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Gﬁg’na Outline
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= Motion control

= |ndirect force control

= Direct force control

= |nteraction control using vision and force
= Experiments
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S
6?;\5519 The Textbook

B. Siciliano, L. Sciavicco, L. Villani, G. Oriolo, Robotics: Modelling, Planning and
Control, Springer, London, 2009, DOI 10.1007/978-1-4471-0449-0

= Chapter 8 — Motion Control
= Chapter 9 — Force Control )
= Chapter 10 — Visual Control N
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Modelling, Planning and Control //.‘-“" =

MOOC Robotics Foundations — Robot Control
Coming up soon ... https://youtu.be/JwfRk-U3aPw
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http://www.springer.com/gp/book/9781846286414
http://dx.doi.org/10.1007/978-1-4471-0449-0
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O
G?L .E'na The Handbook
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B. Siciliano, O. Khatib, Springer Handbook of Robotics 2nd Edition, Springer,
Heidelberg, 2016, DOI 10.1007/978-3-319-32552-1

= Chapter 8 — Motion Control
= Chapter 9 — Force Control
= Chapter 34 — Visual Servoing
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pr?s ma Motion Control
LAB
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= Joint space control
= Task references transformed into joint references
= Redundancy resolution at kinematic level

Dy, Ry q4 q
; ————
Pg:Wd INVERSE q4 JOINT SPACE T : -
————— . |  MANIPULATOR q
Py Wd KINEMATICS Qg CONTROL . >
—P ———— P

A A
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= Task space control
= Control directly in task (operational) space
= Redundancy resolution at dynamic level

Dy, Rd q
—>
Py Wd TASK SPACE T - -
| MANIPULATOR q
Dy, w4 CONTROL .
—>
D, R,
= DIRECT -
Pe; We KINEMATICS  |eag— |
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Gﬁgﬂ Motion ControP
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= Tracking control
= Dynamic model-based compensation
= Euler angles
= Angle/axis
= Quaternion
= Computational issues
= Redundancy resolution

= Regulation
= Static model-based compensation
= Qrientation errors

GdR Robotics Winter School: Robotics Principia Inria Sophia Antipolis — Méditérranée, France = 23 January 2018



Gﬁ%&“ﬂ Dynamic Model-Based Compensation
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= |nverse dynamics
ve =J(q)g+ J(q,q)q

a0 ([] - Saioe) ="

a,

= Position control Ap,, = Py — P.

ap = py+ KppApg. + KppApj. = Apye + K ppApy. + K ppApg = 0

= Qrientation control
Euler angles

a, m——— > Angle/axis

Quaternion
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Gﬁgﬂ Euler Angles
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= Orientation error: Ay, = ¢  — @,
= Resolved angular acceleration
Qo = T(‘pe)(@d + KDOAdee T KPOACPde) + T(‘Pea ‘i.oe)(l.oe
representation singularities (') we =T (p,)p,
= Error dynamics We = T((ioe)(pe + T(Lpea (noe)()oe

Apge + KpoApge + KpoApg, =0 pq =T ' (pg)wd

oy =T p,) (dﬁd — T(pg, ‘Pd)%bd)
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Gﬁgﬂ Alternative Euler Angles
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= Qrientation error; *Ry = RI Ry = 4.

= Resolved angular acceleration

ay=wi+ Te(Pye) (KpoPge + KPoPye) = Te(Paer Pae) Pae

We = Wi — Te(Pue)Page — Te(Paer Pae) Pe

T, (‘Pde) — ReT(‘Pde)

choose ¥ e so that T'(0) is nonsingular (!)
= Error dynamics

Pdae + KDoPie + KpPopge =0
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Gﬁg’nﬂ Angle/Axis
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= Orientation error: *Ry = R' Ry = 040 = f(¥4e)°T e

Representation f(9) angle axis
Classical angle/axis sin (1)
Quaternion sin(v/2)
Rodrigues parameters tan(d/2)
Simple rotation Y
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Gﬁgﬂ Angle/Axis

Robot Control 12/55

= Angle/axis error: “0, = sin(d4)°r ge

= Resolved angular acceleration

ao =L (L 4+ L wq — Lwe + K podl, + K pool,)

1
Oge = Ref04e = 5 (S(ne)na + S(se)sa+ S(ac)aq)

L — ; (S(ng)S(ne) + S(s4)8(s.) + S(ag)S(a.))

ning>0s's;>0,alag >0
= Error dynamics
-/ ./ /
Ode + KDOOde + KPOOde = 0
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Gﬁgﬂ Angle/Axis
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= Simpler choice: R ~ Ry = L~ 1
a, = wd + KDkode + KPOOIde
= Error dynamics

Ad)de + KDOAwde —+ Kpoofde =0

= Stability via Lyapunov argument Q= {n, €}

€

Oiie — 277dee€de Kp, = kPoI Kpo, = kpol

1

Y = ZkPOeEE;ede + §AwdT€Awde
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Gﬁ%’;ﬂ Quaternion
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. . Y
= Qrientation error; o, = sin %erde = “€4e

= Resolved angular acceleration
a, = c‘.-’d + KDkode + KPoReeEde

= Error dynamics
Awge + K poAwge + Kp,R.“€4e =0

= Stability via Lyapunov argument

e Te 1
YV = kp, ((nde - 1)2 + Ege ede) + §Awg‘eAwde
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8.
i,

Computational Issues

= Number of floating-point operations and function calls

Robot Control

15/55

Resolved acceleration Trajectory generation
Orientation error Flops Funcs Flops Funcs
Classical Euler angles 68 8 52 8
Alternative Euler angles 136 8 0 0
Angle/axis 55 0 0 0
Quaternion 60 1 21 1

GdR Robotics Winter School: Robotics Principia
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Gﬁgﬂ Redundancy Resolution

= Null-space motion
T = B(q)a+C(q,9)g + Fq +g(q)
a=J(g) (a— J(9)d) + e
Jt—pg-1gT ( IB-! JT)_l dynamically consistent

pseudo-inverse

o =(I—JNT) (B—JT'J(B-d) + B (Kye, + Cey,))

e, = (I - JT(q)J(q)) (B—4q) B=ksB™ (&ggﬂ)

= Stability via Lyapunov argument

1
V= EegB(q)en
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Gﬁ.g'na Redundancy Resolution
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= |nverse dynamics control with redundancy resolution

(6 7% REDUNDANCY [@——
RESOLUTION |g—

P4 Rd q
'—h
Dg,Wq POS & ORIENT | @ INVERSE T

e — —{ MANIPULATOR q
Dy, Wy CONTROL DYNAMICS

A A T*

vy

pejRe

DIRECT  [«&
Pe;%e | ginematics <
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Gﬁg'nﬂ Static Model-Based Compensation
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= PD control with gravity compensation

= J%(q) nﬂ —~ Kpgq+g9(q)

= Position control

Yo = KppApg,
= Qrientation control
Euler angles
Yo W———>= Angle/axis
Quaternion

GdR Robotics Winter School: Robotics Principia Inria Sophia Antipolis — Méditérranée, France = 23 January 2018
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Gﬁ.g'n? Orientation Errors

Euler angles

Yo =T (o) K poApye
Alternative Euler angles

Yo =T7 " (Pae) K PoPye

Angle/axis
Yo = KPOOZle

Quaternion
Yo = KPoReeede

1. :
= Forall ... stability via Lyapunov arguments V = aqTB(q)q +U, +U,
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Gfr_isz:.n? Constrained Motion
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= Motion control vs. force control

= Object manipulation or surface operation requires control of interaction between robot
manipulator and environment

= Use of purely motion control strategy is candidate to fail (task planning accuracy)
= Control of contact force (compliant behaviour)
= Use of force/torque sensor (interfaced with robot control unit)

= |ndirect vs. direct force control

= |ndirect force control: force control via motion control (w/out explicit closure of force
feedback loop)

= Direct force control: force controlled to desired value (w/ closure of force feedback loop)
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60?12;\9 Indirect Force Control
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= Compliance control
= Active compliance
= Experiments

= |mpedance control
= Active impedance
= |nner motion control
= Three-DOF impedance control
= Experiments
= Six-DOF impedance control
= Experiments
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Gﬁ.g'na Active Compliance

Robot Control 22/55

= Active vs. passive compliance

[0 x| 6" <) [5%]

Apge = KI_Dgl)f f = Kjs(pe — po)

= At steady state (position/force)
—1
Pewo = (I + KpjKy)  (pa+ KppKypo)

—1
foo = (I+K;K7}))  Kp(pa—po)
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Gﬁg'nﬂ Experiments
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= Set-up
= COMAU Smart 3-S robot
= QOpen control architecture

= PD control with gravity

compensation COMPLIANCE CONTROL
= Large proportional gains

= Small proportional gains
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Gﬁg’nﬂ Active Impedance

Robot Control 24/55

= Programmable mass-damping-stiffness at the end-effector
T =B(qQ)a+C(q,9)q+ Fq+g(q)+J (q)h

a=J"1(q) (lap] B J(q,i;)i;) force/torque sensor

a,

ap = pq + K]Tle(KD’pApde + KppApge — f)

a, — T((pe)(¢d+K]T/[10(KD0Adee+KP0A(Pde_TT((pe)“’))_l_T((Pea ()be)(ibe

U

KMPAﬁde + KDPApde + KPPApde =f
KrioApi + KpoApgy + KpoApg = TT((Pe)ﬂ'
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pﬁ% ma Active Impedance

Robot Control 25/55

= |mpedance control
= Force/torque measurements

I.)daRd. ,1 ;1&
q

Pa,wWq IMPEDANCE a INVERSE T MANIPULATOR

"ONTROL DYNAMICS ENVIRONMENT
pdawd CO (0] CS & ENVIRONMEN

YVYVY

N T+

Pe, R,

DIRECT <
Pe, e KINEMATICS |«
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Gﬁgﬂ Inner Motion Control
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= Compliant frame between desired and end-effector frame
= Enhanced disturbance rejection

Pd, Wy IMPEDANCE | P, We POS & ORIENT | @ INVERSE T MANIPULATOR q
: . > »
- w CONTROL M d_, CONTROL DYNAMICS & ENVIRONMENT - >
D4, @ » Ecz @ > q >
i '} T T i
Pe, R

- DIRECT <
Pe;We | ginemATICS |
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Gﬁiw Inner Motion Control
LAB
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= Translational impedance
MpAf)dc + DpApdc + KpApdc — f

Apdc = Pq — Pc
= Linear acceleration (inner motion loop)
ap = f’c + KDPApce + KPPApce

Apce — DP¢: — Pe
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Gﬁgﬂ Experiments
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= ATl force/torque sensor

= 3-DOF impedance control

= Effects of mass, damping and
stiffness

= Contact with unknown surface IMPEDANCE CONTROL

GdR Robotics Winter School: Robotics Principia Inria Sophia Antipolis — Méditérranée, France = 23 January 2018



Gﬁ.g'nﬂ Six-DOF Impedance Control

Robot Control 29/55

= Rotational impedance

= Euler angles
MOA(;bdc + DOA(lbdc + KOA(Pdc — TT((PC)H'
APge = P4 — Pe
= [|nfinitesimal orientation displacement

pr =T (@)K, T '(p,.)Awgdt task geometric inconsistency

= Angular acceleration (inner motion loop)
ao =T(p,) (P + KpoAp + KpolApe,) + T (0o, Pe) P
Apee = P — Pe

GdR Robotics Winter School: Robotics Principia Inria Sophia Antipolis — Méditérranée, France = 23 January 2018
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Gﬁ.g'nﬂ Six-DOF Impedance Control

= Rotational impedance

= Alternative Euler angles
Mog.bdc + DO(hbdc + KO(pdc = TT((pdc)Cp'
‘Rg=R.R; — Puc

= [|nfinitesimal orientation displacement

‘up ~T 10K, T7H0)Aw,.dt
. task geometric consistency
= K,A"wg.dt (XYZ Euler angles + diagonal stiffness)

= Angular acceleration (inner motion loop)

A, = Wy — Te(‘Pdea "bde)(:bde
_Te(‘:ode) ((;bdc + KDO((;Od(: - (;ode) + KPO((Pdc - ‘Pde))
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G?L .E'nﬂ Six-DOF Impedance Control

Robot Control 31/55

= Rotational impedance
= Angle/axis
M, Awy. + D, Awgy. + K. %04, = ‘1
“0dc = f(Vac)Tac K, = 202" (P ge, Vac) K

L . o “0dc = Q(Tge, Vac) A°wyc
= [|nfinitesimal orientation displacement

‘g =20 (f'(0))° KoAwgedt 9 = 1/2(f'(0))?
=K, Awy.dt task geometric consistency

= Angular acceleration (inner motion loop)

. /
a, = W, + KDkoce + KPooce

O:z:e = ; (S(ne)nc + S(Se)sc + S(ae)a’c)
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Gﬁ.g'nﬂ Six-DOF Impedance Control

Robot Control 32/55

= Rotational impedance
= Quaternion

M Awy. + D,Awy,. + K’;cﬁdc = c[,l.

‘Ry= R!R; — ‘€ge K'! =2E" (14, “€q.) K,

= Infinitesimal orientation displacement E(n,e) =nI — S(e)

‘g ~ 2 (£(0))° KoAwgdt
=K, Awy.dt task geometric consistency

= Angular acceleration (inner motion loop)

a, = w,+ KDkoce + KPoReeece
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p Tsma Experiments
LAB

Robot Control 33/55

= 6-DOF impedance control
= Accommaodation of both force

and moment , . ,
0 onal A Experiments ol
|| " » "
perational space approac Spatial Impedance Control
(Euler angles)
. Geometrica”y Consistent F Caccavale  C. Natale B, Sicithano L. Villam
approaCh f |::' Wrrimenin |:’Iijlli.;-.'\lIlI.:..EI!I:.l.}I}; MMAlemistigi
Universita degh Studi di Napolt Federico 1
Via Claudio 21, 8O125 Napoli, lraly
i - weavalenatalestcthianoovillame e dis . dis umma it
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Gﬁg'nﬂ Static Model-Based Compensation

Robot Control 34/55

= Regulation of force and moment to desired values
Yp = KpPpApee + f4
Yo =T (¢e) K PoApee + Mg

= P control
t
pc:KP;(KFpAf—I—K[p/O Afdg) Af:fd_f

t
¢.=Kp, (KFoAu+K10/O Audc) Ap=pg— p

= At steady state

.foo:.fd Moo = Hd

GdR Robotics Winter School: Robotics Principia Inria Sophia Antipolis — Méditérranée, France = 23 January 2018



Gﬁ%&“ﬂ Dynamic Model-Based Compensation

Robot Control 35/55

= Force and moment control with inner motion control loop
= Linear and angular accelerations

a, — _KDpi)e + KPpApce
Qo = T((pe) (_KDO‘Jbe T KPOA(PCB) + T(‘Pea (l.oe)(:be

f? u .‘
FORCE & MOM R POS & ORIENT INVERSE T MANIPULATOR
dy Hd Pc; Iic a. T q >
CONTROL CONTROL DYNAMICS & ENVIRONMENT q
>
A A A T T +
R
P S DIRECT |
Pe> Pe | ginemaTICS |
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Gﬁgﬂ Experiments
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= Force control
= Regulation to zero force

= |nner position vs. velocity
control loop

FORCE CONTROL
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60?12;\9 Force/Motion Control

Robot Control 37/55

= Force and motion control
= Regulation of force but loss of motion control

= Recover motion control along unconstrained directions while ensuring force control along
constrained directions

Parallel control strategy

GdR Robotics Winter School: Robotics Principia Inria Sophia Antipolis — Méditérranée, France = 23 January 2018



Robot Control 38/55

Gﬁgﬂ Force/Motion Control

= PD motion control with gravity compensation + force control
T:Jg(Q)KPp(pT_pe)‘l‘fd_KDQ+g(Q) Pr =Pc+ Pd

= At steady state

NG T

Peoco = (I — ncng‘) Pyt 'nc'n;F (k;’,}lfd + po)
foo = kfanncng‘(pe,oo - po) — fd
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Robot Control 39/55

Gﬁg’nﬂ Force and Position Control

= Parallel force/position control
= Linear acceleration

a, = f)d + KDp(pd - pe) + KPp(p'r - pe)

T Ild Iild
p p a 'g >
FORCE PARALLEL POSITION INVERSE MANIPULATOR
Jay Pe | [ Pr | ros Gp | NV e 1. |,
CONTROL COMPOSITION CONTROL DYNAMICS & ENVIRONMENT q
I 11 T T I
De
" DIRECT -
Pe KINEMATICS  |«g
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Gﬁg'na Force and Position Control

Robot Control 40/55

= Force/position control with full parallel composition
= Linear acceleration

. . . pr — pc + pd
ap = Pr + Kpp(@r — Pe) + Kpp(Pr — Pe) .
DPr = D¢ + Dd
ﬁd f)dpd

f o p > , p - " . - f >
d FORCE ? c PARALLEL ?r POSITION ap INVERSE T MANIPULATOR q >

CONTROL p COMPOSITION p CONTROL DYNAMICS & ENVIRONMENT q
——C S >

i W AT+

DIRECT -
Pe KINEMATICS |«g
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Gﬁ.g'nﬂ Experiments

= Parallel force/position control

= Regulation to zero force with
position tracking

= PD+ position control with Pl
force control PARALLEL

FORCE/POSITION CONTROL
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Gﬁgﬂ Moment and Orientation Control

Robot Control 42/55

= Moment/orientation control with full parallel composition

= Linear acceleration
Qr = Q¢ * Qe
— |, e (@ __C C
a, = Wy + KDo(w'r - we) + Kp,R.“€r¢ Wy = We+ Wy
cc:. __c, c,-
wdcwchdc Wr = We _I_ Wc
Rg. Rr. [ -
I‘Ld MOMENT We PARALLEL Wy ORIENTATION |Q o INVERSE T MANIPULATOR q -
CONTROL d-’c COMPOSITION d—’r CONTROL DYNAMICS & ENVIRONMENT q
—— —— .
A A A W T +
Re DIRECT -
We KINEMATICS |g
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pr?s:r'lﬂ Force Tracking
LAB
Robot Control ~ 43/55

= Tracking of time-varying force

= Full parallel composition
KApi’c T KVppc = ¢
¢ =ki,fe

fo=Kufat Kvpfa+ Af

= Tracking if & f,5 exactly known
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p fTsma Force Tracking
LAB

Control > Direct Force Control > Force/Motion Control Robot Control 44/55

= Contact stiffness adaptation (¢ = k7,)

¢=:f +iep

)ldjid Ild Ild Ild
fd ADAP FORCE pC PARALLEL p’f‘ POSITION ap INVERSE T MANIPULATOR q
CONTROL p COMPOSITION p CONTROL DYNAMICS & ENVIRONMENT q
_'E'. >

I W T4

I.)e DIRECT |-
Pe KINEMATICS |«g
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Gﬁs&n? Further Experiments

Robot Control 45/55

= Extension to dual-robot
system (loose cooperation)
= Typical peg-in-hole assembly
task

= Robot holding the hole
controlled as 6-DOF
impedance

= Robot holding the peg
programmed in PDL-2

= Accommodation of
misalignment and overshoot
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Gﬁsén) Further Experiments?

Robot Control 46/55

= Tight cooperation
= Two arms tightly grasping a
rigid object
= Control of the object position
= Control of the internal forces
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6‘&%::9 Further Experiments3

Robot Control 47/55

= Dual-arm impedance control

absolute & relative impedance absolute impedance human-object interaction
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Gfris::.na Further Experiments?

Robot Control 48/55

= Human-robot interaction

null-space impedance control variable impedance control safe efficient pHRI
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Gfr_is::.na Further Experiments®

Robot Control 49/55

= Set-up @ DLR, Germany

= KUKA robot with force sensor
and camera embedded in the

gripper
= |ntegration of vision and force

= Visual feedback in gross
motion

= Force feedback in fine motion
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= Problem

= Control interaction of a robot manipulator with a rigid object of
known geometry but unknown position and orientation

(P(Op) =0 {OO}RO} — Ly
= Solution
= When robot is far from object
= Position-based visual servoing is adopted
= The relative pose of the robot with respect to the object is estimated recursively using only
vision
= When robot is in contact with object

= Any kind of interaction control strategy can be adopted (impedance control, parallel
force/position control)

= The relative pose of the robot with respect to the object is estimated recursively using vision,
force and joint position measurements
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= Position-based visual impedance

Pose Control

Desired ]
Task Dynamic Impedance |
| Trajectory [~ Control ——> Robot —>
Planner — T
| ) :
Joint feedback |
(J00HZz) I
______________________ Force feedback |
: I
Visual feedback Pose (__ o
(26Hz) .| Estimation |

Visual System
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= Pose estimation errors

vision

10 : : 1 ! : 0 j ' ' ' '
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Gfrisg.nﬂ Additional References

= F Caccavale, C. Natale, B. Siciliano, L. Villani, "Resolved-acceleration control of
robot manipulators: A critical review with experiments”, Robotica, 16, 565-573, 1998

= F. Caccavale, C. Natale, B. Siciliano, L. Villani, "Six-DOF impedance control based
on angle/axis representations”, IEEE Transactions on Robotics and Automation, 15,
289-300, 1999

= F Caccavale, C. Natale, B. Siciliano, L. Villani, "Achieving a cooperative behaviour in
a dual-arm robot system via a modular control structure”, Journal of Robotic
Systems, 18, 691-700, 2001

= F Caccavale, C. Natale, B. Siciliano, L. Villani, "Integration for the next generation:
Embedding force control into industrial robots", IEEE Robotics and Automation
Magazine, 12(3), 53-64, 2005

= F. Caccavale, B. Siciliano, L. Villani, "Robot impedance control with nondiagonal
stiffness", IEEE Transactions on Automatic Control, 44, 1943-1946, 1999
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Gﬁfg’nﬂ Additional References?

= S. Chiaverini, L. Sciavicco, "The parallel approach to force/position control of robotic
manipulators”, IEEE Transactions on Robotics and Automation, 9, 361-373, 1993

= S. Chiaverini, B. Siciliano, L. Villani, "Force/position regulation of compliant robot
manipulators", IEEE Transactions on Automatic Control, 39, 647-652, 1994

= S. Chiaverini, B. Siciliano, L. Villani, "A survey of robot force control schemes with
experimental comparison”, IEEE/ASME Transactions on Mechatronics, 4, 273-285,
1999

= V. Lippiello, B. Siciliano, L. Villani, "A position-based visual impedance control for
robot manipulators”, 2007 IEEE Int. Conf. on Robotics and Automation, Rome, |

= C. Natale, Interaction Control of Robot Manipulators. Six-degrees-of-freedom Tasks,
Springer, Heidelberg, D, 2003

B. Siciliano, L. Villani, Robot Force Control, Kluwer, Boston, MA, 1999
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