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A Modern Educational Power Electronics Laboratory to Enhance Hands-on
Active Learning

Abstract — A new educational power electronics laboratoagdal on state-of-the-art tools and
industrial-grade platforms is presented in thisgrafhe developed laboratory, which is built
based upon prior theoretical knowledge and backgtaaf the students in power electronics,
combines the sophisticated Texas Instruments (H¥slware tools with MATLAB/Simulink
software tools to design, test, and rapidly prgietypower-electronic circuits. A detailed
description of the tools along with their use i tteveloped laboratory is presented.

Index Terms — Power electronics, digital control, micro-cofieg MATLAB/Simulink
environment, MATLAB Real Time Workshop, rapid prygoing.

I ntroduction

Power-electronic-based systems are being used wida range of applications including
vehicular propulsion systems, industrial applicasi@and motor drives, electromechanical motion
control, and grid integration of renewable energgources [1, 2]. The subject area of power
electronics is multidisciplinary spanning a broadiety of subjects including circuits and signals
analysis, electronics, digital control systems, aedhiconductor devices. The importance of
experimental learning of power electronics in suppg the theoretical concepts is widely
recognized [3]-[11]. An effective power electronitboratory in today’s rapidly changing
environment of daily technological breakthrougheudti make a thread among those subjects by
using state-of-the-art reconfigurable software/han tools.

This paper presents a new power electronics latmytathe primary purpose of the developed
laboratory is to (i) experimentally reinforce thenflamental concepts presented in the power
electronics course, thus providing a strong britbgéween the theory and applications, (ii)
provide the students with active learning expereincthe design, digital control, and fabrication
of power electronic circuits, (iii) introduce stad&the-art simulation and experimentation tools
for hands-on design, test, and rapid prototypinga#ier electronic converters, and expose the
students to modern, yet simple and user-friendxperimental facilities, and (iv) provide
tailored experimental tools for further expansiond aimprovement of power electronics
curriculum.

The laboratory is designed and constructed baseal digital control platform using the Texas
Instruments (TI) C2000 micro-controller in conjuoct with the MATLAB/Simulink real-time
tools. The power electronic circuits are designadhulated, fabricated, and interfaced to the
micro-controller by the students during the labomatsessions. The students implement their
developed Pulse Width Modulation (PWM) techniqueshe MATLAB/Simulink environment
to switch the power semiconductor devices on tfadiricated circuits. Afterwards, they directly
generate the executable codes, link, and downloatb ahe micro-controller. This
implementation procedure constitutes the conceptapfd prototyping in power electronics,
which is a salient aspect of the new laboratorye Tdpid prototyping feature allows students to
focus on analyzing, prototyping, and commissiorafigheir designed power electronic circuits
with reduced development time, without any involestin C programming and by using the
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user-friendly MATLAB/Simulink environment. Furtheore, the students get involved in the
detailed process of design and implementation efgpcelectronic circuits, as opposed to the
black-box-based power electronics laboratories witee students are passively involved in
wiring the hardware modules together and obserthegvaveforms. Another signature aspect of
the laboratory is that it creates threads amongsesusuch as signals and systems, digital signal
processing, power electronics, and embedded systestsng students retain knowledge across
multiple disciplines. In this paper, a detailed aggtion of the tools along with their use in the
power electronics laboratory and the laboratory@sges is presented.

Pedagogical Philosophy

Power electronics is, by nature, a multi-disciptinaubject, and represents for any instructor a
challenging topic to teach. It is an especially dading course as it requires assimilation of a
broad variety of topics, such as circuit analysignals and systems analysis, and control theory.
It is widely accepted that hands-on experienceoml@nation with a solid knowledge of theory
provides an active learning environment that le@dsuccessful learning in engineering topics.
An effective power electronics laboratory is expéelcto combine theoretical and experimental
aspects of the topics by using state-of-the-attvsse/hardware tools.

The pedagogical approach seeks to combine indugtade technology with interactive learning
strategies to reinforce the basic concepts of theep electronics course in the context of the
innovative power electronics laboratory. The toaéed in the laboratory are compatible with
industrial-grade platforms and encompass both #teat aspects of power electronics circuits
and practical applications. The laboratory is bugbn prior knowledge and background of the
students, and is interdisciplinary with respecthe tools and skills required. For example, it
combines knowledge in Digital Signal Processor (J¥@&Rro-controller hardware/software
platforms with power electronics to design and oanthe power electronic circuits. This
signature aspect of the laboratory is intendedréate threads among the related subjects to
power electronics and retain the students’ knowdedgeross multiple disciplines. This
pedagogical strategy goes beyond the “divide anthwer” strategy wherein each subject is
relegated to its own course and then reduced aradyzed. Engineering education has
traditionally followed such a strategy so that upmmpletion of the course, students find it
unnecessary to draw upon the information learnech fother courses, with the exception of
more advanced courses on the same subject. Thibew®as described as a “filtering” or non-
retaining mode of education.

The educational approach espoused in the new lavgrarovides additional hands-on

experiences to motivate students and help contiéztushe course materials, and provide
opportunities to explore the topics in greater dephis pedagogical strategy in conjunction with
the visualization capabilities of the laboratorplto motivates student-oriented discovery and
provides a remarkable opportunity for active leagnof power electronics.

The Objectives

The targeted audience for the laboratory is twdices of ten undergraduate students. The
laboratory is a one-credit course, with three hquesweek of laboratory time scheduled. It is
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expected that each student entering the labor&dgaking the power electronics course as well.
The power electronics course covers basics of serdicctor devices, dc-dc, dc-ac, and ac-dc
converter topologies. Within the class, there istang emphasis on theoretical design and
control issues, e.g., component design, thermasiderations, and effects of non-idealities on
the converter. Even though these topics are impbrtatheir own right, students were never

exposed to newer technologies that are becomirdpprmant in power engineering. Technical

advantages of digital control, combined with thentendous growth of DSPs have resulted in
widespread adoption of digital control technologyall areas of power electronics applications.
The lack of appropriate training on experimentadeass hampered students’ ability to advance
and apply state-of-the-art power electronics tetdgyfor real-world applications. To address

the mentioned issues, the main objectives of tbpgwed laboratory are:

 To experimentally reinforce and support the fundataleconcepts presented in the
lecture-based course in power electronics, thusigiray an important bridge between
theory and application and promoting active desigsed learning.

« To provide the students with hands-on experience design, prototyping,
implementation, and testing the power electronicuits.

* To introduce the students to the state-of-the-adustrial-grade simulation and
experimentation tools.

 To expose the students to the measurement teclnaue safety concerns in power
electronics.

* To help students retain knowledge across multigeiplines and go beyond the divide
and conquer strategy.

* To provide students with a comprehensive undergtgnof industrial perspectives. The
students are being trained with the state-of-thédustrial-grade platforms for hands-on
design, digital control, model-based design, embdds/stem control, rapid prototyping
and testing, and commissioning of the converteth vaduced development time. Thus,
equipping the next generation of engineers withskills to tackle problems make them
more adaptable for industry with less effort on jabning.

TheLaboratory Facilities

The developed laboratory consists of five identipalver electronic stations. Each station
accommodates two students and, as shown in Fapnkjsts of: a computer for control and data
capture/analysis, an oscilloscope for observindlcam the waveforms, sensing equipment
including current and voltage measurement probasfi-meters, loads including dc and ac
motors, batteries, a DSP/micro-controller boardsspe components, semiconductor devices,
and Printed Circuit Boards (PCBs) for power eletitaircuit fabrication. The power electronic
circuits during the introductory and training sessi are the built-in circuits of a Tl C2000
Renewable Energy Developer's (RED) kit [12], asveion Fig. 1(a). During the experimental
sessions, the power electronic circuits includingdd buck/boost converters and dc-ac inverters
are designed and prototyped by the students, Fdy. 1
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Fig. 1: Laboratory workstation for (a) built-in pewelectronic circuits on the TI C2000 RED kit, gh{l student’s
designed and prototyped circuits.

a. Integrated Development Environment

The concepts of rapid prototyping and digital cohtechniques in power electronics in the
developed laboratory are realized based on usieg Tth C2000 micro-controller [13] in
conjunction with the MATLAB/Simulink software basedn an integrated development
environment. The integrated development environrmgeatcombination of software tools which
allows implementation and experimentation procedsese carried out conveniently and
interactively both under one single roof. As degicin Fig. 2, MATLAB/Simulink environment
is used for the design, optimization, and off-Isimulations of the models and power electronic
circuits. The MATLAB Real Time Workshop (RTW) com& the Simulink model to C
programming code [14]. Subsequently, the C codautematically compiled to the assembly
language for the TI C2000 micro-controller, assedplink-edited, and downloaded. Finally,
MATLAB Graphical User Interface (GUI) is used tawuune, and monitor the running process.
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Fig. 2: The integrated development environmentdpid prototyping of the power ecelctronics cirsibased on the
T1 C2000 micro-controller. (a) The experimentattonls and (b) the implementation tools.
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b. Design and Simulation Software Tools

Power electronic circuits are designed and simdlatethe MATLAB/Simulink environment
with SimPowerSystems library [15]. SimPowerSystdifmsry contains models of typical power
system elements such as transformers, transmis&Es) machines, and power electronics. As
the pre-laboratory assignments, the students aieedato design dc-dc converters and dc-ac
inverters based on a set of design requirementscatatia. Then, the students simulate their
designed circuits in the MATLAB/Simulink by usingn®PowerSystems library. During the
subsequent laboratory sessions, the students ypetotommission, and test their designed
circuits. In addition, they can compare the aneftcalculations and simulation results with the
experimental ones.

c. Implementation Software Tools

The embedded target support package of MATLAB/Sinkuior the TI C2000 micro-controller
allows the user to deploy the code generated froATDM\B/Simulink model for real-time
execution on the micro-controller. Using target mup package library, the students can
communicate with and control their designed andtgtyped power electronic circuits in
MATLAB/Simulink environment and without any involieent with code programming. In other
words, the Simulink models are directly convertedl aebuilt into C codes, compiled into
executable codes, and loaded into the target boardthe TI C2000 micro-controller by linking
to Code Composer Studio (CCS) program. The CC%ided a suite of tools used to develop and
debug embedded applications. It includes compflareach of the TI's device families, source
code editor, project build environment, debuggeofiler, simulators and many other features
[16]. The CCS provides a single user interfacengkihe students through each step of the
application development flow. The adopted impleratoh procedure constitutes the concept of
rapid prototyping in power electronics. The conoafptapid prototyping is a signature aspect of
the laboratory which allows the students to focnsanalyzing, prototyping, and commissioning
of their designed power electronic circuits withdueed development time, without any
involvement in C programming and by using simpleerdsiendly MATLAB/Simulink
environment.
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d. Experimentation Tools

Power electronic circuits control, data acquisiti@nd analysis are performed in the host
computer thorough control interface designed byetigers through MATLAB Graphical User
Interface (GUI) [17]. The MATLAB GUI is a graphicalindow interface containing
components, active buttons, sliders, plot windoave] list boxes. It enables the MATLAB users
to perform online interactive tasks with their haade without involving any programming in
the MATLAB. In the laboratory, the students will b#roduced and exposed to the Matlab GUI
during the introductory sessions to interface aochmmunicate with the TI micro-controller. A
sample screen of a MATLAB GUI control interface diped in the laboratory is depicted in
Fig. 3. Several control boxes are available to retite values of main parameters and graphic
displays to visualize selected voltage and cumeveforms.
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Fig. 3: An example of a MATLAB GUI control interfac

e. TheTl C2000 RED Kit

The TI1 C2000 RED kit is designed for quickly evaing the C2000 micro-controller for power
conversion applications at a safe input voltage @owaer level [18]. It is a scaled-down version
of a dc-dc boost converter and a three-phase davacter that can be controlled with the on-
board C2000 micro-controller, as shown in Fig. #ekit offers all the required voltage and
current measurement hooks so that the studentdhanlaboratory can test the switching
techniques that they develop. The kit is used @seafriendly and customized teaching/learning
platform during the introductory/training sessionsthe laboratory. The kit familiarizes the
students to interface MATLAB/Simulink with the phgal circuits and the basic concepts of
digital control of power electronic circuits based the C2000 micro-controller. The students
work with this kit during the three training sessoand get a clear idea about the laboratory

perspectives to design, prototype, and commis&sh/their own designed and fabricated
circuits.
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Fig. 4. The C2000 RED kit. (a) The physical boaadd (b) circuit diagram of the on-board built-iower
electronic circuits.

Sample Experiments

A set of important fundamental concepts in accozdawith the context of power electronics
course that an undergraduate laboratory in povestreinics should include are identified. Then,
the corresponding laboratory experiments are dpeeldo validate the analysis, design, and
control aspects of the dc-dc converters and dcyaeerters. Furthermore, the concept of rapid
prototyping and digital control of the convertere @mbedded in the laboratory experiments.
The primary laboratory experiments carried outh®y students are outlined as follows:

A. Introduction to the TI C2000 Micro-Controller Boashd the RED Kit

The purposes of these introductory/training expents, which are held for a few sessions, is to
familiarize the students with the TI C2000 micraytroller board, MATLAB/Simulink,
MATLAB RTW, CCS, and the TI C2000 RED kit of Fig. Buring these sequential sessions,
the students learn to:
* use MATLAB/Simulink for design, simulation, and extpnentation.
» directly generate the corresponding executable cfsden their developed PWM
switching strategies in MATLAB/Simulink and downbbé into the micro-controller. As
a comprehensive exercise, the students developcddes to communicate with the
micro-controller and to generate two complemenRAWM signals with controllable duty
cycles on two pre-specified 1/0O ports. During thiscedure, the students also learn how
to develop the required codes for MATLAB GUI contiaterface to communicate with
the micro-controller.
» use the generated complementary PWM signals inptlegious task to switch the
semiconductor devices of the built-in converterdirigr circuits of the TI C2000 RED kit
and observe the results to compare with those fiomlations.
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B. Gate Drive Circuits

Gate drive circuits are a crucial part of any poefecctronic circuit design. The purpose of this
experiment is to familiarize the students with tomcepts of gate drive design, isolation issues,
and interfacing the generated gating signals byTth€2000 micro-controller with the power
electronic circuits. The students are exposed timwa types of gate drive circuits, e.g., high-side
and low-side gate drivers and also common groundl iaolations issues. In a laboratory
exercise, the students build up a simple circusedaon the Integrated Circuit (IC) UCC2720/1
to drive the high-side and low-side N-channel MO$&Evhich are used in buck and boost
converters, respectively. The input gating sigrialshe input terminals of the UCC2720/1, as
shown in Fig. 5, are generated by the micro-coleir@nd can be controlled by the MATLAB
GUI control interface. This experiment also prowadem opportunity for the students to observe
the actual switching characteristics of the MOSFE&l to calculate the switching and
conduction losses of the MOSFETSs in a switchinguir as depicted in Fig. 6.
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Fig. 6: MOSFET switching characteristics. (a) Ta@stuit, and (b) the voltage and current waveforms.

C. Design and Implementation of dc-dc Buck and Boasiverters

In these experiments, first, the students are thskelesign and simulate dc-dc buck and boost
converters based on a set of design requiremestprealaboratory assignments. The students
use SimPower&ems library to verify their analytical calculat®rand to insure that their
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designed circuits meet the designed criteria. Témghed components are used for selection of
the required devices and circuit implementation tié designed dc-dc converters in the
subsequent laboratory experiments. During the botiatory hours, the students fabricate their
designed circuits on a piece of PCB, interfacecihauits to the micro-controller, and test them.
The students also develop the PWM switching teckesqgin the MATLAB/Simulink and
directly generate and download the correspondirdgsmnto the micro-controller board. The
micro-controller transmits the gating signals te thc-dc converter circuits to control the duty
cycle of the semiconductor devices of the convert8ample fabricated dc-dc buck and boost
converters, implemented by the students in ther&boy, are shown in Fig. 7. As an example,
the students are tasked to design a 12V to 20Vtbomsverter where the input voltage is
provided by a dc-power supply. The converter isumegl to operate in the Continuous
Conduction Mode (CCM) of operation over a wide margf load variations. Using standard
components available to the students, the studaintate their designed circuit and observe the
waveforms over the full range of the loads to eeSDEM operation. The students change the
duty cycle of the MOSFET through MATLAB GUI contrmiterface they had already developed
and observe the behavior of the circuit over a watee of duty cycle variations. The students
also observe the operation of the converter unigét load conditions in the Discontinuous
Current Mode (DCM) of operation.

Fig. 7: A fabricated (a) dc-dc buck converaad (b) dc-dc boost converter.

D. Design and Implementation of Single-Phase and FRiesse dc-ac Inverters

The purpose of these experiments is to familiathizestudents with the basics of operation of dc-
ac inverters and their Sinusoidal PWM (SPWM) tegbes. As pre-laboratory assignments, the
students are tasked to design and simulate sirfgeep full-bridge and three-phase dc-ac
inverters based on a set of design requirementsg USIATLAB/Simulink software. In the
subsequent laboratory sessions, the students débticeir designed inverter circuits on a piece
of PCB. Subsequently, they interface the invertegcuds to the micro-controller board,
commission, and test. A sample fabricated invertemplemented by the students in the
laboratory, is shown in Fig. 8. The students immamboth unipolar and bipolar SPWM
switching techniques in Matlab/Simulink, generated download the corresponding codes onto
the micro-controller. The C2000 micro-controllernds the gating signals to the inverter
semiconductor devices. During the experimentatilba,students adjust the switching frequency
and the modulation index of the inverter througke MATLAB GUI control interface and
observe the waveforms.
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Fig. 8: A fabricated three-phase dc-ac inverter.
Student Evaluation and Assessment

To insure that the objectives of the project werached, the students’ learning experience and
the instructional approach in the proposed laboyatere closely monitored based on pre-
laboratory assignments, in-laboratory performanaes, the end-of-semester student evaluation
scores. The collected data was analyzed to refi¢cthe quality and effectiveness of the
laboratory assignments in familiarizing the studenith experimentation, (ii) the effectiveness
of the industrial grade tools in the laboratorypgrading the students perspectives, as compared
with other undergraduate courses they have takauh,(id) the students level of confidence,
internal satisfaction, and perception with resgedhe design and analysis of power electronic
circuits. The collective institution-wide coursedamstructor evaluations were also used to
identify the weaknesses and strengths of the ladagyraand to improve the learning/teaching
environment for next years. The concept of rapidtgiyping and digital control of power
electronic circuits was very well received by thedents. In terms of the student achievement,
most of the enrolled students have chosen to puysaduate school or a career in power/energy-
related area.

Summary

In this paper, the key components of a newly depatopower electronics laboratory are
described. The laboratory employs the Tl C2000 oacantroller in conjunction with the
MATLAB/Simulink software tools to design, test, amdpidly prototype power electronic
circuits. A salient feature of the laboratory atglpedagogical philosophy is that it goes beyond
the traditional approach of the divide and congstesitegy and establishes a bridge among the
various concepts including digital signal procegsiembedded systems, and power electronics.
The students design, rapidly prototype, and tesgir thcircuits using user-friendly
MATLAB/Simulink software tools with reduced developnt time within the laboratory
sessions. In this laboratory, the students are oememsively exposed and tasked to design,
digital control, and rapid prototype of power etedic circuits.
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