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ABSTRACT 

Power System State Estimation is a procedure for estimating the state 

(voltage magnitude and angle) of all the buses in a power system on the basis of 

measurement carried out at few buses. Earlier days measurement devices were 

only able to provide the magnitude of the quantity measured. But now an efficient 

measurement device called Phasor measurement unit (PMU) which can measure 

voltage phasor (both magnitude and angle) of a bus at which it’s placed and the 

current phasors of the directly connected lines are being used. Since PMUs are 

very costly, one cannot use PMU measurements only to estimate the state of a 

power system. Hence, phasor measurements are used as an additional measurement 

with traditional measurements to estimate the state of a power system. 

 In this project report, use of PMU measurements to estimate the state of a 

power system has been explained and a Matlab program has been coded as well as 

a simulation has been carried out on IEEE-14 bus and IEEE-30 bus systems for 

verification of the method. The method uses, a separate linear state estimator 

model utilizing the state estimate from WLS, and PMU voltage and current 

measurements through a post-processing. First the model estimates the state in 

polar coordinates using WLS state estimation method from conventional 

measurements. Then this state, with PMU measurements, both expressed in 

rectangular coordinates, is used to estimate the final state of the system. 
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Chapter 1 
 

INTRODUCTION 

 
 
1.1 Power System State Estimation 
  
 Power system state estimation is a procedure for estimating the voltage magnitude as well 

as voltage angles of every bus in a power system at a given point of time. This can be achieved 

by direct use of very accurate synchronized phasor measurements of all bus voltages in the 

system. However, such measurements would be very vulnerable to measurement errors or 

telemetry failures and above all the Phasor Measurement Units (PMUs) are very costly. So a 

typical state estimation procedure makes use of a set of redundant measurements in order to filter 

out such errors and find an optimal estimate. The measurements may include not only the 

conventional power and voltage measurements, but also those others such as the current 

magnitude or synchronized voltage phasor measurements as well. The definition of the system 

state usually includes the steady state bus voltage phasors (voltage magnitude and angle) only. 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
                               
                                
 
 
 
 
 

 
Fig. 1.1 State Estimation Block diagram 
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 State estimator is the core of on-line security analysis. Since, it acts like filter for system 

raw measurements and gives most reliable current system states for the applications like load 

flow, contingency analysis etc. Raw measurements include voltage, current, power injections and 

power flow measurements. The switch and circuit breaker positions in the substations are 

processed by the topology processor, which in turn generates a bus/branch model of the power 

system as illustrated in Fig 1.1. State estimator uses different methods to estimate the state of the 

each bus in the power system, for example, the most commonly used is the Weighted Least 

Square (WLS) method. 

 
1.2 Synchronized Phasor Measurement Units (PMUs) 
 
 Phasor Measurement Units (PMUs), were developed in the mid-1980s. PMUs use GPS 

signals to synchronize measurements of positive sequence voltage phasors at the network buses 

and positive sequence current phasors in the line connected to those buses. The accuracy of 

synchronization is better than one microsecond, and the set of measurements provide, a real time 

snapshot of the state of the power system. Since positive sequence voltages at all network buses 

constitute the state vector of a power system, it become very easy that the state-estimation 

problem can be solved by using phasor measurements exclusively. With these measurements, 

one is led to a process that measures the system state, rather than estimating it using 

measurements that are nonlinear functions of the state. But, since, PMUs are very costly, they are 

used as additional measurements with the traditional measurements. Fig 1.2 shows the functional 

block diagram of a typical PMU. 

  

 
 
 
 
 
 
 
 
 
 
 
   
 

 
 
Fig.1.2 Functional block diagram of a typical PMU. 
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1.3 State estimation using Phasor measurements. 
 
 Although a phasor-based state vector measurement system is a reliable technique to 

traditional state estimators, it is recognized that in many cases, one is not able to provide PMU 

measurements in sufficient numbers to accomplish this goal. It has been found that when phasor 

measurements are added to the other measurements in sufficient numbers, the accuracy of the 

state estimate is much improved. Hence different methods are adopted to include the phasor 

measurements into the traditional measurement set. A straightforward approach is to append the 

phasor measurements of currents and voltages as additional measurements to the traditional 

measurement set. The resulting state estimator is once again nonlinear and requires significant 

modifications to existing EMS software. An alternative approach is to leave the traditional state 

estimation software in place but by incorporating the phasor measurements and the results of the 

traditional state estimator in a post-processing linear estimator. 

 
1.4 Literature Review 
  
 The power system state estimation (PSEE) problem has been the subject of many works 

since the late sixties. Prof Schweppe, the leading researcher of the Power Systems Engineering 

Group at MIT, was the first to propose and develop the idea of state estimation for power 

systems monitoring. Since then, the subject has called the attention of many researchers from 

universities, research centres and industry. 

 In 2006, Ming Zhou, Virgilio A. Centeno, James S. Thorp and Arun G. Phadke [2] 

revised the method for integrating phasor measurements with the traditional state estimation 

system. A straight forward application of state estimation theory by appending phasor 

measurements of currents and voltages as additional measurements to traditional measurements 

now being used in most energy management system (EMS) state estimators are reviewed. The 

resulting state estimator is once again nonlinear and requires significant modifications to existing 

EMS software. They proposed an alternative approach, which leaves the traditional state 

estimation software in place, and discusses a new method of incorporating the phasor 

measurements and the results of the traditional state estimator in a post-processing linear 

estimator. They concluded that the second method requires less computation, gives more 

accurate result and does not require modification of the EMS software. 
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Chapter 2 

WLS STATE ESTIMATION USING PHASOR MEASUREMENTS 

2.1 Introduction 

 Several methods have been proposed to integrate phasor measurements to the classical 

WLS algorithm. Most functioning state estimators in modern control centres are purchased as 

part of the large software package belonging to the Energy Management Systems (EMS) 

functions of the control centre computer. It is unlikely that the state estimation software can 

accommodate phasor V and I measurements in its input set unless they are converted into 

equivalent P and Q measurements. One of the best and efficient methods is adding phasor 

measurements through a post processing step. 

2.2 WLS State Estimation with Phasor Measurements 

 In this method the phasor measurements are added to the state estimation through a post 

processing step. This method has two procedures. The first procedure obtains the state vector in 

polar co-ordinates from conventional measurements using WLS state estimation algorithm. In 

the second, the state vector from WLS state estimation (first procedure) and the measurement 

vector from phasor measurements are expressed in rectangular coordinates to form a new 

measurement set and form a linear state estimation procedure which does not require any 

iterative methods. 

2.2.1 WLS State Estimation 

Consider a set of measurements 1z  consisting of non-synchronized (scanned) data of 

active and reactive power flows in network elements, bus injections, and voltage magnitudes at 

buses. It is assumed that bad data have been eliminated from this measurement set by the usual 

methods. The measurements are nonlinear functions of the state vector x  (a set of positive 

sequence voltages at all the buses of the network) 

 

     1z  = 1 1( )h x e     (2.1) 
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where, 1h  are the nonlinear functions of the state vector x  expressed in polar coordinates, and 

1e  is the measurement error vector with a covariance matrix 1R . 

     

 The Jacobian matrix, 1H  given by 

 

    1
1

( )
( )

h x
H x

x





.     (2.2) 

 

The Gain matrix, 1( )kG x  is given by 

 

    1( )kG x  = 
11

1 1 1( ) ( )T
k kH x R H x

 
     (2.3) 

 

The error covariance matrix of the estimate x  is given by 

 

       1
1 1 1
TCov x H R H        (2.4) 

 

And the state vector is obtained from, 

    

  
11 1

1 1 1 1 1( ) ( )k k k T kx x G x H R z h x
                        (2.5) 

 

This is an iterative method and the iterations will continue until one of two conditions is met. 

The first condition would be the maximum number of allowable iterations is exceeded while the 

second condition would be that the change in state variables has fallen within an acceptable 

range. 

    max kx   . 
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2.2.2 The method of Post-processing 

 

The state vector obtained from equation 2.5 is in polar co-ordinates which is to be 

converted to rectangular co-ordinates using a rotation matrix given by, 

 

       

1 1 1

2 2 2

1 1 1

2 2 2

cos 0 0 sin 0 0

0 cos 0 0 sin 0

0 0 0 0

sin 0 0 cos 0 0

0 sin 0 0 cos 0

0 0 0 0

E

E

K
E

E

 
 

 
 

 
  
 

  
 
 
 
  

 

 

  (2.6) 

 

 Where, 1 2, , ..... nE E E  are magnitudes and 1 2, ,..... n    are respective angles. 

 

And the converted state vector becomes, 

 

    R

I SE

V
K x

V

 
 

 
      (2.7) 

 

Let a set of positive sequence voltage and current phasors be, 2z . The measurement error 

covariance matrix of the phasor measurements is assumed to be, 2R . Both the measurement 

phasors and the error covariance matrix are in polar coordinates, and hence, they must be 

transformed to rectangular coordinates. 

 

    

R

I polarPM

polarR

I PM

V

V V
K

II

I

  
                    

   (2.8) 

 

    2'R  = 2
TK R K       (2.9) 

 



7 

 

 The new measurement set M  is made up of the following: 

1. the direct state output from WLS, (Equation 2.7) 

2. PMU voltage measurements; (Equation 2.8) 

3. PMU current measurements. (Equation 2.8) 

The new measurement model can be written as: 

   

1 1 1 2

2 1 2 2

3 1 3 2

4 1 4 2

5 1 5 2

6 1 6 2

S E
V RR
S E

I V IS E
P M

R R V R

P M
I IP M V I

P M
R IR

P MI P M II

eV H H
V eH H

H HV V e
M

H HV V e
H HI e
H HI e

                                                                 

 (2.10) 

Or          'M H V e   . 

Where the subscript R  and I  denotes the real and imaginary components of the voltages and 

current measurements. And SE  and PM  denotes estimated value from traditional state 

estimator and phasor measurements respectively. 

 The state estimate can be solved directly without iteration using the following 

Weighted least square solution of Equation (2.10) as given below: 

      1 1
' ' 'V G H R M
         (2.11) 

Where,   'G  is the new gain matrix given by,        1
' ' ' '

T
G H R H

    

  'R  is the new covariance matrix. 
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2.2.3 Elements of new jacobian matrix 'H  

 The following sub matrices of the coefficient matrix follow from the structure of the 

measurement model (2.10) 

 11 12; 0H I H   

 21 220;H H I   

 where I is an NxN Identity matrix and 0 is the NxN Null matrix and N is the number of 

buses in the system. 

 31H  is a PxN matrix, P being the number of PMUs. Each row i  corresponds to pmu i  

and has all zeros except at the j th column corresponding to the index of pmu
RiV  in the state 

vector. 

  31 0 0 0 1 0iH      

 32 ( )0 PxNH   

 41 ( )0 PxNH   

 42H  is a PxN matrix, P being the number of PMUs. Each row i  corresponds to pmu i  

and has all zeros except at the j th column corresponding to the index of pmu
IiV  in the state 

vector. 

  42 0 0 0 1 0iH      

At this point we will develop the elements of 'H  corresponding to the PMU current 

measurements. Given that we have the  -model of a transmission branch (line or transformer) 

in Fig 2.1, the current pqI  is expressed as: 

 ( )pq p po p q pqI V Y V V Y    

Converting everything into rectangular components yields: 
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   Fig 2.1  -model of a transmission branch 

 Therefore, 51H  is an LxN matrix (L being the number of PMU current measurements) 

whose elements of will be purely conductances while 52H  is an LxN matrix that has purely 

susceptance elements. Conversely, 61H  is an LxN matrix that has purely susceptance elements 

and those of the LxN matrix 62H  will be purely conductances. 

2.2.4 Covariance matrix 'R  

 The variances of meter measurements are usually given in terms of variance or standard 

deviation on the magnitude and angle. Our model requires covariance matrix elements in 

corresponding to phasor in rectangular components. Thus, the following transformations are 

necessary: 

  
22 2 2 2 2cos sin

RV V V         

22 2 2 2 2sin cos
IV V V         

22 2 2 2 2cos sin
RI I I         

22 2 2 2 2sin cos
II I I         
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 Where   and   are the phasor angle of complex voltages and currents respectively. The 

V  and   from the classical state estimator can be evaluated directly from the gain matrix at 

the convergence point, i.e. '
1R  can be obtained from the Equation 2.12 as given below: 

  ' ' 1 '
1 1 1 1

TTR K H R H K                  (2.12) 

 Where, 

  

1 1 1

2 2 2

'

1 1 1

2 2 2

cos 0 0 sin 0 0

0 cos 0 0 sin 0

0 0 0 0

sin 0 0 cos 0 0

0 sin 0 0 cos 0

0 0 0 0

V

V

K
V

V

 
 

 
 

 
  
 

  
 
 
 
  

 

 

 

Thus the new covariance matrix 'R  can be derived as: 

   
'
1'

'
2

0

0

R
R

R

 
  
  

      (2.13) 

Where, '
2R  is obtained from the Equation 2.9. 

2.2.4 Description of the Matlab Code. 

 The main Matlab program calls 4 sub-programs. 

1. nrlf.m – To obtain the true state vector from NRLF method. 

2. wls.m – Returns estimated state vector and the covariance matrix from traditional 
measurement. 

3. pmu.m – Estimates state vector from WLS output and phasor measurements. 

4. errorstate.m – Calculates the errors in estimates and plots the voltage magnitude 
and angle estimation errors at every bus. 
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Chapter 3 

SIMULATION RESULTS 

 A simulation has been carried out based on the above state estimation algorithm on 

IEEE-14 and IEEE-30 bus systems. It is assumed that, the load flow solution is the basis for 

generating measurements with appropriate measurement errors and base case load flow was 

taken as a starting point. 

 Measurements for traditional state estimation consist of active and reactive power flows, 

active and reactive power injections, and voltage magnitudes. Phasor measurements are voltages 

and currents phasors. The measurements are distributed evenly across the system. The load flow 

solution is assumed to provide the true value of the state vector and a normal random number 

generator to add errors to the measured quantities with appropriate standard deviation has been 

used. Each PMU is assumed to measure the bus voltage and line currents in all the lines that 

originate on that bus. The phasor angles are adjusted so that they conform with the convention 

that the swing bus angle is 0°. 

 The results of the simulation have been presented on the following figures.  

 Fig 3.1 & 3.2 shows voltage angle estimation errors, using traditional state estimation 

data and using phasor measurements in the post-processing step respectively on IEEE-14 

bus system. 

 Fig 3.3 & 3.4 shows voltage magnitude estimation errors, using traditional state 

estimation data only and using phasor measurements with traditional measurements in the 

post-processing step respectively on IEEE-14 bus system. 

 Fig 3.5 & 3.6 shows voltage angle estimation errors, using traditional state estimation 

data and using phasor measurements in the post-processing step respectively on IEEE-30 

bus system. 

 Fig 3.7 & 3.8 shows voltage magnitude estimation errors, using traditional state 

estimation data only and using phasor measurements with traditional measurements in the 

post-processing step respectively on IEEE-30 bus system. 

 



12 

 

1. IEEE-14 Bus System 

 

Fig. 3.1 Voltage angle estimation errors using traditional state estimation data. 

  

 

 

 

 

 

Fig. 3.2 Voltage angle estimation errors using phasor data in a post- processing step. 
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Fig 3.3 Voltage magnitude estimation errors using traditional state estimation data 

 

 

 

         Fig 3.4 Voltage magnitude estimation errors using phasor data in a post- processing step 
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2. IEEE-30 Bus System 

 

Fig. 3.5 Voltage angle estimation errors using traditional state estimation data. 

 

 

Fig. 3.6 Voltage angle estimation errors using phasor data in a post- processing step. 
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Fig 3.7 Voltage magnitude estimation errors using traditional state estimation data 

 

 

           Fig 3.8 Voltage magnitude estimation errors using phasor data in a post- processing step 
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CONCLUSION 

 

In this project report an efficient method for power system state estimation 

with Weighted Least Square method using PMU measurements has been 

explained. The following conclusions have been established with supporting theory 

and simulations on IEEE-14 and IEEE-30 bus systems. 

 It’s found that the error in estimation using PMUs is very less (more 

accurate) compared to estimation without PMUs. 

 The results show that the angle measurements could effectively enhance the 

performance of the state estimation algorithm. 

 In traditional state estimation the measurement vector is a non-linear 

function of state vector and hence requires iterative methods to solve for the 

state vector which requires more computation time. 

 It’s found that, the use the phasor measurements in a post-processing step 

reduces the computation time. The results of the traditional state estimate 

(voltage phasors) and the phasor measurements (voltage and current 

phasors) are a set of measurements that are linear functions of the state 

vector. This leads to a linear (non-iterative) estimation step. 

 Adding phasor measurements through the post-processing step requires no 

modification of the traditional EMS software and can be implemented 

quickly as an additional application software. 

 It’s also found that as the size of power system increases, the accuracy of 

estimation decreases. 
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