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Handling of robot collisions

= Safety in physical Human-Robot Interaction (pHRI)
= robot dependability

mechanics: lightweight construction and inclusion of compliance
next generation with variable stiffness actuation devices
typically, more/additional exteroceptive sensing needed
human-oriented motion planning (“legible” robot trajectories)
control strategies with safety objectives/constraints

= prevent, avoid, detect and react to collisions

possibly, using only robot proprioceptive sensors

= different phases in the collision event pipeline
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Collision event pipeline

Collision event pipeline

Monitoring signals =q======-ceeeaecaaa- D e ] 1
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Detection Isolation Identification Classification Reaction
contact point x_ Text (1) {accidental, intentional}, {stop, slow down,
{FALSE, TRUE)} contact link {light, severe}, retract, reflex control,
= {1, . n} Fext(t) {permanent, ... impedance relaxation,
.., transient, repetitive}, task relaxation, ...}
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S. Haddadin, A. De Luca, A. Albu-Schaffer: “"Robot Collisions: A Survey on Detection, Isolation, and Identification,
IEEE Trans. on Robotics, vol. 33, no. 6, pp. 1292-1312, 2017
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Collision detection in industrial robots \(

= advanced option available for some robots (ABB, KUKA, UR ...)
= mainly intended for detection only, not for isolation
= based on large variations of control torques (or motor currents)
lt(ty) —t(tr—Dll = ¢ & |t;(tx) — 1;(tk-1)| = €, for at least one joint i
= based on comparison with nominal torque on the desired trajectory
Tqg = M(qa)da + S(Qa, 9a)da + 9(a) + F(4a,qa) = llt—14ll =€
= based on robot state and numerical estimate of its acceleration
in="0 =ty = M@y + 5@ D+ 9@+ F@d) > -l =
= based on the parallel simulation of robot dynamics
Gc =M (Pt —S@Dqd—9@ —f@. )] = I19—qcll = &4 llg —qcll = &
= sensitive to the actual control law and reference trajectory

= require noisy acceleration estimates or on-line inversion of the
robot inertia matrix
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ABB collision detection

video

= ABB IRB 7600 (heavy!)

velocitysmax

2CollisionDetectionsl20;

‘_V

= the only feasible robot reaction is to stop!
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Collisions as system faults

= robot model with (possible) collisions

control torque

M(q)g+ S(q.q9)q+g9(q) = T +TK)= Ttot

inertia Coriolis/centrifugal
matrix  (with "good” factorization):
M — 2§ is skew-symmetric

_ 77T ) with transpose of the Jacobian
TK = JK (q)F K| associated to the contact point/area

= collisions may occur at any (unknown) location along
the whole robot body, and with any (unknown) force

= Simplifying assumptions (some may be relaxed)
= manipulator is an open kinematic chain
= Single contact/collision

= hegligible friction (else, to be identified and used in the model)
PHRI
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Analysis of a collision

V}{ _ UK ] _ [ JK.Iin(Q) ]q= JI\(CI)q c RG FK _ [ fI\" ] c ]RG
JK.ang (Q) |

WK

m I\"

in static conditions
a contact force/torque
on ith link is balanced
ONLY by torques
at preceding joints j < i

in dynamic conditions
a contact force/torque
on ith link produces

accelerations
at ALL joints
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Relevant dynamic properties

= total energy and its variation

1 . . .
E=T+U=3q"M@q+Us(q) |E=q" Te

= generalized momentum and its decoupled dynamics

p=MI(q)q

+ S'(q.9)q — g(q)

using the skew-symmetric property M (/l/‘: S (q . q) + S T(q , q)

prove this expression!
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PHRI

Monitoring collisions

without external
or contact sensors

deactivate/activate

Detection

Isolation

)

<€

continue




Energy-based detection of collisions

= Scalar residual (computable)/\‘ also via N-E algorithm!

o(t) = kp -E(z‘.) = /Ot((]TT +0)ds — E(O)-

O‘(O)ZO kp > 0

= ... and its dynamics (needed only for analysis)

o= —ATDO -+ ATD

a stable first-order linear filter, excited by a collision!
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Block diagram of residual generator

ignal

energy-based scalar s

rigid robot with possible extra torque due to collision

(zero if robot

scalar

residual generator

TK
+% q q
T robot —> f >
+>C<+ q'T \ E
R -
pltin ©)
6(0) = E(0) * |

starts at rest)

PHRI

o(t) =kp [E(t) - /Ot (" +0)ds - E(O)]
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PHRI

)
Analysis of the energy-based method @

a very simple scheme (scalar signal) /\,p“’ve this!
rewritten as a monitor of the kinetic energy I, by replacing

total energy E with T'and adding —¢' g(q) in the integral

it can only detect the presence of collision forces/torques
(wrenches) that produce work on the linear/angular
velocities (twists) at the contact

moreover, it does not succeed when the robot stands still...

q Tk = qTJ};(@FK = V'};'FK =0 < |V L Fg

VK Jrin(q) | . N fr | -me
V  — - - J 'Y (N R F { = K = R
J [ ] [ Tk ang() ]q k(q)q I ! ,

W
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Collision detection

simulation with

20

obstacle €detect

= —0Q

Cartesian path

0

15

101

5_

a /R robot

Sigma

signal back to zero
after contact is over
(returning below €,..5t0re
for a while)

contact detected

S5+

10t when first exceeding
a threshold €;,¢0ct
1% 05 : 15 2 25 3 35 4
time(sec)
detection of a collision with a fixed obstacle in the work space
during the execution of a Cartesian trajectory (redundant robot)
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Collision detection

experiment with a 6R robot

robot at rest or moving
under Cartesian impedance control
on a straight horizontal line
(with a F/T sensor at wrist for analysis)

6 phases

A: contact force applied is acting against
motion direction = detection

B: no force applied, with robot at rest

C: force increases gradually, but robot is
at rest = no detection

D: robot starts moving again, with force
being applied = detection

E: robot stands still and a strong force is
applied in z-direction = no detection

F: robot moves, with a z-force applied
~ orthogonal to motion direction =

detection

14



Momentum-based isolation of collisions e

: in case, needs modified or
= residual vector (computable) © - multiple N-E algorithm!

r(t) = Ki|p(1) —/0 (r+S%(q,9)a — g(q) +7) ds — p(0)

r(0) =0 K > 0 (diagonal)

= ... and its decoupled dynamics
- ri(s) _ Kp,
r=—Kr+ K@ tk.i(s) s+ Kp,
j=1,...,N

N first-order, linear filters with unitary gains, excited by a collision!
(all residuals go back to zero if there is no longer contact = post-impact phase)
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Block diagram of residual generator

momentum-based vector signal

rigid robot with possible extra torque due to collision
TK

@ % q q
: robot > f >

B

T
residual
v \l' v Vv generator
Y4 T "\,
>0<—|5"(q,9)a — 9(a) p

initialization

of integrators

p(0) = p(0)

(zero if robot

starts at rest)

PHRI
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Analysis of the momentum method

= ideal situation (no noise/uncertainties)

Ki—>x = |reT1g

= isolation property: collision has generically occurred
in an area located up to the ith link if

r:[* .. X X 0 O_T
| |
@-I—l ... N

= residual vector contains directional information on the
torque at the robot joints resulting from link collision
(useful for robot reaction in post-impact phase)
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Momentum-based method

experiment on 3 moving links of a position controlled DLR LWR-III
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continue

internal robot state
and control command

NO

deactivate
re-activate

without external
or contact sensors

pHRI
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Robot reaction strategy

= 'zero-gravity” control in any operative mode

T=T7 +9(q)

= upon detection of a collision (7 is over some threshold)
= NO reaction (strategy 0): robot continues its planned motion...

= stop robot motion (strategy 1): either by braking or by
stopping the motion reference generator and switching to a
high-gain position control law

= reflex* strategy: switch to a residual-based control law
7' = Kpr K g >0 (diagonal)
“joint torgue command in same direction of collision torgue "

* = in robots with transmission/joint elasticity, the reflex
strategy can be implemented in different ways (strategies 2, 3, 4)

PHRI 20



Zero gravity operation

video
http://handbookofrobotics.org/view-chapter/69/videodetails/611 video

WAM Barrett

=7/ 4 g(q) KUKA LWR4

|

DHRI here, only as result of human pushes ... 5


http://handbookofrobotics.org/view-chapter/69/videodetails/611

Analysis of the reflex strategy

= in ideal conditions, this control strategy is equivalent to a
reduction of the effective robot inertia as seen by the
collision force/torque

(I +Kpg) ' (M(q)g+ S(q,4)q) = Tx

“a lighter robot that can be easily pushed way”

r : ™
~ 3.

from a cow ... &
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DLR LWR-III robot dynamics

= lightweight (14 kg) 7R anthropomorfic robot with
harmonic drives (elastic joints) and joint torque sensors

motor torques commands
M(q)g+S(q.q9)g+g(q) = 75+ Tk

Bmé +71T57 = T friction at link side
is negligible!

friction at motor side _ _
can be compensated! TJ] = K(O Q)

elastic torques at the joints

m proprioceptive sensing: motor positions and
joint elastic torques

0 7, wmp gq=0-K'r,

PHRI 23




Exploded joint of LWR-III robot

Link Position Sensor |

Cross Roller Bearing

Power Converter Unit

Joint- and Motorcontroller Board
Power Supply

-

Torque Sensor |
with digital interface

HarmonicDrivel

Gear Unit
/\f L o1g poborive with

~ source of Safety Brake and
joint elasticity [ Position Sensor |

Carbon Fibre
robot link

pHRI
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Collision isolation for LWR-III robot
elastic joint case

= few alternatives for extending the rigid case results
= for collision isolation, the simplest one takes advantage of the

presence of joint torque sensors

A “replace the commanded torqgue to the motors
J with the elastic torque measured at the joints”

t

C res(t) = K| p(t) - / (75 + 57(q.4)d — g(q) + rEy) ds — p(0)
0

rgg = —Krrpggs+ Kr1g

= Other alternatives use
= |ink+motor position measures = needs knowledge also of joint stiffness K

= link+motor momentum + commanded torque = affected by
= motion control is more complex in the presence of joint elasticity
= different active strategies of reaction to collisions are possible

PHRI 25



Control of DLR LWR-III robot

elastic joint case

= general control law using full state feedback
(motor position and velocity, joint elastic torque and its derivative)

T = Kp(gd—g)—KD9+KPT(TJ,d_TJ)_KDT+J_l_TJﬁd

motor elastic joint
position torque error
error

= DLR “zero-gravity” condition is realized in a (quasi-static)
approximate way, using just motor position measures

g(0)=g(q). 7(0.q) €Q2:={(0.9)| K(0—-q)=g(q)}

l 1 1
motor link (diagonal) matrix
position position of joint stiffness

pHRI 26



Exact gravity cancellation
in robots with elastic joints

M(q)q+clq.q) +9(q) + Dyg+ K(qg—-6) = 0
impose the behavior of the B9 = Dgé = K(O = q) = T

same robot without gravity

N\
q(t) =qy(t) vt >0 T =174+ To

m) 7,=g(q) + DK 'g(q) + BK '§(q)

9(q) = —d‘g(qq) q

(@) = 20 (q) (K (6 - a)—cla.d) ~g(a) - Dyd) + Z

it requires full state feedback

A. De Luca, F. Flacco, IEEE CDC 2010
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PHRI

Reaction strategies
specific for elastic joint robots

strategy 2 floating reaction (robot = in “zero-gravity”)
T7d=Gg(0) Kp=20
strategy 3 reflex torque reaction (closest to the rigid case)
T74=Kgrrry+ g(0) Kp=0

strategy 4 admittance mode reaction (residual rg; is used as
the new reference for the motor velocity)

T7.d=G(0) 0= KpoTE]

further possible reaction strategies (rigid or elastic case)
= based on impedance control
= Sequence of strategies (e.qg., 4 + 2)
= time scaling: stop/reprise of reference trajectory, keeping the path

= Cartesian task preservation: exploits robot redundancy by projecting
reaction torque in a task-related dynamic null space
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Experiments with LWR-III robot

“dummy” head

dummy head equipped robot straighten horizontally,
with an accelerometer mostly motion of joint 1 @30°/sec
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Dummy head impact

video

strategy 0: no reaction strategy 2: floating reaction
planned trajectory ends just after impact velocity is rather low here and
the position of the dummy head the robot stops switching to float mode

PHRI 30



Delay in collision detection

COLLISION impact with
- the dummy head

—— measured (elastic)
joint torque

—— residual r,

—— 0/1 index for
detection

dummy head
acceleration

gain K; = diag{25}

- 56).1

0.49 0.4;92 o.jga 0.4;95 0.4;98 O;.ﬁ 0.5502 threshold = 5-10% of
) max rated torque

2-4 msec!
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Delay in collision detection

COLLISION

-----

T30

Dktectidr

1000k - - st s o Lo o e e A S A e A L SN G e e e A

5 0 6 O SRR SRR UVIR: SN N

00k L B e

- -
.......

—t— CD
_._Td.
—p— 1"

e 5&1\,{

—— Fext

i T W

k-

(0.995 1 1005 1.0 1015 102 1025 103
— 2[s]

1035 104

1.045

impact with
the dummy head
+ F/T sensing

ind f/\&«- —— measured (elastic)

joint torque
— residual r,

______sensed external
force

0/1 index for
detection

dummy head
acceleration
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Experiments with LWR-III robot

balloon impact

possibility of repeatable

comparison of different
reaction strategies

at high speed conditions
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Balloon impact

coordinated
joint motion
@90°/sec

strategy 4: admittance mode reaction

PHRI 34



Experimental comparison of strategies &
balloon impact

= residual and velocity at joint 4 with various reaction strategies

TORQUE r
0: no reaction

40

351

301

25

20

7[Nm]

10

15

1. motion stop | .

Y

(oS

A P IIE A pntWi mnid

4
-4

. |—Strategy 0

Strategy 1
Strategy 2

- --Strategy 4

- - Strategy 3}

_ -

15

150

100

50}

=100

-150
0

VELOCITY q

- A - - ————
5 o
: » e

4: the fastest in
stopping the robot
In post-impact phase

& i

—Strategy 0
N Strategy 1

Strategy 2
- - Strategy 3
- - -Strategy 4

1 1.5

impact at 90°/sec with coordinated joint motion

pHRI
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Human-Robot Interaction

= first impact @60°/sec

video

strategy 4: admittance mode strategy 3: reflex torque

pHRI 36



Human-Robot Interaction

= first impact @90°/sec

strategy 3: reflex torque
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= performance of model-based
detection/isolation methods
is limited by uncertainties
and unmodeled dynamics
(e.g., when adding an
unknown payload)

s there is a need for accurate
(and fast) online schemes

- ———— i ,g

Research Interface: Using initialization file “D: \Kulu Softuvare\Fast_resen

for identification
,3 terface lib\PRlLibrarg\atc\?ﬂm') “~FRI=Driver.init"

= here, ~10 small motions are
If ioziceieil ot sufficient to capture the

:}P 169.2?1.5011351:- l’:rt ::ZJB -
0 o sto ro -
Bestarting Sha-Jolae orition control schoms. mass and CoM of a payload

fove to "piok position... (becoming part of dynamic

Please, mo unt the payload/tool; press [ENTER] when it is mounted

- parameters of the last link)

video @IROS17
https://youtu.be/fNP6smdp7aE
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https://youtu.be/fNP6smdp7aE

Simultaneous use of two residuals

= use of the two types of introduced residuals, with different thresholds
= momentum-based vector 1 + energy-based scalar o (less sensitive at slow speed)
= Mmore robust to dynamic uncertainties (in particular, to unmodeled friction)

LARA 5
o 6R cobot
& by Neura
Robotics

collision detection

£ video
= @ICRA23

—
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Other uses of residuals

= the design concept of a residual can be used also to estimate online any
“missing” dynamic term in the model of a (mechanical) system

= it has in fact the structure of a “disturbance” or “input” observer

= we have used it to estimate (and control) at run time the time-varying
nonlinear stiffness of a VSA device (which cannot be directly measured ...)

= being a (first-order) filtered version of the unknown/missing term, it may
be used as a compensation signal within any control law, without having
“algebraic loops” or attempting a (difficult) model-based identification

= consider a (relevant) motor-side friction 7 in a robot with elastic joints
BO+ KO —q) =Bé+T] =T+ 1R

= T = K [1p — 1%]
TFJ(S)
1 + (1/kp’i)S

t
e = Kp [Bé—f (T—T]+T'F)dS]
0

= rFJ(S)==

= model-less friction compensation: T = Tgnycontrol — TF
PHRI 40



Experiments on friction compensation

s results on the DLR 7R MIRO medical robot -
used then on-line C@

o _ _— inacontrol law... =™———
friction estimate via residuals position error

0.02

2 77— —— - -
0 boeve 1 et Sattan O =5 e e ——— ]
-2 p ﬁ"‘ -0.02 _
-8 i . i no fric.comp jgﬂ - . no fric.comp
"2 25 3 35 4 45 5 55 with fric.obs 2 3 4 B with fric.obs
10 Y v T Y Y Y Y Y R 0.1 ] T T
o———t— A 00 B L2 . Iy
_ \ / -0.1 \ s
B S 02 A :
2 25 3 35 4 45 5 55 6 65 7 75 2 3 4 5 5 7
op—— rrr——— 0.1 : : : :
0 b — SERmEa 200 —.,'... R - 0 pr—————"
-1d P -0.1 —
ST’ -0.2 2
20k 1 ! ki : 1
2 25 3 35 4 45 5 55 6 65 7 75 2 3 4 5 7
- - - 0.1 T
5 .
T S, I 0.05
0 e S e =W
7 0 SRS - —— .
I -
-3 i ] i i i i . 0.0 . ;
2 25 3 35 4 45 5 55 6 65 7 75 2 3 4 5 5 7
o— v — . —_— : — .
5 oo A A 00015 A B
0 _ T e 0 S - -
: : : : : -0.05 . L
2 25 3 35 4 45 5 55 6 65 7 75 2 3 4 5 5 7
3 : -~ e A N gg k ' ' ~
05_ i w‘.“ww-j N 0.(13 .h___-———————b—:""f — ‘i'h. S s ——— : eIaStIC JOInt
2 25 3 35 4 45 5 55 6 65 7 715 i
o228 3 88 e R 2 3 4 s ° 7 dynamic model
: P LN T UL OV - as e TN
—— - - " S . 0 —a. - e
2 25 3 35 4 45 5 55 6 65 7 75 2 3 4 5 6 7
Time [g] Time [s]
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“Portfolio” of reaction strategies

residual amplitude & severity level of collision

all transitions are
controlled by
suitable
thresholds
on the residuals

pHRI
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Experiments with LWR-III robot

time scaling

e o
= robot is position-controlled (on a given geometric path)

= timing law slows down, stops, possibly reverses (and then reprises)
PHRI 43



Reaction with time scaling

video

Trajectory scaling
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Use of kinematic redundancy

= collision detection = robot reacts so as to preserve as

much as possible (and if possible at all) the execution
of the planned Cartesian trajectory for the end-effector

instant of collision detection
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Task kinematics

= task coordinates x € R with |[m < n| (redundancy)

r=J(q)q &=J(q)qg+J(q)q
= (all) generalized inverses of the task Jacobian
J(q)G(q)J(q) =J(q), Vg

= all joint accelerations realizing a desired task acceleration

(at d given rObOt StV

i =G(q@-J(q)q) + (I - G(q)I (q))dy

arbitrary joint
acceleration

pHRI 46




Dynamic redundancy resolution

set for compactness n(q,q) = S(q.q)q + g(q)

= all joint torques realizing a precise control of the
desired (Cartesian) task

r,+ Kpe+ Kpe

v
r = M(q)Glq) [D-J(@)q+I (@M (g)n(g.4)

+M(q)(I - G<q>J<q>>M‘1<q

1
projection matrix in the arbitrary joint torque
dynamic null space of J available for reaction to collisions

for any generalized inverse G, the joint torque has two contributions:
one imposes the task acceleration control, the other does not affect it
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PHRI

Dynamically consistent solution
inertia-weighted pseudoinverse

the most natural choice for matrix G is to use the dynamically
consistent generalized inverse of J

in a dual way, denoting by H a generalized inverse of JT, the
joint torques can always be decomposed as

T =J"(q)F + (I —-J"(q)H(q))Ty

the inertia-weighted choices for H and G are then
1

Huy(g) = (J(@M ' (9J7(@) J(@M '(g)

=: A(q)J(q)M ' (q). A(q) is the effective
G = HT, — M~ YTA Cartesian inertia!
= Hy, =

thus, the dynamically consistent solution is given by

r = J (q)Alq)(& —J(q)q +T (@) M (g)n(q, §))
+(I —J" (q)Hm(q))To

48



Cartesian task preservation

video

Collision Reaction - No Task Relaxing

o

i

Angle 1 Slow 4x

simulation in Simulink
visualization in VRML

De Luca, Ferrajoli @IROS 2008

= Wish to preserve the whole Cartesian task (end-effector position & orientation)
reacting to collisions by using only self-motions in the joint space

= if the residual (« contact force) grows too large, orientation is first
and then, if necessary, the full task is abandoned (priority is given to safety)

PHRI 49



Cartesian task preservation
experiments with LWR4+ robot

https://youtu.be/g4PZKE-kgc0 video @IROS 2017

%(/1/
SN

Human-Robot Coexistence and
Contact Handling with Redundant Robots

Emanuele Magrini Alessandro De Luca

Robotics Lab, DIAG
Sapienza Universita di Roma

February 2017

dle & < abort



https://youtu.be/q4PZKE-kgc0

Combined use
6D F/T sensor at the robot wrist + residuals

video

include the F/T measures in the expression of the residual: JLz(q)F,,
may be used to distinguish intentional contacts vs. unexpected collisions
.. but only at the end-effector level!

in case of intentional contacts, what should a robot do other than react to
contacts/collisions by stopping or escaping? = physical collaboration (pHRC)
PHRI 51



PHRI in low-cost (humanoid) robots
forearm of the ROMEO personal robot

video

Contact Detection and Physical Interaction
on Low Cost Personal Robot

Fabrizio Flacco and Abderrahmane Kheddar

LIRMM
CNRS / University of Montpelleir

PROJET

ROMEQ2

September 2016

= the momentum-based residual method has been implemented worldwide in a large
number of robotic systems (industrial robots, prototypes, VSA-based manipulators, ...)

= a different computation of residuals is needed for “floating base” humanoids and UAVs
PHRI 52



Collision detection and reaction
with full VSA-based DLR HASY robot

video

= with a momentum-based residual method m

SAPHARI

AAAAAAAAAAAAAAAAA
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Collision detection and isolation
using a joint velocity observer in the residual

observer (OBS) differentiation (ND)

§ AT COMmp Ay acomp A0 component, &-th comp
o 30 } o = numerical differentiation of encoders vs.
g . - dynamic reduced-order observer
10 b : 5 = 6 link collisions in sequence (over 30 s):
B e W5 s L4 (twice, £) = L5 (twice, =) = L2 (twice, )
T e The = both methods detect collisions correctly
: : | =—— = ND has two false isolations (#5 and #6)
i 1 o = OBS isolates the colliding link correctly
35 6 zs 3 135 3 'd
viaeo only first 5 residuals are shown (out of 7)
5 Residual: 1-st component %0 Residual: 2-nd component, 10 Residual: 3-rd component 15 Residual: 4-th component 5 Hesiduaﬁ-th component
20: : :: : . |x w: \l/ } x 15‘:
1 0 =T} "l g - 1 o—iﬂh‘l‘q—‘wv 05 -
5 o - ] - } p , } i jl“ __JI
: v -10 B -10 ‘ I x -0.5
S L O D 0 S S S B VA v
1-st zz pproxi idual: 2-nd \/ “; pproxi idual: 3-rd s pproxi i 4-th . i sjdual: 5-th
o . | IR
5 | 5 ! 05
O_FLJL,‘L‘J-!—’_\—J—L‘HTU_ 07—4‘4——"\"“""" z OW 0 ~} T S
° I -1-: 2 | '
0 15 -4 J
-15 0 \'/ 6 . . \_/
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PHRI in closed control architectures
KUKA KR5 Sixx R650 robot

dq4 94 id T ;}

= |ow-level control laws are not known nor accessible by
the user: no current or torque commands can be used

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

on an external PC via the RSI (RobotSensorInterface), Mm

communicating with the KUKA controller every 12 ms

= robot measures available to the user: joint positions (by m
encoders) and [absolute value of] motor currents o W e L

time [s]

= controller reference is given as a velocity or a position motor currents measured
in joint space (also Cartesian commands are accepted) on first three joints
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Collision detection and stop

https://youtu.be/18RsAxkf7kk video @ICRA 2013

high pass filtered motors current

05— r . .

joint i1 : : ;

- - — ~+ — - —

; 3 ! 4 :

I R T S T R TR SR TR S

0 5 10 15 20 25 30 35 40 45 50

0.5 ; ; ; ; : T . ;

joint2 A A

0 = H i e sl o J. HEPp e T e il

2 e i LR S, | e Pl T D

o R T A T T T N S M
0 40

05—

| joint3 £ E bbb
r- - I O T = [Ny (S S 0 e
‘__ v \ O | 5 T M ., A e,

time [s]

collisions are detected through motor currents high-pass filtering analysis

high-pass filtering of motor currents (a signal-based detection...)
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v

Collisions vs intentional contact .%

distinguish and then collaborate ...
video @ICRA 2013

motors current high pass filtering

' &
®

{
i
i
9
O
o - .
. 5 HIEEE
N
( 13‘ Robotics & Automation Sotety
i
<
\!

10 12
time [s

14 16 18 20 22

motors Icurrent low pass filtering

intentional contact distinguished by analysis of high-pass
and low-pass filtering

12
lmels]

with both high-pass and low-pass filtering of motor currents

. — here collaboration mode is manual guidance of the robot -
D




Other possible robot reactions
after collaboration mode is established

collaboration mode

pushing/pulling
the robot

collaboration mode

compliant-like @ICRA

robot behavior

here, time-varying thresholds
based on the desired trajectory

... We are “control-cheating” a bit:
no torque command is ever issued!

robot recovers initial configuration in a compliant way
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Dynamic modeling
KUKA KR5 Sixx R650 robot (in 2021)

simulation
test

39/39 segments
of motor currents

0 2 B 6 8 10 12
true lorque

correctly handled 2 wbrand
(assign right +/-) W/’\M
Z 0= + C -J+1- + -
] S S | S — ASTE 2t Li 8w a
0 2 4 6 8 0 12 0 2 < 6 8 10 12
time [s] ,, i '-mérlil ,
= jdentify signs of motor currents by means of a | glz-lélzl\/li
Tree Penalty-Based Parameter Retrieval algorithm Bes‘i"“g‘itdem Paper Award
= use the method in experimental identification of CurrentsTorques i Unnown Sgns

Mar

robot dynamic model, followed by validation tests
PHRI

arco Pen e, Cla d G M o Capotondi,
Valerio Modug o and Ales: dro De Luca
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Collision detection and isolation
KUKA KR5 Sixx R650 robot

t

video moa(®) = ko [ VTSV (S)7 = 27 (5)2(6) = O] ds

0

Dynamic Identification
and Collision Detection/Isolation of Robots
From Motor Currents/Torques with Unknown Signs

Claudio Gaz, Marco Pennese, Marco Capotondi, Valerio Modugno, Alessandro De Luca

Robotics Lab, DIAG
Sapienza Universita di Roma

March 2022

use of extra residuals for motor currents of a priori unknown signs
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XZ Further pHRI results

grssones obtained Within/beyond the SAPHARI project

oooooooooooooooo

= integrated control approach with
= collision avoidance (using exteroceptive sensors)
= collision detection (with residual methods, whenever safe coexistence fails)
= collision reaction (not limited to retracting the robot from contact areas)
= distinguish intentional contact from unexpected collision without F/T sensor
= more general types of contacts (at any location, not just at the end-effector)
= understanding human intentions of motion
= gesture recognition and classification
= incremental learning of motion/interaction primitives (kinesthetic teaching)
= Human-Robot Collaboration (HRC)
= Search/detect an intentional contact
= keep the contact while regulating exchanged forces (without force sensing) or
= impose a generalized human-robot impedance behavior at the contact
= portfolio of complex reactive actions to perform HRC in a robust way
= Sequencing of tasks, monitoring progress, switching control laws in real time
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Download pdf for personal use at www.diag.uniromal.it/deluca/Publications
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Videos: YouTube channel RoboticsLabSapienza. Playlist: Physical human-robot interaction
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Reduced-order velocity observer
for rigid robots

= for use in position-only feedback control laws and for collision detection/isolation
= nice to have the same first-order structure of a momentum-based residual
= should work in closed-loop or open-loop mode (with possibly unbounded velocity)

A
.

M(q)z =1 —5(q,9)q—g(q) — f(a,a) — ko M(q)q

A

qg=2z+kyq

Theorem 1. Assume that ||g]| < v,,4, iS known. Then, for any fixed n > 0, by choosing
ko = (coVmax + 1)/ Amin(M(q)) R
we obtain local exponential stability of the observation error e = g — q

with a region of attraction €(n)

Theorem 2. Assume that lim sup||g|| < v exists but is yet unknown. Then, using a

n—>00

switching logic to adjust the gain with a hybrid dynamics scheme,
we obtain local exponential stability of the observation error e = ¢ — ¢

= A. Cristofaro, A. De Luca, “Reduced-order observer design for robot manipulators”
IEEE Control Systems Lett., vol. 7, pp. 520-525, 2023
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