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Abstract: Electric power quality is becoming more critical with time because of the increasing
use of electronic devices in all areas of society: in industry, in the household, etc. Many kinds of
disturbances can be produced in the grid due to external or internal causes, such as, for example,
switching operations. Among them, distortion and imbalance are long-term disturbances, which
makes them very dangerous for electric equipment. In addition, the identification of the distortion
and/or imbalance sources is quite difficult because they are instantaneously scattered by the grid.
This paper presents a study of the algorithms published in the technical literature which identify
distortion and imbalance sources in electrical installations and compares the results of applying them
to a specific installation constituted by linear and non-linear, balanced and unbalanced loads, and a
standard module to inject energy to the grid. Only two algorithms have been found in the review
carried out and the results provided by both are presented and discussed. Neither of these algorithms
is completely reliable, although one of them is more promising.

Keywords: electric power quality; harmonic sources; distortion sources; imbalance sources

1. Introduction

As the prevalence of non-linear loads, particularly power-electronics-based loads,
increases, the importance of electric power quality becomes more evident. This trend
coincides with the growing penetration of distributed generation systems interfacing with
the grid through diverse power converters.

The electric power quality traditionally encompasses three related issues. The first
one is the assurance of the energy supply at the different consumption nodes. The second
concern pertains to the quality of the current and voltage waveforms within the grid nodes.
Finally, the third issue involves ensuring the sustained maintenance and guaranteeing the
aforementioned aspects over time. The assurance of the energy supply is an issue that has
been overcome in most of the developed countries. Thus, most of the works published in
the technical literature, as well as the present work, are framed on the second issue: the
quality of current and voltage waveforms.

In this context, two complementary issues must be considered: the kind of non-
conformities and the study area of application. With respect to the second issue, it must
be considered that the hierarchical structure of the power system is being substituted by
an increasing number of microgrids with a certain level of autonomy, mainly based on
the distributed generation promoted by the developed countries’ governments. Therefore,
the assessment of power quality in the power system could be approached as follows: on
the one hand, analyzing the power quality within each microgrid connected to the power
system; and, on the other hand, carrying out an analysis from top to bottom, at the different
levels, focusing on the nodes where non-conformities are identified. With respect to the
first issue, a summary of the non-conformities is presented in this work, in order to focus
the study on some of them.
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1.1. The Scope of the Measurement

The technical literature involves a variety of research avenues that explore the viability
of using pseudo-measurements to reduce the number of smart sensors required to analyze
the distribution system’s power quality. This line is a result of two main problems: the first
one is the high number of nodes implicated and the distribution network amplitude, and the
second is the high cost of smart measurers. With respect to the first, one solution could be
the consideration of the distribution network, or any other, as a set of microgrids. In this way,
the analysis of the complete network can be carried out as the analysis of each microgrid
connected to it. With respect to the second issue, the rise of electronic manufacturing
advances in the last decades has made possible the development of numerous and different
smart sensors and measurers based on low-cost devices, free software, and open hardware.
Thus, with low-cost measurers, the quality of the system could be addressed sequentially
at the different levels focusing on the nodes where non-conformities are identified, or in
each microgrid connected to the system. This second option represents a way of classifying
the loads connected to the system.

1.2. The Scope of the Non-Conformities

There are numerous non-conformities applicable to the voltage and current waveforms
and which reduces the electric power quality in an electrical installation and, thus, in the
distribution system. Those non-conformities can be first classified into two different kinds:
the transitory non-conformities and the quasi-stable non-conformities. The largest number
is framed into the first group, as follows:

- Voltage sag;

- Voltage swell;

- Flicker;

- Frequency variations.

These transitory non-conformities (TNCs) have been widely studied in the technical
literature, where many works can be found to identify each one, by means of different
algorithms [1-3].

Regarding the quasi-stable non-conformities (SNCs), the most relevant are distortion
and imbalance. There are also many works in the technical literature focused on SNCs.

There are two main differences between TNCs and SNCs: On the one hand, the TNC
mainly concerns the voltage waveform and the SNC the voltage and current waveform.
Thus, the way to compensate the TNC is the use of a series power filter, among other
similar devices, and the way to compensate the SNC can be the use of a parallel power filter,
which is easier to design and connect. On the other hand, the electrical installations are
protected from the most usual TNCs, such as the voltage variations, following the electrical
regulations and standards. However, there is no protection from the SNCs in the electrical
systems, and, thus, their effects are greater than those corresponding to the TNCs.

Therefore, this work is focused on the analysis of SNCs. As indicated above, these
non-conformities can be compensated with shunt active power filters (SAPFs). However,
the performance of the SAPF can be improved by locating them in the node where the load
mainly responsible for the distorting /unbalancing is connected instead of connecting it at
the input of the electrical system. Thus, the importance of identifying those distorting and
unbalancing loads is evident, and that is the scope of the present paper.

1.3. Identification of Distorting and Unbalancing Loads

The identification of distortion and/or imbalance sources in electrical systems is not
easy due to two main reasons. On the one hand, the current distortion and imbalance
produced by non-linear loads spread throughout the installation because of the voltage
generated by those currents in the source and line impedances. On the other hand, certain
components may not directly generate distortion but can amplify existing distortions within
the system. Therefore, the distortion and imbalance present in each node could not be
produced by the load connected to it but by loads connected to other nodes, or they could
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come from the source side. Thus, the simple measurement of distortion and imbalance in
each node is not enough to identify the distortion and imbalance sources.

Multiple strategies are available in the technical literature for identifying the distorting
nodes. A list of the most pertinent is provided in this section with the aim of identifying
algorithms that can identify the loads that are distorting and unbalancing using only current
and voltage measurements obtained at the input of the nodes, without interfering with the
installation’s regular operation or requiring extra information about its structure.

The algorithms presented in the technical literature to identify harmonic sources can
be classified according to different criteria. For example, according to the information
provided, there are some of them which compare the harmonics supplied by the source
and those supplied by the load and conclude if the harmonic source is in the supply side or
in the load side. Other sets of algorithms evaluate each node of a microgrid and assign a
value to each one corresponding to the distortion injected. This kind of algorithm is named
distributed measurements, or multi-point, and the first one single-point.

An algorithm of significant relevance relies on the determination of the harmonic
active power’s sign, applicable within single-point systems [4-9], or in multi-point sys-
tems [10-13]. In cases where the load being analyzed is linear, the harmonic active power
comes from the source to the load. Nevertheless, with distorting loads, this flow may
reverse direction. Thus, the load’s contribution to the overall distortion may be measured
by taking into account the polarity of the harmonic active power. The significance of this
algorithm is underscored by recent reviews and research papers, [14-17], which further
reinforce the harmonic-reactive-power-sign-based technique as a viable solution to the
challenge of identifying harmonic sources.

Another method for locating causes of distortion is to depict the harmonic equivalent
circuit with a Norton model. Using measurements made at the point of common cou-
pling (PCC), this approach analyzes the Norton equivalent’s characteristics and harmonic
source currents to determine the correlation between the harmonic voltage and harmonic
impedance source [18-20]. An alternative approach is the critical impedance method [21],
that chooses the bigger of two harmonic voltage source magnitudes in the Thevenin equiv-
alent circuit as the principal harmonic source. This technique makes it possible to identify
the side that gives the PCC the most distortion. But these processes require the awareness
of both consumer and network harmonic impedances.

Current decomposition is the approach of a significant cluster of proposals [22-24].
The current can be divided into two components: the first one refers to the portion of the
load that sustains the system integrity free from distortion, while the distortion generated
by part of that actual load is denoted in the second component. In instances involving linear
loads, only the first component is present, whereas both components exist in scenarios
featuring non-linear loads.

Moreover, it is imperative to examine multi-point indices including the toll-road
model [12,17], in which various current or power measures are relied upon, or the Global
Power Quality Index [13], amalgamating several single-point indices. These multi-point
algorithms necessitate a dedicated index for comparing the values corresponding to mea-
surements taken at each node.

Multi-point algorithms are the only group able to identify the distortion sources in
electrical systems. However, they present additional requirements corresponding to the
single-point algorithms; i.e., the measurements in each node must be simultaneous. Thus,
a perfectly co-ordinated measurement system is needed. In addition, the system should be
based on low-cost devices, free software, and open hardware. In this way, all the nodes can
be analyzed, instead of considering pseudo-measurements originated by the lack of devices.

All the aforementioned procedures possess their respective advantages and disad-
vantages. Nevertheless, none of them can accurately identify the true distortion sources
in systems where capacitors are present [25]. It is important to note that, while loads
producing harmonics are typically non-linear and contribute to system distortion, other
elements may play a crucial role in propagating harmonics throughout the installation,
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even if they cannot be classified as distortion sources. Among these elements, capacitors
are particularly significant. In power systems, they are commonly used to compensate the
inadequate power factor of inductive loads. Nevertheless, their effectiveness is optimal
only under steady-state sinusoidal conditions. In other scenarios, capacitors may induce
significant issues [25]. This is primarily attributed to their harmonic impedance, which
decreases with increasing frequency, thereby exacerbating the current distortion consumed
by the load.

In this paper, works previously published in the technical literature which allow the
identification of both distortion and imbalance sources in electrical installations are found.
The algorithms found are summarily presented in the paper and compared by applying
them to a specific installation. The results provided are presented and discussed. The
electrical system chosen for the tests contains all the types of loads necessary to assess if the
indices found work properly: a linear balanced inductive load, a linear balanced capacitive
load, a linear unbalanced resistive load, a non-linear balanced load, and a non-linear
unbalanced load.

2. Materials and Methods

The approach used to perform a Systematic Literature Review (SLR) is mostly used
in the social sciences, education, supply chain management, and medical domains. This
concept was used in the engineering field in [26], proving to be a successful evidence-based
strategy. The four fundamental principles underlying SLR are replicability, exclusivity,
aggregation, and algorithmic rigor. The method comprises several sequential steps: Step
1 entails the definition of the problem and its boundaries, Step 2 involves identifying
relevant aspects for inclusion in the study, Step 3 specifies the methodology for information
acquisition, Step 4 organizes and simplifies the acquired information, Step 5 engages in a
discussion of the gathered data, and Step 6 involves the compilation of the final report.

Step 1: The increasing number of non-linear loads and the incorporation of renew-
able energy sources into the electrical system are causing an increase in Total Harmonic
Distortion (THD) at the PCC. Finding the origins of harmonics and imbalance is a serious
problem for consumers and power companies alike. Since current approaches are unable to
identify harmonics and/or imbalance when numerous customers are linked at the PCC,
this problem remains unsolved. As a result, a large portion of studies have only looked at
certain consumers linked to the PCC and the distortion that results from it. It is still difficult
to identify which consumer contributes more, even when the harmonic source is proven to
be coming from them. Addressing industry-wide concerns surrounding the identification
of harmonic and/or imbalance sources and resolving customer complaints arising from
grid-related issues are imperative. This review aims to offer practical solutions to engineers
for discerning the sources of harmonics and/or imbalance at the PCC. It encompasses a
literature review focused on harmonic and imbalance source detection.

Stage 2: The literature review concentrates on the methodology employed to pinpoint
the sources of harmonics and imbalance.

Stage 3: Information and data are acquired by applying targeted keywords to databases
acting as search engines. The Web of Science’s Science Direct, IEEE Xplore, and Scopus
databases were searched. End-Note X7 was used to search for direct citations online and
Google Scholar to find specific journal publications. After that, we exported the reference
information to Mendeley v2.114.0. There is a wealth of literature on the subject of harmonic
source identification, with many approaches and strategies. Table 1 lists the keywords used
in order to obtain information. In all the searches, the combination of keywords shown in
Table 1 were searched in fields “keywords” and “authors keywords”.

Step 4: Using established procedures, the collected literature articles on the area of
interest were arranged. The arrangement was made in accordance with the PRISMA 2009
flow diagram [27] as follows: (a) Using the search criteria listed in Table 1, 94 publications
were found using database searches on websites like IEEE Xplore, Science Direct, and
Scopus. (b) The Google Scholar search engine turned up seven more publications. (c) Ten
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publications were eliminated because they covered subjects other than harmonic distortion,
harmonic filters, and power quality—that is, subjects irrelevant to the main goal of this
study, which is the identification of harmonic and imbalance sources. (d) The constraint
of having been cited at least once led to the evaluation of 47 works. These 47 papers
were categorized based on the methods employed to identify distortion and/or imbalance
sources, with the results presented in Table 2.

Table 1. Searches’ keywords.

Search Keywords
1 Power quality & distortion sources identification & distortion sources detection
2 Power quality & harmonic sources identification & distortion sources detection
3 Power quality & imbalance sources identification & imbalance sources detection
4 Power quality & unbalance sources identification & unbalance sources detection

Table 2. Assessed papers’ classification.

Distortion/Imbalance Identification Method Papers
Norton equivalent [28-35]
Measurer optimal location [36—41]
Current decomposition [42-44]
Active power direction [45-47]
Artificial intelligence [48-50]
IEEE Standard [51,52]
Independent component analysis [53-55]
Particle swarm [35,56,57]
Review [14,15,58]
Distortion State estimation [59-61]
Reactive power direction [62,63]
Data correlation [64]
Different weighting methods [50]
Power complex harmonic [58]
Regression method [65]
Safety barrier interior point 6]
method
Self-organizing maps [67]
V /I ratio [44]
Imbalance Unbalance factor [68]
IEEE Standard [69]
Both Current decomposition [42,70]
IEEE Standard [71]

Step 5: Predetermined inclusion and exclusion criteria were used to choose research
articles in order to improve the search process and find the most relevant literature on the
subject. Regarding this study, those criteria consist of finding algorithms which boards
both distortion and imbalance sources identification.

Step 6: The findings are documented. Two papers have been found which meet
the criteria indicated in step 5. Le., addressing both distortion and imbalance sources
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identification. In the next sections, they are summarily presented, and the results provided
by them when applied to a simulation platform are compared.

3. Methods to Identify Distortion and Imbalanced Sources in Technical Literature

A great difference is noticeable between the algorithms which address the distortion
and those which address the imbalance. This can be explained by considering the following:

- Traditionally, before the distributed generation made necessary the consideration of
the microgrids, the distortion was assessed in the distribution systems. And the lines
involved in these systems are designed to avoid the propagation of the imbalance.

- The imbalance can be considered as distortion (multiple of three).

However, with the distribution generation, the imbalance has attained a predominant
role at the level of distortion in the microgrids. Thus, both non-conformities have been
addressed in this paper. And, as can be seen in Table 2, only two references present
algorithms that identify both distortion and imbalance sources. In this section, those
algorithms are briefly presented.

3.1. Algorithm to Calculate Thet3

In order to identify sources of imbalance and/or harmonic distortion, reference [71]
proposes the development of an index utilizing power parameters related to the IEEE Std.
1459 framework. This standard provides a structured approach to dissecting an apparent
power component in the presence of asymmetry and distortion. The algorithm presented
in [71] introduces a new method for decomposing apparent power, categorizing it into four
different components. These power terms offer clear distinctions between distortion and
imbalance, departing from the standardized terminology. By normalizing each term by the
total power of the system, the use of power components eliminates the requirement for
determining weighting coefficients for every addition.

The index introduced, denoted as Thet3 in [71], amalgamates the power terms previ-
ously suggested in the technical literature with a modified version of the Harmonic Global
Index (HGI), as defined below:

1

<Su1k Ska Squ HGImk> (1)

S, Spys  Syms  HGImg

where S,k is the unbalanced fundamental apparent power component corresponding to
node k, and S,1s is the corresponding to the source. In the same way, Sy is the balanced
harmonic apparent power, and S, is the unbalanced harmonic apparent power. They are
calculated as follows:

So = 9<Vb21151 + VAL + Vuzllbztl) 2)
Sp = 9<Vb21 Loy + Vil + VZJZHII%H) @3)
San =S;—Sp —Sa1— Sty (4)
where:

Sg = (3Vele)2 (5)
VE=VA+Va+Vig+ Vi (6)
=T+ +hy+ Ly (7)

And:
S%l = 9th11§1 8)

where Vj1 and Ij; are the fundamental balanced components of voltage and current, V;;; and
I, are the fundamental unbalanced components, Vy; and I, are the balanced harmonic
components, and V,py and Iy are the unbalanced harmonic components, according to [71].



Energies 2024, 17, 2536

7 of 20

Regarding the last term in Equation (1), the HGI introduced here differs slightly from
that presented in [4]. The one corresponding to the one proposed in [71] is as follows:

HGIm:HfZH 9)
ITgs]|

where Iy is the vector of the harmonic powers flowing from the supply towards the load,
and TZ 1 is the vector of the three-phase collective root-mean-square (RMS) values of the
current components associated to the harmonic active powers flowing back from the load
to the supply, as stated in [4].

The concept presented in [71] is innovative in that it takes into account apparent power
components that are fundamentally unbalanced, balanced harmonic, and unbalanced
harmonic for every consumer with respect to these identical network components. Unlike
other indices that are prone to errors in the selection of these variables, this technique allows
for the exact registration of the distortion and imbalance condition of the complete energy
system without requiring the introduction of weight factors for every Thet; component.
But, similar to the remaining two distributed measuring indicators, it is expected that the
division result is set to 1 if the denominator of a phrase drops below 10~# in order to avoid
any potential problems that may arise from the division by zero.

The index Thet; reaches a value of 1 if the supply voltages are balanced and sinusoidal
and the load attached to a generic branch “k” is balanced and linear. Each term of the
Thets; index indicates the ratio between an index measured in one of the lines supplying
each load and the corresponding index measured in the supply line at the PCC. When the
Thetsy, rises, it means that load “k” is the source of the disturbance; when it falls, it means
that the source is the supply. Consequently, Thet; = 1 acts as a threshold between the load
that is creating the disturbance (Thet; > 1) and the load that is being disturbed (Thets < 1).

3.2. Load Characterization Index and Unbalanced Current Ratio

In [70], an algorithm to identify imbalance sources (the unbalanced current ratio,
UCR) which is based on the load characterization index (LCI) for identifying perturbation
sources [42] is presented. They both are complementary and rely on the decomposition of
the current at the input of each node into different components: a non-linear, a balanced
linear, and an unbalanced linear one.

The method to calculate the LCI is based on considering two groups of linear models
of the load connected to each node. The first one is the corresponding to an inductive linear
load, Figure 1, and the second one to a capacitive linear load, Figure 2. Considering that a
general load can be non-linear, both models are complemented with a non-linear source
(current or voltage according to the model). Each model is tested with a wide range of
values of each linear element and the closest to the real load is calculated as the one with a
lower non-linear component. If one of them presents a null non-linear component, the LCI
value is 0 (and the load is considered linear). Otherwise, the load is considered non-linear
and the number assigned to the LCl is as follows:

[ Lt |

LCI =
1]

-100 (10)

where I and [,;; are shown in Figure 1.

Once LCI has been calculated, the current component I; has also been calculated. It
is called the linear current and corresponds to the difference between the total current I
and the non-linear current component I,;;, all of which correspond to the circuit where
the component I,;; is minimized. The component I; may be broken down into two parts,
the balanced linear I; and the unbalanced one I,;;, according to [70]. Thus, UCR has the
next value:

[ L

UCR =
1]l

1100 (11)
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Figure 1. Inductive model of a generic load.
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Figure 2. Capacitive model of a generic load.

Each current component can be identified in Figure 3, from [70].

e _Load ________

\
1] :
1 '* I> >I 1
| I 1] ¢ bl !
L nl un Balanced :
: linear load |
L 1
1 | I 1
: Non — linear Unbalanced :
1 1
1 1
' ;

load load ‘

Figure 3. Model of a generic load.

4. Results Obtained from the Application of Both Indices to a Simulation System

Both procedures to identify distorting and unbalancing loads presented in Section 3
have been applied to the system shown in Figure 4, where linear and non-linear loads can
be seen, as well as balanced and unbalanced loads. In fact, the first equipment is an inverter
injecting power to the system. The second one is constituted by three voltage regulators
with an inductive load on the right side. The values of the impedances are different in each
phase, and, thus, the load is unbalanced. The third equipment is a three-phase rectifier
with a capacitive impedance on the DC side. The fourth is a linear balanced capacitive load.
The fifth is a linear and balanced inductive impedance, and the last one is an unbalanced
resistive load. The value of each element is presented in Table 3.

This installation represents a microgrid connected to a strong PCC of the power
system. Thus, the non-linear and the unbalanced loads do not affect the voltage in the PCC,
which remains balanced and sinusoidal. And this installation has been chosen because
it represents the simplest conditions in which the indices have to identify the distortion
and/or imbalance sources. However, the study would not be complete if the indices
were applied to those loads with specific values of their parameters. Thus, the values
corresponding to some of those elements have been modified as follows:
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- To assess different levels of the linear capacitive load, the value of the fifth load
capacitor has been changed from 2.387 puF to 238.7 mF in 200 steps;

- To assess the rectifier load with different weights in the global microgrid, the value of
its resistor has been changed from 10 to 2000 in 20 steps.

N
@;
4
E:ﬁjj |
na
I_|H
e
W Distributor Generator Module
I—|Hl B voltage Regulator
:::: A ) B voltage Supply
| app—rre -
B Balance RC Load
?M( N M Balance RL Load
}m< B Unbalance R Load

Figure 4. Microgrid designed to assess the indices.

Table 3. Values corresponding to each equipment connected to the PCC.

Equipment Acronym Description Values
Inverter injecting power to
! DM e pCC
Three regulators connected in Phase1: R=100,L=0.1H
2 VR star with inductive impedance Phase 1: R=12(Q,L=0.12H

on the right side (unbalanced) = Phase3: R=8(, L =0.08 H

Three-phase rectifier with a

3 DCVS capacitive impedance on the E i 3020 (;
DC side ey
Three balan'ced 9apac1t1ve R =26.67 O

4 BRC loads (a resistor in parallel to a

. . C=119mF

capacitor) connected in star

5 - (Threg btalapced {nd?ctlve loads R=6670
a resistor in series to an L =2122 mH

inductance) connected in star

. Phase 1: R =80 Q)
6 UR Three unbalanced resistors Phase 1 R = 64 O)

connected in star Phase 3: R = 160 Q

Thus, 220 cases have been analyzed. In Figure 5, waveforms corresponding to the
equipment values shown in Table 3 are presented. The waveforms are the voltage in the
PCC (a) and the current at the input of each equipment connected to the PCC (b to g). The
current at the input of UR (g) presents the same form as the voltage, corresponding to a
resistive linear load, and the imbalance can clearly be observed. The current at the input
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of BRI (f) is balanced and sinusoidal and that at the input of VR and DCVS (c and d) are
clearly non-sinusoidal, although with very different waveforms in each one. In addition,
the one corresponding to VR (c) shows imbalance. Regarding the current at the input of the
equipment which injects power to the microgrid, DGM (b), the waveform looks sinusoidal
with high-order harmonics. Finally, with respect to the BRC load (e), the corresponding
waveform looks non-sinusoidal because, although the capacitor is a linear load, it amplifies
the voltage harmonics at its input. This is one of the facts that make it really difficult to
find an index which does not identify a linear capacitive load as non-linear and, thus,
distorting. Therefore, the electrical installation chosen for the tests contains all the types of
loads necessary to confirm whether the indices work correctly: a linear balanced inductive
load, a linear balanced capacitive load, a linear unbalanced resistive load, a non-linear
balanced load, and a non-linear unbalanced load.

400

A

—pPhasel —Phase2 Phase3

(a)

-400

—Phasel —Phase2 Phase3

(b)

G

—pPhasel —Phase2 Phase3
(©)
Figure 5. Cont.
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-10
—Phasel —Phase2 —Phase3

(d)

BB s, Boe N
S O © &b o w o &~ oS

—Phasel —Phase2 —Phase3
(e)
40
30
20

10

-10
-20

-30

=

-40
—Phasel —Phase2 —Phase3

()

IS N} o ~ IS

—pPhasel —Phase2 —Phase3

(8)

Figure 5. Voltage and current corresponding to the base case. (a) Voltage at PCC. (b) Current at
the input of DGM. LCI = 0; UCR = 1.33; Thet; = 0.64. (c) Current at the input of VR. LCI = 46.77;
UCR = 19.13; Thet; = 1.71. (d) Current at the input of DCVS. LCI = 29.43; UCR = 10.32; Thet; = 0.42.
(e) Current at the input of BRC. LCI = 0; UCR = 0.6; Thet3 = 0.22. (f) Current at the input of BRI
LCI = 0; UCR = 0; Thetz = 0.01. (g) Current at the input of UR. LCI = 0; UCR = 31; Thets = 0.25.



Energies 2024, 17, 2536

12 of 20

To assess the behavior of the different indices with changing values of some parameters,
the results corresponding to the 220 cases indicated above are presented in Figures 6 and 7.
Specifically, in Figure 6, the evolution of the indices corresponding to the different loads
with a changing vale of the DCVS resistor is shown. The rest of the parameters keep the
value shown in Table 3. In Figure 7, the evolution of the indices corresponding to the
different loads with a changing value of the capacitor in the BRC is presented. As in the
earlier case, the rest of parameters keep the value shown in Table 3.

DISTRIBUTED GENERATION MODULE

14 0.65
12 0.64
1 0.63
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Figure 6. Evolution of the indices of the different loads with the value of VS resistor.

In all the graphs presented in Figures 6 and 7, LCI and UCR refer to the main vertical
axis and Thets to the secondary. This is because LCI and UCR are concentrated indices
which provide absolute values and Thets is a distributed index which provides a value
which refers to the same value at the PCC. If the load evaluated is balanced and linear, the
Thet; value is lower than the unity and higher otherwise.
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Figure 7. Evolution of the indices of the different loads with the value of the capacitor in the capacitive
linear load.

It can be seen that LCI and UCR properly identify the voltage regulator; i.e., they
provide a constant value of 47 and 20, respectively (Figures 6 and 7b). These indices
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also identify the BRC and BRL as linear and balanced. LCI provides a null value in both
cases, and UCR an almost null value (Figures 6 and 7d,e). With respect to the UR load
(Figures 6 and 7f), UCR gives a value of 30 and LCI 0, which correspond to an unbalanced
linear load. Regarding the DC Voltage Source (Figures 6 and 7c), LCI provides a value
of 30, which means that the equipment connected to this node introduces distortion in
the installation. However, UCR gives a changing value from 0 to 30 as if the load would
introduce imbalance. However, the actual load is non-linear and balanced.

With respect to the index Thets, the value provided by this index in all the cases is very
variable, with a low stability. In the case of the voltage regulator (Figures 6 and 7b), the
value provided by Thets varies from 1 to 30 and it does not present any regular evolution.
Regarding the linear loads (Figures 6 and 7d,e), Thet; provides a value less than 1 in almost
all the cases assessed. Finally, with respect to the DC voltage source, Thet; provides a value
less than one in Figure 6c and higher in Figure 7c. The imbalance in the resistive load is not
identified by Thets (Figures 6 and 7f).

Finally, regarding the distributed generation module (Figures 6 and 7a), the behavior
of the indices is difficult to evaluate because it is not a linear load, although it is not a
traditional non-linear one. The results are not clear and cannot be easily interpreted.

In summary, LCI identifies the distortion sources in all the cases studied and UCR
identifies the unbalanced linear loads, although it identifies them as unbalanced non-linear
loads when they are actually balanced. However, with respect to Thets:

- It does not identify the unbalanced loads when they are linear; i.e., the value of this
index assigned to the unbalanced resistive load is less than 1 in all the studied cases.

- It identifies as the distortion source the capacitive linear load in some of the
cases studied.

- Itidentifies as distortion sources the voltage regulator in all the cases studied. How-
ever, it does not identify the DC voltage source as a distortion source (see Figure 6c¢).
In addition, it cannot be corroborated if the index identifies the imbalance in the
non-linear load because the value provided is higher than one without providing
additional information.

5. Discussion

A technical review has been carried out in this work to identify from the technical
literature the indices which identify distortion and imbalance sources in an electrical
installation. From the technical review, two indices were found: the pair LCI/UCR and
the denominated Thets. Both are published in the literature as indices able to identify
distortion and imbalance sources. LCI and UCR are complementarily calculated. They are
concentrated indices and provide a value as high as the distortion/imbalance injected by
the assessed load to the installation. In addition, the existence of two separated indices
makes possible the identification of both distortion and imbalance because the value of one
corresponds to the distortion and the other to the imbalance.

With respect to Thets, it is presented in the technical literature as a distributed index
to identify distortion and imbalance sources in a microgrid. Thus, this index provides a
number lower than the unity if the load analyzed is not a balanced linear load, and higher
than unity otherwise. However, it is not possible to conclusively determine if the index
identifies both distortion and imbalance sources, as only a singular value is provided,
rendering it uncertain whether it corresponds to distortion or imbalance. Consequently,
the values exceeding unity obtained in the instances of unbalanced and non-linear loads
(the voltage regulator) cannot be thoroughly analyzed.

The results presented in the previous section show that LCI identifies the distortion
sources in all the cases studied, although UCR identifies as unbalanced loads those that
are actually balanced in some cases of non-linear loads; see the figures corresponding to
the DC voltage source in Figures 6 and 7. LCI and UCR identify the unbalanced loads
if they are linear (resistive, inductive, or capacitive). Those results also show that Thets
identifies as distortion/imbalance sources some loads (the voltage regulator), although
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not all of them (the DC voltage regulator is not identified as a distortion source) in all the
cases studied. In addition, Thets identifies as linear balanced the unbalanced resistive load
and as a distortion/imbalance source the balanced linear capacitive load. In addition, the
values provided by LCI/UCR are much more stable than those provided by Thets.

Finally, it must be considered that a concentrated index can be converted into a
distributed one, relativizing the value corresponding to each load to the same value corre-
sponding to the PCC.

6. Conclusions

In this paper, the algorithms previously published in the technical literature to iden-
tify distortion and imbalance sources in an electrical installation have been chosen and
compared. Two algorithms have been found: the first is concentrated and the other is dis-
tributed. Both algorithms have been applied to an electrical system constituted by different
kinds of loads and the results have been presented and discussed. As a summary, it can be
said that none of them manage to identify distortion and imbalance sources in all the cases,
although one of them, the pair LCI/UCR, presents a good performance because the ratio
of fails is smaller and because the values provided for each kind of load remain constant
with changes in the parameters of other loads. Considering that none of the indices in the
technical literature considered in the review are able to identify both the distortion and
imbalance source in a basic electrical installation with a strong point of common connection
to the power system, the next step in this research would be the study of new indices which
provide better results. In any case, taking into account the good results presented by LCI,
the next step could be improve UCR and testing both in installations with challenging
loads and with distorted and/or unbalanced voltage. These conditions would represent
electrical microgrids and more common installations in the power system.
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