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Fig.3 Design flow for multiple gravity-assist transfers

2.1 KPAFLBRFNE B HER L BIRLIE

A4 K B R P 2R e A2 E Ak H B
HT T A BH AR B 2RI (0 bR AN R 5 — BAR I R Ak
DR L e A% BT DI04 1 2 i 2% 1R 55 0 L AR 22 RARAE 0 8%
BHIB A -

AR VA BH R AR B KRR A2 5 Ak A DR K BH 2834 B
SR B, K BH XU B RURR A AR Y B B R FH 2

100 AUAL BB r 4G, MK IGE B A HER)Z
H¥. HERET. 5HEEEN . HERESRT7 M5
e B bR KR, TEH OB IE AL bR R P T 1 4
[E+7.5°, 4E254.5°0, HRI7IARI TR HERE
.

AR SC R ) AT DA IR DR BRI 2% 4 0 2 R AR
J&, fE—E R YT A H O KT 100 AU, H5K
FH 210 B S ARER I J7 M R B I /N T45°,  [FIRHE K
AT R RN o B E AR RN BRI, 2R
FRATHEIAN R T35 av KATEEBS K T100 AU, 53|
100 AURS ¥AT 2 H O B R &5 HERE &R T7 M R &
Fefg/NT4a50, BUERR A

min J= Zdv,-

st. 100AU-r, <0

13)
<rsc,100 AU,r&il/m,se> -45°<0
35-Thgn <0
S FhiscRRRMBIXSHG 1, RN R

tail/nose
PR BRI TT R

[F B 18 A F) 240 A0 438 B — IS T i T BE
6 T RER N A2 05 K DURIESRIN SR AE A8 T A P AN 2
SRR3R

Vooi 2 Mi
@9x 2) >0 (14)

Hr: 09— ANRE UHEBRIG VRS vl s 71
R SR R A 77 B O R S DL R S AN ) R AR K 51 R
¥, SOI.N

0.4
SOL=SML('m) (15)

Msun

\

Er e SMIFIm Gy 53 3R S 1 R A B A2 A
o

~

p=i

XA RILBFHRIN, MGA-DSMEEH th 48 T
S \BCRER ILRINT, o VR 22 B3, P R
FRIRBIFG (5 KA Iem A, WA
22

[JD (launch),Avyy,RLA,DLA, T, ,T,_1,--*

s s m=151p 15 s Tpm=1Y15" ’)/mfl]

W KB R PR IR — BARIAT A, e —
RZE LA T3 R AR ENIE K BH R PR B A2 — 22 14A
REIFD R, RIS Bt iy, AHBER H A B e — M
FIRAE SRR e B RIMGAR R, {Ef 5 —ME )
RAMAE TI0 R R LAMGA-DSM A 1AL, 38

(16)



540 WA R Ch3E30)

20204F

W 7R BT I A RS RAT S 1A 1
S
2.2 KPAFRIABRRM % XA E DEBMEN LRI A
K PH 2R AL bR BRI 22 RARAE J1 5 BB 20 BEih K
IR TEAILE, W47, ZAZERANE RGN
SRR S ST AL, AR AN R E IS T
FeA AT BB LA 4 M PERETRARIE . A1 AL A7)
Frol R B, IR R BB ik, Al
WL BARSE. BT RESRSE, TN R ACEL R
[RGB LA B, W] DR SRR S0k, i
R EIESE . RS B EBRO98IK, ARA IR
19 173 960F AR RIFE T 751, BARAE G ——H2E T
PR T H,  H A SCERE A 2 R R R 8 4% 5
%, AN P R A 15 DL R BRI 75 165 71
Fea, AR SCEE P9 R R 20 AR SRR CL R
TP FIRIBIEREAT I .

ShE: &SI

BEEE I%‘j'j

1751

) B

PEREARARME

WE: BuEdifie

oy BRI I%‘:,EI ‘

4 BRI R IEYIS BT R

Fig. 4 Algorithm construction for multiple gravity-assist transfers

preliminary design

A1 AL B A& 71 P AR AR TR LR, T AR T
IR 1A F AT 2P A S AR K E ik
e, DRI EE 51N “Te Rk ] 7 LA A5 [ 58 A e e R 2
RERS RIEA AR LRI P81l 35 IR 30 ~8 20 3l 3R
KFHAFKEEREREN\KATE, MWATLAB0. 9~151X
SALIEREHON TR, IR e A HRAD 78 Qe 0 4
MR I ARIR A R Rk nESFTR, A
WAL FIRAE AR — R, WA AR B etk 1A
et A2 — A7 FE R A 35 7E 0~ 151X 16 R AL IRt AL
FAE, EAEE N TS G R LA e i AR 28 R R
HIR-KB-ARE (3-4-5) (5 FH]: BIRA EED
RIRIIRESEAE 1, (HEEAR E A KR KA
Az

[o]r[3a]5]o0o]n] e

[o]3]i2]1a]a]o]5] 1] meam

K5 etafhmitonis

Fig. 5 Chromosome coding schematic

UbAh, TS E G R, EEVEE N T &
JEIMLE], M AR R A R — e AR, R LR
RS S A . RN T B2 o SR
Xf [l —f& S A E AR, B — A Rl sk
S E P 5 R RE TR AR, 4 P UG8 B R 1
if, AUk YRS B RS R AR, AT
K.

23 KBAZABRRN 2 RIAE B HIEFMRIE T A

FE K BH R BRERI 2 RARAE T B a2 it
HOREAE 2 AN D0 P B % L R R RE R IR 75 1)
eI, DR R W AT B 20 e SR IR AR AL H bR gt AT HE
¥, SEBENIE B a5 RIS 1 LA P A AT i —
BVRanEit. BhAh, 3T TR RN, MGABLAL AL
FRILIRAE 70 A Pk e, BB E R R I R E
ARG TS . G, ERFMGARE R
S SR A HEA TR R, s SRR S A
HEA S S S 1P FI B AINF R .

BRI 2 RAEME TP 5], K HMGA-DSME
RUBHTVER LT, AMGABERY i 15 3 1) #5485 77 R Ak )
(e R i VR NI, 7E AR HE T &R, [FRT 35
It S HORet (R 3R -, SR Al 8 VR 2 WL 3 BT 75 I
FERE RN TR G B AL T T BNk
A B R X A, RAMGA-DSMEE RS [ # F #L
TE VRN A I 25 Fo s Dl i

T I X% 1 22 RARAE ) P 5% — Ak 9 B HE
FP, IR AT 55 20T NI 2 AN K BH 2 32 bR R
Z RARAE DI 7 5 ZAR L S R B 0E . B TAERAL
AR TR ST, BB R BRERN 7 7 4
RAE AT R BAE G Z AT R &, i 77
VEIE T AN AT 55 20 R H AR T 19K BH 2R 32 bRl 22
RARAE DI R B et
24 BEiEMeE

AR A iR FH B TE R B UE D SRR 2K 17-6 700K
CPU, ¥ itH %4 NWindows10 & 4 - Matlab
R2019a.

FI RS AL FE AN T D 2 R AR JIMGAREEY
BEATHUIE R AL (BB N3 00048) , A3k,
4R SIAETTH) 2 RAEBGE R AL 5 BB 291.6
1.9, 2.3 min. #RKAMFEMRAFZEA 2T Z R



%6 R

o T 1)K BH AR IA BRERIIN ) 2 RARAE T H AR IESE 7575 541

A JIMGA-DSMBLRY HEAT BUE FEA e TH (RS
W50 00048 , AL E 3T J11 2 RAREE R AL TR
FH 49 min.

PSR, 3UsE Sk L S 3h 0 e
60, 39, 72 min. FIH R ITFZIE172 minf)ihH ] LA
o5 KA B 80M A 1 P B I it 1 7 B HEA i8R 5
P E RS P S 2O ES WY, hT
S O EAE T F A R EE R, R SRR
72 A B 8T A A R TUE

3 _?(BEI RIBFRERN % R E B HIE
2T

BT B U B AR T, AR e T A
YNEESURE- BN =R SOESRUN AL S Y o)
AT ASAE3S aN KHRER B RBA100 AUAL, 5 &REE
W7 R EIE AN T 450, [FII KA T K ETE
HLRE AR BH 22 32 bR BRI 28 BASE 45 5 MRt R 1 R S
REECAN K TS50 km'/s’s HTH KATHEIL R, K
. TR, REE. BEEAREFMKK (H12~165) ,
ANE A AT IR S, ARG A 217 51 i A o
WAL 2R R UL EAMT B ILIRE 17 FIHERRESL . 12
AR . GO AT B S TR N AT B D) TR [ A1
KBHZ, BARPGE KA IMT B ILIRME ng s, (H
WK FE B K i ), DR AT B EAE AT R AT
(I8 71 7 5 A T DAHEBRTE A1
3.1 KMARBRIRMNZEBHERR

BEXF KBH R4 bR SR EE RS BIE, W5 1%
i, B3 T WER2 R ME PSS, R IR
1~843 BN PR R ZE g TR )VRITE . WNE20 LUE
bR 4 R -HhER-Hh R B B OKBH R bR

®2 KERBFFEBRYMSRZIHENFIHE

Table 2 Gravity-assist sequence ranking for preliminary design
of solar system boundary nose

RIFHN RIS, EZAEAF R CN13.731 4 km'/s’s
B RELFELNE, HAANPUESHWRIFIR.

R3 MR- 2-HER-MIR-KRE-TE-BREBNESH
Table3 E-V-E-E-J-S-helionose transfer parameters

2033/01/22 IR AR S 13.7314 —
2033/07/13 GRS 8190
2034/05/24 HuERAE ) 4331
2036/09/04 HOERAE ST 190
2038/06/11 AREE T 172 756
2040/09/13 TRET 260 707

HyA I 181/ I

o (GRelEEd AL (kmes")
1 [3, 2, 3, 3, 5, 6, nose] 2033/1/22 0.000 0
2 [3, 3, 5, 6, nose] 2034/11/3 1.901 8
3 [3, 2, 2, 5, 6nose] 2033/1/31 24753
4 [3, 2, 2, 4, 2, 5, nose] 2036/6/26 3.0257
5 [3, 3, 5, nose] 2038/1/31 3.1129
6 [3, 4, 5, 6, nose] 2034/10/4 3.1594
7 [3, 2, 3, 5, 6, nose] 2036/3/26 3.408 4
8 [3, 3, 3, 5, 6, nose] 2031/11/24 34711
9 [3, 2, 2, 5, nose] 2039/5/12 3.8365
10 [3, 2, 2, 3, nose] 2039/5/13 4,026 8
11 [3, 4, 3, 5, nose] 2034/10/8 43779

T MGARAL N i BR—4 B - Hh k- 3k — AR B -1
K FH R bR 54 7 F1E R 5 J5 0 75 1 R 0 5 B RORE
THAENO, PRI FIMGA-DSMAFE RS [ 45 . 5EMGARE
RAHE, HOGBRENEFER B P51, 3aE e R
POEKE, HtEe (a) NE6 (b) AREMEIHIHIER
IEE ONEE

ERIIER2 b

RENE g

X/10% km
(a) HUER-G S MR- BRI b KB R I BTy & A KB R UE

1.5 |

1.0 |

X/10° km
(b) HuBR-4 B - M Bk IR 2 -1 B - KB &R R J7 28 0 K B &R Ui

Ko kR hIRIBERARE -+ E-BRFHIHIE
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Fig. 7 E-E-J-S-nose transfer orbits
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Table S Gravity-assist sequence ranking for preliminary design
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e CRLEL (%ﬁjgﬂ ) ﬁ%ﬁi/
1 [3, 2, 3, 3, 5, 8, tail] 2039/07/29 0.000 0
2 [3, 3, 5, tail] 2031/03/10 29233
3 [3, 2, 2, 5, tail] 2032/12/18 3.108 9
4 [3, 3, 5, 8, tail] 2036/03/17 37117
5 [3, 3, 4, 5, 8, tail] 2039/06/08 4.460 1
6 [3, 2, 3, 3, 8, tail] 2037/10/24 45705
7 [3, 4, 3, 5, tail] 2031/06/28 4.6203
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Table 6 E-V-E-E-J-S-N-tail transfer detailed parameters
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Fig. 8 E-V-E-E-J-N-tile transfer orbits
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Target Selection of Multiple Gravity-Assist Trajectories
for Solar Boundary Exploration

CAO Zhiyuan, LI Xiangyu, QIAO Dong

(School of Aerospace Engineering, Beijing Institute of Technology, Beijing 100081, China)

Abstract: Solar system boundary exploration will enhance our understanding of the formation and evolution of the Solar
system, which is an important issue of future deep space exploration. As the boundary is far from Earth, the energy needed in the
exploration is huge. Thus, gravity-assist technique is essential to carry out Solar system boundary exploration mission. This paper
aims at multiple gravity-assist transfer design in Solar system boundary exploration missions. First, processing method of goals and
constraints in Solar system boundary exploration are studied. And a progressive nested-loop optimization method combining two
different kinds of multiple gravity-assist dynamics is provide, as well as the detailed steps. At last, taking the nose and the tail of
Solar system boundary for example, the optimal fly-by sequences are provided, proofing the validity of the method. The
simulations demonstrates that the optimal multiple gravity —assists trajectories is Earth-Venus-Earth-Earth-Jupiter-Saturn- nose of
Solar system, and the optimal multiple gravity —assists trajectories is Earth-Venus-Earth-Earth-Neptune-tail of Solar system. The
research will provide the reference for the target selection and mission planning for future Solar system exploration in China.

Keywords: Solar system boundary exploration; multiple gravity-assist; trajectory optimization; fly-by sequence

Highlights:

e The application scopes of two models of multiple gravity-assists are given.

e A progressive nested-loop optimization method combining two kinds of multiple gravity-assists model is proposed.

e The optimal multiple gravity-assist trajectories to the nose and the tail of solar system boundary are obtained.
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