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Adaptation of Force Control Parameters in Robotic
Assembly *

Andreas Stolt * Magnus Linderoth * Anders Robertsson *
Rolf Johansson *

* Department of Automatic Control, LTH, Lund University, Sweden
(corresponding author e-mail: andreas.stolt@control.lth.se).

Abstract: Industrial robots are usually programmed to follow desired trajectories, and are very good at
position-controlled tasks. New applications, however, often require physical contact between the robot
and its environment, and then the position control accuracy is generally not sufficient. Force control is
a suitable alternative. The environment is often stiff, and then it is crucial to design appropriate force
controllers, which is non-trivial for a robot programmer. This paper presents an adaptive algorithm
for choosing force control parameters, based on identification of a contact model. The algorithm is
experimentally verified in an assembly task with an industrial robot.
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1. INTRODUCTION

The robotic applications of today often require physical contact
operations between the robot and its environment. Traditionally
the solution has been using position controlled robots together
with fixtures to achieve the desired accuracy. When the task
contains uncertainties, such as part variations, external sensing
might be needed. One way to incorporate sensors and specify
general tasks is to use the iTaSC framework (De Schutter et al.,
2007) (instantaneous Task Specification using Constraints). In
(Stolt et al., 2011), it was described how this framework was
used in an assembly of an emergency stop button.

Further, there is a need to make it easy for robot operators to
specify tasks, especially when external sensing is used. One
such example is force controlled assembly. Force sensing is
beneficial in these tasks, as it increases the robustness towards
uncertainties, e.g., caused by inaccurate gripping, compared to
for instance a position controlled implementation. The environ-
ment is often stiff, which makes it crucial to design appropriate
force controllers. This is a non-trivial task that may be hard for
the task programmer. One solution to this problem is to offer a
self-tuning mechanism, making the force controllers adaptive.

In this paper, the problem of robotic assembly based on force
sensing only is addressed. An adaptive algorithm for choosing
force control parameters in a pre-defined controller structure is
presented. A contact model is identified, and it is used to tune
the force controller. The approach is finally integrated in a sub-
assembly of an emergency stop button, previously described in
(Stolt et al., 2011). A switch has to be snapped into place in
a bottom box. The experimental implementation is based on
the iTaSC framework and is made with an industrial robot with
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European Community is not liable for any use that may be made of the
information contained herein.

a wrist-mounted 6 degrees-of-freedom force/torque sensor, see
Fig. 1.

Identification of contact model parameters has previously been
considered by many researchers. In (Erickson et al., 2003),
four different methods for estimating the environment contact
model were described and experimentally verified. One of the
methods was originally presented in (Love and Book, 1995),
which describes how the parameters in an impedance controller
can be chosen when using contact model parameters estimated
with Recursive Least Squares (RLS). A comparison of different
algorithms for real-time identification of contact model param-
eters are described in (Haddadi and Hashtrudi-Zaad, 2008),
among them RLS. In (Roy and Whitcomb, 2002), an adaptive
force controller is presented, it is based on an estimate of the
contact stiffness. A similar approach is presented in (Kroger
et al., 2004), which considers adaptive force controllers within
the Task Frame Formalism. In (Mallapragada et al., 2006) esti-
mates of contact stiffness and damping are used together with
an artificial neural network based gain scheduler for a PI force
controller.

An approach to identification of a contact model with multiple
contact points is given in (Weber et al., 2006). The geometry
is assumed to be known and this makes it possible to calcu-

Fig. 1. The ABB IRB140 robot used in the experiments. The
setup for the assembly scenario can be seen in the lower
left part of the photo (detailed view in Fig. 4).



late the contact locations; the results presented are based on
simulations. An extension of the results provided in (Weber
et al., 2006) is (Verscheure et al., 2010), which also considers
geometric uncertainties and presents experimental results.

A method for designing force controllers when given environ-
ment stiffness by the robot user is presented in (Natale et al.,
2000). An industrial robot with a position controlled interface
is assumed, and the robot dynamics are taken into consideration
when doing the controller design.

2. MODELING
2.1 Contact model

The environment is modeled to consist of a spring and a
damper, according to Fig. 3. Thus, interacting with the envi-
ronment gives the reaction force, F, given by

F= Kenv(xenv - l’) - Denvj; (1)

The stiffness of the environment is denoted by K.,,,,, the damp-
ing by Dep,, and the location of the unloaded environment
by Zepny. The environment is further assumed to be decoupled,
such that there is one relation (1) for each Cartesian direction.

The environment perceived by the robot will not equal the
actual environment, it will rather be a combination of the
stiffness and damping properties of the tool attached to the
robot, the robot itself, and the actual contact. Hence, a stiff
environment might be perceived as a soft one if the tool on
the robot is soft. Further on, if the tool has different stiffness
properties in different directions, even an isotropic contact
material will be perceived to have different stiffness in different
directions.

2.2 Adaptation algorithm

The algorithm chosen is the Recursive Least Squares (RLS)
method. The contact model (1) is nonlinear, because of the
product Ky Zeny. This product can, however, be seen as a
separate model parameter, and then the model is linear. It can
be cast in regressor form according to

y=1r
p=[—x —d1
0= [Kenv Denv Kenvzenv

T
y=¢'0, ] )
T
]
The RLS algorithm is given as (Johansson, 1993)
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The forgetting factor )\ can be used to cope with time varying
parameters by setting it to a value less than 1. A value of A =1
gives the usual least-squares solution. The initial value of the
adaptation gain matrix P has to be chosen, and its magnitude is

usually chosen to be large to get a fast convergence to the true
values of the estimated parameters.

Each force controlled direction will have nominal parameters,
likely not well tuned. These will be used during the estimation
of the contact parameters. To assure that the input signals to
the estimator are persistently exciting (Johansson, 1993), the
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Fig. 2. Illustration of pole

placement design (8). Fig. 3. Contact model.

force reference is set to a sufficiently exciting signal, e.g., a
square wave. As the covariance of the estimate is decreased
(proportional to the P matrix), the controller parameters are
updated based on the contact model parameter estimates. Once
the covariance is considered to be low enough, this adaptation
phase is finished.

2.3 Force controller

The force control used in the assembly framework is decoupled
impedance control (Hogan, 1985) for each Cartesian direction
x. This setup makes it possible to perform force control in some
directions and, e.g., position control in others. The control law
used for the impedance controller is given by (4).

Zdes = % (Fx *Fz,ref *Dx.des) (4)
The direction controlled is denoted by x and its desired behav-
ior by 24e, (the control signal), F; and F}, ,..s denote the force
and the force reference in the direction of x, respectively. The
parameter M is the virtual mass and D the virtual damping
of the impedance the direction is controlled to behave like. No
position reference is used, as it is only interesting to control the
force.

To make the controller safe to use, the maximum output veloc-
ity (Z4es) is limited. This limitation is made in such a way that
no wind-up problems occur. The switching between different
control modes, e.g., from position to force control, is made by
bumpless transfer, i.e., the new controller is initially set to have
the same control signal as the previous controller.

2.4 Choice of force control parameters

The parameters are chosen according to a pole placement
design, of the poles in the transfer function from the force
reference, ..y, to the measured force, [". The controller (4)
together with the contact model (1), where the location of
contact is ignored, gives

1
P =— (F — Fror — Di
=g (F Fres = D) )
F= *Kenvx - Denvx'

In (5) the assumption of an ideal velocity controlled robot
is made, i.e., ¥ = Z4es. The time domain equations can be
transformed to the frequency domain by the Laplace transform,
giving

{ PX(3) = = (F(s) ~ Freg(s) ~ DsX(s)
F(s) = —KenuX(8) — DenpsX(s)

(6)

By eliminating X (s) in the above equations the following
relation between F)..y and I is achieved
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Hence, the measured force is related to the force reference by a
second-order linear time-invariant dynamical system. A stable
pole placement design for such a system can be parameterized
according to Fig. 2, which gives the denominator polynomial

2+ 2¢ws + w? ®)

Comparison of the coefficients of the denominator in (7) and
the specification polynomial in (8) gives that the force control
parameters should be chosen as (estimated values of contact
stiffness and damping should be used)

Kenv 2CK€7VU

M=——,
w w

D = - Denv (9)

The actual force controllers are implemented in discrete time,
handled by discretization of the control law (4) (the sampling
period used was 4 ms). The largest approximation is the as-
sumption of neglected robot dynamics in the realization of the
control law (4). This will only be approximately true up to a
certain bandwidth, and the stability margins will depend on
unmodeled dynamics, e.g., robot stiffness dynamics and time
delays originating from sensor processing. The bandwidth of
the force controller, w, will thus have to be chosen with these
considerations taken into account.

2.5 Torque control parameters

Torque control during assembly operations often means two
or more point contacts. A change in the torque reference will
therefore change the measured force, as there is a coupling be-
tween the measured force and torque. Usually the contact mate-
rial for all contacts is approximately the same, which means that
the same contact model that was identified during the first phase
with only one contact can be reused. The remaining uncertainty
is about the location of the second contact relative to the first,
and this can be estimated, e.g., with an RLS estimator. Once the
location of the contact is estimated, the formulas for controller
parameters in Sec. 2.4 can once again be used, with the stiffness

KL and the damping DL, where L is the estimated distance
between the two contact points.

2.6 Alternative specification of torque control

When performing assembly operations with two-point contacts
it is not always easy to choose appropriate set point values for
the force and the torque controllers. An alternative is to instead
control the force in each contact. The estimation outlined in
Sec. 2.5 gives the required information about the relative loca-
tion of the contacts, i.e., the distance between them. This makes
it possible to calculate the force originating from each contact,
and transform a reference on the forces in each contact to an
equivalent force and torque.

This way of specifying the force and the torque during a two-
point contact assembly operation will simplify the procedure
for the user. The easiest way to implement it is to transform
the two-force reference from the user, to a force and torque
reference, and keeping separate control of force and torque.
The user should, however, be presented with measurements
transformed into forces from two contacts.
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Fig. 4. Tllustration of Fig. 5. A part of the state ma-
the  coordinate chine implementing the assembly

frames used in sequence. The parameter adapt
the assembly decides whether the adaptation
task. phase should be entered or not.

2.7 Assembly task modeling

The task has been modeled with the iTaSC framework (De Schut-
ter et al., 2007). Two frames have been used to describe the
assembly operation, shown in Fig. 4.

e Frame f1 is attached to the bottom box.
e Frame f2 is attached to one end of the switch that is
gripped by the robot.

The outputs chosen to be controlled are the three Cartesian
translations in f1 and the orientation parameterized by three
Euler angles in f2.

2.8 Assembly strategy

The location of the bottom box is not assumed to be known
exactly. It is therefore not possible to use position control to
assemble the switch. A sequence of search motions is used
to find the slot in the bottom box that the switch should be
assembled into. The assembly sequence can be summarized as:

(1) Move to start position

(2) Search for contact in f1 z-direction

(3) Search for contact in f1 y-direction

(4) Search for contact in f1 z-direction

(5) Search for contact in f2 z-rotation direction
(6) Search for contact in f2 z-rotation direction
(7) Push down switch (rotation around f2 x-axis)
(8) Move robot away

Each contact will be force controlled once it has been estab-
lished. This way the assembly sequence will be robust against
uncertainties in the starting position and variations in the in-
volved parts.

The adaptation strategy described in Sec. 2 should only be
used when the force control parameters are not well tuned,
i.e., usually the first time the assembly is performed or when
something has changed, e.g., at the use of a new gripper.
The adaptation phases can be considered as separate states in
between the nominal ones, see a part of the state machine
implementing the sequence in Fig. 5.

3. EXPERIMENTAL RESULTS
All experiments in this section were performed using an ABB

IRB 140 industrial robot, together with the IRC5 control system.
This was extended with an open robot control system, enabling



external sensor integration by modification of the references to
the internal servo controller (Blomdell et al., 2005, 2010).

3.1 Contact with different materials

An experiment where contact was made with three different
environments was used to test that the adaptation gave the
desired performance. An initial search towards the environment
was made until a contact force was detected. A force controller
was then started with poorly tuned parameters, i.e. a default
initial setting, and the adaptive algorithm was initiated. The
given force reference was a square wave, and the forgetting
factor A was chosen to be 1, the environment was not assumed
to vary over time. Once the covariance of the contact model
parameter estimates became low, the force control parameters
were updated. A bandwidth of w = 5 [rad/s] and a relative
damping ¢ = 0.8 was chosen for the controller.

Data from the experiment is shown in Fig. 6. In the top-most
diagrams the environment was a soft plastic foam. The fact
that the material was soft can be seen in the force response
when contact was made, as the force is slowly built up. The
nominal force control parameters were used in the first period
of the reference signal, and the parameters were so poorly tuned
that hardly anything happened. When the estimated contact
parameters were used, however, the reference was satisfactorily
tracked. The estimates of the contact stiffness and the damping
can be seen to converge in less than 5 seconds.

The second environment used was a mouse pad, displayed in
the middle diagrams in Fig. 6. This material was stiffer, but
both the control and estimation behavior was similar to the
first case. The last environment was a table surface, displayed
in the bottom diagrams in Fig. 6. The initial force transient
shows that this environment clearly was the stiffest. When the
estimated contact parameters were used, the resulting control
performance was worse than in the two previous cases. This
was probably caused by that the assumptions made when de-
riving the control parameters were not completely valid for the
chosen control bandwidth and the stiffness of the contact mate-
rial. Even though the performance is worse than for the previous
environments, it is acceptable in regular assembly tasks.

The estimate of the stiffness starts with a large transient for
all materials, which is caused by the choice of a large initial
covariance. Choosing it smaller, however, would lead to slower
convergence for the parameter estimates.

3.2 Adaptation in an assembly sequence

The adaptation strategy was used to tune the force control
parameters in an assembly sequence, experimental data is dis-
played in Figs. 7-10. Force data from the beginning of the
sequence is shown in Fig. 7. State 2 was the search motion in f1
z-direction, and the adaptation of the force control parameters
for the z-coordinate was started in state 2.5, when contact was
detected. The initial parameters were poor, which the large
initial force transient shows. On the other hand, the transient
gave good excitation for the estimation algorithm. Initially, the
force reference in state 2.5 was a sinusoid, to get a reference that
would not be too hard for the poor controller to follow. Once
the covariance of the estimate decreased below a threshold, the
reference was switched to a square wave, to get more excita-
tion. In order not to disturb the estimation algorithm, all other
output directions were controlled to keep their current position

during the adaptation phase. This phase was finished once the
covariance decreased below a second threshold.

Search motions and adaptation in the f2 y- and z-directions
then follow. Here it can be noted that the initial transients are
much lower than for the z-direction and that the adaptation
phases lasts somewhat longer. State 5 was the rotational search
around the f2 x-axis, where the forces were controlled to be
constant to keep the contact.

The identified contact model parameters and the norm of the
P-matrix (a measure of the size of the covariance) are shown in
Fig. 8. It can be seen that the contact in the z-direction was
considerably stiffer than in the other directions. The contact
material itself had approximately the same properties in all
directions, but the gripper and the switch was much stiffer in the
z-direction than in the others. The slower convergence for the
estimation in the y-direction can clearly be seen in the plot of
the norm of P. Occasionally the algorithm gave unreasonable
estimates, such as negative parameters, and to avoid problems
with this the algorithm was supervised. The values used for
chosing force controllers were projected into allowed intervals,
see e.g., the damping parameter around ¢ = 14 [s]. The
estimation of the contact location, x.,, in (1), is not shown
because it is not relevant for the assembly sequence, but it also
converged to a reasonable value for each contact model.

The search speeds in the assembly sequence had to be slow to
handle the initial force control parameters, see e.g., the transient
in the z-force in Fig. 7 at t = 4 [s]. Once the control parameters
had been tuned, it was possible to increase all search speeds.

The data shown in Figs. 7 and 8 have only been a one-point
contact. The two-point contact was made in the second part
of the assembly, see experimental data in Figs. 9 and 10.
The adaptation for the torque controller (around f2 z-axis)
started when the two-point contact was detected, i.e., when
state 5.5 was entered. The resulting controller, active in the
end of the adaptation phase, shows some overshoots when the
reference is a square wave. This means that better reference
tracking probably can be achieved by decreasing the control
bandwidth, but this is not good for the performance in the
assembly sequence, where it needs to react fast to disturbances
caused by movements in other directions not to lose contact.
The following action in the assembly sequence was to find the
slot with the second contact point, by a search around the f2 z-
axis. Once found, detected by a large z-torque, the switch was
pushed down until it was correctly inserted. Finally, the whole
assembly was lifted to show that the sequence had finished.

The estimation of the distance between the two contact points
is shown in Fig. 10. The estimate initially varies, and even be-
comes negative, which is handled by the previously mentioned
supervision of the algorithm. A negative distance is further
considered to be more of an issue than a negative damping
parameter, so the P-matrix was also reset to a larger magni-
tude to restart the estimation. The estimate finally converges to
approximately 34 [mm], which is within 1 [mm] from the true
value.

3.3 Alternative specification of torque reference

The approach where the user specifies two forces instead of one
force and one torque in a two-point contact situation (Sec. 2.6)
was implemented in the assembly sequence. The only relevant
state in the sequence was state 6, and experimental data from
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this state is shown in Fig. 11. The first contact point was the end
of the switch that first made contact, and the force reference for
this point was set to 5 [N], enough to not lose contact. It was
desired that the other end of the switch slides down into the slot,
and the reference was therefore a larger force, here 15 [N]. By
using the identified distance between the two contact points,
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force/torque are shown with
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the given specification was translated to a force and a torque
reference, see the two top diagrams in Fig. 11.

The control performance is good in the beginning of the time
slot shown in Fig. 11. The references are lost in the end, and

the switch slided down into the slot,



i.e., contact was lost for the second point. This can also be seen
in the torque diagram, as the torque approaches 0. This behavior
is an indication of a successful assembly.

4. DISCUSSION

The adaptation algorithm described in Sec. 2 was successfully
implemented on an industrial robot system. The achieved per-
formance is satisfactory, both for soft and stiff contacts, and it
can be used to free the user from the tedious work of tuning
the force controllers manually. Some performance degradation
for stiff contacts is present that is not foreseen by the design
procedure. This is caused by a too coarse approximation of the
robot dynamics, by making the assumption of an ideal velocity
controlled robot. To get a better control design, which considers
the limitations of the robot system, also the robot dynamics has
to be modeled.

An option that might enhance the control performance is to
resort to an optimal controller, e.g., an LQG or H,-controller.
But this means that the impedance control structure has to
be abandoned, which might not be desirable. The impedance
control parameters have a physical interpretation that might be
valuable, e.g., in an error situation.

The adaptation is currently implemented as separate states in
the controlling state machine. A dedicated excitation signal is
used to assure that input data to the estimation algorithm is
sufficiently exciting. A further development could be to run
the adaptation algorithm in each assembly operation without
an excitation signal.

The contact locations have been estimated during the assembly
sequence, but this information has so far not been used. One
way to use it is to decrease the search times, by starting
the search motions closer to the identified contact locations,
after a number of successful assembly operations have been
performed.

The method of using two forces instead of one force and
one torque in a two-point contact scenario simplifies the task
specification for the user, as the coupling between the force and
the torque can be ignored. Generalizing the strategy to more
than two-point contacts is hard, as the conversion from force
and torque measurements to multiple forces is very hard or even
impossible to solve.

To the best of the authors knowledge, a similar approach has
not been previously presented within assembly. Adaptive force
control with comparable results has been performed, e.g., in
(Roy and Whitcomb, 2002) and (Kroger et al., 2004). They both
show similar results for corresponding contact stiffnesses, but
this paper also considers significantly stiffer contact environ-
ments. A stiffness of over 100 [N/mm] was estimated in Fig. 6,
compared to a stiffness around 20 [N/mm] in (Kroger et al.,
2004) and below 1 [N/mm] in (Roy and Whitcomb, 2002).

5. CONCLUSIONS

A method for self-tuning of force controllers to use in industrial
robots has been described. It was based on identification of a
contact model using an RLS algorithm. The force controller
considered was an impedance controller and its parameters
were chosen according to a pole placement design. The method
was implemented on an industrial robot system and used in an
assembly task.
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