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customer’s site due to easy implementation and low cost
(Anu and Fernandez (2020)).

Anu and Fernandez (2020), proposed a new harmonic
distortion index (ign) to identify the harmonic contribu-
tion of non-linear loads. The detection method used was
a single point, and the igy was used to determine the
contribution of harmonic injection into the DS of each
consumer under analysis in relation to other consumers.

In this work, the methodology presented by Emanuel
(2012) for the calculation of powers, under non-sinusoidal
voltage and current conditions, and the harmonic distor-
tion index (ign) proposed by Anu and Fernandez (2020)
are extrapolated and used to determine the contribution
of harmonic injection by PV generation systems and the
effects on other consumers located in the same microgrid.

2. HARMONICS - THEORETICAL BACKGROUND

Harmonics are continuous phenomena and should not be
confused with short-time phenomena, such as sinking,
rising or interrupting voltage lasting less than or equal
to three seconds, which only last a few cycles.

We can consider the EPQ from a dual analysis where the
quality of the supply voltage has an influence on current
profile circulating in the installation and voltage profile
can be impacted by the nature of the load (current). The
degree of harmonic tolerance in a power system is closely
related to the susceptibility of the load or the power supply.
For those devices where the shape of wave is irrelevant, for
example resistive loads for heating, the sensitivity is lower.
The most sensitive are those that, in their design, assume
the existence of a sinusoidal supply, such as communication
and data processing equipment. However, even for low
susceptibility loads, the presence of harmonics (voltage
or current) can be harmful, producing greater stress on
components and insulators.

The direct effect of non-linear systems on the EPQ is the
distortion in the current, and the indirect, the distortion
in the voltage. The distortion in the voltage is propa-
gated, as well as the harmonic currents that will circulate
through linear loads fed by such voltages. Some of the
problems that harmonics can cause include overheating
and equipment failure, false load firing, incorrect operation
of protection relays and interference in the communication
circuit.

2.1 Total Harmonic Distortion

The THD is the deformation of the voltage and current
waveforms that result in deviations from the pure sine
waveform (Ajeigbe et al. (2018)). According to Santoso
et al. (2012), harmonic distortion is caused by non-linear
devices (loads or sources) in the power system and, con-
sidered by many experts in the field, it is still the most
significant problem of EPQ.

Traditional parameters of the power system, such as:
powers (reactive, active and apparent), power factor and
phase sequences are defined for the fundamental frequency
context in a pure sinusoidal condition. In the presence of
harmonic distortion, the power system no longer operates
in a sinusoidal condition and, as a result, many of the
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simplifications that power engineers use for fundamental
frequency analysis no longer apply.

To measure the THD of a circuit, we need to check the
amplitude of each harmonic generated in relation to the
fundamental of the input signal. This calculation is an
average of the voltage levels in relation to the input (see
Equation 1), where X represents a generic variable, which
can indicate voltage or current and h represents the order
of the harmonic component.
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2.2 Harmonic Detection Methods

Some harmonic detection methods have been proposed in
several studies, such as: Anu and Fernandez (2020), Wilsun
Xu et al. (2004), Aiello et al. (2005) e Cristaldi et al.
(2002). According to Chang-Song Li et al. (2016), these
methods can be classified according to the number of mea-
surement points of the electrical quantities in: multi-point
and single point. The first, which is based on distributed
measurement and synchronous data collection, can result
in complete and accurate information about harmonics,
however, in practice, its implementation is difficult because
of the high costs of installation and operation. The single
point methods are simple and convenient for application
in engineering, but generating less accurate results.

2.8 Harmonic Distortion Index

The IEEE 1459-2010 standard (Emanuel et al. (2012))
deals with standard definitions for measuring parameters
of the electrical system under sinusoidal, non-sinusoidal,
balanced and unbalanced conditions. Mathematical ex-
pressions that have been used in the past, as well as new
expressions, are listed in this standard as well as explana-
tions of the characteristics of new definitions are presented.
The apparent power for non-sinusoidal conditions can be
defined as:

S? = S+ D? + D} + 5% (2)

Partitioning Equation 2, we initially present the expression
for the calculation of the fundamental apparent power
(S%), obtained from the following relation:

St=Pl+Q7 (3)

where, (P;) is fundamental active power (= ViI1c0sO);
and, (Q1) is the fundamental reactive power (= V111 sen®).

Also from Equation 2, we will have, respectively, current
distortion power (Dj), voltage distortion power (Dy),
apparent harmonic power (Sg ), harmonic distortion power
(Dp), and, the total power distortion (TPD) expressed by:
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Dy = \/S% - P} (7)
TPD = \/D?+ D} + D3 (8)

We can assign the responsibility for harmonic injection
to the utility or the customer by comparing the voltage
and current waveform at the customer’s coupling point
(Fernandez and Chandramohanan Nair (2013)). The phys-
ical nature of the distortion powers has its bases in the
process of generating current harmonics and not must
be confused with reactive power, but monitored sepa-
rately (Emanuel (2012)). According to Anu and Fernandez
(2020), harmonic injection at the Consumer’s location can
be quantified by a term known as harmonic distortion
index (ign) which consists of the relationship between
the total contribution of harmonic current (i) at the
Consumer connection point and the fundamental current
(I7) of the consumer.

) ih
= 9
iy =7 9)

3. DESCRIPTION OF THE SYSTEM IN ANALYSIS

In order to carry out the simulation, obtain the data and
make the necessary analyzes, a modified IEEE system
with 13 bars was used, since this system adequately
represents a microgrid (see Figure 1). The system consists
of a substation, linear and non-linear loads, consumers,
impedances and a PV source.

The substation, located in bar 1, has a RMS phase-to-
phase voltage of 69kV with a frequency of 60Hz. Trans-
former 1 - 69kV/13.8kV (A/Y connection). Transformers
2 - 5 are 13.8kV/380V (Y/Y connection). Bars 2, 3, 4, 6,
7,9, 10, 12 and 13 are powered by a voltage of 13.8kV.
Bars 5, 8 and 11 are powered by 380V. As can be seen
in Figure 1, Consumers C1 and C2 are located at bar 13,
after a transformer (T5), powered by a voltage of 380kV.
In both Consumers, there are linear loads connected with
active power of 25kW and reactive power of 2kVAr. The
PV array has 100 kW and is connected to the DS via a DC-
DC boost converter and a three-phase three-level voltage
source converter.

4. SIMULATIONS RESULTS

Three scenarios were simulated in order to determine
the ign and to assess the influence that each Consumer
(Cx) has in relation to the injection of harmonics into
the network. For this, MATLAB/Simulink™ was used
for simulation purposes. The evaluated scenarios were as
follows: Scenario - #1: C1 and C2 operating only with
linear loads; #2: C1 with PV source and C2 with linear
loads; #3: C1 and C2 with PV sources. Simulations were
carried out to obtain data to analyze the behavior, in
terms of harmonics insertion, of the PV generation systems
connected to the DS. The results obtained are shown in
Table 1.

Scenario #1: T HDy and T HD; are zero and of the i is
close to zero, indicating that Consumers contribute little to
the harmonic insertion in the DS. The voltage and current
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Figure 1. Single-line representative diagram of the micro-
grid.

waveforms, for both Consumers, behave very close to an
ideal sine wave, therefore, as expected, as there are no
non-linear loads or sources in this evaluated scenario.

Scenario #2: THDy and THD,; and igy for Cl were
significantly increased, indicating that this Consumer con-
tributes to the injection of harmonics into the DS. In the
case of C2, the igy remained relatively low, indicating
that this Consumer, as in scenario #1, has no responsibil-

ity for the harmonics present in the system (see Figures 2,
3, 4 and 5).
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Figure 2. Voltage waveform of Consumer 1 at Scenario #2
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Figure 3. Current waveform of Consumer 1 at Scenario #2
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Figure 4. Voltage waveform of Consumer 2 at Scenario #2
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Figure 5. Current waveform of Consumer 2 at Scenario #2

Scenario #3: THDy and THD; and the igy for C1
remained high, while for C2, the parameters that were
previously lows were added significantly as well. With that,
it can be verified that both consumers are responsible for
the harmonic pollution contained in the electric network.
The Consumer voltage and current are shown in Figures
6, 7, 8 and 9.
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Figure 6. Voltage waveform of Consumer 1 at Scenario #3
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Figure 7. Current waveform of Consumer 1 at Scenario #3

ISSN: 2175-8905

Phase A
300 K Phase B
Phase C

Voltage (V)
©

021 022 023 024 025 026 027 028 029 03
Offset=0 Time {seconds)

Figure 8. Voltage waveform of Consumer 2 at Scenario #3
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Figure 9. Current waveform of Consumer 2 at Scenario #3

Table 1. Parameter values obtained

Consumer #1 [ Consumer #2
Scenarios
#1 #2 #3 #1 #2 #3
THD+y [2.50x10°%[1.09x10°2 [ 2.00x10° T [ 3.74x10"% [ 1.05x10°2 | 2.03x10°2
THD; [4.30x10°%[4.37x10 1 [4.42x10°1[4.30x10% [ 8.05x1073 | 4.58x10°T
TN 1.00x1072[2.30x101[2.50x101 [ 1.00x10°2 [ 2.00x1072 [ 2.60x101
D; 0.00x109] 6.21x10%| 6.56x10%| 0.00x10° [3.20x10T [6.68x102
Dy 0.00x10° | 3.10x102 | 3.24x102| 0.00x10°|2.10x102 |3.35x102
Dy 0.00x10° | 5.20x107| 7.00x10T| 0.00x10°|5.00x10° |7.10x10T
TPD 0.00x109] 6.96x10%| 7.35x10%| 0.00x10° [2.12x10% |7.51x102

5. PRELIMINARY CONCLUSION AND FUTURE
WORK

In this paper, the Harmonic Distortion Index is used to
evaluate the harmonic injection by Consumers with pho-
tovoltaic sources in their system. It was verified that, with
the insertion of photovoltaic sources in the distribution
system by Consumer 1 or Consumer 2, the Harmonic
Distortion Index and the total power distortions were
significantly increased when compared to scenarios that
do not have non-linear loads or sources in the system.
This index can also be used as a reference when assigning
responsibility for harmonic pollution in the power grid.
Future studies can be done comparing this index presented
with other methods of identification and analysis of har-
monic distortion in a microgrid, in order to identify the
advantages and disadvantages that each method has and
its reliability.
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