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RESUMO

Este trabalho aborda sobre controle para um sistema fotovoltaico com inversor trifasico
conectado a rede elétrica trifasica desbalanceada. Sao propostas trés estratégias de controle
alicercadas no Referencial Sincrono Duplo, que se utiliza de duas estruturas capazes de
controlar de forma independente as componentes positivas e negativas da corrente que
¢é injetada na rede pelo sistema fotovoltaico. Cada uma das estratégias tenta atuar em
uma grandeza elétrica, melhorando alguma caracteristica destas, sendo que a estratégia 1
objetiva a eliminagao da componente de sequéncia negativa da corrente, as estratégias 2 e
3 objetivam a mitigacao das oscilagdes das poténcias ativa e reativa, respectivamente. As
simulagoes foram realizadas com uma rede elétrica composta por 7 barras utilizando o
software de simulagdo Matlab/Simulink®, onde foram analisados e avaliados os desempe-
nhos das trés estratégias. A rede encontra-se desequilibrada devido a distribuicao irregular
de cargas entre suas fases, além de que foi considerado afundamentos de tensao oriundos
de faltas elétricas. Foram apresentados os resultados das simulacoes, com os quais foi
possivel observar e comparar os desempenhos dos controles na atenuacao dos desequilibrios
das correntes e oscilagoes nas poténcias ativa e reativa. Além disso, foi realizada uma
comparacgao entre as estratégias utilizando dois indices, sendo esses o fator de desequilibrio
das tensoes da rede e as perdas elétricas na linha. Através da andlise dos resultados desses
indices foi determinado que a estratégia 2 diminui os desequilibrios de tensdao na barra, e

as perdas sao menores quando a estratégia 3 é aplicada ao sistema FV.

Palavras-chave: DSRF, Sistema Fotovoltaico, Controle de inversor trifasico, Rede elétrica

desequilibrada.



ABSTRACT

This work deals with control for a photovoltaic (PV) system with a three phase inverter
connected to an unbalanced three phase electrical grid. Three control strategies are
proposed based on the Double Synchronous Referential, which uses two structures capable
of independently controlling the positive and negative components of the current injected
into the grid by the PV system. Each one of the strategies tries to act on an electrical
quantity, improving some characteristics of these. Thus, strategy 1 targets eliminate the
negative sequence symmetrical components of the current, and strategies 2 and 3 aim
to mitigate the oscillations of active and reactive powers, respectively. The simulation
model is a power grid composed of 7 buses, which is executed using Matlab/Simulink® as
the simulation software, where the performance of the three strategies is analyzed and
evaluated. The grid is unbalanced due to the uneven distribution of loads between its
phases, and its primary voltages are determined by voltage sags arising from electrical
faults. The results of the simulations are presented, making it possible to observe and
compare the performances of the controls in attenuating the current unbalances and
oscillations in active and reactive power. Besides, a comparison is made between the
strategies using two indices: the unbalance factor of the grid voltages and the electrical line
losses. Through the analysis of the results of these indices, it was determined that strategy
2 reduces voltage unbalances in the grid voltages, and losses are lower when strategy 3 is

applied to the PV system.

Keywords: DSRF, Photovoltaic system, Three phase inverter control, Unbalanced power

grid.
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1 INTRODUCTION

1.1 PHOTOVOLTAIC SOLAR ENERGY

Environment-friendly energy sources are at the center of the attention of tech-
nological development research because of their great potential to reduce aggression to
the environment. Consequently, these sources are increasing their role in electric energy
generation, focusing on solar and wind energy. Besides, this increase in the use of green
sources makes it necessary to study the impacts of the insertion of these sources in the
utility grid (AAMRI et al., 2015; ELAVARASAN et al., 2019; KUCEVIC et al., 2020;
YANG et al., 2014).

Solar energy is indirectly responsible for giving rise to other energy sources, such
as wind, hydraulic, fossil fuels etc. Also, this energy can be straightly used to heat spaces
and fluids, and for electric energy generation, which can be done by the photovoltaic (PV)
or thermoelectric effect (BRASIL, 2008).

Modern PV technology had its first steps in the mid-19th century when the French
scientist Edmond Becquerel immersing metallic plates in an electrolytic solution, noticed
that a difference of eletric potential appeared when they were exposed to some light source.
At that time, the first report of the PV effect came out, and it can be considered as the
first step towards what it is known today as PV cells that use this effect to generate
electricity directly from sunlight (VALLERA; BRITO, 2006).

The first PV cell was officially presented to the world in the annual meeting of
the National Academy of Science that took place in Washington, 1954. However, the cost
only allows applying the technology in some particular areas at that time, such as space
applications. The first major investment was made precisely during the space race in the
1960s, which had the United States and the Soviet Union as the main participants. Back
then, the PV cells became a fundamental power source to satellites, because of the power
to weight ratio. Besides, another massive investment occurred in the 1973 oil crisis, which
encouraged the great nations to finance researches to reduce the cells’ price. Some relevant
innovations emerged from the financial support, such as the application of multicrystalline
silicon in the cells’ construction (VALLERA; BRITO, 2006; MUKUND, 1999; GREEN,
2005; PERLIN, 2004).

The financing continues even with the overcoming of the oil crisis, mainly due to
the concern about environmental degradation and climate changes caused by man’s actions.
The ’90s were led by the growing concern for the environment and it was during this time
that some barriers related to PV cell technology were broken. For instance, in 1997, the 20%
efficiency mark for multicrystalline silicon PV cells was surpassed, in addition to breaking
the 24.7% efficiency record the following year for monocrystalline cells (VALLERA; BRITO,
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2006; GREEN, 2005). Nevertheless, several marks have been overpassed through time
with the constant investment in research in the PV area, mainly motivated by the need
to diversify the energy matrix as well as the issues of environmental preservation. To
demonstrate this fact, a team at the National Renewable Energy Laboratory (NREL) in
2020 achieved the 47.1% efficiency mark of a multijunction PV cell tested with concentrated

lighting, which is capable of reaching a 50% mark according to the researchers.

An atom structure incorporates a positively charged nucleus composed of protons
and neutrons, and this nucleus is surrounded in different layers by electrons, which have a
negative charge. Also, there is a positively charged particle for every negative charge in the
nucleus, which makes the atom electrically neutral. The electrons present in the valence
band, which is the outermost shell of the atom, are the ones that have the large facility to
leave it, as the electrostatic attraction force is smaller than other layers because they are
further away from the nucleus and have higher energy. Thus, it only takes a small amount
of energy to make these electrons free, thus creating a conduction band, making them

able to move through the material. These free electrons produce the electrical current, as
shown in Figure 1.1 (MARQUES; CRUZ; JUNIOR, 2012).

Conduction Free electron
band o—
7
\ij“gy
Valence ()
band

Figure 1.1 — Free electrons, valence and conduction bands (Source: Adapted from (MARQUES;
CRUZ; JUNIOR, 2012))

There is a band gap between the conduction and valence bands where the electrons
can not stay, which is responsible for the material’s electric characteristics. Semiconductor
materials lie between conductors and insulators as they have a small energy gap, so their
valence electrons need to perform a small energy jump. However, they require more energy
than the electrons of conductive materials, which have virtually no bandpass. On the
other hand, insulators have a long distance between the valence and conduction bands,
preventing their electrons from performing an energy jump (MARQUES; CRUZ; J UNIOR,
2012). Thus, a consequence of electron migration from one band to other is the appearance

of a hole that gives rise to a meaningful term known as electron-hole pair.

Silicon is an example of a semiconductor whose initial characteristics doesn’t
allow sunlight into electrical energy conversion, even so, is the most used element in the

manufacture of PV cells. This semiconductor element does not have electrons free and has
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only four electrons in its last energetic shell. Thus, one way to make this material capable
of producing electrical current is through doping, which consists of adding impurities to
the material, inducing a process of covalent bonding of the pure semiconductor to the
adulterating element. When the bond is performed with a pentavalent element, such as
phosphorus, the N-type element will appear, which will have an excess of electrons with a
negative charge, whereas it is made with a trivalent element, such as boron, the P-type
element will rise and carry excess positively charged holes. Besides, it is through these
two doped elements that the PN junction is created, whose duty is producing an internal
electric field in charge of consolidating the PV effect (MARQUES; CRUZ; JUNIOR, 2012;
Villalva; Gazoli; Filho, 2009; SEDRA; SMITH, 2015; MALVINO; BATES, 2016). Figure

1.2 shows the PN junction configuration.

P N
+ + 4t ¢ - 4+ _— _
Majority carries 7+ + + = 77 -+ = Majority carries
Holes + t — + _ + _ T |Electrons
— L+ F -+ -
+ - | + -

Figure 1.2 — PN junction (Source: Adapted from (MARQUES; CRUZ; JUNIOR, 2012))

The following phenomenon occurs at the PN junction and, hence, as well as at
the PV cell which can be taken as a PN diode: the N-type doped region has an excess of
electrons while the P-type region lacks electrons, so when these two regions are connected,
the electrons are attracted and occupy the place of the holes, thus giving rise to two
diffusion currents, responsible for carrying a large amount of charge from one side of the
junction to the other, and as a consequence, there is an accumulation of electrons in the P
region and a reduction in the N region. These shifted charges create a potential barrier in
the transition region, called the depletion region. Finally, the equilibrium state happens
when the electric field formed is strong enough to prevent the traffic of remaining free
electrons in the N channel. Nevertheless, the balance is undone at the light presence,
such as solar, once the energy of the light photons causes a charge motion at the PN

junction, thus resulting in a potential and electrical current, and typifying the PV effect
(MARQUES; CRUZ; JUNIOR, 2012; MALVINO; BATES, 2016).

Figure 1.3 shows the structure of a PV cell, whose function is directly converting
solar radiation into electrical energy thanks to the PV effect. In addition, construction is

based on semiconductor materials (mainly silicon).

Silicon cells represent about 80% to 90% of the world market, but other materials can
be used in the manufacture of cells and, therefore, have different applications, efficiencies,
costs, etc. Therefore, PV cells can be classified according to their generation, which takes

into account, among other things, the maturity of the technology employed (CHOUBEY;
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Figure 1.3 — PV cell structure (Source: (SOLAR, 2006))

OUDHIA; DEWANGAN, 2012; PINHO; GALDINO et al., 2014; SAMPAIO: GONZALEZ,
2017; BAGHER; VAHID; MOHSEN, 2015).

Starting with the first generation silicon-based cells which are the most popular
because of their high efficiency despite the relatively high cost, and are also the oldest.
Within this category of silicon wafer-based cells, there are two subgroups, one formed
by monocrystalline silicon (m-Si) and the other by polycrystalline (p-Si) (CHOUBEY;
OUDHIA; DEWANGAN, 2012; PINHO; GALDINO et al., 2014; SAMPAIO; GONZALEZ,
2017; BAGHER; VAHID; MOHSEN, 2015). The differences between the two categories
start with the production process, in which polycrystalline silicon has an advantage for
having a simpler and cheaper process, but it loses when it comes to efficiency, which can
reach 23%. The m-Si cells can reach an efficiency of 26% (NREL, 2022).

The second generation contains thin-film cells, which have greater structural
flexibility than the first generation thus allowing its application in various areas, such
as solar tiles manufacturing, but it lacks efficiency. The most common elements used in
this technology are amorphous silicon, cadmium telluride, in addition to Copper-Indium-
Selenide (CIS) and Copper-Indium-Gallium-Diselenide (CIGS) (CHOUBEY; OUDHIA;
DEWANGAN, 2012; PINHO; GALDINO et al., 2014; SAMPAIO; GONZALEZ, 2017;
BAGHER; VAHID; MOHSEN;, 2015).

On the other hand, the third generation has the rawest technologies, as they are still
in earlier stages when compared to the ones before it, but some show great potential. This
generation is characterized by having multijunction and concentration cells, dye-sensitized
solar cell (DSSC) and organic PVs (OPV) (PINHO; GALDINO et al., 2014; SAMPAIO;
GONZALEZ, 2017; BAGHER; VAHID; MOHSEN, 2015).

PV cells have capacity disadvantages due to their small size, producing low voltages

ranging from 0.5 V to 1.5 V, despite the ability to convert solar energy into electrical
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energy. Therefore, the association in parallel or series of these cells is necessary to obtain
a higher voltage or current, since most applications require high values of this electrical
quantity. Figure 1.4 shows the cell’s association in parallel and series, which result in the

sum of the cells’ currents and voltages, respectively. Also, the entire set is called a PV
module (ZILLES et al., 2012).

| Cells in parallel |

Figure 1.4 — Parallel and series cell’s association (Source: Adapted from (ZILLES et al., 2012))

Cells in series

In addition to enabling the association of cells, the PV module has the function of
protecting these cells against weather, electrically insulating them from external contacts,
and providing mechanical rigidity. In Figure 1.5, an example of a PV module based on
crystalline silicon cells can be seen, in which the encapsulation consists of an aluminum
frame to provide resistance to the assembly, and inside there is a tempered glass of high
transparency, ethyl vinyl acetate (EVA) stabilized for ultraviolet radiation, PV cells,
stabilized EVA, and an insulating backsheet (PINHO; GALDINO et al., 2014).

1.1.1 PV systems

According to (PINHO; GALDINO et al., 2014), PV systems can be classified as
isolated and connected to the electricity grid. Furthermore, such systems can operate alone

or in conjunction with other energy sources, such as wind, in which case they are called
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Figure 1.5 — PV module configuration (Source: (PINHO; GALDINO et al., 2014))

hybrid systems. The use of each of these systems varies depending on the application
required. For example, isolated systems are more suitable for remote areas without access
to the electricity grid, despite the need to use an energy storage system, such as a battery
bank, for times when the PV system is not generating. Hybrid systems also fit this usage

profile, but their control is much more complex.

There are some similarities between the mentioned systems, mainly regarding their
composition, as some components are used in both. In these systems, there will be the
action of an inverter, which is responsible for converting the constant amount of power in
alternating power, if the loads or the grid operate with alternating energy (the frequency
in Brazil is 60 Hz). Also, this equipment has high efficiency, maintaining the optimized
operating point (PINHO; GALDINO et al., 2014; MUKUND, 1999).

Off-grid or autonomous systems are characterized by not being connected to the
electricity grid. Thus, the use of batteries might be necessary, as they will be responsible
for storing the energy generated to supply the consumer load. This system is either
applied in individual loads or microgrids (PINHO; GALDINO et al., 2014). Microgrids
are small-scale systems and are more flexible than individually serviced power systems as
they are monitored and operated by software. In addition, these micro-grids can integrate
sources based on renewable and conventional energies, loads, and batteries (LIU; WANG;
LOH, 2011; KATIRAEI; IRAVANI; LEHN, 2005). Figure 1.6 shows an individual off-grid
PV system.

The system in Figure 1.6 is composed of a PV power source, a charge controller
that is responsible for controlling the energy accumulated in the storage system (batteries),
thus preventing it from being improperly discharged or charged, a DC-AC Converter or
Inverter that transform Direct Current (DC) input into Alternating Current (AC) output,

and loads.

The base of a PV system connected to the grid (on-grid) is composed of PV

panels and a DC-AC (direct current-alternating current) inverter, which is responsible for
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Figure 1.6 — Off-grid PV system diagram

converting the DC power generated by the panels into AC power. However, due to the
intermittent nature of solar energy, which influences the performance of panels because of
the shading and the influence of temperature (ZAPATA et al., 2019; CHOI et al., 2015), a
DC-DC stage is necessary to apply a Maximum Power Point Tracking (MPPT) technique,
to stabilize the input voltage and extract the maximum power from the PV system (JAIN;
SINGH, 2017; KOURO et al., 2010). In addition, there is the need for this DC-DC stage
even for large-scale applications, and some DC-AC inverters for specific power ranges (up
to 20kW,) already have integrated this stage (CHOI et al., 2015; ZAPATA et al., 2019).

An example of a PV system connected to the grid utility is shown in Figure 1.7.

PV array DC-DC Converter Voltage Source Inverter Filter Grid
q q> q3 R I
R o 1 1 1 M @
R L
|| Cc_— R L
—_—— q: _I 9> _I qs3 _I W @

Figure 1.7 — Scheme of the studied system

In Brazil, the electric energy compensation model for on-grid PV systems was
introduced by the National Electric Energy Agency (ANEEL) through the Normative
Resolution (NR) N°482 of 2012 and updated with the NR N°687 of 2015. This model
suggests a generation of credits for consumer units connected to the distribution network.
Credits are obtained through the injection of excess electrical energy not consumed by the
consumer units, which might be applied to offset the energy consumed from the utility
grid in periods when PV generation is not enough to meet the demand. Furthermore, these

credits are valid for up to 5 years.

1.1.2 PV energy panorama

In the last decades, there has been a considerable increase in investments in

renewable energy driven by the need to diversify electricity generation and the decrease in
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environmental degradation caused by traditional generation based on fossil fuelsthat still
being the principal global source. In 1990, the PV source represented only 0.00076% of
the world’s electrical matrix, as it was during that time that this technology would still
develop. However, there was a huge leap in the contribution of this source in 2019, which
came to represent 2.52% of electricity generation in the world with about 680.952 TWh,
as shown in Figure 1.8 whose graph represents the world electricity matrix in the year of
2019.

27044 TWh

Other sources

Hydro 0,18%

16,01% /

N 5,28%

Solar thermal

0,05% \

10,61%
Solar PV
— 2,52% Biofuels and
0il T waste
2,76% \\\ 2,42%
Geothenﬂgﬂ
0,34%

Figure 1.8 — World electricity matrix in 2019 (Source: (AGENCY, 2022))

Among the forms of renewable sources, solar energy has the greatest potential. PV
generation is one of the most efficient ways to use the energy from the sun. In addition to
being a clean source of energy, PVs promote an increase in the reliability of the electrical
service provided and have the possibility of being used in remote areas (CHOWDHURY;
SAWAB, 1996; JIA et al., 2020; HACHIM; DAHLIOUI; BARHDADI, 2018).

The installed capacity of PV systems is the fastest growing among renewable
energies. And this is a relevant fact that indicates the worldwide concern to diversify the
electrical matrix, which makes the electrical system more reliable and electrical generation
less harmful to the environment. Figure 1.9 shows the installed capacity and additions per
year for PV systems from 2011 to 2021, implying a boost from 70 GW to 942 GW, thus,
an increase of 13.45 times in the installed capacity of PV systems. Also, there is a tendency
to increase capacity year by year, as shown in the graphs, highlighting the last year of
2021, which showed a 24% jump. Furthermore, all continents played a considerable role in
increasing installed capacity, and some countries already have a significant contribution

from PV systems in their electricity matrixes, such as Honduras with 10.7%, Italy with
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8.6%, Greece with 8.3%, Germany with 8.2% and Chile with 8.1%.
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Figure 1.9 — PV installed capacity worldwide and annual additions (Source: (REN21, 2020))

Brazil has an essentially renewable electricity matrix, with hydro as the main one
that corresponds to 55.3% of internal supply (Figure 1.10). Besides, renewable sources
are responsible for 76.8% of the total supply, making the country one of the world leaders
in this segment. At first, these data point to a good situation in Brazil regarding its
electricity generation, which is largely renewable. On the other hand, they also indicate
to a country that usually bases its generation on just one primary source, water, which
in turn is subject to climatic variations, being greatly affected by the scarcity of rain,
which reduces the generation capacity of hydroelectric plants. As a consequence of this
reduction, it is necessary to activate thermoelectric plants, which, in addition to promoting
an increase in energy tariffs, cause an increase in environmental pollution, because they
require the burning of fuels to start operating (SILVEIRA et al., 2018). Therefore, it is
necessary to focus on the use of other renewable energy sources, such as solar and wind

energies, particularly the former, as it has the greatest potential.

Daily, the Sun provides enough energy to the Earth’s atmosphere to supply the entire
planet 10,000 times, making it an inexhaustible alternative energy source (CRESESB, 2008).
This source has enormous potential for use, being able to impact not only environmentally,
but also socially, serving the various communities that are isolated and deprived of
electricity feeding, through the installation of PV systems. Proof of this is the federal
project Luz Para Todos, which already uses this technology and aims to bring electricity
to rural, needy, and isolated communities (GOMES, 2012).

Much of the Brazilian territory takes place near the equator, which makes Brazil
a privileged country, given that this proximity causes minor variation in solar duration
throughout the day (ANEEL). In addition, Brazil stands out for having a high annual
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Figure 1.10 — Brazil electricity matrix in 2021 (Source: (EPE, 2022))

average of global irradiation, which presents good uniformity, with relatively high averages
throughout the Canarian territory. Germany, Spain, Italy, Portugal, and France have one
of the most consolidated PV technology but have lower rates than Brazil, whose solar
irradiation in any region lies within 1,500-2, 500 Wh/m? (MARTINS et al., 2017).

The still small use of solar technology in Brazil becomes even less justifiable when
the favorable conditions for the growth of this source in the country are verified. According
to EPE (2012), in addition to having high levels of solar irradiance, the Brazilian nation
has substantial reserves of quality quartz. This commodity is fundamental to guarantee a
competitive advantage concerning high-purity silicon production and, hence, cells and solar
modules that are high-added value devices. Thus, a massive investment is needed, mainly
in high technology industries, to explore these natural reserves and contribute to the

dissemination of PV systems in the country and its consequent sustainable development.

1.2 THE POWER GRID

The electricity grid in Brazil is divided into generation, transmission, and distribu-
tion. As the name suggests, the first is the initial part of the entire electrical energy cycle,
where the conversion of some form of energy supply (hydro, wind, solar, etc.) to electrical
energy takes place. Transmission is responsible for transporting electricity between gener-
ating plants and distribution, the latter being responsible for bringing electricity to the

final consumer.

According to (ABRADEE, 2021), the electricity distribution grid is mixed with
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the topography of cities, intending to physically connect the transmission system, or even
medium and small generating units, to the final electricity consumers. The connections of

distributed generations occur in this system, including PV solar systems.

Distribution grids are significant for the electrical system as they usually provide
power to the final users. One way to classify these grids is through their operating voltage
levels as follows: low voltage grids if they operate with values up to 1 kV; medium voltage
with operating values between 1 kV and 69 kV; or high voltage if their operating range
comprises 69 kV and 230 kV.

Low and medium voltage systems are easy to observe on streets and avenues
throughout cities, constantly composed of overhead wires supported by wooden backing on
concrete poles, with low voltage wires located at a height lower than the medium voltage
wires. Although they are located in the same structure, it is the low voltage grid that
reaches homes and small businesses/industries, with voltages that can vary between 110
and 440 V. However, medium-sized companies tend to use medium grid voltage as the
energy supplier, and these companies are responsible for converting voltage levels to lower
values, and this is necessary because most equipment that requires electrical energy works

with low voltages (ABRADEE, 2021).

The distribution grids have their origin in the so-called distribution substations
that give rise to another classification, in which these grids can be called primary or
secondary. The primary distribution grids include those that operate at medium voltage,
for example, this voltage is 13.8 kV in the State of Paraiba in Brazil. In this way, step-down
transformers are equipment responsible for lowering the voltage of the primary grids, and
from them originate the secondary grids, whose voltage operation is 380 V in Paraiba. Also,

this voltage is ideal for small consumers of electricity and they are called the end-users.

1.2.1 Balanced Power grid

Electric power systems are supplied by three-phase generators, which are normally
composed of a rotating magnet (known as rotor) surrounded by a fixed winding (called a
stator). Three coils with three pairs of terminals (called 1-1°, 2-2’, and 3-3’) are attached
in this stator with a physical separation of 120°. According to the rotation of the rotor, its
magnetic field “cuts” the flux of the three coils, which causes the appearance of induced
voltages in them. These voltages (Figure 1.11) have identical magnitudes, but as the
coils present a separation of 120°, they will also manifest this phase shift (ALEXANDER,;
SADIKU, 2013).

The voltages in Figure 1.11, Vy,,, V5, and V3, are called phase voltages, as they
represent the voltage between lines 1, 2, and 3 and the grid neutral. Thus, if the sources

have the same amplitude, frequency, and 120°phase shift, the voltages are said to be

balanced (NAHVI; EDMINISTER, 2014).
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Figure 1.11 — Induced voltages with 120°of phase shift (Source: Adapted from (ALEXANDER;
SADIKU, 2013))

Due to this phase shift, there are two possible scenarios. The first refers to the 123
sequence or positive sequence, in which the voltage Vi, peaks first, followed by the voltage

Vs, and, finally, V3,,. This sequence can be expressed mathematically as

Vin = Epsin(wst — ¢) (1.1)
Von, = Epsin(wst — ¢ — 120°) (1.2)
Vs, = Epsin(wst — ¢ + 120°) (1.3)

where F), is peak value, w, is the angular frequency related to the grid frequency by

ws = 27 fs, t is the time and ¢ is the initial angular phase.

The second scenario occurs when the voltage V3, is ahead of V5, which, in turn,
is ahead of Vj,. This is the so-called 132 sequence or negative sequence, which can be

expressed mathematically as

Vin = Epsin(wst — ¢) (1.4)
Vs = Epsin(wst — ¢ — 120°) (1.5)
Van = Epsin(wst — ¢ + 120°) (1.6)

In addition to voltage sources, a typical three-phase electrical system consists of
loads connected by three or four wires, or transmission lines. So, for total balance between
the phases to occur, these loads must also balanced each other, i.e., they must present the

same impedance in magnitude and phase.

1.2.2 Unbalanced power grid

The three-phase grid is said to be unbalanced when the voltages or currents of
its phases have different magnitudes from each other or do not have a 120° phase shift,
while the causes may vary according to the system topology and the load connected on it
(PEREIRA, 2015).
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Electrical systems are also subject to several types of faults, including: single-phase
(line-to-ground), two-phase (line-to-line or line-line-to-ground) and three-phase (three-
phase-to-ground), which lead to different types of voltage drop, that is, to grid unbalance
(BOLLEN; OLGUIN; MARTINS, 2005).

The work of (BOLLEN; ZHANG, 2003) shows a classification to represent seven
types of voltage sags, called A, B, C, D, E, F, and G, which are related to different faults
in the electrical grid. Their complex expressions of the phase voltages are shown in Table
1.1.V represents the voltage during the fault, and E represents the complex pre-fault

voltage.

Table 1.1 — Seven types of voltage sags caused by faults

Type Vv, V, Vs
A % Ly ety Lo ivaiy
2" IV, 9" TIVIy
B 7 Yi_v3iE Y54 iv3lE
g™ IV, gt TIVIY
c B Y N
2" "IV, " TIVI,
D 7 kv LB jvaly
9™ TV, g TIVIy
B I3 N N
g’ IV, g TIVIy
B 1 1= 1. 1. 1~ 1.
F 1% SV iVBEE+ V) —V 4+ VB E+ SV
gV —IVBGE+ V) —3VH+iV3EE+ V)
2+ 1o 1= 1. 1. 1- 12 12
G Z(E+V _SE_V_jiV3-V —E—-V+iV3-V
37713 3P gV — V33 3P — gV TiV33

The consequences of operating with an unbalanced three-phase grid can manifest in
different ways, especially through the inadequate performance of systems and equipment,
resulting, for example, in service blackout, and through the degradation of the power used
in the conversion of electromechanical processes. Therefore, unbalances directly affect the
operating costs of electrical systems and electronic equipment, being capable of causing
extensive financial losses due to equipment burning, increased losses, and service stops.
Electric motors are the first equipment to feel the electrical grid unbalances, due to
their sensitivity to the negative sequence component of the current that arises with the
unbalance. The application of unbalanced phase voltages at the terminals of a three-phase
motor gives rise to the emergence of additional negative sequence currents in the motor,
increasing temperature and, therefore, an increase in losses (TEODORO, 2005; BIRICIK
et al., 2019; ANWARI; HIENDRO, 2010).
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1.2.3 Symmetrical components

According to Fortescue’s theorem, any unbalanced three-phase phasors of a three-
phase system can be decomposed into three symmetrical phasor systems. The sets of
components are (STEVENSON and GRAINGER, 1994):

» Positive sequence components: consists of three phasors that have the same magni-
tude, with an angular shift of 120° to each other, and have the same phase sequence

as the original phasors;

o Negative sequence components: they are three phasors that have the same magnitude,
are 120° out of phase between each other, and have a phase sequence opposite to

that of the original phasors;

o Zero sequence components: includes three phasors that have the same magnitude

and do not have a phase shift between them.

The symmetrical components of a generic unbalanced three-phase system are shown

in Figure 1.12.

Unbalanced system = Positive sequence —+ Negative sequence -+  Zero sequence
3
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V3 V0 QB
I 0 w
_ V2 o
1 — 1 + 1 + //'./‘ V3
V2

2

Figure 1.12 — Symmetrical components of an unbalanced three-phase system (Source: Adapted
from (ALEXANDER; SADIKU, 2013))

One way to represent the symmetrical components (voltage, current) of an unbal-

anced three-phase system is expressed in equation (1.7), as follows

U1 oo
_ _ .t —-n on
Vigz3 = | V2 | = Z = Uyg3 T Vg3 + V13 (1‘7)
n=1
U3

where +n, —n, and On represent, respectively, the positive, negative, and zero sequence
components of the nth harmonic of the voltage phasor v. This work takes into account
only the fundamental frequency (n=1), so the symmetrical components in this frequency
received the following designations: V' for the positive, V= for the negative, and V' for

zero component. Current phasors are represented in the same way as voltages.
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Since the original unbalanced phasors can be decompounded as the sum of their
symmetrical components, as can be seen in equation (1.7), we will have the following

expressions representing each phase at the fundamental frequency

v=W+Vr+V (1.8)
vy =Vy + Vot +Vy (1.9)
vy = V3 + V5t + Vo (1.10)

It is possible to arrive at a transformation relation through expressions 1, 2, and
3 with the aid of a transformation matrix designated here as [F]. This transformation
permits obtaining the components in coordinate 123 from the symmetrical components

and vice versa. Here is the relationship, in matrix form, based on Fortescue’s theorem

(STEVENSON and GRAINGER, 1994):

U1 ‘/10
vigg = | vy | = [F]| VT (1.11)
U3 Vi
and the inverse transformation is
V10 U1
VP = v | = [FTH | v (1.12)
Vio U3
where
1 1 1
[Fl=11 o « (1.13)
1 a o?
) 1 1 1
[F]™ = 3|1« a? (1.14)
1 o «

and a = /% or 1/120° (magnitude and angular phase).

1.3 LITERATURE REVIEW

The ideal operation for the low voltage electrical grid would be with the three
phases that compose it fully balanced, as this balance would guarantee better efficiency
for the electrical system. However, this does not practically happen since the electrical
grid presents unbalance arising from some reasons, like the unequal allocation of loads in
the phases and electrical faults (CASTILLA et al., 2010; RODRIGUEZ et al., 2012). So,
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this unbalance can lead to line losses and reduce the efficiency of the electrical system in
general. In addition, it reduces the useful life of electrical equipment, such as electrical
machines that suffer from torque oscillation and heating due to the appearance of negative
sequence components of the current, which increase losses (BIRICIK et al., 2019; ANWARI;
HIENDRO, 2010). Therefore, it is necessary to pay attention to how distributed generation
systems, such as PVs, are inserted into the grid, using adequate control systems to ensure

good quality power injection.

One of the components of the PV system studied is a three phase inverter for
energy conversion, being the focus of control strategies that try to regulate the currents
injected into the grid. In this way, in the literature, it is possible to find several techniques
used in the control of voltage source inverters (VSI) connected to the grid, where two
segments stand out: direct power control (DPC) and current control (FILHO et al., 2009).

The DPC segment is characterized by carrying out the control through the power
directly, as its name suggests. It uses active and reactive powers as state variables,
activating the converter switches to track the desired power signals (NOGUCHI et al.,
1998). However, this definition is for the root technique, which presented issues, such as
the changing frequency that makes it difficult to parameterize the output filter. In this
sense, a solution was given by (MALINOWSKI; JASINSKI; KAZMIERKOWSKI, 2004),
who applied spatial vector modulation together with the DPC, which made it possible to
apply a fixed switching frequency, and the technique was named DPC-SVM.

Another method applied together with the DPC is the predictive model, which
uses a system model to predict future actions of the control variables while depending
on the desired goal, the future information obtained is used to designate the controller’s
action (OLIVEIRA, 2019). Furthermore, the predictive model acts by minimizing cost
functions that characterize the desired behavior for the system under analysis. The work
developed by (VAZQUEZ et al., 2017) demonstrates the most used models for this type of

controller.

Many of the interconnections of the converters to the electrical grid have the
characteristic that their control is generally formed by two cascade control loops, one
external for the DC-link voltage control and the other internal for the current control. In this
way, among the types of current control, the ones that use the dq control in the synchronous
reference of the mains voltage and stationary stand out. The difference between them
lies in the properties of the originated signals through Clarke’s transformation, where the
synchronous frame produces two constant signals and the stationary frame two oscillating
signals. The application of PI-type controllers in the first one is possible, as they guarantee
zero error in steady-state for DC signals. The second is not possible, as the PI ends up
producing a non-zero error in the steady-state for oscillating signals (PARVEZ et al.,
2016).
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Another current control technique considered one of the easiest methods to apply is
hysteresis current control. This control, in essence, does not require any PWM modulation
approach once the switches states of the converter are determined through the error
generated by the difference between the reference and the measured current. Then, this
error is compared with a defined tolerance band of hysteresis (RAHIM; SELVARAJ;
KRISMADINATA, 2007). On the other hand, the control underwent modifications over
time to enhance its performance by combining it with other tools. Some works, such as
those seen in (DAI; CHAO, 2009; MERALI et al., 2016; KANG; LIAW, 2001; SUUL et al.,
2011), demonstrate few applications of this type of control. In addition, there are also works
related to current control with the predictive control model, such as in (ZANCHETTA et
al., 2011; RODRIGUEZ et al., 2004; KOURO et al., 2009).

A method widely used in control systems for the connection of distributed generation
to the power grid is the Synchronous Reference Frame (SRF), commonly called dg frame
(BLAABJERG et al., 2006), and called conventional strategy in this paper. Figure 1.13
shows the structure used in the SRF control strategy. However, this type of control does
not work well in adverse grid situations, that is, in cases of the appearance of unbalances
(TIMBUS et al., 2005). To fill this gap, the work in (SONG; NAM, 1999) presents the
Double Synchronous Reference Frame (DSRF'), which performs the control through the
positive and negative sequence components of electrical quantities. In both cases, it is
possible to use PI controllers, due to the use of the dg reference frame that transforms the

alternating quantities into constants.

_l Udc Udi — }—‘

Udc* : id* T
_><:>__. DC-link| ,( ) » PI Ud
controller| + controller

— @
o Modulation
id] ™ (s Ua T

and Ub Grid
PWM ia [iblic —_Uc V]

iq\ S A Al AR
_ | e .
% i bc 0 0 abc
Q 9" N AP ugt + P~
cont?oller* controller > (fb dgq dgq
- +
Q Uq id' iq Udl qu

Figure 1.13 — Control structure of the SRF (Source: (BLAABJERG et al., 2006))

If the electrical grid is under unbalanced effects, the renewable energy sources
connected to this grid can help reduce these abnormalities. With this in mind, some
studies use the control technique based on DSRF (Double Synchronous Reference Frame)
to regulate the negative and positive sequence components of the current injected by the
inverter. Focusing on verifying the operation of the control technique, the author (Li-Jun
et al., 2015) uses the DSRF structure and a DSOGI (Double Second Order Generalized
Integrator) structure to eliminate active power oscillations. However, the work is limited

to just this possibility of control, not taking into account the others, which would be the
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elimination of reactive power oscillations and injection of balanced currents. Increasing
the number of control strategies usage, (Giinther; Bendrat; Sourkounis, 2019) performs a
small comparison between the results of the electrical quantities of the grid and coupling
inverter, also using the control strategy that tries to reduce the oscillations of reactive
power, in addition to a strategy without DSRF. However, it also comes up against the
limitation of control strategies usage, in addition to performing the simulations only for

one fault scenario.

Furthermore, the ability of these renewable sources to help with voltage levels
during a grid surge is shown in (Khan et al., 2017), especially in the case of low voltage.
The author performs the analysis for different types of faults but focuses only on the
application of DSRF to reduce active power oscillations. Similar to the previous work, (Lin
et al., 2018) carries out studies on the use of a specific distributed generation system with
a coupling inverter, the PV. The author makes simulations for different fault scenarios but
focuses on eliminating the negative sequence components of the current that arise with
unbalances caused by electrical faults. (WIJNHOVEN; DECONINCK, 2013) makes an
analysis of several fault scenarios for a distributed generation system connected to the
grid through an inverter using the DSRF structure but does not use any of the possible
strategies. Other works using the DSRF scheme are seen in (SEN; SHARMA; BABU,
2012; Kandpal; Hussain; Singh, 2015; YU; HU, 2019).

In addition to active power injection, the distributed generation system (such as
PV) can also be designed to perform auxiliary services, such as reactive power injection.
This service is capable, among other things, of allowing the correction of the power factor
at a desired point in the electrical grid. In addition, these auxiliary DG services help to
reduce the impact on the electricity grid caused by the high insertion of DG itself and the
natural growth of the electricity grid (HASHMI et al., 2020). In this sense, the control
system in (KHAN et al., 2020) also aims to amortize the active power fluctuations of a
PV system connected to the grid through the DSRF. Such analysis focuses on helping
the power grid under low voltage due to some electrical faults. In addition, it also injects
reactive power, which is a type of auxiliary service. Again, there is a lack of use of the

other control strategies for comparison purposes.

Therefore, this work presents and compares three control approaches to control a
PV system connected to the three-phase grid based on DSRF: elimination of the negative
sequence component of the current, mitigation of oscillations in active power, and reactive
power. The mathematical model of the system is presented, and the DSRF control is
described. In addition, computer simulations are performed to validate the operation of
each control strategy in a voltage unbalance scenario in the three-phase grid. Two voltage
sags resulting from electrical faults are considered in the simulations, in addition to the

unequal allocation of loads in the three phases of the grid. For comparison purposes,
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two indices are taken to analyze the performance of the PV system running each of the

strategies, being the line losses and the voltage unbalance factor.

Thus, the main contributions of the work are:

o Use of a 7-bus electrical grid that is closer to what is found materially;

» Application of the three control strategies to the PV system, which are: elimination
of negative sequence components of the injected current, reduction of active and

reactive power oscillations;

e PV system connection at different points in the grid to compare the effects of this

system on the grid;

» Use of two indices to compare the control strategies applied to the PV system, which

are line losses and grid voltage unbalances.

1.4 WORK ORGANIZATION

In addition to this Introduction chapter, this work has four other chapters divided

into:

Chapter 2: System Model - this chapter presents the mathematical model of the
studied system for a balanced and unbalanced power grid, including an analysis in the
synchronous reference frame. Also, it shows the PV model and MPPT technique applied
in the PV array.

Chapter 3: Control System - this chapter shows the build of the overall control
structure adopted in this work, which includes the development of root equations for the

control strategies based on the DSRF and the analysis of control loops.

Chapter 4: Simulation Results - in this chapter, simulations are performed to

validate the proposed strategies for the PV system.

Chapter 5: Simplified Model - in this chapter, the simplified model is presented

together with a line loss and unbalance factor analysis.

Chapter 6: Conclusions - in this chapter, the general conclusions, and proposals for

the continuity of the work are presented.
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2 SYSTEM MODEL

2.1 INTRODUCTION

In this Chapter, the mathematical model of the on-grid photovoltaic system and
the development of the base for the control strategies will be presented. The foundation
for these strategies came from a set of equations that relates voltages and currents through
the PV system when it is inserted in an unbalanced three-phase grid, also taking into
account the unbalance effects upon the active and reactive powers. Besides, the model of
a PV module and the MPPT technique are shown.

2.2 ON-GRID PV SYSTEM MODEL

The PV system analyzed is shown in Figure 2.1 and it includes a PV array, DC-DC

stage, inverter, filter inverter, and the three-phase power grid that is balanced for the first

analysis.
PV array Boost converter Inverter
q 17‘ @ 927‘ @ Q37‘ @ Filter Grid
: e
L] C ::t c ll,; + Ry L gl
€1 S i
—c, @: 0 ¢ Y o
i c— ] ey
QL‘ K} Q27‘ K} 6737‘ K}

Figure 2.1 — Scheme of the studied system

Observing the AC side of the inverter in the Figure 2.1, that is, the grid side, and
applying Kirchoff’s Voltage Law (KVL), it obtain the following equations for the voltages

diy

€91 = Vc10 — Ugo — ZlRf — Lfa (21)
. di

€92 = V20 — Ugo — ZQRf — Lfdij (22)
. di

€g3 = VUe30 — Ugo — Zng — Lfdit?) (23)

where ve10, Ve20 and ve3p are the pole voltages, vy is the voltage between the middle point
of the DC-link and the center point of the grid, i1, 72 and i3 are the currents injected

by the inverter into the grid, Ly is the filter inductance and Ry would be its resistance.
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Furthermore, the following simplification is made

Ucl = Vel0 — Ygo (2.4)
Vea = Ve20 — Ugo (2.5)
Ve3 = Ve30 — Ugo (2.6)

Now, replacing the expressions (2.4), (2.5), and (2.6) in (2.1), (2.2), and (2.3), the

voltage expressions are given by

€g1 = Ve1 — ilRf - Lf% (27)
. di

€g2 = VU2 — lng - Lfditg (28)
4 di

€93 = Ue3 — 13Rf - Lf?; (29)

Finally, these voltage expressions can be written in matrix form, as follows

_ _ - —  — diys
€g123 = Uc123 — ZlQSRf - Lf d

(2.10)
where the dash over quantities represents matrix form.

2.2.1 dq0 model

It is known that any electrical quantity in the natural reference 123 can be written
in dq0 coordinates through the Park’s transformation, and this is an essential tool since
the control system in this work is based on the dq synchronous reference frame. This
transformation simplifies the control, which now regulates only two constant quantities,
and enables the use of PI controllers that guarantee zero steady-state error for constant
quantities. This way, the relation between an electrical quantity in dqO and 123 reference

frame is given by

quo == Fgflgg (211)

where the Tio3 = [11 x2 x3)7 and Tay = 19 x4 2,7 are the vectors for the 123 and dq0
variables, respectively; the g superscript is for generic reference; and P? is the matrix used

to perform the Park’s transformation and whose expression is

5 cos(dy)  cos(dy— ) cos(d, — )
P = \/; —sin(d,) —sin(d, — &) —sin(f, — &) (2.12)

where 9, is the initial angle.
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An important property of the P, matrix must be highlighted that it is orthogonal,

thus implying equality between its inverse and transposed matrix.
Multiplying both sides of the expression (2.10) by (2.12) results in

diyo3

Fgég123 = P10 — Fggusﬁf - ngf o

(2.13)

The identity matrix has necessary properties, and some are used here. The first
is the multiplication of a matrix by the identity matrix of the same order culminates in
the multiplied matrix itself. And the other is the multiplication of a matrix by its inverse
results in the identity matrix. Thus, applying these two properties in expression (2.13),
the following expression appears

—1
D =959 S 77d?9 PQ*-
Pgégm?) = PP’ 1ngc123 - PngPg 1]392'123 - PgLfT2123 —

—1
- B = g dP? W,
€qu0 = Ugdqo - quORf - PgLqu (214)

Applying the derivative multiplication property in the expression (2.14) gives the

following result

=9 g+ d ! g 959 dgflqo
egqu - Ucqu quORf P Lf quO PP L
d dt
P di
_ — 9 5 7 PpI =g - 0
eidqo = Ugdq() - 1dquf — LyP 7%0 — Ly dtq (2.15)

Now, looking deeply into expression (2.15), it is possible to perform a manipulation

on a specific multiplication term to simplify the expression, as follows

et (000 00 O
0 L2 0 0 w, O

Replacing the expression (2.16) in (2.15), the result is

e — = _ i
—q =g =g — =g qu
egqu = Uedqo — quORf - wagldqo - Lf dt

(2.17)

where w, is the angular frequency.
When expanding the matrix expression (2.17), the result obtained is
€40 Ve0 Rf 0 0 ?:0 Lf 0 0 0 0 0 ’io

€gd| = |Ved| — 0 Rf 0 id — 10 Lf 0 0 O —Wy id
” Veg 0 0 Ryl |ig 0 0 Lgl|0 w, 0 |]i
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Ly 0 0] i
- L — |ta| —
0 f 0 dt 1d
0 0 L iy
el  [vo] [Ry 0 o |li] [2;, 0 o Lo
€gd| = |Ved| — 0 Rf —ngf id - 0 Lf 0 % id (218)
€gq Ueq 0 ngf Rf iq 0 0 Lf ’iq

The expression for homopolar symmetric component of the voltage can be extracted

from the result achieved in (2.18), as follows

dif
dt

eio = vip — Ryig — Ly

(2.19)
Taking into account that a three-wire system is being used, the homopolar compo-
nent expressed by (2.19) will be null. In addition, the matrix expression given by (2.18)

will be reduced to

63(] qu ngf Rf Zg 0 Lf dt ZZ

And finally, the voltage expressions in the dg coordinates in the generic frame will

be given by
g g " ” dif
€ga = Vg — Ryig + wyLyig — Lf—dt (2.21)
9 9 9 g dig
e, = vi, — Ryt —wy Lpig— Ly o (2.22)

The quantities studied so far can be written in vector form, according to the
following rule
19 = —=(x + jx9) (2.23)

V2

Hence, the voltage expressions in (2.21) and (2.22) can be written as follows

di?

= (2.24)

egd +jegq = 5;’ = _::g — Rfig — ngLfig — Lf

From now on, the reference frames will be changed to grid voltage frequency and
the stationary frames. In the voltage synchronous reference frame, the axis d is aligned
with axis 1 of the voltage, which implies that the frequency w, becomes the grid frequency

ws, and the index g is substituted by e. Therefore, the expression (2.24) becomes

. . di®
¢ =0° — Ri® — jwgLi® — Ly— 2.25
€y = U, £1° — jwsLyi I (2.25)
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The same procedure can be done in the stationary reference frame dgs, where the
d axis aligns with the stationary axis, making ¢, and w, null. Furthermore, by replacing
the index g with s, the expression (2.24) now can be written as follows
di®

&5 =0 —Ryi* — Li—

g

(2.26)

Starting now for power analysis on the AC side, it is known that the complex power
can be expressed as a function of voltage and current in the stationary frame (NILSSON;
RIEDEL, 2008), as follows

Sac = 2857 (2.27)

where S4¢ is the complex power, and the superscript * indicates the complex conjugate of
the quantity.

Using the vector form given by expression (2.23), the complex power (2.27) can be

rewritten as a fuction of the voltage and current conjugate
1 S - S 1 ~S : S S . S S * S
Sac = 2@(% + ]eq)ﬁ(zd — Jig) = (ej + jeg)(ig — jiz) —

_ S8 > S,S > S,8 S;8
Sac = eglg — Jegiy + jegiq + ety —

Sac = (egig + eyip) + jlegig — egiy) (2.28)

It is known that the complex power S, is the vector sum of the active power and

reactive power, whose expression is
Sac = Pac + jQac (2.29)

Comparing the expression (2.29) with (2.28), it is possible to obtain the following

relations for active and reactive power

Qac = —ef’iiz + e;lz (2.31)

2.2.2 Model with unbalance

Unbalances among the phases of three-phase three-wire systems give rise to the
positive and negative sequence components of current and voltage, thus implying the need

for an analysis of the system when such a situation occurs.

Considering expression (2.24) and symmetrical negative component of the electrical
quantities that appear in the presence of unbalances, it is possible to write the voltage
expression in the synchronous reference frame of the grid voltage as shown below

di et

el =0t — Rpi®t — jwsLyi®T — Ly pr

g

(2.32)
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e— e— se— . ‘e— di®”
e, =vs — Rpi® + jwsLyi® — Ly 7 (2.33)
where the "+" and "—" superscript signals represent the positive and negative sequence,

respectively.

Now, the stationary reference frame will be used because a quantity in this reference

can be expressed as a sum of its symmetrical components, hence

Ty = x4 ) (2.34)

The analysis is being carried out on the positive and negative axis of the reference
frames. That said, a quantity in the positive synchronous frame can be decomposed into a
sum of the dg components in the stationary frame. Figure 2.2 shows the mentioned axis
relation.

s+

q° )|

d*’

> dS+

Figure 2.2 — Synchronous and Stationary axis of positive sequence

From Figure 2.2, it can be seen that the generic quantity in the synchronous frame

of axis positive d can be written as follow

x5 =z cos(dy) + 2" sin(d) (2.35)

and the ¢ sychronous positive component is

xet = x3" cos(d,) — " sin(dy) (2.36)
The same vector form will be used to write the positive components, as shown

below .
ch+ = ﬁ(x? + ijJr) (2.37)

Replacing expressions (2.35) and (2.36) in (2.37), the result is

e+

1
V2

Lot — 1 {(a5" + ja;") [cos(d,) — jsin(ds)]} —

Ve

T (25" cos(0s) + ;" sin(ds) + ja " cos(d,) — jay" sin(d,)] —
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ret = x)t e 90 (2.38)

Multiplying both sides of the expression (2.38) by e/% gives

ro" =gt g0 (2.39)

Now, the same analysis can be done regarding negative coordinates through Figure

2.3.
qt
q-
X(;"
>ds
(S,
CXd N\
_qS-; de-

Figure 2.3 — Synchronous and stationary axis of negative sequence

From Figure 2.3, it is noticed that the generic quantity in the d coordinate for the

negative sequence can be written as

xg =y cos(ds) — x, sin(d,) (2.40)

and the same quantity for the ¢ coordinate is

ry = wy cos(ds) + xy sin(d) (2.41)

The vector form of the quantity in the negative reference synchronous is

1 e
vy = —=(xg +jay) (2.42)

V2
Replacing expressions (2.40) and (2.41) in (2.42), the result is

e—

Ty = \}E[:EZ_ cos(0s) — x; sin(ds) + jx; cos(ds) + jry sin(ds)] —

q

Ty = j§{<xz- + ;) [cos(ds) + jsin(d)]} —
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Ty =y eJ0s (2.43)
Thus,
Ty =Ty e~J0s (2.44)

Now, the relation between a quantity in stationary frame and its symmetrical
components given by the expression (2.34) will be applied in the complex power expression

(2.27), which gives the following result

_ s+ s—\ (;5+* -s—*
Sac =2(ey," +e; ) (1,7 +iy ) —

g g
Sac =2[ey iy +eptin ey iyt +ey i | (2.45)

As shown, a quantity in the stationary frame can be written in the positive and
negative synchronous frame, following the relations given by (2.39) and (2.44). Therefore,
the expression (2.45) of the complex power will be

Sac = 2[(egte’™) (i

g g g g g

o e+ e+* 0 et e—* 2505 e—qet+* —250s e—:e—* 0
SAC—Qeg iy e+ 2ep iy e +2e i e +2e; 1, € —

_ e+ e+* e+ e—* 258, e— e+* —2585 e— e—*
Sac = 2e5 1" + 2e iy e + 2e7icT e + 2e5 i (2.46)

Each multiplication term of the expression (2.46) will be developed separately to
simplify the calculations. In this way, the positive-sequence terms are analyzed firstly,
hence,

et e * 1 e - e 1 ‘e - e
265]Jr gJr =2 ﬁ( g:lr +J€g;)ﬁ(lgzg - ng;) —
26e+ -e4-* e+ e+ e+ e+ e+ e+ + eeJr -e+

gty T Cgdlyd _jegdzgq +-7€gq gd 99 Ygq (2‘47)

Then, the negative sequence term

em o N 7
2e; iy = 2E(egd —|—jegq)ﬁ(zgd — Jigg) —
2651 = elgity — Jelgity + jei ity + b ity (2.48)

—256

The terms of expression (2.46) multiplicated by %% and e~2% are the power

terms that oscillate with twice the grid frequency, i.e., 2w,. And now, these terms will be

analyzed, as follows

e+ e—* 1 e - e 1 .e— . e— i
26;29 e =2 ( gilr + jegjzr) (ng — Jlgq )62355
V2 V2

e+ e—* 2j0s __ (et e e+ e— e+ ce— e+ e 236
2e5 iy €% = (€oqign — J€ataq T JCaqigd T Coqlag )€ (2.49)

R e e e e e e
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And the last term of (2.46),

e otk 95 r . .1 . et 278,
269 2g+ e 250 — 2%(69(1 +]€gq)ﬁ(lgj _jlg;_)e 256, —
2e§_iz+*e_2j5s = (e;g gi — J€adiog +j€gq gd + €5, gq)e_Qjé (2.50)

The expressions (2.49) and (2.50) will be devolped by applying the Euler identity
el = cos(0) + jsin(f) along the replacement of §, by wst. Hence, the expression (2.49)

becomes

eg+ ;—*62155 = (egjigd — ]egg jog T+ ]egj; iod T egj > )[cos(2wgt) + 7 sin(2wgt)] (2.51)

and now the expression (2.50) becomes

eg’i;Jr*e’Qj‘SS = (€oaioy — JCoqlon + J€ogtoq 1 €gqigs )[cos(2wst) — jsin(2wyt)]  (2.52)

Replacing the expressions (2.47), (2.48), (2.51), and (2.52) in the complex expression
(2.46) gives the following result

e+ e+ e+ e+ e—
Sac = €gdlgd T €gqlgq T egd gd + 8gq 9q

+ COS(QWS )( Zjl— gd + 6;;_ Zq + egd gd + egq gq)

: et e— et e+ re—
+ sin(2wst) (eficy — €oqios — €biicg + € icy)

; e+ e+ e+ e+
+ jl—€oaig, +e — €oaly, + €olod

ga tgd
+ co8(2wst) (—€5g e, + €gaiog — €oqir + €5 ior)
+ sin(2wst) (g iog + €oalog — €oqlog — €oqloa )] (2.53)

Looking to the expression in (2.53), it is noted real and imaginary components that are
related to the active and reactive powers, respectively. Therefore, it can be split into

different expressions, one set is for active and other for the reactive power, as shown below

o Active power

— eftset et et -
PAC—C = egd gd —+ Ggq 9q —+ ng gd -+ 6gq gq (254)
. e+ ce—
Pac—cos = gd gd T egqlyg T egd gd + egq gq (2.55)
R e+ e— e+ e+ -e— e+
Pac—sin = €gd tgq 6gd qu €gqlga T egq gd (2.56)
o Reactive power
. e+ e+ e+ e+ e— e—
QAC*C - _6gdZ + 6gq gd 6gdZ q T 6gq gd (257)
o e+ -e— e+ ce— e+ e+
QAC—cos = —€gqly, + € ioq — €yio, +€g icd (2.58)

_ et .e— e+ -e— e— e+ e— e+
Qac—sin = €qqlgq + €gqlgq — €galgd ~ €gqlgq (2.59)
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By analysing the power expressions, it is noted that Psc_¢ and Qac_¢ are the
constant power terms, while Pac_cos, Pac—sin, QAC—cos and Q ac_sin are the power terms
that oscillate at twice the voltage frequency (2wy). If there are no unbalances in the system,
these oscillating components will be null, considering that the negative sequence terms will
not exist. Besides, this set of expressions are the basis for the control strategies adoped in
this work as they originate the expressions for the current references of the photovoltaic

system.

2.3 PV MODEL

The identification of a photovoltaic module usually takes place through the peak
power (W) determined under standard test conditions (STC). These conditions are specific
to the module tests in the laboratory and are set as follows: 1000 W /m? for solar irradiance
and 25 °C for cell temperature. Other parameters obtained through these tests are the
open-circuit voltage (V,.) obtained by measuring the disconnected module terminals, and
the short-circuit current (Ig5c) measured by short-circuiting the module terminals (XIAO;
DUNFORD; CAPEL, 2004).

The equivalent circuit of an ideal PV cell is shown in Figure 2.4, and according to
(RAUSCHENBACH, 1980) its mathematical model is given by the following expression

[=Ipy — I {e((%) _ 1] (2.60)

where Ipy is the photovoltaic current, [, is the cell’s saturation current, ¢ is the elec-
tron charge whose value is 1.602176462107*° C, V and I are the terminal voltage and
current, « is the diode ideality constant, K is the Boltzmann constant whose value is
1.3806503210723 J /K, and T is the temperature in the p-n junction given in K.

I 1

w(]) Sz 7

Figure 2.4 — Equivalent circuit of an ideal photovoltaic cell

However, the expression (2.60) does not represent a practical PV module composed
of photovoltaic cells connected in series or parallel to achieve the desired power and voltage.
Besides, these connections consequently form small resistances that represent losses in the
module. Thus, Figure 2.5 shows the equivalent circuit of a practical PV module, and its
expression that describes the I-V characteristics of the photovoltaic module is shown in

(2.61) (ViLLALva; Gazoul, FiLao, 2009).
I I
V+Rs>_1}_V+Rs (2.61)

I =1Ipy — 1
rv 0|:6< V;CL Rsh
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where V; = NyKT'/q is the thermal voltage with Ng cells connected in series, Ipy and I,
are the photovoltaic and saturation currents, R, is the equivalent parallel resistance and
models the leakage current, and Ry is the equivalent series resistance and represent the

losses due to the current flow and electrical connections.
R
1, ! —

B 1
]PV<> N Rsh V

Figure 2.5 — Photovoltaic module’s equivalent circuit

S

An essential characteristic of photovoltaic modules is their Current-Voltage (I-
V) curves obtained through the expression (2.61), and they are important because the
modelling is obtaining those curves. An I-V curve is shown in Figure 2.6, and some points
must be highlighted, such as Vj;p and I;p that originate the maximum power point
(MPP), the open circuit voltage (V,0), and the short-circuit current (0,/s¢).

I+

(0,150
(VMP’IMP)
MPP

V) "V

Figure 2.6 — Characteristic I-V curve

The photovoltaic system used in this work is composed of a boost DC-DC converter
and a three-phase DC-AC inverter and has the nominal capacity to supply 20kW,,. The
photovoltaic array has 50 panels in total, with five panels being connected in series to form
a string, while there is a parallel connection of ten of these strings. Also, each photovoltaic
panel can supply up to 400 W, individually, and the model chosen to obtain the electrical
parameters was the OSDA ODA400-36-MH. The main features of the PV system can be
seen in Table 2.1, where the DC-link voltage parameter is for the voltage after the boost

converter..
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Table 2.1 — PV system parameters

Parameters Value
Panels per string D
Number of strings 10
Panel rated power 400 W,
Array rated power 20kW,,

DC-link voltage 1200 V
Boost switching frequency | 10 kHz

2.4 MPPT TECHNIQUE

The photovoltaic system used in this work is connected to the electrical grid,
requiring the application of power converters. These converters have two essential functions:
the first one relates to the increase in the voltage generated by the photovoltaic array,
which is generally not enough for the correct functioning of the DC-link, while the second
function is related to the power conversion for the connection to the AC grid (KJAER,;
PEDERSEN; BLAABJERG, 2002).

In two-stage photovoltaic systems composed of a DC-DC stage followed by a
DC-AC stage, it is customary to adopt the boost converter to carry out the PV array’s
input voltage increase, and also in addition to employing the maximum power point
tracking technique to operate at its maximum efficiency. In a PV generation, temperature
and irradiance variation affect its performance, reflecting on the power delivered to the
electrical grid, and thus, the MPPT is used to maintain the operation at maximum power
even when there are input changes. That said, the DC link voltage is generally set in a
fixed point and the MPPT is responsible for controlling the input voltage levels of the
array by modifying the converter’s duty cycle, which checks whether there is a decrease or
increase in the power delivered to the grid (FEMIA et al., 2005; ROCHA, 2015).

There are several methods for MPPT, among which Perturb and Observe (P&O)
stand out, being the most common to be used. This method stands out because of its
simplicity of implementation, as there is no need for studies on temperature or irradiance
or the use of databases. Also, the method’s simplicity implies greater versatility and
cheaper implementation than other methods since there is no need to apply sensors other
than voltage and current. Its operation consists of maintaining the operating point of
the photovoltaic array around the maximum power point through iterations and power
analysis (BRITO et al., 2012; VERMA et al., 2016; SUBUDHI; PRADHAN, 2012; ESRAM;
CHAPMAN, 2007).

The traditional P&O algorithm works with a fixed disturbance applied to the
output voltage terminal of the photovoltaic array, and the response provoked in the power
is observed. In this way, the operating point of the panels is heading towards the MPP, if

the voltage disturbance in a given direction implies an increase in the measured power of
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the photovoltaic panels, requiring that the next disturbance occurs in the same direction.
However, if the voltage disturbance gives rise to power decrease indicates that the MPP is
moving away, thus requiring the next disturbance direction must be reversed. This process
is to ensure that the system operates around the point dV/dP = 0 (VERMA et al., 2016;
HUA; SHEN, 1998).

The flowchart of the algorithm for the P&O MPPT technique can be seen in
Figure 2.7. The first step of this algorithm consists in reading the input current /(j) and
voltage V(j) of the PV array, which in turn are used to calculate the currently active
power P(j). Besides, the differential terms for voltage and power, which are called dV/
and dP, are calculated from the current and previous signals of these quantities. After
this, the analysis begins, and the first step consists to know whether the power differential
term is negative or positive, once this information will be used to increase or decrease
the voltage. Then, Assuming that the power differential term is negative, the algorithm
now verifies whether the voltage differential term is negative or positive. Considering that
the differential voltage term is negative, the voltage signal increases by adding a small
disturbance d and decreases by the same value if the differential term is positive. However,
if the differential power term is positive, the voltage decreases if the differential voltage
term is negative, and increases otherwise. And finally, the voltage and power signals are

updated, and the algorithm repeats.

2.5 CONCLUSION

In this chapter, the mathematical model of the photovoltaic system connected to
the power grid with unbalances and the basic expressions for the control strategies of this
work are presented. The analysis carried out considered an unbalanced three-phase power
grid, whose characteristics include the presence of negative and homopolar symmetric
components of current and voltage, but the last one is neglected as the system used
here is three-wired. This symmetric component influences the active and reactive powers
because they cause oscillations in such quantities to arise. A detailed step-by-step was
carried out to show the relations between the symmetric components and the reactive and
active powers, which culminated in a set of expressions that highlight the appearance of
oscillating terms of power at twice the grid frequency. These expressions serve as the basis
for the control strategies adopted in this work. In addition to this analysis, the PV model
was shown, including the I-V curve, and equivalent circuits of a PV module that are the
main modeling elements. Besides, the MPPT technique used in the DC-DC converter of
the PV system was presented, in which the P&O was chosen, once it is the most used and

the simplest one.
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Start P&O
algorithm

Read: V(j) and 1(j)

Calculate power:

P@G) =V() x1G)

Calculate:
dV =V() - V(-1)
dP =P(j) - P(j-1)
Fixed disturbance: d

Yes No
dP<0
Yes dV <0 No Yes
Increase voltage: Decrease voltage: Decrease voltage:
V({)=V(-1)+d V({)=V(-1)-d V({) =V(-1)-d
Update:
P(j-1) = P(j)
V(-1) = V()
Return

Figure 2.7 — P&O flowchart
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3 CONTROL SYSTEM

3.1 INTRODUCTION

In this chapter, the control system of the on-grid photovoltaic system will be
presented, including the strategies adoped and the control structure. The main tools
used in the control strategies are the expressions developed in the previous chapter,
once they result in the current references of the PV system inverter. There are three
control strategies: the first is to inject balanced currents into the grid by eliminating the
negative sequence current, the second and third are reducing active and reactive power
oscillations, respectively. The regulation of currents occurs through a structure that uses
the negative and positive symmetrical components in the grid synchronous reference frame

and, therefore, is called Double Synchronous Reference Frame (DSRF).

3.2 CONTROL STRATEGIES

Three possibilities of control strategies based on the control of the symmetrical
components of the current delivered into the power grid by the inverter are used here.
The first one allows mitigating the negative component of the current, which provides
balanced currents to the grid. The other strategies are focused on diminishing the double
frequency oscillation in the active and reactive power, which improves the quality of the

energy delivered to the utility grid.

3.2.1 Control strategy 1

The first control strategy targets to amortize the negative sequence components of
the current, rendering them null. For this, the expressions (2.54) and (2.57) must be used,

and they can still be written in matrix form, as follows

:e_i_
tq
e+ e+ e— e— e+
Pac-c _ |€d €90 C€ga  Cyq lq (3.1)
e+ _ et e— _ e— e— )
Qac-c €9a "€ C9¢ TCga] |l
15

The purpose here is to ensure that the negative-sequence components of the current
are eliminated and, for that, they must be considered zero in the matrix expression (3.1),

which will become

e+ e+ et
Pyc_c _ |€d €5 o (3.2)
e+ - ’

Qac—c|  |eg —CGa] [ig"
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The goal here is to isolate the currents in expression (3.2), as follows

-1

i3+ _ ezzi'_ e;;; Pac_c (3.3)
i) le ] [Qac-c
The inverse matrix of the voltage matrix in expression (3.3) is
+ —
N 1 egd egq
e
€d € | _ |(€gd)?+(egh)? (egd)? + (egh)? (3.4)
eet et ett _eezlf‘ :
9 9d oy T 2
(egq)? + (ecr)?  (egq)? + (ech)
Replacing expression (3.4) in (3.3), it results in
€od €
et
| | (ega)® + (o) (ega)? + (e5)? | | Pac—c (3.5)
i? €gq —Cd Qac—c

(ega)® + (egi)?  (ega)? + (egh)?

Separately isolating each of the currents in (3.5), it is possible writing these current
reference terms in the function of constant active and reactive powers among the voltage,

resulting in

e+ €e+

e
et gd 99
Zdiref = et 2 QPACfC + ot 2 2QA070 (36)
(ega)” + (e55) (egd)” + (ect)
. ee—i— ee+
iy P - M Qac-c (3.7)

_Tef - e 2 e € 2 e
! (€ga)” + (e55) (ega)” + (e58)

3.2.2 Control strategy 2

Control strategy 2 consists of attenuating the active power components that oscillate
at twice the frequency of grid. Hence, expressions (2.54) to (2.57) should be used, which

can be organized in matrix form to facilitate manipulation, as follows

e+ e+ e— e— e+
Pac—c €gd  Cgq €gd €gq ta
e+ _ et e— _ e e+
Qac-c _ |%a TCd  Cyq €gd | | (3.8)
Pic—cos €oq  €q  Coq eor | i
. e— _ ,e— _ et e+ je—
Pac—sin €gq €gd €99 Cgd lq

To be able to apply the proposed strategy, it must be assumed that the oscillatory
terms of the active power are null in (3.8), that is, P4c—cos = Pac—sin = 0. By considering

such propositions is possible to guarantee the attenuation of active power oscillations
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with twice the frequency. So, taking into account the propositions, the matrix in 3.8 now

becomes
Pac-c Cod
Qac—c| _ |eor
0 a €ga
0 | e

€
~Cad
€ Co
~Ca

Isolating the current matrix in (3.9), it results in

it ef];; 6;3
I o
a| e
ig Coq ~Cod

egd_
€gq
€od

—€oq

i | |1
Al (3.9)
a | |
e | |1
| Pacc
Q"‘g‘c (3.10)
0

The following results are obtained for the reference currents of positive and negative

components as a function of voltage, and constant active and reactive powers from

expression (3.10)

e+

e+

. e
i ey = DLjPACfC + DLZQAcfc (3.11)
g = B o - B (3.12)
by ref = D, AC-C D, AC-C .
o —€gq P oy
= - - - 3.13
d_ref D, LAc-c + Dy Qac-c (3.13)
re— _ef}q_p ezd_
= - — - 14
Ly ref D, ACC¢T D, Qac-c (3.14)
where
Dy = (e5i)? + (egd)? = (egq)* — (€5, )° 3.15)
Dy = (egq)* + (egg )" + (e50)" + (eg,)” (3.16)

and they must be nonzero.

3.2.3 Control Strategy 3

In this strategy, the target is to attenuate the reactive power components that

oscillate with twice the frequency due to the appearance of the negative sequence component
of the current. There will be considered the expressions (2.54) and (2.57) to (2.59) to carry

out this strategy. Thus, organizing these expressions in matrix form, we obtain

Pc| [
Qac—c | _ | €q — Co
(Q AC—cos €oq  —Cgd
QAC—sin —€ga  —€oq

e—
egd

e—
egq
e+
9q
e+
6gd

e

e— e+
egq 1q
e— e+
—e€ 1
gd q
ol e (3.17)
—e 1
gd d
e+ re—
€gq Zq
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It is necessary to consider null in (3.17) the oscillating components of the reactive
power to achieve control strategy 3, that is, Qca_cos = Qca—sin = 0. These considerations
make it possible to attenuate fluctuations in reactive power and result in the following

matrix expression

e+ e+ e— e— e+
Pac-c €gd €99 €9d  Cygq ta
e+ _ et e— _ ,e— et

Qac-c _ | Cuq €9d  €gq €d | | (3.18)

0 e —eS, eft —efh| iS5 '

949 gd  “gq gd d
_ = e— e+ e+ je—
0 €gd €99 C€gd  Cygq Yq

Isolating the currents in matrix (3.18), the matrix expression becomes

iq" i 4 € € Pac-c

Z§+ _ 623 —62; €q ~Cod Qac-c (3.19)
A I |
lg —Cd € d % 0

Now, the positive and negative components of the reference current can be expressed

as a function of voltage, and constant active and reactive powers, as follows

et e;}_ egg
Uy ref = EPAC—C + EQAC—C (3.20)
‘et €5q 623
Uy ref = EPAcfc - EQAcfc (3.21)
. e o=
lg ref = DLZPAC’—C - DLjQAC—C (3.22)
o e e
by ref = DL;PAC—C + DijQAc_c (3.23)

3.3 CONTROL STRUCTURE

Some of the functions of the PV system control are shown in Figure 3.1. Note that
x can represent any quantity generated as a reference for the internal current control, such

as a power or current signal.

The control system of the Figure 3.1 consists a cascade architecture composed of

two main methodologies, whose functions are:

o Inner loop current control: it is responsible for providing the voltage references for

the pulse modulator of the three-phase inverter;

o outer loop DC-link voltange control: It keeps the DC bus voltage constant, even
with disturbances, and can also determine the amplitudes of the currents injected
by the inverter into the grid, i.e., it supplies the reference currents for the internal

current loop or even the active power reference signal;
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Figure 3.1 — Control system’s functions

3.3.1 Current control inner loop

The objective here is controlling the currents injected by the PV system into the
grid through the inverter output voltages.

The analysis will start with a balanced three-phase power grid, whose mathematical
model in dg coordinates is given by the expressions (2.21) and (2.22). Those expressions
are in the generic reference frame and can be changed to the voltage grid synchronous

reference frame, which result in

. : di§
€ga = Vg — Rpig + wsLyiy — Lf—dtd (3.24)
e e € € d/I/Z
€oq = Vg — Ryig — wsLyig — Lf% (3.25)

Applying the Laplace’s Transform in (3.24) and (3.25), the result is

gd(s) =Vo(s) — Relg(s) + wstlg(s) — LysIg(s) (3.26)

B (s) =Vi(s) — Rylg(s) —wsLygli(s) — LysI(s) (3.27)

cq

Rearranging expressions (3.26) and (3.27), it obtains

Vils) + wLgIf(s) — Esals) = I5(s) (Ry + Lys) (3.28)
Vigls) = Ly I5(s) = By (s) = I5(s) (Ry + Lys) (3.29)

As can be seen in expressions (3.28) and (3.29), when performing the reference
frame change, the following coupling terms w,LI¢(s) and w,L;I§(s) appear, which makes
it hard to acquire a transfer function (TF) that relates the currents and voltages at the
inverter output and the independent control of the components dq. However, it is possible
to overcome this situation by performing a decoupling using cross decoupling terms, and
this will be shown in more detail later. Besides, aiming at controlling the current injected
by the inverter, its output voltages Vg (s) and V(s) are control variables, currents /5(s)

and I7(s) are process variables and voltages Ef,;(s) and E (s) are disturbances. Thus,
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considering that the control is sufficiently robust to perform disturbance compensation, a

decoupled system, and making

Vals) + waLT(s) = Foals) = VVials) (3.30)
Vio(8) = waL g Ti(s) — Fiy(s) = V'5,(5) (3:31)

Those expressions (3.28) and (3.29) now become

Vlid(s)
V'%,(5)

Ij(s) (Rf + Lfs) (332)
Ig(s) (Rf + LfS) (333)

Now, considering only the d component, the following TF that relates the injected

current and the voltage at the inverter output is obtained

I5(s) 1
Gvi = 4 =
() Ve(s)  Ry+sLy

(3.34)

Note that by the TF of expression (3.34), Ry and L are constant, and the inverter

sees the filter circuit as load, whose TF is

1
Rf + SLf

and which is taken as the plant of the system.

Now, it is possible to draw a block diagram representing the current control inner

loop for each d and ¢ axes, as can seen in Figures 3.2 and 3.3. In those figures, if ., and

iy res are the reference currents, ig and i are the measured currents in dg reference frame,

e

q_re
qws Ly and §ws L are the decoupling terms, and Gy, (s) is the inverter’s TF.
eged

i . fR iq
P P G 1

) K{ Rytsly
la

Igeo Ly

Figure 3.2 — Response system with plant and current control inner loop for the d axis

The control of the inverter currents of the photovoltaic system makes use of the PI
type controller, as shown in Figures 3.2 and 3.3, and this is due to the good functioning
of this controller with variables in dg synchronous reference frame since in this reference

the signals are constant. Besides, it notes that the first control step embraces an error

[
q_ref

and the measured currents, i and ig. These differences go through a PI controller and

generation, arising from the differences between the reference currents, ig ., and @



Chapter 3. Control system 55

ee

&9
g ref /TN e 1 fy
+ PI Ginv S +
= © = RytsLy
l
1 iso,L,

Figure 3.3 — Response system with plant and current control inner loop for the ¢ axis

generate voltage signals. To these signals are added the crossed terms —igws Ly and igw, Ly,
whose effect is to allow the decoupling of the dg axes and their independent controls
(BLAABJERG, 2006; YANG et al., 2014). Also, as the grid voltages (e;,; and ¢f ) are
disturbances, they might be compensated and it can happen through a feedforward
compensation, in which they a added. Finally, these resulting voltage signals at the end

are references to the PWM, generating the inverter switching signals.

3.3.1.1 Tuning the current PI controller

As PI controllers are used here, their correct dimensioning is the key for regulating
the controlled quantities. Its dimensioning consists of determining the proportional and
integral gains. For this, its TF must be known, which is given by

ki

D(s) =k, + " (3.35)

where k, and k; are the proportional and integral gains, respectively.

At this point, the three-phase inverter will be considered ideal, implying that its TF
Ginv(s) will assume the value of 1 in Figure 3.2. Furthermore, disregarding disturbances,
the decoupling terms and using expressions (3.35), it is obtained the block diagram in
Figure 3.4, in which is considered a generic current that represents both axes dq as the
same procedure is done for each of them.

.k

I )
k,+ ki 1
P RetsL,

Figure 3.4 — Closed loop blok diagram for current control

The open-loop TF in Figure 3.4 will be given by the following expression
k'pz‘S + ku 1

Guils) = P55 (3.36)
Now, the closed-loop TF is given by
Goi
Goi(s) = (s) (3.37)
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Replacing the expression (3.36) in (3.37), the result is

l{piS + k’u
R
Ly Ly

Comparing the denominator of expression (3.38) with the second-order characteristic
equation, described as
§% + 2Cwps + w? (3.39)

where w, is the natural frequency of the system, and ( is the damping factor. Thus, the
following values of the integral and proportional gains of the current PI controller are

reached

k‘pi = QWnCLf — Rf (3.41)

3.3.2 DC-link voltage control outer loop

The DC-link voltage controller is sized to balance system power flow. System
control is achieved by controlling the power flow between the inverter and the grid, to
the point that increasing or decreasing the power injected by the inverter increases or
decreases the DC voltage, keeping the latter under control. Typically, the design of this
controller aims at stability and regulation of the system, having a slower response than the

current inner controller. Figure 3.5 shows the electrical quantities relevant to the DC-link.

l l‘ Inverter
Boost converter c inv i
o B Grid
SR > L'd> B> Filter
+ Vi
PV power S E—
source B Vae ——

Figure 3.5 — DC-link quantities

Appying the Kirchoff’s Current Law (KCL) in the DC-link of Figure 3.5, we obtain

the following current expression

The current flowing through the DC-link capacitor in Figure 20 is given by

dvdc (t)
dt

io(t) = C (3.43)
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Replacing expression (3.43) in (3.42), the result is

iino (1) + Cdvf;t(t) = ig(t) (3.44)

The target of the DC-link control system is keeping its voltage stable. For this, the

derivate term in (3.46) must be zero, i.e.,

dl}dc(t)
= 3.45
dt 0 ) ( )
resulting in

The input power supplied by the PV system will be assumed as constant, hence,

the PV power source can be modeled as
-Pin—z"rw = Z.dc(tﬁ}dc(t) (347)
The output power of the inverter in the AC side can be written as a function of
current and voltage in the synchronous reference frame, as follows

Pout—inv = Vgqlg + Vgly (3.48)

where vz, and vg, are the voltages at the output inverter, and i and 7 are the currents.

The system here is taken as balanced and there is no reactive power injection so

far, then, the reactive voltage term will be null, hence

Pt —iny = V515 3.49
cd’d

The balance power is achieved through the following expression
Poutfim) = Pz'nfim; (350)
Replacing expressions (3.47) and (3.49) in (3.50), the result is
U(czdicel = ldcVdc (351)
From expression (3.51), it is noted that the DC-link voltage v, is under control by
regulating the current 7j.

And now, applying the Laplace transform to expression (3.43), the following result

is obtained

I.(s) = sCVy(9), (3.52)
which in turn results in the DC-link plant, whose TF is
Vae(s) 1
Gpo—iin = = — 3.53
DC—1 k(S) [c(S) sC ( )

Figure 3.6 shows the control block diagram in cascade with outer and inner loops

for DC-link voltage and injected currents, respectively.
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Current control Inner-loop

|
l
e;d :
|
|
. .o V.,
o L farerm N oG (s | Aﬁ i I d
PI : +7 ‘ PI ‘ ‘ va(s) ‘ ‘7 Rf—',-SLf ; SC
DC-link 1 is ) ) | DC-link
Voltage controlle‘r l,‘;a) L ’ | Plant
|
777777777777777777777777777777777777777777777 |

Figure 3.6 — Block diagram for cascade control loop

3.3.3 Tuning the DC-link voltage PI controller

Using the alredy known TF for the PI controller, and also negligecting the distur-
bances and current control inner loop, it is possible to determine the open loop TF for the
voltage control, whose expression is composed by the DC-link plant (3.53), and the PI

tranfer function (3.35). The open loop schematic can be seen in Figure 3.7.

N k;, 1
kpv+ o <C —

Figure 3.7 — Block diagram for the voltage control open loop

The open loop tranfer function of the block diagram in Figure 3.7 is given by
k'pUS + k?w 1 k'pUS + k?w
w(§)=—""7-"— = — — .54
Gion(s) s sC s2C (3:54)
According to expression (3.37), the closed loop TF using (3.54) is
Gur(s) = (kpos + ki) /(s*C) kpps + kiv
O (Rpus + ki) [(82C) 820 + ks + ki

(3.55)

One way to obtain the poles of the system is by comparing the denominator of its

closed-loop TF with the second-order characteristic equation that is given by (3.39).

Hence, the denominator of (3.55) must be divided by C' to ensure equality compar-

ison, which results in

s* ¢ kg)s + k"c (3.56)

Through the comparison between expressions (3.39) and (3.56), the values of the

integral and proportional gains of the DC-link voltage PI controller are obtained as follows

Ein = wy2C (3.57)
k;pv = QCwnC (358)

To summarize the control development done so far, Figure 3.8 displays the whole
control structure, including the inner and outer control for the injected currents and the DC-
link voltage, respectively. Remember that this system was developed regarding a scenario

with a balanced grid, implying the non-appearance of negative sequence components.
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Figure 3.8 — Complete structure of the control system

3.3.4 Phase Locked Loop

To perform the Park transform for the synchronous reference frame of the electrical
grid, it is necessary to know the voltage angle, which is obtained through the use of a PLL,
whose implementation scheme is illustrated in Figure 3.9 (RODRIGUEZ et al., 2007). In
addition to helping the transform, PLL is also a tool responsible for synchronizing with the
grid. This control tool produces an output signal synchronously and with the same phase
and frequency as a given input signal. As the PLL keeps input and output frequencies

signals equal in the steady-state, it becomes possible to track the sampled signal.

e 123

e, |

eg ] /d € el o 1] o
a3 PI T

e'

Figure 3.9 — Synchronous Reference Frame PLL

According to (RODRIGUEZ et al., 2007), the PLL based on the synchronous frame
in Figure 3.9 is commonly used in applications related to three-phase systems. It makes use
of the transformation of stress vectors from 123 natural reference frame to dq. A response

loop controls the reference angle, regulating the q component to zero.

3.3.5 Tuning the PLL PI controller

The block diagram for the PLL is displayed in Figure 3.10, which can be adjusted
based on the d-axis alignment with v,, and this implies that the voltage along the g-axis

is null, i.e., v, = 0.
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Figure 3.10 — Control loop block diagram for PLL

From Figure 3.10, the voltage v, can be expressed as follows

vy = Epsin(0) (3.59)

where ¢ is the angle difference given by 65 — 6., which is too small and can be negligected,
resulting in

vy = Epd (3.60)

The angular frequency of the PLL is given by
,_d,
dt

w = Gpr-prrvq = Gpr—prrEmd (3.61)

where Gp;_pry, is the TF of the PLL’s PI controller, whose expression is given by
kPLL

Gpr-pri(s) = k’,];LL + . (3.62)
The closed loop TF of 3.10 is
Gpr_ E,,
GeprL = 22240 (3.63)

s+ Gpr—prr(s)En

Again, the objective here is to determine the poles of the TF given in expression
(3.63). For this, expression (3.62) must be replaced in (3.63), and after that, equal its

denominator to zero, which gives the following result

§*+ kM s + kM =0 (3.64)

Comparing expression (3.64) with (3.39) related to second order characteristic

equation, it is possible to obtain the integral and proportional gains, as follows

2Cw
PLL n
2

kPLL = “n (3.66)

where

o ( =1/v/2is the damping factor;
o« E, =12V, / \/5, which is the voltage peak value;

e wy, = 1207 rad/s is the voltage natural frequency (60 H z).
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3.4 CONTROL STRUCTURE FOR UNBALANCED POWER GRID

In this section, the modifications made to the control structure of the PV system
when it is connected to an unbalanced grid will be shown. The unbalance situation gives
rise to the negative sequence components of current and voltage, whose presence can
provoke instabilities in the controllers. Thus, to remedy these instabilities, changes are

made so that the control system takes these negative sequence components into account.

3.4.1 Current control inner loop

The three-wire and four-wire configurations enhace the top ones employed in the
utility power grid. Naturally, those system operates in unbalanced scenarios whether due to
an irregular load distribution among their phases or faults. These unbalances compromise
the system operation and realibility, hence, the control configuration. The main problems
arise with the symmetrical components, especially the negative and homopolar. However,
the last one appears just for four-wire systems, and since the present paper use a three-wire

system, this component is negligected.

An effective way to control the symmetrical components of a current vector is
through a structure control based on Double Synchronous Reference Frame (DSRF). This
configuration is able to regulate the current vector that rotates according to the grid
frequency in a positive and negative direction simultaneously (TEODORESCU; LISERRE;
RODRIGUEZ, 2011). The metioned system can be seen in Figure 3.11.

As the control scheme uses symmetrical components, some tool is needed to extract
them. In this way, to extract the positive and negative sequence components of the voltages
and currents necessary for the control, the positive sequence detector DSOGI-PLL (Dual
Second Order Generalized Integrator - Phase Locked Loop) presented by (RODRIGUEZ

et al., 2006) was used. This detector will be further analyzed in the next section.

3.4.2 Positive Sequence Detector Model

Figure 3.12 shows the DSOGI-PLL block diagram.

There are three highlighted blocks in the positive-sequence detector model of Figure
20, which are:

o Dual Second Order Generalized Integrator for Quadrature Signals Genaration
(DSOGI-QSG): this block is responsible for generating quadrature-signals from
both the dq voltage components in the stationary reference frame. Each SOGI block
gives rise to the quadrature signals of the dq components separately, and its schematic
can be seen in Figure 3.13. In this figure, w and k are, respectively, the frequency

and damping factor whose value used is v/2, as it presents good results.
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« Positive-Sequence Calculator (PSC): it calculates the positive-sequence components
by using the quadrature signals from the DSOGI-QSG block. The relation between
the original quadrature signals and the positive-sequence components is gigen by

the following expression
1|1 —q|

T
where ¢ = e™72.

From this positive-sequence component, it is possible to obtain the negative-sequence

component using the following relation
Vg = Vg — Vs (3.68)

« Syncronous Reference Frame and Phase Locked Loop (SRF-PLL): This system tracks
grid frequency and, therefore, the angle used in the Park transform. It needs to
use the signals in DQ coordinates, so its first block does this transformation. The
feedback loop adjusts the ¢ component in the positive synchronous frame to zero,
controlling the angular position and determining the grid frequency. Besides, this
block has a change reference frame at the begining, as the input signals are in the
stationary frame. The relation between the stationary and synchronous reference

frames are given by

S
€ U € S
L 9
e— ,Uei e— S—
L 9
where
[ cosOt sindt ]
T = 3.71
[ dq} —sinft  cosft ( )
[ cos0t  —sindt |
TS| = 3.72
[ dq} sinft  cosht ( )

and 07 is the tracked angle from SRF-PLL.

3.4.3 Outer loop for control voltage

In the balanced power grid model, the outer loop block for DC-link voltage control
provides the reference current for the inner loop current control. However, other variables

must be taken into account, as there are other conditions that must be met in an unbalanced
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scenario. The emerging oscillations in the active and reactive powers are examples of
these variables because when injecting such quantities imbued with these disturbances,
the control might be affected. Then, to solve this issue, the authors in (TEODORESCU;
LISERRE; RODRIGUEZ, 2011) present an outer loop control that served as inspiration

for the one applied in this work.

Figure 3.14 shows the new outer loop for DC link control. This loop now provides
the reference active power for the current control inner loop, i.e., it provides the power

signal used to calculate the reference currents developed in the control strategies section.

vV P,
dc_ref@ Pl \/>_<\ AC-C

V%‘/ V%

Figure 3.14 — Block diagram of the DC-link voltage outer loop

3.5 CONCLUSION

In this chapter, the control system for the on-grid PV system was presented. In
this way, the control strategies for the unbalanced power grid were presented based on
the current expressions developed in the system model chapter, in which they aim to:
inject balanced currents into the grid (strategy 1), reduce oscillations in the active power
(strategy 2), and reduce oscillations in reactive power (strategy 3). Besides, the control
structure fully developed is composed of two loops, one for the DC-link voltage and the
other for the injected currents. In the first moment, a balanced power grid was considered,
in which the external DC-link voltage control loop provided the reference signal for the
inner current control loop, specifically for the d coordinate of this quantity. This inner loop
regulates the current magnitude and provides the signal triggers for the inverter switches,
i.e., it served as a reference for the PWM. However, the unbalance in the grid resulted in
changes in the control loops. Thus, the control loop started to provide an active power
reference signal for the current control inner loop based on DSRF. This control method
uses two control structures, one for controlling the positive component and the other for
controlling the negative component. Also, the structure of the PLL for synchronization
and the detection model for sequence components of the quantities called DSOGI-PLL

were shown.
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4 SIMULATION RESULTS

4.1 INTRODUCTION

The steady state results of simulations performed in MATLAB/SIMULINK® with
two main simulation scenarios are shown in this chapter. The first scenario presents
an electrical grid fully balanced with the PV system injecting power according to the
conventional strategy, which does not consider the symmetrical components. On the other
hand, the second scenario has the electrical grid unbalanced due to the irregular load
distribution among the phases. Also, there’s a fault leading to voltage sags, whose voltage
phasors are inserted in the simulations by changing the primary power source voltages
according to the sag characteristics. In this scenario, the PV system injects power into the

grid running all four strategies: conventional, 1, 2, and 3.

4.2 BALANCED SCENARIO

The grid starts with the power source on the medium voltage side with 13.8 kV.
It continues with a three-phase transformer A-Y delta-star of 150 kVA of power with a
transformation ratio of 13.8 kV / 380 V, which is responsible for lower the voltage. Its
other parameters are the default parameters of the MATLAB/SIMULINK® transformer
model, except for the voltages that were adjusted to those previously described. It also
presents impedances along its lines, where each line separating the buses has a resistance
of 0.975 Q/km, R/X = 100 ratio, and 40 meters in length. The first scenario is for a
balanced grid, thus, the loads are evenly distributed among the grid phases that supply
individually 44 kVA with a unity power factor, as shown in Table 4.1, which also displays
other parameters. In addition, Table 4.2 shows the loads distributed on each bus in the
system, and Table 4.3 shows the PV parameters. The design of the system is shown in
Figure 4.1.

Table 4.1 — Power grid parameters for balanced scenario

Parameter Value
Line voltage 380 V
Phase voltage 220V
R/X ratio 100
Line resistance  0.975 Q/km
Frequency 60 Hz

Loads in phase 1 44 kVA
Loads in phase 2 44 kVA
Loads in phase 3 44 kVA

First, the PV system is connected to the electrical grid along bus 5, and the

results are obtained to verify its performance in active power injection and control system
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Table 4.2 — Loads on the buses

Bus 1¢ 3¢
Bl - -
B2 - -
B3 3x8 kVA 18 kVA
B4 3x8 kVA -
B5 - 18 kVA
B6 3x8 kVA -
B7 3x8 kVA -

Table 4.3 — PV system parameters

Parameters Value
Panels per string )
Number of strings 10
Panel rated power | 400 W,
Array rated power | 20 kW,

DC-link voltage | 1200 V

Electrical Grid

B1 B2 B3 B4 B5 B6 B7
13.8kV 1 Line Line Line Line Line
~—]} I
/) | - - — - — 3
|

Three phase transformer
13.8kV/380V Load Load Ioad Ioad Ioad

PV system

Figure 4.1 — Power grid configuration

functioning. Then, the simulation is done with the PV system connected to bus 7. In other
words, there is one set of results when the PV system is connected to bus 5, and one set

of results when this system is connected to bus 7. The PV parameters are presented in
Table 2.1.

4.2.1 Conventional strategy

At this opening moment, the system is all balanced, and there are two different
connections of the PV system into the grid, which means there are two separate simulations
to execute: 1) it is connected to bus 5, and 2) to bus 7. The voltage signals can be seen in
Figures 4.2 (a) and (b) for both scenarios, whose root means square (RMS) value is 207
V (connection at bus 5) and 205 V (connection at bus 7). The resulting tiny difference
happens due to the electrical line impedance that causes a voltage drop along the line. The
three-phase current signals injected into the grid by the PV system connected to buses 5
and 7, respectively, are shown in Figures 4.2 (c¢) and (d). The RMS values of the currents
shown in these figures and the curves demonstrate that this quantity is balanced, as the

voltages, which was expected for the scenario presented here.
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Figure 4.2 — Simulation results for balanced scenario and conventional strategy. (a) Three-phase
voltages at bus 5. (b) Three-phase voltages at bus 7. (c¢) Injected currents into the
grid by the PV system in bus 5. (d) Injected currents into the grid by the PV system
in bus 7.

The results found for the input voltage and current of the PV array can be seen
in Figures 4.3 (a) and (b), whose regulation is performed by a boost converter with the
MPPT P&O technique. Both scenarios have the same behaviors, so only results for the
PV system connected to bus five (5) are shown. The values shown in these figures are 203
V and 98 A for the voltage and current at the maximum power point. They are justified
by the parallel association of 10 strings composed of 5 panels connected in series with
individual values for voltage and current at the maximum power point are 40.7 V and
9.83 A, respectively. These values for current and voltage meet the rated power of the
arrangement, which is 20 kW and indicates the adequate performance of the MPPT. In
addition, the DC-link voltage at the input of the three-phase inverter can be seen in
Figures 4.3 (c) and (d). Although the quantity (blue - V,.) takes a while to stabilize at the
desired reference value (red - Vc_rer) of 1200 V when compared to the other strategies,

the DC-link voltage control manages to operate correctly.

It is noteworthy that the voltage controller produces a signal with an electrical
magnitude of current, which is the reference current for the d coordinate, and the current
controller produces a signal with an electrical magnitude of voltage that is necessary for
the inverter modulation. The current signal in the coordinate d and its reference calculated
from the external DC voltage control loop can be seen in Figures 4.4 (a) and (b) for
PV system connected at buses 5 and 7, respectively. Besides, the current signal at the

q coordinate must be zero, as it represents the reactive component of the current and
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Figure 4.3 — Simulation results for balanced scenario and convetional strategy. (a) PV array
input voltage. (b) PV array input current. (¢) DC-link voltage for PV system in
bus 5. (d) DC-link voltage for PV system in bus 7.

the desire here is not the injection of reactive power. Thus, the current reference in the g

coordinate of the current is set to zero, as shown in Figures 4.4 (c¢) and (d).

Figures 4.5 (a) and (b) show the active power delivered to the grid by the PV
system connected to buses 5 and 7. The quantity doesn’t show any deformations for both
connection scenarios, which goes as expected. In addition, Figures 4.5 (c¢) and (d) exhibit

the reactive power, which is zero because there is no injection of this electrical quantity.

4.3 UNBALANCED SCENARIO

The parameters used in the unbalanced scenario are similar to the previous one.
One of the main changes is the load distribution among the phases, which is now irregular
and provokes a small unbalance in the system. The irregular load distribution is done as
follows: phases 1, 2, and 3 supply 38.16 kVA, 44.16 kVA, and 45.16 kVA with a power
factor of 0.92, respectively, as can be seen in Table 4.4. The load distribution per bus is
shown in Table 4.5. Besides, an alleged fault in phase 2 of the mains transformer caused

the shutdown of that phase to create a greater unbalance.

In addition, the voltages of the three-phase electrical grid are also unbalanced to
create a scenario of unbalance more suitable for the tests, allowing to verify the operation
of the adopted control strategies and the control system in general. It was considered a
hypothetical fault that would lead to a type D sag as shown in Table 4.6 (see Table 1.1
for all the sags). Also, the phasor selected for the pre-fault phasor is E =13.8/0° kV and
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Figure 4.4 — Simulation results for balanced scenario and conventional strategy. (a) d component
of the measured current and its reference (connection at bus 5). (b) d component of
the measured current and its reference (connection at bus 7). (¢) ¢ component of
the measured current and its reference (connection at bus 5). (d) ¢ component of
the measured current and its reference (connection bus 7).

w
o

N
o

—_
o

Active power (kW)

6.95

6.96 6.97 6.98 6.99
Time (s)

(a)

Reactive power (kVAr)
o

6.96 6.97 6.98 6.99
Time (s)

()

—;530 —
g
2 20
o
210/
5
< ‘ ‘ ‘ ‘
6.95 6.96 6.97 6.98 6.99 7
Time (s)
(b)
§ T
< 107
g
2 0
o
g
‘3 10+
S I I I I
o 6.95 6.96 6.97 6.98 6.99 7

Time (s)

(d)

Figure 4.5 — Simulation results for balanced scenario and conventional strategy. (a) Active power
injected into the grid by the PV system (connection at bus 5). (b) Active power
injected into the grid by the PV system (connection at bus 7). (c¢) Reactive power
injected into the grid by the PV system (connection at bus 5). (d) Reactive power
injected into the grid by the PV system (connection at bus 7).
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Table 4.4 — Power grid parameters for unbalanced scenario

Parameter Value
Line voltage 380 V
Phase voltage 220V
Frequency 60 Hz
Phase 1 loads 38.16 kVA
Phase 2 loads 44.16 kVA
Phase 3 loads 45.16 kVA

Table 4.5 — Loads on the buses for unbalanced scenario

Bus 1¢ 3¢
B1 - -
B2 - -
B3 2x7 kVA, 8.5 kVA 17 kVA
B4 5 kVA, 10 kVA, 12.5 kVA -
B5 18 kVA

B6 6 kVA, 6 kVA, 7.5 kVA _
B7 8 kVA, 8 kVA, 6 kVA ;

the voltage sag during the fault is V = 0.5E. The grid frequency during the fault is 60 Hz.

Thus, the primary source input voltages during the voltage sag are given by

Eg =V, =6,920° (4.1)
Ep = Vy = 12,4391/—106.1° (4.2)
By = Vi = 12,4391/106.1° (4.3)

Table 4.6 — Type D sag

It is possible to find the voltage unbalance factor n, which is an important index
used to measure the unbalance degree in the electrical grid. This index is defined by the
percentage ratio between the magnitudes of the negative (V) and positive (V) sequence
components of the voltage (MIRET et al., 2012), i.e.,

V-

n:W

(4.4)

Hence, from the phase voltages shown in expressions (4.1) - (4.3), the magnitudes
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of the positive and negative elements are calculated using the Fortescue theorem, as follows

1

VT = §<Vl + aVy + o?Vs) (4.5)
1

Vo = §<V1 + a*Vy + aVs) (4.6)

where o = e/% . Thus, it gives the following result for the unbalance factor

Vo 3,450.19

— L 2P0 333
"TVF T 10,349.89

The definition of voltage phasors for the primary power source of the grid close
the unbalanced scenario for the simulations with all the strategies studied here. The grid
source voltages are shown in Figure 4.6 and are used in all the simulations performd. The

results found for the main electrical quantities for analysis are shown below.

20 w ‘ ‘ ‘
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<
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Figure 4.6 — Voltages for the primary power source of the grid under a type D sag

4.3.1 Conventional control strategy

The first results shown are for the conventional current control, and the only
modification made is for the power grid voltages that are now unbalanced. Hence, the
same parameters of the PV system are kept from the previous section for comparison. The
three-phase voltage on the PV system connection in bus 5 and 7 are illustrated in Figure
4.7 (a) and (b) that indicate unbalanced voltages with divergent RMS values, as expected.
In addition, Figure 4.7 (c) and (d) show the currents injected by the PV system into the
grid with the respective RMS values. Note from this figure that the current is now totally
unbalanced and unregulated due to the presence of negative sequence components that

interfere with the action of the control system.

There were no changes in the PV system, so the PV input quantities remain in the
same form. Figures 4.8 (a) and (b) show the results for the input voltage and current of
the PV system, which remain the same, as there were no changes in the MPPT or any

other parameter that directly influences the PV array. The DC-link voltage control works
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Figure 4.7 — Simulation results for unbalanced scenario and convetional strategy. (a) Three-phase
voltages at bus 5. (b) Three-phase voltages at bus 7. (c) Injected currents into the
grid by the PV system in bus 5. (d) Injected currents into the grid by the PV system

in bus 7.
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Figure 4.8 — Simulation results for unbalanced scenario and convetional strategy. (a) PV array

input voltage. (b) PV array input current. (¢) DC-link voltage for bus 5. (d) DC-link
voltage for bus 7.
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slowly, like for the balanced scenario, but it regulated the quantity, as shown in Figures
4.8 (c¢) and (d) for the PV connection in buses 5 and 7.

The controlled current signals (current injected into the grid) in the dg synchronous
reference and their references can be seen in Figures 4.9 (a) and (c) for the PV system
connected to bus 5 and Figures 4.10 (a) and (c) when it is at bus 7. These are the control
signals of the current distorted due to the presence of the negative sequence components.
Figures 4.9 (c) and (d), and 4.10 (c) and (d) detail the oscillations in the dg current due

to the unbalance when buses 5 and 7 have the PV system connected to them.
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Figure 4.9 — Simulation results for unbalanced scenario and convetional strategy (bus 5). (a) d
component of the measured current and its reference. (b) d component in smaller
range to highlight oscillations. (c¢) ¢ component of the measured current and its
reference. (d) ¢ component in smaller range to highlight oscillations.

Active and reactive powers also have oscillations in their wave shapes due to the
negative sequence components, just like the dg current signals. Thus, these oscillations
can be seen in Figures 4.11 (a) and (b) for the injected active power of the PV system

connected to buses 5 and 7, respectively, and (c¢) and (d) for the reactive power of PV

system for the same connection set.

4.3.2 Strategy 1

The objective of strategy 1 is to eliminate the negative components of the current
originated from the unbalances in the grid. So, the first results are related to the PV
system, where Figures 4.12 (a) and (b) show the input voltage and current of this system,

which remain the same as before because of there’s no change in the PV array.
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Figure 4.10 — Simulation results for unbalanced scenario and convetional strategy (bus 7). (a) d
component of the measured current and its reference. (b) d component in smaller
range to highlight oscillations. (¢) ¢ component of the measured current and its
reference. (d) ¢ component in smaller range to highlight oscillations.
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Figure 4.11 — Simulation results for unbalanced scenario and convetional strategy. (a) Active
power injected into the grid by the PV system (bus 5). (b) Active power injected
into the grid by the PV system (bus 7). (¢) Reactive power injected into the grid
by the PV system (bus 5). (d) Reactive power injected into the grid by the PV

system (bus 7).
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Figure 4.12 — Simulation results for unbalanced scenario and strategy 1. (a) PV array input
voltage. (b) PV array input current.

The DC-link voltage for the PV system can be seen in Figure 4.13 (a) (connection
at bus 5) and (b) (connection at bus 7), whose behaviors indicate that the control works
perfectly, as 1200 V is the desired and reached value for the quantity. Besides, the current
injected by the PV system is shown in Figures 4.13 (c) and (d) for the connection at buses
5 and 7. These figures suggest that the current is fully balanced, indicating that the main

objective of strategy 1 has been achieved.
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Figure 4.13 — Simulation results for unbalanced scenario and strategy 1. (a) DC-link voltage
and its reference for PV system connected at bus 5. (b) DC-link voltage and its
reference for PV system connected at bus 7. (c) Three-phase current injected into
the grid by the PV system connected at bus 5. (d) Three-phase current injected
into the grid by the PV system connected at bus 7.

The signals of the positive and negative components of the current are shown to
observe the behavior of the inner current control based on DSRF. First, Figures 4.14
(a) and (b) for connection at bus 5, and 4.15 (a) and (b) for bus 7 show the positive

components of the current in the synchronous reference frame of the grid voltage. These
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figures point to a correct work of the control system as the controlled signals follow
the imposed references. Also, the main focus of strategy 1 is to eliminate the negative
components of the current so that the injected current is balanced, and as can be seen
in Figures 4.14 (c) and (d) for connection at bus 5, and 4.15 (¢) and (d) for connection
at bus 7, these signals are regulated to zero, implying a good functioning of the control

system and, consequently, of the proposed control strategy.

100 ‘ ‘ ‘ 50 ‘
et je+
. d-ref . q
< o i < e
5 g 0
3 % o
40 : : : -50 : : :
2 25 3 3.5 4 2 25 3 3.5 4
Time (s) Time (s)
(a) (b)
50 \ \ \ 50 ; ;
—is —i&
< i < —i
: d-ref : qg-ref]
5 o 5 o
5 5
o O
-50 : ‘ : -50 : : :
2 25 3 35 4 2 25 3 3.5 4
Time (s) Time (s)
(c) (d)

Figure 4.14 — Simulation results for unbalanced scenario and strategy 1 (connection at bus 5). (a)
d positive-sequence component of the current. (b) ¢ positive-sequence component
of the current. (¢) d negative sequence component of the current. (d) ¢ negative
sequence component of the current.

It is possible to observe the active power delivered to the grid by the PV system
connected to buses 5 and 7, respectively, in Figures 4.16 (a) and (b). These figures suggest
an increase in the oscillation in this quantity compared to the conventional strategy
presented in the previous topic. Furthermore, the reactive power has almost the same
behavior as the conventional control, as shown in Figures 4.16 (c) and (d) for PV system

connection at bus 5 and 7, showing a similar pattern in the oscillations.

4.3.3 Strategy 2

The target of strategy 2 is the amortization of the active power oscillations. Starting
with the results for the PV system, Figures 4.17 (a) and (b) display, respectively, the input
voltage and current of the PV array for both buses and they keep the same as the previous

ones since there’s no change in the power source.

The DC-link voltage for PV connected to buses 5 and 7 is shown in Figures 4.18

(a) and (b). Note that the control operates correctly in this quantity since the magnitude
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Figure 4.15 — Simulation results for unbalanced scenario and strategy 1 (connection at bus 7). (a)
d positive-sequence component of the current. (b) ¢ positive-sequence component
of the current. (c) d negative sequence component of the current. (d) ¢ negative
sequence component of the current.
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Figure 4.16 — Simulation results for unbalanced scenario and strategy 1. (a) Active power injected
into the grid by the PV system for PV system connected at bus 5. (b) Active power
injected into the grid by the PV system for PV system connected at bus 7. (c)
Reactive power injected into the grid by the PV system for PV system connected
at bus 5. (d) Reactive power injected into the grid by the PV system for PV system

connected at bus 7.
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Figure 4.17 — Simulation results for unbalanced scenario and strategy 2. (a) PV array input
voltage. (b) PV array input current.

voltage is 1200 V, whose value is the reference established at work. Besides, Figures 4.18
(c) and (d) display the three-phase current injected by the PV system connected to buses
5 and 7, which is the other controlled quantity. Despite keeping the clean sinusoidal shape
shown in the figures, the currents have angular phase and magnitude divergences since the

control objective is the active power.
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Figure 4.18 — Simulation results for unbalanced scenario and strategy 2. (a) DC-link voltage
and its reference for PV system connected at bus 5. (b) DC-link voltage and its
reference for PV system connected at bus 7. (¢) Three-phase current injected into
the grid by the PV system connected at bus 5. (d) Three-phase current injected
into the grid by the PV system connected at bus 7.

The positive components of the current are shown in Figures 4.19 (a) and (b) for
PV system connected to bus 5 and 4.20 (a) and (b) for PV system connected to bus
7, which show that the controllers were able to regulate these quantities according to
the imposed references. Figures 4.19 (c) and (d), and 4.20 (c¢) and (d) show the negative

components of the current, in which the controllers could regulate them according to the
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imposed references. Besides, a notable difference between strategies 1 and 2 is that the
negative components in the first are set to null since the objective is to eliminate them,
while in the second they are different from zero, being adjusted according to the desire

that is the reduction of active power oscillations.
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Figure 4.19 — Simulation results for unbalanced scenario and strategy 2 (connection at bus 5). (a)
d positive-sequence component of the current. (b) ¢ positive-sequence component
of the current. (c¢) d negative sequence component of the current. (d) ¢ negative
sequence component of the current.

The active power delivered to the grid is the main target of control strategy 2 and
it is displayed in Figures 4.21 (a) (connection at bus 5) and 4.21 (b) (connection at bus
7). From these figures, it is noted that the active power oscillations have dramatically
decreased when compared to those results presented in the two strategies seen so far. And
this is the expected comportment for this quantity since the focus of strategy 2 is to reduce
these oscillations. On the other hand, the reactive power presents oscillations, as shown in
Figures 4.21 (c) (bus 5) and 4.21 (d) (bus 7), once the control focus is not such a quantity.

4.3.4 Strategy 3

The same simulation conditions are maintained for strategy 3, whose target is the
amortization of oscillations in reactive power. Figures 4.22 (a) and (b) show the results for
the input voltage and current of the PV array, respectively. There’s no changes in these

quantities for strategy 3 because of the PV array characteristics were kept.

Figures 4.23 (a) and (b) display the DC-link voltage of the PV system connected
to buses 5 and 7. The voltage control outer loop works solid according to those figures

once the DC-link voltage is 1200 V which follows the imposed reference. Besides, the
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Figure 4.20 — Simulation results for unbalanced scenario and strategy 2 (connection at bus 7). (a)
d positive-sequence component of the current. (b) ¢ positive-sequence component
of the current. (c) d negative sequence component of the current. (d) ¢ negative
sequence component of the current.
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Figure 4.21 — Simulation results for unbalanced scenario and strategy 2. (a) Active power injected
into the grid by the PV system for PV system connected at bus 5. (b) Active power
injected into the grid by the PV system for PV system connected at bus 7. (c)
Reactive power injected into the grid by the PV system for PV system connected
at bus 5. (d) Reactive power injected into the grid by the PV system for PV system

connected at bus 7.
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Figure 4.22 — Simulation results for unbalanced scenario and strategy 3. (a) PV array input
voltage. (b) PV array input current.

three-phase current is shown in Figures 4.23 (c) and (d) for the PV system connected to
buses 5 and 7, whose graphics present phase angular and magnitude differences. The focus
of the inner current control here is not to make it balanced, despite having a well-defined

sinusoidal shape.
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Figure 4.23 — Simulation results for unbalanced scenario and strategy 3. (a) DC-link voltage and
its reference for bus 5. (b) Three-phase current injected into the grid by the PV
system for bus 5. (¢) DC-link voltage and its reference for bus 7. (d) Three-phase
current injected into the grid by the PV system for bus 7.

The positive and negative sequence components of the three-phase current injected
into the grid are controlled in the synchronous reference frame dq of the grid voltage, and
this regulation is the main tool of the control strategies used here. That said, Figures
4.24 (a) and (b) show the positive components that indicate satisfactory control work
since the dq signals are regulated according to their reference. Furthermore, the negative
components were also satisfactorily regulated according to their references, as shown in

Figures 4.24 (c) and (d), indicating the good performance of the current inner loop.
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Figure 4.24 — Simulation results for unbalanced scenario and strategy 3 (connection at bus 5). (a)
d positive-sequence component of the current. (b) ¢ positive-sequence component
of the current. (¢) d negative sequence component of the current. (d) ¢ negative

sequence component of the current.
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Figure 4.25 — Simulation results for unbalanced scenario and strategy 3 (connection at bus 7). (a)
d positive-sequence component of the current. (b) ¢ positive-sequence component
of the current. (¢) d negative sequence component of the current. (d) ¢ negative

sequence component of the current.
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In strategy 3, the focus is the reactive power, so the oscillations in the active power
keep happening, as shown in Figures 4.26 (a) and (b) for the PV system connected to bus 5
and bus 7. On the other hand, the reactive power has its oscillations reduced significantly,
as shown in Figures 4.26 (c¢) and (d). This last results confirm the appropriate functioning
of the strategy adopted for the PV system once the oscillations were reduced compared to

the other strategies adopted in this work with the same simulation conditions.
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Figure 4.26 — Simulation results for unbalanced scenario and strategy 3. (a) Active power injected
into the grid by the PV system for PV system connected at bus 5. (b) Active power
injected into the grid by the PV system for PV system connected at bus 7. (c)
Reactive power injected into the grid by the PV system for PV system connected
at bus 5. (d) Reactive power injected into the grid by the PV system for PV system
connected at bus 7.

4.4 RESULTS ANALYSIS

In the validation of the control system designed for balanced grids, the good
operation of the control in the connection of the system between the electrical grid and
the three-phase PV system was evident. The injected currents prove this, as they are
balanced, as shown in Figure 4.2 (b) for bus 5 and 4.2 (d) for bus 7. Pratically, there are
no differences between the PV system performance when it is connected to bus 5 or 7.
All control structures were able to regulate their respective variables. Starting with the
current control loop that managed to regulate the phase currents injected into the grid,
which all remained with the same amplitude, at about 30 A RMS. The result obtained by
the DC-link voltage outer loop is shown in Figures 4.8 (c¢) (bus 5) and 4.8 (d) (bus 7),
where the bus voltage was regulated at about 1200 V, but it took too long. In addition, the

work of the PLL in obtaining frequency/angle for synchronism performed well, as there
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were no noticeable changes in the grid frequency or the lags of the voltage and current
signals. And finally, the reactive and active power showed no oscillations, according to
Figures 4.11 (a) and (b) for bus 5, and 4.11 (c¢) and (d) for bus 7, respectively.

Now moving on to the unbalanced electrical grid scenario, whose phase voltages
were considered unbalanced due to a hypothetical grid fault. Thus, the performance of all

control strategies is analyzed.

Concerging the conncetion at bus 5, the three-phase current injected into the grid
by the PV system is the first quantity to be analyzed. In this way, when observing the
results obtained for it by the four control strategies, the strategy 1 obtained the best
performance, as it kept the currents balanced with RMS values of 40 A, as shown in
Figure 4.13 (b). On the other hand, the conventional strategy failed and distorted them,
as shown in Figure 4.7. Phases 1, 2, and 3 presented RMS values of 44 A, 39 A, and 39
A, respectively. Despite presented unbalances between the phases, Strategy 2 obtained
sinusoidal currents as shown in Figure 4.18 (b), with RMS values of 52 A, 30 A and 53 A
for phases 1, 2, and 3, respectively. Strategy 3 accomplish a similar performance, showing
unbalances between the phases, as shown in Figure 4.23 (b), with RMS value of 32 A for
phases 1 and 3, and 49 A for 2. Table 4.7 shows a summary of RMS values obtained for

the three-phase current for PV connected to bus 5.

Table 4.7 — RMS values of the three-phase current injected into the grid for all the strategies
(connection at bus 5)

Strategy @ Phase 1 Phase 2 Phase 3
Conventional  44.1 A 39.7 A 39.8 A

1 40.6 A 40.7 A 40.6 A
2 52.2 A 30.5 A 534 A
3 326 A 49.1 A 32.1 A

The results for PV system connected to bus 7 are similar to those shown previously,
in which the three-phase currents showed better behavior when strategy 1 was used. Table
4.8 shows the RMS results of the three-phase current for each strategy adopted in relation
to the PV system connected at bus 7.

Table 4.8 — RMS values of the three-phase current injected into the grid for all the strategies
(connection at bus 7)

Strategy @ Phase 1 Phase 2 Phase 3
Conventional — 43.9 A 39.6 A 39.7 A

1 40.5 A 40.5 A 40.5 A
2 51.2 A 30.6 A 52.4 A
3 32.6 A 49 A 32.1

Concerning the DC-link voltage, all strategies managed to stabilize it at 1200 V for
PV system connected at bus 5, according to Figures 4.3 (c), 4.13 (a), 4.18 (a), and 4.23
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(a) for conventional strategy and strategies 1, 2, and 3, respectively. The same occured for
bus 7, as shown in Figures 4.3 (d), 4.13 (c), 4.18 (c), and 4.23 (c) for conventional strategy

and strategies 1, 2, and 3, respectively.

Among all the strategies applied to the control structure of the PV system, the one
that presented the lowest levels of oscillation in active power is strategy 2 (see Figure 4.21
(a)). This superiority is validated by observing Table 4.9 with the oscillation values for the
injected active power on the grid by the PV system running all strategies. In this table, the
peak-to-peak values and the percentage of oscillation that had as a calculation parameter
the rated apparent power of the system, which is 20 kVA, are displayed. Thus, active
power has a peak-to-peak ripple of 0.2 kW when strategy 2 is applied to the PV system,
which represents a percentage of 1% ripple. In addition, the power has a 45% oscillation
percentage with the conventional strategy running on PV (see Figure 4.11 (a)), being the
second best in this regard with a peak-to-peak value of 9 kW. The PV system running
strategy 1 (see Figure 4.16 (a)) has a peak-to-peak value of 12.4 kW, resulting in an
oscillation percentage of 62%. And finally, the worst oscillations of this electrical quantity
are observed when the PV runs strategy 3 (see Figure 4.26 (a)), as its peak-to-peak value
of 22.8 kW is the highest and leads to an oscillation percentage of 114%.

Table 4.9 — Peak values of the active power for all strategies and PV system connected to bus 5

Strategy  Avarage Peak-to-peak value Oscillation percentage

Conventional 18.8 kW 9 kW 45%
1 18.8 kW 12.4 kW 62%
2 18.6 kW 0.2 kW 1%
3 18.9 kW 22.8 kW 114%

The active power oscillation also has the lowest level when the PV system runs
strategy 2 and is connected to bus 7, which is a similar behavior to the previous one. Table
4.10 shows the summary of active power oscillation peak-to-peak and percentage values

for all strategies for the PV system connected to bus 7.

Table 4.10 — Peak values of the active power for all strategies and PV system connected to bus 7

Strategy  Avarage Peak-to-peak value Oscillation percentage

Conventional 18.8 kW 8.8 kW 44%
1 18.8 kW 12.4 kW 62%
2 18.6 kW 0.2 kW 1%
3 18.9 kW 23.2 kW 116%

The reactive power is also a specific target of the control structure used in this
work, especially in strategy 3 (see Figure 4.26 (c)), which presented the best results for
this quantity with a peak-to-peak value of 0.14 kvar, leading to a percentage oscillation of
only 0.7% for 20 kVA rated power as the parameter. The reactive power has a percentage

oscillation of 60% when the PV system runs strategy 1 (see Figure 4.16 (c)), and the
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peak-to-peak value is 12.2 kvar. This quantity has a peak-to-peak value of 13.2 kvar for
a PV system running the conventional strategy (see Figure 4.11 (c)), which results in a
percentage oscillation of 66%. Finally, the top oscillation peak-to-peak value is 26.2 kvar
for the PV system running strategy 2 (see Figure 4.21 (c)), being the worst result with
an oscillation percentage of 131%. Table 4.11 summarizes the commented results for the

reactive power of the PV system for the connection at bus 5.

Table 4.11 — Peak-to-peak and percentage values of the reactive power for all strategies and PV
system connected to bus 5

Strategy = Avarage Peak-to-peak value Oscillation percentage

Conventional -0.3 kvar 13.2 kvar 66%
1 0 kvar 12.2 kvar 61%
2 0 kvar 26.2 kvar 131%
3 0 kvar 0.14 kvar 0.7%

As before, a behavior similar to the previous one is observed for PV system
connected to bus 7 in relation to reactive power, in which strategy 3 presents the best
results for this quantity. Table 4.12 shows the values related to reactive power for all

strategies with the PV system connected to bus 7.

Table 4.12 — Peak-to-peak and percentage values of the reactive power for all strategies and PV
system connected to bus 7

Strategy = Avarage Peak-to-peak value Oscillation percentage

Conventional -0.3 kvar 13 kvar 65%
1 0 kvar 12 kvar 60%
2 0 kvar 24.8 kvar 124%
3 0 kvar 0.2 kvar 1%

4.5 CONCLUSION

In this chapter, the results of the four strategies were presented and the control
structure was validated. It is noted that the conventional system presents good results
when the grid is fully balanced, but the performance drops considerably when the grid is
unbalanced. In addition, strategies 1, 2, and 3 that use a control structure for both positive
and negative components, proved capable of accomplishing what was expected of them.
Strategy 1 was the most effective in regulating the current injected into the electrical
grid, showing better results than the conventional control. On the other hand, strategy
2 demonstrates to be more efficient in reducing active power oscillations, confirming the
validation of its good performance. Finally, strategy 3 showed great efficiency in reducing

reactive power oscillations compared to all the others.
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5 SIMPLIFIED MODEL

5.1 INTRODUCTION

In this chapter, the simplified model for the photovoltaic system is presented to
obtain more results and analysis of the proposed control strategies and is needed due to
computational limitations. In this sense, this model reduces the computational demand
and, hence, reduces the execution time of the simulations. The result analysis is related to

the unbalanced factor and line losses.

5.2 MODIFICATIONS MADE TO THE PV SYSTEM

The approach here is to use the basic model of a connection between an AC grid
and a system that needs a three-phase inverter (such as a PV system) in the simulations, as
illustrated in Figure 5.1. The intention is to make the model simpler and for that, there is
the replacement of the PV panels together with the boost converter for an ideal controlled
current source, capable of injecting power according to the demand. Also, knowing the
value of the input power of the PV system and the DC-link voltage, it is possible to

determine the value of the current source, according to the following expression

P, 20kW

= 2 _16.667A 1
e 1200V 10007 (5:1)

lde =

where i4. represents the current source, P;, is the PV input power, and vy, is the DC-link

voltage.
Inverter
Filter Grid
+
Ideal power —_— |
source Vae ——

Figure 5.1 — System model with ideal power source

A part of the model implemented in MATLAB/SIMULINK® that consumes a lot of
computational processing is the PWM technique used to activate the IGBTs switches of the
three-phase inverter model. This modulation technique requires that the calculation step
is small enough so that all calculations are performed satisfactorily during the simulation,
otherwise, errors occur in the simulations that do not proceed as they should. Therefore,

controlled voltage sources are used instead of inverter switches to make simulations faster
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because they can be activated directly by the voltage reference signals provided by the
current control loop. Previously, these signals would go to the PWM modulation that was
in charge of sending the activation signals to the IGBTs switches. However, these reference

signals are used directly to activate the controlled sources, as illustrated in Figure 5.2.

In addition to the presence of controlled voltage sources in Figure 5.2, there are
two controlled sources of current, one of which represents the PV system power, and the
other is related to the input current of the three-phase inverter. The value of the first
current source has already been defined previously, and the second current source has its
value calculated based on the power being delivered to the grid by the controlled voltage
sources. This calculation leads to the power balance on the DC-link, and the consequent
voltage regulation of the same is carried out according to the desired value and imposed

by the control system responsible for it.

Controlled current
source related to

the PV panels Controlled voltage

Q I §01711‘C78$7‘ Filter IV Grid
n Vl_rgf —
ide(@ Vi ——C <J7> Vzﬂ/ b ~
_ I I
) V}Jef w b J/

Controlled current
source related to

. 1_ref
input current of A X_rer| DC-link Voltage §Yde
- 2_rej , —ref g
the inverter %—;V » Current controller controller \ Vae rer

Figure 5.2 — System model with controlled current and voltage sources

With the system in Figure 5.2, it was possible to drastically reduce the simulation
time of our electrical grid, which remained the same as described in the previous chapters,
with seven buses and the primary power source. Nine simulations were performed for the
results presented in the previous chapter, where the time average to complete each of
those simulations was four hours. With the new simplified model for the PV system, it
was possible to reduce the time to an average of 15 minutes per simulation. Besides, as
will be seen further on, this simplification did not affect the quality and how the results

were presenting themselves until now.

5.3 VALIDATION OF RESULTS FOR THE SIMPLIFIED SYSTEM

Initially, a comparison must be made between the results found with the simplified
system and the results found for the complete PV system to validate the simulations with
the simplified one. Therefore, a scenario was established for this comparison, in which both
systems are connected to Bus 5 one at a time, injecting 100% of its active power capacity.
Also, the power grid is unbalanced due to load distribution and the type-D fault. All three

main strategies are applied to both systems, and some results are shown as follows.
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It should be highlighted and remembered that the strategy 1 is related to injecting
balanced currents into the electrical grid, by trying to eliminate the negative sequence
components of this quantity. Strategies 2 and 3 are responsible for mitigating fluctuations
in active and reactive power, respectively. In this way, all these strategies are used in the

simulations to demonstrate that the simplified system works correctly.

As for the result with the complete photovoltaic system presented in Chapter 4,
a hypothetical fault was considered that would lead to a type D unbalance (BOLLEN;
ZHANG, 2003) in the electrical grid voltage. Again, the phasor chosen for the voltage
during the sag is V= 0.55, and E = 13.8/0° kV is the pre-fault voltage phasor. Thus, the
voltages of the electrical grid source during the unbalance are the same presented in (4.1) -

(4.3) and can be seen in the following expressions

Ep =V =6,90° (5.2)
Egp = Vo = 12,4391/—106.1° (5.3)
By = Vs = 12,4391/106.1° (5.4)

The validation of the simplified model is then done with the scenario described so

far, and the main electrical quantities are shown below for each strategy.

5.3.1 Strategy 1

Starting with the results found for PV system running the strategy 1, the first
quantity shown here is the DC link voltage, which is crucial for the correct operating of the
system connected to the electrical grid. These quantities for the simplified and complete
models are shown in Figures 5.3 (a) and (b). It can be seen from these figures that the
simplified system works correctly, as the voltage is stabilized at 1200 V, following the same

behavior shown by this quantity for the complete system.

1.6 w w w 1.6

v ‘ ‘ Y,
— cc — cc
=147 7Vcc-ref7 z 1.47 7Vcc-ref7
S1.2 S1.2
s s
= =
0.8 ‘ ‘ ‘ 0.8 ‘ ‘ ‘
2 25 3 35 4 2 25 3 3.5 4
Time (s) Time (s)
(a) (b)

Figure 5.3 — Validation of the simplified model. DC-link voltage for PV system running strategy
1 with the (a) simplified and (b) complete models

The currents injected into the grid by the PV system (the simplified and complete)
are the main quantities to verify how the simplified model works with strategy 1. Hence,

these currents are shown in Figures 5.4 (a) and (b). The RMS values shown in Figure 5.4
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(a) indicate that strategy 1 was well applied by the simplified PV system because they are
very close to each other: 43.4 A, 42.8 A, and 42.8 A for phases 1, 2, and 3, respectively.
Furthermore, although the curves in Figures 5.4 (a) and (b) are sinusoidally equal, there
is a slight difference between the RMS values due to the presence of non-ideal IGBTs
switches of the three-phase inverter in the complete model. The highest difference of 6.5%
occurs in phase 1, the result of the difference between 43.4 A (simplified) and 40.6 A
(complete). However, this does not mean a PV system malfunction, but only a difference

because of non-ideal component model usage.

100’5' 4344 | =028A i =42.84 ‘ 1 100 i =4064 i=4074 1—406A ‘
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S XX X X X X ]S
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Time (s) Time (s)

(a) (b)

Figure 5.4 — Validation of the simplified model. Injected currents into the grid by (a) simplified
and (b) complete models when stratey 1 is applied.

As a reflection of the differences between the currents shown in Figures 5.4 (a)
and (b), the active and reactive powers also present divergences in their maximum peak
values. The active powers shown in Figures 5.5 (a) and (b) have identical sinusoidal
shapes and peak values of 26.58 kW and 25.06 kW, which means a tiny difference in the
maximum values they reach. In addition, the reactive powers in Figures 23 (a) and (b) for
the simplified and complete system present the same behavior, slightly differing in their

maximum values of 6.56 kvar (complete model) and 6.18 kvar (simplified model).

5.3.2 Strategy 2

The DC link voltage is shown in Figures 5.6 (a) and (b) for the simplified and the
complete models running strategy 2. As happened for strategy 1, these figures indicate
that the simplified model works correctly, once the voltage for this model is regulated
at 1200 V, as for the complete one. Besides, there are differences in the voltage curves
explained by the extra components in the full model, such as IGBTs switches, inductances

and capacitances.

Strategy 2 focuses on active power trying through the injection of currents to reduce
the oscillations of this quantity. Hence, the three-phase electrical currents in Figures 5.7
(a) and (b) for the simplified and complete system have angle phase shifts but maintain
their sinusoidal shapes. Analyzing phase by phase, the differences from the RMS values
shown in Figures 22 and 33 are: phase 1 with values of 56.3 A (simplified) and 52.2 A
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Figure 5.5 — Validation of the simplified model. Active power of the (a) simplified and (b)
complete PV system running strategy 1; reactive powers for the (c¢) simplified and
(d) complete PV system running strategy 1.
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Figure 5.6 — Validation of the simplified model. DC-link voltage for the (a) simplified and (b)
complete models running strategy 2.

(complete) has a difference of 7.2%; phase 2 with values of 32.5 A (simplified) and 30.5 A
(complete) has a difference of 6.1%; and phase 3 with values of 57.2 A (simplified) and 53.4
A (complete) has a difference of 6.6%. This divergence pattern repeats in every simulation

since the same nonideal IGBTs switches are used in the inverter.

Active power is the best parameter to assess whether the simplified model works
as expected when strategy 2 is used. The peak value reached by this quantity for the
simplified system in Figure 5.8 (a) is 20 kW, remaining at this value in the steady state,
which means the complete elimination of its oscillations, and corroborates the proper
functioning of the simplified model. The power of the complete model in Figure 5.8 (b)
has a maximum value of 18.74 kW, with a modest oscillation of 0.12 kW compared to the

average of 18.62 kW. Note that the complete one presents a performance slightly worse
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Figure 5.7 — Validation of the simplified model. Injected currents into the grid by (a) simplified
and (b) complete models when stratey 2 is applied.

than the complete one concerning the damping of the oscillations because it has non-ideal
elements, such as the boost converter and the three-phase inverter switches. Furthermore,
the reactive power also presents a negligible difference for these reasons. This quantity for
the simplified model, shown in Figure 5.8 (¢), has a maximum value of 13.96 kvar, and for

the complete model in Figure 5.8 (d) is 13.62 kvar, resulting in a difference of 2.4%.

=30 = 30t

g o

2 20 g 20

o o

S0t Lo}

3 5

< ‘ ‘ ‘ ‘ <C ‘ ‘ ‘ ‘

3.95 3.96 3.97 3.98 3.99 3.95 3.96 3.97 3.98 3.99 4

Time (s) Time (s)
(a) (b)

< 20 : = 20 :

<C

g £

= < 10;

o o

3 g 0

[oX o

2. 2-10f

g 8

o -20 : : : : 3 20 : : : :

@ 395 3.96 3.97 3.98 3.99 4 0C 395 3.96 3.97 3.98 3.99 4
Time (s) Time (s)
(c) (d)

Figure 5.8 — Validation of the simplified model. Active power of the (a) simplified and (b)
complete PV system running strategy 2; reactive powers for the (c) simplified and

(d) complete PV system running strategy 2.

5.3.3 Strategy 3

To validate strategy 3 for the simplified model, the DC-link voltages for this model

and the complete one are shown in Figures 5.9. In this sense, these voltage curves confirm
the correct execution of the simplified model when strategy 3 is active, as this magnitude
is set at 1200 V, as expected.
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Figure 5.9 — Validation of the simplified model. DC-link voltage for the (a) simplified and (b)
complete models running strategy 3.

The currents injected into the grid by the PV system running strategy three
are displayed in Figures 5.10 (a) and (b) for the simplified and complete model. When
comparing the three-phase currents of Figures 5.10 (a) with those of 5.10 (b), they present
differences in the RMS values, but they remain with their sinusoidal shapes without
distortions. In this way, the simplified one has RMS values of 34.7 A, 51.6 A, and 33.6 A,
and the complete one has 32.6 A, 49.1 A, and 32.1 A for phases 1, 2, and 3, respectively.

The differences are around 5%.
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Figure 5.10 — Validation of the simplified model. Injected currents into the grid by (a) simplified
and (b) complete models when the stratey 3 is applied.

However, the crucial parameter to validate the results for the simplified model
running the strategy 3 is the reactive power, since this strategy aims to attenuate its
oscillations. In Figures 5.11 (a) and (b), the reactive powers for the simplified and complete
models are shown. The peak values for the simplified is 0.07 kvar and for the complete one
is 0.04 kvar, i.e., there is a trivial difference between them. Also, the simplified one works
when strategy 3 is applied in the current control, once the oscillations of the reactive power
are practically null. However, the crucial parameter to validate the results for the simplified
model running strategy 3 is the reactive power since this strategy aims to attenuate its
oscillations. This electrical quantity for the simplified and complete models is shown in
Figures 5.11 (a) and (b). The peak value for the simplified is 0.07 kvar and for the complete
one is 0.04 kvar, i.e., there is a trivial difference between them. Thus, the simplified one

works when strategy three is applied in the current control structure, once the oscillations
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of the reactive power are practically null. The active powers displayed in Figures 5.11 (c)
and (d) have considerable fluctuations, with peaks reaching 32.15 kW and 30.36 kW for

the simplified and complete systems, respectively.
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Figure 5.11 — Validation of the simplified model. Reactive power for (a) simplified and (b)
complete models when the strategy 3 is applied.

~

In conclusion, all the results obtained here corroborate the excellent work of the
simplified system designed to replace the model with the panels, boost, and three-phase
inverter. In addition, the conventional strategy was also applied, showing the same pattern
of results for the other ones. The system was also connected to bus 7 to verify how the
simplified system performed in this situation. In this way, its performance running the
strategies is identical to the system connected to bus 5, as the results are similar in both
scenarios. Therefore, the analyzes and results shown below are supported by the results

verified in this section.

5.4 UNBALANCE FACTOR ANALYSIS

The unbalance factor is an index that measures how unbalanced the voltages of
an electrical grid are. As mentioned, this index is given by the relationship between the
negative-sequence component of the voltage and its positive component, according to
expression (4.4) (MIRET et al., 2012), and re-introduced below

V-

=T (5.5)

n

The voltage unbalance factor of the primary power source of the electrical grid was
calculated in (4.3), and its value is 0.333.
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The simplified model of the PV system allows a large number of simulations, as its
execution time is short compared to the complete model. Therefore, to carry out a detailed
impact analysis of the PV system penetration in the grid, the input power of this system
was varied, and the unbalance was observed in each bus. Furthermore, the simplified PV

system was connected to buses 5 and 7, one at a time, in the same way as before.

The PV system is naturally intermittent in the power supply since its efficiency
at it is influenced by temperature, solar irradiation, and shading conditions (ALAJMI
et al., 2013; PATEL; AGARWAL, 2008). Therefore, a scenario was imagined in which
the PV system suffered different variations in its input power, which would simulate this
intermittence. Thus, with the system connected to the respective simulation bus, its input
power was varied according to the following pattern: starting with the value of 2 kW and
increasing in the same proportion until the rated capacity of the system is reached, which
is 20 kW.

First, the simulations considered only the injection of active power into the grid
by the PV system, but the control used here allows the injection of reactive power for
the three main strategies. Therefore, the reactive power was also injected into the grid

following the variation of the input power, according to the expression below
Qinj = \/Si — Pi, (5.6)

where (), is the injected reactive power, S;, is the rated apparent power that maximum

value is 20 kVA, and P, is the input active power.

One by one, the control strategies were applied to the simplified PV system that
was connected to bus 5 or 7, and there was an increase in input power. Therefore, four
simulations were performed at each 2 kW increase of the PV system. Furthermore, the
symmetrical components in the stationary frame were used to calculate the unbalance

factors in bus 7, which is the last one in the system and was chosen for the analysis.

The results for the unbalance factors of bus 7 when the PV system is connected to
bus 5 were gathered in Figure 5.12. This figure displays the unbalance curves concerning
the system input power, for each of the strategies studied, with and without injection of
reactive power. Briefly: Conventional is for the conventional one; P1, P2, and P3 represent
strategies 1, 2, and 3, respectively, considering only the injection of active power by the
PV system; and, finally, PQ1, PQ2, and PQ3 are for strategies 1, 2 and 3, respectively,

with the injection of active and reactive power into the grid.

It can be seen from Figure 5.12 that the best results for the unbalance factors are
for the PQ2 curve, i.e., when the PV system runs strategy 2 with reactive injection. In this
scenario, the lowest value of this index is 0.3119 when the system injects 18 kW (active
power) and 8,717 kvar (reactive power). The second best performance occurs with strategy

2 (P2 curve), whose lowest value observed is 0.3144 with 20 kW (rated capacity) active
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Figure 5.12 — Graphs for the unbalance factors at bus 7 when PV system is connected to bus 5.
P1, P2, and P3 are graphs for strategies 1, 2, and 3 injecting only active power;
PQ1, PQ2, and PQ3 are graphs for strategies 1, 2, and 3 injecting both active and
reactive powers.

power injection. On the other hand, the conventional curve in the figure indicates that
this strategy presented the worst result for the unbalance factors, whose highest value is
0.3361 with the injection of 20 kW, implying in a difference of 7.8% from the best one
PQ2. Also, the PQ3 and P3 curves show very similar behavior with tiny variations in the

values of the unbalance factors, which average is 0.3352.

Now the curves for the unbalance factors of bus 7 are shown in Figure 5.13 when

the PV system is connected to bus 7.

Observing Figure 5.13, the same behavior occurs for its curves as well as those
presented in Figure 5.12, in which the PQ2 curve is the one that shows the best results,
and its lowest value for the unbalance factor is 0.3001 with the injection of 18 kW and
8,717 kvar. Curve P2 remains the second best option, with its minimum record at 0.3014.
However, the conventional strategy is not the worst anymore, its highest value is 0.3348
(P =20 kW), and the lowest is 0.3321 (P = 2 kW). The PQ3 and P3 curves are in the last
place now, as their highest unbalance factor is 0.3355, but they remain practically static
throughout the input power variation. Besides, making a comparison at the same point
of the input power P = 18 kW, the PQ2 curve presents 11.62% less unbalance compared
to the PQ3 and P3 curves, once its unbalance factor is 0.3001 at this point, and for the
others, is 0.3351.

The voltage vectors in the double synchronous reference (positive and negative
sequence) were observed to explain the reliable work of strategy 2 and the ineffectiveness of
strategy 3 in correcting voltage unbalance factors. That said, Tables 5.1 and 5.2 summarize

the values of the positive and negative sequence components of voltage at bus 5 for the
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Figure 5.13 — Graphs for the unbalance factors at bus 7 when PV system is connected to bus 7.
P1, P2, and P3 are graphs for strategies 1, 2, and 3 injecting only active power;
PQ1, PQ2, and PQ3 are graphs for strategies 1, 2, and 3 injecting both active and
reactive powers.

different scenarios and strategies. It can be seen from these tables that strategy 2 manages
to reduce the negative sequence vectors of the voltage along it increases the positive
sequence ones. Strategy 3 also achieves the feat of increasing the positive vectors, but also
increases the negative ones, implying that it cannot effectively correct voltage unbalances.
Furthermore, the conventional strategy follows the same profile as strategy 3, and strategy

1 behaves like 2, but with less effectiveness.

5.5 LINE LOSS ANALYSIS

According to Prodist’s module (ANEEL, 2021), there are technical and non-technical
losses, the first being characterized by the difference between the energy generated and the
energy delivered to the distribution grid, including losses on the line. The second would be
those losses arising from the difference between the total measured and the technical losses.
Thus, as the electrical grid simulated here is small and decoupled (for simplification),
in addition to accessing the values of current and resistance of the line, the Joule effect
losses in the distribution line are computed for the loss analysis. For this purpose, the
characteristics of the distribution line in Table 5.3 are used. And the Joule effect losses

are calculated following expression (5.7).

Plosses - RQZQ (57>

where Rq, is the line resistance, and 7 is the RMS current value.

The input power variation of the simplified PV system is varied as in the unbalance

factor section. Thus, it is increased in a step of 2 kW until reaching the power rate of 20
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Table 5.1 — Voltage vectors for bus 5 in the double synchronous reference frame (system connected

to bus 5)
Input power Strategy vy v V4 Vg
Conventional 260.9826 -0.0114 -41.9753 -76.8955
9 1W 1 261.0043 -4.5418e-04 -41.9223 -76.6019
2 261.1048 0.0024 -41.5819 -76.4400
3 260.9206  -0.0017  -42.2007 -76.7308
Conventional 264.1035 -3.2818e-04 -41.8215 -77.6332
10 KW 1 264.1919 0.0107 -41.2945  -76.9676
2 264.6588 -3.7569e-04 -39.6798 -76.1714
3 263.7935 0.0011 -42.6814  -77.5852
Conventional 267.8721 -0.0057 -41.6127 -78.5431
920 KW 1 268.0498  8.3589e-04 -40.5302 -77.4013

268.8906 -3.6787e-04 -37.5062 -75.8299
267.2738 6.7121e-04 -43.2487 -78.6337

266.1534  9.6020e-04 -44.1818 -75.2907
265.7802 -7.3929e-04 -44.8198 -T2.7575
266.6989 0.0167 -43.0602 -78.4341

268.6480 0.0101 -43.2701  -75.8536
268.6875 -0.0039 -42.5687 -73.1563
268.8043 0.0163 -43.4219 -79.0740

269.5454 0.0094 -41.6948 -76.7685
270.0915 -0.0036 -39.4356 -74.4682
269.1333 0.0049 -43.5525  -79.1669

2 kW (Q injection)

10 kW (Q injection)

18 kW (Q injection)

W N[ W WM | W

kW, and the simulation results are recorded for each power point. The simplified system
ran with each of the strategies studied, including the conventional one that does not
consider the negative components, in addition to considering the injection of reactive
power. Furthermore, by using expression (5.7) for losses and the data presented in Table
5.3, it is possible to compute the losses for the entire electrical distribution grid by adding

the values obtained for each distribution line.

The losses were organized in graphs displayed in Figure 5.14. These graphs represent
the power dissipated in all electrical lines for each of the studied strategies by varying
the input power and injecting reactive power when possible. Those results are for the

simplified system connected to bus 5.

The lower the power dissipated in the electrical grid, the better the result for this
quantity. In this sense, the electrical grid presented lower global losses when strategy 3
runs in the PV system injecting active and reactive power (PQ3 graph), as shown in Figure
5.14. The lowest value recorded is 2.214 kW for an injection of 18 kW and 8.717 kvar.

Taking the conventional strategy as a parameter and the same input power point, that is,
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Table 5.2 — Voltage vectors for bus 5 in the double synchronous reference frame (system connected

to bus 7)
Input power Strategy vy v \Z} A
Conventional 260.9748 1.5445e-05 -41.9783 -76.8896
9 kW 1 260.9938 -6.2383e-04 -41.9204 -76.6042
2 261.0935 -6.3053e-04 -41.5800 -76.4482
3 260.9128 -6.2095e-04 -42.2002 -76.7273
Conventional 264.0328 -2.9337e-05 -41.8194 -77.6234
10 kKW 1 264.1129 -6.8272e-04 -41.2899 -76.9697
2 264.5439 0.0103 -39.7268 -76.2220
3 263.7265 -0.0098 -42.6790 -77.5580
Conventional 267.6606 8.5138e-04 -41.5959 -78.5161
20 W 1 267.8208 -1.6865e-04 -40.5343 -77.3946

268.5486 -0.0115 -37.7062  -75.9705
267.0840 -0.0111 -43.2313  -78.5534

266.0713 -4.0188e-04 -44.2020 -75.2839
265.7236  2.8606e-04 -44.7395 -72.7442
266.5825 7.2776e-04  43.0550 -78.4058

268.5355 6.7769¢-04 -43.2785 -75.8517
268.5745 -6.0111e-04 -42.5279 -73.2535
268.6806 -4.8530e-04 -43.4133 -79.0376

269.3702 -5.8445e-04 -41.6961 -76.7657
269.8428 -5.8905e-04 -39.5417 -74.6385
268.9798 -0.0016 -43.5662  -79.1095

2 kW (Q injection)

10 kW (Q injection)

18 kW (Q injection)

WN | WD | WN =W

Table 5.3 — Cable parameters

AWG cable 3x1
Resistance (©/km @55°C)  0.975
Frequency 60 Hz
Line length 40 m
R/X ratio 100




Chapter 5. simplified model 100

4.5

W)

Conventional

Losses line (k

0 2 4 6 8 10 12 14 16 18 20 22
Input power (kW)

Figure 5.14 — Graphs for the power losses along the grid when PV system is connected to bus 5.
P1, P2, and P3 are graphs for strategies 1, 2, and 3 injecting only active power;
PQ1, PQ2, and PQ3 are graphs for strategies 1, 2, and 3 injecting both active and
reactive powers.

18 kW, it is concluded that strategy 3 has 15.94% fewer losses, considering that the value
for the conventional one is 2.527 kW. Strategy 1 (PQ1 graph) has the second-best mark
with a value of 2.239 kW, having an advantage of 11.41% over the conventional strategy.
Strategy 2 (PQ2) has the highest value of losses among those that present reactive power

injection, with a value of 2.495 kW but remains 1.28% lower than the conventional value.

Besides, considering the graphs in Figure 5.14 that represent a scenario without
the reactive power injection, strategy 3 (P3) is the only one with a lower value than the
conventional one, with a difference of 0.48% given by 2.515 kW of losses. The highest
overall losses, considering with and without reactive power injection, occur with strategy 2,
which has 10.67% more than the conventional one with a value of 2.797 kW. And strategy
1 has 2.35% more losses with a value of 2.587 kW.

On the other hand, imagining a scenario of more shading and, consequently, lower
input power, the strategy that proved to be better is 1 with the injection of reactive power
(graph PQ1 in Figure 5.14). This situation remains until the input power reaches 10 kW,
which is when strategy 3 becomes the best, according to graph PQ3 in Figure 5.14.

Now, graphs are shown in Figure 5.15 for the electrical losses in the whole grid
when the PV connection is made at bus 7. The intention here is to validate and compare
the PV system efficacy when it is connected to bus 5 or 7. Hence, the simulation scenarios

made for the system connection on bus 5 were repeated.

The behavior of the graphs presented in Figure 5.15 is very similar to those in

Figure 5.14, which is expected once the simulations performed for both situations have
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Figure 5.15 — Graphs for the power losses along the grid when PV system is connected to bus 7.
P1, P2, and P3 are graphs for strategies 1, 2, and 3 injecting only active power;
PQ1, PQ2, and PQ3 are graphs for strategies 1, 2, and 3 injecting both active and
reactive powers.

the same parameters and grid settings. Hence, strategy 3 with reactive power injection
(graph PQ3) continues to have the lowest overall value for losses at the 18 kW (with 8.717
kvar reactive injection) operating point, which is 1.8 kW. The PV system running strategy
one (1) at the same operating point has the second lowest loss value, 2.1 kW. Among the
simulations with reactive injection, the worst global result was strategy 2 (graph PQ2)
with the value of 2.4 kW, behind strategy three (3) without reactive injection (graph P3)
with 2.3 kW losses at the point of 18 kW operation, which is the same regarding the input
power. Considering loss graphs when there is no reactivation injection, strategies three
(3) and conventional have the lowest values, 2.3 kW and 2.35 kW, respectively. When the
system operates with strategy 1, the grid has 2.5 kW of losses which is the third best
global mark, ahead of strategy 1 with 2.6 kW.

Also, considering the loss graphs of Figure 5.15 when there is no reactive injection,
strategy 3 has the lowest value of 2.3077 kW, which is 0,9% lower than the conventional
value of 2.3286 kW. When the system operates with strategy 1, the grid has 2.4141 kW
of losses which is 3,67% greater than the conventional one, but still ahead of strategy 2,
whose value of 2.7248 kW is 17,01% greater.

Still observing Figure 5.15 and concerning the operation in non-ideal conditions,
that is, with the lower input power due to the phenomena inherent to the PV system,
the strategy that appears to be the best option for reducing losses is 1 with injection of
reactive power. This strategy presents the lowest values of losses up to the point of 12
kW, approximately. From that point on, the best option is strategy 3, also with reactive

injection.
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5.6 CONCLUSIONS OF THE STUDIES

Voltage unbalances in the studied electrical grid bus are smaller when strategy 2
is applied to the PV system, as shown in Figures 5.12 and 5.13. And this occurs when
there is or is not a reactive power injection. Furthermore, strategy 3 and conventional one
does not present significant changes in these unbalance factors, as their index keeps static

throughout the input power variation.

Regarding losses, the positioning is inverted, and strategy 3 is the top one, as
shown in Figures 5.14 and 5.15. Also, the injection of reactive power into the grid improves
the power factor, so an improvement in electrical losses is observed when the PV system
performs such an injection. Hence, all strategies have the lowest losses in this situation.
The one with the highest loss values is strategy 2. Differently from what happens with the

unbalance factors, strategy 2 is the one that has the highest losses.

Another conclusion from voltage unbalances and losses refers to the connection
of the PV system to the electrical grid studied. For the specific studied scenario, the
best connection point for the PV system is at the end of the grid, i.e., at bus 7. This
deduction is based on the unbalance values presented in Table 5.4 for when the PV system
is connected to Bus 5 (column B5 in the table) and Bus 7 (column B7 in the table). The
values refer to the operating point of 18 kW of PV system input power. Column B7 of
Table 22 presents values lower than column B5, hence connecting the PV system to Bus 7
implies lower voltage unbalances in the electrical grid. For example, the unbalance value
for strategy 2 for B7 is 4% lower than for B5.

Table 5.4 — Unbalance factors when the PV system is connect to bus 5 and 7

Unbalace factor

Strategy B5 B7
Conventional 0.3360 0.3324
1 0.3266 0.3205
2 0.3163 0.3043
3 0.3352 0.3351

1 (Q injection) 0.3239  0.3178
2 (Q injection) 0.3119  0.3001
3 (Q injection) 0.3353  0.3347

Furthermore, Table 5.5 displays the values for losses at the 18 kW operating point
of the PV system when it is connected to bus 5 and bus 7. For this table, all values in
column B5 are greater than those in the B7. And the strategy that presents the utmost
difference is 3 with reactive injection, whose loss value when the system is at bus 7 is
13.7% lower than when it is at bus 5. Therefore, the results for losses also corroborate
with the deduction that the PV system connected further from the primary source, i.e., at

bus 7 of the studied grid, causes improvements in the measured indices.
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Table 5.5 — Losses when the PV system is connect to bus 5 and 7 (operating point 18 kW)

Line losses

Strategy B5 B7
Conventional 2.527 kW 2.328 kW
1 2.587 kW 2.414 kW
2 2.797 kW 2.724 kW
3 2.515 kW 2.307 kW

1 (Q injection) 2.239 kW 2.016 kW
2 (Q injection) 2.495 kW  2.381 kW
3 (Q injection) 2.124 kW  1.868 kW

5.7 TYPE C FAULT

Different types of electrical faults cause different voltage sag reactions in the grid
(BOLLEN; ZHANG, 2003). Selecting these faults with distinct characteristics is a way to
verify if there are differences in the performance of the controls developed here in the face
of voltage sag variation. In this sense, the fault chosen was the one that leads to a type C
sag that has phase voltages with sags different from that of type D, in addition to not
having zero sequence elements. Also, the voltages of each phase were computed taking
into account the same characteristics for the pre-fault (E = 13.8/0° kV) and during-fault
(V = 0.5E) voltage vectors used for the D fault, following Table 5. Hence, the primary

source input voltages during the voltage sag are given by

Ej =V, =13,8/0° (5.8)
Ep = Vy = 9,1278420/—139.106° (5.9)
By = Vs =9,1278420/139.106° (5.10)

Table 5.6 — Type C sag

Type V; V, Vs
V—jV3

E - “E —= iV3-E
C 5 2V+y\/§2

N | —

The voltage phasors represented in expressions 1, 2, and 3 are introduced in the
primary power source of the electrical grid with 7 bars to carry out the simulations and

gather the results. The form of these voltages can be seen in Figure 5.16.

Next, some results of electrical quantities are shown related to the simplified PV
system running the control strategies and the type C sag applied to the primary source. As
the intention is to validate the system operation, the results are only for the scenario with

100% of active power injected into the grid. Furthermore, a comparison is made between
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Figure 5.16 — Voltages for the primary power source of the grid with type C sag

these results and those obtained for type D fault to verify if there are differences in the

performance of the simplified system.

5.7.1 Strategy 1

Figures 5.17 (a) and (b) show the voltage curves of the DC link of the simplified
system running strategy 1. It can be seen from these images that the system with strategy
1 works correctly when a sag with type C characteristics is applied to the electrical grid
since the desired value of 1200 V for the voltage is established, and there are no differences

between the curves.

1.6 T T T 1.6
—V —V

— cc — cc
i 141 7Vcc-ref7 i 147 7Vcc-ref7
1.2 S1.2
S £
2 1 =l

0 8 1 1 1 0.8 1 1 1

2 2.5 3 3.5 4 2 25 3 3.5 4
Time (s) Time (s)

(a) (b)
Figure 5.17 — DC-link voltage for strategy 1 and type (a) C and (b) D sags

The currents injected into the grid are the targets for strategy 1, which aims to
make them fully balanced. Therefore, these currents can be observed in Figures 5.18 (a)
and (b) for type C and D sags. All the current curves in these figures are sinusoidally
identical, but there are slight differences in the RMS values. For example, phase 1 of the
current for type C sag has 44.7 A of RMS value, and the same phase has 43.4 a for type
D, which generates a difference of only 3%.

The active powers shown in Figures 5.19 (a) and (b) present differences in their
oscillation curves restricted only to their phase, as they have the same peak value of 26.5
kW. In addition, the reactive powers of Figures 5.19 (c) and (d) also show this pattern, as
they differ in phase angle but have the same peak value of 6.5 kvar. The explanation for

this phase difference lies in the voltage phasors that are different for type C and D sags.
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Figure 5.18 — Injected currents into the grid by the simplified PV system for type (a) C and (b)
D sags.
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Figure 5.19 — Active power for type (a) C and (b) D sags; reactive powers for type (c) C and (d)

D sags.

5.7.2 Strategy 2

The voltages for the DC link of the three-phase inverter can be seen in Figures
5.20 (a) and (b). These voltages refer to the scenarios in which the simulations ran with
type C and D sags, additionally the application of strategy 2 in the simplified system. The
voltages reached the value of 1200 V established by the control system, which shows the
good functioning of the simplified PV system for the type C fault.

For different sag types, it is expected that changes in the responses of the PV
system would occur when dealing with these sags. In this way, the currents injected by
the simplified PV system when dealing with type C and D sags are contrasting in phase
and RMS values, as seen in Figures 5.21 (a) and (b). The RMS values for phase 1 are
42.6 A (type C) and 56.3 A (type D), which generates a difference of 32%, for phase 2 are
61.8 A (type C) and 32.5 A (type D), whose difference is 90%, and for phase 3 are 41.3 A
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Figure 5.20 — DC-link voltage for strategy 2 and type (a) C and (b) D sags

(type C) and 57.2 A (type D), resulting in a difference of 38.5%. Again, these divergences
happen due to the distinctive voltage phasors for each type of sag that influence how the
control system modifies the currents injected into the grid. Also, these currents change

according to the applied strategies that depend on these voltages at the connection point.
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Figure 5.21 — Injected currents into the grid by the simplified PV system for type (a) C and (b)
D sags.

As strategy 2 aims to reduce active power oscillations, this quantity must be shown
to verify whether or not the control is reaching its established objective. Therefore, Figures
5.22 (a) and (b) show the active powers for type C and D sag, respectively. Note that both
simulations act as expected, as their active power is at 20 kW with almost zero oscillations.
And for the reactive power, there are differences only in the phase due to the divergent

three-phase currents and voltages, but the peak value is 13.9 kvar for both, as shown in

Figure 5.22 (c) and (d).

5.7.3 Strategy 3

The DC-link voltages of the simplified system running strategy 3 are displayed
in Figures 2 and 3 for the types C and D sags, respectively. The 1200 V value for the
quantities demonstrates that the PV system works well with the type C sag same as the

D sag.

The sinusoidal currents have distinct RMS and phase values, as shown in Figures

5.24 (a) and (b) for sag C and D, respectively. In this sense, phase 1 has a percentage



Chapter 5. simplified model 107

_iao - _§30
220 220
o o
o o
Lot L0t
5 5
< L L L L < L L L L
3.95 3.96 3.97 3.98 3.99 4 395 3.96 3.97 3.98 3.99 4
Time (s) Time (s)

(a) (b)

N
o
n
o

—_
o
T
—_
o
T

Reactive power (kVAr)
o

Reactive power (kVAr)
o

10+ 101
20 ‘ ‘ ‘ ‘ 20 ‘ ‘ ‘ ‘
3.95 3.96 3.97 3.98 3.99 4 3.95 3.96 3.97 3.98 3.99 4
Time (s) Time (s)
(c) (d)
Figure 5.22 — Active power for (a) simplified and (b) complete models when the strategy 2 is
applied.
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Figure 5.23 — DC-link voltage for strategy 3 and type (a) C and (b) D sags

difference of 36%, phase 2 has 100%, and phase 3 has 37.8%.

The active power injected into the grid by the simplified system running strategy 3
has angular phase differences when the grid is under a C or D sag, as shown in Figures
5.25 (a) and (b), but the peak values of 32.1 kW are the same. Also, the reactive powers
shown in Figures 5.25 (c¢) and (d) confirm the proper performance of the simplified system
running strategy 3 for type C sag. These figures prove that the strategic objective of

reducing reactive power oscillations is achieved.

5.7.4 Unbalance factor curves for type C sag

As a starting point, the unbalance caused by the type C sag is determined using

the unbalance factor expression given by 4.4. Thus, the unbalance factor for this type of
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Figure 5.24 — Injected currents into the grid by the simplified PV system for type (a) C and (b)
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Figure 5.25 — Reactive power for (a) C and (b) D sags when strategy 3 is applied to the simplified
system.
fault is V- 3,449.93
n=—=———=0.333 (5.11)
V+  10,350.02

The simulations carried out for the analysis of unbalance factors for type D sag
were made for type C. Thus, the input power of the PV system was varied, considering the
injection of reactive power, in addition to the change of the bus in which the PV system is
connected. Also, the analyzes were made for the last bar of the system, which is 7, as was

done previously.

All results for the unbalance factors of bus 7 obtained through simulations with
type C sag can be seen in Figure 22, and these results are for the situation of connection
of the PV system at bus 5. The curves are plotted for the unbalance factors as a function

of the PV system input power, and all strategies were considered.



Chapter 5. simplified model 109

0.34

0.335 Conventional ]

0.33

I

w

S

ol
\

Unbalance factor

0.3 N

0.295 | | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20 22

Input power (kW)

Figure 5.26 — Graphs for the unbalance factors at bus 7 when PV system is connected to bus 5
and the grid is under a type C sag. P1, P2, and P3 are graphs for strategies 1, 2,
and 3 injecting only active power; PQ1, PQ2, and PQ3 are graphs for strategies 1,
2, and 3 injecting both active and reactive powers.

As with type D sag, the results presented in Figure 5.26 for sag C indicate that
the strategy that best acts in the amortization of unbalances continues to be strategy 2,
more than that, it is when the reactive injection (PQ2 curve) occurs that it appears in its
best form. The value of 0.3077 is the best for the unbalance factor of the PQ2 curve at
the point 18 kW (active) and 8.517 kvar (reactive). The second best is the curve P2 with
0.3122 at the same point. Besides, the worst performance belongs to conventional with a
unbalance factor of 0.3315. Strategy 3 remains with its curves constant with or without
reactive injection (PQ3 and P3 curves), as happened to D sag, and their values are close

to those presented by the conventional strategy.

The curves displayed in Figure 5.27 are the results gathered for the unbalance

factors when the PV system is connected to bus 7.

As with the connection at bus 5, the curves in Figure 5.27 demonstrate that strategy
2 with reactive injection (PQ2) presents the best result for the factor analyzed along the
power variation, as the best global value with 0.2962 at point 18 kW and 8,517 kvar. The
rest of the curves also behave similarly to those in Figure 5.26, only changing the global
values for the factor that are smaller. Strategy 2 without reactive injection keeps as the
second best option for unbalances, with the lowest value of 0.3003. On the other hand,
there is a tiny difference regarding the curve of the conventional strategy, which slightly
improves compared to that shown for D sag, but the curves P3 and PQ3 are still very

similar to it, and they are the ones with the highest value for unbalances.

In summary, the figures shown here for the unbalance factors indicate that there

are no major differences between the performance of the control system when the electrical
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Figure 5.27 — Graphs for the unbalance factors at bus 7 when PV system is connected to bus 7
and the grid is under a type C sag. P1, P2, and P3 are graphs for strategies 1, 2,
and 3 injecting only active power; PQ1, PQ2, and PQ3 are graphs for strategies 1,
2, and 3 injecting both active and reactive powers.

grid is under different types of sags. Type C and D present differences between their
characteristics, and it was through these differences that it was possible to infer that the

control strategies can act satisfactorily.

5.7.5 Line loss analisys for type C sag

All the characteristics and considerations taken for the D sag simulations were also
used to gather the results of the electrical losses in the grid when it is under the effect of

C sag.

The losses were gathered in curve graphs shown in Figure 5.28, and each one refers
to a specific simulation setting. These graphs represent the power dissipated along the
grid for each of the studied strategies by varying the input power and injecting reactive

power when possible. Those curves concern the simplified system connected to bus 5.

From figure 5.28, it is possible to infer that the same curve behaviors of figure
5.14 repeat here. It is noted that strategy 3 with reactive injection maintains the best
performance for losses, as it presents the lowest values for this quantity. The smallest value
of the PQ3 curve is 2.064 kW at point 18 kW with 8.517 kvar injection. All strategies
with reactive power injection had better results than those without injection. On the other
hand, strategy 2 was the one that presented the worst result of all, with the value of 2.54
kW being the highest among the lowest values.

With the PV system connected to bus 7, the results for the line losses are organized

in graphs that can be seen in Figure 5.29.
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Figure 5.29 — Graphs for the power losses along the grid when PV system is connected to bus
7 and C sag. P1, P2, and P3 are graphs for strategies 1, 2, and 3 injecting only
active power; PQ1, PQ2, and PQ3 are graphs for strategies 1, 2, and 3 injecting

both active and reactive powers.
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Strategy 3 with reactive power injection remains the best option for losses, as shown
in Figure 5.27 since the lowest recorded value (1.821 kW) among all scenarios belongs to
it. All curves showed similar behavior, except for PQ1, which has the second-best mark of
1.955 kW, and P2 has the worst overall result of 2.51 kW.

5.7.6 Analysis conclusion for type C sag

As for D sag, the unbalance factors reduce when strategy 3 is applied to the PV
system, especially with reactive power injection. And as for losses, strategy 2 is the one

that cuts down those undesired but inevitable electrical quantities that can be mitigated.

The unbalance factors for C sag are gathered in Table 5.7, and refer to the simulation
results when the PV system at 18 kW input power is connected to bus 5 and bus 7. The
B7 column values are tinner when compared to the B5 column, thus indicating that the
connection in bus 7 is the best option to reduce the unbalances in the grid. Furthermore,
the losses were also gathered in Table 5.8, and the same behavior is observed, as the values
of column B7 are smaller than column B5. Therefore, the best connection point of the PV

system is at the end of the electrical grid, at bus 7, as was the case for sag D.

Table 5.7 — Unbalance factors when the PV system is connect to bus 5 and 7

Unbalace factor

Strategy B5 B7
Conventional  0.3314  0.3277
1 0.3221  0.3161
2 0.3122  0.3003
3 0,3306  0.3305

1 (Q injection) 0.3195  0.3135
2 (Q injection) 0.3077  0.2962
3 (Q injection) 0.3306  0.3300

Table 5.8 — Losses when the PV system is connect to bus 5 and 7 (operating point 18 kW)

Line losses

Strategy B5 B7
Conventional 2.413 kW 2.2328 kW
1 2478 kW  2.315 kW
2 2.638 kW  2.572 kW
3 2,448 kW  2.253 kW

1 (Q injection) 2.170 kW  1.955 kW
2 (Q injection) 2.407 kW  2.284 kW
3 (Q injection) 2.064 kW  1.821 kW

It is possible to conclude that the control system is robust enough to deal with

two types of voltage sags caused by electrical faults through the results obtained for
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voltage losses and unbalances for C and D sags. Furthermore, the control strategies worked
following their proposals, as the PV system could inject power into the grid according to

the commands by the control structure.

5.8 CONCLUSION

In this section, the results for the simplified PV system were presented, which
is faster and made it possible to obtain more results for the analysis completed. This
simplified system has ideal controlled voltage sources that replaced the boost converter
and the non-ideal IGBTs switches of the three-phase inverter, providing higher processing
speed. Besides, all the strategies 1, 2, and 3 studied in this work were tested in this

simplified system.

It is concluded through the analysis of the graphs that strategy 2 is the one that
best deals with voltage unbalances, as it presents the lowest values for this analyzed index.
In this way, the chosen comparison parameter value for unbalance factor is 0.3324 when the
PV system runs the conventional strategy. This value was recorded when the PV system
operates at the 18 kW point and is connected to bus 7 of the grid under a type D voltage
sag. Therefore, the unbalance factor at bus 7 of 0.3001 is 9.7% smaller when the PV system
runs strategy 2 with reactive power injection. Without this injection, the unbalance factor
value is 0.3043, which represents a decrease of 8.45%. The unbalance at bar 7 when the
system runs strategy 1 is 0.3178 (with @ injection) and 0.3205, representing a decrease of
4.78% and 3.58%, respectively. Finally, the unbalance factor is 0.3347 (with Q injection)
and 0.3351 for the PV system running strategy 3, indicating a negligible increase of 0.7%
and 0.83%. Therefore, this last strategy is the one that presents the worst results for the

unbalance factors.

The grid has the lowest line losses when strategy 3 is applied to the PV system.
To verify the advantage of this strategy for losses, the conventional strategy is also taken
as a benchmark at the 18 kW operating point for the PV system connected to bus 7, and
the loss value recorded in this situation is 2.328 kW. The electrical grid presents losses of
1.868 kW when strategy 3 is applied, and the reactive power injection is performed, which
represents a decrease in this electrical quantity of 19.75%. In addition, it presents a 0.9%
loss reduction for the same strategy, but without Q injection. The second best record is
2.016 kW, as there is a reduction of 13.4%, which happens for the PV system running
strategy 1 and injecting reactive power. Without the Q injection, the losses are 2.414
kW, representing an increase of 3.67%. The PV system running strategy 2 and injecting
reactive power increased losses by 2.27% with a value of 2.381 kW. Finally, the worst
scenario is due to strategy 2 applied to the PV system without the injection of reagents,
with a 17% increase in losses, which are 2.724 kW.

A general conclusion points out that the PV system running strategy 1 presents
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the most balanced results for the analyzed indices, i.e., line losses and unbalance factors.
This strategy is chosen the best because it has the most consistent results, positioning
itself as the second best in the analyzed indices. Finally, the analysis concluded that the
best connection point for the PV system is at the end of the electrical grid, in this case, at
bus 7, since it was at this location that the values of losses and unbalances were lower

than the values when the connection is in the bar 5.
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6 CONCLUSIONS

In this work, three control strategies to make the connection between a PV sys-
tem with a three-phase inverter and an electrical grid that presents unbalanced voltages
were proposed and implemented with the aid of the computer simulation software Mat-
lab/Simulink®. Cascade control has enough notoriety in inverter applications, being one
of the most used and consists of a DC-link voltage outer loop with slower dynamics, and
an internal control loop of the currents injected into the grid that has faster dynamics.
Furthermore, Pl-type controllers were selected for regulating both current and voltage
control systems. As these controllers have better performance when working with con-
stant signals, the Park Transform was applied to change from the natural reference 123

(sinusoidal) to the synchronous reference of the grid voltage (constant).

The mathematical model of the grid was presented for the balanced and unbalanced
case, which facilitated the control analyses that needed to be done. The model served as
a basis for elaborating the PV system control strategies for unbalanced grids, providing
the essential current expressions for the elaboration. The three control strategies were
based on a set of expressions obtained through the analysis of the grid in an unbalance
scenario, and each one has different targets. Then, strategy 1 targets to eliminate the
negative sequence components of the current injected into the grid, which arises due to
unbalance, and their elimination makes such a quantity balanced. The second strategy
aims to eliminate the active power oscillations that emerge for the same reason. Finally,

the objective of strategy 3 is to eliminate reactive power oscillations.

Once the control strategies were established, the design of the control loops for an
inverter connected to a balanced electrical grid was done. the conventional control was
performed using the synchronous grid voltage reference frame, which allowed the proper
use of PI controllers. Besides, steps involving the modeling of the control system for a
three-phase inverter were seen, as determining the gains of the controllers of the current

inner loop and voltage outer loop, as well as the PI gains of the PLL.

The main change between the control systems was the replacement of the internal
current control loop with SRF by the double synchronous reference system (DSRF), which
takes into account the appearance of the negative sequence component. The DSRF uses
two structures almost identical to the one used in the current control loop for the balanced
case, one to control the positive sequence component of the current and the other to control
the negative sequence component. However, there is a difference in the cross decoupling
terms of the negative sequence structure, which have opposite signs, as the axes in the
synchronous frame of the negative sequence rotate in the opposite direction. Moreover,
strategies 1, 2, and 3 were used together with this DSRF structure, and it was possible to

see the performance of each one in the electrical quantities.
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The simulated electrical grid has a total of 7 buses and an ideal primary source
of power. The first simulations were performed using the complete PV system, i.e., with
the panels, boost converter, and three-phase inverter, whose rated power is 20 kVA.
Besides, the comparison between the control strategies took into account the same grid
conditions, in which a hypothetical fault causes type D sag with specific voltage phasors.
And these voltage phasors were inserted into the grid primary source to simulate voltage
sag conditions. Then, the PV system was connected to bus 5 of the grid to observe the
electrical quantities and impacts caused on the unbalanced grid by this connection. And
to validate the functionality of the system and compare the results, this system was also

connected to bus 7.

For both the connection at buses 5 and 7, the four strategies showed a good
performance in regulating the DC-link voltage, presenting modest differences between
them. Regarding the current injected into the grid, strategy 1 granted the best results
by injecting a fully balanced current. Regarding active power, the one that presented the
basal oscillations in this quantity was strategy 2. And concerning reactive power, strategy
3 showed a better performance with this electrical quantity by considerably decreasing its
oscillations. Therefore, the three main strategies worked as expected in achieving their

respective proposals.

The complete PV system was replaced by a simplified one composed of controlled
voltage sources, leading to a substantial drop in simulation time and, consequently, a
greater variety of simulations. In this sense, the simplified system was also connected to
buses 5 and 7, as its input power was varied, reproducing the effects that physical systems
suffer from variations in solar irradiance, temperature, and shading, for example. After
the mentioned replacement, the voltages of the primary source were changed following
the characteristic phasors of type C and D sags, because it was possible to visualize the

performance of the simplified system for two types with different characteristics.

The input power variation, in addition to the possibility of injecting reactive power
into the grid by the PV system, allowed two analyzes to be carried out on voltage unbalance
factors and line losses in the electrical grid. Regarding the first analysis, the unbalance
factors collected were from bus 7, which is the furthest from the primary source, being the
weakest. The graphs assembled from the simulation results showed that the PV system can
correct voltage unbalances when running strategy 2 and injecting reactive power. On the
other hand, strategy 3 is the most ineffective in this regard along with the conventional one.
These results were observed for both the system connected to buses 5 and 7. Furthermore,
the roles are reversed regarding losses, and the PV system becomes more efficient in
reducing them when running with strategy 3 together with reactive power injection. In

the same sense, strategy 2 becomes the least effective concerning this matter.

A comparison was also made for the best connection point of the PV system along
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the unbalanced electrical grid, and it was found that, between positioning on bus 5 or
7, the best option is the latter. It is because all the values observed for the losses and
unbalance factors are smaller when the PV system is connected to this bus, evidencing

that the best place to connect it is at bus 7.

The results obtained in the simulations prove and reinforce the accuracy of the
proposed modeling methodology, showing that the assembled control structure can handle
two different types of sag. And it was observed that the control model based on DSRF
among the three control strategies correctly attenuates the negative-sequence components
of the injected currents into the grid, and reduces the oscillations of active and reactive
powers, which are harmful to the operation of the electrical grid. Furthermore, depending
on the chosen strategy, there is a possibility to reduce line losses or voltage unbalances in

the buses.

6.1 FUTURE WORKS

It is suggested for future works:

o Connect simultaneously more PV systems to the electrical grid;

o Apply the control strategies to the PV systems connected to the grid, diversifying
the scenarios through alternating these strategies and analyzing the impacts caused

on the electricity grid;

o Increase the size of the adopted electrical grid model, and a suggestion would be the
IEEE 13-bus electrical grid;

o Couple an energy storage system to the PV system and apply the control strategies;

o Analyze the four-wire inverter by applying the strategies to see the differences

between it and the three-wire in performance.
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