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Problem statement

Problem: deployment and
maintenance of the required relative
orbit of two satellites.

Control source: the solar sails with
the changeable reflective properties.

Assumptions: initial orbit of the
leader satellite is circular. The
follower satellite is moving along
the orbit which is close to leader’s
one: |rrl| < |r1]. Disturbances
include the solar radiation pressure
and J, perturbation.
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Motion equations (1)

Orbital motion

" r S
r:_:u'Eﬁ +8g 8 sz +va fs—_%( s, N )((1_f)r5+2f(r57 ) )

Angular motion

J6r 4+ w x Jw = Meontrol + Mg, Meontrol = /r x dFy, My = 3‘:—§r x Jr

the Hill-Clohessy-Wiltshire equations  perturbed equations

X+ 2wz =0, X 4+ 2wz = uy + g,
y+w?y =0, = y+wly =uy, + gy,
7 —2wz—3w?y =0 7 — 2wz 3w’y =u, + g,
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Motion equations (2)

x = —3CGwt +2C coswt — 2C3sinwt + Gy,
y = Cscoswt + Ggsinwt,
z=2C + Gysinwt + C3coswt

4

x = 2By cos1 + B3 Bl

1
—(ux + &%)
w
z = Bysiny; +2B; B3

2
—3Biw — ;(Uz + 8z)

. 1
% = =2Bywsiny1 —3Biw < By = —((ux + gx) cos 1 — 2(ux + gx) sin 1)
w

. 1 .
z = Bywcos Y1 =w— E((uZ + gz)sin1 + 2(ux + gx) cos 1)
2
y = Basinip By = ;(uy—&—gy)coswg
. 1
y = Baw cos 2 Yo =w — ——(uy + gy)sinyp
wBy

The aim: By = 0,B3 =0, By = By, B4 = 0 — the relative motion is ellipse with the semi-axis

equal to By and 2Bp.
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Control synthesis

Relative orbit

_BI’BZ’BB’BAl—’

Ideal relative
motion control

U,U,,u,
Solar sail
Reference .
ion [ 0. — rotation and
angular motion i*¥i .
reflection
| T
ni’(’oref,i ﬁ
1 .
Solar sail
Control torque M, M, ~
’ ”7 pattern
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Relative motion control

1. Relative orbit stabilization

a. centre
1 1
VZEB%'i'EB;f uxy = —ki1B1, ki >0,
= 1
1 2 _ 1. 2
V= ;wa + B3(—3Biw — ;Uz) Uz = 2( 3B1w” + kowBz), ko > 0

b. size

ux = —k3(B1 — 2(B2 — Bp) sin41), ks > 0,
u; = —k4(—233 + (BQ — Bo)coswl), ky >0

E 1 1
V = ;(Bl — 2(32 — Bo)sin Ll)l)ux + ;(—283 + (Bz — Bo)COS’l/Jl)Uz — 3B1Bsw

1 1 1
V=IB+2B2+_-(B.—B)? =
21+23+2(2 O)

The stability condition: umax > |3B1 B3w2|
2. The out-of-plane motion control

1
V= 533 = uy, = —k,Bscosio, ky >0
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Relative motion control implementation

uxg = 2Af cos? 07 sin 05 cos pp — 2Af cos? 67 sin 01 cos ¢1,
1. uy, = 2Af cos? 0 sin 05 sin po — 2Af cos? 61 sin 01 sin @1,

Uzg = A(l — h)cos 0y — A(L — f1) cos 01 + 2Af cos® By — 2Af; cos® 61
If 6; is small, then

u,
Uy, = 2Ah 03 cos pr — 2Af1 07 cos 1, fi =0.5 — =

A

uys = 2AH 07 sin o — 2Af 07 sin 1, fp, =0.5+ Q_TZ
f]—0.5)24(f, —0.5)2 —min u

Uy = Ay — ARy, (AZ07 B =05 o mi s

2fin —1 < T < 2fmax — 1
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Relative motion control implementation

uxg = 2Af cos? 07 sin 05 cos pp — 2Af cos? 67 sin 01 cos ¢1,
uys = 2AhH cos? 0 sin 05 sin po — 2Af cos? 61 sin 01 sin @1,
Uzg = A(l — h)cos 0y — A(L — f1) cos 01 + 2Af cos® By — 2Af; cos® 61

1.

If 6; is small, then

u
Uy, = 2Ah 03 cos pr — 2Af1 07 cos 1, fi =0.5 — l?_z;\
uys = 2AH 07 sin o — 2Af 07 sin 1, fp, =0.5+ 2—2

i —0.5)2+(f, —0.5)2 —mi
v = A AL (7 —0.5)%+(fy—0.5) —min

u;
2fin —1 < % < 2fmax — 1

= ,0102 <0,
2. L = (f03 cos pp — f1601 cos <p1)2 + (02 sin py — 107 sin Lpl)z — max, then #1= %2010
w1 =2+ 7,010, >0
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Relative motion control implementation

Uy, = 2AfH cos? 07 sin 05 cos pp — 2Af cos? 67 sin 01 cos ¢1,
1. uy, = 2Af cos? 0 sin 05 sin po — 2Af cos? 61 sin 01 sin @1,
Uzg = A(l — h)cos 0y — A(L — f1) cos 01 + 2Af cos® By — 2Af; cos® 61

If 6; is small, then

u,
Uy, = 2Ah 03 cos pr — 2Af1 07 cos 1, fi =0.5 — Lj\
uys = 2AH 07 sin o — 2Af 07 sin 1, fp, =0.5+ Q—j
f]—0.5)24(f, —0.5)2 —min u
uzy = Af — Afy, (82057 Hfp—0.5)" i 2in — 1 < f < Ofpe — 1

p1 = 2,010 <O,

2. L = (f2605 cos py — f1601 cos p1)? + (02 sin 3 — £161 sin 1) — max, then
w1 =2+ 7,010, >0

3. Let 1 = ¢, then

qu.

f0p — f101) cos p = ;
(R02 — f01)cos @ oA
(02 — A61)sinp = 2=

2A

u,
tan p = s f Uxs cOs p > 0, then 0, — f1601 =

Uxg
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Relative motion control implementation

Uy, = 2AfH cos? 07 sin 05 cos pp — 2Af cos? 67 sin 01 cos ¢1,
1. uy, = 2Af cos? 0 sin 05 sin po — 2Af cos? 61 sin 01 sin @1,
Uzg = A(l — h)cos 0y — A(L — f1) cos 01 + 2Af cos® By — 2Af; cos® 61

If 6; is small, then

u,
Uy, = 2Ah 03 cos pr — 2Af1 07 cos 1, fi =0.5 — Lj\
uys = 2AH 07 sin o — 2Af 07 sin 1, fp, =0.5+ Q—j
f]—0.5)24(f, —0.5)2 —min u
uzy = Af — Afy, (82057 Hfp—0.5)" i 2in — 1 < f < Ofpe — 1

= ,0102 <0,
2. L = (f03 cos pp — f1601 cos <p1)2 + (02 sin py — 107 sin Lpl)z — max, then #1= %2010
w1 =2+ 7,010, >0

3. Let 1 = ¢, then

(f,05 — f161) cos = =,

202 1v1 ¥ 2A'
. Uys

f20 — f101)singp = —

(202 — fA01)sin¢g oA

u,
tan p = s f Uxs cOs p > 0, then 0, — f1601 =

Uxg
2
0 Uxs + Uy fi
1=~ %5 5
2A 2462
4. | = 9% + 9% — min, then
o u>2<s + ys f
h =
2A 2+ £2
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Attitude control

Lyapunov control function

1 T
V= E(ngfe,,l + Jgwhi o) + ka (1 - ((0 01) ,Bn))
Wrel = W — Wref, Wref =N X A

V=wl, (Jwra + kaBn x (0 0 1))
.
Mecontrol = (—kwwrd — Mext + w X Jw — Jw X Bwyef + JByel — kaBn x (o 0 1) )
&n

Solar sail pattern

N
f= > Mcontrol = /I’ x dFs
n
S
P
1/a\3
Meontrol = 5 (‘) cos? 9 Q
n —ntan@sinaQ — tan 0 cos aP
P=2l—(n+1)N,I = Z i
(ij):ej j=1
Q=2J—(n+1)N,J= Z j

(isf):ei j=1
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Solar sail cell pattern




Numerical examples

Orbit radius: Ry = 9000 km 0
Frel = (10 10 5) m

Initial relative orbit:
Ve = (0.050101)m/s =

|

g
'l
)

Satellite mass: m = 10 kg 5o

Sail: square, 5 m 200 "/A’ ‘ ;
Y A

Inertia tensor: J = diag (2.1 2.1 3.8) kg:m? o ' z&!‘ﬁ"‘»“““

600

‘\\" e

|

SN T
)
|

T.
4

J
)

Inertial angular velocity:
wi = (0.002 0.003 0.001) rad/s

5000 4000 -3000 2000

X m

-1000 0 1000

wi = (0.001 0.003 0.002) rad/s
Control parameters:

ki = k3 = kg =20, kp = 10761
ko =0.02N-m-s k;=10"*N-m

zm

Maximum control force: umax = 107% N o

Maximum control torque: M =3-1075 N-m

Switch condition: B;B3 < 1 m? xm
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Conclusion

The scheme of two satellites formation flying control using the solar
sail is proposed. It was shown that it is possible to control relative
motion and corresponding attitude control using solar sail only.

The work was supported by the RFBR grants no. 16-01-00739 and
17-01-00449.
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