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Abstract: Deep space exploration is the frontier of space development, and its significantly increased
speed increment demand makes electric propulsion (EP) an important option for the main propulsion of the
spacecraft. The experience of applying EP in 9 deep space missions has been summarized from the aspects of the
missions, the EPs applied in missions, mass ratio characteristics, power ratio characteristics, propulsion effi-
ciency, autonomous operation, etc. The further development and application of EP for deep space exploration are
prospected from the aspects of speed increment demand, major engineering constraints, higher performance, and
autonomous operation capability.
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Table 1 Deep space missions applying electric propulsion

Spacecraft Development Target object Approach Mission duration Status Propulsion type

Braille/1992KD Flyby 1998/10~1999/09 Completed

DS-1 1995~1998 lon
comet19P/Borrelly Flyby 1999/09~2001/12 Completed
Vesta Around 2007/09~2012/07 Completed

DAWN 2001~2007 Ceres Around 2012/08~2016/06 Completed lon
Ceres+ Around 2016/07~2018/10 Completed

DART 2015~2021 Dimorphos Crash 2021/11~2022/12 Ongoing Ton

Psyche 2017~2022 Psyche Around 2022/08~2027/10 To launch Hall

SMART-1 1999~2003 Moon Around 2003/09~2006/08 Completed Hall

BepiColombo 2001~2018 Mercury Around 2018/10~2027/05 Ongoing Ton

Hayabusa 1996~2003 Ttokawa/25143 Sample return 2003/05~2010/06 Completed lon
1999JU3/162173 Sample return 2014/12~2020/12 Completed

Hayabusa-2 2011~2014 Ton

+1998KY26 Flyby 2022~2031 Ongoing
PROCYON 2013~2014 2000 DP107 Flyby 2014/12~2015/03 Failed lon
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Table 2 Electric propulsion applied to spacecraft
Spacecraft Thruster Mode Power/kW Thrust/mN Specific impulse/ks Number Auxiliary propulsion
DS-1 NSTAR M 0.47~1.94 20.6~78.2 1.97~3.17 1 31kg-N,H,
DAWN NSTAR M 0.5~2.3 19~91 1.7~3.1 3(2+1) 45kg-N,H,
DART NEXT-C M 0.5~6.9 25~236 1.4~4.2 1 27kg-N,H,
Psyche SPT-140 M 0.9~4.5 60~250 1.35~1.98 4(3+1) 46kg-N,
SMART-1 PPS-1350G M 0.46~1.2 35~68 1.3~1.6 1 12kg-N,H,
BepiColombo T6 M 2.5~4.0 75~125 3.7~4.0 4(3+1) 156kg-N,H,
Hayabusa =10 M 0.28~0.38 4.4~7.6 2.76~3.0 4(3+1) 67kg-MMH/NTO
Hayabusa—-2 =10 M 0.38~0.41 6.3~9.0 2.74~2.89 4(3+1) 40kg-MMH/NTO
PROCYON MIPS M 0.027~0.034 0.21~0.30 0.74~1.1 1 Xenon
Table 3 Main tasks of electric propulsion
Gravitational assist
. Earth orbit Planet orbit Exploration orbit Attitude Momentum wheel
Spacecraft transfer transfer maneuver control unloading Planet  Speed increment/
(km-s™")
DS-1 v v - N - -
DAWN v N N N N Mars 2.6
DART v N N N N Earth -
Psyche - N N N N Mars -
SMART-1 N - N - - -
Earth 5.6
BepiColombo N N - N N Venus 3.25 (2 times)
Mercury — (6 times)
Hayabusa N N N N N Earth 4.0
Hayabusa—-2 N N N N N Earth 1.6
PROCYON N N - - - Farth 0.04
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Table 4 Mass ratio characteristics of spacecraft and electric propulsion

Spacecraft La'unch Dry mass of Propellant Mass ratio of EP to Mass ratio of pr(?pellanl Mass ratio of propellant
weight/kg EP/kg mass’kg spacecraft/% to spacecraft/% to EP/%

DS-1 486 64 81.5 29.9 16.8 56.0
DAWN 1218 129 425 45.5 34.9 76.7
DART 640 81" 121 31.5 18.9 59.9
Psyche 2800 202" 1030 44.0 36.8 83.6
SMART-1 370 29 82.5 30.1 22.3 74.0
BepiColombo 4100 365 581.5 23.1 14.2 61.4
Hayabusa 510 59 66 24.9 13.0 52.0
Hayabusa-2 609 66.4 66.5 21.8 10.9 50.0
PROCYON 68 5.0 2.5 11.2 3.7 33.3

I : #-Calculated from the mass of single machines.

Table 5 Power ratio characteristics of spacecraft and electric propulsion

Spacecraft Spacecraft Max. Powevr of Power ratio of EP Spacecraft Yspec;ilﬁ(: EP SpeCiﬁC,] Farthest distance
power/kW EP/kW to spacecraft/% power/(W-kg™')  power/(W-kg™') from the sun/AU
DS-1 2.5 2.1 84.0 5.1 14.4 1.36
DAWN 10 2.6 26.0 8.2 4.7 2.98
DART 6.6 4.0 60.6 10.3 19.8 1.1
Psyche 20 5.5 27.5 7.1 4.5 2.7
SMART-1 1.85 1.42 76.7 5.0 12.7 1.0
BepiColombo 13.3 10.5 78.9 3.2 1.1 1.2
Hayabusa 2.6 1.15 442 5.1 9.2 1.7
Hayabusa-2 2.6 1.23 47.3 43 9.3 1.4
PROCYON 0.24 0.03 12.5 3.5 4.0 1.5
Table 6 Propulsion efficiency of electric propulsion
Speed Initial Cumulative Duty ratio of
Spacecraft increment/ acceleration/ operating electric Mission increment
(km-s™) (m-s™) time/h propulsion/%
DS-1 43 1.61x107* 16265 - New technologies extended verification
DAWN 11.5 7.5x107° 55000 69.5 1.5 years extended for Ceres mission
DART 2.9 2.14x107 - 90 -
Psyche - 8.9x107° 23000 74 Extendable to August 2028
SMART-1 3.7 1.84x107 4958 - Lunar exploration extended by more than 1 year
BepiColombo 4.4~5.8 7.0x107° 37970* 25 Plan to expand for 1 year
Hayabusa 2.2 4.7x107° 39637 90 Attitude adjustment by cold xenon
Hayabusa-2 2.0 4.6x107° 41000 - 1998KY26 exploration extended
PROCYON 0.24 3.7x107° 223(3400) 70 Early failure
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Table 7 Speed increment requirements of typical deep space missions

Mission Distance from the sun/AU Speed increment/(km-s™") Mission period/year
Pluto flyby 394 22~32 9~11
Europa orbiter 1.5 30~45 4.5~5.5
Pluto orbiter 394 40~55 8~10
Jupiter tour 5.2 41~57 4.5~5.5
Neptune orbiter 30.0 47~60 8~10
Kuiper belt objects 30~50 47~64 8~11
Mercury sample return 0.39 55~75 4~6
Neptune sample return 30.0 80~95 >12
Interstellar precursor 100~1000 100 >10
Oort cloud 1000 1000 >15
Slow interstellar 284585 3x10* 40
Fast interstellar 284585 1.2x10° 10
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Table 8 Speed increment requirements of typical deep space missions applying electric propulsion

Homan

Low thrust

Mission Av/(km-s) Ao/(km-s~) Reference Remark
LEO-GEO 3.8 [43] No gravity assist
Moon (LEO-MEO) 4.1 3.7~8.0 [28,44-47] No gravity assist
Mars orbiter (LEO—Mars) 5.7 13.0~16.0 [47-49] No gravity assist
Mercury orbiter (LEO-Mercury) 13.0 [30-32] Earth and Venus gravitational assists
Near—earth asteroids and sample return - 3.5~13.0 [50-52] Earth gravitational assist
Main-belt asteroids and sample return - 7.0~ 14.0 [18,56] Earth and Mars gravitational assist
Trojan asteroids and sample return - 9.0~16.0 [54-55] Earth and Mars gravitational assist
Jupiter orbiter 24.0 [58-59] Earth and Mars gravitational assist
Solar system beyond Jupiter - 15~ 55 [60-61] Earth and Mars gravitational assists
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Fig. 1 Specific impulse represented against spacecraft dry

mass ratio in deep space missions
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