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Ìîäåëèðîâàíèå ïðîöåññîâ â öåïè ðàçðÿäà
êîíäåíñàòîðà íà èñêðîýðîçèîííóþ íàãðóçêó

Ìåòîäîì ìàëîãî ïàðàìåòðà ïðîâåäåíî ìîäåëèðîâàíèå ïåðåõîäíûõ ýëåêòðîìàãíèòíûõ
ïðîöåññîâ â RLC-êîíòóðå ñ èñêðîýðîçèîííîé íàãðóçêîé ïðè àïïðîêñèìàöèè åå ñîïðîòèâ-
ëåíèÿ ïàðàìåòðè÷åñêèìè çàâèñèìîñòÿìè.

Ìåòîäîì ìàëîãî ïàðàìåòðà ïðîâåäåíî ìîäåëþâàííÿ ïåðåõ³äíèõ åëåêòðîìàãí³òíèõ ïðî-
öåñ³â ó RLC-êîíòóð³ ç ³ñêðîåðîç³éíèì íàâàíòàæåííÿì ïðè àïðîêñèìàö³¿ éîãî îïîðó ïàðà-
ìåòðè÷íèìè çàëåæíîñòÿìè.

Ê ë þ ÷ å â û å ñ ë î â à: ýëåêòðè÷åñêîå ñîïðîòèâëåíèå, èñêðîýðîçèîííàÿ íàãðóçêà, ïàðà-
ìåòðè÷åñêàÿ çàâèñèìîñòü, ìåòîä ìàëîãî ïàðàìåòðà.

Ìîäåëèðîâàíèå ýëåêòðîìàãíèòíûõ ïðîöåññîâ â öåïÿõ, ñîäåðæàùèõ èñêðî-

ýðîçèîííûå íàãðóçêè, ÿâëÿåòñÿ àêòóàëüíîé è âàæíîé çàäà÷åé ïðè ðàçðà-

áîòêå è îïòèìèçàöèè ñîîòâåòñòâóþùèõ ýëåêòðîòåõíè÷åñêèõ êîìïëåêñîâ

[1]. Îäíàêî, â ñâÿçè ñî ñïåöèôè÷åñêèìè îñîáåííîñòÿìè ñîïðîòèâëåíèÿ

òàêèõ íàãðóçîê, îïèñûâàåìûõ â îáùåì ñëó÷àå íåëèíåéíî-ïàðàìåòðè÷åñ-

êèìè çàâèñèìîñòÿìè, àíàëèç ýëåêòðîìàãíèòíûõ ïðîöåññîâ â íèõ ÿâëÿåòñÿ

òðóäîåìêîé çàäà÷åé, èíîãäà íåðàçðåøèìîé àíàëèòè÷åñêèìè ìåòîäàìè.

Â [2] ïîêàçàíî, ÷òî ïðè îïðåäåëåííûõ óñëîâèÿõ ýêâèâàëåíòíîå ýëåêòðè-

÷åñêîå ñîïðîòèâëåíèå òàêèõ íàãðóçîê ñ íåêîòîðûìè äîïóùåíèÿìè ìîæåò

áûòü àïïðîêñèìèðîâàíî èñêëþ÷èòåëüíî ïàðàìåòðè÷åñêèìè ôóíêöèÿìè. Ýòî

ñóùåñòâåííî óïðîùàåò ðàñ÷åòû è ïîçâîëÿåò èçáåæàòü íåîäíîçíà÷íîñòè, õà-

ðàêòåðíîé äëÿ íåëèíåéíîãî ïðåäñòàâëåíèÿ çàâèñèìîñòè ñîïðîòèâëåíèÿ íà-

ãðóçêè îò ïðîòåêàþùåãî â íåé òîêà. Ìîäåëèðîâàíèå ïðîöåññîâ â öåïè ðàçðÿäà

êîíäåíñàòîðà íà èñêðîýðîçèîííóþ íàãðóçêó âûïîëíèì ñ ïðèìåíåíèåì ìå-

òîäà ìàëîãî ïàðàìåòðà.

Ìîäåëèðîâàíèå ïåðåõîäíîãî ïðîöåññà. Ýêâèâàëåíòíàÿ ñõåìà çàìå-

ùåíèÿ öåïè ðàçðÿäà êîíäåíñàòîðà íà èñêðîýðîçèîííóþ íàãðóçêó ïðåä-

ñòàâëåíà íà ðèñóíêå, ãäå C — åìêîñòü ðàáî÷åãî êîíäåíñàòîðà; L — èíäóê-

ISSN 0204–3572. Ýëåêòðîí. ìîäåëèðîâàíèå. 2012. Ò. 34. ¹ 6 73

ÏÐÈÌÅÍÅÍÈÅ ÌÅÒÎÄÎÂ
È ÑÐÅÄÑÒÂ ÌÎÄÅËÈÐÎÂÀÍÈß



òèâíîñòü ðàçðÿäíîãî êîíòóðà (îïðåäåëÿåìàÿ ñîáñòâåííîé èíäóêòèâíîñòüþ

ýëåìåíòîâ öåïè è èíäóêòèâíîñòüþ ñîåäèíèòåëüíûõ êàáåëåé); i, ií è iø —

òîêè â ðåàêòèâíûõ ýëåìåíòàõ öåïè, íàãðóçêå è øóíòèðóþùåì ñîïðîòèâ-

ëåíèè; Rø — ñîïðîòèâëåíèå ðåçèñòèâíîãî øóíòà (â äàííîì ñëó÷àå 3 Îì)

[3]; Rí(t) — ïàðàìåòðè÷åñêàÿ çàâèñèìîñòü ýêâèâàëåíòíîãî ñîïðîòèâëåíèÿ

èñêðîýðîçèîííîé íàãðóçêè,

R t R A a t A a t R R tí ( ) exp( ) exp( ) ( )*� � � � � �0 1 1 2 2 0 . (1)

Çäåñü A1, a1 — êîýôôèöèåíòû, õàðàêòåðèçóþùèå ïðîöåññû ãåíåðàöèè ñâî-

áîäíûõ íîñèòåëåé çàðÿäà â èñêðîâûõ êàíàëàõ; A2, a2 — êîýôôèöèåíòû,

õàðàêòåðèçóþùèå ïðîöåññû ðåêîìáèíàöèè ñâîáîäíûõ íîñèòåëåé çàðÿäà â

èñêðîâûõ êàíàëàõ; R0 — ïîñòîÿííàÿ ñîñòàâëÿþùàÿ àêòèâíîãî ñîïðîòèâëå-

íèÿ èñêðîýðîçèîííîé íàãðóçêè, R
*
— åãî ïàðàìåòðè÷åñêàÿ ñîñòàâëÿþùàÿ.

Â ñîîòâåòñòâèè ñ çàêîíàìè Êèðõãîôà [4] äëÿ öåïè, ïðåäñòàâëåííîé íà

ðèñóíêå, ìîæíî çàïèñàòü
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Äëÿ ðåøåíèÿ ïîëó÷åííîãî óðàâíåíèÿ ïðèìåíèì ìåòîä ìàëîãî ïàðà-

ìåòðà [5]. Â êà÷åñòâå ìàëîãî ïàðàìåòðà ïðèìåì

� �
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�
R

R R

0

0

1
ø

è ïðåäñòàâèì òîê â öåïè íàãðóçêè â âèäå îãðàíè÷åííîãî àñèìïòîòè÷åñêîãî

ðÿäà ïî ñòåïåíÿì ìàëîãî ïàðàìåòðà: i i i ií 0 1 2� � �� � 2 , ãäå i0 — ïîðîæäàþ-

ùåå ðåøåíèå, ñîîòâåòñòâóþùåå ëèíåéíîìó ñëó÷àþ; i1 è i2 — ïåðâîå è

âòîðîå ïðèáëèæåíèÿ. Ñëåäóåò çàìåòèòü, ÷òî ïîäîáíîå îãðàíè÷åíèå ðÿäà

ïðåäóñìàòðèâàåò ïðåíåáðåæåíèå ñëàãàåìûìè óðàâíåíèÿ ïðè ñòåïåíÿõ �
âûøå âòîðîé. Òàêèì îáðàçîì, ñîîòíîøåíèå (4) ïðåîáðàçóåòñÿ ê âèäó
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Îïðåäåëèì íà÷àëüíûå óñëîâèÿ äëÿ èíòåãðî-äèôôåðåíöèàëüíîãî óðàâ-

íåíèÿ (5):

i it t| |� �� � �0 00 0í . (6)

Âîñïîëüçîâàâøèñü óðàâíåíèåì (2), çàïèøåì
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ãäå Q0 — íà÷àëüíûé çàðÿä íà êîíäåíñàòîðå. Äëÿ íàõîæäåíèÿ
di

dt t

í

�0

ïðî-

äèôôåðåíöèðóåì ñîîòíîøåíèå (3) ñ ó÷åòîì (1):
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Èç óðàâíåíèÿ (5) âûäåëèì êîýôôèöèåíòû:
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Íåíóëåâûå íà÷àëüíûå óñëîâèÿ (7) áóäåì ó÷èòûâàòü òîëüêî ïðè ðåøåíèè

íåâîçìóùåííîãî óðàâíåíèÿ (8), à ñëó÷àè (9) è (10) áóäåì ðàññìàòðèâàòü

ïðè íóëåâûõ íà÷àëüíûõ óñëîâèÿõ.

Ïðîàíàëèçèðóåì àïåðèîäè÷åñêèé ðåæèì ðàçðÿäà êîíäåíñàòîðà â öåïè,

èçîáðàæåííîé íà ðèñóíêå. Äëÿ ýòîãî ïðèâåäåì èíòåãðî-äèôôåðåíöèàëü-

íîå óðàâíåíèå (8) ê âèäó

d i
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.

Ðåøåíèå ýòîãî îäíîðîäíîãî äèôôåðåíöèàëüíîãî óðàâíåíèÿ ñ ïîñòîÿí-

íûìè êîýôôèöèåíòàìè èìååò âèä [6]
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Çäåñü C10, C 20 — ïîñòîÿííûå èíòåãðèðîâàíèÿ; ��, � 2 — êîðíè õàðàêòåðèñ-
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ãäå R A — ëèíåéíàÿ ñîñòàâëÿþùàÿ àêòèâíîãî ñîïðîòèâëåíèÿ â ïàðàìåòðè-

÷åñêîé öåïè, R
R R

R R
A �

�
0

0

ø

ø

; �0
2 1� / ( )LC — êâàäðàò ÷àñòîòû ñîáñòâåííûõ

êîëåáàíèé öåïè.

Ñ ó÷åòîì íà÷àëüíûõ óñëîâèé (6), (7) âûðàæåíèå (11) ïðåîáðàçóåòñÿ ê
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Ñîîòíîøåíèå (13) ÿâëÿåòñÿ ïîðîæäàþùèì ðåøåíèåì óðàâíåíèÿ (5).

Äëÿ ðåøåíèÿ èíòåãðî-äèôôåðåíöèàëüíîãî óðàâíåíèÿ (9) âîñïîëüçóåìñÿ

âûðàæåíèåì (13) è ïðèâåäåì åãî ê âèäó íåîäíîðîäíîãî äèôôåðåíöèàëü-

íîãî óðàâíåíèÿ âòîðîãî ïîðÿäêà ñ ïîñòîÿííûìè êîýôôèöèåíòàìè:
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Òàêèì îáðàçîì, óðàâíåíèå (14) ïðåîáðàçóåòñÿ ê âèäó
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Îáùåå ðåøåíèå óðàâíåíèÿ (16) èìååò âèä, àíàëîãè÷íûé (11), ïðè ýòîì

êîðíè õàðàêòåðèñòè÷åñêîãî óðàâíåíèÿ ñîâïàäàþò ñ ñîîòíîøåíèÿìè (12).
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(17)

C
M M

11
1 2 2

2 1

�
� �

�

�

� �
; C

M M
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1 1 2

2 1

�
�

�

�

� �
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M D D D D1 1 2 3 4� � � � ;

M D a D a D a D a2 1 1 1 2 2 1 3 1 2 4 2 2� � � � � � � �( ) ( ) ( ) ( )� � � � .

Âûðàæåíèå äëÿ i2 íàõîäèì àíàëîãè÷íî. Åñëè ó÷èòûâàòü òîëüêî ïåðâîå ïðè-

áëèæåíèå, òî îêîí÷àòåëüíîå âûðàæåíèÿ äëÿ òîêà íàãðóçêè ïðèíèìàåò âèä

i i i K e e
t t

í � � � � �0 1 0
1 2� � �
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� � � �� �R

R R
C e C e D e D e
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11 21 1 2
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3 4
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� �
. (18)
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Ôîðìóëó (18) èñïîëüçóåì â ñëó÷àå ïðåäñòàâëåíèÿ ïàðàìåòðè÷åñêîé

çàâèñèìîñòè ñîïðîòèâëåíèÿ èñêðîýðîçèîííîé íàãðóçêè ñóììîé äâóõ ýêñ-

ïîíåíò è ïîñòîÿííîé ñîñòàâëÿþùåé. Â áîëåå îáùåì ñëó÷àå äàííóþ çàâè-

ñèìîñòü ìîæíî ïðåäñòàâèòü ñóììîé òðåõ ýêñïîíåíò è ïîñòîÿííîé ñîñ-

òàâëÿþùåé:

R t R A a t A a t A a tí ( ) exp( ) exp( ) exp( )� � � � �0 1 1 2 2 3 3 ,

ãäå A3 è a3 — êîýôôèöèåíòû, õàðàêòåðèçóþùèå èçìåíåíèå ýêâèâàëåíò-

íîãî ñîïðîòèâëåíèÿ èñêðîâûõ êàíàëîâ â èõ ðàçâèòîé ñòàäèè.

Ñëåäóåò çàìåòèòü, ÷òî ïîÿâëåíèå òðåòüåé ýêñïîíåíòû âî ìíîãîì îïðå-

äåëÿåòñÿ íà÷àëüíûìè óñëîâèÿìè ïåðåõîäíîãî ïðîöåññà. Ïðè íèçêèõ íà-

÷àëüíûõ íàïðÿæåíèÿõ íà êîíäåíñàòîðå, ñîèçìåðèìûõ ñ ìèíèìàëüíûì

íàïðÿæåíèåì, íåîáõîäèìûì äëÿ âîçíèêíîâåíèÿ èñêðîâûõ êàíàëîâ, ïðå-

íåáðåæåíèå òðåòüåé ýêñïîíåíòîé ìîæåò ïðèâåñòè ê íåñîîòâåòñòâèþ

àïïðîêñèìèðóþùåé ôóíêöèè ðåàëüíîé çàâèñèìîñòè.

Â ñëó÷àå àïïðîêñèìàöèè ïàðàìåòðè÷åñêîé çàâèñèìîñòè ñîïðîòèâëå-

íèÿ èñêðîýðîçèîííîé íàãðóçêè âûðàæåíèåì (18) âîçìóùàþùåå âîçäåéñò-

âèå äëÿ ïåðâîãî ïðèáëèæåíèÿ (14) ïðèíèìàåò âèä

F t f t f t f t1( ) ( ) ( ) ( )� � �1 2 3 ,

ãäå f t1( ) è f t2( ) îïðåäåëÿåòñÿ èç (15);
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Ïðè ýòîì êîýôôèöèåíò K 0 ïðåîáðàçóåòñÿ ê âèäó
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.

Â âûðàæåíèè äëÿ ÷àñòíîãî ðåøåíèÿ äèôôåðåíöèàëüíîãî óðàâíåíèÿ

(14) ïîÿâëÿþòñÿ äâà íîâûõ ÷ëåíà è îíî ïðèíèìàåò ñëåäóþùèé âèä:

i C e C e D e D e D e
t t a t a t

1 11 21 1 2 3
1 2 1 1 2 1 1� � � � �� � �� � � � �( ) ( ) ( a t2 ) �

� � �� � �
D e D e D e

a t a t a t
4 5 6

2 2 1 3 2 3( ) ( ) ( )� � �
,
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Ïðè ýòîì êîýôôèöèåíòû M1 è M2 äëÿ íàõîæäåíèÿ ïîñòîÿííûõ èíòåãðè-

ðîâàíèÿ ïî ôîðìóëå (17) ïðèíèìàþò âèä

M D D D D D D1 1 2 3 4 5 6� � � � � � ;

M D a D a D a D a2 1 1 1 2 2 1 3 1 2 4 2 2� � � � � � � � �( ) ( ) ( ) ( )� � � �

� � � �D a D a5 1 3 6 2 3( ) ( )� � .

Â ýòîì ñëó÷àå îêîí÷àòåëüíîå âûðàæåíèå äëÿ òîêà â íàãðóçêå èìååò âèä

i i i K e e
t t
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R R
C e C e D e D e

t t a t a t0

0

11 21 1 2
1 2 1 1 2 1

ø
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� � � �
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Âûâîäû

1. Ïîëó÷åíû âûðàæåíèÿ, îïèñûâàþùèå òîê â èñêðîýðîçèîííîé íà-

ãðóçêå äëÿ äâóõ âàðèàíòîâ àïïðîêñèìàöèè ïàðàìåòðè÷åñêîé çàâèñèìîñòè

åå ñîïðîòèâëåíèÿ. Ïðè ýòîì âèä àïïðîêñèìàöèè îïðåäåëÿåòñÿ íà÷àëü-

íûìè óñëîâèÿìè ïåðåõîäíîãî ïðîöåññà, à èìåííî íà÷àëüíûì íàïðÿæå-

íèåì íà êîíäåíñàòîðå.

2. Âûðàæåíèÿ (18) è (19) ñâèäåòåëüñòâóþò î òîì, ÷òî ïðè áîëüøèõ

îòíîøåíèÿõ Rø ê R0 âëèÿíèå ïåðâîãî ïðèáëèæåíèÿ îòíîñèòåëüíî ïîðîæ-

äàþùåãî ðåøåíèÿ ñòàíîâèòñÿ ìåíåå çíà÷èòåëüíûì.

Modelling of the transient electromagnetic processes in RLC-circuit with a spark-erosion load
has been carried out at approximation of its resistance by parametric dependences by the method
of small parameter.
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