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Abstract—Wide area monitoring system (WAMS) is one of
the most important technologies in modern power systems,
it gathers the synchronized time stamped measurements
from wide area across power system through a high
reporting measuring device such as synchronized phasor
measurement units (PMUs).Due to the high cost of PMU
itself and its installation cost, it is often difficult to install
PMU at each bus in the power system. However, there are
several approaches to solve the optimal PMU placement
(OPP) with various optimization algorithms. In this paper, a
realistic cost model has been proposed to provide optimal
PMUs placement (OPP). The proposed model has been
solved using artificial electric field algorithm (AEFA), which
is a novel optimization algorithm, it was proposed by 2019.
In this paper, a binary form of AEFA has been proposed to
solve the proposed cost model. AEFA has been implemented
in MATALB programming environment, and the results
demonstrate that the proposed cost model provides a
realistic view of WAMS cost. Additionally, the results have
been compared with other optimization algorithm, and it
demonstrates that the AEFA is efficient to solve the OPP
problem.

Keywords— optimal PMUs placement; wide
monitoring system; artificial electric field algorithm.
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L. INTRODUCTION

Due to the rapid development of power grid, it
essential to be smarter rather than before. The
transformation from bulk grid to smart grid need to
integrate the information and communication layer to
This
transformation allowing an accurate and real time
monitoring and controlling. Wide Area Monitoring
System (WAMS) is one of the most important
technologies in modern power systems, and it
considered as a one of the primary systems to
develop the existence power grid to be smart grid.
WAMS capable to provide a real-time view of the
dynamic behavior of the electrical variable. It gathers
the synchronized time stamped measurements from

the existence conventional power layer.

wide area across power system through a high
reporting measuring device such as synchronized
phasor measurement unit (PMU). When a PMU has
installed at a bus, it can measure the phase voltage of
that bus and the phase current of all branches
connected to that bus.

Due to the high cost of PMU itself and its
installation, it is often difficult to install PMU at each
bus in the system. Additionally, the determination
process of the required number PMUs and the most
appropriate placement of these units need extended
deeply study[1]. From this point, many researchers
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have tackled the question of optimal PMUs
placement (OPP) with different approaches|[2, 3]. The
main objective of the optimal PMUs placement
problem is determining the minimum number of
PMUs at the system buses to provide full
observability. It should be noted that, the full
observability means that all buses voltages, branches
currents, and phasor angles are measured[4].

In general, there are two main separated scope
for OPP problem available in the literature, the first
one deals with the OPP problem formulation and the
second scope deals with the optimization techniques
that have been used to solve the OPP problem.

In reference [5], the authors used number of
PMUs as an objective function to solve the OPP
problem in many IEEE test systems. OPP problem
with additional contingency constraint was proposed
in [6], the authors considered single PMU outage and
single line outage as additional constraint in their
optimization formulation. Although the OPP problem
were solved by many researchers through minimized
the number of PMU S, other researcher used the PMU
installation cost as an objective function. For
example, the authors in [7] assumed that the cost of
PMU installation is the PMU cost only. Practically,
there is no different between PMU cost minimization
and PMU number minimization. On other hand, other
researchers assumed that the total cost of PMU
depends not only on the PMU cost but also depends
on communication network. Consequently, the
authors in [8] proposed a cost model to solve the OPP
problem based on PMU cost and communication
infrastructure, their model based on minimized the
distance between PMUs data
concentrator(PDC).

Additionally, other cost factors have been

and phasor

considered in OPP problem formulation such as
PMU channel capacity, and substation preparation in
[9].
implementation WAMS may need to upgrade some
of substation auxiliary component such as installing
(CT) and voltage
the communication

The authors in [9] assumed the practical

new current transformer

transformer (VT), upgrade
infrastructure in some substation, and upgrade
security system. In this case the substations which
have sufficient readiness must have more chance to
install PMU. The authors in [10] have suggest OPP
problem formulation by minimize the total cost with
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considering the communication infrastructure,
security upgrade and measurement transformer cost
(VT and CT).

As stated early, the second scope of OPP
problems in the literature centered about the
optimization technique that are used to solve the
OPP problem. The OPP problem is an optimization
problem, which is consists of objective function and
set of constraint. Thus, an optimization technique
must be used to solve the OPP problem. Therefore,
many of optimization techniques are used to solve
the OPP problem. For example, the work presented
in [6] used an integer linear programming (ILP) to
solve the OPP problem, the authors formulated the
OPP as linear optimization problem. The optimal
PMU placement with other contingency is modeled
as formulation [11]. The authors
in[12]considered a conventional power flow and
injection measurements to solve OPP problem using
(ILP). A binary integer linear programming (BILP)
model for simultaneous placement of PMUs and
traditional power flow measurements is formulated
in [13]. A multi-objective integer quadratic
programming (IQP) formulation of the OPP problem
that the number of PMUs with
observability  constraint and maximizes the

linear n

minimizes

measurement redundancy is presented in [ 14].

Multi-stage simulated annealing (SA) for OPP
problem was proposed in [15], where the authors
proposed a multistage SA and compares the
proposed one with conventional SA. Additionally,
genetic algorithm (GA) is used to solve the OPP
problem with various operation condition of smart
grid in [16] and[17]. GA was used with fault
tolerance approach to solve the OPP problem in
paper[18]. Particles swarm optimization (PSO) was
used by authors reference[19] to solve the OPP
problem. Multiple solutions of OPP were used to
select the best one using PSO in [3], where authors
considered power system aspects to select the best
solution from local solutions. Cuckoo optimization
algorithm (COA)was used to solve the OPP problem
in [20],where authors proposed a binary structure of
COA to solve the OPP problem, and single line
outage are considered in them study.

In this paper, a realistic cost model has been
proposed. The proposed model includes the PMU
cost, PDC cost, and additional cost, where the
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additional cost in the proposed model represents the
needed to upgrade some devices such as VT, CT,
communication devices needed to upgrade the
communication infrastructure in the substations. The
proposed model has been solved using modified
artificial electric field algorithm (AEFA), where
based in authors knowledge this algorithm did not
used yet to solve any type of OPPs problem. AEFA
is a novel which is a novel optimization algorithm, it
was proposed in[21].

The organization of the rest of this paper as follows.
Section 2 reviewed the AEFA and presents the flow
chart of original AEFA. Section 3 presents the
modified AEFA to solve the proposed OPP model,
where the proposed cost model is presented in
section 4. The results and discussion have been
presented in section 5, and finally the paper
conclusion has been presented in section 6.

I ARTIFICIAL ELECTRIC FIELD

ALGORITHM

Heuristics and metaheuristics are two main
classes of the optimization techniques available in
the literature. Metaheuristics optimization techniques
are more popular in recent year, that because it easy
to implement and have high computation power. The
metaheuristics algorithms are inspired from natural
phenomena.

As any
techniques, AEFA is inspired from electrostatic
force between charge particles [21]. Coulomb’ law

metaheuristics  optimization

of electrostatic force states that an electrostatic force
(attraction or repulsion) between two particles of
charge is directly proportional to the product of their
charges and inversely proportional to the square of
the distance between their positions[22]. However,
Coulomb’s law of the electrostatic force between
two objects of charges Qj and Qj is given by[22],

00,

where Fjj is the magnitude of electrostatic force, K is
the Coulomb’s constant, Q; and Qj are charges of i"
and " objects, respectively. R is the distance
between two charges Qi and Qj. Then the electric
field around charge Qi is given by:
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E;= 2

Fy
9,

Based on Newton’s second law of motion,
when force Fij is applied to an object of mass M, its
velocity will vary. The variation of velocity or
acceleration a; of any charge i is equal to the force
exerted upon the system divided by the mass of the
particle M as:

F..
a;= ﬁlj (3)
Where, Fj; is the magnitude of electrostatic force and
M is the mass of the particle i. To understand the
AEFA, Let the position of i" particle in the d-
dimensional search space is Xi = (x%i , X4,
fori=1,2,3, ..., N, where x4 is the position of i"
particle in the d" dimension. AEFA uses the position
of the global best fitness obtained by all the charged
particles as well as the personal best fitness history
of each particle. The position of the best fitness
value obtained by any particle i at any time t is given

by:

I AGE
Pl if £ (pl0)<f (i)
ety if £ D)< f (p10)

Now, by reformulate the Coulomb’s law, the
force acting on the charge i from charge j is defined
as in Eq. (5).

0.00,0) (' - <)

Ry)+ €

)

Fjn)=K(v).

Where, Q.(t) is the charge of i" particle and Q].(t) is
the charge of j" particle, K(t) is the Coulomb’s
constant, which is function of time t, R;(?) is the
Euclidian distance between particles i and j particles.

The Euclidian distance is the length of a line
segment between the two points in space. It can be
calculated from the Cartesian coordinates of the
points using the Pythagorean theorem. However, the
Euclidian distance between particles i and j particles
can be calculated as,
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Ryt) = ||x;(8), x; (Ol

N
= D> ko= or O
k=1

Where, x;(t) and x;(t) are the positions of i
and j particle, respectively is the number of elements
in each particle. The Coulomb’s constant K(t) in Eq.
(5) is a function of iteration and maximum iteration,
and it given by:

K(t) = Koe_a(mcilicei:er) (7)

Where, K, is the initial value of Coulomb’s
constant, iter is the current iteration, maxiter is the
maximum number of iterations, and « is learning
rate of the algorithm. The values K, and a represent
setting parameters, any change in this parameter will
effect on the algorithm speed and it results.
it is recommended to choose the
Coulomb’s constant K, as a high value, it is
decreasing iteration by iteration[21].The total
electric force acts on the i" particle by all the other

However,

particles at any time t in a d-dimensional given by:
N
Fl(= Z

ST i

rand() Fy(1) )

Where rand() is a random number in the
interval [0, 1], N is the number of particles in the

search space, and FZl-(t) is given by Eq. (5). The
electric field of the i" particle at any time t and in d™
dimension is given by Eq. (9).

F@

0,®
Where, Q.(¢) is the charge of i" particle and

E{(n= )

Fl-d (¢) is the total electric force acts on the i particle
by all the other particles, which is given by Eq. (8).
The acceleration af(£)of any charge i at any time t
and in d dimension equal to the force exerted upon

The flow chart of AEFA is presented in Fig.1.
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the system divided by the mass of the particle M;(¢)
as:

QME®

(10)

d
TG

Where, Q.(¢) is the charge of i" particle,
EZ(1) is the electric field of the i particle at any
time t and in d" dimension, and M,(¢) is the unit
mass of i" particle at any time t. Thus, the velocity
V? and positionX? of the particles are respectively
updated as:

Ve(t+1)=rand () V{(©)+ al(2) (11)

X(t+D)= X+ V{(@+D) (12)

The charge of each particle Q,(f) is
calculated by evaluate the fitness function and
assuming that charge of each particle is equal. The
charge Q,(?) at any time t can be calculated as:

q,(1)
(D= 13
005 (13
Where ¢,(?) is given by:
(ﬁt (D - worst(t))
q,(D)=exp [~ (14)

(best(t) - worst(t))

where fiti(t) is the fitness value of i" particle at any
time t. best(t) and worst(t) for minimization problem
are defined respectively as:

best(t) = min (ﬁtj(t)), where j&(1,2,.....N)

(15)

worst(t) = max (ﬁtj(t)) where j€(1,2,....N)  (16)
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Randomly Initialize the position of particles
(X4(1), X,(1), ...

o Xy (1)

'

Calculate the fitness for each particle
(Fit (1), fity(t), ....

... fity (1)

'

Calculate following,
K(t)! beSt(t)1 WorSt(t)1 ai(t)! F|(t)1 El(t)

'

Update the velocity V(t+1) and position
X;(t+1) for each particle

Is stopping
criteria satisfied

No

Return the best solution

A

y

End

Fig. 1. Flow chart of AEFA

1. MODIFIED AEFA TO SOLVE OPP

PROBLEM

To solve the OPP problem using AEFA, a
modification has been applied to the existence
AEFA. Where the existence AEFA is constructed to
solve continuous optimization problems, whereas the
OPP problem is a discrete optimization problem. The
term of continuous or discrete optimization refers to
the expected values of the optimized variable.
Additionally, as shown in the flow chart presented
inFig.1, the proposed AEFA was constructed to
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solve unconstraint optimization problems, whereas
the OPP problem is a constraint optimization
problem.

Based on the previous requirements,
modified AEFA is proposed in this paper to solve
the OPP problem. The modified AEFA is
constructed to modify the AEFA to be a binary
AEFA and to enable AEFA to solve the constraint
optimization problem such OPP problem. However,
the flow chart of the modified AEFA is presented
inFig.2.

a
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Randomly Initialize the position of particles

(X1 (1), Xy(1)y weeneene X(1))
Round the Positions to be binary
[0.1]
¥

Calculate the fitness for each particle

(fity (1), fity(D), vrvees Fity ()

Is the constraints
Are Satisfied

Ignore the solution
fit;(t) = fit;(t) + high error

I_Ji

Yes

Calculate following,

K(1), best(t), worst(t), a,(t), Fy(t), E;(t)

!

Update the velocity V;(t+1) and

Xi(t+1) for each particle

position

Is stopping
criteria satisfied

Round the Positions
to be binary
[01]

Return the best solution

Fig. 2. Flow chart of modified AEFA to solve the OPP problem

Iv. THE PROPOSED COST MODEL FOR PMU
PLACEMENT

The general formulation of the OPP problem
founds the minimum number of PMUs as well as
their locations in the entire system, where the
objective function minimizes the number of PMUs as
in Eq. (17), subjected to complete observability
constraint as in Eq. (18),

n

min in (17

i=1
Subjected to,

E-ISSN: 1998-4316 56

a;.x; >p! (18)

Where, a;; is a binary connectivity matrix of the
entire system which is defined as in Eq. (19), xi is a
vector of length n indicates to PMU location as in
Eq. (20), and b; is unit vector of length n.

1 if bus i=bus j
a;= { 1 if buses and are connected (19)
0 otherwise

X;i=

1 if PMU is installed at bus i
{ (20)
0 otherwise

If all buses are observable, the observability
constraint, in Eq. (18), will be equal or greater than
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one. Practically, the total cost of WAMS does not
depends on the PMU cost only, but it depends on
other important factors such as the availability of CT
and VT, number of channels, communication
and PDC cost. These additional
parameters are changing from substation to others.

In this paper, the total installation cost of WAMS is
considered as objective function to determine the
optimal number and location of PMUs in an

infrastructure,

electrical power system. The proposed cost model
incorporates the PMU cost, PDC cost, and additional
cost called upgrading cost. The proposed presented
as:

N

Cost = 2 (Cpyu Xi+Coypg(i) ) +Cppc
Py

e2y)

Volume 15, 2021

Where, Cpyr; is the PMU unit cost, Cppc is the PDC
cost, Cyg(i) is the additional cost which is function
of bus number. In this study the additional cost
Cype(i) 1s different from substation to others. The
additional cost represents the needed to upgrade
such as VT, CT, additional
devices needed to upgrade the

infrastructure. The additional cost

some devices
communication
communication

given by:

Cupg(i) = Cung i (22)

Where, Cupg
branches in substation i. In the proposed model the
cost data for PMU, PDC, and additional cost are
taken from U.S. department of energy’s office of
electricity delivery and energy reliability [23], which

are presented Table. 1.

is a cost factor and P; is the number of

in

Table 1. Realistic cost of PMU, PDC, and additional cost [23].

Item PMU ($) PDC ($) Additional Cost ($/branch)
Cost 40,000 8,000 12,000
systems. The lines data of the test systems are
V. RESULTS AND DISCUSSION

In this section, AEFA is used to solve the
OPP problem with different models proposed in the
present work. IEEE test systems are used to
demonstrate the ability AEFA to solve small and
large power system. The test systems include IEEE

obtained from [24]. The test systems information
included number of lines, number of ZIB, and ZIB
location are presented in Table. 2. Various
parameters have been tested to tune the AEFA.
setting of AEFA

However, the parameter is

presented in Table. 3.

14 -bus, 30-bus, 39-bus, 57-bus, and 118-bus
Table 2. Test system information.

Test System NO. of Lines NO. of ZIBs ZIB locations

IEEE 14-Bus 20 1 7

IEEE 30-bus 41 6 6,9,22,25,27,28

IEEE 39-bus 46 12 1,2,5,6,9,10,11, 13, 14,17, 19, 22

IEEE 57-bus 80 15 4,7,11,21,22,24, 26, 34,36, 37,39, 40, 45, 46, 48
IEEE 118-bus 186 10 5,9, 30,37, 38, 63, 64, 68, 71, 81

Table.3. Parameters setting of AEFA.

Coulomb’s constant (Ko) Learning rate(x)

Population size(N) Dimension (D)

300 30

50 Number of Buses

A. Base case optimization using AEFA

AEFA has been used to solve the optimization
problem using MATLAB program environment. The
objective function in Eq. (17), and constraints in Eq
(18) were used to minimize the number of PMUs as
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a base case. Fig. 3 presents the objective function,
which is the number of PMU, versus the AEFA
iteration number for IEEE 14 bus test system without
considering ZIBs, the result was 4 PMU, which is
achieved after about 24 iterations.
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Fig. 3. Number of PMU using AEFA for IEEE 14 test system without ZIB considering.

Fig. 4 presents the number of PMUs versus the
AEFA iteration number for IEEE 14 bus test system

with considering ZIBs, where the result was 3 PMU, = PMUs. However, the number of PMUs for 9, 14, 30,

it was achieved after about 120 iterations. Fig. 5 39,57, and 118 bus system are summarized in Table.
presents the AEFA decreasing the number of PMU 4.

with iteration, it is observed that the number without

ZIB considering was 10 PMUs. On the other hand,
the number of PMU with ZIB considering is 9

6

= = = Nmber of PMU
55!

4.5y

Number of PMU

35+

3 I I I I I L L L
0 20 40 60 80 100 120 140 160 180 200
Iteration
Fig. 4. Number of PMU using AEFA for IEEE 14 test system with ZIB.
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Table. 5 Presents a comparison between the AEFA
and other optimization techniques such as integer
linear programming ILP, genetic algorithm GA [17],

Volume 15, 2021
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Iteration

Fig. 5. Number of PMU using AEFA for IEEE 30 test system with and without considering ZIBs.

and particle swarm optimization PSO [19]. It clearly
shows that if the number of PMU is used to
determine the optimal location of PMUs, all
algorithm will obtain same number of PMUs.

‘Table.4. PMUs placement for base case using AEFA

Without ZIBs With ZIBs
Test = ~5
System ) )
y PMUs PMUs Placement PMUs PMUs Placement
9-Bus 3 3,4,8 2 4,7
14-Bus 4 2,6,7,9 3 2,6,9
30-bus 10 1,7,8,10, 11, 12, 19, 23, 26, 27 7 2,4,10,12,18,24,27
39-bus 13 2,6,9,13,14,17,22,23,25,29, 32, 9 3,8,11,13,15,20,23, 24,29
33,34
57-bus 17 1,4, 6,9,15, 20, 24, 28, 31, 32, 36, 13 1,4,9,13,19, 22, 25, 28, 32, 37, 50, 54,
u 38,41,47,51,53,57 56
3?’ ié)léll,sli;1212;;122832132’6336 3,8, 11, 12, 17,21, 27, 31, 32, 34, 37, 40,
118-bus 32 P T e m e e T T 28 45,49, 53, 56, 62, 72,75, 77, 80, 85, 86,
71,75,77, 80, 83, 86, 89, 92, 96, 90.94. 102. 105. 110
100, 105, 110 T ’ ’
Table. 5. Comparison between the AEFA, ILP, GA, PSO results
TestSystem ILP[6] GA[17] PSO [19] AEFA
9-Bus 3 3 3
14-Bus 4 4 4 4
30-bus 10 10 10 10
39-bus 13 13 13 13
57-bus 17 17 17 17

E-ISSN: 1998-4316

59



INTERNATIONAL JOURNAL OF ENERGY
DOI: 10.46300/91010.2021.15.9

Volume 15, 2021

118-bus 32

32

32 32

B. Results for proposed cost model using AEFA

In this section the proposed cost model
presented in Eq. (21) has solved using the modified

department of energy’s office of electricity delivery
and energy reliability [23], which are presented in
Table. 1.The optimization results for [EEE 9, 14, 30,
39, 57, and 118 bus system have been presented in

AEFA. For more realistic the cost of PMUs and  Table. 6.
other related equipment are taken from U.S.
Table. 6. AEFA results for proposed cost model
Test Number of PMUs Total
System PMU Location Cost ($)
9-Bus 3 3,4,8 248,000
14-Bus 4 2,8,10,13 336,000
30-bus 10 3,5,10,11, 12, 19, 24, 25, 28, 29 876,000
39-bus 13 2,6,9,12,11,17, 22,23, 25, 29, 32, 33, 34 1,080,000
57-bus 17 1, 4,10, 15, 20, 23, 28, 29, 31, 32, 36, 39, 41, 47, 49, 54 1,404,000
118-bus 1 1,5,9,11,12,17, 21, 23, 28, 30, 34, 37, 42, 45, 49, 53, 56, 62, 3,148,000

64, 68,71,75,717, 80, 85, 87, 91, 94, 101, 105, 110, 115

The minimum cost to achieve full observability for
IEEE 9, 14, 30, 39, 57, 118 test systems were 0.248,
0.336, 0.876, 1.08, 1.404, 3.148 million dollars,
respectively. For more investigation, the results of
PMUs placement that obtained by minimize the
number of PMU have been used to calculate total

cost of WAMS implementation in IEEE test systems.
Here, the PMU, PDC, and additional cost are
considered as in the proposed cost model. The
calculated costs have been compared with total costs,
which obtained by the modified AEFA. These
comparisons are presented in Fig. 6.

x10°
3.5 T T T T 320
I Total cost by proposed cost model 3.14 2
3+ I Total cost by minimize number PMUs -

.
=251 =
=
a
£ 2r y
-
8
o 15F -
= 0.108 0.109
S 1
[

0.5

14 Bus

30 Bus

39 Bus

57 Bus 118 Bus

Test System

Fig. 6. Total cost of WAMS based on proposed cost model and conventional number of PMUs minimization.

Fig. 6 clearly shows that the proposed cost
model enhances to find the optimal PMUs placement
that decrease the total cost of WAMS
implementation. On the other hand, the minimization
of number of PMUs does not greatly influence on
the cost compared with proposed cost model. For

E-ISSN: 1998-4316

60

example, the proposed model decreased the total cost
by 15% in IEEE 14 bus system.

VL CONCLUSIONS

In this paper, a realistic cost model was
proposed to solve the OPP problem. The
comprehensive cost model, which was proposed in
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this paper, aims to minimize the total cost of WAMS,
where it includes the PMU, PDC, and other
additionally costs. The proposed cost model has been
solved wusing artificial electric field algorithm
(AEFA), which is a novel optimization algorithm, it
was proposed by 2019.

In this paper a binary form of AEFA has been
proposed to solve the general form OPP problem as
well as the proposed one. The modified AEFA was
implemented in MATLAB programming
environment. The OPP results of modified AEFA
have compared with other related solutions obtained
with other optimization algorithms. As a result, the
AEFA is efficient to solve the OPP problem.
Additionally, the results of proposed OPP model
demonstrate that the proposed model provides
designers realistic overview about the total cost of
WAMS implementation.
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