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Summary

Optimal allocation of measurement devices is a necessity in order to carry out
state estimation of a distribution system. In this paper, the placement problem
of power measurement devices is modeled using a multi-objective method.
The objectives of the problem are to minimize measurement devices' costs
while increasing the accuracy of state estimation and improving the state esti-
mation quality. Also, operational priorities are considered as another objective,
which are based on power losses, lines’ capacities, the number of lines con-
nected to a specific line, and the change in lines' flows direction. A multi-
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to optimize the allocation of measurement devices within the problem of dis-
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tribution system state estimation. The state estimation problem is optimized by
particle swarm optimization (PSO) algorithm and the Monte Carlo simulation
is used to develop some conditions within the network to guarantee the robust-
ness of the proposed method. The method is tested by simulation results on an
IEEE 33-bus and IEEE 123-bus radial network.
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List of Symbols and Abbreviations: C, ;, Cost of j" J"" measurement device; ERRy, Relative error of voltage magnitude; ERR;, Relative error of
voltage phase; Fyareion, The normalizer function for N*“°" in the range [0,1]; Fyemeion, The normalizer function for N°""“°* matrix in the range
[0,1]; F piss, The normalizer function for P matrix in the range [0,1]; F o The normalizer function for Sﬂ"w matrix in the range [0,1]; Fy, ;, Total
priority indices corresponding to line j; h;, System state function (nonhnear function of the measurements data); J, State estimation problem cost
function (Jacobian matrix); m, Number of measurements; n; and [ and n,, Number of network's branches; N°***“" Number of lines connected to a
line for all network lines matrix; N4"¢“°" The number of network's lines power flow direction changes matrix; N, Normal distribution function; o,
Normal distribution variance; P,, Error covariance matrix of estimated states; P, Injected active power from bus i; P’"j Injected active power from
bus j; P,y ;, Binary variable which shows a measurement device located on line j (P, ; = 1) or not (P, ; = 0); PP, Actlve power of bus i; Pl"” Power
losses of line i and line j; P Matrix of network's lines power loss; Q,. , Reactive power of bus i; R, Measurements data error covariance matrlx, Sf,;’;f(,
Lines' maximum power capacities matrix of distribution network; V%, Real values of voltage magnitude at node k; &%, Real values of voltage phase at
node k; V¢, Estimated values of voltage magnitude at node k; &, Estimated values of voltage phase at node k; w;, Weighting factor for i"

The weight (worthiness) of Sow normalizer function; wp

max ploss ?

measurement data; wp The weight (worthiness) of Fpws normalizer function; wr,

, The weight (worthiness) of F wéraion NOrmalizer function; wg

ow direction

eonnecion » L€ Weight (worthiness) of Fyewnmeion normalizer function; x, System state
variables; z;, The value that measured by meters; Z1, Cost function of measurement devices; Z2, Cost function of operational priority; Z3, Cost
function of voltage magnitude relative error; Z4, Cost function of voltage phase relative error; Z5, Cost function of quality of measurement; Z, Multi-

objective cost function.
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1 | INTRODUCTION

Today, accurate supervision on distribution systems requires high accuracy in estimating the distribution network
parameters and acceptable accuracy for distribution system supervision can be achieved by installing measurement
devices. In a distribution network, measurement devices can be positioned at every node to estimate the states of the
system; however, it is not economically acceptable. On the other hand, these devices may also provide some inaccurate
data, which are called measurement error. To solve this issue, a state estimation approach can be used. State estimation
can accurately determine the states of the system from the noisy data by taking into account available measured data
and the network topology. However, the number of real-time measurements in distribution systems is limited. In this
case, a large number of historical data, which are retrieved from a priori knowledge, should be available to maintain
observability of the network, as well as for the convergence of the state estimation algorithm. Historical data are called
pseudo measurements and their accuracy is also comparatively low. So, the estimation accuracy is not as expected. Con-
sequently, some additional measurement devices require to be located at proper locations in distribution networks to
achieve a better estimation accuracy. Some essential tools of state estimation are bad data detection and identification.
In Ref.,' the placement of phasor measurement units (PMUs) aiming at establishing a desired level of robustness
has been studied. This strategic placement method has also considered passive buses at which zero injections are taken
into account as virtual measurements with zero cost and they lead to reduce the number of required PMUs. In Ref.,>
two graph-theoretic algorithms for locating phasor measurement units in a multi-area power system network have been
developed. The method tried to identify its dynamic equivalent model by dividing the transmission network into clus-
ters of synchronous generators and loads. In Ref.,> a bad data filter for measurement data has been introduced based on
the weighted least square method. In Ref.,* a branch current-based state estimation algorithm has been presented. The
method picked the magnitude and phase angle of the branch current within a distribution network as the state vari-
ables. Also, the effect of type and the location of the measurement on distribution system state estimation have been
studied. An analytical technique for meter placement aiming at improving the quality of voltage and angle estimations
has been presented in Ref.” The meter placement problem has been simplified by transforming it into a probability
bound reduction problem. The accuracy of the estimates has been reflected by the area of the error ellipse. Also, the
location with the largest area of the covariance error ellipse has been searched as a potential location for meter place-
ment. The procedure sequentially continues until the desired level of accuracy in estimates is reached. To improve this
procedure, an ordinal optimization for the meter placement problem has been proposed. The method aims at seeking a
set of meter locations minimizing the probability that the peak value of the relative errors in voltage magnitudes and
angle estimates through the network exceeds a specified threshold. In Ref.,° a meter placement problem for distribution
system state estimation using ordinal optimization has been presented. The method tried to find a set of meter locations
aiming at minimizing the probability at which the relative errors in voltage magnitudes and angle go beyond a specified
threshold. In Ref.,” a multi-objective optimization method aiming at seeking the number and location of the measure-
ment devices for accurate distribution system state estimation has been proposed. The objectives, which should be min-
imized, are the total cost and the average relative percentage error of bus voltage magnitude and voltage angle.
However, the cost function has been modeled as a simple and fixed term for each measurement device by assigning
pre-determined weighting factors. In this paper, differently from what has been proposed in Ref.,” five objective func-
tions are defined where only two objectives, including the minimization of the average relative percentage error of bus
voltage magnitude and voltage angle, are similar to the ones proposed in Ref.” In Ref.,* a meter placement method con-
sidering state estimation for distribution networks has been presented. Also, the meter placement has been conducted
simultaneously with the distribution network reconfiguration aiming at annual energy loss reduction. The problem has
been solved by the multi-objective biased random-key genetic algorithm. In Ref.,” a multi-objective mixed-integer linear
programming method has been presented for the optimal phasor measurement unit placement problem. The problem
aimed at minimizing cost while guaranteeing system observability. In Ref.,'® a linear formulation for power system
state estimation has been proposed in which simultaneously conventional and synchrophasor measurements have been
considered. Moreover, the state estimation problem minimized measurement errors. The authors in Ref.'! evidenced
that the judicious design of the neural network training cost function helps with improving the overall distribution net-
work state estimation performance. The method used historical or simulation-derived data to train a shallow neural
network. In Ref.,'* an optimal phasor measurement units' placement method aiming at ensuring observability has been
presented. Also, The PMU allocation problem has been optimized based on measurement observability criteria using
the branch-and-bound algorithm and binary-coded genetic algorithm. In Ref.,'* a robust measurement device place-
ment model considering network reconfiguration and the uncertain nature of distributed generation units has been
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presented. Various weights in the robust measurement placement method have been computed by the Markov chain
and analytic hierarchy process. Also, the Gaussian mixture model is implemented to approximate the intermittent
power of distributed generations. In Ref.,'* a circuit representation model to calculate state estimation errors has been
presented. Also, the disjunctive model has been used to transform the optimal meter placement problem to a mixed-
integer linear programming problem. In Ref.,"> the performance of state estimation in the power system paradigm in
the presence of false data injection attacks has been evaluated. Also, an algorithmic solution has been presented to
address the problem of installing additional PMUs considering cyber security constraints. In Ref.,'® a multi-objective
optimization method has been used for pleacement of PMUs and intelligent electronic devices in distribution networks.
For accurate state estimation, a hybrid estimation of distribution algorithm aiming at minimizing the total cost of mea-
surement devices has been implemented to find the optimal number and location of them. In Ref.,'” the optimal PMU
placement problem has been assessed in which zonal voltage controllability and voltage magnitude estimation in coop-
eration with SCADA have been considered. Also, spectral clustering has been employed to efficiently seek the optimal
clustering boundaries for placement layout. In Ref.,'® the placement of phasor measurement units based on the genetic
algorithm method has been presented. The method considered observability and security of the network by allocating
the least number of PMUs as well as providing the most redundant set of measurements. In Ref.,” a multi-objective
hybrid particle swarm optimization algorithm for optimal placement of the measurement devices has been presented.
The objective functions were the total cost, the average relative percentage error of bus voltage magnitude, and angle.
Also, the random variation in loads, the impact of distributed generations, and the metrological error of the measure-
ment devices have been considered. In Ref.,'® an algorithm for placement of PMUs aiming at making the system
observable has been developed. The method focused on the limitation of the number of measurements provided by
each PMU.

Moreover, in this paper, the cost objective function is modeled in a different way containing different details and
parameters. On the other hand, two new goals are added in the objective functions named operational priorities and
quality of placement. Table 1 indicates a comparison between the strategies and objectives presented in the literature as
well as the ones proposed in this paper.

To the best of our knowledge, the quality of error in the distribution system state estimation problem has not been
considered as an objective. In this paper, the quality of state estimation error as an objective is taken into account
within the measurement devices placement problem. This objective may be in contrast with the other objectives

TABLE 1 A comparison between objective functions and strategies

Objective
Decrease in Increase in
number of accuracy of
measurement estimated
Refs. devices Reliability values Cost  Strategies
6 v Probabilistic model based on error of state estimation
values
13 4 v/ 4 Robust and fast algorithm for measurement devices
placement
14 4 v v To model measurement devices using circuit elements
13 v/ v/ Considering measurement data security
16 v v/ v/ Multi-objective optimization
17 v/ v/ Probabilistic multi-objective optimization
18 v v/ v Using genetic algorithm
7 4 4 4 Probabilistic model based on error of state estimation
values
19 v A measurement devices
placement algorithm
This v v v v A measurement devices placement algorithm

Paper
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because it is achieved while the number of measurement devices increases. Also, the operational priorities indices
including power losses monitoring, high capacity lines, the number of connected lines to a main line, and the variation
in power flow direction should be maximized by installing measurement devices. Moreover, relative errors of voltage
magnitude and angle as an objective are minimized. In addition to the two objectives, the quality of state estimation
variables as a new objective is maximized. In summary, the main target of this paper is to optimally allocate measure-
ment devices of active and reactive power within the network aiming at improving the observability index. Accordingly,
the five objective functions of the proposed method can be summarized as (a) minimizing the allocation costs of mea-
surement devices, (b) maximizing the operational priorities indices, (c) minimizing the relative error of the voltage
magnitude for each network nodes, (d) minimizing the relative error of the voltage angle for each network nodes, and
(e) maximizing the quality of measurement devices allocation. The contributions of this paper are summarized as
follows:

« To implement a multi-objective evolutionary algorithm based on decomposition to model the placement problem of
measurement devices.

« To improve the measurement devices placement by introducing the new objective called the quality of the
placement.

« To consider distribution system operators’ attitudes and requirements in location of measurement devices.

The rest of the paper is organized as follows: The problem of distribution system state estimation is described in Sec-
tion 2. The formulation of the problem is given in Section 3. In Section 4, the proposed meter placement flow is pres-
ented. The simulation and results are discussed in Section 5, and finally, the conclusion of this paper is presented in
Section 6.

2 | DISTRIBUTION SYSTEM STATE ESTIMATION

Generally, the weighted least square (WLS) method is used to solve the state estimation problem. In this paper, how-
ever, the particle swarm optimization is implemented to solve the state estimation problem because this method can be
more accurate than the WLS method.?>?! Nevertheless, the objective function of the distribution system state estima-
tion problem can be defined as follows:

minJ (x) = Zwi(zi—hi(x))z. (1)

In this problem, the magnitude and phase of lines' currents indicate the system state variables [x in Equation (1)]
and the active and reactive power flows measured by devices are considered as the real measurement data. In Figure 1,
pseudo measurements data modeling by artificial neural network (ANN) is illustrated. By using historical data of load
consumptions, a load model is generated using multiplayer perceptron neural network, which is considered as pseudo

Actual
Values

Input

Estimation Value Compare
Data P

FIGURE 1 Pseudo measurements

Adjust Weigh data modeling by ANN
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measurement data in the state estimation. The input data and actual values are active and reactive power injection and
load demand in each node, respectively.** Historical data of load demands are modeled using white noise with 50% and
20% variances as given in Equations (2) and (3).”

PP, =PP +N(0,0?) (2)
anew = QlD +N(03~02)9 (3)

where N(0, 6%) represents normal distribution function with mean zero and variances?.

3 | PROBLEM DEFINITION

The main objective of this paper is to optimally allocate active and reactive power flow measurement devices within the
network aiming at improving the observability index. Moreover, the measurement devices cost and the state estimation
accuracy are considered. On the other hand, the quality of the state estimation output should be maximized, which is
mainly conflicting with minimizing measurement devices cost function. The five objectives of the problem are
described as follows.

3.1 | Costof measurement devices

The cost is always an important aspect of placement problems. Hence, in this paper, one of the objective functions is
the measurement devices placement cost which should be minimized. It is assumed that all devices have the same capi-
tal cost.”

n
Zl=min» _ Cpr;Pp. (4)
=1

If a device is allocated on a network branch, the values of P, ; are 1, otherwise is 0. Placement costs of measure-
ment devices do only include capital costs of devices.

3.2 | Operational priorities indices

The available method for measurement devices placement presented in the literature may not cover the requirements
and priorities of the experts who work in operation, planning, and decision-making sections of utilities. In addition to
cost and observability objectives, there are some important aspects for distribution operators according to which they
prefer to have the measurements in specific nodes in their networks. The aspects have been called operational priorities
and described as follows:

1 Usually, lines with high power capacity are important to the operators because a considerable share of current flows
through these lines. As a result, measurements in lines with higher capacity can give a better monitoring view to the
operators;

2 One of the critical issues in distribution networks is power losses, which operators try to continuously monitor and
reduce. So, a measurement in lines with higher power losses may help operators to reach the goal;

3 Regarding protection issues, measurements in lines in which the power flow direction frequently changes are also
important for the operator;

4 From the operator point of view, the main lines, which directly feed many connected lines, are important. So, they
prefer to have a measurement in these lines.
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In this paper, according to the distribution operators’ attitudes and viewpoints, a term called operational priorities
has been added in the objective function. As the importance of each item among the priorities may be different for oper-
ators, weighting factors are assigned to them.

3.21 | Line power capacity

To monitor the power flow in distribution networks, the measurement data of lines with high capacity may be helpful.
So, the line with high power flow has a higher priority for installing measurement devices.>* This term is imported as
an option in total operational priorities’ objective function of the placement problem. Let assume the maximum power
capacities of lines (/") are represented by the following matrix.

Show = |l S -] - (5)

,max ,max

To model the maximum power capacity of lines as a term in operational priorities' objective function, Equation (6)
is defined to normalized this term between [0,1].

max (Spyay) = S
FS/lnw =

mx max (S19) —min (S/%)

max

(6)

3.2.2 | Power losses

Power loss reduction is an important mission of electric utilities. Accurate as well as appropriate measurement data
through the network provide more accurate power loss calculation, which helps the operator with deploying loss reduc-
tion plans like distributed generation sitting and sizing. So, the line with high power losses needs more attention and
accurate measurement.”* The power losses of lines are calculated according to Equation (7).

PPs =P —pY|, (7)
where i and j are the number of buses. All of lines power losses are collected in a matrix as given by Equation (8).
Pl = [pls plos ] (®)
Then, the power loss is modeled as a normalized term in the operational priorities’ function by Equation (9).
T L 2
3.2.3 | Change in power flow direction

Due to the presence of protection devices in a network, the change in power flow direction through a line is important.
Let assume a line in which the current direction changes due to small variations in loads. Protection devices may mea-
sure this variation as a fault and send a trip command. On the other hand, the high number of changes in power flow
direction in a line shows the strategic position of the line within a network. So, the measurement of this type of lines is
useful and has a higher priority in installing measurement devices.*” So, the pseudo code in Algorithm 1 is used to cal-
culate the number of changes in power flow direction through a line.
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Algorithm 1 Pseudo code for calculating the number of power flow direction changes

SET initial iterator to 1.
SET an empty array of changes in the power flow direction counter.
WHILE iterator is lesser than 10 000:
Generate white noise with zero mean and 50% SD.
Add the generated white noise to each network’s node including an active load.
Run the distribution power flow with these loads.
Extract the sign of line power flows.
SET our initial Internallterator to 1.
WHILE Internallterator is lesser than the number of network lines:
IF the line power flow is positive then:
increase our counter by 1.
IF NOT:
decrease our counter by 1.
END IF
increase Internallterator by 1.
END WHILE
increase iterator by 1.
END WHILE

The output is a matrix with integer values corresponding to each line as given in Equation (10).

Ndirection — [ncliirection ngirection ] (10)

1x1”

Then, the changes in power flow direction are modeled as a normalized term in the operational priorities’ objective
function by Equation (11).

max ( Ndirection) _ Ndirection

max (Ndirection) —min (Ndirection) :

F direction = ( 1 1)

3.2.4 | The number of lines connected to a line

In a radial distribution network, a line connected to more lines has a larger capacity to flow power and is considered as
the main line of the network. So, the accurate measurement of these lines is important and has a priority to install mea-
surement devices."® To calculate the number of lines connected to a line, the pseudo code shown in Algorithm 2 is used.

Algorithm 2 Pseudo code for calculation of the number of lines connected to a line

extract FromBusMatrix which is a matrix array of sending buses from the network.

extract ToBusMatrix which is a matrix array of receiving busses from the network.

SET iterator to 1.

initialize the LinesConnectionMatrix which represents the number of lines connected to a line.

initialize FIT, FIF, TIT, and TIF matrixes which have the same size of network lines.

WHILE iterator is lesser than the number of FromBusMatrix elements:
FIT(iterator) < find how many items of ToBusMatrix is the same as FromBusMatrix(iterator).
FIF(iterator) < find how many items of FromBusMatrix is the same as FromBusMatrix(iterator).
TIT(iterator) « find how many items of ToBusMatrix is the same as ToBusMatrix (iterator).
TIF(iterator) « find how many items of FromBusMatrix is the same as ToBusMatrix (iterator).
LinesConnectionMatrix(iterator) «— FIT(iterator)+ FIF(iterator)+ TIT(iterator)+ TIF(iterator)
increase iterator by 1.

END WHILE
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The Algorithm 2 results in a matrix with real values shown in Equation (12).

Nconneclion - [nionnection ngonnection ] Ixl (12)
Then, the normalized value for this parameter can be calculated as given in Equation (13).
max (Nconnection) _Nconnection
Fy (13)

= max (Nconnection) —Tmin (Nconnection) :

Now, the four parameters which are normalized in the range of [0, 1] can be gathered in a coefficient named opera-
tional consideration index which is given in Equation (14). Also, from the operators’ point of view, some of these
parameters may have more importance. So, a weighting coefficient (w) is defined corresponding to each priority.

FNdirectinn + wr FNconnecL[on . (14)

direction Nconnection

Fpr= a)FSg?;iFSﬁm + Cl)FPIDSSFP[oss +wr,,

The objective corresponding to operational priority (Z2) which should be maximized is given as follows

ny
Z2=max » FyiPp;. (15)
j=1
3.3 | Relative errors of voltage magnitude and phase

The relative error for the voltages’ magnitude and phase are defined as Equations (16) and (17), respectively.

100 S| VE — Ve
ERRy =—) |k _—k (16)
n vt
b k=1 k
100 |68 — 5%
ERR;=— Y |+ k& (17)
n ot
bi=1l %

The relative error is calculated using scenarios corresponding to different states and conditions of the network and
created by a random Monte Carlo simulation. If in 95% of scenarios, the relative error is lower than a threshold value,
the placement is acceptable. In this paper, the relative error threshold values of the voltage magnitude and voltage
angle are 5% and 1%, respectively.® Also, the minimization of voltage magnitude and voltage phase relative error repre-
sents the two other objectives, which are formulated as Equations (18) and (19).

73 =minERRy (18)

Z4 =minERR;. (19)

3.4 | Quality of placement

The quality of measurement devices allocation is defined as follows.”

1
Z5=maxQ = max—, (20)
Py
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where P, is obtained from Equation (21); Q is calculated by reversing each element of the matrix P,.
P.= (H (x)R;'H(x)) ", (21)

where R is the inverse of the w; in Equation (1) and H is a Jacobian matrix of measurement function that is defined as
Equation (22).

H(x)= : (22)

To improve the quality of estimated values, the number of measurement devices should be increased. Therefore, the
quality objective function ought to be maximized. Actually, the problem is a trade-off between the cost and the quality.
According to the above-mentioned objective functions, the multi-objective problem is formulated as a vector with five
dimensions, which is given in Equation (23).

ny
mn '21 CorPpsy
} =

ny
max ZlefJprJ
]:

100 &

) Vt —_yes
7 = | mmn— k k
n

Vi
5 =8¢
5,

1
(H™(x)R;'H(x)) ™"

(23)

k=1

. 100 &
min—

ni=

max

Subject to

3, =8¢
3

<0.01,

vi-ve
‘ 5 <0.05, (24)
k

where Z is the multi-objective function of the placement problem which is optimized by the evolutionary algorithm
based on decomposition. The maximum relative percentage deviation in voltage angle and voltage magnitude is lower
equal than 5% and 1%, respectively.’

4 | MULTI-OBJECTIVE OPTIMIZATION

In this paper, the state estimation problem has been formulated by PSO. To model the measurement device placement
problem, the multi-objective evolutionary algorithm based on decomposition (MOEA/D) has been implemented. The
procedure of the proposed placement method is illustrated in Figure 2.

According to Figure 2, in the first step of layer one, the parameters of MOEA/D are set to use in the algorithm. In
step 2 of layer one, the equations related to vector Z are defied. In step 3 of layer one, the initial population for
MOEA/D is produced and after evaluating them, the primary Pareto front is generated. In the main loop of the algo-
rithm, a crossover is carried out between populations in order to generate new children. Then, the generated children
called the new generation are analyzed and compared with the previous generation; after that, the Pareto front is
updated. This procedure is repeated until the termination target is achieved. In layer 3, which corresponds to the multi-
objective Z vector definition, the measurement data and variables produced by MOEA/D are received in steps 1 and
2, respectively. Then, in step 3, K number of scenarios related to measurement data errors are created. In layer 4 and
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Layer 1 | Layer 2 | Layer 3 | Layer 4 | Layer 5
| | | |
| | | |
| | | |
MOEA/D I I I I
Settings | | | |
' Set [ | |
I the Number of : : :
d Variables | | |
A | | | |
I I ] I I
MOEA/D | Set | Variables | |
Problem | the Number of of MOEA/D | |
Definition | Objectives | Preparation | |
| | | |
| | | PSO |
Define | Measurements | Setti |
v | Multi-Objective : Data | ethings :
Preparation | Cost Function | Preperation | |
MOEA/D : : : Set
variables | | Create K | A 4 | the Number of
| | Number | PSO | PSO Variables
| | Scenario for | |
| | | Problem |
v | | Measurements | Definition | .
| Data to use for | | Define .
MOEA/D | DSSE | | Cost Function
Main Loop | | | which is DSSE
| | | v |
| | Calculate | |
| | Problem | PSO |
: : Objectives : Pre-Processing :
| | |
| | |
| | | |
I I I A 4 I
| | | |
| | | PSO |
| | | Main Loop |
| | | |
° o ° °

FIGURE 2 Diagram of the proposed measurement device placement method based on state estimation

layer 5, the state estimation problem is optimized by PSO. In multi-objective problems, the final step is to select a solu-
tion among several Pareto fronts. This selection is desirably carried out by each user. However, there are some selection
methods called multiple attribute decision-making (MADM) that help users. The MADM includes several methods to
make a preference decision over the available solutions. A decision-making process can be categorized into three gen-
eral parts including evaluation, prioritization, and selection. Three scoring methods used in many kinds of literature
are the simple additive weighting method (SAW),%° the weighted product method (WPM),?”*® and the technique for
order preference by similarity to ideal solution (TOPSIS).*

It is worth to be noted that the configuration distribution network may be changed to improve the system perfor-
mances in terms of voltage regulation, system reliability, and power losses. The network reconfiguration has not been
directly considered within the proposed method. However, the proposed method can be conducted for different config-
urations of the distribution network. Then, the distribution system operator, as a decision-maker, can compare and ana-
lyze the optimum place of measurement devices corresponding to each configuration in terms of probability of
occurrence. As future work, distribution network reconfiguration can be considered within the proposed method. The
idea would be to assign the weight or probability of occurrence to each configuration.

In this paper, generating the Pareto front is the main goal of the proposed measurement device placement method
and the selection of one of the Pareto solutions is done only for analyzing the results. It means that the final decision is
made by distribution system operators as decision-makers based on their priorities and preferences, not by the analyst.
However, the evaluation part of this method is based on TOPSIS method.

It should be noted that the measurement device placement problem has been carried out in offline mode. So, the
run time, as well as network scalability, is not as a challenge. Also, the number and the location of sensors are defined
as variables and determined based on the optimization algorithm. In order to show the scalability of the problem, the



HASSANNEJAD MARZOUNI ET AL. WI L EY 11 of 25

—0-0-0-0 0-0-0-9
°

—0-0-O o0 O
0-0-0-0-0-0 ¢
0-0-6-0-0-0-0-0-0

FIGURE 3 IEEE 33-bus test network

proposed method has been also tested on a large distribution network and the results have been presented in the simu-
lation section.

5 | CASESTUDY

In this paper, the IEEE 33-bus radial distribution network?® illustrated in Figure 3 is used to evaluate and analyze the
proposed method. Nine best solutions among 50 solutions in Pareto front in different scenarios depending on measure-
ments' error are presented in Table 2

5.1 | Analysis of results

As shown in Table 2, lines 2, 21, 29, and 32 are important in placing the measurement devices. Line 21 and line 32 expe-
rience maximum number of changes in power flow direction; so, they also have the priority in installing measurement
devices. Line 3 is also important because the bus 3 supplies more than half of the network. The line number 29 is also
important due to the high capacity of active and reactive power as well as high power losses. In Figure 4, the opera-
tional priorities corresponding to the cost of measurement devices placement in all scenarios are shown.

According to Figure 4A, the operational priorities have a direct relation with the measurement devices allocation
cost. This direct relation is also approximated by a linear and 4th-degree curve. On the other hand, the norm of the real
and estimated values of priorities and the costs corresponding to the number of measurement devices are illustrated in
Figure 3B. As shown, the 4th-degree approximation curve with a lower norm than linear approximation provides an
accurate assessment of the relation between priorities and the cost of measurement devices.

5.2 | Placement quality analysis

As shown in Table 2, the Pareto number 17 and 5 in scenario 1 have the same values in the measurement devices place
and priorities. However, the Pareto 17 has achieved a better value in relative error percentage of voltage magnitude and
phase if compared with the one in Pareto 5. According to the results given in Table 2, the placement quality
corresponding to estimated values of voltage magnitude and phase in scenario 3 is better than the one in the other
scenarios.

The relation between the quality of state estimation and cost of measurement devices has been illustrated in
Figure 5.

As shown in Figure 5A, some approximations for the relation between the state estimation quality and the number
of devices in scenario 1 have been drawn. The result showed that the quality index has been significantly raised due to
the increase in the number of measurement devices. According to Figure 5B, the 3rd-degree (Cubic) approximation has
the lower norm than the one in 4th-degree, 2nd-degree (Quadratic), and linear approximations.



HASSANNEJAD MARZOUNI ET AL.

12 of 25 WI LEY

686 0LT S
6€9 STCT9
LL9 €0T 9
T19 LTC 9
€vy LET 9
61 C61 9
€L69LT 9
T1€6 9CC 9
806 68T 9
61¢ 9¢T 9
Y0L TES S
8LT €¥S S
9L0 TCS S
€T 1CS S
69T 9%S S
orE 9¢€S S
LIL OVS S
69¢C 8¢S S
900 20S S
LOT OLT 9
TZS 90T 9
G€6 891 9
L6V SOT 9
8LS LY19
ove L6T 9
€0L 8ST 9
€9 1S9
T€9 €619

Liend

v6v'0
€20’
968°0
SC1'0
TIT°0
861°0
G80°0
0

0

0
668°S
180v
6€€°T
S9L'C
TeS€
LYL'C
6S€'S
LS9
€EL'T
990
8eY'0
6080
6LC
e
09°S
L9T°0
CLT'O
810
(%) 10110

aAne[ax
91Sue a8ejjoA

1S0°0
LS00
8100
9t0°0
2S00
S00
00
00
6500
¢S00
690°0
990°0
100
90'0
S90°0
LS00
190°0
S90°0
90°0
8500
¢S0°0
LS00
¢L00
90°0
€L0°0
6500
990°0
2900
(%) 10110
dAnyR[I
spmyruSewr
aSejjon

O O > > > oo >

[48

N O o <
— = = -

— O n 1n O O >~ OV T OV o O

[
—

S

150D
uoneIoNy

6S0'T
900°T
€60
6LT'T
€r'T
1€6°0
LOO'T
€Lt
916°0
97’1
LYS'T
8L6°0
9961
ST
8¢6°0
LLTT
¥29°0
w0
290
80T
({8
986°0
8LLO
98L°0
SES0
SOL'T
6vC’1T
98L°0

sonrorad
reuonerado

sanyeA s,uonouny aAnILIqO

9T ITEL’6'L YT
TE'STTTIT0T'8Y'E
1€6T°€T'IT6T Y
TEETTTITSY'E
TEETTIT0T'S e
Te'eT1IT’0T'Se

Te'sTITioTET
TETE6C 8T ST'ETITITYSY'E
EITSYe
TETTOTITPI‘TIS'ET

T€6C LT YT TTOT LI O CI TS’ LY’ T
TEBTITTTITYIET'6'89
1€0€°8C TC 6T °OT'STTIOT'S Ve
TE0ETTOT 9T ST VI CIOT'S V'
8C'9T'ST'ETIT6IVI‘8’9
TE0ETTOT 9T SIS Ve
8TCT'ITIT'69

8TTTITTL

8CCT'ITIT'69
TE6TITLITIE'T

TE0E°6C ITET OV
TE6TTTBIV'T

TE6TITTIC

TE6TITBIC

TE6CTT ST LIOT
TE6TSTYTTT' ST CI0T'S‘ET
TE6TYTETTTB6I LI 68T
TE6TIT8IC

UOT)BI0] IITAJP
JUSWIAINSEIW JO I9qUINU dUr]

ST
14

8T
0c

8¢

53
€1

1c
oy

8T
14

9
LT

Iaquinu
ojared

€

(%) 10115 ©IRD
JUSWAINSBIWT
renv

0c

0c

0S

0s

(%) 10115 ©IRD
JUSWAINSEIW
opnasq

0j21ed 6 dO) 10J SINSAI UOTIR[NWIS

T

OLIBUdIS

cHdTdV.L



WI LEY 13 of 25

HASSANNEJAD MARZOUNI ET AL.

€96 €€E S
861 LOE S
L0 9vE S
§96 e S
LY9 €T S
VEL T8CT S
SSy LIES

Lrend

€0T'T
9990
€20°C

70

SI€0
ELE'T
€650
LS'T

(%) 10110

aAne[ax
91Sue a8ejjoA

¢S0°0
€500
500
LS00
950°0
L¥0'0

S0'0

SO0

(%) 10110
dAnB[X

spmyruSewr
aSejjon

CLO'T
8T0°T
80
9LT'T
0T T1€9'T

9 $S6°0

i I6T'T

A O o0 >

S 698°0

150D saniord
uonedo[[y [euonerddo

SaNyeA s,uorouUNy 3ANIRIqO

YT ITOTET'LET
TE0ETTOTETY'LT

YCITET'6'LT
STHTTITOTITET'LET
LTTTLIYTI6 LY ETT
TT9TET’ LY T

0 TTST'LY'TT

1TST'LY'T

Uo1ed0] 3d1A3p

JuduwrdInseaw Jo Ip_quunu dury

S
14t
(44
€1

T
6C

6

0c

Jaquinu
ojared

(%) 10119 ©IRD (%) 10115 ©IRD
JUSWAINSBIW JUSWAINSEIW
renpv opnasd

(ponunuo))

OLIRUddS

cHdTdV.L



14 of 25 WI L EY HASSANNEJAD MARZOUNI ET AL.

(A) 307 FIGURE 4 Tracking behavior of measurement devices cost
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5.3 | Analysis of voltage magnitude and phase

In this part, the state estimation is carried out based on the result of the measurement device placement, which has been
provided by MOEA/D. The PSO method is used to optimize the state estimation problem, which their parameters are
summarized in Table 3. Hence, an overall analysis of this estimator has been presented in Table 4. In cases of 20% error
in pseudo measurements, the relative error of voltage magnitude and voltage phase is lower than the case with 50% error
in pseudo measurements. However, the main focus of the measurement devices allocation was to minimize the total cost.
According to Table 4, the relative error of the voltage phase is zero; also, the maximum value of the relative error is almost
1%, which is lower than the one in other scenarios. To accurate analyze of the state estimation, the actual and estimated
values of voltage magnitude and voltage phases have been presented in Figure 6. As shown in Figure 6, the estimator can
accurately estimate the system states with the minimum number of measurement devices. In Figure 7A, it is clear that
the relative error of voltage magnitude has experienced a declining trend with increasing the number (cost) of measure-
ment devices. However, utilization of a large number of measurement devices has not a good economic result. The trade-
off between the relative error value of voltage and number of measurement devices is determined by system operators.
The proposed method provides an accurate estimation of system states even with a low cost of measurement
devices. The robustness of this estimator can be verified in Figure 7. The curve of voltage magnitude relative error vs
the cost of measurement devices is approximated with 3rd-degree (cubic) and linear polynomial curves that are illus-
trated in Figure 7A. The 3rd-degree approximation has a lower norm value than the one in the linear approximation.
Because of the similarity of these norms, they both can follow the behavior of the original curve. However, according to
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FIGURE 5 Tracking behavior of measurement devices cost (A) 6300000 .
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TABLE 3  PSO parameters setting
Nomenclature Description Value
Npop Population size (Swarm size) 50
Riter Maximum number of generation (Termination condition) 10
@1 Personal acceleration coefficient 2.05
@2 Social acceleration coefficient 2.05
K Constriction coefficient 1
_ 2% ; ;
x= Inertia coefficient 0.73
|2_(‘/’1 +02) =V (01 +0:)* —4(0, ‘Hﬂz){
Odamp Damping ratio of inertia 0.99

Figure 7C, the 4th-degree approximation of voltage phase relative error vs the number of measurement devices curve
has better norm value if compared with the one in the linear approximation.
54 | Confidence region

In statistics, a confidence region is defined as an n-dimensional generalization of a confidence interval. It is a set of
points in an n-dimensional space, often illustrated as an ellipsoid around a point that is an estimated solution to a
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TABLE 4 Distribution system state estimation evaluation
Maximum Maximum Minimum
Pseudo Actual voltage Minimum voltage voltage angle voltage angle
measurement measurement magnitude magnitude relative relative
Scenario data error (%) dataerror (%) relative error (%) relative error (%) error (%) error (%)
1 50 3 0.073 0.052 5.604 0.167
2 50 1 0.071 0.057 6.57 1.733
3 20 3 0.059 0.04 1.023 0
4 20 1 0.061 0.047 5.863 0.306
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FIGURE 6 Estimation and actual values for voltage magnitude and voltage angle of best Pareto

problem. Moreover, a confidence interval is computed from the statistics of the observed data. It may contain the true
value of an unknown population parameter, which has an associated confidence level. The confidence level measures
the level of confidence that the parameter lies in the interval.>"** In a mono-dimensional problem, the confidence inter-
val is represented as two parallel lines around an estimated solution. On the other hand, in a multi-dimensional prob-
lem, a region is defined for confidence instead of a line. Afterward, the confidence region is a set of interconnected
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FIGURE 7 The curve of relative error for voltage magnitude (A) 0.080
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FIGURE 10 IEEE 123-node test feeder

points often represented by an ellipsoid shape for an estimated value of a problem's solution. The ellipsoid area is drawn
using covariance between the dimensions. So, if the covariance between observed data was zero, the ellipsoid area
would be zero and when the covariance increases, the area grows too. Hence, about the relative error in voltage as men-
tioned in Section 3.3, K = 100 is the number of scenarios created by Monte Carlo simulation based on different network
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(Continues)
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TABLE 5 (Continued)

From bus To bus Line number From bus To bus Line number
44 45 44 106 107 106
44 47 45 108 109 107
45 46 46 108 300 108
47 48 47 109 110 109
47 49 48 110 111 110
49 50 49 110 112 111
50 51 50 112 113 112
51 151 51 113 114 113
52 53 52 135 35 114
53 54 53 149 1 115
54 55 54 152 52 116
54 57 55 160 67 117
55 56 56 197 101 118
57 58 57 13 152 119
57 60 58 18 135 120
58 59 59 60 160 121
60 61 60 61 610 122
60 62 61 97 197 123
62 63 62 150 149 124
610 1005 125

conditions and the relative error has been calculated for the scenarios.® If 95% of the relative errors were lower than a
threshold, the estimator and the solution are acceptable. The concept behind this theory means if the probability of rel-
ative errors of voltage magnitude and voltage phase decreases to 95%, then the optimal solution can be found. Actually,
an interval with 95% confidence is considered. But, due to the relative error have two dimensions, a region should be
used instead of an interval. This problem has two viewpoints. The first one is the number of relative errors calculated
for the probabilistic scenarios, which should be less than 95%. The formulation related to the confidence region is repre-
sented in the Appendix A. Figure 8 depicts the confidence region for the relative error of voltage magnitude and voltage
phase at bus 20 in scenario 4. As shown, all samples are in the confidence zone, which demonstrates the robustness of
the proposed method in allocating measurement devices. On the other hand, another sample of a confidence region for
bus 28 in scenario 1 is illustrated in Figure 9. It is clear that if the number of measurement devices increases, the ellip-
soid area would be smaller. It means that the boundary of this area gets narrower. This event is the result of low covari-
ance between voltage magnitude and voltage phases’ relative errors and can be proofed by Figure 6. According to
Figure 9, when the number of measurement devices increases from 5 to 10, the area of the ellipsoid is more affected if
compared with the case in which the number of measurement devices increases from 10 to 11.

5.5 | Simulation results on IEEE 123-bus test network

To evaluate the scalability and robustness of the proposed method, the simulation has been also conducted on the IEEE
123-bus test system as a large distribution network.*®> The single diagram of the network has been shown in Figure 10
where the line number has been given in Table 5. The simulation results for scenario 4 and the five best Pareto solutions
have been given in Table 6. As shown, the lines 6, 9, 15, 19, 28, 40, 41, 57, 58, 69, 71, 74, 86, 87, 92, 107, 110, 113, 113, and
123 are common in all five Pareto solutions. For example, the lines 113, 110, 87, and 71 have high power losses and the
lines 114 and 87 have large capacities. So, the measurement data of these lines are necessary for achieving the pre-defined
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objectives. The voltage magnitude and angles corresponding to scenario 4 have been illustrated in Figure 11. As shown,
the estimations have an acceptable accuracy where in case of voltage angle, the estimation errors are near to zero.

6 | CONCLUSION

In this paper, a new approach for the placement problem of measurement devices using the state estimation algorithm
has been proposed. To model the problem, four scenarios for data errors from measurement devices as well as errors in
pseudo measurement data has been produced. Then, the meter placement has been modeled as a multi-objective prob-
lem and optimized using the MOEA/D algorithm. The proposed procedure for selecting the best Pareto front can help
system operators with flexibly preferring their requirements and goals in the meter placement problem. The results
showed that the parameters such as power losses and the capacity of a line as well as the number of changes in flow
direction and the number of lines connected to a specific line can effect on locations of the measurement devices. More-
over, the robustness of the state estimation method in approximating the voltage magnitude and phase using the PSO
algorithm has been shown. Also, the proposed method was able to guarantee that errors were lower than 0.1% for mag-
nitude and 6% for the phase in all scenarios.

Future work will include modeling the measurement device placement problem using a distributed algorithm like
ADMM. As the topology of distribution systems may vary many times during a year due to some operational actions
such as reenergizing a disconnected load point or carrying out repairing and maintenance, the measurement device
placement can be studied under different network configurations as the other future work.
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APPENDIX A GEOMETRIC INTERPRETATION OF ERROR CONFIDENCE REGION

Consider e; as the vector of the voltage magnitude relative errors and e, as the vector of the voltage angle relative errors.
The covariance matrix between these two errors can be calculated as:

Z _ [E[(el —u1)(er—py)] El(er—py)(e2—py)]

E[(e2—py)(er—p1)] El(ea—py)(er—p)]) (A1)

where E is the expected value and y; is E(e;) and >. 7" is the inverse of the covariance matrix which is also known as
the precision matrix. The precision matrix is a real symmetric matrix, there is an orthogonal matrix F such that

F'xPxF=F'xPxF=A, (A2)

where P is the precision matrix and A is the eigenvalues. Now, we need eigenvalues of the covariance matrix and it
can be explained as follows

qu:/lxu, (A3)

where 1 is eigenvalues of > matrix and v is a non-zero n-by-1 vector. The eigenvalues 3 can be calculated as

ZXV:AXU (A4)
va—ﬂxv:O (A5)
Zxr/—/lxlxz/:o (A6)

(Z—le)xyzo (A7)
(Z —/1><I> =0. (A8)

This equation is called the characteristic equation of > and is an n-th order polynomial in A with n roots. These
roots are called the eigenvalues of >_. These roots can be shown as

A= (A1,42). (A9)

Now, the equation of the confidence region ellipsoid area can be explained as
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el x Z Xep=c, (A10)

where c is a constant n-by-1 vector. Let G be the diagonal matrix as follows

G= . (A11)

Now, consider ¢; as the transformation of the below equation
61=FXGXé1. (A12)

As defined before, F is an orthogonal matrix and therefore has a unit determinant, F X G determinant can be calcu-

lated as
FxG:\/Ex,/det(Z). (A13)

It is easy to see that, in the form of é;, the ellipsoid's equation is simply &*; + é*, =1 and the unit two-dimensional

sphere volume that scaled by determination of Fx G can be expressed as ¢ Xz X /det(>_), which is the area of the
ellipsoid.
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