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1. INTRODUCTION

Observability analysis is a fundamental component
of any real-time power system modelling and control
[1]. Efficient implementation of observability is
necessary in order to achieve the overall
requirements for state estimation in modern control
centers.

The following questions emerge naturally in
conjunction with state estimation in system
operation: '

- Are there enough real-time measurements to
make state estimation possible?

ii- If not, which part or parts of the network whose
states can still be estimated with the available
measurements?

iii- How to'select additional pseudo-measurements
to be included in the measurement set to make
state estimation possible?

The analysis which leads to an answer for these

questions is called Observability test. The analysis

includes observability check and treatment of
unobservability.

Mathematically, the question of observability is
related to the rank of the Jacobian matrix of the

nonlinear function f(x) that relates the measurement

vector to the state vector [2]. The network is
observable if the Jacobian matrix is of full rank.
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However, a floating point calculation of the rank of
a large dimensional matrix is, at best, time
consuming and, at worst, dependent upon the
condition of the matrix under -consideration.
Furthermore after such calculations, no information
is provided about the location of the network
trouble. Therefore, the question of observability can
be related to the network topology and thus
motivates a topologically based observability
algorithm. The algorithm provides a tool which can

be used to resolve the following questions:

what parts of the network are. observable ? ; and

what measurement should be added to render the

entire network observable ? [3].

Krumpholz, Clements, and Davis [4-6] published
a graph-theoretic observability = algorithm. The
algorithm is based on a fundamental theorem which
states that the necessary and sufficient condition for
a network to be observable is that it contains at least
one observable spanning tree. This paper describes
the software package programs for determining
network observability using telemetered
measurements. The treatment of accidental
unobservability due to unanticipated network
topology changes or failures in the
telecommunication systems are also presented. The
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computer package programs has been tested by

using the IEEE 14-bus power system.

2. SOFTWARE PACKAGE DEVELOPMENT

This section presents a complete description of the
software for the topologically based observability and
measurement placement determination of a real-time
power system model using telemetered
measurements. The method is based on the graph-
theoretic observability algorithm of Clements et.al
[4-6]

A software package for the observability algorithm,
as indicated in the flowcharts of Figures (1a) & (1b),
may be decomposed into two procedures : the first
builds the flow islands and the second processes the
boundary injections.

Build flow islands

input : network configuration and
measurement locations

Output : a forest F of flow-measurements; a list
of boundary injection measurements;
an updated labeling of measurement
redundency and criticality

!

Process forest injection

Input :  an unprocessed injection-
measured node (X} in the forest F
Output : an enlarged forest F with
measurement assignment (a)
or an observable subnetwork (O, )
where X is redundant
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Figure la. Steps of the topologlcally based
observability algorithm.

2.1 Step 1: Building the flow islands

Objective : Process must-use flow measurements.
Input : A network graph set of must-use
measurements.

Output : A forest F of flow-measurements, a list

of boundary injection measurements, and an

updated labeling of measurement redundancy and
criticality ;

Program structure : The program produces a forest
F of flow-measured branches with the implicit
measurement assignment of each flow-measured
branch to itself. It also constructs a list of boundary
injections for the next step of the processing. Build '
Flow Islands accomplishes these tasks by first:
performing a breadth search of the flow-measured
network. An auxiliary data structure, a queue, is used |
for this search. (A queue is a first-in, last-out list.
Nodes are added to the bottom of the queue and
removed from the top). Flowchart of Figure (2)
illustrates the program structure.

Process a branch

fmput  : A branch b to be processed
Qutput : Modified forest F plus the next branch
to be processed b1
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Figure 1b. Elementary subroutines of processing a
branch.
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Figure 2. Procedures for building flow islands.

2.2 Step 2: Processing the forest injections

Objective : Process the must-use boundary

Input

Output

injections.

An injection measurement at a node x
of the forest F under construction. The
node x has not yet been processed, so x
is not assigned to any branch of F.

- An enlarged forest F that contains a

branch b assigned to the node x or an
observable subnetwork O, = (G(O,),
M(O,,)) such that M(O,,) is a minimal
dependent set of measurements
containing X.
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Program structure: The program described in the
flowchart of Fig. 3 is general enough to process any
injection measurement that is incident to the forest
with assignment under construction; consequently,
this program is also used by the measurement
placement procedures discussed in the next section.
Subroutines used: Build Next B & Augment Forest
F.

An unprocessed injection
mossured ancde X
in the forest F

Direct component
of F that contains
X towards X

I b =null i=1

Call add all 10
BiX, i. b)

A

nuli?

Y is the graph whose
branches are the union of
B,1c ki

v

Lebel
messurment of sl

branches belonging to Y

& F 89 non critical

-

Call build next B{i,b)

Call_sugment forest (b,i)

Figure 3. Procedure for processing ! est Injection.

2.2.1 Description of build next B subroutine (Fig.4):

VObjectiw,*' Construct the sequence of sets of branches
B!(ix1)
Input  : The preceding set Bi 1

"Output : The next set B'. (The first setB;

consists of all branches incident to the forest
injection being processed).

B26

Subroutines used : Add All To B & Add One To
Subroutine structure : The subroutine tries to re
another forest component or an unmeasured n
not in the forest.Build Next B calls two subrout
Add All To B and Add One To B. Add All Te

B(x,i,b) adds to B, all branches that are incident
x and not in any previous Bj'(jsi). A non null val

of b is returned when another component
unmeasured node is hit. Add One To B(x,i) a

that the predecessor branch is not in any pfcvmus

B, ! (jxi). The predecessor branch of x is the uniq
forest branch that is incident to both the node x
furthest away from the forest injection bein
processed, and the other (or predecessor) node ofx,
x". It is denoted by [xXx].

Select first b in B, ,

Call add one to B (X.i)

R

Return

'Sdact next b in B, e

Figure 4. Procedure for building By from By ;.
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2.2.2 Description of augment a forest subroutine
(Figure (5,6)) -

Objective: To update the forest when another forest
component or an unmeasured node not in the forest
is reached.

Input  : A branch b to be processed;

Quiput : The modified forest plus the next branch

to be processed b
Subroutines used: Process A Branch.
Subroutine structure : This subroutine traces a path
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3. SAMPLE SYSTEM

The developed software computer *package
programs are tested on the IEEE 14-bus sample of
power system. Two sets of measurement data are
considered:

Case study 1 : Shows an observable system.
Case study 2 Shows the treatment of
unobservability conditions.

from the objective reached back to the forest X= dg-(b)
injection being processed, adding and deleting forest Y= db+ (b)
branches and modifying the measurement
assignment as necessary.
3; n-1
; X=db+ {b)
No @ Yes
Direct component of F
containing X towards X proen
Call loop
Call erase(X)
“ (I:V-W ﬂag’
b=b" =il |
2
Call process &
branch (b,b",i) Call search Call add to forest
{X.i) (X.Y.b)
X=db-{b)
Y=db+ (b
l 9 Call any (X.i,b') [¢
Cail add to
forest {X.Y,b
Figure 5. Procedure augment forest. Figure 6. Procedure for updating the forest by
processing a single branch.
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3.1 Case study I:

The algorithm is applied to determine the
observability of the IEEE 14-bus test network with
must-use measurement set indicated in Fig.7

Figure (8) gives the maximal forest constructed by
the algorithm (tree T); T is connected and contains
all unmeasured nodes. Since there exists a
measurement assignment for T, T is a minimal
spanning tree of full rank [4-6]. Thereforc, the
network is observable.

3.2 Case study 2:

Consider the IEEE 14-bus system with 7 flow
measurements on lines 1, 2, 5, 8, 12, 14, 15 and 7
injection measurements at buses 1,2, 4,7, 9, 12, 14.
In addition to these must-use measurements, pseudo
injection measurements are available at buses 3, §,
10.

Fig.9 shows the result of processing the must-use
measurements. The entire network is not
observable; the observable portion of the network
comprises the two subnetworks O; and O,. The
broken lines constitute a maximal forest of full rank.
The measurement assignment for this forest is the
following : each flow-measured line (1, 2, 5, 8, 12,
14, 15) is assigned to itself; line 4 is assigned to
injection 2 and line 16 is assigned to injection 9.
Injection measurements at buses 1, 4, 7 are
redundant and not assigned to the maximal forest. In
the course of processing these redundant
measurements, the observability algorithm labels all
measurements as uncritical except for injections 9,
12, 14 and flow 12. These critical measurements are
identified by the label "C". ‘
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1Result of processing must-use measurements

Figure 9.

The next step is to process the pseudo injection
measurement at buses 3, 5, 10 (labeled with a "P").
These measurements are to be used only if they
contnibute to the observability of the network. The
injection at bus 3 lies well within the observable
subnetwork O, and, consequently, does not increase
the observability of the network. (Injection 3 lies
within the noncritical subnetwork of X _; such
pseudo measurements may be automatically
excluded from consideration). Processing of injection
3 results in injection 3 being labeled as redundant;
the observable subnetwork identified by the
algorithm consists of line 1, 2, 3, 4, 5, 6. None of the
existing critical must-use measurements are made
uncritical by injection 3. Since injection 3 lies in a
well-measured, noncritical, observable region, there
iIs no reason to include it in the state estimate;
injection 3 is therefore deleted. The pseudo
injections at buses 5, 10, however, do contribute to

Alexandria Engineering Journal, Vol. 35, No. 2, March 1996

observability. Their processing adds branches 10
(assigned to injection 5) and 13 (assigned to injection
10) to the maximal forest, making the maximal forest
a minimal spanning tree and the entire network

- observable. (The lines of the minimal spanning tree

of full rank are shown broken in Fig.10). Pseudo
injections 5 and 10, therefore, are added to the
measurement set and are critical.

Result of processing pseudo measurements

Figure 10.

3.3 Case study 3 :

Several tests were carried out using the IEEE 30
bus, Alexandria city 66 KV subtransmission network

* (45 bus and 47 lines) and IEEE 57 bus systems to

show the effectiveness of the developed software
computer package programs. The programs were
executed on 80486 DX2, 66 MHzIBM compatible
PC-computer and the CPU tumes in seconds are
given in Table 1.
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g Table 1. )
‘ Test System
IEEE 14 bus IEEE 30 bus Alex. 66 KV net. IEEE 57
bus
CPU sec 0.055 0.33 0.824 34

4. CONCLUSION

This paper presents a complete description of a
software package program for checking-up network
observability before entering to the state estimator of
the real-ime model in a power system control
center. The method is based on the graph-theoretic
observability algorithm developed by clements et.al
[4-6]. The algorithm has a solid mathematical basis
and is able w find a spanning tree in the
measurement whenever it exists. When the entire
system is unobservable on the basis of available
measurements, the algorithm selects pseudo-
measurements from a list ordered according to their
accuracies, with the more accurate pseudo on top.
This selection will proceed till the entire network
become observable. The designed computer package
programs are tested by using the IEEE 14-bus,
IEEE 30-bus, and IEEE 57-bus systems besides the
practical 66 KV subtransmission network of
Alexandria region and the resulting reduced
computation time verify the effectiveness of the
developed computer package for the use in
observability test in real-time modelling procedures
of power systems in EM and SCADA control
centers.
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