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Abstract—The Internet provides a new environment for de-
veloping a variety of applications for educational and research
purposes. This paper presents the implementation of a web-based
laboratory experiment on a coupled tank apparatus, a Multi-
input—Multioutput (MIMO) system. The web-based laboratory
has been developed to serve students and staff in the Department
of Electrical Engineering at the National University of Singapore
(NUS). The laboratory is an educational tool for teaching students
the basic principles and methodology in performing a series of ex-
periments on a coupled tank apparatus at any time and from any
location through the Internet. With the capability to implement
strategies for manual, proportional integral derivative (PID),
general state-space, and fuzzy logic control, the laboratory also
provides a platform for research staff to test control algorithms.
Video conferencing has been used to provide audio and video
feedback, with a camera mounted on a movable platform so that
the user can control both the zooming and viewing angle. The lab-
oratory can be accessed at http://vlab.ee.nus.edu.sg/vlab/control/.

Index Terms—Internet, virtual laboratory, web-based control.
Fig. 1. Laboratory setup of the equipment.

|. INTRODUCTION _ o )
the sharing of expensive instruments and equipment, and repre-

T HE CONCEPT of a web-based laboratory is not new. Shag . the next important step in remote distance learning.

and Bhandari [2] developed a distance learning applica- . . )
. . . In this paper, the implementation of a remote laboratory con-
tion that allowed a user to remotely conduct experiments in t?r%l experiment on a counled tank apparatus is presented. Four
Control Engineering Laboratory at Oregon State University. The P P PP P :

application permitted the experiments to be run via the WorFé)mmonly used control structures (manual control, proportional

Wide Web (WWW). Only a basic web browser that ran Javlgtegral derlvgtlve (PID) co_ntrol, general state-spage control,
. . . and, fuzzy logic control) are implemented. The experiment cor-
is needed to gain access and a robot experiment was develoi%ed

. : . Sponds to an industrial control-related experiment for under-
for demonstration. Bytronic Process Control unit [3], referred 1o . ) .
L . raduate and graduate students in NUS, with the virtual labora-
as the process rig in the Process Control and Automation L

oratory at Case Western Reserve University, can be accessey also providing  platform for researchers to test control al-

remotely via the Internet. Using a web browser, the user Cgﬁnthms. LabView [6]-9"?“’ HTML (Hyp_er Text Markup Lan-
V\%Jage), as well as scripting languages like JavaScript and VB-

log on and post the parameters from a remote client to a LakD- . : . ) L
i . cript have been used in the implementation. A distinctive fea-
ratory Virtual Instrument Engineering Workbench (LabVIE . .y ) .
%re is the provision of audio and video feedback through the

from National Instruments [6]) web server that is connected . . . :
o : use of video conferencing based on Microsoft NetMeeting [8],
a process rig via a programmable logic control (PLC) modulg:.
X . With a camera mounted on a movable platform so that the user
The image is generated by a program and refreshed on the clien . T .
. . can control both the zooming and viewing angle. The equipment
side using server push technology. A remote laboratory callé . . -
Setup of the laboratory is depicted in Fig. 1.

VLAB [1] on an oscnlosco_pe expe_rlmer_1t was re_:cently sgt UP 1M rhig paper is organized as follows. Section Il describes the
the Department of Electrical Engineering, National Umversﬂgg

. ) ructure of the virtual laboratory, including its hardware and

of Singapore (NUS). These remote laboratories are actual lab- . S X
; : ; Software structures. Discussion is given on the use of transmis-
oratory experiments that are run remotely via a web interface .
S ?n control protocol (TCP) as opposed to common gateway in-

. i . i
and are well suited to distance learning courses where studetn S : o
ace (CGil) for client—server communication as well as other

) .- ter
need not be physically present on campus. They also fac'“t%?lgtinctive features of the implementation from the point of pro-

viding audio—visual feedback. Section Ill presents a model of

Manuscript received January S, 2000; revised May 30, 2000. ____the coupled tank apparatus. Section IV presents the structures of
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Il. STRUCTURE OFVIRTUAL LABORATORY

A. Hardware Structure /

Fig. 2 depicts the hardware structure of the virtual labore LabVIEW HTTP Sever Couple
tory. As shown, a client PC is accessing the laboratory remote and Camera Controller ﬂ Audio/Video
through a connection to the HTTP server (provided with Lak Feedback
View [6] as part of its Internet Toolkit) which hosts the web site "5 B
for conducting the experiment. The PC running LabView func <—  Camera
tions as the instrument controller. Connected to the coupled ta ] c—a

through a 50-pin Data Acquisition (DAQ) card, the PC imple: Video Server Microphone

ments local control of the coupled tank apparatus by supplying

two input voltages to the pumps of the apparatus. A camera o6 2

nected to a PC (serving as the video server) running Microsoft

NetMeeting provides visual feedback to the user on the changes Re?;ﬁlest Rei(j:est

in water levels in the coupled tank. A microphone connected [I=3] =~ LN A S > l
(e

to the same PC captures the sound of the coupled tank’s motor e Lo JA
S

Hardware structure of the virtual laboratory.

and provides audio feedback. The pan and tilt of the camera as Client ResPOnse Response erver
well as its zoom setting are controlled by a circuit board con- ) .

nected to the instrument controller. Live video captured by th& 3 A typical CGI connection process.
camera and the sound captured by the microphone are sent to

the client through the use of a video conference session. This Server
a point-to-point transfer implying that only one user can viev Craal
the video at a time. Socket &
. -
Wait for
. L. Client Client
B. TCP for Client Server Communication Request
. . Setu
CGI and TCP are two popular methods for implementing Connecﬂon v
. . . . . . : Load .| Accept
client-server communication. As illustrated in Fig. 3, CGI pro- Applet P Request
grams running on a web server sending and receiving pararn [7
ters from the users’ web browsers have become an Internet st Read & | f/;;a\\ »| Read &
dard. The client uses an Internet browser to connect to the w Write w Write
server, view the web page, send the CGI request to the sen Desvtmy ]
and finally receive the response form the server. Since CGI co Applet Clos sc(,l(c);:t
. . . . . . e
nection is based on HTTP, which is a per-session-basis protoc Connection

the connection between the client and the server is closed or. -
the client receives the response from the server. Fig 4. Client_server interaction using TCP.

In contrastto a CGl connection, a TCP connection established '
by a client with a server remains in place until the client closes ) ) o )
the connection. Since the establishment of a TCP connection #@ implementing client- server communication due to its plat-
plies that the connection will be in place until the client closd™M independent nature and extensive network programming
it, TCP is the ideal communication protocol for implementin§UPPOrt.
web-based instrument control that requires frequent parameter i
adjustments. CGlI, on the other hand, is not so suitable for titfs Audio and Video Feedback
purpose due to its operation on a per-session basis. Fig. 4 ilA striking feature of the implementation is the use of video
lustrates the communication between a client and server ustamferencing as opposed to multicast schemes to provide the
TCP. user with audio-visual feedback. During the initial stages of de-

Communication between the client and server can be setwglopment, real-time streaming of image data was attempted
conveniently using Java. Java programs are compiled to plasing the two most popular commercial solutions available at
form independent codes, called bytecodes, of a hypothetical rttze time. These solutions involved the use of RealServer G2 [9]
chine called the Java virtual machine (JVM). These bytecodad NetShow [10] media servers to stream live video as well as
programs, often called applet, can be included in a web pagetie use of commercial decoders RealPlayer G2 and Windows
the same way as an image. In addition, they can be viewed aiddia Player at the client side. However, these solutions were
downloaded by a Java-enabled browser to be executed by dhserved to be impractical, as a time lag of the order of ten sec-
browser's JVM. Using Java, the connection between the clieamids was noticed between the actual occurrence of an event in
and the server side can be set up through sockets. When ttielaboratory and its presentation at the client. This delay was
user downloads a Java applet from the web server, the appletised predominantly due to software overheads, which arose
(running on the client machine) represents the client side of thecause multicast systems were optimized to support a large
connection. Java was preferred to other programming languagamber of clients. The multidatarate encoding (based on the
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bandwidth available to the target audience), Buffering (during TABLE |
network congestion) and intelligent transmission (maintaining COMMANDS FOR CAMERA CONTROL CIRCUIT
continuity of video at the expense of quality during networl FUNCTION —TAscl HEX | DEFINITION
congestion) features of the multicast schemes were also id¢ camera m 23 [ Addresses the intended
tified as potential bottlenecks. receiver/driver (camera). This
Since the NUS campus network, NUSNET-III [11], provides command must be preceded by the
the user with bandwidth comparable to a T1 connectiol camera number.
bandwidth is not a constraint for the implementation of remot “aux of B 42 | Tums an auxiliary off. This command
laboratory experiment within the campus and video confe must be preceded by the auxiliary
encing was adopted to provide live video to the client. For thi number.
purpose, Windows NetMeeting 3.0 was chosen. NetMeetir auxon A 41 | Tums an auxiliary on. This command must be
uses the H.323 standard, which is comprised of Internation preceded by the auxiliary number.
Telecommunications Union (ITU) approved protocols foi Foeus Far | F 46 | Focus lens far.
audio, video, and data conferencing over TCP/IP networks. T| FocusNear | N 4E | Focuslens near.
standard is compatible with H.261 and H.263 video codecs. /s Close c 43 | Close lens iris.
As NetMeeting 3.0 also supports the transfer of audio, a m /s Open ° 4F | Openlens iris.
crophone connected to the instrument controller is used to ce Lens Wide | W 57 | Zoom lens wide.
ture the sound made by the coupled tank’s motor. The latter ¢ Lens Tele [T 54 | Zoom lens telephoto.
then be heard at the client side by attaching speakerstothe cli Pan Left L 4C | Pan camera left.
computer. This feature is intended to provide the user as realis Pan Right  |R 52 | Pan camera right.
a feel as possible while performing the experiment. Tilt Up 1] §5 | Tilt camera up.
The implementation uses an ActiveX control to embed th 7t Down D 44 | Tilt camera down.
live audio and video on web pages. This control is part of th ¢arshot \ 5C |Calls a preposition scene. This
Windows NetMeeting Resource Kit [12], and is invoked anc command must be preceded by a
controlled using VBScript, a scripting language developed k scene number.
Microsoft Corporation. When the user activates ActiveX an Sersnot A SE | Sets (stores) a preposition scene. This
calls the video server (explicitly by specifying the IP (Interne command must be preceded by a
Protocol) of the video server), a call is placed. The NetMeetin scene number.

program on the video server is configured to receive calls imme=
diately without any user intervention on the server side to accept
the call. The program is also configured to send out live audi@rresponding command string and writes it to the TCP connec-
and video at the start of each call. The audio and video at #j¢n is invoked.
client side can be stopped in a similar manner through ending
the call or clicking thg Stop A/V” button. E. Software Structure
From the above, it is apparent that only one user can receive
video at a time. This is logical since only one user is allowed This subsection explains how web-based control of the cou-
to access the web-based laboratory at a time. In fact, this singled tank is implemented. The PC running the LabView HTTP
user feature is implemented by restricting access to the expeg+ver also runs the LabView “G” language programs that set up
ment’'s web pages. The user is authenticated by a CGI progrtira server side of the TCP communication with the client. Fig. 5
residing on the HTTP server, and can access the web pagegiwes the software structure of the system at runtime. As shown,
performing the experiment if no one else is carrying out the eftiere are four Java applets running on the client for handling
periment. the necessary communication with the server and plotting the
response curve using the data obtained from the server. A fifth
applet communicates with a server program by sending it com-
mand strings for camera zoom and pan/tilt control. An ActiveX
Yet another special feature of the implementation is the®ntrol executes on the client and receives audio and video data
camera’s pan, tilt, and zoom control. The camera is mount&dm the video server.
on a pan and tilt unit, which can be controlled through a circuit On the server, there are four programs handling communica-
board. The board is in turn connected through RS-232 to ttien with the client and receiving the controller parameters and
controller PC’s serial port. The commands that the controllére reference input (set point) values input by the user. These pa-
PC can issue are described in Table I. rameters are passed on to the controller modules (coded in Lab-
Web-based control is implemented by continuously runningew G) which implement the local control of the coupled tank.
a camera control program on the machine housing the HTTPthe case of manual control, however, the received voltage
server to receive command strings from the client (throughvalues are directly fed to the coupled tank. The program for con-
TCP channel) for the local control of the circuit board. At thérolling the mounting unit of the camerais coded in Visual Basic
client end, a Java applet sets up the sockets for TCP commuanid also resides on the same machine. The functionality of the
cation with the server. When the user clicks a button intendedbView G programs for receiving the parameters from the user
for camera control, a procedure in the applet that generates ihaow described.

D. Camera Control
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WEB SERVER
WEB CLIENT
JAVA APPLET FOR MANUAL »
CONTROL
PROGRAM TO > PID
CONTROLLER
JAVA APPLET FOR PID CONTROL i  RECEIVE CONTROL

CONTROL »| STATE-SPACE

INPUT PROGRAM CONTROLLER
JAVA APPLET FOR GENERAL >

STATE-SPACE CONTROL VALUES

yi FUZZY LOGIC
CONTROLLER

A 4

JAVA APPLET FOR FUZZY LOGIC
CONTROL

A

OUTPUT SAMPLING
PROGRAM

JAVA APP(:IE)EJT;%R[_CAMERA »| CAMERA CONTROL PROGRAM

VIDEO SERVER

ACTIVEX CONTROL (INVOKED USING
VBSCRIPT) FOR RECEIVING VIDEO

A

‘WINDOWS NETMEETING’

Fig. 5. Software structure of the virtual laboratory.

LabView supports network communication protocols, such Baffle
as TCP and User Datagram Protocol (UDP), implemented in Level #1
the form of Virtual Instruments’ sub VI's. LabView uses the
following VI's to communicate through the Internet.

1) The TCP Listen.vi: This VI waits for an incoming TCP
connection request. It also returns a connection ID when
the TCP connection is created.

2) The TCP Read.vi: This VI receives a specified maximum
number of bytes to read from the specified TCP connec-
tion.

3) The TCP Write.vi: This VI writes the string data to the
specified TCP connection.

4) The TCP Close Connection.vi: This VI is used to release
the TCP connection.

The server's G programs receive information on the two set
points and the parameters for the various controllers and pass
these on to the two controller blocks (one for each input of tHéd- 6 Coupled tank apparatus.
coupled tank). The output of each controller block is converted
to an analog voltage by the DAQ card and fed to the couplegservoir is approximately proportional to the head of water in
tank. The two output analog signals from the coupled tank at@e tank. The water level in the tanks is monitored by two ca-
sampled and the voltage information is sent to the client. At tgicitance probes, each of which, along with some electronic cir-
client, the voltage information is then used to draw the cuniits, provides an output signal proportional to the level of water
corresponding to the system response by means of a Java appighe corresponding tank. This output voltage is in the range of
0to+10 V. Complex tank arrangements are possible by varying
the level of the internal baffle, which controls the inter-tank re-
sistance. The controlling PC feeds two analog input signals to

As shown in Fig. 6, the coupled tank apparatus is designed the coupled tank through the DAQ card. The two analog out-
the teaching and research of process control principles. It cqnuits corresponding to the water level in the tanks are sampled
sists of two perspex tower-type tanks mounted above a resenatia rate set by the user.
which stores water. The head of water in the tanks can be readn general, with the baffle raised, the coupled tank can be
from the scale in front of the tank. Each tank is fitted with amodeled as a two-input—two-output system. The nonlinear and
outlet, which is in turn connected to a plastic hose for returninigearized state-space models of the coupled tank are presented
water to the reservoir. The outflow rate of water returning to thmelow.

Level #2

Pump #1 Pump #2

I1l. M ODELING THE COUPLED TANK APPARATUS
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gl Tankl Tank?
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Fig. 7. User interface for manual control.

r o+ e u The proportionality constantsy;, as, and as, in the above
PID y . . .
Controller — Plant equations are dependent on the coefficient of discharge, the
- cross sectional area of each orifice, and the gravitational

constant. The coupled tank apparatus with two inputs and two
outputs and the baffle completely raised can be modeled in
state space as follows.

Combining (1)—(3), the following set of nonlinear, state-space
equations representing the system dynamics of the coupled tank
can be obtained

ifi i dH
Specifically, the various parameters of the system are AIWI — Qi — o [H, — as sgn(H, — Ha) /7|H1 —H,)|
_ hei id i dH.
H,, Hy =height of fluid in the tanks AQﬁ = Q2 — as/Hy — azsgn(H, — Hy) /7|H1 —H,).
Ay, As =cross-sectional areas of the tanks 4)

@Qi1, Qi =pump flow rate into tanks Furthermore, the dynamics of the pumps connected to the tanks

Fig. 8. Block diagram of experimental system using a PID controller.

Qo1, Qo2 =flow rate of fluid out of the tanks can be approximated by
()3 =flow rate of fluid between the tanks Q1 =kiui + ¢
Q2 = kouz + c2 (5)

Using Bernoulli’s equation for steady nonviscous incompress- _
ible flow (which states that the outlet flow in each tank is provhere?; and@, are the inflow rates of tanks 1 andi2, andu
portional to the square root of the head of water in the tank), v@&e the control signals for pumps 1 and 2, &ndc; andk;, c;

have are the associated constants for pumps 1 and 2, respectively.
PThus, if the coupled tank is controlled with the prefeedback
Qo1 =1V Hiy 1) law
Qo2 =02V Ha. @ Qi1 = [alv H1+CY3SB‘H(H1—H2)\/|H1_H2|_cl}
Similarly, as the flow between the two tanks is proportional to + (k1ug +cp)
the square root of the head differential Qo = [QQ [Hy + s sgn(Hs — H1)\/|Hy — Ha| — 02}

Q3 = azy/ Hy — Hj. ©)) + (kauz + ¢2) (6)
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Fig. 9. User interface for PID control.

r which will in turn provide useful information for selecting var-
State Space | Y y ious gains in PID control.
Plant
Controller :‘>
B. PID Control

Fig. 8 shows the block diagram of the overall system, which
comprises of the PID controller and the plant or coupled tank.
Herer is the reference input or the set points for the water levels

Fig. 10. Block diagram of experimental system using a state-space controlier.the tanks. The continuous time response of a PID controller

is given by
the system can be simplified as
dHl_klu u:er—i—Ki/edt—i—Kdé (8)
dt At
dHs k> wheree = r — y is the tracking errortk,, K;, and K are the
S = . (7 . . . . .
proportional, integral, and derivative gains, respectively. In the
dt As

Note that the above procedure is really a good example of fe€@UPled tank experiment, the PID controller is realized through
back linearization, as the resulting system dynamics in (7)3software program and the appropriate discrete-time input is

linear , e(k) —e(k — 1)
: u(k) = Kpe(k)+ KTs Y _ e()) +KdT—S. (9)
IV. CONTROLLING THE COUPLED TANK APPARATUS While PID control is selected, the user is expected to input the

Four different types of controllers which have been implesalues of the two reference inputs (set points) and the values
mented will now be described. of the proportional, integral and differential gains. These values
can be obtained by tuning the controller using various estab-

A. Manual Control lished procedures. The user interface for PID control is shown

Manual control consists of directly feeding the control input® Fig. 9.
given by the user to the pumps without the use of any automatic .
controller. The user is expected to adjust the values of the cén- Generalized State-Space Control
trol inputs to achieve the desired water levels in the tanks. TheFig. 10 shows the block diagram for the control of the coupled
user interface for manual control is shown in Fig. 7. Note th&nk using a generalized controller modeled in state space. Here,
this can be used to determine critical frequencies of the procesis the reference inpuy; is the measured output of the coupled-
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Fig. 11. User interface for general state-space control.
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%o =A% +By+Gr
u=Cex.+Dy+Hr
where
Mg ARl
u= ¥ = = ,
U3 ¥a 2

Aclnxn],B.[nx2],Ge[nx2),Cc[2xn], D [2%2],H, [2x2]

Choose order of controller: {2

Fig. 12. User interface for input of matrices.

o 1
A= Be=i]p b Ge=[p |
Eh o p [0 Jo

Ce= [lu T2 i] D, =[1a Tio ] He= [10110

tank, andu is the control input. The state model of the controllefhe user interface for performing general state-space control

is given by
Xc =Acxe +Bey + Ger (10)
u=Ccxzc + Dcy+ Her (11)
wherex is the state of the controller, add-, Cc, D¢, He,

is shown in Fig. 11. In conducting experiment using this gen-

eral state-space controller structure, the user is first prompted
to enter the order of the controller that he or she has designed.
Based on this value, a user interface will automatically appear
for the user to enter the various matrices. Fig. 12 shows the inter-

B¢, andG¢are constant matrices of appropriate dimensionce when the order is chosen to be two. The data entered will be
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sent to the software controller on the server once the user clicks 2,8 [ Furer Lo | U y
the “OK” button. SZ2Y 0910 =N pjant

Controller

D. Fuzzy Knowledge-Based Control

A fuzzy knowledge-based controller (FKBC) has also been
developed to control the coupled tank. Fig. 13 shows the system
block diagram, whereas Fig. 14 shows the principal componeg}& 13. Block diagram of experimental system using a fuzzy logic controller.
of the FKBC.

As shown, the three principal blocks of the FKBC are the
fuzzification module, the inference engine and the defuzzifihe membership functions, and the rule-bases of the fuzzy con-
cation module. The fuzzification module includes a normatroller, students are often short of time in implementing their
ization block for mapping the physical values of the contrglontrollers within the scheduled laboratory session of 3 h.
state variables onto the normalized domain. This block alsoThrough the virtual laboratory, however, each student is
maps the normalized control output variable onto its physicapw able to carry out the laboratory according to his/her own
domain. The knowledge base of the fuzzy controller consiggce and time schedule. The manual control in the virtual lab-
of a database and a rule base. The former includes infornesatory also allows students to collect real-time coupled-tank
tion on the membership functions and the normalization/dendfput—output data for the identification of a physical model.
malization scaling factors. The rule base represents the conitbis is particular useful since an accurate model would help in
policy adopted. For implementing fuzzy control on the couhe design of a good closed-loop controller. Besides, students
pled tank, the process state variables are the esjoar{d the could also interplay or fine-tune the controller parameters and
change-of-errord). The control output variable is the controlmembership functions, and the resulted control performance
output (). The term sets o, é andu are denoted by.(e), could be visualized and compared since they are based upon
L(¢) and L(u), respectively. They contain the same set of linthe same virtual laboratory platform.
guistic values, i.e., NL (negative low), ZR (zero) and PL (posi- A postgraduate course on optimal control systems also
tive low). Thus incorporates the virtual laboratory in its formal teaching. In this

L(u) = L(e) = L(¢) = (NL, ZR, PL) course, students are introduced to solve both classical optimal

. . . control system design problems, such as linear quadratic
The user interface developed for fuzzy logic control is sho y gn b 9

A . V\f%gulator (LQR) control and linear quadratic Gaussian (LQG)
in Fig. 1.5' The default rule basglshown In two tables.at.tb:%ntrol, and advanced robust control problems, such as H
bottom right corner can be modified by the user by clickin

the tabl tries. Th bershio functi ; timal control and H, control. Since half the class consists

on the table entries. 1he membership functions for err (e_rr_o part-time students holding full-time employment in industry,

derr _(de;nvatwe of error), and out, (output) can b_e modifie lasses are conducted in 3-h sessions in evenings once a week.

by c!lckmg on theerr, derr, and OL_‘t buttons respectively. On Due to security, manpower, and other constraints, teaching

El.'CkTgtthesebFu::]O”S a ?ew dyt\”t?]dow pobps l#’ ?S s?own boratories are generally closed after working hours and it
'g. 16 10 €nable the user o edit the MembErship IUNCUON. ¢ 51most impossible to schedule laboratory experiments or
By clicking on theLeft, Middle,andRight buttons, the user

) : S to assign homework assignments on hardware implementations
can choose the function to be edited. A vertical line then appe g g P

which can be dragged using the mouse to the desired positio ihe past.

. . "With the help of the virtual laboratory, which is available
The default membership functions can be restored by PressiiPh a day, the course lecturer is now able to introduce a new
th?rﬁ:f?;g?;:?en'en ine has been realized to use individtﬁefcmng element on actual experimentation. The virtual labo-
. 9 o o gory is used throughout the course homework assignments,

rule-based inference. The normalization/denormalization

scaling factors used are 10.0, 50.0, and 1.0éoB and u, in which students are required to solve an actual problem on

: . .the control of the flow levels in the coupled-tank system using
respectively. Current efforts are focused on developing and im-_, . : . ; .
techniques learned in the class, and implement their designs on

fdig%r:'sn%ﬁdlesirglligg ?;gc(t)onrt:m for the rule base, membersfﬂpe actual system through the Internet. To the part-time students
' ' who can logon and use the system whenever they are free, the
virtual laboratory provides a highly flexible access to a real ex-
periment. Feedback and comments from the students are gen-
erally very positive. Many students feel that it is superb to see
The virtual laboratory described in this paper is currentithat the controllers they have designed actually work in the real
being utilized in the teaching of both undergraduate and posystem.
graduate courses in the Department of Electrical Engineering,The virtual laboratory offers an excellent and convenient plat-
National University of Singapore. The laboratory session for thierm for researchers to test and implement their new algorithms
undergraduate course consists of identifying a physical moa@el well. As an example, based on a robust and perfect tracking
for the coupled-tank system based on input—output data, as vtetihnique developed recently in [13], a controller for the cou-
as designing a PID controller and different fuzzy logic corpled-tank system in the virtual laboratory has been implemented
trollers (such as Takagi-Sugeno, Mamdani, etc) for the systelny. the authors. While the controller is theoretically capable of
Due to the complexity in tuning the PID controller parametergracking any reference signal with arbitrary fast settling time

V. IMPACTS OFVIRTUAL LABORATORIES IN TEACHING AND
RESEARCH
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Fig. 14. Principal components of fuzzy knowledge-based controller.
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Fig. 15. User interface of fuzzy knowledge-based control.

from any initial condition, it requires in general an infinite gairtual laboratory, it is simple and easy to tune certain design pa-
to guarantee such a performance. With the flexibility of the virameters to meet the control constraints of the physical system
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Fig. 16. User interface for editing membership functions.

with some tradeoff in the overall performance. The design wasth the possibility to use a real couple-tank apparatus as a

very successful and the results have been submitted for possjiriacipal teaching tool for homework assignments for the first

publication. Last, it should be emphasized that the virtual labime. In research, the system has the advantage that important

oratory enables making performance comparison of differgmdrameters can be remotely tuned easily. Also, performance

techniques very easily and meaningfully, as the various tedemparison with different techniques can be obtained very

nigues are all implemented under the same setting. easily and meaningfully, as the various techniques are all
implemented under the same setting.

VI. CONCLUSION

This paper has described the design and development of ]
web-based laboratory experiment on a coupled tank apparatus
and discussed its impact from both a teaching and research
points of view. New and attractive features, such as the use,
of video conferencing for providing audio—visual feedback to
the user and the provision for adjustment of the pan/tilt and

. . . )
zoom of the camera capturing the real-time video, have bee
incorporated. Strategies that have been implemented include
manual control, PID control, general state-space control, and4]
fuzzy control. Accessible at http://vlab.ee.nus.edu.sg/vlab/conT5
trol/, the virtual laboratory has been used for the teaching of
undergraduate and postgraduate courses as well as for research
purposes. In teaching, the possibility of anytime anywhere[el
access allows undergraduate students who are not able tp]
finish the actual experiment to be able to continue to work

) . > [8]

on the subject after the formal laboratory session on theirpg

own time through the Internet. For part-time postgraduatgio]

students, the system solves security and manpower problerfid]

. . . . P 12]

associated with the operation of teaching laboratories in thgs
evening. The virtual laboratory provides the course lecturer

] B. M. Chen,Robust and H. Control
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