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ADAPTIVE COMPENSATION OF TORQUE DISTURBANCES AND BEYOND

Bram de Jager

Eindhoven University of Technology, The Netherlands

ABSTRACT

This paper addresses the problem of adaptive
compensation of torque disturbances in the track-
ing/positioning control of mechanical systems
with the aim of (1) reducing the tracking error
for tracking and the position error for positioning
tasks, (2) increasing the robustness for uncertain
parameters, and (3) using the estimated parame-
ters for failure detection/determination and wear
indication.

The compensation is incorporated in a standard
adaptive nonlinear controller. It merges structural
torque disturbance compensation that is impor-
tant for high velocities and low velocity friction
compensation. The stability of the closed loop
control system is assessed.

The control scheme proposed is applied and tried
out on a simulation model and an experimental
system. The results indicate that the compensa-
tion method proposed is viable, and the degree
of verisimilitude of the compensation model is
high enough to enable us to use the values of
the adapted model parameters for failure detec-
tion/determination and wear indication. The last
point, however, requires still some experimental
evidence.

It is expected that the method proposed is
suitable for implementation on industrial ro-
bots, both for accurate tracking/positioning tasks
alone as possibly combined with failure detec-
tion/determination. The method is not expected
to perform well in the presence of large unmod-
eled dynamics, ie., for mechanical systems with
flexible joints or with flexible links, e.g., for space
structures, without further modifications.

1 INTRODUCTION

1.1 Background

In this research we try to clear the way for the fol-
lowing trends we detect in the production, com-
missioning, and use of robots (all trends aim at
reducing the production costs and time to market,
and at increasing customer satisfaction by making
the use of robots more flexible and cost effective):
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« easier controller tuning and commissioning
of robots,

« faster movements to reduce cycle times,

« lighter weight for the supporting structure,

e more accurate tracking and position con- -
trol.

We try to fulfill these trends, effectively making
them design goals, by using adaptive control and
compensation of torque disturbances. Due to the
adaptation there is no need for extensive tuning -
or the setup of torque corrections with table-look-
up methods as used by Armstrong [1, 2]. Owing to
the compensation we get high accuracy and can *
avoid the use of high feedback gains, which could -
cause instability due to excitation of unmodeled
structural vibrations, that may occur at relatively
low frequencies because of the small spring con-
stants of flexible systems, whose dynamics are not
included in the model used for compensation.

1.2 History and previous research

This research was induced by experiments per-
formed for the research reported in De Jager[3,4], .
where a proof of concept is presented for the via- .
bility of adaptive extended friction compensation. .
In effect, the compensation used in that paper .
did not only cancel friction, but also disturbance :
torques caused by structural defects, eg., mis
alignment, bad bearing, lack of lubrication caus-
ing dry friction instead of viscous friction, etc.

A further analysis of the experimental results in- :
dicated that the tracking errors during the experi- .
ments were large when the velocity changed sign. ‘f
The preliminary conclusion was that the Coulomb
friction model used was not adequate for low ve
locities. We therefore tried to incorporate the fric
tion model used by Canudas de Wit et al, [5, 6
and merge these models to one, expectedly bet-
ter, model.

When we used this approach in our simulation:
and experiments, the compensation model did ap
pear to have a degree of verisimilitude that made
it possible to attach physical significance to som
adapted model parameters, enabling their use for:
further goals then only to compute the compen-
sation torque in the control scheme.
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The most useful goals seemed to be failure de-
tection/determination and wear indication. Fur-
ther simulation revealed the usefulness of this ap-
*p‘roach, Experiments are, however, still to be per-
formed to support the simulation results, butitis
a bit difficult (and expensive) to induce represen-
tative failures in an experimental system.

1.3 Contribution of research

The main contribution of our work is the merging
of the disturbance torque model and the friction
model for low velocities, the use of this merged
model in a standard adaptive controller, and a sta-
bility proof based on the dissipative nature of the
friction and disturbance torques, leading to lower
tracking errors without the need for high feedback
gains and therefore avoiding robustness problems
for unmodeled dynamics.

Furthermore, a proof of concept for the use
of adapted model parameters in failure detec-
tion/determination and wear indication, resulting
in a safe and timely shut down or overhaul of the
system, is believed to be novel.

1.4 Structure of the paper

We give short descriptions of the following ele-
ments of our research, without going into details
or presenting rigorous proofs.

First, Section 2 sketches the problems that our re-
search is dedicated to. Then, the robot model, the
torque disturbance model, and the low velocity
friction model are discussed, followed by a pre-
sentation of the adaptive controller and a stipula-
tion of the stability proof. The presentation of the
experimental system and its model follows in the
first part of Section 4. Next, we give some simula-
tion and experimental results. Section 5 contains
the conclusions.

2  THE PROBLEMS

2.1 Reducing tracking/positioning error

When high velocities of the robot end-effector are
demanded, without resorting to more powerful
and costly motors, one is forced to build light
weight structures. To maintain the required max-
imal position or tracking error, this implies mod-
ification of the control scheme. Several ways are
open to improve the control system performance.

« The use of high gain feedback, this will how-
ever induce stability problems due to the ex-
citation of structural vibration modes that
are hardly damped, when these modes are

not explicitly taken into account in the con-
troller (unmodeled dynamics).

o More accurate model based feedforward
and disturbance torque compensation.

Measures proposed to compensate structural
torque disturbances, due to misalignment, bad
bearings, etc., also called extended friction com-
pensation in [3], are aiming at reducing the track-
ing errors at relatively high velocities. For low ve-
locities Coulomb friction is especially important.

Normally it is not possible to determine the model
parameters with sufficient accuracy, therefore we
use adaptation. Only when the model has some
degree of verisimilitude, can physical meaning be
attached to the adapted model parameters. This
implies that both at low and high velocities the

model must be accurate.

2.2 Failure detection/determination

We make a distinction between detection (does
a failure occur or not) and determination (what
caused the failure). Simple measures like detect-
ing a difference between the computed torque
and the applied torque necessary to follow a de-
sired trajectory are sufficient for failure detection,
but for failure determination more information is
needed to be able to determine not only the fact
that some part of the system is broken, but also
which part to which degree, so appropriate mea-
sure can be taken, without being forced to shut
the system down in all detected cases.

A possible solution seems to be the use of adapted
model parameters. When one or more of these pa-
rameters, that are intimately linked with physical
phenomena in a more specific part of the struc-
ture, are outside some reasonable range of values,
this part is probably broken (fast change) or worn
out (gradual change).

3  MODELS AND CONTROLLER

3.1 Robot model

The following general model for a mult body sys-
tem with m control inputs and m DOF (degrees-
of-freedom) q is used

M(q,0)4+C(q,4,0)4+9a,4,0)=f, (1)

where M(q,0) is the m x m positive definite
inertia matrix, with model parameter vector o,
C(q,q,6)q is the m vector of Coriolis and cen-
tripetal forces, g(q,4,6) = dg + 9f + 9d is the m
vector of gravitational forces gy4(q, 9), Coulomb
and viscous friction gf(g, ), and other determin-
istic torque distarbances ga(q, €), which depend



on the DOF, and f is the m vector of generalized
control forces (forces or torques). In this model
each DOF has its own motor.

Here, we neglect the dynamics of the motors and
amplifiers, and the flexibility of the joints and
links:

3.2 Torque disturbance model

As torque disturbance model we use the one pro-
posed in [3]

ga(q, 0) = 84, sin(wpq)+0a, cos(wpq)

with w, the spatial frequency.

This model represents a periodic torque distur-
bance, e.g., caused by bad bearings, partial lack
or uneven distribution of lubricant. The parame-
ter vectors 6y are possibly direction dependent
to accommodate backlash type phenomena. Both
sine and cosine terms have to be used instead of a
single 84, sin(wpq + 64,) term to geta model that
is linear in the parameters 64, a property of the
model that is required by the adaptive controller.

3.3 Friction model

As friction model we use the one proposed in [6]

9r(4,6) = (8p, + Ol + O, 1aD)sgnd

where the parameter vectors 85 can be direction
dependent to model asymmetric friction. They are
also temperature and load dependent and change

therefore with time. 7

“This model is a haphazard approximation of the
following more elaborate friction model [6]

9r(a, ) = (6f, + 67, exp(-051g1)+
+05,(1 — exp(—614g1)) sgng

with positive 5. The approximation is to get a
model that is linear in the parameters 6.

3.4 Adaptive controller

We use an adaptive control scheme proposed by
Slotine and Li [7, 8]. This scheme consists of feed-
forward/feedback components, based on an esti-
mate of the manipulator dynamics (1), and a pure
PD component.

The generalized control force f is just the sum of
these components

f=M(@@)dr+€a,qar+§a,+Kvs )

where M = M(q,8), ¢ = C(q,4,0), and §
g(q, g, 6) are the same as the corresponding terms
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in (1), with 6 an estimate of the model parameters
9, gy = 4a + Ag is a virtual reference trajectory,
s = § + Aq is a measure of tracking accuracy, 4 =
qa — q is the tracking error, and ga(t), 4a(t),4a(?)
represent the desired trajectory.

Adaptation of the estimated model parameters 6
used in M, €, and § is based on the reasonable as-
sumption that, with an appropriate choice of para-
meters, the generalized control force (2) is linear
in the parameters 6 and can be expressed as

f=Y(q,4,qr )0 + Kys. 3)

Then the adaptation proceeds according to

6 = I71YT(q, 4, dr, Gr)s- @)

3.5 Stability

The stability proof is based on the dissipative na-
ture of the forces g(g, 4, 6) when physical reason-
able values for the parameters 6 are used. Then,
invoking a result of Ortega and Spong [9], the
conditions for the controller parameter matrices,
namely Ky, A, and T~1, that ensure the stability of
the closed loop system, are easy to derive
r'>o

Kv>0 A>0

so all these matrices should be positive definite.

Of course, the proof breaks down if the model (1)
cannot faithfully reproduce the dynamic behavior
of the system. In practice one can always choose
the controller parameters such that the closed
loop system will be unstable. In this case that is
possible by choosing Ky, A, and ! too large. *

The stability proof is therefore of little practical
significance, and its main use is to sort out un-
suitable controllers in an early stage, and tobe a
guidance during the derivation and development.
of new controllers.

4 SIMULATIONS AND EXPERIMENTS

4.1 Experimental system

The system used for the simulations and exper-
iments is a 2 DOF mechanical system moving in
the horizontal plane, an XY-table, with three pris-
matic joints of which two are coupled by a spindle
with adjustable stiffness. A sketch of this system
isin Fig. 1. k
The main characteristics of the XY-table are

s working area 1 x 1 [m],
e two permanent magnet DC motors, for both
the x and y direction,




S belt wheel P
belt
— y-slide
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| x-slide
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spindle
X-motor

Figure 1: Schematic drawing of XY-table

« current amplifiers for each motor,

« optical encoders mounted on each motor

shaft,

« microcomputer based control,

o adjustable dynamics of the system since
the torsion spring in the spindle can be
replaced, so the spindle stiffness can be
changed easily.

The adjustable torsion spring in the spindle canbe
used to study the robustness of control schemes
and to evaluate controllers for systems with flexi-
ble joints. The motors are connected by belts and
pre-loaded springs with the x-slides and y-slide.
The motor currents are controlled by current am-
plifiers, whose setpoints are generated by the con-
trol system.

For the results published here, the stiffest spring
in the spindle was used, so no unmodeled dynam-
ics was introduced by it. The main sources of un-

modeled dynamics are the springs connecting the
belts with the slides.

Because the 2 DOF are almost completely decou-
pled in a Cartesian coordinate frame, there are
no Coriolis and centrifugal forces, making the XY-

table a proper system for the study of friction and

torque disturbances.

4.2 Evaluation setup

To evaluate the effectiveness of the controller,
simulations and experiments were carried out,
both for the same system. The task to be per-
formed was tracking a circle with constant angu-
lar velocity. This means an harmonic trajectory for
the x and y slide.
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4.3 Tracking control
4.3.1 Simulation results

Simulations have been performed to investigate
the influence of parameter errors in the inerta,
friction, and disturbance torque models. An ex-
ample is in Fig. 2. Here tracking error results for
the y-direction of the XY-table are presented, with
and without adaptation, using as starting parame-
ter values 80% of the nominal parameter values.

'g 4 80% parameters, no adaptation

= 2b - NN

PRI [N /-

s_ -2 \g / \\ /

A e 4 e’

dJ .

) 435 4 45 5 5.5 6 6.5 7
Time t [s]

g 1 80% parameters, with adaptation

= 05 A A [\

ti ol v /\’\ o\ I AAA/\Ar,\I\ \

5 VI VYIWTWIVIY VL b

= -0.5 - V

~ -1 ;

s 1

= 33 4 4.5 5 5.5 6 6.5 7
Time t [s]

Figure 2: Simulation resuits with extended model
based compensation but approximate parameters

These results shows the effectiveness of the adap-
tation. The tracking error with adaptation is much
smaller as without, although the error in the
model parameters 6 was only 20%.

4.3.2 Experimental results

Experiments have also been performed. A typical
result is in Fig. 3. Again, the tracking error in y-
direction is given as a function of time t. The con-
troller parameter settings are the same as for the
simulations, so the results should be comparable.

Unknown parameters, full adaptation

E 2

-~ 1 f

5 o\ “

= 2l VAR

27 \V/

[+ .

&= 33 4 4.5 5 5.5 6 6.5 7
Time t [s]

Figure 3: Experimental result with extended model
based compensation but unknown parameters

The tracking error ¥ is larger than in the simu-
lations, but in this experiment the parameter es-
timate is not fully converged yet, because the ini-
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tial parameter estimates are set to 8(0) = 0, so the
tracking error will be reduced further. Itis also ob-
served that y contains deterministic components,
so the models used for torque disturbance and
friction compensation can still be improved.

4.4 Failure detection/determination
4.4.1 Simulation results

To show the possibilities for failure detec-
tion/determination, a simulation was performed
where the Coulomb friction parameter 8y, in the
simulation model was increased at t = 8 [s]. This
represents the increase of dry friction due to fail-
ure of a bearing.

Track. error ¥ {imm]

Coulomb 6, [N]

> With adaptation, failure at 8 {s]

1 A

obn [\ A

‘1 V'

V4

27 75 8 8.5 9 9.5 10 10.5
Time t [s]

18 Wwith adaptation, failure at 8 [s]

17 N //'\\

>

16

157 7.5 3 8.5 9 9.5 10 10.5
Time t [s]

Figure 4: Simulation results w1th failure at t = 8 s}

The first plot in Fig. 4 shows that this caused
a temporary increase of the tracking error. The
second plot in Fig. 4 presents the estimated dry
friction coefficient g, in this case not direction
dependent, and shows the significant increase in
the coefficient, that can be used for failure detec-
tion/determination purposes.

4.4.2 Experimental results

Experiments that verify the findings of the simu-
lations are in the planning stage. We envisage to
introduce failures in the system by
« using a kind of brakes to increase Coulomb
friction
o loosening the belts to introduce additional
backlash.

Other failure modes are less easy to introduce.

5 CONCLUSIONS

We conclude that by using adaptive disturbance
and friction torque compensation

(1) the tracking/positioning error is decreased,

(2) the robustness for uncertain parameters is
increased, especially for the difficult to de-
termine friction parameters,

(3) failures and wear can be determined.

However, the evidence for (1) and (2) is stronger
than for (3), because (1) and (2) are backed up
by experimental results that are still lacking for
(3) and a generalization of (3) to other systems is
more difficult to justify.

Subjects for further research are the experimental
validation of (3) and the development of improved
torque disturbance and friction models.
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