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 Abstract : State estimator is a likehood estimation system determines the best states of the power system. State 

estimation plays an essential role in modern Energy Management systems (EMS). This paper discusses a novel  

algorithm  developed to detect any missing measurement data, bad data, elimination of bad data  and status of 

network observability. The paper focus and considers the uncertainties in the available measurement data set 

while estimating the states of power system. The algorithm developed is simple and efficient. It is tested and 

implemented on IEEE 14 bus system. 
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I. Introduction 
  State Estimation plays an essential role in modern Energy Management systems (EMS). Power system 

state estimation is the process carried out in the energy control centers in order to provide a best estimate of the 

system state based on the real-time system measurements and a pre-determined system model. A redundant set 

of real-time measurements, including bus voltage magnitudes, real and reactive power injections at the buses, 

real and reactive line power flows, and sometimes line current magnitudes, are collected from the entire network 

through the Supervisory Control and Data Acquisition (SCADA) system using Synchronized Phase 

Measurement Unit (PMU). These telemetered raw measurements are usually corrupted by different kinds of 

errors.  

In this paper a novel algorithm is developed that identify and eliminate the bad data and provides 

missing data statistically to determine the best states of the power system. Multiple constraints are considered 

for estimating the best states of power system using Weighted Least Square (WLS)  method. This paper focus 
and considers the uncertainty of the measured data from the latest developed and widely used measuring 

instrument i.e PMU (phasor measurement unit) for state estimation.   

                The paper is organized as follows. Section II  introduces the widely used synchronized phase 

measurement unit, Section III deals with the various issues related to state estimation, Section IV  introduces the 

formulation of state estimation solution using WLS method, in Section V, algorithm for bad data detection and 

elimination is developed and  Section VI discusses the result and conclusion drawn from the analysis for IEEE 

14 bus system.  

 

II.     Synchronized Phase Measurement Unit 
               Synchronized PMU is a monitoring device, which use synchronization signals from the global 

positioning system (GPS) satellites and provide the phasors of voltage and currents measured at a given 

substation. PMU has enough channels to record the bus voltage phasor at its associated bus and current phasors 

along all branches that are incident to this bus. It is  a digital device which  can  process many measurement 

channels, so the possibility to install one unit for performing more than the one set of the measurements exists  

in all three phases. An additional benefit is that the measurements will contain a similar error regarding the 

accuracy class of the device, which for a PMU is typically lower than 1% of the total vector error (TVE). There 

is the advantage of possibly reducing the amount of the measurement devices in the network, for instance 

according to [23] PMU  is capable of providing 7 phasors - 1 voltages and 6 currents (each phasor represents 

positive sequence calculated form 3 phases), but the security requirements need to be met.As the PMUs become 

more and more affordable, their utilization will increase not only for substation applications but also at the 
control centers for the EMS applications. PMU are placed at a strategic location to make the power system 

observable at set observability. The reliable communication infrastructure connecting the PMU with the phasor 

data concentrator (PDC), which collects all of the PMU measurements and can also be used as data source for 

Supervisory Control and Data Acquisition (SCADA) systems, should be provided to secure the consistency of 

the measurements. This issue should have a high priority if the measurement data is a critical measurement, 

meaning that if that specific data were missing, it would not be possible to perform the state estimation. 
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III.      ISSUES RELATED TO STATE ESTIMATION 
Usually the following assumptions are made in formulating the conventional static power system state 

estimation problem.  

1) The 3-phase power system network is balanced, hence a 1-phase equivalent circuit can represent the system. 

2) The system is operating in the steady state. 

3) The parameters of the network are known and accurate. 

4) The real-time topology of the network is precisely known. 

5) All measurements are collected at the same instant and represent a true snapshot of the system state. 

6) Measurement errors are independent random variables with zero mean Gaussian distribution. 

7) Variances (σ2 ) of the measurement errors are exactly known. 

In a real power system, some of these assumptions may not always hold, which will result in erroneous 

estimates. The difficulties of solving this kind of problems give rise to the so-called Generalized State 
Estimation algorithm.  

One of the assumptions of the conventional state estimation is that measurement errors are independent 

random variables with zero mean Gaussian distribution. The telemetered measurements used in power system 

state estimation are final products of a chain of instruments, including instrument transformer, transducer, A/D 

(D/A) convertor, etc. Hence the uncertainties in the measurements are due to combination of random and 

systematic errors caused by those instruments. The raw measurements need to be calibrated before used by state 

estimator to satisfy the “zero mean error” requirement [3,13,14,15]. 

The conventional state estimation assumes the variances of the random errors are known and the 

measurements will be weighted by the inverses of random error variances to suppress their influences. The 

accuracy of the estimate results is greatly influenced by the weight vector. However, the random errors of 

measurements presented in control system are the combination of different sources of random errors, which 
come from different devices throughout the processing procedure. It is very difficult to precisely determine the 

variances of these random errors in advance. Moreover, some of the random error sources, such as those come 

from communication process, may be influenced by some real-time factors. This results in the time dependent 

property of variances. In this case, state estimation should be capable of setting measurement weight adaptively. 

The estimation and the auto-tuning of the variances of the measurements are necessary.  

                Observability analysis is another important procedure closely related to state estimation. Sometimes 

state estimation is not possible if it is not given enough measurements. If all the state variables (bus voltage 

magnitudes and relative phase angles) can be estimated using the available measurements, a system is said to be 

observable [20]. Accordingly, PMU are placed at a strategic location to make the power system completely 

observable at set observability even under contingency. 

When a state estimation model fails to yield estimates within a degree of accuracy compatible with the 
standard deviations of the quantities estimated, one must conclude either that the measured quantities contain 

spurious data or that the model is unfit to explain the measured quantities. The procedure to identify and solve 

the former problem is called bad data analysis  while for the later one is topology error detection/identification. 

There exist many bad data analysis techniques and they are successfully utilized. However, the conventional 

state estimators are still vulnerable to errors in the topology of the system, which show up when the assumed 

status of the circuit breakers and switches do not coincide with their true statuses [20,21]. 

Various methods for state estimation have been introduced in the past decades. Among those methods, 

Weighted Least Squares (WLS) algorithm is the most popular one. The objective function to be minimized of 

this method is chosen as the weighted sum of squares of the measurement residuals. Since this kind of problem 

can be solved by efficient numerical techniques, state estimators based on WLS approach have been installed in 

almost all the EMS systems all over the world.  
 

IV.      FORMULATION OF STATE ESTIMATION 
The problem of state estimation is usually formulated as a weighted least squares (WLS) problem, in 

which the objective function to be minimized is chosen as the weighted sum of squares of the measurement 

residuals. The measurement equation for a system modeled at the bus/branch level will take the following form: 

                              z = h(x) + e                                                                              (1) 

where,  

z is the measurement vector of dimension m; 

h(x) is the nonlinear relating the error free to the system states; 

x is the state vector of dimension n; 
e is the measurement noise vector; 

n, m: the number of the state variables and measurement respectively. 

Substituting the first order Taylor expansion of h(x) around some x0 in equation (1), we will have  
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                             Δz = H · Δx = e                                                                         (2) 

where,  

                             Δz  = z – h(x0)  

                             H =    at x0 

                             Δx = x – x0 

The weighted least square (WLS) estimate for x can be found by minimizing the following objective function: 

                             J(x) =                                                  (3) 

With the first order of Taylor expansion of h(x) shown in equation (2), the following equation will be solved 

iteratively to find the solution minimizing equation (3). 

                                                (4) 

where,  W is the diagonal weight matrix. 
Equation (4) can be rewritten as: 

                            Δx(k) = G-1 ·H’· W · Δx(k) = 0                                                  (5) 

where, G = H’· W · H     is called the gain matrix. 

The WLS estimation problem given by equation (3) and equation (5) can be solved iteratively until | Δx(k) | 

become smaller than a threshold. 

 

V.     BAD DATA DETECTION / IDENTIFICATION ALGORITHM 
               When a state estimation program fails to yield accurate estimates, it is either due to the erroneous 

measurements i,e bad data problem or due to a modeling error i.e topology error problem or both.  
A common technique used for bad data processing is the normalized residuals test ( rn test). The rn test used in 

WLS method is described below : 

Assume that the state estimate xˆ has already been computed from equation (5). The residuals of the 

measurements are defined as: 

9                          rˆ = z - h(xˆ)                                                                               (6) 

The relationship between the residuals and the measurement errors can be obtained as: 

10                        rˆ = S · e                                                                                     (7) 

where,  

                            S= I -H · G-1 H’ · W 

Then the covariance matrix of the residuals can be computed by: 

                            Rrˆ = S · Rz ·S                                                                            (8) 

The normalized residuals can be obtained as: 
12                        rn =  ( diag (Rrˆ))-½ ·  rˆ                                                              (9) 

If there exist some normalized residuals greater than the probability threshold, bad data will be detected in the 

measurement set. Further more, the measurement with the largest rn will be identified as bad data in most of the 

cases. 

Steps to developed algorithm : 

1. Run load flow for the network 

2. Obtained true values of system states 

3. Run WLS algorithm 

4. Obtained best estimated values of system states 

5. Obtained Residuals 

6. Consider the measurement uncertainty and repeat the above steps 
7. Generate the measurement set with bad data 

8. Check the threshold for bad data 

9. Identify and Eliminate the bad data from the set 

10. Generate the measurement set with reduced system state 

11. Check the observability of system state 

12. Check the missing data in measurement set 

13. Estimate the missing data 

14. Check for bad data, missing data and system observability considering measurement uncertainty for the 

given measurement set 

15. Obtained the best system states. 
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VI.      RESULT AND CONCLUSION 
               State Estimation using WLS incorporated with bad data detection algorithm is performed on standard 

IEEE 14- Bus system. Two data set are considered for analysis, one with specific measurement and other with 

certain degree of uncertainties. Uncertainty in measurement of data considered is with maximum uncertainties in 

the measurement of  voltage, current and phase angle as 0.02%, 0.03% and 0.01 degree respectively.  

               Observability of power system is checked for various sets of provided measurement. A data set for 

insufficient data is also provided for the testing and observability checking purpose. Bad data detection 

algorithm is successfully incorporated in state estimation formulation. Fig. 1 shows the IEEE 14 bus system.  

 
 
 
 
 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 1   IEEE 14 bus system 

Fig. 2 and Fig. 3 graphical shows the  true values and estimated values of voltage magnitude and phase angle for 

IEEE 14 bus system respectively.  

           Table I gives the optimum number of PMU with their location for IEEE 14 bus system under different 

consideration for one-depth of unobservability. Fig. 4 and Fig. 5 graphical shows estimated values of voltage 

magnitude and angle with upper and lower limits respectively considering the maximum uncertainties for IEEE 

14 bus system respectively. Table II shows the index and value of performance index in each iteration for bad 

data detection and elimination using novel algorithm developed incorporating WLS .  

           True and Measurement data set is generated for IEEE 14 bus system considering multiple constraints 

such as bad data, missing data, network observability and measurement uncertainties for testing purpose of 

developed algorithm. Providing reduced measurement data set leads to system unobservability.    

           Algorithm developed detects any missing measurement data and provide approximate data, detects and 

eliminates bad data and status of network observability such as observable or not observable without and with 

considering the maximum uncertainties in measurement data set.  

 

 

 

 

 

 
 

 

 

 

 

 

 

                                Figure 2  True value and Estimated values of voltage magnitude 
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                              Figure 3  True value and Estimated values of phasor angle 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 4  Estimated values of voltage magnitude with upper and lower limits 

 

 
 

 

 

 

 

 

 

 

 

 
 

 

                 Figure 5  Estimated values of phasor angle with upper and lower limits 

                      Table I (Only PMU based measurement for one-depth of UnObservability) 

 

 

 

 

 

 

 
 

Table  IV   Performance Index 

Iteration Index Performance Index 

1 89 17.12 

2 110 24 

3 42 8.71 

4 No more bad data 4.94 

System Constraints Optimum 

No. of PMU 

Location of PMU 

IEEE 
14-bus 

system 

w/o failure of PMU or 
Communication line 

2 4,6 

With the  failure of PMU or 

Communication line 

4 4,5,6,9 
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