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Abstract

With each year, the space debris poses increasing threat to the functioning spacecraft, as well as people
and property on Earth. Dozens of large-size spacecraft enter annually the atmosphere and reach the Earth
surface, and there is always a risk herewith of inflicting damage to the people or property. Several collision
have occurred by now in the near-Earth space, which can be avoided in the future, if appropriate characteristics
of the systems, which ensure warning about such events, will be guaranteed.

The basic method of the threats parrying associated with the space debris is a warning about dangerous
situations, namely time and place of large objects re-entry, a possible collision of a spacecraft with space
debris or some other spacecraft. For realizing this method and solving corresponding problems, the refined
data on the spacecraft orbits parameters by measurements are being required. Accuracy improving of the
orbits parameters evaluation and their further prediction is necessary for safety ensuring of space activities
under conditions of a large number of spacecraft.

The article presents basic mathematical relationships of optimal measurement filtering method (OFI),
and shows that the OFI method application may significantly improve the results of the re-entry time
evaluation and the space objects collision probability compared to the conventionally employed least square
method. The results of the OFI application while predicting the time and place of the Tiangong-1 orbital
station re-entry are demonstrated using the available accessible data. A posteriori evaluation of the prediction
results accuracy showed that the OFI application allows sevenfold accuracy increasing of the estimates, without
increasing herewith the computational complexity.

One of the ways of new space debris forming mitigation consists in its active removal. Presently, the
works on the space debris active removal have been transferred from research to the ones being realized in
daily practice of space activities. In the years to come, a number of projects will be implemented to remove
spent upper stages, rocket bodies and spacecraft from orbits. The article presents the results of comparing
the areas of the space debris active removal obtained by the technique, which accounts for the OFI with a
concrete list of objects, obtained by a group of international experts. As is seen from the comparison, 48
out of 50 objects get into the calculated areas, which indicates a good correspondence of results obtained
earlier with estimates of international specialists group. In this regard, it can be considered that both the
ranges of orbits in altitudes and inclinations, and specific objects have been determined to prevent collisions
that could lead to a large formation of new objects in the near future.

The OFI method application in monitoring and warning systems for hazardous events related to the space
debris will increase efficiency of their functioning with the existing measuring instruments.

Keywords: measurement filtration, space debris, re-entry time, collision in space, active removal of space
debris
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Ââåäåíèå

Êîñìè÷åñêèé ìóñîð (ÊÌ) ñ êàæäûì ãîäîì
ïðåäñòàâëÿåò âñå áîëüøóþ óãðîçó ôóíêöèîíèðó-
þùèì êîñìè÷åñêèì àïïàðàòàì (ÊÀ), à òàêæå
ëþäÿì è èìóùåñòâó íà Çåìëå. Îñíîâíûì ìåòî-
äîì ïàðèðîâàíèÿ äàííûõ óãðîç ÿâëÿåòñÿ ïðåäóï-
ðåæäåíèå îá îïàñíûõ ñèòóàöèÿõ – âðåìåíè è
ìåñòå ïàäåíèÿ êðóïíîãàáàðèòíûõ îáúåêòîâ, âîç-
ìîæíîì ñòîëêíîâåíèè ÊÀ ñ ÊÌ èëè äðóãèì ÊÀ.
Äëÿ ðåàëèçàöèè ìåòîäà è ðåøåíèÿ ñîîòâåòñòâó-
þùèõ çàäà÷ íåîáõîäèìî èìåòü óòî÷íåííûå äàí-
íûå ïàðàìåòðîâ îðáèò êîñìè÷åñêèõ îáúåêòîâ ïî
èçìåðåíèÿì.

Ðàáîòû â äàííîé ïðåäìåòíîé îáëàñòè âåäóò-
ñÿ ñ íà÷àëà êîñìè÷åñêîé ýðû [1, 2]. Äëÿ ðåøåíèÿ
ïîñòàâëåííûõ çàäà÷ èñïîëüçóåòñÿ ìåòîä íàèìåíü-
øèõ êâàäðàòîâ (ÌÍÊ). Êàê âèäíî èç ñîâðåìåí-
íîé íàó÷íî-òåõíè÷åñêîé ëèòåðàòóðû [3—5], áà-
çîâûå îñíîâû ðåøåíèÿ çàäà÷è óòî÷íåíèÿ îðáèò
îñòàþòñÿ ïðåæíèìè. Ðàáîòû ïî äàííîé òåìàòè-
êå ïîêàçûâàþò, ÷òî òî÷íîñòè ðåøåíèÿ çàäà÷
îöåíêè ïàðàìåòðîâ îðáèò è ïîñëåäóþùåãî ïðî-
ãíîçèðîâàíèÿ ñóùåñòâåííî íå èçìåíÿþòñÿ óæå â
òå÷åíèå íåñêîëüêèõ äåñÿòêîâ ëåò [5, 6]. Äàííûé
ôàêò ñîñòîèò èç äâóõ àñïåêòîâ: òî÷íîñòè ñðåäñòâ
èçìåðåíèé è ìåòîäè÷åñêîãî àïïàðàòà èõ îáðàáîò-
êè. Â ÷àñòè âòîðîãî àñïåêòà ïîâûøåíèå òî÷íîñ-
òè íåâîçìîæíî âî ìíîãîì â ñâÿçè ñ òåì, ÷òî ïðè
èñïîëüçîâàíèè ÌÍÊ ñóùåñòâóþùèé óðîâåíü
ïîãðåøíîñòåé óòî÷íåíèÿ è ïðîãíîçèðîâàíèÿ
îðáèò îáóñëîâëåí íåïðåäñêàçóåìûìè âîçìóùåíè-
ÿìè íà èíòåðâàëå îáðàáîòêè èçìåðåíèé è ïðè
ïðîãíîçå, à òàêæå îòñóòñòâèåì âîçìîæíîñòè èõ
êîððåêòíîãî ó÷åòà. Íåñìîòðÿ íà ïîâûøåíèå íà-
äåæíîñòè ÊÀ, âñå ðàâíî âîçìîæíû îòêàçû [7], â
ðåçóëüòàòå êîòîðûõ ÊÀ ñòàíîâÿòñÿ ÊÌ. Ïîýòî-
ìó ðàçðàáîòêà ìåòîäîâ, ïîçâîëÿþùèõ ïîâûñèòü
òî÷íîñòü îöåíîê äëÿ ðåøåíèÿ çàäà÷ ïðåäóïðåæ-
äåíèÿ îá îïàñíûõ ñèòóàöèÿõ ñ ÊÌ, ÿâëÿåòñÿ àê-
òóàëüíîé íàó÷íî-òåõíè÷åñêîé çàäà÷åé.

Â îáùåì âèäå ïîñòàíîâêó çàäà÷è ìîæíî
ñôîðìóëèðîâàòü ñëåäóþùèì îáðàçîì. Äëÿ ñèñòå-
ìû, äâèæåíèå êîòîðîé ïðîèñõîäèò â ñîîòâåò-
ñòâèè ñ óðàâíåíèåì

( ) ( ) ( ),dx
A t x B t q t

dt
= ◊ + ◊               (1)

íà îñíîâå èçìåðåíèé

( ) ,, 1i i i iz h x t v i k= ◊ + = º               (2)

è àïðèîðíî èçâåñòíûõ ñòàòèñòè÷åñêèõ õàðàêòå-
ðèñòèê

( ) ( ) ( ) ( )00 0
0; , ;T

qM q t M q t q K tτ τÈ ˘È ˘ = ◊ =Î ˚ Î ˚

0 0
0; ;T

i i j ijM v M v v RÈ ˘È ˘ = ◊ =Î ˚ Î ˚             (3)

( )
0

0
T

iM v q tÈ ˘◊ =Î ˚
íóæíî îïðåäåëèòü îöåíêè âåêòîðà ñîñòîÿ-

íèÿ ( ),x t  îïòèìàëüíûå ïî òî÷íîñòè â ïðîèçâîëü-

íûé ìîìåíò âðåìåíè t ≥ tk.
Ñòàòèñòè÷åñêèå õàðàêòåðèñòèêè (3) äîñòàòî÷-

íî îáúåêòèâíî îòðàæàþò ðåàëüíûå îáñòîÿòåëü-
ñòâà. Ïðîáëåìà â òîì, ÷òî îáû÷íî îíè ìàëî èçó-
÷åíû, èõ îöåíêè ÿâëÿþòñÿ îðèåíòèðîâî÷íûìè.
Òåì íå ìåíåå, íåîáõîäèìî èìåòü ìåòîäèêó ïîëó-
÷åíèÿ îïòèìàëüíûõ ïî òî÷íîñòè îöåíîê, ó÷èòû-
âàþùèõ ýòè õàðàêòåðèñòèêè.

1. Îïòèìàëüíàÿ ôèëüòðàöèÿ èçìåðåíèé

Ðåøåíèå ïðåäñòàâëåííîé çàäà÷è [8, 9] îñíî-
âàíî íà ìåòîäå ìàêñèìàëüíîãî ïðàâäîïîäîáèÿ è
íàçâàíî îïòèìàëüíîé ôèëüòðàöèåé èçìåðåíèé

(ÎÔÈ). Íóæíî ìàêñèìèçèðîâàòü ïî ( )j jx x t=

ôóíêöèþ ïðàâäîïîäîáèÿ  [10, 11]

( ) ( )1 2, ,,,, k j k jL z z z x L Z x= .

Èç ðåøåíèÿ óðàâíåíèÿ äèíàìèêè (1) è ñîîò-
íîøåíèé äëÿ èçìåðåíèé (2) ñëåäóåò

( ) ( ) ( ) ( ), , ;
i

j

t

i i j j i
t

x U t t x U t B q dξ ξ ξ ξ= ◊ + ◊ ◊ ◊Ú     (4)

( ) ( ) ( ) ( )ˆ, , .
i

j

t

i i i j j i i i
t

z hU t t x h U t B q d vξ ξ ξ ξ= + +Ú   (5)

Ïðè ýòîì ìàòðèöà ( )0,U t t  óäîâëåòâîðÿåò èñ-

õîäíîìó îäíîðîäíîìó óðàâíåíèþ
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( ) ( ) ( )0
0

,
, .

dU t t
A t U t t

dt
= ◊

Íà îñíîâå âûðàæåíèÿ (5) è àïðèîðíûõ ñòà-
òèñòè÷åñêèõ õàðàêòåðèñòèêàõ ïîìåõ (3) ìîæíî
ïîñòðîèòü ôóíêöèþ ïðàâäîïîäîáèÿ.

Ââåäÿ îáîçíà÷åíèÿ:
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çàïèøåì óðàâíåíèÿ äëÿ óñëîâíûõ ìàòåìàòè÷åñ-
êîãî îæèäàíèÿ è êîâàðèàöèîííîé ìàòðèöû âåê-
òîðà èçìåðåíèé Zk:

( )
( )

( )

1 1

1 1

,

. . . .
;

. . . .

,

j

k j j j j j j

j

h U t t

M Z x x HU x X x

h U t t
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( ) ( ){
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cov

;
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T
T

k k j wj

Z x M Z M Z x

Z M Z x HK H RΣ

È ˘= - ¥Í ˙Î ˚

¸È ˘¥ - = +˝Í ˙Î ˚ ˛

    (8)

( ) ( )
( ) ( )1

1
exp

2

.

T

k j k k j

T
wj k k j

L Z x C Z M Z x

HK H R Z M Z xΣ

-

Ï È ˘= - - ¥Ì Í ˙Î ˚Ó
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 (9)

Ìàêñèìóì ôóíêöèè ïðàâäîïîäîáèÿ (9) îáåñ-
ïå÷èâàåò îöåíêà

( ) 1
ˆ ,T T

j j j j j j kx X P X X P Z
-

= ◊ ◊ ◊ ◊ ◊           (10)

ãäå îáîçíà÷åíî

( ) 1
.T

j wjP H K H RΣ

-
= ◊ ◊ +              (11)

Ðåøåíèå (10) íå îòëè÷àåòñÿ îò òðàäèöèîííîé
îöåíêè «âçâåøåííîãî» ÌÍÊ ïî ôîðìå. Ðàçëè÷èå
çàêëþ÷àåòñÿ â ôîðìèðîâàíèè ìàòðèöû (11), êî-
òîðàÿ ó÷èòûâàåò âëèÿíèå íå òîëüêî ïîãðåøíîñ-
òåé èçìåðåíèé (ìàòðèöà RΣ ), íî è øóìîâ ñèñòå-
ìû (ìàòðèöà wjK ). Â ÷àñòíîì ñëó÷àå ïðè îòñóò-
ñòâèè øóìà q(t), ò.å. ïðè ( ), 0,qK t τ =  ñëàãàåìîå

T
wjH K H◊ ◊ èñ÷åçàåò è ðåøåíèå (10) ñîâïàäàåò ñ

òðàäèöèîííûì ðåøåíèåì ÌÍÊ.
Âàæíî îòìåòèòü, ÷òî îöåíêà (10), îñíîâàííàÿ

íà îïòèìàëüíîé ôèëüòðàöèè èçìåðåíèé, ïîëó÷å-
íà áåç ðàñøèðåíèÿ âåêòîðà ñîñòîÿíèÿ.

2. Ñðàâíèòåëüíûé àíàëèç ïîãðåøíîñòåé

Ðàññìîòðèì òðè ïîäõîäà ê îöåíêå âåêòîðà
ñîñòîÿíèÿ, îòëè÷àþùèåñÿ ñïîñîáîì ó÷åòà ìåøà-
þùèõ ïàðàìåòðîâ:

I. Áåç ó÷åòà ìåøàþùèõ ïàðàìåòðîâ. Âåêòîð
ñîñòîÿíèÿ âëèÿíèÿ ìåøàþùèõ ïàðàìåòðîâ â
ïðîöåññå îöåíêè íå ó÷èòûâàåòñÿ. Â ýòîì ñëó÷àå
äëÿ îöåíêè ïðèìåíÿåòñÿ ÌÍÊ.

II. Ïàðàìåòðèçàöèÿ. Â ñîñòàâ ðàñøèðåííîãî
âåêòîðà ñîñòîÿíèÿ ââîäèòñÿ âåêòîð ìåøàþùèõ
ïàðàìåòðîâ è çàòåì ïðèìåíÿåòñÿ ÌÍÊ.

III. Áåç ïàðàìåòðèçàöèè (îïòèìàëüíàÿ ôèëüò-
ðàöèÿ èçìåðåíèé). Àïðèîðíàÿ êîððåëÿöèîííàÿ
ìàòðèöà ìåøàþùèõ ïàðàìåòðîâ èñïîëüçóåòñÿ äëÿ
«âçâåøèâàíèÿ» èçìåðåíèé áåç ðàñøèðåíèÿ âåê-
òîðà ñîñòîÿíèÿ. Âëèÿíèå ìåøàþùèõ ïàðàìåòðîâ
ó÷èòûâàåòñÿ ïóòåì èõ îáúåäèíåíèÿ ñ îøèáêàìè
èçìåðåíèé, è çàòåì ïðèìåíÿåòñÿ ÎÔÈ.

Âûïîëíåíî ñðàâíåíèå òî÷íîñòè ýòèõ îöåíîê.
Äåòàëüíîå îïèñàíèå ýòîãî àíàëèçà îïóáëèêîâà-
íî [11]. Â ðåçóëüòàòå óñòàíîâëåíû ñðàâíèòåëüíûå
ñîîòíîøåíèÿ ìåæäó ïîãðåøíîñòÿìè îöåíîê âåê-
òîðà ñîñòîÿíèÿ ïðè èñïîëüçîâàíèè ðàññìîòðåí-
íûõ ìåòîäîâ (ïîäõîäîâ). Ðåçóëüòàòû àíàëèçà
ïðåäñòàâëåíû íà ðèñ. 1.

Èç ãðàôèêà âèäíî, ÷òî ïðè ëþáîì óðîâíå
âîçìóùåíèé ìåòîä ÎÔÈ îáåñïå÷èâàåò íàèëó÷øóþ
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òî÷íîñòü. Öåëåñîîáðàçíîñòü ïðèìåíåíèÿ ÌÍÊ
áåç ðàñøèðåíèÿ èëè ñ ðàñøèðåíèåì âåêòîðà ñî-
ñòîÿíèÿ çàâèñèò îò óðîâíÿ âîçìóùåíèé. Ñóùå-
ñòâóåò óðîâåíü ìàëûõ âîçìóùåíèé, ïðè êîòîðîì
áîëåå âûãîäíî ïðèìåíÿòü ÌÍÊ áåç ðàñøèðåíèÿ
âåêòîðà ñîñòîÿíèÿ. Îäíàêî è â ýòîì ñëó÷àå ïî-
ãðåøíîñòè áîëüøå, ÷åì ïðè èñïîëüçîâàíèè ÎÔÈ
(íåïàðàìåòðè÷åñêîãî ïîäõîäà).

Ïðèìåíåíèå ÎÔÈ ÿâëÿåòñÿ ïåðñïåêòèâíûì
íàïðàâëåíèåì ïîâûøåíèÿ òî÷íîñòè îïðåäåëåíèÿ
è ïðîãíîçèðîâàíèÿ îðáèò. Ïðè ýòîì íåîáõîäè-
ìî ó÷èòûâàòü ñòàòèñòè÷åñêèå õàðàêòåðèñòèêè
ñëó÷àéíûõ âîçìóùåíèé.

3. Ïðèìåíåíèå îïòèìàëüíîé ôèëüòðàöèè
èçìåðåíèé

Ðàññìîòðèì îïðåäåëåíèå âðåìåíè ïàäåíèÿ
ñòàíöèè Tiangong-1 íà îñíîâå èçâåñòíûõ TLE
[12], êîòîðûå ïðåäñòàâëåíû â òàáë. 1. Îðáèòàëü-
íàÿ ñòàíöèÿ âûáðàíà ïîòîìó, ÷òî èìååò áîëüøèå
ðàçìåðû è õîðîøî íàáëþäàëàñü.

Ïîñëåäíèå TLE îòíîñÿòñÿ ê ìîìåíòó âðåìå-
íè 18091.67159262, êîòîðûé ñîîòâåòñòâóåò ìèðî-
âîìó âðåìåíè (UTC) 16h 7m 5.6s, àïðåëü 1, 2018.

Ïðèíöèïèàëüíàÿ ðàçíèöà ïðèìåíåíèÿ ìåòî-
äèêè ÎÔÈ îò ÌÍÊ ñîñòîèò â ìèíèìèçàöèè ïî-
ãðåøíîñòåé â ïîñëåäíåé òî÷êå ìåðíîãî èíòåðâà-
ëà, òàê êàê â íåé èçìåðåíèÿì ïðèñâàèâàåòñÿ íàè-
áîëüøèé âåñ. Â ÌÍÊ âñå âåñà ÿâëÿþòñÿ îäèíà-
êîâûìè, ïîýòîìó îñòàòî÷íûå íåâÿçêè íà âñåì èí-
òåðâàëå èìåþò îäèíàêîâûé ïîðÿäîê. Ýòîò ðåçóëü-
òàò äåìîíñòðèðóþò äàííûå ðèñ. 2, ïîëó÷åííûå
äëÿ âàðèàíòà nz = 12 ñ èñïîëüçîâàíèåì ãîñòèðî-

âàííûõ ìîäåëåé [13, 14] è äàííûõ î êîñìè÷åñêîé
ïîãîäå [15]. Ïðè èñïîëüçîâàíèè ÎÔÈ íåâÿçêà â
ïîñëåäíåé òî÷êå ðàâíà -1.3 êì, à ïðè èñïîëüçî-
âàíèè ÌÍÊ îíà ðàâíà delt = 10.3 êì, ò.å. îêàçà-
ëàñü â âîñåìü ðàç áîëüøå.

Ïðè èñïîëüçîâàíèè ÌÍÊ ìèíèìèçàöèÿ ïî-
ãðåøíîñòåé äîñòèãàåòñÿ äëÿ âàðèàíòîâ nz = 6 è
7, ò.å. íà ìåðíîì èíòåðâàëå 0.45–0.60 äíåé. Ýòèì
âàðèàíòàì ñîîòâåòñòâóåò ðàñ÷åòíîå âðåìÿ ïàäå-
íèÿ ≈ 1h 4m April 2, 2018 (UTC). Ïðè èñïîëüçî-
âàíèè ÎÔÈ íàèáîëåå äîñòîâåðíîå âðåìÿ ïàäå-
íèÿ ïîëó÷åíî ïðè nz > 10 (ìåðíûé èíòåðâàë 1.5—
2.0 ñóòîê), êîãäà ñòàáèëèçèðóþòñÿ îöåíêè áàëëè-
ñòè÷åñêîãî êîýôôèöèåíòà. Â ýòèõ óñëîâèÿõ ðàñ-
÷åòíîå âðåìÿ ïàäåíèÿ íàõîäèòñÿ â èíòåðâàëå îò
0h 10m äî 0h 20m April 2, 2018 (UTC). Òàêèì îá-
ðàçîì, ðàñ÷åòíîå âðåìÿ ïàäåíèÿ, ðàññ÷èòàííîå ñ
èñïîëüçîâàíèåì ÌÍÊ, îêàçàëîñü íà 50 ìèí áîëü-
øå ðåçóëüòàòà ïðèìåíåíèÿ ÎÔÈ. Íèæå, â òàáë. 2,
ïðèâåäåíû ñîîòâåòñòâóþùèå äàííûå NORAD
(TIP_msg [12]).

Ïåðâàÿ ñòðîêà ñîäåðæèò äàííûå, êîòîðûå
áûëè ïîëó÷åíû ïîñëå ïàäåíèÿ ñïóòíèêà (â 00h

16m April 2). Ýòà îöåíêà ïîëó÷åíà íà îñíîâå êà-
êèõ-òî äîïîëíèòåëüíûõ èçìåðåíèé è ïîýòîìó
ÿâëÿåòñÿ íàèáîëåå äîñòîâåðíîé. Îáúÿâëåííàÿ
âîçìîæíàÿ ïîãðåøíîñòü ýòîé îöåíêè (WINDOW)
ñîñòàâëÿåò ±1 ìèí.

Âòîðàÿ ñòðîêà ñîäåðæèò ïîñëåäíèå ïðîãíîç-
íûå äàííûå (00h 49m). Ýòà îöåíêà ïîëó÷åíà ïðè
èíòåðâàëå ïðîãíîçà 115 ìèí. Îáúÿâëåííàÿ âîç-
ìîæíàÿ ïîãðåøíîñòü ýòîé îöåíêè (WINDOW)
ñîñòàâëÿåò ±120 ìèíóò. Åñëè ïðèíÿòü äàííûå

Ðèñ. 1. Çàâèñèìîñòü ïîãðåøíîñòåé îò ïðèìåíÿåìîãî ïîäõîäà è îòíîøåíèÿ ñèãíàë/øóì
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Òàáëèöà 1

Äàííûå TLE ïî îðáèòàëüíîé ñòàíöèè Tiangong-1

1 37820U 11053A   18089.53824177  .01279251  90211-5  18974-3 0  9990 
2 37820  42.7462 210.3658 0008800 350.6458   9.3549 16.333283483736 
1 37820U 11053A   18089.78274107  .01688968  90482-5  22274-3 0  9996 
2 37820  42.7442 208.7439 0010245 344.1390  16.0283 16.34387332373670 
1 37820U 11053A   18090.02708507  .01509296  90500-5  18660-3 0  9992 
2 37820  42.7333 207.1177 0007721 347.1312  12.9506 16.35079993373713 
1 37820U 11053A   18090.33239452  .01916269  90927-5  20181-3 0  9990 
2 37820  42.7393 205.0894 0009533 347.0885  13.3488 16.36467249373764 
1 37820U 11053A   18090.51537539  .01668436  91060-5  15733-3 0  9993 
2 37820  42.7431 203.8811 0017646 337.7501  22.2668 16.36978516373793 
1 37820U 11053A   18090.63734353  .01995214  91302-5  18234-3 0  9994 
2 37820  42.7537 203.0502 0007804 350.3894   9.7592 16.37770827373815 
1 37820U 11053A   18090.75926316  .01965660  91360-5  17017-3 0  9993 
2 37820  42.7468 202.2368 0007442 358.3143   1.7378 16.38245761373833 
1 37820U 11053A   18091.00304286  .02715064  91996-5  19001-3 0  9990 
2 37820  42.7428 200.6065 0007470 347.8126  12.9725 16.40004788373879 
1 37820U 11053A   18091.26319444 +.00000000 +00000+0 +00000+0 0 00005 
2 37820 042.7381 198.8688 0006825 342.5456 117.1703 16.41847018000005 
1 37820U 11053A   18091.32569444 +.00000000 +00000+0 +00000+0 0 00009 
2 37820 042.7351 198.4333 0004504 326.4830 143.2696 16.42540556000003 
1 37820U 11053A   18091.42889259  .04822198  92967-5  19530-3 0  9999 
2 37820  42.7386 197.7481 0006718 339.4173  21.5137 16.43573928373944 
1 37820U 11053A   18091.48949878  .04973923  93030-5  17615-3 0  9996 
2 37820  42.7393 197.3406 0006205 338.9313  21.1427 16.44201833373959 
1 37820U 11053A   18091.48949878  .04973923  93030-5  17615-3 0  9996 
2 37820  42.7393 197.3406 0006205 338.9313  21.1427 16.44201833373959 
1 37820U 11053A   18091.61093320  .05753306  93421-5  14327-3 0  9996 
2 37820  42.7382 196.5219 0007050 335.9816  24.1336 16.45676491373975 
1 37820U 11053A   18091.67159262  .04847022  93097-5  11856-3 0  9991 
2 37820  42.7368 196.1112 0003886 340.8150  19.2351 16.46105415373983 

Ðèñ. 2. Îñòàòî÷íûå íåâÿçêè íà ìåðíîì èíòåðâàëå ïðè nz = 12
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ïåðâîé ñòðîêè ýòàëîííûìè, òî îòíîñèòåëüíàÿ
ïîãðåøíîñòü ýòîãî ïðîãíîçà áóäåò ðàâíà
ε =error/lifetime=0.28=28%.

Âñå îïóáëèêîâàííûå ïðîãíîçíûå îöåíêè âðå-
ìåíè ïàäåíèÿ [16—18] íàõîäÿòñÿ â èíòåðâàëå îò
00h 30m äî 00h 54m. Îíè ïîëó÷åíû íà îñíîâå ïðè-
ìåíåíèÿ ÌÍÊ è íà 14—38 ìèíóò ïðåâûøàþò
àïîñòåðèîðíóþ îöåíêó 00h 16m. Ýòîò ôàêò ñîãëà-
ñóåòñÿ ñ äàííûìè òàáëèöû è ñ âûâîäîì, ÷òî
îöåíêè ÌÍÊ ñóùåñòâåííî ïðåâûøàþò áîëåå
äîñòîâåðíûå ðåçóëüòàòû.

Âûøå óïîìèíàëîñü, ÷òî äàííûå NORAD íå
ñîäåðæàò ñâåäåíèé î âûñîòå ñïóòíèêà â ìîìåíò
âðåìåíè 00h 16m. Äëÿ îòâåòà íà ýòîò âîïðîñ ïî-
ëåçíî èñïîëüçîâàòü ôîòî ïàäåíèÿ ñïóòíèêà, ñäå-
ëàííîå íà îñòðîâå Tahiti (Ôðàíöóçñêàÿ Ïîëèíå-
çèÿ) è îïóáëèêîâàííîå 2 àïðåëÿ â èíòåðíåòå,
ðèñ. 3. Çäåñü ïðåäñòàâëåí ôðàãìåíò êàðòû Òèõîãî
îêåàíà ñ îñòðîâîì Tahiti è àïîñòåðèîðíîé îöåí-
êîé òî÷êè ïàäåíèÿ. Èç ýòèõ äàííûõ ñëåäóåò, ÷òî
â ìîìåíò âðåìåíè 00h 16m âûñîòà ÊÀ áûëà äîñ-
òàòî÷íî áîëüøîé è ñíèæåíèå ÊÀ ïðîäîëæàëîñü
åùå íåñêîëüêî ìèíóò.

Äëÿ îöåíêè âûñîòû ÊÀ â ìîìåíò âðåìåíè 00h

16m ïîëåçíî ðàññìîòðåòü ðåçóëüòàòû îïðåäåëåíèÿ

è ïðîãíîçà ïàðàìåòðîâ îðáèòû ñ èñïîëüçîâàíè-
åì ìåòîäà ÎÔÈ. Ïðè îïòèìàëüíûõ ïàðàìåòðàõ
àëãîðèòìà ïðîãíîçíàÿ îöåíêà âûñîòû ÊÀ â ýòîò
ìîìåíò âðåìåíè ñîñòàâëÿëà 80–95 êì. Àýðîäèíà-
ìè÷åñêîå òîðìîæåíèå è íàãðåâ ýëåìåíòîâ êîí-
ñòðóêöèè ÊÀ ïðèâîäèò â ýòèõ óñëîâèÿõ ê åãî
ðàçðóøåíèþ, êîòîðîå âèäíî íà ôîòî. Ïðîãíîç-
íûå îöåíêè âðåìåíè, êîãäà ÊÀ áûë â îáúÿâëåí-

íîé òî÷êå ïàäåíèÿ (øèðîòà -13.6 è äîëãîòà 195°),
íàõîäÿòñÿ â èíòåðâàëå îò 00h 10m äî 00h 11m. Èç
ýòèõ îöåíîê ñëåäóåò, ÷òî îøèáêà ïðîãíîçà ñîñòà-
âèëà 5–6 ìèí. Ïðè èñïîëüçîâàíèè íà÷àëüíûõ
óñëîâèé íà ìîìåíò âðåìåíè 16h 7m 1 àïðåëÿ 2018
ýòîìó ðåçóëüòàòó ïðîãíîçà ñîîòâåòñòâóåò îòíîñè-
òåëüíàÿ ïîãðåøíîñòü ε ≈ 1 %.

Òàêèì îáðàçîì, ïðèìåíåíèå îïòèìàëüíîé ôèëü-
òðàöèè èçìåðåíèé ïîçâîëèëî â äàííîì ñëó÷àå
óìåíüøèòü ïîãðåøíîñòè ïðîãíîçà ïî ñðàâíåíèþ ñ
ïðèìåíåíèåì ÌÍÊ â íåñêîëüêî ðàç.

Àíàëîãè÷íî ïðèìåíåíèå îïòèìàëüíîé ôèëü-
òðàöèè ïîçâîëÿåò ñóùåñòâåííî óìåíüøèòü îöåí-
êè îáëàñòè íåîïðåäåëåííîñòè ïîëîæåíèÿ ÊÎ è
óòî÷íèòü îöåíêè âåðîÿòíîñòè èõ ñòîëêíîâåíèÿ,
ïîëó÷àåìûå ÷åðåç îöåíêó îáúåìà îáëàñòè ïåðå-
ñå÷åíèÿ íåîïðåäåëåííîñòåé èõ ïîëîæåíèÿ.

Òàáëèöà 2

Äàííûå ñîîáùåíèÿ î ïðåêðàùåíèè ñóùåñòâîâàíèÿ ñòàíöèè Tiangong 2

MSG_ 

EPOCH 

INSERT_ 

EPOCH 

DECAY 

EPOCH 

WINDOW LAT LON 

2018-04-02 00:59:00 2018-04-02 01:07:44 2018-04-02 00:16:00 1 -13.6 195.7 

2018-04-01 22:53:00 2018-04-01 23:03:28 2018-04-02 00:49:00 120 -8.9 341.9 

2018-04-01 18:18:00 2018-04-01 18:35:42 2018-04-02 00:48:00 120 -9.9 341 

2018-04-01 12:18:00 2018-04-01 12:25:23 2018-04-02 00:47:00 180 -13.6 337.1 

... ... ... ... ... ... 

Ðèñ. 3. Äàííûå î ïàäåíèè: ôîòî ïàäåíèÿ (à) è ïîëîæåíèå îñòðîâà Òàèòè (á) [16]

à) á)
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4. Îïðåäåëåíèå îáëàñòåé
äëÿ àêòèâíîãî óäàëåíèÿ êîñìè÷åñêîãî ìóñîðà

Â 2015 ãîäó â ðàìêàõ äèññåðòàöèîííîãî èññëå-
äîâàíèÿ [19] áûëà ðàçðàáîòàíà ìåòîäèêà îöåíêè
äîëãîâðåìåííîé ýâîëþöèè òåõíîãåííîãî çàñîðå-
íèÿ íèçêèõ îêîëîçåìíûõ îðáèò ïðè ðåàëèçàöèè
àêòèâíîãî óäàëåíèÿ êîñìè÷åñêîãî ìóñîðà. Â ðàì-
êàõ èññëåäîâàíèÿ â òîì ÷èñëå ïðèìåíÿëèñü ìå-
òîäû îöåíêè ñòîëêíîâåíèé è ÎÔÈ. Ðåçóëüòàòû
ïðèìåíåíèÿ ìåòîäèêè ïîçâîëèëè îïðåäåëèòü
îáëàñòè íèçêèõ îêîëîçåìíûõ îðáèò ïî âûñîòàì
è íàêëîíåíèÿì, ïåðâîî÷åðåäíûå äëÿ ïðîâåäåíèÿ
îïåðàöèé àêòèâíîãî óäàëåíèÿ [19]. Â 2020 ãîäó
âûøëà ðàáîòà ýêñïåðòîâ èç 11 ñòðàí, â êîòîðîé
îïðåäåëÿåòñÿ ñïèñîê èç 50 íàèáîëåå îïàñíûõ
îáúåêòîâ, êîòîðûå ìîãóò ñòîëêíóòüñÿ â êîñìîñå
ñ äðóãèìè è îáðàçîâàòü áîëüøîå êîëè÷åñòâî êîñ-
ìè÷åñêîãî ìóñîðà [20].

Ñðàâíåíèå ðåçóëüòàòîâ, ïîëó÷åííûõ â äèññåð-
òàöèîííîì èññëåäîâàíèè È.Â. Óñîâèêà, è ðåçóëü-
òàòîâ îöåíêè ýêñïåðòîâ èç 11 ñòðàí ïðåäñòàâëå-
íî íà ðèñ. 4. Âèäíî, ÷òî èç 50 îáúåêòîâ òîëüêî
äâà íå ïîïàäàþò â îáëàñòè äëÿ àêòèâíîãî óäàëå-
íèÿ êîñìè÷åñêîãî ìóñîðà, êîòîðûå áûëè îáîñíî-
âàíû â [19], ÷òî ãîâîðèò î ìåæäóíàðîäíîì ýêñ-
ïåðòíîì ïðèçíàíèè ïîëó÷åííûõ íàó÷íûõ ðåçóëü-
òàòîâ.

Ðàáîòû ïî àêòèâíîìó óäàëåíèþ êîñìè÷åñêîãî
ìóñîðà ïåðåøëè îò èññëåäîâàòåëüñêèõ ê ðåàëè-
çóåìûì â ïîâñåäíåâíîé ïðàêòèêå êîñìè÷åñêîé
äåÿòåëüíîñòè. Â áëèæàéøèå ãîäû áóäåò ðåàëèçî-
âàí öåëûé ðÿä ïðîåêòîâ ïî óâîäó ñ îðáèòû îòðà-
áîòàâøèõ ðàçãîííûõ áëîêîâ, ñòóïåíåé è êîñ-
ìè÷åñêèõ àïïàðàòîâ.

Âûâîäû

Íà ïðèìåðå îïðåäåëåíèÿ âðåìåíè ïàäåíèÿ ÊÀ
Tiangong-1 ïîêàçàíî, ÷òî îöåíêè âðåìåíè ïàäå-
íèÿ ñ èñïîëüçîâàíèåì ÌÍÊ èìåþò ñóùåñòâåí-
íî áîë́üøèå ïîãðåøíîñòè, ÷åì ñîîòâåòñòâóþùèå
îöåíêè íà îñíîâå ÎÔÈ.

Ïðèìåíåíèå ìåòîäèêè ÎÔÈ îáåñïå÷èâàåò
ñíèæåíèå ïîãðåøíîñòåé â íåñêîëüêî ðàç. Îíî
ÿâëÿåòñÿ àêòóàëüíûì è ïåðñïåêòèâíûì íàïðàâ-
ëåíèåì ñîâåðøåíñòâîâàíèÿ áàëëèñòè÷åñêîãî
îáåñïå÷åíèÿ áåçîïàñíîñòè ïîëåòîâ â óñëîâèÿõ
òåõíîãåííîãî çàñîðåíèÿ ÎÊÏ.

Ïîêàçàíî, ÷òî îïðåäåë¸ííûå ðàíåå ñ èñïîëü-
çîâàíèåì ðàçðàáîòàííîé ìåòîäèêè îáëàñòè äëÿ
àêòèâíîãî óäàëåíèÿ ÊÌ ïîäòâåðæäàþòñÿ ñðàâíå-
íèåì ñ âûáðàííûìè îáúåêòàìè äëÿ óäàëåíèÿ ïî
ðåçóëüòàòàì èññëåäîâàíèé ìåæäóíàðîäíîé ãðóï-
ïû ó÷¸íûõ.

Ïîëó÷åííûå ðåçóëüòàòû èññëåäîâàíèé èìåþò
ýêñïåðòíóþ è ïðàêòè÷åñêóþ àïðîáàöèþ.
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