I T - R LS8 AR S e 5 e S B 238 P

WEHBRARESESEH REPTHRE"

AL

&

(FleAkFRENSEFIMFEER A3 100084)

W R

HREFAINBANRER S EHELWRIARLATT R, 2 T RES

TR E AR B, REHENEAFE,NATET IMPRESRE AEMET
JE. /v 3¢ W 4F (Poincaré Map)%*f"‘ﬁi%‘]ﬁ‘ MFEROFZIMP 5 X ELLZU AR R,

Hj TRREGNHSRE S K

THEEMNER , 2 TEEHNRBEL, RERWTTX KL
BLRF, BHAE, BEH, BHEE

Yegkin) W ENEA,

0 5 &

BEH AmMEERNE3IR LY EEE N E
Mo BB XFPEES YR TR EY , ik
., LSS, TESMEEAT, WL H1Ti8
SREFREMITEA WEIER, XMz s
UL B 57 S LA € i 2 — T B Pk ik i IR
5, B 5 shil oy ek s el B 92
T

HLEs N2 R AN E B ER EA Z4E,

Hp 8B AT A B Wl K=& Vukobra-
tOVlC[S] 52X E MIT B Raibert B R , R R B 1L
H WA IS HEH KM

Tt Bl 40 ZAER AR CRKF R A
MRS ANEYIECA A T, RE EB R K F FEIR
T K2 AL B TR RERREFRRE
Sl TOF AVLEE AL, EXHP, HEAH
NCRE = 1K N %Hﬁlﬁiﬁ[z}ﬁﬂ:kﬂ% H,HMN
HAFRRETLUE I, A HPLE&A ASIMO V353 %
A 7746 /5 (zero movement piont, ZMP) %2 %€ H 38 1
Rz sh , EAFEREE T , S ABWITERINEAR
BARX A, BB ZMP 32 & A8 LAY
WEIB B, 1E N3 E MIT AR5 E HY Prau (P
U AHARRITERISS N T EXERRE I AR
FE W A8 B8, A0 T 1k i 8 A W LK % T b R BRIk
B R FERL 3R 100

RAE 2P HERS 1, BUE P iTHld 2
WREE A SLPr b B, EF NN, R ITHS

‘\.J

@D 863 1% (2003AA420010-05) . E %

RETRETHEAX S EEF R FETEULYRN

T, o & 7 T

RAHFLE o) R HE AN FE FHEULA T & S, m 2420
TR BLS R R .

SUENLES AR BUSHE— 0 B R B, B AUE b
FA BB A EE 85, DR AM R HEREE
MESERVIE, REHBEER T X—RIIULE MR
B SRS TN R A BB A AR Bk, AT
AP, A SO R ML A B8 e 1 5 45 i <5 B At
AT T R,

1 X EIE 5

1.1 BRibAREFE
SRS AR B R AEEMEIEZ E, HR
HE3Z B My %) HL B8 7 1l AR 7, X BT DA S R B
BRI ARIE
F(q) =0, ¢q€E R, F:RFP — R" (1)
K, g WETRGEPMN B L8R, p ARG H
HERH, m NAREE
Zm NEABARN p BHESTIEARSK
BTN E LAE BN T sh i sty
D(g)i + N(q,¢) = Bu+ VF(g)A, (2)
AnF(g) =0, 4,20, F(q) =0 (3)

150 A fih pth, o ol 4 A B (4)

SO RS T A AR R (5)
K D(g) AHIRTERERE, N(q, ¢) NEERK T [
LI R SIRY p 4R, uw HRTBIFA T, A,
CR™ N4k B H IR T, HAC SR W 3% M
V F(q)=(2F/9q)(q) € R’ x R* N £ R iy B & 3
M, AF(g) =03k F(q)>00f, Hlag A3

R

SREL 234 (50575119) ¥ En IR H

SNEE S
@ B ,1980 4E4: WA BEFE A1 s SURHLEE AR S BE & A, E-mail : fcl02@ mails. tsinghua. edu. en

(%5 7 48+ 2005-06- 23)

— 319 —



ERARBH 200643 H FHlok E3M

BER SHbm e, A, =0; 24 F(q) =0 B, Plds A
SR ‘ﬁﬂﬂﬁ#ﬁﬁﬁ! A, =00
1.2 B4
J:“‘$ﬁﬂﬂm X 5 b I a] 29 R IE N 2
L, RN EZESI 2R - 2RI TIRAR
G, FTBIRZARGE, 15 1Y 22 [a] B B % e f s Bty
WIS R G

— ROk, RIEVLAF A L 5 b i B 9 ARE =
] PR DA T AR R B9 R VAR R 4G

O BEESHH , TS H 5

OF A, A HY

Q5 XU ST AR, XU T s T e fid

£ BT RR T UFEAR N FHIRERRS .
Walking = Q% U 0% U Q%
JaotuUuaiy-- (6)
PP RG] AR A N IR R R 4
Running = Q{} U Qf{ U m
Joaru b u ey (7)
ER S ARENN S —TRHE . HEE
fibs B, VLS A SHh I A A R, 18 R RRESAR
BRERDT AFEEIT RGN s 1R EIERIE
), BT R AT UL AR A& AR A
ES B R 2 [ RaHEX RS EEN T
ey < T8 RV AR N 2% AR e e S SO, BRI B B Vs
s BER AT RB /M, X R
T KPR A 4T M 25, B R B R Al fE
W] R
1.3 IREhEX AT RIS
Eﬂﬂﬂmﬁkﬁmﬁﬂﬁ@%%ﬁiﬁﬁ
b, Vs NSHEA MR RETEAR A B B
2CH AR R SRR s H Bl , i 3K s
RIFRFN S AR
e AR SCIEARIT , AT R A AT, REH
M HE TR R e 2" s 7F
SUHR ST #EARRT , 2P AT A G A AN, R B HER
B/NFIR a5 80, #r oA “ o SRS 7 70 B =5 A
i, AT Z HIA 2R, 250 B R H K FIK
BARWHH IR,

2 RS

Ry /

5

2.1 BEF ZIMP B EREHE
XXEL@%E&%{}?AHL%%AE CHELE P ATA%
— 320 —

O, Eaifa et —E X &5 2 H Lyapunov
P, ol 7R T S iR e, P T 30
BA —MEEMEE S, LaTRBHH LR E
A¥rE, I, Lyapunov 8 € TE L 2 I HR 18 A HEHE
B B SR BT A B e thal
HTFZ£EmBEEEMSAEEE T ENA G
1,8 B hr K #F Vukobratovie £ 1969 F IR B T &
%E’J ZMP 2 E PR S S HIED B, Ko BE R
B R T IS A R S s 2k,
BENEHEERTE, &4 8 IR KBS
¥ . 1R8I 2 4 7 FEA] LUR B B E A
YN : ZMP W0 2 TE X F M 2 AR, aniE 1
Fim. BFZAH X — T EANEAE N R &3 fE
e B E HE L4150

1 WEHITHNRIEEDHER

TF Vukobratovic #£ 1 ZMP B2 E i A 5 H|$E 2>
fa BB AR Z IR K ZMP & X, Hh K 2 5 E %
ZMP %5 [Fl F & 7 s o 4E ZMP HE & Y B Al 1,
Goswami. 0148 I2H T R8T 28 (oot rotation indica-
tor) , Garcia 32 ) T AT R E ) s Huang P42 T
AR E K, XS EAREBRELERE
KERB ) BRI

2004 5= Vukobratovic £E 3CHK [ 18 ] H 3 H 3 X
ZMP 477 3C, BV FRI 7E S8 X352 AN X B ZMP,
FE XX B2 S X R HE U SF 740 A5 (fictitious zero
moment point) . X5 JL14E R AR B 5T & A BEE A
[6] , #%2 88 Vukobratovic B 25 th B X, 76 il &) 3l
SFEPRZS , B SZHR -5 b T 5000 42 k) - BIR A
JCie ZMP e e S, B8RS FRI L B ) H0 (cen-

ter of pressure, COP)HE &,

MEATRI NS EE S B, BB ZMP 5 37
EIWENTE LR, AT LUK A TE s i SE 5 .
WshBE kahAiEd, WE ZMP faEH BRIz
HiE TESzEshfEsISEs), E 2(a) F1E 2(b)




o RAE 2 . SUR HLEE AR s e S B s TR L

Fin. ZMP B R REE 2(c) Ml Szs i
%J&I“Ejﬂﬁo

B2 WEHITEZRTE

ZMP Zs 4t 3P OUR B ATIR A, B — 28 A
FUBR N B XU B2 4R, Kajital D BEHLAS A )
WA —ATopE R 3| S 18, TR bR S
SF ZMP ), 7E B 25 AR 3 A AL BTG B kAT
T I BN T [ AR 3 P Yo e o B
E B MBS B, A X E BRI VL4 A 2 'ﬁfﬂ_ﬂ,

e 2k, R B < ZMP 2 E MM, 2003 4F,
Sony 7~ F) & A0 T H M PLAE A QRIO HISEE SRR,
2004 22K, H A Honda A E] /A T ASIMO B 3152
WRG. HTRLIFNEE, LEARRE AT
HAARMY ,BAREAT BB A T, X B8R
Hﬁﬂﬁ%fﬂﬁn AR B A AT IR ESY ZMP i AET]

SEJ b, ZMP 39 S A HE 5 A 3 2 1 i X 2 IR
FOR R, B D)L R X PR AR 5 HU T 58 2 1y
Yo, 3 [B] 482 S B S RMESI B AT e HE
A MNEITHIA R LT Ra e, FF %E‘/J\Tlﬁﬁ;c
BRI, R ek ER 2(c) sz s,

AT EIIE H ZMP A 38 BB 5 DU 2617 Pl an
NP — A AIRA B R R A
B SRS R B SUR DT AR H e ™
ZE?‘?%E—W?)\M%%)\#HIﬁ?kE’JZi% HHEZH,
it — B NRE P ATE SR, Rl
FTHERE, SE I R E PR T Bh AR Bk RS R
NEE =) DR RS R

2.2 BTEIGERENTEREHR

KT RRBNES NS AR TR E R &,
R AN RGBT M B, 8 1 T BNk i

S

WSRBLS sl hRGWMEH T R, B2
-1 BB AGER n MEEZRFEN R, U0
3, S ¢(t, 2" ) B n MEZRZT A B
xR (e, x" ) ER—E, S B A n-1
AERBF-1i (B INSEEE ), F7E " 8T (e, 2" )M
o 16 " AR EL— 5 Y € S ARGV A,
8 kYRS RIS A =0, ) BB i 3K e 5t ] KR
A

\

LD P(x(k)) (8)
B2 (8)TE x ™ b AL, AT 18

= I (9)
Hop 7 KT AT LA RE , J RO EAEFRAE Floquent 3

£ VE ISR AT B HE AT B AR I 7E S 47 AR R FFALE

(AL Y, R BABE 6 (e, " ) BERRAE .

\\Z0)
s X Jo(t,x)
s X @ (t, x*)

B3 ZhARERIEMERE

WE ST R E A SR R PR VIR ERY
RBREA , AR FR A2 B NS B 5 _F Y 8 X8 s, BT LAZE
AR AT Rl TRy Ak o X He i Sie B 5t 1 R S RO AS
EIY . HitE IR RN R T X PLas AR
REBIANITL S, R 5 1H 8 U 4 A R E{E .
= A B EEE RS R A, NI B iR E

Grizzle!? 'S8 A\ FH 3™ & B9 HE N € B 5 5 5, TR

R A G A T Jo R XURPLAS A BB 73 7]
@ , FEAE B E A2 ST O (CNRS) B il B9 AL Rab-
bit 2! 528 T LR sh7A 24T, Mombaur 2145 AR FF
Floquent & Fi#17 T 20 &% € I BUE AL
H TR N3 12 E 74, L F LiER
e s gt i fEHr =, BB B T8UE 7 it
R F g, FRBNEE S HAEn, x5 kb
R A B A g sh LA A L TG 2 DU B2 A Fn &
TR B R (Y B ER LA A

3 4 K

3.1 BT R R

WUz Bl BF 1 SR B 2 DU HLas AHEZR Y X
— 321 —




EHEAEMN 20063 H F 1645 B3
—BOE R, ] 43 AR i KB 5 e 1 B T 000 R B A B A A 4 ) O B AT DA SIS BRR X
il R M AT E M ERE B iEE, BR —F

- HI , 8 K 25 B0 25 17 DILAR SR R B 728 O 7 il 3R
B, HEA B R — 2 FAREKM, EEAR
A&~k JI‘EXTHTIB]H’JL??ELﬂ ga(2), Hlas N5E
FrATERTIRER DR P, LER, R4 A
NERRIE Bean (5 B MR R (5 B, 1 18 B
ARSI, AN 4 FEERRTR

E4 BEREEIREE

AT H] Meltran 11 8947, Kajita-2 & A LA
{LL{8) 37 28 g BB 2R S A8 30 ST B, SR A PID Bk 3k
BREE W B3, Furusho P14 A Xt 3D 1T HLES A
BLR-G2 TE42 [ Y- 1 #0 47) v} °F o 1 s i F FE il . 7
Ylm-~Fi, Kk A PID 5P PR UESR T 89 B AR 72
2 18, R ALEs A EHER R SR 00 BR 5 ok
TSR ARSI R, ATER=E8HEMNFmil
a5 NHITTE , Grishin' ' % A 15 YR 42 HH B 4R Bk LR
MELRLESRBEMMS. A TERH—-IRAEHREF
ﬁﬂ%ﬁ)\ﬁﬁﬁﬁ,%tﬂbe MG NRRHHE R
RPN O MBESIBRA S . i T SCEAE
BT BS TRT & 21T, Huang' 2 26 AR T B4R
AN STEL L S TRB M i, d AL BT
MM BESE, L ZMP TEH R A ¥k 2 XN
B, AR T S A S | 9 A (R4 o 8 L R S B
ZMP 15 2% , SR SZE i f8 1F B 28 A 255 s, 1 5
FIT7N

T HA 38

o |
8, () PIDE%IJ%%I-J
#0245 S £
e e
B

a,{(t)wmay.
RN ST

X —y
8.(t) Q?—hi‘ > PIDE?%!J%EI--
| BX P EFERAE

I |—|_ |
S RRZMPES 4 2% !

H5 BENES5EXPE
— 322 —

T, 3X AP ) R IS X R G R il E n — AN SR B,
SHERFKRHEZR, FHETAR RGN IREA S
1555 WIME, Jov 2a 10 K P 3F R G ks e M B 7™ A% ik
B, XA rENER S SR RE T KRB NLR
BaE R, = — i T8 X,
3.2 TEEEHIRRE

B T b 1) 5 T 0 R ) B AR o o SR, i
A —FhE R EIRRE, KRR ME 6Jﬁm %
W O B R P TiE s LR R —
BRI MR 2P) [FRAAN LT E’Jﬁﬁfﬁlﬂ[ ]
T RGENER— 1S 0(q), WA RFEREE
B Jm 1 2T e 40 5 1 T R AR R Hb SE B T i Y KR 4L 4
Ho

(ol

B6 =EEEHIRE

FEDF BRI EREE T, Hurmuzlu > X186 5 5 i &
ToERRHLay N BT RS, /i T — R I 254k
RIBIUL R, B8 T 7 € 54 T TR EST
Yo N7 RS I Spring Flamingo 7F W dX % M b 17
T MIT f) Prantt 25 A48 M T 52 300K Y 455 36 7
e XM ATHEHREN (AR LEBBERAEES BN
MR B RGRIER, TEA X B ET
PLIE P [a] &R B TR AR

Takahashi-*2 )5 53 5 %2 4K T 1 42 3 B (9 o6 5%
F, IS T WA R YL AR ETE, T
XMEERMES T, BER 0.8m B E1THL45 A RE
8L 0.29m/s MR EREITE

Chevallereau' 3! 1 Westervelt' 2 2 A% Xt Rabbit
RO SR T AR RS AL B, T F
RIS T4 R, Grzzle 2V % ARA T —4 1
FREE — P =R G EVLER A Vs A S HE
EZEEA K8, Ylas A B4 T RIESRE,
WL — R W B ASE B 2R, 17 3B SRR Al DA g
S LA A R GRS B B 1 R B

T8 BB & A A X F 20k et ] 4




TS DR ML e AR REE S EERIR IR 3 dE

EEIE , XA ] RS R AR 4 B I P R Y
et thai R, BHETZTERURTAEHE
R 2515 Bl AT 0 2 SRR L4 Ao

4 ZwERE

gy b TR AR R AL a AN SR B 5T A S R
YL ARRBREME S FIRIEHET T KRERFER,
B8 T —RAIpEREERE, HEEUFILAFHEHIE
TR HEH R

F— WNEeBEIRTRESERIE, €
ﬁ%ﬁkﬂ%k%ﬁbﬂﬁEﬁﬂ?:mw%%ﬁ
SHELEHARH ANV SASTENAREE,
%%ﬁ%ﬁﬁﬁﬂ&h%%EﬁL@ rSY BERIIE
%—EﬁﬁEVfQMH%MEAWEMﬁAm@

B EEHEISIE R
&ﬂﬂﬁiﬁiﬁ%ﬁ%é%ﬁME AR
AT RGBT R R SOR TR E R 7 — T EEM
T, K@UWWWEW*HEEMﬁ%%ﬁ
AR ERLAREA SR, TEITRSENLE ARZETT
IR IE B B H S HUKBER R, H it 4
H X AP SRR B B P 25 R R ™4 I B
MEETnEE,
5=, SEAT SR S5 . E%ﬂEM%A
AN PR FERETEELB T E, X
A - ERELRH TP RREE. Ak, &
BUR AL TG B IERR IR PLas AXT AN E] 3
SEREMEERE, TEIEANRRERE—EEE D
fREL T TR B AR ), DR T S BT AP SRR 5
BT BER I K A 34 RO il AR SR I BIF 5 07 ]

B % 3Lk

[ 1] Dickinson M, Farley C, Full R, et al. How animals move:
an integrative view. Science, 2000, 288(5463) :100-106

[ 2] Honda Corporation. ASIMO website. http://world. honda.
com/ ASIMO/ . 2005

[ 3] Vukobratovic M, Borovac B, Surla D, et al. Scientific funda-
mentals of robotics 7: New York:
Springer, 1990

[ 4] Raibert M H. Legged robots that balance. Cambridge, MA
MI ss, 1986

[ 5] Willis C. W greatest android projects. http://android-
world. com/prod01 . html: Android World Inc., 2005

- [ 6] Balaguer C. Humanoid robots catalog. http://www. uc3m.

es/uc3m/dpto /IN/dpin(04/indexrob. html: Robotics Lab of

Biped locomotion.

the University Carlos III of Madnid, 2003

[ 7] Kajita S. Biped robot database. htip://staff. aist. go. jp/s.
kajita/bipedsite-e . html : AIST, 2005

| 8] Bems K. The walking machines catalogue. http://www.
walking-machines. org: Technical University of Kaiser-
slautern, 2005

[ 9] Kimura H. Legged robots sites. http://www. kimura. is. vec.
ac. jp/faculti es/legged-robots. html: Kimura Lab, 2001

[10] Pratt G A. Legged robots at MIT: What’ s new since Raibert.
IEEE Robotics and Automation Magazine, 2000, 7(3): 15-
19

[11] Brogliato B. Some perspectives on the analysis and control of
complementarity systems. IEEE Transactions on Automatic
Control , 2003, 48(6): 918-935

[12] Huang Q, Yokoi K, Kajita S, et al. Planning walking pat-
terns for a biped robot. IEEE Transactions on Robotics and
Automation , 2001, 17(3): 280-289

[13] Vukobratovic M, Juricic D. Contribution to the synthesis of
biped gait. IEEE Transactions on Bio-Medical Engineering ,
1969, 16(1):

[14] KK, ﬁm, ?%50( BT 2 BRAE B BB HL
aw NPT REMBFT. |SEREM. 2001, 11(126):
66-69

[15] Kajita S, Kanehiro F, Kaneko K, et al. A realtime pattern
generator for biped walking. In: Proceedings of the 2002
IEEE International Conference on Robotics & Automation.
Washington D.C., USA. May 2002: 31-37

[16] Goswami A. Foot Rotation Indicator (FRI) point: A new gait
planning tool to evaluate postural stability of biped robots. In:
Proceedings of the 1999 IEEE International Conference on
Robotics & Automation. Detroit, USA. May 1999: 47-52

[17] Garcia E, Estremera J, Santos G. A classification of stability
margins for walking robots. In: Proceedings of the Sth Inter-
national Conference on Climbing and Walking Robots. Paris,
France. 2002: 25-27

[ 18] Vukobratovic M, Branislav B. Zero moment point: Thirty five
years of its life. International Journal of Humanoid Robotics ,
12004, 1(1): 157-173

[19] Kajita S, Nagasaki T, Yokoi K, et al. Running pattern gen-
eration for a humanoid robot. In: Proceedings of the 2002
IEEE International Conference on Robotics & Automation,
Washington D. C., USA. May 2002: 2755-2761

[20] Li Z H, Huang Q, Li K J, et al. Stability criterion and pat-
tern planning for humanoid running. In: Proceedings of the
2004 IEEE International Conference on Robotics & Automa-
tion, New Orleans, USA. April 2004: 1059-1064

[21] Grizzle J W, Abba G, Plestan F. Asymptotically stable walk-
ing for biped robots: Analysis via systems with impulse ef-

— 323 —



HEABER 20064FE3H £ 16HK 3 H

fects. [EEE Transactions on Automatic Control, 2001, 46
(1): 51-64

[22] Chevallereau C, Abba G, Aoustin Y, et al. RABBIT: A
testbed for advanced control theory. IEEE Control System
Magazine , 2003, 38(2): 1-51

[23] Mombaur K D, Bock H G, Schloder J P, et al. Human-like
actuated walking that i1s asymptotically stable without feed-
back. In: Proceedings of the 2001 IEEE International Confer-
ence on Robotics & Automation. Seoul, Korea. May 2001 :
4128-4133

[24] Kajita S, Yamaura T, Kobayashi A. Dynamic walking control
of a biped robot along a potential energy conserving orbit.
IEEE Transactions on Robotics and Automation , 1992, 8(4) :
431-438

[25] Furusho J, Sano A. Sensor-based control of a nine-link
biped. The International Journal of Robotics Research ,
1990, 9(2): 83-93 |

[26] Grishin A A, Formalsky A M, Lensky A V, et al. Dynamical
walking of a vehicle with two telescopic legs controlled by two
drives. The International Journal of Robotics Research, 1994,
13(2): 137-147

[27] Mitobe K, Mori N, Aida K, et al. Nonlinear feedback control

of a biped walking robot, In: Proceedings of the 1995 IEEE
International Conference on Robotics & Automation. Nagoya,
Japan. April 1995: 2865-2870

(28] Huang Q, Kaneko K, Yokoi K, et al. Balance control of a
biped robot combining off-line pattern with real-time modifica-
tion. In: Proceedings of the 2000 TEEE International Confer-
ence on Robotics & Automation. San Francisco, USA. Apnl
2000: 3346-3352

[29] Westervelt E R, Grizzle ] W, Koditschek D E. Hybrid zero
dynamics of planar biped walker. IEEE Transactions on Auto-
matic Control, 2003, 48(1): 42-56

[30] Hurmuzlu Y. Dynamics of bipedal gait. Journal of Applied
Mechanics , 1993, 60(2): 331-343

[31] Pratt J E, Chee M C, Torres A, et al. Virtual model control :
An intuitive approach for bipedal locomotion. The Interna-
tional Journal of Robotics Research, 2001, 20 (2): 129-143

[32] Ono K, Takahashi R, Shimada T. Self-excited walking of a
biped mechanism. The International Journal of Robotics Re-
search , 2001, 20(12): 953-966

(33] Chevallereau C, ‘Aoustin Y. Optimal reference trajectonies for
walking and running of a biped robot. Robotica, 2001, 19
(5): 557-569

Research progress on stability and control strategy for biped robots

Fu Chenglong, Chen Ken

( Department of Precision Instruments and Mechanology , Tsinghua University , Beijing 100084)
Abstract
This paper surveys the latest progress of researches on stability and control strategy for biped robots. The inherent

properties of biped systems which are subject to unilateral constraints, hybrid, and topology-variant are analyzed. Posture

stability criterion based on ZMP (Zero Moement Point) and gait stability criterion based on Poincaré map are introduced.

The classification of biped locomotion, based on dynamic level, is proposed. The time-variant control strategy based on

trajectory planning and the time-invariant control strategy based on virtual constraints are both reviewed. Some suggestions

about the future research are also presented.

Key words: biped robots, hybrid system, unilateral constraints, stability, control strategy
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