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ABSTRACT

In order to estimate the six-degree-of-freedom (6-DOF) motion using GF-IMU and GR-IMU, the relationship between
accelerometer outputs and rotational motion variables is expressed in terms of differential and algebraic equations in this
paper. Based on this relationship, the required number of accelerometers for estimating rotational motion and their placement
conditions are presented. Examples of accelerometer placement also are provided. It is shown that the obtainable differential
and algebraic equations and estimated variables related to the rotational motion vary depending on the accelerometer
placement. In particular, it is shown that the angular velocity can be estimated using a Kalman filter when differential
equations and algebraic equations are available simultaneously. Furthermore, the limitation of Hanson’s performance index,
which does not account for quadratic angular velocity terms, should be compensated. To address this issue, new extended
performance indices incorporating quadratic angular velocity terms are proposed. Using these indices, the 6-DOF motion
estimation performance obtained with various accelerometer placements is quantitatively evaluated through simulations. The
results demonstrate that the proposed indices effectively reflect both error amplification and numerical stability and thereby
enable clear discrimination of performance differences that cannot otherwise be identified.
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Ato| AT Z(Gyroscope) ] EHHHAE 278l & e 58 S5t S AQSHEA] A7) AR Qi) GF-IMU
& SAT & Y IESHsE FAE 7EEATO R o] F o] = B2, F23%5 A, 7 FA ol AT 4 ler, o
71 Gyro-Free Inertial Measurement Unit (GF-IMU)& o] 83} £ o87}A] H|Eo = 283 4= 2}t (Jenie et al. 2010, Yang

Gyro-Free Inertial Navigation System (GF-INS)E tAJs}o] 7+ et al. 2017, Tan et al. 2001, Costello & Jitpraphai 2002, Ang et

52 54 4 glch (Nusbaum & Klein 2017). ob-&2f, Y& %
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al. 2003, Cappa et al. 2007). GF-IMU2] €& of| 2 ™2]2] 2] 4]
25} Bl e T 5] AT B, A3k SAte] & WYL
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Table 1. Number of variables in the accelerometer output.

Type of variables

Variable numbers Symbols

Specific force of center of gravity
Angular acceleration
Angular velocity squared term on the same axis

Angular velocity multiplication terms of different axis
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Fig. 1. Accelerometer placement of threg, six, or nine accelerometers for rotational motion estimation.
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Fig. 2. Acceleration on an axis located at a distance I from the center of
gravity in two dimensions.

Fig. 3. Accelerometer placement for estimating rotational motion in two
dimensions.
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Fig. 5. Example of accelerometer placement for estimating rotation about
the z axis in the xy plane.
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Fig. 6. Example of GF-IMU accelerometer placement with six accelerometers.
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(@ (b) (0) (d) (e

Fig. 8. GF-IMU configurations included in the proposed accelerometer placement method. (a) First three-accelerometer configuration proposed by Schuler
etal. (1967), (b) Six-accelerometer configuration proposed by Tan et al. (2001), (c) Second six-accelerometer configuration proposed by Vaknin et al. (2016), (d)
Six-accelerometer configuration proposed by Padgaonkar et al. (1975), (e) Nine-accelerometer configuration proposed by Edwan et al. (2011).
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Fig. 9. Sensor configuration consisting of two gyroscopes and three
accelerometers.

(a) (b)

Fig. 10. Example of accelerometer placement for a rigid body undergoing
rotation about the x axis. (a) Accelerometer placement for tangential
acceleration measurement, (b) Accelerometer placement for centripetal
acceleration measurement.

bl

L5 R S B A WA 2AY A A4 25 3
She THEEAIR}y, 2ol Aol 2ATII} ol A Qlrka B ol
AA] P Fig, 99 2o Fig. 90llA] 724 SAIIEE BAIRE
Ao Yol x5, % WO WA THEEAS ofmlic
SAEE 252 $I5 AL U R0l 7900 et
%] o1& Fig. 100 LreRpITh yz HHE) WA So] ] U 9lo]
A yZat R APl R, 257 BYSHE S w5 Fig,
108, yz BHS) x| Fo] 10 5 SlellA] &t Ak Aol
=3, y23} Waysl= 2 ujx|shd Fig. 10b7} Fch Fig 10a0] 7

o Jl&TA &L Eq. (67)0] ok
= frvlad, +lal o, (67)

b.Gy ib.Gz

o374, wi s yE AP0 R Aiz %i Wy o 75 AFO|RAFAL
o] 7

£%& ou|gitt. Fig. 10b + 7HEEA £82 Eq. (68)°]
gk

v=f-l(he) ~1(ah.) (68)

Eqs. (20, 67)25E] 7k M5 vl 4] Eq, (69)7} e,

B =1 (4= or) = O (69)

Egs. (19, 68) 28] 715k thj 4= W7 A2 Eq. (70)°] =t
(a)zl;zx) ___(yz ym) ( szz)Z (70)

Al 2707} F7 7 Oﬂ% Eq. (69) Lrehd ZH&5 o]
A Eq. (70)ofl Lrehd o< 1y

N

].é‘\_

Il

o
>,
fjo
SN
bt
>
d
m_.

—F‘__HOP = —‘—-E 5 [e]

B g A O I e
4452 24T 4 Utk OE 22 FH0E A 5L
AT o WS 74 Ho] B 25 RS FHT 4

ATt

4. 6XIRE RS FH Y

olr

Xz

4.1 GF-IMU2| 6XIRE 28 =¥ 4

or

x|

4]

N

15
2

r

fo ol

7ME A HiR]| o2 37| A] B, o, 7P &
H A%5-S AFsHs GF-IMUE 2lRlsly] 915t A% A %7} 2
Sick. o]} TEdsle] Hanson ZH k5 o x| =k A o] o)
A UehH 8o tisle] DOPe} 2 A4S Jak= Als | uE
AF51Att (Hanson 2005). Hanson ZF7 14 & o FA| =2 4] 9
Aol el B8 & W2 By, 75 £3& Eq. (7)
I} o] A =lsIgiTt.

1n2.i iis)

T b b
W (rlxdl)r d’ L d, (mrbx(mibxrl))
v=| =] : {"’fﬁ} :
fb
T
Il |(ryxdy)  dy dfv(mfbx(m;xrw))
. b
J{ J +M (71)
f
Eq. (7DE5¥ 7% DOPE Eq. (72)7}F |t
[ crf,,‘ 0,0,
. 1l a
(o d a0 :
0 | A IR N " S (72)
. o, H
(rxd, )\ | | (rxa,) df B
U/‘ H
0,0, o

oi7|A, o, .0, ,oiz‘: 77t x, y, 2% MR AL o), ﬁy"’;z%
7} S| 25A| 2] Yol A L}E}LH H2o] x, y, 2% A B O] BAF
olmlghey. e, Bq. (72)2 2 Eq. (7)o UERA TAI714
3 MS 18514 %31, DOPE 73 AL o 4 glom, %
Joll tistolnt 73k AL oF 4= QIT}. &, Zk4 g 0] o]x} 3 M)
ko slelsr 4 girk.

Eq. (7)ol M= ok
Zh g =l ). wlh by, whwh ] Ok @i =l(wh) (@) (@)

31 42 tha efshd Eq. (73] Hck.

Ol

)
>
o2 1 M1 mo AN

N

= A 31 A
Fof 7] Fap

N (r1 X dl) dll R, dll R,y df » ’
v=|: |= : : : || Qivsor
= |= : : : ; j
(1)'. 5
Yy (rN xdy )T dITVRcl,N d;RE” d;/ ;:02

=Hx (73)
o17]A, R, 4 R, = 272} Egs. (74, 75)9}F At

0 n, r,
R, =, 0 =, (74)
By T 0

http://www.ipnt.or.kr



210 JPNT 15(2), 201-213 (2026)

(75)

Eq. (73) 0 2R (H'H) & 7514 Eq. (76)0] Hr}.

T

[ dRy dR ] (rxd) Ry R
(H'H) = : ) : : : : f :
((\,xdy)z df\chl.x' d{\'RzZ.A’ dl\ (rNxd‘,)I df\"er.:\" dvaL-:N dl\

) -
0" U;‘T %,Uf\ 5{0‘0—1:

)
0"0" O'} 0'0)0'/' U{;}yUL

B 00, (76)

Eq. (76) 2. 25 ¥ w),,° it DOPE 5} Eq. (78)0] Hth

, DOP =

Eq. (76) 2. 2 5€] f'of] tjgk DOPE 51 Eq. (80)°] Hrh

f*DOP = [0']2_.‘ +0;, +0; (80)

=
£
oA ekl A B 255 YA DAL 4 3
(73)0]] UiEhdl HERE 73 204 ki

71A, oy (H)E HE singular value®] 3L, oy, (H)= HO
singular value?] 2 Az ojn|slct DOPE L5} A} 6= Bi4
2xte] 2] eate] gt FEEE YeRH B, DOP7L2FoH
32 227} AA SEEH, v Y] A 2A SHHch 27
S A1 A 2R1S] £314 QPHAS LI %, o] 4]

https://doi.org/10.11003/JPNT.2026.15.2.201

Hog duht v S
4.2 GR-IMUZQ| 6XIRE 25 =3 Y5 =

GR-IMUSl| A& Aol 22357} 4 9] 24 ES 27
FFOE, Y E3 BUE WIEE L 445 FeTlEE
ZYolA 1252 HFEA ot debd, A £
2RE FAsoF T WAL Aol 2 ATl S5 e &
E—,HI:PL],& 71—7]»-_ g_ﬂ-,._: _q-a:] o]-o]r,}

GR-IMU2] 74 Egs. (77-8D)o|A] Apo|Z2AF L7} vj2]H =
o) Zrle s ot 245 o3} e A9t Lnlx] WSS o] g3}

o] Ak 2 TE ALt} o|2HE Z7ks 5o sk DOPE= Eq.
(82)¢} Zro] A of& 4~ QiTt.

xZo| Ao|ZATTE WA 7]

ol +o,  yFol Aol RAATE WA T A5
oDOP=INai +a2, aFol Aol wasEE WA T 7 (82)
y, 250l Apo] TARTE W x|k 7S

x,z%50] Apo] R AFEE Hj x| sk 79

[e]
I
o
I
x,y%o] Aol 2AATZ WA & 74

0. xFO] AOZATES WAT 4T

@0, 2 (l)
0, DOP=40,,, y&ol AolRazzE wjA e 7§ (83)
_(’7_

Eaks!
G 259N AOl22TTE AT 7

D0y 2

Eq. (79)]l AIAITF wj 5.0l THEF DOPL= Eq. (84)7} Tt

o, +0,, xFo AolmrzE wiAd 44
o, +0,, yEol AoRimzE WA A
PR SwE wdE Ao
04,,DOP = Ot 04 ol Aol z2ang AT 45 (84)
.yl AoRAFxE wA e AHg
o,  xz%o Ao|RAILE WA 7
o,  xyF Ao|RrzE WA ¢
HERE A3 2744 k= Eq. 8D} 2t}
olel Zol Al 445 ARE o|-gsHH GF-IMULE GR-IMU
o] 7H& A viXo HE 6XIRE 5 8 AeS YEFH R
Hag 4~ §lom, o] & o] &slo] - 7H& A uix & A
& 4 Qlok

5. GF-IMU2| 7IEE7| blix|ofl chst 45Tt

o ol 3ol AT GF-IMU 7H A Hixlel] of
slod, 4ol o3t A% B AR o] 85lo] 6AHE L5
34 452 gHos At 5], Hansone] A% 2 me}



Jae Hoon Son et al, Accelerometer Placement and Six Degree of Freedom Estimation Motion Performance Analysis 211

(@ (b) (0) (d)

Fig. 11. A structure with six additional accelerometers for measuring translational motion. (a) Accelerometer placement of the first GF-IMU, (b) Accelerometer
placement of the second GF-IMU, (c) Accelerometer placement of the third GF-IMU, (d) Accelerometer placement of the fourth GF-IMU.
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