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Abstract— This paper describes the design and implementation would be difficult or dangerous in a hands-on laboratorysThi
of a virtual laboratory (VL) to support the students learning |ast property is of great relevance for students taking s fi
process of basic concepts on power electronics. Described.V contact with a certain technology.

is based on Easy Java Simulations (EJS), a free open-source . ; . .
environment which allows professors to easily design, impment In order_ to take pr_qflt from this pedagqglcal benefits most
and maintain VL that fit their pedagogical needs. academic communities have been working to develop com-
The integration of this type of VL in a Power Electronics puter tools to support students learning process, betwibenso
Introduction course is discussed. Concretely, how the VL is jointly math’s [71, physics B], chemistry P] and automatic control
used with regular theoretical sessions and hands-on labotaries [10] can be mentioned. Power electronics community has not

in order to achieve desired pedagogical goals is describe@he . . .
hands-on laboratory is also described and compared with the been an exception to this pedagogical trert§{[.2]. Works

VL. in this area can be grouped in three main groups:
Index Terms— Virtual Laboratory, Power Electronics, Buck o Pedagogical applications and multimedia contents
converter, Boost Converter, Hands-on laboratory. [13][14). These types of applications are designed to
illustrate theoretical and technological concepts or to
. INTRODUCTION complement traditional materials. Usually a graphical
and intuitive environment allows navigating certain

Almost any electrical power domestically or industrially
consumed has been processed by a Power Converter (PC)
before it reaches the final consumption. As a consequence, PC
play a key role in generation, transport and adaptationnchai
[1], [2], [3]. This relevance has made that most engineering
undergraduate curriculum incorporate a Power Electronics
(PE) introductory course. PE is based on principles differe
from the ones used in traditional electrical and electr®nic
devices and contains complex dynamics difficult to teach and
understand for undergraduate students. In order to improve
students’ learning process and to increase the interesh-of u
dergraduate students in power system dynamics, a great effo
has been carried out in order to introduce new technologiesA key point that one should take into account when developing
the learning process. a pedagogical tool is choosing the appropriate implemen-

A tool that has proved efficient to shortcut and simplifyation tool. A pedagogical tool is a dynamic system that
the access to new concepts and technologies is intergctivitust be maintained and updated in order to fit the varying
[4][5]. Interactivity allows one to understand qualitativelyeth pedagogical needs. Development and maintenance is usually
influence of parameters in the system behavior without tldene by limited programming skills professors and students
need of an in-depth knowledge of a certain subject. Mo$aking into account these constraints several computds too
students understand linear circuits, but get confused whieave been used to developed pedagogical tools in the Power
switched behavior is introduced. Due to this inherent diffic  Systems field, SPICE (Simulation Program with Integrated
it is convenient that students develop a mental model f@ircuit Emphasis)20] and similar simulations software offer
this type of behavior. Interactivity can play a key role irethvery precise results with most relevant components preeffin
construction of this mental model. but graphical and interactive interfaces must be develpped

Nowadays computers allow developing graphical and iMATLAB [ 21] [16] [22] is another tool extensively used
teractive programs that reproduce the feelings obtainea iroffering similar capabilities and difficulties; by far Lailew
regular laboratory. These programs are usually name Virtya1] [18 [23] is the tool that has been used the most,
Labs (VL) [6]. In contrast to hands-on laboratories, VL allownespecially when instrumentation and remote elements are
an unconstrained use in both time and space. This unlimitecesent. Most of these developments are based on expensive
access makes VL to play a key role in the emerging pedaroprietary software. JAVA based environmerit§|[constitute
gogical methods behind the spirit of Bologna Process and thecompletely different approach. This type of environments
European Credit Transfer System (ECTS). allow complete flexibility at the cost of code programming
In addition, VL allow developing certain experiments thawvhich might be a limitation in some cases, in contrast they

concepts.

Virtual Laboratories 15][16]. These environments re-
produce a certain physical environment by numerical
simulation and mathematical models in a graphical and
interactive manner. VL are designed to provide feelings
similar to one obtained in a hands-on environment.

o Remote Laboratoriesl] [18] [19]. These tools offer a
graphical interface to access an existing physical reality
placed in a remote place. Some of them allow choosing
between different types of experiments in a reconfigurable
platform.



1) Introduction to power processing.

2) DC/DC power converter synthesis.

3) Steady State converter analysis and design.
4) Converter Dynamics and control design.

5) AC/DC Conversion. Controlled Rectifier.

Fs e R o R Fe Ry
1202 12002 1202 1202 100

Al
543\55&55 sr&ssg\ ’

. oL R 4k7
6) DC/AC Conversion. l ] o
] oL o oL o T

2&‘{52 O =
I

. ; N REFOUT

S =

. R - 10 el cour

Fig. 1 % ol = elw amn
COURSECONTENTS. == Lal o
=L 5638210

can be distributed freely and can be used trough the internet
naturally. A tool that has been successfully used to develop Fig. 2
virtual and remote laboratories is Easy Java SimulatiodS)E
[24] [25] which automatically generates JAVA code from high
level specifications. This environment has been used in the
development of VL laboratories used in our course.
Although it is possible to use a PE remote laboratory, in ou
opinion it is convenient to preserve the hands-on laboyato
in introductory power electronics subjects, so students ca
see the connection between concepts, models, simulatiahs &
the real devices. In the following sections the case of o
Power Electronics Introductiogourse will be described. The
paper is organized as follows: sectibrnintroduces the course
goals and the academic environment, sectibrdescribes the
hands-on laboratory supporting the learning processjosect
IV describes how the virtual laboratory has been developed
and which are its functionalities and capabilities, settio
discusses how previously described VL and hands-on labora-
tory are used together in the different steps of the learning
process, finally sectioVl exposes several conclusions and

Fig. 3
HANDS-ON LABORATORY BOARD PICTURES

ongoing works. Theoretical sessions are develop following a conventional
approach were the professor introduces theoretical cesicep
Il. POWERELECTRONICSINTRODUCTION COURSE using slides, the blackboard and the VL according the sgecifi

. . . . needs of each topic (sectioh will provide more details on
The pedagogical goals of this course are introducing stu- .

is). Hands-on laboratory sessions are concentrated iDOC
dents to most relevant concepts and most relevant config-

I . . o
) : ; . Converters study and personal work is based in combining the
urations in power converters. Figute contains the course

syllabus, these contents are covered by traditional books %L and analytical developments.
power electronics][ 2][ 3] which are used are basic references
for the course. Students attending to the course have pugyio o
followed a couple of subjects on circuit theory and linegf- Board setup description

electronics. As a consequence, the analysis of linearitsrcu In order to support hands-on laboratories sessions a board
appearing in power converter and basic linear controllenss been built for the DC/DC step-down regulator. The board
designed in the frequency domain can be used along teeeomposed by a Buck power stage with its switching control
course. stage. The regulator can operate in both open-loop (with no
The course is organized in the theoretical sessions, hamdssutput voltage feedback) and closed-loop behaviors.
laboratory sessions and students personal work. Thealretic Figure 2 shows a schematic circuitry of the implemented
concepts are introduced in a two hour session once a wdrlard. It is important to note that this board is composed by
while hands-on laboratory sessions are developed in 3dabaa set of cheap and easy to obtain components, this making
tory sessions of 2 hours distributed along the quarter.igurithe board easy to maintain, construct and replicate. Inrorde
the quarter assessments are proposed to the students wticsimplify the use of the board and introduce flexibility the
must do on their own as personal work. This distributiohoard contains several connectors (banana jack) and slide
corresponds to a total of 5 ECTS. switches. The connectors allow the interconnection with th

Ill. HANDS-ON LABORATORIES
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power source and measurement instruments used during the

experimental sessions while slide switches allow recorifigu

the board according to the different experiments which must

be performed. Figure shows a picture of the upper and

lower view of the board. This board has been proven to be a

robust and efficient environment to develop power eleco®ni 2008,12-16 19:58:42 we  Normal

introductory practical experiences. Although similar fusa  **Pet—3 21— o s Ml

have been built in other institutiond1][26] [27], presented

one contains an integrated and reconfigurable environmet

which allows to generate a comprehensive set of experiment

hence it can be used during all the course. The DC/DC stef =

down regulator has been designed to easily visualize mos

relevant phenomena with standard instrumentation aveiiab

a teaching laboratory. The board has been prepared to eas

measure most relevant signals such as the Mosfet gate gpltac

the input current, the inductor current, the output curréme

output voltage and some of the signals managed by the contr

stage. In order to measure both the sensibility of the powe <

converter in open-loop and the load and line regulation in

closed-loop behavior the can be externally varied from 8 tc

15 volts whereas the resistive load can be selected on boa : : : : : : : :

from the set3, 4, 6, 12 and 10012. BT shete | ©
IC  20MHz 7.40 U

B. Experiments

Hands-on sessions are attended at the laboratory and they Fig. 6
are centered in the study of the Buck converter by using th@eneric viEw OF THE OUTPUT VOLTAGE WHEN SWITCHING THE LOAD
board previously described. Students worked the following From3Q To 69 IN THE HANDS-ON LABORATORY (USING A PWM
guidelines: FREQUENCY OF50kHz).
o Session 1: Introduction to the Buck converter.
In this session, the students are introduced to the Buck
converter implementation. They are asked to identify the



board components and to relate them with the schematic
circuitry. They configure the system in open loop by 2)
selecting the proper connection of slide switches. Under
these conditions they are asked to display in the oscil-
loscope the most significant switching signals, namely
the Mosfet gate voltage, the Mosfet source voltage and
the cathode diode voltage. From these measures they can
easily understand the fundamentals of switching and the
principles of the power processing. Additionally, they can
learn how the pulse with modulator works and how the 3)
driver manages the control signal to switch the power
Mosfet.

Session 2 : Study of Buck converter in steady-state open-
loop behavior.

During this second session the students are required
to analyze the influence of the duty cycle over the

or hybrid* ones.

View: The view corresponds to the virtual laboratory
outputs. These outputs are constituted by different win-
dows which contain generic graphics and representations
of the systems. These representations can be in a realistic
or schematic form. EJS provides direct methods to plot
variables or constructed 3D or 2D scenes in a structured
and hierarchical form. All these outputs are continuously
updated according to the model evolution.

Control: This part contains the actions that a user can
perform on the simulation. A complete Graphical User
Interface (GUI) can be constructed easily. A part from
traditional actions likestart, stopandreset the control

part allows to introduce interactivity. Any action over the
view or the model can be introduced so that the user can
easily interact with the simulation.

output voltage in steady state behavior. They are askgHis decomposition allows simplifying the application idges
to measure steady state waveforms such as the outghi maintenance once it is ready. All three parts can be
voltage and current ripples (Figude and Figure5) in  developed at high level without writing a single line of cdde
continuous and discontinuous conduction modes. Not@though designed and analyzed separately, these thrée par
that the discontinuous conduction mode can be easiye deeply interconnected during execution.
obtained by fixing a resistive load 800¢2. In additionthe Once the VL high level description has been provided, EJS
influence of the resistor load and voltage source variatiogigkes care of all the low-level procedures needed to coctstru
are analyzed and the power converter sensibility functighe final application. EJS translates into JAVA code all teé d
is characterized. The results are compared with the thaitions and specifications previously introduced. Thi&/AA
oretical ones which have been previously calculated. code can be distributed as independent programs running in
« Session 3 : Closed-loop converter dynamics. any platforms or can be integrated in a HTML page running
In this session the students are asked to identify t@ applets. In addition to VL description it is possible to
control system components and analyze the effect pitegrate HTML pages which contain the VL description, the
uncertainty in the closed-loop behavior (load resistor @fistructions needed to run practical experiences in the VL
voltage source variations). The load and line regulatios the concrete exercises to be done. Once the VL has been
are measured in order to test the regulator performanegild, it can be used to generate movies which can be easily
Finally, students measure with the oscilloscope the outghtegrated in multimedia material. According to previgusl

voltage transient response when the converter suffeigscribed characteristics, EJS has been considered an idea
sudden load changes (see Fige and validate the tool to develop our VL.
controller design.

B. Virtual Laboratory Development

The VL has been designed to support in a comprehensive
manner all the concepts used in the course and to reproduce
as much as possible the hands-on laboratory (sedtign

When beginning a new software project it is important tS consequence, the main window reproduces the converter
choose the most appropriate tool to develop it. Usually Veircuit implemented. This view offers three main possilait:
are developed by academics with few time, few economs€hematic, logical and the averaged model one. As an example
resources and limited programming skills. In addition theigure 7 offers the schematic logic circuit for the Buck
development of virtual laboratory is a dynamic affair besmu converter, Figurd@ offers the averaged logic view of the Boost
it must be constantly maintained and updated in order to g@nverter while Figurel5 offers the schematic circuit of a
the teaching needs and platform changes. magnetically coupled convert@g. These different display

Easy Java Simulations (EJS34[25 is a free and open- modes can be used in different steps of the learning process.
source interactive tool developed to build VL in a very’Ower converters are devices combining continuous element
simple and straightforward manner. In order to code VL, EJgesistors, capacitors and inductors) and semiconduetocels
uses a model-view-control paradigm, in other words, the \A&cting as switches (diodes and transistors), as a conseguen

laboratory is decomposed in three almost independents: patfiey can be seen as hybrid systems, i.e. the power converter
can be seen as set of linear models and a selector determining

1) Model: Variables and relations between these variables. ) . L
) ? e concrete set of equations in each time instants. Thess ty

This includes the differential and algebraic equation r models provide a verv accurate descriotion of the power
describing the physics behind the system. EJS contas S provi very u script pow

_Several _numerical integrators and e\{em d_eteCtorS _aHOW'lsystems defined by several ODES and transitions between them
ing to simulate any type of system including nonlinear 2when needed JAVA code can be inserted in the system

IV. VIRTUAL LABORATORY

A. Development Tool: Easy Java Simulations
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events to be detected in order to switch between models. An
alternative manner is using a algebraic manipulator likgpa

to develop the concrete set of equations and automatically
generate code which can be directly integrated in EJS. This
second approach has been used during the VL development
since this procedure is very straightforward and provides
a simple methodology to develop, maintain and update the
models describing the power converter behavior.

The VL main goal is to support the learning not to repro-
duce exactly the system behavior; according to this prlacip
concepts and qualitative behavior are more important than
guantitative results. As a consequence, semiconductecetev
are modeled as ideal switches in order to preserve inteitgcti
and maintain simulation time short.

EJS allows packaging all VL in one stand-alone application,
this allow distributing all laboratories and documentatas a
simple e-book. This capability has been used to distribote t
the students the different VL and all documents used during
the course in a homogenous environment.

C. Virtual Laboratory Functionalities

converter behavior, and are usually named switched models!n order to simplify its usage all VL offer the same GUI, see
Although these models are very convenient for simulati@ythas an example the Buck and Boost converter main windows
are not for analysis or controller design, for this purposdd Figure 7 and Figure8, respectively. As it can seen the
averaged models are used; unfortunately averaged modelsagplications contain an animated scheme of the concrete
not take into account switching phenomena, so switchif@nverter where all converter parameters can be integdgtiv
ripple is not taken into account and discontinuous modé§anged.

cannot be analyzed through them.
Both types of models are used during the course and, as a
consequence, both models have been integrated in the VL. The
VL allows using the switched or the averaged model depend-
ing on the concrete experiment to be done; additionally both
models can be worked simultaneously in order to compare
their results.

Models can be introduced in EJS as a set Ordinary Differentia
Equations (ODE), a set of constrains between variables and

The VL offers three main working modes:

MANUAL mode: In this mode the PC transistor is
operated by the user. The user can turn off and on
this element by clicking with the mouse over it. This
operation mode has been designed to introduce the user
in the commutation switched behavior and the main
concepts related with the converter dynamics. In the
Buck converter VL, this mode can be used to describe
the generation of a certain average value by combining
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Fig. 13
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only two voltage levels. Differently, when used with thehe VL results are quite similar to the ones obtained in the
Boost converter, this mode illustrates the amplification byands on laboratory; for illustrating purposes, Figlideand

making the circuit live in transient behavior.

Figure 4 correspond to the steady state voltage evolution

PWM mode: In this mode the PC transistor is operatathder closed-loop for the virtual laboratory and the hamils-
by a Pulse Width Modulator (PWM) driven by a constariaboratory, respectively; Figufeand Figurel2 correspond to

configurable duty cycle. This mode allows studying ththe

inductor current evolution in discontinuous mode in VL

open-loop converter transient and the steady state behawme hands-on laboratory respectively; similarly, Figli8and

ior. In addition the influence of most relevant parametef§gure 6 correspond to a load change transient response for
like inductors, capacitance and load can be analyzed. It virtual laboratory and the hands-on laboratory re$ypelgt

also possible to compare the averaged and the switch&sl it can be seen although slightly differences exist the VL
model by comparing the output of both models under trend the hands-on laboratory behavior are qualitativelyabqu

same circumstances.

SO0 experience obtained in the VL can be easily extrapolated

PWM mode + control: In this mode PC transistor iso the real one.

operator by a Pulse Width Modulator (PWM) driven by a
controller with a constant reference value. This mode is

V. THE VL IN THE LEARNING PROCESS

useful to study the closed-loop behavior of the converter.\, ¢qnstitute helpful tools in a Power Electronic Introduc-

The parametric control design, the effect of changing,, course. Among others, in our course the VL is used in
loads or parametric uncertainty can be addressed. The following scenarios:

benefits of closed-loop control system can be illustrated
and the need of this element can be justified.

The evolution of each relevant variable (currents and gelt
can be seen instantaneously over the schematic shown in
the main window (similarly as it is done in the hands-on
laboratory by using the multimeter). In order to improve the
temporal analysis all these relevant variables are digplay
different plots (similar to oscilloscope screens) or castoeed

in text files which can be loaded in most popular software
applications. In all these plots the averaged output or the
switched model output can be displayed (also a combined
view can be used), in all these cases a detailed view (few
PWM cycles) or a generic view can be selected.

The VL offers the following complementary windows:

o Parameters window: this window allows changing all the
converter parameters using sliders and text fields.
States: this window contains a state machine represen-
tation corresponding to system configuration; states de-
termine the circuit topology and the edges correspond to
possible transitions between them. Active state is shown
in red while the rest is shown in blue (Figugeshows

the Buck state machine). When a configuration change is
detected, the corresponding edge is shown in red while
the rest are shown in blue. This window allows studying
all possible states in the converter and the used ones in
certain circumstances (discontinuous modes can be easily
detected with this tool).

Controller tuning: this tool has been designed to in-
teractively design the PI controller integrated in the
hands-on laboratory and the VL (see Figur@. This
window displays the converter frequency response and
the combined controller+converter frequency response.
All these frequency responses are automatically updated
when a certain parameter is changed and gain and phase
margins are automatically computed are displayed over
the frequency response.

As a conclusion, the developed VL offers a comprehensivee
environment where most relevant activities in the learning
process can take place. Although used models are simple,

Theoretical concepts.

— During lectures.

Switching between different topologies is one of
the most difficult concepts introduced in a power
electronics introductory course; although this might
seem very abstract when drawn in the blackboard it
may look simpler when reproduced in the VL. Al-
lowing the students to interact with the VL during the
theoretical explanation allows them to get introduced
in these concepts.

Apart from these conceptual facts the VL labora-
tory can also be very helpful to illustrate parameter
dependency when introducing open-loop converter
dynamics and steady-state behavior.

Also, the need of a control system naturally emerges
when using the VL. Developed VL contains an
integrated interactive environment to tune the user
controller. This tool is also used to justify the con-
crete controller topology and to show its limitations.
Students work

Although analytical computations are quite important
in power electronics, to be able to correctly apply
them it is convenient to understand the system behav-
ior, i.e. they must create they own a mental model of
the system under study. VL can be very useful in this
creation process. As an example, the manual mode
introduced in the VL is of great relevance when
studying the concepts behind the switching concepts.
Although playing with VL can help the students to
discover phenomena and hidden dependences it may
be time consuming. In order to reduce this time while
improving the learning process a set of assessments
have been designed to guide the VL use (Figlde
shows the concrete assignments for the buck and
boost converters). These assessments are introduced
between lectures as the course goes on.

The VL and the hands-on laboratory.

— Once the VL assignment have been completed stu-
dents can initiate laboratory sessions with a very



1) Buck Converter.
a) Concepts and principles

b)

c)

d)

2) Boost Converter.

a)

b)

Using the Buck converter Vimanual mode drive manually the output voltage to a cert
level by turning on and off the transistor state.

Steady State analysis

Using the Buck converter VPWM mode study the steady state relation between the

cycle and output voltage. Study The effect of parametemtians over the output voltag

i

n

duty

®

Study the output voltage ripple characteristics. Identiydiscontinuous conduction modes

characteristics.
Averaged model

Using the Buck converter VIPWM mode compare the averaged and the switched model.

Study both the transient and the steady state transientmespn both models. Force t
converter to work in discontinuous mode and compare bothetsod
Closed-loop analysis

Using the Buck converter VPWM-+control mode analyze closed-loop dynamic respor)se.

Tune the controller to obtain a certain gain and phase msrgin

Concept and principles

Using the Boost converter Vimanual mode boost the voltage level and drive manua

the output voltage to a certain level by turning in and off trensistor state.

Steady State analysis

Using the Boost converter VIPWM mode study the steady state relation between
duty cycle and output voltage. The effect of parameter vViana over the output voltag
Study the output voltage ripple characterization. Idgntiscontinuous conduction mod

lly

the

characteristics.
c) Averaged model

d) Closed-loop analysis

Using the Boost converter VIPWM-+control mode analyze closed-loop dynamic re-
sponse. Tune the controller to obtain a certain gain andephesgins.

Using the Boost converter VBWM mode compare the averaged and the switched model.
Study noth the transient and the steady state transientmespn both models. Force the
converter to work in discontinuous mode and compare bothetsod

Fig. 14

ASSIGNMENTS TO BE DONE USING THB/IRTUAL LABORATORY.

nice understanding level, so they can accomplish
the requirements quite easily. Technological elements
can be introduced in the laboratory sessions due
to the fact that main concepts are well understood.
Students can reproduce the experimental setup in VL
and analyze the characteristic waveforms before they
obtain them in the hands-on laboratory prototype.

As a consequence, students can focus their study
in the new non-modeled behavior that appears in

the measured waveforms and analyze the difference

semiconductor devices in order to meet given desired
steady state requirements and can also design the
controller parameters to accomplish both regulation
and dynamical specifications. VL can constitute an
ideal platform to test and validate the proposed
design previously to its hardware implementation
and its later experimental verification.

VI. CONCLUSIONS AND FUTURE WORKS

between a signal coming from a simulation and a In this work the development of a Virtual Laboratory, its

signal from a measurement process.

integration in the learning process and its combined usk wit

VL can also be used to analyze and design othgaditional laboratories in gower electronics introduction
power converters, such as Boost converter. Followingpurse has been described.

the assignments shown in Figure 12, students c@mesented VL have been built using EJS and automatic code
design the proper converter parameters and select tfeneration with Maple. EJS allows one to design attractive
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and interactive views while Maple allows simplifying model
construction. This combination is quite suitable for VL dev 10]
opment and allows easily maintaining and updating the \}L
which fits professors’ needs.

Developed VL can be used along the complete course dﬁfﬁ
to its comprehensive capabilities; conceptual behavipene
loop analysis, averaged and switched models, closed-loop
behavior and control design are integrated in the VL. So the]
same environment can be used during the complete learning
process. VL laboratories are designed to reproduce theshand

on laboratory so they can be used as a support in pre and p&3
hands-on laboratory sessions, also a set of assessmewotseto d

projects.
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