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ABSTRACT

Static state estimation is a mathematical procedure in which physical measurements from

sub-stations and physical model are combined in an optimal way. That is, the measurements

obtained from the sub-stations are used with the physical model and the states of the power

system are selected or calculated such that the states match the measurements in some

best way. The states of a power system are the bus voltage magnitude and voltage angle of

each bus of the system.

Static state estimation is an increasingly common part of electrical power utility energy

management systems (EMS). It plays a critical part in a day-to-day operation of a power

system utility. The system measurements obtained from static estimation are used for real-

time operations like optimal power flow calculations and contingency analysis. Proper system

operations with regards to avoidance of insecure conditions includes situational awareness,

therefore, the static estimator plays an important role in power system security. A further

motivation: in increasingly electrical power deregulation, more economic operations mean

savings for customers and electrical power provider alike. Economic benefit might be

realized if system operators have a more accurate situational awareness of the system

through improved power system state estimator.

The objective of the study was to develop method, algorithm and MATLAB program for

solution of power system state estimation using parallel processing techniques. In achieving

the objective, the study has concentrated on development of an approximate Tanzanian

power system network model comprising of 30 buses and used as a case study;

decomposing the bus admittance matrix of the model into 3 interconnected sub-systems;

development of mathematical model for real and reactive power injections, real and reactive

power flows in the transmission lines and tie-lines connecting the sub-systems; development

of measurement data model for voltage magnitude, real and reactive power injections, real

and reactive power flows; formulating of a constrained weighted least absolute value state

estimation problem; development of decomposition-coordination method and algorithm; and

formulating algorithm and MATLAB program for solving the constrained state estimation

problem using parallel processing technique.

Application of decomposition-coordination method and algorithm in a solution of an

optimization problem such as power system state estimation and using of parallel processing

techniques is a feasible means to operate, monitor and control of a large-scale and

interconnected system efficiently within a limited time. The method improves operation

stability of the systems; it increases compatibility, transmission and simplifies data and

information processing.



Developed models and obtained results can be used by Institutions and universities for

system monitoring and control, improvement, teaching, research and development purposes.
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GLOSARY
Terms/Acronyms/

Abbreviations

Optimization

Linear
Programming

Non-Linear
Programming

Interior Point
Methods

Algorithm

Augmented
Lagrangian

Linearization

LU Decomposition

Decomposition
Method

Dual

Aggregation

Variable(s)

Objective function

Constraints

Defi nition/Expla nation

Is the process of finding the best way of using resources at the same
time not violating any of the constraints that are imposed

Is a technique for optimization of a linear objective function subject to
linear equality and linear inequality

Is a technique of solving a system of equalities and inequalities,
collectively termed as constraints

Are certain class of algorithms to solve linear and non linear convex
optimization problems

An iterative method that generates a sequence of the form 0+1 =x
k(A_k(0)) where XO is given as the initial point; A_k is an algorithm
map that yields a set of policies given the current point 0; and A_k is
a selection function.

The Lagrangian augmented by a term retaining the stationary
properties of a solution to the original mathematical program but
alters the Hessian in the subspace defined by the active set of
constraints. The added term is called a penalty term , this term
decreases the value of the augmented Lagrangian for x off the
surface defined by the active constraints

The strategy of linearization is to formulate a non-linear programming
as a linear programming through introduction of auxiliary variables
and constraints that are used to circumvent the non-linearities.

LU decomposition of matrix A is a process of finding a lower
triangular matrix (L) and an upper triangular matrix (U) for which A =
LU

The idea of decomposing a mathematical program into two or more
sets of variables and associated constraints. The purpose is to
separate some portion with special structure from the rest of the
mathematical program

Is a form of mathematical programming with the property that its
objective is always a bound on the original mathematical
programming, called the primal

This is combining units to reduce problem dimension. One form of
aggregation is to combine basic entities at the data level such a
regions, time periods, and materials. The dimensions of the
mathematical programming, which include numbers of variables and
constraints, are generally reduced by aggregation at the entity level.

Variable(s) usually represent things that are known at the start of
solving an optimization problem but can be adjusted or controlled in
order to find values of the variables that provide the best value of the
objective function

This is a mathematical expression that combines the variables to
express the goal of solving the optimization problem.

These are mathematical expressions that combines the variables to
express limits on the possible solutions



Variable Bounds

Power System
State Estimation

A possibility in optimization problem which permits the variables to
take on any value from minus infinity to plus infinity (-00 to +00 )

Is a procedure of processing redundant measurements available
together with the knowledge of the network topology and line model
parameters to provide a reliable, accurate, and complete set of data
for the real-time monitoring and control of power systems

A logically discrete section of computational work. A task is typically a
program or program-like set of instructions that is executed by a
processor

Parallel Task A task that can be executed by multiple processors safely (yields
correct resu lts)

Task

Serial Execution Execution of a program sequentially, one statement at a time. In the
simplest sense, this is what happens on a one processor machine.
However, virtually all parallel tasks will have sections of a parallel
program that must be executed serially.

Parallel Execution Execution of a program by more than one task, with each task able to
execute the same or different statement at the same moment in time

Shared Memory From a strictly hardware point of view, this describes a computer
architecture where all processors have direct (usually bus based)
access to common physically memory. In a programming sense, it
describes a model where parallel tasks all have the same "picture" of
memory and can directly address and access the same logical
memory locations regardless of where the physical memory actually
exists

Distributed Memory In hardware, refers to network based memory access for physical
memory that is not common. As a programming model, tasks can
only logically "see" local machine memory and must use
communications to access memory on other machines where other
tasks are executing

Communication Parallel tasks typically need to exchange data. There are several
ways this can be achieved, such as through a shared memory bus or
over a network, however the actual event of data exchange is
commonly referred to as communications regardless of the method
employed

Synchronization The coordination of parallel tasks in real-time, very often associated
with communications. Often implemented by establishing a
synchronization point within an application here a task may not
proceed further until another task(s) reaches the same or logically
equivalent pint. Synchronization normally involves waiting by at least
one task, and can therefore cause a parallel application's wall clock
execution time to increase

Granularity In parallel computing, granularity is a qualitative measure of the ratio
of computation to communication.

Coarse Relatively large amounts of computational work are done between
communication events.

Fine Relatively small amount of computational work are done between
communication events.

Analysis Set of actions, carried out "a posteriori", to examine the power
system behaviour. It is part of the control activities.

Control Set of actions, excluding maintenance, oriented towards the



implementation of the highest economy in electric power supply,
compatible with the security criteria. System control function includes
the implementation of the manoeuvres (switching and loadind) in
normal and emergency conditions, and the power system monitoring.

Action by which the present working state of a power system is
detected.

Whole process of power system control and maintenance

Current or voltage limits should not be violated to avoid exist from
"normal secure working state"

Operating Reserve Generation capacity, above system load demand, required to provide
for regulation, load forecasting error, equipment failures. It consists of
the spinning and part of the cold reserve.

Monitoring

Operation

Operating Limits

Cold Reserve Part of operating reserve not connected to the system but capable of
serving load demand within specified time, or interruptible load that
can be removed from the system in a specified time.

Spinning Reserve Part of operating reserve provided by partially loaded generators and
ready to serve additional demand

Real- time

Tie-line

Unbundling

Ancillary Services

OCT

PCT

POLB

IPO

CPUT

DIT

SE
OSE
WLAV

WLS

LP

NLP

IPM

IPOPF

N-R

MATLAB

Time span from present time to a few minutes ahead

High voltage line interconnecting two power systems (or control
areas)

Accounting separation of the activities inside a vertically integrated
company (i.e. generation division, transmission division, distribution
division, etc.).

Regulation functions, associated with the generators or the high
voltage transmission network, to operate a generation and
transmission power system. In some cases also the distribution
network can supply some services (e.g. VAr contribution through the
capacitor banks installed in the medium voltage netwok)

Distributed Computing Toolbox

Parallel Computing Toolbox

Primal-Dual Logarithmic Barrier

Inexact Penalty Decomposition

Cape peninsula University of Technology

Dar es Salaam Institute of Technology

State Estimation

Dynamic State Estimation

Weighted Least Absolute Value

Weighted Least Square

Linear Programming

Non-Linear Programming

Interior Point Method

Infeasible Primal Dual Path Following

Newton-Raphson Method

Matrix Laboratory
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SVC
SCADA
EMS
ESI
IEEE
kV

HV
EHV
PPs
RTOs
LAN
WAN
FACTS
CDC
OPF
KKT

PSSE
CD
CPU
ROM
RAM
SAUPEC
AFRICON 2007
NE
OT
HAM
EKF

KF

LAV
SLP
VAr
LS
IPA
IRLS
IPMNL
SQP
USA
IPPs
DITSCO

Static Var Compensator

Supervisory Control And Data Acquisition

Energy Management System

Electricity Supply Industry

Institution of Electrical and Electronics Engineers

Kilovolt

High Voltage

Extra High Voltage

Power Producers

Regional Transmission Operators

Local Area Network

Wide Area Network

Flexible Alternating Current Transmission Systems

Central Dispatch centre

Optimal Power Flow

Karush-Kuhn- Tucker

Power System State estimation

Compact Disk

Central Processing Unit

Read Only Memory

Random Access Memory

Southern African Universities Power Engineering Conference

African Conference 2007

Normal Equation

Orthogonal Transformation

Hactel's Augmented Matrix

Extended Kalman Filter

Kalman Filter

Least Absolute Value

Sequential Linear Programming

VoitAmpere reactive

Least Squares

Interior Point

Iteratively Re-weighted Least Square
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CHAPTER ONE: INTRODUCTION

1.1 Background
An electrical power system consists of three principal divisions: The generating system,

the transmission system and the distribution system; Transmission lines are the

connecting links between the generating plants and the distribution system and lead to

other power systems over interconnections. A distribution system connects all individual

loads to the transm ission lines at substations that perform voltage transformation and

switching functions.

Energy is converted at the generating plants from fossil fuels, hydro and nuclear into

electrical energy. This electrical energy is then sent through a transmission system to

loads at various places where it is usually converted into other useful forms of energy.

The role of electrical energy has grown steadily in the past few years in both scope and

importance with time, and electrical energy is increasingly recognized as a key

component to societal and economic progress. Therefore, reliable supply of electrical

energy and reliable power system in general constitute the foundation of all prospering

societies. As societies and economies develop further and faster, it is believed that

electrical energy shortages and transmission bottleneck phenomena will persist. Under

these circumstances, rotating blackouts will usually practice with certain regularity to

avoid catastrophic failures of the entire power system. However, interconnections are

serving to avoid blackout.

The primary requirement for interconnections of power systems is the sharing of

responsibilities among the utility companies in case of emergency or interruption in

power supply. For example, in an emergency, a system that is experiencing problem

could draw upon the reserve generation from neighbouring systems. However, with all

benefits brought by interconnections, more challenges are surfacing now, especially in

the area of state monitoring and control of these interconnected systems.

In this situation, a proper question is? What effective approaches can be employed to

monitor and control a complex power system composed of dynamic, interactive and non-

linear entities with unscheduled discontinuities?[Shahidehpour & Wang, 2003]. An

effective approach is to have or design means to intervene in the faulted system locally

at place where the disturbances have originated in order to stop the problem from

propagating through the system. This approach advocate distributed processing.



Distributed processing not only allows solving problem locally but enhances the reliability

and improves flexibility and efficiency of power system monitoring and control.

The operation of power systems could be further optimized with innovative monitoring

and control concepts. To realize this, effective tools should be designed, developed and

included in the assessment of the system vulnerability mechanisms for the prevention of

catastrophic failures. Power system state estimation is a very useful tool for monitoring

and control of real-time state of the power systems.

Interconnection of power systems is transforming energy management system (EMS)

components such as state estimation (SE) from an important application into critical one.

SE is an essential component [Chawasak et ai, 2005] of every energy management

system (EMS) for security, [Rakpenthai et al, 2005; Zhengchun et al, 2005] monitoring

and control of power systems. It is used to provide a best estimate of the system state

based on the real-time system measurements and a pre-determined system model.

1.2 Static State Estimator

Static state estimation is a mathematical process for converting redundant noisy,

uncertain measurements into reliable estimate of the state of a power system; the state

of a power system is defined as the voltage magnitude and phase angle of each bus of a

power system. In order to identify the current operating state of the system, state

estimators facilitate accurate and efficient monitoring of operational constraints on

quantities such as bus voltage magnitudes or transmission line loading. State estimators

provide a reliable real-time database of the power system [Abur, A. & Exposito, A. G.,

2004] including the existing state on which contingency analysis and security

assessment functions can be taken to determine any required corrective actions.

Static State Estimators include the following functions:

• Topology processor

• Observability analysis

• State estimation solution

• Bad data processing

• Parameter and structural processing

State estimator constitutes the core of the on-line security analysis function. It is a critical

element of energy management systems. It acts like a filter between raw measurements
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received from the substations and all the advanced application functions that require the

most reliable database for the current state of the power system.

Deregulation of the electrical power industry has transformed state estimation from an

important application into a critical one. Many critical commercial issues in the power

market today, such as congestion management (CM), need to be founded and justified

on a precise model of power system which is derived from state estimation procedure.

Therefore, improvement of the state estimation to achieve a more accurate and more

reliable state i.e. voltage magnitudes and phase angles is an important task

1.3 Objective of the Thesis

The objective of the thesis is: to develop method, algorithm and MATLAB program for

solution of power system state estimation using parallel processing techniques. The

objective is extended to include the study to determine the effectiveness of parallel

processing on the solution of the state estimation problem.

The research has concentrated on formulating an improved robust state estimation

optimization problem and developing its solution method that can work in large-scale,

interconnected, and deregulated power systems. First, the power system is decomposed

into overlapping subsystems, using bus admittance matrix. The approach allows seeing

clearly the tie-lines connecting the overlapping subsystems. This method is contrary to

the previous [Aguado, et al, 2001] where decomposition was based on physical

arrangement or trial and error method. Next, the border variables are duplicated and

included in the two neighbouring subsystems. A two level structure is proposed which

includes the first level (sub-system) and the second level (coordination); a

decomposition-coordination algorithm is developed to implement the structure. Each sub-

system processes its sub-problem using sub-system measurements but exchanges few

and dedicated border information with the coordinator. Processing of the overall state

estimation problem is achieved in a parallel processing mode.

Application of decomposition-coordination method in a solution of an optimization

problem such as state estimation and using parallel processing is a feasible means to

operate large-scale and interconnected system efficiently within a limited time. The

method improves operation stability of the systems. It increases compatibility,

transmission, and simplifies data and information processing. It is reliable, with shorter

computing time; easier gross error detection and identification, less time of data and
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information transmission and exchange.The method is applied to decompose the 30- bus

Tanzanian power system network model.

1.4 Motivation

The challenge set by growing of power system interconnections is how to improve state

estimators. This challenge and other challenges brought by changes in system structure

motivates to conduct this investigation on existing state estimation methods and

algorithms and develop a robust state estimator, which will be used in solution of large-

scale, interconnected and deregulated power systems. In addition, the potential

application of interior point methods in the successive linear solution of the state

estimation problem is also a challenge. To be more specific, the main objective of this

research is to develop and systematically evaluate the primal-dual logarithmic barrier

algorithm for the efficient solution of state estimation problem. Although interior point

methods (IPM) have received intensive study and achieved significant developments,

there are still several challenging issues that deserve more investigation to further

improve the performance of the methods.

The research question is how to apply the interior point method (IPM) for solution of

large-scale interconnected state estimation problem. The research investigation is

motivated by the developed and shown in the literature characteristics of this method.

The existing challenges in the application of the method as how to adjust the barrier

parameters and a Newton step length, how effectively to choose an initial point, how to

reduce the number of iterations have to be considered during development of the

decomposition-coordination method for solution of state estimation problem.

In order to exploit the full computational potential of the interior point methods for state

estimation problem, it is essential to investigate all these challenges that have an

influence on the algorithm for the case of interconnected state estimation problem. The

following provides the motivation for the present thesis:

• The current successful applications and experience on using linear programming
(LP) to solve various non-linear power system problems [Abur & Celik, 1991;
Abur & Celik, 1993; Owen et al., 1978;Dantzig, 1963; Vanderbei,2001]

• The attractive property of LP methods in terms of the solution efficiency and
reliability [Harris, 1970; Ravi & Wendel, 1984; Chieh, 1990]

• The critical need for a fast, robust and reliable solution of large-scale optimization
problems in power system real-time monitoring and control [Singh & Alvarado,
1994; Monticelli, 2000; Abur & Exposito, 2004]
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• The large-scale problem solving capability of interior point methods due to their
polynomial complexity and computational efficiency as evidenced by the
encouraging results from many applications [Mcshane et al., 1989; Meggido,
1988; Momoh, 1992; Momoh & Austin, 1993; Zountendijk, 1970; Luenberger,
1973; Ponnambalam et al., 1992]]

The performance of the algorithms is closely related to several factors such as
barrier parameter, initial point, step length and others. Therefore, customizing
these factors to state estimation application can possibly speed up convergence
[Clements et al, 1995; Wei et al, 1998; Singh & Alvarado, 1994; Wei et al, 1996;
Bakry & Tapia, 1996]

• The attractive property of decomposition-coordination method, parallel processing
in terms of solution efficiency and reliability [Lin, 2003;Bertsekas & Tsitsiklis,
1989; Lin & Lin,C., 1994; Conejo et al, 2007; Nogales et al, 2003; Conejo &
Aguado; 2000; Abur, 2005;Carvalho & Barbosa, 1998]

To the author's knowledge, the application of interior point methods for the
solution of power system state estimation of the Tanzanian Power System has
not been thoroughly investigated.

1.5 Contribution of the Thesis

The main results of this thesis contain contribution to several fields of electrical power

engineering, namely, the load-flow and state estimation of power systems. The State

estimator developed using decomposition-coordination method and parallel processing

method provides a feasible approach to system operator (s) to monitor and control ever

expanding, interconnected and deregulated power system of the future. More specifically

key contributions can be briefly summarized as follows:

• Development of an approximate Tanzanian Power System Network model
comprising of 30 buses. Bus admittance matrix of the model and its values was
prepared and calculated and used in load flow analysis.

• Decomposition of the bus admittance matrix of the Tanzanian Power System
model into 3 interconnected sub-systems

• Development of mathematical models for real and reactive power injections, real
and reactive power flows in transmission lines and tie-lines of sub-systems
resulting from bus admittance matrix decomposition

• Development of measurement model which has 3 parts determined by the type of
measurement available in the system. The models are for voltage magnitude
measurement, real and reactive injection data, real and reactive power flows in
transmission lines and tie-lines. These models are applied in solving the power
system state estimation problem under decomposition environment

• Development of decomposition-coordination method and algorithm in order to
solve the power system state estimation problem. The method is implemented
using two level structures. The first level for solving PSSE of the sub-system and
the second level for coordination purpose of the computation.
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• Formulation of constrained weighted least absolute value (WLAV) state
estimation problem using primal-dual logarithmic barrier interior point method
(PDLB).

• Development of algorithm and MATLAB program for solving the constrained
WLAV state estimation problem

1.6 Thesis Outline

The thesis is organized into 11 chapters and 4 appendixes. Each chapter begins with an

introduction describing the topic the chapter will present.

Chapter 1 briefly presents the background information of an electrical power system

structure and evolvement of system interconnection, definition of static state estimator,

its function and role it plays in a power system; objective of the thesis; motivation of

conducting the research and contribution of the thesis. The chapter concludes by giving

the thesis outline.

Chapter 2 reviews static and dynamic state estimation methods. Their mathematical

formulations, weaknesses and strengths are explored. Brief review on interior point

methods (IPMs) and their applications in solving linear and non-linear programming

problems is discussed. The chapter concludes by making comparison of hierarchical and

distributed processing of state estimation of large-scale power systems.

Chapter 3 addresses the concept of deregulation of power systems; motivation and

reasons for deregulation are explored. Power sector deregulation process around the

world is presented. Deregulated power systems structures and the role of state

estimation in these structures are pointed out. The chapter concludes by introducing

Tanzanian power sector status, structure, deregulation process and its impact;

generation capacities and option to increase generation responding to customer

requirements; high voltage transmission status and extension and corporation with

regional and international power organizations.

Chapter 4 presents modelling process (formulating of mathematical models) of electrical

system components. The chapter begins with discussion of the role of per unit system, its
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highlights how useful per unit system is for simplification of computation of electrical

quantities. Next, formulating of mathematical models of AC synchronous generator, tap-

changing and regulating transformers, transmission line (short, medium and long-length),

FACT devices and composite loads is presented. The models developed in this chapter

are very useful for load flow analysis, power system state estimation studies, optimal

power flow studies, fault calculations etc.

Chapter 5 is one of the most important chapters of the thesis. It thoroughly covers data

acquisition and classification methods and how to prepare database using MYSQL

software; system network modelling of the Tanzanian power system using models

developed in chapter 4. The chapter concludes by presenting procedures of

decomposing the system network (Ybus matrix) into 3 overlapping sub-systems in form

of block matrices. The sub-systems resulting from this chapter form a basis of developing

decomposition-coordination algorithms

Chapter 6 is dedicated to comprehensive presentation of load flow solution of an

integrated power system during normal operation. First, several methods used in the

solution of load flow problem are described in brief. Next, the Newton-Raphson method

for the solution of non-linear algebraic equations is discussed. An algorithm and MATLAB

program developed using Newton-Raphson method is applied in solving the load flow of

a practical power system i.e. the Tanzanian system network model built in chapter 5

Chapter 7 is the most important chapter in the thesis. The chapter is dedicated to state

estimation problem formulation. The weighted least absolute value (WLAV) criterion is

used in formulating the problem. Primal-dual logarithmic barrier a class of interior point

method is applied in developing an algorithm, which is employed in preparing a MATLAB

program. The program developed in this chapter is applied in solving the WLAV state

estimation.

Chapter 8 is also one of the most important chapters of the thesis. The chapter is

dedicated to formulating a decomposition method and algorithm. First, a brief review of

decomposition methods in solving large-scale linear and non-linear programming

problems is presented. Next, procedures of formulating decomposition-coordination
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method and algorithms are explored. Two level structures of solving a static optimization

problem i.e. state estimation are described and presented. The chapter concludes by

illustrating the first level sub-system and second level coordination algorithms.

Chapter 9 addresses parallel and distributed computing concepts. Overview of parallel

and distributed systems; design of parallel algorithms; parallel computer architecture is

presented. Brief description of distributed computing toolbox (OCT), parallel computing

toolbox (PCT), their configuration and interaction with MATLAB distributed computing

engine (MOCE); MATLAB distributed computing server (MOCS) and comparison analysis

is given. The chapter concludes with programming parallel applications in MATLAB and

application of parallel computing in solving of multi-area state estimation problem. Part of

the MATLAB programs developed in this chapter is applied in the simulation process of

chapter 10.

Chapter 10 is dedicated to simulation process and computational results. First, load flow,

WLS state estimation and WLAV state estimation results obtained using integrated

system network model are presented, analysed and discussed. Next, results from

parallel processing of state estimation using a decomposed model are presented,

analysed and discussed. The chapter concludes by giving general conclusions of the

obtained simulation results.

Chapter 11 recapitulates conclusion from the thesis. It presents the deliverables in

design and development; program (software) improvement and development and

validation of system network model. Application of the thesis results, future research

directions and publications in connection with the thesis is pointed out.

Appendixes

Appendix A lists names of power system networks applied in this thesis.

Appendix B gives input data for computation of load flow and state estimation analyses

Appendix C lists MATLAB files and programs applied in solving the load flow and state

estimation problems.

Appendix 0 gives bus admittance matrix of the Tanzanian power system network
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1.7 Conclusion

The basic objective of this chapter was to give a background information of power

systems structures, definition of static state estimator, its functions and role in power

systems; objective of the thesis, motivation of conducting the research, contributions

from the thesis and provide general thesis outline.

Chapter 2 covers review of static and dynamic state estimation methods. Their

mathematical formulations, weaknesses and strengths are explored; and propose a

suitable method for solving the state estimation formulated in this thesis.
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CHAPTER TWO: LITERATURE REVIEW

2.1 Introduction

This chapter introduces power system state estimation (PSSE) methods applied in

solving state estimation problem in an electrical power industry.The chapter provides

a review of the state of art of the methods. The review covers weighted least squares

(WLS), Dynamic state estimation (DSE), weighted least absolute value (WLAV) and

robust state estimation methods. A review of previously proposed methods for

hierarchical and distributed state estimation is also provided. The chapter concludes

by giving a comparative analysis of PSSE methods.

2.2 Static State Estimation (SE) Methods

The subject of state estimation procedure is vast in literature; it is selected to review

only those topics that are relevant to the objective of the thesis. It is difficult to cover

the almost four decades of publications for the active research in theory and practice

of state estimation, also the list of researchers, scholars and contributors in this

aspect is quite long. There are many aspects of the overall state estimation

procedure of the problem solution, but since the focus of the thesis is on numerical

(mathematical) methods for solution of state estimation, therefore, an overview of

specific methods as they are needed in the thesis is presented and discussed.

2.2.1 Mathematical Formulation of the Problem for state estimation: An overview

Application of estimation theory in monitoring and control of electrical power system

was first proposed by Schweppe and Wildes in 1970s [Schweppe, et ai, 1970]

.Schweppe after establishing the motivation for SE as an important tool in operation,

monitoring and control of power system, formulated a SE based on the weighted least

square (WLS) estimation criterion.

The mathematical model of the state estimation is based on the mathematical

relations between the measurements z and the state variable x. The equation relating

the measurements to the state variables and the measurement error c is given by:

z = hex) + c (2.1)

where

Z E~H""l is the measurement vector

X E ~H"rl is the state vector
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h(.) E ~n",,1a vector of non-linear functions related to state vector for the error free

measurements

s E 9,,,,,,1 is the measurement error vector

Uncertainties arising from telemetered measurements, errors in mathematical

models, unexpected system change and communication errors were also considered

in the model. The proposed WLS state estimation was referred to as normal equation

(NE) state estimation.

The estimated value of the state x' is obtained by minimizing the WLS function i.e.

min J(x) = [z - h(x)f W[z - hex)]
x

(2.2)

where

WE :ltmKm is a diagonal matrix whose elements are the reciprocal of the error

variances. W is the matrix of weighting factors on the measurements. The solution of

WLS problem gives the estimated state x', which must satisfy the following optimality

conditions:

oJ(x) T-...,-=O~-H (x)W[z-h(x)]=O
ox

(2.3)

The estimate x' is obtained by an iterative scheme which calculates the corrections

!1x at each iteration by solving

G(x)Lix: = HT (x)W~ (2.4)

where

H(x) = oh(x) =Jacobian matrix
ox

~ = z - hex)

G(x)Lix: = HT (x)W~ = Gain matrix

The gain matrix is a sparse and symmetric matrix; its dimension is that of the state

vectors of the system. It is used in solving the system state by performing sparse

matrix triangular factorization of G(x).

The development made by Schweppe was explored by Larson and Tinney [Larson et

al, 1970(a), Larson et al, 1970(b)]. They suggested the possibility of using the WLS
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estimator to real power system. Great attention was focused on linear and non-linear

estimation theory, measurement scheme, location, type and number of

measurements to be made as they are important to the implementation of the state

estimator. Computational aspect of WLS estimation was treated in detail,

computational results for on-line state estimation algorithm was applied to a 400

buses network. To improve the estimator, Dopazo and his colleagues' [Dopazo et ai,

1970 (a); Dopazo et ai, 1970(b)) demonstrated that, a measurement set consisting

solely of real and line power flows has a computational advantage and substantial

enhancement of estimator robustness. In their approach, fictious line elements

voltages are calculated directly from measured power flows. Despite of its

advantages over the previous estimator, the main drawback of the proposed

approach is its prohibitive number of line measurements that are required in its

implementation.

Enhancement of WLS estimator continued to be a major focus; Merrill and Schweppe

[Merrill & Schweppe, 1971) formulated an estimator that was able to suppress bad

measurement. One of the characteristic of the estimator is; the objective function is

non-quadratic and is reduced to quadratic objective function in the absence of gross

errors. Successful re-weighting of large residual terms makes the objective function to

become less sensitive to large errors, therefore allowing the estimator to provide a

modest degree of bad measurement rejection.

It was later established that the normal equation (NE) state estimation method was

prone to ill-conditioning problem. The causes for ill-conditioning problem were

established to include:

Disparity in weighting factors [Aschmoniet et ai, 1977)

• Large number of injection measurements [Gu et ai, 1983)

Connection of short (low impedance) and long transmission lines (high
impedance) [Monticelli et al, 1985)

The causes affect the estimator and result in degradation of estimator accuracy and

make the gain matrix to be singular, which introduces numerical difficulties into

estimation processes. A procedure to eliminate the ill-conditioning problem of the

estimation via successive applications of householder orthogonal transformations

known as the Golub's method was proposed by Simoes-Costa [Simoes-Costa, 1981).

It incorporates only perfect conditioned matrices while avoiding the explicit

computation of the gain matrix.

Orthogonal transformation

The objective function of the linear WLS problem at each iteration is:
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J(fu:) = [L\z - Hfu:]T W[S: - Hfu:]

= [& - Hfu:f[& - Hfu:]

= 11& -HilAf
(2.5)

Let 0 be an orthogonal matrix, such that OT 0 = I

QH = [~] (2.6)

where

R is an upper triangular matrix. Then,

J(fu:) = [& - Hfu:]T QTQ[& - Hfu:]

= IIQ& - QHilAf
= II~Yl - Rfu:112

+ II~Y2112
(2.7)

where

(2.8)

The minimum of OLlz- occurs at RLlx = !ly

To overcome the ill-conditioning of the problem, the following techniques were

proposed:

Inclusion of constraints in the NE [Aschmoniet et al, 1977]

Use of orthogonal transformation (OT) method [Simoes-Cost, 1981; Monticelli
et al, 1985; Vempati et al, 1991]

Use of Hybrid method [Gu et ai, 1983; Monticelli et ai, 1985]

Use of Hactel's Augmented Matrix (HAM) [Gjelsvick, 1985]

The idea of separating the zero injection measurements (virtual measurements) from

•
•

•

the telemetered measurements and treat them as equality constraints was accepted

and seemed to be a break through in solving the normal equation WLS state

estimation problem. The measurement z includes only the telemetered and the

pseudo measurements in case they are available. The aim of inclusion of equality

constraints is to restore observability to those parts of the power system network that

are permanently or temporarily unobservable. The formulation includes that the

equality constraints result into NE/C, and then WLS state estimation problem is

solved by application of Lagrange multipliers. Inclusion of equality constraints tackled

the ill-conditioning problem only on the disparity in weighting factors, but it does not

eliminate the problem, but it reduced the difference in measurements.
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However, more efforts were involved to eliminate the other causes. Simoes-Costa

and GU [Simoes-Costa, 1981(a); Simoes-Costa, 1981 (b); GU, et ai, 1983] proposed

orthogonal transformation technique, aiming to eliminate the gain matrix in the

solution of the state estimation (eqn 2.4).

The orthogonal transformation method shows highest numerical stability compared to

the NE estimator. Its drawback is that it requires much computation.

Gu and Monticelli [Gu et ai, 1983; Monticelli et ai, 1985] improved the orthogonal

transformation technique by proposing the Hybrid technique by using forward and

backward substitution approach to obtain the solution. The proposed technique has

reasonable numerical stability and computationally efficient and acceptable

implementation complexity. Further improvement was suggested by Gjelsvick

[Gjelsvick, 1985] who introduced the Hactel's augmented matrix technique. Virtual

measurements (zero injections) and incremental residuals are taken as equality

constraints and augmented in the coefficient of iteration of the normal equation. The

technique avoids formation of the gain matrix. However, the dimension of coefficient

matrix is large, therefore it requires more computation. The technique has reasonable

compromise between numerical stability, computational efficiency, and acceptable

complexity implementation. But the technique is a bit more complex in real

application.

Improvement of WLS state estimation haunted researchers, their focus was to avoid

or bypass the formation of a gain matrix (G(x)). Robert Amerongen [Amerongen,

1991] suggested use of Givens orthogonal transformation technique with two

features. The proposal addressed the inclusion of virtual measurements and treats

them as real telemetered measurements from the sub stations; hence, the virtual

measurements are no longer error free as before. The estimator developed from the

proposed technique does not show any degradation in numerical stability. However,

the drawback of the technique is on complexity in computation when virtual

measurements are included rather than when there are only real telemetered

measurements. Pandian et al [Pandian et al, 1998] suggested an estimator based on

variable pivot column oriented Givens rotation technique. In his proposal, rows and

columns ordering technique is applied in order to reduce the computational effort

required in factorization of the matrix. The technique shifts from the common use of

oriented OR decomposition of the matrix in column. It shows superiority when

compared to the conventional row oriented OR decomposition technique. However,

the approach was silent on how it can detect and identify outliers in the

measurements.
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Simoes-Costa and Gouvea [Simoes-Costa & Gouvea, 2000] included equality and

inequality constraints in the Givens rotation technique. The aim is to apply

constrained orthogonal state estimation to external system modelling. In the

approach, equality constraints are used to model the zero injections in the system.

Bounds based on physical as well as operation limits are included in the model.

Quantities such as VAr limits on generators, virtual measurements, and transformer

tap position setting limits are included as inequality constraints. Inclusion of these

quantities, large variation of the external estimates caused by poor monitoring of the

external estimates is avoided. The technique is effective in reducing power injection

deviations in the system. The estimator developed using the technique shows good

performance when tested in three different testing systems (IEEE30, IEEE118, and

IEEE 340 nodes).

Zhengchun [Zhengchun et ai, 2005] proposed incorporating virtual measurements as

equality constraints, and solved the WLS estimator by performing QR decomposition

on two portioned matrices, then solved a linear equation set involving a sparse

triangular matrix. The technique circumvents the cross product of the Jacobian matrix,

which can cause the loss of information in the process of computation. The proposed

technique is stable, robust, and theoretically good. The only issue not discussed in

the proposal is how bad data measurement is detected and identified from the

telemetered measurements.

Idea of using soft computing on solving WLS state estimation was proposed by

Faridon Shabani [Shabani et ai, 1996]. His idea is based on using fuzzy-logic. In the

proposed technique, the initial estimate is obtained by WLS criterion, and then all

current estimates are updated using fuzzy technique reasoning in order to obtain the

optimal estimate. The approach adaptively adjusts the weighting factor in the

estimator and improves the computational performance. The technique can be

implemented in large-scale power system. The difficulty arising from applying the

technique is how to conduct the training.

As conclusion: Normal equation (NE) method is the easiest to implement, but its

drawback is the ill-conditioning problem. The drawback is contributed by formation of

a gain matrix. Several techniques have been proposed to deal with the problem. They

include: orthogonal transformation (O'T), Hybrid, and Hactel's augmented matrix. The

techniques avoid or bypass the formation of a gain matrix. The techniques have the

highest numerical stability, computationally efficiency and acceptable implementation

complexity. Both Hybrid and Hactel's technique (Table 2.1) have shown compromise

between numerical stability and complexity of implementation. Orthogonal

transformations have shown robustness and at the same time retain the sparsity
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characteristics of the normal equation (NE). An effective compromise to improve the

existing techniques is by combining techniques that have shown good numerical

stability and computation efficiency. Combining Hybrid technique incorporating

equality and inequality constraints can improve numerical stability and computation

efficiency and therefore be used in large-scale power system

T bl 21 C h d b d WLa e .. omparison of estimation met 0 s ase on S criterion
Serial Technique Advantage Disadvantage
Number

1 Normal Equation (NE) High computational efficiency, Give rise to ill-conditioning
with the fast P-Q decoupling problem
techniques

2 Normal equation with Belter numerical stability More sophisticated
constraints compared to NE without approach is required
NEle equality constraints because of triangular

factorization
3 Orthogonal Has higher numerical stability Requires more computation

Transformation (OT) and it has to use the P-Q
decoupling techniques

4 Hybrid Technique Reasonable compromise Not stable and efficient in
between numerical stability particular for large-scale
and computational efficiency, power system
and acceptable
implementation complexity

5 Hactel's Augmented Stable and efficient, More complicated in
Matrix (HAM) particularly for large-scale implementation

power system

2.2.2 Dynamic State Estimation (DSE)

Dynamic state estimation (DSE) is one of the effective processes that can provide

information on the state of the power system (Voltage magnitude and voltage phase

angles) at present time instantly and in future time which is necessary for security,

and supervision of the power system. Dynamic state estimation has two steps in its

implementation. The first step is for prediction purpose and the second is for filtering

of errors. The estimation is normally carried out at a time interval of few minutes (time

samples). At each time sample (t), the state x (t) is estimated from the observation z

(t), which in most cases are generally measurements corrupted by noise. Using the

power system dynamic model, two equations can be formulated: First, the

measurement equation model, formulated as:

z(t) = h(x(t» + v(t) (2.9)

where

z(t) : is the m-dimensional measurement vector

h(.): is an m-dimensional non-linear function relating measurement to the state

v(t): is the normal error affecting the measurements
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The second part: state space transition, formulated as:

x(1 + I) = f(x(t), w(/),/) (2.10)

where

f: is an n-dimensional non-linear state transition function

w: is the system noise vector

Vectors vee) and w(e) are white noise, uncorrelated between them, and with

covariance matrices

(2.11 )

(2.12)

The solution of dynamic state estimation problem is normally obtained by using the

Extended Kalman Filter (EKF) method which requires linearization of equations (2.10)

and (2.11). The two EKF equations are divided into two steps: Prediction and Filtering

steps.

Prediction step

(2.13)

(2.14)

F, B are jacobian matrices of vand w

Filtering Step

1 1 [ 1 ]X(t +-) = X(t +-)+ K(I + I) zet + I) -h(X(t +-))
t + I { (

(2.15)

1 { 1 ]~K(t + I) = Li..! +ï)HT (f +1 H(I + I)XLCt +ï)HT (t + I)+R(t + I) (2.16)

1 I
L(t +-) = [I - KCI + I)H(t + I)]X L(t +-)

t t
(2.17)

where

2-:' Covariance of the estimated state vector

HOSE :is the jacobian of h (x)

KG: the Kalman gain.
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Equations (2.10-2.17) are applied to solve the dynamic state estimation. Debs and

Larson [Debs & Larson, 1970] proposed the dynamic state estimation in the same

year when Schweppe proposed the static estimation, since their first publication of

DSE has not gained popular application in electrical power systems compared to the

static WLS estimation. Leite da Silva et al [Leite da Silva et ai, 1987] suggested

dynamic models after making comparison of performance of dynamic tracking

estimators operating in the quasi-static conditions. He established the advantages of

the previous estimators proposed by Debs and Larson in terms of prediction and

filtering processes and comes out with a new dynamic state estimator with reliable

scheme on detection and identification of bad data or sudden changes in operating

points of the power system. The proposed estimator can be implemented in any

existing real-time state estimation algorithm in a centralized operation.

Implementation of dynamic state estimation in decentralized environment posed a

challenge to researchers. Mandai and Shinha [Mandai & Shinha, 1997] suggested

hierarchical dynamic state estimation in which in the non-Ilinear measurement

function are incorporated. In their proposal, the estimator tracks the system state very

well under various operating conditions of the system. They suggested decomposition

of the system topologically into a number of small subsystems. In the approach, the

local estimator estimates the states for a subsystem using only local measurements.

The second level estimates the overall system by coordinating all local sub systems

states. The algorithm proposed was suitable for distributed computing with the first

level estimation carried out at local centres and the coordination level estimates to be

carried out using interconnection measurements i.e. of tie lines. The approach

reduced the computation time and also the number of telemetered measurement to

the central centre. However, the approach is silent, if there is communication between

the subsystems, and the role of virtual measurements in the problem formulation.

Durga Prasad and Thakur [Durga Prasad & Thakur, 1998] improved the EKF method

and developed the Kalman Filter (KF) dynamic state estimation. The approach is to

use the complex line flow measurements to obtain the complex element voltages at

the filtering stage; Holt's smoothing technique is adopted at the prediction stage. The

objective is to eliminate the heavy computational burden at the filtering stage. The

advantage of the technique lies on the fact that the covariance matrices are reduced,

which results in computational saving. How the bad data are treated, the technique is

silent. Need for robust filtering motivated Thakur and Shinha [Thakur & Shinha,

2000] to develop a robust dynamic state estimation model that included robust

filtering scheme in which statistical approach of M-estimation or Huber estimation [

Huber,P.J., 1964] is used. The model includes the prediction stage, filtering stage,

and robust filtering scheme to treat the bad data measurements in the telemetered
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measurements. The developed estimator performs better than the extended Kalman

Filter (EKF) at both filtering and prediction stages and is simple in real-time

implementation.

As conclusion: Dynamic state estimator is more efficient compared to static WLS

estimator. It has features such as prediction stage, detection and identification of

measurement errors, topology observability, and good filtering processes, but its

implementation in power industry is still low. This is attributed to lack of realistic

model, complex nature of the dynamic problem, time-consuming in designing the

model, computational burden of filtering and lack of sufficient literature.

2.2.3 WLAV State Estimation

An alternative approach of solving power system state estimation problem is using

the weighted least absolute value (WLAV) criterion. The criterion is more robust

compared to the WLS one. The estimate is obtained by solving a sequence of linear

programming (LP) problems. The drawback associated with WLAV criterion is its poor

computation efficiency for large problem [Abur & Celik, 1991].

The weighted least absolute value (WLAV) state estimation problem is usually

formulated as:

minJ(x) = Iw;lcil
;=1 (2.18)

st . z=h(x)+c

where

Z E 91",,'1 : is the measurement vector

X E 9\ ur l : is the state vector

C E ~H',,<i : is the measurement error vector

W E 9\ ",<i : is the weighting factor

h(.) E 91",r1: is the non-linear function relating state vector with the measurement.

Equation (2.18) is applied in solving the WLAV state estimation problem.

Irving [Irving et ai, 1978] introduced the first practical weighted least absolute value

(WLAV) criterion in solving the state estimation problem. He presented the problem

as a linear programming (LP), aiming in minimizing the sum of residual modules. The

LP estimator shows exceptional property of outright bad data rejection, i.e. reducing

the expensive method of data analysis. However, the LP estimator satisfies a subset
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of measurement equation exactly (n = my, assigning zero residual to these elements

and rejecting the other measurements (m - n}. Hence, LP estimator is insensitive to

bad data measurement; its filtering capacity is inferior to that of WLS estimator.

Kotiuga [Kotiuga, 1982] suggested a more generalized WLAV estimator functionally

equivalent to LP estimator. The proposed estimator seemed to be more efficient

owing to the exploitation of the special structure of the power system measurement

equations. Its outstanding robustness is attributed to its interpolative property by

which the most erroneous measurements are completely discarded in arriving at the

estimate of the system state.

Reduction of computation burden on LP estimator was suggested by Lo and

Mohmoud [Lo &Mahmoud, 1986]. He developed a decoupled LP state estimator,

which resembled that of the decoupled power flow. The estimation problem is

decomposed into two smaller P-Q and Q-V problems. The two problems are solved

sequentially to obtain the final solution. The elements of Jacobian matrix are

evaluated at first iteration and held constant for all subsequent iterations. The

technique avoids the considerable computation that requires updating the element at

each start of iteration. The technique shows good computation characteristics. Abur

and Celik [Abur & Celik, 1991] worked on improvement of computation burden in

order to improve efficiency of the estimator. They introduced the use of Barrodale and

Roberts's algorithm in the LP estimator, re-formulated the problem, and used simplex

method in its solution. The sparsity of the problem and structure of measurement

equations are fully utilized. The suggested technique reduces the dimension of basic

matrix to be factorized and updated at the simplex method iterations. The technique

is efficient and can be used in large power systems.

EI-Keib and Singh [EI-Keib & Singh, 1992] introduced the primal and dual formulation

to the original decoupled LP estimator. Introduction of dual formulation aimed at

improving the solution time of the existing LP estimators. The proposed estimator for

the first time accommodates voltage measurement, which in the previous estimators

was not even considered and assumed to be impossible. A set of tests using the

IEEE 30, 57 and 118 test node systems were conducted to compare the performance

of primal and dual formulation. Numerical result shows superiority of the dual

formulation estimators over the primal formulation. In addition, the dual decoupled

estimator shows perspectives in improving time computation; hence more

investigation is required to improve it.

Constrained state estimator formulated as least absolute value (LAV) and using

simplex method to find the solution was first proposed by Abur and Celik in 1992

[Abur & Celik, 1992]. The LAV estimator handles both equality and inequality
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constraints available in the electrical power system. The constraints include the zero

injections at switching substations, bound imposed on the reactive power injection at

the generator buses, the lower and upper limits on the tie-lines power flows at the

area or boundaries. The approach complements with that suggested by Simoes-

Costa and Gouvea in 2000, the difference is in the criterion used, while Simoes-Costa

used WLS, Abu applied the LAV criterion. Abur thought that inclusion of equality and

inequality constraints in the LAV estimator could provide more reliability by reducing

the number of simplex iterations and CPU time. The estimator is tested on IEEE 14,

57 and 118 test node system as well as 498 and 986 Texas nodes. It was established

that the estimator converges faster when compared to unconstrained estimator. This

suggests that equality and inequality constraints have a role to play in improving

convergence of an estimator.

Singh and Alvarado [Singh & Alvarado, 1994] suggested application of interior point

methods (IPMs) in solving the weighted least absolute value (WLAV) power system

state estimation (PSSE) problem. First, the problem is formulated as primal and dual,

then the IPMs is used in solving the two problems

Primal problem

. T
rrun c x

s.t. Ax= b

x~O
(2.19)

where

eER "d ; X E 91'1<1 : b E :H ""'1; A E 91 "1<,,

Dual problem

max ó" y

st ATy+s=e
s~O

(2.20)

where

Y E 91/11xl : are the dual variables

S E ~H"xl : is the vector of dual slack variables

Barrier function is used in solving the primal problem and the affine-scaling method is

applied in solving the dual problem. The global problem i.e. primal and dual together,

is solved by the sequential linear programming method (SLP). In addition, an

augmented formulation is applied to solve the least square problems emerged from

the solution process. The augmented approach is employed because it can permit
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easy treatment of free variables which is always a concern in the primal problem

formulation. The two problems were solved and their results compared. Results show

that dual formulation has an added advantage over the primal especially in the

number of iterations and work per iteration. Clements et al [Clement et ai, 1994]

suggested application of direct interior point to the estimation problem. In his

suggestion, he included equality as well as inequality constraints such as reactive

power (VAr) limits on generators. Transformer tap setting positions and unmeasured

loads are included and modelled as unknown quantities and bounded. Clements work

extended the previous work proposed by Abu and Celik, Simoes-Costa and Gouvea

by including of equality and inequality constraints as well as unmeasured

measurements to improve the reliability of an estimator.

Logarithmic barrier function is appended to the objective function, slack variables are

introduced and employed to treat the inequality constraints. Three different systems

ranging from 6 to 118 bus test systems, in which VAr limit is modelled as inequality

constraints were tested. Computational results from the test systems were

compared with the conventional least square (LS) estimator. The overall result shows

to be comparable. The method is impiementabie even by using the existing least

square estimation software. Chiite and Swarup [Chiite & Swarup, 2003] extended the

method proposed by Clements of using logarithmic barrier function by including a

new variable, the measurement residual error along with the constraints. Newton

method is employed in linearizing the non-linear equation developed from the Karush-

Kuhn-Tucker (KKT). The approach is efficient and good under practical situations

when there are missing measurements. It is apparent that inclusion of equality and

inequality constraints is important and improves reliability and computation efficiency

of the WLAV estimator, hence, more investigation is required to enhance the

estimator and make it applicable to large-scale, interconnected and deregulated

power systems.

Wei et al [Wei et ai, 1998] proposed an interior point algorithm to solve the weighted

non-linear norm (IPMNL) state estimation problem basing on the perturbed Karush-

Kuhn-Tucker (KKT) condition on the primal problem. The approach is that two

correction equation schemes are suggested in order to enhance the computational

efficiency. First, a new interior point algorithm (IPA) using the perturbed KKT

conditions for the weighted non-linear norm state estimation is developed, second;

two novel schemes are proposed similar to that of nodal admittance matrix of the

power flow problem, which can hold a four by four (4x4) structure block. Using this

approach, the fill-ins are dramatically reduced compared to that of the primal

schedule when correction equation is factorized. Numerical simulation on the

proposed method is conducted using test systems ranging from 5 to 1047 buses
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Japanese and Chinese system applications demonstrated that the number of

iterations in all simulations is less than ten (10) and always constant even if there is

change in measurement redundancy. The proposed method and its algorithm are

promising for use in large-scale power systems.

Ramirez and Barocio [Ramirez &Barocio, 2000] suggested use of LP in solving the

SE employing primal-dual predictor corrector algorithm. The algorithm could be

applied as an alternative to the simplex method. The primal-dual formulation is

employed due to its efficiency and reliability as suggested by Singh and Alvarado.

Ramirez's proposal suggests a successive linearization in the constraints contrary to

applying a direct interior point in solving the non-linear problem as suggested by

Clements et al. An algorithm basing on Mehrotra's [Mehrotra, 1992] predictor

corrector is developed and applied it makes the direction search towards the optimal

point easily, contrary to simplex method that has a strategy of searching of an optimal

point on the vertex of the feasible region.

Simulations conducted with the algorithm gave more precise solution than those

obtained from the conventional WLS estimator, in the case of presence of gross

errors in the power flow lines and injection measurements. In addition, the method

exhibits a similar sensitivity to the leverage points as that of WLS estimator and can

perform better under critical error conditions. Jabr [Jabr, 2005] proposed the Huber-M

method that includes equality and inequality constraints; however, his proposed

technique is different to the previous Huber-M method, which was formulated as

unconstrained non-linear programming (NLP) problem. The solution is obtained using

an iterative-reweighed method and the equality constraint is modelled by assigning

larger weight. However, assigning large weight causes large disparity in

measurements that results in ill-conditioning problem and degrades the convergence

of the estimator.

In the proposed method the problem is formulated as a non-linear programming one

(NLP) in which the functions in the problem are twice continuously differentiable. The

solution of the problem, which is a complete optimization problem, is obtained using

primal-dual interior point method. The constraints are handled in a straightforward

mode not only for equality equations but also for inequality ones. The IPM algorithm

described by the suggested method is based on the symmetric form of optimization

problem. Results from the simulation of the proposed method show that even in the

presence of outliers, the equality constraints are effectively modelled as zero bus

injections. The result of numerical computation reveals that by imposing inequality

constraints, the method is useful even in the absence of complete system

observability.
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Jabr [Jabr, 2006) proposed the sequential linear programming (SLP) algorithm, The

method is based on solving the estimation problem through a sequence of linearized

LAV problems, Instead of converting the linearized LAV problems into linear

programming problems, a solution is obtained directly through iteratively re-weighted

least squares (IRLS) method i.e. through adjusting the weight dynamically during the

iterations, At the heart of IRLS algorithm is a sparse least square solver similar to that

employed in the conventional LS estimator, The method is more efficient than other

re-weighted least squares, However, its drawback is that requires an already installed

LS estimator

Electrical power system is expanding rapidly and becoming very large in scale, more

interconnected, and complex, Centralized monitoring and control of these power

systems is becoming more difficult and expensive, The feasible approach is

decomposition of the systems into smaller areas, which could be assumed to be in

line with deregulation, Implementation of parallel and distributed processing is the

best way of processing of the power system state estimation problem particularly for

large-scale power systems,

As Conclusion: Weighted least absolute value (WLAV) criterion and interior point

methods (IPMs) are promising methods in solving the power system state estimation

(PSSE) problem, Inclusion of equality and inequality constraints in the PSSE problem

formulation and in its algorithm enhances the reliability and computation efficiency,

Finding from literature review (Table 2,2), indicates; WLAV criterion and interior point

methods have been used in solving the estimation problem in a centralized and

structured (regulated) power system, A challenge is to employ the methods in a

deregulated system using decomposition-coordination, parallel, and distributed

processing approaches, which is the direction of the present research project.

2.3 Robust State Estimation Methods

Glavic and Wehenkel [Glavic & Wehenkel, 2004) published a survey on interior point

methods (IPMs) their application to power system, and research opportunities brought

by IPMs, The survey recommends IPMs in solving engineering optimization problems,

The survey outlines the advantage brought by IPMs over simplex methods in solving

linear programming (LP) problems and its extension to solving non-linear

programming (NLP) problems in electrical power system, Interior point method has

been used by several researchers in solving the power system state estimation

problem, for example Singh and Alvarado, Clements et ai, Wei et ai, Ramirez, Chiite

and Swarup, employed the method in solving the SE problem, Hence, SE problem

can be formulated as an optimization problem and effectively solved by IPMs,
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Under normal steady-state operating conditions, all customer demands are met and

all equipment is operating below its rated capacity. Theoretically speaking, the

requirement of meeting customer demands is expressed mathematically by means of

a set of equations (equality constraints) of the type:

T bl 22 Sa e : ummary 0 selected state estimation method

t: c
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Amerongen 1991 WLS OT Steady 1 30 3 4
Lin,S.Y. 1992 WLS NE Steady 2 30 2 4
Lin & Lin,C 1994 WLS NE Steady 2 30 & 118 2 4
Shabani et al 1996 WLS HM Steady 1 30 & 118 3 4
Pandian et al 1998 WLS OT Steady 1 5,14 3 4

& 1044
Simoes-Costa 2000 WLS OT Steady 1 14,30 3 5

57&118
Reza 2000 WLS NE Steady 2 8000 2 4
Korres,G. 2002 WLS NE Steady 1 14 1 5
Madtharad 2003 WLS SVD Steady 1 14 1 4
Rakpenthai 2005 WLS OT Steady 1 14 & 30 3 4
AI-Othman 2006 WLS sap Steady 1 14 & 30 3 4
Roués. et al 1988 DSE EKF Dynamic 1 118 3 4
Mandai et al 1995 DSE EKF Dynamic 1 14 & 30 3 4
Mandai & 1997 DSE EKF Dynamic 1 118 3 4
Sinha
Durga & 1998 DSE KF Dynamic 1 4,14 3 4
Thakur & 30
Shinha & 1999 DSE HOSE Dynamic 2 118 2 4
Mandai
Thakur & 2000 DSE EKF Dynamic 1 30 & 118 3 4
Shinha
EI-Keib & 1992 WLAV LP Steady 1 30,57 3 4
Singh & 118
Abur & 1992 WLAV LP Steady 1 14 &118 3 5
Celik
Singh & 1994 WLAV IPM Steady 1 5,30 3 4
Alvarado &118
Clement et al 1995 WLAV IPM Steady 1 6,30 3 5

& 118
Wei atal 1998 WLAV IPM Steady 1 5,14,57 3 5

118
&1024

Ramirez 2000 WLAV IPM Steady 1 14 3 5
Chiite & 2003 WLAV IPM Steady 1 30 & 118 3 5
Swarup
Jabr, RA 2005 WLAV Huber- Steady 1 14,57 & 3 5

M 118
Jabr ,RA 2006 LAV SLP Steady 1 14,30 3 5

57& 118

1: Centralized 2: Distributed 3: Regulated 4: Unconstrained 5: Constrained

gl(XI,X2, ,Xn;UI, ,/Im) = 0
g2(XI,X2, ,Xn: ul" ,U,") = 0

(2.21 )

where
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Xp"',x"are set of dependent (state) variables and up"',l/m are a set of independent

(input, demand, or control) variables. Typically these equality constraints correspond

to the so called power flow equations. The constraints relative to the equipment can

be written, in general, in the following form:

Cl (Xl ,X2,···,X,,;Ul , ,Um) ~ 0

C2(Xl,X2, ... ,X,,;Ul, ,Um) ~ 0
(2.22)

C,,(XI ,X2 , ... ,X,,;Ul , ... ,U",) ~ 0

They correspond to items such as upper and lower limits on power generation by a

given unit (real and reactive powers), current limits on transmission lines and

transformers, and so on. Mathematically, the formal operating state is defined

whenever the utility system considered satisfies relations (2.21) and (2.22). Following

certain disturbance events (short-circuits due to faults, loss of generation, loss of

load, and others) some of the inequality constraints may be violated. For example, a

line may become overloaded, or a system frequency may drop below a certain limit.

In these cases the system is in the emergency operating state.

Finally, the system may exist in a situation where only a fraction of the customers are

satisfied without overloading any equipment. In this case only a portion of the system

is in the normal state. As a result, not all the equality constraints are satisfied, but the

inequality constraints are. Such a state is called the restorative operating state.

Symbolically, equations (2.21) and (2.22) can be written in the following form:

g(X,u) = 0
c(x,u) ~ 0

(2.23)

With this notation, the definition of the three operating states can be summarized as

follows.

Normal state

g(X,u)=O

C(X,II) s 0
(2.24 )

Emergency state

g(X,u) = 0

c(x,u) = 0
(2.25)

Restorative state

g(X,u)'i":O

c(x,u) ~ 0
(2.26)
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Therefore, the security of any power system is defined relative to its ability to

withstand a number of postulated disturbances. A normal state is said to be secure,

following anyone of the postulated disturbances, the system remains in the normal

state. Otherwise, it is insecure.

Optimization problems arise naturally in many engineering applications. Control

problems can be formulated as optimization problems in which the variables are

inputs and states, and the constraints include the model equations for the plant. At

successively higher levels, optimization can be used to determine set of points for

optimal operations (power system state estimation), to design processes and plants,

and to plan for future capacity. Hence, optimization problems contain the following

key ingredients:

Variables that can take on a range of values as well as variables that are real
numbers, integers, or binary;

• Constraints that define allowable values or scopes for the variables, or that
specify relationship between the variables;

An objective function that measures the desirability of a given set of variables

The optimization problem is to choose from among all the variables that satisfy the

constraints the set of values that either minimizes or maximizes the objective function.

Therefore, it is apparent that power system state estimation consists of all the above

mentioned key ingredients and can be formulated as an optimization problem.

Several mathematical optimization methods have been proposed over the years to

solve the PSSE problem as has been described in the previous sub-sections in this

chapter. Listed below are some of the mathematical methods used: Linear

programming (LP), Simplex method, Non-linear programming (NLP), and interior

point methods. These methods are briefly reviewed in the following subsections.

2.3.1 Linear Programming (LP) Method

Linear optimization in which the constraints and the objective function are linear

functions of the variables is usually known as "linear programming". In LP problems, a

linear function of real variables is minimized over a region defined by linear

constraints. The problem can be expressed in a standard form as given by [Min et ai,

2005; Alsac et al, 1990)

st. Ax v-]:

x~O
(2.27)

where
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x is a vector of "n," real numbers, while Ax=b is a set of linear equality constraints,

and xcO indicates that all components of x are required to be non-negative. The dual

of problem (2.23) is

max ó" y

sI, ATy+s=c
s~O

(2.28)

where

CE!l{' is a vector, which defines the objective function bE9t" defines the equality

constraints, ),.,E9,m is a vector of Lagrange multipliers SE.'l{' is a vector of dual slack

variable, and finally A E9,mxn. These two problems are intimately related, and

algorithms typically solve both of them simultaneously.

An important question when LP problem is solved is: How optimality of the computed

solution is verified? One way of proving optimality is to generate a lower bound on the

objective value. By definition, a valid lower bound Zb must satisfy a condition:

(2.29)

where

X is a set determined by the constraints in eqn (2.27) feasible region

If solution x' EX has been generated such that

T •
C X = Z (2.30)

x' is optimal solution due to the fact that "Zb" is a measured; here it is a lower bound

on the optimal objective value. A method to generate valid lower bounds is through

the definition of the dual problem. To each LP problem, called primal problem, there

is corresponding dual problem in the form [Capitanescu et ai, 2006],

The pair (y, s) is a dual feasible solution, if it satisfies the constraints. Also, (x, y, s) is

said to be primal and dual feasible if x and (y, s) is primal and dual feasible, is called

duality gap, and xT
S is called complementary gap. Some useful definitions in regard to

primal-dual approach are given by Yan in [Yan et ai, 1999]

Primal feasibility: Ax' = b.»' ~ 0 (2.31)

Dual feasibility: AT y' + s' = c,s' ~ 0 (2.32)

Optimality: CT x' _bT y' = 0 (2.33)
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Thus, in practice the optimality of a computed solution can always be verified by

checking primal and dual feasibility and that the dual gap is zero. In both, primal and

dual cases, a set of first order optimality conditions to the barrier problem is obtained.

Combining these two sets of optimality conditions gives (Yan et al, 1999],

Ax =b;» > 0,

ATy+s=c,s>O

xs = pe
(2.34 )

where

e = [1,1,1 ...,1l

These conditions are called the perturbed Karush-Kuhn Tucker (KKT) conditions,

because they are identical to the KKT conditions of the original LP problem, except

the complementary conditions have been perturbed byp. Hence, a solution to (2.34)

for a sufficiently small p is a good approximation to the optimal solution [Capitanescu

et ai, 2006]. When the vectors x'f,s' satisfy the following optimality conditions as

suggested by Min [Min et ai, 2005]:

ATy'+s'=c

Ax' = b

x· ~ O,s' ~ 0

(x' y s' = 0

(2.35)

Then, x' solves the primal problem and (y', s' ) solves the dual problem.

The popularity of LP as an optimization standard stems from its direct applicability to

many interesting problems, the availability of good general purpose algorithms, and

the fact that in many real-world situations, the inexactness in the model or data

means that the use of a more sophisticated non-linear model is not warranted. In

addition LP does not have multiple minima, as may be the case with non-convex

optimization problems. i.e. any local solution of a linear program-one whose function

value is no larger than any feasible point in its immediate vicinity-also achieves the

global minimum of the objective function over the whole feasible region. LP based

methods are fast and efficient in determining binding constraints, but have difficulty

with marginal losses.

2.3.2 Simplex Methods

Prior to 1987, all commercial programs for solving general LP made use of a simplex

algorithm. Simplex algorithm, invented in 1947 by Dantzig, had fascinated
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optimization researchers for many years because its performance on practical

problems is usually far better than the theoretical worst case. The simplex algorithm

generates a sequence of feasible iterates / fro primal problem, where each iterate

typically has the same number of non-zero (strictly positive) components as there are

rows in A matrix. This iterates are used to generate dual variables y and s such that

two other optimality conditions are satisfied, namely

(xK r s" = 0
(2.36)

If the remaining condition Sk;;:() is also satisfied, then the solution has been found and

the algorithm terminates. Otherwise, one of the negative components of Sk is chosen

to allow the corresponding components of x to increase from zero. To maintain

feasibility of the equality constraint Ax=b, the components that were strictly positive in

/ will change. One of them will become zero when the new component is increased

to a sufficiently large value. When this happens, it has to stop and denote the new

iterate by /+1.

Each iteration of the simplex method is relatively inexpensive. It maintains a

factorization of the sub matrix of A that corresponds to the strictly positive

components of x; typically, simplex methods converge in a number of iterations that is

about two to three times the number of column. Simplex method is widely used in

commercial software to solve a great variety of problems (production planning,

transportation, scheduling, etc) when the function to optimize and its associated set of

constraints are linear. Abur and Celik employed the method in solving the SE problem

and it was successful.

2.3.3 Non-Linear Programming (NLP)

Non-linear programming (NLP) problems are constrained optimization problems with

non-linear objective function or constraint functions. However, it is still assumed that

all functions in question are smooth (i.e. at least twice differentiable), and that the

variables are all real numbers. If any of the variables are required to take on integer

values, the problem is a mixed-integer non-linear programming problem. Mixed-

integer non-linear programming is not considered in this thesis. For the purposes of

description, the following problem formulation is used [Alsac et ai, 1990; Mamoh et ai,

1999; Torres et al, 1999; Wei et al, 1998]
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minf(x)
si. g(x) = 0

cCx) ~ 0

(2.37)

where

x is a vector of "nR" real variables, f is a smooth real-valued function, and 9 and care

smooth functions with dimension mE and mu respectively [Mamoh et al, 1999; Wei et

al, 1998]. Algorithms for NLP problem are more varied than those for LP. The major

approaches represented in commercial software packages are sequential quadratic

programming (SQP), reduced gradient, sequential linearly constrained, and

augmented Lagrangian methods [Alsac et ai, 1990]. The later is known as method of

multipliers. Extension and successful interior point (lP) approaches for LP to NLP

problems is now the subject of intense ongoing research among optimization Gurus,

but little production software of these approaches have been in the market.

Disadvantages of NLP are that most of the algorithms cannot guarantee convergence

to the global minimum i.e. the value x"that minimizes fover the entire feasible region.

At best, they find a point that yields the smallest value of f over all points in some

feasible neighbourhood of itself. An exception occurs in convex programming. The

second disadvantage of NLP over LP is that general -purpose software is somewhat

less effective because the non-linear paradigm encompasses such a wide range of

problems with a great number of potential pathologies and eccentricities. Even to a

minimum value x', algorithms may encounter difficulties because the solution may

degenerate, in the sense that certain of the active constraints become dependent, or

are only weakly active.

Algorithms for special cases of the NLP problem, such as problems in which all

constraints are linear or the only constraints are bound on the components of x, tend
to be more effective than algorithms for the general problem because they are more

able to exploit the special properties [Wei et al, 1998]. Local solutions of the NLP can

be characterized by a set of optimality conditions analogous to those explained for LP

problem. After introduction of Lagrange multipliers A and ;dor the constraints c(x)5: 0

and g(x) =0, respectively, the Lagrange function for the problem is written as:

L(x, A., Jr) = f(x) + A.T cCx) + JrT g(x) (2.38)

The first -order optimality conditions (commonly known as the KKT conditions) are

satisfied at a point x' if there are multiplier vector )." and Jr" such that:
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\/xL(x',X ,Jr') = 0

g(x') = 0

c(x') S O,X ~ 0

(X Y c(x') = 0

(2.39)

where

Vis the Jacobian matrix of the Lagrangian

The active constraints are those for which equality holds x'. All the components of g

(x) are active by definition, while the active components of c(x) are those for which

c;(x') = O.When the constraint gradient satisfies certain regularity conditions at x', the

KKT conditions are necessary for x' to be a local minimizer of the NLP, but not

sufficient. A second-order sufficient condition is that the Hessian of the Lagrangian,

the matrix VxxL( x', ,1,', 1['), has positive curvature along all directions that lie in the null

space of the active constraint gradients, for some choice of multipliers.l" and 1[' that

satisfy the KKT conditions. i.e., it is required

(2.40)

for all vectors w such that

\/g(x'/ w = 0 (2.41 )

and

\/C;(X')T w= 0 for all indices i (2.42)

NLP can be used in finding a solution of state estimation (SE) problems.

2.4 Interior Point Methods

2.4.1 Development of IPMS

For decades, the simplex method discussed in section 2.3.2 proposed by Dantzig in

1947 has been the most widely used algorithm for solving linear programming (LP)

problems. However, due to its vertex following property; the solution time to Simplex

method may grow exponentially for some specifically constructed problems. This

behaviour motivated researchers to start developing a linear programming method

with lower combinatorial complexity. In 1978, Khachiyan [Khachiyan, 1979] a Russian

researcher first developed a polynomial algorithm by applying the ellipsoid method to

linear programming problem. Although his method cannot compete with the simplex
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method practically, it indeed has significant theoretical implications for combinatorial

optim ization.

In 1984, Karmarkar [Karrnarkar 1984] introduced his projective algorithm, which not

only had a polynomial time property, but also was much faster than the Simplex

method. His method is called Interior point, because it searches an optimal point

through the interior of the feasible region. Since then, a substantial number of

contributions have been made towards the theoretical analysis and practical

implementations of interior point method and its many variants. These variants can be

classified into four categories: projective methods, affine scaling methods, potential

reduction methods and path following methods. The four variants are briefly

discussed in the following sub-sections:

Projective Method

Projective method grows out of Karmarkar's projective method. The method is based

on two fundamental ideas:

If the current solution is near the centre of the feasible region, then it would
automatically goes closer to the optimal solution by moving in the steepest
descent direction of the objective function;

The solution space can be transformed so as to place the current solution
point near the centre of the transformed feasible region. Without changing the
problem in any essential way, such transformation can be done by using an
appropriate type of projective transformations.

Sy formulating a linear programming (LP) problem as a special standard form,

Karmarkar assumed that its optimal value is well known. Karmarkar later relaxed his

assumption by using a lower bound to estimate the optimal value, and updating the

lower bound at each iteration. Todd and Surrell [Todd & Surrell, 1986J propose a

method to obtain the lower bound from the dual problem. Karmarkar's algorithm

required O(nL) iterations, where n is the number of variables and L is the number of

bits required to record the problem. Each iteration involves the calculation of

projection step which, in turn needs O(n3) arithmetic operations. He proposed the idea

of inexact projection that leads to an average reduction of O( m) in the worst case

bound, resulting in O(n25) arithmetic operations per iteration. Gay [Gay, 1991J applied

the same idea to the dual problem. Anstreicher [Anstreicher, 1989J developed a

combined phase I and phase II projective algorithm in order to relax the initially

feasibility assumption. All of the developed algorithms need to Karmarkar's standard

form. Moreover, these algorithms require to estimate the lower bound of the optimal

value and to do the non-linear projective transformation at every iteration.
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Affine- Scaling Method

Affine Scaling methods were originally suggested by Dikin in 1967 [Dikin 1967), and

later studied by several linear programming IPM developer. Barnes [Barnes, 1986]

and Vanderbei et al [Vanderbei, 1986] proposed what is now known as primal affine-

scaling method as a variant of Karmarkar's projective method. Adler et al [Adler et al.,

1989] suggested applying the method to the dual problem, resulting in a dual affine

scaling method. Both methods require Karmarkar's standard form and can work on

the general linear programming problem. The methods use a linear transformation

rather than the costly non-linear projective transformation. The global convergence of

the affine- scaling methods has been proved by several researchers. Although there

has been no evidence of polynomial complexity for the developed algorithms, the

main disadvantage of the affine- scaling methods is that, they do not have the

centering direction to keep variables far away from the boundary. A small step size

must be imposed to avoid numerically instability. This phenomenon causes the

algorithms to take more iterations as suggested by McShane [McShane, 1989]

Potential Reduction Method

The Potential Reduction method was first proposed by Todd and Ye [Todd & Ye

1992; 1990]. Their method adopts Karmarkar's idea of using an appropriate potential

function to measure the progress of an algorithm but avoids applying expensive

projective transformation at each iteration.

The method applies the idea of affine- scaling to reduce the potential function by

searching along the projected gradient of the potential function. Thus, the potential

reduction function method has the features of both projective methods and affine -

scaling methods. In order to determine the optimal step size when working with the

method, a linear search has to be carried out at every iteration, which can be costly in

computation. The potential reduction methods was later studies by several prominent

researchers including Ye [Ye, 1991], Freund [Freund, 1991), Gonzaga [Gonzaga,

1994], Anstreicher [Anstreicher, 1991] etc. For Reduction function method, the best

complexity achieved so far is O(vh LJ iterations as proposed by Todd and Ye [Todd

&Ye, 1990). However, their computational performance relies on proper potential

function as well as an efficient linear search algorithm
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Logarithmic Barrier Method

Logarithmic barrier method is based on applying Newton's method to follow the central

path of the feasible region. The central path is formed by the optimal solutions of a family

of problems defined by a logarithmic barrier function. The logarithmic barrier function is

attributed to Frisch [Frisch, 1955] and is studied in detail by Fiasco and McCormick

[Fiasco& McCormick, 1968] for non-linear optimization. The idea of central trajectories

was suggested by Karmarkar [Karmarkar, 1984] and has been extensively examined by

Bayer and Lagarais [Bayer &Lagarais, 1989) and Megiddo and Shub [Megiddo & Shub,

1986]. Megiddo suggested applying the logarithmic barrier method to the primal and dual

problems simultaneously. The idea was developed by Kojima et al [Kojima et aI., 1989)

into primal-dual path following algorithm which requires O(nL) iterations. Later, Monteiro

and Adler [Monteiro & Adler, 1989) improved Kojima et ai' results by employing ideas

proposed by Gonzaga [Gonzaga, 1987] and Karmarkar [Karmarkar, 1984] to get a

primal-dual algorithm, which requires O(vh L) iterations, the best worst-case complexity to

date. Since then, several variants of the primal-dual path following method have been

suggested and extensively studied by outstanding researchers including the primal-dual

algorithm of McShane et al [McShane et al., 1989) and Lustig et al [Lustig et al., 1991),

the Predictor -Corrector algorithm suggested by Mizuno et al [Mizuno et al., 1990] and

Mehrotra [Mehrotra, 1992 ) and the infeasible algorithms of Zhang [Zhang, 1992 ], Mizuno

[Mizuno,1992) and Vanderbei [Vanderbei,1993)

The typical features of the Logarithmic barrier function or Path following method comes

from several aspects such as:

• Following the central path allows the algorithm to take a large step towards the
optimal point (solution);

• Use of Newton direction produces quadratic convergence speed;

• Using different step lengths in primal and dual space results in fast convergence.

As conclusion: This class of method performs extremely well in practice, comparing

favourably to other interior point methods discussed in previous sub-sections. The

method not only has the best polynomial complexity but is computationally efficient.

2.4.2 IPDPF Method

The infeasible primal-dual interior point path following (IPDPF) method is based on one-

phase primal-dual path following [Vanderbei, R.J., 1993). The original method operates
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on LP problems that have only upper bounds. The method can be extended to handle a

general LP problem with lower (l ) and upper (u) bounds.

The basic idea of the method is to solve a constrained optimization problem as a

sequence of unconstrained problems. Its theoretical foundation is based on 3 methods

[WU et ai, 1994]: Logarithmic barrier method for optimization with inequalities, Lagrange

method for optimization with equalities and Newton-Raphson method for solving the non-

linear equations of the Karush-Kuhn- Tucker (KKT). The method can be derived by

introducing slack variables to convert the bound constraints into equality constraints.

The logarithmic barrier method is applied to eliminate the inequality constraints by

incorporating them into a logarithmic barrier term that is appended to the objective

function, in this berth the original problem is converted to a sequence of problems

parameterized by the barrier parameter (,LI) and the parameter is reduced towards zero

as the iteration progress.

IPDPF does not solve the non-linear KKT equations exactly. Rather, it applies the one-

step Newton-Raphson method to find the search direction. To summarize IPDPF can

work in the following succession:

• Start with any initial point satisfying the slack variables which must be greater
than zero and barrier parameter f.1 > 0

• Apply one Newton-Raphson method to find a point closer to the central path and
accept this value

• Reduce f.1 appropriately and start over again until the primal and dual feasibility
is attained and the duality gap is smaller than a predefined tolerance.

Advantages shown by the method include:

Does not require feasible point during the optimization process

It allows separate step-lengths in the primal and dual places this increases the
efficiency of the method and significantly reduce the number of iterations to
convergence [McShane et al, 1989]

• It uses the complementary option [Lustig et ai, 1994; Vanderbei, R.J., 1993] in
determining the barrier parameter j..I . This option is a abetter choice because it is
related to the barrier parameter j..I

• No initial feasible point is required. However, the primal and dual slack variables
must be strictly positive.

• The algorithm developed using the method terminates when the feasibility and
optimality conditions are satisfied [Lustig et ai, 1991]

From its good computation features, the method has been chosen for the solution of

power system state estimation problem in this thesis.
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In the past 15 years, several efficient interior point methods have been suggested and

applied. Lustig and Shanno [Luistig & Shanno, 1994], Zhang [Zhang, 1992] have made

significant contribution in this area. Although simplex method has improved a lot in recent

years [Bixby, 1995], [Forrest & Godfarb, 1992] and [Suhl, 1990] extensive tests have

demonstrated conclusively that robust IPM can solve large-scale LP problems

substantially faster the simplex method.

The important note when using interior point method is how to terminate an IPM

algorithm. Contrary to the simplex algorithm, IPM algorithm never generates the exact

optimal solution; instead it generates an infinite sequence converging towards an optimal

solution. Hence, it is necessary to be able to terminate an IPM after a finite number of

iterations and then report the exact optimal solution. However, this problem is sufficiently

and succinctly described by Ye's finite termination scheme [Ye, 1992]. A closely related

problem is to generate an optimal basic solution from an optimal interior point solution.

Interior point methods at present are very reliable optimization tool. They are, and will

continue to be used in solving optimization problems such as optimal power flow, and

power system state estimation just to mention few, problems in power system. Indeed a

complete theory of interior point methods has been developed. Moreover, basing on this

theory many efficient implementations have and will be developed. In fact, this trend of

algorithm and improvement in computer hardware make many linear programming

problems, to be solved routinely today and in the future than a decade or two decades

ago. Even though interior point methods are not going to improve dramatically over the

next decade, but it could be predicted that significant improvements in the current

implementation particularly in solving power system state estimation problem of large-

scale and interconnected system will be achieved.

2.5 Hierarchical State Estimation

Use of hierarchical and distributed state estimation structure in processing state

estimation is not new. Dy-Liacco [Dy-Liacco, 1994] demonstrated a control centre in

which hierarchical structure is employed. In the demonstrated structure, each area has its

own dispatch centre and a central dispatch centre coordinated the integrated processing.

Hierarchical concept has been used in processing large-scale optimal power flow (OPF)

studies, [Cohen and Zhu, 1984]. It has also been applied to WLS state estimation

problem [Kobayashi et ai, 1974; Van Cutsem et ai, 1981; Mukai et ai, 1982]. The

objective of all these work was mainly to reduce computing time, memory requirements
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and data exchange between areas. Basing on different decomposition schemes or

special requirements on accuracy, information exchange and so on, there are many

different hierarchical processing schemes for PSSE problem. Some of these schemes

are briefly reviewed

Method by Kobayashi et al [Kobayashi et ai, 1974]. the method proposes decomposition

of system network into several non-overlapping areas connected by tie-lines. Each tie-line

only belongs to one or two neighbouring areas. Two level state estimation processing is

created. The first level state estimation is conventional. The second level estimation has

two steps in its implementation. First step estimates the boundary bus status; using the

results from the first level estimation and first step, and then the second step estimates

the global state. However, the injection measurements on the boundary buses are not

considered in the first level, but they can be included at the first step of second level.

There is no communication between the established levels. The proposed method is

complex and difficult to implement.

Method by Van Cutsem et al [Van Cutsem et ai, 1981]. it proposes system network to be

decomposed into several non-overlapping areas connected by tie-lines. The tie-lines do

not belong to any area, thus the flow measurements on tie-lines are not included in the

first level state estimation. The first level estimation is conventional one. The boundary

bus values are sent to the second level state estimation. These boundary states are used

as pseudomeasurements together with the tie-line flow measurements. Because of the

nature of decomposition scheme, the injection measurements on the boundary buses are

not used. The schemes do not allow communication between levels.

Method by Mukai et al [Mukai et ai, 1982]. it suggested decomposition of large-scale

optimization problem, i.e. SE problem into subproblems, solve the problems in parallel

computers and coordinate the result with the central computer (coordinator). A

communication exists between the areas and the central computer on convergence

status. The suggested method gives global optimal solution, and has fast computing

speed. But, observability analysis and bad data detection and identification are difficult

because the decomposition is based on the structure of the gain matrix.

Interest on distributed processing of power system state estimation attracted engineers

and researchers. Kores [Kores & Contaxis, 2000] proposed a distributed state estimator

that is based on two level state estimation; distributed observability analysis, and

distributed bad data processing. The second-level estimation is accomplished using a

reduced model. Iwamoto et al [Iwamoto et ai, 1989] developed hierarchical state
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estimation method using a fast rectangular-coordinated approach. Two levels are

suggested. The upper level, where the optimal tie-line bus voltages are evaluated, and

the lower level, the optimal state of each subsystem is determined. The proposed

method makes use of an extension of a fast second-order load flow technique that

makes possible to employ a fixed Jacobian matrix in the hierarchical algorithm.

Zhao [Zhao & Abur, 2003] examined the hierarchical state estimation on large-scale

power networks using existing local estimators along with synchronized phasor

measurements. Lakshaminarasimhan [Lakshaminarasimhan and Girgis, 2006] proposed

the use of hierarchical state estimation to coordinate the state outputs of wide area

network. He addressed issues of incoherency and delay/absence of state output from

one or more areas. Patel [Patel and Girgis, 2006] implemented hierarchical state

estimation on an 1896 bus power system.

Lin [Lin, S.Y., 1992] developed a robust and computationally efficient distributed state

estimator to solve the weighted least square (WLS) problem using distributed

computation. The developed algorithm offers four advantages over other estimators:

reduction of the time skew problem, freedom from power network topological errors, easy

identification of unobservable states, and detection and identification of bad data in the

measurements. EI-Keib et al [el-Keib et ai, 1992] developed a linear programming (LP)

state estimation algorithm for large-scale interconnected power system. The algorithm

uses the Dantzig-Wolfe decomposition. By using a multiple-column strategy and several

modifications, to the original algorithm, the performance of the new algorithm is better

compared to the original.

Ebrahimian [Ebrahimian & Baldick, 2000] presented an application of distributed

algorithm to solve the power system state estimation, employing the auxiliary problem

principle (APP) concept. The algorithm requires minimum modification to existing WLS

state estimator. Aguado et al [Aguado et ai, 2001] employed decomposition method in

solving the SE problem in a distributed way. He presented and compared two

decomposition methods based on Lagrangian Relaxation and Augmented Lagrangian

algorithms. In addition, he showed that using decomposition methods reduces

discrepancies among variables estimated at boundary nodes by different control areas.

The main incentives of moving from centralized state estimation towards distributed and

hierarchical approaches are: First, local estimation in areas eliminates the necessity for

communication between areas and the central dispatch centre (CDC). Hence,

communication bandwidth is reduced. Second, local estimators, in hierarchical and
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distributed estimation deal with much less dimensional data compared to the centralized

one. Consequently, computational power requirement decreases with the use of

hierarchical and distributed computation approaches.

2.6 Comparative Analysis of SE Methods

In light of the review presented in this chapter, it can be noted that despite remarkable

advances in mathematical optimization methods, numerical methods have yet to achieve

fast and reliable real-time application in state estimation optimization. Considerable

efforts are required to avoid mathematical traps such as ill-conditioning and convergence

difficulties. Mathematical methods often use approximation to limit complexity leading

them to lose desirable performance of the problem. Comparative analysis of the state

estimation methods are provided in Table 2.3.

It can be pointed out that:

The complexity and the size of the problem may affect the solution time
dramatically when applying optimization method. Therefore, the use of
mathematical optimization techniques is constrained when the problem is both
large and complex;

• Mathematical optimization methods often require relatively long times to respond.
Therefore, a rather high degree of predictability is required for optimization
method to work efficiently if a short response time is needed.

• In mathematical optimization, it is assumed that computations and communication
will occur as planned and strategies for handling lack of communication are not
well known, therefore, mathematical optimization is not robust with respect to
failures in computation and communication.

In order to address these difficulties attention is directed towards:

• Robust, adaptive, high-bandwidth control algorithm large-scale structurally
decentralized system;

• Faster computation capability to approach real-time optimization, coordination
and control;

• Proven robust hierarchical control algorithms in order to overcome the
limitations in achieving wide-area integrated centralized controller
performance; and

• Parallel and distributed algorithms for faster computing.
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T bl 23 Ca e .. omparattve anarysrs 0 state estimation met 0 s
Method/Algorithm Advantages Disadvantages Challenges

Normal Equation (NE- High computational Give rise to ill- To deal will ill-
WLS) efficiency with the conditioning problems conditioning problem

fast P-Q decoupling
Normal Equation with Belter numerical More sophisticate in Improve triangular
constraints (NE/C- stability compared to application due to factorization
WLS) NE without equality triangular factorization

constraints
Orthogonal Has higher Needs more Improve the P-Q
Transformation(OT- numerical stability computation decoupling technique
WLS) Needs the P-Q

decoupling technique
Hybrid Method (HM- Compromise Not stable and efficient Improve stability and
WLS) between numerical for large-scale power computation

stability and system efficiency.
computation
efficiency

Hactel's Augmented More stable and Complicated in Improve
Matrix (HAM-WLS) efficient for large- implementation implementation in

scale power systems large-scale power
systems

Least Absolute value Does not follow Considers only part "rï' To deal with
(LAV-WLAV) statistical distribution of measurements, does "outliers" bad data

arrangement(Gaussi not work on the rest "m-
an distribution n" measurements
assumption)

Simplex Method (LP) Computationally Has difficulties on: Improve on
more efficient · Initialization · Initialization of
especially for large · Iteration algorithm
and sparse problems · Terminating of · Iteration

algorithm · Terminating of
algorithm

Interior Point Methods Computationally Difficulties on: Improve on
(IPMs-LP/NLP) efficient · Problem · Problem

formulation formulation· Algorithm · Algorithm· Search · Search direction
direction

h d

2.7 Conclusion

In this chapter, state estimation (SE) methods have briefly reviewed. Interior point method

(IPM) is discussed in detail. The hierarchical and distributed estimation processing is

briefly reviewed, as well as their advantages and disadvantages are mentioned and

compared.

In deregulated power system, which may comprises of several areas, when scheduling

power transactions, a system-wide SE solution is needed. Such a solution may be

obtained by central state estimator, which will collect the measurements of the entire

system and solve the very large state estimation problem. The computation will be heavy

and challenging. Another challenge is that the area dispatch centres existing in the
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system are reluctant to share network application data among them because of business

and competition confidentiality purposes. Thus, a good compromise would be for

individual area dispatch centre (ADC) to run for its own state estimation and to have a

central coordinator to coordinate their results to determine the state of the entire system.

In such a case, it is necessary to have a new scheme to solve the multi-area SE problem.

This thesis works for designing of a new scheme of multi-area distributed processing of

SE problem.

Chapter 3 presents review on deregulation of power systems, motivation and process of

deregulation of power system around the world; its advantages and disadvantages are

presented. The chapter also highlights the deregulation process going on the Tanzania

Power system.
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CHAPTER THREE: DEREGULATION OF POWER SYSTEMS

3.1 Introduction

Since 1990s, electrical power industries around the world have been experiencing a

period of deregulation in which new structures in the industry are being formed. The

deregulation programmes have included privatization of state owned enterprises,

separation of potentially competitive segments i.e. generation and distribution from

natural monopoly segments of distribution, and transmission, creation of competitive

wholesale and retail markets, and application of performance based regulatory

mechanisms to the remaining regulated segments.

Deregulation in the USA, for example, has led to establishment of independent power

producers (IPPs), which are responsible for power supply in a deregulated power

system, regional transmission providers (RTOs), responsible for transmitting and

wheeling bulk electrical energy across the grid, and bulk electrical energy consumers

(DISTCOs), which are responsible for buying bulk electrical energy from a power market

place and distribute to end-users. The deregulation process differs from one place or

from one country to another. In the developed countries, the three structures are in place

and operating, while in developing countries initial stages of deregulation i.e. permission

of power producers to operate is taking place.

Electrical power sector around the world evolved with primary regulated geographic

monopolies that were either state owned or private owned. The primary components of

electricity supply i.e. generation, transmission, distribution, and retail supply were

integrated within individual electrical utilities. These firms in turn had de-facto exclusive

franchises to supply electricity to industrial, commercial, and domestic retail end-users

within a defined geographical area or a country. The performance of these regulated

monopolies varied widely across countries.

In many developing countries, electrical power sector was and is still in great part

characterized by poor service quality, low labour productivity, high power system losses,

inadequate investment in power supply facilities, unavailability of service to large portion

of the population, and low tariffs to cover costs and support new investment [World Bank,

1994]. Industrial customers such as mining companies had to respond to frequent

system outages by building their own isolated generating plants, increasing their cost of

doing business. However, the sector performance in developed countries before the

1990s was generally much better compared to developing countries, but high operating
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costs, construction cost overruns on new facilities, and high retail prices required to cover

these costs stimulated pressures for changes that would reduce costs in retail [Joskow,

1998a; Joskow, 2000].

The deregulation goal has been to create new governance arrangements for the

electrical power sector that provide long-term benefits to end-users. The benefits are to

be realised by relying on competitive wholesale markets for electrical power to provide

better incentives for controlling construction and operating costs of new and existing

generating capacity, to encourage innovation in power supply technologies, monitoring,

control, and to shift the risk of operating mistakes to suppliers and away from end-users.

Retail competition or end-user choice is supposed to allow end-user to choose the retail

power supplier offering the price or service quality combination that best meet their

needs.

In this chapter, deregulation of power systems, its motivation, and review of electrical

power sector deregulation processes, deregulated power system structures, deregulation

of Tanzania power sector, and the role of power system state estimation in deregulated

power sector are considered.

3.2 Motivation for Deregulation

Traditionally, the electricity industry was and is in great part still a monopoly industry with

a vertical organization structure. In a vertically integrated environment, utility companies

were and are still responsible for generation, transmission and distribution of electricity in

a given location, country or geographical area. Such companies are state owned. In

Tanzania, the utility company-Tanzania Electric Supply Company Limited (TANESCO) is

state owned. But in the last two decades, and especially during the 1990s, the power

sector has been undergoing a drastic restructuring all over the World. The old and

monopolistic electricity markets are being replaced with deregulated electricity market

open to competition. Different forces have driven the electricity market towards

deregulation. Not all forces that are behind the restructuring are the same in all countries

all over the World. Furthermore, each country has its own reason for restructuring. The

reasons are not the same so, deregulation differ from one country to another. However,

there are two common reasons which are the same to all countries. These reasons are

categorised as technological and economic. Technological development of High voltage

(HV) networks during the 1960s and 1970s contributed to possible transmission of bulk

electricity over long distances. This is one of the necessary conditions in order the
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electricity market to be opened to producers that are located far from the main customers

[Stoft, 3003] but power is transmitted easily to customers to satisfy their needs.

Improvement of power generation technologies; it is now possible for generation

expansion decision to be done by small companies [Alba Rios, 3000, pp.6-18]. The

expansion of gas network is an additional reason that makes investments in gas (natural

gas) power plant easily realisable. Another mixed technical-ecological cause is the

inclination of modern society for an increase in power produced by renewable sources.

The emerging of IPPs who operate, mostly, wind power units (in Western Europe and the

USA) gives a further competitive character to electricity industry despite the fact that the

IPPs survive due to subsidies from the state. Improvement of transmission technologies

has resulted in an efficient grid operation by transmission companies. (Refer Regional

Transmission Organization (RTO) in the USA). Devices such as flexible alternating

current transmission (FACT) now in operation in transmission lines enable a better

control over electrical feature of many of the grid in developed and developing countries.

Thus, the separation of generation and transmission decision is easier.

Beyond the technical improvement that has been taken place from the 1960s to 1990s, a

set of economical reasons may be considered as the main force behind the electric

industry restructuring. The main economic idea behind restructuring is that a well

operated competitive market can guarantee both cost minimization and average

electricity price hold at minimum i.e. affordable tariff. Economists believe that an open

market provides stronger incentive to supplier of electricity in order to apply cost

minimizing procedures than normally regulated market. In addition, the positive

characteristic of a competitive market is its ability to drive the price, i.e. tariffs towards the

marginal cost. Of course, in order for this advantage to be relialised, the market has to be

well designed and organized. Another economic reason is the inability of the countries

with high national debt, especially the developing countries to meet the necessary

investment in state owned utility companies [Wolak & Patrick, 1999]. The only solution for

these countries is to restructure their electric industry. Through the restructuring process,

these countries achieve two objectives:

• Free up public funds and make them available to serve the national debt or
other demands;

The state collects an essential amount from the state owned utilities.

Furthermore, besides technical and economic reasons, pressure of some multilateral

organisations such as the World Bank and international monetary fund (IMF) sets as a

requirement opening of markets including the electricity industry in order to support a
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country financially. Consequently, the electricity industry of many developing countries

financed by the World Bank opened up their electricity industries for competition.

3.3 Power Sector Deregulation: An overview

The first deregulated electricity market world-wide was that of Chile. Chile introduced

electricity competition in 1983 by giving the right to large end users to choose their

supplier and negotiate the price. Chile realised later explicit market mechanisms in order

to determine the generator's dispatch and the wholesale electricity price [Osana, 2003].

Thus, competition among the producers started. The experiment with Chile's

deregulation was successful and so, Argentina in 1993 opened its electricity market into

competition followed by Peru in 1993, Bolivia and Colombia in 1994 and other countries

of Central America in 1997. Deregulation of electricity in Latin America has led to an

essential improvement of electricity industry and power sector as a whole. The current

trend in this area is now the development of electricity market covering large part of Latin

America beyond the first countries to implement deregulation process. [Rudnick &

Zolezzi, 2001]

Electricity deregulation in Oceania has also a long history since 1987, when the

government of New Zealand began the process of deregulation by setting up the

electricity cooperation of New Zealand (ECNZ), later on, in 1988, the system operator,

Transpower, was set up by ECNZ. Performance of the set up Institutions has brought the

New Zealand electricity market among the most successful paradigms of electricity

deregulation. The most present issue on deregulation of electricity industry in New

Zealand is the introduction of the financial transmission rights as a tool for hedging

transmission congestion cost giving incentives for grid expansion investments [Girdwood,

2003]

In Asia, the deregulation of electricity industry has undergone several changes. The most

economic powerful country in the region, Japan, started electricity deregulation in 1995.

The introduction of competition in power sector was achieved by promoting the entry of

Independent Power Producers (IPPs) into the wholesale electricity market [Asano &

Okada, 1998]. These IPPs were eligible to bid only in service areas outside from the area

where they are located. In February 2003, the Electric Industry Committee (EIC) issued a

directive demanding the establishment of electricity or Power Exchange (PE). In this

case, consumers with demand more than 50KW were able to choose their suppliers

since April 2005 [Power line, 2003]
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In China, electric industry deregulation started in mid 1980s. Private generation i.e. IPPs

has been allowed since then. In 2003, all state owned utility companies were transformed

into commercial companies. From 2001 to 3005, the World Bank supported financially

the government of China a five year plan to deregulate the electricity industry [East Asia

and Pacific Regional office, February 2003, World]

In India, some states have launched electricity industry deregulation in mid 1980s. The

objectives of deregulation in India are different from the rest of the World. In India, the

first objective of deregulation targeted to make electricity accessible for each household

[Manari, October 2003], the second objective is reduction of electricity supply cost and

increase electricity service quality. The increase of electricity service quality could be

achieved through improvement of operational efficiency and good governance of

electricity industry.

In Europe, England started the procedure of electricity deregulation in 1989. The same

year, the parliament adopted the electricity act inaugurating a sweeping deregulation and

privatisation of power sector. In 1990, the new electricity industry act comes to being. Its

operation mode was mandatory pool market. In 1994, consumers with demand more

than 100MW become eligible to participate to the electricity market. In 1998, the

deregulation degree in England reached 100 per cent by including all segment of

electricity market. In 3001, New Electricity Trading Arrangement (NETA) was adopted.

The new market emerged after adoption of NETA, tries to trade electricity like any other

commercial commodity [Hesmondhalgh, 2003]. The second country in Europe to embark

on electricity market deregulation after England was Norway. The beginning of electricity

deregulation in Norway was in 1990 by adopting the Energy Act. In 1995, Swedish

electricity industry was also reformed and together with Norwegian electricity market

established the Nord Pool which was launched in early 1996. [Flatabo Doorman, Grande,

Randen & Wangensteen May 2003]. Finland becomes a member of Nord Pool in 1998,

followed by West Denmark in 1999 and finally the East Denmark in 2000. The overall

performance of Nord Pool brings it to among the most successful paradigms of electricity

industry deregulation.

In European Union (EU), with the exception of the United Kingdom (UK), deregulation

has been launched since 1996 by the adoption of electricity directive 96/93/EC [Council

and European Parliament Directive 96/93/eC, 1997]. The directive resulted from many

years of negotiation between the member countries. However, the directive does not

define a common guideline for the deregulation. Therefore, deregulation process in EU

has followed different paths between the member countries.
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In the USA, the first step towards the opening of electricity market was the adoption of

Public Utility Regulatory Policies Act by the USA government in 1978. The Act ordered

the utilities to purchase power from particular IPPs. In 1993, the Energy Policy Act

provided the power to Federal Energy Regulatory Commission (FERC) so as to require

from the utilities transmission service for the whole sale customers. The real phase of

electricity deregulation in USA started in 1996. In this year, FERC issued two directives

of "Promoting whosale competition through open Access Non-discriminating.

Transmission Service by Public Utilities" the directive demanded all public utilities to

provide non-discriminatory open access transmission service [FERC 1996]. The second

directive instructed the utility companies to develop an internet-based system, which

could enable the exchange of information about the transfer capacity of transmission

lines. The electricity deregulation in USA has followed different paths in the numerous

USA states, which have their own separate electricity market.

In Africa, some countries have begun electricity deregulation process in 1990s. The

countries of Northern Africa, participated together with member of EU countries to build

up the Mediterranean electric ring, an electrical network around all countries of

Mediterranean region. In 1999, the government of Nigeria adopted a comprehensive

privatisation programme that was completed in 3004. Deregulation of state owned

electricity industry was among the issues for implementation in the third phase of

privatisation programme. [Africa Region of the Word Bank May 2001]

In South Africa, the regulated electricity supply is performing well. However, the

government has planned deregulation of power sector in the future.

3.4 Deregulated Power System Structures

In regulated power system, generation, transmission and distribution were typically,

owned, controlled and operated as single entity, the vertically integrated utility

abbreviated as (VIU). The central operator will dispatch the system having the full

knowledge of operational costs and constraints of the system. Thus, in this structure, the

use of transmission line by other entities was relatively limited. Even now, in many

developing countries, transmission line is in great part owned by the government through

utility companies, so congestion management was not a term that was used. Congestion

management (CM) is the responsibility of the entity that operates and controls the

interconnected system [Bampard et ai, 3003].
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Congestion management in the regulated system was taken as a problem and

formulated as the optimization of some objective function subject to satisfying the various

constraints considered. CM was included in the optimal power flow (OPF) problem for its

solution. The security constrained optimal power flow (SCOPF) was used to explicitly

consider contingency conditions. Hence, in deregulated power system CM is a key

component and has to be considered and taken carefully, therefore a body has to be

established to deal with it because it is important in market set up.

The deregulation of electricity industry in developed countries has spawned the

introduction of new independent power producers (IPPs) responsible for the power

supply; independent grid operators (IGO); typically called transmission system operators

or organizer (TSO); independent system operators (ISO); or regional transmission

organization (RTOs), which are responsible for transmitting and wheeling the bulk

electrical power across power grids of deregulated system; and distribution companies

(DISTCO) which buy bulk electrical power from a power marketplace and distribute it to

power customers. An important task of TSO is congestion management and pricing of

electrical power. These organizations are described in brief as follows:

IPPs: An IPP may have several power plants that are geographically distributed in power

system. Permission to commission a generating plant is granted by a regulatory authority

after satisfying the set requirement

RTO: The objective of establishing RTOs is to overcome pancaked transmission tariffs

and to provide transmission customers with better and non-discriminatory service. RTO

creation signifies unification of independent system operator (ISOs). The general

objectives of RTOs are:

• To provide open access to transmission system and all services under its control
at non-pancaked rates pursuant to a single, unbundled grid-wide tariffs that
applies to all eligible users in a non-discriminatory manner.

• To have the primary responsibility in ensuring short-term reliability of grid
operations.

• To have control over the operation of interconnected facilities.

• To identify constraints on the transmission system and be able to take operational
to relieve those constraints within the trading rules established by the regulatory
body.

• To establish appropriate incentive for efficient management and administration.

• To have ancillary service pricing policies that should promote the efficient use and
investment in generation, transmission and distribution.

• To make transmission information publicly available on a timely basis via an
electronic information network consistent with regulatory body requirement.
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• To develop mechanisms to coordinate with neighbouring RTOs

• To establish an alternative dispute resolution (ADR) process to resolve disputes
[Hogan, 1998]

DISTCO: Unlike distribution utilities in regulated power systems, which were responsible

for the operation, reliability of distribution network; DISTCO in deregulated power

systems may not be responsible for monitoring and control of distribution system. In

some countries, municipal and city councils act as distribution companies and they buy

bulk electrical power and distribute to their customers.

A common need in deregulated power systems, is that of operating transmission system

independently of various market players [FCR, 1999; Singh & Papalexopoloulos, 1998]

Deregulated power system structure is shown in Figure 3.1

3.5 State Estimation in Deregulated Power Systems

The aim of state estimation (SE) as has been described in chapter two is to provide a

reliable, accurate and complete set of data for real-time monitoring and control of power

systems. By computing available measurements at the central dispatch centre (CDC)

collected by SCADA, together with the knowledge of the network topology and

transmission line model parameters, SE can obtain an accurate estimate of the state

variables, which include complex bus voltages. Given an accurate estimate of complex

bus voltages, exact knowledge on network topology, and precise values of the

transmission line parameters, accurate values for all system quantities such as real and

reactive power injections, real and reactive power flows can be computed via power flow

equations and Kirchhoff's laws.

Although SE resembles a generalized load flow process, the implementation of SE is

much more complex than that of load flow. Before SE can be computed, some

preliminary functions such as measurement filtering, network topology processing,

observability analysis, and bad data detection and identification have to be performed in

order to implement SE.

State estimation is a key and powerful tool for power system operators to monitoring and

controlling power systems. It is a core function of energy management systems (EMS) at

the central dispatch centres (CDCs). The performance and optimization of modern power

system depends heavily on the performance of the estimator that the EMS utilizes. SE is

mostly computed in a serial manner at the CDC and therefore it may be sometimes
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difficult in meeting the time requirements for on line power system monitoring and control

when a large amount of measurements are required to be processed within a limited

time. Hence, a chance of improving or designing effective, robust and fast method is

inevitable.

Figure 3.1: Deregulated Power System Structure

In regulated power system, CDC perform monitoring and control of the system through

SCADAIEMS .SCADA is responsible for remote measurements and control, while EMS

represents a set of senior online applications software for system optimization and

control. SE is a key component of EMS. It provides accurate database for the following

applications [Shahidehpour & Wang, 2003]

• Optimal power flow (OPF)

• Load forecasting (LF)

• Economic dispatch (ED)

• Stability analysis (SA)

• Security assessment

• Restoration strategy

Figure 3.2 shows specific functions of SCADA/EMS system and the role of SE in

regulated power system.

Capital letters in Figure 3.2 denote:

A: On-line Load-Flow

B: Optimal Load-Flow

C: Load Forecasting

0: Economic dispatch

E: Stability analysis
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F: Security Assessment

G: Restoration of Power Strategies

There are independent power producers (IPPs), regional transmission organization

(RTO) and distribution companies (DISTCO) in deregulated power systems. In this new

structure, the centralized optimization and control of CDC cannot in any way meet the

new functions and requirements arising from deregulation of the systems. CDCs are

replaced by RTO/ISOs. The goal of RTO is to establish a competitive environment and

non-discriminatory access mechanisms for all participants in trading of electrical energy

as explained in section 3.4

Compared with CDCs of regulated systems, RTO has new functions, including the

congestion management and the ancillary service auction in order to meet deregulation

requirements. The typical EMS monitoring and control functions of RTO in deregulated

system are shown in Figure 3.3 [Shahidehpour & Wang, 2003]. SE is a key component of

EMS. It provides accurate database for the following applications:

• Congestion management (CM)

• Load forecasting (LF)

• Ancillary service auction (ASA)

• Security assessment (SA)

• Stability analysis

• Restoration strategy

Optimal power flow process is included in the congestion management under security

constrained optimal power flow of the transmission lines. Hence, PSSE is an important

component in both EMS of regulated and deregulated power systems. Its function is

even more important in deregulated systems; it determines the sustainability and

competitiveness of deregulated power system's market.

Capital letters in Figure 3.3 denote:

A: On line Load Flow

B: Congestion Management

C: Load Forecasting

0: Auxiliary Service Auction

E: Stability Analysis

F: Security Assessment

G: Restoration of Power Strategies
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Figure 3.2: Specific functions of SCADAIEMS under regulated systems

3.6 Deregulation of Tanzania Power Sector

3.6.1 Tanzania Power Sector Status

Overall governance of the electricity industry is the responsibility of the Ministry of Energy

and Minerals (MEM). MEM's role in the energy sector is restricted to the development of

policy, institutional setting, legislative and regulatory framework. Energy, Water Utilities

Regulatory Authority (EWURA) is a regulatory council responsible for licensing, tariff

regulation and quality of service regulation and monitoring of electricity, water, petroleum

and natural gas sector. EWURA is instrumental in protecting interests of the users with

regards to the supply of regulated goods and service

.The electricity industry is dominated by Tanzania Electric Supply Company Limited

(TANESCO), a government -owned vertically integrated electricity company operating in

the mainland Tanzania is also responsible for most small isolated networks that are not

interconnected to the national transmission system. Other players on the mainland

include Independent Power Tanzania Limited (IPTL), Songas Limited, and ALSTOM in

Mwanza as IPPs with off-take contracts with TANESCO. Electricity supply in Zanzibar is

the sole responsibility of the Zanzibar State Fuels and Power Corporation (ZSFPC), a

vertically integrated monopoly company. The government of Zanzibar has jurisdiction

over energy policy in Zanzibar, and is independent of policy developments on the

mainland.

53



RTO/ISO on-line Monitoring and Control

Figure 3.3: Specific EMS functions under deregulated systems

There is a considerable degree of installed capacity in off-grid power supply and auto-

generation (mainly for mining companies), primarily due to TANESCO not having the

necessary financial resources to extend the national transmission grid. The electricity

supply industry (ESI) structure of Tanzania is shown in Figure 3.4

The initiation of electrical power sector reform in Tanzania was catalysed by a

combination of macro-reform [www.gsb.uc.ac.za/mir. 1996] priorities, national energy

policy, electric power sector conditions and international donor priorities. In 1993, the

government of Tanzania expanded macro-economic reforms started under structural

adjustment programmes in the mid-1980s to include sector focused objectives such as

electric power sector [Wangwe et al, 1998]. In 1993, the first national energy policy was

published, which included intensions to involve the private sector in development of

energy sector [MEM, 1993].

In the same year, facing a drought induced electricity crisis and extensive load shedding,

the Tanzania government lifted the state utility's monopoly on generation to attract

private generation and alleviate shortages, which paved away to the country's two

Independent Power Producer (IPP) projects. In addition, the reform imperative was

reinforced by changes in World bank lending policy, as the World Bank made electric

power sector reforms a condition for electric sector lending in 1993 [World Bank, 1993]

In October 1999, the government approved a new electricity industry policy and

restructuring framework. [htt:l/www.prsctz.com. 1999]. The main objectives of the policy

are:
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• To increase sector efficiency to meet electricity demand and provide for sufficient
reserve margin;

• To accelerate electrification so as to ensure access to the broadest cross-section
of the population and centres of economic activities;

• To ensure long term economic viability and sustainability of the electricity
industry, so that it can meet the challenge of economic development; and

• To reduce sector expenditure and debt by transferring to private capital the
commercial risks inherent in investments in the electricity sector.

The strategies adopted to realise the policy objectives were:

• Restructure and unbundled the present vertically integrated monopoly utility along
the functional unit of generation, transmission and distribution

• Introduce competition in the sector where applicable while seeking to safeguard
stakeholders and consumers interest through regulation, and

• Review the electricity ordinance and enact new industry legislation to capture
structural changes in the electricity sector and provide for private sector public
electricity supplies.

The driving model of Tanzania's electric power sector reform was originally aimed at

restructuring and unbundling the electric sector for eventual privatization. At the time of

initial reforms, TANESCO, the national utility company, was already corporatized; the

firm was operating under Tanzania's Company Ordinance act since 1931. During the

1970's to mid-1980' period, the company performed adequately, yet towards the end of

1980's the company's performance gradually declined [Katyega, 2004]. Despite its

corporatized status, from the early 1990's the firm recorded poor technical and financial

performance, making the status quo operation increasingly untenable.

Figure 3.4: Electricity Supply Industry (ESI) Structure: Tanzania

TANESCO was unable to cover its operation and maintenance cost and debit service

repayments from its revenue collection which fell during the 1990's. With diminished

revenue for maintenance, outages and distribution losses increased during the same
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period [Katyega, 2004]. Efforts were made to commercialise and improve TANESCO's

operation in the 1990's via support of the World Bank. However, despite these efforts

including introduction of prepayment electricity meters, loss reduction measures and

contracting services, TANESCO remained in a weak financial position by the late 1990's

and the company performance deteriorated to unprecedented levels.

After a decade of reform efforts and introduction of Independent Power Producers (IPP)

projects, TANESCO remains a vertically integrated utility but no longer holds a monopoly

in generation. The two main IPPs, IPTl and SONGAS now contribute to generation, in

addition to TANESCO's state owned hydro and small diesel facilities. Small amount of

imports and self-generators also contribute to the Electricity Supply Industry (ESI). IPTl,

SONGAS and Mtwara Energy Project (MEP) have made the Tanzania power system to

be one of deregulated system in East Africa. Therefore, the power system state

estimation proposed in the thesis, will work under the conditions of deregulated power

system.

Objectives of deregulation of power industry include: technical, economical and pressure

from some of multilateral organizations such as the World Bank and International

Monetary Fund (IMF). However, the anticipated results from deregulation process have

been observed as:

• An increase of power sector efficiency

• Ensuring economic viability and sustainability of the power industry

Reducing sector expenditure and debt by transferring to private sector the commercial

risk inherent

3.6.2 Generation System

TANESCO operates an interconnected grid system comprising of hydropower and

thermal plants. There are several diesel generating plants connected to the National grid.

These have installed capacity of 80MW but they effectively contribute about 50 MW due

to operation problems. Some regions, districts and townships are dependent on isolated

diesel generators which are not connected to the national grid. These have installed

capacity of 36.33MW but they are effectively contributing about 15MW due to aged

machinery and lack of spare parts.

Two private independent power projects (IPPs) which are connected to the National grid

are Independent Power Tanzania limited (IPTl) with 103 MW installed capacity and
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SONGAS (Songo- Songo gas-to electricity) project with installed capacity of 203 MW.

The government through TANESCO owns a thermal plant with a capacity of 102 MW

commissioned in November 2008, it also imports 4 MW from Uganda to Kagera region at

132 kV and about 1 MW from Zambia to the Mbozi district at 33 kV.

3.6.3 Transmission System

TANESCO owns transmission (HV) and distribution lines of different voltage levels

scattered all over the country. In this thesis distribution lines are not considered. The high

voltage transmission lines are estimated to comprise of 3,634.40 km of system voltage

220kV; 1,441.50 km of 132kV and 486 km of 66 kV, totalling to 5,553 km by the end of

December, 2006 [www.tanesco.com. 2009]. High voltage transmission lines use pylon

made of steel. Almost all transmission lines are radial single-circuit lines. The system is

all alternating current (AC) operating at 50 Hz.

National Grid

The interconnected national grid had a peak-suppressed demand of 653 MW in

2007(SAPP statistics), which covered the following demand centres:

• Arusha including Manyara
• Dar es Salaam including Coast
• Dodoma
• Iringa
• Kilimanjaro
• Musoma
• Mbeya
• Marogora
• Mwanza
• Shinyanga
• Singida
• Tabora
• Tanga
• Zanzibar

Isolated demand centres

The total non-coincident peak demand of the isolated (non-grid) centre in 2006 was 38.7

MW. These include the following centres:

• Kagera
• Kigoma

Lindi
• Mafia Island
• Mtwara
• Pemba Island
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• Rukwa
• Ruvuma

It should be noted that the southern part of the country, Mtwara, Lindi and Ruvuma

regions are not connected to the national grid, however, through Mtwara power project

they will be connected in the near future.

3.6.4 Power Generation Options

The TANESCO 2003 Power Master Plan identified new power generation options to be

implemented in future because peak power demand and energy forecast up to 2025 is

increasing (Figure 3.5 and 3.6)[ SAPP Statistics, 2008]. The options are the same as

those evaluated in the East Africa Power Master Plan (EAPMP). The World Bank in 2005

financed strategic/sectoral, social and environment assessment (SSEA) studies of power

development options. Subsequent to the 2003 plan update, further development has

been made on the Zambia-Tanzania-Kenya (ZTK) inter-connector, the Kiwira coal

thermal plant and the Mnazi bay natural gas resource.

Hydropower Generation Options

The following hydro sites have been identified and evaluated and are included in the

current TANESCO re-assessment options and are shown in Table 3.1

T bl 31 H da e : 1y' ropower generation options
Serial Project Estimated Fuel
No. Name Power Source

IM_VV]
1 Igamba Falls 20 Mala.g_arasiRiver
2 Kakono 53 Rufiji River
3 Lower Kihansi 120 Rufiji River
4 Mandera 21 Pangani Falls
5 Mpanga 144 Rufiji River
6 Masigira 118 Ruhuhu River
7 Ruhudji 358 Ruhudji
8 Rumakali 222 Rumakali
9 Rusumo 62 Rusumo Falls
10 Songwe 340 Songwe Falls
11 Stieglers Gorge 1,200 Ruflji River

Source: TANESCO, 2007
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Thermal Generation Options

The new thermal generation options include some specific projects that are in

development pipeline, and other generic options. These are listed in Table 3.2

Table 3.2: Thermal qeneration options
Serial Project Estimated Fuel
No. Name Power Source

[MWl
1 Kiwira 200 Coal
2 Mchuchuma I 200 Coal
3 Mchuchuma II 200 Coal
4 Kinyerezi 180 Natural qas
5 Tegeta 45 Natural gas
6 Alslom 60 HFO

Source: TANESCO, 2007
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Figure 3.5: Peak power demand forecast: 2008-2025
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Figure 3.6: Electrical energy forecast: 2008-2024
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3.6.5 Transmission Line Extensions

Development of hydro and thermal generating plants in the option list will force

extension and construction of new transmission lines. Additional of thermal

generation for a total of 180 MW at Kinyerezi in the vicinity of the city of Dar es

Salaam will require a transmission line of 132- kV connection at Kinyerezi. The 330-

kV interconnection from Zambia to northern Tanzania, purchases of electricity from

Uganda and other neighbouring countries to the north of the country will force

reinforcement on the 220-kV transmission system.

The introduction of the interconnection with Zambia will change the dynamic

characteristics of the power system, and improvement should be pursued in tuning

power system stabilizers and specifying such equipment for new generators. Addition

of Ruhudji generating plant will require two new transmission lines: one from the new

plant via Mufindi to Kihansi and the other directly to Kihansi. Addition of generating

plant at Rumakali will require 220-kV lines to Mbeya and Mufindi.

From year 2004, the single-line to the north of the country has sufficient capability,

however, with more mining companies operating in those areas and others to start

operation in the near future, a second line will be needed from Iringa, Singida and

Shinyanga. By the year 2010, a second line from Shinyanga to Mwanza will be

needed. Difficult in supplying the forecasted load demand growth (Tables 3.5 and 3.6)

using the 220-kV voltage standard and future inter-regional power transfer

requirements, a 330-kV line from Singida to Arusha should be introduced.

In longer term, the 440-kV standard may be justifiable to supply the northern area of

the country and to cater for international power-transfers; however, 220-kV

transmission will continue to be the best choice for power transfer to the coast

areas. Transmission line extensions are summarized in Table 3.3
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Table 3 3' Transmission Line Extensions
Serial From To Distance Voltage Year
No. [km] Level of

[kV] Completion
1 Shinyanga Mwanza II 139 220 2010
2 Mbeya Singida 487 330 2010
3 Singida Arusha 316 330 2012
4 Iringa Mtera 120 220 2017
5 Ruhudji-Mufindi Kihansi 200 220 2016
6 Ruhudji Kihansi 150 220 2016
7 Kidatu-Morogoro Ubungo 310 220 2010
8 Mchuchuma Mufindi I 283 220 2022
9 Mchuchuma Mufindi II 283 220 2024
10 Rumakali Mbeya 85 220 2027
11 Rumakali Mufindi 268 220 2027

Source: TANESCO, 2007

Implementation of the generation options and extension of transmission lines can not

be undertaken by the government through TANESeO alone, private sector should be

involved. Already the National Parliament has enacted a law (Electricity act 2008) that

allows competition in the power sector (electricity, oil and gas). Thus, more

independent power producers (IPPs) to be installed and establishment of regional

transmission organizations (RTOs) operating in the Tanzania power sector in the near

future are expected. To date, IPTL, SONGAS are the two IPPs operating in the city of

Dar es Salaam. Artumas, another IPP generates and supplies electricity in Mtwara

region. Its service will be extended to Lindi and Ruvuma regions in future.

When all these generation options become fully operational, they will add up to more

than 1,500MW into the National Grid. This will suffice the consumer demand, which at

present is increasing at a rate of more than 15 percent annually. At the same time,

Tanzania power sector will be one of the deregulated systems in the East African

region.

3.7 Interconnections

TANEseo actively participates and corporates with government and other utility

companies in order to enhance electrical power development in the country.

TANESeO is active member in the following areas and bodies

3.7.1 Southern African Power Pool (SAPP)

The southern African power pool (SAPP) was established in 1995 by electricity

utilities in 12 countries of the SADe region as an effort to pool their electricity -supply

resource for their mutual benefit. The main goals of SAPP are: to provide reliable and

economical electricity supply to the consumers of each of the SAPP members,
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consistent with reasonable utilization of natural resources and the effect on the

environment, coordination and cooperation in the planning and operation of various

systems to minimize costs while maintaining reliability and equitable sharing of the

resulting benefits. The SAPP co-ordination centre is based in Harare, Zimbabwe. A

330 kV line has been proposed to connect Mbeya in Tanzania to Pensulo substation

near Serenje in Zambia, to form the first part of the 1,600 km 400 HVAC Zambia-

Kenya (ZTK) Interconnector.

3.7.2 Nile Basin Regional Power Trade Project (NBRPTP)

This proposal for a Nile Basin Regional Power Trade Project (NBRPTP) has been

developed under the Shared Vision Program (SVP) of the Nile basin initiative (NBI).

The project aims to establish the institutional means to coordinate the development of

regional power markets among the Nile countries and build analytical capacity and

provide technical infrastructure to manage Nile basin resources in development

through equitable utilization of and benefit from the common Nile basin water

resources. The Dar es Salaam declaration on regional electric power trade was

signed on 20'hMay 2003.

3.7.3 The Nile Equatorial Lakes-Subsidiary Action Program (NELSAP)

The NELSAP power development and trade aims at development of infrastructure

consisting of small-scale hydropower development in critical areas, and strengthening

transmission interconnections between several countries in the NELSAP region which

includes: Burundi, ORC, Kenya, Rwanda, Tanzania and Uganda.

3.7.4 East African Regional Power Plan (EARPP)

East Africa, as a region, possesses adequate energy resources for her development.

Under the auspices of the East African Community (EAC), the East African power

master plan study is being carried out to define the least cost expansion programme

for the development of combined power generation systems of Kenya, Uganda and

Tanzania. TANESCO also participates fully in the East Africa Community committees

whose major objective is to prepare the East Africa Power Master Plan and the

energy committee for the proposed Zambia-Tanzania-Kenya (ZTK) interconnection.

There are also plans to set an East Africa Power Pool (EAPP) whose objective is set

a framework for power exchanges between utilities of the member states.
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3.8 Conclusion

This chapter has presented an overview of deregulation of power systems; its

motivation; objectives; advantages and disadvantages; deregulated power system

structures and the role of power system state estimation in deregulated systems.

In deregulated systems, IPPs, RTOs and DISTCOs structures are formed. The

central dispatch centres (CDCs) of the regulated systems can not meet the new

functions and requirements arising from deregulated systems. The CDCs are

replaced by RTO/ISOs. In these systems, SE is a key component of the energy

management system (EMS) functions, because it provides accurate database for

congestion management and ancillary service auction. Its role is more important, it

determines the sustainability and competitiveness of deregulated power system's

market.

Deregulation of Tanzania power sector is briefly presented; sighting Tanzania

government electricity industry policy and restructuring framework; purposes of

introducing the policy, its main objectives, and strategies adopted to realize the

policy. It also describes the Tanzania power system status; generation options;

transmission line extension; future interconnections and trends of the sector. Thus,

the state estimation proposed in this thesis will be implemented in a deregulated

Tanzania power system and regional interconnected systems either in the East

African Power Pool (EAPP) or Southern African Power Pool (SAPP).

Chapter 4 presents system component modelling. AC synchronous generator,

transformers, transmission lines (short, medium, and long-length lines), FACTS

devices and composite loads models are developed; these models are used in

building of a network model of the Tanzanian Power System Network of chapter 5.
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CHAPTER FOUR: SYSTEM COMPONENT MODELLING

4.1 Introduction

In the broadest sense, a model is a systematic representation of an object or event in

idealized and abstract form [Mortensen, D.C., 1972). It clarifies the structure of

complex events, reducing complexity to simpler and more familiar terms. It provides

new ways to conceive a hypothetical ideas and relationships and offers insights.

In the following sections mathematical models for AC synchronous generator, tap-

changing and regulating transformers, short, medium and long-length transmission

lines, FACTS devices and composite loads are derived. These models are very useful

in load flow studies, power system state estimation (PSSE) studies, optimal power

flow (OPF) and simulation of faults.

4.2 Per-Unit System

In electrical power engineering a per-unit system is the expression of the system

quantities as fraction of a defined unit quantity. All calculations are simplified because

quantities are expressed as per-unit regardless of the voltage level. Similar types of

apparatus will have impedances, voltage drops and losses that are the same when

expressed as a per-unit even if the unit size varies widely. A per-unit system provides

unit for power, voltage, current, impedance, and admittance. Only two of the

mentioned are independent, usually power and voltage. All other quantities are

specified as multiples of selected base values.

Relationship between units

The relationship between units in a per-unit system depends on whether the system

is single-phase or three-phase. Per-unit system is based on the following formulae:

. actual quantityper unit = '--_-'-
base quantity

(4.1)

By using (4.1), all quantities are expressed as ratios of some base value or values.

When making analysis of a real system, all parameters such as voltage, current,

power, and impedance are converted to per-unit. After convention, the entire systems

then analyzed and the local results calculated. In this thesis the subscript pu indicates

a per unit value throughout, the subscript B indicates a base value, and no indication

of subscript indicate an actual value such as Amperes, Ohms or Volts.
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Fundamental Process for changing to per-unit System

The per-unit description is obtained through 5 basic steps

• Selection of the base(s) for the system.

• Conversion of each known quantity (Volts, Amps, Ohm, etc to per-unit values.

Drawing the system impedance diagram using the per-unit values.

• Performing the circuit analysis to determine the current magnitudes in per-unit.

Converting per-unit currents and voltages from step 4 above into Volts and
Ohms.

Selection of the base quantities

Selected base values must satisfy the fundamental laws of electricity, including

Ohm's law

(4.2)

Vs is the base voltage

/a is the base current

Za is the base impedance

If (4.2) is true, then (4.3) is also true

(4.3)

V is the actual voltage

/ is the actual current

Z is the actual impedance

To satisfy the above logic, the base quantities are selected using the rules given in

Table 4.1. After the base values have been selected or computed, the per-unit values

in the system are calculated using (4.4), (4.5) and 4.6)

Z = Z(O)
pil Zo (4.4 )

J = J(amperes)
/'" /0

(4.5)

V = V(VO/IS)
pil V

o
(4.6)
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Changing Bases

At a time the need arises to convert a per-unit value to another base. For example

transformer nameplate percent impedance is normally given using the transformer full

load kVA as the base. Thus, the transformer impedance must be converted to the

kVAs being used in the study. Equation (4.7) is used in the conversion procedure:

z = Z°lr! Z°lr! = zNewzNcw
pil B pil B (4.7)

Eqn (4.7) is re-arranged into

ZOld
ZN"w = ZOld ._B_

1''' pil ZN(M'I/
B

(4.8)

Substituting

(kV(/d Y xl,OOO

kVAOlrf
ZN.", = Z0lr! .I1B

pil pil . (KV tn" y xl,OOO

kVANe'"
B

(4.9)

Equation (4.9) is reduced to:

[

Old )2 New
ZN erv = ZOlrf ~ kVAB

pil pil . kV;"'" . kVA~ld
(4.10)

Table 4.1' Base selection criteria
Base Quantitv Svmbol Applied How Selected
kVA kVAs Select at random. 10MVA or 100MVA are commonly

used: However, some equipment such as transformers
and generators has their impedance expressed using
their nominal full-load as the base

Volts kVs Select the voltage at the location where equipment is
located. For example, a cable located in the 44.5kV
system would use 44.5kV as its voltage base. Note that
the line-line kV is used.

Current Is I _ kVAn
B - kVLL J3

Impedance Za
Z - kVnxl,OOO Z _ (kVn Y xl,OOO
e > I

n
J3 =:;'~n-

kVAn

The voltage terms in (4.10) are used only when a device is being employed in a

voltage different from the base upon it was calculated before.
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Single-Phase System

Assuming that the independent base values are power and voltage, it can be written:

PB = lpu (4.11 )

VB = lpu (4.12)

Alternatively, the base value for power may be given in terms of reactive apparent

power, in which case

(4.13)

SB = lpu (4.14)

The rest of the units can be derived from power and voltage using the equation S=V/,

Ps=Scoso, O=Ssino and V=/Z, Z being represented by;

Z = R+ jX = ZcosGi+ jZsin8 (4.15)

where

(4.16)

(4.17)

(4.18)

Three-Phase System

Power and voltage are specified in the same way as in single-phase systems.

However, due to differences, these terms are usually represented in three-phase

systems by other relations; the relationships for the derived units are different.

Specifically, power is given as total (not per-phase) power, and voltage is line-to-line

voltage. In three-phase systems the equations P=Scosi) and O=Ssinb' also hold. The

apparent power S now equals to

(4.19)

V V2
ZB = __B_ = _B_ = ï pu

131B SB
(4.20)
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I
YB =-=lpu

ZB
(4.21 )

where

R is the resistance

X is the reactance

S is the apparent power

ti is the phase angle

P is the real power

Q is the reactive power

SB is the base apparent power

4.3 Modelling of AC synchronous generator

Synchronous generators generate the overwhelming majority of electricity in the

modern power systems. Most of the generators are three-phase and are designed to

operate at constant frequency. A synchronous generator has two basic parts: the

stator and the rotor. The stator is a hollow laminated ferro-magnetic structure with

longitudinal slots on the inside surface. The coils are placed in the slots and are

interconnected to form three separate windings. There are two basic rotor designs:

Salient and non-salient or cylindrical. The salient construction has poles that project

from the rotor. These poles exhibit a narrow air-gap under the pole structure and

wider air-gap between poles. Cylindrical pole rotor consists of a cylindrical rotor, often

made from a single steel forging, in which the field winding is embedded in

longitudinal slots machined in its surface.

Synchronous generators are of two major types depending on the speed at which

they are driven, that is high speeds such as 4,000 and 1,500 revolutions per minute

with two or four poles, and lower speeds over a wide range from 150 to 600

revolutions per minute. High peripheral speed requires non-salient (cylindrical) pole

rotor and low peripheral speed requires silent pole rotor. Detailed information of

synchronous generator design, construction, operating characteristics and cooling

can be traced in [Adkins, 1957; Fitzgerald & Kingsley, 1966; Vadhera, 1981; Bergen

& Vittal, 2000].

Electromechanical torque results when the stator and rotor fields react with each

other. In synchronous generator, electromechanical torque opposes rotation of the

rotor so that the mechanical torque is applied by the prime mover to sustain the

rotation. Changing the mechanical torque input by the prime mover only changes the

electrical torque output of the generator. Power System is made up of several

synchronous machines connected in parallel. The machines are connected in parallel
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so as to maintain Continuous supply of power after machine falls out of service. In

order to connect the machines in parallel, certain conditions must be met as

according to ANSI/IEEE standard, 115-1999. These standards stipulate:

• The machines should rotate at the same synchronous speed

• The voltage magnitude of the machines must be the same

The current magnitude of the machines must be the same

The frequency must be the same

Once the mentioned conditions are fulfilled, then the machines can therefore be

connected in parallel so that the system can have continuous, adequate and stable

power supply. Should any uncertainties occur in the system, the above conditions will

be violated and the machines will fallout of synchronism, which will leads to instability

of the system. The mechanism by which interconnected synchronous machines

maintain synchronism with each other is through restoring forces, which act whenever

there are forces tending to accelerate or decelerate one or more machines with

respect to each other.

4.3.1 AC synchronous generator model

With full knowledge of the time varying inductances of synchronous generator as

discussed and presented in [Fitzgerald &Kingsley, 1966; Vadhera, 1981] the general

machine equations can be developed (by machine equations means synchronous

generator equations), these equations are critical for developing machine model.

Considering motoring mode of a machine [Vadhera, 1981], that is current flowing into

the winding as shown in Figure 4.1

Figure 4.1: AC synchronous generator phase winding

For any of the three windings, the relationship in terms of the applied voltage and the

input current is:

69



· dIJ'V=Yl+-
dl

(4.22)

where

V/. flux linkage

ims: Instantaneous current

rw: winding resistance

With the subscript a, b, c and f attached to eqn (4.22) to denote the three-phases and

the field winding, eqn (4.22) is written for each of the four windings as:

dIJ'v =ri + __ 0

a a a dl

(4.23)

In terms of self and mutual inductances L, the flux linkages are given by:

lj'b = Lb)" + Lbbib + LbJe + Lbfi f

lj'e = Leai" + Lebib + Leeie + Lefif

lj'f = L j,i a + L]bi b + Lf) c + L ili f

(4.24)

Re-arranging and substituting (4.24) into (4.23), the following eqns are obtained:

Va = ria + ;, (Laaio + LObib + La)e + L'ifi f)

Vb = rib + dd (LIx,ia + Lbbib + Lbci; + Lbfi f)
t

V =ri +!_(L i +Lbib +L i +Llif)C c dl en fJ C C'C C C

(4.25)

In practice, ra =rb = re = rw

Eqn (4.25) can be written in a compact matrix notation:

v = Ri +!_(Li)
dl

(4.26)

Where the following vectors and matrices are defined:
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Va
Vb

VD. Ve ,

Vf

r 0 0 0

0 r 0 0
RD.

0 0 r 0

0 0 0 rf

t.; Lab Lac Laf

Lba i; Lbc i,
LD. Len Leb Lee Lef

... ... ...

t.; Ljb i, Lff

(4.27)

(4.28)

(4.29)

Substituting eqns (4.27-4.29) into (4.24) complex equations which are difficult to be

solved are obtained. Their solutions are simplified by Blondel's transformation or

Park's transformation discussed in [Bergen & Vittal, 2000].

Basic machine equations in d, q, 0 variables

The flux linkage relation of (4.24) becomes simpler when is expressed in new

variables d, q and o. The variables are: direct axis synchronous reactance, the

quadrature axis synchronous reactance and the zero sequence inductance

respectively. Thus, (4.24) can be written in a compact matrix notation:

't'=L1 (4.30)

In expanded form eqn (4.30) is given by:

(4.31 )

where

'Fis total the flux linkage

'Fs is the stator flux linkage

'f~ is the field flux linkage
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The dotted line in (4.31) is provided to make a distinction between the field winding

(rotor) and armature winding (stator). Eqn (4.31) may be further expanded as follows:

~'~l::j, I,+:j

L'~l~:Lab L" 1 lLoJ jLbb i; Lsf~ Lbf

Lea Leb Lee Lef

(4.32)

(4.33)

Eqn (4.31) is transformed from phase axis a, b, and c into d, q and 0 variables by

applying direct Blondel's transformation and inverse Blondel's transformation. The

objective of using the transformation is to write armature (stator) winding and field

winding (rotor) equations separately, such that:

(4.34)

(4.35)

The Direct Blondel's transformation is expressed by:

(4.36)

(4.37)

Is is the stator current

(4.38)

(4.39)

(4.40)

The currents id, iq and io are known as direct axis, quadrature-axis and zero-sequence

currents.
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cose co~e-12cf ) co~e + 12<f)
B!13. -sine -sin(e-12<f ) -si~e+ 12cf)
=3

1-
2 2 2

(4.41)

lcoseB-l~ cos(e-120o)

cos(e -120°)

- sin e
- sin(e -120°)

- sin(e + 120°)

(4.42)

where

id is the current in the d axis

iq is the current in the q axis

Bo is the Blondel's transformation

() = cvt is the electrical degree

Using eqns (4.38-4.42), the Blondel's transformation for stator flux linkages and its

associate inverse transformation can be written as:

(4.43)

(4.44)

Similarly, Blondel's transformation for stator voltages and its associate inverse one

are:

(4.45)

(4.46)

(4.47)

Applying (4.45) and (4.47) to (4.35) yields

(4.48)

Pre-multiplying (4.48) by B, flux is obtained as:

(4.49)

Similarly equation (4.35) is written as:

(4.50)

Simplifying matrices of (4.49) and (4.50) the following useful equations are derived:
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(4.51)

(4.52)

(4.53)

(4.54)

where

(4.55)

(4.56)

(4.57

In a similar manner in d, q and 0 variables, the terminal voltage relationship is given

by:

(4.58)

(4.59)

(4.60)

(4.61 )

where

ra = d() : Stator angular frequency in electrical degree per second.
dl

P 'f/d, P 'f/q are the transformer voltages; 'Pq(J), %rv are the speed voltages.

In power system analysis, there are several type of models used to represent

synchronous generator. These models are developed using some approximations to

the basic machine equations (4.22-4.61). For load- flow and state estimation studies,

the voltage of the synchronous terminals is accepted as a constant value, thus, it is

assumed that transformer voltages are small compared to the speed voltages and

therefore are neglected. Hence, the stator voltage equations expressed in per -unit

notation are given by:
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d'Pd .
v =---\fI to=r.t
d dl q , d

d'P,
V =-_1 +\fI co=ri
q dl d s q

d'Po .
Vo = -:it - r/o

(4.62)

The corresponding flux linkage model of the machine is given by:

\fId = -Ldid +Lsfip +Lskdikd

\fI" = -Lqiq + LSkqi"

\flo = -Loio

(4.63)

Classical representation of synchronous generator

Synchronous generator model expressed by equations (4.62) and (4.63) is often

simplified by assuming that the electromotive force induced is constant and hence

constant voltage supply. This assumption eliminates the differential equation

associated with electrical characteristic of the machine [Momoh, 2009]. The second

assumption is to ignore transient saliency by assuming that x~ = x~ and also the flux

linkage to remain constant throughout. With this assumption, the voltage behind the

transient impedance r, + jx~ has constant magnitude. Therefore, the equivalent

circuit of synchronous generator is shown in Figure 4.2, the terminal voltage phasor is

represented by:

v, == EL.o - (rs + jX;1 )l, (4.64)

-1,
ELó (i ",I

I ----- ----

Figure 4.2: Equivalent circuit of AC synchronous generator

Equivalent circuit shown in Figure 4.2 is a classical representation of synchronous

generator that suit stability studies. In load- flow and state estimation studies, the

interest is in the steady-state power output of the synchronous generator; a model of
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a generator that supplies constant voltage source is needed. Hence, the model of

Figure 4.2 is simplified to the model shown in Figure 4.3

Figure 4.3: AC synchronous generator model

Synchronous generator reactive power limits

It is well known that generators have maximum and minimum real power capabilities.

In addition, they also have maximum and minimum reactive power capabilities. The

maximum reactive power capability corresponds to the maximum reactive power that

the generator may produce when operating with a lagging power factor. The minimum

reactive power capability corresponds to the maximum reactive power the generator

may absorb when operating with a leading power factor. These limitations are a

function of the real power output of the generator, that is, as the real power increases,

the reactive power limitations move closer to zero. The solid curve in Figure 4.4 is a

typical generator capability curve, which shows the lagging and leading reactive

limitations as real power is varied. Most load flow programs model the generator

reactive capabilities by assuming a somewhat conservative value for Pma. (perhaps

95% of the actual value), and then fixing the reactive limits Oma. (for the lagging limit)

and Omm (for the leading limit) according to the dotted lines shown in Figure. 4.4

Q

Q ...

Q .,'"

op co ,. I 10 II

Fig 4.4: AC synchronous capability curve

4.4 Modelling of Transformers

Transformers are the link between generators and the power system and the

transmission lines, and between transmission/distribution lines of different voltage

levels [Grainger, J J & Stevenson, WD., 1994]. Efficient and effective transmission of
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electrical power over long distances requires much higher voltages. Transmission

lines operate at nominal voltages of up to 765 kV line to line for really long distance

transmission [Bergen, A R & Vittal, V., 2000]. Distribution of power takes a place at

much lower voltages, typically at 33 or 11 kV and can be "stepped down" further to

voltage of 440 V for industrial use or 220/240 V for commercial or residential use.

"Stepping up" from generators for transmission purposes and "stepping down" for

industrial, commercial or residential use is fulfilled by transformers.

Power transformers provide a trouble-free and efficient mean of changing from one

voltage level to another. For this application, they have a fixed voltage ratio.

Transformers can also be used for controlling voltage magnitude, phase angle or

power flow under varying operating conditions. For this application they have a

voltage ratio that can be varied in small increments, on command.

In this section, modelling of transformers for use in load flow and system state

estimation studies is presented. Care is paid to transformers that regulate voltage

magnitude, phase angle and control the real and reactive power flows.

4.4.1 Modelling of regulating transformers

In practice, all power transformers and many distribution transformers has taps in one

or more windings for changing the turn ratio [Saadat, 2004]. The method is most

popular since it can be used for controlling voltages at all levels. Tap-changing, by

altering the voltage magnitude, affects the distribution of VArs and may therefore

used to control the flow of reactive power. There are two types of tap-changing

transformers in practice and are detailed in [Saadat, 2004; Grainger & Stevenson,

1994]

Regulating transformers are used to change the voltage magnitude and phase angle

at certain point in the system by a small amount. These transformers add a small

component of voltage typically less than 0.10 per unit [Bergen & Vital, 2000] to the

line or phase voltages. Regulating transformers can be also used at any intermediate

point in the system. RT and tap changing switch gears can be taken out of service for

maintenance without affecting the system. RT can be used to control the real and

reactive power flow in the system network. Therefore, it is absolutely essential to

develop the bus admittance model (equations) to include such transformer in load

flow and system state estimation.
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4.4.2 Regulating transformer model

Figure 2 shows a detailed representation of a practical regulating transformer.

Figure 4.5: Detailed representation of RT

Figure 2 shows currents l, and /J entering the two buses, and the voltage at these buses

are V, and 10 referred to the reference bus. The complex expression for power into the

ideal transformer with turns ratio 1: t from bus i and bus j are, respectively

s =vr, " (4.65)

(4.66)

Assuming the ideal transformer has no losses, the power Si into the ideal transformer

from bus i must equal the power -Sj out of the ideal transformer on the bus j side, so

from (4.65) and (4.66)

S, = -SJ

V,I; = -IV,!;
[ =-11", )

(4.67)

The current IJcan be expressed by

J =(V -IV)YJ ) ,

= -IYV + V Y, J

(4.68)

Multiplying (8) by _to and substituting II for -t'/J yields:

t = Il' YV - ITV, , l (4.69)

Setting tt' = /t/2 and re- arranging (4.68) and (4.69) into Ybus admittance matrix form,

gives

[/,] = [WY -I'Y][V,]
J -lY Y V.J J

(4.70)
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The Il-equivalent model corresponding to (10) is shown in Figure 4.6.

tY jr-L______J-'-----O

[}(t-]lY (HlY IViv;

o----~--------------._--~

Figure 4.6: Jr-circuit of RT

4.5 Modelling of Transmission Lines

An electrical transmission line has 4 parameters which affect its ability to fulfil its function

as part of a power system. These parameters are: resistance, inductance, capacitance

and conductance. Inductance is the property of the circuit that relates the voltage

induced by changing flux to the rate of change of current. Capacitance exists between

the conductors and is the charge on the conductors per unit of potential difference

between them. Conductance exists between conductors or conductors and the ground

accounts for the leakage current at the insulators of the overhead transmission lines and

the insulation of the conductors.

The resistance and inductance uniformly distributed along the transmission line form the

series impedance. The conductance and capacitance existing between conductors of a

single-phase line or from a conductor to neutral of three-phase line form the shunt

admittance. Although the resistance, inductance and capacitance are distributed, the

equivalent circuit of a transmission line is made up of lumped parameters.

The general equations relating voltages and current on a transmission line recognize that

all the 4 parameters of the line are uniformly distributed along the line. But for short and

medium length transmission lines lumped parameters give good accuracy [Stevenson,

1982]. If an overhead line is classified as short line (less than about 80 km long) shunt

capacitance of this line is so small that it can be omitted with little loss of accuracy. Only

the series resistance R and series inductance L are considered for the total length of the

line. For transmission line classified as medium-length (with length between 80 km and

240 km long) this line can be represented well by series resistance R and series

inductance L as lumped parameters, with half the capacitance to neutral of the line

lumped at each end of the equivalent circuit. Transmission longer than 240 km require
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calculations in terms of distributed constants if a higher degree of accuracy is required

and this is presented in detail in [Grainger& Stevenson, 1994; Stevenson, 1982].

In this section models representing short-length, medium-length and long -length

transmission lines are considered. The models are presented and used for load flow and

power system state estimation studies.

4.5.1 The short-length transmission line model

For a short transmission line model, shunt capacitance is so small and is neglected. The

equivalent circuit (model) of a short transmission line is shown in Figure 4.7

Is R X IR
0 3> '\/\!v fYYY\ 3> 0

v'l Iv'

Figure 4.7: Short -length transmission line representation

Is, IR are the sending and receiving-end currents Vs and VR are the sending and

receiving end line- to-line neutral voltages.

Since there are no shunt arms in the circuit, then

(4.71 )

The voltage at the sending end is

Vs = VR + I RZ

= VR + IR (R + j wL)
(4.72)

z is zl , the series impedance of the transmission line.

4.5.2 The Medium-length transmission line model

The shunt admittance, usually pure capacitance is included in the model. The total shunt

admittance is divided into two equal parts placed at the sending-end and receiving end of
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the transmission line. The circuit is usually called nominal Jr. Circuit representation of

medium-lengt line is shown in Figure 4.8

1. R X I.
)

L
'V\J\, rvYY\

L
)

V'I Iv.1'2 1'2
Figure 4.8: Medium-length transmission line representation

To obtain an expression for Vs ' it is noted that the current in the capacitance at receiving-

end is VR' Y and the current in the series arm is IR + VR' Y , then2 2

(4.73)

(4.74)

(4.75)

Substituting Vsas given by (4.74) in (4.75)

(4.76)

Eqns (4.74) and (4.75) may be expressed in the general form:

Vs = AVR + BIR
Is = CVR +DIR

(4.77)

where

Zy Zy ZY
A = I +- B = Z C = Y( I+-) D = 1+-

2 " 4 ' 2

It can be noted that A = B. ABeD are constants and are called the general circuit

constants of a transmission line. In general these constants are complex numbers. Their
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physical meaning to medium-length transmission line is provided in [Grainger &

Stevenson, 1994].

4.5.3 Modelling of long-length transmission line

The nominal Jr circuit representing medium-length transmission line (Figure 4.8) does not

represent a transmission line exactly {Stevenson, 1982] because it does not account for

parameters of the transmission line being uniformly distributed. The discrepancy between

the nominal 11: circuit and the physical actual line becomes large as the length of the

transmission line increases. Therefore, the discrepancy has to be corrected when

working with long-length transmission lines which are part of power systems.

Assuming that a nominal TI circuit of Figure 4.8 is the equivalent circuit of a long-length

transmission line, Let us call the series arm of Figure 4.8 circuit Z' and the shunt

arm!.. The sending-end voltage (Vs) is given by Eqn (4.74). Substituting Z' and!. for2 2

Zand Y in Eqn (4.74) yields
2

Z'Y'
~\' = (-2- + I)VR + Z'/ R (4.78)

In order the proposed circuit to be equivalent to the long-length transmission line the

coefficient of VR and / R must be identical to expression from [Saadat, 2004; Bergen, &

Vittal, 2000] given by:

(4.79)

Equating the coefficient of / R in the two equations yield

Z' = Ze sinh rt (4.80)

Z' ~. I ,,/ I sinh rt= -51111" = Z --
Y ..[zYi

(4.81)

Z' = Z sinh rt
rt (4.82)

where
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1 . h .. d I h f h . . I· sinh yl . f bz = Z , is tesenes irnpe ance per engt 0 tetransmission me. --is a actor y
y!

which the series impedance of the nominal IT circuit must be multiplied to convert the

circuit to equivalent of that of long-length transmission line.

Similarly, equating the coefficient VR of Eqn (4.78) and Eqn (4.80) yields

Z'Y'
--+ I= coshy!
2

(4.83)

Substituting Z' from Eqn (4.82) gives

YZesinhy! h"/_-"-- _ _:_+ I= cos t'
2

(4.84)

y' 1 cosh y1-1- = - _---'-_- (4.85)

From mathematics (Geometry)

I ,J cosh y! - Itanh /! = _--'---
sinh y!

(4.86)

Then

y!
Y' 1 ytanh(-)
- = -tanh J1' = - 2
2 Ze 2}1

2

(4.87)

where

y = yl is the total shunt admittance of the transmission line.
tanh(rt )

2
rt
2

is a correction

factor by which the shunt admittance of the nominal IT circuit must be multiplied to

convert the circuit to equivalent of the long-length transmission line. The long-length

equivalent circuit after the transformation is given in Figure 4.9.
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Z'

Y'Y'
-
2

-
2

Figure 4.9: Equivalent IT-circuitof a long-length transmission line

Practice indicates the following classification of transmission lines [Bergen & Vittal, 2000;

Kothari & Nagrath, 2004] are reasonable and are adopted in this thesis. The

classification is shown in Table 4.2

Table 4.2: Simplified transmission line circuits
Distance Description
[km]

1<80 Use the JI-equivalent model, neglect YI2

80 < 1< 240 Use the II-equivalent model but replace Z by Z' and Yby y' The J J-
equivalent model consists of half the shunt admittance Y12. at each
end and the series impedance Z in the centre

I> 240 Use the exact model.

4.6 Modelling of FACTSdevices

Flexible alternating current transmission systems (FACTS) device are installed in power

systems to exercise continuous control over voltage profiles of power flow pattern

[Hingorani & Gyugyi, 2000]. These devices enable the voltage profile and power flows to

be changed in such a way that thermal limits of the transmission lines are not exceeded,

stability margins are increased, losses minimized and contractual requirements fulfilled

without violating the economic generation dispatch schedule [Noroozian et ai, 1997].

However, the sole presence of these devices does not improve the overall damping of

the system [Pal, B. & Chaudhuri, B., 2005]. FACTS devices discusses in this section are

• Thyristor Controlled Series Capacitor (TCSC)

• Static VAr Compensator (SVC)

• Thyristor Controlled phase Angle Regulator (TCPAR)

Thyristor Controlled series Capacitor (TCSC) is a capacitive reactance compensator

which comprises of a series capacitor bank shunted by a thyristor controlled reactor
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(TCR) in order to provide a smooth variation in series capacitive reactance The topology

of TCSC is shown in Figure 4.10 and is normally connected in the line between bus i and
j. The control action of the TCSC is expressed in terms of its percentage compensation

kc defined as kc = XdXL x100%. Where XL is the reactance of the transmission line and

Xc is the effective capacitive reactance offered by the TCSC.

Considering that TCSC is connected in the line between bus i and j. In this case the

resistance of the transmission line is neglected for simplicity of calculation. If I is the

current flowing through the transmission line, the TCSC having capacitive reactance Xc

can be represented by a voltage source E,. as shown in Figure 4.11 b. The voltage

source is given by:

Esc = -jXcI (4.88)

Figure 4.10: TeSe topology

Figure 4.11a: Modified TeSe topology

Figure 4.11 b: Tese voltage source model

85



The injection model is obtained by replacing the voltage source of Figure 4.11 b by an

equivalent current source Ise connected in parallel with the transmission line as shown in

Figure 4.12. The current source Ise is given by:

(4.89)

Figure 4.12: TCSC current source

- -
The current source corresponds to the injection powers S, and SJ which are given by:

,~ = E (-1 r
I , se (4.90)

S. = E (1 )'J J se (4.91 )

The real and reactive power injection equations of the TeSe connected between buses i
and j can be obtained first by introducing a compensation percentage factor given by:

k = XC'
c X

L

(4.92)

where

kc is a percentage compensation factor

XL is the reactance of the transmission line.

p = kc .v V B sin(<5 - <5 )
I (kc _ I) I J Y I J

(4.93)

kQ= c .B.rV2-VVcos(<5-<5)
I (kc _ I) Y I I JIJ

(4.94)
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p= kc .vYsin(o.-o)
J (kc -1) J' J '

Q. = kc .B ..[V2
- VV cos(o. -0)

J (kc -1) Jl JJ' J '

(4.95)

(4.96)

Figure 4.13 shows real and reactive power injection at bus i and j

Figure 4.13: Power injection

Static VAr Compensator (SVC): SVC is a shunt connected static VAr generator or

absorber whose output is adjusted to exchange capacitive or inductive current in order to

maintain or control bus voltage magnitude [Song & Johns, 1999]. A typical topology of a

SVC comprises a parallel combination of a thyristor controlled reactor and a fixed

capacitor as shown in Figure 4.14

c

Figure 4.14: SVC topology
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The reactive power injection of a SVC connected to bus i is given by:

Qi = v,2 Bsvc (4.97)

where

Bsve = Be -BL

Be is the susceptance of the fixed capacitor

BL is the susceptance of thyristor controlled reactor

Thyristor Controlled Phase Angle Regulator (TCPAR): This device is basically a

phase shifting transformer adjusted by thyristor switches to provide a rapidly phase angle

[Hingorani & Gyugyi, 2000; Song & Johns, 1999]. A topology of a TCPAR connected in

the line between buses i and j is shown in Figure 4.15 with its exciter transformer being

fed from the bus i side.

The injected voltage can be modelled as an ideal source ~e = VseLqJ in series with line

impedance Zij. The injection model is obtained by replacing the voltage source with

current source I se in parallel with the transmission lines as shown in Figure 4.16b

Where currents Ise and I,." are given by:

- EI = _:.•
se Zy (4.98)

I sh = I, -I,

Figure 4.15: TCPAR approximate topology
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Figure 4.16a: TCPAR voltage source

Figure 4.16b: TCPAR current source

Figure 4.16c: Power injection

The series current source (Is) in addition to the shunt current Ish corresponds to the

injection powers S, and SJ which are given by:

(4.99)

S = 17(1 )"
J - s

(4.100)

The real and reactive power injection Eqns of the TCPAR connected between buses i

and j can be obtained by algebraic simplification and are given by:
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(4.101)

(4.102)

(4.103)

(4.104)

4.7 Modelling of Loads

The term load means a device or a conglomeration of devices that taps energy from the

power system network [Vadhera,1981]. Loads may be viewed as being divided into two

classes namely static and dynamic. The static class consists of heating and lighting

equipments. The dynamic (rotating) class of loads consists of synchronous motors,

induction motors etc. The types of loads connected to a single bus (node) may vary over

a wide range depending on the specific area (town, city, industrial, agricultural etc). The

load does not remain constant but varies from time to time due to changing demand of

the customers.

4.7.1 Characteristics of load elements

The characteristics of load elements are the real power or reactive power consumed by

the load element, its torque or current as function of voltage and supply frequency. In

practice, there are two types of characteristics:

Static

• Dynamic
Static: is a relation between power, torque or current and the voltage (or frequency)

defined for slow variations of the operating conditions; the following functions are defined

as static:

P = PCIVI)
Q = QCIVI)

(4.105)

Where P, Q and V represent the real power, reactive power and voltage respectively

Dynamic: is the same relation as for static but defined for fast variations of the operating

conditions. The dynamic characteristics in some operating variable can be presented as

a function of one or more operating variables and their derivatives as:
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(4.106)

4.7.2 Composite load

Composite load at a bus varies with voltage and frequency. It may include some

elements of lighting and heating, induction motors, rectifiers and inverters as well as

transformer and cable losses. Composite load constitute the vast majority of loads in

actual practice. Their real and reactive power may be expressed as:

p = p(lvl,f)
Q= Q(IVI,f)

(4.107)

For small variations in supply frequency and voltage, the change in real power and

reactive power can be expressed as:

(4.108)

aQ aQ
ilQ = -I lillvI + -ilfav af (4.109)

Eqns (4.113) and (4.114) can be written in matrix form as:

[

ap ap]
[M] = alvl af [illVI]
ilQ aQ aQ ilf

alvl af

(4.110)

Eqn (4.115) is the basic mathematical load model of a composite load.

The mathematical model is developed based on the following assumptions:

• Real and reactive powers of the load are differentiable functions of voltage
magnitude and frequency

• The changes in voltage and frequency is small

4.8 Conclusion

AC synchronous generator is an important component of an electrical power system. In

this chapter, basic information of the synchronous generator is given. After that the

general synchronous generator equations including the self and mutual inductances of
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the machine are derived. The general basic machine equations in d, q, 0 frame of

reference using Blondel's transformation have been developed. The AC synchronous

model both in classical and model appropriate for power flow and power system state

estimation studies are presented

A transformer is a static piece of equipment with the ability of transforming electrical

power in one circuit to another with the same frequency. Tap-changing and regulating

transformer (RT) models are derived. Transmission line is another key and critical

component of the transmission network. Mathematical models as well as their circuit

representation for the short, medium and long length transmission lines lines are derived

and presented.

Synchronous generator; tap-changing and regulating transformers. Transmission line;

FACTS devices; and Composite load models developed in this chapter are very useful, in

forming a one-line diagram and network model that represent the Tanzanian power

system network described in chapter 5. The model is used in load- flow and state

estimation digital computer simulation studies.

Chapter 5 presents data acquisition, collection and classification methods and how to

prepare database using MYSQL DBManager Professional Software; system network

modeling and decomposition of the network model into block sub matrices.
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CHAPTER FIVE: DEVELOPMENT OF SYSTEM NETWORK MODEL (TANZANIA)

5.1 Introduction

In chapter 4 mathematical models for a steady-state operation of a power system were

developed. These models are very useful in load flow and power system state estimation

studies. In this chapter, data acquisition and classification methods and how to prepare

database using MYSQL software are presented. Generation schedule data, transmission

and load demand of the Tanzanian Power system network are given.

System network modelling process that incorporates the models developed in chapter 4

is presented. The network model forms a basis for load flow analysis and power system

state estimation studies presented in chapter 6. Also the model is used in decomposition

process to form block sub matrices that will be applied in the solution of power system

state estimation problem derived in chapter 7.

5.2 Data Acquisition Method

The high voltage (HV) of the Tanzania's power system network consists of several

voltage levels: 220kV, 132kV and 66kV [http://www.tanesco.com]. The system has 38

main HV transmission and more than 100 distribution buses scattered allover the

country. The thesis aims to develop a transmission power system network model, which

can be used for load -flow, load forecasting, optimal power flow (OPF), stability analysis,

and state estimation (SE) studies. So, data and information relating to model

development were needed. Tanzania electricity Supply Company limited (TANESCO)

and Ministry of Energy and Minerals [http://www.nishati.go.tz] were contacted to source

for required information and data.

5.2.1 Data Classification

The data required to build the network model are divided into:

• Transmission network data (at 66kV, 132kV and 220kV level)

• Power plant locations.

• Type of fuels.

• Capacities of generating plants

• Load centre locations
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• Load centre demand capacities

5.3 Data Collection

Tanzania Electricity Supply Company Limited (TANESCO), a government owned utility

company owns majority of generating power plants except two thermal plants situated in

Dar es Salaam, which are private owned. TANESCO owns high voltage and distribution

transmission lines scattered allover the country.

The transmission lines are estimated to comprise of 2,624.4 km of system voltage

220kV; 1441.50 km of 132kV; and 486.0km of 66kV, totalling 4,551.86 kms by the end of

December 2006. [http://www.tanesco.go.tz/2006]

TANESCO, in principle refused to make available load flow model and transmission

capacity limits information citing sensitivity of the information. However, some information

was made available such as:

• Generation/substation description.

National generation, peak load

• Technical reports (various)

• TANESCO power system master plan (2003)

• Transmission grid schematic (various)

• Electrical parameters for 220kV, 132kV and 66kV

• TANESCO hydro generation optimization report

• Grid loading information

• All transmission substation schematic single-line diagrams.

• Operations Data (2003), Grid loading information

• TANESCO Transmission Equipment Nameplates

• TANESCO Annual Operation Report-2003

• TANESCO Power System Master Plan (2004)

• TANESCO Hydro Generation Optimization Report, January (2004)

The documents were used to extract the required information and data to achieve the

thesis objective and create a working database. Some buses were merged to form

equivalent bus. It was necessary to merge these buses because too-short transmission

line in the network might cause ill-conditioning in load flow and state estimation studies.

A database for 30 buses is prepared basing on documents.
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5.4 Creating Database Using MySQL

My Structured Query Language (MYSQL) is a program that runs as a server providing

multi-user access to number of databases. It is an interactive program that allows

connecting to a MySQL server if available, run queries and view the results. MySQL may

also be used in batch mode.

The aim of creating database using MySQL is to keep track of various types of

information about the data, update, delete, and retrieving or make changes for future use

of the data. The advantages of using MySQL are:

• Loading the database with the desired information

• Create tables to hold the data

• Answer different questions by retrieving data from the tables.

The process of creating and using the database include the following operations:

• Create a database

• Create a table

• Load data into the table

• Retrieve data from the table

• Use more than one table

Create Database

The MySQL administrator can create database for the user. Here a brief description is

given how to create a database from well established principles. However, creation of

database for implementing a state estimation of the Tanzanian Power System Network

Model is done using DBManagement Professional software.

Create a Table

Before data can be entered (row) into a table, it is important to define what kind of data

will be stored (column). The following MySQL code is used

<?php

II make a MySQL connection

mysql_conn("/ocalhost", "edmin", ''ladmin'j or die(mysql_erro( )' mysql_selected-db("test"

or die(mysql_error( ));
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II Create a mysql table in the selected database mysql_query("CREATE TABLE"

adam2009 (id INT NOT NUL AUTO_INCREMENT, PRIMARY KEY (id),

nameVARCHAR (25),

age INT}")

or die (mysql_error( ));

echo "Table Created";

?>

• INT -Stands for integer or whole number. "id" is defined as an integer.

• NOT NULL - These are two keywords, but they combine together to say that this
column cannot be null (empty)

• AUTO_INCREMENT - Each time a new entry is added the value will be
incremented by one (1)

• PRIMARY KEY (id) - is used as a unique identifier for rows

• name VARCHAR (25) - A new column is made with name VARCHAR: stands for
"Variable character", "Character" means that any kind of typed information can be
put in this column (letters, number, symbol etc). It is "variable" because it can
adjust its size to store a little as 0 characters and up to a specified maximum
number of characters.

• "I nteger" - The third and final column, which store an integer.

• or die (mysql_error( )); - This command prints an error if there is a problem in
table creation process.

Loading Data into a Table

After a table has been created, next is to populate it. The LOAD DATA and INSERT

statements are used. Since the created table is empty, an easy way to populate it is to

create a text file containing a row for each of the available data, and then the content of

the file is loaded into the table with a single statement. To load the text file into the

created table, the following command is used:

mysql>LOAD DATA LOCAL INFILE '/path/name txt' INTO TABLE '.... '

-> LINE TERMINATOR BY 'r'n';

To add new records one at a time, the INSERT statement is used

Mysql> INSERT INTO '.... '

- > VALUES (' , ,NULL);

96



Retrieving Information from a Table

The SELECT statement is used to retrieve information from a table. The general form of

the statement is given by:

SELECT what to select

FROM which table

WHERE condition_to_satisfy

What to select: indicates what to be selected from the table. This can be a list of

columns.

Which_table (Where as optional if is present): indicates the table from which data is to be

retrieved.

Conditions_to_satisfy: Specifies one or more conditions that rows must satisfy to qualify

for retrieval.

The following actions relate to retrieving information from a table:

Selecting all data: This form of SELECT is useful when a review of an entire table is

needed after loading with initial data set

Selecting Particular Rows: It is easy to retrieve an entire table. This is done by omitting

the WHERE clause from the SELECT statement. When the table becomes large, it is not

possible to see the entire table; instead particular rows can be selected from the table.

The following statement is used to perform the action

mysql> SELECT· FROM '..... ' WHERE name =' ..... '

Selecting Particular Columns: If the entire rows from the created table are not needed, it

is possible to name the columns in which the data are to be retrieved. This is done by

naming the columns, separated by comma as follows:

mysql > SELECT name' ... ' FROM' ... .'

The WHERE clause can be used to combine row selection with column selection. The

statement for this combination is:

mysql> SELECT name, ' ',' .... ' FROM '.... '

> WHERE data = ' ' OR data' ....•
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Sorting Rows: It is important the output rows to be sorted and displayed in some

meaningful way. Thus, ORDER BY clause is used in sorting and displaying the rows in a

particular order.

mysql> SELECT name, ' ... ' FROM' .... ' ORDER BY ,

Using More Than one Table

The table created keeps track of the data. However, if new data are received, the

information has to be recorded in a new table. The new table should contain the following

information:

• Name of the table

• A date when the data was received

• A field such as transmission line data or generation data

• An event type field to categorize the event.

Hence, the CREATE TABLE statement for the new EVENT table is:

mysql > CREATE TABLE event (name VARCHAR (20), date DATE,

- > type VARCHAR (15), remark VARCHAR (255));

The records are loaded in the event table using the following statement:

mysql> LOAD DATA LOCAL INFILE 'evenUxt' INTO TABLE event

Source: The MYSQL 5.1 Reference Manual: Revision (16027). 2009.08.10

The following data are used in creating the database.

5.4.1 Generation schedule and spinning reserve

Power plant fuel types and capacities are related closely to their outputs, and therefore

influence power flows. Generation data are commercially sensitive because they can

reflect the marginal generation cost of generators. TANESCO and the two independent

power producers (IPPs) i.e. Independent power Tanzania limited (IPTl) and SONGAS

refused to make available minimum and maximum values of their generator's reactive

power. However, they were eager to provide maximum real power output in MW. Due to

this inconsistency, it is decided to use -9999 and +9999 values as minimum and

maximum reactive powers for all generators operating in the system. Synchronous

generators in the built model are simply classified as hydraulic or fossil thermal, so no

sensitive information is included. To run a load-flow program and later a power system
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state estimation program, one needs the actual outputs of the power plants which could

be obtained from a dispatch program. It was not possible TANESCO to run the dispatch

program; instead generation schedule with spinning reserve from TANESCO is used.

The data is given in Table 5.2. In addition, each power generating power plant is related

to as a bus and identified by a name (which is a name of a place where the plant is

located). Their abbreviated names are shown in Table 5.1 Table 5. 3 shows the

generator capacities including their ratings MW, MVA, MVAr, minimum MW, maximum

MW, minimum MVAr, and maximum MVAr. However, private generating plants were not

eager to provide these data.

T bl 51 B da e .. us name an vo tage eve
Bus Bus Voltage Bus Bus Voltage Bus Bus Voltage
No. Name [kV] No. Name [kV] No. Name [kV]
1 KIH 220 11 ZNZ 132 21 BAB 220
2 IRI 220 12 CHA 132 22 SGD 220
3 MUF 220 13 HALE 132 23 DOM 220
4 MBE 220 14 NPF 132 24 MTE 220
5 KID 220 15 TAG 132 25 SHY 220
6 MORO 220 16 KIY 132 26 MZA 220
7 MOROI 132 17 KIYI 66 27 MZAI 132
8 UBU 220 18 NYM 66 28 MSM 132
9 UBUI 132 19 ARU 66 29 SHYI 132
10 TEG 132 20 ARUI 220 30 TBR 132

T bl 52 G ti S h d I ith S· . Ra e enera on c e u eWI spmrunq eserve
Plant Plant Power Spinning Plant Plant Power Sinning
No. Name Output Reserve No. Name Output Reserve

[MW] [MW} [MW] [MW]
1 KIH 60.00 120.00 18 NYM 03.60 00.00
4 MBE 14.00 00.00 23 DOM 00.00 07.44
5 KID 142.00 62.00 24 MTE 74.00 06.00
9 UBUI 259.00 00.00 27 MZAI 13.00 00.00
10 TEG 100.00 00.00 28 MSM 00.00 02.56
13 HALE 10.50 00.00 30 TBR 00.00 10.20
14 NPF 68.00 00.00

5.4.2 Transmission Lines

Transmission line network comprises of high and medium voltage levels. Transmission

line network especially high voltage is the backbone for transmitting power from the

generation plants to demand centres as well as for load flow and state estimation

studies. To develop a database and a model of the transmission line network is a time

consuming activity. The electrical parameters of transmission lines are generally not

available to the public; they can be calculated or estimated from the lengths and voltage

levels of the lines; Tables 5.4 gives distances between buses and Table 5.5 gives Shunt
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devices installed at some of the buses of the system and their ratings. Resistance values

per kilometre of overhead lines are available and structure of the transmission lines; they

were to calculate the parameters of the lines. The following constants for transmission

cables to prepare a database for transmission line network parameters were adopted.

Table 5.3: Generator capacities
Plant Plant Rating Rating Rating pt PMin PM•• QMin QM..
No. Name [MW [MVA] [MVAr] [MW] [MW] [MVAr] [MVAr
1 KIH 180.00 211.50 111.05 0.85 39.00 180.00 -111.05 111.05
4 MBE 14.00 - - 0.85 - - - -
5 KID 204.00 240.00 126.43 0.85 96.00 204.00 -126.43 126.43
9 UBUI 259.00 - - 0.85 - - - -
10 TEG 100.00 - - 0.85 - - - -
13 HALE 21.00 24.70 13.00 0.85 1000 2100 -1300 13.00
14 NPF 68.00 80.00 42.14 0.85 30.00 68.00 -42.14 42.14
18 NYM 08.00 10.00 06.00 0.85 04.00 08.00 -06.00 06.00
23 DOM 07.44 - - 0.85 - - - -
24 MTE 80.00 90.00 41.23 0.85 30.00 80.00 -41.23 41.23
27 MZAI 13.00 - - 0.85 - - - -
28 MSM 02.56 - - 0.85 - - - -
30 TBR 10.20 - - 0.85 - - - -

BLUE JAY: R=O.05019Q/km

RAIL: R=O.05118D/km

HAWK: R=O. 1137Q/km

BISON: R=O.07254j)/km

WOLF: R=O.1694Q/km

RABBIT: R=O.2000[)/km

Transmission line network data are instrumental in system network model development.

The following assumptions were made before developing the model.

• Only those lines with voltage levels above and including 66kV are considered.

• The resistance and shunt admittance of some of transmission lines were
neglected (chapter 4 Table 4.2).

All circuit breakers are assumed to be closed under normal operation in order to
make full utilization of the whole network.
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Table 5.4: Transmission line distances
From To Distance From To Distance From To Distance
Bus Bus [km] Bus Bus [km] Bus Bus [km]
No. No. No. No. No. No.

1 2 97.00 10 11 67.50 22 23 210.00
2 3 130.00 12 13 175.00 23 24 130.00
3 4 220.00 13 14 11.30 22 25 200.00
2 5 160.00 13 15 60.00 25 26 140.00
1 5 180.00 14 15 64.00 27 28 205.00
2 24 107.00 13 16 275.00 29 30 200.00
5 6 128.00 16 19 78.00
6 8 178.00 18 17 53.00
7 12 82.00 20 21 162.00
9 10 18.50 21 22 150.00

Table 5.5: Shunt devices and their ratings
Bus Bus Voltage No. Rating
No. Name [kV] of Devices [MVAr]
1 KIH 220 1 20.00
9 UBUI 132 1 20.00
20 ARUI 220 1 20.00
22 SGD 220 2 40.00
23 DOM 220 1 20.00

5.4.3 Installed Load Demand

Load centre location and capacities also have important influence on the two studies i.e.

load-flow and SE. Unfortunately there was no actual sufficient information about loading

of particular buses (substations). Data existing at TANESCO were in great proportion

design and forecasting data. To have a full picture of demands of buses, design,

forecasting data from TANESCO together with data from Ministry of Finance and

Planning (MFP), and Ministry of Minerals and Energy (MEM) were used. The following

web site was used;

(http://www.tanzania.go.tzleconomicsurveyf.html/2008); from year 2002 to 2008. The

data were analysed and demand for each substation established. Using the forecasting

design and forecasting data alone was thought to be inappropriate. The obtained data

corresponds approximately to demand of a particular area or region where the bus is

located. Demand data are shown in Table 5.6. Transformers (power, tap-changing or

regulating) are very important in both load flow and state estimation. Table 5.7 gives data

for the installed transformer in the system.
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Table 56· Installed load demand..
Bus Power Demand Bus Power Demand
No. No.

MW MVAr MW MVAr

2 6.20 1.50 19 22.00 5.00
3 20.00 7.00 21 6.50 1.20
4 27.20 7.80 22 5.00 1.40
6 18.00 9.10 23 6.20 1.60
8 233.10 45.10 25 2170 9.00
11 17.60 9.00 26 29.70 9.60
12 12.00 2.50 28 11.50 5.00
15 21.00 8.30 30 5.40 1.50
16 23.09 9.00

Table 5.7: Tap-changin transformers
Serial Transformer Tap Setting Setting
No. Designation Range Point

[p.u.]
1 5-6 0.9000-1.1000 0.9000
2 8-9 0.8590-1.0846 0.8590
3 16-17 0.9000-1.1000 0.9000
4 19-20 0.8590-1.0750 0.8590
5 25-29 0.9000-1.1000 0.9000
6 26-27 0.9000-1.1000 0.9000

5.4.4 MYSQL Implementation

Creating database for the Tanzanian Power System Network is implemented using

DBManager Professional software. It is the most powerful application for data

management with built in support for MYSQL, PostgreSQL, Interbase/Firebird, SOLite,

DBF Tables, MSAcess, MSSQL Server, Sybase, Oracle and ODBC database engines.

Platform supported are Windows 2003 and Windows XP.

DBManagement Professional has the following features:

• Management for database, tables, domains, etc

• Query Editor with Query Editor, debugger, Planner, with multiple result set

• Many wizards to import and export data to and from a variety of sources,
including: MSAcess, MSExcel, Test and XML files

• Database compares and database Control Version Systems

• Diagram Designer

• Form and Report Builder

• Monitor Server, Database and table activities.

Creating a database using DBManager Professional is the basis toward real-time

implementation of state estimation
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5.5 Integrated System Network Modelling

Systematic computation of currents and voltages in power system network when using

digital computer may most conveniently be achieved by building a desirable

mathematical model. System matrix equations provide a suited mathematical model and

account both the characteristics of individual elements of the system network as well as

their interconnections.

Analysis of a large power system similar to the Tanzanian power system network

requires a primitive network first to be considered. The primitive network is a set of

uncoupled elements of the system network [Vadhera, 1981]. Normally data available

(section 5.2 to 5.4) of the Tanzania Electric Supply Company Limited (TANESCO) are in

the form of primitive network matrix. This matrix, while adequately describes the

characteristic of each element, does not provide any information concerning the network

connections. Therefore, the primitive network matrix must be transformed into a network

matrix that delineates the performance of the interconnected system network.

The first step in system network modelling is to prepare a single-line diagram of a 3-

phase system. Since a balanced 3-phase system is solved as a single-phase circuit

composed of one of 3 lines and neutral return, it is not necessary to show more than one

phase and the neutral return when drawing the single-line diagram. The single-line

diagram can be further simplified by omitting the complete circuit through the neutral by

indicating each AC synchronous generator or transformer by appropriate symbol rather

than by their equivalent circuit.

With all this in mind, a single-line diagram of the Tanzanian Power System Network is

prepared and is depicted in appendix A5; this single-line diagram is used in developing

system network model.

5.5.1 Integrated Network Equations

In order to develop system network equations, a portion of the one-line diagram shown in

appendix A5 is used. The net power injected or currents injected in this portion are

depicted in Figure 5.1. Using KCL, the following 3 equations are obtained:
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Figure 5.1: A network of 3 buses (a portion of appendix A5)

II = (YG + Y4)~ YGV2 Y4V1

12 = -Y6~ + (Y~ + Y6)V2 rY3
13 = -~~ }'sV2 + (Y4 + }'s)V3

Eqn (5.1) may be written as:

II = ~I~ + YI2V2 + ~3~

12 = Y21~ + Y22V2 + Y23V3
IJ = r;1~ + Y31V2 + YJ3V3

(5.1 )

(5.2)

Eqn (5.2) can be extended to the whole system andean be written in compact matrix

form

f = YV (5.3)

where

I{J is the current vector (5.4 )

v {~NJ is the voltage vector (5.5)
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1';1 1';2 1';N

YBUS~
Y21 Y22 Y2N is the bus admittance matrix (5.6)

YN! Y2N
... YNN

Hence, in this thesis the system network model is given by:

[=YV (5.7)

Bus admittance matrix (Ybus) of the model is given in appendix E

From Eqn (5.2), at bus i the injected current I; for a general N- bus system (Case

study: Tanzanian Power System)

N

I; = L Y;jVj
)=1

(5.8)

where

S.·
I; = V'.

,
(5.9)

Si" : is the complex power at bus i

5.5.2 Incorporating Transformer model in the Ybus Matrix

Transformer discussed in this section is for a fixed tap-setting transformer. This

transformer is used during load flow simulation in chapter 10.

A transformer with a fixed-tap setting is represented by impedance or admittance

[Momoh, 2009; Vahdera, 1981; Granger & Stevenson, 1994] Y;j in serial with an ideal

autotransformer (Figure 5.2). For such transformer, at bus i in the line lij' the

transformer ratio is given by:
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y

Figure 5.2: Fixed tap-setting transformer

V I_!_=___!J__=I
V, t,

(5.10)

Where V; is the voltage magnitude at bus i

Hence

(5.11)

But

V = V,
, I

(5.12)

Substituting Eqn (5.12) into Eqn (5.11) gives

Y,J
f = (V -IV')-2

I I J I
(5.13)

Similarly

Yy[ = (V - V )Y = (I V - V ) -} } "} } 'l (5.13)

Such a transformer model can be represented by an equivalent Jr-circuit shown in Figure

5.3. where A is the series impedance; Band C are the shunt admittances. The values of

A, Band C are given by:

Y,J 1 [ 1 ] C [ 1]A=-,B=- --I Y, . = 1-- YI I I y I I}

(5.14)
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c

Figure 5.3: Equivalent circuit of a fixed -tap transformer

With the substitutions of A, B and C, Figure 5.3 takes the form of Figure 5.4 which is

appropriate for load flow and state estimation studies.

Figure 5.4: Equivalent IT-circuit of a fixed tap- transformer

Thus, to represent the transformer shown in Figure 5.4 in the elements of the bus

admittance matrix:

Yy 1[I ]Y =Y +Y +Y + ... +-+ ... +y +- --I Y
/I li ,2 ,3 / ,N f f y

(5.15)
Yy

Y = Y + Y +Y +···+-+,,·+Y
/I li ,2 13 f IN

Yij element in the bus admittance matrix changes when the fixed-tap transformer model

is included. Moreover,

(5.16)
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Also

y [ ']Yji = Yjl + Yj2 + Yj3 + + -1- + + YjN + i-t Yu

Yj; = Yjl + Yj2 + Yj3 + + Yp + + YjN

(5.17)

Introducing fixed-tap transformer model does not change the Yji element in the bus

admittance matrix. For a tap-changing under load transformer, the elements >';i and Yu
are calculated with the changes in tappings.

5.6. Decomposing Ybus Matrix

The concept of matrix decomposition is based on decomposing large matrix into block

matrices. Matrix decomposition is a process of transforming a given matrix into smaller

matrices that simplifies the computing process. It is a fundamental theme in linear

algebra as well as in applied statistics, which have scientific and engineering significance

in a day to day of solving practical problems.

The objective of matrix decomposition involves two aspects: First, computational

convenience when working with smaller matrices. Second; analytic simplicity; it is easier,

comfortable and simple to make analysis on smaller matrix rather than a large matrix.

Computing a matrix inverse of a large matrix or computing a determinant of a same

matrix. It is cumbersome and time consuming. Thus, to convert a large matrix into block

matrice became easier to work with. Computations will be simplified and time saved.

Data matrices representing large numerical values such as Ybus matrix are hard to

compute and analyse. Therefore, decomposing the data matrix into some lower-order or

lower-rank standard form will reveal the inherent characteristic and structure of the matrix

and help to compute or interpret its meaning.

The bus admittance matrix of the Tanzanian power system network is decomposed into 3

blocks. The decomposition of the matrix YE.'lPOx30 is achieved on the basis of analysis of

its structure and the following criteria:

• Selecting dimensions of the main sub matrices in such a way that the number
of interconnections is small

• Selection of the interconnection between the submatrices to be of special kind
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On the basis of the above, the dimensions of the considered three main submatrices are

determined as: n1 =12, n2 = 9, n3 =9. Total n1+n2+n3 = 30 buses

AI31A E 9130,.30
23

A33

(5.18)

where

Are the block diagonal admittance submatrices. characterized with high density of buses

and transmission lines; A12E~H12x9,A13E9?12X9, A21E.fJ!)X12, A23E9f
x9, A31E!lfx12 A32E!lf

X9

are the sub-matrices forming the interconnections with the main ones (A11,A22,A33).

The determined dimensions are used to decompose the vectors of voltage and currents

in the following way

(5.19)

(5.20)

The model of the N-bus system is given by the equation

1 = YV (5.21)

This model can be represented as a set of interconnected sub models. Substitution of the

corresponding decomposed vectors and admittance matrix gives:

(5.22)

On the basis of eqn (5.22), the expression for every separate interconnected subsystem

of the model can be written in the following way:

'I = AllEl + AI2E2 + AuE3

'2 = A21EI + A22E2 + A2JE, (5.23)

/3 = A31EI + A12E2 + ABE3

Each of the Eqns in (5.23) describes the behaviour of the interconnected sub-system. It

depends on the following input inputs:

• Its own input voltage
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• The sum of the currents coming from other interconnected subsystems to it's
subsystem, which further will be noted with the letter Z

The two inputs have different meaning for the power subsystems:

The first input can be considered as subsystem local load control signal.

• The second can be considered as a disturbance influencing the behaviour of the
subsystem. If this disturbance is zero, then all subsystems will be independent.

The structure of the system considered as an interconnection of independent

subsystems, where the interconnection influence is considered as a disturbance is

shown in Figure 5.5.

On the basis of this representation, the mathematical model can be described in the

following manner:

/1 = AllEl + ZI
ZI = AI2E2 + AI3E)

/2 = AnE2 + Z2
Z2 = A21EI + A2)E)

/) = AJ3E) + Z)
Z) = A)IEI + A32E2

where

(5.24)

(5.25)

(5.26)

The model given by eqns (5.24), (5.25) and (5.26) can be written in common notation as:

I, = A;;E, + Z,
N

Z, = LAuE)
J I
JM

i = 1,Ns , j = 1,Ns , j -:j:. i (5.27)

Where Ns is the number of sub-systems
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Sub.systern I Sub.system II Sub.system III

Figure 5.5: Decomposed model structure

Finally, matrices obtained after decomposition can be written as:

The block matrices (A11, A22, and A33) have well defined structure which makes it easy

to be constructed. Their properties are:

• Square of order n,xn,

• Symmetrical

• Complex

• Each off-diagonal element is the negative of branch admittance between buses
available in the sub-system

i = 1,2,3

• Each diagonal element is the sum of the admittance of branches which terminate
at bus p, including branches to ground

• The matrices A11, A22 and A33 are not sparse compared to the global bus
admittance matrix.

As conclusion: The matrices situated on the main diagonal of the bus admittance matrix

obtained after decomposition show all the features of the full admittance matrix, but are

not sparse and are with smaller dimension

Let the ith sub-system from the formed sub-systems is considered. By assuming bus p
and q as two neighbouring buses in this sub-system i, the current, voltage and

interconnections from equation (5.27) can be expressed in a vector form as:
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II VI ZI

I, E Ril, = lp v= Vq Z = Zp
t ,

I V Z", ", n,

(5.28)

where

A;; E Rn
,xl1, : the dimension of ith sub-system matrix

p = 1,"'11;

q = 1,"'11,

Are the ith sub-system admittance matrix indexes for the elements at each row and

column

11, : number of buses in the ith sub-system

For the ith isolated sub-system, the p-th component of the current I; can be expressed

as:

n,
1 =""A. V'.1' L..- ni pq q

q~1
p = 1,11; (5.29)

However, the ith sub-system is interconnected to a neighbouring sub-system j .

Including the interconnection in (5.29) changes thise equation to

1,.1' = f Aii.pqV'., + Z;.p
q=1

p = 1,11, (5.30)

But

ZI is given by

N,
Z=""AV.

I ~ 1) )

j=1
i=t

(5.31 )

And the p-th element of the vector Z, is given by the expression

Ns "J

Z,." = II Aij.pgV;'8
i=' g=1
I~;

(5.32)

where
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A· I t f th tri A Rn,xn,ij.pg : IS one e emen 0 e ma nx ij E

Substituting ZiP into (5.30) yields

n, Ns nl

1,.1' = IA".pqVq + IIA'j,pgVj•g
q=1 j=1 s=!

j'"

(5.33)

where

Ns :number of sub-systems

A. R",xn,lj E i = 1,"',Ns,j = 1,''',Ns,j 7:- i: coupling matrix between sub-system i

and j

V
j

: voltage from sub-system j linked with sub-system i

Eqn (5.33) can be used in formulating load flow non-linear equation of the sub-systems

as well as decomposition-coordination method and algorithm for solution of multi-area

(sub-system) state estimation problem presented in chapter 8.

5.6.2 Real and reactive power injection model of a sub-system

This section describes a process of developing a model of real and reactive power

injections of a sub-system resulting from system decomposition. Let us consider ith

isolated sub-system, and then current injected into bus p of this sub-system is given by

the following equation

ttl N,'i ",

1,.1' = IA".,){/v'.q +II Alj.pgVj•g
'1=1 j~1 g 1

)7-1

(5.34)

However, in power systems it is comfortable to work with real and reactive powers

instead of currents. Working with powers can be easier in expressing the equations in

polar coordinate form. Hence, eqn (5.34) must be transformed into expressions that

include real and reactive powers. The transformation is normally carried out by

considering current injected at bus p of the ith isolated sub-system.

The current injected into bus p of the ith sub-system is given by

p -'QI = '.1' ) i,p
I,p E

',I'

(5.35)
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Substituting eqn (5.34) into (5.35), the following eqn is obtained

P -j'Q n, Ns "1

',p ',p = "" A E + "" "" A E.E L... I/.p,! ','I L... L... u·pg ),g
',p '1=1 .1=1 g=1

s=

(5.36)

Re-arranging eqn (5.36), yields

(5.37)

It can be observed from equation (5.37), that real and reactive powers have two parts.

The first part is power corresponding to the ith isolated sub-system and the second part

is power corresponding to the interconnection.

Expressing the voltages Ei,p' Ei q and E)g in a polar coordinate form

E = v e":: (5.38)

E = V eA,q (5.39)
'.'1

Expressing the bus admittance matrices Ail and Aij in terms conductance (Gii) and

susceptance (Bil) as well as (Gij) and (Bij), substituting (5.38-5.40) and the corresponding

conductance and susceptance matrices into (5.37), the following equations are obtained:

for the ith isolated sub-system

N.\ "}

+V,.pII(Gu.pg - jB').JlJV).g(COSb).Jl8 + jsinb).JlJ
)-1 g=1
p'

(5.41)

Expanding eqn (5.41) and separating real and imaginary parts, it is obtained

r., = Vi'JlIv",! (Gi"Jlq COSb"p,! + ie.; sin bi,,,q)+
'I-I

Ns nl

+ VI'JlI I V),g (Gif,pq cos bj'I'8 + JBU,Jl8 sin bj,pg)
j.1 g~1
).,.

(5.42)
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~ ( )
Q"p = -Vi,p I Vi,q Gii,pq sin 0i,pq - jBii,pq cos 0i,pq +

(5,43)

Assuming that voltages E and E are of the same level i.e. they can either represent1,1' Jg

132 kV, 220 kV or 330 kV; then, the angle ~,pg is zero, This means that COS0,pg = 1and

sin0,pg = O. Substituting these values into Eqns (5,42) and (5,43) transforms the two

equations into

n ~ ~

p = ~ V V (G cos s + jB sin s )+ '" '" V V G1,1' Lo 1,1' I,q lI,pq I,pq lI,pq I,pq L..JL..J 1,1' J,g Ij,pg
q=1 ]=1 g=1

J'"
(5,44)

p=I,"',l1,

~ ~ ~
Qi,P = -I v"pv"q (Gil,pq sin 0, pq - jB,i.pq cos Oi,pq)+ I I Vi,pVj,gBij pg

q=1 i=t g=1
i=

(5,45)

p=l,''',l1i

Resulting load flow non-linear equations (5,44) and (5,45) can be described as follows:

At load buses (P-Q)

At load buses eqns (5,44) and (5,45) can be used in calculating the power mismatches

L1Pf,p and .1Qf,p

At voltage-controlled buses (P-V)

Only eqn (5,44) can be used, since reactive power at voltage-controlled bus is not

available

At slack bus (V-Q)

No equation

Eqns (5,44) and (5,45) represent the real and reactive power of the ith isolated sub-

system interconnected to jth sub-system, expressed element by element in a vector

matrix form

Eqns (5,44) and (5,45) are written for every bus p = 1,... .n; They can be grouped by

forming the following vectors
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P;.I Qi.1 Vi.1 VIr.

P, = P a = Qi.P Vi = V V
j = V (5.46)

I.Jl I.p i-s

P e, V V1,", ',n, ) .n)

The procedure of how the process is implemented is described as follows:

Let assume that i =1 and p =1, Eqn (5.44) is transformed into

F(I = V;I{(~ U ICOsb;.1 I+j~ U IsinÓ;.1 J...(~ Uni COsb;.ln, +j~ Un, sinÓ;JJ1
1
)}.V; +

+IV;I{~j.1 I' ~j.12·· ·~j.lnJ}.~
j=1

(5.4 7)

When i = 1, P = P

(5.48)

When i=1 and p=nl

N,

+Th.P {qj.JJlI ,qj.P2·· qj,IJlI}
j-I

(5.49)

The row vectors in equations (5.47) and (5.48) can be grouped to form a matrix and then

the equation for real power is written in a matrix form as

N

P, = C,~~+ fc;vj

j-I
JM

(5.50)

where

The steps used in deriving real power equations can be applied in deriving reactive

power equations, and the resulting equation is given by
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Ns

Q = Gimv + " s'rv
, 111 L.,,;1J)

j=1

The pq-th element of matrix Gi~ is

And the pq-th element of matrix G; is

The pg-th element of matrix G~:~q is

And the pg-th element of B~:'pg is given by

s': = V Bv.vs I.P y.pg

Let

And

Substituting Eqns (5.56), (5.57) into (5.50) and (5.51), yields

G = orv + ""
t ", Yl

Equations (model) (5.58) and (5.59) are used for parallel calculation procedures.

(5.51 )

(5.52)

(5.53)

(5.54)

(5.55)

(5.56)

(5.57)

(5.58)

(5.59)
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5.6.3 Sub-matrices

Sub-matrices and their interconnections obtained after decomposing bus admittance

matrix of the model are provided in Figures 5.6 to 5.23, respectively. These Figures

represent matrix elements as well as their values. Values of these matrices are used in

calculating conductance and susceptance which are important input in solving load flow

as well as power system state estimation.

BUS 1 2 3 4 5 6 7 8 9 10 11 12
No.

1 Y11 Y12 0 0 Y15 0 0 0 0 0 0 0

2 Y21 Y22 Y23 0 Y25 0 0 0 0 0 0 0

3 0 Y32 Y33 Y34 0 0 0 0 0 0 0 0

4 0 0 Y43 Y44 0 0 0 0 0 0 0 0

5 Y51 Y52 0 0 Y55 Y56 0 0 0 0 0 0

6 0 0 0 0 Y65 Y66 Y67 Y6a 0 0 0 0

7 0 0 0 0 0 Y76 Y77 0 0 0 0 Y712

8 0 0 0 0 0 Ya6 0 Yaa Ya9 0 0 0

9 0 0 0 0 0 0 0 Y9a Y99 Y910 0 Y912

10 0 0 0 0 0 0 0 0 Y910 Y1010 Y1011 0

11 0 0 0 0 0 0 0 0 0 Y1110 Y1111 0

12 0 0 0 0 0 0 Y127 0 Y129 0 0 Y1212

Figure 5.6: A11 matrix elements
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BUS 1 2 3 4 5 6 7 8 9 10 11 12
No.

1 3.3- -1.8 0 0 -1.5 0 0 0 0 0 0 0
j18 +j12 +j6.1

2 -1.8- 7 -1.6 0 0 0 0 0 0 0 0 0
j12.1 -j38 +j8.7

3 0 -1.57 24.0 -22 0 0 0 0 0 0 0 0
+j8.7 -j21 +j13

4 0 0 -22 22 0 0 0 0 0 0 0 0
+j13 +j12

5 -1.5 -1.3 0 0 47 -44 0 0 0 0 0 0
+j6.1 +)7.1 -j48 +j35

6 0 0 0 0 -44 77 0.0 -33 0 0 0 0
+j35 -j65 +j3.7 +j27

7 0 0 0 0 0 0.0 1.88 0 0 0 0 -1.88
+j3.7 -j7.9 +j4.3

8 0 0 0 0 0 -33 0 -33 0.0 0 0 0
+j27 +j27 +j16

9 0 0 0 0 0 0 0 0.0 3.94 18.2 0 -0.19
+j16 -j28 -j17 +j4.3

10 0 0 0 0 0 0 0 0 -3.75 18.2 -14 0
+j8.6 -j17 +j8.3

11 0 0 0 0 0 0 0 0 0 -14 14 0
+8.3 -j8.3

12 0 0 0 0 0 0 -1.88 0 -0.19 0 0 2.2
+j4.3 +j4.3 -j11

Figure 5.7: A11 matrix element values
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BUS 13 14 15 16 17 18 19 20 21
No.

1 0 0 0 0 0 0 0 0 0

2 0 0 0 0 0 0 0 0 0

3 0 0 0 0 0 0 0 0 0

4 0 0 0 0 0 0 0 0 0

5 0 0 0 0 0 0 0 0 0

6 0 0 0 0 0 0 0 0 0

7 0 0 0 0 0 0 0 0 0

8 0 0 0 0 0 0 0 0 0

9 0 0 0 0 0 0 0 0 0

10 0 0 0 0 0 0 0 0 0

11 0 0 0 0 0 0 0 0 0

12 Y1213 0 0 0 0 0 0 0 0

Figure 5.8: A12 matrix element
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BUS 13 14 15 16 17 18 19 20 21
No.

1 0 0 0 0 0 0 0 0 0

2 0 0 0 0 0 0 0 0 0

3 0 0 0 0 0 0 0 0 0

4 0 0 0 0 0 0 0 0 0

5 0 0 0 0 0 0 0 0 0

6 0 0 0 0 0 0 0 0 0

7 0 0 0 0 0 0 0 0 0

8 0 0 0 0 0 0 0 0 0

9 0 0 0 0 0 0 0 0 0

10 0 0 0 0 0 0 0 0 0

11 0 0 0 0 0 0 0 0 0

12 -0.10 0 0 0 0 0 0 0 0
+j2.4

Figure 5.9: A12 matrix element values
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BUS 22 23 24 25 26 27 28 29 30
NO.

1 0 0 0 0 0 0 0 0 0

2 0 0 Y224 0 0 0 0 0 0

3 0 0 0 0 0 0 0 0 0

4 0 0 0 0 0 0 0 0 0

5 0 0 0 0 0 0 0 0 0

6 0 0 0 0 0 0 0 0 0

7 0 0 0 0 0 0 0 0 0

8 0 0 0 0 0 0 0 0 0

9 0 0 0 0 0 0 0 0 0

10 0 0 0 0 0 0 0 0 0

11 0 0 0 0 0 0 0 0 0

12 0 0 0 0 0 0 0 0 0

Figure 5.10: A13 matrix elements
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BUS 22 23 24 25 26 27 28 29 30
No.

1 0 0 0 0 0 0 0 0 0

2 0 0 -1.9 0 0 0 0 0 0
+j11

3 0 0 0 0 0 0 0 0 0

4 0 0 0 0 0 0 0 0 0

5 0 0 0 0 0 0 0 0 0

6 0 0 0 0 0 0 0 0 0

7 0 0 0 0 0 0 0 0 0

8 0 0 0 0 0 0 0 0 0

9 0 0 0 0 0 0 0 0 0

10 0 0 0 0 0 0 0 0 0

11 0 0 0 0 0 0 0 0 0

12 0 0 0 0 0 0 0 0 0

Figure 5.11: A13 matrix element values

BUS 1 2 3 4 5 6 7 8 9 10 11 12
No.

13 0 0 0 0 0 0 0 0 0 0 0 Y1312

14 0 0 0 0 0 0 0 0 0 0 0 0

15 0 0 0 0 0 0 0 0 0 0 0 0

16 0 0 0 0 0 0 0 0 0 0 0 0

17 0 0 0 0 0 0 0 0 0 0 0 0

18 0 0 0 0 0 0 0 0 0 0 0 0

19 0 0 0 0 0 0 0 0 0 0 0 0

20 0 0 0 0 0 0 0 0 0 0 0 0

21 0 0 0 0 0 0 0 0 0 0 0 0

Figure 5.12: A21 matrix elements
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BUS 1 2 3 4 5 6 7 8 9 10 11 12
No.

13 0 0 0 0 0 0 0 0 0 0 0 -0.1
+j2.4

14 0 0 0 0 0 0 0 0 0 0 0 0

15 0 0 0 0 0 0 0 0 0 0 0 0

16 0 0 0 0 0 0 0 0 0 0 0 0

17 0 0 0 0 0 0 0 0 0 0 0 0

18 0 0 0 0 0 0 0 0 0 0 0 0

19 0 0 0 0 0 0 0 0 0 0 0 0

20 0 0 0 0 0 0 0 0 0 0 0 0

21 0 0 0 0 0 0 0 0 0 0 0 0

Figure 5.13: A21 matrix element values

BUS 13 14 15 16 17 18 19 20 21
No.

13 Y1313 Y1314 Y1315 Y1316 0 0 0 0 0

14 Y1413 Y1414 Y1415 0 0 0 0 0 0

15 Y1513 Y1514 Y 1515 0 0 0 0 0 0

16 Y1613 0 0 Y1616 Y1617 0 Y1619 Y1620 0

17 0 0 0 Y1716 Y1717 Y1716 Y1719 0 0

18 0 0 0 0 Y1716 Y1616 0 0 0

19 0 0 0 Y1916 Y1917 0 Y1919 Y1920 0

20 0 0 0 0 0 0 Y2019 Y2020 Y2021

21 0 0 0 0 0 0 0 Y2120 Y2121

Figure 5.14: A22 matrix elements
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BUS 13 14 15 16 17 18 19 20 21
No.

13 26 -11 -15 -0.07 0 0 0 0 0
-j41 +j33 +j3.4 +j17

14 -11 30 -19 0 0 0 0 0 0
+j33 -j39 +j5.4

15 -15 -19 34 0 0 0 0 0 0
+3.4 +j5.4 -j8.8

16 -0.07 0 0 0.07 0.0 0 0 0 0
+j1.2 -j3.0 +j1.4

17 0 0 0 0.00 10.7 -10.6 -0.07 0 0
+j1.4 -j25 +j22 +j1.4

18 0 0 0 0 -10.6 10.6 0 0 0
+j22 -j22

19 0 0 0 -0.07 0 0.07 0.0 0
+j1.4 -j8.5 +j7.1

20 0 0 0 0 0 0 0.0 32 -32
+j7.1 -j26 +j19

21 0 0 0 0 0 0 0 -32 33
+j19 -j27

Figure 5.15: A22 matrix element values

BUS 22 23 24 25 26 27 28 29 30
No.

13 0 0 0 0 0 0 0 0 0

14 0 0 0 0 0 0 0 0 0

15 0 0 0 0 0 0 0 0 0

16 0 0 0 0 0 0 0 0 0

17 0 0 0 0 0 0 0 0 0

18 0 0 0 0 0 0 0 0 0

19 0 0 0 0 0 0 0 0 0

20 0 0 0 0 0 0 0 0 0

21 0 0 0 0 0 0 0 0 0

Figure 5.16: A23 matrix elements
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BUS 22 23 24 25 26 27 28 29 30
No.

13 0 0 0 0 0 0 0 0 0

14 0 0 0 0 0 0 0 0 0

15 0 0 0 0 0 0 0 0 0

16 0 0 0 0 0 0 0 0 0

17 0 0 0 0 0 0 0 0 0

18 0 0 0 0 0 0 0 0 0

19 0 0 0 0 0 0 0 0 0

20 0 0 0 0 0 0 0 0 0

21 0 0 0 0 0 0 0 0 0

Figure 5.17: A23 matrix element values

BUS 1 2 3 4 5 6 7 8 9 10 11 12
No.

22 0 0 0 0 0 0 0 0 0 0 0 0

23 0 0 0 0 0 0 0 0 0 0 0 0

24 0 Y242 0 0 0 0 0 0 0 0 0 0

25 0 0 0 0 0 0 0 0 0 0 0 0

26 0 0 0 0 0 0 0 0 0 0 0 0

27 0 0 0 0 0 0 0 0 0 0 0 0

28 0 0 0 0 0 0 0 0 0 0 0 0

29 0 0 0 0 0 0 0 0 0 0 0 0

30 0 0 0 0 0 0 0 0 0 0 0 0

Figure 5.18: A31 matrix elements
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BUS 1 2 3 4 5 6 7 8 9 10 11 12
No.

22 0 0 0 0 0 0 0 0 0 0 0 0

23 0 0 0 0 0 0 0 0 0 0 0 0

24 0 -1.9 0 0 0 0 0 0 0 0 0 0
-j11

25 0 0 0 0 0 0 0 0 0 0 0 0

26 0 0 0 0 0 0 0 0 0 0 0 0

27 0 0 0 0 0 0 0 0 0 0 0 0

28 0 0 0 0 0 0 0 0 0 0 0 0

29 0 0 0 0 0 0 0 0 0 0 0 0

30 0 0 0 0 0 0 0 0 0 0 0 0

Figure 5.19: A31 matrix element values

BUS 13 14 15 16 17 18 19 20 21
No.

22 0 0 0 0 0 0 0 0 0

23 0 0 0 0 0 0 0 0 0

24 0 0 0 0 0 0 0 0 0

25 0 0 0 0 0 0 0 0 0

26 0 0 0 0 0 0 0 0 0

27 0 0 0 0 0 0 0 0 0

28 0 0 0 0 0 0 0 0 0

29 0 0 0 0 0 0 0 0 0

30 0 0 0 0 0 0 0 0 0

Figure 5.20: A32 matrix elements
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BUS 13 14 15 16 17 18 19 20 21
No.

22 0 0 0 0 0 0 0 0 0

23 0 0 0 0 0 0 0 0 0

24 0 0 0 0 0 0 0 0 0

25 0 0 0 0 0 0 0 0 0

26 0 0 0 0 0 0 0 0 0

27 0 0 0 0 0 0 0 0 0

28 0 0 0 0 0 0 0 0 0

29 0 0 0 0 0 0 0 0 0

30 0 0 0 0 0 0 0 0 0

Figure 5.21: A32 matrix element values

BUS 22 23 24 25 26 27 28 29 30
No.

22 Y2222 Y2223 0 Y2225 0 0 0 0 0

23 Y2322 Y2323 Y2324 0 0 0 0 0 0

24 0 Y2423 Y2424 0 0 0 0 0 0

25 Y2522 0 0 Y2525 Y2526 0 0 Y2529 0

26 0 0 0 Y2625 Y2626 Y2627 0 0 0

27 0 0 0 0 Y2726 Y2727 Y2728 0 0

28 0 0 0 0 0 Y2827 Y2828 0 0

29 0 0 0 Y2925 0 0 0 Y2929 Y2930

30 0 0 0 0 0 0 0 Y3029 Y3030

Figure 5.22: A33 matrix elements
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BUS 22 23 24 25 26 27 28 29 30
No.

22 26 -24 0 -0.9 0 0 0 0 0
-j25 +j12 +j5

23 -24 60 -36 0 0 0 0 0 0
+j12 -j32 +j21

24 0 -36 38 0 0 0 0 0 0
+j21 -j31

25 -0.9 0 0 2.5 -1.5 0 0 00 0
+5 -j19 +j8.2 +6.3

26 0 0 0 -1.5 1.5 0.0 0 0 0
+j8.2 -j14 +6.3

27 0 0 0 0 0.0 0.62 -0.62 0 0
+6.3 -jz.e +1.4

28 0 0 0 0 0 -0.62 0.62 0 0
+1.4 -j1.3

29 0 0 0 0.0 0 0 0 0.09 -009
+j6.3 -j8.7 +j2.1

30 0 0 0 0 0 0 0 -0.09 0.09
+j2.1 -j2.0

Figure 5.23: A33 matrix element values

5.6 Conclusion

System network model and data are useful components in load flow and power system

state estimaton studies. In this chapter, data acquisition and classification methods and

how to prepare database using MYSQL software is presented.

Generation, transmission and load demand data from the Tanzanian power system

network are prepared to be used in the load flow and power system state estimation

(PSSE) studies. Integrated system network equations from one-line diagram are derived.

Matrix decomposition method is employed in decomposing the bus admittance matrix

from the network model to form 3 interconnecting subsystems. Block submatrices of the

interconnected subsystems are calculated and presented. The subsystems developed in

this chapter form a basis for developing a decomposition-coordination method and

alogorithm which is applied in the solution of the multi-area power system state

estimation.

The integrated system network model developed in this chapter is applied in developing

Newton-Raphson algorithm and MATLAB program in chapter 6. The model is validated in

chapter 10 by running the load flow analysis.
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CHAPTER SIX: LOAD FLOW ANALYSIS

6.1 Introduction

Planning, design, and operation of electrical power systems require continuing and

comprehensive analysis in order to determine system performance and to evaluate

alternative system expansion plans. Because of the increasing cost of system

additions and modifications, as well as soaring fuel costs, it is imperative that utilities

consider a range of design options. In-depth analysis is necessary to determine the

effectiveness of each alternative in alleviating operating conditions, for peak and off-

peak loadings, and for both present and future power systems. As the size of the

network grows, the determination of such system variables as voltage levels and

power flows in the transmission lines, transformers, and generators becomes more

and more difficult. A large volume of network data must be collected and handled

accurately. This is aggravated by the dynamic nature of the system as it is configured

to meet changing system conditions. Thus, as the electric system grows in size and

the number of its interconnections increases, planning for future expansion becomes

increasingly complex. The high costs of system operations and system expansions

and modifications have paved the way for the use of computers in power systems.

Load flow calculations provide the power flows and voltages for a particular steady-

state operating condition of the system. Power flow analysis is performed for small or

large power systems, for high-and low-voltage systems, and for existing and future

systems. During load flow analysis, per-unit representation is used. The circuit

parameters are expressed in per unit, and all calculations are performed in per unit.

The power base is chosen to be the rating of one of the major pieces of equipment or

is set as a company policy. The power base is the same for all parts of the power

system. The voltage bases are chosen as the nominal voltages in the various parts of

the system or are selected to be the voltage ratings of the transformer windings in

order to maintain a unity per-unit turns ratio of the transformer. The current and

impedance bases are computed on the basis of the previous selected values of

power base and voltage bases.

The mathematical formulation of load flow problems results in a system of non-linear

equations. These equations are written in terms of either the bus admittance matrix,

bus impedance matrix or using state variables. Writing the equations in terms of bus

admittance matrix is more amenable to digital computer simulation and analysis,

because of the case with the bus admittance matrix could be formed and modified for

any network changes in subsequent cases. Furthermore, bus admittance matrix
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approach is the most economical from the point of view of computer time and memory

requirement.

In this chapter both state variables and bus admittance matrix approaches are

presented, latter bus admittance matrix approach is used in formulation of the load

flow problem.

6.2 Bus Classification

Bulk high voltage transmission systems are comprised of three-phase circuits.

However, under balanced conditions i.e. the currents in all three phases are equal in

magnitude and phase separated by 120°; therefore, the three-phase system is always

analysed using a per-phase equivalent circuit consisting of single-phase and the

neutral conductor. Per-unitization of a per-phase equivalent of a three-phase,

balanced system results in the per-unit circuit. It is the per-unitized, per-phase

equivalent circuit of the power system that is used to formulate and solve the power

flow problem and state estimation problems.

For convenience, power system network is represented using single-line diagram,

which can be thought of as the circuit diagram of the per-phase equivalent, but

without the neutral conductor. First, nodes are classified depending on whether

generator and/ or load are connected to them. Specifically, a bus may have

generation only, load only or neither generation nor load. In some cases, a node may

have both generation and load. This classification, which focuses on the generation

and load, leads to the definition of the term "node injection" or more simply "injection"

An injection: is the power, either real or reactive that is being injected into or

withdrawn from a bus by an element having its other terminal (in the per-phase

equivalent circuit) connected to ground. Such an element would be either a generator

or load. Positive injection is defined as one where electric power is flowing from the

element into the bus (i.e. into the network), while negative injection is when electric

power is flowing from the node (i.e. from the network) into the element. A generator

normally have positive real power injection, although it may also be assigned

negative real power injection in which case the generator is operating as a motor. A

generator may have positive or negative reactive power injection: positive if the

generator is operating lagging and delivering reactive power to the node. Negative if

the generator is operating leading and absorbing reactive power from the node and

zero if the generator is operating at unity power-factor [Lynn Powell., 2004]

Loads normally have negative real and reactive power injections, although they may

also be assigned positive real power injections in case of a very special modelling
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needs as stated by Acha [Acha et aI., 2004]. Although it is physically appealing to

classify nodes basing on the generation or load mix connected to the node, it is

needed to be more cautious and precise in order to analytically formulate the power

flow or state estimation problems. For proper analytical formulation, it is appropriate

to classify the nodes according to what information is known from the data collection

about them before solving the power flow problem and later the state estimation

problem. For each node, there are FOUR possible variables that characterize the bus

electrical condition. For an arbitrary bus i. The four variables are: real and reactive

power injection, P, and Q" respectively, and voltage magnitude and voltage phase

angle Vi and 0; respectively. From this perspective, there are three basic types of

nodes [Grainger & Stevenson., 1994; Hadi Saadat., 2004; Bergen & Vittal., 2000]

6.2.1 Slack Bus

Two other common names for this node are Slack bus and Reference node. There is

only one swing node, and it can be designated by the power engineer to be any

generator bus in the system. For the swing bus Vand (i are known, the fact that (i is

known is the reason why it is sometime called the reference bus. Physically, there is

nothing special about the swing node; in fact, it is a mathematical artefact of the

solution procedure. In case of the load flow problem, the swing node must supply

both the load and the losses on the circuits. Before solving the load flow problem all

injections at PO nodes are known, but it is not known what the losses will be as

losses are function of the flows on the circuits which are yet to be computed. So the

real power injections may be set for at most, all but one of the generators. The one

generator for which the real power injection is not set is the swing bus. Thus, this

generator "swings" to compensate for the network losses or, one may say that it

"takes up the slack". Therefore, rather than call this generator V, ti bus, the

terminology "swing" or "slack" is selected as it helps to better remember its function.

The voltage magnitude of the swing node is selected to correspond to the typical

voltage setting of this generator. The voltage phase angle may be designated to be

any angle, but normally it is designated as (j. At this bus the voltage magnitude and

phase angle are set to reference values as flows:

dV - V - vRcj ere"". - 0
SL - SL SL - (6.1 )

di.' =~' _ ~'Rcf"·o"c. = 0uSL U SL u.I·L (6.2)
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6.2.2 Voltage -Controlled (PV) Buses

For P-V buses, the active power and voltage magnitude are known (P, and V,) but not

the reactive power and the voltage angle (O, and 6i.). These buses fall under what is

known as voltage-controlled nodes because of the ability to specify (and therefore to

know) the voltage magnitude of this node. Most generators in the system fall into this

category, independent of whether it also has load; exceptions are nodes that have

reactive power injection at either the generator's upper limits (QMa.) or its lower limit

(QMm). There are also special cases where a non-generator bus (i.e., either a busbar

with load or a bus with neither generation nor load) may also be classified as P-V,

and some examples of these special cases are buses having switched shunt

capacitors or static Var Compensator system (SVCs). The real power injections of the

P-V node are selected according to the system dispatch corresponding to the

modelled loading conditions. The voltage magnitudes of P-V node are selected

according to the expected terminal voltage settings, sometimes the generator "set

points" of the units. The real power balance equation needs to be held and the

voltages are set to reference value as:

(6.3)

dV = V - VR-for.NC< = 0 (6.4 )

6.2.3 Load (PO) Buses

For PQ buses, Pi and Q, are known but V, and b', are not known. All load nodes fall

into this class, including nodes that have neither load nor generation. The real power

injections of the P-Q bus are selected according to the loading conditions. The

reactive power injections of the P-Q bus are selected according to the expected

power factor of the load. In this case, the real and reactive power balance equations

have to be fulfilled as according to:

(6.5)

(6.6)

Pand Q denominate real and reactive power injections into adjacent lines. PG, QG,

Po, Qo indicates the real and reactive power generation and demand (load) in the

nodes.

Data from P-V, P-Q nodes and QMa.. QMm are very important for load- flow problem.

Table 6.1 shows the three types of buses and their respective variables.
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Table 6.1: Bus types and their variables
Bus Bus P Q lVI B Number of
Type buses
Slack Slack Solve Solve Known Known 1
PV Generator Known Solve Known Solve NG
PQ Load Known Known Solve Solve N-NG-1

6.3 System Variables

Before describing formulation and solution of the static power flow equations, it is

important at this stage discussing about power system variables involved in static

power flow and power system state estimation studies. The variables involved are

classified into three group vectors:

• Dependent state variables;

Independent control variables;

• Disturbance variables

Dependent State Variables

It is a clear fact that, with a change of active load power in the system there is

appreciable change in phase angle, and with a change of reactive load power there is

a change in the voltage magnitude. For a fixed load, the bus voltages are varied by

change in reactive power generation, whereas the phase angles are varied by

change in active power generation. Hence, these variables are dependent variables

and are known as dependent state variables or in short; state variables. These

variables are written as state vector X defined as follows:

sI

(6.7)

Independent Control Variables

Real and reactive powers generated are known as control variables. These variables

can be changed or controlled. Real power generated is controlled by varying the

turbine power, and reactive power is controlled by varying the excitation. These

controrable variables are written as control vector U; defined as:
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POI

u<f} POn (6.8)
QOI

U"

o:
where

PG .' is the real power generation

QG.' is the reactive power generation

In practice tap-changing and phase-shifting transformers are incorporated in the

power system network and their role and models have been discussed in the

respective sections. If T is number of tap-changing transformers and S is number of

phase-shifting transformers are included, there are additional T+S variables. These

new variables are control variables and must be included in the control vector Uc of

equation (6.8), which is now amended and is given by equation (6.9)

POI

UI

Po,

U2n_1 QOI

u2"

U =
U2fff.J

/). QOn
c

ti

U2,,+T

1I2".T+1 tT
(/Jl

(6.9)

where

t .' transformer ratio

T.' number of tap-changing transformers

(/J.' phase shifting angle

S.' number of phase-shifting transformers
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Disturbance Variables

Power demands are disturbance variables. These variables are in the hand of the

customers of power and the power system management has no control over these

and that is why they are known as disturbance variables or uncontrorable variables.

Disturbance variables are written as disturbance vector D defined by equation (6.10):

Po
!

D=l;:} PD.
Qo!

o;

(6.10)

where

PD. is the real power demand

QD: is the reactive power demand

6.4 System Constraints

The constraints that any feasible solution of load flow equations must satisfy are

divided into two types:

Constraints that govern the current, voltage, and power flow relationship;

• Constraints that govern the operating limits of the system parameters.

The load flow must satisfy Kirchhoff's and Ohm's laws. This means that power

injected into a node must be equal to power extracted from thebus. Thus, both

summation of real and summation of reactive power at a node must be equal to zero.

When deriving load flow equations of N-bus system the number of summation is 2N.

These equations are depicting equality constraint. By solving these equations, load

flow solution is obtained. In addition, the power flow solution must satisfy the

engineering design and operating limits. These limits are usually described in

inequality constraints. These include: generator constraints; node constraints;

transformer constraints and transmission line constraint. These constraints are

explained in the following sections.
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Generator Constraints

The real power limits of the generators are restricted to lie within given minimum and

maximum limits that are the optimum solution PGi must fall within the following

inequality constraints:

(6.11 )

where NG is the number of generators in the system

Similarly, reactive power limits of the generators are restricted to lie within given

minimum and maximum limits and this limit is expressed as

Octkmin sOctkoPfilllllll~ Oct,buRX (6.12)

Where NG is the number of generators in the system

Bus Constraint

In order to satisfy design limitations and statutory legal requirements, the voltage

magnitude is restricted to limits, the magnitude limits are expressed as:

Iv.1 s IV.I ~ IV.I111111 max k=J,.··,N (6.13)

where N is the total number of buses

Transformer Constraints

Transformers working in power system are provided with taps that can be changed

under load. System operator needs to know what tap position is required to adjust the

magnitude of bus voltage. Taps of automatic tap-changing transformer must lie within

given range. The tap limits are expressed as:

k=I,,··,T (6.14)

Where t, represents tap setting and "T" is the total number of tap-changing

transformers in the system.

Phase-shifters are also included in the system, thus, the angular position must not

allow being outside of a given range. The constraint is expressed by:

k=I,.··,S (6.15)

Where lps is angular position of the phase-shifter and S is the total number of phase-

shifters.
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Transmission Line Constraint

Limit on power transfer through the transmission line must not be exceeded. The

constraint is expressed by:

k = l,"',N, (6.16)

Where S; is the apparent power (MVA) of line "k" and "N.' total number of

transmission lines

6.5 Load Flow Equations of N-Bus System

From the injected current at a busi, a general net injected current equation at busi

can be written as:

N

II = :LYyEj
)=1

(6.17)

The net injected complex power at the same node is

i = 1,"',N (6.18)

N

S, = P; - jQ; = E,:L~· E;
)=1

i= [,"',N (6.19)

In a polar form

N

S=p -j'Q = "'VeAY.e jc5vV.e-jOj
I I ~ I I) J

j=1

(6.20)

(6.21 )

Separating real and imaginary parts of (6.21). it is obtained

N

P, = V2YiI cos 8'1 + :LV,YyVj COS(by + bj - bj)
)=1
J";

(6.22)

N

QI = _V2YII sin s, + LVj~)V) sin(8y + 8) - bl)
)=1
1'1

(6.23)

Re-arranging (6.21) and (6.23), the 2N mismatch equations in a polar form are

obtained as:
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N

.t; =~-I~V,jr;jCOS(b,}+bj-b,)=O
j=1

N

I, = PN - I VNYNjV} COS(bNj + bj - bN) = 0
j=1

N

t-: = QI +I~YljV} sin(b,} + bj - bl) = 0
j=1

(6.24)

N

.f2N =QN + IVNV}Y""sin(b"" +b} -bN)=O
j=1

In the extended (6.24), it should be noted that Vii' is the summation of all admittances

term inating on bus i and Yij, is the negative of admittance between buse i and j .

The static power equations of (6.21), (6.23) and (6.24) can also be formulated using

state variable models, the formulation is applicable in control field. The equations can

be written in compact form as:

(6.25)

6.6 Load Flow Analysis

6.6.1 Iterative Methods

Iterative methods are the only methods of solving non-linear equations including

those developed for load flow problem. Several methods of numerical iteration have

proved to be successful in solving the power flow equations. These methods are

named as:

• Gauss iterative method.

• Gauss-Seidel method.

• Newton-Raphson method

Fast Decoupled method

Gauss; Gauss-Seidel; and Fast decoupled methods are exhaustively discussed in

[Powel, 2004; Saadat, 2004; Tinney & Hart, 1967; Stott, 1972; Stott &Alsac, 1974;

Laughton et ai, 1974; Britton, 1971). In this chapter, Newton-Raphson iterative

method will be discussed in detail and the method will be applied for solving the load-

flow and validation of the Tanzania Power System Model built in chapter five.
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6.7 The Newton-Raphson Iterative Method

Newton-Raphson (N-R) method is considered to be one of the best methods for

solving load- flow equations. Many advantages are attributed to the method. Its

convergence characteristics are relatively powerful compared to other methods, and

low computing time is achieved when used in large and sparse bus admittance

matrix. Its reliability is comparatively good since it can solve cases that lead to

divergence with other methods, but the method is by no mean infallible. Failure of the

method does occur on some ill-conditioned systems.

The Newton-Raphson method is often classified as root finding scheme because it's

geared towards solving equations like f(x) = O. The solution to such an equation, call

it x", is a root of the function f(x).The method is called iterative because it requires a

series of successive approximations to the solutions. The procedure is generally as

follows. First, guess a solution. So an update to the "old" solution is determined that

moves to a "new" solution with the intention that the "new" solution is closer to the

correct solution than was the "old" solution. A key aspect to this type of procedure is

the way the update is obtained. If it can be guaranteed that the update is always

improving the solution, such that the "new" solution is in fact always closer to the

correct solution than the "old" solution, then such a procedure can be guaranteed to

work if only enough updates are computed, Le., if only enough times iterations are

done (Rau, 2003).

The Newton-Raphson method has become the de-facto industry standard. The main

reason for this is that the convergence properties of the Newton-Raphson scheme

are very desirable when the initial, guessed solution is quite good, i.e., when it is

chosen close to the correct solution. It is usually possible to make a good initial

guess regarding the solution. One reason for this is that often, the solution of a

particular set of conditions is actually known because we have already gone through

the solution procedure, and the aim is to resolve for a set of conditions that are

almost the same as the previous ones, e.g., maybe remove one circuit or change the

load level a little. In this case, the previous solution is utilized as the initial guessed

solution for the new conditions. This is sometimes referred to as a "hot" start.

There are basically two convergence properties of a root finding method: One is

whether the method will converge. The second one is how fast the method will

converge. For Newton-Raphson, whether the method will converge depends on two

things: how close the guessed solution is to the correct solution and the nature of the

function close to the correct solution. If the guessed solution is close, and if the

function is reasonably "smooth" close to the correct solution, then the Newton-

Raphson will converge. Not only that, but it will converge quadratically. Quadratic
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convergence means that each iteration increases the accuracy of the solution by two

decimal places.

In the case of the power flow problem, alternative solutions are typically "far away"

from initial guesses that have near-unity bus voltage magnitudes. On the other hand,

it is possible for the solution to diverge, i.e., not to converge at all. This may occur if

there is simply no solution, which is a case that engineers encounter frequently when

studying highly stressed loading conditions which are served by weak transmission

systems. It might also occur if the initial guessed solution is too far away from the

correct solution. For this reason, "flat" starts encounter solution divergence more

frequently than "hot" starts (Rau, 2003; Momoh, 2009).

6.7.1 Mathematical Background of the Method: Scalar Case

Assume that a solution x'D) to the problem ttx) =0 is guessed. Then f(x'0));é() because

x'D) is just a guess. But there must be some L1x'0) which will make ,(x'D) + L1x'0!) =0.

One way to study this problem is to expand the function tix) in a Taylor series

[Saadat, 2004] as follows:

(6.26)

If the guess is a good one, then L1x'0) will be small, and if this is true, then (L1x'0))2 will

be very small, and any higher order terms in eqn (6.26), which will contain L1x'0)

raised to even higher powers, will be infinitesimal. As a result, it is reasonable to

approximate eqn. (6.26) as

(6.27)

Taking ,(x'D)) to the right hand side, it is obtained

(6.28)

Eqn. (6.27) may be solved for L1x'0) according to:

(6.29)

Because' '(x'D)) in eqn. (6.29) is scalar, its inverse is very easily evaluated using

simple division so that:

(6.30)
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Eqn (6.30) provides the basis for the update formula to be used in the first iteration of

the scalar Newton-Raphson method. This update formula is:

(6.31 )

and from eqn. (6.31), the updated formula for any particular iteration can be written

as:

(6.32)

6,7,2 Mathematical Background of the Method: Multidimensional Case

Assume having n nonlinear algebraic equations and n unknowns characterized by

ttx) =0, and that the guessed solution is liD), Then ((lIO))4J because liD) is just a

guess. But there must be some LillO) which will make ((liD) + Llxf°)) =0. Again,

expanding the function ((x) in Taylor series [Saadat, 2004], it follows:

(6.33)

Equations (6.32) may be written more compactly as

(6.34)

Assuming the guess is a good one such that LillO) is small, and then the higher order

terms are also small and can be written

(6.35)

Since there are n functions and n variables, it is possible to compute a derivative for

each individual function with respect to each individual unknown, like éfk(x)/éJxil which

gives the derivative of the Jih function with respect to the lh unknown. Thus, there will

be a number of such derivatives equal to the product of the number of functions by

the number of unknowns, in this case, nxn. Thus, it is convenient to store all of these
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derivatives in a matrix. This matrix has become quite well known as the Jacobian

matrix, and it is often denoted using the letter J.

The rows of J are ordered in the same order as the functions, that is, the Kil row

contains the derivatives of the Kil function. In eqn. (6.35), since the product f(x (OJ)

MOJ must provide a correction to the function f(xl°J+MOJ), i.e., since .1f(xl°J) = f'(xl°J)

MOJ, then any row of the matrix J must be ordered so that the term in the lil column

contains a derivative with respect to the fil unknown of the vector x.

The reasoning in the last paragraph suggests that the Jacobian matrix be written as:

8fJ,~(O») zy; (!(O») zy; (!(O»)
aXl aX2 ax"

8f2 (!(O») 8f2 (!(O») af2(~(O»)
J= axl ax2 ax"

8J" (!(O») 8J,,~(O») 8J,,~(O»)

axl aX2 axn (6.36)

In eqn. (6.36), taking friO)) to the right hand side, it is obtained

(6.37)

or, in terms of the Jacobian matrix J, it is:

(638)

Solving eqn. (6.38) for &(0), we have:

(6.39)

Eqn (6.39) provides the basis for the update formula to be used in the first iteration of

the multi-dimensional case. This update formula is:

(6.40)

and from eqn. (6.40), we may infer the update formula for any particular iteration as:

(6.41 )

Where k is the iteration index

Update formula can be stated a little differently, so that one is prepared to utilize it for

the general case using matrix factorization. To do this, eqn. (6.41) is written as

(6.42)
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where .di;) is found from eqn. (6.48) using the matrix factorization technique.

(6.43)

Generally, it's needed to iterate several times in order to obtain a satisfactory

solution. The Newton-Raphson algorithms employ a stopping criterion in order to

determine when the solution is satisfactory. There are two ways to do this.

Type 1 stopping criterion: Test the maximum change in the solution

elements from one iteration to the next, and if this maximum change is smaller

than a certain predefined tolerance, then stop. This means to compare the

maximum absolute value of elements in L1x against a small positive number,

call it &1>0

• Type 2 stopping criterion: Test the maximum value in the function elements

of the most current iteration f(x), and if this maximum value of elements in f(x)

is smaller than a certain predefined tolerance, then stop. This means to

compare the maximum absolute value of elements in f(x) against a small

positive number, call it &1>0 This is the most common stopping criterion for

power flow solutions, and the value of each element in the function is referred

to as the "power mismatch" for the bus corresponding to the function. For type

P-Q buses, both real and reactive power mismatches are tested. For type P-V

buses, only real power mismatches are tested.

6.8 The Newton-Raphson Load Flow Solution

The mathematical formulation of the load-flow problem is a set of non-linear sparse

equations relating complex power to complex voltage. The problem is sparse due to

the structure of the power system ( bus admittance matrix), and non-linear because

power is expressed as a function of the complex bus voltages, excluding the slack

node since for this node it is assumed known quantities for the complex voltage

magnitude and phase angle. Once the solution for the complex voltage values has

been determined, the real and reactive power for the remaining nodes can be

calculated and the load flow solution is determined. A review of various load flow

calculation methods up to the mid 1970s is contained in (Stott, 1974).

Both the bus self- and mutual admittances which compose the bus admittance matrix

or the driving-point and transfer impedances which compose Zbus may be used in

solving the power flow problem. The starting point in obtaining the data which must

be furnished to the computer is the single-line diagram of the system. Transmission
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lines are represented by their per-phase norninal-x equivalent circuits. For each line

numerical values for the series impedance Z, and total line charging admittance Yare

necessary so that the computer can determine all the elements of the bus admittance

matrix of which the typical element Yij is

(6.44)

where

Gij: is the series conductance between buses iand j

BIJ: is the series susceptance between buses iand j

Other essential information includes transformer ratings and impedances, shunt

capacitor ratings, and transformer tap settings. In advance of each power flow study

certain bus voltages and power injections are given known values.

The voltage at a typical bus iof the system is given in a polar coordinate by

(6.45)

The net current injected into the network at node i in terms of the elements Yi] of Ybus

is given by

N

II = Y;IEI + Y;2E2 + ... + ~E, =I ~Ej
I=)

(6.46)

Where N is the number of nodes in the system

The complex conjugate of the power injected at bus i is

N

P, - jQI = Ei·I~E)
)=1

(6.47)

In which by substituting from eqns (6.46) and (6.47) the following equation is obtained

N

P, -jQ, = IV:YIfV,L(8y +0, -8.)
)=1

(6.48)

Expanding this equation and equating real and reactive parts, it is obtained

N

P, = IV;Y!/Y) cos(81f+ 8j - cYI)
j I

(6.49)

N

Q, = - IVI~jVj sin(Ciy + 8, - (1)
)=1

(6.50)
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Eqns (6.49) and (6.50) constitute the polar form of the power flow equations; they

provide calculated values for the net real power Pi and reactive power Oi entering the

network at typical bus i

Denoting the scheduled power being generated at node i by PGi and scheduled power

demand of the load at that node by POi, then Pi,Sch = PGI - POi is the net scheduled

power being injected into the network at node i. Denoting the calculated value of Pi by

Pi,Cal leads to the definition of mismatch LlPi as the scheduled value Pi,Sch minus the

calculated value Pi,Cal,

sr; = ~,sc" - ~,calc = (Pg, - Pd,) - ~.cnlc (6.51 )

Likewise, for reactive power at bus; we have

(6.52)

Mismatches occur when calculated values of P, and Oi do not coincide with the

scheduled values. If the calculated values Pi. Cal, and Oi.Cal match the scheduled values

Pi,Sch and Oi,SC' perfectly, then the mismatches LlPi and LlOi are zero at bus i and the

power balance equations are

(6.53)

(6.54)

6.8.1 The Newton-Raphson Algorithm

An essential step in applying Newton-Raphson to the load- flow problem is to enable

calculation of the Jacobian elements, given for the general case by eqn. (6.36).

Evaluation of these elements is facilitated by the recognition, that there are only two

kinds of equations (real power equations and reactive power equations), and that

there are only two kinds of unknowns (voltage angle unknowns and voltage

magnitude unknowns). To apply the Newton-Raphson method to the solution of the

power flow equations, node voltages and line admittances are expressed in a polar

form. When the corresponding terms from equations for real and reactive power are

separated from the summations, the following equations are obtained:

IV
P, = V/Gii +I V,yu.vj cos(8lj + b'j - b',)

l='
(6.55)

IV,
Q, = -V/ B" - I V'YijVj sin(8ij + 8j - 8,)

t=)

(6.56)
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where

Gil is the real part of the diagonal elements of the bus admittance matrix for the ith

bus

Bii is the imaginary part of the diagonal elements of the bus admittance matrix for the

ith bus

These equations can be readily differentiated with respect to voltage angles and

magnitudes and hence, mismatch equations can be written as follows:

For real power Pi:

ap ap ap
M.=-' />"0 +-' />"0 +..+-' />"0 +..., 00 2 08 3 08 N2 3 N

ap ap ap
+-' />,.v +-' />,.V+..+-' />,.Vav 2 av 3 av N

2 3 N

(6.57)

Similarly, mismatch equation can be written for reactive power 0;:

/>"Q = oQ; />,.8 +oQ; />"0 +...+oQ; 6.0 +...+
00 2 00 3 00 N

2 3 N

to. 6. V2 OQI 6. V3---+---+ ...
oV2 oVJ

oQI/>"VN+----
oVN

(6.58)

Each non-slack bus of the system has two equations like those for !JP;and !JO;.

Collecting all the mismatch equations into a vector-matrix form yields

oP2 8P2 oP2 op2

a02 es; aV2 aVN
6.°2 6.P2J, J2

ap" ap', ap" aPN
a02 os, aV2 8VN />"0" 6.PN

(6.59)aQ2 8Q2 aQ2 8Q2 6.V2 />,.Q2
8°2 es, 8V2 8VN

J3 J4 6.VN 6.QN
8QN 8QN eo, 8QN
80" 80N aV2 8VN

In short form, (6.60) can be written in the form of Jacobian matrix as

(6.60)
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Where J1, J2, JJ and J4 constitute the Jacobian matrix

The Jacobian matrix gives the linearized relationship between small changes in

voltage angle t1~(kJ and voltage magnitude t1vtJ with the small changes in real and

reactive power t1p/kJ and t1QtJ. These changes can be obtained by the difference

between the scheduled and calculated values, Elements of the Jacobian matrix are

partial derivatives of eqns. (6,55) and (6,56) and they are developed as follows

The diagonal and the off-diagonal elements of J1 are

i=2.N (6,61 )

(6.62)

The diagonal and the off-diagonal elements of J2 are

~~ = 2V; Yij cos (J,; +I VjYij COS(6ij - 6,+ 5j)
I J~'

(6.63)

(6,64)

the diagonal and off-diagonal elements of JJ are

(6,65)

~~I = -VIYijVj cos(5lj - 61 + 6)
J

i= i i = 2.N (6,66)

the diagonal and off-diagonal elements of J4 are

(6,67)

(6,68)

The terms t1prJ and t1QrJ are the difference between the scheduled and calculated

values, known as the power residuals or power mismatches,

The new estimates for node voltages are
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(ik+J = (ik + ss:
/ / /

(6.69)

Vk+J = Vk + sv:
/ / /

(6.70)

Table 6.2 shows the contents of each of the four Jacobian sub matrices as

represented in tabular form.

In compact form, these equations can be written in terms of P, Q, Y, and V

parameters as follows:

N

Q; = V;I,YIj,Vj sin«(i; - (ij - (iij) -lvJ B;;
j=J
j#

(6.71)

Which by observation, can be written as

(6.72)

Or the diagonal elements of the matrix J1 can be expressed by the equation

(6.73)

Which, for all i are the diagonal elements for J1

Similarly,

P
J2 diagonal elements may be written as __!_ + VG .V. / /I

/

J3 diagonal elements may be written as P, - V,2G;;

J4 diagonal elements may be written as ;; - V,B;;
/
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Table 6.2: Contents of Jacobian sub matrices in polar coordinate

Sub
matrix

Diagonal elements Off-diagonal elements

)~;

êQ N .

av =RYySll~+0-4)-~X
, )=1

J'"

:; = ViYijVj sin(oij + OJ - OJ)
J

aQi = VY sin(o + (i - (i.)av ' ij ij J '
J

For application to the load- flow problem, the Newton-Raphson algorithm therefore is

given as follows:

I. Specify:

All admittance data

• Po and Qo for all buses

PG and \!for all P-V buses

• V for swing node, with 0=00

II. Let the iteration counter k=1. Use one of the following to guess the initial solution.

Flat Start: Vk=1.0 LV °for all nodes.

Hot Start: Use the solution to a previously solved case for this network.

III. Compute the mismatch vector for >Ik!, In what follows, elements of the mismatch

vector are denoted as L1Pk and L10k corresponding to the real and reactive power

mismatch, respectively, for the kth node. This computation results in all necessary

calculated real and reactive power injections. Perform the following stopping criterion

tests:

If L1Pk< op for all type P-Q and P-V buses and

If L10k< OQ for all type P-Q buses,

Then go to step V

Otherwise, go to step IV.

IV. Find an improved solution as follows:

Evaluate the Jacobian J at >Ik!. Denote this Jacobian as ,P!

Solve for @(k! from:
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or (6.74)

Where factorization with the left equation is used if the system is large, but if the

system is not large, the right hand equation may be used.

Compute the updated solution vector as >/k+1) = >/k)+L1X"

Return to step III with k= k+1

V. Stop.

The above algorithm is applicable as long as all P-V buses remain within their

reactive limits. To account for generator reactive limits, the algorithm is modified so

that, at each iteration, it is checked to ensure P-V bus reactive generation is within its

limits. In this case, steps I-IV remains exactly as given above, but new steps Vand VI

are needed:

VI. Check reactive limits for all generator buses as follows:

a. For all type PV buses, perform the following test:

If aGk > aGk, max then aGk = aGk, max and change bus k to a type P-Q bus (see
step VI-a)

If aGk < aGk,mln, then aGk = aGk, min and change bus k to a type P-Q bus (see
step VI-b)For all type PQ generator buses, perform the following test:

If aGk = aGk,maX and Vk>Vk,ser or if aGk = aGk, min and Vk<Vk,se, then change this
bus back to a type P-V node (see step VI-b)

VII. If there were no changes in Step V, then stop. If there were one or more changes in

•

•

step V, then modify the solution vector and the mismatch vector as follows:

For each change made in step V-a (changing a P-V bus to a P-Q bus):

• NG = NG-1

• Include the variable LiVk to the vector Lix and the variable Vk to the vector x.

Include the reactive equation corresponding to node k to the vector f (x).

• Modify the Jacobian by including a column to J2 (fv) and including a row to J3
(JQo) and J. (JQv).

For each change made in Step V-b (changing a P-Q bus back to a P-V bus):

• NG = NG+1

• Remove the variable LiVk to the vector L1Xand the variable Vk from the vector
x.

Remove the reactive equation corresponding to bus k from the vector f (x).

• Modify the Jacobian by removing a column to J2 and removing a row from J3
and J4•

After modifications have been made for all changes, go back to Step IV.
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When the algorithm stops, then all line flows may be computed using

S = E.I.' = E [E - E JY'
IJ 1 I} " } IJ

(6.75)

The solution strategy of Newton-Raphson method to the load flow problem can be

summarized as follows:

I. Assign initial voltage magnitudes and zero voltage angles to all bus-bars

II. Using available bus voltages, calculate values for .dP and .dO for all buses.

III. Check whether the values of .dP and .dOare smaller than the predefined convergence

tolerance

IV. If convergence has been achieved, output all busbar and line flow conditions and

Terminate the procedure.

V. If convergence has not been achieved, then use Table 6.2 equations to derive the

elements of the Jacobian matrix.

6V
VI. Apply matrix inversion technique to solve for correction factors .d.5and from

V

(6.74)

VII. Update values of c5 and Vin preparation for repeating the procedure, thus

6""e,,' = OoM + 60
I I , (6.76)

VINc", = VOid + 60.
t ,

(6.77)

i.e.Iv.I"UW=IVlold{l+ 6IV;I}, , -r (6.78)

Figure 6.1 gives the computation strategy (work flow) of the Newton-Raphson method

when applied to load-flow problem [Powell, 2004].

6.9 Algorithm Evaluation Criteria

The load-flow cases and the acceptable performance under the given operating case

have to be considered (Saadat, 2004; Glover et aI., 2008).

Base case: A base case is a design requirement case with all the equipment

operating within the normal ratings. This is applicable for peak and off peak

load conditions. In this thesis, the system voltage at all the buses is taken to

be within ±5%.
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• Acceptable Cases: These are power flow cases, without any overloaded

branches or under voltage or over voltage buses.

• Case with over loaded lines: If there are overloaded lines or transformers,

then the line overloading can be brought to the normal ratings using

transformer tap changing or other control actions.

Cases with over voltage or under voltage: If there are over voltage or

under voltage, then the line overloading can be brought to the normal ratings

using transformer tap changing or other control actions

• Steady state voltage requirement: In case the voltage limit is not specified,

it is a good practice to use a maximum and minimum voltage of +5% and -5%

of the nominal voltage respectively. In extra high voltage systems, an upper

voltage tolerance of +10% is often used.

Loading levels: The loading levels of transmission lines, cable circuits and

transformers are usually given as nominal ratings.

6.10 Computer Simulation Program

Due to large size and complexity of power system network, solving or analysing the

set of non-linear power flow equations that make up the continuous component of the

power system model becomes difficult. The analytical difficulties motivate the use of

computer simulation to numerically solve the equations. Therefore, a simulation code

have to be developed, expanded and refined in MATLAB environment.

The computer simulation of the approximate Tanzanian Power System Network

Model serves as a basis for analysis process as well as to verify that the model is

correct designed and implemented into the developed simulation code, and validate

that the approximate model is accurately enough to represent the Tanzania Power

System Network. In addition, the validation should prove:

• Simulation employs component-level model that justified through empirical
data;

• Simulation yields high level results consistent with the type of model
understudy.
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Set
k = P + 1

No

Calculate line flows, line
losses etc

Figure 6.1: Flow chart for N-R load flow solution

No

Several computer programs have been developed for load-flow solutions for practical

systems. In this thesis Load-flow program developed by H.Saadat is MODIFIED and

YES

Display voltage magnitudes and angles at
all buses, line flows and line losses, etc
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used. The program is an open source. It allows some changes to be introduced or

made according to the requirement of the problem.

The program consists of 4 parts. The program is preceded by Lfybus, the main

program (Lfnewton), busout and lineflow programs. The program is given in Appendix

C3. The 4 parts are explained as follows:

Lfybus: This program requires the line and transformer parameters and transformer

tap settings specified in the input file named linedafa. Lfybus converts impedances to

admittances and obtains the bus admittance matrix.

Lfnewton. This program obtains the power flow solution by the Newton-Raphson

method and requires the files named busdata and linedata. Lfnewton is designed for

the direct use of load and generation in MW and MVAr, node voltages in per unit, and

angle in degrees. Loads and generation are converted to per unit quantities on the

base MVA selected. A provision is made to maintain the generator reactive power of

the voltage-controlled buses within their specified limits. The violation of reactive

power limit may occur if the specified voltage is either too high or too low. After a few

iterations, the Var calculated at the generator buses are examined. If a limit is

reached, the voltage magnitude is adjusted in steps of 0.5 percent to ±5 percent to

bring the Var demand within the specified limits. The busdata and the line data files in

this program have to be prepared such that the program can be able to identify them.

In addition, nodes are coded. Codes are introduced in order to identify the type of a

bus. The following codes are used.

3: This code is used for load nodes. The loads are entered positive in megawatts

and Megavars. For this node, initial voltage estimate are scheduled

(specified). In this thesis this is usually 1 and 0 for voltage magnitude and

phase angle respectively.

1: This code is used to define the Slack bus. The only necessary information

required from this node is the voltage magnitude and its phase angle. In this

thesis the voltage magnitude is accepted as 1 and 0 for phase angle.

2: this code is used for voltage-controlled nodes (generation nodes). For this

node, voltage magnitude, real power generation in Megawatts, and the

minimum and maximum limits of the Megavars demand is scheduled.

Busout: This program produces the bus output result in a tabulated form. The bus

output result includes the voltage magnitude and angle, real and reactive power of

generators and loads, and the shunt capacitor/reactor MVar. Total generation and

total load are also included.
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l.inettow: This program prepares the line output data. "Lineflow" program is designed

to display the active and reactive power flow entering the line terminals and line

losses as well as the net power at each bus. Also included are the total real and

reactive losses in the system.

Preparation of bus and transmission line data is carried out as follows:

Bus data preparation: The format of the node entry is selected in order to facilitate

the required data for each node in a single row. The information required is included

in a matrix form. Column 1 is the bus number. Colum n 2 is the bus code 3, 1 or 2.

Column 3 and 4 are voltage magnitude in per-unit and phase angle in degree.

Column 5 and 6 are load demands in MW and MVAr. Column 7, 8, 9 and 10 are MW,

MVAR, minimum MVAr and maximum MVAr of generators. Column 11 is the injected

MVAr of shunt/reactor injected at respective bus.

Transmission Line data preparation: Linedata are usually identified by the node-

pair method. Linedata information is also includes in a matrix form. Column 1 and 2

are line numbers i.e. from sending end to receiving end node. Column 3, 4 and 5

contain the line resistance, line reactance and one-half of the total line charging

susceptance in per-unit based on MVA base. Column 6 is usually used for

transformer settings. For transmission line, 1 must be entered in this column. If the

entry is a transformer, the left node number is assumed to be the tap side of the

transformer and the number is entered. The number could be 1, or less than 1

depending on the information obtained from the transformer.

The developed program functions are shown in Table 6.3. The main MATLAB script

to run the program is given below

T bl 6 3 MATLAB ti I I t' I d fl I .a e : I es or ca cu a mg oa ow so ution
File Description
LF30 M-tile (to run the program)
LD30 Excel-file depicting line data ot the system
BD30 Excel-file depicting bus data ot the system
Lfybus.m M-tile, which calculates ybus admittance

matrix
Lfnewton.m M-tile, which calculates load fiow using N-R

method
Lineflow.m M-tile which calculates lineflow and losses
Busout.m M-tile, which prints the output on the screen in

tabular form

LF30- M-File

Clear
clc

Clear all variables ...
% Clear command window ...

tic;
basemva 100; % Power system baseMVA ...
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accuracy = 1e-4;
accel = 1.9;
maxiter = 100;
linedata = x1sread('LD30');
busdata x1sread('BD30');

Power Mismatch accuracy ...
, Acceleration factor ...

Maximum number of iteration ...
r Reads 1inedata file ...
~ Reads busdata file ...

Lfybus
Lfnewton
method ...
Lineflow

't.> forms Ybus admittance matrix ...
" Calculates Load flow solution using N-R

Busout
u Calculates and displays Lineflow and losses ...
l Prints Load flow solution on the screen ...

toe;
(Full version of the program is given in Appendix C3)

6.11 Line flows and losses equations

After the Newton-Raphson iterative solution of bus voltages and phase angles, the

next step is computation of line flows i.e. real and reactive power and line losses of

the transmission lines of the system. Real and reactive power flows are crucial as

input data for the solution of system state estimation. They are components of the

zdata file (chapter 10).

Consider a transmission line connecting two buses i and j in Figure 6.2. The line

current! u' measured at bus i and defined positive in the direction from i to j is

given by:

(6.79)

Similarly, the line current I jl measured at bus j and defined positive in the direction

from j to i is given by:

(6.80)

The complex power Su from bus i to j and Sp from bus j to i are:

(6.81 )

(6.82)

The power loss in transmission line i- j is the algebraic sum of the power flows

determined by the two powers

(6.83)
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Eqn (6.84) is used in developing a program coded in MATLAB in computing the

losses in the entire system.

Transmission line model for computing line flows and losses is given in Figure 6.2

v; v,

1,

Figure 6.2: Transmission line representationl for calculating lineflows and losses

6.12 Real and reactive power flow model of tie-lines in a decomposed system

Section 6.10 has discussed and presented mathematical equations (model) and

program pertaining to integrated power systems. Gauss-Seidel, Newton-Raphson or

Fast-Decoupled method can be applied in solving the non-linear equations

developed. It is apparently that electrical power system is expanding fast and

becoming one of complex systems in the world; therefore, in order to obtain load flow

solution of these systems new methods or innovations is required. One of the

promising approaches is decomposition of a power system into overlapping sub-

systems and then parallel processing procedures can be applied in calculating real

and reactive power and later solving load flow problem. Nevertheless, before parallel

computing can be applied it is necessary to have in place real and reactive power

model that can be used to prepare a program (software) to perform the computation.

Therefore, this section presents mathematical models of real and reactive power

flows in tie-line(s) connecting the sub-systems.

Before considering interconnections between ith and jth sub-system, first derivation of

power flows within ith sub-system is presented.

6.12.1 Real and reactive power flows in a line of a sub-system

Consider the complex current I/,pq flowing in a transmission line p-q in the ith sub-

system. Let also consider Vi,p and V"q as the voltages at bus pand q, respectively.

YiI,pq let be the bus admittance of the line p-q of the sub-system. Then, the current

flowing in the transmission line p-q is given by
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(6.84)

where

r; :is the shunt susceptance of a transmission line p-q

The complex power flowing through the line p-q in the ith sub-system is given by

(6.85)

The complex voltages E;,p and E;,q can be expressed in the following form

(6.86)

Substituting Eqn (6.85) into (6.84), yields

S~ =y V e-jO,p(V eS'P -V eO"')+jbSh V2
I,pq ti,pf[ I.Jl I.p UI I,pq l,p (6.87)

The conjugate of the complex power flow of Eqn (6.86) is given by

S' =p -'Q
1,1''1 I./x/ j I,JX/ (6.88)

Then, substituting (6.88) into (6.87) transforms (6.87) into (6.89) as follows

P _'n - V2 G 'B V2 -V G TI ( 5.' .' s: )-
1.1"1 j'l:;.,.JXI - I.p ,i.pq+ j iI.pq '.1' 1.1' il.qg" I.g COSUI.q + j smu,.pq

-V;,p./BiI.pqV;)cosOI,pq +./sinó~.pq)+«r: =

= V;~pGiI.p'l+»:»: -V;.pV;qGII,P'I cosó~,P'I- ./V;.pV;.qGiI.p'l sino"pq-

-JY V B. coso. +V V B sinO. -i«: V2
1.1' 1.'1 ,1,1''1 './XI ',I' '.'1 II,P'I 1,1''1 I·!XI '.1'

(6.90)

Separating real and reactive parts and re-arranging eqn (6.90), yields

~,p'l = V,~"GIi.,,'I - V,.p V"q (cos 0,.,,'1 - BiI.pq sin 81,,,'1) (6.91)

(6.92)

Equations (6.91) and (6.92) represent the real and reactive power flows of the ith

isolated sub-system.
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6.12.2 Real and reactive power flows in the tie-line(s)

Consider a system decomposed into sub-systems and their tie-lines connecting the

sub-systems shown in Figure 6.3. Let NOJJ be the number of tie-line(s) connecting ith

and jth sub-systems, also g is a bus in the border of jth sub-system that links with

ith sub-system bus p. Therefore, the complex current lij,pg flowing in the transmission

line p-g is given by

Figure 6.3: Tie-lines connecting sub-systems

1 =Y (E -E )+Jb'h E.
lj.pg lj.pg '.p Jg 'J.pg '.1'

(6.93)

where

No,IJ : is the number of tie-lines connecting ith and jth sub-systems

Y/j,pg: is the admittance of the line p-g between the ith and jth sub-system

r: :is the shunt susceptance of a transmission line p-g

p = I,N"IJ,g = I,N".u p:t:;g

The complex power flows through line p-g which is limited and fixed in case of power

transfer from one country to another if the sub-systems define a power pool like east

African power pool (EAPP), etc, is given by

S~ = E' /.
IJ .pg I,p IJ .Jlg

(6.94)

The complex voltages for E"p and Ejg are given by
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E = V eA.p
I,p I,JJ

(6.95)

Therefore, the complex power flow can be given by

S~ = Y V e -jO, p (v. eA.p - V. ejóJ.<)+ jb~1> V2
v·pg v·pg 1.1' 1.1' i.s V.pg 1.1'

p = I,N'I.u,g = I,N'I.ij
(6.96)

The conjugate of the complex power flow can be expressed in terms of real and

reactive power flows as follows

(6.97)

Substituting (6.97) into (6.96), yields

P. - 'Q.. = Y V e - jÓ,.P(v. eJo,.p - V ejoJ.<)+ b~h v.2lj.pg .J u.es u-es 1.1' 1,1' i-s j v.e« 1.1' (6.98)

Let

(6.99)

V e - jÓ,.p.v. ejÓ, p = V2
I,p I,p I,p (6.100)

V e -;6,.p.v. eJO,.• = V .v. .e;(ó", -ó,) = V. V (coso + j sino )
1.1' i« 1.1' J.g 1.1' i-s y.pg y.pg (6.101 )

Substituting (6.99), (6.100) and (6.101) into (6.98), gives

P. -j·O. =Y V e-Ap(v. ~ó,p -V e'Ó, .• )+ Hl> V2lj.pg ~.pg U.pB I.p 1.1' ie .J IJ.pB 1.1'

=Y. V2 -y V V ~(óJ<...o;) + Hl> vsh =v-r« -.» u.pg 1.1' i-s j v-es 1.1'

=(Gij.pg +».»: -(bij,pg + jBij.pg)V,)'J.g(cosb~.pg + jsinOif,pg)=

= Gv.pgv,~p +.iBIj.pgV,~p -Gij,pgv"p~)cos8ij.pg + jsinó~,pJ- (6.102)

-jB. V V (coso. +j·sino. )+jH" V2 =lj.pg 1,1' j.g lj.pg y.pg lj.pg 1,1'

=«»: +.iBij,pgV,~ -Gij.pgv'.p~,g COsO;j.pg- jG,j.pgv,.p~.g sinó~.pg -

- jBij.pgV,.p~.g cosb~,pg +By,pgV"p~,g sinb;J,pg +jb;~pgV,~p

Separating real and imaginary parts, the following Eqns are obtained

(6.103)

Q V 2 (B b,l» V V (G . 0 Bo)lj,pB = - 1.1' 1j.I'g + v.vs + 1,1' j.g ij.pg Sill ij.pg + ij.pg COS if.p8 (6.104)

Whenó'u.pg =O~COS8ij.llg =l,sinb'ij.pg =0, therefore, Eqns (6.104) and (6.104) are

transformed into
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Pij = G.. V2 - V V Gu.rs v.re 1,1' 1,1' i.e lj,pg (6,105)

(6,106)

The real and reactive power flows in the tie-line can be considered as equality

constraints given by

P _V1
2 G. +V V. =0y,pg ,I' v-es 1,1' i-s (6.107)

Q V2 B 'bsh V2 0
Ij,pg + ;,1' Ij,pg + J Ij,pg ;.1' = (6,108)

The developed model of the power flows in the branches of the interconnected sub-

systems and in the tie-lines are later used in chapter 8 for development of method for

hierarchically solution of the problem for state estimation

6.13 Conclusion

Load-flow computations are performed in system planning, operational planning as

well as in general operation of systems, In this chapter, the basic load-flow concepts

and its related equations are presented, In a systematic way such that the developed

equations can be used in developing a computer program employing the Newton-

Raphson algorithm, Node classifications and their related equations existing in a real

power system are developed, The variables and constrains for each node are

described, These variables are divided into three groups: state variables, control

variables and disturbance variables, For a feasible solution of a load-flow or state

estimation problems, the constraints that govern the current, voltage and load flow

have to be satisfied, These constraints are considered to avoid uncertainties existing

in the system,

The power system comprises of conventional components discussed in chapter 4,

these components are result of engineering design, therefore, engineering design

and operational limits have to be considered both in the formulation of load-flow

problems, and therefore, the mathematical inequality constraints of a generator, bus

transformer, and transmission line are described

The load flow equations for a general N-bus system that describe the inter-

relationship between the three groups of variables are formulated, The load-flow

equations are non-linear in nature and iterative methods are used to solve these

equations, Several methods have proved useful. The N-R method is considered to be

the best in load-flow analysis, thus more emphasize is given to this iterative method
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and its algorithm is chosen to solve the load-flow problem and validate the integrated

Tanzanian Power System Network Model developed in chapter 5.

Simulation of load flow is performed in chapter 10. Load flow results are important

because they are assumed as true measurement values in this thesis and used for

power system state estimation problem formulated in chapter 7.

Chapter 7 presents formulation of the problem for state estimation. System

measurements, state variables, state estimation criteria, formulation of the problem,

solution methods of non-linear optimization problem and solution of the problem for

state estimation by primal-dual logarithmic barrier (POLB) a class of path following

interior point method is given. An algorithm and a MATLAB Program for solution of

the state estimation are presented.
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CHAPTER SEVEN: FORMULATION OF THE PROBLEM FOR STATE STIMATION

7.1 Introduction

In this chapter, power system state estimation problem is formulated. The weighted

least absolute value (WLAV) criterion is used in the formulation and the primal-dual

logarithmic barrier interior point method (PDLB)) algorithm is developed for the

solution of the problem.

7.2 System Measurements

Successful power system operation under normal balanced three-phase steady-state

conditions requires the following requirements to be observed:

• Node voltage magnitudes remain close to rated values normally 1 p.u
Generators operate within specified real and reactive power limits
Generation supplies the load plus losses, and
Transmission lines and transformers are not overloaded.

Hence, power system monitoring is critical to make sure that any violation of the

above mentioned factors is avoided. System monitoring provides the operators of the

system with pertinent up-to-date information for the conditions of the system. System

monitoring is the most important function for proper operation of the power systems.

Effective system monitoring requires that critical quantities be measured and the

value of the measurements be transmitted to the central dispatch centre (CDC) for

analysis. However, many problems are encountered in monitoring a transmitting

system. These problems come primarily from the nature of measurement transducers

and from communications problems in transmitting the measured values to the CDC.

Transducers, like any measurement devices are subject to errors. If the errors are

small they may be undetected and may cause misinterpretation by those reading the

measured values. If transducers have gross measurement errors, this renders their

value useless. In addition, the telemetry system or equipment often experience

periods when communication channels are completely out; thus, depriving the

operator at CDC of any information about other parts of the system network.

It is for these reasons that state estimation technique has been developed. A state

estimator can "filter out" small random errors in meter readings, detect and identify

gross measurement errors and "fills in" meter readings that have failed due to

communication failure. State estimation is a mathematical procedure to process the
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set of real-time measurements using the topology determined by the topology

processor, to come up with the "best" estimate of the current state of the power

system. The result from state estimation provides the real-time database for other

system applications, such as security assessment, control and optimal power flow

(OPF). State estimation can also be used for data validation. In this section,

measurements and model relating to state estimation process is presented.

7.2.1 Measurements

State estimation is a mathematical procedure to process the set of real-time

measurements from the following source of information:

Analog measurement

• Voltage magnitude

• Active power: branch flow power; branch group flow in a designated -
group of branches; bus injection;

• Reactive power: branch flow; branch -group flow in a designated
group of branches; bus injection;

• Current magnitude flow in a branch and injection;

• Magnitude of transformer turns ratio;

• Phase shift angle of transformer

• Active power flow: in switches; in zero impedance branches; in
branches of unknown impedance;

• Reactive power flow: in switches; in zero impedance branches; in
branches of unknown impedance

Status Measurements: Switches/breakers on/off (digital measurements)

Pseudo Measurements: Forecasted node load/generation (not measured, only
available in database)

Virtual Measurements (exact measurements): Zero injections

7.2.2 Measurement Model

A measurement vector z may be created which contains m measurements from the

power system. Measurements include those given in 7.2.1. The 2N-1 state variables

constitute the state vector x, which is related to the measurement z in a given model:

z = h(x) + r (7.1 )

where
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r E 9~",xl is the residual vector that contains mvariables.

Vector & purpose is to account for the uncertainty in the measurements and the

model. Hence, errors are random variables assumed to have a zero mean and a

known diagonal covariance matrix Rl

R di (2 2 2): = lag (Yl 'U2 ,""Um (7.2)

where

a/, ... am2 is the vector standard deviation of all measurements calculated to reflect

the expected accuracy of the corresponding meters used.

The matrix Rl plays the role of weighting matrix which causes the calculated estimate

to fit closer to the good measurements than to the bad measurements. The weighting

is very important when meter readings of different accuracy are to be modeled

together. However, relatively large errors in R, usually have negligible effect on the

actual estimate. Thus, in most cases Rl is assumed to be diagonal.

7.2.3 Measurement Function

The measured quantities are represented by the vector z, and have been discussed

in subsection (7.2.1). h(x) represents a vector of non-linear functions relating the

measurement and the state vectors. With exception of the voltage magnitude at the

buses, these functions are usually non-linear and are used to calculate the estimated

values corresponding to the measured values. For this thesis, only the bus voltage

magnitude, the injected/demand real and reactive power as well as the real and

reactive power flows measurements are obtained from the load flow analysis

discussed in chapter 6.

The state vector has 2N-1 elements, N bus voltage magnitudes, and (N-1) voltage

angles. The phase angle of one reference bus is set equal to an arbitrary value. The

state vector x has the following form assuming bus1 chosen as the reference:

(7.3)

The mathematical expressions for the measurements are given below; assuming the

general equivalent-a model for the network branches developed in chapter four is

used:

Real and reactive power injection/demand at bus i
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N

~ = VI l:/)Gij cosSij + Bij sin (\)
j=1

(7.4)

N

Qi = ~ :LVj(Gij sin s, - Bij cosSij) ;,j E N
l=)

(7.5)

Real and reactive power flow from bus ; to bus j

(7.6)

(7.7)

where

ViL.Si is the complex voltage at bus;

Gij + jBy : are the ijth elements of the complex bus admittance matrix

gij + jbij : is the series admittance of the branch connecting nodes i and j

g%" + jb:" : is the shunt admittance of the branch connected to bus i

N: is the number of nodes in the system

7.2.4 Measurement Errors

The measurement error e is a random vector representing the normal difference

between measurement zand hex). Because of the presence of errore, the dimension

m of the measurement vector z must be larger than the dimension n of the unknown

vector x. The error e is normally caused by:

Modelling errors

Coding errors

• Random errors: related to the class of precision of the instrument.

• Intermittent errors: temporary failures in communication channels

• Systematic errors- introduced by:

• The non-linearity of the current transformers (CT) and capacitor
coupling voltage transformers (CCVT)

• Deterioration of instrument with time, temperature, weather, and other
environmental causes.
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7.2.5 Choice of Measurement Model

Implementation of state estimation requires choice of numerical values for the

network structure (bus admittance matrix developed in chapter 5) and the error

structure. The choice or development of good network model is very important for

satisfactory computation of state estimation. A precise error model, Rz may vary with

load conditions, time of the day, and weather conditions. However, precise model is

not needed, and approximate one is enough to conduct the estimation. The

appropriate model of a state estimator is based on the following assumptions:

• Uncorrelated observation errors

Small voltage difference across the lines

Voltage magnitude close to the nominal one.

Uncorrelated errors are usually of interest to be investigated. The last two

assumptions of the approximate model are also valid for use in normal and some

abnormal operating conditions but may fail when the transmission system is stretched

to its limits. In this thesis, the last two assumptions are also accommodated.

7.3 State Variables

Complex nodal voltages are the most commonly used as state variables. Turn ratios

of transformers with taps that change under operating conditions are also treated as

state variables. Power flows in branches that follow Ohm's law are usually dependent

variables and can be determined from the state variables i.e. nodal voltages and turn

ratios. Hence, the vector of state variable x normally includes the following states:

Nodal voltage:

• Voltage magnitude V,

• Voltage angle 0;

• Transformer turns ratio:

• Turns ratio magnitude tij

• Phase shift angle lfJ;j

Complex power flow

• Real power flow Pijand PJI

• Reactive power flow Q'l and Qp

7.4 State estimation criteria

There are two basic approaches for formulation of the problem for state estimation:

Weighted Least squares (WLS) estimation formulation and
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Weighted Least Absolute value (WLAV) estimation formulation

Weighted Least squares formulation is used extensively for solution of power system

state estimation. Least squares minimization gives maximum likelihood estimate

when measurement error obeys the Gaussian distribution. The criterion is used to

evaluate the state variable x stated as follows:

minJ(VLO) =
A{PFI (pmens _ pes!)2 M (Qmeas Q<S' )2
~ jl"",) jl",v) ~. flow - flow

+L 2 +L.., )2 )
j=l CT j=l CTQn_ -.)

Pj/lH,} J_n

(7.8)

where the variables are defined as follows:

Mv: is the number of voltage measurements

MI' : is the number of real power injection measurements,~

MQ : is the number of reactive power injection measurements
'"

M pFI~ : is the number of real power flow measurements

M QjI~. : is the number of reactive power flow measurements

CT VI: is the standard deviation of the meter installed at bus i

v;,,·n.r : is the r voltage measurement

v;'." : is the /" voltage estimation

PI
MaB

• is the jth measured real power

ot···is the jth measured reactive power

~Esllm is the jth estimated real power

o/sllm is the jth estimated reactive power

PnM•
8S is the jth measured real power flow

p/stlm is the jth estimated real power flow

Of/tBBS is the jth measured reactive power flow

On/slim is the jth estimated reactive power

CTp/ is the jth standard deviation of real power

O'Qj
2 is the jth standard deviation of reactive power

CT;' is the jth standard deviation of real power flow
FI,)

CT 2 is the jth standard deviation of reactive powerQj1,)

One of the problems encountered when using WLS estimator is that biased estimate

may be obtained when bad data measurements are present in the data set; this
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occurs when there is communication or metering failures. Although several

approaches have been studied how to detect, identify and remove bad data from the

measurements, but the issue of bad data identification is still a challenge especially

when working with large and interconnected power system. This is a motivation for

researching and developing a robust state estimator that can reject bad data in the

process of estimating the state of the system.

The weighted least absolute value (WLAV) estimator exhibits the property of rejecting

bad data effectively compared to the WLS criterion. The difference between WLAV

and WLS minimization techniques is that a best WLAV estimation is obtained by

minimizing the sum of the absolute values of the errors whereas the best WLS

estimation is obtained by minimizing the sum of the squares of the errors. Hence, this

basic difference greatly affects the way that best estimations are obtained.

A WLAV estimation is obtained by interpolating at least n of m measurements (n is

the number of state variables). This property is in contrast to the WLS estimation,

which does not necessarily pass through any of the measurement points.

The criterion used to evaluate the state variable x using WLAV method is stated as

follows:

min J(V Lb') = (7.9)

As conclusion: The weighted least absolute value (WLAV) state estimation solution

satisfies exactly a subset of 'n' measurements while the remaining 'm'measurements

have non-zero residuals. This is the reason why the criterion is used to formulate the

constrained state estimation problem for the solution of the Tanzanian Power System

Network Model developed in chapter 5.

7.5 Formulation of the problem for state estimation

Formulation of the problem for state estimation is described in this sub section, at the

end a mathematical model of the problem is presented.

The central dispatch centre (CDC) of a power system at any moment has three types

of measurements.

• Unconstrained measurements (z.J, which are telemetered to the centre from

the substations scattered all-over the system. Due to measurement
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conventions (analog to digital), communication and transmission procedures,

these measurements may contain gross errors. The mathematical model

relating to these measurements and errors is given by;

z" =h"(X)+6,, (7.10)

• Exact measurements (ze), which are not measured, but are known exactly a

priori. These measurements include zero injection or virtual measurements

from switching sub stations. The mathematical model relating to these

measurements is given by

Zo = h.(x) => g(x) = 0 (7.11 )

Pseudo measurement, which are not measured but are known to remain in

bounded interval. These measurements include bounds imposed on the

reactive power injection at generator buses i.e. Var limits; transformer turns

ratio limits and other measurements obtained from operational limits. The

mathematical model of these measurements isgiven by

(7.12)

The three measurements available at the central dispatch centre (CDC) and their

related errors are summarized and shown in Table 7.1

T bl 71 Sa e .. ummary 0 aval a e measurements at
Type Related error
Unconstrained measurements 6~z-h(x)

c ~ -Z + hex)
Exact measurement 0
Pseudo Measurement Bounded

u bl CDC

The aim of power system state estimation is to minimize measurement error in order

to obtain the "best" estimate of the state. The aim is attained by:

",

min "LWTlckl
k=1

si. c~z-h(x)

c ~ -z + hex)

c~o

(7.13)

where

W E R""d is the weighting factor of the measurements

172



m: is the number of unconstrained measurements telemetered from the substations to

the CDC.

In order to minimize the measurement errors in the entire system and make the

estimate reliable, it is necessary to include all the measurement available in the

system, i.e. to include all the constraints in the formulation of the problem. Therefore,

the aim is accomplished by:

m

minJ(x) = min 'LWTI&kl
x bl

k= l,"',m

si.
p=1

&k ~ Zk - hk(x)

&k ~ -Zk +hk(x)

&~O

(7.14)

where

mE is the number of equality constraints existing in the system and are given by eqn

(7.11). The equality constraints are expressed from the load flow equations given by:

N

P, -V,'LV}(Gucos8ij +Bljsin8ij)=O
j=1

(7.15)

N

Qt - V, 'LVj(Gy sin 8'j - Bu cos8ij)= 0
}-I

(7.16)

where

PJand QJare real and reactive power injection at bus i

XEfIt' • n = 2N-1 is the state vector consisting of voltage magnitude and voltage

phase angle of each bus of the system

h(x) Eflf'X1 is the non-linear function relating state vector to unconstrained

measurements

n<m

n is the dimension of state vector.

Errors are from injections and flows measurements i.e. real and reactive powers, real

and reactive power flows as well as from voltage magnitude. It is apparaently that

voltage magnitudes, real and reactive power injections and real and reactive power

flows are measured quantities i.e. they are known. The unknown variable is the
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angleb: One of the aims of the state estimation is to estimate the phase angle.

Knowing the voltage magnitude and the phase angle, it is possible to determine the

state of the power system.

Dropping the subscript in problem (7.14), yields

min WT s
s.t. z-h(X)-é:~O

- z + h(x) -Ii ~ 0

g(x)= 0

Ii~O

(7.16)

From measurement model given in Eqn (7.1), r can be written as

r = z - h(x) (7.17)

Substituting Eqn (7.17) into (7.16), yields

minWT e

s.t. -1i-r~O
-1i+r~O

g(x) = 0
r -z + h(x) = 0

(r,Ii)~O

(7.18)

The estimator aims at estimating the state of the power system using problem (7.18).

Critical analysis of problem (7.18) reveals to have characteristics shown by a non-

linear problem. Thus, the problem is a non-linear in its formulation and is an

optimization problem in its implementation. The problem aims at minimizing the

measurement errors in order to obtain the "best "estimate of the state. This action is

an optimization activity. Thence, solving problem (7.18) is equivalent to finding a

solution of a non-linear optimization problem. In literature there are several

approaches which have been developed and successfully used to find optimal

solutions of optimization problems. Some of the methods are briefly discussed in the

following subsection. The discussion of the methods is not complete; more

information can be obtained from the cited references.

7.6 Solution methods of non-linear optimization problem

The following methods have been developed and successfully implemented in solving

non-linear optimization problems.
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Gradient descent method

Gradient descent method [Synman, 2005] is a first order optimization algorithm. It is

also known as steepest descent or the method of steepest descent. The method is

based on the observation that if the real function F(x) is defined and differentiable in a

neighbourhood of a point a, the F(x) decreases fastest if one goes from a in the

direction of the negative of F at a -W(a). The weaknesses of gradient descent

method are:

The algorithm takes many iterations to converge towards a local minimum

• Finding the optimal step is time consuming

Non-linear conjugate gradient method

The non-linear conjugate gradient method is an extension of Conjugate gradient

method. The non-linear conjugate gradient method is generalized for non-linear

optimization. It is used to find the local minimum of a linear function using its gradient

VJ The method works perfectly when the function is approximately quadratic near the

minimum which is the case when the function is twice differentiable at minimum.

Sub gradient methods

Sub gradient methods [Bertsekas, 1999; Shor, 1985] are algorithms for solving

convex optimization problems. The methods can be used with a non-differentiable

objective function. Sub gradient methods are much slower than Newton-Raphson

method. However, they require much less computer memory. Moreover, by

combining them with primal or dual decomposition technique, it is possible to develop

a simple distributed algorithm for an optimization problem.

Newton-Raphson method

Newton-Raphson method [Kelly, 2003] can be used to solve system of non-linear

equations to find the zeros of continuously differentiable functions F: gf -+gf. In the

process, F has to be multiplied with the inverse of the k-by-k Jacobian matrix JF(xn)

instead of dividing byfix,J. The method only works if the initial value Y! is close

enough to the true zero. Newton-Raphson method has been discussed in detail in

chapter six and used in solving the load flow problem
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Interior Point methods (IPMs)

Interior Point Methods (IPM) also referred to as barrier methods are certain class of

algorithms to solve linear and non-linear convex optimization problems. The methods

have been discussed in detail in chapter two. In this sub section only the basic

features are presented. The basic elements of the method consist of a self-

concordant function f: fll-+fll and a barrier functions. A barrier function is a continuous

function whose value on a point increases to infinity as the point approaches the

boundary of the feasible region [Nocedal & Wright, 1999J. Barrier function is used as

a penalizing term for violation of constraints.

IPM reaches an optimal solution by traversing the interior of the feasible region

instead of the vertices as in the case of simplex method. To date the following

techniques have been developed and successfully implemented in solving power

system optimization problems such as optimal power flow (OPF):

The potential reduction algorithm which most closely embodies the construct
of Karmarkar [Karmarkar, 1984J

The affine scaling algorithm

Path following algorithms

The class of primal-dual path following interior point is considered the most

successful. It operates simultaneously on the primal and dual problems.

As conclusion: Interior point methods (IPMs) are more efficient compared to other

methods in solving non-linear problems. The methods work unitedly with Newton-

Raphson method. Combinations of the two methods give more complexity and

efficiency.

In this thesis, primal - dual logarithmic barrier (POLB) a class of path following interior

point method is used to solve the problem formulated in (7.18)

7.7 Solution of SE by PDLB interior point method

Path following (Logarithmic barrier) method is based on applying Newton-Raphson

method to follow the central path of the feasible region. The central path is formed by

the optimal solution of a family of problems defined by a logarithmic barrier function.

The distinctive feature of path following method [Lustig, et ai, 1994] comes from:

• Following the central path allows the algorithm to take a large step towards
the optimal point;

• Applying Newton-Raphson direction produces quadratic convergence; and

• Using different step lengths in primal and dual spaces results in fast
convergence.
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In the following subsections, the procedure of solving the problem is presented:

Transforming an inequality constrained optimization problem to equality
constrained by using Logarithmic barrier method;

Formulating the Lagrangian function using logarithmic barrier function;

Setting the first-order necessary optimality conditions;

• Applying Newton-Raphson method to the set of equations coming from the
first order optimality conditions; and

• Updating the variables and choosing step length, adjusting the barrier
parameter and stopping the procedure.

7.7.1 Transforming inequality into equality constraints

The logarithmic barrier method is applied to problem (7.18) to eliminate the inequality

constraints by incorporating into a logarithmic term that is appended to the objective

function. By introducing slack variables 1and u the original problem is transformed to

a sequence of problems parameterized by the barrier parameter,u. Introduction of

these slack variables and the barrier parameter transformed problem (7.18) to the

following problem:

minWT&-,uI,Onu" +Inlk)
k=1

st. -&-r+u=O
-&+1'+1=0

g(x) = 0

r - z + h(x) = 0

(u,!, & , r) ~ 0

(7.19)

where

Jl is a scalar parameter called the barrier parameter. The value of Jl is varied as the

solution progress.

1.1 and I are upper and lower slack variables used to convert the errors into equality.

k : is counting index

m: is the number of measurements

7.7.2 Formulating the Lagrangian function

The Lagrangian function associated with (7.19) can be written as:

L" =WTc- ,t.L'ÏSln/"+In/l,,)-.i(-&·-r+/I)- ,£f(-c+r+/)-J(r-z +h(x))-? g(x) (7.20)
k I
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where

).,{3, v, and r are vectors of Lagrange multipliers. Lagrange multipliers are optimization

variables of an auxiliary optimization called "dual problem ". They are very important

and assist when solving an optimization problem using interior point method.

7.7.3 Setting the first-order optimality conditions

The necessary conditions for an extreme value of the objective functions results when

the partial derivatives of the Lagrangian function is taken respect to each variable and

set these derivatives to zero. These conditions are known as Karush-Kuhn-Tucker

(KKT) conditions. Convergence is attained when the KKT necessary conditions for

optimality have been satisfied

Thus, the Karush-Kuhn-Tucker (KKT) first - order necessary optimality conditions for

problem (7.20) are given by:

(7.21)

'V L = - "I -I e - fJ = 0
// /I. f-4-L (7.22)

(7.23)

(7.24)

(7.25)

'V"L" = -r + z - h(x) = 0 (7.26)

'VrL" =-g(x)=O (7.27)

'VL =A-fJ-V=O
r "

(7.28)

(7.29)

(A,fJ) ~ 0

where

G and H are Jacobian of g(x) and hex) respectively.

L and U are diagonal matrices formed from slack vectors given by Eqns (7.30) and

(7.31), respectively
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[~U= o
o

o
o

0]o
o

lim

(7.30)

o

o

o
o
o

o 1m

(7.31)

Their kth diagonal elements are Ik and u,

e = [1, 1, 1t: a vector with all its elements equals to one

W: a diagonal matrix whose elements are reciprocal of the error variance R;;.W is a

matrix of weighting factors on the measurements. Normally, large weights are

assigned to measurements that are more accurate.

7.7.4 Newton-Raphson method and the solution of KKT equations

The KKT non-linear equations can be solved using different methods. They can be

solved either as all equations together or by reducing them by eliminating of

variables. In this thesis, the equations are solved iteratively using the Newton-

Raphson method. In this method, the following linearizing approximations are made

at each iteration.

h(x);,:: h(xk )+ H&

g(x);,:: g(xk )+ G&

L Ie;,:: (Lkt -(Lktdl
U Ie;,:: (Ukt -(Uktdu

(7.32)

and

A, = A,k + dA,

n = (Jk +d(J

v=vk +dv

r=rk +dr

(7.33)

where

k: iteration index

Using approximations given in (7.32) and (7.33), Eqn (7.21) can be transformed into
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-pU-le - A = 0

pU-le + A = 0

U -Ie + _!_ A = 0
p

(Ukte-(Uktdu+_!_(Ak +dA)=O
p

e du I~---+-A=O
Uk (Uky p

Uk e - du + _!_ (U krA = 0
p

(7.34)

Similarly,

- pL-le- fJ = 0

pL-le + fJ = 0
_ I

Lle+-fJ=O
p

(Lk t e- (Lk t dl + _!_(fJk + dfJ)=
p

(7.35)

Eqn (7.23) can be used to express A. in terms of other variables. Hence,

A = -W - fJ (7.36)

Substituting A. into Eqn (7.34), gives

(7.37)

Eqns (7.24) and (7.25) can be used to express sand eliminate from the equations:

c+r-u=O (7.38)

and
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&-r-I=O

Expressing 6 in terms of r and u basing in Eqn (7.38) gives

E:=u-r

Substituting 6 into eqn (7.39), yield

u-r-r-I=O
u - 2r -I = 0

:. r = 0.5/- 0.5u

Substituting r into eqn (7.26), gives

-(0.5/-0.5u)+z-h(x)=0

Using approximations given in Eqn (7.32), Eqn (7A3) is transformed into

z - [h(xk)+ Hóx]+ 0.5du - 0.5dl = 0

z - h(xk)- Htsx + O.5du - O.dl = 0

Let

rk = z - h(xk )

Replacing (' with z - h (Jl), Eqn (7.44) is transformed into

rk - Hïsx + 0.5du - 0.5dl = 0

Using approximations given in (7.32), Eqn (7.27) is transformed into

g(x)::; g(x' )+ Gcx

- g(xk )- G!!.x = 0

:. G/),x = _g(xk )

Eqn (7.28) can be used to eliminate v

)._-fJ-v=O
v=)._-fJ

However, A. is already expressed by Eqn (7.36), therefore,

v=-W-fJ-fJ

:. v = -W -213

Substituting \I into Eqn (7.29) gives

(7.39)

(7 AO)

(7A1 )

(7.42)

(7A3)

(7A4 )

(7A5)

(7.46)

(7A7)

(7A8)

(7A9)

(7.50)
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-GTr-HT(-W -2jJ)=0

- GT r + 2HT jJ + HTW = 0

(7.51 )

But

W = R-I , hence, Eqn (7.51) is transformed into

(7.52)

Let ir.« = ti,

ee=f

Substituting du and dl into Eqn (7.46), gives

(7.53)t...» {Uk\2 (LkV
,J -Htu-0.5~W -0.5~jJ+0.51./ -0.5~jJ-0.51k =0

f-l I-' f-l

Simplifying Eqn (7.53) gives

Let

(7.55)

D is a diagonal matrix representing the values of U and L at iteration index k

Substituting (7.55) into (7.54), gives

DjJ + Htsx = IJ + 0.51/ - 0.51k
- 22(uk y Wi

f-l
(7.56)

but

rk = 0.5/Á _ 0.511k

- r' = -0.5Ik + 7/
(7.57)

Substituting eqn (7.57) into (7.56) gives

(7.58)
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Re-arranging Eqns (7.58), (7.48) and (7.52), gives

DjJ + HI1x = _~(Uk Y WI
f-1

GI1x = _g(Xk)
_ G T t: + 2H T jJ = _H T R-I

(7.59)

Writing Eqn (7.59) in matrix form

_~(Uky WI
f-1_ g(Xk)
_HT R-I

(7.60)

Let

(7.61 )

Substituting Tin Eqn (7.60)

(7.62)

In physical systems the measurements from equality constraints i.e. measurements

obtained from zero injections or virtual measurements at switching sub stations are

error free. Therefore, errors from these measurements are eliminated from eqn

(7.62). The action transforms Eqn (7.62) into:

H][ jJ] '. TR-
I 1o Sx - _ HTR I

(7.63)

Eqn (7.61) can be simplified into two separate equations

Dfi + H& = -TR-I (7.64)

(7.65)

Expressing f3 in terms of other variables in Eqn (7.64)

(7.66)

Substituting f3 into (7.65)

(7.67)
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Re-arranging (7.67)

2HT D-IHIU = HT R-I - 2HT D-ITR-I (7.68)

Solving for L1X

IU = [2HT D-IH]-I.[HT Wi -2HT D-ITW1] (7.69)

Solving Eqn (7.67) for the updates .1)'+1 and iterating until the required accuracy &1 is

reached: L1X<81 will provide the solution of state estimation.

(7.70)

When solving unconstrained state estimation problem using the weighted least

squares (WLS) criterion: L1xis given by:

(7.71 )

where

(7.72)

Eqn (7.70) depicts the gain matrix.

When eqns (7.70) and (7.71) are compared, the two look similar. However, eqn (7.70)

has two more matrices D and T which are missing in (7.71). The first right hand side

of (7.68) is equal to the gain matrix of first right hand side of (7.71) with an additional

diagonal matrix D. The second right hand side of (7.70) has two diagonal matrices D

and T which are missing in the second hand side of (7.71).

As conclusion: Solving constrained WLAV state estimation problem using primal-dual

logarithmic barrier interior point is equivalent to solving unconstrained WLS state

estimation problem. The difference is on the additional two diagonal matrices D and

T. This means, the software used in solving unconstrained WLS state estimation can

be modified to include D, T, step length and barrier parameter and applied in solving

the constrained WLAV estimation.

7.7.5 Updating of the variables

Primal and dual variables

New values of the primal and dual variables are usually calculated from:
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Primal variables

Ihl =/k +a dlp

U
hl = Uk + a du

p

(7.73)

Dual variables

x+1 -).! +a dA- D

f3k+1 = f3k + aDdf3
(7.74)

ap, £ld are the scalar step size, they are chosen to preserve the non-negativity conditions.

Step length

Primal-dual interior point method allows separate step lengths in the primal and dual

spaces [Torres et al., 1998]. This approach has proven efficiency in practice, significantly

reducing the number of iterations to convergence in linear programming problems [Lustig

et al., 1991]. The approach is adopted in this thesis. To incorporate this procedure, the

step lengths for both primal and dual are given by:

ap = 0.9995 min{min[-~: dik < O;-..!!..!_: du , < 0)'1}
k dl , du,

(7.75)

(7.76)

k = 1,2,.··,m

Calculating the barrier parameter ().t)

A crucial step in applying primal-dual path following interior point algorithm is how to

calculate the barrier parameter ().J). In solving linear programming (LP) problems, several

schemes have been proposed to calculate ().J). The schemes are either based on duality

gap proposed by Lustig et al [Lustig et al., 1991; McShane et al., 1989] or the

complementary gap suggested by Lustig et al in 1994 [Lustig et

al., 1994;Vanderbei,R., 1993]. The complementary gap approach is directly related to the

barrier parameter ().J). Therefore, the complementary gap approach is adopted in the

thesis. The complementary gap is calculated from:
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Cgap ;: ~T l + fJ T U (7.77)

Cgap: Complementary gap.

Therefore, the barrier parameter is calculated from:

Cgap ~T I + fJ T Uj..i = -_ = __ :..____
2m 2m

(7.78)

where

m: number of measurements

The theory behind the path following interior point method requires that barrier parameter

must approach zero as the iteration progress; this means that the new value of barrier

parameter should be substantially less than the current value. The new value can be

obtained according to Vanderbei [Vanderbei, 1993]

(7.79)

where

kd: a constant, usually taken as 0.1 unless the primal objective value is less than the dual

objective function.

In a situation when the primal and dual feasibility has not been achieved, the value of kd

is set to the range 2-10 [Vanderbei, 1993]. This large value of kd helps to prevent the

primal and dual feasibility not to be achieved.

Reducing the barrier parameter (,....)

For general non-linear programming (NLP) problems the choice of a good scheme to

reduce the barrier parameter is far more complicated and often problem dependent.

Some procedures in NLP simply decrease the barrier parameter by a fixed factor,

according to Torres et al [Torres et aI., 1998] up to a given lower bound. Usually, the

decrease of barrier parameter is by:

(7.80)

Lasdon et al [Lasdon et al. 1995] proposed the procedure:
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jl = min{0.9Sx,L/ ,0.01xO.9Sk xlirlll}

JLkll = max {;t,0.00 lxiiriii} (7.81 )

where

IHI is the LI-norm of the residual of the Karush-Kuhn-Tucker (KKT) conditions of the

original problem. The term 0.9S;! in the above equation guarantees that jJ. is smaller

than J..!, while 0.9Sk is needed to guarantee super linear convergence of the problem. The

lower bound is used to prevent 1+1 from decreasing too fast, which may result in non-

convergence of the problem. In this work reducing of the barrier parameter is achieved

by a fixed factor.

Convergence criteria

For linear programming (LP) problems, stopping criteria are normally defined in terms of

the relative gap according to Lustig et al [Lustig et aI., 1991] For non-linear programming

(NLP) problem the algorithm suggested by Wu et al [Wu et aI., 1993] terminates as both

the relative complementary duality gap and the mismatches of the Karush-Kuhn-Tucker

(KKT) conditions are sufficiently small. Therefore, in this work the following criteria have

to be satisfied:

JLk < 0.000001

11L\x11 < 0.0001

7.8 Formulation of an algorithm and MATLAB Program

7.8.1 Algorithm formulation

Formulating an algorithm requires computation of Jacobian matrix H, and its transpose

HT• These matrices are computed from the structure of system network model developed

in chapter 5 and are based on the measurements. They are referred to as measurement

Jacobian matrices. The following is the outline on how the computation is carried out
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The Measurement Jacobian matrices (H)

The structure of the measurement Jacobian H consists of voltage magnitude, real and

reactive power injections, real and reactive power flows between the system

transmission lines. The general structure of this matrix is given by:

0
er.;
av

»: »:
a5 av

H= aQ;nj aQlI/j E R":"
a5 av

apF/ow aPFlow
a5 av
io.: aQFlow
a5 av

(7.82)

where

m : is the number of measurements

n ; is the state vector

Full expressions for each part of (7.82) for i = 1,N, j = 1,N, j i:- i are: Elements

corresponding to voltage magnitude measurements:

aV,.m(/g
av,

av= I' ',Mag = 0, av
)

= o· av, = 0
'a5

)

(7.83)a v,.Afug
es,

Elements corresponding to real power injection measurements:

ap' = f,vv (-G. sin5 +B. cos5.)-V?B.88 ~ t J lj IJ lj '.I ,,,
, ) I

:; =vy)(Gy sin51j -By cos5y)
c )

(7.84)

ap N

-' = Iv) (G,) cos 51) + BI) sin 5,) + V,B"av, j=1

ap' = v (G s: B . S:); u COSUI) + I) SlnUI)av;

(7.85)

Elements corresponding to reactive power injection measurements:
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~~' = fVYj(Gij COS(\ + Bij sinoij) - V,
2
G"

, )=1

~~' = VY) (-Gij cosoij - By sin 0ij)
)

(7.86)

aQ, N .

av = I Vj (Gij sin Oij - Bij cos 0ij) - V,BII
, )=1

~;' = V,(Gij sin oij - Bij coso!;)
)

(7.87)

Elements corresponding to real power flow measurements:

ap
a; = V,V;(gij sinoij -bij cosoij)

,
ap
al =-vy/gij sinoy -by cosoij)

)

(7.88)

ap
a; = -V/gy cosoy +bij sin Oy) + 2V, (gy + g~")

,
(7.89)

Elements corresponding to reactive power flow measurements:

aQ,) = -V V ( 0 b . 0)ao, ' j gy cos y + y S1l1 ij
(7.90)

(7.91 )

The Measurement transposed Jacobian matrices (HT)

The measurement transpose Jacobian matrix HT is obtained from eqn (7.82) and is given

by eqns (7.90) as follows:

The transpose of Jacobian matrix HT:
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l 0

aP;nj aQinj aFjlo
BQflO 1

HT= a5 a5 a5 a5 (7.92)
a;;g »; aQ »; aQjlomj

av av av av

7.8.2 Algorithm

The algorithm proposed to solve the state estimation problem applying primal-dual

logarithmic barrier (POLS) path following interior point is an iterative process consisting

of two parts. Part I is concerned with initialization procedures. Part II is concerned with

calculating of variables and implementation procedures. The algorithm is given as:

PART I: Initialize:

Initialize k = O.

Jil = flat start using values obtained from the load flow program

i = /z-h(xo)/

uO=i+!l

,1,=0'/]=0' v=O' ,=0,1,=-05<- /]=-05<-JIl , • v, . v

PART II: Calculation and implementation

I: Calculate the Jacobian matrix H

II. Calculate the transpose matrix HT

III. Calculate the complementary gap

IV. Calculate the barrier parameter I-'

V. Calculate 0

VI. Calculate du

VII. Calculate dl

VIII. Calculate t and Uk

IX. Calculate I = z-h(~)

X. Solve Ax

XI. Calculate step length

XII. Update ~+1 = ~ +apLlX

XIII. Check if /z-h (~+1) [« 0.0001 if yes STOP. Otherwise go to XIII

XIV. Update A. and /]

XV. Update u and l
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XVI. Check convergence criteria

XVII. If optimum TERMINATE the procedure. Otherwise update k = k+1 and go to III

7.8.3 MATLAB program

A MATLAB program is developed basing on the algorithm presented in 7.8.2. The

program has 10 files shown in Table 7.2 below. A full program is provided in Appendix

C6.

Table 7.2: MATLAB files for calculating WLAV state estimation
File Description
WLAVSE M-file _ito run the program)
L030 Excel-file depictina line data of the system
8030 Excel-file depictina bus data of the system
Lfybus.m M-file, which calculates ybus admittance matrix
Bbusppg.m M-file, which calculates shunt admittance matrix
Pol2rect.m M-file, which converts polar to rectangular
Rect2pol.m M-file, which converts rectangular to polar
Steplenqth.m M-file, which calculates the steelsnoth
Zdata.m Excel-file d6fJictina measurement data of the system
wlav M-file calculates state estimation using WLAV method

WLVASE

clear ~ Clear all programs ...
cIc • Close command window ...
tic;
basemva 100; ~ Power Sys m base MVA .

Calcula ion tolerance .tolerance = le-5;
maxiter = 20; ~ Maximum number of lterations ...
linedata = xlsread('LDJO'); % Reads linedata file .
busdata = xlsread ('BD30' ); I(, Reads busdata file .
Lfybus Forms Ybus admittance matrix ...
Bbus ~ Forms shunt admit ance matrix ...
Po12rect ~Converts polar to rectangular ...

% Converts rec to polar ...
xlsread('zdataJO') ~ reads measurement data from file ...

Rec2pol
zdata

wlav ~ Calculates state eSLimation solution using WLAV method ...
toc;

7.9 Computational Implementation

The primal-dual method analysed in this chapter is characterized by the transformation of

the original problem (7.14) into an unrestricted problem, through the Lagrangian function.
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The conditions of optimality generate systems of non-linear equations which are treated

by the Newton-Raphson method. Therefore, implementation procedure includes:

• Run load flow program and obtain initial bus voltage values, real and reactive
power injections at each bus, and real and reactive power flows in the branches.
These values are considered as true values of the system.

• Real and reactive power injections and real and reactive power flows in the
branches are given in appendix B3. These data are used in simulating WLS and
WLAV state estimation problems.

• An initial point is chosen by setting k =0, and then barrier parameter is defined.
When choosing a starting point attention has to be paid to make sure that the
choosen point statisfies the strict positivity condition.

• The Newton-Raphson system of equations is solved in order to determine the
search direction and then calculating the step length in order to update the primal
and dual variables.

• Test convergence, if convergence criterion is satisfied, stop. Otherwise set k =
k+1 and continue with the procedure.

The initial lower and upper slack variables are determined from;

(7.93)

(7.94)

(7.95)

7.9.1 Simulation

The algorithm formulated in section 7.8.2 is applied in developing a MATLAB program

presented in appendix C6. The simulation procedure is performed on a PC Pentium IV of

3.33 GHz and 0.99GB of RAM. Results from simulation are presented in chapter 10.

7.10 Multi-area state estimation

Sections (7.5) to (7.9) have addressed formulation of the problem for state estimation of

a single area/system i.e. integrated power system and its implementation algorithm.

Nowadays, electrical power systems span across continents, being interconnected

among countries or areas strong enough for any area to be effected by incidence or

action in other areas [Conejo et aI., 2007). As a consequence, state estimation process

should recognize the influence of neighbouring areas to estimate the state of any given

area. This approach advocates for implementing multi-area or multi-sub-system state
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estimation. Hence, in this section formulation of the problem for state estimation that

requires just local (own area) and interconnecting variables (border variables) is

introduced. In this way, the multi-area state estimation is achieved by proper and simple

coordination among areas operators. Formulation of the problem is based on

decomposition method described in chapter 5 where area is treated as a sub-system.

In general, the single-area state estimation problem can be formulated in a simplified way

as follows:

minJ(x)
x

(7.96)

where

x: is the state vector

J(x): is a scalar function of the estimation error.

Eqn (7.94) can include equality and inequality constraints as it has been described in

detail in sections (7.5) to (7.9)

In formulating state estimation problem of area; it is assumed that voltage magnitude

and phase angle estimates of other areas that do affect area i are treated as

measurements. It should be emphasized that these estimates are not measurements but

treated as measurements. State estimation formulated in (7.96) is solved iteratively until

convergence using the sum of single-area state estimation problems. The procedure is

presented in chapter 8 under decomposition-coordination method and algorithm.

7.11 Conclusion

In this chapter, formulation of the problem for state estimation is presented. The problem

includes both equality and inequality measurements. Equality constraints represent exact

measurement such as zero injections at switching substations. Inequality constraints

represent pseudo measurements which are not measured but are known to remain in

bounded interval. These measurements include VAr limits on generators, transformer

taps setting; and inter- area tie-line power flows. In this thesis only VAr limit on

generators is considered.

The formulation of the problem follows the non-linear programming (NLP) approach.

Primal-dual path following interior point method is used for the solution of the problem. A

MATLAB algorithm for solution of the problem is developed. The MATLAB full program is

given in Appendix 05. Simulation using the program is performed in chapter 10
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Formulation of the problem for state estimation forms the basis of discussion of chapter

8, 9. Chapter 8 presents decomposition-coordination method and algorithm of a multi-

area state estimation problem. First, reasons for system decomposition and

decomposition methods are briefly discussed and then decomposition-coordination

method and algorithms for solving a multi-area state estimation is presented. The

algorithm provides means of applying parallel peocesing for solution of the problem.
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CHAPTER EIGHT: DECOMPOSITION-COORDINATION METHOD FOR

SOLUTION OF PROBLEM FOR STATE ESTIMATION

8.1 Introduction

Decomposition methods have been used in the solution of many operations, and

planning problems in the past. The application of decomposition method provides

potential gains in computational efficiency in solving large optimization problems.

In this chapter, decomposition-coordination method and algorithm is proposed. In

implementation of the algorithm, a decentralized operation of the power system is

preserved while at the same time attaining overall optimality by using decomposition-

coordination algorithm. The proposed decomposition-coordination method and

algorithms is used in solving a multi-area SE problem. The Ward hale 6-bus system

and the Tanzanian Power System Network Model developed in chapter 5 are used as

case studies.

8.2 Reasons for decomposition

Decomposition is a general method of solving a problem by breaking it into smaller

sub- problems and solving each of the smaller sub- problem separately either in

parallel or sequentially. Problems to which decomposition works in one step are

called separable (block), or trivially parallelizable. A more interesting situation occurs

when there is some coupling or interaction between the sub vectors, so the sub-

problems cannot be solved independently. For these cases there are techniques that

solve the overall problem by iteratively solving a sequence of smaller sub problems.

This is the case considered in the thesis for which a solution is developed.

Majority of power utilities in the world are still regulated and have centralized control

scheme, although the process of deregulation is gaining pace in some of the

countries. In regulated systems, areas or regions which form the utility are not

addresses as single entities but as one contiguous zone. Hence, one optimization

problem such as SE, optimal power flow (OPF) is solved at the central dispatch

centre (CDC). For the purpose of synchronization, all areas or regions are obliged to

send their data to the CDC. After the CDC has obtained the system wide optimal

solution, it re-distributes the calculated control variables to the areas/regions. Hence,

the centralized computing is not robust because:

In case of a transmission failure the central control is lost over all
areas/regions;
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The region substations are spread over large distances and the
communication links have limited transmission capacity. Hence, the execution
of the control variables is slowed down considerably since a huge amount of
information is exchanged and in addition, transferred over large distances;
and

Solving of a large optimization problem results in long computation times since
large computational effort is required.

To palliate the drawbacks of the centralized control scheme, a de-centralized scheme

is used in which the overall optimization problem is divided into sub problems

according to areas or regions with some modifications. Each area or region has its

own agent area dispatch control centre (ADCC), which solves its own optimization

problem independently and specifically for that area or region. In order to obtain the

global optimal solution, the subproblems are coordinated by a central agent

(coordinator) who either calculates or updates information concerning the

convergence of the problem or only distributes it.

Hence, the reasons to implement a de-centralized control scheme are:

• To speed up execution of control variables since a small amount of
information is exchanged, i.e. only dedicated ones such as load flow of the
border nodes;

• To delegate the goals to the corresponding areas/regions and its control
agents;

• To shorten computation times; and

To introduce and use distributed and parallel computing techniques.

There are computational and organizational advantages in using decomposition-

coordination algorithms. From computational perspective, the advantage is; the sub

problems are usually easier to solve than the original problems. The sub problems,

are, smaller than the original problem. Moreover, the sub problems have special

properties such as sparsity, or network constraints that enable using efficient

specialized algorithm to solve them. By decomposing the original problem, an

advantage of the efficient solution method available for the sub problem can be taken.

Thus, the main motivation of using decomposition-coordination algorithm is related to

their organizational aspects. For example, most engineering design problems involve

participation of different design groups who work is largely independent [Kroo, 1998).

Decomposition algorithms allow these problems to be solved in a distributed

environment. The main point in designing a decomposition algorithm is that only

limited communication between the subproblem and the master problem is required.

The aim is, the local subproblems centres should solve only their sub problems and

only a small amount of communication should be required from the coordinator.
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8.3 Decomposition methods: An overview

Decomposition method is an old idea, and appears in early work on large-scale linear

programming (LP) from the 1960s [Dantzig & Wolfe, 1960]. There are three main

ideas encountered in literature. The rest are improvements from these three. The

main are: Bender's, Dantzig-Wolfe, and Lagrangian Relaxation methods. The three

methods and their corresponding improvements are briefly overviewd in the following

subsection.

8.3.1 Bender's method

Benders decomposition was originally used for integer programming. The method is

based on the idea of incorporating the complicating variables, meaning the integer

variables. The complicating variables are the one which cause problem in solving the

global problem. Because without complicating variables, the problem can be easily

decomposed and solved. Hence, the problem is re-formulated by removing the

complicating variables and replacing them with a large number of constraints, called

feasibility constraints and the optimality constraints. A restricted master problem is

optimized using only some of these constraints.

The non-complicating variables are placed in the sub problems. For the value of the

complicating variables from the restricted master, the sub problem finds the best

solution for the non-complicating (easy) variables. The dual value from this solution

are used to create a new optimality constrain for feasibility constraints which is added

to the restricted master. Benders decomposition is usually used for large IPs in which

a nice structure allows the quick solution for continuous variables.

The classical Benders decomposition method can be applied to linear disjunctive

program ming problems, and the generalized Benders method to non-linear

disjunctive problems. The beauty of Benders method is that one can often distinguish

a few "hard" variables y from many "easy" variables x and when the hard variables

are fixed, the problem becomes easy by decoupling it into several small sub problems

that can be solved separately. The Benders decomposition method (BDM) algorithm

[Bazaraa et ai, 1990] is as follows:

mmcx

P: sj Ax = b

x E X = {x : Dx ~ d, x ~ O}
(8.1)

Usually Wd as the dual variables associated with the constraints Ax=b Then the dual

problem for optimization of Wd is
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k = l, ... ,np
(8.2)

And the subproblems are

(8.3)

Where P is the problem and MP is the master problem

(Z'd,W',J is an optimal solution for the relaxed master problem. If z' is less than or

equal to the optimal objective value of the subproblem, then the problem is solved.

Otherwise, assuming Xk solves the subproblem; the constraints Zd5Wdb + (C-WrA,)Xk

can be generated and added to the current relaxed master problem (MP) and re-

optimize. Gomes et al [Gomez et ai, 1991) extended the Benders decomposition

method (BOM) to present normal and contingency operating conditions of a

methodology that can provide a flexible, variable control of corrective and preventive

actions.

Linear programming (LP), non-linear programming (NLP) and mixed integer

programming (MIP), all treat the number and value of the capacitors as continuously

differentiable. The favourite method is to decompose the problem into two

optimization problems i.e. the master subproblem dealing with the investment

decision of installing discredited new Var devices, and the slave problem dealing with

the operation optimization. These techniques normally use what is known as

Generalized Bender's Decomposition (GBD) method, which is used to decompose

into a continuous problem and an integer problem. However, the GBD method does

not always perform well in solving practical Var problems; the convergence can only

be guaranteed under convexity assumptions of the objective functions of the

operation problem, so the solution cannot always guaranteed.

Let the generalization of GBD as suggested by Bazaraa et al [Bazaraa et al, 1990) is

considered for the following non-linear and/ or discrete problem

mincx+ fey)
P:s./. Ax+By=b

x ~ 0 Y E Ys.,

(8.4)

where

a,b,x, yare vectors, A, B are matrices, f is an arbitrary function, and Yser is an

arbitrary set. The problem (8.4) can be decomposed in the following way
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rrun z ,

s.t. Zd?:. fey) + Wk (b - By)
MP:

dk(b-By)~O

f' e Ys",

k = l, ,np

k=l, ,l1p

(8.5)

where

W1. ""Wk and a.,...,dk are the extreme points and extreme directions generated

max web - By)
Sub problem:

S.t. wA ~ c
(8.6)

The set YSe1 can be discrete, and so the algorithm can be used for solving mixed

integer problems.

Hong et al [Hong et ai, 1990] integrated the Newton-OPF with the GBD method to

solve the long term Var planning problem. Abdul-Rahman [Abdul Rahman &

Shahidehpour, 1993] extended the GBD method and combined it with the Fuzzy set.

Yorino et al [Yorino et ai, 2003] applied GOB to decouple a mixed integer non-linear

programming problem of large dimension taking into account the expected cost for

voltage collapse and corrective control.

8.3.2 Dantzig-Wolfe method

Dantzig-Wolfe decomposition was originally used to a large-scale linear programming

problem. It is based on the idea on how to treat complicating constraints. The easy

constraints (non-complicating) must define the feasible region [Boyd et ai, 2003] that

is easy to optimize. The original problem is reformulated in terms of extreme points

and extreme rays of the feasible region. A restricted master problem, which only has

some of the column, is solved. The dual value of this solution is used to generate -

one or more favourable columns in a columns generation sub problem. Dantzig-Wolfe

decomposition is used for large LP where a subset of the constraints has a good

structure (the non-complicating) constraint.

The Dantzig-Wolfe Decomposition Method (DWDM) was the first method developed

to decompose a system's optimization problem into several subproblems

corresponding to specific areas in the power system, so this method is very fast. The

method partitions the problem into master and slave sub problems. The solution of

the master sub problem depends on the dual solution provided by the sub problems.

The master problem passes down a new set of cost coefficients to the sub problem

and receives a new column based on these cost coefficients.
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The DWDM algorithm suggested by Bazaraa et al [Bazaraa et ai, 1990] is as follows:

consider the linear program P, where ~ is a polyhedral set representing constraint of

a special structure. For convenience, it is assumed that H is non-empty and bounded

in the following decomposition algorithm, and then any point x EH can be

represented as a convex combination of the finite numbers of extreme point's Xlc of H

as:

(8.8)

k=l .. ·n, 'p

Then, P is transformed into the master problem

mm ex

P: st Ax = b

XE~

(8.9)

«,

MP: sJ 2)Axk )rk = b (8.10)
k=1

Irk = I
k=1

k = I, ... ,np

Given a basic feasible solution rB, rN with dual variables corresponding to the above

derived two equality constraints by Wd, The following sub problem is easier to solve

than the master problem.

max(wA - e)x + a
Subproblem: C

st. x E ~
(8.11)

where ac is an equality constraint

Deeb and Shahidehpour [Deeb & Shahidehpour, 1990] applied the algorithm to a

large-scale power system network. The proposed method shows robustness and is

not sensitive to the feasibility of the starting point or to the type and size of variables

in different areas.

8.3.3 Lagrangian Relaxation method

Lagrangian relaxation traces its origin to Lagrange multiplier from multivariabie

calculus. It is based on the idea of complicating constraints for a linear programming
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(LP) or interior point (lP). A Lagrangian relaxation sub problem is formed for a

particular set of Lagrange multipliers by moving the complicating constraints into the

objective function. A solution to a Lagrangian relaxation gives a bound on the optimal

objective value for the original problem. The problem of finding the best such bound is

the Lagrangian one. For an IP, the value of the Lagrangian dual function is between

the value of the optimal lP solution and the value of LP relaxation.

For an interior point (lP), the Lagrangian relaxation bounds are piece-wise linear,

continuous, and convex (if maximizing) in the Lagrangian multipliers. Thus, it is

theoretically possible to quickly solve the Lagrangian dual problem using techniques

such as parameterized linear programming. In practice, however, it is more common

to use a simpler and faster sub gradient approach that usually terminates without

finding the best set of multipliers. The reason for this is that there is usually a gap

between the true lP solution and the Lagrangian dual solution. Thus, the Lagrangian

dual problem is just providing a bound, and finding a good bound quickly is usually

better (and easier) than making the extra effort to find the best bound. Lagrangian

relaxed method is usually applied to large IP in which a small number of complicating

constraints exist.

8.3.4 Tammer's method

Bender's decomposition discussed in section 8.3.1 is a globally and fast locally

convergent algorithm for the convex optimization problems with global variables

(OPGV). Moreover, Benders computational procedure always finds a global

minimizer. But the situation is complicated for the non-convex OPGV. For non-convex

problems, one can only aspire to find local minimizers. Moreover, the global

convergence can not be proven for a decomposition algorithm applied to the non-

convex OPGV. However, the engineers always like to have fast locally convergent

decomposition algorithms.

Non-convex duality theory proposed by Tind and Wolsey [Tind & Wolsey, 1981] leads

to decomposition algorithms that require the solution of the problems in infinite

dimensional spaces. Hence, if finite dimensionality is to be preserved, out of the two

manipulations used to obtain the Benders master problem, only projection can be

used for non-convex OPGV problems. Tammer [Tammer, 1988] proposed a

decomposition algorithm, based on projection, for which he showed local

convergence under rather restrictive non-degeneracy assumptions. Tammer

proposed solving the following master problem:
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(8.12)

where

Fk'(x) is the optimal-value function corresponding to the kth sub problem

(8.13)

The proposed master problem and sub problems are obtained by setting the global

variables at fixed value. The constraints and the terms in the objective function

corresponding to the kth system are kept within the kth sub problem. Thus, the

master problem becomes unconstrained problem whose objective function is the

summation of the subproblem optimal-value functions.

A major difficulty in implementing Tammer's method is that the algorithm developed

from this method fails when it arrives at a value of the global variables for which one

of the sub problems is infeasible. To rule out this possibility Tammer introduced the

restrictive Strong Linear Independence Constraint Qualification (SLlCQ).

SLlCQ is defined when a little introduction notation in the optimization Problem with

Global Variables (OPGV) Jacobian at a point (x.y-, YNp) is given by

(8.14)

where

(8.15)

(8.16)

ek are the active constraints

If SLlCQ holds at a feasible point (x,Yt, ... , yl!) then, the subproblems defined by

(8.13) are feasible for any value of the global variables in a neighbourhood of x.

Tammer assumed the SLlCQ to ensure the sub problems are always feasible once

the iterate are sufficiently close to the minimizer. However, the SLlCQ does not hold

for many optimization problems. Braun [Braun, 1996] proposed a decomposition

algorithm known as Collaborative optimization.
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8.3.5 Inexact penalty decomposition (IPO)method

In using IPO method the following master problem is defined

Np

~in 'IF;(w,zp)
-p k~l

(8.17)

where

F/(zp} is the optimal-value function corresponding to the kth sub problem,

(8.18)

Unlike Co, IPO keeps the OPGV objective function term Fk(Xk,Y,J within the kth sub

problem. A penalty parameter ru is used to weight the quadratic penalty term II Xi(Zp

11/with respect to Fk(x,y,J.

Quadratic penalty functions are inexact penalty function in the sense that the exact

solution (x, = zp) is only retrieved for ru= 00 . The difference between CO and IPO is:

IPO uses the sub problem optimal-value functions F/(zp} as a penalty term within the

objective function of an unconstrained master problem.

The major problem encountered in implementing decomposition method is how to

deal with the complicating variables. Complicating variables are the ones which

cause problems in solving the global problem. Without complicating variables the

problem can be easily decomposed and solved. The reviewed methods have

introduced the procedure of breaking down the problem (decompose) into

independent small problems (sub- problem), then a method of coordinating these

small problems is proposed. The aim is to speed up computation procedure as well

as to include the complicating variables in the solution of the global problem. Two

structures are proposed; the lower level (slave) and the upper level (master). The

coordination level is carried out at master level. Objective function and constrain

function are defined using information gathered from the sub problem's solution. In

some methods the use of quadratic penalty as sub problem objective function to force

the variables to converge to the target variable or a penalty parameter to weigh the

penalty term is used.

In this thesis the idea of decomposing a problem into sub problems and introducing a

coordinator is adopted. The slight difference between the methods discussed in

section 8.3 is on the approach towards the global solution. In the proposed method, a

decomposition-coordination method and algorithm with two level structures is
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presented. The first level deals with the solutions of the sub-systems resulted from

the decomposition while the second level take care the coordination issue, which is a

solution of the global problem. The proposed method clearly defines the role of each

level and is presented in section 8.4.

8.4 Formulation of decomposed solution of state estimation problem

8.4.1 Criterion

The criterion is considered as a sum of sub-criterion determined for everyone of the

sub-system. In the common case it can be written as (Least absolute value)

Ns

minJ(V Lb') =I
,=1

Af· lumens u"s'l NM I ryncas t-: I Af Iomens c: I," ~, - y, I PilI) I. ,- (!In) -I k 2 k + I bn) 2 kJ"j + I _k,ioy 2 k,mi +
k=1 (J'Vk k=1 (J'Pi") k=1 (J'Qin)

Af Ip'mens e: I M Irv= fY'S' 1
~w k.j7ow - k,j7owl ~ '>!.k,j7ow - '>!.k,j7(TO<

+ ~ 2 + ~ 2
k=1 (J'pkftow k=1 (J'Qkflow

(8.19)

Equation (8.19) can be simplified and written as

Ns

minJ(VL8)= IJ,(~L8r)
;:.1

(8.20)

where

M rY' M :~~,M :~~,M ,~;w,Mrt are the dimensions of the corresponding vectors of

measured variables. The type and number of measurements of different sub-system

can be different. Simplified version of the criterion used in this thesis is given by:

(8.21 )

where

k : is iteration counter

8.4.2 Measurement model

The global model of the data measurement discussed in chapter 7 is given by the

following equation

z =h(x)+r (8.22)
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where

r: is the measurement residual.

The measurement model has 4 parts determined by the type of the measurements

available at the central dispatch centre. When power system model is considered to

be used for the decomposed solution of the state estimation problem, these

considered 4 parts of the measurements model can be determined in different ways

as consisting of a model of the isolated sub-system and a model of the

interconnection between the sub-systems. The following steps are used in

determining the model.

Voltage magnitude measurement data model: This model for the entire power

system is given by:

Zv = V (8.23)

where

N: is the number of the model buses

The decomposition of this model is direct and is determined by the selected number

of buses in every sub-system. The sub-system model such as ith sub-system is given

by

Z iY E 91 ", i = i; Ns (8.24)

Where

n, : is the number of buses in the ith sub-system

Real and reactive power injections data model: The real and reactive power

injections model for the entire power system was decomposed in chapter 5. The

obtained sub-system model is characterized with local for the sub-system state

variables and with disturbance inputs from other sub-systems as follows:

N,

P = ctv "eRv = ctv R
/I II I + L.. Ij J ii I + Yi

Jl
s=!

(8.25)

CR \U","'~ CR ,n","'", R C"''',' - -I N .- -I N' .
,I E;J\ , ij E;J\ 'Yl E;J\ ,I -, s.s.l -, sj =t= I (8.26)
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Ns

Q. = G'" + " B '" V = G ,m V + ,m
/1 " ~ I) ) ,,1 Y/

g=1

(8.27)

1m = ~ B'mVy, L lj }

}=I
j"t-i

(8.28)

The type and number of measurements in every sub-system can be different and

independent. In the common case, the power injection data model can be written in

matrix format as:

G 912",.<", 912..,
i,inj E 'YI,;n; E (8.29)

(8.30)

Equations (8.29) and (8.30) can be written in the notation of the data measurement

model as follows:

Z,."y = h'."'J (V, L6, ) +v.; + 6i."'J (8.31 )

where

h'J"} E 912",."" : is a non -linear matrix function of V,Lo,

The dimension of the vector and matrices of Eqn (8.29) are the maximal possible

ones but the number of measurements can be different.

Real and reactive power flow data model: The power flow data model is

determined for every two interacting buses separately in the sub-systems. This

means that this model can be directly decomposed according to the selected

dimension of the sub-system i.e. nl. It is supposed for the power flows between the p-

th and q-th bus in the ith sub-system that the real and reactive power flows are given

from derivation in chapter 6.

P =V2 (rrslo +g )-V V [g colo -6 )-b sin(6 -0 )]I,pq I,p 0/,/)'1 I./Hl t.p 1.'1 1.,,'1 ~ itp 1,'1 I,JXI t.p j,q (8.32)

Q. =_V2 (bsh +b )+V V 19 sin(o. -6. )+b. colo -0 )]
1,1''1 /,1' ~ ',1''1 /,1''1 '.1' l.t/ L 1.1''1 1.1' 1,'1 1.1''1 ~ 1,1' I,q

(8.33)

The models of the flows from bus q to p are given by:

P, = v.2 (g~h +g. )-V, V. 19. cojo. -0 )-b. sin(o. -0/ )].(jP IJ/ 1,'11' 1,'JP .q 1,1' I,(/P ~ ','I I,p 1,'11' I.q .p (8.34)

206



Q. =_V2(bsh +b )+V V [g sin(o -0 )+b. CO_{O -0 )]
l,qp I,q IJ/P I.qp I.Q r.p 1,qp l.f} I,p l,q S\ I.q I,p

(8.35)

In common case, the power flow data model can be written as:

(8.36)

(A/fl"'" +M flow +A1fl(1\4' +Mflow)Z E 91 ,.P '·e ,.0 ,e
t.flow

The type of measurements and the number of measurements of the real and reactive

power flows can be different for the different sub-systems.

Tie-line measurement data model: The Ns sub-systems are connected by tie-lines

(that could be electrical transmission lines or transformers). The two ends of each tie-

line are buses belonging to different sub-systems. The set of these boundary buses

defines an (Ns+1) th sub-system called interconnection subsystem.

The measurement model for the tie-lines between the ith and jth subsystems, when

the number of tie-lines is N'l y is given by equations (6.105) and (6.106) developed in

chapter 6, as follows

P =G,,, V,2 -V Vj G.
y.pg ".pg.p I.p.g y.p8

(8.37)

The vector of measurements for the ith sub-system can be formed as follows:

[p 1 [G 1 [G 1u.v« y·ps V2 V s.re V
Z,I.IJ.pg = Q. = _ B _ b:,h ',I' + 1,1' B jg

ves U·p8 IJ·p8 y,pK

(8.39)

zo,!} can be written in matrix form as:
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r.; Pn.12 e; P
d.N'UNtll

P.2.11 P.2.12 P.2.2g ~2.Nr/.,N'/~

Pij.11 P'12 p./.jg PN Ny. lj, rit' lij

P.NSII P.Ns,12 P.NS,N,g ~Ns.Ntl,Ntl"NS (8.40)Zij,fl =
QII.II Qn,12 Qn.lg «.».
Qi2.11 Q.2.J2 0.00 Qi2.NI1.'l,Nrfl'-,-g

Qij.11 o.; o., ON N-1). I/.IJ II.}

QiNs.ll QiNzJ2
" .

Q'NsNS,g QiNs ,Nrli»,,Nri/Ns

The vector for measurements for the interconnected system is given by

(8.41 )

The model of measurements is a non-linear one and can be written in the following

way:

(8.42)

It can be observed that the ijth sub-system tie-line flow measurement model has two

components-one that depends on the ith sub-system voltages and the other that

depends on the voltages of the jth sub-system. This means that the measurement

model can be represented as a sum from a model of the ith separate sub-system and

model of interconnections with other sub-systems. The first part depends on the

voltages V/,P of the ith sub-system and the second part depends on the voltages ~,g

of the jth sub-system. These voltages participate also in the injection models of the

sub-system of the interconnected system. Included in the vector of voltages of the

sub-systems are also the border buses end voltages. In this way it is not necessary to

calculate again the state estimates of the border voltages as they are calculated

using the injection data model.

On the basis of the above, the tie-line measurement model for the ith sub-system can

be written in the following way:

(8.43)

(8.44 )

The dimension of the measurement vector depends on the number of the tie-lines

between the ith sub-system and other sub-system.
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Finally, the model for the ith sub-system with measurements of the voltage, real and

reactive power injections, real and reactive power flows, real and reactive power flows

in the tie-lines can be written as follows:

(8.45)

(8.46)

Z. E 9iM'.f1-
',f'oH' (8.47)

»s
2:NII.V
)-\

ZUI E ~\)" (8.48)

Ns

YI,;nj = Ihij,;nj (V;Léi;, VjLéij)
I=)
t=!

(8.49)

Y. 1= h./,(VLéi.,V.Léi.)r.t J, 1 I } )
(8.50)

This mode given by Eqns (8.45) to (8.50) is used for formulation and solution of the

problem for state estimation.

8.5 Two level state estimation problem solution

The solution of state estimation problem is based on a Lagrangian function

formulated in the following way for the interconnected part of the data model. It is

accepted that MI,v = nl

(8.51 )

Where

PI,;"j' PUI' AIM' ..1,',11are vectors of Lagrange multipliers.

The Lagrangian function includes the criterion and the model of the interconnected

equations of the sub-systems according to power injections and flows. It can be seen

that if the interconnections h""v and hl.rl can be decomposed, then the Lagrangian

function can be decomposed and the state estimation problem can be solved in a

fully decentralized way.
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Such type of decomposition of the Lagrangian function can be achieved if the

problem for state estimation is solved in a two level structure using the principle of

decomposition and coordination suggested in [Singh & Titli, 1978].

The mixed principle of prediction of the aims of the sub-systems represented by the

Lagrange's variables Pu'u and PUI and of prediction of the interconnections of the

sub-systems YUllj and Y'JI is applied to the Lagrangian function (8.51). This principle

is implemented by introducing a coordinator on the second level of the two level

structures for solution of the problem. It predicts the values of the Lagrange's

variables and interconnections as follows:

(8.52)

Where c is the index of the coordination procedures; substitution of the coordinating

variables given in (8.52) into the Lagrangian function allows the interconnection terms

to be distributed between the sub-systems in the following way:

(8.53)
1=1 j=1

J~I
1=1 j=l

t=

(8.54)
i=1 1=1

The above transformation is possible on the basis of the connection between the

primal variables Vjand the dual (Lagrange's) variables PI. As the dual variables have

known values, the voltages of the other sub-systems can be substituted by the

voltages of the ith sub-system and the Lagrange's variables of the jth sub-system. In

this way the Lagrangian' function is function only of the voltages of the ith sub-system

and can be fully decomposed. This means that the problem for state estimation can

be solved for every sub-system separately. The sub-system solutions in this case

depend on the values of the coordinating variables, which mean that the optimal

solutions will be obtained only when the values of the coordinating variables are the

optimal ones. Improvement of the values of the coordinating variables is done by

iterative process of coordination based on necessary conditions for optimality of the

Lagrangian function towards the coordinating variables, and the solution of the

separate sub-system's problems.
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The necessary conditions for optimality of the Lagrangian function towards the

coordinating variables are:

~= : -~h (VL.b.)=Oa Y,,1I1) ~ t./llj 1 I

Pi,illj )=1
)"t:l

(8.55)

át. cAO-a-- = PUll) - rinj =
~"II!J

(8.56)

_j!::_ = YCrl - h rl (v L.b. ,v. L.b] ) = °~ t, lj. I I J
uPi.rl

(8.57)

aL = C _ A = °8y PUI i,rl
;,rl

(8.58)

In the above equations, the values of the voltages and the values of the Lagrange's

variables AU,!! and Ai.rl can be obtained as solutions of the sub-system's state

estimation problems.

Eqns (8.55) to (8.58) can be solved analytically using the solutions obtained from the

first level sub-problems in the following way

(8.59)

c+l _ AC
P,.uu - 1.1IIl

(8.60)

(8.61)

(8.62)

The optimal solution of the initial state estimation problem is obtained if the necessary

conditions for optimality according to the coordinating variables are fulfilled. This can

be checked by calculation of the errors:

c - c+l c
I - Yl,,,!! -YI,"u

C = nl _ c
2 PI,hi! p",,,]

(8.63)
rf I c

c) = YU.r1 - Yu,rl

('-t\ c
C 4 = Pi,rl - Pi,rl

lf Cl ~((JI,C2 ~((J2,C3 ~((J),C4 ~((J4 where;((J1>0,((J2 >O,((J) >0,((J4 >0 are very small

numbers, the optimal solutions of the coordinating problem and the sub-problems are

obtained.
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Different methods can be applied to obtain solution on the first level problems. The

method developed in chapter 7 is considered and applied in the thesis. For every of

the first level problem, a local angle reference bus has to be introduced. The solutions

ViLoi i = 1,Ns are function of the coordinating variables.

The two level calculating structures is given in Figure 8.1

V1Loi v.rs, VN LONs s

A;" X X AC' AC X
,INS.iII}' Ns,

.mj UI iJII;' iJl

I Sub-problem Ns j
I Sub-problem 1 I I Sub-problem i I

c C

YI,/1li,Pi,lI/j

COORDINATOR
('+1 c+I pc+1 c+l

P',lIIj YI,hU' i.11 YiJI

c c
YUII)' PUllj

c C

YNs."1j 'YNs.11

Figure 8.1: Two level structures for solution of state estimation problem

8.6 Formulation and Solution of the sub-problems on the first level

The state estimation problem for every isolated sub-problem is formulated using the

decomposed Lagrangian function for sub-problem criterion

Iv,"efls _V12
L = I ,

i 2o;y

N

2>;"UY;'I'UPS,illjhij.i'lj (~Lb~ )+ (i'y[ - Y~i'U + Zi,i'u - h,.hU(~LO;)] +
J~I
jt;

(8.64)

Have to be minimized for the rest of the measurement model equations

ZiY = VI + &IY

Z. = h (V Lo + c. ), ,flow l,floUI I I i.flow

(8.65)
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8.6.1 Solution of the First level Sub-problems

A Lagrangian function is formed for every sub-problem

+Pt~rIY~rl- p;,r/1ji,AV;LÓ;)+{AZIJl-hi/I (V;LJ;)]+{v(z, - V;)+

+ {jim! Zi,jlow- hi,jlJ V;LJ; )]

(8.66)

The optimal solution is based on the necessary conditions for optimality suggested by

Karush-Kuhn-Tucker (KKT) as follows:

(8.67)

(8.68)

e: C h ( .) 0-'- = Z - - VLb =8A. , I ,In) YI,;n} I,tn} i I

1,111)

(8.69)

aL, =Z'rl-hrl(VL8)-ycr/=OaIL 't " , I r ,
I,ll

(8.70)

tu,--=Z -v =0aA ,.V,
I.V

(8.71 )

aLI h ( So' )--=z - V Lu. =0aA I,jlow I,jlow I ,

I.flow

(8.72)

The solution of Equations (8.67) to (8.72) which gives the necessary conditions for

optimality determines the optimal solution of the ith sub-system. As the above system

of equations is non-linear with many variables the analytical solution is not possible.

Gradient procedures are used to calculate the values of the primal variables (VII 8;)

and of dual variables Ai,lnj, AI.rl' Ai.flow as follows:
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£1+1 £1
U = u. - a.., 6.,

I I,v, I.Or

A'+I =A'. +a. 6
I I."Ij ',~,/l1.J I,A,'ll

,1,'+1 = X +a 6
1.11 i,ll 1,'/ ,.rf

(8.73)

A.'+I = A' + a 6lY I,l' lY lY

The calculations given by equation (8.73) are performed under the given by the

second level values. If the gradient procedures continue until convergence on

maximam number of iterations on first level is reached.

Check of convergence: Norms of the errors of every iteration at t =0, 1, 2, etc, are

calculated as follows:

6: =116,.v.II

l'~ = 116,.6, II

6~ = 116,.A,II
6~ =116,,1/11

c~= 116;.flO'"II

(8.74)

Norms of the errors are compared with given small positive numbers

attained and stop the calculation. When the calculations on first level are completed

the values of V" tSp -1'I,V' 4
'
,11 are sent to the second level and the new values of the

coordinating variables are calculated, and so on. The derivation given above are

presented in algorithm form given below

8.6.2 First level algorithm

At first level as has been observed, the optimal operating condition of each sub-

system is determined by solving independently N power system state estimation sub-

problems. At this level, the interconnection have not to be considered and gradient

procedures are used to calculate the primal and dual variables of the isolated sub-

systems. The following algorithm is used to calculate the solution of the first level sub-

problem. Before, starting the algorithm, first the number of iteration is defined, in this

case M1 = 100 and this is given.
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I: Initialize t =0,

Set initial values for VI,O,.A;,;,v,A;jlow,A;,II,A;y . Initial value of V; is obtained

from load flow program and 0; is set equal to zero.

II. Obtain the values of the coordinating variables Pi.inj' PUI' Y,.injY,,11 from the

second level

iii: Improve values of set variables using Eqn (8.73)

IV. Check for conditions for convergence using (8.74). If conditions of

convergence satisfy (8.74), stop the procedure and send the values

of V;. 0;,A;.mj' Ai,tl to the second level. If not go to step II

First level algorithm is schematically given in Figure 8.2

8.6.3 Second level algorithm
The coordinator does not to know or need the detailed operating information of each

sub-system. The coordinator executes the following functions:

Predict the values of the Lagrange's variables and interconnection variables

and send predicted variables ( P'Jnj' PUI' Y;,;nj' Y;,II ) to the first level

Wait all calculation on the first level to be completed and receive the values of

VI.0;,AI,;nj' ,.1,1,,1from first leve sub-problems

• Compare Pl.inj,PI.II, sent by each sub-system and if the error between them is

bigger than given tolerance calculate the improved values of the coordinating

variables.

If the error is smaller than the tolerance, stop the procedure.

It can be observed that the coordinator has little work to do. The coordinator does not

calculate the state vector, but has to predict the Lagrange's variables and variables

related to sub-system interconnections. The positive characteristic of this method is

that of reducing computation work at coordinator level. The second level algorithm is

schematically given in Figure 8.2

8.7 Application of the algorithms to power system state estimation problem

The developed decomposition-coordination method and algorithm in this chapter

presents positive characteristic.
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[START 1

Initialize computation
procedure

LEVEL
SECOND Receive coordinator variables from

second level

Calculate gradients of the sub-system

E:; -+ E:; using equation (8.74)

No

Calculate improved values
of primal and t + I
variables using equation
(8.73) Le.

VA. ,AJ'I. I.In) 1,

Check
Convergence

YES

Send V" 6; ,A.~,;nj ,A.~.II to second level

l STOP
J

Figure 8.2: First level algorithm flowchart

First, the solution of the power system state estimation problem is reduced to solution

of N+1 independent sub-problem. Secondly, the method can be carried out by using

parallel or distributed computing architectures. In this way the computational task

corresponding to the decomposition work can be carried out by a unique parallel

computer located in the power system control centre, using a cluster or by using a

suitable distributed computing scheme with several processors located at the lower

levels in the control hierarchy such as in the regional control centres.
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First and second level algorithm can be applied in solving power system state

estimation problem provided that the following steps are followed:

• The power system is decomposed into sub-systems.

At least one generating bus is available in a sub-system.

• The sub-system is observable i.e. measurements from the sub-system are
enough to conduct the state estimation.

Importance of using decomposition-coordination method and algorithm is to:

• Facilitate parallel processing of an optimization problem

Decentralize measurement (data)

• Reduce the amount of data sent to central control centre

• Reduce computation time and complexity on solution.

Decomposition-coordination algorithm can be applied in:

•

The Tanzanian power system network. The system is expanding rapidly and
communication between the areas i.e. North to South-East or North -East to
East is still a problem. Sending data from these areas to Ubungo National Grid
Centre for processing could take a long time. Hence, use of the algorithm
could alleviate the situation.

Planned East African Power Pool (EAPP)

South African Power Pool (SAPP)

Other regional power blocks.

•
•
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[ START 1

Set initial values of
ccc c

Pi,ilif' PUI' YUII}' Yi,11

Update
c c+l

PUn} == PUn}

c c+J
PIJl = P'Jl
1< __ 1<+.1

/1,.,;';II} /l.I''''J

1< 1C+l
AUI =r-»

Sent C c c c
PUn}' r.». Yi,;n}' YiJI

to the first level

Receive V 0 ,Á.. " Á. II
" 1 ',InJ I,

from first level

Calculate
c+l c+I c+l c+I

Pi,irl},P"tl'Yi,in},Yi,tI

Evaluate errors using
equation (8.63)

No
Check

Convergence

YES

1

Figure 8.3: Second level algorithm flowcahrt

Inform first level

[ STOP

FIRST
LEVEL
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8.8 Conclusion

Decomposition is a general method of solving a large and complex problem by breaking

it into small sub problems and solving each sub problem independently. Decomposition

method appears in early works on solving large-scale linear programming problems since

i1960s. It has gone through several modifications and improvements to arrive at the level

it has today. The pioneers in this field are Bender, Dantzig, Wolfe and Tammer just to

mention few and their works briefly have been reviewed in this chapter.

This chapter has addressed development of a decomposition-coordination method and

algorithm for solution of a multi-area state estimation problem. Two level structures is

proposed. The first level is responsible for solution of the sub problems resulted from

decomposition method. The second level deals with coordination function that is solving

the global problem. An algorithm for each level is proposed. The chapter gives a basis for

preparation of a parallel processing program in solving the estimation problem.

Chapter 9 presents parallel processing of multi-area state estimation problem. Parallel

and Distributed systems are overviewed, their advantages and disadvantages

highlighted. Differences between distributed computing toolbox (DCT) and parallel

computing toolbox (PCT) are provided. Programming Parallel Applications in MATLAB is

presented.
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CHAPTER NINE: PARALLEL PROCESSING METHOD

9.1 Introduction

Parallel and distributed processing are among the most promising methodologies of the

new developments in processing large optimization problems [Tylavsky, 1992];

Bertsekas, 1999; Umar, 1993]. Parallel processing systems consist in the use of multiple

hardware components to exploit concurrency in computation process. The advantage of

using parallel processing application in power system and in particular SE is to speed up

of computations in order to make viable the solution of the system intractable in a

conventional computer. Distributed computer systems are defined as collection of

independent computers joined together by high speed communication networks. Power

system can and will benefit from this form of decentralized computer architecture due to

its distributed nature, from its flexibility, scalability and cost reduction advantages.

This chapter presents parallel and distributed processing concepts. Initially, it presents a

general description of parallel and distributed processing schemes overview, their

advantages and disadvantages. Next, Distributed computing toolbox (DCT) and MATLAB

distributed computing engine (MDCE) as well as parallel distributed computing toolbox

(PCT) and MATLAB distributed computing server (MDCS) are presented.Finally,

development of parallel algorithm for solution of SE problem is given.

9.2 Parallel and Distributed Processing: An Overview

Parallel and distributed processing is similar but relies on different information processing

concepts. Distributed computer systems are collections of computers joined together with

multiple objectives depending on the intended applications. Parallel computers are

usually single frame units in which the idea of concurrent processing is exploited mainly

to speed up computations. These two data processing approaches have achieved

practical implementation because of breakthrough in science and technology and

increase in microprocessor performance [Quinn, 1994]. Parallel and distributed

processing has been an intense research area for several decades now. Although

traditional supercomputers now in operation with a single processor are fast, but they are

extremely expensive and their performance depends on their memory bandwidth. With

rapid advancement in computer and communication technologies, traditional

supercomputers with a single processor are being gradually replaced by less expensive

and more powerful parallel and distributed processing architectures.
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The main process for solving large-scale problem such as optimization problems with

parallel and distributed approach is outlines as follows: First. The problems are

formulated for parallel and distributed processing. Second, specific parallel and

distributed algorithms are developed for the solution of these problems. Third, the

complexity and the performance of the algorithms are evaluated for measuring the

accuracy and reliability of the proposed solution.

9.2.1 Parallel Processing Systems

Parallel processing system is defined as utilization of multiple processing units to find a

solution of one computational problem. There are two types of parallel systems. One is a

parallel machine, and the other is a computer network. Both types of parallel processing

systems comprise a number of processors that are closely coupled with a small physical

space. When a network of computers is used for parallel computation, it represents a

parallel virtual machine (PVM) with all the computers on the network as processors of

this virtual machine (VM). Communication links between the processors of a parallel

processing system are usually very short; for example, the processors of a parallel

system is assumed to be very reliable, and communication delays, if considered, are

predictable. The aim of using parallel processing system is to speed up computation by

employing more than one processor at a time. That is, the sole purpose of employing

parallel system is to obtain a fast solution by allowing several processors to function

concurrently on a common task.

Parallel processing systems are classified according to their memory perspective, it can

be either shared or distributed memory. Shared memory system, consists of:

• A single global address

Symmetric multiprocessing

• Non-uniform memory access

• Multicore processor

Distributed memory system consists of:

• Node that has its own memory

• Massively parallel system

• Different type of clusters
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/ PROBLEM 7
l INSTRUCTION

~ ~ ~ ~~ ~~ ~ ~ ~[:]
Figure 9.1: Parallel processing system

Shared memory (Figure 9.2) is user-friendly and its disadvantage is scalability.

Distributed memory has an advantage in data locality i.e. no data interference and it is

cost effective. However, its advantage lies in explicit communication and decomposition

of data or tasks.

9.2.2 Distributed Processing Systems

Similar to parallel processing systems, a distributed system is a physical arrangement for

distributed processing. But unlike a parallel system, a distributed system is usually a

computer network that is geographically distributed over a large area. Distributed

processing systems may include a few computers located in a single room (Laboratory),

connected by a local area network using coaxial cables as interconnection media. In

case of a large number of computers scattered hundred kilometres apart, they are

interconnected by a wide area network (WAN) based on telephone lines, microwave

channels, optical fibre etc. This type of decentralized processing approach is feasible due

to availability of very powerful desk top computers (microcomputers and workstation),

which can be interconnected by very fast network.

Some of the advantages of distributed processing systems over conventional sequential

processing are:

• Cost: The average cost for million instructions per second (MIP) on a main frame
is almost 100 times the one for workstation
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Scalability: distributed processing systems are expandable incrementally
compared to sequential processing

Flexibility and Configurability: Distributed processing systems have improved
performance and reliability due to redundant data processing

• Exploitation of special hardware: Special graphic devices are easily added to
the system.

Distributed processing applications are developed according to several different

paradigms [Umar, 1993]. Among the paradigms are terminal emulator, which makes the

computer look like a terminal, which is connected to another computer; a file transfer

package that allows files to be transferred between different computers and the client -

server system in which remotely located programs can exchange information in real-time.

A distributed data and transaction management system is a sophisticated version of the

client-server system which allows a user to store, access and manipulate data

transparently from many computers. These types of system will eventually evolve a true

distributed operating system to be employed in the solution of SE.

MEMORY

Figure 9.2: Shared memory

9.3 Design of Parallel Algorithms

Parallel and distributed algorithms are designed on the principle of concurrency and

parallelism. As a strategy for processing large and complex tasks faster, concurrency

and parallelism is done by first breaking up the task into smaller tasks, then assigning the

smaller tasks to multiple processors to work on those tasks simultaneously, and finally

coordinating the processors. Parallel and distributed algorithms follow design

methodologies that are quite similar. However, different techniques and methodologies

can be applied for creating parallel solution. The best parallel solution that can be
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developed is usually quite different from the sequential one. Foster in 1995 [Foster, 1995]

introduced one of the many possible design methodologies now in application. One of

the methodologies consists of four distinct stages that are performed one after another.

They include: partitioning, communication, agglomeration and mapping. During the first

and second stages the programmer focuses on concurrency and scalability, while during

the third and fourth stages the attention of the programmer is on locality and other

performance related issues. The four stages are explained as follows:

Partitioning: The first stage is partitioning of the problem. The parts on the problem that

can be parallelized are identified and noted. This task is performed independently of the

hardware type available, and issues such as number of processors available are not

taken into consideration at this stage. The objective of performing partitioning step is to

divide the problem in the smallest possible tasks, in order to obtain what is called a fine-

grained decomposition of the problem. Partitioning is employed to both the whole

computation job and the data associated to the process. Usually the first focus is on the

data partitioning and then processes are associated to the partitioned data. This

partitioning technique is known as domain decomposition. Another technique is to focus

first in partitioning the global job in processes and to work out afterwards which is the

best way to partition the data. This technique is called functional decomposition. These

two techniques mentioned above are complementary, and they can be applied to

different parts of a single problem or even both can be applied at the same time to the

whole problem in order to obtain different parallel algorithms to solve a single problem. In

this work the second technique is employed to partition the function i.e. process of

problem solution decomposition.

Communication: The second stage is data communication. Data communication among

processors becomes very critical especially when a task is completed through

cooperation of a number of individual processors. Data communication in both parallel

and distributed processing facilitates the processor's exchange of intermediate results.

Data communication among processors of a parallel machine is predictable, while data

communication in distributed processing is unpredictable. Hence, data communication

among computers becomes more problematic, which must be taken into account during

the design of parallel or distributed processing algorithms. Two schemes are commonly

used for data communication in the two techniques.

Shared memory: In a shared memory block data will be stored in a designated common

memory block. Figure 9.2 shows the set up of shared memory structure. The common

memory block will be accessed by all processors. Data communication is realised
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instantly and reliably by accessing this common memory block. Shared memory is mostly

applied for parallel processing. It is not applied in distributed processing because of

technical implementation.

Message passing: Message passing interface as has been stated before, is a

communication protocol for transferring data from one processor known as a sender to

another (receiver). A message is transferred as packet of information over

communication links or networks. MPI requires the cooperation of sending and receiving

processes. A send operation of message passing requires the sending processors to

specify the location, size, type, and the destination of data. In addition, the associated

receive operation should match the corresponding send operation [Shahidehpour &

Wang, 2003]. MPI has been widely used for parallel and distributed processing. MPI

application package includes message passing library, which is a set of routines

embedded in the application code to perform send, receive, and other message -passing

operations.

Message passing mostly suits the distributed processing system, where each processor

has its own local memory accessed directly by its own central processing unit (CPU). By

using message passing, a distributed processor sends data to or receives data from all

or some of the other processors. The data transfer is performed through data

communications, which differ from a shared memory applied in the parallel processing

system that permits multiple processors to directly access the same memory resource

via a memory bus. The choice of message passing or shared memory depends on the

system architecture and requirement for the design of algorithms.

Agglomeration: Agglomeration is the third stage in designing parallel and distributed

algorithm. The stage focuses on performance requirements and implementation cost of

the algorithm. Some of the processes are combined into larger groups in order to

improve performance and implementation cost. Also, it focuses on the performance of

the system that has been designed. Agglomeration stage moves from the theoretical

design phase towards the realistic implementation, where the hardware resources

available will be taken into account. The agglomeration is therefore, the opposite stage of

partitioning phase, in which the fined grained solution is revised and the number of global

tasks reduced. In addition, to do reduction in the number of processes, the replication of

the data between different tasks is determined to be worthwhile or not in terms of

efficiency. The objectives of agglomeration are two; first is to reduce the number of

processes i.e. by combining them into large ones; second, to provide an appropriate
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number of them so that the processors can deal with, and also to reduce communication

costs.

Mapping: The fourth and last stage is mapping. In mapping stage, the processes are

organized according to the number of processors available. The main objective of this

arrangement is to balance the work load of each processor and also to minimize

communication costs. The mapping stage distributes the process among the available

processors. This stage does not arise on single-processor or on shared-memory

computers that provide automatic task scheduling. The goal of mapping algorithm is to

minimize execution time. Two strategies are employed to achieve this goal

• Processes that are able to execute independently are executed in different
processors in order to increase concurrency.

• Processes that communicate frequently are assigned to the same processor in
order to increase locality.

Coordination becomes essential when more than one processor works jointly on a

common task. Therefore, synchronization is important for the processors.

Synchronization is a mechanism that allows processors to wait at some predetermined

time points for the completion of other processor's computation. Synchronization

provides an opportunity for cooperation, which is possible, can influence the solution and

performance of parallel and distributed designed algorithms. Synchronization is based on

the following three models:

Synchronous model: In synchronous model processors complete computation and

communication tasks in synchronous rounds. Synchronous computation can be applied

in circumstances where communication is reliable and communication time delay among

the processors is predictable if not negligible. One advantage of the synchronous

computation is that it can guarantee the convergence of computation.

Totally asynchronous model: In a totally asynchronous model, a processor does not

need to wait for any data transfer from other processors and it can continue its

computation with the existing information, though it might be outdated. The updated

information will be used for computation immediately after it becomes available. Totally

asynchronous algorithms are harder to program than synchronous algorithm because of

the chaotic behaviour of the participating processors. Totally asynchronous algorithms

are more general and portable and do not involve synchronization, and in some cases

these algorithms cannot guarantee an efficient or even correct solution of the problem.

Partially synchronous model: A partially synchronous model usually imposes time

restrictions on synchronization of events. In partially synchronous model, it is assumed
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that a processor's time step and message delivery time is between upper and lower

bounds. Therefore, partially synchronous model lies properly between synchronous and

totally asynchronous models. A partially synchronous model represents one of the

realistic communication characteristics of distributed system [Shahidehpour & Wang,

2003]. The communication delays among power system control centres are hard to

predict. However, in most cases, a communication delay has an upper bound, especially

when data communications are performed on a dedicated wide area network (WAN) of a

power system. A partially synchronous model has less uncertainty than a totally

asynchronous model. However, partially synchronous model algorithm is usually more

difficult to program due to extra complication that may rise from the timing.

A simple and practical way to design parallel and distributed algorithm is to parallelize

their sequential programs to solve the problem that is executing too slow just because of

specific bottlenecks at different stages of algorithm. Given a sequential program and its

source code, then it is not necessary to apply the four stages described above. Instead, a

common practice is to identify the parts in the code that represent the most important

bottlenecks in the program and to apply parallelization mechanisms to these parts.

Parallel algorithms are usually designed to be synchronous. This is because data

communications among the processor of a parallel system are fast and reliable.

However, it is more difficult to design distributed algorithms because of the existing

uncertainties. The developed in chapter eight sequential programs developed using

MATLAB code is employed in this work in order to avoid the four described stages.

9.4 Parallel Computer Architecture

There are several ways to build a parallel computer. On one end of the spectrum is the

multiprocessor, in which multiple processors are connected via high performance

communication media and are packaged into a single computer. Many modern

"supercomputers" such as those made by Cray and IBM are multiprocessors composed

of dozen to hundreds to even thousands of processors linked by high-performance

interconnects. On the other end is the Beowulf cluster, which uses commodity network

e.g.Gigabit Ethernet to connect commodity computers. The advantage of using Beowulf

clusters is their lower costs and greater availability of components. Performance of

Beowulf clusters has begun to rival that of traditional "supercomputers" MATLAB code

supports many different operating systems and processor architecture; therefore,

components for building a Beowulf cluster to run MATLAB in parallel and MATLAB MPI
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are relatively cheap and widely available. Beowulf cluster is used in solving the PSSE

problem employing MATLAB in parallel and MATLAB MPI.

Parallel computer architecture is classified based on the number of processors and the

arrangement of their central processing units (CPU), and memory within the different

parallel systems. The following is a classification of the different parallel architectures:

Single Program Single Data (SPSD): This is an ordinary workstation system, where

there is single CPU and a single address map accessible by the CPU. Usually this is not

considered as a parallel system.

Single Program Multiple Data (SPMD): In atypical SPMD machine, there are hundreds

of CPUs, even thousands, all of them with a small private memory space. They all

execute at the same time the same program over different data. When a CPU requires

data to be stored in another's memory address map an explicit communication procedure

has to be executed before. In SPMD setup the same program runs on each processor

(single program) but each program at instant processes different data (multiple data).

Different instances of the program may follow different paths through the program e.g. if-

else statements due to different input data, but the same basic program executes on all

processors.

This thesis follows the SPMD model. The program is written by using if-else statements

to execute different sections of MATLAB code on different processors. The scalability

and flexibility of the SPMD model has made it the dominant parallel programming model

and that is why it is chosen to be used in this thesis.

The two most common implementation of the single program multiple data model are the

message passing interface (MPI) and OpenMP. In using MPI, the program is started on

all processors. MPI program is responsible for distributing data among processors, then

each processor processes its section of the data, communicating among them is needed.

Multiple Program Multiple Data (MPMD): In this architecture, there are more CPUs, all

the processors have their particular memory space too, but the means of execution is

very synchronous and each processor can execute a different program (multiple

program), with the different programs working in tandem to process different data

(multiple data). There are is a complete independence in execution between all the

CPUs. MPMD system's performance shows a high dependence on the memory

architecture, and depending on it, these systems are further classified as follows:
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Shared memory: The system has a single memory space, so that any computer can

access any local or remote memory in the system, independently of the process that is

the owner. Having a single memory space allows having shared memory for

communication between all the executing workers or tasks, which makes it to be an

efficient communication mechanism. This is very convenient for parallel programs where

the amount of data to process is very big, as the data require no copying in order for all

the CPUs to access them at the same time. The disadvantage of using shared memory

access is that shared variables lead to the existence of race conditions between parallel

programs or routines, and therefore synchronization mechanisms have to be included in

the parallel programs.

Distributed Memory: In this arrangement, each processor has a particular address map

that the rest cannot access at all, these systems have the advantage of being very easily

scalable, but lack of shared address map adds a time penalty for each inter-process

communication

Shared Distributed memory: This is a hybrid model that has the goal of having the

advantages of both systems i.e. the easy communication mechanism of shared memory

and the scalability of distributed systems. These systems would contain their own

memory address map, but the architecture is designed so that any processor can access

the memory of another with slight time penalty.

9.5 Distributed Computing Toolbox (OCT)

The Distributed Computing Toolbox (DCT) and the MATLAB Distributed Computing

Engine (MDCE) enable to execute coarse-grained MATLAB algorithms or Simulink

applications Uobs) on computer cluster by dividing the applications into independent

tasks. Each task evaluates a specified MATLAB function or Simulink model. The key

features of DCT and MDCE include:

• Distributed execution of coarse-grained MATLAB algorithms and Simulink model
on remote MATLAB sessions

• Control of distributed computing process via a function based or objects based-
interface.

Distributed computing on both homogeneous and heterogeneous platforms

• Support for synchronous and asynchronous operations

• Access to single or multiple clusters by single or multiple users
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After an application has been submitted, MDCE executes each of its tasks. MDCE

consists of a job manager who coordinates the distribution of the tasks and remote

MATLAB sessions (Workers) that executes the tasks. Once the workers complete their

tasks, they send results back to the job manager, where the user can access them using

DCT.

The role of the DCT is to:

• Define and submit applications from the command line

• Divide the applications into tasks

• Send the applications to MDCE for execution

• Retrieving the results

The complete process includes the following steps:

• Finding a job manager

Creating a job

• Creating tasks

• Submitting the job to the job queue

• Retrieving results.

The complete process mentioned above can be executed with a single command using

the function based interface or using object-based interface to control each step.

9.5.1 Basic Terms

The basic terms encountered when applying DCT are given in Table 9.1

Table 9 t: Basic terms
Term Description
Client Computer on which MATLAB commands

are entered
Job Large MATLAB of Simulink operation to be

performed on a computer cluster
Tasks Segment of a job: the units that the workers

receive for execution
Job Process that coordinates and
Manager asynchronously distributes tasks to the

workers
Worker Noninteractive MATLAB instance that

processes tasks assigned by the job
manager and sends the results back to the
[ob mariaoer
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9.5.2 Configuration

The configuration of DCT/MDCE is shown in Figure 9.4. The interaction between the

client machine, where the OCT is used to define jobs and tasks, and the MDCE is shown

in Figure 9.3

9.6 Parallel Computing Toolbox (PCT)

Parallel computing Toolbox (PCT) enables to solve computationally and data-intensive

problems using MATLAB and Simulink on multicore and multiprocessor computers. The

key features of PCT include:

• Support for data -parallel and task -parallel application development

• Ability to annotate code segment with parfor (parallel for-loops) and spmd (single
program multiple data) for implementing task-and data-parallel algorithms

Figure 9.3: DCT/MDCE Configuration
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Figure 9.4: Interaction between OCTand MOCE

• High-level construct such as distributed arrays, parallel algorithms, and message-
passing functions for processing large data set on multiple processors.

• Ability to run 4 workers 9lab) locally on a multicore desktop

Integration with MATLAB Distributed Computing Server (MDCS) for cluster-based
applications that use any scheduler or any number of workers (labs).

• Interactive and batch execution modes

The parallel processing construct enables:

• Parallel for-loop (parfor) and code blocks

• Distributed arrays

• Parallel numerical algorithms

Message-passing functions

PCT enables to implement task-and data-parallel algorithms in MATLAB at a high level

without for specific hardware and network architectures. Converting serial (sequential)

MATLAB applications to parallel MATLAB applications requires few code modifications;

an added advantage of PCT is: applications can be run interactively or offline, in batch

environment.

PCT can be used to execute applications (jobs) on a single multicore or multiprocessor

desktop. Without changing the code, it is possible to run the same application on a

computer cluster using MATLAB Distributed computing Server (MDCS).

PCT provides several high-level programming construct that can convert serial

(sequential) MATLAB code to run in parallel on several workers. These workers can run

on client's (user) desktop or on a cluster (using) MDCS. The construct simplify parallel
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code development by abstracting away the complexity of managing coordination and

distribution of calculations and data between a MATLAB client and workers, as well as

between workers.

Advantages of using PCT and MDCS are on:

• Availability of the MATLAB pool and the parallel command window (pmode) which
support interactive execution

• Parallel for-loops (parfor) offer one way to distributed tasks across multiple
MATLAB workers

• Implementing Data-Parallel algorithms

• Working in an interactive parallel environment

• Ability to use up to 4 local workers on a multicore or multiprocessor computer
using a single toolbox license.

9.6.1 Basic Terms

The basic terms encountered when applying PCT are the same as that of OCT except

few which are given in Table 9.2

Table 9 2' Basic terms
Term Description

parfor Parallel for-loops
pmode Parallel Command Window
spmd Single program multiple data

9.6.2 Configuration

Configuration used in developing parallel applications with PCT, which enables

application prototyping on the desktop with up to 4 worker (shown in the left of Figure

9.5), and with MDCS (right), the application can be scaled to multiple computers on a

cluster.
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Figure 9.5: Configuration of PCT/MOCS

9.7 Comparison Analysis

T bl 93 C

Comparison analysis on using DCT/MDCE and PCT/MDCS is shown in Table 9.3

a e .. omparison analysis
OCT/MOCE PCT/MOCS

MATLAB sessions, called MATLAB sessions, called labs, can
workers, perform the task communicate with each other during
but do not communicate the running of their tasks
with each other.
It is possible to define any Only one task in a job is defined.
number of tasks in a job Duplicates of that task run on all

labs running the parallel job
Tasks need not run Tasks run simultaneously, it is
simultaneously. Tasks are possible to run the job on as many
distributed to workers as labs as are available at run time.
the workers become The start of the job might be delayed
available, so a worker can until the required number of labs is
perform several of the available
task in a [ob

PCT/MDCS is suited for data-parallel and task-parallel application development. This

thesis is working on power system state estimation problem (PSSE). PSSE problem

involves data in order to compute the best estimate of the system. Therefore, use of

PCT/MDCS is appropriate to the PSSE problem in particular when large and

interconnected systems are involved.

Decomposition-coordination method and algorithm discussed in chapter 8 enhances the

application of PCT/MDCS. The sub problems resulted from decomposition of the global
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problem can be assigned to the labs and solved in parallel. The application of

PCT/MDCS will speed up computation by using multiple processors, utilize more memory

than available on single machine and computation time may be reduced; hence,

improves computation process of the estimation process. In this thesis PCT/MDCS is

adopted and used in solving the state estimation problem.

9.8 PCT/MOCS and State Estimation Problem

To apply PCT/MDCS in solving power system state estimation problem needs the

following steps:

• Programming Parallel Applications in MATLAB

• Implementing Task-Parallel Algorithms

• Implementing Data-Parallel Algorithms

• Scaling to a Cluster Using MATLAB Distributed Computing Server (MDCS)

9.8.1 Scaling to cluster using MOCS

The following are the steps which are applied in solving the state estimation problem

using parallel processing cluster:

• Install parallel computing toolbox(PCT)

• Verify network connection

• Define a user configuration

• Run parallel MATLAB job

The four steps are critical for successful application of parallel processing of state

estimation problem. The steps are described in detail in the following sub section.

Install parallel Computing Toolbox (PCT)

The installation instruction for PCT for window users can be found in the following PDF

file: PCT windows installation instructions.

Verify the network connection

To verify the network connection, go to the directory where PCT has been installed by

using: cdmatlabrootltoolboxldistcomlbin

matlabroot is the directory

"CIProgramFilelMA TLABIR2009b"

where MATLAB is installed e.g.
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Open a command window and run nodestatus to verify configuration and connection

Define a user configuration:

Start MATLAB, then go to parallel->Manage Configuration

• Select file->New->Compute Cluster Server (ces)

• Fill out the form shown in Figure 9.8 after the above action

• Enter name for the configuration

• Enter root directory of MATLAB installation for workers

• Enter number of workers available to scheduler

• Enter directory where job data is stored

• Enter computer cluster scheduler host name

After the configuration, click the "start validation" button at the bottom right of Figure 9.7

to validate the configuration. It is advised to use the account used to log onto the

compile node. If the configuration and authentication are correct, Figure 9.8 will show

that all the tests are succeeded by indicating a green mark.
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Figure 9.6: Job Manager Property window

(courtesy fromwww.oerc.ox.ac.uk/resources)
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To enable the parallel language features of MATLAB be applicable, matlabpool

command is used in parallelizing scripts or functions i.e. Matlabpool open

<configuration>

<Configuration> is replaced with the name of configuration already defined is step one.

To switch off parallel language features and use the local client instead, 'matlabpool'

command is closed using "matlabpool close"

Run Parallel MATLAB jobs

Usually, parallel jobs are executed simultaneously on every worker/lab, this means every

task of a job (i.e. state estimation) is running on each worker/lab at the same time. To

make the workers communicate each other, message-passing facility is used. However,

the facility is automatically accommodated in the PCT. Therefore, to run the script

prepared in step tthree the following MATLAB job submission scripts is prepared.

~ Create a local scheduler object
sched = findResource ('scheduler' , 'Configuration' , 'ccs' );

Create a parallel Job object
pjob createParallelJob(sched);

Set the maximum number of workers
% th maximum and default is 8
~ this is he number of labs returned by
~ the 'numlabs' ommand

set(pjob, 'MaximumNumberOfWorkers',3);
set (pjob, 'MinimumNumb rOf\'vorkers',2) ;

, Cr at a task and assign il to the job
in Lhis case, Lhis is 'paralleSE'

% it has two OULputs
createTask(pjob,@paralleSE,2, (j);

% Submi the job Lo the local scheduler
submit (pjob) ;

% Wal for Lhe job Lo finish
waitForState(pjob);

~ Display all ouLpUL paLame·ers generated
~ by @parallelSE

results = getAIIArguments(pjobj;

• Destroy the job object
destroy(pjob) ;
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(' local
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Configuration Validation
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Parallel Job t) SUcceeded DetMs ...

Matlabpool t) Succeeded Det~Hs ...
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~ Seconds P Use Default

Figure 9.7: Validation set up (courtesy fromwww.oerc.ox.ac.uk/resources)

9.8.2 Programming Parallel Apllications in MATLAB

To start programming parallel applications in MATLAB, first, the tasks of a job have to be

well defined. Then, the following steps are implemented:

• Identify a scheduler. findResource is used to identify a local scheduler and create
the object sched, which represent the scheduler.

sched = findResource ( 'scheduler', 'type',' local' l

• Create a job. Create job (jj on the scheduler

j = createJob(schedl

• Create task within the job (JJ
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• Submit the job to the scheduler queue for evaluation
submit(job)

Wait for the job to complete, then get the results from all the tasks of the job
waitForState(job)
results = getAllOutputArgument(job)

• Destroy the job.
destroy(job)

Operations timing

It is important to time all operations separately allowing inspection of time taken in

execution in detail. Detailed timings are essential in understanding where the time is

spent, and to isolate the potential bottlenecks. All operations have to be written correctly

and in vectorized task creation manner; tic and toe are used for measuring the elapsed

time of all the operations instead of using the job and task properties Create Time,

StartTime, Finish Time, etc. The following activities are measured.

• Job creation time: the time taken in creating a job. For the job manager, this
time involves a remote call, and the job manager allocates space in its database.

• Task creation time: the time taken in creating and saving the task information.
The job manager saves this in its database.

• Job submission time: the time taken in submitting the job. For the job manager,
this is the time to start executing the job it has in its database.

• Job wait time: this is the time for waiting after the job submission until job
completion. It includes all activities that are taking place between job submissions
and when the job has completes, such as: scheduler may need to start all
workers and sending to the workers the task information; the workers reads the
task information, and start executing the task function. In the case of the job
manager, the workers then send the task results to the job manager, which in turn
the job manager writes them to its database.

• Task execution time: the time spent in executing the task. The task function is
instructed to accurately measure this task. This time is also included in the job
wait time.

Result retrieval time: the time taken in bringing the job results into the MATLAB
client. For the job manager, the time is obtained from its database.

Job destruction time: the time taken in deleting all the job and task information.
The job manager deletes it from its database.

• Total time: the time taken in performing all the activities.

Operations timing is performed after the MATLAB client is checked and verified that is

configured to the cluster configuration; if the client is not configured, then, first, it is

configured using:

239



out = findResource();
out = findResource('scheduler', ...'Configuratlon', ...

'ConfigurationName')

'out': Object or array of objects returned

'Configuration': Literal string to indicate usage of configuration

'ConfigurationName': Name of configuration to use

'scheduler': Literal string specifying how to find a scheduler, which can be a

jobmanager.

Full timing of all activities is presented as:

function [times,description] = timeJob(sched,numTask)
~ Measure how long it takes to create a job
timingStart = tic;
start = tic;
job = createJob(sched);
times.jobCreateTime = toc(start);
description.jobCreateTime = 'Job creation time';

% Create all the tasks in one call to createTask, and ..
• measure how long that takes
start = tic;
times.taskCreateTime = toc(start);
description.taskCreateTime = 'Task creation time';

Measure how long it Lakes to submit the job to the cluster
start = tic;
submit (job);
times.submitTime = toc(start);
description.submitTime = 'Job submission time';

% Once the job has been submitted, it is anticipated that .
c' its task executes in parallel. Measure how long it takes .
, Lo star and run Lo compIe ion
start = tic;
wait (job);
times.jobWaitTime = toc(start);
description.jobWaitTime = 'Job wait lime';

Tasks have b en compleled, measure how long it takes to ...
~ retrieve all the job lesulLs
start = tic;
results = getAllOutputArguments(job);
times.resultsTime = toc(start);
description.resultsTime = 'Result retrieval time';

~ Verify that the job ran without any error
if if -all(cellfun(@isempty ,get(job.Tasks, ('ErrorMessage'})))

taskErrorMsgs = scriptl_helper_getUniqueErrors(job);
destroy(job) ;
error ('scriptl:JobErrored' r •••

['The following error(s) occured during task' ...
'execution: n n%s'],taskErrorMsgs;

end
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% Get the execution time of tasks. The task function ...
~ returns execution time as its second outpuc argument
times.exeTime = max([results{:,2l);
description.exeTime = 'Task execution time';

% Measure how long it takes to destroy the job and ...
% all its tasks
start = tic;
destroy (job);
times.destroyTime = toc(start);
description.destrotTime = 'Job destructlon time';

% Measure the total time elapsed from creating the job ...
% up to destroying it
times.totalTime = toc(timingStart);
description.totalTime = 'Total time';

times.numTasks = numTasks;
description.numTasks = 'Number of tasks';
end

9.8.3 Implementing Parallel -Task Algorithm

The parallel problems are organized into independent tasks, and then implementing task-

parallel-algorithm is started. Parallel for-loops (partor) in the PCT are responsible for the

organization. It offers one way to distribute tasks across a multiple MATLAB labs. It

automatically distributes independent loop iteration to multiple MATLAB labs. Parallel for-

loops (partor) construct and manage data and code transfer between MATLAB client

sessions and the labs. Parallel for-loops automatically detect the presence of labs and

can revert to sequential execution if there is no lab.

9.8.4 Implementing Data-Parallel Algorithm

Power system state estimation problem involves data to calculate the best estimates of

the system. For a large, interconnected power systems data are enormous. PCT

provides distributed arrays, parallel functions and is able to comment sections of the

code using single program multiple data (spmd) for parallel execution on several labs.

These parallel construct handle the inter-lab communication and coordinate parallel

computations. In this way, it facilitates implementation of data-parallel algorithm, which is

critical to the solution of state estimation problem.
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9.9 Parallel Processing of multi-area state estimation

Applying parallel processing in solving multi-area state estimation problem involves the

following steps:

Decomposing a system into sub-systems

• Developing hierarchical computing structure i.e. first level and second level

• Preparing first and second level algorithms

• Preparing MATLAB program and debbuging

• Scaling to cluster using MDCS

• Implementing parallel state estimation processing

9.10 Implementing parallel state estimation processing

Run MATLAB script as a batch job

j = batch ('aScript')

Argument

j The MATLAB pool job object

'aScript'. The script of MATLAB code to be evaluated by the MATLAB pool job

j = batch ('aScript) runs the script on a worker according to the scheduler defined in the

default parallel configuration. The function returns j, a handle to the job object that runs

the script. Usually the scrip file is added to the FileDependencies and copied to the

worker. The following terminologies are used in running MATLAB script as a batch job.

'Configuration'- A single string that is the name of a parallel configuration to be
use and find the correct cluster. By default it is the string normally returned from
defaultParalielConfig.

The configuration is specified using: batch (... 'Configuration',
defaultParallelConfig)

'PathDependencies'-A string or cell array of strings that defines paths to be
added to the worker's (lab's) MATLAB path before the script is executed.

'FileDependencies'-A string or cell array of strings. Each string in the list
identifies either a file or a directory, which is transferred to the worker.

• 'CurrentDirectory' -A string indicating in what folder the script executes. The
default value for this property is the cwd of MATLAB when the batch command is
executed, unless any FileDependencies are defined.

• 'CaptureDiary'-A Boolean flag to indicate that the toolbox should collect the diary
from the function call.

•

•
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• 'Matlabpool'-A positive scalar integer that defined the number of labs to make
into a MATLAB pool for the job to run in addition to the worker running in the
batch script. The script uses the pool for execution of statements such as parfor
and spmd.

Batch script can be run on a worker without using a MATLAB pool, on MATLAB pool job

on a remote cluster, using 8 workers for the MATLAB pool in addition to the worker

running the batch script. Therefore, this job requires a total of 9 workers, and on a local

worker, which employ two other local workers. The three options can be defined as:

j = batch ('script1', 'matlabpool', 0);

j = batch ('script1', 'matlabpool', 8);

j = batch ('script1', 'Configuration', 'local', 'matlabpool', 2);

MATLAB pool

MATLAB pool enables the parallel language features in the MATLAB language such as

parfor by starting a parallel job that connects the MATLAB client with a number of labs

(workers). MATLAB pool or MATLAB pool open starts a worker (lab) pool using the

default parallel configuration, with the pool size specified by that configuration. The pool

size can be specified using matlabpool open poolsize, but most schedulers have a

maximum number of processes that they can start. If the configuration specifies a job

manager as the scheduler, matlabpool reserves its workers (labs) from among those

already running and available under the job manager. If the configuration specifies a

third-party scheduler, matlabpool instructs the scheduler to start the worker.

Matlabpool open configname or matlabpool open configname poolsize starts a worker

pool using the Parallel Computing Toolbox (PCT) user configuration identified by

configname rather than the default configuration to locate a scheduler. If the pool size is

specified, matlabpool overrides the maximum and minimum number of workers specified

in the configuration and starts a pool of exactly that number of workers, even if it has to

wait for them to be available. Without specifying open or close, the command default is

open. Matlabpool close stops the worker pool, destroy the parallel job and makes all

parallel language features revert to using the MATLAB client.

The following terminologies are used when operating matlabpool in parallel computing:

• Matlabpool size returns the size of the workerpool if it is open, or 0 if the pool is
closed

• Matlabpool ('open' ... 'FileDependencies', filecell) starts a worker (lab) pool and
allows to specifyfile dependencies so that necessary files can be passed to the
workers in the pool. The cell array filecell is appended to the FileDependencies
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specified in the configuration used for startup. The 'FileDependemcies' property is
case sensitive and must appear as shown.

Matlabpool ('addfiledependencies', filecell) allows adding extra file
dependencies to an already running pool. filecell is a cell array of strings identical
in form to those used when adding file dependencies to a job or when opening a
matlabpool. Each string can specify either absolute or relative files, directories or
a file on the MATLAB path. The command transfers the files to each worker (lab),
placing the files in the dependencies directory.

• Matlabpool updatefiledependencies checks all the file dependencies of the
current pool to see if they can be changed and replicates any changes to each of
the labs in the pool. In this way code changes can be sent to remote labs.

• Matlabpool close force destroys all parallel jobs created by matlabpool for the
current user under the scheduler specified by the default configuration

• Matlabpool close force configname destroys all parallel jobs being run under the
scheduler specified in the configuration configname.

The parallel computing toolbox (PCT) enables to execute MATLAB programs on a

cluster. A decision how to divide a large collection of MATLAB operations into smaller

work units, called tasks, which the workers (labs) in the cluster can execute, has to be

planned. One of the important advantages of PCT is that it builds very well on top of

existing sequential code. Then, the focus is on developing an efficient sequential

MATLAB code during the algorithm development, debugging and performance evaluation

stages. During the development of sequential code, the computations from the pre-and

post processing are separated ready to make the core of the computations as simple and

independent from the rest of the code and afterward the computations are distributed.

On how to divide the computations into smaller tasks, attention is paid to:

• The number of function calls to be make

• The time it takes to execute each function call

• The number of workers that to be used in the cluster.

Implementation of the proposed algorithm and MATLAB program is given in chapter 10.

9.11 Conclusion

The chapter has presented the concept of parallel and distributed processing in solving a

large power system optimization problem. Parallel and distributed processing systems

are reviewed and presented. Advantages and disadvantages of the two systems basing

on cost, scalability, flexibility and configurability, exploitation of special hardware and

technical comparison is made. Both parallel and distributed processing is based on

concurrency principle. A distinction between the two processing method is that: parallel
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processing employs a number of closely coupled processors, while distributed

processing employs a number of loosely coupled geographically distributed computers.

In addition, the distinction of the two also depends on how system components are

physically organized.

The parallel computing toolbox (PCT) and the MATLAB distributed computing server

(MOCS) are important for parallel processing. They give possibilities to coordinate and

execute independent MATLAB operations on a cluster of computers. The chapter has

presented in detail the basic distributed processing configuration, components

represented in the client, and life cycle of a job.

To employ parallel for the solution of power system optimization problem, in particular

state estimation (SE), a program that fulfills the requirement of the parallel computing

toolbox (PCT) has to be developed. The chapter has presented a program for parallel

processing method .The programs together with the WLAV state estimation code are

used in solving the problem. The programs form the basis for parallel processing

simulation of chapter 10.

Chapter 10 presents simulation results from load flow, WLS state estimation, WLAV state

estimation for the integrated Tanzanian Power System Network Mode as well as State

estimation results obtained by using a parallel processing method under decomposed

model.
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CHAPTER TEN: SIMULATION AND NUMERICAL RESULTS

10.1 Introduction

This chapter presents load-flow and state estimation simulation procedures and

results. First, a load-flow program is run and the outputs from the simulation are used

as input to the state estimation simulation. A MATLAB program developed using

Newton-Raphson algorithm is employed in running the load flow simulation.

Next, MATLAB programs coded using WLS and WLAV state estimation criteria are

used in the simulation using integrated network model of chapter 5. Finally, a

MATLAB program developed based on the parallel processing method is used in the

simulation using the decomposed model of chapter 5.

10.2 Computational results

10.2.1 Load-Flow (Integrated Model)

The purpose of implementing the load flow analysis is:

To validate the built approximate Tanzanian Power System Network Model
and the data collected from Tanzania Electric Supply Company Limited
(TANESCO).

To evaluate the performance of the improved MATLAB program

To obtain bus injections (MW and MVAr), line flows (MW and MVAr) and line
loading. TANESCO was not eager to provide these data which are essential
input for power system state estimation studies.

Initial values are set at:

• 1.00 per-unit for all voltage-controlled and load demand buses

00.00 (Phase angle) for all buses

Data and information on the IEEE standard power systems and the 30- bus

(Tanzanian Model) used are given as follows:

Ward Hale 6 bus system [Mariesa, 2003] represents a simple test system. The test

system is shown in appendix A2. The test system consists of the following

components:

2 Generators

• 7 Transmission lines

5 Demand centres

• 2 Transformers
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Linedata and busdata for Ward Hale 6 bus system are given in appendices 84 and

85, respectively.

IEEE 14 bus test system [http://wwwwashington.edu.research/pstca] represents a

portion of the American Electric Power System (AEP). The test system was taken

form the University of Washington Power System Test System Archive. IEEE 14 bus

test system is shown in appendix A3. The test system consists of the following

components:

4 Generators

• 20 Transmission line

11 Load Centres

3 Transformers

• Does not have transmission line limits

It had low base voltage

• Presented in ieee14cdf.txt

The linedata and busdata for IEEE 14 test system are presented in appendices 86

and 87, respectively.

IEEE 30 bus test system represents a portion of AEP, also taken from the University

of Washington Power System Test System Archive. IEEE 30 bus test system is

shown in appendix A4. The system consists of the following components:

6 Generators

• 41 Transm ission lines

21 Load Centres

4 Transformers

Total installed capacity of 435 MW

• Has maximum power demand of 283.40 MW

• Represents a portion of the American Electric Power System (in Midwestern
US) as of December, 1961

• Does not have transmission line limit

• It had low base voltage

Presented in ieee30cdf.txt

Linedata and busdata for IEEE 30 test system are presented in appendices 88 and

89, respectively.
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30- Bus systems represent an approximate Tanzanian Power System Network

Model. The approximate model is shown in appendix A5. The model consists of the

following components:

• 13 Generators

33 Transmission lines

17 Load centres

• 6 Transformers.

Approximate total installed capacity of 1.053.05 MW

• Has maximum power demand of more than 600 MW

Represents high voltage transmission system comprising of 220, 132 and 66
kV

• Does not have transmission line limits (not disclosed by TANESCO)

Linedata and busdata of the system are presented in appendices B1 and B2,

respectively.

Input Data: Input data were prepared according to IEEE Common Data Format found

in the paper "Common Data Format for the Exchange of Solved Load Flow Data",

Working group on Transactions on Power Apparatus and Systems, Vol. PAS-92,

NO.6, November/December 1973, pp. 1916-1925 For the 30 Bus systems, additional

input data are provided in appendices B3, B4 and B5, respectively

Hardware: The modified and improved MATLAB program shown in appendix C3 was

tested on a computer with CPU Pentium IV, 3.33 GHz and 0.99GB of RAM.

Computational Result: IEEE Standard power systems14, 30 and 3D-bus Tanzanian

Power System Model were used in implementing the simulation. Obtained

computational results comprises of:

Accepted voltage operating limits (Table 10.1).

• Voltage magnitude and phase angle profiles for 30 Bus in tabular form (Table
10.2).

• Voltage magnitude and phase angle profiles for 30 Bus in graphical form
(Figure 10.1).

• Voltage magnitude and phase angle profiles for 30 Bus in kV and degrees
(Table 10.3).

• Summary of load-flow results (Table 1DA)

• Comparison of voltage magnitude profiles (Figure 10.2)
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Table 10.1: Accepted voltage level operating limit
Voltage Operating limit Operating Limit
level lower Upper lower Upper
[kV] [p.u.] [p.u.] [kV] [kV]
66 0.95 1.10 62.70 72.60
132 0.95 1.10 125.40 145.20
220 0.95 1.10 209.00 242.00

Table 10.2: Voltage magnitude and An Ie profiles: 30-Bus
Bus Voltage Bus Voltage
No. Vm Angle No. Vm Angle

[p.u.] [degree] [p.u.] [degree]
1 1.000 00.000 16 0.963 11.595
2 1.003 02.559 17 0.997 04.743
3 1 006 00.373 18 1.000 04.761
4 1.000 00.370 19 1.000 -03.155
5 1.000 11.197 20 1.010 -02.913
6 1.004 12.328 21 1.011 -02.843
7 0.991 17.351 22 0.982 -01.832
8 1.007 13.749 23 0.993 00.330
9 1.000 24.783 24 1.000 02.016
10 1.000 30.183 25 0.999 -08.438
11 0.988 30.148 26 0.996 -10.413
12 1.009 21.200 27 1.000 -10.309
13 1.000 25.460 28 0.971 -14.481
14 1.000 26.367 29 1.010 -08.929
15 0.994 26013 30 1.022 -10.415

30-Bus
~ 1.05.-----.------.----_,,-----.-----~----_,
ei. I--+- Vm I.S

~

i
~
'5
> 0.95 '------~----~------~----~----~-------)

o 5 10 15 20 25 30

40.-----.------.------,-----.-----~----_,

~ 20

I --+- deltad I

-20'------~----~------~----~----~----~o 5 10 15
Bus Number

20 25 30

Figure 10.1: Voltage magnitude and Phase angle profile: 30- bus
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Table 10.3: Volta e magnitude and Angle profiles in kV and degree: 30- Bus
Bus Voltage Angle Bus Voltage Angle Bus Voltage Angle
No. Mag. [Degree] No. Mag. [Degree] No. Mag. [Degree]

[kV] [kV] rkVl
1 217.78 00.000 11 130.20 30.148 21 218.88 -02.843
2 217.73 02.559 12 133.94 21.200 22 214.92 -01.832
3 218.06 00.373 13 133.94 25.460 23 215.62 00.330
4 216.77 00.370 14 133.89 26.367 24 214.28 02.016
5 218.80 11.197 15 133.07 26.013 25 223.15 -08.438
6 219.87 12.328 16 129.65 11.595 26 220.37 -10A 13
7 131.18 17.351 17 66.50 04.743 27 131.83 -10.309
8 220.46 13.749 18 66.68 04.761 28 126.60 -14A81
9 132.35 24.783 19 65.31 -03.155 29 138.20 -08.929
10 130.57 30.183 20 218.90 -02.913 30 139.70 -10A15

Table 10.4: Summary of load flow results
Test System IEEE14 IEEE30 30- Bus
Number of Line 20 41 33
Accuracy 0.0001 0.0001 0.0001
Trans. Tap setting FIXED FIXED FIXED
Maximum Power Mismatch 1.15x10-8 1.2x10-8 7.17x10·
Number of iterations 10 9 4
CPU Time (Seconds) 2.16 3A6 3.16
Injected MVAr 0.00 0.00 0.00
Total System Loss (MW) 13A83 17.730 28.041
Total System Loss(MVAr) 31.618 23.611 -171.028

Table 10.5: Operating power factor (pf): 30- Bus
Bus Power Bus Power Bus Power
No. Facto No. Factor No. Factor

(pt) (pf) (pt)
1 00.000 11 0.8790 21 0.9721
2 0.9973 12 0.9291 22 0.9502
3 0.9996 13 0.8972 23 0.9658
4 0.9995 14 0.8904 24 0.9070
5 0.9766 15 0.8931 25 0.8812
6 0.9721 16 0.9831 26 0.8790
7 0.9502 17 0.9973 27 0.9291
8 0.9658 18 0.9995 28 0.8972
9 0.9070 19 0.9995 29 0.8904
10 0.8812 20 0.9766 30 0.8931
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Figure 10.2: Comparison of Voltage magnitude profiles

Discussion:

Computational results from IEEE standard power systems 14 and 30 compares
favourably with the existing values from the archive.

• The voltage magnitude and phase angle profiles shown in Figure 10.1 and Table
10.2 reflect the steady-state acceptable value of the Tanzanian Electric Supply
Company Limited (TANESCO). The voltage magnitudes in per unit at each bus is
within the operating limit of 0.95 - 1.10. The power factor (pf) ranges between
0.864 and 0.910, which is the operating power factor (pf) of the system.

• The maximum power mismatch obtained is below the targeted value for both
IEEE standard power systems as well as for the 30 Bus Tanzanian Power
System Model.

The computational results demonstrate that; the selection of system components and the

modelling process was appropriate and accurate. Also it shows that the high voltage

transmission system at the time of simulation has the required nominal capacity to meet

the present demand. Hence, the obtained computational results in particular bus

injections (MW and MVAr) at all buses and line flows (MW and MVAr) from the 30 bus

systems can be used for power system state estimation studies.

As conclusion: The improved MATLAB program developed using Newton-Raphson

method, can be improved and used as an alternative load-flow software to PSS/E

software now in application at TANESCO central dispatch centre.
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10.2.2 WLS State Estimation (Integrated Model)

The weighted least squares (WLS) and the weighted least absolute value (WLAV) criteria

are used to implement the computer simulation. The criteria are different in the objective

functions as described in chapter 7 particularly in minimizing the measurement errors.

But, the two criteria use Newton-Raphson method for linearization process. The

measurement equations used by the criteria are non-linear functions derived from bus

voltages and angles.

In both criterion, the measurement Jacobian (H) is obtained by taking the derivative of

the measurement equations. The calculate measurements and measurement Jacobian

(H) are used to solve the states based on the equations obtained for minimization of the

objective function.

The common part for every criterion (WLS) and (WLAV) lies in calculating the

measurements using measurement equation and solving for the measurement Jacobian

matrix (H). The criterion differ only in the equation and the numerical method used for

solving the system state.

The aim of conducting WLS state estimation simulation was:

• To evaluate the performance of the modified and improved version of WLS state
estimation MATLAB program.

• To set up benchmark values for voltage magnitude and phase angle of each bus
in particular for the Tanzanian Power System Network Model.

The WLS state estimation MATLAB program version was modified and improved on the

basis of Deepark Krishnan's version [http://www.mathworks.com/matlab central/file

exchange] developed in 2004. The old version is given in appendix C4. Krishnan's

program is difficult to implement in large test system. It works well when applied to less

than 10 bus test system. However, when applied to systems with more buses like the

IEEE 14 bus test system the program took a long time to converge and even made the

computer to freeze (stop working). In addition, the program is short of:

Codes on the bus system. It was difficult to establish which bus is voltage-
controlled or demand bus

• Format in preparation of linedata or busdata files.

• Value of MVA base

Thus, failure to solve large test systems, short of clear procedure/format in preparation of

linedata and busdata, it was essential to make modifications and improvement on the

program by introducing some of missing information. The following MATLAB files

(m.files) were introduced and added to the program:
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• ybusppg.m file

• Bbppg .m file

• zdata.m file

• random error

The modified/improved version of the program is shown in appendix CS. This program is

used in the solution of the WLS state estimation. Measurements for the WLS simulation

were obtained from Load-Flow results.

Measurements obtained from the remote terminal units (RTU) are not exact value. They

are usually erroneous as stated in chapter 7. The errors are due to accuracy limits, bad

calibration, aging of the RTU and also communication noise in transmission channels.

The exact values of the measurements are obtained from a load- flow solution and these

were accepted as true value. Since these measurements are true value, it is necessary

to introduce a random error in order to represent as erroneous measurements.

A random error is introduced into the measurements using the following eqn:

(10.1)

where

Zk is the kth simulated measured value, k = 1, 2, m

Ak is the actual value from the load-flow analysis

O"k is the standard deviation of the kth measurement

m number of measurements

RND is a random number with normal distribution and zero mean which is between -1 to

+1

The accepted values of the Standard deviations proposed in [Kamireddy, 2008; Abur &

Celik, 1991] for different types of measurements are given in Table 10.6., and were used

to compute the new measurements.

Table 10 6· Standard deviation values
Serial Type of Value of standard
No. measurements deviation (cr) in per-unit
1 Voltage 0.004
2 Real power injection 0.01
3 Reactive power injection 0.01
4 Real power flow 0.008
5 Reactive power flow 0.008
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After introduction of random error a new zdata30.m file was prepared. The file has given

in appendix B6 has six columns; namely:

• number of measurements

• type of measurements

• value of measurements basing on MVA base

• From

• To

• Rii (measurement covariance)

Before implementing the WLS state estimation simulation, initial values were set at:

• 1.00 per-units for voltage

00.00 degree for phase angle.

• A convergence tolerance was set at 10-4

In the first iteration the measurements were calculated using the initial flat values of

voltage and phase angle. After the first iteration, the measurements were calculated

using the updated system state. The obtained error was compared against the tolerance

in every iteration. The error is given by:

e = Maxtmumiabsotutevalueof (HT x R-1 X [z - h(x)])) 10.2

When the error was less than a predefined tolerance, the iteration was terminated. The

algorithm used is given in Figure 10.3

Input Data: Input data were prepared according to IEEE Data format. The linedata and

busdata for all test systems are the same as those used in the load-flow simulation.

Zdata30 file which include: real and reactive power injection, real and reactive power

flows and voltage magnitude injection was an addition.

Hardware: The modified and improved MATLAB program shown in appendix C5 was

tested on a computer with CPU Pentium IV, 3.33 GHz and 0.99GB of RAM.

MATLAB Program: A program to compute WLS state estimation solution for 30-bus was

used. The program comprises of 9 files:

• SE30- M file (running program)

• LD30-Excel file

• BD30- Excel file

• Ybusppg - M file

• Bbusppg - M file
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• Pol2rect - M file

• Rect2pol -M file

• Zdata30 - M file

WLS- M file (main program)

Computational Result: The efficiency of the program was demonstrated by IEEE

standard power systems: 14,30 and the 3D-bus system of the Tanzanian Power System

Network Model. Obtained computational results comprises of:

• Voltage magnitude and phase angle profiles for 30- bus in Tabular form
presented in Table 10.7

• Voltage magnitude and phase profiles for 3D-bus in kV and degrees shown in
Table 10.8

• Summary of WLS state estimation results are shown in Table 10.9

• Voltage magnitude measurement errors shown in Table 10.10

• Voltage magnitude and angle profiles for 30 Bus in graphical form presented in
Figure 10.4

• Residual distribution for the 30- bus is given in Figure 10.5

State estimator error distribution is shown in Figure 10.6

Covariance values are given in graphical form in Figure 10.7

•

Table 10.7: Voltage magnitude and An Ie profiles: 30-Bus
Bus Voltage Bus Voltage
No. Vm Angle No. Vm Angle

[p.u.] [degree] [P.u.] [degree]
1 00.9614 00.0000 16 00.9350 14.4283
2 00.9594 04.2278 17 00.9646 09.9308
3 00.9608 01.7868 18 00.9675 09.9496
4 00.9548 01.7692 19 00.9705 02.4502
5 00.9636 13.1024 20 00.9696 02.9531
6 00.9687 14.3279 21 00.9697 02.9651
7 00.9579 19.2351 22 00.9494 03.4359
8 00.9716 15.8562 23 00.9533 05.2061
9 00.9675 26.6922 24 00.9450 05.8016
10 00.9545 30.7587 25 00.9989 -02.6612
11 00.9511 31.0538 26 00.9854 -04.5657
12 00.9775 23.1554 27 00.9823 -04.4707
13 00.9715 27.9832 28 00.9443 -08.6637
14 009715 28.9300 29 1.0458 -02.3242
15 00.9649 28.5558 30 1.0568 -03.7123
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T bl 108 V I . d dA I fI . kV d d 30 Ba e .. o ta e maqnltu e an nqre pro Ies In an egrees: - us
Bus Voltage Angle Bus Voltage Angle Bus Voltage Angle
No. Mag. [Degree] No. Mag. [Degree No. Mag. [Degree

[p.u.] [p.u.] [p.u~
1 217.78 00.0000 11 130.20 31.0786 21 218.88 02.9676
2 217.73 04.2311 12 133.94 23.1738 22 214.92 03.4388
3 21806 017882 13 133.90 280053 23 215.62 05.2101
4 216.77 01.7705 14 133.89 28.9528 24 214.28 05.8061
5 218.80 13.1128 15 133.07 28.5783 25 223.15 -02.6634
6 219.87 14.3393 16 129.65 14.4396 26 220.37 -04.3554
7 131.18 19.2503 17 66.50 09.9388 27 131.83 -03.5046
8 220.46 15.8688 18 66.68 09.9576 28 126.60 -03.0548
9 132.35 26.7135 19 65.31 02.4523 29 138.20 -02.5997
10 130.57 30.7833 20 218.90 02.9556 30 139.70 -02.3000

9 STable 10. : ummary of WLS state estimation resu ts
Test System IEEE14 IEEE30 30 Bus
Number of Line 20 41 33
Number of Measurements 41 93 97
Redundancy (%) 152 158 164
Accuracy 0.0001 0.0001 0.0001
Number of States 27 59 59
Number of iterations 5 5 5
Tolerance 2.26E-007 9.54E-007 1.60E-005
CPU Time (Seconds) 0.165 0.231 0.274

Table 10-10: Volta! e magnitude errors (WLS - 3D-Bus
Bus True Estimated Error Bus True Estimated Error
No. Meas. Value [p.u.] No. Meas. Value [p.u.]

[p.u.] [p.u.] [p.u.] jp_.uj
1 01.0000 00.9610 00.0389 16 00.9630 00.9347 00.0283
2 01 0030 00.9590 00.0440 17 00.9970 00.9643 00.0327
3 01 0060 00.9604 00.0456 18 01.0000 00.9671 00.0383
4 01.0000 00.9544 00.0456 19 01.0000 00.9601 00.0398
5 01.0000 00.9632 00.0368 20 01.0100 00.9692 00.0408
6 01.0040 00.9683 00.D357 21 01.0110 00.9693 00.0417
7 00.9910 00.9575 00.0335 22 00.9820 00.9490 00.0330
8 01.0070 00.9713 00.0357 23 00.9930 00.9529 00.0401
9 01.0000 00.9671 00.0383 24 01.0000 00.9446 00.0554
10 01.0000 00.9541 00.0459 25 00.9990 00.9985 00.0005
11 00.9880 00.9507 00.0373 26 00.9960 00.9857 00.0103
12 01.0090 00.9771 00.0319 27 01.0000 00.9828 00.0172
13 01.0000 00.9711 00.0289 28 00.9710 00.9792 00.0082
14 01.0000 00.9711 00.0289 29 010100 01 0452 -00.0352
15 00.994 00.9646 -00.0206 30 01.0220 01.0515 -000355
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Table 10-11: Volta! e angle errors (WLSI - 30-Bus
Bus True Estimated Error Bus True Estimated Error
No. Meas. Value [Degree.] No. Meas. Value [Degree]

[Degree] [Degree] [Degree] [Degree]
1 000000 00.0000 00.0000 16 11.5950 14.4396 -02.8446
2 02.5590 04.2311 -01.6721 17 04.7430 09.9388 -05.1958
3 00.3730 01.7882 -01.4152 18 04.7610 09.9576 -05.2146
4 00.3700 01.7705 -01.4005 19 -03.1550 02.4523 -05.6073
5 11.1970 13.1128 -01.9158 20 -02.9130 02.9556 -05.8686
6 12.3280 14.3393 -02.0113 21 -02.8430 02.9676 -05.8106
7 17.3510 19.2503 -01.8993 22 -01.8320 03.4388 -05.2708
8 13.7490 15.8688 -02.1198 23 00.3300 05.2101 -04.8801
9 24.7830 26.7135 -01.9305 24 02.0160 05.8061 -03.7901
10 30.1830 30.7833 -00.6003 25 -08A380 -02.6634 -05.7746
11 30.1480 31.0786 -00.9306 26 -10A 130 -04.3554 -06.0576
12 21.2000 23.1738 -01.9738 27 -10.3090 -03.5046 -06.8044
13 25.4600 280053 -02.5453 28 -14A810 -03.0548 -11.4262
14 26.3670 28.9528 -02.5858 29 -08.9290 -02.5997 -06.3293
15 26.0130 28.5783 -02.5653 30 -10A150 -02.3000 -08.1150
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Figure 10.4: Voltage magnitude and Angle profiles: 30-Bus
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Discussion:

• The voltage magnitude and angle profiles shown in Figure 10.4 and Table 10.7
reflect the steady-state acceptable value of the Tanzanian Electric Supply
Company Limited (TANESCO). The voltage magnitudes in per unit at each bus is
within the operating limit of 0.95 - 1.10. The power factor (pf) ranges between
0.86 and 0.910, which is the operating power factor (pf) of the system.

The tolerance is below the targeted value for both IEEE standard power systems
as well as for the 30- bus Tanzanian Power System Model.

All the test system converged after 5 numbers of iterations

• Voltage magnitude and phase angle profiles of the 30-bBus obtained from the
WLS state estimation simulation compares favourably with that of the load-flow
simulation.

• Time taken for convergence increases as the number of test system buses
increases

The computational results obtained from the WLS state estimation demonstrate that; the

obtained computational results in particular bus injections (MW and MVAr) at all buses

and line flows (MW and MVAr) from the 30- bus systems during load flow analysis

reflects the approximate true value of the systems.

As conclusion: The improved WLS state estimation MATLAB program modified and

improved can be further improved and used in the state estimation studies of the

system. However, in order to make this impiementabie, the approximate Tanzanian

Power System Network Model used in the simulation has to be improved and expanded.

10.2.3 WLAV State Estimation (Integrated Model)

The intention of performing the constrained weighted least absolute value (WLAV) state

estimation is:

• To evaluate the efficiency of the algorithm developed in chapter 7.

• To evaluate effectiveness of adjusting the barrier parameter (,u)

• To obtain state vector solution which will be used as bench mark when working
with parallel and distributed processing in the next subsection

Input Data: Almost all of the input data are the same as those used for WLS state

estimation. Since the constrained WLAV algorithm included inequality constraints in its

formulation as stated in chapter 7.

In all test cases, the generator reactive power (VAr) limit is modelled as inequality
constraints. Numbers of inequality constraints reflect that every generator bus in the
network has both an upper and lower VAr limit. Other form of inequality constrains
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existing in the network such as: transformer turn ratios and unmeasured load were not
used.

MATLAB Program: A MATLAB program modified and improved from that used to

compute the WLS state estimation solution for 30 Bus was used. The improved program

is shown in appendix C6 and comprises of 10 files, namely:

WLAV30- M file (running program)

• L030-Excel file

• B030- Excel file

• Ybusppg - M file

• Bbusppg - M file

• Pol2rect - M file

• Rect2pol -M file

• Zdata30 - M file

• WLVA - M file (main program)

In order the program to execute the intended task, all the files must be in the current

directory. The WLAV30 can be used to run the whole program.

Hardware: MATLAB program shown in appendix C6 was tested on a computer with CPU

Pentium IV, 3.33 GHz and 0.99GB of RAM.

Computational Result: It was observed that; when no inequality constraints become

active, the WLAV state estimation converges to the WLS estimate. When the inequality

constraints are introduced, the constrained WLAV estimation converges with extra

iteration. Numbers of iterations was checked whenever the step size was modified to

found if they increase or decrease. The iterations are terminated when the relative duality

gap calculated using Eqn (7.68) is10-6.

Obtained computational results comprises of:

• Table 10-11 presents voltage magnitude and angle profiles from WLAV state
estimation

• Tables 10-12 and 10-13 Voltage magnitude and Voltage angle errors

• Figure 10-8 gives Voltage magnitude and Angle profiles of 30-Bus under WLAV
criterion

• Figure 10-9 shows comparison of residual (r) and error (e) distribution

• Figure 10-10 shows distribution of upper (u) and lower (I) slack variables

• Figure 10-11 gives changes of barrier parameter (p) against vector of Lagrange
multipliers when are decreased from higher values to low values for a Ward Hale
6 bus test system.
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• Figure 10-12 shows changes of barrier pararnetertu) with vector of Lagrange
multipliers for low values of Lagrange multipliers

Table 10-12: Voltage magnitude and Angle orefiles (WLAV): 3D-Bus
Bus Voltage Voltage Bus Voltage Voltage
No. Magnitude Angle No. Magnitude Angle

[p.u.] [Degree] [p.u.] [Degree]
1 00.9614 00.0000 16 00.9350 14.4283

2 00.9594 04.2278 17 00.9646 09.9308

3 00.9608 01.7868 18 00.9675 09.9496

4 00.9548 01.7692 19 00.9605 02.4502

5 00.9636 13.1024 20 00.9696 02.9531

6 00.9687 14.3279 21 00.9697 02.9651

7 00.9579 19.2351 22 00.9494 03.4359

8 00.9716 15.8562 23 00.9533 05.2061

9 00.9675 26.6922 24 00.9450 05.8016

10 00.9545 30.7587 25 00.9989 -02.6612

11 00.9511 31.0538 26 00.9854 -04.5657

12 00.9775 23.1554 27 00.9823 -044707

13 00.9715 27.9832 28 00.9443 -8.6637

14 00.9715 28.9300 29 01.0458 -02.3242

15 00.9649 28.5558 30 01.0568 -03.7123

VOLTAGEMAGNITUDEANDANGLEPROFILES:30-Bus
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Figure 10-8: Voltage magnitude and Angle profiles- 30 Bus
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Table 10-13: Voltar e magnitude errors (WLAV) - 30-Bus
Bus True Estimated Error Bus True Estimated Error
No. Meas. Value [p.u.] No. Meas. Value [p.u.]

[p.u.] [p.u.] [p.u.] [p.u.]
1 01.0000 00.9614 00.0386 16 00.9630 00.9350 00.0280
2 01.0030 00.9594 00.0406 17 00.9970 00.9646 00.0324
3 01.0060 00.9608 00.0452 18 01.0000 00.9675 00.0325
4 01.0000 00.9548 00.0452 19 01.0000 00.9605 00.0395
5 01.0000 00.9636 00.0364 20 01 0100 00.9696 00.0404
6 01.0040 00.9687 00.0353 21 01.0110 00.9697 00.0413
7 00.9910 00.9579 00.0331 22 00.9820 00.9494 00.0326
8 01.0070 00.9716 00.0354 23 00.9930 00.9533 00.0397
9 01.0000 00.9675 00.0325 24 01.0000 00.9450 00.0550
10 01.0000 00.9545 00.0455 25 00.9990 00.9989 00.0010
11 00.9880 00.9511 00.0369 26 00.9960 0.9854 00.0106
12 01.0090 00.9775 00.0315 27 01.0000 0.9823 00.0177
13 01.0000 00.9715 00.0285 28 00.9710 00.9443 00.0267
14 01.0000 00.9715 00.0285 29 01.0100 01.0458 -000358
15 00.994 00.9649 -00.0209 30 01.0220 01.0568 -000348

Table 10-14: Volta; e angle errors (WLVA) - 30-Bus
Bus True Estimated Error Bus True Estimated Error
No. Meas. Value [Degree.] No. Meas. Value [Degree]

[Degree] [Degree] [Degree] [Degree]
1 00.0000 00.0000 00.0000 16 11.5950 14.4283 -02.8333
2 02.5590 04.2278 -01.6688 17 04.7430 09.9308 -05.1878
3 00.3730 01.7868 -01.4138 18 04.7610 09.9496 -05.1886
4 00.3700 01.7692 -01.3992 19 -03.1550 02.4502 -05.6052
5 11.1970 13.1024 -01.9054 20 -02.9130 02.9531 -05.8440
6 12.3280 14.3279 -01.9999 21 -02.8430 02.9651 -05.8081
7 17.3510 19.2351 -01.8805 22 -01.8320 03.4359 -05.2679
8 13.7490 15.8562 -02.1072 23 00.3300 05.2061 -04.8761
9 24.7830 26.6922 -01.9092 24 02.0160 05.8016 -03.7856
10 30.1830 30.7587 -00.5757 25 -08.4380 -02.6612 -05.7768
11 30.1480 31.0538 -00.9058 26 -10.4130 -04.5657 -05.8473
12 21.2000 23.1554 -01.9554 27 -10.3090 -04.4 707 -05.8383
13 25.4600 27.9832 -02.5232 28 -14.4810 -08.6637 -05.8173
14 26.3670 28.9300 -02.5630 29 -08.9290 -02.3242 -06.6048
15 26.0130 28.5558 -02.5428 30 -10.4150 -03.7123 -06.7027
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Discussion:

• The voltage magnitude and angle profiles shown in Figure 10.8 and Table 10.12
reflect the steady-state acceptable value of the Tanzanian Electric Supply
Company Limited (TANESCO). The voltage magnitudes in per unit at each bus is
within the operating limit of 0,95 - 1.10. The power factor (pf) ranges between
0.86 and 0,910, which is the operating power factor (pf) of the system.

Simulation converged after 6 numbers of iterations; time elapses till convergence
is 3.07 second.
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Voltage magnitude and phase angle profiles of the 30-bBus obtained from the
WLAV state estimation simulation compares favourably with that of the load-flow
simulation. However, the erros for voltage magnitude and voltage angle is smaller
compared to that obtained from WLS state estimation

• When obtained voltage magnitude values are converted and check against
accepted operating voltage level limits given in Table 10.1, the results are within
limits.

• Barrier parameter was obtained using the eqn (7.78) in chapter 7. Care was taken
when changing the vectors of Lagrange multipliers given in (7.20). For higher
values of Lagrange multiplier, barrier parameter becomes great than 1. Adjusting
of complementary gap and barrier parameter was taken in such a way to make
sure that the value of barrier parameter is not equal to zero but it approaches
zero when the process progress. From the simulation it was observed that when
the barrier parameter becomes zero it affects the diagonal matrix 0 given in Eqn
(7.55) which makes the matrix singular. The optimal barrier parameter which
gives optimal WLAV results was obtained at low vector of Lagrange multipliers.

• Step length was choosen so that the primal solution remains feasible and is
interior to the constraints region. The non-linear constraints were checked to
establish if there is violation after the step length is taken. If there is a violation,
step length was reduced and a new solution point was re-calculated.

• Computational efficiency strongly depends how the correction equation (7.60) is
structured. If the equation has more variables, the method takes more iteration to
converge. When variables in the equation are reduced, number of iterations to
convergence is reduced. It is therefore necessary to construct the correction
equation with few variables i.e. with a reasonable matrix structure.

• The computational experience obtained after running the WLAV state estimation
indicates that the number of iterations needed to converge to a solution is
comparable to the weighted least squares (WLS) of section 10.2.2.

• It has been observed that WLAV state estimation solution satisfy a subset of (m)
measurements exactly while the remaining (m-n) measurements have non-zero
residual. In this thesis 38 measurements were identified to have zero residual.
Therefore, computational procedure was reduced by terminating the iteration
early by only solving the exactly determined system for the solution.

The computational results obtained from the WIAV state estimation demonstrate that; the

obtained computational results in particular voltage magnitude and voltage angle at each

bus of the system reflects the load flow result which was taken as the true values of the

system.

As conclusion: The improved WLAV state estimation MATLAB program used in this

thesis has a room for more improvement and used in the state estimation studies of the

system. However, in order to make this impiementabie in future, the approximate

Tanzanian Power System Network Model used in the simulation has also to be improved

and expanded to include new buses.
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10.2.4 Parallel Processing of SE (Decomposd Model)

The Tanzanian Power System Network Model proposed in chapter 5 is decomposed into

a set of 3 interconnected sub-systems (Figure 5.3), which overlap each other. State

vector of these sub-systems are used in the estimation process. There are 2 advantages

to move from central (integrated) state estimation towards parallel and distributed

approach:

• Local estimation in sub-systems eliminates the necessity for communication
between subsystem and the central estimation unit.

• Local estimators' deals with much lower data (Tables 10.15 to 10.17) compared
to measurement vector used in central (integrated) estimation algorithms.
Consequently, computational power requirement decreases with parallel
processing estimation method.

T bl 10 15 d t fa e : z a a or su -sys em
Meas. Type Value From To Meas. Type Value From To

Bus Bus Bus Bus
No. No. No. No.

1 1 01.000 1 0 21 4 01.082 5 2
2 2 -00062 2 0 22 4 00.109 2 24
3 2 -00.200 3 0 23 4 00.131 3 4
4 2 -00.130 4 0 24 4 -00877 5 6
5 2 01.420 5 0 25 4 -00.767 6 8
6 2 00.000 7 0 26 4 -00.318 7 12
7 2 02.590 9 0 27 4 -00.789 9 10
8 2 00.100 10 0 28 4 00.270 9 12
9 2 -00.176 11 0 29 4 00.178 10 11
10 2 -00.120 12 0 30 5 -00.162 2 3
11 3 -00.016 2 0 31 5 -0.149 5 2
12 3 -00.070 3 0 32 5 -00.51 2 24
13 3 -00.214 4 0 33 5 -00.073 3 4
14 3 00.185 5 0 34 5 00.640 5 6
15 3 00.000 7 0 35 5 00.640 6 8
16 3 00.511 9 0 36 5 00.036 7 12
17 3 -00.224 10 0 37 5 00.391 9 10
18 3 -00.090 11 0 38 5 -00.068 9 12
19 3 -00.025 12 0 39 5 00.091 10 11
20 4 00.333 2 3

b A11

Nevertheless, the system is valid if it satisfied the following condition proposed by

[Monticelli, A & Wu, F.F., 1985]: Each sub-system must obey the observability principle.

i.e. its measurement Jacobian matrix must not have linearly dependent column.

Local measurements (Ns subsystems) are received from sensors (RTU) installed in the

subsystem. After system decomposition, each sub-system is identified by its buses

according to Tables 5.5 to 5.13. Buses in each sub-system are classified into two

categories:
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T bl 1016 d t f b A22a e z a a or su sys em
Meas. Type Value From To Meas. Type Value From To

Bus Bus Bus Bus
No. No. No. No.

1 2 -00.120 12 0 15 3 -00050 19 0
2 2 00.105 13 0 16 3 -00.012 21 0
3 2 00.680 14 0 17 4 00.063 13 15
4 2 -00.210 15 0 18 4 00.390 13 16
5 2 -00.231 16 0 19 4 00.151 14 15
6 2 00.036 18 0 20 4 00.036 18 17
7 2 -00.220 19 0 21 4 00.191 17 19
8 2 -00065 21 0 22 4 -00.030 20 21
9 3 -00025 12 0 23 5 00.166 13 15
10 3 00.310 13 0 24 5 00.031 13 16
11 3 -00.254 14 0 25 5 -00.082 14 15
12 3 -00083 15 0 26 5 00.057 18 17
13 3 -00090 16 0 27 5 00000 17 19

T bl 10 17 d ba e : z ata or su system A33
Meas. Type Value From To Meas. Type Value From To

Bus Bus Bus Bus
No. No. No. No.

1 2 -00.050 22 0 16 3 -00015 30 0
2 2 -00.062 23 0 17 4 -00.095 21 22
3 2 00.740 24 0 18 4 -00.717 22 23
4 2 -00.217 25 0 19 4 -00.846 24 23
5 2 -00.297 26 0 20 4 00.571 22 25
6 2 001.30 27 0 21 4 00.288 25 26
7 2 -00.115 28 0 22 4 00.119 27 28
8 2 -00054 30 0 23 4 00.054 29 30
9 3 -00.014 22 0 24 5 -00.095 21 22
10 3 -00.016 23 0 25 5 -00.717 22 23
11 3 -01.072 24 0 26 5 -00.846 24 23
12 3 -00.090 25 0 27 5 00.571 22 25
13 3 -00.096 26 0 28 5 00.288 25 26
14 3 -00.032 27 0 29 5 00.119 27 28
15 3 -00050 28 0 30 5 00.054 29 30

Measurement type:

1: Voltage measurement 2: Real power injection 3: Reactive power injection

4: Real power flow 5: Reactive power flow

• Internal bus: a bus whose neighbouring buses are all within the same subsystem
as itself

• Boundary buses: a bus that has some neighbouring buses within its own
subsystem and some neighbours in other subsystems (buses 12, 13 for
subsystemA11 and A22; buses 21 and 22).

Subsystems are connected to each other by tie lines between neighbouring boundary

buses like Y1213 and Y1312 for A11 and A22; Y2122 and Y2221 for A22 and A33. Local
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estimates are calculated independently in the subsystems, tie-line measurements and

local estimates are coordinated in a global estimator (Chapter 8, subsection 8.4) to

provide a unified system-wide state estimator.

Tie-line measurements between (Table 10.17) any two neighbouring subsystems are

sent to the global estimator. The global estimator considers these inputs as a new set of

measurements.

Table 10 18' Tie-line measurement
Tie-Line Measurement Measurement

[MW] [MVA~l
2-24 00.109 00.510
12-13 00.178 00.007
21-22 00.095 00.095

The purpose of performing parallel computing of constrained WLAV state estimation was:

• To evaluate efficiency of the proposed algorithm and the program developed
using the algorithm

• To reduce computation time (CPU time)

• To establish database for future investigation of the Tanzanian Power System
Network

• To improve efficiency of state estimation.

Input Data: The main input data is the zdata30 file. Data in this file are decomposed into

3 sub data files representing the subsystem of Figure 5.3. The decomposed data are

given in Tables 10.14 to 10.16.

Hardware: A cluster of computers installed at department of electrical engineerig was

applied used to compute the constrained WLAV state estimation. Since the system was

decomposed in 3 subsystem, consequently, 3 workers from the cluster was assigned to

perform the estimation task.

• MATLAB program: A MATLAB program shown in appendix C7 was developed

and used in the simulation implementation.

• Computational results: computational results are the same with that of

integrated WLAV state estimation; the results are shown both in Tabular and

graphical form. Table 10-18 gives voltage magnitude and voltage angle profile in

Tabular form while Figure 10-15 shows the same profiles in graphical form.
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Table 10-19: Voltage magnitude and Angle profiles (Parallel): 30-Bus
Bus Voltage Voltage Bus Voltage Voltage
No. Magnitude Angle No. Magnitude Angle

[p.u.] {Degree] [p.u.] [Degree]
1 00.9614 00.0000 16 00.9350 14.4283

2 00.9594 04.2278 17 00.9646 09.9308

3 00.9608 01.7868 18 00.9675 09.9496

4 00.9548 01.7692 19 00.9605 02.4502

5 00.9636 13.1024 20 00.9696 02.9531

6 00.9687 14.3279 21 00.9697 02.9651

7 00.9579 19.2351 22 00.9494 03.4359

8 00.9716 15.8562 23 00.9533 05.2061

9 00.9675 26.6922 24 00.9450 05.8016

10 00.9545 30.7587 25 00.9989 -02.6612

11 00.9511 31 0538 26 00.9854 -04.5657

12 00.9775 23.1554 27 00.9823 -044707

13 00.9715 27.9832 28 00.9443 -8.6637

14 00.9715 28.9300 29 01.0458 -023242

15 00.9649 28.5558 30 01.0568 -03.7123
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Figure 10-13: Voltage magnitude and Voltage angle profiles -30-Bus
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Discussion

• The voltage magnitude and angle profiles shown in Figure 10.13 and Table
10.19 reflect the steady-state acceptable value of the Tanzanian Electric
Supply Company Limited (TANESCO). The voltage magnitudes in per unit at
each bus is within the operating limit of 0.95 - 1.10. The power factor (pf)
ranges between 0.86 and 0.910, which is the operating power factor (pf) of
the system.

Simulation converged after 4 numbers of iterations; time elapses till
convergence is 3.00 second.

Results obtained by parallel processing do not differ much with that obtained
from WLAV integrated model; instead the difference is on the computational
time. The time taken to process the parallel computation is less compared to
time take to process the integrated WLAV state estimation. In order to reduce
time of computation, the MATLAB software must be improved.

• The computational results obtained from parallel processing method (using
WLS and WLAV) show that it is possible to get a very high improvement in
manner of time computation compared to integrated state estimation method.
The only negative characteristic is the discrepancy in values of boundary and
interconnecting buses and lines (tie-lines). This discrepancy needs more
investigation in order to remove them

10.3 Conclusion

Load flow results from the integrated Tanzanian power system network model have

been presented in this chapter. The obtained voltage magnitude and voltage angle of

each bus in the system reflect the steady-state acceptable value of the Tanzania

Electric Supply Company limited (TANESCO). The power factor (pf) and the voltage

magnitude and voltage angle are within the operating limits required by TANESCO

and falls within IEEE standards.

Results from WLS, WLAV and WLAV parallel computing criteria also refelects the

steady-state acceptable values of the system They correspond to acceptable IEEE

standards. These computational results demonstrate that the obtained results from

load flow (considered as true values) in particular bus injections (MW and MVAr) at

load buses and line flows (MW and MVAr) reflects the approximate value of the

system.MATLAB software for WLS, WLAV criteria can be further improved and used

in state estimation studies of the system.

Chapter 11 presents conclusion of the thesis in which deriverables from the thesis are

presented and explained, future research direction and issues to be investigated are

provided.
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CHAPTER ELEVEN: CONCLUSION

11.1 Introduction

The electrical power sector all around the world is undergoing significant and

irreversible changes that are reshaping the industry into a new shape and outlook.

Before, electrical power generation was once dominated by vertically integrated

investor-owned utilities that owned most of the generation capacity, transmission and

distribution facilities. The electrical industry now has many companies (private

owned) that generate and market wholesale retail electricity especially in the United

States of America. The significant feature of these changes is to allow for

competition, which is seen as a necessary mean to increase efficiency of electrical

energy generation and distribution and to offer a lower tariff, high quality and more

secure electricity.

Several factors have motivated and contributed to the changes occurring in the

electrical power industry to date. They include:

Technological advances. Technological advances have altered the economic
of electricity generation and have made possible the economic transmission of
electricity over long distances so that customers in areas or countries residing
far away from the generating facilities can access to electricity. Nevertheless,
technological advances have enabled more and more interconnection of
electric transmission lines.

Lack of resources for investment and modernization of the vertically integrated
systems has forced utilities/countries to seek financial assistance from the
Breton Wood institution (IMF & World Bank) to finance investment and
modernization of their systems. However, before a financial assistance is
approved these institutions put forward the agenda of reforming or
restructuring of the electricity industry.

Legislative and regulatory mandates suggested by the Breton Wood
institutions that require the unbundling of integrated service and creation of
transm ission and operation organizations.

With deregulation of the electrical power sector now a must in many countries, market

participants such as independent power producers (IPPs), transmission and

distribution companies (RTO and DITSCO) need to adjust the strategies of system

operation, monitoring and control in order to reduce generation, transmission and

distribution cost, enhance asset utilization, improve planning, better the system

reliability and security and nurture customer retention.

Competitions in the power sector market forces the IPPs as well as system operators

to operate the system with lower security margins compared to the previously

vertically integrated operation in order to remain competitive with other electricity

suppliers as well as to allow this competition to take wide area. This inclination, which
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already exists in some of deregulated systems, will continue to change power flow

patterns, increase uncertainties and reduce security of the system if care is not taken,

thus, in deregulated systems there are many issues which need to be addressed. In

this thesis power system state estimation (PSSE) is one of the issues that have been

addressed.

11.2 Aim of the Thesis

The operating state of a power system is determined by the state estimation function

using a redundant set of real-time measurement data from the substations scattered

all over the entire system. The state estimation is the basis of all advanced

applications of an energy management system (EMS) such as stability analysis (SA),

contingency analysis, optimal power flow (OPF), load flow and load forecasting. The

results from SE are used to calculate various estimates for line flows, losses as well

as power injections.

Deregulation of power sector industry is transforming state estimation function from

an important application into a critical one. Many critical commercial issues in the

power market such as congestion management need to be addressed and formulated

on a more accurate model of power system, which is derived from the state

estimation process. Failure to obtain state estimated quantities in real-time or

miscalculating them should be avoided in order to ensure proper accounting of power

transactions as well as security of the system.

This implies that the state estimation should be made robust against the topology

changes and temporary loss of measurements or remote terminal unit (RTU). State

estimation will not be possible if there are not enough measurements. A power

system is determined to be observable if all the state variables can be estimated

using available measurements. Various methods have been proposed to compute the

state estimation problem. Some of the methods have been discussed in detail in

chapter 2. The objective of the thesis has been focused on formulating a

mathematical method, algorithm and modifying/improving a program using MATLAB

code for the solution of constrained power system state estimation problem using

parallel processing approach. This objective has been conducted in this thesis.
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11.3 Deliverables

The following have been delivered. They include: development of models, methods

and algorithms and improvement of software. The deliverables are presented in

sections 11.4 and 11.5, respectively

11.4 Development

Development activities include:

11.4.1 Comparative analysis of the methods for state estimation

Comparative analysis on the existing state estimation method and algorithm was

conducted in order to establish their strengths and weaknesses; finally a robust

method was choosen for improvement.

11.4.2 Development of an approximate Tanzanian power system network model

An approximate Tanzanian Power System Network model comprising of 30 buses

was developed. Bus admittance matrix of the model and its values was prepared,

calculated and used in load flow analysis and state estimation.

11.4.3 Decomposition of bus admittance matrix

The bus admittance matrix of the Tanzanian Power System model was

decomposed into 3 interconnected sub-systems

11.4.4 Development of decomposed mathematical model of power injection and power

flows

Mathematical models for real and reactive power injections, real and reactive power

flows in transmission lines and tie-lines of the interconnected sub-systems resulting

from bus admittance matrix decomposition were developed. These models are

important for future power systems studies such as optimal power flow, etc

11.4.5 Development of decomposed measurement model

Measurement model which has 4 parts determined by the type of measurement

available in the system were developed. The models are for voltage magnitude

measurement, real and reactive injection data, real and reactive power flows in

transmission lines and in tie-lines. These models are applied in solving the power

system state estimation problem under decentralized environment
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11.4.6 Development of decomposition-coordination method and algorithm

Decomposition-coordination method and algorithm in order to solve the power system

state estimation problem was developed. The method is implemented using two level

structures. The first level is for solving PSSE of the sub-systems and the second level

for coordination of the first level computation.

11.4.7 Formulation and solution of the problem for state estimation

Constrained weighted least absolute value (WLAV) state estimation problem using

primal-dual logarithmic barrier interior point method (PDLB) was formulated and an

algorithm and MATLAB program for solving the constrained WLAV state estimation

problem is developed

11.5 Software improvement and development

Software improvement was concerned with improvement of Newton-Raphson

MATLAB program developed by H.Saadat [Saadat, 2004], WLS state estimation

software developed by Krishnan [Krishninan, 2004] as well as improvement on:

Bus admittance matrix calculation software. This software is presented in
appendix C2. Improvement was made in adding a minor decomposition code.

• Load flow analysis software. The software is presented in appendix C3.
Improvement was made in adding timing (tic/toe), describing in full the
variables in order to make it clear to the user, and the code for load buses
was changed from '0' to '3' to remove some ambiguity when using the
software.

WLS state estimation software. The software is presented in appendix C5.
The software was re-developed using the previous software depicted in
appendix 4 as well as using assistance from
http://www.mathworks.com/access/helpdesk/help/documenUWLS state
estimation.html services from mathwork.com.

WLAV state estimation software. The software is depicted in appendix C6.
This is new software and it needs more improvement. The software was
developed using WLS state estimation software and assistance from
http://www.mathwork.com/access/hel pdesk/help/documenUW LAV state
estimation.html from mathwork.com

ParaileiSE software. The software is presented in appendix C7. This is new
software and it is still under development and improvement. The software was
developed using the following assistance from mathworks.com

http://www.mathworks.com/access/he Ipdesk/helpltoo Iboxl distcoml createmalla
bpooljob.html

http://www.mathworks.com/access/hel pdesk/hel pitooi box/d istcompl createpa ra
Ileljob.html

http://www.mathworks.com/access/helpdesk/help/toolboxidistcomp/filedepend
encies.html
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http://www.mathworks.com/access/helpdesklhelp/toolboxldistcomp/documenU
labindex.html

http://www.mathworks.com/access/helpdesklhelp/toolbox/distcomp/document/
batch.html

A summary of software and their use for different purposes in this thesis is presented

in Table 11.1

T b 1 1a Ie 1 . : Summary of software use
Model Task Software

Integrated- Tanzanian To calculate bus admittance Ybusppg software. Presented in
model matrix values appendix C1

Integrated-Tanzanian To calculate decomposed bus Ybusppg software.
model admittance matrix values (decomposed). Presented in

appendix C2

Integrated- Tanza nian To compute load flow Lf software. Presented in
model appendix C3

Integrated- Tanzanian To compute WLS state estimation WLS state estimation software.
model Presented in appendix CS

Integrated- Tanzania n To compute WLAV state WLAV state estimation software.
model estimation Presented in appendix C6

Decomposed model To compute parallel state Parallel SE. Presented in
estimation (validation of WLSand appendix C7
WLAV criteria)

11.6 Validation

Load flow software was used in validating the developed Tanzanian power system

network model as well as the validity and accuracy of data collected from Tanzania

Electric Supply Company limited (TANESCO)

11.7 Application of thesis results

Thesis results are grouped into two main categories. The first category is concerned

with a result from developed mathematical model(s). The second category is

concerned with results from simulation of load flow and state estimation procedures.

The two categories are presented as follows.

11.7.1 Developed mathematical model(s) and software

Developed Tanzanian power system network model can be applied at:

TANESCO's research and development departments as benchmark for

planning and future expanding of the system.
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• Developed decomposed system model and algorithm can be applied in
Institutions and Universities for teaching and research and development
purposes.

• Software can be applied in solving load flow and state estimation problems in
Institutions and Universities for training as well as research and development
purposes. There is a need to improve the software for future training use.
TANESCO's research and development departments can improve the
software in particular for the WLS or WLAV version and use them for
monitoring and control of the system.

Parallel processing method and algorithm can be applied in Institutions and

Universities for training and research purposes. In addition, institutions

responsible for electricity supply such as the East African Power Pool (EAPP),

etc can also apply the method.

11.7.2 Computational results

Computational results from load flow and state estimation can be applied at

TANESCO's research and development departmenst for system monitoring

and control as well as planning and future expansion of the system

Computational results can be applied at Institutions and Universities for
training as well as research and development in solving the following system
problems:

• Optimal power flow (OPF)

• Security constrained optimal power flow (SCOPF)

• System stability analysis (SA)

• Fault calculations

• Contingency analysis (CA)

• System monitoring and control

11.8 Future Research Direction

The work reported in this thesis is a basis for future research related to multi-area

power system operation, monitoring and control. The case study of the Tanzanian

Power System Network (HV transmission line) can be extended to include the East

African Regional Power Pool (EARPP), Southern African Power Pool (SAPP) and

other regional block cooperation.

Future research directions based on this thesis should be extended to:

Real-time digital simulation of the developed model

Improvement of ParaileiSE software

• Improvement of WLAV state estimation criterion and software using
decomposition-coordination method and algorithm proposed in the thesis
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The idea of decomposition-coordination of a multi-area proposed should include:

Load-flow analysis

Optimal power flow analysis

Stability analysis

11.9 Publications in connection with the thesis

This work (research) resulted in a number of publications, some of which are listed

below:

Kusekwa, M. A and Tzoneva, R (2007) "Analysis on the algorithms for solution of

the Weighted Least Absolute Value problem for power system state estimation"

SAUPEC 2007, Cape Town, January 2007,pp.140-147 CD-ROM

Kusekwa, M .A and Tzoneva, R (2007) "Bad data Detection and Identification

Algorithm in solving Power System State Estimation problem: A Comparison Review.

The 4th International Scientific Symposium, 19-21 September, 2007, Kosice-Republic

of Slovenia CD-ROM

Kusekwa, M. A and Tzoneva, R (2007) "Bad data Detection and Identification

Algorithm in solving Power System State Estimation problem: A Review" Proceedings

of the International Conference (AFRICON-2007) CD-ROM, Windhoek-Namibia, 25-

28 September, 2007, CD-ROM.

Kusekwa, M. A and Tzoneva, R (2010) "A Primal-Dual Interior Point based algorithm

for a solution of Constrained on-quadratic State Estimation" Submitted to SAIEE

Africa Research Journal

Kusekwa, M. A and Tzoneva, R (2010) "Modelling of System Components for Load

Flow Analysis: A Case study" Submitted to Energy Journal Paper
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APPENDIX B: INPUT DATA

APPENDIX B1: LlNEDATA 30-BUS for integrated system
From To Impedance Half of line Tap From To Impedance Half of line Tap

charging ratio charging ratio
setting settinq

1 2 0.012+jO.081 0.00+jO.065 1.00 14 15 0.049+jO.014 O.OO+jO.OO 1.00
2 3 0.020+jO.111 0.00+jO.085 1.00 13 16 o 026+jO.597 o 00+jO.062 100
1 5 0.039+jO.154 0.00+jO.122 1.00 16 17 0.00+jO.7373 O.OO+jO.OO 100
2 5 0.025+jO.136 0.00+jO.010 1.00 17 19 0.036+jO.716 O.OO+jO.OO 1.00
2 24 0.016+jO.090 0.00+jO.068 1.00 18 17 0.018+jO.037 o OO+jO00 1.00
3 4 0.034+jO.019 0.00+jO.143 1.00 20 19 0.00+jO.1416 o OO+jO.OO 100
5 6 0.014+jO.011 0.00+jO.087 1.00 20 21 0.023+jO.014 O.OO+jO111 100
6 7 0.00+jO.274 O.OO+jO.OO 1.00 21 22 0.021 +jO.131 o 00+jO.100 100
6 8 0.018+jO.015 000+jO.117 1.00 22 23 0.033+jO.017 0.00+jO.137 1.00
7 12 0.086+jO.196 0.00+jO.020 1.00 23 24 0.021+jO.012 0.00+0081 1.00
8 9 0.00+jO.062 O.OO+jO.OO 1.00 22 25 0.034+jO.188 0.00+jO.143 100
9 10 0.043+jO.098 O.OO+jO.OO 1.00 25 26 0.022+jO.118 0.00+jO.095 1.00
9 12 0.010+jO.232 O.OO+jO024 1.00 25 29 0.00+jO.160 O.OO+jO.OO 1.00
10 11 0.052+jO.030 O.OO+jO.OO 1.00 26 27 O.OO+jO160 o OO+jO.OO 100
12 13 0.018+jO.418 0.00+jO.043 1.00 27 28 0.263+jO.597 0.00+jO.061 100
13 14 o 009+jO.027 O.OO+jO.OO 1.00 29 30 0.021+jO.485 0.00+j041 100
13 15 0.063+jO 014 O.OO+jO.OO 1.00

APPENDIX B2 BUSDATA 30 BUS f .: - or lnteqrated system
Bus Load demand Generation Bus Load demand Generation
No. MW MVAr MW MVAr No MW MVAr MW MVAr
1 - - - - 16 23.10 09.00 - -
2 06.20 01.60 - - 17 00.00 00.00 - -
3 20.00 07.00 - - 18 - - 03.60 -
4 27.00 07.80 14 - 19 22.00 05.00 - -
5 - - 142.00 - 20 00.00 00.00 - -
6 18.00 09.10 - - 21 06.50 01.20 - -
7 00.00 0000 - - 22 05.00 01.40 - -
8 233.10 45.10 - - 23 06.20 01.60 - -
9 - - 259.00 - 24 - - 74.00 -
10 - - 100.00 - 25 21.70 09.00 - -
11 17.60 09.00 - - 26 29.70 09.60 - -
12 12.00 02.50 - - 27 - - 13.00 -
13 - - 10.50 - 28 11.50 05.00 - -
14 - - 68.00 - 29 00.00 00.00 - -
15 21.00 08.30 - - 30 05.40 01.50 - -
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APPENDIX B3: zdata30 (30- Bus) for integrated system (WLS & WLAV) SE
Meas. Type Value From TO Meas. Type Value From To

1 1 01.000 1 0 50 4 00.333 2 3
2 2 -00.062 2 0 51 4 01.082 5 2
3 2 -00.200 3 0 52 4 00.109 2 24
4 2 -00.130 4 0 53 4 00.131 3 4
5 2 01.420 5 0 54 4 -00.877 5 6
6 2 00.000 7 0 55 4 -00.767 6 8
7 2 02.590 9 0 56 4 -00.318 7 12
8 2 00100 10 0 57 4 -00.789 9 10
9 2 -00.176 11 0 58 4 00270 9 12
10 2 -00.120 12 0 59 4 00.178 10 11
11 2 00105 13 0 60 4 -00.178 12 13
12 2 00.680 14 0 61 4 00.063 13 15
13 2 -00.210 15 0 62 4 00.390 13 16
14 2 -00.231 16 0 63 4 00.151 14 15
15 2 00.036 18 0 64 4 00.036 18 17
16 2 -00.220 19 0 65 4 00.191 17 19
17 2 -00.065 21 0 66 4 -00.030 20 21
18 2 -00.050 22 0 67 4 -00.095 21 22
19 2 -00.062 23 0 68 4 -00.717 22 23
20 2 00.740 24 0 69 4 -00.846 24 23
21 2 -00.217 25 0 70 4 00.571 22 25
22 2 -00.297 26 0 71 4 00.288 25 26
23 2 001.30 27 0 72 4 00.119 27 28
24 2 -00.115 28 0 73 4 00.054 29 30
25 2 -00.054 30 0 74 5 -00.162 2 3
26 3 -00.016 2 0 75 5 -0.149 5 2
27 3 -00.070 3 0 76 5 -00.51 2 24
28 3 -00.214 4 0 77 5 -00.073 3 4
29 3 00.185 5 0 78 5 00.640 5 6
30 3 00.000 7 0 79 5 00.640 6 8
31 3 00.511 9 0 80 5 00.036 7 12
32 3 -00.224 10 0 81 5 00.391 9 10
33 3 -00.090 11 0 82 5 -00.068 9 12
34 3 -00.025 12 0 83 5 00.091 10 11
35 3 00.310 13 0 84 5 -00.007 12 13
36 3 -00.254 14 0 85 5 00.166 13 15
37 3 -00.083 15 0 86 5 00.031 13 16
38 3 -00.090 16 0 87 5 -00.082 14 15
39 3 00.057 18 0 88 5 00.057 18 17
40 3 -00.050 19 0 89 5 00.000 17 19
41 3 -00.012 21 0 90 5 -00.077 20 21
42 3 -00.014 22 0 91 5 -00.095 21 22
43 3 -00.016 23 0 92 5 -00.717 22 23
44 3 -01.072 24 0 93 5 -00.846 24 23
45 3 -00.090 25 0 94 5 00.571 22 25
46 3 -00.096 26 0 95 5 00.288 25 26
47 3 -00.032 27 0 96 5 00.119 27 28
48 3 -00.050 28 0 97 5 00.054 29 30
49 3 -00.015 30 0

1: Voltage magnitude measurement. 2: Real power Injection measurement

3: Reactive Power Injection measurement 4: Real Power Flow Measurement

5: Reactive Power Flow measurement
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APPENDIX B4: LlNEDATA (LD6) for integrated system
From To Impedance Half of line Tap ratio

charging setting
1 4 00.080+jOO.370 00.000+jOO.015 00.000
1 6 00.123+jOO.158 OO.OOO+jOO021 00.000
2 3 00.723+j01.050 OO.OOO+jOO.OOO 00000
2 5 00.282+jOO.640 OO.OOO+jOO.OOO 00.000
3 4 00.000+jOO.133 OO.OOO+jOO000 01.100
4 6 00.097+jOOA07 OO.OOO+jOO015 00.000
5 6 00.000+jOO.300 OO.OOO+jOO000 01.025

APPENDIX B5: BUS DATA (BD6) for integrated system
Bus Voltage Load demand Generation
No.

Vm I) [MW] [MVAr] [MW] [MVAr]
[p.u.] [degree]

1 1.050 00.000 - - - -
2 1.100 - 00.000 00.000 50.1000 00.000
3 1.000 - 55.000 13.000 - -
4 1.000 - 00.000 00.000 - -
5 1.000 - 30.000 18.000 - -
6 1.000 - 50.000 05.000 - -

APPENDIX B6: LlNEDATA LO 14) for integrated system
From To Impedance Half of line Tap From To Impedance Half of Tap

charging ratio line ratio
setting charging setting

1 2 0.0194+jO.0592 0.00+jO.0264 1.00 6 11 0.095+jO.1989 O.OO+jO.OO 1.00
1 5 0.054+jO.223 0.00+jO.0246 1.00 6 12 o .1229+jO.2258 O.OO+jO.OO 1.00
2 3 0047+jO.198 0.00+jO.0219 1.00 6 13 o .0662+jO.1303 O.OO+jO.OO 1.00
2 4 0.0581+jO.1763 0.00+jO.0170 1.00 7 8 0.00+jO.1762 O.OO+jO.OO 1.00
2 5 0.057+jO.1739 0.00+ jO.0064 1.00 7 9 0.00+jO.1100 O.OO+jO.OO 1.00
3 4 0.0134+jO.0421 O.OO+jO.OO 1.00 9 10 0.0318+jO.0845 O.OO+jO.OO 1.00
4 5 0.0134+jO.0421 O.OO+jO.OO 1.00 9 14 0.1271 +jO.2704 O.OO+jO.OO 1.00
4 7 0.00+jO.2091 O.OO+jO.OO 1.00 10 11 0.0821+jO.1921 O.OO+jO.OO 1.00
4 9 0.00+jO.5562 O.OO+jO.OO 1.00 12 13 0.2209+jO.2000 O.OO+jO.OO 1.00
5 6 0.00+jO.2520 O.OO+jO.OO 1.00 13 14 0.1709+jO.3480 O.OO+jO.OO 1.00

APPEND X B BI 7: USDATA-IEEE14 for inteqrated system
Bus Load demand Generation Bus Load demand Generation
No. MW MVAr MW MVAr No MW MVAr MW MVAr

1 - - - - 8 - - - 17.40
2 21.70 12.70 40.00 42.40 9 29.50 16.60 - -
3 94.20 19.00 - 23.40 10 09.00 05.80 - -
4 47.80 03.90 - - 11 03.50 01.80 - -
5 07.60 01.60 - - 12 06.10 0160 - -
6 11.20 07.50 - 12.20 13 13.50 05.80 - -
7 00.00 00.00 - - 14 14.90 05.00 - -
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APPENDIX 88: LlNEOATA (LO 30) for inte_grated system
From To Impedance Half of line Tap From To Impedance Half of Tap

charging ratio line ratio
setting charging setting

1 2 0.0192+jO.0575 0.00+jO.0264 1.00 15 18 0.1073+jO.2185 O.OO+jO.OO 1.00
1 3 0.0452+jO.1652 0.00+jO.0204 1.00 18 19 0.0639+jO.1292 O.OO+jO.OO 1.00
2 4 0.057+jO.1737 0.00+jO.0184 1.00 19 20 0.034+jO.068 O.OO+jO.OO 1.00
3 4 0.0132+jO.0379 0.00+jO.0042 1.00 10 20 0.0936+jO.2090 O.OO+jO.OO 1.00
2 5 0.04 72+jO.1 983 0.00+jO.0209 1.00 10 17 0.0324+jO.0845 O.OO+jO.OO 1.00
2 6 0.0581 +jO.1763 o OO+jO0187 1.00 10 21 0.0348+jO.0749 O.OO+jO.OO 1.00
4 6 0.0119+jO.0414 o 00+jO.0045 1.00 10 22 0.0727 +jO.1499 O.OO+jO.OO 1.00
5 7 0.046+jO.1160 0.00+jO.0102 1.00 21 23 0.0116+jO.0236 O.OO+jO.OO 1.00
6 7 0.0267+jO.0820 0.00+jO.0085 1.00 15 23 0.1000+jO.2020 O.OO+jO.OO 1.00
6 8 0.0120+jO.0420 0.00+jO.0045 1.00 22 24 0.1150+jO.1790 O.OO+jO.OO 1.00
6 9 0.00+jO.2080 O.OO+jO00 1.00 23 24 0.1320+jO.2700 O.OO+jO.OO 1.00
6 10 0.00+jO.5560 O.OO+jO.OO 1.00 24 25 o 1885+ jO 3292 O.OO+jO.OO 1.00
9 11 0.00+jO.2080 O.OO+jO.OO 1.00 25 26 0.2544+jO.3800 O.OO+jO.OO 1.00
9 10 0.00+jO.1100 O.OO+jO.OO 1.00 25 27 0.1093+jO.2087 O.OO+jO.OO 1.00
4 12 0.00+jO.2560 o OO+jO.OO 1.00 28 27 0.00+jO.3960 O.OO+jO.OO 1.00
12 13 0.00+jO.1400 O.OO+jO.OO 1.00 27 29 0.2198+jO.4153 0.00+10.00 1.00
12 14 0.1231 +jO.2559 O.OO+jO.OO 100 27 30 0.3202+jO.6027 O.OO+jO.OO 1.00
12 15 0.0662+jO.1304 O.OO+jO00 1.00 29 30 o 2399+jO.4533 O.OO+jO.OO 1.00
12 16 0.0945+jO.1987 O.OO+jO.OO 1.00 8 28 0.0636+jO.2000 O.OO~O0214 1.00
14 15 0.221+jO 1997 O.OO+jO00 1.00 6 28 0.0169+jO.0599 o 00"!:i_00650 1.00
16 17 0.0824+jO.1923 O.OO+jO.OO 1.00

APPEN X B9 BUSDAT dDI : A-IEEE30 for integrate system
Bus Load demand Generation Bus Load demand Generation
No. MW MVAr MW MVAr No MW MVAr MW MVAr
1 - - - - 16 03.50 01.80 - -
2 21.70 12.70 40.00 50.00 17 09.00 05.80 - -
3 02.40 01.00 - -- 18 03.20 00.90 - -
4 07.60 01.60 - - 19 09.50 03.40 - -
5 94.20 19.00 - 37.00 20 02.20 00.70 - -
6 00.00 00.00 - - 21 17.50 11.20 - -
7 22.80 10.90 - - 22 0.00 00.00 - -
8 30.00 30.00 - 37.30 23 03.20 01.60 - -
9 00.00 00.00 - - 24 08.70 06.70 - -
10 05.80 02.00 - - 25 00.00 00.00 - -
11 00.00 00.00 - - 26 03.50 02.30 - -
12 11.20 07.50 - - 27 00.00 00.00 - -
13 00.00 00.00 - 10.20 28 00.00 00.00 - -
14 06.20 01.60 - - 29 02.40 00.90
15 08.20 02.50 - - 30 10.60 01.90 - -
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APPENDIX C: MATLAB PROGRAMS

APPENDIX C1: A program to obtain bus admittance matrix of an integrated system

Ybusppg.m

'l't A l'ruqrdlll Il) (;h1.d i Il Ybu , a dru i t LdllCP mijt r i x
clear " CI"élt ')Ij val i ab Lo n .

ciC 'k ('j"st' .r l l p r oq r am.i . .

i = sqrt (-1);
fbus linedata(:,l);
tbus linedata(:,2);
r = linedata(:,3);
x = linedata(:,4);
b linedata(:,5);
a = 1inedata(:,6);
z = r+i*x;
y l./z;
B i*b;

'0) (~(Jlpj lllq fUl c .rup lo x C;f')nlrI011~~llL:'3 •••

'. I,'] ulll \)\J~; I1UW))" I , • ,

,\ '1'<, bIJ,; nUll\b(·r ...

IIi nr> l (.>!; i .-;Li.lnr·(> ••

'fI Llll(.! r Pdl:LnIlC'} ...

+. (;)I)lIlld ddmittdllcr.
'b 'I' t ann I (It Hl!'] Ll]"> .io tt j IHJ ..•

1; Calculdt.c> lino inlp(-"d;.~nc(~ .
't, r;,,]cu];Jl.P lin" e dmi tt u n co .
" Milk,., H i mo qin.r r y ...

't)u, Cdl'TJldtp n umbr- : o f blJ~H~~l o nd hJ(ll1t_;hn~'j ...
nbus = max(max(fbus),max(tbus)); • Numbo )f bllc;C3 ill t.h« s ys t.orn...
nbranch = length(tbus); ~ Nuruho i of b i anrho s in the "ysLelli.
Ybus = z e ros t nbu s i nbu s l , Ln i t. in Li zo Yb u: admittance ma t.ri x ..
0;+ j.'()'"ldt j'''1 (Jj Uw (Wj.'-diiHjol1ill o lernen tn in Ybu» adrni t ta rice matrix ...
for k = l:nbranch

Ybus (fbus (k), tbu s (k)) = Ybus (fbus (k), tbus (k)) -y (k)/a (k);
Ybus(tbus(k),fbllS(k) = Ybus(fbus(k),tblls(k));

end
'~ j.'llrlflilt.il)n nl [ll/V'jONI\L f·I(~rneJlt.B in Ybu s idmill.éiflC() ma t r i x ...
for m = l:nbus

for n = l:branch
i [ fbus (n) == rn

Ybus(m,rn) Ybus(m,m)+y(n)/(a(n)ft2+b(n);
elsRi[ tbus(n) == m

Ybus (m, m) = Ybus(m,m)+y(n)+b(n);
end

end
end
Ybus I; Yb u.: ddlflil.l.dl)(·P m.i tr i x ...
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APPENDIX C2: A program to decompose bus admittance matrix to block matrices
Ybusppg.m (Decomposition)

«;" 1\ 1)1oq t dnt 1u "bl il i 11
clear
ele
tic;
i = sqrt (-1);
fbus linedata(:,l);
tbus linedata(:,2);
r = linedata(:,3);
x = linedata(:,4);
b linedata(:,5);
a = linedata(:,6);
z = r+i*x;
y l./z;
B i *b;

Yhll:. r1<lmittd[)ce Tn;itlix .::lrld d(lcrlllp()s(~

,. ClniJl .i l 1 Vdl i a t 1',,; .
% ("' I o s r- C JltlmijJI I wi tldnw .

t llf" m.i t. r l x

2. (:iJt(~riIl(j l or ('(-,lllI-df~X ('(Jrnpflr\Pllt.!.'.

'J, Fl (1m IJ 1:-; nurnho r .

'Is To bu~; nurnbo r .
't; Line ]p~jisld!1(~(-"' •..

ik Li 11(1 l (~dC'ldllce ...

Grou n d ildrni t t.a nc c- ••

Tia ns t "rIOP] till' se t.t .iIF) .
% Ca lc-u la t.o 1i1H' irupc-Ja nc o .

% Cal cu l a t.c Li no admi t.tanc-e ..
~j Mil kc B i llIilCJ j nil ry ...

nbus = max(max(fbus),max(tbus»);
nbraneh = length(tbus);
Ybus = zeros(nbus,nbus);

'L Cc1]I'uldl.'-' number o I bu s o s (J!Hl \)r(lrH_;tH)~l .•.

'!- NUll1!>PI o I
... Number of

bWl8S in the sys t.ern ...
b r anchon i Il th o system.

[or

o Initialize Ybu s adrn.il.t.iJl1(;e mat.rix .
l-'UIII),Jl io r: nl ttl" OI,'F-di ,Hl"lld 1 PlP1l10Id ..'; i r: Ybur ddlfli l.LiHlCO mo t.r ix .
k = l:nbraneh
Ybus(fbus(k),tbus(k)) = Ybus(fbus(k),tbus(k»-y(k)/a(k);
Ybus(tbus(k),fbus(k) = Ybus(fbus(k),tbus(k»;

end
\I, 1.'''1111011i o n "j Ill1\I;()NI\L ('Ii"'rn(>IJt~; ill Yb u.: ddmilliH]('" m.r t r I.x ...
(ur m = l:nbus

[Ol 11 = l:braneh
if fbus(n) == ru

Ybus(m,m) Ybus(m,m)+y(n)/(a(n)A2+b(n);
e lsei I tbus (n) == m

Ybus(m,m) = Ybus(m,m)+y(n)+b(n);
elld

end
ellJ
Ybus ~ YblJ!J<l,jlllitldliC(' rn.r Lr r x ...

I l.r- YIIII~l ddrni I ("Il';" m.r t.: ix i n t o ]lluck ~'\Ih mal 1 ir-e s .",') 1)1'C'()llI!HI;iil IO!1 ,J!

A = Ybus
All A(1:12,1:12)
A12 A(1:12,13:21)
A13 A(1:12,22:30)

A21 A (13:21, 1 :12)
A22 A(13:21,13:21)
A23 A(13:21,22:30)

A31 A(22:30,1:12)
A32 1\(22:30,13:21)
A33 A(22:30,22:30)
toe;
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APPENDIX C3: A program to calculate load-flow using Newton-Raphson method
-All files including the data files must be in the current directory in order to
execute the program*

Lfybus

i = sqrt (-1); 6 r;"t."l fl)l ""lllplrx v al u« ...
fb = linedata(:,l); tb = linedata(:,2); r = linedata(:,3);
x = linedata (:, 4); Be = j*linedata (:, 5); a = linedata (:, 6);
nbraneh =length(linedata(:,l)); Numbo r uf ))l'lIlCh(,:.,

nbus = max(max (f b ) . max (tb)); Nurnbo r ol bcl~;('~l.,.

z = r + i*x;
y= ones (nbr, 1) ./z;
[or n = l:nbr
if a(n) <= 0 a(n) = 1; else end
Ybus=zeros(nbus,nbus) ;

Lino i iu] «,..l(LJIH:e .

l.i no ddJnil.tdl)('(~ .

I,'''lll ei I"n lil" nl[-,lii1'1')1\,1 "lIIllPlll.'· ...

(or k=l:nbraneh;
Ybus (fb (k), tb (k)) =Ybus (fb (k), tb (k)) -y (k) la (k);
Ybus (tb (k), fb (k)) =Ybus (fb (k), tb (k));

r~lld

end
I,' '11I\cjl 'Il LIJI .!jd'll![ldl I l rmo n t v: ••.

for n=l:nbus
[or k=l:nblaneh

if fb(k)==n
Yb us In i n) = Ybus(n,n)+y(k)/(a(k)A2) + Bc(k);
e l sei L tb(k)==n
Ybus(n,n) = Ybus(n,n)+y(k) +Bc(k);

Ls e , end
end

Lfnewton

~ A fltCl'l' 1111 ['JIlodd Ilow "n r l v.s i i: by N"wlo[l-I{'q,l1';"11 1T"'1 h,)d
'l; d, v1·1"1,,·r! ),y II. .;" 1,1t1 (('OI,YI i q h t (,.) 1'I'JII) Ill,).li I jnd ill Ill}) by M.A.
KII!i("kwcl

illl~ltldf lW{J rif !lil " IJdl 111f~1 I Jill L

close ,,11
c Lc : . ('I'I'~(' ,'('1!1H1dJl liJP1 wind"w
Lie; :;I",t C()Ul}qlldtiu!1 lilllillq

idI i/,I\ Vell i ul i l o: ....Jill I

n3=0;
ng=O;
Vm-O;
delta=O;
yload-O;
del a,;=O;

NIIlIIIl" I (Jl .: I ,t<'k 1<\1.'

NllIJdlPI I,f 1 .... nPIfit , r,j

VI) 1 t. d'l" n..« pI i I. \lel"
'I, I I ti 1 I ,I] "11'1 I I'

'to
I,;

prJWPI

nbus = leng h(busda a(:,l));

.~ l n i Li a l i z « !:y:\1"1l1

kb= [J ;
Vm=[J;
delta=[J;
Pd=[J;

Vd l uo..;
o 'I'Yl'r~ Cl [ Ill!!.
% Vo l t.n qr rn.i qui tuctr>

;, l n i t jill ph.rr.e éJl1IjJ ..

r~ l~~P;11 dC'JIId nti I )I)W(~ I
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Qd=[] ;
Pg= [];
Qg= [];
Qmin= [];
Qmax=[];

t, {{Vd';t. i v c- d(~rndnd [il1wpr

f{niJ \ qr-IlU r cl t i on puw(,r
% H(:.:(l(~L_ive q o nr- r a Li.on pUW(_~l

<t. M i Il imum r Pdet. ,j v c- P(/W(~ r

'+> Mdx.imU!O r o ac t iv o p(Jwr:~.r

'j. I II i I i il I i zr) sch odu J od puwn Tc;

Pk=[]; E~"dJ sc hedul o d 1_,llW(et dl. bus k
P= []; 'y, I{pd 1 ,:cheduJ ed POW"l

Qk= []; ,l; Reaet ive s choJu Lco p(jw(~r al bus k
Q=[]; 6 f{eael ive sch~dule0 powel

S= []; 't, Sch"du 1 "cl a pp a : re!ll powP 1
V=[]; % Scheduled vultuge

:+, Mid.) i x 1'1)11111\1l.

[or k=l:nbus
n=busdata(kr1) ;
kb(n)=busdata(k,2) ;
Vm(n)=busdata(k,3);
delta(n)=busdata(k,4);
Pd(n)=busdata (k,S);
Qd(n)=busdata(k,6) ;
Pg(n)=busdata(k,7) ;
Qg(n) = busdata(k,8);
Qmin (n)=busdata (k, 9);
Qmax(n)=busdata(k,10);
Qsh(n)=busdata(kr 11);

I-I! ,'I ,;" I umn !lIJmi)',! (jf bu.io s
% ~;("\c;()t1d (;01lW111, typr> (J[ bun
'" Third r;,,!umll, v':JJL'lqP IlId'Jnitlldp in p.u.

r, 1··"UTlll col unm , phd~;(' a n.j l r- in dr'qrr,,,

Cl; I'd,til CulUllIlj, Ir)d] dr'J1IiJlld p<rWrH

Sixth culumn, r e a c t iv e dnmilrltj pC1wer
'>; S<,v(!nLh G(,J urnn , t'!'ll qo no r a t. io n POW"T

% EiqhLiI c-o l umn , r o a c Liv o qo no r a tjori powe r
% Ninth c c lumu, m i n imum reactive, POW"l

% 'J'0!1lh ('OlUIllI!, max in.um r e a c tj v o pUW"J
EI('venLII co I u.nn, i n j o c t.o d i o a c tr vo power

't5 C}J(:t'k (:rJlllpllliJl i JIl v a l uo s .

if Vm(n) <= 0 Vm(n) = 1.0; V(n) 1 + i*O;
else delta(n) = pi/180*delta(n);

V(n) = Vm(n)*(cos(delta(n» + i*sin(delta(n»);
P(n)=(Pg(n)-Pd(n) )/basemva;
Q(n)=(Qg(n)-Qd(n)+ Qsh(n) )/basemva;
SIn) = PIn) + i*Q(n);

nel
enr:l
fUL k-1:nbus
if kb(k) == 1, ns = ns+1; o lae, nd
i I kb(k) == 2 ng = ng+1; else, end
ngs (k) ng;
n ss (k) ns;
ond

'. 1)(' f i Iln vl u i.. dlHf ll'~;

Ym=abs(Ybus); t = angle(Ybus);
m=2*nbus-ng-2*ns;
maxerror = 1; converge=l;
iter - 0;

I\rI,j I',,!.,J J" J 1 i 11(':;
m1in -on s(nbranch,l);
tor k=l:nbr

for rn=k+1:nbLanc
if((fb(k)==[b(m» & (tb(k)==tb(m»);

mline(m)=2;
o lae i I ((fb(k)==tb(m» & (tb(k)==fb(rn»);
mline(m)=2;
c l s e , o nd

end
nd

tb I<Jld (11 :1t.dtC.'III(~IIILi {(Jl 1IIIIdll( ....1 lin(~:l

~ :;t nl l ()f jl (" lit i (lrl!i
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clear A I~ J OX

while maxerror >= accuracy & iter <= maxiter '" 'I'o s t [or lIIiJX. j.owo r mi arna Lc h

for ii=l:m
for k=l:m

A(ii,k)=O; ~,rnjticlliz,ing Jilcobian ma tr J x
end, end
li, [li i t i id j ZP i l: o r il L ion
iter = iter+1;
for n=l:nbus
nn=n-nss (n) ;
Im=nbus+n-ngs(n)-nssln)-ns;
J11=O; J22=O; J33=O; J44=O;

[ur ii=l:nbr
if mlinelii)==l Adelf'cl lo i ncl u Io l"lldJl()1 1i"c",

if fbiii) == n tb(ii) == n
if f b t i i ) == n, I = tb(ii); end
if tb(ii) == n , I = fb(ii); end

J11=J11+ Vm(n)*Vm(I)*Ym(n,l)*sin(t(n,I)- deIta(n) + deIta(I»;
J33=J33+ Vmln)*Vm(l)*Ym(n,l)*cosltln,I}- delta(n) + delta(l»;

if kbln}-=l
J22=J22+ Vm(l) *Ym(n,l)*coslt(n,I}- deIta(n) + delta(I»;
J44=J44+ Vm(l}*Ym(n,l)*sinlt(n,l)- deIta(n} + deIta(I}};
else, end
if kb(n) -= 1 & kb(l) -=1

Ik = nbus+l-ngs(I)-nssll}-ns;
11 = I -nss(l);

f, Ofl d i a qo n a l e le rno nt.s of Jl
A(nn, 11) =-Vm(n}*Vm(I}*Ymln,I}*sin(t(n,I}- delta In} +

delta (1»;
if kb(l) == 3 % oef diagonal elemenls of J2
A (nn, Ik) =Vm (n) *Ym (n, 1) *cos lt In, 1) - delta (n) +

delta (1» ;end
if kb(n} == 3 ol f diJ'I(If)ill (d(~mOflL~ of J3
A(lm, Il) =-Vrn(n)*VI1l(l}*Ymln,I}*cos(t(n,l}-

delta(n}+deltall»; end
jf kb(n) == 3 & kb(l) == 3 " "fl d i a o on a ) "1(>mr'1nl,, of

,J ~

A(lm, Ik} =-Vrn(n)*Ymln,I)*sin(t(n,l}- delta(n} +
delta (I}); end

else end
else , end

else, end
end
Pk = Vmln}~2*Ymln,n}*cos(t(n,n)}+J33;
Qk = -VI1l(n}~2*Ym(n,n}*sin(t(n,n)}-J11;
if kb(n) == 1 P(n}=Pk; Q(n) = Qk; nd

if kb In) == 2 Q (n) =Qk;
if Qrnax (n) -= 0

Qgc = Q(n)*basemva + Qd(n) - Qsh(n);
jf iter <= 7 Hc,[w('c·n i ho 21h .. Cl.h i r o ra t I ono

if iter> 2 ", t h,~ MVill ui q<'}}P] a to : bll!F'!; a r o
.i f Qgc < Qmin(n), '" to s t r-d . If nut within l i rni t.s Vrut n )

Vm(n} = Vm(n} + 0.01; 'Is i » Chilllq!,rj ill !'tr;p!l of

I) . (J 1 , .. I'" I. f)
Lsei I Qgc > Qmax (n), " bl i n'J Ll," '10W,t" to] MVill,,,

wi ti, i n
Vm t n ) = Vm(n) - O.Ol;end r t h" !lfHll'i j i"d I im i t .s .

else, end
else,end

else,end
end

if kb(n) -= 1
A(nn,nn} = J'11; 't"jiilCJ')llill o l orno n ts {Jj ,]1

DC (nn) = P (n) -Pk;
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end
if kb(n) == J

A(nn,lm) = 2*Vm(n)*Ym(n,n)*cos(t(n,n))+J22; "di'lq(J!JdJ"l(~JJ1P!lI:~l of ,J2
A(lm,nn)= JJJ; '~diilCJ()niilo lr-rno n t.r. :if .Jj
A(lm,lm) =-2*Vm(n)*Ym(n,n)*sin(t(n,n))-J44; )'diaqolldl c,f ('10ment~; ',f

DC (1m)
end

end
'i; Ca I cu J "I() DX
DX=A\DC';
for n=l:nbus

nn=n-nss(n) ;
Im=nbus+n-ngs(n)-nss(n)-ns;

if kb (n) -= 1
delta(n) = delta(n)+DX(nn); end
if kb (n) == J

Q(n)-Qk;

Vm(n)=Vm(n)+DX(lm); end
end
maxerror=max(abs(DC));

if iter == maxiter & maxerror > accuracy
fprintf('\nWAI{NINr;: l t.oraLi ve solution did 110L convo rqod after ')
fprintf('t.q', iter), fprintf(' iLeralions.\n\J")
f p ri n t f t t l-r r-r.n r-:I\("I I,) t o rmino to Ill" i t.ora ti c.ns o ud print the results

\!i' )
converge = 0; pause, else, end

encJ

i[ converge -= 1
tech= ('

else,
tech= (,

M"tlj(J(J' ) ;
end
~, Cil J, 'IJ I" Ic' V

V = Vm.*cos(delta)+j*Vm.*sin(delta);
deltad=180/pi*delta;
i=sqrt(-l);
k=O;

ITI':I{J\TIVI,:SOl.IJ'I.' 1ON IJIJ) NOT C;ONVJ-:RC;E');

!'(Jwel [,'l)w SO]\Jti"n by N0WLon-F{ilph~lJrl

for n = l:nbus
if kb(n) == 1
k=k+l;
5(n)= P(n)+j*Q(n);
Pg(n) ~ P(n)*basemva + Pd(n);
Qg(n) = Q(n)*basemva + Qd(n) - Qsh(n);
Pgg(k)=Pg(n);
Qgg (k)=Qg (n) ;
o Ls o i f kb(n) ==2
k=k+l;
S(n)=P(n)+j*Q(n);
Qg(n) = Q(n)*basemva + Qd(n) - Qsh(n);
Pgg(k)=Pg(n);
Qgg(k)=Qg(n) ;

end
yload(n) = (Pd(n)- j*Qd(n)+j*Qsh(n))/(basemva*Vm(n)A2);
end
busdata(:,J)=Vm'; busdata(:,4)=deltad';
'!, Ol rt a i r: ou t pu t.»
Pgt = sum(Pg); Qgt = sum(Qg); Pdt = sum(Pd); Qdt sum(Qd); Qsht
sum (Qsh) ;

·f.elUiII J\ [)r: IlX .Jl1 C)?;.> dU J~~ Qk dol t a Ik II Inl
'l.ele'IJ A DC DX ,JJ1 J?;.> JJ.l f,)k della Ik 111m
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Lineflow.m

'il 'I'h i r: PI"(jldlii j:; 11;1".] ill ro n j unc Li o n wil.h Lf nc.w t.o n

'rl {'.I). t hf' Cd Jculdt inn (Jf I in« f l c.w l'Ind 1l11' l'):i~;(-'!;

'r, d"vnl"l'r,cJ by I!.SiliJd,li (r:r'pytiqht (c))
II IIlOc] i I j od i Il ;< 01()
% ~;l.arL (lf UlO p r o.j r arn
SLT = 0;
fprintf (' \Jl')
fprintf ('
fprintf('

l.Lno F'] uw and Lusses \n\n')
--j, [IW-- POWPI al hus & I inc; fluw --Line loss--

'lr a n s fo r !T1f"'r \rll)
f pr int f ( , f I" .m t. ()

t ap\n')
MW MViJl MVA MW Mvar

for n = l:nbus
busprt = 0;

for L = l:nbraneh;
if busprt == 0
fprintf(' \n'), fprintf('~,Gq', nl, fprintf('

P(n)*basemva)
fprintf(' I.il', Q(n)*basemva), f p r i n t f r vs « . .lf\II',

abs(S(n)*basemva) )

'l. 9.0) [ , ,

busprt = 1;
else, end
if fb(L)==n
In = (V(n) -
Ik = (V(k) -

k = tb (1) ;

a(L)*V(k))*y(1)/a(L)~2 + Bc(L)/a(L)A2*V(n);
V(n)/a(L))*y(1) + Bc(L)*V(k);

Snk V (n) *conj (In) *basemva;
Skn V(k) *conj (Ik) *basemva;
SL Snk + Skn;
SLT SLT + SL;
elseif tb(L)==n k = fb(L);
In = (V(n) - V(k)/a(L))*y(L) + Bc(L)*V(n);
Ik = (V (k ) - a (L) *V (n)) *y (L) la (L) A2 + Be (L) la (L) A2*V (k);
Snk V (n) *conj (In) *basemva;
Skn V(k)*conj(Ik)*basemva;
SL Snk + Skn;
S1T LT + SL;
else, end

if fb(L)==n I tb(1)==n
fprintf(' 1)'1', kj,
f p ri n t f (' "'I. If', real (Snk)), fprintf (' IJ. If', imag (Snk))
fprintf(''t,'J.II', abs(Snk)),
fprintf(' "'.11', real(SL)),

i( fb(L) ==n & a(L) -= 1
fprint[(''t,'I.lI', imag(SL)), fprintf(',cJ.lt\Il', a(1))
el se, fprintf (' "J. li \11', irnag (S1))
end

else, end
end

end
S1T = SLTl2;
Ip r i n t f (' \Ij' ), fprintf ('
fprintf (' '~(J. 'II " real (SLT) ) ,
cl ar I kill :3L :;1.'1' :;kn ~;llk

'.J'nlal l o s .:

fprintf (' "Y. '31 \Jl', imag (SLT) )

Busout

'I, 'I'hi a p ioq r eun pl'inl.:) I he T)()w{'] I luw ;;olul i(Jn

'b indl d III I I ij t (' d [,, I JI'l Il 11 I. IJe ;)C J c'UJl

, )
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¥; c]pv('lup"J hy fl. ci.'ladal (C()pyt iq h t

'0 mod i I ied in 201 o by M.I\. Ku s o k wa
~ Slnlt the prugram
disp(tech)
f p r i nt f ('
fprintf ( ,
head = [ ,
I ti i"clJ,d'

Mvnr '

'J;
disp(head)
for n=l:nbus

Eprintf ('
f p r i nt f ('
f p r i nt f ('
f pr i nt f ('

end
f p r i nt f ('
fprintf ( ,
fprintf('

Qsht)

Bu ~; I\I1CI10

MaxilllUlll Power Mi sma t.cb = %g \n', rnax e r r o r )

No. o I l t.o ra t.j o n s ~'(J \n\n', iter)
VulLil<Jc

Nr). Milq. MW

- - --- - f.,rJad- -- ---

MW

---Generation---

MvarMvar

,'Jq', nl, Eprintf(' ,'/.31', Vm(n)),
,fj.3!', deltad(n)), f p r i n t f t ' 9.3t', Pd(n)),
%".3i', Qd(n)), fprintE(' "'.Jf', Pg(n)),
(,''.If " Qg(n)), fprintf(' H.:3l\n', Qsh(n))

\11'), fprintf('
i,,).oll', Pdt), fprintf('
*(J. li', Pgt), fprintf ('

T()lal
'l;9.:3 t ' ,

'1. Jl',

')
Qdt) ,
Qgt), fprintf (' .v. Jf\n\n I,
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APPENDIX C4: A program to calculate SE using WLS criterion proposed by Deepark Krishnan
(2004)

clear ,II;
clc;
global nbus;
global nlines;
global nshunts;
global tolerance;

nbus=input (' o n to r UH' numb!') of bu!;('s.');
nlines=input (' pnl.,'r t.ho nurnbr- i o I I i IlP';. ')

nshunts=input (' o n t.o r I hr> numb"! <il !lh\lnl!;.');
t o Le r e ric e=Lripu t t t e nt o r t.ho loJeliJI1Ce.');

d i s p t t Lr i npu t daL." ?:rUtl pl'(O<JI,'jm\I1');
cho i c e=Lnpu t t i o n t.o r wh o tho r you Wdlll lu o n t.e r da ta (Jr run t.he
pr oq 1 ,WI. \ 11' ) ;

if choice==l
nbus=input (' "Ill pr t. ho n urnbo r (f b\l'H)3.');
n l i.ne a=Lnpu t t vr-n t o r II,,, n urnbr- r (,I ]ill(l:;.');

nshunts=input ('''lll''1 ti" uuinbc : 'Jj .·,huld!·.');
t o Le r a nce-e Lnpo t t t on t.o r UI" 1"lplclllCf'.');

dataentry(choice,nbus,nlines,nshunts, tolerance)
III u.. X (1) ;

"il i IH'!J x (?)
/1:.;J,\lfII" x (3) ;

'III ,,]"'''I'''C' x(~)
elld
if choice==2

programengine(choice,nbus,nlines,nshunts,tolerance)
end
'2. i I ell!.l j CP

II. v i owou rpu: ("h"i,''')
't pnd

func ion xl=programengine(choice,nbus,nlines,nshunts,tolerance);
nbus=nbus;
nlines=nlines;
nshunts=nshunts;
tolerance-tol rance;

"'IPrj{lillrl ,j,ll I /'('1 llpd tf) l)\J.·f!~~

Eid=fopen ('I111:;,lill I, I xl', '/ ');
a=t xtlead('llI/:;ddld.lxl');
f c l o s e (fid);

''Ist f~(Jll i 11IJ ddt cl I,nl I il i 11 i IHJ t (J 1 i np;)
Eid=fopen('1 inC'cldlit.lxl', 'J ');

b=textread('] iIH'diJl".lxt.');
Eclose (fid);

'~/",jclillq dill.<I po i Lr i u inq t.II :;l1ul1l.:;
f i d=f ope n (' .ihun t.du t il. t.xl.', 't ');
c=t.ex t r e a d (' ,,1111111 cliJt il. t.x t ');
Eclose (fid);

%re",tillq d,tliJ po r t o i n i ncj Lu w,.j'JhL:;
fid=fopen('btl!Jweiqhl.:>dill.n.lxl.', 't ');
buswts-textread ( , lHJ:1W(' i(Jh I sdnl.a ' t. x L ' ) ;
fclose(fid) ;

f i d= [ope n ( , I i nowo i '111 I ,;dil tit. I xl.' , ' J ' ) ;
lin wts=textread('] iJI"wniqhl:;dJl.il.t.xt')
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fclose(fid};

v wts=buswts (:, I: nbus I;
p_wts=buswts(:,nbus+I:2*nbus) ;
q_wts=buswts(:,2*nbus+I:3*nbus} ;
pij_wts=linewts(:,l:nlines} ;
qij_wts=linewts(:,nlines+I:2*nlines};
%pji w t.s J il10Wt.~)(:,2*nJ iW!SI1 :3*nlines};
%'lji wLs Jin(,wL~1(:,]*nJinesll:~*nli[le3};

"STl\TI': 1':5'1' J MAT I ON PH()ljl-{AM

FUJmd! iUI' <II Yl u r;:

Ybus=zeros(nbus} ;
tap=b(:,6};
x=b (:, I) ;
y=b (:, 2) ;
zreal=b (:, 3) ;
z imag=b (:,4) ;
yl=b(:,5};

if size(c}-=O
shun bus=c(:,l};
shun val=c(:,2};

end

'If!ll(''(·t (Jf 1 i no jJnpndilfl~'c-;S dnd ~Jhunt. a.Im i t.La n co s
for i=l:length(x)

tap effectll=(1/(zreal(il+zimag(i}*j}}/(tap(i}A2};
tap-effectI2=(-I/(zreal(11+zimag(i}*j} I/(tap(il I;
ap effect21=(-I/(zreal(i}+Zlmag(i}*j} }/(tap(i});

tap_effect22=(1/(zreal(il+zimag(i}*j}};
Ybu s (x (i), x (i)) =Ybus (x (i), x (i)) +tap_effectll+yl (il;
Ybus (y (i), y (i) I=Ybus (y (il, y (i) I+tap effect22+yl (11;
YbllS(x(il,y(i}I=Ybus(x(il,y(i}}+tap_effect12;
Ybus(y(i},x(i}I=Ybus(y(ll,x(i}}+tap effect21;

end
Ybus;

~i Ill' I U!' i '.JII "! ,;J ill u t !'

if size (c) -=0
[Ol i=l:length(shun_busl

Ybus(shun_bus(i},shun bus(i}}=Ybus(shun bus(il,shun_bus(i) }+shun val(
i} ;

end
end

~~lI!Pdldt i o r: i n t o (; aIJd B
G=real(Ybus) ;
B=imag (Ybu s ) ;

~C{)ITIP\ltdt i o r: (Jl 1111~d._ilJl(·l1lnllL mi smu t c h
"'U,,' 1ll()d!ltt''''W nl m i nm.i tcl: vpcl"r i!, ol I hr) lorm [V Pi Qi Pi Oi j Pj i
Cl i i I' wi,,', I' (',Wil

~t (~trn I ()J!I (1~;(\1lt.!; J ~~lil)VI:c.;t l)j

'lint ill o '11 i !llllill.CIr ve,;I',r
I/;!lt,lln m i nrua t.c h v oc to r i:; ui t.h« (JIIll Il.hr)liJ VI whut" t.o r m r opr o ao n ln

"
'f,!llJbv('c!'JT "nol 1110.' l]rpl.il s u bv oc t o : pxc:lu,J()!;till' "Jilek hu!) u nq l e

v_bus=a (:, 2);
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ang bus=a (:,J);
v_meas=a(:,4);
p_meas=a (:,5);
q meas=a(:,6);

pij_flow=b (:,7) ;
qi j flow=b(:,S);
';1"1 i I]"w 1,1(:, 'I};

"(1 i j [] uw "(:, 1 ()) ;

count-O;
flag=1 ;
while flag>O
'{OJ ,'(,unt (l: 'J
"vulléJ(jp ("1JcI1JaticJI!
v calc=v bus;

'bHen] T'UWC! i n j o c t iUII ca Lcu l o t i on
p calc=[J;
for i=1:nbus

p_calc(i)=O;
for j=1:nbus

p calc(i)=p calc(i)+v bUS(l)*V bus(j)*(G(i,j)*cos(ang bus(i)-
ang_bus(j) )+B(i,j)*sin(ang_bus(i)-ang_bus(j)));

end
end

'*"(·i1<·l.lVP T'(JWPt .i n j oc ti on (Odlculdliun::_;
q calc=[J;
[or i=1:nbus

q calc(l)=O;
(or j=1: nbus

q_calc(i)-q calc(i)+v bUS(l)*v_bus(j)*(G(l,j)*sln(ang bUS(l)-
ang_bl1s(j))-B(i,j)*cos(ang_bus(i)-ang_bus(j)));

l=nd

start bus=x;
end bus=y;

".j Lu j «,d] fJ(lw:, ,'"lculilli'JiI

plj calc=[J;
length(x)
[or i=1:length(x)

q=start bus (i);
r:-=end_bufl(i);
pij calc(i)=-

((v bl1s(q))ft2)*G(q,r:-)+v bus(q)*v bl1s(r)*(cos(ang bus(q)-
ang_bus(r))*G(q,r)+sin(ang_bus(q)-ang_bus(r))*B(q,r)) ;
end

,-:j Il) i tPd('llV(' 11t~W~J ('d!t'IJldLiUll

q i j calc= [J;
(or i=l:lenglh(x)

q=star bllS(i);
r=end_blls(i);

qlJ calc(i)-( (v bus(q))ft2)*B(q,r)+v bus(q)*v bus(r)*(sin(ang bus(q)-
ang_bus(r))*G(q,r)-cos(ang_bus(q)-ang_bus(r:-))*B(q,r)) ;
end

%lll(: dill.:l I o r ll()W~1 f r om IHl~;
ill qo I i I. 11111

Lo bu s i n no t, computed in t.h i s
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~bU,:[J,ll:'H';o t ho t r a n n fo rmo r Lilp~, ("-lj p t a k on wr 1 bus i . ho n c- .....s i.n cr- no

!,'pr>ill cl l.o
'r,cdlclllati,)rl~3 .i r o pPlfut'll\(:"! l o : t.h= la~pjnq I to i t l.ow a a r o not
co n.s _i ein l pd
'" j to i rna I I l ow» ei) I cul a I. io n

+p j i "ille r J;
'~f()[ 'l r l r-n.j t h t x )

t q ~;l,lll. ]JW;(j);

I end bu» ( i) ;
~ p i i ',,1 c (i)

((v blJ~)(I))A?)*CJ(q,r) r v bu~;(q)*v bU!)(r)*(C()~)(ilnq bu s I rl >-

dill) bu:;(q))*l;(q,r)lsin(iJnC) bus t i l+ a nq blls(q))*B(q,r));

'f,pnd

'OJ lu i i oa c t j v o [lows calculation

% q i i (' il[ c [J;
'4sfoJ 1: l e nq t.h (x)
1, CJ~; l. il r l bu» ( i );

>I. r en,j IHIé1(i);
IJ,

'lji calc(i) ((v bw,(r))A?)*B(q,r) r v bu s t qj v v bus(r)*(sin(allg_bus(r)-

dJI') hu.: ('1)) *1; ('1, r) -C()~; (an') bu s (I) -allt) bIJ!) (q)) *B ('1, I));

~p[ld

I lI':'I'Ef{M 1N I NI; M I ~;MAT(;11 V~:CTOHS
v"II')'lD m i rnn.rlc h

~,v IlH'd;;

» v r:ill C

mmv=v meas-v calc;
uunv

, r, (!.! 1 i 11 i (>(' t i o n n

Il Inr'd.i

',p r~d 1('
mmp=p_meas'-p_calc;
0, lIlIlIJ )

.1.1 (~dt't i v c: i n] (~(:I i on s

q IIlndn

,q c'iJ Il'
mmq=q_meas'-q_calc;

111111'1
r ('ol I i i I, lW,;

'1,1' i jl, ,w
i'i i ';01 I ('

mmpij=pij flow'-pij calc;
"lIlrlJ,i J
1 f >fI('j i v t> i J I I (_)W~;

t'l i i f j <lW

''1 ij ,'d j "

mmql]=qlj flow'-qij calc;
111""li I

),II'cj I j i
'ill'i i I I, ,w
f'i i ".) 1('

" lIllIIJl j i I> i i
',!I"II»i i
'ilrf'oIcliv,' ii II(lW~1

l(lW:;

I <lW ' -p i i ,'ol Ic;

%qji Iluw
~qi i CiJ 1<,
'il111111'1i i Cj i i I] ()W ' -'1 i i c.i l c :
.mmq i i

'H'J NA!. M I ~;MA'J'CII Vl':CI'OI\
'hnm [rnmv ' mlIII> IllW! IIImp i i mm'] i i IIImp i i mm., j i I '
mm= [mmv' rnmp mmq mmpij mmqij J ' ;
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nmeas=length(mm) ;

matrixstate=zeros(2*nbus) ;
state= (matrixstate (1,:))';
nstate=length(state) ;

(~f(,tll,,~ti()n :d t h.: ~Jdt;(d io n

Hv=zeros(nbus,nstate) ;
Hp=zeros(nbus,nstate) ;
Hq=zeros(nbus,nstate) ;
Hpij=zeros(nlines,nstate) ;
Hqij=zeros(nlines,nstate) ;
"iii ji zc'r,,,:(rllirlp::,llSldlc,');
H'l'ii Z'I(),:(nlirlpé:,IlOiLdle);

bus number=[];
for i=l:nbus

bus number=[bus number i];
end

"llf> I Inpl, It J If'rl}\j In Il wil ] hp dn d'lql(,mpldLiorl (Jl l_h(~sp

;tllJ!II(ll r i co;:
Li rie t ra cke r= ]x ' ;y'];
bus number;

f "tilId! i III r f l l v .iu hrn.r l : i x (' Jl r r.:o:3T,und i Jlq Lr) vo lt.a q-. mj v rna : CI18 ..-;

fur i=1:1ength(mmv)
[or j=l:nstate

if j-=(nbus+i)
Hv(i,j)=O;

end
if j== (nbus+i)

Hv(i,j)=l;
end

end
elld
~Iiv

hf(llllIll i v.n (lf IIp !1Uhlllilt t i x cl)rt(~:lpl)lldinq lo JI~dJ IJUWUI injPf.;Liq!)
III i ~:Illd t c- \(' ~l

[or i=1:1ength(mmp)
(or j=l:nstate

if i==j
Hp(i,J)=-q calc(i)-B(i,i)*v bus(i)*v_bus(i);

nlld
il j-=i & j =nbus

Hp(i,j)=v_bus(i)*v_bus(j)*(G(i,j)*sin(ang_bus(i)-
ang_bus(j) )-B(i,j)*cos(ang_bus(i)-ang_bus(j)));

enel
if j==i+nbus

Hp(i,j)=p calc(i)/v bus(i)+G(i,i)*v_bus(i);
enc!
i[ j-=i+nbus & j>nbus

Hp(i,j)-v_bus(~)·v bus(j-nbus)*(G(i,j-
nbus)*cos(ang bus(~)-ang_bus(j-nbus))+B(~,j-nbus)*sin(ang_bus(i)-
ang_bus(j-nbus))) ;

end
end

elld
't.lip

t,folllldl io n (Jl li'l ::Ul'lllillrix "()IIP::P<'11\<lin'1 I" r c.ic t.Lvo POWP] inj o ct i'JII
~nl i :illid l ehn:;
[OJ i=1:1ength(~nq)

for j=l:nstate
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if i==j
Hq(i,j)=p_calc(i)-G(i,i)*v_bus(i)*v_bus(i) ;

end
if j-=i & j<=nbus

Hq(i,j)=-v_bus(i)*v bus(j)*(G(i,j)*cos(ang bus (i)-
ang_bus(]) )+B(i,])*sln(ang bus(l)-ang bllS(j)));

end
if j==i+nbus

Hq(i,j)=q calc(i)/v_bus(i)-B(i,i)*v bus(i);
end
if j-=i+nblls & j>nbus

Hq(i,j)=v_bus(i)*v_blls(j-nbus)*(G(i,j-
nbus)*sln(ang bus(i)-ang bus(j-nbus) )-B(i,j-nbus)*cos(ang bus (i)-
ang_bus(j-nblls))) ;

end
end

end
"'II,!

'>.rOlm,,!iDII "I flpij m.rt.: ix COl re spor id inq lo re a l péJwer [low belween
bu s i .i nd i
(Jim i ~l!l1nl c lro »
for i=l:length(mmpij)

for j=l:nstate
temp=line_tracker(:,i) ;
Hpij (i,j)=O;
if j==temp(l)

Hpij(i,j)=v bus(temp(1))*v bus(temp(2))*(-
G(temp(l) ,temp(2) )*sin(ang_bus(temp(l))-
ang_bus(temp(2)) )+B(temp(l) ,temp(2) )*cos(ang_bus(temp(l))-
ang_bus(temp(2))) );

end
if j==temp (2)

Hpij (i,j)=v_bus(temp(l)) *v_bus(temp(2))* (G(temp(l) ,temp(2) )*sin(ang_b
us( emp(1))-ang_bus(temp(2)))-
B(temp(l), emp(2))*cos(ang bus(temp(l))-ang bus(temp(2))));

plld

if j==temp(l)+nbus
Hpij(i,j)=-

2*v_bus(temp(1) )*G(temp(l) ,temp(2))+v bus(temp(2) )*(G(temp(l) ,temp(2)
)*cos(ang bus(temp(l))-
ang bus(temp(2)))+B(temp(1),temp(2))*sin(ang bus(temp(l))-
ang_bus(temp(2))));

end
if j== emp(2)+nbus

HPlj(i,j)=v_bus(oemp(1))*(G(temp(1),temp(2))*cos(ang bus(temp(l))-
ang_blls(temp(2)) )+B(temp(l) ,temp(2) )*sin(ang_bus(temp(l))-
ang_bus(temp(2)) ));

end
n

end
'ld lp i i

!tl(lt"1n!lt jilt) fJf 111]i i Illdt ri x (,;fl) l("'~)I)!)ndjllq lj) rPd\'l i v o f)(JWl't (low

Ilf'l.w(~,," 1,\1:; i ,"r1 i
"'JIll i .uui t.c ho.:
[nr i=l:length(mmqij)

fOI j=l: nstate
temp=line lracker(:,l);
Hqij (i,j)=O;
i f j== temp (1)
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Hqlj (i,J)=v bus(temp(l) )*v_bus(temp(2))*(G(temp(1) ,temp(2) )*cos(ang b
us(temp(l))-
ang_bus(temp(2)) )+B(temp(l) ,temp(2) )*sin(ang bus(temp(l))-
ang_bus(temp(2)))) ;

end
if j==temp (2)

Hqij (i,j) =v bus (temp (1)) *v_bus (temp (2))* (-
G(temp(1),temp(2))*cos(ang_bus(temp(1))-ang bus(temp(2)))-
B (temp (1), temp (2))*sin (ang_bus (temp (1))-ang bus (temp (2))));

end
if j==temp(l)+nbus

Hqij (i,j)=2*v_bus(temp(1) )*B(temp(l) ,temp(2))+v bus(temp(2) )*(G(temp(
1),temp(2) )*sln(ang_bus(temp(l) )-ang bus(temp(2)))-
B(temp(l) ,temp(2) )*cos(ang_bus(temp(l) )-ang bus(temp(2))));

end
if j==temp(2)+nbus

HqiJ (l,j)=V bus(temp(l) )*(G(temp(l) ,temp(2) )*sln(ang bus(temp(l))-
ang_bus(temp(2)))-B(temp(1),temp(2))*cos(ang bus(temp(l))-
ang bus(temp(2))));

end
end

end
III

tj"'IIldl i"l1 (,f Ilpli IIIil11 ix ':()ll'>"pol1,fiIlQ I" r c.i l pUWI'1 fJ"w bo l woen

bil'; I
i !II i ':111<1 t ('}lp, I

j 1:) (> 1l'!1 I, ('1I111J j i )
!UI i 1:I1,;ldl('

+, 1"'11[' ) i 1)(' 11 ,I('k"r (:, i );
~ I I ,l,; il I" Ilip (1) ;

% I' 'III,' (1) I ""II' (7.) ;
'l; 1(>1111'(7.) I rd!lh;

~, !II' i i (i , j) 0 ;
~, if', I ('flip ( 1 )

Ilr,ji(i,j) v bll!>(l.rllll.l(1))*v blw(I"'III'(I'))*(-
lj (I "lllP (I), 1"1111' ())) "Ol i Jl (,Illq hu!: (tf!llll' (1))-

"'1'1 illl!)(I"llq'(t'))) Ill(l.I'llql(1),l.rllq (?))*cu:l(ilnq illl~I(t_"Jllp(l))-

<111<] bil:' (t "'III' ()))));

;, i! j
't,

"I' i i ( i , j) V h\1:: (' '·mp ( 1 ) ) • V bil; (I ,'m!' (%) ) * (f j (t "'11[' (1) r I "mp ()) ) * s i II (d nl) b
11"(1"1111'(1)) Illq 1J11!'(I"II') (i)))-

Il (I "III!' (1) , '''fII[' (;») ',."., (dll'l bl!:, (l."III)' (1) ) - lIHI bu- (il'llll' (2) ) ) ) ;

IPIIIJ>())

~i t I "IIIP (1 ) 'nll1l:;
'I, I![, I i (i, 'I) -

)'v I",,; (I ')1111'(1)) A(; (1."1111' (1), I ('1111' ())) I V 1>11:1 (I "111[>(1'))" (r; (t.r-rup (1), I ('HIP (7.)
) *,:!>!: (,1[1'1 I,":: (I ('lIq>(1))-

dllq hlln(I('IIlI'(t'))) 111(1('IllI>(1),1"1llJ>()))*~;in(;1Ilq bll:·(t_"JIlp(1))-

"ll'l 1>\1:;(I "1111'>(l) ) ) );
(lIJd

ti! 1()IIIf'(?)llllJIlU
'1,

Ilpji (i, j) V llu!:(t<'rnp(1))*(r;(l_emp(1),tclllp(?'))'co:;(i)IHI hll!'(lmnp(l))-

illHl bu s (t "IIlP (7.))) III (1('IIIP (1), l.('llIp(?)) "!l i n (a uq bu» (Lomp (J))-

dllq hun (t Vlllp (t'))));
'!!('nr!
(tl(lnd

't,()I1' I
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'islip i i

'·!.urnldLi(;n <lf flqji mat.r i x c o r i o apo ud inq to r o ac Li v o prwer [luw
br=Lwre n bu.:

"1;j ê)lld j mioma t.c l.es

f, for i 1: IHl(j t.h (rnrnqj i )
'1i f. (Ir oj 1: n s I ate

'l, l.'-'n1P 1 i ne t. r a c ko r ( : , i) ;

% lr a n h \.r>!n1'(1);

~ t.orup (1) t.(~/[lP (2) ;
t.oinp (7.) l.J i1';r,;

" fI'l j i (i., i) 0 ;
i r i I (lmp (1 )

Ilqii (i, i) v bu,,(tt>n1['(l))'v bW·(l.Clllp(2))*«(;(Lmllp(1),tJ)nrp(2))*eu.:;(anq b
u~; ( t. ('Hl!; (1 ) ) -

lIHI hl]~; (t ('Il1P (?) ) ) III (l('II1~1 (1) , l0mp (2))":; in (,IIt(j bu s (l'0mp (1) )-
ij 11(j bu:; ( t. emp (7.) ) ) ) ;

¥c pnd
'1\ i I i = lotnp P)
% "'lj i (i, i) v bus (t.omp t l j ) =v bu s (lemp(2)) * (-

G(t.('Jrlp(1),l.r0rnp(7.))*C()~l(dncJ bus(t.(~JrIp(l))-ilnq bus(lemp(2)))-

Jj (l.r,mp (1), tpmp (2)) *si Il (,'lH] bu s (Lemp (1)) +a nq bus (Lemp (2))));

"nd
if t omp (1) I nblls

%

!!'lii(i,j) ?*v bll:1(t.0mp(1))*B(lemp(]),tpmp().))IV bll:,(temp(2))*«(~(temp(
l),lpnlp(I))*:;irt(dflq hlls(l.emp(l))-ang bu:;(Lprnp(?)))-

Il (1"II1j) (1), 1.')flIP (?)) "cu,; (dji") bus (t.cmp (1)) -nil'] bu s (Lomp (?))));
pnd

'"'I,
lI'lii (i, l ) v hu:;(t""\p(1))*(r;(lnfllp(1),I'~Jr\p(/'))*:;jn(iJIICJ bw;(L'~mp(l))-
dllq hU::(I"IIlp(2)))-H(lr;rnp(1),lemp(/))"c'I).'(ilIH] blls(I.',mp(l))-
,1I"11>JI.'(leHIj>{/))));

~, "ltd

il t PiliI' (7.) 'nhu!.;

'~ (' 11<1

)Plld

'II!I,!i i

.,.,1) i I t I \ (I I l J (,I ( ~(- , 1.) j (1 r I

'l,1J Illv; IIi'; "'1; Ilpi i; lJ'li i; llp j i; fJ'li i I
H=[Hv; Hp; Hg; Hpij; HqijJ;
hsize=size(H);
if count==O

ficl=fopen ('''lI\.I>lII.1 xl', 'w');
fprintf (fid, '! t ('I. dl i011 flUIJI!J"1 ~,c.l\,,\n', count);
fprintf(ficl, 'ThC' ,);i('()i>iiln\n\n');
[or i=l:hsize(l)
fprintf(fid, ''1110.21. '\10.).[ 'I,!O.?I ,,10.21 '1;10.7.1 '1I10.7.J ¥;10.:n

'+oIO.2[ ~1()./1 t,IO.?'f\Il',H(i,:));
end
Eclose (fid);
e nd
if count>O

fid=fopen('(JIltpul.l.xl', ',,');
fprintf (fid, I II ('I ill i ('11 II IJllJi.J" 1 "d\Il\I1', count);
f p r i n t f (Cid, I Til" Ja,'o]) i >111\1'\1") ;
for i=l:hsize(l)

fprintf(fid, "b10.21 11,10./1 ';lO.?! '"JO./[ '1;10./( %10.2f '?slO.U
'l,10.?1 010./1 "IO./f\Il',H(i,:));

end
fclose(fid);

end
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';_'dr,~1 (11'111i n a lj 1)11 of WP i q h t, ma t. r i x
1,.' v wL~}
'1, P wl~;

%q wi:)
%p i j w t.»
%qj i wi"
'5pji_wt_'l
%q j i w l. s
%W-':O":eye (runo a s , muo a s ) ;

W=zeros(nmeas,nmeas) ;
~,W
for i=l:nbus

'f, i
for j=l:nmeas
,; j

W (i, j) =0;
if j==i

W(i,J)=v wts(i);
end

end
"W

end
i temp=i;

for i=i temp+l:i temp+nbus
«.j

f r j=l:nmeas
W(i,j)=O;
if j==i

W(i,J)=p wtS(l-l temp);
end

end
~,W

enel
i temp=i;
[ur 1=1 temp+l:l temp+nbus

, i

for j=l:nmeas
W(i,j)=O;
i[ j==i

W(i,])=q wtS(i-l temp);
end

end
, W

elld
i_temp=i;
[or i=i temp+l:i temp+nllnes

for j=l:nmeas
W(i,j)=O;
if j==i

W(i,J)=Plj wts(i-i temp);
end

end
',W

nd
1 temp=l;
[or i=i temp+l:i temp+nlines

[or j=l: nmeas
W(i,j)=O;
if j==i

W(l,J)=qlJ wts(i-i temp);
end

end
'W
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end
~ j l_(q)(P i .
~ rUl t.r-mp t t : i t_c~][qlfrJ l i rH"'~;;

f.. I_ I...ll il: nJIIC~d~;

vJ ( i , i) 0 ;

i I i

(>1")-

",if~nd
, W
"plld

'~j l."mp i;
't, f o : t.omp r l : i lumpl n 1 j [l0.S
\I for il: nll\C!;l~;

'!; W (i, j) 0;
t, i I i i
I/; vJ(i,j) q j i w ls t i+-i l.emp )
'~ "nd
(~ I HJ

W
',('I,d

~ :: i zn (II)

.:i zo (I I ' )

"jzp(W)

) :h· I (I t 1!1 i nil t i ()J) ( If. ; t (I 1. p rn i t: JHd t. I'; 11 V (~C t c; r

,Wi

Gain=H'*W*H;
~(;d i /1

Gain(1,1)=10000000;
gsize=size(Gain) ;
fid=fopen (''''III,ul.Ixl' '(I');

fprintf(fid,'\n\n'l'h" l o llow i no i!; t.ho (Jilin ll\dlrix.\ll\n');
for i=l:gsize(l);

fprintf(fid, '~10.~f ~10.21 'lO.2l %10.21 ~lO.2t %10.~f %lO.~f
ilO.ll >lO.?! ,,10.?'f\n',Gain(i,:));
end
fclose(fid) ;
niag=inv(Gain) ;
smm=inv(Gain)*H'*W*mm;
. t.r- a t !Jlntn" 1 (l()O
count=count+1;
villI::
III I liu.:

smm(l)=O; ,I" "IL"lr" t Ir.r t I,ll" "11'11,, 1 I "111<1 i u.: I:; 1,·j"I(:]J("(. n o c lia nq o
i II i I
1:;111111

smma=smm(l:nbus, :);
srnmv=smm (nbu s+I :2*nbus, :) ;
iC!pt o r ru i Ildl i(tll uf t o l o r a n cr-

plz_giveta=[];
(or i=1:1ength(smm)

if smm(i»tolerance
plz giveta(J.)=l;

end
nel

if leng h(plz_giveta»O
flag=l;
V_bllS=v_bus+smmv;

ang_bus=ang_bus+smma;
end
'tv hun
%dll(J bu.:
if length(plz_giveta)==O
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flag-O;
'k cl c;
f i d= f open (' (Jutpill.. l.xl', 'il') ;

fprintf (fid, '\n\llCoIlV8rgpnce has UCCUl ed in sd
i l.o ra t i ,)IW.\n', count) ;

fprintf (fid, 'I,~~)tirnat.od hu:" v ol t.aqo » \n');
fprintf (fid, '1.'IW numbel Vol LiJqn\n');
for i-l:nbus

f p ri n t.f If i.dr v e f >f\n',bus number(l),v bus(i));
end
fprintf (fid,' IO:~;linhll"d huc> ilnqlp"\ll.');
fprintf (fid, '[lus numbo i AlICJl ',\n');
for i-l:nbus

fprintf(fid, '-',1. ';,r\n' ,bus~nllmber(i) ,ang~bus(i));
end
'HOil] I'"wc,r i n j oc t.i on c.i lcul a t ion

p calc-lj;
for i-l:nblls

p~calc(i)-O;
for j-l:nblls

p~calc(i)-p~calc(i)+v~bllS(i)*v~bllS(j)*(G(i,j) *cos(ang~bus(i)-
ang~bus(j) )+B(i,j)*sin(ang~blls(i)-ang~bus(j)));

end
end
fprintf(fid, 'r-:~:t imaLN] r oa l power bu s injC'etiun:'l.\n');

fprintf(fid, 'P,ml numb,"I' 1'\11');
for i-l:nblls

fprintf(fid,' 'f ll;f\rl',busnumber(i),p ealc(i));
end

r,J,_,r(~(Jf'l iVI' ~)(Jwpr inj(·r;l,j('ll (":d.lc\]l:~j_i(JIl.-'

Cj cale-lj;
for i-l:nbus

q~calc(i)-O;
for j-l: nbus

q~calc(i)=q~calc(i)+v~bus(i)*v~bus(j)*(G(i,j)*sin(ang~bus (i)-
ang bus(J))-B(i,J)*cos(ang bus(l)-ang bus(j)));

end
ell
fprintf (fid,' I-::;lirnalPej I(),lcl

fprintf (fid, '!lw: numb o r
[or i-l:nbus

f p r i n t.f t f i d r t xI <tt\II',bus number(l),q calc(i));

iv r- powe I

Q\Il') ;

bu » jll_iec\iuns.\n');

end

start~bus=x;
end~bus-y;

i 1,1 i lf II 1I,'W:l ,'"I';ulcll i o n
pij~calc=lj;
length (x ) ;

for i=l:length(x)
q=start~bus(i);
r=end~bus(i) ;
pij calc(l)=-

((v~bus(q))A2)*G(q,r)+v~bus(q)*v~bus(r)*(cos(ang~bus(q)-
ang_bus(r))*G(q,r)+sln(ang bus(q)-ang bus(r))*B(q,r));
'Il cl
f pr i n t f t f i d , 'I«'ill line, J I"w:;\n. ');
f p r i n t f j f i.d r t F'rom bun To bu,] !\hJI pOWf'l' llow\n');
[or i=l:length(start_bus)
f p r i n t f t f i d r t eI %1 '~I\n',start bus(i),end bu s t i j c p i j calc(i));

end
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"'!'ii lf_) 'I r o e c t j v-> fl(.Jw~3 Cdlr..:ulaliull
qij calc=[];
for i=l:length(x)

q=start_bus (i);
r=end_bus(i) ;

qij calc(1)=( (v_bus(q) )ft2)*B(q,r)+v bus(q)*v_bus(r)*(sin(ang bus(q)-
ang bus(r) )*G(q,r)-cos(ang bus(q)-ang bus(r) )*B(q,r))

end
fprintf (fid, "Roac ! i 'JP I i no [lnws\lJ.');
fprintf(fid, 'From bus To but, I<.eactive power flow\n');
for i=l:length(start bus)
fprintf (fid, ''ti 9,; I ",f\n' I start_bus (i) I end_bus (i) I q i j calc (1)) ;

end
fclose(fid) ;

break;
end
" i ( "Ol1n I

[id Iup"n("'tllpul .Lxl " 'w');
~ I I'r i Il I [ (f i ,I, '% (, • ? f 'r,. [I 'I; r, . ) loG. ) f " (, . ? I ~ f) . 2 [ 't 6 • 2 f .,G . 2 r

• (, • ;.> f 'c, I, • ? I \ 11 ' I ,; 111/11' )

" f c I (J"(' (f i d) ;
t. ('1101

% i f "\ltlll I > 1
'~ I id IUf'('ll ('output .lxL' 1'''');

% f P I int f (f id, '~, b . 2 f I, C . If'. C . ? f ~. G. 2 t II; (j . 2 I 'J 6 . 2 j % 6 . 2 L % 6 . 2 f % 6 . 2 i
%b. ) f \11 ' , ~;n1/II' ) ;

'~ I ,; 1()~;" ( ( irI) ;

(J!lo.!

'I,('otlll I

End
function x=dataentry(choiceJnbus,nlinesJnshunts,tolerance)
I n b u » i 11111.1 t ( I PIl t r_\ I t, bn n uml ir- r (j f blJ~'o::). I) ;

'/lI i 11('!; i Il[>1J1 (' r in ! '" 111(' nurnbo r uI I i 11'-";. ');

~1l:;IIUIlL!3 i upu t ('('Illr'! l l rr: numbo : <lI ,;ltlllll!;.');

15Lol P I (l n ( .o j np III (I C" r1L (~ 1 L tt f.1 l (I 1 (.! I d n c:0. I ) ;
nbus=nbus;
nlines=nlines;
nshunts=nshunts;
tol rance= olerance;
.I':I,I "I i 11'1 III I" cl," J

disp(''I'l1rjflll',will'l('"d( i,; I'/lll'l()y(~d [)t lhl' .it a t os (d t ho }>'It'O!'.');

disp('()-:;J,wk 111I"');

disp('l 1111"",; ,,[ I'V 'I I'Cllyp"');
d i sp t t Yr .u w i II I).,'W b" I:;k",j d,Jld r'''lldillillr] ju lu i t i a l '_;()IHliLj()I1~\ ol
( -. IC·Xl 1)11.'1. I ) ;

bus_status= [];
v_bus=l];
al)g_bus=[];
t,wf'iqhl Vdt i a b l r : l(ll v ol tn qr I/ld(jl,il.lldc:;

',[ lltldiJ qj w t n : if 1111) viii uo i ~1 :<UI11r>wllill

dl1d l)(JW!~t i nj o c t. i (Ill::)
11(~dl d('\~3 i fpd tIio n wL!,;

J uw, (' 1 :JP

\Cil v'11U"!J d r o p v o r y I,)w t ho n WLB hu v o l.() ]J" vo r y h iq h , no mo a s u r o

i Ill!, I i o n
svr-r v bi q h wpiqi11B

v wts=[];
p_w s=[];
q_ w s= [];
bus number=[l;
for i=l:nblls
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bus number=(bus number i];

d.i sp t ith i » i :'. UH' bld 1"1 bu,");
disp(i);

bus s t e t.u s t i j v.i npu t t t Isos ,'1.,[11';:');
disp('I)J('a,,(~ o n t o i the; ,'lariil,q cCln,jit.i()I'~;.');

v bu s t i j= i.npu t j t Ln i tLa l v<J[LtW':');
ang bus t i j e i npu t t t tnt t. i a l "l1qlp:');
disp('Pl(-·(1.:H-? nnt.p! tl1(: Il1pasul~cd v a l uo s , I);

v_meas(i)=input('P.Loil'lP PIlter t.ho /lIf~asllred v a l.u= of vollaqe.');
v_wts(i)=input('I~IJLp1 UIe woi q l.t l,'t t.h i s voLt.a qc measure.');
p meas(l)=input('I)lpas(~ ento r t.he ine a su r od val uo of real power

ini('ci io n . ') ;

p w t s Li ï v.i npu t t t En t. c : tho wr-.i q h t lor t.h i s r eaL power inj oc Li o n
me a s u r o I) ;

q_meas(i)=input('Pleils0 = n te r t.ho rnoa s u r ed v a l uo oI roa c t i vo
[l()Wn! in j c c ti c.n . I);

q_wts(i)=input('EIlU'l tho we iq h t t o r t.h i s re a c ti ve powo r
i Il 'Ipct i (Jf) moa s u i o , I) ;

end

a=(bus status' v bus' ang bus' v meas' p meas' q meas'];
a=a' ;
f i d = f 0 pe n ( , IJIl 'J' jilL 'I . L xL' , 'w' ) ;
fprintf(fid, "·,r'.)i .i,,?f ().?1
fclose (fid) ;

IJ. / I ~) • L~ [ iJ. /. f \ n ' , a) ;

'EIlI "t j nq 1 j rj{~ ddt d

d i s p t i You w i l ) J)UW b(_~ d~:iked l.fl (~'~I1t_{-~t Li no dd1é.1.');
start_bus= (] ;
end_bus=(];

resistanee=(] ;

reaetanee= ( J ;
shunt_admit=(] ;

tap=[]; !,TIJi:. r o f rr s o ri l v L(, L1,e l.dr> lIJilqnitude
" I i r)c'> f 1 {lW!;

pij flow=(];

qij flow=(];

pj i flow=(J;
qj 1 flow= ( ] ;
'~W('iqiJl.,; f(J1

pij_wts=[] ;
qij_wts= [ ] ;

pji_wts=(] ;
qji wts=(];
[ur i=l:nlines

f p r i n t f t vI'n l . I.' ,Idl t lUI [ill" ,I',i);

start bu s Li l e i.upu t t t En r o : Ib" .,1111 ill'! 1"0\1'''');
end_bus(i)=input('Enl"l th,' "f,din<j I)u,;:');

resistanee(i)=input('jo;nl"l t ho 1":1i"UII,('P ui \.ll<' lilH':');

reae an ce t i j v i npu t t t En t o r Lil" t"d"ldIICC o f lf", line:');

shunt_admit(i)=input('EI11'l1 t hr- niJ\lnt a-Imi t.t ui.c« of Uw line:');
t e p t i i e i npu t t i Icuto : \J)I' t.il[l "f t.ho Jill" (unly maqnit.udc) ');
f p r i n t f t t Lj n» II()w i i om bu" "'<I tu b\l:;

IId',start_bus(i),end_bus(i));

pij f l ow t i lv.i npu t t t tcn t o r t h-- 1('.11 [,owe'! i[IIW Oil th" Jine.');

pij_wts(i)=input('I-:lll"f i hr: wni'lht.:'l fur t.h i s IlIPd:Hlle.');

qij flow(i)=input('I-:llt<'l tile r ooc ti vo puw('J (I(lw ,)11 t.ho line.');

qij w t s Li l e i npu t t t En t o r Uil' w"iqhL:J l o: this mo o au i o r t j ,
't,fprillt f ('LitH' Ilow l r om hu,; ~d to bu,)

'lsd' I l'lld bl! ,I ( i ) r !ll.;11 t bU'l ( i ) ) ;
'bi'ii Ilow(i) illput('Enler t.ho roa ! POW"1 ilowon Lhr> Line.');
'lIpji wl:l(i) iJ]put('EI,Lc~t UH' wpj(Jhl.'l fnJ this measul<1.');

'bqji f[nw(i) inpul('I':IlL01 tho r ouc r ivo POW('l [Jaw on the line.');

',qii w t.s. t i ) input ('I·:tllnJ' til" wo i qh t.n l(jl t.h is mo a au ro . ');
end
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b=[start_bus' end_bus' resistance' reactance' shunt admit' tap'
pij flow' qij flow'];
b=b' ;
fid=fopen (' J ino d a t a. t.x t: 'w');

fprintf(fid, "di./.1. 'is6.2[ '''',.2f "i;6.2f '~6.2f '!'6.2f 'j,G.2f 'I,6.2[\n',b);
felase (fid) ;
'leEnl é' r in,] .ihun t di' Lil
shunts=[] ;
bus shunt=[];
for i=l:nshunts

bus_shunt(i)=input('I.-:nL(Jr t.ho bus number of the shunL.');
shunts (i) =input ( , ":n 1 pr I. no shunt. ma q n i t udo . ' ) ;

e d
c=[bus shunt' shunts'];
c=c' ;
fid=fopen (' ,;l111nl cid! <.I. l.xl' 'w');
fpLintf(fid,''t,G.?j 'C.2f\tl',C);
felase (fid);

-w r i t i n., wo i qh t.s daL, inlo Ii J«
buswts=[v_wts' p_wts' q_wts'];
I l liC'W L~) l fo i i wI,,' IJ j i wt.s. ' ]'I i i wL~)' 'Li i wt -' ' ] ;

linewts=[pij wts' qij wts'];
buswts=buswts' ;
linewts=linewts' ;
fid=fopen (' bu nwo iq h t. s du t. u . Lxl' 'w');
fprintf (fid,' ~G.2f ~,G.2f '?G.2!' ,buswts);
fclose(fid) ;
fid=fopen (' I i nr'w('iqhl ,;dald .lxl.', 'w');
fprintf (fid,' ,(,.2f ~,[).?f', linewts);
fclose (fid);

x [[ Jl ) IJ;; 111 j Il P -: Il,; ill JIJt ~-; li) 1nl d licc ] ;
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APPENDIX CS: A program to calculate SE using WLS criterion (improved version by M.A.
Kusekwa-2009 using http://www.mathworks/acces/helpdesk/help/state
estimation.html)
·AII files including the data files must be in the current directory in order to
execute the proqrarn"

t Program to obtain ybus admittance matrix

ybusppg.m

f un c t i.o n ybus = ybu sppq (num)

linedata = linedatas(nllm);
fb = linedata(:,l);

tb = linedata(:,2);

r = linedata(:,3);
x = linedata(:,4);

b linedata(:,5);

a = linedata(:,6);

z = r + i*x;
y Liz;
B i*b;

nbus = max(max(fb) ,max(tb));

nbranch = length(fb);

ybus = zeros (nblls,nbus) ;

1<,'( lj I II,' yhu.;.,.

elll LIlq Lin(' [l,ld ...
% F'rom bu.: numbo1 ..

'~ Tu hus n umbr- r ...
',Hp~lj~;tiJlICP, )< •• ,

'I; !\eilelllleE" X."
>I; l;jOlllld Adm i lLn nco , ll/?".
"Tnp ,!pltinq v a l uo ..
~ Lint) inlpr~(L:J.nc(~ ...

or: l nv o r ne of l i no impeddnce ...
Il; Milk!' B im.sq ina r v ...

Nutnl.i-- t ()f bu~:;e~) ...
NUJl1lHli (jl bl dllCh',,,

f, I 11 j \. i c.I 1 i ze' vbus milt r .i x ..

I,' )JIII.}l i o n "I II", Of I Ili l<j'llldl 1-:1"111",,1::..•
lur k=l:n raneh

ybus(fb(k),tb(k))

ybus(tb(k),fb(k))
Gild

ybus (fb (k), tb (k)) -y (k) la (k);

ybus (fb (k), tb (k));

Jo' lj m.. I i /)!l f) I I) i dqr !Jl,j I I·: !1'111"fll ~) ....

fUI m =l:nbus

(or n =1: nbranch
iffb(n)==m

ybus(m,m) ybus(rn,m) + y(n)/( (n)A2) + bIn);
alsGif tb(n) == m

ybus(m,m) = ybus(m,m) + y t n ) + b t n i :
end

o IHj
end
, vbu .: ;
,"zbiI" i n v (ylJ\!::) ;

• Hilt: /\dlllilldll';" Mdii ix

i ]lilt; 11fI1'''ddl1''P Mdl I ix

pol2rec.m

1s IJl) 1 dr t (I J{('(.j a n.j ul Il ('CdlVi'j:; i IlJI

" lil,:r;'I' - (;""'1,I,'x m.r t I i x o : n urnl« I,

In,:("I' /\ I jil, /\ I'" jl, I', I II1dQ.

Hlle) - Md'l" i I IId(

'1'111':'1'/\ - /\1"11" III l.r>lidll::, ...

f unc Li o n reet. = po Lz r e c t (rho, theta)

roet, = rho.*eos(theta) + j*rho.*sin(theta);
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rec2pol.m
PI)lill te, I{(_,(;t r n q u Lr r (:()11VPt~3i JlJ

+, IH!lO '1'111':'1'1\1 In~r;'I·)I'OJ.(X)

t, X - r;<>mp 1 ,'x !lidi I i x 'li numr.o i, X
i, HHO - Mil'Jlii tud"
'~ 'I'1I1-:'I'A - Anq l o in tddidJI~;

A I i B

[unction [rho theta] = rect2pol (x)
rho = sqrt(real(x) .A2 + imag(x) .A2)
theta = atan (imag (x)./real (x));

bbusppg.m

~~ 1\ p r c.q r enn te) f)hlail1 snun ; ihlrniLLal1l:e ma t.rI.x ...

f unc t i o r: bbu s = bbusppg (num) c. RoIurrns b-bu~l.

linedata = linedatas(num)
fb = linedata(:,l);
tb = linedata(:,2);
b = linedata(:,5);
nbus = max(max(fb),max(tb));
nbranch = length(fb);
bbus = zeros(nbus,nbus);

1s Numbo ; of bU3r~~) ...

Numbo r nl. b r a nc ho a .

fur k=l:nbranch
bbus(fb(k),tb(k))
bbus(tb(k) ,fb(k))

b (k) ;

bbus (fb(k),tb (k));

wls.m
'~ A f.lI('(-I.l(1111 lt) ()l>(ajrl }JI)wer :,y!-lt.C_'lr1 ~;t_{jl(-~ (!:il i ru.i Li on u.i inq WLS Mnlhc;d ...

clear
cic;
tic,
num = (num;
ybus = ybusppg(num);

't, r; 1eil JilliVilI iab 1 r)~;...
('lr!dt ('(dllllliJrJdin(.1 w i nd.iw .

'" Numbr-r ,,1 hu,; :)y:;tl'lli.
) (~('! YHll!;.

zdata = zdatas(num); 1;('[ Mr',,!)UJ"III',ld ddt".

bpq = bbusppg(num); ';"[ :,!lulll ddld.

nbus = max(max(zdata(:,4)),max(zdata(:,5))); ,1;('1 numl io r <Jl hll~;"~I ...

type = zdata(:,2) 'J'YI'" "I 1ll('il!)\J!('I(\f'lll

z = zdata (:,3) ;
fbus = zdata(:,4)
tbus - zJata(:,5)
Rii = Jiag(zdata(:,G));
V unes(nbus,l);
d it = Z8]_()S (nbu s,1);
X ~ [delta(2:end); VJ;
G reed (ybu s ) ;
B irnag(ybus);

'+) Mf'il~;Ul('IllI'~I!l v.r l uo:
t; r") (ifli IH]."; .

'" 'I'" bu, .
M(',! '\11 ('11\('111 Et f I}I •••

l ni t La l i zr - l nr })I!.; v'dt,I'J"';'
I I! i I i (I J i 'I, { ~ t! 1( 1_) 1 1 .:; (I [ I (I I I I .) . • •

.'1.11 jl VI>/'t Jj .•

\\, Mnd:llJt(Jrll"ll! i n.Io x ...

vi = find(type == 1);
ppi = [ind(type == 2);
qi find(type 3);
pf find(type 4);
qf find(type 5);

l n.Io x IJ! vr"lt,j<J(\ m.rq r. i tu.Jo nl(ld~~llr(_"m(Hlt_:_"i ...

~ l ncIox of ,<'dl I'UW"I in j r-c ti c.n l!\('d"u[r,mellis.
'Il I! Idpx U 1 1 f"cj(; t i vr' fJUWP I j n j (le' t j on 1t1f~d ~"i lj r(HnC!T) l.~:; .
'i. l u.Io x uf I.(~()I P()WC.;:t 11c/w rn(.!d~3111C'fI1pnt~) •..

f, l ndo x uf ledel ivc- puwel f !(_JW ino.r.vu i omo n t n .

'f.. Nurnl x u (I/ nl(>;1:1111 ()JW)111 ..•

!lvi
I1pi
nqi

Le nq t h (vi); t Nl111Illf'/

length (ppi); Numbo i

length (qi); t Numh!'J

() f Vu II dq(-: ItlC'd3U I ()nlnlll !J ...

(Jf }{erll Power l nj o c t i o n nV!d;:;Ul"It\C"'nt_~j.

(lt H(~(J('l i vn Powo r I t1 joet ion rnf.;il~jUl omo n Ls .
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npf length(pf); Nutnl x-r .. \ 1{(!i11P'J'''''>! 1.'I)w !l1"il,allpflF,lll,'.. ,
nqf length (qf); 0 N\llIIb,'] nl {{();Ici i ve, I'OW(H f'j)w lW'd:,urc,mc'IJi,s",

lllit.i 11 iz(' i to r a t j on ...

iter = 1;
tol = 5;

wl,ile(tol> 1e-4)

+-MC'd!'i lj I (~rn(:~nt Fu nc:L i on, Il ...
hl V (f bu s (vi), 1);

h2 zeros(npi,l);
h3 zeros(nqi,l);
h4 zeros(npf,l);
hS zeros(nqf,l);

for i l:npi
m fbus(ppi(i));
fOl k = l:nbus

h2(i) = h2(i) + V(m)*V(k)*(G(m,k)*cos(delta(m)-delta(k)) +
8 (m, k) *sin (delta (m ) -delta (k)));

end
end

for i = l:nqi
m = fbus(qi(i));
I o r k = 1: nbu s

h3(i) = h3(i) + V(m)*V(k)*(G(m,k)*sin(delta(m)-delta(k)) -
B(m,k)*cos(delta(m)-delta(k))) ;

end
end

Lor i l:npf
m fbus(pf(i));
n tbus(pf(i));
h4 (i) = -V(m)ft2*G(m,n) - V(m)*V(n)*(-G(m,n) *cos(delta(m)-delta(n))

- B(m,n)*sin(delta(m)-delta(n)));
end

fOl i l:nqf
m fbus(qf(i));
n = bus(qf(i));
hS(i) = -V(m)A2*(-B(m,n)+bpq(m,n)) - V(m)*V(n)*(-

G(m,n)*sin(delta(m)-del a(n)) + B(m,n)*cos(delta(m)-delta(n)));
pnd

h = [hl; h2; h3; h4; hS];

MI~d ~i\l 'J (',""rd I I \:; i d\ld I ...
r = z - h;
e = abs(r);
I = e-r;
u = e-ll;

~('dl(,1Jlill('ddC"bi;jfJ m.rt r i x , Il ...
'Il 1111 - J)()) iv i ri vo "I V Wit tI 1 ",,]',,<:t te .s uq lo r... l\ll ï,(>ro:,
JIll = zeros(nvi,nbus-1);

'I; Ill? - I lf' I iVIt iv(' ()f V W lt 11 J"~; pu: t. t. 0 V ...

1112 zeros(nvi,nbus);
[or k l:nvi

[ur n = l:nbus
j [ n == k

H12(k,n) 1;
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end
end

end

't fl21 - [l"rj V,] L ive (Jf Heill POWPf InjecL i()II~; w i Lh Auql o s ...
H21 zeros (npi, nbus-l);
for i = l:npi

m fbus(ppi(i));
for k = 1: (nbus-l)

if k+l == m
for n = l:nbus

H21(i,k) = H21(i,k) + V(m)* V(n)*(-G(m,n)*sin(delta(m)-
delta(n)) + B(m,n)*cos(delta(m)-delta(n)));

end
H21(i,k) H21(i,k) - V(m)~2*B(m,m);

else
H21(i,k) V(m)* V(k+1)*(G(m,k+1)*sin(delta(m)-delta(k+1))

- B(m,k+1)*cos(delta(m)-delta(k+l)));
end

end
end

11)2 - J)nl"ivdl i v o of I·~"a.l ['ower Inject.ion,; wiLh V ...
H22 zeros (npi,nbus) ;
for i l:npi

m fbus(ppi(i));
for k = 1: (nbus)

if k == m
for n = l:nbus

H22(i,k) = H22(i,k) + V(n)*(G(m,n)*cos(delta(m)-
delta(n)) + B(m,n)*sin(delta(m)-delta(n)));

end
H22 (i, k ) H22 (i, k ) + V (m) *G (m,m);

else
H22 (i, k) V (m) * (G (m, k ) *cos (del ta (m) -delta (k)) +

B(m,k)*sin(delta(m)-delta(k))) ;
end

elld
end

l l Ll - !JptiVdliv(1 ()f !p,}l;tivp 1)()\N(~l ]rJ11~!,t_i()I).; w i t n !\nCJI(~~'i ...
H31 zeros (nqi, nbus-1) ;
[or i l:nqi

m = fbus(qi(i));
Lor k = 1: (nbus-1)

if k+l == m
[or n = l:nbus

H31(i,k) = H31(i,k) + V(m)* V(n)*(G(m,n)*cos(delta(m)-
d Ita(n)) + B(m,n)*sin(delta(m)-delta(n)));

end

H31(i,k) H31(i,k) - V(m)~2*G(m,m);
eJse

H31(i,k) V(m)* V(k+l)*(-G(m,k+l)*cos(delta(m)-de1ta(k+1))
- B(m,k+1)*sin(delta(m)-delta(k+1)));

end
end

nd

~ Iiii' - Il"l i v.i t i v o uf !{I'd(,( i vr- !'()w('r In'I"c:1 iUIl:) will. v ...
H32 zeros(nqi,nbus);
for i l:nqi

III f bu s t q i t i j j :

for k = 1: (nbus)
.i[ k == m
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for n = l:nbus
H32(i,k) = H32(i,k) + VIn)· (G(m,n)·sin(delta(m)-

delta(n)) - B(m,n)·cos(delta(m)-delta(n)));
end
H32(i,k) H32(i,k) - V(m)*B(m,m);

else
H32(i,k) V(m)*(G(m,k)*sin(delta(m)-delta(k))-

B(m,k)*cos(delta(m)-delta(k))) ;
end

end
end

'I 11~1 - llr" i v.i t i v o )f Hp,1 I'(,wnr L·]ow" w i th l\JJqlcc""
H41 zeros(npf,nbus-l);
for i l:npf

m = fbus(pf(i));
n tbus(pf(i));
for k = 1: (nbus-l)

if k+l == m
H41(i,k) = V(m)* V(n)*(-G(m,n)*sin(delta(m)-delta(n)) +

B(m,n) *cos(delta(m)-delta(n)));
else if k+l == n

H41 (i,k) = -V(m)* V(n)*(-G(m,n)*sin(delta(m)-delta(n)) +
B (rn,n)*cos (de1ta (m)-del ta (n)));

else
H41 (i ,k ) = 0;

end
end

end
end

" II~; - r)(~J i va t ivo r,f H("ll ['()W('I l-'J()W~; w i t.h V ...
H42 zeros(npf,nbus);
[ur i 1:npf

m = fbus(pf(i));
n = tbus(pf(i));
fur k = l:nbus

if k == 111

H42 (i, k ) = -V (n)* (-G (rn, n)*cos (delta (m)-delta (n)) -
B(m,n)*sin(delta(m)-delta(n))) - 2*G(m,n)*V(m);

else if k == n
H42(i,k) = -V(m)*(-G(m,n)*cos(delta(m)-delta(n)) -

B(m,n) *sin(delta(m)-delta(n)));
else

H42 (i, k ) = 0;
end

end
elld

elld

~ 11',1 - IJI'J i v.i t i vr : 'lf 1<".],;1 i v o I'"w'" I· l ow.i wilh I\nql""'"
HSl zeros t nq f i nbu s+Lj :
(ur i = l:nqf

m = fbLlS(qf(i));
n - tbLls(qf(i));
fUI k = 1: (ribu s+L)

if k+l == 111

H5l(i,k) = -V(m)* V(n)*(-G(m,n)*cos(delta(m)-delta(n)) -
B (rn , n)*sin (delta (m)-delta (n)));

else if k+l == n
HSl(i,k) = V(m)* V(n)*(-G(m,n)*cos(delta(m)-delta(n)) -

B(m,n)*sin(delta (m)-delta(n)));
else

HSl (i,k) = 0;
end
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end
end

end

"II:'? -Ij('liv.ll.iv('.d !{("j(·tiv( !""N()T rl)w~' WiLtlV ...
H52 zeros(nqf,nbus);
for i = l:nqf

m fbus(qf(i));
n tbus(qf(i));
for k = l:nblls

if k == m
H52 (i,k) = -V (n)* (-G(m,n)*sin (delta (m) -delta (n)) +

B(m,n)*eos(delta(m)-delta(n))) - 2*V(m)* (-B(m,n)+ bpq(m,n));
else if k == n

H52(i,k) = -V(m)*(-G(m,n}*sin(delta(m)-delta(n}} +
B(m,n}*eos(delta(m}-delta(n)}} ;

else
H52(Lk) = 0;

end
end

end
end

MI' I ; lJr I mr- n t Id ( -r )b i I il , IL,

H = [Hll H12; H2l H22; H31 H32; H4l H42; H5l H52l;

'" (~d Iii Md t I i X, (~)lI•••

Gm = H'*inv (Rii}*H;

.L 0 J) ~I(.c 1. i vp I, IU J t ( , i (~r I ...
J = sum (inv(Rii)*r.A2);

~ .;tillf' Vp(·tut.,

dX = inv (Gm)*(H'*inv(Rii)*r);
X = X + dX;
delta(2:end) = X(l:nbus-l);
V = X(nbus:end};
iter - iter + 1;
tol = max(abs(dX)};

end

P'i C:UVI] I i ttll' 'r III I I t 1 i x ...
CvE = diag (inv (H'*inv (Rii}*H});

Della l80/pi*delta;

hij' 'lIdI j41(; c!1l,j Illql. ~' ...

X2 - tv D lLal;
d i ap t ' -- !:t"l" 1·:.;1 il""t iUI, - ---------------');
disp('--------------------------');
disp('lllli:l I V I I\I1<JI<' I');
disp('1 No I 1>\1 I 1)"'11"" I');
disp('---- ---------------------');
Cor m = l:n

f pri.nt Lt t i.ë u ", ml; fprintf('
Delta (m}); fprintf ('\11');

'f,g. 4 L','R.ill', V(m}}; fprintf('

end
disp('---------------------------------------------'} ;
toe;
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APPENDIX C6: A program to calculate state estimation using WLAV criterion developed by
M,A, Kusekwa-2010 with assistance from
http://www.mathworks.com/access/helpdesklhelp/document.html)

"All files including the data files must be in the current directory in order to
execute the program"

ybusppq.rn

{ Program to obtain ybus admittance matrix",

funelion ybus = ybusppg(num)

linedata = linedatas(num);
fb = linedata(:,l);
tb = linedata (:,2);
r = lineda a(:,3);
x = linedata(:,4);
b linedata(:,5);
a = linedata(:,6);
z = r + i*x;
y l./z;
B i *b;

nbus = max(max(fb),max(tb»;
nbraneh = length(fb);
ybus - zeros(nbus,nbus);

I'"I I III il (I" ,I tiJ" () I I Il i '''I()Il" I
Io r k=l:nbranch

ybu s t f b t k i r t b t k )
ybu s t t b t k j i f b t k )

end

" knturn:: ybu:;",

(;,jlli,HI Lin' [)dl",.,

~ I~'l(JH\ ttl:'"; 11UlHbr) t ~ ••

'I'" hi',: numl« I • , .

HI'~;i ~'t "11) '(, 1-.1 .

Hf ilf:t 1111'1-), X .
',I(JUlid /\,lll,itldfj("', HI?,.
'I'df ,;,·1 I i I,q Vol l u-: . ,
t.r r«. lnq,e1ilflcf ...

i:; 11lVPI:~(.:l (jf lil)"! intflodancp ...
Mil k" Il i II,a '1 i Il li y .. ,

Nurr.bor li [ hu,;!'"",
ol, Nurnbnr "t br "lll<:hc','

[Id I. i il 1 i ZP ybu~; IIld tri x . ,

ybus (fb(k), t o t k ) -y(k) la (k);
ybus (Eb (k) , tb (k) ) ;

!-'C»)!nJI i Hl !Jf IJjdqrlJl'll EI('IIlPllt~' ....

J " I rn = 1 : 11bl! S
I o t Il =I t nbr anch

ij ib(n) -= m

ybtl:l(III,m) ybu s Im.ju) y(Il)/(éJ(I1)~2) I b(II);
(!l:l(>if b(n) - lo

ybus(lIl,m) = ybu s trnvrn) + y(n) + b(n);
r-ud

en/!
vbu.:

'!I Z l iu. i Il V (yl>u::) ;

Hu:' fI,III,itldltr" M,llix
II; I\u,' 111'1,(',1,1//(," Mi.ll I i x

pol2rec.m

~ Puld} t.IJ !{PC'tdfHl11Jdl (~unV('I~~j_(III

¥, In:r;'I' - ("'IllIJ I ('X 111011t i x UI IIIJlIIIli)I ,

% H1-:r:'J' fI 1 i I" fI J<') il l . Jl Im<l'l '
% HIlO - M,j'Jll i I lidI'
'~ 'l'III-:'I'fI - fllI'lll' in Id<ii"wJ, ..,

f unci ion reet = po12tect (rho, theta)
reet = rho,*cos(lheta) + j*rho,*si.n(theta);
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rec2pol.m
1\)l(jJ Lu f{pcLdll(j1Jldl C0[1Vr-:t!3:i()n

[HIIO TIII-:TA[ In~C'L')I)()L(X)

o. X - Conui l o x ma tri x ur nurnbo r , X
~ RIIO - Mil'ln i Lud,'
'+, THET/\ - fltlCJ I ein r adj <1.'1'.1

A t i Il

function [rho theta] = rect2pol(x)
rho = sqrt(real(x) .A2 + imag(x) .A2);
theta = atan(imag(x)./real(x));

bbusppg.m

;, /\ lit "Jldt11 1'.1 "iJt jil) .vhu nt ddllli tt "iCI' nlill r ix

f unc t i on bbus = bbusppg(num) Ro tu r n.:b+bu s .

linedata = linedatas(num);
fb = linedata(:,l);
tb = linedata(:,2);
b = linedata(:,5);
nbus = max(max(fb),max(tb));
nbranch = length(fb);
bbus = zeros(nbus,nbus);

'Is Nuinho i of bU~H)3 ...
Numbr- r r.d bl cln(·hn~3 ...

lor k=l:nbranch
bbus (fb(k),tb (k))
bbus(tb(k),fb(k))

b (k);

bbu s (fb (k), tb (k));
end

Step length

"y"1 .x : [111,h", "IId'dx, "ll'h"'I, "ll,hal .rll'll<.11dll,lllL" ,lrdljbpLj]
"I ,·]>I"'l'1llr (X, Il, 1"1111,,1,,,1"'1 j l ix , Uu, 1)1 lil III11lfJd, III" lj o I a )

1'1< I MAl, V/\III Alll.l-:

I;IV"" ,'II,,, u l i t o r ,I' (x, 11,1) "II'I "t,'I'.; (1Ix,IJlI,llI), l·ir!t;\,I.JI"

"f."pl'''''lliL: Ihid "11""11' i h.r t X\ "lplldx'Ux>IJ, li \"lldli1U<lJll>(),
1\"I['I, .. I'I11,rl 1Il,J "lidlol ,"ilJ("II'II<iX, i l ph iu , llr"1,l)."\..1 iu ti c.r t r-» tho
ui.rx i rnuu: flclet itHl (If .;l.~p lt) th(\ hC1ullddry (ilypicdl v.r l ur- o : ('tlJ: uti-.!

u. 'J'Jll',)

alphax -l/min(min(Dx./x) ,-1); alphax = min(l,eta*alphax);
alphau -l/min(min(Du./u) ,-1); alphau = rnin(l,eta*alphau);
alphal -l/min(min(Dl./l),-l);alphal = min(l,eta*alphal);
alpha = min (alphax,alphau,alphal);

% lil)AI. VAil- I Alll.l<

" I;iv';ll "\111"111 il'~rll,' (l,lInildd,b"ld) dil,] :~I,'p,; (liLIlllbdd,IJ!I(?L..I), compu t c-
,;l ('l,j (,"'II li ;
'Ij Iltnl "":'111(' I hill 1"llIll,liI I ,J1I'hill<lIIlIl,lil'LJlill11ildL>O,IJ"ldl dlplwl1nld*fl))pliJ,
\llld

"Ipltd Illill(dll'll'11,JIII",l,r,d1r.Jldl,,'I,J). ,'Id ill,li,' >i,,:: t hr rn.rx i rnurn fJiwl i o n o I

, :;1('1' I" lit, 1"'\llldIIY (IYl,i",1 v .. 1rl": l'ld ."'IJ',)

alphalarnbda = -l/min(min(Dlarnbda./lambda),-l); alphalambda = min(l, eta *
alphalambda) ;

alphabeta = -l/mln(min(Dbeta./beta) ,-1); alphabeta = min(l, eta
*alphabeta) ;

alpha = min(alphalamb a, alphabeta) ;
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" WLI\V m.r i r. ~"·')CJrillll

close ill!
clear
clc;
tic,
num = [J; , vJdld l!d!e bu s 3y"lnnl
ybus = ybusppg (num) ; t C0l yBus
zdata = zdatas (num); r;pl Mpé,,'"rel11(·Ill. daLd

bpg = bbusppg (num) ; '(;"l Il [lid,il

nbus = max(max(zdata(:,4)),max(zdata(:,5))); ,> (,Jel numb"! of buses
type = zdata (:,2); ~. Type o I Jl\Pi.t~llJrerll','nL

nm = [J; ~, Nuinbo r (Jf mr=a S u re-mo n l.
z = zdata(:,3); fj Meil1)UeI11E~nl v al uo n

~, (;!ose a II p r oq rams

:'j ClpiJt all v a ri ob l r-n
("ICdl CUlllfrldlJdill(j wi ndr w

Ebus = zdata(:,4);
tbus = zdata(:,5);
Rii = diag(zdata(:,6));
W =inv(Rii);
V = ones(nbus,l);
delta = zeros(nbus,l);
X (delta(2:end); VJ;
G real(ybus);
B imag(ybus);

To bus
Mei) s u 1. omo nt E! ro r
Wr,.iCJhl.i nq f.a c to r

't, ini t.Le l i z o UH} b u s v o l t a.je s

~ ln: L i a ) i zo the bus a n q l o s
Ik ~; l. ate V C) r: L o r

Ml'd!: U) ('111(_111 t i nIo x .
vi = Eind(type == 1);
ppi = Eind(type == 2);
qi Eind(type 3);
pE Eind(type 4);
gf Eind(type 5);

Illd';x ol
I urlo x ,,j
Illclf'x ,,j
[ Ild',x (lf

i, [ Il<!nx 'J [

vo l t oqo m(uJl1jtud(~ IO(J(1~jUIPmpt)l_~;

r(~(ll PUW(~1 ini(~{'t i or. rnn(l.')UI-PHF-?IlL~j

! ('dct i v o rJUWCT inject i (In rrl'::.!d!~Uli':lllcnt:)

1",1] F)I")'wprf !')W rll("d!:jur(~rnr\nL:3

t(\j(.:1 i v o pllWr:~t f luw [Hna::;llrf~mPllt.3

NUlIllH'1 (,f nl(l·~:~llr(~IIIC'nt

nvi length(vi); 'I, NI1J1,b') "I Vo lLa qc. In<'d:;lIICn1''IlU;

npi length(ppi);', NtlJ1I!.>!». uf 1"\".11 I'ow"t" l nj octi o n 11JO'dsutPrnc,nLs
ngi length(gi); N'II"l'('J ,,1 !{"i1ctivp POWf?r Injccl ior. rne,lilulolilonis
npf length(pf); Nun.br- r (Jl ""d] [)"W"l Fl()w IT,Cd!JUIC'1fI<'lll1:

ngf length (gE); " NllJ1llH)T ol [<",j(~I..i V<' h>w'" 1-'1 uW rn('<JSUJ '~lTl"IlL;

l n i I idi i z r- il"ldl i o n
iter = 1;
tol = 5;

while(tol> 1e-4)

4sM(~r/!jUl nJtlOllt }·'llIiCI. i on , h
hl V(Ebus(vi),l);
h2 zeros(npi,l);
h3 zeros(ngi,l);
114 zeros(npf,l);
h5 zeros(nqE,l);

[UI i = 1: np i
m = fbus(ppi(i));
fUI- k = 1: nbu s

h2(i) = h2(i) + V(m)*V(k)*(G(rn,k)*cos(delta(m)-delta(k)) +
B(rn,k) *sin(delta(m)-delta(k)));

end
end
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for i = l:nqi
m = fbus(qi(i));
for k = l:nbus

h3(i) = h3(i) + V(m)*V(k)*(G(m,k)*sin(delta(m)-delta(k)) -
B(m,k) *cos(delta(m)-delta(k)));

end
end

for i = l:npf
m fbus(pf(i));
n tbus(pf(i));
h4(i) = -V(m)A2*G(m,n) - V(m)*V(n)*(-G(m,n)*cos(delta(m)-delta(n))

- B (rn,n) *sin (delta (m) -delta (n)));
end

for i = l:nqf
m fbus(qf(i));
n = tbus(qf(i));
h5(i) = -V(m)A2*(-B(m,n)+bpq(m,n)) - V(m)*V(n)*(-

G (rn,n) *sin (delta (m) -delta (n)) + B (rn,n) *cos (delta (rn)-delta (n)));
end

h = [hl; h2; h3; h4; h5];

t M('(l~;\ll("\JIl(~ld !fI!;idllai il/Id r- i rot
r = z - h;
e = abs(r);

l ni I i"li,J' "aI"ul II i')I) pru"Udlll(!
k 0;
lambda
beta

0;
0;

t V (' c l (, r ') I I ,ij '1 J ij Il q(' IIIlj I t ip I i I' I
lfs V",'lo] of Ldqlilnqr' mu l Lip l io r

~(;il IC \I I i il. ,. ,j IJ ('" Il i ill I Ill"I I i x , II
111I - I)"r j V') L j vr> <>f V w i lil I"!il":cL Le' dll(j lc a . . l\ Il Zen,s

H11 = zeros(nvi,nbus-1);

" Ill? - 1)"1 i Vii I i vr> "I V w i Lh r "~;I",cL I'Cl V

H12 zeros (nvi, nbus);
Jor k l:nvi

Lor n = l:nbus
j f n == k

H12 (k, n) 1 ;
end

Pilel

end

11),1 - 1)I>l i v.s t ivp (,! 1<,'''[ l'uwI'1 l u j r- c t i"I,~l will, l\11'l1(·~;

H21 zeros(npi,nbus-1);
[or i = l:npi

m fbus(ppi(i));
rOI' k = 1: (n bu s-1 )

if k+l == m
[or n = l:nbus

H21(i,k) = H21(i,k) + V(m)* V(n)*(-G(m,n)*sin(delta(m)-
delta(n) + B(m,n)*cos(delta(m)-delta(n»);

end
H21(i,k) H21 (i, k) - V (m) A2*B (rn,m) ;

else
H21(i,k) V(m)* V(k+l)*(G(m,k+l)*sin(delta(m)-delta(k+1»

- B(m,k+l)*cos(delta(m)-delta(k+l»));
end

end
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end

lin
H22

- Lh'l i v o I j Vi' Il j I'Pd I
zeros(npi,nbus) ;

for i = 1:npi
m fbus(ppi(i));
for k = 1: (nbus)

if k == m
for n = 1:nbus

H22(i,k) = H22(i,k) + V(n)*(G(m,n)*cos(delta(m)-
delta(n)) + B(m,n)*sin(delta(m)-delta(n)));

end
H22(i,k) H22 (i,k) + V (m)*G (rn , m) ;

else
H22(i,k) V(m)*(G(m,k)*cos(delta(m)-delta(k)) +

B(m,k)*sin(delta(m)-delta(k))) ;
end

end
end

1131 - no r ivai i v o (Jj Endel .i v-. Powo r in j o c L i()[)~, w it.h Anq le s

H31 zeros(nqi,nbus-1);
fur i = l:nqi

m = f bu s t q.i t i j j r
for k = 1: (ribu s+L)

if k+1 == m
fOl n = l:nbus

H31(i,k) = H31(i,k) + V(m)* V(n)*(G(m,n)*cos(delta(m)-
delta(n)) + B(m,n)*sin(delta(m)-delta(n)));

end
H31(i,k) H31(i,k) - V(m)A2*G(m,m);

else
H31(i,k) V(m)* V(k+l)*(-G(m,k+l)*cos(delta(m)-delta(k+1))

- B(m,k+l)*sin(delta(m)-delta(k+l)));
end

end
end

'" Ill? - Il"l i Vilt i v', (I[ H(!<Icl i V(, PUW"T In jPct i (JIli; wil IJ V
H32 zeros(nqi,nblls);
for i = l:nqi

m fbus(qi(i));
Io i k = 1: (nbus)

if k == III

for n = l:nblls
H32(i,k) = H32(i,k) + V(n)*(G(m,n)*sin(delta(m)-

delta(n)) - B(m,n)*cos(delta(m)-delta(n)));
pnd
H32(i,k) H32(i,k) - V(m)*B(m,m);

elsp
H32(i,k) V(m)*(G(m,k)*sin(delta(m)-delta(k))-

B(m,k)*cos(delta(m)-delta(k))) ;
end

end
end

'~ 1I~1 - no ii vu t ivr: o I R"dJ 1'<lWf!l l-l ow» with An q l o s
H41 zeros(npf,nbus-l);
f or i 1:npf

m fbLls(pf(i));
n = tbus(pf(i));
rUL k = 1: (nbus-l)

if k+l == III
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H41(i,k) = V(m)* V(n)*(-G(m,n)*sin(delta(m)-delta(n)) +
B(m,n) *cos(delta(m)-delta(n)));

else if k+l == n
H41(i,k) = -V(m)* V(n)*(-G(m,n)*sin(delta(m)-delta(n)) +

B(m,n) *cos(delta(m)-delta(n)));
else

H41 (i,k) = 0;
end

end
end

end

", JI~2 - Do r i v a t i vo of Rpal POW(~t F'Low s with V

H42 zeros(npf,nbus);
for i l:npf

m = fbus(pf(i));
n = tbus(pf(i));
for k = l:nbus

if k == m
H42(i,k) = -V(n)*(-G(m,n)*cos(delta(m)-delta(n)) -

B(m,n)*sin(delta(m)-delta(n))) - 2*G(m,n)*V(m);
else if k == n

H42(i,k) = -V(m)*(-G(m,n)*cos(delta(m)-delta(n)) -
B (m,n)*sin (delta (m)-delta (n)));

else
H42 (i,k) = 0;

end
end

end
end

1I'.!1 - Ilf'livi1Livc ot H<'ilClivCl Powo r [·'low!'; with Anrjle s

H5l zeros(nqf,nbus-l);
fur i = l:nqf

m = fbus(qf(i));
n = tbus(qf(i));
Ioi k = 1: (nbus-l)

if k+l == m
H5l(i,k) = -V(m)* V(n)*(-G(m,n)*cos(delta(m)-delta(n)) -

B (m , 11) *sin (delta (m) -delta (n)));
elsp if k+l == n

H5l(i,k) = V(m)* V(n)*(-G(m,n)*cos(delta(m)-delta(n)) -
B (rn , n)*sin (delta (m)-delta (n)));

else
H5l (i ,k) = 0;

end
end

end
end

1,11',2 - Ilc'l. i v a l i v c- nl 1{'),I';IIV" !,(lW"t !"lr,WD wil Il V

H52 zeros(nqf,nbus);
[or i = l:nqf

m = fbus(qf(i));
n = tbus(qf(i));
[ur k = l:nbus

ii k == m
H52(i,k) = -V(n)*(-G(m,n)*sin(delta(m)-delta(n)) +

B(m,n)*cos(delta(m)-delta(n))) - 2*V(m)*(-B(m,n)+ bpq(m,n));
else if k == n

H52(i,k) = -V(m)*(-G(m,n)*sin(delta(m)-delta(n)) +
B(m,n) *cos(delta(m)-delta(n)));

else
H52(i,k) = 0;
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end
end

end
end

" ["OJ m
H

mo a s u r o me n l l..Jdcob-ialJ, Il
[Hll H12; H2l H22; H3l H32; H4l H42; H5l H52];

~ Do l j uo lJ1Jrj(~1 dlH] ].JW(~] sl ac k v a ri ab l o s

u = e+r;
1 = e-r:;
f"(JJ ril j i lq""ill m.i ; r j x U, L,

U diag(u);
L diag(l);

'~(·'11"lI.1,I,' C:')lIlpl"lTlf~nlaly (1dP, Cqap
Cgap = (lambda)'*u + (beta)'*l;

", LJ isp I il Y C (Jill J C'm" 11Lil r Y (J il JJ
disp ('---------- cf)lnp 1 erne n ta i Y (Jar'----------')
disp('---------------------------------------') ;

('éll('llldtP b.v r r i e r p a r c mo t e r v rnyu

myu = Cgap/2*nm;
disp ('--------------- 1m] r lp] pilJ illllc'Ler.-------')

disp(-----------------------------------------')

>I, ('"lcul . t r- mat t i x , I)
D = O.5*((lJ).Ak).A2 + O.5*((L).Ak).A2;

(:<1 IC\I Lll ') T
T = ) .5* ((lJ).Ak) .A2;

('llf~ulrltt' K,
K = O.5*W*((lJ).Ak).A2;

I:" I ,·u I dl ( M,
M = H'*W;

i r:i' I ,'IJ I 'I I c: N,
N = T*W;
disp('---------T,K,M,N-----------------------' )
disp('---------------------------------------');

,"(liJ '1I'"t i vr' ""111<;1 i "Il
J = sum(W'*e);

't, Cd I CU I ill r' 1;111

Gm = 2*H'*inv(D)*H;
disp ('------------- (;11\ -----------')

d i sp (' ----------------------------') ;
'~ SI.dl> V(~,'t",

JX = inv(Gm)*[H'*Inv(Rii)-2*H'*inv(D)*T*inv(Rii)];
X = X + dX;
delta(2:end) = X(1:nbus-l);
V = X (nbus: end) ;
iter = iter: + 1;
Lol = max(abs(dX));

end

Delta 180/pi*delta;
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'~ 11LJ~:; VO 1 L<~rje:,,) and anq j p~)

X2 = [V Delta];
disp ('-------- Sl.al.I' 1·;,;1 illlilt i lOll ------------------');

disp('--------------------------') ;
disp (' I Ell:; I V I An(l I el') ;
disp('1 Nr) I pu I !leqlP'? I');
disp('--------------------------') ;
for m = 1:n

f pri nt f t t s é q ", m); fprintf(' "fJ.~f', V(m)); fprintf('
Delta (m)); fprintf ('\11' ) ;
end
disp('---------------------------------------------') ;
toe;

%8.1t' ,
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APPENDIX C7 (ParallelSE): A program to calculate se using WLAV criterion under
Parallel computing (under development and to be improved)
developed by M.A. Kusekwa
"All files including the data files must be in the current directory
in order to execute the program"

[<UN A MATLAB SC1{[ I)T AS BATCH dOB =

'1; A MATLAll sc r ipt l'aralleló;E.m i s (,II Lh':; c l i en t. pa t.h, but. il ...
i, II il " t" be ilv il i I d IJ IeL (J I.11s> wor kc 1 n . ()Il (' Wily t, (J cj0 L11i s ist. 0 II SE! .

til" I, i Ipl)PI)('rl(l"lll'j,,~; PI "1":11 y 01 t h-. 1'1,'b.,.
sz = met Labpoo l t t n lzot j ,

if sz>O
disp({'<J InillldhT".>ul (>f .i i zo i i nt Zs t.r t sz j t Ls open.']
val = input (' lJ" y( u Weill 1 1 () "I )sp I hr., m JlI Illp',,, 1 (yin?' r "s ' ) ;
if val == 'n' val == 'N'

return
else

matlabpool elo""
end

end

~; t () r l i"; JCl' ; k .
to = clock;

~;TAln r:OOFIllNI\'.I' INC; I'HOCED\lHE
j = 1;
while j <= M2
diary Pdli,II"IWLI\V

, I,'ind ,1 ,,,;I1"tllll,,r <llld ('1':<1\.(' <1 "chBdl1]"1 obj oc t. in Ml\TI.AB c lier.t, ...
'!Ill 1 i 11<11""")111 ,',' (' 'j':i1"c!u I pr', "c o n f i'lUl dl ion', jubnlanéH]e[collfq4');

jm = findResource(':.lclj(',II.I!"r', ";ullf i rju r a t ietll',' juca! ');
disp(get(jm)); .. (:l"",k til" 'lllLlJ:; "I lh(; jdln1WIi,Q',r ...

'l: ------------ 'I'IMIN(, ------------~
1l,)W !flrlq it ldkp;; ({J er('iltp d jld) ..

timingStart = tic;
start = tic;

'i Cl ~:cll (~ )Jdl cj I 1f"1 j(Jl), ..
't, 1Jj,,}) ('I(';ILcl';II"!Ir>!J,,il(jlll,'C"llfi'JIllllj"I1',jnbmdnaCJprconfi'J4');
pjob = createParallelJob(jm, '(:,,111 iqulilLi"Il',' lllCilJ');

% H,,,; I ill 1Wo 1 k" 1 •••

:1(>1 (]' iob , 'H"!l! ii 1 I WUIk('l ' , t I lit') ;
get(pjob)

't, 'I' i In i II' J t i 111(' 1 U "If'.:l t o j ') IJ
times,jobCrea eTime = toe (start);
deseription.jobCrea eTime = 'dub (·I"ill.ioll lintp';

,pju}) ('I"dL,'l'lld!l"j,j"il(jlll)
Tasks = [indTask(pjob);
[pending running finished] = findTask(pjob);
t, :1(,1 (I'i"}), '("lIlJ j')111 'Il j()l1',' iubrndll,j(l"rcullt'l~');
set(pjob, '('0111 i quru t inll',' !(ledJ'
set(pjob, 'MillilllIIIllNuml)('rOrW01 ker a ' (3);
set (pjob, 'M,lX i lllllmNlllllbp.lOlWorkeI !4' (3) ;

set (pjob, 'I,'i l(!!)('i'C'II(!r,nci os ' r {WLAV.m'))
get (jm)
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disp('----------------------joL---------')
disp (get (pjob) )
disp ( "bu s v wur kPL ,;' )

disp (get (jm, "Numbo rOf bu n ywo r k o r s v ) )

STAin PAI~ALLEL COMI'LJTING

~j Ct-')iltn ouo t ",;k wi ll i ? output dl qLlm(~ntn and nol i npul a r qume n ts ...
(J Ht(:dsurc: h(;\o.1 lo r«: t h a t. t u k o s dlld me o s u r o how J()rH~ il. ta k o s to s ubm i t,

I li<' j (d) 1 (J t.h (' c ' I lj 'l tJ) I ...
task = createTask(pjob,@WLAV.m,2, (I);
get(pjob, 'Tasks')
disp('------------Lank Limos------------')
tstime = get (pjob, 'SLa r tlLino ") ;
tetime = get(pjob, 'FinishTilllP');
times.taskCreateTime = toe (start) ;
description.taskCreateTime = "Ta a k c r e a ti or. t imo t ,

get (pjob)
get (jm)
submit (pjob)
time.submitTime = toc(start);
description.submitTime = ',Joh s ubm i s si ori time';

>I; O,ler) t.ho 'lob hac; br-o n s ubm i t to d , i t. is a n tic ipe t.e d t.ha t. aI I its ...
~, t iI,3k ('x"I;llle i Cl ]lilral Jr-l . M')il'lSUre how l o nq it t.a ko., [or all tasks lo .,.

:;L.ut dTloi to ru n to C("ll[>I(~l.ioll
waitForState (pjob) , 'I ill i nhc-d')
',I I.. k I i II rI T 'l.) k (I) j "j " , I I)' , 1 ) ;

times.jobWaitTime = toe (start) ;
description.pjobWaitTime = ',Jub w.i i t tini"';
get(jm)
disp('------------jub------------')
di sp (' :-;t ilt (")

disp (get (pjob, ':;t ,1[J"))

disp (' iJU'lY W'" k o r .s ")
'h ol i ,Jl' (lWl (jill, "Nurubo r Of i)u,;yWU] k('r,;'))
disp (' ------------j",l>------------')

~ T{J~;k~j hi1ve now cOIlll,!c·ted,!;o l.l.r- c(,dr_! i~l bpuinq c x o c u tod ill lhn rna I.La b

~ ,;li"llt. Ml'd:JU!" h"w lUll'] it t"kl'~; to r r- t rLo vr- iJ11 Ih" juh r r- s ul L.. ,
reults - getAIIOutputArguments(pjob);
times.resultsTime = toe (start);
description.resultsTime = '1\(O"lIIL~; ro l r Lo va l lime';
get (pjob, '~;I ill I 'I' ill"");
g t(pjob,'j,'illi"h'f'i,"(");

'il Vr~1i ï v i I t li,' i"b I dil wi t lu .u t c.r ro r :l .•.
errmsgs = get(pjob.Tasks, ('EI l"IMI'.;~;"q'" I) 't."k<NO],'f'~;>
non empty = cellfun (@isempty, errmsg) '\'Jk<N()J''f'~»
celldisp(errmsgB(nonempty) )

IJ., M("',I.l\!ll\ Ihn 1(11,-11 IiIlW' P1cql:iPd [)(,1I1 C1PdtiJ)!J !hp jub lj}) tu thp
f, 1":1111 t;;

tim s. totalTime = toe (start) ;
d i ap t s p r Ln t f j t pe i a l l o ) l. j uu: ï o ; "wo i ko r n : !,j'lC'col)d'l',numlabs,toc))
d i sp t t x t a to ")
disp (get (pjob, I ~Il dl I~'))

dis P ( , n t il t l.! imo ' )

disp (get (pjob, 'SL'Il t Tilnr") )

operationtime = etime(clock,tO)
d i sp (' j,,!lllld'lil<!('r' )

disp (get (jm) )
f i n jobs = findJob (jm, 'SI ijl o ", finished')
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results = getAllOutputArguments(fln ]obs(length(fln Jobs)))
destroy(pjob)
times.destroyTime = toe (start) ;
deseription.destroyTime = 'J<)bd,,~;lIUcLi()JI Limp';

d i sp (' jnblJlilJJiHF,r ')

disp (get (jm))
fin jobs = findJob(jm,'SLal.e','lini.;hed')
results = getAllOutputArguments(fln jobs(length(fln jobs)))
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