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Energy shaping control of biped walking robot
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Abstract: To make the walking gait of the biped passive robot accord with the bionic rules, and quickly enter a new
steady-state after the road-slope changes, we propose a control strategy based on energy-shaping with invariant angle. The
energy-matching condition has been studied; the energy-shaping controller is designed. Because the kinetic energy-shaping
has no symmetry relative to the rotation transformation, the angle-invariant control is implemented by the auxiliary control
in energy shaping. The simulation results show that this method realizes the bionic control and enlarge the attraction

domain, and also improve the robustness.
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1 5|E (Introduction)
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T A BEAAR fE R PR, WS RE R R 5 A

SRAGE ) 7. 5 SRR WA SR R VR AT 5 A 4 i

H, BEREY KW 5 1k, PRAEBZE A E P, SCHE Ak

FBRIR SR, B35 RS SRR, 27w )

FPIAB RIS R G

2 RIKFN AT HL 2 ABEEI (Model of under-
actuated biped walking robot)

IR IR BN AL TR A AL A 55 R 12130 [
JE7R, ma, m, mug 23 0l R /N BB KR | G T R J5
i, AR EKIIAL = 1 + 1o, il = aq + by,
lz s + bo. 01, 02810573 AR SZHE R L $R B R K

ENEE ) RN RSV S AT E =W P oy VS
ﬁ%fﬂﬁ‘zﬂﬂ RIRA.

1B b g i BRI AT HLds AR
Fig. 1 Model of an under-actuated biped robot walking

down a slope

BT 1) & TEAT ) BUR AR S R R 2) W
R ATVBLIR), I A R R I PR R i AR A B R . AR
PEAT RS, B ATE 035 B2 R (R4 BL

A A

(a) SABESCHHBESIMIEL  (b) HUBR ST BIBEREE]

Vo
(c) MBRSCPEMIRGIBL () BBk
K 2 AT ED B FIIN4 B B
Fig. 2 The four stages of robot walking gait cycle

2.0 BRI R SN BB 1 2% J5 BE(The dy-
namic equation of swing phase before the knee
collision)

HI 2 B i B H s B, w43 AT RE
Q(E’L(q7 d)) _ 0L(g,4)
dt* 0q dq

= Bu, (D)

Ao

L(q,q) = K(q,9) —
q=1[0: 05 03],

KNENRE, VI HaE, uh i e
BB, 3) B R
M(q)j+Clg,4)q + G(q) = =J A\ + Bu, (2)

= 1q'TM(Q)d - Vi(g),

V(q) 5

Ao
0 10
C(g,4)q = a*q(M(Q)Q)q' - iafq(dTM(q)d),
G(q) =[91 g2 QB]T,
HEITLEN

g1 = —(myg +my + mo)gLsinf; —
migay sin @y — mayg(ly + as) sin 6y,

g2 = (Maby + maly)gsinby, gs = mygb, sin b5,

BAESHIRE, \ ARG BIAER R R T, Joh 24
FEFE. 7R RREESNF B LR, BT RO IR R BABE, T
DI, = 0, u = [uy uy ug]) TARRSZHEBEER S Hh i
2] BEBh R AN 2 (]S DL AR § B KR, FERE B
AT T Fu = 0.
2.2 B AR 5 R (Knee collision equation)

TEMY B2, TG B B0, St 6, =
0s. BRI, S I I LR I 180, = 05 Hoy = O f8iiF
JROC A E, R

01 —1]¢=0. 3)
EXT, =[0 1 —1], *RG)BEATH S, 715
Jrg=0. (€))
H=(2) r A 2]
§=—M(q)"'[C(¢; @)q+ G(q) — Bu+ JIA]. (5)
%h(q,q) = C(q,4)q + G(q) — Bu, ¥ G)FRN
ENCYLIES:
Jog = —J.M(q) " [h(g,4) + T\ =0
ZE AL 3

JM(q) " h(q,q) + J.M(q)" ' JFA, =0,
VB BE I 14N A
A = —[LM(q)~ T M (q) " (g, §).
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FH A 2y B~ e B, AT 1R A A T R
it o
Q" [031 =Q |6y |, (6)
O3
Hor: Q02 x 3HFE, Q1 2 x 28R, 'EAI1% T HR
H
Q11 = —(maly + maby) L cos(0; — 6,) —
mqby L cos(6y — 03) + (ma +my +
my)L? + myai + ma(ly + as)?,
Q1 = —(myly + maoby) L cos(6, — 6,) +
mybyly cos(fa — 03) + mabs +myl3,
Q13 = —mybiLeos(6, — 63) +
mybly cos(fy — 0s) +m b3,
Q51 = —(maly + maby) L cos(0; — 6;) —
m1by L cos(6;, — 03),
Q5 = mybyly cos(by — 03) + mabs + my 13,
Qa3 = mybyly cos(0y — 03) + my b,
1 =Q3 + ma(li + a2)® + (mu +
my + my)L? + myaj,
2 = Q3 +mu(la + b1)? + mabj,
Q31 = —(my (b1 + 12) + mabs) L cos(6, — 6-)
Q3 = ma(la + by)* + mab3.
2.3 B i Ak 8 )5 [914% J7 2 (The swing back equa-

tion after knee collision)
M BB IIsh A TTRE N
M(q)G + C(q,d)q + G(q) = Bu, (7)
Hrp: g =10, 0,])7, w=1[uy | HEHIIH, M
N2 x TR, C A2 x 20 M, G(q) W2 x 14ERE.
WO, wy, w23 ARG SCHE R R 5 Hb T 2 7] | 43
BNSEFNE 2 18] (1) 9K 3)) .
2.4 JHIEE f bR 8 5 2 (The collision equation of

foot striking on the ground)

B Bra s RN kb, SRR -5 FER S BEAN TLY) 4%,
AR A Bl (e BRAT 2 T 5 R

o0F 07
+ "1 | —p=- |1
Hrb: Qp, Qfi A2 x 25FE, % L% R
Qui1 = Qo + (muL +2ma(az + 1) +
mlal)L COS(01 — 92),

Qu1o = —maar(ly + b1) + maby(ly + az),
Qﬁzl = Qﬁ127 Qﬁzz =0,

, 0f =67, (8)

Qrin = Qior +ma(l + a2)* +
(mu +my +my)L? + mya?,
Qtiz = Qfizr +mu(la + b1)” +mab3,
Q?{_zl = —(m1 (bl + l2) + m2b2)L 005(91 - 92),
Qo = mi(lo + b1)* + mob3.
W SE 5, RS RN F:

o0F 0 1] 14
;=110 [ 0.1] . 9)
0 10| L7

3 ReE AR 25 ¥ 1T (Energy shaping con-
troller design)
BB BT Iz 3 T FE R
M(q)i+ C(q,4)§ + G(q) = Bu.  (10)
BEL A HLEE N PIE R AR A% W H 72, AA
5 LAFEE, B
~ N N 1 ~ N
L(q,q) = K(¢,9) —V(q) = §(JTM(q)d - Vi(g),
(11)
A KR ahag, Vo HERSEE. W ARS8 7
LE)]
M(q)i + C(q,4)d + G(q) = 0. (12)
FE M (q) T3, W (12) AT SR Al G
j=-M(q) " (Cle.9)q+Clg). (13
Tﬁiﬁ(m)ﬁ)\fﬁ({o)@f A A
Bu = (M(q)[-M(q)"'(C(g,d)d + G(q))] +
C(q,4)q + G(q)s
ST LB M, #EPEAS
Bu=M[M(Cq+G)—- M YCi+G)]. (14)
X4 EFe BBt = (BTB)"'BT, WA LA
1R BN T R G PP R GEAH VLT 95 il u sk
uw=B*M[(M Y (C+G)— M (Cq+q). (15)
4B B A RH T, B L BLB = 0,
(BY)T = B, H(BY)? = B+, szt (14)/cFe B4
B*M[(M~Y(C4+G) — M (Ci+ @) =0,
LD R I
XC(g,4)q = afq(M(q)Q)q 5 aq(q M(q)g) MG =
gqv, AT
[ R I
B M[f (aq(MQ)q 2é,q((z M(Q);) + aqV)
~ _1 7 ~ . . - .T ~ . . - _
M (aq(MQ)q 28q(q M(q)q) + aqV)} =0.
(16)

J7FEAO)FR M UL HC 4 F, B 2 R SN R f 1R
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EE1 B = n, RILRWE), m p ]Z ¢ 5; o
BRI o R EIER A WIS a'y ML 2o et o] + (o 8yl+ i ;i>ek
EQ16) BT U I JE A6 PRI AL, £F AT PSRkt 1] 5 5 ’
JPEELHIT LI, Sim < a OCRE AR Mo (Ma)y+ M7 5 (My)e
SR VTRV 408 T LS BL, 33 A2 UG L 4 1 1 MRV % '
)L Mo (@ My) + [o ]+ M7 (5 a)y +
3.1 A& p A 0 8% W tH(The energy shaping _ N
(*y) T
controller design) dq

U SR FUR A B R, BB BE R = K(Z%5
M = M), 3% BV Ak, 0 R 00T, VER 4
PE16) T LUK ) A — A 187 B (0 2 Rk 43 7

19y 9Oy
B (aqv &JV) (17)

&ﬁ@%%%%%VWT%mgﬁ%?i%#
E B, 1 LR 5B 04T 1V, 53 as R
LA, T YRS R (15) T A R A

u<q>=B+<§qv<q>—§qV<q>>=B+<G<q>—é<q>>.
(18)

Mz n] W, FAqE U}/E%U/Eljﬁﬁgq&fﬁfg,%,
B R
M B REAUSS  B, B, VI

Ak, B RA6) 73 il 1 3 ) 5 g7 S R A~ -1
ZeAFI4:
B*M[M™ 8v MaV] 0, 19
34 8" = (19)
0 10 ...
B-M[M~ ((9 (Mq)quaf( M) —
S SRS U AP
M (%(MQ)Q—gafq(q Mq))]=0. (20

K95 MA I REIT AL 7 FE, 32004 30k
BT R
T SRBMAV, & XAERTEQ b i,y 5)
REW BRI, < 2y >= 2T (q) M (q)y(q), H A
SN
;Oy"

2V, y =2y’ I + o oy e, =

k
2($iiji§)

. Oyt 9xk oy Ok
QnyJFiI;ek+(xl Zg/; Y Yl ta' 8yz +y' oy’
8 k ;0
20"y Tley, + [z, y] + (2 3yz ;; Jer
o oM,,; OM,,; OM,
7 ]M—l mi mj _
oy ox”

e +

Jer =

Jer=

A T A s UG I AT, e A0S [ AR AL [
A WIL R R

1
Vo= 5 Moy + M7 (M) -

0 Jdq

0
M‘lafq@lMy) + [z,y] +

-1 g 1 -1 g 1
M (aqw) y+M (aqy) zl. @D
meD %z =y, W
1,0 ., 0
M~'—(ztMz) + [z, 2]+

Ver = Mx)x—

W 5(20) ] 5 A
B*M(V,z — V,z) = 0. (22)
SR 2R R IER RGN I S5 e + AR
Eﬁiﬁ(zz)qﬂ [, WA
0= 2BLM[Vm+y(:s +y) = Vi (z +y)] =
;BLM[V z+Vy+ Ve +Vyy—
V,z — Voy — Vyx - Vyy] =
%BLM[(V,@ - @Ix) + (Vyy — @yy) +
BLM[vzy — V.. (23)
=y, A= M"'M,z = AB*Ma', Jxt{(23) %
) MEZRH Y I Loy, AT k4G
0=a""MB"\"{]
9 )
dq

Ly
Fe(x
a 1 N\1T
I (MB* M) —
0q 5

(B*Mazx)|"M — Ma—q(BLMJ:’)} +
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x’TMBL{[(%(ABLMx’)]TM +

2 L n_ 2 €L N1T
M aq()\B Mz')—| 8q(M)\B M"Y, (24)
Q24 N 1 2k 1{% o 77 B, H Q4 n] LAk 15
ABLIM, AT REM, RQ0)ETFeMF
L0 10
MB 8q(Mfz)q MB 28q(q Mg)
MBLMMlaaq(Mq)q +
1 AA}Q T AT\
MBMM 2aq(q M¢) =0,
_ TN R A
0=MB"\ [8q2(q Mq) 8q(Mq)q]Jr

MBH5 (M- 55 @ MD), (9)
ST R 25) KA M.

ISR A T M, AT DL R AR R T I 4% 1
(19)k 73V
3.2 fAEAA RS & B R $5 (The invariable angle

energy shaping control)

IR IR B B B2 A TR AG A P 0 e B 41 1) K
/INECAS TR, BEAE B R A1, LA AN BIAT &R
AP ERREAT ED A, HAHLES N RELEA R}
A RER T FAS e AT AL, Spong &4 H A1 FE AR
TRE . T AR e A B2 PR A A 2 T A e TR AR T i
AR, A pa(q) WG MBS A #, Tyoa b
e J 100 BILSR A 2, B RTAE RE  Af BE A, Spong &
B A

u = B(q)"'[Gq — G(da(a))]. (26)

A, X (26) Bk R G0 K FH g 4 3K 3l Uy =X, 1
HIEEMAAE R AHE R, To A S mifaE B sy
AT DL, Spong @4 t ) £ B ANAZ ¥ il S A AL # g
B .

WIS S AT LS N R GEIE 527 7 R, D
M (q) /&R RO, 0,105 2 ZEWR R HL, P LAE A
Wl 5 B BEAAL, BIK (¢4 (q), Tyda(d)) = K(q,9),
1R R 2 fig R 42 0 ), PR R R 48 1) 3 R KO 7
FAT e A2 iy J5 AR R 1 o, B

K(¢a(q), Tyda(q)) # K (g, 4).
h e, TS AR fie e R A

E 2  yEIFHR RGN0 AE T H A
AS)VE T HIAR, A A A B i 28 42 ot 2 AT ) 5
AN R BT, 30 HAS )

uw= B*M[M Y (C¢+G)—M(Ci+G)—1i], (27)
W a (ry) 72 15 e B AL )R, 28 96 e A2 = i

KQ7EHIIfE. Hrp
a =
M(q)[M~(q)(C(q,4)q+ G(q)) —
M~ (¢a(0))(C(pa(q), Tada(d))d + G(pa(a)))]-
iE BN A0) T3

M(q)i+Clg,9)q+Glg) =d. (28
Faf A (28)%
M(¢a(0))i + C(da(q), Tada (@) +
G(¢a(q)) =0. (29)
AL, 20(27) BT H A Rl fe B R R

I
4 i B (Simulation study)
4.1 #8=E B 2 ) 2% 1Y) 5K f# (The solving of en-
ergy shaping controller)

SRR RE AP AR SCHE IR (R RO IR B A8, B

100 000
B=1(000|,WB*=]010].
000 001

HIZE3YT 418, K15

0
é = (m2b2 + mllg)g sin 02 .
m1gb, sin 03
1 ksin6; 0 0O
K(g,d) = 50" (M(@.))+ | 0 00|}
0 00

AP AT B R AL, [F)EE AT DASK Al S P45
TR KRG,
4.2 MRS H K )i B 2k (Model parameters and
simulation curves)

RIKSHLAE NS SR : my =1.5kg, my =
3.5kg, my=10kg, a; =0.375m, b; =0.125m, [, =
l5=0.5m, as = 0.175m, by = 0.325m, L = 1m,
g= 9.8 m/s?, P EW IR N T

K354 7E3° R _E, k35 0, —6, R 1) 4 iR
IR, eI N (1) S 43 IR A3 20 1) B K A B 22 FH 45
2 JHR /I TR 1) 5 DR 5 43 03] R 0.435 rad, 0.4954 rad,
0.538rad, 6.73rad-s~ %, 7.74rad-s~ 1, 7.993 rad s~ .
AT UL, HLas NN, R ok, BAE RE i/
AR R, A BRER [ 45K

K6 fE3 Rk s AR e AT E WP i, WA R
FH AR AR 3 01 S s I R0 A IR 3R, v AL B AE 310 A
T AR e AT AL, (HAES 0 Hh i A AR e AT L. K7
8 M SR FH AR SCHE HA IR 4 ) SR s, % T Pl 3074 Sy 50 1 2
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i i il s & Fig. 6 The limit cycle curve when the angle of slope from
A / rad ° °
3°tob
Kl 3 3°RH Lk = O OB FRER
Fig. 3 The limit cycle curve when k = 0 with 2
the angle of slope is 3°
l k-
8 =
- ol
6| E
Jl} i
- =
g &
= 25
B 2
&
& 0
-3 . . .
b | -0.4 -0.2 0.0 0.2 0.4
S FAFE / rad
iy , , : , K7 RICER 3048 50 I SCHE IR SR BN OCIRE FA B R
-0.6 -0.4 -0.2 0.0 0.2
FHRE / rad Hk=1)
S Fig. 7 The limit cycle curve of stance leg and swing leg thigh
o — i S .
) I 4 3 @iﬁzik = —GIF IR ) and swing leg shank when the angle of slope changes
Fig. 4 The limit cycle curve when & = —6 with from 3° to 5°(k = 1)
the angle of slope is 3°
0.6
0.4 6=3 =5
6
= 0.2
i & R
g o
< 2 i
i, o -02
g
€ 0 0.4
-2 % PR ~0.6
4 -0.8 : ; :
-0.6 -04 -0.2 0.0 0.2 0.4 0 1 2 3
A/ rad t/s
K5 32 Fk = 6 AR FRER K8 M h3° A2 A5 I A B i Ze(k = 1)
Fig. 5 The limit cycle curve when k = 6 with Fig. 8 The angular displacement curve when the angle of

the angle of slope is 3° slope changes from 3° to 5°(k = 1)
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BIO—114 ) hy A4 B 3048 40 H13°48 Ky6°
HH 575 Sk 3° I 1A AR PR FA i 2. mT DL, A [R) Ak 3 1] 1)
AR T PR, RS0 Hb TR AR AL
B TR N

P12 SR FH A SCH HE 42 Tl SR s, £E3° F9° b gk
Huii AR BR IR, B 120w L, s ] g
L5 Spong$E tH [ FE T 1 BE AR (1) fig & 4 il v AR R
AHABL({H Spong#& H 11 425 il 3¢ s AN B A7 47 A 48 i) 3%
50, X T AR R R 2 5, Rt R e AR AR AT,
TSN o

FH 19122545 1T WL, MRH ff1 Bt /NAR K, %
BRI 1) A2V H, BHHA BE H AR /NI, B2 BR A ) 47
o, 7K T W5 3G, T p LA A AE R w8 R Rk A
JE AR e AT .

<l
b
3]
&
_1 L
lio L I |
-04 -0.2 0.0 0.2 0.4
FHPE / rad
K9 R 3048 Sy 4° I ST HEMR | 15520 R TR ) AR B
k=1

Fig. 9 The limit cycle curve of stance leg and swing leg thigh
and swing leg shank when the angle of slope changes

from 3° to 4°(k = 1)

2
il
o
™
W -
&
_2 L
04 202 0.0 02 04
A / rad
B 10 4 ph 3048 S 6° I ST MR « 42 20 B CHRE Ak PR
k=1

Fig. 10 The limit cycle curve of stance leg and swing leg thigh
and swing leg shank when the angle of slope changes

from 3° to 6°(k = 1)

2.0

o
W

0.0}

FAAE [ (rad - s )

20 : : :
04|02 0.0 02 04

A / rad
P11 ARB 503 h 3N SEHR M L S50 R O R B PR
Mk =1)
Fig. 11 The limit cycle curve of stance leg and swing leg thigh
and swing leg shank when the angle of slope changes

from 5° to 3°(k = 1)

10

AR / (rad + s71)

-2

A A i A

FRE / rad
Bl 12 3° A9 R R RIAGR = 1)
Fig. 12 The limit cycle curve when the angle of slope is

respectively 3° and 9°(k = 1)

5 45i8(Conclusions)

APAFH NSRRI EL S, H2A7EM
P T R R AR AR AR S, R AR AT, ASCHE T A
BEANAR B RE T B R s I S S AEN LR AT
AE ARSI B, J8 sk %k HY Bl R s i A [R) 1 25 R 4L,
AL AT R A D K R I 5 2R, AN TR DAAE I
FUSE S35 3 Ab, AR SCHE HA 1R 428 i S s o) 4 SR Bl F1 K
DK 5 A IE A A5 FLSEE X A RO AL
JEALES N, PR BOC ita n 4 i 0 R, B wT LSS0
ADASATE, SOAT LASEIRAEA [F] 35 58 5 1 PR 1) 4.
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