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Ñîäåðæàíèå
◦ Ââåäåíèå

◦ Ïîñòàíîâêà çàäà÷è

◦ Óðàâíåíèÿ äâèæåíèÿ

◦ Ñèíòåç óïðàâëåíèÿ
◦ Óïðàâëåíèå îòíîñèòåëüíûì äâèæåíèåì

◦ Óïðàâëåíèå óãëîâûì äâèæåíèåì

◦ Îïðåäåëåíèå çàñâåòêè

◦ ×èñëåííûé ïðèìåð
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Ââåäåíèå

◦ ðåàêòèâíàÿ òÿãà

◦ àòìîñôåðà

◦ äàâëåíèå ñîëíå÷íîãî èçëó÷åíèÿ

19 íîÿáðÿ 2018 ã. 3 / 15



Ïîñòàíîâêà çàäà÷è

Çàäà÷à: ïðèâåäåíèå ôîðìàöèè èç äâóõ êîñìè÷åñêèõ

àïïàðàòîâ íà çàäàííóþ îòíîñèòåëüíóþ îðáèòó è ïîääåðæàíèå

èõ íà íåé.

Óïðàâëåíèå: ñîëíå÷íûå ïàðóñà ñ èçìåíÿåìîé îòðàæàòåëüíîé

ñïîñîáíîñòüþ.

Ïðåäïîëîæåíèÿ: íà÷àëüíàÿ îðáèòà âåäóùåãî àïïàðàòà

êðóãîâàÿ. Ñïóòíèêè äâèãàþòñÿ ïîä äåéñòâèåì äàâëåíèÿ

ñîëíå÷íîãî èçëó÷åíèÿ è âîçìóùåíèÿ îò ãàðìîíèêè J2.
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Óðàâíåíèÿ äâèæåíèÿ (1)
Îðáèòàëüíîå äâèæåíèå

r̈ = −µE
r

r3
+ g

g = fJ2 + fs, fs = −
Φ0S

c
(rs,n)((1− f)rs + 2f(rs,n)n), f =

∫
αdS

S

Óãëîâîå äâèæåíèå

Jω̇ + ω × Jω = Mcontrol + Mg

Mcontrol =

∫
r× dFs, Mg = 3

µE

r5
r× Jr

Îòíîñèòåëüíîå äâèæåíèå

Óðàâíåíèÿ Õèëëà-Êëîýññè-Óèëòøèðà

âîçìóùåííûå íåâîçìóùåííûå
ẍ+ 2ωż = 0,

ÿ + ω2y = 0,

z̈ − 2ωż − 3ω2y = 0

⇒


ẍ+ 2ωż = ux + gx,

ÿ + ω2y = uy + gy ,

z̈ − 2ωż − 3ω2y = uz + gz

ρ =
(
x y z

)T
, ρ = r2 − r1, u =

Fs,2 − Fs,1

m
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Óðàâíåíèÿ äâèæåíèÿ (2)

x = −3C1ωt+ 2C2 cosωt− 2C3 sinωt+ C4,

y = C5 cosωt+ C6 sinωt,

z = 2C1 + C2 sinωt+ C3 cosωt

Ḃ1 =
1

ω
(ux + gx) B1 � äðåéô

Ḃ3 = −3B1ω −
2

ω
(uz + gz) B3 � ñìåùåíèå öåíòðà â Oxz

Ḃ2 =
1

ω
((ux + gx) cosψ1 − 2(ux + gx) sinψ1) B2 � ïîëóîñü

ψ̇1 = ω −
1

B2ω
((uz + gz) sinψ1 + 2(ux + gx) cosψ1) ψ1, ψ2 � ôàçû

Ḃ4 =
1

ω
(uy + gy) cosψ2 B4 � ñìåùåíèå âäîëü y

ψ̇2 = ω −
1

ωB4
(uy + gy) sinψ2

Öåëü: B1 = 0, B3 = 0, B2 = B0, B4 = 0 � îòíîñèòåëüíîé îðáèòîé ÿâëÿåòñÿ ýëëèïñ ñ

ïîëóîñÿìè, ðàâíûìè B0 è 2B0.
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Ñèíòåç óïðàâëåíèÿ
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Óïðàâëåíèå îòíîñèòåëüíûì äâèæåíèåì

1. Ñòàáèëèçàöèÿ îòíîñèòåëüíîé îðáèòû

a. öåíòð

V =
1

2
B2

1 +
1

2
B2

3 ,

V̇ =
1

ω
B1ux +B3(−3B1ω −

2

ω
uz)

⇒

ux = −k1B1, k1 > 0,

uz =
1

2
(−3B1ω

2 + k2ωB2), k2 > 0

b. ðàçìåð

V =
1

2
B2

1 +
1

2
B2

3 +
1

2
(B2 −B0)2 ⇒

{
ux = −k3(B1 − 2(B2 −B0) sinψ1), k3 > 0,

uz = −k4(−2B3 + (B2 −B0) cosψ1), k4 > 0

V̇ =
1

ω
(B1 − 2(B2 −B0) sinψ1)ux +

1

ω
(−2B3 + (B2 −B0) cosψ1)uz − 3B1B3ω

Óñëîâèå óñòîé÷èâîñòè: umax > |3B1B3ω
2|

2. Óïðàâëåíèå äâèæåíèåì âíå ïëîñêîñòè

V =
1

2
B2

4 ⇒ uy = −kyB4 cosψ2, ky > 0
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Ðåàëèçàöèÿ óïðàâëåíèÿ

θi ìàëû:


uxs = 2Af2θ2 cosϕ2 − 2Af1θ1 cosϕ1

uys = 2Af2θ2 sinϕ2 − 2Af1θ1 sinϕ1

uzs = Af2 −Af1

(f1 − 0.5)2 + (f2 − 0.5)2 → min ⇔


f1 = 0.5−

uzs
2A

f2 = 0.5 +
uzs
2A

, 2fmin − 1 6
uzs
A

6 2fmax − 1

L = u2xs + u2ys → max ⇔
[
ϕ1 = ϕ2, θ1θ2 < 0,

ϕ1 = ϕ2 + π, θ1θ2 > 0

L = θ21 + θ22 → min ⇔


θ1 = −

√
u2xs + u2ys

2A

f1

f21 + f22
,

θ2 =

√
u2xs + u2ys

2A

f2

f21 + f22
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Óïðàâëåíèå îðèåíòàöèåé
Óïðàâëÿþùèé ìîìåíò

V =
1

2
(Jξω

2
rel,1 + Jηω

2
rel,2) + ka

(
1−

((
0 0 1

)T
,Bn

))
ωrel = ω − ωref, ωref = n× ṅ

V̇ = ωTrel
(
Jω̇rel + kaBn×

(
0 0 1

))
Mcontrol =

(
−kωωrel −Mext + ω × Jω − Jω ×Bωref + JBω̇rel − kaBn×

(
0 0 1

)T)
ξ,η

Çàñâåòêà ñîëíå÷íîãî ïàðóñà

f =
N

n2
, Mcontrol =

∫
S
r× dFs

Mcontrol =
1

2

( a
n

)3
cos2 θ

 P
Q

−n tan θ sinαQ− tan θ cosαP


P = 2I − (n+ 1)N, I =

∑
(i,j):αi,j=1

i

Q = 2J − (n+ 1)N, J =
∑

(i,j):αi,j=1

j
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Âûáîð çàñâåòêè ñîëíå÷íîãî ïàðóñà

f =
S

a2
, r =

(
ξ η 0

)T
Mξ = ξFζ , Mη = −ηFζ , Fζ = −Φ0Sdom

c
cos2 θ
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×èñëåííûé ïðèìåð (1)
Ðàäèóñ îðáèòû: Rorb = 9000 êì

Íà÷àëüíàÿ îòíîñèòåëüíàÿ îðáèòà:
rrel =

(
10 10 5

)
ì

vrel =
(
0.05 0.1 0.1

)
ì/ñ

Ìàññà àïïàðàòà: m = 10 êã

Ïàðóñ: êâàäðàò, 5 ì

Òåíçîð èíåðöèè: J = diag
(
2.1 2.1 3.8

)
êã·ì2

Íà÷àëüíàÿ óãëîâàÿ ñêîðîñòü:

ω1 =
(
0.002 0.003 0.001

)
ðàä/ñ

ω1 =
(
0.001 0.003 0.002

)
ðàä/ñ

Ïàðàìåòðû óïðàâëåíèÿ:

k1 = k3 = k4 = 20, k2 = 10
−6

ñ
−1

kω = 0.02 Í · ì · ñ, ka = 10
−4

Í · ì

Ìàêñèìàëüíîå óïðàâëåíèå: umax = 10−6 Í

Ìàêñèìàëüíûé óïðàâëÿþùèé ìîìåíò:

M = 3 · 10−5 Í·ì

Óñëîâèå ïåðåêëþ÷åíèÿ: B1B3 < 1 ì2

19 íîÿáðÿ 2018 ã. 12 / 15



×èñëåííûé ïðèìåð (2)
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×èñëåííûé ïðèìåð (óïðàâëåíèå)
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Çàêëþ÷åíèå

Ïðåäëîæåíà ñõåìà óïðàâëåíèÿ ôîðìàöèåé èç äâóõ ñïóòíèêîâ

ñ ïîìîùüþ ñîëíå÷íîãî ïàðóñà ñ èçìåíÿåìîé îòðàæàòåëüíîé

ñïîñîáíîñòüþ. Ïîêàçàíî, ÷òî óïðàâëåíèå îòíîñèòåëüíûì

äâèæåíèåì è îðèåíòàöèåé âîçìîæíî ñ èñïîëüçîâàíèåì òîëüêî

ñîëíå÷íîãî ïàðóñà.

Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå ãðàíòîâ ÐÔÔÈ � 16-01-00739 è

17-01-00449.
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