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Abstract 

 To carry out voltage stability analysis of a power system by finding the proximity 

of the system to voltage collapse. 

 Voltage Collapse Proximity indicators, namely Line Stability Index (LSI), Fast 

Voltage Stability Index (FVSI), Line Stability Factor (LQP) and Novel Line 

Stability Index(NLSI)  have been found and their performances  analyzed for active 

and reactive load changes for IEEE 14 bus system 

 The continuation power flow (CPF) method has been implemented on a two bus 

system. It aids in plotting the P-V and Q-V Curve on a bus so as to find the loading 

margins and maximum loadability. The limitation of this method has also been 

identified.  

 The contour evaluation program gives the global response of a power system for 

variations in the node constraints and has been applied to a two bus system, IEEE 

14 bus and 30 bus systems for finding relationships between any two node variables 

with different constraints and some of the relationships between variables have 

been plotted. 

 The Artificial Neural Network (ANN) method is proposed for online voltage 

stability assessment for IEEE 14 bus system with novel input- output combination. 

 The efficiency and speed of the ANN has been improved by reducing the input data 

dimension by application of Principal Component Analysis (PCA) method for the 

IEEE 14 and 30 bus systems. 

 Events which produce a similar impact on the power system from voltage stability 

point of view have been identified. 
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3 4 0.06701 0.17103 0.0173  
4 5 0.01335 0.04211 0.0064  
4 7 0 0.20912 0 0.978 
4 9 0 0.55618 0 0.969 
5 6 0 0.25202 0 0.932 
6 11 0.09498 0.1989 0  
6 12 0.12291 0.25581 0  
6 13 0.06615 0.13027 0  
7 8 0 0.17615 0  
7 9 0 0.11001 0  
9 10 0.03181 0.0845 0  
9 14 0.12711 0.27038 0  

10 11 0.08205 0.19207 0  
12 13 0.22092 0.19988 0  
13 14 0.17093 0.34802 0  
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APPENDIX-B 

Data for IEEE 30 bus system 
Bus Data for 30 bus system 

Bus Volt. 
Mag. 

Angle P Load Q 
Load 

P Gen Q Gen Qmin Qmax Qsh 

1 1.06 0 0 0 0 0 0 0 0 
2 1.043 0 0.217 0.127 0.40 0 -0.40 0.50 0 
3 1 0 0.024 0.012 0 0 0 0 0 
4 1.06 0 0.076 0.016 0 0 0 0 0 
5 1.01 0 0.942 0.19 0 0 -0.40 0.40 0 
6 1 0 0.051 0.05 0 0 0 0 0 
7 1 0 0.228 0.109 0 0 0 0 0 
8 1.01 0 0.30 0.30 0 0 -0.40 0.40 0 
9 1 0 0.05 0.06 0 0 0 0 0 

10 1 0 0.058 0.02 0 0 0 0 0.19 
11 1.082 0 0 0 0 0 -0.26 0.24 0 
12 1 0 0.112 0.075 0 0 0 0 0 
13 1.071 0 0 0 0 0 -0.26 0.24 0 
14 1 0 0.062 0.016 0 0 0 0 0 
15 1 0 0.082 0.025 0 0 0 0 0 
16 1 0 0.035 0.018 0 0 0 0 0 
17 1 0 0.09 0.058 0 0 0 0 0 
18 1 0 0.032 0.09 0 0 0 0 0 
19 1 0 0.095 0.034 0 0 0 0 0 
20 1 0 0.022 0.07 0 0 0 0 0 
21 1 0 0.175 0.112 0 0 0 0 0 
22 1 0 0.018 0.09 0 0 0 0 0 
23 1 0 0.032 0.016 0 0 0 0 0 
24 1 0 0.087 0.067 0 0 0 0 0.043 
25 1 0 0.011 0.015 0 0 0 0 0 
26 1 0 0.035 0.023 0 0 0 0 0 
27 1 0 0.013 0.018 0 0 0 0 0 
28 1 0 0.018 0.023 0 0 0 0 0 
29 1 0 0.024 0.09 0 0 0 0 0 
30 1 0 0.106 0.019 0 0 0 0 0 
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Line Data for IEEE 30 bus system 
Start 
Bus 

End 
Bus 

Resistance Reactance Susceptance Transformer Tap 

1 2 0.0192 0.0575 0.0264 1 
1 3 0.0452 0.1852 0.0204 1 
2 4 0.057 0.1737 0.0184 1 
3 4 0.0132 0.0379 0.0042 1 
2 5 0.0472 0.1983 0.0209 1 
2 6 0.0581 0.1763 0.0187 1 
4 6 0.0119 0.0414 0.0045 1 
5 7 0.046 0.116 0.0102 1 
6 7 0.0267 0.082 0.0085 1 
6 8 0.012 0.042 0.0045 1 
6 10 0 0.556 0 0.969 
9 11 0 0.208 0 1 
9 10 0 0.11 0 1 
4 12 0 0.256 0 0.932 

12 13 0 0.14 0 1 
12 14 0.1231 0.2559 0 1 
12 15 0.0662 0.1304 0 1 
12 16 0.0945 0.1987 0 1 
14 15 0.221 0.1997 0 1 
16 17 0.0824 0.1923 0 1 
15 18 0.1073 0.2185 0 1 
18 19 0.0639 0.1292 0 1 
19 20 0.034 0.068 0 1 
10 20 0.0936 0.209 0 1 
10 17 0.0324 0.0845 0 1 
10 21 0.0348 0.0749 0 1 
10 22 0.0727 0.1499 0 1 
21 22 0.0116 0.0236 0 1 
15 23 0.1 0.202 0 1 
22 24 0.115 0.179 0 1 
23 24 0.132 0.27 0 1 
24 25 0.1885 0.3292 0 1 
25 26 0.2544 0.38 0 1 
25 27 0.1093 0.2087 0 1 
28 27 0 0.396 0 0.968 
27 29 0.2198 0.4153 0 1 
27 30 0.3202 0.6027 0 1 
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 CHAPTER 1 

                         Introduction 

 

1.1   Voltage Collapse Phenomenon 

Power systems now-a-days are run under stressed conditions due to the rapidly increasing 

power demand. Power systems in the recent years are found to experience severe and 

increasing strain due to the incongruence between generation and transmission 

infrastructure. The generation and transmission capacity expansion is unable to match the 

growth of power demand due to various factors like high investment cost, time required 

for augmentation of the existing generation and transmission infrastructure etc[1-4]. The 

expansion in the transmission capacity is quite difficult and time consuming as it involves 

problems like identification and acquisition of land for the right-of-way. The objective of 

any power operation is to supply power to the consumers at minimum cost and that too 

within acceptable voltage and frequency limits. The operational, economic and 

environmental constraints pose a challenge to the power system in keeping the efficiency 

and security at appropriate levels. Furthermore, the situation becomes worse when the 

system operation is disturbed by critical contingencies such as tripping of heavily loaded 

transmission lines or outage of large generating units. Such kind of stresses developed in 

the system have raised concerns about voltage instability in the power system, making it 

susceptible to voltage collapse due to insufficient system reactive power reserve to 

maintain the voltage profile. 

The lack of adequate reactive power resources in a power system is one of the major factors 

contributing to voltage collapse [1-4]. The voltage instability phenomenon is characterized 

by a progressive drop in the voltage which occurs mainly because of the inability of the 

network to meet the increasing demand for reactive power. This phenomenon is triggered 

by some form of small /large disturbance or change in the system operating conditions[5-

6]. With the increase in loading on the power system, the voltage across the network tends 

to decrease and the reactive power losses increase. The increased reactive power demand 
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is catered to by the voltage regulating devices in the network like the generators, static var 

compensators, on load tap changing transformers etc. However, these devices have their 

own physical limitations. They cannot supply unlimited amounts of reactive power. If the 

load growth is sustained, it is possible that a number of these voltage regulating sources 

may strike their physical limits in terms of the amount of reactive power that they can 

supply. 

Once a reactive power source has hit its maximum limit, it can no longer regulate the 

voltage. This in turn results in a decline in the voltage accompanied by greater reactive 

power requirements. This may force other voltage regulating devices to hit their limits 

resulting in accelerated rate of decline in the voltage. Further increase in the system load 

can lead to the phenomenon called voltage collapse. 

1.2     Contributors to Voltage Instability 

Several important factors contributing to voltage instability are [1-4] 

a. High active and reactive power loading leading to stressed power systems. 

b. Inability on part of the network to meet the reactive power demand and 

insufficient reactive power generation.  

c. Generators, synchronous condensers, SVC’s reaching their reactive power 

limits- When a particular generator hits the reactive power limit, it cannot 

supply any further reactive power and the terminal voltage decreases. Its share 

of reactive power is transferred to other generators, which can overload other 

generators. This can eventually lead to voltage instability and hence voltage 

collapse. 

d. Action of tap changing transformers- During a voltage decline in the 

network, the on load tap changers try to maintain a constant load voltage. This 

will cause more current to be drawn in the transmission system and in turn will 

further increase the voltage drop. 

e. Load recovery dynamics- Following any disturbance on the system, the power 

consumed by the loads tends to be restored by the load dynamics. This further 
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stresses the high voltage network by increasing the reactive power consumption 

and reducing the voltage. 

f. Line tripping or generator outages- Loss of heavily loaded lines causes 

additional loading on the adjacent lines. As a result, the reactive power 

requirement in these lines increases causing increase in the reactive power 

demand. The outage of generators reduces the amount of reactive power 

supplied in the system. 

g. Large reactive power losses- The rate of increase in the reactive power loss is 

found to be inversely proportional to the cube of the voltage. So, with the 

decrease in the terminal voltage, the reactive power losses increase 

significantly. 

1.3    Voltage stability and its classification 

Voltage stability refers to the ability of the power system to maintain steady voltages at all 

the buses in the system after being subjected to a disturbance from a given initial operating 

point. It depends on the ability of the power system to maintain/restore equilibrium 

between the load demand and supply. Instability appears in the form of a progressive fall 

or rise of voltage of some buses. A possible consequence of voltage instability is the loss 

of load in a particular area, tripping of lines and/or other elements by their protections, 

leading to cascading outages. This could give way to loss of synchronism of some 

generators [2-4],[7]. 

Voltage collapse is the process wherein, a sequence of events accompanying voltage 

instability lead to a black-out or abnormally low voltages in major parts of the power 

system. At low voltages, the stable operation may continue after the transformer tap 

changers reach their boost limits with intentional and /or unintentional tripping of some 

loads. The remaining load is voltage sensitive and it so happens that the connected demand 

at normal voltage is not met [8-11]. So, if the post disturbance equilibrium voltages are 

below acceptable limits, a voltage collapse, partial or total blackout is bound to occur. 
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The time scale for the course of events that develop into a collapse varies from few seconds 

to several tens of minutes. Accordingly, voltage stability is classified into four categories 

[1-4],[7]. 

Large disturbance voltage stability: It refers to the ability of the system to maintain 

steady voltages following occurrence of large disturbances like system faults, loss of 

generation or circuit contingencies. This ability is determined by the system load 

characteristics and interaction of both continuous and discrete controls and protections. To 

analyze the large disturbance voltage stability, the system dynamics for the entire time 

frame of disturbance need to be captured.  A suitable model of the system needs to be 

framed and a compressive analysis needs to be carried out so as to get a lucid picture of 

stability. The period of study may be from a few seconds to tens of minutes.  

Small disturbance voltage stability: This type of stability concerns the ability of the 

system to maintain steady acceptable voltages, when subjected to small disturbances such 

as gradual changes in the system load.  It is called the small disturbance or steady state 

voltage stability. Such small disturbances on the system can be analyzed by linearizing 

around the pre-disturbance operating point. Steady state voltage stability analysis aids in 

getting a qualitative picture of the system; i.e. how much stressed the system is, or how 

close the system is to the point of instability. This form of stability is influenced by the 

system load characteristics, continuous and discrete controls at a given instant of time. The 

basic methods that contribute to the small disturbance stability are essentially of steady 

state nature. So, the static voltage stability analysis is effectively used to estimate the 

stability margins. 

The time span of disturbance in a power system, that may cause a potential voltage 

instability problem, can be classified as short-term and long-term. 

Short term Voltage Stability-Automatic voltage regulators, excitation systems, turbine 

and governor dynamics fall in this short-term time scale, which is typically of the order of 

a few seconds. Induction motors, electronically operated loads and HVDC interconnections 

also fall in this category. The analysis requires solution of appropriate system differential 

equations. If the system is stable, the short-term disturbance dies out and the system enters 

into slow long-term dynamics. 
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Long term Voltage Stability- The long term time frame is of the order of a few minutes 

to tens of minutes. Components operating in this time frame are transformer tap changers, 

thermostatically controlled loads and generator current limiters. The analysis requires long 

term dynamics system simulation. 

1.4   Motivation for the proposed work 

Voltage instability is characterized by a progressive decline in the bus voltage magnitude. 

Suddenly, a sharp decline in the voltage occurs. Before undergoing this sharp decline, the 

voltage magnitudes lie in a permissible range. The system operators do not receive any 

warning signal in advance. The sudden sharp voltage decline may result in a voltage 

collapse. It is critical for the utilities to track how close the system is to the voltage collapse 

point. So, a lot of work has been done in the recent years for measuring the distance from 

the current operating point to the voltage collapse point. Realization of the structure of the 

boundary of the power flow problem solution enables us to know the status of the current 

system operating point and how far it is from the boundary limits in terms of controllable 

parameters. A knowledge about the voltage stability margin is of prime importance to the 

power system operators for operating the system with maximum security and reliability.  

Quantification of the distance from the current operating point to the voltage collapse point 

will serve as an early warning to any critical situation. A number of researchers have 

attempted finding the voltage stability margin using Artificial Neural Network (ANN). 

This thesis work has made use of ANN to predict the voltage stability margin and 

additionally, reduction in the input data dimension without sacrificing much of the 

information contained in the original data set has been done using Principal Component 

Analysis (PCA). 

1.5     Objectives of the work 

1. To analyze available Voltage Stability Analysis methods. 

2. To find better Voltage Collapse Proximity indicators. 

3. To use a versatile method for finding the Voltage Collapse Proximity Indicators. 

4. To find the feasibility of the better Voltage Collapse Proximity Indicators for online 

Voltage Stability Assessment. 

5. Application of enhanced Artificial Intelligence based method for Voltage Stability 

Assessment. 
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1.6    State of Art Of the Research Topic 

With the restructuring of power systems and incorporation of renewable energy sources, 

maintaining voltage stability of the power systems has become a matter of concern [1-4].A 

number of voltage collapse proximity indices have been proposed by [12-24]. These 

indices give information about the critical lines in the system. But these indices are non-

linear. 

The Continuation power flow method as reported in [25-32] helps plot the P-V and Q-V 

curves and hence the active and reactive power loading margins at a bus can be found. But 

this method does not give us the relationship between any two variables with respect to 

independent node parameters. Also, it is computationally expensive. The contour 

evaluation program [33-35] provides a global response of the power system to variations 

in the node constraints. It facilitates generation of curves that show the system performance 

during disturbances and the system voltage stability limits. But this method is 

computationally ineffective for real time applications. 

The Artificial Neural Networks (ANN) have the ability to learn complex non-linear 

relationships and their structures with high computational rates. Many ANN based methods 

for online voltage stability assessment have been reported [36-54]. But the selection of 

inputs and number of inputs as well as the selection of the outputs is different in different 

papers [43-54]. Dimension reduction is done using Principal Component Analysis (PCA) 

in [46], [50] for various input output combinations presented to the ANN. Dimension 

reduction is reported in [53] using Gram–Schmidt orthogonalization. The bus voltage 

magnitude V and phase angle δ have been used as the input to the ANN with the active 

power loading margin as the output in [54].  

This work has taken bus voltage magnitude V and phase angle δ as the input to the ANN. 

The reactive power loading margin on the load buses is the output. Reduction in the input 

data dimension without sacrificing much of the information contained in the original data 

set has been done using PCA [55-56]. The application of PCA for voltage stability 

assessment for identification of similar events in the power system from voltage stability 

point of view is the main contribution of this work. 
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1.7     Work Done 

➢ Problem Identification and literature review. 

➢ Continuation Power Flow method and its implementation on two bus system. 

➢ Voltage Collapse proximity indices and their application on IEEE 14 bus system. 

➢ Contour evaluation program and its execution on 2 bus, IEEE 14 and 30 bus 

systems. 

➢ Neural Networks and their relevance on IEEE 14 and 30 bus system. 

➢ Need for reduction in the input data dimension and Principal Component 

Analysis(PCA). 

➢ Application of PCA to IEEE 14 and 30 bus system for effective feature selection. 

➢ Identification of similar events in the power system from voltage stability point of 

view. 

 

1.8    Outline of the Thesis 

This work has been organized in chapters to put forth the outcome of the research work 

so as to meet the mentioned objectives. 

Chapter 1:- Introduction to the proposed work. 

Chapter 2:- Definition of the problem and original contribution by the thesis; A 

comprehensive literature survey of system voltage instability and means to attenuate 

them.  

Chapter 3:- Application of Voltage collapse proximity indices and Continuation power 

flow method to determine proximity of the system to voltage collapse. 

Chapter 4:- Contour evaluation program and its application to present a global view of 

the system performance. 

Chapter 5:- Basics of Artificial Neural Networks.  

Chapter 6:- Application of ANN for monitoring the system voltage stability margin. 

Chapter 7:- Need for Principal Component Analysis (PCA) and its application for input 

data dimension reduction and prediction of similar events in the power system from 

voltage stability point of view. 

Chapter 8:- Conclusion and future scope of work. 
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1.9     Conclusion 

This chapter presents the fundamental concepts of voltage stability, its classification and 

the factors responsible for voltage instability. Voltage instability has become an 

increasingly serious problem, causing the systems to operate close to their stability limits. 

So, a knowledge about the voltage stability margin is of prime importance so that the 

electric utilities could operate the system with utmost safety.  

 

1.10     References 

[1] Abhijit Chakravarbarti, Sunita Halder, (2010) Power system analysis, operation and 

control, Prentice Hall Pvt. Ltd. New Delhi. 

[2] Carson W. Taylor, (1994) Power System Voltage Stability, McGraw Hill Publication, 

New York. 

[3] Thierry Van Cutsem, Costos Vournas, (1998) Voltage Stability of Electric Power 

Systems, Kluwer Academic Publishers, London. 

[4] Prabha Kundur, (2007) Power System Stability and Control, McGraw Hill Publication, 

New Delhi. 

[5] Mala De, Goswami S.K., September-2014 , Reactive Power Procurement with Voltage 

Stability Consideration in Deregulated Power System, IEEE Transactions on power 

systems, Vol. 29, No. 5. 

[6] Gupta R.K, Alaywan Z.A., Stuart R.B., Reece T.A., November-1990, Steady state 

Voltage Instability Operations Perspective, IEEE Transactions on power systems, Vol. 5, 

No. 4. 

[7]Kundur P., Paserba J., Ajjarapu V., Anderson G., Bose A., Canizares C., Hatziargyriou 

N., Hill D., Stankovic A., Taylor C., Cutsem T.V., Vittal V, May-2004, Definition and 

Classification of Power System Stability, IEEE/CIGRE Joint Task Force on Stability terms 

and Definitions, IEEE Transactions on power systems, Vol. 19, No. 2.



References 

9 
 

[8]A. Tiranuchit, Thomas R.J., February 1988, A posturing Strategy against voltage 

instabilities in Electric Power Systems, IEEE Transactions on Power Systems, Vol I, No. 

1. 

[9] S. Abe, Y. Fukunaga, A. Isono, B. Kondo, 1982,Power System Voltage Stability,  IEEE 

Transactions on Power Apparatus and  Systems ,Volume: PSA-101,  Issue :10. 

[10] B. Gao, G. K. Morrison, P. Kundur, 1992, Voltage stability evaluation using modal 

analysis,  IEEE Transaction on power system, Vol.7, Issue-4. 

[11] T. Moger, Thukaram. D.,  2015, A novel index for identification of weak nodes for 

reactive power compensation to improve voltage stability, IET Generation, Transmission 

& Distribution, Vol. 9, pp 1826-1834. 

[12] P.Rajalakshmi, Dr.M.Rathinakumar, April 2016, Voltage stability assessment of 

power system by comparing line stability indices, International Journal of Advanced 

Research Trends in Engineering and Technology (IJARTET), Vol. 3, Special Issue 19. 

[13 H.H. Goha, Q.S. Chuaa , S.W. Leea , B.C. Koka , K.C. Goha , K.T.K. Teob, 2015, 

Evaluation for Voltage Stability Indices in Power System Using Artificial Neural Network, 

International Conference on Sustainable Design, Engineering and Construction, Science 

Direct, Procedia Engineering,118 ( 2015 ) 1127 – 1136. 

[14] Ismail, N.A.M., Zin, A.A.M., Khairuddin, A., Khokhar, S.,  March 2014, A 

comparison of voltage stability indices, IEEE 8th International Power Engineering and 

Optimization Conference,  ISBN: 978-1-4799-2422-6. 

[15] Kanimozhi, R., Selvi, K., July 2013, A novel line stability index for voltage stability 

analysis and contingency ranking in power system, Journal of Electrical Engg. And 

Technology, Vol-8, No. 4, pp 694-703. 

[16] Ponnada, A., Rammohan, N., August-2012 , A study on voltage collapse phenomenon 

by using voltage collapse proximity indicators, International journal of Engineering, 

Research and Development, Vol-3, Issue-1, pp-31-35.



Introduction 

10 
 

[17] Z.J.Lim, M.W.Mustafa, Z.bt Muda, June 2012, Evaluation of effectiveness of voltage 

stability indices on  different loadings, IEEE International Power Engineering and 

Optimization conference, ISBN: 978-1-4673-0662-1.  

[18] Yazdanapnah , A.-Goharrizi and Asghari A., September 2007, A novel line stability 

index (NLSI) for voltage stability assessment of power systems, Proceedings of 7th 

international conference  on Power Systems, pp 164-167. 

[19] Reis, Claudia., Barbosa Maciel, F.P., May 2006, A comparison of voltage stability 

indices, IEEE MELECON,. 

[20] Musirin, I., Rahman, T.K.A., November 2002 , Estimating maximum loadability for 

weak bus identification using FVSI, IEEE Power Engineering review, pp 50-52. 

[21] Moghavvemi, M., Omar, F.M., November 1998,Technique for contingency 

monitoring and voltage collapse prediction,  IEEE proceeding on Generation, Transmission 

and Distribution,  Vol: 145, pp. 634-640. 

[22] Mohamed, A., Jasmon G.B., Yusoff, S., 1998, A static voltage collapse indicator using 

line stability factor, Journal of Industrial Technology, Vol-7 pp. 73-85. 

[23] Moghavemmi, M., Faruque, O., September 1998, Real time contingency evaluation 

and ranking technique, IEEE proceedings, Generation, Transmission, Distribution, Vol-

145, No. 5. 

[24] Chebbo, A.M., Irving, M.R., Sterling M.G.H., ay 1992,Voltage collapse proximity 

indicators: behavior and implications, IEEE Proceedings, Vol-139, No. 3. 

[25] Veeranjaneyulu Puppala, Dr.Purna Chandrarao, 2015,Analysis of Continuous Power   

Flow Method, Model Analysis, Linear Regression and ANN for Voltage Stability 

Assessment for Different Loading Conditions, Science Direct, Procedia Computer Science 

47 ( 2015 ) 168 – 178. 

[26]Zakaria E. Ramadan K., Eltigani D., 2013,Method of computing maximum loadability 

using continuation power flow, IEEE  Power Engg. Conference, pp-663-667. 



References 

11 
 

[27] Federico Milano, February 2009, Continuous Newton's Method for Power Flow 

Analysis, IEEE Transactions on Power Systems, Volume: 24, Issue :1.  

[28] X. Zhang, Ping Ju, E. Handschin, August 2005, Continuation three-phase power flow: 

a tool for voltage stability analysis of unbalanced three-phase power systems, IEEE 

Transactions on Power Systems, Volume: 20, Issue :3. 

[29] V. Ajarappu, B. Lee, 1998,Bibliography on Voltage Stability, IEEE Transaction on 

power system, Vol.13, Issue-1. 

[30] H.D.Chiang, A.J.Flueck, K.S.Shah and N.Balu, May  1995, CPFLOW: A practical 

tool for tracing power system steady state stationary behavior due to load and  generation 

variations,  IEEE Transaction on Power Systems, Vol-10, no. 2,  pp. 623-634.  

[31] C.A.Canizares and F.L.Alvarado, 1993, Point of collapse and continuation  methods   

for large AC/DC systems, IEEE Transaction on Power Systems, Vol-8, no. 1,  pp. 1-8. 

[32] V. Ajjarapu, C.Christy, 1992, The continuation power flow: A tool for steady state 

voltage stability analysis, IEEE Transaction on power system, Vol.7, pp. 416-423. 

[33] J. Iyer, B. Suthar, 2016, Evaluation of Power flow solution space boundary, IEEE 

International Conference on Next Generation Intelligent Systems, ISBN: 978-1-5090-

0870-4. 

[34] Ian Hiskens, Robert Davy, 2001, Exploring the Power flow solution space boundary, 

IEEE Transaction on Power Systems, Vol-16, no. 3. 

[35] G.B.price, 1984, A generalized circle diagram approach for global analysis of 

transmission system performance, IEEE Transaction on Power apparatus and systems, Vol-

11, pp-2881-2890. 

[36] Constantin Bulac and Ion Truitiu, May 2015, On-line Power Systems Voltage Stability 

Monitoring using  Artificial  Neural Networks, The 9th International Symposium on  

Advanced topics in Electrical  Engineering, Bucharest, Romania.



Introduction 

12 
 

[37] Thakku Peter and Sajith R.P., 2014, Voltage Stability Assessment in Power Systems 

using Artificial Neural  Networks,  International Conference on Magnetics, Machines & 

Drives. 

[38] O.P. Rahi , Amit Kr Yadav , Hasmat Malika , Abdul Azeemb , Bhupesh Krb, 2012, 

Power System Voltage Stability Assessment through Artificial Neural Network, 

International Conference on Communication Technology and System Design 2011, 

Procedia Engineering 30 (2012) 53 – 60. 

[39] R. Balasubramanian, Rhythm Singh, 2011, Power system voltage stability analysis 

using ANN and Continuation Power Flow Methods, International Conference on 

Intelligent System Application to Power Systems (ISAP). 

[40] B. Suthar, R. Balasubramanian, 2008, A New Approach to ANN based real time 

voltage stability monitoring and reactive power management, The 10th IEEE Conference, 

TENCON ,  pp 1 - 6. 

[41] M.R. Khaldi, 2008, Power Systems Voltage Stability Using Artificial Neural Network, 

Joint International Conference on Power System Technology and IEEE Power India 

Conference. 

[42] B. Suthar, R. Balasubramanian, August 2007,  Application of an ANN based voltage 

stability assessment tool to restructured Power Systems, IREP International Conference on 

Bulk Power System  Dynamics and Control- VII, Charleston,  South Carolina, USA . 

[43] T. M. L. Assis, A. R. Nunes, and D. M. Falcao,  October 2007, Mid and long-term 

voltage stability assessment using neural networks and quasi-steady state simulation, Proc. 

Power Engineering  Large Engineering Systems Conf., pp. 213–217. 

[44] S Kamalasadan, AK Srivastava, D Tukaram, 2006, Novel Algorithm for Online 

Voltage Stability Assessment Based on Feed Forward Neural Network, PES General 

Meeting, Montreal, Canada.  

[45] C. Castro, C.A. Jimenez, 2005, Voltage stability security margin assessment via 

artificial neural networks, Power Tech, IEEE Russia.



References 

13 
 

[46]S. Chakrabarti and B. Jeyasurya, July 2004 , On-line voltage stability monitoring using 

artificial neural network,  Proc. Power Engineering, Large Engineering Systems Conf. 

(LESCOPE-04),  pp. 71–75.  

[47] S. Sahari,  A.F. Abidin, T.K.A. Rahman, 2003, Development of artificial neural 

network for voltage stability monitoring, Power Engineering Conference, PECon  

Proceedings. 

[48] A.A. El. Keib, X. Ma,1995, Application of artificial neural networks in voltage 

stability assessment,   IEEE Transaction on Power Systems, Vol-10, Issue 4. 

[49] V. R. Dinavahi and S. C. Srivastava, July 2001, ANN based voltage stability margin 

prediction,  in Proc. IEEE Power Engg.  Soc. Summer Meeting, Vol. 2, pp. 1.275–1280. 

[50] B. Jeyasurya, July 2000, Artificial neural networks for on-line voltage stability 

assessment, Proc.  IEEE Power Eng. Soc. Summer Meeting, Vol. 4, pp. 2014–2018. 

[51] P. J. Abrao, A. P. Alves da Silva, and A. C. Zambroni de Souza, May  2002, Rule 

extraction from artificial neural networks for voltage security analysis, Proc. 2002 Int. Joint 

Conf. Neural Networks  IJCNN ’02, Vol. 3, pp. 2126–2131. 

[52] D. Salatino, R. Sbrizzai, M. Travato, M. La Scala, March 1995, Online voltage 

stability assessment of load centers by using neural networks,  Science Direct, Electric 

Power Systems, Volume 32, Issue 3, Pages 165-173.  

[53] A.R. Bahmanyar, A. Karami , 2014, Power system voltage stability monitoring using 

artificial neural networks with a reduced set of inputs, Science Direct, Electrical Power and 

Energy Systems 58 (2014) 246–256. 

[54] D. Q. Zhou, U.D. Annakkage, Aug. 2010, Online Monitoring of Voltage Stability 

Margin Using an Artificial Neural Network, IEEE transactions on power systems, Vol. 25, 

No. 3. 

[55] Lindsay I Smith, February 2002, A tutorial on Principal Components Analysis. 

[56] Jon Shlens, March 2003, A tutorial on Principal Component Analysis, derivation, 

discussion and single value decomposition.



Literature Review 

14 
 

 

CHAPTER 2 

   Literature Review 

In chapter 1, it has been discussed that, the power systems now-a-days have become more 

and more complicated and heavily loaded. Additionally, various operational, economic and 

environmental constraints are imposed on them. Voltage instability has become an 

increasingly grave problem leading the systems to operate close to their stability limits. If 

the problems occurring due to voltage instability are not mitigated properly, it can lead to 

a system voltage collapse [1-4]. This calls for the voltage stability of the system to be 

assessed. Extensive research work has been done to evaluate the bus voltage stability 

margin in a power system.  It gives an indication of the proximity of the system to voltage 

collapse. 

A number of voltage stability indices have been proposed by [5-17] and used throughout 

the world for voltage stability analysis. These indices give information about the critical 

lines in the system, the maximum bus loadability and thus the weakest bus in the system. 

But the behavior of these indices is highly nonlinear. The global system performance under 

stressed power system conditions cannot be found using these indices.  

The continuation power flow (CPF) is an authentic method used to find the voltage stability 

margin by tracing the P-V and Q-V curves[18-27]. These curves provide considerable 

perception into the system’s behavior for different loading conditions. The maximum bus 

loadability can be found using this iterative predictor-corrector (CPF) method. But this 

method cannot give us the relationship between any two variables of our choice with 

respect to independent node parameters. Also, in restructured power systems, following 

load increase on any bus, the increase in generation may not be pro-rata.  The generation 

of the company which provides generation at a lower price will increase. This can change 

the shape of the P-V curve and we may not get perfect maximum loadability value. The 

CPF method is computationally expensive and time consuming for large power systems.
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The operation of the power system is restricted by the loadability limits, which closely 

match the finiteness of the power flow solution space boundary. Operation near the solution 

space is unsought as it is associated with reduced stability margin. Quantifying the 

boundary is therefore very important for assessing the system security [28-34]. The 

Contour evaluation program helps evaluate the global response of the power system for 

variations in the node constraints [28-30]. In this method, various target functions are 

defined and curves are generated that show the system performance during disturbances, 

tradeoffs between different design parameters, voltage stability limits etc.[31]. The 

application of the contour program provides for new interpretations of the power system 

characteristics under normal and contingent conditions and thus a global view of the system 

performance is made possible. The contour method although fairly accurate, is 

computationally ineffective for real time applications.  

The aforesaid mentioned problems could be overcome using the Artificial Neural Networks 

(ANN). Neural Networks are constructed and implemented to model the human brain [35]. 

The ANN’s are parallel information processing systems inspired by the way, biological 

neural systems process the data.  They possess automatic learning/pattern recognition 

ability and present a fast response in mapping the data.  From the last two decades, sizeable 

research work has been carried out on the applications of neural networks to the problems 

faced by power systems.  Work also includes exploring the capability of ANN’s for 

monitoring the voltage stability of the system [36-54]. The ANN functions as a black box 

between the inputs and outputs. The selection of a representative input feature is prime for 

the success of any ANN application. Papers [43-50] have selected different inputs to the 

ANN with distinct outputs for online voltage stability monitoring. The ANN input vector 

in [43] is formed by voltage magnitudes, active/reactive load and generation at all the 

buses. The output is the system active power loading margin. The real power, reactive 

power and voltage magnitude at the generator and load buses are used as the input 

parameters in [44]. The output is an Lindex on all the buses. In [45], the generator bus voltage 

magnitudes and the net real and reactive power injections are used as the input variables. 

The output is the energy margin. The real and reactive power injections on all the load 

buses are selected as the input parameters for training the ANN in [46]. The output is the 

energy margin. The active and reactive power flows in all the lines are taken as the input
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 variables in [47].The active power margin is the output. In this paper dimension reduction 

is done using Principal Component Analysis (PCA). The generator terminal voltages, 

real/reactive power of the generators, reactive power reserve of the generators and 

real/reactive power of the loads form the input vector to the ANN in [48] and output is the 

active power loading margin. Dimension reduction is done using PCA in this paper. The 

voltage magnitudes and generated active powers of the PV buses, the active and reactive 

powers of all the system loads, the generated reactive powers of all the system generators 

are taken as the input in [49].  Dimension reduction is done using Gram–Schmidt 

orthogonalization. The voltage magnitudes and phase angles are taken as the input to the 

ANN in [50]. The active power loading margin is taken as the output. 

This thesis has taken voltage magnitudes and phase angles on the load buses as input to the 

ANN. The reactive power loading margin, which is one of the most important voltage 

collapse proximity indicator has been is taken as the output on the load buses. Additionally, 

PCA has been applied to reduce the input data dimension.    

2.1   Original Contribution by the Thesis 

This thesis proposes using the bus voltage magnitude V and the phase angle δ on the load 

buses as the input variables to the ANN. The Reactive power loading margin is one of the 

most important voltage collapse proximity indicators and it gives the Mvar distance from 

the current operating point to the voltage collapse point. In this work, the reactive power 

loading margin has been taken as the output. It will give the necessary warning against any 

loading/contingent condition. This combination of input and output vectors to the ANN 

has not been reported in the literature.  

The selection of V and δ as input to the ANN may lead to a substantial increase in the 

number of inputs for large power systems having large number of load buses. This would 

cause the dimensions of the input vector to the ANN to be large and the components of the 

vectors would be highly correlated causing redundancy. The consequence of this 

redundancy in the input, would be to produce inappropriate ANN results. 

 As a solution to this, a novel application of the Principal Component Analysis [55-58] 

method is used, that allows transformation of the original data set to a reduced number
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 of effective features, which still retain most of the intrinsic information contained in the 

original data set.  

Also, through application of PCA, the identification of similar events in the system, i.e., 

events that produce similar impact on the system from voltage stability point of view is 

made possible, which is a major contribution of this thesis. 

2.2   Methodology of Research 

The aim of this research work is to present a comprehensive study of the static voltage 

stability analysis of the system. Voltage stability indices namely the Line Stability Index 

(LSI), Fast Voltage Stability Index (FVSI), Line Stability Factor (LQP) and Novel Line 

Stability Index (NLSI) have been evaluated for the IEEE 14 bus system. Gradually the 

reactive power load and active power load is increased on selected buses and the values of 

these indices found for all the lines in the 14 bus system. These indices give information 

about the critical lines in the system. But these indices are local and non-linear and the 

global system behavior under stressed conditions cannot be found using these indices.  

Next the continuation power flow (CPF) method is implemented on a two bus system and 

the P-V curve is plotted. The maximum loadability on the bus and the critical voltage is 

found. The loading margin can also be found from this curve. But the CPF method is 

computationally expensive and also, it cannot give us the relationship between any two 

variables with respect to independent node parameters. 

The contour evaluation program is now applied to a two bus, IEEE 14 and 30 bus systems. 

This program helps us find the global performance of the system for variation in the node 

constraints. A number of curves are generated considering different target functions. These 

curves give us information about the system performance during disturbances, tradeoffs 

between different design parameters, voltage stability limits etc. [31]. The contour method 

is highly versatile. Although fairly accurate, it is computationally ineffective for real time 

applications.  

The application of Artificial neural network (ANN) for online monitoring of voltage 

stability margin is next used for the IEEE 14 and 30 bus systems. The Voltage magnitude 

and phase angle on the load buses are used as the inputs to the ANN. The reactive power 
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loading margin on the load buses is the output of the ANN. The reactive power loading 

margins are found using ANN and compared with those obtained using the analytical 

method. Minimum error is found in the comparison. 

For a large power system, there would be a large number of inputs forming the input vector 

to the ANN. Also, there would be mammoth redundancy in the data. This can result in 

erroneous ANN results. Reduction in the input data dimension without sacrificing much of 

the information contained in the original data set has been done using PCA for the IEEE 

14 and 30 bus systems.  The application of PCA for voltage stability assessment of these 

systems has aided in the identification of similar events in the power system from voltage 

stability point of view. 
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CHAPTER 3 

 Voltage Stability Indices and Continuation Power 

Flow 

3.1    Introduction 

In Chapter 2, we saw the literature review that has been done to support this thesis work.  

The actual contribution made in the thesis along with the research procedures adopted have 

been discussed.  A power system is subject to various contingent conditions owing to line 

and generator outages. Also it is subject to gradual or sudden load changes. These outages 

and the steady/sudden load changes can act as prime contributors to voltage collapse.  A 

number of voltage stability indices have been derived referred to a bus in the power system 

[1-13]. These indices give information about the proximity of the system to voltage 

instability.  

3.2    Voltage Collapse Proximity Indicators (VCPI) 

The VCPI’s help identify the critical line in a system with respect to a bus. The value of 

these line indices vary between 0 (no load) and 1(critical line). 

1.Line stability index, LSI- This index was proposed by [10] based on the concept of 

power flow on a single transmission line.      

 

     Bus 1                                      Bus 2       

                                                                                                         

                                                      I                       

                         Ss=Ps+jQs                       R + jX                     Sr=Pr+jQr    

                         Ps,Qs,Vs,δ1                                                        Pr,Qr,Vr,δ2        

                                              FIGURE 3.1 Two bus system                                

 

For the two bus system shown in the Figure 3.1  the complex power at the receiving end is
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     Sr = Pr + jQr =
|𝑉𝑠| |𝑉𝑟|

|𝑍|
  (θ – δ1 + δ2 ) - 

|𝑉𝑟|2

|𝑍|
   (θ)                           3.1 

where, Vs is the sending end voltage 

      Vr is the receiving end voltage 

       θ is the impedance angle 

       δ1 and δ2  are the voltage angles at the sending and receiving ends respectively. 

From the equation 3.1, the real and reactive powers at the receiving end are 

      Pr = 
|𝑉𝑠| |𝑉𝑟|

|𝑍|
cos(𝜃 − 𝛿1  +  𝛿2) - 

|𝑉𝑟|2

|𝑍|
  cos 𝜃                                                      3.2 

     Qr = 
|𝑉𝑠| |𝑉𝑟|

|𝑍|
 sin(𝜃 − 𝛿1 + 𝛿2) - 

|𝑉𝑟|2

|𝑍|
  sin 𝜃                                                         3.3 

  Taking δ = δ1 - δ2 and solving Equation (3.3) for Vr, we get 

     
|𝑉𝑟|2

|𝑍|
  sin 𝜃  -  

|𝑉𝑠| |𝑉𝑟|

|𝑍|
  sin(𝜃 − 𝛿) + Qr =0                                                      3.4                                       

    |𝑉𝑟|2 sin 𝜃 - |𝑉𝑠||𝑉𝑟|  sin(𝜃 − 𝛿) + |𝑍|Qr =0                                                3.5 

Considering   Equation (3.5) to be of the general form, ax2 +bx +c=0, the roots of Vr will 

be given by x1,x2  = 
−𝑏±√𝑏2−4𝑎𝑐

2𝑎
   

For the roots to be positive real, (b2 – 4ac)  > 0  

 (𝑉𝑠 sin(𝜃 − 𝛿))2 -4|𝑍|Qr sin 𝜃  > 0                                                                 3.6 

(𝑉𝑠 sin(𝜃 − 𝛿))2 -4|𝑋|Qr   > 0       since |𝑋| =|𝑍| sin 𝜃                                   3.7 

Equation (3.7) can be written as 

(𝑉𝑠 sin(𝜃 − 𝛿))2  > 4|𝑋|Qr                          3.8 

  Or  
4|𝑋|𝑄𝑟

(𝑉𝑠 sin(𝜃−𝛿))2   <  1                           3.9 

The Line stability index LSI for any line (i-j) is thus given by
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LSIi-j=  
4|𝑋|𝑄𝑟

(𝑉𝑠 sin(𝜃−𝛿))2                  3.10 

LSIi-j is the line stability index for the line (i-j) where i and j stand respectively for the 

sending and the receiving end. 

For the line to be voltage stable, LSIi-j=  
4|𝑋|𝑄𝑟

(𝑉𝑠 sin(𝜃−𝛿))2     <   1 

As the index becomes ≥ 1, the line (i-j) becomes critical. 

2. Fast Voltage Stability Index (FVSI)-  

This index was derived by [9]. It is also based on the concept of power flow on a single 

transmission line. 

From Equation (3.4), we have 

          Vr
2 sinθ –VsVr sin (θ-δ) +QrZ=0 

Dividing by sin θ, we get 

          𝑉𝑟2 –𝑉𝑠𝑉𝑟 (
sin 𝜃 cos 𝛿+cos 𝜃 sin 𝛿

sin 𝜃
) +

𝑄𝑟𝑍

sin 𝜃
            But, sin θ =

𝑋

𝑍
                        3.11 

So,          𝑉𝑟2 –𝑉𝑠𝑉𝑟(cos 𝛿 + 
cos 𝜃

sin 𝜃
 sin 𝛿)+ 

𝑄𝑟𝑍2

𝑋
 =0            

cos 𝜃

sin 𝜃
 = 

𝑅

𝑋
                      3.12 

  𝑉𝑟2 –𝑉𝑠𝑉𝑟(cos 𝛿 + 
𝑅

𝑋
sin 𝛿)+ 

𝑄𝑟𝑍2

𝑋
 =0                                                             3.13 

For Vr to have positive real roots, (b2 – 4ac)  > 0  

So, {Vs(
𝑅

𝑋
 sin 𝛿  +  cos 𝛿)}2- 4

𝑄𝑟𝑍2

𝑋
 >0                                                                 3.14 

For small values of δ, sin δ0 and cos δ1 

So, we get  
4𝑄𝑟𝑍2

𝑋𝑉𝑠2
 <1 

The FVSI for the line i-j is given by FVSIi-j  =  
4𝑄𝑟𝑍2

𝑋𝑉𝑠2                                           3.15
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For the line i-j to be stable, FVSIi-j = 
4𝑄𝑟𝑍2

𝑋𝑉𝑠2
 <1 

If FVSIi-j ≥ 1, the line i-j becomes critical from voltage stability point of view. 

3.Line Stability Factor (LQP) 

This index was derived by [11] again based on the concept of power flow on a single 

transmission line. With reference to Figure 3.1,    

The receiving end real power Pr =
𝑉𝑠𝑉𝑟

𝑋
sin 𝛿                                                      3.16  

The receiving end reactive power Qr = 
𝑉𝑠𝑉𝑟 cos 𝛿−𝑉𝑟2

𝑋
                                        3.17 

Making sinδ and cosδ, the subject from Equations (3.16) and (3.17) and taking  

sin2 δ + cos2 δ=1, we get,     

 
𝑃𝑟2𝑋2

𝑉𝑠2𝑉𝑟2   +
(𝑄𝑟𝑋+𝑉𝑟2)2

𝑉𝑠2𝑉𝑟2  =1                                                                          3.18 

 

Taking LCM of the Equation (3.18) and simplifying, we get, 

Vr
4 + (2XQr - Vs

2) Vr
2 + (Pr

2+Qr
2) X2 =0                                               3.19 

This is a quadratic equation in Vr
2 

For Vr
2 to be positive real, (b2 – 4ac)  > 0, which gives 

(2XQr - Vs
2)2 - 4(P2+Q2) X2 >0                                                             3.20 

 

  4XQrVs
2 + 4X2Pr

2 < Vs
4 

   Or       
4𝑋

𝑉𝑠2 (Qr  +  
𝑋𝑃𝑟2

𝑉𝑠2 ) <   1                                                                     3.21                                  

The line stability factor LQP for the line (i-j), LQPi-j =   
4𝑋

𝑉𝑠2 ( Qr  +  
𝑋𝑃𝑟2

𝑉𝑠2 )    3.22 

For the line to be stable, LQP i-j = 
4𝑋

𝑉𝑠2
 (Qr  +  

𝑋𝑃𝑟2

𝑉𝑠2
) < 1
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As the index becomes ≥ 1, the line (i-j) becomes critical from the view point of voltage 

stability. 

4. Novel Line stability index (NLSI)-  

This index was derived by [4] based on the same concept of power flow through a single 

transmission line. For the two bus system shown in the Figure 3.1, 

Here it is considered that δ1=0 and δ2 = - δ so that δ1- δ2 = δ 

The complex power at the receiving end Sr =VrI* 

The current in the line I= (
𝑆𝑟

𝑉𝑟
)∗   = 



−

Vr

jQrPr
 =

jXR

VV rs

+

−− 0
                              3.23 

Cross multiplication gives, 

VsVr  - Vr
2 = (Pr –jQr) (R+jX)                                                                 3.24 

Separating the real and imaginary parts we get, 

Pr = 
𝑉𝑠𝑉𝑟 cos 𝛿−𝑄𝑟𝑋−𝑉𝑟2 

𝑅
                                                                                  3.25 

 

So,   Vr
2-VsVr cosδ +PrR +QrX =0                                                              3.26 

  

Solving Equation (3.26) for Vr, and for Vr to have positive real roots,  

 

So, (Vs cosδ)2  -4(PrR +QrX) > 0 

 

       
4(𝑃𝑟𝑅+𝑄𝑟𝑋)

(𝑉𝑠 cos 𝛿)2
 <1                          

If δ is very small, cos δ 1 

So the NLSI for the line i-j, NLSIi-j=  
4(𝑃𝑟𝑅+𝑄𝑟𝑋)

𝑉𝑠2                                                    3.27 

For the line i-j to be stable, NLSI i-j < 1
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As the index becomes ≥ 1, the line (i-j) becomes critical. 

3.3 Validation of indices on IEEE 14 bus test system 

The load flow is run for the IEEE 14 bus system shown in the Figure 3.2.  The results of 

the load flow are used to find the line indices LSI, FVSI, LQP and NLSI. 
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   FIGURE 3.2  Single line diagram of IEEE 14 bus system 
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The data sheet for IEEE 14 bus system is given in Appendix A. The line indices are 

computed for the base case for the IEEE 14 bus system as shown in the Table 3.1
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TABLE 3.1 Line Indices for the base case for IEEE 14 bus system 

Line From bus To bus LSI FVSI LQP NLSI 

Line-1 1 2 0.4896 0.4677 0.5520 0.5504 

Line-2 1 5 0.1012 0.1005 0.0944 0.0953 

Line-3 2 3 0.7980 0.7955 0.6886 0.6164 

Line-4 2 4 0.0102 0.0101 0.6563 0.6516 

Line-5 2 5 0.1011 0.1007 0.0942 0.0957 

Line-6 3 4 0.0102 0.0101 0.6106 0.6334 

Line-7 4 5 0.1013 0.1008 0.0941 0.0955 

Line-8 4 7 0.0002 0.0001 0.0001 0.0001 

Line-9 4 9 0.7514 0.750 0.6141 0.5014 

Line-10 5 6 0.3211 0.3211 0.1392 0.0957 

Line-11 6 11 0.1023 0.1016 0.0541 0.0555 

Line-12 6 12 0.1011 0.1007 0.0911 0.0934 

Line-13 6 13 0.3148 0.3119 0.2295 0.2254 

Line-14 7 8 0.0002 0.0002 0.0001 0.0001 

Line-15 7 9 0.7459 0.7411 0.6141 0.4095 

Line-16 9 10 0.3146 0.3122 0.2286 0.2273 

Line-17 9 14 0.3105 0.310 0.3171 0.3239 

Line-18 10 11 0.1231 0.1265 0.0417 0.0413 

Line-19 12 13 0.3150 0.3126 0.2292 0.2257 

Line-20 13 14 0.3124 0.3113 0.3146 0.3248 

Changes in reactive power load- 

When the reactive power loading on buses 3,9 and 14 is increased by 10 %, the indices 

attained the values as in the Table 3.2  

TABLE 3.2 Line Indices when Q load on buses 3,9,14 increased by 10 %  

Line From bus To bus LSI FVSI LQP NLSI 

Line-1 1 2 0.4892 0.4675 0.5521 0.5502 

Line-2 1 5 0.1010 0.1003 0.0942 0.0951 

Line-3 2 3 0.9074 0.9055 0.7432 0.6954 

Line-4 2 4 0.0101 0.0101 0.6562 0.6513 

Line-5 2 5 0.1012 0.1006 0.0943 0.0955 

Line-6 3 4 0.0103 0.0102 0.6422 0.6412 

Line-7 4 5 0.1012 0.1007 0.0942 0.0953 

Line-8 4 7 0.0002 0.0001 0.0001 0.0001 

Line-9 4 9 0.8613 0.8502 0.6934 0.5922 

Line-10 5 6 0.3212 0.3212 0.1394 0.0954 

Line-11 6 11 0.1021 0.1015 0.0543 0.0553 

Line-12 6 12 0.1013 0.1006 0.0913 0.0932 

Line-13 6 13 0.3145 0.3117 0.2292 0.2252 

Line-14 7 8 0.0002 0.0002 0.0001 0.0001 

Line-15 7 9 0.8432 0.8419 0.6865 0.5834 

Line-16 9 10 0.3147 0.3123 0.2285 0.2272 

Line-17 9 14 0.5624 0.5592 0.4133 0.4104 

Line-18 10 11 0.1232 0.1263 0.0415 0.0412 

Line-19 12 13 0.3152 0.3124 0.2292 0.2255 

Line-20 13 14 0.4524 0.5313 0.4059 0.4039 
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It can be seen that the line stability index LSI and fast voltage stability index FVSI on the 

lines from buses 2 to 3, 4 to 9 and 7 to 9 have attained high values. 

When the reactive power loading on buses 3,9 and 14 is increased by 15 %, the indices 

attained the values as in the Table 3.3  

 

TABLE 3.3 Line Indices when Q load on buses 3,9,14 increased by 15 %  

Line From bus To bus LSI FVSI LQP NLSI 

Line-1 1 2 0.4894 0.4675 0.5521 0.550 

Line-2 1 5 0.1011 0.1004 0.0944 0.0952 

Line-3 2 3 1.1334 1.1376 0.8932 0.8745 

Line-4 2 4 0.0102 0.0101 0.6562 0.6513 

Line-5 2 5 0.1013 0.1005 0.0941 0.0953 

Line-6 3 4 0.0125 0.0117 0.6475 0.6463 

Line-7 4 5 0.1010 0.1005 0.0941 0.0952 

Line-8 4 7 0.0002 0.0001 0.0001 0.0001 

Line-9 4 9 1.1141 1.1124 0.7941 0.7129 

Line-10 5 6 0.3213 0.3211 0.1392 0.0953 

Line-11 6 11 0.1023 0.1017 0.0545 0.0554 

Line-12 6 12 0.1015 0.1008 0.0915 0.0934 

Line-13 6 13 0.3143 0.3115 0.2297 0.2251 

Line-14 7 8 0.0002 0.0002 0.0001 0.0001 

Line-15 7 9 1.1021 1.1005 0.7564 0.7334 

Line-16 9 10 0.3148 0.3125 0.2286 0.2275 

Line-17 9 14 0.7243 0.7192 0.6333 0.6304 

Line-18 10 11 0.1234 0.1263 0.0414 0.0413 

Line-19 12 13 0.3155 0.3123 0.2295 0.2253 

Line-20 13 14 0.7224 0.7113 0.6321 0.6292 

  

It can be seen that the line stability index LSI and fast voltage stability index FVSI on 

the lines from buses 2 to 3, 4 to 9 and 7 to 9 have attained values which make the line 

critical from the view point of voltage stability. The loss of these lines can make the 

adjacent lines critical and the system prone to voltage collapse. 

 

Changes in real power load- Increasing the real power load on buses 2 and 4 by 10%, 

we get the line indices as shown in the Table 3.4.
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TABLE 3.4 Line Indices when P load on buses 2 and 4 increased by 10 %  

     Line From 

bus 

To bus LSI FVSI LQP NLSI 

Line-1 1 2 0.4894 0.4675 0.6317 0.6234 

Line-2 1 5 0.1011 0.1003 0.0942 0.0951 

Line-3 2 3 0.7981 0.7954 0.6885 0.6162 

Line-4 2 4 0.0103 0.0102 0.7601 0.7514 

Line-5 2 5 0.1012 0.1006 0.0940 0.0955 

Line-6 3 4 0.0103 0.0102 0.7204 0.7187 

Line-7 4 5 0.1014 0.1009 0.0942 0.0956 

Line-8 4 7 0.0002 0.0001 0.0001 0.0001 

Line-9 4 9 0.7515 0.751 0.6142 0.5013 

Line-10 5 6 0.3213 0.3212 0.1393 0.0956 

Line-11 6 11 0.1022 0.1015 0.0542 0.0556 

Line-12 6 12 0.1012 0.1008 0.0912 0.0935 

Line-13 6 13 0.3147 0.3118 0.2294 0.2253 

Line-14 7 8 0.0002 0.0002 0.0001 0.0001 

Lin-15 7 9 0.7458 0.7412 0.6143 0.4094 

Line-16 9 10 0.3147 0.3123 0.2286 0.2272 

Line-17 9 14 0.3104 0.3103 0.3172 0.3238 

Line-18 10 11 0.1232 0.1266 0.0418 0.0412 

Line-19 12 13 0.3151 0.3125 0.2294 0.2256 

Line-20 13 14 0.3125 0.3114 0.3147 0.3247 

         

Next, the real power load on buses 2 and 4 is increased by 15 %.  The line index values are 

shown in the Table 3.5 

TABLE 3.5 Line Indices when P load on buses 2 and 4 increased by 15 %  

     Line From 

bus 

To bus LSI FVSI LQP NLSI 

Line-1 1 2 0.4896 0.4680 0.7014 0.7001 

Line-2 1 5 0.1013 0.1005 0.0941 0.0953 

Line-3 2 3 0.7983 0.7956 0.6884 0.6164 

Line-4 2 4 0.0105 0.0103 0.8114 0.8002 

Line-5 2 5 0.1013 0.1003 0.0942 0.0956 

Line-6 3 4 0.0104 0.0103 0.7921 0.7910 

Line-7 4 5 0.1016 0.1008 0.0943 0.0955 

Line-8 4 7 0.0003 0.0002 0.0002 0.0001 

Line-9 4 9 0.7516 0.7512 0.6143 0.5015 

Line-10 5 6 0.3215 0.3214 0.1394 0.0955 

Line-11 6 11 0.1024 0.1016 0.0543 0.0557 

Line-12 6 12 0.1013 0.1006 0.0914 0.0936 

Line-13 6 13 0.3146 0.3117 0.2295 0.2254 

Line-14 7 8 0.0003 0.0002 0.0001 0.0001 

Line-15 7 9 0.7457 0.7414 0.6145 0.4095 

Line-16 9 10 0.3146 0.3125 0.2285 0.2273 

Line-17 9 14 0.3105 0.3105 0.3173 0.3237 

Line-18 10 11 0.1233 0.1264 0.0417 0.0413 

Line-19 12 13 0.3152 0.3126 0.2295 0.2255 

Line-20 13 14 0.3124 0.3115 0.3148 0.3248 
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From the results in the table 3.4 and 3.5, it is evident that following increase in the real 

power loading by 10 % and 15% respectively on the buses 2 and 4, the LQP and NLSI 

values on the lines 1, 4 and 6 increase.  

3.4  Limitations of the line indices 

1. These indices are local and non-linear. They show different sensitivity to varying load  

    conditions.  

2. The factors contributing to voltage instability cannot be known from these indices.  

3. We do not get any information on the boundary conditions.  

4. The global system performance under stressed power system conditions cannot be 

    found using these indices. 

3.5  Continuation Power flow method 

The load flow is an effective tool to monitor the system voltages as a function of the load 

change. It is used to plot the voltage at a particular bus as the load on that bus is varied 

from its base value to its maximum loadability point. We can trace the P-V curve on the 

bus as the load is increased to the loadability point and then back to the original base load. 

This curve shown in the Figure 3.3 is also called the nose curve due to its shape. 

 

FIGURE 3.3  P-V Curve as the load is increased from base to maximum and back[23] 



Voltage Stability indices and Continuation Power Flow 
 

34 
 

At the maximum loadability point (knee point) of the P-V curve, the slope of the curve 

becomes infinite. The system Jacobian becomes singular at this point and the conventional 

Newton-Raphson method of load flow fails to converge.  

So, a modification in the conventional Newton-Raphson method needs to be employed. 

This modified method is called the continuation power flow (CPF) method. The CPF 

method overcomes the problem of the Jacobian singularity at the knee point by 

reformulating the power flow equations [14-23]. These reformulated equations introduce 

an additional equation and an additional unknown in the basic power flow equations, so 

that it remains well conditioned at all loading conditions. The additional unknown is called 

the continuation parameter. 

3.6 Basic Principle of the CPF method-  

CPF is an iterative method with predictor and corrector steps. From an initial known point 

(A) as shown in the Figure 3.4, a tangent predictor is used to approximate the predicted 

solution (B) for a given pattern of load increase. This step is called the predictor step. The 

corrector step then estimates the exact solution (C)[14].  

 

               FIGURE 3.4  P-V Curve  with predictor and corrector[14] 
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The corrector step uses the conventional power flow method to converge for fixed system 

load. The system load here, is the continuation parameter (CP). The voltages for further 

increase in the load are predicted and corrected in the same way. Continuing with such 

predictor and corrector steps, if the new estimated load is beyond the maximum load as 

shown by the point (D), a corrector step with fixed system load will not converge. So now, 

a corrector step with fixed voltage at the monitored bus gives the exact solution (E).  So, 

voltage is now the continuation parameter. As the voltage stability limit point (knee point) 

is approached, the drop in the voltage with respect to the change in the system load becomes 

prominent. So, the predictor step size is gradually reduced in the successive steps. 

3.6.1 Mathematical formulation- The basic CPF equations are similar to the standard 

power flow equations except that the increase in the load λ is taken as an additional 

parameter [14-16],[22]. The reformulated power flow equations with provision for increase 

in the generation as the load is increased is given by 

             F(δ, V)=λK                                                                                        3.28 

     where ,  λ , the load parameter = 0≤ λ ≤ λcritical 

      λ = 0 corresponds to the base load condition. 

      λ = λcritical corresponds to the maximum load. 

      δ   = vector of bus voltage angle. 

      V   =vector of bus voltage magnitude. 

      K   =vector representing % of load change on each bus. 

Equation 3.28 can be written as             

            F(δ,V, λ)=0            3.29 

Predictor step- In this step, a linear approximation is used to estimate the next solution for 

a change in any one of the state variables (δ,V, λ). The Equation 3.29 is linearized by taking 

its derivative, with the state variables corresponding to the initial solution so as to yield, 

                         
𝜕𝐹

𝜕𝛿
  dδ + 

𝜕𝐹

𝜕𝑉
 dV +

𝜕𝐹

𝜕𝜆
 dλ =0    or 
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                         Fδd δ + FVd v + Fλd λ=0       or 

                                     [Fδ  FV Fλ ]  [
𝑑𝛿
𝑑𝑉
𝑑𝜆

]  =0                                            3.30 

The left hand side of the Equation 3.30 is a matrix of partial derivatives multiplied by the 

vectors of differentials [Fδ  FV Fλ ]. The conventional power flow Jacobian is augmented 

by one column Fλ in [Fδ  FV Fλ ]. 

[
𝑑𝛿
𝑑𝑉
𝑑𝜆

] is called the tangent vector. 

The insertion of the additional variable λ in the power flow equations, requires an 

additional equation to solve the above non-linear equations. The additional equation is so 

chosen that the augmented Jacobian is no longer singular at the voltage stability limit point. 

The new equation is given by, 

                  𝑒𝑘 [
𝑑𝛿
𝑑𝑉
𝑑𝜆

]=  tk =1                                                                        3.31 

Where 𝑒𝑘 is an appropriately dimensioned row vector having all its elements equal to 0 

except the kth element which is equal to 1. The kth element corresponds to the position of 

the continuation parameter (CP). tk  = ± 1, thrusts a nonzero norm on the tangent vector 

and sees to it that the augmented Jacobian is no longer singular at the  maximum loadability 

point. + sign is taken when the continuation parameter(CP) is increasing and – sign when 

CP is  decreasing. 

                               𝑒𝑘 =[0 0 0 … 1 0   ]                                               3.32 

So finally we have, 

                      [
𝐹𝛿 𝐹𝑉 𝐹𝜆

𝑒𝑘
] [

𝑑𝛿
𝑑𝑉
𝑑𝜆

] =  [
0

±1
]                                                      3.33 



Continuation Power Flow method 

37 
 

The tangent vector [
𝑑𝛿
𝑑𝑉
𝑑𝜆

]=       [

𝐽𝐿𝐹 ⋮ 𝐾

⋯   ⋮ ⋯
𝑒𝑘

]

−1

[

0.
.
0
1

]                                              3.34 

Where, JLF = [

𝜕𝑃

𝜕𝛿

𝜕𝑃

𝜕𝑉
𝜕𝑄

𝜕𝛿

𝜕𝑄

𝜕𝑉

]                                                                                          3.35            

and      K  =   [

𝜕𝑃

𝜕𝜆
𝜕𝑄

𝜕𝜆

]                                                                                               3.36 

Once the tangent vector is found, the unknowns (δ, V, λ) are predicted such that 

  [
𝛿
𝑉
𝜆

]

𝑝𝑟𝑒𝑑

= [
𝛿0

𝑉0

𝜆0

]  + 𝜎 [
𝑑𝛿
𝑑𝑉
𝑑𝜆

]      where σ is the predictor step.                              3.37 

The predictor step size σ is chosen such that a power flow solution exists with the specified 

CP. 

Corrector Step-The addition of the unknown variable λ introduces a new equation in the 

corrector step also. This equation is 

        [𝑥𝑘] – η =0                                                                                                 3.38 

Where 𝑥𝑘 is the variable selected as the continuation parameter and η is the predicted value 

of 𝑥𝑘. 

So, the new set of equations is [
𝐹(𝛿, 𝑉, 𝜆)

𝑥𝑘 − 𝜂
] = [0]                                            3.39 

When λ is taken as the CP, the corrections ∆δ and ∆V are computed and compared with a 

tolerance value ε. The corrector step here is a vertical line as shown by BC in the Figure 

3.4. This step is repeated till the corrections |Δ δ|< ε and |ΔV| < ε and finally the corrected 

values of δ and V are found. 

If for a given predictor step size σ, a solution cannot be found in the corrector step, the step 

size σ is reduced and again the corrector step is repeated till it converges. As we approach 

the critical voltage stability limit point, the drop in the voltage with increase in system load 
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𝜕𝑉

𝜕𝜆
 increases. This is an indication that the step size is to be reduced for corrector step 

convergence. When the predicted solution exceeds the maximum load on the bus, voltage 

is taken as the continuation parameter. The corrector step now becomes horizontal as 

shown by DE in the Figure 3.4. The corrections ∆δ and ∆λ are computed and compared 

with the tolerance value ε and finally the corrected values of δ and λ are found. 

With voltage V as the continuation parameter, the predictor step becomes, 

  [
𝛿
𝑉
𝜆

]

𝑝𝑟𝑒𝑑

= [

𝛿0

𝑉0

𝜆0

]  +σ   [
𝐽𝐿𝐹 ⋮ 𝐾

⋯   ⋮ ⋯
0 −1 0

]

−1

[
0
0
1

]                                                             3.40 

Here the –sign is taken corresponding to the decreasing voltage V.  

Identifying the critical point- The critical point is the point where the maximum loading 

occurs i.e. maximum λ. Beyond this point, λ decreases. The tangent component of λ, dλ is 

positive for the upper portion of the P-V curve; it is zero at the critical point and is negative 

beyond the critical point. The sign of dλ is thus an indication that the critical point has 

passed. 

3.7    CPF method implemented on a 2 bus system 

    1   0                              V  δ 

                                                                   

                                                            P 

G 0.1 + j 1.0 

  

          FIGURE 3.5 Sample two bus system 

The CPF is implemented for the two bus system shown in the Figure 3.5. The load is 

increased from base case to maximum load. The following data is considered for the 

system. 

Bus no. 1 is slack V1    δ1 =1 0  ̊  

Bus no. 2 is a load bus. V2      δ2 =V δ  ̊ 
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      Y12=Y21= -0.099+j0.99,   Y11=Y22= 0.099- j0.99 

      θ 12= θ 21 =95.7  ̊ ,  θ 11= θ 22 = - 84.23  ̊ 

The power flow equations for the system are 

     -P = 0.995 V cos(95.7- δ) + 0.995 V2
 Cos(-84.23) 

      0= -0.995 V sin(δ-95.7) - 0.995 V2 sin(84.23) 

The Jacobians are 

     ∂P/ ∂δ   =0.995 V Sin(δ-95.7)  

     ∂P/ ∂V  = -0.995 Cos(δ-95.7) -1.99VCos84.3 

     ∂Q/ ∂δ  =-0.995 V Cos(δ-95.7)  

     ∂Q/ ∂V  = -0.995 Sin(δ-95.7) -1.99VSin84.3 

We start with an initial solution (δ, V, λ) = (0, 1.0, 0) 

The predictor step is initially taken as σ= 0.1 

Predictor step calculations- 

  [
𝛿
𝑉
𝜆

]

𝑝𝑟𝑒𝑑

= [
𝛿0

𝑉0

𝜆0

]  + 𝜎 [
𝑑𝛿
𝑑𝑉
𝑑𝜆

] 

[
0
1
0

] + 0.1 [
−0.9901 −0.0988 −1
0.0988 −0.9901 0

0 0 1
]

−1

[
0
0
1

] 

=[
−0.1000
0.9900
0.1000

] at the end of the 1st predictor step. 

Corrector step- 

In the corrector step, λ is the CP = 0.1000 

Using the predicted values of (δ, V, λ), we find the new Jacobians and ΔP, ΔQ 

ΔP= - λ -0.995 V cos(95.7- δ) + 0.995 V2
 cos(-84.23)= -0.0032 
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 ΔQ= -0.995 V sin(δ-95.7) - 0.995 V2 sin(84.23) )= -0.0047 

   [
∆𝛿
∆𝑉
∆𝜆

] = [𝐽𝑎𝑢𝑔]−1 [
Δ𝑃
Δ𝑄
0

]  gives, 

   [
∆𝛿
∆𝑉
∆𝜆

]  = [
−0.9656 −0.0033 −1
0.1949 −0.9945 0

0 0 1
]

−1

[
−0.0032
−0.0047

0
] 

The corrector step is repeated till the corrections, Δδ and ΔV are < ε=0.0001.  

The final values of (δ, V, λ) at the end of the 1st iteration are, 

  [
𝛿
𝑉
𝜆

] = [
0.1033
0.9846
0.1000

] 

TABLE 3.6   Results of 1-4 iterations with λ as CP with predictor step σ =0.1 

Iteration δ V λ 

1 -0.1033 0.9845 0.1000 

2 -0.2121 0.9567 0.2000 

3 -0.3371 0.9109 0.3000 

4 -0.5070 0.8259 0.4000 

 

From the Table 3.6 it is seen that, between the 3rd and 4th iterations,   
𝜕𝑉

𝜕𝜆
      decreases 

drastically. This is an indication that we are approaching the voltage stability limit point. 

So, the CP is changed from λ to V.   At the end of the 4th iteration, we have 

[
𝛿
𝑉
𝜆

]=[
−0.5070
0.8259
0.4000

] 

Predictor step with V as CP (σ reduced to 0.025) 

  [
𝛿
𝑉
𝜆

]

𝑝𝑟𝑒𝑑

= [
−0.5070
0.8259
0.4000

] + 0.025 [
−0.6753 0.3028 −1
0.4682 −0.9599 0

0 −1 1
]

−1

[
0
0
1

] 

 

               = [
−0.5544
0.8018
0.4169

] 
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Corrector results with V as CP 

In the corrector step, the corrections Δδ and Δλ are found. This step is repeated till the 

corrections, Δδ and Δλ are < ε=0.0001.  

Final values of (δ, V, λ) at the end of 1st iteration with V as CP are            

              [
∆𝛿
∆𝑉
∆𝜆

] =   [
−0.5481
0.8018
0.4167

] 

                                                                            

TABLE 3.7  Results of iterations with V as CP, σ =0.025pu 

Iteration δ V λ 

1 -0.548115 0.801800 0.416757 

2 -0.588313 0.776800 0.430113 

3 -0.626625 0.751800 0.439950 

4 -0.663349 0.726800 0.446678 

5 -0.698713 0.701800 0.450624 

6 -0.732896 0.676800 0.452056 

7 -0.766046 0.651800 0.451202 

8 -0.798285 0.626800 0.448257 

9 -0.829714 0.601800 0.443391 

10 -0.860422 0.576800 0.436752 

11 -0.890482 0.551800 0.428472 

12 -0.919960 0.526800 0.418672  

 

3.8 Results and Discussion 

Tables 3.1, 3.2 and 3.3 tabulate the index values for base case load, when the reactive 

power load is increased on buses 3,9,14 by 10% and then by 15% respectively. When Q 

load on the said buses is increased by 10 %, the indices on lines 3,9 and 15 attain alarming 

values. When the Q load is increased by 15 %, these lines attain values greater than 1 

indicating that these lines are critical. It is found that the indices are vulnerable to reactive 

power changes in the order LSI>FVSI>LQP>NLSI. 

Tables 3.4 and 3.5 tabulate the index values when the real power load is increased on buses 

2 and 4 by 10% and 15% respectively. With the real power load increase, the index values 



Voltage Stability Indices and Continuation Power Flow 

42 
 

of lines 1, 4 and 6 attain uneasy values. It is found that the indices are vulnerable to real 

power changes in the order LQP>NLSI > LSI>FVSI. 

In the results portrayed in Table 3.6 are when λ is taken as the CP, between the 3rd and 4th 

iterations, the voltage decreases from 0.9109 pu to 0.8259 pu for the same pattern of load 

increase.  Since  
𝜕𝑉

𝜕𝜆
 decreases drastically, the CP is changed from λ to voltage. The results 

with voltage V as the CP have been tabulated in Table 3.7.  At the end of the 6th iteration, 

the value of  λ= 0.452056. Beyond this point, as the load increases, the tangent component 

dλ changes direction and becomes negative. This indicates that the maximum load point 

has been crossed. The P-V curve on load bus 2 has been plotted as shown in the Figure 3.6. 

The maximum load on the load bus 2= 0.452056 pu and Vcritical= 0.6768 pu.  

 

FIGURE 3.6  P-V Curve on load bus 2 

 

Information obtained from P-V curves- 

1. Maximum loadability limit on a bus. 

2. The active power loading margin, i.e. the MW distance from the operating point to  

            the stability limit point.  In a similar way, we can find the reactive power loading    

            margin from the Q-V Curves; i.e. Mvar distance of the operating point to the 

            stability limit point.
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3.9 Limitations of CPF Method 

1. This method cannot give us the relationship between any two variables with respect to  

    independent node parameters. e.g. we cannot get the relationship between P and Q for  

    a particular value of V, R ,X or δ.  

2. In restructured power systems, following load increase on any bus, the increase in  

    generation may not be pro-rata.  The generation of the company which provides  

    generation at a lower price will increase. This can change the shape of the P-V curve and 

    we may not get perfect maximum loadability value. 

3. This  method is computationally demanding and time consuming for large power 

    systems. So we can say, the CPF method gives us limited output. 

3.10   Conclusion 

The voltage collapse proximity indices give information about the critical lines in the 

system from voltage stability point of view. The CPF method gives two widely used 

stability margins, namely the active power and reactive power loading margin, which in 

turn give the MW and Mvar distance from the operating point to the collapse point. But, 

this CPF method cannot give us a global view of the system performance as done by the 

contour evaluation program. 
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CHAPTER 4 

 Contour Evaluation Program 

4.1    Introduction 

In chapter 3, we have seen how various voltage collapse proximity indices give us 

information about the critical lines in the system and the P-V and Q-V curves obtained 

from the CPF method, help us find the maximum bus loadability. But the indices are non-

linear and show varied sensitivities to active and reactive power loading. The CPF method 

does not throw any light on the plot between P-Q for a particular V, R, X or δ or the P-V/ 

Q-V plots with respect to these independent node parameters. The contour evaluation 

method gives us the relationship between specific system variables w.r.t. independent node 

parameters [1-3]. This in turn aids in the plot of curves that show the system performance 

during disturbances which give a clear picture of the margins to voltage instability. 

4.2   Objective of the Contour Evaluation Program 

The objective of this method is to find the relationship of specific system variables to 

independent node parameters. This program aims to calculate how any specified system 

quantity is related to any two independent node parameters [1-3]. Such a relationship can 

be foreseen as a surface in three dimensions. The contour map of this surface provides 

useful two dimensional portrayal of the relationship. 

Any set of steady state power flow equations consists of a set of ‘n’ non-linear constraint 

functions F given by   

         F(u,k)=0                                                                                                      4.1                 

where,  u= vector of ‘n’ unknowns ,    k = vector of ‘m’ knowns. 

For evaluating the important properties of this response, target functions of the type T(u,k) 

are defined. The response of T(u,k)  to simultaneous but independent changes in any two 

known parameters of ‘k’  is considered; all other parameters of ‘k’ being considered as
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constant. So, T(u,k) can be considered as a function of only these two variables. The 

corresponding three dimensional surface can be represented in two dimensions by its   

contour map. This is made possible by curves upon which the target function ‘T’ is a 

constant, drawn in a plane of varying parameters. 

Such a curve is defined by set of equations given by 

                                 F(u,x,y,k’)=0  and   T(u,x,y,k’)=t                                      4.2 

 where,   x, y are the variable parameters of ‘k’. 

               k’=result of k after removing the variables x and y. 

               t= value taken by target function ‘T’  on the contour. 

 For each value of ‘t’, the Equations 4.2 will define a contour as they contain  n+2  

unknowns (u, x and y) and define only  n+1  constraints ( F and T). So, not only one solution 

but a family of solutions lying on a continuous curve results. Such a family of curves 

corresponding to a set of values of ‘t’ accounts for a contour map of the target function ‘T’ 

with respect to the variable parameters x and y.  

The Tables 4.1 and 4.2 and give the variable parameters and target functions for contour 

specification. 

          TABLE 4.1  Variable Parameters  

 

 

 

 

 

 

 

 

 

 

          TABLE 4.2  Target Functions 

1 Node voltage magnitude, V 1 Node voltage magnitude, V 

2 Injected real power, P 2 Injected real power, P 

3 Injected reactive power, Q 3 Injected reactive power, Q 

4 Shunt conductance, G 4 Voltage angle of one node relative to 

any other, δ 

5 Shunt  Susceptance, B 5 Total system power loss, I2R 

6 Voltage angle of one node relative to 

any other, δ 
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4.3    Contour Program applied to a 2 bus system  

 

  V1 0                               V2 θ       

       Load 

                                                                       P + jQ 

                  FIGURE 4.1  Two bus system 

G R + j X 

 

The above system is defined by the following base values. 

V1 = 1pu,  V2 = 0.8 pu,  X= 1 pu,  R= 0.2 pu,  θ = 0.23,  P= 0.8 pu,  Q= 0.4 pu,   

The power flow equations for the system shown in the Figure 4.1 are 

1

𝑍2 (V1V2Rcosθ –V2
2R) – P = 0 

1

𝑍2 (V1V2Rsinθ –V2
2X) – Q = 0                                                                4.3 

From the power flow equations 4.3, the equation for the target function is found as 

    𝑃2  + 𝑄2=  (
𝑉1𝑉2

𝑍
)2 [ 1 + (

𝑉2

𝑉1
)2 - 2

𝑉2

𝑉1
cos 𝜃]                                          4.4 

Different target functions are selected and contours plotted. 

4.3.1 V2 taken as the target function- 

 In the target function Equation 4.4, V2 (receiving end voltage) is taken as the target 

function. For different values of V2, Active power P values are varied; Corresponding 

values of Q are noted, We get a family of P-Q curves i.e contours of V2. 
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FIGURE 4.2 , P-Q Curve with V2 as target function 

In Figure 4.2, when receiving end voltage V2 is taken as the target function, the maximum 

real power loading on bus 2  decreases from Pmax=0.52 pu to 0.36 pu when the voltage 

changes from V2= 0.8 pu to 0.4 pu respectively. When V2 =0.6 pu, Pmax=0.48 pu. 

4.3.2 Active power P taken as the target function- 

 

FIGURE 4.3  Q-V Curve with P as target function
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When the active power P is taken as target function, for different values of P, using the 

target function Equation 4.4, we get a family of Q-V curves  i.e Contours of P.  

In Figure 4.3, for P=0.3 pu,, the critical voltage Vc=075 pu and Q=0.155 pu. When P is 

increased to 0.4 pu, Q changes to 0.335 pu to maintain Vc=0.75pu. When P=0.5, Q changes 

to 0.425 pu to maintain Vc=0.75 pu. It is seen how Q and V change to keep P constant. 

 

4.3.3  Reactive power Q taken as target function- When the reactive power Q is taken 

as target function, for different values of Q, a family of P-V curves is plotted.   

 

FIGURE 4.4 P-V Curve with Q as target function 

In Figure 4.4 , when Q=0, the critical voltage Vc=0.75 pu when real power loading is 0.48 

pu. When Q support is increased to 0.2 pu, Vc=0.75 pu is obtained with the real power 

loading at 0.525 pu.
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4.3.4  Reactance X taken as target function 

When reactance X is taken as the target function, for different values of X , a family of 

 P-V curves and Q-V curves have been generated in Figures 4.5 and 4.6 respectively. 

 i.e. Contours of X are plotted. 

 

FIGURE 4.5, P-V Curve with X as target function 

 

FIGURE 4.6  Q-V curve with X as target function
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In Figure 4.5, when the reactance value increases from X=1 pu to X= 3 pu, Pmax reduces 

from 0.515 pu to 0.147pu. The distance of the operating point from the stability limit point 

decreases and system becomes more prone to instability             

In Figure 4.6, when X increases from 0.5 to 0.8 pu, reactive power decreases from 0.78 pu 

to 0.24 pu. The operating point moves close to the stability limit point 

 

4.3.5  Loss taken as target function 

 A family of P-Q curves is plotted taking loss as the target function.  

 

FIGURE 4.7  P-Q curve with loss as target function 

In Figure 4.7, when R=0.2 pu, the maximum real power transferred Pmax=0.525 pu and 

when R=0.6 pu, Pmax=0.45 pu . With increase in resistance, the power transfer decreases. 

In Figures 4.2 to 4.7, the receiving end voltage V2 , real power P, reactive power Q, 

reactance X , again the reactance X and system power loss I2R  respectively have been 

taken as the target function. The target function equation 4.4 is made use of and various 

contours plotted. These contours give us information about the system boundary 

conditions. A family of P-Q, P-V and Q-V curves with the above said target functions have 

been generated for the two bus system.
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4.4    Results and discussion of contours on 2 bus system 

The results obtained from all the contours are tabulated in Table 4.3.  

1. In Figure 4.2, when the receiving end voltage V2 is taken as the target function, the 

maximum real power loading on bus 2  decreases from Pmax=0.52 pu to 0.36 pu 

when the voltage changes from V2= 0.8 pu to 0.4 pu respectively.  

2. In Figure 4.3, for P=0.3 pu,, the critical voltage Vc=075 pu and Q=0.155 pu. When 

P is increased to 0.4 pu, Q changes to 0.335 pu to maintain Vc=0.75pu. It is seen 

how Q and V change so as to keep P constant. 

3. In Figure 4.4, when reactive power Q is taken as the target function, for Q=0, the 

critical voltage Vc=0.75 pu and the real power loading is 0.48 pu. When Q support 

is increased to 0.2 pu, Vc=0.75 pu is obtained with the real power loading at 0.525 

pu. 

4. In Figures 4.5 and 4.6, reactance X is taken as the target function. As X increases 

from 1 to 2 pu  in Figure 4.5, the maximum power transferred Pmax decreases from 

0.515 pu to 0.245 pu. As X increases from 0.5 pu to 0.7 pu in Figure 4.6, the reactive 

power decreases from 0.78 pu to 0.425 pu respectively.  

5. In Figure 4.7, when loss is taken as the target function and the value of R is 

increased from 0.2 to 0.6 pu, the value of Pmax decreases from 0.525 pu to 0.45 pu. 

TABLE 4.3- Results of contour plots on 2 bus system 

Sr. No. Target Function 

 

Relation Critical values (All units in pu) 

1 Terminal Voltage V2 

 

P-Q (Figure 4.2) V2=0.8, Pmax=0.52 

V2=0.6, Pmax= 0.48 

V2=0.4, Pmax= 0.36 

2 Active Power P 

 

Q-V(Figure 4.3) P=0.3 , Vc=0.75 , Q=0.155 

P=0.4 , Vc=0.75 , Q=0.335 

P=0.5 , Vc=0.75 , Q=0.425 

3 Reactive Power Q 

 

P-V (Figure 4.4) Q=0 , Vc=0.75 , Pmax=0.48 

Q=0.2, Vc=0.75, Pmax=0.525 

4 Reactance X P-V  (Figure 4.5) 

 

Q-V (Figure 4.6) 

X=1, Pmax=0.515  

X=1.5,  Pmax=0.34 

X=2,  Pmax=0.245 

X=0.5, Qmax=0.78  

X=0.7,  Qmax=0.425 

5 Loss P-Q (Figure 4.7) R=0.2 , Pmax=0.525  

R=0.6 , Pmax=0.45 
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4.5 Application of Contour Program to IEEE 14 bus system

 13 
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  FIGURE 4.8  Single line diagram of IEEE 14 bus system 
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The contour evaluation program has been applied to IEEE 14 bus system. Voltage is a good 

indicator of the proximity to voltage collapse. In the system planning and operation, the 

voltage level is used as an index of system voltage instability. The Q-V curves are a more 

general method of assessing the system voltage stability than the P-V curves. They give us 

information about the bus voltage sensitivity; i.e. how the bus voltage changes with respect 

to changes in the reactive power injections or absorptions. We can find the Mvar distance 

from the operating point to the point of critical voltage. These curves are made use of by 

the utilities for analyzing the proximity to voltage collapse. They help the system operators
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in taking suitable control actions. So, attempt has been made here to plot the Q-V curves 

on various buses of the 14 bus system considering different target functions. 

4.5.1 Q-V Curve on bus 4 taking P as target function 

 

FIGURE 4.9 Q-V Curve on bus 4 with P as target function 

The Q-V curve on bus 4 has been generated using the contour program. While plotting the 

Q-V curves on various load buses for a any loading or contingent condition, the points at 

which various generator reactive power limits are hit are identified. Every time a particular 

generator hits its reactive power limit, that bus is converted to a P-Q bus. This point is then 

taken as another base case and a fresh contour program is run to give an updated Q-V curve. 

Again another generator may hit its reactive power limit. It is also converted to a P-Q bus 

and a fresh contour program run . This way, when the last generator hits its reactive power 

limit, the corresponding Q-V contour obtained is the final contour.The distance between 

the operating point to the knee point on the Q-V contour is the Qmargin on that bus. 

The Generator Q limits for the 14 bus system are given in the Appendix-A. 

The blue curve gives the plot when the reactive power limits (Q limits) of the generator 

have not been taken into consideration. The red curve is when the generator Q limits have 

been considered. The Reactive power margin is reduced when the Generator Q limits are
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taken into consideration. It is seen that the Generator 6 limits have been hit first, followed 

by Generator 8. Finally generator 2 and 3 Q limits are also hit and there is no further supply 

of reactive power.     

The generator 2 and 3 Q limits are now narrowed as in the table 4.4 and again the Q-V 

curves plotted. 

TABLE 4.4  Narrowed Q limits of PV buses 

 

PV bus Qmax (pu) Qmin(pu) 

2 0.4 -0.4 

3 0.3 0 

6 0.24 -0.06 

8 0.24 -0.06 

 

 

FIGURE 4.10  Q-V curve on bus 4 with Q limits narrowed 

From the red curve, it is seen that initially Generator 6 Q limits are hit, followed by 

Generators 3 and 8 and then  Generator 2. The Reactive power margin is further reduced 

when the Generator Q limits are narrowed. The reactive power loading margins on the bus 

4 for the cases plotted in Figures 4.9 and 4.10 are tabulated in the table 4.5.
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                      TABLE 4.5  Results- Reactive power loading margins on bus 4 

Gen. Q limit details Reactive power loading margin(pu) 

Not considering limits 1.82 

Limits considered 0.33 

Limits Narrowed 0.253 

 

4.5.2  Q-V Curves on buses 12,13,14 for base load 

The Q-V Curves have been plotted on buses 12,13 and 14 for the base case when the 

generator Q limits are not taken into consideration and when the generator Q limits are 

considered. 

 

FIGURE 4.11  Q-V Curve on bus no. 12 for base case
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FIGURE 4.12  Q-V Curve on bus no. 13 for base case 

 

FIGURE 4.13  Q-V Curve on bus no. 14 for base case 

The reactive power loading margins for the buses 12, 13 and 14 have been tabulated in the 

table 4.6. It is seen that the loading margins of these buses decrease as we move from bus 

12 to 14.
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TABLE 4.6  Reactive power loading margins on tables 12, 13 and 14 under base case 

 

Base Case Reactive power loading margin (pu) Remarks 

Bus 14 0.0456 Far  from Gen. bus 

Bus 13 0.0523 Close to Gen. bus 

Bus 12 0.0657 Close to Gen. bus 

 

4.5.3 Q-V Curve on bus 10 taking δ as target function 

 

FIGURE 4.14  Q-V Curve on bus 10 with δ=1.95 

 

FIGURE 4.15  Q-V Curve on bus 10 with δ=2.54
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FIGURE 4.16  Q-V Curve on bus 10 with δ=3.57 

 

FIGURE 4.17 Q-V Curve on bus 10 with δ=4.41
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TABLE 4.7 Reactive power loading margin on bus 10 for different δ 

Target function     δ Reactive Power Margin (pu) 

1.95 0.223 

2.54 0.17 

3.57 0.11 

4.41 0.065 

 

From the Table 4.7 and plots in the Figures 4.14 to 4.17, it is seen that as the angle δ 

increases, one of the most important voltage collapse proximity indicator, the reactive 

power loading margin decreases. The quantum of decrease in the reactive power loading 

margin can be conveniently obtained using the contour program. 

4.5.4 P-Q Curve on bus 9 for base case taking V taken as target function 

The P-Q curve provides idea about the amount of reactive power loading to be modified at 

a bus so to keep the voltage constant on that bus[4-5]. 

 

 

FIGURE 4.18  P-Q curve on bus 9 for base case
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FIGURE 4.19  P-Q curve on bus 9 during loss of line (9-14) 

                                             

TABLE 4.8  Maximum Reactive power load on bus 9 

Case Qmax (pu) ,Generator Q limits considered 

Base Case 0.305 

Removal of line (9-14) 0.25 

 

It is seen from the Figures 4.18 and 4.19 and Table 4.8  that the maximum reactive power 

load Qmax on bus 9 when the generator Q limits are considered is 0.305 pu which is reduced 

to 0.25 pu following loss of line (9-14). The target function V, is  taken as 1 pu. When the 

line (9-14) is removed, it will result in drop in voltage on the buses 9 and 14. If the voltage 

is to be maintained at 1 pu on bus 9, the reactive load on this bus needs to be reduced by 

0.055 pu. Thus the amount by which the reactive power load on a bus needs to be modified 

so as to keep the voltage fixed on that bus can be found.
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4.6  Results and discussion of contours on 14 bus system 

1. Table 4.5 shows the results of the Q-V curve  plotted on bus 4 of the IEEE 14 bus system. 

The reactive power loading margin decreases to 1.13 pu when the Q limits of the generators 

are considered. This margin further decreases to 1.053 pu when the Q limits are narrowed. 

2. The reactive power loading margins for the buses 12, 13 and 14 have been tabulated in 

the Table 4.6. It is seen that the loading margins of these buses decrease as we move from 

bus 12 to 14.  Buses 12  and 13 are near the PV bus 6  and bus 14 away from it.. 

3. Table 4.7 gives the results of the Q-V curves when load angle δ is taken as the target 

function. When δ =1.95, the reactive power loading margin is 0.223 pu and it reduces to 

0.11 pu when δ increases to 3.57. 

4. Table 4.8 gives the results of the P-Q curve plotted on bus 9. The maximum reactive 

power load Qmax on bus 9  with the Generator Q limits considered is 0.305 pu which is 

reduced to 0.25 pu following loss of line (9-14). The target function V, is taken as 1 pu. 

When the line (9-14) is removed, it  results in drop in voltage on the buses 9 and 14. If the 

voltage is to be maintained at 1 pu on bus 9, the reactive load on this bus needs to be 

reduced by 0.055 pu. Thus the amount by which the reactive power load on a bus needs to 

be modified so as to keep the voltage fixed on that bus can be found. 

4.7 Conclusion 

The contour evaluation program enables plotting of a family of curves considering different 

target functions. It is found that as the load angle increases, one of the most important 

VCPI, the reactive power loading margin decreases. The quantum of decrease in this 

margin can be found at a stroke from the contour program. The P-Q curve provides 

information about the reactive power loading to be modified on a bus so as to keep the 

voltage constant on that bus. Thus, the complicated behavior of a multi bus system when 

abnormal conditions and faults occur on it can be visualized. So, the contour method acts 

as a new security operating tool for power system operation. This method, although fairly 

accurate, is not computationally effective for real-time application. So, there is a need to 

use a more powerful, flexible method for on-line voltage stability assessment.
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CHAPTER 5 

Neural Networks 

5.1 Introduction 

In chapter 4, we saw the use of the contour evaluation program to plot various curves that 

give a global view of the system performance. This contour program, although fairly 

accurate and gives an instant idea about the reactive power loading margin, is 

computationally expensive for real time applications. The Neural networks have been 

increasingly used to meet the above mentioned problem; mainly due to their ability to learn 

the non-linear problems offline with selective training, the result of which is sufficiently 

accurate online response.  Few basics of neural networks need to be understood first before 

applying it to any non-linear problem.  

5.2 The human brain and basic structure of a neuron 

The neural networks are constructed and implemented to model the human brain.  The 

human brain is a gigantic parallel information processing system. It is composed of a large 

number of highly interconnected processing elements called neurons. A typical brain 

contains about 10 billion neurons. Each neuron is in turn connected to 104 other neurons[1]. 

A neuron consists of a nucleus or the cell body, also called the soma. A large number of 

irregularly shaped filaments called dendrites are attached to the soma. These dendrites, 

which look like tree branches, act as the input channel to the soma [1].  

 

FIGURE 5.1  Structure of the human brain[1]
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The inputs from all other neurons enter through the dendrites. The soma is also attached to 

another channel called the Axon. This axon acts as the output channel and is electrically 

active. The axons are non-linear threshold devices which produce a voltage pulse. This 

voltage pulse is called the action potential which lasts for less than a millisecond. The 

inputs received by the soma through the dendrites, raise the internal electric potential of 

the cell body. This internal potential is called the Membrane potential. If the accruing 

inputs received by the soma raise its membrane potential, then the neuron fires by 

transmitting the action potential down the soma, so as to excite or inhibit other neurons. 

The axon ends on a contact called the synapse. The synaptic junction connects the axon 

with the dendrites of other neurons. This junction is filled with a neuro-transmitter fluid. 

Neurotransmitters are chemicals that are released from one neuron and which bind to the 

next. They cause excitation or inhibition in the dendrites of the post-synaptic neuron. The 

assimilation of the excitatory/inhibitory signals may produce spikes in the post-synaptic 

neuron. The contribution of the signals, whether exciting or inhibiting, depends on the 

strength of the synaptic junction; i.e. the amount of neurotransmitter fluid available. Each 

dendrite can have many synapses acting on it. This in turn leads to massive 

interconnectivity. The increased neuronal activity is believed to be accountable for learning 

and memory. 

5.3    Model of an Artificial Neuron 

An artificial neuron is an imitation of the human neuron.  

 A Single Neuron                         

               x1  

           x2                      w1 

                                          w2   

           x3                     w3 

                                                  w4                                                                                                                                       Output is fed to 

          
x4                                wn        other neurons 

       ….           xn 

                Inputs 

FIGURE 5.2  Model of an artificial neuron

Summation                       Transfer 
      Unit                              Function        
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Here, x1, x2 … xn are the inputs to the artificial neuron and w1, w2 ….wn are the weights 

attached to these inputs. The input signals are passed on to the soma through the synapse. 

The synapse may accelerate or retard an arriving signal. The acceleration or retardation of 

the arriving input signals is modelled by the weights. Weights are nothing but, 

multiplicative factors of the inputs to account for strength of the synapse. A stronger 

synapse will have a larger weight and vice-versa. To generate the final output, the total 

weighed input is passed on to a non-linear activation function. 

The input thus received by the soma will be 

                I = w1x1 + w2x2 + …..+ wnxn   =     ∑  𝑤𝑖𝑥𝑖
𝑖=𝑛
𝑖=1                                                                         5.1 

 

The non- linear activation function releases the final output Y. 

                Y=  φ (I)                                                                                                       5.2 

 

 

Inputs 

 

 

 

Weights 

 

 

               Processing ∑=w1x1+w2x2+…..+wnxn 

 

  

Activation function 

 

                     Output                         Y=φ(I) 

X1 X2 Xn 

w1 w2 wn

n 

∑ 

Φ(I) 

Y 

FIGURE 5.3 Working of ANN
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The activation or transfer functions help the Artificial Neural Networks to learn and make 

sense of something really complex. They aid in the non-linear complex functional 

mappings between the inputs and outputs. They introduce non-linear properties in the 

Network. Their main purpose is to convert the input signal to a neuron into an output 

signal. The output signal is now used as an input to the next neuron.  

5.4  Activation functions  

The transfer functions used are[1]: 

5.4.1 Linear function-  

A linear function is a polynomial of the first degree. It is easy to solve and is given by  

        Output Y= ∑ wx                                                                                                         5. 

The output is proportional to the total weighted input as in the Figure 5.4. 

                                         

 

 
              

FIGURE 5.4  Linear Activation Function
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But, this function is limited in its intricacy, has less power to learn complicated functional 

mappings from the input data and thus incapable of representing non-linear complex 

functional mappings between the inputs and outputs.  

5.4.2 Threshold function 

 It is a binary function as in the Figure 5.5, which decides whether a neuron should be 

activated or kept de-activated. This is done on the basis of whether the information that the 

neuron receives is relevant to be considered or to be ignored. The output is set at one of 

two values, depending on whether the total weighted input is greater than or less than some 

threshold value. The input sum I is thus compared with a threshold value θ. If I is greater 

than θ, the output Y is 1. Else Y is zero. 

                                     

                              Output Y= φ (I)  =1,   I > θ      

                                                          = 0,  I ≤ θ.                                                 5.4 

 

 
FIGURE 5.5 Threshold function response
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5.4.3 Signum function 

 

Like the threshold function, when an input pattern is to be classified into one of the two 

groups, we can use a binary classifier with a signum activation function. It also helps create 

a set of small feature identifiers. In this case, each identifier would be a small network that 

would output a ‘1’ if a particular input feature is present, and a ‘0’ if not. In this function, 

again the output is set at one of two values, depending on whether the total weighted input 

is greater than or less than some threshold value θ. It is shown in the Figure 5.6. 

 

                                      Output Y= φ(I)  =  +1,   I > θ    

                                                                 =   -1,   I ≤ θ.                                         5.5 

 
FIGURE 5.6  Signum function response 

 

5.4.4 Sigmoidal function 

 This is a continuous function as in the Figure 5.7, that varies gradually between the 

asymptotic values of 0 and 1. Since the output is between 0 and 1, this function is used for 

models where the output is to be predicted as a probability. Probability of anything, always 

exists between 0 and 1. The function is given by
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              Output Y= φ(I)  =   
1

1+𝑒−𝛼𝐼                                                                    5.6  

Here, α is the slope, which adjusts the suddenness of the function as it varies between the 

two asymptotic values. This function is differentiable.  

 

 
FIGURE 5.7 Sigmoidal function response 

 

It can be seen that initially as the input varies between -2 and +2, the output changes         

significantly. But towards either end of the sigmoidal function, the output values change 

very less in response to changes in the input. So, the gradient in this region is very small 

and the network refuses to learn further or is drastically slow in learning.  Also, if the inputs 

are strongly negative, it results in outputs that are near zero. Thus the neural network can 

get stuck during training. 

5.4.5 Hyperbolic tangent function 

  This function, given in Figure 5.8, is given by 

                                Output Y= φ(I)  = tanh (I)                                              5.7 

It makes use of a bias term which acts as an external parameter to the artificial neuron. This 

bias term has a weight of w0 with a fixed input of x0 =1. This is in addition to all other 

inputs xi of weight wi. The net input to the activation function is increased or decreased by 

the bias term depending upon whether it is positive or negative.
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                                            FIGURE 5.8 Hyperbolic tangent function 

 

Like the logistic sigmoid function, this function is also sigmoidal i.e. S shaped. But the 

outputs lie in the range from -1 to +1. Thus strongly negative inputs to the hyperbolic 

tangent function will map to negative outputs. Zero valued inputs will map to near zero 

valued outputs. These characteristics make the network less prone to get stuck during 

training. 

5.5  Neural Network Architure 

The neurons are assumed to be arranged in layers[1-3]. The neurons of one layer are 

connected to the neurons in another layer. The arrangement of neurons in layers and the 

connection pattern between the  layers is known as the network architecture. A Neural 

Network has three layers namely: 

Input layer-It receives the external input signals and simply transfers  it to the neurons in 

another layer without doing any computation on them.
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Hidden layer- It lies between the input and the output layer. It does some intermediary 

computations on the data received from the input neurons and then passes them on to the 

neurons in the output layer. We can have one or more hidden layers. 

Output layer- It receives the signals from neurons either in the input layer or in the hidden 

layer. It does some computation on them and gives the final output. 

 

 

 

      

               Outputs 

 

Output layer 

 

 

 

 

Hidden layer 

 

 

Input layer    

                                                                     Inputs 

                                            FIGURE 5.9 Neural Network Architecture   
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Depending upon the number of layers, the Neural networks are classified as[1]: 

5.5.1  Single Layer Feedforward Network 

Such a network comprises of the input layer and the output layer. Each neuron in the input 

layer is connected to every neuron in the output layer by means of synaptic links. These 

links carry the weights. The input layer receives the input signals and merely transmits 

them to the output layer. It is the output layer which performs the computations and 

produces the output. So, this network is called the single layer feedforward network. It is 

shown in the Figure  5.10.  Xi and Yi respectively are the input and output neurons. Wij 

gives the weights of the synaptic links connecting the input and output neurons.  

 

     X1    W11     Y1 

     

         W12 

   W21  

    X2                          W22                   Y2 

         .                                   W1n                                      . 

      .      Wn1          Wn2                                                                        . 

    Xn      Wnn                                                             Yn 

               Input Layer                                         Output Layer 

              FIGURE 5.10 Single layer feed forward network        

            
                  

   

5.5.2  Multilayer Feedforward Network 

The architectures of such networks consist of an input layer, an output layer and one or 

more intermediate layers called the hidden layers. Again the input layer neurons receive 

the input signal and transmit them to the neurons in the hidden layer.  Each input layer 

neuron is connected to every neuron in the hidden layer through synaptic links which carry 

the weights. We can have one or more hidden layers. The neurons in the hidden layer do
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 some intermediary computations on the the input signals received and pass them on to the 

neurons in the output layer. Each neuron in the hidden layer is connected to every neuron 

in the output layer. The output layer performs the final computation. In the multi layer 

feedforward network shown in the Figure 5.11 , Vij represent the weights between the input 

and hidden layer neurons. Wij are the weights between the hidden and output layer neurons.  

 

 

 

                                       W11 

 V11  

                                                V21   W12 

                                                                 Vn1      .                                                  

                                      V2n                                 .              W13 

  .                       

  .               Vnn                                 W1n             .  

                                                                                          . 

 

 

           Input Layer                Hidden Layer            Output Layer  

                        FIGURE 5.11  Multilayer Feed forward Network 
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5.5.3 Recurrent Network 

This network as shown in the Figure 5.12, is different from the single layer and multi layer 

feed forward networks by the way of having at least one feedback loop. Here, outputs are 

directed back as inputs to the same or preceding layer neurons. Also, the output of one
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 neuron could be fed back to itself as input. The output here is dependent on the previous 

computations. 
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 V11  
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           Input Layer                Hidden Layer            Output Layer  

                                    FIGURE 5.12  Recurrent Network 
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5.6  Characteristics of Neural Networks 

 

1.The Neural Networks exhibit mapping capabilities. They can map the input patterns to  

    their analogous output patterns.  

2.They learn through examples. The Neural Network architectures are trained with  

    known samples of a problem. Subsequently, they are tested for their deduction  

   capability on unknown samples of the problem. Thus they are capable of producing  

   correct outputs for unforeseen problems. 

3.They are exceptionally good  at  pattern recognition, classification,optimization,
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     approximation, data clustering to name a few, that are very difficult to program using  

     conventional techniques. 

4. They are capable of learning on their own and adapting to changing conditions. They  

    can envisage new outcomes from the past trends. 

5.They are robust and fault tolerant. They can recollect complete patterns from   

    incomplete  and fragmented patterns. 

6. Once  trained, their execution time is very less compared to conventional methods. 

    They can do parallel processing of information speedily and in a distributed manner. 

 

5.7 Learning Paradigms Of ANN’s   

The learning methods of Neural Networks can be classified as: 

5.7.1 Supervised Learning- 

Each input pattern used to train the ANN is associated with a corresponding output pattern. 

This pattern is called the target or the desired output. A teacher is assumed to be present 

during the entire learning process. A comparison is made between the network’s actual 

computed output and the target output. This helps in the determination of the error. This 

error can be used to change the network parameters which in turn will help improve the 

performance of the network. Supervised Learning is shown in the Figure 5.13.

Input X                                    Y   Actual Output 

 

 

 

Error                                          T   Target Output 

 

FIGURE 5.13 Supervised Learning 
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5.7.2  Unsupervised Learning-  

 In unsupervised learning, there is no target output present to the network. In other words, 

there is no feedback, no teacher. All similar input patterns are grouped together as clusters. 

If a matching input pattern is not found, a new cluster is formed. This is shown in the Figure 

5.14. The network has to discover for itself, the features of the input data and their 

correlations. While doing so, the network might change its parameters. This learning 

process is also called self-organizing. The supervised and unsupervised learning methods 

are popularly used. 

 

                     FIGURE 5.14  Clusters formed (Unsupervised learning)[1] 

 

5.7.3 Reinforced learning-  

In this method of learning shown in the Figure 5.15, a teacher although present does 

not present the expected output. Only indication about, whether the answer is correct 

or incorrect is provided. This information  helps the network in its learning. Learning 

based on this critic information is called reinforcement learning and the feedback sent 

is called the reinforcement signal. Feedback in this case is only evaluative and not 

instructive. This learning method is less popular. 
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FIGURE 5.13 Reinforcement Learning 
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CHAPTER 6 

 Neutal Network Implementation 
 

6.1  Introduction  

In the chapter 5, it is seen that the Neural networks have the ability to learn complex  non-

linear  input output relationships  through a training process without explicit programming. 

Their generalization capacity enables them to provide good results even for the conditions 

for which they are not trained. This ability of the ANN has been used here to assess the 

voltage stability margin under different operating  and contingent conditions. 

The following steps are followed for implementation of ANN for any  application. 

1. Selection of input variables. 

2. Selection of output variables. 

3. Selection of number of neurons in the hidden layer and number of hidden layers. 

4. Selection of activation function for computation at the hidden and output layers. 

5. Training of about 75-80 % of the input patterns. 

6. Testing of the remaining 20-25% of the patterns. 

 

6.1.1. Selection of input variables  

The proper selection of input variables is pivotal for the success of any neural network[1-

2].  The input vector to the ANN consists of variables that define a base operating point. In 

this work, the bus voltage magnitude ‘V’ and phase angle ‘δ’ on  the load buses have been 

selected as the input variables. It is a known fact that the power flow is strongly dependent 

on the phase angle ‘δ’ and the voltage V, on the reactive power. From the Q-V curves 

plotted using contour program in the figures 4.14 to 4.17 of chapter 4, where phase angle 

δ has been taken as the target function, it has been concluded that as ‘δ’ increases, the 

reactive power loading margin decreases. The IEEE 14 and 30 bus systems have been 

selected for voltage stability assessment using ANN. The IEEE 14 bus system has 9 load 

buses. This work has  used ‘V’ and ‘δ’ on these nine load buses as the input variables to 

the neural network.  So, each input pattern will contain 18 inputs. These input values have
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been generated using load flow. First they have been found for the base case. Subsequently, 

the values of active and reactive  power of all the system loads have been varied 

individually and randomly from 0.9 to 1.2 times the base value.  The load flow is run for 

these cases and the input variables ‘V’ and ‘δ’ found. Also, simultaneous, but disparate 

variations in the active and reactive power loads have been considered and the input 

variables ‘V’ and ‘δ’ found. Next, contingent cases like loss of a generator, sudden loss of  

lines have been considered and the input variables ‘V’ and ‘δ’  found  for these 

unanticipated cases. There are four generator buses and twenty lines in the IEEE 14 bus 

system. About 250 input patterns have been generated for different loading and contingent 

conditions as mentioned above.  

Similarly, for the IEEE 30 bus system, there are 44 inputs, consisting of 22  ‘V’ and ‘δ’ 

each in each input pattern. About 650 input patterns have been generated considering 

various loading and contingent conditions. 

 

6.1.2 Selection of output variables 

The reactive power loading margin is one of the most important voltage collapse proximity 

indicators. It gives the Mvar distance to voltage collapse. The amount of reactive power 

that can be increased on a particular bus till the onset of voltage collapse is the reactive 

power loading margin Qmargin.  This Qmargin has been evaluated using the contour evaluation 

program for all the input patterns generated for the IEEE 14 and 30 bus systems. The Q-V 

curves have been plotted for each load bus of these systems for all loading and contingent 

conditions for which the input patterns have been generated. While plotting the Q-V curves 

on various load buses for a particular loading or contingent condition, the points at which 

various generator reactive power limits are hit are identified. Every time a particular 

generator hits its reactive power limit, it is converted to a P-Q bus. This is then taken as 

another base case and a fresh contour program is run to give an updated Q-V curve. Again 

another generator may hit its reactive power limit. When the last generator hits its reactive 

power limit, the corresponding Q-V contour obtained is the final contour.The distance 

between the operating point corresponding to the ANN input pattern considered, to the 

knee point on the Q-V contour is the Qmargin on that bus.
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This way, by running the contour evaluation program, the Qmargin on all the load buses of 

the IEEE 14 and 30 bus systems have been found for various loading and contingent 

conditions by plotting the Q-V curves. 

6.1.3 Selection of number of neurons in the hidden layer, number of hidden layers  

and activation function for computation at the hidden and output layers- 

If there are too many neurons in the hidden layer, it might lead to overfitting[3-4]. 

Overfitting is a problem that occurs during neural network training wherein, it is found that 

when the neural network is trained, the error is driven to a very small value. But when new 

data is presented to the network, substantial  error is found. This indicates that the network 

has memorized the training examples. But it has not learnt to generalize to unforeseen 

situations. So, the network may fail to fit in additional data or predict future observations 

reliably. 

 If the number of neurons is too small to detect the complexity in the problem, it leads to 

underfitting. An underfitted network can neither model the training data nor generalize  

new data. 

There are no precise rules for selection of number of neurons in the hidden layer. If the 

number of neurons in the input and output layers are respectively n and m, the number of 

neurons in the hidden layer ‘h’ can be[3-4]: 

• h = 
1

2
 ( n + m)                                                                                                           6.1 

 

• h= 
2

3
 (n + m)                                                                                                           6.2 

 

• h should lie in the range between the number of neurons in the input layer and the 

output layer. 

 

• h can be selected from 50 % to 150 % of the number of neurons in the input layer. 

 

• h should be less than twice the number of neurons in the input layer.
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It has been found that one hidden layer is sufficient for majority of the applications. The 

addition of a second or third hidden layer generally does not produce any improvement in 

the performance in majority of the cases. If the problem is highly complex and requires 

extensive training, sometimes a second hidden layer is preferred. A number of 

activation/transfer functions like PURELIN, TANSIG, LOGSIG are available for 

computation at the hidden layer and at the output layer. After trying various amalgamations 

of number of neurons in the hidden layer, the number of hidden layers and different 

activation functions for the neurons in the hidden and the output layer, an acceptable 

architecture for the ANN has been arrived at. 

6.2 Network Architecture of IEEE 14 bus system 

For the IEEE 14 bus system, there are 9 load buses. So, the input layer has18 neurons in it. 

The output is the Qmargin on these 9 load buses. So, the output layer has 9 neurons.. 

Following trial and error, finally, an architecture with 15 hidden neurons is found to give 

the best results. Also, a single hidden layer is used. 80 % of the 250 input samples are used 

for training the ANN.  TANSIG transfer function is used at the hidden layer. PURELIN 

transfer function is used at the output layer. The training function used for training the 

ANN is TRAINLM. The error function, mean squared error (MSE) is found. The network 

architecture is shown in the Figure 6.1.  

 

 

 

 

 

 

 

 

 

FIGURE 6.1 Network Architecture for IEEE 14 bus system
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The single line diagram of IEEE 14 bus system is shown in the Figure 6.2. 
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    FIGURE 6.2  Single line diagram of IEEE 14 bus system 
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6.3 Qmargin output using ANN and comparison with analytical method 

TABLE 6.1 Comparison of Qmargin of ANN and analytical method for base case of 14 bus 

Bus No Qmargin by ANN for 

 Base case (pu) 

 

Qmargin using analytical 

method (pu) 

% Error 

4 0.3258 0.3245 0.13 

5 0.1924 0.1912 0.12 

7 0.2255 0.2246 0.09 

9 0.2683 0.2675 0.08 

10 0.125 0.1241 0.09 

11 0.0533 0.0526 0.07 

12 0.062 0.0614 0.06 

13 0.053 0.0522 0.08 

14 0.0587 0.0577 0.1 
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TABLE 6.2 Comparison of Qmargin of ANN and analytical method for case Q15bus11 

Bus No Qmargin by ANN for 

 case, Q15bus11(pu) 

(Increase of Qload on bus 11 by 15%) 

Qmargin  using 

analytical 

method(pu) 

% Error 

4 0.3125 0.31192 0.058 

5 0.19269 0.19009 0.26 

7 0.21531 0.21520 0.011 

9 0.26827 0.26815 0.012 

10 0.1187 0.11821 0.049 

11 0.04898 0.04873 0.025 

12 0.061001 0.061024 0.0023 

13 0.05131 0.05021 0.11 

14 0.05874 0.058726 0.0014 

 

 
FIGURE 6.3 Plot of Qmargin by ANN and analytical method for disturbance Q15bus11 

 

TABLE 6.3 Comparison of Qmargin of ANN and analytical method for Case- Loss of line 12-13 

Bus No Qmargin by ANN for 

 case, Loss of line 12-13(pu) 

(Loss of line between buses 12 & 13) 

Qmargin found 

using analytical 

method(pu) 

% Error 

4 0.3126 0.3112 0.14 

5 0.19265 0.19242 0.023 

7 0.21532 0.21520 0.012 

9 0.26830 0.26813 0.017 

10 0.1191 0.1182 0.10 

11 0.05104 0.05112 0.008 

12 0.0571 0.0568 0.03 

13 0.0483 0.0473 0.1 

14 0.0552 0.0558 0.06 
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        FIGURE 6.4 Plot of Qmargin by ANN and analytical method for disturbance Loss of line (12-13) 

 

6.4 Network Architecture for IEEE 30 bus system- 

In the IEEE 30 bus system, there are 44 inputs in one pattern. The output is the Qmargin  on 

the 22 buses. An architecture with 25 hidden neurons is found to give the best results. 

About 650 input patterns are generated for healthy and other contingent conditions.  The 

healthy conditions include single bus loading, multi bus loading and random loading. The 

contingent conditions include sudden loss of a line or loss of a generating unit. The ANN 

is trained with 80 % of the input sample patterns. Then testing is done from the remaining 

20 % patterns. The network architecture is shown in the Figure 6.5. 

 

FIGURE 6.5  Network Architecture for IEEE 30 bus system 
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The single line diagram of  30 bus system is shown in the Figure 6.6. 
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FIGURE 6.6 Single line diagram of IEEE 30 bus system 

 

 

The data sheet for IEEE 30 bus system is given in Appendix-B. 
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6.5  Qmargin output using ANN and comparison with analytical method 

TABLE 6.4 Comparison of Qmargin found using ANN and analytical method for Base Case ( 30 bus) 

Bus No Qmargin (pu) by ANN for Base case  Qmargin (pu) by Analytical method  % Error 

3 0.13514 0.135 0.014 

4 0.13402 0.1340 0.002 

6 0.30129 0.30125 0.004 

7 0.34131 0.34126 0.005 

9 0.28151 0.28146 0.005 

10 0.158 0.1575 0.05 

12 0.15706 0.1570 0.006 

14 0.10629 0.10619 0.01 

15 0.1049 0.1043 0.06 

16 0.10848 0.10837 0.011 

18 0.0843 0.0835 0.08 

19 0.0544 0.0537 0.07 

20 0.0584 0.0578 0.06 

21 0.0724 0.0716 0.08 

22 0.0868 0.0860 0.08 

24 0.10489 0.1047 0.019 

25 0.0693 0.0685 0.08 

26 0.0586 0.0575 0.11 

27 0.0441 0.0434 0.07 

28 0.1823 0.1817 0.06 

29 0.0408 0.0402 0.06 

30 0.0403 0.04 0.03 

 

     TABLE 6.5 Comparison of Qmargin using ANN and analytical method for Case- Loss of line 27-30  

Bus No Qmargin(pu) ANN -Loss of (27-30)  Qmargin (pu) by Analytical method  % Error 

3 0.13511 0.13514 0.003 

4 0.13400 0.13403 0.003 

6 0.30121 0.30125 0.004 

7 0.34129 0.34132 0.003 

9 0.28146 0.28144 0.002 

10 0.1577 0.1573 0.04 

12 0.15701 0.1570 0.001 

14 0.10618 0.10613 0.005 

15 0.1046 0.1041 0.05 

16 0.10841 0.10834 0.007 

18 0.0840 0.0837 0.03 

19 0.0539 0.0535 0.04 

20 0.0580 0.0577 0.03 

21 0.0761 0.0758 0.03 

22 0.0862 0.0856 0.06 

24 0.1045 0.1048 0.03 

25 0.0690 0.0672 0.18 

26 0.0576 0.0568 0.08 

27 0.0412 0.0385 0.27 

28 0.1731 0.1701 0.3 

29 0.0385 0.0305 0.8 

30 0.0378 0.0352 0.26 
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FIGURE 6.7 Plot of Qmargin by ANN and analytical method for disturbance Loss of line (27-30) 

 

TABLE 6.6 Comparison of Qmargin found using ANN and analytical method for Case P9bus5 

Bus No Qmargin(pu) by ANN for - P9bus5 Qmargin (pu) by Analytical method  % Error 

3 0.1351 0.1350 0.01 

4 0.13401 0.1338 0.021 

6 0.3011 0.30124 0.014 

7 0.3410 0.34109 0.009 

9 0.28151 0.2813 0.021 

10 0.1580 0.1571 0.09 

12 0.15706 0.15688 0.018 

14 0.10629 0.10612 0.017 

15 0.1049 0.1041 0.08 

16 0.10848 0.1084 0.008 

18 0.0843 0.0836 0.07 

19 0.0544 0.0534 0.1 

20 0.0584 0.0576 0.08 

21 0.0765 0.0754 0.11 

22 0.0868 0.0861 0.07 

24 0.1049 0.1048 0.01 

25 0.0693 0.0682 0.11 

26 0.0586 0.058 0.06 

27 0.0441 0.0432 0.09 

28 0.1823 0.1814 0.09 

29 0.0408 0.0402 0.06 

30 0.0403 0.0400 0.03 
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                  FIGURE 6.8 Plot of Qmargin by ANN and analytical method for disturbance P9bus5 

 

TABLE 6.7 Comparison of Qmargin for ANN and analytical method for Case P10Q10bus10 

Bus No Qmargin(pu) by ANN P10Q10bus10 

 

Qmargin (pu) by Analytical method  % Error 

3 0.1351 0.1342 0.09 

4 0.1340 0.1333 0.07 

6 0.3008 0.3002 0.06 

7 0.3411 0.3417 0.06 

9 0.2802 0.2812 0.1 

10 0.1397 0.1410 0.13 

12 0.15705 0.15692 0.013 

14 0.10629 0.10612 0.017 

15 0.1049 0.1042 0.07 

16 0.1083 0.1089 0.06 

18 0.0838 0.0832 0.06 

19 0.0538 0.0531 0.07 

20 0.0572 0.0564 0.08 

21 0.0754 0.0748 0.06 

22 0.0853 0.0846 0.07 

24 0.1047 0.1048 0.01 

25 0.0691 0.0682 0.09 

26 0.0586 0.057 0.16 

27 0.0441 0.0433 0.08 

28 0.1823 0.1813 0.1 

29 0.0408 0.0403 0.05 

30 0.0403 0.0401 0.02 
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       FIGURE 6.9  Plot of Qmargin by ANN and analytical method for disturbance P10Q10bus10 

 

6.6  Results and discussion 
The tables 6.1, 6.2 and 6.3 tabulate the Qmargins obtained on the load buses of the IEEE 14 

bus system for the base case, cases Q15bus11 (increase of Q load by 15 % on bus 11)  and 

loss of line 12-13 respectively by use of ANN and analytical method.  

For the case Q15bus11, the Qmargin found using ANN  for the bus 5 is 0.19269 pu and that 

found using the analytical method is 0.19001pu with an error of 0.26 %. 

For the case loss of line 12-13, Qmargin found using ANN  for the bus 13 is 0.0483 pu  and 

that found using the analytical method is 0.0473 pu with an error of 0.1 %. 

The tables 6.4, 6.5, 6.6 and 6.7 tabulate the Qmargins obtained on  the load buses of the IEEE 

30 bus system for the base case, cases loss of line 27-30, P9bus5 and P10Q10bus10 

respectively by use of ANN and analytical method.  

For the case, loss of line 27-30, Qmargin found using ANN  for the bus 27 is 0.0412 pu  and 

that found using the analytical method is 0.0385 pu with an error of 0.27 %. 

For the case P9bus5 (increase of P load by 9 % on bus 5), Qmargin found using ANN  for the 

bus 3 is 0.1351 pu  and that found using the analytical method is 0.1350 pu with an error 

of 0.01 %. 
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For the case P10Q10bus10 (increase of P load and Q load by 10 % each on bus 10) , Qmargin 

found using ANN  for the bus 10 is 0.1397 pu  and that found using the analytical method 

is 0.1410 pu with an error of 0.13 %. 

 

6.7 Conclusion 
The very prominent voltage collapse proximity indicator, the reactive power loading 

margin has been found using the contour evaluation program on all the load buses of the 

IEEE 14 bus and 30 bus systems.  Qmargins have also been found by the ANN’s which have 

been suitably trained for various random loading and contingent conditions. The Qmargin 

output found using the ANN is found to be in alignment with that found by the analytical 

method with minimal error. We have seen that the contour method is reasonably accurate 

but its use is limited for real time application due to its computational ineffectiveness. The 

ANN on the other hand, once trained effectively, helps in achieving complex input output 

mappings without precise programming, and that too much faster than what could have 

been done by any analytical method. 
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CHAPTER 7 

 Dimension reduction using Principal Component 

Analysis 

7.1 Introduction 

In chapter 6, we have seen how the reactive power loading margins are found on the load 

buses of IEEE 14 and 30 bus system using ANN and compared with those obtained using 

the analytical method. But large power system having large number of load buses will have 

a large number of input variables. These input variables may show considerable 

redundancy. So, there is a need for reduction in the input data dimension. 

7.2 Need for dimension reduction 

The measurements in a power system are highly superfluous and the number of variables 

is on the extreme high side. Diminution of the input space to a small subset of the available 

input variables has distinct benefits. These are economic benefits concerning storage of 

data, computational requirements and the cost of future data collection [1-7]. Also, 

reduction in the number of input variables leads to a better cognizance of the model in some 

cases. The input variable set can be considered optimal, if it contains the fewest input 

variables that are required to trace the behavior of the target output with a minimum degree 

of redundancy and with no correlated variables.  

Voltage stability is a complicated problem. It cannot be modelled with the data obtained 

from only one part of the system. The data grows with the size of the network. Since the 

variable sets in realistic systems is very large and a notable part of available variables is 

redundant, it is found that majority of them do not provide any new information to the 

model. The training of the neural network in general, depends on the size of the power 

system. For large power systems, the computational time and memory requirement will be 

significantly high. The same could be limited by reducing the input data dimension or 

reducing the number of training patterns [5-7].  Reducing the number of training patterns 

will hamper the performance of the neural network resulting in an inaccurate mapping of 

the functional relationship between the input and output. Reducing the input data 

dimension size enables monitoring of voltage stability of the system by observing fewer 
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number of nodes in reduced computational time. So, a method that allows the choice of 

important input features and extraction of the most significant information is called for. 

Once such feature extraction method is called the Principal Component Analysis (PCA). 

7.3 Principal Component Analysis 

Principal component analysis method projects the input patterns in the original pattern 

space into a new subspace having fewer dimensions than the original space [1],[5-7]. Its 

implementation enhances the overall usefulness of the neural network. 

It is a feature extraction method. The feature extraction refers to a process whereby a data 

space is reshaped into a feature space. This feature space has exactly the same dimension 

as the original data space. But the transformation is done in such a manner that the data set 

is now represented by a reduced number of efficacious features which still retain most of 

the inherent information of the data. This, in other words would mean that the data set 

undergoes a dimensionality reduction. PCA is used in situations where the dimension of 

the input vector is large and the vector components are highly correlated. 

This method reduces the dimensions of data without much loss of information. It curtails 

the dimensionality of the data set by finding a new set of variables, smaller than the original 

set[1],[5-7]. It captures the big/principal variability in the data and ignores the small 

variability. It retains most of the original sample’s information. By information is meant, 

the variation present in the sample, given by the correlations between the original variables. 

The new variables are called the principal components. They are uncorrelated and are 

ordered by the fraction of the total information each retains. 

The concept of covariance needs to be understood so as to comprehend the implementation 

of PCA for any application. Understanding variance is a prerequisite for PCA. 

7.3.1 Variance –is a measure of the spread of data in a data set[1]. It can be calculated 

by computing the squares of the distance of each data point to the mean of the set. Then all 

these squares of distances are added up and their mean found by dividing by (n-1). It is 

generally used to find the spread of data in a data set when the data sets are one 

dimensional. Many times the data sets have more than one dimension. Statistical analysis
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 is done on these data sets to find whether there is any relationship between the dimensions. 

Variance is found for each dimension of the data set independent of other dimensions. It is 

given by 

Variance = 
∑ (𝑥𝑖−�̅� )2𝑖=𝑛

𝑖=1

(𝑛−1)
                                                                                                   7.1 

7.3.2 Covariance- is calculated between two dimensions. It is a measure of how much 

the dimensions vary from the mean with respect to each other. If the covariance is measured 

between one dimension and itself, it is given by 

Covariance (X, X) = 
∑ (𝑥𝑖−�̅�)(𝑥𝑖−�̅�)𝑖=𝑛

𝑖=1

(𝑛−1)
                                                                            7.2 

This gives us nothing but the variance. 

When the covariance is found between two dimensions, we get, 

Covariance(X,Y)  = 
∑ (𝑥𝑖−�̅�)(𝑦𝑖−�̅�)𝑖=𝑛

𝑖=1

(𝑛−1)
                                                                            7.3 

Also, Covariance(X, Y) = Covariance(Y,X) 

If we have a three dimensional data set (X,Y,Z), the covariance could be found between 

dimensions X and Y, Y and Z and dimensions Z and X[1]. If the covariance between two 

dimensions is positive, it indicates that both the dimensions increase together. If it is 

negative then, as one dimension increases, the other decreases. If the covariance is zero, it 

means both the dimensions are independent of each other. The visualization of data would 

always be easy if the number of dimensions is two or three. The covariance method is often 

used to find the relationship between dimensions in a high dimensional data set where the 

visualization is demanding. For an n-dimensional data set, the covariance is found between 

all the dimensions and arranged in the form of a matrix. The resulting matrix will have ‘n’ 

rows and ‘n’ columns. Each entry in the matrix is nothing but the covariance calculated 

between two different dimensions. For a three dimensional data set, we have  

C =  [

𝐶(𝑥, 𝑥) 𝐶(𝑥, 𝑦) 𝐶(𝑥, 𝑧)
𝐶(𝑦, 𝑥) 𝐶(𝑦, 𝑦) 𝐶(𝑦, 𝑧)
𝐶(𝑧, 𝑥) 𝐶(𝑧, 𝑦) 𝐶(𝑧, 𝑧)

]                                                                             7.4



Dimension reduction using Principal Component Analysis 

 

96 
 

Along the main diagonal, we get the covariance values of a dimension with itself. This is 

nothing but the variance for those dimensions. The off-diagonal elements give the 

covariance between two dimensions. The resulting matrix is (3 x 3). 

PCA also requires the understanding of eigenvectors. 

7.3.3 Eigenvectors and eigenvalues- An (n×n) matrix A multiplied by an (n×1) 

vector x results in another (n×1) vector y=Ax; where A is called the transformation matrix. 

A matrix acts on a vector by changing both its magnitude and direction. A matrix may act 

on certain vectors by changing only their magnitude, and leaving their direction unchanged. 

Such vectors are called the eigenvectors of that matrix[1]. The eigenvector can never be 

zero. The transformation matrix acts on the eigenvector by multiplying it by a factor, which 

if positive, its direction remains unchanged and if negative, its direction is reversed. This 

factor is called the eigenvalue associated with the eigenvector. 

We consider a (2 x 2) matrix multiplied by a (2 x 1) vector, 

 [
4 6
4 2

]  x   [
3
2

]  =  [
24
16

]  = 8     𝐱   [
3
2

] 

The vector   [
3
2

]  represents an arrow from the origin (0,0) to the point (3,2).  It is multiplied 

by a square matrix   [
4 6
4 2

] to give [
24
16

]  which is nothing but 8 times the original vector 

[
3
2

]. 

So, the vector is scaled by some amount and is just made longer from (0,0) to (24,16). This 

vector [
3
2

]  is called the eigenvector of the square matrix [
4 6
4 2

]  . The scalar value 8 is the 

eigenvalue. 

In general, let x be an eigenvector of the square matrix A. Then there must exist an 

eigenvalue λ such that Ax = λx  

Equivalently, Ax - λx = 0 or (A – λI)x = 0, where I is the identity matrix. 

We define a new matrix B = A – λI,    then Bx = 0. 

If B has an inverse then x = B-10 = 0.   But an eigenvector cannot be zero.
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Thus, it follows that x will be an eigenvector of A if and only if, B does not have an inverse; 

or equivalently det(B)=0, or det(A – λI) = 0. This equation, det(A – λI) = 0 is called the 

characteristic equation of A. Its roots determine the eigenvalues of A. 

All eigenvectors of a matrix are perpendicular to each other. So, we can express the data 

in terms of these perpendicular eigenvectors instead of expressing them on the x and y axis.  

7.4  PCA Example 

7.4.1 : Get some data 

Say, we consider a made-up data set having 2 dimensions. Only two dimensions x and y, 

have been chosen so that the plots of the data could be shown and we can understand what 

the PCA is doing at each step. The data used is shown in the Table 7.1 

TABLE 7.1 Data sample 

x Y 

2.5 2.4 

0.5 0.7 

2.2 2.9 

1.9 2.2 

3.1 3 

2.3 2.7 

2 1.6 

1 1.1 

1.5 1.6 

1.1 0.9 

7.4.2: Finding the mean subtracted data 

To normalize the data, the mean of each data dimension is found. So here, we find �̅�  =18.1 

and �̅� =1.91. The respective means are then subtracted from each data dimension. i.e. we 

find x- �̅�   and y- �̅�  . The mean subtracted data is shown in the Table7.2 

TABLE 7.2 Mean subtracted data 

x- �̅�    y- �̅� 

0.69 0.49 

-1.31 -1.21 

0.39 0.99 

0.09 0.29 

1.29 1.09 

0.49 0.79 

0.19 -0.31 

-0.81 -0.81 

-0.31 -0.31 

-0.71 -1.01 
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The data set shown in the table 7.2 will have zero mean.  

The plot of the original data set and the mean subtracted data is shown in the Figure 7.1 

 

FIGURE 7.1 Plot of the original and mean subtracted data 

 

7.4.3: Finding the covariance matrix 

Since we have considered 2 dimensional data, the covariance matrix will be 2 x 2. So,  

C = [
𝐶(𝑥, 𝑥) 𝐶(𝑥, 𝑦)
𝐶(𝑦, 𝑥) 𝐶(𝑦, 𝑦)

]                                                                                           7.5 

C (x,x) = 
∑ (𝑥𝑖−�̅�)(𝑥𝑖−�̅�)𝑖=𝑛

𝑖=1

(𝑛−1)
       and   C(y,y) = 

∑ (𝑦𝑖−�̅�)(𝑦𝑖−�̅�)𝑖=𝑛
𝑖=1

(𝑛−1)
    

C(x,y)= C(y,x) = = 
∑ (𝑥𝑖−�̅�)(𝑦𝑖−�̅�)𝑖=𝑛

𝑖=1

(𝑛−1)
    where n= number of samples. 

Finding the diagonal and off-diagonal values of the covariance matrix we get, 

C= [
0.616555556 0.615444444
0.615444444 0.716555556

] 

Since the off-diagonal values C(x,y) and C(y,x) are positive, it is an indication that both 

the variables x and y increase together. 



PCA Example 

 

99 
 

7.4.4: Finding the eigenvectors and eigenvalues of the covariance matrix 

The eigenvalues for this covariance matrix  

C= [
0.616555556 0.615444444
0.615444444 0.716555556

] are found using det(C – λI)=0  

Solving this equation, we get the eigenvalues, 

Eigenvalues = [
0.0490833989

1.28402771
].   Corresponding to these eigenvalues, 

The eigenvectors are found as  [
−0.735178656 −0.677873399
0.677873399 −0.735178656

] 

The two eigenvectors have been plotted superimposing the mean subtracted data. 

         

 

                 FIGURE 7.2 Eigenvectors superimposed on the mean subtracted data 

The two eigenvectors are perpendicular to each other. They give us idea about the patterns 

in data set. Eigenvector -1 goes through the midst of the points as if drawing a line of best 

fit. It gives us particulars about how the two data sets are related along the line. This 

eigenvector corresponds to the higher eigenvalue. 



Dimension reduction using Principal Component Analysis 

 

100 
 

The eigenvector-2 gives us information about the less important patterns in the data set. 

This eigenvector corresponds to the lower eigenvalue since we have only two eigenvalues 

here. 

All the data points follow the eigenvector-1 and are off to it on either side by some amount. 

Thus by plotting the eigenvectors of the covariance matrix, we are able to extract lines that 

characterize the data. 

7.4.5- Forming the feature vector 

The eigenvector corresponding to the higher eigenvalue, 1.28402771, is the first principal 

component of the data set. The eigenvectors are sorted in the descending order 

corresponding to the eigenvalues in the decreasing order. i.e. the eigenvectors are ordered 

by the magnitude of the eigenvalues |𝜆1| ≥  |𝜆2| ≥ …  ≥ |𝜆𝑛|. This gives us the principal 

components in the order of significance. We can choose to ignore the components of lower 

significance. If the eigenvalues are small, we do not lose any significant information. 

If we have an n-dimensional data set so that there are n -eigenvectors and n-eigenvalues, 

the feature vector can be formed by choosing the first p eigenvectors. Thus the final data 

set will have only p dimensions. 

Feature vector = [𝑒𝑖𝑔1 𝑒𝑖𝑔2 𝑒𝑖𝑔3 … 𝑒𝑖𝑔𝑛]                                                      7.6 

Feature vector selected =  [𝑒𝑖𝑔1 𝑒𝑖𝑔2 𝑒𝑖𝑔3 … 𝑒𝑖𝑔𝑝]   where p < n                 7.7 

In our case, we have 2 eigenvectors. They are sorted in the decreasing order of eigenvalues 

and the feature vector is formed as 

F = [
−0.677873399 −0.735178656
−0.735178656 0.677873399

] 

The first eigenvector of the covariance matrix points in the direction of maximum variance  

in the data. This eigenvector is the first principal component corresponding to the 

eigenvalue λ1 =1.28402771 .The second eigenvector, corresponding to the eigenvalue λ2 =  

0.0490833989 , points in a direction orthogonal to the first. 

The total variance is the sum of the variances explained by all principal components. The  

fraction of the variance described by a principal component is the ratio of the variance of 
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that principal component to the total variance. In our case, the total variance is λ1  + λ2. The  

proportion of variance directed along the first component is  
𝜆1

𝜆1+𝜆2 
  =0.96318132. The  

proportion of variance explained by  the second component  is   
𝜆2

𝜆1+𝜆2 
 =0.03681868. We  

can choose to ignore the second, smaller, less important component and thus the  

 

Final selected feature vector = [
−0.677873399
−0.735178656

] 

7.4.6- Finding the final reduced data set 

Once the final feature vector has been formed with the eigenvectors which we wish to keep 

in the data, the transpose of this vector is taken and then it is multiplied to the mean 

subtracted data set. 

Final Reduced Data Set = Feature vector transpose   x   Mean subtracted data  

The feature vector transpose is nothing but the transpose of the matrix with the eigenvectors 

in columns; so that the eigenvectors are now in rows with the most significant eigenvector 

in the top row. It is multiplied with mean subtracted data matrix .The final data thus 

contains the data items in columns and the dimensions in rows. 

This transpose procedure gives us the original data wholly in terms of the vectors we 

choose to keep. Our original data set was expressed in terms of the axes x and y. But the x 

and y values of each data point do not give us information about how that point relates to 

the rest of the data. With eigenvectors, it is possible to express data in terms of any two 

axes that are perpendicular to each other. The values of the data points tell us exactly where 

the data point sits. So, we have changed our data from being in terms of the x and y axes 

to being in terms of 2 eigenvectors. With some of the eigenvectors left out, the new data is 

only in terms of the vectors we decide to keep. 

Thus PCA helps find a new set of variables called the principal components and expresses 

the data in terms of these new variables. These new variables constitute the same amount 

of information as the original variables. Additionally, the total variance remains the same. 

It is however redistributed among the new variables in the most unequal way. The first
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component not only explains the highest variance among the variables, but also the highest 

variance, a single component could describe.  

PCA keeps only the first ‘p’ principal components, where (p < n). This orthogonal 

transformation projects the data from the original ‘n’ dimensional space to the ‘p’ 

dimensional subspace. The remaining (n-p) components are lost in this projection. So, the 

variability of data is minimized in these directions. Since the total variance is constant, 

minimizing the variance of the last (n-p) variables is equivalent to maximizing the variance 

of the first ‘p’ variables. 

7.5  PCA Flowchart 

   

 

Input data 

Find deviation from mean 

Find mean 

Find covariance matrix 

Calculate eigenvectors 

and eigenvalues 

Form feature vector using eigen 

vectors from highest to lowest 

Find final reduced 

dimension data 
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7.6   PCA Algorithm for IEEE 14 and 30 bus system 

1. For the 14 bus system, no. of training patterns, m=234.  Matrix D of size (18 x m) 

is formed, where the number of inputs in one pattern=18. 

2. Mean of each row of matrix D found as Dm=    
1

𝑚
  ∑ 𝑥(𝑖)𝑚

𝑖=1              

3. Mean subtracted matrix, Dnew is found by subtracting the mean from each data item 

of matrix D to normalize the data. Dnew is of size (18 x m). 

4. Covariance matrix of size (m x m) is now found as C= DT  * Dnew. 

5. Eigenvectors of the covariance matrix are now found as [V,E]= eig( C ), where V 

is the (m x m) eigenvector matrix and E is the (m x m) diagonal eigenvalue matrix. 

6. Feature vector  F is next formed by sorting the eigenvectors in the descending order. 

7. F=[ eig1, eig2----eign].  Nine (9) eigenvectors/principal components have been 

selected. So, size of feature vector F is (18 x 9). 

8. Final data selected for projection, G=FT * Dnew . So, G will be of size (9 x m). This 

has given us the original data with reduced dimensions, still retaining most of its 

intrinsic information. 

 For 30 bus system- 

1. No. of training patterns, m=538. Matrix D of size (44 x m) is formed, where the 

number of inputs in one pattern=44. 

2. Mean of each row of matrix D found as Dm=   
1

𝑚
  ∑ 𝑥(𝑖)𝑚

𝑖=1              

3. Mean subtracted matrix, Dnew  is found by subtracting the mean from each data item 

of matrix D to normalize the data. Dnew is of size (44 x m). 

4. Covariance matrix, of size (m x m) is now found as C= DT  * Dnew . 

5. Eigenvectors and eigenvalues of the covariance matrix are now found. V is the  

(m x m) eigenvector matrix and E is the (m x m) eigenvalue diagonal matrix. 

6. Feature vector F is next formed by sorting the eigenvectors in the descending order.  

7. F=[ eig1, eig2----eign].  Twenty One (21) eigenvectors/principal components have 

been selected. So, the feature vector F is of size (44 x 21). 

8. Final data selected for projection, G=FT * Dnew . So, G will be of size (21 x m). This 

has given us the original data with reduced dimensions.
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7.7   Selection of number of Principal components 

The first principal component captures the maximum variance in the data set. Larger the 

variance captured by the first component, larger will be the information captured by it. No 

other component can have a variance higher than the first component. This component will 

result in an eigenvector adjacent to the data set. The second component captures from the 

remaining variance in the data set. Its co-relation with the first principal component is zero. 

Since there is no co-relation between the two components, they are orthogonal. All 

successive principal components will capture from the remaining variance without being 

correlated with the previous components. 

No matter how many components we have, the proportion of variance directed by a 

particular component is given by its corresponding eigenvalue divided by the sum of all 

eigenvalues. 

Proportion of variance directed by principal component i  =
𝜆𝑖

 ∑ 𝜆𝑗
𝑗=𝑛
𝑗=1

                                   7.7 

If a particular eigenvalue=0, the variance along that direction is zero. All the data points 

fall at the same spot. When the eigenvalue is close to zero, there is not much variance in 

that direction. We will not lose much information by ignoring or dropping such 

components. 
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In the example shown in the Figure 7.3, the first principal component captures the 

maximum variance; the second captures slightly less variance compared to the first. This 

way, the proportion of variance captured by the principal components from 10 to 30 

decreases gradually. Beyond the 30th principal component, the variance captured becomes 

fixed. There is no new information provided. So, as well we can ignore the principal 

components beyond 30. 

7.8 Implementation of PCA on IEEE 14 bus system 

TABLE 7.3  Qmargin with PCA  for P15bus9 (Active load increased by 15 % on bus 9) 

Bus No Qmargin (pu) 

by ANN 

 

Qmargin (pu) using PCA 

 

% Error 

of 

PC=9 

with 

ANN 
P15bus9 PC=6 

Q22bus14 

PC=7 

Q13bus4 

 

PC=8 

Q20bus10 

 

PC=9 

Q18bus13 

4 0.31616 0.3170 0.3163 0.31624 0.31622 0.006 

5 0.1901 0.19385 0.19321 0.19295 0.19294 0.284 

7 0.2131 0.2269 0.2213 0.2174 0.2172 0.41 

9 0.2332 0.2387 0.2329 0.2315 0.2313 0.19 

10 0.1182 0.1194 0.1151 0.1123 0.1120 0.62 

11 0.06102 0.06218 0.06213 0.0614 0.0611 0.008 

12 0.0656 0.0623 0.0654 0.0642 0.0639 0.17 

13 0.0536 0.0498 0.0539 0.0465 0.0462 0.74 

14 0.0524 0.0481 0.0543 0.0503 0.0500 0.24 

 

TABLE 7.4  Qmargin with PCA  for Q5bus12(Reactive load increased by 5 % on bus 12) 

Bus No Qmargin (pu) 

by ANN 

 

Qmargin (pu) using PCA 

 

 

% Error 

of 

   PC=9    

   with  

   ANN 
 Q5bus12  

Qm 

      PC=6 

      Qm 

   Q13bus5 

 

PC=7 

Qm 

P9bus10 

 

PC=8  

Qm  

Q5bus13 

 

PC=9  

Qm 

P13bus14 

 

4 0.32193 0.32179 0.32192 0.3219 0.32189 0.004 

5 0.1947 0.1923 0.1947 0.1945 0.1944 0.03 

7 0.228 0.222 0.224 0.226 0.225 0.3 

9 0.2344 0.2341 0.2333 0.2338 0.2337 0.07 

10 0.1189 0.1186 0.1175 0.1185 0.1184 0.05 

11 0.0611 0.0610 0.0605 0.0606 0.0606 0.05 

12 0.0621 0.0627 0.0626 0.0623 0.0624 0.03 

13 0.0538 0.0544 0.0542 0.0535 0.0531 0.07 

14 0.0534 0.0541 0.0538 0.0534 0.0528 0.06 
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7.9 Discussion on PCA Application on 14 bus system 

In the 14 bus system, we have finally selected 9 eigenvectors/principal components. From 

the Tables 7.3 and 7.4, various disturbances taking place in the power system which result 

in almost equal reactive power loading margins on the various load buses have been 

identified. 

 In Table 7.3, the disturbance on the system is P15bus9  i.e. increase in the real power 

loading by 15 % on bus 9. This disturbance results in the Qmargins as tabulated on the various 

load buses. The  Qmargins found on various load buses for disturbance Q22bus14 ( Reactive 

power increase on bus 14 by 22%), corresponding to number of principal components 

PC=6 are in alignment with the bus Qmargins found for the case P15bus9 with minimum error. 

So, disturbance Q22bus14 can be thought of as having produced a similar impact on the 

power system from voltage stability point of view as produced by disturbance P15bus9.  

The disturbances Q13bus4 (Reactive power increase on bus 4 by 13 %), corresponding to 

PC=7, Q20bus10 (Reactive power increase on bus 10 by 20 %), corresponding to PC=8 and 

Q18bus13(Reactive power increase on bus 13 by 18 %), corresponding to PC=9 result in 

Qmargins on the load buses in alignment with the bus Qmargins  produced by disturbance 

P15bus9. As we consider each subsequent principal component from PC=6, the rate of 

increase in the variance of Qmargin goes on decreasing. Beyond PC=9, it is found that the 

further principal components do not provide any new information to the system. So as well, 

we consider only 9 principal components. Originally our input data dimension was (18 x 

m), where m= 234. This has been reduced to (9 x m) without compromising on any 

significant information. 

In a similar way, we can consider disturbance Q5bus12 tabulated in Table 7.4 and find other 

disturbances like   Q13bus5, P9bus10, Q5bus13 and P13bus14 taking place in the system 

which produce reactive power loading margins on the buses comparable to those produced 

by the disturbance Q5bus12.



Implementation of PCA on 30 bus system 

 

 

107 
 

7.10 Implementation of PCA on 30 bus system 

TABLE 7.5, Qmargin  with PCA for P3Q3bus14  

(Active & reactive load increased on bus 14 by 3% each) 

Bus No 

Qmargin (pu) 

by ANN 

Qmargin (pu) using PCA 

 
% Error 

of  PC=21 

with ANN P3Q3bus14 
PC=18 

Q3bus5 

PC=19 

Q5bus8 

 

PC=20 

P10bus17 

 

PC=21 

P7bus23 

3 0.13512 0.13519 0.13514 0.13512 0.13510 0.002 

4 0.1340 0.13413 0.13402 0.13400 0.13401 0.001 

6 0.30127 0.30124 0.30117 0.30120 0.30120 0.007 

7 0.34129 0.34123 0.34122 0.34135 0.34134 0.007 

9 0.28150 0.28148 0.28145 0.28147 0.28147 0.003 

10 0.1581 0.1587 0.1582 0.1578 0.1577 0.04 

12 0.1570 0.1571 0.15704 0.15695 0.15693 0.007 

14 0.10618 0.10634 0.10625 0.10627 0.1062 0.002 

15 0.1044 0.1057 0.1052 0.1046 0.1039 0.03 

16 0.1083 0.10853 0.10851 0.10843 0.10843 0.013 

18 0.0840 0.0851 0.0847 0.0843 0.0841 0.01 

19 0.0542 0.0553 0.0548 0.0542 0.0542 0 

20 0.0582 0.0594 0.0587 0.0579 0.0577 0.05 

21 0.0721 0.0737 0.0729 0.0717 0.0716 0.05 

22 0.0865 0.0876 0.0869 0.0859 0.0858 0.07 

24 0.10485 0.10497 0.10491 0.10488 0.10484 0.001 

25 0.0692 0.0698 0.0697 0.0693 0.0691 0.01 

26 0.0584 0.0589 0.0587 0.0585 0.0584 0 

27 0.0440 0.0452 0.0443 0.0439 0.0439 0.01 

28 0.1821 0.1831 0.1820 0.1825 0.1825 0.04 

29 0.0405 0.0413 0.0409 0.0407 0.0407 0.02 

30 0.0402 0.0411 0.0403 0.0402 0.0402 0 

 

In Table 7.5, the disturbance on the system is P3Q3bus14  (Increase in the real power and 

reactive power loading by 3 % each on bus 14). This disturbance results in the Qmargins as 

tabulated on the various load buses. The bus Qmargins found for disturbances Q3bus5 ( 

Reactive power increase on bus 5 by 3%), corresponding to number of principal 

components PC=18 are in alignment with the bus Qmargins found for the disturbance 

P3Q3bus14 with minimum error. So, disturbance Q3bus5 can be thought of as having 

produced a similar impact on the power system from voltage stability point of view as 

produced by disturbance P3Q3bus14. 



Dimension reduction using Principal Component Analysis 
 

108 
 

The disturbances Q5bus8 (Reactive power increase on bus 8 by 5 %), corresponding to 

PC=19, P10bus17  (Active power increase on bus 17 by 10 %), corresponding to PC=20 

and P7bus23 (Active power increase on bus 23 by 7 %), corresponding to PC=21 result in 

bus Qmargins  in alignment with those produced by disturbance P3Q3bus14  . As we consider 

each subsequent principal component beyond PC=18, the rate of increase in the variance 

of Qmargin  goes on decreasing. Beyond PC=21, it is found that the further principal 

components do not provide any new information to the system. So, we as well consider 

only 21 principal components. Originally our input data dimension was (44 x m), where 

m= 538. This has been reduced to (21 x m) without compromising on any significant 

information. 

      

TABLE 7.6, Qmargin  with PCA for Q18bus2  (Reactive load increased on bus 2 by 18%) 

Bus No 

Qmargin (pu) 

  by ANN  

Qmargin (pu) using PCA 

 % Error  

Of 

 PC=21 with 

ANN 
Q18bus2 

 

PC=18 

Q7bus29 

Qm 

PC=19 

Q12bus20 

Qm 

 

PC=20 

P15bus4 

Qm 

 

PC=21 

P5Q10bus5 

Qm 

 

3 0.13501 0.13521 0.13512 0.1350 0.13502 0.001 

4 0.13391 0.13408 0.13404 0.13386 0.13388 0.003 

6 0.30128 0.30137 0.30133 0.30124 0.30125 0.003 

7 0.34132 0.34141 0.34136 0.34131 0.34128 0.004 

9 0.28147 0.28142 0.28137 0.28140 0.28142 0.005 

10 0.1577 0.1575 0.1564 0.1571 0.1573 0.04 

12 0.1573 0.1575 0.1573 0.1572 0.1571 0.02 

14 0.10625 0.10626 0.10624 0.10624 0.10624 0.001 

15 0.1088 0.1086 0.1085 0.1086 0.1085 0.03 

16 0.10844 0.10846 0.10845 0.10844 0.10843 0.001 

18 0.0842 0.0843 0.0835 0.0838 0.0840 0.02 

19 0.0541 0.0542 0.0533 0.0538 0.0540 0.01 

20 0.0583 0.0583 0.0570 0.0582 0.0581 0.02 

21 0.0722 0.0721 0.0713 0.0724 0.0723 0.01 

22 0.0868 0.0869 0.0862 0.0869 0.0869 0.01 

24 0.10483 0.10482 0.1048 0.10482 0.1048 0.003 

25 0.0690 0.0683 0.0689 0.0693 0.0691 0.01 

26 0.0583 0.0581 0.0582 0.0582 0.0582 0.01 

27 0.0439 0.0434 0.0438 0.0437 0.0437 0.02 

28 0.1820 0.1817 0.1822 0.1820 0.1819 0.01 

29 0.0404 0.0396 0.0403 0.0404 0.0403 0.01 

30 0.0401 0.0398 0.0402 0.0402 0.040 0.01 
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TABLE 7.7, Qmargin  with PCA for P10bus21   (Active load increased on bus 21 by 10%) 

Bus No 

Qmargin    

(pu) 

by ANN 

Qmargin (pu) using PCA 

 
% Error  of 

PC=21 with 

ANN P10bus21 

 

PC=18 

Q10bus24 

Qm 

PC=19 

Q15bus10 

Qm 

 

PC=20 

P3Q5bus17 

Qm 

 

PC=21 

P5bus7 

Qm 

 

3 0.13511 0.13510 0.13507 0.13509 0.13510 0.001 

4 0.13401 0.13399 0.13398 0.1340 0.1340 0.001 

6 0.30125 0.30126 0.30117 0.30123 0.30124 0.001 

7 0.3413 0.3413 0.3410 0.3412 0.3411 0.02 

9 0.28138 0.2814 0.28136 0.28138 0.28139 0.001 

10 0.1568 0.1570 0.1564 0.1568 0.1570 0.02 

12 0.1571 0.1571 0.1570 0.1569 0.1570 0.01 

14 0.1062 0.1062 0.1061 0.1063 0.1062 0 

15 0.1083 0.1081 0.1082 0.1083 0.1083 0 

16 0.1085 0.1085 0.1082 0.1080 0.1084 0.01 

18 0.0840 0.0842 0.0841 0.0841 0.0841 0.01 

19 0.0537 0.0539 0.0536 0.0538 0.0539 0.02 

20 0.0577 0.0580 0.0575 0.0576 0.0578 0.01 

21 0.0703 0.0709 0.0704 0.0710 0.0711 0.08 

22 0.0859 0.0858 0.0856 0.0861 0.0862 0.03 

24 0.1042 0.1040 0.1044 0.1046 0.1046 0.02 

25 0.0690 0.0688 0.0691 0.0691 0.0691 0.01 

26 0.0582 0.0581 0.0582 0.0583 0.0583 0.01 

27 0.0439 0.0438 0.0439 0.0440 0.0439 0 

28 0.1823 0.1824 0.1823 0.1823 0.1823 0 

29 0.0403 0.0402 0.0403 0.0403 0.0403 0 

30 0.0402 0.0401 0.0402 0.0402 0.0402 0 

 

7.11 Discussion on PCA Application on 30 bus system 

In the 30 bus system, we have finally selected 21 eigenvectors/principal components. From 

the Tables 7.5, 7.6 and 7.7, various disturbances taking place in the power system which 

result in almost same reactive power loading margins on the various load buses have been 

identified. 

 In Table 7.6, the disturbance on the system is Q18bus2 (Increase in the reactive power 

loading by 18 %  on bus 2). This disturbance results in the Qmargins as tabulated on the 

various load buses. The bus Qmargins found for disturbances Q7bus29 (Reactive power 

increase on bus 29 by 7%), corresponding to number of principal components PC=18 are 

in alignment with the bus Qmargins found for the disturbance Q18bus2 with minimum error. 

So, disturbance Q7bus29 can be thought of as having produced a similar impact on the 

power system from voltage stability point of view as produced by disturbance Q18bus2.
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The disturbances Q12bus20 (Reactive power increase on bus 20 by 12 %), corresponding 

to  PC=19, P15bus4  (Active power increase on bus 4 by 15 %), corresponding to PC=20 

and P5Q10bus5 (Active power increase by 5% and reactive power increase by 10 % on bus 

5), corresponding to PC=21 result in bus Qmargins  in alignment with those produced by 

disturbance Q18bus2. As we consider each subsequent principal component beyond PC=18, 

the rate of increase in the variance of Qmargin goes on decreasing. Beyond PC=21, it is found 

that the further principal components do not provide any new information to the system. 

So, we as well consider only 21 principal components. Originally our input data dimension 

was (44 x m), where m= 538. This has been reduced to (21 x m) without compromising on 

any significant information. 

In a similar way, we can consider disturbances tabulated in Table 7.7. 

7.12 Similar events in the power system from voltage stability view point  

A power system is subject to variable loading and contingent conditions. A change in the 

load on any one bus will not only change the voltage level of that bus but that of adjacent 

buses and other buses in the system. A change in the reactive power loading has greater 

impact on the bus voltages. This in turn causes the reactive power loading margins on the 

buses to change. Some vulnerable buses could very well have their operating points close 

to the collapse point. From the discussions in 7.9 and 7.11, it can be concluded that there 

are certain disturbances taking place in the power system which produce similar impact on 

the system, where voltage stability is concerned; i.e. the reactive power loading margins 

on all the load buses of the system are very much in alignment with minimum error for 

such disturbances. In the study of voltage stability, an extensive analysis of the impact of 

various disturbances on the bus voltages and hence their reactive power loading margins 

needs to be done. But, if these disturbances produce similar influence on the power system, 

we can as well study only selected disturbances. The voltage stability of the system could 

be monitored by observing fewer number of nodes in reduced computational time.  This 

way, the quantum of analysis to be done for investigating the impact of various 

disturbances on the system can be reduced. Table 7.8 , tabulates such disturbances.
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TABLE 7.8 Similar events in the power system from voltage stability view point 

IEEE 

System 

 

Disturbance Events found similar after PCA Application 

 

 14 bus P15bus9 

 

Q22bus14 

 

Q13bus4 Q20bus10 

 

Q18bus13 

 

Q5bus12 Q13bus5 

 

P9bus10 

 

Q5bus13 

 

P13bus14 

 

 30 bus P3Q3bus14 

 

Q3bus5 

 

Q5bus8 

 

P10bus17 

 

P7bus23 

 

Q18bus2 

 

Q7bus29 

 

Q12bus20 

 

P15bus4 

 

P5Q10bus5 

 

P10bus21 

 

Q10bus24 

 

Q15bus10 

 

P3Q5bus17 

 

P5bus7 

 

 

7.13 Conclusion 

ANN learns through a set of input /output examples and once it is trained with sufficient 

number of diverse examples, it is able to interject any accidental operating condition. 

Execution time of the trained ANN is also found to be very less. But, for large power 

systems having a large number of buses, training the ANNs for all plausible contingencies 

and loading conditions is a demanding task.  Training the ANN with a large number of 

inputs is ineffective and computationally expensive. The use of PCA causes considerable 

reduction in the input data dimension. For the IEEE 14 bus system, the input data 

dimension has been reduced from 18 to 9 and for the 30 bus system, it has been reduced 

from 44 to 21. Also, the disturbances which produce a similar impact on the system from 

voltage stability view point have been identified. This enables the voltage stability of the 

system to be monitored by studying lesser number of nodes. All of this improves the 

efficiency, generalized accuracy and speed of the trained ANN.  The computational burden 

and the cost of future data collection also reduces.  
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CHAPTER 8 

Conclusion And Future Scope 

8.1 Conclusion 

The stressed condition of a power system and the high transmission losses have led to 

voltage security and reliability problems in the power system. If the problems occurring 

due to voltage stability are not mitigated properly, it could lead to cascading events, 

ultimately leading to a blackout.  

So, this thesis work has aimed to carry out voltage stability analysis in power systems. 

This has been done by first finding four voltage collapse proximity indicators which help 

find the proximity of the system to voltage collapse. The results give us information about 

the critical lines in the system. They indicate that the indices are prone either to real power 

changes or reactive power changes. These indices are non-linear and give us local 

information only. 

The continuation power flow (CPF) method has been used to plot the P-V curve that gives 

us the real power margin loading margin to voltage instability.  The results indicate that as 

we approach the voltage collapse point, the bus voltage sensitivity increases. Though this 

method provides valuable insight into the voltage stability of the system and areas prone 

to voltage collapse, it cannot give us information about the relationship of specific variables 

of our choice to independent node parameters. 

The contour evaluation program has overcome this drawback of the CPF method. It has 

aided in the generation of curves that show the system performance during disturbances 

and the voltage stability limits. P-Q, P-V, Q-V curves have been plotted considering 

voltage V, real power P, reactive power Q, power loss, phase angle δ and reactance X as 

the target functions. More emphasis has been given on the Q-V curves, since the reactive 

power loading margin is a very important voltage collapse proximity indicator. The 

reactive power loading margins have been found for base and other contingent conditions 

from the various contours plotted. The quantum of change in this margin can be found from 

the contours at one stroke. Although this method is highly efficacious, it is computationally 

expensive and ineffectual for real time applications.
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Next, the Artificial Neural Network’s (ANN) are used for online voltage stability 

assessment due to their ability to learn complex non-linear input output relationships. They 

are trained with sufficient number of input and output patterns. The bus voltage V and 

phase angle δ taken as the inputs to the ANN are the most appropriate input features. The 

ANN is used to estimate the reactive power loading margin under normal operating and 

various contingent conditions in the power system. The results show that these margins are 

comparable with those obtained using the analytical method with minimal error. 

But, for large power systems having a large number of interconnecting lines, training 

ANN’s for all credible contingencies and load levels is a burdensome task. The proposed 

PCA method improves the efficiency and speed of the ANN by reducing the input data 

dimension. In this work, the input dimension in the IEEE 14 and 30 bus systems were 

initially 18 and 44 respectively. This has been reduced to 9 and 21 respectively by use of 

the PCA method. 

Reduction in the number of ANN inputs not only reduces the computational burden and 

the cost of future data collection, but also improves the generalized accuracy of the trained 

neural networks without compromising on its high execution speed. 

This work has proposed the idea of similar events occurring in a power system from voltage 

stability point of view; i.e. the disturbances which produce reactive power loading margins 

on the buses, which are in alignment. So, only selected disturbances need to be studied for 

the voltage stability analysis of the system. 

 

8.2 Future Scope 

The contour program could be used to check the feasibility of proposed transmission 

schemes. It could be used to solve the system problems requiring a large number of power 

flows. The power system characteristics under normal and faulty conditions could be 

interpreted by its use. It could thus provide a global view of the system performance by 

finding terminal conditions, predicting voltage collapse, investigating multiple power flow 

solutions along with a graphical display of the results. 
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By using the Artificial Neural Network, we can find the reactive power loading margin on 

the buses in the power system for all possible loading and contingent conditions. The buses 

on which this margin is less are sensitive from voltage stability point of view. The FACTS 

devices are placed in the system for injection/absorption of reactive power. By having 

knowledge about the bus reactive power loading margin, we can infer which FACTS 

devices need to be controlled for reactive power injection/absorption. 

 

In the restructured power system operation, various ancillary services are provided to 

support the electric power transmission from the seller to the purchaser. One of the prime 

ancillary service is reactive power support and voltage control. Whenever a bilateral 

contract for power transfer is done between the seller and the purchaser, the feasibility of 

the contract can be checked properly if the reactive power loading margin at the buses is 

known. 
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Abstract—This paper proposes use of a contour evaluation 
program to aid in exploring the structure of the boundary of the 
solutions of the power flow problem. A simple example of a two 
bus system has been considered to illustrate the complex nature 
of the power flow solution space. Boundary curves have been 
obtained using contour evaluation program which show the 
voltage stability limits, system performance during disturbances 
and tradeoffs between design parameters 

Keywords— Continuation power flow method,              
Jacobian, singularity, maximum loadability, target function, 
power flow solution space boundary 

I.  INTRODUCTION 
In recent years, the increase in peak load demand and 

power transfers between utilities has elevated concerns about 
system voltage security.  With the power systems becoming 
more complex and heavily loaded, along with the economical 
and environmental constraints, voltage instability has become 
an increasingly serious problem leading the systems to operate 
close to their stability limits. So, there is a need for the voltage 
stability of the system to be assessed and the problems 
occurring due to it need to be mitigated properly. If not, 
cascading events may occur leading to voltage collapse. Also, 
it is  known that the power system operation is constrained by 
loadability limits and these limits closely match the 
boundedness of the power flow solution space. But, operation 
near the solution space boundary often results in undesirable 
system behavior that can be associated with reduced stability 
margins. So, quantifying the boundary is important for 
assessing the system security. Knowledge of the structure of 
the boundary of the power flow problem solution enables us to 
know whether the current system operating point is secure and 
how far it is from the boundary limits in terms of easily 
controllable parameters. In other words, it helps in analyzing 
the robustness of the operating points 

Initially, the Newton Raphson method of power flow 
analysis was used to find the bus voltage. But the difficulty  
encountered in this method is that the Jacobian becomes 
singular at the voltage stability limit point. As a result, this 
method is found to diverge near the stability limit point, also 
called the nose point. The Jacobian singularity is avoided by 
slightly reformulating the power flow equations and 
introducing an additional equation and an additional variable 
in the basic power flow equations [1]. This method is called 
the continuation power flow method. The additional variable 

is called the continuation parameter and the augmented 
Jacobian so formed is no longer singular at the nose point. 

The continuation power flow is an iterative method with 
predictor and corrector steps [2]. As in fig. 1, from a known 
initial point A, a tangent predictor is taken using a suitable 
predictor step to come to the predicted solution B. From B, the 
corrector step determines the exact solution C. Here, load is 
taken as the continuation parameter. The voltages for further 
increase in the load are predicted and corrected in the same 
way. As the nose point is approached, the change in the 
voltage with respect to change in the load becomes very large. 
If again load is taken as the continuation parameter, the power 
flow solution will not converge. So, the continuation 
parameter is changed from load to voltage. 

Using the Continuation Power Flow method,  we can  find 
the  P-V and Q-V curves system wide [3]. 

II. P-V CURVE 
The P-V curve as in fig.-2,  is drawn for the load bus and 

the maximum transmissible power can be calculated. Each 
value of the transmissible power corresponds to a value of the 
voltage at a bus until the critical voltage, V=Vcrit is reached. 
After Vcrit, further increase in the power results in deterioration 
of bus voltage. The top portion of the curve is acceptable 
operation and the bottom half is the worsening operation. The 
risk of voltage collapse is much lower if the bus voltage is 
further away, by an upper value, from the critical voltage 
corresponding to Pmax. Thus, the P V curve can be used to 

 
Fig. 1.  P-V curve showing the predictor-corrector steps [2] 
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determine the system’s critical operating voltage, maximum 
loadability and collapse margin. 

III. Q-V CURVE 
The Q-V curve as in fig.-3, shows the variation in the bus 

voltage with respect to reactive power injections or 
absorptions. The Q-axis shows the reactive power that needs 
to be added or removed from a bus to maintain a given voltage 
at a given load. The reactive power margin is the Mvar 
distance from the operating point to the stability limit point. 
The curve is also used as an index of voltage instability. Near 
the nose of the curve, the sensitivity becomes very high and 
then reverses its sign. The bottom part of the curve is the 
unstable region. 

From the P-V and Q-V curves, we get information about 
the maximum loadability limit, real and reactive power 
margins, the reactive power that needs to be added to or 
removed from a particular bus so as to maintain a given 
voltage at a given load; and thus they can be used as a warning 
against voltage collapse. This information is obtained for a 
particular load bus and system wide. But using these curves, 
we cannot get the relationship between different specified 
quantities with respect to independent node parameters. e.g.. 
Relationship between P-Q for a particular value of V, R or X.  
We cannot find the operating points in the system for 
variations in the injected active and reactive power at any bus 
in the system. We cannot investigate multiple power flow 

solutions and display their relationships in terms of overall 
system performance. 

IV. METHODOLOGY USED 
Using the contour evaluation program, terminal conditions 

and Jacobain matrices can be obtained for operating 
conditions for which conventional power flow programs may 
fail to converge. A global view of the system performance is 
possible. A flexible graphical display of the results is obtained. 

The aim of this program is to calculate how any specified 
system quantity is related to any two independent node 
parameters [4]. Such a relationship may be visualized as a 
surface in three dimensions. The contour map of this surface 
with respect to the varying parameters provides useful two-
dimensional representation of the relationship. 

Any set of steady-state power flow equations constitutes a 
set of ‘n’ nonlinear constraint functions F given by F(u,k) = 0 
where,’ u’ is a vector of ‘n’ unknowns and  ‘k’ is a vector of ‘ 
m’ knowns.. For evaluating the important properties of this 
response, target functions of the form T(u, k) are defined. The 
response of such target functions to simultaneous but 
independent changes in just two of the elements of  ‘k’ , all the 
others being held constant is considered. So, T(u,k) can be 
considered as a function of only these two parameters. The 
corresponding surface in three dimensions can be represented 
in two dimensions by its contour map, i.e. by curves upon 
which T is constant, drawn in the plane of the varying 
parameters. 

Each such curve is defined by set of equations, 

                                F(u,x,y,k’)=0                                  (1)   
                                T(u,x,y,k’)=t                                   (2) 

Where, 
x, y are the variable parameters of ‘k’. 

k’=result of k after removing x and y. 
t= value taken by target function ‘T ‘ on the contour. 

For each value of  ‘t’, equations 1 and 2,  will define a 
contour, since they contain (n+2)  unknowns (u,x & y) and 
specify only  (n+1) constraints (F & T).  So, not only one 
solution, but a  family of  solutions  lying  on  a  continuous  
curve results. A family of such curves corresponding to a set 
of values of  ‘t’,  constitutes a contour map of  target function 
‘T’ with respect to x and y. 

A two bus system with a generator supplying power to a 
load is considered shown in fig.-4. 

 
Fig. 2. P-V Curve[3] 

 
Fig. 3. Q-V Curve[3] 

 
Fig. 4. 2 bus system [12] 
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where,  
VG    0 : Generator voltage 
VL   θ : Load voltage and angle 
P ,Q : load active and reactive power 
G-jB : admittance of the line 

Generator considered as the slack node    

Load as P-Q node, 
So, n=2, u=(VL, θ),  k=(P,Q,G,B, VG ) 

 x=P,  y=Q , T= VL, k’=(G,B, VG ) 
Power flow equations for this system are  

 VGVL(Gcosθ -Bsinθ) –GVL
2  = P 

 VGVL(Bcosθ +Gsinθ) –BVL
2= Q 

Equation of target function is obtained from the above 
equations  by eliminating θ, 

(P+ G VL
2)2  + (Q + BVL

2)2 =(G2 + B2) VG
2VL

2 
This equation defines the contour map of  target function VL  

In fig.-5, Contours shown for G=0.2, B=1.0, VG=1.0 
VL

  from 0.2- 1.2  pu. 

For fixed values of VL,  the relationship of P-Q is plotted. 

TABLE 1-TARGET FUNCTIONS FOR CONTOUR SPECIFICATION 

1 Node voltage magnitude 
2 Injected real power 
3 Injected reactive power 
4 Voltage angle of one node relative to any other 
5 Total power loss 

TABLE  2-VARIABLE PARAMETERS FOR CONTOUR SPECIFICATION. 

1 Node voltage magnitude 
2 Injected real power 
3 Injected reactive power 
4 Shunt conductance 
5 Shunt  Susceptance 
6 Voltage angle of one node relative to any other 

For the same two bus system shown in fig.-4, target function is 
found considering line impedance Z.    VL = V2 

P2 + Q2 =(V1V2/Z)2 (1 + (V2/V1)2 -2cosδ(V2/V1)) 

V. RESULTS AND DISCUSSION 

A. V2 is taken as the Target Function  
For different values of V2, Active power P values are 

varied;  Corresponding  values of Q are noted,  We get a 
family of P-Q curves. 

In fig.-6, when V2=0.8 pu, Pmax=0.48 pu .When V2 
decreases to 0.6 pu, Pmax=0.36 pu. 

B. P is taken as the Target Function- 
For different values of P, V2  values are made to vary and 

 
Fig. 6. P-V Curve 

 
Fig. 5. P-Q Curve with V as target function 

 
Fig. 7. Q-V Curve with P as target function 
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corresponding values of Q are noted. We get a family of Q-V 
curves –Contours of P. 

In fig.-7, for P=0.3 pu,, the critical voltage Vc=075 pu and 
Q=0.155 pu. When  P is increased to 0.4 pu, Q needs to be 
increased to 0.335 pu to maintain Vc=0.75pu. When P=0.5, Q 
needs to be increased to 0.425 pu to maintain Vc=0.75 pu. 

C. Q as target function- 
For different values of Q, V2. values are made to vary 

Corresponding values of P are noted. 

In fig. 8, When Q=0, when no reactive power is injected, 
the critical voltage Vc=0.75 pu when real power loading is 
0.48 pu. When Q support is increased to 0.2 pu, Vc=0.75 pu is 
obtained with the real power loading increased to 0.525 pu. 

D. Loss taken as target functionheading 
For different values of R, reactive power values  Q are 

made to vary and corresponding values of P  are noted.  We 
get a family of P-Q curves-Contours of Loss. 

In fig.-9, when R=0.2 pu, the maximum real power 
transferred Pmax=0.525 pu when Q=0.025 pu. When R=0.4 pu, 

Pmax=0.495 pu when Q=0.025 pu and when R=0.6 pu, 
Pmax=0.45 pu when Q=0.025 pu. With increase in resistance, 
power transfer decreases. 

E. X as target function 
For different values of X , Active power values P made to 

vary; Corresponding values of Q are noted. We get a family of 

P-Q curves-Contours of X.  
In fig.-10, when X=0.5 pu, Pmax= 0.8 pu and Q is minimum. 
When X increases to 1 pu, Pmax=0.425 pu. 

F. X as target function- 
For different values of X , Active power values P made to 

vary; Corresponding values of V are noted. We get a family of 
P-V curves-Contours of X 

In fig.-11, when reactance value increases from X=1pu to 
X=3 pu ,Pmax reduces from 0.515 pu to 0.147pu.  The 
distance of the operating point from the stability limit point 
decreases and system becomes more prone to instability 

In a same way, For different values of  X , V2 values are 
made to vary; Corresponding values of Q are noted, We get a 
family of Q-V curves- Contours of X shown in fig.-12. 

 
Fig. 8. P-V Curve with Q as target function 

 
Fig. 10. P-Q curve with X as target function 

 
Fig. 9. P-Q Curve with loss as target function 

 
Fig. 11. P-V Curve with X as target function 
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In fig. 12, when X increases from 0.5 to 0.8, reactive power 
margin   goes on decreasing. The operating point moves close 
to the stability limit point. 

For the same system shown in fig. 4, when line resistance is 
neglected, the target function equation becomes 

P2 + (V2
2/X –Q)2 =(V1V2/X)2 

G. V2 as target function-  
     For different values of V2, Active power values P are made 
to vary; Corresponding values of Q are noted. We get a family 
of P-Q curves –Contours of V2 

In fig. 13, when V2 =0.9 pu,  Pmax=0.892 pu and reactive 
power support at that point=0.77 pu. When V2=0.6 pu,  Pmax= 
0.59 pu with Q=0.35 pu.  The effect of line resistance which is 
neglected can be visualized. The P-Q curve has become less 
steep. 
 

TABLE-3 BOUNDARY VALUES  FOR VARIOUS TARGET FUNCTION 
(ALL UNITS IN PU) 

 Sr. 
No. 

Target 
Function 

Relation Critical values 

1 Terminal 
Voltage V2 

P-Q V2=0.8, Pmax=0.48  
V2=0.6,  Pmax= 0.36  

2 Active Power 
P 

Q-V P=0.3 , Vc=0.75 , Q=0.155  
P=0.4 , Vc=0.75 , Q=0.335  
P=0.5 , Vc=0.75 , Q=0.425  

3 Reactive 
Power Q 

P-V Q=0 , Vc=0.75 , Pmax=0.48  
Q=0.2, Vc=0.75, Pmax=0.525 

4 Loss P-Q R=0.2 , Pmax=0.525 ,Q=0.025 
R=0.4 , Pmax=0.495 , Q=0.025 
R=0.6 , Pmax=0.45,  Q=0.025 

5 Reactance X P-Q 
P-V 
Q-V 

X=0.5, Pmax=0.8 , Qmin=0  
X=1  Pmax=0.425, Qmin=0  

6 Terminal 
Voltage V2 
R neglected. 

P-Q V2=0.9, Pmax=0.892 , Qmin= 0.77  
V2=0.6, Pmax= 0.59 Qmin=0.35  
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Fig. 13. P-Q Curve with V as target function ( R neglected) 

 
Fig. 12. Q-V Curve with X as target function 
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Abstract 

In the current deregulated environment, determining loadability  to various security 

limits is of great importance for the secure operation of a power system. The 

conventional  P-V and Q-V  curves are used to determine the voltage stability  margin. 

This paper proposes to find the relationship between P and Q for a constant voltage on a 

particular bus using a contour evaluation program. The flexibility of this program 

allows generation of a family of  curves which show the amount by which the reactive 

power loading on a particular bus needs to be modified so as to keep the voltage 

constant on that bus. 

 

1. Introduction 
 

The electrical load demand is growing day by day and in order to meet the increasing demand, the 

power generating plants are operating at their maximum capacity. In the operation of power systems, 

it is a matter of prime importance to maintain the system in a secure operating region. One of the 

major problems associated with such a stressed system is voltage collapse or instability. There are 

many incidents of system blackout reported due to voltage collapse [1]. It is thus very important to 

know the critical bus voltage and  also how the reactive power loading on the bus needs to be 

modified so that the bus voltage remains constant. 

A perturbation of conditions at one bus in a power system changes conditions at all other buses. In 

response   to changes in the injected real and reactive powers at a  particular bus, the response of 

voltage levels, power flows and electrical angles throughout the system is noted. The response of the 

system to such changes depends on the relative sizes of the real and reactive components involved. 

This is particularly true for system voltage levels because the voltage drop due to load  increase  can  

be counteracted by increased reactive generation. So, it is desirable to produce contours in the P-Q or 

Q-V plane. 

It is known that when the system P and/or Q  increases beyond a certain limit, voltage collapse is 

bound to occur. The voltage stability margin for a given operating point can be determined if the 

limiting values of P and Q are known. Using these values,  the voltage stability boundary is plotted in 

P 
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the  P-Q plane[3]. In this paper, the author has used the limiting or critical values of P and Q at the 

voltage collapse point for plotting the voltage stability boundary . But, the P-Q curve has been plotted 

for a two bus system and the typical values of collapse voltage for which this curve is plotted is not 

clear. Had a large system been considered, there would have been more complexities involved and the 

computational  burden would also have been  more.  

The proposed paper helps plot the P-Q curves for different values of voltage making use of a 

contour evaluation program. This has been done for a two bus system and for the IEEE 14 bus system 

under normal base load and various contingent conditions. Results have been tabulated and various 

graphical representations shown. The information obtained from the contour evaluation program[5] is 

unmatched. It helps produce a family of P-Q curves i.e. contours of voltage for various operating 

conditions. Also the complicated  behavior of a multi bus system can be visualized. 

2. Contour evaluation program[5] 
 

Any set of steady-state power flow equations constitutes a set of  n  nonlinear constraint functions 

F given by, 

F(u,k)=0                (1) 

Where u is  a vector of  n unknowns and k is  a vector of  m known parameters. Equation (1) gives  

the response of  the unknown vector u  to changes in the known vector k . For evaluating the 

important properties of this response, target  functions of the type T(u,k) are defined. The response of 

such target functions to simultaneous but independent changes in any of the two parameters of k  is 

considered. All  other parameters of  k  are kept constant . So, T(u,k) can be considered as a function 

of  these two variable parameters. The corresponding surface in three dimensions can be represented 

in two dimensions by its contour map, i.e. by curves upon which  target function T is constant, drawn 

in the plane of the varying parameters[5]. 

Each such curve is defined by a set of equations 

F(u,x,y, k')=0                      and 

T(u,x,y, k')=t                        (2) 

where x and  y are the variable parameters of  k. k'  is the result of  k  after removing x  and y. t  is 

the value taken by target function  T  on the contour.  

For each value of  t, equations (2) will define a contour. This is because the equations contain  n+2 

unknowns (u,x,y) and specify only n + 1 constraints (F and T). So, not only  one solution, but a family 

of solutions lying  on a continuous curve results. Such a family of  curves, for a set of values of t , 

constitutes a contour map of the target function  T  with respect to the variable parameters   x and y. 

3. Two bus system 

 
      

Figure 1: Two bus system   
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The target function for this system from the power flow equations is 
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Contours of constant voltage in the P-Q plane have been plotted for the two bus system using 

MATLAB programming. These contours are shown  in the fig. 2 and 3. Results have been tabulated 

in table 1 and 2 respectively. 
 

 

Sr 

No  

V 

(pu) 

Qmax 

(pu) 

Corr. P (pu) Pmax 

(pu) 

Corr. 

Q (pu) 

1 1.0 0.27 0.2 0.34 0 

2 0.8 0.44 0.2 0.482 0 

3 0.6 0.475 0.2 0.581 0 
Table 1:  Results of contours on 2 bus system as per plot in fig. 2 

 

These results give the maximum power transfer capability of the system for various amounts of 

reactive power  at the load. In table 1, for maintaining V=0.8 pu at load bus 2 , the maximum reactive 

power loading is to be restricted to 0.44 pu when the active power load is 0.2 pu. Also, the maximum 

active power load is 0.482 pu with no reactive power loading for V=0.8 pu. Table  2 also  gives the 

maximum reactive and active power load at the load bus 2 for different voltage values. It is seen from 

both the tables and fig. 2 and 3 that as the reactive power loading on bus 2 increases, the voltage on 

that bus decreases. 

 

 
 
                 Figure. 2:  Contours of voltage in P-Q plane                         Figure 3:  Contours of voltage in P-Q plane 
 

 

Sr. 

No. 

V(pu) Qmax 

(pu) 

Corr. P (pu) Pmax 

(pu) 

Corr. Q 

(pu) 

1 1.0 0.339 0.01 0.321 0.1 

2 0.8 0.472 0.01 0.483 0.1 

3 0.6 0.525 0.01 0.515 0.1 
Table 2:  Results of contours on 2 bus system as per plot in fig. 3 

 

Tables 3 and 4 indicate the quantities that can be taken as variables and target functions 

respectively in the contour evaluation program. 
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Sr. 

No 

Variable 

1 Node voltage magnitude 

2 Injected active power 

3 Injected reactive power  

4 Shunt Conductance 

5 Shunt Susceptance 

6 Voltage angle of one node relative to 

another 
 

Table 3: Variable parameters for contour plotting 

 

 

 

 

 

 

 

 

 

 

 
Table 4 : Target functions for contour plotting 

 

The contour evaluation program is also implemented on IEEE 14 bus system shown in fig. 4  

using MATLAB programming. Voltage contours have been plotted first without taking generator 

reactive power limits into consideration and then taking into consideration, the generator reactive 

power limits. 

 

 
    Figure 4: IEEE 14 bus system  

Sr. 

No. 

Target function 

1 Node voltage magnitude 

2 Injected active power 

3 Injected reactive power  

4 Voltage angle of one node relative to 

another 

5 Total system power loss 
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The voltage contour on bus 9 for base case load is shown in fig. 5 for both the above mentioned  

cases. Fig. 6 shows the voltage contours on bus 14 at base load for the same two cases 

 

 
Figure  5:  P-Q Curve on bus 9 for base load condition                 Figure 6: P-Q Curve on bus 14 for base load condition 

 

    When the generator reactive power limits are taken into consideration, the maximum reactive 

power loading on the buses 9 and 14 for  V=1 pu  are shown in table 5. 
 

Sr. 

No. 

Generator Reactive Power Limits not considered 

Case Bus 

No. 

Max Q 

load(pu) 

Remarks 

1 Base 

load 

 

9 0.4018 Close to Gen. bus. 

2 14 0.3011 Far from Gen. bus 

Table 5 : Maximum Q loading on buses 9 & 14 for V=1 pu 

 

When the generator reactive power limits are taken into consideration, the maximum reactive 

power loading on the said buses reduces for V=1 pu as in table 6. 

 

Sr. 

No. 

Generator Reactive Power Limits considered 

Case Bus 

No. 

Max Q 

load(pu) 

Remarks 

1 Base 

load 

9 0.3036 Close to Gen. bus. 

2 14 0.2712 Far from Gen. bus 
Table 6: Maximum Q Loading on buses 9 & 14 for V=1 pu 

 

Some contingent conditions have also been considered. The line (9-14) between buses 9 and 14 is 

removed from operation. and the P-Q curve has been plotted.  We get  different  contours of P-Q at 
constant V as depicted in the fig. 7  where impact of the line removal on bus 14 is shown. 
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Figure 7:  P-Q Curve on bus 14 when line (9-14) removed 

 

 

Figure 8  shows the impact of removal of line 9-14 on the performance of bus 9. P-Q curve is 

plotted on bus 9  for V= 1 pu. 

 

 
Figure.8:  P-Q Curve on bus 9 when line (9-14) removed 

 

 

Sr. 

No. 

Generator Reactive Power Limits not considered 

(V=1 pu) 

Case Bus 

No. 

Max Q 

load(pu) 

Remarks 

1 Line (9-14) 

removed 

9 0.292 Close to Gen. bus. 

2 14 0.147 Far from Gen. bus 

Table 7:  Results of P-Q Curve on buses 9 & 14  when line (9-14) removed 

Plotting of voltage contours in P-Q plane... Jyoti Iyer and B.Suthar

6



 

The maximum reactive power loading on bus 9 when the line (9-14) is removed for some 

maintenance purpose is 0.292 pu as shown in table 7.  The removal of the line causes the voltage on 

the bus to drop. To keep the voltage constant at 1 pu, the reactive load on the bus needs to be reduced 

by 0.1098 pu. Similarly, we can find the amount by which the reactive power loading on bus 14 needs 

to be modified for maintaining V=1 pu on this bus. 

 

A case of reactive power load increase has also been considered as the reactive power loading has 

the worst effect on the voltage stability limit. The reactive power load on buses 5,9,12 and 14 is 

increased by 10 %. The contours of  P-Q at  V = 1 pu  have been plotted as shown in the  fig. 9. 

 

 
Figure 9:  P-Q Curve on bus 9 when Q load on buses 5,9,12,14 increased by 10% 

 

The maximum reactive power loading on bus 9 when the reactive power load on buses 5,9,12 and 

14 is  increased by 10 % is 0.3504 pu for V=1 pu. The increase in the load will cause voltage on bus 9 

to drop. To maintain it at 1 pu, the reactive power loading on the bus needs to be reduced by 0.0514 

pu. 

 

Sr. 

No 

Generator Reactive Power Limits not considered 

(V=1 pu) 

Case Bus 

No. 

Max Q load(pu) 

1 Q load increased by 10% 

on buses 5,9,12 & 14 

9 0.3504 

Table-8: Result of P-Q Curve on bus 9 under contingent condition 

4. Discussion 
From the graphical representations, we can see how the active and reactive power loading are 

related to keep the bus voltage magnitude constant. Details of the maximum active power and the 

maximum reactive power that can be increased without facing the threat of voltage decline can be 

obtained. The quantum of reactive power that needs to be modified on a given bus to keep the voltage 

constant on that bus can be obtained from the P-Q curve at one stroke. If such contours are plotted 

beforehand in any power system for various contingent conditions, decision can be made about the 

placement of reactive power sources in the system. Also, idea about the amount by which the reactive 

power loading needs to be modified  on a bus for maintaining constant bus voltage  can be obtained. 
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5. Conclusion 

The contour evaluation program can be used to find the relationship between P and Q at the load 

bus for various operating conditions for a particular bus voltage. For a given operating point, the 

maximum active and reactive power load on a given bus can be found under normal, faulty and 

various contingent conditions. 
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