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ABSTRACT to guarantee the acquisition of the abilities to accomplish such

A course on Electronic Instrumentation has recently beelf1egration process, especially aimed at industry engineering

developed at the Universidad Autonoma de Madrid (Spain)\,Nork'

which specifically emphasizes practical aspects. The objec- With these ideas in mind, a course on Electronic Instru-
tive of the course is to link theoretical principles with practicalmentation has been developed at the Universidad Autonoma
issues of electronic instrumentation through the developmerste Madrid, which is a mandatory subject of the last course of
of a final project. First, students take practical work in severathe M.Sc. in Telecommunication Engineering. The goal of
different scenarios, which are the basis for the design of an efthe course is not only to provide students with the theoretical
gineering project aimed to solve an electronic instrumentatiofrinciples, but also to link them with the practical aspects of
problem which is set by the students. Students are exposed@tectronic instrumentation. First, the students take practical
a set of multidisciplinary aspects, both theoretical and pracwork in the technical abilities of the electronic instrumenta-
tical, providing them with the ability of integrating blocks in tion course in several different scenarios, using the available
which they have practically worked into a full instrumenta- hardware at the laboratory. The objective of yielding aware-
tion project. The course provides not only enhanced academftess about the whole project is achieved by means of sim-
training but also increased student motivation, as students atéated case studies, which are designed by the students, and

encouraged to propose their own projects. which include the hardware used in the laboratory as a critical
Key-words: electronic instrumentation, practical ap- P&
proach, correlation theory-practice, student evaluation. In this paper we describe the particulars of this course,
highlighting his objectives and contributions, and we will ana-
1. INTRODUCTION lyze whether the practical implementation proposed indicates

a successful achievement of the proposed objectives. The

One of the fundamentals of the technological progress in theourse has been successfully developed and taught to 40 stu-
field of electronic instrumentation is the need for practicaldents from February to May 2009. Results presented in the
training as an essential part of the learning activity. The proPaper illustrate the relationship about the scores obtained by
cess of engineering generally consist of the following sequenthe stl_Jdents in theorgtlcal and practl_cal work, and also presents
tial activities [1]: ) conceiveji) experimentjii) designjv) ~ €XPeriments comparing the scores in each of the modules of
build, v) test, andvi) improve. In most of these activities, the proposed practical methodology proposed. There are also
practical aspects are crucial. It is therefore necessary an eiicluded the results of the final student official opinion polls
posure to these aspects, in order to make electrical and eldfat are conducted at Universidad Autonoma de Madrid ev-
tronic engineering graduates more employable and producti&y academic year. Outcomes have been satisfactory, sh.owmg
when they enter industry. However, although the resourcé§_‘at students are satisfied with the_ course, and more motivated
present in a typical engineering laboratory usually cover isoSince they are allowed to take active role in the design and ex-
lated blocks of a whole project, it is desirable that the studentBerimentation of an electronic instrumentation system.
develop the abilities to integrate blocks of a project in which  This paper is organized as follows. In Section 2, we high-
they have practically worked. This interest is motivated bylight the motivation, objectives and contributions of the pro-
many aspects and manifests at many levels, from the teclposed methodology. The organization of the course is de-
nical structure of the final product to as an element of thescribed in Section 3, including details of the practical sessions
development scheme. Unfortunately, resources present in @amd of the evaluation methodology. Results of the course im-
electronic instrumentation laboratory are not always enougplementation are included in Section 4, giving details of the
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marksobtained by the students and the results of the studer

opinion polls. Conclusions are finally given in Section 5. FREQHETEAL SEESISRS

Final
2. MOTIVATION, OBJECTIVES AND | SRACT'CA'] WIOR K Project
CONTRIBUTIONS OF THE PROPOSED ”ggs S“if)t:ry miggﬁgﬁ“"“
METHODOLOGY

Modern electronic instrumentation requires broad knowledg%ig 1. Proposed practical methodology, which is the main
of a multidisciplinary approach [2]. It is therefore fundamen- _ ="~ '

._contribution of the course.
tal that the students face problems not only related to the im-

pleme_ntation _of electronip instrumentation systems, but al_so Theoretical topics

to the integration of such implemented modules among an in-

dustrial development chain. The objectives of the course are 1. General Principles of Instrumentation.
therefore adequate to this principles. After completing the o ]

course, the students should be able to do the following: 2. Statistical Error Analysis.

¢ Understand the principles of electronic instrumentation. 3. Electronic Instrumentation Amplifiers.

Understand the main specification of a measuring sys- 4. Analog-Digital Conversion.

tem.
5. Measurement of Physical Magnitudes.
e Utilize a PC-based hardware that provides interaction

with external signals, sensors and devices.

. . , Laboratory sessions
e Design simple measuring systems and micro-controller-

based applications. 1. Introduction to Laboratory Hardware.

e Learn to integrate hardware instrumentation modules 2. Thermometer Using the Analog-to-Digital Con-
into a full instrumentation project. verter.

The resources needed to accomplish the first four objec- 3. pusk Indicator Using the Voltage Comparator.
tives can be provided by the typically available resources in
a laboratory at the university, and at a reasonable cost. How- 4. Brushed DC Speed Control with Optical Encoder
ever, the last objective is costly, since it implies the availabil- Feedback.
ity of a full industrial system in which the modules developed
at the laboratory should be integrated. This exceeds the bud-
get that many universities dedicate to teaching laboratories.
The accomplishment of all the objectives described, in-Table 1. Syllabus of our Electronic Instrumentation course.
cluding the last one, motivates the organization of practical
work proposed in this paper, which constitutes the main con-
tribution of the proposed methodology. The idea is to divide
the practical working time (15 hours) into four different ses- 3. ORGANIZATION OF THE COURSE
sions. The first three sessions consider the implementation of
several hardware modules which can be developed with thEhe organization of the course is summarized in the Syllabus
available equipment at the laboratory. The last session is presented in Table 1. The four-month course provides 4.5 lec-
case study proposed by the students under determined guidere credits (45 hours in the current Spanish system) and 1.5
lines, where an engineering project is proposed consideringboratory credits (15 hours in the current Spanish system).
the hardware modules developed. This last session will ndh set of laboratory sessions complement the theoretical train-
be finally implemented, since it consists of a full engineeringng and a final design project is used to assess the practical
problem, but their specification must be detailed and all th&nowledge acquired by students.
proposed blocks of the project have to be described with the The required skills the students may have to take advan-
required level of an engineering project. Figure 1 summarizetage of the course and achieve its objectives are as follows.
the proposed methodology. It is recommended that students have passed previously other
With the proposed course, students not only supplemerstubjects on Circuits and Electronics, Circuit Analysis and De-
their academic training in electronics, but also gain experisign, Signal Processing, Digital Systems and Programming
ence in applying theoretical knowledge to the resolution ofincluding assembly code). Therefore, it is intended for stu-
practical problems. dents with a previous background and skills in electronics.

5. Engineering Project.
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project to the next. The assembly source code has comments
with allow to identify relevant steps, so students are able to
monitor the execution although they are not familiar with the
specific programming language. This avoids tieing students
to a manufacturer-dependent solution, which is quire impor-
tant in such a changing technological field [2]. At the same
time, students do not have to invest time on learning specifici-
ties of the particular micro-controller which, in all probability,
will be different to those that they will find in their respective
job positions.

Sessions Organization
The students are organized in teams of a maximum of 2
members, and they work together to accomplish the objec-

_ _ tives in each of the laboratory sessions. Each session lasts
Fig. 2. Photograph of the PicDem development board fronmp hours and the sessions are organized considering that the

Microchip (TM) used in the laboratory practicals.

amount of work needed exceeds the 2 hours available, there-

fore a substantial amount of work should be performed by the
student outside the session. The sessions and the main ex-

3.1. Theoretical Sessions

Theoretical sessions are mainly based on lectures which cover

the topics included in Table 1 (top). These topics are typi- L

cal in modern electronic instrumentation, and there is plenty
of bibliography available. We have used mainly [3], which
has proven to be an extremely useful resource for the course.
Other useful references, recommended for the students were
[4,5].

3.2. Practical Sessions

Methodology

The practical methodology sketched in Figure 1 is devel-
oped as follows. The first introductory session and the sub-
sequent three units in Table 1 are small projects where the
students have to implement several functionalities using the
available hardware of the lab.

The hardware used in the whole course is the so-called
PicDem development board from Microchip (TM) (Figure 2), 3
which is a platform to handle several electronic sensors (in-
cluding a temperature, light and optical encoder sensor) and
other devices (engines, light emitting diodes, etc.) using a
PIC microcontroller. The software used to control the board
is the MPLAB (TM) IDE [6], which runs on a Personal Com-
puter (PC). Since it is running as software on the PC, it has
complete information about the internal state of the micro-
controller at each instruction (memory areas, register, periph-

erals, etc.), allowing real time monitoring. 4.

The software includes several demonstration programs cov-
ering basic tasks such as reading a sensor, interfacing to a
LCD and driving a motor. These projects also provide exam-
ples of how to use the various peripherals of the card. We have
organized the laboratory sessions so that they are based on the
use of these projects. The projects are of increasing difficulty,
allowing to build knowledge as students progress from one
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pected results are described as follows (see Table 1, bottom):

Introduction to Laboratory Hardware. The hardware
used in the laboratory (PicDem board) and the PC-based
interface (MPLAB (TM) IDE) is described, with the
aim of serving as an interface for the students to start
interacting the system.

Thermometer Using the Analog-to-Digital Converter.
A thermometer is implemented using the temperature
sensor in the PicDem. Then, the static transfer function
of the thermometer is measured, taking different refer-
ences of various reliability. The aim is to highlight the
importance of a proper calibration process, as well as to
let the students learning to work with analog-to-digital
converters (ADC) and conditioning circuits. This cov-
ers several of the theoretical aspects of the course (the-
oretical topics 1, 4 and 5 in Table 1).

. Dusk Indicator Using the Voltage Comparator. A dusk

indicator is implemented using the light sensor of the
PicDem. Using the PC-based interface, the character-
sitics of the components are measured (sensor, com-
parator). The need of hysteresis in the whole process is
analyzed and a hardware alternative for its implemen-
tation is theoretically derived. This session covers part
of theoretical topics 1, 2 and 5 in Table 1.

Brushed DC Speed Control with Optical Encoder Feed-
back. A DC motor is controlled by the use of the op-
tical encoder present in the PicDem board. The char-
acteristics of the motor and the PicDem are measured
and documented using the PC-based interface. More-
over, the circuit used to feed the motor (Pulse Width
Modulation circuit included in the PIC of the board) is
also characterized. Finally, the static transfer function
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relatingspeed to input voltage is estimated under sev-

eral situations, leading to a complete understanding of
the system under analysis. This sesison covers part of
theoretical topics 1, 2, 4 and 5 in Table 1.

Distribution of project types

Type 111 (68.1818% )

Type II (13.6364% )

Type | (18.1818% )

0 2 4 6 8 10 12 14 16

Fig. 3. Distribution of project types (I, Il and Il with in-

not previously explored at all) or other external compo-

nents. The evaluation of this step will be based on the
difficulty to find the specified components, the techni-

cal adequacy of them to the problem, the performance
with respect to other options in the market and the level
of detail of their description (technical sheets and addi-
tional information).

Engineering project. Here the student should give a
solution to the proposed problem in the form of an engi-
neering project. It is not a requirement to make the pro-
gramming routines for PicDem operation in assembly
code, but the pseudo-code of its operation should be in-
cluded. Schematics, diagrams and detailed descriptions
of the solution adopted with a clear explanation of the
relationship among components and with the problem
to solve are also required. In this section the evalua-
tion will be based on the quality of the schematics and
diagrams, the adequacy of the project to the problem
to solve, the quality of the explanations and the imple-
mentability of the designs and solutions adopted.

Several types of possible projects are proposed to the stu-

creasing difficulty) among different teams of students for th&lents, which serve as guidelines to their development. Each

laboratory session 5 of the proposed practical methodology.type of project pre_sents an increasing difficulty which allows
students to quantify the relevance of the problem presented

Engineering Project and the solution adopted. The proposed project types and
The main contribution of the proposed methodology is théhEIr characteristics are specified here:
existence of a final project (lab session 5 in Table 1) whose 1 Type | Project. This project basically consists of im-

aim is to integrate part of the developed modules in previ-
ous sessions into a full engineering project. Thus, in this last
session students are asked to design an engineering project
to solve an electronic instrumentation problem which is set
by themselves. The main condition of the project is the use
of the laboratory hardware as a critical component. The pro-
posed work methodology considers the following steps:

¢ Identification of an engineering problemwhere elec-
tronic instrumentation will play a fundamental role. For
this section, the students must be creative in applying
all the concepts acquired in the theoretical sessions,
also considering the modules implemented in previous
practical sessions. Aspects to evaluate are the potential
difficulty and the originality of the problem.

¢ Identification of the componentsneeded to solve the

instrumentation problem in the form of an engineer-
ing project. In this section, not only the components
have to be specified, but also their relationship with the
available hardware, namely PicDem (Figure 2). The
level of detail to be specified is maximum, with the re-
quirement of finding technical sheets for each compo-
nent, and also to explain it deeply in order to integrate

proving one of the modules implemented in previous
sessions in order to give solution to the problem pro-
posed by the students. No internal or external compo-
nent is required. This project is the easiest of all, which
is considered in the evaluation (see Section 3.3).

. Type Il Project. This project considers two alterna-

tives: i) the project includes other components of the
PicDem not used in previous sessionsiipthe project
includes other components external to the PicDem. Given
the difficulty of searching, analyzing and specifying com-
ponents not seen before, the evaluation of this project
is more favorable than in the Type | (but less than the
Type lll, see next).

. Type lll Project. In this project, both components

of the PicDem not used in previous sessions and other
components external to the PicDem are used. Given the
difficulty of searching, analyzing and specifying com-
ponents not seen before, the evaluation of this project
is the most favorable of all the proposed Types.

3. Evaluation

it in the whole project. The components may be Pic-As it happens in the Spanish education system, the evaluation
Dem components (either used in previous sessions @f a course is given in {0, 10] interval, being) the minimum
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Type |

Measurement of Light Time.
Motor Control by Temperature Sensor.
Motor Control by Temperature Sensor.

Motor Control by Temperature Sensor and Speed
Measurement.

Type Il

Control of a Window Blind by Light Sensor.
Domotic Control of a House.

Motor Control by Temperature and Light sensors,
and Switches.

Type Il

Automation of a Lighthouse.

Control of a Canopy by Humidity and Light Sen-
sors.

Hold-on Time Control for a Bus Line.
Measurement of Glucose Level.
Motor Control by Strain Gauges.
Obstacle Map Design.

Simulation of Inhabited House.
Smoke Detector.

Stability Control of a Car.

Temperature and Humidity Measurement and Reg-
istry.

Temperature Controller.
Temperature Measurement and Registry.

Turbo-Engine Pressure Control by Solenoid Valve.

Table 2. Project titles grouped by project type.
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score and 0 the maximum score, and considering that a stu-
dent passes an exam when his/her score is greater or equal
than5. The evaluation of the whole Electronic Instrumenta-
tion course was given by the following formula, derived from
the current rules at Escuela Politecnica Superior at Universi-
dad Autonoma de Madrid:

FS=025x PS+0.75x TS 1)

whereF'S is the final score of the coursg.S represents the
score obtained in the evaluation of the theoretical work and
PS is the score of the practical work. As additional con-
strains, it must happen that bdftt > 5 andPS > 5, mean-

ing that the student has to demonstrate his attitudes both for
theoretical and practical work.

The theoretical scor€S is obtained from an exam where
the knowledge acquired in theoretical sessions is evaluated.
The exam encompasses a closed-answer test ¢30%’) and
some design problems to solve (7Ta%T'S). For this exam,
according to the Spanish law, a student can attend two times
per year. If they do not pass the first call (in June) they can
attend to the second call.

The criteria for evaluation of all the practical part of the
course has been transparent in all moment, with the students
being informed of it conveniently from the beginning. The
scorePS is computed as follows:

PS = 0.20 x So+0.20 x S5 +0.20 x Sy +0.40 x S5 (2)

whereS; is the score obtained in laboratory sessi@s it is
enumerated in Table 1 (bottom). It can be noticed that labo-
ratory session 1 is not evaluated, because it is an introductory
session. Moreover, the project represent almost half &f
representing the emphasis that the practical methodology of
the course presented in this paper puts in the integration of
modules into a full engineering project.

For the evaluation of the engineering project (laboratory
session 5 in Table 1) the project types (Type I, Il and Ill, see
Section 3.2) has an influence in the final qualification. The
idea followed is that the more difficult the project, the more
difficult will be to achieve a higher score. However, there
is the opportunity of achieving the highest score with all the
project types if the quality is sufficiently high. Thus, a correc-
tion factor has been imposed to the score obtained in labora-
tory session 5 depending of the project type that the students
have selected. In this way, Type Il projects would tend to
obtain the highest scores, whereas Type 1 projects will tend
to obtain the lowest scores.

4. RESULTS
The results presented here are interpreted over a samyifle of

students of the last course of Telecommunication Engineering
at Universidad Autonoma de Madrid. Since the students are
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Distribution of scores for theoretical evaluation Distribution of scores for project and total practical score

25 T T T T T 15 T T T T T
Il Project
I Total
10 7
5 |- -
L L O .\ .\
0-4.9 5-6.9 7-8.9 9-9.9 10 0-4.9 5-6.9 7-8.9 9-9.9 10

Fig. 4. Histogram of theoretical scordsS following the  Fig. 5. Histogram of practical scoreBS and scores for the
Spanish evaluation system (from 0 to 1@ students ana- proposed projec$s following the Spanish evaluation system
lyzed. (from 0 to 10).22 teams analyzed.

organized into teams of maximunpeople for practical Iab_- students pass the exam (T35 5), obtaining the maximum
oratory work, the sample reduces2bteams for the analysis  core (0) is extremely difficult. This has been the trend in
of the outcomes from the practical part of the subject. AISOSpanish evaluation methodologies over decades.

since 2009 was the first year in which the proposed methodol-

C S Figure 5 shows histograms with the distribution of the
ogy is implemented, the sample cannot be compared in time. . . X
] . A scores obtained in the practical part of the course, compared
This is proposed as future work of this contribution.

to the score obtained in the proposed project (laboratory ses-
_ o sion 5). Itis observed that, in general, the scores in the prac-
4.1. Project type distribution tical part of the course are significantly higher than in the

Distribution of project types among teams in the selected sanii€oretical part of the course (compare with Figure 4). This
ple is shown in Figure 3. It is shown that the students havd/as a design requirement, since the challenge of practical ses-

mainly selected Type Il projects, which are much more diffi-SIoNS should be kept while fostering the student’s motivation.
cult to develop. This is an indication of the degree of motiva Moreover, in general it is observed that the trend of the scores

tion of the students with respect to the proposed methodologif? te Proposed project is much higher than the total score.
Moreover, given the transparency in the evaluation methodolthat means that, despite the intrinsic difficulty of an engi-
ogy followed, such distribution means that the students arB€€ring project, the students have taken the initiative to ac-
ready and willing to explore and deeply specify Componemgompllsh it in a successful way. F|_gure_6 shows thg distribu-
not seen before, and to integrate it into an engineering protlon of scores for each of the sessions in the practical part of
cess. This is an indicator that the knowledge acquired in thi1€ course, namelgs, Sz, S, andS;. These results confirm
theoretical-practical methodology followed seems sufficientiS trend, showing a remarkable improvement in the score
for them in order to accomplish the objectives of the project.CPtained by the students with the number of laboratory ses-
Table 2 lists all the titles of the projects, classified byS'O":
project type. Itis observed that the originality of the projectti- ~ Correlation between theoretical knowledge acquired and

tle depends on the type of project, being Type | projects mucRractical competencies is shown in Figure 7. It is observed
more typically seen than Type IIl projects. that the correlation coefficient among the theoretical score

(T'S) and the practical score (H3s positive, and having a
non-negligible value 06.32 from a maximum of one. That
indicates that the theoretical knowledge gained by the stu-
The scores obtained in the theoretical subject §€E6res) are  dents is in relation to the practical abilities achieved, which
represented in Figure 4. it is observed that the scores concefudfills part of the objectives of the course. This is also seen
trate in the 5 to 8 region, not being higher than 9 in any casean Figure 8. if we obtain the correlation between the theo-
This is an indicative that, although the vast majority of theretical score and the proposed project (laboratory session 5).

4.2. Scores
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Distribution of scores per laboratory session Linear Correlation Coefficient: 0.31698
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Fig. 6. Histogram of practical scores for all the IaboratoryF'g' 7. Scatter plots showing correlation between theoretical

sessions following the Spanish evaluation system (from 0 tGCOres 1'5) and practical scores ()5 Correlation coeffi-
10). 22 teams analyzed. cient is also shown0 students analyzed.

Again, the correlation is positive, and the coefficient has also 5. CONCLUSIONS

a non-negligible value, in this case 6£25, indicating that

the objective of the proposed project of yielding practical and' he design of modern electronic instrumentation requires broad
theoretical abilities to students to solve electronic instrumenknowledge and a multidisciplinary approach, as reflected in
tation problems has been achieved. the structure of this course. A final design project is used to
link theoretical principles with practical issues of electronic
instrumentation, so that they acquire the ability of integrat-
ing blocks in which they have practically worked into a full
Figure 9 shows the results of the official polls conducted bynstrumentation project.

Universidad Autonoma de Madrid, illustrating the opinion of ~ Outcomes have been extremely satisfactory. Students en-
the students about their work in the laboratory. The aspectsance their academic education, are more motivated, play an

4.3. Official student opinion polls

evaluated are the following: active role in project design and receive crucial pre-career ex-
posure to practical aspects. Among the different types of pos-
1. Clarity of concepts. sible projects, students go for the more difficult to develop,
2 0 L which is an indication of the degree of motivation of the stu-
- Organization. dents with the proposed methodology. Distribution of marks
3. The teacher dominates the subject. show an _inc_rea_sing tendency with the number of laboratory
session, indicating a correct progress of the students through-
4. Availability of the teacher in case of doubt. out the course. Finally, results of the opinion polls carried out
) ) ) at the University show an excellent degree of satisfaction by
5. Receptive and friendly attitude of the teacher. the students.
6. Regularity of assistance.
7. Punctuality. 6. REFERENCES
8. General opinion about the laboratory. [1] W. H. Roadstrum, Excellence in Engineering. Wiley,

1967.
The results of such polls are extremely satisfactory, over
the mean value of the same school and university. That indf2] Francisco J. Ferrero Martin, Juan Carlos Campo Ro-
cates that, although such results do not refer strictly to tech- driguez, Juan Carlos Alvarez Anton, Juan Carlos Viera
nical topics, the laboratory has been worthy for the students, Perez, Cecilio Blanco Viejo, and Manuela Gonzalez
and their degree of satisfaction is excellent. Vega, “An electronic instrumentation design project for
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Fig. 8. Scatter plots showing correlation between theoretical
scores (7' and scores for the proposed project.SCorre-
lation coefficient is also showrd0 students analyzed.

computer engineering studentslEEE Transactions on
Education, vol. 48, no. 3, pp. 472-481, 2005.

[3] M. A. Perez, J. C. Alvarez, J. C. Campo, F. J. Ferrero,
and G. J. Grillo,Instrumentadin Electibnica, Thomson-
Paraninfo, 2004.

[4] F. R. Palomo-Pinto, A. Perez-Vega-Leal, and E. Gal-
van Diez, Probelemas Resueltos de Instrumeriaci
Electronica, Servicio de Publicaciones de la Universidad
de Sevilla, 2006.

[5] R. Pallas, Sensores y Acondicionadores ddi8le Mar-
combo, S.A., 2005.
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