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O Libration point orbits (LPOs)

[0 Two celestial bodies (Earth and Moon) can be
continuously observed.

1 Orbit can be maintained with a small amount of fuel. —
art

Libration point orbits

O Items to be considered for controller design [1]

, JAMES WEBB SPACE TELESCOPE @A
0 Computation costs of controllers NOMINAL DEPLOYMENT SEQUENCE (/A

[ Errors in model and observation

[ Disturbances in Cislunar space
— “Robust LPO maintenance” (continuous control)

JWST fliesin an LPO
(Credit: NASA)

[1] Maksim Shirobokov et al., (2017), Journal of Guidance, Control, and Dynamics, Vol. 40
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O Previous studies on “Robust LPO maintenance” (continuous control)
[1]~[3]

[0 Method based on dynamical structure
v' Chattering attenuation sliding mode control (CASMC) [2]
— Detailed information is necessary

[J Method to track nominal orbit
v' Periodic discrete linear time varying Hoo [3]
— High-order (detailed) expression of nominal orbit is necessary

g

0 Objective
Design a simple robust control law to maintain LPOs

[1] Maksim Shirobokov et al., (2017), Journal of Guidance, Control, and Dynamics, Vol. 40

[2] Mai Bando etal (2022), Frontlersm Space Technologles Sec. Space Propulsion, Vol. 3
. | o
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0 Equations of motion in the CR3BP
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0 Numerical simulations
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O Normalized EOM in the CR3BP [4] Spacecraft
. . 1 —
IF—2y—x=— rgu(x+ﬂ)—rﬂ3(x—1+u)+ux+dm .
1 _1 Y 0 ’ Control
J4+28—y=——3—y— =y+uy+dy O~
™ T2 : X
disturbance

Earth Moon

r . m2 D
Massratio fi= ————~ 0.01215 Rotating frame of CR3BP

(Origin: Center of mass)

ri=V(@+p)?+yre = (z—1+p)?+y?

Earth position (—u,0) , Moon position (1 — x,0)

State space representation

L2 libration point position (l2,0),l2 ~ 1.16 after translation of x-axis

\ S

% ()1 represents Earth, ()2 represents Moon

[4] Mireles James, (2006) Celestial Mechanics Notes Set 4: The Circular Restricted Three Body Problem
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0 The EOM divided into linear system and
nonlinear term [5]

) Yy
t=Ax+ B(u+ f +d) ‘[
Linear terms  Nonlinear and disturbance terms O_“ .

r ) CE L
r — [CE Yy T y} ! , U = [U:p uy] ! , f — [fa: fy] ! = AR SC
0 0 1 0] 0 0 Rotating frame of CR3BP
A 0 0 0 1 B_ 0 0 (Origin: L2 point)
|2+ 1 0 0 —2(’" |1 O
0 l—a 2 0 0 1
Earth position (—¢ — 12,0) , Moon position (1 — 1 — [2,0) Nese deiesitens i
| L2 libration point position (0, 0) )

% a > 0 (Const.)

[5] Yuki Akiyama et al., (2018), Journal of Guidance, Control, and Dynamics, Vol. 41




Mode decomposition (x — z)
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[0 State equation after the mode decomposition
. - 2]
2=Az+ B(u+ f+d) Y
Linearterms  Nonlinear and disturbance terms
OO
4 T T T ) 24
p= oz oa] o u=u u?} ’pr:R[fa} fy}- Earth Moon
"0 Q@ 0 0] % R SC
- —Q2 0 0 0 B — 5 0 Rotating frame of CR3BP
=1 0 0 —-Q3 0|7 32_5;) _@ (Origin: L2 point)
|0 0 0 Cs) |"3F T APT.
fe =1l —2ax — _3'u($—|—l2—|—,u)—ﬂ3($—|-l2—1—|—,u)
T T2
fy=ay— Sy Ly

% Po, e, R >0 (Const.)

[2] Mai Bando et al., (2022), Frontiers in Space Technologies, Sec. Space Propulsion, Vol. 3
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O In-plane motion modes

i Zcl _ O Q2 Zcl e O P1P—1P2 Ug (7
dt |zc2 —Q2> 0 Zc2 _% 0 Uy
= Simple harmonic motion in the unforced system O M
A N X
O Stable and unstable modes £ Moon 5C
d 0 B g -
— [ZS] — [_Q3 ] [zS] 4| 2R 2(11331—132) [uw] Rotating frame of CR3BP
dt | zu 0 Q@3] [2u —QQ—R?’ (P =P Uy (Origin: L2 point)

— Unstable mode diverges in the unforced system

Orbit maintenance problem for LPOs

¢

Stabilization problem of the unstable mode [2]

[2] Mai Bando et al., (2022), Frontiers in Space Technologies, Sec. Space Propulsion, Vol. 3
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0 Approach
U = U1 + U2
Step 1. Stabilization of the linear system [2]: input U1
Step 2. Compensation of nonlinear and perturbation terms: additional input U2
O Step 1. Stabilization of the linear system [2]: input w1 = [u1, ul,y}T

_ N

d [zS]:[—Qg o”zS]+ Gy H

dt | 2u 0 Q3] |2u _2Q_§ 2(plpip2) Uy
Py

[2] Mai Bando et al., (2022), Frontiers in Space Technologies, Sec. Space Propulsion, Vol. 3



Controller design (2/3) - Step 2 11/20

0 Lyapunov redesign [6]

Design additional inputs so that the closed-loop system is asymptotically stable
in the presence of disturbances.

i 23 . _QS O s 4+
dt 21 N 0 QS Zu
Uy = kyp2y + U2 3y Uy — U2y

' '

Py
QQ_].% _2(P1—P2):| [’Ua,x + Jfz + da:]

Q P
“3r Tapopy| YT Jfy & dy

Py
2Q_}% _2(P1P2):| [uzc + f:r; + d:c]

Uy + fy + dy

—_ _ 2
2R 2(P,—Ps)

Nominal system Nonlinear and
unknown disturbance terms

[6] Hassan Khalil, (2014), Nonlinear Systems 3™ ed, pp.579 - 589
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O Lyapunov function

Consider stabilization of two modes 25, Zu

1 ) 2R
S u 1 u
2@3{(z + 2u) +kx_2R( +q)}>0

(V(zs, zu) = — (22 + quz) < 0) q., : relatively weight parameter of 2y

Vi(zs, 2u) =

]T

O Additional input derived by the Lyapunov redesign 2= |25 2y

~\ | _
(“’—VB) (25 - (14 )z

P R (ks—R
0z TGP P) {ZS T %2R (P27~ + ) ZU}

U9

Parameter that determines the size of additional input

[6] Hassan Khalil, (2014), Nonlinear Systems 3 ed, pp.579 - 589
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O Disturbances in Cislunar space

Basic disturbance at L2 point in Cislunar space [7]
Disturbance  Size [mN/kg|

Earth 7.36 x10~2
Moon 3.51 x10~2
Sun 3.72 x10~2
LNGP 6.72 x10~7

Sun radiation 4.61 x1078

LNGP : .

Lunar Gravity and Topography Recovery Potential

[7] Du Chongrui et al., (2020), IOP Conference Series: Materials Science and Engineering, 984
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O Disturbance model - Bicircular model d « dTS_: ds ds,y]T
sun
g The four-body h
problem of Earth,
Moon, Sun and SCJ
Sun

&

®

(. O
Earth Moon

Transform to o
Bicircular model [8] rotating frame Bicircular model [7][8]
(Restricted four-body problem) in Earth-Moon system  (Earth-Moon rotation frame)

ws = Relative angular velocity of the Sun

[7] Du Chongrui et al., (2020), IOP Conference Series: Materials Science and Engineering, 984

[8] Wang Sang Koon et al., (2011) , Dynamical Systems, the Three-Body Problem and Space Miission Design
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O Formulation of Sun Gravity Disturbance (SGD)

-
ds — [ds,x ds,y}
m m
ds,z = — > (x — acosfy) + —QSCOSHS
TS—SC a
Mg : ms Sun \\2
ds,y = ——(y — asinby) + — sin O Ws
T's—sc a q

Earth Moon

Os = wst + 05,0, ws = —0.925, 050 = Bicircular model [7][8]
ms = 3.29 x 10°, a = 3.89 x 107 (Earth-Moon rotation frame)

r<—sc : Distance between Sun and SC ws = Relative angular velocity of the Sun

[7] Du Chongrui et al., (2020), IOP Conference Series: Materials Science and Engineering, 984

[8] Wang Sang Koon et al., (2011) , Dynamical Systems, the Three-Body Problem and Space Miission Design



Numerical simulations (1/3) Reference 17/20
MUSES-C  0.063 mN /kg =

0 Conditions
vo=[¢r y @ ¢ =[1538 1153 0 0]  [km,km/s]
Simulation time: 100 days

0 Parameters in proposed controller

Gain in the linear controllaw: k£, = 9.0 > 8.13 ~ 2R
Size of the additionalinput: 7 = 0.05 [mN /kg] > Only three parameters
Relatively weight parameter: ¢, = 1 )

] Control laws used for numerical calculations

@ Proposed controller: ©w = w1 + us
@ Linear controller: U = uq



Numerical simulations (2/3) Reference 18/20
MUSES-C 0.063 mN /kg =—
& 0.057
[0 Proposed controller =
U = U] + U2 = 0l
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Numerical simulations (3/3) Reference 19/20
MUSES-C 0.063 mN/kg F=—

: o 0.1 .
O Linear controller = A -
U = Uy é 0 & [\ / \ JA Uy
1.5 = / \/ \
g .l \/
Proposed control orbit = 0.1+ " l .
(Ay = 2,000 km) 5 Relatively large value
S 0.2 . . . .
0.5 | SO 20 40 60 80 100
Time [day]
=) 3
2 0 Pt . |
= Zs
-0.5 a‘ 0r 7\ m , ’(\ e
| Z 7 XY
1l S
” [ Failure to in stabilization ]7
1.5 ' ' - -10 ' ' ' '
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0 Objective
Design a simple robust control law to maintain LPOs

Original representation

0 Approach @ transformation
* Nominal control law: Linear design Nonlinear and
— stabilization of nonperiodic linear modes Linearized EOM <« disturbance terms

- Additional control law: Lyapunov redesign - )
— compensation of nonlinear and disturbance terms

Linear design Lyapunov redesign

0 Outcomes
« Asimple robust control law including only three parameters
- Achievement of orbit maintenance under the SGD

O Future work
* Incorporation of chattering avoidance structure
- Extension to formation flight
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