
 
Abstract-- This paper discusses the development of a prototype 
Resource Optimizing, Access Delimited (ROAD) laboratory for 
energy conversion, electric machines, power systems, and signal 
processing courses.  The ROAD laboratory is a remote 
experimentation facility that combines hardware and software 
systems to provide clients (student users) unsupervised round-the-
clock access into the energy conversion laboratory (host) through 
computer networks.  The full development version of the software 
interface will offer engineering programs the option of setting up 
their laboratory as a local host, or enabling access to a remote 
host that might be equipped with hardware not available in the 
local laboratory.  This new educational tool offers worldwide 
access to an energy conversion lab facility, provide an 
infrastructure for carrying on true collaborative learning, and 
serve as an ideal facility for performing machinery-related 
experiments in distance learning programs. 

 
 
Index Terms-- Remote laboratory, energy conversion, distance 
learning. 

I.  INTRODUCTION 

A. Power Engineering Education 
Advances in electrical machinery design, automatic control, 

and instrumentation systems and interfaces call for a 
continuous upgrade of facilities to support power-engineering 
education.  In order to equip a modern energy conversion 
laboratory for teaching undergraduates, costs could easily run 
to a hundred thousand dollars. These prohibitive costs have 
forced many electrical power engineering programs to trade 
off good quality measurements and laboratory equipment for 
affordable and significantly less accurate scaled-down models.  
These scaled down models; usually in the fractional 
horsepower rating -- tend to exhibit characteristics that are far 
from what is considered typical.  Top-rate facilities available 
in a few programs are underused as very few experiments are 
performed in a typical academic year.  The large investments 
in facilities therefore lie dormant much of the year, and 
equipment is put to use lightly before they become obsolete. 
The competition for limited resources make it rather difficult 
to justify the need to incorporate elements of information 
technology to support collaborative learning, or make 
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adjustments to accommodate distance education needs in the 
lab environment. 

The typical undergraduate power or machinery laboratory 
offers very limited access to equipment.  A typical weekly 
laboratory session averages three hours.  During that time, the 
students must complete their experimental set-up, run 
experiments and gather all necessary data.  They need to 
vacate the lab as soon as the period is over because it is not 
reasonable to leave students unsupervised while they are 
exposed to the risk of electrocution in a high voltage 
laboratory.  Furthermore, proper operation of equipment must 
be assured either by the faculty responsible for the class or by 
a laboratory technician in order to avoid costly repairs that 
could result from improper use.  It is obvious that this 
traditional experimentation structure cannot support 
meaningful collaborative learning.  The environment does not 
offer the student the resources necessary for collaborative 
activities that would demand the use of the facility beyond the 
fixed time slot specified by the university course scheduler.  
Challenging research projects that involve concept design (e.g. 
controllers), test verification, and rapid prototyping are 
therefore not likely to be included in the student’s learning 
experience. 

The content and methods in traditional energy conversion 
laboratory classes fail to address needs of a modern industry, 
and the role of distance education in manpower development 
[1-3].  Much of what a student does is still a mechanical 
process of wiring equipment, reading meters and gauges just 
the same way it has been done for several decades.  Laboratory 
facilities in place are simply not configurable for the major 
shift in paradigm that is brought about by the information age.  
The traditional environment will no longer be adequate.  The 
new power-engineering environment should exploit advances 
in computing and communications technology to improve 
educational environment, and should create new types of 
possibilities for distance learning and collaborative work. 

 
B. Innovations in Remote Laboratory Systems 

The concern over provision of meaningful and high quality 
labs to non-local students is reflected in a recent survey of 
several EE/ECE department heads on the future of remote-
access engineering educational laboratories [4,5].  They 
ranked preferences for alternatives to traditional laboratory 
instructions in the following order: (1) Student purchased lab 
kits, (2) Internet-access remote (real) lab experiments with 
video, audio, downloadable data files, modifiable parameters 
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or control code, (3) Web simulation modules, (4) internship in 
industry, and (5) simulation modules on CD ROMS or running 
locally. 

Clearly, the highest-ranked preference (lab kits) is 
impractical in power and electrical machine systems, although 
it is reasonable in some fields, such as logic, DSP, electronics, 
and perhaps control engineering. 

Significant effort has been directed towards creating a new 
paradigm that addresses the key issues of the future of 
technology education as highlighted.  Two of the recent ones 
are the NSF-funded Stanford University CYBERLABTM 
(1999) [6], and the University of Tennessee (UTC) - 
Chattanooga Process Control Lab (1999) [7].  The 
CYBERLABTM prototype features an experiment on optics 
and is used as a base to highlight all the key building blocks of 
a remote lab that would maintain quality of learning for the 
student.  The design gives significant attention to lab 
scheduling and equipment sharing, information on lab 
equipment, and correspondence between instructor and student 
-- issues that generally arise in traditional laboratory sessions.  
Furthermore, the prototype offers users a real time image of 
the assembled equipment in the physical laboratory - an added 
benefit in distance learning. 

The UTC model system is set up for chemical engineering 
process control.  Five client machines are set up to drive five 
different automatic control experiments in the laboratory.  A 
remote user accesses the process lab web server to enter 
control parameters for an experiment.  When the experiment is 
completed, a results file is written to a server that generates a 
"dynamic" web page display of results. This is an example of 
batch processing of experiments at a remote location.  Users 
have limited control of hardware components.  Design is not 
open to enable users pass on data into their own development 
system for design and analysis. 

Architecture for implementing a virtual lab is discussed in 
[8]; the authors placed a significant emphasis on the control of 
GPIB-based instruments through the Internet.  The scheme 
seems very valuable when one needs access to very special 
equipment and experiment.  A technician must be on site to 
take instructions from a remote user.  Though well conceived, 
this model is impractical for large-scale 24-hour remote access 
because of the personnel costs involved. 

The Internet-based remote-access mechatronics laboratory 
at the Polytechnic University discussed in [9] is significantly 
more advance than the other implementations so far 
highlighted.  The approach takes account of dynamic delay 
caused by internet traffic, limited computation power at the 
host, flexibility and versatility of use, and many more.  The 
client is given more responsibility than is found in other 
implementations; controller design and implementation is 
performed on the client machine.  Command signals and 
system response in real-time is then traded over the Internet 
link.  The client has the responsibility of building network 
delay and time lag into his automatic controller design.  A 
substantial effort was devoted to socket programming at the 
server to implement a User Datagram Protocol (UDP/IP) 
which has a reduced overhead in comparison with the common 
Transmission Control Protocol (TCP/IP) model. 

The goal in a creative remote laboratory development 
should go beyond the design architecture, and the sensational 
sight and sound that makes the lab experience somewhat more 
realistic [10].  The conceptualization should lead one to ask 
probing questions such as: How much freedom is the client 
given to control various functions of the equipment and to 
make changes in procedures specified for conducting the 
experiment?  Or, what options are there for the user to 
visualize experimental results and in fact analyze experiments 
in a way different from what the instructor handed down?  
How much creativity does the model support?  Does it force an 
independent minded student to think in a traditional and 
conventional pattern, and thus discourage his curiosity?  These 
are real issues in education that should not be readily 
sacrificed even as distance learning models proliferate. 

II.  THE PROTOTYPE ROAD SYSTEM 

The "ROAD" approach to remote engineering lab addresses 
the concern and interests of EE/ECE department heads 
summarized in the survey discussed earlier [5].  It offers a 
fresh approach in the following respects: 
• This innovation is geared primarily towards remote 

experimentation in electrical machinery laboratories for 
undergraduates. 

• The approach cedes a lot of control over the operation of 
lab equipment, procedure for conducting the experiment, 
and visualization and analysis of data to the remote client 
(student).  This is critical in fostering creativity. 

• This remote experimentation strategy puts an affordable 
mechanism for resource pooling in place.  An electrical 
engineering program acquires the capability to add itself 
as a server node with just a data-acquisition card, PC 
workstation, a spreadsheet program, and access to the 
web. 

It should be quickly emphasized that a remote laboratory 
experimentation system as proposed is not a substitute for the 
real hands-on experience that is necessary for an engineer.  
The ROAD laboratory is therefore not intended as a 
replacement for a hands-on experience in the machine 
laboratory whenever possible.  Rather, it is a complement to 
current inadequate models.  It would still be necessary for 
students to learn how to wire and connect devices for their 
experiments, trouble-shoot, and read physical instruments.  
These exercises may be done on cheaper and older equipment 
generally available in power engineering programs. 

The design and implementation is organized and 
summarized as follows: 

A.  Machinery-Computer Interfacing 

The ROAD lab system prototype was developed around a 3-hp 
Induction motor serving as the primary energy conversion 
device.  The other key pieces of hardware and accessories 
involved in building the system are listed as follow: 
Mechanical loading device (pony brake), 20-hp micro-inverter 
(adjustable frequency drive), data acquisition system (sensors, 
signal conditioners, I/O cards, and relays), PC computation 
platform & server, high speed modem, and LAN. 
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The sensors track line voltages and currents, motor speed, 
temperature and load torque.  The micro inverter provides 
facility for speed adjustment and rotational direction control. 
The pony brake offers a means for assessing motor 
performance.  A remote-controllable electromagnetic device in 
the full implementation version will replace the mechanical 
brake.  A Pentium PC is used for data collection, processing, 
and data server functions for clients connecting through 
modems and the LAN. 

B.  ROAD_LAB software design and implementation 

The software design follows the server-client architecture: 
the server resides on a PC workstation at the Penn State 
Harrisburg laboratory, and the client software is installable on 
the client machine.  All computations and data processing 
necessary to drive virtual instruments (VIs) are accomplished 
on the client side so that data migration between server and 
client is reduced to a minimum.  This was accomplished 
through National Instruments' (NI) DataSocket technology by 
using DataSocket transfer protocol (dstp).  Code development 
was carried out under NI Measurement Studio CVI in C and 
C++. 

C.  Design of experiments and remote interfaces 

The data server PC workstation provides access to the lab 
through the laboratory LAN, and the Internet.  The remote 
client software interface - ROAD_LAB v1.0 is available for 
download from the laboratory web-hosting server at 
http://146.186.84.124/.  The author should be contacted before 
access to the site is granted.  Six experiments are currently 
featured in the prototype - ROAD_LAB v1.0 software, they 
are summarized as follows in terms of the virtual instrument 
(VI) interface presented to the client: 

1. VI for display of raw measurements from all I/O 
channels of the host. 

2. VI for detailed analysis of data from channels, data 
calibration, and filtering of noise. 

3. VI for study of three-phase characteristics of the 
Induction motor (IM). 

4. VI for studying and performing calibration of raw 
measurements. 

5. VI for studying the IM under load (active/reactive 
powers, slip, power-factor, efficiency). 

6. Interface to other Windows based applications 
(MATLAB, Excel, Cubicalc) and VIs for studying 
automatic speed control of the IM, and parameter 
identification of the IM. 

 
The prototype graphic user interfaces (GUI) offers users 

remote control of motor speed, control of direction of rotation, 
data sampling rate, and data logging.  The GUI enables users 
to establish network connection to the DataSocket server IP 
address with ease.  The color schemes on VIs are consistent 
throughout the experiments to help first-time users identify and 
distinguish hardware control, VI control, and network 
communication functions.  Version 1.0 comes with an 
extensive help menu and detailed procedures for conducting 
experiments 1 through 6, as well as requirements to complete a 
laboratory report on the session. 

Fig. 1 and 2 show sample GUI for the ROAD_LAB 
software. 

III.  FULL DEVELOPMENT VERSION OF THE ROAD 
LABORATORY 

The fully developed version of the Resource Optimizing, 
Access Delimited (ROAD) laboratory system will support 
experiments in the three major categories of rotating electric 
machinery (Induction motor, synchronous motor-generator, 
DC motor-generator) as well as a special-purpose electric 
machine.  The machinery types will have a minimum rating of 
3-hp; which will provide users with performance data that is 
typical of the respective machine types.  Each of the electric 
machines will be fitted with a remote-controllable 
electromagnetic loading device (dynamometer) to study 
loading characteristics of motors. 

The laboratory environment will be adequately protected 
since equipment will be operating at high speeds and currents 
up to 20 Amps without a direct human supervision.  Therefore 
a system of protection will be implemented with solid state 
relays (SSRs) to trip motor and power down on overload, high 
temperature, and improper operation, etc.  Smoke detection 
and fire alarms will be installed to signal danger and 
emergency. 

The ROAD_LAB software will feature the following 
experiments among others: 
Induction machine - 

Starting performance of Induction Motor (IM); Loading 
characteristics of IM (power, current, power factor, 
efficiency, slip, etc.); Determination of IM equivalent circuit 
parameters; Artificial neural network (ANN) modeling of 
IM; Closed loop control of IM speed; Fault diagnosis on 
IM; Study of adjustable drive harmonics. 

Synchronous machine -  
Operation of a Synchronous Motor (SM); Loading 
characteristics of a SM (power, current, power factor, 
efficiency, speed, etc.); Effect of SM field control on 
loading; Determination of SM equivalent circuit parameters; 
ANN modeling of SM; Fault diagnosis on SM. 

DC machines -  
Operation of a DC Motor; Loading characteristics of DC 
(shunt) motor (voltage, current, efficiency, etc.); 
Determination of DC motor equivalent circuit parameters; 
ANN modeling of DC motor; Closed loop control of DC 
motor speed; Fault diagnosis on DC motors. 

PM (Permanent Magnet) motor (to be added in the future)-  
Operation of a PM Motor; Loading characteristics of PM 
motor; ANN modeling of PM motor; Closed loop control of 
PM motor speed; Fault diagnosis on PM motors. 

 
The interfaces will feature a variety of virtual instruments 

(VIs) to enable users to view and process (filtering, scaling, 
etc.) machine data.  It will likewise provide for the direct 
control of voltage input to machines, control of power switches 
in the laboratory, motor direction of rotation, shaft load on the 
machine, and the sampling rate of the data acquisition board.  
It will also offer users the control of camera pan, tilt or zoom 
position for close-up view of equipment wiring, nameplate 
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ratings, etc.  The interfaces will make provisions for data 
logging so that a client may choose to work off-line at the 
conclusion of an experiment.  Users will be able to pass on the 
real-time data into another environment such as MATLAB so 
that they could customize the experiment, visualize, and 
analyze results in a totally different way. 

IV.  EVALUATION OF PROTOTYPE 

The ROAD system prototype is evaluated on the following 
points: ease of installation of the ROAD_LAB client software 
on a target machine, ability to establish remote connection to 
the physical laboratory, user interface (VIs and controls) on 
each of the six experiments designed, execution of the 
experiments (response time and data presentation), 
performance with simultaneous clients, and available help 
resources.  The scope of the evaluation is not extended to 
accuracy of VIs, or learning environment enhancement 
features providing sight and sounds, etc.  Time and effort will 
be devoted to these when the full implementation is underway. 

The prototype was evaluated at Penn State Harrisburg 
campus on various client workstations, and from a workstation 
at the National Institute of Standards and Technology, 
Virginia.  In all cases, clients successfully completed a session 
without incident 

V.  SUMMARY 

While the ROAD system is being developed primarily for 
the electric machinery environment, its use is in no way 
restricted to that area of study.  It should find application in 
courses where students are taught concepts of signal 
processing, and design of automatic control systems.  
Universal access to the laboratory through computer networks 
brings along with it an infrastructure for improving the 
learning environment, and allows for easy incorporation of 
research elements into an undergraduate lecture.  By accessing 
the remote facility through a network port in a classroom, an 
instructor could literally "bring the laboratory" into a routine 
lecture session to illustrate or demonstrate various 
characteristics of signals, and performance characteristics of 
machines, among others.   

The concept offers both traditional and non-traditional 
students the flexibility often desired in a learning environment; 
especially where access to critical equipment is restricted.  The 
resource-pooling facility that will be added in the full 
implementation version will foster cooperation among 
participating programs, and help them to better serve the 
students. 

The ROAD remote laboratory has the potential of making 
learning enjoyable for new generations of college students who 
find power engineering lacking in appeal.  The infrastructure 
that the system offers can become an invaluable teaching tool 
for instructors. 
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Fig. 1. The ROAD Laboratory Client Interface. 
 

 
Fig. 2.  GUI for an experiment on Induction motors. 
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