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The architectural requirements of an effective Virtual Control Laboratory (VCL) are described
from a generalized perspective that takes into account the objective of supporting flexible, active,
and discovery learning. It is argued that a Web-publishable VCL accessible via standard browsers
maximizes flexibility. A realization of the proposed architectural paradigm is presented in the form
of a VCL specialized for the control of a DC motor, organized in a modular fashion in terms of an
animation panel that provides a visual sensorial perception of the evolution of the state of the plant,
an interaction panel that allows the student user to change key parameters of the plant and
controller, and a navigation panel that consists of five tabbed windows. The windows can be selected
one at the time, and they present to the student a users' guide, information about the plant, a
description of the controller, as well as analysis and time-domain simulation results. The analysis
window includes all the classical results of linear control theory, including the characterization of
dynamic features such as the time-domain step response, the frequency-domain Bode plots, and the
location of poles and zeros. In addition, the DC-Motor VCL is able to yield analysis and simulation
results for open-loop as well as closed-loop configurations. A number of pedagogical scenarios
where the VCL can be used to the benefit of the students' learning experience are discussed.

INTRODUCTION

Engineering educators are increasingly interested
in developing tools that allow students to acquire
hands-on laboratory experience without necessar-
ily providing physical access to a building that
houses specific experimental equipment [1, 2].
These tools often take the form of software envir-
onments that are commonly referred to as virtual
or remote laboratories [1±6]. The software either
allows a user to interact with an experimental setup
located in another geographical location (i.e., a
remote laboratory) or uses numerical simulation
tools to emulate the behavior of an experimental
system (a virtual laboratory). Hence, the environ-
ment is a virtual control laboratory when the plant
is simulated via a mathematical model, and is more
properly classified as a remote control laboratory
when the interface allows the user to actually
manipulate and monitor a physical plant located
elsewhere. The appeal of virtual and remote
laboratory tools is largely due to the increasing
demand for active learning and flexible education,
and for the appeal of implementing techniques of
learning via discovery.

Active learning seeks to provide students with
opportunities to better integrate and reinforce
knowledge presented in the classroom, as well as
to acquire the practical know-how that is such an
essential component in engineering education.
Problem-based learning and hands-on laboratory
activities are good examples of active-learning
vehicles. In traditional educational settings, the
realization of an effective active-learning environ-
ment calls for intense levels of interaction with
experimental resources, and requires the coordina-
tion of the efforts and schedules of multiple
parties, including numerous students and pedago-
gical support staff. As a consequence, the effort
may be challenged by significant obstacles stem-
ming from logistical, organizational, and cost
concerns. On the other hand, such constraints
can be overcome by making available flexible
learning resources that meet the student's indivi-
dual needs and schedules. In particular, virtual and
remote laboratories offer substantial flexible
education benefits since they can be made acces-
sible to the students at any time and from any
location, features that cannot be easily matched by
traditional learning environments [7]. Further-
more, virtual and remote laboratory resources
can be combined with other flexible-education* Accepted 26 July 2005.
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tools, such as lectures offered via digital streaming-
video, for example, to maximize the degree of
flexibility of the learning environment provided
to the learners. In addition, another substantial
advantage of virtual and remote control labora-
tory tools is that they can be used to supplement
traditional teaching methodologies. For example,
they can be used during a traditional lecture to
show the students how to apply concepts presented
in class to a simulated or remote experimental
system. This approach imbues a classical lecture
with an active and flexible learning component,
thus strengthening the pedagogical value of the
lecture.

Another benefit of virtual and remote labora-
tories in education is that they promote discovery
learning. In this approach students are given access
to the laboratory with minimal instructions, and
are allowed to explore the systems for themselves
[8]. A virtual laboratory or a well-designed remote
laboratory can offer students a chance to explore
safely and easily the behavior of a system that may
be physically inaccessible.

Given the significant appeal of the engineering-
education benefits realized by virtual and remote
laboratories, it is not surprising that several
systems are already available on the Worldwide
Web (cf. [3, 9±12], among others). An early vision
for a virtual control laboratory architecture can be
found in [13]. The available systems address the
flexible hands-on learning paradigm at different
functionality levels, and with different degrees of
student interactivity. Some virtual laboratories,
especially those developed using commercial simu-
lation tools, can be easily customized to suit the
users' needs, but tend to show limited potential for
interactivity. For example, it is quite common that
a simulation run has to be stopped for the purpose
of changing controller settings or process para-
meters. Software plug-ins or expensive specialized
third-party software are also often required to
run the simulations. Another class of Web-based
laboratories attains a substantial degree of inter-
activity through the use of proprietary software
written by the laboratory developers in a formal
programming language such as Java. As a conse-
quence, these tools require knowledge of the
specific language adopted, and attempts to custo-
mize the environment to address specific needs of
the learner may involve substantial modifications
of source code. Therefore, these laboratories
are typically only developed for a specific and
restricted set of simulated or physical systems.
Another concern when using proprietary code is
that instances of the same laboratory developed
for different physical systems often have sub-
stantially different interfaces, requiring the user
to re-familiarized themselves with the tools made
available for each task. In summary, the typical
Web-based laboratories that are currently avail-
able seek to strike a reasonable trade-off between
user interactivity and usage versatility.

The objective of this paper is to define a general

architecture for a Virtual Control Laboratory
(VCL) and to demonstrate a realization of the
proposed vision in terms of a concrete example.
The VCL is a software environment specialized for
control engineering education, capable of avoiding
the trades-off present in existing Web-based
laboratories, and offering a single framework
that can easily be used to develop Web-based,
interactive virtual and remote laboratories for
deployment on a wide variety of systems and
scenarios. The tool should be able to provide
educational benefits in both flexible and tradi-
tional education, beyond those attained by existing
software controls laboratories. It should also
facilitate the developer's task of generating new
laboratory experiments through a modular design.

This paper is organized as follows. The next
section discusses the architectural requirements
that must be met by a virtual control lab, followed
by a section showing a realization of the proposed
architecture specialized for the control of a DC
motor. The section, `Pedagogical scenarios'
discusses pedagogical scenarios for deployment of
the VCL and concluding remarks are given in the
last section.

ARCHITECTURAL REQUIREMENTS FOR A
VIRTUAL CONTROL LABORATORY

General principles
The relative shortcomings of the virtual control

laboratories that have been proposed to date can
be overcome by conceiving a VCL architecture
that meets three general principles, namely, inter-
active Web-access capability, modularity of design,
and an intuitive and user-friendly interface.

We argue that a VCL tool should be capable of
deployment in the Worldwide-Web environment
using the standard Web browsers. The alternative
of using specialized client software renders the
VCL less flexible, since the user cannot access the
resources using only standard software that is
available in most computers. Hence, Web access
is the key ingredient in imbuing the VCL with
flexible learning features, making it possible to
accommodate each student's personal schedule.
Therefore, the software development environment
should support easy publication of the VCL on the
Web. Furthermore, the Web VCL tool should be
highly interactive, allowing the student to change
selected parameters and immediately observe the
effect of the changes. Such interactivity capabilities
are crucial for the success of the VCL because the
tool seeks to emulate experimentation activities
that would traditionally be conducted in a physical
laboratory where there is significant pedagogical
value in exposing the student to a learning-by-
doing environment.

Another crucial requirement for the VCL envi-
sioned here is that the source code should be highly
modular [14]. An instructor should be able to use
the VCL to quickly and easily develop a simulation
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and analysis environment for another system of
interest. This modularity is realized by developing
a framework where the interface used to set up the
analysis and simulation for one physical system
can be easily modified to set up the analysis and
simulation for a different system.

A third requirement for the VCL is that is
should have a user-friendly interface. In fact, the
student should find it easy to learn how to use the
Web-base laboratory if the tool is expected to have
substantial pedagogical value [15]. An excessive
number of instructions can interfere with the
discovery±learning process. It is therefore of para-
mount importance that the interface be intuitive. It
may be desirable to make the interface resemble
that of other software and hardware interfaces that
are already familiar to the user, in order to simplify
and accelerate the learning process. Another prin-
ciple regarding the intuitiveness of the interface is
that the same information should be deliberately
presented in several different formats, such as via
graphical animation, through displays on slider
bars, and also shown in a chart, for example.
Consistent use of color is recommended to help
the user quickly identify different representations
of the same data.

Specific architectural requirements
Specific architectural requirements that are of

central concern in the design of a VCL include the
following: (1) the ability to define and modify the
plant and the controller, (2) easy transfer from
open-loop to closed-loop operation by switching
the controller from manual to automatic mode, (3)
the inclusion of advanced analysis tools, (4) the
ability to support control synthesis tasks, (5) the
ability to produce open-loop and closed-loop
simulation of time-domain responses, (6) the inclu-
sion of versatile signal generators to produce
standard input signals, (7) the inclusion of anima-
tion to project a visual perception of the evolution
of the plant, (8) the ability to incorporate the
dynamics of sensors and actuators, as needed, (9)
embedded documentation and help-guides, and
(10) reporting capabilities.

As a specialized tool for control engineering, the
VCL must include two key components, namely a
physical system of interest (which is hereafter
denoted as the plant), and a controller. Examples
of plants typically considered for pedagogical
purposes in standard textbooks include a DC
motor, an inverted pendulum, a helicopter, and a
chemical reactor, among others. The plant model
may contain significant nonlinear dynamics. On
the other hand, unless the VCL is specifically
designed to illustrate nonlinear control theory,
from an educational perspective it is particularly
important to include a linearized version of the
plant model to enable the students to develop
experience with the systematic and well-under-
stood tools of linear control analysis and design.
In addition, the VCL should allow the user to
change the value of selected physical parameters

of the plant, such as the inertia of a DC motor or
the heat-transfer area in a chemical reactor, thus
allowing for the investigation of the different
dynamic-response regimes.

Examples of controllers include the ubiquitous
proportional-integral-derivative (PID) control
scheme, lead±lag control, on±off control, cascade
control, and optimal control, among others [16]
[17±23]. The user should be able to change key
parameters of the controller, for example, to adjust
the gain of a PID controller for the purpose of
carrying out tuning experiments. When pedagogi-
cally suitable, the user should be able to select
easily from a list of relevant control schemes. For
example, the user may choose to select a single PID
controller and proceed to evaluate its performance,
and then select a dual-PID cascade scheme for
evaluation and subsequent comparison with the
single-PID choice. In the case of multiloop control
schemes, the VCL should easily allow the user to
modify the selection of appropriate input±output
pairings. As in the case of the plant, the VCL
should make available to the user concise and
factual information about each control scheme
available. Since multiple control schemes may be
available, to avoid confusion it is important that
specific care must be taken to present the docu-
mentation to the user in a contextual fashion. In
other words, only PID-related information is
presented to the user when a PID controller is
selected. Analogously, only lead±lag-control docu-
mentation is presented when such a type of
controller is selected.

Another required feature of a VCL is that it
should enable the user to set the controller in
manual mode, allowing the user to test the
response of the plant to diagnostic input signals,
such as a step forcing or a sinusoidal excitation.
This situation is known as open-loop control
because the output of the process is effectively
disconnected from the controller. Alternatively,
the user may select a specific control structure
for deployment, in which case the plant is manipu-
lated in automatic mode by the controller, defining
a closed-loop control configuration. A key require-
ment is that the VCL should clearly and unam-
biguously show the user that the system is in either
open-loop or closed-loop mode. This can be
achieved by displaying a message in all the relevant
locations where it is important to distinguish
between the two modes. A supplemental solution
could involve the use of a different color for the
controller, or for the interface background, to
reflect the alternative modes. From a pedagogical
viewpoint, a still more creative solution would be
to present the user with a specific graphical rendi-
tion of the relationship between the manual
controller and the plant under open-loop opera-
tion, clearly showing that the output of the process
is no longer available to the controller. The VCL
would then switch to a different graphical repre-
sentation during closed-loop operation, perhaps
showing a signal-flow diagram that clearly
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connects the outputs of the plant to the automatic
controller and the outputs of the controller to the
input ports of the plant.

A most important concept taught in control
engineering is the process of analysis of both the
open-loop and the closed-loop systems. First,
under open-loop control the analysis studies
consist of revealing all the features of the plant
that are of dynamic relevance. For linear systems
the analysis task often involves the determination
of the plant poles and zeros, the characterization of
the frequency-response of the plant through
magnitude and phase diagrams in the form of
Bode or Nichols plots, as well as a characterization
of the time-domain response of the plant to step or
sinusoidal input signals implemented via the
manual-mode controller. The VCL should update
the poles, zeros, Bode plots, and all other analy-
tical characterizations immediately after the user
introduces any changes to the values of the plant
parameters. The open-loop analysis tools included
in the VCL should allow the user to classify the
plant as a stable or unstable entity, to assess its
level of damping, determine the value of its domin-
ant time constants and its bandwidth, etc. Second,
under closed-loop control the analysis task also
consists of producing a map of poles and zeros,
generating Bode or Nichols plots, and tracing
time-domain response curves; however, in this
case the results describe the entire loop created
between the plant and the automatic controller
rather than to only the plant. For example, a
classical closed-loop analysis task is the determina-
tion of whether the controller succeeds in defining
a loop that is stable, an issue that can be assessed
by inspecting the location of the closed-loop poles
on the complex plane. To realize its pedagogical
objectives, it is required that the VCL be able to
update the map of the closed-loop poles immedi-
ately after the user has made changes to the
parameters of the controller or after a new control-
ler structure is selected. Obviously, all other analy-
tical results should also be updated after such user-
defined changes occur in the controller and in the
plant parameters.

Another key concept taught to control engineer-
ing students is the process of control synthesis,
which typically consists of specifying an appropri-
ate control structure (say a PID or a lead±lag
scheme) as well as values of the parameters
included in the structure (such as controller gains
and tuning time-constants). Such specification
must meet specific closed-loop requirements, such
as the location of closed-loop poles, the degree of
overshoot, the settling time of the time-domain
response, etc. A requirement of the VCL architec-
ture is that it must allow the student user to carry
out synthesis work with the benefit of the ability to
quickly observe the effect of any changes made to
the controller and to quantify the resulting closed-
loop performance. Since the assessment of the
controller performance in closed-loop mode is in
fact an analysis task, the VCL should be able to

deliver a desirable control synthesis environment
whenever its analysis component meets the archi-
tectural specifications discussed in the preceding
paragraph.

It is of critical importance that the VCL enables
the student to carry out open-loop as well as
closed-loop simulations of time-domain responses.
Numerical simulation studies under open-loop
mode permit the characterization of the plant
dynamics through the observation of plots that
document the response produced by standard
input signals, such as step and sinusoidal excita-
tions. In addition, the closed-loop simulation
capabilities allow the student to observe the time-
domain effect of analytical features (such as the
effect of the closed-loop poles on the plant
response), as well as to assess the time-domain
performance of alternative control design choices.
The VCL should therefore include software
resources that solve differential equations using
robust numerical techniques, and have the ability
to cope with situations where the equations are
stiff.

The VCL must include a number of signal
generators that can inject appropriate types of
input at the user's discretion. These elements
should be able to produce standard signal patterns,
including constant, step, sinusoidal, ramp, and
pulse signals of different amplitudes and frequen-
cies. Making available a large palette of options
increases the versatility of the VCL, given that
certain problems require the use of less common
signals, such as saw-tooth patterns, and other
specialized input waveforms. In particular, the
signal generators are used: (1) to define set-point
signals that are fed to the controller under closed-
loop control operation, (2) to produce a user-
specified manual signal emanating from the
controller under open-loop operation, (3) to
inject a process disturbance signal as needed to
test a controller's ability to perform as a regulator,
and finally (4) to simulate the injection of noise
signals at selected points in the loop, in which case
it is necessary to produce appropriate white and
colored noise signals of a random nature.

A most desirable feature in a VCL is the
ability to present the user with the evolution of
the plant variables via two-dimensional or three-
dimensional graphic animation. For example, the
motion of a robotic arm may be shown in a
graphic form that gives the user the impression
that he/she is observing the movement as it would
occur in three dimensions, much as if the motion
were presented to the observer through a video-
camera image. As another example, the motion of
the indication needle in a pressure gauge can be
shown to reflect changes in gas pressure inside a
chemical reactor.

Although the plant and the controller are the
essential elements of the control loop, the VCL
should have enough flexibility to include other
components that are sometimes the focus of
significant pedagogical interest, such the case of
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sensors, power converters, and actuators. The
VCL architecture should also include a window
that reports error messages to the user, and
provides advice on how take corrective action.
For example, the user can be alerted with a
message that a negative integral time-constant is
not allowed in a PID controller, and advised to
specify an acceptable non-negative value. Finally,
even though the analysis tools of the VCL provide
the reader with plots and figures that characterize
the dynamics of the open- or closed-loop system, it
is of significant value to the user to allow for the
capability to export the data to a file that can later
be opened by another specialized utility, such as a
plotting program or a text editor. The export
feature should be conceived with a view to produ-
cing an archival file that contains an integral
report of the experiment, thus documenting the
values of the plant and controller parameters, the
structure of the controller, and the analysis results.

The VCL should include documentation that
presents the user with a fundamental description
of the plant and of the controller, including the
dynamic model used for analysis, along with a
clear description of the most important physical
parameters. Even when the interface is highly

intuitive, explicit instructions are necessary to
ensure ease of use. This is especially true as the
system being simulated or the controller type used
may not be familiar to beginner learners who stand
to gain the most educational value from the VCL
tool. In order to accomplish this, help documents
should be embedded directly in the virtual labora-
tory interface, making them conspicuous and easy
to access. The documentation should be complete,
and sufficiently concise and factual, and should be
presented from a perspective that is useful for
control engineering design and analysis. Inclusion
in the VCL of all relevant plant and controller
documentation as well as a users' guide contributes
to making the environment self-contained, and
hence more effective from the pedagogical point
of view.

For archival purposes, the VCL should include
reporting capabilities, including a print resource
that is easy to use, such as a button that responds
to a single computer-mouse click, hence enabling
the user to produce records of the results in the
form of a paper copy or as a graphical computer
file. In addition, it is highly desirable to include the
capability for exporting the results of a simulation
run to a file that in turn can be used as a source for

Fig. 1. Realization of a DC Motor Virtual Control Lab accessed by students using a standard Web browser. The interface presents
three distinct panels: (1) an Animation Panel (located on the upper left area) showing details of the DC motor under closed-loop
control, (2) an Interaction Panel (lower left) that allows the user to define the parameters of the plant and of the controller, and (3) a
Navigation Panel (right-half area) consisting of a series of five tabbed windows that contain different types of information as indicated

by the tab labels
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other specialized software tools, or for creating
report tables using word-processing software.

REALIZATION OF A VIRTUAL
CONTROL LABORATORY

Taking into consideration the architectural prin-
ciples and requirements given in the previous
section, the authors have developed a VCL frame-
work that can be accessed by students using a Web
browser. Figure 1 shows a view of the proposed
VCL inside a standard Web-browser window, as it
is presented to a student. In this case the plant
studied is a DC motor that is shown as an
animated graphics on the upper-left of the VCL
interface window. On the lower-left rectangle of
the window the user can define different physical
parameters for the DC motor, and can also select a
controller structure as well as specify all values of
the controller parameters. Finally, the right-half of
the screen shows five tabbed windows that contain
various types of information, including plant and
controller documentation, as well as the results of
analysis and simulation studies.

The DC-Motor VCL attempts to address many
of the key architectural criteria outlined in the
previous section, while seeking to strike a favor-
able a compromise between the perceived
advantages and disadvantages of the Web-based
laboratories discussed in the first section. The
following sub-sections describe specific details of
the proposed DC-Motor VCL, and discuss the
extent to which different features of the VCL
succeed in meeting the design standards.

Software platform for development
The example shown in Fig. 1 is a realization of

the Virtual Control Lab concept created using

National Instruments' LabVIEW software [24].
This software offers many powerful resources for
developing and maintaining a VCL, including ease
of creating standard interface controls, and a built-
in Web publishing capability. In addition, the
software provides a suite of recently released
resources that are useful for control-engineering
education, such as the NI LabVIEW Simulation
Module and the NI LabVIEW Control Design
Toolkit, which automate many of the analysis
and simulation tasks carried out by the VCL.
These advantages of LabVIEW, combined with
the option of programming using a graphical
language, make developing, maintaining, and
modifying the VCL a relatively simple and
straightforward task. Development and implemen-
tation alternatives for concepts analogous to the
VLC prototype proposed here are also possible
using the Java programming language, as
described in [25]; however, in that approach all
advanced analysis tasks must rely on calls to
external software packages.

Interface design based on three specialized panels
To provide the user with an organized and

intuitive access to the learning resource, an inter-
face consisting of the following three distinct areas
is proposed: (1) an Animation Panel, (2) an Inter-
action Panel, and (3) a Navigation Panel. Figure 1
shows an example of the interface, featuring the
three-panel structure. The Animation Panel
(located on the upper left region of the interface
window) and the Interaction Panel (located on the
lower left region) are permanently displayed,
allowing the observation of key features of the
system and the controller on a continuous basis,
emulating a perspective that the user would have
when running the equivalent experiment in a
physical laboratory. The Navigation Panel,

Fig. 2. Animation Panel and Interaction Panel showing (a) the controller set in Manual mode, (b) the controller set in Auto mode using
the angular position as the process variable used as feedback, (c) the controller set in Auto mode using the angular velocity as the

process variable used as feedback
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defined by the larger rectangular area located on
the right of the interface, is characterized by the
presence of five tabs that activate windows that
display different types of information.

Special care has been taken when creating the
content of the three panels to ensure an intuitive
interface. Whenever possible, standard dialog
buttons, input boxes, and tab panels are used,
and they are chosen to visually resemble those
found in standard home-computer software.
Thus, users have to learn only the specifics of the
laboratory experiment itself, avoiding the confu-
sion that may potentially be introduced when
adopting esoteric interface controls. The intuitive
nature of the VCL interface is also enhanced by
assigning to each input and output signal a distinct
color and, whenever possible, all interface elements
related to a given variable are characterized with
that variable's specific color.

Animation and interaction panels
The Animation and Interaction Panels are

closely integrated with each other, and it is there-
fore convenient to discuss them jointly. The
purpose of the Animation Panel is to give the
user a visual representation of the plant, along
with indicators that display two-dimensional or
three-dimensional motion. The purpose of the
Interaction Panel is to allow the user to define
plant parameters, and to adjust control parameters
as needed. Choices made by the user in the Inter-
action Panel (such as a change in the controller
state from Manual to Auto) trigger a change in
what is displayed in the Animation Panel. Hence,
the two panels are highly coupled. Figure 2 shows
an implementation of the Animation and Inter-
action Panels of the DC-Motor VCL.

The Interaction Panel in Fig. 2(a) shows a
situation where the controller is set in Manual
mode (see the area labeled `Controller Para-
meters'). Hence, the system is in an open-loop
configuration. In this case the Interaction Panel
also indicates that the motor inertia J has the value
of 1 kg-m2 (see the area labeled `Motor Para-
meters'). The Animation Panel of Fig. 2(a) shows
a controller linked with an electrical wire to the
input of a three-dimensional rendition of the DC
motor. In turn, the motor has an electrical connec-
tion to two sensors, namely velocity and position
indicators. The DC motor is represented using a
geometrical perspective consisting of a stationary
cylindrical body (the stator) connected to a rotat-
ing disk (the rotor). The disk rotates at different
speeds, and the motion is made visible to the
observer with the aid of bars painted on the edge
of the disk and a rotating ray drawn on the disk
face. An electrical wire connects the motor to the
angular velocity indicator represented by a speed-
ometer, and also to a round dial that displays the
angular position. These two output indicators
reflect the fact that in this DC motor control
problem either the angular position � or the
angular velocity ! may serve as the process vari-

able (PV), namely as the measured variable that is
eventually to be maintained at a set point by the
controller. Since the controller is set to Manual
mode in the Interaction Panel, in this case the
system is configured in open-loop mode and conse-
quently the Animation Panel shows that the input
wire representing the process variable (PV) is
disconnected from the indicators. When in
Manual mode, the student user can change at
will the output of the controller indicated in the
panel as the manipulated variable (MV), using
either the bias box in the Interaction Panel or
using a signal generator located in the Navigation
Panel that is discussed later in this section.

Figure 2(b) depicts a situation where the user
has used the Interaction Panel to switch the
controller to Auto mode. In this case the Inter-
action Panel shows that the student has specified
the angular position � as the chosen process vari-
able (PV), as indicated in the box labeled `MV to
PV pairing'. The system is now in a closed-loop
configuration where the angular position is the
process variable used for feedback control. The
structure of the loop is made obvious to the user in
the Animation Panel, where the controller input
wire labeled PV is connected to the angular posi-
tion indicator. The wiring scheme defines a closed
loop, hence serving as a visual aid to enhance the
student's awareness of the fact that the controller
is in the Auto mode of operation. Note the
appearance of a white needle on the angular
position indicator, representing the controller set
point. Likewise, a white triangular marker is
visible on the side of the vertical slide bar that
represents the angular position, also indicating the
value of the set point of the controller. Either the
white needle or the white triangular marker can be
moved to a different position using a computer
mouse, thus introducing a set-point change. Set
point changes can also be specified using a signal
generator located in the Simulation window of the
Navigation panel, as discussed later. The Inter-
action Panel shows the values of the proportional-
integral-derivative (PID) controller, including a
gain Kc� 1, an integral time constant � i� 0.8,
and a derivative time constant �d� 1. On a loca-
tion immediately to the left of the boxes that
specify the values of the integral and derivative
time constants, the user finds square buttons
drawn with a relief perspective, which can be
depressed via a computer mouse click to activate
the integral and derivative terms. The figure shows
that the integral-action term is turned OFF (which
has the effect of ignoring the numerically-specified
value in the � i box), and it also shows that the
derivative-action term is turned ON. In keeping
with the objective of maximizing interactivity, the
parameters shown in the Interaction Panel may be
changed at any time, even while a simulation is
running.

Figure 2(c) shows an alternative automatic-
control configuration specified by the user via the
Interaction Panel. In this case the selected process
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variable is the angular velocity !, as clearly shown
in the Animation Panel where the speedometer is
wired to the controller input port. Note that in this
case the white needle now appears on the speed-
ometer, identifying the value of the set point that
the user has defined for the angular velocity. Like-
wise, a white triangular set-point marker appears
on the vertical slider bar displays the value of the
angular velocity. Hence, the Animation Panel is
updated in an immediate fashion to reflect the
configuration defined in the Interaction panel.

Navigation panel and its tabbed windows
The Navigation Panel allows the user to access a

variety of pedagogical resources through a series of
five tabbed windows bearing the following titles:
(1) Information, (2) Plant, (3) Controller, (4)
Analysis, and (5) Simulation.

First, when the user selects the `Information'
tab, a window opens up in the Navigation Panel
displaying general information on how to utilize
the VCL environment. This window serves as a
users' guide that is embedded in the VCL, which
gives the student access to information without
leaving the interface. The text displayed is an
embedded portable-document file (PDF) that can
be scrolled down to reveal the entire contents of
the document. The Information window succinctly
describes the key features of the Animation, Inter-
action, and Navigation panels. In addition, the
window defines for the student a number of
control-engineering experiments that can be
carried out with the VCL, clearly stating the
objective of each experiment and suggesting a
sequence of steps that could be followed to
accomplish the stated goals. For example, one

experiment has the objective of characterizing the
open-loop step response of the DC motor. The text
suggests to the users that they proceed by putting
the controller in Manual mode, exciting the plant
with a step change in the manipulated variable,
and then identifying key features of the response of
the process variable observed in the Simulation
window of the Navigation Panel. Note that the
choice of embedding a standard PDF document
format in the window gives the user familiar access
to the help documents directly from the VCL, and
allows a developer to create the needed documents
using standard tools that are in widespread use.

Second, selection of the `Plant' tab brings up a
window that displays an embedded PDF file
containing information on the dynamics of the
DC motor. The Navigation Panel of Fig. 1 shows
that the Plant window presents the user with two
transfer functions that describe the relationship
between the applied driving potential u (the
manipulated variable) and each of the two vari-
ables that can be of interest, namely the angular
position � and angular velocity ! (the process
variables). Using the scroll bar located on the
side of the window, the user can display the
remainder of the text, which describes how the
transfer-functions are derived from the mechanical
and electrical differential equations that define the
dynamics of the motor. It also shows how the
modeling equations can be written in a standard
state±space form.

Third, the `Controller' tab activates a window
that displays an embedded PDF file with informa-
tion about the different controllers that are avail-
able to the user. In the case of the DC-Motor VCL,
the Controller window reviews the key principles

Fig. 3. Navigation Panel showing the Controller window selection. An embedded PDF file describes the features of the controller,
while the frame on the right-column shows the controller transfer function as well as the location of its poles and zeros
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of PID control theory, as shown in Fig. 3. The
document describes the differences between the
Manual and Auto modes of the controller, intro-
duces the classical transfer function of an ideal
PID controller, describes a practical realizable
version of the PID law, and discusses the effect
of the different tuning parameters of the controller.
The window also shows the numerical coefficients
of the numerator and denominator polynomials
that define the transfer function of the controller
(see the frame entitled `Current Controller').
These coefficients are immediately updated when
the controller parameters are modified by the
user in the Interaction Panel. In addition, the
Controller window shows a map of the location
of the poles and zeros of the controller transfer
function.

Fourth, the `Analysis' tab displays a window
that contains the classical analysis tools supported
by control-engineering theory. As shown in Fig. 4,
this window contains (1) a transfer function show-
ing numerical values for all the coefficients of the
numerator and denominator polynomials, (2) a
plot of the time-domain response to a unit-step
input excitation, (3) a map showing the location of
poles and zeros on the complex plane, and (4) a
Bode plot that provides frequency response infor-
mation. When the controller is in Manual mode,
the information displayed in the Analysis window
refers only to the plant. In that case the system is in

open-loop mode, and the DC motor is devoid of a
feedback connection to the controller. Hence, the
transfer function, step response curve, pole-zero
map, and the Bode plot refer to the dynamics of
the DC motor. On the other hand, when the
controller is set to Auto mode, the information
displayed in the Analysis window refers to the
closed-loop transfer function relating the set
point of the controller to the process variable
(either � or !, as defined by the user in the
Interaction Panel). Hence, in this case the transfer
function, step-response curve, pole-zero map, and
the Bode plot describe the dynamics of the closed-
loop established between the DC motor and the
PID controller. Hence, the information shown in
the Analysis window is synchronized with the
user's choice of Manual or Auto control modes
in the Interaction Panel. In that sense, the Analysis
window is a contextual window, showing different
analysis results depending on whether the system is
in open-loop or closed-loop mode. As shown in
Fig. 4, the Analysis window clearly displays a
message indicating whether the system is in open-
loop or closed-loop mode, hence ensuring that the
user correctly interprets the contextual analytical
results presented. The maximum and minimum
values for the horizontal and vertical axes of any
graph in the window can be easily adjusted by
simply clicking on the corresponding tick mark
and typing in a new value. This feature gives the

Fig. 4. Navigation Panel showing the Analysis window selection. The results include the unit-step response, Bode plot, pole-zero map,
and the transfer function of the plant given that the system is in open-loop mode, as indicated by the message across the top of the

window. Equivalent results are presented by the Analysis window when the system is switched to closed-loop mode
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user great flexibility in adjusting the scale of the
graphs, as needed to reveal features of interest.

Finally, the `Simulation' tab of the DC-Motor
VCL brings to the front of the Navigation Panel a
window with a graph showing the results of a
numerical simulation that describes the response
of the angular position � and angular velocity ! to
a user-selected input. This is also a contextual
window. More specifically, when the controller is
in Manual mode, the graph describes the open-
loop responses of the plant to a user-specified
driving-voltage input u, in the absence of feedback
control. In this case the user can change the driving
voltage signal by selecting an excitation from the
Signal Generator appearing in the Simulation
window (see bottom half of Fig. 5). The signal
options available in the DC-Motor VCL include a
constant or sinusoidal signal, as well as a saw-
tooth and a pulsed waveform. An alternative
scenario is when the controller is switched to
Auto mode and the system is therefore configured
in closed-loop mode. In this case the user can
change the set point of the controller by selecting
an excitation waveform from the signal generator.
In contrast to the previous case, the values of the
driving voltage are now dictated by the PID
control law, reflecting the fact that the controller
feedback path is active during closed-loop opera-
tion. The numerical response of the plant or of the
closed loop to the selected excitation is computed
using a fourth-order Runge±Kutta integration

algorithm. All the signals of relevance are
displayed in the graph using lines of different line
types and colors. The maximum value of the time
axis can be easily changed by selecting the corres-
ponding tick mark and typing a new value. In
addition, the slider bar located below the graph
allows the user to display previous traces that are
no longer visible in current plot scope (cf. Fig. 5).
The window also has a button labeled `Run' that
starts the numerical simulation task when it is
depressed. The button label then turns to `Stop',
and serves to terminate the calculations whenever
it is pressed. A button entitled `Clear Chart' allows
the user to erase all the traces. Finally, a button
entitled `Export' allows the user to create an ASCII
file that contains all the results of the simulation
calculations, as well as a summary of the relevant
parameters that describe the plant and the control-
ler. As in the case of the Analysis window, a
message is clearly displayed, indicating whether
the system is in open-loop or closed-loop mode,
hence ensuring that the user can correctly inter-
pret the simulation results presented. The simula-
tion window is conceived to allow the user to
make changes in the Interaction Panel while a
numerical simulation is taking place. All changes
are immediately accepted by the simulation
resources, without requiring the user to stop a
run in progress.

The authors have found that the use of a tabbed-
window format for the Navigation Panel provides

Fig. 5. Navigation Panel showing the Analysis tab selection. The graph displays the traces of all the relevant variables, and the signal
generator allows the introduction of set-point changes
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an intuitive method for organizing different
aspects of the VCL. On the other hand, the use
of an excessive number of windows appears to be
counterproductive, given that the user can be
confused or overwhelmed by a large number of
options. In our opinion, restricting the number of
tabs to only five appears to be a compromise that
successfully resolves the competing need for a
simple, elegant interface, and the need for
displaying large amounts of relevant analysis
and simulation results as well as documentary
information.

Publication and deployment on the Worldwide
Web

LabVIEW has built-in Web publishing capabil-
ities that in principle make the software develop-
ments Web-accessible via a simple command. This
creates one hypertext instance that can be accessed
by one student at a time using a Web browser. On
the other hand, in a teaching environment it is
necessary to permit multiple users to have full
access to the VCL at the same time. This can
easily be accomplished by creating a common
gateway interface (CGI) front end that, upon
request, produces replicas of the VCL and runs a
copy for each connected user. To minimize the use
of storage resources, the CGI must also remove
any VCL copies that are no longer in use. An
effective CGI can be created using LabVIEW,
which is the alternative selected by the authors,
or could be written using traditional languages
such as Perl [26]. An extensive discussion of
technical alternatives is presented in [27].

In order to make available on a Web browser
window all the interactive features of DC-Motor
VCL created by the authors, it is necessary to
install the LabVIEW Run-Time Engine in the
remote computer. This engine is available as a
free download that in turn installs an appropriate
browser plug-in that is of critical importance to
ensure an interactive interface. Fortunately, when
a student attempts to use the VCL for the first
time a dialog message appears if the Run-Time
Engine plug-in is not installed, and the user is
prompted to download and install the required
executable file. On the other hand, the need for a
plug-in solution, common to many interactive
virtual or remote laboratories, reduces the flex-
ibility of the learning environment because the
students are constrained to using computers on
which they have the appropriate permission to
install a browser plug-in.

The Web-based DC-Motor VCL is designed to
support a high level of interactivity with the
student user. The user can change controller and
plant parameters, select alternative process vari-
ables for control purposes, establish an open-loop
or closed-loop mode of operation, change the
ranges of all the horizontal and vertical axis on
the analysis plots, launch simulation studies, and
change set points. In this fashion, the proposed

tool satisfies a key structural requirement, namely,
the attainment of a highly interactive interface via
a Web-browser window.

Modularity other software design details
LabVIEW routines and their interfaces are

stored in files referred to as virtual instruments
(VIs). The actual functions that define the
plant and controller are stored in sub-virtual-
instruments (subVIs) in LabVIEW. The DC-
Motor VCL is conceived in a highly modular
fashion designed to enable an instructor to reuse
the software to design another VCL. The instruc-
tor would proceed to first change the icons in the
Animation Panel to reflect the physics of the new
plant. Second, a state±space realization of the
transfer function describing the relationship
between the input variable and the manipulated
variable must be coded into the hidden LabVIEW
wiring diagram associated with the Simulation
Panel VI. Third, the input boxes used to define
plant parameters in the Interaction Panel VI are
wired to their corresponding entries in the transfer
function, so that any parameter changes are imme-
diately reflected in the simulation. Fourth, updated
PDF files are embedded in the Information and
Plant windows of the Navigation Panel VI, respec-
tively describing the new VCL experiment and its
plant. A subVI is used to define information
common to multiple VIs, such as variable names,
for example, so that the framework can automati-
cally update all the interface elements in the
Navigation Panel to reflect the current system
without any effort on the part of the developer.
The developer would change the minimum and
maximum values of the percentage scale used in
the graph of the Animation Panel. Other smaller
tasks may be involved in the process, such as
adding or eliminating new plant-parameter boxes
in the Interaction Panel, and rearranging the
buttons, boxes, and other icons to produce an
esthetically pleasing interface. Finally, the result-
ing VCL can be published for Web access. In this
fashion, the resulting modified VCL and its origi-
nal counterpart will have a common interface, each
one customized in terms of animation and labels
that reflect the physics of their respective plants.

The development takes advantage of the NI
LabVIEW Simulation Module to calculate
closed-loop time-domain responses. It is straight-
forward to configure the simulation to allow the
user to implement changes to the plant or to the
controller as a simulation is in progress, hence
avoiding the need to restart a run whenever control
or process changes are made. This behavior is
obtained by conducting the simulation over a
series of successive finite periods of durations
larger than the integration step size used by the
simulator. Data decimation used to report the
results at pre-specified intervals, and an update
of the plant and controller parameters is done
at the end of each finite period so that user-
defined changes can be quickly recognized by the

Crisalle et al.1144



simulator. We have found that a Runge±Kutta
algorithm of order four with a fixed step size [28]
is an adequate solver for the differential equations
that describe the dynamics of the DC motor.

PEDAGOGICAL SCENARIOS

The VCL can be used in a number of pedagogi-
cal scenarios conceived to take advantage of the
benefits of active learning, flexible learning, and
learning via discovery.

A first scenario of interest is the use of the VCL
during a traditional lecture to illustrate a particular
control-engineering concept. For example, the
instructor could use the VCL closed-loop capabil-
ities to show the students how the offset character-
istic of proportional-only controllers can be
reduced by choosing larger absolute values for
the controller gain. The instructor could then
show how at the point of ultimate-gain the benefits
of reduced offset begin to erode due to the onset of
an undesirable persistently oscillatory response.
The students would then observe animated
evidence of how even larger values of the controller
gain lead to instability. Other examples of concepts
that can be illustrated are the effects of time
constants on the plant time-domain response and
on the frequency-domain bandwidth, the relation-
ship between pole locations and stability, and the
effect of open-loop zeros on the time-domain
response of the plant, among many others.

The instructor can choose to present the VCL
demonstration either before or after the control
engineering concept in question is treated in the
lecture. Presenting the VCL demonstration before
the lecture discussion gives the students a strong
motivational incentive to develop a curiosity for
the problem, and helps them to identify the key
technical problems that need to be addressed by
the theory. The ensuing lecture discussion of the
topic, presented on the blackboard or via other
traditional delivery methods, such as using view-
graph support, is likely to be more successful in
keeping the students focused on the problem
because they have already acquired relevant
experience on the problem through the VCL.
Alternatively, the instructor may choose to
conduct a VCL demonstration after the topic has
been presented on the blackboard. In this case the
VCL provides an opportunity for reinforcing the
knowledge gained, providing visual experience in
the form of two-dimensional or three-dimensional
animation and simulated signal graphs that help
the students make cognitive links between asso-
ciated concepts that often appear more abstract in
nature when presented on the blackboard.

A second scenario of interest is the use of the
VCL in the context of informal cooperative learn-
ing exercises in the classroom [29]. Using well-
established techniques the instructor directs the
students to organize themselves in small working
groups, and defines the goals of a pre-planned

exercise that needs to be solved cooperatively by
all the students in the group [29] with the
assistance of the Web-accessible VCL. Examples
of exercise activities include tuning controllers,
identifying the order of a plant from an open-
loop step response, finding the ultimate gain of a
proportional-only controller, etc. These activities
fall under the categories of discovery and active
learning.

A third scenario is the use of the VCL to support
formal cooperative exercises [29], also known as
group projects. In this case the students are given a
long-term assignment that involves several inter-
mediate steps, culminating with a comprehensive
final report. In this case the VCL would be used to
provide support for the completion of the inter-
mediate steps, such as modeling the plant, char-
acterizing its frequency-domain properties,
comparing and contrasting the frequency-domain
and time-domain performance of alternative
control schemes, and validating the stability of
proposed control design in terms of closed-loop
pole maps. These activities also fall under the
category of discovery and active learning.

A fourth scenario is the use of the VCL as a
support tool for homework assignments. The flex-
ible nature of the VCL and the comprehensive
nature of its analysis and simulation resources
can effectively support the instructor's plan for
engaging the students in active learning while
completing homework assignments. All aspects of
modeling, analysis, design, and simulation can be
addressed with the aid of the VCL as a supple-
mental learning resource. In this case, the VCL is
used to support active learning.

Finally, from a pedagogical viewpoint the
instructor may find it advantageous to expose
students to new concepts in a sequential fashion.
The modular structure of the VCL framework
allows the instructor to enable only selected parts
of the software, thus preventing the students from
experimenting prematurely with advanced
features. For example, students could be presented
with a VCL version where the controller is locked
in Manual mode, and where the Simulation
window is enabled. The student are then asked to
excite the plant with diagnostic input signals, such
as steps and sine waveforms, and use the resulting
response to produce and validate a plant model.
Once this task is completed, the instructor can
release a version of the VCL that is identical,
except that the updated version allows the control-
ler to be switched into Auto mode. The new
assigned exercise could consist of tuning the
controller by selecting appropriate parameters
and assessing the resulting closed-loop response
using the Simulation window.

CONCLUSIONS

The key elements required in an architectural
description of a VCL have been identified as a
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conceptual guide for developing tools that success-
fully meet the needs of flexible and active learning.
An example VCL specialized for the control of a
DC motor meets most of the architectural require-
ments, realizing a high level of user interactivity
while remaining a versatile modular platform that
can be modified to accommodate other plants.

Although the DC-Motor VCL represents an
effective and elegant realization of the proposed
VCL paradigm, it does not necessarily satisfy all
the desired architectural features. One conceivable
shortcoming is the need to install an appropriate
browser plug-in, which reduces the tool's ability to
provide service to all Web-enabled client compu-
ters. This, however, is a common limitation of
interactive Web-based systems, and the plug-in
alternative selected in the DC-Motor VCL is a
good compromise within the context of the
currently available technology.

In contrast to the case of other virtual labora-
tories created using specialized programming
languages such as Java, the DC-Motor VCL
presents the student with a wide array of analysis
and simulation options without making external
calls to other supporting pieces of software. In that
sense, the VCL is a self-contained tool because it
does not require that either the student's machine

or the Web-server computer maintain external
control-engineering support software. All the
numerical simulation computations, analysis
calculations, interface management, and Web-
interactivity support tasks are carried out by a
single software tool, namely LabVIEW.

Finally, even though developed on a proprietary
software platform, the proposed DC-Motor VCL
offers a very high level of user-interactivity while
preserving the ability to allow the instructor to
customize the base-case design to suit other physi-
cal plants. The modular structure of the VCL
allows a developer to create new simulations that
take advantage of the features and interface of the
framework proposed. It is possible to model a wide
range of plants without sacrificing any of the
interactive features of the virtual control lab. The
reusability of the DC-Motor VCL described here is
fairly straightforward when the new plant of inter-
est has only one manipulated variable and either
one or two process variables. An extension to the
case of multiple-input/multiple-output (MIMO)
plants using an analogous procedure is easily
envisioned provided that the instructor has avail-
able a base-case MIMO VCL that complies with
the architectural constraints described in the
second section.
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