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Lunar Orbital Platform-Gateway (In 2020s)



LOP-G Related Launch Opportunities

Starting from NASA's Artemis-1,
we can expect more than 10 CubeSats are launched to deep space

every year.
(Launch for LOP-G Construction, Resupply, etc: )
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NASA Updates Lunar Gateway Plans, NASA Spaceflight.com (Accessed on March 16, 2019)
https://www.nasaspaceflight.com/2018/09/nasa-lunar-gateway-plans/




A New World Opened by LOP-G
and Nano/Micro Spacecraft

LOP-G

Innovation in Earth satellite

(Low cost, short lead time)

« Explosion in numbers

« Frequent missions

« Expansion of stakeholders
(Startups, universities, etc)

Similar innovation
will happen In
deep space
missions!!
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Satellites Born From UNISEC Activities

MicroDragon
Univ. of Tokyo

Sters-AO
Shizuoka Univ. Jan 18,2019
m Oct 29,2018
STARS-Me WASEDA-SAT3
Shizuoka Univ. Waseda Univ.
Sep 23,2018 ITE-2 Dec 9, 2016 (Launched)
Tsukiiba Umv Jan 16, 2017 (Deployed from ISS)

‘ Dec 9, 2016 (Launched)

\- s
;’w ‘ Jan 16, 2017 (Deployed from I5S)
STARS-C ¢¥*

NEXUS '

Nihon Univ.
Jan 18,2019

Uguisu

Apr 17,2019

FREEDOM
Tohoku Univ. AOVA-VeloxlIl
Nakashimada Engineering Works, Ltd. Kyushu Inst. of Tech.
Dec 9, 2016 (Launched) Dec 9, 2016 (Launched)

Jan 16, 2017 (Deployed from 1SS) Jan 16, 201'7 (Deployed from ISS)

R
TRICOM-1 ¢
Univ. of Tokyo
Jan 15,2017

Kyushu Inst. of Tech.

RWASAT-1

Univ. of Tokyo

Sep 24, 2019 (Launched)

Nov 20, 2019 (Deployed from ISS)

Toki
/ : = Kyushu-Inst. of Tech.
Shizuoka Univ. -- SHIN- EN2 ARTSAT2:DESPATCH Jun 3,2017 b,
Dec 9, 2016 (Launched) ! PROCYON Tama Art Univ. and '
Dec 19, 2016(Deployed from I55) . | ChubuSat-1 Univ. of Tokyo gyus; uzlonﬁ. of Tech. Univ. of Tokyo it ol
QSAT-EOS Nagoya Univ. et al. Dec3, 2014 0= Dec 3,2014 S-CUBE Univ. of Tok
- Kyushu Uniy, oV 62014 Chiba Inst. of Tech. Feb3,2018
' : ; and Tohoku Univ.
TSUBAME Nov 6,2014 Sep 17,2015 >
Tokyo Inst. of Tech ChubuSat-2
HODOYOSHI1 1oV 62014 | Nagoya Univ:etal.
xnlvéog g?‘l;yo . L _y TeikyoSat- 3 SPROUT HEINGS eb 17,
ov 6, - OPUSAT Teukuba Uriv. Teikyo Univ. Nihon Univ. Tohoku Univ.— HORYU-IV
Osaka Prefecture Univ. fop 28 2014 Feb28,2014 _ May24,2014 oo 501  UNIFORM-1 Kirtishu Iist. of Tedks
ARTSAT1:INYADER  Feb 28,2014 . ! Wakayama Univ. et al. ng 17 2016 '
< Tama-Art Univ. and Univ. ofTokyo June 19,2014 :

o e
—Kagoshima Univ. 7} > - 2
Feb 28,2014 [

ggg:ilma Univ. Prs-1 33@55 Waseda Univ. 2:'?: ﬁ'”‘/ EQIS ima Univ. HORYU-II
2 Tokyo Met. Coll Of —
Feb 28,2014 T |r?dl¥?triaIeTec?1.ege May 21,2010 - May 21,2010 May 21,2010 May 21,2010 Kyushu Inst. of Tech.

Tohoku Univ. Jan 23,2009
Jan 23,2009

PRISM

l i WASEDA-SAT2

W

May 18,2012 PROITERES

Sep 9,2012

@ Univ. of Tokyo
| June 19,2014

Osaka Inst. of Tech.

HODOYOSHI 3

HODOYOSHI 4
Univ. of Tokyo
June 19,2014

RAIKO
Tohoku Univ. and

Univ. of Tokyo ( ]
5'~ Jan 23,2009 : Wakayama Univ.
> y Cute-1.7+APD SEEDS (FM” S July 21,2012 (Launched)
\ ‘ XI-V Tokyo Inst. of Tech Nihon Univ.  HIT-SAT % Oct 5, 2012 (Deployed from I55)
STARS (KUKAI) Sinel \ Univ.of Tokyo  Feb 22, 2006 Jul 27,2006 'J°t'§a?§° ISSF' of Tech. il
i - OKKaldo universi
j(:r(_]] g\gazggév' Tokyo Inst. of Tech. Oct27:2003 Sep 23, 2006 Y S?EDS (FMz) Fukuoka Inst. of Tech.
' June 30,2003 m = Nihon Univ. Oct 5,2012
XV . ““ISEc Apr 28,2008  Cute-1%+APD I
Univ. of TOkyO University Space Engineering Consorfim Tokyo Inst. of Tech.

June 30, 2003

Apr 28,2008

Aug. 2017 © Univesity Spece Engineering Consortium. ANl ights reserved.

http://unisec.jp/unisec/satellites.html (Info. in 2019, accessed on July 11, 2020)



http://unisec.jp/unisec/satellites.html

What is Lunar Orbital Platform-Gateway
(LOP-G)??

Lunar Orbital Platform-Gateway (LOP-G) is a planned space
station in lunar orbit. NASA’s Artemis program plays a
major role to develop the Gateway in collaboration with
commercial and international partners: ESA, JAXA, CSA,
Roscosmos, etc.

GATEWAR CONFIGURATION CONCEPT

@ A :

> \I esa csa'ase NASA

\ i ;'\%\} esa T Robotics
[ Interna tional < e— >

us.
Habitation

ESPRIT
4 Fa o
__’ Habitation % , ' g Module
‘! Module
i 4,— f o
\ o ‘1
< B\v 45 :
| !

nal and +— Internal and External
nal Payloads 4| |\ Robotics

) International
L o
0! Crow




Where is the Gateway??

Near Rectilinear Halo Orbit

A type of Halo orbits under the Earth and Moon gravity.
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Where is the Gateway??

Moon’s gravit

Earth’s gravity

The equilibrium point where the earth's gravity, the
moon's gravity, and the centrifugal force balance

each other is called the Lagrange point.
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Lagrange Points

Five types of Lagrange points exist in each

three-body dynamical system.
Ex) Earth-Moon L2 Lagrange point
Sun-Earth L1 Lagrange point
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Geometry of Lagrange Points

Earth-Moon
| L3 ,_ :
- A 4
Sun-Earth L1 Sun-Earth L2
Sun P X L4 X

Sun-Earth line fixed rotational frame.
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Geometry of Lagrange Points

Earth-Moon
.. _ L3 : ,.
- . 4
Sun-Earth L1 Sun-Earth L2
Sun P X L4 X
‘ lx\\fﬂ
2%
-~ Gateway
IS herell

Sun-Earth line fixed rotational frame.
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Near Rectilinear Halo Orbit

P1. Eartn

P2. Moon

Rachus P2: 0.0045 Scaling: 1.0
IC: 30594 48764036745

The Northern and Southern L1
and L2 NRHOs are periodic in the
Circular Restricted 3-Body Model,

and can be transitioned into
quasi-periodic orbits in a higher
fidelity model

Jacobl Constant: 2.99957

Y Amplitude: 3. 735951E04 km

Z Amplitude: 7.518863E04 km
Period: 0008.9130 days

Closa Approach: 7.071249E05 km
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Near Rectilinear Halo Orbit (NRHO)

Characteristics of NRHO

- Geometric relationship to the Earth is always the same

- Halo orbits are unstable (easility reachable/escapable) and
spacecraft cannot stay in the orbits without station keeping
maneuvers, but NRHO is less stable than general Halo orbits.

« Gateway will be constructed in 9:2 synodic resonant NRHO
(SRHO), where the station never experiences eclipse.

« For 9:2 SRHO, the perilune altitude is 1458-1820km, and the
apolune altitude is 68267-70112km.

(D.C. Davis, F.S.Khoury, et al. , AAS, 2020) '°



Launch Condition for Gateway
Construction Opportunity

For gateway construction opportunities, the spacecraft is
expected to be launched into lunar transfer trajectory (as

was the case with Artemis 1).

Using lunar swing-by on this orbit, the spacecraft can fly to
interplanetary space (to asteroid, Mars, ‘), periodic
orbits in Lagrange points, and so on.

Earth

NRHO Stay

(J. Williams, D.E. Lee, et al. , AAS, 2017) '©



Mission Utilizing Gateway
Construction Opportunity

Launch &
Separation

Lunar transter £34 Lunar orbits, surface,

\ rajectory @ Earth-Moon(EM) L1/L2,
- Sun-Earth(SE) L1/L2,
~1 week Interplanetary (Mars,

Lunar swing-by e
Trajectory (Vinf~1km;/s) asteroids, )
correction AV
~20m/s

Possible mission scenario for early Artemis
opportunity (such as Artemis 2)
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Mission Utilizing Gateway
Construction Opportunity

Launch &
Separation
Lunar transfer @ Lunar orbits, surface,
% trajectory _ Earth-Moon(EM) L1/L2,
) | Sun-Earth(SE) L1/L2
- . Interplanetary (Mars,
.] ek Lunar swing-by aster%ids ---)y
Trajectory (Vinf~1km/s) ’
correction AV
~20m/s

1) To Sun-Earth L1/L2: Ballistic transfer without AV
2) To Lunar Surface:

3) To Lunar orbits, Earth-Moon L1/L2:

4) To Interplanetary (Mars, asteroids):

18



1) Transfer to Sun-Earth L1/L2 Points

There is a manifold structure in
periodic orbits around Lagrange
points.

When a small AV disturb at each N
difference phase on the periodic 0.04f N e, Stable ;]
orbit, the spacecraft leaves the N, o Manifold
periodic orbits on a group of orbits

called the unstable manifold.

0.02R
2o
'III"II;:'"

0O
A e \?‘:‘t::
4 W
-0.02 7 J RN

y (rotating frame)

Because of the symmetry, the
spacecraft can asymptoticaly
approach a period orbit by riding .04
on a group of orbits called the

stable manifold. 008

' —> Unstablé
- Manifold

7 Maifold
0.88 0.9 092 0.94 0.96 0.98 1
x (rotating frame)

(W.S., Koon, M\W., Lo, et al. , AAS, 2000)
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1) Transfer to Sun-Earth L1/L2 Points

By selecting a single trajectory on a stable
manifold, the spacecraft can ballistically tranfer to
the periodic orbit around the Lagrange point.

N

—

(J.S.Parker and R.L.Anderson, JPL, p.97, 2013)



Mission Utilizing Gateway
Construction Opportunity

Launch &
Separation
Lunar transfer @ Lunar orbits, surface,
% trajectory : Earth-Moon(EM) L1/L2,
) | Sun-Earth(SE) L1/L2
~1 Kk : Interplanetary (Mars,
wee Lunar swing-by aster%ids ) Y
Trajectory (Vinf~1km/s) ’
correction AV
~20m/s

1) To Sun-Earth L1/L2: Ballistic transfer without AV

2) To Lunar Surface: Landing with 2.5km/s AV
3) To Lunar orbits, Earth-Moon L1/L2:

4) To Interplanetary (Mars, asteroids):
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2) Landing on Lunar Surface

OMOTENASHI Trajectory

— Ballistic approach
——Solid rocket motor burn

LaunCh & Free-fall

Separation
Lunar transfer ,
trajectory @

age Moon [km]

Height above aver:

-1 week Lunar landing e o
Trajectory (Vinf~Tkm/s) T s
correction AV T lattude fgeg)
~20m/s (S. Campagnola, et al., IEEE, 2019)

It is possible to estimate the landing AV by assuming a two-body
problem (patched conics)

In the vicinity of the moon, vis-viva equation (orbital-energy-invariance law)

gives
12 _GMu 1,
2 2 7 :
Suppose that v, = 0.82km/s (example of Artémis 1) and r = ry, (lunar radius),
te velocity is
v =2.514km/s

In order to land on the moon, we need to cancel this velocity, i.e.,
AV-~2.5km/s.
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Mission Utilizing Gateway
Construction Opportunity

Launch &
Separation
Lunar transfer @ Lunar orbits, surface,
% trajectory €3 Earth-Moon(EM) L1/L2,
) | Sun-Earth(SE) L1/L2
~1 Kk : Interplanetary (Mars,
wee Lunar swing-by aster%ids ...)y
Trajectory (Vinf~1km/s) ’
correction AV
~20m/s

1) To Sun-Earth L1/L2: Ballistic transfer without AV

2) To Lunar Surface: Landing with 2.5km/s AV

3) To Lunar orbits, Earth-Moon L1/L2: Direct insertion or
Low-energy transfer/capture by reducing Vinf.

4) To Interplanetary (Mars, asteroids):

23



3) Transfer to Lunar Orbits or
Earth-Moon L1/L2 points

Launch &
Separation
Lunar transfer :
Q trajectory G Low-energy transfer @
~1 week - 5 to 8 months A
Lunar swing-by
Trajectory (Vinf~1km/s) Low-energy
correction AV or Capture

~20m/s . ) )
Direct insertion

For direct insertion, it is possible to estimate the insertion AV by
assuming a two-body problem (patched conics). The AV is about
0.5-Tkm/s.

For low-energy transfer/capture, the solar tidal force can
effectively reduce Vinf. For NRHO or other Halo orbits, only
about 10m/s AV is required for the insertion.
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3) Transfer to Lunar Orbits or
Earth-Moon L1/L2 points

Launch &
Separation

Lunar transfer .
trajectory @ Low-energy transfer @

A
Tr;;eg\t/gr?/k L\l;_n?r1sl\éving—by 5 to 8 months Loweener
correction AV (Vinf-Tkm/s) t gy
~20m/s capture

For low-energy transfer/capture, the solar tidal
force can effectively reduce Vinf without AV.

GRAIL-A AV, 108

Sun-Earth Rotating Frame

Viewed from Above Ecliptic

Moon’s Orbit

£
< 0
EL1 >
y GRAIL-A
AV, < -0.5
Separate the
two trajectories GRAIL-A GRAIL-B
To Sun ' LOI\ /LOI a4l
: 2 - 0 0 0.
GRAIL(NASA) trajectory (J.S. Parker, e S 5

R.L. Anderson, AAS, 2011) EQUULEUS trajectory (example) — 2°



Mission Utilizing Gateway
Construction Opportunity

Launch &
Separation
Lunar transfer @ Lunar orbits, surface,
% trajectory <5 Earth-Moon(EM) L1/L2,
) | Sun-Earth(SE) L1/L2
~1 Kk : Interplanetary (Mars,
wee Lunar swing-by aster%ids ...)y
Trajectory (Vinf~1km/s) ’
correction AV
~20m/s

1) To Sun-Earth L1/L2: Ballistic transfer without AV

2) To Lunar Surface: Landing with 2.5km/s AV

3) To Lunar orbits, Earth-Moon L1/L2: Direct insertion or
Low-energy transfer/capture by reducing Vinf.

4) To Interplanetary (Mars, asteroids): Escaping by leveraging Vinf.
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4) To Interplanetary Space (Mars, etc)

Launch &
Separation

Lunar transfer
trajectory G

~1 week
Trajectory
correction AV
~20m/s

Exploiting solar gravity (tidal
forces) can increase the Vinf
with respect to the moon!!

In this case, the maximum Vinf
w.r.t. the Earth is about 1.5km/s.

The interplanetary trajectory can
be design under two-body
problem (patched conics) with
Vinf<1.5km/s.

Escape from
Earth

Vinf leveraging by

solar tidal force 6

—A ‘
Lu_nar swing-by 5 to 8 months Lunar swing-by
(Vinf~1km/s)

(Vinf~2.5km/s)

%108

15t Earth escape Vinf
~1.5km/s

Lunar swingby #2
(Vinf=2.4T1km/s)

Lunar swingby #1
(Vinf=0.899km/s)

1 1 | 1 1 1 1 1 1 | 1
3 25 -2 15 -1 05 0 05 1 15 2
z (km) x10°

DESTINY+ Trajectory
(Ozaki, et al., 2019) 2!



4) To Interplanetary Space (Mars, etc)

Launch &

Separation
\ Vinf leveraging by _ Escape
@ solar tidal force @ from Earth

——, E—

Lunar transfer
trajectory

~1 week .
Trajectory Lunar swing-by ° 10 8months o swing-by
correction oy (Vinf~Tkm/s) (Vinf~2.5km/s)

Reachable Planet for each Earth departure Vinf
(under Hohmann transfer assumption)

Planet Earth departure Vinf, km/s
Mercury 7.53
Venus 2.50
Asteroid Depending on the body
Mars 2.94
Jupiter 8.49
Saturn 10.29

We cannot reach most of them with Vinf=1.5km/s



4) To Interplanetary Space (Mars, etc)

Launch &
Separation
p @y @ o
planet
- MM o,
&~ A A A

Lunar Lunar swing-by and Earth swing-by
SWINg-by  Earth escape

V-infinity leveraging transfer (or
AVEGA/EDVEGA) can effectively
Increase the Earth departure Vinf.

If we want to increase Vinf from
1.5km/s to 3.0km/s (reachable to
Mars), we need 0.83km/s AV
(about half of Vinf increment)

V-Infinity Leveraging Transfer to Mars



Gateway Metro Map

Earth
Sun-Earth
AV~10m/s L1/L2
~05yr
Lunar ="/ aisic o5
Transfer Orbit
Interplanetary
AV~500m/s
< Tweek Earth Departure
AV~10m/s Vinf<1.5km/s
AV~10m/s AV~10m/s 0.5~1yr
0.5~1yr 0.5~1yr To Mars :
AV-10m/s AV~-800m/s
0.5~1yr oy
o Gateway %Note: Thi ber d
XINoOte: IS humper does
AV~10m/s (L2 NRHO) not include Mars orbit
L1 Several months insertion AV
Low- AV~500m/s
Lunar ('}
Orbit
AV~1500m/s

Lunar e s
.- Surface § « =~

>



Possible Small Sat Mission
Utilizing LOP-G

When we assume that we can deliver 6U CubeSat to LOP-G (or
SLS/Artemis-1 like trajectory), the following missions are possible.

Moon Moon orbiter (Soft?) Landing

Flyby to NEAs Rendezvous to NEAs,
Exploration to main belt asteroids

Asteroid

Lagrange Points | Earth-Moon halo,
Sun-Earth halo

Mars, Venus . Flyby exploration,
Orbiter? Lander?
Outer Planet Dependent exploration

— (Stand alone mission could be possible if
innovative technologies are developed)

Bold: Possible missions by SLS, Artemis-2
31




Summary

@/ What is the Lunar Gateway?

LV_f Which orbit can the spacecraft transfer
from lunar transfer orbit (Gateway
construction opportunities)

@/ Which type of mission can the small
spacecraft do by utilizing the Gateway
opportunity.



