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3D-COM Motion Estimation for a Humanoid Robot based on Equilibrium of
Reaction Torque
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A novel Kalman filter to estimate the center of mass (COM) for 3-dimensional motion
of humanoid robot is proposed. It combines COM informations from the kinematics model, the
ground reaction force and the relationship between COM and the zero moment point (ZMP). In
author’s previous work, a Kalman filter based on the same idea was proposed but it dealt with
2-dimensional motion. This paper improves it and takes the reaction torque into consideration
in order to make tuning to reduce offset easier. Through the simulation which a robot walks
forward, the validity of the proposed method is verified.
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Fig. 1 COM-ZMP model
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Fig. 2 The overview of the proposed method.

DTHD. 7z ZAEEBIZRET D L, X (B8) D xTm, y
FHENZBET 200 xz &y BRED.

_ S (T xsifa— (26— 22) )

& Y5y o ®)
V7 = Zizl(Txi+ysi:Szi— .(Zsi—zz) fui) (10)
Yi1fa

L7zmoT, Mg~0&9 %L, BEL-ZMP 7 V1%

W TRINS.
So| | (xe—X2) _ [Zz+g
] [t BT gy

Vo 2 (ys —yz)

UL, EBEOEETIE Mg DFBLEBRTX 2 LT
RBoHZRV. EBIZ, I BEENDD, BHLO
SATE T T 3510 2 SEEN AN K161 F6 1) 2 3B
T5. %72, THETOR (11)Ici5< HiEO O
TIE, AEHFEOZ LI Z R,

SR I b B THEET B kL LT, ZMP I/
DY, EE SR T OE T L 222 LT FIENRR
EnTna®O Barpiers, PR E L ELETO
A —E & LCE— AL FO#Y SV S ELEHE
E LT, E72, Kwon b OVIRk i SriE 1 oo B %
ET D LT, BB ELAHET D HIEAIREL
o, ZRBIEEEENED W EREL TWDER, X
DEAF Iy 7 RERTILZORENFEICHT-EN5
EIXRE S 720,

U EOREE LD D L, $EF O ELEHEET
% 2 41O O3 L @ n a0 L E LT A A
M, ZMPIZ LV KHE OEB & # R T X HHEE L
OO U3 onp HioHEEICA 7 & v b EET D
BREFRETNRETHD. T2 T, TNETICEEDS
WOy, K (2), (3) THRINDERFEHE, K (4) THX
N3N ETELOBE, X (11) THENDEL-ZMP

ETNLDENENNLELNDEMERERET DY
= T4 NEERE L. ZOFECBNT, HEH)
FEHBEITBEDMEDO ) HRE D 72 DIZBRTERIL,
K1 & EOLORBRIIMy FRERIC LY RINDH DI
RelEXicEnEFnBEWeE. 72, EL-ZMP£5
JUEE— A 2 FOFY AV E TR EZ TSI
BT 5720, BFRXO—EICHALE. T0E
TIZEIN D e 5 & ShE T M O EOEENZ IS T D
THERHTHZ LT, ZNOOFMIZEIT DEEK
BEAT o720, Bz -> IV o7z

3. RELVOFEZEICEDHENILI T 4ILE

AT, BEEOLDOINETOHEE R~ E&
PR L7, EOEEHEDT-DDOI N~ T 4V H
WETDH. WEROFETIE, EL-ZMPEFTLE LT
ZMP A OF— A v "R3B RIZ72 HAKER S D%
WCE T2, SRITAEEET DS, [FIERIC L TR 2
DHLDER D ZENBEZXLNDLN, MEIXIZKTTH
LI OFHEERHI->TEH LW, 22T, ATk, X (@),
@) 1BHRED, KDE—RAL RO ENEAND.

pGXf:Z?il<pSini+fi)ETZ (12)

27T, f, i ZLPFiz@LT f, Ti # T 5.
X, ROBEHIIIE S BBRIC K > TZMP ARZE L,
FERE L CTAL DA Mg DB KT 5720 T
bbb, ZOFFILTIE, ZIMP OFE L By, ERE
T E 2RV RICERE SNV, EFEOME LR
LEbORK 2 THD. KRz x=[p§ V5T £ T2
L, K@) o REFERIRATERINS.

. o1
X=
[oo

0

X+ +Ws (13)

L
m



=171, 1, 0eR¥3 IENZENHNATHI & FEITH %
#L, 0eR3IIERY MLEET. WeeRb (Z7 0tk
A)ARXTHD. X AI)ITBWT, FEHROLETNIC
L0 EOIMEEEFRE DR LDEZNS, | Clin
<, FEHVWTWSAICEES LY. 72, K (),
3), 2)»oEHEFRENE L TRKEEBZS.

1 O
y= O 1|x+w (14)
—[fx]0O

ZIT, y=[pEVE TN BRI A, wo (B A
RuEFNENET. 2171, P & Ve DEEICHITS
Ry & wo IE&sEERc L ERfcBASRD L0
T 5. Fi, Po & Vo lE, IHEROEB TR LI
st LvitEsh s b0 T5. [fx]
f L ONEERTHEITHITH .

4 %= % & F @

41 ARV ITAILEZDERE KEDTZDIZ,
X (13), (14) TEIND VAT AEEEEILT 5. AT
EHLTV o IMRET 6L, AnEESTEII X Dk
DB AT ARG 5.

X = AX+ U +WAT (15)
y = CyX+ Wy (16)
T,
1
A 1411 u [ 0 C (o] (1)
O1 K _g)AT -
(¥ -9) [f,x]0

THY, WT KITHERZ KAT 2E£ 7. WAT & W,
OIS EZNETINQ,, Qy THRT LT HE, I~
VI 4 NEFIIROT T XBTHES THEEE4T 9.

K = Pyk-1Ck (CiPi-1Cx + Qo) - (17)
Kk = K1+ Kic (Y — Ciekig—1) (18)
Pik = Pijk—1 — KkCkPyk-1 (19)

K1k = AR + Uk (20)
Pii 1k = AP AT + Qs (21)

TIT, Rk & R (XERENREZ KAT 12810 5
X O TRIE L HEEETH B, P g & P 2220
)A(k\k_l L )A(k|k DRBAELZETH D

42 L Ial—iavIc&kBEHE EFFIED
A %47 5 7-012, OpenHRPEY% VT 2L —
varvEfTok., vIal—yaiAlBWnWT, Ry
FEF L L LT mighty®% v, AT =2ms & L7-.

TRy ML 0~2sE TIIZEDFITFIE L, LIBIIAHNE
7cm AATEE 1B CRIEST AT 5 £ 5 s S
. SEEBHHIENCIE, BAERIEENIR X O OB ICE
RESH D PDHEIEEE BV, 2770, BEEIZFM
5O HFEC SV CTERCRDT. v Ial—s
COBTERLELDONRR 3 THD.

EU DI, (08 - BRNEMTH LRI 51
BHEODHIMEHERT B0, v HD /AR
LLTROEDE G 7.

w;s ~ ./ (0,diag{0.17%,0.17%,0.34°})
w; ~ .4(0,0.003413)

(22)
(23)

72720, Wy E W IEERENSIE RV D ) A XTH
Do N (I I p, 5T TRENDEHLS
fiThv, diagldy, - ,dn} 1E dy,--- 0 2RSS &
THRMMAITHITHD. 22T, E2EED 2% N/3HD
3fFL D LI Wr DERE M EBAERE L, K
FESBIEZ Oy DEE Lz, —5T, Wy DI
X wi OEEFRSENPOIE L. £, ETLO
HEMMEEZZ2 5L, EEOLDIIRMTHL-D,
BELZBTUDLDEBZDHREXTHDH. 22T, ROL
INTRE LT-REEE N2 72

%Psi = (1+we)°pgi, W~ 4(0,0.3)

(24)
(25)

L, m & Opg it EEAEDIRAY L2 OE
BEHEMIBTHD.
FEONEOHEEREFRO—FI %X 4127 L, (REN7R5
WY ORENRAY = B B2 A OHEREEE LD
TbDONRKE ThDH. REHIEL OHEOT-OIZ, £
F IS < HEENFERIC L 5 FOLE (Kinematics)
BREFENSEL-ZMP TF /L OS2 B0 B - b
@ (Without COM-ZMP)D#ER t7r9. Z 2T, %
FFED/RT A — 2 TRITERAIC LV RE L, Without
COM-ZMP D737 A —Z [ THREHFIEICB W TH Y T2
LOLERULOERAWE. FENS, Without COM-
ZMP & KinematicsiZ £ 252 H F D KX 7E 0
Ronpwn. —FT, BEHFETIE, 2F BN T
PREMEETE TS, FRZ, K528V, i
Db OOFEFRENEaffii~EEB L TND T &
DHERTE D, ZDOZ s, (LE - BERAENRRN
e, 2FMIIET 2 EOERHEICH LT, T4
VNP ERAWREFEIADTEDL LN D,
WIZ, BIRORECINZ T, (& py & L5 Ry (2t
RGOS AORIEEIToT-. Z 2T, BEEEL L
T, RO XD e AEREE ey & Ry L5741 7 —#



2.25s 2.50s 2.75s 3.00s 325s 3.50s 3.75s

Fig. 3 The snapshots of a part of walking from 2.00s to 4.00s
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Fig. 4 A result of COM position estimation[m] versus time[s]. (black solid line : The proposed method,
gray solid line : Ground truth, dash line : Kinematics, dot line : Without COM-ZMP.)
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Fig. 5 Results of COM position estimation error[m] versus time[s] without the position and attitude error.
(black line : The proposed method, light gray line : Kinematics, gray line : Without COM-ZMP.)
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Fig. 6 Results of COM position estimation error[m] versus time[s] with the position and attitude error.
(black line : The proposed method, light gray line : Kinematics with KCSF, gray line : Kinematics
with Pos. Est., dark gray line : Without COM-ZMP.)
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