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A Magnetically Levitating Thrust Stand
for Evaluating Six-Component Thrust Vector
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OAkira Kakami (University of Miyazaki)

Abstract
This paper describes a magnetically-levitating thrust stand for the measurement of six-component thrust vector. Conventionally, thrusts
of onboard propulsion devices that yield small thrust-to-weight ratios have been measured using pendulums, the use of which can
reduces the influence of gravitational force on the thrust measurement. Whereas the conventional thrust stand successfully measured
thrust with enhanced accuracy, the thrust vector is difficult to be evaluated, since thrust vector measurement requires a higher degree
of freedom for the pendulum. Hence, the authors proposed to magnetically levitate the thruster by the use of voice coil motors, which
have preferable characteristics for small thrust evaluation: linearity and responsiveness. A 1-N class prototype was designed to show
that the six-component thrust vector is measured with the magnetically-levitating thrust stand. The calibration shows that the thrust

stand accurately evaluated the reference thrust vector with the coefficient of determination more than 0.9999.

5 0883

EIL|III

C,: Mﬂ#iw@ﬁﬁ%ﬁﬁﬁ( 1)

Co: MK HRDBEAREATS (ElfR)

Fy: T4234W%*7@ﬁﬁ G TS ()

Fr: HEEREOHES <2 Rv (D7 1A)
ii ARAAIANE—F OB T bV
I BKE EEOEMEE— A v M7 (EER)
K: il 3T 2 —21751

Ky BERE EROIXRERI TS (i)

Ko: MEE EEOIZRERITY) (8)dx)

M: IR EIR E OB B

No: AARAIAINVE—FD V7 BT

Np: MR L2 hvo

IRF

R EAROAFHEZNL T [ L

R EIR ORISR BRI ORIEE K

BEERNLRT bV

1. 1 C & I

BIE, %< OFWHBEICITHEER S Ik S, REAdIE, Bl
JERREE, BUEES 7 SlITfii ST s, 2ol e LT, Aerojet
Rcoketdyne @ R-4D %, #£/) 445 N O " CTH 0,
Apollo F1Ei D H 75 REi<° service module DEEFIEIR & LT
Bgs S D BIEICE > CHEAETH Y Cassini DA A
U E LT 2SN 2. £, MR-103 1%, #HEJ)
089N Dt FTVralfitidl L9 25 —mAHEHERE T,

D X R o~

Voyager 1 & 2 OZREMIER & LCRgE &4 16 Hfsdksh
7239, 1977 FEOFTH FIFLCR, S HTHEE L TV D
RS E 21, V) <O OBEEDZDIZ 2014 FFIZH S
EiFoh, ZoFfERE LTHES 10 MN Opl0 1 4=
YUV 4 BEERL TS 9. F7z, LITA IZ1F, Radio
Frequency lon Thruster (RIT) 2354k S 4v, #E7J1%, 10 mN~250
mN % /38— LT\ % 0. FHRRORE M & LTh%
D3 54TV % FEEP (Field Emission Electric Propulsion) ™
HENFuN TH D N LLED L 51T, FHIHEH OHEEROHE
JIL~ULE, LuN~400N &S <, HEDEREED 1 2 K&
KTFEIZZE L ZAxHD
Z D & I HEERE OHERIE TIE, HEHE RS H4ITK
%Tﬂiﬂ—%ﬁmv CHEFETE 279, #EHEEE/NEWN
HIIEY F a2 W HEDIEM T TE . IR F4& H
v \f:ﬁfwi, REL ZOIZHHES N, BAEREMIER H 5.
EAOEE, RO FOEMBIHENZIFIT 52 L 2FH LT

HEREETH Y, NFNIEAR=T A=L vy aRy b
REFEMTHD. LoT, REDPAELT, HEEROHEDOR

BrmhTE s t&>ﬁﬁi;%#dé<k%%ﬁ%£%

BETDHZENTED. 2B, v— Nz X 25HE, O
PFRIZEV NEFHMEL TWAE Z ENLEMNEO—FETHS.
BRI, REEFRICFEFRCTHY, B TOBAIZHESN
THIEHERN T 7 F oz —2 O EEZREL, ®IZEME 0
T BHHATHD. oL, 7/ Fax—FDOERIEHE
HANBIN B D720, T 7 F 2= —% Ol % LU CHES & 3F
T2 ENTED. ULOXHC, BNESORIED =
Kexa i FIEDNRA LN CTE T2

This document is provided by JAXA.



Thruster position

Disp. sensor6

Disp. sensor4
X
B 1 Bs# E%FIH L7z 6DOF O f1= 7 hVIIE R

isp. sensor
VEM Sp. sensorb

Disp. sensor3 Disp. sensor2

Disp. sensorl

X
100 mm

2 BRI LR LT O F am—F LB .

—J5, HEEBSIZIIHE R, T b, HESI ORI mES
RNV BIFEL, ZOME, FHEICER LRV REEE0E
R AET B, LoT, #IT MLOFHINE, #HDOE%
FODLTODIIHETHD. INETIZ, “EIRY FICEME
WA LIRS DN, BY 76 HBHEZ -5 L
HEEDEMET 72 B 720, INEHEEREOHE )T S LD 6 [y
OHEIIRETH > 7.

KEIDwr o BT, #57 MO 6 foy ORIE D=0
2, 5 10 a— ReLLEHEO 1 pksy o r— Reri0f
HULIEBIR S D, FTo, BREFEEXT Y 7 (AMB)ZFIH L
TR LR O IRE S AT LBNFET S 0. 370bb,
E R EHE S 5 [RIEEHER I DA 5 AMB O & HE e
IZHEH L CW DD, 7T~F =27 2ERA THREIT25HTH
B 1= OHE RN, HEST & B D BRI TR IR G D3 &
0, T~F 2T L OMMERC I VDR RES BT D.
DT, BUNMESIOWEICE T HREIF LI, 77 F =

1.176
l 1.078
- 0.9800
- 0.8820
- 0.7840

- 0.6860

0.5880
0.4900
- 0.3920

- 0.2940

0.1960
0.09802
0.000

3 WA LIROT— FARITRER (LT — F)
= R RGBT B LI B 5.
£ T, ABFETIL, AVIHEERD 6 FADHED <7 b
WIE & HBF B 72012, INROBLRIE LIRS <2 |
RIS A RE LTz, 2 ORI SV CHET 5.

2. BMELEHNREEE

)

2.1 B R1EL7- 6DOF (Degree of Freedom) D5
BT A NAL Yy RERLISRT. 2 #233BRE RO
ERITIA, X,y FATER A M Th 5. ZARORSE HE
W2, KIN2FEFED T 7 F a2 — X 2 EH 3T O3k L
2. T F2ax—XZONWTIL23 T3 5.

BNLE U, BARY AT A% O DS-2000 TH B, Z D
BT, MEAR L B LY ORICEET DA L E Y
BUAREF N H ALY LCHERRIE ZEK L T 5.
L & C OfEAMHEXHEEEEC L v &35 &, LC HBIRERDJE
NS D Z AR LU CMNVEMZFRIIL TV D, 72
B, OMRREIFA 400nm THB.

ZOEMEYEK2 DL 6 HEELE. 300, z
FmEm L EARICEE L, z FROEME, Xy
& ) ORI E ZFHT 5. 580 0 350% I B RIKE
FAOEICTATICEE L, X,y HEOWHELEAL L, 7z h)H
Y OlElfisfE R A2 B L7z,

2.2 WREBEE BEEEERET BEEOZHY2TV
IVHITHY, 20X RkE L. —T, Ak
TIZXVE KT — A MDD L, RO BT IRS)
E— FOBHERBENME T T2, 772&, filEEHEE—F
DOEAEMAEL 720, MERR ERIEARLEICRD. 22
T, WA EREAIREREIC L VT L, ToBEAES%
RKwdo. e Z 0.5 kg ORIR S L THLEICEE Lz s X
DO—kET— F& X 3TRT. ZORROEAIREEE, 3000 Hz
Tholo. WRE LHIEOREESIL L ms TH D72, il
PNT &Ko TEMABEIRE 28 23 2 L3,

2.3 RARIAMILE—F (VOM) HRFELEDO-HIZRA
A =aA)LE—# (Voice Coil Motor, VCM)% 7 7 F 2 =— X%
ELTHIA L. VCM I, ISEMEICEN, WE] & DM
FSFIRET, #{ES S EFNZ LB L Cds 0 HEJ )BTRS AT
EHF—ETHD. 20X REANL, BELHEOEBIC

This document is provided by JAXA.



\:’ : Stator

: Movable element

M agnetic I
field

|3
1
Coil \
Neody mium magnet Yoke
X 4VCM (VCM1~3)
#1 VCM D8t
VCM
1-3 4-6
Thrust to driving
current ratio, 2.50-2.57 1.0-1.1
N/A
Outer diameter
of magnetic 68 44
circuit, mm
Vo_lce coil 88 34
weights, g
\/_0|ce coil outer 42 6.8
diameter, mm
Turns of coil 88 80

KELEIRT D Z 005, VCM 1F, #/MEDHIEIZET S
WERLICEL TS

MIEL VCM OMERR 412, Ot a%HE 11T,
VCM1~3 1%, #R0F R & HEE O B 4 TR 2 2803
%5t@;k%ﬁm&5;9_uﬁbfwé:%ﬁ*ﬁm
250~257N/A £ KEWVD, F ﬁkm_mwﬁt6héf
4x:4»@$%@%gmmzt.%@ﬁ%kbf,mw
EE CHROEIG LB L 22 D728, BRI IT R A VT L
TEEGD10kg i IT-> 7.

VCM4~6 |%, ERIZE EIROHEE O T 2 30 % 5 TN
RNz, VCMLI~3 L0 &/ IZAe > T d. HEAER
%, LINARETHS.

Fiz, BRE ERIEOZENDOTZHIZ, VCM O =1 Vi
FEFT DEEMCOWT Y, 2.2 ORERTE BIA L FREICE A £
— F&RDz. K51, VCM3~5 OEAIRE DTSR T
H5. WO AMTETEE LEGE, aA Vet o
BB T 25— FBRREL, Z0E— ROFE ARSI

6.298
6.351
L 5.773
- 5.196
- 4.619
- 4.041
II&%4
2.887
- 2.309
- 1.732
1.155
0.5773
0.000

X 5VCM D =2 A L & ZENARAE A k408 0 & — RARTRE
B AKE—F) .

1%, 3386Hz Tholz. L-oT, FHAIHITEE %1000 Hz)
LU LT RENVED, 20O VCM IR R Lo 7290

WZIREh S 5 2 Lidn vz .

2.4 HiFR 6 HHEONKADEEY, —==2— 0k
A&, FEBEO R TR TH A A1 T — X T®REh
5.

Mjf'+CTJZ'+KTx=FT+F[)f 1)
10 + 0 x (10) + Cgl + Kgb = N1 + Nyi 2

T, ARHEADWEEE T, FEERIHT 20, BAL
SRR EITNEL 2D T 0D, BALRHEEE RO &
LEZDHIENTES. T8 L, K@K X 5 ITHEALT
=T,

19 + Cg@ + K0 = Nt + Noi ©)

Wi, PID flliHZ A5 & &, ZOREERK~<7 ik
REEZH X 2 VT,

@
X=@ afefdaf ¥ fx’dt)‘ )

FORESL. 22T, 79IKIZL, PID/XT A —F%EHKT 6X
18 17T, AAIE 108 5. HlH/ T A —X ZRiET BT
W, EHEAEFIHLT K 25 5BEED, REMIZIE
FAT VR T—IZXVRE L.

2.5 BREEEBE AELIEEEOKREDTZOIZ, X 6(@)D
Lo — RENVCHEEO R AT U AR ZFHE LI2K
EHEEAFIA L. AR, Chie AT A% &R L TER
T5 (UTF, BEAT2%) . 2z 6bh)D L o ITHRT
FIRICEY M, R AV T LA EBY IOV A NE
BETD. VLA NIZREERE 5 %25 Z Lk 0
FHZ5. ek, X6lE, yHFHOIWESE xEEY o kv
7 xR EZ TV AHEDOHMTH L. ZOHEAT A Z D
B rE S AEEE X T, MOBOKREEZIT>TND.

This document is provided by JAXA.



Reference thrust (y direction)

Cylindrical
magnets

(a) HiER Z 2 ¥

Reference thrust (y direction)

Solenoid

(b) BOEAERE 2R

6 HESRIEERE (m— NEA L RMAGRBAIE, g
AT AL EHD. )

FRAEMICIE, R4ty v A RE2 2oL T, L
T DEEDIROHE SIS0, 877 % 5 2 CAHETT & b 7o liFe
MV B, BlE—OTORIET HZ ERGFE L.
Lol FA—ReEORIELEE 2 VED OIXREETH D720, 5
BHES IO RADRELEBELRNE IS, AT A XD
B rE s AEEEZ, Lo LS ORAEDEE
ST TRIELE. ZoOfRRICERFEZEA L, VCM O
BRENEE T & ZBEHE ) OFBE & k6 7.

3. RERIKFR

3.1 HREL#R 70, F|hEE AWV CEEE BE
AR ESHTEEOEMTHY, K8I1X, VCM OBEENE
ETHDH. FADOFE =01, TEHREZRG LS TH
%. t=5 s fH T, MEE EROZEMITIZE 0 IZ VLEL
TV, t=106sI2 03N DX {E X, z R &5 27- &
A, 1 MDA 37 um T L=, BRI Ll X
D, 0IZRER-STWVAD. 2206 s I LT=E 25, z A
NENERRNC £37 um BB L7228, 72 0ICR-> T\ 5.

ZIT, MR EORENICERT S, ANNEE LN
DMZ SN TWRNWETIS ICEEL, Z0& XDEMDF
WL ERERAE A 2 \ORT. WEENLONE)E, 108 m A,
MEZAE 104 rad BICINE->TEY, BBLE, Btk

0.6 160

!
{
1
3
» jm

Angular displacement, mrad

—v —
_? -
o
Displacemen

-1.2 ! ' -80
20 30

o

7 BERGFE O (=0 (ZEE) L, t=10.7s (2 0.3N O
ZRWTEEHE A 2 FHcE % 2207 s IZBRfF LTV
5.)

2.1

o
w1

—VCM1
VCM4

VCM2 VCM3
VCM5 —— VCM6

N
T
1
©
SN

L
o
w

Driving currents for VCMs 4-6, A

o
o

o
[EEY

Driving currents for VCMs 1-3, A

Timet, s

8 VCM DOFRENEFE (t=0 |Z#HE L, t=10.7 s {2 0.3N D
$E2 W CEIRHET & 2 FIC 52 t=20.7 s IZBRfr LT
%.)

P ONREERRE L THIETE TW5. 7L, BTSSRI
0 (TITHkRZR WS, WHEZSAZIE, 108m B, AEZEALIE 108
rad T2 ONTNWS. Lo T, BE LR L2 FEH
TEXREEZD.

ZOX T, HAERENEIZ0IC Lz &g, BRI
1 HFIDOERN A== 2— F LTWAHDR, BE& BRI
ICE VR3S BITITBNMIT TR - TS, DX HITAH—
N—a— MRELTWBHO0, #EHZEINL TH R
FIFREL TV Z &b, KR EHET~27 FARIEID
WHTE .

This document is provided by JAXA.



150

eVCM1l oVCM2 oVCM3
100 F oVCM4 oVCM5 eVCM6

(o3}
o
T

“D 8
®Dd O ©

®

L {32
=)
o) @ O

g

£ 00

s 0 @::8:’%

e | 880%

£ .

S . L o0

2-50 .,.0-‘@.

S @

100 | @

150

-06 -04 -02 0 0.2 04 0.6
Reference thrust(Fz), N
9z HFIOKIEHE 1% 52T, yEiJE 0 IZH Mo 238
ESET L EORIHET) L BRENEIR O RILR

£2 ADEBERELRCE 2T, BAPNLELEZ L EDF
PPN &R 7(t=10-15 5)

Displacement

Average Variation
0., mrad -0.157 X104 1.06 X102
6y, mrad -4.17 X 10* 7.27%103
8,, mrad 3.73x10% 440X 103
x, pm 2.60 X 102 0.107
¥, pm 5.70 X 10" 0.037
Z, um 5.30x10°3 0.530

3.2 ®RIE 9%, WIEHEEIZEY 527 2 FoHET)
& VCM OBREhEROFEAZ R LT 5. ki@, S|
HeH_7 FARBELEESRVE IR S A ¥ 23&E
Lizizh, yEEY O ML AL TNS. 2B, X7,8
D&, AT v RO ZHIINT 2 &, BB E T
BA—/N—a— b Lizied, RIETE, 2R¥ENEZT7 7
WIZL T 10 s MTF THTEOKIEHE ) E T, 260
LTE LT R RIS 30T 2 BEENEER & 2 IRHE 77 4 34l L 7=
K9 DX oIz, HEAIBRHES K U TRIBIIICEILL,
ZOPTEREIT 09999 LEWZ b ENTAIEEA L
TWD. F7, RIEEEORENE & BB E s, BN
THhE MY L EETY, VCM IEERENERIZ ELf L,
F O ERREIT 0.988~0.9999 THH-7=. L-T, IEHT
W, HENCEHE D TENI BN E S .

2T, ZIRHESICHT A VCM OBRENE T O s R i E(A]
IFEEA L URELRD D, Z0L X OBEER~Y i
EHESINT BATIIRD L5727 M ThD T 5.

i:(i1 ip I3 g s ia)r ©

£33 HKIEICKITLERE R OE

N Ak
X Wi 0.999999922 0.999999537
y il 0.999998846 0.999999922
P4 0.999987576 0.99999541

ZITC, WAFIEVCM OF B LT 5. £z,
T=(N. Ny N. Fo Fy, F) @

LD L, HEDRIELIERL, i & TORITENT-BIEIER RL S
NizZ &b, BEERTITHIS # VT,

T =Si (8)

ERTIENTED.
—F5 T, HEUFTIT,

i=AT )

LS BRE R T HAITS (SOMATHI) MKRE DT, 1XL
WIZAITHNERDT= & 2 A, EBRERIE, £3DE 5Tk
To. TOX DI, mEREIR, FASGEH 09999 BLEIZ7Z - T
WABZ NG, T+aRBEEERLTWSEERS.

T2, AfTHIDOT 7136 TH Y WTHINEFEMETHDTS
1T ERDDZENTET,

S = A’

—-0.0716 0.0435 02551 -0.0068 0.0528  0.0029
—03409 -02116 -0.0469 -0.2512 03624  0.0086
_|-0.1316  0.0487 -0.0604 -0.0065 -0.0070 0.0012
T |-1.1130 -1.4774 -02574 1.8054 0.1431  0.7247
1.1254 —0.6838 —4.0081 0.1076 —0.8296 —0.0452

20784  3.0412 27775 07564 -1.3391 -0.5827

(10)

ARAE LI HE IR RVIES:

ZOLOIT, KIELEEIZLD,
A, BN N S O HE D A2 FHITE B

B L7 2
T ENgInol.

4 EXE

41 BEZREICOWNT 31 THRNELIIC, KR AR
BEOMEICE EEXE5Z LN TE, TORET, N 10
3~102 um &, EEEHMA mrad Tho7z. £, BALOKE
Y21, WHEDS 102~101um, [EIfE)S 105~10“mrad & 72
v, ZELIZHMEKE EN G LN,

—Ji T, WELIRETY, 2 moOEM o (HEk
Wz2) DREL Lo TWAD, THIE, z8hIFmAE L
T, VCM1~3 M HEMEE-CHERTT FIKOERE X % 2 30
B DT OHENBIRIEBI K E <, ZDOFER, O AEREDMK
Tl Thsb. LoTC, HEHEENKEZWESTYH,
X, Y 7 NG DI FRENS LB AL, z HIMd VCM DHES)
DoyfiRRE, bbb, DAZMORRE (B M) M
SHLOILENRDS.

This document is provided by JAXA.



5 F&¥H

AWFZETHF DI R A LT IRT.

1

2)

3)

4)

i)

2)

He WE DN S OHEER OHES) <2 R AVRIE D728
(2, INROBEEE R ORET) s N AHITEREE 23U E
L7z,

MU, HIBME & B ER D VEM 2T 7 F 2
z—x L LTCHIALE.
HEROBATE D — ReLZ2REA T 24 L LT
IEHES) 2384 S8 7-. WIERHZIE, HER oA 25
IRV VLA REREL, ZEHNEMLL
WIEDFER, BHEHEIN BT 2 BB ERI S S,
FEEFOFTZEA L T—REE TR L& 25,
VCM DOBRENERE & #E OBERNR R LN, D& ED
HRE RIIZ 0999 LL ETH B Z ennd, AFRud 45y
RS D EEXD.

SEXM

Sutton, G. P. : History of Liquid Propellant Rocket Engines,
American Institute of Aeronautics and Astronautics, 2006.

Barber, T. J. : Final Cassini Propulsion System In-Flight
Characterization, 2018 Joint Propulsion Conference, AIAA

3)
4)

5)

6)

7)

8)

9

Propulsion and Energy Forum, AIAA 2018-4546, 2018.
Brown, C. D. : Spacecraft Propulsion, American Institute of
Aeronautics and Astronautics, 1995.

Parker, J. Morgan, and Wilson, Michael J. : The Minimum
Impulse Thruster, 53rd JANNAF Propulsion Meeting, 2005.
Nishiyama, K., et. al. : Development and Testing of the
Hayabusa2 lon Engine System, International Electric
Propulsion Conference, IEPC-2015-333, 2015.

Caral, D. D, et. al. : RIT MicroPropulsion System on Lisa
Pathfinder, International Electric Propulsion Conference,
IEPC-2011-325, 2011.

Bock, D., et. al.: NanoFEEP on UWE platform - Formation
Flying of CubeSats using Miniaturized Field, International
Electric Propulsion Conference, IEPC-2015-121, 2015.
Hoote, J. F. : Apollo SM-LM RCS engine development
program summary report, volume 4 Final report, NASA CR
101932, 1969.

Nagao, N. et. al., : Development of a two-dimensional dual
pendulum thrust stand for Hall thrusters, Review of Scientific
Instruments, 78 (2007), 115108.

10) Blumber, E. J. : Testing of a Magnetically Levitated Rocket

Thrust Measurement System Demonstrator for NASA, Master
thesis, Virginia Polytechnic Institute and State University,
2002.

11) Hainds, F. D. and Keyes, J. W. : Shock Interference in

Hypersonic Flows, AIAA J., 10(1972), pp.1441-1447.

12) Batchelor, G. K. : An Introduction to Fluid Dynamics,

Cambridge University Press, London, 1967, pp.580-593.

This document is provided by JAXA.





