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Àíîòàö³ÿ. Â ðîáîò³ âäîñêîíàëåíî ìàòåìàòè÷íó ìîäåëü ïåðåõ³äíèõ ïðîöåñ³â â äæîçåô-
ñîí³âñüêèõ åëåìåíòàõ ïàì’ÿò³ (êð³îòðîíàõ), ÿê³ ìîæíà ñòâîðèòè íà îñíîâ³ íàäïðîâ³äíèõ 
êâàíòîâèõ ³íòåðôåðîìåòð³â (ÑÊÂ²Ä³â). Êð³îòðîíàìè ñëóæèëè äâîêîíòàêòí³ ÑÊÂ²Äè, êåðó-
âàííÿ ëîã³÷íèì ñòàíîì ÿêèõ áóëî äîñë³äæåíî ìåòîäàìè ìàòåìàòè÷íîãî ìîäåëþâàííÿ. Íàìè 
çàïðîïîíîâàíî êîìá³íîâàíèé ñïîñ³á êåðóâàííÿ ëîã³÷íèì ñòàíîì òàêèõ êð³îòðîí³â, îñê³ëüêè 
ïðîñòèé ñïîñ³á êåðóâàííÿ çà äîïîìîãîþ ò³ëüêè ³ìïóëüñ³â ìàãí³òíîãî ïîòîêó íå çàáåçïå÷óº 
ñòàá³ëüíî¿ ðîáîòè êð³îòðîí³â ï³ä ÷àñ çâîðîòíèõ ëîã³÷íèõ ïåðåõîä³â “1” → “0”. Ïîêàçàíî, ùî 
ïðÿì³ ëîã³÷í³ ïåðåõîäè “0” → “1” ìîæíà åôåêòèâíî ðåàë³çóâàòè çà äîïîìîãîþ êåðóþ÷èõ ³ì-
ïóëüñ³â ìàãí³òíîãî ïîòîêó, à ïåðåõîäè “1” → “0” – êåðóþ÷èõ ³ìïóëüñ³â ñòðóìó. Ðîçðàõîâàíî 
ïåðåõ³äí³ õàðàêòåðèñòèêè êð³îòðîí³â ï³ä ÷àñ ïðÿìèõ ³ çâîðîòíèõ ëîã³÷íèõ ïåðåõîä³â. 

Êëþ÷îâ³ ñëîâà: ÑÊÂ²Ä, êâàíòîâà êîì³ðêà ïàì’ÿò³, äæîçåôñîí³âñüêèé êð³îòðîí, ïåðåõ³äíà 
õàðàêòåðèñòèêà, ëîã³÷íèé ïåðåõ³ä, íàäïðîâ³äíèé ³íòåðôåðîìåòð 

THE COMBINED METHOD OF LOGICAL STATE CONTROLLING 
OF CRIOTRONS BASED ON SQUIDS 

M. V. Tyhanskyi, A.I. Partyka 

Abstract. In the present work, we have improved the mathematical model of transition processes 
in Josephson memory cells (cryotrons), which can be created on the base of semiconductor quan-
tum interferometers (SQUIDs). We employed two-contact SQUIDs to construct the cryotrons and 
investigated the possibilities to control the cryotrons’ logical state by means of mathematical model-
ing. A combined method of logical state controlling of such cryotrons has been proposed since the 
simpler controlling method, where only impulses of magnetic flux are used, fails to provide stable 
operation of cryotrons during the inverse logical transitions “1” → “0”. We show that the direct logi-
cal transitions “0” → “1” are effectively realized via controlling magnetic flux impulses whereas the 
transitions “1” → “0” are realized via controlling current impulses. Transition characteristics of the 
cryotrons during direct and inverse logical transitions are calculated. 

Keywords: SQUID, the quantum memory cell, Josephson cryotron, the transition characteris-
tics, the logical transition, superconducting interferometer 
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Âñòóï 

Êâàíòîâ³ åëåìåíòè êîìï’þòåðíî¿ ïàì’ÿò³ – 
öå ïðèñòðî¿, ÿê³ çáåð³ãàþòü ³íôîðìàö³þ â êâàí-
òîâàíèõ ô³çè÷íèõ âåëè÷èíàõ. Äëÿ îáðîáêè çáå-
ðåæåíî¿ ³íôîðìàö³¿ âèêîðèñòîâóþòü âçàºìîä³þ 
íîñ³¿â öèõ âåëè÷èíè ïðè çáåðåæåíí³ êâàíòîâî¿ 
êîãåðåíö³¿ [1-3]. ßê ïðàâèëî, íîñ³ÿìè êâàíòî-
âàíèõ ô³çè÷íèõ âåëè÷èí º äâîñòàíîâ³ êâàíòîâ³ 
ñèñòåìè, ÿêèõ íàçèâàþòü êâàíòîâèìè êîì³ð-
êàìè ïàì’ÿò³ àáî “êóá³òàìè” [4-6]. Áóäü-ÿêà 
äâîñòàíîâà êâàíòîâà ñèñòåìà, ÿêà ìîæå áóòè 
àäðåñíà, êåðîâàíà, âèì³ðÿíà, îá’ºäíàíà ç ñóñ³-
äàìè òà ³çîëüîâàíà â³ä äîâê³ëëÿ, º ïîòåíö³àëüíî 
êîðèñíîþ äëÿ êâàíòîâîãî îá÷èñëåííÿ ³ êâàíòî-
âî¿ êîìóí³êàö³¿ [7-9]. Åëåêòðîíí³ ñèñòåìè, ÿê³ 
ìîæíà âèãîòîâèòè ìåòîäàìè ñó÷àñíî¿ ë³òîãðà-
ô³¿, (íàíîðîçì³ðí³ êâàíòîâ³ òî÷êè, íàäïðîâ³äí³ 
òóíåëüí³ ïåðåõîäè, äæîçåôñîí³âñüê³ òóíåëüí³ 
ïåðåõîäè), º ïåðñïåêòèâíèìè äëÿ êîíñòðóþ-
âàííÿ êóá³ò³â. Íàÿâí³ñòü øèðîêî¿ ð³çíîìàí³ò-
íîñò³ ïîòåíö³éíèõ êîíñòðóêö³é òàêèõ êóá³ò³â 
äîçâîëÿº ñòâîðþâàòè âåëèê³ ìàñèâè êóá³ò³â, ÿê³ 
ìîæóòü áóòè ³íòåãðîâàí³ ó ñêëàäí³ åëåêòðè÷í³ 
ñõåìè. 

Â íàøèõ ïîïåðåäí³õ ðîáîòàõ [14-16] áóëî 
ñòâîðåíî ìàòåìàòè÷íó ìîäåëü ïåðåõ³äíèõ ïðî-
öåñ³â â äæîçåôñîí³âñüêèõ åëåìåíòàõ ïàì’ÿò³ 
(êð³îòðîíàõ) íà îñíîâ³ íàäïðîâ³äíèõ êâàíòî-
âèõ ³íòåðôåðîìåòð³â (ÑÊÂ²Ä³â). Îïèñàíèé â 
öèõ ðîáîòàõ ñïîñ³á êåðóâàííÿ ëîã³÷íèì ñòàíîì 
êð³îòðîí³â äîçâîëÿâ ìîäåëþâàòè ïåðåõ³äí³ ïðî-
öåñè ³ îòðèìóâàòè ïåðåõ³äí³ õàðàêòåðèñòèêè 

ò³ëüêè äëÿ ëîã³÷íèõ ïåðåõîä³â “0” → “1”. Ï³ä 
÷àñ çâîðîòíèõ ëîã³÷íèõ ïåðåõîä³â “1” → “0” ó 
êð³îòðîíàõ âèíèêàëà íåñòàá³ëüí³ñòü ëîã³÷íîãî 
ñòàíó “0”. Äëÿ âèð³øåííÿ ö³º¿ ïðîáëåìè íàìè 
çàïðîïîíîâàíî êîìá³íîâàíèé ìåòîä âïëèâó 
íà êð³îòðîíè òà êåðóâàííÿ ¿õ ëîã³÷íèì ñòàíîì. 
Ñóòü ìåòîäó ïîëÿãàº â ïîäà÷³ êåðóþ÷èõ ³ìïóëü-
ñ³â ìàãí³òíîãî ïîòîêó òà çì³í³ ñèëè òðàíñïîðò-
íîãî ñòðóìó çà äîïîìîãîþ êåðóþ÷èõ ³ìïóëüñ³â 
ñòðóìó. 

Ìàòåìàòè÷íà ìîäåëü ïåðåõ³äíèõ ïðîöåñ³â â 
êð³îòðîíàõ íà îñíîâ³ äâîêîíòàêòíèõ ñêâ³ä³â 

Ìàòåìàòè÷íó ìîäåëü ïåðåõ³äíèõ ïðîöåñ³â 
ï³ä ÷àñ çì³íè ëîã³÷íîãî ñòàíó ³ ïðèíöèï ðîáîòè 
êð³îòðîí³â íà îñíîâ³ äâîêîíòàêòíèõ ÑÊÂ²Ä³â 
äåòàëüíî îïèñàíî â ðîáîò³ [15]. Îñíîâîþ êð³îò-
ðîíà áóâ äâîêîíòàêòíèé ÑÊÂ²Ä, ÷åðåç ÿêèé 
ïðîïóñêàëè ðîáî÷èé òðàíñïîðòíèé ñòðóì ТI . 
ÑÊÂ²Ä ñêëàäàâñÿ ç äâîõ äæîçåôñîí³âñüêèõ 
òóíåëüíèõ ïåðåõîä³â: à-êîíòàêòó òà b-êîíòàê-
òó (ðèñ.1). ×åðåç à-êîíòàêò ïðîò³êàâ ñòðóì AI , 
ÿêèé ìîæíà âèðàçèòè òàê: 

 
2

2

( )
sin

2 2
A A A

A C A
d G V dCІ І

e e dtdt
ϕ ϕ

= ϕ + +
==

,  (1) 

äå sinС AІ ϕ  – íàäïðîâ³äíèé òóíåëüíèé ñòðóì 
÷åðåç à-êîíòàêò, CI  – ñèëà êðèòè÷íîãî ñòðóìó 
à-êîíòàêòó, Aϕ  – ñòðèáîê ôàçè íà à-êîíòàêò³, 
ÿêèé ìîæå çì³íþâàòèñü ç ÷àñîì ï³ä ÷àñ ïåðåõ³ä-

íèõ ïðîöåñ³â, 
2

22
AdC

e dt
ϕ=

 – ºìí³ñíèé ñòðóì ÷åðåç 
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ÊÐÈÎÒÐÎÍÎÂ ÍÀ ÎÑÍÎÂÅ ÑÊÂÈÄÎÂ 

Ì. Â. Òèõàíñüêèé, À. ². Ïàðòèêà 

Àííîòàöèÿ. Â ðàáîòå óñîâåðøåíñòâîâàíà ìàòåìàòè÷åñêàÿ ìîäåëü ïåðåõîäíûõ ïðîöåññîâ 
â äæîçåôñîíîâñêèõ ÿ÷åéêàõ ïàìÿòè (êðèîòðîíàõ), êîòîðûå ìîæíî ñîçäàòü íà îñíîâå ñâåðõ-
ïðîâîäÿùèõ êâàíòîâûõ èíòåðôåðîìåòðîâ (ÑÊÂÈÄîâ). Êðèîòðîíàìè ñëóæèëè äâîêîíòàê-
òíûå ÑÊÂÈÄè, óïðàâëåíèå ëîãè÷åñêèì ñîñòîÿíèåì êîòîðûõ áûëî èññëåäîâàíî ìåòîäàìè 
ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ. Íàìè ïðåäëîæåíû êîìáèíèðîâàííûå ñïîñîá óïðàâëåíèÿ 
ëîãè÷åñêèì ñîñòîÿíèåì òàêèõ êðèîòðîíîâ, ïîñêîëüêó ïðîñòîé ñïîñîá óïðàâëåíèÿ ñ ïîìî-
ùüþ òîëüêî èìïóëüñîâ ìàãíèòíîãî ïîòîêà íå îáåñïå÷èâàåò ñòàáèëüíîé ðàáîòû êðèîòðî-
íîâ âî âðåìÿ îáðàòíûõ ëîãè÷åñêèõ ïåðåõîäîâ “1” → “0”. Ïîêàçàíî, ÷òî ïðÿìûå ëîãè÷åñêèå 
ïåðåõîäû “0” → “1” ìîæíî ýôôåêòèâíî ðåàëèçîâàòü ñ ïîìîùüþ óïðàâëÿþùèõ èìïóëüñîâ 
ìàãíèòíîãî ïîòîêà, à ïåðåõîäû “1” → “0” – óïðàâëÿþùèõ èìïóëüñîâ òîêà. Ðàññ÷èòàíû ïå-
ðåõîäíûå õàðàêòåðèñòèêè êðèîòðîíîâ âî âðåìÿ ïðÿìûõ è îáðàòíûõ ëîãè÷åñêèõ ïåðåõîäîâ. 

Êëþ÷åâûå ñëîâà: ÑÊÂÈÄ, êâàíòîâàÿ ÿ÷åéêà ïàìÿòè, äæîçåôñîíîâñêèé êðèîòðîí, ïåðå-
õîäíàÿ õàðàêòåðèñòèêà, ëîãè÷åñêèé ïåðåõîä, ñâåðõïðîâîäÿùèé èíòåðôåðîìåòð 
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à-êîíòàêò, C  – ºìí³ñòü à-êîíòàêòó, =  – ñòàëà 

Ïëàíêà, e  – çàðÿä åëåêòðîíà, 
( )
2
A AG V d
e dt

ϕ=
 – 

íîðìàëüíèé ñòðóì îäíîåëåêòðîííîãî òóíå-
ëþâàííÿ ÷åðåç à-êîíòàêò, ( )AG V  – íîðìàëüíà 
ïðîâ³äí³ñòü à-êîíòàêòó, AV  – íàïðóãà íà à-êîí-
òàêò³. Ñòðóì BI , ÿêèé ïðîò³êàâ ÷åðåç b-êîíòàêò, 
ìîæíà çàïèñàòè àíàëîã³÷íî: 
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äå sinС ВІ ϕ  – íàäïðîâ³äíèé òóíåëüíèé ñòðóì 
÷åðåç b-êîíòàêò, CI  – ñèëà êðèòè÷íîãî ñòðóìó 
b-êîíòàêòó, Bϕ  – ñòðèáîê ôàçè íà b-êîíòàê-
ò³, ÿêèé òàêîæ ìîæå çì³íþâàòèñü ç ÷àñîì ï³ä 

÷àñ ïåðåõ³äíèõ ïðîöåñ³â, 
2
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e dt
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 – ºìí³ñíèé 

ñòðóì ÷åðåç b-êîíòàêò, C  – ºìí³ñòü b-êîí-

òàêòó, 
( )
2
B BG V d
e dt

ϕ=
 – íîðìàëüíèé ñòðóì îäíî-

åëåêòðîííîãî òóíåëþâàííÿ ÷åðåç b-êîíòàêò, 
( )BG V  – íîðìàëüíà ïðîâ³äí³ñòü b-êîíòàêòó, 

BV  – íàïðóãà íà b-êîíòàêò³. Äëÿ ïðîñòîòè ìî-
äåë³ ââàæàëîñü, ùî ñèëè êðèòè÷íèõ ñòðóì³â 
êîíòàêò³â, ºìíîñò³ êîíòàêò³â òà çàëåæíîñò³ 
íîðìàëüíèõ ïðîâ³äíîñòåé êîíòàêò³â â³ä íà-
ïðóãè îäíàêîâ³. Âåëè÷èíè Aϕ  òà Bϕ  çâ’ÿçàí³ 
ì³æ ñîáîþ – ¿õ ð³çíèöÿ âèçíà÷àºòüñÿ ìàãí³ò-
íèì ïîòîêîì ÷åðåç ÑÊÂ²Ä Φ  òà êâàíòîì ìàã-
í³òíîãî ïîòîêó 0Φ  [10]:
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Ðèñ. 1. Ñõåìà êð³îòðîíà íà îñíîâ³ äâîêîíòàêòíîãî 
ÑÊÂ²Äà. TI  — òðàíñïîðòíèé ñòðóì; II  — ³íäóêîâà-
íèé ñòðóì; AI  — òóíåëüíèé ñòðóì ÷åðåç a-êîíòàêò;
BI  — òóíåëüíèé ñòðóì ÷åðåç b-êîíòàêò; Φ  — êå-

ðóþ÷èé çîâí³øí³é ìàãí³òíèé ïîò³ê; Aϕ  — ñòðèáîê 
ôàçè íà à-êîíòàêò³; Bϕ  — ñòðèáîê ôàçè íà b-êîí-
òàêò³
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ð³âíÿííÿ ìàòåìàòè÷íî¿ ìîäåë³: 
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Äëÿ ìàòåìàòè÷íîãî ìîäåëþâàííÿ ïåðåõ³ä-
íèõ ïðîöåñ³â ï³ä ÷àñ ïåðåõîä³â ³ç ñòàíó ëîã³÷-
íîãî “0” (íàïðóãà íà êð³îòðîí³ 0V = ) ó ñòàí 
ëîã³÷íî¿ “1” (íàïðóãà íà êð³îòðîí³ 0V ≠ ) ÷è 
íàâïàêè ï³ä ä³ºþ çîâí³øí³õ êåðóþ÷èõ ³ìïóëü-
ñ³â âåëè÷èíà ñèëè òðàíñïîðòíîãî ñòðóìó ТI  
çàäàâàëàñü íåçì³ííîþ, à ìàãí³òíèé ïîò³ê ÷å-
ðåç ÑÊÂ²Ä Φ , çì³íà ÿêîãî ïîâèííà ïðèçâî-
äèòè äî ïåðåõ³äíèõ ïðîöåñ³â ó êð³îòðîíàõ òà 
çì³íè ¿õ ëîã³÷íîãî ñòàíó, çì³íþâàëè ç ïëèíîì 
÷àñó, çàäàþ÷è ôóíêö³þ ( )tΦ  ìàòåìàòè÷íîþ 

ôóíêö³ºþ
4te− . Ìîæíà ââàæàòè, ùî ôóíêö³ÿ 

4

( ) tt Ae−Φ = ( A - äåÿêà êîíñòàíòà) îïèñóâàëà 
ôîðìó êåðóþ÷èõ ³ìïóëüñ³â ìàãí³òíîãî ïîòî-
êó. Ðîçâ’ÿçàâøè ð³âíÿííÿ (5), âèçíà÷èâøè 
íåâ³äîìó ôóíêö³þ ( )B tϕ  òà çíàþ÷è ÷àñîâó çà-
ëåæí³ñòü ( )tΦ , ìîæíà òàêîæ îòðèìàòè äðóãó 
íåâ³äîìó ôóíêö³þ ( )A tϕ . Âèêîðèñòîâóþ÷è îñ-
íîâíå ñï³ââ³äíîøåííÿ äëÿ íåñòàö³îíàðíîãî 
åôåêòó Äæîçåôñîíà 
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à-êîíòàêò³ ( )AV t  ÷è b-êîíòàêò³ ( )BV t . ×àñîâà çà-
ëåæí³ñòü ( )tΦ  ìàº ³ìïóëüñíèé õàðàêòåð, òîáòî 

( ) 0tΦ ≠  ï³ä ÷àñ ïåðåõ³äíèõ ïðîöåñ³â àáî çì³íè 
ëîã³÷íîãî ñòàíó êð³îòðîíà ³ ( ) 0tΦ = , êîëè êð³îò-
ðîí ïåðåáóâàº ó ñòàí³ ëîã³÷íîãî “0” ÷è ëîã³÷íî¿ 
“1”. Òîìó, êîëè êð³îòðîí ïåðåáóâàº ó áóäü-
ÿêîìó ëîã³÷íîìó ñòàí³, ( ) 0tΦ = , à ( )A tϕ = ( )B tϕ . 
Çâ³äñè âèïëèâàº, ùî ( )AV t = ( )BV t = ( )V t , 
äå ( )V t  — íàïðóãà íà êð³îòðîí³ ó áóäü-ÿêîìó 
ëîã³÷íîìó ñòàí³, ÿêà äàº ³íôîðìàö³þ ïðî ëî-
ã³÷íèé ñòàí êð³îòðîíà òà ïðî ÷àñ êîìóòàö³¿ ëî-
ã³÷íèõ ïåðåõîä³â “0” → “1” ³ “1” → “0”. ×àñîâó 
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çàëåæí³ñòü ( )V t  áóäåìî íàçèâàòè ïåðåõ³äíîþ 
õàðàêòåðèñòèêîþ êð³îòðîí³â. 

Ïåðåõ³äí³ õàðàêòåðèñòèêè êð³îòðîí³â 

Â ðîáîò³ [15] ïðîâîäèëîñü ìàòåìàòè÷íå ìî-
äåëþâàííÿ ïåðåõ³äíèõ ïðîöåñ³â ï³ä ÷àñ çì³íè 
ëîã³÷íîãî ñòàíó êð³îòðîí³â ï³ä ä³ºþ ò³ëüêè êåðó-
þ÷èõ ³ìïóëüñ³â ìàãí³òíîãî ïîòîêó. Ðîçðàõîâàí³ 
ïåðåõ³äí³ õàðàêòåðèñòèêè ( )V t  ïîêàçàëè, ùî 
ï³ä ÷àñ ëîã³÷íèõ ïåðåõîä³â “0” → “1” êð³îòðîí 
ïðîÿâëÿâ ñòàá³ëüí³ñòü, ï³ñëÿ ïåðåõîäó ó ñòàí 
“1” âñòàíîâëåíà íàïðóãà íà êð³îòðîí³ çáåð³ãàëà 
ñâîº çíà÷åííÿ äî ïîäà÷³ íàñòóïíèõ êåðóþ÷èõ 
³ìïóëüñ³â. Ï³ä ÷àñ ëîã³÷íèõ ïåðåõîä³â “1” → “0” 
ðîáîòà êð³îòðîí³â áóëà íåñòàá³ëüíîþ. Ï³ñëÿ ïî-
äà÷³ êåðóþ÷îãî ³ìïóëüñó, ÿêè ïîâèíåí ïðèçâåñ-
òè äî ëîã³÷íîãî ïåðåõîäó “1” → “0”, ïðîò³êàâ 
ñêëàäíèé ïåðåõ³äíèé ïðîöåñ, ó ðåçóëüòàò³ ÿêî-
ãî êð³îòðîí ó ñòàí ëîã³÷íîãî “0” íå ïåðåõîäèâ, 
à ïîâåðòàâñÿ ó ñòàí ëîã³÷íî¿ “1”. Äîñë³äæåííÿ 
ïîêàçàëè, ùî çìîäåëþâàòè ëîã³÷íèé ïåðåõ³ä 
“1” → “0” ï³ä ä³ºþ ò³ëüêè êåðóþ÷èõ ³ìïóëüñ³â 
ìàãí³òíîãî ïîòîêó íåìîæëèâî, îñê³ëüêè áóëî 
âñòàíîâëåíî, ùî ëîã³÷í³ ïåðåõîäè “0” → “1” 
ìîæíà ñïîñòåð³ãàòè â íàñë³äîê ä³¿ ³ìïóëüñ³â 
ìàãí³òíîãî ïîòîêó áóäü-ÿêî¿ ïîëÿðíîñò³. 

Êåðóâàòè ëîã³÷íèì ñòàíîì êð³îòðîí³â íà îñ-
íîâ³ äâîêîíòàêòíèõ ÑÊÂ²Ä³â ìîæíà òàêîæ çà 
äîïîìîãîþ çîâí³øí³õ êåðóþ÷èõ ³ìïóëüñ³â ñòðó-
ìó, ÿê³ ä³þòü íà ñòàí êð³îòðîíà ðàçîì ³ç òðàíñ-
ïîðòíèì ñòðóìîì TI . Ïðåäñòàâëåí³ ðåçóëüòàòè 
ìàòåìàòè÷íîãî ìîäåëþâàííÿ ³ äîñë³äæåííÿ 
ïåðåõ³äíèõ õàðàêòåðèñòèê êð³îòðîí³â, äå êåðó-
âàííÿ ëîã³÷íèì ñòàíîì êð³îòðîíà-ÑÊÂ²Äà â³ä-
áóâàëîñÿ çà äîïîìîãîþ çì³íè ñèëè òðàíñïîðò-
íîãî ñòðóìó TI  ïîêàçàëè ùî, òàêå êåðóâàííÿ º 
íå äóæå åôåêòèâíèìè. Ïðè÷èíàìè öüîãî áóëè: 
ïî-ïåðøå, äëÿ çì³íè ëîã³÷íîãî ñòàíó êð³îòðî-
íà ïîòð³áíî ïîäàâàòè êåðóþ÷³ ³ìïóëüñè ñòðóìó, 
àìïë³òóäà ÿêèõ îäíîãî ïîðÿäêó ç âåëè÷èíîþ 
òðàíñïîðòíîãî ðîáî÷îãî ñòðóìó; ïî-äðóãå, ÷àñ 
êîìóòàö³¿ êð³îòðîíà äëÿ îáîõ ëîã³÷íèõ ïåðåõîä³â 
º çíà÷íî á³ëüøèì çà àíàëîã³÷íèé ÷àñ êîìóòàö³¿ 
êð³îòðîí³â, ñòâîðåíèõ íà îñíîâ³ îêðåìèõ äæî-
çåôñîí³âñüêèõ òóíåëüíèõ ïåðåõîä³â [14]. 

Äëÿ çá³ëüøåííÿ øâèäêîä³¿ òàêèõ êð³îòðîí³â 
òà ï³äâèùåííÿ åôåêòèâíîñò³ êåðóâàííÿ ¿õ ëîã³÷-
íèì ñòàíîì áóëî çàïðîïîíîâàíî êîìá³íîâàíèé 
ìåòîä êåðóâàííÿ, ÿêèé ïîëÿãàº â íàñòóïíîìó: 
ëîã³÷í³ ïåðåõîäè “0” → “1” çä³éñíþâàòè ä³ºþ 
³ìïóëüñ³â ìàãí³òíîãî ïîòîêó, à çâîðîòí³ ëîã³÷-

í³ ïåðåõîäè “1” → “0” – ³ìïóëüñàìè ñòðóìó. 
Â ïîïåðåäí³é ðîáîò³ [16] öåé ìåòîä îïèñàíèé 
íà ïðèêëàä³ çàñòîñóâàííÿ â ÿêîñò³ êåðóþ÷èõ ³ì-
ïóëüñ³â ñòðóìó – ³ìïóëüñ³â ³äåàëüíî ïðÿìîêóò-
íî¿ ôîðìè. Äëÿ íàáëèæåííÿ ôîðìè êåðóþ÷èõ 
³ìïóëüñ³â ñòðóìó äî ðåàëüíî¿ âèêîðèñòîâóâà-

ëàñü ìàòåìàòè÷íà ôóíêö³ÿ
4te− . 

Íà ðèñ. 2 ïðèâåäåíî ÷àñîâó çàëåæí³ñòü ìàã-
í³òíîãî ïîòîêó ( )tΦ  (à), ÷àñîâó çàëåæí³ñòü 
ñèëè òðàíñïîðòíîãî ñòðóìó ( )TI t  (á) òà ïåðå-
õ³äíó õàðàêòåðèñòèêó êð³îòðîíà-ÑÊÂ²Äà ( )V t  
(â). Â ïî÷àòêîâèé ìîìåíò ÷àñó êð³îòðîí ïåðå-
áóâàâ ó ñòàí³ ëîã³÷íîãî “0”, íàïðóãà íà íüîìó 

(0)V  = 0, ñèëà òðàíñïîðòíîãî ñòðóìó TI = 10 
ìÀ, à ñèëà êðèòè÷íîãî ñòðóìó êîæíîãî äæî-
çåôñîí³âñüêîãî êîíòàêòó CI  = 10 ìÀ. Â ìîìåíò 
÷àñó 1t  = 20 ïñ êåðóþ÷èì ³ìïóëüñîì ìàãí³òíîãî 
ïîòîêó, ÿêèé áóëî çàäàíî ìàòåìàòè÷íèì âèðà-

çîì ( )
4

0
205 exp

1
tt

⎡ ⎤−⎛ ⎞Φ = Φ −⎢ ⎥⎜ ⎟
⎝ ⎠⎢ ⎥⎣ ⎦

, çä³éñíåíî ëîã³÷-

íèé ïåðåõ³ä “0” → “1”, ÷àñ êîìóòàö³¿ äëÿ ÿêîãî 
ñêëàäàâ 4 ïñ. Â ìîìåíò ÷àñó 2t  = 50 ïñ êåðó-
þ÷èé ³ìïóëüñ ñòðóìó (ìîìåíòîì ä³¿ êåðóþ÷îãî 
³ìïóëüñó ââàæàþòü ìîìåíò ÷àñó, êîëè âåëè÷è-
íà êåðóþ÷îãî ³ìïóëüñó äîñÿãàº ìàêñèìàëüíîãî 
çíà÷åííÿ) ïîâåðíóâ êð³îòðîí ó ñòàí ëîã³÷íîãî 
“0”, òîáòî ïðèçâ³â äî ëîã³÷íîãî ïåðåõîäó “1” 
→ “0”, ÷àñ êîìóòàö³¿ äëÿ ÿêîãî ñêëàäàâ 8 ïñ. 
Ïîäà÷à êåðóþ÷îãî ³ìïóëüñó ìàãí³òíîãî ïîòîêó 
â ìîìåíò ÷àñó 3t  = 80 ïñ ïðîäåìîíñòðóâàëà, ùî 
êð³îòðîí, ïåðåáóâàþ÷è ó ñòàí³ ëîã³÷íîãî “0”, 
çíîâó ãîòîâèé äî ïîäàëüøèõ ëîã³÷íèõ ïåðå-
õîä³â. ²äåíòè÷í³ñòü ïåðåõ³äíî¿ õàðàêòåðèñòèêè 
êð³îòðîíà ï³ä ÷àñ äðóãîãî ëîã³÷íîãî ïåðåõîäó 
“0” → “1” ãîâîðèòü ïðî ñòàá³ëüí³ñòü éîãî ðî-
áîòè.

Âèñíîâêè 

Âäîñêîíàëèâøè ìàòåìàòè÷íó ìîäåëü ïå-
ðåõ³äíèõ ïðîöåñ³â â êð³îòðîíàõ íà îñíîâ³ 
ÑÊÂ²Ä³â, íàìè çàïðîïîíîâàíî êîìá³íîâàíèé 
ìåòîä êåðóâàííÿ ëîã³÷íèì ñòàíîì òàêèõ êð³îò-
ðîí³â, ÿêèé ïîëÿãàº ó ä³¿ íà êð³îòðîí êåðóþ÷èõ 
³ìïóëüñ³â ìàãí³òíîãî ïîòîêó òà ³ìïóëüñ³â ñòðó-
ìó. Çàâäÿêè öüîìó âïåðøå ïðîâåäåíî ìàòåìà-
òè÷íå ìîäåëþâàííÿ ëîã³÷íèõ ïåðåõîä³â ”0” →
”1” òà ëîã³÷íèõ ïåðåõîä³â ”1” → ”0”. Ðîçðàõîâà-
íî ïåðåõ³äí³ õàðàêòåðèñòèêè êð³îòðîí³â ï³ä ÷àñ 
çì³íè ¿õ ëîã³÷íîãî ñòàíó òà ïîêàçàíî åôåêòèâ-
í³ñòü çàïðîïîíîâàíîãî ìåòîäó. 

M. V. Tyhanskyi, A.I. Partyka
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