ íàóêè ³ íå ñóïðîâîäæóâàòèñÿ
òèñêîì óïåðåäæåíî¿ äóìêè.

5.5. Ó÷åíèé ìàº îá’ºêòèâíî ñòàâèòèñÿ äî ó÷í³â, óòðèìóþ÷èñü â³ä íååòè÷íèõ
ôîðì îö³íîê.

5.6. Ó÷åíèé ìàº óñâ³äîìëþâàòè, ùî â³í ïîâèíåí áóòè âç³ðöåì íàéâèùî¿
³íòåë³ãåíòíîñò³, â ÿê³é â³äîáðàæàþòüñÿ òðàäèö³¿ âèçíàíèõ óêðà¿íñüêèõ ³ ñâ³òîâèõ
íàóêîâèõ øê³ë.

5.7. Ó÷åíèé ïðèä³ëÿº îñîáëèâó óâàãó îáäàðîâàíèì ñòóäåíòàì ³ çàëó÷àº ¿õ
äî íàóêîâî¿ ïðàö³. Â³í ìàº âèõîâóâàòè ó ñâî¿õ ó÷í³â ïî÷óòòÿ â³äïîâ³äàëüíîñò³ çà
íàóêîâó ä³ÿëüí³ñòü.

5.8. Ó÷åíèé íå ðîçãîëîøóº ³íôîðìàö³þ îñîáèñòîãî õàðàêòåðó ùîäî ñâî¿õ
ó÷í³â.

5.9. Ó÷åíèé íå ïðèéìàº æîäíî¿ îïëàòè ÷è ³íøîãî äîõîäó â³ä ñâî¿õ ñòóäåíò³â.
Íå äîçâîëÿºòüñÿ ïðîâåäåííÿ ³íäèâ³äóàëüíèõ ÷è ãðóïîâèõ çàíÿòü àáî êîíñóëü-
òàö³é, áåçïîñåðåäíüî îïëà÷óâàíèõ ñòóäåíòàìè.

6. Ó÷åíèé ÿê êîíñóëüòàíò ÷è åêñïåðò

6.1. Ó÷åíèé ìàº âèñòóïàòè åêñïåðòîì ò³ëüêè ó ñôåð³ ñâîº¿ êîìïåòåíö³¿ â³äïî-
â³äíî äî ñâî¿õ çíàíü ³ äîñâ³äó.

6.2. Ó÷åíèé ìàº äîòðèìóâàòèñÿ ïðèíöèïó ð³âíîñò³ ïðè ïðîâåäåíí³ åêñïåðò-
íîãî ðîçãëÿäó. Áóäü-ÿêà äèñêðèì³íàö³ÿ íà ï³äñòàâ³ ñòàò³, ðàñè, ïîë³òè÷íèõ ïîãëÿ-
ä³â ÷è êóëüòóðíî¿ òà ñîö³àëüíî¿ ïðèíàëåæíîñò³ º íåñóì³ñíîþ ç öèì ïðèíöèïîì.

6.3. Ó÷åíèé âèñëîâëþº ñâîþ äóìêó ïðî ðîáîòó òà íàóêîâ³ äîñÿãíåííÿ êîëåã
÷åñíî, ÷³òêî òà íåóïåðåäæåíî. ßê âèøóêàíî ââ³÷ëèâ³ òà ïðèõèëüí³, òàê ³ óïå-
ðåäæåíî íåãàòèâí³ âèñëîâëþâàííÿ íå ïðèïóñòèì³. Ï³äãîòîâêà îá’ºêòèâíîãî
êðèòè÷íîãî âèñíîâêó ïîâèííà ðîçãëÿäàòèñÿ ÿê îáîâ’ÿçîê, â³ä âèêîíàííÿ ÿêîãî
â÷åíèé íå ìàº ïðàâà óõèëÿòèñÿ.
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6.4. Ó÷åíèé íåñå ïåðñîíàëüíó â³äïîâ³äàëüí³ñòü çà ÷åñíó é îá’ºêòèâíó îö³íêó
êàíäèäàòñüêèõ ³ äîêòîðñüêèõ äèñåðòàö³é. Âèñòóïàþ÷è â ðîë³ îïîíåíòà ïðè çà-
õèñò³ äèñåðòàö³éíèõ ðîá³ò, ó÷åíèé ìàº áóòè íåóïåðåäæåíèì.

6.5. Ï³ä ÷àñ îáãîâîðåííÿ, ïîëåì³êè òà âèñëîâëþâàííÿ êðèòè÷íèõ çàóâàæåíü
ó÷åíèé ïîâèíåí äîòðèìóâàòèñÿ ïðèíöèï³â ð³âíîïðàâíîñò³, ôàêòè÷íî¿ îá´ðóí-
òîâàíîñò³ òà äîñòîâ³ðíîñò³. Ïðèíöèï ð³âíîïðàâíîñò³ ãàðàíòóº ð³âí³ ïðàâà âñ³ì
ó÷àñíèêàì äèñêóñ³¿ àáî ïîëåì³êè íåçàëåæíî â³ä íàóêîâèõ ñòóïåí³â ³ çâàíü. Ïðèíöèï
ôàêòè÷íî¿ îá´ðóíòîâàíîñò³ âèêëþ÷àº íåîá’ºêòèâíó êðèòèêó. Ïðèíöèï äîñòîâ³ðíîñò³
çàáîðîíÿº áóäü-ÿê³ ïåðåêðó÷óâàííÿ ç ìåòîþ ïðèíèæåííÿ àáî äèñêðåäèòàö³¿.

6.6. Ïðè ïðîâåäåíí³ åêñïåðòíîãî ðîçãëÿäó â÷åíèé ìàº äîòðèìóâàòèñÿ ïðèí-
öèïó êîíô³äåíö³éíîñò³.

6.7. Ó õîä³ åêñïåðòíîãî ðîçãëÿäó â÷åíèé ìàº çáåð³ãàòè íåçàëåæí³ñòü ³ íå
ï³ääàâàòèñÿ òèñêó ïðè ï³äãîòîâö³ òà âèãîëîøåíí³ âèñíîâê³â.

6.8. Îáèðàþ÷è êàíäèäàò³â äëÿ ïðîâåäåííÿ äîñë³äæåííÿ àáî íà ³íø³ íàóêî-
â³ ïîñàäè, â÷åíèé ÿê åêñïåðò ìàº îá’ºêòèâíî îö³íþâàòè ïðåòåíäåíò³â. Â³í íå
ïîâèíåí íàäàâàòè ïåðåâàãó ñâî¿ì ó÷íÿì, ïðåäñòàâíèêàì ñâîº¿ íàóêîâî¿ øêîëè
òîùî. Ïðè êîíôë³êò³ ³íòåðåñ³â ó÷åíèé ïîâèíåí ñòàâèòè çàãàëüí³ ³íòåðåñè âèùå,
í³æ ³íòåðåñè çàìîâíèê³â äîñë³äæåííÿ.

7. Ó÷åíèé ÿê ãðîìàäÿíèí

7.1. Ó÷åíèé ìàº ïðèñâÿòèòè ñåáå ïîøóêîâ³ íîâèõ çíàíü òà ¿õ çàñòîñóâàííþ íà
áëàãî ñóñï³ëüñòâó òà äëÿ çáåðåæåííÿ ïðèðîäè. ²íôîðìàö³ÿ, ÿêà íàäàºòüñÿ ñóñ-
ï³ëüñòâó, ìàº áóòè äîñòîâ³ðíîþ. Â÷åíèé ïðîòèä³º ïîøèðåííþ íåïåðåâ³ðåíèõ
äàíèõ ³ íåîá´ðóíòîâàíèõ ðåêîìåíäàö³é.

7.2. Ó÷åíèé ñïðèÿº ðîçïîâñþäæåííþ íàóêîâèõ çíàíü ³ ïðîòèä³º ïîøèðåí-
íþ ïñåâäîíàóêîâèõ òåîð³é, õèáíèõ êîíöåïö³é òà óÿâëåíü.

7.3. Ó÷åíèé ïîâèíåí îïðèëþäíþâàòè ðåçóëüòàòè ñâî¿õ äîñë³äæåíü íå ëèøå ó
ñïåö³àëüíèõ íàóêîâèõ âèäàííÿõ, àëå é ó íàóêîâî-ïîïóëÿðí³é ôîðì³, ùîá çðî-
áèòè ¿õ ìàêñèìàëüíî äîñòóïíèìè äëÿ øèðîêèõ âåðñòâ ñóñï³ëüñòâà.

7.4. Ó÷åíèé ïîâèíåí áðàòè àêòèâíó ó÷àñòü ó æèòò³ íàóêîâîãî ñï³âòîâà-
ðèñòâà òà ó ðîáîò³ êîëåã³àëüíèõ îðãàí³â. Ïðè öüîìó â³í ìàº ä³ÿòè, íàñàìïåðåä,
âèõîäÿ÷è ³ç çàãàëüíèõ ³íòåðåñ³â íàóêè é ò³ëüêè ïîò³ì ç ³íòåðåñ³â îñîáèñòèõ òà
ñâîº¿ óñòàíîâè.

7.5. Ó÷åíèé íå äîçâîëÿº âèêîðèñòîâóâàòè àâòîðèòåò íàóêè ÷è ñâ³é âëàñíèé
àâòîðèòåò ó ðåêëàìíèõ àáî ïðîïàãàíäèñòñüêèõ ö³ëÿõ ç êîðèñëèâîþ ìåòîþ.

7.6. Ó÷åíèé, ùî çàéìàº óðÿäîâó ÷è àäì³í³ñòðàòèâíó ïîñàäó, ïîâèíåí äîòðè-
ìóâàòèñÿ åòè÷íèõ íîðì, ïðèéíÿòèõ ó íàóêîâîìó ñï³âòîâàðèñòâ³.

http:www.nas.gov.ua/infrastructures/Legaltexts/Pegas/default.aspx
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