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Àêòóàëüíîñòü è íîâèçíà

Óñòðîéñòâî çàùèòû îò äóãîâîãî çàìûêàíèÿ�ïðîáîÿ

(ÓÇÄÇ�ÓÇÄÏ) — íîâîå â Ðîññèè ñðåäñòâî ðåëåéíîé

çàùèòû ýëåêòðîóñòàíîâîê. Øèðîêîå âíåäðåíèå äàí-

íûõ óñòðîéñòâ íà÷àëîñü â 1999–2002 ãã. â ÑØÀ è

Êàíàäå ïîñëå ïðèíÿòèÿ ñîîòâåòñòâóþùèõ íàöèî-

íàëüíûõ ñòàíäàðòîâ [1]. Â 2013 ã. Ìåæäóíàðîäíàÿ

ýëåêòðîòåõíè÷åñêàÿ êîìèññèÿ (ÌÝÊ) îïóáëèêîâà-

ëà ñòàíäàðò 62606 [2], êîòîðûé áûë ïðèíÿò ðÿäîì

ñòðàí, â òîì ÷èñëå ÐÔ (ÃÎÑÒ Ð ÌÝÊ 62606) è

ÔÐÃ [3]. Â ÑØÀ è ÐÔ ðÿä ïðîèçâîäèòåëåé ýëåêòðî-

òåõíè÷åñêîãî îáîðóäîâàíèÿ ïðèñòóïèë ê ðàçðàáîò-

êå óñòðîéñòâ çàùèòû îò äóãîâûõ çàìûêàíèé â ýëåêò-

ðîóñòàíîâêàõ [4, 5].

Âðåìÿòîêîâàÿ õàðàêòåðèñòèêà, ïðåäñòàâëÿþùàÿ

ñîáîé çàâèñèìîñòü âðåìåíè ñðàáàòûâàíèÿ ðåëåé-

íîé çàùèòû îò çíà÷åíèÿ òîêà íàãðóçêè, ÿâëÿåòñÿ îä-

íèì èç êëþ÷åâûõ ïîêàçàòåëåé ðàáîòîñïîñîáíîñòè

ÓÇÄÇ�ÓÇÄÏ. Çàïàçäûâàíèå îòêëþ÷åíèÿ öåïè, â êî-

òîðîé ïðîèçîøëî äóãîâîå çàìûêàíèå (ïðîáîé), ñ áîëü-

øîé âåðîÿòíîñòüþ ìîæåò ïðèâåñòè ê âîñïëàìåíå-

íèþ èçîëÿöèè è îêðóæàþùèõ ãîðþ÷èõ ìàòåðèàëîâ,

÷òî, â ñâîþ î÷åðåäü, ìîæåò ñòàòü ïðè÷èíîé ïîæàðà

íà îáúåêòå èëè ñåðüåçíîãî ïîâðåæäåíèÿ ýëåêòðî-

óñòàíîâêè. Ýòî îáóñëàâëèâàåò íåîáõîäèìîñòü ðàñ÷å-

òà ïðåäåëüíî äîïóñòèìîãî âðåìåíè îòêëþ÷åíèÿ ïðè

çàäàííîì çíà÷åíèè òîêà äóãîâîãî çàìûêàíèÿ. Òàêèì

îáðàçîì, äëÿ îáåñïå÷åíèÿ ïðàâèëüíîé ðàáîòû

ÓÇÄÇ� ÓÇÄÏ íåîáõîäèìî ó÷èòûâàòü ïðåäåëüíî äîïó-

ñòèìóþ âðåìÿòîêîâóþ õàðàêòåðèñòèêó óñòðîéñòâà.

Òåïëîôèçè÷åñêàÿ ìîäåëü è âûâîä
âðåìÿòîêîâîé õàðàêòåðèñòèêè

Ðàññìàòðèâàåòñÿ ñëó÷àé ïîñëåäîâàòåëüíîãî äó-

ãîâîãî çàìûêàíèÿ ïðè îáðûâå ïðîâîäíèêà êàáåëÿ.

Íà ïðàêòèêå íàèáîëåå ÷àñòûå ïðè÷èíû ýòîãî ÿâëå-

íèÿ — èçëîì æèëû êàáåëÿ èç-çà óñòàëîñòè ìåòàëëà,

ëèáî ðàçðûâ ïðîâîäíèêà ïðè ÷ðåçìåðíîì ðàñòÿæå-

íèè êàáåëÿ, ëèáî ïîâðåæäåíèå æèëû ïîñòîðîííèì

ïðåäìåòîì. Ïðè ýòîì â ïîâðåæäåííîé æèëå ïîÿâëÿ-

åòñÿ ìàëûé çàçîð, ïðîáèâàåìûé ðàáî÷èì íàïðÿæå-

íèåì, ïîýòîìó ïî òàêîìó êàáåëþ ïðîäîëæàåò ïðî-

òåêàòü òîê, çíà÷åíèå êîòîðîãî îñòàåòñÿ áëèçêèì ê

íîìèíàëüíîìó çíà÷åíèþ (ðèñ. 1). Â çàçîðå âîçíèêà-

åò äóãîâîé ðàçðÿä, ñîïðîâîæäàþùèéñÿ èíòåíñèâ-

íûì âûäåëåíèåì òåïëà, ÷òî ïðèâîäèò ê äàëüíåéøå-
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ìó ðàçðóøåíèþ èçîëÿöèè êàáåëÿ è åãî âîçãîðàíèþ.

Îïèñàííàÿ íåèñïðàâíîñòü íàèáîëåå ñëîæíà äëÿ äè-

àãíîñòèêè è òðåáóåò äåòàëüíîãî èçó÷åíèÿ [6–10].

Ïðåäëàãàåòñÿ ìîäåëü, ïîçâîëÿþùàÿ âûïîëíÿòü

îöåíêó âàæíåéøèõ ïàðàìåòðîâ ïðîöåññà, â òîì ÷èñ-

ëå âðåìåíè âîçíèêíîâåíèÿ âîçãîðàíèÿ.

Óäîáíî ðàññìîòðåòü ïðîäîëüíîå ñå÷åíèå ïîâðåæ-

äåííîé æèëû êàáåëÿ, ñõåìàòè÷íî èçîáðàæåííîå íà

ðèñ. 2. Ïîñêîëüêó òåïëîôèçè÷åñêèå õàðàêòåðèñòè-

êè ïðîâîäíèêà è èçîëÿòîðà ñóùåñòâåííî ðàçëè÷à-

þòñÿ, ôîðìà îáëàñòè / áóäåò èìåòü ñïåöèàëüíûé

âèä (ðèñ. 2).

Îáëàñòè 0, / è âíåøíÿÿ ñðåäà (èçîëÿòîð) îáðà-

çóþò îòêðûòóþ òåðìîäèíàìè÷åñêóþ ñèñòåìó. Ëèíåé-

íîå óðàâíåíèå òåïëîâîãî áàëàíñà [11–14] äëÿ äàí-

íîé ñèñòåìû èìååò âèä:
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íîñòü îáúåìà / ñîîòâåòñòâåííî;
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u(s) — ìãíîâåííàÿ ðàçíîñòü ïîòåíöèàëîâ íà ãðà-

íèöàõ îáëàñòè 0 â ìîìåíò âðåìåíè s.

Ïóñòü íà ïðîìåæóòêå [0, t] ïðîèñõîäèò ñòàáèëü-

íîå ãîðåíèå äóãîâîãî ðàçðÿäà, òîãäà ìîùíîñòü P(s)

ìîæíî çàìåíèòü ýêâèâàëåíòíûì çíà÷åíèåì � � �P UI� �
= const, ãäå �U — ïàäåíèå íàïðÿæåíèÿ íà äóãå (íà-

ïðÿæåíèå ñòàáèëèçàöèè) [15]; �I — ýêâèâàëåíòíîå

çíà÷åíèå òîêà.
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� ~
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äåò, ïîñêîëüêó èíòåíñèâíîñòü èñòî÷íèêà òåïëà ñëèø-

êîì ìàëà.

Îäíàêî òåïëîâîé èñòî÷íèê äåéñòâóåò îãðàíè÷åí-

íîå âðåìÿ, ïîýòîìó äàííîãî íåðàâåíñòâà íåäîñòà-

òî÷íî. Âûÿñíèì ñâÿçü ìåæäó èíòåíñèâíîñòüþ èñ-
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Ðèñ. 1. Òèïè÷íûå îñöèëëîãðàììû òîêà è íàïðÿæåíèÿ ïðè ïî-

ñëåäîâàòåëüíîì äóãîâîì çàìûêàíèè

Ðèñ. 2. Ïðîäîëüíîå ñå÷åíèå ïîâðåæäåííîé æèëû êàáåëÿ:

0 — îáëàñòü ðàçðÿäà (èñòî÷íèê òåïëà), ò. å. çàçîð ìåæäó æè-

ëàìè; / — îêðåñòíîñòü èñòî÷íèêà òåïëà, îãðàíè÷åííàÿ èçî-

òåðìîé
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Ïðîùå ãîâîðÿ, ïðè äîñòàòî÷íî áîëüøèõ �I èìååò
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Îöåíî÷íûå ðàñ÷åòû
è îáñóæäåíèå ðåçóëüòàòîâ

Íà îñíîâå ïðåäëîæåííîé ìîäåëè âûïîëíåíû

îöåíî÷íûé ðàñ÷åò ïðåäåëüíî äîïóñòèìîãî âðåìåíè

ñðàáàòûâàíèÿ ÓÇÄÇ�ÓÇÄÏ è ñîïîñòàâëåíèå åãî ðå-

çóëüòàòîâ ñ äàííûìè ÃÎÑÒ Ð ÌÝÊ 62606. Ðàñ÷åò è

ýêñïåðèìåíòû ïðîâîäèëèñü äëÿ êàáåëÿ ìàðêè NYM

êîíôèãóðàöèè 3�2,5, â îäíîé èç æèë êîòîðîãî áûë

ñîçäàí ðàçðûâ. Äëÿ êàáåëåé äðóãèõ ìàðîê ðåçóëüòà-

òû ìîãóò îòëè÷àòüñÿ.

Óñðåäíåííûå èñõîäíûå äàííûå äëÿ ïðîâåäåíèÿ

ðàñ÷åòà ïðèâåäåíû â òàáë. 1. Èñõîäíûå äàííûå ÿâ-

ëÿþòñÿ ðåçóëüòàòàìè ñòàòèñòè÷åñêîé îáðàáîòêè èç-

ìåðåíèé ñîîòâåòñòâóþùèõ ïîêàçàòåëåé ïðè ïðîâå-

äåíèè ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé.

Ðåçóëüòàòû ðàñ÷åòà ïî ôîðìóëàì (8)–(13) ïðèâå-

äåíû â òàáë. 2 (ïðè ýíåðãèè çàæèãàíèÿ
~

W = 3,75 Äæ).

Äëÿ ñðàâíåíèÿ ðåçóëüòàòû ðàñ÷åòîâ ïðåäñòàâëåíû

òàêæå äëÿ çíà÷åíèé ýíåðãèè çàæèãàíèÿ
~

W = 7,50 Äæ

è
~

W = 11,25 Äæ. Êàê âèäíî, âðåìÿ âîçãîðàíèÿ
~
t ñîâ-

ïàäàåò ñ ïðåäåëüíî äîïóñòèìûì âðåìåíåì ñðàáàòû-

âàíèÿ çàùèòû ïðè òîêå ïîñëåäîâàòåëüíîãî äóãîâîãî

çàìûêàíèÿ îò 2,5 äî 16 À. Òàêèì îáðàçîì, ïðîâåäåíà

èäåíòèôèêàöèÿ ìîäåëè, íà îñíîâå êîòîðîé áûëè ïî-

ëó÷åíû ñòàíäàðòíûå çíà÷åíèÿ. Ïðè òîêå ñâûøå 16 À

ñòàíäàðòíûå çíà÷åíèÿ óñòàíîâëåíû íà óðîâíå 120 ìñ

è çíà÷èòåëüíî ïðåâîñõîäÿò ðàñ÷åòíûå. Ýòî îáóñëîâ-

ëåíî â ïåðâóþ î÷åðåäü îãðàíè÷åííîñòüþ áûñòðî-

äåéñòâèÿ ÓÇÄÇ�ÓÇÄÏ, ïîñêîëüêó äëÿ äîñòîâåðíîãî

ðàñïîçíàâàíèÿ äóãîâîãî çàìûêàíèÿ íåîáõîäèìî âû-

ïîëíèòü ðÿä âû÷èñëåíèé. Çíà÷åíèå çàïàñà âðåìåíè

óñòàíîâëåíî ïðåæäå âñåãî ñ ó÷åòîì öèôðîâîé ðå-

àëèçàöèè ÓÇÄÇ�ÓÇÄÏ, äëÿ àíàëîãîâîé ðåàëèçàöèè

ýòîãî íå òðåáóåòñÿ.

Âû÷èñëåííàÿ ïðåäåëüíî äîïóñòèìàÿ âðåìÿòî-

êîâàÿ õàðàêòåðèñòèêà ÓÇÄÇ�ÓÇÄÏ ïðè ðàçëè÷íûõ

çíà÷åíèÿõ ýíåðãèè çàæèãàíèÿ
~

W (èëè, ÷òî ýêâèâà-

ëåíòíî, çàðÿäà 11K ) ïðåäñòàâëåíà íà ðèñ. 3,à (â ëè-
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~
W, Äæ 11K , Êë

~
t , ìñ, ïðè �I , À

2,5 5,0 10,0 16,0 32,0 63,0

3,75 2,5 1000 (1000) 500 (500) 250 (250) 156 (150) 78 (120) 39 (120)

7,50 5,0 2000 1000 500 312 156 78

11,25 7,5 3000 1500 750 469 234 117

Ï ð è ì å ÷ à í è å . Â ñêîáêàõ äàíû çíà÷åíèÿ, ïðèâåäåííûå â ÃÎÑÒ Ð ÌÝÊ 62606.

Òàáëèöà 2. Ðåçóëüòàòû ðàñ÷åòîâ ïî ôîðìóëàì (8)–(13)

Ïàðàìåòð Çíà÷åíèå (óñðåäíåííîå)

0 , ìì3 0,5

/ , ìì3 5

ñ, Äæ�(êã · Ê) 1000

�, êã�ì3 4000

�U, Â 1,5

T0, Ê 293
~
T , Ê 523

Òàáëèöà 1. Óñðåäíåííûå èñõîäíûå äàííûå äëÿ ðàñ÷åòà
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íåéíîì ìàñøòàáå) è íà ðèñ. 3,á (â ëîãàðèôìè÷å-

ñêîì ìàñøòàáå).

Âûâîäû

1. Ïîñòðîåíà òåïëîôèçè÷åñêàÿ ìîäåëü ïîñëåäî-

âàòåëüíîãî äóãîâîãî çàìûêàíèÿ ïðè îáðûâå ïðîâîä-

íèêà êàáåëÿ, ïðåäñòàâëÿþùåãî íàèáîëüøóþ ñëîæ-

íîñòü äëÿ äèàãíîñòèêè è íàèáîëüøèé èíòåðåñ äëÿ

èçó÷åíèÿ.

2. Íà îñíîâå ýòîé ìîäåëè ïîëó÷åíû âûðàæåíèÿ,

ñâÿçûâàþùèå âàæíåéøèå ïàðàìåòðû òåïëîôèçè÷å-

ñêîãî ïðîöåññà, â ÷àñòíîñòè ôîðìóëà äëÿ ïðåäåëüíî

äîïóñòèìîé âðåìÿòîêîâîé õàðàêòåðèñòèêè óñòðîé-

ñòâà ðåëåéíîé çàùèòû îò äóãîâîãî çàìûêàíèÿ�ïðî-

áîÿ (ÓÇÄÇ�ÓÇÄÏ).

3. Ïðîâåäåí îöåíî÷íûé ðàñ÷åò âðåìÿòîêîâîé õà-

ðàêòåðèñòèêè è óñòàíîâëåíî ñîîòâåòñòâèå ðåçóëü-

òàòîâ ñî çíà÷åíèÿìè, ïðèâåäåííûìè â ÃÎÑÒ Ð ÌÝÊ

62606. Òåì ñàìûì èäåíòèôèöèðîâàíà ìîäåëü, ñ ïî-

ìîùüþ êîòîðîé áûëè ïîëó÷åíû ñòàíäàðòíûå çíà-

÷åíèÿ.

1

23

Ðèñ. 3. Âðåìÿòîêîâàÿ õàðàêòåðèñòèêà ÓÇÄÇ�ÓÇÄÏ â ëèíåéíîì (à) è ëîãàðèôìè÷åñêîì (á) ìàñøòàáå: 1 — 11K = 2,5 Êë; 2 —
11K = 5,0 Êë; 3 — 11K = 7,5 Êë
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ABSTRACT

Fires of electrical reasons, make up around 20–25 % of total number of fires in the world. The most

flammable (more than 60 % of the total number of electrical fires) are cable products. In the operation

of the power plant possible an emergency mode is parallel or serial arc fault. It causes a fire due to

the high temperature of the arc up to 7000 °C. It was found that fire arises primarily as a result of

the electric arc. An arc fault is often a consequence of damage of electrical insulation.

AFDD�AFCI is fairly new relay device for fire safety. Standard of Russian Federation for these

devices is identical to the International standard IEC 62606:2013 “General requirements for arc fault

detection devices”. The standard requires limits of response time of device depending of arc fault

current.

A time-current characteristic is one of the most important indicators of AFDD�AFCI perfor-

mance. Late trip of emergency circuit with arc fault are most likely to cause a fire of insulation. Thus,

to ensure the fire safety of cable it is necessary to know and use in design of electrical networks

the maximum allowable time-current characteristics of the arc fault protection device.

The case of a serial arc fault by fracture of cable conductor is considered. In practice, the most

frequent reasons of this are rupture of cable wire due to metal fatigue or excessive tension and damage

by external object. In the damaged conductor arises the small gap which punches by operating voltage.

Thus, the current on this cable continues, and remains close to the nominal value. The gap arises

the arc discharge accompanied by intense heating causes further degradation of the cable insulation

and arises a fire.

Determination of fire risk parameters of ignition energy of an arc fault is practical and is related to

the fire safety of wire and electric cable networks.
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By the heat balance equation in the proposed model we obtained the expressions relating

the general thermophysical parameters of the process are obtained. In particular, the formula of maxi-

mum allowable time-current characteristics of AFDD�AFCI is obtained.

Furthermore we done the evaluation of termophysical parameters and time-current characte-

ristics. Then given the comparison of these results with the values of the standard GOST R IEC 62606.

Conformity of the standard values and the calculated data is found. Thus, we identified the model by

which the standard values are calculated.

Keywords: relay protection; arc circuit; arc breakdown; sparking; arc fault circuit interrupter (AFCI);

arc fault device detector (AFDD).
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