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Development of 3-Dimensional Pose Estimation Algorithm
using Inertial Sensors for Humanoid Robot
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Abstract : In this paper, a small and effective attitude estimation system for a humanoid robot was developed. Four small
inertial sensors were packed and used for inertial measurements(3D accelerometer and three 1D gyroscopes.) An effective 3D
pose estimation algorithm for low cost DSP using an extended Kalman filter was developed and evaluated. The 3D pose
estimation algorithm has a very simple structure composed by 3 modules of a linear acceleration estimator, an external
acceleration detector and an pseudo-accelerometer output estimator. The algorithm also has an effective switching structure
based on probability and simple feedback loop for the extended Kalman filter. A special test equipment using linear motor for
the testing of the 3D pose sensor was developed and the experimental results showed its very fast convergence to real values
and effective responses. Popular DSP of TMS320F2812 was used to calculate robot's 3D attitude and translated acceleration,
and the whole system were packed in a small size for humanoids robots. The output of the 3D sensors(piich, roll, 3D linear
acceleration, and 3D angular rate) can be transmitted to a humanoid robot at 200Hz frequency.
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Fig. 1. Block diagram of the 3D pose sensor.
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Fig. 3. Block diagram of the proposed 3D pose algorithm.
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Decision of the threshold of body acceleration
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Fig. 4. Decision of the threshold for external acceleration.

" i i i j j
a

a9 6. 7MEEA O 2 348 922} 04
Fig. 6. Pitch error of the g-slave estimation.

¥ OMAE BH MM ' REFERENCE
ACGELEROMETER

IR 5 7KEE U A AR E e B A A
Fig. 5. Experiment of rotation-fixed and linear acceleration.

710 USRI, [ L N e 4

AY A3 A7 BXEo ¢F 993%F A a gkl . i | i } i
0.0152 AAR(p)E BASAEY, o= £493 U we 0 5 0 15 Ea] 2 e
S aristel s, 290 7, Qe 91 BHEE E 249 WA 0
2. 7= 2o 1y dE Fig. 7. Pitch etror of the extended Kalman filter.

7MEERI7) 317 Age, 17 594 o] DAAN ZE
o xFoll 7EEEr} Q7 @ 5 U=E F4 Al st » ]
3, A Qo] Y R JMEETHE FUE W 3DAA * ; ; : .
9] 3 FHghol 1P 2N0deg) & FAZE 6L AT ’ : : ‘
7] %’4??} Aotk 0] 232 mhef ‘ﬂiiO]E Z3o] 2

p:d
=
E
5
E

SN S N R RN B,

=Rl é?éii 3D 7\Vﬂ /‘“7\1-4 M F83 Al FH7) S IS AU N B S N
&% QR A MEEE deht @ BEE Yess ¢ R | | |
o1 % 2l BN S S S S S—
EH B APIME Hre) 9% T 24 A4S R
7¥ste] Aokl dugEe A3 rl&w 23 AT ol i S """"" T
AFAAT AR AMeEE Frelwols 220 44 $49 9 RN . S S S —
B FAR 2-4Hz Aol ARe) x& o% JlEE(ad 9B
AY o 3027 715t Ade = 7 Av 1w a9 8. 7R 63 29 guEe s R/ (A 24,
ZE IXZE 338 glon ol A Hxzte & Fig. 8. Pitch etror of the proposed algorithm.
o|A| gigten g WAz}t A A AA7L X7t Hik
4G uieh o] 7 ARE AswARow FA% 4 A& FPHE PPE Golave RE Sk FmelFol vl
I}, durEQl g vk ez 248 Ax), B =Ro|A welE g kAo R go Mk‘lo}ﬂ ot 717 694 i—
AXE AT A% 294 yHEos 2 e A AW ol AL FAEE o]9)d) 0E F&E 4
}E 27 magoss duesd e A5 w9 A o 5 ek %wza To1A & % Qo] A
1186, 7, 8L 2UF o rlEn (113 9332)E /1S o) %3 F Al AS R ISR Q7 A4 2] X7 A A
ol 71374 QBB ALG o] Q1S Afolek ¥ 7L TSRS %Z]%Xﬂ%% SEEEREENREE
252 BAS T /ST 28 g /AT 2] 7] 80 A olg] BAo) vl9- EoH X7t 3] FolE A&



—— Estimation
—— Reference

&) a 10 18 20 25 30

TI% 9. 4% MR 34 A (x3).
Fig. 9. Estimation of the linear acceleration.

L7 Q7 147 AR Wk 94 Ang
Table 1. Evaluation function of the three algorithms(acc. only).

A vlmT ES EM

MEEATe 2 24 Ax} 45623.49| 40.07

urxQl By et WE 58 Ak | 14840.14] 1175

&% d)& 294 AuHE 324 d} | 165298 | 126

259
7% 9% 4718l RSt Y2 HEA) AER ASE

AT & DTN ANDAEE % Snel5o) Ao =

B 010k ARG ) 5A) £ FE ADE BT,
A 24 g5e] AR vag 95 B ges ol

& A2 AHEste] 30)T 2ol Ao stk
ES= kf} (6.~ 6,) , BM=max(|6,—6,)  (30)
=1

TAH B A AME gaelEo] tE AY vlug
Hr} Zhzh oF 40uf), oF 10v] HE L AeS BTk
B3 A7) TMEEAIAN A4E F7be] AR XKcross axis
sensitivity)7} & Z3Fo] IEw), o] dF At F4E A
719 AE Aol & 2AE SRR Kb g% F
AZHAA ALEAl AetE guElEe o £ ZAFE U
2 dSdEn
3. 7ESX oIt mE A

2 AP AT 7IEE 7kt Sl miX| 2] W)
A FAE W A 2 ASE AT 98 Aol
49 AAe 39 103 2o] gy} 2Holxd 1Y =
HolBE TSt A 49 71Fge 2H d=:y9)
o= skl 3027t HolHE FsAh AY A Tk
5 7F 3 AA Aste} 7MEE Q7 F A4 HE o}
A gge Tdskd Agsic

a9 11, 12 139 R v aZe A4 gxdad
223 2 74 23HE ey, F wAs dge =
Al Stk 2 APelxe SRE B IAFH)0] st 2
SHE FAUA FAA AR TMEEG w=F 7ts)

=

(e}

—_

HO - 2% - AIAEES =

AM14 A, M2 3 2008. 2

Ho

DC ZE+3aH

a9 10,745 7913 A e B 29 A,
Fig. 10. Experiment of rotation and linear acceleration.

i

=
i| — Accelerometer
:] — Encader

i

&8

a9 11 7kEEATRe 2 3 9|2k of &,
Fig. 11. Pitch estimation and error(g-slave algoritm).

=™ ;
b3 '
=1 |

A AU N T

10 1

79 12, 35 20 BEl 2 2743 92213} ol ),
Fig. 12. Pitch estimation and error(extened Kalman filter).

IEOIE I ECIEE S A EHE A Z Y02 T)
100 T T T T

39 1B ARME SuEe g FAT X2 o,
Fig. 13. Pitch estimation and error(proposed algorithm).



Journal of Institute of Control, Robotics and Systems Vol. 14, No. 2, February 2008 139

stimation
eference

Y 14 AR SR 24 A ()
Fig. 14. Estimation result of the linear acceleration.

¥ 2715% Q7 93 A Bt w4 A
Table2. Evaluation function of the three algorithms(roation + acc.).

AF vt ES EM
TMEEA e B 9 Ax} 51392.88 | 42.048
Aukz Q) sh4 7wl W) =4 A} 14757.341 10.799
714G A& A9A delE 4 AT | 463435 | 3.664

o) Ak A" A4 9% JkEw Jua B gadE
AP, 7Ty =
A TR 2 e EAEkAR 18 139
A g g e AAME XD A dde w$- F3E
A3E HoF9oh

a9 113 129] Aol & 5 %] slEe] 27) Lm
HFL ¥ 7T tE AlHel &
E4E Holx Yok sl Aloke gmelEe] AneMe
LA} B0l FolA 3 oF 35% ol3le) s FAFH A}
AE & FH48k3 Jde A
AR o= At
oF 10u], of 3u] £

2
)
o
o
oX
o
u
od
=
2
i

o
i
4
30,
v
ox
)
o
i
udt
9
X

E
]
=]
0
5 ARE @A % s, o8 9% ARy 9
(o]
o

ooox
Jm%
3
g

_Vﬂm
A
Em-‘)lr
E:T_!E
n"“_Q.
W
x 2
jgmlm
By
S
Fﬁmlm
2

, o
&
oy
o
<0 e

@A 24 T 5 Y R dF 293 gmas

= Altse

_g‘
R
El
=
o
4
k
o
ol
Lo
i

=]
rr
o
o
N
ﬂ;
H
N
ro
3
i
Ir

T 4B AAste] LA} AR B

o
=
A% AtE VMR dE 29 dugEes FET

=

=
9% MR AR TR 9% 54 flo) T2
A

A 8 A Bola k. ol FXHoE FtsR
A AgkY AdaeEFo] rEEAY AvHA B Av 3
HZ F4% daso 42 dgje 73 g 7IEe= o
109, 30 = A7t FA 2 AL AU D F AUk

(11

(2]

[10]

[11]

]

ek

s
S. P. N. Singh and K. J. Waldron, “Attitude estimation
for dynamic legged locomotion using range and inertial
in Proceedings of the ICRA, Spain, pp.
1663-1668, 2005.

B. Barshan and H. F. Durrant-Whyte, “Inertial navigation
robots,” [EEE transactions on
Robotics and Automation vol. 11, no. 3, pp. 328-342,
1995.

Kionix, “Tilt-sensing with kionix MEMS accelerometers,”
Kionix, U.S, Application Note, no. 5, 2005.

ks, o, e, “WAEAFUAAE” Ao - A&
53} - Al 2ElF 3 A, Al 3 A, A 2 F, opp. 52-57.
H. Rehbinder and X. Hu, “Drift-free attitude estimation
for accelerated rigid bodies,” in Proceeding of the 2001
IEEE Conference on  Robotics &
Automation, pp. 4244-4249, May 2001.

H. Rehbinder and X. Hu, “Nonlinear pitch and roll
estimation for walking robots,” in Proceeding of the
2000 IEEE International Conference on Robotics &
Automation, pp. 2617-2622, April, 2000.

Y. S. Suh, “Attitude

accelerometer and gyroscope,” in Proceeding of the 7th

sensors,”

systems for mobile

International

estimation using low cost

Korea-Russia  International ~ Symposium, pp. 423-427,
2003.

J. Vaganay and M. J. Aldon and A. Fournier, “Mobile
robot attitude estimation by fusion of inertial data,” In
Proceeding TEEE International Conference on Robotics
and Automation, vol. 1, pp. 277-282, 1993.

7, “B/AAAME o835 33 A A 24
st hshel AA) B9 =, 2004

R. Brown and P. Hwang, Introduction to Random Signal
and Applied Kalman Filtering, 2nd Ed., Wiley, New
York, 1992.

ZEde, ATy 9 A9TUALHE TedTAE
FE9FATL, I, KA, 2000,



140 MO - 2% - AIAEIES =2X XM 14 &, M 2 3 2008. 2

-

Z " st
19939 JAdEtw V)AEEE 24
19953 KAIST 7)A1Zstz AAL 1999
W KAIST 7]AF8kat ulal 20043~
Al MEAAE Z)AAARE S}
TR Zag BAERs BAAA,

HAEA] 3 Ao YEHT

of of &

20053 A& ZIAAEA - AE3)
FEE Q. 20079 FUEY wvlE
2H28hy) AL BBk TA Al
A, 2 Ao 2 VEYT, YxE A
o}, Ao} A% AMA.




