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Modeling and Essential Theories




Kinematics
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Rotation matrix Rﬂ;:
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Orthonormal matrix

9 elements

-3 orthogonality relationships
-3 unitary relationships

= 3 independent elements

Eulerangles 19 & 4}

Non unigue and singularities

Unit quaternions {kﬂ: kv}

k[} + kv?mg‘l_ kv,yi'_{' ksz

Transformation matrix
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Direct Kinematics

L

EIT L

9'1_

- 2\
&Iy
Joint |« Task Ta
Space Space * = | .
) \ L )

Inverse Kinematics
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When Jacobian loses rank.

Manipulability vs. Singularity

How far from singularity?
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Redundancy J# _ w177 (Jw-1T)-1 Weighted pseudo-inverse  ;#
w ( ) Differential inverse kinematics: ¥
P J# — g7 {JJT)—I Minimization of:
P | R —
O Moore-Penrose Pseudo-inverse J#
m < n Unique and always exists
. . ~¥ Such that (almost ident. for weighted):
T = Jmxnq
N . JIFJ=J J#JJ# = J#
ANKAEMIKA Non-invertible Jacobian
» Inverse kinematics problems (JJAT = gg# (JFI)T =J%J
Null-space control
. A — (T J# Té !
No motion 0=Jqy » gy =U - JyJ)g
NoWrench 75 =J70 » JLTfTTN =0 » T = (I — JTJI,T;T)T’ ‘< —
Task prioritization
q=Jia+ (f — .I;E"E,J) q On velocity level
r=JTF 1 (I _ JTJE*{-FT) ' On torque level

A r echnica
Primary task ~ ~ ‘&. Secondary task HQM;‘SIJ_Bﬁ ‘Qtﬂ Qfm“;hﬁ;si:% m
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Mansfred, N., Djellab, B., Raldua Veuthey, J., Beck, F., Ott, C., Haddadin, S., Improving the Performance of
Biomechanically Safe Velocity Control for Redundant Robots through Reflected Mass Minimization
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Redundancy

Pushing the end-effector from
the side induces a motion of the linear axis.
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Dyna miCS Direct Dynamics
(1) (L o)
71 q1 41 g1
T T2 | | — 22 gz | (42
. Fin = Mi - RN
T‘i"t- Q'i"t- gﬂ- Q'i"t-
N - 7
T3
'd Inverse Dynamics Euler-Lagrange method
T2 £57 43 ‘-?4 (energy-based approach)
2 7o = M(a)ig + C(g.4)q +9(g) (symbolic)
/0 c(q.q) vs.

Newton-Euler method
(Wrench balance approach)

Fi = J* (q)Ti = My(q)é + Cu(q, )& + F, (numeric)

Skew-symmetry of:

M(q) —2C(q.4)
Operational Space Dynamics N My (q) — 2Cx(q,q)

T
M.(q)=J" (q)M(q)J%(q) & e R —» WeR" = v'lTv=0

& skew-symmetric

C:(g:4) = J* (q)C(q,4)J*(q) — M.(q)J(q)T%(q) MS%M ) m
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Flexible-joint robots

Fully coupled model
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Reduced model (Large transmission ratio)

M(q)g+eclg,q)+g(g)—T7=0 <
Bﬂé + T =T <}:| BO + T7=Tm

. . motor
K(@—-qg)+D(0—q)=7 K@-q)+DO-4q)="7; o
v transmission
@ with: Joint torque sensing
Inertia shaping
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Collision Handling

Collision event pipeline

Monitoring Signals = e m m e - - - e pmtetedelede bt T-——————————— |
I 1 I 1 I
Context T T T T T
I I I i I
'1' \ 4 \4 \ 4
Pre- ; : Identificat Classificat :
———— Detection Isolation : - Reaction
10n 10n
contact point x, Text (1) {accidental, intentional}, {stop, slow down,
{FALSE, TRUE} contact link {light, severe}, retract, reflex control,
i €{1, .., n} Fexi(t) {permanent, ... impedance relaxation,
..., transient, repetitive}, task relaxation, ...}
T
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External Joint Torque Observer

Generalized momentum: p=M(q)q

r(t) = Ko [p(t) —fﬂ (ts+C"(q,q)q — g(q) +7)ds —p(ﬂ)}

k‘) = —Kor+ KoToxt

ri(s) _ Koy
Text,j(8) 8+ Ko,

Component-wise:

Ko — oo =3 T = Text
Collision on the i-th link: r=1[x... %0 ...0]
t+1 n
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DLR Lightweight Robot

SO1000Y U0 suonoesuel] 333 1o} pardasoy

‘UoITeDIJNUSP| PUR ‘UoNR|0S| ‘UoNJ31aJ UO ASAINS Y :SUOISI0D 1000y “(2T0Z) 'V ‘1aieyds-ngy v ‘ean aq 'S ‘uipeppeH



Collision Handling
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Model Identification




Identification Procedure
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Experimental Results
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Choose Parameter
Estimation Algorithm

Signal Processing
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:— 'bll Parameter Estimation .I-(

! ¥
Not Satisfied
L Validate Model = SR

Satisfied
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Accurate Model Accurate Joint
! Parameters Torque Prediction
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Control Design
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Joint Impedance Control

DLR Lightweight Robot

Desired impedance behavior: qg=4qg—4q,

M'g+Dg+Kq=Tex T Wl

Robot dynamics:

( L M(q)g+C(q,q4)qd +9(q) = Tin + Text
\

<4 Required control input:

Tin = M(@)ds +C(q,0)q — M(@)M' 7 (Dg + K@) + (M(@)M'™" — I)Texs +9(q)

Avoidance of inertia shaping: J;Hr:___r M{qj Vs No need for external joint torque sensing

D —» D+ Cl(q,q) ‘J’ ~=PD+ controller

Tin = M(@)da+ Cla,4)q, — Dg — Kq+ g(q) |
g,=0 » Compliance control
Closed-loop dynamics: ) L ) Tin = —~Dg — Kg + glq)
M(q)g+ (D +C(q,9)q+ Kq = Tex
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Cartesian Impedance Control & Damping Design

Desired impedance behavior (without inertia shaping):

Required control input:

Tin = JT ({I) [Mm ({I)fﬁd + Cm (q’ !}J:hd — D‘EEE - Km{ﬁ] + g(q) Tin = “ﬂ.[q] -

Design of stiffness: Constant & defined by the application (Normally symmetric & positive).
Design of damping: Constant & diagonal not good.

) . _ , 4 - e.g. based on general eigenvalue
Non-constant & non-diagonal inertia ’ Kh‘ decomposition of symmetric matrices

For any positive-definite matrix A and symmetric matrix B, QTQ — A
there is a non-singular matrix Q and a diagonal matrix Bsuch that: o
Q"ByQ =B

In quasi-static case, at each position €L — _f(qnj
I.I, Mx(@ﬂ)&:’—}_ﬂm(mﬂji ‘f‘Kme = FEKL
Q(x0)TQ(x)x + Dy (o) + Qo) T Bo(x0)Q(x0)E = Fext

i-th diagonal i=1, .

.. B H
-D:r; — 2@ Td_iﬂ- gﬁ,\/b_“ Q element of By . 1
(mﬂ) (mﬂ) g{ \\\)—4—___—{11://4'}1/ amping factor: MS%M

=g =1
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Stiffen up!




Adaptive Impedance Control

Cartesian impedance control with the feedforward wrench

Tin = J7(q) [Mu(q)Z4 + Cu(q, @) — Dot — K& — F;H] + g(q)
1:.
K:r:(t) = K:t(t - T) + 0K,

Fy(t)=Fpp(t—T)+0F g
Similar to the principles of motor adaptation:

5K, = ax(diag(e o &) — yic (£) Kao(£))
O0F 15 = ap(e — vr(t)Fs(t))

E=T+ KT

QK & GF -—> Learning rate (positive definite)

TF & YK -—> Forgetting factor (positive definite) o\ e

DLR Lightweight Robot with Adaptive Impedance control in peg-in-hole experiment
\ L
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Hybrid Force Position Control
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Classical approach: partition motion and force space via selection matrix Q

*
chsircd - Force force ) A +
S_ I = {\p _::I'-C)

+ Control
Zg A F
sSeENsoOr
+ + Robot Forward
T N orwar < 19
. +859 ']0 + ) & Kinematics ( ’ )
O Environment
desired
(X-. ﬂ,)dcsircd Motion | + 0 \ Gravity, Q()riolis
] Control *L— 2 o K Contritugal
Flno‘rion -

X0

Disadvantage: Exact environment model has to be known!
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Unified Force/Impedance Controller



Unified Force/Impedance Controller




Assembly and Soft Manipulation




Assembly and Soft Manipulation




Assembly and Soft Manipulation




Assembly Planning

Assembly-Level

< Assembly M >

AND/OR graph Yy

ﬂ — OR node

#I
W
=
- Team-Level
Assembly Sequences ¢
11
Agent-Level |
Assembly Sk1lls
@ Entry )
é l Atomlc Actions
=
- Qﬁ) Entry
Exit

()~ *
Communication

with Real-Time-Level

MSEM

Framework for multi-agent
assembly

Optimal assignment of agents to
tasks is planned
Local motion and manipulation
planning
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Assembly Planning

A Framework for Robot Manipulation:
Skill Formalism, Meta Learning and Adaptive Control

Lars Johannsmeier, Malkin Gerchow and Sami Haddadin

Institute of Automatic Control
Gottfried Wilhelm Leibniz Universitat Hannover

Robot knows a general strategy
Controller and skill parameters
are learned

Parameter space limits are
derived from known system
limits and task context
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