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Abstract—This paper describes the basic concept of an inte- virtual instruction system attempts to create a realistic environ-
grated virtual learning system as an instructional tool for the devel- ment that facilitates learning by letting students participate in
opment of digital signal processor (DSP)-based control schemes for yq hrocess. The advantage of virtual instruction lies in the pos-
motor drive applications. The system is comprised of a graphical _. .. L . -
user interface (GUI) front-end and a hardware-in-the-loop custom S'b'“j[y Of communicating information thrOUQh h'gh'S_F_’eed com-
DSP for rapid prototyping and efficient testing of digital control al- ~ Munication systems, when needed, with a local facilitator to su-
gorithms. The circuit design and control algorithm development of pervise the learning process at a local site. The local facilitator
a pulse width modulation (PWM) voltage source inverter (VSI) for s a professor at a local university that will use the developed
3-phase brushless DC (BLDC) motor control applications is used virtual system for instruction.

to describe the functions of the system. It is shown that the virtual Th t teachi h imulati includi
learning system provides a cost-effective learning tool for students e present teaching approach uses simulations (including

or engineers in training and can serve as a supplement to a conven- ahimation and other graphics, where appropriate) to assist the
tional laboratory based system. student in “visualizing” the concepts and to provide the student

Index Terms—Digital signal processing, motor drive system, immediate graphical fegdback during the learning process. The
Object_oriented approach (OOA)’ Simu|ati0n’ virtual |earning Vll‘tual |earn|ng SyStem IS deVeIOped ba.sed on modular Instruc-
systems. tional technology curricula. The learning tool is composed of
successive modules, each introducing new topics or concepts to
the student. The knowledge content of each module has to be

I INTRODUCTION balanced for the optimal transfer of information, preventing the

EVELOPMENT of a motor drive system involves variousisk of overloading the student. All modules have a similar struc-
aspects of electrical engineering, including circuit theorure, consisting of the following.

digital circuits, control theory, and motor drive systems tech- 1) An explanation layer, where the student is familiarized

nology and requires broader knowledge than in the past. Dig-
ital control schemes of motor drive systems are replacing tradi-
tional functions used to implement discrete analog and digital

circuitry. A trained motor drive systems developer must be able 2)

to combine signal processing and computer software technology
with hands-on experience on the actual system implementation.

The conventional way of providing practical experience to
electrical engineering students is through the use of extensivez
laboratory-based systems. Such systems require an actual
hardware setup and a set of laboratory measurement systems
that sometimes are costly to build and difficult to maintain.
For safety and security reasons, access to the laboratory-based
system is usually limited to a certain time and can only be given
in the presence of a local facilitator.

This paper seeks to present the basic concept of a virtual in-
struction environment and to give a detailed description of a vir-
tual test bed for the development of a PWM voltage source in-
verter for control of brushless DC (BLDC) Motor drives. Re-
lated works have been reported in [1]-[8]. In this research, a

with the information related to the basic fundamental no-

tions. This layer resembles an in-class lecture presenta-
tion.

An exploration layer, which can be compared to the ex-

ample problem presented in a class. In this layer the stu-
dent has to apply the knowledge acquired to a practical
example.

) An (instructional) diagnostic layer. This layer has two

objectives. The first is to provide an interactive learning
sub-module with a hierarchical structure. At each level,
a question is asked and multiple answers are given. The
student will select one answer and the interactive learning
sub-module will indicate whether the correct answer
was chosen. The process continues until all topics in the
module are covered. Some topics will be addressed in
the form of a problem rather than in the multiple-choice
fashion. The second objective is to time-test the student
and to establish whether the student should be allowed to
go to the next (deeper) level. This approach corresponds
with the exam portion of a classical teaching approach.
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“virtual” means here. The system is configured to closely re- T AT £ NTRRRRTED APPUCAT C B T
semble the hardware in order to be used as a “virtual test bed
for actual hardware development. To achieve this objective, DSF =

a) [k {5
controller hardware has been included in the virtual test bed fol J i I" mnua I
direct implementation of control algorithms for the chosen con- ==

troller architecture.
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Il. DESCRIPTION OF THEVIRTUAL LEARNING SYSTEM m o r_' = =t R

A block diagram showing the structure of the virtual learning i
system is shown in Fig. 1. The heart of the virtual learning
system is an integrated C++ based GUI application compatilblig. 1. Virtual learning system for power converter design and control.
with Windows 95/NT. The application integrates electronic ver-
sions of the instructional and learning modules with the virtual Nowadays, visual programming packages for C++ are widely
test bed environment consisting of power converter circuit siravailable that can save considerable time in designing and im-
ulations and a hardware-in-the-loop DSP controller board. Th&menting the GUI for a virtual system. The software has been
instructional and learning modules are stored in the HyperTekésigned to use the multiple document interface (MDI) applica-
Markup Language (HTML) standard allowing them to be adion design. MDI applications spawn child windows that reside
cessed from the Internet/\Web based client software if the negithin the client window, reducing the amount of memory re-
arises. The virtual environment also provides various GUIs tired at load time. The system has been developed using Bor-
support the learning, including an HTML browser (Fig. 6) antand Builder, which is an object-oriented visual programming
various virtual instruments, such as virtual scopes, virtual mgol for rapid application development that allows producing
ters, virtual spectrum analyzer (Fig. 7) commonly found in 32-bit Windows 95/98/NT executable files [10], [11]. With this
laboratory hardware test bed. development approach, the learning system can easily be made

The circuit simulations run on the PC environment and corsuitable for an asynchronous learning environment where users
municate with a Texas Instruments TMS320C240 Evaluatiavork on their home computers at their own pace.

Module that executes the digital control code for the motor
drive system. The circuit simulation engine is structured 8. Circuit Simulation Engine

such away so that the simulation can also be run on an externafhe virtual learning system described in this paper is intended
Matlab/Simulink  process. This structure provides greatgf the design and control of a VS| motor drive for 3-phase
flexibility and allows the use of various Matlab and Simulinkg| pc motor control applications. The circuit diagram for the

functions in the virtual learning system. VS| motor drive employed for this purpose is shown in Fig. 2.
o _ The circuit simulator provides the computational engine for the
A. Integrated C++ Application Environment circuit responses using the state space based approach with ideal

The virtual system application environment is designed usiR§wer switch models. The ideal power switch models are pre-
the object oriented approach (OOA) and implemented in c+ferred here since they allow the students to build up an under-
OOA allows for better system partitioning and visualization igtanding of different circuit operational modes and allow for
designing complex systems. Moreover, C++ code is relativelfye development of state space equations for control purposes.
easy to maintain, reuse, and modify and allows for groups ‘Hhe simulation engine is specifically tailored for and controlled
programmers to work on separate parts of the code. Progrdwéhe instructional/learning module. The instructional/learning
written in C++ can be maintained and updated more easily am@dule, for example, can ask the simulation engine to simulate
addition of functionality to the code is relatively straightforwardn individual stage of the power converter independently.
with fewer risks of introducing errors. By using object-oriented The structure of the circuit simulation engine is shown
language features, codes comparable in efficiency to langualie$ig- 3. The state space equation generator automatically
such as Fortran can be written in C++, while saving valuabf®mputes equations corresponding to each circuit mode of the
implementation time due to the ease of code reuse and mai@wer converter based on a network list file similar to SPICE. A
nance [9]. switching sequence algorithm is then used to select the current

Using the OOA, the system is first decomposed into objectate space equation. This equation is based on the currents and
that represent the actual hardware implementation. These ¥ltages across the switches, which in turn are calculated by the
jects are then further decomposed into individual componeifllver using the control signals from the control engine. The
building blocks and implemented as classes in C++. The coHate space equations generated by the simulation engine can be
troller object consists of the DSP controller object and the Pw@ptionally transferred to an external Matlab/Simulink process,
timer object. The user interface objects consist of a collecti¥¥hich can then be used to simulate the motor drive circuit.
of objects such as scopes, waveform analyzer, and other graph- ,
ical user interface objects. The circuit object implements ttte DSP Control Engine
motor drive circuit simulation. The motor object implements the The DSP Control engine provides the interface for the circuit
3-phase brushless dc motor. A global timer object is createdsionulation and the DSP control board. The DSP control engine
control the simulation timing of the virtual system. performs and controls the following tasks.
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‘“l I g [ paran. for the DSP are employed to illustrate the effects of various

oty et |y mmoma By SEes PWM strategies. The outputs of the motor drive are observed
B 1A a [ ALGOAT r‘ : on the virtual instruments in the system. Students can observe
- that the “harmonic elimination technique” does yield fewer har-
monics in the output when compared with the other scheme.
T P Diagnostic Layer: This layer is designed to provide a
step-by-step understanding of the concept being addressed.
Fig. 3. Circuit simulation engine structure. A number of questions are asked in order to test the level of

understanding of the student. Depending on the performance,
1) Compiling and downloading of the user control codes {he trainee is allowed access to the next (deeper) level. Fig. 5
the evaluation module (EVM) board. shows an example of the diagnostic layer designed to address

2) Controlling execution of the control code on the DSP. the need for a deadband in the PWM signal generation. Every
3) Retrieving A/D signals from the circuit simulation engindiMe & wrong answer is encountered, the corresponding expla-

and passing them to the DSP. nation layer section is displayed to make sure that the concept
4) Passing control signal information calculated by the DIP Well understood before the next problem is given.
back to the circuit simulation engine. For the motor drive in Fig. 2, the learning modules cover

5) Retrieving control code variables on the DSP for displal}e Materials from the basic circuit operation—including circuit

Fig. 4 shows the DSP hardware in the loop structure in rel _r:)dgs ."ftmld SV\{{'tCr&ng 'prlr.10|plleds—tc|)3:/r\1/i/|dlgltal ct(')ntrol dteS|gn.

tion to the overall system structure [12]. € digital control design Inciudes generation strategies,
DQ transformations, and basic control loop concepts. Currently

the following main modules are available in the proposed vir-

tual learning system:

The instructional and learning modules are designed based on, three phase rectifier principles and operations;

the virtual learning system described earlier. All modules have . pw\ inverter principles and operations;

a similar structure, consisting of an explanation layer, an explo- . pryshless DC motor principles and operations;

ration layer, and an (instructional) diagnostic layer. An example . pasic digital closed-loop BLDC motor control theory;
will best illustrate these concepts. The example is based on the, pw\ generation technique including sine-triangle PWM

“VSI Motor Drive” subsystem. The basic operation of the in-  pysteresis current control PWM, and space vector PWM.
verter does not permit switches on the same leg to be closed %I the learning modules are in HTML format and can be

the same time. Furthermore, because of the finite turn-on t'@%played using the integrated HTML browser provided by the

and turn-off time of the power switching devices, the de&gngr plication environment. Optionally, these modules can also be

must provide a delay such that both power switches in one | . . S
of a converter are never closed at the same time. To accom 53 cessed via remote client applications such as Web browsers
' P&bther dedicated client programs.

this goal, a deadband is introduced in the PWM signals. The
following example submodule is intended to assure that a stu-
dent has mastered the principles involved in the need for tﬁe
PWM signals deadband. The example submodule includes thés explained earlier, the integrated virtual learning system
following. provides a realistic environment for students to experiment with

Explanation Layer: Basic concept of power devices turn-orthe power converter circuit. For this purpose, the virtual learning
and turn-offtime, operation of an inverter, different PWM stratesystem is equipped with different virtual instruments commonly
gies such as sine-triangle and harmonic elimination. found in a laboratory setup. These include virtual scopes, me-

Exploration Layer: Experiment with an inverter operationters, and spectrum analyzers. In addition to the virtual instru-
and observe its behavior through simulation and graphics. Figrngnts, the application environment is also capable of displaying
shows parts of the explanation and exploration layers as dise circuit modes of the power converter as shown in Fig. 7 for
played in the application browser. Different example prograntise rectifier circuit.

D. Instructional and Learning Modules

Graphical User Interface (GUI)
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Fig. 5. Example of a diagnostic layer.

Other graphical user interfaces included in the system are thetor control application. The explanation layer of the virtual
control code text editor, DSP code variable trace, and other clesarning system presents the learning material. The exploration
tomization tools. layer allows students to perform experiments using the virtual
test bed. Finally, the examination layer tests the students’ knowl-
edge.

The system can be effectively used as an alternative for a lab-

In this paper, we have presented the preliminary concepts toatory course for students or a hardware training session for
the development of a virtual learning system and the detailptacticing engineers. Through the use of the virtual environment
architecture of a virtual test bed for the design and control ofsabstantial cost savings are achieved, since the need for a labo-
voltage source inverter motor drive for a 3-phase brushless D&tory setup with hardware circuits and measurement equipment

[ll. CONCLUSION



KEYHANI et al: INTEGRATED VIRTUAL LEARNING SYSTEM 5

Sraimor  dew Gemscer Tobp Leamsgnoduls  Yirdks g

Ewd |-'-'\.u..i || Damohic Feouiion
| I_.lr el TP E |

1 Oernic irvanar Opeesion - E-pioisbae Loyt
Experiment with basic inverier topalogy:

1. Expmrumvent voaih oilvreni condomssd o of sl [
condiion

~ Tl ~Ta BASIC INVERTER OPFERATION
L]
m = I_ ™ I_
Eat JEL I;_'__':}'m oo L%
Cargest W olinges . | ..-':'-u
Vi = FVide s — d ] r—*--.___f
il 1 m ! i m ]
B0 gy s LD v | el ] BPS wovesgg |fobel? men F ---r-_ wE — r._ i r: i
..I L LI 11 L] ' | = | |
e n____ &K i 1
Figure 1, Baslc Three-phse lverier iapalogy
= - : i bagic thres-phass irsrier topology o the poewr
[ LS SNy Sy S couverien is shows in Fig, 1. The bsic operation of fhe
; J cetverier reguires thal bodly poiiches can oot be closed of the
[ | — pine e Ferthermone, rinos e b on G and ogs off
] l jim of ihe powar swiiching devices meed o finile amsousi

af

Fig. 6. Learning modules displayed in the application’s browser.

E e L = ST T L e lwar Ryas sdl Resn
| u
T R L T . 011

SEEEEEEEL o PRI

T tascn (T R TR
| o

T Vasmi]

Fromee | e |

| EFN|
= i i1
r—‘J—_ 1mEs |
i |
I Wwalism T |

P

1 v

Fig. 7. Virtual instruments and circuit modes.

is drastically reduced. Using appropriate device simulators, thisse virtual test bed that will then be used for introductory DSP
concept can be applied to a variety of learning modules eprogramming courses as well as for courses on electromechan-
ploying a DSP. ical systems. Students will develop their control code using the

We have experimented with this learning module with a smalirtual test bed and then test it with actual hardware attached to
number of students. We are planning to design a general-ptive DSP.
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