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Optimal Power Quality Meters Placement with Consideration of Single Line
and Meter Loss Contingencies

Mohammad Reza Sheibani,a) Abbas Ketabi,b) and Seyyed Mostafa Nosratabadic)

Harmonic state estimation (HSE) is the process of assigning a value to an unknown system state harmonic variable based on mea-

surements from that system according to some criteria. Determining the best harmonic meters places in the system helps to increase

the accuracy of the HSE. In this paper, a methodology is presented for optimal placement of power quality (PQ) meters in a power

system. The PQ meters results are used to estimate the unknown harmonic variables. Mean square errors of estimated total harmonic

distortions in normal condition is selected as the cost function, while single line and meter loss contingencies are also considered by

formulating a multi-objective optimization exercise. To achieve this, seeker optimization algorithm (SOA) based on Pareto optimum

method has been proposed here. Simulation are performed on an IEEE 14-bus test system. The simulation results demonstrate the

effectiveness of the proposed methodology for harmonic state estimation and optimal meter placement.
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I. INTRODUCTION

Existence of harmonic pollutions in power systems con-
tribute to problems such as equipment overheating and
interference with communication circuits and as such
should be studied carefully1,2.

The direct harmonic measurements of all the system
state variables are not economically feasible because har-
monic measurements are complex and expensive. Har-
monic state estimation (HSE) is a tool for reduction of
needful measurement in system. A limited number of
measuring devices are installed in the system for HSE,
the data from which could be used to estimate reason-
ably the required variables elsewhere3–6. The quality of
the HSE results depend on the number and locations of
meters, hence meters placement is very important for the
increase of HSE accuracy7–10.
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Placement of meters for HSE in normal condition op-
eration of power systems is studied in recent years by
several researchers. In11, a sequential technique is pre-
sented for optimal placement of sensors for HSE, based
on the minimum variance approach. In this method, gen-
eration and data are required at each harmonic order for
all buses. Ref.12 proposes a time consuming meters place-
ment methodology based on the analysis of system error
covariance. In13, a technique is proposed for observability
analysis in order to determine the minimum number of
needful meters for HSE. Ref.14 offers a method of optimal
meters placement based on the minimum condition num-
ber. Ref.15 suggests a harmonic source location method
by using impedance network approach. Ref.16, presents a
new algorithm that uses minimum variance criterion and
a sequential method for optimal meters placement, singu-
lar value decomposition method for observability analysis
and finally weighted least square method for harmonic
estimation. In17, binary particle swarm optimization
is used to find the optimal locations of harmonic mea-
surement devices to collect harmonic data. The optimal
placement of PMUs is carried out in18, using genetic algo-
rithm (GA) to locate non linear loads for placing the har-
monic mitigation devices. In19, an efficient methodology
to locate the harmonic sources and their injection levels
has been proposed. The binary particle swarm optimiza-
tion algorithm has been proposed for optimal placement
of PMUs to get the harmonic data.

The disadvantages of these approaches include not
considering contingencies such as single line outage and
power quality (PQ) meter outage as well as lack of clarity
on the nature of different cases for accurate HSE.

In this study, some contingencies are considered in
the PQ meters placement. The network line and PQ
meters outage are modeled in the proposed approach.
A Pareto multi-objective optimization method based on
the SOA algorithm is used to determine the best posi-
tion of the PQ meters. Application of multi-objective
approach provides the ability of determining the best PQ
meters position in normal and contingency conditions.
Several case studies are considered to verify the proposed
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Nomenclature

A. Indexes σ2
hi The ith measurement variance

h Harmonic order index m Number of used PQ meters

i, j Index of bus number n Number of buses

k Index of bus number THDactual
i The calculated THD of the voltage

which consists of PQ meter in bus i (at monitored buses)

r Index of line Nline Number of network line

B. Variables D. Acronyms

Vhj The voltage vector of the HSE Harmonic state estimation
measured and unknown nodes

PQ Power Quality

THDestimated
i The estimated THD of the

voltage in bus i SOA Seeker optimization algorithm

C. Constants GA Genetic algorithm

Ihi the vector of the WLS Weighted least squares
measured injected currents

SVD Singular value decomposition
yh(i, j) The element of the admittance matrix

for each harmonic order

method.
The organization of the rest of the paper is as follows:

In Section II, the proposed method for HSE is formulated.
Then the principle of proposed procedure for PQ meters
placement is introduced in Section III. The used SOAs
and Pareto optimum method are explained in Section IV.
Simulation results are demonstrated in Section V and
Section VI concludes the paper.

II. HARMONIC STATE ESTIMATION

HSE is an effective method to find the complete har-
monic information by the limited number of PQ me-
ters and to identify the system state for each harmonic
order20,21. PQ meters are the useful tools for measuring
the magnitude and phase angle of harmonic voltages and
injected currents in monitored buses.

The used method for HSE in the present work is based
on the weighted least squares (WLS) estimation. The
real and imaginary parts of voltages in each harmonic

are considered as the state variables. Minimization the
sum of the squares of the difference between the mea-
sured and estimated values, weighted by the variance of
their corresponding meter errors is the objective of this
method22,23. The target of HSE is minimization of below
objective function:

Jh =
∑
i∈k

(Real(A))2 + (Imag(A))2

σ2
hi

(1)

where

A = Ihi −
n∑

j=1

yh(i,j)Vhj

σ2
hi is the ith measurement variance reflecting the ex-

pected corresponding meters accuracy23. The harmonic
voltages and injected harmonic currents are known only
in the buses equipped with PQ meters. Ihi and Vhjs can
be obtained by the PQ meters data. Eq. (1) in conjunc-
tion with the improved SOA algorithm is used to estimate
the voltages of the buses without PQ meter.
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III. PLACEMENT OF PQ METERS

The quality of the outputs of the HSE is related to
the number and positions of the PQ meters. However,
due to considerable installation cost of PQ meters, only
a limited number of buses are equipped with PQ me-
ters. Therefore, at first we should determine the mini-
mum number of PQ meters. Then the locations of the
PQ meters are determined. In this work, an optimiza-
tion algorithm is proposed for PQ meters placement in
normal and uncertain conditions of the power system.

A. Placement without Contingency

A power system is considered as normal when all PQ
meters and lines operate as designed. In such condition,
a new method is proposed here to determine the optimal
number and location of PQ meters for an accurate HSE.
This method is based on minimizing the Mean Square
Error of the estimated Total Harmonic Deviation (THD)
in the system24,25 calculated as follow:

THDi =

√√√√(

∞∑
h=2

|Vhi|2)

|V1i|
(2)

where |V | is the amplitude of voltage.
The objective function of the PQ meters placement in

normal condition is:

OFnormal =

∑
i∈k(THD actual

i − THD estimated
i )2

m
(3)

B. Placement with Considering of Congestion

HSE should be able to accommodate all types of con-
tingencies (such as single line/PQ meter outage), oth-
erwise the estimations results may become incorrect.
Hence, the objective function has to consider both normal
and contingency conditions for PQ meters placement.
Two types of contingencies considered in this study are
as follows:

1. Considering a PQ meter Outage

In order to take the single PQ meter loss into account,
an additional term is added to the normal objective func-
tion as follows:

min f1=OFnormal

f2=OFs.m.c
(4)

where

OFs.m.c =


∑
i∈k

OFithlostmeter
normal

m



and OFithlostmeter
normal is the OFnormal for the ith PQ meter

loss. Hence, to obtain f2, with a loss meter, OFnormal is
evaluated using the existing meters.

2. Considering of a Line Outage

Single line contingency happens frequently and there-
fore should be considered in the PQ meters placement.
When the link between two adjacent buses is discon-
nected, single line contingency occurs where this event
leads to reduction of estimations accuracy. In the pro-
posed objective function to considering the line contin-
gency, the mean of objective functions at single line out-
age (OFs.l.c), is added to the objective function in normal
condition (OFnormal). Hence,

min f1=OFnormal

f2=OFs.l.c
(5)

where

OFs.l.c =


NLine∑
r=1

OFrthlost line
normal

NLine


OFrthlost line

normal is the OFnormal for the rth line outage. Sim-
ilar to the previous case, to obtain f2, with a loss line,
OFnormal is calculated with the new topology. A combi-
nation of Pareto method and SOA algorithm is employed
to solve the multi-objective functions in Eq. (4) and Eq.
(5).

IV. INTRODUCTION OF SOA BASED ON PARETO
OPTIMUM METHOD

In this study, SOA is employed for HSE and PQ me-
ter placement optimization. SOA is a relatively new in-
telligent algorithm that is a population-based heuristic
stochastic search method26,27. The details and formu-
lations of used SOA can be found in23. The results of
simulations in26,27 indicate the robustness of this algo-
rithm, in rapid convergence in reaching the global op-
timum. The algorithm has the additional advantage of
being easy to understand, simple to implement so that it
can be used for a wide variety of design and optimization
tasks.

The Pareto optimum method is used for selection of
the most appropriate solution amongst the spectrum of
solutions of defined Multi-objective optimization prob-
lems for PQ meters placement28,29. The workflow for the
proposed strategy using SOA algorithm based on Pareto
method is shown in Fig. 1. At first, the positions of
seekers are determined and the population is randomly
divided to subpopulations. Then, the real and imaginary
parts of the voltages in all buses are calculated using Eq.
(1). The sub functions of major objective function re-
lated to the initial population are evaluated using Eq. (4)



International Journal of Industrial Electronics, Control and Optimization c© 2018 IECO 84

and Eq. (5) in step 3. Then a set of first solutions con-
sist of the best positions of the personal, neighborhood,
and population are selected using the Pareto optimum
method, in order to obtain the non dominated answers.
Next, population is updated with SOA. The process is
then repeated for the preset maximum number of iter-
ations (Itermax). Finally, the best solution is identified
amongst the Pareto optimum set depending on the user
preference and appropriate constraints.

A. Parameter Setting of Used SOAs for Proposed Method

If M harmonic orders exist in the system, M+1 SOAs
are needed (M number of SOAs for HSE and one SOA for
PQ meters placement) for determination of the number
and place of PQ meters by proposed method. In HSE
problem, the number of state variables is two times that
of the buses number, since HSE estimates both the real
and imaginary parts of the non-monitored bus voltages.
In the placement problem the number of state variables
is equal to bus numbers. To indicate the absence or pres-
ence of meter in a bus, we assign 0 or 1 values, respec-
tively to the state variables. In the proposed SOA, the
population is randomly categorized into 3 subpopulations
to search is done over several different domains.

In HSE problem the upper and lower bounds are con-
sidered as follows:

Vmax = 1.05×Vnominal

Vmin = 0.95×Vnominal

These quantities are determined based on the setting
properties of the protective devices. In this paper, it
is supposed that the overvoltage and under voltage re-
lays are set to 105% and 95% of nominal voltage, respec-
tively. Standard deviation (σ) of used PQ meters in HSE
is assumed 0.01 pu and. The minimum and maximum
membership degrees in SOAs and itermax are considered
0.0111, 0.97 and 75, respectively. As it is shown in Fig.
1, in each iteration some places are suggested, then HSE
is done for those places.

V. TEST SYSTEM AND RESULTS

The IEEE 14-bus test system shown in Fig. 2 is
chosen to verify the ability of the proposed method for
HSE and PQ meters placement in normal and uncertain
conditions30. Simulations results show that by consider-
ing four harmonic loads connected at buses 4, 5, 7 and
13, the present harmonic orders in this network are 5th,
7th, 11th, 13th, 17th and 19th. The simulations and opti-
mization are done in MATLAB software.

A. Harmonic state estimation

In this section, to showing the ability of used method
for HSE, 4 PQ meters are installed in buses 7, 9, 10 and
14. Singular value decomposition (SVD) method shows

FIG. 1. Proposed flowchart of used SOA for placement of PQ
meters.

FIG. 2. The IEEE 14-bus system.
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TABLE I. Estimations relative errors (%) of real part of har-
monic voltages by SOA

Bus Harmonic order
5 7 11 13 17 19

1 1.02 0.97 1.37 0.89 0.91 1.12
2 0.65 2.04 1.42 0.73 0.93 1.02
3 2.14 0.51 0.83 1.27 2.41 0.78
4 0 0 0 0 0 0
5 0.29 1.02 0.91 1.31 0.98 0.51
6 1.23 0.65 0.98 1.03 0.81 1.02
7 0 0 0 0 0 0
8 0 0 0 0 0 0
9 0 0 0 0 0 0
10 0 0 0 0 0 0
11 0 0 0 0 0 0
12 0 0 0 0 0 0
13 1.03 1.01 0.38 1.89 0.71 2.12
14 0 0 0 0 0 0

that the buses 1, 2, 3, 5, 6 and 13 are unobservable. Ta-
bles I and II demonstrate the relative estimating errors
of HSE outputs. Table III shows the actual and esti-
mated values of THD and relative errors. As shown in
Tables I-III, estimation errors for the monitored buses
are zero since the harmonic voltage values are available.
It is worth noting that estimation results for observable
buses (4, 8, 11, 12) are very accurate and the estimations
of unobservable buses are in the acceptable range, which
is one of the advantages of the used method.

For comparison, GA is also employed in HSE which the
estimation results and their relative errors are demon-
strated in Table IV. Comparing Tables III and IV, su-
perior performance of SOA is represented by the smaller
errors. The complete results of HSE can be found in23.
In the next section, it is shown that the estimation re-
sults are improved when PQ meters are suitably placed.

B. Optimal PQ meters placement

As mentioned in Section III, PQ meters placement is
based on minimizing the MSE of estimated THDs. Here,
two cases are considered for placement of different num-
ber of PQ meters in normal and uncertain conditions.

1. Placement in normal condition

In normal condition, the PQ meters placement would
not require the Pareto method since the optimization be-
comes a single objective exercise. In this case, using Eq.
(3) and the expressed SOA algorithm in Section IV, the
minimum number of PQ meters and their best position
is determined. Table V shows the results of placement
for 7, 6, 5, 4 and 3 PQ meters numbers.

Second column of this table shows the best places to in-
stall the PQ meters. This table also shows the minimum
number of PQ meters for a pre-determined accuracy in
the required HSE. For example, if user accepts a maxi-

TABLE II. Estimations relative errors (%) of imaginary part
of harmonic voltages by SOA

Bus Harmonic order
5 7 11 13 17 19

1 0.87 1.04 0.56 1.67 0.54 1.25
2 1.12 0.67 1.04 1.11 0.76 0.39
3 0.91 1.83 0.76 0.65 1.92 2.12
4 0 0 0 0 0 0
5 0.48 2.04 1.26 0.74 0.91 1.74
6 1.43 0.76 0.45 1.06 2.54 1.54
7 0 0 0 0 0 0
8 0 0 0 0 0 0
9 0 0 0 0 0 0
10 0 0 0 0 0 0
11 0 0 0 0 0 0
12 0 0 0 0 0 0
13 1.65 0.91 1.12 0.76 1.54 1.31
14 0 0 0 0 0 0

TABLE III. Actual and estimated THD (%) and estimation
errors by SOA

Bus Actual THD% Estimated THD% Relative Error%
1 1.782 1.761 1.178
2 1.983 1.9227 3.041
3 2.401 2.3081 3.869
4 3.7612 3.7612 0
5 6.7331 6.6172 1.721
6 1.9882 1.9287 2.993
7 5.5211 5.5211 0
8 1.3321 1.3321 0
9 2.1536 2.1536 0
10 2.2972 2.2972 0
11 1.5231 1.5231 0
12 3.2326 3.2326 0
13 7.5662 7.2313 4.426
14 2.6433 2.6433 0

TABLE IV. Estimation results by GA algorithm

Bus Actual THD% Estimated THD% Relative Error%
1 1.782 1.6861 5.381
2 1.983 1.8522 6.594
3 2.401 2.2176 7.639
4 3.7612 3.7612 0
5 6.7331 6.4011 4.931
6 1.9882 1.8817 5.359
7 5.5211 5.5211 0
8 1.3321 1.3321 0
9 2.1536 2.1536 0
10 2.2972 2.2972 0
11 1.5231 1.5231 0
12 3.2326 3.2326 0
13 7.5662 7.0144 7.293
14 2.6433 2.6433 0
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TABLE V. Result of placement of PQ meters in normal condition

Number of PQ meters Position of PQ meters OFmin

7 3,4,5,7,11,12,14 0
6 3,4,7,10,11,14 3.1 × 10−11

5 3,4,5,10,11 5.4 × 10−8

4 1,5,10,11 2.9 × 10−7

3 6,11,12 6.1 × 10−7

TABLE VI. Actual and estimated THD (%) and estimation
errors for 4 PQ meters after placement

Bus Actual THD% Estimated THD% Relative Error%
1 1.782 1.782 0
2 1.983 1.983 0
3 2.401 2.356 1.89
4 3.7612 3.7612 0
5 6.7331 6.7331 0
6 1.9882 1.9882 0
7 5.5211 5.464 1.038
8 1.3321 1.3052 2.021
9 2.1536 2.1536 0
10 2.2972 2.2972 0
11 1.5231 1.5231 0
12 3.2326 3.2063 0.814
13 7.5662 7.4001 2.195
14 2.6433 2.5965 1.769

TABLE VII. Result of placement of PQ meters in single meter
contingency for 5 PQ meters (Fig. 6)

Point (left to right) Position of PQ meters
1 3,8,9,12,13
2 6,7,9,11,12
3 1,2,5,7,13
4 5,8,9,11,14
5 2,3,9,12,14
6 1,3,5,8,11
7 2,5,7,9,12

8(A) 6,8,10,12,13
9(B) 2,6,9,11,12
10(C) 3,4,5,7,12

11 1,7,9,10,12
12 4,6,7,9,12
13 2,7,11,12,14
14 2,5,9,10,13
15 1,5,8,10,12
16 4,7,11,13,14
17 1,5,9,13,14
18 3,8,9,12,13
19 6,7,9,11,12
20 1,2,5,7,13

mum objective function of 3 × 10−7, the number of re-
quired meters is 4 and the best places of these meters are
1, 5, 10 and 11. Table VI shows the THDs for 4 meters
that their places are showed in Table V. Comparing the
results of Tables III and VI, the relative errors of Table

FIG. 3. Convergence rate of SOA algorithm for placement of
3 PQ meters in normal condition.

FIG. 4. Pareto optimum results for single PQ meter contin-
gency for 7 PQ meters.

VI are less than Table III. However, the number of used
PQ meters to HSE is the same in both cases. Therefore,
the errors of HSE in system are reduced by obtaining the
best places of PQ meters. Fig. 3 shows the convergence
rate of SOA algorithm in PQ meter placement for 3 PQ
meter number. Clearly, the convergence rate of SOA in
placement problem is acceptable.

2. Placement considering the contingencies

As it is described in Section III, two types of contin-
gencies (single line outage and PQ meter loss) are con-
sidered in this study. In placement with uncertainty,
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FIG. 5. Pareto optimum results for single PQ meter contin-
gency for 6 PQ meters.

FIG. 6. Pareto optimum results for single PQ meter contin-
gency for 5 PQ meters.

Pareto method is used because the optimization problem
is multi-objective. Equations (4) and (5) are the multi
objective functions for PQ meters placement with single
meter and line contingencies, respectively.

Figs. 4-8 show the Pareto optimum results for sin-
gle PQ meter contingency for 7, 6, 5, 4 and 3 PQ me-
ters number. For instance, if a user accepts a maximum
OFnormal of 7.3×10−8 and a maximum OFsingle meter

FIG. 7. Pareto optimum results for single PQ meter contin-
gency for 4 PQ meters.

FIG. 8. Pareto optimum results for single PQ meter contin-
gency for 3 PQ meters.

FIG. 9. Pareto optimum results for single line contingency
for 7 PQ meters.

contingency of 6.8×10−7, the number of required meters
based on the curves is 5 with points A, B and C (Fig. 6).
Table VII shows the best places of PQ meters for each of
points in Fig. 6. One of the most important benefits of
the proposed method for placement is the ability of the
best places selection depends on user selection attending
to the importance degree of objective function terms. In
this example, if the normal condition is more important

FIG. 10. Pareto optimum results for single line contingency
for 6 PQ meters.



International Journal of Industrial Electronics, Control and Optimization c© 2018 IECO 88

FIG. 11. Pareto optimum results for single line contingency
for 5 PQ meters.

FIG. 12. Pareto optimum results for single line contingency
for 4 PQ meters.

than the contingency condition, point A would be more
suitable and the best places of these meters are 6, 8, 10,
12 and 13 (Table VII). Conversely, if the contingency
condition is more important than the normal condition,
point C would be more suitable and the best places of
these meters are 3, 4, 5, 7 and 12 (Table VII). Figs. 9-13
show the Pareto optimum results for the single line con-

FIG. 13. Pareto optimum results for single line contingency
for 3 PQ meters.

tingency for 3, 4, 5, 6 and 7 PQ meters number. Using
these curves, the minimum number of meters and their
best places at single line contingency can be defined.

C. Future work

In this paper, the PQ meters accuracies are supposed
constant. While the meters accuracies are changed dur-
ing their life time. Thus, consideration of the PQ meters
accuracies reduction in the PQ meters placement prob-
lem is the issue of the next work of the authors.

VI. CONCLUSION

This paper proposes a methodology to employ SOA
algorithm for determining the minimum number of
required PQ meters in an HSE. HSE problem is for-
mulated based on WLS method and is solved with
SOA algorithm as an optimization exercise. The main
impact of the paper is placement of the PQ meters
under single meter and line contingencies based on a
modified multi-objective Pareto SOA algorithm. By this
method, the user is capable of finding the minimum
number of meters and their best position by choosing
a pre-determined value for the objective function. The
simulation results and a comparison with that of a GA
application confirm superiority of SOA algorithm and
improved HSE accuracy.
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