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Abstract

In electrical power engineering, the accuracy of the state estimation of Phasor angle can be improved by the use of Phasor
measurement units (PMUs). Traditionally, voltage phase angles are determined by state estimation. This paper is focused on the
possible benefits of state estimation of using synchronized Phasor measurements to improve the measurement redundancy.
Putting PMU at every bus is very costly solution. Here in this paper different Mathematical, Heuristic & Meta heuristic methods
of optimum PMU placement techniques are studied & the result of each method for IEEE-6 Bus & IEEE- bus system are
compared to find out optimum numbers PMUs & their location.
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I. INTRODUCTION

After the deregulation of the power industry, power systems are required to be operated efficiently and economically in a
strongly competitive environment. In order to achieve these objectives it is crucial to accurately monitor the state of the power
system as the operating conditions change during the daily operation. State Estimation, which determines the optimal estimate
for the system state based on the available system measurements, has become an essential tool in modern control centres. The
measurements are commonly provided by the remote terminal units (RTU) at the substations and include real/reactive power
flows, power injections, and magnitudes of bus voltages and branch currents. Performance of the state estimator relies heavily on
its measurement system. In the recent years, synchronized Phasor measurements have been introduced into power systems at
selected substations in the system. Phasor measurement units (PMU) are devices that provide positive sequence Phasor voltages
and currents based on the measured voltage and current signals at substations. These signals are time synchronized by the help of
global positioning system (GPS) satellites. As the numbers of PMUs increase in power systems, Phasor measurements will play a
dominant role in improving the performance of state estimators. Furthermore, it is recognized that PMUs can also be used to
improve network observability. As the cost of the PMUs are the very high so that the putting PMUs at every bus is not a good
solution. Optimum PMU placement techniques are applied to find out minimum number of PMUs so that complete observability
can be achieved with minimum cost.

II. CONVENTIONAL METHODS OF NETWORK MONITORING

The state estimator block diagram shown in the fig. 1 Monitoring and control of power system is conducted by supervisory
control & data acquisition (SCADA) system, which collected the measurement data in real time from the remote terminal units
(RTU) installed at the substation across the power system network. Supervisory Control indicates that the operators in Energy
Control Centre (ECC) have ability to control the RTUs. Data Acquisition indicates that the data gathered by the RTUs are sent to
the operator for monitoring purpose. Typical RTU measurements include bus voltage magnitudes, power injection and flows
(both real and reactive). In addition to those measurements, RTU also record the on/off status of the switching devices, such as
circuit breakers and transformer taps.

This set of the measurement and status information is telemetered to the energy control centre through a periodic scan of all
RTUs. A typical scan cycle is usually 2 or 4 seconds. The traditional types of SCADA telemetry includes telephone wire and
microwave radio. A more recent development in communication technologies has taken advantages of fibre optic cable,
satellites, spread spectrum radio, and internet/intranet systems, which have improved communication reliability and speed,
although the cost is still higher than the conventional mediums.

By processing RTU status information of switching devices, the network topology processor in Energy Management System
(EMS) determines the topology of the network, which characterizes the connectivity between busses (nodes), the shunt elements
at each bus, and which generators and loads are connected to those busses by using one-line diagram. The status information of
switching devices coming to topology processor is referred to as the bus section-breaker-switch data. It provides the on/off
information at each substation and how they are connected. Different bus sections connected with closed breakers and switches
can be recognized as an electric bus. The topology processor converts the bus section-breaker-switch data into so called bus-
branch in one line diagram.
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The network topology processor must reflect the actual network condition in order for the state estimator to determine the
optimal operating state of the current system. Unfortunately, an accurate network topology processor is not always available.
Many current topology processors are not capable of acquiring the status change of circuit breakers automatically due to
destruction of communication mediums. Besides, equipment status of remote substations is usually managed running manually
through telephone call to report to the ECC. Hence it is common to have topology errors occurred in the network models.
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Fig. 1: Conventional Method of Networking

I1l. MODERN METHOD OF NETWORK MONITORING
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Fig. 2: Functional block diagram

Fig 2 provides the function blocks of a PMU. The analog inputs include voltages and currents obtained from the secondary
windings of the voltage and current transformers. The anti-aliasing filter is used to attenuate the frequencies that are higher than
Nyquist frequency. The phase locked oscillator converts GPS 1 pulse per second into a sequence of high speed timing pulses that
will be used in waveform sampling. The A/D converter can convert the analog voltage and current signals to digital signals,
which are imported into Phasor microprocessor to execute the Discrete Fourier Transform (DFT) Phasor calculations. The
computed string of Phasor is assembled in a Phasor data concentrator (PDC) and this Phasor stream is then transmitted to the
modems.
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V. OPTIMUM PMU PLACEMENT ALGORITHMS
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Fig. 3: Optimum PMU Placement Algorithms

A. Integer Linear Programming:

A linear programming (LP) problem in which all the design variable must take integer values is called linear integer
programming problem.

The Steps to find the optimal solution is as follows:

8)

9)

Stepl. Form a bus connectivity matrix (A) from the network data.

Step2. Find out the Isolated or Radial buses for the system. Also find buses connected to radial buses (BCRB).

Step3. Remove the zero injection buses from the set of BCRB. Select remaining buses in the set as PMU placement bus.
Step4. By using PMU bus selected in step3 find indirectly observable buses using KCL at zero injection bus.

Step5. Find out Observability index of the each buses (OIB). OIB is the number of observable buses when placing PMU
on respective bus. So for each bus value of OIB is different.

Step6. Find out maximum value of OIB.i.e.OIBmax, and select the bus having maximum OIB.

Step7. Form a set of buses having maximum OIB. Now remove zero injection buses from the set. If the number of
remaining buses are greater than zero go to step8, else check whether there is any bus in set connected to zero injection
bus connected to radial bus (ZIBCRB).If yes select that bus as PMU placement bus and go to step9.1f no reduce value of
maximum OIB by one and go to Step6.else find unobservable buses(UOB) and select any bus from ZIBCRB connected
to UOB as PMU bus and go to Step9.

Step8. If the number of buses found in step7 is one select the bus as PMU bus and go to step9.If the number is the more
than one check for the non-zero injection bus connectivity among the buses obtained in Step7.

Step9. Find directly observable buses and indirectly observable buses and find out total observable buses.

10) Stepl0. If TOB is equal to the total number of the system bus then system becomes completely observable. Go to

stepl1.Else if TOB<number of buses go to step5.

11) Stepll.a. Do pruning: Find the non-PMU buses which are connected to more than one PMU bus. For each combination

place a PMU in the non-PMU bus and remove PMUs from the connected buses and check observability. If observability
is satisfied, continue the process for other non-PMU buses else if observability is not satisfied do not prune for that non-
PMU bus and continue the process for other non-PMU bus.

12) Step12.b. Remove one PMU at a time from the set of PMUs obtained from the step 11(a) and check observability if

found not observable do not remove that PMU, continue the process.
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B. Binary Search:

A Binary Search Algorithm, which was proposed, by Chakrabarti and Kyriakides was used to determine the minimum number of
PMUs required. An Exhaustive Binary Search was employed to calculate the minimum number of PMUs needed to make system
fully observable.

In general, a total number of combinations were able to be measured as

P
solution = ———————
N (P — Now)!

Where P represents the total number of buses in the power system and where NPMU represents the number of PMUs needed
in the power system.

It is clear that the total number of buses in the power system will affect the total computational time in a non-linear
relationship. For the purpose of reducing the execution period, the author introduced a theoretical upper bound of the minimum
number of PMUs needed to make the system observable; this was derived.

N =V +5/2)/3]

Where N is the total number of candidate buses in the system and s is the number of unknown power injections.
if the system is found to be unobservable for all of the combinations of PMU locations, then the minimum number of PMUs is
increased by one, i.e.,, NPMU= (NPMU+1). If the system is found observable for any of the combinations of locations, the
minimum number of PMUs is reduced by one, i.e., NPMU= (NPMU-1). The search is repeated until the minimum number of
PMUs is obtained. The search process ensures that, if NPMU is the minimum number of PMUs, none of the solutions of length
(NPMU-1) can make the system observable. An exhaustive set of combinations of size (NPMU-1) was examined for
observability before concluding that NPMU is the minimum number of PMUs.

C. Greedy Algorithm:
A combinatorial optimization algorithm that takes the best immediate, or local, solution while finding an answer is called greedy
algorithm. Greedy Algorithm is a type of approximation algorithm used to solve the optimal question in a simple and effective
way. Generally, Greedy Algorithm makes a locally optimal choice to lead to a globally optimal solution. Basically, this
algorithm makes decisions according to a single rule which states that, at each stage, a PMU should be installed at the bus that
covers the largest number of uncovered buses and this process should be repeated until the system is fully observed.

In Greedy Algorithm initial step, is to put PMU on the highest connected buses with a highest connectivity degree of in the
network, and in the second step, the algorithm searches for the bus that covers the largest number of uncovered buses. Hence the
network is fully observed and the Greedy Algorithm will be terminated.

D. Depth First Search:

Depth First Search method (DFS) is applied extensively in earlier time, which is one of the tree search methods of PMU
placement. It marks all vertices in a directed graph in the order they are discovered and finished, while partitioning the graph into
a forest; this method uses only three rules. The first PMU is placed at the bus with the largest number of connected branches if
there is more than one bus with this characteristic, one is randomly chosen. The following PMUs are placed with the same
criterion, until the complete network visibility is obtained. DFS merely considered the “depth” through the process of expanding,
which makes the observational topologies, increases the unwanted redundancy.

E. Minimum Spanning Tree
Minimum Spanning Tree method (MST) is a modified depth first approach. The procedure is given in the flow chart (Fig-3).

F. Graph Theoretic Procedure:
The dual search method can be greatly accelerated by beginning the search near the minimal solution. A reasonable starting point
can be provided by a graph theoretic search which identifies placement sets that makes the system observable. The steps for the
method are as follows:

1) Step 1: Place a PMU at the bus with the highest number of incident lines in the unobservable region;

2) Step 2: Determine the region observed by the current PMU placement set.

3) Step 3: If the observed region does not cover the whole system, then go to Step 2; otherwise stop.
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Fig. 4: Flow Chart of Minimum Spanning Tree Method

G. Simulated Annealing:

Simulated annealing method is put forward by Metropolis in 1953. Simulated Annealing (SA) is a technique that finds a good
solution to an optimization problem, by trying random variations of the current solution. A worse variation is accepted as the
new solution with a probability that decreases as the computation proceeds. The slower the cooling schedule, or rate of decrease,
the more likely the algorithm is to find an optimal or near-optimal solution. It solves the problems of combination optimization
by simulating the physical anneal process of the solid matter (such as metal). By analogy with this physical process, each step of
the SA algorithm replaces the current solution by a random™ nearby" solution, chosen with a probability that depends both on the
difference between the corresponding function values and also on a global parameter T (called the temperature), that is gradually
decreased during the process. The dependency is such that the current solution changes almost randomly when T is large, but
increasingly “downhill” as T goes to zero [6].

The procedures can be subdivided into several main steps, as follows:

1) Select an initial condition X0 from the approve solution space randomly, calculate its target function value f (X0), and
select the initial control temperature TO and the length of Markov Chain;

2) Engender a random disturbance in the approve solution space, then gain a new state X1, calculate its target function
value f (X1);

3) Judge, whether it satisfies f(X1) < f(X0), if yes, then accept the new state X1 as the current state; if not, then judge
whether it satisfy X1 according to Metropolis rule, if yes, then accept the new state X1 as the current state, else accept
the state X0 as the current state;

4) Judge, whether the sample process ends according to some convergence rule, if yes, then turn to (5); if not, then turns to
(2);

5) lower the control temperature T according to some annealing project;

6) Judge, whether the annealing process ends according to some convergence rule, if yes, then turn to (7); if not, then turns
to (2);

7) Output the current solution as the best solution.

V. GENETIC ALGORITHMS

GA was inspired by the natural evolution of species. In natural evolution, each species searches for beneficial adaptations in an
ever-changing environment. As species evolve, new genetic information is encoded in the chromosomes. This information
changes by the exchange of chromosomal material during breeding (crossover) and also mutation. From the engineering
standpoint, if we have two solutions with good approximation for a given problem, their combination might lead to a better
solution. So, GA pertains to the search algorithms with an iteration of generation-and-test. With the characteristics of easier
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application, greater robustness, and better parallel processing than most classical methods of optimization, GA has been widely
used for combinatorial optimization, structural designing, machine learning rule-based classifier systems etc.

V1. BINARY PARTICLE SWARM OPTIMIZATION

BPSO is a swarm intelligence based optimization which was first introduced by Kennedy & Eberhart (1995). It’s taken from the
social behaviour and collective movements of birds and shoals of fish. Swarm intelligence comes from the study of collective
behaviour in decentralized, self-originated systems like a swarm of social organisms, collective intelligence arises from
interactions. A number of agents or particles are employed in finding the optimal solution is guided by both individual and social
knowledge of the particles.

A. The steps followed in BPSO are given below:

1) Initialize the swarm, i.e. initial value of particle position and velocities.

2) Calculate the value of objective function i.e. and calculate personal (pbest) and global best (gbest).

3) Now calculate new values of velocity and position.

4) Calculate the value of objective function.

5) Sort the elements of the swarm according to their value of cost function.

6) For the highest values of the cost function, i.e. worst possible solutions, mutation is Introduced. For each position of
element string, a random number is generated and if it is less than the predefined mutation constant, dth value alters
fromOtolor1toO.

7) Update fbest (best designated value of cost function) and gbest (global best solution) and repeat process from step 3
until the convergence criteria is fulfilled.

VI11.SYSTEM OBSERVABILITY REDUNDANCY INDEX (SORI)

In optimal PMU placement, the redundancy index is an important factor for representing the stability of the power network. Due
to a multiple number of optimum solutions being available after applying the optimization algorithm, Bus Observability Index
(BOI) will be implemented to indicate the performance on quality of optimization. In BOI, bus-i (i) will be defined as the
number of PMUs which are able to observe a given bus. Consequently, the maximum bus observability index is limited to
maximum connectivity (i) of a bus plus one:

Bi<ni+1

In order to select the most favourable outcomes among a number of optimal solutions obtained using different optimization
methods, the System Observability Redundancy Index (SORI) is, in principle, a measurement of the sum of bus coverage for all
the implemented buses (i=1 to n) in an active system. Higher SORI value indicates that the PMU-based monitoring system is
more The SORI can be calculated using following equation, where y represents System Observability Redundancy Index
o
r=>.p5

=1

VIIl. MODELING & SIMULATION
A. 1EEE-6 Bus Result Comparison Tables:
Table -1
Different Algorithms Result Comparison Table for IEEE-6 Bus System
SR. NO. ALGORITHMS NO. OF PMU's | BUS LOCATION
1 Depth First Search 3 1,35
2 Graph Theoretic Procedure 3 1,3,5
3 Minimum Spanning Tree 3 1,3,5
4 Simulated Annealing 2 14
5 Linear Integer Programming 2 2,5
6 Binary Search 2 2,5
7 Greedy Approach 2 2,5
8 Genetic Algorithm 2 2,5
9 Modified Binary Particle Swarm Optimization 2 2,5
Table —2
System Observability Redundancy Index Comparison Table for IEEE-6 Bus System
Sr. No. Algorithms SORI
1 Depth First Search 9
2 Graph Theoretic Procedure 9
3 Minimum Spanning Tree 9
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4 Simulated Annealing 6
5 Linear Integer Programming 8
6 Binary Search 8
7 Greedy Approach 8
8 Genetic Algorithm 8
9 Modified Binary Particle Swarm Optimization 8
B. |EEE-14 Bus Result Comparison Tables:
Table -3
Different Algorithms Result Comparison Table for IEEE-14 Bus System
Sr. No. Algorithms No. of PMUS's PMU Bus Location
1 Depth First Search 6 1,4,6,8,10,14
2 Graph Theoretic Procedure 6 1,4,6,8,10,14
3 Minimum Spanning Tree 6 1,4,6,8,10,14
4 Simulated Annealing 4 2,6,7,9
5 Linear integer Programming 4 2,6,7,9
6 Binary Search 4 2,6,79/27,10,13/2,7,11,13
7 Greedy Approach 4 2,6,7,9
8 Genetic Algorithm 4 2,6,7,9
9 Modified Binary Particle Swarm Optimization 4 2,6,7,9
Table—4
System Observability Redundancy Index Comparison Table for IEEE-14 Bus System
Sr. No. Algorithms SORI
1 Depth First Search 18
2 Graph Theoretic Procedure 18
3 Minimum Spanning Tree 18
4 Simulated Annealing 19
5 Linear integer Programming 19
Binary Search - 2,6,7,9 19
6 Binary Search - 2,7,10,13 16
Binary Search - 2,7,11,13 16
7 Greedy Approach 19
8 Genetic Algorithm 19
9 Modified Binary Particle Swarm Optimization 19

IX. CONCLUSION

Due to the increasing development of power networks, their control systems and protection requirements are becoming complex.
In recent years, the theory of synchronized phase angle measurement has verified that it brings a deep-seated advantage for the
network real-time monitoring. Furthermore, along with the device of Phasor Measurement unit, these applications will enhance,
in reality, the power system monitoring, control and protection. In this Paper, A comparative study of different methods of
optimum PMU placement technique is shown. Different Numerical, Heuristic & Meta heuristic methods are applied to IEEE-6 &
IEEE-14 bus system. Different techniques are implemented in the PSAT. SORI & minimum number of PMUs with their location
are studied. Effect of zero injection is also considered for all the studies. A comparative study of all the methods is tabulated in
this paper.
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