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Abstract—The development of an experimental environment ~ The recent technological trends in engineering education
with interactive features, suitable both for the reinforcement have evolved around the use of computers, software tools, and
of undergraduate level teaching of control theory and also for ., imedia presentations. The use of software simulation tools

graduate-level research work in the field of intelligent control is . - .
described. The students are prepared for the experiment by an in- in place of the prohibitively expensive laboratory hardware has

teractive session on the Internet before coming into the laboratory. b€come an integral part of modern curriculum, because com-
The hardware and the software components of the experiment are puters are able to provide unique visualization and animation
integrated to achieve maximum effectiveness in teaching advanced capabilities that help in the presentation of abstract subjects
control concepts, such as fuzzy and neuro-fuzzy control. The 44 gynamic phenomena. However, simulation studies suffer
environment is also suitable for masters-level research work. . . .
from the shortcoming that the model used in place of a physical
Index Terms—Matlab, soft computing, teaching control systems, plant often falls short of fully portraying the intricacies of real
undergraduate teaching. systems. An environment that enables the student to experiment
freely with physical hardware and at the same time utilizes the
l. INTRODUCTION capabilities of computers and the software would therefore be

. . . very desirable. This paper reports the development of such an
XPERIMENTAL study is a very important component 'nenvironment, called the “Experimental Garden.”

engineering education. It nqt _o_nly acts as abr!dge betweenThe technological developments of the recent decade have
theory and practice but also solidifies the theoretical Conceﬁ’rti%reased the use of computers in experimentation and in
presented in the classroom [1]. In the classical approa_lch tol Qél-world control applications. It is now possible and econom-
oratpry wgrk, students are often prepared to an experiment i lly feasible to use complex, model-based control paradigms
oretically in classroom or some handouts may be presente r*opractical applications, using advanced strategies derived

Lh(.aT Lor reaq inlgkpriorltc(;a Iabora'tog/.sessicr)]n. Equipﬁed Wiéhfr%m adaptive, nonlinear, and robust control theories. This has
rief theoretical knowledge acquired in such a way, the stu er@gulted in the development of the “intelligent control” field

either observes a predesigned experiment throughout its co 8 a host of new control approaches based on fuzzy logic,

of a_ctlon orat mo st moc_imes some system par_ameters to ObSGH%%rm networks, evolutionary computing and other techniques
thewe_ffects. This chssmaI way of experimenting clearly has tl?fiapted from artificial intelligence. The introduction of such
following shortcomings. concepts at the undergraduate level is now not uncommon.
* The classroom lectures or the handouts are generally Agfis has been taken into consideration in the development of
sufficient for a student to be fully prepared for a hands-ofe experimental garden. It is designed in such a way that it
experiment or to appreciate the significance of the previzn pe used by undergraduate students for the reinforcement
ously explained theory in the experiment to be performegs these advanced methodologies as well as by the graduate
* The percentage of student interaction with the expefiye| ones for masters degree research studies. This naturally
mental system is a measure of what the student gains frefises the question of availability. In order to decrease the
an experiment. When the student is a passive observekifife that the students have to spend in the laboratory with the
a semiactive part of an experiment, s/he will understarggware, an informative web site has been prepared by two
neither the correspondence nor the difference betwegRgergraduate students as a part of their final year projects
theory and practice. (http://mecha.ee.boun.edu.tr/lab/X_Garden). Students that
An experimental setup that activates the student to a highgg going to use the experimental garden are requested to
intellectual degree is therefore essential in increasing the c@ipst visit the web site through the campus-wide fiber-optic
ceptual reinforcement of control system theory. network and get themselves acquainted with the hardware
and software structures of the experimental setup. A graduate
. ot received March 2. 108 revised N ber 22 1699 student has constructed the Experimental Garden itself as a part
A.agﬁ(corlﬁ irsecv:/ai%eInteﬁirgent’Robot’i:sevll_zi)ora(t)g?yrﬁvzade;bilt Uﬁiversity, of h,ls M.Sc. thesis work and provided the nepessary Soﬁware
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Il. STRUCTURE OF THEEXPERIMENTAL GARDEN

Real-Time
DSP Card

In dealing with physical systems, the following notions have
to be appreciated and fully grasped by every prospective enc
neer:

 nonideal structure of physical world (e.g., friction);
» presence of noise and nonlinearity at different levels (e.g
backlash);
* physical constraints (e.g., limited displacement range);
» importance of physical construction (e.g., reliable ca-
bling);
* protection against probable malfunctioning;
 appropriate interfacing of different parts to get a
“WOI’klng" system. Fig. 1. Schematic drawing of the Experimental Garden.
A full grasp of above topics cannot be obtained in class-
room or through simulation studies but requires hands-on ex-
perimental experience. The Experimental Garden designed ighe RTW also allows the embedding of user developed C
aimed at providing this experience through a multifunctiongedes into the Simulink design for advanced applications. This
and open-ended architecture [2]. Itis composed of the followirigakes the realization of very complex applications possible.
main parts, as illustrated in Fig. 1:

« a PC with RTI (real-time interface) installed:; lll. THE USE OF THEEXPERIMENTAL GARDEN BY STUDENTS
. amplifying unit; In designing the experimental garden, an important criteria
* variety of plants. has been to make it as simple as possible for the beginners. How-

These parts constitute the hardware structure of the gardgyer, it is also desired that it enable the experienced users to ex-
The PC is an HP 486 on which a real-time DSP card procurgdriment with advanced “intelligent control” techniques. In this
from dSpace (DS1102) is installed. Different amplifying unitgection, how a newcomer student is guided through the usage
are present depending on the plant used in the loop. The plagftghe garden from simple experiments to those with advanced

that are presently integrated for usage are as follows: fuzzy-neuro algorithms is described.
* inverted pendulums (two different types); A student with no previous information about the system is
* linear position servo; first invited to visit the web site previously stated. This site con-
* ball and the beam; tains detailed information ranging from the descriptions of in-
* rotary position servo; dividual plants and how appropriate cabling should be done for
* seesaw. the correct operation of a chosen plant, to how the software is to
The garden is open-ended for future development; new plabts used during the experiments. This visit prepares the student
can easily be added to it. for the subsequent hands-on work on the real system.

As it is stated earlier, the use of simulation software in place The second stage of experimentation commences with
of physical apparatus is becoming increasingly common in unands-on learning. A Matlab menu file routes the student
dergraduate laboratories and a number of products are availahleugh a number of previously designed simulation studies
in the market for this purpose. One of the commonly used onas\d real-time applications. A wide range of control algorithms
especially in controls [3] and signal processing [4], is Matlaland real-time applications are available on the menu, ranging
either used alone or with a graphical front end; Simulink. Sindeom open-loop and PID controls to fuzzy and adaptive fuzzy
these packages were available at the EE Department of Bogaajmplications. By going through these, a student gets a chance
University too, the software environment of the Experimentéd observe the factors involved in designing a control system
Garden is constructed basically around them at the design phiieen scratch.
of a control application and on the software provided by dSpaceAs students get more experienced, they can start designing
(Cockpit and Trace) for its implementation. The general struexperiments themselves. In order to help them in their design,
ture of software interaction and hierarchy is shown in Fig. 2 [50me Simulink template blocks, Matlab and C codes are pro-
First of all, a control system is designed by the use of Simulinkded as a library.
blocks. This may be either a simulation or an application file. The simplest way to have a walk around the experimental
After the design is complete, the Real-Time Workshop (RTWjarden is to use the interactive Matlab menu mentioned above.
converts the Simulink file into C code, compiles it and thelt is very similar to the “demo” program designed to introduce
downloads the compiled model onto the DSP of the real-tintlee general structure of Matlab and Simulink. While navigating
card. Following a successful download, the Cockpit and Trat@ough the garden using this menu, both simulations and
software provide the user a medium through which s/he can bodtal-time applications can be reached. The student is thus
view or change the value of any parameter of the system. Thisle to observe the difference between a simulation study and
online interaction with a presently running application is verst real-time application. By running the simulations and the
helpful in observing the effects of various parameters by dgpplications simultaneously, the additional factors that have to
namically changing them. be taken into consideration in designing and running real-time
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control systems can be observed. Considering the fact that | . . IMIE
some simulations with complex algorithms can take a long time 5 4 6 8 10
to simulate, their results are saved in data files for different Velocity approximation with filtering
parameter values and, by a simple click on the Matlab menu, ' ' ! '
these previously saved simulation results can be observed
without loosing time.

Since the main goal of the Experimental Garden is to facil-
itate experimental implementation, the main volume of the in-
teractive software is devoted to guide the students through an : : : :

. . . : 2 4 8 8 10

actual implementation. The control algorithms studied through Position
simulations can all be applied to any plant of the garden. When '
a student chooses a particular plant to experiment upon, an in-
troduction comes up on the screen. It has two goals. First, it
introduces the general structure of the RTW to the student. A
very simple Simulink block, which performs no control action,
is downloaded onto the microprocessor of the DSP. During the \ . , ,
course of this process, the student is expected to understand the 0 2 4 6 8 10
operational structure of the RTI, which is shown in Fig. 2.

The second goa| of the introduction is to allow the user/stfig- 4 A noisy and C]ear cart veloc_it_y estim_ation taken from linear position

L . servo system with the illustrated position profile.

dent to learn how the system works. No control action is appllear
to the system at this stage. For example, if the inverted pendulum
is the chosen plant, the student plays around with the mechan&aheasure on the meanings of fuzzy adjectives used in the fuzzy
system (the pendulum cart or the pole) and observes the changesgrol rules (i.e., small, large, fast, or slow).
in the values of the states on screen. The student is thus introExperimenting with a PID controller generally constitutes the
duced to the concept of normalization, which is very importafiird stage in the walk through the garden. Following a suc-
in some of the plants where sensed states are not absolute. cessful download, the student experiences the first closed-loop

After the introduction, the student has sufficient knowledge tpplication. The reference and the actual trajectories, the errors
download an existing application and normalize the system pamd other states of the system can be observed by using the Trace
rameters. Itis now time to experiment with an open-loop contrsbftware. The parameters of the control system such as gains,
scheme and see how the system behaves with respect to cortigital filter parameters, and more specifically any parameter of
input. A control voltage in the form of a sine or square wava Simulink block used can be both observed and changed while
can be applied to the plant. It is also possible to apply contrfie application is running by using the Cockpit software. This
signals manually using a slider. Fig. 3 illustrates such an intestep is not only designed to clarify the concepts of feedback
face. This experience is especially helpful in designing classiantrol, but also to enable the student to understand the indi-
fuzzy controllers. Some practice on open-loop control provideglual effects of P, I, and D terms by changing their values and

Parameters Parameters

Fig. 2. The compilation and downloading process to download a Simulink
control design to a real-time application [5].
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Fig. 5. The control system designed for position estimation.

observing the corresponding response throughout the real-tithe Matlab menu. A modified version of this algorithm is also
application. applied to position control [2], [7]. In the experiment, a PID con-

In the final step of the learning stage, the concept of “nois#&’ol is applied to the system, which provides a continuous mo-
is demonstrated. Generally potentiometers are used as sensonson the track, and the estimator block tries to estimate the
and a derivative block approximates the time derivative of a stggesition of the cart at the next sampling interval. The block dia-
measured from a potentiometer. Observing the time derivativggam of the system is given in Fig. 5. The Simulink file shown in
of two signals, one being filtered before the derivative block artbe figure is downloaded onto the DSP and the algorithm is run.
the other not, helps the student to understand the importancéJotil the end of seventh second, no control action is applied to
filtering, the effect of noise and the amplifying effect of derivathe system, and at this instant, PID controller starts to act. The
tion on a noisy signal. After downloading the noise demonstréirst graph in Fig. 6 shows the position profile of the cart. The
tion file onto the DSP, the student will observe a plot similar teecond graph in the same figure illustrates both the actual and
the one illustrated in Fig. 4, while running a real-time PID corthe estimated values for the change of position in one sampling
trol on linear position servo. interval. The last graph of Fig. 6 depicts the error occurred in es-

At the completion of the steps described above, a studentimmating this displacement. The system is run without learning
expected to have attained an adequate understanding of liomapproximately 10 s, and then the learning is introduced to
the closed-loop control systems (previously) designed usitite system. As can be seen from the figure, the estimated value
Simulink blocks are converted into real-time applications byatches and follows the actual value, soon after the incorpora-
using the RTW. The student at this stage is now ready to maken of learning into the system.
her/his own design. Therefore, designing a controller from The study of the example on the position estimator teaches the
scratch constitutes the third stage of progress in the gardstudent how C codes can be embedded into Simulink designs to
The students are urged to go through this stage too, designiregform complicated tasks that are not realizable by using only
a controller of their choice using the Simulink blocks availablihe blocks available within Simulink. However, this example is
or creating their own blocks and a corresponding controllaiso important in demonstrating the basic difficulties in building
interface in Cockpit. fuzzy logic controllers. Converting qualitative linguistic rules to

The procedure explained above is sufficient for undergraguantitative control actions is not a very easy process, which a
uate students to gain experience on real-time control system sierdent should be aware of.
sign. As mentioned before, not only do they experiment with The walk through the garden described above constitutes a
basic control concepts, but also they get demonstrations on adert but basic route. It involves two main phases: getting ac-
vanced algorithms (such as a fuzzy-neuro position estimatgrainted with the basics of the garden and the implementa-
within the span of the Matlab menu. More advanced algorithnisn on the garden. A student, after completing the introductory
are accomplished by embedding C codes into Simulink blockshase and thus grasping the structure of the garden and the main
For advanced users, there are some examples in the garderotwepts of feedback control, is able to produce her/his novel
guide them in building their own controllers. It is also posstructures and codes, simply by analyzing the present existing
sible to adapt existing controllers to novel applications (e.godes. Currently, two groups of students are studying sliding
changing the knowledge and rule base of the fuzzy controllers)ode and fuzzy-neuro control structures on the garden.

The fuzzy-neuro position estimator is such an example. It is
based on the current control signal applied to the system and
it tries to predict how much displacement it will result at the
end of the sampling period. The main purpose of this exampleA recently developed, state-of-the-art experimental environ-
is to demonstrate the adaptability of the fuzzy-neuro algorithment is described in this paper. Although its main objective
used [6]. It basically relies on fuzzy logic and defines a fuzzg the reinforcement of the teaching of basic feedback control
network structure that can be trained by using backpropagationncepts, it is also suitable for use as an experimental test bed
To explain this algorithm and to demonstrate its capabilities, tfier graduate research activities, especially in the field of intelli-
above mentioned position prediction experiment is included gent control. Currently, two graduate level research projects are

IV. CONCLUSION



28

Actual and Estimated Positions

Normalized Position

22 . . .
0 10 20 30 40

Time (sec.)
Estimation Peﬁormance by Leqrning

0.04
0.03
0.02
0.01

-0.01

Difference in Position
o

-0.02

-0.03

-0.04 . ;
0 10 20 30 40
Time (sec.)

0.04 . Error in ESFImatIOI‘I i}

0.03
0.02
0.01

Error
o

-0.01
-0.02

-0.03

-0.04 - -
0

10 20 30 40
Time (sec.)

IEEE TRANSACTIONS ON EDUCATION, VOL. 44, NO. 1, FEBRUARY 2001

own pace without requiring the presence and the assistance of a
laboratory supervisor.

In order to improve the didactic effectiveness of the garden,
students who work on the garden are requested to provide feed-
back by completing a questionnaire that is available on the web.
The initial reactions are very positive. It is hoped that in time
the garden will evolve into a very useful and attractive platform
for students.
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