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Îö³íêà òî÷íîñò³ îïòè÷íèõ ñïîñòåðåæåíü
ãåîñòàö³îíàðíèõ ñóïóòíèê³â

Ïîñò³éíèé ìîí³òîðèíã øòó÷íèõ êîñì³÷íèõ îá’ºêò³â ïîòðåáóº ïå ð³î -
äè÷íîãî êîíòðîëþ ÿêîñò³ äàíèõ ñïîñòåðåæåíü. Îö³íêà âíóòð³øíüî¿
òî÷íîñò³ ñïîñòåðåæåíü ó âèãëÿä³ ñåðåäíüî¿ êâàäðàòè÷íî¿ ïîõèáêè
ïîëîæåíü äîçâîëÿº êîíòðîëþâàòè ³ âèÿâëÿòè ãðóá³ â³äõèëåííÿ ó ìà -
ñèâ³ ïåðâèííèõ äàíèõ. Äëÿ øòó÷íèõ ñóïóòíèê³â Çåìë³ òàêîæ ìîæ ëèâà
ïðîöåäóðà çîâí³øíüîãî ïîð³âíÿííÿ åëåìåíò³â îðá³òè, ðîçðàõî âàíèõ â
íàóêîâî-äîñë³äíîìó ³íñòèòóò³ «Ìèêîëà¿âñüêà àñòðîíîì³÷íà îáñåð -
âà òî ð³ÿ» (ÍÄ² ÌÀÎ), ç òî÷íèìè äàíèìè, ïðåäñòàâëåíèìè íà ñàéò³
Ì³æíàðîäíî¿ ñëóæáè ëàçåðíîãî âèì³ðþâàííÿ (ILRS) àáî Ãëî áàëüíî¿
íà â³ãàö³éíî¿ ñóïóòíèêîâî¿ ñèñòåìè (GNSS). Òàêå ïîð³âíÿííÿ äîçâîëÿº
âèÿâèòè ïðîáëåìè ç ñèíõðîí³çàö³ºþ ÷àñó, ïîì³òèòè òà îö³íèòè ñèñ -
òå ìàòè÷í³ ïîìèëêè òà ³í. Ó ÍÄ² ÌÀÎ á³ëüøå 10 ðîê³â ïðîâàäÿòüñÿ
ðåãóëÿðí³ ñïîñòåðåæåííÿ øòó÷íèõ ñóïóòíèê³â íà ð³çíèõ îðá³òàõ ç
âèêîðèñòàííÿì ê³ëüêîõ òåëåñêîï³â òà ôîðìóºòüñÿ êàòàëîã åëåìåí -
ò³â ¿õí³õ îðá³ò ó ôîðìàò³ TLE (two-line el e ment). Ïðîãðàìíå çàáåçïå -
÷åííÿ äëÿ ðîçðàõóíêó åëåìåíò³â îðá³òè ðîçðîáëåíî ó ñï³âïðàö³ ç ÍÄ²
«Àñòðîíîì³÷íà îáñåðâàòîð³ÿ» Îäåñüêîãî íàö³îíàëüíîãî óí³âåð ñèòå -
òó. Ó äàí³é ðîáîò³ ïðåäñòàâëåíî àíàë³ç ðåçóëüòàò³â îáðîáêè ìà ñèâó
ñïîñòåðåæåíü 149 ãåîñòàö³îíàðíèõ ñóïóòíèê³â (ÃÑÑ). Ñïîñòå ðå -
æåí íÿ áóëè îòðèìàí³ ïðîòÿãîì 2020...2021 ðð. ç âèêîðèñòàííÿì êîì -
ïëåêñó òåëåñêîï³â ÍÄ² ÌÀÎ. Ñèíõðîí³çàö³ÿ ÷àñó çàáåçïå÷óâàëàñÿ
ïðèé ìà÷åì GPS Res o lu tion-T ³ç ñåðåäíüîþ êâàäðàòè÷íîþ ïîõèáêîþ
40 íñ. Âñ³ ñïîñòåðåæåííÿ ÃÑÑ ïðîâîäèëèñü ³ç âèêîðèñòàííÿì êîì -
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á³íîâà íîãî ìåòîäó ñïîñòåðåæåíü, ðîçðîáëåíîãî â ÍÄ² ÌÀÎ. Âñüîãî
áó ëî îòðèìàíî 134461 ïîëîæåíü ÃÑÑ, äëÿ ÿêèõ âèçíà÷åíî çàëèøêîâ³
ð³ç íèö³ O – C â³äíîñíî îðá³òè, ðîçðàõîâàíî¿ â ÍÄ² ÌÀÎ. Ñåðåäíÿ êâàä -
ðàòè÷íà ïîõèáêà ïîëîæåíü ÃÑÑ â ä³àïàçîí³ âèäèìèõ çîðÿíèõ âå ëè ÷èí
9m...13m ñòàíîâèòü 0.5² çà ïðÿìèì ï³äíåñåííÿì òà ñõèëåííÿì. Ïî ð³â -
íÿí íÿ îðá³òàëüíèõ ïîëîæåíü ÃÑÑ, ðîçðàõîâàíèõ çà åëåìåíòàìè îðá³ò 
ÍÄ² ÌÀÎ ³ äàíèìè ñàéòó ILRS, ïîêàçàëî, ùî ð³çíèö³ ì³æ â³äïî â³äíèìè
ãåîöåíòðè÷íèìè äåêàðòîâèìè êîîðäèíàòàìè íà ìîìåíò ïî÷àòêó
ïðîãíîçó ñòàíîâëÿòü: dX = 0.72 êì, dY = –0.52 êì òà dZ = 1.28 êì.
Êëþ÷îâ³ ñëîâà: íàçåìí³ ÏÇÇ-ñïîñòåðåæåííÿ, ãåîñòàö³îíàðí³ ñó ïóò -
íèêè, åëåìåíòè îðá³òè

Âñòóï. Ç ïî÷àòêó êîñì³÷íî¿ åðè ê³ëüê³ñòü îá’ºêò³â òåõíîãåííîãî ïî -
õîä æåííÿ â íàâêîëîçåìíîìó ïðîñòîð³ ñòàº äåäàë³ á³ëüøîþ çà ðàõóíîê
íîâèõ çàïóñê³â ÊÀ. Êîñì³÷íå ñì³òòÿ, ùî íàêîïè÷óºòüñÿ íà îðá³òàõ,
ñòàíîâèòü ñåðéîçíó çàãðîçó ÿê äëÿ áåçïåêè êîñì³÷íèõ ì³ñ³é, òàê ³ äëÿ
íàñåëåííÿ Çåìë³. Ñòàíîì íà ïî÷àòîê æîâòíÿ 2021 ðîêó, çã³äíî ç äà -
íèìè ñàéòó Ñelestrak, çàãàëüíà ê³ëüê³ñòü êàòàëîã³çîâàíèõ êîñì³÷ íèõ
îá’ºêò³â ñòàíîâèëà 49324, ³ ç íèõ ôóíêö³îíóþòü ëèøå 4931 [https://
celestrak.com/satcat/boxscore]. Îñê³ëüêè äëÿ âèð³øåííÿ áàãàòüîõ íàó -
êî âèõ, â³éñüêîâèõ, íàâ³ãàö³éíèõ òà ³íøèõ çàäà÷ íàéá³ëüø âèã³äíîþ º
ãåîñòàö³îíàðíà îðá³òà, òàì ïåðåáóâàº âå ëèêà ÷àñòèíà ä³þ÷èõ àïàðàò³â.
Ó ñâ³òë³ ³íòåíñèâíîãî çàñòîñóâàííÿ ðîç âèíåíèìè êðà¿íàìè ñóïóòíèê³â 
çðîñòàº óñâ³äîìëåííÿ òîãî, ùî ìîæëè âîñò³ ãåîñòàö³îíàðíî¿ îðá³òè íå
áåçìåæí³, ³ òîìó ïîòð³áíî íàïðàâëÿòè çíà÷í³ çóñèëëÿ íà ï³äòðèìêó â
ðîáî÷îìó ñòàí³ ñèñòåì êîíòðîëþ êîñ ì³÷íîãî ïðîñòîðó. Íåçâàæàþ÷è
íà òå ùî êîîðäèíàòè ãåîñòàö³îíàðíèõ ñóïóòíèê³â (ÃÑÑ) ìåòîäîì ðà -
ä³î ëîêàö³¿ îá÷èñëþþòüñÿ òî÷í³øå, îï òè÷ í³ ñïîñòåðåæåííÿ çàëèøà -
þòüñÿ îñíîâíèì äæåðåëîì ³íôîðìàö³¿ äëÿ ìîí³òîðèíãó òà êàòà ëî -
ã³çàö³¿ îá’ºêò³â â ö³é ãàëóç³. Ó 2011 ð. â Óê ðà¿í³ áóëî ñòâîðåíî ìåðåæó
ÓÌÎÑ (Óêðà¿íñüêà ìåðåæà îïòè÷íèõ ñòàíö³é äîñë³äæåííÿ íàâêîëî -
çåìíîãî êîñì³÷íîãî ïðîñòîðó [http://mao.uran.ua/umos/in dex.php?slab= 
slabid-7]) äëÿ ðåãó ëÿðíèõ îïòè÷íèõ ñïîñòåðåæåíü êîñì³÷íèõ îá’ºêò³â.
Íàóêîâî-äî ñë³ä íèé ³íñòèòóò «Ìèêîëà¿âñüêà àñòðîíîì³÷íà îáñåðâàòî -
ð³ÿ» (ÍÄ² ÌÀÎ) º àêòèâíèì ó÷àñíèêîì ö³º¿ ìåðåæ³ â ãàëóç³ ïîçèö³éíèõ 
ñïîñòåðåæåíü (ñòàòèñòèêó ñïîñòåðåæåíü çà îñòàíí³ òðè ðîêè íàâåäåíî
ó òàáë. 1). Ìå òîþ äàíî¿ ðîáîòè º îòðèìàííÿ îö³íîê ïîçèö³éíî¿ òî÷íîñ -
ò³ îïòè÷íèõ ñïîñòåðåæåíü øòó÷íèõ ñóïóòíèê³â çà ðåçóëüòàòàìè îá -
ðîáêè ìàñèâó ñïîñòåðåæåíü ÃÑÑ çà 2020...2021 ðð., òà îòðèìàííÿ îö³ -
íîê çîâí³øíüî¿ òî÷íîñò³ öèõ ñïîñòåðåæåíü øëÿõîì ïîð³âíÿííÿ ç äà -
íèìè Ì³æíàðîäíî¿ ñëóæáè ëàçåðíî¿ äàëüíîìåòð³¿ (ILRS) [https://cddis.
nasa.gov/ar chive/slr/].

Ìåòîäèêà ñïîñòåðåæåíü. Äëÿ ïîçèö³éíèõ ñïîñòåðåæåíü îá’ºê -
ò³â, ÿê³ ìàþòü âåëèê³ âèäèì³ øâèäêîñò³ ðóõó, â ÍÄ² ÌÀÎ áóâ ðîç -
ðîáëåíèé òà âïðîâàäæåíèé ó ïðàêòèêó êîìïëåêñ îðèã³íàëüíèõ ìå -
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òîä³â, ñï³ëüíîþ ðèñîþ ÿêèõ º íåðóõîì³ñòü òåëåñêîïà ï³ä ÷àñ ôîð ìó -
âàííÿ êàäð³â (òîáòî â³äñóòí³ñòü ìåõàí³÷íîãî ñóïðîâîäó) [4, 6]. Ñïî -
ñòåðåæåííÿ ÃÑÑ âèêîíóþòüñÿ ³ç çàñòîñóâàííÿì êîìá³íîâàíîãî ìåòîäó 
[3], ñóòü ÿêîãî ïîëÿãàº ó ðîçä³ëåíí³ ïðîöåñ³â îòðèìàííÿ çîáðà æåíü
ïðî ãðàìíîãî îá’ºêòà ³ îïîðíèõ ç³ðîê íà ð³çíèõ êàäðàõ ïðè íåðó õî ìîìó 
òåëåñêîï³. Äëÿ îòðèìàííÿ òî÷êîâèõ çîáðàæåíü îá’ºêòà ³ ç³ðîê âè êî -
ðèñòîâóþòüñÿ ð³çí³ ñïîñîáè íàêîïè÷åííÿ ñèãíàëó, ùî äàº ìîæ ëèâ³ñòü
âàð³þâàòè ÷àñ åêñïîçèö³¿ â çàëåæíîñò³ â³ä âèäèìî¿ øâèäêîñò³ ³ ÿñêðà -
âîñò³ îá’ºêòà. Íà ðèñ. 1 íàâåäåíî ïðèêëàä çîáðàæåíü, îòðèìàíèõ çà ðå -
çóëüòàòàìè ñïîñòåðåæåíü ñóïóòíèêà IRNSS-1F (41384) â í³÷ 04 òðàâíÿ
2021 ð. íà òåëåñêîï³ ÊÒ-50 êîìïëåêñó «Ìîá³òåë».

Òåëåñêîïè. Îïòè÷í³ ñïîñòåðåæåííÿ ÃÑÑ âèêîíóþòüñÿ íà òðüîõ
òåëåñêîïàõ, ùî áóëè ìîäåðí³çîâàí³ àáî ñòâîðåí³ ó ÍÄ² ÌÀÎ [1, 7]. Óñ³
òåëåñêîïè îñíàùåíî ïîâíîêàäðîâèìè ÏÇÇ-ïðèéìà÷àìè. Ïðèâ’ÿçêà
ñïîñòåðåæåíü äî ÷àñó íà çä³éñíþºòüñÿ çà ñèãíàëàìè GPS-ïðèéìà÷à
«Trimble Res o lu tion-T» [https://xdevs.com/doc/Trimble/Data%20Sheets/
Res o lu tion%20T.pdf]. Êåðóâàííÿ ïðîöåñîì ñïîñòåðåæåííÿ íà óñ³õ
òåëå ñêîïàõ âèêîíóºòüñÿ ðîçïîä³ëåíèì ïðîãðàìíèì êîìïëåêñîì òà ìî -
æå çä³éñíþâàòèñÿ ó â³ääàëåíîìó ðåæèì³. ²íôîðìàö³þ ïðî ïàðàìåòðè
òåëåñêîï³â íàâåäåíî ó òàáë. 2.
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Ð³ê Ê³ëüê³ñòü íî÷åé Ê³ëüê³ñòü îá’ºêò³â Ê³ëüê³ñòü ïîëîæåíü

2019 72 30 14266
2020 150 149 57271
2021* 102 61 77190
Âñüîãî 324 149 148727  

*ñòàíîì íà 01.10.2021 ð.

Òàáëèöÿ 1. Ñòàòèñòèêà ñïîñòåðåæåíü ÃÑÑ, îòðèìàíèõ ó ÍÄ² ÌÀÎ

Ðèñ. 1. Ôðàãìåíòè ç êàäð³â ñïîñòåðåæåíü ñóïóòíèêà IRNSS1F (N41384) â í³÷ 04 òðàâíÿ 2021
ð. íà òåëåñêîï³ ÊÒ-50: à — çîáðàæåííÿ ñóïóòíèêà, á — îïîðí³ ç³ðêè



Îáðîáêà. Ïåðøèé åòàï âêëþ÷àº ô³ëüòðàö³þ îòðèìàíèõ çîáðàæåíü
³ âèì³ð ïðÿìîêóòíèõ êîîðäèíàò îá’ºêòà ó ñèñòåì³ ìàòðèö³. Äëÿ îòðè -
ìàííÿ òîïîöåíòðè÷íèõ åêâàòîð³àëüíèõ êîîðäèíàò çàñòîñîâóºòüñÿ ìî -
äè ô³êîâàíèé ìåòîä àñòðîìåòðè÷íî¿ ðåäóêö³¿ (ÌÌÐ), ÿêèé º çì³íåíîþ
ñõåìîþ êëàñè÷íîãî ìåòîäó Òåðíåðà äëÿ ôîòîãðàô³÷íî¿ ðåäóêö³¿ ñïî -
ñòåðåæåíü [2]. Îñíîâíà ³äåÿ ÌÌÐ — ³íòåðïîëÿö³ÿ ðåäóêö³éíèõ êîå -
ô³ö³ºíò³â, îòðèìàíèõ â ðåçóëüòàò³ îáðîáêè êàäð³â ç îïîðíèìè ç³ð êàìè,
íà ìîìåíò ÷àñó, ÿêèé â³äïîâ³äàº êàäðó ç îá’ºêòîì [5].

Ðåçóëüòàò îáðîáêè ³ âíóòð³øíÿ òî÷í³ñòü. Ìàñèâ äàíèõ, ÿêèé
îòðèìóºòüñÿ â ðåçóëüòàò³ îáðîáêè ñïîñòåðåæåíü, ì³ñòèòü òîïîöåíò -
ðè÷í³ åêâàòîð³àëüí³ êîîðäèíàòè (ïðÿìå ï³äíåñåííÿ a ³ ñõèëåííÿ d) ³
âèäèì³ çîðÿí³ âåëè÷èíè m ñóïóòíèê³â íà ìîìåíò ñïîñòåðåæåííÿ â ñè -
ñòåì³ îïîðíîãî êàòàëîãó. Ã³ñòîãðàìó ðîçïîä³ëó ñïîñòåðåæóâàíèõ îá’ -
ºê ò³â ïî çíà÷åííÿõ âèäèìî¿ çîðÿíî¿ âåëè÷èíè m íàâåäåíî íà ðèñ. 2.

ßê ìîæíà áà÷èòè ç íàâåäåíî¿ ã³ñòîãðàìè, ÃÑÑ º äîñèòü ÿñêðàâèìè
îá’ºêòàìè (95% ç íèõ ìàþòü çîðÿíó âåëè÷èíó â³ä 10m äî 13m). Öÿ îá -
ñòà âèíà äîçâîëÿº ñïîñòåð³ãàòè ¿õ ó ðåæèì³ ñêîðî÷åíî¿ åêñïîçèö³¿, ùî
äàº ìîæëèâ³ñòü îòðèìàòè ïî 25...35 ïîëîæåíü çà îäíó í³÷ ñïîñòåðå -
æåíü äëÿ êîæíîãî ç 20...25 îá’ºêò³â.

Åëåìåíòè îðá³òè ó ôîðìàò³ TLE, ùî â³äïîâ³äàþòü ñïðîùåí³é ìî -
äåë³ ðóõó SGP4/SDP4 (Sim pli fied Gen eral Per tur ba tions), ³ åôåìåðèäè
ÃÑÑ ó ôîðìàò³ CPF (Con sol i dated Pre dic tion For mat) ðîçðàõîâóþòüñÿ ç
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Òåëåñêîï
Øâèäê³ñíèé

àâòîìàòè÷íèé êîìïëåêñ

Êîìïëåêñ «Ìîá³òåë»

ÊÒ-50 «Ìåçîí»

D/f, ìì 300/1510 500/3000 230/800

ÏÇÇ-êàìåðà: «Apogee Alta U9000» «Apogee Alta U9000» «Apogee Alta U9000»

Ðîçì³ð, ïêë 3056´3056 3056´3056 3056´3056

Ðîçì³ð ï³êñåëÿ, ìêì 12 12 12

Ìàñøòàá, ²/ïêë 1.66 0.84 3.21

Ïîëå çîðó 84¢´84¢ 43¢´43¢ 156¢´156¢

Òàáëèöÿ 2. Îñíîâí³ õàðàêòåðèñòèêè ³íñòðóìåíò³â, ùî âèêîðèñòîâóþòüñÿ äëÿ ñïîñòåðå -
æåíü ÃÑÑ

Ðèñ. 2. Ã³ñòîãðàìà ðîçïîä³ëó ÃÑÑ ïî
çíà÷åííÿõ âèäèìî¿ çîðÿíî¿ âåëè÷èíè



âèêîðèñòàííÿì ïðîãðàìíîãî çàáåçïå÷åííÿ, ðîçðîáëåíîãî ñï³ëüíî ç
ÍÄ² «Àñòðîíîì³÷íà îáñåðâàòîð³ÿ» Îäåñüêîãî íàö³îíàëüíîãî óí³âåð -
ñè òåòó [8]. Åëåìåíòè îðá³òè îá÷èñëþþòüñÿ íà îñíîâ³ äåê³ëüêîõ ñåð³é
ñïîñòåðåæåíü, ùî ì³í³ì³çóº ïîõèáêè ¿õíüî¿ îö³íêè. Çà îö³íêó âíóò -
ð³øíüî¿ òî÷íîñò³ ñïîñòåðåæåíü ìîæíà âèêîðèñòîâóâàòè ñåðåäíþ êâà -
ä ðàòè÷íó ïîõèáêó çàëèøêîâèõ ð³çíèöü (O – C) òîïîöåíòðè÷íèõ åêâà -
òî ð³àëüíèõ êîîðäèíàò ñóïóòíèêà, äå O — ñïîñòåðåæóâàí³ ïîëîæåííÿ,
Ñ — ïîëîæåííÿ, îá÷èñëåí³ çà åëåìåíòàìè îðá³òè. Ñåðåäíÿ êâàäðàòè÷ -
íà ïîõèáêà ïîëîæåíü ÃÑÑ â ä³àïàçîí³ âèäèìèõ çîðÿíèõ âåëè÷èí 9m...
13m ñòàíîâèòü 0.5² ÿê äëÿ ïðÿìîãî ï³äíåñåííÿ, òàê ³ äëÿ ñõèëåííÿ. Òà -
êîæ áóëî îá÷èñëåíî çàëèøêîâ³ ð³çíèö³ O – C óçäîâæ òà ïåðïåíäè -
êóëÿðíî äî ðóõó ñóïóòíèêà ïî îðá³ò³. Çàëåæí³ñòü O – C â³ä âèäèìî¿
çîðÿíî¿ âåëè÷èíè îá’ºêòà íàâåäåíî íà ðèñ. 3. Ñåðåäí³ çíà÷åííÿ ñå -
ðåäíüî¿ êâàäðàòè÷íî¿ ïîõèáêè çàëèøêîâèõ ð³çíèöü (O – C) â öüîìó
âèïàäêó äîð³âíþþòü 0.5² (0.035 ñ) òà 0.5² äëÿ íàïðÿìê³â âçäîâæ òà ïåð -
ïåí äèêóëÿðíî äî îðá³òè ñóïóòíèêà â³äïîâ³äíî. 

Îö³íêà çîâí³øíüî¿ òî÷íîñò³. Äëÿ îö³íêè çîâí³øíüî¿ òî÷íîñò³
íàøèõ ñïîñòåðåæåíü áóëè âèêîðèñòàí³ âèñîêîòî÷í³ äàí³ ñïîñòåðå -
æåíü ñóïóòíèê³â ILRS ç êàòàëîãó NORAD [õttps://cddis.nasa.gov/ar -
chive/ slr/cpf_pre dicts/]. Áóëè ðåàë³çîâàí³ äâà ï³äõîäè äëÿ çîâí³øíüîãî
ïîð³âíÿííÿ. Ó ïåðøîìó âàð³àíò³ ïîð³âíþâàëèñü ïðîãíîçí³ çíà÷åííÿ
âåêòîð³â ñòàíó, ùî îá÷èñëþâàëèñü çà åëåìåíòàìè îðá³ò ó ôîðìàò³
TLE, ÿê³ âèêîíóâàëè ðîëü ïî÷àòêîâèõ óìîâ ïðîãíîçóâàííÿ. Âåêòîð
ñòà íó îá’ºêòà âêëþ÷àº êîìïîíåíòè ãåîöåíòðè÷íèõ äåêàðòîâèõ êîîð -
äè íàò ³ êîìïîíåíòè øâèäêîñò³ â ñèñòåì³ ICRS (In ter na tional Ce les tial
Ref er ence Sys tem) íà åïîõó J2000. Íåîáõ³äí³ñòü ïðîãíîçóâàííÿ
âèêëèêàíà òèì, ùî ïîð³âíþâàí³ åëåìåíòè ó ôîðìàò³ TLE ìàþòü ð³çíó
åïîõó. Äëÿ ïåðåòâîðåííÿ TLE ó ôîðìàò âåêòîð³â ñòàíó òà ïðîãíîçó -
âàííÿ âèêîðèñòîâóâàëàñü ñïðîùåíà ìîäåëü ðóõó SGP4/SDP4, à ñàìå ¿¿
ðåàë³çàö³ÿ íà ìîâ³ ïðîãðàìóâàííÿ Py thon 3, à òàêîæ ñòàíäàðòíà á³á -
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Ðèñ. 3. Çàëåæí³ñòü çàëèøêîâèõ ð³çíèöü
Î – Ñ â³ä âèäèìî¿ çîðÿíî¿ âåëè÷èíè m
îá’ºêòà: à — âçäîâæ îðá³òè ñóïóòíèêà,
á — ïåðïåíäèêóëÿðíî äî îðá³òè
ñó ïóòíèêà



ë³îòåêà astropy [https://docs.astropy.org/en/sta ble/in dex.html].
Íà ðèñ. 4 íàâåäåíî ðåçóëüòàòè ïîð³âíÿííÿ ïðîãíîçíèõ êîîðäèíàò

îá’ºêòà IRNSS-1F (N41384) ç âèñîêîòî÷íèìè ãåîöåíòðè÷íèìè êîîðäè -
íàòàìè, ùî îá÷èñëåíî ñëóæáîþ ILRS ó ôîðìàò³ CPF â ñèñòåì³ ITRS
(International Terrestrial Reference System) ó âèãëÿä³ çàëåæíîñòåé ð³ç -
íèöü â³ä ÷àñó. Íà ðèñ. 4à íàâåäåíî ð³çíèö³, îá÷èñëåí³ äëÿ ïî÷àòêîâèõ
óìîâ, îòðèìàíèõ ç êàòàëîãó NORAD ó ôîðìàò³ TLE íà åïîõó JD =
= 2459009.73472503. Ñòàðòîâîþ òî÷êîþ ïðîãíîçó t0 áóëî îáðàíî
þë³àí ñüêó äàòó JD = 2459009.5 (2020.06.08 12:00 UTC), ïåð³îä ïðîãíî -
çó ñòàíîâèâ 7 ä³á (168 ãîä). Ðèñ. 4á ì³ñòèòü ð³çíèö³ íà åïîõó JD =
= 2459008.41875000, îòðèìàí³ çà òàêèì æå ÷èíîì ñïðîãíîçîâàíèìè
ïî÷àòêîâèìè óìîâàìè, îá÷èñëåíèìè ó ðàìêàõ ìîäåë³, ùî çàñòîñî -
âóºòüñÿ ó ÍÄ² ÌÀÎ. Ïîð³âíÿííÿ ïîêàçàëî, ùî äëÿ ïî÷àòêîâèõ óìîâ ç
êàòàëîãó NORAD íà ìîìåíò ïî÷àòêó ïðîãíîçó çíà÷åííÿ ð³çíèöü ç ïî -
ëî æåííÿìè, îòðèìàíèìè ILRS, äîð³âíþþòü dX = –5.95 êì, dY = 7.4 êì,
dZ = 0.52 êì, à äëÿ ïî÷àòêîâèõ óìîâ, îá÷èñëåíèõ â ÍÄ² ÌÀÎ, — dX =
= 0.72 êì, dY = –0.52 êì, dZ = 1.28 êì. ßê âèäíî, çì³íà çàëèøêîâèõ
ð³çíèöü ç ÷àñîì äëÿ ñåìèäåííîãî ïåð³îäó ïðîãíîçóâàííÿ òàêîæ ï³ä -
òâåðäæóº ìîæëèâ³ñòü îòðèìàííÿ á³ëüø òî÷íèõ åëåìåíò³â îðá³ò ÃÑÑ
íàâ³òü ïîïðè íåäîë³êè ñïðîùåíî¿ ìîäåë³ ðóõó.

Äðóãèé ï³äõ³ä ïîëÿãàº ó áåçïîñåðåäíüîìó ïîð³âíÿíí³ îòðèìàíèõ ç³ 
ñïîñòåðåæåíü òîïîöåíòðè÷íèõ åêâàòîð³àëüíèõ êîîðäèíàò ÃÑÑ ³ç åêâà -
òîð³àëüíèìè êîîðäèíàòàìè, îá÷èñëåíèìè çà ³íòåðïîëüîâàíèìè çíà -
÷åí íÿìè âèñîêîòî÷íèõ ãåîöåíòðè÷íèõ ïîëîæåíü ó ôîðìàò³ CPF çà äà -
íèìè ñàéòó ILRS. ²íòåðïîëÿö³ÿ ïðîâîäèëàñü ïîë³íîìîì Ëàãðàíæà ïî
10 òî÷êàõ. Ïåðåòâîðåííÿ ñèñòåì êîîðäèíàò ðåàë³çîâàíî íà ìîâ³ ïðî -
ãðà ìóâàííÿ Py thon 3 ³ç çàñòîñóâàííÿì ñòàíäàðòíî¿ á³áë³îòåêè astropy.
Íà ðèñ. 5 ïîêàçàí³ îá÷èñëåí³ òàêèì ÷èíîì ð³çíèö³ äëÿ îá’ºêòà
IRNSS-1F (N41384) çà ïåð³îä ñïîñòåðåæåíü ç  08 ÷åðâíÿ 2020 ð. ïî 17
ëèïíÿ 2020 ð. (39.24 äîáè). ßê âèäíî, ñòàíäàðòíå â³äõèëåííÿ çàëèø -
êîâèõ ð³çíèöü äëÿ ñõèëåííÿ ñòàíîâèòü 1², äëÿ ïðÿìîãî ï³äíåñåííÿ öÿ
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Ðèñ. 4. Çàëåæí³ñòü çàëèøêîâèõ
ð³çíèöü Î – Ñ â³ä ÷àñó: à — çà
äàíèìè êàòàëîãó NORAD; á —
çà äàíèìè ÍÄ² ÌÀÎ. Êðèâà 1 —
äëÿ dX, 2 — dY, 3 — dZ



âåëè÷èíà äîð³âíþº 2². Ñë³ä çàóâàæèòè, ùî ð³çíèö³ çà ñõèëåííÿì ìàé -
æå íå ìàþòü ñèñòåìàòè÷íîãî çñóâó, íà â³äì³íó â³ä ð³çíèöü çà ïðÿìèì
ï³äíåñåííÿì, äëÿ ÿêèõ ñèñòåìàòè÷íèé çñóâ â ñåðåäíüîìó äîð³âíþº
2.5², êð³ì öüîãî, ñïîñòåð³ãàþòüñÿ çíà÷í³ âèêèäè ó äåÿê³ äàòè ñïîñòå -
ðåæåíü. Éìîâ³ðíîþ ïðè÷èíîþ òàêèõ âèïàäê³â ìîæóòü áóòè íåäîë³êè
ñèíõðîí³çàö³¿ ï³ä ÷àñ ñïîñòåðåæåíü.

Âèñíîâêè. Ïðîòÿãîì 2020...2021 ðð. çà ðåçóëüòàòàìè îïòè÷íèõ
ÏÇÇ-ñïîñòåðåæåíü ó ÍÄ² ÌÀÎ áóëî îòðèìàíî 134461 ïîëîæåíü äëÿ
149 ÃÑÑ. Ñåðåäíÿ êâàäðàòè÷íà ïîõèáêà ñïîñòåðåæåíü áëèçüêà äî 0.5²
ïî îáîõ êîîðäèíàòàõ äëÿ îá’ºêò³â, ùî ìàþòü âèäèì³ çîðÿí³ âåëè÷èíè ó
³íòåðâàë³ 9m...13m.

Ïîð³âíÿííÿ ç äàíèìè ñëóæáè ILRS ïîêàçàëî, ùî òî÷í³ñòü îá÷èñ -
ëåííÿ åëåìåíò³â îðá³ò çà äîïîìîãîþ ïðîãðàìíîãî çàáåçïå÷åííÿ, ùî
âè êîðèñòîâóºòüñÿ ó ÍÄ² ÌÀÎ, º êðàùîþ, í³æ òî÷í³ñòü â³äïîâ³äíèõ
äàíèõ ó êàòàëîç³ NORAD. Ð³çíèö³ ì³æ â³äïîâ³äíèìè ãåîöåíòðè÷íèìè
ïðÿìîêóòíèìè ïîëîæåííÿìè ñòàíîâëÿòü 0.72 êì, –0.52 êì òà 1.28 êì
â³äïîâ³äíî äëÿ êîîðäèíàò X, Y, Z íà åïîõó 2459009.5 (12:00 UTC 08
÷åðâíÿ 2020 ð.), ùî â³äïîâ³äàëà ìîìåíòó ïî÷àòêó ïðîãíîçó. Ïðî -
ãíîçóâàííÿ ïî÷àòêîâèõ óìîâ ó ôîðìàò³ âåêòîðó ñòàíó íà ñåìèäåííèé
ïåð³îä òàêîæ ïîêàçàëî ïåðåâàãè åëåìåíò³â îðá³ò, îá÷èñëåíèõ çà äîïî -
ìîãîþ ïðîãðàìíîãî çàáåçïå÷åííÿ, ùî âèêîðèñòîâóºòüñÿ â ÍÄ² ÌÀÎ.
Çîâí³øíº ïîð³âíÿííÿ âèì³ðÿíèõ åêâàòîð³àëüíèõ êîîðäèíàò ÃÑÑ ç âè -
ñî êîòî÷íèìè äàíèìè ILRS âèÿâèëî íàÿâí³ñòü íåðåãóëÿðíèõ â³äõèëåíü
ó ñèñòåì³ ïðÿìîãî ï³äíåñåííÿ, éìîâ³ðíîþ ïðè÷èíîþ ÿêèõ ìîæóòü áó -
òè íåäîë³êè ñèíõðîí³çàö³¿ ïðîöåñó ñïîñòåðåæåíü.

1. Áàçåé À., Êîâàëü÷óê À., Êîçûðåâ Å., Ñèáèðÿêîâà Å., Øóëüãà À. Èñïîëüçîâàíèå òå -
ëåñêîïà ÑÀÊ-300 äëÿ âåäåíèÿ êàòàëîãà èñêóññòâåííûõ ñïóòíèêîâ Çåìëè â
ÍÈÈ ÍÀÎ. Èçó÷åíèå îáúåêòîâ îêîëîçåìíîãî ïðîñòðàíñòâà è ìàëûõ òåë Ñîë -
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132.
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AC CU RACY ES TI MA TION OF OP TI CAL OB SER VA TIONS 
OF THE GEO STA TION ARY SATELLITES

Continuous monitoring of artificial space objects needs periodical control of quality of
observational data. Estimation of internal accuracy allows to control and exclude outliers
in the array of primary data. For artificial satellites it is also possible to compare orbital
elements calculated by Research Institute “Mykolaiv Astronomical Observatory” (RI
MAO) with precise data which provided by International Laser-Ranging Service (ILRS) or 
Global Navigation Satellite System (GNSS). Such comparison allows to detect problems
with time synchronization, reveal and estimate systematic errors etc. RI MAO carries out
regular observations of artificial satellites in different orbits using several telescopes and
forms catalog of their orbital elements in TLE format during more than 10 years. Software
for orbital elements calculation was developed in collaboration with Astronomical
observatory of Odessa National university. This paper presents an analysis of the
processing results of the observational array of 149 geostationary satellites (GSS).
Observations were performed using RI MAO Telescope Complex during 2020...2021.
Time synchronization is provided with GPS Resolution-T receiver with RMS = 40 ns. All
GSS observations were carried out using the combined method developed at the RI MAO.
A total of 134461 positions were received for which residual (O – C) differences were
calculated with respect to the computed orbit. The mean square error of observations of the
GSS in the apparent magnitude range 9m...13m was 0.5²  in right ascension and declination.
Computed orbital elements were compared with precise ILRS data. Comparison of the
orbital positions of the GSS, calculated from the RI MAO orbital elements with the ILRS
data showed that the differences between the corresponding geocentric ñartesian
coordinates were dX = 0.72 km, dY = –0.52 km and dZ = 1.28 km at the start of the forecast.
Keywords: ground-based CCD observations, geostationary satellites, orbital elements.
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