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Abstract 

This thesis investigates the effects of including a voltage stability index as part of 

Security Constrained Optimal Power Flow (SCOPF). The formulation of Optimal 

Power Flow (OPF) and SCOPF1 and their computational features are discussed. 

Different types of voltage stability indices are studied and an L-index based voltage 

stability index is used for the investigation. Two different approaches are used in 

formulating the L-index in SCOPF. In one method, the L-index was formulated as a 

part of SCOPF constraints. In the other, the L-index is used as the SCOPF objective 

function. The effects of these methods on the voltage stability of the system are 

determined by monitoring the voltage stability margin. Simulation results based 

on the two methods are presented for a 6-bus system and 30-bus system. The 

ad\·antages and disadvantages of both the methods are discussed. Simulation results 

indicate that, the method with L-index as SCOPF objective function significantly 

improves the voltage stability margin compared to the standard SCOPF. 
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Chapter 1 

Introduction 

1.1 Introduction 

An important requirement of the modern civilization is the economic and secure 

operation of its electric power system. The Energy Management System (EMS) plays 

an important role in the power industry to meet this challenge. Optimal Power Flow 

(OPF) is an integral part of any modern EMS which helps to maintain the economy 

of the power system. At present~ on-line OPF is the most complex application in 

the E~·IS . In the area of system planning~ OPF is used for capacitor placement 

studies and transmission capacity planning. Very recently Security Constrained 

Optimal Power Flow (SCOPF) are used in the EYIS to achieve the combined goal 

of ecomony and security of the power system. In the recent years~ full utilization of 

transmission lines for economic reasons has increased the vulnerability of the power 

system networks. Many electric utilities have reported events related to voltage 

stability with losses in millions of dollars. This chapter presents the aim of this 

thesis and an overview of Optimal Power Flow and Voltage Stability. This chapter 

also presents the organization of this thesis. 
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1.2 Power System Optimization and Voltage Sta
bility 

This section gives an overview of Optimal Power Flow and Voltage Stability~ and a 

review of research on the topic in recent years. 

1.2.1 Optimal Power Flow 

Optimal Power Flow is a power flow problem which gives the optimal settings of 

the control variables for given settings of load by minimizing a selected objective 

function such as the cost of active power generation or losses. OPF also considers 

the operating limits of the system. Following the "classical" OPF formulation by 

Dommel and Tinney [1], a number of different methods have been presented to solve 

the OPF problem. Some of the recent review papers [2, 3] give a comprehensive pic

ture of the state-of-the-art over the past 30 years. Dommel and Tinney [1} proposed 

a method based on the ordinary load flow solution which uses a reduced gradient 

algorithm to obtain the optimal solution. This method uses a penalty function 

to account for the dependent constraints. The main disadvantage of this method 

lies in handling the constraints using penalty functions and the convergence of the 

approach was poor. 

One of the important aspects of the system is the steady-state security. This is 

defined as the ability of the system to operate within the system operating limits and 

maintain the supply following a contingency. Security Constrained Optimal Power 

Flow (SCOPF) is an OPF which takes into account the steady state security of 

the system. In the early seventies :\!sac and Stott [4] proposed a non-decomposed 

approach to solve contingency-constrained OPF problem. The approach involved 

the formulation of a single large OPF problem which includes the constraints for all -· 
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the severe contingencies in the system. The main disadvantage of this method is that 

the problem size increases with the number of contingencies. Another traditional 

approach to solve the SCOPF problem is the decomposed approach [5]: in which the 

base case problem is augmented with a small number of post contingency violating 

constraints~ and the problem is solved iteratively till no violation occurs in the post 

contingency state. 

Reference [6] proposed an optimal corrective rescheduling algorithm to maintain 

the power system security. In this method the post contingency violations in the 

system are corrected by rescheduling the generation and power interchange in an 

optimal \"'ray. Reference [7] gives a decoupled global V:\R dispatch method by formu

lating the contingency constraints as a part of the optimal reactive power dispatch 

problem. Modeling the system parameters plays an important role in maintaining 

the security. The effect of load modeling in SCOPF are studied in [8) . The influence 

of fixed tap transformer fed loads in SCOPF is studied in [9]. 

1.2.2 Voltage Stability 

Voltage stability problem has received increasing attention over the past few .':ears. 

Several occurrence of voltage stability problem all over the world [10, 11] have been 

reported. Reference [12} shows that each of the events occurred for various reasons. 

Voltage collapse is associated to a saddle node bifurcation point [13, 14}. For a par

ticular loading condition more than one solutions exist for a load How solution, out of 

which one solution is the actual operating point. The other solutions are related to 

the unstable equilibrium point (u.e.p). For any given pattern of load increase these 

equlibirium points approach each other and at one particular point there exists only 

one solution. This point is associated with the saddle node equilibrium point of the 
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voltage collapse point. Not all voltage collapse problems are caused by bifurcation 

phenomena. Some voltage collapse problems may be caused by fast dynamic events 

that are no way related to the bifurcation phenomena. 

At the bifurcation point, the real eigenvalue of the load flow Jacobian becomes 

singular. Voltage collapse indices based on singular value and eigenvalue are dis

cussed in [15] and [16]. In [17] the author has proposed a voltage stability index 

based on a test function. This index seems to have a linear behavior as the system 

approaches the point of collapse and gives a better idea how close the system is 

with respect to the point of collapse. In reference (18] the authors have proposed 

a voltage stability proximity index based on the voltage phasor values at a given 

operating point. However! this method has a difficulty in identifying the ~right':' 

transmission path to monitor the voltage proximity index which changes when the 

system operating limits are considered. Reference [19] has successfully employed an 

Energy Function method to evaluate the voltage stability condition. 

1.3 Aim of the thesis 

Optimal Power Flow plays an important role in maintaining the economy of the 

power system. Very recently, Security constrained Optimal Power Flmv programs 

are used in the EMS to maintain the combined goal of economic secure operation 

of the power utilities. However, due to the sharp increase in the power demand 

over the past few years, utilities are forced to operate very close to the system 

limits. The electric power system operating under this condition has experienced 

serious stability problems. Stability problems related to voltage stability has been 

a major issue over the past few years. Researchers are focusing their attention to 

improve the voltage stabil},ty of the system. Recently optimal power flow has been 
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used in the shunt reactive power (VAR) support to improve the voltage stability 

of the system [20}. An optimal reactive power planning algorithm in connection 

with the continuation power flow algorithm is used to minimize the amount of shunt 

VAR support at the buses that are susceptible to voltage collapse. Reference [21] 

presents a method to determine the VAR supply to maintain the voltage profile and 

to maintain a safe stability margin with respect to the voltage stability. 

Reference [22] has proposed a method for remedial action in a stressed power 

system. Remedial action uses a linear programming algorithm to remove the vi

olations in the operating constraints with an objective to minimize the action of 

control variables. The remedial actions have always led to an improvement in the 

voltage stability of the system even though voltage stability enhancement was not 

an explicit objective. 

The investigation carried out in this research includes explicit voltage stability 

constraints in optimal power flow to enhance the voltage stability margins. This 

will enable the power system to be operated in a cost effective manner. In addition, 

it will be possible to operate the system in a secure manner (ie. the power system 

will be secure against possible over loadings. 

The objectives of this thesis are: 

• to evaluate the Security Constrained Optimal Power Flow (SCOFF) used to 

maintain the security and economy in the power system. 

• to investigate voltage stability analysis and evaluate some voltage stability 

indices used to determine the proximity of voltage instability in the system. 

• to investigate the effects of including a suitable voltage stability index as part 

of Security Constrained Optimal Power Flow. 
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1.4 Organization of the thesis 

This thesis is divided into six chapters. Chapter 1 is the introductory chapter. 

Chapter 2 presents the Optimal Power Flow (OPF) problem and simulation results 

on test power systems. Chapter 3 presents the Security Constrained Optimal Power 

Flow (SCOPF) and the advantages of SCOPF over OPF. Chapter 3 also presents 

the simulation results of the SCOPF on the test power systems. Chapter 4 dis

cusses the voltage stability and the different methods to evaluate the proximity to 

voltage collapse in a power system. Three such methods are discussed in detail and 

simulation results on the test power systems are provided. Chapter 5 proposes a 

technique to include the voltage stability index as a part of Optimal Power Flow 

and the significance of this method is discussed. Simulation results based on this 

new method are also provided for the test power systems. Chapter 6 concludes the 

thesis and outlines some suggestions for future research. 
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Chapter 2 

Optimal Power Flow 

2.1 Introduction 

Optimal Power Flow (OPF) plays an important role in power system operations 

and planning. In the normal operating condition OPF is used to determine the load 

flow solution which satisfies the system operating limits and minimize the genera

tion costs. In power system planning, OPF is used for capacitor placement studies 

and transmission capability studies. This chapter discusses the formulation of the 

Optimal Power Flow problem in detail. The OPF simulation results are presented 

for three sample test systems. namely a 6-Bus system. IEEE 14-Bus system and 

IEEE 30-Bus system. 

2.2 Optimal Power Flow Formulation 

Optimal Power Flow (OPF) is a power flow problem which gives the optimal settings 

of the control variables for a given settings of load by minimizing a selected objective 

function such as the cost of active power generation or losses. OPF also considers 

the operating limits of the system. Following the "classical~ OPF formulation by 

Dommel and Tinney [1], a number of different methods have been presented to solve 

the OPF problem. In general, OPF is formulated as a constrained optimization 
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problem as 

where 

!lull 

llxll 

f(u ,x) 

g(u ,x) 

h(u.x) 

Minimize f( u~ x) 

Subject to g( u~ x) = 0 

h(u,x) < 0 

vector of control variables . 

vector of state variables. 

Objective function. 

set of equality constraints. 

set of inequality constraints. 

2.2.1 Control variables 

(2.1) 

(2.2) 

(2.3) 

These are the set of \ariables which can be modified to satisfy the load-flow equa

tions. The set of control variables in OPF are: 

• Active power generation of a Voltage controlled bus. 

• Voltage magnitude of a Voltage controlled bus. 

• Tap settings of a transformer. 

• Shunt capacitance or reactance. 
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2.2.2 State variables 

These are the set of variables which describe any unique state of the system. The 

set of state variables for the power system load flow problem are 

• Voltage magnitude of all the buses. 

• Voltage angle of all the buses. 

2.2.3 Objective Function 

The objectives commonly used in power system optimization are as follows: 

• A1inimize the cost of operations: This objective is used to minimize the total 

generation cost in the system. Usually the operation cost of the thermal units 

in the system are minimized. The cost for the thermal units are derived from 

the heat rate curves ( cost versus :\1\V) and expressed as a convex polynomial 

or exponential term. The sum of all such terms for the thermal units are 

minimized. 

• Jf inimize the real pou:er losses : The sum of the losses of all brances in the 

system are minimized. This results in the reduction of active power genera

tion in the system, which saves both the generation cost and creates a higher 

generation reserves. 

• ;\1 inimize the reacti1:e pou:er losses : This objective function minimizes the 

amount of reactive power (VAr) support which indirectly minimizes the reac

tive power losses in the system. This results in a better voltage profile in the 

system. 
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• Maximize the J~1W transfers : Thls objective used to maximize the power 

transfer within a given system which indirectly minimizes the amount of re-

active power support in the system. This objective is used to detemine the 

maximum tranfer limits in the system. 

• A1 inimize the cost of installation of new capacitors and reactors : This ob-

jective is usually used in the system planning studies to allocate more reactive 

power support to the system. This objective minimizes the total cost involved 

in installing new capacitors and reactors to meet the required reactive power 

support. 

• A1inimize the number and deviation in control variables : This objective is 

usually defined as the sum of deviation of the weighted squires of the deviations 

of the control variables from their current operating point. This objective is 

used when it is impossible to reschedule a large number of control at the same 

time. 

In the OPF formulation presented in this thesis, t'I.\."O objectives are considered~ 

(i) to minimize the cost of operation and (ii) to minimize the real power losses in the 

system. All the generator units in the system are assumed to be thermal units. The 

cost functions are expressed as a quadratic function of the real power generations. 

The objective functions used to minimize the total system operating cost can be 

described as 

;Vg 

.Hinimize Lai + .BiPGi + liPJi (2.4) 
i=l 
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where 

number of generators in the system 

the fuel cost coefficient of the generator at bus i. 

real power generation at bus i. 

The objective function used to minimize the real power loss in the system can 

be described as follows: 

m 

.Niinimize ~ G· ·(V2 + V.2 - 2\/;V.. cos 5··) L 'J ' J ' J 'J 
(2.5) 

i=l 

where 

m number of Lines in the system 

c,j trans! er conductrm.ce of the line ij. 

~ote that each term in the summation gives the real pO\\"er loss in a transmission 

line. 

2.2.4 Equality constraints 

The equality constraints are the load-flow equations. For each bus in a power system~ 

there are two equations: 

• Real power balance equation. 

Pc,- Po, - P,(V,J, t) = 0 (2.6) 
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• Reactive power balance equation. 

Pi = 2:: Villj[Gii cos(ai- ai) + Bii sin(ai- a1)] 

Q . - ~ V:V..[B· · cos(a· - a·)- G·· sin(a· - a·)] t - ~ t J lJ 1 J t} t J 

where 

P; active power injection at bus i. 

Q; reacive power injection at bus i. 

PG, real power generation at bus i. 

QG reactive power generation at bus i . • 

Po, real power load at bus i. 

Qo, reactive power load at bus i. 

G;i real part of ybus element ij 

8;1 imaginary part of ybus element ij. 

ai angle at bus i with respect to the ref ence bus. 

V; \1 oltage magnitude of bus i. 

tii tranformer tap settings between bus i and j. 

2.2.5 Inequality constraints 

(2.7) 

(2.8) 

(2.9) 

The inequality constraints are the system operating limits. The inequality con-

straints are [8] 
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• Limits of the real and reactive power generation at the Generator buses. 

P. <P. <P. Gr....,, - G, - G, .. ,h, 

• Limits of Voltage magnitude and angle at all the buses. 

• Limits on the tap setting of the transformers. 

t, <t·· <th" h ow,
1 

_ t] _ 1g ,
1 

• Limits on the shunt capacitance and reactances. 

(2.10) 

(2.11) 

(2.12) 

(2.13) 

(2.14) 

(2.15) 

• Limits on the power flow in transmission, apparent power flow in the trans-

mission line and current flows in the lines. 

(2.16) 

2 Q., 52 p . + ':". < h" h 
I] I:J - tg '] (2.17) 

(2.18) 

The variables in equations 2.16 to 2.18 are defined as (8] 

(2.19) 
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S!-. 
I& - ~; 

t 

s~. P~- + Q~-
'} t} I} 

where 

Pij active power flow in the line ij. 

Q;1 reactive power flow in the line ij. 

5;1 apparent power flow in the line ij. 

l;j current flow in the line ij. 

R;1 resistance of line ij. 

X;i reactance of the line ij. 

s; shunt capacitance at bus i 

(2.20) 

(2.21) 

(2.22) 

l;j tap settings of the trans! ormer located betu:een bus i and j 

2.3 Classification of Optimal Power Flow 

The OPF methods are commonly classified into two types: 

2.3.1 Class A 

In this method the OPF starts from a solved load flow solution. The Jacobian 

and other sensitivity relations are used in the optimization process. This involves 
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iterative process which calculates the load flow solution in every iteration. An 

example for this method is the method by Dommel and Tinney [1]. This method 

uses the power flow solution as the starting point and a gradient method is used to 

obtain the optimal point. The basic idea is to move from one feasible solution point 

to another in the direction of steepest descent. 

2.3.2 Class B 

This method uses the exact optimality conditions where the load flow equations are 

formulated as equality constraints. There is no need of a load flow solution. Most 

of these methods are based on the Kuhn-Tucker optimality conditions [23]. The 

Kuhn-Tucker condition determines whether at any given solution point a relative 

optimum has been reached. The inequality constraints on variables and functions 

are enforced by penalty functions. It should be noted that there are no unique 

penalty based approaches known today for solving the Kuhn-Tucker conditions with 

straight forward solution processes. To improve speed and convergence, heuristic 

methods are used which involve many trial iterations and soft limit enforcements. 

The main advantage of this method lies in the fact that the Hessian matrix, which 

is a symmetric matrix of second partial deri·vative of the power flow equations with 

respect to the state variables is sparse and remains constant. The :\ewton based 

OPF method proposed by Sun et.al. [24} falls in this category. 

2.4 Optimization Methodology 

The OPF problem was solved using :\-liNOS version 5.4 [25]. MI~OS is one of the 

most popular general purpose optimization tools used to solve the OPF problem. 

MINOS is capable of solving optimization problems with nonlinear objective and 
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nonlinear constraints. 

2.4.1 Description of MINOS 

MINOS is coded in FORTRAN~ which is designed to be almost machine-independent 

and to operate primarily within main memory. MINOS is based on the \Volfe!s 

reduced-gradient algorithm [26]. The nonlinear constrained optimization problem 

can be expressed as 

Jt/inimize (2.23) 

Subject to f(x) + A. 1y = b1 (m 1 rows) (2.24) 

(2.25) 

(2.26) 

where f(x) = [f 1(x), ····~fm 1 f. The variable x is a ~ non-linear variable ~ and 

the variables y is a. linear variables. 

The solution process im·oh·es a sequence of major iterations, which requires the 

linearization of the nonlinear constraints at each point of xk corresponding to the 

first order Taylor's series approximation . At each major iteration the linearized 

subproblem is given by 

~\1 inimizer.y L(x, y ! Xk. >.k~P) = j 0 (x) + cT x + dT Y- >.I(f- ]) 

+~p(f- })T(f- j) (2.27) 

Subject to f + AtY = bt (2.28) 

(2.29) 
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I~[:]< u (2.30) 

f- J = (f- !~e)- l~c:(x - x~c) (2.31) 

where J(x) is the Jacobian matrix~ Afc: is the vector of lagrangian multipliers and p 

is the penalty parameter. 

The variables in the linearized subproblem are partitioned as [ 8 S NL where 8 

is the basic variables~ S is the super basic variables and N represents the non-basic 

variables. The active constraints can be written as 

(2.32) 

I h . . . [ BSN l h 1 r I n t e act1ve constraint matnx .4. = I ~ t e ast 1ew cou mns represent 

the identity matrix I. Consider an operator Z which satisfies the condition AZ=O 

[ 

8
-1 ] 

such that Z = ~ 

The feasible desent direction Die can be obtained using 

zTczn; = -zT9 

Die = ZDk 
s 

where g is the gradient of the objective function. 

'·) "'"'' \ _ •• .),) J 

(2.34) 

:\ quasi-.\'ewton approach is used to find the search direction o: ~ by replacing 

the Hessian with a positive definitive approximation. 

:\ow the value of XJc is updated to x~e + c/' D". The scalar ale is obtained bv 

using a line search such that it will lower the value of the objective function. This 

processes is repeated till an optimal point is reached. 
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2.4.2 Optimal Power Flow Program. 

This section describes the OPF program which was developed to solve the OPF 

problem using MINOS. The program was written in C++ [27]. This program reads 

the system data from four different files which are used to solve the OPF problem. 

The details of these files are given in Appendix A. This program formulates the OPF 

problem in standard files as required by MINOS to solve the optimization problem. 

The details of the standard input file required by MINOS are given in [25]. MINOS 

independently solves the OPF problem and the results are stored in the output file. 

All these programs are developed in a UNIX environment. 

2.5 Simulation Results 

2.5.1 The 6-Bus System 

55+ jl3 

.-------------~~ 

30 + jl8 

Figure 2.1: The 6-bus system 

Figure 2.1 shows the 6-bus system which has 7 lines~ 2 generators~ 3 tap-changing 

transformers and 2 capacitors. The bus data and generator data for the system are 

given in Appendix B. The-1ower voltage magnitude limits for all the buses are 0.95 
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p.u. The upper limits are 1.1 p.u for the generator buses 172 and 1.05 p.u for all the 

load buses. The results of the OPF with minimum cost and loss objectives along 

with the base case load flow solution are summarized in Table 2.1. The 'Base case~ 

refers to the load flow solution without any optimization objective. The OPF with 

cost objective function results in a total operating cost of 601.25 S/hr and total 

system loss of 8.078 M\V. The OPF with minimum loss objective function results 

in a total operating cost of 813.76 $fhr and a total system loss of 6.241 MW. It 

can be seen that the total operating cost of the system is considerably high while 

minimizing the total losses in the system. For simplicity only the value of the control 

variables are shown in the table. 

Table 2.1: OPF results for the 6-Bus system 

Control Base Min. Min. 
variables case Cost Loss 
VI (p.u) 1.1 1.1 1.1 
v'2 (p.u) 1.1 1.1 1.1 
PG2 (~HV) 50.0 50.0 26.45 
Q c.. Cvl var) 14.4 12.54 13.24 
Q q, C\'I var) 15.6 17.50 17.50 
Tt 0.991 0.9657 0.9500 
T'2 0.944 0.9847 0.9543 
T3 1.013 0.9810 1.0153 
Operating 
cost [S/hr} 604.58 601.25 813.76 

Loss [:M\V) 8.40 8.078 6.241 

2.5.2 14-Bus System 

Figure 2.2 shows the IEEE 14-bus system '"'·hich has 20 lines: 5 generators, 3 tap

changing transformers. Tlie bus data and generator data for the system are given in 
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Figure 2.2: 14 bus system 

Appendix B. The voltage magnitude limits for all the load buses are between 0.95 

and 1.05 p.u. The voltage magnitude limits for all the generator buses are between 

0.95 and 1.1 p.u. 

The tap-changing transformers are allowed to vary between the range 0.9 to 1.1. 

The results of the OPF with the two different objective functions and the base case 

load flow solution are summarized in Table 2.2. The OPF with cost objective results 

in a total cost of 1043 S/hr and loss of 5.124 .MW. The OPF with rninimimum loss 

objective results in a total operat ing cost of 1344.86 S/hr and loss of 1.648 MW. 
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Table 2.2: OPF results for the 14-Bus system 

Control Base Min. Min. 
variables case Cost Loss 
Vi (p.u) 1.0500 1.0500 1.0500 
\12 (p.u) 1.0450 1.0393 1.0500 
v3 (p.u) 1.0300 1.0295 1.0434 
lis (p.u) 1.0500 1.0500 1.0500 
Vs (p.u) 1.0500 1.0500 1.0500 
Pc2 (MW) 34.0 28.71 58.71 
Pc3 (MW) 80.0 80.00 80.00 
Pc5 (MW) 50.0 34.45 88.13 
Pea (MW) 50.0 33.78 70.00 
Qc10 (Mvar) 10.0 11.84 11.74 
Qc-11 (Mvar) 10.0 10.57 10.99 
Qc13 (Mvar) 10.0 9.16 9.37 
Qc-14 (Mvar) 10.0 5.20 5.20 
T1 1.0000 0.9884 1.0321 
T2 1.0000 1.1000 1.1000 
T3 1.0000 1.0185 1.0135 
Operating 
cost [S/hr} 1075.58 1043.19 1344.86 

Loss [~'1\V} 4.309 5.124 1.648 

2.5.3 IEEE 30-Bus System 

Figure 2.3 shows an adaptation of the IEEE 30 bus system standard load-flow test 

system [4] with 41 lines, 6 generators~ 4 tap-changing transformers and 2 fixed 

capacitors. The line data, generator data and load data for the system are given in 

the Appendix B. The lower voltage magnitude of all the buses are 0.95 p.u and the 

upper limits are 1.1 p.u for all the generator buses 2,5,8)1, and 13, and 1.05 p.u for 

all the remaining buses incJuding the reference bus 1. The tap changing transformers 
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Figure 2.3: IEEE 30 bus system 

are allowed to vary in the range between 0.9 and 1.1. The OPF results along with 

the base case solution are illustrated in Table 2.3.The OPF with minimizing the 

operating cost results with a total operating cost of 800.79 Sjhr and loss of 8.646 

Yl\V. The OPF with minimum loss objective results with an operating cost of 967.82 

S/hr and loss of 3.243 :\'f\V. 

_, 
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Table 2.3: OPF results for the IEEE 30-Bus system 

Control Base Min. Min. 
variables case Cost Loss 
vl (p.u) 1.0500 1.0500 1.0500 
v2 (p.u) 1.0450 1.0381 1.0477 
Vs (p.u) 1.0100 1.0114 1.0294 
Vs (p.u) 1.0100 1.0191 1.0364 
VI 1 (p.u) 1.0500 1.0891 1.0796 
v13 (p.u) 1.0500 1.0858 1.0738 
PG, (:YI\V) 80.00 48.56 80.00 
PGs (MW) 50.00 21.43 50.00 
PG8 (M\:V) 20.00 21.70 35.00 
PGII (M\V) 20.00 12.06 30.00 
PGIJ (MW) 20.00 12.00 40.00 
T1 0.9780 1.0018 1.0031 
T2 0.9690 1.0468 1.0178 
TJ 0.9320 1.0011 0.9972 
T4 0.9680 0.9425 0.9563 
Operating I 

cost [S/hr] 903.3 800.79 967.82 

Loss [:vi\V} 6.502 8.646 3.243 

2.6 Summary 

This chapter has discussed the formulation of Optimal Power Flow problem in detaiL 

An Optimal Power Flow program was developed by using a general purpose opti-

mization software :MINOS which is capable of solving the sample test systems used 

in studying power systems. The 0 PF program is capable of handling two different 

objectives to minimize the total operating cost and to minimize the total system 

losses. Simulation results for the OPF using these two different objective functions 

were carried out on the 6;;bus system. IEEE 14-bus system and the IEEE 30-bus 
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system. The results clearly shows that the OPF is better compared to the load 

flow solution1 in terms of system operating cost and minimizing the losses. If the 

OPF with cost objective is implemented as a part of Energy Management System 

(EMS) the utility will save a substantial amount of money every year. Minimizing 

the MW losses in the system results in reducing the MVAR losses in the system. 

Loss minimization in the system will also result in substantial savings for the utility 

as the amount of total generation decreases and the total MVAR support required 

to operate the system is less. The choice of the objective function for the OPF 

depends on the needs of the utilities. 
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Chapter 3 

Security Constrained Optimal 
Power Flow 

3.1 Introduction 

Chapter 2 has discussed the significance of optimal power flow in the power system 

operation. OPF helps to maintain the economic operation of the power system. 

Another important aspect of the power system is the steady-state security. This 

is defined as the ability of the power system to operate within its system limits 

following a contingency. Security Constrained Optimal Power Flow (SCOPF) is 

an extension of OPF which helps to maintain the combined goal of economy and 

security of the power system. This chapter introduces the concept of Power System 

Security and the formulation of SCOPF is discussed . The advantages of SCOPF 

compared to the OPF are highlighted with the example of simulation results for the 

test power systems. Simulation results are provided for a 6 bus system and a 30 bus 

system. 

3.2 Security Concepts 

The main aim of the power system security analysis is to design appropriate control 

measures to prevent the system from blackout. The operation of a power system 
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can be classified into four main states [30}. Normal state is one where all the loads 

are supplied and no equipment in the system is overloaded. The system is said to be 

secure and it can withstand a contingency without violating any constraints in the 

system. Alert state is a state where the system is operating within its limits but 

a contingency may violate some of the system limits. Following the alert state the 

system enters the in extremis~ when a severe contingency occurs in the alert state. 

If the system continues to remain in this state, it results in cascading outages may 

occur and the system may lose a portion of the load. In this case a load shedding is 

initiated to prevent the system from a total blackout. The restorative state is one 

which takes the system from the extrmis to the alert state or normal state. 

Reference [3] classifies power system security into six levels as shown in Figure 

3.1. 

LEVEL I 

All loads suppled, no operaung limits violation, 
and followmg a contine;ency there w1ll be no LEVEL 2 1 v•olations. 

All loads suppled, no opera.tmg limits violated. 

LEVEL.; 1 and any post contingency violations can be 
corrected by appropriate contol actions. 

All loads suppled , no operating limits " iolated, LEVEL 3 1 Some ,·iolat•ons ar-e caused by a contingency 
and cannot be corrected without loss of load. 

All loads supplied, but operating limits are violated 

LEVEL 5 1 
these can be corrected by appropriate control 
act•on without loss of load. 

All loads supplied. but opemting limits ' · iolated. I these cannot be corrected without loss of load. 

LEVEL 6 ! 
::-;0 limits VIOlated, but lOSS Of load suffered. 

Figure 3.1: Power system static security levels 

Levels l-5 represent the various levels of transition which may occur in the event 
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of a contingency. Level6 refers to the severe condition where the system will suffer a 

loss in loads. SCOPF is normally concerned with level 1 and level 2 security. These 

levels are defined as follows: 

• Security level I is one where all the loads are supplied, system is well within 

its operating limits and no violations occur following a contingency. 

• Security level 2 is one where all the loads are supplied, system operates within 

its limit and the post-contingency violations in the system can be corrected 

by suitable control actions without loss of load. 

Its is more expensive to operate the system at security level 1 compared to 

security level 2. 

3.3 Advantages of SCOPF 

The advantages of SCOPF can be demonstrated with the help of a simple example 

adopted from reference [31]. This two bus system with 2 generators and 2 transmis

sion lines is shown Figure 3.2. The system supplies a total generation of 200 M\V at 

bus 2. The transmission line losses are not considered. The generation limits, line 

limits and the incremental cost data are: 

Generator No. I 2 

min. generation Uv!ltV) 50 0 

max. generation (!\Ill¥) 200 120 

max. Line Limits (AfltV) 120 100 

lncrem·~ntal cost (S/A1l'V) 1.0 1.5 
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~~- ~--~~---------L-in_e __ # __ l ________________ ~~ ~
2 

Line# 2 
2 Load 

200 ~tW 

Figure 3.2: Two bus system 

If the generation is scheduled using optimal power flow to minimize the operation 

cost~ generator 1 will be assigned the total load of 200 M\V. The system operation 

would be as in Figure 3.3. C nder this condition the system is operating in the most 

economic manner. It can be noted that line 2 is operating at its maximum limit. If 

the system is subjected to the outage of line 2, the total load po\-..·er of 200 ~1\V will 

flow through line l. .-\s the ma.ximum limit of line 1 is 120 ~1\\" , protective relays 

\\·ill disconnect the line and the system will lose its total load. 

100 ~tW 

200 MW Q"-.
1

--i--------------------1~ G)' 0 
>!\\' 

2~ Load 
100 ~IW 

20C .\IW 

Figure 3.3: OPF solution 

Suppose the generators are re-scheduled using SCOPF as shown in Figure 3.4. 

the system maintains the operation following the outage of line 2 since the remaining 

line can carry the required power. In this simple example only the line limits are 

considered. But in a typical system. several system limits are violated following a 

contingency. The SCOPF takes into account all the system operating limitations. 
,. 
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Figure 3.4: SCOPF solution 

3.4 Types of Security Constrained Optimal Power 
Flow 

In this section the two basic types of security level 1 SCOPF namely (i) The Non-

decomposed approach [4]and (ii) The Decomposed approach [32Jare discussed. These 

methods are based on the formulation of the SCOPF. 

3.4.1 The Non-decomposed approach 

The SCOPF problem is formulated as a large single multi-variable, multi-constrained 

optimization problem as in [4]. The main challenge in this method lies in the com-

putational aspect. The SCOPF problem size increases with the number of contin-

gencies considered. If there are Xc contingencies to be considered in the SCO P F, 

the problem size becomes Sc + 1 times as large as the base case OPF. This method 

requires efficient optimization algorithms to handie the large number of variables 

and constraints. 

3.4.2 The Decomposed approach 

In this method the base case optimal power flow is augmented by a small number of 

post-contingency inequality constraints, expressed in terms of the base case variables 

as in [32]. The base case OPF problem is first solved separately. Then a contingency 
,, 
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analysis is performed to detect the post-contingency states and the post-contingency 

violating quantities are linearized about its relevant state and transformed into a 

function of base-case variables. This is accomplished by using large-perturbation 

sensitivity analysis, normally by employing Inverse Matrix Modification Lemma 

(33]. Finally the base-case problem with the augmented post-contingency constraints 

problem is solved. This cyclic process is repeated till no post-contingency violations 

occur in the system. This process mainly relies on the fast contingency screening 

and detection algorithms. 

3.4.3 Formulation of Security Constraint Optimal Power 
Flow 

In this section, a non-decomposed SCOPF method is used as in [4]. In this method, 

the OPF problem is expanded to include the contingency constraints. In general 

SCOPF formulation can be written as follows: 

:\1inimize (3.1) 

Subject to (3.2) 

(3.3) 

(3.4) 

(3.5) 

where 

Nc is the total number of contingency cases. 

superscript '0' refers to the pre- contingency case. 

superscript 'k' ·' refers to the contingency case. 
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In the SCOPF formulation, equations (3.2)- (3.4) represent the base-case OPF 

problem, which is discussed in detail in chapter 2. This problem is augmented with 

a set of equality and inequality constraints to reflect each of the contingencies. This 

method is aimed at obtaining level 1 security. Hence the control variables ( u) are 

taken to be the same as those of the base-case operating condition for all the outage 

cases. 

The set of equality constraints (equation (3.4) ) represents the power balance 

equation for each of the outage cases. The set of inequality constraints (equation 

(3.5)) represents the system operating limits for each outage cases. The limits of 

the inequality constraints corresponding to the outage cases need not be the same 

as the base-case problem. The inequality constraints is discussed in detail in the 

OPF formulation in chapter 2. 

3.5 Computational Aspects 

The SCOPF problem was formulated using C++ and solved using ::VHNOS. The 

major computational problem in solving the SCOPF arises when the number of 

contingencies to be considered is high. In such a case l\HNOS requires an initial guess 

very close to the actual solution for convergence. Hence the problem was solved in 

two steps. In the first step 1 ~ the SCOPF problem ..... as solved with unbounded Q9 

limits. The solution from step I was taken as the starting point for step 2. In step 

2 SCOPF problem was solved with appropriate limits for Q9 • The tap changing 

transformers are considered as continuous variables. The slack generator is not 

considered as a control variable and it is assumed to take the excess generation 

during the outage cases. 
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3.6 Simulation Results 

The SCOPF results are given for a 6-bus system [29} and the modified IEEE 30-bus 

system [4]. 

The voltage limits for all loads are taken as 0.95 to 1.05 p.u. for both the base-

case and the contingency cases. The tap settings are allowed to vary between the 

limits 0.9 to Ll. Figure 3.5 shows the results of the OPF for the 6 bus system. 

Although the system is operating at a minimum cost~ following the outage of line 

2-5 the voltages at bus 3 and bus 5 are violated. The contingency load flow solution 

is shown in Figure 3.6. 

93.2 + jl6.9 

1.04~ ·10.3° 

50+JT 

55+ jl3 

1 : 0 .981 

,....-----------,[] 
I .009L -10.48 

8 30 + j18 

50 .0 + j2 .6 

Figure 3.5: OPF solution for 6-bus system 

Figure 3. 7 shows the SCOPF solution for the 6-bus system including security 

constraints for the outage of line 2-5. In the SCOPF the control variables are 

scheduled in such a way that following the outage of the line 2-5 the system will be 

operating within its limits. The operating cost is higher for SCOPF compared to the 
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106.5 + j55.5 

jl2.54t ... 
0.97£.-8.0 

~ ~~t--____,, III 
~ 0 .93U.. -19.7° 

30 + jl8 

0 

0 .968L.-14 .4 ---r- J17.50 
so +iF 

55+ jl3 

0 .92£. -9.4 

1 : 0 .981 

50.0 - j0.8 

Figure 3.6: Contingency load flow for 6-bus system (for opf) 

OPF. However the system \\·ill be operating in a more secure manner compared to 

the OPF. 

The contingency load flow solution for the SCOPF solution (outage of line 2-5) is 

sho\'m in the figure 3.9. All the load bus voltages remain within the operating limits. 

Table 3.1 summarizes the results for the 6-bus system. In the simulation of the IEEE 

30-bus system, 3 pre-selected line outages are considered. The results are shown in 

Table 3.2. The simulation results show that for the base case and the OPF solution 

some of the voltages, line flows and reactive power limits are violated following the 

contingencies. In this example all the load bus voltage limits are considered to be 

between the range 0.95 and 1.05 for both the base-case and contingencies. The tap 

settings are allowed to vary in the range of 0.9 to 1.1. Table 3.2 compares the results 

of SCOPF with OPF and base case load flow solution. It can be noted that in the 

SCOPF solution the outage of the lines does not violate any of the system operating 

limits. The SCOPF enhan_c;es the security of the system. 
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30 + j18 G 
50.0 + J2.7 

Figure 3.7: SCOPF solution for 6-bus system 

1065 + j52.0 

55+ jl3 

l.lOL 0 0 .98L -7.9 D 0951L -9.30° 

[] 
l . 1 0181 

[] ~~~ ---., [] 
~ 0 .952L -19 .2° 

30 + j 18 

0 

0 .97SL -14 . 1 :---r- JJ7.50 

50 +iF G 
50.0. j4 .3 

Figure 3.8: Contingency load flow for 6-bus system (for SCOPF) 

,, 
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Table 3.1: SCOPF results for the 6-Bus system 

Control BASE OPF SCOPF 
variables CASE 
VI (p.u) 1.1 1.1 1.1 
v2 (p.u) 1.1 1.1 1.1 

Pc2 (MW) 50.0 50.0 50.0 
QC-4 (Mvar) 14.4 12.54 16.11 
Qq. (Mvar) 15.6 17.50 17.50 

T1 0.991 0.9657 0.9593 
T2 0.944 0.9847 0.9651 
T3 1.013 0.9810 1.0181 

Operating 
cost (S/hr) 604.58 601.25 602.11 

Line 
outages Violating quantities 

\r3 v3 No 
2-5 v: 

;;) Vs Violations 

251------+~ 
26 

Figure 3.9: Modified IEEE 30-Bus system. 
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Table 3.2: SCOPF results for the IEEE 30-Bus system 

Control BASE OPF SCOPF 
variables CASE 
vl (p.u) 1.0500 1.0500 1.0492 
v2 (p.u) 1.0450 1.0381 1.0372 
V5 (p.u) 1.0100 1.0114 0.9872 
Vs (p.u) 1.0100 1.0191 1.0213 
V11 (p.u) 1.0500 1.0891 1.1000 
vl3 (p.u) 1.0500 1.0858 1.0827 

Pe2 (MW) 80.0 48.56 60.11 
Pes (MW) 50.0 21.43 27.68 
Pea (MW) 20.0 21.70 35.00 
Pe11 (MW) 20.0 12.06 20.41 
Pe13 (MW) 20.0 12.00 19.41 

r. 0.9780 1.0018 1.0418 
T2 0.9690 1.0468 1.0824 
T3 0.9320 1.0011 0.9950 
T-1 0.9680 0.9425 0.9422 

Operating 
cost (S/hr) 903.3 800.79 822.06 

Line 
outages Violating quantities 

1-3 Q, QlJl ~0 

4-6 v,2 QlJl Violations 
2-5 \19 lsJ; 

3.7 Summary 

This chapter has presented the formulation of SCOPF to maintain the economy and 

security of the power system following a contingency. The formulation of security 

constraints in OPF makes it a more powerful tool for system operation and planning. 

Simulation results were provided for a 6 bus system and 30 bus system. Operating 

cost of the SCOPF are slightly higher compared to the OPF. However in SCOPF, 

following the outage of the lines the system will be within its operating limits. The 
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increase in the operating cost is greatly offset by the enhancement in the security of 

the system. In some cases the line outages may even lead to a total blackout and 

result in the loss of millions of dollars. It should be noted that there is always a 

trade-off between security and economy. 
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Chapter 4 

Voltage Stability 

4.1 Introduction 

Recently, voltage stability has become an important issue to electric power utilities 

as the utilities are operating very close to its limits due to economical and environ

mental constraints [10]. This chapter presents the theory of voltage stability and the 

analytical tools used to study the voltage stability problem. This chapter also dis

cusses three different voltage stability indices in detail and simulation results based 

on these indices are presented for sample pO\'I:er systems namely, the 6-bus system 

and a 30-bus system. 

4.2 Definitions 

Voltage stability involves a wide range of phenomenon and it is considered as a 

separate subject of study [35]. Voltage stability is different from the rotor angle 

stability (transient stability) . Voltage stability is viewed as a load stability, and 

rotor angle stability is basically generator stability. Some of the terms which are 

often related with voltage stability are [11]: 

• \1 oltage Stability is the ability of a system to maintain voltage so that when 

load admittance is increased, load power will increase, and both the power and 
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voltage are controllable. 

• Voltage Collapse is the process by which voltage instability leads to a very 

low voltage profile in a significant part of the system. 

• Voltage Security is the ability of a system, not only to operate stably, but 

also to remain stable following any reasonably credible contingency or adverse 

system change. 

4.3 Mechanism of Voltage Collapse 

The mechanism of voltage collapse can be explained by considering a radial system 

[11] shown in Figure 4.1. This system is mainly consists of two loads, (i) industrial 

load and (ii) residential load. These loads have different characteristics. A major 

portion of the industrial load is made up of induction motors which operate at 

low power factor. These loads are not significantly affected by voltage variations. 

Residential loads on the other hand operate at higher power factor and are affected 

by change in voltage. 
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Figure 4.1: Radial system used to demonstrate the voltage collapse mechanism _, 
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Voltage collapse may be triggered by a small increase in load or loss of trans

mission line or generation. This will cause the receiving end voltage to drop. The 

total residential load will reduce as the voltage drops. The industrial load will not 

be affected much by this drop in voltage. The reactive power compensation devices 

in the industrial load will decrease its reactive power contribution. Hence there will 

be a net increase in the reactive power demand in the industrial load. But this is 

greatly offset by the net decrease in the residential load. As a result the voltage will 

settle at a low value, nearly 95% of its initial value. 

When the voltage near the load decreases the transformer LTC's will come into 

action and it will try to increase the voltage near the receiving end. This causes the 

residential load to increase and draw more reactive power. The increasing residential 

load will cause the primary voltage of the transformer to fall further. The reactive 

power compensating devices connected to the primary will produce less reactive 

power and the primary reactive losses will increase. This will cause the voltage to 

drop and settle at a value near 90 % of the nominal voltage. 

:\ major portion of the residential load is made up of heating load. The ther

mostats in the heater will try to increase the load to maintain the output power. 

This will cause the voltage to further drop. As the voltage falls below a nominal ac

cepted value the induction motors in the industrial load will stall. This will increase 

the reactive current drawn by these motors and this may lead to a total voltage 

collapse. This total scenario may take a few minutes to hours. In the event of a 

severe contingency the voltage collapse may be faster. 
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4.4 Static vs Dynamic Analysis 

There has always been a debate on whether voltage stability is a static or dynamic 

phenomenon. The time frame for the static and dynamic stability are not the same. 

The time frame for the dynamic voltage stability is in the order of milliseconds to 

few seconds~ while the static voltage stability occurs in the time frame of several 

minutes to hours. The three major components which play an important role in the 

voltage stability are the tap-changer dynamics, load dynamics and the generator 

excitation dynamics. Hence, voltage stability is a dynamic process. Various aspects 

of the static and dynamic voltage stability have been discussed in [36J and it has 

been pointed out that both the static and dynamic approaches lead to the same 

results under certain conditions. Voltage stability has often been viewed as a steady 

state aspect considering the longer time frame involved. Most of the tools used to 

analyze the voltage stability problem in the utilities are based on the static model 

of the power system. Hence in our discussion we have focused our interest on the 

static voltage stability methods. 

4.5 Methods of Voltage Stability Analysis 

The two widely used methods for voltage stability analysis are: (i) P-V curves 

and (ii) V-Q curves. These two methods are based on the conventional power flow 

analysis. 

4.5.1 P-V curves 

P-V curves are obtained by plotting the total system load (P) versus the voltage 

of the critical bus (V). These curves are plotted from the results obtained from the 

load flow solutions by slowJ,y increasing the loads in discrete steps. Figure 4.2 shows 
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the P-V curves. P-V curves are parabolic in shape. In the top half of the curve, 

the voltage decreases as the system load increases. Here the slope of the curve is 

negative. The nose point ( normally referred to as the critical point) of the curve 

gives the ma.ximum power which can be delivered to the load. The bus voltage 

corresponding to the critical point is referred to as the critical voltage. Out of 

all the buses in the system, the voltage profile of one particular bus will approach 

the critical point faster compared to the other buses. The voltage stability of the 

system is limited by this particular bus. The voltage profile of this particular bus 

is used to study the stability of the system and it is referred as the critical bus for 

the system. A disadvantage in this P-V curves is that near the critical point the 

power flow Jacobian matrix tends to be singular and the power flow solutions starts 

to diverge near this point. Hence special tools such as the Continuation Power Flow 

[37] should be used to obtain the load flow solution near the critical point. 

The P-V curves are also used to determine the voltage stability margin of the 

system. Voltage stability margin can be considered as the amount of additional 

load in a specific pattern of load increase that would cause a voltage collapse in 

the system. This can be estimated from the P-V curves as the difference (in :\-1\V) 

between the critical point and the base case loading. 

Figure 4.2 shows the P-V curves for different power factors. As the power factor 

changes the critical point varies. The critical point is higher for a leading power 

factor compared to a lagging power factor. Also the critical voltage is higher for a 

leading power factor. This is an important aspect in voltage stability. 

··' 
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Figure 4.2: P-V curves 

4.5.2 V-Q curves 
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The V-Q curves are plots of the critical bus voltage versus reactive power of the 

same bus. To obtain the V-Q curve of a bus~ a fictitious synchronous condenser is 

represented at that particular bus and the bus is assumed to be a voltage controlled 

bus without reactive power limits. :\ series of pO\\.·er flow simulations are done 

for various values of synchronous condenser voltage and the corresponding reactive 

power output is obtained. The V-Q curves are obtained by plotting the condenser 

reactive power output versus the voltage. The voltage is taken as the independent 

variable. From this curve the operating point can be obtained by removing the 

fictitious synchronous condenser, which corresponds to the zero reactive power point 

in the plot. Some of the main advantage of the V-Q curves are: 

• As the voltage stability problem is closely related to the reactive power, the 

reactive power margin can be directly obtained from this cun·es. This is the 
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margm between the operating point and the bottom point of the curve as 

shown in Figure 4.3(a). 

• The characteristics of the shunt compensating devices can be directly plotted 

on the same plots. In this case the reactive power margin is calculated as the 

distance between the operating point and the point at which the compensating 

device characteristics is tangent to the V-Q curves. This is shown in the Figure 

4.3(b ). 

V-Q curves are widely used in utilities to analyze the voltage stability problem. 

There are a number of tools used to evaluate the steady state voltage stability 

limit of the system. Three of such tools which are widely used are discussed here. 

namely: 

1. Continuation Power Flow. 

2. Minimum Singular Value method. 
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3. Kessel and Glavitch method. 

4.6 Continuation Power Flow 

The key idea in Continuation Power Flow ( CPF) [37] is to avoid the singularity of the 

Jacobian of the power flow problem by slightly reformulating the power flow equa-

tion to include a load parameter, and apply the locally parameterized continuation 

technique. 

v 

Predictor-

/ 
---- Corrector-

Critical point 

lambda 

Figure 4.4 : Continuation Power Flow 

As shown in Figure 4.4, CPF starts with a known solution and uses a tangent 

predictor to estimate the next solution. This estimate is then corrected usmg a 

Newton-Rapson technique. 

The power flow equations in general can be written as 

··' F(;£~ ..\) 0 ( 4.1) 
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where x = [ ~' V jT and A represents the load parameter such that 

0 < A < Acriti=l ( 4.2) 

where A = 0 corresponds to the base case and A - Acriticr:l corresponds to the 

critical point. 

The dimension ofF will be 2npq + npv: where n 71q and npv are the number of 

PQ and PV buses respectively, which may be written as follows 

"V: V..(G · ·cosO--+ 8 --sinO-- ) - ~ l J IJ 1] l) tJ 

JU 

where 

(4 .5) 

(4.6) 

(4.7) 

PLio , Q Lio active and reactive loads at bus i in the base case. 

Pcio active power generation at bus i in the base case. 

constant used to specify the rate of load increase at bus i as A varies. 

constant used to specify the rate of generation increase as A varies. 

The base case solution of the above equation is the ordinary power flow solu-

tion with .A 0. Once this is calculated it should be continued for the case 

( (xi, A1 L (x2 , A2L .... .. . (Xcriticai, >-critical) ). CPF uses a predictor-corrector scheme 

to find the continuum of power flow solution. 
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4.6.1 Prediction 

The prediction of the next solution can be made by ta.lcing an appropriate sized step 

in the direction tangent to the solution path. The tangent calculation is derived by 

taking the derivative of both sides of equation (4.1) 

dF = a F dd a F dV a F d).. = 0 
8d + av +a>. (4.8) 

The tangent vector is obtained as 

(4.9) 

In equation (4.9) the matrix [F] is the Jacobian matrix augmented with an ad

ditional column (!.\) , and l = [da, dV d>..f is the tangent vector . The addition 

of).. has increased the number of unknowns, while the number of equations remain 

unchanged. The problem is solved by adding one more equation which consists of a 

non-zero magnitude for one of the tangent vectors to equation ( 4.10) . The resulting 

equation is 

(4.10) 

The tangent vector is calculated by solving equation ( 4.10) and the predictor is 

made as shown in equation (4.11) 

0 (4.11) 

where q designates thc( step size. 
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4.6.2 Parameterization and Corrector 

In the parameterization, the original power flow equations are augmented by one 

more equation that specifies the value of one of the state variables. The new set of 

equations is given in equation (4.12) and it is solved by Newton-Rapson method. 

[ 
F(x) ] = 0 (4.12) 

Xk- TJ 

There are several ways of choosing the continuation parameter. Usually the 

state variable with the greatest rate of change near a given point is chosen as the 

continuation parameter. The best way to evaluate the continuation parameter is as 

shown in equation (4.13). 

( 4.13) 

\Vhile selecting the continuation parameter the sign should be noted so as to 

assign +1 or -1 for the subsequent tangent vector calculation. 

The CPF is used as an bench mark to obtain the PV-curves. VSTAB [38] was 

used to obtain the PV-curves. VST.-\B is a commercial software used to analyze the 

voltage stability and contingency load flow. 

Simulation results are obtained for the 6-bus system and the IEEE 30-bus system. 

Figures 4.5 and 4.6 show the PV-curve for the critical bus for these systems. 
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Table 4.1: CPF for the 6-bus system 

Total Load Voltage at Voltage at Voltage at Voltage at 
(MvV) Bus 3 Bus 4 Bus 5 Bus 6 
135.00 1.0106 1.0496 1.0099 1.0489 
165.00 0.9554 1.0029 0.9401 0.9978 
195.00 0.8829 0.9407 0.8478 0.9286 
225.00 0.7672 0.8387 0.6986 0.8125 
232.50 0.7120 0.7885 0.6257 0.7534 
234.37 0.6922 0.7702 0.5988 0.7312 
236.25 0.6560 0.7360 0.5480 0.6885 
236.37 0.6525 0.7326 0.5427 0.6841 
236.41 0.6443 0.7236 0.5291 0.6708 
236.63 0.6362 0.7158 0.5159 0.6600 
236.70 0.6286 0.7083 0.5030 0.6492 
236.80 0.6215 0.7008 0.4904 0.6383 
236.46 0.6152 0.6946 0.4782 0.6285 
236.21 0.6098 0.6890 0.4662 0.6193 
235.19 0.6048 0.6835 0.4545 0.6098 
235.21 0.6004 0.6785 0.4432 0.6005 
232.49 0.5967 0.6740 0.4321 0.5913 

As discussed in the previous sections: critical bus for the system is the one where 

the voltage declines much faster than the other load buses. The voltage declines for 

all the load buses in the 6-bus system is shown in Table 4.1. From this table it can 

be seen that Bus 5 is more critical compared to the other buses. Similarly for the 

30 bus system, Bus 30 was the most critical bus out of all the 24 load buses. 
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Figure 4.6: Continuation Power Flo, .. · for the 30-bus system 

4.7 Minimum Singular Value method 

The use of singularity of the power flow Jacobian as an indicator for steady state 

voltage stability was first proposed by Venikov et a1.[39L where the sign of the 

determinant of the Jacobian was used to determine whether the system is stable or 
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not. At the static bifurcation point the Jacobian becomes singular and the inverse of 

the Jacobian does not exists. In 1988, Tiranuchit et aL[15J proposed a static voltage 

stability index based on the minimum singular value of the power flow Jacobian. 

The power flow equations are written as in equations (4.14) and (4.15): 

P( d, V) - 0 ( 4.14) 

Q( £, v) - 0 ( 4.15) 

where P and Q represent the set of active and reactive power balance equation 

of the system. The power flow Jacobian matrix is given by 

~~ Jl 
~ av 

( -!.16) 

The singular \-alue decomposition of the Jacobian matrix is obtained by 

where rand\" are the orthogonal matrices .. ~= diag[crl,C12········cr,-;1 with G"m= = 

The minimum singular \-alue 1s the security index to monitor how close the 

system is to '\"Oltage stability. 

This method was implemented using ).IATLAB. Results for the ~Iinimum Sin-

gular Value index for the 6-bus svstem and the IEEE 30-bus svstem are shown in - -
the Figures 4./ and 4.8 respectively. It can be noted that the minimum singular 

\-alue of the Jacobian mc:trix starts to decrease from the base case load and reach a 

value of zero near the critical point. 
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4.8 Kessel and Glavitch method 

Kessel and Glavitch [40) developed a voltage stability index based on the feasibility 

of power flow equations for each node. The multi-node power system is represented 

as two categories of nodes, one which is characterized by the behavior of PQ-node 

and the other by the PV -node. This is represented in terms of a hybrid matrix as 

given in equations (4.1S) and (4.19): 
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( 4.18) 

( 4.19) 

where 

vector of val tages and currents of the customer nodes. 

Va, fc vector of voltages and currents of the generator nodes. 

The H-matrix is generated by the partial inversion of the YBUS. For the PQ 

node, the voltage \lj is given by 

\; . - ~ Z ··l · + 'F-·\1; ] - L..... ]t t L_- )I l (4.20) 
icor 

The global indicator L is given by [40] 

L = maxll1 - Lico{/Fii \ti II 
] 

( 4.21) 

The L-indicator varies in the range between 0 ( for no-load) to 1 (voltage collapse 

point). This index was implemented using !viATLAB. Results for a 6 bus system 

and the IEEE 30 bus system are shown in the Figures 4.9 and 4.10 respectively. 

The figure compares the L-index performance is compared with the CPF results. 

It can be seen that the L-index reaches the value of 1 near the voltage collapse point. 

Although the L-index value slightly exceeds the theoretical value of 1 near the point 

of collapse. the effect of this error with respect to the load factor is very smalL 

53 



1.5~----~------~----~------.-------.------.-------.------. 

>C 

-8 c .. ., 
...J.,. 

tid~ 
~ cc 0.5 

s L-----------------------------------~ 

QL------L----~~----~----~~----~------~----~----~ 
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 

Load factor 
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Figure 4.10: L-index for the 30-bus system 

4.9 Summary 

This chapter has presented a discussion on the theory and analytical tools used to 

study the voltage stability problem. Three different types of voltage stability indices 

namely Continuation Power Flow (CPF)~ Minimum Singular Value and L-index are 

discussed. Simulation results are presented for a 6 bus system and 30 bus system for 

the three methods. CPF is used as a benchmark in the power utilities to determine 

the stability margin and evaluate the other indices. The Voltage stability index 
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based on the Minimum Singular Value is used by some utilities to study the voltage 

stability problem. The main disadvantage of this method is the computation time. 

The L-index based voltage stability index is simple to compute and it provides a 

means to judge the voltage stability of the system at any given operating point. 

Simulation results based on the L-index are compared with the CPF results for 

the 6 bus system and 30 bus system. It can be noted that the L-index does not 

need the computation of Jacobian matrix. In chapter 5, the L-index based voltage 

stability index has been used to investigate the effects of the voltage stability index 

in SCOPF. 
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Chapter 5 

Optimal Power Flow including 
Voltage Stability 

5.1 Introduction 

In recent years increased loading and exploitation of transmission lines for economic 

reasons have created voltage stability problems in all major utilities. Chapters 2, 

3 and 4 have discussed the significance of optimal power flow, security constrained 

optimal power flow and voltage stability in the power system operation. Security 

constrained OPF is a class of OPF problem which takes into account the security 

of the system following a contingency. However, in the present SCOPF problem 

the voltage stability of the system has not been taken into account. This chapter 

proposes a method to include the voltage stability index as a part of OPF. The 

advantages of the proposed method are discussed with the simulation results for the 

test power systems. 

5.2 Optimal Power Flow including Voltage Sta
bility Index 

To include the voltage stability index as a part of the OPF, the index must be simple 

to calculate and it should ,give a clear picture of how close the system is operating 
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with respect to the voltage collapse point. Most of the indices are based on the load 

flow solution and use sensitivity of Jacobian matrix to evaluate the voltage stability 

of the system. This kind of sensitivity based indices involves the computation of the 

inverse of the Jacaobian matrix and it is not easy to include such indices as a part of 

OPF. The L-index proposed by Kessel and Glavitsch [40] and discussed in chapter 4 

is simple to calculate and it does not require the calculation of the Jacobian matrix. 

The value of the index varies from 0 to 1 between no load to critical load. This gives 

a dear idea how close the system is from the point of collapse. 

The L-index can be formulated as a part of the OPF as 

~'-'1 inimize f(u,x) ( 5.1) 

Subject to g(u,x) = 0 (5.2) 

h(u,x) < 0 (5.3) 

l(u.x) :5 1 ( 5.4) 

Equations (5.1) to (5.3) represent the general OPF formulation as discussed in 

chapter 2, equation ( 5.4) refers to the L-index for each of the load bus in the system. 

The L-index is calculated as shown in equation (5.5) 

(5.5) 

where 

(5.6) 
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The values of Zii and Fji are obtained from the partial inversion of the YBUS. 

The various computations involved in calculating the L-index are discussed in detail 

in chapter 4: where it is shown that the L-index can be computed independently. 

The main advantage of formulating the L-index as part of OPF is discussed in the 

following sections. 

5.3 Voltage Stability Margin Enhancement 

The main objective of including the voltage security index in OPF is to improve 

the voltage stability margin. The voltage security index in the OPF allows one to 

improve the voltage stability margin of the system to be improved in two ways. 

The L-index can be formulated as a part of the OPF constraints. This will allow the 

operator to restrict the value of the L-index within a range of 0 to L==· In the 

other method, the value of the L-index can be minimized by formulating the index 

as the objective function of the OPF. This will minimize the value of the L-index 

of the most critical bus in the system and will result in a better voltage stability 

margm. These two methods are discussed in the following sections: 

5.3.1 L-index as OPF constraints 

Voltage collapse often occurs in a stressed system operating at a higher loading 

condition. In such a operating condition some of the system parameters will be 

operating close to their limits and following a contingency these parameters will 

violate the system limits. Hence it is not possible to maintain the level 1 security of 

the system as discussed in SCOPF in chapter 3. In the discussion here, the security 

of the post-contingency system is viewed in terms of voltage stability of the system. 

The main aim is to avoid the possibility of voltage instability of the system following 
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a contingency. Figure 5.1 show the CPF plot for the 6-bus system. The plots shows 

the voltage at bus 5 corresponding to the base case and the outage of line 2-5. Figure 

5.2 shows the CPF results for the 30-bus system. the plot shows the voltage profile 

of bus 30 system corresponding to the base case and outage of line 38. 
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Figure 5.1: Continuation Power Flow for the base case and a line outage case for 
the 6 bus system 
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Figure .5.2: Continuation Power Flo" .. · for the base case and a line outage case for 
the 30 bus system 

It can be seen that the voltage stability margins of the system are determined 

by the outage case~ as its voltage profile reaches the critical point much earlier 

compared to the base case. At a particular loading condition the stability margin 

may be adequate for the 'base case solution. However if a contingency occurs in the 
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system the voltage stability margin of the system may be marginal for the post

contingency operating condition. In some cases this may lead to voltage instability. 

In this OPF formulation, the security of a stressed power system is viewed as 

follows: 

• the pre-contingency operating condition should be within the specified system 

limits. 

• the post-contingency operating condition should be maintained away from the 

critical point. 

The OPF formulation with L-index as constraints is given as follows: 

where 

A-finimize 

Subject to 

superscript 0 

superscript k 

f(uo,xo) 

go(uo, xo) = 0 

h0
( u0 ~ x0

) ::; 0 

1°( u0
, x 0

) :S 1 

g"(u0
, xk) = 0 

hk(u0,xk):S 0 k=L2 ..... Vc 

lk(u0 ,xk) :S Lma.r k = 1,2 .... .Vc 

is the total number of contingency cases. 

refers to the pre- contingency case. 

refers to the contingency case. 
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This formulation is similar to the non-decomposed SCOPF as discussed in chap-

ter 3 with slight modifications. It includes an additional set of inequality constraints 

(5.10) and (5.13), which represent the L-index for each of the load buses in the sys-

tern. The base case formulation represented by the superscript '0' is same as the 

general OPF formulation with all the system limits as discussed in chapter 2. For the 

contingency case represented by superscript 'k\ the set of inequality constraints are 

different from the base case. For the contingency case only the following inequality 

constraints are considered: 

• Limits of the real and reactive power generation at the Generator buses. 

A <P. <P Gtm», - G, - Gtugh, {5.14) 

(5.15) 

• Limits on the tap setting of the transformers. 

(5.16) 

• Limits on the shunt capacitance and reactances. 

(5.17) 

As the voltage stability margin of the system is determined by the contingencies 

in the system, the limits of the L-index following a contingency is not allowed to 

exceed the value of Lma:r· The value of Lmax is fixed at a value less than 1 and 

depends on the operating condition. 

5.3.2 L-index as OPF objective 

In this method the value of the L-index for the most critical bus in the system is 

taken as the objective func tion. \Vhen the system is operating close to the critical 
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point, the objective function of OPF is replaced with the L-index of the most critical 

bus in the system and the optimal power flow problem is solved. The new OPF 

formulation is given as: 

JVlinimize 

Subject to 

where 

superscript ·o' 

superscript 'k' 

h0 (u0 ,x0
) < 0 

l 0 (u0
, x 0

) < 1 

k = 1, 2 .... Nc 

is the total number of contingency cases. 

refers to the pre- contingency case. 

refers to the contingency case. 

(5.18) 

(5.19) 

(5.20) 

(5.21) 

(5.22) 

(5.23) 

(5.24) 

The ' ""' in the objective function refers to the value of the L-index for the most 

critical bus out of all the contingency case. This is the L-index with the maximum 

value out of all the L-index constraints. The L-index is basically expressed as a 

function of the state and control variables. 

5.4 Simulation Results 

.\lost of the test systems used to demonstrate the OPF and SCOPF represent the 

base case loading conditions. To evaluate the proposed L-index based OPF methods, 
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a stressed system at higher loading condition is required. Due to the lack of such 

standard test systems, the loads and generations of the standard 6 bus system and 

the IEEE 30 bus systems are increased as in Continuation Power Flow [37] analysis. 

A load parameter A is defined as 

0 < A < AcritiC4l ( 5.25) 

where A = 0 corresponds to the base case and A - Acritical corresponds to the 

critical point. 

For a given value of A the change in the loading conditions for the system is 

given by 

(5.26) 

where 

active and reactive loads at bus i in the base case. 

constant used to specify the rate of load increase at bus i as A varies. 

The real and reactive power generation limits in the system are modified as 

pGirna:r - PGioma:r(l +Al\Gi) (5.28) 

pGirn•n - PGiom•n (1 + AJ<ai) (5.29) 

QGima:r: - QGioma:r:C1 + Al\ai) (5.30) 

QGim•n - QGiom,J 1 + AJ<Gi) (5.31) 
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where 

active and reactive loads at bus i in the base case. 

constant used to specify the rate of generation increase as >. varies. 

5.4.1 6-Bus system 

The 6-bus system has 2 generators, 3 tap-changing transformers, 2 capacitor banks 

and 7 lines. The line data, bus data and generator data for the system are given in 

Appendix B. The total base case load of the system is 135 M\V. The total load of 

the system is increased by 27 M\V. The real and reactive power load on all the load 

buses are increased as mentioned in equations (5.26) and (5.27). 

Table 5.1: OPF with L-index for the 6-Bus system 

Control Values 
variables 
vl (p.u) 1.1 
v2 (p.u) 1.1 
Pc2 (:'vl\V) 56.80 
Q C4 (.\lvar) 16.50 
Qq, (\fvar) 17.50 
T1 0.9183 
T2 0.9827 
T3 0.9535 
Operating 
cost [S/hr] 887.31 

L-index value 0.8115 
(at Bus 5 ) 

Stability (:'-.l\V] 15.47 
Margin 
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All the real and reactive generation limits are increased as given by equations 

(5.28) to (5.31). The voltage magnitude limits for the base case for all the generator 

buses are between 0.95 and 1.1 p.u. For all the load buses the voltage magnitudes 

limits are between 0.95 to 1.05 p.u. The simulation results discussed in chapter 4 

indicate that bus 5 is the most critical bus for this system. For this system the 

voltage stability margin is limited by the outage of line 5. Hence in this formulation 

only the outage of line 5 is considered. 

Table 5.2: OPF with L-index (Lmar=0.75) for the 6-Bus system 

Control Values 
variables 
V1 (p.u) 1.1 
v; (p.u) 1.1 
PG-z (:M\V) 56.80 
Qc.. (Mvar) 16.50 
Qc-6 (Mvar) 17.50 
Tl 0.9009 
T2 0.9495 
T3 0.9574 
Operating 
cost [S/hr] 889.13 

L-index value 0. 7500 
(at Bus 5 ) 

Stability (M\V] 18.75 
~v[argin 

The results of the OPF with L-index is summarized in Table 5.1. The objective 

of this OPF is to minimize th~ total operating cost of the system. The L-index value 

is 0.8115 at bus 5 for the outage of line 5. This indicates that the system is operating 

close to the voltage collaps,~ point. To confirm this the voltage stability margin from 
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this operating point was calculated using the CPF method for the outage of line 5. 

The voltage stability margin of the system at this operating condition was calculated 

to be 15.47 M\V. 

The results of OPF with L-index with constraint limit (Lmar = 0.75) is summa-

rized in Table 5.2. The results indicate that the L-index ·value of the bus 5 reaches 

the maximum limit of 0.1500. The voltage stability margin was found to be 18.75 

M\V. It can be seen that as the L-index value is forced by the constraints upper limit 

of 0. 75 at bus 5 compared to the value of 0.8115 in the previous case~ the voltage 

stability margin is improved. 

Table 5.3: OPF with L-index as objective function for the 6-Bus system 

Control Values 
variables 
\/1 (p.u) 1.1 
v; (p.u) 1.1 

I Pc2 (.\'1\:V) 54.51 

1 

Q"' (~I var) 16.50 
Qc-6 (:\1var) 17.50 
T1 0.9000 
T2 0.9152 
T3 0.9643 

I Operating 
i cost [S /hrJ 913.41 
I 

I L-index value 0. 7146 
I {at Bus 5 ) 

Stability [.\l\V] 20.62 yf\V 
I .\1argin 

The results of OPF with L-index of bus 5 as objective function is summarized in 

Table 5.3. In this method -~he value of the L-index at the bus 5 for the outage case 
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is minimized. The L-index was reduced to a value of 0.7145. The voltage stability 

margin was found to be 20.62 MW. It can be noted that the total operating cost 

of the system has increased. But the increase in the cost can be justified by the 

increase in the voltage stability margin of the system. 

1 

I OPF with L-index 
2 OPF with con:straiDcd L-indcx 
3 OPF with L-indcx as objective fiznc:tion l 

: ?s~o----------1s~5----------17~o----------1~75----------1~8-o---------1~55 
Load in MW 

Figure 5.3: P-V curves (CPF method) for the 6 bus system 

Figure 5.3 shows the P-V curves ( CPF method) which is used to determine the 

voltage stability margin for the three different approaches discussed and summarized 

in Table 5.4. 

Table 5.4: Comparison of OPF results with voltage stability index for 6-Bus system 

2\.-Iethod Value of Stability 
L-index Margin (M\V) 

OPF with 
L-index 0.8115 15.47 
OPF with 
L-index (Lmcr=0.75) 0.7500 18.75 
OPF with 
L-index as Objective fn . 0. 7146 20.26 
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5 .4.2 30-Bus system 

The 30-Bus system has 6 generators ~ 4 tap-changing transformers~ 2 capacitors and 

41 lines. The line data~ bus data and generation data for the system are given in 

Appendix B. The total base case load of the system is 283.4 MW. The total system 

load is increased by 250 MW. The load increase is distributed among all the load 

buses as in equations (5.26) and (5.27). 

Table 5.5: OPF with L-index for the 30-Bus system 

Control Values 
variables 
V1 (p.u) 1.1000 
v2 (p.u) 1.0772 
Vs (p.u) 1.0274 
Vs (p.u) 1.0413 
Vu (p.u) 1.1000 
v13 (p.u) 1.1000 
PG2 (~vi\V) 81.97 
PGs (~1\V) 33.48 
PGa (~HV) 54.30 
PGI I (.\'1\V) 38.50 
PG13 Uvl\V) 35.92 
T1 0.9959 
T2 1.1000 
T3 0.9927 
T4 0.9087 
Operating 
cost [S/hr] 1823.27 

L-index value 0.8150 
(at Bus 30 ) 

Stability [l'v!VVJ 2.20 M\V 
Margin 
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The real and reactive power generation in the system is increased as mentioned 

in equations (5.28) to (5.31). The voltage magnitude limits for the voltage con

trolled buses are between 0.95 to 1.10 p.u. The voltage magnitude limits for all the 

remaining buses are between 0.95 and 1.05 p.u. 

Table 5.6: OPF with L-index (Lmt1r=0.8000) for the 30-Bus system 

Control Values 
variables 
\1( (p.u) 1.1000 
\12 (p.u) 1.0786 
Vs (p.u) 1.0358 
Vs (p.u) 1.0450 
\1~1 (p.u) 1.1000 
Vl3 (p.u) 1.0902 
PG2 (M\V) 88.25 
PG~ (M\V) 33.69 
PGIJ (M\V) 54.30 
PGil CM\V) 37.98 
PGI3 ( ivlV•.J) 36.02 
Tt 1.0044 
T2 1.1000 
T3 0.9764 
T-1 0.9108 
Operating 
cost [S/hr] 1823.50 

L-index value 0.8000 
(at Bus 30 ) 

Stability [l\HN] 2.5 MW 
Ylargin 

Simulations results of CPF for the system as discussed in chapter 4 indicate that 

the bus 30 is the most critical bus in this system. The voltage stability margin of this 

system is limited by the outage of line 38. Only the outage of line 38 is considered 
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in the OPF formulation. 

The results of the OPF with L-index is summarized in Table 5.5. The objective of 

this OPF is to minimize the total operating cost of the system. The total operating 

cost of the system was 1823.27 S/hr. The L-index value was 0.8120 and the voltage 

stability margin from this operating point was calculated to be 2.2 M\V. 

Table 5.7: OPF with L-index as objective function for the 30-Bus system 

Control Values 
variables 
lit (p.u) 1.0792 
v2 (p.u) 1.0664 
Vs (p.u) 1.0774 
Vs (p.u) 1.0571 
Vu (p.u) 1.1000 
lltJ (p.u) 1.1000 
Pc2 p.HN) 122.22 
Pc5 (M\V) 23.46 
Pc, (M\V) 28.61 
Pen (:\HV) 46.60 
Pc1 3 p.·l\V) 61.90 
Tt 1.1000 
T2 0.9000 
T3 0.9572 
T4 0.9029 
Operating 
cost [S/hr] 1939.23 

L-index value 0.7694 
(at Bus 30 ) 

Stability [M\V] 19.0 M\tV 
Margin 

The results of the OPF with L-index with constraint limits of Lma.r=O.SOOO is 

summarized in Table 5.6. 'The L-index of the critical bus 30 reaches the maximum 
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limit of 0.8000. The voltage stability margin of the system was found to be 2.50 

MW. The total cost of operation of the system was S 1823.50 / hr. 

The results of OPF with L-index as objective function for the 30 bus system is 

summarized in Table 5.7. Here the L-index of bus 30 corresponding to the outage 

of line 38 is minimized. The L-index value was minimized to a value of 0. 7694. The 

voltage stability margin was found to be 19.0 M\V. It can be noted that the total 

operating cost of the system has increased, however the new voltage stability margin 

is much higher compared to the previous margins. 

1r-----------~----------~----------~----------~----------~ 

0.8 I 
l 

~ 1 3 I g0.6 l 
~OA I 

£D r 1 OPF with I.-index l 
2 OPF with c:onsttainc:d I.-index 

0.:~----------~----------~----------~--3-0_P_F_witb_· _L-_~ __ ~~--~---~-·_c_~ ___ ·~~j 
520 525 530 535 540 545 

Load in MW 

Figure 5.4: P-V curves (CPF method) for the 30 bus system 

Figure 5.4 shows the P-V curves ( CPF method) for the 30 bus system, which 

is used to determine the voltage stability margin for the three different approaches 

discussed. The results are summarized in Table 5.8. 
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Table 5.8: Comparison of OPF results with voltage stability index for 30-Bus system 

~1ethod Value of Stability 
L-index :Margin (MvV) 

OPF with 
L-ind ex 0.8150 2.20 
OPF with 
L-index (Lm==O.SO) 0.8000 2.50 
OPF with 
L-index as Objective fn. 0.7694 19.0 

5.5 Summary 

This chapter has presented a method to include the voltage stability index as a part 

of OPF. :\n L-index based voltage stability index has been formulated as a set of 

constraints. The formulation of L-index as a part of OPF constraints allows the 

operator to set the limits on the L-index of the most critical bus in the system and 

this helps the system to be operated away from the voltage collapse point. The 

simulation results are discussed for a 6 bus system and 30 bus system. It can be 

noted that by restricting the value of L-index constraints~ the stability margin of 

the system is improved. 

The L-index was also formulated as the objective function and minimized to 

improve the stability margin. In this formulation the L-index of the most critical 

bus was taken as the objective function. The simulation results are presented for a 

6 bus system and 30 bus system. The results show that minimizing the L-index of 

the critical bus results in an improved stability margin. 

,, 
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Chapter 6 

Conclusions 

6.1 Contributions of the Research 

This thesis has studied the Optimal Power Flow (OPF) problem in detail and an 

OPF program has been developed to solve the power flow problem, \\rhich is capable 

of handling two different objective functions: one to minimize the total operating 

cost and another to minimize the total system losses. The OPF simulation results are 

presented on test power systems. In the second phase of the research the advantages 

of Security Constrained Optimal Power Flo\\" (SCOPF) over the OPF have been 

investigated . :\ SCOPF program has been developed and simulation results for 

SCOPF are presented for a 6 bus system and the modified IEEE 30 bus system. 

The major contributions of the thesis relate to the investigation on the effects 

of including a voltage stability index as a part of SCOPF. A number of voltage 

stability indices have been developed in the past few years. This thesis has studied 

three different types of indices in detail namely, Continuation Power Flow (CPF), 

:\1inimum Singular Value and the L-index based voltage stability index. The sim

ulation results based on these three methods are discussed on test power systems. 

Out of the three indices investigated the L-index based voltage stability index was 

found to be simple in terfl1~ of computation and easy to formulate as a part of OPF. 
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In the first phase of the investigation, the effects of L-index based voltage stability 

index as a part of SCOPF constraints has been investigated. The L-index was 

included as a set of constraints for the base case and for each of the contingencies 

studied in the SCOPF formulation. The value of the L-index at the end of each 

SCOPF simulation gives an idea how close the system is operating with respect to 

the voltage collapse. The effects of restricting the ma.ximum value of the L-index 

of these constraints was investigated. Simulation results are discussed for a 6 bus 

system and a 30 bus system. The simulation results shows that restricting the 

movement of the L-index constraint leads to significant improvement in the voltage 

stability margin of the system. 

In the second phase of the investigation, the effects of including the L-index as 

a part of SCOPF objective function was studied. The L-index of the most critical 

bus was used as the objective function and minimized. The simulation results are 

presented for a 6 bus system and 30 bus system. It was found that minimizing 

the L-index of the most critical bus has a significant effect on the voltage stability 

margin of the system. 

Both the methods used to investigate the effect of voltage stability index as a part 

of SCOPF have improved the voltage stability margin of the system. The results of 

the research shows that by including the voltage stability index as a part of SCOPF, 

the system can be operated with improved voltage stability margins. This enhances 

the overall security of the power system with respect to voltage collapse. 

6.2 Future Work 

The work reported on this thesis can be extended in the following areas: 
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• Due to the limitations in the computer hardware and software, the present 

work has been used to demonstrate results for sample test power systems 

only. This work can be extended to test the results for Electric power utilities. 

• Multiple objective optimization algorithms can be used to formulate the volt

age security index as an objective function which will result in a better stability 

margin. 
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Appendix A 

Optimal Power Flow Program 

A.l Main Module 

This appendix gives the details about the Optimal Power Flow (OPF) program and 

the files required to run the OPF problem. The main module of the OPF program 

was coded using C++ language. This program reads the data from four different 

files, namely line data file, bus data file, generator data file and problem definition 

file. The main module is executed to formulate the OPF problem in a format which 

can be solved by using the general purpose software ~UXOS. The details of the 

input files are giYen beiow: 

A.2 Line data file 

The Line data is stored in a file ~line.dat'"" . This file contains the information about 

the transmission lines in the system, information about the tap changing transform

ers and line ratings. The format of the file is given beiow: 

columns 1 -I Line number 

columns S- 1-5 Bus number u:here the line starts 
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columns 16-23 Bus number where the line ends 

columns 24-31 Information about tap changer 

0 No tap changers 

1 Tap changers present 

columns 32-39 Branch resistance R~ (per unit) 

columns 40-47 Branch reactance X, (per unit) 

columns 48-55 Branch shunt conductance G~ (per unit) 

columns 56-63 Branch shunt susceptance B (per unit) 

columns 64-71 Af inimum tap settings 

columns 72-79 .W aximum tap settings 

columns so- 88 Jf aximum line ;\-[VA. rating 

A.3 Bus data file 

The Bus data is stored in a file "bus.dat". This file contains the information about 

the bus type, bus voltages , generation at the bus and the load at various buses. The 

details of the file are given below 

columns 1-7 Bus number 

columns 8 - 1.5 Bus type 

1 Slack or reference bus 

2 Generator bus 

3 Load bu.s 

columns 16 - 23 >' ~Hinimum Bus voltage 
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columns 24-31 Maximum Bus voltage 

columns 32-39 J\.f inimum real power generation ( MUl) 

columns 40-47 Maximum real power generation ( MW) 

columns 48-55 Load (l\1/W) 

columns 56-63 Load ( lv!V AR) 

columns 64-71 M imimum reactive power generation ( MV AR) 

columns 72-79 Maximum reactive power generation (MV AR) 

A.4 Generator data file 

The generator data is stored in a file !1gen.daf' . This file contains the information 

about the generator cost coefficients and shunt capacitors available at various buses. 

The details of the file are given below 

columns 1- 7 

columns S- 15 

columns 16 - 23 

columns 24 - 31 

columns 32- 39 --: 

Bus number 

Generator information 

0 No Generator at the Bus 

1 Generator present at the Bus 

No information (type zero in this column) 

Capacitor and generator information 

0 No Generator at the bus 

2 Generator present at the bus 

2 Capacitor banks present at the bus 

Generator cost coefficient ( a ) 
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columns 40-47 Generator cost coefficient ( {3 ) 

columns 48-55 Generator cost coefficient ( i ) 

columns 56-63 A1inimum value of capacitor (i\t!V AR) 

columns 64-71 ~\tlaximum value of capacitor (A·IVA.R) 

A.5 Problem definition file 

This file is stored in a file "'prob.daf' . This file contains the parameters used to 

define the OPF problem. The format of the file is shown below: 

Number of buses in the system 

XX 

Number of Lines in the system 

XX 

Number of Generators in the system 

XX 

Number of Tap changers in the system 

XX 

Number of capacitor banks in the system 

XX 

Number of line with contains shunt capacitors 

XX 

, , 
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Table A. l: OPF input data files for various test systems 

Line data Bus data Generator data Problem definition Initialization 
file file file file file 

6 Bus system b6l.dat b6b.dat b6g.dat prob6.dat ini6.dat 
14 Bus system bl4l.dat b14b.dat bl4g.dat probl4.dat ini14.dat 
30 Bus system b30l.dat b30b.dat b30g.dat prob30.dat ini30.dat 

A.6 Sample data files 

Sample data files for the line, bus, generator and problem definition files for the 

6 Bus system, IEEE 14 bus system and Modified IEEE 30 bus system are stored 

in the directory in kilo machine under the directory fusr/local/minos/opf96. The 

available sample data file names for the three test system are summarized in the 

Table A.l. 

A.7 Optimization process 

The optimization is carried out by a general purpose software called :YIINOS. ~HXOS 

requires three standard input files namely ~ "" .f', ~"".mps~ and " ... spc~ . The details 

of these files are discussed in the \-HNOS users manual [25]. The main C-program 

formulates the OPF problem in the form of these standard files and the MI.NOS 

optimization routine is used to solve the OPF problem. All the files needed to 

execute the :YIINOS are stored in the directory fusr/localfminosfopf96. 

A.8 Running the OPF problem 

This section gives the various commands needed to formulate and run the OPF 

problem. The entire process is done by the following two commands: 
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% opf 

This command runs the main C program (opf.c) module and reads the data from 

the input files namely nline.datr.: r.bus.dat", "gen.dat" and "prob.daC. The OPF 

problem is formulated in three standard files namely nop.f': r.op.mpsr. and nop.spc" 

as required by MINOS. 

% opfmin 

This command runs the optimization routine in MINOS and solves the OPF 

problem and the results of the optimization are stored in the file r.op.out". 

A.9 Output file 

The results of the optimization are stored in a file called r.op.ouC. This file stores 

the optimization results in a standard format as given in the MINOS user manuaL 

This section explains how to interpret the results from this output file. 

The important results of the OPF problem are the value of the objective function 

and the values of the state and control variables. The value of the objective function 

can be easily read from the output file. The values of the state and control variables 

are stored in an array of variable X. The value of state and control variable can be 

determined from this \'ariables with the help of problem definition file. For example 

if the test system contains : 

n number of buses 

g number of generators 

t number of tap changing transformers 

c number of variable capacitors banks 

pv "!J.Lmber of voltage c..ontrol buses 
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The total array size of X will be (2n+2g+t+c). The variables of the array X will 

represent the following state and control variable. 

X(l)- X(n) 

X(n + 1)- X(2n) 

X(2n +I)- X(2n +g) 

X(2n + g + 1)- X(2n + 2g) 

X(2n + 2g + 1)- X(2n + 2g + t) 

X(2n + 2g + t + 1)- X(2n + 2g + t +c) 

where 

the bus voltage magnitude at the buses 

the bus voltage angles at the buses 

the real power generation at various 

generator buses 

the reactive power generation at 

various generator buses 

the value of tap setting for the 

tap changing transformers 

the value of capacitors at the capacitor i 

(2n + 2g + t +c) 

(pv + (g- 1) + t +c) 

is the total number of state variables 

is the total number of control t·ariables 

A.lO Example 

This section explains how to run the OPF problem using the available test systems. 

In this discussion the OPF problem is simulated for the 6 bus system. The 6 bus 

system files namely "'b6Ldat'\ '~b6b .dat~ ~ ~ b6g.dat~ and ~prob6 .dat" are copied to 

the standard input files namely ~ line . dat~ ~ ~bus.dat~ ~ ~gen.dat~ and ~prob.dat~. 

The command opf is used'fo formulated the OPF problem in the standard ~1I~OS 
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format. The command opfmin is used to solve the optimization process using 

MINOS. The result is stored in the file :"op.out". All input files used to solve the 

0 PF problem for a 6 bus system and the output file (results) are attached to this 

Appendix. 
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lro..t d-ata filH for 6 IU5 syst-

----··-----·---------------------
line.dat 
.. ...................... 

I 6 1 o. 123 0.518 0 0.04 0.9 1.1 1.0 
2 ' 0 0.080 0.370 0 0.028 0 0 1.0 
3 ' 6 0 0.091 0.407 0 0.03 0 0 1.0 
4 6 5 I 0.000 0.206 0 0 0.9 1.1 1.0 
s 5 2 0 0.282 0.640 0 0 0 0 1.0 
6 2 l 0 0.723 1.050 0 0 0 0 1.0 
7 3 ' 0.000 0.110 0 0 0.9 1.1 1.0 

bu5.dat 

1 l 1.00 1.10 0 1.2 0 0 ·.20 1.0 
2 2 1.00 1.10 0 0.5 0 0 ·.20 1.0 
3 0.95 1.05 0 0 .55 .13 0 0 
4 0.95 I.OS 0 0 0 0 0 0 
s 0.95 l.OS 0 0 .3 .IS 0 0 
6 0.95 I. OS 0 D . 5 .OS 0 0 

gft'.an 

0 1 0 .05 0 0 
2 1 0 1 0 .01 0 0 
3 0 D 0 0 0 0 0 0 

' 0 D 2 D 0 0 0 0.165 
5 D D 0 0 D 0 0 0 
6 0 0 2 0 0 0 0 0.1~ 

PrOC.dat 

sus 
6 
l!t'~ 

7 
C~ratcrs 

2 
7a~_s~tt•no;s 

3 
S:a: lC_ vars 
z 
=~_l,ne_......, 

0 
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oco • .,..t 

Begin 
Problem NU!Oer 

Opti .. l_power_flow 
1 

Nonli~ar Variables 
llontinear 
Jacobi en 
Rovs 
Col..
El_,..ts 

c-traint5 
21 
27 
Dense 
n 
71 
10934 

Print l..,.el 0 
MPS tile 10 
Der-ivati- 1..-1 0 
Major Iterations 200 
End Opti .. l.J'O'"Cr _ft_ 

Re1sanable Yorkspace li•its are 
Actual Yorkspace li•its are 

1 

0 
0 

1 
2 
3 

IIAJ'IE Opti,..l_pover_flow 
ROllS 

31 CDlL-'"NS 
xxxx ~arn•ng ·no line•• ob j ective selectee 

S3 ~HS 
!1 SWNDS 

145 fNDATA 

Objective 
RHS 
RANGES 
BWNOS 

RHS 

BClJNO 

01in) 0 
27 

0 
42 

110. ct Jacocian entr t es se>ec•t iee 0 
'io . of L&uUIIGE entnes specIfied 0 
OIO. of IN!T!Al oounc:s spec1f i CO Z1 
t4o. of suoe-re.as•cs s~c1fs~ 2 ~ 

llcn:eros ~!lowed tar •n LU factors 908243 
Scale oat•an o. Partial ;:>rice 1 
Part•al pr ice section s1ze lA) 21 
Partial pr~ce section size (I) (7 

Matrix Stat i StiCS 

liows 
Cotums 

1o:al 
27 
21 

wannal 

0 

No. ot ma:r;& ~t~ts 
&199est 
Slr.allest 

IIL~Zer at llonl inear constraints 
NUICer at 11near co.-,straints 

~~~· of 'larlables 

:n; : , at :laS l S 

Free 
c 
0 

St.:" 
O.OOOOE•OO 
O.OOOOE•QO 

27 
0 

21 " 

ann 

total no. of veri ebles 
total no. of constraints 

2000000 • • • 2000000 wards of z. 

Fine 
20 

c--·------ -> 

B....-ded 
0 

20 

O~ity 100.000 
u ... clueing fl•ed colums, 
free •Dw5, and wHS) 
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11o besis file so.cpllftl 

f..ncan sets D out of 567 constraint gradients. 

fL.nebj sets D out of 21 objecti- vrldients. 

Crull option 3 
1 

Iterations 

Major •;nor toUII nint sinf ,objective viol rv nsb 
0 D D 0 D.DODOOOOOE•DO 4.5E·01 D.OE-DO 21 
1 DT 0 0 O.OOOOOOOOE•OO 4.5E·D1 O.OE•OO 21 

Crash on nonlinear revs: 
Slacl:s 7 Free cats 0 Pr-eferr-ed 0 
Unit 0 DOYtiLe 0 Triangle 0 Pad 20 

2 23 23 0 5.48670884E•D2 1.4E·Ot O.OE•OO D 
Se01r-ch exit 5 •• Ste;l too Slllllll. • I tn : 32 IIOt'ID rg 

3 9 32 0 5.90974458E•02 7.0E·02 4.5E•OO 3 
4 3 35 0 6 .00947308E•02 \.8E·03 2. 4E·01 3 
5 2 37 0 6.0t257122E•02 1.5E·06 t.DE·OJ 3 
6 38 0 6.0t257278E•02 l.JE·It t.5E·04 3 

EXIT • • acnunat solution fo.rd 

powerfl 
lla. of iterations 38 I Objective val~ 

neon xcllange lciiM~ge step 
Z3 0.0£+00 O.OE•OO t.OE•OO 
23 O.OE•OO D.OE-DO I .OE+OD 

167 1.3E·Ot 5.~ t.OE+OO 
4.522E•OO 

439 7.9E·02 t.JE·01 t.OE.OO 
513 9.0E·03 7.0E·03 t.OE-DO 
5113 3.7E· 04 2.7E·04 t.OE•OO 
630 9.1E· 07 2.2E·07 1. 0£•00 

No . of major- iterations 
Peni~lty parameter 

6 
0.001000 

629 
26 

546 
0 
3 

12 
0 

2 .025E•OO 
O. OE•DD 

3 . .289E·tl 

linear Objective o.ooooooooooe.ao 
Nonlinear Objective 6.0125727842E•02 

, 

uo. of COllis to funobj 
Calls with moor=2 Cf. known g) 
Calls for forward differencing 
Calls far central differencing 
110. of superbasics 
No. of bas1c nonlinears 
No. of deg~rate st~ 
Norm af .. 
~fP;mal int•as 
Constraint voolation 

STATUS OPT I MAL 

OBJECT I \IE 
~HS llHS 
~AWGES 

iiOUNOS iiOUNO 

SECTION 1 AOWS 

0 

SOLN 

(Mln) 

wo. of calls to h.nc:on 630 
Calls with nodes2 (f, known g) 28 
Calls fer forward differencing 546 
Calls for central differencing 0 
WcMD of reduced <;radient t .469E·04 
IIOMil rg / IIOMII pi I. 188.E •07 
Percentave 0.00 
NOMil of pi 1.236£•03 
Dual infeas 6 1.5E·04 
Ncnllill i Zed 1 .087£ ·11 

08JECrt liE VALUE 

t:ERATIOW 38 SUPEIIUSICS 3 

LU penalty 
0 t.OE•OO 

27 t.OE+OO 

109 t .OE•OO 

97 \ . OE+OO 
90 t.OE-+00 
84 t.OE·Ot 
84 l.OE·02 

NUMBER •• • ROIJ • • STATE • .• ACT IV ITT ... SLACK: ACTIVITY •• LOWER LIMIT. • .UPPER LIMIT. .DUAL ACTIVITY 

22 CON1 EC 0.00000 0.00000 0.00000 0.00000 • 1 030. 78400 
23 CCN2 EC 0.00000 0.00000 0.00000 0 . 00000 ·91' •• 24984 
24 CON3 EC 0 . 00000 O. O:i.:JOO 0.00000 0 . 00000 ·1112. 15682 
25 CON4 EC O. CuOOO 0.00000 0 . 00000 0.00000 ·1107.96194 
26 cess EO o.oooou 0.00000 0.00000 0.00000 ·1109.35546 
27 COII6 EO 0 . 00000 0.00000 0.00000 0.00000 ·1120.25141 
za COW7 A EO 0 . 00000 0.00000 0.00000 0.00000 0.00000 

.-' 
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•• 1 

1 
2 
3 
4 

5 
6 
7 



29 CON8 A EO 0 . 00000 0.00000 0.00000 0 . 00000 0 . 00000 s 
30 CON9 EO 0 . 00000 0.00000 0 . 00000 0.00000 ·0. 17182 9 

31 CON10 A EO 0. 00000 0.00000 0 . 00000 0 . 00000 0 . 00000 10 

34! CON11 EO 0 . 00000 0 . 00000 0.00000 0.00000 · 15.13544 1t 

33 COII12 EO 0 .00000 0.00000 0 . 00000 0.00000 · 13. 63232 12 

COII13 to COM19 MVA ftovs ; , th~ lir.es 

------ ---- --- ----------
MVA flows 
(in p. ul 

34 COII13 BS 0 .46467 0.53533 IIONE 1.00000 0 . 00000 13 

35 C01114 BS 0.4907T 0.50923 IIOIIE 1 . 00000 () . 00000 14 

36 COlliS BS 0 .08154 0.911!L6 IIOIIE 1 . 00000 0.00000 15 
37 COII16 BS 0 . 20551 0.79449 IIOIIE 1. 00000 0.00000 16 

38 C01117 BS 0.2950D 0.70494 IIOIIE 1.00000 0.00000 17 
39 COII18 BS 0 . 1818l 0. 81817 IIOIIE 1. 00000 0.00000 18 
40 COII19 BS 0 .42531 0. 57469 IIOIIE 1.00000 0 . 00000 19 

41 COII20 D as 0.00000 0.00000 0.00000 0 . 00000 0.00000 20 
42 CON21 D BS 0.00000 0. 00000 0.00000 0 . 00000 0. 00000 21 
43 COII22 D BS 0.00000 0. 00000 0 . 00000 0 . 00000 0.00000 22 
44 C0112l 0 BS 0.00000 0. 00000 0.00000 0.00000 0.00000 23 
45 COOI24 0 as 0 .00000 0.00000 0.00000 0 . 00000 0.00000 24 
46 C:OOI25 D BS 0.00000 0.00000 0 . 00000 0 . 00000 0 . 00000 25 
47 COII26 a as 0 . 000011 0.00000 0 . 00000 0.00000 0 . 00000 26 
48 CON27 D BS o.ooooli 0. 00000 0 . 00000 0 . 00000 0.00000 27 

SEC:TIOOI 2 • C:OL~NS 

N~BEII .COL~II. STATE •• • ACTIVITT •• • . 08J CIIADIENT. •• u:JoiER LIMIT . • .UPPER LIMIT • REDUCED CIIAONT ll+J 

XI • X6 -· ----· S...s vol :agH ougni t..-s (l).ul 

v 
co.ul 

, X1 UL 1. 10000 0.00000 1.00000 1.10000 · 4.88593 28 
2 x2 Ul 1.10000 0.00000 1 . 00000 ' · 10000 · 89. 58320 29 
3 13 SBS 1. 01120 0.00000 0.95000 1.05000 ·0.00007 30 
4 14 UL 1.05000 0. 00000 0 . 95000 1.05000 · 75 . 28379 31 
5 xs 585 1 .0104o 0. 00000 0.95000 1 .05000 0. 00003 32 
6 X6 SBS 1.0493~ 0. 00000 0.95000 1.05000 0.00015 33 

x7 • xt2 . .. .... .... ,. Bus vo,tAg~ angles (p.ul 

O~IU 

(p.ul 

7 z7 :c 0.00000 0 .00000 0 . 00000 0 . 00000 0 . 00390 34 
e ze ss ·0.~20 0.00000 · 2 . 00000 2 . 00000 0.00000 35 
9 x9 as · 0. 1897". O.OOC!CO ·2 . 00000 2.0CCOO G. OOOOO 36 

10 X10 BS ·0.1502!. 0 . 00000 · 2 . 00000 2 . 00000 0 . 00000 37 
11 X11 BS · 0 . 115261 0 .00000 · 2 . 00000 2 . 00000 0.00000 38 
12 X12 ss · 0.18120 0 . 00000 ·2.00000 2 . 00000 c.ooooo 39 

xn • x14 •~•I pe-r senerat ion (p.ul 

PG 
(p.ul 

13 Xl3 95 0 . 93078 1010.78400 0.00000 1.20000 0 . 00000 40 
14 X14 Ul 0 . 50000 200.00008 0.00000 o.scooo · 714 .24976 41 

X15 • Xl7 lap set:ir>gs of th~ t ransfo~rs. 

IS X15 65 0.9657 .. 0.00000 0 . 90000 1. 10000 0.00000 42 
u. X16 ss 0 . 98'7', 0.00000 0 . 90000 1.10000 0 . 00000 43 
17 x>7 &S 0 .98101! 0.00000 0 . 90000 1.10000 0.00000 44 

Xl8 • X19 ~~a~t :ve power senerat ion (p. u> 

QG 
!p.u) 

.•' 
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18 lt18 BS 
19 x19 BS 

x20 • x21 

20 X20 BS 
21 121 UL 

,....,..., called .,,t, ns~•t~ • 

f...aDj eall ed with t"''S~8tf!" • 

time for MPS i~~ 

Ti~ for solvi ng prab~aw 
Ti~ for solution o..tput 
Tillie for CDn$traint f...nct i ons 
Tillie for otlj~ti- fU'1Ction 
Endn.. 

2 

0 . 16680 0 .00000 
0.02537 0.00000 

stat i c e~ttanc~ tp . .. ) 

0.12547 
0 . 17500 

0.00000 
0.00000 

0 • QQ SecondS 
0 • 35 s,econds 
0 • 04 seconds 
o. n seconds 
o . Ol secanos 

93 

·0.20000 
·0.20000 

0.00000 
0.00000 

1.00000 
1.00000 

0.16500 
0.17500 

0.00000 
0.00000 

0 . 00000 
·15.01101 

45 
46 

47 
48 



Appendix B 

OPF System Data 

This appendix gives the various line, bus and generator data required for the OPF 

problem. This appendix includes the data for the three different test systems namely 

the 6-bus system, IEEE 14-bus system and IEEE 30-bus system. 

Table B.l: Line data for the 6-Bus system 

Branch Bus 

I 
R X B(total) Rating 

:'l:o. :\o.'s p .u p .u p.u ~iVA 

1 1-6 0 . 123 0 .518 0 .040 100 
2 1·4 0 .080 0 .370 0 .028 100 
3 4-6 0.097 0.407 0.030 100 
4 6-5 0.000 0 .286 0 .000 100 
5 5-2 0 .282 0 .640 0 .000 100 
6 2-3 0 . 723 1.050 0 .000 100 
; 3-4 0.000 0 .110 0 .000 100 
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Table 8.2: Bus data for the 6-Bus system 

Bus Load p Load Q 
!'<o. MW ~iVAR 

1 0 0 
2 0 0 
3 55 13 
4 0 0 
5 30 18 
6 50 5 

Table 8.3: Generator data for the 6-Bus system 

Bus prrun P"'= Q'G"' Q'G= G G ::-.:o. MW MW MVAR ~IVAR II. b c 
I 10 100 -20 100 0 1.00 0.05 
2 10 100 -10 100 0 1.00 0.01 

Table 8.4: Line data for the IEEE-14 Bus system 

Branch Bus R X B(total) Rating 
='o. ~o.'s p.u p.u p .u MVA 

I 

I 
1-2 0.01938 0.05917 0.0528 200 

2 1-5 0 .05403 0.22304 0.0492 200 
3 2-3 0 .04699 0.19797 0.0~38 200 
4 2-4 0 .05811 0.17632 0.0374 200 
5 2-5 0 .05695 0 . 17388 0.0~0 200 
6 3-4 0 .06701 0.17103 0.0~0 200 
7 4-5 0 .01335 0 .04211 0.0128 200 
8 4-7 0 .00000 0.20912 0 .0000 200 
9 9-4 0.00000 0.55618 0.0000 200 
10 5-6 0 .00000 0.25202 0.0000 200 
11 6-11 0.09498 0.19890 0.0000 200 
12 6-12 0.12291 0 .25581 0 .0000 200 
13 6-13 0 .06615 0 .13027 0 .0000 200 
14 7-S 0.00000 0 .17615 0 .0000 200 
15 7-9 0.00000 0 . 11001 0 .0000 200 
16 9-10 0 .03181 0.08450 0 .0000 200 
17 9-14 0 . 12711 0.27038 0.0000 200 
18 10-11 0 .08205 0.19207 0.0000 200 
19 12- 13 0.22092 0 . 19988 0 .0000 200 
20 13-14 0 .17093 0 .34802 0.0000 200 
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Table B.5: Bus data for the IEEE-14 Bus system 

~:I 
Load p Load Q 
~1W ~!VAR 

1 0 0 
2 2L7 12.7 
3 94.2 19.0 
4 47.8 -3.9 
5 27.6 11.6 
6 11-2 7~5 

j 0 0 
s 0 0 
9 20.5 10.6 
10 20.0 10.8 
11 20.5 10.8 
12 20.1 10.6 
13 10.5 5.8 
14 10.9 5 .0 

Table B .6: Generator data for the IEEE-14 Bus system 

Bus i P;;'' .. 
:"'o. i ~IW 

1 0 
2 0 
3 0 
6 0 
s 0 

Q"""1 i 

~~~AR I 
-50 I 
. ..;{) i 
o I 

~ I 
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200 
50 
40 
50 
50 

: 
a b c j 
0 2 .25 i 0-~ i 
o I 1.00 i 0 .062:. 

1
. 

0 1.75 ! 0 .0175 

0 I 3.00 II 0 .0250 I 
0 . 3 .00 0 .0260 1 



Table B. 7: Line data for the 30-Bus system 

Branch Bus R X B(total) Rating 
No. No.'s p.u p.u p.u MVA 

1 1-2 0.0192 0.0575 0.0528 130 

2 1-3 0.0452 0.1852 0.0408 130 

3 2-4 0.0570 0.1737 0.0368 65 

4 3-4 0.0132 0.03i9 0.0084 130 

5 2-5 0.0472 0.1983 0.0418 130 

6 2-6 0.0581 0.1763 0.0374 65 

7 4-6 0.0119 0 .0414 0.0090 90 

8 5-7 0.0460 0.1160 0.0204 70 

9 6-7 0.0267 0.0820 0 .0110 130 

10 6-8 0.0120 0.0420 0.0090 32 
11 6-9 0.0000 0 .2080 0.0000 65 

12 10-6 0.0000 0.5560 0.0000 32 

13 9-11 0 .0000 0.2080 0 .0000 65 

H 9-10 0.0000 0 .1100 0 .0000 65 

IS 4-12 0.0000 0 .2560 0.0000 65 

16 12-13 0.0000 0 . 1400 0 .0000 65 

17 12-14 0.1231 0.2559 0.0000 32 

18 12-15 0.0662 0.1304 0.0000 32 

19 12-16 0 .0945 0.1981 0 .0000 32 

20 14-15 0.2210 0 .1991 0 .0000 16 

21 16-11 0.0824 0 . 1932 0 .0000 16 
22 15-18 0 . 1070 0.2185 0.0000 16 

23 18-19 0 .0639 0.1292 0 .0000 16 

24 19-20 0.0340 0.0680 0.0000 32 

25 10-20 0 .0936 0 .2090 0 .0000 32 

26 10-11 0.0324 0.0845 0.0000 32 .,--· 10-21 0 .0348 0.0749 0.0000 32 

28 10-22 0.0727 0.1499 0.0000 32 
29 21-22 0 .0116 0.0236 0.0000 32 

32 23-24 0 . 1320 0.2100 0.0000 16 
33 

I 
24-25 0.1885 0.3:!92 0.0000 16 

34 25-26 0.2544 0 .3800 0 .0000 16 

35 25-21 0.1093 0 .2087 0.0000 16 
36 ! 28-21 0.0000 0.3960 0.0000 65 
37 27-29 0 .2198 0.4153 0.0000 16 
38 27-30 0.3202 0.6027 0.0000 16 

39 29-30 0 .2399 0 .4533 0 .0000 16 
40 8-28 0.0636 0.2000 0.0428 32 

I 
41 6-28 0 .0169 0.0599 0 .0130 32 
42 10-10 0.0000 5.26 
43 24-24 0.0000 25 .0 
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Table B.8: Bus data for the 30-Bus system 

Bus LoadP Load Q 
No. MW MVAR 

1 0 0 
2 21.7 12.7 
3 2.4 1.2 
4 7.6 1.6 
5 94.2 19.0 
6 0 0 
i 22.& 10.9 
8 30.0 30.0 
9 0 0 
10 5.8 2.0 
11 0 0 
l2 11.2 7.5 
13 0 0 
14 6.2 1.6 
15 8.2 2.5 
16 3.5 1.8 
17 9 .0 5.8 
18 3.2 0.9 
19 9.5 3.4 
20 2.2 0.7 
21 li.S 11.2 
22 0 0 
23 3.2 1.6 
24 s:; 6.7 
25 0 0 
26 3.5 2.3 
27 0 0 
25 0 0 
29 2.-t 0.9 
30 10.6 1.9 

Table B.9: Generator data for the 30-Bus system 

Bus P""" pma.r Qa'" QGa.r G G 
:"'o. ~1\V ~tW !\IVAR ~tVAR a b c 

1 50 200 

I 
-20 250 0 2.00 0.0037 

2 20 80 ·20 100 0 1.75 0.0175 
5 15 50 -15 so 0 1.00 0.0625 
8 10 35 -15 60 0 3 .25 0.0083 

11 10 30 -10 50 0 3.00 0.0250 
13 12 40 -15 60 0 3.00 0.0250 

_, 

98 










