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Biped Walking of Hydraulic Humanoid Robot on Inclined Floors
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Abstract: This paper describes a biped walking algorithm for a hydraulic humanoid robot on inclined floors. To realize stable and
robust biped walking, the walking algorithm was divided into five control strategies. The first is a joint position control strategy. This
strategy is for tracking desired joint position trajectories with a gain switching. The second is a multi-model based ZMP (Zero
Moment Point) control strategy for dynamic balance. The third is a walking pattern flow control strategy for smooth transition from
step to step. The fourth is an ankle compliance control, which increases the dynamic stability at the moment of floor contact. The last
is an upright pose control strategy for robust walking on an inclined floor. All strategies are based on simple pendulum models and
include practical sensory feedback in order to implement the strategies on a physical robot. Finally, the performance of the control
strategies are evaluated and verified through dynamic simulations of a hydraulic humanoid on level and inclined floors.
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Fig. 1. SARCOS hydraulic humanoid robot.
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Table 1. Specifications and dimensions of SARCOS robot.

Eye 2 Neck 3
Mouth 1 Shoulder 3
Elbow 1 Wrist 3
DOF Hand 6 Waist 3
Hip(roll/pitch/yaw) 3 Knee(pitch) 1
IAnkle(roll/pitch/yaw), 3 Toe 1 (passive)
Weight 91 kg including hydraulic lines

Potentiometers and force sensors at all hydraulic joints,
Sensors  [two 6-axis force/torque sensors on the soles of the feet,
two IMUs in the head and body, and a stereo camera

Control rate 1 kHz main control rate, 5 kHz local control rate

Hydraulic Max 3000 psi , flow control servo valve
actuator
Dimensions (m)
Shoulder to
Upper leg 0.38174 shoulder 0.39145
Lower leg 0.38075 Upper arm 0.25771
Foot size 0.3x0.1 Lower arm 0.24082
Hip to hip 0.17780 Eye to eye 0.07188
Hip to neck 0.59365 Neck to eye 0.13622
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o Aoz, w914 Ao} gie] B9
o ol% ma dere 7Ee] mEzt
x}ﬂwg A perh

7|FE SR =23 miE

BE Aol A2 234 e 4eAE M A
W lEsE ARe 2ok @ 4 e 71F sEe] ge
ol WE AR el F Aol shale] B A5
b ] ol olele Aol R o mitel A%

|

gt 71 B3 d’e] Basith a9 62 £ AN AN
sk 7)1E AR BE JES Rt 2 7)E dEe At
o] o]dAT 141004 o] A= o, XA 1A FHAl
gk k240 = whaky) 2 A7 Wk (v, oF ko] A
(2 T L Xd{]“c}%}(x) A AFES VeI & o] S
$ 27 AAY % L yulE fAs, B
o] W9 V|EA R AW s A FAETh 18 69
ApAgE By mhebu|EE AARS 1%, 25dolE 25 om,
= ek %‘ﬂ 228 AZL 7 em, & Ba F7) U] & 1A
olth, ®aj Al HolH(singularity)S BAI17] 9
3 FE= :%M AAE e 2 4em otk
=2 29 T|gte] WP Mo Rk

B Al 4 PEAEE FAIBH] S5t ZMP Ao HEF
£ Fagith ZMP & 259 dvpete] AW HEskar
ohar 73k Zuke 942 S4(CoP: Center of Pressure) 2}

e ;2

— Pelvis center trajectory in y-direction
— Right foot trajectory in z-direction

0.17 — |eft foot trajectory in z-direction
E 0.05-
= IaN/a)
S \ \ /F\ ﬁ\
E o0
o
Kl
3
8 005 U U U \_/ \
0.1 I . I . I . . . .
0 100 200 300 400 500 600 700 800 900 1000
25 T T T T T T
— Pelvis center trajectory in x-direction ,’7
— 21 — Right foot trajectory in x-direction p L b
E — Left foot trajectory in x-direction Vs L
g 15} g
£
] %
s 1r b
8 oS
O o5 .
L ‘ ‘ ‘ : :

. .
0 100 200 300 400 500 600 700 800 900 1000
Time [10msec]

a9 6. 715 AX 1B |l
Fig. 6. Standard forward walking pattern.

Single inverted pendulum Double inverted pendulum

S99 7.5 AN gésiE ek e

Fig. 7. Two simplified mathematical models.

el dubdoz FREE AAME Wulth] Fzbslo]
ZMP & 7Aiksic) B Ao E 7 7HA] ZMP Alo)7]E Al
oralgitt. AAE 3 2 X% zZMP Aloj7|olw S ok wt
g A7 a7 73 o] =
2s 5 7Y %%?E} Fohd ndg 7pgste] AAE AT
oF & 2)%] ZMP Alo)7]9] A G T =7 XZ} LsR=1RS
ARSI, g B XX Aofr]e] A HEYA =Y
oz Frowole R Zﬂﬂ%

o

Rd= ) 9
af GdYa =Y 1AE o]&sk=tl, g E AR el A
gEYE w9 AT 5WE AR olf @ % A
A AX o] AriHow o A gAls] Sl |

A A FEs e olr] 98 Bare REle AHea)
920tk Z7e] muolA olallel e A &% WAL
2!

M(0)0+C(0,0)0 + G(0) =t (©)
7

Il dvkar 7Hgsha, J&ﬂ Edr e OMM ol &+ 3l
1=K, (0,-0)-K,0 )
ukebA] A (6 ofeliel o] frmErh

M(0)0 +(C(0,0)+ K,)0 +G(0) +K 0 =K 0, ®)

x=Ax+Bu,

10
y=ZMP =Cx+Du, (1
71X
0 1 0 %
A= g K[r Kd 5 B= Kp B C:|: 4 d:|9
= - m m,
[ ml” mi? ml’ € g



262

deow HEda =Y A% A9,
AAE SAste] 59 o] 3

=
a3z 4w g, & ol e B

WAE e ofeleh Atk

x=Ax+Bu,
y=ZMP =Cx+Duy,

0 1 0
86, 26, 86, 26, 86,
36, plon a4 dian  de, T p2
A=
0 0 0
a0, b, a6, b,  ab,
| 26 plon 24 di or, 26, 2
0 0
o6 20,
K &4 g & K
prlog P2 o1, 1 K
B — s C — P dl
0 0 mg mg
a0, 20
_Kpl or p2 or
Kpl
D=L x=[6, 6 0, O]
mgi,

[e] T2
22 ZMP Aol BE HAxg A

3 Alo7|2 TR BAV|25E ZMP

QR 71FoR B YA vy W] 1Y F
g 7, A (0 A (1€ diske] 49 e

(13)

0
86, a6, a6,
or, 20, d2 or,

b, b, o6,
oty 692 d2 o,

olgsto] 1% 83}
#4271 g
45 2337 9

o
& Aol 42, B ARANI ol 1F 1w SfRe) T

7 WA w0l F7HAT o7 Al
A A ZEeh 7 AA] el M 242t x

y =
2 AAEe] Z 47)9] Ao] B2 HNwst Al ne) 7

el A el A AsEr

3. 23l mjE 55 Fof Mk

1% 1w e e e wa deEERie B

Plant
u, * = ZMP
N > G(s) 1 -
Uy +y Ve =ZME,
C(s) O+

Compensator : State feedback + observer

T 8. ZMP Alo] B Ak
Fig. 8. Block diagram of ZMP control.

o
02
154}

— PG,
— R,
[ M ‘ Im M LF.
/ \\ % f \\ | z F
.02 - [ | [ H | 1
gootr f1 | LoV \ fl
= | N |
2 LA Lo \\ [\ //H
g \ 7 -
g { / S= |I \
& -001r 1
Early landing cas /\’
-0.02} . 1
ate landing case
0.03} \ 1
0.04 ‘ ‘ s s s s
0 100 200 300 400 500 600 700

Count (100 counts = 1 sec)
Oy 9. 1 diE & Ao] M| o
Fig. 9. An example of the walking pattern flow control strategy.

@ Aol A, o714 2ol A Azl v % %
A7} oA FAZE glonk, QukH o wk HA Eholge
Aol Az o e o m2)7) i) hde 1
2 WY 5 gl ¥ Arele B A ol2 Fxs)
e ANz PRI, ol& HH: Aalzl Ak ol el

o=

o 27k olRAE A T, =& AAE A A
ool W HAE olRAE AL WALk o] HAE =t
of B4 wol AW Fap Woly] W] AR 2ol
24 ) ggo Hold § glom, ke e ¥ 2
Ao A7) e Eolgel] W] A4 Tl gFow g
A HEL AR, oleld ASEE tisje] A ALl 1Y

L]
S
i
=
>
[~
oo
1)
=
Lo
L)
N

T

iz
i3

By

Q‘L

= &

_gl —

09
=2
e
2
o,
rlr
oM,
:{o
[
olo
T
(o3

>
N
z
o

oo o XL
do ot oX =

9

o

i)

rlr

olfl il

5, =

By

B

nz ©

1o

4

o

%

ol

T
Pﬁ
>
ro,
o
1%
i
-0,
oo
o
s
e
[
]I_u
X
-
o
>

2 5x
ol
tlo
TR
il
o

g fo
iin3
ox
ol
32
I
o
O
rlr
f
Og{:",
B
mi}
ot

2

o
. BE A o), o]& X

f
2
AN
my, L

fit
-z
nl
4
i
X
o
=
)
o
>,
o
XN
oy
vl
N
)
(z
=
)
o
ox
ojy

2

tlo Mr °b @ du oo

WA e 91
o 27 Aoy

[e)
T

fi
e
[
o
py
-
ot
ol
rlr
It
[o
2
4

i lo
S

L/

=
2} x] ] 7(]

[l
ol

JE EREET

I j>

S
K

rie I
Q
[l
o

2
O]
o 1
ol
il
i)
9
re
[
x4
9
~N
=
1o
N
o>
[
[H
o
oo

>

[

o @

2 oflt o
oo flo

ol

L

3

of\

i

tlo

N

o

N

do

o,

Py

o

o

o

olo

JE
ek
il

Ry o
4
%0,
b
H
o
v
M
o
=
fl
e

)

o
L_Bi
=

Eﬂ%q—’ eankle 1)flC/19]— ganklg roll
@ ol Ao B zhe #Holn),
Ic}. olel gk mA

fo e &
X

= %
2

B
ol
(i
N

> AN

°
>
1o
ot
[
o
)
o
[0}

N

£)
N

rr
julss
=)
r\’f
[>



A 0IF FHI0IE 2R SAH 28 o1 263

Sagqittal plane view Coronal plane view

shank 0 e voit T24 shank
O ke piren + 21 Virtual Spring Virtual Spring
[/:. & Damper 1 & Damper 2
m, Ankle pitch joint m, Ankle roll joint

foot ° foot
T 5
% 102§ Alo] HEre] s,

Fig. 10. A schematic of ankle compliance control strategy.
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