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Abstract; To cancel the effect on control performance due to joint acceleration constraints during humanoid robot
walks,a new yaw moment control approach with consideration of joint acceleration constraints is proposed. After analyzing
the effect on stability caused by the motion of arms swing, the undesired yaw moment which needs to be counteracted is
computed. Then,the yaw moment control problem is formulated as a quadratic programming problem with inequality con-
straints. To solve this optimization problem effectively,an online variable step-size iteration method is designed to generate

the trajectories of arms swinging. The experiment and simulation results verified that the proposed approach can effectively

compensate yaw moment,avoid peak cut-off phenomenon and guarantee the stable walking.

Key words: humanoid robot;yaw moment;joint acceleration constraints ; quadratic programming ; zero moment point

1 5|§

RPN M, O AL A B A
Sy FREANAT H A G 19 98 NSME K 3 56 8 B g )
MR iz 3 75 35 3 Ak, 5 A PLas A8 17 B E 1 1Y
WEFEE 51 UL 2 1 T2 563, I U AT 1 A

Wik H 57:2017-02-26 ;4 [0 11 41 :2018-08-26 s ST 4 4 P B

LB 2 f1 46 5 (Zero Moment Point, ZMP) #E | &
Vukobratovic 1969 4£42 Hi (117 A HL#s A B2 171
AR, BRETC ) 2 W T4 ASIMO  HRP 28 7E
M8 205 APLER N, T I3t — KA T ZMP e )
Wi AT Fe b O 1k Sk (6 T H T — R T
DI RS DI A5 A A O s AR 2 AT 8

FATH R A PRkFH4 (No. 61573108, No. U1613223 ,No. U1501251,No. U1613223) ;444 H SR Bl#FE 4 (No. 2016A030313715, No. 2016A030313018 ) 5 1
ERSIEABIIF L. 55 2% 4 101 9% 4 (No. ZYGX2016J140 ) 5 U J1] 48 B} 57 57 £ 11 K1) ( No. 2016GZ0395, No. 2017GZ0395, No. 2017GZ0394 ) ; H (L1 7 B 52 11 K1

(No.2017A1024 ,No. 2017SF0603 )



476 H, ¥

2 4R 2019 4

K7 L AT S B A Bl A AL ( Center of
Mass , CoM ) {37 .15 7 J& , K % g 0 o 2 il 7 24 A2
B PR T FE X3 P DA A i 8l 257 . SCHR L7 ) Xk AN
REM T PRIRE SR T — PR L AR B0 i S
i 3t 4 ) S B P ot T AR AP AT O R PR AL AR AL
AT I AR TP RE I AR R | 5 S A I ] R S ) A [
P AMIFTE 22 3 X bl A5 A7 fiE ik 10 A 92 il 56 s 2k 47
TP IIBTIE. 2 NEBATERAIR K, SCHRL 8 | 42
T — BT A2 Bl ZMP e H e 9 22 S A T ik, D
HUAR Y ZMP B A1 5 TR PGy, TR AT RULE
JRAGE X N A2 3l LA IR B 2R 1Y 28 25 7 I3 il
b SCHRT O T35 T2k 480 37 #3348 TR0 R 4 5 - 0 R0
YL NP S HEAT S B A, 3 DA 2 K i A
A SCHRL 10 JHR 38 5 iR AR PR 2 48 R e i 5
T I 2 BEAR Y ZMP (7 I LARE IE FE/DN B Ar
SR PR ARk 1 6 2 7 1 IC A 45 21 AT A 182 56 19
W, PR AT BAR DL B BUR BB TR R
iR, ELYS 220 1 i 422 00 FEO BIL A A2 AT A R T 1Y
SOMA, RN SCHR [ 11 ~ 13 J95 /Y, Bl 47 B 1 34
T, D 458 10 R %o A 7 P ) R ) 0 oRE AR A T N W A, 2
T B A 0 A R LA D 455 0 A B o s L e A8
i 125 T I3, B 2 O M N T AR £

O fff R TR A, SRR [ 11 ] o ek e s B S 4 7 A —
A5 D 3 7 RO /INRE A 7 1) R B 0, DL A4E Rl
7 1) A AR A B, SCR [ 12 ] ik T % AR A
SR TR AT AL 28 3158 0 435 00 0 DR /0 3 ok 098 56 3 1 %
SR I 12 0 JE RO SE %05 1 A I AR T 520 5 IR
TR IR 0 152 0 R ORI B R T A A AR
T, 308 2ok B2 S 4 sl 5 3 5 3l 19 O 377 A BE T #E
KB IRW R 52 N 22047 I 2] 450U 2 3)
MR A, SCHR [ 13 ]9 1 — o R FHOBURS £25 3h 41K 78 i 122
TR AT Tk, 53R 1T, 12 JAH B, R FSUE
2277 XA LS AL S AR, XA B SR
Wi /1N Dy B v 4 o 1k BB, SCHk [ 14 ] 2 T 18 AT R A ABL
w Nz sl A v 48 A e/ o B AR BEAT 4 JR S0
AR RIRUE RSPl , 2= 2 A R et Ban, 7E 405
AL A 13 0 R ) O 10 © BOAS vl 5 E g, (EL DL L
IR AR G FE AT AL B 4 B R 11, 4 e AL e K 5% Bl
JIHE R B A PR X SR 2 T bk 4 7
LR — N

BEXT AL TR, AR SCHR Y T — i 1 S 1Y A o i
JIE 24 SR ) i 432 3 R4 ) D7 1% L A% T 0 X U 432 Bl Y
PEATIEME, S0 5 R T AL B 2 SO0 £ o 1 RE Y 5
M, 465D 452 0 R f1% 47 o] ) R0 £ Ry i 24 R 2R ) IR
Eb ([ TP A S LB S o N 2 Wl R
AARIEARIE RS 1 XUE B 3h Bk 5 LIETr

BRI R O A Rk e T D UL B P
IR i Jl 1 ) ™ BRL G, A e %) O L5 2 )
PEfE.

2 o)A

Sy 75 (5 44 3 T LA 3 K BIL A N B A 4% 388 4 i
RS ST E AT, Hos AN AL 1 s,

Bl AR T O L B AR AR AT R 1 = (x,,
z,) Mo i FORHS | AT HL @ <N, N g HLas AHA 1Y
H O R H BT R b, L A R B G T R AL
() S5 M, AT R

M., = z m[(ri_rzmp)x(.’:[-l_g) (1)
i
HA,r,, = (%Y »0) H ZMP AR

Zmi(g +2i)xi - zl:mik.izi
=

Ry = (2)
Y mg+3:)
i=1
zmi(g +2,-)yi - zmzj}izi
Yow = (3)
Zmi(g+£[)
i=1

o (5,55 FORE | RLERE 0 I I, ¢ (83
IS ,m, W | AR .

L AL AT

HI T HLAS N B 125 350 20 75 A [R] SF- 11 P9 32 8, PR T

AN AT SE G RG22 7 2 — A G SCHE R e 0 3, X A 0

BAR I B R, g R B RO, A7 R R %
JRAT -

My =M, (4)

o M, SRS IR T A, MG, 37 i BV A g i i o

Eor R, O SCHR [ 14 ] AT, i 42 00 A5 AT R T S5



o2 0M W 58 G IS AR N BE LA U AL N 220 R 7 477
153 s.t. Ggq,<d (14)
M= Som (= x0) = 3 mi (5, = v) . (<. (%)
(5) .1
AT 2R T A, HLAR AL A By SEHERE , 4 9. = [ q] (16)
g 432 R 203 25 BF , 7% A — > 58 S R R R £ 1) G = eos(d') ( ~ (17)
RS I, o P52 00 R S £ R W, XU 2 B4 S
SRS IT TSN, KA 555 A hR R A O d=(4,) sin(q,) -z (18)
AR ) R, 4 M, M, 5 AR e AT R 1 Wl
LR A ) 16 AT T Q oI AEXTRRSNE g, B 4, 5 31R T 15190 i 9
Mo (rar e xm (oo si) (6 ESTNIHERE L™ 2" SMHIRCHRT St i e B
M, =(r,+r, +r,) xm,(F, +7, +7,)  (7) (G

jw’ﬁﬁaﬁﬁiﬂ’%%@ﬁﬂ% SEVE R, E e R
Ze A AEAEEPIRZS T CINFRZR I 7s ) B 7 A i 48 S 4%
WA SR M, M, HERR T BoR.

M, =(r, +r,) xm,/(r, +71,) (8)
M, =(r,+r,) xm,(r, +r1,) (9)

MUE R Z) P A 1)y FE AT 3R hy
M,=M,+M,-M',-M, (10)

o MLas NAE A A7k B v 290G DL R B ) s 22 A
ILAERAR T NS, HT%ZJJ?’?W*HfijUJ\*HH H kA
ro= =1,y =r, =0 Hor, o, Y8 ffEi=(6) ~
(9) AKX (10) , A7

M,=(M,-M'" )" +(M,-M',)" = -2m,r,r,

(11)
Hodr om, TR hL, ), R0R 228 AR 12 gl i A v LT
AEOG 2 BRSO 7 B ] B 7E « )y [l B 43 8,
WK IE RN Nt BRI i< D0 e K S P AP W SR O R VA

S (BT 2 IO W, U =3
LRI R 3R (1) T
M= 2m W1, ((4,) sin(g,) ~i,cos(q,)) (12)
St 1, S FRIE g, TR SR £ 00 A
3 ZERAMEELARNER B

3.1 ExfierniE

DR A SSCHR T i 432 10 R X A 8 I R ), SRR [ 14 ]
i 3 38 113 42 8l 2 50 B A 5 9 XU 422 8 B3 ik 3
T AT H B, B2 5 15 A 75 18 SE B B o A o
SR A0S ) ) B2 AR e R RE A SR, 53—
TE 38 3 3D P9 Xt LA il S R 9 R

BT LA TR, A OSURE 4323 30 1) 56 3 A7 sk JEE d5 /)N
DA FURR 7 D 428 0 4 1l ) AU A S — A4 A 26
AR YR ), AR T e dn T

min /=404, (13)

3.2 ETESAEXNESRKIEREE
A (13) ~ (15) A A SFE LY AR — LR 7] L
HISCHERL 1S ~ 17 ] RN, 32 — R R ) R4 A0 5K A LA
T AR
(n-n")'(Kn~ +¢)=0, VYnpel (19)

[G 0] [ d]”’ H

neR"JEFAHZE, x e R" Ky e RN 4HH

%

iy
il

SIFB 1 SR AR (19) BB T 54k
S PRE(20) (2 ),
f(n):=n-Py(n-(Kn+c)) (20)
n,, i m<n;
Hrp,Po(m) ={m;, if n <m <.
n, i n>n]
My WERAZEAR(21) Al HE 41555 (20)
{14 .

0 =y - aly)d(y) (21)

TR s
aln) = A (22)
d(n) = (I+G)f(n) (23)

H Hoa(n') 8K, d(g ) R R T 10,1 2 pL
.
EE1 w2 = Er 9 JFA, 1AL

t+1

I = <l = 1 =Sl 1) |
(24)
R A WL R Ce
0 H(13) ~ (15) BRIt x° < Bt o
R m 1 ICER.
E A
e " RIF, W



478 H, ¥

EE ¢ 2019 4

t+1 *

t 1 t t *
ln™" =n" 1" = Im' -5 an)d(n’) -n" |°

=l a4 () () )
—a(n')(n' -n")'d(n")
{157 79
(0 -m")'d(n) =(n' -n") (G +Df(y)= | /() |I”
Bt 47
S <= al) 1) 1 -
(25)
B 0=0,1, 0k ACAREER (25) IR BEAT A S i
FERA, T
X e W) 1<l = 1 e
(26)
B dCo) 7= 1 (G + D (o) |7 <6 +1]°
TEAK:

a(n') =

(K7}

L) |2 I .
T TR

B (27)HUA(26) , 15

Za /) 17 <cClm" =9 | = 9" 0" |)
<klln' -»n"|* (28)
,EEP,;;%H G +I]|°.

B2 (28) WL A E— D Epe [0,k | 0 -

n" |7 R SR
lim 34 () 17 = w (29)

Htt, limf(n') =0, XEORE, t3X(21) 74 1751
in'tf Llﬂlﬁﬁl,ﬂﬂl};n’ =n". jEE.
3.3 (HANMBANRBAERGEREY

APRUEDLAS A B E AT, 5 B[R] R IE K
1] B A 17 ol f) ) RSP ik Bk F AR, 43 it T
ZMP 0] 355 42 3 R 4 45 DL R 4 T AE T
TR AP 2 F B R SR i A5 4. o ZMP 47 ) 2
HRPERLI Y ZMP #1505 5 52 PR ZMP B30 19 52 22 15 1) iR
TS D I A T B i 42 g R 4 AR e A% OGS
BRAGAIEE  SAVEEE ¢ SAINTEEE g T30 20T HE T 9 D
PEIVHE  FEoR F A SO 4 7 v 5 AR B0 Ak S 1 U
PRI q, , 1l DG A EE 13 07 R B 4 o 245 A i
I BT ANHLEE N, T 1 5 OG0T B S0 2 A B, 5
PREaE AT

ZMIP ] 25 B ST A 1 35 SR 7 5 0 5 3
A% R 18 ~21 .

W | Miiiasmm . 0
ot R

?E%%ﬁ%ﬁ&%%%ﬁ%ﬁﬁﬁﬂ

&

BSUN A

! Sl I A VN
! 4 R RG2S

| i |

! r i

| d N < T

| ki zMp| Y | ZMPiRE —

| - 3 o e > sreeay |V 9,9 ,9

| B3k BRI IS | & 1%954&1@90 i vy

B2 iR AR HIE

3.4 {n AtEE NERIMERETSIR

Dofl R AL NP AT o AR P AR E A, 23 R
ZMP P75 BR2E o A5 S R T AR 22 M SR Al
AL AIK - J7 1) e 3 BT 1] B9 20 AT AR E R, HoE

S
| /Z (2, (1) = 2, (1))’
Fom = N (30)

//Z(MKH—MHOV
e = [ < (31)

Sofr e, (i) o, () SIS 106200 5B
{1 J7 1) ZMP B35, LA ZMP i B A O AL
s i) M) G IR 5 i B T
SRIYRHES RN, EL MY =0, N Bk RAEH e
ot} 20ms FebE K.

4 ZWERKRSH

UG EAS ST 7 B0 O 5 A8 T 05 APL R
DGEAT R R G R FR B, I 3 R, AL A
Pl R B & 5 AMLES A S b A AILE il 28 48 9 35 4
A AILEE ) R Gois 47 e T A v L e e i RS
SR BIHLEE N 60 B & H AR B, I R o 4Rl iR
TR KL AL N, SRR R HLes A b
TE 45 A B AL 2 o B H LK B B L 3 KL L 47 7 e
T RS Sy W AR 2R B2 REHE, HLES ARE BL A Z 3814
KH 3D ATERE AR SIVE AL, &= B35 17 S Al B,
oA BT B O O S A R R VR
A E B RO B O Ak — AR A A R,
BHXEHHET —MWZEA R E, TR LEL
).

HUHL LS A B 17 3 72 v i BAT HLR , 75 52 B 17
FH LS A 2 R 42 1 R 2 52 e HILAS B3 4y B 24
SR BRI 91 G e WL S B R B e KA 4
TEAS ST P 42 1] T 58 i 4 i R0, 3 S D A oA [R) B 5
LA, 3 B« TR 4 AR S 45 =% BRZ™




o2 M 7

5 75 R FUIE BE LA s AW Lte N5 7 Ry i 479

/ Object

)
Ground
Workstation [U /d

=

Humanoid Robot

(S PG R YN Z o e B A

BLER A, HAR P REES DS BT (9 HRP -2 1L
PR BB A B 1) TORO™ LR A HL kS

Bongz 1 k.
F1 NHARRENEANEESH

B 5.

AR SCT7 ¥ B A B, B AR SO $ 7 1% 5 3¢
KL 14 ] i 7 R5 04T HUA, A5 A SO 4R T vk iE b 7
1K SO 14 ] F a7k 073k 2. PRI 595 0 0
AT LRI SH&EAS2 SHEGAN L SN2 5
Plas N ZE S RN 2 Pos.

K2 HANBANEHESE

BT | ORBR | MR | FE

ia/kg | 0.32 1 0.19 | 0.17 | 0.12 0.23

1 SHLEA
KpB/em | 1.2 | 7.5 | 6.7 | 5.6 | 13.9

Fitit/kg | 3.1 | 2.6 | 1.5 | 0.45 | 2.6
2 SHLARA

KJE/em | 47.3 | 31.8 | 21.6 7.7 60. 1

1 SHLER AN (2 SIS |3 SHlER A | 4 SHLEEA
BRZ-2 BRZ-3 HRP-2 TORO
FEEE/m|  0.139 0.6 0.62 0.65
FERE | 0.23 2.6 10.2 8.4
BHLRCRA | o 4.8 7.4 8.1
1%/ Nm

P BIL e AR e g o1 A S B, T L5 3 00
BRI R AT

r=gmi, (L)° (32)

Horp, m ORI 05, g, S T e Sl i f ek 32
m, R TH R, L, RETHKE.

B2 1 PR EAR A (32) , AT 315375 2] pu Fh A
SHLER N i SR T BB S5 R B BE 24 5, 43 Sl R
720rad/s> \20. 5rad/s” | 7. 55rad/s> 9. 13rad/s”. B iR
IRERAXER I, LA N AL ES + AL ) 46 K
JINKT T R AL R I B 24 S I K, /N RS L g A
BRZ-2 (T T &t 4%, o AL A KOn 38 B8 24 o3 A K,
M T4 RAFHL#F A HRP-2 il TORO, i #1 £ K i
E?@ﬂiﬁ@mﬁfd\,ﬁtﬁﬁ%TTfj(J_K'TJ"HL%%J\V‘FH
Yy, v ML RN i B2 B 2 ST 42 il 1 68 114 5% 1 B Sy

21 SHLEE A 5 0. 34m, ikt 1. 82kg,2 5
Pl NS 1 13m, JFide 18. Tke. fESCH R, PR AF5E
BRI AR AR — B B /l\*/Fﬁ;&HA@,é‘S AT
JE B AT R 2 1. 25, S S AR P A
JIAT S AR A R 6em, Bl s AAEFFAI
R SR EO R B, SE BUR L SRR, 24 4%
WP SE A BT 23S, i — D247 5
PATIE 2 R A KW IR (E. FESE B4k 1 B f
HiFE Q BN AR, TR A R MR LN ¢,(0)
=(4,(0),q,(0))" = (0,0)", H T Ay i K it g
RN ¢,(0) =¢,(0) = (0,0)" 4§75k 1 55k 2
SN S 2 S LR A, TR AR E g, Bk
FEE P an &l 4 1 S P,

sof 0 e Tkl —— k2

FA NG frad/s?

t/s

[dl4 PR N HIT S L as A B A I8 RE B LK

TEF 4 B S, SRS RS G BIUERR
U7k 1 Kk 2 E?X]‘T“E’Jﬁlﬁﬂiif“iﬂiﬂl Hi &l 4 A
R ARXS T I71% 2, 073k 1 T 5 49 A 0 B2 W (R0 /b 1
Kk 50. 5% , X ULIAA S5 5 BAT A A RER ACR.
BS Al XET 2 S HLa A, i T LA A B i AR
PUSCHUL A B BRI BR A, R D585 2 B LR



480 LN T ¢ 2019 4F
20 ‘ #3 RAAMAENRIZNER ZIMP HHRIRE
— — ikl N .
ok L - ] 7‘7%2 | 7‘5‘% 1 7‘5‘% 2
RRAE LR XA S R T JAR5E M 0. 0808 0.1013
ZMP 5 BRR 2 g 0.0139 0.0149

FA N S /rad/s?

=30
0

t/s

5 PRI T2 S L e AR A hIE R P A

AN B 7E[1.20s 1.30s] . [1.67s  1.90s] .
[2.27s 2.50s].[2.87s 3.10s].[3.47s 3.70s].
[(4.07 4.30].[4.67 4.79 ] Z5mt B30T “ Wil e 31
% RECTR S0 B AN RE IS B U A R, 17 R 4
TPERE , M7 1 ARGk T Hilig” 4.

SR VPA A SO R 1 A 428 07 4 T B8O DA B AT AR
M BT E 3 FR i ALgs A Rk 74T
SLLG. AT R R IRAE T AR LR AN 6 PR, Horp, R
o R R 2 A F 35 T T O 2 0 RN, R R SRR
N 1 S R R RN, i st PR A
Ty 2 G w42 7 R RIS, BB i R ) e 7 e K R
1 JIH. A 6 R, AR R T 5 BT, A2 ) Fi e
1.335.1.93s 2. 535 .3. 135.3. 73s 4. 33s Z5 /] ZI 4 BH 4L
Ve, IR Hh A KRR AR ) 0 AR A I AR ], LA A
5O 25 O , L 2 2 kA O B AR SR A ik 1
L7k 2 ARG AR R R 2 A,
ARG T AR A5 R s e, R 4R ) AR X 5 AR iR 2
Wz 3 frm.

0.

l | b~ —
0.4f i | | Jrikl

| |I l Jiik2
03— — — —ll— — — ' - - — — — -

Torque / Nm

[ TEE Nl

K7 9 ZMP Ul LB Herp SRS RS « T
[i] P ZMP B 7E X3, 208 215 06 (8 S 2 00 il 3R R
MT7 U RTr ik 2 #iil)a i)« J5 1) ZMP Bl 4 7 i
AN ITHE L 5515 2 SRR AR UEHL &5 A K- J7 1 11
i, F ZMP P75 AR 22 U035 3 .

12 3 A R mT AR TR 2 R TJTE 1 B
FELE R R TR R TR IR S T R 2 20. 2% oAy

0.9 ;

— — ikl
08 T2
0.7t

o
=N

x-axis ZMP/m
o o
S 15

g
[

o
o

0.1

t/s

E7  zZMPHLE A

5 R4

1

ARTCARE T — T2 1S A o 24 SR A i 422
TR T505 %07 12 R BV #2319 75 5K v iR O 428 77
OGS BRUE 1 B2 . Ay ol S DR R AL ) B ) B BIR ) i
A H UG BLG , LL T SRS A o 5/ O peAk H
HESLAUATT R, I 4R T — B T AR 7 AN A U A 4P
RAELEACH LT 2L AL 5 (9 DU 12 3h B, 5256 )
DA R % T7 15 A R0kE 5 g LR, REA 3L
SR A 25 0 3 4 5

S5 3k

(U] BECA, BN, AR 423088 Sl as A B BR R 2
Fik[T]. BF2#4R,2012,40(4) 632 - 635.
CAO Zheng-cai, ZHAO Ying-tao, FU Yi-li. Trajectory
tracking control approach of a car-like mobile robot[ J].
Acta Electronica Sinica,2012,40(4) :632 —635. (in Chi-
nese)

(2] FLRBT, 5K Em T, FRAE, 55 TR T e U8 sl
e NG BAAERI[T]. 74412, 2017,45(1) :206 - 212.
WANG Bao-fang, ZHANG Rui-lei, GUO Jian,et al. Forma-

tion control for car-like mobile robots under slip conditions



o2 M W 58 G IS AR N BE LA U AL N 220 R 7 481

[J]. Acta Electronica Sinica,2017,45(1) :206 -212. (in
Chinese)

[3] YANG L,LIU Z,ZHANG Y. Online walking control sys-
tem for biped robot with optimized learning mechanism : an
experimental study[ J]. Nonlinear Dynamics,2016,86(3) :
2035 -2047.

[4] PIAO S,ZHONG Q, LIU Y. The research of optimal mo-
tion planning for robot in complex environment[ J]. Chi-
nese Journal of Electronics,2011,20(4) :637 - 640.

[S] BRI, AMASE . 6T SR 2 pL i iz s ML

RIWF5E[T]. 724 ,2012,40(6) 1154 —1158.
ZHONG Qiu-bo,PIAO Song-hao, YANG Bin. Research of
motion control for humanoid robot based on parametric op-
timum/[ J ]. Acta Electronica Sinica,2012,40(6):1154 —
1158. (in Chinese)

[6] LEE B J,STONIER D,KIM Y D, et al. Modifiable walking
pattern of a humanoid robot by using allowable ZMP varia-
tion[ J]. IEEE Transactions on Robotics,2008,24 (4) :917
-925.

(7] ZEdd, MR DA, A, . R HIm XU 1T

FaERERILT]. B4 ,2010,38(11) ;2669 —2674.
LI Jian, CHEN Wei-dong, WANG Li-jun, et al. Stability
control for biped walking on unknown rough surface[J].
Acta Electronica Sinica,2010,38 (11):2669 — 2674. (in
Chinese )

[8] ZHU C, Tomizawa Y,LUO X, et al. Biped walking with
variable ZMP, frictional constraint, and inverted pendulum
model [ A ]. Proceeding of the 2014 IEEE International
Conference on Robotics and Biomimetics [ C ]. China:
IEEE,2004. 425 -430.

[9] ERBATUR K,KURT O. Natural ZMP trajectories for biped
robot reference generation[ J ]. IEEE Transactions on Indus-
trial Electronics,2009,56(3) :835 - 845.

[10] LIU Z,WANG L,CHEN C, et al. Energy-efficiency-based
gait control system architecture and algorithm for biped ro-
bots[ J|. IEEE Transactions on Systems,Man,and Cyber-
netics ( Part C Applications and Reviews) ,2012,42(6) .
926 -933.

(10] i, A9, EAHIR , 45 Jk T HEOC N ) S A B AL
e NPRE A AT A B [T ). Bl A, 2010,32(2) :219

-225.

YU W,BAO G,WANG Z-W et al. Fast walking pattern
generation for humanoid robot using waist joint moment
compensation[ J ]. Robot, 2010,32 (2):219 - 225. (in
Chinese)

[12] UGURLU B,SAGLIA J A, TSAGARAKIS N G, et al. Yaw
moment compensation for bipedal robots via intrinsic angu-
lar momentum constraint [ J |. International Journal of Hu-
manoid Robotics,2012,9(04) :1250033. 1 - 1250033. 27.

[13] XING D P,SU J B. Arm/trunk motion generation for hu-
manoid robot[ J]. Science in China( Series F:Information
Sciences ) ,2010,53(8) :1603 - 1612.

[14] FHRSF, BRE W B . 3 T XU 230 1 4 AL A i
BB IETT LT ] HLER A ,2012,34(4) 1498 - 504.
FU G-P,CHEN J-P, YANG Y-M. A yaw moment coun-
teracting method for humanoid robot based on arms swing-
ing[ J]. Robot,2012,34(4) ;498 —504. (in Chinese)

[15] HE B. A new method for a class of linear variational ine-
qualities[ J |. Mathematical Programming, 1994,66 (1 -
3).137 - 144.

[16] ZHANG Y,GE S S,Lee T H. A unified quadratic-pro-
gramming-based dynamical system approach to joint
torque optimization of physically constrained redundant
manipulators[ J ]. IEEE Transactions on Systems, Man,
and Cybernetics( Part B; Cybernetics) ,2004,34(5) .2126

-2132.

[17] ZHANG Y, WU H, ZHANG Z, et al. Acceleration-level
repetitive motion planning of redundant planar robots
solved by a simplified LVI-based primal-dual neural net-
work[ J]. Robotics and Computer-Integrated Manufactur-
ing,2013,29(2) .328 —343.

[I8] AP R R 2. BT ZMP IR ZERGE M A
Blas NAPATHEERILT]. HLER AL ,2013,35(1) 139 -44.

FU G-P, YANG Y-M, CHEN J-P, et al. Walking control
for humanoid robot based on ZMP error correction[ J].
Robot,2013,35(1) :39 —44. (in Chinese)

[19] #75e A  Ar VR SC. &R 5G4 2 B B AL A i
PREERITEL ] Pl 5P ,2016,31(1) .79 - 83.
YANG L,FU Y,HE H-W. A yaw moment control method
for humanoid robot based on leg joints control[ J]. Control
and Decision,2016,31(1) ;78 —83. (in Chinese)

[20] CHEN C,WEN C,LIU Z,et al. Adaptive asymptotic con-
trol of multivariable systems based on a one-parameter es-
timation approach[ J]. Automatica,2017,83:124 —132.

[21] YANG C,JIANG Y,HE W, et al. Adaptive parameter es-
timation and control design for robot manipulators with fi-
nite-time convergence[ J ]. IEEE Transactions on Industrial
Electronics,2018,65(10) :8112 —8123.

[22] YANG L,LIU Z,ZHANG Y. Online walking control sys-
tem for biped robot with optimized learning mechanism:
an experimental study [ J ]. Nonlinear Dynamics,?2016,86
(3) :2035 -2047.

[23] KANEHIRA N,KAWASAKI T U,OHTA S, et al. Design
and experiments of advanced leg module( HRP-2L ) for hu-
manoid robot ( HRP-2 ) development [ A ]. Proceeding of
the 2002 IEEE International Conference on Intelligent Ro-
bots and Systems, Switzerland[ C ]. USIEEE,2002. 2455
-2460.



482 H, ¥

2% R 2019 4¢

[24] HU K, OTT C, LEE D. Learning and generalization of

compensative zero-moment point trajectory for biped

EE®E T

% =(ERMEEF) 55,1980 48 il
A JTPEZEPEN. Tog L, Rl20R. ol
P B AW S B Rl B A<, 2 2R BEHL AR A
R GEMABARTT AT RESE.

E-mail ; alex_yangliang@ foxmail. com

HIRTE 35,1984 41 H 4R, LGB &R
N L NS AL AR S
FT5 AR R ST

walking [ J ]. IEEE Transactions on Robotics, 2016, 32
(3).717 - 725.

B B 59,1977 4 1 Al T, e, B,
42 Ui, IEEE Senior Member, H [El A HL TR 22 2 2 64, P IR A 31k
Fae i, PEMEY SR ERAFSEHERIEOR 8 e T4
7 T HIAR GBI IE.



