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Multiple Asteroid Flyby Mission

2015.8.1. Flyby

. /4909 1949 SA1
- 2015.10}5. Flyby 2015.3.4] Flyby
[ 170 Maria 2 K]
- 2087 Kiochera
) 7
2016.2.3. Flyjoy PR ER N /
1562 Gondolgksch . )

Y(AU)
|
e

\o ¥ /)
Q\_\“"_hﬁep ure /

2 =

1N ; P BT A \
', /) \\ .
/E h \‘ \
/
/
A

[

| I -] 11 1 | I -] _I_f IJIZ()IO(I). EICIIIpItIF:
-3
-3 -2 -1 0 1 2 3
X(AU)
No. ID name epoch(y/m/d/h/m/s) elapse(day) dV(m/s) r.vel(km/s) dist(AU) #
1 6438 EARTH 2014 718205456 .0000 launch launch 10162
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2003Y N107/2001 GP2 SEP Sample Return Mission Scenario

Earth Departure

Earth-Asteroid Transfer

2003 YN10O7 Arrival

2003 YN107 Mission Operation
2003 YN107 departure

2003 YN107 — Earth Transfer
Earth Gravity Assist

Earth-Asteroid Transfer
2001 GP2 Arrival

2001 GP2 Mission Operation
2001 GP2 Departure

2001 GP2 — Earth Transfer
Earth Return

(Note)

29 December 2015, C3 = 0.7 km?/s?, Direct ascent,

Dep dec =-30.0deg in Earth equ, mass = 596 kg
1revolution, Xe=52 kg (dV =2670 m/s, 3528 hrs)

23 October 2016

9 month stay

1 August 2017, Chemical propulsion dV =0m/s

1 revolution, Xe =28 kg (dV =1560 m/s, 1929 hrs)

22 May 2018, Appr dec = 55 deg in Earth eq, Rel vel = 3.42 km/s,
Alt =100,823 km, Turn angle = 28 deg

1 revolution, Xe= 34 kg (dV = 1970 m/s, 2300 hrs)

3 April 2019

9 month stay

7 January 2020, Chemical propulsion dV =0m/s

1 revolution, Xe=4kg (dV =217 m/s, 245 hrs)

29 September 2020, Relative velocity = 2.75 km/s,
Arrival declination = -5 deg in Earth equatorial frame

SEP: Max thrust = 120 mN, Thrust/Power ratio:30 mN/kW, Isp = 3000 sec, Bus power = 475 W, Thrust direction: normal to Sun direction,
Solar Cell Power: 5.0 kW at 1AU, Solar paddle: fixed to spacecraft body.

(Spacecraft)

Fuel (Electric) 133 kg (Cruise 118 kg+Nav 15 kg), Fuel (chemical) 40 kg, Electric Prop. 88 kg, Chemical Prop. 39 kg, Structure 72 kg,
Power 57 kg, AOCS 45 kg , Remaining Bus 50 kg, Capsule 15kgx1, Sampler 7.5 kgx2, Rover 2.5 kgx2, Science 10 kg, Margin 27 kg,

Tntal EOA kA (Arvs mace — 422 Ik

AW R



Sun-Earth-Line Fixed Rotating Frame

Earth-2003 YN107-EGA-2001 GP2-Earth

0.6

0.4

0.2

AU

-0.2

-0.4

~
Y

Sun direction
~ Earth

—©— Earth-2003 YN107 transfer
—H8— 2003 YN107-Earth Gravity Assist
—<— Earth Gravity Assist - 2001 GP2 transfer
—>X— 2001 GP2 - Earth return

0.6 0.8 1

AU
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Multiple-Mercury Flyby Trajectory
{E-V)+MMMMMM
M1:2006.9.12. / M6:2009.2.22,




T(AL)

Earth-Vanus-Mercury Rendezvous SEP Trajectory
Earth 2005.11.7. Venus 2006.4.21. Marcury 2008.1.19,
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BepiColombo
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Low-Thrust Formation Flight-1

- Motivated by the ESA X-ray astronomy satellite of the XEUS mission.
- Relative distance is kept 50m corresponding to the focal distance of the telescope.
- The relative geometry is constant in the inertial frame for observation.




Low-Thrust Formation Flight-2
Low-Earth circular orbit formation flight-1

C

orbital motion

non-circular orbit
(detector satellite)

star direction
ﬁ
D B
circular orbit
(mirror satellite) _
constant distance
and inertia direction
A
Detector Satellite motion in the Rotating Frame 2y
X = +I COSo COSwt . D
y=+rcosoSinot orbital
Z=+rsSino Velocity
_ <+
dx/dt = —wr cososinwt C
dy/ dt = +wr coso coswt

dz/dt=0

d2x/ dt? = —w?r cosocosmt
d?y/dt? = —w?r cososinwt
d?z/dt?=0




Low-Thrust Formation Flight-3
Low-Earth circular orbit formation flight-2

Hill's equation (first-order circular-orbit rendezvous equation)

Ay

fdx/dt ][0 O 0O 1 0 OF y 7707 2

dy/dt | [0 0 0 0 1 0| y | |0 e

dz/at | |10 O 0 0 0 1} 7 0 "
dZX / dtZ 0 0 0 0 +20)0 0 dX/dt + a)( g
d?y/dt2| |[0+3w,2 0 -2w, O Ofdy/dt| |a,
d’z/dt?] |0 0 -0, O 0 O0|dz/dt] |&,
L 4L i >

Z
. . target X
Required control acceleration 99
X r target r yaxis: radialy putward
a, = +w"r coso coswt z axis: out-of-plane
a, =—2w %r cososinat x axis: right-handed system
a, =+o’rsinc » omega
Maximum/minimum ratio of the in-plane component is always two.

GJZ( a, )’ .

a, _
(a)zr coso) "\ 207 coso) Mirror Satellite-Centered Rotating Frame

Magnitude of the control acceleration
F2=(a,) + (ay)2 + (az)2
= o"r?cos’ 0(4 -~ §(1+ cosZa)t)) +o'r’sn’c

The frequency of the control acceleration variation of the detector satellite
istwice the orbital frequency of the mirror satellite.

YN\ 11 \/7



Low-Thrust Formation Flight-4
Low-Earth circular orbit formation flight-3

Minimum and maximum control acceleration ratio.

1) when in-plane formation flight is assumed (=0deg), the maximum value is twice the
minimum value, which requires throttling capability of 50% for the low-thrust engine
system

2) the required acceleration magnitude is constant when detector satellite is kept just
above (or below) the mirror satellite (=90deg).

3) The required thrust is proportional to the relative distance between the mirror and
detector satellite.

22

(Fz)nin = w'r?

(FZ)naxz a)4r2(4COSZJ+Sin20)

18

16

14

F max
Fmin

—V4coLo +sino

12

Max/Min Ratio of the Control Acceleration

08

YN\ 110 N7 oo ol oo



Low-Thrust Formation Flight-5
Low-Earth circular orbit for mation flight-4

Detector Satellite Acceleration Direction
in the Mirror Satellite Centered Rotating Frame
(V: Velocity Direction: E: Earth Direction)

2000 H.Yamakawa



Low-Thrust Formation Flight-6
Low-Earth circular orbit formation flight-5

non-circular orbit
(detector satellite)

v

star direction

—» D
circular orbit
(mirror satellite)

Detector Satellite Acceleration Direction
in the Inertial Frame
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-1

Equations of motion assuming radial acceleration as the power of heliocentric distance

dr  (do)’ r/ A
?—f\a) =& ar:_g0r2+a0rn

Normalization

r (04
— — 0
,0_r T &t gy =—2
0 r

1 1 1 d( ,do)
— — + — — — —
dez ~ p° p? 20 o dz \P de 0

Initial conditions

( dp) (do)
\dr 0:0 kdrjo_l
Integration

d(r?o)
dt




Maximum attainable radial distance

0.25
n=0
1-+/1-8¢,
Lo = & <0.125 |
4g, 0 o2
& % 0.15
R,
Prmax -1 % 0.1
— < 0. £
& mealenpmax £0< 0.2036 é
0.05
n=2
1
pmax €0< 0.500 0

0.203p

3.

1

2

4

6

non-dimensional radial distance

raYaVtale) 11 \/7
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Periodic orbits, n=0

2 2 2
=0.1248878, n= o =0.12112, n=0 £=0.1135, n=

1.5 / \\ 15 ) - ~. 15

1 / — 1 / — < 1

WL/ \| . AN

\ I} Q
© T
£ £
=3 =

/ 5

<]
o

Q

©

f=

s o0 F

o

o

9 \
205 \

Nt

f/[/

-1.5 N\ -1.
\ /' N " 15
.
-2 -2
2 -15 -1 -0.5 0 0.5 1 15 2 -2 -1.5 -1 -0.5 0 0.5 1 15 2 -2
x-coordinate x-coordinate 2 15 -

Double Triple



Periodic orbits, n=1

e=0.20357, n=

£=0.1924, n
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Transformation into a simple form by introducing a new variable u = 1/r and

changing the independent variable from nondimensional time t to polar
angle 0

U'+u=1-¢
Optimal control theory and the classical calculus of variation approach

u=p p=-u+1-¢
H=A4,p+A,(-u+) -1 ¢

A=Ay Ay=—A

P u

Optimal Control
E = O ﬂ’p <0
— A, >0
&= E\ax p

The four linear differential equations are to be solved subject to the four boundary
conditions with the choice of multiplier, available to satisfy the additional boundary condition.

raYaYaY, | 110 N7 oo ol oo



o
= (7 £ =| EMAX
Sy
T=10
T=1
Earth's orbit
-2 -1 0 1 2 3

Use of Earth gravity assist is also possible.

raYaYaY, | 110 N7 oo ol oo



Spacecraft velocity

after JGA
Spacecraft velocity
Vica =7.33 km/s before JGA =5.73 km/s
+ Jupiter's velocity
VIGA =13.06 km/s
< >—><
< _
Y
N . Ve A
Jupiter's velocity VIGA' | BicA
=13.06 km/s
Spacecraft velocity _
before JGA = 5.73 km/s Spacecraft velocity
PIGA after JGA pJGA

raYaYaY, | 110 N7 oo ol oo



2
£ MAX
1.5 =0
€F EMAX
/ / JGA (10 =0)
0.5 /
/ / Sun /
0 ( [1
-0.5 \ \\
/ \k T=7T
Ipiter's orbit T~ Lk f Jupiter's orbit €= EMAX
-2
-2 -1.5 -1 -0.5 0 05 1 15 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

raYaYaY, | 110 N7 oo ol oo






reflected
sun light

pitch angle

incoming
sun light

a

/_\

sun direction

craft bus

truss strcture

pitch angle

R

a

nt)\*propy) cos2o,

total radial force proportional to cos3a

Fig. 1 Flat Tilted Solar Sail Force Model

raYaYaY, |l



Temperature Model

-The heat input to the sail Is governed by the
thermal property and the pitch setting-angle o
of the solar sall relative to the Sun-line.

-The sall temperature may be obtained from
the balance between the thermal input and the
heat emitted from the sail.

-The sail temperature may then be written as

- /4
(1-r*)W cosa Heat input

o(e, +&,) Emissivity

T =




Equations of Motion-1

-The saill I1s usually assumed to be a flat,
mirror-like specular reflector with negligible
loss. For the orbital dynamics study, we
assume the same ideal force mode.

dr (d&)° 1 1 .
F—FKEJ =———I—,BFCOSOl

r2
1 3,.4

:—F+,Byr



Orbit Stability-1

-Conservations of angular momentum and energy

do 1/(dr\* ,(do)’
2 " El:\a) +r \E) }+V(I’)=C

-Equation of motion (u: inverse radial distance)

u=1/r du
a "V e

where f=dv(r)/dr

-Linearization about u=u,
d2X #2 H2 uO dU
=2 _ me=1-
gz *m *x=0 U(uy) duuy,

where y=f /u?




Orbit Stability-2

- Equation of motion in the radial direction

d2u - 1— 187/3u—6

@-l—U— n?
2o o 6
m==17- u,h?
-Stability condition
unstable 0<wh’<6/7 m*2<0
stable  uh®>6/7 m*?>0

-Temperature conditon
3 6
y < u



1
| ® stable region (flat tilted solar sail) l
0.8 -
y=5.305263

[cnl
] stability limit
o] 0 6 -
e ' *k@{—T* X o kK
5 (u™6=7* p*y**3)
c
(79}
(72}
(&}
C
5
= 04 sail temperature limit 7
§ (U**6: Y**E)
@
[e)
(79}

0.2 -

0 ) )
0.3 0.35 0.4 0.45 0.5
non-dimensional heliocentric distance, r

Fig. 3 Stability Regions of Flat Tilted Solar Sails
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Stability Index-1

-State transition matrix

H(g) = cosm’d (L/m*)sinm’é
~|-m*sinm”@  cosm”@

-Monodromy matrix

# #\ #
| cosm 2z (I/m’)sSnm’ 2z
H(27)= [—m#sinm#Zﬂ cosm*2z }

-Characteristic eguation
A*—22cosm'27+1=0

-The product of the two roots Is 1 and they are
reciprocal of one another. The two elgenvalues can be
real or complex and we have an unstable orbit if they
are real. If they are complex conjugates on the unit

circle we have a tahle aorhit o



Stability Index-2

-Stability index
k=A,+A,=2cosm" 2z
-The bifurcation to a new periodic orbit with n times as
many revolutions occurs when the angle is equal to 2r/n
(n>1).
-Here four simple particular cases are described.
n=2:. m=1/2 k=-20, doubleperiod
3. m=1/3 k=-10, tripleperiod
4: m=1/4 K =+0.0, quadruple period
6. m=1/6 K=+1.0, sixtimesperiod

n
n
n



R N flatjtilted solar sail
15 v= 5.305263
B=0.2
1 \
0.5 \
4
o)
2 quadruple period r=0.36 r = 0.407
£ 0
% \
8
“ .05
triple period r=0.876 \ r=0.403
1 ke -
-1.5 \
) doublg period r=0.394 \JI
0.2 0.25 0.3 0.35 0.4 0.45

Solar Sails (Left), Where y=5.305263 and £=02,

non-dimensional heliocentric distance, r

Fig. 5 Stability Index and Period Bifurcation of Flat Tilted

raYaYaY, | 11 \/7



double period orbit (flat tilted solar sail)

s
© 0.37

Y= 5.305263, B=02,r o =0.39326, (dr/dt) 0 =0.01
90
0.4 120 60
039 ' ~
g 0.38 ' II ‘\ 30

7

tric d
.— =~ T
N

SIES
N,

Q
= 0.36
(]

5]
i
T 0.35

dimensional h
T

{f
[

g 210 330

&

240 300

2

Fig. 6 Double Period Orbit (Flat Tilted Solar Sail)
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150 km(0.01 AU) 50 km (0.01 AU)
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1 5000 km(1



2025

L2

NASA

150 km(0.01 AU) 50 km (0.01 AU)
[

1 5000 km(1
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ISEE-3 NASA

SOHO ESA/NASA
JASMINE  NAOJ/JAXA

XEUS ESA/NASA/JAXA

JWST NASA
HERSCHEL ESA
PLANCK  ESA
GAIA ESA

DARWIN  ESA

SPICA

(JAXA,

)

WMAP

(NASA)



0.004 / \\
0.002 ' \
L2
O Sun/Earth direction >
-0.002 J
10V
\ /
e’
unit: Sun—anth distarllce
1.005 1.007 1.009 1.011 1.013 1.015
— L2

Yamakawa, 2004



Halo orbit formation flight-1

Mirror satellite dynamics in the Sun-Earth/Moon line fixed rotating frame

d?x ,d -

e - d)t/+x_ ﬂ(x+ ﬂ)— - (X ﬂ)) detector satellite
M__ dx  l-u, 4 \+2

e 2dt+y x y r23y Mirror satellite
dz_ 1-u_ u r2

Eartha\Moon=(1-p,0,0)

barycenter ~ / he
Detector satellite motion with trajectory correcti ability L1=({-u+1,0,0)
L2=(1-u+y2,0,0)
d?(x+ x d(y+y _
(dt2 ff)=+2 (dt ff)+(X+xff ’u(x+xff +,u)— ~(@-w)+a,

o d _
(fjfzyﬁ) (X+X )+(y+ yﬁ}lrl—ﬁé’(wyﬁ}rz—’}(w Vi + &,

dz(z+ zﬁ) 1—;!(2+ Zﬁ} (z+ Z¢ &,

raYaYaY, | 110 N7 oo ol oo



Halo orbit formation flight-2

Halo orbit around L2

A\

\/

AN

).004 7N\
\
.002 \
. Lp ] L s
j "\\) (“N
).002 1
).004 \\‘//
1.005 1007 1009 1011 1013 1015
X(-)

Required control acceleration for the L2 Halo orbit formation flight is

a, =+1_”(X+ Xy + 1) 1_ﬂ(X+ﬂ)+$(X+ X —(1—ﬂ))—%(>(—(1—ﬂ))

3 3
r1ff r1

3 = +1r_§’ (y+yy ) 1;3”y+%(y+ Ve L3y
1ff 1 2 ff 2

1-u
r>

@:+1_f(z+zﬁ)— z+i3(z+zﬁ)—ﬂ32
r;I.ff r2ff rZ



Halo orbit formation flight-3

Required Acceleration

3101 for Inertially Fixed Formation Flight

210

110 \% / \\
|~

0 = —_——— \KFJ
_1 10-11 /_,,--‘9""’ /
—e— AX(m/s2) b
21041 —8—AY(m/s2) o
—o— AZ(m/s2)
—&— AMAG(m/s2)

310

0 1 2 3 4 5 6 7
non-dimensional time

I, =50m o= 0deg @, = 0deg

Detector Satellite Nominal Control Acceleration

control acceleration 1~2x10* m/s? (50m relative distance)

raYaYaY, |
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ballistic capture
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ballistic capture
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ballistic capture -3
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ballistic capture -4

(Yamakawa et al., 1994)



ballistic capture

- ) =
- 500,000km
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 converged -
2.0 1. . 1 [ 3 11 1| trl-aieqtqri L1 1 [ |

-5

1992 H.Yamakawa



ballistic capture -6
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sun-earth-line fixed frame
(Yamakawa, 1993)
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