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Abstract— This paper presents a new transient stability indexcalled the Area-based COl-referred Transient
Stability Index for a large electrical power systemA large power system is divided into smaller areadepending on
the coherency of the system due disturbances befaitge index is applied on the system. The proposeddex is defined
by associating with each area of the power systemnaequivalent inertia representing the total inertia of the
generation located in that area. Assuming that eacarea is coherent, it is possible to assimilate iteehavior to that of
a single large machine with same inertia and genetian. It also offers a direct means of deriving thecentre of inertia
(COI). The COI provides very useful information for tracking the stability of interconnected areas. Spinstead of
assessing all the generators’ rotor angles in th&ystem, it is sufficient to assess only the areadsd COI referred
transient stability index which represents a sinlg large machine rotor angle of each ares&Simulations on the large
practical power system show the effectiveness ofdlproposed index.

Keywords — Transient stability index, transient staility assessment, time domain simulations.

which is able to classify whether the power sysigrstable

I.INTRODUCTION or unstable. Another TSI proposed in referencenfbich is

Power system stability denotes the ability of aecelc
power system, for a given initial operating coratiti to
regain a state of operating equilibrium after besngjected

also called the hybrid transient energy marginesedboped
by incorporating time domain simulations with tmansient
energy functions. The TSI developed in referencg i$s

to a physical disturbance, with most system vagisblbased on the implicit expression of the stabilidgion of
bounded so that practically the entire system resnaitact power system related to the controlling unstableildaium
[1]. Power system stability studies have been digidnto point. This index is used to calculate criticalaclag time
rotor angle, voltage and frequency stabilities. dRaingle and contingencies ranking of the power system.

stability is divided into two smaller categoriesaall signal This paper concerns the TSA of a large power system
transient stabilities [2]. The focus of this paperon the new transient stability index called the Area-ba<e@l-
matter of transient stability. Transient stabiligsessment referred Transient Stability Index for a large &leal power
(TSA) is part of dynamic security assessment of growsystem is proposed. Before applying the proposeexinthe
systems which involves the evaluation of the abibf a power system is divided into smaller areas depgndmthe
power system to maintain synchronism under severe lsoherency of the system due to disturbances. Tbpoged
credible contingencie©ne of the most important roles ofindex is defined by associating with each aresheffiower
TSA is to formulate a transient stability index (Y®r the system an equivalent inertia representing the fotatia of
contingencies, which is used to assess the stabflipower the generation located in that area. Assuming ¢hah area
systems and to rank the severity of the contingsnciis coherent, it is possible to assimilate its bébrato that of
Methods normally employed to formulate TSI are lsjng a single large machine with same inertia and geioeraSo,
time domain simulations, energy function, hybriddaninstead of assessing all generators’ rotor angtesthe
artificial intelligence methods. Time domain sintida system, the index reduced to only assessing tlggesiarge
method is implemented by solving the state spaiéereitial machine rotor angle’s representing each area. Whik is

equations of power networks and then determinessigat
stability. Energy function method determines transi
stability by calculating the stability margin ofyer systems.
The hybrid method combined time domain simulatians
energy function methods in calculating the TSI.

Hybrid method is used in reference [3] to developw

similar with the work in reference [6], the diffeiee in this
paper is the rotor angles data for each generatothe

system are measured and recorded through time domai

simulations whereas reference [6] uses recordedephagle
data from phasor measurement units located stcatigin
the power system. Simulations on the large prdctioaer

approach to TSA called Marginally Unstable Injentiosystem will illustrate the effectiveness of thegsed index.

(MUI) to develop a more accurate TSI. ReferenceugHd a
hybrid approach to identify critical machine andotdld TSI
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[I. FORMULATION OF THE TRANSIENT
STABILITY INDEX whereMy is the total inertia of the system ahtlis thej-th
Before deriving the proposed TSI, the machine égnst area inertia.
used to evaluate the dynamic behavior of a powstesy for Therefore, the area equivalent rotor angle is esga@ in
transient stability simulation is first consideredhe the COIl frame and is given by:
differential equations to be solved in power systaability
analysis using the time domain simulation methoel the
nonlinear ordinary equations with known initial wes.
Using the classical model of machines, the dyndraltavior
of an n-generator power system can be described by theThe area-based COl-referred rotor angle as give6)iis
following equations: then used as a TSI in which the index can be itibstl by
plotting it against time. From the plot, it canddeserved that

) ?Oi =4 - ocol ®)

M d?s, P 1) i the rotor angle of any area’{” ) goes out of step after a

'odt? moe ( fault is cleared then the area is said to be utestabereas if
it remains in equilibrium than the area is saithéostable.
However,
. IIl. TEST SYSTEM DESCRIPTION
0i= OF (2)

By substituting (2) in (1), equation (1) becomes

Mié)i:Pm_Pd )

where §; - rotor angle of machine ip; - rotor speed of
machine i; B; - mechanical power of machine i P
electrical power of machine | and; Mmoment of inertia of

machine i. ‘\. MORTHERM
GRID

Equation (3) is then solved by using a time domail
simulation program through step-by-step integraoras to 4
produce time response of all the state variablé® tor
angles calculated from equation (3) are then usethé
computation of the proposed TSI.

The TSI is associated with each area of a power ayrd
is based on an equivalent inertia representingatat inertia
of the generators located in that area. Assumiag dh the
generators in an area is coherent following a distioce, it is
reasonable to assume an equivalent single largeningac
representing all the generators in that area. ddrisbe made
possible by deriving the centre of inertia (COlhieh is
very useful information for tracking the stabilitpf
interconnected areas. Before defining the COI dtiesit the
area equivalent rotor angle concept needs to hieedef

For a particular area, witN number of generators, that
particular area equivalent rotor angle is the ayereotor
angle through alN measurements which is given by,

2

0, (4)

- 1
e}

Fig. 1: The large practical power system with flectrically coherent
areas

where 5] is the area equivalent rotor angle afds the
o . . . The proposed index has been examined on a largtigada
individual rotor angle in Fhe particular area. ThEsuming a power system. Fig. 1 shows the large practical paystem
total number off areas in a power system, the COI of thegngists of 23 synchronous generators, 87 busesland
system can be defined as, transmission lines. The system is divided into fareas;
which are Northern Grid (6), Central Grid (6), Somést
Grid (2), Southern Grid (5) and Eastern Grid (4heT

_ 1 r _ r number in the brackets represents the number adrgtars

ocol (t):—ZMjéj, MT:ZMJ- (5) in the respective grids. The areas are divided rag to

My i=1 i=1 generators coherency due to disturbances.
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Al -NORTHERN GRID

6 gensets, 4 tie-lines
M=56.54, 2423036 MW

AS - EASTERN GRID

4 gensets, 6 tie-lines
M=3598,2233.1 MW

A2 - CENTRAL GRID

6 gensets, 8 tie-lines
M=5032, 4288.1 MW

A3 - SOUTHWEST GRID

5 gensets, § tie-lines
M=51.16, 14814 MW

Ad4-SOUTH GRID

2 gensets, 4 tie-lines
M=23, 188 MW

Fig. 2 Simplified version of the practical powest®m

Fig. 2 represents a simplified version of the festver
system so as to highlight the interconnections eetwthe
five areas and number of generators, generation )dhd
inertia constant for respective areas.

The system is developed in P8E. In the simulation
model, the generator is modeled by 6rder differential
equations and the loads are constant impedanceelMdd
excitation system is IEEE-type 1 with turbine gowes

type-1.
IV. TRANSIENT STABILITY SIMULATION ON THE
TEST SYSTEM

Time domain simulation method is used in this wiark
assess the transient stability of the large praktmower

interest in transient stability studies is usuéityited to 3 to
5 seconds following the disturbance; it may be rokés to
10 seconds for very large systems with dominargriatea
swings [2].

All the rotor angles data collected from all the
contingencies are then applied to the proposed T®&. TSI
are then plotted to illustrate the severity of toatingencies
on the power system.

V. TEST RESULTS

The time taken to run the simulations is set at 20
seconds since it is a large system. Collected data
PSSME are then applied to the TSI to illustrate the
effectiveness of the proposed index. The proposst g
plotted against time using MATLAB program. The area
based COl-referred rotor angles are then compaittdtie
rotor angles plotted for all the generators infilie areas of
the system. Average voltage for each area is distted to
illustrate the effect of proposed TSI on the vadtadgror
illustration purposes, only a few selected contimges (5
cases) are shown to prove the accuracy of the pembo
index.

A. Case 1 - A three-phase fault is first created at bus 73 in
the Central Grid. After the fault is cleared a01l@s, the
transmission line connecting bus 73 and bus 233&én
same area is disconnected. Fig. 3 shows the siis plo
consisting of individual rotor angle plots for eanhchine in
their respected areas (Fig. 3(a) — (e)) and the-based
COl-referred rotor angles (Fig. 3(f)). From the tploit
shows that the fault does not affect the systemildgjasince
the individual rotor angle plots of all machines timeir
respective areas do not violate the stability liofithe power
system. The COl-referred rotor angles plots areo als
consistent with the individual rotor angles plotsdathey
remain in synchronism after the fault has occurigd. 4
shows the proposed TSI and average area voltagpsnse
signals due to the disturbances. It shows thatfalt is
weak on the system since the COl-referred rotorleang
remain in synchronism after the fault had occurrétis

system because it is the most reliable, mature aaodrate illustrates a transiently stable case.

method compared to other
equations to be solved in transient stability asialyare
nonlinear ordinary equations with known initial was. For
this purpose the PS%E software is used.

method. The differential

B. Case 2 - A three-phase fault is created at bus 132 in the
Southern Grid. After the fault is cleared at 108, rthe
transmission line connecting bus 132 and bus 249the

In this work, the dynamic performance of the syste@yme area is disconnected. Fig. 5 shows the sis plo

during disturbances is based on observation of rtier
angle of generators in their respective areas vitme
domain simulation method. About 114 three-phastédaue
applied to the system. The three-phase faults era&ted at
various locations in the system at any one timethis
aspect, the power system goes through prefault-dauvand
postfault stages [7]. When a three-phase fault matwany
line in the system, a breaker will operate andréspective
line will be disconnected at the fault clearing ¢infFCT)
which is set at 100 ms [8]. The key question imgiant
stability assessment is whether the transient swiage
finally convergent or divergent. According to refece [9],
if the relative rotor angles remain stable aftefaalt is
cleared, it implies that the power system is stdtleif the
relative angles go out of step after a fault iade, it means
that the system is unstable. The time st&p, for the time
domain simulations is set at 0.02 seconds. The fiiame of

consisting of individual rotor angle plots for eanhchine in
their respected areas (Fig. 5(a) — (e)) and thpqzed TSI
(Fig. 5(f)). It can be seen from Fig. 5(a), (b)) éod (e) that
the angles increase uniformly except for the ratogle in
the Southern Grid (Fig. 5(d)). The increase forhbaitor
angles is not uniform and one of the generatolesaiging the
other generator exponentially which in turn wilbldte the
stability limit of the area. The COl-referred rotamgles plot
(Fig. 5(f)) is also consistent with the individualtor angle
plots. All the COl-referred rotor angles except fioat in the
Southern Grid remain intact after the fault hasuoed. The
Southern Grid stability status is lost since thel-@ferred
rotor angle goes out of step after the disturbarteis case
is considered as not a severe contingency case $ire
power system is still intact after the disturbartdewever, it
should provide a warning to the operators of an imemt

3
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transiently unstable case. Fig. 6 shows the me@drsSi
and average area voltages response signals dhe fadlt.
The average Area 4 voltage is reduce to about p.85
usually the transmission voltage need to be maiathat 1.0
p.u. for efficient operation.

C. Case 3 - A three-phase fault is created at bus 2118 in the

Northern Grid. After the fault is cleared at 103, nthe
transmission line connecting bus 2118 and bus 24 1Be

same area is disconnected. Fig. 7 shows the siks plo

consisting of individual rotor angle plots for eanhchine in
their respected areas (Fig. 7(a) — (e)) and thpqzed TSI
(Fig. 7(f)) when subjected to the fault. It can seen from
Fig. 7(a) — (e) that all rotor angles in their resive areas
increases exponentially and not uniform. Due teé¢haults,
the rotor angles increase very quickly and thesptdtthe

angles imply that the system becomes unstable. bk

referred rotor angles plot shown in Fig. 7(f) isatonsistent
with the individual rotor angle plots. All the ae&Ol-

referred rotor angles go out of step after the tfdas

occurred. The angles exceed 180 degrees in 2 secotet

the fault is cleared. If the angles exceed 180 ekgyrthe
generators will shut down and the voltage of theolah
system will collapse. Fig. 8 shows the proposed di&i

average area voltages response signals due tautte The

figure shows that the average area voltages fltmdudue to
the severe fault. This contingency is considered asvere
contingency because it is said to create trangiemstable
state in the power system.

TSI and average area voltages response signalsodiine
fault. It shows that the system becomes unstalikr #fie
fault had occurred. This contingency is consides=d a
severe contingency because it is said to creatangiently
unstable state in the power system.

(@)Northem Grid (b)Central Grid
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e (dsr
L\L%
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D. Case 4 - A three-phase fault is created at bus 2196 in therig. 3 Case 1: The system remains stable aftenladtibus 73 (Central

Northern Grid and a transmission line connecting Bi96
and bus 2326 in the same area is disconnectedtladétéault
is cleared at 100 ms. Fig. 8 shows the individo&brangle
plots for each machine in their respected areas Ha) —
(e)) and the proposed TSI (Fig. 9(f)). From thetgldt

shows that the fault does not affect the systetilgyasince

the individual rotor angle plots of all machines timeir

respective areas do not violate the stability limit their

areas and the power system. The COl-referred antgtes
plots are also consistent with the individual raagles plots
and they remain in synchronism after the fault becurred.
Fig. 10 shows the proposed TSI and average aréages
response signals due to the disturbances. Thislkistrates
a transiently stable case as in Case 1.

E. Case 5 - A three-phase fault is created at bus 2510 in the

Northern Grid and a transmission line connecting 810
and bus 2511 in the same area is disconnectedl Fishows
the individual rotor angle plots for each machinetheir
respected areas (Fig. 11(a) — (e)) and the propbSédFig.
11(f)) when subjected to the fault. It can be skem Fig.
11(a) — (e) that all the rotor angles in their exdjve areas
increases exponentially and not uniform. The ineeea the
rotor angles due to the fault implies that the possstem

become unstable. The COl-referred rotor angles pbot

shown in Fig. 11(f) is also consistent with the iundual

rotor angle plots in which all the areas COl-reddrirotor
angles go out of step after the fault has occurfée. angles
exceed 180 degrees in 2 seconds after the fagleésed,
thus causing the generators to shut down and thageoof
the whole system will collapse. Fig. 12 shows pheposed
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TSI: COI Rotor Angle (degree) Vis Time(sec)

=)

T
Northern
Central H
— SI/West
—s—South ||
— — -Eastem |

N
S

S
S

&%
S

A
S

COl rotor angle (degree)

50 I I 1 I I
0 2 4 6 8 10 12 14 16 18 20

Time(sec)

Average Area Voltage (p.u.) s Time(sec)

Northern
Central [
—  SI/West
—s—South ||
— — -Eastem

-

o
©

Avg Area voltage (p.u.)

o =
= >
——
L L

o
~

o
~
IS
ES

8 10 12 14 16 18 20
Time(sec)

Fig. 4 Case 1: Average area voltages responsasiparison with
the proposed TSI
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with the proposed TSI
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Fig.7:  Case 3: The system becomes unstable héidault at

bus 2118 (Northern Grid)
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VIl. CONCLUSION [5] D. Z. Fang, A. K. David, et al.,, “Improved hybrapproach to
. . o transient stability assessment’)JEE Proc. on Generation,
This paper presents a new transient stability ircibed Transmission and Distribution, Vol. 152, No. 2, pp. 201-207, 2005.

the Area-based COl-referred Transient Stabilityelndor a [6] 1. Kamwa, J. Beland and D. McNabb, “PMU-Basedinerability
large electrical power system. The proposed indadefined assessment using wide area severity indices arakiriga modal

L. . analysis,”|EEE PES Power System Conference and Exposition, Vol.
by associating with each area of the power system a 10, No. 1, pp. 139-149, 2006.

equivalent inertia representing the total inertid the [7] N. Amjady and S. F. Majedi, “Transient stahiliprediction by a
generation located in that area. Through this ingexwer hybrid intelligent system,TEEE Trans. on Power Syst., Vol. 22, No.
system operator will need to monitor only five C@ferred 3, pp. 1275-1283, 2007. _ o

rotor angles instead off all 23 rotor angles. Femthore, the (8] Z/';gﬁ;éﬂ(ghslgsgl}Z‘S’”ﬁég’}' M%'ﬁ?ﬂfnggﬁﬁggﬁ Egzn‘l’g’flggfj
index provides clearly the status of each areathedvhole [9) p. M. Anderson and A. A. Fouadower System Control and
power system due to disturbances. Simulation workshe Stability. IEEE Press, pp. 3-11, 2003.

Malaysia power system enhanced the effectivenestheof
proposed index. Application of the proposed index i

transient stability assessment is promising.
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