
ABSTRACT 

JUNG, JAE SUNG. Branch Current State Estimation Method for Power Distribution 
Systems. (Under the direction of. Mesut E Baran). 
 

Effective management of distribution systems requires analysis tools that can estimate 

the state of the system (the operating condition). This thesis aims at development of new 

analysis tools for this purpose. The main tool is the state estimator that will use historical 

data and the real-time data to estimate the state of the system determined by voltage at all of 

the nodes of a distribution feeder.  

This thesis considers the incorporation of voltage measurements in a branch-current-

based state estimation (BCSE) program. Original BCSE is designed to include only power 

and current measurements. The motivation for enhancing BCSE is that with the adoption of 

large scale automated meter infrastructure (AMI) technologies, voltage measurements will be 

available at the distribution level. Hence, including these measurements has the potential to 

improve the accuracy of state estimation.  

Furthermore, this thesis presents a statistical technique for assessing the BCSE 

performance. For statistical analysis, 300 Monte Carlo simulations are performed. The 

overall performance including bias, consistency and quality of estimates is evaluated in order 

to see the effectiveness of the BCSE method. These concepts of statistical technique are 

illustrated and tested in this thesis. 

Finally, since correct connectivity is critical in system operations, topology estimation is 

expected to become a standard Energy Management System (EMS) function. Hence, two 

types algorithm are presented for detection and identification of topology error in BCSE. The 



first approach uses the idea that when the switch status changes, it will affect the 

measurements. The second approach is based on changing the on/off status of branches one 

after the other and performing a state estimation in each case. The effectiveness of the 

proposed approaches is demonstrated. In addition, topology detection results obtained by the 

two proposed methods are also compared.  

For testing the revised BCSE, a reduced version of the IEEE 34 node radial test 

feeder is used. The simulation platform used in this study is developed using C language on 

Microsoft Visual Studio .NET 2003.  
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Chapter 1 

Introduction 

1.1  Background 

Our literature indicates that utilities have been improving their means of monitoring their 

distribution systems mainly to improve service reliability [1-6, 10, 12]. Recently, there has 

been an additional incentive to advance the monitoring of feeders – the improvement of 

efficiency by adopting advanced functions such as voltage control for demand management. 

Effective management of distribution systems requires analysis tools that can estimate the 

state of the system (the operating condition) and predict the response of the system to 

changing load and weather conditions. The main tool used for system analysis is power flow 

analysis. But this tool is not very suitable for real-time monitoring as it requires accurate load 

and system data.  

In order to better monitor the system operating conditions for system management, some 

utilities have begun the installation of limited Supervisory Control And Data Acquisition 

(SCADA) systems at the distribution level. Additionally, some utilities have deployed large 

scale Advanced Metering Infrastructures (AMI). With the availability of real-time 

measurements, new methods are proposed for monitoring the operating point (state) of 
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distribution system. One of the approaches is power flow based [4-6, 12] and the others [2, 3] 

are extensions of the conventional state estimation (SE) method for three-phase analysis. 

Although SE is preferred over the power flow approach, its computational complexity may 

prevent its use in practical applications. 

In this thesis, a branch-current-based three-phase SE (BCSE) method [1] is considered, as 

it is computationally more efficient and less sensitive to line parameters than the 

conventional node-voltage-based SE methods. BCSE is very efficient in handling line-flow 

and power-injection measurements for radial networks. In the original algorithm, the voltage 

measurements have not been available [1]. But with AMI, voltage measurements will be 

readily available. In this thesis, we show the enhancement of the original BCSE to include 

more accurate voltage measurements. 

Computer simulations such as power flow studies give exact answers, but in reality we 

never know the absolutely true state of a physical operating system. Even when great care is 

taken to ensure accuracy, unavoidable random noise enters into the measurement process to 

distort more or less the physical results. However, repeated measurements of the same 

quantity under carefully controlled conditions reveal certain statistical properties from which 

the true value can be estimated. Thus, statistical technique is necessary to the process of 

determining the correctness of an SE implementation [16, 17]. 

In this thesis, some statistical techniques are presented for assessing the BCSE 

performance. Because of the statistical nature of pseudo measurements, the performance of 

the SE needs to be assessed through statistical measurements. In this manner, it is essential to 

have performance measures for assessing the quality of state estimation.  
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 The SE application relies on the basic assumption that the topology of the system is 

known beyond any doubt [21-24]. However, in most of the real world situations, the state of 

some switching devices is unknown or, for some reason, the current value in the database is 

under suspicion. If a circuit breaker or a switch is a part of the modeled network but is not 

monitored by SCADA, its open/close position in the database is updated manually by the 

power system dispatchers. In many system maintenance jobs, after a series of manually 

directed switching operations, the dispatcher often forgets to update the open/close positions 

of these switches. The result of this situation is a topology error in the network. Model 

topology errors can also occur when the telemetered circuit breaker ON/OFF status is 

incorrect. 

Correct connectivity in power network modeling is so critical to modern market and 

security operations that topology estimation is expected to become a standard EMS function. 

Therefore, topology error identification and detection algorithm using BCSE method is 

proposed in this thesis. 

 

1.2  Thesis Objective 

The main objective of this thesis is to improve upon BCSE method using the availability 

of voltage measurements with the adoption of AMI technologies in the distribution system. 

Original BCSE method is a suitable algorithm to solve distribution state estimation and is 

designed to include only power and current measurements. However, because of its 

complexity, voltage measurement has been ignored. Thus, the enhancing of BCSE extended 

to include voltage measurements in the estimation is proposed. Four combinations of 
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different measurement are considered to assess the impact of voltage measurements on the 

BCSE method. 

Furthermore, some statistical techniques are presented using the results obtained from the 

enhancement of the BCSE method. Performance measures are adopted to evaluate the 

enhanced BCSE method. For these measures, Monte Carlo simulation is performed in 

enhancing BCSE method to compute their results by repetitive random sampling. 

  The third objective is to describe an approach by which the circuit breaker status error 

can be detected and identified in the presence of analog measurement error using the BCSE 

method. The use of normalized residuals from the result of the BCSE method is proposed for 

the detection of topology errors. Two types of topology error are considered : switching 

device error and shunt capacitor bank error. 

For testing the revised BCSE, a reduced version of IEEE 34 node radial test feeder is 

used. The simulation platform used in this study is developed using C language on Microsoft 

Visual Studio .NET 2003.  

 

1.3  Related Work 

Distribution systems consist mainly of feeders. The feeder has characteristics such as 

radial, weekly meshed etc. Although the main feeder is the three-phase backbone of the 

circuit, branching from the mains are one or more lateral branches which can be single and 

two-phase rather than three-phase. Furthermore, the loads on the feeders can be single and 

two-phase for residential service and three-phase for industrial service. Unbalanced 

representation of both networks and loads is needed [7]. 
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Distribution systems provide very few real-time measurements. The most common 

measurement type is power which is available only at the substation and only measures 

current magnitude. While few voltage magnitude measurements are obtained, they are more 

accurate. Because of a lack of real-time data, pseudo measurements, primarily obtained from 

historical load data and customer billing data are substituted. Therefore, performing high 

efficiency SE with minimal real-time data is a challenging task [2, 4]. 

A Distribution SE has a critical role in the Distribution Management System (DMS) for 

estimating unknown states which provide limited measurement information. For reliable and 

optimal DMS control, several DSE methods have been proposed. There are two main 

approaches in SE. one is the algorithm based on power flow [4-6] and the others are 

Weighted Least Square (WLS) based [1-3]. Because of the complexity of computation in the 

power flow approach, its use may be unwieldy in the practical power flow approach, and it 

may prevent use in practical power systems. In this paper, for efficient calculation, BCSE 

method is used [1]. 

BCSE is very efficient in handling line-flow and power-injection measurements for radial 

networks. In the original algorithm the voltage measurements were not available. But with 

AMI, voltage measurements will be readily available. In paper [9], the method for handling 

voltage measurements in BCSE method is introduced. This method converts the voltage 

measurements into equivalent measurements. In addition, in paper [11], an algorithm for 

treating power and current measurements with the BCSE method is proposed using the same 

technique as the voltage measurements treatment. 
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Statistical technique is the suggested process for determining the correctness of an SE 

implementation. For this purpose, Monte Carlo simulation is one of the key devices to assess 

SE simulation. However, the disadvantage is the computer time required to achieve the 

acceptable accuracy of the estimator. In general, the Monte Carlo process is repeated until 

interesting quantities are within the range expected. In papers [13, 19, 20], an approximate 

procedure that is able to determine, with very few iterations, the total number of runs 

required to obtain desire accuracy. 

Furthermore, in [18], the statistical test used for hypothesis testing to make statistical 

decisions is introduced. The goal of this statistical test is to ensure the accuracy of the quality 

of state estimation. This paper examines a number of hypothesis testing problem settings for 

multivariate data. For the parametric test, Hotelling’s 2T test is used while for the 

nonparametric test, multivariate sign test and sign rank test are employed. 

It is important to have a test method that gives assurances that the measurement increase 

or the type of measurement in the state estimation reflects true improvement in the 

performance. Regarding this issue, the paper [16, 17] introduced performance evaluation to 

assess the effectiveness of WLS through certain statistical measures including bias, 

consistency and quality of the estimates.  

 The SE application relies on the basic assumption that the topology of the system is 

known beyond any doubt. Since most of the switching in a distribution system is done 

manually and not telemetered, SE can help the dispatchers keep the network topology 

information up-to-date by detecting status changes in switches [24]. In this paper, the direct 

algorithm to monitor topology error is introduced.  
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As another approach, the use of normalized residuals from the result of the SE method is 

proposed for the detection of topology errors. When a topology error happens, the bus/branch 

model generated by the topology process is locally incorrect, causing a topological error. 

Unlike the parameter errors where threshold is exceeded, topology errors usually cause the 

state estimate to be significantly biased. As a result, the bad data detection & identification 

routine may erroneously eliminate several analog measurements which appear as interacting 

bad data, finally yielding an unacceptable state. Therefore there is a need to develop effective 

mechanisms intended to detect and identify these types of gross errors [25]. 

  

1.4 Thesis Outline 

• Chapter 2 

This Chapter considers the incorporation of voltage measurements in Branch Current 

State Estimation (BCSE) programs. Originally, the BCSE was designed to include only 

power and current measurements. The motivation for enhancing BCSE is that with the 

adoption of large scale automated meter infrastructure (AMI) technologies, voltage 

measurements will be available at the distribution level. Including these measurements has 

the potential to improve the accuracy of the state estimation. The Chapter elaborates the 

technical approach taken to accomplish this task, and the test results for assessment. 

 

• Chapter 3 

This chapter presents a statistical technique to assess the BCSE performance. Because 

of the statistical nature of pseudo measurements, the performance of the BCSE needs to be 
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assessed through statistical measurements. Some statistical measures quantified in terms of 

bias, consistency, and quality are adopted to evaluate the enhanced BCSE method. For 

statistical analysis, 300 Monte Carlo simulations are performed.  

 

• Chapter 4 

This Chapter describes the topology error identification algorithm in a Branch Current 

State Estimation (BCSE) program. BCSE application relies on the basic assumption that the 

topology of the system is known beyond any doubt. However, in most real world situations, 

the state of some switching devices is unknown or, for some other reason, the current value 

in the database is under suspicion. In this Chapter, two approaches are described to address 

topology identification problem in the scope of state estimation.  

 

• Chapter 5 

Overall conclusion and future work. 

 

1.5 Glossary 

In this master thesis, the following abbreviations and terms are used : 

AMI : Automated Meter Infrastructure is an intelligent technology that includes metering 

systems capable of recording and reporting energy consumption and other measurements at 

more frequent intervals that the customer’s billing cycle. 
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BCSE : Branch Current State Estimation algorithm, like conventional node-voltage-based 

SE methods, is based on the weighted least square approach. Rather than using the node 

voltages as the system state, the method used the branch currents as the state. 

CB : Circuit Breaker is an automatically-operated electrical switch designed to protect an 

electrical circuit from damage cased by overload or short circuit. 

EMS : Energy Management System, which is used in the monitoring and control of the 

power generation and transmission. 

IEEE : Institute of Electrical and Electronics Engineering 

LF : Load Flow analysis is in the planning the future expansion of power systems as well as 

in determining the best operation of existing systems. The principal information obtained 

from the load flow study is the magnitude and phase angle of the voltage at each bus and the 

real and reactive power flowing in each line. 

P.U. : Per Unit system is the expression of system quantities as fractions of a defined base 

unit quantity in electrical engineering in the field of power transmission. 

SCADA : Supervisory Control And Data Acquisition systems are used to monitor and 

control power system in a wide range of applications like power station control, transmission, 

distribution automation. 

SCB : Shunt Capacitor Banks are mainly installed to provide capacitive reactive 

compensation/power factor correction. 

SE : State Estimation as a mathematical analysis tool acts as a noise filter to eliminate errors 

in data. In practices, other conveniently measured quantities such as P, Q line flows are 
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available, but they cannot be used in conventional power-flow calculations. these limitations 

can be removed by state estimation. 

SW : Switch is an electrical component which can break an electrical circuit, interrupting the 

current or diverting it from one conductor to another. 

WLS : Weighted Least Square state estimation algorithm. Commonly, this algorithm is 

based on the assumption that the measurement errors have normal distributed noises with 

known variances and zero means. 
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Chapter 2 

Including Voltage Measurements in 

Branch Current State Estimation for 

Distribution Systems 

2.1  Overview 

BCSE is tailored to perform state estimation on distribution networks. There are a 

number of significant differences in the characteristics of typical distribution networks 

compared to typical transmission networks.  

Distribution systems consist mainly of feeders. Feeders are mainly radial, but have 

laterals that can be single or two-phase rather than three-phase. Furthermore, loads on the 

feeders are more distributed than that of the transmission and these loads can be single and 

two-phase (for residential service) or three phase (for commercial and industrial service). 

Therefore, distribution systems are unbalanced in nature. Also, feeder line sections are 

usually short, un-transposed, and have high r/x ratios.  
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So, to obtain the consistent and accurate data, new methods are proposed for monitoring 

and operation of distribution system. One of the approaches is power flow based [2] and the 

others [3,4] are extensions of the conventional state estimation (SE) method for three-phase 

analysis. Although SE is preferred over the power flow approach, its computational 

complexity may prevent its use in practical applications. In this paper, for efficient 

calculation A branch-current-based three-phase SE (BCSE) method [1] is used.  

The method is computationally more efficient and more insensitive to line parameters 

than the conventional node-voltage-based SE methods. The method has superior performance 

both in terms of computational speed and memory requirements. Furthermore, the method is 

insensitive to line parameters, which improves both its convergence and bad data handling 

performance. The BCSE method, like conventional node-voltage-based SE methods, is based 

on the weighted least square (WLS) approach. 

BCSE is very efficient in handling line-flow and power-injection measurements for radial 

networks. However, handling voltage measurements increases the complexity of the 

algorithm, as using the branch currents as state variables makes the treatment of voltage 

measurements difficult. 

Power system state estimation relies on measurement data obtained from substations and 

on topological model. A practical SE must possess the ability to handle power, current and 

voltage measurements efficiently. Although a distribution system does not have an 

overwhelming number of voltage measurements, they are often found in the telemetry of a 

distribution system and are more accurate than the other available real or pseudo 
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measurements. So, one of the main focus of this project is to develop a BCSE method with 

power, current magnitude and voltage magnitude measurements.  

 

2.2  State Estimation 

State estimation (SE) as a mathematical analysis tool acts as a noise filter to eliminate 

errors in data. The acquired data always contains inaccuracies which are unavoidable since 

physical measurements cannot be entirely free of random errors or noise. Because of noise, 

the true values of physical quantities are never known and we have to consider how to 

calculate the best possible estimates of the unknown quantities. The method of least squares 

is often used to “best fit” measured data relating two or more quantities. 

 

2.2.1  The Weighted Least Square (WLS) Approach 

The SE method is based on the weighted least square (WLS) approach. WLS is useful 

for estimating the values of model parameters when the response values have differing 

degrees of variability over the combinations of the predictor values. Mathematically, WLS 

find the best estimates which are chosen as those which minimize the weighted sum of the 

squares of the measurements errors. WLS state estimation tries to find a system state, 

represented by x̂ , by solving the following optimization problem: 
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2

1
( ) ( ( )) [ ( )] [ ( )]

m
T

i i ix i
f m i n J x w z h x z h x W z h x

=

= = − = − −∑    (2. 1) 

where iw and ih  represent the weight and the measurement function associated with 

measurement iz  respectively. For the solution of this optimization problem gives the 

estimated state x̂  which must satisfy the following optimality condition: 

( ) 0
i

ff x
x
∂

Δ = =
∂

         (2. 2) 

1

( )2 ( ( )) 0
m

i
i i i

ii i

h xf w z h x
x x=

∂∂
= ⋅ − ⋅ =

∂ ∂∑     

[ ][ ]
1

( )( ( )) ( ) 0
m

Ti
i i i

i i

h xw z h x H W z h x
x=

∂ ⎡ ⎤= − ⋅ = − =⎣ ⎦∂∑     (2. 3) 

where ( )( ) h xH x
x

∂
=

∂
 is the Jacobian matrix of the measurement function ( )h x . Since ( )h x is 

usually non-linear, the solution is obtained by an iterative method. The iterative method 

involves solving the linear equation of the following type at each iteration to compute the 

correction 1k k kx x x+ = + . 

 

( 1) ( ) ( )ˆ ˆ( ) [ ( )]k k T kG x x H W z h x+⇒ − = −     (2. 4) 

where 
ˆ( ) Td x H WH G

x
∂

= − = −
∂

 

is the jacobian of the optimality condition equation : 

ˆ( ) [ ( )]Td x H W z h x= −       (2. 5) 
One of the main challenges in implementing this approach for SE in distribution feeders is 

incorporating the unbalanced nature of distribution feeders into the problem. The most 

important of these issues is the representation of feeders which will be discussed in the next 

subsection. 
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2.2.2  Feeder Representation 

In general, main feeders are three-phase, however some laterals can be two-phase or 

single-phase. The lines are usually short and un-transposed. Loads can be three-phase, two-

phase or single-phase (like residential customers). Therefore it is desirable to use a three 

phase model as also recommended for power flow analysis of feeders. A three-phase line 

model takes into account the magnetic coupling between the phases in lines, which for a line 

section , 1 ,l l b=  such as the one shown in Fig.1, is of the following form 

,1 ,1 11 12 13 ,1

,2 ,2 21 22 23 ,2

,3 ,3 31 32 33 ,3

r S l

r S l

r S l

V V z z z I
V V l z z z I
V V z z z I

⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥= −⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥⎣ ⎦⎣ ⎦ ⎣ ⎦ ⎣ ⎦

    (2. 6) 

or r S l lV V Z I= −  

where l lZ g Z= is the line impedance matrix and lg  is the line length. Note that this equation 

is written for the assumed branch current direction shown in Fig 1, and the phases are 

numbered as 1,2,3ϕ =  rather than labeled as a,b,c. 

 

Figure 1. A three-phase line section 
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2.2.3  Branch-Current-Based on State Estimation 

The branch-current-based SE method, like conventional node-voltage-based SE 

methods, is based on the weighted least square (WLS) approach. Rather than using the node 

voltages as the system state x, the method uses the branch currents and solves the following 

WLS problem to obtain an estimate of the system operating point defined by the system state 

x : 

2

1
( ) ( ( )) [ ( )] [ ( )]

m
T

i i ix i
m i n J x w z h x z h x W z h x

=

= − = − −∑    (2. 7) 

where iw  and ( )ih x  represent the weight and the measurements function associated with 

measurement iz  respectively. For the solution of this problem the conventional iterative 

method is adapted by solving following normal equations at each iteration to compute the 

correcting 1k k kx x x+ = +  

[ ( )] ( ) [ ( )]k k T k kG x x H x W z h xΔ = −       (2. 8) 
where 

( ) ( ) ( )TG x H x WH x=         (2. 9) 
is the gain matrix and H is the Jacobian of the measurement function ( )h x . 

Hence the only difference between the node voltage based SE and BCSE is the measurement 

functions associated with the type of measurements to be processed. To illustrate these 

functions for BCSE, consider two cases 

Case 1: power flow (P, Q) or current magnitude (I) measurements on a line section of a 

feeder 

Case2: voltage measurement (V) at a node of a feeder.  
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Case 1 – power flow (P, Q) or current magnitude (I) measurements: 

Power measurements in BCSE are converted to equivalent complex current 

measurement by using the current estimate of the node voltage: 

2 2

m m
m r x

r
r x

P V Q VI
V V

+
=

+
 ,      2 2

m m
m x r

x
r x

P V Q VI
V V

−
=

+
    (2. 10) 

Hence the resulting measurement functions are linear as the state variables are the complex 

branch currents, 

l lr lxI I jI= + ,    l=1..n         (2. 11) 

The current magnitude measurements, on the other hand are non-linear, as 

22
lxlrl III +=          (2. 12) 

The current magnitude measurements introduce coupling terms between the real and 

imaginary parts. For example, the current measurement m
lI  introduces the following non-zero 

elements into the measurement Jacobian H 

cos
m
I

r

h
I

φ∂
=

∂
 , sin

m
I

x

h
I

φ∂
=

∂
        (2. 13) 

 

where 1
, , ,tan ( / )l xl rlI Iϕ ϕ ϕφ −=  

 

Case 2 –Voltage magnitude (V) measurements: 

A voltage at the node t of a radial feeder Vt is the voltage at the substation minus the 

voltage drop on the line sections between the substation and this node, and hence, the 

measurement function for the voltage measurement Vt can be written in terms of the branch 

currents as: 
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m
t S l lV V Z I= −∑          (2. 14) 

The voltage magnitude measurements introduce coupling terms between the phases of branch 

currents and the real and imaginary parts of branch currents. The voltage measurement  Vt 

introduces the following non-zero elements into the measurement Jacobian H 

,
, ,sin cos

m
Vl

l l l l
rl

h
X R

I
ϕ

ϕ ϕφ φ
∂

= −
∂

 , ,
, ,sin cos

m
Vl

l l l l
xl

h
R X

I
ϕ

ϕ ϕφ φ
∂

= − −
∂

   (2. 15) 

where l l lZ R jX= + is line impedence and S SR SXV V jV= + is substation voltage 

1

1 1
( ( ) / ( ))

m m

SR j j SX j j
j j

Tan V real Z I V imag Z Iφ −

= =

= − −∑ ∑     (2. 16) 

Hence, both the Jacobian H and the gain matrix G are revised to include voltage 

measurements in BCSE. 

 

2.2.4  BCSE Algorithm 

BCSE constructs the Jacobian and gain matrices and solves the update equations of ()  

iteratively. The algorithm involves the following steps at each iteration k : 

Step 1 - Given the node voltage 1kV − , convert power measurements into equivalent current 

measurements 

Step 2 - Use current measurements to obtain an estimate of branch currents , ,[ ]
k k k

r xx I Iϕ ϕϕ =  

by solving the update equations (1) for each phase ϕ  = 1,2,3 

Step 3: Given the branch currents, update the node voltages  kV by the forward sweep 

procedure. 
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Step 4: Check for convergence; if two successive updates of branch currents are less than a 

convergence tolerance then stop, otherwise go to step 1 

 

2.3  State Estimation Test Results 

For testing the revised BCSE with voltage measurements, a test feeder is used. The test 

feeder is a 34 bus, 23kV, 3-phase radial IEEE test feeder [5]. A reduced version of this test 

feeder is used to facilitate debugging and assessment. A one-line diagram of the feeder is 

given in Fig. 2 with the nodes renumbered to make the illustration of the results easier. The 

feeder is predominantly three-phase with some single-phase laterals and has both spot and 

distributed loads. For test purpose, distributed line section loads are lumped equally at 

terminal nodes of the line section. The nominal load data is taken as the actual load and the 

power flow results are used to determine the correct measurements for this load. The 

minimum voltage for this loading is 

min 21, 0.9402 3.057aV V= = ∠−  

which indicates a heavy loading condition on the feeder. The line data used is given in [6] 

with line r/x ratios varying between 0.57 and 1.37. 

For SE, the available measurements assumed are given in the figure also: voltage and power 

flow at the substation, current measurements on branches 6-7, and voltage measurements on 

nodes 8, 10 and 17. 
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Figure 2. One-line diagram of reduced feeder 

 

  To generate measurement data for testing purpose, first the actual measurements have 

been obtained by running a power flow for the given load. Then measurement error was 

added to the actual measurements. 

a
ZZ Z e= ±          (2. 17) 

where aZ is actual data and Ze  is the measurement error. The forecasted load data is created 

by perturbing the actual load data by adding error of 30%. The power and current magnitude 

measurement errors are selected from Normal distribution with a standard deviationσ of 

0.0233 (accuracy is 7% of their measured values). The voltage measurements data are 

generated by adding measurement error with a standard deviation σ of 0.0067 (2% 

measurement error). The weights are obtained by using standard deviation σ of 

measurements error.  

2

1
i

i

w
σ

=         (2. 18) 

where iw  and iσ  represent weight associated with measurement iz and standard deviation of 

measurement error, respectively. The revised algorithm was implemented using the C 

language on Microsoft Visual Studio .NET 2003. To assess the impact of voltage 

measurements on the state estimation, four cases have been considered: 
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Case 1: forecasted load data. 

Case 2: The same measurements as in Case 1 plus three voltage measurements m2-m4 from 

the feeder nodes. 

Case 3: Power measurement at the substation (both real and reactive), indicated as mo in Fig. 

2, plus a current measurement on the feeder, m1, and forecasted load data. 

Case 4: The same measurements as in Case 3 plus three voltage measurements m2-m4 from 

the feeder nodes. 

The enhanced BCSE has run for these four cases. For these simulations, the addition of 

voltage measurements do not affect the convergence of the method; it takes about 3-6 

iterations for the solution to converge.  This indicates that BCSE’s computational 

performance does not degrade with the addition of voltage measurements. 

Test results are given in the Appendix I. A summary of the results are given in Fig. 3-4 for 

the four cases considered. The figures show the error in the estimated state ( [ , ]r xx I I= ) of 

phase a branch currents on the feeder. Fig. 3 compares the results for Case 1 and Case 2.  

These results indicate that adding voltage measurements decrease the error in branch current 

estimates. Note that the improvement in the estimation is more on the real part of the current 

than the imaginary part. Since, in this case the currents have small imaginary component, the 

overall reduction of the error in the current magnitude is considerable especially towards the 

substation end of the feeder.  Hence, these results indicate that having voltage measurements 

helps improve the estimation over the conventional one that is based on the forecasted load 

only (case 1).  
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(a) Error in branch current real part, Ir in p.u.  

 
(b) Error in branch current imaginary part, Ix in p.u. 

 
(c) Error in branch current magnitude in p.u. 

Figure 3. Branch Current Estimation for Case 1 and Case 2 
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(a) Error in branch current real part, Ir in p.u.  

 
(b) Error in branch current imaginary part, Ix in p.u. 

 
(c) Error in branch current magnitude in p.u. 

Figure 4. Branch Current Estimation for Case 3 and Case 4 
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Figure 4 compares the results for Case 3 and Case 4. Note that these two cases illustrate the 

effect of adding voltage measurements to a system which has some limited power and current 

measurement from the feeder (Case 3). The results indicate that in this case adding voltage 

measurements does not improve the estimation as much as it did in the previous case.  The 

differences between the two cases are not statistically significant. 

 

2.4 Conclusions 

This chapter shows that the basic BCSE can be extended to include voltage 

measurements in the estimation. The initial test results indicate that the impacts of the 

voltage measurements on the estimated values are marginal. These results are based on the 

simulated measurement with assumed accuracy on especially the load forecast values. The 

method however now allows including the voltage measurements in actual applications in 

which the load data may not be as accurate as assumed. 
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Chapter 3 

Performance of Branch Current State 

Estimation Method 

3.1  Overview 

In the previous chapter, the enhancement of the original BCSE to include voltage 

measurements is described. Because of the statistical nature of pseudo measurements, the 

performance of the BCSE needs to be assessed through statistical measurements. Thus, this 

chapter looks at the performance of enhanced BCSE method in the presence of measurement 

noises through Monte Carlo simulation.  

Singh and others have proposed some statistic measures quantified in terms of bias, 

consistency, and quality through Monte Carlo simulation in [17] for assessing the quality of 

state estimation. In this chapter, these performance measures are adopted to evaluate the 

enhanced BCSE method.  

3.2 Monte Carlo Simulation  

Monte Carlo simulation is used to estimate expected values of random variables when it 

is infeasible or impossible to compute an exact result with a deterministic algorithm. Monte 
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Carlo methods are a class of computational algorithms that rely on repeated random sampling 

to compute their results. Monte Carlo methods are often used when simulating physical and 

mathematical systems. Because of their reliance on repeated computation and random or 

pseudo-random numbers, Monte Carlo methods are most suited to calculation by a computer. 

Monte Carlo methods tend to be used when it is infeasible or impossible to compute an exact 

result with a deterministic algorithm.  

Monte Carlo simulation methods are especially useful in studying systems with a 

large number of coupled degrees of freedom. Furthermore, Monte Carlo methods are useful 

for modeling phenomena with significant uncertainty in inputs, such as the calculation of risk 

in business. Furthermore, the basic characteristics of Monte Carlo simulation is described : 

▪ Monte Carlo simulation allows several inputs to be used at the same time to create the 

probability distribution of one or more outputs. 

▪ Different types of probability distributions can be assigned to the input of the model. When 

the distribution is unknown, the one that represents the best fit could be chosen.  

▪ The use of random numbers characterized Monte Carlo simulation as a stochastic method. 

The random numbers have to be independent; no correlation should exist between them. 

▪ Monte Carlo simulations generate the output as a range instead of a fixed value and shows 

how likely the output value is to occur in the range. 

In general, the Monte Carlo simulation involves the following series of steps [15]. 

 Step 1 – Construct a simulated “universe” of some randomizing mechanism whose 

composition is similar to the universe whose behavior we wish to describe and investigate. 

The term “universe” refers to the system that is relevant for a single simple event.  
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Step 2 – specify the procedure that produces a pseudo-sample which simulates the real-life 

sample in which we are interested. That is, specify the procedural rules by which the sample 

is drawn from the simulated universe. These rules must correspond to the behavior of the real 

universe in which we are interested. To put it another way, the simulation procedure must 

produce simple experimental events with the same probabilities that the simple events have 

in the real world.  

Step 3 – If several simple events must be combined into a composite event, and if the 

composite event was not described in the procedure in step 2, describe it now. 

Step 4 – Calculate the probability of interest from the tabulation of outcomes of the 

resampling trials. 

 

3.2.1 Monte Carlo Simulation Sample Size [15] 

Monte Carlo simulation is used to estimate quantities in such as :  

- The bias and variance of an estimator 

- The percentiles of a test statistic or pivotal quantity 

- The power function of a hypothesis test 

- The mean length and coverage probability of a confidence interval 

In this manner, Monte Carlo simulation sample size can be defined depending on which 

quantities are interested [15]. 

• Bias Estimation 

If the N observations in a sample are denoted by 1 2, , , Nx x x , the sample mean is  
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1

N

i
i

x
x

N
==
∑

          (3. 1) 

and the standard deviation of sample is 
N
σ  where 2 var( )xσ = . So given a guess of σ , say 

σ , and an acceptable value, say d , for the standard deviation of our estimate, the sample 

size for bias estimation is defined as : 

2

2N
d
σ

=          (3. 2) 

• Variance Estimation 

The sample variance is : 

1

2

2 1
( )

1N

N

i
i

x x
S

N−
=

−
=

−

∑
        (3. 3) 

For large N, the approximate variance of the sample variance will be close to 

4 ( ( ) 1) /Kurt x Nσ − , where 2 var( )xσ = and ( )Kurt x is the kurtosis of the distribution of x . 

Many estimators are approximately normal provided the sample size is not too small. So, the 

approximate standard deviation of the variance estimation is 22 / N σ⋅ . For acceptable d , 

the sample size for variance estimation is defined as : 

4

2

2N
d
σ

=          (3. 4) 

• Power Estimation 

For a new test procedure of the form “reject the null hypothesis if T cα> ”, the power at a 

particular alternative by 
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1

1 ( )
N

i
i

pow I T c
N α

=

= >∑        (3. 5) 

where iT  is the test statistic for the i-th Monte Carlo sample, cα is a given critical values, and 

I is the indicator function having value 1 if iT cα> and 0 otherwise. This is binomial 

sampling, and the worst variance of our estimate (occurring at power ½) is given by 1/(4 )N . 

Setting 1/(2 )d N=  yields 

2

1
4

N
d

=          (3. 6) 

• Confidence Intervals 

Coverage probability and average confidence interval length are both important quantities 

that should be reported whenever studying confidence intervals. Obviously we would like 

intervals that achieve the nominal 1 α−  coverage (like 95%) and are short on average. For 

sample size considerations, we need a preliminary estimate σ  of the standard deviation of 

the lengths and an acceptable value d for the standard error of our estimate of average length. 

Then just Eq. 3.3 is obtained. For coverage estimation or one-sided error estimation, it is 

inverted to (1 )d
N

α α−
=  where d is the acceptable standard deviation for coverage estimate, 

to get  

2

(1 )N
d

α α−
=          (3. 7) 

 

3.2.2 Monte Carlo Simulations on BCSE Method  

Monte Carlo simulation procedure is described in BCSE Method below : 
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Step 1 – BCSE method tries to find a system state, represented by x̂ , by minimizing the 

weighted sum of the squares of the measurements errors. 

Step 2 – First the actual measurements have been obtained by running a power flow for the 

given load. Then measurement error obtained from random generator based on Normal 

distribution was added to the actual measurements. 

a
ZZ Z e= ±           (3. 8) 

 
where aZ is actual data and Ze is the measurement error. The forecasted load data is created 

by perturbing the actual load data by adding error of 30%. The power and current magnitude 

measurement errors are selected from Normal distribution with a standard deviationσ of 

0.0233 (accuracy is 7% of their measured values). The voltage measurements data are 

generated by adding measurement error with a standard deviation σ of 0.0067 (2% 

measurement error). 

Step 3 – The sample size is defined in order to achieve acceptable results. In this thesis, 300 

Monte Carlo simulations have been chosen. 

Step 4 – To calculate the probability of the interest, the estimated states ( [ , ]r xx I I= ) of 

branch currents are obtained and then, hypothesis testing is adopted to test the bias in 

estimated state variables. Furthermore, the performance measures which are bias, consistency 

and overall quality are examined. 

In order to achieve acceptable results obtained from Monte Carlo simulation, the 

sample size is defined in the previous section. However, this determination can be only 

adopted in univariate statistics. Since we have N state ( [ , ]r xx I I= ) of branch currents in 



 31

BCSE method, we need another sample size determination. In BCSE method, we performed 

both parametric and nonparametric test for the bias test. For parametric tests, Hotelling’s 2T  

test is used and as with the nonparametric test, multivariate sign test and sign rank tests are 

applied. In Hotelling’s 2T  test, sample size is enough if the following condition is satisfied :  

2

1 0T
p
− ≈          (3. 9) 

where 2T  and p  is Hotelling’s 2T  test statistics value and number of state, respectively. 

Similarly, the enough sample size can be defined in multivariate sign test and sign rank tests 

to achieve acceptable accuracy of the result. 

For the multivariate sign test, the following condition is satisfied. 

2

1 0Q
p
− ≈          (3. 10) 

where 2Q  and p  is sign test statistics value and number of state, respectively. 

For the multivariate sign rank test, the following condition is used to check the suitable 

sample size. 

2

1 0U
p
− ≈          (3. 11) 

where 2U  and p  is sign rank test statistics value and number of state, respectively. 

3.3 Bias in BCSE Method 

Since we have N state ( [ , ]r xx I I= ) of branch currents, we need to perform multivariate 

tests in order to ascertain the quality of BCSE method. Oja and Randles have examined a 
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number of hypothesis testing problem settings for multivariate data in [18].  In this chapter, 

hypothesis testing is adopted to test the bias in estimated state variables obtained from BCSE 

method.   

 

3.3.1 Multivariate Statistical Tests 

One of the most important problems in the area of multivariate analysis is to obtain 

the mean vector of the given sample. After that, we can get rough information about the 

population where the sample is surveyed. Often people may hope to test the hypothesis 

whether the sample mean vector equals to the specified value in advance. For this, there are 

two typical approaches, parametric test and nonparametric test. Most hypothesis tests are 

based on the assumption that random samples are from normal populations. This is called a 

parametric test because it is based on a particular parametric family of distributions. 

Alternately, these procedures are not distribution-free because they depend on the assumption 

of normality. The primary advantage of the parametric test is that it has greater statistical 

power to detect differences. The other approach is called a nonparametric test which has no 

assumptions about the distribution of the underlying population other than that it is 

continuous. One of the advantages is that the data need not be quantitative but can be 

categorical or rank data. In SE problems, the assumptions for the parametric test may be 

difficult or impossible to justify so that both parametric and nonparametric tests are 

performed. For parametric tests, Hotelling’s 2T  test is used and as with the nonparametric test, 

multivariate sign test and sign rank tests are applied. 
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3.3.2 Multivariate Parametric Tests [18] 

Let 1 2, , , Nx x x  be independent and identically distributed from ( )F x θ− , where 

( )F ⋅ represents a continuous p-dimensional distribution “located” at the vector parameter 

1 2( , , , )T
pθ θ θ θ= . The hypothesis whether the sample mean vector equals to the vector 

specified in advance is : 

0 : :aH Hθ μ θ μ= ≠       (3. 12) 

Note the above hypothesis is equivalent to : 

0 : 0 : 0aH Hθ μ θ μ− = − ≠       (3. 13) 

Hotelling’s 2T  test statistics involves the following calculations. 

2 1( ) ( )T N x S xμ μ−′= − −        (3. 14) 

where  

x  : the mean vector of sample, { }iave x  

N  : the sample size.  

S  : the sample covariance matrix, {( )( ) }T
i iave x x x x− −  

μ  :  the vector given in the hypothesis. 

21N T
N p

−
−

 has F distribution with degrees of freedom, p and N p− . Thus given significant 

level is α , the null hypothesis is rejected when : 

 2
,

1 ( )p N p
NT F
N p

α−
−

≥
−

       (3. 15) 
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where 1, 2 ( )v vF α is the upper α th quantile of an F distribution with 1v and 2v degrees of 

freedom. 

Moreover, the p-value for this test statistics is : 

21 , ,
( 1)

N pp value F T p N p
N p

⎛ ⎞−
− = − ⋅ −⎜ ⎟−⎝ ⎠

     (3. 16) 

3.3.3 Multivariate Nonparametric Tests [18] 

For the nonparametric test, multivariate sign test and signed rank test are used. As for 

the sign test, spatial sign function is defined as : 

( )i x iS S A x=  for 1,i N=        (3. 17) 

where xA is transformation proposed by Tyler. Basically, Tyler’s shape matrix xV  is positive 

definite symmetric p p× with trace equals p . Thus, for any xA with 1T
x x xA A V −=  

{ }T
i i pp ave S S I⋅ =         (3. 18) 

Tyler’s transformation matrix xA makes the sign covariance matrix equal to 1
pI

p
, the 

variance-covariance matrix of a vector that is uniformly distributed on the unit p sphere. Due 

to the fact that iS and iS−  give the same contribution to the sample covariance matrix, 

xA could be considered as the method to make the direction of transformed data points x iA x± . 

The sign test rejects null hypothesis for large 

22 TQ NpS S Np S= =        (3. 19) 
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For large sample size, underlying distribution is directionally symmetric and null hypothesis 

holds, 2Q  has approximate 2
pχ . Therefore, we should reject null hypothesis in favor of 

alternative hypothesis with the condition : 

2 2
pQ χ≥          (3. 20) 

For the multivariate rank test, we first use the signs of transformed differences : 

( ( ))ij x i jS S A x x= −         (3. 21) 

This makes the centered rank : 

( )i j ijR ave S=          (3. 22) 

and the average of iR  is zero. In multivariate case, the data based transformation xA is 

selected to make the rank procedure affine invariant. So the transformation is chosen to 

satisfy the follow : 

( ) ( )T T
i i i i pp ave R R ave R R I⋅ =        (3. 23) 

This transformation then leads the rank covariance matrix equivalent to a number times the 

identity matrix, that is : 

2

( )T x
i i p

cave R R I
p

⎛ ⎞
= ⎜ ⎟
⎝ ⎠

        (3. 24) 

Through the theoretical analysis, we get the test statistics as : 

22
2 ( ( ( )))

4 x i j
x

NpU ave S A x x
c

= +       (3. 25) 



 36

If random sample is form and elliptically symmetric distribution with symmetry center 0θ = , 

then we have 2U has an approximate chi-square distribution with degree of freedom p . So 

we would reject the null hypothesis if  

2 2 ( )pU χ α≥          (3. 26) 

 

3.4 Performance of BCSE Method 

The performance measures are bias, consistency and overall quality. These concepts 

of statistical techniques are illustrated and used in this chapter [17]. 

 

3.4.1 Bias  

State vector, x̂  is an unbiased estimate of true state vector, tx  if the expected value of 

x̂ is equal to tx . 

ˆ( ) tE x x=          (3.27) 

 This is equivalent to saying that the mean of the probability distribution of x̂  is equal to tx . 

 

3.4.2 Consistency  

If ˆNx  is an estimator of tx based on a random sample of N observations, ˆNx is 

consistent for tx  in this condition : 

ˆlim ( ) 1N tN
P x x ε

→∞
− < =            (3. 28) 
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Thus, consistency is a large-sample property, describing the limiting behavior of ˆNx  as N  

tends to infinity. It is usually difficult to prove consistency using the above definition. Since 

there are no well established tests for consistency, we have not performed the test in BCSE. 

 

3.4.3  Quality  

In the previous two measures, the mean of the estimate is the interesting quantity. On the 

other hand, quality measures the degree of its variance. In other words, if the variance is 

large, it means poor quality. Quality is defined as : 

1ln
( )trace

x

Q
tr P

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
        (3. 29) 

where ˆ ˆ( )( )T
x t tP E x x x x⎡ ⎤= − −⎣ ⎦  is state error covariance matrix. The trace of xP  is the 

numerical sum of the variance of estimates. 

 

3.5  Test Results 

For testing the revised BCSE with voltage measurements, a test feeder is used. The test 

feeder is a 34 bus, 23kV, 3-phase radial IEEE test feeder [5]. A reduced version of this test 

feeder is used to facilitate debugging and assessment. A one-line diagram of the feeder is 

given in Fig. 5 with the nodes renumbered to make illustration of the results easier. The 

feeder is predominantly three-phase with some single-phase laterals and has both spot and 

distributed loads. For test purposes, distributed line section loads are lumped equally at 

terminal nodes of the line section. The nominal load data are taken as the actual load and the 
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power flow results are used to determine the correct measurements for this load. The 

minimum voltage for this loading is 

min 21, 0.9402 3.057aV V= = ∠−  

which indicates a heavy loading condition on the feeder. The line data used are given in [6] 

with line r/x ratios varying between 0.57 and 1.37. 

For SE, the available measurements assumed are given in the figure also: voltage and power 

flow at the substation, current measurements on branches 6-7, and voltage measurements on 

nodes 8, 10 and 17. 
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Figure 5. One-line diagram of reduced feeder 

 

The revised algorithm was implemented using C language on Microsoft Visual Studio .NET 

2003 and for result analysis using MATLAP 7.0. Convergence tolerance is 310−  and 

maximum iteration is 10. For testing, four different cases were considered : 

Case 1: forecasted load data. 

Case 2: The same measurements as in Case 1 plus three voltage measurements m2-m4 from 

the feeder nodes. 

Case 3: Power measurement at the substation (both real and reactive), indicated as mo in Fig. 

5, plus a current measurement on the feeder, m1, and forecasted load data. 
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Case 4: The same measurements as in Case 3 plus three voltage measurements m2-m4 from 

the feeder nodes. 

The enhanced BCSE has run for these four cases. For these simulations, the addition 

of voltage measurements do not affect the convergence of the method; it takes about 3-6 

iterations for the solution to converge. This indicates that BCSE’s computational 

performance does not degrade with the addition of voltage measurements.  

 

Table 1. A summary of branch current real part, Ir in p.u 

 

Table 2. A summary of branch current imag part, Ix in p.u 
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(a) Error in branch current real part, Ir in p.u. 

 

 
(b) Error in branch current imaginary part, Ix in p.u. 

 

 
(c) Error in branch current magnitude part in p.u. 

Figure 6. Currents error for Case 1 and Case 2 from Monte Carlo simulation 
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(a) Error in branch current real part, Ir in p.u. 

 

 
(b) Error in branch current imaginary part, Ix in p.u. 

 

 
(c) Error in branch current magnitude in p.u. 

Figure 7. Currents error for Case 3 and Case 4 from Monte Carlo simulation 
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To test the performance of BCSE, 300 Monte Carlo simulations have been performed 

and the results are given in the Appendix II. A summary of test results are given in table 1, 2 

and figures 6-7. Phase a is only given as the typical example. Tables 1, 2 show the details of 

the mean, standard deviation and error of the estimated state ( [ , ]r xx I I= ) of branch currents 

in 300 Monte Carlo simulations. Figures 6-7 show the error in the estimated state 

( [ , ]r xx I I= ) of branch currents of the feeder. As these figures indicate, the error in the 

estimated state ( [ , ]r xx I I= ) is not zero. Hence, we have adapted the bias test to determine if 

this error is significant.  

 

3.5.1 Bias Test 

Many bias tests depend on the assumption of normality. Thus, we check the normality 

of the result given in Figure 8-9 before the bias test. To check normality, histogram and 

normal probability plot using MATLAB is given in these figures. The purpose of a normal 

probability plot is to graphically assess whether the data in x could come from a normal 

distribution. If the data are normal, the plot will be linear. Other distribution types will 

introduce curvature in the plot. Seventh current magnitude in Phase a is only given as the 

typical example in case 3 and case 4. These figures show the histogram and normal 

probability plot of the result obtained from 300 Monte Carlo simulations. 
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(a) Histogram of I7 magnitude   (b) Normal probability plot of I7 magnitude 

Figure 8. Normality check of I7 magnitude for case 3 
 

   
(a) Histogram of I7 magnitude   (b) Normal probability plot of I7 magnitude 

Figure 9. Normality check of I7 magnitude for case 4 
 

If the data are normal, the plot will be close to red line which indicates the data come 

from normal distribution. These figures indicate that the results are close to red line, thus, the 

results have the normality. Furthermore, we have N state ( [ , ]r xx I I= ) of branch currents, we 

need to check all states to ascertain the normality of BCSE method. However, we have the 

sample of 300 observations and 102 states. It is too many to check the normality of all states 

and thus, the interesting quantities are chose to define the normality of BCSE method. Figure 
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10-13 show the histogram and normal probability plot of the interesting quantities in case 3 

and phase a is given as the typical example.  

   
(a) Histogram of I9 magnitude   (b) Normal probability plot of I9 magnitude 

Figure 10. Normality check of I9 magnitude for case 3 

   
(a) Histogram of I10 magnitude   (b) Normal probability plot of I10 magnitude 

Figure 11. Normality check of I10 magnitude for case 3 

   
(a) Histogram of I15 magnitude   (b) Normal probability plot of I15 magnitude 

Figure 12. Normality check of I15 magnitude for case 3 
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(a) Histogram of I17 magnitude   (b) Normal probability plot of I17 magnitude 

Figure 13. Normality check of I17 magnitude for case 3 
 

These figures indicate that the results are close to red line, thus, the results have the 

normality. For the bias test, both parametric and nonparametric tests are performed. Given 

the sample of 300 observations and 102 parameters, we first use the Hotelling's 2T  test. We 

calculated the mean vector by R, statistical software, then use the mean vector to subtract the 

vector given in the alternative hypothesis. We would like to test whether the difference 

vector is equal to zero vector or not. Next we derived the sample covariance matrix. After 

that, we calculated the sample 2T  value based on the above Eq 3.14. Since we found out 2T  

value from this sample is 237.1137 which is greater than 102,198
299 (0.05) 1.9923
198

F = , we 

arrive at the conclusion to reject the null hypothesis since the significant level is 0.05. That is, 

the mean vector is significantly different than the alternative. The p-value for this test is 

0.005140386, which supported our conclusion. Since Hotelling's 2T  test is based on the 

known distribution, we could use a nonparametric test to verify the conclusion that we 

obtained from the parametric case. To do the nonparametric test, Dong Wang in the NCSU 

Statistics Department has done the tests using R-code composed by Sejia Sirkia. The results 
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are that the 2Q  is 131.2375 and the p-value as 0.027 in the multivariate sign test and 2U  is 

230.6029 and the p-value is 5.97e-12. Thus, we are in favor of the alternative hypothesis 

based on both of the nonparametric tests. We arrived at the same conclusion that the 

population mean vector is not equal to that in the alternative hypothesis regardless of the test 

methods we used.  

 

3.5.2 Effect of voltage measurements on the BCSE 

Figure 14 shows the sum of square error plot in four cases. These results indicate that 

in the bias measure, case 1 (0.0017) is compared with case 2 (0.0045) which includes voltage 

measurements. Similarly, case 3 (0.0016) and case 4 (0.0012) are also compared to illustrate 

the effect of adding voltage measurements. However, as previous bias test indicates, the bias 

measures in four cases are not zero. Thus, we can’t measure performance of BCSE using bias.  

 
Figure 14. Sum of Square Error Plot in four cases 

 
Quality is chosen to assess the performance of BCSE method. The results are given in 

figure 15. Note that case 1 and case 2 can be used to assess the impact of voltage 
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measurements to the BCSE with only load data. As these figure indicate, case 2 (0.6885) is 

slightly better than case 1 (0.6598) in quality. Hence, these results indicate that having 

voltage measurements helps improve the estimation over the conventional one that is based 

on forecasted load only (case 1).  

Similarly, case 3 and case 4 are compared. Note that theses two cases illustrate the effect 

of adding voltage measurements to a system which has somewhat limited power and current 

measurement from the feeder (Case 3). As these figure indicate, the quality of case 4 

(3.5075) is slightly better than that of case 3 (3.4447). Hence, the results indicate that adding 

voltage measurements improve the estimation as it did in the previous case.  

 
Figure 15. Quality of the estimates in four cases 

 

3.5.3 Further bias study 

Although quality is chosen to assess the performance of BCSE method, the bias measure is 

still important. Thus, further bias measure is studied. To generate forecasted load data in 

previous test, it is created by perturbing the actual load data by adding error of 30% to both 

real and imaginary load independently. In this section, real load data is generated as previous 
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test as : 

a
P P PZ Z e= ±          (3. 30) 

where a
PZ  is real load actual data and Pe  is the measurement error (30%) for real load and 

then for generating imaginary load data, power factor is used as : 

tan( )Q PZ Z Zθ= ⋅         (3. 31) 

where 1cos ( )a
pf pfZ Z eθ

−= +  is the angle and a
pfZ is power factor actual data and pfe is the 

measurement error (10%) for power factor. For the bias test, basic T test is performed in case 

1 and case 4. P-value is calculated and selected less than 0.05 as a bias point which means the 

simulation is biased.  

 
Figure 16. No. of bias point in case 1 and case 4 

 
These results indicate that the simulation with measurement load data using power factor 

is still biased but it reduced the bias point in case 4. Furthermore, the quality is measured to 

assess the performance of BCSE method. The results are given in figure 17. As this figure 

indicates, generating imaginary load data using power factor doesn’t help improve the 

estimation in either cases.  
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Figure 17. Quality of the estimates in case 1 and case 4 

 
Another reason for the bias of the simulation can be that the sample size is not large 

enough. Thus, 5000 Monte Carlo simulations are performed as a further study. The results 

are given in Figure 18-19. Figure 18 shows the sum of square error plot in four cases. These 

results indicate that in the bias measure, case 1 (0.00054) is compared with case 2 (0.00052) 

which includes voltage measurements. Similarly, case 3 (0. 00045) and case 4 (0.00044) are 

also compared to illustrate the effect of adding voltage measurements. This figure indicates 

that the sum of square is much smaller than 300 Monte Carlo simulations results however, as 

previous bias measure, the bias measures in four cases are not zero.  

 
Figure 18 Sum of Square Error in four cases in 5000 Monte Carlo simulations 
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Furthermore, the quality is measured to assess the performance of BCSE method in 5000 

Monte Carlo simulation. The results are given in figure 18. As these figure indicate, case 2 

(0.6865) is slightly better than case 1 (0.6575) in quality. Hence, these results indicate that 

having voltage measurements helps improve the estimation over the conventional one that is 

based on forecasted load only (case 1) which is same result in 300 Monte Carlo simulations. 

Similarly, case 3 and case 4 are compared. As these figure indicate, the quality of case 3 

(3.4542) is slightly better than that of case 4 (3.3414). Hence, the results indicate that adding 

voltage measurements doesn’t improve the estimation which is different results in 300 Monte 

Carlo simulations.  

 
Figure 19 Quality in four cases in 5000 Monte Carlo simulations 

 

3.6 Conclusion 

This chapter adopts statistical techniques to assessing the BCSE performance. For 

statistical analysis, 300 Monte Carlo simulations are performed. The initial tests indicate that 

the error in the estimated state ( [ , ]r xx I I= ) is not zero. Hence, we have adapted the bias test 

to test if this error is significant. Multivariate parametric and nonparametric tests are 
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performed to make statistical decision using BCSE results. It was found that the population 

mean vector is significantly different from the actual mean vector in both tests. In addition, 

the overall performance of the estimate, quantified in terms of bias, consistency, and quality, 

is evaluated through Monte Carlo simulation for assessing the quality of BCSE method. 

Among these measures, quality is chosen to evaluate enhanced BCSE method. The result 

indicates that the voltage measurements on the estimated values are helpful in improving the 

estimation.  
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Chapter 4 

Topology Error Identification Using 

Branch Current State Estimation 

4.1  Overview 

State estimation (SE) procedures became one of the most frequently used power system 

applications in control centers. SE can be understood in a broader sense as including a set of 

applications globally aimed at identifying the state of the system given that, at a certain 

moment, there are a number of telemetered or manually entered values. In this broader sense, 

SE can include: 

- Topology Processor, which processes switching device status to obtain a simplified one-line 

diagram of the system; 

- Component Model and Measurement Allocation, whose purposes are to identify the 

mathematical model of the components, to get the required data from the system database 

and to allocate the available measurements to the devices preserved in the simplified model; 
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- Observability Analysis, which analyzes the available measurements to check if they carry 

enough information to estimate the state of the system. It can also provide information about 

places where new measurement devices should be located;  

- State Estimation Procedure, which traditionally assumes that the topology of the network is 

fixed, and aims at identifying  the values of the state variables that, according to some 

criterion, more adequately explain addressed as the redundancy level increases in order to 

deal with measurement errors, absence of measurements in certain areas or time-skew 

problems; 

- Bad Data Analysis, which evaluates the effects of large errors on measurements in order to 

detect and identify them. 

The SE relies on the basic assumption that the topology of the system is known beyond 

any doubt. However, in most of the real world situations, the status of some switching 

devices is unknown or, for some reason, the current value in the database is under suspicion. 

If a circuit breaker or a switch is a part of the modeled network but is not monitored by 

SCADA, its open/close position in the database is updated manually by the power system 

dispatchers. In many system maintenance jobs, after a series of manually directed switching 

operations, the dispatcher often forgets to update the open/close positions of these switches. 

The result of this situation is a topology error in the network. Model topology error can also 

occur when the telemetered circuit breaker ON/OFF status is incorrect. 
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4.2  Topology Error Identification 

To ensure and accurate state estimation (SE), the accuracy of measured data should be 

validated since any bad analogue data or network topology error can reduce the dependability 

of the database needed for power system operation and control. 

 

4.2.1  Proposed Method I 

To illustrate the process, consider the small radial feeder in Fig. 20, we can define a 

zone for each switch in a radial feeder: it is the part of the feeder between the switch and its 

down stream neighbors. Similarly, meters placed in a feeder divide the feeder into meter 

zones. As illustrated in Fig. 20 also. By using SE, the total load in each switch zone can be 

estimated with a certain accuracy, for example by 30%. When the status of a switch changes, 

for example SW2 in Fig.20 opens, the measurements from 0m  will change and this change 

will be approximately equal to the total load in switch zone SW2. Since we have a good 

estimation of this load from SE performed before switching, by comparing this value with 

the change in the measurements we can detect that indeed it was the switching of SW2 that 

caused the change in measurement 0m . This type of consistency check can easily be 

generalized for detecting topology error in switch status in a given feeder. 
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Figure 20. Zone defined by switches and meters in a feeder 

 

4.2.1.1  Topology Error Processing 

Based on proposed method, the basic flowchart is illustrated in Fig. 21. In this 

algorithm two type of input data is used for simulation: input1 which is normal input data 

when there is no switch open as a reference and input2 which is input data when some switch 

status is changed. SE is performed by each input data. For detecting topology error, current 

magnitude and power measurements are used. The accuracy for comparing the value between 

load and meter change relies on the variance obtained from 300 times Monte-Carlo 

simulation ( 23i ia σ= ). 
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Figure 21. Flowchart of Method I Algorithm 
 

Step 1 - Define a zone for each switch in a radial feeder and Estimate the total load in each 

switch zone by using SE performed by using input1 data. 
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Step 2 - Define a meter zones and get measurement difference by each meter zone between 

input1 and input2. 

Step 3 - Match the switch zone and meter zone. In other words, figure out how many switch 

zone is included in meter zone. 

Step 4 - Define which meter zone status is changed. If measurements difference, represented 

by kmΔ , is similar with next meter difference, represented by 1km +Δ , with a certain accuracy 

30% ( 1k km m +Δ ≈ Δ , when kmΔ  is within 1(1 0.3)km +Δ ± ), the switch status is changed in next 

meter zone. When there is no status change in meter zone, go step 7.  

Step 5 - Compare the value between meter difference, kmΔ  and summation of load, iyΔ  in 

switch zone. If a change in meter ( kmΔ ) falls within the range of one of the estimated load 

values of switch zone ( (1 )i iy aΔ ± ) then it will indicate a change in the status of the 

corresponding switch. If the meter type is current measurement, compare the power 

magnitude (S). Otherwise if the meter type is power measurement, compare the real and 

reactive power (P,Q). Although find the topology error, it’s possible to find more accurate 

value ( 0k im yΔ −Δ ≈ ) so run the process up to switch zone end.  

Step 6 - When the switch zone is end in same meter zone, go next step. Otherwise go back to 

step 5.  

Step 7 - When meter zone is end, go next step. Otherwise go back to step 5. 
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4.2.2 Proposed Method II 

In the result of method I, if the switch zone which has similar load exists, this 

algorithm doesn’t detect topology error correctly. For accurate topology error detection, 

enhanced algorithm is needed. The correct statuses of all circuit breakers (CB) in the system 

are known all the time. However, in some rare cases, the assumed status of certain CBs may 

be wrong. A common situation is when the topology process encounters a CB whose status is 

unknown. In cases like this, the topology process must decide on the most likely CB status, 

for which it uses the status history for the same breaker and/or the values of related 

measurements as a guide. Hence, the risk of assuming the wrong status for the CB still will 

not be completely avoided. When this happens, the bus/branch model generated by the 

topology process is locally incorrect, leading to a topological error. Unlike the parameter 

errors, topology errors usually cause the state estimate to be significantly biased. As a result, 

the bad data detection & identification routine may erroneously eliminate several analog 

measurements which appear as interacting bad data, finally yielding an unacceptable state. It 

is also possible for the SE process to diverge, or have serious convergence problems, in the 

presence of topology errors. Therefore there is a need to develop effective mechanisms 

intended to detect and identify this kind of gross errors. The aim of this method is to present 

approaches to deal with topological errors and related matters using bad data detection & 

identification routine. 

4.2.2.1  Overview of Bad Data Detection & Identification 

When the system model is correct and the measurements are accurate, there is good 

reason to accept the state estimates calculated by the WLS approach. But if a measurement is 
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grossly erroneous or bad, it should be detected and then identified so that it can be removed 

from the estimator calculations. This is called bad data detection & identification in state 

estimation procedure [25]. The bad data detection procedure is described below : 

Step 1 - Calculate the estimated errors ˆ ˆj j je z z= − after running state estimation program. 

Step 2 - Evaluate the weighted sum of squares 2 2

1

ˆ ˆ /
mN

j j
j

f e σ
=

=∑ . 

Step 3 - For the appropriate number of degrees of freedom ( )m Sk N N= −  and a specified 

probability α , determine whether or not the value of f̂  is less than the critical value 

corresponding to α . In practice, this means we check that the inequality 2
,

ˆ
kf αχ<  is satisfied. 

If it is, then the measured raw data and the state estimates are accepted as being accurate. 

Step 4 - when the requirement of inequality is not met, there is reason to suspect the presence 

of at least one bad data measurement. Upon such detection, omit the measurement 

corresponding to the largest standardized error, namely, 'ˆ( ) /j j jjz z R−  and reevaluate the 

state estimates along with the sum of squares f̂ . If the new value of f̂  satisfies the chi-

square test of inequality, then the omitted measurement has been successfully identified as 

the bad data point. 

 

4.2.2.2  Topology Error Processing 

In this topology detecting method, changing the on/off status of branches on after the 

other is based. And state estimation is performed in each case. If after reversing a branch 

status, residues in one of the estimation runs are within threshold values then the original 
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branch status is declared false. Based on proposed method, the basic flowchart is illustrated 

in Fig. 22. 

 

Figure 22. Flowchart of Method II Algorithm 
Step 1 - Detect a topology error using bad data detection & identification. When the topology 

error occurs, it will be detected in the weighted sum of squares, called inequality.  
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Step 2 - When detect topology error, change the switch on/off status. This change is 

performed sequentially by switch information in input data. 

Step 3 - Perform the BCSE using the input data which change switch on/off status. 

Step 4 - Run bad data detection & identification using BCSE result and save the inequality 

value in every case.  

Step 5 - If the branch having switch is end, go next step otherwise, go step 1.  

Step 6 - Define which switch status is wrong. Using saved inequality value, smallest value 

represents no topology error. So the switch status having smallest inequality value is right but 

current known status is wrong.  

 

4.3  Topology Error Identification Test Result 

Same IEEE test feeder is used on previous test. The test feeder is assumed to have three 

line switches, three fuses and two tie switches as shown in Fig. 23. Measurements assumed 

are given in the figure also: voltage and power flow at the substation, current measurements 

on branches 6-7, and voltage measurements on node 8, 10 and 17.  
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Figure 23. One-line diagram of the test feeder with switch 
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4.3.1  Method I Result 

For testing topology error detection, only two measurements ( 0 1,m m ) is used and two 

different case were considered : 

Case 1 : simulation with voltage measurement 

Case 2 : simulation without voltage measurement 

Each case is simulated when 1m is power measurement or when 1m is current measurement is 

included. By switch location, these different cases are tested. To compare the results of those 

cases, a load-flow program was used to provide the basic measurements data. The LF 

solution can be considered as an exact solution of the distribution system. If a case can obtain 

a solution closer to the LF solution, it is obviously a better case and has more accurate 

solution. So each case was compared with this exact solution as a reference. To generate 

measurements data for testing purposes, measurement error was added to the actual 

measurements.  

a
ZZ Z e= ±  

where aZ  is actual data and Ze is generated by each data accuracy. 

Test results are given in the Appendix III. A summary of the results is given in table 1-12. 

Only one case when node 9 open is given as the typical example. In this case, the switch zone 

2 is open in fig. 23. Summation of load result table shows estimated load values of switch 

zone. Meter difference table shows change in meter zone. By comparing these values, final 

result is represented in Topology error detection table. 
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• Case 1-1 : simulation with voltage & power ( 0m ) & current measurement ( 1m ) 

Table 3. Case1-1 summation of load in switch zone 
sw_zo SL1 PL1 QL1 SL2 PL2 QL2 SL3 PL3 QL3

1 0.266 0.182 0.182 1.484 1.045 1.045 1.352 0.947 0.947
2 2.122 1.5 1.5 2.784 1.969 1.969 2.623 1.854 1.854
3 2.272 1.607 1.607 0.003 -0.002 -0.002 0.003 -0.002 -0.002
4 0.434 0.307 0.307 0.556 0.392 0.392 0.507 0.359 0.359
5 1.046 0.74 0.74 0.996 0.704 0.704 1.702 1.203 1.203
6 0.601 0.425 0.425 0 0 0 0.001 0 0

SUM 6.742 4.761 4.761 5.824 4.108 4.108 6.187 4.361 4.361  

Table 4. Case 1-1 meter difference in meter zone 
me_zo mtyp Pm1 Qm1 Pm2 Qm2 Pm3 Qm3

1 s 1.698 1.387 2.07 1.546 1.808 1.447
2 i 1.337 0 1.536 0 1.722 0  

Table 5. Case 1-1 topology error detection result 
me_zo sw_zo sw1 sw2 ph P1(S1) Q1 P2(S2) Q2 P3(S3) Q3

1 ON ON 3
3 ON ON 1
2 ON ON 3
4 ON ON 3
5 ON ON 3 err err
6 ON ON 1

1

2

 

Although it has to detect switch zone 2 as a topology error, this case fails to detect the all 

phase error and correct switch zone. 

 

• Case 1-2 : simulation with voltage & power measurement ( 0m , 1m ) 

Table 6. Case 1-2 summation of load in switch zone 
sw_zo SL1 PL1 QL1 SL2 PL2 QL2 SL3 PL3 QL3

1 0.266 0.182 0.182 1.483 1.044 1.044 1.352 0.947 0.947
2 2.114 1.495 1.495 2.789 1.972 1.972 2.627 1.858 1.858
3 2.277 1.61 1.61 0.003 -0.002 -0.002 0.003 -0.002 -0.002
4 0.434 0.307 0.307 0.556 0.393 0.393 0.508 0.359 0.359
5 1.045 0.739 0.739 0.997 0.705 0.705 1.704 1.205 1.205
6 0.6 0.424 0.424 0 0 0 0.001 0 0

SUM 6.736 4.757 4.757 5.828 4.111 4.111 6.195 4.367 4.367  
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Table 7. Case 1-2 meter difference in meter zone 
me_zo mtyp Pm1 Qm1 Pm2 Qm2 Pm3 Qm3

1 s 1.698 1.387 2.07 1.546 1.808 1.447
2 s 1.622 1.274 2.004 1.471 1.754 1.345  

Table 8. Case 1-2 topology error detection result 
me_zo sw_zo sw1 sw2 ph P1(S1) Q1 P2(S2) Q2 P3(S3) Q3

1 ON ON 3
3 ON ON 1
2 ON ON 3 err err err err
4 ON ON 3
5 ON ON 3 err err
6 ON ON 1

1

2

 

This result indicates that using power measurement helps to detect topology error in every 

phase and it detects right switch zone (switch zone 2) but some wrong switch zones (switch 

zone 5) are detected as previous case. 

  

• Case 2-1 : simulation without voltage & with power ( 0m ) & current measurement ( 1m ) 

Table 9. Case 2-1 summation of load in switch zone 
sw_zo SL1 PL1 QL1 SL2 PL2 QL2 SL3 PL3 QL3

1 0.266 0.182 0.182 1.483 1.044 1.044 1.352 0.947 0.947
2 2.119 1.498 1.498 2.78 1.965 1.965 2.619 1.852 1.852
3 2.266 1.602 1.602 0.003 -0.002 -0.002 0.003 -0.002 -0.002
4 0.434 0.307 0.307 0.556 0.393 0.393 0.508 0.359 0.359
5 1.046 0.739 0.739 0.995 0.704 0.704 1.699 1.201 1.201
6 0.601 0.425 0.425 0 0 0 0.001 0 0

SUM 6.731 4.753 4.753 5.817 4.103 4.103 6.181 4.357 4.357  

Table 10. Case 2-1 meter difference in meter zone 
me_zo mtyp Pm1 Qm1 Pm2 Qm2 Pm3 Qm3

1 s 1.698 1.387 2.07 1.546 1.808 1.447
2 i 1.335 0 1.537 0 1.723 0  
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Table 11. Case 2-1 topology detection result 
me_zo sw_zo sw1 sw2 ph P1(S1) Q1 P2(S2) Q2 P3(S3) Q3

1 ON ON 3
3 ON ON 1
2 ON ON 3
4 ON ON 3
5 ON ON 3 err err
6 ON ON 1

1

2

 

This result shows the impact of voltage measurements by comparing with case 1-1 in 

topology detection. However, the topology detection result is same with case 1-1. 

 

• Case 2-2 : simulation without voltage & with power measurement ( 0m , 1m ) 

Table 12. Case 2-2 summation of load in switch zone 
sw_zo SL1 PL1 QL1 SL2 PL2 QL2 SL3 PL3 QL3

1 0.266 0.182 0.182 1.482 1.043 1.043 1.352 0.947 0.947
2 2.11 1.492 1.492 2.782 1.967 1.967 2.621 1.854 1.854
3 2.272 1.606 1.606 0.003 -0.002 -0.002 0.003 -0.002 -0.002
4 0.434 0.307 0.307 0.556 0.393 0.393 0.508 0.359 0.359
5 1.044 0.738 0.738 0.995 0.704 0.704 1.7 1.202 1.202
6 0.6 0.424 0.424 0 0 0 0.001 0 0

SUM 6.724 4.749 4.749 5.82 4.104 4.104 6.186 4.36 4.36  

Table 13. Case 2-2 meter difference in meter zone 
me_zo mtyp Pm1 Qm1 Pm2 Qm2 Pm3 Qm3

1 s 1.698 1.387 2.07 1.546 1.808 1.447
2 s 1.622 1.274 2.004 1.471 1.754 1.345  

Table 14. Case 2-2 topology error detection result 
me_zo sw_zo sw1 sw2 ph P1(S1) Q1 P2(S2) Q2 P3(S3) Q3

1 ON ON 3
3 ON ON 1
2 ON ON 3 err err err err
4 ON ON 3
5 ON ON 3 err err
6 ON ON 1

1

2

 

This result also shows the impact of voltage measurements by comparing with case 1-2 in 

topology detection. However, the topology detection result is same with case 1-2 and 
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although it detects a few wrong switch zones, using power measurement is helps to detect 

topology error rather than current measurements.  

In summary, note that case 1 and case 2 can be used to assess the impact of voltage 

measurements to the topology error detection. As these tables indicate, same result of 

topology error detection is obtained. The results for these two cases indicate that the impact 

of voltage measurements is marginal as SE result in previous chapter. Case 1-1 and Case 1-2 

show the impact of power and current measurements for topology error detection. As these 

tables indicate, better result is obtained when using power measurements. Similarly, case 2-1 

and case 2-2 show same result in topology error detection. In every case, Topology error 

detection doesn’t work correct. The result in case 1-1 and case 2-1 using current 

measurements fails to detect all phase error and correct switch zone. In case 1-2 and case 2-1 

using power measurements, it detects all phase error but detect wrong switch zone as 

previous case. The summation of load result in switch zone indicates that the loads are 

similar in the switch zone 2 and switch zone 5, 6 ( 2 5 6sw sw sw≈ + ). Therefore, if the switch 

zone which has similar load exists, this algorithm doesn’t detect topology error correctly. 

Another simulation results in Appendix III also show example to fail to detect the topology 

error like this case. For accurate topology error detection, enhanced algorithm is needed.    

 

4.3.2  Method II Result 

4.3.2.1  Switch Error Detection 

For testing topology error detection, all measurements ( 0 1 2 3 4, , , ,m m m m m ) is used and 

two different case were considered : 
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Case 1 : simulation with power and current measurements 

Case 2 : simulation with power, current and voltage measurements 

To compare the results of those cases, a load-flow program was used to provide the basic 

measurements data. The LF solution can be considered as an exact solution of the 

distribution system. If a case can obtain a solution closer to the LF solution, it is obviously a 

better case and has more accurate solution. So each case was compared with this exact 

solution as a reference. To generate measurements data for testing purposes, measurement 

error was added to the actual measurements.  

a
ZZ Z e= ±  

where aZ  is actual data and Ze is generated by each data accuracy. 

Test results are given in the Appendix IV. A summary of the results are given. Only one case 

when node 9 open is given as the typical example. In this case, the switch 2 is open. 

Topology error detection table shows weighted sum of squares values in each case. By 

checking the smallest value, final result is also represented in Topology error detection table. 

 

• Case 1 : simulation with power and current measurements (when node 9 open) 

Table 15. Case 1 topology error detection result when node 9 open 
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• Case 2 : simulation with power, current and voltage measurements (when node 9 open) 

Table 16. Case 2 topology error detection result when node 9 open 

 

 

Note that case 1 and case 2 can be used to assess the impact of voltage measurements to the 

topology error detection. As these tables indicate, same result of topology error detection is 

obtained. The results for these two cases indicate that the impact of voltage measurements 

are marginal as SE. In every case, this algorithm detects topology error correctly. Another 

simulation results in Appendix IV also show example to success to detect the topology error 

like this case.  

 

4.3.2.2  Shunt Capacitor Bank Detection 

For testing shunt capacitor bank (SCB) error detection, same IEEE test feeder is used 

with previous test. The test feeder is assumed to have two same SCB on node 9, 10. All 

simulation is same with previous test. SCB is mainly installed to provide capacitive reactive 

compensation/ power factor correction. Thus, if SCB error occurs, it affects reactive power. 

By using this idea, switch and SCB error is classified. When the inequality value of reactive 

power is much bigger than the one of real power ( ˆ ˆ
Q Pf f ), SCB error occurs.  
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 Test results are given in the Appendix IV. A summary of the results are given. Only one case 

when node 10 SCB open is given as the typical example. Topology error detection table 

shows weighted sum of squares values in each case. By checking the smallest value, final 

result is also represented in Topology error detection table. 

 

• Case 1 : simulation with power and current measurements (when SCB 10 open) 

Table 17. Case 1 SCB error detection when SCB 10 open 

 

 

• Case 2 : simulation with power, current and voltage measurements (when SCB 10 open) 

Table 18. Case 2 SCB error detection when SCB 10 open 

 

 

Note that case 1 and case 2 can be used to assess the impact of voltage measurements to the 

topology error detection. As these tables indicate, same result of topology error detection is 

obtained. The results for these two cases indicate that the impact of voltage measurements 

are marginal as SE. In this case, Topology error detection doesn’t work correct. In this 
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simulation model, the SCB exist at a short distance and have same capacity. Furthermore, the 

SCB exists in same meter zone. Therefore, if the SCB which has similar capacity and closed 

exists, this algorithm doesn’t detect topology error correctly. For accurate SCB error 

detection, enhanced algorithm is needed.    

 

4.4 Conclusion 

Correct connectivity in power network modeling is so critical to modern market and 

security operations that topology estimation is expected to become a standard EMS function. 

In this manner two type algorithms are proposed for topology error detection in this chapter. 

First method gets an idea that when the switch status changes, it will affect the measurement. 

But this algorithm fails to detect the topology error in every case. The problem is that if 

switch zone which has similar load exists, this algorithm doesn’t detect topology error 

correctly. On the other hand, second method is capable of topology error detection. This 

algorithm is based on changing the on/off status of branches one after the other and 

performing a state estimation in each case. If after reversing a branch status, residues in one 

of the estimation runs are within threshold values then the original branch status is declared 

false. This algorithm detects topology error correctly in every case successfully. However, in 

SCB error detection, When the SCB which has similar capacity and closed each other, this 

algorithm doesn’t work correct. For accurate SCB error detection, enhanced algorithm is 

needed. 

 

 



 71

 

Chapter 5 

Conclusion and Future Work 

5.1 Conclusion 

This thesis shows that the basic BCSE can be extended to include voltage measurements 

in the estimation. The revised algorithm was implemented using the C language on Microsoft 

Visual Studio .NET 2003. To assess the impact of voltage measurements on the BCSE 

method, four cases having different measurements are considered. These test results indicate 

that the impact of voltage measurements on the estimation depends upon the existence of the 

other measurements from the feeder. These results are based on the simulated measurements 

with assumed accuracy especially on the load forecast value.  

Furthermore, some statistical techniques are adapted to assessing the BCSE performance. 

For statistical analysis, 300 Monte Carlo simulations are performed. These results indicate 

that the error in the estimate state is not zero. Thus, we have adapted the bias test to 

determine whether this error is significant. It was found that the population mean vector is 

significantly different from the actual mean vector. In addition, quality is chosen for 

assessing the quality of the BCSE method. The result indicates that the voltage measurements 

of the estimated values are helpful in improving the estimation.  



 72

For topology error identification, two types of algorithms are proposed in this thesis. The 

first method uses idea that when the switch status changes, it will affect measurement. These 

test results indicate that this algorithm fails to detect the topology error. The second method 

is based on changing the on/off status of branches successively and performing an SE in each 

case. Its result shows that the second method is suitable for topology error detection. 

However, in SCB error detection, neither method works correctly. 

 

5.2 Future Work 

Several topics of interest arise from the completion of this study. Areas that would 

help progress toward a better understanding of the feasibility and implementation of BCSE 

are as follows: 

• In this thesis, we got statistical decisions that population mean vector is not equal to that 

in the alternative hypothesis regardless of the test methods meant for bias estimation. 

Thus, as further work, the reason why the simulation is biased needs to be understood and 

then a statistical method such as Jackknife can be used to correct the average bias of the 

biased components. 

• In this thesis, when the SCB has similar capacity and is located at a short distance, the 

proposed algorithm doesn’t work correctly. For accurate SCB error detection, enhanced 

an algorithm is needed. 
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• Measurements that are inaccurate due to meter, telemetry, or other types of errors will 

deteriorate the SE if they are not detected, identified, and eliminated. Thus, Bad data 

detection and identification in SE has a crucial role to ensure the quality of SE results. 

• Synchronized phasor measurements obtained by phasor measurement units (PMU) are 

rapidly populating power systems. Thus, the BCSE method will be extended to include 

phasor measurements in the estimation.  

• This thesis’ results are based on simulated measurements with assumed accuracy 

especially on the load forecast values. Thus, the results depend on a load modeling 

procedure that provides an estimate of load demands at all nodes. Future work can 

determine if such a load modeling technique can be combined with the BCSE method. 

• Error analysis in numerical analysis can be used to determine the effectiveness of the SE 

results obtained by the BCSE method. 

• For testing the revised BCSE, a test feeder at a heavy loading condition is used. However, 

the feeder in practical world is under any load condition, from light to heavy loading. 

Thus, the revised BCSE needs to test the feeder at light loading condition. 

• In this thesis, it was assumed that the test feeder has only shunt capacitor bank for 

reactive power injection. As a future work, the revised BCSE needs to test when there is 

real power injection on the feeder.  
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APPENDIX I - State Estimation Test Result 

• Common input data (load measurements and impedance) 

reduced   3-PH IEEE TEST FEEDER with mod load with 4 meas 
 vo   ang  bkva/3p  bkv/ln eps  mxitr   prnt   dcpl   itgn 
24.9  0.    300.       24.9    .1     5         0       0        2 
ln   sbs   rbs  sec cod    lng     dty   P1       Q1        P2         Q2        P3         Q3      QC/Ph 
 1    0      2     0     1     4310    1    0.00      0.00     32.87    16.99    32.77     16.95     0. 
 2    2      3     0     1     32230  1    0.00      0.00     15.42    7.97      0.00       0.00       0. 
 3    3      5     0     1     66730  1    0.00      0.00     0.00       0.00     0.00       0.00       0. 
 4    5      6     0     1     10        1    0.00      0.00     0.00       0.00     0.00       0.00       0. 
 5    6      7     0     1     310      1    2.86      1.48     41.30     21.35   2.73       1.40       0. 
 6    7     12    0     1     67840  1    3.02      1.56     3.80       1.97     0.00       0.00       0. 
 7    12   13    0     1     10        1    4.08      2.98     4.31       1.92     7.74       3.72       0. 
 8    13   15    0     1     11930  1    9.86      6.03     8.70       6.23     58.69     32.38     0. 
 9    15   17    0     1     2030    1    132.84 103.93  115.88   89.99   136.00   105.93   100. 
10   17   19    0     1     3442    1    19.73   15.79    57.57     35.50   32.48     22.67     100. 
LAT 
11   7     22    0     3     49860  1    93.42   48.47    0.00       0.00     0.00       0.00       0. 
12   22   23    0     3     11760  1    80.66   41.53    0.00       0.00     0.00       0.00       0. 
LAT 
13   13   26    0     9     5280    1    0.00     0.00      0.00       0.00     0.00       0.00       0. 
14   26   27    0     1     10560  1    32.84   22.82    39.67     26.74   40.05     27.00     0. 
LAT 
15   15   30    0     1      4700   1    62.27   33.13    35.53     19.05   96.26     50.51     0. 
16   30   31    0     1      860     1    11.46   6.01      29.07     22.19   17.41     15.78     0. 
LAT 
17   30   33    0     3      2140   1    43.28   29.73    0.00       0.00     0.00       0.00       0. 
ZLN 
lid   r11    x11    r12    x12    r13    x13    r22    x22    r23    x23    r33    x33 
1    0.368  0.685   0.017  0.150  0.015   0.110   0.375   0.678    0.019   0.207   0.372   0.678 
2    0.977  0.871   0.016  0.170  0.015   0.126   0.984   0.865    0.018   0.227   0.981   0.865 
3    1.928  1.419   0.        0.        0.         0.         0.         0.          0.         0.         0.         0. 
4    0.        0.        0.         0.        0.         0.         1.928   1.419    0.         0.         0.         0. 
5    0.        0.        0.         0.        0.         0.         0.         0.          0.         0.         1.928   1.419 
6    0.977  0.871   0.         0.       0.015    0.126  0.         0.          0.         0.         0.981   0.868 
7    0.977  0.871   0.015   0.126  0.         0.        0.981   0.868    0.         0.          0.        0. 
8    0.0      0.         0.         0.        0.         0.        0.977   0.871    0.015    0.126   0.981   0.868  
9    78.53  168.64  0.        0.        0.         0.        78.53   168.64  0.          0.         78.53   168.64    
XTR 
xid  lid     sr      amn    amx     ztr     ztx       zsr      zsx     vdes 
1      3     100.    0.9     1.1      0.0     0.01     0.2      0.2     1.0 
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Actual : Actual load data 

• Result   
 

           <Voltage result>         < Power result> 
 

 
< Current Result> 
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Case 1 : forecasted load data 

• Input data (measurements data) 
 

MSM 
  sbus  ldbus  mtyp    Pm1    Qm1    Pm2     Qm2    Pm3     Qm3      Wmsm 
END 

 
• Result 

 

           <Voltage result>         < Power result> 
 

 
< Current Result> 
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Case 2 : forecasted load data, voltage measurements  

• Input data (measurements data) 
 

MSM 
  sbus  ldbus  mtyp    Pm1    Qm1    Pm2     Qm2    Pm3     Qm3      Wmsm 
  13  15   v     23.78     0.00      24.49      0.00    24.17     0.00       50.0 
  17  19   v     24.01     0.00      24.32      0.00    24.26     0.00       50.0 
  30  33   v     23.92     0.00      24.44      0.00    23.93     0.00       50.0 
END 

 
• Result 

 

           <Voltage result>         < Power result> 
 

 
< Current Result> 
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Case 3 : forecasted load data, power, current measurements 

• Input data (measurements data) 
 

MSM 
  sbus  ldbus  mtyp    Pm1    Qm1    Pm2     Qm2    Pm3     Qm3      Wmsm 
   0   2     s      498.97   135.21  433.31   88.21   458.41  103.45    50.0 
  12  13   i      23.41     0.00      23.51      0.00    29.21     0.00       50.0 
END 

 
• Result 

 

 
           <Voltage result>         < Power result> 
 

 
< Current Result> 
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Case 4 : forecasted load data, power, current, and voltage measurements  

• Input data (measurements data) 
 

MSM 
  sbus  ldbus  mtyp    Pm1    Qm1    Pm2     Qm2    Pm3     Qm3      Wmsm 
   0   2     s      498.97   135.21  433.31   88.21   458.41  103.45    50.0 
  12  13   i      23.41     0.00      23.51      0.00    29.21     0.00       50.0 
  13  15   v     23.78     0.00      24.49      0.00    24.17     0.00       50.0 
  17  19   v     24.01     0.00      24.32      0.00    24.26     0.00       50.0 
  30  33   v     23.92     0.00      24.44      0.00    23.93     0.00       50.0 
END 

 
• Result 
 

 
           <Voltage result>         < Power result> 

 

 
< Current Result> 
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APPENDIX II - State Estimation Test Result (300 Monte-Carlo Simulation) 

Case 1 : forecasted load data 
• Current Real  

 
 
• Current Imaginary 

 
 
• Current Magnitude  
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• Voltage Magnitude  

 
 
• Power Real  

 
 
• Power Imaginary  
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Case 2 : forecasted load data, voltage measurements  
 
• Current Real 

 
 
• Current Imaginary 

 
 
• Current Magnitude  
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• Voltage Magnitude  

 
 
• Power Real  

 
 
• Power Imaginary  
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Case 3 : forecasted load data, power, current measurements 
 
• Current Real 

 
 
• Current Imaginary 

 
 
• Current Magnitude  
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• Voltage Magnitude  

 
 
• Power Real  

 
 
• Power Imaginary  
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Case 4 : forecasted load data, power, current, and voltage measurements  
 
• Current Real 

 
 
• Current Imaginary 

 
 
• Current Magnitude  
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• Voltage Magnitude  

 
 
• Power Real  

 
 
• Power Imaginary  
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APPENDIX III – Topology Error Detection Result using method I 

1. When node 11 open (switch 3 open) 

• Case 1-1 : simulation with voltage measurement using current measurement ( 1m ) 

- Summation of load in switch zone & Meter difference in meter zone 

sw_zo SL1 PL1 QL1 SL2 PL2 QL2 SL3 PL3 QL3
1 0.266 0.182 0.182 1.484 1.045 1.045 1.352 0.947 0.947
2 2.122 1.5 1.5 2.784 1.969 1.969 2.623 1.854 1.854
3 2.272 1.607 1.607 0.003 -0.002 -0.002 0.003 -0.002 -0.002
4 0.434 0.307 0.307 0.556 0.392 0.392 0.507 0.359 0.359
5 1.046 0.74 0.74 0.996 0.704 0.704 1.702 1.203 1.203
6 0.601 0.425 0.425 0 0 0 0.001 0 0

SUM 6.742 4.761 4.761 5.824 4.108 4.108 6.187 4.361 4.361  
me_zo mtyp Pm1 Qm1 Pm2 Qm2 Pm3 Qm3

1 s 1.795 1.005 -0.012 -0.002 0.006 -0.007
2 i 0.011 0 -0.002 0 -0.001 0  

- Topology error detection result 

me_zo sw_zo sw1 sw2 ph P1(S1) Q1 P2(S2) Q2 P3(S3) Q3
1 ON ON 3
3 ON ON 1 err
2 ON ON 3
4 ON ON 3
5 ON ON 3
6 ON ON 1

1

2

 
• Case 2-1 : simulation without voltage measurement using current measurement ( 1m ) 

- Summation of load in switch zone & Meter difference in meter zone 

sw_zo SL1 PL1 QL1 SL2 PL2 QL2 SL3 PL3 QL3
1 0.266 0.182 0.182 1.483 1.044 1.044 1.352 0.947 0.947
2 2.119 1.498 1.498 2.78 1.965 1.965 2.619 1.852 1.852
3 2.266 1.602 1.602 0.003 -0.002 -0.002 0.003 -0.002 -0.002
4 0.434 0.307 0.307 0.556 0.393 0.393 0.508 0.359 0.359
5 1.046 0.739 0.739 0.995 0.704 0.704 1.699 1.201 1.201
6 0.601 0.425 0.425 0 0 0 0.001 0 0

SUM 6.731 4.753 4.753 5.817 4.103 4.103 6.181 4.357 4.357  
me_zo mtyp Pm1 Qm1 Pm2 Qm2 Pm3 Qm3

1 s 1.795 1.005 -0.012 -0.002 0.006 -0.007
2 s 0.006 0 -0.003 0 0.003 0  

- Topology error detection result 

me_zo sw_zo sw1 sw2 ph P1(S1) Q1 P2(S2) Q2 P3(S3) Q3
1 ON ON 3
3 ON ON 1 err
2 ON ON 3
4 ON ON 3
5 ON ON 3
6 ON ON 1

1

2
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2. When node 13 open (switch 4 open) 

• Case 1-1 : simulation with voltage measurement using current measurement ( 1m ) 

- Summation of load in switch zone & Meter difference in meter zone 

sw_zo SL1 PL1 QL1 SL2 PL2 QL2 SL3 PL3 QL3
1 0.266 0.182 0.182 1.484 1.045 1.045 1.352 0.947 0.947
2 2.122 1.5 1.5 2.784 1.969 1.969 2.623 1.854 1.854
3 2.272 1.607 1.607 0.003 -0.002 -0.002 0.003 -0.002 -0.002
4 0.434 0.307 0.307 0.556 0.392 0.392 0.507 0.359 0.359
5 1.046 0.74 0.74 0.996 0.704 0.704 1.702 1.203 1.203
6 0.601 0.425 0.425 0 0 0 0.001 0 0

SUM 6.742 4.761 4.761 5.824 4.108 4.108 6.187 4.361 4.361  
me_zo mtyp Pm1 Qm1 Pm2 Qm2 Pm3 Qm3

1 s 0.369 0.284 0.409 0.299 0.405 0.306
2 i 0.37 0 0.399 0 0.423 0  

- Topology error detection result 

me_zo sw_zo sw1 sw2 ph P1(S1) Q1 P2(S2) Q2 P3(S3) Q3
1 ON ON 3
3 ON ON 1
2 ON ON 3
4 ON ON 3 err err err
5 ON ON 3
6 ON ON 1

1

2

 

• Case 1-2 : simulation with voltage measurement using power measurement ( 1m ) 

- Summation of load in switch zone & Meter difference in meter zone 

sw_zo SL1 PL1 QL1 SL2 PL2 QL2 SL3 PL3 QL3
1 0.266 0.182 0.182 1.483 1.044 1.044 1.352 0.947 0.947
2 2.114 1.495 1.495 2.789 1.972 1.972 2.627 1.858 1.858
3 2.277 1.61 1.61 0.003 -0.002 -0.002 0.003 -0.002 -0.002
4 0.434 0.307 0.307 0.556 0.393 0.393 0.508 0.359 0.359
5 1.045 0.739 0.739 0.997 0.705 0.705 1.704 1.205 1.205
6 0.6 0.424 0.424 0 0 0 0.001 0 0

SUM 6.736 4.757 4.757 5.828 4.111 4.111 6.195 4.367 4.367  
me_zo mtyp Pm1 Qm1 Pm2 Qm2 Pm3 Qm3

1 s 0.369 0.284 0.409 0.299 0.405 0.306
2 s 0.347 0.252 0.389 0.276 0.389 0.276  

- Topology error detection result 

me_zo sw_zo sw1 sw2 ph P1(S1) Q1 P2(S2) Q2 P3(S3) Q3
1 ON ON 3
3 ON ON 1
2 ON ON 3
4 ON ON 3 err err err err err err
5 ON ON 3
6 ON ON 1

1

2
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• Case 2-1 : simulation without voltage measurement using current measurement ( 1m ) 

- Summation of load in switch zone & Meter difference in meter zone 

sw_zo SL1 PL1 QL1 SL2 PL2 QL2 SL3 PL3 QL3
1 0.266 0.182 0.182 1.483 1.044 1.044 1.352 0.947 0.947
2 2.119 1.498 1.498 2.78 1.965 1.965 2.619 1.852 1.852
3 2.266 1.602 1.602 0.003 -0.002 -0.002 0.003 -0.002 -0.002
4 0.434 0.307 0.307 0.556 0.393 0.393 0.508 0.359 0.359
5 1.046 0.739 0.739 0.995 0.704 0.704 1.699 1.201 1.201
6 0.601 0.425 0.425 0 0 0 0.001 0 0

SUM 6.731 4.753 4.753 5.817 4.103 4.103 6.181 4.357 4.357  
me_zo mtyp Pm1 Qm1 Pm2 Qm2 Pm3 Qm3

1 s 0.369 0.284 0.409 0.299 0.405 0.306
2 i 0.362 0 0.4 0 0.426 0  

- Topology error detection result 

me_zo sw_zo sw1 sw2 ph P1(S1) Q1 P2(S2) Q2 P3(S3) Q3
1 ON ON 3
3 ON ON 1
2 ON ON 3
4 ON ON 3 err err err
5 ON ON 3
6 ON ON 1

1

2

 

• Case 2-2 : simulation without voltage measurement using power measurement ( 1m ) 

- Summation of load in switch zone & Meter difference in meter zone 

sw_zo SL1 PL1 QL1 SL2 PL2 QL2 SL3 PL3 QL3
1 0.266 0.182 0.182 1.482 1.043 1.043 1.352 0.947 0.947
2 2.11 1.492 1.492 2.782 1.967 1.967 2.621 1.854 1.854
3 2.272 1.606 1.606 0.003 -0.002 -0.002 0.003 -0.002 -0.002
4 0.434 0.307 0.307 0.556 0.393 0.393 0.508 0.359 0.359
5 1.044 0.738 0.738 0.995 0.704 0.704 1.7 1.202 1.202
6 0.6 0.424 0.424 0 0 0 0.001 0 0

SUM 6.724 4.749 4.749 5.82 4.104 4.104 6.186 4.36 4.36  
me_zo mtyp Pm1 Qm1 Pm2 Qm2 Pm3 Qm3

1 s 0.369 0.284 0.409 0.299 0.405 0.306
2 s 0.347 0.252 0.389 0.276 0.389 0.276  

- Topology error detection result 

me_zo sw_zo sw1 sw2 ph P1(S1) Q1 P2(S2) Q2 P3(S3) Q3
1 ON ON 3
3 ON ON 1
2 ON ON 3
4 ON ON 3 err err err err err err
5 ON ON 3
6 ON ON 1

1

2
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3. When node 15 open (switch 5 open) 

• Case 1-1 : simulation with voltage measurement using current measurement ( 1m ) 

- Summation of load in switch zone & Meter difference in meter zone 

sw_zo SL1 PL1 QL1 SL2 PL2 QL2 SL3 PL3 QL3
1 0.266 0.182 0.182 1.484 1.045 1.045 1.352 0.947 0.947
2 2.122 1.5 1.5 2.784 1.969 1.969 2.623 1.854 1.854
3 2.272 1.607 1.607 0.003 -0.002 -0.002 0.003 -0.002 -0.002
4 0.434 0.307 0.307 0.556 0.392 0.392 0.507 0.359 0.359
5 1.046 0.74 0.74 0.996 0.704 0.704 1.702 1.203 1.203
6 0.601 0.425 0.425 0 0 0 0.001 0 0

SUM 6.742 4.761 4.761 5.824 4.108 4.108 6.187 4.361 4.361  
me_zo mtyp Pm1 Qm1 Pm2 Qm2 Pm3 Qm3

1 s 1.148 0.739 0.75 0.487 1.318 0.823
2 i 1.077 0 0.722 0 1.323 0  

- Topology error detection result 

me_zo sw_zo sw1 sw2 ph P1(S1) Q1 P2(S2) Q2 P3(S3) Q3
1 ON ON 3
3 ON ON 1
2 ON ON 3
4 ON ON 3 err
5 ON ON 3 err
6 ON ON 1

1

2

 

• Case 1-2 : simulation with voltage measurement using power measurement ( 1m ) 

- Summation of load in switch zone & Meter difference in meter zone 

sw_zo SL1 PL1 QL1 SL2 PL2 QL2 SL3 PL3 QL3
1 0.266 0.182 0.182 1.483 1.044 1.044 1.352 0.947 0.947
2 2.114 1.495 1.495 2.789 1.972 1.972 2.627 1.858 1.858
3 2.277 1.61 1.61 0.003 -0.002 -0.002 0.003 -0.002 -0.002
4 0.434 0.307 0.307 0.556 0.393 0.393 0.508 0.359 0.359
5 1.045 0.739 0.739 0.997 0.705 0.705 1.704 1.205 1.205
6 0.6 0.424 0.424 0 0 0 0.001 0 0

SUM 6.736 4.757 4.757 5.828 4.111 4.111 6.195 4.367 4.367  
me_zo mtyp Pm1 Qm1 Pm2 Qm2 Pm3 Qm3

1 s 1.148 0.739 0.75 0.487 1.318 0.823
2 s 1.093 0.649 0.718 0.454 1.267 0.741  

- Topology error detection result 

me_zo sw_zo sw1 sw2 ph P1(S1) Q1 P2(S2) Q2 P3(S3) Q3
1 ON ON 3
3 ON ON 1
2 ON ON 3
4 ON ON 3 err
5 ON ON 3 err err err
6 ON ON 1

1

2
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• Case 2-1 : simulation without voltage measurement using current measurement ( 1m ) 

- Summation of load in switch zone & Meter difference in meter zone 

sw_zo SL1 PL1 QL1 SL2 PL2 QL2 SL3 PL3 QL3
1 0.266 0.182 0.182 1.483 1.044 1.044 1.352 0.947 0.947
2 2.119 1.498 1.498 2.78 1.965 1.965 2.619 1.852 1.852
3 2.266 1.602 1.602 0.003 -0.002 -0.002 0.003 -0.002 -0.002
4 0.434 0.307 0.307 0.556 0.393 0.393 0.508 0.359 0.359
5 1.046 0.739 0.739 0.995 0.704 0.704 1.699 1.201 1.201
6 0.601 0.425 0.425 0 0 0 0.001 0 0

SUM 6.731 4.753 4.753 5.817 4.103 4.103 6.181 4.357 4.357  
me_zo mtyp Pm1 Qm1 Pm2 Qm2 Pm3 Qm3

1 s 1.148 0.739 0.75 0.487 1.318 0.823
2 i 1.073 0 0.723 0 1.327 0  

- Topology error detection result 

me_zo sw_zo sw1 sw2 ph P1(S1) Q1 P2(S2) Q2 P3(S3) Q3
1 ON ON 3
3 ON ON 1
2 ON ON 3
4 ON ON 3 err
5 ON ON 3 err
6 ON ON 1

1

2

 

• Case 2-2 : simulation without voltage measurement using power measurement ( 1m ) 

- Summation of load in switch zone & Meter difference in meter zone 

sw_zo SL1 PL1 QL1 SL2 PL2 QL2 SL3 PL3 QL3
1 0.266 0.182 0.182 1.482 1.043 1.043 1.352 0.947 0.947
2 2.11 1.492 1.492 2.782 1.967 1.967 2.621 1.854 1.854
3 2.272 1.606 1.606 0.003 -0.002 -0.002 0.003 -0.002 -0.002
4 0.434 0.307 0.307 0.556 0.393 0.393 0.508 0.359 0.359
5 1.044 0.738 0.738 0.995 0.704 0.704 1.7 1.202 1.202
6 0.6 0.424 0.424 0 0 0 0.001 0 0

SUM 6.724 4.749 4.749 5.82 4.104 4.104 6.186 4.36 4.36  
me_zo mtyp Pm1 Qm1 Pm2 Qm2 Pm3 Qm3

1 s 1.148 0.739 0.75 0.487 1.318 0.823
2 s 1.093 0.649 0.718 0.454 1.267 0.741  

- Topology error detection result 

me_zo sw_zo sw1 sw2 ph P1(S1) Q1 P2(S2) Q2 P3(S3) Q3
1 ON ON 3
3 ON ON 1
2 ON ON 3
4 ON ON 3 err
5 ON ON 3 err err err
6 ON ON 1

1

2
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4. When node 17 open (switch 6 open) 

• Case 1-1 : simulation with voltage measurement using current measurement ( 1m ) 

- Summation of load in switch zone & Meter difference in meter zone 

sw_zo SL1 PL1 QL1 SL2 PL2 QL2 SL3 PL3 QL3
1 0.266 0.182 0.182 1.484 1.045 1.045 1.352 0.947 0.947
2 2.122 1.5 1.5 2.784 1.969 1.969 2.623 1.854 1.854
3 2.272 1.607 1.607 0.003 -0.002 -0.002 0.003 -0.002 -0.002
4 0.434 0.307 0.307 0.556 0.392 0.392 0.507 0.359 0.359
5 1.046 0.74 0.74 0.996 0.704 0.704 1.702 1.203 1.203
6 0.601 0.425 0.425 0 0 0 0.001 0 0

SUM 6.742 4.761 4.761 5.824 4.108 4.108 6.187 4.361 4.361  
me_zo mtyp Pm1 Qm1 Pm2 Qm2 Pm3 Qm3

1 s 0.455 0.338 -0.005 0 0.002 -0.004
2 i 0.448 0 -0.002 0 -0.001 0  

- Topology error detection result 

me_zo sw_zo sw1 sw2 ph P1(S1) Q1 P2(S2) Q2 P3(S3) Q3
1 ON ON 3
3 ON ON 1
2 ON ON 3
4 ON ON 3 err
5 ON ON 3
6 ON ON 1

1

2

 

• Case 1-2 : simulation with voltage measurement using power measurement ( 1m ) 

- Summation of load in switch zone & Meter difference in meter zone 

sw_zo SL1 PL1 QL1 SL2 PL2 QL2 SL3 PL3 QL3
1 0.266 0.182 0.182 1.483 1.044 1.044 1.352 0.947 0.947
2 2.114 1.495 1.495 2.789 1.972 1.972 2.627 1.858 1.858
3 2.277 1.61 1.61 0.003 -0.002 -0.002 0.003 -0.002 -0.002
4 0.434 0.307 0.307 0.556 0.393 0.393 0.508 0.359 0.359
5 1.045 0.739 0.739 0.997 0.705 0.705 1.704 1.205 1.205
6 0.6 0.424 0.424 0 0 0 0.001 0 0

SUM 6.736 4.757 4.757 5.828 4.111 4.111 6.195 4.367 4.367  
me_zo mtyp Pm1 Qm1 Pm2 Qm2 Pm3 Qm3

1 s 0.455 0.338 -0.005 0 0.002 -0.004
2 s 0.427 0.295 0 0 0 0  

- Topology error detection result 

me_zo sw_zo sw1 sw2 ph P1(S1) Q1 P2(S2) Q2 P3(S3) Q3
1 ON ON 3
3 ON ON 1
2 ON ON 3
4 ON ON 3 err
5 ON ON 3
6 ON ON 1 err

1

2
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Case 2-1 : simulation without voltage measurement using current measurement ( 1m ) 

- Summation of load in switch zone & Meter difference in meter zone 

sw_zo SL1 PL1 QL1 SL2 PL2 QL2 SL3 PL3 QL3
1 0.266 0.182 0.182 1.483 1.044 1.044 1.352 0.947 0.947
2 2.119 1.498 1.498 2.78 1.965 1.965 2.619 1.852 1.852
3 2.266 1.602 1.602 0.003 -0.002 -0.002 0.003 -0.002 -0.002
4 0.434 0.307 0.307 0.556 0.393 0.393 0.508 0.359 0.359
5 1.046 0.739 0.739 0.995 0.704 0.704 1.699 1.201 1.201
6 0.601 0.425 0.425 0 0 0 0.001 0 0

SUM 6.731 4.753 4.753 5.817 4.103 4.103 6.181 4.357 4.357  
me_zo mtyp Pm1 Qm1 Pm2 Qm2 Pm3 Qm3

1 s 0.455 0.338 -0.005 0 0.002 -0.004
2 i 0.442 0 -0.003 0 0.003 0  

- Topology error detection result 

me_zo sw_zo sw1 sw2 ph P1(S1) Q1 P2(S2) Q2 P3(S3) Q3
1 ON ON 3
3 ON ON 1
2 ON ON 3
4 ON ON 3 err
5 ON ON 3
6 ON ON 1

1

2

 

• Case 2-2 : simulation without voltage measurement using power measurement ( 1m ) 

- Summation of load in switch zone & Meter difference in meter zone 

sw_zo SL1 PL1 QL1 SL2 PL2 QL2 SL3 PL3 QL3
1 0.266 0.182 0.182 1.482 1.043 1.043 1.352 0.947 0.947
2 2.11 1.492 1.492 2.782 1.967 1.967 2.621 1.854 1.854
3 2.272 1.606 1.606 0.003 -0.002 -0.002 0.003 -0.002 -0.002
4 0.434 0.307 0.307 0.556 0.393 0.393 0.508 0.359 0.359
5 1.044 0.738 0.738 0.995 0.704 0.704 1.7 1.202 1.202
6 0.6 0.424 0.424 0 0 0 0.001 0 0

SUM 6.724 4.749 4.749 5.82 4.104 4.104 6.186 4.36 4.36  
me_zo mtyp Pm1 Qm1 Pm2 Qm2 Pm3 Qm3

1 s 0.455 0.338 -0.005 0 0.002 -0.004
2 s 0.427 0.295 0 0 0 0  

- Topology error detection result 

me_zo sw_zo sw1 sw2 ph P1(S1) Q1 P2(S2) Q2 P3(S3) Q3
1 ON ON 3
3 ON ON 1
2 ON ON 3
4 ON ON 3 err
5 ON ON 3
6 ON ON 1 err

1

2
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APPENDIX IV – Topology Error Detection Result using method II 

♣ Switch Error Detection 

1. When node 11 open (switch 3 open) 

• Case 1 : simulation with power and current measurements (when node 9 open) 

- Topology error detection result 

 

 

• Case 2 : simulation with power, current and voltage measurements (when node 9 open) 

- Topology error detection result 
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2. When node 13 open (switch 4 open) 

• Case 1 : simulation with power and current measurements (when node 9 open) 

- Topology error detection result 

 

 

• Case 2 : simulation with power, current and voltage measurements (when node 9 open) 

- Topology error detection result 
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3. When node 15 open (switch 5 open) 

• Case 1 : simulation with power and current measurements (when node 9 open) 

- Topology error detection result 

 

 

• Case 2 : simulation with power, current and voltage measurements (when node 9 open) 

- Topology error detection result 
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4. When node 17 open (switch 6 open) 

• Case 1 : simulation with power and current measurements (when node 9 open) 

- Topology error detection result 

 

 

• Case 2 : simulation with power, current and voltage measurements (when node 9 open) 

- Topology error detection result 
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♣ Shunt Capacitor Bank Error Detection 

1. When node SCB 9 open  

• Case 1 : simulation with power and current measurements (when SCB 9 open) 

- Topology error detection result 

 

 

• Case 2 : simulation with power, current and voltage measurements (when SCB 9 open) 

- Topology error detection result 

 

 

 

 


