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1. Introduction

While the position of a robot link can be measured accurately, measurement of velocity and
acceleration tends to result in noisy signals. In extreme cases, these signals could be so noisy
that their use in the controller would no longer be feasible (Daly & Schwartz, 2006).

In order to overcome the problem of noisy velocity measurements and to guarantee that the
error between the time—varying desired position and the actual position of the robot system
goes asymptotically to zero for a set of initial conditions, a controller/observer scheme, based
on position measurements, can be used. In this sort of schemes, the incorporated observer is
used to estimate the velocity signal and sometimes the acceleration signal.

Another approach consists in using the Lyapunov theory to design a controller/filter to guar-
antee the tracking of the desired trajectory, no matter if an estimate of the velocity and accel-
eration can be possible with the obtained design.

In the perspective of control engineering, the approach of using only joint position measure-
ments in either a controller/observer or a controller /filter to achieve tracking of a desired joint
trajectory is denominated output—feedback tracking control of robot manipulators.

Recently, attention has been paid to the practical evaluation of output-feedback tracking con-
trollers. In the paper by Arteaga & Kelly (2004) a comparison of several output—feedback
tracking controllers is made, showing that those schemes which incorporate either an ob-
server or filter are better than those which incorporate a numerical differentiation to obtain an
estimation of the joint velocity.

The work by Daly & Schwartz (2006) reported the experimental results concerning three
output-feedback tracking controllers. They showed the advantages and disadvantages of
each control scheme that was tested.

On the other hand, saturation functions have been used in output—feedback tracking control
schemes to guarantee that the control action is within the admissible actuator capability. See
the papers by Loria & Nijmeijer (1998), Dixon et al. (1998), Dixon et al. (1999) and, more re-
cently, Santibafiez & Kelly (2001). Although much effort was done to derive those controllers
and very complex stability analyses were necessary, as far as we know, no experimental evalu-
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680 Robot Manipulators, New Achievements

ation of output—feedback tracking controllers that contain saturation functions in its structure
has been reported.

Considering that output-feedback tracking controllers can be more efficient than full-state
feedback tracking controllers, specially if noisy velocity measurements are present, and taking
into account the philosophy of including saturation functions in an output—feedback tracking
control design, the objective of this paper is to present an experimental comparison between
output—feedback tracking controllers that do not have saturation functions in its structure
and controllers that do have saturation functions. The experiments were carried out in a two
degrees—of-freedom direct—drive robot, which is important from the control point of view,
because the dynamics in this type of robots is highly nonlinear.

This chapter is organized as follows. The robot model and control problem formulation is pre-
sented in Section 2. Section 3 describes the experimental robot arm used in the experiments.
Section 4 concerns to the description of the desired position trajectory and performance crite-
rion. The controllers as well as the experiments on output—feedback tracking control are pre-
sented in Section 5, while Section 6 contains some discussions. Finally, concluding remarks
are drawn in Section 7.

2. Robot dynamics and control goal

The dynamics in joint space of a serial-chain n-link robot manipulator considering the pres-
ence of friction at the robot joints can be written as (Canudas de Wit et al., 1996; Kelly et al.,
2005; Ortega et al., 1998; Sciavicco & Siciliano, 2000):

M(9)§+C(q,4)d+g(q) +Fg=1 (1)

where M(q) is the n x n symmetric positive definite inertia matrix, C(g, §) is the n x n vector
of centripetal and Coriolis torques, ¢(g) is the n x 1 vector of gravitational torques, F, =
diag{fu,..., fon} is the n x n positive definite diagonal matrix which contains the viscous
friction coefficients of the robot joints, and 7 is the n x 1 vector of applied torque inputs.
Assume that only the robot joint displacements g(t) € IR" are available for measurement.
Then, the output—feedback tracking control problem is to design a control input 7(¢) so that
the joint displacements g(t) € R" converge asymptotically to the desired joint displacements
qd(t) € ]Rn, ie.,

Jim §(t) =0, 2)
where
q(t) = qa(t) —q(t) 3)

denotes the tracking error.

3. Experimental robot system

A direct—drive arm with two vertical rigid links —see Fig. 1— is available at the Mechatronics
and Control Laboratory of the Instituto Tecnoldgico de La Laguna, which was designed and built
at the Robotics Laboratory of CICESE Research Center. High—torque brushless direct—drive
motors operating in torque mode are used to drive the joints without gear reduction.

A motion control board based on a TMS320C31 32-bit floating—point microprocessor from
Texas Instruments is used to execute the control algorithm. The control program is written
in C programming language and executed in the control board at 1 = 2.5 [ms] sampling
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Fig. 1. Experimental robot arm

period. The maximum torque limits are TlMax =150 [Nm] and TzM‘Zx=15 [Nm] for motor 1 and
2, respectively.

The robot dynamics is described with details in (Reyes & Kelly, 1997; 2001). With reference to
the symbols listed in Table 1, we present below the entries of the robot dynamics:

notation | value | unit
Link 1 length I 0.45 m
Link 2 length I, 0.45 m

Link 1 center of gravity Il 0.091 m

Link 2 center of gravity ) 0.048 m

Link 1 mass my 23.90 kg

Link 2 mass my 3.88 kg
Link 1 moment of inertia I 127 | kgm?
Link 2 moment of inertia I 0.09 | kgm?
Gravity acceleration g 9.8 m/s’

Table 1. Parameters of the manipulator

The elements M;j(q) (i,j = 1,2) of the inertia matrix M(q) are

Mii(q) = ml% +my (l% + 12421 cos(q2)>
+15 + I,

Mp(q) = mp (lfz + Ll cos(q2)> + I,

Mai(q) = m (lfz + hle COS(fh)) + b,

My(q) = mlp+ b
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The elements C;j(q,q) (i,j = 1,2) of the centripetal and Coriolis matrix C(g,4) are

Cii(q.9) = —mahlosin(q2)qa,
Ci2(q,4) = —malileosin(q2) (41 +42),
Ca(q,4) = mahlesin(g2)ds,

Ca2(q,9) = 0.

The entries of the gravitational torque vector g(¢q) are given by

gi(q) = (milaq +moly)gsin(q1) + maleog sin(q1 + q2),
2(q) = malogsin(q + q2).

The coefficients of the viscous friction are
F, = diag{2.288,0.175} [N m s].

Experiments showed that static and Coulomb friction at the motor joints are present and they
depend in a complex manner on the joint position and velocity. We have decided to consider
them as disturbances for the closed-loop system.

4. Desired position trajectory and performance criterion

The desired position trajectory g,(t) used in all experiments is given by

| 45[1 — e 208 1101 — e~ 20 sin(7.50¢)
T = | 601 — e 187] 4-125[1 — e 15 sin(1.75¢) | | 2e87eeS/S) @
An important characteristic of the position trajectory g,(t) in (4) is that the desired velocity
4s(t) and acceleration §;(t) are null in t = 0, then the closed-loop system trajectories will
not present rude transients if the robot starts at rest. It is noteworthy that the execution of
the proposed trajectory g,(t) in (4) demanded a 75% of the torque capabilities, which was
estimated through numerical simulation and verified with the experiments.
The time evolution of the position error § reflects how well the control system performance
is. The performance criterion considered in this chapter was the Root Mean Square —RMS—
value of the velocity error computed on a trip of time T, that is,

. 1 /T .
RMS[f] = |7 | 13(0)|do [degrees/s] (5)

In practice, the discrete implementation of the criterion (5) leads to

RMS|4] = J = V()2 e [degrees/s),
k=0

where h = 2.5 [ms] is the sampling period and T = 10 [s].
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5. Tested controllers

We have tested six controllers. Three of the tested controllers do not contain saturation func-
tions, while the others do it. The main goal of the experimental evaluation was to assess the
tracking performance of controllers that do not have saturation functions, i.e.,

¢ PD+ (Paden & Panja, 1988),
¢ Loria & Ortega (1995), and
* Lee & Khalil (1997),
with respect to those that have saturation functions,
* Lorfa & Nijmeijer (1998),
* New Design 1, and
¢ New Design 2.

The controllers denoted as New Design 1 and New Design 2, which are defined explicitly later,
were proposed in (Moreno et al., 2008). Tools for analysis of singularly perturbed systems
are used to show the local exponential stability of the closed-loop system given by those
controllers and the robot dynamics.

Let us first describe the results concerning controllers without saturation functions. The first
controller tested was the PD+ control (Paden & Panja, 1988), which is written as

T = M(q)dq + C(q,4)da + 8(q) + Fod + K + Kpg, (6)

where K, and K; are n x n symmetric positive definite matrices, § = g5 — g denotes the
tracking error and the joint velocity measurements 4 are approximated via simple numerical

differentiation, i.e.,

, i(hk) — g;i(hlk —1

1) = B0 = 90k = 1) -
where /1 is the sampling period and k is the discrete time. It is well known that the approach
(7) is very common in many robot control platforms to obtain an estimation of the velocity

measurements. The controller was tested using the following proportional and derivative
control gains

K, = diag{3500,1000} [1/s2], ®)
Ky = diag{45,15} [1/s],

Let us notice that the gains (8) were obtained by trial and error until obtaining a reasonable
performance in the tracking of the desired joint position g,(t), i.e., a relatively small bound
of the maximum values of 43 (t) and §,(t). Fig. 2 shows the time evolution of tracking errors
41(t), 42(t), and applied torques 1y (), T2 (t).

Further improvement could have been obtained in the tracking performance, but paying the
price of a noisy control action, which would excite other dynamics such as vibrating modes of
the mechanical structure.

Since all of the tested controllers have a proportional-derivative structure, we have used the
same numerical value of the gains in (8) for all of them, while the remaining gains in each
controller were selected so that a reasonable performance were obtained, as we will explain
later.
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Fig. 2. PD+ controller : Tracking errors 41 (t), §2(t), and applied torques 7y (t), T2 (f).

The other two control schemes that do not contain saturation functions correspond to the
output-feedback tracking controllers by Loria & Ortega (1995) and Lee & Khalil (1997). The
Loria & Ortega (1995) controller is written as

T = M(9)da +C(4,4a)4a + 8(q) + Fod + Kg0 + Ky, )
where 8 € R" is obtained with the linear filter
x = —bs,
§ = x+bsq,

with by > 0. The controller (9) was implemented in our system with the control gains K, and
K; in (8) and
by =600.0 [1/s]. (10)

The Lee & Khalil (1997) controller in its non—-adaptive version can be written as
T = M(q4 — x1)da + C(q4 — x1,Gr)4a + §(94 — x1)

+ Foldg — x2] + Kyxo + Kpxy, (11)
where 4, = §; — x + Aj and the second order high—gain observer is defined as

_ L
0= xp+ (g, (12)

. L. .
= Sl xl+d

+M(qq — x1) " [C(q4 — x1,4r)d4
+8(qg —x1) + Folgq — x2] — 7). (13)
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The gains used for the implementation of this controller were Ky and Ky in (8), A =1 [1/s],
L1 = diag{5.0,40.0} [1/s], L, = diag{50.0,400.0} [1/s?],

and € = 0.1. We tried several sets of gains for the observer (12)—-(13) until obtaining a good
response in the tracking error. However, it was pretty difficult to find numerical values for
which instability was avoided. As pointed out in (Daly & Schwartz, 2006), the real-time im-
plementation of the controller/observer (11)-(13) may make estimations of the position and
velocity errors inaccurate to the point of not being useful, which was confirmed during the
experimental set up.

The obtained experimental results are given in Fig. 3, for the Loria and Ortega controller, and
in Fig. 4, for the Lee and Khalil scheme.

9 9
2 - 2 1
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(%) )
3,
-2 -2
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5
g T
£ 0 £0
-5
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Time [sec] Time [sec]

Fig. 3. Loria and Ortega controller: Tracking errors §1(t), 42(t), and applied torques 7y (t),
Tz(t )

On other hand, concerning output-feedback tracking controllers that contain saturation func-
tions in their structure, the first controller tested was the Loria & Nijmeijer (1998) approach,
written as

T = M(q)da + C(q,4a)da + 8(q) + Fod
+ K, col{tanh(&;)} + K, col{tanh(g;)}, (14)

where col{f(x;)} = [f(x1) --- f(xn)]T € R" for any scalar function f, used along with the
saturated filter

X = —bycol{tanh(d;)},
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Fig. 4. Lee and Khalil controller: Tracking errors 41 (t), §2(t), and applied torques 7 (t), T2 (t).

Once again, in order to keep a fair comparison with respect to the three previous controllers
that do not use saturation functions, we used the numerical values of K, and K in (8) and by
in (10). The result of the experiment is depicted in Fig. 5.

Besides, we implemented the controller denoted as New Design 1 (Moreno et al., 2008)

T = M(q)is + C(q,94)4a + 8(q) + Foda
+ K, col _ % Ly K, col S (15)

where ¢,,; and J;; are strictly positive constants, and the filter

X = —bf col L‘y ,
\/O4i + 1912
§ = x—i—bfq,

with b f > 0is used. As previously, we chose the numerical values of Ky and K; as in (8), and
by as in (10). Parameters J,; and ¢;; were

Sp1 =03, 6,0 =075, 651 = 1.0, 650 = 1.0.

Fig. 6 shows the results of the experiment.
Finally, the controller New Design 2 (Moreno et al., 2008)

T = M(q)da + C(q,44)4a + 8(q) + Fodg
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Fig. 5. Loria and Nijmeijer controller: Tracking errors 4 (t), §»(t), and applied torques T (t),
T (t) .

10
K col L _
i co {(Sdi + In(cosh(9;)) }

gi
+ K, col - , 16
P { dpi +In(cosh(g;)) } (16)
which is used with the filter
0

x = —bscol L = ,
* feo { 541 + In(cosh(d;)) }
4 = «x + bfq/

was tested under the same conditions that the New Design 1 in (15), while the parameters ¢,
and J4; used in this case were

S, =055, 8pp = 1.0, 65 = 1.0, 5 = 1.0.

The results are illustrated in Fig. 7.

6. Discussions

All the tested controllers assure theoretically that the position error §(t) must vanish as time
increases. In practice, Figures 3 to 8 reveal a steady-state oscillatory behavior. This is due to
several factors such as the uncompensated Coulomb friction and the discrete implementation
of the controller .
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Fig. 6. New Design 1: Tracking errors 71 (t), §2(t), and applied torques T (t), T2 (f).

Controllers without Controllers with
saturation functions saturation functions
PD+ LO LK LN | New1l | New?2
max{|41(t)|} [deg] | 0.78 | 0.75 | 1.62 | 0.79 0.59 0.61
max{|42(t)|} [deg 0.34 0.34 2.76 0.34 0.36 0.39
RMS|g] [deg] 0.418 | 0.417 | 1.134 | 0.419 | 0.284 0.299

Table 2. Performance of the controllers: PD+, Loria and Ortega (LO), Lee and Khalil (LK),
Loria and Nijmeijer (LN), New Design 1, and New Design 2.

Table 2 summarizes the information about the tracking performance of the six schemes, re-
marking the difference between controllers that do not use saturation functions and con-
trollers that do use them. In addition, Fig. 8 shows a bar chart of the RMS[§] value computed
for the six tested controllers. With respect to controllers without saturation function we can
see that the performance of the PD+ controller (6) and the Loria and Ortega algorithm (9) is
very similar, while the worst performance of the six controllers was obtained with the Lee
and Khalil controller (11). On the other hand, concerning the experimental results using con-
trollers with saturation function, we can see that the performance of the Loria and Nijmeijer
scheme (14) is very similar to the one of the controllers PD+ (6) and Lorfa and Ortega (9). The
reason is that in the situation of a very small tracking error 4 the structure of the three con-
trollers is very similar. In addition, the best performance of the six controllers was obtained
with the New Design 1 and New Design 2, in equations (15) and (16), respectively, because
they presented the lowest values of max{|F; (¢)|}, max{|§2(¢)|} and RMS[4].
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Fig. 7. New design 2: Tracking errors 41, 4> (), and applied torques 7 (t), 72 (t).

The comparison reveals that all the controllers work efficiently since the tracking errors are
relatively close to the performance of the PD+ controller (6), although the new controllers
(15) and (16), which incorporate saturation functions, present a lower tracking error §(¢) than
other output-feedback tracking controllers, including the PD+ control (6). The explanation of
this is that the new controllers (15) and (16) incorporate the extra parameters J,;, J4;, whose
numerical value has effect in increasing the slope of the profile of the saturation function in
the proximity of the origin. Different numerical values of §,,; and 4; lead to a similar behavior
with respect to the PD+ (6), Loria and Ortega (9), and Lorfa and Nijmeijer (14) schemes.

7. Concluding remarks

In this work the output-feedback tracking control of robot manipulators was studied. An
extensive experimental study in a two degrees—of-freedom direct—drive robot was presented,
where it was shown that output-feedback tracking controllers having saturation functions
in the corresponding proportional and derivative parts present better tracking performances
than the controllers that have simple linear functions in the corresponding proportional and
derivative parts.

To the best of the authors” knowledge, the output—feedback tracking controllers discussed in
the experimental results have been tested in a real-time robot control system for the first time.
The results obtained in practice suggest that output—feedback tracking controllers that incor-
porate saturation functions are reliable for application in industrial robots.

www.intechopen.com



690 Robot Manipulators, New Achievements

1.4

1.2r Lee and Khalil

-
T

[degrees]
S
2

S
o))
T

PD+ Loria and Ortega Loria and Nijmeijer

S New Design 2 |
I I I New Design 1
0 I I

Fig. 8. Bar chart of the RMS|j] value computed for the six tested controllers

N
EN

0.

N

8. Acknowledgments

This work was supported in part by CONACYyT, Secretaria de Investigacién y Posgrado-IPN,
PROMEP, and DGEST, Mexico.

9. References

Arteaga, M. & Kelly, R. (2004). Robot control without velocity measurements: New theory
and experimental results, IEEE Transactions on Robotics and Automation 39(2): 297-308.

Daly, J. & Schwartz, H. (2006). Experimental results for output feedback adaptive robot con-
trol, Robotica 24: 727-738.

Canudas de Wit, C,, Siciliano, B. & Bastin, G. (1996). Theory of Robot Control, Springer-Verlag,
London.

Dixon, W., de Queiroz, M., Dawson, D. & Zhang, F. (1998). Tracking control of robot manipu-
lators with bounded torque inputs, in Proc. of the 6th IASTED International Conference
on Robotics and Manufacturing, Banff, Canada, July, pp. 112-115.

Dixon, W., de Queiroz, M., Zhang, F. & Dawson, D. (1999). Tracking control of robot manipu-
lators with bounded torque input, Robotica 17(2): 121-129.

Kelly, R., Santibafiez, V. & Loria, A. (2005). Control of Robot Manipulators in Joint Space,
Springer—Verlag, Berlin.

Lee, K. & Khalil, H. (1997). Adaptive output feedback control of robot manipulators using
high—gain observer, International Journal of Control 67(6): 869-886.

Loria, A. & Nijmeijer, H. (1998). Bounded output feedback tracking control of fully actuated
Euler-Lagrange systems, Systems and Control Letters 33: 151-161.

Loria, A. & Ortega, R. (1995). On tracking control of rigids and flexible joint robots, Applied
Mathematics and Computer Sciences 5(2): 329-341.

Moreno, J., Santibafiez, V. & Campa, R. (2008). A class of OFT controllers for torque—saturated
robot manipulators: Lyapunov stability and experimental evaluation, Journal of Intel-
ligent and Robotic Systems 55(1): 65-88.

Ortega, R., Loria, A., Nicklasson, P. & Sira-Ramirez, H. (1998). Pasivity—Based Control of Euler—
Lagrange Systems, Springer, London.

www.intechopen.com



Experimental evaluation of output—feedback tracking controllers for robot manipulators 691

Paden, B. & Panja, R. (1988). Globally asymptotically stable PD+ controller for robot manipu-
lators, International Journal of Control 7(6): 1697-1712.

Reyes, F. & Kelly, R. (1997). Experimental evaluation of identification schemes on a direct
drive robot, Robotica 15: 563-571.

Reyes, E. & Kelly, R. (2001). Experimental evaluation of model-based controllers on a direct-
drive robot arm, Mechatronics 11: 267-282.

Santibafiez, V. & Kelly, R. (2001). Global asymptotic stability of bounded output feedback
tracking control for robot manipulators, in Proc. of the 40th IEEE Conf. Decision and
Control, Orlando, USA, December, pp. 1378-1379.

Sciavicco, L. & Siciliano, B. (2000). Modelling and Control of Robot Manipulators, Springer, Lon-
don.

www.intechopen.com



692 Robot Manipulators, New Achievements

www.intechopen.com



Robot Manipulators New Achievements
Robol Manipulators, . L . . .
New Achievements Edited by Aleksandar Lazinica and Hiroyuki Kawai

e

ISBN 978-953-307-090-2

Hard cover, 718 pages

Publisher InTech

Published online 01, April, 2010
Published in print edition April, 2010

Robot manipulators are developing more in the direction of industrial robots than of human workers. Recently,
the applications of robot manipulators are spreading their focus, for example Da Vinci as a medical robot,
ASIMO as a humanoid robot and so on. There are many research topics within the field of robot manipulators,
e.g. motion planning, cooperation with a human, and fusion with external sensors like vision, haptic and force,
etc. Moreover, these include both technical problems in the industry and theoretical problems in the academic
fields. This book is a collection of papers presenting the latest research issues from around the world.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Javier Moreno—Valenzuela, Victor Santibanez and Ricardo Campa (2010). Experimental Evaluation of Output—
Feedback Tracking Controllers for Robot Manipulators, Robot Manipulators New Achievements, Aleksandar
Lazinica and Hiroyuki Kawai (Ed.), ISBN: 978-953-307-090-2, InTech, Available from:
http://www.intechopen.com/books/robot-manipulators-new-achievements/experimental-evaluation-of-output-
feedback-tracking-controllers-for-robot-manipulators

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBMIERFEK6SS LiEEPrREB ARG DA 4058 TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2010 The Author(s). Licensee IntechOpen. This chapter is distributed
under the terms of the Creative Commons Attribution-NonCommercial-
ShareAlike-3.0 License, which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited and

derivative works building on this content are distributed under the same
license.




