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Introduction

IKAROS - Reflection properties variation
to control attitude

General idea

Solve attitude and relative two satellite
motion control problem by means of
solar sail

Goal
Get the elliptic relative orbit

IKAROS mission (global.jaxa.jp)

Assumptions

Satellites are identical

Specular reflection only

Center of mass motion: J, + solar radiation pressure (SRP)
Angular motion: Gravity gradient torque + SRP
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Motion equations

Orbital dynamics

jadS
S

y r
F=—pe—+9,9=0,,+9, 9, = A(r,n)((1-f)r,+2f(r,,n)n), f =
Angular dynamics

Jo+oxJo =M, +M,, M, =30e,xJe;, M, = [rxdF,

grav

Relative motion dynamics (control synthesis only)

u=0 8,0, =-3C,ot +2C, coswt - 2C, sinwt +C,;
) — a,p, =C, cosat +C; sin at;
p—20p-30" (30,) =U,. p =2C, +C, sin ot + C, cos ot.
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Motion equations (relative motion

parameterization)
a,0, = 2B, cosy;, + B,, .1
p:BZSinl/fl-l-ZBl, Bl:gux’
(2,6, ) = —2B,wsiny, —3Bw, B, :SBla)—Euz,
p=B,wcosy,, o @
a,p, = B, Cosy,, B, =—(u, cosy; —2u, siny,),

@

(aogor)=—B4a)Sln W,. Wl =w-— (uZ siny, +2u, COS%),

Goal
Ellipse with center at (0,0) and semi-axes
2B,, and B,,

B,=0,B,=B,,B,=0,B,=0

B,w

-1
B, =—u,cosy,,
)

W, =w-— u, siny,.
@B,
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Control synthesis scheme

Relative orbit

—B3, By, Bs, B4—»

Ideal relative
motion control

Reference
angular motion

\
uX1 uy; uZ
h 4

ei! (PI

\
Ni, Oreti
h 4

Solar sail rotation
and reflection

Control torque

fi
v

7Miyg), Mi,n"

Solar sail pattern
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Control force synthesis

Relative orbit center stabilization Relative orbit size stabilization (B, and B, is small)
1 1
V=_B>?+=B? 1 1 1 2
2+ 2° 1 : V=§Bf+§|332+§(52—|320)
V =B,B+B,B,==Bu, +B,| 3Bo—=u .
T A 3( ) ] vzl(Bl—z(Bz—Bo)sinwl)ux+
0]

UX = _lel’ kl > 0, 1
1 +=(-2B, +(B, - B, )cosy, Ju, —3B,B;w
u, =§(381a)2 +k,0B; ), k, > 0. @

u.. > ‘SBlBga)z‘ stability condition

u, =—k, (B, —2(B,—B,)siny, ), k; >0

u, =—k, (2B, +(B, - B, )cosy, ), k, >0
Out-of-plane stabilization

u, =—-k, B, cosy,, k, >0
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Control synthesis scheme

Relative orbit

—B1, By, B3, B4

Ideal relative
motion control

Reference
angular motion

\
uXa Uy, uZ
h 4

eis (pl

\
Ni, Orefi
v

Solar sail rotation
and reflection

Control torque

f
\ 4

—Mig, Miyy—»

Solar sail pattern
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Sail attitude and reflection

Solar sail normal
sin@cosp
n=|sin@dsing
cosé

Control for small &
u, =2Af,0, cosp, —2Af,0, cos g,
u, =2Af,0,sinp, —2Af,0 sing,

f=0 and f=1 zero torque
f=0.5 maximum torque

u, = Af, —Af,.
_ 2 _ 2 . uz
(f,—0.5)" +(f,-0.5)" — min f=05--% f _025 f_ 075
Y 2A
_f =5 u,
f2 fl ] f2 _ O'5+ UZS _0.5 S S S 0.5
O0<f . <f<f <1i=12 2A

min

Maximum u, and u,

L =(f,6, cosg, - f,6,cosp,) + o =0, 60,<0

+(f,8,sing, — f,4sing,)’. o=@, +7, 6,6,>0

Minimum 6,

2 2
JUZ +u i
s Ys
6,=- L

L=0;+0;, Y
1 2
—Vui +ui JuZ +u?
f292 - f191 - oA 9. = X Ys f2
2 2A f12 + f22 . 9/18



Control synthesis scheme

Relative orbit

—B1, By, B3, B4

Ideal relative
motion control

Reference
angular motion

\
uXa Uy, uZ
h 4

eis (PI

\
Ni, Orefi
v

Solar sail rotation
and reflection

Control torque

f
\ 4

7Mi,§, Mm"

Solar sail pattern
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Attitude motion control

SRP torque

|

Lyapunov control function

—nN
N | D

nadddn  Q=-| | Sad&dy

< < Z
N |
N |
N\lm'—"\"g’
N\Iw'—"\"m

—Pcosé
. =T°cosé’ —Qcosé b
; Qsin@dsin g+ Psindcos S

V:%(Jéa)é,,l+\] Wha)+k (1=((0 0 1)",Bn))

nrel,2

Oy =00y, O, =DXN

7 T
V_(’Orel

(Jd)re|+kaBn><(0 0 1)Tj

Mcomro,:(—km ~M,, +oxJo-JoxBa,, +JBo

w o rel ext ref ref

—k,Bnx(0 0 1)T)‘f .
i
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Control synthesis scheme

Relative orbit

—B1, By, B3, B4~

Ideal relative
motion control

Reference
angular motion

\
uX’ Uy, uZ
\ 4

eis (pl

\
Ni, Orefi
v

Solar sail rotation
and reflection

Control torque

f
\ 4

7Mi,§, Mm"

Solar sail pattern
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Solar sail pattern

D
..
G > M
N
P
=
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Solar sail pattern

1. Center of rectangle

c__M,
7

M,

, , (aY
& +n —(4j,

sign(r7) =—sign(M., ).

2. Area
2 2
B k. B M:+M/
rec 2 v Us T 2 2 :>N0
d,cos” 0| E°+n

3. Modifying pattern
N =T -n%, 0.25n° <N <0.75n°
N, <N, = add cell pairs with zero torque
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Numerical example

200

Orbit size R, =9000 km 1501
Relative orbit T, =(200 100 50) m 1:2
Vg =(0.05 05 1) m/s = o

Mass m=10kg Al
_ 100}
Size 5x5m 150
Inertia tensor J=diag(2.1 2.1 3.8)kg-m’ 200

Angular velocity ©, =(0.002 0.003 0.001) rad/s
®, =(0.001 0.003 0.002) rad/s

Control parameters k_=0.02 N-m-s, k., =10 N-m
k, =k, =k, =20, k, =10° s™*
Switch condition BB, <1m?

Maximum control U, =10° N
M,, =3x10° N-m

trg

-200

200

400
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Numerical example (B-parameters

150 220 ' ' ' '

200 1
100 1
180 .
1S
1S - L ]
— 50F | o 160
140 .
0 L 4

120 8

-50 : . ‘ . 100 : s - s

0 50 100 150 200 250 0 50 100 150 200 250
t, rev
t, rev

5000 T T T T 140 - - . r

120 i
O L
100 1
-5000 e 80f |
aﬁ
-10000 | ] 60 r 1
40 1
-15000 1
201 1
-20000 : . - :
0 50 100 150 200 250 0 50 100 150 200 250
t, rev t, rev
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Numerical example (control)

0.6 T T T T 120 T T
0.55 ] 100 | 1
80 | ]
0.5 ] o
2 _
g 60f
0.45 ] -
40} ]

0.4

0-35 L 1 L 1 kel du i | e L L
0 50 100 150 200 250 0 50 100 150 200 250

t, rev t, rev

0 50 100 150 200 250
t, rev
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Conclusion

It is shown that it is possible to stabilize elliptic relative orbit by means of the SRP
only

The control synthesis scheme include the control of the angular and relative motion
simultaneously

The relative motion is provided by the SRP force and control source is the solar sail
attitude and variable reflectivity

The desired solar sail attitude is also proved by the SRP (torque)
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