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1. INTRODUCTION

Nowadays, talking about the importance or necessity of energy production in various financial, social,
and even political aspects is clear because of the complexity of modern technology in power distribution
systems. Without the need for advanced machines, the operators could control the power systems and serve the
energy management aims. These controls should ensure that reliable, flexible electric power with optimal
financial performance is realized. In recent years, another system has been introduced that aims to compensate
for the available flaws in the wide area measurement system (WAMS). It is called the wide area monitoring
system, and it has been greatly considered by the Abbasi and Seifi [1].

Phasor measurement units (PMUs) [2]-[13] were first introduced in the middle of the 1980s, as signal
processing technology advanced. A large number of these PMUs have been used in advanced studies of power
systems all over the world due to their capability, and their application is growing rapidly. Electric utility state
estimation is critical for the best utilization, monitoring, protection, and control of power systems. Traditional
estate estimation methods, on the other hand, are not precise due to their non-synchronous parameters, and
reaching the final solution relies on solving a large number of nonlinear equations through repetitive methods.
So, the system utilizer in the control center hasn’t a good vision of dynamic condition of the system.

The optimal placement of PMUs can be find by linear and non-linear programming-based model
including genetic algorithm [14], [15], binary-coded genetic algorithm (BCGA) and branch-and-bound
algorithm (BBA) [16], whale optimization algorithm [17], generalized pattern search algorithm [18], semi-
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definite programming [19], integer-arithmetic algorithm [20], neural network [21], binary semidefinite
programming [22], greedy strategies [23], recursive quadratic programming [24], integer linear programing
[25] and so on. On the other hand, optimal PMU placement (OPP) problems are solved as single- or multi-
objective that one of the objectives is to reduce the number of PMUs [26], increasing measurement redundancy
[27], minimizing total PMU installation cost [28], enhancing the power system's measurement reliability [29],
and enhanced transient stability [30]. Moreover, some papers [31]-[33] consider the different constraints
including PMUs specific channel capacity, a line/PMU outage, one branch outage, and one PMU failure, that
can be solved by heuristic algorithms.

In the central control room, the state estimator uses the crude phasor data to make a valid state
estimation of the system. The prerequisite for using these state estimators is to install PMUs and establish
suitable communication infrastructures to transfer the crude measurement data. Providing these items requires
a huge investment. So, choosing the plans for optimal allocation of PMUs has a high degree of importance. As
a result, these plans must be evaluated in terms of the power system's observability. Considering the advantages
of the differential evolution algorithm, it is hoped that this algorithm could realize a saving in the cost of the
project by enhancing the solutions to the PMU allocation problem [34]. This study presents the PMUs optimal
allocation to achieve full network observability via a differential evolution technique and the deployment of
constraints related to the ZIB aimed at decreasing the number of PMUs and their corresponding cost.

2. THEORY AND PREVIOUS STUDIES
2.1. Differential evolution algorithm

The differential evolution algorithm (DEA) [35]-[47] was introduced in 1995 by Storn, and Price.
This algorithm is population-based and aside from some similarities to the other evolutionary algorithms, it’s
unigue concerning the method of generating the solution. In evolutionary algorithms, the new population is
generated using the crossing or mutation operators. In the DEA, firstly, the mutation operator is used to generate
an experimental vector and then, this selection operator used to generate a child. In the differential evolution,
the length of mutation’s step is originated from the differences among the current population. Although the
evolutionary difference has similarities with the other evolutionary algorithms, using the distance, and direction
data correspond to the current population to succeed in the exploration operation has separated it from the other
evolutionary algorithms [37]. The primary evolutionary algorithm was developed to solve the continuous space
problems, then, they were developed to cope with the discrete space problems. The basic DE algorithm is
shown in Figure 1. The DEA, includes: i) set the initial values for the scale factor, the cross-factor, the number
of populations (NP), and the maximum number of evolutionary steps (Maxinter); ii) set the initial population
count to pop; iii) implement the DE/rand/1/bin policy enforcement choices in order to create a new generation
of individuals, specifically: operation of mutation; procedure of crossover; procedure of selection; and iv) until
such time as the termination criteria are satisfied [37].
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Figure 1. Flowchart of difference evaluation algorithm
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2.1.1. Mutation

The mutation operator (in the DEA) generates an experimental vector by introducing mutations into
any member of the population individually, the objective vector, and a weighted difference. For example, X;(t)
is generated for a child as: an objective vector X;; (t) is selected from the population, so that, i; # 1, then two
individuals X;, (t)and X;; (t)are selected, haphazardly; sothat, i # i; # i, # iz andalso iy, i, iz~U(1,ng). The
experimental vector will be generated using these particular individuals so that (according to Figure 2) [48].

u, = X () + (X2 () — X;3(8)) 1)

Where 8 € (0, o) is a scale factor which controls the effect of difference [49].

Xz’1(ri."-\,,____.-»)'(;_'(;)
X3 (f)
(D
i e X3 (1) ’
By M Xi2 (6)-Xi5 (t)
& Bl Xiz(1)-Xis(1))

Figure 2. The mutation operator in the differential evolution algorithm (DEA)

2.1.2. Crossover
A discrete combination of the experimental vector Ui(t) is accomplished through the use of the
crossover operator, and the father vector X;(t) for generating the X; (¢t) child. The selection is employed as (as
in Figure 3) [50].
, U,;@©), ifje]
Xi(© = {Xl-j (t) otherwise 2)

Where x;;(t) is assigned to the j" element of X;(t). In other words, j is a collection of indexes that will change.
Itis a collection of the selected words.
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Figure 3. The crossover in DE algorithm
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2.1.3. Selection

The selection operator is used in two ways. First, in order to determine a person who should be used
in mutation to generate an experimental vector. Second, in order to assign which father or child will go to the
next stage random selection usually is used to compute the differential vectors. In most DEA implementations,
the objective vector is chosen at random or by using the best individual. In the DEA to generate the next
generation, the exact selection method is used. In this condition, the child will replace their father if he will be
better than him, otherwise, the father will become a part of the subsequent generation. This action guarantees
that, the function the average value of the population will not become worse [51].

2.2. Evaluation of the implemented methods

To address the issue of PMU allocation in recent years, different methods have been evaluated in
various papers. In an endeavor to decrease the extension cost, which will save the system’s cost, a bunch of
these researchers have tried to enhance the solutions by implementing evolutionary optimization problems.
The previous research done in this field includes: simulated annealing (SA) [52]-[67], binary imperialistic
competition algorithm (BICA) [68], chemical reaction optimization (CRO) [69], recursive tabu search (RTS)
[35], [70], [71], genetic algorithm (GA) [72], and so on.

3. METHOD

In general, power system observability refers to the process of computing network variables in order
to provide an approximation of the system's state. The network will not be observable, and it may be possible
to divide it numerically as well as topologically [73]. This is due to the fact that the data required for the state
estimation will not be available.

3.1. The numerical method of analyzing the observability

In the numerical method, in order to reach a mathematical definition for the observability, the
mathematical model of the system should be concluded. In most of the references, the linear model of the
system is used which is defined as:

Z = HX + e(3) 3)

the Z vector in this model comprises m measurements of bus voltage and line current. X is the N-dimensional
state vector and H denotes the measurements' constant Jacobean matrix and e denotes the measurement error
vector. Considering the previous formula, if the Jacobean matrix H will be of a full degree, the network is
observable and the state estimation is practical. Due to the inherent limitations of the numerical technique when
used to big power systems (because of the high scattering of matrixes), the alternative method of topological
analysis of observability is proposed [73].

3.2. The topological method of observability
In this method of evaluating the observability of a uniform graph, based on the whole electric laws
and condition of power distribution, according to these four laws is done:
- Law 1: there is no ambiguity in the voltage and current phasors of any of the edges that are connected to
the vertex in which the PMU has been put (as in Figure 4) [74].

BUS with out PMU

BUS out PMU

Figure 4. The first law in the topologic evaluation of the observability

- Law 2: if a vertex's voltage phasor and the current of one of the edges connected to it are both clear, the
voltage phasor of the other vertex connected to that edge is concluded (as in Figure 5).
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BUS with out PMU

BUS with PMU

Figure 5. The second and third law in the topologic evaluation of the observability

- Law 3: if the voltages of both vertexes connected to one edge are clear, its currents will be clear, too.
- Law 4: if the current of the whole edges connected to a vertex with zero injective current except in one
of them will be clear, the current of the other edge will be clear (Figure 6).

Zero injection Bus

g »
| »

BUS with PMU

Figure 6. The fourth law in the topologic evaluation of the observability

- Law 5: using the allocation laws, one could reach the result that if every single bus that is connected to
the ZIB will be observed in some way, then the ZIB itself is observable, so that bus could be merged with
one of the side buses and conclude the new crossover matrix (as in Figure 7).

T H%

Figure 7. The fifth law in the topologic evaluation of the observability

3.3. The formulation of the PMUs allocation problem

Installed on a bus, a PMU has the ability to compute both the voltage phasor of the bus itself as well
as the current phasor of all of the branches that are attached to it. So, by installing PMU at strategic spots of
the network, the prerequisite data needed for evaluating its observability could be gained. The optimal
allocation problem [74] for an n-bus system is written as:

min i, Wi X; 4
(- P

st.fi>1,VieB ©)
f=A4X ©)
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Wi is considered to be the cost of installation for any PMU in bus it and f(x) is a function that shows the
constraints of observability for any bus of the network. In this paper, in order to grow the pace of calculations,
the topological method has been used to formulate the constraints of the problem. The constraints of the
problem are analyzed in two stages according to the strategy that has been proposed: i) without taking into
consideration the ZIB and ii) taking into consideration the ZIB.

4. RESULTS AND DISCUSSION

An optimization problem has been developed for IEEE-standard power systems with 14, 30, 57, or
118 buses. A software was created in MATLAB R2019a on a PC with a Core i7 3.90 GHz Intel CPU and 16
GB of random-access memory (RAM) to solve the problem for each network.

4.1. Optimal placement of PMUs aimed at full observability of network without considering the zero -
injection bus

Table 1 summarizes the evaluation outcomes. Any of the evaluated test systems with the
corresponding number of PMUEs, as stated in Table 2, have become fully observable, according to the program's
output results. Table 2 shows the location of the PMU installation for standard power system observability and
the simulation computation time.

Table 1. Results of PMUs placement, without considering the ZIB

System The number of the ZIB The number of PMUs, without taking into account the ZIB
IEEE 14-bus 1 4
IEEE 30-bus 5 10
IEEE 57-bus 15 17
IEEE 118-bus 10 32

Table 2. The locus of PMUs, without considering the zero-injection busses

System Location of PMUs in allocation without the ZIB Simulation time (s)
IEEE 14-bus 9,7,6,2 0.291
IEEE 30-bus 27, 25,18, 15,12,10,9,6, 4,2 0.318
IEEE 57-bus 57,53, 51, 47, 41, 38, 36, 32, 28, 25, 22, 19, 15,9, 6, 1 0.436
IEEE 118-bus 114, 110, 105, 102, 94, 91, 86, 85, 80, 77, 75, 71, 70, 68, 63, 0.679
62, 56, 53, 49, 45, 42, 37, 34,29, 25,21, 17,15,12,9,5,2

4.2. Optimal placement of PMUs aimed to full observability of network with considering the ZIB

Considering the ZIB in the PMUs allocation problem cause saving in cost and decreases the number
of PMUs needed to realize the full-observable network. The allocation problem is resolved, considering the
ZIB. The loci of ZIB in standard networks are listed in Table 3. The simulation calculation time and the location
of installation of PMUs have been tabulated in Table 4. The comparison of results of solving allocation problem
considering the effect of the ZIB revealed a 10% to 30% decrease in the number of PMUs, concerning the case
in which ZIB is ignored. Eventually, proposed results considering the effect of the ZIB prove that solving the
PMUs allocation problem considering the effect of the ZIB decreases the number of PMUs aimed for the full-
observability operation of the network, consequently reducing the costs. Despite the similar results of
differential evolution to the binary particle swarm optimization (BPSO) algorithm, because of the higher pace
in converging to the objective point and its powerful performance not to trap in local optimum, the final results
of the differential evolution algorithm are preferred to the other algorithms. Figure 8 shows convergence
properties of OPP optimization in various test systems with and without ZIB. Where 14-bus network is shown
in Figure 8(a), 30-bus network is shown in Figure 8(b), the 57-bus system is shown in Figure 8(c) and 118-bus
system is shown in Figure 8(d).

Table 3. The locus of the ZIBses in standard test networks

System The number of the ZIB Location of the ZIB
IEEE 14-bus 1 7
IEEE 30-bus 5 29,25,11,9,6
IEEE 57-bus 15 22,19,17,14,13,11,10,9,6,5,2,1
IEEE 118-bus 10 81, 71,67, 64,63, 38,37,30,9,5
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Table 4. The locus of PMUs, with considering the ZIBses

System Location of PMUs in allocation with the ZIB Simulation time (s)
IEEE 14-bus 9,6,2 0.371
IEEE 30-bus 29,18, 15,12,10,5,1 0.443
IEEE 57-bus 54,51, 41, 38, 32, 26, 25, 19, 13,5, 1 0.571
IEEE 118-bus 110, 105, 102, 94, 90, 86, 85, 80, 77, 75,72, 62, 53, 49, 45, 40, 37, 34, 32, 31, 27, 21, 17, 0.809
12,11,8,3
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Figure 8. Convergence properties of OPP optimization in various test systems with and without ZIB
(@) 14 bus, (b) 30 bus, (c) 57 bus, and (d) 118 bus

4.3. Algorithms comparison for OPP optimization from various points of views

This section compares the suggested approach findings to other methods that have already been
published in the literature in order to better understand the OPP optimization problem. Several configurations
to minimize the number of PMUs is displayed in various articles. Table 5 compares optimal PMU placement
of several optimization strategies to minimize the number of PMUs for IEEE 14-, 30-, 57-, and 118-bus test
systems with and without ZIB. Table 6 shows the minimal number of PMUs required to produce a fully
observable system as well as the proportion of PMUs put in buses for the aforementioned test systems under
both with and without ZIB conditions.
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Table 5. The comparison between results of allocation problem with the other references

Without ZIB
Test system Bus no. (PMU placements) Reference
IEEE 14-bus 9,7,6,2 Proposed method (PM) [26], [69]
13,11,7,2 Mousavian and Feizollahi [75]
13,10,7,2 Jamuna and Swarup [76]
13,10, 8,2 Al-Mohammed et al. [46]
IEEE 30-bus 27, 25,19, 15,12, 10, 9, 6, 4, 2 Jamuna and Swarup [76], (PM)
29, 25,18, 15,12, 10,9,6,5,1 Jamuna and Swarup [77]
27,25,24,19,12,10,9,8,5,1 Al-Mohammed et al. [46]
29, 25, 20, 15,12, 11,10,7,6, 3 Mousavian and Feizollahi [75]
IEEE 57-bus 57,53,51, 47,41, 38, 36, 32, 28, 25, 22,19, 15,9, 6, 1 [69], [72], (PM)
57,54, 50, 47, 46, 45, 41, 36, 32, 30, 29, 26, 22, 19, 9, 4,1 Mousavian and Feizollahi [75]
55, 52, 50, 47, 45, 41, 39, 36, 32, 27, 25, 22, 19, 15,12, 6, 3 Venkateswaran and Kala [47]
IEEE 118-bus 114, 110, 105, 102, 94, 91, 86, 85, 80, 77, 75, 71, 70, 68, 63, 62, 56, 53, Ivatloo [72] (PM)
49,45, 42,37, 34, 29, 25, 21, 17, 15,12, 9 Mousavian and Feizollahi [75]

5,2
114, 110,105,101, 94, 91, 86, 85, 80, 75, 71, 68, 64, 62, 57, 54, 51, 46, Ivatloo [72]
44, 40, 36, 30, 28, 23, 21, 17,15, 12,9, 5, 3
114,110, 105, 101, 94, 91, 86, 85, 80, 75, 71, 68, 64, 62, 57, 54, 51, 46,
5

44, 40, 36, 30, 28, 23, 21, 17, 15,12, 9, 5, 3
IEEE 14-bus 9,6,2 Proposed method [69], [70], [75], [77]
IEEE 30-bus 29,18, 15,12,10,5,1 Hurtgen and Maun [77], (PM)
27,23,18,12,10,5,1 Koutsoukis et al. [70]
27,23,19,12,10,7,1 Xu et al. [69]
30,24,19,17,12,7,1 Mousavian and Feizollahi [75]
IEEE 57-bus 54,51, 41, 38, 32, 26, 25, 19, 13,5, 1 lvatloo [72], (PM)
56, 54, 51, 38, 32, 29, 25, 20, 13,4, 1 Koutsoukis et al. [70]
56, 54, 51, 38, 32, 29, 25, 19, 13,6, 1 Mousavian and Feizollahi [75]
54,51, 41, 38, 32, 29, 25,19, 13,5, 1 Mahari and Seyedi [68]
IEEE 118-bus 110, 105, 102, 94, 90, 86, 85, 80, 77, 75,72, 62, 53, 49, 45, 40, 37, 34, Koutsoukis et al. [70], (PM)
32,31,27,21,17,12,11,8,3 Hajian et al. [78]
114, 110,105, 101, 94, 90, 86, 85, 80, 77, 75, 72, 62, 56, 52, 49, 45, 40, Mahari and Seyedi [68]
34, 33,28, 25,21,17,12,11, 8,2 Mousavian and Feizollahi [75]

110, 105, 102, 94, 90, 86, 85, 80, 77, 75, 72, 62, 56, 53, 49, 45, 40, 37,
34,32,31,27,21,17,12,11,8,3
114, 110, 105, 101,94, 90, 86, 85, 80, 77, 75, 62, 56, 53, 49, 45, 40, 34,
29,25,21,17,15,12,8,6,1

Table 6. Comparison between different algorithms and test systems for the minimum number of PMUs and
the percentage of buses equipped with PMU

Test systems 14-bus 30-bus 57-bus 118-bus
Method A B A B A B A B
without ZIB
Iterated local search (ILS) [79] 4 28.57 - - 17 29.83 32 27.12
Binary particle swarm optimization (BPSO) [26] 4 28.57 10 33.33 17 29.83 32 27.12
Genetic algorithm (GA) [72] 4 2857 10 3333 16 2807 32 2712
Proposed method 4 28.57 10 33.33 16 28.07 32 27.12
with ZIB

Simulated annealing (SA) [52] 21.43 23.33 13 22.81 29 24.58
Binary imperialistic competition algorithm[68] 21.43 23.33 11 19.30 28 23.73
Chemical reaction optimization (CRO) [69] 21.43 23.33 14 24.56 29 24.58

Matrix reduction [49]

Recursive tabu search (RTS) [70] 21.43 23.33 11 19.30 - -

Genetic algorithm (GA) [72] 21.43 23.33 12 21.05 29 24.58

Proposed method 3 21.43 23.33 11 19.30 28 23.73
A: Minimum number of PMUs B: Percentage of buses equipped with PMU

WWWwwww

7
7
7
21.43 8 26.67 12 21.05 29 24.58
7
7

~

5. CONCLUSION

This paper proposes a new strategy for optimizing PMU allocation with the end goal of achieving full
network observability and assessing network topological observability. The optimization problem and
associated restrictions, such as the condition needed to accomplish full observability of the network, are
presented in the form of a differential evolution optimization problem. The topic of PMU allocation was then
explored, taking into account the influence of zero-injection buses (ZIB) on the objective function. The problem
has been solved using MATLAB software. It has been demonstrated that incorporating ZIB (switching station)
limitations into the PMU allocation problem reduces the number of PMUs necessary to provide full-
observability performance of the network, thereby lowering costs. When compared to existing strategies for
solving various optimization issues, the proposed method performs well. It is hoped that using this method to
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solve more complex allocation problems, such as multi-stage allocation of PMUs, and the allocation problems
including additional constraints like the PMUs allocation problem aimed at more observability, will lead to
good results.

ACKNOWLEDGEMENTS

The authors would like to express their gratitude to Islamic Azad University (Yasuj, Iran), Fasa
University (Fasa, Iran), and Universitas Ahmad Dahlan (Yogyakarta, Indonesia) for their contributions to this
collaborative research. Also, thanks to the Embedded System and Power Electronics Research Group in
Yogyakarta, Indonesia.

REFERENCES

[1]  A.R. Abbasiand A. R. Seifi, “A new coordinated approach to state estimation in integrated power systems,” International Journal
of Electrical Power and Energy Systems, vol. 45, no. 1, pp. 152-158, 2013, doi: 10.1016/j.ijepes.2012.08.058.

[2]  P. Sahu and M. K. Verma, “Online monitoring of voltage stability margin using PMU measurements,” International Journal of
Electrical and Computer Engineering (IJECE), vol. 10, no. 2. pp. 1156-1168, 2020, doi: 10.11591/ijece.v10i2.pp1156-1168.

[3]1 M. M. H. Elroby, S. F. Mekhamer, H. E. A. Talaat, and M. A. M. Hassan, “Generalized optimal placement of PMUs considering
power system observability, communication infrastructure, and quality of service requirements,” International Journal of Electrical
and Computer Engineering (IJECE), vol. 10, no. 3. pp. 2824-2841, 2020, doi: 10.11591/ijece.v10i3.pp2824-2841.

[4] M. Tsebia and H. Bentarzi, “Reduction in the use of fossil fuels by improving the interconnection power system oscillation,’
International Journal of Power Electronics and Drive Systems (IJPEDS), vol. 14, no. 1. pp. 395-404, 2023, doi:
10.11591/ijpeds.v14.i1.pp395-404.

[5] D. Celeita, M. A. Rios, D. M. Laverty, J. Forero, A. F. M. Jaramillo, and S. McLoone, “IEC 61850-9-2 based module for state
estimation in co-simulated power grids,” International Journal of Electrical and Computer Engineering (IJECE), vol. 13, no. 3. pp.
2555-2567, 2023, doi: 10.11591/ijece.v13i3.pp2555-2567.

[6] K. Khalid, A. A. Ibrahim, N. A. M. Kamari, and M. H. M. Zaman, “An optimal placement of phasor measurement unit using new
sensitivity indices,” Bulletin of Electrical Engineering and Informatics (BEEI), vol. 10, no. 1. pp. 31-38, 2020, doi:
10.11591/eei.v10i1.2499.

[71  V.V.R.Raju,K.H.P. Shree, and S. V. J. Kumar, “Development of cost-effective phasor measurement unit for wide area monitoring
system applications,” International Journal of Electrical and Computer Engineering (IJECE), vol. 11, no. 6. pp. 4731-4739, 2021,
doi: 10.11591/ijece.v11i6.pp4731-4739.

[8] R. Ponnala, M. Chakravarthy, and S. V. N. L. Lalitha, “Performance and comparison of different phasor calculation techniques for
the power system monitoring,” Bulletin of Electrical Engineering and Informatics (BEEI), vol. 11, no. 3. pp. 1246-1253, 2022, doi:
10.11591/eei.v11i3.3833.

[9] S.B. Palepu and M. D. Reddy, “Binary spider monkey algorithm approach for optimal siting of the phasor measurement for power
system state estimation,” |AES International Journal of Artificial Intelligence (1JAI), vol. 11, no. 3. pp. 1033-1040, 2022, doi:
10.11591/ijai.v11.i3.pp1033-1040.

[10] R. Ponnala, M. Chakravarthy, and S. V. N. L. Lalitha, “Effective monitoring of power system with phasor measurement unit and
effective data storage system,” Bulletin of Electrical Engineering and Informatics (BEEI), vol. 11, no. 5. pp. 2471-2478, 2022, doi:
10.11591/eei.v11i5.4085.

[11] K. Krishnan and S. Iyengar, “Fault detection in an interconnected power system using optimal number of phasor measurement unit,”
International Journal of Power Electronics and Drive Systems (IJPEDS), vol. 13, no. 4. pp. 2109-2119, 2022, doi:
10.11591/ijpeds.v13.i4.pp2109-2119.

[12] P. Kabra, S. V. N. L. Lalitha, and S. R. Donepudi, “Bad data analysis and detection using PMU with UPQC integration to grid
during fault conditions,” International Journal of Power Electronics and Drive Systems (IJPEDS), vol. 14, no. 1. pp. 256265,
2023, doi: 10.11591/ijpeds.v14.il.pp256-265.

[13] S. B. Palepu and M. D. Reddy, “Voltage stability assessment using PMUs and STATCOM,” International Journal of Power
Electronics and Drive Systems (IJPEDS), vol. 14, no. 1. pp. 1-10, 2023, doi: 10.11591/ijpeds.v14.i1.pp1-10.

[14] N. P. Theodorakatos, N. M. Manousakis, and G. N. Korres, “Optimal placement of PMUs in power systems using binary integer
programming and genetic algorithm,” in IET Conference Publications, 2014, vol. 2014, no. CP665, pp. 1-6, doi:
10.1049/cp.2014.1656.

[15] H. H. Miiller and C. A. Castro, “Genetic algorithm-based phasor measurement unit placement method considering observability
and security criteria,” IET Generation, Transmission and Distribution, vol. 10, no. 1, pp. 270-280, 2016, doi: 10.1049/iet-
gtd.2015.1005.

[16] N. P. Theodorakatos, “Optimal Phasor measurement unit placement for numerical observability using branch-and-bound and a
binary-coded genetic algorithm,” Electric Power Components and Systems, vol. 47, no. 4-5, pp. 357-371, 2019, doi:
10.1080/15325008.2019.1605635.

[17] S. Ramasamy, B. Koodalsamy, C. Koodalsamy, and M. B. Veerayan, “Realistic method for placement of phasor measurement units
through optimization problem formulation with conflicting objectives,” Electric Power Components and Systems, vol. 49, no. 4-5,
pp. 474-487, 2021, doi: 10.1080/15325008.2021.1977428.

[18] N.P. Theodorakatos, M. Lytras, and R. Babu, “A generalized pattern search algorithm methodology for solving an under-determined
system of equality constraints to achieve power system observability using synchrophasors,” in Journal of Physics: Conference
Series, 2021, vol. 2090, no. 1, p. 12125, doi: 10.1088/1742-6596/2090/1/012125.

[19] G. N. Korres, N. M. Manousakis, T. C. Xygkis, and J. Lofberg, “Optimal phasor measurement unit placement for numerical
observability in the presence of conventional measurements using semi-definite programming,” IET Generation, Transmission and
Distribution, vol. 9, no. 15, pp. 2427-2436, 2015, doi: 10.1049/iet-gtd.2015.0662.

[20] G. N. Korres, “An integer-arithmetic algorithm for observability analysis of systems with SCADA and PMU measurements,”
Electric Power Systems Research, vol. 81, no. 7, pp. 1388-1402, 2011, doi: 10.1016/j.epsr.2011.02.005.

>

Optimal placement of the phasor measurement units using differential ... (Mahmoud Zadehbagheri)



1220 O ISSN: 2502-4752

[21] W. Li, D. Deka, M. Chertkov, and M. Wang, “Real-time faulted line localization and PMU placement in power systems through
convolutional neural networks,” IEEE Transactions on Power Systems, vol. 34, no. 6, pp. 4640-4651, 2019, doi:
10.1109/TPWRS.2019.2917794.

[22] N. M. Manousakis and G. N. Korres, “Optimal allocation of phasor measurement units considering various contingencies and
measurement redundancy,” IEEE Transactions on Instrumentation and Measurement, vol. 69, no. 6, pp. 3403-3411, 2020, doi:
10.1109/TIM.2019.2932208.

[23] C. Pei, Y. Xiao, W. Liang, and X. Han, “PMU placement protection against coordinated false data injection attacks in smart grid,”
IEEE Transactions on Industry Applications, vol. 56, no. 4, pp. 4381-4393, 2020, doi: 10.1109/T1A.2020.2979793.

[24] N.P. Theodorakatos, M. Lytras, and R. Babu, “Towards smart energy grids: A box-constrained nonlinear underdetermined model
for power system observability using recursive quadratic programming,” Energies, vol. 13, no. 7, p. 1724, 2020, doi:
10.3390/en13071724.

[25] P. Lakshminarayana and M. Venkatesan, “A multi-constrained binary ILP method for optimal allocation of PMUs in network,” SN
Applied Sciences, vol. 2, no. 5, p. 787, 2020, doi: 10.1007/s42452-020-2211-8.

[26] A. Ahmadi, Y. Alinejad-Beromi, and M. Moradi, “Optimal PMU placement for power system observability using binary particle
swarm optimization and considering measurement redundancy,” Expert Systems with Applications, vol. 38, no. 6, pp. 7263-7269,
2011, doi: 10.1016/j.eswa.2010.12.025.

[27] K.Mazlumi and H. Vahedi, “Optimal placement of PMUs in power systems based on bacterial foraging algorithm,” in Proceedings
- 2010 18th Iranian Conference on Electrical Engineering, ICEE 2010, 2010, pp. 885-888, doi:
10.1109/IRANIANCEE.2010.5506953.

[28] A. K. Fard, S. Abbasi, A. Abbasi, and S. Tabatabaie, “Optimal probabilistic reconfiguration of smart distribution grids considering
penetration of plug-in hybrid electric vehicles,” Journal of Intelligent and Fuzzy Systems, vol. 29, no. 5, pp. 1847-1855, 2015, doi:
10.3233/IFS-151663.

[29] A. R. Abbasi, M. R. Mahmoudi, and M. M. Arefi, “Transformer winding faults detection based on time series analysis,” IEEE
Transactions on Instrumentation and Measurement, vol. 70, pp. 1-10, 2021, doi: 10.1109/T1M.2021.3076835.

[30] S. Ghosh, Y. J. Isbeih, S. K. Azman, M. S. El Moursi, and E. El-Saadany, “Optimal PMU allocation strategy for completely
observable networks with enhanced transient stability characteristics,” IEEE Transactions on Power Delivery, vol. 37, no. 5, pp.
4086-4102, 2022, doi: 10.1109/TPWRD.2022.3144462.

[31] N. P. Theodorakatos, “Fault location observability using phasor measurement units in a power network through deterministic and
stochastic  algorithms,” Electric Power Components and Systems, vol. 47, no. 3, pp. 212-229, 2019, doi:
10.1080/15325008.2019.1580801.

[32] N. M. Manousakis and G. N. Korres, “Optimal PMU arrangement considering limited channel capacity and transformer tap
settings,” IET Generation, Transmission and Distribution, vol. 14, no. 24, pp. 5816-5822, 2020, doi: 10.1049/iet-gtd.2019.1951.

[33] N.P. Theodorakatos, N. M. Manousakis, and G. N. Korres, “Optimal placement of phasor measurement units with linear and non-
linear models,” Electric Power Components and Systems, vol. 43, no. 4, pp. 357-373, 2015, doi: 10.1080/15325008.2014.981319.

[34] A. Abbasiand A. Seifi, “A novel method mixed power flow in transmission and distribution systems by using master-slave splitting
method,” Electric Power Components and Systems, vol. 36, no. 11, pp. 1141-1149, 2008, doi: 10.1080/15325000802084380.

[35] A. S. Al-Zoubi, A. A. Amaireh, and N. . Dib, “Comparative and comprehensive study of linear antenna arrays’ synthesis,”
International Journal of Electrical and Computer Engineering (IJECE), vol. 12, no. 3, pp. 2645-2654, 2022, doi:
10.11591/ijece.v12i3.pp2645-2654.

[36] K. Rajesh and N. Visali, “Hybrid method for achieving Pareto front on economic emission dispatch,” International Journal of
Electrical and Computer Engineering (IJECE), vol. 10, no. 4, pp. 3358-3366, 2020, doi: 10.11591/ijece.v10i4.pp3358-3366.

[37] P. Kuila and P. K. Jana, “A novel differential evolution based clustering algorithm for wireless sensor networks,” Applied Soft
Computing, vol. 25, pp. 414-425, 2014, doi: 10.1016/j.as0c.2014.08.064.

[38] A.R.Khaparde, R. P. Sundarasamy, S. Rajendran, A. Ticku, and A. Palanichamy, “Analysis of new differential evolution variants
to solve multi-modal problems,” IAES International Journal of Artificial Intelligence (IJAI), vol. 12, no. 3. pp. 1352-1359, 2023,
doi: 10.11591/ijai.v12.i3.pp1352-1359.

[39] A.Karimi and T. J. Gandomani, “Software development effort estimation modeling using a combination of fuzzy-neural network
and differential evolution algorithm,” International Journal of Electrical and Computer Engineering (IJECE), vol. 11, no. 1, pp.
707-715, 2021, doi: 10.11591/ijece.v11il.pp707-715.

[40] F. A. Izzaqi, N. A. Windarko, and O. A. Qudsi, “Minimization of total harmonic distortion in neutral point clamped multilevel
inverter using grey wolf optimizer,” International Journal of Power Electronics and Drive Systems (IJPEDS), vol. 13, no. 3. pp.
1486-1497, 2022, doi: 10.11591/ijpeds.v13.i3.pp1486-1497.

[41] N. A. Windarko et al., “Hybrid photovoltaic maximum power point tracking of Seagull optimizer and modified perturb and observe
for complex partial shading,” International Journal of Electrical and Computer Engineering (IJECE), vol. 12, no. 5, pp. 4571—
4585, 2022, doi: 10.11591/ijece.v12i5.pp4571-4585.

[42] T.N. A. Nguyen, D. C. Pham, L. H. Minh, and N. H. C. Thanh, “Combined RBFN based MPPT and d-axis stator current control
for permanent magnet synchronous generators,” International Journal of Power Electronics and Drive Systems (IJEPDS), vol. 12,
no. 4, pp. 2459-2469, 2021, doi: 10.11591/ijpeds.v12.i4.pp2459-2469.

[43] S. M. Hameed, “Differential evolution detection models for SMS spam,” International Journal of Electrical and Computer
Engineering (IJECE), vol. 11, no. 1. pp. 596-601, 2021, doi: 10.11591/ijece.v11i1.pp596-601.

[44] A. Hiendro, L. Yusuf, F. Husin, and K. H. Khwee, ‘“Photovoltaic parameters estimation of poly-crystalline and mono-crystalline
modules using an improved population dynamic differential evolution algorithm,” International Journal of Electrical and Computer
Engineering (IJECE), vol. 12, no. 5. pp. 4538-4548, 2022, doi: 10.11591/ijece.v12i5.pp4538-4548.

[45] K.M.K.Reddy, K. A. Rao, and R. S. Rao, “Optimal siting and sizing of unified power flow controller using sensitivity constrained
differential evolution algorithm,” International Journal of Electrical and Computer Engineering (IJECE), vol. 12, no. 5. pp. 4680—
4687, 2022, doi: 10.11591/ijece.v12i5.pp4680-4687.

[46] A. H. Al-Mohammed, M. A. Abido, and M. M. Mansour, “Optimal PMU placement for power system observability using
differential evolution,” in International Conference on Intelligent Systems Design and Applications, ISDA, 2011, pp. 277-282, doi:
10.1109/ISDA.2011.6121668.

[47] V. B. Venkateswaran and V. S. C. Kala, “Observability analysis and optimal placement of pmu using differential evolution
algorithm,” in Proceedings - ICETEEEM 2012, International Conference on Emerging Trends in Electrical Engineering and Energy
Management, 2012, pp. 205209, doi: 10.1109/ICETEEEM.2012.6494461.

[48] B. Gou, “Generalized integer linear programming formulation for optimal PMU placement,” IEEE Transactions on Power Systems,
vol. 23, no. 3, pp. 1099-1104, 2008, doi: 10.1109/TPWRS.2008.926475.

Indonesian J Elec Eng & Comp Sci, Vol. 31, No. 2, August 2023: 1211-1222



Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 g 1221

[49]
[50]
[51]
[52]
[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]
[68]

[69]

[70]

[71]
[72]

[73]

[74]

[75]
[76]

[77]

A. R. Abbasi and M. R. Mahmoudi, “Application of statistical control charts to discriminate transformer winding defects,” Electric
Power Systems Research, vol. 191, p. 106890, 2021, doi: 10.1016/j.epsr.2020.106890.

T. L. Baldwin, L. Mili, M. B. Boisen, and R. Adapa, “Power system observability with minimal phasor measurement placement,”
IEEE Transactions on Power systems, vol. 8, no. 2, pp. 707-715, 1993.

A. G. Phadke and T. Bi, “Phasor measurement units, WAMS, and their applications in protection and control of power systems,”
Journal of Modern Power Systems and Clean Energy, vol. 6, no. 4, pp. 619-629, 2018, doi: 10.1007/s40565-018-0423-3.

R. F. Nuqui and A. G. Phadke, “Phasor measurement unit placement techniques for complete and incomplete observability,” IEEE
Transactions on Power Delivery, vol. 20, no. 4, pp. 2381-2388, 2005, doi: 10.1109/TPWRD.2005.855457.

A. Bassel, H. M. Haglan, and A. S. Mahmoud, “Local search algorithms based on benchmark test functions problem,” IAES
International Journal of Artificial Intelligence, vol. 9, no. 3. pp. 529-534, 2020, doi: 10.11591/ijai.v9.i3.pp529-534.

M. Shahid, M. Shamim, Z. Ashraf, and M. S. Ansari, “A novel evolutionary optimization algorithm based solution approach for
portfolio selection problem,” IAES International Journal of Artificial Intelligence (1JAl), vol. 11, no. 3. pp. 843-850, 2022, doi:
10.11591/ijai.v11.i3.pp843-850.

M. El Alaoui and M. Ettaouil, “A new approach to solve the of maximum constraint satisfaction problem,” IAES International
Journal of Artificial Intelligence (1JAI), vol. 11, no. 3. pp. 916-922, 2022, doi: 10.11591/ijai.v11.i3.pp916-922.

C. Raju, S. Rajagopal, K. Venusamy, K. Suriyan, and M. Alagarsamy, “SDSFLF: fault localization framework for optical
communication using software digital switching network,” International Journal of Reconfigurable and Embedded Systems
(RES), vol. 12, no. 1. pp. 113-124, 2023, doi: 10.11591/ijres.v12.i1.pp113-124.

H. Jamali, Y. Chihab, I. Garcia-Magarifio, and O. Bencharef, “Hybrid Forex prediction model using multiple regression, simulated
annealing, reinforcement learning and technical analysis,” IAES International Journal of Artificial Intelligence (1JAl), vol. 12, no.
2. pp. 892-911, 2023, doi: 10.11591/ijai.v12.i2.pp892-911.

E. A. Mahareek, M. A. Cifci, H. A. El-Zohni, and A. S. Desuky, “Rhizostoma optimization algorithm and its application in different
real-world optimization problems,” International Journal of Electrical and Computer Engineering (IJECE), vol. 13, no. 4. pp.
43174338, 2023, doi: 10.11591/ijece.v13i4.pp4317-4338.

A. Muklason and I. G. A. Premananda, “Hybrid iterated local search algorithm for optimization route of airplane travel plans,”
International Journal of Electrical and Computer Engineering (IJECE), vol. 13, no. 4. pp. 4700-4707, 2023, doi:
10.11591/ijece.v13i4.pp4700-4707.

K. Suganthi, V. Sunandhitha, R. Suraj, T. S. Roja, and K. Sundararaman, “Design and implementation of high frequency induction
heating with LLC resonant load matching using ELTA,” International Journal of Power Electronics and Drive Systems (IJPEDS),
vol. 11, no. 1. pp. 178-188, 2020, doi: 10.11591/ijpeds.v11.i1.pp178-188.

M. W. Hasan and N. H. Abbas, “An improved swarm intelligence algorithms-based nonlinear fractional order-PID controller for a
trajectory tracking of underwater vehicles,” Telkomnika (Telecommunication Computing Electronics and Control), vol. 18, no. 6.
pp. 3173-3183, 2020, doi: 10.12928/ TELKOMNIKA.v18i6.16282.

R. A. Gomez-Montoya, J. A. Cano, E. A. Campo, and F. Salazar, “Improving cross-docking operations for consumer goods sector
using metaheuristics,” Bulletin of Electrical Engineering and Informatics (BEEI), vol. 10, no. 1. pp. 524-532, 2021, doi:
10.11591/eei.v10i1.2710.

M. A-A. Alabajee, N. A. AL-Saati, and T. R. Alreffaee, “Parameter tuning of software effort estimation models using antlion
optimization,” Telkomnika (Telecommunication Computing Electronics and Control), vol. 19, no. 3. pp. 817-828, 2021, doi:
10.12928/TELKOMNIKA.v19i3.16907.

N. Alsumairat and M. Alrefaei, “Solving hybrid-vehicle routing problem using modified simulated annealing,” International
Journal of Electrical and Computer Engineering (IJECE), vol. 11, no. 6. pp. 4922-4931, 2021, doi: 10.11591/ijece.v11i6.pp4922-
4931.

P. D. Kusuma and R. A. Nugrahaeni, “Coordinated COVID-19 vaccination scheduling model by using nearest distance-single
course timetabling method,” Bulletin of Electrical Engineering and Informatics (BEEI), vol. 11, no. 2. pp. 1007-1017, 2022, doi:
10.11591/eei.v11i2.3384.

P. D. Kusuma and M. Kallista, “Pickup and delivery problem in the collaborative city courier service by using genetic algorithm
and nearest distance,” Bulletin of Electrical Engineering and Informatics (BEEI), vol. 11, no. 2. pp. 1026-1036, 2022, doi:
10.11591/eei.v11i2.3223.

U. A. Badawi, “Fish classification using extraction of appropriate feature set,” International Journal of Electrical and Computer
Engineering (IJECE), vol. 12, no. 3. pp. 2488-2500, 2022, doi: 10.11591/ijece.v12i3.pp2488-2500.

A. Mahari and H. Seyedi, “Optimal PMU placement for power system observability using BICA, considering measurement
redundancy,” Electric Power Systems Research, vol. 103, pp. 78-85, 2013, doi: 10.1016/j.epsr.2013.04.013.

J. Xu, M. H. F. Wen, V. O. K. Li, and K. C. Leung, “Optimal PMU placement for wide-area monitoring using chemical reaction
optimization,” in 2013 IEEE PES Innovative Smart Grid Technologies Conference, ISGT 2013, 2013, pp. 1-6, doi:
10.1109/ISGT.2013.6497845.

N. C. Koutsoukis, N. M. Manousakis, P. S. Georgilakis, and G. N. Korres, “Numerical observability method for optimal phasor
measurement units placement using recursive tabu search method,” IET Generation, Transmission and Distribution, vol. 7, no. 4,
pp. 347-356, 2013, doi: 10.1049/iet-gtd.2012.0377.

S. Dewi, R. Tyasnurita, and F. S. Pratiwi, “Solving examination timetabling problem within a hyperheuristic framework,” Bulletin
of Electrical Engineering and Informatics (BEEI), vol. 10, no. 3, pp. 1611-1620, 2021, doi: 10.11591/eei.v10i3.2996.

B. Mohammadi-Ivatloo, “Optimal placement of PMUs for power system observability using topology based formulated
algorithms,” Journal of Applied Sciences, vol. 9, no. 13, pp. 2463-2468, 2009, doi: 10.3923/jas.2009.2463.2468.

M. Cruice, M. Blom Johansson, J. Isaksen, and S. Horton, “Reporting interventions in communication partner training: a critical
review and narrative synthesis of the literature,” Aphasiology, vol. 32, no. 10, pp. 1234-1265, 2018, doi:
10.1080/02687038.2018.1482406.

W. Fu, K. Wang, C. Li, and J. Tan, “Multi-step short-term wind speed forecasting approach based on multi-scale dominant
ingredient chaotic analysis, improved hybrid GWO-SCA optimization and ELM,” Energy Conversion and Management, vol. 187,
pp. 356-377, 2019.

S. Mousavian and M. J. Feizollahi, “An investment decision model for the optimal placement of phasor measurement units,” Expert
Systems with Applications, vol. 42, no. 21, pp. 72767284, 2015, doi: 10.1016/j.eswa.2015.05.041.

K. Jamuna and K. S. Swarup, “Multi-objective biogeography based optimization for optimal PMU placement,” Applied Soft
Computing Journal, vol. 12, no. 5, pp. 1503-1510, 2012, doi: 10.1016/j.as0c.2011.12.020.

K. Jamuna and K. S. Swarup, “Power system observability using biogeography based optimization,” in IET Conference
Publications, 2011, vol. 2011, no. 583 CP, pp. 384-389, doi: 10.1049/cp.2011.0394.

Optimal placement of the phasor measurement units using differential ... (Mahmoud Zadehbagheri)



1222

0

ISSN: 2502-4752

[78] M. Hajian, A. M. Ranjbar, T. Amraee, and B. Mozafari, “Optimal placement of PMUs to maintain network observability using a

[79]

modified BPSO algorithm,” International Journal of Electrical Power and Energy Systems, vol. 33, no. 1, pp. 28-34, 2011, doi:
10.1016/j.ijepes.2010.08.007.

M. Hurtgen and J.-C. Maun, “Optimal PMU placement using iterated local search,” International Journal of Electrical Power &
Energy Systems, vol. 32, no. 8, pp. 857-860, 2010, doi: 10.1016/j.ijepes.2010.01.028.

BIOGRAPHIES OF AUTHORS

Mahmoud Zadehbagheri B4 B was born in Yasouj, Iran in October 1979. In 2003
he received his B.S. in Electrical Engineering from Kashan University and in 2008 he
received his M.S. in Electrical Engineering from the Islamic Azad University, Najafabad
Branch. He received the Ph.D. degree in Electrical Engineering from Hakim Sabzvari
University & Universiti Teknologi Malaysia (UTM), Johor, Skudai, Malaysia in 2017. He is
with the Faculty of the Electrical Engineering Department, Islamic Azad University of
Yasouj. His research interests include the fields of power electronics, electrical machines and
drives, FACTS devices and power quality. He can be contacted at email:
mzadehbagheri@gmail.com.

Alireza Abbasi 2 E:J B8 € was born in Mamasani, Iran in 1981. He received the M.Sc. and
Ph.D. degrees in electrical engineering from Shiraz University, Shiraz, Iran, in 2008 and
2015, respectively. He is with the department of Electrical, Faculty of Engineering, Fasa
University, Fasa; Iran. His current research interests include operation and expansion
planning, distribution systems analysis, stochastic analysis, fault diagnosis and detection, and
energy management. He can be contacted at email: alireza7925@yahoo.com.

Tole Sutikno © B B8 2 js currently employed as a lecturer in the Electrical Engineering
Department at Universitas Ahmad Dahlan (UAD), which is located in Yogyakarta, Indonesia.
In 1999, 2004, and 2016, he graduated with a Bachelor of Engineering from Universitas
Diponegoro, a Master of Engineering from Universitas Gadjah Mada, and a Doctor of
Philosophy in Electrical Engineering from Universiti Teknologi Malaysia. All three degrees
are in the field of electrical engineering. Since the year 2008, he has held the position of
Associate Professor at the Universitas Ahmad Dahlan in Yogyakarta, Indonesia. He is among
the top 2% of researchers named by Stanford University and Elsevier BV as the most
influential scientists in the world for 2021—present. His research interests include the areas of
digital design, industrial applications, industrial electronics, industrial informatics, power
electronics, motor drives, renewable energy, FPGA applications, embedded systems,
artificial intelligence, intelligent control, digital libraries, and information technology. He can
be contacted at email: tole@te.uad.ac.id.

Indonesian J Elec Eng & Comp Sci, Vol. 31, No. 2, August 2023: 1211-1222


https://orcid.org/0000-0001-6556-5916
https://scholar.google.com/citations?user=xIl4p28AAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=38362664000
https://www.webofscience.com/wos/author/record/2278019
https://orcid.org/0000-0002-0331-0202
https://scholar.google.com/citations?hl=en&user=O92WN8gAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=57194375965
https://orcid.org/0000-0002-1595-2915
https://scholar.google.com/citations?user=haR50igAAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=35794013800
https://www.webofscience.com/wos/author/record/2280719

