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height variation strategy

Rest position Ankle strategy Height variation strategy



Idea :

= Divergent Component of Motion goes 4D

Techniques :

= Variation dynamics around reference trajectory

= |east-squares pole placement



height variation strategy

Rest position Ankle strategy Height variation strategy

1. Twan KOOLEN, Michael PosA et Russ TEDRAKE. « Balance control using center of mass
height variation : Limitations imposed by unilateral contact ». In : Humanoids 2016.



pendulum models

Linear Inverted Pendulum Variable-Height Inverted Pendulum

= Model : ¢=w?(c—2)+g = Model : ¢=XNc—2)+g
= Inputs : u=z € R? = Inputs : u= [z \] € R®



balance control

Linear Inverted Pendulum Variable-Height Inverted Pendulum

» State: { =c+ c/weR3 = State : [c ¢] € R®
= Control : z= —k(¢9 — €) = Control : nonlinear MPC [1]



divergent component of motion

3D DCM
Ei=c+ <

Divergent dynamics
E=w(¢~2)
Convergent dynamics
e=w(E—0)
Viability
Diverges iff £ ¢ support(z)

2. Johannes ENGLSBERGER, Christian OTT et Alin ALBU-SCHAFFER. « Three-dimensional bipe-
dal walking control based on divergent component of motion ». In : I[EEE T-RO (2015).



pole placement

Tracking error : AE ;= ¢ — ¢¢
Error dynamics
A€ = w(AE — Az)

Desired error dynamics

A€ = —k,AE

Derive feedback

AZ" = argmin||AE" — A¢]|
Az

—{1+%}A§

3. Mitsuharu MORISAWA, Nobuyuki KiTA, Shin'ichiro NAKAOKA, Kenji KANEKO, Shuuji KAJITA
et Fumio KANEHIRO. « Balance control based on capture point error compensation for biped walking
on uneven terrain ». In : Humanoids 2012.



time-varying dcm

Model
c=XNc—2)+g
Pre-defining c,(t) — A\(t) makes system LTV :
Time-varying DCM
§=ct+ o

with the Riccati equation w = w? — .

4. Michael A. HopPKINS, Dennis W. HONG et Alexander LEONESSA. « Humanoid locomotion on
uneven terrain using the time-varying Divergent Component of Motion ». In : Humanoids 2014.



dcm in space and time

Cartesian space Phase space
Input Input
z A
Divergent dynamics Divergent dynamics
é:W(f—Z) W=w2— X
Convergent dynamics Convergent dynamics
{=w(z—¢) F=A—7
Viability Viability
Diverges iff £ ¢ support(z) Diverges iff w® & [Amin, Amax]

5. Stéphane CARON, Adrien ESCANDE, Leonardo LANARI et Bastien MALLEIN. « Capturability-
based Pattern Generation for Walking with Variable Height ». In : /[EEE T-RO (2020).



interpretation
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4d dcm for the vhip

Divergent component of motion

x = [¢ w] € R* : Cartesian 3D DCM ¢ + natural frequency w

Divergent dynamics

=208 220 o [+1[
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4d dcm for the vhip

Divergent component of motion

x = [¢€ w] € R* : Cartesian 3D DCM ¢ + natural frequency w
Divergent dynamics

<[ -500 -2 -2

Take its linearized error dynamics (a.k.a. variation dynamics) :

Tracking error dynamics
As o )\dl3 _.~d/wd Ax o )\dl3 (gd o Zd) Az
= o dy2 d d
@10 2(w?) @10 w A

Linear system : Ax = AAx+ BAu.
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least-squares pole placement

Error dynamics
Ax = AAx+ BAu

Desired error dynamics
AX = —k,Ax

Derive feedback
Minimize : [|Ax — A"
Subject to :

= Linearized dynamics : Ax= AAx+ BAu
= ZMP support area : C(z/ + Az) < d
= Reaction force : Amin < A7+ AX < Amax
= Kinematics : hpin < fzd + A&, < hmax
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behavior

Maximum height = 1.0 m

Reference height = 0.8 m CoM
Mass: 38 kg

ZMP
Ex

https://github.com/stephane-caron/pymanoid/blob/master/examples/vhip_stabilization.py
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https://github.com/stephane-caron/pymanoid/blob/master/examples/vhip_stabilization.py

controller adjusts the dcm

Previously, the DCM was a measured state :

kp

1 AL | Az
‘ DCM ‘ ‘ Pole placement

&

CT

Now, the DCM is an output that can be adjusted :

klp A¢ Aw
I Ac Constrained 41 Az
X Pole Placement
c AN

The controller can vary w (height) to maintain £ € support(z).
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force control

PN =

LIP tracking VHIP tracking

https://github.com/stephane-caron/vhip_walking_controller
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https://github.com/stephane-caron/vhip_walking_controller

what have we seen?

Idea :

= Divergent Component of Motion goes 4D

Techniques :

= Variation dynamics around reference trajectory

= Least-squares pole placement

To go further

= Link with exponential dichotomies (Coppel, 1967) :
https://scaron.info/talks/jrl1-2019.html
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https://scaron.info/talks/jrl-2019.html

Thank you for your attention !
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