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[ Analytical contact models for regolith covered small body surfaces |
*Onur Celik, Nicola Baresi, Ronald-Louis Ballouz, Stefaan Van wal, Yasuhiro
Kawakatsu (JAXA)
HEEE (L)
Small lander/rover payloads are relatively simple and low—cost options
to obtain the ground-truth about small bodies and increase the
scientific return from the exploration missions. However, due to
uncertainties in the micro—gravity environment and in the
surface knowledge, and limited/no control capability make the trajectory
and attitude estimation challenging for mission planners, especially
after the first impact. The interaction between small body surfaces and
a given lander is most commonly analyzed through impulsive rebound
approach from hard surfaces with constantcoefficient of restitution
(CoR), or through parallelized discrete element method (DEM)
codes that can account for the interaction of small (mainly spherical)
regolith particles. While the first approach allows for intuitive
analytical models, the assumption of constant CoR and hard surface in
general contradict with the current knowledge about asteroid regolith.
On the other hand, the latter approach captures the fine details of
the interaction (provided that the code correctly calibrated), however
the main disadvantage of it is the amount of time required for the
simulations involving large number of particles.
This paper therefore explores an alternative approach to simulate the
surface interaction in a fast and sufficiently accurate way. The
interaction is modeled by a linear dashpot force model, which includes
the elastic (through a spring) and viscous (through mass damper)
characteristic of the surface material. First, analytical models are
derived for the force and torque models, and the relation between spring
and damper constants with the surface CoR is established. Then,
numerical tests are performed to construct the trajectory and attitude
of a small cuboid lander with varying impact conditions and model
constants. The subsequent calibration of the constants canbe achieved
through physical and numerical impact experiments, as well as
through scaling laws established in the literature for various regimes

of motion in different surface materials. This final force model enables



fast large—scale trajectory design studies under uncertainties without

loss of accuracy.
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['Study of Navigation Optimal Landing Guidance for Planetary Lander by Convex
Optimization |

fHFHARE GRKRBE), HE—RS (JAXA)
HEEE (BAFE 1 HRKE~DREEERBRICITHFEHERHRE (TRN) 12 X 5
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R I
HHEEE (L)
High accuracy navigation by terrain relative navigation(TRN) is
required for pinpoint landing moon and mars. If there is enough fuel
to descent to the landing target, the navigation error is main factor
of landing error. Accuracy of TRN is depend on lander’s position and
attitude. This paper presents the optimal control probrem that the
navigation error at landing is a cost function. Under an assumption,
this problem is linearized with respect to the spacecraft states and
thrust commands. Therefore, this problem is quickly solved by
successive linearization and convex optimization. By Monte Carlo
analysis, It is observed that the proposed algorithm statistically

reduces the navigation error at landing.
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['A Reliable Powered Descent Scheme based on Convex Optimization for Planetary
Landing |

* BT GRORRD), APREZE (FHAF)
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EHEET (PEEE) : The Moon, Mars, Phobos, and Near Earth Asteroids are attractive

targets for exploration in the near future. In order to get more detailed information,



planetary landing missions have received a lot of attention all over the world. Due to the
increasing scientific and engineering mission requirements, spacecrafts must
accomplish more accurate, more reliable, and more efficient landing. During landing
process, powered descent phase is critical for the success of those future missions. In
addition, unknown and highly nonlinear environments far away from the Earth require
high autonomy. Thus, various kinds of research works have been carried out, on onboard
powered descent guidance algorithms. In particular, a convex optimization based
approach has achieved a great success in Mars pinpoint landing. Convex optimization
guarantees that any converged solution is the optimal solution. Moreover, it has the
advantage to include constraints explicitly and has the ability to be solved by efficient
solution methods. Because of all these reasons, convex optimization has been adopted in
several aerospace applications. From the rigors of the fuel restrictions, considerable
research attention has focused on fuel-optimality. So far, however, there has been little
discussion about accuracy and reliability. Usually, relative position and velocity are
calculated by visual feature matching and landmark recognition while the powered
descent phases. However the estimated relative position and velocity include an error.
Slope of landing site and Obstacles are another difficult factors while landing, because
overturning on the surface directly results in a mission failure. Therefore, a more
accurate and reliable powered descent guidance algorithm is needed for future missions,
which can keep the spacecraft vertical to the ground and providing a wide visual field of
the camera and avoiding obstacles during landing process. In this paper, a optimal-safety
powered descent guidance problem and a maximum-avoidance powered descent
guidance problem are newly defined, and a novel convex optimization based approach is
proposed to solve the problems. The defined problems are transformed into the Second
Order Cone Programming (SOCP) by using the slack variable method and variable
approximation. SOCP is a subclass of convex optimization problem that can be solved in
polynomial time. It is necessary to show that the transformation process is appropriate
for the actual spacecraft guidance. Hence this paper presents two theoretical proofs as
followed: First, the proposed problems, which has non-convex constraints, are
formulated as a convex optimization problem. Second, the thruster magnitude derived
from the proposed algorithms follows a bang-bang profile, which is appropriate for RCS
(Reaction Control System). They are accomplished via maximum principle with state
constraints. The ability of the proposed methods is demonstrated by numerical

simulations.
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[Conceptual Study of Aerogravity-Assist Trajectories using the Earth's atmosphere |
ks (R )
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FEEE (EE :  Aero—gravity assist is being studied as a

future orbital technique. This is a technology expected to increase the
acceleration or the deceleration of the spacecraft as compared with the
traditional gravity assit. However, aero—gravity assist involves
atmospheric flight. So, it is necessary to carefully examine the balance
between the amount of acceleration by the gravity assist and the amount
of deceleration due to drag caused by the planetary atmospheric flight.
In this study, we examine how useful the aero—gravity assist using the

Earth is from the viewpoint of orbital analysis and aerodynamics.
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[Transfer to the Sun-Earth Saddle Point |
* PR R (R ROR)
HHEES (HAFE .
BEREOEAMEERE Y A 5 F FVEIEL, MOND R0 TeVeS 72 EDFF LWESHHE
MERET 2DICE LB Th Y REMEZOLBF THHEITHLAR N
TWVWBH, REBEINTOWRWREOH TH 2,
AR TIE, KB—H#IRR T 77 0¥ 2 REE» DY FVRA~AD ) BLEES
DIFEHT%AT D o
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The saddle points are locations where the net gravitational

accelerations of celestial bodies is balanced. Although they seem to be



remarkable locations to verify the new gravity theories (e. g.,
MOND/TeVeS), saddle points are still unexplored. In this paper, the
transfer trajectories to the saddle point from the Sun—-Earth halo orbit

are analyzed.
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[The Design of Escaping Trajectory from Mars and the Method of Delta V Reduction |
* P (RR), JIEsFESL (JAXA), FHHEH (FRR)
HEEE (HAFE :
Na—HEEZRATE 2 DOFEIRE Z LTS S R XX —EE O 272
REFHEIZONWTIRRS. 2k, "e—8uiE LICEEREZ LY, BESHREL
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AR TIE, K, KB, FHBEROMHR 3 RFEZ X512, KERFE Phobos
ZHREL, KEROFEED O KB OFEEA~ L @i I 2EEZRETTH. #®
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BEBDH DN, ZOFETIIIECEL LRV EKEENBZHHT 2200
LFHEIX MBBVWEWVWIRKB(HS. 22T, "e—BELZEERE LT
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BOEREZEETS. £, REFINEZHEICOVWTIVEANR S DITES
T2, REBBITIIE v —HEDOEARY M EZRAWTHREROHEER
ZEBALT 2 FEICOWTRETT 5.
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We will talk about the new method to design a low energy trajectory,
which transits between the two regions located on both sides of the halo
orbit. In this new method, we will take the reference point on the halo
orbit as hub, and then connect the trajectory to propagate backward and
forward in time by using the stable manifold and the unstable manifold.
We will confirm this method in the Sun—Mars—spacecraft system of CR3BP
and design the transit trajectories starting from Martian moon
“Phobos” . In conventional approach, grid search that propagates the
various initial conditions at Martian moon is not clear whether the
spacecraft can escape from Mars if we don’ t propagate the trajectory
in advance. This makes calculation cost higher. In order to overcome

this demerit of the grid search, we will consider the method to propagate



the trajectory from halo orbit backward and forward in time, and the
Mars escaping trajectory will be realized. In a practical point of view,
we will also consider about the method of reduction of Delta V at Phobos

by using the state transition matrix and the eigenvectors of halo orbit.
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[Trajectory Design of Eclipse-Free Halo Orbits around The L2 Libration Point |
sk T YR (52 K),Nicola Baresi, B If B &k (JAXA),Stefano Campagnola(JPL),JI| B FE 5L
(JAXA)
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FEEREYR (HEFE) : Recently, Earth-Moon Lagrangian points has
attracted a lot of interest due to upcoming lunar missions and as a
gateway for deep space exploration. However,

when keeping a spacecraft in a L2 libration point orbit, lunar and Earth
eclipse are often encountered. To avoid this issue, several researches
have introduced a method of eclipse avoidance that relies on synodic
resonant orbits. In this paper, we provide a comprehensive analysis of
these orbits and explain how a selection of a specific Sun—Earth—Moon
geometry enables eclipse—free trajectories. These orbits are then
analyzed in terms of mission design parameters such as station keeping
costs and transfer opportunities. The results of this investigation are
not only beneficial for future manned mission to the Moon, but also for
small-class satellites and CubeSats.
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[ Generation and Characterization of Multirevolutional Periodic Quasi-satellite
Orbits |

k— /=N (FK), Nicola Baresi (JSPS), JII5EESL (ISAS/JAXA), #IEMAE (B
R)
AHEEE (BAFE :
BRESLHEORARRENEL LTEZXHN TV S QS0 (Quasi-satellite Orbit)
N—FEL LT, ZARAH Q0 LI bDRH 5. LEAEEH QS0 LIiTEEH
DOREZEHEEEL7-BIZEATS QS0 TH Y, HFLREFIIKT HIREI—
FREBIZRES BT DLV HEEERS. ZOHEEZFIHLE QS0 BB F
BORBHIFINTVDE—HT, ZAEAEEY QS0 BEDOLMRL/EREEIT
HEVHMAIN TRV, ZOBEMEDE, AFFETIX, —AERIZEHC 25 EREE
JEIH QS0 Doy IR DRERZ AV TLAEAR QS0 DERZITV, TDOREM
RFIERZIZC D &5 HEREEITONTEET S.

HEEE ()

Multirevolutional periodic quasi—satellite orbits are kinds of quasi-
satellite orbits (QSOs) which are closed after multiple revolutions
around its central body. One of the important characteristics of them
is that their amplitude with respect to the central body changes
significantly for each revolution. Because of this characteristic, it
is expected that multirevolutional periodic QSOs are applied for
transfers between QSOs of different amplitudes, but the distribution
and the dynamical characteristics of them have not been understood well.
In this study, we generate multirevolutional periodic QSOs from the
bifurcation points of singlerevolutional ones and consider their

dynamical characteristics such as stability and bifurcation points.
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['Vibration analysis of rocket attitude angle |
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EHES (FESE : Air force acting on the tail makes rockets stable.
This air force becomes smaller as the rocket’s
altitude rises. I analyzed the attitude angle
vibration of the rocket under such force, and compared
it with the measured value in the rocket SS250.
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[Active Shape Control of Spinning Solar Sails Based on Self-Excited Oscillation |
kmEEE (R, &E (JAXA)

HEEE (HAFE AT, Y- —kA NVOERBRRE, BEREHT
— FZAWVWCHIET2FEZRETS. XFER, KRicHREME TS Z &
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EERZZR LT, REBZ 41— FXy ZHIBIZOWVWTRRS.

FEEREYR (HEFE) : A shape control method for spinning solar sails
utilizing natural vibration mode is presented. This method aims to
excite an oscillation on the sail membrane so that it forms a certain
modal shape, which allows exciting large deformation using small input
such as solar radiation pressure. Since vibrational characteristics of
the actual system changes as the membrane deforms, a control law to
automatically track the oscillation point is required. This study
investigates state feedback control that takes into account the change

in system characteristics.
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[ Attitude Control of Solar Sail-craft using Pseud Equilibrium Point and its Application
to Space Missions ]
RSB TOB(FH 7R, PRERJAXA), HIEJAXA) B ERGETR)
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STRBHREBSEZ TS, 22T, HMERZBEERIZESSA TR ML 2
B ETREEDEBRERTS. 36T, BEUEHEIMNEBEIZCLZ2ZERE Y
AT LAOEEEL VBN T5. ZOBUFEERL, FLWHEEETH S KEE
HMOBMENELZFA LHEE2E X5 LT, 2 OKEANOS 2 v a V218
L74—YEUT 4 ZHLNTTS.

HEEE (EFH)

This study proposes an attitude control method of solar sail-craft. In
spinning solar sail-craft, characteristic movements such as vortex
motion (attitude drift motion) in which the spin axis tilts due to the
influence of solar radiation pressure are observed. Therefore by inputting a
bias input to create a pseudo equilibrium point, an arbitrary attitude
is realized. Furthermore, stability based on pseudo equilibrium point
position is analyzed from eigenvalues of the system. By considering the
pseudo equilibrium point and the control method using thermal radiation
pressure of solar cells which is a new control method, the feasibility
of application to the OKEANOS mission is clarified.
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[Tmage-based Autonomous Guidance, Navigation and Control of Spacecraft |

F AT R), FEFECER), REJAXA) HFEERJIAXA), BHAAJAXA), K
TFHI(JAXA)  —“HHAH(TAXA)
HHEEE (BAFE CRTHEERB IOV N B — U SRR ERT DD
ZIE, BRER D, BEREASOLRRERPVLEATR TH D, R —7 —&
J)EA /L OKEANOS TiZ, RED b v Y R/NEE~OFEPHEF S TV D, %<
DORETIE, FEt e LTHOLILTW D BRI HE OFERERIE T, f5an
AR ECOBRMEBENRERMEL 00 | ZRRAERPH LD,
) LM E MR T D701, A EEZ T2 R BREATERET S
TeDDXTT 4 N Ta—leEEHWTEFEEREL PEED 3D ET VA H
Wy al—varETH,
MHEEE (K : It is essential for spacecraft to land the asteroid safely
in order to achieve sample return from asteroid. The next solar power sail
mission OKEANOS, planned to be launched in 2026, aims for sample return
from a Jovian Trojan asteroid. In this mission, propagation delay is longer



and it is difficult to utilize popular Guidance Navigation and control method.
In order to solve this problem, we propose new GNC method making use of
Optical Flow and so on and numerical simulation is conducted using a 3D
model of an asteroid.
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[Motion Analysis of Sample on Small Bodies and Design of Sampler

*TRT I AYET 4 2 (FEKRBR), Hid (JAXA), FHRER (JAXA) irA#Ht (JAXA),
ERER (B, RAES GR)
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DIKBEFRHT 24TV Vo T TR = TIR R OFBOBARZ A SN2 2
ETH 7T OMBHERIRIERE DM L2 X5 Z &2 BRYE 325, AWFZETIE, Bl
YIalb—varE WG AOREEREOTEICE R L,

S (JE5E)

The present study was undertaken in order to enhance sampler sampling
performance by clarifying the relation between sampler horn shape and
particles behavior and produce a guideline for the design of the
sampler horn. The study puts its focus on Bullet sampling method using

numerical simulation.
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Numerical simulation of motion of regolith blown by ejected gas and its application to
design of landing and sampling system |

kR (JAXA), $0ARZZHR (BRK)

HAHES (HAHE D IREBEBRBEEICBV T, MREREOREHI, R
B EORET, FVRAZAWTHEBIICLIY RZRE LIT5Z2L3H5.
RERREZ/DIZDOTHDEBEERIT 5720121%, VI U RDEBOBERMH
BThHD. T THFETIE, Thb~OBEA % RIEA 7~ DEM-CFD BT I =
L—FEBRRE LTS, KEHTIE, 7 MEOH] L ZHITHIET 2 REEFHE
TR, BLOERE - VU ARV AT ARF~DIARFHZOWTRET 2.

EEREYE (HEFE) : In recent space exploration missions with a



lander landing on small bodies, a lander may use gas to excavate the
surface of small bodies to collect samples, where regolith is blown up
positively. To collect sufficient amount of samples for science, it is
necessary to understand behavior of blown regolith. We have newly
developed a simulation method aiming at these phenomena, which is based
on DEM-CFD coupling analysis. This paper shows a modelling and
verification results of cratering simulation, and study of application

to design of landing and sampling systems.
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[ Analysis of a distant retrograde orbit around an asteroid |
FPUATFIE (FOK - o), IHHEzE (FRR)
HAHES (BAFE
AFFH CTIIFEREKDME Y Z2HEEE) T 5/ NEE DO E oV OFHEO#IEES)
DNWTHELET L. Tl L NBEOWIEERDE S ZEBIZL Y, NNEENDLT
HIZE < UNE N Z2BEN ) & LTE L X THTEESO TR Z2E., 2ok
Bz b LT HED/NER OB Y A 22 E RS HEEB) 3 2 10175 BI#0E 0O 5
HFEB8ET5.
HHEER (35
In this study, spacecraft orbital motion around a small asteroid is considered.
By taking differences of orbital elements between the spacecraft and the
asteroid as independent variables, basic equations of the relative motion are
derived. The small gravitational force exerted on the spacecraft from the
asteroid is considered as a perturbation force. From the basic equations,
conditions on the stable orbital motion of the spacecraft around the asteroid
are considered.
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[Retrograde Teardrop Orbits around Small Celestial Bodies |
RAGHIAIR (JAXA) . ROREEST ROKBE) . EEHME—, B e, femFm,
AL REFH] (JAXA)
HEEE (HAFE
ARFH T, KREBEEIC X DEEDSRV KRR U T b 28 22 0 TR R e
(RTO: Retrograde Teardrop Orbit) (ZRI3 AHIZERE R 2 MG 5, /D RETEE



TOLREREIE L LT, Terminator PLUENEN HILTWAD M, T O#LE [ X#E
RHADIZEIT 90deg THDHZ EMFERSh, Ivva i kRERFINELSEZXTL
£9, —H T, AWEETRET D RI0IE, LEIZ I EDTNR AVEEZDZ L
TEEAMZF-E-80ETH Y . Terminator HIEIZLHETH HENREERIZ A
5, AGEFETIL, RTO OXGHFIEL/RT & & BT, 1TR05I 2 FHEIZEIT S
B 2 /BT D

HEEE (L)

This research investigates retrograde teardrop orbits (RTOs) in the vicinity
of small celestial bodies. Terminator orbits are known to be stable even in the
strongly perturbed environments around small bodes. However, this type of
periodic orbit exists only near the terminator region, and thus, the
capabilities of a mission can be restricted. By contrast, RTOs, which are made
periodic by applying a small deterministic delta-V within each period, provide
high flexibility in the orbit design. This talk describes the orbit design
methodology for RTOs and their applications to the Hayabusa-2 mission.
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[The role of planar unstable periodic orbits in inclination change ]
* KX (EZKIH)
HHEER (RAFE : AR TIL, HBIR=GMEICRIT 58 ZRIEEHED
HLUEES LD & R R VW EEARZ ERYIPEDR, &5 Y2 EEROHME I
THEEA TR WAZE,ZHOZ L2 RH L. TOREEMICTEEYT
DARELRIRIT, REEMDOTH S » o EAHPELEIC—EHMEL LE52L T
BZREEZEEE T FA AT 5720, JuBENASTROBNREBEEINKRELE
b9 %. XERTI, R4 REHEOVEALZERYYEICMHET 5 7ELERE
O, BEERAOEEREL Yo vEROBRERETS. WAL LT, HXKE
UTE D T A% E R HIBE 13 ARRM P MMX 2 v ¥ a3  CHIABSRA STV B
HEZE quasi—satellite orbit (QS0) EEERZF O, WATX—NZ R
LTH QRS0 & 1 AMBICERATEDZ LICEB L, RESHEEEZFIAH LiE
o7 T7ANA Lo TFHEBOMERRMAZ EIT L2, BRICBWVWTEE
7€ QSO IZ¥E A9 5 endgame strategy Z_ET 5.
WMEEE (RFE) : This study shows that planar unstable periodic orbits
near the secondary body in the circular restricted three-body problem have
weak instabilities to the out-of-plane direction within certain ranges of the



Jacobi constant. Associated invariant manifolds do not instantly leave a
periodic orbit and flyby a body multiple times due to the weak instabilities,
resulting in substantial change in inclination. We will present relationships
between values of the Jacobi constant and the magnitude of change in
inclination of invariant manifolds associated with several planar unstable
periodic orbits. As an application, this study proposes an endgame strategy
for insertion into a planar stable quasi-satellite orbit (QSO) by decreasing
inclination of a spacecraft down to zero via multiple flybys and performing
insertion maneuver at a tangential point between a QSO and a planar
unstable periodic orbit, which allows multiple chances of insertion maneuver
due to the use of a periodic orbit.
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[A study on minimum-time transfer of geostationary satellite]

* LA (Z2EER)

HMEEES (BAFE) EHAORIAZICX5HEEHEORARFEBBICO
WTRH LTz, 27, RERFIEBBBLERTOILOOEEBERATT I v
ZHIZRD, RICKBFBEMASINVOREBHNRBEOABBRFINEZERTE
HEOCARTT IV TRIDYEEERITo T, RSN AT TV v ZRIOBEZME
EEMEY I L—a U TEMAE L.

EHEES (HEF) : This study focuses on the minimum—time orbit
transfer of geostationary satellite. First, the near optimal steering
logic just considering the translational motion is presented. Then, the
steering logic is extended to take into account the limitation on the
angular momentum of the actuator and the power generation of solar array
panel. The effectiveness of the proposed logic is evaluated by the

numerical simulations.
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[A Study on Shape and Stiffness of Membrane Structure Due to Warp of Membrane

Device]

s INiEERE S0 GRIER (59), FRIGUTAXA), T RERRJIAXA), FEHEREJTAXA), BIRELJTAXA) ,



£ H I RO
AHEEE (BAFE

AR RIIEE T A ZADRY IZ &L 2 EEEYORERIR & Bl ORIEc OV TR
TE2HDTHD. IFE, BEIOIAEICENLTWD 2D, FHAA L L TEREDD
EEINTWD. 2010 FIZ JAXAIC X > TS BiF oo/l — 7 —B A NVE
ALH% IKAROS 1%, FHZEM TR LRIy a v ERDEE, Y—F—BhES V2R
THIHTHEIEL 2. IKAROS TidkA VL 22 EEICEBEKBEMZ ST HZ L TR
BHERRL W, V=T =B A VOEE L RFICEEN BHR LRI N.
IKAROS CIIRE D FEE TR BB LT\ Z ERbhoTW5. KBS
ARAZINVHRTRDZEBPREET, RESKICEMPEEST-EEZONTVD. KED
FEREIZIBW T, BERBEMDOK 5 F I L - T, IREREPEIO0BETD L 5
WRESEINTDZ ERbh)roTWD. £, IKEORHEIZIBWTIE, KEXRRDZ &
TEROAIMER®E < 2V, REEEORIE ‘L kol Z PRI, —F T, Ki
EEOTGIRPEIT B2 LT, KBREIZL > THEEM~FEESR M VIZBE BN
TLESILBEZDLND. RBIRTIX, KBBEE M7 OREEZZR L DD, HITH
LEFAL, RVDBEIT A AEFAT 5 L T, IREZEDOTIRORINE 2 Hl#E 3 5
ZLEERRTD.

IKARSO T KBEMAR D Z & THRPE L T\ e, EIRKEER 2 R
ZLMT D E CHEERENR D L RS, EEFMOKY LAFMDOKY Tik
BREEEROENIRESERD. £, ¥EHFmEAFMORY 2HHabELZLT
¥rx REICERESEZER I EOND. LV FRoEZAEbEICL > TK
BBRE RV OREEMZ ONDEAEDLERHD. L7 o TR TIXBEAT BET
LIS DOEBICE S TEDIL S RFICERIELNEINEHLNTT .

HHEER (35

This study discusses shape and stiffness of membrane structure due to warp
of membrane device. Recent years, because it is lightweight and storage
efficiency is good, membrane structures are attracting attention as space use.
The solar power sail “IKAROS” , launched by JAXA in 2010, succeeded in various
missions in space and demonstrated solar power sail for the first time in the
world. In IKAROS, high power was secured by attaching a thin film solar cell
to the film surface to become a sail. IKAROS confirmed solar power sail as
well as unexpected phenomena at the same time. IKAROS has deformed the membrane
surface was not flat. It is thought that the thin film solar cell warped by
the bimetallic effect, causing a change in the entire film surface. In the
shape change of the film surface, it is known that the whole membrane surface

changes greatly like an umbrella shape or a saddle shape depending on the



warping direction of the thin film solar cell. Regarding the stiffness of the
membrane surface, it was confirmed that the stiffness of the membrane was
increased by warping the membrane surface, and the stiffness of the entire
membrane surface was also increased. On the other hand, it is conceivable that
an undesirable torque is given to the structure due to solar light pressure
by changing the shape of the entire film surface. In this study, conversely
using this phenomenon, propose to control the shape and rigidity of the entire
membrane surface by using warped devices.

In IKARSO, the thin film solar cell warped and its shape changed. When the
thin film solar cell is attached to the membrane surface in large amounts, the
entire membrane surface is warped. The shape of the entire film surface is
largely different between the warp in the radial direction and tangential
direction. Also, by combining the warp in the radial direction and the
tangential direction, it is possible to deform the entire film surface into
various shapes. There are combinations that can suppress the influence of
solar light pressure torque by combination of warping directions. Therefore,
in this study, it is clarified what kind of shape can be deformed by the

pasting place and the number of pasting.
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[Deformation Properties of Solar Sail Membrane with Curved Thin-film Device |
)ASTRRI, BURGTE, AR, EERE (JAXA) AeEs (R, Mk =ZE8 GRTR)
mEEE (HAFE
V—F —E 1A /L IKAROS 35 I TR OKEANOS [FIARICEE DO RZ NVIEEZ T Y v T
e LIBRER OEANVELEOHRRERET VT, MEEZHETIERT N
AR X DEER~DEELFN T D, BET A ADME, fEEZ/T A—
2L L. KBEHESNIE LTERT 2 L EDBEOEANEMB L OIRICAET
DRGHHE M7 E2ROHB Z LT, 2EBREZFTEMT 5,

HMEEER (K

The effect of a curved thin-film device on deformation of a solar sail
membrane is analyzed with a finite element model of a membrane structure,
such as the solar power sail IKAROS and OKEANOS. Using the direction
and position of the thin—film device as parameters, the whole shape is
evaluated by calculating the out-of-plane displacement of the membrane



and the solar radiation pressure torque acting on the membrane.
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lAnalytical study on Roll-up Method for ployable Membrane |

*|)IEH (F7RPE, e (JAXA), BRERJAXA) , WAECGTR), =ikEFIT(H
R), BHEES (FFK)
HEEE (BAFE DR, ESBR~A 7, BRPIBE~FE+nTHDK
BOFHREEEEYPER SN TRY, Rx RIAFERRN I TE 2. 1T
FiITRIOBZ DTN, BEDOEALZER TS L, TV LicABREDOHNIMNIE
ERRETLIHERHD. ZNERRT DD, RERLT A ZADEINL
RETOINNEEZZ TR LNHEZEHRT S22 T, WARELZHRET 2 HER
BBINTE . —FHT, MHEZHRET S BEESTHAPOBRBRE TH oK
R, MHEZRELILER, BRELZEEOMABEGFROKREDARE—%5| &
e ZSRBERNRT b KFETIE, MEEHEDO BEEZFITAICEL,
FER L LR, BRAEETT D .
HEEE ()

In recent years, a large space film structure having a thickness of
several micro and a shape of several to several tens of meters attracts
attention, and various storing methods have been studied. Considering
the thickness of the film surface at the time of winding before launching,
there is a problem that circumferential difference occurs inside and
outside of the folded film surface. In order to solve this problem, a
method of solving the difference between the inner and outer
circumference by predicting the inner / outer circumferential difference
arising from the film surface and the thickness of the device and
managing the phase has been proposed. On the other hand, the point that
the target value for adjusting the phase is unknown and empirical was
pointed out, and as a result of adjusting the phase, the wavelike slack
that occurred caused the unevenness of the film thickness in the
circumferential direction. In this research, we derive target value of

phase management analytically, compare with experiment, and verify.
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[Effect of Curved Thin-film Device on Natural Frequency of Rectangular Membrane
under Uniaxial Tension |

fAN TR, BURME T, FRIA, EERE (JAXA) AEES (BKR), Mk =R GETKR)
mHEE (BAFE :

V=T —BHEANTIE, BANVIERKGEMEDOR > 2KET A 22/
20, KY TEHAMNESCERIREBE S E KT 5, AL T, A VEME
TNELT, RolelBET N A RBEEMAFEEREEZRIC, Y BESFHFHmD
BEHREBBICEZ2EEEZ LD, RV OBRWKRET A AT &K - KET
NARZADENRE B LT 18R /18T A —F iR -> T EHEARNT %2 FEHE L.
T DRRFED T DEZEN TIRENFERZ £ L 7=,

HEEE ()

A solar power sail has a thin membrane with curved thin—film devices.
The curvature of the thin—film device increases out—-of-plane stiffness
and natural frequency of the membrane structure. In this study, the
effect of a curved thin—-film device on the natural frequency of a
rectangle membrane under uniaxial tension is investigated. The membranes
with and without the curved thin—film device and with the flat thin-
film device are considered. Geometric nonlinear finite element analysis
and eigenvalue analysis are conducted to investigate the natural
frequencies of the mode at the maximum effective mass ratio under the
tension force. The numerical simulations are verified by vibration
exper iments of a membrane with and without a curved thin—film device.
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A Study on Shape Control of Multilayer Film by Sputtering |
kR (FFR), & JAXA), EERE JAXA), FIRER (FFR)
MEEE (BAFE 1 V=T —BIEA N TH S IKAROS 13 2010 4EITHTH BT B
L, BA T S IR KGR TORENEIES .
CHERIFRZ, Z omEBRBEE A MR 2R 2 &b iR
iz, UL, @iKEGEmS R Z2Ro L, JEOREIZ X
D RO BBIIRLEL 0D, 2O X O IR EO
F O RZBEOMFIIMHE T ~EMETH L. AHFZETIT,
HIEREED —FETH 2 Ay # Y 7B X NI



EHL, ZRBECA Ny 2 ) v 7% 2 LTI ORIRE

WD FIELREL, T & ERIC LY L EORGEETT D .
FEEER (FERE) : IKAROS, the solar power sail, launched at 2010 and
demonstrated that thin-film solar cells could generate the electricity. Through the
demonstration, it was found that the thin-film solar cells of IKAROS were curved. If
the thin-film solar cells are curved, the attitude of the spacecraft becomes unstable.
In this study, focusing on internal stress by sputtering method, which is one type of
thin film deposition method, we propose a method to control this shape by sputtering

on multilayered film and verify the validity by analysis and experiment.
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TEQUULEUS Mission Analysis : Attitude and Trajectory Control Method by Using
Water Resistojet Thruster]

* EESEEORR), BPAHE—RE (R . SR CGROR)., P RCRR), #2 FJEPEGRR)., M
R (RR) . LB GER), RZEZOER), MiliFE (RKR)

AEEE (HARE : #8/NEL H TR RRAS K% EQUULEUS (X, SLS ¥l 5T H E
FTHhD 13 D CubeSat D 1 D>THD, ZOREE LT, AFREREL, VR
T KT BB T AHEERE AV, BUERIEICABERRRIEAZITO Z & A
2iFohbd, AR TITE T, AH#EZ v 7z EQUULEUS D EEHE HIMH R DR
FHERZ AT, WIT, EML2 RAICKREREEN &F o0, B RAESHEEZRD
HD, BEROCEBEOHIELFRERT, BBRIZ, BEVI=21v—Taick
v, ZoO#HIESFROBEHMEERT,

EREYR (FERE) : EQUULEUS, a small space probe exploring cis—
lunar spacesy, is one of 13 CubeSats launched by SLS-1/EM-1. The cubesat
features that “Water”, which is highly available and easy to handle, is
used as propulsion fuel for the trajectory control and the angular
momentum control. This research shows the design of water resistojet
propulsion system and attitude control system of EQUULEUS. In addition,
it is shown that the attitude and trajectory control method to obtain
the acceleration required for reaching to EML2 and to control the angular
momentum. Finally, this paper shows the effectiveness of the control

method by using results of numerical simulation.
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[Examination of heat exchanger for new type thruster for small satellite |

R AER (F5R), ARBEE OEKR), JIIAE— (JAXA), AR (JAXA)
HEEES (AARFE D BSHAY, LEMIEKHWLRTWD. £, FHlf
PRERRIZBW TS, IR OHEE RIZBS IV B L 5 . RS THERAERK D
BT, (BT n 2RI L LTV DAL L. 2 ORISR
%, o, REE, LA AT XV BT D0, EOFELWERMEILW
EREHMONTWRNZ LRZ W, £ T, FHEICZHW O LIRET7r 0
B 2 R L VB DT 5 2 & T, FHE OB R OHEE R DL R
RN T DL EZARE LTWD.
EHES (PR : Heat exchange is widely used industrially. Also
in space explorers, heat exchange is used for thermal control systems
and propulsion systems. Especially in the heat exchanging of the space
craft, alternative CFCs is often used as refrigerant. The heat exchange
rate of these refrigerants varies depending on their type, state and
Reynolds number, but their detailed relationship and values are not yet
known in many cases. Therefore, by experimentally clarifying the heat
exchange rate of substitute Freon often used for spacecraft, it aims to
streamline the design of the thermal control system and propulsion system

of the spacecraft.
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[High Density Cold Gas Jet (HDCGJ) System Development Status for Small Satellite
Application |

i =R —, /MUBCRL, )1 A7E—BR (JAXA/ISAS), S, AAAHD (JAXA AFBEATS) |
UNZTH -0 N

HMEER (AR /DEHEHERE LTI MITEME, Z2THDH L
PR EBEINTETWD, ZRNETEI—NFHTRARTZAZHHVITEXH
ERERMEAINTE TR, ZhbDEZE 4R TE TEW AR, HRC
DBEBFRRBEFA LB ZABEBRICL DA T AZ VAT ARERTE D &/
RN DR EREZRNCHRE T 2 EMESND, T 2 TRAF BRI
ERDOEMHEIT & ZHE TOEMBEAFRERIUZ OV TERET D, (MEEERED
VURTY Y A TORFZURDEIRAFEER & P 01I2)



HMHEER (ERE) : The thruster systems for the small and Cube satellites
are required to be compact, safe and lower cost, however, the current
system like the conventional cold gas jet and the electric propulsion
doesn’t meet this requirement sufficiently. JAXA is developing the
technology of an advanced propellant self-pressurization via a supercritical
condition for future liquid propulsion system for launchers and spacecrafts.
This technology is conceived to be applicable to small satellite reaction
control system (RCS). This system is carrying the liquid instead of gas
aboard. This achieves reliable and safe, light weight, low cost, eliminating
the high-pressure gas vessel. This high density cold gas jet (HDCGJ)
system and its development status are presented.
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[8S-520-5 ZHED ML AR FE I L UTRARE R |
[Development and Flight Results of Guidance, Navigation, and Control System for
Orbital Launch Vehicle SS-520-5 |
kO I, UAREAT, TRREZ, SO, NI, EAKEON, SEER, PAEZA,
AT (JAXA), RS, EEFPRE, BFRS, fidEmA (IHI =7 v XA~—2), K
X, IZER, WEH, SaakE (v &)

HEEE (BAFE :

SS-520-5 Bk, 2 BB =S > b SS-520 ITH 3 Be& BN L 72 5w/
DHERA R 7> N THD. SS-520-5 Fiix, F BT = — X TRV
ZEICKVEBERLRPOEE L LR S8, 5 BRBEBRLAATE TITH
BT OB _RITHLH LG RA~DERBEE (FL74 V) BIT==2—
T—vaUEEREEFER-L, 2, 3 BRRBERIIKESEIZNEST S Z & CTHE
FEIEE %S5, ARFEHETIX, SS-520-5 SHOMEHERHARBEBERBIV
RARERERET D.

HHEEE (L)

SS-520-5 is the world’ s smallest orbital launch vehicle, which is
realized by adding a third-stage solid motor to sounding rocket SS—520.
In SS-520-5" s flight sequence, it executes an attitude maneuver (rhumb-
line control) toward the horizon followed by active nutation control
after its altitude is increased by the first boosting phase. It achieves
the orbital velocity by accelerating horizontally during 2™ and 3™
boosting phase. This presentation reports the development and flight

results of guidance, navigation, and control system.
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[8S-520-5 GHED T LT A iR ORGT & RFRRE R |

New Control Schemes and Flight Results of Rhumb-line Control System For SS-
520 No.5 |
* KRG | ERRE, RIERA (HI =7 aA~<—2), (FERHE, LAST, PAEZ
N, TBHI73C (JAXA)
HHES (BAFE :

SS-520-5 Bt 2 By NEHI = - » b SS-520 [Z/NEIEMERESS 3 BvE— X B
#WLUTHENERAROZMAM LR /oy FTHD. Ausy BT
5 1 BT —F OB TRIZ, AV VRBOLIARMCEHEZRE X



—NIHBTEDILT LI B EERT D, T4 VHIEIC KD X—N
HEZ EFLZLIIRE=—=2—T —Va VOEREZHE ., TOROSEEERIC
PWTRA VT 4 V TRBEEZRESEPERBREPHEKRT D, K7 LT 1
HFRZIEH TR IREMA~ X —NEER EERE==2—T — T 3 O %
MM IE, ZOBRET7ITA PTEIELE, RKEETIXZN L OBERERD
RAMBEBL L UORABRERET D.

HEEE (EFH)

SS-520 No.5 is the world’ s smallest orbital launch vehicle, which is
realized by adding a third-stage high performance & small solid motor
to sounding rocket SS-520. It flies due to spin stabilization in the
atmosphere. The attitude maneuver toward the horizontal direction is
executed by rhumb—line control after 1°* stage boost phase. We devised
the new rhumb—line control scheme to suppress the residual nutation
angle caused by RCS injection with high maneuver velocity. The new
functions of the rhumb—line control succeeded in the orbit injection of
the microsatellite by just only one time of rhumb—line control before
2nd boost stage. This presentation reports the guidance and control
system including the new functions of rhumb—line control, and the flight
results for SS-520 No. 5.
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[Flight Demonstration by Reusable Rocket Vehicle RV-X |

 Hf FR R

HHEEE (HAFE

LM 7> MR FEGER &, 2 E TOMERR Z B RRIZIHEH L TF
A Ry FHYFEERBEAMEEE L FEamE iR, BiRTres, mERiskEikng, 2=
T B HEBERE D e KAk 70 £ 2@ U CTREFOMOTEE) & D=Lz XY | AT
IR S X o THE RO IC T 72k O 7 0 2 = 7 FBRLED
OOV T 4 X AZ@mODL I La AL LT, M= 7> FEBREE RV-X O
JEHENCHL Y FA TWD, £ DWFFEEEI OBLRIZ OV TIRE T 5,

HHEEE (35)

A study for system—level verifications by a reusable rocket test vehicle
RV-X proceeded. Objectives of the flight demonstration are (1) system

architecture study for repeated flight operation, including quick-



turnaround operation and fault-tolerant design; (2) life—cycle
management and frequent repeated use of a cryogenic propulsion system
and its flight demonstration; (3) development of advanced return flight
method and vertical landing and its flight demonstration; and (4)
demonstration of advanced technology for future reusable launch

vehicles.
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[ The Study of Navigation, Guidance, and Control System of Reusable Vehicle
Experiment(RV-X) |
kRS, BAKER, AREAT, PriRE—RS (UL JAXA)
HEEE (HAFE :

BEMe 7y FERE RV-X IBEATTRERe 7y bOV AT 2B I UEH
ZREIET DO D/NIERETH D,
2 EOFATRER (#1,42) ZFEIL TRV, #1 TIXEER 100m F TOHEERETR
17, #2 TIIREAR bkm 22 6 DIERITHALZ TEL TWVD, RITRBRIZEIT S
FEGIEHR DAL EMETMMET H720I1IC, KV R—R FORERER
RLENL ZMABDETRIERREZ RN LTV D, AERTIIRV-X THERTE
DORLEFERERIC OV TRITRRICE S £ TOET ML, FHMEFESCRIER
ENZ DWW TR 5,
HHEEE (K)
Reusable Vehicle Experiment (RV-X) is a small experimental vehicle to
demonstrate reusable rocket system and operation. Two flight test (#1,
#2) is planned in this project. At flight #1, the vehicle will ascend
up to 100m, to demonstrate takeoff and landing. And at flight #2, it
will ascend up to about 5km to demonstrate returning flight. In order
to evaluate feasibility and stability of navigation, guidance and
control (NGC) system, some characteristic acquisition tests and
verification tests is planned before flight. This presentation shows
evaluation test and verification plan of NGC system of RV-X.
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[Simultaneous estimation of the states of the Hayabusa-2 and Ryugu |
kTR (JAXA)
HEER (BAFE) IEREREEL/NBREOAERBEORFHEFIEL.
FREI 27 o —F 7 =2 —XZBTHEEFOWTHLE 5,

FHEEE (R : A method of simultaneous estimation of various
states (trajectory , gravity, rotation) of asteroid exploration

spacecraft and its target asteroid is described. An actual example

during the Hayabusa—2 approach phase toward Ryugu is discussed in detail.

B-6

IS E 27 0 —F 7 =2 —RTBIT BFEME

[Optical Navigation for Hayabusa2 Approaching Phase]

kBB GRKR), =#hpt (JAXA), EHE— (JAXA)
HEEE (BAEE) ABETE, PMEERERISSI 20T 0 —F 7=
—RTBITD, PMEREY 277y DERERWTOEFERIEC OV TRET .
Tra—F 7 = — AOHIETIX, BREM L /NRE DO EEREDR TR E SIS
FRELE 2%, 2, BRFICEL/PMNREOREINDLRODZ LB TE B,
ZDTeDITIIEBEO/NEREDEREPBERSHEETE TV ILERDHD. £Z
T, FIREE 2T, BRFO/NBREEEORLRIZERTDHI LT, PIEREE
BREOBFHIERZLEL LRWHETHYEMEEZTo72. 3 bIT, #E
ST R R Z AW T, ERO/NBREEEOHELToT.
mEEE (EE : This paper presents the results of optical
navigation performed by the asteroid explorer Hayabusa2 in approaching
phase using the images of the asteroid Ryugu. The determination accuracy
of the relative distance between the spacecraft and asteroid is crucial
in navigation of approaching phase. This relative distance can be
estimated from the size of the asteroid in the images, but this
calculation requires the actual radius of the asteroid with high
accuracy. We have estimated the relative distance from the change rate
of the asteroid area in the images, without relying on such prior
information as asteroid radius. Additionally, the actual radius of the

asteroid has also been estimated using the relative distance estimated.
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 HAYABUSA2 TRAJECTORY DESIGN AND RESULTS - ION ENGINE
CRUISE TO RYUGU |

kANAEER, EE (NECHIZETFH VAT L), KHFERE (NEC)

mEEE (BAEHE :

NERERER 1305 2] 132014412 A 3 BOFTH BT 64 3.5 FED
2018 42 6 A 27 BIZ/NXE [Ryugul IZEE L, MNEEREEETOSF v
VUV X DHEREICOWVWTEET D, . INEREBEERICEM LIS
BRI oW THEET 5,

EEEE (EER)

The Hayabusa2 is the second Japanese asteroid explorer and it was
launched in December 3rd, 2014. After flight of 3.byears, Hayabusa2
arrived at asteroid Ryugu on June 27th, 2018. The outline of Hayabusa2
trajectory design to asteroid Ryugu and its result is reported. The
results of optical navigation at the asteroid approach phase is also

reported.
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THAYABUSA2 Orbit determination in approach phase]
* A AIE (& 10@) . PEPRFR(E L), %%?E%(%“iﬁ) IR EHE(E m), KEkEs (8
i) . EIHMECRILE ) K b AFOREE ), Mk (JAXA) ., i)l (JAXA), &
JIE (JAXA). 0 #50(JAXA), HHHE— (JAXA)
HHEER (RAFE AIRSE 20T e —F T = — X TiL, HERD RRAR 7
—ZBELWDDOR T—F LHZED AT OELNTZERZ EE OB THENT L
72 RA,DEC D7 —% %AV T RYUGU &3R5 & 2 DR O [FRFHHEE % £ L
oo 770—F 72— ATRBEEOY 7 V=T 2V THEREREZEE L
ZeMrERLZERZTo, KARXTRHELESRBE LIRSS 2T
BLERE Y AT A THIERE & Fifi L 2RI OWTHRET 5,
EHEET (R : In the approach phase of HAYABUSA2, simultaneous
determination of both RYUGU and HAYABUSA2 orbits were carried out using
optical data of RA,DEC analyzed by multiple institutions and
conventional RRAR data and DDOR data. In the approach phase, the

operation of orbital determination was calculated using multiple



software and operation with importance on safety. In this paper we
report on the result of orbit determination using HAYABUSA2 orbit

determination system developed by Fujitsu.

B-9

NERSE 2128 2/NEER— LR Y 3 VEIRFOBIERG )

[Trajectory Design of Hayabusa2 for Returning to Home Position of the Asteroid |
*RARBES (ROR) ., S9HIADR, HEMME—. Mz, (LR ZR, KREH| (JAXA)
HEEE (BAFE :

INRERER I35 2] Tk oy FF Y EHRSCI (Small-Carry on
Impactor) B D%, /NXE Ryugu EZ2 20km ICfiBT AA— AR Y 3 viTs
B4 5, AFETIE, 29 LEFS—2R DY a VEROD OREBEDORE
FREREHRTT 5, BEIEL. ERIEOBIAMECMIERELER L -HER
HILRBEZ RAETH5Z L TREF LT,

HEEE ()

In Hayabusa2 mission, the spacecraft is going to return to the home
position where the altitude is 20 km from the surface of Ryugu after
touch down operation and SCI (Small-Carry on Impactor) operation. This
study proposes the optimum trajectories for such returning to the home
position. The optimum trajectories are designed by solving the
optimization problem considering the observability of the optical

navigation and navigation accuracy.
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['A study on Distributed Power Control of laptops)

*EARMRD (X)), KARES GRK)
HEEE (HAHEE : FT7 4 RTBNT, BNEN R FRBEHRMEIL, H
BE/NOEKRETRESIND, ->T, BENHEOEY—I7 Uy F2IT5 2 LIX
BER/EV, ARRTIX, B8O/ — XY a OHEEBEEN %, MigBRicko
THIE L7ZERER EBEY I 2L —va ViITK o TRT,

HMHEE (O5)
The contract power cost and power facilities of offices are determined

by the maximum of power consumption. Therefore, it is very meaningful



to cut the peak of power. In this work, we conduct the experiment and
simulation to control the power consumption of multiple laptops using

decentralized control.
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[A Experiment Verification of Train Power Demand Reduction Utilizing Distributed
Control Considering Multi Power Supply Sources |
* RAREES RO, /N7, R, FEiEE (BalEkenh) . SoRfid (A HR)
HEEE (HAFE :

AIFFETIL, NEBRER NT05 S ) OBNHEITIEREZ 3 L Ic ML ori
R BAHERESHIEZAWVT, SKEICBIT2ENHEHEBHIREEZRA S, SEIZBW
T BNEA2A N TCHVHEEENOBEEHETH D BHT < NI ZHIE
THZLWEETHD, TNETEELIT, BERIHOEFIE~DFHFRIORE
EOHTERIN DML SBHIEOFIET, BEORBEREZEIEEFROENT ~
v REHIR T 258 %, BREERLIZO TToTERR, T E TOHIEAIT
X BEROEEBHCBITI 2 ENENOENBEEERTHZ LITTE )07,
£ ZTARBETIT, 2 ETHISBERE L., BROBEHMRIRZHE LTk
RL., EEROFIEFEITZE L THIER OFZBRETERRE T,

HHEEE (K)

This study aims to apply the distributed power control scheme which
was developed in Hayabusa mission to the power consumption reduction of
Railway system. In railway system it is important to reduce the “power
demand” consumption which is the contract power and is also the moving
average of power consumption. Although we have been studied to reduce
power demand consumption of the substation, power supply source, using
distributed control scheme by both simulation and train running
experiment, the previous control law cannot control multi substations’
power demand. Therefore, this study shows the results of train running
experiment that the extended control law which is able to control multi

substations’ power demand is applied.
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[A study on Distributed Power control of heaters |

*EARM (FR), AfRBEE GK)

HEEE (BAFE cb—F— EEEFTIFHEBIBNT, e —F—
BFERFIZ ON IZR25 L, FHBEEDOHEEBENNSBMICEKRTS. XoTEN
HBEOE—I7 Iy 2T Z &idk. FHBEENENHRRITHED fERR Z EEEY
B, KRR TIL BEOE —F —DHEEN 2, M5BT X > THEI L 72E
BiERELBEY I 2 —Ya v ERT,

HEEE (EFH)

Power consumption of a spacecraft increases rapidly on condition that
each heater turns ON at the same time. Therefore, cutting the peak of
power contributes to avoid a power shortage in a spacecraft. In this
work, we conduct experiments and simulations to control the power

consumption of multiple heaters using a decentralized control.
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[ A Proposal of Bicycles for Senior Ladies |

*EMFEGR Oo—Z2EE. BT
EHEE (AASE) BT, HEEOEENSGRTH D b, RKAMREZ K> TWT, H
BRI B RILRV, HERETRICRERANERH Y | REICHELEN D D, Em ANHOL 42
REEHEORENR EEND, HEHENHEIHE & RE RR 5 AITEOPIERITE VT
WCHDHZ LT, BrlETIIREEICANL L TV TS, #ids & X TMEvNTE< 2 230 EC
72 %o AREXEZ AW TZBINIIR F ORI OJFFE T, H 2 LA TE TR, EmAMA
HEAERHTE L0 TIE RV L EbiDd, 74 FUHITABHEORITELZ LR 5, o
EEVEICR &, MIE T H RN R R 2 Z &2 F > TWT, FIFRITICHRE LTz, HEsE
DOfEE, #2EFH TORBEHFEFGO LAY DIZL 25 E bEbR D,
G =g C
For senior ladies, car—driving is dangerous, and moreover they cannot ride bicycles,
because of the loss reflexes with advance of age. These impose difficulty in their
social life and give mal-effect in their health. The safe bicycles for senior
ladies are strongly needed. Because the center of gravity of bicycles is much
higher compared with cars, the bicycle must tilt at turn, although it is to be

upright at zero speed. For the control of inverted pendulum, the Coefficient



Diagram Method (CDM) gave a solution. With the same design, the bicycle for senior
ladies may be realized, which tilts at turn, but keeps upright at zero—speed.
Wright brothers discovered the importance of control technology in their activity
of selling bicycles. They knew it is also essential in airplane, too. This led to
their success in their first flight. The control of bicycle may be a good

introduction of acquiring control technology in aerospace field.
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[Model Predictive Control with Cross-Product Term between State and Input |

*Va Yy rIv (BK), KHEI (JAXA/ISAS), AfRHZE (JAXA/ISAS)

HEEE (HAFE BT VTR (MPC) I X BEBR R R () S Bl F ik
D—DOTHY, ZBMANILRICL>TROHNS. MPC TIx—HKAIIZ LR TH
WHNLDFHERERIZ 7 e AROEEZEKT S, LL, 7aAROEOHRM
3R A R RIC K > CTHERR CT& 2. 2D72®, AWFFTIE MPC 27 v AFEDIH
EFEATE S L)THER LEERICOWTRRS., £, Er®—X ¥ A
BEEAWTYI=ab—va gy, JeXRBOEOEMEERT.

EHEEE (K :  In MPC, the cross—product term is generally
omitted in the evaluation function for LQR. However, the effectiveness
of the cross—product term for LQR is confirmed by various researches.
Therefore, this research addresses the expanded form of cross—product
term applied to MPC.
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Trajectory design for Martian Moons Exploration (MMX) |

kI REE, RRER, B)IEF, #EA, Baresi Nicola, JIIFiEEIL (JAXA)

HHES (BAFE D KEE, KEFEOERLFEROMNREZED ST
JAXA 13K BRERERE MX) ZFE LTS, MX X, 2020 FRETHEOITH
EFZERL TV HAGOAEENR OOV I EF—0 Iy aryTha.
ARERTIE, ZHE TR LIZARBE COERBE, KERRHE~DOR
AFLEIZOWTIRR B,

HEER (R : JAXA plans Martian Moons eXploration (MMX)

mission to launch the orbiter in the early 2020s. In order to retrieve



the samples, the spacecraft will need to complete a roundtrip to Mars,
circle around the moon and land on its surface. In this presentation,
we introduce the transfer trajectory to Mars and Mars Orbit Insertion
(MOI).
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['Weakly-stable islands around Phobos |
k Bernal Pablo Delft University of Technology, ISAS (JAXA)
G = C
The close observation of Phobos by missions like MMX presents difficulties in terms of
orbit design, since the sphere of influence of the moon is below its surface. In this
context, the approach of MMX is to fly on a Quasi-Satellite Orbit (QSO) around
Phobos. QSO's are Three-Body orbits where epicyclic relative motion between the
spacecraft and the moon allows the spacecraft to regularly surround the moon in a
considerably stable fashion. Purely periodic QSO's like the one MMX is expected to
take as baseline only exist in the planar CR3BP, however their visibility is limited to
low latitudes. On the other hand, three-dimensional QSO’s allow the observation of
higher latitudes, but their stability is weaker, which makes them less appealing for
long-time observation. In this work, the stability of low-inclination and low-altitude
QSO's around Phobos is investigated through the study of the averaged disturbing
potential of Phobos and the motion of the guiding center of spacecraft’ s trajectory. As
it is shown, if the motion of the guiding center is constrained by the maxima of the
disturbing potential, the spacecraft is not able to leave the QSO regime. Thus, escape
occurs when the shape of the disturbing potential changes due to the perturbation of
the orbital elements with respect to Mars, which is caused by Phobos gravity, allowing
the guiding center to leave the QSO region. This approach of studying the disturbing
potential is combined with the Fast-Lyapunov-Indicator and Poincare maps, in an effor
t to further understand the different stability regimes that exist close to a periodic
QSO. Focus is put on the so-called stability islands, regions that are isolated from the
original periodic QSO but which still exhibit a rather stable behavior for long
propagation times. The existence of these stability islands depends on the time of the
propagation: As this propagation time is increased, the stability area gets tighter. This
work aims to expose alternative QSO's able to observe the high latitudes of Phobos

from a short distance, while satisfying the stability requirements of a mission such as



MMX.
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[Orbit Maintenance of Mid-Altitude Quasi-saatellite Orbits via Mean Relative ]

% Nicola Baresi, Josue Cardoso dos Santos, Yasuhiro Kawakatsu (JAXA)
SEEE'E (J£38) : To support the proximity operations of the Martian Moon
eXploration mission (MMX) and enable better designs of future spacecraft
missions to Phobos, this paper explores the dynamical environment near
the Martian moon and offers new analytical insights into the long—term
evolution of quasi-satellite orbits (QSOs). In particular, we focus on
mid-altitude QSOs (100 km circa) that are currently envisioned as the
baseline for the proximity operations of MMX. Our model is based on the
Yamanaka—Ankersen solution of Tschauner—Hempel equations and lead to
different equations than the ones available in the literature. The
analytical derivations are validated by comparison with the numerical
integration of quasi-periodic invariant tori that well capture the
evolution of QSO orbits whenever the eccentricity of Phobos’ orbit is
taken into account. Finally, we average over the phase angle of the
spacecraft with respect to Phobos and derive new analytical solutions
for the in— plane and out—of-plane components of the secular motion. The
outcome of this analysis validates the selection of QSO orbits for the
proximity operations of MMX and enables the development of novel mean-—

relative—orbit—elements guidance algorithms that are hereby investigated.
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[Escape Trajectory for Martian Moon Sample Return Mission Using Tube Dynamics
Associated with Quasi-periodic Orbit |

fATAFNER (R KRB, JIBSERILISAS/JAXA), EAHEH(FRKR)
HHES (BAFE :
Fa—TEAFTITADOFEE, TRICESIKERZEED S OB OFERIC
DVTIRARD. I, RO v —BUBIZH ) RESRETIIRL, MLz
F—2FOENE —BEICNET 2 RESRAEZ HFER L 72D Phobos BLIEIT
BilL, HERICBWTHDZRVE—TOREBEN T 2—THNIZHEINE D



DERN, NFEBCHEHOVEZIRET 5 FELHRNTS.

mEEE (EFH)

We will talk about the tube dynamics and whether a spacecraft can escape
from Mars with it. In particular, we will compute a not only halo orbit
but quasi-halo orbit and invariant manifolds. Then we will connect the
manifold with the Phobos revolution orbit and investigate whether the
quantity of state of S/C with a certain energy is inside of the tube.
We will finally consider we can decide propriety of escape with mechanics

theory.
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[Exploration of Asteroid Ryugu by Hayabusa2 |

*HENIE, HEHgE— PEBE, HPE (JAXA), ESH— (A HEX)
HEEE (HAFE

NIREE 21 13201846 A 27T HI/PMERY =2V 7 UIZEEL, WRWEAR
BERBEPHB SN, RFEETIE NEIRLEEZ 2] RERLTWELI AT
RIZDONWTEL DD L L bIT, MERBICEF LERETYHA = 2o TE
D X 5 BREFRERFFTEONITHOWTHEANT B,
HHEEE (K)
Hayabusa2 arrived at Asteroid Ryugu on June 27, 2018, and it has started
the detailed observation of Ryugu. Here we summarize the science topics
that Hayabusa2 will reveal. Also we talk what can be expected for the

science study at the time when we first see the real appearance of Ryugu.
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[Trajectory Guidance Operation of Hayabusa2 in Forward Cruising Phase |
sk EHE— (ISAS/JAXA)
HHES (BAFE
INRERER NI55 2] 1%, 20184 6 A 27 BIZ/MEXE Ryugu 122 20km
R—ARTVa r~BE L., AFETIE, ITH5ETH»S Ryugu BlE £ TOER
RKBLEAZRIET 5. R, IS I 2HEOA A= DU L 280E I,
Ryugu ~DF v 7 7 —fEFHEIZOVWT, ZOEEERNT5.



mEEE (EFH)

The asteroid explorer Hayabusa2 successfully arrived at the destination
asteroid Ryugu on June 27, 2018. This paper summarizes the trajectory
guidance/control operation in the Hayabusa2’ s forward cruising phase,
such as ion engine maneuver / low-thrust trajectory maintenance and

precision rendezvous navigation/guidance to Ryugu.
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Trajectory Design and Operations for Solar Conjunction during Hayabusa2 Hovering
Phase |

%k Stefania Soldini (ISAS/JAXA)
HEEER ()
In late 2018, Ryugu asteroid will be beyond the Sun as seen from Earth.
This condition is known as solar conjunction. Therefore, Hayabusa2
spacecraft will experience communication blackouts with the Earth due
to the solar exclusion zone. Every Hayabusa2 spacecraft operations start
at a hovering point of 20 km from the asteroid center, known as Home
Position (HP), and return to HP after the operations end. The HP point
has a fixed distance with respect to the asteroid and it is placed along
the Earth-Asteroid line to ease communications. For the safety of
Hayabusa2 mission, the altitude of the mother spacecraft should be
raised to a distance from the asteroid higher than 20 km. In this article,
a preliminary design on the candidate conjunction trajectory is
presented. The analysis is first carried out in the Hill’ s problem and
then verified in the full-body dynamics. Two Trajectory Correction
Maneuvers (TCMs) are scheduled before and after the deep conjunction
phase. A linear covariance analysis is here presented to verify the
robustness of the design trajectory under the uncertainties in the HP-
NAV initial knowledge, the AV execution error, the uncertainty in the
spacecraft reflectivity coefficient and in the ONC-T and ONC-W1 camera
accuracy. The deterministic and stochastic AV are here evaluated for

the nominal designed trajectory.



B-22

PN ST RIRIZE T SN DA v — S — O BB AT

Dynamics of a released rover on an asteroid with small gravity |
fAPEx AR OUR), BHURA LR), AAARMIE uR), BHAAN (JAXA), HHEgE—

(JAXA)
MEEER (B IS 2] I TV b BE e —/3— TMINERVA-
| OEEEHZEITTIHHEL I 2 L—F 2B NEHEZ YV [Open
Dynamics Engine] ZFAWTER L7z, £ 12 b—FEZHWT, /IhKED
NI A—F (BB, RERE, BEEAHRY) BEREDO o — \—DEE)C
B2 BEEBIZOVWTHANDS. TORERND, EEFEBICKIETREENIRE 2N
FA—FEZHLNITT S,
EEET (3FE) : With Open Dynamics Engine (physics engine), we developed
a simulator to analyze the motion of a released rover on an asteroid with
small gravity. By using the simulator, the effects of asteroid’s physics
parameters (friction coefficient, restitution coefficient of the surface, rotation
period of asteroid, etc.) are investigated, and important parameters for the
analysis are specified.
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[Estimation of a released rover’ s final position on an asteroid with small gravity |
ARG LK), HExRefipk OuR), S & uk), AN (JAXA), H#H #HE—
(JAXA)

HEES (HAFE : BEEO OMUNEAREBIZBIT 2R T INHHRE
O —N—DREMNEZ THTDZ 28 A 5. 2D & %, [Open Dynamics Engine|
DEIRBAFEVIaV—FEAVD L, XERE L OEREOFHEICRH %2
B35 EiZ, BHREBEZHETDIIEHFMRREREDOT —F 2185 2 LIidE
LV, 22T, BRENTZEEALT 52 & T, BEv — N \—ORKNLE & EREH
TFHTHIFEZRETD. €2 T, MEHORAEIZLY, o —"—DRKILE
ZTFRT 5 FEEZRETS.

EEEER (R : This study investigates a simple method to
anticipate the final position of a released rover on an asteroid with
small gravity. For the analysis, utilizing a dynamic simulator requires
a long computational time due to collision dynamics with asteroid

surface. Moreover, it is not realistic to obtain the detailed terrain



data which can specify the collision dynamics. Thus, this study proposes
to a simple estimation method by combining results of a dynamic simulator

with statistical processing.
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[ Concept of transformable spacecraft with variable structure applicable to
nonholonomic attitude control and mission overview |

e R (JAXA), EIRMER (%), ElERE (JAXA), KB (JAXA) KIEH O~
R), AMRHEEH (KK), Javier
Hernando-Ayuso (HK), #AAM (JAXA), JIIAE—HS (JAXA)
HEEER (HAFE  AFRETIE, FIEHBE (8% 2HT5FHBO=a
7 hE, ZREAVERNI vV a VOBEIZOWTIRRS., AIEEEIC X
VFEHEENBRENMT D ZEAFREL Y, BE—BEBTIIERTERVWERD
Iyvay, BRBFREL 25 L, BEOMAMZI ETRTHZ LT, s0%#
Ke—gIEE L2, e/ Iy 7HZ2AHALEEREHBEGEE 25, B
B, THEFIALZKE-HEK L2 REZICHEL, 22 b/hREZEHITS
JIvvavERNFTHS.
HEEER (GRE) : We propose a concept of transformable spacecraft
which has variable structure and introduce an applicable mission under
study. Transformable spacecraft enable transformation to multiple kinds
of forms, which realizes multiple kinds of missions or observation that
would not be possible with a single form. In addition, by utilizing
nonholonomic motion of structure, spacecraft can control the attitude
without any external force or fuel consumption. Currently, we consider
a mission with a transformable spacecraft, where it stays around sun-—

earth L2 point and observes small bodies.
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(P EREFHEEOIER e /Xy 7 @) 2 AW R~ X — 2B 1T 5 BB BT
[ Motion Planning in Attitude Maneuver Using Non-Holonomic Turns for a

Transformable Spacecraft |

*RIEH CGRR) . PRER (JAXA), JITAE—RS (JAXA)



HEEE (BAFE FHLWEEEROFEMEE LT, $LE ETERNISCTE
REZBTELAEBEFHERE DD, AHIZETIL. TEBEFHROLSE~
X =N\, PHBOBERRAETHLZLEBEEAWE, Eru )/ I v 7 EH
WXV EHRFAEBTHLZ LEFT, 6T, FEF2/ I v 7 BEHEHNWZRE
T X—=NIZBITF D BEBATREEEE O GBI OV TRETY D,

FBEREE (FEE) : As a new spacecraft system, a transformable
spacecraft which can transform its shape according to purpose is
conceivable. In this research, it is shown that attitude maneuver of a
transformable spacecraft can be achieved by using non—holonomic motions
which utilize the transformability of the spacecraft itself. In addition,

a simple motion planning method for such a maneuver is studied.
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[Orbit Design and Insertion for the JAXA Transformable Spacecraft |

% Javier Hernando-Ayuso (The University of Tokyo), Nicola Baresi(JAXA), Toshihiro

Chujo (JAXA)

Abstract:
Detection of possible Farth-impacting asteroids is a crucial task in
planetary defense. Extensive monitoring is routinely performed for known
asteroids by ground-based telescopes and radars. However, impacts of often
undetected small asteroids are not uncommon, as In the case of the
Chelyabinsk meteor or the asteroid 2018LA which reentered in the skies of
southern Africa on early June 2018. In some cases, an Farth-impactors
asteroid can be detected from surface on its final approach, but the time to
Impact 1s often short and the uncertainty is high. A dedicated space-based
telescope could vastly improve the last-minute detection of Farth-impactor
asteroids, and increase the warning time to several days. One very
promising location for such a spacecraft is around a Lagrange point of the
Sun-FEarth system, as the possibility of an asteroid approaching from the
side of the Farth opposite to the spacecraft 1s removed. Classically employed
Halo orbits have drawbacks such as eclipses and relatively large amplitudes.
The solar radiation pressure acceleration can be exploited to obtain
perturbed small-amplitude Halo orbits which are seen as circles in the plane
of the sky from Farth, avoiding being eclipsed by the Farth. In order to

effectively achieve station-keeping using solar radiation pressure and



astronomical observations in a small satellite, the concept of the
“Transformable Spacecraft” was proposed in ISAS/JAXA in late 2017. This
spacecraft has a reconfigurable structure composed by plates and actuators
that allows switching between a station-keeping mode characterized by a
large area exposed to the solar radiation pressure and an observation mode
in which the structure is conveniently folded to reduce the external
perturbations.

In this paper, the orbit design for the Transformable Spacecraft is presented,
and the effect of the different parameters is analyzed. Additionally, the low-
energy Insertion from Farth to the actual orbit with a Moon flyby is
presented using two different models. The first one 1s the Circular
Restricted Three Body Problem considering the Sun and Farth describing a
circular orbit, and considering the Moon's influence only during the flyby.
We also study the transfer in the context of the Bicircular Restricted Four
Body Problem for a more precise result of the necessary Delta-V at

departure from Low Farth Orbit
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[Fuel-Free Station-Keeping of a Transformable Spacecraft around SEL2 |
kAT E HKR), FEER JAXA), JNOE— (JAXA)
HHEER (HAFE  KBHEZRIATSZ LT, #ERIZHNDZ &<
SEL2 £ D/ EEANTHAHELZER TS TES. Ll L2 KR
BEEVER THDH-OPEBBIC LB > TEREBIEBEL TV, TLES. &
RRTITHEREDOEKREMZ, LV REBI/NERATEAYOEZERT S
72D DHFEFIECONTRMNT 5.
WMEEER (KR : Using solar radiation pressure, a small-amplitude
artificial periodic orbit can be achieved without fuel consumption. However,
minute error from a nominal orbit will grow larger because a L2 point is an
unstable equilibrium point. In this presentation, a control method which
reduces growth of the orbital error and maintain its orbit for longer term.
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Development test of the GNC system for Small Re-entry Capsule Integrated into HTV |
kFEAEE. T (JAXA)
AHEER (RAFE  /ANRIBIR G 72 VT RREBA OSBRI O Eit &
y¥arD1 oL LEERETHY . HIV BITHERIND, XU TEALD
vard 1D, ERRTFRBEICILZF VLV PHmOBEERIEOE
AECH D, HEBIERITFEM,. IMU, GPSR THRR S, ZIVE TSV, HW 2484
EORERBREER L TE 7, KX TRHINLHEERBROFEL LUHKRIC
DNTHRET D,
AHEE (L)

Small Re—entry Capsule(SRC) is experimental spacecraft for real-time

174

prediction guidance using numerical integration in the atmosphere and
is launched in the HTV7. The paper reports the GNC system and the result

development test.
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[Current Status and Future of OMOTENASHI Trajectory Design |

% Javier Hernando-Ayuso (The University of Tokyo), Stefano Campagnola (Jet

Propulsion Laboratory)

Abstract:
OMOTENASHI is a Japanese 6U cubesat that will be launched by Space
Launch System (SLS) maiden flight Exploration Mission 1 (EMI).
OMOTENASHI seeks to demonstrate technologies and techniques for
future missions in the surface of the Moon, and will perform a semi-hard
landing after deceleration by a solid rocket motor.In this paper, the current
status of OMOTENASHI trajectory design and new developments are
presented. OMOTENASHI must performed two deterministic maneuvers,
DV1 and DVZ2, plus an additional trajectory correction maneuver (TCM)
between them. The first maneuver, DV1 is performed 24 hours after
deployment to allow for subsystems checks and to perform Orbit
Determination. DVZ2 is a deceleration maneuver by solid rocket motor a few
hundred meters above the Moon surface.
In the actual design, DV1 is chosen by first fixing the maneuver magnitude

by exploring the solution space of feasible solutions that arrive in the near



side of the Moon surface, with the constraint of a shallow flight path angle
(FPA) for safe landing. Then, DV1I direction is determined by a grid search

approach with iterative grid refinement and progressive pruning of
unfeasible solutions. Once DV1 has been determined, navigation and
execution errors analysis determines the need for a correction maneuver,

which admits an analytical solution using the state linear theory once the
error at TCM epoch 1s known. At Moon arrival , the deceleration maneuver
DV2 is chosen such that at the end of the maneuver, the vertical component
of the velocity is zero at a fixed height. This fixes the timing and direction

of the maneuver. Several DV1 candidates with different FPA that arrive in

a small region of the Moon are chosen and their landing trajectories are
analyzed, obtaining a tendency of decreasing mission success rate as the
FPA becomes steeper.

However, this design approach has some drawbacks. DVI1 cannot be
optimized as it has no associated objective function. Its magnitude and
direction are chosen based on the designer experience with no measurable
performance index. Evaluating the entire trajectory success rate for all
samples of the grid searches 1s not feasible, because it would be
computationally too expensive, and the possible candidates chosen by hand
are not guaranteed to be better than others.

Thus, we propose a novel approach for DV1 stochastic design. We define the
total trajectory success rate as objective function, and study its relation with

the FPA and the local topography. The latter is quantified for every location

on the Moon with the residual of a least-squares fit to a plane of the
elevation of the surrounding topography. Using a continuation of solutions
method, we generate the families of trajectories that arrive in the Moon

surface with constant FPA, and by employing the surface roughness index
defined above, we rank points of each curve of these families to obtain DV1

candidates that lead to landings in smooth topography. Finally, we evaluate
the total trajectory mission success rate for the best candidates for different

FPA to obtain the optimal trajectory:.
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lAttitude and Orbit Control System of CubeSat lunar lander OMOTENASHI |
RABAMBIE (JAXA) . SRHIE (ROERED) . B AE (ROKREE) . & TER (JAXA), %9
M (JAXA)
AHEEE (BAFE :
OMOTENASHI iZ, 6U ¥ X, 14kg DM/NURER CHEEREZ BT, SLSur
v P ORER, AV =y MEERZ AW THERBUEICRA SV, A EfE
ZEAMCERE—ZICKVPEEREN S ¥ LS D, EEYEHIERIT.
KEGFRMGIE, 3 BEBYERIE. ABHERE. AT v 7R & Otk
EAELTEY, ZhE@/ Mol Y ZERL WD, KRR TIT, BRER
BLERIHRA~DER L, ThEWmTRENIOWVWTRET 5,

HHEEE (L)

OMOTENASHI is a 6U size, 14kg CubeSat lunar lander. After deployment from SLS
rocket, it is put into a lunar impact orbit by gas jet propulsion systems, and its orbital
velocity is canceled by a solid motor. Attitude and Orbit Control System has the
functions of Sun-pointing, 3-axis orbital maneuver, angular momentum management,
spin-up, etc., and it is realized by ultra -small instruments. In this presentation, the
specification required for onboard Attitude and Orbit Control System and the design
which meet the requirements.
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lAnalysis of Trajectory and Attitude Error of Micro-Spacecraft due to Lateral Thrust
Disturbance of Solid Rocket Motors |

SOFTHAE (BUKRBE) & FEH (JAXA) AR (JAXA)
HHES (BAFE :
/N EHBIIEET— AV PNV, BERE—F O ELORE
WL ZITD. RIS, FEEFOMLIII vV a v OBRE LV REICT 586
DD, KRERTIE, BEHNELICL 2EF LHEOREIIONT, AV L—
~ ESELREAENABE T A—F & LTHITT 5. £LT, SISO v
g VIZEZDHEIOWVWTEET D,
HMHEE (L)

Micro Spacecraft has a small moment of inertia, so it is strongly affected by lateral



thrust disturbance of solid rocket motor. In particular, unsteady disturbances can
make the task more difficult. In this presentation, the authors analyze attitude
and trajectory error due to lateral thrust disturbance using the spin rate and the
disturbance occurrence phase as parameters. Then, consideration on the
influence of lateral thrust disturbance on the mission is presented.
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Trajectory design for 6U CubeSat EQUULEUS |
)1 imiesl (RO, driEfyn (JEFTIE), Nicola Baresi (ISAS/JAXA), #iliJis A CGRKBE),
Stefano Campagnola (JPL), EIFE S (ISAS/JAXA), — /7 =& AN (AR, dbHiZnt (R
KBz), /NEMEELEA (Univ. of Colorado Boulder), BEFIEE (AR, ALK (GEX),
Quentin Verspieren (HUKFT), MRiEE (RKX)
HEEE (HAFE
EQUULEUS I3HIRXKRZF & JAXA A3H0LE 2 D BIFE L T % 6U %A XD CubeSat T
HY, 2019 FRIZ NASA DFFI v 5 v | SLS DR EM-1 DRV EHEL LT
FTHETONDTFTETHD. HEK-ADF 7Z 0V am~DOHiTEZEL, B/
REHEERE L U QTR & 72 2 KEG-#iEk- A B T OBLESREEN & EiE
e BT, HEREIE T I A-XHAEICERTI/INBAT7 T v 7 AR E2E
H45ZLZERE LTWA. EQUULEUS D & 5 R/ NURFHIEERIZY vV —
ZHHIREh, B, B, BE, #H, BRER S ORINRELS. Y URY
7 A TiX, EQUULEUS DELERREE L UM RICOWTHET 5.
HHEEE (K)
EQUULEUS is a 6U-class CubeSat developed by the Intelligent Space
Systems Laboratory in the University of Tokyo and JAXA. The spacecraft
will be launched at the end of 2019 as a piggyback of NASA’ s SLS rocket
and transfer to a Earth-Moon L2 quasi-Halo orbit via invariant manifolds
and lunar flybys. In this paper, the trajectory desigh of the EQUULEUS
spacecraft will be presented and discussed in terms of the mission
objectives: 1) demonstrate the orbital maneuvering capabilities of
micro-satellites in the cis-lunar environment and 2) observe the

maghetosphere plasma and small meteoroids impacting against the Moon.
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[Mission analysis of BepiColombo Mercury exploration project ]

kA E5E (JAXA/ISAS), /N2 (JAXA/ISAS), I3 (JAXA/ISAS). BepiColombo 7
0y hF—A

HEEE (BAFE :

JAXA & ESA 253L[ECTHEY 5 ERKBREFE AL = 1 A28 2018 42 10 A 24T
b EFEAZ D, AFETIE JAXA 23 5 KERKEELER (A1 (MO)
& ESA YT HKEREEER MP0) BLUOEBERHEE  2—1 MIM) %
FRAWEBTITL RIF, #HER 1B, &2 2E, KR 9IEODH IEDRA T 3q
ZRET 2025 EDKEARBERAZ B §, AFETIIINO_NEan R D
Ly Vg UEATROHLERHE & LIS 5,

HEEE ()

Two spacecraft for BepiColombo Mercury exploration mission led by ESA-
JAXA collaboration will be launched in October 2018. JAXA’ s Mercury
Magnetospheric Orbiter (MMO) and ESA’ s Mercury Planetary Orbiter (MPO)
are stacked with Mercury Transfer Module (MTM) during the cruise to
Mercury. After 9 planetary flybys, BepiColombo will arrive at Mercury

in December 2025. Here we report the mission analysis of BepiColombo.

C-7

DESTINY+HIZ K 5/NEE EH 7 T A /31 Bl |

['The Study of Navigation, Guidance, and Control System of Reusable Vehicle
Experiment(RV-X) |
ks (JAXA) . Affm (THELR), SHmz. milfnZ, JEM, ek (CLE
JAXA) . FIE OuR) . — 7 =N Ikt (ULERRED) . B (FHE R .
JIEEESL (JAXA)
HHES (BAFE

DESTINYHEAEXHEEE 33km/s &\ 9 & T/M&E Phaethon I27 7 A /N1 5%
B, ZTORERE ) 7 AT (TICAP) &~/LF/NU RH AT (MCAP) @ 2 FEsH
DHATZRACTHFBAT S EEFEL TS, ZOR, BHENICAERR
HBRZ/RBTD2OTITIA T Z/NBREFRICEZE L THRAIELEPERS
N5, AFHICTIX, DESTINY+4S Phaethon 7 5 4 NA B W TRZE R X 1T 5 B
2, Iy va VEREWZTHES LT HBREIEESEE AV 2 BEOBE
FEZOWTEZDORFTRIEZ L LD D,



HEEE (L)

DESTINY® flies by asteroid named Phaethon at a speed of 33 km/s. At flyby
phase, it is planned to image Phaethon by 2 kinds of camera. To take
good quality images in terms of science, it is necessary that the view
of cameras continue to catch Phaethon. In this paper, to achieve this
mission, how to track Phaethon and how to control the view of camera
during flyby are showed. And it is indicated by numerical analysis that

DESTINY+ can take the image which is satisfied scientific request.
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DESTINY+D I v arTaH A2 |

[Mission Design of DESTINY+

*UAREAT, R, JIBsEL, RiRESk (UL, JAXA), — /7 =N, kg, mib
& (LLE, BAGHK), Celik Onur, Ferran Gonzalez Franquesa (LLE, ##FK), dbti%n
o GRR), S (SIRTER)
AEEE (AR : DESTINV+D X v ¥ a T HA ViZHEZ W DD 7
= — R ZHGIT TR ZED TS, ThbbfFvrralry PERF Y 7 X
TV L DREAPE~DHERA 7 = — X, EHEAHERIC LV EHSE
EZAEMEIK ECTLASEIZAREERS Y = — X, #HEREAHBRHEO
DOARBATDORA T NA 7 2—X, /INRE Phaethon 7 T4 A BHIT S
TODREHRBE 72— X Thd, ¥R I v a2 & LT Phaethon 77 A
NA%, HERE TR TAA I RA L, BIO/IEREA~MP) Z L BREFTLT
W3, KHEETIT, 7 = — XA TOEMENPERE LBEET DT 2T MEITIC
DVTHRET D,
EHEES (HEF) : DESTINY+ (Demonstration and Experiment of Space
Technology for INterplanetary voYage, Phaethon fLyby and dUSt analysis)
is a small-sized high performance deep space vehicle proposed at
ISAS/JAXA. DESTINY+ is now phase—A and supposed to become a project in
2018. The mission design of DESTINY+ is divided into some phases. First
phase is an orbit injection into an extended elliptical orbit launched
by the Epsilon rocket. Second phase is many revolution transfers to
raise apogee altitude by low thrust propulsion system to the moon orbit
nearby. And the distant flyby and the swing-by around the moon 1is
designed to give DESTINY+ momentum to escape Earth gravitational field.
At an interplanetary phase, DESTINY+ goes to an Asteroid Phaethon for



flyby observation. After the Phaethon flyby, DESTINY+ is planned to go
back toward Earth for gravity assist and go to another asteroid. This
paper discusses DESTINY+ s low-thrust trajectory design and the related

system analysis.
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[Orbit Determination Analysis for Quasi-periodic Orbiter around an Asteroid |
* PERRYR (8 tam), KRS (F4@), sk (JAXA), HHiE— (JAXA), %HiAA
K (JAXA)
HEEE (RAFE c REBS/NEREMEICHTET 258, O TEELKE
FT5HRN) 7T, IEREZHLCAERET 280E L TERAT S Z LT,
RELEIZ D Z ERHKD, T2 Tk 1305 2 286 L LT BLBHERHIE
EROWCEASME LR L - ERAST0E EOBREMIC LT, EoifErz A
FEEREREEIC OV TRAER 2 HE T 5,
FEEREYR (HEFE) : For staying around an asteroid, an operation by
orbiting around an asteroid reduces the fuel consumption compared to
hovering. We report covariance analysis of orbit determination for

quasi—periodic orbiter in case study by Hayabusa-2.

C-10
(B JR % FH N T2 PRATBE oD A BN HE E D — 5 5%
['A study of estimating the Angular Position of the moving spacecraft |
ki)l (JAXA/ISAS)
HHES (BAFE :
HELTWAHE 2 REAWT—ERETBE T 5 REROABENBELH#ET
% F‘n'ﬁ%blow'cﬁ%‘%ﬁ‘é ABETITEIC, BBEICEZEVRARHEEHERL LV
ZIITHE S ZEEERFHT R 21 BB OMITRI 2T B>V TR L 5. BT,
KRB EFRRFMED /T A — ZEFEEIC OV THRRE LR R — i
BiFdvIalb—va VR RERT,
HEEE (KE8)

The problem of estimating the angular position of a spacecraft moving at a constant
velocity using two rotating tracking stations is considered. This reports on an initial phase
of analytical studies on the optimal attainable estimation performance and associated
receiver design. Parametric dependence of the optimum attainable estimation is also



studied.And the simulation result in the typical case is shown.
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[ Improvement of autonomous orbit determination using A V and inter-satellite
ranging |
AR RCRK), RBIFE R (ISAS), MEFE(RK), FAEE—CER)

HHEEE (HAFHE) :

PRI 2 A + CREEICRTHREEZT O oI L/ Z#EDRVWA
BYPEREPNETH S, BFHI vV a ' TOBRHREEREFED—D
E LTEEFHBOFEERPIEZ AV, BEERIC AV 232 & TiE % 748l
BT 2 FEPRRBINTN D, HERFETIE AV OBREPEREDKEE %L
RESTIFRERL 2o T, RBFFETIE AV ORELZHEMBAEOFRE
AWTHE LY EREREZ R LIE 3 FELRET S,

HHEEE (LF)

Autonomous orbit determination is a key technology for future low—
cost and high—-frequent deep—space missions. One method is previously
proposed which uses inter—satellite ranging and active AV maneuvers.
Maneuver errors decrease orbit determination accuracy in that method.
In the proposed method, maneuver vectors are estimated by inter-—
satellite ranging data and this estimation improves orbit determination

accuracy.

C-12

MEGHTER VCC (N7 MAFFSHENE ) 73V X LD AR — RAEKIZE 3 240
7t

[ On-board processingof VCC (vector code correlationVCC algorithm for image
navigation for image navigation for image navigation for image navigation system |
* I (RIER), MRS (#B0ER), mEBEE G, MAask= (AlfEK )
FEMBE— ( FHE )
EEE  (AARFE) o EEFRE~OHAEEREZERT 520, mEHTER
MBARAIRTH D, LU, BIEITH | E@BEE LA A R TH 5,
AWFIE CTIXBEGHERE M O A A — NUER 2 FEBLT 5720, NNERET LV E
VoEY 7L AR — FREMRIZIE L7z VCC (7 MAVRESARE) T



VALD~ T v 7 &tiole, £le, TNAY ALD/PMERET KT 5~ v
F o AR 21T - 7,

BT (EE) . It’ s necessary to use image navigation technology for
automatic landing to the very far distant celestial body. However, the
navigation technology through communication with the ground 1is
mainstream now. In this study, to realize on-board processing of the
image navigation technology, I rendered asteroid model and applied VCC
(vector code correlation) algorithm for on-board processing to it. In

addition, we evaluated matching accuracy of the algorithm.
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Study of Estimation of the Position of the Spacecraft by Point Cloud Data |

*AAMFF R, KFoedy, GREFRERTFERT), mREREURE), HHE—(JAXA)
HAHES (BAFE
PRAEREDS/NRARD H I~ ERE SRR S 21T O 121, BRAEEMEE R
B O FE S & A 2 RF R B AL D /NS WRTIT O MER H D, L LR G,
PERD X O It BR AT L@ REETIE, ZHIUT IR EBHEEBEN R I
D128, NSREGRENTORZER T L5 N L <D, AEETIE, i
koD X0 REGRT — X DR~ v T 2 7 D BIREENLE 2 IR E T D LM
BB bo T, AEE-EB~ YT U 7L o THE ECTOLBEN AIRE /e 4 v R —
N~ v F o 7% BT 52O OPIHIREHI DWW TRELIT .
HHEER (35

In order for the spacecraft to accurately approach and land to the target
point of the asteroid, it is necessary to control the relative position
between the spacecraft position and the target point with a system with
a short time delay.
However, in remote operation via the ground station, it becomes difficult
to realize control with a short time delay because the propagation delay
becomes longer as going further from the ground.
We present initial studies to realize optical navigation on the high-
speed onboard matching based on the image with point cloud data instead

of matching between image data,
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(MDD T B LT =0 A F 7 ZA&B[E LTNERREERO 0 N2 N BRI AL E
HETE |

[Robust terrain-aided navigation of spacecraft around asteroid considering random
walk dynamics of the terrain |

kA HER CGROTRT), HEgE— (JAXA)
HEEES (BAFE D NREBREIZRBWTERER &/ E OFMALE & ERE
D EIINLERAI R CThHD. A TIIHREE D LIDAR BB & T T
NEHBITREIWNSZ E TREROMEMN =K TNELRERSHETD.
2L, NEEBRETNVITIIREREEND Y THICK VHERRET HER
MRHD. £Z T, AFRETIIHEEBIZANVIBRET N EEOBRORESE T
VELYF—JICEVRBLL, ZOREDOFAT I RAEHEICRVIALZ L
T, HBETNVDORENSITTNR M R#EFEEEBRT 5.
FEEREYR (HEFE) : Knowing an accurate position of spacecraft is
of paramount importance in navigation around asteroid. To this end, this
study will introduce a localization method which utilizes a LIDAR
measurement history and a known shape model of the asteroid. A non-—
negligible problem here, in reality, is that the shape model has some
errors from the real one, which often leads to divergence of the
estimation. To make the estimator robust to these errors, we will model
that the error of shape model follows a random work, and then incorporate

its dynamics into the estimation.
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A Study on Foot Pad Design of Hopping Rover Based on Soil Features]
*IARFEICRR), KHEIJAXAISAS), miHZFHE(PIK), H)I#HAJTAXAISAS), A
{7 2 (JAXA/ISAS)

HHES (BAFE

HORERLKED RSL 72 L, HEROEIN TIXEMONHRREICE T 2RENEEN
TWD. BERBENIZN O OFRISA 2B FNE L TER SN TWDS. RIKERE
(ZB T LB B OMEO —> & LT, ik 5 RIZRT 2B EIIROIR T2 21T
bD. AWFFETIE, FREEOMWEZEE LT, BEIMROM Lo BE L 7B
DRI ERET D.

HHEE (L)



Recent planetary exploring missions focuses on extraterrestrial
environments, such as the “Moon Hole” or RSL on Mars. Hopping rover, called
“Hopper”, is expected to traverse such environments. However, lowing
hopping efficiency on soft soil is one of the most important subjects to be
tackled. This study proposes a mechanical design for efficient hopping on soft

soil.
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[Study on Autonomous Environment Mapping using Decentralized Small Hopping
Robots |

ARG (ROKPE), AfRHZE (ISAS/JAXA)
AEEE (AR : A ORERITFROFHIUR L L TOFAMBERH Y,
Ry MERIZ X > TREFEZITO Z &3 #8FEIN TS, —FTHRERIT
S HICET 2 FRIARE 2 Vi, HBENOHBIZLT X T 471
IS TEDVAT LAOEENLEL RS, AFRIEREOFy B 7BaR
v N AWTHENICREMRZAER T 2FEOEBE L BB LTS, REER
T, FROT Fe—FBLIOEBZXF 2P LIHETS.
EEES () : The vertical holes on the lunar surface are
considered to be important for the future human outpost on the moon.
Because such environment property is unclear at the first stage, the
robotic system need to be able to autonomously adapt to the environment
for conducting environment surveillance successfully. This research aims
to realize an autonomous environment mapping scheme using multiple
hopping robots. The research approach and ongoing research progress will

be presented.

C-17
[Deployment Analysis of Minerva-II rovers |
% Stefaan Van wal (JAXA/ISAS)
HHEEE (35)
In September of 2018, the Hayabusa? spacecraft will deploy two small
MINERVA-I1-1A/B rovers to the surface of asteroid Ryugu. The rovers have

a mass of approximately 1 kg and carry several small scientific



instruments with which they will examine Ryugu’ s surface properties.
They are also equipped with momentum exchange mechanisms, which allow
the rovers to hop across the asteroid surface and obtain measurements
from multiple sites. Hayabusa2 will also obtain several surface samples;
its autonomous descent guidance requires the rovers to avoid some

exclusion zone around the target sample site(s).

As MINERVA-II is deployed ballistically and does not have active landing
systems, it is expected to perform several bounces on the asteroid
surface, before eventually coming to rest. Due to the weak gravitational
field of the asteroid, this motion is quite chaotic, not unlike that of
dice thrown on a table. This makes it challenging to predict the rover
motion and select release conditions that result in landing dispersions

which satisfy the exclusion zone requirements.

We present our methodology for performing high—-fidelity simulations of
the rover deployment. This uses an implicit signed distance field to
model the asteroid shape; the model allows for inexpensive collision
detection. The constant—density polyhedron model is used for gravity
field evaluations, but is augmented with a pointmass to incorporate
center of mass uncertainties. It is also pre—computed for fast online
evaluations. A procedural technique uses a small seeding texture to
populate the asteroid surface with rocks whose statistics match those
observed on Ryugu. Finally, an impulsive contact model with restitution
and friction is used to evaluate the contact interactions between the

rovers and the surface.

This methodology was first used last summer to perform simple simulations
to the Ryugu reference sphere. This identified general trends in the
rover motion and suggested the inclusion of a horizontal pre-release
maneuver, designed to minimize the rover velocity at first impact. Using
the updated release sequence, simulations to the Ryugu training model
were also performed and showed appreciably small dispersions when the
expected asteroid properties (mass and surface damping) were used.
Further reduction of the surface dispersion area is possible when

deploying MINERVA-II to a large crater. Finally, we show some first



results obtained with the global AST-1 Ryugu shape model, which will be
constructed during the high—altitude observation phase in July 2018.
These preliminary trends provide the first steps toward the eventual
MINERVA-II landing site selection to be performed by the middle of August
2018.
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[Optical navigation for Mars orbit insertion using aerocapture |

*)Iel CGROR), @miffse e GROK), Al (R, aEE— (HK)
HEEE (HAFE :
KEFEBERABN O 1 2 LTzTuxx7Fr—3bsd. ik, BE
EEAETICKEORKEEZFA LU CHE LIERATS. LirL, KED
RIAFEFAFE L =7 0F v FF ¥ —ZRUD IV L72HDRARE (=Y K
—NFFER IRV R, =7 a Xk ¥ S TF v — &R S ¥ B 72 ®1Z1% DDOR (Delta-
Deferential One-way Range) \Z X ARHBREERENEZEZ LN TEX N, B
DHERHEME D BERD D KBHFEEN X VIERIT/L > TL % L LE2KFIZ DDOR
ZITARVWARRE G HD. £ THRIFATIE, HERIEELBRWFEL LT
HFEMIEEZ AVEHFEREZRET 5. REERERIIER T RICEE RS
DHARENE <, BHENEREIETIE, SHEBELEHEEIRWEE X
bhd. IHIT, KEZ T TEeL, KEOHELHBAXZRLT5Z & THEY
ICHEREZIT) Z L BT, BETIAFMECL > THLNDMERE
LT uFy FF ¥ —ICBRERBABEICOVWTERT 5.
HHEEE (K)
Aerocapture is one of the Mars orbit insertion techniques, which makes
the Mars orbit insertion without fuel. However, the corridor, the flight
path angle, for aerocapture is too narrow because the Mars atmosphere
changes drastically. To perform the precise orbit determination for
aerocapture, DDOR (Delta-Deferential One—way Range) has been considered.
But it needs two ground stations. When the Mars exploration is performed
more frequently, it seems difficult to use the DDOR anytime. Therefore,
the optical navigation is focused on in this research instead of DDOR,
which is independent of ground stations. The optical observation has
the high sensitivity to the vertical direction to the line of sight and

the high observation accuracy near the observation bodies. So, it seems



useful for aerocapture. In this research, not only the Mars but also
the satellites like Phobos are also taken into account for the effective
orbit determination. The navigation accuracy and the requirement for

aerocapture are discussed.
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[Optimal Trajectory Design Using Attractive Set on Elliptical Orbit]

kA& LR, SRR, ARG JuR)
RIS (HAGE) © AWETIE, MHELE Lo 2 52k SEFYEREIC B T
i E R FF FIE AR T 5 Tschauner—-Hempel HFRERICE W THEIE &k L X
2 b — I H S KREEIE O 7= O Attractive Set  EZ4 5.,
Attractive Set |&, FEAMBIEIZKT L CATEDIRREIZIET £ 720 DT OHIHNK
BOLELG L LTERIND. £2C, FHHLE LOEE SN 2 KIZBWT, 48
ROBEEICFRZEDN I > Te 551, JTOKEORBICERE I L7200
FHMBAE DR A B 2023 5. ABFEIE, AGEEN, AICHRET 57200
WLUEERICB T B EEAHl e LT, ERAENRINS.
B E (JFE)  : We propose an optimal trajectory design method in
boundary value problem connecting two points on an elliptical orbit.
In Tschauner — Hempel equation, Attractive Set for optimal control based
on the linear quadratic regulator theory is considered.
Attractive Set is defined as a set of all initial states for reaching a
desired state with respect to a performance index.
Therefore, when an error is added to the velocity of the initial point,
the characteristics of the performance index for transitioning to the
state of the original terminal point are clarified.
This research is applied to the estimation of the error correction amount

of the trajectory transition to leave the moon and re—encounter the moon.
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[ Tube Stochastic Differential Dynamic Programming and Application to Robust-
Optimal Spacecraft Trajectory Design |

* BIFES (JAXA, ISAS), Stefano Campagnola (JPL), #iHERE (CREIK)



AR E (B AGH)

AWFFE TIIAMEEMEZ B8 L7 ARHE D HOERR G O 72O O LW T e —F &4
T 5. KRR FIEI L > THERREEHREZ M 2 212X 0, RNHEE IS
THRAR MEEED, BIERREO~Y— VU A HBNICEX T LN TE D,

IHE DLERR FHINER, WRIERIIRZ A F I 7 AEAE LT, RibfbiHR1 72 S

NTE. EI vy arTHEL I DAENEBRT D72DI2IE, &xelE D (E
HRER72 &) fRBRANC KD v =V U 2R L, A RBEEM S & OB &R L7z
WHETORGEZTLHZE TR MEZMHERL TEZ. 20O L) RIERFET
PN T A — ZFHEEICRERI N )5 72 T <, BEERICEIT D ST
oD, BRFIZRERGE I o TS . — 7, HiIHIBGER B TIE, w3 X b e il
HEERS DDV AT~T 4 v 77 7a—FBREINTVD. ZhbO
FIEITIZ L OGEITREMEZH > TBY, SOIZHEREMEZH > TWD T
— A THFEHBOUERGHCZOETHEHT 5 LIIRETH D,

AWFFETIL, Unscented ZHAZE AT 5 Z & T, MERARHIERR G- A L E iR
RIZRRBEICA L TWd. £ LT, B NRERA M Differential
Dynamic Programming (DDP)#ED{ERDEIERRGT FIETHS ZLI2kD, mAR
MEPOEREMED S WUEN GO ND 2 L ZR LT,

S (JE5E)

This paper presents a novel approach to low—thrust trajectory
optimization with uncertainties. By solving a stochastic optimal control
problem, the goal of this method is to improve robustness against
uncertainties and automatically compute margins, such as the duty cycle.

Low—thrust trajectories are typically designed in a deterministic system.
To account for model and execution errors, mission designers
heuristically add margins — for example, by introducing duty cycle and
forced coast period. These conventional methods are time—consuming, done
by hand by experts,and lead to conservative margins. In the robotics
field, however, systematic methods have been developed to solve robust
optimal control. However, these methods solve constrained linear
quadratic problems and are not directly applicable to trajectory design
problems. We introduce the Unscented Transform (UT) to deal with the
nonlinearity of spacecraft trajectories and to transform stochastic
optimal control problems into a set of deterministic optimal control
problems, which can be solved by conventional trajectory optimization

methods such as direct methods and Differential Dynamic Programming (DDP).
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[ Application of nonlinear stochastic optimal control based on path integrals to
formation flying control |

FAEREIE ORBRRT), 1L H 52 (CRIRK )

HEEE (BAFE :

ZEOIIHEN RN IEEFTIHN I AT LA THDIEREHEER T R T AiTxt
T ORERBEOMIELE LT, BBy REHEELZRE L TE . AR|ETIE,
FHEBOT7 +— A — a7 T4 MilBEI~ORERE S BB G EEOBE IO
TR~ %.

HEEE ()

We have developed a stochastic optimal control method for nonlinear
stochastic systems based on path integrals, where a stochastic system
is a dynamical system with probabilistic wuncertainty. In this
presentation, we apply the nonlinear stochastic optimal control to the

spacecraft formation flying.
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lAccurate Control of Relative Position and Attitude for Formation Flying Synthetic
Aperture Telescope]

RENAGE, AR, PAHEE— (RK)

HHEEE (HAFE

GEO 225 Dl ) & BN K 0, KFEARIZ 2] 7255 AL O] 53 MR RE & 12
BT 523, LEO v OB & bl U CZE el dB k35, 22T, H—f
BIZ BR@NIRERARLER L, mEE - SfRRESNLES X5 [
B RIZ K 56BN EiEsE  (FFSAT) ) W “§rikY) Bk A" ZR%R
T 5. AL TIX, £ OFEBULELE S EFRIE « BRI SWT, £
OB G B E L OOMETT 5.

HHEEE (35)

Earth remote sensing from GEO can achieve frequent observation for
disaster monitoring. However, its spatial resolution is usually worse
than observation from LEO. Therefore, we propose “GEO remote sensing

satellite” using “Formation Flying Synthetic Aperture Telescope with



multi-microsatellites (FFSAT)” which can construct a much larger
aperture than single satellite and realize high frequency and high
spatial resolution observation. In this research, an ultra-high precise
relative position and attitude control law is studied, while considering

the observation law to realize FFSAT.
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[Network Architecture for Relative Navigation of Multiple Spacecraft in Formation
Flight)

AMREE  GRKR) . B GO, MilisE GO . mHEE— GEX)
HAHES (BAFE
FHHEDOMRRIAT 22 RS 5 720 ZiE, TR OFRRIALE « 3 2 51 - HE
TET DXL R DB & 72 5, T HEH o0 BERL IS E BRI X 0 A3 /]
RETZDS, BB & BOEHE THERK S 1 2 KRB 22 R XIRAT Tl BT HiHH TR
PR, BHERIEHR A AW —FBHEDNRETH D, AWFETIR K0 DRWillE
BCHETE RS L % oD B PR G RSB L THB R L, KRB iR R T |23
M TREZRAERIIE R 2R RS D,
HHEEE (L)
For realization of formation flight of multiple spacecraft, a smart network architecture for
measurement and estimation of relative positions and velocities of multiple spacecraft is
necessary. The relative navigation can be implemented by inter-vehicle communication
and distance measurement. However, in case of mega-formation flight composed of
dozens or hundreds of spacecraft, it is impossible to make intercommunication network
between all pairs of member spacecraft. In this paper, a smart algorithm of network
construction for reduction of estimation error is proposed.
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[Hyper-surface Solution of Goddard Problem |
*DONG-SUN (4 HH)
A S (HAGH)
BR O AT RBE 2 BT 5 v oy b Dt BE & i KIS % 72 0 O H ) % G
T 5 MBI TR < GE o EA 2 M U TEMERICHEZRD H Z LN T



& 2, Bl E LT Goddard BEIZHDO T DONANAZLREMITFR STV D, —
W72 Goddard FIREIZ % L CTIX A HZ 7N R K% (Stanford University) D7 7 A
VB (Prof. Bryson) DR T 5 &1 l (Dynamic Optimization) @ H1 |23
LTS BIEAE S EIC L THEE Goddard RIEICHEM T2 Z Lic L, %
i e LCImEtE AN TH L ey MHNEIANEETH D Z L THIEKE T &
HER KRR DFEEN DD Z L EBRETLHETH D, OGN RN ERET
256 OREMEIX ATRER R B W IR RO 2 42 & Th D, Bl —
B DAHALA THERL S L DB 1 & > |k (Sounding Rocket) BT 52 & ThHD
INBEE R L CHRBEEO v 7y b OREEEZ RIS 258048 LT EL7
T&E LM TH %, Goddard M D EIEME Z 5K D 5 12D DL 7 1 A % ik
L EZHAA T & UCTH BT 2805 L7230 (Hami1tonian) (48 A 1 D
H 1Bl 72\ O CREFE B H i (Singular Optimal Control) BEE & MRS, #x
T 2 AN E R O R (Singular Are) W& FHRTREMICAI NV =T &~
(Hamiltonian) % fi{b 3 2 fc b O FmEL > © = O A X [H] Max-Singular—
Coast MERE SN D, MR ZZ T Dy =4 — FREICEH L T
IR OHENHNE A RO D Z LT D,

A S (JE5E) -

The Goddard problem is that maximizing the final altitude

for a vertically ascending rocket powered vehicle. Rocket vehicle is
under influence of gravitational field and atmospheric drag.

This problem was first formulated by Goddard in 1919 and great number
of authors such as Hamel 1927, Tisen and Evan in 1951, Miela and Cavoti
in 1958, Lietman in 1956 1963 and Carfinkle in 1963 have

analyzed the problem with using various mathematical methods and
assumption on the equation of motion. An extensive study of

the problem with realistic assumption has been possible from
development of the theory of optimal control and powerful digital
computer. As far as we concern the mathematical interest, the Goddard
problem has basic important role by itself. However from the practical
point of view, vertical ascending flight is not realistic and more
general flight case is needed for analysis. So, we extend the Goddard

problem to Hyper—Surface by using optimal theory.
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[Onboard Orbit Propagation Methods for Micro Spacecrafts |
kA4 HIE—RE CGROETKRT)
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OFH EFEITEH L TWD. A% SIS 28/ N 2 I a2 e &+
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WMEEE (FEEE) : These days, Many micro satellites have researched and
developed by laboratories and enterprises in the world. To provide orbit transfer ability,
it is needed that thrusters are mounted on micro satellites. However, few micro satellites
have thrusters until now and There is still room for development of orbit determination
and control technologies for micro satellites. In this paper, low-calculation-cost orbit
propagation methods for micro spacecrafts are investigated. Moreover, we consider the

feasibility of orbit control using those calculations.
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ARM/CMG COOPERATIVE CONTROL OF SPACE ROBOT SATELLITE |
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The study of space robots is important for the future development of on-—
orbit servicing. Active research on such robots was carried out in Japan
during the 1980s and 1990s. The present paper proposes a cooperative
control system using a singularity—avoidance manipulator and a control
moment gyro for a space robot, and demonstrates the effectiveness of the

proposed control law through numerical simulations.
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[ Attitude control of Two-wheeled Inverted Pendulum by using CMG |
FRAEA (BR), A RR), FE EAM (BX - P, BERWET (RR), 5 TH
Z(FK)
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Researches on the inverted pendulum with two wheels , that is a self-
traveling robot have been conducted by many researches since a long
time ago.

Regarding the stability control method of these robots, methods using
the wheel-traveling, the reaction wheel, and CMG are known. There are
many papers on methods using the wheel-traveling and the reaction
wheel in above described ones. Due to in a two—dimensional space,
those are relatively easy to design. However, only a few papers on CMG
can be found due to in a three- dimensional space. In this paper, we
introduce an attitude control of two—wheeled inverted pendulum by

using CMG.



