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I. ÂÑÒÓÏ

Óñå áiëüøà êiëüêiñòü êîñìi÷íîãî ñìiòòÿ ñòàíîâèòü
ñåðéîçíèé ðèçèê äëÿ ìàéáóòíiõ êîñìi÷íèõ ïîëüîòiâ.
Òîìó êëþ÷îâîþ âèìîãîþ äî ìàéáóòíiõ ìiñié ñòàâ íà-
äiéíèé ðîçðàõóíîê òåðìiíó åêñïëóàòàöi¨ ØÑÇ òà ¨õ
óòèëiçàöiÿ.
Çáóðåííÿ îðáiòè ØÑÇ âèêëèêàíå öiëîþ íèçêîþ

÷èííèêiâ [1�3]: íåñôåðè÷íiñòþ Çåìëi, îïîðîì àòìî-
ñôåðè,  ðàâiòàöiéíèì âïëèâîì Ìiñÿöÿ i Ñîíöÿ, ñâi-
òëîâèì òèñêîì. Çîêðåìà, êîëèâàííÿ ïåðiîäiâ îáåðòà-
ííÿ ñóïóòíèêiâ ñâiä÷àòü ïðî çìiíó ãóñòèíè âåðõíüî¨
àòìîñôåðè Çåìëi, ïîâ'ÿçàíó ç ðiâíåì ãåëiîìàãíiòíîãî
çáóðåííÿ [4, 5]. Ñâiòëîâèé òèñê âïëèâà¹ íà îðáiòàëü-
íèé ðóõ îá'¹êòiâ çàëåæíî âiä ¨õíüî¨ ìàñè, ïëîùi, à
òàêîæ âèñîòè ¨õíüî¨ îðáiòè [6].
Ó öié ïðàöi âäîñêîíàëåíî åìïiðè÷íó ìåòîäèêó

øâèäêîãî ðîçðàõóíêó îðáiòàëüíîãî ðóõó ØÑÇ ç óðà-
õóâàííÿì ñâiòëîâîãî òèñêó, ùî äà¹ çìîãó óòî÷íèòè
ìîìåíò éîãî ðóéíàöi¨.

II. ÐIÂÍßÍÍß ÐÓÕÓ ØÑÇ

Ðîçãëÿíüìî ïëîñêi îáåðòîâi ðóõè ØÑÇ, öåíòð ìà-
ñè ÿêîãî ðóõà¹òüñÿ ïî çàäàíié îðáiòi ç åêñöåíòðèñè-
òåòîì e. Íà ðèñ. 1 ñõåìàòè÷íî ïîêàçàíî ïîëîæåííÿ
ñóïóòíèêà íà îðáiòi (çãiäíî ç ðîáîòîþ [7]). Âèêîðè-
ñòàíî òàêi ïîçíà÷åííÿ: ν � ñïðàâæíÿ àíîìàëiÿ, θ �
êóò îði¹íòàöi¨ ñóïóòíèêà ùîäî iíåðöiàëüíîi îñi Oπ, φ
� àçèìóò ðîçòàøóâàííÿ äæåðåëà ñâiòëà (Ñîíöÿ), π �
ïåðèöåíòð.
Áóäåìî ââàæàòè, ùî äæåðåëî ñâiòëà ¹ äîñòàòíüî

âiääàëåíèì âiä Çåìëi. Îòæå, ñâiòëîâèé ïðîìiíü ìà¹
îäíàêîâèé íàïðÿì ó âñiõ òî÷êàõ îðáiòè. Âèêîðèñòîâó-
þ÷è âiäîìèé âèðàç äëÿ ìîìåíòó ñèë ñâiòëîâîãî òèñêó

[8], ðiâíÿííÿ ïëîñêèõ ëiáðàöié ØÑÇ ìîæíà ïîäàòè ó
âèãëÿäi

θ̈ + 3
GM

R(t)3

A− C
B

sin(θ − ν(t)) cos(θ − ν(t))

= c sin(θ − φ)|sin(θ − φ)|. (1)

Ðèñ. 1. Ïîëîæåííÿ ØÑÇ íà îðáiòi (çãiäíî ç [7])

Fig. 1. The location of the satellite in the orbit
(according to [7])

Òóò A,B,C � ãîëîâíi öåíòðàëüíi ìîìåíòè iíåðöi¨
ñóïóòíèêà, c � ñòàëà ç óðàõóâàííÿì âiäáèâàëüíèõ
âëàñòèâîñòåé ïîâåðõíi ñóïóòíèêà, R(t) � ïîòî÷íèé
îðáiòàëüíèé ðàäióñ, G �  ðàâiòàöiéíà êîíñòàíòà, M
� ìàñà Çåìëi; ïðè÷îìó ïðèéìà¹ìî òàêi ñïiââiäíîøå-
ííÿ:

GM = 1,
p

1 + e
= 1.

Çàâäÿêè òàêîìó âèáîðó îäèíèöü âèìiðþâàííÿ, êîëè
e→ 1, ïiââiñü îðáiòè i ïåðiîä îáåðòàííÿ òàêi, ùî

α =
p

1− e2
→∞, T = 2πa3/2 →∞.
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d2θ

dt2
=

(1 + e cos ν)3

p3

(
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d2θ

dν2
− 2e sin ν

dθ
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)
,

äå ïðèéíÿòî, ùî

dν

dt
=
p1/2

R2
, R =

p

1 + e · cos ν
.

Âðàõó¹ìî, ùî µ = 3(A − C)/B. Òîäi, áåðó÷è äî
óâàãè òðèãîíîìåòðè÷íi òîòîæíîñòi, îòðèìó¹ìî ðiâíÿ-
ííÿ îáåðòàëüíîãî ðóõó ç íîâîþ íåçàëåæíîþ çìiííîþ,
ñïðàâæíüîþ àíîìàëi¹þ ν ó âèãëÿäi

(1 + e cos ν)δ′′ − 2e sin νδ′ + µ sin(δ − 2ν)

=
c(1 + e)3

c(1 + e cos ν)3
f(δ − 2φ), (3)

äå δ = 2θ � íîâà íåâiäîìà ôóíêöiÿ, à âíåñîê ñâiòëî-
âîãî òèñêó âðàõîâó¹ìî çà äîïîìîãîþ ôóíêöi¨

f(α) =

{
1− cosα, êîëè sin α

2 ≥ 0

−1 + cosα, êîëè sin α
2 < 0

.

Ïåðåïèøåìî ðiâíÿííÿ (1) ó çâè÷íiøié ôîðìi

δ̈ +
µ

23
(1 + cos ν)3 sin(δ − 2ν) = cf(δ − 2φ). (4)

Ñïðàâæíÿ àíîìàëiÿ çàäîâiîëüíÿ¹ äèôåðåíöiàëüíå
ðiâíÿííÿ

ν̇ = 2−3/2(1 + cos ν)2. (5)

Ðiâíÿííÿ (4) i (5) ïîòðiáíî ðîçãëÿäàòè îäíî÷àñíî.
Ìîìåíò ÷àñó t i ìîìåíò ïðîõîäæåííÿ ñóïóòíèêà ÷å-

ðåç ïåðèöåíòð τ ïîâ'ÿçàíi ç iñòèííîþ àíîìàëi¹þ ν ðiâ-
íÿííÿì [9]:

t− τ =
p

3
2

√
fM

ν∫
0

dν

(1 + e cos ν)2
. (6)

Îñêiëüêè çà âåñü ÷àñ æèòòÿ ØÑÇ ìîæå çäiéñíèòè
íàâêîëî Çåìëi òèñÿ÷i îáåðòiâ N , à êðîê iíòå ðóâàííÿ
îáìåæåíèé, òî âèãiäíî ââåñòè íîâó íåçàëåæíó çìiííó
� àð óìåíò øèðîòè u, ïîâ'ÿçàíèé ç êiëüêiñòþ îáåðòiâ
N òàêèì ñïiââiäíîøåííÿì:

N =
u

2π
,

à ç åëåìåíòàìè îðáiòè � iñòèííîþ àíîìàëi¹þ ν i êó-
òîâîþ âiäñòàííþ ω âiä âèñõiäíîãî âóçëà Ω [1]:

u = ν + ω. (7)

Äëÿ iíòå ðóâàííÿ âèáðàíî êðîê ∆ν = 6◦.

III. ÑÏÎÑÒÅÐÅÆÓÂÀÍÈÉ ÌÀÒÅÐIÀË

Äëÿ ðîçðàõóíêiâ ðiâíÿíü ðóõó ØÑÇ â åëå-
ìåíòàõ îðáiòè ìè ñêîðèñòàëèñÿ áàçîþ äàíèõ ìå-
ðåæi ñòàíöié USSTRATCOM (http://www.space-
track.org/), äîäàòêîâi äàíi âçÿòî iç ñàéòó
CalSky (https://www.calsky.com); ïåðèãåé i àïî-
ãåé ðîçðàõîâàíî ç âèêîðèñòàííÿì TLEtools
(https://tletools.readthedocs.io). Áóëè âèáðàíi 6
íèçüêîîðáiòàëüíèõ ñóïóòíèêiâ i 1 ñóïóòíèê ç âè-
ñîêîåëiïòè÷íîþ îðáiòîþ, ùî ðóõàëèñÿ ïî îðáiòi
ïðîòÿãîì 2001�2020 ðð. Äëÿ äîñëiäæåííÿ ðóéíàöi¨
ðóõó ØÑÇ ìè âèêîðèñòàëè äàíi çà îñòàííi 2�3 ìiñÿöi
¨õ ïåðåáóâàííÿ íà îðáiòi. Íà ïåâíèé ìîìåíò ÷àñó t
äàíi ùîäî åëåìåíòiâ âèáðàíèõ ñóïóòíèêiâ íàâåäåíi â
òàáëèöi 1.

� � Äàòà íà i, Ω, e ω, ν, no,

ç/ï ØÑÇ ìîìåíò t ãðàä ãðàä ãðàä ãðàä âèòêiâ çà äîáó

1 2 3 4 5 6 7 8 9

1 27550 22.11.14 97.13 317.53 .0003 120.16 324.66 15.77

2 26953 22.11.14 97.10 035.05 .0002 194.02 306.52 15.82

3 29253 22.12.14 64.48 194.17 .0024 279.38 180.25 15.67

4 31790 03.04.15 64.48 267.67 .0023 294.89 064.99 15.69

5 9829 23.09.19 61.38 092.23 .7520 275.60 011.41 02.04

6 42800 19.02.20 98.06 257.42 .0066 134.91 225.76 15.96

7 27376 31.03.20 86.36 184.96 .0097 179.04 181.11 15.84

Ïðèìiòêà. Êîëîíêè: 2 � íîìåð ØÑÇ â êàòàëîçi USSTRATCOM; 3 � äàòà íà ïåâíèé ìîìåíò t (÷èñëî, ìiñÿöü, îñòàííi öèôðè ðîêó);
4 � íàõèë îðáiòè i ; 5 � äîâãîòà âèñõiäíîãî âóçëà Ω ; 6 � åêñöåíòðèñèòåò e ; 7 � àð óìåíò ïåðèöåíòðà ω; 8 � iñòèííà àíîìàëiÿ ν
; 9 � êiëüêiñòü îðáiòàëüíèõ îáåðòiâ ñóïóòíèêà çà äîáó no.

Òàáë. 1. Åëåìåíòè îðáiò ØÑÇ

Table 1. Elements of satellite orbits
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Óñåðåäíåíi çíà÷åííÿ ãóñòèíè àòìîñôåðè çàëåæíî
âiä âèñîòè, çãiäíî ç ðîáîòîþ [5], íàâåäåíî â òàáëèöi 2.
Ãóñòèíà àòìîñôåðè çàëåæèòü íå ëèøå âiä âèñîòè,

à é âiä áàãàòüîõ iíøèõ ïàðàìåòðiâ, ÿê-îò: ïîðà ðîêó,
÷àñ äîáè, ðiâåíü ñîíÿ÷íî¨ òà ãåîìàãíiòíî¨ àêòèâíîñòi.
Äëÿ êîíêðåòíèõ ðîçðàõóíêiâ ìè âèêîðèñòîâó¹ìî ìî-
äåëü àòìîñôåðè NRLMSISE-00 [10].

h, êì d, ã/êì3 h, êì d, ã/êì3

100 497400 600 0.081. . . 0.639

200 255. . . 316 700 0.020. . . 0.218

300 17. . . 35 800 0.007. . . 0.081

400 2.2. . . 7.5 900 0.003. . . 0.036

500 0.4. . . 2.0 1000 0.001. . . 0.018

Òàáë. 2. Ñåðåäíÿ ãóñòèíà àòìîñôåðè çàëåæíî âiä âèñîòè,
çãiäíî ç [5]

Table 2. Average density of the atmosphere as a function of
altitude, according to [5]

IV. ÎÖIÍÊÀ ÒÐÈÂÀËÎÑÒI ÏÅÐÅÁÓÂÀÍÍß
ÑÓÏÓÒÍÈÊÀ ÍÀ ÎÐÁIÒI

Êiëüêiñòü îáåðòiâ N ñóïóòíèêà íà îðáiòi âiä ïåâíîãî
ìîìåíòó ÷àñó t äîðiâíþ¹

N = 2
p2

r2

θ∫
0

cos νdν

(1 + e cos ν)3
. (8)

Äëÿ îöiíêè òðèâàëîñòi ïåðåáóâàííÿ ñóïóòíèêà ïå-
ðåéäiìî äî iíòå ðóâàííÿ çà çìiííîþ u [ñïiââiäíîøåí-
íÿ (7)] òà ñêîðèñòàéìîñÿ äåÿêèìè öiëêîì ïðèéíÿòíè-
ìè äîïóùåííÿìè: 1) îïið àòìîñôåðè íå âèêëèêà¹ çáó-
ðåíü äîâãîòè âóçëà Ω, òîáòî ïîõiäíà dΩ

du = 0; 2) çà
ìàëèõ çíà÷åíü åêñöåíòðèñèòåòó e óíàñëiäîê çíà÷íèõ
çìií r ïîõiäíà dθ

dt = 0; 3) ïðîòÿãîì îäíîãî îáåðòó
çìiíè ïàðàìåòðà p, åêñöåíòðèñèòåòó e i âiääàëi ïåðè-
ãåþ âiä âóçëà ω ìîæíà ââàæàòè ñòàëèìè, ùîáiëüøå,
∆ω = 0.
Îñêiëüêè çà îäèí îáåðò åëåìåíòè îðáiòè p i e çìiíþ-

þòüñÿ äóæå ìàëî, ìîæíà ç âèñîêîþ òî÷íiñòþ ïðèéíÿ-
òè, ùî âêàçàíi çìiíè öèõ âåëè÷èí çà îäèí îáåðò äîðiâ-
íþþòü ïîõiäíèì âiä öèõ åëåìåíòiâ çà êiëüêiñòþ îáåð-
òiâ ñóïóòíèêà N : dp

dN i de
dN , äå N ïîâ'ÿçàíå ç u. Ñâî¹þ

÷åðãîþ ïîõiäíi dpdu i dedu ìiñòÿòü ñòàëèé ìíîæíèê � áà-
ëiñòè÷íèé ïàðàìåòð q, ïîâ'ÿçàíèé iç êiëüêiñòþ îáåðòiâ
N ñóïóòíèêà íà îðáiòi ìíîæíèêîì β [11]:

N =
β

q
.

Ó ïðàöi [1] ïîäàíî çàòàáóëüîâàíi âåëè÷èíè β ó òî-
÷íié çàëåæíîñòi âiä ïî÷àòêîâèõ çíà÷åíü âèñîòè ïåðè-
ãåþ hp i âèñîòè àïîãåþ ha. Äëÿ íàøèõ äîñëiäæåíü ìè
âèêîðèñòàëè áàëiñòè÷íi ïàðàìåòðè q ∼ 1

B , ðîçðàõîâà-
íi â [3].

V. ÎÒÐÈÌÀÍI ÐÅÇÓËÜÒÀÒÈ

Ðîçðàõóíêè ÷àñó ïåðåáóâàííÿ â îáåðòàõ N äîñëi-
äæóâàíèõ ØÑÇ íà îðáiòi âiä ïåâíîãî ìîìåíòó ÷àñó t
íàâåäåíî â òàáëèöi 3. Òàì òàêîæ ìiñòèòüñÿ ïåðåðàõó-
íîê öüîãî ÷àñó íà òåðìií iñíóâàííÿ ñóïóòíèêà â äîáàõ
ncalc. Äëÿ ïîðiâíÿííÿ íàâåäåíî ðåàëüíi òåðìiíè ïå-
ðåáóâàííÿ nreal ñóïóòíèêiâ íà îðáiòi, ùî äàëî çìîãó
ïðîòåñòóâàòè ðîçðîáëåíó ìåòîäèêó ðîçðàõóíêó.

� � Äàòà íà hp, ha, N ncalc, nreal, ∆r−c,

ç/ï ØÑÇ ìîìåíò t êì êì äiá äiá äiá

1 2 3 4 5 6 7 8 9

1 27550 22.11.14 6716 6721 946 60 61 +1

2 26953 22.11.14 6703 6705 1060 67 67 0

3 29253 22.12.14 6730 6763 972 62 63 +1

4 31790 03.04.15 6723 6754 957 61 60 −1

5 9829 23.09.19 6507 45961 210 103 105 +2

6 42800 19.02.20 6620 6709 989 62 61 −1

7 27376 31.03.20 6633 6763 974 61 60 −1

Ïðèìiòêà. Êîëîíêè: 2 � íîìåð ØÑÇ â êàòàëîçi
USSTRATCOM; 3 � äàòà íà ïåâíèé ìîìåíò t (÷èñëî, ìi-
ñÿöü, îñòàííi öèôðè ðîêó); 4 i 5 � ãåîöåíòðè÷íi çíà÷åííÿ
ïåðèãåþ hp i àïîãåþ ha; 6 � ðîçðàõîâàíà êiëüêiñòü îáåðòiâ
N âiä ìîìåíòó ÷àñó t; 7 � ðîçðàõîâàíèé òåðìií iñíóâàííÿ
ñóïóòíèêà â äîáàõ ncalc âiä ìîìåíòó t; 8 � ðåàëüíèé ÷àñ
iñíóâàííÿ ØÑÇ â äîáàõ nreal âiä ìîìåíòó t äî äàòè çãîðàííÿ;
9 � ðiçíèöÿ ìiæ ðåàëüíèì i ðîçðàõîâàíèì ÷àñîì iñíóâàííÿ
ØÑÇ â äîáàõ ∆r−c.

Òàáë. 3. Ðîçðàõîâàíi òà ðåàëüíi òåðìiíè iñíóâàííÿ ØÑÇ
íà îðáiòi

Table 3. Calculated and real terms of the satellite's existence
in orbit

Iç òàáëèöi 3 áà÷èìî, ùî äëÿ íèçüêîîðáiòàëüíèõ ñó-
ïóòíèêiâ ðiçíèöÿ ìiæ ðîçðàõîâàíèì i ðåàëüíèì ÷àñîì
ïåðåáóâàííÿ ØÑÇ íà îðáiòi íå ïåðåâèùó¹ ∆r−c = ±1
äîáó, äëÿ ñóïóòíèêà ç âèñîêîåëiïòè÷íîþ îðáiòîþ âîíà
ñòàíîâèòü ∆r−c = +2 äîáè.
Îòæå, âðàõóâàííÿ ñâiòëîâîãî òèñêó äàëî çìîãó äå-

ùî ïiäâèùèòè òî÷íiñòü ðîçðàõóíêiâ, ïðîâåäåíèõ ðàíi-
øå â [9]. Çàóâàæèìî, ùî äëÿ îá'¹êòiâ iç ìàëîþ ìàñîþ
òà âåëèêîþ ïëîùåþ, ùî ðóõàþòüñÿ íà ñåðåäíiõ òà âè-
ñîêèõ (ãåîñòàöiîíàðíèõ) îðáiòàõ, âïëèâ ñâiòëîâîãî òè-
ñêó ¹ iñòîòíiøèì [6].

VI. ÂÈÑÍÎÂÊÈ

Ìè óòî÷íèëè ðîçðàõóíîê òðèâàëîñòi ïåðåáóâàííÿ
ØÑÇ íà îðáiòi, ïðîâåäåíèé ðàíiøå â ïðàöi [9], âðàõî-
âóþ÷è ñâiòëîâèé òèñê. Íàøå òåñòóâàííÿ ïiäòâåðäæó¹
îá ðóíòîâàíiñòü ðîçðîáëåíî¨ ìåòîäèêè: ðiçíèöÿ ìiæ
ðîçðàõîâàíèì i ðåàëüíèì ÷àñîì iñíóâàííÿ îðáiòàëü-
íîãî ðóõó ñóïóòíèêiâ íå ïåðåâèùó¹ ±2 äîáè, ùî äî-
ñòàòíüî äëÿ îòðèìàííÿ ïîäiáíèõ ïðîãíîçiâ.
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APPROXIMATE EVALUATION OF THE DURATION OF THE ORBITAL MOTION OF ARTIFICIAL
EARTH SATELLITES TAKING INTO ACCOUNT LIGHT PRESSURE

M. M. Koval'chuk1, Ye. B. Vovchyk1, O. A. Baran1, A. I. Bilinsky1, I. P. Laushnyk2, M. I. Stodilka1, M. B. Hirnyak1
1Astronomical Observatory, Ivan Franko National University of Lviv,

8, Kyrylo & Mefodiy St., Lviv, UA�79005, Ukraine,
e-mail: lesiaab@gmail.com,

2Lviv branch of Dnipro National University of Railway Transport,

12-A, I. Blazhkevych St., Lviv, UA�79000, Ukraine

A comprehensive research was conducted to establish the in�uence of solar pressure on the existence of
arti�cial Earth satellites in their orbit. Six low-orbit satellites and one satellite with a high-elliptical orbit
moving in orbit during 2001�2020 were selected for the study. We used the USSTRATCOM database of
the satellites' orbital elements (http://www.space-track.org/), additional data were taken from CalSky
(https://www.calsky.com) and TLEtools (https://tletools.readthedocs.io).

Taking into account light pressure, we re�ned the calculation of the duration of a satellite's orbital
motion, which we had performed earlier [M. M. Koval'chuk, Bull. Natl. Univ. Kyiv. Astron. 55, 39 (2017)],
and clari�ed the moment of its destruction. Using the proposed method allowed us to reduce the di�erence
between the calculated and the real lifetime of satellites: for low-orbit satellites, the di�erence between
the calculated and the real time of their existence in orbit does not exceed ±1 day, for a satellite with a
highly elliptical orbit it is +2 days. Such accuracy is su�cient to produce proper forecasts.

Thus, consideration of light pressure gives a small correction in the calculations in the case of low-
orbit satellites, but this correction can be signi�cant for low-mass and large-surface objects moving in
medium and high (geostationary) orbits [Ch. Lucking, C. Colombo, C. R. McInnes, Acta Astronaut. 77,
197 (2012)].

Key words: arti�cial Earth satellites, orbital motion, light pressure.
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