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Fig. 1 Interplanetary flight process of Venus-Mercury exploration
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Fig. 2 Diagram of powered gravity assist
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Table 1 Optimized results of Earth-Venus transfer and Venus-

Mercury transfer

S8 20294E K Mt 20364F K HF

R4 EH 2029-03-01 2036-03-13
RHECy (km’s™ 13.73 13.57

VGA-1/ (FE-H-FD 2030-12-02 2036-06-19
VGA-1V,/ (km's™) 7.776 7.750
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Table 4 Optimized result of Mercury capture (launch in 2029)

EiGi H AV/ (kms) V. Gkms™ Ji
MGA-1  2032-10-29 / 6.759 /
DSM-1  2033-01-01 0.047 / /
MGA-2  2033-07-30 / 5.926 -14.96
DSM-2  2034-09-19 0.138 / /
MGA-3  2035-04-05 / 5.053 -5.08
DSM-3  2036-01-08 0.154 / /
MGA-4  2036-03-18 / 4.114 -4.43
DSM-4  2036-08-05 0.242 / /
KRR 2037-08-20 1.169 2.847 -3.38

A / 1.750 / /

*5 KEMREMALER Q036F4%5)
Table 5 Optimized result of Mercury capture (launch in 2036)

HF H# AV (kmsD V. (km's') Ji
MGA-1  2038-05-16 / 6.475 /
DSM-1  2038-07-18 0.054 / /
MGA-2  2039-02-13 / 5.630 -13.08
DSM-2  2039-12-04 0.137 / /
MGA-3  2040-10-18 / 4.738 -5.10
DSM-3  2041-07-04 0.172 / /
MGA-4  2041-12-29 / 3.766 -4.07
DSM-4  2042-01-29 0.333 / /
KERK  2043-11-23 0.808 2.153 -2.81

B / 1.504 / /
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Table 6 Comparison for Optimized results of
Earth-Mercury transfer

ZH &R -K AR KR
KETHWY (FE-H-HD 2029-03-01 2029-02-27
RHFCy (km™s™) 13.73 15.76
VGA-1H/ CE-A-FD 2030-12-02 2030-12-02
VGA-1V,/ (km's") 7.776 8.138
VGA-2 HiW/ CFE-A-HD 2032-08-24 2032-08-23
VGA-2 V,/ (kms') 7.759 8.120
MGA-1H ¥/ (E-A-HD 2032-10-29 2032-11-06
MGA-1V,/ (km's™) 6.759 6.485
BAV/ (kms™) 0 0
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Table 7 Comparison for optimized results of Venus capture

ZH & B /KB KB IR
VGA-1H#/ (E-A-ED 2030-12-02 2030-12-02
VGA-1V,/ (km's™") 7.776 8.138
DSM-1H#/ (%E-A-HD 2031-06-13 2031-06-16
DSM-1 AV/ (km-s") 0.303 0.260
VGA-2H i/ (E-A-HD 2032-11-27 2032-12-02
VGA-2 V,/ (km's™") 6.191 6.838
DSM-2H 1/ (4E-A-FD 2033-04-18 2034-03-24
DSM-2 AV/ (km's™) 0.343 0.424
VGA-3HHI (4-H-HD 2034-09-08 2034-09-14
VGA-3V,/ (km-s™") 3.961 4.176
DSM-3H I/ (4£-H-HD 2035-12-15 2035-02-19
DSM-3 AV/ (km's™") 0.134 0.029
SEMFAM GE-A-3D 2037-03-14 2036-07-12
SRRV, (kms™ 3.044 3.946
S RMIFHIBAY (kms™) 0.865 1.160

BAV (kms™) 1.645 1.873

R8 KEHRBIMILERIILL
Table 8 Comparison for optimized results of
Mercury capture

2 & BRI IR
MGA-1H i/ (FE-B-HD 2032-10-29 2032-11-06
MGA-1V,/ (km's™ 6.759 6.485
DSM-1H 1/ (4£-A-H) 2033-01-01 2032-12-27
DSM-1AV/ (km's™) 0.047 0.149
MGA-2HH#/ (F-H-HD 2033-07-30 2033-07-25
MGA-2 V,/ (km's") 5.926 5.517
DSM-2H i/ (4E-A-H) 2034-09-19 2035-04-15
DSM-2 AV/ (km-s") 0.138 0.176
MGA-3H i/ (FF-H-HD 2035-04-05 2035-06-25
MGA-3 ¥,/ (km's™) 5.053 4482
DSM-3H M/ (4E-A-FD 2036-01-08 2036-02-26
DSM-3 AV/ (km's™) 0.154 0.221
MGA-4HH/ (E-A-H)D 2036-03-18 2036-11-29
MGA-4 V,/ (km's™" 4.114 3.321
DSM-4H i/ (%E-A-HD 2036-08-05 2037-01-03
DSM-4 AV/ (km's™") 0.242 0.197
AR A GE-A-HD 2037-08-20 2038-10-25
KERIRY,/ (km's™) 2.847 2315
KEHFRGIZHAY, (km-s™) 1.169 0.886
MAV (kms™) 1.750 1.629
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Interplanetary Trajectory Optimization for Venus-Mercury Exploration

CHEN Shiyu, HUANG Xiaofeng, LIU Yuang, ZHANG Zhengfeng

(Beijing Institute of Spacecraft System Engineering, Beijing 100094, China)

Abstract: The large number of variables for Venus-Mercury exploration trajectory design results in the difficulty to find the
global optimum. Therefore, a segmented optimization method was proposed. Firstly, the Venus-Mercury transfer window was
searched to reduce the cost for Venus capture and Mercury capture. Then, the Earth-Venus transfer trajectory with Venus gravity
assists was optimized, and the launch window was obtained. Finally, the Venus/Mercury capture trajectory with successive
Venus/Mercury gravity assists was optimized. Based on Voo-leveraging maneuver principle, an optimization index of leveraging
maneuver efficiency was proposed. The trajectory after each gravity assist was optimized separately so that the velocity increment for
Venus/Mercury capture was reduced steadily. The simulation results reveal that the velocity increment for the Earth-Venus transfer
segment and the Venus-Mercury transfer segment could be zero when 2 Venus gravity assists were executed. The velocity increment
for Venus capture could be reduced by 1.4 km/s when 2 or 3 Venus gravity assists and Voo-leveraging maneuvers were executed. The
velocity increment for Mercury capture could be reduced by 2.3 km/s when 4 Mercury gravity assists and Voo-leveraging maneuvers
were executed. Compared with trajectory optimization for Mercury exploration, the proposed method can reduce the overall velocity
increment for Venus-Mercury exploration by constraining the Voo for departing from Venus and arriving at Mercury.

Keywords: Venus exploration; mercury exploration; trajectory optimization; gravity assist; V,-leveraging maneuver

Highlights:

e Interplanetary trajectory for Venus-Mercury exploration was divided into four segments and optimized separately.

e The V,, for both departing from Venus and arriving at Mercury were constrained when searching the Venus-Mercury transfer

window, so that the overall velocity increment was reduced.

e Based on V,-leveraging maneuver principle, an optimization index of leveraging maneuver efficiency was proposed to optimize

the Venus/Mercury capture trajectory.

e The velocity increment for Venus capture was reduced by 1.4 km/s with 2 or 3 Venus gravity assists and maneuvers.

e The velocity increment for Mercury capture was reduced by 2.3 km/s with 4 Mercury gravity assists and maneuvers.

[TiE%iE: &%, EXLTFE: RANE]
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