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ABSTRACT

‘Bangladesh Power Development Board (BPDB).is considering
implementation of a computer aided monitoring and control systém
for its grid network. With this objective ahead.it hag already
installed telemeiéring ins£ruments gt-some oflits grid substa-
tions. The measurements on line ffow, nodal injections and vol-
tages acquired through telemetry aze 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 decdupled bad data suppres-
éion state estimation algorithm. In this algorithm the usual
-and 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 sﬁppressed'using a reweighting techhique. 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 preogram has been tested extensively on

By
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BPDB grid system choosing a number of ﬁegsurement 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 robustngsé, accuracy of estimates and bad

data processing capability of the algorithm have been analysed

using established .performance indices.



LIST OF PRINCIPAL SYMBOLS
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CHAPTER 1
INTRODUCTION



1.1 General Considerations

A growing demand for electrical energy has constrained the
present day power utilities in both developing and developed
countries with the vital probleﬁ of ensuring an uninterrupted
and low-cost delivery of power with negligible fluctuation in the
frequency and in fhe Qoltage. 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 amoun£ of on-line data is
acquired from the syétém and telemetered to the dispatch centre.
The data mainly consists of measured values of line power flows,
nodal injections and voltage magnitudes at various naées of thé
system. The raw telemetered data is corrupted by inherents random
meaéurement 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 aléo give.rise
‘to the situation of missing data. Obviously an algorithm isrrequi-
red to process the raw data to compensate for its various uncer-
tainties and produce a consistent and reliable set of informa-
tien on the current OPeratihg_state of'the system. The algorithm

used for this purpose is called the dtate Estimatorl.



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
énd phase angles which are used to obtain the computed values of
measured, unmeasured and missing quantities. Redundant meansAthat
the number of measurements is more than the number of state vari-
ables. For the best eétimate the state estimator useé a suitable
statistical criterion, for instance_sﬁm of wéighted 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 eétimétion algorithm. In the first iterafion the computed
values may be obtained from a flat start i.e. unity voltage magni-
tudes and zero phase anglé. |

The mathematical model of the system network fequired forr
state estimator is formed on the bésis of the telemetered status
0f circuit breakers at different nodes of the system. State esti-
mation is usually performed at prespecified time periods of a
daily routine or whenever a major change in the system operating
conditioﬁs or network confiquration 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



the magnitudes of a set
the number of nodes be a
unéertainties, source or
that the results of load

af fected.

ii) In on-line and réal~time
values of injections are
estimates of bus vdltage
state estimator and then
load flow. From this poi

outcome of state eétimat

1.3  Applications of State Es

of only nodal injections equal to
vailable and does not care for the
reliability of the input data so

flow calculation can be seriously

control®™® of a power system, the
computed more accurately using the
and phase angles obtained from the
made available for performing a

nt of view load flow is a secondary

ion.

timation

The output of the state
line functions6 like security
through a data base. Security

on the system's present state

estimator is accessed by other on-

control and the economic dispatch,

control requires reliable information

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. upcn the

customers demand, nodal voltage limits, generator loading limits,

transmission line thermal limi

so on, Economic dispatch funct

ts, minimum spinning margin and

ion 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 impbsed by

security considerations at a mini-



‘mum cost. To this end an optimal power flow.problem requiring
accurate information on system state, 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 susﬁect
measurements so tha£ remedial actions can be taken gquickly in thé;
field on the faﬁlty cbmponents 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
were proposed in the literaturéih%he first one uses ohly a single
énapéhot of measurements to estimate the states of a syétem at
a particular instant of t%me. The last two consider the time
variation of system sta£e in additionrto a particular measure-
ment snapshot. Yet the method of séatic stéte 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'gVone'is
based on minimisatién of a weighted léast sqﬁare (WLS) criterion,
Later research work10 has suggested another algorithm based on a

linear programming (LP)} technique to minimise a linear criterion.



Aithough the LP based state estimator was found to show better
performance in processing bad data compared to the basic WLS estimam
tor,.the former requires1l more computer time ang storaée than
the latter.

' A number of research work devoted to further improving the
computational as well as bad data performance of bésic WLS esti-

mators gaVe rise to three versions namely Fast Decoupled12 WLS,

Line-Only > WLS and Bad Data Suppressionll’14 (BDS) algorithms.
The fast decoupled one takes advantage 6f the well known weak
couplihg among active and reactive quantities of a power system
and makes a grouping of the méasurements into active and reactive
sets. Eventually a decoupled algorithm with constant Jacobian matri-
ces incurring less computer storage ggd'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 accofw
ding to an efficient non-quadratic criteridn e.g. quadratic square .
root criterion. The suppression technique can be incorporatéd in

- any WLS based estimator at the cost of a trivial change in compu-~
ter program, time and storage requirements. Inlgenéral, the fast
decoupled WLS estimator is applicable for a metering configuration
~comprising all types of measurements and when incorporates BDS
technique it has been reportéd11 as the most-efficiénﬁ algorithm
in terms of both computational and béd data performance.

In Bangladesh its only public utility - Bangladesh power

Development Board (BPDB) has just stepped into the process of



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 projeét
a computer is expected to be installed at CLDC by 1991. This has
beéome an incentive fqr the researches at BUET to investigate
" into different aspects of state estimation and make an initial
assessment of its applicability for the monitoring and contrql
of the nationalgrid system. Part of the task is the objeét of
the present research work.
The main areas in which the present work contributes are
as follows
l) A state-of-the-art review of state estimation algorithms
has been carfied 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

16

grid system using Monte Carlo simulation technique.

1.5 Organisation of the Thesis

The presentation of the material studied in the research

work 1s organised as follows.

Chapter 2 describes the WLS state estimation algorithm together

with fast decoupling and bad data suppression techniques.



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 sgquare (WLS) algorithm9 estimates. the
state variables by minimizing an objective function which is the
sum of sgquares of a number of terms.with each term corresponding
to a measurement acquired from the system and Qeighted Ey a
factof chosen on the basis of statistical properties of‘the
measurement error. The minimization of the objective function
is formulétéd as an literative 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

prespecified value termed as tolerance margin.

The WLS algorithm in its basic form involves a lafge amount
-of compﬁter storage and excessive computing time due to evalﬁa-
tion apd inversion of the gain matrix in each iteration. These'
difficulties have been overcome in another version of WLS algo-
rithm known as fast Decoupled estimatdr12 taking advantage‘of
decoupling characteristics and a number of simplifications based
on physical pr0pertiés of high voltage power transmission system

and engineering judgement.

The measurements to be processed by a state estimator are
in general corrupted by usual errors called measurement noise

which are of random nature and reported17 to be governed by
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Gaussian18 (nofmal) pfobability distribution law. This noise is
inherently filtered i.e. compensated bf'a WLS estimator. Apart
from the noise, for é number of reasons mainly malfunctioning

or failufe of transdqcers and telemetry, one or more data in the
measurement input can be bad containing gross errors whiéh do
not follow the Gauésian law. In order to process gross measufe;
meﬁt error efféctively WLS estimators are modified as Bad Data
Suppression (BDS) algorithml4-in which only‘the suspect measure-
ments are reweighted té suppress their effects. The quadratic
‘square root14 criterion is used for feweighting.

It is necessary to check whether'tﬁe available number of
measurements 1n a system would be enoﬁgh to determine its state
variables. This pogsibility is known as observability which
depends upon the network as well as metering configurations.
Oﬁservability of a'system needs to be determined prior to per-
forﬁinq state estimation and remains valid as long as the network
and the measurement configﬁrations remain unchanged.

2.2 Basic WLS Static State Estimatorl’>

The method of static estimation éstimates 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

Variables and network parameters is .given by

[z] = (h(x)] + (g ] - - . (2.1) -
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where

{z] ~ , MXl vector giving observed (telemetered) values of
measurements \

[X] - NX1 state vector comprising state variables

[Th{x)]- MX1 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.

X - an'elementrof state vector (X]

(gl -~ MX1 vector of measurement errors.

M - number of measurements

N - number of state variables, i.e. voltége magnitudes and
phase angles to be estimated.

M/N>1-  redundancy ratio

The weighted least square algorithm uses this model and minimizes
the sum of the squares of the difference between the observed
values and true values of the measurements, with each term weigh-

"ted by a factor w. Equation (2.2) shows the WLS dbjective function.

M - ;
I = Sz ho(x))? | (2.2)
m=1 ‘ ' -

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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R S N (TR IR P R P S R (2.3
’where

[X}] - estimate of state vactor

i - iteration counter

(6} = 1T (R a] | (2.4)

is gain matrix of dimension NXN

[g] = 2 : (2.5)

is Jacobian matrix of dimension MXN

[R] - measurement error covariancenmtrix of dimension
MXM which is diagonal with constant elements as
shown.in section 2.2.1

T as superscript denotes'tran5pose

(az)™ = (21 - (n@&H) i (2.9

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 pon—iterative form as in equation (2.7)

A -1

T -1

[H]" [R]

[z] | (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 megsutemént errors represented by the vector (£ ] in
equation (2.1) are mqinly due to current and potential transformers'
eréors: inaccuracies of metering instruments (transducers),.errofs
of analoéﬁe-téQdigital (A/D) converters, noise in communication
channels or interference noise. Consequently these errors are of
random nature and termed measurement noise. fhe best measure‘éf the
uncertainty aséociated_with any particular méasurement is the
standard deviation of its error. The weighging factors w used in
eguation (2.2) can‘be computed in terms of the standard deviations
by assigning a probability law to the measurement noise. It has

17

- been reported that the measurement noise usually follows the

normal (Gaussian)18 distribution with zero mean and a known stan-
dard deviation ¢ , and is independent of another measurement
noise. Eduations (2.8) and (2.9) respectively show these statis-

[

‘tical properties of the noise of the m-th measurement.
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E (g ) =0 ' (2.8)
ECe e ") = o2 (2.9)
where,
E - statistical expectation operator

om— standard deviation of the noise of m-th measurement. .

The smaller the standard deviation the grééter is the confidence
which can be,placéd 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 o= L | o (2.10)

The variance ( qz) 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).

01.

IR} = e (2.11)
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Equations (2.10) and (2.11) can be combined as:

[R] ~ = ~ (2.12)

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 z4q and Z, and af branch current measurement 23 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

zq = 4 ampere
2, = -1.5 ampere
24 = 2.5 ampere

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

unity so that

-1 1 0 0
[R] = 0 1- 0 (2.13)
0 0 1
It is requiréd to estimate the nodal voltages.
In this case the state variables are
V1
X1 = ' - (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:

=y
I
-
N
l

<

L+ 2v, | (2.15)

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

(2.16)



(H]

The observed

[z]

Now the gain

[G]

matrix [G] is

1)t

Then applying equation

A
[X]

n

(c17!
6

-5
1
17

(H]

T

(R} L [H)

(2.

[R}

-1

7)

(z}

=

18

(2.16)

(2.17)

(2.18)
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1|7 4 1 4
- 11 -1.5
4 7 -1 2.5
2.23 ' | |
~ |
or, [X] = 7 _ (2.19)
0.27 '

is the required estimate of nodal voltages.

2.3 Fast Decoupled WLS Algorithm12

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]‘hasla size 2n x 2n when n is the number
of nodes éuch that N = 2n; N beihg the number-of state
variables.

b} . The computing time is excessive due to evaluation of fhe
gain matrix using the state vector dependent Jacobia matrix

[H] and its inversion in each iteration.

'To overcome the above mentioned difficulties a grouping of
the measurements into active [ZP] and reactive [Zq] sets [equations
(2.20) and (2.21)] is made so as to express the Jacobian matrix

[H] 'of equation (2.3) in partitioned form as in equation (2.22).

[ZP] [hp(?,v)] + [,EP] . (2.20)‘

il

[Zq] [hq(G.V)] + [ Eq] : : (2.21}
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[H__(8,v)] [H (e,v)fj
[H(8,v)] = PP Pq
(2.22)
(H,,(8,v) ] [H (8,v)]
3h ah
(1 (8,v)] = —= (H, (8,v)] = —= (2.23)
. 5 b 329 .
[ng(e,v)] = ___Sae  [Hy (8,v) ] = v o (2.24)

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

i.e. submatrices [Hpq] and [qu] can be neglected on the basis of

weak coupling which exists

i) 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 Jécobian

matrix

e

[pr(G:V)]

—

.

[qu(G,V)]

and two measurement sets ([Zp], [Zq}) as in equations (2.20) and

(2.21), the equation (2.3} can be éxpressed assz

[A
pp

(A
aq

(ai,Gi)][ A3]i+1 = [pr(a%Gi)]T[RPP]'lt AZp]i+1 (2.25)
@, N 10 a = m @R 1T ez 1t (2. 26)
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In equations (2.25} and (2.26) the state vector [X] has been
expressed in-terms of voltage,magnitude vector [V] and phase angle

vactor [8]. Also,

(A, 81001 = 1 @800 TR 1 (81,50 ) (2.27)
(Agq (8,7 = [nqq('éi,@i)JT[qul“l[qu('éi;Oi)1 | (2.28)
[ 8z 1 - (2] - (h, (84,54 ) ) : 229
Loz )ttt [iqlf— n, (8%,9%)) | - | (2230)
[ 287141 [alifl _ [311_ | : i2.31)
Cadyitl L Gy . S)i

(2.32)

It has been shown in section A.3 of Appendix A that baséd on a
number of simplifications known as fast.docouplihg techniques,
equation (2.27) and (2.28) can be refined to provide an algorithm
with state vector indépendant Jacobian matricgs. This algo;ithm
is termed fast decoupled WLS Algorithm and expressed as in the

equations (2.33) and (2.34)

T -1 Aitr A i T, ,-1 Al Al
H - = -
{ pp] [RPP] [pr] (18] (817) [pr] [RPP] -([Zp] [hp( g ,v)1)

e

(2.33)
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PR | ’ A]'_*':l.‘_.’\j.
[H_ 17 [R__] [qu]([V] (V]™)

qq. q4g

-1

= (a7

A4
pit+l
a9

-] I / N .
R V/ - [h v (2.34)
[ qq] (121 [hg ’ Yy . :
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 [pr] and the reactive Jacobian
matrix [H;q] are independent .of state variables and evaluated
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 compuéing time of this method

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

b} | In an iteration (i+1) firstly the vector [8 ] is updated
using active measuremeﬁt residuals { AZPI evaluated at both [8 1
and [G] of previous iteration i. Then'[e] is computed in the same
iteration fifl)uéing the reactive measurement residuals [ AZ&]
evaluated at [Q] of previous iteration i and updated [8 ] of cur-

rent iteration {i+1l).

c) . The algorithm stops the iterative process when all the
. : o A s
elements of both [a o }1+1 = [ 6]1+l— [ 81T and [a V]1+1 =

[Gli+l_

A2 .
[V]1 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] and two submatrices of the

Jacobin Matrix [H] are to be stored.

2.4 Bad Data Suppression

In this techniquell’14

each of the computed measurement
residuals is checked against a carefully chosen threshold (break-
point) value i . If the residual exceeds thé threshold the corres-
pondiﬁg measureﬁent is a suspect one and is assigned less weight
else the same weight as iﬁ the WLS criterion. This process of
reweighting can be donfined ﬁo 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 transforméd-into a

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

= 1t TR Yoy P o 1Y

xpitt oot (2.35)

where the notations have their usual significance excepting

[D] - a diagonalrmatrix with elements (dm) as a function of corr-
esponding measurement residualr = z_ - hﬁ(ﬁl)
[p] - a vector with elements | pm) as function of ro

m-1, 2, ...... M denotes measurement serial
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A fast decoupled BDS algorithm results when equation (2.35)
- is extended to 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

If ml A
o]
m
r ' r -4
d, = (4 |21 -3)72| m (2.36)
Ao
m
r
- Ao __m _ 1/2
g = ¢ ml4 3)7°
: m
else
d =1 S
m . .
o =T . ' o (2.37)
m m

In equation (2.36) positive sign is used for ,_ when r is positive
p g L pp, When r P

while negative when r is negative.

The choice of the threshold a de£ermines the size of
suspect bad data to bé suppressed. Sincé the usual measurement
noise obeying ‘Gaussian distribution law are within +3 ° range18
for a probability of 99.7%, the bad data with errors outéide,
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 Observabilityig

The observability of a system is defined as fhe possi-
bility of determining .its state variables using the available
measurements, The concept of ébservabilitf can be understood
by explaining the relation betﬁeen metering configuxafion

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.

Figure 2.2: Demonstration of relation between measurement

locations and network configuration

Let an injection measufement,I and a flow measurement
F be respectively placed-at‘nodes 1 and m. Then the measurement
I at node 1 provides a,diréct or an indirect path (connection)
between any gwo nodes of the group k, 1, m. The flow measﬁre—
ment F at nbde m provides a path between m and the reference
node r. Since m is alréaay measurement-connected to nodes k
~and 1 it can be said that each 6f ﬁhe'nodes k, 1 and m has a

l

path to the reference node either directly or indirectly.
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Similarly if all the nodes of a system unde; considera-
tion are measurement-connected to £he reference directly or
indirectly then in the Jacobian matrix [H] none of the columns,
each of which correspondsto a node with unknown state variable,
will have completely zero elements. As a result the inverse
of the gain matrix [G] = [H]T[R];I[H] will egist 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 {acti#e injections
and line fiows)’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 any one set fails the test for observability, the

-

system as a wheole is unobservable.

2.6 Conclusions

The basic weighted leasf sqﬁaré algorithm though provi-
des the most accurate estimates, takes excessive computing
‘time and storage. The fast decoupled WLS élgorithm has been
reported to 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 compﬁfer storage and taking a less

overall computing time due to a reduced time per iteration,

The usual random measurement noise obeying Gaussian



probability distribution is inherently filtered by a WLS esti-s
mator due to the processing of a fedundant'measurement set and
use of weighting factor equal to‘the inverse of the squére of
the staﬁdard deviation of the corresponding'measuremént noise.
But the gross measurement .errors outside the Gaussian distri-
buéion require to be suppressed incorporating a reweighting

criterion known as quadratic square root criterion with a WLS

estimator.
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CHAPTER 3
DEVELOPMENT OF COMPUTER PROGRAM



3.1 Introduction

The main computations involved in a fast decoupled BDS
algorithm can be élassified 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 (dés-
patch) centre, the meésufements 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 séft—
wares namely network configurator and the data base. The for-
mer prpvides information on the current configuraﬁion of sys-
tem network while the latter provides nétwdrk 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 df a softwarelfor power
system control, it isra common practice to test the developed
prototype using simulated data. Simulation test of the compu-
ter code developed for a state estimation algorithm is done

16 A metering pattern compri-

adopting Monte Carlo approach
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 dbtained.

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

to a Gaussian random number generation subroutinel® to obtain

a quantity which represents a zero mean random error. This gquan—
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 schémé for intérfacing various groups of sub-
routines written for Mbnte Carlo simulation test of the fast
decoupled BDS algbrithm has begn presented in the form of a
fléw chart in Figure-B;l; 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
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Figure 3.1: The basic.scheme for Monte Carlo simulation test of
the fast decoupled BDS estimator.
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for the measurements of the selected metering paftern. The nume-
rical values of ¢ 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 o (3 standard deviations) for a
probability of 99.7%. Therefore, using typical accuracies the

standard deviation o for the m-th measurement, if it is a line

flow measurement, can be calculatedE%s
o = 1/37(a1|s|+a2D+a3D) _ (3.1)

where,

5 - complex quantity (MVA) representing 'true' flow value
D - full sgale (MvA) deflection correésponding to rated

transducer output

a;= 2% to 12% due to current and potential transformer errors
a,= 0.25% to 0.35% due to transducer error
ay= 0.1% due to A/D converters

g = in units of Mva

m
In the present work_it has been_considered that

a; = 3% |

a, = 0.25%

az = 0.1% .

D' = 1000 MVA
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So that equation (3.1) becomes

om:(0m1|sl+1j) | (3.2)
where
S in units of MVA . -om

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

(p.u.) with a base ﬁﬁﬁféqua; to 'MVABASE' then o can be computed
. e M \:g” :

in p.u. as in equation (3.3}*

L

o = 0.01 {s' + F : | o (3.3)

where

F = 1.2/MVABASE ' : - (3.4)

. and S are in p.u.

It is a practice.to calculate the standard deviation
(in p.u.) corresponding to an injection measurement as in

equation (3.5)

Om = F (3.5)
where F is as in equation (3;4)

;For voltage measurements the standard deviation is
O = 0.001vm ‘(3.6?

where v 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 the 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
codée number toc any one of the nodes. Then fhe 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 decoupledrestimatof. It should be noted this method
of observability test is a simple and quick one involving only

logical statements and no floating point calculations. h

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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These are mainly formation of active and reactivé Jacobian matrices
respectively [pr] aﬁd\[H;q], and corresponding gain matrices

as in equations {2.33) and (2.34). All these matrices have cons-—
tant parameter elements and are predominently sparse i.e. 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-

ramming.

In the sparsity15 exploited scheme only the nonzero elements
are recorded using row and column index arrays instead of conven -
tional- 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 residval vectors [ AZ_ ] and [ A 7/ 1,

check of residuals for bad data suppression, updating state

] A A
variables ([ 8] and.[V]) and convergence test.
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3.4  Conclusions

" The computer code developed for the fast decoupled BDS algo-
rithm in the present research prbject is by nature a program to
make use of simulated data. During on-line implemenﬁation only
the program fqr the state estimator together with that for obser;
vability 1is to be adapted for interfacing with the data.base

and network configurator on a power system control computer.

Applications of sparsity exploitation techniques in the
developed program has enhanced its efficienéy 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 BDS state estima-
tion algorithm has been applied on the BPDB grid system (as of

June 1989) using the mainframe computer IBM 4331/K0O2 at BUET.

Theréimulation 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
BPDB system correspopding to a number of metering confiéurations.
The test system consisting of two interconnected zones-viz: east
and west, comprises a total of 8l nodes {(buses) and 114 lines.
The metering pattern was varied by choosiﬁg 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 randém 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 typicai selected
numeriéal valﬁes 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 , Redundancy

Configuration Injection Flow Voltage No. of ratio

No. . measurements M
M n '—’—'ﬁ-

PissY

1 . ' at B2 at SE at GB 287 1.79

2 C ~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

and RE

481
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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 cdnnected_to
it; these are termed as switching bus and there are 6 such

buses in the BPDB system.
SE : sénding end of each 1line.

RE

(3]

receiving end of each line.

N : number of state variables for 8l-bis 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 BDS algorithm was tested using a tole-
rance margin of 10_6 between the estimates from two successive
iterations and a flat start v/8 = 1.0/0 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 BDS estimator.

Sgti;igg Reigzgzncy . No. of iterations
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.q. 8.5) to imply that the estimation

for voltage magnitudes was not required in the last iterations.

In general, simulation tests of the selected metering

*

hid
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patterns have shown that the algorithm took on average 8 to 10
iterations depending upon the redundancy ratio, amount of errors
and locations of measurements. Although in somé cases meterfpg
patterns having a higher redundancy ratio converged in less num-
ber of iterations in other cases metering patterﬁs with a lower

redundancy ratio but with the measurements placed uniformly

around each node, haw shown better convergence.

4.4 Accuracy of Estimates

The accuracy and quality of estimates provided by the-
test algorithm is judged20 by computihg the post-estimation value

of WLS objective function J(%) as follows:

M
Ay _ 1 A2 L
J(X) = M b wm(zm— hm(X)}' (4.1)
m=1 ‘.
where
M - number of measurements
Zn " observed value of the m-th measurement
W~ weighting factor for the m-th measurement

hm(ﬁ)-value of the m~th measurement computed from the
corresponding analytical expression using obtained

estimates of the state variables.

In simulation test z,, 1s the value specified for the m-th measure-

ment after corrupting it with error.
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I1f the computed value of J(X) is less than £hg corres-—
ponding threshéld value than the results of estimates are accu-’
rate and valid. If all the measurement errors follow the Gaussian
distribution then J(X) 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
[

99.7% the corresponding threshold value?© of J(R) is .
J($) _ (M-N) + 3 d2(M—N) (4.2)
threshold M A *

Table 4.3 shows some typical average values of J(R) 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 random

measurement noise.

Metering Degrees of J (%)

Egttern EEEEdom cemputed value Threshold value
(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
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g
The computed values of J (%) were found to be less than

the respective thresholds implying the acceptability of estima-

tion results interms of aécuracy 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
. . i _ AL 2 .
m=1
N
=1 5. 4.4
v TR Ox (Vi)true_ Vi (4.4)
i=1
N
woo= 1 L (9.) -8 (4.5)
e} N i’ true i :
i=1

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 thrésholds.

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.

Metering ' Jttx)

pattern :
No. Computed Threshecld
Value in p.u. ‘value in p.u.
1 0.6321 0.7444
2 . 0.4459 0.7051
3 0.4064. 0.6656
4 0.3146 0.4685

5 0.2920 0.4442




obtained20 using equation (4.6).

(4.6)

_ n+3 V2N
M

{Qt(x)]threshold -

N was 160 for the BPDB systen.

Table 4.5 includes the typical values obtained for the
' \ .
other two indices Uv and Ue
Table 4.5 : Typical values of performance
. indices u and ug in presence of

random measurement noise.

peter e
No. 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 o 10.0018

Very low values obtained for the performance indices

”v and Yg imply that the estimates of state variables v/8 ‘were

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 voltageé and phase angles at some of the nodes of
BPDB grid system. Also typical values of estimates of some of.
the measuréments have been shown in Table 4.7. The sample results
shown in both the Tables were obtéined for the metering paftern

- 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 : 'True’ Estimated Est.-'True' 'True' phase Estimated Est.-'True’
name voltage voltage voltage angle phase angle phase angle
(p.u) (p.u.) (p.u.) (degrees) {degrees) {(degrees)
KPTI2X40 1.0299 - 1.0290 -0.0009 3.0545 3.1432 0.0887
KHLN1X60 1.0299 1.0304 0.0005 -37.2741 -37.1378 0.1363
KAPTAIL3 1.0020 1.0015 -0.0005 -1.7925 -1.5705 0.2220
SHJIBZ13 1.0170 1.0179 0.0009 -0.0804 -0.0859 -0.0055
GHRASLZ23 1.0252 1.0258 - 0.0006 -4,0673 -3.9397 0.1276

qLy



Table 4.7: Typical values of estimates of some of the measurements

at selected nodes of the BPDB system for metering

pattern No.

Node Type of 'True’ Specified Estimate Sp. - Est. Est.-True
name measurement value value value values value
CHNRO13 Active injection -18.89 -17.95 ~18.43 " 9.48 0.46
{MW) (MW) (MW) {MW) (MW)
FRIDPR13 Reactive flow 11.85 7.89 11.11 -3.22 -0.74
i (MVAR) {(MVAR) (MVAR) (MVAR) (MVAR)
ULLONL13 Active fiow -40.00 ~-40.64 -40.12 - -0.52 -0.12
3 (MW) . (MW) (MW) (MW) (MW)
GHRASL13 Active flow -63.76 -61.48 -63.15 1.67 0.61
(MW) (MW) (MW) (MW) (MW)

oLy
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4,4.1 Accuracy vs. Redundancy

In general simulation tests have revealed that accuracy
of estimates increased with the redundancy ratio of the measure-
ment.configuratidn. A qﬁick 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(Q) and J, (%) respec-—

t
‘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(R) increases with fedundancy
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 differencg
betwegn the 'true' and estimated values. As the feduﬁdancy 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 eguation (4.2) which
shows that higher the number of measurements higher will be the
threshold. On'the otherhand the‘thresbold value of the index
thx) whichxis inversely proportional to the number of measure-

ments as in the equation (4.6), decreased with redundancy.
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{Figure 4.1: variation of performance index J (%)

with redundancy.
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Figure 4.2: Variation of performaﬁée index Jt(x)

with redundancy.
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4.5 Bad Data Performance

.The‘algorithm was also tested by specifyihg zero Qalues
for some of the injection and flow measurements whose 'true'
values were non zero.-The rest of the measurements were random
error cérrupted.

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.
' 6

The tolerance margin used in the iterative process was 10~

1

In general, the algorithm was ablg to suppréss the bad
data and produce estimates close to the 'true' values as evident
from the value of the performance index Jt(x} citgd in Table,4.8.
The computed value of the other index J(X) was in excess of the -
threshold levels by a large margin, because the erfofs of some
of the measurements wéré gross so that J(X) did not have a chi-
square distribufion aﬂd also the specified values of those mea-
surements (bad data) were widely\different from the 'true' and
hence éstimated values.

S
A

The number of iterations required by the algorithm to
converge was larger because of the presence of gross measurement

errors in addition to random ncise.



Table 4.8: Bad data performance for a typical case.

Specified No.of

Metering Bad data 'True’ Estimated Performance
pattern Location Value Value itera- Value indices
No. tion "in p.u.
5 An active and a -41.68 0.0 29.0 -39.91 J(X) .
reactive flow (MW) (MW) Computed: 2.2398
measurements at -22.37 0.0 _22.95 Threshold: 0.8253
node CHNDRO13 (MVAR) (MVAR) “t (x)
Computed 0.3302
Threshold: 0.4442

A
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4.6 Computer Storage and Time

The approximate core memory reqhirements of the program
devéloped in FORTRAN 77. for the fast decoupled BDS algorithm was
worked out in terms of decimal words. The IBM 4331/K02 computer
uéed 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
apéroximately 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 menfiéning thatrthe program
has been run from a time shared términal system interfaced with
the computer so that the CPU time recorded varied,at different
parts of the day and week depending upoh job traffic. On average
the'total execution time of the state estimation program was
about iO seconds of which 3 secénds for fixed computations, 2

seconds for calculations in all the iterations and 5 seconds for
wriﬁing the output on peripheral device. In general, it was obser-
ved that the total CPU time requirement df the program varied

insignificantly with redundancy ratio.
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4.7 Conclﬁsions

The perfdrmance 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.

Tﬁe ability of the algorithm to cénvergé with wvarious
sets of random and gross measuremént errors has established
its robustness. Use of a number of performance indices to assess
the validity of the estimateélhas inen positive results. Thé

algorithm was successful in handling the bad data problem.

The variation of convergencé, accuracy and computer time
-with redundancy has also been studied. Although CPU time varied
insignificantly. with redundancy the accuracy was found to inc-

redase with the same.’

The convergence characteristics dependéd 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 ﬁime per itera-_
tion made it éllowable for the algorithm to converge in a‘c0mpara-

tively large number of iterations in presence of bad data.

The computer time and éto:age_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 géonomic andrsecure 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
infofmation 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 Developﬁent Board has just undertaken a pro-
ject on the installation of a computer‘aided despatch,cenére 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 various: aspects involved in the initial étage
of implementing a state egtimation software responsi51e for per-
forming a primary function in the on-line control. Tﬁis 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 éparsity so as to preserve its computational efficiency.
The simulation tests'performed with a number of selected metering
configurations has establishedlits robustness and‘abilitylto give
accurate estimates in presence of both random and gross-measuyement

errors.

5.2 Suggestions for Further Research

The computer code developed for therstate 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 involﬁes its interface with network

configurator, data base and man-machine interface.

Also an investigation into the provision of some pre—estimation-
procedure for identifying some of fhe measurements corrupted by
very iarge errors, can be considered. The identified measurements
may be replacea by pseudo-megsurements with values chosen from past
knowledge. As a result the overall accuracy of.estimates can be
expectea‘to improve and also themtask of post-estimation bad data
processing will be easier. J:-

Investigations should also be made into identification of

network modelling error due to inconsistency in the information on

‘circuit breaker 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 EXPRESSIQNSS AND DERIVATIONS
FOR THE BASIC AND THE FAST DECOUPLED
WLS STATE ESTIMATORS



A.1  Nonlinear Functions of State Variables

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

flow have been shown in Table A.1 in relation to an élementary

network branch model and in terms of associated state variables

together with the branch parameters.

Node i

xi=viL_8i

Vl—

Table A.1: Expressions for a line flow and a nodal injection.

h{x)
. _ _ .
Line | P, P;y=Real part of {x, (%, ¥+ =%, )y, ) }
flow : - i 5
0T, Pyx=ViVk [793xC0S 8 jy=byy sind ; J+vig;,
- . - *
Qi k Q,,=Imaginary Part of {xi ey +(xs=% )y, ) }
e _ . 2
Or,Qik—vivk[—gikSLne ik+bikcose ik]—vi(bik+s)
Nodal P.= ¢ P, Q.=1L Q...
. 1 kea, X Yok oea, ik
injection 1 1

66

P, +3Q;
r X Node K
. ik ik T o 8
Pik*1Qk xk =Vl P
' ANNAA———
Yik = 9ik*Ibsy
B Yi=j5 ' T Y =is
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The meanings of some of the symbols used in Table A.l are as

follows. Other symbols carfy their usual significance.

ik

ik

kea.

T

A

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

r.
ik . . .
S 3 1s series conductance of line

r, + X,
ik ik
X, :
ik . . :
- 5 5 1s seriles susceptance of
r + x
ik ik

imaginary operator

half of the charging susceptance in line

line i-k

difference between phase angles at nodes

i and k : Gié ek

set of nodes k connected to node i by lines
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A.2 Derivation of Egquation (2.3)

Let the equation (2.2} be recbnsidered as equation (A.1)

M

T = s w (z_—h (x))? (A.1)

Equation (A.1l) can be rewritten in matrix form as:

1 ({21 - (At D) | (a.2)

T
J = ([Z2] - [h(x)]}" [R]
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)

The nonlinear functions in vector [h(x)] can be linearised
by Taylor's series expansion about an initial estimate point

C[X° 1 with higher order terms neglected.

[h(x}] = {h(x®)1+[H] ([X]-1x°]} | (a.3)
where
(H] B?ix)
x=x°

"By subtracting both sides.ofleQUation (A.3) from the vector (2]

it can’ ' be written as:

[2)-lh(x)] = [2] - (h(x")]=[H]}(1x)-1x°}) (2. 4)



69

Equation (A.4) can be written as:

(z] - (h(x)] = [8z] - (H][AX] (A.5)
where
(2] = (2] - [h(x®)] : (A.6)
(ax] = [x] - [x°] - | (.7)
Substituting equation (A.4) for ([Z] - [h{x)])\into equation

(A.2) the WLS objective function J can be stated as: ’
3= (raz] - mItaxDTRITH(L BZ]-HI [ AX]) (A.8)

Differentiatihg the function J in equation (A.8) with respect

to the state vector [X] gives:

23 _ 2 (1 82) - 10 axDT) (RITN((AZ) - (81 AX])

(A.9)

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

rentiating with respect to [X] gives:

3 hix)]T . |
——— = H] ‘ | (a.10)

-

"Taking transpose of both sides of equation (A.5) and then diffe-



70

rentiating with réspect to [X] gives:

alh(x)1T _ 3 (L az)-tIraxn’T

J X . 3 X (A.11)
Combining eguation {A.10) and (A.11l) gives .
T )
8 _ ([ az] - [HI[AX])" _ T

=% - [H] ' (A.;ZY

. T
A - i}
. Substituting eguation (A.12} for 3 _(LAzl-[(HIEA X)) into

X
equation (A.9) gives:
=% = 21T (RITH(L azZ]-LHI [ A X]) (a.13)

Equating the derivative of objective function J shown in

equation (A.13) to zero gives an expression for optimum estimate

”~
[X] of the state wvector

TR Y e 1o %) = (H1T(RITLL 8 2] ' (A.14)
or, tox] = (TR Tt TR ez  (a.15)
or, [a%] = (G617 1T RIT ( az2) (A.16)

lwherg
A A s '
[aX] = (X] - (x°) (A.17)

6] = 1T (R te) | (A.18)



71

It is to be néted that the estimate [ﬁ] has been obtained after
linearizing the nonlinear functions [h(x)] about an initial

point [x°]1. Not necessarily will [ﬁ] be the desired estimate
close to the 'true' value. Therefore the estimation process is

to be‘fepeated using [ﬁ]‘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

[ AX] is less than or equal to a prespecified small quantity
termed tolerance margin., Equation (A.19)‘Shows the general expfe-

ssion of the itefative algerithm.

1

(a1 = ot T e Y] (A.19)
or, 1211+ = t1tee) Lim TR a2y AL | (A.20)
where,
3 h
(H] = —— N (A.21)
x=_x
(6] = (miT(r1"tim ' (A.22)
(o217 = 2y - midh] | (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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L

A.3 Fast Decoupling Techniques

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

known as fast decoupling technigues.

1) The reactive set of measurement equations are divided
by the voltage magnitude \ at the bus i at which the
corresponding measurement was taken. This results in the
disappearande of the dependence of the related Jacobian

terms on voltage magnitudes.

(zi) = [ (8, v)] + Lg' ] . o (A.24)
where,
(29 = 2/
(hl)p = (hq/vi)m : |  au2s)
Celdy = Ceg/viy
m=l,2, . e number of reactive mea%urements.
. 2) 'Due to reformulation as in équation (A.24)\the weighfing

matrix of reactive measurement residuals [qu]-1 changes

to [R' ]_1 such that:
aq

v -l -1
Raq! (Raq! %5
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]
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. Egquation (A.26) is the

result of this approximation.

[Riq! = [qu]. | | (A.26)
3) For line flow in any brénch i-k the assumption

Cos Bik = 1.0 (A.27)

?ikSin ik Pix Cos By (A.28)

and for active power flow a further approximation

ViV = 1.0 - | ' (A.29)

are made.

4y Series resistance of a line i-k is negleéted‘compared
to its series reactance to obtain bik as
1

bik = T _ _ {(a.30)
ik .

Table A.2 shows the state vector independant elements of the
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Jacobian/matrices [H ] and[H' ].
PP aq

In the computations of active measurement residuals _
[ Azp], none of the simplifications are applied, while for reac-
tive measurement residuals’

[ AZé] = [Zé] - [hq(G,V)]

the simplification (1) is applied. Also, the Taylor's
expansiqn, truncated aftef the third term for sine and cosine
functionsland the exact expressions for gik and bik are used for
both the vectors | Azp]'and [AZé] to improve accuracy and save

computation time.

Table A.2: State vector independant elements of active and
' ~ reactive Jacobian matrices.
Active Bpik aPik o
Jacobia —— = - b, — == = :
: N Y- Bik 39 Pik
i k
(H ]
23 3p, 3P,
B S, _ b, il .
Gi k ea. ik aBk “ik
1
Reactive a-Qik - —b < aQik b
Jacobian IV, ik 3V ik
_ 30! ' Q) -
(H' = -5 (b, k-
qq] AV, : (b1k+5) 3 Vy pik.
kea,
i
3V,
Iv. =
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, APPENDIX C,1
SAMPLE OUTPUT FOR STATE
ESTIMATION IN PRESSENCE

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