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In this paper, the impedance control paradigm is used to design control algorithms for safe
human-robot collaboration. In particular, the problem of controlling a redundant robot ma-
nipulator in task space, while guaranteeing a compliant behavior for the redundant degrees
of freedom, is considered first. The proposed approach allows safe and dependable reac-
tion of the robot during deliberate or accidental physical interaction with a human or the
environment, thanks to null-space impedance control. Moreover, the case of control for co-
manipulation is considered. In particular, the role of the kinematic redundancy and that of
the impedance parameters modulation are investigated. The algorithms are verified through
experiments on a 7R KUKA lightweight robot arm.
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1 Introduction

The need of safe and dependable robots operating in the close vicinity to humans or
directly interacting with persons is growing in a wide range of application domains,
ranging from domestic environments to industry. This requires a major technology
shift from classical industrial robots, which are closed in cages to guarantee safety,
to a new generation of robots suitable to be used in close collaboration with humans.

These robots must be designed with a high degree of compliance to reduce the in-
teraction forces, both in the case of collision and during physical collaboration with
humans. Moreover, a safe human-robot coexistence must be guaranteed combining
different control strategies.

Collisions should be avoided using exteroceptive sensors, such as video cameras or
depth sensors, together with fast collision avoidance control algorithms. Also,
appropriate collision detection and reaction strategies must be adopted in case of
collisions that cannot be avoided. The reaction strategies are aimed at
immediately removing the robot from the collision area. Nevertheless, in the
case of redundant robots, it is
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possible to preserve as much as possible the execution of the end effector task by
projecting the reaction torques into the null space of the main task.

Similarly, in the case of accidental or intentional physical interaction of a human
with the robot’s body, a suitable compliance control strategy can be adopted for
the redundant degrees of freedom of the robot, which possibly does not interfere
with the task assigned to the robot’s end effector. The resulting approach,
proposed in the first section of this paper, can be denoted as task space control
with null space compliance.

On the other hand, a number of robotic tasks require intentional physical interaction
of humans with robots. This happens, for example, in co-manipulation tasks, where
the human guides the robot’s end effector. For these tasks, suitable control strate-
gies ensuring the robot’s compliance at the end effector must be adopted and
kinematic redundancy can be exploited to enhance intuitiveness and stability of
the physical human-robot interaction. This problem is addressed in the second
section of the paper.

The paradigm common to the two approaches is the use of impedance control [1]
for human-robot physical interaction. They have been considered separately in the
references [2], for what concerns null-space impedance control, and [3] for variable
impedance control at the end effector.

2 Null-Space Impedance Control for Human-Robot Co-
existence

When a robot works close to humans, interaction may occurs with the robot’s
body. Safety can be guaranteed by ensuring a compliant behaviour to the robot’s
joint. In the presence of kinematic redundancy, the compliant behaviour can be
projected in the null space of the main task, so that the latter can be correctly
executed. In other words, the control goal is to minimize the error of the main
task and at the same time, to ensure safe interaction through active compliance in
the null space of the main task.

Active compliance can be obtained using impedance control, which has been ex-
tensively studied in the literature. The compliant behavior usually is realized in the
task space to control the interaction of the end effector. However, an impedance
behavior can be imposed also in the null space of the main task to ensure safety.

To this purpose, two control schemes which do not require direct joint torque mea-
surements are presented. The first scheme is based on a disturbance observer which
estimates the external forces acting on the task variables on the basis of the task
space error. The second scheme relies on the momentum-based observer [4]. In
both cases, the overall stability of the system, with asymptotic convergence of the
main task and a desired impedance behavior in the null space of the main task, can
be proven. More details and the proofs are in [2].
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2.1 Null-Space Impedance Control

The dynamic model of a n-link robot manipulator can be expressed by

M(q)§+C(q,4)q+8(q) + Ten = T, (D

with standard notation. In this model, 7 is the input vector torque while 7,y is the
torque resulting from external interaction. The well-known model-based resolved
acceleration control can be adopted to compute the driving torques

©=M(q)4c+C(q:4)q+ (), 2
where §. is the joint command acceleration to be suitably designed.

For a redundant manipulator, redundancy lets us to have some kind of joint impedance
and task space control simultaneously. The so-called null-space impedance can be
realized in the null space of the main task to control the interaction on the robot’s
body. The corresponding command joint acceleration in (2) is given by

Ge = J" (5 —JG) +N(Ga +M; " (Bag+ Kad)), 3)

which produces the task space and null-space closed-loop behavior respectively as
follows

K=k =JIM "1,

. . B 4)
N<q+Md I(qu+Kd‘7) -M 1Text) =0.

Here X, is the command acceleration in the task space, § = g; — g where g is the
desired trajectory or a rest configuration in the joint space, J' is any (weighted) right
pseudo-inverse of the task space Jacobian matrix J, N = (I —J'J) is the null-space
projection matrix, and M;, B; and K; are the impedance matrices. This choice of g,
allows the joint space impedance in the null-space of the main task to be realized,
provided that the desired inertia matrix is chosen as M; = M(gq). On the other hand,
the main task experiences errors as a result of the external torques that are applied
on the robot’s body. It can be easily shown that an arbitrary M, can be set only if
the measurement of 7, is available to the controller; in this case, also the influence
of 1, on the main task can be cancelled out.

2.2 Task-Based Observer

The following theorem is given for correct execution of the main task, while ensur-
ing a compliant behaviour of the robot’s body.

Theorem 1. Let us denote with T the estimated external torque and with T = 7,;, — ©
the estimation error. Also, define the error s = ¥+ PX, where P is a positive definite
diagonal matrix and ¥ = x; —x. Then, for selected constant diagonal positive definite
matrix K and constant positive definite matrix I'y, the control law

. , 1.
t=J"AG +PE—Jg)+JT <2A+K> —Jr s )
+ MNy(Ga +M ™" (Bag+ Kad)) +C(g:9)d + &(q),
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with the disturbance observer
t=-T}J%, (6)

guarantee that the ¥ and X go to zero asymptotically while the null-space impedance
behavior is imposed. Moreover, the estimated disturbance remains bounded and the
closed-loop system is stable.

In (5), A= (JM~'JT)~! is task inertia matrix, J* = M~'JTA is the dynamically
consistent generalized inverse [5] and Ny = (I — JtI ).

It can be easily shown that the closed-loop dynamics for the null-space is
Ny(G+M " (BaG+KaG) — M ' 70) = 0, (7)

corresponding to an impedance behavior in the null-space of the main task.

2.3 Momentum-Based Observer

Another method to ensure the correct execution of the main task during interaction
is based on the collision detection algorithm presented by [4]. The basic concept is
the computation of the n-dimensional residual vector

0= (00~ [ /(547 (0.0 ela) +r(@)do ) ®

where p(t) = M(q)q is the robot generalized momentum and K; is a positive definite
diagonal matrix. This vector can be computed using the measured signals g and ¢,
and the commanded torque 7, with initial conditions r(0) = 0 and p(0) = 0. The
dynamics of r is

F=—Kir—KjTey, 9

corresponding to a filtered version of the real external torques, i.e. r(f) = Toy. In the
absence of interaction, assuming no noise and unmodeled disturbances, r(¢) = 0.
As soon as interaction occurs, the components of r will raise exponentially and will
reach to the value of —7,,;.

A control algorithm similar to the one that was given by (5), using r in place of %, is
adopted

t=J"A(Zy + Kpi+ K, —Jg) —J T r

, lp A y N (10)
+MNy[ga+My " (Bag+Kaq)) +Clq,4)d +8(q),
By defining the estimation error 7 = r + Ty, the closed-loop task dynamics is
= 2 ~ —1~
X+KpX+K,x=JM 'F (11)

}L":—K]F—i_fext. >

while the closed-loop dynamics for the null-space is the same as in (7). From the sta-
bility properties of the cascade systems it can be shown that when || 7y, || is bounded,
X is also bounded and specifically when 7,; = 0 the system is asymptotically stable
and %,X — 0.
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Figure 1
Elastic ball in interaction with a KUKA LWR4 arm

2.4 Experimental Results

The proposed approaches are verified experimentally on a 7 DOF KUKA LWR4
lightweight arm (n = 7). Control algorithms are executed through Fast Research
Interface (FRI) library with a sampling rate of 2 ms.

The experiments are performed for three cases: without observer, with task error
based observer and with momentum based observer. In all the cases the position of
the end effector is assumed as the main task (m = 3). Therefore, the robot has 4
degrees of redundancy (r = 4).

A constant configuration ¢, = [t /4, -1 /6,0, —t /1.8, /6,—m /4, 0] is considered,
corresponding to the constant desired position of the end effector in the task space
xg = [—0.242,-0.133,0.968]" .

The interaction occurs with an elastic ball of 1200N/m approximate stiffness at a
point of the robot arm close to the fourth joint. While the end effector is commanded
to be in the desired position, the sphere comes in contact with the robot, stops for
10s and finally goes back far from the robot. In order to have the same scenario
in all the experiments and guarantee repeatability, the ball is moved by a position
controlled industrial robot with constant speed of 4.5cm/s along a straight line. A
snapshot of the experimental setup is depicted in Fig. 1.

Case I, Interaction control without external interaction observer: The command
acceleration given by (3) was considered with the gains K, = 20001, K, = 901,
Md = M(q), Bd = 0.4], and Kd = 8I.

The corresponding main task error and the estimated external torques, obtained by
the torque sensors available on LWR4 robot, together with the joints position, are
shown in Fig. 2. The time interval when interaction occurs is identified by the two
vertical lines. It can be observed that the task space error components are zero
initially but, after the collision with the sphere, they increase and reach constant
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Figure 2
Task errors, external torques estimation evaluated from torque sensors and joint space trajectory, without
observer

values when the sphere stops. When the sphere is retreated and contact is lost,
the task error components become small but non-null, due to the presence of non
negligible joint friction.

From the time histories of the joint variables in Fig. 2 it can be argued that, during
the interaction, the configuration of the robot changes and the redundancy allows
the manipulator to comply with the external forces. As soon as the contact is lost,
the robot comes back to its desired configuration. The behavior of the arm in the
null space can be set by properly choosing the control gains.

Case 11, Interaction control with task error based disturbance observer: The previ-
ous experiment is repeated by using the control law (5) with disturbance observer
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Figure 3

Task errors, external torques estimation evaluated from torque sensors and joint space trajectory, using
task error based observer

(6). The parameters of the controller are tuned as P = 251, K =80/, and I'y = 0.1251
and the impedance matrices are selected as in the previous case.

The performance of the controller is shown in Fig. 3. Even though the external
torque T,y is not constant during the first and the third p hase of the interaction,

namely when the sphere is approached and retreated, the controller performs very
well and the task errors are more than three times lower than the previous case and
the resulting interaction torques remain bounded. In the second phase of the
interaction, when the sphere is at rest and a constant torque is applied, the task
error converges to zero.

Comparing the plots of the time histories of the external torques and of the joint
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Figure 4
Task errors, external torques estimation evaluated from torque sensors and joint space trajectory, using
momentum based observer

positions in Fig. 2 and Fig. 3, it can be inferred that the behavior of the robot in the
null space does not change appreciably. Moreover, comparing the task space errors
of Fig. 3 with those reported in Fig. 2, it can be observed that the control scheme
with task error based observer not only reduces the error during the interaction, but
allows also reducing the effects of friction, so that the task space error goes to zero
when the contact is lost.

Case IlI, Interaction control with momentum based observer: The experiment is
repeated using the momentum based observer (8) with K; = 8/ and the control torque
(10). The control gains and the impedance parameters are set as in Case 1. The
results are depicted in Fig. 4. It can be seen that the controller works very well
during the constant phase of the interaction. However, when the external torque
is
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is not constant, during the first and the third phase of the interaction, the task
space error shows high frequency oscillations.

3 Human-Robot Co-Manipulation

Robot manual guidance and co-manipulation tasks are of great interest in both
the service and industrial fields where physical human-robot interaction
constitutes an added value for the realization and simplification of many
applications, such as teaching by demonstration and robot-aided manufacturing.
It is widely known in literature that impedance/admittance strategies are the
most effective and natural way to handle physical interaction in the face of the
unpredictability of human behaviours. Indeed, impedance control is an essential
paradigm to ensure reliability and safety.

To enhance intuitiveness and stability in physical human-robot interaction during
co-manipulation tasks both redundancy and impedance parameters modulation play
an important rule. Through an extensive experimental study on a 7-DOF KUKA
LWR4 arm, we show that variable impedance is more performant with respect to
constant impedance and that redundancy resolution influences not only stability but
also performance. For this purpose, an impedance strategy to control a redundant
manipulator is defined in the Cartesian space and different modulation laws for the
impedance parameters are tested in combination with different strategies to solve
redundancy.

In order to make the end effector able to follow and adapt to the force exerted by the
operator at the tip, the end effector dynamics can be set as a mass-damper system of
equation

AdX+Ddx:Fexta (12)

where A, and D are suitable inertia and damping matrices, that are positive definite
and are usually set as constant diagonal matrices.

In detail, a suitably selected variable impedance strategy [7] has been compared to
constant impedance. Among possible redundancy resolution criteria, two secondary
task functions inspired to the dynamic conditioning index (DCI) [13], and to the
kinematic manipulability index were selected and compared [6]. For the evaluation
of the results, a writing task on a horizontal plane operated by a human has been
selected as a case study. In order to have significant redundant degrees of freedom
that can be used for the secondary task, the orientation was not considered.

A snapshot of the co-manipulation task is reported in Fig. 5, where the operator
guides a paint marker mounted on the robot’s tip along a path drawn on a paper
sheet.

Fig. 6 summarizes the results which will be further discussed and detailed below.
The performance level increases from left to right. It can be seen that the best solu-
tion is achieved using variable damping and secondary task functions inspired to
the dynamic conditioning index.
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Figure 5
Snapshot of the co-manipulation task.

Performance (H,e)

MAN DCI MAN DCI
CONST IMP VAR IMP

Figure 6
The results obtained with different combination of redundancy resolution and impedance strategies pre-
sented on the basis of the performance level in increasing order from left to right.

3.1 Stability Issues

Studies available in literature demonstrate that the stability of human-robot inter-
action, depends on the coupled dynamics of both interacting systems [12], which
cannot be accurately modelled and evaluated as it involves also the estimation of
human arm impedance, it depends also on the hardware namely, the robot
kinematics and dynamics, the kind of transmission, the presence of friction and of
structural compliance, and the kind of sensors and actuators [10, 9, 11]. Thus, in
this work an experimental procedure has been set up to find the allowed range of
variation of the impedance parameters where stability is preserved. In this section,
only the results of the experimental procedure are reported in Fig. 7, while the
whole procedure can be found in [3, 7]. The same damping and the same mass has
been set along all the directions of the Cartesian space, i.e., Dy = DI and Ay = Al,
with A = A, being A = 4.2456kg the maximum eigenvalue of the end effector
inertia in a chosen initial configuration, and 0 < o < 1 a scaling factor. The stability
region for the parameters D and « is that included between the continuous and the
dotted line.

The stability region has been evaluated experimentally by setting a value of damping
D in the interval [5,60] Ns/m and reducing the value of ¢, starting from o = 1, until
vibrations can be felt by an operator shaking the end effector in a neighborhood
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of an initial configuration. This configuration is chosen in such a way to have the
effective Cartesian inertia diagonal with asymmetric distribution, i.e. one of the
eigenvalues of the inertia matrix assumes a value A much bigger with respect to the
others. Hence, the worst-case configuration for scaling (reducing) the end effector
inertia is considered.

70
60F s @==mmmmmmann @=mmmmmmman o O mmmmmmmann -
s0r . ]
% 40: stability region 7
Z
a 30r :
20r )
10 -
8.1 0.15 0.2 0.25 0.3 0.35 04
o

Figure 7
Range of minimum and maximum allowed damping D for a given scaling factor « of the inertia matrix.

3.2 Redundancy Resolution

The experimental studies on a redundant robot demonstrate that redundancy has an
important role on both stability and performance during human-robot physical in-
teraction. Different strategies to solve redundancy have been applied and the results
compared in terms of performances and in terms of stability. The maximization of
the kinematic manipulability index [6] and the minimization of the DC index [13]
are the two secondary tasks that have been tested. In Fig. 8 the time histories of
DC index are reported in the two cases. In the top figure, that is the case where in
the impedance equation low virtual inertia has been settled at the boundary of sta-
bility region, the task can be completed only if redundancy is used to decouple the
effective Cartesian inertia at the end effector of the robot. Otherwise, when manip-
ulability index is exploited, the task is interrupted because instability occurs. In the
bottom figure the virtual inertia is settled high thus the stability is always preserved.
This happened since instability is likely to occur during interaction when the
controller attempts to impose to the robot impedance dynamics that differs
signicantly from the intrinsic hardware dynamics.

About performances related to redundancy resolution, the methods have been com-
pared using two different impedance laws, one with constant parameters (set as
A =1.1kg, D = 60Ns/m) and one with variable damping (low constant mass,
A = 1.1kg). Since the assigned task consists in pursuing a given path, a signifi-
cant measure of performance is the error between the reference and the actual path,
that can be defined in different ways. A very simple measure is the absolute value of
the difference between the length of the path drawn in cooperation with the robot,
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Figure 8

Time histories of the values of DC index in the case of low (top) and high (bottom) virtual inertia. The
continuous lines represent the DC index when redundancy is used to increase manipulability. The dashed
lines represent the DC index when redundancy is used to minimize the DC index.

l,, and the ideal path length, /;, namely the length error:
e=|l;—1]. (13)

Another performance parameter is the execution time H of the trajectory, defined as
the difference between the time when the entire path is completed and the time when
the drawing tool touches the paper on the desk to start writing. In order to obtain
quantities that overcome the skills of the singular operator, the above parameters are
evaluated as the average on the performance of more subjects.

The results of the tests are reported in Fig. 9, where the error on the length of
path e versus execution time H is reported for all the subjects, as well as their
mean values.

It can be observed that, for the impedance control with constant parameters, the use
of DC index (DCI) ensures better performance than the use of manipulability index
(Man) both in terms of execution time and error on the path. This is true also for
variable impedance control even though the use of variable parameters reduces the
error on the path in spite of the strategy used to solve the redundancy.

Last but not least, all the subjects involved in the experiments have confirmed that
the “feeling” of the manual guidance (in terms of intuitiveness and response of the
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Figure 9

Values of the length error e and execution time H in the experiments on five subjects using variable and
low constant impedance; both manipulability index and DCI optimisation are used as secondary tasks.
The bigger markers are the mean values on the five different subjects.

robot) improves when the DC index is adopted, i.e., when redundancy is used to
decouple the natural end effector dynamics along the principal directions of the
task.

3.3 Impedance Modulation

In order to accommodate the human movement during physical interaction, high
impedance parameters are desired when the operator performs fine movements at
low velocity while lower values of the parameters should be used for large move-
ments at high velocity [9, 10, 8]. Thus, using a variable impedance strategy it is
possible to vary the damping and mass properties of the robot on-line according to
human unpredictable behaviour. A crucial point is the interpretation of the hu-
man intention. Taking into account that human perception is mainly influenced by
the damping parameter, while, for a given damping, the desired (virtual) mass is
crucial for stability, different strategies to vary the impedance parameters have been
tested and compared in [7].

Comparing the performance in terms of execution time and accuracy we finally
choose to vary the damping according to the absolute value of the end effector Carte-
sian velocity and to set the mass as low as possible. Namely, when the velocity is
high, the damping force is reduced, so that the operator can move the end effector
with minimum effort and the execution time can be reduced; vice versa, at low ve-
locity, the damping force is increased to improve accuracy. On the other hand, the
virtual mass is set so as the parameters of the system remain in the stability region.

The relationships used to vary the damping for each of the Cartesian principal di-
rections is

D(x’) = min{ae "W 5}, (14
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with a = 60 and b = 4. These parameters have been chosen in order to have a
variation of the damping within the interval [5,60] Ns/m for the possible range of
velocities in the considered task. A saturation to the minimum value of 5 Ns/m is
introduced in case of high velocity.

The variable impedance control has been compared with two different sets of con-
stant impedance gains (chosen along the curve), namely: high damping (A = 1.1 kg,
D = 60 Ns/m) and low damping (A = 1.1kg, D = 20 Ns/m).

0.04 QOvariable damping

] high damping *
0.03| X low damping i

x o

E.0.02" \ 1
(0]

0.01r i

H [s]

Figure 10

Values of length error e and execution time H in the experiments on five subjects using DCI optimisation,
with the variable impedance control L1 and two different sets of constant parameters. The bigger markers
are the mean values on the five different subjects.

The results, carried out on five different subjects, are shown in Fig. 10, where the
execution time H and the error on the length of the path are reported.

The constant impedance with high damping ensures higher accuracy with respect
to the constant impedance with low damping, as expected. This result, however,
comes at the expenses of the execution time and of the operator effort requested for
the manual guidance.

Indeed, from Fig. 11 it can be verified that higher damping requires higher forces
to be exerted to the end effector. On the contrary, impedance with low damping
allows the task to be performed more easily, with less effort and time, but with less
accuracy.

In conclusion, the variable impedance guarantees the best compromise between ac-
curacy, execution time and effort of the operator (Fig. 10 and Fig. 11).

Conclusions

The use of impedance control both on Cartesian or task variables and in the null
space of the main task was considered in this work. The redundancy of the sys-
tem was utilised to ensure safe and dependable physical interaction, as well as to
enhance intuitiveness and stability of the physical human-robot interaction. In the
case of co-manipulation tasks, the benefit of impedance parameters modulation was
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—high damping
—variable damping
—low damping

Force [N]

Figure 11
Norm and mean value of the contact forces for high, variable and low damping, for one subject.

investigated. The performance of the proposed algorithms has been experimentally
tested on a torque controlled KUKA LWR4 robot.
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