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Abstract: The current researches of micro—thrust measurement technology applied to the space electrical
propulsion are reviewed in this paper. The history of the widely used micro—thrust measurement methods are re-
viewed, and the torsional pendulum, suspending pendulum and inverted pendulum, balance, and indirect mea-
surement devices, and magnetic levitation thrust measurement devices are introduced. The standard force calibra-
tion technology is reviewed, and the micro thrust calibration methods with force source and without force source
are presented. According to the characteristics of the micro—thrust measurement device itself, the noise response
of its performance evaluation method interacting with the environment is introduced. Finally, the characteristics
of micro thrust measurement technology are analysed and the understanding of the continuous research and appli-

cation of this technology is discussed.
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Table 1 Schematic diagram of the principle and typical sensitive elements of the mechanical micro-thrust measurement

methods
. . Indirect
Torsional pendulum Suspended pendulum Inverted pendulum Balance
measurement
Axis Wire Rigid pendulum Pendulum wire Rigid pendulum Knife edge Target
H i = F - !
o 4=
M,
y /‘ Rotation --
 angle 0 E
< —
F
wN~mN mN wN~N wN~N wN~mN wN~N WN~N
High linearity High precision Simple structure Simple structure Low cost high High Easy for
and precision low cost high load high load sensitivity sensitivity measurement
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Table 2 Summary of mechanical micro-thrust measurement methods studies abroad
Time Institution Method Thruster Range Precision/% Resolution
1970 NASA Goddard Space Flight Center '’ Torsional pendulum lon thruster  4.4uN~222mN 5 -
1997 NASA John H. Glenn Research Center '®’ Torsional pendulum PPT 1~260pN 1 -
2001 University of Southern California (44] Torsional pendulum Free rth)-lecule 86271208 ! B
orifice 712nN~1pN 2 -
2002 NASA Goddard Space Flight Center ! Torsional pendulum  Colloid thruster 1~100N - 0.1wN
2002 Princeton University "’ Inverted pendulum MPDT 0~300mN - -
2005 Photonic Associate Co. USA 1] Torsional pendulum PPT 0.1~500uN - 0.025.N
2006 ESA 47 Suspended pendulum FEEP 10~100N - 0.01pN
2007 University of Southern California *! Balance PPT - - 0.5%
2009 Thales Co, Ttaly [ Suspended pendulum FEEP 0.1~1000pN - 0.1uN
2011 NASA John H. Glenn Research Center " Suspended pendulum  Ton thruster 0~200mN - 0.1mN
2013 Florida State University [36] Torsional pendulum ~ Micro actuator - - 0.09uN
2015 Ecole Polytechnique Fédérale de Lausanne [5t] Indirect measurement  Electrospray 0~100wN - 10nN
2018 NASA John H. Glenn Research Center '2*/ Inverted pendulum Hall thruster 100~600mN 1.1~6.9 -
2021 The Brazilian National Institute for Space Research 1521 Torsional pendulum PPT 0~350wN - 0.1uwN-s
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Fig. 1 Torsional thrust stand MERTS for ion thruster
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(b) Experimental response of the electromagnetic

force generator

Fig.2 Image and measurement results of Thales inverted
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(a) Experimental setup diagram of the inverted
pendulum with Hall thruster
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(b) Calibration data of the inverted pendulum
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Image and calibration results of an inverted

pendulum in NASA Glenn research center™
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(a) Schematic diagram of the indirect thrust measurement
device with microthruster
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(b) Thrust measurement results of the microthruster
Fig. 4 Schematic diagram and measurement results of a

microthruster with thrust target”"
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Table 3 Summary of mechanical micro-thrust measurement methods studies on domestic

Time Institution Method Measured object Range Precision Resolution
2000 Beihang University & CAST [%-°1) Balance Arcjet 1~1000mN +2% -
2003 Tsinghua University **’ Indirect measurement  Micronozzle 1~10mN - -
2007 Beihang University ''*/ Torsional pendulum  Cold gas & arcjet  1~200mN <+1% -
2009 Space Engineering University '] Torsional pendulum  Laser thruster 1~500 N - -
2010 Space Engineering University * Torsional pendulum ~ Laser thruster 0.2~8N-s <3%  0.02uN-s
2011 Beihang University -** Torsional pendulum PPT 10~1000pwN s 10N+ -
2012 Harbin Institute of Technology "**’ Torsional pendulum Hall thruster 50~110mN  +1.5% -
2012 Huazhong University of Science and Technology ''*!  Suspended pendulum PPT 1~264 N - 0.09uN
2013 Beihang University "%/ Suspended pendulum  Colloid thruster 1~760uN 10% -
2013 Space Engineering University %] Torsional pendulum PPT 0~609.6 LN - 24.4nN
2014 Tsinghua University [24] Inverted pendulum - 0~1000mN +1% -
2016 National University of Defense Technology [70] Torsional pendulum PPT 0~600N - -
2018 Institute of Mechanics, CAS 7" Torsional pendulum FEEP 1~200N 0.4wN -
2018 Beihang University (2] Indirect measurement MPDT 1~250mN - -
2019 Institute of Mechanics, CAS [”] Torsional pendulum  Calibration device 0~400N - 0.1uN
2021 Beihang University (2] Torsional pendulum RCAT 0~200N - 0.1uN
2022 Huazhong University of Science and Technology (73] Suspended pendulum  Colloid thruster 0~1000wN - 0.02pN
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(b) Measurment data of an arcjet thruster
Fig.5 Schematic diagram and the measurment process

with a thrust balance'®"!
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(b) Response curve of the closed-loop feedback control device
Fig. 6 Schematic diagram and the closed-loop feedback

control response of a full elastic torsional pendulum'™
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Fig. 8 Schematic diagram of the torsional pendulum roll
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Table 4 Summary of electromagnetic micro-thrust measurement methods studies abroad

Time Institution Method Thruster Range Precision  Resolution
2008 Busek Co. USA P! Magnetic levitation Colloid thruster 5~30uN - 0.1pN
2016 University of Alabama System -’ Magnetic levitation HIPEP 0.1~2.75mN-s  10%~23% -
2017 Massachusetts Institute of Technology -7’ Magnetic levitation ~ Electrospray thruster 5~100LN - 0.36wN
2019 Technische Universitit Dresden 7 Magnetic levitation ~ Propellantless propulsion  2.4~10uN - 0.1pN
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AFE 3 5% R R R A ) RT3k R Sl AR A1 A PR 5 B A
AR AT AE A 3% o AN [) T BL AR A il i B T
b e e ik BB RS2 G FEL e AR TR A L HE T AR
8 R S 4 7 i H I G 2k B R R A T 4 B HE
G 2 T 2 ™ A W) T BEL i 42 ) 3l 2R A0S A hn i i
2y, 8 2 I A gl A A R R A B AR LA
THE LR ) A8 A9 S PR )
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| iMagnetic suspension, for friction free
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nulling

Cluster housing
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controlled calibration

(a) Picture of an electromagnetic levitation
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(b) Response data of a micro force calibration

Fig. 9 Composition of an electromagnetic levitating thrust
measurement system and the response data to the calibration

device®!
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Table 5 Summary of electromagnetic micro-thrust measurement methods studies on domestic

Time Institution Method Thruster Range Resolution
2013 Beihang University [79] Magnetic levitation Cold gas 1~200mN 0.68 %
2019 Institute of Electrical Engineering, CAS [80] Magnetic levitation Gravity - 0.01~0.001 pwGal
2022 Beihang University 23] Magnetic levitation Colloid thruster - 1N
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Fig. 10 Scheme structure of a Evershed-type hybrid HTS

bearing thrust stand and the response results of a
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Table 6 Schematic diagram of the principle of the micro-thrust calibration method
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Non-external forces methods
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Table 7 Summary of micro-thrust calibration methods studies abroad
Time Institution Method Range Precision/%
2002 University of Southern California '**) Cold gas 86.2nN~80pN 2~11
2006 George C. Marshall Space Flight Center ') Weights 100wN~1N 1
2009 Purdue University [* Electrostatic 10uN~1mN 7.94
2013 University of Florida "%’ Amplitude <1.3pN 10
2015 Microsystems for Space Technologies Laboratory, Switzerland " Cold gas 10nN~100pN -
2015 Hathaway Consulting Services, Canada '**) Electromagnetic 10nN 11
2019 National Institute for Space Research, Brazil [**! Electrostatic 14~79N s 10
Table 8 Summary of micro-thrust calibration methods studies on domestic
Time Institution Method Range Precision
2011 Beihang University "%/ Electrostatic 10~1000pN <5%
2012 Huazhong University of Science and Technology ''>  Oscillation period 04T 1330RN s <0.16%
0.09~264pN
2013 Beihang University 2% Elastic devices 1~760p.N 10%
2013 Space Engineering University '/ Electromagnetic 24.4~609.6uN 0.88%
2016 National University of Defense Technology [70] Electromagnetic 0~600N -5 2%
2019 Institute of Mechanics, CAS [¢”/ Electrostatic 0.1~200N 0.1pwN
2021 Beihang University 7> Electrostatic 0.1~200uN 0.1pN
Permanent magnet//
™ fi?
\ B
® » !
F Function
gen/erator
Reﬁce 1 JEA
(a) An electomagnatic calibration device with single string
Fig. 11 Gravity calibration device with standard weights
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Fig. 12 Schemetic diagram of two electomagnatic
calibration devices with single string ™' and complex

magnetic field”*
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Fig.14 Pendulum in calibration without external calibration

force and the swing peroid in different cases"”
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Fig. 15 Resolution testing of the thrust measurement
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