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Abstract—This paper presents a framework for rapid remote
experiment implementation in the field of automatic control. The
proposed solution is based on in-house developed embedded con-
trol hardware and two commercially available software packages.
MATLAB/Simulink is used for rapid experiment control algo-
rithm development, while LabVIEW is used for the user front-end
and remote control. A combination of presented hardware and
software solutions enables the rapid and easy creation of different
interactive remote control experiments. Using this solution, a
digital-signal-processor-based remote control laboratory for
teaching purposes has been realized. This remote laboratory en-
ables the remote users to easily interact with a set of physical
control experiments through the Internet. In the friendly user
interface, the remote user can change predefined system param-
eters and observe system response in textual, graphical, or video
format. In addition, this remote laboratory includes a booking
system, which enables remote users to book experiments in
advance.

Index Terms—Automatic control, booking system, dc motors,
digital signal processor (DSP), embedded systems, engineering
education, LabVIEW, MATLAB, real-time workshop (RTW),
remote laboratories, simulink.

I. INTRODUCTION

FFICIENT learning in the engineering field requires a

mixture of theoretical and practical exercises. Therefore,
laboratory experiments play, and will certainly play, an im-
portant role in control-engineering education [1]. During ex-
perimental work, students become acquainted with real-world
features and gain experience and knowledge, which cannot be
obtained by just using simulations. Although classical hands-
on laboratories are very useful and educational, they have many
limitations regarding space, time, and staff costs. They are
usually fully occupied, and students have to conclude their
research within the time that is allotted for experimental work.
The problems with traditional classical laboratories can be
avoided by using remote experiments and remote laboratories.
In remote experimentation, students operate with the real sys-
tem, although they are not physically present in the laboratory.
Such a solution presents a cost-effective way of opening up
a laboratory for students 24 h a day. The remote users can
conduct their experiments by accessing the laboratory when
they most need it and from a remote location that is more
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comfortable to them. Remote laboratories are mainly used
within the academic field to enhance classroom lectures, share
research equipment, and supplement the learning process. In
the majority of existing solutions, remote users can change
system parameters, execute experiments, observe results in text
or graphical view, and download the experimental results. In
addition to these capabilities, some remote laboratories also
include a booking system, which helps the remote users to
organize their time and activities. Currently, a great deal of
available remote experiments and laboratories come from the
area of remote measurement, while the minority of them also
covers automatic control. In this paper, only solutions from the
latter are taken into account.

Following one from the first remote laboratory that was
developed in 1992 by Stanford Center for Innovations in Learn-
ing, a variety of different approaches have been proposed for
developing remote experiments or remote laboratories in the
field of control engineering education [2]-[10] and telerobotics
[11]-[14]. In many cases, authors have burned up much energy
trying to find a simple solution, where only a standard Web
browser is needed by the remote user, in order to perform
remote experiments [2]-[6]. In some other solutions, the re-
mote users must download a special program, thus enabling
remote control [7], [8]. In the majority of cited remote control
experiments, remote users can run an experiment and adjust
the process or controller parameters from a set of predefined
parameters. In a Web-based laboratory for a two-degrees-of
freedom helicopter [2], for example, the remote user can select
among four different predefined controller types. An interesting
and advanced remote laboratory has been presented by the
members of Siena University [3]. The Automatic Control Tele-
lab (ACT) enables students to choose a control law, change the
control parameters online, and even design their own controller,
simply through the MATLAB/Simulink environment. Using
ACT, the remote users can design a custom controller and
reference signal on a local personal computer (PC) and, after
successful simulation, upload it to the ACT server and verify it
against the real process.

Although remote experiments seem to be very useful and
educational, much hard work is needed when setting them
up. Designers must be acquainted with different tools and
technologies, such as the Web server’s operation, Java pro-
gramming, Common Gateway Interface script’s principle of
operation, and Internet communication. Because of this broad
but necessary knowledge, remote experiments are rarely present
as a supplement in undergraduate courses. In this contribution,
a framework for rapid implementation of remote experiments in
the field of automatic control is presented. Using the presented
solution, remote experiments can be realized quickly, easily,
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Fig. 1. DSP-2 rapid control prototyping solution.

and with only a basic knowledge of two of the electrical
engineering world’s leading software packages. The proposed
solution (Fig. 1) is based on a DSP-2 control system’s hardware
that was developed by the Faculty of Electrical Engineering
and Computer Science (FERI), University of Maribor; soft-
ware packages MATLAB/Simulink from MathWorks Inc.; and
LabVIEW from the National Instruments Company. MATLAB,
Simulink, and Real-Time Workshop (RTW) are used for con-
trol algorithm development, simulation, offline analysis, and
rapid executable code generation, while the LabVIEW serves
as the user front for data visualization and parameter tuning
and, via LabVIEW Remote Panels technology, for remote
operation.

This paper is organized as follows: Section II presents a brief
hardware description of custom-made digital signal processor
(DSP)-based control systems. Section III contains an overview
of the rapid control prototyping support and data visualization
solution for the mentioned DSP-2 control systems. This section
includes an overview of a Simulink library, which enables easy
programming of DSP-2 control systems using Simulink, and a
short description of the LabVIEW toolkit for the DSP-2 control
systems. Section IV contains an overview of the realized “DSP-
based remote control laboratory” [15]. Section V describes
example remote applications, which are available on a remote
laboratory Web page. Finally, conclusions and future work are
stated in Section VL.

II. DSP-2 CONTROL SYSTEMS

All DSP-2 control systems are based on a DSP-2 controller
[16] that was developed at FERI. The key components of the
DSP-2 controller are the Texas Instruments (TI) TMS320C32
floating-point processor, which is used for control algorithm
execution; the Xilinx field-programmable gate array of the
Spartan family, which implements the pulsewidth modulator
(PWM); and onboard peripheral interfaces. In addition, the
DSP-2 controller contains all the necessary peripherals, for ac
and dc motor control i.e., analog-to-digital and digital-to-analog

-power converter
-etc.

DSP-2 controller

40 pin connector

Physical plant

Fig.2. DSP-2LM.

converters, a three-phase PWM, an optically isolated digital
input/output (I/O), interface for the incremental encoder, ran-
dom access memory, Flash read-only memory, and Controller
Area Network (CAN) chip. Two different types of control
systems have been developed based on this controller. These
control systems are mainly used during education processes and
are briefly described in the following sections.

A. DSP-2 Learning Module (DSP-2 LM)

The DSP-2 LM that is shown in Fig. 2 was developed from
a desire to offer students a powerful and universal learning sys-
tem. The learning module is composed of the DSP-2 controller
and an additional board, where the power supply and expansion
connector take place, for important DSP-2 I/O signals. The
DSP-2 LM is versatile, light and small, handy, and an easy-
to-use learning system. In combination with a laptop computer,
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Fig. 3.

DSP-2 RC.

it represents a mobile rapid control prototyping system that is
appropriate for hands-on experiments or in-class demonstra-
tions. The developed learning module is plant flexible, because
a variety of in-house developed plants or plants from different
manufactures can be connected to the module through its
40-pin expansion connector (Fig. 2). DSP-2 LMs are used
during different control courses that were performed at FERI, as
well as in a DSP-based remote control laboratory, as described
in this paper.

B. DSP-2 Robotic Controller (DSP-2 RC)

The DSP-2 RC [17], as shown in Fig. 3, is another control
system that is based on the DSP-2 controller. The DSP-2 RC is
composed of the DSP-2 controller and a DSP-2 add-on robotic
board. The DSP-2 RC contains all the necessary peripheral for
four-axis robot control, i.e., this system has 16 digital inputs,
eight digital outputs, four analog inputs/outputs (+10 V), and
four incremental encoder interfaces. The DSP-2 RC can be
connected to the development computer via USB or Ethernet
connection.

III. CODE GENERATION AND DATA VISUALIZATION
SOLUTION FOR DSP-2 CONTROL SYSTEMS

Code generation and data visualization solution for DSP-2
control systems are based on two well-known commercially
available software packages, i.e., MATLAB/Simulink and
LabVIEW.

A. Rapid Control Prototyping Support for DSP-2
Control Systems

In the desire for rapid control prototyping support of DSP-2
based control systems using MATLAB/Simulink, the so-called
“DSP-2 Library for Simulink™ [18] has been developed. This
DSP-2 library is a Simulink add-on toolbox, which contains a
set of Simulink device driver’s blocks (Fig. 4) for all available
I/0 ports of DSP-2 control systems (DSP-2 controller, DSP-2
LM, and DSP-2 RC). The DSP-2 library contains blocks for
analog /0O, digital I/O, and incremental encoder and blocks
for communication between a PC and the DSP-2 system. In
combination with the Simulink, RTW, and TT Code Composer,
the DSP-2 Library for Simulink enables developers to model
control or signal processing applications in the Simulink block
diagram environment and, after successful simulation, verify
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the designed algorithm on one of the DSP-2 control systems
that are connected to the physical system. The code generation
tool chain includes an RTW for automatic ANSI C code gener-
ation from Simulink models and TI Code Composer for binary
executable code generation from an automatically generated
C code. All the DSP-2 device driver blocks are supported by an
RTW Embedded Coder; therefore, the generated code is highly
optimized in performance and space. More information about
the DSP-2 Library for Simulink and code generation process
for DSP-2 systems can be found in [18] and [19].

B. Data Visualization and Parameter Tuning Solution

A stand-alone program DSP Terminal [19], [20] and a
LabVIEW toolkit named ComVIEW [21] have been developed
to serve on-the-fly data visualization and parameter tuning
tasks for the DSP-2 control systems. The ComVIEW toolkit
enables rapid LabVIEW user-interface creation for the selected
Simulink model. When the DSP-2 embedded target is selected
in the Simulink model and LabVIEW with the mentioned
toolkit is installed on the development PC, a LabVIEW virtual
instrument (VI) is automatically created from the ComVIEW
template VI during the binary code generation (Fig. 1). After-
ward, the created VI can be fully modified by the end user.
A ComVIEW template contains an empty front panel and a
fully functional block diagram. The block diagram implements
functions for VI initialization, executable code download to the
DSP-2 control system, functions for transmitting and receiving
messages between the development PC and the DSP-2 system,
and other low-level routines.

During VI creation, numerical controls and indicators are
automatically added to the ComVIEW template front panel,
where the number of controls and indicators depends on the
number of DSP-2 global variables blocks that are used in the
Simulink model. Links between DSP variables and VI front
panel objects are established programmatically using the DSP
Connection Manager window (Fig. 5). This window appears on
the PC immediately after the downloadable binary code starts
executing on the DSP-2 control target. Using mouse clicks,
the user can create links between the VI front panel indicators
and the DSP-2 output variables, and links between the VI
front panel controls and the DSP-2 input variables or DSP-2
parameters. When these links are set, a communication link
is established between the VI running on the PC and a code
executing on a DSP-2 control system. Whenever the controls
on the VI front panel are changed, LabVIEW automatically
downloads them via a communication link to the DSP-2 system.
At the same time, all the retrieved DSP-2 output variables
are read from the PC communication port (serial, USB, or
Ethernet) and displayed on an appropriate numerical indicator.
In addition, ComVIEW also provides scope capabilities. In
the scope mode, a small portion of the code running on the
DSP-2 controller handles data acquisition (DAQ) and storage
management. The selected DSP-2 global variables are, first,
captured and then stored in the temporary controller memory.
After that, the captured data are transferred to the VI running on
the PC and graphically presented in VI graphs. For those vari-
ables to be captured, ComVIEW menu options enable setting
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Fig. 4. Simulink device driver block sets for DSP-2 control systems.
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the number of samples and decimation and trigger parameters
including selection of the trigger signal, trigger level, slope, and
the number of presamples.

be placed on the laboratory PC; however, in this solution, they
are placed on the separate server, because they are part of the
faculty course management system. DSP-2 control systems are
connected to the laboratory PC, which is, in turn, connected to
the Internet (Fig. 6). The control systems implement a control

IV. DSP-BASED REMOTE CONTROL LABORATORY algorithm that was developed using Simulink and, through the

The hardware and software components that were described
in the previous sections provide a framework for a rapid remote
control experiment development process. Using this solution,
a DSP-based remote control laboratory has been successfully
realized. This remote laboratory, which is available in [15], is
composed of DSP-2 control systems, laboratory PC, and an ad-
ditional server for laboratory Web pages and a booking system
(Fig. 6). The laboratory Web pages and a booking system could

analog and digital I/O signals, drive the real process. At the
same time, the VI for individual experiments and the LabVIEW
server are run on the laboratory PC for the purpose of enabling
remote control. Individual VI performs data exchange between
the DSP-2 control system and the laboratory PC, while the
LabVIEW server enables remote operation of this VI. Virtual
instruments are published on the Web using the LabVIEW
built-in Web Publishing Tool. When using this tool, LabVIEW
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front panels can be quickly and effortlessly published on the
Web without additional programming [22]. Once the VI is
published, anyone on the Web, with proper permission, can
access and control an experiment using the standard Web
browser. When a remote viewer enters an appropriate Uniform
Resource Locator (URL) address, the LabVIEW front panel
appears in the Web browser. Once the user has been granted
control, the graphical user interface controls become active, and
running the LabVIEW application is like running the appli-
cation from the local environment. During remote experiment
execution, the remote user can adjust the controller parameters
and observe process output values in textual or graphical mode.
LabVIEW Remote Panels include an algorithm that allows
only one user to take control over the remote experiment.
When one client is controlling the remote experiment, the other
remote clients are able to monitor the actions of the controlling
client. When another client requests control, the controlling
client is notified that control time has now become limited.
Once timeout occurs or the controlling client releases control,
application control is automatically switched to the requesting
client [22].

A. Booking System

Although Remote Panels include an algorithm to prevent
control access conflicts by different remote users, the cur-
rent solution does not provide booking possibilities. The pre-
sented remote laboratory introduces a booking system based
on the Moodle course management system (www.moodle.org).
Moodle is a widely adopted software package for producing
Internet-based courses and websites. The original booking sys-
tem for Moodle was developed within the Leonardo da Vinci
MARVEL project [23]. In addition to the original booking
system, some modifications have been made [24], which enable
easy booking creation for those remote experiments that were
developed using the LabVIEW Web Publishing Tool. Experi-
ence has shown that a booking system is very useful, because
it helps the students to organize their time and activities. In
the DSP-based remote control laboratory, each experiment Web
page contains a run/book this experiment link. After selecting
this link and log-in process, a new Web page with the booking
table appears (Fig. 7).

In this window, the remote user can book an experiment for
1 h, and then, when the reserved time slot becomes the current
1-h time slot, the user gains a valid link (red arrow in Fig. 7) to
the remote experiment Web page.
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Fig. 7. Booking timetable.

B. Visualization of Experiments

A very important part of live experiments is visual feedback
[25]. Visual feedback can be added to a remote laboratory in
many different ways. A simple solution would be to integrate
the live images into the front panel of a remote experiment
and then use Remote Panels. Unfortunately, this solution would
slow down the program execution significantly, because the
images are sent uncompressed over the Internet. A better
solution would be to embed the live webcam images in the
Web page that was created by the LabVIEW Web Publishing
Tool. This solution requires a separate software package for
implementing a remote experiment computer as the image host
and creating the code that is necessary to add the live images
to the existing LabVIEW-created HTML code [26]. Another
solution uses a separate application for remote experiment
visualization. One such application is the Microsoft Windows
Media Encoder 9 Series, which could be downloaded free of
charge from Microsoft’s home page. The Microsoft Windows
Media Encoder 9 Series is a powerful tool for converting live
video into compressed Windows Media streams that are then
viewed by remote users using a Windows Media Player. The
weakness of this solution is the long delay between image
acquisition and image display.

The solution that was proposed in [27] is based on client—
server architecture and sends compressed images over the
Internet with only a short delay. The server application sends
Joint Photographic Experts Group (JPEG) compressed images
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to the client application, which decompresses and displays
the received images to the remote experiment user. These
applications are implemented as separate LabVIEW VIs, which
require a free LabVIEW runtime engine installed on the client’s
computer. A LabVIEW runtime engine is also necessary, in
order to operate remote experiments using Remote Panels. The
software toolkits and drivers that are necessary for developing
the proposed applications are included in the National Instru-
ments Academic Site License, as used by many academic in-
stitutions worldwide. Images are acquired with digital cameras
complying with the 1394 Trade Association’s Industrial and
Instrumentation specification for Digital Cameras (IIDC) and
NI-IMAQ for an IEEE 1394 Camera’s driver, which enables si-
multaneous acquisitions from more than one camera and direct
settings of camera attributes. Unibrain’s Fire-i Color Digital
Cameras, complying with IIDC, were chosen, because of good
picture quality and reasonable price. The server application
sends the table of active cameras with corresponding URLs and
experiment titles to the client application, where the student
can choose the camera from the list of friendly experiment
titles (Fig. 8). A camera list and JPEG compressed image
data are sent over the Internet by using a LabVIEW shared
variable.

It is important to minimize the processing power for remote
experiment visualization, particularly, when the same server
computer is also used for remote laboratory experiments. The
processing power requirements increase rapidly with image
size and frame rate. For most remote laboratory experiments,
it is enough to have an image size with 320 x 240 pixels
or less and a frame rate with less than 5 frame/s. In this
case, the server application for remote experiment visualization
uses less than 10% of the processor power on today’s average
personal computer. The proposed codec is based on JPEG
compression and, therefore, cannot achieve such compression
rates and quality as the Microsoft Windows Media Video 9
codec, which uses efficient moving estimation, but it has a very
short delay when compared to the combination of the Microsoft
Windows Media Encoder 9 Series with a Windows Media
Player.

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 54, NO. 6, DECEMBER 2007

Fig. 9. DSP-2 LM with RC circuit on the breadboard.

C. DSP-Based Remote Control Laboratory Key Features

In addition to the booking system and the remote experiment
visualization solution, the presented remote laboratory also has
some other features that make it unique.

* Powerful control hardware: The described laboratory is
based on DSP hardware. The majority of currently avail-
able remote control laboratories are based on PC with
DAQ cards. In such architecture, the sample rates exceed
1 ms, and consecutively, the control of the rapid dynamic
systems (with a time constant that is lower than 10 ms)
is impossible. A DSP-based remote control laboratory, in
contrast, enables much lower sample rates. In a cascade
dc motor control experiment (available online in [15]), for
example, an algorithm takes approximately 80 us, and the
sampling time is set to 200 pus.

» Rapid remote experiment development process: The de-
scribed hardware and software solution enables a rapid
remote experiment development process. Using this so-
lution, a remote experiment can be quickly developed
with only a basic knowledge of MATLAB/Simulink and
LabVIEW programming languages. Experience reveals
that a remote experiment development process, using this
solution, takes less than 1 h.

* Plant flexibility: DSP-2 control systems are plant flexible;
therefore, different custom or commercially available real
plants can easily be connected to them. When a DSP-2 RC
is used, remote control of a four-axis mechatronic device
can be easily achieved.
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Fig. 10. MATLAB/Simulink block scheme for RC oscillator.

» Eagy interface: Simplicity of use is essential to establish an
interface that can be used by everyone [28]. All available
experiments in the presented remote laboratory have a
simple graphical user interface; therefore, the user can
focus his/her energy on interacting with the experiment.

* Degree of interactivity: There are basically two kinds of
interactivity: 1) pseudobatch and 2) online [29]. Pseudo-
batch means nonimmediate response from the time that
the process is initiated. The online degree of interactivity
advances continuously and dynamically, and the user ob-
tains the results in the form of a continuous flow of
numerical values or graphics, steadily developing in each
sampling period [29]. The presented remote laboratory
has the online degree of interactivity. Remote users can
iteratively adjust parameters and observe the results during
one continuous interactive session (1-h time slot), instead
of a series of discontinuous batch sessions.

» Safety: A remote experiment needs to be safe; therefore,
security issues are one of the most important aspects to be
considered when developing remote applications, particu-
larly, when moving parts are involved. Security includes
the security of control systems and objects under control,
and the security of the information system from malicious
attacks. In the presented solution, the first two security
problems are solved by preventing commands from out-
side the allowed range from being issued to the controller
through the Web interface (all front panel controls are
limited). In addition, when the user changes or remote user
closes the connection to the remote experiment (closes the
Web browser, for example), all front panel controls are
automatically reinitialized to their default values. In the
case of a cascade dc motor control experiment (available
online in [15]), for example, the motor is automatically
turned off. The second problem is solved by restricting
access to remote experiments only to authorized users.

D. Drawbacks

The main drawback of the presented remote control labora-
tory lies in the fact that the LabVIEW runtime environment

l Uout

Fig. 11.

RC oscillator control loop.

must be present on the remote client’s work stations. In this
case, platform independence is not guaranteed, even if the
LabVIEW runtime is available for many operating systems.

V. EXAMPLE APPLICATIONS

Until now, the following remote experiments (available on-
line at [15]), based on the presented hardware and software
solution, were developed:

¢ RC oscillator;

 speed control of dc motor;

¢ cascade control of dc motor;

* teleoperation of mechatronic device.

The RC oscillator and speed control of dc motor experiments
are used during an introductory “Control systems I” course,
while the cascade control of dc motor is used in the “Servo
systems” course. In the following sections, the RC oscillator
and cascade control of dc motor experiments are described in
more detail.

A. RC Oscillator

The RC oscillator is a Web-based version of interactive
controller design and experiment [in the following Web-based
Interactive Controller Design and Experiment (WICDE)]. The
objectives of WICDE are given as follows:

* to teach students control design;

* to minimize the gap between control theory and practice,
by teaching control implementation;

* to show students how to learn by Web and how to use it;

* to support learning by doing.
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Fig. 12. Bode plot design with interactive experiment (K g = 25).

The WICDE was designed to be available to a broad range
of our students. Therefore, it was designed with minimum soft-
ware requirements from the student prospective. To perform the
WICDE experiment, a standard Web browser and “LabVIEW
runtime engine” are needed. Unfortunately, the assumption of
minimum student’s software requirements sets an undesirable
limitation on the implementation of “Learning through doing.”
This limitation means that students cannot build their own
experiment but can only vary the parameters of the already
prepared experiment.

An RC oscillator experiment is implemented using a DSP-2
LM and a breadboard with an RC circuit (Fig. 9). The resistor
and capacitor values of the RC circuit are

Ry =Ry = R3 =R =47k
01202203:C:1uF.

A control loop of the RC oscillator is shown in Fig. 11.
The mathematical model (transfer function) of the RC circuit
is given by

Fre(s)= UUO:(S
_ 1
(R0)3s3+5-(RC)2-s24+6-(RC)-s+1°

(D

The MATLAB/Simulink scheme that was implemented for
the WICDE RC oscillator is shown in Fig. 10. The open-loop
and feedback controls of the RC circuit are combined in one
Simulink block scheme. Switch S1 is used to select either open-
loop or feedback control. When open-loop control is selected,
switch S2 is used to select the step or the sinusoidal input to
the RC circuit. When feedback control is selected, switch S3
takes action. This switch selects between the initial condition
(IC) input and feedback with gain K g, for input into the RC
circuit. Therefore, two phases of the RC oscillator response
are observed. The capacitors of the RC circuits are charging
to the value IC when the IC input is selected. This phase is
called the “charging phase.” When feedback with gain K is
selected, the RC oscillator response is observed. This phase
is called the “RC oscillator relaxation phase.” Signals Uref,
Uin, Uoutl, and Uout2 from the Simulink block scheme can
be observed. Online tuning of K (RC oscillator feedback
gain), IC (the value to which capacitors should charge), and
the period of the pulse generator switching between the charg-
ing and the relaxation phase is possible. The variation of
these input parameters and the RC oscillator graphical re-
sponse is mainly delayed, because of graph data buffering on
DSP-2 system, while a minor part of the whole delay con-
tributes Internet communication and communication between
the DSP-2 system and the laboratory PC. This delay does
not affect the RC oscillator control loop (Figs. 10 and 11),
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Fig. 13. Root locus method design with interactive experiment (Kg = 5).

because the control algorithm is executing on DSP-2 (Fig. 9)
in real-time.

The RC oscillator Bode plot or Root Locus plot can
be observed interactively, together with the RC oscillator
experimental response. Bode plot or Root Locus design is
selected with the button on the VI front panel (Figs. 12 and 13).
Bode and Root Locus plots are calculated by the MATLAB
script server on the basis of the RC circuit transfer function
that was given in (1). Controller design parameters, such as
phase margin, crossover frequency, and the actual roots of the
control loop, are clearly marked in the Bode and Root Locus
plots.

Considering learning in the class, then WICDE is suitable
only as a means for demonstrations that are done by the
lecturer. The reason for this is the limitation of resources
(one device—one user) that is inherently given by every remote
experiment. However, on the other hand, WICDE excellently
supports individual assignments for students and learning by
doing over the Web. One form of individual assignments
for students is homework. During this school year, we have
designed a homework task to be performed using the RC
oscillator experiment and give it to students taking part in the
introductory control course at our faculty.

Short description of homework task: Use WICDE to design
a P controller with gain K using the Bode plot for the RC
oscillator.

Fig. 14. DSP-2 LM with the H-bridge and dc motor.

An RC oscillator is used for the generation of sinusoidal
signals and, therefore, design gain K for the margin of sta-
bility. Verify your Bode plot design by using the time response
experiment. Observe the Bode plot and time responses of the
RC oscillator at Kr = 3.2, 10, 25, and 40, and determine the
phase margin at given gains. Compare the results that were
obtained from the WICDE with those that were obtained using
Web sisotool or M-file application for MWS, and explain the
reasons for deviations, if any. Using WICDE, find out how
dependent the overshoot of the RC oscillator, time response,
and phase margin in the Bode plot are on gain K.
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Fig. 15. DC motor control algorithm in MATLAB/Simulink.
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Fig. 16. Remote dc motor experiment interface in a standard Web browser.

B. Cascade Control of DC Motor

In this experiment, the dc motor setup is used. This setup
is composed of DSP-2 LM, H-bridge, and a commercially
available dc motor (Fig. 14). Fig. 15 presents a Simulink model
of dc motor cascade control. The Simulink model contains
current, speed, and position control loops; a position reference
generator; and the DSP-2 DC motor interface subsystem. This
subsystem contains an algorithm for armature current measure-
ment, current offset compensation, calculation of the speed and
position of the motor shaft, speed measurement filtering, PWM

signal generation, and dc-link voltage measurement. The DSP-2
DC motor interface subsystem is realized using DSP-2 blocks
and the Simulink built-in blocks. Additional information about
this Simulink model can be found in [19].

During remote experimentation (Fig. 16), the remote user
can start/stop the dc motor; set position reference; and adjust
current, speed, and position controller parameters. It can also
reinitialize all VI controls to the default values and observe
experimental data in a numerical or graphical view.
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VI. CONCLUSION

In this paper, the hardware and software solution for a
rapid remote experiment development process and a DSP-based
remote control laboratory has been presented. The presented
solution is based on an architecture that can be easily adapted to
different remote control experiments. Using the presented hard-
ware and software solution, the remote experiment developers
do not need to waste time publishing remote experiments on the
Internet; therefore, they can direct their energies to experiment
control algorithm design. In contrast to some existing remote
experiment solutions, where only the “pure” Web browser
(browser with no additional plug-in programs) is needed by the
remote user, this solution requires a free “LabVIEW runtime
engine” program on the client computer in order to perform
experiments.

The presented remote laboratory is currently being utilized
in “Control systems I’ and “Servo systems” undergraduate
courses. Available remote experiments are used throughout the
course homework assignments, in which students are required
to solve an actual control problem using techniques that were
learned in class and verify their designs on the actual system
through the Internet. Discussions with students indicate that
the use of the remote control laboratory has improved their
understanding of the course material.

Although only two experiments are described in this paper,
the remote laboratory paradigm can easily be applied to a wide
range of experiments. Currently, a variety of different remote
control experiments are under development. These experiments
will offer an interactive teaching and demonstration facility to
students over different applications in the field of automatic
control.
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