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Abstract - This paper outlines the potential of virtual
laboratories with regard to complementing and
extending the conventional laboratory experience ah
training of post-graduate students in the Electrich and
Computer Engineering Department of Democritus
University Thrace. It also describes a software prgram
for laboratory training during undergraduate courses
relative to power systems within the said Departmen
Students can obtain this software tool from the
Department e-class educational platform. Basic coepts,
a description of the software tool structure, indiative
virtual laboratory exercises for measuring charactestic
power system quantities and also experience of the
application of this tool in the class are presente¢h this
paper.
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INTRODUCTION

In the Electrical and Computer Engineering Depantsie
postgraduate studies incorporate both theoreticadl a
laboratory training. The latter is traditionallyatzed with
experiments using conventional laboratory equipment
However, rapid advances in technology have createeed
for extensive cross-curricular postgraduate lalooyat
training for an increased number of students.

The above-mentioned factors in combination wité th
high cost of conventional equipment and the spacaghich
to install it, have of necessity led to the adaptad virtual
laboratory training methods in combination withatele
software tools development.

Virtual laboratories are less time-consuming theal-r
world laboratories. So they can be repeated asseang
making the concepts more comprehensible. They offer
students the opportunity to visualize the engimggri
concepts they learn in the classroom. They alsowall
students to improvise in a risk-free environment ao
perform the experiments on their personal compubens
time they wish, provided they have the appropratitware.

The most serious disadvantage of virtual laborasoi$
the resulting lack of familiarity with the real-wdr
equipment that students will be called on to usthénfuture
as engineers. An ideal combination would be pdralle
training in real-world and virtual laboratories aribe
comparison of the relative results.

At the Electrical and Computer
Department  of  Democritus  University

Engineering
Thrace,

Coimbra, Portugal

undergraduate students attend three courses: “Power
Systems 1", “Power Systems II” and “Power Systent’§ |
relative to power system operation in the steadtespower
system fault analysis and electrical systems ifdmgs and
manufacturing facilities. The above courses incllebtures

as well as class and laboratory exercises (expatghe
Students, during the last (tenth) semester of #taities, are
required to work out their diploma thesis. The powe
systems area is a popular selection for the stadeithe
Electrical Power Engineering Module.

Laboratory exercises have been performed up to the
present day using conventional power system equipime
models. In recent years the number of undergraduate
students in this department has increased. Henee th
decision to develop virtual laboratory exercisest anly
with the same objectives as the exercises perforwidd
conventional laboratory equipment but also with itoldal
options. Students can obtain the relative softwerm the
Department e-class educational platform before tmye
to the laboratory to practice with conventional ipguent.
Therefore, they can be properly prepared usingr thei
personal computer. Realistic measurements are ldsn
time-consuming, more easily understood and studalsts
have the opportunity to compare their results tws¢hfrom
the virtual laboratory exercises, which are moreueate.

This paper describes the Powerlab software tool,
developed by an undergraduate student as a diplloasés.
This software is now used by the Power System Latboy
for the laboratory training of students of the Depent in
the “Power Systems |I” course. Using this softwahe t
students can perform virtual laboratory exercigdative to:
power, current and voltage measurements
transmission line voltage drop and losses
phasor diagrams of the transmission line parameters
transmission line voltage compensation
power factor correction for several loads e.t.c.

The most important feature of Powerlab is that etisl
can read the measured quantities not only as values
registered in edit boxes but also on instruments
interconnected to a virtual measurement arrangenidvatt
impresses on students an intuition as to how tlantifies
change and helps in the visualization of the eileatr
engineering concepts learned in the classroom.

The results of the virtual measurements and caloaks
can be registered in tables and/or be presenttiform of
phasor or other diagrams. They can also be imnegdiat
compared to the results of measurements performsedy u
conventional equipment, with simultaneous compaotatf
the relevant error. The virtual arrangement can bbs used
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to perform exercises where the power system pasmet
have values impossible for conventional equipment.

BAsic CONCEPTS

The basic concepts for the development of the Patver
software are included in [1]-[3].

Figure 1 gives the single-phase equivalent of aethr
phase power system containing source, line and load

FIGURE 1
SINGLE-PHASE EQUIVALENT OF A THREEPHASE POWER SYSTEM

The line current according to Fig.1 is:
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where:

Ui, the line-to-line input voltage
Z, the line impedance

Z, =R, + X,

Z,, the load impedance

Zi the total impedance.

The load can be represented according to its ctemrac
(inductive or capacitive) by a parallel connectioh a
resistanceR and an inductanceX, or a capacitanceXc
respectively. When a series load connection isctede the
conversion of the series componeRtand Xs to equivalent
parallel componentsR, and X, is possible using the
following equations:

()

(x2+R?)

R =s T5 )

p Rs

« =(X52+R52)

: X

S

3a)
(3b)

The voltage on the load is:

U,/3=U,/43-11, (4)

The percent voltage drop on the line is:

£0p = Mloo
U

in

)
The active, reactive and apparent input powers are:
P, =v3W, 0 oy (6 a)
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Q =3, 0 &inp (6 b)
s =J3w,0 (6¢)
wherep is the phase angle of impeda&g

The relative powers on the load are:
P, =3, O [tos (7 a)
Q, =3, O Bing (7 b)
S, =V3W,0 (7¢)

where ¢ is the phase angle of impedan@& which
determines the load power factarsy.
The line losses are:

R =30%R, (8)

When the load consists of a resistarReand an
inductanceX, or a capacitanc¥c connected in parallel, the
power factor for inductive load is:

Ccogp = cos{atani} (9)
XL
and for capacitive load is:
R
cop = co{atar{— —H (20)
XC

When a power factor correction frooosy to cosy' is
desirable, a suitable capacitor or a coil must d&enected
parallel to the load correspondingly. The relative
capacitance or inductance are given by the relsition

Xee :M (11 a)
Xtot - XL
X ., [X

X, =—te—=< (11 b)
xlol - Xc

where

X,ew = R/tang (12)

By connecting a suitable capacitarXg parallel to the
load it is possible to hawd,=U;, (transmission line voltage
compensation). The condition determining the vaifti&Xg,
is:

_jXCI(Rs+sz)
Ulo =1= Rs+j(xs_xCI) (13)
Uin RI + jX" _ - jxc.|(Rs+ jxs)
R+ (X = Xq)

September 3 — 7, 2007

International Conference on Engineering Education 4CEE 2007



In cases of lines with negligibl, compared t; , the
value ofXc, resulting from (13) is:

_ RI+XZ+X.X, +\/(Rsz +XZ+RX, )(R52 +X¢ —RSX,,)

Cl

2X, + X,
14)

SOFTWARE STRUCTURE

Powerlab software, has been written in Delphi 7eurtie

via a wheel button, which is positioned beneath ttiree-
phase source in Fig. 2. Wide voltage variationsunpan
rotation of this button. Therefore, if someone vgasmaller
variations, he must use the double action switdtichvis to
the right of the wheel button.

The user selects the transmission line impedance by
pressing any one of the three buttons with thecatthn
“Z,". Each selection of the line parameters appearshen
window of Fig. 3 as a graphical representation. 3élected
line parameters are also registered in the reladieboxes
on the window of Fig. 2.

The examined loads are balanced. Therefore, the loa

Windows XP operating system. The Delphi programming impedance is selected, in proportion to the linpedance,

language enables the programmer to create a vey us
friendly interface.

by pressing one of the buttons with the indicati@p” in
the arrangement of Fig. 2. The load selected in thay

Figure 2 shows the main program window, where there(Fig. 4), is connected to the network and the nedaedit
is a three-phase power system with voltage sourceboxes of Fig. 2 are posted up.

transmission line and a Y-connected load. Voltnster
ammeters, wattmeters, varmeters and phase angéesneee
connected to this system to measure the relatiamtdies.
The accurate values of these quantities are atsersin the
edit boxes at the bottom of the window. These gtiastare
either introduced as inputs during the virtual Iaory
exercises (input voltage, transmission line parametioad
data), or they are resulting from measurementsréntyr
voltage phase angle, load voltage, active and ixeact
power) and computations (voltage drop, power factor
apparent power, transmission line losses).

The input data that are necessary to perform amyabi
laboratory exercise are input voltage and line doad
impedances.

The selection of input voltadé, is initially obtained

E PowerlLab
Power factor correction - Phasor diagrams

The virtual laboratory algorithm works for parallel
combinations of the previously selected load conepts If
someone wants to study a load with series connected
components in the laboratory, he has to transfoni t
connection to the equivalent parallel one, befadqrming
a virtual laboratory exercise. This transformati®wobtained
by selecting “Series to parallel conversion” frohe tmain
menu of the window shown in Fig. 4.

For each load selection, its impedardyg and power
factor cop are calculated and appear in the relative edit
boxes of Fig. 2.

After the selection of the source voltage and the |
and load parameters, the measuring instrumentsign 2
show the values of the relative quantities. Theueate
values of these quantities are automatically resdrid the

SEIET

Error computation  Set of measurements  Exit  About
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- Mumber of stored measurements 5
L
Line-to-neutral input valtage: R RALLEY] i~ s
bl 200.00 0
Line-to-line input woltage: AL Ti0E 21 200000
e Infinite
Line-to-line load voltage: 7o 277820 Line phase angle:  30.00 0
Ztot 430050

Line current:

Load phase angls:  45.00 0
Power factor 071

Total impedance phase angle: 53750

Percentvoltage drop:

“oltage phase angle 8

1637 %

P1

P2

a1z

Qz:
Pil:

S1: 172.03YA

=p 143.87 v,

0,00
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FIGURE 2

MAIN PROGRAM WINDOW.
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relative edit boxes of Fig. 2. Additional quantitisuch as

window of Fig. 6 appears, where the value and dbteraf

voltage drope on the line, as a percentage of the sourcethe existing power factor, the reactance of themels
voltage, line losseB, and input and output apparent power, which must be connected parallel to the load fdrgawer

S, and$S; correspondingly, are also automatically calculated compensation,
compensation and the fact that the load reactiweepas

equal to zero in the casesy = 1 are recorded.

and registered in relative edit boxes.

El transmission line impedance =] 3|
Transmission line impedance
Resistance Inductance
Line graphical representation
0.00 0 200.00 Q Waratet
FIGURE 3

WINDOW FOR THE LINE PARAMETERS SELECTION

BEE

E Load impedance
Series o paralel conversion

Close

Load graphical representation

Inductance Capacitance

Resistance

1100 & 1100 Q INFINITE

FIGURE 4
WINDOW FOR THE LOAD COMPONENTS SELECTION

Three scales are provided for the ammeters. The sam

applies to the wattmeters. Therefore, the measurtsraf
the above instruments are accurate and clear.

The user has the possibility of seeing and printhney
phasor diagrams of line-to-neutral voltages (souine and
load voltages) and the line current, by pressimg“®Phasor
diagrams” button in the main menu of the windowrd. 2
(an example is given in Fig. 5).

B=lE]

Eﬂurrent and Voltage Phasor Diagrams

150 7 Source Voltage

23094

Load Voltage

Line Woltage
—

8135V

=2 - - = Line Current
0.20A

Re 1
|

FIGURE 5
CURRENT AND VOLTAGE PHASOR DIAGRAMS

Another option is to press the “Power factor caicet

button in the same menu. Then the user can sekadt “
compensation” or “Selected correction”. For thexfer, the

Coimbra, Portugal

the line current before and afters thi

Bl rull load compensation x|

Existing power factor

071
Inductive
Requisite capacitance 1100.00
Current before the compesation 0.25A
Current after the compesation 0.21A

Reactive load power after the compesation 0¥ar

FIGURE 6
FULL REACTIVE LOAD POWER COMPENSATION WINDOW

The window of Fig 7. appears by pressing “Selected
correction”. Here the existing power factor valuada
character are recorded. Then the desirable powsbprfa
value and character are selected and the reactande
character of the element, which must be connectedllpl
to the load to achieve this result, are recorded.

E Selected correction x|
Paowver factor correction diagram
Existing power factor
0.1 Requisite capacitance
Inductive

1638.57 O
Desirable power factor

"'?1.‘.‘....‘Ji1

0.95

[ Inductive character }
=

[ Capacitive character }

FIGURE 7
WINDOW FOR SELECTED POWER FACTOR CORRECTION

With the additional selection of “Power factor
correction diagram” from the main menu of the windof
Fig. 7 the window of Fig. 8 becomes available. Hertable
appears with the quantities: line currénltine losse$?, and
requisite reactanck¥ for a power factor increasing from the
existing value to a unit with a step equal to 0.08e user
can see and print diagrams, presenting each ontheof
guantities of this table as a function of the povemtor
cosy, by making a relative selection on the left lowed of
the window of Fig. 8. Figure 8 shows a relativegdian for
the line current.
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Elpower factor correction diagram x|
cosp I\ IF’H Ix: ;I
0243 | Diagram
: 0729 0242 0 1724321
o] ez
=] 078 0238 0 9315 489
o
0 023 077 0234 0 64188
0225
Q P 079 0229 o 4312559
0. CHER L a1 0226 o 3985326
o e HE LES 0222 0 37
N ]
o : 085 0219 0 289273
o 02045204
i 087 0215 0 2538809
074 076 078 D5 052 084 085 085 08 082 03¢ 0% 0%
cos@ 058 0212 0 wm B
Quantity of the Y axis
= Current
o
© Requisite reactance
POWER SYSTEM QUANTITIES FOR GRADUAL POWER FACTOR
CORRECTION

A series of measurement results can be storedahla
by pressing the “Measurement storage” button (EjgThe
number of these measurements appears on the fighe o
above button. The stored measurement results masédod
for the drawing of error diagrams. Specificallye tvindow
of Fig. 9 appears by selecting “Error computatitndm the
main menu of the window of Fig. 2. From the lefivky end
of this window the user can select an output gtyaofi the
virtual laboratory and then the stored values &f tfuantity
are registered in the first column of the table~@f. 9. The
user introduces the relative values of the abovantity
resulting from measurements in conventional equigme
using the second column. By selecting “Error corapanh”
the difference between the relevant values appeatbe
third column and the percentage error in the foaglumn.
The user can see the error diagram, by pressinggfam
drawing”.
E Error computation ;IEILI

Virual value Laboratory value Difference Error %

21.526 0.473 2197

38.791 0.208 0.536

63.091 1.908 3.025
61.947

10734

1.082 1.284

2.265 2227

Selectable quantity

Error computation ] Diagram drawing ]

Fi -

FIGURE 9
WINDOW FOR ERROR CALCULATION

Pressing the button «Delete measurements» in th
window of Fig. 2 results in the deletion of the rstb
measurements.

The button “Set of measurements” in Fig. 2 gives an
additional possibility. By pressing this button thiandow of
Fig. 10 appears. Using this window the execution eéries
of measurements is possible, albeit without hawisyal
access to the instruments. The user declares thiealdie
number of measurements and the table of Fig. 1Qie=ja
relative number of rows. Each row has 13 columngreh
the input data are inserted and the results ofviheal
laboratory measurements are recorded. Specifidhltyuser
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selects only those of the load componddtX,, Xc and the
line component®, X to be inserted in the columns of the
table, with five switches on the left upper endha window
of Fig. 10. Then the values for these components tae
source voltage value are recorded in the relatels.cThe
values of the quantitieB;, Qq, Uy, P2, Q,, 8 and| can be
calculated and registered in the table, by pressiaghutton
“Result computation”.

Elset of measurements (=1 F3}
Ifine Infiite Infinfe Zero Zﬁm Number of rows: |7
R@Q XL@ Xc(@ RI(@ XI(@ Un® PIW) 0I(VA) Ul(y) P2(W) Q2(vA) @ 8

4400 infine |Infnte |0 200 00 36288  |1649  |99587 |s6.288 |o 2602|0052
2000 Ifine |Infinte |0 200 400 7213|6857  [98357 72131 |0 5194|0104
1467 Infinte|Infiite |0 200 400 107075 |14597 396333 |107.0%5 |0 7763 |01s5
100 infine |Infinte |0 200 400 1408|256 303547 140793 |0 10304 |0.206
860 Ifinte|Infinte |0 200 400 172886 |39292 390053 |172868 |0 12604 |0.255
733 infine |Infinte |0 200 400 203156 |55431 385893 [203156 |0 15261 |0.303
629 Ifine |Infinte |0 200 400 231015 |73454  [381194 [231015 [0 17638 0349

X s - son

Y axis = error computation

—

WINDOW FOR A SET OF MEASUREMENTS

From the window of Fig. 10 the selection of a gitgnt
of the table, the comparison of its values to the
corresponding measured values in conventional augrip,
and the computation of the relative error (erroluga and
diagram) are possible in the same way as in Fig. 2.

A diagram with any two of the quantities of theléain
Fig. 10 as coordinates can be drawn by selectingdiam
drawing” in Fig. 10.

INDICATIVE VIRTUAL LABORATORY EXERCISES

The students can perform different laboratory egescon
the virtual arrangement of Fig. 2. Indicative exszs are:
. Power measurement of a directly fed consumer.

The student selects a value for the input voltdgend
different combinations for the values of the loadgmeters
R, X and Xc. Taking the line impedance as zero, he is
measuring the active, reactive and apparent posveredl as
the voltage on the loadP4, Q,, S, U, respectively). He is
also recording the reactive power flow directiotvmen the
source and the load.

+ Power measurement of a consumer
transmission line.
For the data of the previous exercise and the

fed via a

qmpedance of transmission ling as additional data the

students measure the active, reactive and appposver at

the line input and outputP(, Q;, S, P,, Q; and $;). The

measurement results are compared to relevant sesuthe

previous exercise and comments are expressed. ditagye

drop on the line is also calculated and how thed loa

character affects this voltage drop is examined.

. Measurement of the phase angleetween the source
and the load voltages and of the voltage drop on a
transmission line.
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For definite input voltage and transmission line
impedance students select a clearly resistive IBadf
different values. Then they measure the input antbud
line voltagesU;, and Uy, the phase anglé between them
and the input and output line powers. The voltags n
the line is also calculated. Diagrams Of, and 6 as a
function of the load active powét, are drawn. Comments
regarding the influence of the load resistance lan lbad
voltage are expressed.

e Transmission line voltage compensation.

power system in conventional laboratory equipméitte
virtual laboratory exercises are also performedhwitiis
equipment and error diagrams are drawn.

CONCLUSIONS

Described above is a software tool, developed by an
undergraduate student as a diploma thesis for filgeading
of the laboratory training of undergraduate stuslenftthe

Electrical and Computer Engineering Department of

The measurements of the previous exercise areDemocritus University Thrace in power systems. Shis

repeated by connecting a suitable capacitafa¢earallel to
the resistive load in order to compensate the tnisson
line voltage. Quantities relative to that of theewous
exercise are measured or calculated, relevant atiegrare
drawn and comments on the results of
measurements are expressed.

. Load compensation.

a) Full load compensation.

The line current, the reactive powe®, and the load
power factor are measured, for definite input \gdtaand
transmission line impedance and for different valoé an
inductive load. A selected capacitance, which isnezted
parallel to the load, achieves full load compermsati

can obtain this software tool from the Departmeitiass
educational platform and by using it, they can qenf
different virtual laboratory exercises on their gueral
computers in order to measure or calculate chaistite

respectivequantities of a three-phase power system. Thetsestithe

virtual measurements can be immediately comparettheto
results of measurements performed using conventiona
equipment, with the simultaneous computation of the
relevant error.

The Powerlab tool has already been successfultgdes
in four classes of our Electrical and Computer Bagring
Department during the years 2004, 2005, 2006 a0d,26
the context of the course “Power Systems I". itlesar from

(cosp=1). The values of the requisite capacitance for thethese applications that its main advantages are:

different load values and the new values of the tnrrent
are recorded.

b) Selected load compensation.

For definite input voltage, transmission line amad
impedances, the values of line currégnpower factorcosy
and line losse®, are measured or calculated. The power
factor increases from its existing value to a umith a
concrete step. For every new value of the poweofathe
line current is measured and the line losses, disasehe

e easy access
. user-friendly interface
e the visualization of the concepts learned
classroom
e easy and immediate comparison between real-world
and virtual experiment results.
One of our immediate plans is the enrichment of the
arrangement of Fig. 2 with additional elements sash
voltage sources (interconnected systems), inductivéors

in the

requisite capacitance for the concrete power factoras |oads, transmission lines parallel to the exgstone,

correction, are calculated. Diagrams of the abamntities,
as a function of the power factor, are drawn.

11}
WIS

FIGURE 11
EXPERIMENTAL SETUP FOR MEASUREMENTS IN CONVENTIONAL
LABORATORY EQUIPMENT.

Figure 11 shows an experimental
measurement of characteristic quantities of a tplase
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setup for the

regulating transformers for voltage phase angle and
magnitude control, step up and step down transfeme
Undergraduate students in the context of their odipal
thesis will develop all the aforementioned and thianother
educational advantage of Powerlab tool. Then, é&utur
undergraduates will be able to perform addition@tual
laboratory exercises relative to power flow, power
distribution in parallel lines, power systems iot@inections
etc.

REFERENCES

[1] Grainger J. J. and Stevenson W. D., JR, Power raystealysis.
Singapore: McGraw-Hill, Inc., 1994, ch. 1.

[2] Lakervi E. and Holmes E. J., Electricity distrilout network design.
2nd ed., Exeter: Peter Peregrinus Ltd., 1995, ch. 3

[3] Gonen Turan, Modern power system analysis. New Yawkn Wiley

& sons, 1988, ch. 2, 3.

September 3 — 7, 2007

International Conference on Engineering Education 4CEE 2007



