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Effective Ground-Adaptive Walking Strategy for Biped Robots
Using Center-of-Mass-Inverse Kinematics and Model Switching
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ARTICLE INFO ABSTRACT

Article history:

This study describes a walking motion control algorithm capable of effective
ground adaptation without using a specific balance control algorithm when a
biped robot walks on irregular ground. Through preview control, a center-of-

mass trajectory capable of stable walking was derived, and motion control was
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performed using center of mass-inverse kinematics (CoM-IK) and computed
torque control (CTC) in the task space. By switching the dynamic model
according to the support/swing state of the leg, the motion control gain of the
support leg and the swing leg can be maintained to a minimum. Therefore, when
the foot lands on an irregular ground, joint rigidity is always minimized so that it
can be easily adapted. Finally, the performance of the proposed algorithm was
verified by comparing and analyzing three motion control methods on level and

irregular grounds in the Gazebo dynamic simulation environment.
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Fig. 1 Joint control based robot HUBO and ASIMO
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Fig. 3 Kinematic chains of SUBO-2 (right leg)
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Table 1 D-H parameters (right leg)

RE; RE, REF,
LFPT‘E]’ LFOrEf Pcoref

Link a; (nmm) a; (radian) d; (mm) 0. (radian) ZMPey Preview | c&iPres CoM IK 0rcr K
- Control ©
1 Lo=60 0 0 -z —
2 HFPyref
2 0 -5 0 o 22, £60,.,
ig'me 'Zgoref
3 0 - % 0 %"" 0, Weighting - Task Space .
Factor —| CTC Switching
4 =250 0 & Calculator Controller
L4=250 0 O Fig. 4 Block diagram of the proposed strategy
6 0 5 0 05
_ i TP, e eEEENAA HRpE dekgAle] Jx9A, #10, .,
7 Le=110.5 e 0 Os
£ Q2o vk ZutEAle) gz, /P, e o8
™ ™
8 0 i 0 il EAOIM iR QUFAY F2AA, 70, 22UFA
bish 3DE Uehdelch 230 e 245 11 71 ol A it ulEale] xuke), JOP = ZHEEAIA Higt
AR 3DE . 230 W3t EA3A, WA= ZHAIE
e o B ogubo] Axg)x|, A0, = BHEAA HER eguo
oA F¥E 4 9l SDFHHUZ THEQIT 11 H = Fig. 39
- . xlzure] RO L ZakzRA B oulo] %z9]x
Zulj x| 2} Table 131 D-H parameters, 18] 3. Table 29 EAJ%] 2L, p P e TUSAUAIA MR o] H2eA|,
oM Fasielth. Telm Al RN AR & oe e 00, = BEAIA vk gute] Fae), = 7% A%
2@57] S8l 42719 clolElAES Sulanlel Bejoeet  (weighting factor), T ¥ Eolth
o] npAAS(0.47)S Fastol #&31qich HA, Z=2 ZMPHAE preview control ol Yjsto] F Q3
AFEA F= AHE A& 39 U CoM-IKo] AZS
3. =8 Hjof A A 979t kel B2 Ao IS Yslol Ax BARES
e B A7 FK)e FolA IHHEAl ZEAllA vk
3.1 M2k 71 & o] F= e} 2 YA AR o714 7} o] Hish
S
A AAA OFHFZ|X] AF '?J—H}Z Al A _/_\_-?4 ARl 2
il 9 Al e ol etk o ey R T e g
31 0 = 2 H|o|A F}E , ° al
£ 22 zero moment point(ZMP), 6, = FxpEztE 0P ™ = = o
el olne] Wgolsat ZolES et ol REE oS A
£ 20 3N SEANN HlelE ool yiw B9 B _
Ol FIelA 715 Algol] whe} 7} Wol] A8e CTC B9 7H54]
Table 2 Hardware specifications 7t A7E L o714 U 7 o] =3 gho] 2R)A XFA
Mass 21.215 kg o7 AdHh Fug FadE Fukes 1 kHzolth
Overall Width Height Depth
size 0.28 m 0.945m 0.184 m 3.2 23 oM MA
DOF Leg Hip 3DOFs . _ . } )
Knee 1DOF oj% Haf =xo| st By =M MAHE 9 preview
Ankle 2DOFs control& AE3FATE Preview control®e mjgfe] 2z e e
Total 6x2712DOFs sefsto] ujgjo] @.xpet Alojele] 27], el HepHso] ¥
Actuator |DC motor
5 2 w2 Alo] YIS AT ]2 SH, 2R
Maxon RE30 : hip roll, hip pitch, hip yaw St 2430 = Sl Ao RS 24 oIS SH, 22
Maxon RE35 : knee pitch AR AlFoM 2% F7HA] Fig, 49] ¢aE|&3t 7ol 2 ZMPE
Maxon EC-4pole 30 200 W : ankle roll ankle pitch sl Tw o2 ukEsl= zHo] AEkEAlo A2 AL Al
Motor |Maxon MAXPOS 50/5 : hip pitch, hip yaw, knee pitch 7toz olxlslA =k A Alo A3 A9 o]
controller | Maxon EPOS4 50/15 : knee pitch, ankle roll, ankle pitch J b 7}]_ | . 32514 . A 29 iq; ]]_ ]]_
o A 3] o o 7+7
Sensor |(1) IMU : pelvis, left foot, right foot Fig. 5 o, ojm AR$ 3 sefufElsh B2 47
(2) 6-axis F/T sensor : left foot, right foot Table 33} Fig. 60 YERUHA.
Power |5V, 12V,24V 2 =RollAlE preview controlofl A =EH AHFA] AAE
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Fig. 5 Walking motion generation

Table 3 Walking parameters

Step time 1 sec
Stride time
Double support phase (DSP) ratio

Swing height
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Table 4 Parameters of CoM-IK algorithm

CcoiPres
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i;ore f
660 0.0001 rad
Tolerance 15x 107
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Fig. 8 Reference joint angle trajectories obtained by CoM-IK
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. 17 Walking using of model switching computed torque
control mode "
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Table 5 Gains of joint-space PD control
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Fig. 22 Pelvis center inclination of center based computed
torque control mode
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Table 6 Gains of pelvis center based computed torque control

Gain X Y V4 Roll | Pitch Yaw
KfP 1/sec?! 8,000 | 8,000 | 8,000 | 80,000 | 80,000 | 80,000
dep [1/sec] 100 100 100 100 100 100

Table 7 Gains of model switching computed torque control

Gain X Y Z Roll | Pitch | Yaw
K1 /sec?] | 1,500 | 1,500 | 1,500 | 2,000 | 2,000 |2,000
KJF1/sec] 4 4 4 4 4 4

KPFl1/sec? | 500 | 500 | 500 | 1,000 | 1,000 |1,000
K1 /sec] 4 4 4 4 4 4
K55F1/sec?! | 500 | 500 | 500 | 1,000 | 1,000 |1,000
K51 /sec] 4 4 4 4 4 4

Table 8 Comparison of the pelvis center inclination

Joint-space |  Pelvis Model
Standard deviation (SD) | PD control | center switching
CTC CTC
Roll angle of pelvis 03668 | 14560 | 0.1318
center [deg]
Pitch angle of pelvis 01605 | 02235 | 0.1547
center [deg]
BRAYSH WA 330k A ¢ 4 ek W =39 B9
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Fig. 23 Joint torque of pelvis center based computed torque
control mode
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Fig. 25 Pelvis center inclination of model switching CTC mode

30 T

Left Hip Yaw Torque

Left Hip Roll Torque ﬁ
Left Hip Pitch Torque (

Left Knee Pitch Torque

Left Ankle Pitch Torque

Left Ankle Roll Torque

Torque [Nm]

Time [sec]
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Fig. 27 Walking on an obstacle using joint-space

Fig. 28 Walking on an obstacle using pelvis center basedcomputed
torque control mode "
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Fig. 29 Walking on an obstacle using model switching computed
torque control mode "
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Fig. 30 Y-CoM position of model switching computed torque
control mode
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Fig. 31 Pelvis center inclination of model switching CTC mode

Table 9 Comparison of the pelvis center inclination for the
ground obstacle

Standard deviation (SD) 10 mm 20mm | 30 mm
Roll angle of pelvis center [deg]| 0.3163 0.7050 Fall
Pitch angle of pelvis center [deg]| 0.1944 0.3210 Fall
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