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Abstract-- In a power system State Estimator (SE), a Network 

Topology Processor (NTP) determines the Circuit Breaker (CB) 
status in real-time to obtain electrical network topology. In a 
conventional NTP, many substation measurements are simply 
discarded because their positions in the simplified bus-branch 
network model are lost. These measurements cannot be used in 
the network observability analysis and when some of the used 
measurements are lost, an estimate of system states may not be 
obtained. This paper proposes an innovative method to utilize 
these redundant measurements. The new method uses a 
numerical matrix to represent the physical connectivity of 
substation devices, and then dynamically searches for solutions to 
calculate branch and bus injection power flow measurement data 
using the linear combination of the available substation 
measurement data. Test cases on IEEE-30 bus system verify that 
the proposed method is very effective in making the network 
observable, without the need to install new measurement devices. 
 

Index Terms—energy management systems, network topology 
processor, observability analysis, state estimation 

I.  INTRODUCTION 

 State Estimator (SE) is an essential application in the 
Energy Management Systems (EMS). The state estimator 

estimates the system states, which allows other EMS functions 
such as security assessment to be reliably deployed in order to 
analyze contingencies, as well as to predict corrective actions 
[1]. 

An important requirement for state estimation is the 
network observability. Due to the frequent change of network 
topology, many measurements that provide data to the state 
estimator may no longer be available in the network model. 
The previously observable system may turn into unobservable. 

An advanced real-time network modeling tool is needed to 
handle the loss of observability problems. In this paper, a new 
method to enhance the ability of existing network topology 
processor (NTP) is proposed. The method tries to recover the 
network observability by dynamically providing more 
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measurements to the SE. 
Section II talks about what an NTP does in the 

preprocessing of the raw measurement data; section III is a 
brief introduction to the concept and methods of network 
observability analysis; section IV explains what the proposed 
method does to efficiently use the substation measurements in 
real-time. Tests results are shown in section V. Conclusions 
are presented in section VI. 

II.  CONVENTIONAL NETWORK TOPOLOGY PROCESSING 
In this paper, the term connectivity refers to the static 

physical layout of devices (transmission lines, bus-bars, 
switches, etc.) in a power system network; the term topology 
refers to the dynamic structure of a network determined upon 
the status of switches and circuit breakers (CBs). Connectivity 
is usually fixed over longer periods of time while topology 
changes relatively frequently over time. The term node refers 
to an electrical node in the detailed substation model; the term 
bus refers to an electrical node in the bus-branch model after 
the processing of an NTP. A bus usually consists of one or 
several nodes that are connected by closed CBs or switches. 

An NTP takes care of the first stage of data processing in a 
state estimation function. Its task is to determine the network 
topology (usually in the form of a bus-branch model) based on 
the detailed description of network connectivity and the real-
time CB status [2-3]. In a conventional NTP, the input data 
consist of the following. 

A.  The description of the connectivity of the physical devices 
in the network 

The physical devices include generators, loads, CBs, 
transmission lines, transformers, current transformers (CTs), 
voltage transformers (VTs), etc. These devices can be grouped 
into four categories based on their characteristics that affect 
the determination of network topology: 

1) CBs and other switching devices: these devices have two 
terminals – a from-node and a to-node. Their states are 
either open or closed. An open CB corresponds to an 
open circuit, or an infinite impedance branch; a closed 
CB corresponds to a short circuit, or a zero impedance 
branch. 

2) Nodal injection devices (generators, loads, etc): these 
devices have one terminal – the node that they are 
connected to. 
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Fig.1:  An example of the detailed substation model and the used bus-branch 
model. (a) Detailed substation model. (b) Used bus-branch model. 
 

3) Transmission lines, transformers: these devices are 
usually represented by non-zero impedance branches 
that have two terminals – a from-node and a to-node. 

4) Measurements: the commonly used measurements 
include CB power flow measurements, nodal power 
flow injection measurements and voltage magnitude 
measurements. 

B.  CB Status and analog measurement data 
The CB status measurement data are provided to the NTP 

so that it can merge electrical nodes that are connected by 
closed CBs into a single bus. After that, the NTP also needs to 
assign the nodal injection devices and branches available in 
the detailed substation models to the proper locations in the 
bus-branch model. 

The analog measurement data, such as CB power flows, 
nodal injection power flows and voltage magnitudes also need 
to be provided to the NTP. These measurement data need to 
be processed before they can be used by a state estimator.  

Most state estimators that are available in power systems 
can deal with three types of measurements in the bus-branch 
network: bus voltage magnitude measurements, bus power 
flow injection measurements, and branch power flow 
measurements. Many of the analog measurement data that are 
gathered by the physical devices in the substations cannot be 
used directly in the state estimator, since the values that they 
monitor do not fall in any of these three categories. These 
values could be combined and new meaningful measurement 
values could be calculated. 

The existing NTPs use the following principles in treating 
the raw analog measurement data: 

1) A nodal voltage magnitude measurement is directly 
converted to a bus voltage magnitude measurement by 
mapping the node number to its corresponding bus 
number in the bus-branch model. 

2) A nodal power flow injection measurement is converted 
to either a branch power flow measurement (if a branch 

is connected to the node and brings the injection) or a 
portion of a bus injection power flow measurement (if an 
injection device is connected to the node and brings the 
injection). If a bus is composed of several nodes in the 
detailed substation model, a bus injection measurement 
is created only if all nodal injection measurements are 
available. 

3) The CB power flow measurements will be used to 
calculate the nodal injections, if possible. The calculated 
nodal injections will be further processed in the way 
described in 2).  

An example of how NTP works is shown in Fig. 1. A 
substation that has nine CBs and eight nodes is shown in Fig. 
1(a). Bus 9, 10 and 11 are from external substations. Three 
injection devices are connected to node 1, 2 and 5. Power flow 
measurements are installed on three transmission lines, as well 
as node 2 and 5. Fig. 1(b) shows the used bus-branch model. 
It can be seen that two buses exist in this substation. Node 1, 
3, 4, 5, 7 and 8 are merged into bus 1, and node 2 and 6 
become bus 2. The three branch measurements are preserved 
in the bus-branch model. The nodal injection measurement at 
node 2 is also preserved. The nodal injection measurement at 
node 5, however, is eliminated since bus 1’s injection equals 
to the sum of node 1 and 5’s injections, and node 1’s injection 
is unknown. 

III.  NETWORK OBSERVABILITY ANALYSIS 
A linear, time-invariant (LTI) system is usually described 

in the following state space representation: 
( ) ( ) (
( ) ( ) ( )ttt

ttt
DuCxy
BuAxx
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+ )=&

,       (1) 

where x is the state vector; y is the output vector; u is the 
input (or control) vector; A is the state matrix; B is the input 
matrix; C is the output matrix; D is the feedthrough (or 
feedforward) matrix. 

In power system state estimation, the state vector x of the 
system contains the voltage magnitude and phase angles of 
buses. The output vector y (which is often denoted as z in 
power system analysis) contains the measurements. Since state 
estimation is a steady state function, the state vector is 
constant, and the state matrix and input matrix are both 0, i.e., 
A=0 and B=0. Also, measurements that are considered in 
power system state estimation have no feedthrough, i.e., D=0. 
Thus the power system state estimation problem becomes 

Cxz = .          (3) 
Different from the LTI system, the power system is a non-

linear system. The output matrix C is a function of x, and (3) 
can be represented as: 

( )xfz = .         (4) 
First-order Taylor approximation of (4) yields: 

( ) zxfzxH Δ=−=Δ⋅ 0 ,       (5) 

where ( )
x
xfH

∂
∂

= , evaluated at some ; 0x 0xxx −=Δ . 

Equation (5) relates all existing measurements to the state 
variables, using the first-order Taylor approximation. An 



 3

estimate for  can be obtained as long as the rank of H is 
equal to the dimension of or x. Therefore, the necessary 
and sufficient condition for a power system to be observable 
is: 

xΔ
xΔ

n=Hrank ,         (6) 
where n is the dimension of the state vector x. 

It should be noted that the system observability is 
independent of the branch parameters as well as the operating 
state of the system. So, all system branches can be assumed to 
have an impedance of j1.0 per unit (p.u.) and all bus voltages 
can be set equal to 1.0 p.u. for the purpose of observability 
analysis. It can be shown that in such a power system 
network, H can be calculated by: 

TAMH ⋅= ,        (7) 
where M is the measurement-branch incidence matrix, 
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A is the branch-bus incidence matrix, 
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The method that uses (6) and (7) to decide whether a 
network is observable is call the numerical method. 

Observability analysis can also be carried out by using a 
topological method. If a tree can be formed such that each 
branch of this tree contains a power flow measurement, then 
the phase angles at all buses can be determined, i.e. the system 
will be fully observable. The available measurements should 
be assigned to the branches according to the following rules: 

1) If the branch flow is measured, the branch is assigned to 
its flow measurement. 

2) If an injection is measured at a terminal node of a 
branch, the branch can be assigned to that injection. 

3) Once a branch is assigned to a measurement, it can not 
ba assigned to any other measurement. 

The essential steps of the algorithm can be summarized as 
follows: 

1) First assign all the flow measurements to their respective 
branches. 

2) Then, try to assign the injection measurements in order 
to reduce the existing forest by merging existing trees. 
Note that there is no way to predict the correct sequence 
for processing injections. Implementation of the method 
requires proper back-up and re-assignment of injections 
when necessary.  

The network observability analysis determines if a state 
estimation solution for the entire system can be obtained using 
the available set of measurements, therefore it is a very 
important component in the EMS and it is usually carried out 
before the execution of state estimation. 

IV.  THE DYNAMIC UTILIZATION OF SUBSTATION 
MEASUREMENTS 

In a physical substation, CB statuses may be changing 

relatively frequently, either due to faults, or because of 
operator commands. The network topology changes 
accordingly. The changes in topology may have the following 
potential impacts on the NTP: 

1) The merging or splitting of buses may cause some 
substation measurements to become useless in the 
changed topology, during the processing of 
measurement data as described in section II. 

2) Some measurements may be disconnected from the rest 
of the network. For example, when the CBs disconnect a 
transmission line, the branch power flow measurement 
on this line is also disconnected and will not appear in 
the bus-branch model. 

3) The total number of available measurements in the bus-
branch model may be reduced and the locations of 
measurements may change, due to the change of 
network topology.  

Because the network observability is highly related to the 
number and locations of measurements in the network, the 
network may become unobservable after the change of 
topology, and therefore an estimation of system states cannot 
be obtained. 

The existing approach to deal with the loss of observability 
is to suggest new locations for additional measurements [4-6]. 
However, installing new measurements may be costly and can 
only be done off-line. A way of utilizing the currently 
available measurements in the substations to recover the 
network observability on-line is presented in this section. The 
new method is called the dynamic utilization of substation 
measurements. (DUSM).  

A.  Calculation of inferred substation measurements 
Like a conventional NTP, the first step of DUSM is to read 

in the static connections of devices and CB statuses, and then 
store the network topology information in an organized way 
for easier processing. 

The devices (CBs, branches, loads, generators, etc.) are 
grouped into different substations. Each device is assigned a 
“virtual” measurement that supposes to measure the power 
flow of this device, and a measurement vector can be as 
created using the following equation: 

( ) ( ) ( )[ ]Ti zzz n device2 device1 device L=z ,  (8) 
where i is the substation number, device 1,2,…n are the 
devices of substation i, and z(device j) is the power flow 
measurement of device j. 

The following assumptions are made regarding the 
directions of the measurements: 

1) A CB power flow measurement’s direction is always the 
same as the CB’s. 

2) A branch power flow measurement’s direction is always 
going into the node that the branch is connected to. 

3) A power injection measurement’s direction is always 
going into the node that it is connected to, i.e., for a 
generator, the measurement value is positive; for a load, 
the measurement value is negative. 

If the directions of measurements are different from the 
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Fig. 2.  Sample detailed substation model of a 3-bus system. 
 
above assumptions, they can be easily modified to conform to 
the assumption by changing the signs of the measurement 
values. 

DUSM uses a three-dimensional incidence matrix M to 
store the topological information, as illustrated in Fig. 2 and 
Table I. The element of the incidence matrix M can be 
expressed as 

( )
, node oincident tnot  is t measuremen If

, node ofout  goesdirection  s't measuremen If
, node into goesdirection  s't measuremen If

0
1

1
,

yx
yx

yx
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⎪
⎩

⎪
⎨

⎧
−=M

where i is the substation number. 
According to Kirchhoff’s current law, we have 

0=⋅ ii zM ,         (9) 
where i is the substation number. 

In a practical system, some of the elements in zi are 
measured, and others are not. The measured elements can be 
replaced by their measurement values, while other elements 
remain as unknown. What we are interested in is to infer as 
many measurement values as we can by using (9). 

It can be seen that an inferred measurement can be 
calculated when the measurements of all other devices that are 
connected to the same node are available. This can be 
illustrated by the following example. In Fig. 2, suppose the 
power flow of CB8 is measured and its value is . Applying 
(9) to node 0202, we get 
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or , which means the power flow of b1 equals the 
power flow of CB8. Now that  has been calculated, both 

 and  can be used to calculate other inferred 
measurements, until no more measurements can be inferred. 

81 zzb =

1bz

8z 1bz

 
 

TABLE I 
TOPOLOGICAL INFORMATION STORAGE FOR FIG. 1 

(A)  SUBSTATION 1 
Devices 

Substation 1 

C
B

1 

C
B

2 

C
B

3 

C
B

4 

C
B

6 

lo
ad

1 

lo
ad

2 

b1
 

b2
 

0101 -1 0 0 -1 0 0 0 0 0 
0102 1 -1 0 0 0 1 0 0 0 
0103 0 1 -1 0 0 0 0 1 0 
0104 0 0 1 0 1 0 0 0 0 
0105 0 0 0 1 0 0 0 0 1 

N
od

es
 

0106 0 0 0 0 -1 0 1 0 0 

(B)  SUBSTATION 2 
Devices 

Substation 2 

C
B

8 

C
B

9 

C
B

10
 

b1
 

b3
 

0201 0 -1 0 0 0 
0202 -1 0 0 1 0 
0203 1 0 1 0 0 N

od
es

 

0204 0 1 -1 0 1 

(C)  SUBSTATION 3 
Devices 

Substation 3 

C
B

11
 

C
B

12
 

C
B

13
 

C
B

14
 

C
B

15
 

C
B

16
 

ge
ne

ra
to

r 

Lo
ad

3 

b2
 

b3
 

0301 -1 0 0 -1 0 0 0 0 0 0 
0302 1 -1 0 0 0 0 0 1 0 0 
0303 0 1 -1 0 0 0 1 0 0 0 
0304 0 0 1 0 0 1 0 0 0 0 
0305 0 0 0 1 -1 0 0 0 1 0 

N
od

es
 

0306 0 0 0 0 1 -1 0 0 0 1 

B.  Calculation of bus-branch measurements 
Once all possible inferred measurements are obtained, the 

next step is to calculate the values of the bus voltage 
magnitude measurements, bus injection power flow 
measurements and branch power flow measurements. 

The calculation of bus voltage magnitude measurements is 
straight-forward. It can be done by a direct mapping of the 
substation node to the corresponding bus, as show below: 

ni VV = ,         (11) 
where n is the node number in the substation model, i is the 
bus number of n in the bus-branch model. 

The calculation of branch power flow measurement uses 
the following rules: 

1) If there is only one branch (single line) between two 
buses, map the branch measurement in the detailed 
substation model to the corresponding branch 
measurement in the bus-branch model by changing the 
node numbers to the bus numbers. 

2) If more than one branch (multiple lines) exists between 
two buses, sum up all branch measurements in the 
substation model to get the branch measurement in the 
bus-branch model. 

The bus injection power flow measurement can be 
calculated by adding all nodal injection measurements in a 
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single merged electrical bus. If any measurement value is 
unknown after the addition, the injection power flow of this 
bus cannot be calculated. 

C.  The applicability in practice 
The DUSM algorithm uses the following implicit 

assumptions: 
1) It assumes that the Kirchhoff’s current law is applicable, 

which requires that there is no unknown ground fault or 
ground leakage current existing in the substation. This is 
usually true, since firstly, the possibility of ground faults 
in a substation is low; secondly, in case of a bus ground 
fault, the bus protection will trip all CBs that are 
connected to the bus and clear the leakage current. 

2) The open CBs are excluded from the topological matrix 
and the power flows through them are assumed to be 
zero. This requires that the CB statuses are correctly 
reported. If the CB status measurements are not accurate 
enough, the open CBs should still be included in the 
topological matrix and the power flow through them 
should be regarded as unknown. 

The DUSM algorithm can be implemented as a 
supplementary function to the substation automation system 
(SAS), or to the EMS in the control center. 

The advantages of implementing DUSM in substations are: 
1) More measurements are available in substations than in 

the control center. In recent digital substations, besides 
the measurements that are gathered by RTUs, many 
intelligent electronic devices (IEDs) also record and 
monitor the status of the substation on-line. Many 
measurement data can be obtained from the recording of 
these devices [7]. 

2) Because of the independent storage of substation 
topological information, DUSM can be implemented in 
any number of substations in the system. This adds to 
the flexibility of implementation. A few substations may 
be picked up and the effectiveness of the new algorithm 
may be tested without the need for upgrading the 
existing EMS software in the control center or SAS 
software in other substations. 

On the other hand, the advantage of implementation in the 
control center is that the full potential of dynamically creating 
new measurements for the state estimation purpose can be 
obtained. The EMS in control center has the access to the 
topological information from all substations. The installation 
of the new algorithm will enable the new measurements to be 
calculated from all the measurements that are transmitted to 
the control center. 

V.  TEST CASES 
Tests have been run on the IEEE-30 bus system. The data 

of the IEEE-30 bus system, including the bus-branch diagram, 
can be obtained from [8]. 

It was assumed that 31 measurements were already 
available to the state estimator. The types and locations of 
these measurements are listed in Table II. 

TABLE II 
MEASUREMENT PLACEMENT 

Measurement Location 
Bus voltage 
magnitude 4, 16 

Branch power flow 
29-27, 30-29, 30-27, 25-26, 12-16, 16-17, 1-3, 9-11, 
14-12, 12-13, 14-15, 6-8, 28-8, 22-21, 18-19, 17-31 

Bus injection 
power flow 25, 27, 4, 9, 10, 22, 24, 15, 12, 28, 20, 18, 2 

 

 
Fig. 3.  Detailed substation model of FIELDALE substation in the IEEE-30 
bus system. 

 
TABLE III 

MEASUREMENT DATA VALUES 

Measurement V 0
50

1 

P C
B2

 

P C
B3

 

P C
B7

 

P C
B9

 

P b
2 

Value 1.01 45.4 
-j13.0 

45.4 
-j22.8 

34.0 
+j6.9 

-53.0 
-j10.7 

14.8 
-j10.6 

 
Furthermore, the detailed breaker-and-a-half configuration 

was arbitrarily picked to represent the FIELDALE substation 
(Bus 5) in the IEEE-30 bus system, as shown in Fig. 3. Six 
measurements were placed in the substation, including one 
voltage magnitude measurement and five power flow 
measurements. The measurement values are listed in Table III. 

Using the conventional NTP, only two measurements were 
generated to serve the state estimator. In the bus-branch 
model, V0501 became the voltage magnitude measurement of 
Bus 5, and Pb2 became the branch power flow measurement of 
branch 5-7. The conventional NTP was also able to calculate 
the injection power flow of the synchronous condenser. 
However, the injection of Bus 5 could not be calculated since 
neither of the three loads’ power flow could be obtained. 

A topological method as mentioned in section III was used 
to evaluate the observability of the 30-bus network. Adding 
these two measurements to the system, it was found that the 
whole network was not totally observable. 

 
TABLE IV 

CONVENTIONAL NTP VS. DUSM 
Measurement Conventional NTP DUSM 

Vbus5 1.01, equals to V0501.  1.01, equals to V0501. 
P5-2 (Unknown) 79.4-j6.1, equals to -PCB2 -PCB7. 
P5-7 14.8-j10.6, equals to Pb2. 14.8-j10.6, equals to Pb2. 

Pinj5 (Unknown) -94.2+j16.7, equals to  
–PCB2+PCB7-2PCB9-Pb2. 
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The same measurement data were then processed by the 
DUSM algorithm and four measurements were generated: the 
voltage magnitude measurement of Bus 5, the branch power 
flow measurement of branch 5-2 and 5-7, and the bus 
injection power flow measurement of bus 5. A comparison of 
the different results is shown in Table IV. 

With the help of the two extra measurements that were 
created by DUSM, the whole network became observable, and 
the state estimation was then able to be executed. 

 

VI.  CONCLUSIONS 
This paper explains the importance of an advanced network 

topology processor in preserving as many substation 
measurements as possible to maintain the network 
observability. A new method – the dynamic utilization of 
substation measurements (DUSM) – was presented. Instead of 
seeking the installation of new measurements in the system, 
this method tries to calculate meaningful state estimation 
measurement values by applying the current law that regulates 
different measurement values implicitly. Its processing is at 
the substation level and therefore can be implemented in 
different substations. Test cases on the IEEE-30 system show 
DUSM’s advantage in measurement processing over a 
conventional network topology processor.  
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