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Control Approaches for Walking and Running

Christian Ott, Johannes Englsberger
German Aerospace Center (DLR)
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Overview

1) Humanoid robot TORO

2) Walking Control

v’ Capture Point
v" Divergent Component of Motion (3D)

3) Running
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# neLmnovtz Humanoid Robots at DLR #;LT%
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Joint torque Bimanual (Humanoid) Manipulation Legged Humanoid
sensing & control

» Compliant actuation

%\\ [‘L; E"l » Antagonistic actuation for fingers
S - r e % -.l } = . . ) )
‘5"‘*-'-'3  Variable stiffness actuation in arm

Fv * Robustness to shocks and impacts

e LG

Space Qualified Joint Technology Anthropomorphic Hand-Arm System
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Bipedal Walking Robots at DLR

* Joint torque sensing & control

« Small foot size: 19 x 9,5 cm

* IMU in head & trunk

* FTS in feet for position based control

» Sensorized head (stereo vision & kinect)

» Simple prosthetic hands (iLIMB)
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— _ o _ TORO (2013)

DLR-Biped TORO, preliminary version TOrque controlled
DLR

(2010-2012) (2012) humanoid RObot

[Englsberger et al, Humanoids 2014]
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Height: 1.74 m

Mass: 76.4 kg

Battery duration: approx. 1 hour
25 Joints can be operated in
position and torque controlled
mode (legs, arms, waist).

Joints are based on the

DLR-KUKA-Lightweight-Arm II
2 Joints are operated in position
controlled mode (neck)
Prostetic hands with 12 DoF in
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Toro on the rocks
(Bonus scene B)
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Overview

1) Humanoid robot TORO

2) Walking Control

v’ Capture Point
v" Divergent Component of Motion (3D)

3) Running
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v Walking Stabilization 7

| ASSOCIATION

[Englsberger, Ott, IROS 2013]

Template model: ¥ = @) (x— p)

(X, X) 1.
| $=X+—X
(x.€) @

E=aé-pP)  X=a(E—X)

P 2 Hof 2 P X
(Pratt 2006, Hof 2008) czgtitrjlze 4 CoM

open loop exp. stable
unstable
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 vevmmons Walking Stabilization 7

| ASSOCIATION

[Englsberger, Ott, IROS 2013]

Template model: ¥ = @) (x— p)

(X, X) 1.
| $=X+—X
(x.€) @

E=aé-pP)  X=a(E—X)

(Pratt 2006, Hof 2008) P capture & X

point "[COM —
= exp. stable

control
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i DLR

@ wevours Capture Point Control
_____________________________________________ . MPC [SYROCO 2012]
Trajectory | ce |[P| zvp || zMP | ,| Robot |9
Generator |, control projection | ; | Control Dynamics
X, X
X. = =§ ° CP («— .COM. —
e~ Pe™ Ge kinematics
e C* D*
footprint erreichbare
CP Region &»
B* ' ';targer
: . .6 A*
] o S
5805‘ T “—T
Pie: .. ¢ '4' B
Pp ,il 3
- _ | | S 1
| g=ag—D)
- i Il
DT
.

= go
[Englsberger, Ott, et. al., IROS-2011, ICRA-2012, at-2012]
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£ wevunour Position based ZMP Control >
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L , MPC [SYROCO 2012]

Trajectory | ce P | zvp || zvpP Robot | I
Generator |, control projection | i | Control Dynamics

S [ep XX | cowm
kinematics

Position based ZMP Control Position based force control
[Roy&Whitcomb,2002]:

=k Mo'(p-p,) (I s, k7, F)
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Dynamic Walking

based on the Divergent Component of Motion
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Capture Point (CP) ,Divergent Component of Motion“
(DCM) [Takenaka]
E=x+bx
ZMP Virtual Repellent Point
(steers CP) (steers DCM)
COM dynamics: MX=F DCM dynamics:

(not a template model) 4 | | b

mg+F,, R

[Englsberger, Ott, IROS 2013]
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Capture Point (CP) ,Divergent Component of Motion“
(DCM) [Takenaka]

£ —x+bi

ZMP Virtual Repellent Point
(steers CP) (steers DCM)
COM dynamics: MX=F DCM dynamics:
(not a template model)
! ¢ ¢
mg+F,, b
I"vrp

[Englsberger, Ott, IROS 2013]
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Virtual Repellent Point (VRP)

\11 rp

Azrrp

Temp
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DCM trajectory generation

Tyip

\ J —

ground s



£d,eas,4 = Ed,fnf,ﬁ gdjeﬂ_gj = Tyrp,d,6

Tvrp,d,ﬁ

Ed,eas,2 = gd,mij?’

[ Eff,easﬁ = Ed,z'ni,ﬁl

DCM trajectory generation

19
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DCM Tracking Control

i DLR
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DCM dynamics

1
(& —Tvp)

Desired closed loop
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Required leg force:
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Simulation 2:
OpenHRP3 Simulation of TORO (DLR's bipedal humanoid)

Simulation parameters:

- step time:

- max. stair height (varying stair height):
- frontal step length:




point mass simulation
(prismatic inverted pendulum model)

[Englsberysy Oif TREY 2013)
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Overview

1) Humanoid robot TORO

2) Walking Control

v’ Capture Point
v" Divergent Component of Motion (3D)

3) Running

Humanoids 2015 Interactive Presentation by J. Englsberger
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SLIP Template Model

Conceptual biomechanical model: single mass, mass-less legs, conservative

Vertical ground
reaction force

Left leg
Mathematical model: SHNE i N
0.2t : : ; : :
mX; =f, +f_+mg, LAl [ £ ALK
° time [s] ° ‘ °
| Poincare Ma
fi = k 2 _1 (X_XFi) 0.99 . ‘ , , p
HX_XFi H 0.988
0984 2
v Existence of stable limit cycles can be shown meh T g B e,
v Vertical ground reaction force resembles SETR
human data "
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Human experiments as motivation

F} eg.z

2nd order polynomial
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Force and motion encoding (during stance)

vertical horizontal
for 2nd order 3rd order -
orce My — F
CoM position 4th order 5th order

< five parameters >  six parameters

_ - — -

o (1) <@ £

o(t)| =10 1 2r 317 4 5% | pg, o€ {x,y.z}
G (1) 0 0
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Preview / Planning

- A 1D, 10, ID; TO, TD;3
| flight 1 o stance 1 flight 2 i stance 2 | flight 3 :
Lapex,1
: : : x i a Zgpex
Zapev\* 7 S R £ //..\ E E apex’2 ; E ape‘l’:;
ZTD;
S
=
S
418
Zfloor S y..

b

- touch-down height
design parameters - apex height
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- time of stance
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Flight Dynamics

12

:B(t):azontdcotqtgz

r(t)=a0+gt

¥4
Atapex —

g

At1p = Mapex + | | AL o + - (z—zrD)
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Vertical planning (five parameters)

ZrD | _tg(()) ]
21D t: (0)
p— T pZ
—& t= (0)
—g] |t (T
N e
b- B-

Pz = BZT(BZ BZT)I b, +7; p;

#7 ﬁHELMHOLTZ Y/
DLR | AssoCIATION 8




DLR.de ¢ Chart 31

Vertical planning
=> achieving apex height

ZT0O = tZT(TS‘) Dz

ZT() — tZT(TS‘) Dz
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Horizontal planning (six parameters)

XD t%(O)
XTD t%(O)
0 — t; (0) Dy
0 (1)
L ty (15) + Tt (T5)
2P )z
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Force ray focusing

4 iy uf LTD LTD

Zfloor

by # B By = B} by # P,

least deviation/variance
(=>CoP ...)
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Minimizing variance ....

Jiegx Is)
Xint (Is) = %(fs)—ﬁ:(ts) (2(ts) = Zf100r)

(tg (ZS )pZ — Zﬂoor) t%(fs)

= (t, () - ) Py

tZT (fg)pz +8
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Minimizing variance ....




Minimizing variance
(mean square deviation)....

e AR

%z’nr,ms —

| TR Y of o
SLdldl, UL UllTiCU

Xint.ms = & p
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Leg Force evaluation

FCOMdeS ([S) — t% ([S) py




Typical force profiles
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Deviation from point-foot (if not projected)

X 1e-3
15

m]

10

— Xint

x.im‘ (fs )
h o

150ms 150ms 150ms 150ms 150ms 150ms
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Chart 40

DLR.de -

1 ' ' '
1 ' ' 1
R B S E e S Jememememeeceeee——- ymmmemmeeeeemee—eaa- e e e . ..
' ' ' '
' ' ¢ '
’ F ' s
' ' 1 '
’ ’ ' »
1 ' ' '
« 3 . 4
' ' ' [
' i .. '
qessmsssccscasssas maqessssssssssssmans= P jeesscmsscamscas
' ' ¢ '
' ' ' '
' ' i '
L} L} " L
' ' ' '
' ' ' '
' ' ' '
' ' ' '
' ' ' '
or e e a7 W e B arm e Sarn e e i ara e R -
' g i i
' ' ' '
' ' ' '
' ' ' '
' ' ' '
' ' ' '
' ' ' i
' ' ' '
' [ ' 0
' ' 1 '
' ' ' '
' ' ' '
' ' ' '
' ' 1 '
' ' ' '
. 1 L] L]
" ' ' '
L i L L
e B - i o e e -
' ' ' '
" ' ' '
" . " .
L] ' ] L]
' ' ' '
" ' ' '
' ' ' '
' ' ' '
. L} L] L]
' ' ' '
" ] . "
L L] . .
' ' ' '
" ' ' '
1 ' 1 '
' ' ' '
' ' ' '
desescssaccacsnnnan [ (P [ esecssmassannaa:
[ ' ' '
' ' ' ]
' ' ' .
' ' ' ]
L} 1 1] L}
' ' 1 '
' ' ' '
' ' 1 '
' ' b ' '
. L) L] 1]
' ' ' .
' ' i '
' ' ' '
' ' ' '
1 ) 1} )
' ' '
L] . . L}
R S SRR S L IR L, Y - i - ' -
] f v
L} . L}
' ' '
' ' i
' '
' ' '
' ' '
3 ' '
' ' '
' ' '
' ' '
' ' l
' '
' ' '
' ' '
' ' '
' ' '
' ' 1
o, o o, o g o o g o,
' ' '
L] . .
' ' '
L} . .
' ' '
. . .
' ' '
' ' '
' ' '
' ' '
' ' '
L) . L}
' ' '
' ' '
. L L)
' ' '
i ' '
B T . B T T e B T T T ey
i '
' '
' ' '
' ' '
' ' '
. . .
' ' ' Z
' ' ' N o
' [ ' -
' ' ] | -
' ' ' -] <
' ' ' o
[ ' ' b
' ' il T O
' ' ' o
' ' '
' ' ' =0
e A s he e e mn st s e S g A S = LS e o d ey L s - N
. . ' w <
' ' ' _—
' ' ' o
. Ll .
' '
1 b ' ’
' ' 1 f
1 ' i
' ' '
' 1
. . .
' ' i
' ' '
' ' i
' ' W [2'
' ' 1
' . " T~
figm e e oo e e R e L P R e RS R PR R e - [a]



DLR.de ¢ Chart41 > Humanoids 2015 > Christian Ott > 02.11.2015

Summary

1) Walking Control based on the Capture Point
2) Extension to 3D
3) Running via polynomial leg force design

4) Implementation requires leg force control
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