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2 Y�s�3�*�
2.1 V�0��eEe�015q/Ee�0j 5.2��$ 1 5�ejEe2v��\ aJ, e, i , Ω,

ω, M �%5�;f��do�Ee+��[�vg/�*Dv"�X�*v��� 1 J2000 b�:�6
��W� 1�.k (21 Sep 2006 UTCG)

Table 1 Orbit elements of Jupiter in J2000 ecliptic coordinate system (21 Sep 2006

UTCG)

aJ (AU) e i (◦ ) Ω (◦ ) ω (◦ ) M (◦ )

5.207 0.048 1.304 100.502 273.475 224.406$ 2 5�ea�j�U2v��\ mJ 5[`� µJ 5�\:`� RJ 5�?�0�
PJ 5{rd�� ρJ 5�?|��� 2 W� ZG~KÆk

Table 2 The mean physical parameters of Jupiter

mJ (kg) µJ (km3/s2) RJ (km) PJ (◦ ) ρJ (g/cm3)

1.899e27 1.267e8 71400 9.925 1.32629$ 1 X$ 2 \jv9�H��Jg��hb�eEejd�5 11.882 yr

TJ = 2π

√

a3
J

µ
, (1)
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rin = aJ

(

µJ

µ

)
2

5

, (2)\G�eEev9O�ej�\�V/�015 0.322 AU (| 4821.6 0 km).

2.2 V�q�0�u"
2.2.1 d�Eejy��3�ejd=AAEe#me�%e�3jAAEe��,"��!�ej:X[`��Q�!Z|5d=�e8kj+Ee�p���j��B`�WF�Q�!SbW�e�V/aj��QEe+o)G�05 4 ��e�0j�d+Ee�p��B`X\5 8.7 km/s. "aBnQ�!=4=�e�ka��=zb�2�3�ej9e�	wd=�ejAAEe�5X-+Ee�5a�psb�e!Qj�V�-+Ee*�v,�p! 4 ��e�0 [7]. .�vjy�j�5aÆOd�+o�p;�2B “�Vp” Wjd�Ee�.�vy�=�e�0j 100 �����Zl [7]. ' 1 $ia 100RJ× 4RJ j�ed=AAEe�z�ej}Ca�9ejEe�

−7 −6 −5 −4 −3 −2 −1 0 1 2

x 10
6

−2

−1.5

−1

−0.5

0

0.5

1

1.5

2
x 10

6

x /km

y 
/k

m

 

 

Jupiter

Ganymede

Callisto

Io

Europa

S/C

( 1 e�Gg
Fig. 1 Jupiter-centered orbit' 1 \ Io � Europa�Ganymede X Callisto �%$i�9���9���9JX�9�jEe�=�3!Ee#�e9eEej�vIH�T���e9ej�2�3�

2.2.2 q�r�EeBnDdq�r�Ee�FJ�qv Ej�gSq/S�r�W�e�TAq/
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(�V/�-) XbW�e (�V/�-) jx3Q^"�� v∞E X v∞J H��%hb [8]

v∞E =

√

2µ

aE
−

2µ

aE + aJ
−

√

µ

aE
, v∞J =

√

µ

aJ
−

√

2µ

aJ
−

2µ

aE + aJ
, (3)�\ aE 5q/Ee�;f�	wTAq/a�8:m��\�1j2v C3 XbWd�EeZ|+o�pj��B` ∆vJ H�$i5

C3 = v2
∞E , (4)

∆vJ =

√

v2
∞J +

2µJ

rpJ
−

√

2µJ

rpJ
−

2µJ

rpJ + raJ
, (5)�\ rpJ X raJ 5d=�ejAAEe*�vX.�v�29LgH���S�Sq/D�Y�e))G 100RJ× 4RJ jX-+Ee�pQ C3 #�e+o��B` ∆vJ�%5 77.25 km2/s2 X 1.11 km/s (|~��B`15 9.90 km/s). S��Y�e=q/��a�m�j8:�\�1L,��O�Y�e�k#me�%e�3j�.Ml2%k���d�p�`r��g - ke�\#m~t��pQ�`�Q�!=�Y�ejL?\�,(H�d�/Xkej�\#m�
)lJ2meX�eP�jj\keZ��Q�e�3AAH��ZI+Qj%e�meXjZ\ke�2�3�A�hQ�!jE{X4?
T���\j&xhb3�jk���O��AA���"j�e�3��2P2� /Q�XHjan�}ZP|�d���~tX�ZXke�\kej�2�AA�3k�e�3#L%Rqke�3jj�2%��kT��e�3Q�AA�ravBnj<��

3 i"��!O-4&�Y�
3.1 �M+2U��\#m ( =!\�kp�\m+), k�_=XI\!m!ke�\( Eej?; E�g�BnbQ�!Dd�k�jI�Xa�����=ke&*�kX\����ke�\#ma�H1�tB�\#m�h�|�ke�\#m*�5�3!= J2000 DdgeAnG\oh�.za��tB�
,Bn�8Y �!\�ka�Q�!jDd8Y r #!\kej8Y rPl R"

r = rPl , (6))=!\�k%^�C5Q�!8Y, �|
r+ = r− = r , (7)Q�!R�!\kejEe5x3QEe�!\�k%^jx3Q^"���%5 v−

∞X v+
∞
�

v−

∞
= v− − vPl, v

+
∞

= v+ − vPl , (8)



110 � ; | � 53 =�\ vPl 5!\kejDd��� v− X v+ 5!\�k%^Q�!jDd���!\�k%^x3Q^"��X\Rm�u�
v∞ = ||v−

∞
|| = ||v+

∞
|| , (9)^�!x3Q^"���Y( �Q�!S!\�k\oha��B`∆vGA, H�$i5

∆vGA = v+ − v− = v+
∞

− v−
∞
. (10)!\�kaR�!\kejx3QEeF' 2 �i�'\ rp 5x3QEe*ev�0

(�=�\#m�0).

( 2 #^�mj�(
Fig. 2 Hyperbolic orbit of gravity assistx3Q^"��j�r�5 θ, 29Jg7{ [9]

θ = 2 arcsin

(

(

1 +
v2
∞
rp

µPl

)

−1
)

, (11)�\ µPl 5!\kej�\:`�5a1h�\#m0Q�!�6j��B`X!\�k^Q�!j����Yke\d�\#m�"G O − XYZ , F' 3 �i��"G(v�Y=�\#mkej\d�
X f�)Gx3Q^"�� v−

∞
j�Y� Z fNS!�!\�k%Q�!jDd��

v− #!\kejDd�� vPl �>{j�} (M9� Z fNS! X f), Y f# X f�
Z f:>�p�"G� 3 .�"fj℄8`�%�5 i � j X k .�x3QEejn[HO�TA!\kejx3Q^"�� v+

∞
=�)Gx3Q^"�� v−

∞
5f�z�5 θ j+v}L�)X\m! v∞. 29}Y>GH�hb

v−

∞
= v∞i , (12)

v+
∞

= v∞ (sin θ cosψk + sin θ sinψj + cos θi) , (13)



2 � < �o��g�5Gg�E%V� 111

( 3 �^%o�#H
Fig. 3 Gravity assist frame of reference�\ ψ 5 v−

∞
`= YZ �}Lj&�# Z fj���5T�4 [0, 2π].0{R�kex3QEej*ev�0 rp X!\��2v ψ |H��!\�k9Yj��B` ∆vGA X!\�k^Q�!jDd�� v+.

3.2 	V�$�p��M+2'�
3.2.1 �`j�\#mveÆO�e�3Ee;[Vjq�<�kÆOSq/Dj C3 (p��B`). V�ke�\#m�Y�e�m�Vp��Q�!�GY�\#mke�kjEe�
),p�S�5Q�!�6�;bW�ej�`��Y�e�pj��B`��\#m�6��OH�XX�pq/D C3.FJ�\#mjm`tB5��tB�	wke�\#m^Q�!Eej*Dv�=kejDd8Y&*�Q�!bW�\#mkeajDd��5 v−, S�\#mker�W�e�p��5 v∗, �

v∗ = v− + ∆vGA + ∆vT , (14)�\ ∆vT k5aWb�Y�ej���p�|u�6j��B`�=ke�\#mEeT�\�F2 ∆vT jT,`\ (�Tm! 0) �ÆO;[V�*��Ca�Bn v∗ �
v− � ∆vGA X ∆vT ?8QjUU-M�|

v∗ = v− + ∆vGA + ∆vT , (15)S�\#mke�Y�e�pj�\��5qvr��gj*Dv��
v∗min =

√

2µ

aPl
−

2µ

aPl + aJ
, (16)�\ aPl 5�\#mkejEe�;f�29:O [10], �\#m���6j�X��B` ∆vGA jX\ ∆vGA m!�\#mke$}jd=��X\

∆vGAmax =

√

µPl

RPl
, (17)



112 � ; | � 53 =g\ RPl 5�\#mkej�0�Q�!bW�\#mkeaj�� v− �H29Sq/Djqvr�<��Q�!�;,[V;5V��\#mbNq�r�j*� �H�b5
v− + ∆vGAmax > v∗min , (18)�!*��C\/v9?5<���O�b�V�Lg��a�j��X"`�ÆO�e�3;[Vjh�.�gkÆO�e+o�p��B`�Bn�e+o���297g (3) X (5) HO��\#mke�;f2X�S�\#mker�W�ea�d�+o�[Vj;52O��%�Sq/D)d�%e (VGA) �q/ (EGA) pme (MGA) j�Q�\#m�Y�eEe)k�C���B`<�v9F$ 3.� 3 �� N,3%
W�m#)Q(�

Table 3 The velocity increment analysis of single gravity assist

Gravity-assist planet v∗
min

(km/s) v− (km/s) ∆vGAmax (km/s) ∆vJ (km/s)

Venus(Earth-Venus-Jupiter) 46.4 37.7 7.3 1.3

Earth(Earth-Earth-Jupiter) 38.6 29.8 7.9 1.1

Mars(Earth-Mars-Jupiter) 30.0 21.5 3.6 0.929$ 3 \v9HO��!me[`�*��!�Y�ej�\#m`J�8�^�m!�pbW�ed�+oj��B`�%eXq/�\#m`J�q�r�R8,X�q/3�V!�p+o;[V�^k%e�q/Xme?,u�(d��Q�\#m
,[V;�Y�ej ���O�=Q�`�Pj-MJ�e�3�rd��Ckej�Q�\#mR�Zj�k�g�qKV�q/pI%ej�Q�\#m�,Ee.DvdQ�!;��;�Y�ej�`�<V�q/pImej�\#m�p�l�e�p��B`�29�L�C�H�1�jSq/�Y�ej�\#mve�	%e -q/�\#m
(VEGA)�%e -q/ -me�\#m (VEMGA) X%e -q/ -q/�\#m (VEEGA).

3.2.2 2020  ∼2025 Qul�	�:� 2020 W 2025 P�yd�,"�\#m�g�Y�ejQul)k�	��	\�Z>H7PH�jQ�\�	TSq/Da�8:m�H�5�3!�6jQ�` C3 ��5 km2/s2. �"d�Ee5 100RJ× 4RJ jX-+Ee�5a�!���$\Ga0D VEGA �VEMGA X VEEGA J 3 _�`j�\#mve.�f0D� 3_�\#m�gj���J	%e�\#m (VGA) �q/�\#m (EGA) Xme�\#m (MGA). �	�J�$ 4. $\ C3 5Q�`2v�℄8 20 km2/s2, ∆vmin$i�p�3!{W�6j~��B`��N�Y�eL?\Xd�+o�pj��B`�℄8 km/s, TOF $iSq/�Y�ej�ka��℄8Ep�
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Table 4(a) VGA, EGA and MGA

Launch VGA EGA MGA

year C3 ∆vmin TOF C3 ∆vmin TOF C3 ∆vmin TOF

2020 20.00 7.20 5.92 20.00 3.88 4.96 20.00 4.24 4.38

2021 20.00 6.14 2.91 20.00 3.82 4.51 20.00 4.27 5.36

2022 20.00 8.47 2.79 20.00 3.94 4.86 20.00 4.37 6.41

2023 20.00 6.49 4.86 20.00 3.89 5.19 20.00 4.38 5.44

2024 20.00 7.43 2.67 20.00 3.77 4.99 20.00 4.36 6.35

2025 20.00 6.62 5.55 20.00 3.71 4.88 20.00 4.36 6.40� 4(b) E� - !^ N,3�E� - !^ - !^ N,39E� - !^ - ;� N,3
Table 4(b) VEGA, VEEGA and VEMGA

Launch VGA EGA MGA

year C3 ∆vmin TOF C3 ∆vmin TOF C3 ∆vmin TOF

2020 20.00 2.46 4.83 13.24 1.09 6.96 20.00 2.43 6.82

2021 20.00 3.64 4.78 14.15 2.38 5.52 13.86 2.70 7.50

2022 20.00 2.85 4.90 20.00 2.45 5.80 20.00 5.80 6.83

2023 20.00 5.67 5.67 14.77 1.08 6.42 18.78 1.82 7.03

2024 20.00 5.89 5.89 13.81 1.45 6.95 20.00 2.80 8.42

2025 20.00 4.96 4.96 18.52 2.18 5.67 20.00 2.69 8.1829$\v9HO��	���J#�CR"�Vd���.ke�\#m),�X"��\;�
,"kej�Q�\#m�Z�;�`q�p�l�e�p;���TjQul=$ 4 \�T�$i���	�JHO�=8:m��\�Pj-MJ�Y�e�k�Tj�\#mve5%e - q/ - q/�\#m��Q5%e - q/ -me�\#m�Th|~jkzH “�Vp” W�e�3!1�j5k%e - q/ - q/�\#mve�
4 .z&(1����j\keZk��G�$!meX�eEeP�j\ke|y2'� 90%�Lj\ke�8k!O�=J�<T��1 2.17∼3.64 AU jI�2'��8ya}`0C\ke (ÆN).=Q�!�Y�ejL?\�lWO 1 QJ2me#�eP�jj\keZ�=O���l#X`jjZ\keR�*��O��e�3AAjL?\H��Z\ke�3��AA�3�gH��`q�pXI�3j>�)ZP3�jE{k��Da\ke�3�a�qK�7{�3�"��!�e�3AAP|��Y�ejEeÆ/7{��O��'�O5"=Ee�%�D="=Ee&*j\ke�5℄y�"e�%�/hH*NFJ	

(1) 7{J2jZ\kejEeCT�z�ka��
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(2) �J2\keZj�kEea�5 n ��y.�vja��5 ti , �\ i 5�v�W�� i = 1, 2, ...,n.

(3) v�u+Eehby.�vLQ�!j8Y`��5 r (ti).

(4)��yC\ke=y.a��vj8Y`��5 rj (ti), �\ j 5\ke�W�
(5) ��Q�!#\kej<Tk�\!�*"w dmax, �� �H�b5

||r (ti) − rj (ti)|| ≤ d0 , (19)=.7�	�*Q�!j\kea� d0 j5TH��X��5XI�kja�XI�����:X�Cfu�j3\( 5H�� ��u�j�XV���CT)k3y�5H��Ja\ke)k�2�
5 Y��<*�Q�!bW�e�V/aR��e5x3QEe�=*�vIZ|��^)G�"d�X-+Ee�FJ�+o E*�5��tB�	w��B`X\H29 (5) g���;[V ∆m 5

∆m = m

(

1 − exp

(

−
∆vJ
Ispg0

))

, (20)�\ m 5Q�!+o%j[`� Isp X g0 �%5|uj�BXN�}a\����
6 nL%f�D5
6.1 �j_+=EeT�\p�d�j:vF$ 5 �i�� 5 �k`,

Table 5 Parameters

Parameter Value Unit

m0 2000 kg

Isp 312 s

g0 9.80665 m/s2

6.2 	�0�� 2023 D5W�Q�!�8:m�Q��q/�/L%e - q/ - q/ 3 Q�\#m�Y�e��^Z|)G.�v 100RJ �*�v 4RJ jd�Ee�O"=Ee=8:m�Q��q/^\),p� E�Vp=*�v�6 1.08 km/s ��j+o��B`|H�$ 6 \eDaTIj�k?v�
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Table 6 Trajectory design result of nominal orbit

Value Unit

Earth launch time 2023 Jun 23 UTCG

Earth launch C3 14.74 km2/s2

Venus GA time 2023 Dec 03 UTCG

Velocity increment of Venus GA [-0.32; -4.08; -2.86] km/s

1st Earth GA time 2024 Oct 17 UTCG

Velocity increment of 1st Earth GA [-0.71; 4.65; -0.32] km/s

2nd Earth GA time 2026 Oct 19 UTCG

Velocity increment of 2nd Earth GA [2.98; 5.88; -3.76] km/s

Jupiter arrival time 2029 Nov 03 UTCG

Velocity increment of Jupiter orbit insertion 1.08 km/s

6.3 lo$&��Q�!=_Qq/w�P�X�1�ejL?\_QJ2j\keZ�%�'_�Ee*<T/Lj\ke�i d0=3000000 km, �	�4k�%��Æoh�4�Wj
276 002 C\ke�s 1 QJ2\keZa� 51 C\keu��1�s 2 QJ2L?\� 22 C\keu��1�P!�"�$ 7 \V0D�*<T\! 1 500 000 km j\ke� � 7 P��'0Æ���gBF Æ��

Table 7 The main-belt asteroids close to the nominal orbit

Asteroid number t (UTCG) d (km) a (AU) e i (◦ )

15399 13 Sep 2025 1340073.4 2.617 0.150 1.709

45215 09 May 2026 707953.7 2.272 0.209 5.839

92491 13 Mar 2026 735282.2 2.386 0.252 3.659

151598 14 Feb 2026 518901.9 2.294 0.158 3.973

154440 09 Feb 2026 923356.0 2.376 0.160 7.949

160384 12 Feb 2026 1360742.3 2.341 0.057 7.361

224114 12 May 2026 600006.6 2.305 0.176 2.441

251584 15 Sep 2025 1377997.0 2.184 0.063 1.806

15120 02 Apr 2027 1447916.9 2.267 0.167 2.878

122697 16 Jun 2027 1323432.2 2.616 0.239 3.176$ 7 \ t 5�*a�� d 5�*<T� a � e X i $i\kejEe�;f��doXEe+��' 4 5Q�!EeX�*\kei�'�
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Fig. 4 Search results of main-belt asteroid flyby

6.4 =C4S\ke�2�	�J\y� 251 584 � 151 598 X 122 697 �5�2�"�aT�s 1 Qq/�\#mW�ej�kEe��^Eei�'F' 5, ;[V-M�$ 8.� 8 5/d>1�aR�7℄I
Table 8 Fuel consumptions of Jupiter exploration orbit

C3 ∆v
VGA
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Fig. 5 Trajectory of the design result
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Jupiter Exploration Mission Analysis and
Trajectory Design

CHEN Yang BAOYIN He-xi LI Jun-feng
(School of Aerospace, Tsinghua University, Beijing 100084)

ABSTRACT The trajectory design for Jupiter exploration mission is investigated in this pa-

per. The differences between Jupiter exploration trajectory and Mars or Venus exploration

trajectory are mainly concerned about. Firstly, the selection of the Jupiter-centered orbit is

analyzed based on the Galileo Jupiter mission. As for the Earth-Jupiter transfer orbit, the

fuel consumption of the direct transfer is too large. So the energy-saving technologies such
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as the planetary gravity assist should be used for the trajectory to the Jupiter. The different

sequences of planetary gravity assist for the trajectory from the Earth to the Jupiter are

examined by applying the Particle Swarm Optimization (PSO). According to the searching

results, Venus-Earth-Earth gravity assist (VEEGA) is the most effective gravity-assist se-

quence for the Jupiter mission. During the Jupiter mission, the spacecraft will pass though

the main asteroid belt which is between the orbits of Mars and Jupiter, and may encounter

several asteroids. The Jupiter mission is able to combine with the main-belt asteroid flyby

missions. The design method of the intermediate asteroid flyby trajectory is also considered.

At last, an entire designed trajectory for the Jupiter mission launched in 2023 is presented.

Key words celestial mechanics, planets and satellites: general, space vehicles


