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JPL 59 19.869 6.273
JPL 69 27.293 1.713
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Fig. 9 Contour plot of deflection distance with respect to mean anomaly and Sun-asteroid-spacecraft angle

EH AT, B o A R ) g, RS SR
HUTE i 78 P KT — A R A2 (10 ST m A I [X ]
BT K. BHAMNEEAN6 km/shf, %X [H]H
100°~585°; MAHXTH E K211 km/sib, XA J&
£100°~644°. 256V s 5 P oI [a] 2 8] 0 R
KRTEN, RS BRI AT AL s A X TR) X 7 1) 4 ot Bf
ZIVE I N20264E1 A 1H—20324E1 A 12H

3 — D ARAIE 4 s B 20 H A R I OK B O T 2%
i, EFTHINH-E-2IMA N 1 5] I 2 w2
BT A Bk A H - R -2 I A A I 45 2R
FAET, BEEAERE BE  , ATAT PR A X
) [ 2L K34 M I B A6 km/sH, %X
[ A159°~382°; XM EEHG K211 km/sh, $7 &
2109°~390°, 4 & J5 i~ i A X 1] B ot 182 ) 4t o



% 3 40 KRB, 5. B EEPUE 2 A /MT R Sh Re i o 5 B AR B AL 271

i Z)5 B 920264F2 H 6 H—20294E3 H20H .

BT 1R A5 v 4 oy B I s o 1 A o i 2V
3K 7y AR R L R KA TN T IR Sl e T R L
IEARACHE FC: O i FE RS 2 (i 5% 0E 1% =
6 378 km) ; Q@I % i ¥ B B 5 0 ISR A R
(m¥EE R =6 378 km, HH-E-2E¥M<45°)

3 Ui

3.1 BhEeET

oy e T AR AN ST, HhERME . SRS S
KNG IEZ P RIF R ER PN .. s E—7
() 73 B 4 AL, K S T S [ 5 5 202641 H T H —
20314FE12 121, f o i [8) 96 [ %8 920264F2 H 1
H—2032F1H12H s [F] IR 48 o A 6 T B2 4 R AE 6 ~
11 k/s2Z [0] o £E3iH5 2 ENAE e 22 25 AN/ 16 378 km 2%
PR, &A1 R A S RIS R SR

x5 HEREBRBYOROHEETNEMLE
Table S Optimization results of kinetic impact trajectory
satisfying deflection distance constraint

S AT T [R] B A2 U I % PR B AN/ T76 378 km BA K
H-B -3 R4 A sk, K, thakfg /)
H5& R RSB IE W IR, 4 a1k
F66 528.77 kmAl162 984.66 km, {EXf N [ H—FE -8
ARG, 2 h33.04°H137.94°; MLLZ R, A
15 KBEAEII T ERe LI /N H-R -2 f, o
AIA1.8208111.53°, (H FH AU f i PE BS FHXTELAN, 43
5924 876.38 kmF125 053.52 km. %45 REW, 7824
BT EAE T, SR EITE (i B0 2 5 /M H - -
I RGLER LR R, H— BRI T2.3.47 51
AN H B 38 I A g2 R BIUTE (i i PR RS I A TEATLER . A
U, TEZhRe s AR S Bt AR AR S H AR
gl 5 TRESCHET R, X & ATLEA A S &,

Fo6 HEREEBMA-Z2-FRAARM
HEEE TR LER
Table 6 Optimization results of kinetic impact trajectories
satisfying deflection distance and Sun-asteroid-spacecraft
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2 HBER 2026-01 8.92 2028-10 11.00 66 528.77 33.04 0.00
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Table 7 Trajectory optimization results of minimum total
velocity increment under various gravity assist sequences

R T T LT RN 2 o B it
1 x 2028-11 50.00 2032-01 2.10
2 HhEk 2026-09 50.00 2032-08 0.97
3 &R 2026-11 50.00 2032-04 3.00
4 KE 2026-11 50.00 2032-03 2.86
5 HbER-HER 2026-02 50.00 2031-01 222
6 HER-EE  2027-05 27.35 2031-12 4.10
7 HER—KE 2027-06 37.89 2032-08 3.95
8§  wE-HIK  2026-05 22.62 2030-11 0.68
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10 &E-KE  2026-03 50.00 2028-12 4.06
11 KE-HER 2026-12 32.86 2032-04 1.81
12 KE-&E 2026-12 41.16 2032-03 242
13 KE-KE  2026-10 50.00 2031-09 3.29
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Table 8 Optimal transfer trajectory parameters for one flyby

. C3/ ) TCHAENTE S H-E-A% SOl
B (km™s™) RN (km-s™)  Fef/ ) (kms?)
2026-12 36.76 2028-04 10.80 2.90 0.00
2026-01 42.52 2032-03 10.99 3.99 0.00
2027-10 44.04 2028-10 15.14 35.12 0.00
2027-12 48.07 2032-02 10.06 1.17 0.00
2028-01 6.98 2028-10 13.00 22.28 0.00
2029-12 16.29 2032-08 11.10 8.11 0.00
2030-12 37.80 2032-03 11.26 2.16 0.00
2031-01 4487 2032-03 12.12 3.02 0.00
2032-03 18.51 2032-08 22.13 6.81 0.00

ST R RGBT ) TR AR AL A SR S W R 9 B
Ne GERRE, PIUCCER T REEAR LR RER TR
K&, K RIC3M K. ZRE AT KL, Bk
R FE N R R, RIES T
2028 4 8 H/MT A B U BE 25 H2 1 Hh BRI 1] 58 B2
LRKHEE, FEAE 2032 45 8 H/MT R 5200 fE 2 H20 th
BRI S8 B2 OBR, IRR T R SR IS BRI E,
B0 B B H — 28 R AR 28 SR A W sd id ik —
R C3, W1 ZI3RETE 2027 4F 12 H,
2R GBI IR AT & 2031 4F 12 A, AmE— 2R
bR 0B -3 A, BT AT H B e S e
AN BRSO 8] B[R] (] BE 29 4
, 5/AMTRIEE R AR — S

SPGB SE R UNFK10FTR. 45R%E
W], ZREEEHERY 2 km/s, H-E-8MAK
K, HFrfRC3ERWE IR 50 km'/s*, Ak TFEATAT
PERUK. 76 G B A S sh Rk G, S 1K
I ER 28 5 /T B AR TR AN, B2 00 K L%
2, FEHPRIZ LA NALE RS B3 GBRE T
SEPL T AR, AR B T RS RN
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IR HSIRATT SR AT, FEBRE AN & 1 S A
FLIRGFEAT, OB A — 3, B
A 2 km/s (IRTAT )7 SRR T 1IRERIK G,

*9 SUMMACHNSRREBNTSH
Table 9 Optimal transfer trajectory parameters for two flybys

PR 5 w— %
\ HEl Kﬂ HoW %i oo phd
Rt Cc3/ piiba) AT Y
H#  (km™s™  H T/ H buYi-74 o a
B . ) (kms™h

(km-s™) (km's™)

2026-12  50.00 2027-12 16.67 2031-12 16.52  2.57 1.06
2026-03  49.74 2028-08 25.76 2032-08 2548  4.69 0.04
2027-01  50.00 2027-12 16.73 2031-12 16.58  2.40 0.79
2027-12  41.15 2028-08 19.65 2032-08 19.28  8.06 0.25
2028-01 44.21 2028-08 19.94 2032-08 19.59  8.42 0.00

F10 SETIRCHHREREBNLSH

Table 10 Optimal transfer trajectory parameters

for three flybys
Rt H 2028-11-01
C3/ (km*s?) 50.00
EAN/ AW IR 2032-01-13
SR A/ (kmes™ 1.19
S2U R H 2032-08-28
F2UCRAR X/ (kmes ™) 0.01
FI3UCKGER H A 2032-08-30
B3 KA E/ (km's™) 0.00
A-E-3kfMm/ () 53.64
MEER R/ (kmes™') 2.13
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Trajectory Optimization for Asteroid Kinetic Impact and Proximity

Observation Under Orbital Deflection Constraints

SONG Yuqi, HUANG Xinghong, LI Haiyang, XIANG Kaiheng,
LIU Wangwang, WU Jian, PAN Linxin
(Deep Space Exploration Laboratory, Hefei 230026, China)

Abstract: To address the challenges associated with limited orbit determination accuracy, insufficient knowledge of physical

parameters, and the difficulty of accurately characterizing post-impact orbital deflection for potentially Earth-impacting asteroids,

near-Earth asteroid 2024 YR4 was selected as the target object to investigate orbital deflection mechanism modeling and transfer

trajectory optimization for kinetic impact and close-proximity observation missions. First, a high-precision orbital propagation model

was established to evaluate the impact probabilities of 2024 YR4 on the Earth and the Moon. Second, the orbital deflection behavior

induced by kinetic impact was systematically investigated. The primary factors affecting the magnitude of the velocity increment

were analyzed, the geometric relationship between the velocity increment direction and the Sun-asteroid-spacecraft angle was

derived, and a functional relationship between orbital deflection distance, mean anomaly, and velocity increment was constructed

based on high-precision propagation results. On this basis, impact windows satisfying both effective deflection distance and

Sun-asteroid—spacecraft angle constraints were identified, and the corresponding trajectory optimization for kinetic impact missions

was carried out. Finally, for rendezvous and flyby observation missions, a year-by-year search of launch and encounter windows was

performed, and feasible transfer trajectories under multiple gravity-assist schemes and flyby sequences were obtained. The modeling

and analysis methods presented in this study provide reference for the investigation of asteroid orbital deflection mechanisms, while

the proposed trajectory optimization framework offers guidance for the design of future asteroid exploration and planetary defense

missions.

Keywords: asteroid orbital deflection; 2024 YR4:; kinetic impact; rendezvous and flyby observation; trajectory

optimization

Highlights:

e The impact probabilities of asteroid 2024 YR4 on the Earth and the Moon are evaluated using a Monte Carlo approach, and the
quantitative relationship between the asteroid velocity increment and the Sun-asteroid-spacecraft angle is derived.

e A fast post-impact orbital deflection distance evaluation method suitable for trajectory optimization is proposed, in which a
functional relationship between deflection distance, mean anomaly, and velocity increment is constructed based on high-precision
orbit propagation data.

e The admissible range of the mean anomaly satisfying both effective deflection distance and Sun-asteroid-spacecraft angle
constraints is identified, and trajectory optimization for kinetic impact missions under these constraints is conducted.

e For flyby reconnaissance and rendezvous missions, launch and encounter windows are optimized using a year-by-year search

strategy, yielding feasible trajectories that meet mission requirements.

[T &, EXLFR: RAE]
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