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Robot motion control

= need to “actually” realize a desired robot motion task ...

= regulation of pose/configuration (constant reference)
= trajectory following/tracking (time-varying reference)

= ... despite the presence of
= external disturbances and/or unmodeled dynamic effects
= initial errors (or arising later due to disturbances) w.r.t. desired task
= discrete-time implementation, uncertain robot parameters, ...

= Wwe use a general control scheme based on
= feedback (from robot state measures, to impose asymptotic stability)
= feedforward (nominal commands generated in the planning phase)

= the error driving the feedback part of the control law can be
defined either in Cartesian or in joint space

= control action always occurs at the joint level (where actuators drive
the robot), but performance has to be evaluated at the task level
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Kinematic control of robots

= a robot is an electro-mechanical system driven by actuating
torques produced by the motors (with voltage/current inputs)

= it is possible, however, to consider a kinematic command (most
often, a velocity) as control input to the system...

= ...thanks to the presence of low-level feedback control at the
joints, which imposes to the robot the commanded velocities (at
least, in the “ideal case”)

= these feedback loops are present in industrial robots within a
“closed” control architecture, where users can only specify
reference commands of the kinematic type

= in this way, performance can still be very satisfactory, provided
the desired motion is not too fast and/or does not require too
large accelerations (or transparent haptic feedback is not needed)
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Closed control architecture
KUKA KR5 Sixx R650 robot

| dd .
q, —+> — ‘r—> s —
|

= |ow-level motor control laws are not known nor
accessible by the user

= user programs based also on other exteroceptive
sensors (vision, Kinect, F/T sensor) can be implemented

4 4 = ' | ]

on an external PC via the RSI (RobotSensorInterface), Mm
communicating with the KUKA controller every 12ms T s s

= available robot measures: joint positions (by encoders) MM
and (absolute value of) applied motor currents I VI Y LS|

time [s]

= the control reference is given as a velocity or a position typical motor currents
in joint space (Cartesian commands are also accepted) on first three joints
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... from pHRI

physical Human-Robot Interaction
combining F/T sensor data and motor currents

- | collaborative

forces at E-E ' .

ATI Mini45
F/T sensor

—i https://youtu.be/SfZcG1Y713w
- -l r———

Robot in cyclic motion between four Cartesian positions

6R KUKA KR5 Sixx with
closed control architecture

and RSI interface at T, = 12ms

intentional contacts (soft)
and/or collisions (hard) may
occur anywhere along the
robot structure ...

E. Mariotti, E. Magrini, A. De Luca: ICRA2019 =
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https://youtu.be/SfZcG1Y713w

.. from 06_ProgrammingArchitectures block of slides (#47)

Hardware architecture
example including vision in an open controller

Robot COMAU
SMART-3S

COMAU — C3G 9000 open R7AX R6AX

Robot Servo Power | — S — O —— . .........
CPU CPU amplifiers \ £

BUS VME

User
interface
modules
_ Vision-pC
1 KHz
| | . .| MATROX |[_ | SONY XC
Control RS232 GENESIS | | 8500 CE
PC | S| vision || (&
; { PC >
i | | .| maTROX || SONYXC
BUS AT | GENESIS 8500 CE
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Kinematic vs. dynamic control of robots &

dq Or
_ Ta — dc l :
task/trajectory high-level low-level actuation task
planner controller controller T — robot kinematics
/‘ e |
needs only information :
on robot kinematics Sensing
(q Or
. Ta lc Tc
task/trajectory torque : task
actuation robot : :
planner controller kinematics
based on information on Sensing

robot dynamics

more on this in Robotics 2
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An introductory example

= a mass M in linear motion: Mx = F (dynamic model)

= low-level feedback: F = K(u — x), with u = reference velocity
= equivalent scheme for K — oco: x = u

= in practice, valid in a limited frequency “bandwidth” w < K/M

X0 X0
u 4 F X X X
inner loop exact solution in continuous time ~

for a constant input u
x(t) = %o+ (@ —%)[1 — exp(—3 t)]

«— =
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= Bode diagrams of P(s) =

actual
velocity

N

X
u

/

commanded
reference
velocity
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Frequency response
of the closed-loop system

x(s) Sx(s)

u(s) u(s)

for K/M =0.1, 1, 10, 100

magnitude (dB)

10 10 10 10° 10 10 10 10
frequency (rad/s)

phase (deg)




Time response

= setting K/M = 10 (bandwidth), we show two possible time responses
to unit sinusoidal velocity reference commands at different w

— N :‘;WMMMMMMMMMMMMM
I

realized output velocities
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A more detailed example
including nonlinear dynamics

= single link (a thin rod) of mass m, center of mass at d from joint

axis, inertia M (motor + link) at the joint, rotating in a vertical
plane (the gravity torque at the joint is configuration dependent)

v Jgo = 9.81 [m/s?]

d dynamic model

m = 10 [kg]
(L, +1; + mdz)q' +mgedsing =1 d=1/2=02[m]
I, v ’ I, = ml?/12 = 0.1333[kgm?]
. q M I, = 0.5333[kgm?]
(= Il + mdz)
mg, = M = 1.0667[kgm?]

= fast low-level feedback control loop based on a PI action on the
velocity error + an approximate acceleration feedforward

= kinematic control loop based on a P feedback action on the position
error + feedforward of the velocity reference at the joint level

= evaluation of tracking performance for rest-to-rest motion tasks
with “increasing dynamics” = higher accelerations
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A more detailed example
differences between the ideal and real case

s Simulink scheme

—m  refvel W refpos —realhicontrol
Feal real behavior

Reference velocity | Reference position

/ Final velocity \ / Welocity feedforward

high-level control

j P  realpos

0 e
: N )
=1 — + F
F—I > 3 = @ position Feal position
integrator High-level
fiu} —=—q F feedhack
control gain

Quadratic reference Switch at final T
velocity profile

(O—! o
& /
/ Velocity feedforward (ideal)

AN

. . P idealpos
trajectory generation
(a cubic position profile) A K G o1 [
High-level position {ideal) Ideal position
P feedback
control gain {ideal)

N /

ideal behavior
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A more detailed example
robot with low-level control

s Simulink scheme

-,
|
— realtorgue | realvel
low-level control =
PI velocity feeedback loop —» robot —
+ acceleration feedforward Torgue command i Real velocity
ynamics
e ) a2 N
tanff s+1 mgesin{u{1) =
dirty derivative Feedforward gravity .
T q
erroruel  Plaction e - T’C e w ;— @
gpr aqp

Torgue saturation

\ FI Controlller J T \ 1M velocity y,

actuator Mg+ mg,dsing = 7
saturation at 100 [Nm] @

1
G =77 (1 —mgodsing)
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position error (deg)

rest-to-rest from downward to horizontal position

Simulation results

inT =1s

inT =0.5s

inT = 0.25 s

| [ |
% reference and actual position (T=1, K=50) % reference and actual position (T=0.5, K=50) 100 reference and actual position (T=0.25, K=50)
80f . 80f 90F
7o} . 70} 8or 1o
-l 10
60 s 60 (28
—t
=) > o 60 1 ="
g sof . $ 50t 2 9 (@)
= = = Y
: very good 5 g % / bad 12
5 401 - % 401 i Y] —+
g =N tracking of g g w} . Kind 6 5
% f traiect o / tracking o Q
I rererence trajecto | I 30 y .
a cubic polylgmomizl;ly < reference =
20f ( ) . 20t | , . Il
20 ‘ trajectory Q
10F . 10} T : |
2,
0 i I i Il i Il i Il i o 1 I I i i 1 1 1 Il 0 i I I I I i i 1 Il
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0 0.05 0.1 0.15 0.2 0.25 03 035 0.4 045 0.5
time (s) time (s) time (s)
o position tracking error (T=1, K=50) 0 position tracking error (T=0.5, K=50) ] position tracking error (T=0.25, K=50)
0 i
005y max error | %
o - 1O
~ 0.2 1 o)
— S wn
-0 N € of g, =
\g\ o
C c 3
o S -3 s
-0.15} 1 & -0.15f B (0]
g g e
max error —=
_al o 10
~ 55 =
-0.2 . -0.2
-5k 4
—0.25 i I i 1 I 1 I I 1 —0.25 I i I I I I I I I -6 i I I I I I I I I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0 0.05 0.1 0.15 0.2 0.25 03 035 04 045 0.5
time (s) time (s) time (s)
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Simulation results
rest-to-rest from downward to horizontal position

m iNT=1s = inNnT =05s = inNnT =0.25s

o5 Ihigh—le‘vel cont‘rol (T=1: K=50)‘ . ‘ 5 ‘ ‘ I:]igh—lev‘el contrlol (T=0.§, K=50? . ‘ 16 ‘ ‘ hligh—lev‘el controll (T=0.%5, K=5(?) 2_
. g
, similar to the \ =
reference IR=
@ : 7 35[ 7 1 @
3 velocity 3 g @
=151 . = 3} = <
g profile! 2 2 I
£ £ 25 £ (@)
3 3 8 1 0
e $ 15f 2 | (o]
05} 1 1 g
05 3
0 1 I 1 I 1 1 Il 1 L 0 Il Il 1 Il 1 Il 1 1 Il i i i i i i i i i m
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 _20 0.05 0.1 015 0.2 025 0.3 035 04 045 0.5 =
time (s) time (s) time (s) Q
25 . Iow—IeyeI toqulle (T=1,I K=50) ‘ . ‘ 50 ‘ ‘ IIow—Iev‘eI torqu? (T=0.5‘, K=50)‘ | . 100 Ilow—lew?l torque‘ (T=0.2§, K=50? 6
40 similar to the reference | e I E-_
20t \ . i ilel 1@
| \&— acceleration profile! | e @
1 © |6
£ = B —~
z . Z 20f z

S ) torque for static { g _ S
£ balance of gravity| £ o  saturgtion! 12
3 10 /\ (provided by the { s | 5 20 . 2
e integral term) 8 £ 40 ]O
s  “dominated” by I 60 | g
gravity torque evolution 20} e @
>
0 1 L 1 1 1 1 Il 1 I _30 1 1 1 1 1 1 1 1 1 _100 1 1 1 1 A 1 1 1 L Q—

0 02 04 06 08 1 12 14 16 18 2 0 o1 02 03 04 05 06 07 08 09 1 0 005 01 015 02 025 03 035 04 045 05

time (s) time (s) time (s)

N
W
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(deg)

sition error

Simulation results
rest-to-rest from downward to horizontal position

m iNT=1s = inNT =05s = inNnT =0.25s

position tracking error (T=1, K=50) position tracking error (T=0.5, K=50)

) 0 ’ position tracking error (T=0.25, K=50)
0
-0.05} a -0.051
max error ;
o Ak
~ 0.2 5 -
I \ @ g
—0.1 g -0.1} T 5
8
© 3
c
S

maxX error

/z 5.5°

I i I 1 1 I I I 1 | i i i i i I I I I - I i i i I I I I I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 60 005 01 015 02 025 03 035 04 045 05
time (s) time (s) time (s)

real position errors increase when reducing too much the motion time
(= acceleration is too large)

s
-0.15} 1 % -0.15} 1 279
8 g
_4,
-0.21 = -0.2} i

-0.25

; ideal position tracking error (T=0.5, K=50)

0.8F

while ideal position errors

0.4

(based only on kinematics)

remain always the same!!
here = 0, thanks to the initial matching -
between robot and reference trajectory

-0.8}

-

I i i i i i I i i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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Control loops in industrial robots

= analog loop of large bandwidth on motor current (e« torque)
= analog loop on velocity (G,.;(s), typically a PI)

= digital feedback loop on position, with velocity feedforward
= this scheme is local to each joint (decentralized control)

Ga(t)

e J{ w7 ‘ | robot |
d ~C or PID [ & —0O— G (S) | actuator — (ioint ) q
[

. P = Proportional
d|g|ta| part analog part PI = Proportional-Integral

PID = PI-Derivative
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Kinematic control of joint motion

J(@ P
CIdEO) i fnot ustedI
Pa [ da qa +.-© + l q —— O OO
—/ " (qq) N f z?_‘ ‘ + J AU padl 4
1

reference generator K>0 robot |  feedback from g
(off-line computation of J~1) (diagonal) model
decoupled &
.. . : linear: ¢; > 0
€ =qo—q M) é=3q—q=da~Ga+K@a—a)=~Ke| " _ "
exponentially,
. L . . Ve (0
ey =Pa—P M &, =Py — P =J(q)da — (@) (da + K(qa — @) | 7¢O
= ' 3 coupled, nonlinear
1790 o)~ — (@K T (@)e, Cartesian
e, —> J(q)e error dynamics
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Kinematic control of Cartesian motion

o

Jq) —p
Pd&o) t
. Pa + _€p + - q
Pa = | e L oy I J f@fTP
reference K, > 0 (often robot feedback from p

generator diagonal) model

ey =pd—p~ép =Dq — P = Dg —M)(Pd+Kp(Pd—P))=—KPeP

o decoupled & linear: e,; - 0 (i = 1,---,m) exponentially, Ve, (0)
e needs on-line computation of the inverse™ J~1(q)
e real-time + singularities issues

) or pseudoinverse if m < n
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. . . &
Kinematic control at acceleration level Gl

= the second-order control model is now G = u

= consider for instance the case of Cartesian kinematic control
= define as control law

u=J"2q) (B + Ka®q — ) + Ky(pa — 1) +J(@)q)
with K, > 0, K; > 0 both diagonal

— - e . T 9 second-order system:
=pa—p WM é, =P, —p W&, =P, — P o

acceleration error!

- ¢, - (@i +J(@q) =ba — U(@u +J(@)q)
—Kz M)(&"‘Kd@d p) + Kp(pa — P)+RN) M
= —Kge, —

decoupled & linear 2nd-order e,;—>0,e,; >0 ( = 1,---,m) exponentially,
differential equations Ve, (0),e,(0)
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Simulation
features of kinematic control laws

desired reference cartesian kinematic control rpolatl)r?;r SR
trajectory: lengths I, = 1, = 1
two types of tasks

1. straight line

2. circular path e >
bOth Wlth trajectory _:E ’E >|I|
constant speed generator |”

kinematic robot

nume ri ca | controller kinemalics

integration method:
fixed step

Runge-Kutta Simulink® block diagram
at 1 msec 9{—@
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Simulink blocks

[
robot kinematics

calls to Matlab functions
e ATLAB - p
Lt j‘::']‘fq':; *@ k(g)=dirkin (user)
J(g)=jac (user)
A Vi _
m__mmuxwx Ry J-1(g)=inv(jac) (library)
qdotr K p
q2
B
q kinematic controller
e a saturation (for task 1.) pdotd
or a sample and hold (for task 2.) pe Sk -,
added on joint velocity commands 2 Ll s
. . . . contro ux ATLAB £
e system initialization of kinematics P el " _"J_*:;':]ff’;trﬂmm L
data, desired trajectory, initial state,| [z > S
and control parameters (in init.m file) e

never put "numbers” inside the blocks !
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Matlab functions

init.m

dirkin.m

function [p] = dirkin(q)

global 11 12

px=11*cos(q(l))+12*cos(q(l)+q(2));
py=11*sin(q(1))+12*sin(q(1)+q(2));

jac.m

function [J] = jac(qg)
global 11 12

J(1,1)=-11*s1n(q(1l))-12*s1n(qCl)+q(2))
J(1, 2)=-12*s1n(q(1)+q(2));
J(2,1)=11*cos(q(1))+12*cos(qCl)+q(2));
J(2,2)=12%cos(q(1)+q(2));

% controllo cartesiano di un robot 2R
% initialization

clear all; close all
global 11 12

% lunghezze bracci robot 2R

11=1; 12=1;

% velocita cartesiana desiderata (costante)
vxd=0; vyd=0.5;

% tempo totale

T-2; INnit.m
% configurazione desiderata iniziale Scrlpt
qldd=-45%p1/180; q2d0=135*p1/180; (for taSk 1 )

pd0=dirkin([qldd q2de]");
pxd0=pdd(1); pydd=pdd(2);

% configurazione attuale del robot

ql0=-45%pi1/180; q20=90%*pi/180;

pd=dirkin([ql® q20]");

% matrice dei guaodagni cartesiani

K=[20 20]; K=diag(K);

%saturazioni di velocita ai giunti (input in deg/sec, convertito in rad/sec)

vmax1=120%pi/180; vmax2=90*pi/180;

Robotics 1
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Simulation data for task 1

= straight line path with constant velocity
= x3(0) =0.7m, y4(0) =03 m; vy, =05m/s, forT =2s
= |arge initial error on end-effector position
= q(0) = (—45°90°) = e,(0) = (—=0.7,0.3) m
= Cartesian control gains
= K, = diag{20, 20}
= (@) without joint velocity command saturation
= (b) with saturation |¢;| < vmax, j = 1,2:
" Vmax1 = 120°/S, Vppax2 = 90°/S
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Results for task 1a
straight line: initial error, no saturation

cammino cartesiano end—effector attuale e desiderato

Robotics 1

path executed by the
robot end-effector
(actual and desired)

-1.5

2

151

i initial
transient

of phase
(about 0.2 s)

-1F

stroboscopic view of motion
(start and end configurations)

trajectory
following
phase
(about 1.8 s)
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Results for task 1a
straight line: initial error, no saturation

componenti cartesiane attuali e desiderate
1.5

X,y (m)

‘errors converge independently
and exponentially to 0

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
t(s)

Dy, Py actual and desired

Robotics 1

2

qdotr (deg/s)

evoluzione delle velocita’ di giunto comandate

800

600 -

400F|

ool N

-200

—400 i i I i i I 1 i i
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

control inputs ¢,1, 4,

26



Results for task 1b

straight line: initial error, with saturation

2

cammino cartesiano end—effector attuale e desiderato 7l e e
4 Rl S f i initial
12 T e il transient
i | | | | i phase
| - | (about 0.5 s)
o8ff S R - B M
g 0.6— | : . -15¢ | | | | | | | |
o _: | -2 -1.5 -1 -0.5 ;)1 0.5 1 . 15 . 2 .
: stroboscopic view of motion
3 (start and end configurations)
pa(0) | .
037 o8  os i T 12 13 T4 15 .1 ! i
X (m) tra]eCtO I‘y
"l following
path executed by the i phase
robot end-effector (about 1.5 s)
(actual and desired)

2 i i i i i i i i
-2 -15 -1 -0.5 0 0.5 1 1.5 2
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Results for task 1b

straight line: initial error, with saturation

componenti cartesiane attuali e desiderate

1.6

X,y (m)

~ /> errors eventually converge
-/ (exponentially, once out of saturation)

0.4 0.6 0.8 1.2 1.4 1.6

0.2

Dy, Py actual and desired

Robotics 1

1.8 2

qdotr (deg/s)

evoluzione delle velocita’ di giunto comandate

150
50
O_
- both commands go out
of saturationatt =04 s
~%" | (due to error reduction)
-150 i i i i i i i i i
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
t(s)

control inputs ¢,1, G2
(saturated at + Vimax 1, + Vmax2)
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Simulation data for task 2

= circular path with constant velocity
= centered at (1.014, 0) with radius R = 0.4 m;
= v =2 m/s, performing two rounds = T = 2.5 s

= zero initial error on Cartesian position (“match”)
= q(0) = (—45°,90°) = e,(0) = 0

= (a) ideal continuous case (1 kHz), even without feedback

= (b) with sample and hold (ZOH) of Ty, = 0.02 s (joint
velocity command updated at 50 Hz), but without feedback
= (c) as before, but with Cartesian feedback using the gains

» K, = diag{25, 25}
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Results for task 2a

circular path: no initial error, continuous control (ideal case)

actual (red) and desired Cartesian components

Xy (m)
o
o

I I Il Il
0.5 1 1.5 2 25 3
time (s)

Px, Py actual and desired

qdotr (deg/s)

150

100+

50+

=50 -

-100 -

-150 -

commanded high-level joint velocities

joint variables
T

q (deg)

150

100

50

NN

N\

1 1 1 1
1 1.5 2 25
time (s)

control inputs g1, g,

2.

1.5

zero tracking
error is kept £ ¢
at all times

(m)

actual (red) and desired end—effector path

151

1_ o

| | | i i
0.5 1 1.5 2 25 3
time (s)

joint variables g4, g»

final configuration

(after two rounds)
coincides with

initial configuration

5 -1 -0.5

Robotics 1

x (m)

0.5

-1.5 -1
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Results for task 2b

circular path: no initial error, ZOH at 50 Hz, no feedback

actual (red) and desired Cartesian components (Thold=0.02 s)

X,y (m)

1 I 1 Il 1
0 0.5 1 1.5 2 25 3
time (s)

Px, Dy actual and desired

150

100

50

qdotr (deg/s)
1
a1
o

-100

-150

-200

-250

commanded high-level joint velocities (Thold=0.02 s)

joint variables

200

150

100

N\

®
3  50¢
o
0 L
-50 /—\/\/
i i i i I -100 i i i i
0 0.5 1 15 2 25 0 0.5 1 1.5 2 2.5 3
time (s) time (s)

actual (red) and desired end-effector path

control inputs g1, g,

joint variables g4, g»

final configuration

(after two rounds)
differs from

initial configuration

1.5 2r
1.5¢
A
a drift occurs il
along the path o5 05
due to the .
- . . = 0 g 0
linearization
error” along the s e
path tangent S
7 -15f
-15 i i i i ) i i
-1.5 -1 -0.5 0 0.5 1 1.5 -2 -15 -1 -0.5
Robotics 1 x(m)
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Results for task 2c¢

circular path: no initial error, ZOH at 50 Hz, with feedback

1 5 actual (red) and desired Cartesian components (Thold=0.02 s, k=25) 150 commanded high-level joint velocities (Thold=0.02 s, k=25) 150 M
B T L N B TR
Px, Py actual and desired control inputs g1, 4,2 joint variables q4, g,
15 ?ctugl (redv)‘ and d}esirled end—eflfector pgth 5
1 o | | larger P gains will
j | eventually lead to
(almost) same  °° | ost unstable behavior
performance of ¢ ‘ e o (stability limits for
the continuous ~ . discrete-time
case is recovered!! -os B 2 implementations
) ‘ _ ﬁ of a continuous
™ control law)
-15 -2

A5 -1 -05 0 05 1 15 -2 -1.5 -1 -0.5 0 0.5 1 15 2
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3D simulation

why is final convergence so slow here? video

kinematic control of Cartesian motion of Fanuc 6R (Arc Mate S-5) robot
simulation and visualization in Matlab
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