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Abstract—An accurate voltage stability monitoring scheme is necessary to take possible remedial action. 

Recent developments in Phasor Measurement Units (PMUs) technology provide the foundation for online 

voltage stability monitoring of a power system network.  In this paper, the generalized curve fit method using 

PMUs in the system has been used to access voltage stability of the system and a sensitivity based approach has 

been used to identify critical buses of the system. Voltage stability margin has been obtained and compared 

using generalized curve fit method and continuation power flow method using PMUs in the system. Variations 

in voltage stability margin caused by changing load patterns have also been considered while estimating voltage 

stability under contingencies.  Nose curves obtained using generalized curve fit and continuation power flow 

methods are also compared. Case studies have been performed on a standard IEEE 14-bus system and practical 

246-bus Northern Regional Power Grid (NRPG) system representing power network of nine states of India, with 

the help of Real Time Digital Simulation (RTDS) and Power System Analysis Toolbox (PSAT) software. 

 

  Keywords— Voltage stability, contingencies, generalized curve fit method, nose curves, optimal PMUs 
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Introduction  

PMUs have become an advanced technology through many advances around the world. Major blackouts in 

the world including North Belgium 1982, New York 1970, Tokyo 1987 and 2003 major blackouts in North 

America and Europe were caused by voltage instability and voltage collapse and intend us to use data obtained 

from PMUs. Because of severity and frequency of occurrence of these blackouts researchers have paid significant 

attention on the area of voltage instability. PMUs provide data at high sampling rate and alloys efficient 

monitoring of system voltages. Data provided by PMUs are accurate and enables system operators to find the 

correct sequence of events which leads to blackout. The use of PMU technology in improving monitoring, control 

and protection of power systems is well documented [1]. The continual growth in power demands has forced our 

interconnected grid system to operate closer to its limits.  Nowadays supervisory control and data acquisition 

(SCADA) and energy management system (EMS) controls are conventional methods for voltage stability 

monitoring and control utilizing P-V and Q-V curves [2]. The development and applications of PMU technology 

has provides a base for online voltage stability monitoring and control. With the deployment and installation of 

PMUs in the power system network, there is an opportunity to explore new methods for voltage stability 

monitoring. A voltage stability index utilizing data obtained from phasor measurements is used to find critical 

buses and a new parallel optimization method has been used to increase voltage stability margin of the system [3]. 

However, in this paper locations of PMUs in the system have not been shown. 
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Voltage stability monitoring methods using PMU measurements are mainly classified as the methods based 

upon Thevenin equivalent (TE) [4] or its derivations [5] the power network and sensitivity based methods [6-7]. 

The determination of TE parameters of an interconnected power system network are essential for the methods 

based upon TE and a core algorithm is used to determine voltage stability margin of the system. Several methods 

[8, 9] have been reported for online estimation of TE parameters of the power system network using PMU 

measurements. Fengkai Hu et al in [10] proposed a measurement based voltage stability monitoring method for a 

load area fed by N tie lines. As compared to conventional TE methods this method creates N+1 buses equivalent 

system to monitor and model each tie line. Therefore, using this methodology real power transfer limit of each tie 

line can be calculated using PMU data. However, TE based methods are valid for linear approximation of power 

system networks. In [11], Q-V sensitivity based approaches have been proposed using PMU data.  

The continuation power flow method is used to find V-λ curve and critical point (voltage collapse point) is 

found using predictor and corrector step [12, 13]. The modal based method has been used to find the point of 

collapse using Jacobian matrix [14]. This Jacobian matrix becomes singular at the point of collapse. The 

centralized voltage stability methods proposed in [7, 15-16] may not work well in time when associated with 

large number of variables and in case of limit-induced bifurcations. 

The voltage instability monitoring and protection method using local identification of global voltage 

instability (LIVES) has been applied to several IEEE test systems for voltage stability assessment [17]. It 

provides a LIVES alarms in case of voltage being unstable. Yiwei Qiu et al in [18] proposed a method for 

globally approximating static voltage stability region boundaries of power systems. They applied parametric 

polynomial approximation to the criterion equation which defines the static voltage stability region boundaries. 

Techniques in [17, 18] do not require system observability through PMU measurements as PMU technology is 

ambitious and definitely requires advanced infrastructure which is yet not available in practice. G.C. Ejebe et al in 

[19] proposed various methods including generalized curve fit method for voltage stability analysis of power 

systems without using PMUs in the system. 

In this paper, generalized curve fit method utilizing the data obtained from PMUs is used to access voltage 

stability of the system. It is seen that generalized curve fit method has better performance in terms of voltage 

stability margin as compared to conventional continuation power flow based approach. Case studies have been 

carried out on a standard IEEE 14-bus system and a practical 246-bus North Region Power Grid (NRPG) system 

of India [20].  

The paper has been structured as follows: Section II presents proposed generalized curve fit approach for 

determination of voltage stability margin under different operating scenarios using measurements obtained from 

PMUs section III proposes and validates effectiveness of generalized curve fit approach using PMUs in the 

system in estimation of voltage stability margin under different operating conditions, through case studies 

performed on two test systems considered. 

 

Proposed Generalized Curve Fit Method For Voltage Stability Assessment Using PMU In The 

System 

In this method an approximation of the nose curve is determined to find the voltage stability margin of the 

system. In this method stable branch of nose curve is computed and an approximation of the critical point is 

obtained using a curve fitting technique. Figure 1 shows that the stable branch of nose curves (i.e. V-λ curve: 

considered in this work) obtained using continuation power flow method can be approximated by a second order 

polynomial. 
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Figure 1: Nose curve (V-λ curve) obtained using continuation power flow method 

 

To fit a desired second order polynomial it is sufficient to determine three stable equilibrium points on the 

curve. One of these points corresponds to the base case loading λ equal to zero (λ = 0) and is denoted by (V (1), λ 

(1)). The other two points can be computed by increasing the loading parameter λ such that λ (3) > λ (2) > λ (1). The 

points corresponding to (V (2), λ (2)) and (V (3), λ (3)) can be obtained using two steps of continuation power flow 

method as shown in Figure 1. 

The three points (V (1), λ (1)), (V (2), λ (2)) and (V (3), λ (3)) are then used to fit the approximate stable branch: 

2

1 2 3( )k k k k k ka V a V a = + +                                   (7) 

The constants 1a , 2a  and 3a  are then computed by solving the set of following linear equations: 

(1) (1) 2 (1)

1 2 3( )k k k k k ka V a V a = + +                                 (8) 

(2) (2) 2 (2)

1 2 3( )k k k k k ka V a V a = + +                               (9) 

(3) (3) 2 (3)

1 2 3( )k k k k k ka V a V a = + +                              (10) 

After the evaluation of approximate stable branch, the voltage collapse point is given by: 

2

1

,  1,2,.....,
2

k k
c

k k

dV a
k n

d a
= − =                                 (11) 

Maximum loadability limit max (defined as voltage stability margin in this work), is given by: 

2

2
max 3

1

( )

4k

k
k

k

a
a

a
 = − +                                               (12) 

where, k stands for a load bus of the power system network 

 

In this work, nose curves (V-λ) of critical buses is obtained using the continuation power flow method in 

Power System Analysis Toolbox (PSAT) with PMUs optimally placed in the system. Then three points on this 

curve are used to fit a second order polynomial for voltage stability estimation. The first point of this curve 

corresponds to the base case loading λ equal to zero (λ = 0) while the other two points are obtained using two 

steps of continuation power flow method near but before critical point. The proposed generalized curve fit 

method utilizes these three points to obtain voltage stability margin of the system. The results have been verified 

on a standard IEEE 14-bus system and North Region Power Grid (NRPG) 246-bus system which are presented as 

shown below: 
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Case Studies 

A. IEEE 14-Bus System [22] 

IEEE 14-Bus System shown in Figure 2 has zero injection bus at bus number 7, generators at buses 1 and 2 

and synchronous condensers at buses 3, 6 and 8. This system has 20 transmission lines including 3 transformers. 

Top three critical contingencies for IEEE 14-Bus System are 1-2, 2-3, 5-6 and critical buses of the system are 4, 

5, 9, 10, 13 and 14. In Power System Analysis Toolbox (PSAT) and Real Time Digital Simulation (RTDS) five 

PMUs at buses 2, 4, 5, 6 and 9 were optimally placed in the system using binary integer linear programming 

considering wide pattern of load variations (viz. k=0.2, 0.5, 1.0, and 1.2) [21]. 

Tables I, II, III and IV show the results of voltage stability margin of the system obtained under different 

patterns of load variations (viz. k=0.2, 0.5, 1.0, and 1.2) for different critical buses of the system in a comparative 

manner using Power System Analysis Toolbox (PSAT) and Real Time Digital Simulation (RTDS). X1, X2, X3 and 

X4 are as defined in appendix B. An observation of Tables I, II, III and IV show that Voltage Stability Margins X1 

and X2 obtained in Power System Analysis Toolbox (PSAT) match with each other for the critical buses 4, 5 and 

9 in most of the cases. While these values differ marginally for critical buses 10, 13 and 14 considering wide 

pattern of load increase. Voltage Stability Margins X3 and X4 obtained in Real Time Digital Simulation (RTDS) 

are different. In generalized curve fit method the first point corresponds to base case point (λ=0) while the other 

two points are found using two steps of continuation power flow method near but before critical point. These 

three points for use in generalized curve fit method were obtained from nose curve (V-λ curve) by utilizing data 

obtained from pseudo-measurements and PMUs measurements by continuation power flow method using Power 

System Analysis Toolbox (PSAT). 
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Figure 2: IEEE 14-Bus System 
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TABLE I 

VOLTAGE STABILITY MARGINS COMPARISION FOR k = 0.2 IN IEEE 14-BUS SYSTEM 

 

Critical 

Contingen

cy 

Critical 

Bus 

X1 X2 X3 X 4 

 

 

Intact 

4 5.26 5.37 17.27 10.0

2 

5 4.93 4.94 5.63 9.99 

9 5.31 5.32 9.95 7.89 

10 5.31 - 14.49 12.5

2 

13 5.31 11.51 18.54 11.1

9 

14 5.31 10.71 9.20 8.20 

 

 

1-2 

4 1.48 2.01 2.73 8.06 

5 1.33 1.31 1.88 1.39 

9 1.48 - 8.20 5.41 

10 1.48 17.62 8.78 21.6

0 

13 1.48 5.69 9.36 17.5

2 

14 1.48 8.72 3.94 6.53 

 

 

2-3 

4 2.99 2.92 2.62 3.33 

5 3.34 3.34 4.31 5.85 

9 3.66 3.70 4.32 6.57 

10 3.66 14.71 15.92 19.1

6 

13 3.66 6.93 26.59 19.8

0 

14 3.66 - 7.39 8.04 

 

 

5-6 

4 4.46 4.35 9.47 11.5

6 

5 4.61 4.47 10.73 7.14 

 9 4.93 4.67 4.20 4.20 

10 4.94 5.25 11.84 11.8

4 

13 4.95 8.69 8.29 8.29 

14 4.91 5.20 4.51 6.90 

 

TABLE II 

VOLTAGE STABILITY MARGINS COMPARISION FOR k =0.5 IN IEEE 14-BUS SYSTEM 

Critical 

Contingen

cy 

Critical 

Bus 

X1 X2 X3 X 4 

 

 

Intact 

 4 5.26 5.38 10.82 9.51 

 5 4.93 4.95 5.70 10.9

8 

9 5.31 5.63 8.97 5.61 
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10 5.31 - 7.08 21.2

7 

13 5.31 12.68 8.21 24.3

5 

14 5.31 10.85 8.34 9.05 

 

 

1-2 

 4 1.48 1.96 1.99 22.1

9 

5 1.34 1.34 1.71 2.69 

9 1.48 1.99 4.18 5.36 

10 1.48 - 5.33 19.8

6 

13 1.48 6.28 2.50 30.3

5 

14 1.48 9.15 2.06 5.99 

 

 

2-3 

 4 2.99 2.97 4.12 10.6

0 

 5 3.34 3.36 3.38 5.71 

9 3.66 4.14 8.39 5.22 

10 3.66 - 7.53 12.8

2 

13 3.66 7.41 4.72 20.0

7 

14 3.66 - 7.35 8.30 

 

5-6 

 4 4.47 4.44 10.76 9.50 

 5 4.61 4.58 14.46 6.55 

 9 4.40 4.48 5.32 20.2

5 

10 4.94 5.29 12.97 14.9

0 

13 4.94 9.33 6.58 8.84 

14 4.90 5.19 6.71 6.55 

 

TABLE III 

VOLTAGE STABILITY MARGINS COMPARISION FOR k =1.0 IN IEEE 14-BUS SYSTEM 

Critical 

Contingen

cy 

Critical 

Bus 

X1 X2 X3 X 4 

 

 

Intact 

4 4.64 4.71 8.63 7.08 

5 4.29 4.33 6.59 5.88 

9 4.67 5.43 4.80 9.22 

10 4.67 - 4.84 16.9

9 

13 4.67 12.93 13.05 18.9

8 

14 4.67 10.40 7.94 8.06 

1-2 

4 1.42 1.73 1.52 4.71 

5 1.33 1.15 1.50 1.94 

9 1.43 3.20 1.78 1.95 

10 1.43 - 3.41 12.8
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6 

13 1.43 6.78 4.29 25.6

9 

14 1.43 - 6.19 6.68 

2-3 

4 2.94 2.80 3.71 4.04 

5 3.34 2.97 3.78 9.19 

9 3.65 4.69 4.97 6.18 

10 3.65 - 9.10 16.0

5 

13 3.65 9.04 3.96 18.5

8 

14 3.65 - 7.36 7.70 

 

 

5-6 

4 4.48 4.27 5.37 9.70 

5 4.61 4.06 5.51 10.0

1 

 9 4.27 4.27 7.70 4.84 

10 4.93 5.05 5.35 6.26 

13 4.94 9.84 8.94 9.48 

14 4.88 4.86 6.25 6.35 

 

TABLE IV 

 VOLTAGE STABILITY MARGINS COMPARISION FOR k =1.2 IN IEEE 14-BUS SYSTEM 

Critical 

Contingen

cy 

Critical 

Bus 

X1 X2 X3 X 4 

 

 

Intact 

4 5.26 5.37 9.53 7.99 

5 4.92 4.91 5.94 9.86 

9 5.30 6.28 5.74 36.7

2 

10 5.31 - 11.28 16.8

6 

13 5.31 13.20 6.00 16.7

8 

14 5.31 10.47 7.59 7.90 

1-2 

4 1.48 1.92 1.43 2.11 

5 1.33 1.31 1.30 1.69 

9 1.48 3.81 1.97 1.87 

10 1.48 17.11 4.09 12.7

0 

13 1.48 8.13 3.85 14.8

0 

14 1.48 9.60 3.85 6.28 

 

 

2-3 

4 2.99 2.93 5.91 5.00 

5 3.34 3.33 4.67 7.10 

 9 3.65 5.37 6.84 7.71 

10 3.66 22.75 6.23 18.5

5 

13 3.65 8.59 5.11 20.5

9 
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14 3.65 10.30 6.97 7.74 

 

 

5-6 

4 4.48 4.47 7.76 8.41 

5 4.61 4.60 6.71 13.2

9 

9 4.22 4.19 6.93 6.75 

10 4.93 5.56 9.81 11.5

0 

13 4.94 10.37 8.28 8.78 

14 4.88 5.16 6.13 6.17 

 

Figure 3 shows a comparison of the different nose curves of critical bus 4 under line outage 5-6 with k = 0.2, 

obtained by continuation power flow method using Power System Analysis Toolbox (PSAT) software and 

obtained by generalized curve fit method in Real Time Digital Simulation (RTDS) with five PMUs placed at 

buses 2, 4, 5, 6 and 9. Figure 4 shows a comparison of the different nose curves of critical bus 5 for system intact 

with k = 1.0, obtained by continuation power flow method using Power System Analysis Toolbox (PSAT) 

software and obtained by generalized curve fit method in Real Time Digital Simulation (RTDS) with five PMUs 

placed at buses 2, 4, 5, 6 and 9. Figure 5 shows a comparison of the different nose curves of critical bus 4 under 

line outage 2-3 with k = 1.0, obtained by continuation power flow method using Power System Analysis Toolbox 

(PSAT) software and obtained by generalized curve fit method in Real Time Digital Simulation (RTDS) with five 

PMUs placed at buses 2, 4, 5, 6 and 9. Figure 6 shows a comparison of the different nose curves of critical bus 9 

under line outage 5-6 with k = 1.2, obtained by continuation power flow method using Power System Analysis 

Toolbox (PSAT) software and obtained by generalized curve fit method in Real Time Digital Simulation (RTDS) 

with five PMUs placed at buses 2, 4, 5, 6 and 9. 

 
Figure 3: Nose curve of critical bus 14 for critical contingency 5-6 at k = 0.2 in IEEE 14-Bus system 

 
Figure 4: Nose curve of critical bus 5 for intact system at k = 1.0 in IEEE 14-Bus system 
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Figure 5: Nose curve of critical bus 4 for critical contingency 2-3 at k = 1.0 in IEEE 14-Bus system 

 
Figure 6: Nose curve of critical bus 9 for critical contingency 5-6 at k = 1.2 in IEEE 14-Bus system 

B. NRPG 246-Bus System  

In North Regional Power Grid (NRPG) of India 97 PMUs were placed to ensure complete observability by 

simulated consideration of all single line outages, loss of few PMUs in system and changing load patterns of the 

system using binary integer linear programming. Critical contingencies and critical buses for 246-Bus North 

Regional Power Grid (NRPG) system have also been evaluated [21]. Tables V, VI, VII and VIII show the results 

of voltage stability margins of different critical buses of the system in a comparative manner under different 

patterns of load changes (viz. k=0.2, 0.5, 1.0 and 1.2, respectively) obtained by continuation power flow method 

using Power System Analysis Toolbox (PSAT) and generalized curve fit method.  

 

TABLE V 

 VOLTAGE STABILITY MARGINS COMPARISION FOR k =0.2 IN 246-BUS NRPG SYSTEM 

Critical 

Contingen

cy 

Critical Bus X1 X2 

 

 

Intact 

156 2.57 3.90 

164 2.57 3.31 

171 2.57 3.04 

173 2.57 2.81 

174 2.57 3.12 

 

 

40-41 

156 2.35 3.74 

164 2.35 3.14 

171 2.35 2.88 

173 2.35 2.61 

174 2.35 2.97 

 156 2.60 3.91 

0 0.5 1 1.5 2 2.5 3 3.5 4
0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

Loading Parameter  (p.u.)

V
 (

P
.U

.)

 

 

Corresponding to X1

Corresponding to X2

Corresponding to X3

Corresponding to X4

0 1 2 3 4 5 6 7
0.5

0.6

0.7

0.8

0.9

1

1.1

Loading Parameter  (p.u.)

V
 (

P
.U

.)

 

 

Corresponding to X1

Corresponding to X2

Corresponding to X3

Corresponding to X4



Tuijin Jishu/Journal of Propulsion Technology 

ISSN: 1001-4055 

Vol. 44 No. 3 (2023) 

__________________________________________________________________________________ 

2422 
 

 

106-123 

164 2.60 3.35 

171 2.60 3.06 

173 2.60 2.84 

174 2.59 3.15 

 

156-158 

164 1.70 - 

171 1.70 2.35 

173 1.70 1.99 

174 1.70 2.45 

 

 

158-160 

156 2.51 3.88 

164 2.51 3.26 

171 2.51 3.01 

173 2.51 2.77 

174 2.51 3.10 

 

 

160-164 

156 2.52 3.86 

164 2.52 3.77 

171 2.52 3.02 

173 2.52 2.82 

174 2.52 2.98 

 

 

165-171 

156 2.55 3.88 

164 2.55 3.32 

171 2.55 2.85 

173 2.55 2.79 

174 2.55 3.11 

 

 

168-171 

156 2.56 3.89 

164 2.56 3.31 

171 1.73 1.73 

173 2.56 2.80 

174 2.56 3.14 

 

 

173-174 

156 2.54 3.90 

164 2.54 3.34 

171 2.54 3.05 

173 2.54 5.29 

174 1.34 1.29 

 

 

181-158 

156 2.26 3.77 

164 2.26 3.27 

171 2.26 2.89 

173 2.26 2.64 

174 2.26 2.98 

 

 

219-77 

156 2.55 3.89 

164 2.55 3.34 

171 2.55 3.02 

173 2.55 2.79 

174 2.55 3.11 
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TABLE VI 

VOLTAGE STABILITY MARGINS COMPARISION FOR k =0.5 IN 246-BUS NRPG SYSTEM 

Critical 

Contingen

cy 

Critical Bus X1 X2 

 

 

Intact 

156 2.61 6.11 

164 2.61 3.73 

171 2.61 3.15 

173 2.61 2.93 

174 2.61 3.24 

 

 

40-41 

156 1.24 5.04 

164 1.24 2.70 

171 1.24 2.21 

173 1.24 1.70 

174 1.24 2.35 

 

 

106-123 

156 2.34 5.98 

164 2.34 3.49 

171 2.34 2.97 

173 2.34 2.69 

174 2.34 3.07 

 

156-158 

164 1.70 2.98 

171 1.70 2.53 

173 1.70 2.11 

174 1.70 2.65 

 

 

158-160 

156 2.60 6.09 

164 2.60 3.64 

171 2.60 3.15 

173 2.60 2.93 

174 2.60 3.24 

 

 

160-164 

156 2.57 6.13 

164 2.57 4.03 

171 2.58 3.15 

173 2.57 2.97 

174 2.57 3.10 

 

 

165-171 

156 2.60 6.10 

164 2.60 3.62 

171 2.59 2.84 

173 2.60 2.92 

174 2.59 3.22 

 

 

168-171 

156 2.61 6.16 

164 2.61 3.67 

171 1.59 1.59 

173 2.61 2.92 

174 2.61 3.25 

 

 

173-174 

156 2.58 6.15 

164 2.58 3.65 

171 2.58 3.18 

173 2.58 5.98 
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174 1.21 1.21 

 

 

181-158 

156 2.60 6.10 

164 2.60 3.74 

171 2.60 3.15 

173 2.60 2.93 

174 2.60 3.23 

 

 

219-77 

156 2.27 5.96 

164 2.27 3.40 

171 2.27 2.93 

173 2.27 2.63 

174 2.27 3.03 

 

TABLE VII 

VOLTAGE STABILITY MARGINS COMPARISION FOR k =1.0 IN 246-BUS NRPG SYSTEM 

Critical 

Contingen

cy 

Critical Bus X1 X2 

 

 

Intact 

156 2.61 6.68 

164 2.61 4.19 

171 2.61 3.17 

173 2.61 3.07 

174 2.61 3.20 

 

 

40-41 

156 1.24 5.67 

164 1.24 2.99 

171 1.24 2.43 

173 1.24 1.91 

174 1.25 2.56 

 

 

106-123 

156 2.34 6.65 

164 2.34 4.03 

171 2.34 3.03 

173 2.34 2.84 

174 2.34 3.08 

 

156-158 

164 1.70 3.65 

171 1.70 2.68 

173 1.70 2.30 

174 1.70 2.78 

 

 

158-160 

156 2.60 6.73 

164 2.60 4.12 

171 2.60 3.17 

173 2.60 3.06 

174 2.60 3.20 

 

 

160-164 

156 2.57 6.73 

164 2.57 4.12 

171 2.57 3.17 

173 2.57 3.14 

174 2.56 3.08 

 

 

156 2.60 6.65 

164 2.60 4.19 
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165-171 171 2.59 2.67 

173 2.60 3.06 

174 2.59 3.19 

 

 

168-171 

156 2.60 6.64 

164 2.61 4.11 

171 1.38 1.38 

173 2.61 3.06 

174 2.60 3.21 

 

 

173-174 

156 2.58 6.60 

164 2.58 4.19 

171 2.58 3.19 

173 2.58 6.34 

174 1.03 1.02 

 

 

181-158 

156 2.60 6.71 

164 2.60 4.24 

171 2.59 3.17 

173 2.60 3.06 

174 2.59 3.19 

 

 

219-77 

156 2.27 6.39 

164 2.27 3.96 

171 2.27 3.00 

173 2.27 2.79 

174 2.27 3.05 

 

TABLE VIII 

VOLTAGE STABILITY MARGINS COMPARISION FOR k =1.2 IN 246-BUS NRPG SYSTEM 

Critical 

Contingen

cy 

Critical Bus X1 X2 

 

 

Intact 

156 2.58 6.68 

164 2.58 3.69 

171 2.58 3.14 

173 2.58 2.60 

174 2.17 2.17 

 

 

40-41 

156 2.16 6.46 

164 2.16 3.45 

171 2.16 2.95 

173 2.16 2.27 

174 2.14 2.12 

 

 

106-123 

156 2.55 6.72 

164 2.55 3.66 

171 2.55 3.13 

173 2.55 2.58 

174 2.17 2.17 

 

156-158 

164 2.40 3.59 

171 2.40 3.06 

173 2.40 2.46 

174 2.17 2.17 
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158-160 

156 2.57 6.70 

164 2.57 3.64 

171 2.57 3.14 

173 2.57 2.60 

174 2.17 2.17 

 

 

160-164 

156 2.52 6.68 

164 2.52 4.06 

171 2.52 3.14 

173 2.52 2.56 

174 2.14 2.14 

 

 

165-171 

156 2.56 6.72 

164 2.56 3.66 

171 2.55 2.57 

173 2.56 2.57 

174 2.17 2.12 

 

 

168-171 

156 2.57 6.72 

164 2.58 3.64 

171 1.30 1.30 

173 2.57 2.60 

174 2.17 2.17 

 

 

173-174 

156 1.54 6.28 

164 1.54 2.94 

171 1.54 2.75 

173 1.54 5.86 

 

 

181-158 

156 2.56 6.68 

164 2.56 3.71 

171 2.56 3.14 

173 2.56 2.59 

174 2.17 2.17 

 

 

219-77 

156 2.50 6.69 

164 2.50 3.66 

171 2.50 3.11 

173 2.50 2.54 

174 2.17 2.17 

 

In generalized curve fit method the first point corresponds to base case point (λ=0) while the other two points 

are found using two steps of continuation power flow method near but before critical point. These three points for 

use in generalized curve fit method were obtained from nose curve (V-λ curve) by utilizing data obtained from 

pseudo-measurements and PMUs measurements by continuation power flow method using Power System 

Analysis Toolbox (PSAT). As seen from Tables V, VI, VII and VIII the voltage stability margins X1 and X2 are 

different but this difference in magnitudes of X1 and X2 may not be considered marginal for most of the critical 

buses considering wide patterns of load increase (viz. k=0.2, 0.5, 1.0 and 1.2 respectively). Therefore, the 

performance of generalized curve fit method using PMUs in the system is fairly good compared to benchmark 

continuation power flow results. 

Figure 7 shows a comparison of the nose curves (V-λ) corresponding to voltage stability margins X1 and X2 of 

critical bus 171 under critical contingency 40-41 for k=0.2 and Figure 8 also shows a comparison of the nose 

curves (V-λ) corresponding to voltage stability margins X1 and X2 of critical bus 173 under critical contingency 

160-164 for k=0.5. Figure 9 compares the nose curves (V-λ) corresponding to voltage stability margins X1 and X2 

of critical bus 174 under critical contingency 173-174 for k=1.0. While Figure 10 shows a comparison of the nose 
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curves (V-λ) corresponding to voltage stability margins X1 and X2 of critical bus 164 under critical contingency 

168-171 for k=1.2. 

 
Figure 7: Nose curve of critical bus 171 under line outage 40-41 with k = 0.2 (NRPG 246-bus system) 

 
Figure 8: Nose curve of critical bus 173 under line outage 160-164 with k = 0.5 (NRPG 246-bus system) 

 
Figure 9: Nose curve of critical bus 174 under line outage 173-174 with k = 1.0 (NRPG 246-bus system) 
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Figure 10: Nose curve of critical bus 164 under line outage 168-171 with k = 1.2 (NRPG 246-bus system) 

 

Voltage stability margin X1 gives the voltage stability information of the system using Power System Analysis 

Toolbox (PSAT) by continuation power flow method with 97 PMUs placed in the system. Voltage stability 

margin X2 gives the voltage stability information of the system using generalized curve fit method where three 

points of nose curve were used to trace a second order polynomial. . 

 

Conclusions 

In this paper, the proposed generalized curve fit method using PMU measurements is used to estimate voltage 

stability of the system. Voltage stability margin obtained by proposed generalized curve fit method using PMU in 

the system under changing load patterns have been compared with the voltage stability margin obtained by 

continuation power flow method. Voltage stability margin obtained using generalized curve fit method and 

continuation power flow method match with each other. Generalized curve fit method does not require to 

compute and trace V-λ curve like continuation power flow method rather three points are used to compute a good 

equivalent voltage stability margin. Nose curves obtained using generalized curve fit and continuation power flow 

methods are also compared with each other. Results of simulations on IEEE 14-bus system and a practical 246-

bus Northern Regional Power Grid (NRPG) system of India validate effectiveness of proposed generalized curve 

fit approach using PMU in voltage stability estimation under contingencies at different load patterns. 

APPENDIX A 

Critical contingencies of the system may change with the changes in operating conditions of the system. In 

order to consider impact of changing operating conditions in selection of critical contingencies, Voltage Stability 

Margin has been calculated under contingencies considering wide patterns of load increase by varying real and 

reactive power demands at buses as per following:  

(1 ) 
i ibD DP P = +                                                         (1) 

(1 )
i ibD DQ kQ = +                                                      (2)

 
where, 

iDP  = Real power demand at bus i 

iDQ = Reactive power demand at bus i 

ibDP =Real power demand at bus i at the base case operating point 

ibDQ =Reactive power demand at bus i at the base case operating point 

 = System loading factor common to all the buses 

k = A multiplier used to change QDi/PDi ratio to consider different patterns of load increase 
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In order to consider wide variations in operating conditions, the multiplier k has been taken as 0.2, 0.5, 1.0 and 

1.2, respectively. 

 

APPENDIX B 

X1 = Voltage Stability Margin (distance between base case operating point and maximum loadability point) of the 

system with load variation in one critical bus only and keeping other bus voltages constants at rated values 

(obtained after running continuation power flow using PSAT Software using PMUs in the system) 

 

X2 = Voltage Stability Margin (distance between base case operating point and maximum loadability point) of the 

system with load variation in one critical bus only and keeping other bus voltages constants at rated values 

(obtained by generalized curve fit method in PSAT Software using PMUs in the system) 

 

X3 = Voltage Stability Margin (distance between base case operating point and maximum loadability point) of the 

system with load variation in one critical bus only and keeping other bus voltages constants at rated values 

(obtained by generalized curve fit method in RTDS using PMUs in the system) 

 

X4 = Voltage Stability Margin (distance between base case operating point and maximum loadability point) of the 

system with load variation in one critical bus only (obtained by generalized curve fit method in RTDS using 

PMUs in the system) [21] 
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