IROS 2014 Workshop on Whole-Body Control for
Robots in the Real World

Centroidal Dynamics for Whole-Body
Humanoid Control

Sept. 18", 2014

Department of Electrical and Computer Engineering
The Ohio State University

Presenters: Patrick M. Wensing
David E. Orin



Running Long Jump Angular Momentum

Video: http://www.go.osu.edu/Wensing Orin ICRA2014

[P. M. Wensing and D. E. Orin, “Development of High-Span Running Long Jumps for Humanoids,” in Proc. of ICRA, 2014]
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Biomechanics Motivation

 Centroidal momentum
— Linear momentum

— Angular momentum about CoM
(CAM)

 CAM in walking

— M. Popovic and H. Herr
— Well regulated to zero
— Large inter-segment cancellations

— Center of pressure (CoP) largely
matches centroidal momentum
pivot (CMP)

CoP=CMP
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Task-Space Control Motivation

« Eases motion design
— Behavior-specific task-spaces
— Less motion detail required

« Example: walking
— CoM and feet important
— Exact upper-body details not as

important O

O

%

» Centroidal angular momentum
— Coordination target

— Angular momentum “Jacobian”?
— Centroidal momentum matrix (CMM)
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oad  Theory — Centroidal Momentum

Body Momentum

m; 11ass

V; — Tt — Jz@ I, inertia
Vi
! [}
k.

hz' = IZ
! ? o Il! [ 1]

_ I m;S(c) i _

m;S(c;)? m;1 V; v

Centroidal Momentum Q

IN
he =  XJIh ] h,
i=1
IN
= X213 d= Agq
=l e o \
AG /—r AN

[David E. Orin, Ambarish Goswami, and Sung-Hee Lee, “Centroidal dynamics of a humanoid robot,” Autonomous Robots, 2013.]
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Theory — Transformation Diagram

System V_elocity
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Transformation Diagram

Joint Space

(or, Configuration Space)
(n-dim )

System Space
(6 N-dim)

@ IG‘\

System Inertia (Composite-Rigid-Body Inertia)

CoM Space

(or, Task Space)
6-dim)

Average Velocity

— “Inertia-weighted” average velocity
— Composite-Rigid-Body (CRB) Inertia

- Vg = I(;th

[David E. Orin, Ambarish Goswami, and Sung-Hee Lee, “Centroidal dynamics of a humanoid robot,” Autonomous Robots, 2013.]
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Algorithm for the CMM

» Unit velocity method to construct
centroidal momentum

he = Agd Joint Free-Mode Matrix
" /

|XT |C!Ia“
i=1 \

Computational Algorithm

— Inspired by CRB Algorithm

— O(N) complexity

— Computation > 3 kHz for a humanoid

Composite-Rigid-Body Inertia

[David E. Orin, Ambarish Goswami, and Sung-Hee Lee, “Centroidal dynamics of a humanoid robot,” Autonomous Robots, 2013.]
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Algorithm for the CMM
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CMM and Centroidal Momentum —=
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inputs: model, (I%', Z‘)(p(i), qz
output: Aqg, hg, Ig, va
model data: N, p(i), I;

I§ =0

for : =1to N do
I¢ =1,

end

fort=Nto 1 do
c _ 1C iv T
Iy = 1o + X
end
ha =0
for s=1to N do
X =" (i) P() X
(Ag)i = XL I ®,
hcg =hg + (Ag)i q;
end
I ="%L1§ °Xq

ve=Ig) ! hg

oy
I; ZXp(i)

[David E. Orin, Ambarish Goswami, and Sung-Hee Lee, “Centroidal dynamics of a humanoid robot,” Autonomous Robots, 2013.]
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og  Second Order - Centroidal Dynamics
he = Agq
he = Acd+Acq
— fG <+ Net Wrench at CoM

* Newton and Euler equations for whole system

- No need to compute AUG

— Similar to bias forces in:

Heag+tCa+ G="

— AG g can be computed by an inverse dynamics routine

The Ohio State University Department of Electrical and Computer Eng



Centroidal Momentum within Task-Space Control

« Constrained optimization formulation
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« Commanded momentum rates

. [%c] _ [ M [p'G,d + kp (p,]G,d — @G) + kp (pG,d — pG)}

ke . Koo+ kp (Ka.a—ke)

[P. M. Wensing and D. E. Orin, “Generation of Dynamic Humanoid Behaviors Through Task-Space Control with Conic Optimization,” in Proc. of the ICRA, 2013.]
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od  Application: Dynamic Kick

* Linear momentum targets

— Simple CoM splines Priority Task

« Centroidal angular momentum (CAM) 1 Feet
targets 2 Linear Momentum (CoM)

— Zero desired yaw & roll momentum 3 Pose

— Non-zero desired pitch momentum 3 CAM

e QOther tasks

— Nominal pose + torso orientation
— Foot position/orientation (SE(3) PD)

Balance Balance . )
(Middle) (Left) Lift

[P. M. Wensing and D. E. Orin, “Generation of Dynamic Humanoid Behaviors Through Task-Space Control with Conic Optimization,” in Proc. of the ICRA, 2013.]

The Ohio State University

Department of Electrical and Computer Engineering




Kick — CAM Control Off
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$%  Kick — CAM Control On

2xESllow.

Motion

>

Video: http://go.osu.edu/Wensing Orin ICRA2013

[P. M. Wensing and D. E. Orin, “Generation of Dynamic Humanoid Behaviors Through Task-Space Control with Conic Optimization,” in Proc. of the ICRA, 2013.]
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OHIO

od  Jumping on Uneven Terrain

Priority Task
1 Feet
2 Centroidal Momentum
3 Pose

 Principle of dampening angular momentum
— General to uneven terrain

« Assumptions

— No terrain information known
— Torque control at joints

[P. M. Wensing and D. E. Orin, “Generation of Dynamic Humanoid Behaviors Through Task-Space Control with Conic Optimization,” in Proc. of the ICRA, 2013.]
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Application to a Standing Broad Jump

2xESlow.

Moetioh

Video: http://go.osu.edu/Wensing Orin ICRA2013

[P. M. Wensing and D. E. Orin, “Generation of Dynamic Humanoid Behaviors Through Task-Space Control with Conic Optimization,” in Proc. of the ICRA, 2013.]
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OHIO

2 High-Speed Humanoid Running

 Linear momentum control

— 3D-SLIP template provides CoM
trajectories online

— Template controlled once per step

« CAM control

— Zero desired angular momentum (yaw & roll)
— Pitch angular momentum not controlled

. Stance Stance
Flight 1 Flight 2 .
D SLIP LO g Right

SLIP LO

[P. M. Wensing and D. E. Orin, “High-Speed Humanoid Running Through Control with a 3D-SLIP Model.” in Proc. of IROS, 2013.]
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Video Results

Video: http://go.osu.edu/Wensing Orin IROS2013

[P. M. Wensing and D. E. Orin, “High-Speed Humanoid Running Through Control with a 3D-SLIP Model.” in Proc. of IROS, 2013.]

The Ohio State University Department of Electrical and Computer Engineering 17



Angular Momentum Control

* Yaw angular momentum is well regulated

« Upper body and lower body out of phase
— Arms commanded to swing with opposite leg
— Angular momentum control modifies command
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[P. M. Wensing and D. E. Orin, “High-Speed Humanoid Running Through Control with a 3D-SLIP Model.” in Proc. of IROS, 2013.]
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8 Non-Steady-State Results

%h
'ﬁ_ —

Video: http://go.osu.edu/Wensing Orin IROS2013

[P. M. Wensing and D. E. Orin, “High-Speed Humanoid Running Through Control with a 3D-SLIP Model.” in Proc. of IROS, 2013.]
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OHIO

oi  Nonholonomy in Whole-Body Motion

 Falling cat conundrum

— Zero centroidal angular
momentum

— Reorientation of torso

 Conservation of CAM
— Nonholonomic constraint

— No rotational position analog
of CoM
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OHIO

oi  Nonholonomy in Whole-Body Motion

SKYLAB
PHYS|CS Chapter 4

Humaﬁ]Momenta
No |nltl8| Motion
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Running Long Jump — Excess CAM
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Conclusions

« Centroidal angular momentum
— Useful coordination target for whole-body motions

— Centroidal Momentum Matrix (CMM) allows easy integration
into task-space control frameworks

* Applicable across many scenarios
— Pre-flight control

— Standing balance on even and uneven terrain
— Dynamic locomotion

* Open Questions

— Non-zero centroidal angular momentum targets?
— Use of cyclic motions for reorientation?
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