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1. Introduction
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Introduction Background

In recent years...
Telescopes become large in order to achieve high resolution

L. Launching very large telescopes into space is impractical

—This problem can be solved by using an interferometer

@ Interferometer € Formation flight

in space

=

©N%A/TPF-I
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Intfroduction Interferometer

® The requirement of the interferometric observation

¢ u-v plane ¢ Formation flight
Plot of | > The vectors between the two satellites
(baseline vector B) must be changed while observing
(wavelength 1)
— Fill in broadly and densely SIC®
Vus.u (origin)
200 5 E
o0
il . 501
600 : -100 ¢ ‘ | K
. -100 -50 0 50
Y [ml
u-v plane example Relative orbit
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Intfroduction Interferometer

® The requirement of the interferometric observation

¢ u-v plane ¢ Formation flight
Plot of | > The vectors between the two satellites
(baseline vector B) must be changed while observing
(wavelength A)
— Fill in broadly and densely SIC®
Vs U (origin)

600 —

50 |

=

This process needs fuel | ™

400

200

V(m)
o

RS
I Z [m]

-200

oo L. = 2R

-2¢

-100 | l l
-100 -50 0 50
Y [m]

-600

u-v plane example Relative orbit

Keisuke SUGIURA B-020



Intfroduction

We propose...

Fuel-free formation flying interferometric observation

¥

» Perform around the 2"d Sun-Earth Lagrange point
for solar sail formation flight
= Arbitrary orbits can be designed

 The orbit can be controlled with a small amount of
control input

» Control input is only solar radiation pressure (SRP)
Lagrange point (Sun-Earth)
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Intfroduction

® Solar Sall

@ Orbit Control
« Direction of propulsive forc/
—Determined by attitude

« Magnitude of propulsive force
— determined by solar sail size (area and
mass) and surface optical properties

Solar sall

Acceleration Vector

P 4

Keisuke SUGIURA

& Attitude Control

« Attitude
— Controllable by generating torque

 Torque

—Controllable by Reflected Control
Device (device that changes optical
properties)

diffusive reflection

specular reflection

B-020

Solar Sail

RCD
ON

RCD
OFF




Introduction Purpose

B Purpose of this research

Completely fuel-free formation flight interferometric observations by

simultaneous orbit and attitude control of solar sails using RCD
» Verify feasibility through numerical simulation

sic@ — SIC®
5 (origin) X).

0
Y [m]
Relative orbit
(example)

Attitude control

O

l RCD RCD

ON OFF

Orbit control
S/IC 2

S/IC @

50

-50
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Intfroduction

& Flowchart of fuel-free formation flight

Start

Orbit Design Section 2

Xnom - Nominal orbit

Orbit Control Section 3.1

a : acceleration input

Convert to Attitude and RCD Section 3.1
¢,0,f :attitude & RCD on/off ratio

Attitude Control |- Section 3.2

T : torque input

Converted to RCD distribution
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2. Orbit Design
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Orbit Design

& Flowchart of fuel-free formation flight

Start

Orbit Design

Xnom . hominal orbit

Orbit Control

a . acceleration input

Convert to Attitude and RCD
¢,0,f :attitude & RCD on/off ratio

Attitude Control

T : torque input

Converted to RCD distribution
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Orbit Design

® Coordinate definitions Ze z
Ye

Chaser 1 ZRI‘ Chaser 2

— -_
-~
-

Reference orbit/,/’/

Circular Restricted 3 Body Problem Sun L2
(CR3BP)
€ Equation of motion
( _ ou
X—2y = i + a,
, oUu
\V + 2x = ~ 3y + a,
. ou w1 _ 2 2y LTH_H
LZ=_E+az U= 2((x+1 uty)?+y?) e
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Orbit Design

€ Orbit Design
» Separate design of reference and relative orbits

Solar sail

......
.
’.
-

Reference orbit

15,000k

L]
L]
-
-
-
-
L]
L]
L]
Ll
-
Ld
Ll

® Artificial Halo orbit (Small circular Halo orbit) ! SEL?

Semi-major axis 15,000 [km] <—%— Natural halo orbit

Reference orbit

Advantages

« More stationary thermal condition

« Easy communication with the Earth
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Orbit Design

€ Orbit Design (
» Separate design of reference and relative orbits X = —Ay C_Os(wt) T Xe
{y = ad, sin(wt)
Z= A, cos(wt)
Reference orbit < 10% o
I //"Ari\\‘ X
1 / \\ ] ~
\\‘ 1
LAz
® Artificial Halo orbit (Small circular Halo orbit) - 08 LT e TN
X . Xy = 0 | AN
i-maj is 15,000 [k 5 O—J e \\ '\\
Semi-major axis 5, [km] _05 Xe | y \
Advantages y '\\ /’
« More stationary thermal condition - 6/ «10*
 Easy communication with the Earth X [km] b o x [k
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Orbit Design Relative Orbit

@ Design relative orbit (2, =0
'z * Chaserl {yr = —(r+ at)sin(wgxt)
\ZrR = (r + at) cos(wgt)
)
. 4 XR — 0
Reference orbit e Chaser2 X Vp = (r + at) Sin(a)Rt)
\Zr = —(r + at) cos(wpt)

Chaser 2 : : : :
— Chaser1
20 | \ Chaser2
. 10 [
Chaser 1 L
&
— 0 ‘
Chaser 2 S
_‘I 0 L
® ~20
Chaser 1 | . . | . |
® -30 -20 -10 0 10 20 30
yrIM]
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Orbit Design Relative Orbit

@ Design relative orbit (2, =0
* Chaserl {yr = —(r+ at)sin(wgt)

\ZR = (r + at) cos(wgt)

/

Z

JC}Q — ()
» Chaser2 {yp = (r+ at) sin(wgt)
\Zr = —(r + at) cos(wpt)

Reference orbit

origin:Chaser 1 —

40 -

20 -

Zgi[M]
o

Chaser 1
’ Chaser 2
A '

Chaser 1 ' '
@ > -40 -20 0
yrilm]

_20 L

20 40 60
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Orbit Design

€ Designed by superposing a reference orbit and a relative orbit

Xpnom ~—
(= —A, c.os(a)t) + x, (XR 0 ]
< z:XAéCOSSI?a()(Z))t) {Vr = —(r + at) sin(wgt)
\ ‘ \Zr = (r + at) cos(wgt) Reference orbit y

x10*

T - T T 4
A \\ x10
s T

Chaser 2\

1 \
\ 1
/ AZ \". T ‘ ~__ |~ Chaserl
0.5 jf | 0.5 | \\ 20+ - ‘:‘\—ChaserZ
,_El | A | E \\ <
= 0 3 1 = 0 \ ) 10 - Chaser 1 Chaser 2
N AN
> | N e N =
_05 E" X i -1 = 0 @
\ "¢ :‘/ \ hclh Chaser 1
\ f’
— \\ / ] -10 1
\\ )%
. 4
10 20+
0 : I S S et A
X [km] 1 4000 X [km] -30 20 -10 0 10 20 30

Keisuke SUGIURA B-020



3. Control Method
. Orbit Control
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Control Method

& Flowchart of fuel-free formation flight

Start

Orbit Design

Xnom - Nominal orbit

Orbit Control

a : acceleration input

Convert to Attitude and RCD
¢,0,f :attitude & RCD on/off ratio

Attitude Control

T : torque input

Converted to RCD distribution
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Control Method Feed-forward control

® Orbit control (Feed-forward control)

4 Equation of motion (CR3BP) Feed-forward control + Feedback control
(. aU
X —2y = ™ + a,
<y+25€=—a—U+a 10*
dy 7 ’
oU
LZ = —E + a,

x,y,z . Equation of reference orbit & relative orbit

-

aff:[ax Ay aZ]T

Feed-forward control
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Control Method SDRE method

® Orbit control (Feedback control)
» The SDRE method is used for control

O SDRE method (State-dependent Riccati Equation)

® Objective function

] = fOOO(AXTQ(X)AX_l_ abeR(X)afb)dt ‘ minimize Nominal orbit I

Xnom \
\“/v
v A

Optimal feedback
ag, = _R™IBx)TP(x)Ax

Conversion of control input (a)
a = a¢ + Afy - to
acceleration by SRP (agp)
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Control Method

€ Flowchart of fuel-free formation flight

Start

Orbit Design

Xnom - Nominal orbit

Orbit Control

a : acceleration input

Convert to Attitude and RCD
¢,0,f : attitude & RCD on/off ratio

Attitude Control

T : torque input

Converted to RCD distribution
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Control Method

€ Express the required acceleration in terms of acceleration by SRP

cos ¢ cosb
Asrp n = |cos¢sinb
PA 2 .
=T (s n) [(1 - f) {(CabsOFF + Caiforr)S + (g Caiforr + 2(s - n)CspeOFF) n} sin ¢
2 —1
+ 1 (Cabson t+ Cairon)s + 3 Caifon + 2(s-n)Cspeon | M s~| 0
0
. - 2
f = Aon . The ON ratio P : ldeal SRP received per 1m ys‘:,m Voods

Aoy @ RCD area (on) C... . Surface optical properties x

A : Surface area

Xsun
m : S/C mass Zhody* 3/C
Csne Cdif Cabs
ON 0.483 0.101 0.416
OFF 0.082 0.427 0.491 T

flat panel model

O Control input : ¢, 6, f
24
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Control Method

€ Express the required acceleration in terms of acceleration by SRP

cos ¢ cosb
P n=|cos¢sinb
PA 2 S ¢
- (s-m) [(1 —f) {(CabsOFF + Caiforr)S + (§ Cairorr + 2(s - n)CSpeOFF) n} sin ¢
2 ~1
+f {(CabsON + Caifon)S + (§ Caifon + 2(s - n)CSpeON) n}] s~| o
0
: . 5
f= A% . The ON ratio P : Ideal SRP received per 1m
A : Surface area
m . S/C mass NN D OFF
C Cyif C., Aon AoFr
ON 0.483 0.101 0.416
OFF 0.082 0.427 0.491
O Control input : ¢, 06, f
25
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3. Control Method

I. Attitude Control
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Control Method

€ Flowchart of fuel-free formation flight

Start

Orbit Design

Xnom - hominal orbit

Orbit Control

a : acceleration input

Convert to Attitude and RCD
¢,0,f :attitude & RCD on/off ratio

Attitude Control
T : torque input

Converted to RCD distribution
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Control Method

& Coordinate definitions

sun

€ Equation of motion

H+wxH=T <
H =

JB

L2

I

L, wy wl
I

Iy wy w=| w,
I

I,w; w!

28
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Control Method

® Attitude control

> The P2 control (nonlinear full quaternion control) is used for control

O P2 control : Control to reference attitude and angular velocity

« Toughness to large angles due to full quaternion
* Non-linear control

drer : reference attitude (quaternion)

ref - err Attitude
— |Dref ? Am Dynamics

q.,, . current attitude (quaternion)

q Jerr . €rror attitude (quaternion)
m

T : control torque

Wm . current angular velocity

By, By - gain
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Control Method

€ Feedback control cycle Xnom : Nominal orbit
a :acceleration input
. Orl?it control : 30 min_utes T : torque input
« Attitude control : 1 minute
f : ON ratio
(pref
t Orbit Desian Xnom | CR3BP aff | Conversion Ores | Convert to ref | Attitude
J RCD & Attitude guaternion Control
A {’ S T
Orbit control o | o -
» Orbit contro w :
] Lo “m | Attitude
| X, ! 1 1 minute Dynamics
I m | I cycle
> : | ¢' 0 !
Fixed in cycles : : f | Orbital
: :________________________________' Dynar?ics
: 30 minutes cycle l
Dynamics \ k

— e o o o B Y S S e e e e e e D D B Eae D B DS S B D S D D e e B e e e e e e e
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4. Simulation
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Simulation Properties

@ Orbital properties
Small halo orbit angular velocity w [deg/day] 1.9895
Reference orbit g Semi-major axis A, [km] 14,000
Initial position 1z [m] 5
Relative orbital angular velocity wy [deg/day] 79.58
Equilibrium point movement x, [km] —1194.9
Area divided by mass A/M [km?/kg] 6.67 x 1078

A/M (IKAROS) : 6.5 x 10”7 km?/kg

€ Attitude properties

Chaser 1 initial angle (¢, 8,1) [deg] (—13.73 0 0)
_/ | Initial angular velocity (¢, 8,)) [deg/s] 0 0 0
o
Yri[m]

Propagation time: 181 days (Reference orbit 1 revolutions) 32
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Simulation Purpose

B Purpose of this research

Completely fuel-free formation flight interferometric observations by

simultaneous orbit and attitude control of solar sails using RCD
» Verify feasibility through numerical simulation

sic@ — SIC®
5 (origin) X).

0
Y [m]
Relative orbit
(example)

Attitude control

O

l RCD RCD

ON OFF

Orbit control
S/IC 2

SIC®

50

-50
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Simulation Result : control input

€ Torgue history

The initial attitude angular velocity is 0, so the initial torque applied is considered to be large

«107° Chaser 1 Torque History %«107° Chaser 2 Torque History

3 3
7TX TX
2 Ty 2t 7Ty
T T,
1 z ] 1
g €
. Y . . abdddddd L
=z 0 a2 222200 = 0 S R S S PPV T Y T
- -
i -1
s -2
_3 1 1 I _3 | | |
0 50 100 150 200 0 50 100 150 200
Time [day] Time [day]

This torque is of the order of what can be achieved by SRP
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Simulation Result : control input

Angle History of Chaser 1 Angle History of Chaser 2

20 20
15+
10+
Angle history ¥ M | g0
< < 97
_10 L
\‘\\ \(\\‘v}\} ! “15¢
. | AR - |
0 50 100 150 200 0 50 100 150 200
® Chaser 1 Time[day] ® Chaser 2 Time[day]
100 Chaser 1 RCD History Chaser 2 RCD History
‘ | ‘ 100 ‘ ‘ ‘
80 [ b 80 L
RCD ON ratio ¢ RCDON  RCD OFF
history Sl Algp Aopr g
20t 1 201
0 . : . 0 1 1 1
0 50 100 150 200 0 50 100 150 200
Time [day] Time [day] 35
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Simulation

The reference orbit was maintained

® Chaser 1

% 10% xy plane Perspective View

x10

1
0.5 14
0.5
0
-0.5 -05 -
-1 -1 -X'\\/

y [km]
®
z [km]

><10
-1 -05 0 05 1 4
y [km]
x [km] %104 <100 x [km]
x10% xz plane yz plane

0.5 0.5

TN

z [km]
z [km]

-1 -05 0 05 1 -1 -05 0 05
x [km] x10% y [km] x10*
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error [km]

Result :

Chaser 1 Error History

1.9+

0.5

-0.5

X
y
z

~

-1.5

B-020

100

Time [day]

150

Absolute orbit




Simulation Result : relative orbit

The relative orbits were also formed as designed

xy plane Perspective View Relative Error History
300 ' ! 0.015 . T .
200 v
_ 100 001+ z
£
= E
" 100 0.005 |
~200 —
5 i
-300 (-
s s o%«wwxwmmﬁ
Xy [m] E
| ~0.005 |
z pla
300 300
200 200 -0.01 ¢
_ 100 __ 100
£ £ |
I = -0.015 ' . .
" 100 ™ 100 ] 0 50 100 150 200
~200 -200 Time[day]
~300 ~300
200 0 200
XR] [m]
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5. Summary & Future Work
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® Designed a relative orbit and a reference orbit, an artificial halo orbit, suitable for
Interferometric observations

® The SDRE method was used for orbit control
® The P24 control was used for attitude control

® It was confirmed that orbit can be controlled by torque application

39
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® Create an RCD ON/OFF distribution algorithm to produce the torque
derived in the present study

Attitude Control

Converted to RCD distribution

OFF OFF

RCD ON RCD OFF
RCD ON
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