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Abstract—A great many control schemes for a robot manip-
ulator interacting with the environment have been developed
in the literature in the past two decades. This paper is aimed
at presenting a survey of robot interaction control schemes
for a manipulator, the end effector of which comes in contact
with a compliant surface. A salient feature of the work is the
implementation of the schemes on an industrial robot with open
control architecture equipped with a wrist force sensor. Two
classes of control strategies are considered, namely, those based
on static model-based compensation and those based on dynamic
model-based compensation. The former provide a good steady-
state behavior, while the latter enhance the behavior during the
transient. The performance of the various schemes is compared
in the light of disturbance rejection, and a thorough analysis is
developed by means of a number of case studies.

Index Terms—Force control, force sensor, impedance control,
robots, stiffness control.

I. INTRODUCTION

CONTROLLING the interaction of a robot manipulator
with the environment is crucial for accomplishing a

variety of tasks in industrial applications, such as mechanical
part mating, object contour surface tracking, and employment
of tools for machining mechanical parts [1].

When in contact, the end-effector position is constrained
along certain task-space directions by the presence of the
environment, and a suitable compliant behavior of the ma-
nipulator is required to accommodate the interaction. The
basic strategy to achieve this purpose is stiffness control
[2] which corresponds to proportional-derivative (PD) control
with gravity compensation. The amount of the proportional
gain sets the manipulator (active) stiffness which has to be
properly tuned versus the surface (passive) stiffness.

Stiffness control is designed to achieve a desired static
behavior of the interaction. In order to achieve a desired
dynamic behavior, the actual mass and damping at the contact
are to be considered besides the stiffness, leading to impedance
control [3]. The resulting impedance is a function of the
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manipulator configuration; measurement of contact force is
needed to obtain a configuration-independent impedance.

A common shortcoming of the above strategies is that the
contact force is controlled only indirectly by acting on the
impedance parameters. An effective way to realize direct force
control [4] is to close an outer force feedback loop around an
inner velocity or position feedback loop [5], where an integral
action on the force error is typically needed to regulate the
contact force to a desired value [6].

In order to provide motion control capabilities, the parallel
force/position control approach can be adopted [7], where a
position feedback loop acts in parallel to a force feedback loop.
Dominance of the force control action ensures force regulation
along the constrained task-space directions, while the position
control action can be designed to achieve either regulation or
tracking of the end-effector position along the unconstrained
task-space directions.

All of the above strategies are conceived to handle inter-
action without knowledge of a geometric description of the
contact. It should be clear, however, that it is advantageous
to exploit such information whenever available, so as to dis-
criminate between task components to be force controlled and
task components to be position controlled [8], leading to the
well-known hybrid position/force control [9] and subsequent
developments [10], [11].

The aim of this paper is to present a survey of several
interaction control schemes that are developed according to the
strategies of stiffness control, impedance control, force con-
trol, and parallel force/position control. Hybrid position/force
control is not considered, since scarce information about the
contact surface is assumed.

In order to provide a unifying perspective, the above strate-
gies are framed into two classes, namely, those using static
model-based compensation, and those using dynamic model-
based compensation. The former class is aimed at guaranteeing
good system performance at steady state and, thus, the only
requirement is the knowledge of manipulator kinematics and
gravity torques; impedance control with static model-based
compensation (hereafter called stiffness control), force con-
trol, and parallel force/position regulator are considered. On
the other hand, the latter class is aimed at enhancing the
behavior of the system during the transient and, thus, it
is required to know the full dynamic model and have a
force sensor; impedance control with dynamic model-based
compensation (hereafter called impedance control), impedance
control with inner position loop, force control with inner
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velocity loop, force control with inner position loop, and
parallel force/position control are considered.

The results of the implementation of the various interaction
control schemes on an industrial robot equipped with a com-
mercially available wrist force sensor are presented. A salient
feature of the present work is the use of the open operational
mode of the robot control architecture which allows execution
of control algorithms on a standard PC, the ISA bus of which
is interfaced to the VME bus of the industrial control unit
[12]. Such open control architecture is available on the market,
reflecting a current trend in industrial robot manufacturers [13],
e.g., ABB, Comau, Kuka, and Mitsubishi.

The performance of the schemes and, in particular, their
capabilities of disturbance rejection are analyzed in a number
of experimental case studies throughout the paper. In order to
allow for a fair comparison of the schemes, the gains of the
various control actions were tuned via extensive MATLAB
simulations prior to the experiments (simulation results are
omitted here for brevity), so as to ensure a comparable behav-
ior in terms of system bandwidth and steady-state precision,
whenever possible.

It is believed that the present survey with experimental
validation might provide useful guidelines for implementation
of interaction control schemes on an industrial robot with open
control architecture. Nevertheless, it is understood that more
insight about how the performance of the various schemes is
affected by the choice of different control gains should be
acquired by referring to the proper literature, which is cited
for each class of schemes throughout the paper.

II. EXPERIMENTAL SETUP

The setup available in the PRISMA Lab consists of an
industrial robot, Comau SMART-3 S. The robot manipula-
tor has a six-revolute-joint anthropomorphic geometry with
nonnull shoulder and elbow offsets and nonspherical wrist.
The joints are actuated by brushless motors via gear trains;
shaft absolute resolvers provide motor position measurements.
The robot is controlled by an open version of the C3G
9000 control unit which has a VME-based architecture with
two processing boards (Robot CPU and Servo CPU) both
based on a Motorola 68020/68882, where the latter has an
additional digital signal processor (DSP) and is in charge of
trajectory generation, inverse kinematics, and joint position
servo control. Connection of the VME bus to the ISA bus of
a standard PC is made possible by two Bit 3 Computer bus
adapter boards, and the PC and C3G controller communicate
via the shared memory available in the Robot CPU [12]; a PC
Pentium/133 is used. Time synchronization is implemented by
interrupt signals from the C3G to the PC with data exchange
every 1 ms. A set of C routines is available to drive the bus
adapter boards.

The open version of the control unit allows seven different
operational modes, including the standard mode available
on the industrial version of the controller. To implement
force/position control schemes, the operational mode number
4 has been used, in which the PC is in charge of computing
the control algorithm and passing the references to the current
servos through the communication link at 1-ms sampling

Fig. 1. Industrial robot Comau SMART-3 S with force/torque sensor ATI
FT30-100 and built end effector available in the PRISMA Lab.

time. Joint velocities are reconstructed through numerical
differentiation of joint position readings.

A six-axis force/torque sensor ATI FT30-100 with force
range of 130 N and torque range of 10 N m is mounted
at the manipulator’s wrist. The sensor is connected to the PC
by a parallel interface board which provides readings of six
components of generalized force at 1 ms. An end effector has
been built as a stick with a sphere at the tip, both made of steel.

A picture illustrating the robot with the wrist force sensor
and the built end effector is given in Fig. 1, while a schematic
of the open control architecture is depicted in Fig. 2.

For the purpose of this work, only the inner three joints
are considered and the outer three joints are mechanically
braked. Three-degree-of-freedom tasks are considered, involv-
ing end-effector position and linear force. The environment is
constituted by a cardboard box, where the stiffness depends
on the contact point and is about 10N/m. This choice is
motivated by the desire of safely analyzing the performance
of each control scheme where the interaction with the environ-
ment encompasses an unplanned transition from noncontact to
contact at nonnegligible end-effector speed. On the other hand,
for larger values of contact stiffness, a more accurate planning
of constrained and unconstrained motion would be needed, and
contact transition at very low speed should be ensured.

III. M ODELING

The dynamic model of the three-joint rigid robot manipu-
lator can be written in the form

(1)
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Fig. 2. Schematic of open control architecture.

where is the (3 1) vector of joint variables, is the (3 3)
symmetric inertia matrix, is the (3 1) vector of Coriolis
and centrifugal torques, is the (3 1) vector of friction
torques, is the (3 1) vector of gravitational torques, is
the (3 1) vector of driving torques, is the (3 1) vector of
contact forces exerted by the end effector on the environment,
and is the (3 3) Jacobian matrix relating joint velocities

to the (3 1) vector of end-effector velocities i.e.,

(2)

which is assumed to be nonsingular.
For analysis purposes, the environment is simply modeled as

a frictionless and elastically compliant plane. A point contact
is considered and the contact force is expressed as

(3)

where is the end-effector position at the contact point,is
a point of the plane at rest, and

(4)

is the (3 3) constant symmetric stiffness matrix, being
the unit vector of the direction normal to the contact plane,
and the stiffness coefficient; note that all quantities
are expressed in the common reference frame, and the model
(3) holds only when the end effector is in contact with the
environment.

IV. I NTERACTION CONTROL SCHEMES WITH

STATIC MODEL-BASED COMPENSATION

This class of schemes is aimed at guaranteeing good system
performance at steady state. Hence, the only model-based
compensation requirements concern static terms, i.e., the ma-
nipulator Jacobian and the gravity torques.

A. Stiffness Control

Stiffness control [2] derives from a position control scheme
of PD type with gravity compensation. Let denote the
desired end-effector position; the driving torques are chosen as

(5)
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Fig. 3. Experimental results under stiffness control.

where is the gain of an active stiffness on the end-effector
position error, and is the gain of a joint damping action. The
purpose of this control is to make the end effector compliant
with respect to contact forces by acting on For such a
reason, this strategy is also referred to in the literature as
(active) compliance control; also, since damping is controlled
besides stiffness, the control law (5) can be regarded as an
impedance control [3] with static model-based compensation.
Notice that no force measurement is required.

The above control law provides a locally isotropic stiffness
along the task-space directions; however, the static behavior
can be made anisotropic by choosing a suitable positive
definite matrix gain in lieu of a scalar gain in (5). Scalar gains
will be adopted hereafter in all the control schemes.

Substituting the control law (5) in (1) and accounting for
(3) and (4) gives at steady state the following end-effector
position and contact force:

(6)

(7)

where the components along the constrained and uncon-
strained task-space directions have been separated,
and is the steady-state value of the term

(8)

Stability analysis of the closed-loop system (1) under control
(5) derives from the seminal work in [14] using energy-based
Lyapunov functions and is discussed in, e.g., [15].

Notice that the friction torques may, in general, be nonnull
at steady state (e.g., Coulomb friction), in which case they pro-
voke a bias on the desired end-effector position.
Likewise, a mismatching on gravity compensationwould
generate an additional term in (8), i.e.,

Unless for the above bias, from (6) it can be recognized
that the desired end-effector position is reached along the
unconstrained task-space directions, while an error occurs
along the constrained task-space direction depending on,

as well as on the amount of active stiffness versus
environment stiffness From (7), the contact force along
the constrained task-space direction is determined accordingly,
in that if the equivalent stiffness is mostly due to
the environment, while if the equivalent stiffness is
mostly due to the manipulator.

In order to show the performance of stiffness control, a case
study was developed on the experimental setup described in
Section II.

The task consisted of a straight line motion in the
plane with an end-effector (horizontal) displacement of 0.25
m along and (vertical) displacement of 0.15 m along
The trajectory along the path was generated according to a
trapezoidal velocity profile with cubic blends, and null initial
and final velocities and accelerations, and a duration of 6
s. The surface of the cardboard box is nearly flat and was
placed (horizontally) in the plane in such a way as to
obstruct the desired end-effector motion. The gains of the
control action in (5) were set to N/m and
N m s/rad; note that was chosen on the basis of a tradeoff
between position accuracy during the unconstrained motion
and compliant behavior at the end effector (limited values of
contact force) during the constrained motion, while was
chosen so as to guarantee a well-damped behavior.

The results are presented in Fig. 3 in terms of the desired
(dashed) and the actual (solid) end-effector path, together with
the time history of the contact force; in order to facilitate
interpretation of the results, the approximate location (dotted)
of the surface is illustrated on the plot of the end-effector path,
while the instant of contact (dotted line) and the instant of the
end of the motion trajectory (dashed line) are evidenced on
the plot of the contact force.

It can be recognized that path tracking accuracy is rather
poor during execution of the whole task. On the other hand,
the contact force along reaches a steady-state value, but its
amount is rather large. Reduction of the contact force could be
obtained by decreasing although at the expense of a larger
end-effector position error. If a force sensor were available,

could be conveniently adjusted before and after the contact
as a function of the measured force.

Finally, notice the presence of an appreciable value of
contact force along at steady state due to contact friction,
which was not modeled in the above analysis.
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Fig. 4. Experimental results under force control.

B. Force Control

If force measurement is available, it is possible to regulate
the contact force to a desired value. Force control [4] can
be entrusted to the adoption of a proportional-integral (PI)
action on the force error plus desired force feedforward. Let

denote the constant desired contact force which shall be
aligned with [in a consistent way with the model (3) and
(4)]; the driving torques are chosen as

(9)

with

(10)

where is the gain of a proportional action on the force
error, and is the gain of an integral action on the force
error. Notice in (9) that an inner loop on the end-effector
position is used, which, in turn, corresponds to leaving the
proportional action for motion control in the task space; this
is in accordance with the fact that a position feedback loop is
usually available in an industrial robot controller.

Substituting the control law (9) and (10) in (1) and ac-
counting for (3) and (4) gives at steady state the contact
force

(11)

Thanks to the use of the integral action, the term in (8) has
no effect at steady state. Notice, however, that end-effector
position is not controlled at all. Stability of the closed-loop
system (1) under control (9) is discussed in, e.g., [15], and
robustness issues are considered in [16].

In order to show the performance of force control, a case
study was developed on the experimental setup described in
Section II.

The end effector was placed in the same initial position as
for the previous case study, but, of course, no trajectory could
be assigned to the end-effector position. The desired force
along was taken to 20 N according to a trapezoidal velocity
profile with cubic blends, and null initial and final first and
second time derivatives, and a duration of 2 s. The constant
value was kept for the remaining portion of the task. The gains
of the control action in (9) and (10) were set to

N/m, N m s/rad, and m/(N s);
note that the proportional action on the force error does not
vanish because of the null , since the force feedforward in
(9) combined with the contact force term in (1) is, in turn,
equivalent to a unitary proportional action.

The results are presented in Fig. 4 in terms of the end-
effector path, together with the time history of the desired
(dashed) and the actual (solid) contact force. As above, the
approximate location (dotted) of the surface is illustrated on
the plot of the end-effector path, while the instant of contact
(dotted line) is evidenced on the plot of the contact force.

Initially, the desired force trajectory causes a downward
vertical motion, since the end effector is required to push in
the air; this brings the end effector to come in contact with the
surface at s. Then, the contact force is successfully
regulated to the desired value. The components of contact
friction force along and are nearly zero, since no motion
is commanded along those directions.

C. Parallel Force/Position Regulator

In order to combine the features of stiffness control and
force control, a parallel force/position regulator can be de-
signed, where a PI force control action plus desired force
feedforward is used in parallel to a PD position control action.
The driving torques are chosen as

(12)

where the integral action on the force error ensures dominance
of the force loop over the position loop.

Substituting the control law (12) in (1) and accounting for
(3) and (4) gives at steady state the following end-effector
position and contact force:

(13)

(14)

with as in (8).
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Fig. 5. Experimental results under parallel force/position regulator.

Equation (14) yields contact force regulation along the
constrained task space direction [as in (11)], while (13) yields
end-effector position regulation along the unconstrained task-
space directions unless for the bias [as in (6)].
Stability of the closed-loop system (1) under control (12) using
energy-based Lyapunov functions is discussed in [17].

In order to show the performance of parallel force/position
regulator, a case study was developed on the experimental
setup described in Section II.

The end effector was placed in the same initial position as
for the previous case studies. The end-effector task was the
same as for the case study described in Section IV-A, while
the same force trajectory as in Section IV-B was imposed as
soon as contact is detected. The gains of the control action in
(12) were set to N/m, N m s/rad,

and m/(N s); the same argument as in
the previous case study holds with respect to the proportional
action on the force error.

The results are presented in Fig. 5 in terms of the desired
(dashed) and the actual (solid) end-effector path, together with
the time history of the desired (dashed) and the actual (solid)
contact force. As above, the approximate location (dotted) of
the surface is illustrated on the plot of the end-effector path,
while the instant of contact (dotted line) and the instant of the
end of the motion trajectory (dashed line) are evidenced on
the plot of the contact force.

It can be recognized that path tracking accuracy is satis-
factory during unconstrained motion, even with a simple PD
position control action plus gravity compensation. On the other
hand, during constrained motion, after a transient the contact
force reaches the desired value; the peak on the component
along is due to the nonnull value of end-effector velocity
at the contact, as well as to the imposed motion into the
surface, whereas the appreciable deviation from zero of the
component along can be imputed to contact friction and
local deformation of the surface resulting from the imposed
end-effector motion.

In any case, both components of contact friction force along
and are regulated to zero in view of the integral action on

all the components of the force error, whereas the component
along reaches a steady-state value which guarantees exact
force regulation according to (13) and (14).

V. INTERACTION CONTROL SCHEMES WITH

DYNAMIC MODEL-BASED COMPENSATION

In order to enhance the dynamic behavior of the system,
full compensation of the terms in the dynamic model, as well
as force measurement, are needed.

According to the well-known concept of inverse dynamics
[18], the driving torques are chosen as

(15)

where denotes the available estimate of the friction torques
and is the measured contact force.

In the case of a kinematically redundant manipulator (non-
square Jacobian matrix), a dynamically consistent generalized
inverse of the Jacobian can be adopted and the redundant
degrees of freedom can be exploited to meet additional con-
straints besides the end-effector task [19].

Notice that it is reasonable to assume accurate compensation
of the terms in the dynamic model (1), e.g., as obtained by a
parameter identification technique [20] except for the friction
torques. To the scope of the present work, the following model
of friction has been used in the implementation of (15):

(16)

which corresponds to including joint viscous friction only [21].
Substituting the control law (15) in (1) and accounting for

the time derivative of (2) gives

(17)

that is a resolved end-effector acceleration for which the term

(18)

can be regarded as a disturbance. In the case of mismatching
on other terms in the dynamic model (1), such a disturbance
would include additional contributions. The new control input

is available to provide interaction control capabilities.
A drawback of inverse dynamics control is that tracking

control performance relies on the feedback linearization of the
system. This argument has motivated research of alternative
model-based control schemes which do not compensate for
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Fig. 6. Experimental results under impedance control.

system dynamics and, thus, are expected to exhibit better
robustness to model uncertainties, e.g., Lyapunov-based con-
trollers and passivity-based controllers. In case of unmod-
eled dynamics or parameter uncertainties, the above control
schemes can be made robust or adaptive, respectively. Such
schemes are outside the scope of the present work; see [22]
for further discussion of model-based control, stability, and
robustness. Examples of model-based interaction controllers
not using inverse dynamics can be found in, e.g., [23]–[28].

A. Impedance Control

Impedance control [3] is aimed at realizing a desired dy-
namic relationship between end-effector position and contact
force. This behavior was already achieved by the stiffness
control in Section IV-A, but, thanks to the use of a dynamic
model-based compensation, now the impedance behavior can
be assigned independently of the manipulator dynamics. The
new control input in (17) is chosen as

(19)

where the parameters and are, respectively,
the mass, damping, and stiffness of the desired mechanical
impedance between the end-effector position error and the
contact force, unless for the disturbance. The closed-loop
system dynamic behavior is described by

(20)

Notice that feedforward desired acceleration and velocity
terms are usually not present in the impedance equation, so
as to guarantee passivity of the system when the end effector
is in contact with the environment [29]. Notwithstanding, such
terms are introduced to the purpose of ensuring full end-
effector trajectory tracking before contact and tracking along
the unconstrained task-space directions after contact. Also,
robustness of impedance control to the amount of contact
stiffness was discussed in [30] and [31].

On the other hand, the behavior of the system at steady
state is substantially equivalent to that with stiffness control
in (6) and (7), where in (19) plays the role of in (5).
In fact, substituting the control law (15) and (19) in (1) and

accounting for (3) and (4) gives at steady state the following
end-effector position and contact force:

(21)

(22)

where is the steady-state value ofin (18).
In order to show the performance of impedance control, a

case study was developed on the experimental setup described
in Section II.

The end effector was placed in the same initial position
as for the previous case studies, and the same trajectory as
for the case study described in Section IV-A was assigned.
The impedance parameters in (19) were set to kg,

N s/m, and N/m, where the choice of
was aimed at obtaining a value of the contact force along

of approximately 20 N with the available estimate of the
surface stiffness.

The results are presented in Fig. 6 in terms of the desired
(dashed) and the actual (solid) end-effector path, together
with the time history of the contact force. As above, the
approximate location (dotted) of the surface is illustrated on
the plot of the end-effector path, while the instant of contact
(dotted line) and the instant of the end of the motion trajectory
(dashed line) are evidenced on the plot of the contact force.

It can be recognized that path tracking accuracy is poor
during execution of the whole task; this is imputable to the
disturbance term on the right-hand side of (20). On the other
hand, the contact force alongis limited during the transient
and reaches a constant value at steady state. Improvement of
the position tracking accuracy might be achieved by increasing

however, this would give rise to larger contact forces.
Finally, notice the presence of an appreciable value of contact
friction force along both and at steady state, which is
caused by the end-effector position deviation along both
and (although the former is not visible in the figure).

In order to improve path tracking accuracy, an approximate
compensation of static friction at the joints can be added to
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Fig. 7. Experimental results under impedance control with Coulomb friction compensation.

(16), e.g., as

(23)

where the th component of vector is given by the model

(24)

where the ’s are the estimated Coulomb friction coeffi-
cients and the ’s are suitable velocity thresholds.

The same case study as above was developed. The results in
Fig. 7 show that path tracking accuracy is improved, although
at the expense of an undesirable chattering behavior on all
components of contact force; this phenomenon, due to the
Coulomb friction compensating term, could be mitigated by
choosing a wider threshold, but tracking accuracy would
then become worse again [32]. Therefore, in the remainder,
compensation of static friction is no longer considered.

B. Impedance Control with Inner Position Loop

In order to reduce the effects of the disturbance term
on the system, a modified impedance control scheme can be
designed by introducing an inner position loop [33]. The new
control input in (17) is chosen as

(25)

where and are the gains of the inner position control
loop, the reference of which is the solution to

(26)

characterizing the dynamics of the desired impedance. The dy-
namic behavior of system (1), (15), and (25) is then described
by

(27)

Note that the gains of the inner position loop can be set
independently of the impedance parameters and, thus, they
are available to provide accurate position tracking ofand
good disturbance rejection of In fact, substituting the control
law (15) and (25) in (1) and accounting for (26), (3), and (4)

gives at steady state the following end-effector position and
contact force:

(28)

(29)

which reveals that and can be suitably chosen so as to
reduce the effects of

In order to show the performance of impedance control
with inner position loop, a case study was developed on the
experimental setup described in Section II.

The end effector was placed in the same initial position as
for the previous case studies, and the same trajectory as for
the case study described in Section IV-A was assigned. The
impedance parameters in (26) were set to the same values as
in the previous case study, while the inner position loop gains
were set to kg, N s/m, and N/m.

The results are presented in the upper part of Fig. 8 in terms
of the desired (dashed) and the actual (solid) end-effector path,
together with the time history of the contact force. As above,
the approximate location (dotted) of the surface is illustrated
on the plot of the end-effector path, while the instant of contact
(dotted line) and the instant of the end of the motion trajectory
(dashed line) are evidenced on the plot of the contact force.

It can be recognized that path tracking accuracy is no-
ticeably improved with respect to that obtained with the
previous scheme and now is very good; this confirms the
effective rejection of the disturbance thanks to the inner
position loop. In this respect, this scheme does not suffer from
lack of compensation of static friction which, thus, becomes
unnecessary.

On the other hand, the contact force alongis still limited
during the transient and reaches an approximate value of 20
N at steady state, as wished with the choice ofabove. As
before, an appreciable value of contact friction force along
occurs that remains at steady state, while the good end-effector
tracking accuracy essentially causes no contact friction along

by maintaining the motion in the plane.
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Fig. 8. Experimental results under impedance control with inner position loop.

To investigate robustness of the scheme with respect to
changes in the environment location, the task was repeated
with the same impedance parameters and inner position loop
gains as before, but the cardboard box was raised by about
0.025 m. From the results presented in the lower part of Fig. 8,
it can be recognized that the imposed motion would require the
end effector to penetrate into the surface by a larger amount
and, thus, the same value of gives rise to a different (larger
in this case) contact force at steady state. It is worth noticing
that the larger value of contact force yields larger contact
friction as well.

C. Force Control with Inner Velocity Loop

The above impedance schemes are aimed at controlling
the contact force indirectly. If direct force control is desired,
a force loop shall be designed acting upon the force error
between the desired value and the actual value as already
done in Section IV-B. Differently from the control law (9) and
(10) which requires an integral action on the force error—even
in the absence of disturbances—a proportional action would
now suffice to achieve force regulation, thanks to the dynamic
model-based compensation.

In fact, in order to achieve a good dynamic behavior,
the new control input should be of PD type on the force
error. Force measures, however, are typically corrupted by
noise, and then a derivative action on the contact force
cannot be implemented in practice. As an alternative, in
view of the model (3), a damping action can be provided
by end-effector velocity feedback; this corresponds to using

an inner velocity loop—instead of the inner position loop in
Section IV-B—while closing an outer force loop [5]. Hence,
the new control input in (17) is chosen as

(30)

with

(31)

where is the gain of a proportional action on the force error.
Substituting the control law (15), (30), and (31) in (1) and

accounting for (3) and (4) gives at steady state the contact
force

(32)

which reveals that and can be suitably chosen so
as to reduce the effects of

In order to show the performance of force control with inner
velocity loop, a case study was developed on the experimental
setup described in Section II.

The end effector was placed in the same initial position
as for the previous case studies, but, of course, no trajectory
could be assigned to the end-effector position. The desired
force trajectory was the same as in the case study described
in Section IV-B. The gains of the control action in (30) and
(31) were set to kg, N s/m, N/m,
and N/(m s).
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Fig. 9. Experimental results under force control with inner velocity loop.

The results are presented in Fig. 9 in terms of the end-
effector path, together with the time history of the desired
(dashed) and the actual (solid) contact force. As above, the
approximate location (dotted) of the surface is illustrated on
the plot of the end-effector path, while the instant of contact
(dotted line) is evidenced on the plot of the contact force.

Initially, the desired force trajectory causes a downward
motion with a drift along both and (although the former is
not visible in the figure); this brings the end effector to come
in contact with the surface at s. Notice that such drift
is caused by the disturbance and is not counteracted because
of the absence of a position loop. It can be recognized that the
contact force along at steady state does not reach its target
value; this is mainly imputable to the disturbance term in (32).
Also, an appreciable value of contact friction force along both

and occurs that remains at steady state, which is due to the
presence of the surface opposing to the above drift motion.

D. Force Control with Inner Position Loop

In order to eliminate the disturbance at steady state in (32), it
is advisable to introduce an integral action on the force error.
This would be possible by suitably modifying (31), but the
dynamic behavior of the closed-loop system might become
critical in the face of the chosen gains. A more effective
solution is to add an inner loop on the end-effector position,
as already done in (9). Hence, the new control input in (17)
is chosen as

(33)

where

(34)

Substituting the control law (15), (33), and (34) in (1) and
accounting for (3) and (4) gives at steady state the contact
force

(35)

In order to show the performance of force control with inner
position loop, a case study was developed on the experimental
setup described in Section II.

The end effector was placed in the same initial position as
for the previous case studies. No trajectory was assigned to
the end-effector position, and the desired force trajectory was
the same as in the case study described in Section IV-B. The
gains of the control action in (33) and (34) were set to
kg, N s/m, N/m, m/N, and

m/(N s).
The results are presented in Fig. 10 in terms of the end-

effector path, together with the time history of the desired
(dashed) and the actual (solid) contact force. As above, the
approximate location (dotted) of the surface is illustrated on
the plot of the end-effector path, while the instant of contact
(dotted line) is evidenced on the plot of the contact force.

Initially, the desired force trajectory causes a downward
vertical motion that brings the end effector to come in contact
with the surface at s. On the other hand, the response
of the contact force is faster than that with pure force control in
Section IV-B thanks to the use of an inverse dynamics strategy
which allows obtaining a larger bandwidth of the force loop
without affecting stability. Moreover, differently from the case
study in Section V-C, since no motion drift occurs this time,
the contact friction force along bothand is practically null.

E. Parallel Force/Position Control

In order to combine the features of impedance control
and force control, a parallel force/position control [7] can be
designed which has capabilities of controlling contact force
along the unconstrained task-space direction and end-effector
position along the constrained task-space directions. The new
control input in (17) is chosen as the sum of a position control
action and a force control action, i.e.,

(36)

where shall prevail over , so as to effectively handle the
interaction.

In the face of the robustifying action provided by the inner
position loop for both the above impedance and force control
schemes, the two control actions are selected as [34]

(37)

(38)
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Fig. 10. Experimental results under force control with inner position loop.

Fig. 11. Experimental results under parallel force/position control.

where is the solution to

(39)

Notice that (38) and (39) yield an integral action on the force
error—essential to guarantee the sought dominance of the
force loop—and, moreover, they allow a desired dynamics
of the force loop to be imposed through the gainsand
independently of the desired dynamics of the position loop set
by the gains and

Substituting the control law (15) and (36)–(39) in (1) and
accounting for (3) and (4) gives at steady state the following

end-effector position and contact force:

(40)

(41)

which reveals that contact force is successfully regulated to the
desired value, while the steady-state disturbance affects the
end-effector components along the unconstrained task-space
directions only.

In order to show the performance of parallel force/position
control, a case study was developed on the experimental setup
described in Section II.

The end effector was placed in the same initial position
as for the previous case studies. The end-effector task was the
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same as for the case study described in Section IV-A, while the
same force trajectory as in Section IV-B started when contact
was detected. The gains of the control action in (36)–(39)
were set to N/m, N s/m, kg,

and N s/m.
The results are presented in the upper part of Fig. 11 in

terms of the desired (dashed) and the actual (solid) end-effector
path, together with the time history of the desired (dashed) and
the actual (solid) contact force. As above, the approximate
location (dotted) of the surface is illustrated on the plot of the
end-effector path, while the instant of contact (dotted line) and
the instant of the end of the motion trajectory (dashed line)
are evidenced on the plot of the contact force.

It can be recognized that path tracking accuracy is very good
during unconstrained motion. On the other hand, the response
of the contact force is faster than that with parallel regulator,
for the same motivation regarding inverse dynamics as in the
previous case study. As a consequence, the peak on the contact
force along is greatly reduced and successful regulation to
the desired value is achieved. A smaller deformation of the
surface occurs which also contributes to reducing the contact
friction force along by a factor of about two.

As for the case of impedance control with inner position
loop in Section V-B, to investigate robustness of the scheme
with respect to changes in the environment location, the task
was repeated with the same control parameters as above,
but the cardboard box was raised by about 0.025 m. From
the results presented in the lower part of Fig. 11, it can be
recognized that, despite the different location of the surface,
the desired force set point is still achieved; however, larger
values of contact force are obtained during the transient due
to the larger impact velocity.

VI. CONCLUSION

A number of interaction control schemes were experimen-
tally tested when the end effector of a robot manipulator comes
in contact with a nearly flat surface, the location and stiffness
of which are not exactly known.

The performance of the schemes using dynamic model-
based compensation was shown to be generally superior to
that of the schemes using static model-based compensation.
A key point in the analysis has been disturbance rejection,
in particular, in view of the inherent difficulties to obtain an
accurate model of joint friction, as well as to include the effects
of contact friction on the surface.

As an outcome of the present study, it has been recognized
that it is advantageous to realize an inner loop on the end-
effector position, while the force is effectively regulated to a
desired value only with the use of an integral action on the
force error.

Among all the various schemes, the parallel force/position
control has given the most encouraging results in the light
of its capabilities of controlling both the end-effector position
along the unconstrained task-space directions and the contact
force along the constrained task-space direction. The results
obtained with impedance control are also good; however, the
contact force depends on tuning of the impedance parameters

in the face of the desired trajectory and environment stiffness
and location.

The implementation was performed on an industrial robot
with open control architecture; this allows a PC to be in-
terfaced to the robot control unit with the possibility of
using a wrist force sensor, as well as of achieving torque
control. This is quite promising to foresee real applications of
interaction control schemes on conventional industrial robots
using model-based compensation and force measurement.

Only three-degree-of-freedom end-effector tasks were con-
sidered. Future research efforts will be devoted to extending
the work to six-degree-of-freedom tasks with inclusion of
end-effector orientation and contact moment.
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