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Abstract 

 

Three-Phase Unbalanced Distribution System State Estimation (DSSE) Based on WLS (Using 

AMI) and Load Correction Method 

Thesis Abstract- Idaho State University (2019) 

 

 

Distribution System State Estimation (DSSE) is a significant component for reliable and optimal 

performance of a Distribution Management System (DMS). Many buses with limited available 

measurements and highly unbalanced loads that makes the estimation a very challenging task in 

DMS. Accuracy, observability, presentation and speed constraints still bring DSSE to a top 

research priority. This thesis research proposes two unbalanced distribution state estimation 

methods; one based on the Weighted Least Squares (WLS), and the other one is based on load 

calibration method that uses backward/forward algorithm to estimate the system with limited 

measurements. In addition, a universal line modeling database is built that asks for the data input 

to model the line parameter matrices which can be used for all distribution networks. Proposed 

methods are simulated for IEEE 13 and 37 bus feeder network systems in MATLAB platform.  

 

 

Key Words: Distribution System State Estimation, Weighted Least Squares, Advanced Metering 

Infrastructure, Load Correction Method, Backward/Forward Sweep Power Flow. 
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Chapter 1: Introduction 

 

1.1 Motivation and Objective 

Traditionally, electric power distribution systems been designed and worked as passive system to 

meet customer’s requirement. However, operational and reliability challenges have increased with 

the transformation of traditional grid to a smart grid. Many of the solution of these challenges in 

smart distribution grid is related to visualizing the perfect state of the network, which in essence 

relying on Distribution System State Estimation (DSSE).  There are few techniques been 

implemented successfully for DSSE. Radial and weekly meshed distribution system contains many 

three-phase unbalanced branches with larger resistance/reactance (r/x) ratios and unbalanced loads 

set-apart by short distances. Adopting a transmission systems state estimation algorithm into a 

distribution system is preferable for modern smart distribution system. This research is based on a 

transmission system state estimation technique named Weighted Leas Square (WLS) and a Load 

correction technique for DSSE. The approach is to come up with WLS and Load Correction 

algorithms that are suitable for three-phase unbalanced distribution network. Advanced Metering 

Infrastructure (AMI) smart meters are widely used by utilities and near real time measurements 

are available. Load profile for each kind of customer is created relying on energy bill and few other 

monitored data from AMI which is found to be the best estimate. Due to voltage and current 

distortion, smart meters got errors in the measured values. These erroneous load data are used as 

input to state estimation process to estimate current state of the feeder network. Estimated voltage, 

current, active and reactive power for all three phases are compared with true case for each phase 

at any given time t. Simulation performance is demonstrated and analyzed for IEEE 13 Bus-Feeder 
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and IEEE 37 bus-feeder cases. Final goal of this research is to propose couple of reliable and 

accurate three-phase unbalanced DSSE technique that are applicable to all radial networks. 

1.2 Modern Power Systems Structure 

A modern power system network consists of several complex interconnected section such as 

generation, transmission, sub-transmission, distribution and loads. These subsystems are 

interconnected through transformers. It is necessary to analyze the whole system continuously for 

uninterrupted and reliable operation. Power system analysis is a complex process that combines 

few simulations into one that represent a clear state of the system. Each section of the power 

network is separated with protective devices for safety reasons; however, an interruption in any 

point of the network effects other operations both in upstream and downstream. Figure 1.1 

illustrates a typical power system network and its components. 
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Figure 1. 1: Modern power system components (Image credit: Power systems analysis by Hadi 

Sadat, second edition) 

 

1.3 Typical Distribution Operation 

This research work is focused on the distribution part of the system. Usually, the transmission 

network is transposed and balanced that led the system modeling to a single-phase equivalent 

configuration.  On the other hand, distribution feeder is inherently unbalanced due to many unequal 

single-phase loads that are served. Non-equilateral spacing of the three phase distribution lines add 

extra unbalanced components into the system. Distribution systems begins from a distribution 

substation which is fed by transmission line or sub-transmission line. In most cases, the distribution 
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feeders got unidirectional path for power flow from distribution substation to the customer. This 

is called radial distribution feeders. There are some advantages of radial distribution circuits over 

networked circuits such as easy fault current protection, low fault currents, flexible voltage control, 

easy prediction, easy control of the power flow, low cost etc. Primary distribution lines are ranged 

from 4kv to 34.4kv and serve the loads for a certain geographical land. Secondary distribution 

network further decreases the voltage for residential users. Customers are mostly served at the 

level of 240/120 v (single-phase three wire), 208Y/120 v (three-phase four wire), 480Y/277 v 

(three-phase four wire). Most number of primary lines are four wire multi-grounded (three phase 

conductors and a multi-grounded neutral conductor). Distribution systems may have one or more 

distribution substations that consist of one or more feeders. Distribution feeder analysis is always 

important to scrutinize the existing operating condition. It also estimates the future response of the 

network if anything changes to the feeder. Distribution feeder analysis is always challenging 

because of various electrical devices need to be modeled from number of data parameters available 

with feeder map. Additional data sets are necessary such as standard pole configuration, specific 

conductor data for each all lateral lines (Overhead or underground), three-phase transformer 

connections, voltage regulator specifications that are defined by IEEE PES. Every distribution 

network has suitable metering technology that provides measurement over a specific time period. 

Following are the components a distribution feeder might have- 

• Three-phase primary feeder. 

• Lateral branches (single-phase, two-phase or three-phase). 

• In-line transformers. 

• Shunt capacitor banks. 

• Voltage regulators. 
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• Distribution transformer banks. 

• Secondaries. 

• Single-phase, two-phase or three-phase loads. 

• Circuit breaker or recloser. 

• Fuses. 

• Metering device. 

 

Figure 1. 2: Typical distribution substation with several feeders (Image credit: Electric Power 

Research Institute. 1000419. Engineering Guide for Integration of Distributed Generation and 

Storage into Power Distribution Systems) 
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1.5 Problem Statement 

Power systems state estimation is a solidly implemented solution to address the metering errors at 

the transmission side and is typically solved using WLS method that is based on high quality 

measurement data from PMU. Transmission systems generally have a limited number of buses 

which is equipped with lot of measurement devices as it is always important to precisely monitor 

and control the system. However, distribution systems consist many nodes with limited 

measurements available with unbalanced loads. These fundamental differences and the need for 

efficient solutions refers to new state estimation approaches are needed for three-phase unbalanced 

distribution systems. In this thesis, a Weighted Least Squares (WLS) method and a load correction 

method are presented. Since the loads in the distribution system are highly distributed, it is very 

hard to determine the loads precisely. By observing same type of loads with resembling 

characteristic, a load profile is created for the DSSE measurement. 

 

1.6 Transmission System SE against Distribution Systems SE 

While in transmission systems state estimation is a routine task and a range of established 

methodologies exist, these cannot simply be duplicated in distribution systems due to distinctive 

planning, design and operational behaviors of the distribution network. The SE methodologies 

adopted in the transmission system started showing their limitations when exposed to specifics of 

the distribution network. The distribution network is typically characterized by the unbalanced 

system, smaller lines with high resistance/reactance (r/x) ratios connecting highly distributed 

loads. The consumer loads are not measured, and a large part of the distribution segment continues 

to operate in an unmonitored fashion. Usually voltage, current and power flows are measured in 

primary substations with virtually no monitoring of the secondary substation quantities [25]. 
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Unlike in the transmission systems, the scarcity of the measured information brings formidable 

challenge to the state estimator to provide a reasonably meaningful estimate of the system states. 

This introduces bottlenecks in carrying out a range of substation and feeder automation tasks that 

rely on the quality of the estimated values of the states. 

 

1.7 DSE Applications 

DSSE renders initial state for Distribution Management System (DMS) and enhances real-time 

distribution grid supervision. Highly accurate DSSE will have highly positive impact to the overall 

network operation and vice-versa. DMS is expanding their range of operation rapidly that includes 

but not limited to capacitor switching, distribution transformer optimization, voltage 

magnitude/reactive power control (V/Var), reduced energy loss, recloser and switching control, 

reconfiguration of distribution feeder, restoration, load demand management, fault locating and 

price signal estimation. Highly accurate and consistent DSSE also help finding potential 

irregularity of the electric usage and the factor related to unbalanced voltage in the network. In 

unwanted cases when model can’t present the actual state of the network; DSE can repair, locate 

and determine erroneous data.  

 

1.8 Chapter Outline 

Chapter 2 describes the evolution of DSSE and proposed methods that are presented in this thesis 

report. It talks about the metering and measurement concern in distribution network, pseudo 

measurements, AMI topology, problem statement and distribution state estimation challenges. 

Before performing the DSSE, line modeling and power flow calculation is necessary to define the 

base case of a distribution network. Chapter 3 represents formation of three-phase unbalanced line 
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modeling equations, backward/forward sweep power flow framework that are used for the DSSE. 

Chapter 4 defines detail structure of the WLS based DSSE that are proposed in this thesis. WLS 

state estimation theory and related equations are presented such as measurement function, Jacobian 

matrix, measurement residuals, gradient etc. Bad data identification and pseudo measurements are 

also incorporated with the WLS DSSE. Chapter 5 is about load correction based DSSE. Equations 

and formation of the load correction based DSSE is presented in steps with a detailed flow-chart 

of the method. Finally, chapter 6 shows the simulation output for IEEE 13 bus system case for 

both the proposed methods. Output results are compared in table and graphs. Voltage magnitude, 

voltage angle, current, active power flow, reactive power flow and total loss of the network is 

estimated with analogical figures to validate the accuracy of the methods. 
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Chapter 2: Background 

 

2.1 Literature Review 

Real-time measurement is limited in distribution network and observability of the network is not 

determined without pseudo measurements. DSSE research was pioneered in the 1990’s even with 

low measurement reporting. Because of the lack of the observability downstream of the 

distribution substation, only a small number of utilities implemented the DSSE at the beginning. 

As mentioned earlier, with the increased Smart Distribution Management System (SDSM) that 

contains AMI has encouraged utilities to implement DSSE in recent years. Practical test proved 

that the DSSE be the most feasible, reliable and accurate enough for real time distribution network 

management. Existing DSSE techniques are different depending on the evolution and execution 

timing of the estimator, state variables, bad data detection etc. Until today, three-phase unbalanced 

distribution state estimation is an open research topic due to computational complexity involved 

with it. Some existing methods are discussed in this chapter. 

 

2.1.1 Node Voltage Based DSSE Technique 

Bus voltage is used as state variable for this method. If the polar form of the phasor representation 

is used of the bus voltage, Jacobean and gain matrices must recalculate in each iteration. On the 

other hand, by using rectangular form of bus voltage as state variable, Jacobian matrices of the 

converted bus current injection measurements become constant. Bus injection power and voltage 

magnitude measurements are changed into equivalent voltage measurements and bus injection 

current in rectangular forms relying on the calculated bus voltage measurement in last iteration. 

Rectangular branch currents are obtained by converting actual current magnitude and branch 
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power [21]. Only single factorization of the gain matrix is necessary in the rectangular bus voltage 

DSSE method. This technique is highly effective for balanced distribution systems. 

 

2.1.2 Load adjustment Based DSSE Technique 

Loads are adjusted based on load modeling method from the customer load profile. Customer loads 

can be modeled as a mixture of constant power, constant current, and constant impedance 

elements. Generally, the power factor is fixed separately for each of the three load components. 

Load adjustment state estimation methods usually use the bus current injection / power injection 

so that the values adapt the measured data. Measurements data are used as constraints for the 

algorithm solution. Bus loads are adjusted through an iterative process using Gauss-Seidel power 

flow algorithm [1]. Substation voltage and current magnitude measurements on the feeder are 

treated entirely correct during the process [15]. However, the algorithm is only implemented for 

balanced distribution network. 

 

2.1.3 Particle Swarm Optimization (PSO) DSSE Technique 

A hybrid particle swarm optimization method was tested due to the nonlinear characteristics of 

unbalanced distribution network. The proposal is very similar to the WLS state estimation 

considering the objective function. The approach is to minimize the measured voltages, calculated 

voltages and currents by utilizing load value and distributed energy resources [4]. PSO takes longer 

to converge which is a concern. To improve the convergence reliability and timing, a Hybrid 

Particle Swarm Optimization (HPSO) is investigated. This method has also addressed the 

transformer taps estimation in the context of DSSE. It was the very first DSSE approach that 

estimates transformer tap positions without any assumption in unbalanced three-phase system 
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using HPSO. The HPSO estimation found to be more accurate estimation of losses in the network 

that facilitates proper allocation of cost of the electricity. However, bad tap error detection is still 

a subject to investigate for this approach before implementing. 

 

2.1.4 Dynamic DSSE Technique 

Dynamic DSSE method is a recursive technique relying on few measurement snapshots over a 

time period. It is also known as forecasting-aided state estimation (FASE) [5]. For larger 

distribution system with measurements of various frequencies, newly received measurement is 

combinedly processed with available analytical estimate. It is used eventually to forecast state 

variations within all DSSE executions. No loss of higher order information in this method 

improves the overall properties of the estimator. It offers computation advantages over few other 

methods since it does not require to calculate Jacobian or hessian matrix. However, Bandwidth 

and speed limitation in SCADA and AMI makes it really challenging to use large heterogeneous 

measurement containing various data for establishing contiguous past and future feeder models of 

the operating network. 

 

2.1.5 Distributed DSSE Technique 

Distributed DSSE basically split up the distribution network into several sub division based on 

topological points, geographical location and metering points. This method is also known as multi-

area State Estimation (SE) and it solves the network condition in local estimators [9]. A second 

state estimation is initiated on all sub-areas by utilizing previous estimation outputs and the 

estimates of quantities supplied by neighboring areas as measurement data. Number sequential or 

parallel estimation are executed in distributed DSSE [6]. This technique not implemented 
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practically because of some constraints such as lack of real and synchronized measurement, 

communication delay which are key factor for accurate solution of distributed DSE method. 

 

2.2 Measurement Placement in Distribution Systems 

Grid sensing and monitoring is widespread at the transmission level. In the transmission network, 

the common measurements are voltage magnitude at buses and the complex power flow on the 

lines. These measurements don't rely on the communication of phase angle relationships between 

substations. Since the 1990's, synchrophasor measurements have gradually been added to the 

portfolio. Accurate GPS time clocks have enabled better timing and phasor accuracy between 

substation measurements. The importance of bulk power transmission justifies the cost of 

measurements. However, this is not the case in distribution where the immense size and relative 

less importance makes transmission style measurements too costly. On the other hand, the growth 

of AMI has added a new class of voltage magnitude and complex power measurements to multiple 

customer connection points in the distribution network. Supervisory control and data acquisition 

(SCADA) systems rely on real-time PMU and power measurements to control the network. Such 

measurements are usually available down to substations. Because of the larger size of the 

distribution network, it is hard to monitor each customer location online. The online monitoring is 

done only at the main substation locations usually. This limits the automation and control operation 

of the distribution systems. Interruptions are attended manually in most cases. Since the state 

estimator requires the measurements online, the limited number of real measurements available at 

the main substations do not serve the purpose. Hence many pseudo measurements are introduced. 

With the evolution of AMI and smart grid, load demand and voltage measurements are available 

these days to work with DSE [14]. Loads are derived from the regular behavior of various 
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customers, historical data of the feeders, distribution transformer loadings etc. The loads modelled 

in this way have generalized uncertainty however it estimated at best possible way. Recently many 

utilities started installing AMI which can be utilized for online monitoring of the network. Again, 

due to the larger size of the distribution network supplying thousands of customers, it might not 

be feasible economically to install the smart meters in all the locations [16]. Consequently, a large 

part of the network remains unmonitored and the measurement provided by the installed smart 

meter is not enough for state estimation [17]. Hence, many pseudo measurements need to be 

introduced in order to make the system observable. Since pseudo measurements are high-variance 

estimates of the loads, the quality of the estimated voltages and angles at each bus is poor if the 

number of pseudo measurements is large. Estimation errors are often too high for effective network 

control; so, it is necessary to deploy more real measurements. Choices then need to be made 

regarding the locations, types and number of measurements. These issues have been addressed in 

past research works, at the transmission level. But little attention has been paid to measurement 

placement at the distribution level [17]. Research reported in the literature concerning 

measurement placement falls, broadly speaking, into two categories: 

• Improvement of network observability. 

• Minimization of errors in the estimates. 

 

2.3 Pseudo Measurements Formulation 

The quality of the estimate heavily relies on the realistic modelling of the estimated loads. In the 

absence of any real measurement of loads which are highly distributed and diverse, they are 

considered as pseudo measurements (random variables) with apropos variance and mean. Because 

of pseudo measurement’s compatibility with WLS based on Maximum Likelihood Estimation 
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(MLE), it is usual to model them by normal distribution. Gaussian distribution is the most common 

technique to model the loads. However, single Gaussian probability density assumption is not well 

justified for all kinds of loads [11].  The research work on statistical methods for load research 

data analysis states that the statistical distribution of electric load variation does not follow any 

defined probability distribution function pattern [12] [13]. Several attempts have been carried out 

to model the loads through different probability distributions.  

 

2.4 Advanced Metering Infrastructure (AMI) in Smart Distribution Systems 

Advanced Metering Infrastructure (AMI) is one of the most essential elements of smart grid (SG) 

that combines data from smart meters (SM) and sends them to the utility center to be analyzed and 

stored. Distribution networks increasingly using the AMI which is spiraling the workforce and 

operational cost for utilities. AMI smart meter data transmission can be through a wireless 

communication and nearly readily available (every 15 minutes or more). AMI smart meters 

transmit customer load information to the computing unit in an integrated bidirectional way. 

However; increased supervision, intelligence and control is needed to utilize the smart meters with 

full efficiency. Advanced V/Var optimization, demand response, fault location and restoration 

schemes require more accurate and reliable information about the current system state, which is 

increasing with the ongoing expansion of advanced metering infrastructure (AMI) in smart grid 

[11]. Accurate utilization of AMI in DSSE should be a cornerstone of future smart distribution 

systems in US. AMI smart meters provide load, voltage and current at the installed node. However, 

this research work focused on distribution system state estimation DSE based on weighted least 

square (WLS) and Load Correction (LC) method. Normally distributed noise component has been 
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used for modeling measurement errors into the AMI load measurements. Figure 1.3 resembles the 

modern AMI topology in distribution system. 

 

Figure 2. 1: AMI systems topology 
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Chapter 3: Distribution Systems Modeling and Power Flow 

 

3.1 Line Modeling 

Distribution networks consist of both overhead and underground transmission line segments. Most 

line segments can be categorized into several typical or standardized configurations. These 

configurations cover the spacing of the phase conductors, wire sizes, and phasing arrangements. 

Conductor data for overhead and underground distribution lines are given in Appendix A. 

Distribution network is large in size with shorter lateral branches and unbalanced loads. It makes 

the system highly nonlinear to model and analyze. Very first step towards analyzing a distribution 

feeder network is modelling impedance and admittance matrices for lateral branches.  

 

3.1.1 Phase Impedance Matrix for Overhead Line 

Modified Carson’s equations are used for the line modeling [2]. Carson’s equation for self and 

mutual impedance are as below: 

Self-Impedance: 

                             mile/93402.7
GMR

1
ln12134.0j09530.0rẐ

i

i 







+++=                          (3.1)   

Mutual Impedance: 

                                 mile/93402.7
D

1
ln12134.0j09530.0Ẑ

ij

ij 













++=                                (3.2) 
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Where, ir  is the resistance of conductor i (/mile), GMRi is the geometric mean radius of 

conductor i (ft) and Dij is the distance between conductors i and j (ft). 

The primitive impedance matrix for a three- phase line consisting of m neutrals are in following 

form: 
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Ẑ

Ẑ
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And, 
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Final equation after Kron’s reduction [2] for the phase impedance matrix is as follow: 
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3.1.2 Phase Impedance Matrix for Underground Line 

Most of the new residential distribution lines are built underground now-a-days. The modified 

Carson’s equations are also applicable to underground cables in the same way [7]. Two popular 

types of underground cables are the “concentric neutral cable” and the “tape shield cable.” 

Impedances for these cables are: 

 

mile/
k

r
r s
cn =                 

And 

mile/
T.d

.10.9385.7r
s

8
shield 


=  

 

 

 

Figure 3. 1: Concentric neutral (left) and tape shielded (right) underground distribution cable 

 

3.1.3 Shunt Admittance for Overhead lines 

Conductance and the capacitive susceptance forms the shunt admittance over a distribution line. 

Same concept is used for the overhead shunt admittance determination. Neglecting the shunt 

conductance, the phase shunt admittance matrix is as below: 
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[yabc] = 0 + j. ω. [Cabc]μS/mile  

Where, 

ω = 2. π. f = 376.9911  

 

3.1.4 Shunt Admittance Matrix for Underground Lines 

The equation for the shunt admittance of the underground concentric neutral cable and tape shield 

cable are: 

yag = 0 + j
77.3619

ln(Rb/RDc) − (1/k) ln(k. RDs/Rb)
μS/mile 

And, 

yag = 0 + j
77.3619

ln(Rb/RDc)
μS/mile 

 

3.2 Line Modeling Database 

For managing the vast amounts of data associated with distribution networks, a database structure 

has been adopted in this work. For convenience and compatibility with other research efforts, the 

numbering system for line configurations, developed by W. H. Kersting was employed. See 

reference [2] for a description of the numbering system. This system is also used in describing the 

transmission line segments of the IEEE Power and Energy Society's set of distribution network 

test cases [23]. Each configuration number resembles a database that represents “phase impedance 

matrix”, “shunt admittance matrix”, “symmetrical components matrix of the line impedance” and 
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“symmetrical components matrix of the line shunt admittance”, “Transformer impedance and 

admittance matrix”. Conductor data are obtained from the table described in Appendix B section 

and the MATLAB script for the line modeling are given in Appendix section. The function asks 

for user input for conductor, spacing ID, Phasing, Neutral conductor, transformer data, 

configuration number etc. Line configuration number needed for a certain test case can be quickly 

commanded in the load flow input to be executed.  

 

3.3 Power Flow Calculation Techniques 

In power system analysis, the operating state of the network is paramount to all other studies. 

Solving for the voltage profile of the operating state is performed using a power flow algorithm. 

The power flow analysis is a root-solving problem of a nonlinear system, where the complex power 

injections are the given values. There are several iterative power-flow algorithms are available for 

transmission systems such as Newton-Raphson, Gauss-Seidel, Fast-decoupled method etc. 

However, these iterative techniques are not welcomed for radial distribution network because of 

poor convergence characteristics. A special iterative technique is used that is more suitable for 

radial distribution network named backward/forward sweep (BFS) or ladder iterative technique 

[24]. The biggest advantage of this method is execution time, simplicity and robustness of the 

algorithm. 

 

3.4 Backward/Forward Sweep Power Flow (BFS) 

The backward/forward sweep is a method best suited for three-phase unbalanced distribution 

systems power flow problem. It is an iterative method, which typically converges within a few 

iterations. This method involves two sweeps of calculations. In the backward sweep, the end 
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voltages are initialized for the first iteration, and currents are calculated starting at the buses at the 

load end of the radial branch and solved up to the source bus by applying the current summation 

method [8]. The forward sweep starts at the source bus and calculates voltages using the current 

calculated from the backward sweep until the load end of the radial branches. The voltages from 

the forward sweep are used for the next iteration in the backward sweep calculations. 

              

Figure 3. 2: A part of distribution network 

 

 The power flow calculation for a radial distribution networks (Figure 3.2) using backward/forward 

sweep method  is carried out through the following iterative steps: 

 

Step 1. Read input data: Define network configuration, line parameters, transformer parameters,  

load data. 

Step 2. Initialization: Set the voltage at the root bus and assuming a flat symmetrical profile for 

the initial voltages at all other network buses. 

Step 3.  Backward sweep: At iteration k, starting from the branch in the last layer (branch 
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corresponding to last bus Nbus) and moving towards the branches connected to the root bus. 

The current in branch i, Jabci  according to Figure 3.2, is calculated as: 

( ) ( ) ( ) ( ) ( )1

, ,, , ,               1 0 1 2
i

k k k o k k

Labci Cabc i abc iabc i abc i abc

i

J I I Y V J    i NB, NB - , ... , ;   k , , ...


−




= + +  + = =                       (3.7) 

Where, k is the index of iteration; ,Labc iI  is three-phase complex current of load at bus i; 

,Cabc iI  is three phase complex current of a var compensator at bus i; ,abcJ  is three-phase 

complex current in branch   emanating from bus i; 
o

iY  is the shunt admittance at bus i; i  

is the set of buses connected with bus i; ,abc iV  is the complex voltage at bus i.  

For a specified power of load, , , ,Labc i Labc i Labc iS P jQ= + . The current of load is calculated in 

accordance with load type, and phase connection [2]. 

Step 4. Forward sweep: Bus voltages are updated in a forward sweep starting from branches 

connected to the root bus toward those in the last. For each branch, i, the voltage at bus i is 

calculated using the updated voltage at bus m (Figure 3.2) and the branch current calculated 

in the preceding backward sweep: 

                                            
( ) ( ) ( )

,, , ,

k k k

abc iabc i abc m abc iV V Z J= −                                                   (3.8) 

Step 5. Check convergence criteria:  steps 2 and 3 are repeated until convergence achieved. For 

 example, a convergence criteria can be adopted as follows: 

                                               
( ) ( 1)

, ,max k k

abc i abc i VV V −−  =(10-310-5)                                            (3.8) 
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3.4.1 Transformer Modeling for Unbalanced Power Flow 

The symmetrical components models of three-phase distribution transformers for common 

transformer connections in the backward/forward sweep-based power flow algorithm is used. A 

matrix block model of three-phase transformer is presented in Figure 3.3. As shown in Figure 3.3, 

a series block represents the transfer matrix of transformer for currents MJ, the transfer matrix of 

transformer for voltages MV and the matrix of phase impedances of transformer
Tabc

Z . A shunt block 

m

abc
Y  models magnetizing admittance of the transformer. The shunt block should be placed on the 

side which windings are connected in the grounded way (Yn). For all other cases, the shunt block 

can be connected on either side of the transformer (arbitrarily selected). In the backward sweep, 

starting from the branches connected to the far ends and moving toward a certain swing bus, the 

currents at the sending end of the branch are calculated as a function of the currents at its receiving 

end. In the forward sweep, starting from the branches connected to the source bus and moving 

toward to the branches connected to the far ends, the voltages at the receiving end of the branch 

are calculated as a function of the voltages at its sending end and the currents at its receiving end. 

 

Figure 3. 3: Three-phase transformer model 

 

Therefore, when the branch represents a three-phase transformer, the currents at the primary (p) 

side of the transformer are calculated as a function of the currents at its secondary (s) side. The 
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voltages at the secondary side of the transformer are calculated as a function of the voltages at its 

primary side and the currents at its secondary side. The relations between the symmetrical 

components of the voltages and currents of a three-phase transformer can be expressed in matrix 

form as follows: 

                                                 𝑱𝒅𝒊𝟎,𝒑 = 𝒎𝑱 ⋅ 𝑱𝒅𝒊𝟎,𝒔                                                                (3.9) 

                                               sdiTdipdiVsdi ,00,0,0
JZVmV −=                                                       (3.10) 

Where, 

 T
ppipdpdi

JJJ
,0,,,0

=J  is the vector of symmetrical components (d-positive sequence, i-negative 

sequence and 0-zero sequence) of three-phase currents at the primary side of the transformer;  

 T
ssisdsdi

JJJ
,0,,,0

=J  is the vector of symmetrical components of three-phase currents at the 

secondary side of the transformer;  

 T
ppipdpdi

VVV
,0,,,0

=V  is the vector of symmetrical components of three-phase voltages at the 

primary side of the transformer; and 

 T
ssisdsdi

VVV
,0,,,0

=V  is the vector of symmetrical components of three-phase voltages at the 

secondary side of the transformer.  

The transfer matrices 
J

m  and
V

 m , as well as the matrix of symmetrical components of the 

transformer impedance 
0Tdi

Z  are given in Table 3.1. From Table 3.1, transfer of the positive and 

negative sequences of the voltages and currents do not depend on the type of transformer 

connections. Transfer of the zero sequences of the currents and voltages, the form of the matrix of 

symmetrical components of the transformer impedance 
0Tdi

Z  depend on the type of transformer 
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connections and grounding of the neutral point. 
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         Where, 30jk

TT
emm = is the complex transmission ratio and 

T
Z  is the transformer impedance 

Table 3. 1: Transfer matrices for different connection types of the transformer 

 

3.4.2 Implementation of The Transformer Model into BFS algorithm 

Backward sweep – calculation of three-phase currents at the primary side of the transformer. Based 

on symmetrical component theory, the phase currents at secondary side of three-phase transformer 

can be represented through their symmetrical components, as follow: 

                                                          
sabcsdi ,

1

,0
JTJ = −

                                                   (3.11) 

Substituting from (3.11) into (3.9), and using the Fortescue transformation, phase currents at 

primary side of the transformer can be computed as a function of phase currents at secondary side: 
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sabcJpabc ,,

JMJ =                                                  (3.12) 

Where, 𝑴𝐽 = 𝑻 ⋅ 𝒎𝐽 ⋅ 𝑻−1 is the transformation matrix of the transformer for currents, Tis the 

Fortescue's transformation matrix. 

Forward sweep - calculation of three-phase voltages at the secondary side of the transformer. 

Firstly, the symmetrical components of the voltage at primary side should be determined:  

                                                          
pabcpdi ,

1

,0
VTV = −

                                                 (3.13) 

Substituting from (3.11) and (3.13) into (3.10) and using the Fortescue transformation gives an 

expression for calculation of the voltages at the secondary side of the transformer as a function of 

the voltages at its primary side and the currents at its secondary side. 

                                                  
sabcTabcpabcVsabc ,,,

JZVMV −=                                            (3.14) 

Where, 𝑴𝑉 = 𝑻 ⋅ 𝒎𝑉 ⋅ 𝑻−1 is the transformation matrix of the transformer for voltages; and 

𝒁𝑇𝑎𝑏𝑐 = 𝑻 ⋅ 𝒁𝑇𝑑𝑖0 ⋅ 𝑻−𝟏 is the impedance matrix of the transformer.        

 

3.5 Implementation and Validation of the Power-Flow Algorithm 

The modeling and analysis techniques of this chapter have been implemented in a MATLAB 

package. This software and data set package has been validated, using the IEEE 13-bus and 37-

bus test cases. IEEE 13 and 37 bus-feeders are used for simulation purposes of this thesis to 

validate the results of the proposed method. 13 and 37 Bus feeders are three-phase unbalanced 

distribution networks. Figure 3.4 and figure 3.5 are the layout of IEEE 13 and IEEE 37 bus-feeder 

systems. Parameters of these systems are given in Appendix section. IEEE 13 systems displays 

practical features of a radial distribution network including nominal voltage of 4.16 kV, 
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comparatively highly loaded, one in-line transformer, voltage regulator, unbalanced loading, both 

overhead and underground lines and shunt capacitors. IEEE 37 bus-feeder is an actual feeder 

located in Arizona having nominal voltage of 24.9 kV, long and lightly loaded, shunt capacitors, 

unbalanced loads, two in-line voltage regulators and an in-line transformer [22]. Three-phase loads 

are connected in delta or wye and single-phase loads are connected in line-to-line or line-to-ground 

[23]. The validation of the power flow with published package is given in Appendix C that conform 

IEEE standard which can be seen in [23]. 

 

 

Figure 3. 4: IEEE 13bus-feeder system layout 
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Figure 3. 5: IEEE 37 bus-feeder system layout 
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Chapter 4: Distribution Systems State Estimation Based on WLS 

 

4.1 Introduction to State Estimation  

The power flow analysis finds the state variables of a system for a given set of power injection 

inputs. This translates into solving a nonlinear system with a one-to-one correspondence between 

unknown and given values. Such is the case when conducting engineering studies. On the other 

hand, when measurements are made of the system, a state estimator becomes necessary. The state 

estimator addresses several issues that don't occur in power flow analysis. Generally, 

measurements contain additive noise or errors to the input data. Multiple measurements are made 

to reduce the impact of noise and errors. The measurements don't have to represent the same data 

inputs as found in power flow analysis. The least squares method finds wide spread use as a state 

estimator. This is due in part to the Gaussian nature of most noise and errors. Even when the error 

distributions are not Gaussian, the numerical calculations are often enough to transform the error 

impacts under the Central Limit Theorem. 

The Weighted Least Squares (WLS) method [21] is popular in power system applications in part 

due to the variability of measurement devices and the ability to assign weights based on the 

measurement quality. This chapter explores the application of the WLS to the distribution network, 

which poses additional challenges over the bulk power transmission network with single-phase, 

balanced-circuit modeling. 

 

4.2 The Weighted Least Squares (WLS)  

WLS method is one of the most commonly used methods for power systems state estimators’ tool. 

This thesis explains how state estimation methods aim to predict the closest possible 



30 
 

approximation for the state variable of branch current for radial distribution network. Objective of 

the WLS is to minimize the sum of the squares of the measurement’s errors. Brach currents are 

considered as the state variable in this method. Appropriate equations are represented in the 

following sections. 

4.3 Measurement Model for DSSE WLS Method 

The measurement model used for DSSE is: 

 

                                                            y = h(x) + e                                                         (4.1)     

 

• y is the matrix of the available measurements that are used as input for the DSSE algorithm; 

measurements can be voltages on the nodes and currents or active and reactive powers 

either on the branches or on the node injections. Load bus P and Q are the measurements 

used from AMI smart meters for this thesis work. 

• x is the matrix of the chosen state variables, which is branch current in this case. Typical 

distribution state estimators are usually composed by the voltage magnitudes and angles at 

all the network buses. State of the system is defined as set of known variables that allows 

computing all the electrical parameters of the network. Hence, different options for the 

selection of the state variable are possible. 

 

• h(x) is the matrix of nonlinear measurement functions connecting measurements y to the 

state variables x. Usually all functions represent the associated measured quantity in terms 

of the adopted state variables. 
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• e is the matrix of the errors associated with measurements; Typically, these are assumed as 

zero mean errors (E(ei)=0, decorrelated (E(ei,ej)=0, for i  j) resulting to a diagonal 

covariance matrix ( ∑ 𝑦 = 𝐸(𝑒𝑒𝑇) = 𝑑𝑖𝑎𝑎(𝜎𝑖
2), 𝜎𝑖 is the standard deviation involved with 

i-th measurement and square term is the variance for the respective measurement). 

 

4.4 Measurement Residuals 

In WLS calculation, objective is to minimize the sum of the following objective function: 

 

                                 ( )
( ) 


=

−
=

M

1i
2
i

ii

e

xhyi
xJ

2

                                                           (4.2) 

Where, wi is the weight defined for the i-th measurement. M is total number of measurements 

available for the estimator input. The term {y-h(x)} is the difference between measured value and 

corresponding parameter as a function of the state vector, is commonly known as measurement 

residual [3]. Equation 4.2 can be generalized in matrix form as follow: 

                                                  J(x) = [y − h(x)]TW[y − h(x)]                                      (4.3) 

 

Where, W is a resulting MM weighting covariance matrix, having the weights 1/ i ^2 on the 

diagonal elements. The weighting matrix plays a critical role in the WLS approach. In fact, it 

allows considering the different reliability of measurements, giving more importance to those with 

higher accuracy. For a proper modeling of the WLS method, it should be chosen as the inverse of 

the covariance matrix ∑  𝑦 of the measurement errors. 
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The minimization of the objective function J(x) is usually obtained using an iterative Gauss-

Newton Method. At each iteration k, to the following equation system to be solved: 

                                             G(X𝑘)ΔX𝑘 = H𝐾
𝑇 W[y − h(X𝑘)]                                (4.4) 

Where, Hk=H(Xk) is the Jacobian of the measurement functions h(x), G(Xk)=H𝐾
TWH𝑘 is the so-

called Gain matrix, and ΔX𝑘 is the updating state vector used to compute the new state according 

to the following: 

                                                        X𝑘+1 = X𝑘 + Δx𝑘                                                     (4.5) 

The iterative process continues until a specified convergence criterion is achieved. Usually, the 

largest absolute element in the updating state vector Δx is compared to a defined tolerance 

threshold ε, and the algorithm stops when max (|Δx|) <  ε. the state vector obtained at the last 

iteration is the estimation outcome provided by the WLS algorithm. 

  

4.5 Measurement Function h(x) 

Measurements included in the WLS DSSE are: active and reactive power (a branch or node 

injection), voltage magnitude on a node and current magnitude on a branch. To solve the WLS 

problem, all the corresponding measurement functions, which express the measured quantity in 

terms of the state variable, must be defined. 

4.5.1 Active and Reactive Power Flow Measurement 

As described in the previous subsection, in BC-DSSE active and reactive powers are converted in 

equivalent current measurements. Thus, indicating with 

                                                   ℎ
𝑖𝑙

𝑇
𝑒𝑞

+ 𝑗ℎ𝑖𝑙
𝑥

𝑒𝑞
= 𝛼(𝑖𝑙𝜑

𝑟 + 𝑗𝑖𝑙𝜑
𝑥 )    (4.6) 
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Where, α = 1 if the measured power is in the same direction of the corresponding branch current 

used in the state vector and =-1 if the power is in the opposite verse. As it can be observed, 

obviously, the transformation of the powers in equivalent currents leads to a linear relationship for 

this measurement function. Moreover, these functions are only related to state variables 

(𝑖𝑙𝜑
𝑇 𝑎𝑛𝑑𝑖𝑙𝜑

𝑥 ) belonging to the same phase of the measurement, thus, there is no coupling among 

the different phases. 

4.5.2 Active and Reactive Power Injection Measurement 

Similarly, to the previous case, the power injections are converted in equivalent current injections. 

The associated measurement functions, for the equivalent current injection on phase φ of node i, 

are: 

                   ℎ
𝑖𝑙𝑛 𝑗,𝑙𝜑

𝑇
𝑒𝑞

+ 𝑗ℎ
𝑖𝑙𝑛 𝑗,𝑖𝜑

𝑥
𝑒𝑞

= 𝛼[∑ (𝑖𝑘𝜑
𝑇 + 𝑗𝑖𝑘𝜑

𝑥 ) − ∑ (𝑖𝑚𝜑
𝑇 + 𝑗𝑖𝑚𝜑

𝑥 )𝑚∈𝑘𝑒𝑛 ]  (4.7) 

Where,   is the set of branches incoming on node i and A is the set of branches outgoing from 

node i. The variable 𝛼 in this case, instead, is equal to l if the considered power injection is drawn 

from the network (like for a load), while it is equal to -1 in the opposite case (like for a generator). 

Even in this case, it is possible to observe that the obtained measurement functions are linearly 

related to the state variables and that no coupling exists among the different phases. 

 

4.5.3 Current Magnitude Measurement 

The function associated to a current magnitude measurement Ilφ on phase φ of a generic line l is: 

                                                         ℎ𝐼𝑙𝜑
= √𝑖𝑙𝜑

𝑥 2
     (4.8) 
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It is possible to notice that current magnitude measurements introduce nonlinearities in the 

estimator model and lead to the coupling between real and imaginary state variables. However, 

they are still related to state variables belonging only to the same phase φ of the measurement, 

thus, no coupling among the different phases is introduced. 

4.5.4 Voltage Magnitude Measurement Function 

The voltage phasor: 

                                                         [𝜐𝑖𝜑 = 𝜐1𝜑 − ∑ 𝑍𝑘1𝜑
𝑖𝑘𝑘∈𝑇 ] 𝑒−𝑗𝛿𝑖𝜑

               (4.9) 

Where, 𝛿𝑖𝛿 is the angle of the considered voltage on the phase φ of node i. With further 

modifications, it is possible to write: 

                          
( )









−= 



−


−



Tk

1j
k,k

11j
1i eiZeVReV    (4.10) 

 

And, the final function of the voltage magnitude measurement is: 

 

( ) ( ) ( ) ( ) ( )  +−−−−=
keT

i
x
k,k

T
k,ki

keT

x
k,k

r
k,ki11i siniRiXcosiXiRcosVhv   (4.11) 

Where, 𝑅𝑘,𝜑 and 𝑋𝑘,𝜑 are the real and imaginary part respectively of the considered row vector of 

the three-phase impedance matrix 𝑍𝑘,𝜑 for branch k. It can be seen that the relationship for the 

voltage magnitude measurement is nonlinear and introduces in the estimator model coupling both 

between real and imaginary components of the currents and between the different phases of the 

system. 



35 
 

To solve the WLS problem, the computation of their derivatives with respect to each state variable 

has to be developed in order to achieve the Jacobian matrix other than the definition of the 

measurement functions. Details on the resulting Jacobian terms for each measurement function are 

provided in next section. 

4.6 Jacobian Matrix formation of WLS BCDSSE 

The Jacobian of the BCDSSE includes all the derivatives of the traditional measurements with 

respect to the real and imaginary components of the branch currents. The relationships associated 

to the different Jacobian terms are given below as resembling the same scheme of measurement 

function: 

4.6.1 Active and Reactive Power Flow 
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Where, 𝛼 is +1 or -1 depending on the direction of the measured power with respect to the 

conventional direction assumed for the branch current. 

4.6.2 Active and Reactive Power Injection 
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Where, 𝛼 is +1 for positive powers drawn by loads and -1 for positive power generation. 

 

4.6.3 Current Magnitude 
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Where, 𝜃𝑙 𝜑
 is the angle of the current in branch l and for phase 𝜑. 

4.6.4 Voltage Magnitude 

T is the set of branches linking the chosen slack bus to the bus i. the voltage measurement is as 

follow: 
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Where, 𝑟𝑗
𝜑𝜑

 and 𝑥𝑗
𝜑𝜑

 are the real and the imaginary part of the self-impedance in branch ji. 𝑟𝑗
𝜑𝜑

 

and 𝑥𝑗
𝜑𝜑

are the real and the imaginary part of the mutual-impedance in branch j between phases φ 

and ψ; δiφ is the voltage angle of bus i for phase φ. 

 

4.7 WLS BCDSSE Algorithm 

BCDSSE constructs the Jacobian and gain matrices and solves the update equations iteratively 

formulated earlier. The algorithm involves the following steps at each iteration k: 
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• Step 1: convert all measurements into equivalent current measurements using equations 

provided in previous section. 

• Step 2: Use current measurements to obtain an estimate of branch currents by solving the 

update equations (4.4) for each phase ϕ = a,b,c. 

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

procedure. 

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

permissible convergence tolerance then stop, otherwise go back to step 1. 

 

4.8 Bad Data Detection 

Bad measurement data detection is an important element at this point of the distribution state 

estimation. If bad data is enormously present as an input to the state estimators, then the system’s 

state variables will be way out from the expected estimates. An algorithm is incorporated with the 

state estimation method in order to distinguish bad measurements and eliminate them. Chi-Square 

testing method is one of many data identification techniques which is used in this thesis. The 

identification is performed by the largest normalized residual test, which is widely used for this 

purpose. One indication for the presence of corrupted data in the set of measurements is the 

magnitude of the residual, J(x), which is the product of state estimation as discussed previously. 

Comparatively small value of J(x) indicates that the measurement set does not contain significant 

corrupted measurements. However, there is a possibility for the presence of corrupted data if the 

residual converges to a big number. To figure out the boundary or the range of residuals to be 

considered a good or a bad number, the residual must follow a specific distribution as the 

measurement function. Therefore, the residual J(x) is supposed to have a probability distribution 
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function (PDF) of Chi-Square distribution, χ2 (K). K is the degree of freedom of this distribution, 

which is the difference between the number of measurements (Nm) and the number of states (Ns) 

as shown below: 

 

                                                                               4.12 

 

A hypothesis test is performed to figure out if the residual is in acceptable state or not. As the 

hypothesis test is performed on the residual value, it is not necessary to define a threshold value 

as long as the significant figure α is known. Significant figure is the probability in which the 

residual would be larger than a specified threshold LJ. An example is presented in the next section 

for further clarification. 

 

4.8.1 Chi-Square Distribution for Bad data Detection 

Assuming six independent measurements are received from a substation feeder for that single 

bus for the variables given in Table 4.1, considering that they have been taken from a sample 

following a normal distribution. 

Variable x1 x2 x3 x4 x5 x6 

Meas.value 1.8 0.9 0.4 -.25 -1.8 2.9 

Table 4. 1: Arbitrary measured data in an arbitrary bus for chi-square test 

 

To solve the problem, 95% confidence is considered for the bad data detection using Chi-Square 

distribution. From the problem statement, it is concluded that the significant figure α is 5 (100-95), 

and that the calculation of degree of freedom as follow:  



40 
 

 

K=Nm - (2n - 1) = 6 – (2 x 1 -1) = 6 – 1 = 5 

Where, n is 1 as a single bus data was considered and Nm is 6. Therefore; to obtain the probability 

of finding this value using the Chi-Square method, the sum of the squares of all six measurements 

has to be calculated as below: 

𝐽(𝑥) =  

6

∑ 𝑥𝑖
2

𝑖 = 1

 

J(x) = 3.24+ 0.81+ 0.16+ 0.0625+ 3.24+ 8.41 = 15.9225 

By using the Chi-Square distribution table and the calculated values, the degree of freedom and 

the significant figure, a value for the threshold is extracted randomly, where LJ = 12.139. 

Therefore, from the Figure 4.1 below, the sum of the squares found to be lying in the rejected area. 

It happened because L was bigger than the threshold LJ; since J(x) = 154.9225 > LJ =11.070. This 

concludes that the data collected failed the test and it contains “bad” data. For the WLS method, 

following residual matrix as mentioned in 4.2 is used to compare with LJ: 

𝐽(𝑥) = ∑
𝜔𝑖[𝑦𝑖 − ℎ𝑖(𝑥)]2

𝑒𝑖
2

𝑀

𝑖=1

 

 

 

According to the pre-stated confidence percentage and degree of freedom in the problem 

statement, a value from the Chi-Square distribution table is registered for that probability as 

threshold (LJ). Both J(x) and LJ are compared to examine the existence of bad data in the system. 

Therefore, if J(x) ≥ LJ, then corrupted data is present. Otherwise, the measurements set is assumed 

to be acceptable.  
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Figure 4. 1: Chi-Square PDF testing for bad data detection 
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Chapter 5: Unbalanced DSSE Based on Load Correction Method 

 

5.1 Introduction to Load Correction Based DSSE 

This chapter presents a state estimation technique in the radial distribution network based on load 

flow calculation algorithm. Iterative backward/forward sweep algorithm is used to calculate load 

flow of the radial network. Unlike WLS, Load correction technique does not require to calculate 

Jacobian matrices and is applicable to both balanced and unbalanced distribution network. This 

technique is found to be a very practical approach due to its rigid performance with minimum 

available measurements. 

 

5.2 Load Correction Based DSSE 

The load correction approach for state estimation in radial distribution networks is a practical 

algorithm based on the adjustment of the load (active and reactive power at network buses) so that 

the values conform the real-time measurement data. Through iterative procedure, the bus loads are 

adjusted based on backward/forward sweep power flow computation by treating voltage and power 

measurements in a substation as real-time (true) information. A practical method for DSSE in the 

distribution network must include the real conditions of the network. Due to the insufficient 

number of real-time (telemetric) measurements, it is necessary to make the system observable in 

some way with the introduction of so-called pseudo-measurements. The pseudo-measurements are 

the load data taken from historical load profiles in the network buses. 
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5.3 Measurements for Load Correction DSSE 

The results of the state estimation in a distribution network are the estimated values of voltages at 

all buses, currents, active and reactive power in all branches and power losses in the network. In 

order to begin the process of state estimation using this simple algorithm, the next set of data must 

be available for the moment in which the state estimation is performed: 

• The voltage at root bus (source substation) as real-time measurement.  

• The active and reactive powers (or current magnitudes and power factors) at source 

substation feeder as real-time measurements. 

• The loads at all buses of the network as pseudo-measurements. 

 

5.4 Load Correction Based DSSE Algorithm 

The DSSE algorithm for unbalanced radial distribution networks based on iterative load correction 

consists three main steps described below. General flow chart of the load correction state 

estimation algorithm is presented in Figure 5.1. 

• Initial Calibration of active and reactive power of loads based on the normalized daily load 

diagrams and load weights. The normalized daily load profiles for active (LP) and reactive 

(LQ) power are established based on historical load data in the network. For the load weight 

can be used nominal powers (𝑃[𝑛𝑜𝑚] and 𝑄[𝑛𝑜𝑚]) of the loads. Therefore, the initial loads 

at moment (hour) T, at bus i, can be obtained using following equations: 

 

                                          Pi(T)= 𝑃[𝑛𝑜𝑚]i*LP(T)                                                (5.1) 

                                          Qi(T)= 𝑄[𝑛𝑜𝑚]i*LQ(T)                                              (5.2) 
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• Generate Measurements as an input to the state estimator. There are two types of 

measurements:  

(i) Real-time (true) measurements: Voltage (for all three phases) at the source substation, 

and three-phase active and reactive powers at the source substation (in feeding line of the 

distribution system).   

(ii) Pseudo-measurements for load data: The measurements were generated using three-

phase backward/forward sweep power flow program with addition of uniformly distributed 

random component to generate measurement error. Measurements have been produced by 

adding uniformly distributed random component to load flow results as true, where the 

power flow is performed with the values of loads given by (5.1) and (5.2).  

For example, measured value of voltage at source substation  𝑉0
[𝑚𝑒𝑎𝑠]

 is generated as 

follows: 

                              𝑉0
[𝑚𝑒𝑎𝑠]

=  𝑉0
[𝑡𝑟𝑢𝑒]

(1 −
𝐸𝑣

100
) + 2 ⋅ 𝑟𝑎𝑛𝑑 ⋅ 𝑉0

[𝑡𝑟𝑢𝑒]
⋅

𝐸𝑣

100
                   (5.3) 

Where, 𝑉0
[𝑚𝑒𝑎𝑠]

 is the measured value of voltage, 𝑉0
[𝑡𝑟𝑢𝑒]

 is the true value of voltage, 𝐸𝑣 is 

the error of voltage measurement in (%), rand is uniformly distributed random number in 

the interval (0,1). 

• State Estimation: Iterative correction of the power of loads based on the calculated and 

measured values of active and reactive power at source substation (in feeding branch). 

After power flow calculation, it compares the calculated and the measured quantities 

(active and reactive power at source substation). If difference between calculated and 

measured quantity is higher than permitted convergence criterion value, the load correction 

at buses is performed using the following equations: 
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Q  are calculated value of active and reactive powers in source 

substation, k is the iteration index and a, b, c are phases.  

• Calculate "true" values of variables in the system at moment T (hour) using true voltage at 

substation 𝑉0
[𝑡𝑟𝑢𝑒]

 and load given by (5.1) and (5.2) to compare with estimated values. 

 

This DSSE technique is very simple, robust and applicable to all radial distribution networks with 

minimum real measurements. It can be applied to both balanced and unbalanced distribution 

network using similar algorithm. Another important advantage of this method over WLS is that, 

there is no need of differential equations of Jacobian matrices. 
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Figure 5. 1: Load correction based DSSE flow chart 
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Chapter 6: Performance Analysis 

 

6.1 Case Study on IEEE 13 Bus Network System 

6.1.1 WLS DSSE Performance 

Branch currents are used as state variable which is described in previous chapter on WLS DSSE. 

The state vector is solved iteratively until the convergence criteria is satisfied. To verify if the 

WLS DSSE is converging closer value to the measured value, the algorithm is compiled in 

MATLAB platform for two cases. The test feeder presented here is a 13 bus, 4.16kv three-phase 

radial network [23]. The base case power flow calculation conforms the IEEE standard validity 

for the network. Two kind of measurements are used; AMI load measurements and real 

measurements on the substation feeder. Feeder real (true) measurements are power flow and 

voltage in the substation feeder line. Load measurements are noised by adding 35% error for the 

simulation. Series of data tables and graphs are shown to compare the true and estimated value. 

The measurement standard deviation (σ) of 0.03 (20% accuracy of measured value) is selected 

for power and current measurements from a normal distribution. Standard deviation (σ) of 0.0095 

(3% accuracy of measured value) is selected for voltage magnitude to add measurement errors. 

Table 6.1 and Table 6.2 represent the estimation of bus voltage magnitudes and angles 

respectively. Figure 6.1 represents the graphical view of the voltage magnitudes with percentage 

of errors for all three phases in the estimation process. 

BUS Phase A (pu) Phase B (pu) Phase C (pu) 

No Estim. True Estim. True Estim. True 

650 1.0650 1.0625 1.0525 1.0500 1.0712 1.0687  

632 1.0237     1.0211     1.0445     1.0420     1.0201     1.0174 
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633 1.0209     1.0180     1.0429     1.0401     1.0177    1.0148 

634 0.9988     0.9941     1.0270     1.0218    1.0006     0.9960 

645 0.0000 0.0000 1.0353     1.0328     1.0182     1.0155 

646 0.0000 0.0000 1.0336     1.0311    1.0161     1.0134 

671 0.9924     0.9901     1.0546     1.0529     0.9801     0.9779 

680 0.9924    0.9901    1.0545     1.0529    0.9801    0.9779 

684 0.9907     0.9881     0.0000     0.0000 0.9779     0.9759 

611 0.0000 0.0000 0.0000 0.0000 0.9758     0.9738 

652 0.9854     0.9826     0-0000 0.0000 0.0000 0.0000  

692 0.9924     0.9901      1.0545     1.0529       0.9801     0.9779 

675 0.9861     0.9836     1.0569     1.0553    0.9783     0.9759 

Table 6. 1: Estimated voltage magnitude for 13 bus network in pu using WLS 

   

BUS Phase A (dg) Phase B (dg) Phase C (dg) 

No Estim. True Estim. True Estim. True 

650 0.000 0.000 -120.000 -120.000 120.000 120.000 

632 -2.475 -2.489 -121.710 -121.720 117.842 117.829 

633 -2.536 -2.554 -121.750 -121.765 117.842 117.825 

634 -3.152 -3.230 -122.151 -122.221 117.419 117.345 

645 0.000 0.000 -121.891 -121.899 117.867 117.856 

646 0.000 0.000 -121.967 -121.975 117.911 117.901 

671 -5.274 -5.295 -122.352 -122.342 116.013 116.025 

680 -5.274 -5.295 -122.352 -122.342 116.012 116.025 

684 -5.296 -5.318 0.000 0.000 115.907 115.924 

611 0.000 0.000 0.000 0.000 115.759 115.777 

652 -5.223 -5.242 0.000 0.000 0.000 0.000 

692 -5.274 -5.295 -122.352 -122.342 116.012 116.025 

675 -5.517 -5.543   -122.528 -122.517 116.027 116.038 

Table 6. 2: Estimated bus voltage angles for 13 bust network in degree using WLS 
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Figure 6. 1: True and estimated voltage magnitude with percentage of estimation errors for using 

WLS 
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The voltage estimation is for all the phases are very close to the true base case value. Maximum 

error is recorded for phase ‘A’ in bus 634 which is about 0.5%. Minimum error is recorded for 

phase c in bus 652 which is about 0.2%. Bus voltage angle estimation providing good response as 

it can be seen the angle deviation is higher in the far end buses from substation which is 

understandable. Table 6.3 and Figure 6.2 represent the branch current magnitude for all the phases. 

BRANCH Phase A Phase B Phase C 

Bus_i to Bus_J Estim. True Estim. True Estim. True 

650            632 559.867 558.331 416.014 414.867 588.160 586.557 

632            633 82.329 81.323 61.739 61.123 63.524 62.703 

633            634 713.518 704.802 535.073 529.739 550.549 543.433 

632            645 0.000 0.000 132.881 143.025 60.693 65.206 

645            646 0.000 0.000 60.694 65.207 60.694 65.207 

632            671 470.867 470.132 198.088 186.409 427.440 420.610 

671            680 0.002 0.002 0.002 0.002 0.001 0.001 

671            692 221.101 229.053 70.189 69.600 174.939 178.360 

692            675 196.874 205.292 70.178 69.589 117.170 124.059 

671            684 59.372 63.074 0.000 0.000 68.855 71.150 

684            611 0.000 0.000 0.000 0.000 68.855 71.150 

684            652 59.381 63.083 0.000 0.000 0.000 0.000 

Table 6. 3Table: Estimated branch currents (A) for 13 bus network using WLS 
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Figure 6. 2: Estimated vs true Brach current magnitude for 13 bus network using WLS 

 

Following Table 6.4 and Figure 6.3 shows are active power estimation based on WLS method for 

13 bus system. 

BRANCH Phase A Phase B Phase C 

Bus_i to Bus_J Estim. True Estim. True Estim. True 

000            650 1254.258 1251.353 979.620 977.334 1351.548 1348.441 

650            632 1232.631 1229.846 982.884 980.581 1309.875 1306.994 

632            633 165.692 162.515 122.927 121.424 122.239 121.495 

633            634 163.112 159.998 121.475 120.001 120.703 119.999 

632            645 0.000 0.000 308.746 331.753 4.339 79.445 

645            646 0.000 0.000 150.353 161.481 74.105 79.175 

632            671 1039.419 1039.483 491.960 464.877 970.260 957.016 

671            680 -0.000 -0.000 0.001 0.001 -0.000 -0.000 
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671            692 512.124 531.020 65.044 68.343 408.278 416.110 

692            675 464.660 484.971 64.693 68.000 274.147 289.997 

671            684 117.904 124.403 -0.000 -0.000 160.285 165.939 

684            611 0.000 0.000 0.000 0.000 159.924 165.553 

684            652  117.189 123.595 0.000 0.000 0.000 0.000 

Table 6. 4: Estimation of active power flow (kw) for 13 bus network using WLS 
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Figure 6. 3: Estimated vs true active power flow (kw) comparison for 13 bus network using WLS 

 

Active power estimation is under acceptable range for measurement variance of 100. Figure 6.4 

and Table 6.5 illustrates the estimation accuracy for reactive power flow for the 13-bus network 

below.  

BRANCH Phase A Phase B Phase C 

Bus_i to Bus_J Estim. True Estim. True Estim. True 

000            650 682.887    681.303    374.278    373.410    671.192    669.651 

650            632 603.024    601.878    341.984    341.295    589.536    588.438 

632            633 114.110    114.573     93.032     92.583     94.869     92.718 

633            634 109.421    109.997     90.395     89.998     92.078     89.998 

632            645 0.000 0.000 115.644    125.774    127.926    137.766 

645            646 0.000 0.000 0.073      0.562    27.741    137.552 

632            671 414.169    411.406     89.982     78.150    254.675    244.887 

671            680 -0.004     -0.004     -0.004     -0.004    -0.004     -0.004 

671            692 117.348    121.206   -164.839   -162.196     43.159     48.280 

692            675 -15.795     -3.572   -165.375   -162.741     13.556     21.486 

671            684 77.013     83.258      0.000 0.000 -17.813    -16.540 
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684            611 0.000 0.000 0.000 0.000 -18.177    -16.927 

684            652  76.783     82.993      0.000 0.000 0.000 0.000 

Table 6. 5: Estimation of reactive power flow (kvar) for 13 bus network using WLS 
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Figure 6. 4: Estimated vs true reactive power flow (kvar) with estimation error for 13 bus 

network using WLS 

 

Total estimated 

active Power (kw) 

Total true active 

power (kw) 

Total estim. reactive 

power (kvar) 

Total true reactive 

power (kvar) 

111.045 110.985 327.087 324.703 

Table 6. 6: Total estimated vs true active and reactive power loss for 13 bus network using WLS 

Figure 6. 5: Total active (kw) and reactive (kvar) power loss estimation for 13 bus network based 

on WLS DSSE 
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Figure 6. 6: Estimation error comparison for bus voltage magnitudes in phase A for different 

load measurement errors 

 

When the measurement error is high, estimation error is supposed to be higher. Figure 6.6 shows 

the estimation error characteristics for bus voltage in phase a using load measurement error of 

10%, 20%, 30% and 50%. Estimation graph for measurement error 50% has the most accurate 

estimation. On the other hand, estimation with measurement error 10% has the lowest amount of 

estimation error. However, the range of estimation falls under a narrow margin which makes the 

method very effective.   

 

6.1.2 Load Correction DSSE Performance 

The LC DSSE analysis was performed on standard IEEE 13-bustest feeder with voltage 

measurements at the substation and power flow measurements in substation feeding line. All loads 

are considered as pseudo measurements. It is assumed that the active and reactive power of loads 

are changed in same manner with normalized daily load diagram given in Figure 6.6. The load 
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weights are nominal powers for IEEE 13-bus system.  Based on these data, initial calibration of 

load for a given moment (T) is performed as described. The error of real-time (true) measurement 

for voltage was assumed up to 1%. The error of real-time (true) measurements for three-phase 

active and reactive power in feeding line was assumed up to 3 %, whereas the error in pseudo-

measurement of load was considered to vary up to 50 %. For the simulation output presented 

below; voltage error is 1%, feeding line active and reactive power error is 3% and metered load 

error is 30%.  

 

Figure 6. 7: Normalized daily load diagram 

 

Table 6.7 and Figure 6.8 represent the estimated vs true voltage magnitude in pu based on load 

correction method for 13 bus network system. Table 6.8 shows the voltage angle estimation in 

degree for 13 bus network system using load correction method. 
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BUS Phase A (pu) Phase B (pu) Phase C (pu) 

No Estim. True Estim. True Estim. True 

650 1.0546 1.0625 1.0422 1.0500 1.0608 1.0687 

632 1.0118 1.0211 1.0340 1.0420 1.0078 1.0174 

633 1.0090 1.0180 1.0321 1.0401 1.0049 1.0148 

634 0.9852 0.9941 1.0142 1.0218 0.9848 0.9960 

645 0.0000 0.0000 1.0246 1.0328 1.0053 1.0155 

646 0.0000 0.0000 1.0227 1.0311 1.0030 1.0134 

671 0.9792 0.9901 1.0441 1.0529 0.9684 0.9779 

680 0.9792 0.9901 1.0441 1.0529 0.9684 0.9779 

684 0.9772 0.9881 0.0000 0.0000 0.9672 0.9759 

611 0.0000 0.0000 0.0000 0.0000 0.9660 0.9738 

652 0.9720 0.9826 0-0000 0.0000 0.0000 0.0000 

692 0.9792 0.9901 1.0441 1.0529 0.9684 0.9779 

675 0.9728 0.9836 1.0466 1.0553 0.9660 0.9759 

Table 6. 7: Estimated voltage magnitude (pu) for 13 bus network using load correction method 
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Figure 6. 8: Estimated voltage vs true voltage with estimation error for 13 bus network using 

load correction method 
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BUS Phase A (dg) Phase B (dg) Phase C (dg) 

No Estim. True Estim. True Estim. True 

650 0.000 0.000 -120.000 -120.000 120.000 120.000 

632 -2.525 -2.489 -121.744 -121.720 117.797 117.829 

633 -2.565 -2.554 -121.786 -121.765 117.792 117.825 

634 -3.050 -3.230 -122.167 -122.221 117.429 117.345 

645 0.000 0.000 -121.919 -121.899 117.815 117.856 

646 0.000 0.000 -121.989 -121.975 117.855 117.901 

671 -5.515 -5.295 -122.401 -122.342 115.973 116.025 

680 -5.515 -5.295 -122.401 -122.342 115.973 116.025 

684 -5.540 -5.318 0.000 0.000 115.867 115.924 

611 0.000 0.000 0.000 0.000 115.709 115.777 

652 -5.443 -5.242 0.000 0.000 0.000 0.000 

692 -5.515 -5.295 -122.401 -122.342 115.973 116.025 

675 -5.772 -5.543 -122.587 -122.517 115.989 116.038 

Table 6. 8: Estimated bus voltage angles (dg) for 13 bust network in degree using LC method 

 

Estimated branch currents are presented below in Table 6.9 and Figure 6.9 for IEEE 13 bus 

network. Specific amount of error being added with the measurements as mentioned earlier.  

BRANCH Phase A Phase B Phase C 

Bus_i to Bus_J Estim. True Estim. True Estim. True 

650            632 561.347 558.331 417.111 414.867 589.729 586.557 

632            633 61.010 81.323 49.768 61.123 45.690 62.703 

633            634 528.760 704.802 431.322 529.739 395.985 543.433 

632            645 0.000 0.000 140.939 143.025 59.180 65.206 

645            646 0.000 0.000 59.181 65.207 59.181 65.207 

632            671 491.369 470.132 190.607 186.409 431.039 420.610 

671            680 0.002 0.002 0.002 0.002 0.001 0.001 
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671            692 250.996 229.053 67.216 69.600 183.769 178.360 

692            675 229.509 205.292 67.206 69.589 139.074 124.059 

671            684 73.363 63.074 0.000 0.000 80.294 71.150 

684            611 0.000 0.000 0.000 0.000 80.294 71.150 

684            652 73.372 63.083 0.000 0.000 0.000 0.000 

Table 6. 9: Estimated branch currents (A) for 13 bus network using LC method 

Figure 6. 9: Estimated vs true Brach current magnitude for 13 bus network using LC method 

 

Active power and reactive power flow estimation is one of the parameters to understand the 

efficiency of a DSSE. Load correction method does a decent job to estimate power flow the 
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network. Table 6.10, Figure 6.10 and Table 6.11 and Figure 6.11 resembles are estimation of active 

power flow and reactive power flow respectively based on LC method for 13 bus network system. 

 

BRANCH Phase A Phase B Phase C 

Bus_i to Bus_J Estim. True Estim. True Estim. True 

000            650 1247.636 1251.353 974.438 977.334 1344.441 1348.441 

650            632 1225.896 1229.846 977.719 980.581 1302.544 1306.994 

632            633 118.961 162.515 98.729 121.424 88.834 121.495 

633            634 117.545 159.998 97.785 120.001 88.040 119.999 

632            645 0.000 0.000 322.318 331.753 72.358 79.445 

645            646 0.000 0.000 145.339 161.481 72.136 79.175 

632            671 1074.368 1039.483 471.545 464.877 963.610 957.016 

671            680 -0.000 -0.000 0.001 0.001 -0.000 -0.000 

671            692 574.895 531.020 83.452 68.343 421.905 416.110 

692            675 534.689 484.971 83.154 68.000 319.295 289.997 

671            684 140.563 124.403 -0.000 -0.000 185.689 165.939 

684            611 0.000 0.000 0.000 0.000 185.204 165.553 

684            652 139.471 123.595 0.000 0.000 0.000 0.000 

Table 6. 10: Estimation of active power flow (kw) for 13 bus network using LC method 
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Figure 6. 10: Estimated active power flow (kw) comparison for 13 bus network using LC method 
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BRANCH Phase A Phase B Phase C 

Bus_i to Bus_J Estim. True Estim. True Estim. True 

000            650 679.289 681.303 372.317 373.410 667.684 669.651 

650            632 599.004 601.878 339.853 341.295 585.590 588.438 

632            633 87.965 114.573 73.873 92.583 65.632 92.718 

633            634 85.391 109.997 72.161 89.998 64.188 89.998 

632            645 0.000 0.000 127.597 125.774 123.444 137.766 

645            646 0.000 0.000 -0.459 0.562 123.267 137.552 

632            671 425.538 411.406 80.644 78.150 267.523 244.887 

671            680 -0.004 -0.004 -0.004 -0.004 -0.004 -0.004 

671            692 133.922 121.206 -146.613 -162.196 61.514 48.280 

692            675 32.417 -3.572 -147.173 -162.741 41.112 21.486 

671            684 99.352 83.258 0.000 0.000 -7.164 -16.540 

684            611 0.000 0.000 0.000 0.000 -7.658 -16.927 

684            652 98.974 82.993 0.000 0.000 0.000 0.000 

Table 6. 11: Estimation of reactive power flow (kvar) for 13 bus network using LC method 
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Figure 6. 11: Estimated vs true reactive power flow (kvar) for 13 bus network using LC method 
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Total active power loss of the network is estimated with an estimation error of about 2.3% and 

total reactive power loss estimation got an error of about 3%. Following Table 6.12 and Figure 

6.12 illustrate the total power loss estimation using load correction method. 

Total estimated 

active Power (kw) 

Total true active 

power (kw) 

Total estim. reactive 

power (kvar) 

Total true reactive 

power (kvar) 

113.595 110.985 333.720 324.703 

Table 6. 12: Total estimated vs true active and reactive power loss for 13 bus network using LC 

Table 6. 12: Total active (kw) and reactive (kvar) power loss estimation for 13 bus network 

based on LC DSSE 

 

The MATLAB simulation was performed for different measurement errors for substation voltage 

measurements and load (P and Q) measurements. Figure 6.13 and Figure 6.14 Shows are 

estimation errors for different amount of noised measurements. These figures clearly depict the 

consistency of the estimation process. Higher amount of measurement error created larger 

estimation error which is understandable. Figure 6.14 is showing the measurements used for the 

13-bus case simulation. 
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Figure 6. 12: Estimation errors of voltage magnitudes in phase A for different measurement 

errors for voltage at substation bus using LC method 

 

Figure 6. 13: Estimation errors of active power flow in phase A for different load bus (P and Q) 

measurement errors using LC method 
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Figure 6. 14: Measurements for 13 bus network distribution system state estimation 

 

 

6.2 Case Study on IEEE 37 Bus Network System 

6.2.1 WLS DSSE Performance 

Branch currents are used as state variable which is described in previous chapter on WLS DSSE. 

The state vector is solved iteratively until the convergence criteria is satisfied. To verify if the 

WLS DSSE is converging closer value to the measured value, the algorithm is compiled in 

MATLAB platform for two cases. The test feeder presented here is a 37 bus, 29.6kv three-phase 

radial network [23]. The base case power flow calculation conforms the IEEE standard validity 

for the network. Two kind of measurements are used; AMI load measurements and real 

measurements on the substation feeder. Feeder real (true) measurements are power flow and 

voltage in the substation feeder line. Load measurements are noised by adding 35% error for the 
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simulation. Series of data tables and graphs are shown to compare the true and estimated value. 

The measurement standard deviation (σ) of 0.026 (20% accuracy of measured value) is selected 

for power and current measurements from a normal distribution. Standard deviation (σ) of 0.0095 

(3% accuracy of measured value) is selected for voltage magnitude to add measurement errors. 

Table 6.13 through Table 6.17 represent the estimation of bus voltage magnitudes, current, active 

power and reactive power respectively. Figure 6.15 through 6.19 represents the graphical view of 

the estimated parameters for IEEE 37 bus-feeder network. 

BUS Phase A (pu) Phase B (pu) Phase C (pu) 

Node No Estim. True Estim. True Estim. True 

799 1.0008 1.0000 1.0008 1.0000 1.0008 1.0000 

701 0.9850 0.9845 0.9907 0.9902 0.9864 0.9859 

702 0.9766 0.9762 0.9850 0.9845 0.9792 0.9789 

703 0.9686 0.9683 0.9800 0.9794 0.9746 0.9742 

730 0.9624 0.9624 0.9763 0.9757 0.9707 0.9704 

709 0.9606 0.9606 0.9751 0.9745 0.9697 0.9693 

775 0.9604 0.9604 0.9753 0.9747 0.9697 0.9693 

708 0.9578 0.9578 0.9734 0.9729 0.9684 0.9680 

732 0.9575 0.9575 0.9734 0.9729 0.9681 0.9677 

733 0.9551 0.9552 0.9718 0.9713 0.9672 0.9668 

734 0.9511 0.9513 0.9696 0.9690 0.9652 0.9648 

737 0.9478 0.9480 0.9674 0.9668 0.9643 0.9639 

738 0.9465 0.9467 0.9667 0.9662 0.9638 0.9633 

711 0.9459 0.9460 0.9667 0.9662 0.9633 0.9627 

741 0.9458 0.9458 0.9668 0.9662 0.9631 0.9626 

740 0.9456 0.9457 0.9668 0.9662 0.9629 0.9624 

710 0.9499 0.9503 0.9692 0.9685 0.9635 0.9633 

735 0.9495 0.9500 0.9692 0.9685 0.9631 0.9629 
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736 0.9500 0.9503 0.9681 0.9672 0.9627 0.9623 

731 0.9606 0.9606 0.9744 0.9739 0.9690 0.9687 

727 0.9675 0.9671 0.9792 0.9785 0.9739 0.9734 

744 0.9670 0.9665 0.9787 0.9779 0.9736 0.9732 

728 0.9666 0.9661 0.9783 0.9775 0.9733 0.9728 

729 0.9667 0.9662 0.9785 0.9777 0.9736 0.9732 

713 0.9750 0.9747 0.9834 0.9829 0.9772 0.9769 

704 0.9735 0.9732 0.9810 0.9806 0.9748 0.9745 

720 0.9721 0.9719 0.9786 0.9784 0.9712 0.9711 

706 0.9721 0.9718 0.9783 0.9781 0.9709 0.9707 

725 0.9721 0.9718 0.9780 0.9778 0.9707 0.9705 

707 0.9716 0.9713 0.9743 0.9743 0.9672 0.9672 

722 0.9715 0.9713 0.9739 0.9738 0.9668 0.9668 

724 0.9716 0.9713 0.9735 0.9735 0.9666 0.9666 

714 0.9733 0.9730 0.9808 0.9804 0.9747 0.9745 

718 0.9723 0.9720 0.9799 0.9796 0.9748 0.9745 

705 0.9758 0.9753 0.9840 0.9836 0.9777 0.9773 

712 0.9754 0.9749 0.9840 0.9836 0.9773 0.9768 

742 0.9757 0.9753 0.9832 0.9829 0.9771 0.9768 

Table 6. 13: Estimated voltage magnitude for 37 bus network in pu using WLS 
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Figure 6. 15: Estimated voltage vs true voltage with estimation error for 37 bus network using 

WLS method 

 

 



72 
 

BRANCH Phase A Phase B Phase C 

Bus_i Bus_J Estim. True Estim. True Estim. True 

799 701 380.438 373.318 281.657 276.391 362.395 355.642 

701 702 273.868 271.323 221.870 219.250 256.553 252.801 

702 703 194.261 192.612 133.652 136.184 134.865 134.025 

703 730 154.948 149.344 101.700 100.201 110.009 107.488 

730 709 136.613 133.055 101.711 100.211 89.497 89.302 

709 775 0.004 0.004 0.004 0.004 0.004 0.004 

709 708 136.621 133.062 89.447 87.991 77.136 76.515 

708 732 9.247 10.198 0.005 0.005 9.251 10.202 

708 733 129.023 124.700 89.465 88.008 67.917 66.367 

733 734 109.862 107.477 67.691 68.528 67.917 66.368 

734 737 81.370 82.555 63.226 63.216 28.670 30.393 

737 738 52.295 52.655 31.825 30.623 28.668 30.392 

738 711 28.641 30.365 0.029 0.029 28.667 30.390 

711 741 7.966 9.777 0.008 0.008 7.972 9.783 

711 740 20.692 20.605 0.003 0.003 20.695 20.607 

734 710 23.899 20.511 7.923 9.491 28.503 26.466 

710 735 23.940 20.552 0.003 0.003 23.942 20.554 

710 736 0.019 0.019 7.922 9.489 7.905 9.472 

709 731 0.011 0.011 19.196 19.084 19.186 19.074 

703 727 39.518 43.560 31.991 36.027 25.014 26.678 

727 744 31.958 35.976 31.997 36.033 15.947 17.422 

744 728 16.332 17.428 16.282 17.429 15.955 17.430 

744 729 8.561 9.783 8.557 9.779 0.004 0.004 

702 713 62.541 59.892 74.486 71.777 91.531 87.912 

713 704 42.097 41.514 74.490 71.780 74.374 72.263 

704 720 25.283 24.960 54.105 52.135 69.424 67.665 

720 706 0.020 0.020 10.222 10.034 10.204 10.016 

706 725 0.004 0.004 10.221 10.033 10.217 10.030 
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720 707 5.070 4.812 43.882 42.099 46.415 44.580 

707 722 5.102 4.844 33.890 32.609 36.517 35.179 

707 724 0.012 0.012 9.990 9.488 9.980 9.477 

704 714 23.314 23.021 26.408 25.822 5.198 4.832 

714 718 18.959 19.106 18.952 19.099 0.008 0.008 

702 705 18.969 21.092 23.056 20.160 34.207 34.022 

70S 712 17.777 20.108 0.004 0.004 17.781 20.111 

705 742 2.154 1.826 23.057 20.160 21.901 19.205 

Table 6. 14: Table: Estimated branch currents (A) for 37 bus network using WLS 

 

 

Figure 6. 16: Estimated vs true Brach current magnitude for 37 bus network using WLS method 
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BRANCH Phase A Phase B Phase C 

Bus_i to Bus_J Estim. True Estim. True Estim. True 

799 701 871.227 854.521 679.495 666.434 946.807 928.673 

701 702 641.345 635.880 531.159 523.532 658.667 649.269 

702 703 468.112 465.553 268.635 276.022 359.802 356.153 

703 730 366.956 353.679 203.226 203.016 293.357 285.644 

730 709 334.253 324.768 202.907 202.706 236.403 234.919 

709 775 0.000 0.000 -0.000 -0.000 -0.000 -0.000 

709 708 333.303 323.866 150.741 150.932 207.000 205.153 

708 732 13.445 14.697 -0.000 -0.000 24.758 27.302 

708 733 319.010 308.375 150.345 150.549 182.020 177.638 

733 734 260.375 255.753 116.155 119.963 181.639 177.276 

734 737 207.861 209.998 94.490 94.122 76.330 80.931 

737 738 125.383 124.368 47.750 45.790 76.285 80.879 

738 711 42.019 44.113 0.000 0.000 76.238 80.825 

711 741 11.386 13.849 0.000 0.000 21.228 26.045 

711 740 30.609 30.238 0.000 0.000 54.985 54.753 

734 710 35.644 30.379 21.262 25.435 75.221 68.797 

710 735 35.613 30.356 0.000 0.000 63.620 54.638 

710 736 0.000 0.000 21.239 25.401 11.546 14.103 

709 731 0.000 0.000 51.737 51.358 29.087 29.456 

703 727 98.725 109.581 64.377 71.982 65.325 69.434 

727 744 84.073 94.749 64.333 71.926 38.651 42.197 

744 728 39.263 41.675 39.097 42.144 38.636 42.180 

744 729 22.886 26.141 12.882 14.662 -0.000 -0.000 

702 713 136.400 131.122 198.010 190.897 215.531 207.092 

713 704 101.828 100.194 197.565 190.483 155.003 152.463 

704 720 39.075 38.240 146.593 141.118 146.580 144.477 

720 706 0.000 0.000 27.685 27.152 14.827 14.865 

706 725 0.000 0.000 27.677 27.143 14.818 14.857 
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720 707 7.837 7.375 118.366 113.467 76.856 74.915 

707 722 7.836 7.374 91.378 87.857 62.412 60.904 

707 724 0.000 0.000 26.924 25.551 14.375 13.948 

704 714 62.645 61.849 50.593 49.014 7.839 7.431 

714 718 50.889 51.276 29.590 29.727 -0.000 -0.000 

702 705 33.287 35.725 62.865 54.953 81.266 84.018 

705 712 27.451 30.769 -0.000 -0.000 47.943 54.231 

705 742 5.812 4.925 62.814 54.914 33.255 29.723 

Table 6. 15: Estimation of active power flow (kw) for 37 bus network using WLS 
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Figure 6. 17: Estimated active power flow (kw) comparison for 37 bus network using WLS 

method 

 

BRANCH Phase A Phase B Phase C 

Bus_i to Bus_J Estim. True Estim. True Estim. True 

799 701 565.152 554.298 369.194 362.016 291.363 285.863 

701 702 371.534 366.643 290.953 289.329 225.590 220.764 

702 703 229.768 224.550 244.104 245.833 56.715 63.792 

703 730 190.103 183.172 185.505 179.432 39.061 44.285 

730 709 143.340 141.380 185.381 179.313 44.238 48.577 

709 775 -0.010 -0.010 -0.010 -0.010 -0.010 -0.010 

709 708 142.851 140.920 188.418 183.033 1.506 6.495 

708 732 20.525 22.721 -0.013 -0.013 -1.739 -1.748 

708 733 121.889 117.793 188.273 182.895 3.127 8.132 

733 734 126.678 121.942 139.967 139.554 2.898 7.915 

734 737 49.777 54.224 140.720 140.816 -6.650 -6.468 

737 738 55.647 60.124 70.633 68.017 -6.632 -6.454 

738 711 62.220 66.264 -0.077 -0.077 -6.622 -6.449 

711 741 17.501 21.562 -0.020 -0.020 -1.480 -1.653 

711 740 44.759 44.741 -0.008 -0.008 -5.104 -4.759 
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734 710 51.843 44.665 -0.877 -1.387 11.595 16.083 

710 735 51.963 44.787 -0.008 -0.008 -5.990 -4.807 

710 736 -0.051 -0.051 -0.793 -1.307 17.648 20.954 

709 731 -0.030 -0.030 -3.237 -3.914 42.527 41.881 

703 727 38.479 40.279 58.242 66.052 17.039 18.926 

727 744 16.302 17.549 58.243 66.048 18.910 20.665 

744 728 19.298 20.987 20.493 21.283 18.951 20.705 

744 729 -1.525 -1.690 19.300 22.069 -0.012 -0.012 

702 713 99.764 94.759 44.670 42.226 122.403 117.270 

713 704 50.293 49.970 44.486 42.058 127.820 121.825 

704 720 55.792 55.288 -6.549 -8.247 115.892 110.837 

720 706 -0.054 -0.054 -1.228 -1.579 23.107 22.475 

706 725 -0.012 -0.012 -1.187 -1.539 23.147 22.515 

720 707 11.177 10.648 -5.371 -6.705 97.838 93.092 

707 722 11.282 10.754 -4.076 -5.122 75.352 71.935 

707 724 -0.031 -0.031 -1.238 -1.526 22.539 21.212 

704 714 -5.482 -5.300 50.915 50.200 11.647 10.725 

714 718 -4.461 -4.401 42.109 42.478 -0.022 -0.022 

702 705 39.030 44.429 0.901 -0.044 44.567 37.840 

705 712 39.440 44.772 -0.010 -0.010 -4.519 -4.792 

705 742 -0.378 -0.313 0.937 -0.005 49.103 42.650 

Table 6. 16: Estimation of reactive power flow (kw) for 37 bus network using WLS 
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Figure 6. 18: Estimated vs true reactive power flow (kvar) for 37 bus network using WLS 

method 

 

Total estimated 

active Power (kw) 

Total true active 

power (kw) 

Total estim. reactive 

power (kvar) 

Total true reactive 

power (kvar) 
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63.855 62.413 56.135 54.947 

Table 6. 17: Total estimated vs true active and reactive power loss for 37 bus network using 

WLS 

 

Figure 6. 19: Total active (kw) and reactive (kvar) power loss estimation for 37 bus network 

based on WLS DSSE 

 

6.2.2 Load Correction DSSE Performance 

The LC DSSE analysis was performed on standard IEEE 37-bus test feeder with voltage 

measurements at the substation and power flow measurements in substation feeding line. All loads 

are considered as pseudo measurements. It is assumed that the active and reactive power of loads 

are changed in same manner with normalized daily load diagram given in Figure 6.6. The load 

weights are nominal powers for IEEE 37-bus system.  Based on these data, initial calibration of 

load for a given moment (T) is performed as described. The error of real-time (true) measurement 

for voltage was assumed up to 1%. The error of real-time (true) measurements for three-phase 

active and reactive power in feeding line was assumed up to 3 %, whereas the error in pseudo-

measurement of load was considered to vary up to 50 %. For the simulation output presented 
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below; voltage error is 1%, feeding line active and reactive power error is 3% and metered load 

error is 30%. Table 6.18 through Table 6.22 represent the estimation of bus voltage magnitudes, 

current, active power and reactive power respectively. Figure 6.20 through 6.24 represents the 

graphical view of the estimated parameters for 37 bus-feeder network. 

BUS Phase A (pu) Phase B (pu) Phase C (pu) 

Node No Estim. True Estim. True Estim. True 

799 0.9998 1.0000 0.9998 1.0000 0.9998 1.0000 

701 0.9843 0.9845 0.9899 0.9902 0.9857 0.9859 

702 0.9762 0.9762 0.9844 0.9845 0.9789 0.9789 

703 0.9685 0.9683 0.9794 0.9794 0.9743 0.9742 

730 0.9627 0.9624 0.9758 0.9757 0.9707 0.9704 

709 0.9610 0.9606 0.9746 0.9745 0.9696 0.9693 

775 0.9608 0.9604 0.9749 0.9747 0.9697 0.9693 

708 0.9582 0.9578 0.9731 0.9729 0.9683 0.9680 

732 0.9579 0.9575 0.9731 0.9729 0.9680 0.9677 

733 0.9557 0.9552 0.9715 0.9713 0.9672 0.9668 

734 0.9519 0.9513 0.9693 0.9690 0.9653 0.9648 

737 0.9487 0.9480 0.9672 0.9668 0.9643 0.9639 

738 0.9474 0.9467 0.9666 0.9662 0.9637 0.9633 

711 0.9467 0.9460 0.9666 0.9662 0.9631 0.9627 

741 0.9465 0.9458 0.9666 0.9662 0.9630 0.9626 

740 0.9463 0.9457 0.9666 0.9662 0.9627 0.9624 

710 0.9510 0.9503 0.9688 0.9685 0.9638 0.9633 

735 0.9507 0.9500 0.9688 0.9685 0.9635 0.9629 

736 0.9510 0.9503 0.9676 0.9672 0.9629 0.9623 

731 0.9610 0.9606 0.9741 0.9739 0.9690 0.9687 

727 0.9673 0.9671 0.9785 0.9785 0.9736 0.9734 

744 0.9667 0.9665 0.9779 0.9779 0.9733 0.9732 
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728 0.9663 0.9661 0.9775 0.9775 0.9729 0.9728 

729 0.9665 0.9662 0.9777 0.9777 0.9733 0.9732 

713 0.9748 0.9747 0.9829 0.9829 0.9769 0.9769 

704 0.9733 0.9732 0.9807 0.9806 0.9747 0.9745 

720 0.9721 0.9719 0.9786 0.9784 0.9714 0.9711 

706 0.9720 0.9718 0.9783 0.9781 0.9711 0.9707 

725 0.9720 0.9718 0.9780 0.9778 0.9709 0.9705 

707 0.9716 0.9713 0.9747 0.9743 0.9678 0.9672 

722 0.9715 0.9713 0.9743 0.9738 0.9674 0.9668 

724 0.9716 0.9713 0.9740 0.9735 0.9672 0.9666 

714 0.9732 0.9730 0.9805 0.9804 0.9747 0.9745 

718 0.9722 0.9720 0.9797 0.9796 0.9747 0.9745 

705 0.9754 0.9753 0.9834 0.9836 0.9774 0.9773 

712 0.9750 0.9749 0.9834 0.9836 0.9769 0.9768 

742 0.9753 0.9753 0.9827 0.9829 0.9768 0.9768 

Table 6. 18: Estimated voltage magnitude for 37 bus network in pu using LC method 

 

 



82 
 

Figure 6. 20: Estimated voltage vs true voltage with estimation error for 37 bus network using 

load correction method 

 

BRANCH Phase A Phase B Phase C 

Bus_i to Bus_J Estim. True Estim. True Estim. True 

799 701 373.302 373.318 276.421 276.391 355.640 355.642 

701 702 264.097 271.323 214.317 219.250 245.396 252.801 

702 703 188.583 192.612 133.341 136.184 130.293 134.025 

703 730 145.615 149.344 97.836 100.201 103.424 107.488 
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730 709 130.805 133.055 97.847 100.211 86.790 89.302 

709 775 0.004 0.004 0.004 0.004 0.004 0.004 

709 708 130.812 133.062 86.439 87.991 75.085 76.515 

708 732 10.576 10.198 0.005 0.005 10.581 10.202 

708 733 122.171 124.700 86.456 88.008 64.555 66.367 

733 734 103.979 107.477 65.830 68.528 64.556 66.368 

734 737 80.747 82.555 60.805 63.216 31.196 30.393 

737 738 51.903 52.655 29.052 30.623 31.194 30.392 

738 711 31.167 30.365 0.029 0.029 31.193 30.390 

711 741 9.478 9.777 0.008 0.008 9.484 9.783 

711 740 21.707 20.605 0.003 0.003 21.709 20.607 

734 710 19.258 20.511 8.848 9.491 24.770 26.466 

710 735 19.299 20.552 0.003 0.003 19.302 20.554 

710 736 0.019 0.019 8.847 9.489 8.830 9.472 

709 731 0.011 0.011 17.751 19.084 17.741 19.074 

703 727 43.201 43.560 35.544 36.027 27.022 26.678 

727 744 35.249 35.976 35.550 36.033 17.343 17.422 

744 728 17.313 17.428 17.539 17.429 17.351 17.430 

744 729 9.086 9.783 9.082 9.779 0.004 0.004 

702 713 58.501 59.892 68.258 71.777 84.933 87.912 

713 704 39.270 41.514 68.261 71.780 68.551 72.263 

704 720 23.736 24.960 49.562 52.135 64.239 67.665 

720 706 0.020 0.020 9.808 10.034 9.791 10.016 

706 725 0.004 0.004 9.808 10.033 9.804 10.030 

720 707 4.500 4.812 39.751 42.099 42.048 44.580 

707 722 4.532 4.844 30.940 32.609 33.320 35.179 

707 724 0.012 0.012 8.810 9.488 8.799 9.477 

704 714 21.742 23.021 24.412 25.822 4.534 4.832 

714 718 18.078 19.106 18.070 19.099 0.008 0.008 

702 705 19.180 21.092 21.529 20.160 33.390 34.022 
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705 712 18.133 20.108 0.004 0.004 18.136 20.111 

705 742 1.943 1.826 21.530 20.160 20.493 19.205 

Table 6. 19: Estimated Current magnitude for 37 bus network using load correction method

 
Figure 6. 21: Estimated vs true Brach current magnitude for 37 bus network using LC method 

 

 

BRANCH Phase A Phase B Phase C 

Bus_i to Bus_J Estim. True Estim. True Estim. True 

799 701 854.329 854.521 666.383 666.434 928.450 928.673 

701 702 620.267 635.880 511.350 523.532 629.947 649.269 

702 703 456.876 465.553 269.637 276.022 346.547 356.153 

703 730 346.275 353.679 197.046 203.016 275.186 285.644 

730 709 319.873 324.768 196.751 202.706 228.880 234.919 
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709 775 0.000 0.000 -0.000 -0.000 -0.000 -0.000 

709 708 319.002 323.866 148.552 150.932 201.420 205.153 

708 732 15.239 14.697 -0.000 -0.000 28.327 27.302 

708 733 303.000 308.375 148.183 150.549 172.892 177.638 

733 734 247.441 255.753 115.571 119.963 172.548 177.276 

734 737 204.921 209.998 91.467 94.122 83.106 80.931 

737 738 121.477 124.368 43.892 45.790 83.052 80.879 

738 711 45.313 44.113 0.000 0.000 82.995 80.825 

711 741 13.427 13.849 0.000 0.000 25.260 26.045 

711 740 31.858 30.238 0.000 0.000 57.705 54.753 

734 710 28.533 30.379 23.728 25.435 64.420 68.797 

710 735 28.513 30.356 0.000 0.000 51.342 54.638 

710 736 0.000 0.000 23.699 25.401 13.029 14.103 

709 731 0.000 0.000 47.800 51.358 27.164 29.456 

703 727 108.416 109.581 71.613 71.982 70.362 69.434 

727 744 92.907 94.749 71.558 71.926 41.852 42.197 

744 728 41.541 41.675 42.436 42.144 41.834 42.180 

744 729 24.273 26.141 13.755 14.662 -0.000 -0.000 

702 713 127.067 131.122 181.452 190.897 201.103 207.092 

713 704 94.831 100.194 181.078 190.483 144.133 152.463 

704 720 36.349 38.240 134.226 141.118 136.720 144.477 

720 706 0.000 0.000 26.555 27.152 14.395 14.865 

706 725 0.000 0.000 26.547 27.143 14.387 14.857 

720 707 6.894 7.375 107.225 113.467 70.110 74.915 

707 722 6.894 7.374 83.428 87.857 57.217 60.904 

707 724 0.000 0.000 23.745 25.551 12.836 13.948 

704 714 58.388 61.849 46.534 49.014 6.912 7.431 

714 718 48.498 51.276 28.391 29.727 -0.000 -0.000 

702 705 32.998 35.725 58.675 54.953 80.404 84.018 

705 712 27.734 30.769 -0.000 -0.000 48.911 54.231 
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705 742 5.239 4.925 58.631 54.914 31.429 29.723 

Table 6. 20: Estimation of active power flow (kw) for 37 bus network using LC method 

 

Figure 6. 22: Estimated active power flow (kw) comparison for 37 bus network using LC method 
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BRANCH Phase A Phase B Phase C 

Bus_i to Bus_J Estim. True Estim. True Estim. True 

799 701 554.103 554.298 361.938 362.016 285.850 285.863 

701 702 354.603 366.643 283.438 289.329 215.160 220.764 

702 703 217.884 224.550 241.404 245.833 60.524 63.792 

703 730 176.128 183.172 176.565 179.432 40.898 44.285 

730 709 137.959 141.380 176.454 179.313 44.781 48.577 

709 775 -0.010 -0.010 -0.010 -0.010 -0.010 -0.010 

709 708 137.516 140.920 179.620 183.033 5.451 6.495 

708 732 23.582 22.721 -0.013 -0.013 -1.793 -1.748 

708 733 113.546 117.793 179.489 182.895 7.141 8.132 

733 734 118.361 121.942 133.843 139.554 6.938 7.915 

734 737 55.435 54.224 134.889 140.816 -6.622 -6.468 

737 738 61.738 60.124 64.259 68.017 -6.610 -6.454 

738 711 68.063 66.264 -0.077 -0.077 -6.606 -6.449 

711 741 20.922 21.562 -0.020 -0.020 -1.588 -1.653 

711 740 47.179 44.741 -0.008 -0.008 -4.982 -4.759 

734 710 41.974 44.665 -1.155 -1.387 15.086 16.083 

710 735 42.097 44.787 -0.008 -0.008 -4.479 -4.807 

710 736 -0.051 -0.051 -1.073 -1.307 19.631 20.954 

709 731 -0.030 -0.030 -3.351 -3.914 39.139 41.881 

703 727 40.717 40.279 64.513 66.052 19.097 18.926 

727 744 16.918 17.549 64.509 66.048 20.897 20.665 

744 728 20.592 20.987 21.369 21.283 20.937 20.705 

744 729 -1.733 -1.690 20.404 22.069 -0.012 -0.012 

702 713 93.955 94.759 40.525 42.226 111.486 117.270 

713 704 47.193 49.970 40.378 42.058 116.240 121.825 

704 720 52.606 55.288 -6.987 -8.247 105.901 110.837 
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720 706 -0.054 -0.054 -1.374 -1.579 22.068 22.475 

706 725 -0.012 -0.012 -1.333 -1.539 22.109 22.515 

720 707 9.962 10.648 -5.634 -6.705 88.332 93.092 

707 722 10.068 10.754 -4.312 -5.122 68.602 71.935 

707 724 -0.031 -0.031 -1.263 -1.526 19.787 21.212 

704 714 -5.389 -5.300 47.276 50.200 10.108 10.725 

714 718 -4.481 -4.401 40.012 42.478 -0.022 -0.022 

702 705 39.991 44.429 0.264 -0.044 41.403 37.840 

705 712 40.390 44.772 -0.010 -0.010 -4.287 -4.792 

705 742 -0.368 -0.313 0.302 -0.005 45.710 42.650 

Table 6. 21: Estimation of reactive power flow (kvar) for 37 bus network using LC method 
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Figure 6. 23: Estimated vs true reactive power flow (kvar) for 37 bus network using LC method 
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Total estimated 

active Power (kw) 

Total true active 

power (kw) 

Total estim. reactive 

power (kvar) 

Total true reactive 

power (kvar) 

60.548 62.413 53.537 54.947 

Table 6. 22: Total estimated vs true active and reactive power loss for 37 bus network using LC 

 

Figure 6. 24: Total active (kw) and reactive (kvar) power loss estimation for 37 bus network 

based on LC DSSE 
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Figure 6. 25: Network Topology for 37 bus feeder network 
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Chapter 7: Conclusion and Future Scope 

 

This thesis research presents the framework of weighted least squares (WLS) DSSE method and 

load correction DSSE method for unbalanced radial distribution system. These techniques are 

suitable for any distribution system containing proper datasheet. The WLS method utilizes the 

measurement residuals and Jacobian matrices to perform the estimation. Since the measurement is 

limited, pseudo measurement is introduced in estimation algorithm. Measurement errors are 

generated as values drawn from a set of numbers with normal PDF having zero mean and the 

standard deviations are assigned by user. On the other hand, load correction method uses the 

iterative backward/forward load flow algorithm. The method compares the calculated and 

measured data to calibrate the quantities until permissible converge criterion is met. Measurements 

errors are added as normally distributed noise with the load measurements. Minimum number of 

measurements are required for the proposed method which is a great advantage for the DSSE. 

Simulation results are analyzed for different percentages of errors to validate the consistency of 

estimators. It is always challenging to model the three-phase unbalanced distribution network due 

to distinct characteristics which are addressed in the thesis work. This thesis work also gives an 

overview of how effectively AMI could be utilized in coming days to solve the problems 

associated with the distribution network operation. Distribution modeling is never perfect; 

however, it is possible to get an acceptable amount of accuracy that is demonstrated by the 

performances of the proposed techniques. There are many challenges that could be addressed using 

the DSSE analogy in future days including multi-level concept of state estimation that interacts 

between transmission systems and distribution system, coordination and collection of 

measurement data more efficiently, fault locating techniques etc. 
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Overhead and Underground Conductor Data for Line Modeling Database: 

Size Stranding Material 
Diameter 

(in.) 

GMR 

(ft) 

Resistance 

(/ mile) 

Capacity 

(A) 

1  ACSR 0.355 0.00418 1.38 200 

1 7 STRD Copper 0.328 0.00992 0.765 270 

1 CLASS A AA 0.328 0.00991 1.224 177 

2 6/1 ACSR 0.316 0.00418 1.69 180 

2 7STRD COPER 0.292 0.00883 0.964 230 

2 7/1 ACSR 0.325 0.00504 1.65 180 

2 AWGSLD Copper 0.258 0.00836 0.945 220 

2 CLASS A AA 0.292 0.00883 1.541 156 

2 6-Jan ACSR 0.281 0.0043 2.07 160 

3 AWG SLD Copper 0.229 0.00745 1.192 190 

4 6-Jan ACSR 0.25 0.00437 2.57 140 

4 7-Jan ACSR 0.257 0.00452 2.55 140 

4 AWG SLD Copper 0.204 0.00663 1.503 170 

4 CLASS A AA 0.232 0.007 2.453 90 

5 6-Jan ACSR 0.223 0.00416 3.18 120 

5 AWG SLD Copper 0.1819 0.0059 1.895 140 

6 6-Jan ACSR 0.198 0.00394 3.98 100 

6 AWG SLD Copper 0.162 0.00526 2.39 120 

6 CLASS A AA 0.184 0.00555 3.903 65 

7 AWG SLD Copper 0.1443 0.00468 3.01 110 

8 AWG SLD Copper 0.1285 0.00416 3.8 90 

9 AWG SLD Copper 0.1144 0.00371 4.6758 80 

10 AWG SLD Copper 0.1019 0.0033 5.9026 75 

12 AWG SLD Copper 0.0808 0.00262 9.3747 40 

14 AWG SLD Copper 0.0641 0.00208 14.8722 20 
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16 AWG SLD Copper 0.0508 0.00164 23.7262 10 

18 AWG SLD Copper 0.0403 0.0013 37.6726 5 

19 AWG SLD Copper 0.0359 0.00116 47.5103 4 

20 AWG SLD Copper 0.032 0.00103 59.684 3 

22 AWG SLD Copper 0.0253 0.00082 95.4835 2 

Size Stranding Material 
Diameter 

(in.) 

GMR 

(ft) 

Resistance 

(/ mile) 

Capacity 

(A) 

24 AWG SLD Copper 0.0201 0.00065 151.616 1 

1/0  ACSR 0.398 0.00446 1.12 230 

1/0 7STRD Copper 0.368 0.01113 0.607 310 

1/0 CLASS A AA 0.368 0.0111 0.97 202 

2/0  ACSR 0.447 0.0051 0.895 270 

2/0 7STRD Copper 0.414 0.01252 0.481 360 

2/0 CLASS A AA 0.414 0.0125 0.769 230 

3/0 12STRD Copper 0.492 0.01559 0.382 420 

3/0 6/1 ACSR 0.502 0.006 0.723 300 

3/0 7STRD Copper 0.464 0.01404 0.382 420 

3/0 CLASS A AA 0.464 0.014 0.611 263 

3/8 INCHSTE Steel 0.375 0.00001 4.3 150 

4/0 12STRD Copper 0.552 0.0175 0.303 490 

4/0 19STRD Copper 0.528 0.01668 0.303 480 

4/0 6/1 ACSR 0.563 0.00814 0.592 340 

4/0 7STRD Copper 0.522 0.01579 0.303 480 

4/0 CLASS A AA 0.522 0.0158 0.484 299 

250,000 12STRD Copper 0.6 0.01902 0.257 540 

250,000 19STRD Copper 0.574 0.01813 0.257 540 

250,000 CON LAY AA 0.567 0.0171 0.41 329 
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266,800 26/7 ACSR 0.642 0.0217 0.385 460 

266,800 CLASS A AA ' 0.586 0.0177 0.384 320 

300,000 12STRD Copper 0.657 0.0208 0.215 610 

300,000 19STRD Copper 0.629 0.01987 0.215 610 

300,000 26/7 ACSR 0.68 0.023 0.342 490 

300,000 30/7 ACSR 0.7 0.0241 0.342 500 

300,000 CON LAY AA 0.629 0.0198 0.342 350 

336,400 26/7 ACSR 0.721 0.0244 0.306 530 

336,400 30/7 ACSR 0.741 0.0255 0.306 530 

336,400 CLASSA AA 0.666 0.021 0.305 410 

350,000 12STRD Copper 0.71 0.0225 0.1845 670 

Size Stranding Material Diameter 

(in.) 

GMR 

(ft) 

Resistance 

(/ mile) 

Capacity 

(A) 

350,000 19STRD Copper 0.679 0.0214 0.1845 670 

350,000 CON LAY AA 0.679 0.0214 0.294 399 

397,500 26/7 ACSR 0.783 0.0265 0.259 590 

397,500 30/7 ACSR 0.806 0.0278 0.259 600 

397,500 CLASSA AA 0.724 0.0228 0.258 440 

400,000 19STRD Copper 0.726 0.0229 0.1619 730 

450,000 19STRD Copper 0.77 0.0243 0.1443 780 

450,000 CON LAG AA 0.77 0.0243 0.229 450 

477,000 26/7 ACSR 0.858 0.029 0.216 670 

477,000 30/7 ACSR 0.883 0.0304 0.216 670 

477,000 CLASSA AA 0.795 0.0254 0.216 510 

500,000 19STRD Copper 0.811 0.0256 0.1303 840 

500,000 37STRD Copper 0.814 0.026 0.1303 840 

500,000 CON LAY AA 0.813 0.026 0.206 483 
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Size Stranding Material Diameter 

(in.) 

GMR 

(ft) 

Resistance 

(/ mile) 

Capacity 

(A) 

715,500 CLASS A AA 0.974 0.0312 0.145 680 

750,000 37STRD AA 0.997 0.0319 0.0888 1,090 

750,000 CON LAY AA 0.997 0.0319 0.139 602 

795,000 26/7 ACSR 1.108 0.0375 0.1288 900 

795,000 30/19 ACSR 1.14 0.0393 0.1288 910 

795,000 54/7 ACSR 1.093 0.0368 0.1378 900 

795,000 CLASS A AA 1.026 0.0328 0.131 720 

Table A.1: Overhead cable data 

556,500 26/7 ACSR 0.927 0.0313 0.1859 730 

556,500 30/7 ACSR 0.953 0.0328 0.1859 730 

556,500 CLASSA AA 0.858 0.0275 0.186 560 

600,000 37STRD Copper 0.891 0.0285 0.1095 940 

600,000 CON LAY AA 0.891 0.0285 0.172 520 

605,000 26/7 ACSR 0.966 0.0327 0.172 760 

605,000 54/7 ACSR 0.953 0.0321 0.1775 750 

636,000 27/7 ACSR 0.99 0.0335 0.1618 780 

636,000 30/19 ACSR 1.019 0.0351 0.1618 780 

636,000 54/7 ACSR 0.977 0.0329 0.1688 770 

636,000 CLASS A AA 0.918 0.0294 0.163 620 

666,600 54/7 ACSR 1 0.0337 0.1601 800 

700,000 37STRD Copper 0.963 0.0308 0.0947 1,040 

700,000 CON LAY AA 0.963 0.0308 0.148 580 

715,500 26/7 ACSR 1.051 0.0355 0.1442 840 

715,500 30/19 ACSR 1.081 0.0372 0.1442 840 

715,500 54/7 ACSR 1.036 0.0349 0.1482 830 
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Concentric Neutral 15KV Underground Cable data: 

Table A.2: Underground concentric 15KV cable data 

 

Conductor 

Size (AWG 

or kcmil) 

Diameter 

over 

Insulation 

(in.) 

Diameter 

over Screen 

(in.) 

Outside 

Diameter 

(in.) 

Copper 

Neutral 

(No. x 

AWG) 

Ampacity 

in UG Duct 

(A) 

Full neutral 

2 (7) 0.78 0.85 0.98 1014 120 

1 (19) 0.81 0.89 1.02 1314 135 

1/0 (19) 0.85 0.93 1.06 1614 155 

2/0 (19) 0.90 0.97 1.13 1312 175 

3/0 (19) 0.95 1.02 1.18 1612 200 

4/0 (19) 1.01 1.08 1.28 13  10 230 

250 (37) 1.06 1.16 1.37 1610 255 

350 (37) 1.17 1.27 1.47 2010 300 

One-third neutral 

2(7) 0.78 0.85 0.98 614 135 

1 (19) 0.81 0.89 1.02 614 155 

1/0 (19) 0.85 0.93 1.06 614 175 

2/0 (19) 0.90 0.97 1.10 714 200 

3/0 (19) 0.95 1.02 1.15 914 230 

4/0 (19) 1.01 1.08 1.21 1114 240 

250(37) 1.06 1.16 ’ 1.29 1314 260 

350 (37) 1.17 1.27 1.39 1814 320 

500 (37) 1.29 1.39 1.56 1612 385 

750 (61) 1.49 1.59 1.79 1510 470 

1000(61) 1.64 1.77 1.98 2010 550 
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Tape-Shielded (Tap thickness 5 mil) Underground 15 kV Cable: 

 

Conductor 

Size (AWG 

or kcmil) 

Diameter 

over 

Insulation 

(in.) 

Diameter 

over Screen 

(in.) 

Outside 

Diameter 

(in.) 

Copper 

Neutral 

(No. x 

AWG) 

Ampacity 

in UG Duct 

(A) 

1/0 0.82 0.88 80 1.06 165 

2/0 0.87 0.93 80 1.10 190 

3/0 0.91 0.97 80 1.16 215 

4/0 0.96 1.02 80 1.21 245 

250 1.01 1.08 80 1.27 270 

350 1.11 1.18 80 1.37 330 

500 1.22 1.30 80 1.49 400 

750 1.40 1.48 110 1.73 490 

1000 1.56 1.66 110 1.91 565 

Table A.3: Underground tape-shielded 15KV cable data 

 

 

 

 

 

Appendix B 

IEEE PES Distribution Test System Data: IEEE 13 and 37 bus systems are used for validating 

the results for the proposed methods. Conductor data, Overhead line configuration data, 

underground line configuration data, line segment data, capacitor data, regulator data, transformer 

data, spot load data, distributed load data, overhead and underground line spacing formation are 



103 
 

used to simulate in MATLAB. All   the available data for 13 bus systems are tabled below that has 

been used for the simulation as reference: 

Table A.4: Overhead Line configuration data for IEEE 13 bus-feeder network 

 

Configur. Phasing Cable Neutral  Space ID 

606 A B C N 250,000 AA, CN None 515 

607     A N 1/0 AA, TS 1/0 Cu 520 

Table A.5: Underground Line Configuration data for IEEE 13 bus-feeder network. 

 

Node A Node B Length(ft.) Configuration 

632 645 500 603 

632 633 500 602 

633 634 0 XFM-1 

645 646 300 603 

650 632 2000 601 

684 652 800 607 

632 671 2000 601 

Config Phasing Phase Neutral Spacing 

  ACSR ACSR ID 

601 B A C N 556,500 26/7 4/0 6/1 500 

602 C A B N 4/0 6/1 4/0 6/1 500 

603 C B N 1/0 1/0 505 

604 A C N 1/0 1/0 505 

605 C N 1/0 1/0 510 
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671 684 300 604 

671 680 1000 601 

671 692 0 Switch 

684 611 300 605 

692 675 500 606 

Table A.6: Line Segment data for IEEE 13 bus-feeder network 

 

 KVA kV-high kV-low R - % X - % 

Substation: 5,000 115 - D 4.16 Gr. Y 1 8 

XFM -1 500 4.16 – Gr.W 0.48 – Gr.W 1.1 2 

Table A.7: Transformer data for IEE 13 bus-feeder network 

 

 

Node Phase-A Phase-B Phase-C 

 KVAR KVAR KVAR 

675 200 200 200 

611   100 

Total 200 200 300 

Table A.8: Capacitor data for IEEE 13 bus-feeder network 

 

Regulator ID: 1   

Line Segment: 650 - 632   

Location: 50   

Phases: A - B -C   
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Connection: 3-Phase, LG   

Monitoring Phase: A-B-C   

Bandwidth: 2.0 volts   

PT Ratio: 20   

Primary CT Rating: 700   

Compensator Settings: Phase-A Phase-B Phase-C 

R - Setting: 3 3 3 

X - Setting: 9 9 9 

Voltage Level: 122 122 122 

Table A.9: Regulation data for IEEE 13 bus-feeder network 

 

Node A Node B Load Phase 1 Phase1 Phase2 Phase2 Phase3 Phase3 

  Model KW KVAR KW KVAR KW KVAR 

632 671 Y-PQ 17 10 66 38 117 68 

Table A.10: Distributed load data for IEEE 13 bus-feeder network 

 

 

Node Load Phase-1 Phase-1 Phase-2 Phase-2 Phase-3 Phase-3 

 Model KW KVAR KW KVAR KW KVAR 

634 Y-PQ 160 110 120 90 120 90 

645 Y-PQ 0 0 170 125 0 0 

646 D-Z 0 0 230 132 0 0 

652 Y-Z 128 86 0 0 0 0 

671 D-PQ 385 220 385 220 385 220 

675 Y-PQ 485 190 68 60 290 212 

692 D-I 0 0 0 0 170 151 

611 Y-I 0 0 0 0 170 80 
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 TOTAL 1158 606 973 627 1135 753 

Table A.11: Spot load data for IEEE 13 bus-feeder 

 

 

Figure A.1: IEEE 13 bus-feeder overhead line spacing formation 

 

 

 

Figure A.2: IEEE 13 bus-feeder underground line spacing formation 
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Figure A.3: IEEE 13 bus test systems figure 

 

 

 

 

 

 

Appendix C 
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MATLAB Code for 13 Bus-Feeder Systems: MATLAB coding for the simulation of state 

estimation including line modeling, forward backward sweep power flow and estimation are 

presented below: 
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