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1 | INTRODUCTION

Power systems face increases in nonlinear loads and inverter-based power sources (eg, photovoltaic and wind power
plants), which create concerns for the network operators regarding PQ issues, such as harmonic distortion."* This phe-
nomenon may be produced by different sources frequently found in both transmission and distribution systems. There-
fore, it may be difficult to identify the source of harmonic pollution to apply mitigating strategies.>* Those concerns

List of Symbols and Abbreviations: ANN, artificial neural network; AV, allocation vector; CcV, co-connectivity vector; CM, connection matrix;
CKEF, cubature Kalman filter; CMA, covariance matrix adaptation; CnV, connectivity vector; DE, differential evolution; ES, evolution strategies; EKF,
extended Kalman filter; FV, final vector; GA, genetic algorithm; GPS, global positioning system; HA, hybrid algorithm; HSE, harmonic state
estimation; KF, Kalman filter; LP, learning period; LS, least squares; OF, objective function; PMU, phasor measurement unit; PQ, power quality; PSO,
particle swarm optimization; RV, redundancy vector; RFM, redundancy-from matrix; RTM, redundancy-to matrix; SADE, self-adaptive differential
evolution; SOA, seeker optimization algorithm; SVD, singular value decomposition; THD, total harmonic voltage distortion; WLS, weighted least
squares; x ;, candidate solution; ¢ ;, mutation step; = and 7, mutation control constants; N(0,1) and Nj;(0,1), vectors of random numbers with the
normalized Gaussian curve; u, parents population; 4, descendant population; C, covariance matrix; v;, mutant vector; F, mutation factor; u;, trial
vector; rand(j), random number; CP, crossover probability; CPr, self-adapted CP; CPm, stored CP values; UM measured voltage; Ut estimated
voltage; M@ measured current; I, estimated current; Z, impedance of branch k.
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can be evidenced by the responses of a survey applied by CIGRE and CIRED to transmission and distribution systems
operators of 43 countries. The responses provided elected voltage regulation (89% of all respondents), sags and swells
(82%), and harmonics (76%) as the most relevant issues to be taken into account. Notably, 79% of the transmission sys-
tem operator respondents reported having an interest in monitoring harmonics.” However, monitoring harmonic dis-
tortion in transmission systems can be a challenge because it is impractical and expensive to install PQ monitors on
every bus.

To overcome such difficulty, methods for HSE* offer the possibility to estimate harmonic voltages on all buses. In
HSE, the state variables are the voltage magnitude and phase angle. Commonly, their values are determined using con-
ventional estimation algorithms, such as LS, WLS, and SVD.”%13 However, the accuracy of these methods can be highly
affected by the number of power quality meters and their position on the transmission network. According to Clem-
ents'* and Monticelli,'® in the context of state estimation of power systems, a system is “observable” when the available
measurement set is sufficient to calculate the entire state variables vector of the network uniquely. In this paper, the
network observability determines if the state estimation problem can be solved as an LS problem. When the measured
variables number is higher or equal to the state variables number, the system is overdetermined or determined and the
system is observable. Otherwise, the system is underdetermined, and, hence, it is not completely observable. If this is
the case, it is not possible to use conventional algorithms to estimate the state variables.®

Faced with those limitations and aiming at the complete estimation of the systems operating conditions, more
recent publications presented techniques based on artificial intelligence as an alternative approach to address the draw-
backs of the previous methods. In this way, References 16,17 use ES algorithm for HSE, including, in addition to the
measurements of harmonic voltage and current phasors, voltage measurements at the fundamental frequency. On the
other hand, the methodology of harmonic estimation of Reference 18 uses solely information related to harmonic fre-
quencies. In Reference 19, the SOA is utilized for HSE. In all these studies, the harmonic currents injected into the
monitored buses are considered as real-time measurements. However, in practice, PMU with a large number of mea-
surement channels are hardly used in transmission networks.”® Using a sparse Bayesian learning framework, the
authors of Reference 21 proposed a harmonic state estimator to locate the harmonic sources and estimate the voltage
distribution. The algorithm assumes that the state variables (injected harmonic currents) present certain probability dis-
tributions and that exist few buses producing significant harmonics simultaneously. In the tests, they considered that
the maximum number of simultaneous harmonic is 2. Therefore, it is difficult to assess the method in practical cases,
because usually there are more than two harmonic sources in power systems.

The papers cited above treat the HSE in the frequency domain. In contrast, Reference 22 introduces an HSE
solved in time-domain through the EKF, considering time-varying nonlinear loads, applied in the under-
determined system. In HSE comparative tests using the KF, the EKF, and the SVD, the response of the EKF algo-
rithm was more accurate. However, as a disadvantage, the convergence of this algorithm depends on the
determination of the initial parameters. Furthermore, Reference 4 presents an algorithm based on the nodal volt-
age method and Kron reduction matrix, considering that the global admittance matrix is unknown. The authors of
the paper assume that in the nonmonitored part of power systems, there are no harmonic sources. Thus, if this is
not the case, the accuracy of this algorithm can be highly affected. In general, References 4,16-19,21 reported good
results of harmonic estimation. However, they did not take into account studies on transmission systems with dif-
ferent sizes or if a higher number of nonlinear loads exists.

To overcome the potential limitations of the above-mentioned HSE methods, this paper proposes a novel HA-based
approach for HSE in power transmission networks focusing on underdetermined systems. Hybrid algorithms have been
successful in several engineering applications, including harmonic component estimation. In Reference 23, the authors
proposed an algorithm composed of two fast recursive methods, Hoo filter and CKF, to estimate harmonic amplitudes
and phases in separate processes, respectively. With the same purposes, the method of Reference 24 introduced a com-
bination of PSO and GA that optimize KF's parameters. The hybridization proposed here is different from those cited
previously; furthermore, we did not find any work in the literature that made this combination, especially when it
comes to harmonic state estimation applications. The main contributions of the proposed HSE method are:

1. An HA is developed from the merging of a modern ES algorithm with a SADE algorithm. This combination is based
on the convergence speed of the ES algorithm and on the excellent accuracy of SADE for solving real-parameter
optimization. Consequently, the resulting algorithm is fast and accurate at determining the values of the state
variables.
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2. The proposed method needs the meters capable of measuring the harmonic voltage phasor on the bus and the har-
monic current phasor in one of the branches connected to the bus, disregarding the existence or not of harmonic
sources to perform the measurements. This, in turn, results in a low cost-effective monitoring arrangement.

Simulation studies performed in this paper showed good accuracy in the HSE using HA for tests using two transmis-
sion systems, the IEEE-14 bus system and the IEEE-57 bus system. Moreover, in comparative tests, the HA showed bet-
ter performance than the ES and SOA in terms of estimation accuracy.

This paper has seven sections. Section 2 presents the structure of the proposed methodology. Section 3 describes the
proposed HA algorithm. Section 4 explains the observability analysis. Section 5 details the representation of system
components and presents the HSE procedures using HA. A critical evaluation of the efficiency of the estimation proce-
dures using HA and comparative studies are the focus of Section 6. Finally, the conclusions are in Section 7.

2 | STRUCTURE OF THE PROPOSED METHODOLOGY

The HA-based HSE proposed in this paper has three modules, as presented in Figure 1. First, module 1 acquires data
concerning network topology, parameters of the system components, and measurements of harmonic voltages and cur-
rent provided by strategically installed PMU. Following this, module 2 executes an observability analysis for checking
whether there are unobserved buses and builds up the admittance matrices for the required harmonic orders. Then,
module 3 estimates the harmonic voltages by employing the HA for each harmonic order specified in module 2. In the
end, the THD can be estimated as a function of the individual harmonic distortions.

3 | HYBRID ALGORITHM

The success of the optimization algorithm depends fundamentally on its adequacy to the optimization problem. In this
way, some characteristics of the HSE problem are decisive for the selection of the optimization algorithm, among which
stand out:

1. Traditionally, state estimation programs are developed for overdetermined systems of nonlinear equations 8. This
paper comprises undetermined systems (systems with more unknowns than equations).

2. The HSE problem has the nodal harmonic current injections as the state variables. Consequently, the optimization
problem uses them as candidate solutions (population), establishing an optimization on complex variables.

START

v v v
MODULE 1 Network Measurements Bus and branch data
topology
. Y - Y -
MODULE 2 Detection of non-observable Adrmttgnce matrlc'es for
buses harmonic order of interest
MODULE 3 HSE through the hybrid algorithm and, thus,

the estimated THD

FIGURE 1 Flowchart of the proposed methodology
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However, most of the optimization algorithms do not solve complex variables, only real variables. Thus, for using
these algorithms, the complex numbers must be represented by a pair of real numbers (either real and imaginary
part or magnitude and angle), increasing the search space and convergence time.

3. The injection of harmonic current in buses with low equivalent impedance will have little impact on the objective
function. The opposite occurs on nodes with high equivalent impedance. This issue suggests a possible stagnation of
algorithms within a local optimum.

Therefore, the requirements of the optimization algorithm are: (a) accuracy in the harmonic voltage estimation of
all the buses, with emphasis on those that are not observable, (b) efficiency finding the global optimum quickly, and
(c) low risk of getting trapped into a local optimum. With these goals in mind, several algorithms for solving optimiza-
tion problems over continuous space as, for example, ES algorithm, DE algorithm, SOA, were tested, including their
variations. However, they presented problems of stagnation in optimal locations, especially for cases of under-
determined systems, or have a long convergence time, which is significantly increased for large systems. The way to get
around this problem was to test the combination of two algorithms. After several attempts, the HA obtained from ES
algorithm based on the CMA with the SADE algorithm was reached. Figure 2 gives a flowchart of the proposed
HA. The subscripts abs and ang indicate absolute value and angle, respectively. The variables contained in the flow-
chart will be defined in the following sections.

Initially, the modern ES algorithm is employed to generate initial solutions. The ES is suited for nonlinear optimiza-
tion problems. Besides, the authors of References 16,17 also used an ES algorithm for the same purposes of this paper.
The difference between the algorithm of the present paper with one employed in these references consists of the CMA.
The so-called CMA-ES makes possible the adaptation of mutations to the local shape of the fitness landscape, optimiz-
ing the converge procedure. However, evolution strategies are susceptible to getting trapped in a local optimum.*>*® To
solve this issue, the SADE algorithm, a variation of the differential evolution (DE) algorithm, is executed by using the
output of the modern ES as the initial population. Only the absolute values of the new individuals are updated, while

Initialization
Assign the parameters for ES (u, 4, o, n,

and C) and the parameters for SADE
(LP, CPr,¢and CRm)

Provide the p individuals to form the
initial population of SADE (145 and tig,g)

v
Generate u individuals to form the initial Learning Period (LP) loop of SADE
population of ES (s and teaug) | Select (randomly) the mutation strategy
3y u and do mutation, crossover, and selection
Main loop of ES (operations using just absolute values);
‘ also, update the parameters

Create a new population with 4
individuals (A and 4,,,) by (3)

Determine the most highly successful

v strategy
Combine p current and A new i v
individuals (u + 4) Main loop of SADE
3 Do mutation, crossover, and selection

(operations using just absolute values);

1 £
Select u best ones to form a new also, update the parameters

population and, so, update the parameters
|

Sy —

<5‘ un .

Select the best individual from the population

End

FIGURE 2 Flowchart of the proposed hybrid algorithm. The rectangles with blue edged lines represent ES algorithm steps and the
green edged lines, SADE algorithm steps
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the respective angles are not changed. The DE algorithm is a search technique for solving optimization problems in
continuous space, in elements with real representation, and is known to perform well in nonlinear optimization prob-
lems. The main advantage of SADE is the evaluation of different mutation strategies.”” By combining both algorithms,
the HSE has a high success rate, as can be verified in the case studies of Section 6. A sequence of random variables inde-
xed in time with a well-defined correlation structure was considered for simulating the operating conditions of a real
system as a stochastic process.

3.1 | Evolution strategies (ES)

The ES is appropriate for optimization problems with real values. The use of a Gaussian mutation operator does not
privilege any particular search direction, thus maximizing the search space.'®'” Two algorithms are embedded in ES:
canonical ES and modern ES. Both were implemented in this study in line with.?

In the Canonical ES algorithm, each individual from the population is represented by the value of the candidate
solution x; and an adaptive parameter associated with it, called ¢;. This parameter corresponds to the mutation step.
This strategy is known as (x, o) type. The individual suffers mutation, crossover, and selection, as described in Refer-
ences 16,28. Among these operations, the mutation, defined by Equations (1) and (2), is predominant.

o.’i =N O +7N(01) (1)

x;=x1 +6:N;(0,1) (2)

where: x; and ¢, are obtained by crossover operation;

rand 7 are equal to ﬁ and 2%\/% respectively; n is a constant that controls the mutation variability and should be
adequate for each problem;

N (0,1) corresponds to a vector of random numbers with the normalized Gaussian curve (with mean 0 and SD 1);

N; (0,1) indicates that the vector of random numbers for each individual is different.

In turn, the crossover is less common and, in general, consists of the arithmetic mean between two or more parents
(from x; and o;). Finally, there exist two selection methods (u, 1) and (u + A). The first considers only the offspring from
the population, while the second, utilized by HA, selects the best individuals from the parents and offspring.

The modern ES, an extension of the canonical form of the ES, consists of including a mutation operator, based on a
CMA. This strategy is known as (x, o, 8) type. It has the objective of increasing the probability of new generations with
the same mutation step and provides a control mechanism for the rate of change of the strategy parameters by
maintaining the parameters adjusted without alterations in the case of random selection.***°

As highlighted, the CMA-ES is fundamental in the adaptive process of the mutation. It is divided into two parts: the
first, where the covariance matrix C is adapted, and the second, where the mutation step is adjusted.* Finally, the pro-
cess of creating new offspring is originated from a single parent, randomly initialized, and it is obtained as the result of
the crossover of several parents. Thus, each offspring is generated according to Equations (3) and (4). The selection con-
sists of assigning the u best individuals.*>>°

x; =x1 +w;, (3)
w; =61V/CN(0,1) (4)

3.2 | Differential evolution (DE) algorithm

Similarly to ES, the candidate solutions suffer mutation, crossover, and selection. This procedure occurs so that the cur-
rent generation is better than or equal to the previous iteration.
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The process, according to Reference 28, is indicated using a mutant vector, which is generated by each individual
(target vector) of the population (x;), as in Equation (5).

Vi=Xn +F(x,2 —xr3) (5)

where: v; is the mutant vector;

r1, I, € ¥3 represent three distinct individuals;

F is the mutation factor, a real number defined, usually, between 0 and 2.

To increase diversity within the vector values, the crossover procedure is performed and generates a new vector so-
called trial, which is formed according to Equation (6).

{ v;; ifr and (j) <CPr
ui=

6
x;; ifr and (j)> CPr (©)

where: v; is a trial vector;

v;; is the element j of the mutant vector;

x;; is the element j of the target vector;

rand(j) is the random number between 0 and 1;

CPr is the crossover probability.

Finally, the selection operation assigns the best individual between the target vector and the trial vector to set a new
population. The best one is chosen by assessing the value of the OF.

The algorithm described above refers to the classic formulation of the DE algorithm. In Reference 31, this method
was improved by the insertion of the LP, during which more mutation strategies and a self-adaptive CPr value are
tested. This algorithm was called SADE. Its mutation factors vary following a normal distribution. Thus, for the first
solutions, these factors tend to create relatively large difference vectors and, consequently, make movements with high
magnitudes in search space. On the other hand, with the convergence of the algorithm, their values around the same
average may identify the best solutions available. The CPr is obtained through distribution with an average CRm
(starting at 0.5) and a SD of 0.1. Thus, different mutation strategies can perform well, using different ranges of crossover
probability values. At the end of this period, the most successful mutation strategy (a condition through which the trial
vector is replaced in the next generation) will be used to determine the next generations. The value of CRm corresponds
to the mean values of CPr stored during the LP.

4 | OBSERVABILITY ANALYSIS

The procedure used in this paper is derived from the studies developed in References 32-35 for the allocation of meters.
In this paper, the phasor magnitude and phase angle are considered in the method. Therefore, PMU are needed, and
from now on, “meter” refers to PMU. As in Reference 33, in this paper, each meter is capable of measuring the bus
i voltage and the current of one branch k. The position of meters is given by the AV, which indicates the buses and bra-
nches where the meters are inserted. Hence, the size of the AV is equal to twice the number of branches. Recall that
the power system will be observable if all the state variables of voltage (and, hence, current) are directly measured or
can be calculated using the measurements available and the network parameter.*?

The first step consists of analyzing the network topology by obtaining the CM from the inputs ij [where i and j are
generic buses in the system, as in Equation (7)]. The sum of the elements of each column corresponds to the branch
number that comes out of each bus. Assuming that the lines are transposed, single-phase modeling was performed.

(7)

{ 0, if branch k is not connected to buses i and j
cmij =

1, if branch k is connected to buses i and j

Through CM and AV, the treatment given herein refers to a covering problem, which should satisfy the set of
restrictions based on Kirchhoff's voltage and current laws:
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« Connectivity restriction

This restriction is observed by the connectivity vector (CnV), which determines if the voltage of a particular bus is
measured or calculated, as well as if the branch current is measured.

« Redundancy restriction

This restriction is observed by the redundancy vector (RV), which is formulated using redundancy-from matrix and
redundancy-to matrix (RFM and RTM, respectively). These matrices evaluate if the voltages between the branches are
measured or calculated, indicating if it is possible to obtain the branch currents.

« Co-connectivity restriction

This restriction is analyzed using the co-connectivity vector (CcV), and it is aimed at assuring the possibility of the
calculation of the current of a given load or generation, depending on the meters' allocation.

Each restriction described above is a vector whose each position corresponds to the voltage and current state variables.
Its values can be obtained through the equations defined by Reference 33. Firstly, each CnV value indicates how many
meters monitor the respective variable associated with it. Secondly, RV is a binary vector with a null value for positions
regarding voltage variables or current variables that are not observable and a unit value for observable current variables.
Finally, the CcV positions in agreement with current variables have a null value, and its remaining positions are filled
with values present in CnV and, consequently, have a null value or equal to or greater than 1. Their unification results in
the FV. If all the FV elements are greater than or equal to 1, the complete observability of the system is ensured. If not,
the voltages or currents not estimated via conventional methods are identified by elements of FV equal to zero.

The focus of this work is the estimation of buses without observability. However, a validation analysis of the estima-
tion method is applied to the system in a condition such that it is fully observable. In this sense, to solve the covering
problem and, then, to determine the position of the meters, as in Reference 33, GA was employed. The OF of the GA is
given by Equation (8), where av(i) represents each AV position i. In cases where the AV does not meet the restrictions,
a high OF value is added. Note that this formulation does not take into account different costs for the possible installa-
tion places of meters. As in Reference 33, a calculation of these costs could be introduced with the weighting of AV
positions.

2 X Rpranches

OF = min Z av(i) + o(FV) (8)

1l
—

Considering that FV is obtained by combining the values in the CnV, RV, and CcV, an observable state variable can
have, in its position within FV, a value unitary or higher than one. In the last case, this variable has its representation
in CnV with a value higher than one, indicating that it has monitoring redundancy. Since CcV is obtained considering
elements of CnV, if it is a voltage variable, it is possible that its corresponding position in CcV also has a value superior
to one. Thus, we understand that FV also carries the redundancy of this state variable. Therefore, when inserting this
calculation to the sum of AV in Equation (8), the solutions that have a redundancy better distributed among all state
variables are privileged. Note that the calculation of the SD of ¢(FV) will have the lowest result in case the monitoring
of the variables is more uniform.

5 | ESTIMATION OF HARMONIC DISTORTIONS

Concerning electrical network component models, the transmission lines are represented by their equivalent # model;
the transformers by series impedance (R + jwL); the buses associated with generation points are inserted through the
series composition of the stator resistance and d-axis sub-transient reactance of the generator (R, + jX (Ji ); and the shunt
equipment through a shunt admittance (G + jB).>® Notably, in the harmonic frequencies, the loads are inserted consid-
ering just their harmonic currents.'®
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Considering that each meter n is designed by one position of AV equal to one, it measures the voltage at bus i and
the current at branch k. Then, from the positions with unitary AV values, the sets QT and QX are obtained. The ele-
ments QT represent the buses with measured voltages, while those of QX, the branches with measured currents. For
example, given 2 meters n; and n, with measurements at buses 2 and 5 and branches 3 and 10, then QT = {2, 5} and
QX = {3, 10}. In terms of HSE, the HA has the objective of minimizing the harmonic voltage error of each node and the
harmonic current error of the branches indicated by QT and QX, respectively.

As previously mentioned, this paper characterizes the HSE as an optimization problem. The candidate solutions
(that make up the optimization algorithm population) represent the current vector (module and angle) of harmonic
injection on the buses of the power system. For each candidate solution, the voltage at the system buses and the branch
currents are calculated (estimated) using harmonic power flow. Subsequently, they are evaluated by calculation of the
OF, as in Equation (9). Therefore, the OF is given by the sum of squared errors between the measured and estimated
voltages, added to the sum of squared errors between the measured and estimated currents, multiplied by the imped-
ance of the branch.

OF=min Y |UMe—UB|” + (1} —15) Z, |’
ieQT, ke QX

: ©)

where: Uﬁ”e" is the measured voltage at bus i;

U{ES’ is the estimated voltage at bus i;

I} is the measured current at branch k;

I is the estimated current at branch k;

Z,. is the impedance of branch k.

There is also an evaluation performed over the individual voltage distortions for all buses, where the results with
voltages higher than 15% are penalized by Equation (10). This percentage represents an unusual value, much higher
than the maximum permitted limits.*’

OF = OF + 100 x max (0, U} —0.15) (10)

Over the evolution process, new candidate solutions are generated, and the OF values tend to decrease, and, there-
fore, the estimated voltages approximate to those indicated by the meters. This process runs until it reaches the stop
criteria. In this paper, the number of minimum iterations and error stagnation were used as stop criteria for both algo-
rithms that make up the HA. Due to the involvement of partially observable systems, particular attention is given to
harmonic estimation in nonobservable buses, identified by observability analysis.

6 | CASESTUDIES

The performance analysis is implemented over the previously described HA, using the IEEE systems of 14 and
57 buses.”® The harmonic power flow was implemented in the software MATLAB and validated with the software
HarmZs.* For the HSE studies, Tables Al and A3 provide the injected currents, resulting in the values of the voltage
distortions of Tables A2 and A4. These tables are given in the Appendix. The proposed HSE approach uses phasor mea-
surements of current and voltage. As with most EEH algorithms, it was assumed that these measurements are synchro-
nized by the GPS. According to Reference 11, synchronization errors with GPS are within 6 us, which correspond to
0.13 electrical degrees in 60 Hz systems. Therefore, synchronization errors may be negligible. However, bad data (out-
liers) can originate from problems in the measuring unit or the communication infrastructure. The measurement errors
are probably modest in size, but communication errors might produce gross errors.** Bad data identification is an
important step in the estimation process, but it is outside the scope of this paper. In the studies of this section, bad data
are disregarded.

For each of the test systems, the optimal allocation follows the procedures described in Section 4. Then, some
meters were removed to establish the condition of an underdetermined system. In terms of parameterization of GA,
crossover and mutation probabilities equal to 0.80 and 0.20 were determined, respectively. The parameters of modern
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ES (CMA-ES) and SADE, which make up the proposed hybrid algorithm to estimate harmonic distortions, followed the
adjustment settings defined in References 26,31.

In the modern ES algorithm, the parameter n corresponds to the number of system buses. The parameters o,,,4 and
Oang are initialized to 0.0001 and 0.0005, respectively, for all individuals of the population. Note that these values are for
both test systems and, therefore, suggest that they are also applicable to other transmission systems. In the SADE algo-
rithm, LP was defined empirically, observing which the number of generations would be sufficient to determine the
best of the tested four strategies. It is worth noting that the control parameters of SADE are defined randomly over a
normal distribution.

The individual number of the population was determined in a guided way for the three algorithms (GA, Modern
ES, and SADE). Initially, aiming to generate a great diversity of solutions, it was decided to work with large
populations. Subsequently, the number of individuals was varied and assessed empirically, but considering a relation-
ship with the size of the system, that is, the larger the system, the larger the population must be. Similar reasoning
could apply to define the population of other transmission systems.

6.1 | IEEE 14-bus electrical system

For the allocation of the meters, the individual number and iterations number of GA was equal to 100 and 300, respec-
tively. In terms of HA, a population of 150 individuals is used; however, for the modern ES, to improve the results, the
offspring number was defined as 300. SADE's LP was set at 300 generations. As stop criteria, the error stagnation of the
fitness function of modern ES and SADE was determined as 10™'® and 107, for at least 50 generations, with the mini-
mum number of iterations equal to 1000 and 5000, respectively. The HA was evaluated for each harmonic order
30 times for each situation.

Initially, the condition of a fully observable system was set to test the proposed HSE strategy. Emphasis is placed on
the fact that buses 3, 4, 9, 10, 13, and 14 of this system contain nonlinear loads. Figure 3 exhibits one of the allocation
results found by the GA. As indicated, 7 meters were allocated. These represent the optimization reached and shows
that the voltage measurements were performed on 50% of the buses, and that 35% of harmonic currents of branches
were monitored. This value agrees with the results obtained in References 12,33,35,41, which use the same test system
employed herein. Figure 4 shows that the HA in the condition of a fully-observable system (7 meters) shows a very good
performance concerning the HSE results. The absolute estimation errors are negligible.

For the evaluation of the HA under partially observable conditions, a sequential elimination technique was
established, which randomly excludes a meter from time to time. In the following, the results are presented for the
errors of the partially observable (with 5 and 3 meters) system situations. The reference values are presented in
Table A2 of Appendix. Studies carried out in this paper for monitoring situations using 6 and 4 meters produced similar
errors to those when using 5 and 3 meters. Noteworthy here is that the exclusion of meters in different positions across
the system results in similar estimation errors, especially when analyzing the THD. For such situations, the results are
not provided in this paper.

For 5 meters, 36% of bus harmonic voltages were monitored, as well as 25% of the branches of the harmonic cur-
rents. In this way, buses 4, 9, 10, and 11 were not observable, and the HA produced results that were in close agreement
with the expected values, as indicated in Figure 5. The situation with 3 meters corresponds to an extreme condition
through which only 21% of the buses were effectively monitored regarding harmonic voltages and only 15% of the bra-
nches concerning the currents. In this case, buses 1, 4, 5, 6, 9, 10, 11, and 12 were not observable. Again, the HA, as
shown in Figure 6, still produced a good performance, with average estimation errors less than 0.25%.

The performance of HA for HSE was also investigated using low values of harmonic distortions. In this case, the
injection currents for orders 5, 7, 11, 13, 17, and 19 harmonics correspond to the values in Table Al of Appendix divided
by 10, 1, 2, 12, 2, and 2, respectively. In Figure 7A, the new harmonic voltages are presented. Such voltages are compati-
ble with those established in Reference 37. The estimation results are shown in Figure 7A-C for the cases of 7, 5, and
3 meters. Again, the absolute errors of HSE are negligible for the situation of a determined system with 7 meters. In the
case of an underdetermined system, with 5 and 3 meters, the more significant errors were equal to 0.06% (voltage of the
19th harmonic in bus 10) and 0.15% (voltage of the 19th harmonic in bus 11). Although these errors are more signifi-
cant, they are still well below the recommended limits. Furthermore, these errors correspond to buses without observ-
ability and, in comparison to the other buses, with low levels of distortion for the harmonic orders under analysis.
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6.2 | IEEE 57-bus test system

For full observability, this system requires at least 28 meters, as given in Figure 8. The GA found this result adjusted with
a number of individuals equal to 150 and 800 interactions. In this paper, the underdetermined system is to be considered
using only the 19 meters (colored ones). This monitoring results in a lack of observability on 18 buses of the system.

Under the requirements related to the 57-bus network, a population with 500 individuals is used for the modern ES
algorithm and the SADE. In the case of the modern ES algorithm, the number of offspring is equal to 1000 and the stop
criteria were 107" for the CMA and 10~ for the SADE. SADE's LP was set at 1000 generations. The studies consider a
minimum number of 500 iterations for the CMA. The parameters of the algorithms were defined according to Refer-
ences 26,31 or below.

Keeping in mind that this present study is focused on the estimation of buses without observability, only a summary
of the HSE results is presented, as given in Figure 9. It is shown that the HA reached errors less than 1%, such as on
buses 16 and 25. The average errors were higher at the harmonic components of order 5 and 13. These are, respectively,
of 0.31% and 0.15%. Note that, in a general sense, the results of HA are as expected (see Table A4 of Appendix).
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6.3 | Comparisons with other optimization methods applied to HSE

This section compares the proposed HA-based HSE approach with the previously referenced algorithms canonical ES
and SOA. The studies employed the same IEEE 14-bus system, used previously in References 16-19.

The canonical ES algorithm was considered in Section 3, and the SOA is given in Reference 19. As for the stop
criteria, the error stagnation of the OF was determined at 10~ for at least 50 generations, with the minimum number
of iterations equal to 100,000. The other parameters were taken from References 26,31 or are given below.

Canonical ES: number of parents equal to 150, number of offspring equal to 300, # = 2, 6,04 = 0.001, 64, = 0.005
and minimum number of iterations equal to 100 000.

SOA total population equal to 150 individuals divided into three subpopulations, g, = 0.0111, pye = 0.97, €
® = 0.9 and the minimum number of iterations equal to 1000.

For comparison purposes, the analyzed cases considered the same number of meters and OF as used for HA in the
previous section. The average of the absolute errors of THD of the buses associated with each evolutionary algorithm
will be presented as a criterion for the comparative performance analysis.

« 7 meters (determined system)

For the canonical ES algorithm, the results were inaccurate for the 30 simulations performed. The errors were
higher than 0.3% for the 5th harmonic order at the buses 10 and 13 as shown in Figure 10.

As for the SOA algorithm, harmonic voltage absolute errors of up to 4% were found, as evident in Figure 11. As
such, this algorithm was not considered for systems under underdetermined conditions.
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* 5 meters

As given in Figure 12, the canonical ES algorithm presented harmonic voltage absolute estimation errors higher
than 14%. Therefore, it is recognized that this algorithm found difficulties in reaching the expected solution (see
Table A2 of Appendix).

Figure 13 demonstrates the relationship between the performances of the procedures using the average HSE abso-
lute errors related to the total distortions of the 14-bus network. In the case of using 7 meters, one notes that the SOA
algorithm presented the highest error, while the canonical ES was shown as chaotic only in the worst situation. The
HA presented contemptible errors for the best, mean, and worst situation. When 5 meters were used, the canonical ES

algorithm did not present a good performance for the three analyzed situations, while the HA showed to be efficient
even with this reduced number of meters.

In summary, the results have shown that:

« The canonical ES algorithm has demonstrated good performance with determined systems. On the other hand, if the
system is underdetermined, for instance, with 5 meters, the approach has shown to be quite inadequate;
« The SOA did not lead to an adequate performance even when an observable system condition was considered;
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« Finally, the HA showed to be the most efficient as fewer deviations were encountered among the best, the worst, and
average results found. Besides, the proposed methodology has shown good accuracy for the harmonic distortions for
the two test systems used.

7 | CONCLUSIONS

This paper presented a new approach based on HA for HSE in undetermined transmission power systems, with a reduced
number of meters. This way, an observability analysis identifies the nonobservable portion of the system. The proposed
HA takes advantage of modern ES and SADE in terms of (a) rapid upgrading of the initial population and
(b) performance in the search for a global solution. With this approach, the harmonic voltage estimation in undetermined
systems has been very effective, so that it can be used to minimize harmonic monitoring costs in transmission systems.

The proposed approach showed better performance than the canonical ES algorithm®® and SOA.'® Therefore, it is
demonstrated that the HA is much superior to the other two investigated algorithms, suggesting significant gains for
HA in terms of estimation accuracy in the analyzed cases. Besides, when tested with a complex network, such as the
IEEE 57-bus system, the proposed method presented estimation errors smaller than 1%. Noteworthy is that, this case
resulted in a more complex optimization problem to solve, proving that the HA is robust and credible for real applica-
tions. Future works could also study the application of HA-based optimization approaches for solving the HSE problem
in distribution systems.
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APPENDIX A.

The injected harmonic currents and the harmonic voltages resulting in harmonic flow, for the IEEE 14-bus harmonic
test system, are present on Tables A1l and A2. The harmonic voltage data are given as reference values for the HSE stud-
ies in Subsections 6.1 and 6.3.

TABLE A1 Injected harmonic

currents (module in A and angle in D Isn Iz Lun Lisn Lizn Lion
degrees) 3 Module 12.3580 6.1790 2.4459 4.9561 1.2229 1.2229
Angle 20.2400 237.1500 347.5900 149.7000 149.7000 144.1700
4 Module 12.3580 6.1790 2.4459 4.9561 1.2229 1.2229
Angle 184.3000 232.6200 47.1800 153.8500 153.8500 123.1400
9 Module 26.0677 13.1947 5.1492 10.2983 2.5746 2.5746
Angle 82.7300 113.6400 247.1300 186.0900 186.0900 79.1700
10 Module 9.0110 4.5055 1.9309 3.5400 0.9655 0.9655
Angle 142.2400 313.0900 197.1400 241.6100 241.6100 274.2300
13 Module 10.2983 5.1492 1.9309 4.1837 0.9655 0.9655
Angle 32.0300 85.0000 184.5800 303.4400 303.4400 28.2300
14 Module 14.1602 7.0801 2.8964 5.7928 1.2873 1.2873

Angle 199.8200 47.9900 126.3200 107.4700 107.4700 187.7100

TABLE A2 Results from the

voltage distortions (in %) of reference LT Us 7 Un Uis Uy U ALY

(IEEE 14-bus) 1 0.6735 0.1591 0.3443 3.8127 0.1604 0.1717 3.8973
2 1.2704 0.3263 0.6628 7.0683 0.2691 0.2723 7.2296
3 1.4636 0.6777 0.8702 5.9942 0.0865 0.2657 6.2743
4 2.5217 0.4849 0.7478 6.2013 0.0850 0.0260 6.7541
5 2.2520 0.3905 0.7241 6.9505 0.1802 0.1150 7.3555
6 3.2560 0.1621 0.1807 2.4080 0.0939 0.0568 4.0584
7 4.4675 0.2378 0.1268 1.0665 0.0320 0.0042 4.6011
8 3.2682 0.1739 0.0928 0.7802 0.0234 0.0031 3.3659
9 6.2419 0.4518 0.1800 1.4587 0.0173 0.0135 6.4286
10 5.7778 0.4304 0.1535 0.7784 0.0267 0.0459 5.8482
11 4.5389 0.2980 0.0355 0.7881 0.0582 0.0452 4.6172
12 3.5017 0.2103 0.1365 2.1308 0.0959 0.0560 4.1082
13 3.6936 0.2631 0.1142 1.9136 0.0974 0.0566 41712
14 5.1601 0.5289 0.1829 0.2744 0.0641 0.0688 5.1985
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The injected harmonic currents and the harmonic voltages resulting in harmonic flow, for the IEEE 57-bus har-
monic test system, are present on Tables A3 and A4. The harmonic voltage data are given as reference values for the
HSE studies in Subsection 6.2.

TABLE A3 Injected harmonic currents (module in pu - 100 MVA and angle in degrees)

white Bus Lsn In Lin Lian L Lion
2 Module 0.02663 0.01856 0.01657 0.017620 0.00286 0.00178
Angle 333.4922 178.6782 315.8388 76.7657 41.1845 44.7536
3 Module 0.00904 0.00725 0.00732 0.004418 0.00228 0.00300
Angle 295.3677 14.3451 347.8279 319.6686 229.9586 3.9435
9 Module 0.01623 0.03692 0.01529 0.006231 0.00056 0.00003
Angle 68.0662 176.8333 221.9288 44.1994 47.8914 113.1051
13 Module 0.00168 0.00500 0.00074 0.000361 0.00117 0.00071
Angle 150.3509 39.7610 198.9880 40.0610 84.9681 49.9155
16 Module 0.01612 0.01434 0.00068 0.003809 0.00120 0.00125
Angle 350.6235 85.6423 39.0875 288.0105 16.1325 345.5843
17 Module 0.01729 0.01378 0.00547 0.008901 0.00169 0.00149
Angle 91.0949 70.5460 177.3844 255.9183 355.5427 120.4631
27 Module 0.00123 0.00008 0.00007 0.000333 0.00006 0.00029
Angle 171.5091 39.5990 156.7554 324.6763 203.7002 263.0317
29 Module 0.00646 0.00321 0.00272 0.003292 0.00045 0.00014
Angle 189.0436 122.8050 305.7850 67.0434 75.1482 190.9551
30 Module 0.00001 0.00043 0.00047 0.000604 0.00014 0.00023
Angle 210.8427 275.8792 62.8685 181.1213 137.7630 351.7914
31 Module 0.00646 0.00321 0.00272 0.003292 0.00045 0.00014
Angle 189.0436 122.8050 305.7850 67.0434 75.1482 190.9551
32 Module 0.00008 0.00046 0.00034 0.000185 0.00004 0.00010
Angle 343.6295 232.5182 174.7150 157.7455 67.0975 159.5283
35 Module 0.00224 0.00082 0.00072 0.000336 0.00009 0.00038
Angle 24.0024 70.5105 350.9215 207.0326 209.9569 342.0078
41 Module 0.00000 0.00200 0.00096 0.000605 0.00023 0.00019
Angle 162.7405 9.6335 153.1031 38.0899 15.5201 200.2040
42 Module 0.00260 0.00090 0.00128 0.001254 0.00030 0.00052
Angle 280.5787 178.1497 274.1426 240.1361 352.1204 42.1455
43 Module 0.00053 0.00011 0.00046 0.000395 0.00001 0.00004
Angle 147.4668 225.6512 330.8771 149.4546 256.1401 349.5149
47 Module 0.00110 0.01049 0.00570 0.003026 0.00135 0.00079
Angle 273.2744 212.1987 220.1652 303.5414 164.5156 317.8043
49 Module 0.00471 0.00605 0.00229 0.003287 0.00062 0.00127
Angle 31.1713 359.6174 261.9292 201.0264 51.4167 301.5493
50 Module 0.00413 0.00270 0.00156 0.002875 0.00114 0.00142

Angle 75.9091 182.4306 153.0179 86.2920 272.7084 285.0883
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TABLE A4 Results from the

voltage distortions (in %) of reference — 12 Lf Un Uss Uiy Ui 111200
(IEEE 57-bus) 7 13054 15824 03531 00049 14833 01952  2.5634
9 1.4192 2.3440 1.2810 2.5207 0.5448 0.4792 4.0037
10 1.4351 1.8515 1.3893 3.4099 0.9652 0.5763 4.5066
12 0.9998 1.1883 0.7928 1.8212 0.7155 0.2150 2.6297
14 1.6929 1.4526 0.8730 1.2726 2.0576 0.6379 3.4638
16 1.5362 1.7831 0.8729 1.7311 2.0608 0.2733 3.6905
17 1.4658 1.7068 0.9266 0.8695 2.9386 1.1197 4.0701
24 3.5254 0.4765 0.4315 0.7985 0.9113 0.2342 3.7900
25 8.2481 3.0529 0.1799 0.1734 0.1970 0.0209 8.8007
26 3.3100 0.6527 0.3857 0.6929 0.7233 0.2129 3.5468
29 1.5072 2.1984 0.2122 0.2273 0.9341 0.1362 2.8447
39 2.5492 1.1488 0.7368 1.7683 2.3956 0.3483 4.1651
44 2.2369 1.1849 0.7494 1.3580 2.3906 0.4868 3.8426
45 1.9313 1.2280 0.7428 0.6980 2.4319 0.6347 3.5487
46 1.9189 1.4386 0.8596 1.5211 2.2163 0.5075 3.7382
53 2.1110 5.4026 0.7650 0.6543 0.3241 0.0666 5.8964
54 1.8333 4.1547 0.0737 0.6221 0.0249 0.1541 4.5869

57 2.0701 1.4754 0.9297 2.3424 1.5302 0.2421 3.9004
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