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1. INTRODUCTION

A suceessfu integrated lectue course ash laboratoy
teachhg d engineerng studert is an importart way
of both exemfifying soul engineerng principles
presentd in formd lectue materihas wdl as giving
them opporunities © integraé am compae the
differert leaned techniques éou the “red life”
pradicdities nd covera in the lecture Advarced
contrd teachng is o excepion to this pracess In
general the analyss ard desgn o multi-input multi-
outpu (MIMO) advamed contrd systens with
parametit uncettairties dyname crasscouding
effecs betveen inpus ard outputs sensng noises
actuate dynamics externd perturbatios ard
norlineaities is usully more problemdic than thoe
of single-input single-output (SISO classccd contrd
systems This isin pat engenderd by the perceivd
jump in mathemticd sophidicaion requir@ of
students the uneay fit with prior learnel classicd
contrd materid and the lak of an gopropriat
framewok to do experimentapradices in orde to
male the studest to constidate the theoréic
knowledg learnd from the lecture course drto £e
wha are the advantageard drawlacks d the eab
advarred contrd technique The succesfl

laboratoy sessiors shoull be organizd in sut a
way tha the studerg nd only lean &ou the
specific problens ard techniques discusse bu al
acquie dtitudes © know which tedhnique is
adequat for solving a red problem wha are the
effediveness aml limitation of a given mettod, how
can a metlod ke combind with or complemated by
anothe one etc. Here,it arises a numbe of
pedagogid issues suh as i) the ned o a
framewok tha will characterize a priori the sdient
chamacterigics d the systen in a transparegnrmanner.
i) The same framew&r shoutl sugges$ to the
intending studerg the simples ard mos economé
contrd stratey possible iii) If a contrd stratey is
alread/ in place the framewok shoutl readly
provide informdion & t© whethe ard why the
paticular contrd stratey is gpropriae a nat ard so
on.

In this paper we shav ou experiege wth the
integratel advaed contrd teachng d a find yea
undergraduat course taght by the authos in recen
yeass & the Universty of Girona in Spain In orde to
give the studestgpropriat engineerng training a
their capalility of solving a red problem by using tre
learnel advared contrd techniques we provicke



them an experimental framework that consists of the
following main components. socce-playing robats,
ball, computer vision systems and remote computer
control systems. By doing pradicesin the Laboratory
of Intelligent Systems, the students will achieve to
consolidate, integrate ad compare different
advanced control methoddogies leaned from the
ledure course and thus will be &le to seled an
appropriate technique or to combine various
techniques for the solution of ared problem.

2. MOTIVATION

The motivation to find an appropriate framework for
advanced control course teading is largely attributed
to the desire in modernizing the engineaing
students perception of the subjeds and their
cgoadty in the integration and comparison of
different advanced control techniques in order to find
an adequate solution for ared problem. Some fadors
motivate aredefinition of the undergraduate course,
such as. changes in the profile of students, new
employment prospeds, rapid advance in the
computer and information technology, laboratory
modernizaion, etc. Today's dudents exped to use
the omputer as a todl to understand the cnceptual
isales in any subjed as well as to fadlitate analysis
and design of a controlled process In the prosped of
attrading students, a modernizaion of both the
ledure ourse and the suppating laboratory is
esential.

As a omplementary part of the ledure ourse
teading, we mnsider that the socce-playing robads
based experimental framework as an ided platform
for the purpose of laboratory pradices. Since socce
playing is a well-known and attradive problem to
students, the robats can creae enthusiasm among the
students of present and future generations and the
laboratory experience can stimulate their interest and
participation in the ledure @urse. Every day, more
students are involved in the world of gadgets and are
more habituated to operate things through Internet A
socca-playing roba is constituted by mechanicd
systems, sensors, aduators and intelligent systems,
etc. The mngruction of a good roba neals a
succesful colledive wllaboration of computer
programmers, spedalists in micromechanics and
technicians gedalized in eledronics. The use of
robas in the technicd teading will reinforce the
multi-disciplinal work and permit the exchange of
knowledge between al participated students. By
working with a roba, a student will face a omplex
red system and has to solve aproblem from a more
criticd point, to planning different experiments and
to adopt an efficient solution to the problem. Also, it
permits the students to take cnscience in evaluating
globally the quality of the solution by taking into
acount other aspeds like the limited available
resources (time, materials and money).

From the technicd point of view, athough the
aduator’s dynamics of the soccer-playing robats can

be ignored due to the small size of two micro DC
eledric motors used, the experimental framework of
socca-playing robas nonetheless displays many of
dynamic fedures to be found in all mobile robas. In
general, the @ntrol of socce-playing robats presents
some difficulties due to the noises and time delays
existed in the position sensing of the socce-playing
robds in the playing field via computer vision,
irregular contad between the robas and the playing
surface dynamic aosscoupling between the inputs
and outputs, variation of the gains of the processdue
to the dchange of the battery level, non-identicd
dynamic feaures for different soccea-playing robats,
etc. Thus, the experimental framework will permit us
to plan various laboratory pradices related to the
advanced control methoddogies.

3. EXPERIMENTAL FRAMEWORK

The experimental framework consists of two main
components: the socca-playing robas and computer
vision and control systems.

Fig. 1. Soccer-playing robot and supervisor system

The positions of the soccer-playing robots and the
ball are detected by the computer vision system
through a camera situated at 2m high above the
playing surface. The soccer-playing robot also has its
local measurement components: two photo-electronic
sensors and two encoders on the axes of micro DC
motors. The supervisor system, a PC with a radio
transmitter connected to its output port, sends wefts
to the soccer-playing robot in an autonomous way. A
receiver integrated in the robot catches the wefts and
then transform them into compatible signals by the
micro controllers. The speed regulation of the DC



motors is done by two PWMs in the micro controll er.
The maximal moving speed of a soccer-playing roba
is about 80cm/s. Actudly, there &ist two soccer
playing fields in the Laboratory of Intelligent
Systems and ead one is of areduced size of a Ping-
Pong table. There ae dso 10 personal computers
that permit 20 students to do the experiment
simultaneously.

4. COURSE DESIGN

Advanced Control is an eledive wurse given to the
students of spedalty in Industrial (Eledricd and
Medhanicd) Engineaing in the final acalemic yea.
The students have aquired previoudy basic
knowledge on the analysis and design of continuous-
time and dscrete-time dasdcd control systems from
two odigatory ledure curses. “Automatic
Regulation” and “Industrial Automation”.

The objedive of the murse “Advanced Control” isto
give the students an extension of the gplicaion field
of automatic control to a wide dass of industria
proceses in which some “red” and “non-ided”
feaures dould be taken into acmunt during the
analysis and design of control systems. For example,
the state feadbadk control strategy might fail to work
if alimited number of sensors are used, the pradica
results might be very different from those of
computer simulation if the measurement noises and
aduator’s dynamics had not been considered in the
modeling and design of controlled processs, the
degradation of control performance might occur due
to the eistence of parametric uncertainties and
unmodelled high frequency dynamics, etc. In
general, the solution to the a&ove problems requires
the use of some alvanced control techniques. Due to
the limited ledure hours, we can just make a
“concentrated” seledion of some typicd and repre-
sentative advanced control methoddogies among an
extensive source of successul teading and reseach
results. Finaly, we include in our teading program
the following topics of advanced control: stochastic
identification, Kalman filter, predictive control and
robust control. In this way, the students will try to
lean about how to find an adequate solution for a
red process in which the parametric uncertainties,
external perturbation, measurement noises, aduator’'s
dynamics, dynamic aoss coupling between inputs
and outputs and nonli neaities are involved.

The ourse is organized in an integrated educational
way: sequential ledure teading and concurrent
laboratory pradice Concretely, the sequential lecture
teading will try to let the students to acquire the
indispensable theoreticd and technicd disciplinary
knowledge of the avanced control whilst the
concurrent laboratory pradices based on the
proposed experimental framework of socce-plying
robas will give the students appropriate engineaing
training such that they can achieve to consolidate
their knowledge and find an adequate solution for a
red problem by making the integration and

comparison of the different advanced control
techniques.

The ourse is developed during a semester in an
aternative manner of three hours twiceweekly for
the ledure teading and laboratory pradices. Finally,
feedbadk of the course is made & the end of the
semester through a “modernized” exam (not on the
paper), in which the students can use their
familiarized advanced control techniques and
computer software (MATLAB/SIMULINK) to solve
asimulated red problem by computer.

5. INTEGRATED TEACHING APPROACH
USING SOCCER-PLAYING ROBOTS

By kegiing in mind that the @urse is given to the
engineaing students, the ledure curse teading will
take atechnicd orientation towards the red problems
existed in various controlled processes, the basic
concepts and suitable methoddogies for the solution
of those problems, the usage of computer software in
the analysis and design of control systems, the
advantages and drawbadks of ead advanced control
technique, etc. Moreover, we will skip over the
sophisticaded mathematicd  developments and
demonstrations by just providing some useful
reference material to intending students for
consulting the ignored details. In this way, we try to
make the students being able to achieve a quick
leaning on the subjeds of the process modeling,
state observation, parameter estimation, system
analysis, performance evaluation, controller design,
numericd simulation and pradicd implementation.
As a omplementary part to the ledure teading, we
use the experimental framework with socce-playing
robds in the Laboratory of Intelli gent Systems of the
University of Girona in Spain to let the students to
get a dired contad with a red problem and to
consolidate their aauired knowledge on the
advanced control. Instead of doing isolated exercises
with one problem for ead subjed, the fad of being
able to do various pradices with a @mmon
experimental framework will give the students a
gred oppatunity to maeke a integrated and
comparative study on the advantages and drawbadks
of the different advanced control techniques. Now,
we describe in some detail our teading experience
with the topics covered in the murse.

5.1. Sochastic Identification

Before seeking to control a system, it is very
important to first charaderize its dynamicd behavior.
In genera, the system dynamics can be identified in
parametric form (time response) or non-parametric
form (frequency response). Although the later
approach is usually sufficient to the advanced control
strategy like the robust control, the former parametric
approach is employed here to further the exposition
of other advanced control methoddogies like the
predictive control.



In the ledure murse, the students have mncentrated
themselves in a wmprehensve ad pradicd
identification methoddogy such as the Least Square
approach. Since the noisy environment can be
generaly considered as “white”, an ARX model is
usually used for modeling the red proceses. We
have presented the reaursive dgorithm of parameter
estimation with forgetting fador, in which the
sampling time should be properly chosen for
capturing al the esential dynamics of the process
We have shown them the usage of the System
Identification Toolbox for MATLAB (including the
graphicd library). The importance of designing
adequately experimental excitation signals, in
general, Pseudo Random Binary Signal (PRBS), has
been emphasized to the students to guarantee the
identifiabilit y of the system.

In the Laboratory of Intelli gent Systems, the students
have tried to identify the dynamics of a soccea-
playing roba with help of some script M-files in
MATLAB codes developed by themselves and the
graphicd library of the System Identificaion
Toolbox for MATLAB. Concretely, they are asked to
obtain the models for linea velocity and anguar
velocity of the roba. In order to use the reaursive
algorithms of Least Square parameter estimation,
they have studied the physicd congtitution of a
soccea-playing roba to get an intuitive knowledge
about order of the mathematicd model for socce-
playing robdas. As the first contad with the
experimental  framework, the students found
immediately that the red environment is more
complicated than expeded in theory, for example,
the measured data is grealy contaminated by the
noise existed in computer vision as can be seen in the
following figure. As consequence, it cannot be used
diredly in the reaursive dgorithm of Least Square
parameter estimation.

Measured and simulated model output

Time

Fig.3. Dynamics of measured linea velocity

Soon, the students found a solution to it by making
an arithmetic smoothing of the aquired data
Different experiments have been done by changing
the reference velocities between 20cm/s and 5Qcm/s
through the commands creaed by LabWindows. In
this way, the students leaned that the time mnstants
and the gain of the model could not be kept in
constants. In order to get a profound knowledge to
usefulnessof the least square identificaion algorithm
in the identificaion of the roba modd (a second

order ARX moddl), the students have developed
themselves off-line and reaursive Matlab codes and
then have compared the obtained results with those
using the Matlab graphicd library Ident. The
coincidence of the results premises their confidence
on the aquired advanced control theory. Finaly, the
students have got some experience with the influence
of the ecitation signal on the results of the
identifiability of the system parameters. The students
have seen that the identificaion algorithm might
become singuar when some non-persistent excitation
signals were gplied, concretely, when the roba goes
straight with constant velocity. In this way, they have
verified the theoretic counterpart. More experiments
have been done by the students to olserve the
complex behavior exhibited by the socce-playing
robas in response to various reference signals
(straight movement and rotation) of different
magnitudes, such as the phenomena of variable gains
under different operation conditions (one pradicd
solution is to use different mathematicd model for
the @rresponding \elocity range to enhance the
predsion of the model), nonlineaities like time delay
and saturation, asymmetric dynamics between the
two wheds of the robds, etc.
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Fig. 4. Asymmetric dynamics between two wheds

5.2. Kalman filter

Excdlent dynamic performance ca be adieved
usually by using a state feedbad< controller. In
pradice full state information is rarely avail able due
to the emnomic reason (limited number of sensors
are installed) and the technicd reason (some state
variables are not physicdly interpretable). In this
case, an observer can be used for reconstructing the
unobservable states. However, if there exist
significant noises in the sensor, the measurement data
bemmes “contaminated”. In order to oltain the
“true” measurement data, the state observer should
be caable of working in the noisy environment. The
well known Kalman filter (an optimal stochastic
observer) will play an important role to solve this
problem.

We start the ledure course by giving the students a
brief review about the basic concept and pradicd
significance of the ohservability and detedability of
a ontrolled process We present to the students the



complete order, reduced order and ogtimal observers
to provide them different manners for estimating the
state variables when the system dynamics are
deterministic and the parametric value is known. The
separation principle that guarantees the simultaneous
design of the ettimated states based feedbadk
controller and the state observer is aso addressd.
On the basis of different observer strategies, we take
the students to a red world where the measured
outputs and the @plied control signds are
contaminated by the noises. In this case, we present
the students the technique of the Kalman filter that
can be used to make the optimal state estimation of
stochastic control systems. A brief description of the
technique of Extended Kalman Filter is also given to
the students in order to extend their knowledge to the
nonlinea proceses through some simple lineai-
zdion of the system dynamics.

In order to verify the dfediveness of the Kalman
filter, we made first an exhibition of the successul
applicaion of Kalman filter to another key piece of
the proposed experimental framework: the “football”
of the size of a tennis ball. The predse detedion of
the position of the ball in the playing field and the
successul prediction of the moving trajecory of the
ball in the nea future instants are of high interest to
the socce-playing robas to make the best dedsion
in order to win the socca match. The students have
ohserved the excdlent results obtained. Then, the
students have done some eperiments in the
Laboratory of Intelligent Systems with the socce-
playing roba. Based on the mathematicd model
obtained in the pradice of stochastic identification,
the students have leaned first to evaluate the noise
levels, then to use them in the solution of the
algebraic Riccai equation and finally to oktain the
optimal gain of Kalman filter. The students have
applied the designed Kaman filter to the position
detedion of the socce-playing robas with straight
movements in the playing field by using the
computer vision and have observed a wonderful
improvement of the predsion, e.g., the vibration of
the imagine of the robds in the playing field is
amost suppressed by using the Kalman filter in
position sensing.  Another interesting experience
gained by the students is the prediction of the future
movements of the robas by using Kalman filter.
They have observed that the Kaman filter can
predict succesfully the moving trajedory of the
robas in next instants by comparing the red and
predicted tragjedories on the screen of the computer.

5.3. Predictive control

As one of the pradicd and effedive alvanced
control techniques, predictive ontrol has been
successully applied to many industrial processes. It
consists of cdculating the cntrol adion that will
make the predicted output equal to a cnveniently
seleded desired output. The basic and extended
strategies of predictive ontrol imply the direa

applicaion of this principle in a single-step or multi-
steps prediction, respedively.

In the ledure curse, we have introduced to the
students a simple manner for designing a predictive
controller. We try to let them lean about which
predictive model is siitable for controller design,
how to generate adesired output tragjectory based on
the given reference signals, what is the reasonable
prediction horizon for the prediction, etc, such that
the dosed-loop pedictive mntrol system is able to
guide the processoutput to the setpaint in the desired
way: rapidly, without overshoots and moreover,
compatible with a bounded and smocth control
adion.

In the Laboratory of Intelligent Systems, the students
have made some experiments on predictive antrol
with the soccer-playing robats. The problem consists
of: dtarting from the initial position (orientation
should also be cnsidered) the soccea-playing roba
should read the pre-assgned final paosition within
the given time and, at the same time, the ntrol
adion is of areasonable level acceted by two micro
DC motors. First, the students have tried to find an
adequate manner to generate the desired output
trajedory in order that the rapid system dynamics is
adiieved by a smooth control adion. Here, the
desired reference trajedory is not generated simply
by choasing an asymptotic stable second order model
but by using the path planning method. In this way,
the generated tragjedory can provide the rred
orientation of the movements of the socce-playing
robas and thus adciieve a rapid and smocth
dynamics. Then, as a simple way, the students have
taken the mathematicd model obtained from the
pradice of stochastic identification as the predictive
model for computing the predictive ntrol law.
Finaly, the students have implemented the designed
predictive antrol law on the PC to transmit the
control signal by radio to the soccea-playing roba to
be mntrolled and fed badk the movements of the
roba to the PC using computer vision. From a screen
generated by the LabWindows codes on the PC, the
students have observed the simulated and red
trajedories of the controlled socce-playing roba and
found that in genera the deviation between the two
trajedories was snall.
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Fig.4. Simulated and red trgjedories of the robat



5.4. Robust control

Much of modern control theory relies on a
mathematicd model of the plant to be controlled. In
the red world, there is always uncertainty in any
such model. Furthermore, the plant may change & it
ages or as operating conditions vary. The objedive
of robust control is to develop feedbadk control laws
that are robust in the presence of plant model
uncertainties and changes in plant dynamics. Mostly,
it has been concerned with fixed, non-adaptive linea
control laws.

In the ledure murse, we aldress two basic robust
control problems. the analysis of a ntrol law's
robustness after it is designed and the original
synthesis of robust control laws. We have introduced
to the students the ncepts of the robustness of
systems  with  additive ad  multiplicdive
uncertainties and their corresponding robust stability
margins. The students have leaned about how to
analyze the robustness of the dosed-loop system in
frequency domain by using singuar value aalysis.
We have described the manner about how to get a
description of the cntrolled processby using the two
port diagram. Then, we have introduced the mncept

of H_ space ad shown the procedure in designing

arobust H_ controller by using the Robust Control
Toobox for MATLAB.

The students have done the pradice on robust control
by the cmmputer simulation with the mathematicd
model for socce-playing robas obtained from the
laboratory pradice on stochastic identificaion. This
model has two inputs and two outputs and the matrix
of transfer function is diagonally dominated. First,
the students made some simplificaion of the model
to transform the MIMO system into two SISO

systems. Then, the students designed a robust H

controller in order to tradk a given reference signa
while maintaining the ontrol adion small and
attenuating the negative influence of the
measurement noise to the system dynamics. Up to
today, the pradice of the robust control isjust limited
in the cmputer simulation. In the next course, we
will try to let the students to implement the designed

H_ control law to the soccea-playing robds to see

00

the dfedivenessin trajedory tradking.

6. CONCLUSIONS

In this paper, we have exposed hriefly, due to the
limitation of the length of the paper, our experience
with the integrated teading of an urdergraduate
course on advanced control at the University of
Girona in Spain. Althoughit is not possble to cover
the whole @ntent of atedhnicd training with help of
the soccea-playing robas, it could be a good
complement to the traditiona experimental
frameworks, espedally when the students have got
some basic knowledge in several different areas. Our

teading experience has sown that the proposed
experimental framework has permitted the students
to receve gpropriate engineaing training from the
laboratory pradices and to consolidate their
knowledge leaned from the ledure @urse.
Moreover, the use of a @mmon experimental
framework has given the students a grea oppatunity
to make an integrated and comparative study on
different advanced control techniques and thus to be
able to know their advantages and drawbadks from
the pradicd experiences obtained from a red
problem.

As a promising future work, we will try to make a
part of evaluation of the wurse by means of a
competition between a pair of students. Since the
objedive of every student is to make his roba to
cary out a predefined task, a well-designed roba, in
the sense of advanced control, will obtain the better
punctuation. Moreover, it is expeded that thiskind of
competition will motivate the students to find their
best solution to the red problem using the aquired
knowledge on advanced control.

It is worthy of mention that the same framework has
also been used for the teading of two more dedive
course given at the University of Girona in Spain:
“Artificial Intelligence Tedhnique and Methods’ and
“Supervison System Design’, which permits the
students to obtain a cmplete engineaing training
towards the pradicd industrial appli cations.
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