
A THESIS

DEVELOPMENT OF,A STATE ESTIMATOR FOR BPDB

(BANGLADESH POWER DEVELOPMENT BOARD) GRID SYSTEM

SUBMITTED TO THE DEPARTMENT OF ELECTRICAL AND ELECTRONIC•

•
••

623.1922
1989

,SHA

, ,,

1{'
",

"'}
I

.-r .,
--.:~
.' .
<

:r,
ENGINEERING, BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY

r. IN PARTIAL FULFILMENT OF THE REQUIREi'1ENTS,FOR THE DEGREE OF

MASTER OF SCIENCE IN ENGINEERING (ELECTRICAL AND ELECTRONIC)
Q '.

•
Q

BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY

DEPARTMENT OF ELECTRICAL AND ELECTRONIC ENGINEERING

I
.1

j r
~l,

, ,{
:),

1
l'
J
I
I t

BY

MD. SIlAHJAHAN

November, 1989

111111111111111111111111111' iIIfl
#76213# I

-------."... .. ~. _._----

•

..".
,1

DlIl,KA,BANGLADESH .



ii

CERTIFICATE

This is to certify that this w~rk was done by

me and it has not been submitted elsewhere for the award
of any degree or diploma.

i.-,

Countersigned

{: Y-cA~<.A->/!! --J.
(Dr. S. Shahnawaz Ahmed)

Supervisor

Signature of the Candidate

~t-k<ML- IS~11.:53
(Md. Shahjahan)



1
\

The thesis titled
Development of a State ~stimator for BPDB

(Bangladesh Power Development Board) Grid System

by
Md. Shahjahan
Roll. 87133lF

has been accepted as satisfactory in partial fulfilment of the
requirements for the degree of Master of Science in Engineering
(Electrical and Electronic) .
Board of Examiners:

iii

(i)

(ii)

(iii)

(iv)

(v)

S.J-Lo. A'\. t.':d A~ ~./1./5Y?
(Dr. S. Shahnawaz Ahmed) /

Assistant Professor
Department of Electrical and
Electronic Engineering
BUET .

./\11 G /Yl{,l.'l./ '2. 5 .". Ifh 9,
(Dr. Md. Abdul Matin)
Professor and Head
Department of Electrical and
E~ectronic Engineering
BUET.A~v,j.s-. /~8,9
(Dr. 'S)'edFai1-i Rahman) .

Professor
Department of Electrical and
Electronic Engineering
BUET.

~J...QI~/brl
(Dr. Shahidul Islam Khan)

Asso~iate Professor
Department of Electrical and
Electronic Engineering
BUET.

~~ \1l9'(?r. Md. S~enda-r-Ali) ?..~I\. _
D~rector ~
Bangladesh Institute of Technology,Dhaka
Gazipur.

Chairman
(Supervisor)

Member

Member

Member

Member
(External)



IV

ACKNOWLEDGEMENTS

It is a matter o~ great pleasure on the part of the

author to acknowledge his profound gratitude to his Supervisor,

Dr. S. Shahnawaz Ahmed, for his support, advice, valuable

guidance, assistance and his constant encouragement throughout

the progress of this research work.

The author acknowledges his deep sense of gratitude to

Professor Md. Abdul Matin, Head of the Department and Profe~sor

Md. Quamrul Ah~an of Electrical and Electronic Engineering Department

for showing interest and providing support and encouragement

in this work. •

The cooperation received from the Director and other

personnel of th~ Computer Centre of Bangladesh University of

Engineering & Technology is also thankfully acknowledged by the•
author.

The author also wishes to express his sincere thanks to

the engineers working in the Directorate of System Planning and

in the Central Load Despatch Centre of Bangladesh Power Develop-

ment Board for providing him with the ~ata and other information
~J~

on the national grid ~ystem.



,.

v

ABSTRACT

Bangladesh Power Development Board (BPDB) is considering

implementation of a computer aided monitoring and control system

for its grid network. With this objective ahead it has already

installed telemetering instruments at some of its grid substa-
I

tions. The measurements on line flow, nodal injections and vol-

'.tages acquired through telemetry are inherently error corrupted.

To obtain a reliable and consistent set of information on system

state from the raw telemetered data an algorithm known as State

Estimator is required.

In the present research work a computationally efficient

program has been developed: for a fast decoupled bad data suppres-

sion state estimation algorithm. In this algorithm the usual

aQd random measurement errors have been minimized in least

square sense using weighting factors chosen on the basis of

statistical properties of the errors. The gross measurement

errors have been suppressed using a reweighting technique. The

measurements have been grouped into active and reactive sets

to take advantage of decoupled characteristics of a high voltage

power transmission system. Sparsity was exploited in computations

involving matrices.

The developed program has been tested extensively on
, '

.!"''''



vi

BPDB grid system choosing a number of measurement configurations

and simulating various sets of errors. The Monte Carlo techni-

que was adopted for simulation test. The results of the compre-

hensive study on robustness, accuracy of estimates and bad

data processing capability of the algorithm have been analysed

using established.performance indices .

•
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CHAPTER 1
INTRODUCTION



1.1 General Considerations .
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A growing demand for electrical energy has constrained the

present da~ power utilities in both developing and developed

countries with the vital problem of ensuring an uninterrupted

and low-cost delivery of power with negligible fluctuation in the

frequency and in the voltage. A basic prerequisite for such a secure

and economic operation. of a power system is frequent and quick

monitoring of the current state of operation. In order to help the

operator for monitoring the system"operator and then take decision

for appropriate control action, a large amount of on-line data is

acquired from the system and telemetered to the. dispatch centre.

The'data mainly consists of measured values of line power flows,

nodal injections and voltage magnitudes at various nodes of the

system. The raw telemetered data is corrupted by inherents random

measurement noise .and also by large or gross errors. The random.

noise mainly results from current and potential transformer errors,

meter inaccuracies, analogue to digital conversion error and noise

in communication channels or interference noise. Gross errors,

also called bad data, are the outcome of faults or failures in

metering and data communication systems which may also give rise

to the situation of missing data. Obviously an algorithm is requi-

red" to process the raw data to compensate for its various uncer-

tainties and produce a consistent and reliable set of informa-

tion on the current operating state

used for this purpose is called the

of the system. The
. . 1state Estlmator .

algorithm
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1.2 Approach of State Estimation

A state estimator is a computer software whose input data

is a redundant set of measured quantities and the output is the

best possible estimate of the state variables i.e. busbar voltages

and phase angles which are used to obtain the computed values of

measured,unmeasured and missing quantities. Redundant means that

the number of measurements is more than the number of state .vari~

abIes. For the best estimate the state estimator uses a suitable

statistical criterion, for instance sum of weighted squares of the

difference between observed values of the measurements and their

computed values, with a view to minimising the effect of errors in

the telemetered measurements. An iterative procedure is involved

in state estimation algorithm. In the first iteration the computed

values may be obtained from a flat start i.e. unity voltage magni-
tudes and zero phase angle.

The mathematical model of the system network required for

state estimator is formed on the basis of the telemetered status

of circuit breakers at different nodes of the system. State esti-

mation is usually performed at pre specified time periods of a

daily routine or whenever a major change in the system operating

conditions or network configuration takes place.

State estimation differs from a load flow analysis in the
following way.

i) While state estimation processes a redendant set of on-line

measurements on injections, line flows and bus voltages

and compensates for the errors in them, load flow has

nothing to do with measurements. Load flow requires that
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the magnitudes of a set of only nodal injections equal to

the number of nodes be available and does not care for the

uncertainties, source or reliability of the input data so

that the results of load flow calculation can be seriously
affected.

ii) In on-line and real-time contro12-5 of a power system, the

values of injections are computed more accurately using the

estimates of bus voltage and phase ang~es obtained from the

state estimator and then made available for performing a

load flow. From this point of view load flow is a secondary
outcome of state estimation.

1.3 Applications of State Estimation

The output of the state estimator is accessed. by other on-

line functions6 like security control and the economic dispatch,

through a data base. Security Control requires reliable information

on the system's present state to predict in a very short time i.e.
real time the effects of contingencies such as generator trip-

ping, line outage, fault occurence, loss of load etc. upon the

customers demand, nodal voltage limits, generator loading limits,

transmission line thermal limits, minimum spinning margin and

so on. Economic dispatch function determines the best allocation

of generation requirements among the available generating units

so"that the demanded load can be satisfied within the above men-

tioned constraints imposed by security considerations at a mini-
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mum cost. To ~his end an optimal power flow problem requiring

accurate information on system st"ate, perticularly on bus injec-

tions is involved. State estimator produces the best estimates of

them by using the estimated bus voltages and phase angles.

The state estimator also identifies the grossly erroneous
measurements and hence can provide the locations of suspect

measurements so that remedial actions can be taken quickly in the

field on the faulty components of instrumentation and data commu-
nication system.

1.4 Background and Purpose of the Present Work

It is almost two decades since the state estimation theory

has been first reportedlfor application in power systems. Mainly

three approaches - static, tracking and dynamic state.estimation
. l' 1,7,8h f' l' 1were proposed ~n the ~terature. T e ~rst one uses ony a s~ng e

snapshot of measurem~nts to estimate the states of a system at

a particular instant of time. The last two consider the time

variation of system state in addition to a particular measure-

ment snapshot. Yet the method of static state estimation is pre-

ferred9 in practice because of its simplicity in modelling compared
to the other two.

For the method of static state estimation' two basic algori-

thms have been proposed so far. The first suggestedl,9 one'is

based on minimisation of a weighted least square (WLS) criterion ..

Later research worklO has suggested another algo»ithm based on a

linear programming (LP) technique to minimise a linear criterion.
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Although the LP based state estimator was found to show better

performance in processing bad data compared to the basic WLS estima-

tor, the former requiresll more computer time and storage than

the latter.

A number of research work devoted to further improving the

computational as well as bad data performance of basic WLS esti-

mators gave rise to three versions namely Fast Decoupled12 WLS,
. 1 13 LS ddt S . 11 ,14 (BDS) 1. .thL~ne-On y W an Ba Da a .uppress~on a gor~ ms.

The fast decoupled one takes advantage of the well known weak

coupling among active and reactive quanti tie.s of a power system,

and makes a grouping of the m'easurements into active and reactive

sets. Eventually a decoupled algorithm with constantJacobian matri-
[

ces incurring less computer storage apd. time per iteration can be

derived. The line-only algorithm was developed only to process a

measurement set consisting of only complex line flows. The Bad

Data Suppression algorithm was developed by modifying the WLS

criterion to assign less weight to the suspect measurements accor-

ding to an efficient non-quadratic criterion e.g. quadratic square

root criterion. The suppression technique can be incorporated in

any WLS based estimator at the cost of a trivial change in compu-

ter program, time and storage requirements. In general, the fast

decoupled WLS estimator is applicable for a metering configuration

comprising all types of measurements and when incorporates BDS
.11technique it has been reported as the most.efficient algorithm

in terms of both computational and bad data performance.

In Bangladesh its only public utility - Bangladesh power

Development Board (BPDB) has just stepped into the process of
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computerizing its central load despatch centre (CLDC) with the ins-

tallation of telemetering system at some selected grid substa-

tion . In course of phase by phase implementation of the project

a computer is expected to be installed at CLDC by 1991. This has

become an incentive for the researches at' BUET to investigate

into different aspects of state estimation and make an initial

assessment of its applicability for the monitoring and control

of the national grid system. Part of the task is the object of

the present research work.

The main areas in which the present work contributes are

as follows :

1) A state-of-the-art review of state estimation algorithms

has been carried out in order to choose which one would

be the most suitable.

2) A computer program has been developed for the WLS state

estimation algorithm incorporating fast decoupling and bad

.data suppression techniques. Also a highly efficient spar-

sity15 exploitation program has been interfaced .with it.

3) The .developed program has been tested extensively on BPDB
.d t' C' 1 . 1 . 16 h'grl sys em uSlng Monte ar 0 Slmu atlon tec nlque.

1.5 Organisation of the Thesis

The presentation of the material studied in the research

work is organised as follows.

Chapter 2 describes the WLS state estimation algorithm together

with fast decoupling and bad data suppression techniques.
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Chapter 3 presents' the programming details of the fast decoupled

BDS algorithm.

Chapter 4 presents the results of simulation tests of the deve-

loped computer program.

Chapter 5 provides a summary of the main results obtained in the

present research work and suggest some areas for further research.

The appendices include supporting materials to different chapters

of the thesis.



, .

CHAPTER 2

METHOD OF FAST DECOUPLED
WLS STATIC STATE ESTIMATION
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2.1 Introduction

The weighted least square (WLS) algorithm9 estimates. the

state variables by minimizing an objective function which is the

sum of squares of a number of terms with each term corresponding

to a measurement acquired from the system and weighted by a

factor chosen on the basis of statistical properties of the

measurement error. The minimization of the objective function

is formulated as an iterative process based on the Newton~Raph-

son technique which involves the inversion of a matrix known as

gain matrix to update the state variables in each iteration. The

iterative process stops when the change in each of the state

variables between two .successive iterations is less than some

pre specified value termed as tolerance margin.

The WLS algorithm in its basic form involves a large amount

of computer storage and excessive computing time due to evalua-

tion and inversion of the gain matrix in each iteration. These. .

difficulties have been overcome in another version of WLS algo-

rithm known as fast Decoupled estimator12 taking advantage of

decoupling characteristics and a number of simplifications based

on physical properties of high voltage power transmissiohsystem

and engineering judgement.

The measurements to be processed by a state estimator are

in general corrupted by usual errors called measurement noise
17which are of random nature and reported to be governed by
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inherently filtered i.e. compensated by a WLS estimator. Apart

from the noise, for a number of reasons mainly malfunctioning

or failure of transducers and telemetry, one or more data in the

measur~ment input can be bad containing gross errors which do

not follow the Gaussian law. In order to process gross measure-

ment error effectively WLS estimators are modified as Bad Data
. 14Suppression (BDS) algorithm in which only the suspect measure-

ments are reweighted to suppress their effects. The quadratic

square root14 criterion is used for reweighting.

It.is necessary to check whether the available number of

measurements in a system would be enough to determine its state

variables. This possibility is known as observability which

depends upon the network as well as metering configurations.

Observability of a system needs to be determined prior to per-

forming state estimation and remains valid as long as the network

and the measurement configurations remain unchanged.

2.2 Basic WLS Static State Estimator1,9

The method of static estimation estimates the state varia-

bles from a single snapshot of measurements taken at a specified

instant of time. A simple model relating the measurement (nodal

injections, line flows and voltage magnitudes) to the state

varlables and network parameters is given by

[Z] = [h(x)] + [~ ] (2.1)



12

where

[Z]

[X]

[h(x)]-

x

[U

M

N

MIN) 1-

MXl vector giving observed' (telemetered) values of
measurements

NXI state vector comprising state variables

MXl vector of nonlinear functions in state variables
providing the true but unknown values of the measured
quantities. These functions are shown in section A.l
of Appendix-A.

an element of state vector [X]

MXl vector of measurement errors.

number of measurements

number of state variables, i.e. voltage magnitudes and
phase angles to be estimated.

redundancy ratio

The weighted least square algorithm ,uses this model and minimizes
the sum of the squares of the difference between the observed
value~ and true values of the measurements, with each term weigh-,
ted by a factor w. Equation (2.2) shows the WLS objective function.

M
J(x) = L

m=l
w (z - h (x)) 2m m m (2.2)

where m denotes measurement serial.

The successive linearisation and minimization of equation

(2.2), as shown in section A.2 of Appendix A,leads to an expres-

sion for the optimum estimate of the state vector as in equation
(2.3).
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(2.3)

where
"[X] estimate of state vactor

i iteration counter

[G] =

is gain matrix of dimension NXN

(2.4)

[H] = a h Iax- Aix=x

is Jacobian matrix of dimension MXN

(2.5)

[R] measurement error covariance matrix of dimension

MXM which is diagonal with constant elements as

shown.in section 2.2.1

T as superscript denotes transpose

( 2 • 6)

is measurement residual vector.

If all the measured quantities are linear functions of state

variables, e.g. nodal currents and branch currents, equation (2.3)

reduces to a simple non-iterative form as in equation (2.7)

(2.7)

where all the matrices are with constant elements i.e. independant

of state variables. A linear case, of the state estimation problem

is not the practical one. Because in a power system measuring the
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nodal power injections and line power flows (which are nonlinear

functions of state variables) is the usual practice and also pro-

vides an easier means for estimating the unconventional quanti-

ties like phase angles of the buses.

However an example using a simple d.c. network with nodal.

current and branch current measurements has been produced in

section 2.2.2 just to show the basic principle of the WLS state

estimatIon algorithm.

2.2.1 Weighting Factors

The measurement errors represented by the vector [~l in

equation (2.1) are mainly due to current and potential transformers'

errors, inaccuracies ofmeterinq instruments (transducers), errors

of analogue-to-digita1 (A/D) converters, noise in communication

channels or interference noise. Consequently these errors are of

random nature and termed measurement noise. The best measure of the
\

uncertainty associated with any particular measurement is the

standard deviation of its error. The weighting factors w used in

equation (2.2) can be computed in terms of the standard deviations

by assigning a probability law to the measurement noise. It has,
been reported17 that the measurement noise usually follows the

normal (Gaussian)18 distribution with zero mean and a known stan-

dard deviation a , and is independent of another measurement

noi~e. E~uations (2.8) and (2.9) respectively show these stati~-

tical properties of the noise of the m-th measurement.



E(~)=O
m

(2.8)

15

E ( ~ m

where,

T
~m ) = 2

am (2.9)

E - statistical expectation operator

a - standard deviation of the noise of m-th measurement.m

The smaller the standard deviation the greater is the confidence

which can be, placed in the observed value, of the corresponding

measurement. Therefore, the weight of the term corresponding to

the m-th measurement in equation (2.2) can be set as inverse of

the square of standard deviation i.e. inverse of variance as in

equation (2.10)

w =
m

1
-2-
a
m

(2.10)

The variance 2( a ) terms for all the measurements are usually

assembled as the elements of a diagonal matrix [R) 'known as,mea-

surement error covariance matrix as in equation (2.11).

2
a[

iRJ '- • (2.11)



,Equations (2.10) and (2.11) can be combined as:

16

-1
[R] = (2.1l!)

In both the equations (2.11) and (2.12), the matrices are of

dimension MXM i.e. m = 1 to m = M; the total number of measure-
ments being M as mentioned is section 2.2.

2.2.2 Example of WLS State Estimation

In Figure 2.1 a 2-bus d.c. network with two nodal current

measurements zl and z2 and a branch current measurement z3 has
been shown.

Figure 2.1: A 2-bus d.c. network.
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The observed values of measurements have been assumed as

21 = 4 ampere

22 = -1. 5 ampere

23 = 2.5 ampere

The weight for each of the measurements has been assumed to be

unity so that

o
1
o

(2.13)

It is required to estimate the nodal voltages.

In this case the state variables are

[Xl = [:~ l (2.14)

while the equations relating the true values of measurements to

the state variables are linear and can be derived applying kirch-

hoff's law as follows:

hI = II = 2vl - v2

h2 .- 12 =-vl + 2v2 (2.15)

h3 = 13 = VI - v2

Equations (2.15) can be stated in matrix form as.in equation

(2.16)
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[H] = -1

-1

2

18

(2.16)
1 -1

The observed measurement values can be expressed as

4

[Z] = -1.5

2.5

~r6 -sJ
~s 6

Then applying equation (2.7)

(2.17)

(2.18)

r6 . -sJ-1 r 2
=~s 6 ~1

-1

2

1

-1

1

o
o

o
1
o

o
o
1

4

-1. 5
2.5

=

2

-1

-1

2



is the required estimate of nodal voltages.

2 3 1 d 1. h 12. Fast Decoup e WLS A gorlt m
The basic WLS algorithm defined by Equation (2.3) has the

following main disadvantages.

a) A large amount of computer storage is required because the. ,

gain matrix [G] has a size 2n x 2n when n is the number
of nodes such that N = 2n; N being the number of state
variables.

b) The computing time is excessive due to evaluation of the
gain matrix using the state vector dependent Jacobia matrix
[H] and its inversion in each iteration.

To overcome the abovementioned difficulties a grouping of
the measurements into
(2.20) and (2.21)] is

active [Z ] and reactive [Z ] sets. p ." . q
made so as to express the Jacobian

"[equations
matrix

[H]of equation (2.3) in partitioned form as in equation (2~22).

(2.20)

(2.21)



[H(e,v)] =

[H (e,v)]
qp

[H (e,v)]
pq

20

(2.22)

=~ a e " [H (e,v)]
pq

a h
= --Ea v (2.23)

[H (e,v)]qp
a h"= ~ , [H (e,v)]a e qq

=~ av (2.24)

In the Jacobian matrix of equation (2.22) the off-diagonal blocks
i.e.

weak

i)

submatrices [Hpq] and [Hqp] can be neglected on the basis of

coupling which exists

between change' in phase angles and that in reactive powers

and ii) between change in voltage magnitudes and that in active

powers.

Using the decoupled Jacobian

matrix

and two measurement sets ([Z ], [Z ]) as in equations (2.20) and
p q

(2.21), the equation (2.3) can be expressed aS1

(2.25)
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In equations (2.25) and (2.26) the state vector [X] has be~n

expressed in terms of voltage magnitude vector [V] and phase angle

vactor [a]. Also,

" . .
[A (a~ ~~)]pp ,

(o,Z ]i+l =
q

(2.27)

(2.28)

(2.29)

(2~30)

(2.31)

(2.32)

It has been shown in section A.3 of Appendix A that based on a

number of simplifications known as fast docoupling techniques,

equation (2.27) and (2.28) can be refined to provide an algorithm

with state vector independant Jacobian matrices. This algorithm

is termed fast decoupled WLS Algorithm and expressed as in the

equations (2.33) and (2.34)

(2.33)



22

(2.34)

where the Jacobian and measurement error covariance matrices are

with constant elements.

2.3.1 Computational Aspects of Fast Decoupled Algorithm

a) The active Jacobian Matrix [H ] and the reactive Jacobian
pp

Imatrix [H ] are independent of state variables and evaluatedqq
before the start of the iterative process. Hence the corresponding,

gain matrices are also constant and 'inverted only once. Hence

the time per iteration and overall computing time of this method

are greatly reduced compared to those of the basic WLS algorithm.

using active measurement residuals [

is computed in the same

1\In an iteration (i+l) firstly the vector [e ] is updated

"evaluated at both [e ]

b)

6 Z]
P

1\ "and [V] of previous iteration i. Then '[V]

iteration (itl)using the reactive measurement residuals [ 6Z~]

evaluated at [V] of previous iteration i and updated [~ of cur-

rent iteration (i+l).

c), The algorithm stops the iterative process when all the
elements of both [6 ~ ]i+l = [;]i+l_ [ ;]i and [6 ;]i+l =

[V]i+l_ [~]i are less then or equal to the tolarance margin. This
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may happen either at the end of a number of full iterations or a

number of full iterations plus a half which does not require upda-
A

ting of [V].

d) The storage requirement is largely reduced as only two dia-

gonal blocks of the gain matrix [G] anp two submatrices of the

Jacobin Matrix [H] are to be stored.

2.4 Bad Data Suppression

. 11 14In this techn~que ' each of the computed measurement

residuals is checked against a carefully chosen threshold (break-

point) value A • If the residual exceeds the threshold the corres-

ponding measurement is a suspect one and is assigned less weight

else the same weight as in the WLS criterion. This process of

reweighting can be confined to only the right hand side of the

equation (2.3) which defines a basic WLS algorithm. As a result

the general expression for a WLS estimator transformed into a

Bad Data suppression (BDS) algorithm can be written as:

(2.35)

where the notations have their us.ual significance excepting

[D] - a diagonal matrix with elements (d ) as a function of corr-
m

esponding measurement residualr = z - h (~i). m m m
[ p] - a vector with elements (p m) as function of rm
m - 1, 2, M denotes measurement serial
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A fast decoupled BDS algorithm results when equation (2.35)

is extended tb equations (2.33) .and (2.34) representing the

fast decoupled WLS algorithm.

The quadratic square root criterion14 used for reweighting

expresses the elements dm in the matrix [D] and.Pm in the

vector [p] by equations (2.36) and (2.37) .

then

dm = (4 I A:: I - 3) -1/2 (2.36)

P = :t Aa (4/ rm _3)1/2m m A a. m

else

d = 1m

Pm = rm

In equation (2.36) positive sign is used for

while negative when r is negative.
m

(2.37)

P when r is positivem m

The choice of the threshold A determines the size of

suspect bad data to be suppressed. Since the usual measurement

noise obeying Gaussian distribution law are within :t3 am range18

for a probability of 99.7%, the bad data with errors outside,

,this range will be suppressed for a value chosen for A not

much greater than 3.0. The higher the value of A the less is
the suppression effect.
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2 5 b. b-'l't 19. 0 serva 1 1 y--

The observability of a ~ystem is defined as the possi-

bility of determining ,its state variables using the available

measurements. The concept of observability can be understood

by explaining the relation between metering configuration

and the network configuration.

Let k, 1, m and r be four nodes with r chosen as the

reference node as in Figure 2.2.

k
m

F r

Figure 2.2: Demonstration of relation between measurement
locations and network configuration

Let an injection measurement I and a flow measurement

F be respectively placed at.nodes 1 and m. Then the measurement

I at node 1 provides a direct or an indirect path (connection)

between any two nodes of the group k,l, m. The flow measure-

ment F at node m provides a path between m and the reference

node r. Since m is already measurement-connected to nodes k

and 1 it can be said that each of the nodes k, 1 and m has a

path to the reference node either directly or indirectly.



Similarly if all the nodes of a system under considera-

tionare measurement-connected to the reference directly or
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indirectly then in the Jacobian matrix [H) none of the columns,

each of which correspond3to a node with unknown state variable,

will have completely zero elements. As a result the inverse

of the gain matrix [G] = [H)T[R]-l[H) will e~ist and. the equa-

tion (2.3) defining the basic WLS estimator can also be solved.

For a fast decoupled WLS estimator the observability is

determined by considering the active set (active injections

and line flows) 'and the reactive set (reactive injections,

reactive flows and voltage magnitudes) of measurements sepa-

rately corresponding to two gain matrices: active and reac-

tive. If anyone set fails the test for observability, the

system as a whole is unobservable.

2.6 Conclusions

The basic weighted least square algorithm though provi-

des the most accurate estimates, takes excessive computing

time and storage. The fast decoupled WLS algorithm has been

reported tb take on average a few iterations more than the

basic WLS algorithm but produces results with an accuracy

close to that of basic WLS as well as adequate for practical

purpose involving less computer storage and taking a less

overall computing time due to a reduced time per iteration.

The usual random measurement noise obeying Gaussian
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probability distribution is inherently filtered by aWLS esti-'
mator due to the processing of a redundant measurement set and

use of weighting factor equal to the inverse of the square of

the standard deviation of the corresponding measurement noise.

But the gross measurement errors outside the Gaussian distri-

bution require to b~ suppressed incorporating a reweighting

criterion known as quadratic square root criterion with aWLS
estimator.



CHAPTER 3
DEVELOPMENT OF COMPUTER PROGRAM



3.1 Introduction

The main computations involved in a fast decoupled BDS

algorithm can be classified as fixed computations, iterative

calculations together with bad data suppression and output
of the estimation results.

In an on~line environment, when a state estimator is

implemented on the computer of a power system control (des-

patch) centre, the measurements are directly acquired from the

system and fed as input to the state estimation program. The

state estimator is also interfaced with two more on-line soft-

wares namely network cqnfigurator and the data base. The for-

mer provides information on the current configuration of sys-

tem network while the latter provides network parameters and

information on meter placements i.e. locations of the acquired

measurements. Also the output of the state estimator is stored

in the data base for accession by other application programs.

Before on-line implementation of a software for power

system control, it is a common practice to test the developed

prototype using simulated data. Simulation test of thecompu-

ter code developed for a state estimation algorithm is done
16 .adopting Monte Carlo approach . A metering pattern compri-

sing active and reactive nodal power injections, line power

flows and voltage measurements at various nodes is' selected.

The 'true' values of the measurement quantities are obtained.

from a load flow solution of the test system. Also the values

29
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of network parameters used by load flow program are accessed

by the state estimation program through common blocks. The

standard deviation for each of the measurements is provided
. db' b .. 16 bt .to a Gauss~an ran om num er generat~on su rout~ne to 0 a~n

a quantity which represents a zero mean random error. This quan-

tity is added with the 'true' value of the corresponding mea~

surement to simulate telemetered raw data. Some of the measure-

ment values are made largely erroneous to simulate bad data.

Then this simulated set of 'telemetered' and 'erroneous' mea-

surements is provided to the developed state estimator as

input. In this way the selected metering pattern is tested many

times, for instance, 30, using different sets of errors to cor-

rupt 'true' values of measurements in each simulation.

3.2 Computer Program for Simulation Test of the Fast

Decoupled State Estimator

The basic scheme for interfacing various groups of sub-

routines written for Monte Carlo simulation test of the fast

decoupled BDS algorithm has been presented in the form of a

flow chart in Figure 3.1. The main program and all the sub-

routines were written in standard FORTRAN 77 language.

3.2.1 Computation of Measurement Weighting Factors

Use of standard deviations is required not only in simu-

lating measurement errors but also in computing the weights



'True' values
of

measurements

Load flow
Solution

Selection of
metering pattern

Observability
Determination

Simulation No.
ISIM=1

Simulated~ set
of 'telernetered'
measurements

Fast decoupled
BOS state
estimation

Output of
estimation results

No

Random
error
generator

31

Figure 3.1: The basic scheme for Monte Carlo simulation test of
the fas~ decoupled BOS estimator.
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for the measurements of the selected metering pattern. The nume-

rical values of a can be calculated from the knowledge of the

accuracy of the instrumentation and the telemetry system. The

accuracies are presented by the manufacturers as the maximum

expected errors. Under a Gaussian distribution the maximum error

will fall within a range of ~3 a (3 standard deviations) for a
probability of 99.7%. Therefore, using typical accuracies the

standard deviation am for the m.-th measurement, if it is a line
. 20flow measurement, can be calculated as

(3.1)

where,
S - complex quantity (MVA) representing 'true' flow value

D - full ssale (MVA) deflection corresponding to rated
transducer output

a = 2% to 12% due to current and potential transformer errorsI .

a2= 0.25% to 0.35% due to transducer error

a3= 0.1% due to AID converters

a = in units of MVAm

In the present work it has been considered that

a2 = 0.25%

D = 1000 MVA



So that equation (3.1) becomes

crm~ (0.011 sl + 1.2)

where

cr - in units of MVAm
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(3.2)

If all the quantities in equation (3.2) are expressed in per unit

(p.u.) with a base r:iVA' ~qual
". ~ , ;'t

in p.u. as in equation (3.3f

crm=o.ollsl+F

where

F = 1.2/MVABASE

cr and S are in p.u.m

to •MVABASE' then cr can be computedm

(3.3)

(3.4)

It is a practice to calculate the standard deviation

(in p.u.) corresponding to an injection measurement as in
equation (3.5)

cr = F
m

where F is as in equation (3.4)

For voltage measurements the standard deviation is

cr = O.OOlvm m

(3.5)

(3.6)

where vm is.the 'true' magnitude of the corresponding voltage

measurement in p.u.
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It is worth mentioning that during on-line implementation

as th& measurements are not a simulated set rather directly acqui-

red from the system the 'true' values are not available and

instead typical observed (measured) values are used.

3.2.2 Observability Determination

The test for observability has been done by assigning a

code number to anyone of the nodes. Then the group of nodes

connected to this node directly or indirectly through measurements

were identified and given the same code. In this way a check was

made if all the nodes of a system attained a common code and the

system became observable. The test has been conducted twice by

considering the active and reactive sets of measurements separately

for the fast decoupled estimator. It should be noted this method

of observability test is a simple and quick one involving only

logical statements and no floating point calculations.

3.3 Flow Chart for the Fast Decoupled BDS' State Estimation

Various steps of the fast decoupled BDS state estimation

algorithm have been programmed by the present research work

according to the flow chart presented in Figure 3.2.

3.3.1 Fixed Calculations

Fixed calculations refer to those computations which need

to be accomplished only once and remain valid as long as the

measurement configuration and network topology remain unchanged.
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Form active
ga~n matrix[App)

=[H ]T[R ]-l[H ]pp pp pp

Form reactive
gain matrix [AI I

qq
=[H' ]T[R ]-l[H' ]qq qq qq

Convergence
message

Iteration
No. i=O

Initialize
[V] and [e
for flat start
and i=1+1

Form [ f.. b I
=[H ]T[R ]-l[ 6 ~ ]i+lpp pp p

and also check[ f.. ZpJ for
bad data suppression

A
8

Form [!:l bql .
=[H' ]T[R ]-1[ 6Z,]1+1qq qq q
and also check [ 11Z~] for

bad data suppression

No

a) Fixed calculation b) Iterative
calculation

Figure 3.2: Flow chart for fast Decoupled BDS State Estimation Algorithm.
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These are mainly formation of active and reactive Jacobian matrices

respectively [H 1 and'[H' 1, and corresponding gain matricespp qq

as in equations (2.33) and (2.34). 'All these matrices have cons-

tant parameter elements and are predominently sparse Le. the
greater proportion of the elements are zero. Therefore, in the

present research work, storage of Jacobian matrices and inversion

of the gain matrices have been done using sparsity oriented prog-
rainming.

I h ,15 I' t d h 1 th 1 tn t e spars~ty exp o~ e sc emeon y e nonzero e emen s,
are recorded using row and column index arrays instead of conVEn-

tiona I two dimensional matrices. Moreover instead of conventional

inversion technique a more efficient method called sparsity direc-

ted bifactorization15 is used. This saves both computer storage
and time.

3.3.2 Iterative Calculations

Iterative calculations refer to the computations required

to be made in each iteration. These are mainly formation of active

and reactive measurement residual vectors [/:;Zpl and [/:;Z~ I,

check of residuals for bad data suppression, updating state
" Avariables ([ 61 and [VI) and convergence test.
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3.4 Conclusions

The computer code developed for the fast decoupled BDS algo-

rithm ih the present research project is by nature a program to

make use of simulated data. During on-line implementation only

the program for the state estimator together with that for obser-

vability is to be adapted for interfacing with the data base

and network configurator on a power system control computer.

Applications of sparsity exploitati~n techniques in the

developed program has enhanced its efficiency in terms of computer
storage and time.



CHAPTER 4
PRESENTATION OF RESULTS
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4.1 Introduction

The computer program developed by the present research

work for simulation test of the fast decoupled BOS state estima-

tion algorithm has been applied on the BPOB grid system (as of

June 1989) using the mainframe computer IBM 433l/K02 at BUET.

The simulation test has been done extensively to evaluate

various performance such as convergence characteristics, accu-

racy of estimates and bad data processing of the algorithm on

BPOB system corresponding to a number of metering configurations.

The test system consisting of two interconnected zones viz: east

and west, comprises a total of 81 nodes (buses) and 114 lines.

The metering pattern was varied by choosing locations of injec-

tion (difference between generation and load at a bus), flow and

voltage magnitude measurements at various nodes. The estimation

has been performed only after the test system was proved obser-

vable with respect to the selected measurement configuration.

Each metering pattern was tested 30 times using different sets

of random errors in the way explained in sections 3.1 and 3.2
of Chapter 3.

The results of the comprehensive simulation study made

by the present work have been presented in the .following sections

in the form of general comments together with typical selected

numerical values to illustrate the average performance of the

developed estimator.
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The test system data and some sample results have been

shown,respectively in Appendix B and Appendix C.

4.2 Measurement Configurations

Some typical metering patterns used in the simulation test _

are shown in the Table 4.1 .

Table 4.1: Typical measurement configurations.

Measurement Location of measurements Total RedundancyConfiguration Injection Flow Voltage No. of ratioNo. measurements
M Mn ~ N

.,..•.
"i4

1 at B2 at SE at GB 287 1.79
2 at GB at SE at GB 303 1.89
3 at GB at SE at GB 321 2.01

and SB and SB
4 at SE 456 2.85

and RE
5 at SE at GB 481 3.01

and RE
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The significance of various symbols used in Table 4.1 are

as follows:

B2 each of the buses having 2 lines connected to it;

there are 17 such buses in the BPDB system.

GB each of the buses having generator connected to it;

there are 25 such buses in the BPDB system.

SB each of the buses having no generator or load connected to

it; these are termed as switching bus and there are 6 such

buses in the BPDB system.

SE sending end of each line.

RE receiving end of each line.

N ,number of state variables for 8l-bus BPDB system is 160;

this includes the voltage magnitude and phase angle of

each node excepting the one which has been treated as the

reference node with a voltage magnitude assumed to be known

and a zero phase angle.

Each of the injection and flow measurements was considered

in the form of both active (MW) and reactive (MVAR) components.
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4.3 Convergence Characteristics

The fast decoupled BOS algorithm was tested using a tole-

rance margin of 10-6 between the estimates from two successive

iterations and a flat start vL9 = 1.0LO in the first iteration.

Table 4.2 provides some typical results on the convergence pro-

perty of the algorithm in terms of number of iterations when all

the measurements were corrupted with random errors.

Table 4.2: Results on convergence of the fast

decoupled BOS estimator.

Metering Redundancy No. of iterationspattern ratio
No.

1 1.79 10.0
2 1.89 9.0
3 2.01 9.5
4 2.85 10.0
5 3.01 8.5

In table 4.2, the number of iterations in some cases are

a whole number plus a half (e.g. 8:5) to imply that the estimation

for voltage ~agnitudes was not required in the last iterations.

In general, simulation tests of the selected metering
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patterns have shown that the algorithm took on average ~ to 10

iterations depending upon the redundancy ratio, amount of errors
I

and locations of measurements. Although in some cases metering

patterns having a higher redundancy ratio converged in less num-

ber of iterations in other cases metering patterns with a lower

redundancy ratio but with the measurements placed uniformly

around each node, ha>e shown better convergence .•

4.4 Accuracy of Estimates

The accuracy and quality of estimates provided by the

test algorithm is judged20 by computing the post-estimation value
of WLS objective function J(~) as follows:

M

where

J(~) = 1
M

m=l

II 2w (z - h (x»m m m (4.1)

M number of measurements

observed value of the m-th measurement

weighting factor for the m-th measurement
1\

hm(x)-value of the m-th measurement computed from the

corresponding analytical expression using obtained

estimates of the state variables.

In" simulation test z is the value specified for the m-th measure-m

ment after corrupting it with error.



If "the computed value of J(x) is less than the corres-
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ponding threshold value than the results of estimates are accu-

rate and valid. If all the measurement errors follow the Gaussian

distribution then J(~) will have a chi-square distribution17

with (M-N) degrees of freedom. since the Gaussian measurement.

errors are within ~3 standard deviations for a probability of,
20 1\99.7% the corresponding threshold value of J(x) is •

•

J(~)threshold
(M-N)

;
+ 3 ~2(M-N)

M
(4.2)

Table 4.3 shows some typical average values of J(~) obtai-

ned in simulation tests conducted with only random noise corrup-

ted measurements.

Table 4.3: Computed post-estimation vs. threshold

values of J(Q) in presence of r~ndom

measurement noise.

Metering Degrees of J (~)
pattern freedom computed value Threshold valueNo. M-N

(N;160) in p.u. in p.u.

1 127 0.3427 0.6091
,.

2 143 0.4535 .0.6393

3. 161 0.4922 0.6692

4 296 0.6384 0.8091

5 321 0.6929 0.8253



45

(\The computed values of J(x) were found to be less than

the respective thresholds implying the acceptability of estima-

tion results interms of accuracy and quality.

At simulation stage few more performance indices20 as

shown by equations (4.3) through (4.5) can also be used to

assess how close to the 'true' values are the estimates.

M

Jt(x) = ~ E wm«zm)true- hm(~)'),2
m=l

(4.3)

N
1 {\

~v = (vi)true- v, ('4.4)N E ~

i=l

N

1 "~e = E (ei)true - e, (4.5)N ~

i=l

Table 4.4 shows the post-estimation and threshold values

of the index Jt(x) for the typical measurement configurations-

used in the present work.

The estimation results were close to the 'true" values

and acceptable as evident from the computed values of the index

Jt(x) which were less than the respective thresholds.

The threshold values of Jt(x) shown in Table 4.4 were



Table 4.4: Typical computed vs. threshold values of Jt(x)
in presence of random measurement noise.
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Metering
pattern
No.

1

2

3

4

5

Computed
Value in p.u.

0.6321

0.4459

0.4064-

0.3146

0.2920

Threshold
'value in p.u.

0.7444

0.7051

0.6656

0.4685

0.4442



obtained20 using equation (4.6).
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[Jt (x)1 threshold
N+3.J2N= --~-

M
(4.6).

Nwas 160 for the BPDB system.

Table 4.5 includes the typical values obtained for the

other two indices

Table 4.5

wand U
v e

Typical values of performance

indices Wv and ue in presence of

random measurement noise.

Metering
pattern
No.

Wv
in p.u. in radian

1 0.0015 0.0028
2 0.0010 0.0017
3 0.0009 0.0019
4 0.0017 0.0016

•5. 0.0011 0.0018,

Very low values obtained for the performance indices

wand ue imply that the estimates of state variables vLewerev

close to the 'true' values.

•
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The closeness of the estimates to the 'true' values

can also be assessed by a comparison of the estimated quantities

directly with their 'true' values.

Table 4.6 shows sample results on comparison of the esti-

mates of voltages and phase angles at some of the nodes of

BPDB grid system. Also typical values of estimates of some of

the measurements have been shown in Table 4.7. The sample results

shown in both the Tables were obtained for the metering pattern

No. 1 in presence of random measurement noise.

The results shown in Table 4.6 and Table 4.7 confirm
\ ~the closeness of estimated values to true values and also an

improvement over the specified (measured) values.



Table 4.6: Typical values of estimated voltages and phase angles
at some of the nodes of the BPDB system for metering
pattern No. 1

Node
name

KPTI2X40

KHLN1X60

KAPTAI13

SHJIBZ13

GHRASL23

'True'
voltage

(p.u)

1.0299

1.0299

1.0020

1.0170

1.0252

Estimated
voltage
(p.u.)

1.0290

1.0304

1.0015

1.0179

1.0258

Est.-'True'
voltage
(p.u.)

-0.0009

0.0005

-0.0005

0.0009

0.0006

'True' phase
angle
(degrees)

3.0545

-37.2741

-1.7925

-0.0804

-4.0673

Estimated
phase angle
(degrees)

3.1432

-37.1378

-1. 5705

-0.0859

-3.9397

Est.-'True'
phase angle
(degrees)

0.0887

0.1363

0.2220

-0.0055

0.1276

•••
-.J
tr



Table 4.7: Typical values of estimates of some of the measurements
at selected nodes of the BPDB system for metering
pattern No. 1

Node Type of 'True' Specified Estimate Sp. - Est. Est.-True
name meas.urement value value value values value

CHNR013 Active injection -18.89 -17.95 -18.43 0.48 0.46
(MW) (MW) (MW) (MW) (MW)

FRIDPR13 Reactive flow 11.85 7.89 11.11 -3.22 -0.74
(MVAR) (MVAR) (MVAR) (MVAR) (MVAR)

ULLONL13 Active flow -40.00 -40.64 -40.12 -0.52 -0.12
a (MW) . (MW) (MW) (MW) (MW)

GHRASL13 Active flow -63.76 -61. 48 -63.15 1.67 0.61
(MW) (MW) (MW) (MW) (MW)

t, ••

•••...,
(J
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4.4.1 Accuracy vs. Redundancy

48

In general simulation tests have revealed that accuracy

of estimates increased with the .redundancy ratio of the measure-

ment configuration. A quick assessment of accuracy vs. redundancy

has. been provided in Figures 4.1 and 4.2 by plotting the computed

and threshold values of performance indices J(~) and Jt(x) respec-
tively taken from Table 4.3 and Table 4.4.

It is evident from the Figures 4.1 and 4.2 that the compu-

ted value of performance index J(~) increases with redundancy

while that of Jt(x) decreases. This is because of the fact that

the former measures the difference between specified and estimated

values of measurements while the latter assesses the difference

between the 'true' and estimated values. As the redundancy inc-

reased the estimates became closer to the. 'true' values and

hence better than the specified i.e. erroneous values.

The increase in the threshold values of the index J(~)

with redundancy was consistent with the equation (4.2) which

shows that higher the number of measurements higher will be the

threshold. On.the otherhand the threshold value of the index

Jt(x) which is inversely proportional to the number of measure-

ments as in the equation (4.6), decreased with redundancy.
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0.8

O. 4

0.2

a
1.5 1.8 2. 1

Computed J(x)

2.4 2.7 3.0 3.3
--------,.- Redundancy

, Figure 4.1: Variation of performance index J(x)

with redundancy.
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O. 2

o

Computed Jt(x)

1.5 1.8 2. 1 2.4 2. 7 3.0 3.3

-------- ~~-Redundancy

Figure 4.2: Variation of performance index Jt(x)

with redundancy.
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4.5 Bad Data Performance

The algorithm was also tested by specifying zero values

for some of the injection and flow measurements whose 'true'

values were non zero. The rest of the measurements were random

error corrupted.

Table 4.8 shows the performance of the algorithm for a

typical case of bad data. The results were obtained with a value

of 4.0 for the breakpoint explained in section 2.4 of Chapter 2.

The tolerance margin used in the iterative process was 10-6.

In general, the algorithm was able to suppress the bad

data and produce estimates close to the 'true' values as evident

from the value of the performance index Jt(x) cited in Table 4.8

The computed value of the other index J(~) was in,excess of the

threshold levels by a large margin, ,because the errors of some

of the measurements wer~ gross so that J(~) did not have a chi-

square distribution and also the specified values of those mea-

surements (bad data) were widely different from the 'true' and

hence estimated values.

The number of iterations required by the algorithm to

converge was larger because of the presence of gross measurement

errors in addition to random noise.



Table 4.8: Bad data performance for a typical case.

Metering Bad data 'True' Specified No.of Estimated Performance
pattern Location Value Value itera- Value indices
No. tion -in p.u.

--
A5 An active and-a -41. 68 0.0 29.0 -39.91 J (xl

reactive flow (MW) (MW) Computed: 2.2398
measurements at -22.37 0.0 -22.95 Threshold: _0.8253
node CHNDR013 (MVAR) (MVAR) Jt(x)

Computed : 0.3302
Threshold: 0.4442

U1

'"
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4.6 Computer Storage and Time

The approximate core memory requirements of the program

developed in FORTRAN 77 for the'fast decoupled BDS algorithm was

worked out in terms of decimal words. The IBM 433l/K02 computer

used for simulation tests in the present research has 32 bits

word length.

The length of the program area was about 5500 words. The

size of the data area was calculated considering the size of the

test system i.e., 81 buses and 114 lines and a maximum measure-

ment redundancy ratio of 3.5. The integer type data area was

approximately 8100 words and'that for real type data was about

3240 words. It should be noted that the IBM 4331 computer has

integer variable packing facility so that each word of 32 bit

length can store more than one integer type data.

As regards to the computing time required for execution

of the developed program it is worth mentioning that the program

has been run from a time shared terminal system interfaced with

the computer so that the CPU time recorded varied at different

parts of the day and week depending upon job traffic. On average

the total execution time of the state estimation program was

about 10 seconds of which 3 seconds for fixed computations, 2

seconds for calculations in all the iterations and 5 seconds for

writing the output on peripheral device. in general, it was obser-

ved that the total CPU time requirement of the program varied

insignificantly with redundancy ratio.
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4.7 Conclusions

The performance of the fast decoupled BDS state estimator

on a practical system i.e. BPDB grid network has been evaluated

by conducting Monte Carlo simulation tests extensively using va-

rious metering patterns with different redundancies.

The ability of the algorithm to converge with various

sets of random and gross measurement errors has established

its robustness. Use of a number of performance indices to assess

the validity of the estimates has given positive results. The

algorithm was successful in handling the bad dati problem.

The variation of convergence, accuracy and computer time

with redundancy has also been studied. Although CPU time varied

insignificantly. with redundancy the accuracy was found to inc-

rease with the same.'

The convergence characteristics depended not only upon

the redundancy but also on the uniformity of placing the measure-

ments with respect to each node of the test system and magnitudes

of measurement errors. The requirement of a small time per itera-

tion made it allowable for the algorithm to converge in a compara-

tively large number of iterations in presence of bad data.

The computer time and storage.requirement of the develo""

ped state estimator can be considered suitable for on-line imple-

mentation even on a mini or microcomputer with available memory
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capacity. Had sparsity exploitation techniques not been applied,

the developed program would. have required more time and memory.



CHAPTER 5
GENERAL CONCLUSIONS
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5.1 Conclusions

These days a computer based monitoring and control scheme
~is considered by the electric utilities as the only viable means

to ensure an Jconomic and secure power supply to their customers.

The basic prerequisite to carry out any computer analysis and take

correct decision is the provision of a reliable and consistent

information on system state. To this end a set of redundant raw.

data (measurements) acquired.from"the system through telemetry is

processed by an algorithm known as state estimator.

Bangladesh Power Development Board has just undertaken a pro-
I

ject on the installation of a computer aided despatch centre for

the on-line monitoring and control of the national grid system.

Keeping in view-the requirement of sophisticated software alongside

the computer hardware, the present research work has attempted an

investigation into va~ious. aspects involved in the initial stage

of implementing a state estimation software responsible for per-

forming a primary function in the on-line control. This investiga-

tion has covered the choice of an algorithm which would take computer

storage and time acceptable from on-line standard point of. view and

identification of the metering patterns which would be suitable

for the chosen algorithm interms of convergence, accuracy of esti-

mates and bad data (gross error) processing capability.

The Fast Decoupled Bad Data Suppression algorithm has been

chosen and tested extensively on the BPDB grid system adopting

Monte Carlo simulation approach. The algorithm has been programmed
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'exploiting sparsity so as to preserve its computational efficiency.

The simulation tests performed wlth a number of selected metering

configurations has established its robustness and ability to give

accurate estimates in pres~nce of both random and gross measurement

errors.

5.2 Suggestions for Further Research

The computer code developed for the state estimation algorithm

in the present research is by nature a program to make use of simu-

lated data. Hence an investigation should be made into its adaptation

for on-line operation which involves its interface with network

configurator, data base and man~machine interface.

Also a~ investigation into the provision of some pre-estimation

procedure for identifying some of the measurements corrupted by

very large errors, can be considered. The identified measurements

may be replaced by pseudo-measurements with values chosen from past

knowledge. As a result the overall accuracy of estimates can be

expected to improve and also the~task of post-estimation bad data
1

processi~g will be easier. U

Investigations should also be made into identification of

network modelling error due to inconsistency in the information on

circuit bre~ker status.

The design of a single metering pattern which would be optimum
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in terms of number, type and location of measurements, accuracy

requirement and cost of the instrumentation system with respect to

the fast decoupled BDS state estimator, can be an interesting point

for further investigation.
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APPENDIX A
MATHEMATICAL EXPRESSIONSS AND DERIVATIONS

FOR THE BASIC AND THE FAST DECOU PLED
WLS STATE ESTIMATORS
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A.I Nonlinear Functions of State Variables

The expressions h(x) for a nodal injection and a line

flow have been shown in Table A.I in relation to an elementary

network branch model and in terms of associated state variables

together with the branch parameters.

P.+jQ.~ ~

Node i
x.=v. L e.~ ).. ~

I

P.k+;Q'k~ . ~

y.=js~ I
Table A.i: Expressions for a line flow and a nodal injection.

h(x)

Line Pik Pik=Real part of {xi (xiYi+(xi-xk)Yik)*}
flow

2Or,pik=vivk[-gikcose ik-bik sine ikl+vigik

Qik Qik=Imaginary Part of {xi (xiYi+(xi-xk)Yik)*}

Or,Qik=vivk[-gikSine ik+bikcose 2ikl-vi(bik+s)
.

Nodal P.= 1: P'k Q.= 1: Qik~ k L ~ k t a.injection ca. ~ ~



The meanings of some of the symbols used in Table'A.l are as

follows. Other symbols carry their usual significance.

67

1 'X. i1 ,
l'y. i-

1 I,:

Yik

rik

Xik

gik =

state variable of node i

shunt susceptance of node i

series admittance of line i-k,

series resistance of line i-k

series reactance of line i-k

is series conductance of line i-k

=
Xik

2x
ik

is series susceptance of line i-k

j

s

e ik

imaginary operator

half of the charging susceptance in line i-k

difference between phase angles at nodes

i and k : 6 ~ 6
ki

k E ". 1 set of nodes k connected to node i by lines
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A.2 Derivation of Equation (2.3)

Let the equation (2.2) be reconsidered as equation (A.l)

J(x) =
M

l:
m=l

2w (z -h (x))m . m m (A.l)

Equation (A.l) can be rewritten in matrix form as:

J = ([Z] - [h(x)])T[R]-l ([Z] - [h(x)]) (A.2)

where the inverse of the matrix[R] is diagonal with elements

independent of state variables and equal to weighting factor

w for m-th measurement as also stated in equation (2.12)m

The nonlinear functions in vector [h(x)] can be linearised

by Taylor's series expansion about an initial estimate point

[Xo ] with higher order terms neglected;

where

[h(x)] = [h(xo)]+[H]([X]-[Xo]) (A.3)

[H] = a h (x)
a x

.By subtracting both sides of equation (A.3) from the vector [Z]

it can" be written as:

(A.4)
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Equation (A.4) can be written as:

[Z] - [h(x)] = llZ] - [H][llX]

where

[llZ] = [Z] - [h(xo)]

(A. S)

(A.6)

(A.7)

Substituting equation (A.4) for ([Z] - [h(x))) into equation

(A.2) the WLS objective function J can be stated' as:

(A.S)

Differentiating the function J in equation (A.S) with respect

to the state vector [X] gives:

aJ = 2(_a_ ([ llZ) - [H) [ llX])T) [R)-l([ llZ) - [Hl[ llX])
a x a x

(A.9)

Taking transpose of both sides of equation (A.4) and then diffe-

rentiating with respect to [X] gives:

a[h(x)]T
'ax (A.I0)

'Taking transpose of both sides of equation '(A.S) and then diffe-
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rentiating with respect to [X] gives:

il [h(x) ]T

" x

= _"_I [ tlZ]-[H] [tlX])T

" x
(A. H)

Combining equation (A.IO) and (A. II) gives.

" ([ tl Z] - [H] [ tl X] ) T = _ [H] Tax (A.12)

.Substituting equation (A.12) for

equation (A.9) gives:

_"_I [ 11Z] - [H] [ 11X]) T"x into

Equating the derivative of objective function J shown in

(A.13)

equation (A.13) to zero gives an expression for optimum estimate
"[X] of the state vector

(A.14 )

(A.IS)

(A.16)

where

(A. 17)

(A.18)



71

"It is to be noted that the estimate [X] has been obtained after

linearizing the nonlinear functions [h(x)) about an initial

point [Xo). Not necessarily will [X] be the desired estimate

close to the 'true' value. Therefore the estimation process is
"to be repeated using [X) as the next point of linearisation to

obtain a better solution. In this way the process defined by

equation (A.16) can be iterated until each of the elements of

[ ~X] is less than or equal to a prespecified small quantity

termed tolerance margin. Equation (A.19) shows the general expre-

ssion of the iterative algorithm.

(A. 19)

(A.20)

where,

[H] a h (A.21)= "ia x x=x

[G] = [H)T[R]-l[H) (A.22)

(A.23)

Equation (A.20) is the required expression of the basic WLS

state estimation algorithm defined by equation (2.3).
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A.3 Fast Decoupling Techniques

Equations (A~24) to- (A.30) shows the simplifications

known as fast decoupling techniques.

1) The reactive set of measurement equations are divided

by the voltage magnitude v. at the bus i at which the
1. -

corresponding measurement was taken. This results in the

disappearance of the dependence of the related Jacobian

terms on voltage magnitudes.

[Z'] = [h' (e , v)] + [ ~' ]q q q

where,

(h') = (h Iv.)q m q 1. m

.m=1,2, ....•.....• number of reactive measurements •

- IA. 24)

IA.25)

. 2) Due to reformulation ~sin equation (A.24) the weighting

matrix of reactive measurement residuals [R ]-1 changesqq .

to [R' ]-1 such that:
qq

[R' ]-1 =
qq

[R ]-1
qq

1

v2
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J
For practical purpose v can be approximated to be 1.0 per unit

to make the weight independant of state variable without any

substantial effect on the estimation. Equation (A.26) is the

result of this approximation.

[R' ] = [R ]. qq qq

3) For line .flow in any branch i-k the assumption

Cos Bik = 1.0

an,d for active power flow a further approximation'

are made.

(A. 26)

(A. 27)

(A.28)

(A. 29)

4) Series resistance of a line i-k is neglected compared

to its series reactance to obtain bik as

(A. 30)

Table A.2 shows the state vector independant elements of the
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;

Jacobian matrices [H ] and[H' ].pp qq

In the computations of active measurement residuals

6Z l, none of the simplifications are applied, while for reac-p .

tive measurement residuals.

[6Z'] = [Z'l - [h' (e,v)]q q q

the simplification (1) is applied. Also, the Taylor's

expansion, truncated after the third term for sine and cosine

functions and the exact expressions for 9ik and bik are used for

both the vectors [ 6Z 1 and [6Z'] to improve accuracy and savep q

computation time.

Table A.2: State vector independant elements of active and
reactive Jacobian matrices.

-
Active aPik aP.kJacobian bik

. 1 bikae. = - =
1

aek
[Hppl ap. aP.

1 E bik
1 b.k---ae.- = - =k Ea. a ek .1

1 1

Reactive a Q' aQik. ik
-bik-sa v. =. = bikJacobian 1 avk

a Q! aQ'
[H' 1 1 E (bik+sl k= - = bikqq a v. aVk1 k Ea.

1

,

a v. ,
1 1.0=avo
1



APPENDIX B
BPDB GRID SYSTEM DATA



THAKUR13
(THAKURGAON)

SINGLE LINE DIAGRAM FOR
BPDB GRID SYSTEM
(AS OF JUNE, 1989)
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(CHHATAK) (SYLHET)
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SRIMONGAL)
FNCHGN13 JSRMNGl13
(FENCHUGAN )

~
'"

(MADANljAT)MADNHT 3

(CHANDRAGHON)
CHNDR013

DOHZRIl3
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(SHIKALBAHAI
SIKLBA13

HLSHAR13
HALISHAHA

KliPTAI13

(KULSHI)
KULSIL13

BRALIA13
(BARO-AULIA)

(FENI)tENILL13
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.HATZLL13

ASHGNJ13
ASHUGANJ)

COMILA~3
(COMILLA)

CHNDPR13
(CHANDPUR)
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MYMNSG13 I KSHRGN13
(MYMENSINGH~ (KISHORGAN

GHRASL13
(GHORASAL)

EAST ZONE

GHRASL23
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(JAMALPUR)

PSTGLA13
(POSTOGOL

(TONGI)TONGIL13
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KBRPUR13
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;"lIRPUR13
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",
OJ

0:
o
E-<

""Z
Zo
U

0:
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E-<
Z
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ISHRDL23
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(BOGRA
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(MADARIPUR)
MDRIPR13
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MANGLA13
(MONGLA)

(NATORE)
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JESORE1J

(BHERAMARA)
BH RMr...A 13

(RAJSHAHIl
RAJSHI13
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(NOAPARA)
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BOTTAIL
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JHENDA13
(JHENIDAH
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APPEND IX C,1
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ESTIMATION IN PRESSENCE

OF RANDOM ERRORS IN THE MEASUREMENTS
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APPENDIX C,2
SAMPLE OUTPUT FOR STATE
ESTIMATION IN PRESENCE OF
BOTH RANDOM AND GROSS
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