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Events that spur innovation in humanoid robots

A DARPA Robotics Challenge 2053 =\ |
p \\ ne|
A Tasks: "\ _Rescue | |
| o | N B Robeg,
1. Drive a utility vehicle at the site. NG DU g
H "" N / 2 5“ ‘ B N ; A o \
2. Travel dismounted across the rubble. i’”"ﬁ \‘“}\9:9 o N
3. Remove debris blocking an entryway. fng ./ £ @,79 %,0 \ \_,\ A -\
4. Open a door and enter a building. - f?’"‘_’ . / H =
= | f umanoid \ | u
5. Climb an industrial ladder and traverse an industrial walkway. ( 1. Robots | B J
Astro | | \ Applications J | =1
6. Use atool to break through a concrete panel. navigation |\ A b f
. \ W\ Y/ /ARpy |
7. Locate and close a valve near a leaking pipe. 5\ \ N — y W /
8. Connect a fire hose to a standpipe and turn on a valve. Education’, - Service \ ¥
R R R ‘ 7 \ F“‘eﬂ“““‘“’“s*
A RobocupAdultSizd S 3dzSQ (S Ya ’(Cognitive :

// Home Medical
A Notably, all the participating robots have the ability to stand up from a fallen position \~

A Conferencehttps://link.springer.com/conference/robocup
A FIRA
A Robot sports
A Founded by Prof. JoAgwan Kim, KAIST, Korea in 18996 the oldest robot soccer competition in the world.

Saeedvand, S., Jafari, M.,Aghdasi, H., & Baltes, J. (2019). A comprehensive survey on humanoid robot development. The Knowledge Engineering Review34, E20.
doi:10.1017/S0269888919000158
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Stateof-the-art humanoids
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ASIMO HRP ATLAS TORO LOLA Valkyrie
5/4/3/ 2
Honda, Kawada Boston DLR RM, TU Munich, NASA, A CoMAN
Japan Robotics, Dynamics, Germany Germany USA A (iit, Italy)
AIST Japan | USA A SARCOS
(CMU)
DOF 57 (31+26) | 30 (28+2) 28 39 (27+12) 26 (has toe) 44 A HUBO
Actuation | Electric Electric Hydraulic Electric Electric Electric (KAIST)
A TALOS
Height 1.3m 1.54 m 1.5m 1.74 m 1.76 m 1.90 m (Spain)
A RHFDFKI,
Weight 50 kg 58 kg 89 kg 76 kg 68 kg 125 kg Germany)
A WABIAN-
iali he first high DOF| O i bati lled, Iti- I i C li ith
Speciality | {1500 | raeen odest | ils | atetoworkalong | (ocomotion winie aking | series sastic actuators 2R(U.
humanoid robot to stand up high power: weight with humans support) Waseda
from fall on flat ratio
ground Japan)
- A AR600
Ng (RUSSIA)
A 4

Source: https://robots.ieee.org/robots/




Bipedal Humanoid Hardware Design. a Technology Review

Table 1 recently developed bipedal humanoid robots with a full humanoid body plan

Name Height Weight Actuation No. of Sensing Manufacture Year Tentative
(cm) (kg) actuators price

Asimo (2011 model) 130 48 Electric 57 Joints: position Magnesium 2011 2500000 USD
Harmonic Drive IMU, 2x F/T, Camera alloy

Atlas (Next Generation) 150 75 Hydraulic 28 Joints: position, force Metal, 2016 N/A
Servo-valves Lidar, Stereo vision 3D-printed

Atlas-Unplugged 188 182 Hydraulic 30 Joints: position, force Aluminium 2015 2000000 USD
Servo-valves Lidar, Stereo vision Titanium

Digit 155 422 Electric 16 Joints: position Aluminium, milled 2019 250000 USD
Cycloid Drive IMU, Lidar, 4x Depth Cam. Carbon fiber

HRP-5P 183 101 Electric 37 Joints: position Metal 2018 N/A
Harmonic Drive 4x F/T, IMU, Lidar (unspecified)

Stereo Vision

Hydra 185 135 Hydraulic 41 Joints: position, force Aluminium 2016 N/A
EHA IMU, 2x F/T, Lidar, Stereo milled

Kengoro 167 559 Electric 106 Joints: position, tension Aluminium 2016 N/A
Muscle /w Tendons IMU, 2x F/T, Stereo Vision 3D-printed

NimbRo-0P2(X) 135 19 Electric 34 Joints: position PA12 Nylon 2017 25000 EUR
DC Servo-motors IMU, Stereo Vision 3D-printed

TALOS 175 95 Electric 32 Joints: position, torque Metal 2017 900000 EUR
Harmonic Drive IMU, RGBD camera (unspecified)

Toro 174 76.4 Electric 39 Joints: position, torque Aluminium 2014 N/A
Harmonic Drive 2x IMU, RGB&D cameras milled

Valkyrie 187 129 Electric 44 Joints: position, force, torque Metal 2013 2000000 USD
SEA 7x IMU, 2xF/T, Multiple cameras (unspecified)

WALK-MAN 191 132 Electric 29 Joints: position, torque Aluminium 2015 N/A
SEA 2x IMU, 4x F/T, Lidar milled

Stereo Vision

Prime movers:

1. Electric motor

2. Hydraulic actuator
3. Pneumatic actuato
4. Pneumatic muscle

Transmission:

Gearbox

Harmonic drive
Series elastic eleme
Tendon drive
Mechanism

A A

Sensing:

Joint encoder |
Torque sensors|_
Force sensors
IMU _
Lidar

Stereo camera
RGB&D cameJ

NogoghkwbdE

Ficht G., Behnke, S. Bipedal Humanoid Hardware Design: a Technology Revi&ebot Ref2, 201¢210 (2021)

. https://doi.org/10.1007/s4315321-0005G9




Kinematics & Dynamics

A Humanoids can be described either asomen-loop/tree -type or closedloop or a

floating multi-body system(with possible internal closed loops)
A Kinematics

MakeAGIF.com

A Openloop / tree-type
A Forward kinematics (FK) has a unique solution, expressions in closed form Fwd. Kin.
A Inverse kinematics (IK) has multiple branches Joint angles _>l Robot pose
A Closedloop :
: Inv. Kin.
A FK has multiple branches
A IK has multiple branches
Single support phase (SSP) Serial/ tree type open chain #DOF =#Actuators
Double/ multiple support phase | Closed single/ multiple loop chain | Redundantly actuated
Flight phase Floating body Underactuated
LEFT LEG STANCE PHASE \ SWING PHASE

RIGHT LEG SWING PHASE STANCE PHASE
SSp SSP

FRONTAL VIEW

FTTTYTTFFFFFF

SAGGITAL VIEW

E§§>>)))))>§E

\ DSP, | Dsp2

Sarkar, A., & Dutta, A. (2015}D®F biped robot with compliadinks.Robotics and Autonomous Systeri8, 5767.
Ghosal A. (2006) Robotics: Fundamental Concepts and Analysis ((#195New Delhi, Oxford University Press.




Kinematics & Dynamics

A The problem can be classified as a hybrid dynamics problem

A Equations are presented here in thagrangiariorm.

1. Fixed base system
A The humanoid has different equations in different phases

A Single stance phase M(q)g+C(q.q4)q + G(q) =
where 77¢ = 7, or "¢ = J' F

. . N - T nc
A Double stance/ multcontact phase M (q)g+ C(q,q)q + G(q) = Jp A+ T

n(q) =0
Jq+®(t) =0

A Rheonomic constraintlg (0) are encountered in the case of compliant bodies
A Above equations are derived assuminitateral constraints

A Ann-DOF system holonomic constraints only can be modelledygneralised coordinates
A Ann-DOF system neholonomic constraints need+1 generalised coordinates

2. Floating base system
A Suitable for treetype systems
A We will see more on this later in the presentation

Ghosal. (2006) Robotics: Fundamental Concepts and Analysis (pp195New Delhi, Oxford University Press.
Greenwood, D. T. (1988 rinciples of dynamigpp. 239298). Englewood Cliffs, NJ: Preniidall.




Kinematics & Dynamics

Inverse dynamics

A Estimating required actuator torques/ forces for a planned motion
A Required in feedorward control strategies
A Algorithms

A Recursive NE algorithm

Forward dynamics

Simulate physics without conducting physical experiments

Predict motion faster than redime (to avoid falls?)

Required in computed torque control

Algorithms

A Inertia Matrix methods: Joisspace Inertia Matrix method, Composite Rigid Body algorithm

A Propagation methods: Articulated Riggbdy algorithm o -
A.Sad 2F GKS FTtIA2NAGKY&a F2NJ F2NBINR YR AYOSNERS Reyly

Too T T Do

Prof Roy Featherstone. Algebraic equations
Inv. Kin. Inv. Dyn
Ceobot link pose, velocr[y P> [ Joint angle> Actuation >
and acceleration velo. & acc torques
Fwd Kin. Fwd.Dyn
ODEs/ DAEs

Luh, J. Y. S., Walker, M. W., and Paul, R. P. C. (June 1, 198Diné@womputational Scheme for Mechanical Manipulators.” ASMByn. Sys., Meas., Control. June 1980; 102(29: 69
76.https://doi.org/10.1115/1.3149599

Featherstone R. (2008) Dynamics of Rigid Body Systems. In: Rigid Body Dynamics Algorithms. Springer, Boston, MA. hitg&t@dn07/9781-489975607_3
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ClosedForm Inverse Kinematic Joint Solution for Humanoid Robots

Inputs: Position and orientation of end effector w.r.t hip/reference frame

1le 6
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Forward Kinematics using (original)DH convention
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X, - -

Right Leg link coordinate
parameters
Vs Laz Right Arm link coordinate Joint i 8, o a d,
7 parameters
- 1 0 90° 0 0
Xau” O3 n@ Joint i 0; o a, d;
‘/ 2 -90° | -90° 0 0
4 ’ 1 -90° [ 90° | © 0
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Fig. 4. (a) HONDA ASIMO Robot and its associated kinematic diagram
in (d), (b) AIST HRP-2 Robot and its associated kinematic diagram in (e),

Fig. 2. Link Coordinate Frames of the Right Arm of a Hubo KHR-4 Fig. 3. Link Coordinate Frames of the Right Leg of a Hubo KHR-4 Robot and (c) Fujitsu HOAP-2 Robot and its associated kinematic diagram in (f).

Robot and its D-H Parameters. and its D-H Parameters.

M. A. Ali, H. Andy Park and C. S. G. Lee, "CGfosadnverse kinematic joint solution for humanoid robot2(10 IEEE/RSJ International Conference on Intelligent Robots and SZ6tEnep.
704-709,doi: 10.1109/IR0OS.2010.5649842.




ClosedFormInverse Kinematic Joint Solution for Humanoid Robots

Contribution _ .
A Closedform inversekinematicsfor certainfull-body humanoids
A & ¢ m&elty hereis to observethe intersectionof 3 adjacentjoint axesin
the kinematic chain for decoupling the robotic arm/leg system into
positioningand orientation subsystemgor solvingits joint solutioné
A Stepsto the solution
1. Provide®Aq
2. Computet ©(CA)*
3. Solvethe simple inverse kinematicsproblem to find out actuation

variables—

4. Detectsingularities
1. — ml O
2. — T

3. Abovetwo casesoccurringtogether
5. Choose&he properbranchof solution

KNEE = sign(zs - (x3 X x4)) = sign(Sy)

HIP =sign(z; - (X3 X Xg) = sign(Ss)
6. ANKLE = sign(p’ - x5) = sign(Csy),

(a) (b)
Fig. 1. A Hubo KHR-4 Humanoid Robot.

In the double support phase/ multi-contact phase,a consistentposéfnust be
suppliedfor the IKproblemsatisfyingthe loop closureconstraints

M. A. Ali, H. Andy Park and C. S. G. Lee, "Closed-form inverse kinematic joint solution for humanoid robots,” 2010 IEEE/RSJ International Conference on Intelligent Robots and
Systems, 2010, pp. 704-709, doi: 10.1109/IROS.2010.5649842.




A survey: dynamics of humanoid robots

def [ T T]T Kinematics The equation of motion 2472 inertial frame
q= |98 49 Hgg Hpj||qp + bg| [0 n TCB '
defrr 1 1 1 1 1T | |Hf Hy]|g by | |t TC
q = [q[] 9 49 493 4, ‘15] o) niLe I ] ] (6+n) x 1 virtual joints
TrunkI‘LarmI Rarm| L I.egl R I?q Head res] _ i / _IEB(P’ q) o (p)ds o ‘_3 N
Jce (P, 9)qg + Joy(ps ‘I)q] =p. 11¢) = Jpes, J E](P, q) - | actual (dctj‘;ﬁfz floating-base link
1 Discretize N, S\
. S TCB C IEBk_
Jcekqs + Jokqy = Pck [ rc1:| = [ 15, Sk
Corners of the support polygon I I k=1 )
v v . .
Rigid surfaces in contact
i : ) ] g
H@i}i Hg; | —J BT _ng;BNl-, 0 O g i —bg 7 | (I: stationary contact)
Hg, Hy, —Jen o o 0 % q S b ‘ Por = 0 3Ncindependent equalities
Jecr Jon o - 0 -1 0 far | _ | —Jemds —Jend vl for >0
: : : : : : | L | for — (v for)wr || < psersl for
Ucene  Jone o e 0 0 1] | fen, | —Jeaneds — Joned)
(6+n+3NC) X (6+n+3NBMQ Pc (6+n+3Nc) x 1 . .
"0 : - P 70, v;Pcr=0
, L (II: sliding) Pox
LPCNe. (6+n+3Nc 3NQ x 1 For x (Vk — PKk [y ) =0
Robot extremity R
A Time evolution is described by a differential inclusion
_ A The problem can be converted to LCP (when * ) and solved T -
Surface in contact & The field of study is: Nesmooth/ hybrid mechanics (e.g. a bouncing ball) (III' Sepal‘ation) { V., PCk >0
v ' for=0

TomomichiSugihara &itsuharuMorisawa(2020)A survey: dynamics of humanoid robofgjvanced Robotic84:21-22,13381352,D01:10.1080/01691864.2020.1778524
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A survey: dynamics of humanoid robots

Centroidal dynamics

]+ (6] = L1 wre]

When the robot is in air:
HBBqB + HB]‘}J = hp( : const..

. =1 -1 .
qs = Hyghso — Hyp Hyq,

qy = Hy;(hgo — Hqy) + (1 — HyHgp)n

A These relations are important for felody motion
planning and control without affecting the gross

motion of the robot

h = HLq_ Centroidal Momentum Matrices (CMM)
hy = Hpq
[HL = [Hys Hy)] |[Hes Hy|[dp| [bs] [0] [7cs]
_ Ha. |Hy; Hyll4] [b] |9 Lrol
|:HL¢ + m‘g = bB
Haq

Overview of humanoid motion resolution:
A Dynamical requirements keep changing due to varying structure

A All motion requirements may not be satisfiable due to limitatio [ (A)
on contact forces (B)
A Stack of Task$67: Motions need to be prioritized. E.g., (C)
balancing vs performing a task (D)
A Prioritized Motion Resolution: Computing joint torque (E)

requirements based o80T

Conserved linear/angular momentum

Mechanical constraint (e.g. closed kinematic structure)
Desired contact with the environment

Desired (non-conserved) linear/angular momentum
Desired motions of effectors in free-space

TomomichiSugihara &itsuharuMorisawa(2020)A survey: dynamics of humanoid robofgjvanced Robotic84:21-22,13381352,D01:10.1080/01691864.2020.1778524
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A survey: dynamics of humanoid robots

Control frameworks for the synthesis of fbhlbdy motion: Challenges and active areas of research
A. Method I: Generalized Inverse dynamics/ dynamics filter A Exhaustive dynamic modelling of the humanoid robot includir
A Define trajectories of CoM and joints based $oiT Generate all nonlinear effects

the required values of accelerations A Handling the transition from contact to nerontact
A Compute joint torquesand contact forces usingoM A Exploring motion resolution methods
B. Method II A'YRSNAEGIYRAY3I KdzYFyaQ Y20A2
A Desired contact force is determined. same

A They are considered as intermediate to the system and
joint torques are determinedeither usingEoMor its
simplifications)

C. Method IIl: Resolved motion rate control/ momentum control

A CoM trajectory is determined using tt@oMZMP model
taking into account bounds on contact forces

A Consistent joint angle trajectories are resolveahd joint
torques required for tracking the same are computed

A A and B need torque controllable actuators.
A C has a longer history of implementation and {back drivable
position-controlled actuators can be used

TomomichiSugihara &itsuharuMorisawa(2020)A survey: dynamics of humanoid robatglvanced Robotic84:21-22,13381352,D001:10.1080/01691864.2020.1778524
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Hybrid Dynamics: Solving Equations of Motion with Contact and Impact

Equations of motion of a rigidody system in joint space,
subject to multiple frictionless point contact constraints

Hi+C=1+TX\ 2

é:M)\de: &20, A0, &T)\zo X
Constraint eq. double differentiated.
minimize %}\TM A+ Xd

Where’ M = TTH—l T subiect to A>0.

T=|t1 t tn, |

T T

ti = (Joe(iy — Jpe(y) M

G =m; - (vsc(i) — vpc(’i))
Where,

— iIs the contact separation velocity

5 Is the joint space/ generalized inertia matrix

Ais a vector of (independent) joint space/generalized variables
Fis the vector of joint space/ generalized bias force

Ws the vector of generalized (nasonservative) forces

= is the 6D unit force acting along the contact normal

«is= contact normal transformed in the joint space
f is the vector of scalars (Lagrange multipliers)

Simulation procedure:

1. Integrate forward in time, treating active contacts as equality
constraints

2. Monitor the system for two kinds of eventgeometric events
(contact gains and losses) and negativatact forces

3. If one or more such events are detected during the most recent

* integration step, then interpolate the system back to the momer
of the earliest event.

A If the event is @ontact gain(e.g. a collision), then apply
impulsive dynamics and identify the new set of current
contacts and the new set of active contacts.

A If the event is aegative contact forcethen formulate and
solve and identify the new sets of current and active conta

A If the event is a geometricontact loss then remove the lost
contacts from the sets of current and active contacts.

4, Goto step 1.

Featherstone R. (2008) Contact and Impact. In: Rigid Body Dynamics Algorithms. Springer, Boston, MA. https://doi.org/20808B9375607_11



ZercMoment Point- Thirty Five Years of its Life

Definition 1 (The notion of the ZMP): The pressure under supporting foot can be
replaced by the appropriate reaction force acting at a certain point of the
mechanism's foot. Since the sum of all moments of active forces with respect to this
point is equal to zero, it is termed the zero-moment point (ZMP).

(Vukobratovié¢ and Juri¢ié¢ 1969, Vukobratovi¢ et al. 1990)

Interpretation 1: ZMP is the point on the walking ground surface at which the horizontal
components of the resultant moment generated by active forces and moments acting on hu-

man/humanoid links are equal to zero.

Interpretation 2: ZMP is the point on the floor at which the moments around X and y axes
generated by reaction force and moment are zero.

Background

A Bipedhumanoidrobot is a tree type openchainmechanismwith all joints actuated except
the onejoint-- betweenthe foot andthe ground

A It cantopple in presenceof strongdisturbances

A The foot cannot be controlled with a DOF,but indirectly by ensuring the appropriate
dynamicsof the mechanismabovethe foot.

A Thus, the overall indicator of the mechanical behaviour is the point where the influence
forces acting on the mechanism can be replaced by one single force. This point was te
the ZerecMoment Point(ZMB.

Active forces & moments

V Gravitational force

V External disturbance

V Inertial force at CoM of
the humanoid &

x Joint torques
X Any other internal
forces & moments

of all
'med

+ I+

o o

N
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NMidingr,@nd®BranislaBorovac "Zeremoment point thirty five years of its life." International journal of humanoid robotics 1, no. 01 (2004)11537
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ZercMoment Point- Thirty Five Years of its Life

Assumptions:

1. Singlesupport phase (for this derivation)

2. Contact area is planar

3. Complete foot is in contact with the ground

4. Enough static friction is available so thhetfoot is at rest

Equations of static equilibrium for the foot

FindOP R+Fys+mg=0
O_ﬁxﬁ+0_éxmsg+MA+ﬂJz+a§xFA:O

(OP x R)" + OG x m,g + MY + (OA x Fo)? =0

Bottom view Schemaitid . P y e

First angle projection Y | A @D a "t

O :Y ' Y O

y AO P Y Y O
5 ® v 2F4 T GAa)
M, = My, = —(M% + (OA x Fp)?)

Front view U LHS view
0
O A 1
Y ® G z l
(c) (d) P : X

‘ + dz] 2 6 NMiongr,@id®BranislaBorovac "Zeromoment point thirty five years of its life." International journal of humanoid robotics 1, no. 01 (2004)1137




Forces Acting on a Biped Robot. Center of Pressdsro Moment point

Consider any poird on the sole
Moment of the forces acting at about0

Total normal GRF and its moment about

RP = (f p(P)dS) n = I’n, RP >0
S

M = ( /3 p(P)QPdS) Xn

(Tilting moment

Always in plane M¢ =M£n

A point Q wherd) is zero,0 © 6
(&)
R'n |
() L
: ,"le:’l.-"
Y
R”ni /

I | .f’ifc“
‘

R°=Rn+ R/,

9/

RP >0, R n=0

Contact wrenclhh

Ois the ZMP

Gravitoinertial

: wrench
R = mg — mag

M$=QGXmg—QGXmaG—HG

Total tangential GRF and its moment aboul

Rf:ff(P)dS, R -n=0
S

Mg = [SQP x f(P)dS AlwaysU to the plan€

COR) (3 ) can be defined as a point (axi
where the moment of contact forces is
purely perpendicular to the sole

(no tilting component)

SIMY, = DGxmg—DGxmac—Hg,
M%i X1 = (. Horizontal component of GIW is z¢

3 IS an axis where the moment of

gravito-inertial forces is purely the sole

P. Sardain and G. Bessonnet, "Forces acting on a biped robot. Center of pressure-zero moment point," in IEEE Transactions on Systems, Man, and Cybernetics - Part A: Systems
and Humans, vol. 34, no. 5, pp. 630-637, Sept. 2004, doi: 10.1109/TSMCA.2004.832811.




Forces Acting on a Biped Robot. Center of Pressdsro Moment point

Newton-Euler equations of motion (abo@oM):
R+ mg =mag
O+ QG x mg =Hg + QG x mag
Moments are written about general point Q
R’ + (mg —mag) =0
6+ (QG x mg— QG x mag — Hg) =0
Dynamic equilibrium R+ RY =0

5Q! f SY0oSNII Qa
& - Agz

Computation of COEMP

We have sensors providing s and we can compute
FindCoPusing this data
Using vector triple product identity:

M2 = OC x R

nx MY, nx M¢S
OC = Q = &
RP R -n

T ML+ MY =o.

Similarly, coordinates &MPcan be derived as:

gt
_nxMg

oD
R .n

COPRZMP coincidence can be seen easily from tHe &éjuations

The result is true even when multiple contacts are made with the se
flat surface.

The biped is dynamically balanced if the contact forces and the gra
Inertia forces are strictly opposite

P. Sardain and G. Bessonnet, "Forces acting on a biped robot. Center of pressure-zero moment point," in IEEE Transactions on Systems, Man, and Cybernetics - Part A: Systems

and Humans, vol. 34, no. 5, pp. 630-637, Sept. 2004, doi: 10.1109/TSMCA.2004.832811.



ZercMoment Point- Thirty Five Years of its Life

How to use ZMP in biped motion?
1. Gait synthesis
2. Gait analysis
A Compute the position of the ZMP using the expressions

A If the ZMP belongs to thiaterior of the support polygon, it exists. Distance of the
ZMP from the polygon boundary is a measure of stability of the humanoid
A LT wat SEAaGa G Ftf GAYS&a RdzNAYy3 | 13
cases ZMP =GoP.
A %at Aa IFSYSNrtfte O2YLWziSR FTNRY (KS W2
A Emergency strategies in the case foot areal contact shifts only to an edge:

A Generate internal moment such that the valueRéhoots up. This requires huge
reaktime computations.
A Extend other limbs (stepping ahead & lean against the help of arms)
Other cases:
A Ballet gait
A Unbalanced gait

A

o I Do

o

T> T

0 |
Future directions:

3 ﬁ( Pasume mae realigtie kighsDOF models 3

ZMP cannot be used:

A to detect foot slip

A when the ground is not flat

A when the arms of the robot are in contact with the

environment
GKSy GKS 31 AG Aa WReyl YA
SIae
Model the simplified dynamics phenomena in greater
detail
Better footground contact modelling
Foot split in two links with a stiff connection rather tha
a single rigid foot
Incorporate elasticity in joint actuation. Inclusion of
active stiffness.

A Achieve forceposition control of the elastic

actuators

Generate continuous transition of ZMP from SSP to C
and vice versa.
Strategies to tackle dynamically interacting ground.
Progress in building General Humanoid Dynamics

simulators like VHRP

+ dz] 2 6 NMiongr,@nddBranislaBorovac "Zeromoment point thirty five years of its life." International journal of humanoid robotics 1, no. 01 (2004}1187
KajitaS.,HirukawaH., Harada K., Yokoi K. (2014) ZMP and Dynamics. In: Introduction to Humanoid Robotics. Springer Tracts in Advanced RoldticsSpringer, Berlin, Heidelberg.

https://doi.org/10.1007/9783-642-545368_3




The 2D inverted pendulum model of humanoic

Assumptions:
A Robot mass concentrated at tf@oM masses legs, passive pivot joint at ground X ow
A The robot motion is constrained to treagittal plane Xz 0
A Theinputs of the pendulum are théorque _ at the pivot and the kickorcef at

the prismatic joint along the leg. f
Key concepts: :

L.
A Gravity compensatiorto the ideal model of a biped \qtb i
A Linear trajectory (not necessarily horizontal) of theMleads to a linear D~
A A conserved quantty named Orbial Energy is derved for the linear trajectdfiou ™ PO 770+ 20 = grsind = /M

9 y gy J {odrdinates: i —rf? + gcos® = f/M.

>

Intuitively, we can say the pendulum is keeping @@Mheight by extending g
its leg as fast as it is falling. We call this the Linear Inverted Pencobda " \

08 o ftime=0[s 0s
] ; o
i .. » - 0.4 ¢ 04 -
Mz = fsinf fif : . .
Y. Py ol o time = 0.68[s]
Mg .
f— B T T Y T TR
f = . x[m] x[m]
/ COSs 9 (a) f=0:Free fall of CoM (b) f=Mgcosf—Mré* : Fall down

z[m]
2[m]

(Condition for horizontal linear motion of Coll)

with constant leg length

M x

Mi = Coqg sing = Mg tan6 = Mg— Jom e e
PR (Linear motion of CoM, zero ankle torque) w / o= _

s - | KR -

o ' x{m] b ". v x[:] o

z(t) = x(0) cosh(t/T¢) + T,.4(0) sinh(t/T:) TR e e e it i

KajitaS.,HirukawaH., Harada K., Yokoi K. (2014) Biped Walking. In: Introduction to Humanoid Robotics. Springer Tracts in Advanced Robb@ts Spyinger, Berlin, Heidelberg.
https://doi.org/10.1007/9783-642545368_4



The 2D inverted pendulum model of humanoic

Orbital energy 2 — L) = 0
Z
Tr — —IXT = constant.
/ (it — Lo}t tant
A
l.o 9 »
—1° — —x° = constant = FE.
- 2 2z ’
A\ 9 2 1 :
7 —
/}(/’\ ‘m:r‘ev| — — @ |jjtop‘ =V 2E ﬁ Fig. 4.9 Specification for a walk of one step forward. We need support leg ex-
changes twice.
(a) 9 (b)

d e

i}

a b
A The sign of orbital energy can tell whether a step will be successful o€nbtwill

pass through or not). x_%)

L fo L
0 5, S, Te
Planning a simple biped gait: \/
A Support leg exchange happens instantaneously

position

A The final speed of the previous support phase = the initial speed of the new 3
support phase. o,
A Orbital energy may not be necessarily conserved during stepping 0
time
E(] —r— im2 E]_ — l.vz R E2 —_ imQ Fig. 4.10 Planned trajectory of the center of mass, position and velocity
s s ’ 9 1 2~ e

KajitaS.,HirukawaH., Harada K., Yokoi K. (2014) Biped Walking. In: Introduction to Humanoid Robotics. Springer Tracts in Advanced Robb@ts Spyinger, Berlin, Heidelberg.
https://doi.org/10.1007/9783-642545368_4



The 3D inverted pendulum model of humanoid

Assumptions:

A Modelling for single support phase

A The supporting point is passivespherical joint. This
A The pendulum consists of a point mass
Observations:

A A 3D LIP is a mere concatenation of two 2D LIP. This allows p = (x,y, z)T
sleparate c;ontroller design for the Sagittal and the Lateral q=(6,,06,, T)T
planar motions

T = (TT:Tpa f)T

Motion constraint z =kex + kyy + z¢ Equations of motion m(—zij + y3) = o

In cartesian coordinates MATRY T YR = T T Mgy,

_ _ x Y 2 [—kx-| In the most general case
Acceleration constraint /(=) f(=) f(=)—Mg] |k, | =0 (i — 23) = D o
[ 1 J Cy = cosb,,Cp = cos b, e e ) C.I, p g,

Force required to Magr _ 2 > . . .

o : — D=4/C."+Cp° —1, mS, i — mS,ij+mD3 = f —mgD %

maintain the constraints f 2 \/ ’ P Y / g

P i:{: quations of motion: Mi = (z/r)f

Equations of motion: 2 (With zero ankle torque) Mij = (y/r)f

(3D LIP with zero ankle torque) . g Y Y

y=_Y Mz = (z/r)f — Mg

KajitaS.,HirukawaH., Harada K., Yokoi K. (2014) Biped Walking. In: Introduction to Humanoid Robotics. Springer Tracts in Advanced Robd@ds Sgringer, Berlin, Heidelberg.
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The 3D inverted pendulum model of humanoid

Generating walking pattern in 3D

A Assume simultaneous support exchange in x as well as y directions

Walk primitive

A A trajectory symmetric about y axis is generated
A With [« Negative andf, positiveit turns out to be a segment of hyperbola

A 1t is defined by the terminal positiorofo

- %ﬂ = =
| NN

" 03 " 03 " 03

nll 2 3 4 5
s$10.00.30.30.3 0
s010.20.20.20.2 0.2

T T T T T
D15 |
- - G---- : ¢ -~
ol [ I i t 1
\ 0 ; | |
I : J !
- i \\__,_/ : \'\.__ / \J
i N
of & — = : | ; v -
& o : &-=-== &
L
0 0.03 0.1 0.15 02 03

X [m]

(a) View in 3D space

v,
=
=
—~—
¥4
=
0
time Tsup
Uu
=
Z
> 0
=
_r{_)y
0 time Tsup

(b) time profile the velocity
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Control of Walking Robots Based on Manipulation of the Zero Moment Point

Control dynamic walking of a biped without prescribing the ZMP trajectory. Insteadeference position of the trunk of the robot is specified
The objective of the proposed method is to obtain a smooth and soft motion based etimealeedback control.

Inertia force

5 /
‘ 6
ZMP

Biped approximated as
a 2D inverted pendulum

n
»

B
— »®

N
.

0 X

| |
I |
R

A possible trajectory of the point mass
and the ZMP during dynamic walking

Equations of motion of the point masse:

1 mi = f,

mi = f, —mg g

Definition of ZMP gives us:
My = —(x —6)(m)(g + §) + (x)(mi) = 0

5= 0 +8) — 3%

ytg

Consider ZMP motion 04l a constant velocity
given by:

3

0 S5(1)=6+ 7 t

LIPM case:
Recall the homogeneous solution:

x(t) = x(0) cosh(t/T.) + T.2(0) sinh(t/T%)

Particular solution:

1 1 &6—6
® x()=(x,— S)cosh — t+a(y,— T_) sinh—t+Tr+§,

(84 (83

Controllw ™Q andw

Actuation signalZMP

Assumptions:

1. ZMP can lie anywhere in the contact patch

2. Arbitrarily positive forcéQand™Qcan be
applied once ZMP is inside some bounded
stable region.

Control law:  f,=h,s—y— y+mg
my+y+y=nh,, 0
» mi = f, = f, tano
v . o h'rcf
Bx —x+6=0 (y_ljgﬁfﬁ = )
Control law: O=2X — X, s+ 1X.
xh‘f’yk_f . Mi=f, . .
'_’ f).=h,ef—y—y+mg f:' fy x,-’f,y,}’
l my = f, —mg >
0=2x—x, +x

System dynamics

x—6
(f, = £)
y y <

Mitobe , K., Capi, G., &Nasu, Y. (2000). Control of walking robots based on manipulation of the zero moment point.

Robotica, 18(6), 651-657. doi:10.1017/S0263574700002708




Control of Walking Robots Based on Manipulation of the Zero Moment Point

) Controllerxr
Control loop for center of gravity i
i 1 . P ¢ . Feedback loop
xref ; u= ; {kpy (y i )+ k,,y = mlg} x’ef for body position control X, x
yref 1 . . x. : + u:l{—k (y——y )-k y+mg} ‘—ﬂ
5=x—;{km(x-xﬁ)+ kwx} RS Vs 5 vt )~ Koy .
—P 1 . 4
5‘ 6= x+;{kp,(x —x,,,)+ kwx}
u | —~ ZMP limitation
Contral loop for ZMP
+ e Control loop of ZMP ZMP limit
o =au a, = (5,6, — 5, - dc, f=(5sin0—€)1 @—
T, =-au a, =(s,¢, —gs,)l + 8¢, 7=380coséu ji
: 1 1
...................................................................... Fd z
G'T Taz == X%
mico®) —misind| | x| |-mlgsind| |7
c¥—8—gs =" X . o | F =
1 V88, mi X X > msind  mcod | |y| | mgod | | f e
. ¥ v,y
CX— 85,y 85, = f%f 2L > Biped robot
Robot dynamics

Mitobe , K., Capi, G., &Nasu, Y. (2000). Control of walking robots based on manipulation of the zero moment point. Robotica, 18(6), 651-657. doi:10.1017/S0263574700002708




Control of Walking Robots Based on Manipulation of the Zero Moment Point

_ _ 100 — ety il 400 — — ——
A biped model with Xrof .
- N 50 Xposi S o
two motors with \4 \, : 300 / \
encoders in each leg E O¢ - P 7 £ .
£ ‘ / ) E 200 Yref Yposi
x -50 \/ - /\ v* >
100 \ I ’ 100
_150 _.‘ '} 1 L M——— - [E—— 0 L e | L - AR
>
o X 0 1 2 3 4 5 & 1 0 i 2 3 4 5 6 7
Time [sec] Time [sec]
A biped model with 250 | - —
prismatic actuation with 200 | Y\wf Yiosi
rackand-pinion and a _ = 150
motor at the ankle E E
. ‘ > > 100
/A 50
T W T — T A L A A i A 1 1 1 i 0 A . 4 L L 1 b L— 4 4 L 1l
0 1 2 3 4 5 6 7 8 9 101112 13 14 01 2 3 4 5 6 7 8 9 10 11 12 13 14
Time (sec] Time [sec]

Shortcomings:

A Formulation assumes massless legs.

A Insufficient stability during the walk. The robot fell down after a few steps.

A Different ZMP interval was needed for each step, i.e., the experiment was not satisfactorily repeatable.

‘ Mitobe , K., Capi, G., &Nasu, Y. (2000). Control of walking robots based on manipulation of the zero moment point. Robotica, 18(6), 651-657. doi:10.1017/S0263574700002708




Capture Point: A Step toward Humanoid Push Recovery

A humanoid robot can maintain its balance on being pushed in three-ways
A adjust its CoP (mainly ankle torque), m
A generate internal angular momentum (hip flexing, windmilling arms etc) and B
A taking a step '
Simplified model assumptions N e
A All the assumptions of the 2D inverted pendulum model. The model now has a flywheel at the
CoM.No torque at the ankle.
Capture point gives us a principled approach on where to take a step Recall Hip height
: — 2 2 QR | D . —
Orbital Energy for LIP: Erip = 51" 9. €r \|
0 3»,\ mi = fusinf, — % cos b,
77 7"7 . . Th .
_ . q yd P iy mzZ = —mg-+ fpcosl, + T sinf,
On vanishing the Orbital Energy for = = +x,/— /"’\ /’/‘m\\ )
. Z{] (@) (b) JO, = T
the next step we get:
FErip <0 ELIP >0
: . <0 g 1
Unique Capture point for LIP:  Teapture = T4 — Tt T
(No flywheel motion) g ) 1
O, = _ITh

b2g> O2YyaARSNI FftegKSSt b [Lt Y2RStY ¢|FI§)rliﬁ%1rfrmn(Dmc2®foM7\é

J. Pratt, J. Carff, S. Drakunov and A. Goswami, "Capture Point: A Step toward Humanoid Push Recovery,” 2006 6th IEEE-RAS International Conference on Humanoid Robots,
2006, pp. 200-207, doi: 10.1109/ICHR.2006.321385.



Capture Point and Divergent Component of Motion (DCM)

Let us start from the equation of motion of the linear inverted pendulum, where all the mass is Recalll
concentrated at the center of mass P :

. . g
Pg = WZ(PG —Pyz) r = =X

We assume that the robot steps instantly at time ¢ = 0 and maintains its ZMP pj at a constant
location in its new foothold, so that P is stationary. Since the natural frequency w of the pendulum
is also a model constant, we can solve this second-order linear differential equation as:

wt

pe(t) =Pz + - |po(0) + ﬁﬂﬁf“) N pz] 4 ‘3_; [pG (0) - 'ﬁ’GuEO) b, 2(t) = 2(0) cosh(t/T.) + T,(0) sinh(t/T,)

This function is the sum of a stationary term P, a convergent term factored by e “! that vanishes
as t — oo, and a term factored by e“t that diverges as ¢ — ©0. Let us define the capture point as:

. . [<0
def Pc Leapture — Ty [ —
Pc = Pg+— P %I time = O[s] — time = 0.68[s
W 0.8 MOOOD 0 L 2 0 0
0.7 !
The divergent term in P (t) is then et /2(pe(0) — Pz)- In particular, the only way for the center oo
— 0.5
of mass trajectory to be bounded is for the stationary ZMP to be equal to the instantaneous capture 5 o
- 0.3
point: o
0.1
Pz = Pc(0) = pg(t) :’O Pc(0) mo_
. . 0 U:Z U:d 0.6 0.8 :I 1.2
x[m]
We can thus interpret the capture point as a point where the robot should step (shift its ZMP) in (d) f=Mg/cos@ : Coll accelerates
order to come (asymptotically) to a stop. while keeping the initial height

Source: https://scaron.info/robotlocomotion/capture-point.html



Capture Point: A Step toward Humanoid Push RecogentdX 0

Capture Region based on ideal cases: ao= 9. 1
Generate Impulsive torque causing an instantaneous angular velocity change <0 mzo
. 1
. . : O, = —=Tn
S L NG ) < eapture < ()2 (=~ 2By, ) Ai = —=LAd, J
g mzo 7] mzo
Instantaneous change in the angular position of the flywheel Az = —-L A,
@E — iﬂgbmw < mcaptu*rc < @’I‘ — LAG{,_"”.?L .
g mzo g mzo Useful upper bounds to the capture region

Capture Region based on torcdimited and angldimited flywheel
The bangbang torque profile gives us the quickest stop:

=
o)

T”) = Tmazx ”'{t) - 27—1‘;:{:.;'”‘“ - T”l } + T‘Hrrr.:"”'“ - Tﬁ“.!}

. . . 06
The solution for capture poink, then is
1 Tmaz (I_,_JJ‘TH: — 2¢W(Tr2=Tr1) | 1) 0.4
Tg=——1=T = —
v w Y mq ewTha

=
)

Nondimensional Capture Region

The other boundary of the Capture Regisrobtained using i | | .
the torque limit _;, = I E =R E

Nondimensional Maximum Torque, ELLN

J. Pratt, J. Carff, S. Drakunov and A. Goswami, "Capture Point: A Step toward Humanoid Push Recovery,” 2006 6th IEEE-RAS International Conference on Humanoid Robots,
2006, pp. 200-207, doi: 10.1109/ICHR.2006.321385.




Capture Point: A Step toward Humanoid Push RecogentdX 0

0.05 Pushed Walking to stop
E _ E D?__// .
: 3 ° // /
g F\// L= £ 02
0.05 05 1 15 ™y 0 1 2 3 4 5
& 02 ' ' = 1
2 1]
E 0 E 05M
=
g -02 g o
> 04 . . ] g
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Z E s0 —
2 =
= D =
J s 0
s 5
=3 S
I - i i
mﬂa 0.5 1 1.5 el £ -50 — -
. Time (seconds) 0 1 2_ 3 4 5
No step required Time (seconds)

J. Pratt, J. Carff, S. Drakunov and A. Goswami, "Capture Point: A Step toward Humanoid Push Recovery,"” 2006 6th IEEE-RAS International Conference on Humanoid Robots,
2006, pp. 200-207, doi: 10.1109/ICHR.2006.321385.



Energy Management Through Footstep Selection For Bipedal Robots

Capture Point based stepping on uneven terr&assive planar nelnear inverted pendulum (NIP) model

New concept: Curve of Equal Energy

Continuous dynamics:

mi20 = mgl sin 6

Impact Dynamics! about the touchdown pt. is conserved

Gives u® fromo

X =

1" 1 1 o 0]~
ol =10 -1 o p
0 0 0 coso™ 0

Curve of capture©® 7Y

Aoy = Rep (E™, Ah)

Curve of Equal Energ@:

Azap—o = Rag—o (E~,Ah)

O orv

v

0

%sin@

Energy Variation with Step Location

(a) Fall region

+
E* <mgl (b) Curve of Capture

l / E* =mgl
"

(d) Curve of Equal

step height Ah [m]

Curve of Equal Energy

curve of equal energy

AXpp o= RapolE + AN)

Degree Polynomial Fit: 4
R? = 0.9924

f”f’ ;qy Accumulate ne’gy 5 N :
T region (e) Sfore y - e 6
A peC[' . 02 ize b){ \m\
walking I_’fallmg & VY, step S
} A+
mv" = mlo
o Curve of Capture
gnergy_dlsmpatlon
ue to impact
. curve of capture
mv~ = mlé~ pt

(a) Pre-Impact State x~

(b) Post-Impact State x~

, touchdown
“ point

step height Ah [m]

ene: |; B —_
gy befo,-‘a o
e/

Degree Polynomial Fit: 6
R? =0.9719

0 S~ g
mpacfE‘[; < 02

Ax _=R_(E, Ah)
cp cp

. 08
=l !
o ' op 572 Ax\

S. Crews and M. Travers, "Energy Management Through Footstep Selection For Bipedal Robots," in IEEE Robotics and Automation Letters, vol. 5, no. 4, pp. 5485-5493, Oct.

2020, doi: 10.1109/LRA.2020.3003235.




Energy Management Through Footstep Selection For Bipedal Robots

Results:

Phase Portra|t with Step Locatlon

Ol ( FaII region f|
| (a) -

05 (b)
Y v // Dt Energy Management
Z Equal ’ Through Footstep
£ BT (c)—\ ° Selection For Bipedal
> '/:é/l/ P S, \ RODOtS THE
a (d) P % ROBOTICS

-2.5 N
x Initial energy \ |NST | | UTE
3| . Accumulate RS ' %

region VDGR Da=

-3.5 ' 1 i 1
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
6 [rad]

Avenues for further work:
A Extend to 3D walking
A Extend the work to AMPM

S. Crews and M. Travers, "Energy Management Through Footstep Selection For Bipedal Robots," in IEEE Robotics and Automation Letters, vol. 5, no. 4, pp. 5485-5493, Oct.
2020, doi: 10.1109/LRA.2020.3003235.



Reaction Mass Pendulum (RMP): An explicit model for centroidal angular momentum of

humanoid robots

A Inverted pendulum models ignore the significant centroidal inertia

A Angular momentum control is essential in maintaining the balance of-adady

humanoid robot
A Planar RMP model: five generalized coordinates
A Composite Rigid Body (CRB) inertial(aboutCoM):

0p — Z Op, — ZnIa_uvi

It is Instantaneous generalized

=Tvy+ ) Adg-11id i qq inertia, assuming that all of its

joints are frozen.
="I(vo+ Aq)

Physical description Generalized coordinates (forces)

2D iD
Radial distances of three pairs of | r (f) ri, T2, T3
point masses forming the ellipsoid (f1, f2. f3)
and their actuation on linear tracks % b7
Orientation angles of the ellipsoid | a (7) a, B, =«
body and their actuation (71, 72, T3)
Leg length and its actuation r (f)) r () A,
Leg orientation angles and their | @ (7p) 0, ¢ (1p, =
actuation T¢)
CoP position and ground reaction | zoop TCoP, & r
force (Rz, Ry) | yoor ) , L

(Ry, Ry, R2) \ -

\"" fJ’

Equations of motion for planar RMP model:

fi = M#; — Mr;8* + Mgsin6

f = Mi — Mr( + &)

rg = Mr?0 + Mr2(6 + &) + 2Mryi46
+ 2M7ri(0 + &) + Mgr; cos 6

r = Mr2(6+ &) + 2Mri(6 + ).

S. -H. Lee and A. Goswami, "Reaction Mass Pendulum (RMP): An explicit model for centroidal angular momentum of humanoid robots," Proceedings 2007 IEEE International
Conference on Robotics and Automation, 2007, pp. 4667-4672, doi: 10.1109/ROBOT.2007.364198.



Reaction Mass Pendulum (RMP): An explicit model for centroidal angular momentum of
humanoid robots

Equimomental inertia ellipsoid (about a reference point)

1. Ellipsoid with uniform density = mean density of the robot

2. Rotational inertia about any axis same as that of the robot (at that instant)
Robot® RMP is a mapping to lower dimensions

Ly e [y m
O o o | cemaese [» T o= gledad) @
o O © m o, T

2
5

( 15 )% (—o1 + 02+ 03)
870/ (01 — 02 + 03)(01 + 2 — 073)] 10
a2:(15)% (01—02+03)% 1
87/ (o1 + 03+ 03)(01 + 02 — 03)] ™
(15)% (01 + 02 — 03)
[(

—01 + 02+ 03)(01 — 09 + 03)]"

eigenvectors _m, 9 2
"O uo "O T T g9 = g(arl + a3)

—_—
Rotational inertia of Principle moments of 5, — (42 4 42)
the humanoid inertia 5

=

_ 4
m = §7ra1a2a3p

[=]

The CRB Inertia Jacobian and Inertia shaping:
Find variation of the inertiav.r.t. the joint coordinates
Control the aggregate dynamics of an articulated chain by controlling its CRB inertia

O = (TO:' q)

5T =J 700 We cannot arbitrarily specifualways
~ 1 1. The freefloating

oI = Jg,(To 0T0) + J 1,09 ” 2. Single support

3. Double support
Take proper pose while achieving the desired CRB inertia

00, = J4o(I,— 1)

S. -H. Lee and A. Goswami, "Reaction Mass Pendulum (RMP): An explicit model for centroidal angular momentum of humanoid robots," Proceedings 2007 IEEE International
Conference on Robotics and Automation, 2007, pp. 4667-4672, doi: 10.1109/ROBOT.2007.364198.



A Biomechanically Motivated Twehase Strategy for Biped Upright Balance Control

Atwo-phase control strategy for robust balance maintenance under a force disturbance is presented
A Phase 1Thereflex phaseén which the body generates a rapid movement to absorb a disturbance forg

A Phase 2: e body attempts to recover its original posturethe recovery phase

Stability of upright stance/ Home position controllability

A CoP interior of the foott the system has the flexibility to withstand a perturbation
A CoP boundaryt Loss of a degree of controllability and the system becomes uackeiated

Objective: Maintaine . while generating internal angular momentum

Fig. 1. A typical strategy employed by human beings in response to an
external disturbance [16].

Position of ColZMP H_ = A(q)q Absorbing the disturbance: The reflex pha:
. _nx(HG+rCG><m(aG—g)—rCFXF) L = D(q)q.
cP : s o
n-R H, = A(Q)j+ A(q,4)q ) |
Note. n-rocp =0 L=D@ij+D(g,d)q. T=M(q)q+C(g9)+G(q).
mag = F + R+ mg L.=D.g+D.g. Find required
_ ) Momentum controller: Joint torques
H.—-y.L y.F,. Produce’O and regulate)
SO T H, =k (x, —x,) Q{AHH;_AQJ
: L =—k,L — D | \L.-D,g
d=L +mg x 7

M. Abdallah and A. Goswami, "A Biomechanically Motivated -Phase Strategy for Biped Upright Balance Control,” Proceeding$ef2005 IEEE International Conference on Robotics ar‘

Automation, 2005, pp. 1998001,doi: 10.1109/ROBOT.2005.1570406.




A Biomechanically Motivated Twehase St

rategy for Biped Upright Balance Control

Going back to the home position: The recovery phase

A Minimize the joint torques due to gravity in the
home position, i.e., minimizg'Q|, which also means
finding a stationary point ad maximizingw

v’ -
= T=M(q)4+C(q,9)+G(q).
oq
The Gradient method: maximize the potential energy

g = kG

The Hessian method: minimize the gradient (is zero at an extremun
q=—k[%Z]'G

Full simulation:

1555

Os 05s 1s 2s 25s 3s 4s

Fig. 9. A disturbance force of 300 N was applied to the robot for 0.1
seconds. The full Reflex-Recovery Strategy was used. The controller
absorbed the disturbance during the first 0.1 seconds and then recovered the
natural posture.

A Toppling force for the stiff robot: 96 N.
A Toppling force with the controller: 300 N for a duration of 0.1
seconds

Shortcomings and avenues for extension:
A The concept has been illustrated on a veryd®F robot without a

pplying realistic joint and torque limits.

A The controller starts right at the moment disturbance force is applied. There would be a lag in a real system.

A The concept can be tested further on a thréienensional higkDOF

robot.

A The control strategy can be expanded further to analyse the usefulness of including an active toe link in the humantid(efeslide)

M. Abdallah and A. Goswami, "A Biomechanically Motivated -Phase Strategy for Biped Upright Balance Control,” Proceeding$ef2005 IEEE International Conference on Robotics a

Automation, 2005, pp. 1998001,doi: 10.1109/ROBOT.2005.1570406.
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Centroidal dynamics of a humanoid robot

A Refocus attention t@entroidal dynamics.e. write quantities like linear & angular momentum of the robot in the CoM fram

A Introduction of novel concept: Average Spatial Velocity 'y
trix *

A DevelopO(N) algorithm to compute quantities associated with centroidal dynamics such as Centroidal Momentum

A Momentum-based balance control that directly employs CMM and its advantages

R Ll P h=1Iv 1
VI_[U!':I_ (i) Vo) + ®i Qi _ T = —V Iv
h=A q. 2
0
F’U] —
Xp(i) = [‘R ”5(””]),]"' R (”i| A=11J \' =VC +V; = XG \/¢ + V,
” 6 =[%g X . XL ]
h{:[ ]_Iv’ Ac=XLA=XLT I Lo
¢ =XgA=XgI1]J T:E‘V(rff,v{; E(‘F} Iv
m; 8(¢;) T 4
_ he =X1 A
I; I:m; ‘3((:, m; 1 i| G (’ 1
T Jem - - T hg = Xé.: I'v.
L = "+ m; S(ci) S(ci) N N (Joint Space )
he =XLIvE = XL IXeve (or, Conﬁgurahon Space)
T G G G GVYG (n-dim)
v=|vi.vi v ] N ) ) )
] he =) Xt hi=X(Gh
L . _ CoaT | T i1
% q=\|9;-9>.-.-.94; l]N] = System Space
S ot o o ur hc =Ac(q)q (6N-dim)
o J=[31 35,90 3] ] 5
= ~ - [kl _ . _[Ic 0 wG No internal motionX“_E
..G_') vV = J q k(, = l(_'; = l(; Vg = 0 M1 VG :
n T E
TWT o7 r - T ] . CoM Space :
7= [hl T hN} .| 16 =xL1X; Centroidal CRBI [ o Tk Spaco ] @
I =diag[ly, L, ... L, ... Iy] voe = (Ie)  he velocity momentum
h=1Iv

‘ Orin, D.E., Goswami, A. & Lee, SH. Centroidal dynamics of a humanoidAtaboRobot35,161¢176 (2013). https://doi.org/10.1007/s1051@139341-4




Centroidal dynamics of a humanoid robot

O(N) Algorithm for
computation of CMM
N=d.o.f
inputs: model, ®;, X, q;
output: Ag, hg, Ig, vo
model data: N, p(7), I;

I =0

for 2=1to N do
I =1,

end

for i= N to 1 do
c _ qC ixT 71Cix ..
Ip(-‘i) - Ip(?’,) + Xp('.f_.) I Xy (i)
end
hg =0
fori=1to N do
Xa = Xy P VX
= (Ag); = XT 19 @,
) hg =hg+ (Ag)iq;
end
Ic = X2 1§ X
ve = (Ig)" ! he
The processdoes not seemto be of O(N)

for constraineddynamicgwhichis the most
encounteredcase!)

Writing centroidal momentum of the robot in presence of constraints
3

p
Lsqs+Lpqp =0,

hc =Acq=Ac Q [gi} = Agsqs +AgpQpr

\ hc = (AGP — AgsLy' LP) qr = A;qp

J

Postural balance control usirf@@entroidal Momentum
Set point regulation problem:
Maintain position & spatial (6D) velocity of the CoM

A dim(ctrl inputs) = dimgy) > dim(states to be controlled) = 6

A Balancing against external disturbances or balancing on nof

stationary ground problem is tackled via momentum control
instead of directly controlling the CoM pose.

Ig.a/M = Ty (vg.a —vG) + Tia(cg.a — ¢6)
kc.a = I'2 (kg.a — ki),

A Optimal control problemminimize the following qty:

w|lhG o — AG dp — AG dpll + (1 - w)lldv.a — Gull
Further details on control strategy are discussed in another article

Centroidal Dynamics of

D.E. Orin

Ohio State University

a Humanoid Robot

S.-H. Lee

Gwangju Institute of
Science and Technology

A. Goswami
Honda Research
Institute USA

Trunk Bend Angle (deg)

-==Arms Locked
- Arms Unlocked

Time (sec)

Orin, D.E., Goswami, A. & Lee, SH. Centroidal dynamics of a humanoidAtaboRobot35,161¢176 (2013). https://doi.org/10.1007/s1051@139341-4




A momentumbased balance controller for humanoid robots on
non-level and norstationary ground

Gap: Robust controller that can deal with: Control Strategy: Pk
ADiscrete and notevel foot support + 1 2 3 4 Somi
ALarge unexpeCted and unknown dISturbance Desired Admissible Admissible Joint Joi;\t J i ©

. ) ~ TG ‘\ :
AMOVlng Support Momenta ) Foot L) Momenta L Accelerations - Torques 1 = \) i pP=k
. . Rate Change GRI‘:KCOP Rate Change . £ L | \mg = /'
Slip and trip kL, f.p, k.1, 0, r ] : S

A specified rate of change spatial momentumis UTPR——— T ¥ ‘ @

. ] . esire ‘o ion of Upper U Pc-—k

used to define the control objectives Body Joints and Feet Robot e,

0.T,,.v, A
p Y Al
The motion is adheres to these constraints: W o e
1. ZMP~ the interior of the support region *In the double support phase, k=(p—rc
i . - — (p rg) x f + Ty

2. Normal GRF is always naergative since the robot becomes redundantly actuated,

3. Tangential GRF satisfies the friction limit the ankle torques are minimizeavhile retaining all I =mg+ f

GRFs and CoP are computed for each leg separate]ythe other constraints

. . ) 3
Equations of motion: Feedback control policy: feR LT JT\T & R6
1':H(Q}‘fi‘i'C(Q—é)é‘|'Tg(Q}_J?fg I;:d:rn(k{g—k} pERz ( ’ ) <
0=Ho§ +Cod + 70— Jofc CoMdynamics lg/m=T21(FGa—Fc)+Tn(rcd—rc) T, €R
1, =H§+Csqg+1,,—J!f. Postural balance: desired momenta set zero. One to one correspondence Bet
_ _ Spatial momentumand GRFCoP
0=J(Q)¢  Loop closure constraints What happens when one of the said constraints is
0=JG+Jg violated? P.T.O.

Lee, SH., Goswami, A. A momenthased balance controller for humanoid robots on Hewel and norstationary groundAutonRobot33,399%414 (2012).
https://doi.org/10.1007/s10514012-92947
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A momentumbased balance controller for humanoid robots on
non-level and norstationary ground

1 Admissible foolGRFand CoP
A. Single support case:

i. Find the GRF|}

i. Solve forry

B. Double support case:
Find GRIEOP separately for each foot
Split the contributions due to GRF and ankle torque

P P . . .
ms cOmpromized k=kys+k; —
A case Wherel leads to a fall: v AT
In this paper preservation @ is given higher . Ankle
priority as it allows for posture maintenance l=mg+f,+f

without stepping. ti=—[f;1xRidi + RiTni
Gap:Design a smart controller take appropriat Minimize:
decision based on

A Environment conditions

A Status of the robot

D

Lee, SH., Goswami, A. A momenthased balance controller for humanoid robots on Hewel and norstationary groundAutonRobot33,399%414 (2012).
https://doi.org/10.1007/s10514012-92947
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