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RINGKASAN: Masaiah ketakstabilan voltan dalam sistem kuasa adalah satu 

. perkara yang diberi perhatian dalam operasian dan perancangan sistem kuasa. 

Berbagai penunjuk kehampiran kepada keruntuhan voltan telah dicadangkan ·· 

. dan kertas·kerja inimembentangkan satu penunjuk statik yang boleh merriberikan· 

penilaian kestabilan voltan yang · cepai. Penunjuk ini adalah berasaskan pada 

faktor kestabilan talian untuk meramal keruntuhan voltan dalam sistem kuasa 

tersaling hubung. Untuk meninjau keberkesanan penunjuk yang dicadangkan, 

iariya dibandingkar'I' dengan penunjuk keruntuhan voltan yang lain. Penunjuk 

· yang dicadangkan juga diuji pada sistem kuasa yang besar dan sebenar, dan · .. 

keputusan yang diperolehi menunjukkan kegunaannya yang praktikal. 

· ABSTRACT: Voltage instability problem in power systems is one of the major 

; concerns in power system planning and operation. Various indicators of proximity : ·. 

- . to voltage collapse·, have been proposed and th is paper presents a static 

,·,,: indicator that can give -a fast voltage stability assessment. The indicator is 

based on the line stability factors to predict voltage collapse in interconne.cted 

power systems. To investigate the effectiveness. of the proposed indicator, it . 

is compared with other voltage collapse indicators. The proposed indicator has 

also been tested on a real large size power system and the results have 

indicated its practical usefulness. 
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INTRODUCTION 

The problem of voltage collapse in a power system is a problem that is still attracting ., 
widespread attention (Overbye et al., 1991; Greene et al., 1997; Mohamed and Jasmon, 
1995 and Sterling et al., 1992). The reason for this growing interestlies in the fact that 
the loss of power supply due to a collapse degrades system reliability and this in turn 
affects productivity and revenue. No modern power system is safe from the threat of 
voltage collapse since the primary cause of voltage collapse is the ever-increasing load 
demand. The growth of the national economy of any nation entails the increase in 
energy demand and electricity is the form of energy heavily demanded by industry. One 
of the aims of current research in the prediction of a voltage collapse is to develop an 
accurate and a fast voltage collapse indicator for possible use in an on-line environment. 
The purpose of a voltage collapse indicator is to determine how 'close' a particular 
operating point is to the point of voltage collapse. Several voltage collapse indicators 
have been proposed from time to time as a means to detect voltage instability. For 
instance, Kessel and Glavitch (1986) developed a voltage collapse indicator based on 
the feasibility of solutions to the load flow equations. Tiranuchit and Thomas (1988) 
computed the sensitivity of the minimum _ singular value of the system Jacobian as 
voltage instability indicator. Overbye and DeMarco (1991) developed an indicator based 
on the sensitivity of an energy function index and Greene et al. (1997) proposed a 
measure of proximity to voltage collapse based on the first order sensitivity of the 
loading margin. 

This paper presents the use of the line stability factors as indicator of proximity to static 
voltage collapse. By using basic power flow equations certain voltage stability conditions 
are determined and these conditions are then extended for t~e prediction of proximity 
to voltage collapse. An initial investigation on the use of the line stability factors to 
predict voltage collapse has been made by Mohamed et al. (1995). To illustrate the 
effectiveness of the line stability factors as indicators of voltage collapse, a comparison 
is made between the proposed indicator and the indicators developed by Sterling et al. 
(1992) and Rahman and Jasmon (1996). Tests have also been performed to validate 
the proposed voltage collapse indicator on the Tenaga Nasional Berhad (TNB) system. 
The results of this investigation are presented in this paper. 

STATIC VOLTAGE STABILITY CRITERIA 

In this section, the concept and derivation of the line stability factors that are voltage 
collapse indicators are first presented. The formulation of voltage stability index as 
proposed by Rahman and Jasmon (1996) and the formulation of voltage collapse 
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proximity indicator based on impedance ratio as proposed by Sterling et al. (1992) are 

also given . . 

Formulation of the line stability factors 

- The voltage collapse proximity indicator is based on the line stability factors for individual 

lines as developed by Mohamed and Jasmon (1995). Its derivation is as follows: 

Firstly, consider the power flow as in Figure 1. 

Pi Pr 
Oi Or - -

i,- R+jX ,- I i+1 

' Figure 1. Power flow from node i to node i+ 1 

By taking node i as the reference node and letting P be the real power entering node 
. r . . . - . · 

i+ 1 from node i, we obtain 

!, 
p = P. - R ( P.2 + 0.2) I y2 

r I I ~· I , I .· . 
(1) 

Rearranging the above equation to its quadratic form 

(2) 

Thus, for the roots of P;, 

(3) 

It should be noted that voltage collapse would occur if this condition was violated. By 

considering the reactive power flow in the same manner as the real power. flow, we . can 

derive the reactive power flow condition as: 

(4) 

By considering the power flow from node i+ 1 .to node i, we can obtain the condition for 

real roots of P ,· 

1 _ - 4 ( R I vi+1 2 )( -Pi + RQ,2 I vi+1 2 ) ~ 0 ' (5) 
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and for real roots of Qr as, 

(6) 

From the above conditions, we obtain four stability limits, henceforth called the line 
stability factors, designated as follows: 

LPP = 4 (RI V;2)( P, + R0i2 I V;2) 
LOP = 4 (XI V;2)( 0, + XP12 I V;2) 

LPN = 4 ( RI vi+12 )( -Pi + R0,2 I vi+12) 
LON = 4 ( x I vi+/)( -01 + XP,21 vi+/) 

(7) 
(8) 

(9) 

(10) 

The above four important line stability factors are calculated for all the lines in the 
system and the line with the highest stability factor value (i.e. value closest 1.0) indicate 
the proximity to voltage collapse. Thus, the line stability factor can be used as an 
indicator of static voltage collapse. 

Formulation of the voltage stability index 

The voltage stability index, which is derived from the voltage equation of a two-bus 
network (Abdul Rahman and Jasmon, 1996), is written as follows: 

L = 4[V,/ (PLrth + QLxth) + (PLxth - QLr,h)2]/Vth4 (11) 

where, 
V,h Thevenin voltage, which is the open circuit voltage at the bus concerned 
r1h Thevenin resistance across the bus 
x1h Thevenin reactance across the bus 
PL Real power load 
QL Reactive power load 

The voltage stability index 'L' is computed for each load bus using the Thevenin equivalent 
circuit looking across the load bus concerned. The indices calculated indicate proximity 
to voltage collapse by identifying the buses with high index values (i.e. close to 1.0). 
If L exceeds 1 .0, the voltage at the referred bus becomes imaginary which indicates 
that voltage collapse has occurred in the system. 

Formulation of Impedance ratio as voltage collapse proximity Indicator 

Sterling et al. (1992) studied the static voltage stability at a load bus by means of 
Maximum Power Theorem, which states that maximum power is transferred to a load 
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if the load impedance ZL is equal to the ' conjugate of the source impedance z •• i.e. 
ZL=z;. In order to employ this theorem to a load bus, a Thevenin equivalent circuit is 
first obtained, then the voltage collapse proximity indicator referred to a load bus is 
derived by applying the condition at which maximum power is transferred to a load. The 
voltage collapse indicator, which is based on the impedance ratio, is derived from the 
formulation of the active power at a load bus written as: 

(12) 

By applying the two bus system to an actual network, a Thevenin equivalent circuit 
looking across a particular bus is obtained with the aid of Thevenin's theorem where 
v. is the open circuit voltage, z. is the Thevenin equivalent impedance and ZL is the 
linearised impedance of the load. According to equation (12), maximum power transferred 

to the load is obtained when ~~L = 0, which correspond to Z/ZL = 1.0. Hence, the 
L 

proximity to voltage collapse can be indicated by the impedance ratio Z/ZL and to 
maintain a stable system, the impedance ratio Z/ZL must be less than 1.0. 

SIMULATION TEST RESULTS AND DISCUSSION 

To validate the performance of the proposed line stability factors as voltage collapse 
indicators and to compare it with that of the voltage stability index (Rahman & Jasmon, 
1996) and the impedance ratio (Sterling et al., 1992) tests were performed on the IEEE 
24 bus reliability test system and the practical Tenaga Nasional Berhad (TNB) system. 
In the simulation, several load flow solutions were obtained by increasing the constant 
P-Q loads until load flow diverges. At this point, the system collapsed with maximum 
power of constant P-Q loads. The load flow solution very close to the point of voltage 
collapse is then obtained. The proximity to voltage collapse from a system-wide 
perspective is determined by using the line stability factors, the voltage stability index 
and the impedance ratio .. 

IEEE 24~eus SYSTEM RESULTS 

Simulation test~ carried out on the 24-bus system ilh,istrate the use of the line stability 
factors as a static voltage collapse indicator. The effectiveness of the line stability 
factors is also investigated by comparing it with the indicators proposed by Sterling .et al. 
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(1992) and Rahman et al. (1996). The 24-bus system consists of eleven generator buses 

and .thirteen load buses and a one-line diagram of the system is shown in Figure 2. 

230kV 

I • . , . , . . ' ~ . 

· Figure 2. (?nf! line diagram of . t~e 24 bus system 

Line stability factors as voltage collapse indicators 

To illustrate. the above concept, the real and reactive constant power loads at buses 

5, 9, 13, 17, 19 and 20 have been increased to the point of proximity to voltage collapse. 

By increasing the constant power P, Q beyond this load, the load flow diverges. This 

point is therefore the voltage collapse point because there is no feasible load flow 

solution. The load flow runs are repeated from the base case to its maximum loads and 

the stability factors are calculated for each load flow solution. 

The foregoing theory has shown that there exist four important line stability factors LPP, 

LOP, LPN and LQN that determine the voltage stability. The voltage stability level of 

a power network is indicated by ttte factor with .the largest value close to 1.0. The values 

of the stability factor for the lines that indicate the highest stability values are recorded 
.. . . . ~ . 

in Table 1 . Figure 3 shows the variation of the stability factors against load changes 
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for the lines that indicate high stability values. The plots for the variation of the stability 
factors against load changes for all the other lines in the system are not shown because 
their stability values are much less .than 1.0. These stability factor values are of less 
significance from the voltage stability viewpoint because proximity to voltage collapse 
is indicated by the factor with the largest value close to 1.0. The results shown in 
Figure 3 indicate that the line stability factors increase with -the bus loads in which at 
the collapse point, the stability factor values approach 1.0. The value of stability factor 
cannot exceed _ 1.0 because the power becomes imaginary and the system collapses: 
An important observation of the stability factors is that the factors increase sharply with 
loading at the point of collapse. The earlier portion of the stability factor against loading 
graph shows a linear relationship. At a certain critical value, the slope of the stability 
factor against loading graph increases sharply in which a very small increment of load 
can cause the value of stability factor to approach 1 .0. 

Table 1. Line stability factors at various loading conditions 

Increase In load Crltlcal line Line stablllty 
Bus p Q From To factor close to 1.0. 
no. (p.u) (p.u) bus bus 

5 0.526 0.104 13 5 LOP=0.038 
1.0 . 1.0 0.228 
2.0 2.0 0.469 
3.0 3.0 0.540 

' 
4.1 3.1 0.927 

9 .. . 1.0 1.0 9 11 LOP=0.140 
2.0 2.0 0.271 
3.0 3.0 0.424 
5.0 5.0 0.787 
5.5 5.5 0.929 

13 1.0 1.0 13 3 ; LOP=0.276 
3.0 3.0 0.437 
6.0 6.0 0.758 
7.0 7.0 0.877 
7.5 7.5 0.931 

20 3.0 3.0 20 23 LON=0.105 
6.0 6.0 ' 0.237 

10.0 10.0 0.380 
14.0 14.0 0.552 
18.0 18.0 0.739 
22.0 22.0 0.962 

19 2.0 2.0 16 19 LON=0.182 
4.0 4.0 0.341 
6.0 6.0 0.509 
8.0 8.0 0.691 

10.0 10.0 0.903 

17 1.0 1.0 17 16 LOP=0.140 
2.0 2.0 0.270 
3.0 3.0 0.417 
5.0 5.0 0.787 
5.5 5.5 0.929 
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Figure 3. Line stability factors of the 24-bus system under various 
load conditions 

Comparison 'of results 

A com.parative study was made to compare the performance and effectiveness: of the 

proposed iine stability factors with the voltage stability indices (Sterling et al., 1992) and 

the impedance ratios (Rahman and Jasmon, 1996) as voltage collapse indicators. The 

test was done by considering two loading conditions, first with the reactive power at 

bus 8 increased to 5.02 p.u. and the second loading when the reactive power .at bus 

19 was increased up to 18.5 p.u. These are the maximum reactive power at the referred 

load buses beyond which the load flow solution will diverge indicating voltage collapse. 

The load flow runs were repeated from the base case to its maximum loads and the 

stability factors for all the lines in the system were calculated at each load flow solution. 

The results of the line stability factors that indicate values close to 1.0 were recorded 

and tabulated in Table 2a and Table 2b. The proposed line stability factors were compared 

with the voltage stability indices and the impedance ratios in terms of its accuracy as 

voltage collapse indicators. The comparison of results were also shown in Table 2a and 

Table 2b in which the results of the calculated voltage stability indices and the impedance 

ratios were obtained from literature (Rahman and Jasmon, 1996). -
, 

From the line stability factor values given in Table 2a, it shows that the highest stability 

factor value is at line 4, which is 0.870. Table 2a also shows that the voltage stability 

index L is maximum at bus 8, which is 0.9571, and that the impedance ratio is maximum 

at bus 8, which 0.7053. Line 4 is the line connecting buses 7 and 8 and comparing these 

results, it is noted that the source of voltage collapse is at bus 8. Table 2b illustrates 
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Table 2a. Line stability factors, voltage stability indices and impedance ratios for 
maximum reactive load at bus 8 

Bus Voltage Voltage stablllty Impedance Line From To Proposed llne 

no. p.u. Index L[6) Ratio [ ~ J no. bus bus stablllty factors 

1. 1.0060 4 7 8 LOP=0.870 
2 . 1.0230 0.0151 0.0871 
3. 0.9304 0.1686 0.1375 24 8 10 LON=0.744 
4 . 0.9344 0.0951 0.0770 
5. 0.9398 0.0703 0.0691 23 8 9 LON=0.686 
6. 0.8500 0.1897 0.1382 
7. 1.0001 0.2550 0.3702 
8. 0.6325 0.9571 0.7053 
9. 0.8943 0.1102 0.0870 

10. 0.8783 0.1347 0.1062 
11 . 0.9563 
12. 0.9364 
13. 1.0220 0.0182 0.0956 
14. 1.0150 0.0348 0.0762 
15. 1.0020 0.1289 0.1468 
16. 1.0050 0.0092 0.0393 
17. 1.0104 
18. 1.0150 0.1866 0.1768 
19. 0.9953 0.0045 0.0.695 
20. 0.9960 0.0003 0.0439 
21 . 1.0200 
22. 1.0300 
23. 1.0000 
24. 0.9554 

Table 2b. Line stability factors, voltage stability indices and impedance ratios 
for maximum reactive load at bus 19 

Bus Voltage Voltage stablllty Impedance Line From To Proposed line 

no. p.u. index L[6) Ratio [ ~ J no. bus bus stablllty factors 

1. 1.0060 14 16 19 LOP=0.977 
2 1.0230 0.0124 0.0789 
3 0.9647 0.1509 0.1288 34 19 20 LON=0.871 
4 0.9756 0.0812 0.0677 
5 0.9749 0.0597 0.0606 35 19 20 LON=0.871 
6 0.9030 0.1541 0.1181 
7 1.0000 0.0763 0.1972 
8 0.9560 0.1722 0.1831 36 20 11 LOP=0.508 
9 0.9667 0.0791 0.0741 

10 0.9487 0.0952 0.0888 37 20 11 LOP=0.508 
11 0.9834 
12 0.9706 
13 1.0220 0.0150 0.0868 
14 1.0150 0.0374 0.0790 
15 1.0020 0.1500 0.1584 
16 1.0050 0.0115 0.0438 
17 1.0104 
18 1.0150 0.2143 0.1895 
19 0.5689 0.9828 0.7708 
20 0.8452 0.0884 0.0516 
21 1.0200 
22 1.0300 
23 1.0000 
24 0.9730 
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the results when the reactive power at bus 19 was increased up to 18.5 p.u. and it can 
be noted that the highest stability factor value is at line 14 (with connecting buses 16 
and 19), which is 0.977. The highest value of L occurs at bus 19, which is 0.9828, and 
the highest impedance ratio is 0. 7706, which is also at bus 19. The results of the stability 
factor, stability index L and the impedance ratio are in agreement because buses 8 and 
19 have been identified as the critical buses due to load increase at buses 8 and 19, 
respectively. 

VALIDATION TEST ON THE TNB I PUB SYSTEM 

To further illustrate the practical use of the line stability factor as an indicator of voltage 
collapse, validation tests were carried out on an interconnected power system which 
is the 746-bus TNB (Tenaga Nasional Berhad) of Malaysia and PUB (Public Utility 
Board) of Singapore system. A general layout of the power system is shown in Figure 4. 
The system is characterized by long 275 kV transmission lines stretching from north 
to south, a north-east-central ring and the central-south-east ring. Large generations 
are located in the east, central and southern areas. Major loads are located on the west 
coasts of the northern, central and southern areas and the PUB. The dashed lines 
indicate the geographical areas. The system consists of 746 buses and 1549 lines. The 
bus and line data used for the simulation is that projected for the peak load in 1998. 

Cu.:oa ounA-:toJS 
O IL\JO~ HBSTATIOSS 

Figure 4. 746-bus TNB I PUB system 
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In the simulations, the real and reactive loads in the four study areas of the system were 
increased incrementally from the base case loads. Load flow solutions were obtained 
for the loading conditions using the decoupled Newton load flow technique. The load 
flow runs were repeated from the_ base case to the maximum loads in the study areas. 
At the · maximum loads, · the · system conditions are considered to be very .close to the 
voltage stability critical point. Beyond the~e loads, the load flow solutions do not exist. 

The stability factors for the lines that give the highest values with respectto the area 
load increase are recorded and plotted graphically, as shown in Figure 5. It is noted 
that line 458 Which connects bus 52003 to bus 59011, gives the highest line stability 
factor value for all cases of area load increase. It can be seen from Figure 5 that the 
stability factors increase with the loading, in which at the collapse point, the value is 
close to 1.0. This result proves that the line stability factor can be used as an indicator 
of static voltage collapse in a practical power system. 

0.9 tr,-.,.,.....lfr-:±!--T':=b~b:::-;~ 
0.8 ~----a-re-a E-a-st-~ 

0.7 .J.---+,-HIL--'-~<1.,-"'!--~~~ ---area Central 

_Line ·0.6 i--.---,_.....--i--,-.~~rl --.-area North 
stability 0.5 -c+----t---t-----lf----,,,i 

fac!Qr 0.4· +,yi,,£-f---!---!----,f----"---1 _.::. area Singapore 

0.3 - -+---t---t-----,r-----i 

0.2 >-----<---+---+---+----< 

0.1 +---+--->--->---r-----. 

0+--+---+---+---f----,,,i 

~----~ 

o 20 40 60 so· 100 % 

Percentage load lncrea• in the study area 

Figure 5. Line stability factors of the TNB I PUB system 

ADVANTAGES OF THE LINE STABILITY FACTORS 

From the test results and performance evaluations carried out on the line stability 
factors, voltage stability indices and the impedance ratios, it can be considered that the 
line stability factor offers several advantages judged from the following aspects: · 

(i) The computation of -the line stability factors is fast because it only uses line flow 
and voltage parameters obtained from load flow solution: It does not require the 
time-consuming computation of the Thevenin equivalent impedance as in the stability 
index and the impedance ratio methods. 
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(ii) The stability factor method not only predicts a voltage collapse but it can also tell 
the exact location and cause of voltage collapse based on the LOP, LON, LPP and 
LPN factors. The factors LOP and LON indicate the cause of voltage collapse due 
to reactive power loads whereas the factors LPP and LPN indicate real power loads. 
The exact location of voltage collapse is based from the critical lines, which indicate 
high stability factor values. However, the stability index and the impedance ratio 
methods can only identify the location of voltage collapse from the critical buses 
but not the cause of it. 

(iii) The line stability factor can be used for the purpose of on-line voltage stability 
assessment because it only requires a set of power and voltage measurements 
made at every bus and line in a power system. 

CONCLUSION 

A comprehensive study on the use of the line stability factors as a static voltage indicator 
has been presented. The performance and effectiveness of the line stability factor has 
been evaluated by comparing it with the impedance ratio indicator proposed by Sterling 
et al., ,(1992) and the stability index proposed by Rahman and Jasmon (1996). From 
the comparison of results, it can be considered that the stability factor method offers 
the advantages of fast computation and determination of the cause of voltage collapse. 
Validation tests carried out on a practical size TNB/PUB system have proved that the 
stability factors can accurately predict static voltage collapse. 
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