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Abstract

The paper presents a new position/force controller,
based on the philosophy of the parallel approach. The
controller exploits the reaction compensation action of
the inverse dynamics position controller and achieves
superior transient performance. It incorporates a ve-
locity dependent damping term. Stability is estab-
lished and conditions for the control parameters are
derived. Performance of the proposed controller is ver-
ified through computer simulations.

1 Introduction

Pure position control in not sufficient when a ma-
nipulator interacts with its environment, in the sence
that external forces and torques are not exclusively
due to gravity and inertia. In this case, relatively
small and probably insignificant position errors may
result in large control signals which can have destruc-
tive effects either on the environment or the robot or
both. For this reason, several force control schemes
have been developed aiming at regulating the contact
forces exerted by the manipulator to its environment.

The main approaches to robot force control are
impedance control, hybrid position/force control and
parallel control. Literature is rich in the first two
categories, the latter being a relative recent develop-
ment. All schemes require an environment model, ei-
ther in controller designing or for stability proving.
The dependence of each approach on this model in
terms of system performance or even applicability of
the method may vary. To compensate for the envi-
ronment model uncertainty many researches resort to
adaptation techniques or learning.

Impedance control was originally proposed by
Hogan [1]. The idea is to enforce an adjustable
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mechanical impedance relationship between the force
and the position error. Proper adjustment of
the impedance parameters ensures bounded contact
forces. The primary merit of impedance control is that
it establishes an adjustable ballanced behaviour of
the system between position errors and external force.
Force regulation, however cannot be achieved without
accurate description of the environment. The value of
the contact force at steady state depends heavily on
the assumed environment stiffness. For this reason,
impedance control has primarily been implemented in
the framework of an adaptive scheme [2, 3].

Given a detailed environment description, a widely
adopted method is hybrid position/force control. Hy-
brid position/force control has been introduced in [4].
The ‘hybrid’ characterization should not be confused
with the co-existence of continuous and discrete time
subsystems, but rather with the simultaneous con-
trol of both position and force in different directions.
The task space is partitioned into two orthogonal sub-
spaces [5]. The scheme allows adjustment of position
and force dynamics independently. In order, how-
ever, for the hybrid position/force control to be im-
plemented, directions in which a desired force is to
be applied should be predefined and accurately de-
scribed. As a result, unexpected collision phenomena
can not be handled successfully and although time de-
pendency of the contact surfaces can be taken into ac-
count, it must still be known in advance. In order to
deal with instability phenomena, full manipulator dy-
namics were taken into account [6, 7, 8]. Still, the va-
lidity of the orthogonal space decompotition has been
challenged [9].

The parallel position/force control [10, 11] imple-
ments position and force control simultaneously in ev-
ery direction of the task space, giving priority to force
errors over position errors. Due to the integral control
action on the force error, the method is not so sensi-
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tive to environment model errors. It can also handle
unexpected contacts and changes in the task specifi-
cation. To avoid contradictory control commands and
given the unavailability of force time derivatives, the
parallel controller does not include any damping for
the force, other than the usual velocity damping de-
signed to adjust the position transient. Position and
force dynamics however, have different requirements in
terms of control signal amplitutes and position damp-
ing could be insufficient for the force.

The proposed approach is based on the parallel phi-
losophy and remedies the insufficiency of the position
controller damping. It introduces a force damping
term in the controller which substitutes the unavail-
able force derivatives with velocity measurements. A
nonlinear gain is used to switch between unconstrained
and constrained motion modes. Another novelty is the
controller structure which exploits the external force
compensation action in the position controller: if ex-
ternal force is to be regulated there is no need to be
completely compensated. Partial compensation could
result in applying the desired force at the manipulator
end effector. The method is compared to the parallel
control scheme to reveal its superior performance in
terms of transient response.

The rest of the paper is organized as follows: In
section 2 the proposed approach is presented and sta-
bility conditions are derived. Simulation results are
included in section 3. Section 4 summarizes the con-
clusions drawn in the present work.

2 Position/Force Control
2.1 The position controller

Consider the following set of dynamic equations of
motion for a nonredundant manipulator:

M(q)d + C(q,4)d+ G(a) =7 - I (f (1)

where q € R” is the vector of manipulator joint an-
gles, M(q) € R**™ is the configuration dependent in-
ertia matrix, C(q,q) € R"*™ is the matrix of Corio-
lis and centrifugal terms, G(q) € R" is the vector of
gravity related terms, 7 € R™ are the joint torques,
J(q) € R**™ is the manipulator jacobian matrix and
f € R” is the vector of forces and torques applied to
the manipulator end effector by its environment.

In order to control the motion of the manipulator
in the task space, the manipulator dynamics is usually
linearized using the inverse dynamics technique:

T=Ma+Cq+G+I7f (2)
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where « is now the new control input. Note that the
environment reactions applied at the end effector are
fully compensated. Substituting (2) into (1) yields:

=«
The task space dynamics are derived using
a=J"'a-Jq)
to obtain
X=a (3)

where x is the vector of task space coordinates. Given
a desired trajectory, x4,X4,q, the new input, a takes
the form

a=K, ' (K.%;+Ky(%xs — %) + Kp(xqg —x)) (4)
where K, K,, K, are positive definite matrices. Set-
ting e, = x4 — x, and substituting (4) into (3) results
in linear and stable error dynamics:

K.é, + K6, + Kye, =0

2.2 Partial reaction compensation

The above scheme gives an infinitely stiff manipu-
lator motion. If the end effector forces are not com-
pensated completely in (2), but instead T is given by

T=Ma+Cq+G+J'h (5)
then the linearized configuration dynamics will be
G=a+MJ7(h-f)
and (1) takes the form
x=a+JIM I (h-f)
Substituting a from (4) gives
K.é, + K,&, + Kpep, = ~K,JM'J"(h - f) (6)
Let h be given as:
h=f+JM 'J") v
where v is a new input. Substitution in (6) yields:
K.é, +K,é, + K,e, = —v (7
Assuming a linear environment model of the form

f=K.(x —xo)
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v can be given as
V:Kfp6f+va(fd—K35()+Kfi/6fd8 (8)

where ef £ f, —f is the force error, K, is the environ-
ment stiffness matrix and Ky¢,, K,r, Ky; appropriate
gain matrices. The above controller has a full PID ac-
tion (contrary to the PI action of the parallel scheme),
using velocity measurements to substitute the respec-
tive force term. The difference here is that instead of
letting the position controller do the damping for the
whole system, we introduce a new term which allows
to control the dynamic behavior of the force controller
independently. This improves the transient perfor-
mance of the system considerably. The position/force
control scheme combines the versatility of the paral-
lel approach with the superior perfomance of hybrid
position /force control methodologies.

In order for the controller to perform satisfactorily
in both cases of position controlled and position/force
controlled motion, K¢, must incorporate some sort
of switching. In the absence of reliable force deriva-
tive measurements, velocities have to be used instead,
rendering the force damping term entirely dependent
of velocities. If K¢, is constant, then force damping
would interfere with position damping. To deal with
this effect, Ky, could be designed such that it is (al-
most) zero in the case where there is no force error and
activate itself as soon as force error is detected. This
transition can be made in a smooth way as fast as it is
desired. The switching function can be tuned in such
a way that K¢, to be considered piecewise constant
for the purposes of analysis.

The closed loop system is obtained by substition of
(8) into (7)

K.é, +K,é, + Kpe,
= Kpper — Ky, (fs — K %) — Kﬁ/efds (9)
2.3 Stability Conditions
Using the linear environment model we obtain
ep =X4—Xo — K;lf
Equation (9) can be written in compact form as:
K. K '8r + (K, K] ' + Kpp)ep + (KK

+Kfp)ef+Kfi/efds:¢d (10)
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where

g = K (%o — %4) + K, (ko — %a) + K, (X0 — X4)
+ KK + KKy + KKy,
Equation (10) represents a linear trird order sys-

tem. If the gain matrices are given the following diag-
onal structure:

K, = k,I K;, =kj,I
K, =k,I K, =kp,I
K, =k,I K =kl

then by regarding as kq, kv, kv, kfp, kp,krs > 0 the
jth element of k,, k¢, ky, kgp, kyy, ks, the stability of
the third order system is ensured as long as

(ky + kekypy)(kp + kekyp)

k‘fi < b

Whenever the above condition is satisfied, the force
is regulated. The controller gives priority to the force
error at the expence of the position error. The latter is
treated as a bounded disturbance on the dynamics of
the former. In case of zero force error, the scheme pro-
vides a common inverse dynamics position controller.

3 Computer Simulations

3.1 Simulation setup

Compliant surface

Surface
stiffness

Manipulator

- Ground surface

Figure 1: Setup of the simulation example

The system considered for the simulation example
is a two link rotational joint manipulator that interacts
with a planar compliant surface, located at a distance
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2o = 1.2m from the base of the manipulator in the
horizontal direction (Fig. 1). The environment com-
pliant behavior is depicted in the figure as a spring
with constant stiffness k. = 150N/m. The position of
the end effector is given by the cartesian coordinates
(z,y). The force exerted by the compliant surface to
the manipulator end effector depends on the difference
r — Xg-

The desired force f; during unconstrained motion
is set to zero. Once a nonzero force measurement is
detected, fy can switch to another desired value. The
objective is to control both the position of the end
effector along any unconstrainted direction and the
contact force along the constrained directions, with-
out specifying a priori these directions. In this process
the proposed controller is compared to a parallel con-
troller. The gains of the parallel controller have been
selected over a wide range of values such that near-
optimum performance is obtained, in terms of force
overshoot and force error after a period of one time
unit. This performance is compared to the best per-
formance of the proposed controller over a range of
values for its control parameters.

In each case, the force control scheme has been built
around the same position controller which was tuned
to yield satisfactory trajectories during unconstrained
motion. The gains of the position controller remain
unaltered and the gains of the force controller are se-
lected independently.

3.2 Force and position regulation

Initial Desired
Position Position

Figure 2: Regulation of position and force

In the case of force regulation the robot end effec-
tor moves from the initial position (z;,y;) = (1,1),
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to the desired position (z4,y4) = (1.5,0.886)m (Fig.
2). During this motion collides with the compliant
surface. The contact force is then measured and reg-
ulated to a constant value of 20N.

The simulation is first conducted for the parallel
scheme. The gains for the parallel scheme were cho-
sen so as to give the best performance over a wide
set of values. The selection was made after extensive
simulations. The optimum values were obtained for a
neighborhood of the point (k,, k) = (0.001,0.7) with
k, ranging in [10~%,0.03] and k, in [0.1,3]. The sim-
ulation was repeated under the same conditions using
the proposed controller. The controller gains where
selected as follows: ky, = 1000, kf, = 5, kp; = 6000.
The resulting contact force trajectories for both con-
trollers are presented in Figure 3.

25

20 !

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time

Figure 3: Contact force regulation: parallel control
(dashed); reaction compensastion (solid)

As it can easily seen, overshoot has been reduced
by 47%. The force error, has also been reduced by 6%.

3.3 Force and position tracking

In the case of force and position tracking the end-
effector is required to track a sinusoidal trajectory in
the y direction while remaining at a constant x4 po-
sition. The x4 position will not be achieved however,
because before reaching it collides with the compliant
surface. The contact force is then required to track a
sinusoidal trajectory (Fig. 4).

The control parameters were the same as in the
regulation simulations. The results are given in Figure
5 and in Figure 6 for the proposed controller.

It must be noted that in both tracking controllers,
no adaptive scheme has been implemented. As ex-
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Desired
force variation

151 : ,

force

101 o

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time

Figure 5: Force tracking with the parallel controller

plained in [10], a common desirable feature of parallel
control schemes is that they do not use explicit in-
formation on the environment stiffness. Environment
stiffness uncertainty was the primary limitation pre-
venting the use of typical parallel controllers for force
tracking [12], since it influences the transient behav-
ior during interaction. In the simulations no adaptive
scheme for the environment stiffness in any of the two
methods compared was implemented since exact val-
ues could be used.

3.4 Parameter Sensitivity Analysis

To investigate the influence of the environment stiff-
ness estimate on the transient responce of the system,
the scheme was tested in a number of cases where er-
roneous stiffness estimates were used.

The proposed controller uses an estimate of the en-
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Figure 6: Force tracking with the proposed controller

vironment stiffness within the force damping term in
order to obtain an estimate of the force variation. This
is necessary due to the unavailability of direct force
derivative measurements which requires the derivation
of the needed quantities from velocity measurements.
On the other hand, the parallel controller makes no
use of force derivatives and therefore an estimate for
the environment stiffness is not required.

Although the desired behavior can always be
achieved by appropriately tuning the control parame-
ters of the proposed controller, it would still be inter-
esting to see the influence of an erroreous environment
stiffness estimate to the controller’s performance. For
this reason we have conducted a series of simulations
introducing error in the estimate used by the con-
troller.

For errors smaller than 20%, the difference in the
force trajectory for the case of force regulation was too
small to be recorded. Results for errors of 20%, 30%,
40% are depicted on Figure 7, which is a magnification
of the transient region of the force trajectories.

As seen from Figure 7, overshoot increases as the
error in the estimate grows, but it does not exceed
the value of 15% for a stiffness error of 40%. What
is interesting is that convergence rate is faster as the
stiffness error increases, a fact that demonstrates an
attempt from behalf of the controller to compensate
for the relatively large initial force error.

4 Conlusion

This paper presents a position/force controller
based on the philosophy of the parallel control scheme
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40% error in environenment stiffness

! 30% error in environenment stiffness
|

21 1 |

H{ 20% error in environenment stiffness
)
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0 0.1 0.2 0.3 0.4 0.5

time

Figure 7: Controller sensitivity on environment stiff-
ness estimate

but with better performance characteristics. The pro-
posed controller exploits the reaction compensation
action present in the inverse dynamics position con-
troller. Instead of fully compensating for the reaction
force at the end-effector, a partial compenstation ac-
cording to the proposed controller achieves force regu-
lation and tracking with improved transient behavior.

The proposed controller is compared to the parallel
controller in two cases corresponding to force regu-
lation and force tracking respectively. The computer
simulations verified the advanced performance charac-
teristics. Due to the fact that the force damping term
introduced depends on an estimate of the environment
stiffness, the impact of an erroneous estimate of the
controller performance is investigated. It is concluded
that for rough estimates of less than 20% accuracy
the transient behavior is not influenced at all. Larger
errors in the environment stiffness introduce some lim-
ited overshoot which can be eliminated by appropriate
tuning of the controller parameters.
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