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Voltage instability has been considered as a mifiarat to power system
networks since last three decades. Frequent inoédeof grid failures caused
by voltage instability have been observed in ddfgrparts of the world. Fast
voltage stability assessment of power system magidmee by formation of
voltage control areas, clubbing group of buses énggaphically compact
region having similar voltage instability probleifhis paper presents a new
approach for formation of voltage control areas (\éCBased on sensitivity
of reactive power generations with respect to reacpower demands,
together with bus voltage variations under voltatgbility based critical
contingencies. The load buses in geographically paminregion showing
similar sensitivity of reactive power demand toaative generations have
been clubbed together to form voltage control ar&asce, voltage control
areas formed should remain valid under change erating conditions and
network topology, the areas formed based on reagiower sensitivities

have been modified considering voltage variatiohsdifferent loadings
points under voltage stability based critical cogéncies. Voltage stability
based Critical contingencies have been selected dbase maximum
loadability criterion. Case studies have been peréor on |IEEE 14-bus
system. Simulation results performed on IEEE 144ystem validate VCAs
formed even under change in network topology calseline outages and
change in operating conditions caused by variationseal and reactive
power demands. The VCAs formed by proposed methade hbeen
compared with VCAs formed by few existing approacfidge superiority of
proposed approach of voltage control areas formativer few existing
approaches has been established on the test systeidered.
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1. INTRODUCTION

Power system stability has been recognized as portemt problem for its secure operation since
1920s [1],[2]. Traditionally, the problem of stahjlhas been one of maintaining the synchronousatios
of generators operating in parallel, known as ratugle stability. The problem of rotor angle stiépils well
understood and documented. With continuous increag@wer demand, and due to limited expansion of
transmission systems, modern power system netwarkdeing operated under highly stressed conditions
This has imposed the threat of maintaining the iregubus voltages, and thus the systems have lae@rgf
voltage instability problem [3].

Voltage stability is the ability of a power systéonmaintain voltage magnitudes at all the buses in
the system within acceptable range after beingestibjl to a disturbance from a given initial opeti
condition [3]. It depends on the ability to maimtaéstore equilibrium between load demand and saguply
from the power system. Due to increase in power at&in modern power system networks are being
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operated under highly stressed conditions. Thisrhaslted into the difficulty in meeting reactivewger

requirement, specially under contingencies, anaddenaintaining the bus voltages within acceptabiid.

Voltage instability in the system, generally, occiar the form of a progressive decay in voltage mitage at

some of the buses. A possible outcome of voltagalmlity is loss of load in an area, or trippin§ o

transmission lines and other elements by theiregtote systems leading to cascaded outages anageolt

collapse in the system [3],[4]. Voltage collapse tie process by which the sequence of events,

accompanying voltage instability, leads to a blatkar abnormally low voltages in a significant pafta

power system [4]-[6]. Several incidences of voltagdapse have been observed, in past few decates,

different parts of the world. Some of the incidesxoévoltage collapse are [6],[7]:

* New York Pool disturbance of September 22, 1970.

* Florida system disturbance of December 28, 1982.

« French system disturbances of December 19, 1978amehry 12, 1987.

< Northern Belgium system disturbance of August 4219

« Swedish system disturbance of December 27, 1983.

« Japanese system disturbance of July 23, 1983.

* Western Systems Co-ordination Council (WSCC) irdenected system (North America) disturbance of
July 2, 1996.

e Sri Lankan Power System disturbance of May 2, 1995.

» Northern grid disturbance in Indian Power Systerbetember 1996.

* Punjab voltage collapse in Indian Power Systemusre 10, 2007.

The structural weakness of the power system, duevaak transmission boundaries between
different groups of buses, has also been consideredson of voltage instability [8]. These groapbuses,
located in geographically compact region, have lasimvoltage changes for any outside disturbance. Aus
clusters so formed are called voltage control af¢@As) [8]. Due to weak transmission boundarless of
voltage controls within a voltage control area mmagult in voltage collapse in that area since tbikage
controls in other voltage control areas may halatively less impact in controlling voltages in tizaea. For
any external disturbance, each of the voltage obmatreas may be reduced to equivalent nodes by some
network reduction technique. Localization of vollagontrols in critical areas together with reductiof
areas to equivalent nodes for external disturbanm@es be quite helpful in fast voltage stability essment
and control of power system networks.

A number of methods have been suggested in literdior formation of voltage control areas.
Voltage control areas have been determined by mditinig smaller off-diagonal elements of normalifgy/
Jacobian in [8].In order to consider the effectQ@b and P-V coupling, which are very much valid under
highly stressed conditions, this algorithm has beggplied to full load flow Jacobian instead of degled Q-

V Jacobian in [9]. The methods suggested in [§]r¢guires proper selection of threshald for elimination

of smaller off-diagonal elements, which is a diffictask since smaller values @fputs almost all the buses
in one cluster, whereas a larger value may makie lpas a separate voltage control area. V-Q curvenmai
based a-selection algorithm has been proposed in [10].nfadion of voltage control areas under
contingencies using an electrical distance coneept V-Q sensitivities of power flow Jacobian hagrbe
suggested in [11]. Group of coherent buses have figeed in [12] using generator branch reactive/gro
flow sensitivities to reactive power injection aall buses. The buses having similar generator ranc
sensitivity values within a reasonable limit of S8éve been clubbed to form voltage control areas.
Computations of generator branch sensitivities Haeen done at the base case operating point. Howeve
generator branch sensitivities are not expecteaenmin same for change in operating condition dwaoik
topology. Voltage control areas have been formesethaon Jacobian sensitivities together with voltage
variations under contingencies [13]. However, faioraof voltage control areas has been done ab#se
case operating point and V-Q curve minima have hsed for selection of threshold only, for elimipatof
weaker off-diagonal elements of Jacobian. In [I&]ntingencies have been selected randomly and no
specific criterion has been proposed for selectiburitical contingencies to study voltage variagofrom

the base case value. Voltage control areas havefbared using bus participation factors corresjramdo
zero eigen value at the nose point of P-V curvé. Hléwever, eigen analysis is a linear analysis mag not
always be suitable at the nose point of P-V cuRg@mation of VCAs has been done based on individual
critical loading factor (maximum loadability) of naus buses in the geographically compact regi&j. [th
[15], the VCA with lowest range of maximum loadifactor of buses has been considered as the most
critical area requiring attention, to reduce changkvoltage failures. However, occurrence of auggincies
may change individual critical loading factor (maxim loadability) of buses.

Difficulty in supply of reactive power to consuméras been considered as a major cause of voltage
instability in power systems. It is extremely vital determine major reactive power sources supglyin
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reactive power to a group of buses. The exhaustiaeactive reserves of these sources may causageol
instability in the group of load buses getting nhaeactive power supply from such sources [10jsTdaper
presents a method that allows easier determinati@engroup of load buses being dependent on satraf se
reactive power sources. Such groups of load bumes been clubbed together to form voltage conteds
Sensitivities of reactive power generations to tigacpower demands have been computed to determine
dependency of group of loads to group of reactwegr sources.

Most of the work has concentrated formation of agét control areas at the base case operating
point. Voltage control areas formed at the base ogerating point are not expected to remain vatider
change in network topology and operating conditidrery limited effort seems to be made in formatain
voltage control areas considering impact of chaimgaetwork topology and operating conditions. I th
present work, the voltage control areas formed dasereactive power sensitivities have been matlifig
considering bus voltage variations from the cadeevat different loadings under voltage stabiligsed
critical contingencies to consider impact of chamg@perating conditions and network topology. gk
stability based critical contingencies have bedacsed based on maximum loadability criterion. Prsgd
approach of voltage control areas formation has liested on IEEE 14-bus system. Voltage contrchsare
formed by proposed method have been compared lag doemed by few existing approaches. It has been
observed on the test system that areas formedrdygyoped approach are more effective compared to
considered existing approaches, under change Wwonketopology and operating conditions.

2. RESEARCH METHOD

In this work, voltage control areas have been falnbased on sensitivity of reactive power
generations to reactive power demands. The seibsitactor has been derived as per following.

The reactive power balance equation at all thebiggering Q8 coupling can be given by;

A 906

Q¢ _ |ove

2] = [ai 4] ®
avy,

where,

[VQ;] = Change in reactive power generations
[VQ,] = Change in reactive power demands

[VV,] = Change in voltage magnitudes at load buses
Equation (1) may be rewritten as;

[AQc]=[Sc][AVL] (2
and,

[AQL]=[SL][AVL] 3)
where,

[S¢] = [g%] = Sensitivity of reactive power generations tatagé magnitudes at load buses
[S.] = [g%] = Sensitivity of reactive power demands to voltagggnitudes at load buses
From (2) and (3),

[AQc] = [S][AQL] 4)
where,

[S] = [Scl[SL]™* (5)

Elements of matrix [S] represent sensitivity of adze power generations to reactive power
demands, and can be calculated using full Q-V Jaocofub-matrix of Newton Raphson Load Flow. Load
buses having closer sensitivities to a group ofegaiors are expected to have similar voltage iilitab
problem since hitting of reactive power limit ofcéugenerators will result in difficulty in meetimgactive
power demands of these load buses. Therefore,Hoads having closer reactive power sensitivity eslu
have been clubbed together to form voltage comtreas. However, voltage control areas so formecheire
expected to remain same with change in networkltgyoand operating conditions. Therefore, voltage
control areas formed based on sensitivity of reagbower generations to reactive power demands hase
modified considering voltage variations from thesdacase value under critical contingencies at reiffe
loading conditions. Critical contingencies have rbasbtained based on post-contingency saddle-node-
bifurcation points (maximum loadability points). F-obtaining post-contingency saddle-node-bifurgatio
points, real power output of generatdP&s), real power deman@D) and reactive power dema(@D) have
been varied using:
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PG, =PC ( 1%) )
PD, =P (14 @
QD, =Q0f (1) (8)

where) represents system loading factor common to albtlees anc PGf’ , PDjJ , QDjJ are real power output
of generator and real and reactive power loadsisj lt a base operating point(.0).

3. RESULTSAND ANALYSIS

The proposed method of formation of voltage cordirelas has been applied to IEEE 14-bus system
(shown in Figure-1) [16]. IEEE 14-bus system hageberators with 20 transmission lines (including 2
transformers and one phase shifting transformespds have been connected at 11 buses including two
generator buses.

The sensitivity of reactive power generations tctere power demands were calculated using (5) at
the base case operating point with the help of etesof Newton Raphson Load Flow Jacobian matite T
sensitivity values between different generator buared load buses have been shown in Table-1. The
senstivity values shown in Table-1 represent depecylof load buses to reactive power sorces. tbagof
load buses (say Group-A) has high and similar dégecy on a group of reactive power sources (say@ro
B), hitting of reactive power generation limit oémprators in Group-B is expected to result in gata
instability at all the load buses in Group-A. THere, all the load buses in Group-A are expectethte
similar voltage instability problem. Voltage cortareas were formed clubbing load buses havingeclos
reactive power sensitivities to generators. Theéaga control areas so formed have been shown ite®ab
and Figure-1.

THREE W INDIMNG
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Figure-1. VCAs for IEEE 14-bus system based ontieapower sensitivities

Table 1. Sensitivity of Reactive Power GeneratimnBeactive Power Demands;(S 14-Bus System

Load bus no. Generator bus no.
1 2 3 6 8

4 -0.12038 -0.38004 -0.21604 -0.17201 -0.12044

5 -0.19713 -0.37703 -0.12872 -0.22221 -0.07176
7 -0.05366 -0.16941 -0.09630 -0.22054 -0.49275
9 -0.05211 -0.16451 -0.09352 -0.38568 -0.34688
10 -0.04380 -0.13829 -0.07861 -0.49828 -0.29159
11 -0.02265 -0.07152 -0.04066 -0.74709 -0.15080
12 -0.00335 -0.01057 -0.00601 -0.98826 -0.02228
13 -0.00809 -0.02555 -0.01452 -0.94007 -0.05386
14 -0.03442 -0.10868 -0.06178 -0.64634 -0.22916

Table 2. VCAs Formed Using, Yalues (IEEE 14-Bus System)

VCA no. Buses present
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1 12,13
2 11,14
3 9,10
4 4,5
5 7

Voltage control areas shown in Figure-1 and Tablef2esent areas for the intact system. The load
buses within the areas so formed are expectedv® $ieilar voltage instability problem. However ltage
control areas so formed are expected to changer ehdage in network topology and operating condgjo
since the sensitivity values are expected to chamyger change in network topology and operating
conditions. In order to consider impact of chanyaeétwork topology and operating conditions, théage
control areas formed based on reactive power $@tisg were modified based on bus voltage varisio
under voltage stability based critical contingesci large number of new real and reactive powarathels.
Voltage stability based most severe contingenciesevselected based on post-contingency saddle-node-
bifurcation points (maximum loadability points) mgi continuation power flow based software package
UWPFLOW [17]. Voltage stability based contingencgnking has been shown in Table-3. Voltage
magnitude at all the load buses were calculatethatbase case operating point, nose point (maximum
loadability point) and some of the intermediatediog points, under critical contingencies. The d®am
voltage magnitude from the base case operatingt pailue, of all the load buses, at some of the -post
contingency loadings have been shown in Table-4 Vditage control areas formed using reactive power
sensitivities (shown inTable-2 and Figure-1) weredified based on post-contingency voltage variation
from the case operating value, under different itogel Modified voltage control areas have been show
Table-5 and Figure-2.

Table 3. Voltage Stability Based Contingency RagKiEEEE 14-bus System)

Line outage Maximum loading factotfy) Contingency ranking
2-3 1.2747 1
5-6 1.3059 2
2-4 2.1463 3
6-13 2.2427 4
2-5 2.2465 5
12-13 2.2775 6
13-14 2.2799 7
1-5 2.4536 8
4-7 2.4978 9
7-9 2.7485 10

Table 4. Voltage Variations of Load Buses under Bzitical Contingencies with Increased Demands
(IEEE 14-bus System)

Line Loading Change in voltage magnitude (p.u.) from the base operating point value of load buses

outage factor Bus-4 Bus-5 Bus-7 Bus-9 Bus-10 Bus-11 Bus-12 Bus-13Bus-14
2-3 1.2747 -0.193 -0.179 -0.107 -0.127 -0.111 -0.025 -0.002 .0:0 -0.109

5-6 1.3059" -0.136 -0.109 -0.143 -0.170 -0.168 -0.096 -0.016 .030 -0.179

2-4 2.1463 -0.284 -0.312 -0.180 -0.222 -0.200 -0.096 -0.022 .05P -0.205

6-13 2.2427 -0.175 -0.177 -0.186 -0.280 -0.250 -0.123 -0.233 490 -0.481

2-5 1.4750 -0.084 -0.093 -0.061 -0.082 -0.075 8.02 +0.001 -0.014 -0.085

12-13 22775 -0.056 -0.054 -0.183 -0.072 -0.066 -0.024 +0.017 .020 -0.082
13-14 22799 -0.161 -0.156 -0.183 -0.284 -0.256 -0.127 +0.001 .00D -0.500

1-5 1.4144 -0.076 -0.079 -0.056 -0.075 -0.068 .02 +0.002 -0.011 -0.078
4-7 1.5335 -0.074 -0.075 -0.050 -0.098 -0.091 0.04 -0.002 -0.020 -0.100
7-9 2.7485 -0.289 -0.341 -0.119 -0.620 -0.543 -0.282 -0.067 .138 -0.504
" Nose point
“Voltagerise
“Voltage drop

Table 5. VCAs Formed Based op\&alues Together with Bus Voltages Variations ur@stical
Contingencies (IEEE 14-Bus System)

Voltage Stability Based Formation of Voltage Coh&oeas Considering Impact ... (Tarun Martolia)
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VCA no. Buses present
1 12,13
2 11
3 9,10
4 4,5
5 7
6 14
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Figure-2. VCAs formed by proposed method (IEEE 14-Bystem)

The maximum change in voltage from the base caseatipg point (considered as A in present
work) with bus number having maximum change ina@d, the minimum change in voltage from the base
case operating point (considered as B in preserk)wath bus humber having minimum change in vadtag
and absolute value of difference between A anddgiclered as C in present work), have been shown in
Table-6 for different voltage control areas undew fcritical contingencies at some of the loadingss
observed from Table-6 that voltage control areaéal by proposed approach consist of buses hawng v
small range of voltage variations with change itwoek topology caused by line outages and change in
operating conditions caused by change in demands.

The voltage control areas formed by proposed approere compared with the methods of voltage
control areas formation suggested in Ref. [10],. R&8] and Ref. [15], respectively, based on lowest
maximum C value between all the voltage controbarformed. Table-7 shows maximum C for different
approaches under voltage stability based critioatingencies at some of the loading values. Itbiseoved
from Table-7 that voltage control areas formed bgppsed approach have lowest maximum C values
compared to voltage control areas formed using ousttsuggested in Ref. [10], Ref. [13] and Ref. [15]
under critical contingencies at different loadinfps, most of the cases. Therefore, VCAs formed tmppsed
approach remains valid under critical contingencitslifferent loadings. Due to lowest voltage vioias
compared to three existing approaches, under vwktapility based critical contingencies at a $eteal and
reactive power demands, the areas formed by prdpageroach may be more efficient in voltage stabili
assessment under change in operating conditionaetmerk topology.
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4. CONCLUSION

A modified method for formation of voltage conteoskas has been presented in this paper. Proposed
method of VCAs formation first clubs load busesduhen closer sensitivity of reactive power generstito
reactive power demands. The VCAs so formed have bemlified based on voltage variations of load buse
under voltage stability based critical contingeaci a set of new loadings. Voltage stability basetital
contingencies have been obtained based on maximanability criterion. Proposed method of VCAs
formation has been tested on IEEE 14-bus systesulReobtained on the test system considered establ
better suitability of VCAs formation over some dfet existing approaches under change in operating
conditions and network topology. Voltage contradas formed by proposed approach may be quite iwiect
in fast voltage stability assessment and contrg@davfer system networks. Since VCAs have been forimed
study voltage stability phenomenon, generator bsee not been considered for clustering in thegre
work.

Table 6. Voltage Variations at Buses within VCAsRed by the Proposed Approach (IEEE 14-bus System)

Line outage Loading factor VCA no. Maximum and migim change in voltage magnitude (p.u.) from
the base case operating point at buses within V@ad absolute
value of difference (p.u.) between maximum voltelyange and
minimum voltage change at buses within VCAs

A B Cc
1-5 1.4144 1 +0.002 (bus-12) -0.011 (bus-13)  0.013”
2 Contain only one load bus
3 -0.075 (bus-9) -0.068 (bus-10) 0.007
4 -0.079 (bus-5) -0.076 0.003
5 Contain only one load bus
6 Contain only one load bus
2-3 1.2747 1 -0.011 (bus-13) --0.002 (bus-12) 0.009
2 Contain only one load bus
3 -0.127 (bus-9) -0.111 (bus-10) 0.006
4 -0.192 (bus-4) -0.179 (bus-5) 0.013"
5 Contain only one load bus
6 Contain only one load bus
6-13 2.2427 1 -0.491 (bus-13) -0.233 (bus-12)  0.258"
2 Contain only one load bus
3 -0.280 (bus-9) -0.250 (bus-10) 0.030
4 -0.177 (bus-5) -0.175 (bus-4) 0.002
5 Contain only one load bus
6 Contain only one load bus
12-13 2.2775 1 -0.020 (bus-13) +0.017 (bus-12)  0.037"
2 Contain only one load bus
3 -0.072 (bus-9) -0.066 (bus-10) 0.006
4 -0.056 (bus-4) -0.054 (bus-5) 0.002
5 Contain only one load bus
6 Contain only one load bus
" Nose point
" Maximum value of C between all the VCAs formed by the proposed method
*Voltagerise
“Voltage drop

A =Maximum change in voltage (in p.u.) from the base case oper ating point value occurring at one of the buswithin VCA
B = Minimum changein voltage (in p.u.) from the base case operating point value occurring at one of the buswithin VCA
C = Absolute value of difference between A and B

Table 7. Comparison of VCAs formed by different epgzhes

Line outage Loading Factor Maximum value of C betwdifferent VCAs fomed

Voltage Stability Based Formation of Voltage Coh&oeas Considering Impact ... (Tarun Martolia)
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VCAs formed by VCAs formed by VCAs formed by ~ VCAsformed by
method suggested in method suggested in method suggested in proposed method

Ref. [10] Ref. [13] Ref. [15]
2-3 1.2747 0.091 0.109 0.175 0.013”
5-6 1.3059" 0.191 0.143 0.143 0.021"
2-4 2.1463 0.153 0.183 0.231 0.030"

6-13 2.2427 0.110" 0.257 0.313 0.257
2-5 1.4750 0.071 0.085 0.008™ 0.014
12-13 1.4862 0.062 0.062 0.062 0.037"
13-14 2.2799° 0.499 0.499 0.340 0.028"
1-5 1.4144 0.068 0.078 0.067 0.013”
4-7 1.5335 0.079 0.099 0.077 0.020”
7-9 27485 0.365 0.501 0.501 0.077"
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