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An Improved Method for Dynamic Voltage Collapse Prediction
in Power System
(September 2006)

Muhammad Nizam, Azah Mohamed and Aini Hussain

Abstract - This paper presents an improved method for predicting dynamic voltage collapse in power systems by
developing the power transfer stability index. The generator governor and excitation dynamics, induction motor and
under load tap changer are considered in the simulation process. Time domain simulations using the PSAT software
program has been carried out in this work. Several contingencies have also been considered in the simulations
including real and reactive power load increase, line outage and generator outage. The proposed PTS index has been
investigated for its applicability in indicating proximity to voltage collapse. The performance of the index was tested
using the thirty nine-bus test system and studied under various operating conditions. Smulation test results prove that
the proposed PTS index gives a better prediction of dynamic voltage collapse compared to the voltage collapse

prediction index.
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1. INTRODUCTION

Voltageinstability problem hasbeen aseriouslimitationin
power system operation in which a large number of
blackouts are dueto thisform of instability. Assystem |oad
increases, voltage magnitudes throughout a power network
will slowly decline and continuing increase in loads may
eventually drive a power system to a state of voltage
instability and may cause a voltage collapse. Recent
blackouts around the world are mainly due to voltage
collapse occurring in stressed power systems which are
associated with low voltage profiles, heavy reactive power
flows, inadequate reactive support and loads. The
consequences of voltage collapse are that system
restoration takes along timewith large groups of customers
left without supply for extended period of time. The study
of voltageinstability and voltage collapseis therefore still
amajor concern in power system operation and planning.

Severa different approaches have been proposed for
predicting the occurrence of voltage collapse. Most of the
works addressed in the literature treat voltage instability
problem using static analysis methods based on the
conventional power flow model. The static analysis of
voltage instability produces some results but it does not
takeinto account of the dynamic aspects of power systems.

M. Nizam has been working at the Engineering Department,
Sebelas Maret University, Indonesia. He is currently a Ph.D Student
at the Department of Electrical, Electronic and Systems Engineering,
Universiti Kebangsaan Malaysia, Bangi 43600, Selangor, Malaysia,
Majoring in Power System (corresponding author, Phone : 60-3-
89216590, e-mail: nizam_kh@uvlsi.eng.ukm.my).

A. Mohamed is a Professor at Department of Electrical,
Electronic and System Engineering, Universiti Kebangsaan Malaysia,
specializing in voltage stability studies, (email
azah@vlsi.eng.ukm.my).

A. Hussain is an Associate Professor at the Department of
Electrical, Electronic and Systems Engineering, Universiti
Kebangsaan Malaysia, specializing in Signal Processing, (email:
aini@vlsi.eng.ukm.my).

An electrical power system is typically a large dynamic
system in which the dynamic behavior of its components
has a significant influence on voltage collapse. Governor
and exciter of agenerator and induction motor load could
affect voltage stability [1]. To incorporate the dynamic
aspects of a power system into voltage stability analysis,
accurate modeling of power system componentsisrequired
and time domain simulation is normally implemented.
Another important aspect in dynamic voltage stability
analysis is the impact of contingencies on power system
operation. The contingencies normally considered areload
increase, line outage and generator outage.

In predicting dynamic voltage collapse, many indices
are used to determine how far apower systemisfromvoltage
collapse. Several research works have been carried out
focusing on how to accurately estimate the dynamic voltage
stability margin and to predict the occurrence of dynamic
voltage collapse[14].

Some of the well known methods for predicting
proximity to dynamic voltage collapse use eigenvalue
analysis [2-4] and voltage stability indices such as the
power margin [5-6], lineindex [7] and voltage collapse
predictionindex [8]. Ref. 15 determinesthe voltage stability
margin of a power system by using information about the
current operating point. The method simply requires some
locally measurable quantities, such as bus voltage
magnitude and active and reactive components of load
power. In this paper, an improved method for dynamic
voltage collapse prediction using the power transfer
stability index (PTSI) isproposed and presented. Thisindex
is based on the ratio of the apparent load power to the
maximum load power transfer at particular bus. In the
dynamic simulation of voltage collapse, power system
dynamic model s have been incorporated including induction
motor, generator excitation limiter, automatic voltage
regulator and under load tap changer (ULTC). Somegeneric
load modelsare also considered [ 16]. The 39-bustest system
isused for carrying out the simulation of dynamic voltage
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collapse. The timedomain smulationsare carried out usng
the Power System Analysis Toolbox (PSAT) simulation

program[9].

2. INDICES FOR DYNAMIC VOLTAGE
COLLAPSE PREDICTION

Thederivation of the power transfer stability index (PTSl)
is presented in this section. Another index named as the
voltage collapse prediction index VCPI [8] isal so described
because this index is used for the purpose of comparing
with the proposed index.

Derivation of the Power Transfer Sability | ndex

The proposed power transfer stability index (PTSI) is
derived by first considering a simple two-bus Thevenin
equivalent system, where one of the buses is a dack bus
connected to a load bus by a single branch as shown in
Fig. 1. Referring toFig. 1, the current drawn by theloadis
given by,

EThta/ _ (l)
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Zoe T2,

Thev

The load apparent power can be written as,

S =71 =7 @
Subgtituting (1) into (2) yields,
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Fig. 1. Simple two-bus thevenin equivalent system.

Considering Z =7 /o and Z, =728 and

substituting both into (3), we get,

2
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where ¢¢ is phase angle of the load impedance and & is
phase angle of the Thevenin impedance.
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The magnitude of load apparent power S _from (4) can be
expressed as,

— E'I?hevZL (5)
Z e 2B+2Z L0

L

Simplifying (5), weget

_ EfeZL ©)
Zie + 2, + 220, Z, 0O~ )

L

To determine the maximum |oad apparent power S, the
condition of 9§ /9z, must be met. By differentiating (6)
with respect to the load impedance Z, and by determining
maximum valueof S inwhich 9S /oz, =0, hence,

ai — E‘I?hev (Z'I?hev — ZE) =0 (7)
aZL [ZTZhev + ZE + ZZThevZLO COS(ﬂ - 0{)]2

From (7), the point of maximum loadability can be
determinedwhen z7,, -2?=0 or Z, =Z,,
Themaximum load apparent power S isthen determined
by substituting z, = Z,,,, into (6) andSmplifyingitfurther,
wegst,

_ = ®
27, A+ 2008 f—a)

SLmax

The maximum load apparent power given by (8) isalso
considered asthe maximum loadability limit which depends
on the Thevenin parameters that vary with  system
operating conditions.

To assess the load bus distance to voltage collapse, a
power marginisdefined as(S  —S ) in which themargin
isequal toO if Z = Z . For power margin vauesequal
to O, it indicates that no more power can betransferred at
this point and a proximity to voltage collapse is said to
occur. Thus, to prevent a power system from voltage
collapse, the power margin hasto be greater than zero. In
other words, theratioof S to S, hastobelessthan 1.0.
However, avoltage collapsewill occur if theratioof § to
S IS equal tol, thatis,

S ©
S_max

Subgtituting (6) and (8) into (9), weget

E'I%hevZL
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Simplifying (11), weget,

2S Z,,.,(1+cos(B-a)) 1 (11)

> =
EThev

Using (12), the proposed voltage collapse index, PTSI
becomes

PTY = 25LZThev (1+ COS(ﬂ — 06)) (12)

2
EThev

Thevaluesof PTSI will fall between 0 and 1. When PTSI
value reaches 1, it indicates that a voltage collapse has
occurred.

Formulation of the Voltage Collapse Prediction I ndex

Thecd culation of thevoltage collapse prediction index
(VCPI) requires voltage phasor information of the
participating buses in a system and network admittance
matrix. TheVCPI [8] for busk can bewritten as,

N i
2V
m=1
VCPI, =1- m‘; (13)

k

Inwhichv_ isgiven by,

\A =—NYkm V. (14)

2%
j=1
j#k
where,
\V isthevaltage phasor at bus k

k

V,, isthevoltage phasor at bus m

Y., isthe admittance between busk and m

Yy isthe admittance between busk and j

k isthemonitoring bus
m isthe other bus connected to bus k

Thevalue of VCPI varies between 0 and 1. If theindex
is zero, the voltage at busk isconsidered stable and if the
index isunity, avoltage collapseis said to occur.

Procedurefor Simulation of Dynamic Voltage Collapse

Thedynamic simulation of voltage collapse study was
carried out using the Power System Analysis Toolbox
(PSAT) software program [9]. The proceduresin smulating
dynamic voltage collapse are described as follows:

i.  Inputload, generator and line data of the test system.

ii. Create seven cases of contingency conditions such
asstep increasein load, line outage, generator outage
and effect of ULTC.

iii. Run the time domain simulation for 200 seconds or
until the ssimulation stops when the Jacobian matrix
becomessingular.

iv. At every time step of 1 second, measure the voltage,
phase angle, real power and reactive power at al
monitoring buses.

v. Using the data obtained from step (iv), calculate the
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Theveninvoltage, E, . and Theveninimpedance, Z,,
at every load bus in every second. The Thevenin
voltage and Thevenin impedance arerequired for the
calculation of the indices PTSI and VCPI. The
procedureto calculate E,  and Z,_ is explained and
given asintheAppendix.
vi. CaculatethePTSl and VCPI indicesat every timestep
of 1 second.
vii. Plot theindicesagainst time.
viii. Repeat steps (ii) to (vii) by considering another case
of operating condition.
All simulations use atime sampling of one second in
which at this sampling time the transient effect is not
noticeable.

3. TEST SYSTEM DESCRIPTION

The 39 bus test system which is used in the dynamic
simulation is shown in Fig. 2 in which it consists of ten
generators connected at buses 30to 39 and bus31isthe
dlack bus.

All generators are equipped with identical automatic
voltageregulator (AVR), over excitation limiters (OEL) and
turbine governor. The bus and line data of thetest system
can befound in Ref. 17.

(s

17 _—

| \+/ 19 23
7 31 13
- 1
11 o) e— W 36
- 10
8 34 e — 3 U
32 5 4
: %— © O

Fig. 2. One-line diagram of the 39-bus test system.

Generator and Load Modeling

All the ten generators have identical dynamic
characterigticsusing thesixth order synchronous machine
model (two axes, with two windings on each axis) for each
generator [9]. The AVR of IEEE modd 1 and the type 1
steam turbine governorsasshownin Figs. 3(a) and 3(b) are
used in the study. Both AVR and over excitation limiter
(OEL) regulate the voltage at the generator terminal by
performing both regulating and excitation system stabilizing
functions. TheAVR definesthe primary voltageregulation
of the generator whilethe OEL providesan additional Sgnal
tothereferencevoltageof AVR [12]. Thedetailed parameters
of the AVR and OEL are as shown in Tables 1 and 2,
respectively. The turbine governor of Type 1 [9] defines
the primary frequency regulation of the synchronous
generators in which the turbine governor parameters are
givenin Table3.
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For dynamic loads, the model considered is the voltage
dependent load with active and reactive power voltage
dependence of o= 1.8 and B = 0.5, respectively. As for the
static loads, constant PQ load model is considered in which
the load data can be found in Ref. 17.

o rf—%

Vref + + Ka Vi 1 Vi
T.s+1 + Ts+1

Vr min

1 T,s+1
Ts+1 Tes+1

T,s+1
Ts+1

H

Reheat

P

Governor Servo

Fig. 3b. Turbinegovernor —type 1.
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The system also considers six induction motors which
have identical dynamic characteristics. The type of
induction motor used is the single cage induction motor
model. These motors are connected at bus4, 12, 16, 21 and
23 with ratings of 500+ j184 MVA, 8.5+j88 MVA, 329 +j32.3
MVA, 274 +j115MVA, and 247.5 + j84.6 MVA, respectively.
The detailed specification of each induction motor can be
found in Ref. 11 with stator resistance (R) = 0.01 p.u.,
stator reactance (X ) = 0.15 p.u., rotor resistance (R, ) = 0.05
p-u., rotor reactance (X, ) = 0.15 p.u., magnetization reactance
(X,)=5p.u. and inertia constant (H) = 3 KWs/KVA.

ULTC Transformer Modeling

The ULTC is used for controlling the secondary voltage
[13]. Its action is represented with time delay and deadband
in which the time delay for ULTC is assumed to be 1 second.
The tap ratio considered has a minimum and maximum
voltage tap of 0.8 p.u. and 1.2 p.u., respectively, with a
step of 0.025 p.u. per tap or 16 steps.

Table 1. AVR System Parameter — Type IEEE Modd 1

Stabilizer Stabilizer Amplifier Amplifier Field Time Measurement Max Min
gain Time gain Time Constant Time Constant Regulator Regulator
Constant Constant Output Output
Ky Te Ka Ta Te T Vrmax Vrmiy
0.03 1.0 sec 5 0.02 sec 0.8 sec 0.001 sec Spu -5 pu
Table 2. Specification of Over Exciter Limiter
Integrator Time Constant d-axis estimated generator | q-axis estimated generator Maximum field current
reactance reactance
To Xd Xq Lfim
0.03 sec 0.2 pu 0.18 pu 1.0 pu
Table 3. Specification of Turbine Governor — Type 1
Reference Droop Max Min Turbin Governor Servo Time Transient Power Reheat
Speed Turbin Output Time Constant Gain Time Fraction Time
Output Constant Constant Time Constant
Constant
WRef R Tmax Tmin TS TC T3 T4 TS
1 p.u. 0.05 16 p.u. 0.75 p.u. 0.1 sec 0.45 sec 0 sec 12 sec 50 sec
Table 4. Simulation Test Cases
Test Contingency System Load Control
Case measures
A Increase P and Q loads at bus 15 at a rate of 0.1 +j0.05 p.u.- .
MV A/sec with initial load of 3.20 +{1.53 p. u. Static loads AVR, OEL
B Increase P and Q loads at bus 15 at a rate of 0.1 + j0.05 p.u.- .
MV A/scc with initial load of 3.20+{1.53 p. u. Induction motors AVR, OEL
C Increase P load at bus 15 at a rate of 0.1065 p.u.-MW/sec Induction motor and static AVR. OEL
with initial load 0of 3.20 +j1.53 p. u. loads ’
D Increase Q load at bus 15 at a rate of 0.1065 p.u.-MVAR/sec | Induction motor and static AVR. OFL
with initial load 0of 3.20 +j1.53 p. u. loads i
E Multiple Line Outages at line 14-15, and 13-14. Increase P Induction motor and static
and Q loads at bus 15 at a rate of 0.1 +j0.05 pu/s with initial loads AVR, OEL
load of 3.20+j1.53 p.u.
F Outage of Generator at bus 30. Increase P and Q loads at bus
15 at arate of 0.1 +j0.05 p.u./sec with initial load of 3.20 + AVR, OEL
j1.53p.u.
G Increase P and Q loads at bus 15 at a rate of 0.1 +j0.05 Induction motor and static AVR’OEL’UITTC
e . connected at lines
p.u./sec with initial load of 3.20 +j1.53 p. u. loads. 14-15 and 13-14
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4. TEST RESULTS

In this study, seven test cases have been considered as
described in Table 4. Simulations were carried out to
evaluate the performance of the proposed PTSI indicator
in predi cting dynamic voltage collapse aswell asto examine
the behavior of excitation system, ULTC and induction
motor load during voltage instability condition.
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Fig. 4. Effect of induction motor a) Voltage vstime at
several load busesb) PTSI vstime at several load buses
¢) VCPI vstime at several load buses d) Comparing the

effect of different types of loads on voltage collapse.
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Behavior of Induction Motor Load during Dynamic
Voltage Collapse

Simulationswere carried out for test casesA and B so asto
compare the behavior of induction motor and static |oads
and to investigate the effect of induction motor loads in
the dynamic simulation of voltage collapse. Intest caseA,
static loads are connected at 18 load busesof bus3, 4,7, 8,
12, 15, 16, 17, 20, 21, 23t0 29 and 39 while intest case B,
dynamic loads which are voltage dependent loads are
connected at 13load buses of bus3, 7, 8, 15, 17, 20, 24to
29 and 39 with five induction motor loads connected at
bus 4, 12, 16, 21 and 23. To simulate a voltage collapse
condition in both test casesA and B, astepincreasein load
isconsidered in which the static load at bus 15 isincreased
at arateof 0.1+j0.05 p.u. (MVA/sec) fromaninitial load of
3.20+j1.53 p.u. MVA. Inthesimulation for test case B, the
bus voltages at all the load buses are recorded and plotted
against time as shown in Fig. 4(a). The figure shows that
bus 15 has the lowest voltage bus and the highest rate of
voltage with respect to load changes.

Thevoltage stability indicesPTS| and VCPI measured
at al the load buses are plotted against time as shown in
Figs. 4(b) and 4(c), respectively. Fromthefigures, it canbe
seen that the values of PTS| and VCPI indicesincrease as
theload at bus 15 isincreased. It is also noted that bus 15
ismore proneto voltage collapse as compared to the other
buses because highest values of PTSI and VCPI indices
arerecorded at bus 15 in which the values of PTSI and
VCPI indicesat bus 15 are 0.999 and 0.983, respectively.

To investigate the effect of different types of loads on
dynamic voltage collapse, simulationswere carried out for
the case of system with static loads only asin test case A
and for system with both static and induction motor |oads
as in test case B. The results for both test cases are as
shown in Fig. 4(d). From the figure, it can be seen that
system with induction motor loads collapses faster at
t=20.5sec when PTSI at bus 15 indicates avalue of 0.999
as compared to the system with static loads only in which
voltage collapse occurs at t = 76 sec when the PTSI value
at bus 15 is 0.998. Theresults provethat the system with
induction motors give more effect to voltage collapse
compared to system with only static loads because the
motors absorb much more reactive power thus causing the
voltage to drop faster than static loads [6].

Effect of Increasing Either Real or Reactive Power
Loads

Test cases C and D are considered to investigate the effect
of increasing either real or reactive loads in the dynamic
simulation of voltage collapse. For both test cases, aninitial
load of 3.20 +1.53 p.u. isconsidered at bus 15. However, in
test case C, the static load at bus 15 isincreased at arate of
0.106 p.u. (MW)/sec of real power whereasintest caseD,
the static load at bus 15 isincreased at arate of 0.106 p.u.
(MVar) /sec of reactive power. The simulation results of
test cases C and D areplotted in Figs. 5 and 6, respectively.
From the figures, it can be seen that the PTSI and VCPI
indices increase with time asloads are increased at bus 15
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and the point of collapse (PoC) occurs when both the
values of PTSI and VCPI approach 1.0. Comparing the
effect of increasing either real and reactive power loads, it
is noted that the system collapses faster when reactive
power isincreased in which voltage collapse occurs at time
t = 18.25 sec ascompared to timet = 21.3 sec for purereal
load increase. Fig. 7 illustrates further the effect of
increasing different types of loads at bus 15. The figure
shows that the increase in pure reactive load gives more
significant effect to voltage collapse at bus 15 thanincrease
inreal power load or mixed real and reactive power |oad.

1

Voltage 15

Point of collapse (PoC)
PTSI = 0.992

e o
>

att =21.33 sec

Voltage (pu)
&

PoC VCPI = 0.945(
at t =21.33 sec

. . .
0 5 10 15 20 25
time (second)

Fig. 5. PTSI and VCPI indices duetoincreasein real

power load.
1
PoC PTSI = 0.999
0.9 att =18.25 sec
08 Voltage 15
07
= 06
2
S 05 PTSI 15,
8
S
04 PoC VCPI= 0963 |
att =18.25 sec
03 VCPI 15 4
0.2
0.1
o f . . . , , . . ,
0 2 4 6 8 10 12 14 16 18 20

time (second)

Fig. 6. PTSI and VCPI indices dueto increasein reactive
power load.

Voltage (pu)

Increase Q

Increase P+Q

0.4

0 5 10 15 20 25
time (second)

Fig.7. Voltage at bus 15 for comparing the effect of
increasing real and reactive power loads.

Voltage Collapse due to Multiple Line Outages

Test case E is considered to investigate the effect of
multipleline outagesin the dynamic simulation of voltage
collapse. In thistest case, the system hasinduction motors
connected at the five buses similar to that in test case B
and two lines connecting buses 13-14 and 14-15 are
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outaged or disconnected at timet = 2 secs. The results of
the PTSI and VCPI indices of bus 15 are plotted against
timeasshownin Figs. 8(a) and 8(b), respectively.

1F
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Voltage = 0.980

Voltage 15
Voltage = 0.9573
0.8

0.6

0.4
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0.2 1 1 1 .
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indices due to lines outage without load
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a) PTSI and VCPI
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0.9

08 Voltage 15

0.7

0.6

PoC VCPI = 0.9124

0.5 PTSI 15 att=18.4 sec

Voltage (pu)

0.4
0.3
02 VCPI 15
0.1

0

. . . . I . . .
0 2 4 6 8 10 12 14 16 18 20
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b) PTSI and VCPI indices due to lines outages with load
increase.

Fig. 8. Effect of lines outage.

Figure 8(a) shows that the both the PTS| and VCPI
valuesarelow, that is, very much lessthan 0.3 and that the
voltage at bus 15 does not seem to collapse. The results
indicate that the multiple line outages of lines connecting
buses 13-14 and 14-15 without any load increase at bus 15
do not cause voltage instability in the system. However,
by simulating both line outages 13-14 and 14-15 and gradual
load increase at bus 15, the system will collapse as shown
in figure 8b in which the point of collapse occurs at time
t = 18.4 sec when thevaluesof PTS| and VCPI are 0.997
and 0.9124, respectively. In this case, the lines 13-14 and
14-15arevital lines serving load bus 15 and outage of these
line will create adverse effect on bus 15. Additional load
increase at bus 15 will cause a voltage collapse in the
system.

Voltage Collapse due to Generator Outage

Test case F is to investigate the effect of generator
outage in the dynamic simulation of voltage collapse. In
the simulation, the static load at bus 15 is increased at a
rateof 0.1+j0.05p.u./secfrominitial load of 3.20+j1.53 p.u.
and the generator at bus 30 isoutaged. The PTSI and VCPI
indices of load bus 15 are plotted against time for this
contingency case as shown in figures 9aand 9b. Figure 9a
shows that the effect of a generator outage at bus 30 does
not create voltage instability in the system. However, by
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simulating both a generator outage at bus 30 and agradual
load increase at bus 15, a voltage collapseis said to occur
at timet = 18.5 sec when both the PTSI and VCPI values
reach 0.998 and 0.959, respectively.

Voltage 15 After Disturbance

Voltage = 0.998 Voltage = 1.001

Voltage (pu)
S}
=

PTSI= 0035 After Disturbance

PTSI 15 PTSI = 0.024

VCPI15 After Disturbance

VCPI = 0.009 VCPI = 0.0059

-0.2

0 ‘5 Wb 1‘5 2‘0 25
time (second)
a) PTSI and VCPI indices due to generator outage without

load increase.

PoC PTS!= 0.998
att=18.5 sec

0.8l Voltage 15

PoC VCPI = 0.959

2 05 PTSI 15 att=18.5 sec

VCPI 15

. . . . . . . I
0 2 4 6 8 10 12 14 16 18 20
time (second)

b) PTSI and VCPI indices due to generator outage with
load increase.

Fig. 9. Effect of generator outage.

Effect of Installing ULTC Transformer

Test case G is considered to investigate the effect of
installing two ULTCs at lines connecting buses 13-14 and
14-15. A similar operating condition as in test case B is
simulated but in this case, the ULTCs areinstalled. Figure
10 shows the effect of installing ULTCs in the system in
which the result shows that voltage collapse occurs later
than for the case without ULTCs. It can be seen from the
figurethat by installing ULTCs, thetime of collapse at bus
15isextended by 6 %. Thus, theuse of ULTC transformers

1

PoC PTSI 15 =0.999

0.9l att = 20.67 sec

without ULTC

08l PoC PTSI 15 =0.999]
att=22sec

with ULTC

2

g 05f Voltage Bus 1
% without ULTC
=

Voltage Bus 15
with ULTC

I . I I
0 5 10 15 20 25
time (second)

Fig. 10. PTSI index considering before and after
installing ULTC
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help to boost up voltage magnitudes of the installed load
buses and improve voltage stability of the system.

5. CONCLUSION

This paper has presented the performance of the proposed
index PTSI in predicting dynamic voltage collapse. The
effect of dynamic power system modelssuch asAVR, OEL,
ULTC and induction motor on voltage collapse has also
been investigated. The investigation on atest system for
prediction of dynamic voltage collapse, based onthe PTSI
index, has given encouraging results in which it is
comparable to the VCPI. The proposed PTSI is a more
reliableindicator for predicting becauseit givestherelative
closeness of the stability limit. Results also prove that the
PTSI give faster and more accurate voltage collapse
predictionthantheVVCPI. Fromtheresultsof thesimulation,
it was also observed that theincreasein load reactive power
has a significant impact on voltage collapse than the real
power and al so the system with induction motors give more
effect to voltage collapse. In conclusion, it is also noted
that the contingency dueto load increase contributes more
to voltage collapse as compared to line and generator
outages.
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APPENDIX

Zthe/~Rrhevt | Xhey

Errev _
Load S=P +jQ

Z
Fig. A. Simple two bus thevenin equivalen.

In order to track the Thevenin equivalent circuit, the curve
fitting techniqueisused [6]. According to Fig. A and using
the basic circuit theory:

Eno =V +1Z4,, (A2

Thev

The load bus voltage and current are measurable
quantities. Hence the two unknown variables are E,

Thev and
Z... Decompose the vector as.

Enes =Er+JE .V, =V + jVand | =1+ jl -
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Thus, (15) can bewrittenin matrix formas:

1o -, L|E| [V
{0 1 - —IJ Rres 'M

X Thev

(A2)

In order to solve (11), two or more measurements are
required to estimate the unknown thevenin equivalent
parameter.





