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Ââåäåíèå
Èçìåíåíèå íàïðÿæåíèÿ, ïîäàâàåìîãî êàê íà èäåàëüíûé

(áåç çàïîëíÿþùåãî äèýëåêòðèêà) êîíäåíñàòîð, òàê è íà êîí-
äåíñàòîð, ìåæýëåêòðîäíîå ïðîñòðàíñòâî êîòîðîãî çàïîë-
íåíî äèýëåêòðè÷åñêîé ñðåäîé, ïðèâîäèò ê èçìåíåíèþ òîêà
â öåïè. Â ÷àñòíîñòè, ñêà÷îê íàïðÿæåíèÿ íà èäåàëüíîì
êîíäåíñàòîðå, ïðîèñøåäøèé â ìîìåíò âðåìåíè t0, ïîðîæ-
äàåò äåëüòà-èìïóëüñ òîêà íà íåì [1]. Äðóãèìè ñëîâàìè,
åñëè íàïðÿæåíèå ïîä÷èíÿåòñÿ çàêîíó
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òî ÷åðåç âàêóóìíûé êîíäåíñàòîð ïðîéäåò òîê

( ) ( ) ( )0 0 0 0I t C U t t t= ∆ δ − ,
ãäå C0 – åìêîñòü (ãåîìåòðè÷åñêàÿ åìêîñòü) êîíäåíñàòîðà,
δ(x) – äåëüòà-ôóíêöèÿ.

Â òîì ñëó÷àå, åñëè ìåæäó ýëåêòðîäàìè êîíäåíñàòîðà
íàõîäèòñÿ äèýëåêòðèê, ê èìïóëüñó òîêà (2) äîáàâèòñÿ òîê
I1(t), ñâÿçàííûé ñ íàëè÷èåì ýòîé äèýëåêòðè÷åñêîé ñðåäû,
è ìîíîòîííî ñïàäàþùèé ñ òå÷åíèåì âðåìåíè (ýòî ñâÿçàíî
ñ íåîáðàòèìûìè ïîòåðÿìè ýíåðãèè â ñðåäå). Ñóììàðíûé
òîê, òåêóùèé ÷åðåç íåèäåàëüíûé êîíäåíñàòîð ïîñëå ñêà÷êà
íàïðÿæåíèÿ, òàêèì îáðàçîì, ðàâåí
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Äåáàÿ) îïèñûâàåòñÿ ýêñïîíåíöèàëüíîé ôóíêöèåé
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Äàííàÿ ôîðìóëà ìîæåò áûòü ïîëó÷åíà, åñëè ïîòåðè
ýíåðãèè â äèýëåêòðèêå ó÷èòûâàòü ïóòåì ââåäåíèÿ â ñõåìó
çàìåùåíèÿ ðåçèñòîðà. Ôóíêöèÿ (4) ïîçâîëÿåò èñïîëüçîâàòü
äëÿ îïèñàíèÿ ïðîöåññîâ ðåëàêñàöèè òîêà â êîíäåíñàòîðå
äèôôåðåíöèàëüíûå îïåðàòîðû. Â ÷àñòíîñòè, ñëó÷àéíûå
èçìåíåíèÿ òîêà ñ ìîäåëüþ ðåëàêñàöèè (4) ïðèâîäÿò ê
ñòîõàñòè÷åñêèì äèôôåðåíöèàëüíûì óðàâíåíèÿì, òåîðèÿ
êîòîðûõ â íàñòîÿùåå âðåìÿ õîðîøî ðàçðàáîòàíà [2]. Ñàìè
ôëóêòóàöèè òîêà â ýòîì ñëó÷àå áóäóò îòíîñèòüñÿ ê êëàññó
ìàðêîâñêèõ ñëó÷àéíûõ ïðîöåññîâ.

Îäíàêî ïðîâåäåííûå áîëåå ñòà ëåò íàçàä ýêñïåðèìåíòû
[3, 4] ïîêàçàëè, ÷òî ìîäåëü (4) ñïðàâåäëèâà ëèøü íà î÷åíü
êîðîòêîì íà÷àëüíîì ó÷àñòêå ñïàäà òîêà. Ïîäàâëÿþùóþ
æå ÷àñòü âðåìåíè ðåëàêñàöèÿ òîêà ÷åðåç êîíäåíñàòîð,
ñâÿçàííàÿ ñ íàëè÷èåì äèýëåêòðèêà, ïðîèñõîäèò ïî
ñòåïåííîìó çàêîíó
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ãäå A – íåêîòîðàÿ ïîñòîÿííàÿ, ïàðàìåòð α  çàêëþ÷åí â ïðå-
äåëàõ 0 < α < 1. Çàêîí ðåëàêñàöèè (5) íàçûâàþò çàêîíîì
Êþðè – ôîí Øâàéäëåðà. Óêàçàííûé çàêîí ïîäâåðãàëñÿ
ìíîãî÷èñëåííîé ïðîâåðêå â øèðîêîì âðåìåííîì èíòåð-
âàëå. Â ÷àñòíîñòè, äëÿ âûñîêîìîëåêóëÿðíûõ äèýëåêòðèêîâ
(ïîëèñòèðåí, ïîëèïðîïèëåí è äð.) îí ïîêàçàë õîðîøåå
ñîãëàñèå ñ îïûòîì [5], ïðè÷åì ïàðàìåòð α äëÿ òàêèõ äèý-
ëåêòðèêîâ îêàçàëñÿ áëèçîê ê íóëþ.

Èíòåãðàëüíîå ñòîõàñòè÷åñêîå óðàâíåíèå
Ïóñòü òåïåðü íàïðÿæåíèå, ïîäàâàåìîå íà êîíäåíñàòîð,

õàðàêòåðèçóåòñÿ íå îäíîêðàòíûì ñêà÷êîì â ìîìåíò
âðåìåíè t0, à åãî íåïðåðûâíûì èçìåíåíèåì: ∆U = ∆U(t).
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Â ýòîì ñëó÷àå, î÷åâèäíî, òîê I1(t) âûðàæàåòñÿ èíòåãðàëîì
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Â ïîñëåäíåé ôîðìóëå ïðåäïîëàãàåòñÿ, ÷òî ïðè t < 0 íàï-
ðÿæåíèå íà êîíäåíñàòîð íå ïîäàåòñÿ.

Áóäåì äàëåå ñ÷èòàòü, ÷òî ïîä äåéñòâèåì âíåøíèõ ôàê-
òîðîâ (ôëóêòóàöèè â öåïè è ò.ï.), íàïðÿæåíèå U(t) íà
êîíäåíñàòîðå áóäåò ïðåäñòàâëÿòü ñîáîé ãàóññîâ ïðîöåññ.
Òîãäà äèôôåðåíöèàë dU(t) ìîæåò áûòü çàïèñàí â âèäå

( ) ( )dU t t dt= ξ , ãäå ( )tξ  – áåëûé øóì ñ èíòåíñèâíîñòüþ
σ. Âûðàæåíèå (6) çàïèøåòñÿ â âèäå
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Ïîëó÷åííîå èíòåãðàëüíîå ñòîõàñòè÷åñêîå óðàâíåíèå
íå ñâîäèòñÿ ê êîíå÷íîé ñèñòåìå äèôôåðåíöèàëüíûõ
îïåðàòîðîâ, à ïîýòîìó îïèñûâàåìûå èì ôëóêòóàöèè òîêà
I1(t) áóäóò ïðåäñòàâëÿòü ñîáîé íåìàðêîâñêèé ñëó÷àéíûé
ïðîöåññ [6]. Çàìåòèì, ÷òî ìàðêîâñêàÿ ìîäåëü, âîîáùå
ãîâîðÿ, ÿâëÿåòñÿ ëèøü ïåðâûì ïðèáëèæåíèåì, ðåàëüíûå
æå ïðîöåññû áóäóò â îáùåì ñëó÷àå íåìàðêîâñêèìè. Òàê,
â ÷àñòíîñòè, äâèæåíèå áðîóíîâñêîé ÷àñòèöû â âÿçêîé
ñðåäå, ó÷èòûâàþùåå óâëå÷åíèå åþ îêðóæàþùèõ ÷àñòèö
ñðåäû [7], ïðîöåññû òåïëîïðîâîäíîñòè [8], äèôôóçèè [9]
è ìíîãèå äðóãèå ïðîöåññû áîëåå òî÷íî îïèñûâàþòñÿ ñ
èñïîëüçîâàíèåì íåìàðêîâñêîé ìîäåëè.

Ñòàòèñòè÷åñêèå õàðàêòåðèñòèêè
Áóäåì äàëåå ïîëàãàòü, ÷òî ôëóêòóàöèè òîêà, âûçâàííûå

èçìåíåíèåì íàïðÿæåíèÿ íà êîíäåíñàòîðå, ñâÿçàíû, â
îñíîâíîì, ñ íàëè÷èåì äèýëåêòðèêà. Ââèäó ýòîãî, áóäåì
èñêàòü ñòàòèñòè÷åñêèå õàðàêòåðèñòèêè òîêà I1(t), ñ÷èòàÿ
èõ àíàëîãè÷íûìè õàðàêòåðèñòèêàì îáùåãî òîêà I(t).
Âîñïîëüçóåìñÿ ìåòîäîì îïèñàíèÿ íåìàðêîâñêèõ ïðîöåñ-
ñîâ, çàäàâàåìûõ ëèíåéíûìè èíòåãðàëüíûìè óðàâíåíèÿìè,
ðàçðàáîòàííûì â [10]. Äëÿ îäíîìåðíîé õàðàêòåðèñòè-
÷åñêîé ôóíêöèè g1(λ; t) ïîëó÷èì
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Íàéäåííàÿ ôóíêöèÿ ïîçâîëÿåò íàéòè ìîìåíòû ëþáîãî
ïîðÿäêà ñëó÷àéíîãî ïðîöåññà I1(t). Â ÷àñòíîñòè, äëÿ
ìàòåìàòè÷åñêîãî îæèäàíèÿ è äèñïåðñèè ïîëó÷èì
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Çàìåòèì, ÷òî çàïèñàííûå ôîðìóëû (8)–(10) ñïðàâåä-

ëèâû ïðè 1
2

α > . Äëÿ âàæíîãî ñëó÷àÿ, êîãäà çàïîëíÿþùèì

ìåæýëåêòðîäíîå ïðîñòðàíñòâî êîíäåíñàòîðà äèýëåêò-
ðèêîì ÿâëÿåòñÿ âûñîêîìîëåêóëÿðíîå ñîåäèíåíèå (êàê áûëî

óêàçàíî âûøå, äëÿ òàêèõ äèýëåêòðèêîâ ìîæíî ñ÷èòàòü
α = 0), ïîëó÷èì
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,

ãäå δt – õàðàêòåðíîå âðåìÿ, áëèçêîå ê âðåìåíè õàîòèçàöèè
äèýëåêòðè÷åñêîé ñðåäû. Åãî ìîæíî îöåíèòü ïî ôîðìóëå
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ãäå c – ñêîðîñòü çâóêà â äèýëåêòðèêå, µ è ρ – åãî ìîëÿðíàÿ
ìàññà è ïëîòíîñòü ñîîòâåòñòâåííî, NA – ÷èñëî Àâîãàäðî.

Ìàòåìàòè÷åñêîå îæèäàíèå 〈I1(t)〉 â ðàññìàòðèâàåìîì

ñëó÷àå, êàê è ïðåæäå, ðàâíî íóëþ, à äèñïåðñèÿ ( )2
1I t

âûðàæàåòñÿ ñîîòíîøåíèåì
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1 1I t A
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Äëÿ îïðåäåëåíèÿ ñïåêòðàëüíîé ïëîòíîñòè ìîùíîñòè
ôëóêòóàöèé òîêà I1(t), ïðîâåäåì ïðåîáðàçîâàíèå Ëàïëàñà
èñõîäíîãî óðàâíåíèÿ (7). Ïîëó÷èì

( ) ( ) ( )1
€€I p p

pα

Γ α
= ξ ,

ãäå p – ïàðàìåòð ïðåîáðàçîâàíèÿ, Γ1(p) è ξ(p) – ïðåîá-
ðàçîâàíèå Ëàïëàñà ñîîòâåòñòâóþùèõ ôóíêöèé, Γ(α) –
ãàììà-ôóíêöèÿ.

Èç âûðàæåíèÿ (14) äëÿ èñêîìîé ñïåêòðàëüíîé ìîù-
íîñòè íàõîäèì
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Çàìåòèì, ÷òî ïîëó÷åííîå âûðàæåíèå ñïðàâåäëèâî óæå
ïðè ëþáûõ α èç äèàïàçîíà âîçìîæíûõ çíà÷åíèé ïàðà-
ìåòðà. Èç ñîîòíîøåíèÿ (15) âèäíî, ÷òî ôëóêòóàöèè òîêà
I1(t) îòíîñÿòñÿ ê îäíîìó èç òèïîâ òàê íàçûâàåìûõ öâåò-

íûõ øóìîâ. Â ÷àñòíîñòè, ïðè 1
2

α =  òîê áóäåò èñïûòûâàòü

ôëóêòóàöèè òèïà ôëèêêåð-øóì [11]. Ïðè α = 0 (âûñîêî-
ìîëåêóëÿðíûå äèýëåêòðèêè), êàê âèäíî èç (15), ñïåêòðàëü-

íàÿ ïëîòíîñòü ( )1IG ω  áóäåò èìåòü õàðàêòåð áåëîãî øóìà.
Ýòî ñâÿçàíî, ïî-âèäèìîìó, ñ áîëüøèìè âðåìåíàìè ðåëàê-
ñàöèè ñðåäû â ýòîì ñëó÷àå.

Çàêëþ÷åíèå

Â ðàáîòå ïîêàçàíî, ÷òî ýêñïåðèìåíòàëüíî óñòà-
íîâëåííàÿ ñòåïåííàÿ ðåëàêñàöèÿ äèýëåêòðèêà â êîíäåí-
ñàòîðå ïðèâîäèò ê íåìàðêîâñêîìó õàðàêòåðó ôëóêòóàöèé
òîêà â íåì ïðè íàëè÷èè ñëó÷àéíîé ñîñòàâëÿþùåé â
ïîäàâàåìîì íà êîíäåíñàòîð íàïðÿæåíèè. Ñïåêòðàëüíàÿ
ïëîòíîñòü ìîùíîñòè óñòàíîâèâøèõñÿ ôëóêòóàöèé òîêà
èìååò ñòåïåííîé (öâåòíîé) õàðàêòåð.
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Investigated is the flow of a current through a capacitor filled with a dielectric. A current relaxation after a
power surge is expressed by the power Curie - von Schweidler law. It is shown that at the random changes in
the voltage applied to the capacitor, the current fluctuations there through are classified as non-Markov
processes. The statistical characteristics of these fluctuations have been founded.

PACS: 05.40.Ca, 77.22.Gm
Keywords: capacitor, dielectric, Curie – von Schweidler law, non-Markov process.

References
1. S. Westerlund, Physica Scripta 43, 174 (1991).
2. V. S. Pugachev and I. N. Sinitsin, Stochastic Differential Systems (Nauka, Moscow, 1990) [in Russian].
3. M. J. Curie, Annales de Chimie et de Physique. Ser. 6., 18, 203 (1889).
4. E. R. von Schweidler, Annalen der Physik  24, 711 (1907).
5. P. G.  Nutting, Journal of Franklin Institute 191, 679 (1921).
6. A. N. Morozov, Irreversible Processes and Brownian Motion (MGTU, Moscow, 1997) [in Russian].
7. A. N. Morozov and  A. V. Skripkin, Physics Letters A,  375, 4113 (2011).
8. A. N. Morozov and  A. V. Skripkin, Inzhenerno-Fizicheskii Zhurnal  84. 1121 (2011).
9. A. N. Morozov and  A. V. Skripkin, Izv. Vyssh. Uchebn. Zaved., Fizika, 53 (11), 55 (2010).
10. A. N. Morozov, Vestnik MGTU, Estestven, Nauki,  No. 3, 47 (2004).
11. G. N. Bochkov and Yu. E. Kuzovlev, Usp. Phys.  141, 151 (1983).

8. Ìîðîçîâ À.Í., Ñêðèïêèí À.Â. // Èíæåíåðíî-ôèçè÷åñêèé
æóðíàë. 2011. Ò. 84. ¹ 6. Ñ. 1121.
9. Ìîðîçîâ À.Í., Ñêðèïêèí À.Â. // Èçâåñòèÿ âóçîâ. Ôèçèêà. 2010.
Ò. 53. ¹ 11. Ñ. 55.
10. Ìîðîçîâ À.Í. // Âåñòíèê ÌÃÒÓ. Åñòåñòâåííûå íàóêè. 2004.
¹ 3. Ñ. 47.
11. Áî÷êîâ Ã.Í., Êóçîâëåâ Þ.Å. // Óñïåõè ôèçè÷åñêèõ íàóê. 1983.
Ò. 141. Ñ. 151.




