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Àíîòàö³ÿ. Ïðîàíàë³çîâàíî ñó÷àñíèé ñòàí íàóêîâèõ äîñë³äæåíü ó ñôåð³ ³íòå-
ëåêòóàë³çàö³¿ ìåðåæ åëåêòðîïîñòà÷àííÿ íà îñíîâ³ ñèíõðîííèõ âåêòîðíèõ
âèì³ðþâàíü â ñèñòåì³ ðåºñòðàö³¿ ïåðâèííî¿ ³íôîðìàö³¿. Ïîêàçàíî, ùî îï-
òèì³çàö³ÿ åëåêòðîñïîæèâàííÿ çàëåæèòü â³ä ïîâíîòè ³íôîðìàòèâíîñò³ ïåðâèí-
íèõ áàãàòîàñïåêòíèõ äàíèõ. Íà îñíîâ³ äèôåðåíö³éíèõ ïåðåòâîðåíü çàïðîïîíî-
âàíî ìàòåìàòè÷í³ ìîäåë³ ³ ìåòîäè àíàë³òè÷íîãî îá÷èñëåííÿ ñóêóïíîñò³ Ò-äèñ-
êðåò äëÿ âèçíà÷åííÿ ïîâíîòè ³íôîðìàòèâíîñò³ îòðèìàíèõ íåäåòåðì³íîâàíèõ
ïåðâèííèõ äàíèõ. Ðîçãëÿíóòî ìåòîäè ³íòåëåêòóàë³çàö³¿ òåõíîëîã³é ñèíõðîííèõ
âåêòîðíèõ âèì³ðþâàíü çà äîïîìîãîþ ïðåäñòàâëåííÿ çàðåºñòðîâàíèõ ïåðâèí-
íèõ äàíèõ ó âèãëÿä³ Ò-ñïåêòð³â äëÿ âèçíà÷åííÿ îêðåìèõ ãàðìîí³÷íèõ ñêëàäî-
âèõ ïàðàìåòð³â ïåðåõ³äíîãî ïðîöåñó åíåðãîñèñòåìè, à òàêîæ äëÿ ïðîâåäåííÿ
(íà îñíîâ³ äèôåðåíö³éíèõ çîáðàæåíü) ñïåêòðàëüíîãî àíàë³çó ³ îá÷èñëåííÿ
ñïåêòðàëüíî¿ ù³ëüíîñò³, ÿê îñíîâè ôîðìóâàííÿ ³ íàêîïè÷óâàííÿ íîâèõ çíàíü.

Êëþ÷îâ³ ñëîâà: ìàòåìàòè÷í³ ìîäåë³, äèôåðåíö³éí³ ïåðåòâîðåííÿ, ìåòîäè,
³íòåëåêòóàë³çàö³ÿ, ïðîöåñ, îïòèì³çàö³ÿ, ñèíõðîíí³ âåêòîðí³ âèì³ðþâàííÿ.

ÏÎÑÒÀÍÎÂÊÀ ÏÐÎÁËÅÌÈ

Âïðîâàäæåííÿ ñó÷àñíèõ êîìï’þòåðíèõ ñèñòåì ìîí³òîðèíãó ïåðåõ³äíèõ, àíî-

ìàëüíèõ ³ àâàð³éíèõ ðåæèì³â ñèñòåì åëåêòðîïîñòà÷àííÿ çàë³çíèöü â³äêðèâàº

ìîæëèâ³ñòü ïîâí³ñòþ îïèñàòè äèíàì³êó ïîâåä³íêè åëåêòðîåíåðãåòè÷íî¿ ìåðåæ³.

Îðãàí³çàö³ÿ êîìï’þòåðíèõ ìåðåæ êåðóâàííÿ åëåêòðîïîñòà÷àííÿì òà ³íôîð-

ìàö³éíèõ òåõíîëîã³é ìîí³òîðèíãó åëåêòðè÷íèõ ðåæèì³â ó ðåàëüíîìó ÷àñ³

áàçóºòüñÿ íà ïåðñïåêòèâíèõ òåõíîëîã³ÿõ ñèíõðîííèõ âåêòîðíèõ âèì³ðþâàíü

ó íàÿâí³é ðîçïîä³ëåí³é ñèñòåì³ ðåºñòðàö³¿ ïåðâèííî¿ ³íôîðìàö³¿ [1, 2]. Ïîÿâà

òàêèõ òåõíîëîã³é äîçâîëèëà ñóòòºâî çá³ëüøèòè ê³ëüê³ñòü ³íôîðìàö³¿ ïðî ïå-

ðåá³ã ïåðåõ³äíèõ åëåêòðîìåõàí³÷íèõ ïðîöåñ³â ó ìåðåæ³ åëåêòðîïîñòà÷àííÿ, ùî

äóæå âàæëèâî äëÿ ¿¿ àäåêâàòíîãî àíàë³çó. Ó òîé æå ÷àñ ïðè ðîçâ’ÿçàíí³ êîì-

ïëåêñó çàäà÷, ïîâ’ÿçàíèõ ç ðîçðîáëåííÿì ³ âïðîâàäæåííÿì ïðîöåäóð çá³ëüøåí-

íÿ åôåêòèâíîñò³ ïðîöåñ³â åëåêòðîñïîæèâàííÿ, êëþ÷îâîþ ñòàëà ïîòðåáà ó âèç-

íà÷åíí³ ïîâíîòè ³íôîðìàòèâíîñò³ çàðåºñòðîâàíèõ ïåðâèííèõ áàãàòîàñïåêòíèõ

äàíèõ ïðî ñòàí òåõíîëîã³÷íèõ ïðîöåñ³â ³ ðåæèì³â ñèñòåìè åëåêòðîïîñòà÷àííÿ.

Ðîçâ’ÿçàííÿ ö³º¿ ïðîáëåìè â³äêðèâàº ìîæëèâ³ñòü ôîðìóâàòè ³ íàêîïè÷óâàòè

íîâ³ çíàííÿ, ùî â³äîáðàæàþòü îñîáëèâîñò³ øâèäêîïëèííèõ òåõíîëîã³÷íèõ ïðî-

öåñ³â åëåêòðîïîñòà÷àííÿ, ³ ñòâîðþâàòè ñó÷àñí³ ìåòîäè åíåðãîçáåðåæåííÿ ³ áåç-

ïåêè ðóõó. Îäíèì ³ç äîì³íóþ÷èõ íàïðÿìê³â ïîäàëüøîãî ðîçâèòêó òåõíîëîã³é

ñèíõðîí³çîâàíèõ âåêòîðíèõ âèì³ðþâàíü º ñòâîðåííÿ ìàòåìàòè÷íèõ ìîäåëåé

³ êîìï’þòåðíî-îð³ºíòîâàíèõ ìåòîä³â ç ³íòåëåêòóàëüíèìè âëàñòèâîñòÿìè [3, 4].
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Ñèíòåç ìàòåìàòè÷íèõ ìîäåëåé, îð³ºíòîâàíèõ íà ³íòåëåêòóàë³çàö³þ ïðîöåäóð ñèíõðîí-

íèõ âåêòîðíèõ âèì³ðþâàíü, â³äêðèâàº ìîæëèâ³ñòü âèçíà÷àòè âñþ ïîâíîòó ³íôîðìàòèâ-

íîñò³ îòðèìàíèõ áàãàòîàñïåêòíèõ îá’ºêòèâíèõ ïåðâèííèõ äàíèõ ïðî ñòàí ðåæèì³â

ôóíêö³þâàííÿ ³ ñóêóïíîñò³ òåõíîëîã³÷íèõ ïðîöåñ³â â ìåðåæàõ åëåêòðîïîñòà÷àííÿ.

Ìåòîþ ðîáîòè º ñòâîðåííÿ ìàòåìàòè÷íèõ ìîäåëåé ³ êîìï’þòåðíî-îð³ºíòîâàíèõ

ìåòîä³â âèçíà÷åííÿ ïîâíîòè ³íôîðìàòèâíîñò³ ñóêóïíîñò³ áàãàòîàñïåêòíèõ ïåðâèí-

íèõ äàíèõ, ñôîðìîâàíèõ íà îñíîâ³ òåõíîëîã³¿ ñèíõðîííèõ âåêòîðíèõ âèì³ðþâàíü.

Ñòâîðåííÿ ñó÷àñíèõ êîìï’þòåðíèõ ñèñòåì ³ ìåðåæ êåðóâàííÿ åëåêòðîïîñòà-

÷àííÿì ó ñôåð³ ³íòåëåêòóàëüíî¿ åíåðãåòèêè øëÿõîì ïðîâåäåííÿ â ðåàëüíîìó ÷àñ³

ìîí³òîðèíãó ñóêóïíîñò³ ïàðàìåòð³â ïåðåõ³äíèõ ðåæèì³â áàçóºòüñÿ íà âèêîðèñ-

òàíí³ ñèíõðîí³çîâàíèõ âåêòîðíèõ âèì³ðþâàíü [2, 4]. Ó ñèñòåìàõ êåðóâàííÿ

³ îïòèì³çàö³¿ åëåêòðîïîñòà÷àííÿ â åëåêòðîåíåðãåòèö³ òåõíîëîã³ÿ ðîçïîä³ëåíèõ

ñèíõðîí³çîâàíèõ âåêòîðíèõ âèì³ðþâàíü (Wide Area Measurement System, WAMS)

º íîâèì íàïðÿìêîì íàóêîâèõ äîñë³äæåíü. Çàâäÿêè âèêîðèñòàííþ ôóíêö³îíàëü-

íî-îð³ºíòîâàíèõ ì³êðîïðîöåñîðíèõ ïðèñòðî¿â PMU (Phasor Measurement Unit)

ó ñèñòåì³ WAMS â³äêðèâàºòüñÿ ìîæëèâ³ñòü ïðîâîäèòè ñèíõðîíí³ âèì³ðþâàííÿ

êîìïëåêñó ïàðàìåòð³â ó ð³çíèõ ñåãìåíòàõ ðîçïîä³ëåíî¿ ìåðåæ³ åëåêòðîïîñòà÷àí-

íÿ, à òàêîæ âèì³ðþâàòè êóòè ôàç íàïðóãè ³ ñòðóìó ç ïðèâ’ÿçêîþ äî ºäèíîãî àñò-

ðîíîì³÷íîãî ÷àñó [1, 5]. Ðîçðîáëåííÿ ³ âïðîâàäæåííÿ ïîä³áíî¿ òåõíîëîã³¿ ñòàëî

ìîæëèâèì âíàñë³äîê øèðîêîãî âèêîðèñòàííÿ ñèñòåìè GPS, ùî äîçâîëÿº ñèíõ-

ðîí³çóâàòè âèì³ðþâàëüí³ ïðèñòðî¿ ç òî÷í³ñòþ äî ñîòåíü íàíîñåêóíä. Êîìïëåêñ òà-

êèõ ïåðâèííèõ ïàðàìåòð³â, ÿê ìèòòºâ³ çíà÷åííÿ àìïë³òóä ³ ôàç â³äïîâ³äíî íàïðóã

³ ñòðóì³â, çàðåºñòðîâàíèõ â îäèí ìîìåíò ÷àñó â ð³çíèõ ñåãìåíòàõ åíåðãîñèñòåìè,

çíà÷åííÿ øâèäêîñò³ çì³íè ôàçîâèõ êóò³â ì³æ äâîìà âóçëàìè åëåêòðè÷íî¿ ìåðåæ³

³ íèçêà ³íøèõ ïàðàìåòð³â äàþòü ÿê³ñíî íîâèé ð³âåíü çíàíü ïðî âëàñòèâîñò³ åíåðãî-

ìåðåæ³ ³ îñîáëèâîñò³ ïåðåá³ãó äèíàì³÷íèõ ïðîöåñ³â, à òàêîæ ìîæëèâ³ñòü ïðîâîäè-

òè ïðÿìå ñïîñòåðåæåííÿ çà äèíàì³÷íèìè õàðàêòåðèñòèêàìè åëåêòðîìåðåæ [2, 3].

Ïîÿâà ³ âïðîâàäæåííÿ ñó÷àñíèõ ñèíõðîí³çîâàíèõ âåêòîðíèõ âèì³ðþâàíü

äîçâîëèëè çíà÷íî ì³í³ì³çóâàòè íåïîâíîòó ïåðâèííèõ ³íôîðìàö³éíèõ äàíèõ, ùî

ïðèçâåëî äî ïîêðàùåííÿ ÿêîñò³ àíàë³çó äèíàì³êè åëåêòðîìåõàí³÷íèõ ïðîöåñ³â

ñèñòåìè åëåêòðîïîñòà÷àííÿ. Ó òîé æå ÷àñ íåðîçâ’ÿçàíîþ ÷àñòèíîþ çàãàëüíî¿

ïðîáëåìè º òå, ùî â íàóêîâ³é ë³òåðàòóð³ íåäîñòàòíüî óâàãè ïðèä³ëåíî ðîçðîáëåí-

íþ ìàòåìàòè÷íèõ ìîäåëåé ³ êîìï’þòåðíî-îð³ºíòîâàíèõ ìåòîä³â âèçíà÷åííÿ ïî-

âíîòè ³íôîðìàòèâíîñò³ çàðåºñòðîâàíèõ áàãàòîàñïåêòíèõ ïåðâèííèõ äàíèõ. Ñèí-

òåç ïîä³áíèõ ìàòåìàòè÷íèõ ìîäåëåé äîçâîëèòü ðîçøèðèòè ìîæëèâîñò³ òåõíîëîã³¿

ðîçïîä³ëåíèõ ñèíõðîí³çîâàíèõ âåêòîðíèõ âèì³ðþâàíü â åíåðãåòèö³.

ÅÂÎËÞÖ²ß ÅËÅÊÒÐÈ×ÍÈÕ ÌÅÐÅÆ

Äîñë³äæåííÿ åâîëþö³¿ ðîçâèòêó åëåêòðè÷íèõ ìåðåæ ³ àâòîìàòèçîâàíèõ êîìï’þ-

òåðíèõ ñèñòåì êåðóâàííÿ åëåêòðîïîñòà÷àííÿì ïîêàçàëè, ùî êîíöåïö³ÿ «ðîçóìíî¿

åôåêòèâíîñò³» åíåðãîñïîæèâàííÿ íàéá³ëüø ïîøèðåíà, îñê³ëüêè â í³é â³äîáðà-

æàºòüñÿ ³íòåëåêòóàëüíà âçàºìîä³ÿ ö³íîóòâîðåííÿ, òåõíîëîã³÷íèõ ïðîöåñ³â åëåêòðî-

ïîñòà÷àííÿ òà åôåêòèâíîñò³ âèêîðèñòàííÿ ðåñóðñ³â [1, 3, 5]. Ñôîðìóâàëàñÿ íà-

ãàëüíà ïðîáëåìà ³ííîâàö³éíîãî ïåðåòâîðåííÿ åëåêòðè÷íèõ ìåðåæ øëÿõîì ñòâî-

ðåííÿ ³íòåëåêòóàëüíèõ åíåðãîñèñòåì íîâîãî ïîêîë³ííÿ, ùî ïîòðåáóº ñó÷àñíèõ

îðãàí³çàö³éíèõ, íàóêîâèõ ³ ³íæåíåðíèõ ð³øåíü ó ñôåð³ ³íôîðìàö³éíèõ ³ ìåðåæå-

âèõ òåõíîëîã³é äëÿ îïòèì³çàö³¿ âèòðàò, ïîêðàùåííÿ ð³âíÿ íàä³éíîñò³ ³ ÿêîñò³ åëåê-

òðîåíåðã³¿, à òàêîæ ðîçøèðåííÿ ñïåêòðó ðèíêîâèõ ìîæëèâîñòåé [3, 4]. Îäíèì ³ç

ãîëîâíèõ íàïðÿìê³â ïðîâåäåííÿ íàóêîâèõ äîñë³äæåíü º ñòâîðåííÿ íîâèõ ìàòåìà-

òè÷íèõ ìîäåëåé ³ ìåòîä³â ðîçâèòêó òåõíîëîã³¿ ðîçïîä³ëåíèõ ñèíõðîííèõ âåêòîð-

íèõ âèì³ðþâàíü â åíåðãåòè÷íèõ ñèñòåìàõ.

Âïðîâàäæåííÿ ñó÷àñíèõ òåõíîëîã³é ñèíõðîííèõ âåêòîðíèõ âèì³ðþâàíü º îä-

íèì ³ç íàéá³ëüø àêòóàëüíèõ íàïðÿìê³â óäîñêîíàëåííÿ ìåðåæ åëåêòðîïîñòà÷àííÿ,
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ùî äîçâîëèòü êîðèñòóâà÷ó îòðèìóâàòè ñóêóïí³ñòü ñèíõðîí³çîâàíèõ ïàðàìåòð³â, ÿê³

â³äîáðàæàþòü ðåæèìè ñèñòåì åëåêòðîïîñòà÷àííÿ. Çàâäÿêè âèñîê³é òî÷íîñò³ ñèí-

õðîí³çàö³¿ ³ øèðîêîìó ðîçïîâñþäæåííþ ñèñòåìè ñóïóòíèêîâî¿ íàâ³ãàö³¿ GPS â³äêðè-

ëàñü ìîæëèâ³ñòü ïðîâîäèòè ñèíõðîíí³ âèì³ðþâàííÿ ñóêóïíîñò³ ïàðàìåòð³â ó ð³çíèõ

òî÷êàõ òîïîëîã³¿ åëåêòðîìåðåæ³, à òàêîæ ðåºñòðóâàòè çíà÷åííÿ êóò³â íàïðóã

³ ñòðóì³â, æîðñòêî ïðèâ’ÿçàíèõ äî ºäèíîãî ÷àñó. Öåé ôàêò ãàðàíòóº ÿê³ñíî íîâèé

ð³âåíü çíàíü ïðî âëàñòèâîñò³ ñèñòåìè åëåêòðîïîñòà÷àííÿ òà ïðîöåñè, ùî â í³é â³äáó-

âàþòüñÿ [4]. Ïîçíà÷èìî { }x t Gj i j
ti( ) � � � êîìïëåêñ ïåðâèííèõ ïàðàìåòð³â —

ìèòòºâ³ çíà÷åííÿ ñòðóì³â ³ íàïðóã ïðÿìî¿, çâîðîòíî¿ ³ íóëüîâî¿ ïîñë³äîâíîñòåé àáî

îêðåìèõ ¿õ ãàðìîí³÷íèõ ñêëàäîâèõ, à òàêîæ çíà÷åííÿ ôàçîâèõ êóò³â ó ð³çíèõ âóçëàõ

åëåêòðîìåðåæ³, øâèäê³ñòü ¿õíüî¿ çì³íè, êîåô³ö³ºíòè íåñèìåòðè÷íîñò³ òà íåñèíóñî¿-

äàëüí³ñòü íàïðóãè, ñèíõðîííî çàðåºñòðîâàí³ â ð³çíèõ òî÷êàõ òîïîëîã³¿ åëåêòðîìå-

ðåæ³. Ïðè öüîìó áóäåìî ââàæàòè, ùî äëÿ êîæíîãî j-ãî ( j m� �1 2, , , ) ïàðàìåòðà

x tj i( ) åëåêòðîìåðåæ³ ó âèáðàí³ ìîìåíòè ÷àñó t i ni ( , , , )� �1 2 ïîñë³äîâíî

ðåàë³çóºòüñÿ ñèíõðîííà ðåºñòðàö³ÿ i-ãî ìèòòºâîãî çíà÷åííÿ. Òîä³ ñóêóïí³ñòü ïàðà-

ìåòð³â ðåæèìó ìîæíà çàïèñàòè ÿê âåêòîð X x t zj
i

j i j
i

r
t� ( ( ), , )� , i n� �1 2, , , ,

j m� �1 2, , , , r s� �1 2, , , , äå x tj i( ) — ìèòòºâå çíà÷åííÿ j-ãî ïàðàìåòðà; � j
i — âå-

ëè÷èíà, ùî õàðàêòåðèçóº ñèíõðîíí³ñòü âèì³ðþâàíü ïàðàìåòð³â x tj i( ) ó ð³çíèõ j-õ

âóçëàõ ìåðåæ³ åëåêòðîïîñòà÷àííÿ; zr — çíà÷åííÿ r-ãî ñåãìåíòà òîïîëîã³¿ ìåðåæ³

åëåêòðîïîñòà÷àííÿ. Òàêèé çàïèñ ñèíõðîííèõ âèì³ðþâàíü ñóêóïíîñò³ ïåðâèííèõ ïà-

ðàìåòð³â â³äêðèâàº ìîæëèâ³ñòü ôîðìóâàòè ïåðâèííó ³íôîðìàö³þ ó âèãëÿä³ ºäèíîãî

³íôîðìàö³éíîãî ïðîñòîðó ç çàãàëüíîñèñòåìíèõ ïîçèö³é ó âèãëÿä³

{ }X G G Gj
i

j
i

j

m

j
i� � � � � �

�

, �

1

� , (1)

X x t z i n j m r sj
i

j i j
i

r
t� � � � � � �( ( ), , ) , , , , , , , , , , , ,� 1 2 1 2 1 2 .

Îòðèìàí³ ïåðâèíí³ äàí³, ùî çàðåºñòðîâàí³ íà îñíîâ³ ñèíõðîííèõ âåêòîðíèõ

âèì³ðþâàíü òà ñôîðìîâàí³ ó âèãëÿä³ ºäèíîãî ³íôîðìàö³éíîãî ïðîñòîðó G �, âè-

êîðèñòàºìî äëÿ ñèíòåçó ìàòåìàòè÷íèõ ìîäåëåé, îð³ºíòîâàíèõ íà âèçíà÷åííÿ ïî-

âíîòè ³íôîðìàòèâíîñò³. Äëÿ öüîãî çàñòîñóºìî ñó÷àñí³ ìåòîäè äèôåðåíö³éíèõ ïå-

ðåòâîðåíü Ïóõîâà [6], ÿê³ ïðåäñòàâëåí³ ïàðîþ ìàòåìàòè÷íèõ âèðàç³â ó âèãëÿä³

X k
H
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d x t

dt
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H
j
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t
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�
�

�
�

�

�
��� X kj

i

k

k

�

��

�
0

( ) , (2)

äå x tj i( ) — ïåðâ³ñíà ôóíêö³ÿ àðãóìåíòó t , ÿêó ìîæíà n ðàç³â äèôå-

ðåíö³þâàòè ³ ÿêà ìàº íèçêó â³äïîâ³äíèõ îáìåæåíü ðàçîì ç³ ñâî¿ìè ïîõ³äíèìè;

X kj
i ( ) — äèôåðåíö³éíå Ò-çîáðàæåííÿ ïåðâ³ñíî¿ ôóíêö³¿ x tj i( ); H — ìàñ-

øòàáíèé êîåô³ö³ºíò (ÿêèé ìàº òó æ ðîçì³ðí³ñòü, ùî ³ àðãóìåíò t ), ÿê ïðàâèëî,

âèáèðàºòüñÿ ïðè óìîâàõ 0 � �t H íà âñüîìó ä³àïàçîí³ ôóíêö³¿-îðèã³íàëà

x tj i( ); �� — ñèìâîë â³äïîâ³äíîñò³ ì³æ ôóíêö³ºþ-îðèã³íàëîì x tj i( ) òà éîãî äè-

ôåðåíö³éíèì T-çîáðàæåííÿì X kj
i ( ).

Ó ðåçóëüòàò³ ïðÿìîãî äèôåðåíö³éíîãî ïåðåòâîðåííÿ, ùî ðîçì³ùåíå ë³âîðó÷

â³ä ñèìâîëó �� , ôîðìóºòüñÿ äèôåðåíö³éíå Ò-çîáðàæåííÿ ôóíêö³¿-îðèã³íàëà

x tj i( ) ó âèãëÿä³ äèñêðåòíî¿ ôóíêö³¿ X kj
i ( ) ö³ëî÷èñëîâîãî àðãóìåíòó k � 0 1 2, , ,�

Íà îñíîâ³ ñóêóïíîñò³ çíà÷åíü Ò-äèñêðåò ôóíêö³¿ ö³ëî÷èñëîâîãî àðãóìåíòó

X kj
i ( ), k � �0 1 2, , , , âèêîðèñòàâøè îáåðíåíå äèôåðåíö³éíå ïåðåòâîðåííÿ, ðîçòà-

øîâàíå ïðàâîðó÷ â³ä ñèìâîëó �� , îòðèìàºìî ôóíêö³þ-îðèã³íàë x tj i( ).
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Çàçíà÷èìî, ùî ïðè k � 0 çã³äíî ç (2) äëÿ áóäü-ÿêîãî ìèòòºâîãî çíà÷åííÿ ti êîæíî-

ãî j-ãî ïàðàìåòðà x tj i( ) âèêîíóºòüñÿ â³äïîâ³äíà ð³âí³ñòü x t Xj i j
i( ) ( )� 0 . Îòæå,
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H
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t

H
Xn

j
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j
i n

j
i( ) ( ) ( )1 2 3
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�
�

�
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n

j
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�
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i n j m� � � �1 2 1 2, , , , , , , .

Ðîçâ’ÿçàâøè ñèñòåìó ð³âíÿíü (3), îòðèìàºìî äëÿ âñ³õ ìèòòºâèõ çíà÷åíü ti

êîæíîãî j-ãî ïàðàìåòðà x tj i( ) ñóêóïí³ñòü Ò-äèñêðåò x t Xj i j
i( ) ( )� 0 , X j

i ( )1 , X j
i ( )2 ,

X j
i ( )3 , … , X nj

i ( ). Ïðîàíàë³çóâàâøè îòðèìàí³ ðåçóëüòàòè X kj
i ( ), i n� �1 2, , , ,

j m� �1 2, , , , çàçíà÷èìî, ùî çã³äíî ç (3) âåêòîð X x t zj
i

j i j
i

r
t� ( ( ), , )� , âðàõîâóþ-

÷è ð³âí³ñòü X x tj
i

j i( ) ( )0 � , ìîæíà çàïèñàòè òàêèì ÷èíîì:

X X X X X n zpj
i

j
i

j
i

j
i

j
i

j
i

r
t( ) ( ( ), ( ), ( ), ..., ( ), , )0 0 1 2� � , (4)

i n j m r s� � � � � �1 2 1 2 1 2, , , , , , , , , , , ,

ùî ñòàëî ìîæëèâèì çàâäÿêè ñôîðìîâàíèì ìàòåìàòè÷íèì ìîäåëÿì (1)–(3).

Ïðè òàêîìó ï³äõîä³ âåëè÷èíó j-ãî ïàðàìåòðà x tj i( ) â êîæí³é i-é òî÷ö³

X x t zj
i

j i j
i

r
t� ( ( ), , )� ìîæíà ïðåäñòàâèòè íå ò³ëüêè éîãî ìèòòºâèì çíà÷åííÿì

ó ö³é æå òî÷ö³, à òàêîæ ³ ñóêóïí³ñòþ Ò-äèñêðåò X j
i ( )1 , X j

i ( )2 , …, X nj
i ( ), êîæíà k-à

³ç ÿêèõ (k n�1 2, , ..., ) åêâ³âàëåíòíà k-é ïîõ³äí³é j-ãî ïàðàìåòðà x tj i( ) â òî÷ö³ ti .

Òàêèì ÷èíîì, ïîâíîòà ³íôîðìàòèâíîñò³ çàðåºñòðîâàíèõ ïåðâèííèõ äàíèõ

X X X X X n zpj
i

j
i

j
i

j
i

j
i

j
i

r
t� ( ( ), ( ), ( ), ..., ( ), , )0 1 2 � âèçíà÷àºòüñÿ âíàñë³äîê òîãî, ùî

ïðè ¿õíüîìó îáðîáëåíí³ âèêîðèñòîâóþòüñÿ íå ò³ëüêè ìèòòºâ³ çíà÷åííÿ ïàðà-

ìåòð³â ó òî÷êàõ ti , à òàêîæ çíà÷åííÿ n ïîõ³äíèõ ó öèõ æå òî÷êàõ. Ïîä³áíèé ï³äõ³ä

äîçâîëÿº ë³êâ³äóâàòè äåô³öèò ³íôîðìàö³¿ ó øâèäêîïëèííèõ åëåêòðîìåõàí³÷íèõ

ïåðåõ³äíèõ ïðîöåñàõ, ùî º äóæå âàæëèâèì äëÿ äîñë³äæåííÿ ³ àäåêâàòíîãî

àíàë³çó äèíàì³÷íèõ îñîáëèâîñòåé ìåðåæ åëåêòðîïîñòà÷àííÿ òà âèçíà÷åííÿ

¿õíüîãî ñòàíó, êîëèâàííÿ ïîòóæíîñò³, íàâàíòàæåíü ãåíåðàòîð³â, ì³ñöü àâàð³éíîãî

ðåæèìó ³ ñóêóïíîñò³ ³íøèõ ïàðàìåòð³â.

Ðîçãëÿíåìî çàñòîñóâàííÿ ðåçóëüòàò³â ñèíõðîííèõ âåêòîðíèõ âèì³ðþâàíü

X X X X X n zpj
i

j
i

j
i

j
i

j
i

j
i

r
t� ( ( ), ( ), ( ), ..., ( ), , )0 1 2 � äëÿ îñíîâíî¿ ãàðìîí³êè òà ³íøèõ

ãàðìîí³÷íèõ ñêëàäîâèõ ïàðàìåòð³â x tj i( ) åëåêòðîìåðåæ³.

Íà ïðàêòèö³ ãàðìîí³÷í³ ñêëàäîâ³ êîæíîãî ³ç ïàðàìåòð³â x tj i( ) ïåðåõ³äíîãî

ïðîöåñó åíåðãîñèñòåìè äîñòàòíüî åôåêòèâíî ðåàë³çóþòüñÿ íà îñíîâ³ ³íòåã-

ðàëüíîãî ïåðåòâîðåííÿ Ôóð’º, ÿêå ìàº âèãëÿä [6]
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äå �X
J
� — êîìïëåêñíà àìïë³òóäà �-¿ ãàðìîí³êè íàïðóãè, ïðè÷îìó �X

J
� �

� ��X e
J

j t� �� . Äëÿ îðãàí³çàö³¿ îá÷èñëþâàëüíîãî ïðîöåñó âèêîðèñòàºìî îòðèìà-

íèé íà îñíîâ³ ìàòåìàòè÷íèõ âèðàç³â (3), (4) íîâèé âåêòîð

X X Xpj
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i� ( ( ), ( ),0 1 X X n zj

i
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r
t( ), ..., ( ), , )2 � . Ïðåäñòàâèìî êîæíèé ïàðàìåòð

x tj i( ) çã³äíî ç äèôåðåíö³éíèì ïåðåòâîðåííÿì (2) ÿê x t
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��
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0

,

ï³äñòàâèìî éîãî â (5) òà îòðèìàºìî
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. (6)

Ó ôîðìóë³ (5) çíà÷åííÿ ³íòåãðàëà ìîæíà çàïèñàòè òàêèì ÷èíîì [6]
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Ï³äñòàâèâøè éîãî â (6), îòðèìàºìî ìàòåìàòè÷íó çàëåæí³ñòü äëÿ îá÷èñëåííÿ
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( ). (8)

Ìàòåìàòè÷íà ìîäåëü (8) º áàçîâîþ äëÿ îðãàí³çàö³¿ îá÷èñëþâàëüíîãî ïðîöåñó

â òåîð³¿ äèôåðåíö³éíèõ çîáðàæåíü äëÿ âèçíà÷åííÿ íåîáõ³äíî¿ ñóêóïíîñò³ ãàð-

ìîí³÷íèõ ñêëàäîâèõ �X
J
i� ïàðàìåòð³â x tj i( ) íà îñíîâ³ íàáîðó Ò-äèñêðåò X j

i ( ),0

X X X nj
i

j
i

j
i( ), ( ), ..., ( )1 2 , îòðèìàíèõ çã³äíî ç (3). Äëÿ îá÷èñëåííÿ �X

J
i� çàñòîñîâó-

þòü íå ò³ëüêè ìèòòºâ³ çíà÷åííÿ ïàðàìåòð³â X x t
J
i

j i( ) ( )0 � â òî÷êàõ i, à òàêîæ

ó ïðîöåñ³ îáðîáëåííÿ ïåðâèííèõ äàíèõ âèêîðèñòîâóþòü n çíà÷åíü ïîõ³äíèõ

X X X nj
i

j
i

j
i( ), ( ), ..., ( )1 2 â öèõ æå òî÷êàõ i. Òàêèé ï³äõ³ä â³äêðèâàº ìîæëèâ³ñòü

ïðîâîäèòè âèñîêîÿê³ñíèé àäåêâàòíèé àíàë³ç ôóíêö³þâàííÿ ñèñòåìè åëåêòðîïîñ-

òà÷àííÿ òà â³äïîâ³äíî îòðèìóâàòè íîâ³ çíàííÿ ïðî îñîáëèâîñò³ ¿¿ ôóíêö³þâàííÿ

â åêñòðåìàëüíèõ ðåæèìàõ.

Ïðè ïðîâåäåíí³ êîìïëåêñíîãî àíàë³çó ôóíêö³þâàííÿ ìåðåæ åëåêòðîïîñòà÷àí-

íÿ, îñîáëèâî àíîìàëüíèõ, åêñòðåìàëüíèõ àáî àâàð³éíèõ ðåæèì³â, êëþ÷îâèì ïèòàí-

íÿì º âèçíà÷åííÿ ñïåêòðàëüíî¿ ù³ëüíîñò³ ïåðåõ³äíèõ ïðîöåñ³â äëÿ êîìïëåêñíî¿

îö³íêè ñòàíó ³ øâèäêîñò³ çì³íè çàïàñó íàä³éíîñò³ òà ãðàíèöü ñò³éêîñò³ ñèñòåìè

ó áóäü-ÿêèé ìîìåíò ÷àñó. Âïðîâàäæåííÿ òàêèõ òåõíîëîã³é ñòàëî ìîæëèâèì çàâäÿ-

êè ñèãíàëàì ºäèíîãî òî÷íîãî ÷àñó, ìàòåìàòè÷íèì ìåòîäàì ïðåäñòàâëåííÿ ïåðâèí-

íî¿ ³íôîðìàö³¿ ó âèãëÿä³ äèôåðåíö³éíèõ ñïåêòð³â, à òàêîæ ñó÷àñíèì ì³êðîïðîöå-

ñîðíèì òåõíîëîã³ÿì. Âèçíà÷åííÿ ñïåêòðàëüíî¿ ù³ëüíîñò³ ìîæíà ðåàë³çóâàòè, âèêî-

ðèñòîâóþ÷è ³íòåãðàëüí³ ïåðåòâîðåííÿ Ôóð’º ç íåñê³í÷åííèìè ìåæàìè
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, x t e X j dl
j t

l( ) ( )�

��

�

�
1

2�
� �

� ,

l m�1 2, , ..., , j2 1� � .

Äëÿ îðãàí³çàö³¿ îá÷èñëþâàëüíîãî ïðîöåñó âèçíà÷åííÿ ñïåêòðàëüíî¿ ù³ëüíîñò³

íà îñíîâ³ ïåðâèííèõ äàíèõ, ñôîðìîâàíèõ ó âèãëÿä³ Ò-ñïåêòð³â X x t
l
i

l i( ) ( )0 � ,
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X X X k
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l
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l
i( ), ( ), ..., ( )1 2 , i n�1 2, , ..., , l m�1 2, , ..., , k � �1 2 3, , , , â÷èíèìî òàê. Ðåà-

ë³çîâóþ÷è íèçêó ìàòåìàòè÷íèõ ïåðåòâîðåíü çà àíàëîã³ºþ ç îïèñàíèì âèùå, îò-

ðèìàºìî ìàòåìàòè÷í³ çàëåæíîñò³ äëÿ âèçíà÷åííÿ ñïåêòðàëüíî¿ ù³ëüíîñò³ øâèä-

êîïëèííèõ àíîìàëüíèõ ïðîöåñ³â, ùî â³äáóâàþòüñÿ â åíåðãîñèñòåì³ [6],
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Çàñòîñóâàííÿ ìàòåìàòè÷íîãî àïàðàòó äèôåðåíö³éíèõ ïåðåòâîðåíü ³ ñòâîðåí-

íÿ íà ¿õí³é îñíîâ³ êîìï’þòåðíî-îð³ºíòîâàíèõ ìåòîä³â ñóòòºâî ðîçøèðþº íàÿâí³

òåõíîëîã³¿ ñèíõðîííèõ âåêòîðíèõ âèì³ðþâàíü äëÿ àäåêâàòíîãî àíàë³çó ðîç-

ïîä³ëåíèõ ìåðåæ åëåêòðîïîñòà÷àííÿ. Ïîçèòèâíèé åôåêò äîñÿãàºòüñÿ âíàñë³äîê
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ó âèãëÿä³ äèôåðåíö³éíèõ çîáðàæåíü, ùî äîçâîëÿº âèçíà÷àòè ïîâíîòó ³íôîðìà-

òèâíîñò³ çàðåºñòðîâàíî¿ ó âèãëÿä³ ìèòòºâèõ çíà÷åííü ïåðåõ³äíèõ ïðîöåñ³â áàãà-

òîàñïåêòíèõ ïåðâèííèõ äàíèõ.

ÂÈÑÍÎÂÊÈ

1. Àíàë³ç ïåðñïåêòèâíèõ òåõíîëîã³é ñèíõðîííèõ âåêòîðíèõ âèì³ðþâàíü â ñèñ-

òåì³ ðåºñòðàö³¿ ïåðâèííî¿ ³íôîðìàö³¿ åíåðãîñèñòåì ïîêàçàâ, ùî êëþ÷îâîþ ïðîá-

ëåìîþ îïòèì³çàö³¿ åëåêòðîñïîæèâàííÿ ³ ñòâîðåííÿ åíåðãîçáåð³ãàþ÷èõ òåõíîëî-

ã³é º ïîòðåáà ó âèçíà÷åíí³ ïîâíîòè ³íôîðìàòèâíîñò³ ïåðâèííèõ áàãàòîàñïåêòíèõ

äàíèõ ïðî ñòàí òåõíîëîã³÷íèõ ïðîöåñ³â ³ ðåæèì³â ñèñòåìè åëåêòðîïîñòà÷àííÿ.

2. Äëÿ âèçíà÷åííÿ âñ³º¿ ïîâíîòè ³íôîðìàòèâíîñò³ äàíèõ, îòðèìàíèõ ó ðå-

çóëüòàò³ ïðîâåäåííÿ ñèíõðîííî¿ ðåºñòðàö³¿ ïåðåõ³äíèõ, àíîìàëüíèõ ³ äèíàì³÷íèõ

ðåæèì³â, ðîçðîáëåíî ìàòåìàòè÷í³ ìîäåë³ íà îñíîâ³ ìàòåìàòè÷íîãî àïàðàòó äèôå-

ðåíö³éíèõ ïåðåòâîðåíü. Ö³ ìîäåë³ â³äêðèâàþòü ìîæëèâ³ñòü àíàë³òè÷íèì øëÿõîì

îá÷èñëþâàòè äëÿ êîæíîãî ìèòòºâîãî çíà÷åííÿ ïåðåõ³äíîãî ïðîöåñó ñóêóïíîñò³

Ò-äèñêðåò, åêâ³âàëåíòíèõ â³äïîâ³äíèì ïîõ³äíèì, ³ íà ¿õí³é áàç³ âèçíà÷àòè ïîâíî-

òó ³íôîðìàòèâíîñò³ íåäåòåðì³íîâàíèõ ïåðâèííèõ äàíèõ, ùî â³äîáðàæàþòü àíî-

ìàëüí³ ðåæèìè ñêëàäíèõ åíåðãåòè÷íèõ ñèñòåì.

3. Çàïðîïîíîâàíî ñóêóïí³ñòü äèôåðåíö³éíèõ ìàòåìàòè÷íèõ ìîäåëåé ³ êîì-

ï’þòåðíî-îð³ºíòîâàíèõ ìåòîä³â ³íòåëåêòóàë³çàö³¿ òåõíîëîã³é ñèíõðîííèõ âåêòîð-

íèõ âèì³ðþâàíü øëÿõîì ïðåäñòàâëåííÿ ïåðâèííî¿ ³íôîðìàö³¿ ó âèãëÿä³

Ò-ñïåêòð³â ³ ¿õíüîãî âèêîðèñòàííÿ äëÿ âèçíà÷åííÿ îêðåìèõ ãàðìîí³÷íèõ ñêëàäî-

âèõ êîæíîãî ïàðàìåòðà ïåðåõ³äíîãî ïðîöåñó åíåðãîñèñòåìè, à òàêîæ äëÿ ïðîâå-

äåííÿ (íà îñíîâ³ äèôåðåíö³éíèõ çîáðàæåíü) ñïåêòðàëüíîãî àíàë³çó òà îá÷èñëåí-

íÿ ñïåêòðàëüíî¿ ù³ëüíîñò³ ÿê áàçè ôîðìóâàííÿ ³ íàêîïè÷óâàííÿ íîâèõ çíàíü, ùî

â³äîáðàæàþòü îñîáëèâîñò³ ôóíêö³þâàííÿ åëåêòðîìåðåæ.
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À.È. Ñòàñþê, Ë.Ë. Ãîí÷àðîâà
ÌÀÒÅÌÀÒÈ×ÅÑÊÈÅ ÌÎÄÅËÈ ÊÎÌÏÜÞÒÅÐÍÎÉ ÈÍÒÅËËÅÊÒÓÀËÈÇÀÖÈÈ
ÒÅÕÍÎËÎÃÈÉ ÑÈÍÕÐÎÍÍÛÕ ÂÅÊÒÎÐÍÛÕ ÈÇÌÅÐÅÍÈÉ ÏÀÐÀÌÅÒÐÎÂ
ÝËÅÊÒÐÈ×ÅÑÊÈÕ ÑÅÒÅÉ

Àííîòàöèÿ. Ïðîàíàëèçèðîâàíî ñîâðåìåííîå ñîñòîÿíèå íàó÷íûõ èññëåäîâà-
íèé â îáëàñòè èíòåëëåêòóàëèçàöèè ñåòåé ýëåêòðîñíàáæåíèÿ íà îñíîâå ñèíõ-
ðîííûõ âåêòîðíûõ èçìåðåíèé â ñèñòåìå ðåãèñòðàöèè ïåðâè÷íîé èíôîðìàöèè.
Ïîêàçàíî, ÷òî îïòèìèçàöèÿ ýëåêòðîïîòðåáëåíèÿ çàâèñèò îò ïîëíîòû èíôîð-
ìàòèâíîñòè ïåðâè÷íûõ ìíîãîàñïåêòíûõ äàííûõ. Íà îñíîâå äèôôåðåíöèàëüíûõ
ïðåîáðàçîâàíèé ïðåäëîæåíû ìàòåìàòè÷åñêèå ìîäåëè è ìåòîäû àíàëèòè÷åñêîãî
âû÷èñëåíèÿ ñîâîêóïíîñòè Ò-äèñêðåò äëÿ îïðåäåëåíèÿ ïîëíîòû èíôîðìàòèâíîñ-
òè ïîëó÷åííûõ íåäåòåðìèíèðîâàííûõ ïåðâè÷íûõ äàííûõ. Ðàññìîòðåíû ìåòîäû
èíòåëëåêòóàëèçàöèè òåõíîëîãèé ñèíõðîííûõ âåêòîðíûõ èçìåðåíèé ïóòåì ïðåä-
ñòàâëåíèÿ çàðåãèñòðèðîâàííûõ ïåðâè÷íûõ äàííûõ â âèäå Ò-ñïåêòðîâ äëÿ îïðå-
äåëåíèÿ îòäåëüíûõ ãàðìîíè÷åñêèõ ñëàãàåìûõ ïàðàìåòðîâ ïåðåõîäíîãî ïðîöåññà
ýíåðãîñèñòåìû, à òàêæå äëÿ ïðîâåäåíèÿ (íà îñíîâå äèôôåðåíöèàëüíûõ èçîáðà-
æåíèé) ñïåêòðàëüíîãî àíàëèçà è âû÷èñëåíèÿ ñïåêòðàëüíîé ïëîòíîñòè êàê îñíî-
âû ôîðìèðîâàíèÿ è íàêîïëåíèÿ íîâûõ çíàíèé.

Êëþ÷åâûå ñëîâà: ìàòåìàòè÷åñêèå ìîäåëè, äèôôåðåíöèàëüíûå ïðåîáðàçîâàíèÿ,
ìåòîäû, èíòåëëåêòóàëèçàöèÿ, îïòèìèçàöèÿ, ñèíõðîííûå âåêòîðíûå èçìåðåíèÿ.

A.I. Stasiuk, L.L. Goncharova
MATHEMATICAL MODELS OF COMPUTER INTELLECTUALIZATION
OF THE TECHNOLOGY OF VECTOR-BASED SYNCHRONIZED MEASUREMENTS
OF ELECTRICAL NETWORKS

Abstract. The authors analyze the current state of scientific research in the field
of intellectualization of electrical networks based on synchronous vector
measurements in the system of registration of primary information. It is shown
that optimization of energy consumption pedends on the fullness of
multidimensional information content of primary data. On the basis of
differential transformations, mathematical models and methods are proposed for
analytical calculation for the aggregate of T-discretes to determine the full
content of the obtained non-deterministic initial data. The methods of
intellectualization of simultaneous vector measurements are registered through
the submission of primary data in the form of T-spectra to determine individual
harmonic components for each parameter of the transition process of the energy
system, as well as to conduct (in the field of differential images) the spectral
analysis and calculation of the spectral density, as the basis for the formation
and accumulation of new knowledge.

Keywords: mathematical model, differential transform methods, intellectualization,
process, optimization, synchronous phasor measurement.
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