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ABSTRACT
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A NOVEL HYBRID MPPT METHOD FOR GRID CONNECTED
PHOTOVOLTAIC SYSTEMS WITH PARTIAL SHADING CONDITIONS

Ozgiir CELIK

CUKUROVA UNIVERSITY
INSTITUTE OF NATURAL AND APPLIED SCIENCES
DEPARTMENT OF ELECTRICAL AND ELECTRICAL ENGINNERING

Supervisor : Assoc. Prof. Dr. Ahmet TEKE
Year: 2015, Pages: 130
Jury : Assoc. Prof. Dr. Ahmet TEKE
: Prof. Dr. Mehmet TUMAY
- Asst. Prof. Dr. Lutfu SARIBULUT

Energy efficiency and using alternative energy sources issues have become
more crucial due to the world energy supply has been subjected to enormous stress.
Photovoltaic (PV) systems are one of the mostly used alternative energy generation
option. However, PV systems suffer from low system efficiency, high initial cost and
erratic atmospheric conditions. The output power of PV panels highly depends on the
ambient temperature and the radiation intensity. The modest changes in operating
current and voltage of PV panel, which relies on the temperature and radiation,
constitutes visible variations in the output power of the panel. In order to mitigate
these variations and force the system to study on maximum power point (MPP),
several maximum power point tracking (MPPT) techniques are presented in the
literature.

In this thesis, a grid connected PV system, which consists of an artificial
neural network (ANN) based MPPT technique and a novel Hybrid MPPT technique,
is analyzed, modeled and simulated. The proposed MPPT is integrated to a two stage
grid connected PV system. The performance and efficiency of the proposed system
are tested with different simulation cases by PSCAD/EMTDC program.

The results obtained from the simulations clearly demonstrates that the
presented MPPT algorithm simultaneously performs the tracking of MPP voltage and
provide significant efficiency gains under variable atmospheric conditions and partial
shading conditions. Furthermore, by employing an interleaved DC-DC boost
converter, I°R losses, ripples in the input and output waveform and electromagnetic
interference are substantially reduced, and the transient response, which affects the
dynamic performance of the entire system, is improved.

Key Words: Grid-tied photovoltaic systems, MPPT techniques, Hybrid MPPT, ANN
based MPPT techniques.
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YUKSEK LISANS TEZIi

_ SEBEKEYE BAGLI FOTOVOLTAIK SISTEMLERDE KISMi
GOLGELENME SARTLARI ICIN YENI BIR HiBRIiD MGNI YONTEMI

Ozgiir CELIK

CUKUROVA UNIVERSITESI
FEN BILIMLERI ENSTITUSU
ELEKTRIK ELEKTRONIK MUHENDISLiGI ANABILIiM DALI

Danisman : Do¢. Dr. Ahmet TEKE
Yil: 2015, Sayfa: 130
Juri : Dog. Dr. Ahmet TEKE
: Prof. Dr. Mehmet TUMAY
- Yrd. Dog. Dr. Lutfu SARIBULUT

Diinya enerji arzi c¢ok biiyiilk baskiya maruz kaldigindan dolay1r enerji
verimliligi ve alternatif enerji kaynaklarinin kullanilmasi ¢ok 6nemli bir konu haline
gelmistir. Fotovoltaik sistemler (FV) en cok kullanilan alternatif enerji iiretim
seceneklerinden birisidir. Fakat FV sistemler diisik verimlilik, yliksek kurulum
maliyeti ve degisken atmosferik kosullardan negatif olarak etkilenmektedirler. FV
panellerin ¢ikig giicli ortam sicakligl ve 1s1ma siddetine baghidir. Sicaklik ve 1s1maya
bagli olarak, FV panellerin ¢alisma akim ve gerilimlerinde meydana gelen kiiciik
degisimler c¢ikis giiclinde hissedilir salinimlar olusturmaktadir. Bu salinimlar
azaltmak ve sistemi maksimum gii¢ noktasinda (MGN) calismaya zorlamak igin,
cesitli maksimum gii¢ noktasi izleyici (MGNI) teknikleri literatiirde sunulmustur.

Bu tez ¢alismasinda, yapay sinir ag1 (YSA) tabanli yeni MGNI teknigi ve
yeni bir hibrid MGNI teknigi igeren sebeke baglantihi FV sistemin analizi,
modellemesi ve benzetimi yapilmistir. Onerilen MGNI iki kademeli sebeke bagh FV
sisteme entegre edilmistir. Onerilen sistemin performanst ve verimliligi
PSCAD/EMTDC programinda farkli benzetim ¢aligsmalariyla incelenmistir.

Benzetimden elde edilen sonuglar degisken atmosferik kosullar ve kismi
gblgelenme sartlar1 altinda sunulan MGNI algoritmalarinin anlik olarak MGN
takibini gerceklestirdigini agikca gostermistir. Ayrica, paralel bagl yiikseltici DC-
DC ceviriciler kullanilmus, R kayiplari, giris ve ¢ikis dalga formundaki dalgaciklar,
elektromanyetik girisimler O6nemli Olgiide azaltilmig ve sistemin dinamik
performansini etkileyen gecici tepki hizi arttirilmistir.

Anahtar Kelimeler: Sebeke baglantili FV sistemler, MGNI teknikleri, Hibrid
MGNI, YSA tabanli MGNI teknikleri.
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1. INTRODUCTION

1.1. Statement of Problem and Research Motivation

Energy utilization has become a major concern in recent years due to the
rapidly increasing demand with population growth and industrialization. Despite this
increasing demand, enough amount of energy cannot be supplied and the search for
different energy sources is composed. Moreover, the depletion of fossil fuels, racing
oil prices, environmental issues of customary energy resources such as global
warming, impact of carbon emissions from fossil fuels combustion and
environmental pollution direct us to the alternative energy sources (Kjaer et al.,
2005; Chiu et al., 2012). Because of the abundance and sustainability of the sun,
solar energy is envisaged to a substantial renewable energy source of present and
future (Salam et al., 2013; Ishaque et al., 2011).

A photovoltaic (PV) system can directly transforms sunlight into electricity.
The fundamental component of this system is PV cell. PV cells basically a
semiconductor material, which generates electricity from light owing to the
photoelectric effect on this material. Besides having so many advantages like easy to
install, no noise, almost maintenance free, inexhaustible and environmentally
friendly, PV systems suffer from the initial cost of purchasing and installing PV
panels. Also, being inefficiency is the most crucial problem of these systems. The
efficiency rating measures what percentage of sunlight absorbed by a panel gets
turned into electricity that available to use. Since not all the light from the sun is
absorbed by the solar panels therefore most solar panels have a 40% efficiency of
conversion and most of PV panels are around 15-18% efficient (REN21, 2014).
Although extensive studies have been carried out on increasing PV cell efficiency,
growth rates have still not been at the desired level. However, it is equally important
to enhance the power generation of PV system by improving its maximum power
point tracking capability. Because more advanced applications require power
converters to transfer the electricity from PV panels to utility. These converters can

be used to regulate the voltage and current at the load, to control the power flow in
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both grid connected and stand-alone PV systems, fundamentally to track the
maximum power point (MPP) of the device. So it is the most effective and
economical way to improve the overall PV system efficiency (Salam et al., 2013;
Villalva et al., 2009).

An intermediate DC-DC converter can be attached between PV panels and
battery bank or utility grid to deliver maximum energy. DC-DC converter
continuously adjusts the voltage or current level to optimize the load match between
PV output and load. The unit with the inclusion of a DC-DC converter and a
controller is generally named as maximum power point tracking (MPPT) (Rai et al.).
A basic PV electric power generation block diagram, which consists of PV panel,
DC-DC converter, MPPT and inverter, is exhibited in Figure 1.1.

——> DC Load

Solar PV DC-DC
—
Panel Converter Inverter AC Load
D
|DV
MPPT
Vi

Figure 1.1. A block diagram of MPPT controlled PV electric power generation

The main objective of MPPT controller is to provide that independently of the
atmospheric conditions such as temperature and solar irradiance, maximum power is
extracted from the PV panels (Salam et al., 2013). MPPT controllers deliver more
power, actually lowering the cost per watt and adding reliability. There are many
MPPT controllers available commercially and in the literature that can perform task
of tracking maximum power point. In these controllers several algorithms working as
embedded. These algorithms generally employed the measured voltage and current
of the PV array; the power is calculated and duty cycle of the converter is adjusted
for tracking MPP. Despite having same objectives, MPPT methods have differences

in terms of control variable, complexity level, cost, applications, oscillations around
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MPP and convergence speed. With these merits and demerits, MPPT is the most

effective ways to increase the overall efficiency of PV systems.

1.2. Objective and Outline of Thesis

The main objective of this thesis is modeling and simulation of a novel MPPT
method that utilizes soft computing techniques and developing a hybrid MPPT
method. Also to demonstrate the validity of developed method, a three phase grid
connected PV model is presented which is convenient for power system dynamic and
transient analysis. Furthermore, mostly used conventional MPPT methods are
modeled and simulated for demonstrating the superiority of proposed methods. The
model has been implemented in an electromagnetic transient software environment,
PSCAD/EMTDC. The model consists of PV panels, interleaved DC-DC boost
converter, MPPT controller, DC link capacitor, two level three phase inverter, Pl
based inverter controller, harmonic filter, transformer and utility grid equivalent
model.

After an introductory section where the statement of problem, research
motivation and contribution of the study are introduced, the structure of this thesis is
as follows:

In Chapter 2, the renewable energy term is defined, present and future of the
PV panel technologies is discussed. Effect of temperature and irradiation on PV
cell’s characteristic and parameter extraction of PV cell is introduced. Also PV
connection forms and the grid connection limits specified by the regulating standards
are examined.

In Chapter 3, overview and extensive literature survey of photovoltaic
converters and MPPT controllers are presented in detail. The circuit configuration,
operation and basic functions are presented.

In Chapter 4, the power circuit parameters of grid-tied PV system model
components are designed in an electromagnetic transient software environment,

PSCAD/EMTDC program for simulation cases. The equations and controller
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algorithms derived in previous chapters are utilized for the design of different
components and blocks in the model.

In Chapter 5, different case studies are performed to validate the performance
of proposed MPPT controller and to verify the behavior of modeled grid-tied PV
system under various dynamically changing atmospheric conditions. Case studies are
presented to test conventional and proposed ANN based — hybrid MPPT method
under different solar radiation variables.

In Chapter 6, the significant conclusions of the study are explained and the

future work topics on MPPT controller are presented.

1.3. Contributions of Thesis

The main distinctions and important contributions of this thesis can be summarized

as follows:

(i) The wide literature survey for grid-tied PV system components and MPPT
techniques has been accomplished.

(if) To overcome the deficiencies of traditional MPPT techniques, a novel
ANN (artificial neural network) based MPPT method and a novel hybrid MPPT
method are developed.

(iii) The multistring inverter with interleaved boost converters are remarkable
choice and not much work has yet been reported on its theoretical, design procedure
and analysis for PV system applications. Interleaved DC-DC boost converter is used
for each line which reduces the ripple and has a faster transient response when
compared to conventional boost converters.

(iv) Optimal layout with the use of a minimum number of solar irradiation

measurement sensors is suggested.
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2. LITERATURE REVIEW OF THE PHOTOVOLTAIC SYSTEMS

2.1. Renewable Energy

Energy is the basic constituent of life and its supply effects directly on the
social and economic development of nations. In modern societies, development level
and economic growth are directly measured by energy consumption and generation.
It can be clearly said that our prosperity is fundamentally dependent on a continuous,
abundant, and economic energy supply (Exposito et al., 2009; Wirfel, 2009).
Moreover, the tremendous advancement in industry is another reason that raises the
energy issue to the foreground. Hence, there is a growing demand to increase the
energy generation capacity due to rising of the global energy consumption in all over
the world as shown in Figure 2.1. According to the United States Energy Information
Administration (EIA), total world consumption of commercial energy is predicted to
increase by 49% from 2007 to 2035 in International Energy Outlook 2010 reference
case (EIA, 2010).

While there is so much need of energy, fossil fuels are running out, oil prices
are getting higher and more importantly environmental issues of customary energy
resources such as global warming and impact of carbon emissions are forced people
to find different energy sources. Therefore, in the last decades there has been an
increasing interest in the field of production and saving of energy. Saving of energy
can be one of the cost effective solution but it is not enough to prevent energy crisis
and global warming. Furthermore, energy efficiency and energy incentives remain
consistently relevant and renewable energies are becoming increasingly important in
all over the world (Liu, 2009).
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Figure 2.1. Primary energy world consumption (BP, 2014)

In recent years, renewable energy attracts great interest because of being
sustainable, abundant, inexhaustible and environmentally friendly. The sources of the
renewable energy are inherently renewed on its own accord such
as biomass, wind, hydropower, geothermal and solar. Their application areas can be
investigated under four main headings, electricity generation, solar heating/solar
cooling, rural (off-grid) application and vehicle fuels. So the share of the renewable
energy in global energy production and consumption increasing day by day as
demonstrated in Figure 2.2 and renewable contributed 19% to our energy
consumption and 22% to our electricity generation in 2012 and 2013, respectively
(REN21, 2014).
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World Consumption of Hydroelectricity and Other Renewable Energy
by Region, Reference Case, 1990-2030
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Figure 2.2. Renewable energy world usage (BP, 2014)

Although renewable energy has many advantages compared to conventional
fossil fuel based energy, it has some drawbacks such as high initial cost of material
purchasing, installing and maintenance. These drawbacks create some prejudices
against the renewable energy. When depreciation period is considered, they suffer
from long term fulfilling. It is one of the most important parameters for companies
However, technical studies in this area for reducing initial installing costs continue.

In all over the world energy demand has been increasing steadily during the
past five decades, and it is believed that this trend will continue to rise (Sagbas and
Karamanlioglu, 2011). Also it is estimated that global energy consumption in 2055
will increase up to 3 times compared to in 1998. Parallel to this, growing energy
demand becomes one of Turkey’s most important development precedence. Thus,
effective utilization of renewable energy sources has a vital importance for Turkey
for reducing the dependence on expensive foreign energy supplies (Kucukali and
Baris, 2012). Turkey has a various energy resources, including hard coal, lignite, oil,
hydropower, natural gas, geothermal, bioenergy and renewable energy (Kucukali and
Baris, 2012). Despite being very rich in terms of renewable energy sources, in our
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country these sources are not utilized effectively. When Figure 2.3 is investigated,
the distributions of the resources in terms of installed power are not in desired level.
To eliminate this situation, The Law of Utilization of Renewable Energy Resources
in Electricity Generation is constituted in 2005. Main goals of the law can be
summarized as; to expand the utilization of renewable sources for generating
electrical energy, to benefit from these resources in secure, economic and qualified
manner, to increase the diversification of energy resources (YEGM, 2015).

In addition, for identify the country’s energy source potentials, preparing
sample application projects and feasibility studies, preparing regulations in the areas
of renewable energy and energy efficiency, following development in relevant
areas/sector, defining goals and priorities in energy sector and creating specific
incentives General Directorate of Renewable Energy was founded in 2011. It is the
fundamental governmental body in the areas of renewable energy and energy
efficiency.

In Turkey, electricity energy consumption that was 230 billion kwWh by the
year 2011 is predicted to reach to 450 billion kWh at the beginning of 2023.
Turkey’s energy policy targets to increase the installed capacity of renewable energy
in solar plants to 600 MW, in wind energy plants to 20.000 MW, in geothermal
energy plants to 600 MW and in hydraulic power plants to 36.000 MW until 2023.
Hence, it is aimed to increase the share of renewable energy in the electricity supply
above 30% (YEGM, 2009). The current installed capacity of Turkey is 70.557 MW
(EE, 2015).
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Figure 2.3. Total installed power according to source usage in Turkey (EE, 2015)

2.2. Solar Photovoltaic Technologies

Solar energy is one of the most important renewable sources. The sun emits
huge amounts of irradiation, which can be used as direct source of energy, onto the
earth surface everyday (Liu, 2009). PV is a technology with the inclusion of the
direct conversion of solar radiation into electricity by using solar cells. Some
materials demonstrate photoelectric effect, which causes them to absorb photons and
snatch electrons from p-n junction. These free electrons are forced to fill the holes on
a path and an electric current occurs that can be used as electricity.

Photovoltaic history starts in 1839, Edmund Becquerel discovered that
electrical currents occur from certain light induced chemical reactions, and then in
1883 Charles Fritts created the first solid state photovoltaic cell by layering the
semiconductor selenium with a thin layer of gold to form the junctions (Chaar et al.,
2011). The first practical PV cell was exhibited at Bell laboratories, but it was too
expensive to obtain common usage. Up to now, intensive studies have carried out on
materials and structure development to expand and improve this energy collector,
because minimum depreciation period is desired by maximum power generation
(Razykof et al., 2011; Chaar et al., 2011). The rapid growth of the PV market began
in the 1980s due to the application of multi-megawatt PV plants for power
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generation. As a result of studies, cost reduction and market development have
become possible (Maycock, 2015).

Traditional PV cells are made from semiconductor material especially silicon,
are usually flat-plate, and generally are the most efficient. Second-generation PV
cells are called thin-film solar cells because they are made from amorphous silicon or
non-silicon materials such as cadmium telluride. Third-generation PV cells are being
made from a variety of new materials besides silicon, including solar inks using
conventional printing press technologies, solar dyes, and conductive plastics (NREL,
2015). These leading types of PV cells have merits and demerits relative to each
other in terms of efficiency, raw material usage, reasonable cost and technical

properties.

2.2.1. Monocrystalline Photovoltaic Modules

It is quite easy to recognize these types of PV modules; PV cells look
perfectly rectangular with no rounded edges, in other words the crystalline
framework is homogenous. This type of PV panel has many advantages compared to
other types. Because of being space-efficient, these PV panels generate much more
power than other panels (El, 2015). Also, in regions dominated by high temperature,
monocrystalline PV modules suffer from temperature but demonstrate higher energy
yield compared to other types. However, partially covered with shade, dirt or snow
seriously decreases energy harvesting and it comes to halt. In addition, they are weak
against physical impacts; when a fracture starting at any point, it affects the entire of
the panel (EIA, 2015; NREL, 2015; Lynn, 2010).

10
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Figure 2.4. Monocrystalline PV Cell

2.2.2. Polycrystalline Photovoltaic Modules

Production process is differently performed from monocrystalline, raw silicon
is melted and poured into a square mold, which is cooled and cut into square wafers.
It is quite distinguishable from monocrystalline because of the appearance (El,
2015). These types of PV modules were first launched in 1981. Due to the less
amount of wasted raw material, these type PV modules have simpler and inexpensive
manufacturing process. Polycrystalline PV panels are not as efficient as
monocrystalline PV panels. Series resistance of the connection points can be shown
one of the reason of being less efficient. In addition they are not quite as good as
monocrystalline in terms of heat tolerance and being space-efficient (Lynn, 2010;
Kolic et al., 1995).

Figure 2.5. Polycrystalline PV Cell

11



2.LITERATURE REVIEW OF PHOTOVOLTAIC SYSTEMS Ozgiir CELIK

2.2.3. Thin-film Photovoltaic Modules

Amorphous silicon (a-Si) was the first thin-film technology used in PV
technology. There are three main types of thin film solar panels are commercially
available; Amorphous silicon (a-Si), cadmium telluride (CdTe) and copper indium
gallium selenide (CIS/CIGS) (Lynn, 2010). Ease of production process, low cost,
raw material savings, lower construction cost and their specific electricity production
values (KWp/kwWh) make them popular over the PV technologies. However, their
square per meter generation (kWh/m?) is low and consequently installation costs go
up due to the need for more panels (NREL, 2015; EIA, 2015).

Figure 2.6. Thin-film PV Cell

2.3. Photovoltaic Cell and Module Characteristic

A PV system directly converts sunlight into electricity. The basic component
of a PV module is the PV cell. This is fundamentally a semiconductor diode that can
generate electricity when its p-n junction exposed to sun light (Villalva et al., 2009).

A PV cell’s physical cross-sectional view is demonstrated in Figure 2.7.

12
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Figure 2.7. PV cell’s physical demonstration (Villalva et al., 2009)

To form a PV panel a set of cell is connected in series or parallel, these
connection types can exhibit different variations according to the desired output
voltage and current.

It is very important to understand and estimate the PV characteristics in order
to use a PV plant effectively, regardless of external factors. Therefore effect of
atmospheric conditions especially irradiation and temperature should be deeply
investigated (Patel and Agarwal, 2008).

2.3.1. Effect of Irradiance and Temperature
PV array’s output characteristic curves, current-voltage and power-voltage
reflect PV array’s dependence on atmospheric conditions such as temperature and

radiation. The current and voltage dependence on radiation and temperature is given

in Figure 2.8.

13
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Figure 2.8. Current/voltage characteristics with dependence on irradiance and
temperature (Sunpower 19\240 solar panel)

It can be clearly seen that the cell output voltage related with the temperature
and the cell output current is affected by irradiation level. Due to these characteristic
dependencies, extraction of maximum power from PV modules mainly changed by
the temperature and irradiance level (Gow and Manning, 1999 and Villalva et al.,
2009) Furthermore, for specifying rating of power electronics equipment, these
variations should be taken into consideration.

Open circuit voltage (V,.) is primarily affected by temperature and the
relationship between them is inversely proportional whereas the current is only
slightly dependent (Massave, 2013; Blas et al., 2001). This relationship can be
extracted by using Equation (2.1).

Voc = Voc—stc =V * (T — Tsrc) (2.1)
"y" is a constant which can be obtained from datasheet of a PV module. It is a
negative value and shows change of open circuit voltage by increasing or decreasing
ambient temperature for 1 °C.

Short circuit current (I;.) is mostly affected by irradiation level and the

relationship between them is directly proportional as shown in Equation (2.2).

14
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G

Ise = Isc—sTc * (1 +ax* (T - TSTC)) * (2.2)

Gstc

2.3.2. Equivalent Circuit and Mathematical Model

Modeling of photovoltaic cell is an essential research area for implementing
performance analysis, sizing, performance estimation and optimization of PV energy
systems (Celik and Acikgoz, 2007). Because PV panel manufacturers do not supply
sufficient information over a large operating conditions except for some electrical
quantities and this makes designers to develop a realistic alternative simulations. PV
models are generally built up by using four parameter and five parameter model
(Blae et al., 2002; Soto et al., 2006; Mahmoud et al., 2012). The five parameters
model includes light-generated current, diode reverse saturation-current, series
resistance, shunt resistance and diode ideality factor. The four parameters model
neglects the shunt resistance and assumes it as infinity (Celik and Acikgoz, 2007).
Moreover, there are one diode and two diode models are available in the literature.
One of the models proposed in literature is the double exponential model depicted in
Figure 2.9 (Gow and Manning, 1999). The models comprising two or more diode are

more sophisticated and constructed for obtaining better accuracy.
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Figure 2.9. The equivalent circuit of a two diode PV cell

However, single diode model has many advantages for designers such as
being more simple, easy adjustment of parameters and effective model for the
simulations (Villalva et al., 2009; Patel and Agarwal, 2008; Xiao et al., 2004).

15
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In this thesis a well-known one diode model consists of a series and a parallel
resistance is implemented. This model expresses a good balance between simplicity

and accuracy. The circuit diagram of the model is given in Figure 2.10.
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Figure 2.10. The equivalent circuit of a single diode PV cell

The general current-voltage characteristic of a PV panel based on the single
diode model is (Said et al., 2012):

V+Ipy V+IR
Lyy = Ipp — 1o * (e nsVe — 1) -— (2.3)

Rgp
"V." is the junction thermal voltage:

v, = @ (2.4)

The five parameters of the model are given below:

e "I,," is the photo generated current in STC

e "[,"is the dark saturation current in STC
e "R " is the series resistance of the PV module
e "Rg," is the shunt resistance of the PV module

e "A" is the diode quality factor

G
Lypn = — Usc—src + a * (T — Tsrc)) (2.5)
Gstc

16
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_ (Usc—stctax(T-Tsrc))
I, = Voc-stct¥(T-Tsrc) (2.6)
e( AV )_ 1

Other unknowns in the equations are; "k" is the Boltzmann’s constant, "g" is
the charge of electrons, "n," is the number of cells connected in series, "Igc_grc" 1S
the short circuit current value at STC, "Vyc_src" 1S the open circuit voltage at STC,
"G" (W/m?) is the radiation on the PV surface, "Ggrc" is the radiation at STC and
"Terc" 1S the temperature at STC in Kelvin.

The following equations summarize how a single-cell model can be extended

to represent a PV panel (Can, 2013):

Ipv—tot = Nplpv (2.7)

lo—tor = Nplo (2.8)
N

Rs_tor = N_Rs (2.9)
P
N

Rop_tor = N_Rsh (2.10)
14

Aor = NsA (2.11)

where "N,," is the number of parallel cells and "N," is the number of series cells.

2.4. Photovoltaic System Connection Forms

There are mainly three types of PV system connection forms: stand-alone PV

system, grid-tied PV system and hybrid systems (Xiao et al., 2007).

17
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2.4.1. Stand-alone Photovoltaic Systems

For places that are particularly remote from a conventional power generation
system, stand-alone PV systems have been considered a visible alternative (Salas et
al., 2006). This system can be used for both domestic and non-domestic areas and
completely independent from the grid. Non-Domestic applications can be illustrated
by solar water pump system, traffic lights and space satellites. Also, building
integrated PV systems are generally given as an example of domestic applications.
The possible installation power range can be extended for both domestic and non-
domestic applications from 100W to 15 kW (Kerekes et al., 2007). This power range
information is experienced from commercial companies that deal with this area.

Stand-alone PV systems can only include load and PV module or may
additionally comprise the battery for providing continuous energy. Stand-alone
systems fundamentally contain PV panel, charge controller, batteries, and inverter
(Fragaki and Markvart, 2008). Block diagram of a stand-alone PV system is showed
in Figure 2.11.

Photovoltaic v
PV s |

|
7 i

+ | DC/DC Converter ias=
Batterle‘s__\/bat i
Generator - |
|

D
L———  MPPT
Controller

Figure 2.11. General block diagram of a stand-alone PV system with MPPT (Salas et
al., 2006)

2.4.2. Grid Connected Photovoltaic Systems
Nowadays, the grid-connected PV systems are getting more popular over

traditional stand-alone PV systems (Lalili et al., 2013). A grid connected PV
system’s output is conducted directly to the grid. The produced DC power converted

18
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to AC power through a high quality inverter for feeding the grid. These types of PV
systems contain either a single or a two stage power conditioning system, this affects
the control strategies in order to achieve grid-code appliance (Nanou and
Papathanassiou, 2014). In other words having DC-DC converter changes the control
diagram, because without DC-DC converter MPPT controller must be integrated to
inverter’s controller. Grid connected PV systems, which demonstrated in Figure
2.12, are generally designed to generate huge amount of power, therefore reliable and
efficient operation is the most important issue. Hence, power electronic inverter,
converter, controller of them, protection and grid-code compatibility gaining more

and more importance.

| DC Switch DC-DC AC Switch Main Switch
Solar PV o Converter Inverter < kWh d @
Generator .
(Optional)
Overvoltage Duty Cydle or Overvoltage Utility Grid
Protector Reference Signal Protector
lov| Ve (DC) 9 (AC)
MPPT

Figure 2.12. General block diagram of a grid connected PV system with MPPT

2.4.2.1. Grid Connection Standards and Codes

Before making a network connection of a PV system, it should be evaluated
to show how it affects the network. To be synchronized with the network is a crucial
problem. To design a power electronic inverter for grid-tied PV system, an overview
of rules and regulations should be investigated in order to be allowed to connect to
the grid. With these regulations a common point is created and reliable, safe and
steady operation of the system is aimed (Evju, 2007; Saribulut, 2012). There are
various grid codes, standards and related documents are available. By using them
technical requirements for connection of National Electricity Transmission System is
specified. These rules will however not be the same for all countries; they

demonstrate small variations in the degree of limitations and in the definitions.
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The standards from two of the major international standardization
organizations listed below, an overlook of the most important demands and

limitations can be found (Evju, 2007).

. Institute of Electrical and Electronics Engineers — IEEE

° International Electrotechnical Commission — IEC

In Turkey these regulations are demonstrated in ELECTRICITY MARKET
GRID REGULATION (EMGR) which published in Official Gazette of the Republic
of Turkey no. 25001 on 22/01/2003. Due to the connection of Turkey to the
interconnected electrical system, given specifications in this regulation are mostly
same with the European regulations. Technical criteria regarding transmission

system performance, plant and equipment parameters are (EPSY, 2015):

e Frequency: Rated frequency of the system is controlled by TEIAS around
50 Hertz (Hz) between 49.8-50.2 Hz range. The system must be
disconnected in 0.2 sec. for low voltage connections and 0.5 sec. for high
voltage connections when the operating frequency becomes less than 47
Hz or exceeds 51 Hz.

e Voltage fluctuations: Instantaneous changes of the voltage not allowed
exceeding 1% of the operating voltage level. Larger voltage changes can
be permitted up to 3% by TEIAS in extraordinary cases without affecting
the transmission system or other consumers. In Table 2.1, the voltage
distortion limit values are presented. In Table 2.2, the current distortion
limits for general distribution systems are shown.

e Voltage and Current distortion limits: In Table 2.1, the voltage distortion
limit values are presented. In Table 2.2, the current distortion limits for

general distribution systems are demonstrated.
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Table 2.1. Voltage distortion limits (Teke, 2011)

Bus Voltage at PCC Individual VVoltage | Total VVoltage Distortion
Distortion (%) THD(%)

69 kV and below 3.0 5

69 kV through 161 kV 1.5 2.5

161 kV and above 1 1.5

Note: High voltage systems can have up to 2.0 % THD where the cause is an
HVDC terminal that will attenuate by the time it is tapped for a user.

Table 2.2. Current distortion limits for general distribution systems (Teke, 2011)

Individual Harmonic Order (Odd Harmonics), h

L Max. Harmonic Current Distortion for h DD

h<11 | 11<h<17|17<h<23| 23<h<35 | 35<h
Below 20 4.0 2 15 0.6 0.3 5.0
Between 20-50 7.0 3.5 2.5 1.0 0.5 8.0
Between 50-100 10.0 4.5 4.0 1.5 0.7 12.0
Between 100-1000 | 12.0 5.5 5.0 2.0 1.0 15.0
Above 1000 15.0 7.0 6.0 2.5 1.4 20.0

Even harmonics are limited to 25% of the odd harmonics limit above

allowed

Current distortions that result in dc offset, e.g., half wave converters, are not

All power generation equipment is limited to these values of current distortion,
regardless of actual Is/1,

sC—

= Maximum short circuit current at PCC, I, = Maximum demand load current
(fundamental frequency component) at PCC.

e Harmonic distortion: Harmonic distortion cannot exceed 5% for both the

current and voltage as noted in IEC-61000-4-7.

e Vector shift: Relay trip setting must be adjusted to 6°...9° and the system

must be disconnected in 0.2 sec. for both low voltage and high voltage

applications.

e Injected DC current: The value of the injected DC current must be

limited 0.5% of the rated current.
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2.5. Summary

In this chapter, an overview of renewable energy and its types are
investigated. The solar PV technologies, PV cell and module characteristics and PV
system connection forms are reviewed. Mathematical model of PV cell is provided
and it is modeled in a simulation program to make an evaluation for effects of
atmospheric conditions on PV modules. The on-grid and off-grid PV systems are
also discussed and their components are focused. Grid connection standards and

codes for Turkey is discussed and provided.
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3. PHOTOVOLTAIC CONVERTERS AND MPPT CONTROLLERS

3.1. DC-DC SWITCH MODE CONVERTERS

DC-DC converters share an important role with inverters for the PV
applications. Especially for stand-alone and two stage grid-tied PV systems, these
converters are essential part of the system. They can be used to adjust only voltage
level by controlling the output voltage or they can be employed for the MPPT
process through a control algorithm by using PV output parameters. To implement
the MPPT process DC-DC converters are acts as a resistance regulator, according to
position of the switch resistance at the input side is attempted to equalize resistance
at the output side. It can be considered as Thevenin theorem, for obtaining maximum
power R,,:=R;, condition must be supplied. This is clearly visible on the I/V graph

of a PV panel as shown in Figure 3.1.

Rn=Vm/Im

Figure 3.1. I/V graph of a PV panel

Value of R is changed continuously in order to bring the operating point to
the maximum operating point. Intersection point moves along the 1/V curve and try
to find MPP.

Different types of DC-DC switch mode converters, which improved
according to the desired purpose of usage, are available theoretically and practically.
The common objective of these converters can be expressed to give the desired

output value by operating with high efficiency. In the next subtitles, mostly used
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converter types are separately investigated, their mathematical analyses and output

current and voltage forms are presented.

3.1.1. Buck Converter

The Buck converter, which has been one of the basic types of the switch
mode DC-DC converter, is widely used as a step-down converter. The circuit
diagram of the buck converter is given in Figure 3.2. When we investigate the circuit
diagram, it can be clearly seen that a Buck converter consists of two parts. The main
goals for this type converter are reducing the voltage level and obtaining pure DC
output from the circuit. For this purpose a DC chopper and an output LC filter to
reduce the ripples are employed (Hart, 2011; Enrique et al., 2007). It can be operated
under both continuous conduction mode (CCM) and discontinuous conduction mode
(DCM). This can be specified by the circuit component selection of the designer.
When inductor current does not decrease to zero, it operates on CCM, otherwise it

operates on DCM.

iin N « i A
H_ vI(; IR
N +

Vin C_) I Vp(t) C_—— Load Vo

Figure 3.2. Circuit diagram of a Buck converter

Position of the switch determine the output voltage, in other words being on
and off position of the switch over a period gives the relation between the input and

output voltages. The average of the output voltage equals to zero.
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T DT
Vo == [, vo()dt == [ v(t)dt = V;D (3.1)
The relationship between output and input voltage:
Vin = Vout)ton — Vouttoff =0

Vour _ _ten _ _ ) (32)

Vin tonttoff N
3.1.2. Boost Converter

Boost converter is also one of the mostly used basic converter topology
which has capability of step-up the voltage level. The circuit diagram of the boost
converter is given in Figure 3.3. The conventional boost converter includes an ideal
switch, energy storage inductor, diode and filtering capacitor. These components are
employed for increasing the voltage level and reducing the ripples. Moreover, it has
two operation mode named as CCM and DCM. Operation mode is related with the
value of the energy storage inductor. The minimum combination of inductance and

switching frequency should be adjusted for operation on CCM mode (Hart, 2011).

+ Vi

— o7

lin L Ip VD(t)

«Q Y = o]

Figure 3.3. Circuit diagram of a Boost converter

When the circuit topology and operating principle of this converter examined,

it can be clearly seen that for the time switch is on energy stored in the inductor and

25



3. PV CONVERTERS AND MPPT CONTROLLERS Ozgiir CELIK

the power supply is transferred to the load the, for the time is off storage inductor is
charged, diode is reverse biased the capacitor provides the energy for the load
(Enrique et al., 2007)

The average of the output voltage equals to zero and the relationship between

output and input voltage (Hart, 2011):

(AiL)open + (4iy)ciosea = 0

V.(D+1-D)—=Vy(1-D) =0

(3.3)

3.1.3. Buck-Boost Converter

Another basic switched-mode converter is the buck-boost converter shown in
Figure 3.4. The output voltage of the buck-boost converter topology can be either
used to perform stepping the voltage level up or down however; the polarity of the

output voltage is opposite to that of the input.

IGBT ip
V()
; IL “~ ic R
I I N

VinC) cC —— Load Vo
= L\~ Vi

Figure 3.4. Circuit diagram of a Buck-Boost converter

The average of the output voltage equals to zero and the relationship between
output and input voltage (Hart, 2011):
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(AiL)open + (4iL)cio5ea = 0

VsDT ~ Vo(1-D)T _
L L

0

D
Vo = =Vs(5) (3.4)
3.1.4. Interleaved Boost Converter

Interleaved boost converters can be defined as the parallel connection of the
two or more boost converters. As it is known, especially for PV systems, high power
applications recently attract more attention. Due to the increase in high power
applications, division of power and control of it in small parts becomes more
important (Lee et al., 2000). In addition, cost and size of the converter should be
taken into account during the design process because these are other significant
parameters.

In high-power applications, boost converters are often paralleled in an
interleaved manner to increase the output current and reduce the input current ripple
(Lee et al., 2000), higher efficiency is realized by sharing the output current into two
or more branches, substantially reducing I°R losses and decrease leakage inductance
to achieve a lower switching loss (Tseng and Wang, 2013; Ramaprabha et al., 2013).
Furthermore, the size and losses of the filtering section can be reduced, and the
switching and conduction losses (Shin et al., 2005). One of the demerits is the rise in
cost and the other one is that the voltage across the switch is very high during the
resonance mode (Jung et al., 2011). However, this rise is not remarkable owing to
lower rating components may be employed as the current is divided between the
parallel branches (Ramaprabha et al., 2013).
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WO YRR e e

Figure 3.5. Circuit diagram of an Interleaved Boost converter (Lee et 'al., 2000)

When considering the PV applications, interleaved boost converters shown in
Figure 3.5 are applied as power-factor-correction front ends. Efficiency is required
for the power conditioning system (PCS), which transmits power from the PV array
to the load (Jung et al., 2011). Firstly, reduced electromagnetic interference and
reducing ripple in the input and output waveform provides effective control
possibility to MPPT controller. Further, to split up the arrays into strings can ensure
conservation against losses from partial shading. Because controlling in narrow
frame demonstrates better results. Last but not least, speeding up the transient
response by use of smaller inductance contributes to the steady-state and dynamic
performance of the entire system (Veerachary et al., 2003).

Basic design of an interleaved DC-DC converter is given as following (TI,
2013);

Vout+Vd_Vin(min)
D = 3.5
max Vout+Va—Von ( )
Vout"'Vd_Vin(max)
D. . = .
min Vout+tVa—Von (3 6)
_ (Vin(min)_Von)Dmax(l_Dmax)
Licrity = o (3.7)
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3.2. DC-AC Switch-Mode Inverters

Inverters are static power electronic converters that transfer power from dc
power supply to ac load. According to the type of ac output waveform, they can be
named as current source inverters (CSI) or voltage source inverters (VSI). CSls have
controlled ac output in current waveform which particularly used in special
functional devices. On the other hand, VSIs have controlled ac output in voltage
form and naturally behave as voltage source. VSIs are widely used in industrial
applications like adjustable speed drivers, uninterruptible power supplies and energy
conversion stages as in PV applications (Rashid, 2007). The ability to control the
current output of the power converter both in magnitude and phase angle enables the
power inverter to precisely control the fluxes of the electric motors (NREL, 2015).
Hence, the capabilities to control output current are applicable to PV inverter
applications (Muljadi et al., 2013).

Single-phase VSI can be found as half-bridge and full-bridge topologies and
covers the low power range. Three phase VSIs cover medium to high power
applications. In conventional grid connected VSIs a three-phase bridge circuit
consisting of switching components that operates according to the control signal
generated by control algorithm. The controlled variables can be amplitude, phase and
frequency of the voltage (Rashid, 2007). The standard three-phase VSI topology is
shown in Figure 3.6.

R

AANS
V,.—1— DC-Link
DC .
Capacitor AN
[ AN
Filter

"Ly L L

Figure 3.6. Three phase VSI

¢ 199l
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To obtain the three-phase AC current in three phases VSI, six gating signals
need to be sent to the switches of the inverter. H1, H3, H5 are 3 phase symmetrical
switching function with phase shift 120°. The switch S1 and S4 is turned on for 180°.
The switches of any leg of the inverter cannot be switched simultaneously due to
preserving the dc link voltage supply from being short circuited. Conduction states of
the switches are given in Table 3.1.

Table 3.1. Conduction state of the switches (Rashid, 2007)

S1, S2 and S6 are on

S4, S5 and S3 are off 1 Ve 0 Ve
S2, S3 and S1 are on

S5, S6 and S4 are off 2 0 Ve Ve
S3, S4 and S2 are on

S6, S1 and S5 are off 3 Ve Vic 0
S4, S5 and S3 are on

S1, S2 and S6 are off 4 Ve 0 Ve
S5, S6 and S4 are on

S2, S3 and S1 are off S 0 Ve Ve
S6, S1 and S5 are on

S3, S4 and S2 are off 6 Vic Ve 0
S1, S3 and S5 are on

S4, S6 and S2 are off 7 0 0 0
S4, S6 and S2 are on

S1, S3 and S5 are off 8 0 0 0

This thesis is based on the most commonly used topology named as the full
bridge two level VSI; however it is also possible to employ more advanced
multilevel inverters. By using this type of inverter, a pure sinusoidal current, low
harmonic distortion and unity power factor can be obtained by implementing an

effective controller.
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3.3. Photovoltaic Array and Inverter Configurations

Depending upon the solar PV panel arranging, the system can be designed in
different four general ways. The configuration of the PV panels and proper selection
of inverter associated with it will directly have influence on cost and efficiency of the
entire system. There are centralized inverters, string inverters, multistring inverters
and module based inverter configurations available (Kjaer et al., 2005). Table 3.2

depicts comparison of different PV inverter configurations on several bases.
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Table 3.2. Comparison of different PV inverter configurations

String Multi-String Module based
Central Inverters Inverters Inverters Inverters
High inverter Less overall Ii:)nrc(i)t\e/[;fal?\ dent High MPPT
efficiency. loss. MPPT. capability.
. . Wide input Elimination of
SIS 4 GRS voltage range. DC-wiring.
:?Elselggndenc High power output
Low THD. P Y| than string Space efficient.
for different inverter
@ orientation. '
< Reduced
= version of - No need for active
Z | Low cost. More efficiency. .
< central cooling.
2 inverter.
<t A single MPPT H.'gh power Higher power A par)el becomes
. o yield under . deactivate when
is used within o1 shadi level than a string X
the inverter partlg S el inverter an InYEIRis]s
' conditions. ' disrupted.
. Fewer arrays .
Espe_C|aIIy e are impacted Having separate !De5|gn
medium and . independency for
with one MPPT control for .
large scale . . different
- inverter each string. : :
applications. . orientation.
failure.
Mismatch Higher DC PR NS T Higher
: power conversion | . :
losses. watt unit cost. installation costs.
stages
— Requires more
M'S.S'.ng distributed .
individual space to Losses due to DC- | High heat could
MPPT for each pac DC converter. reduce its life.
0 string placmg
o ' inverters.
< -
= | Inefficiency Safety hazard R_qulres more
Z " . distributed space
< | under shading due to high 1o olacin
5 effects. voltage levels. | . placing
< inverters.
) | Different
O | orientation of
modules not
allowed.
Conversion
efficiency very
low at low
power range.
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3.3.1. Module Integrated Inverters

In module integrated inverter configuration, which demonstrated in Figure
3.7, one inverter is attached to per PV panel. Due to being proper to the low power
applications, these inverters are small and can be integrated frame of the PV panel. In
addition, these panels can be connected to the grid through the module integrated
inverters. Advantages of this configuration, the mismatch losses between the PV
modules is removed, DC cabling is almost removed, it is possible to optimize the
converter to the PV module, and thus also allowing individual MPPT of each module
(Evju, 2007). Moreover, minimizing of DC wiring prevents the risk of electric arc
and firing. On the other hand the low power level per unit may reduce the overall
efficiency. Also, for high power applications of PV systems, this type of inverter is
not appropriate because of the high cost and workmanship. Furthermore, the
inequality between inverter lifetime and panel lifetime is another handicap.

nverter Inverter
v | — PV =/ | ]
[V == Ny |—
Inverter Inverter
PV pr— Y, pr—
,\J - f\J —
Grid

Figure 3.7. Module integrated inverter configuration (Evju, 2007)

3.3.2. String Inverters
String inverters shown in Figure 3.8, can be considered as a reduced version

of centralized inverters (Evju, 2007). When we consider a medium power application
(1-5 kW) of PV systems, which is installed on a roof and may be positioned on an
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irregular area, the PV panels cannot be installed with the same orientation and be
exposed to different shading conditions during the day (Schimpf and Norum, 2008).
So this type of inverter is usable for such applications because only one string is
attached to one inverter and thus the mismatch losses are reduced. Also allowing
individual MPPT of each string is another advantage of string inverter.
Consequently, this configuration increases the overall system efficiency when
compared to the central inverter. However, a disadvantage compared to the
centralized inverters is higher price per kW because of the rather low power level per
unit (Evju, 2007; Schimpf and Norum, 2008).

Inverter
2 2 pr—
|_ ] AVE Grid
AC
Inverter
o) o) pr—
< <
|_ 1"V

Figure 3.8. String inverter configuration (Evju, 2007)

3.3.3. Multi-String Inverters

Multi-String inverters can be assumed as a variation of the string inverter.
Fundamentally, it is a string inverter, but it has one more inputs. Extra input ports of
inverter ensure efficient control of the entire system by controlling of MPP in small
strings of PV systems. Actually, the multi-string inverter configuration formed on
more than one distinct and independent PV panel strings with their own MPPT
connected to a unique inverter (Meza et al., 2006). Moreover, it can reach a higher
power level than a string inverter and removes the higher price per KW handicap of
string inverters against to centralized inverters. Also, a plant can be constructed with
fewer components than the string converter, and this supplies profit in terms of cost
and workmanship. Because of having two stage designs, input voltage range is very

wide. Hence, it may benefits from the day light more than other inverters and this
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increases power generation capability. Last but not least, multi-string inverters,
which exhibited in Figure 3.9 allow freedom of design facility to designers (Schimpf
and Norum, 2008).

DC-DC
2 2 - Inverter
§ 1
DC-DC be ~ | ¢
g 7 =
|_ < < a
I_ —

Figure 3.9. Multi-string inverter configuration (Evju, 2007)

3.3.4. Centralized Inverters

These inverters are defined as an old technology, and are based on the
connection of a large number of PV modules to an inverter. The most crucial missing
of these inverters are mismatching losses. They suffer from missing individual
MPPT for strings, different orientation of modules and when a part of array exposed
to different shading conditions during the day, entire of the system is affected by this
condition. Centralized inverters are not capable of dealing with these states. Further,
use of high-voltage DC-cables between the PV modules and the converter, losses in
the string diodes make it inconvenient. Besides these disadvantages, having high
inverter efficiency, simplicity and low cost make it popular. Centralized inverters,
which demonstrated in Figure 3.10, are still enormously used in medium and high

power PV system applications (Schimpf and Norum, 2008).
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Inverter
PV PV Grid

DC AC

v

PV PV

Figure 3.10. Central inverter configuration (Evju, 2007)

3.4. Maximum Power Point Tracking Controller and Algorithms

The most important performance criterion of a PV system can be stated as
operating at the MPP regardless of the changing atmospheric conditions. The modest
changes in the operating current and voltage of PV panel, which relying on the
temperature and radiation, constitutes visible variations in the output power of the
panel. In order to mitigate these variations and force the system to study on MPP, a
control block is needed to track the MPP. Therefore, MPPT techniques are used to
control DC-DC converters or inverters for the sake of obtaining maximum output
power from a PV system throughout the ever-changing daily conditions. The DC
converter is continuously controlled to operate the panel at its MPP despite possible
variations in the environmental conditions by employing the switching components

having a high switching frequency.

VinpeVopVos VP
Voltage (voltsg

Figure 3.11. I/V and P/V characteristic curve of a PV panel

Current (amps)—Power (watts)
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As seen in Figure 3.11, when the 1/V characteristic curve and P/V curve of a
PV panel is investigated, it is quite clear to see that the MPP is a unique point.
Furthermore, this is equivalent to just one specific value of current and voltage.
Especially the increase or decrease of the current value of the panel will dramatically
affect the output power. That’s why the main purpose of this controller is to keep the
panel’s operating point at its MPP. These controller approaches have been effectively
implemented in both standalone and grid-tied PV systems. Most of them provide
significant efficiency gains with the help of well-developed controller algorithms

Nowadays, various MPPT techniques have been carefully studied. These
techniques can include iterative methods, soft computing methods, numerical
methods or optimization methods. In summary, these techniques can be grouped
under three sub-headings named as online methods, offline methods and hybrid
methods (Reisi et al, 2013) as illustrated in Table 3.3.

Table 3.3. Classification of MPPT Techniques

Offline MPPT Online MPPT Hybrid MPPT
Techniques Techniques Techniques
Short-Circuit Current Perturb and Observation | Perturb and Observation
MPPT Technique MPPT Technique & Artificial Neural
Open-Circuit Voltage Incremental Conductance | Network Based MPPT
MPPT Technique MPPT Technique Technique
Look-up Table MPPT Parasitic Capacitance
Technique MPPT Technique Open-Circuit Voltage &
Voltage or Current Acrtificial Neural
Numerical Calculation Feedback MPPT Network Based MPPT
Based MPPT Technique Technique Technique
Curve Fitting Based Power Feedback MPPT
MPPT Technique Technique Genetic Algorithm
Fuzzy Logic Based MPPT Sliding Mode Based Optimized & Fuzzy
Technique MPPT Technique Based MPPT Technique
Artificial Neural Network Current Sweep MPPT
Based MPPT Technique Technique
Evolutionary Algorithms Ripple Correlation
Based MPPT Technique | Control MPPT Technique
Forced Oscillation MPPT
Technique
Differentiation Based
MPPT Technique
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To evaluate an MPPT technique, there are several attempts to consider such
as control variable, circuitry, cost, complexity level, tracking speed, application type
and stability (Subudhi and Pradhan, 2013) as shown in Table 3.4.

Table 3.4. Comparison of investigated MPPT Techniques (Esram and Chapman,
2007; Subudhi and Pradhan, 2013)

MPPT Control | PV Array | Convergence | Complexity | Periodic An:rlog
Technique | Variable | Dependent Speed Level Tuning Digital
P&O Low-
MPPT V, I No Medium Low No Both
Technique
INC Low-
MPPT V, 1 No . Medium No Digital
. Medium
Technique
ANN
MPPT GT Yes Fast High Yes Digital
Technique
Hybrid V.|
MPPT o Yes Fast High Yes Digital
. GT
Technique

A deeply investigation of mostly used MPPT techniques is given in following

sections.

3.4.1. Perturb and Observe MPPT Technique

Perturb and Observe (P&O) is an iterative online MPPT technique, which
uses the voltage of the PV module for perturbation. It is widely used and simplest
MPPT technique. This method sometimes called Hill climbing method, the main
difference is P&O used PV panel voltage as a control variable while in Hill climbing
method the duty cycle is used as control variable (Enrique et al., 2010; Boico and
Lehman, 2012; Esram and Chapman, 2007; Subudhi and Pradhan, 2013).

In conventional P&O method, the small but constant perturbations are applied
to reference voltage of the PV panel, then this reference voltage is subtracted from
operating voltage and defined error is passed through a Pl. The output of PI is
compared with the carrier signal throughout a comparator and PWM signal is
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created. Assume that an increment is applied to the voltage of the PV panel, and the
output power is measured. If the output power of the panel increases, then the
voltage is incremented in the same direction. If the output power decreases, the
direction is completely reversed. The goal is determined as forcing the operating
voltage towards V,,, thereby operating voltage oscillates between positive
increments and negative increments and output voltage oscillates around V.,
associated with this situation (Salas et al., 2006; Sullivan and Powers, 1993; Subudhi
and Pradhan, 2013; Bhatnagar and Nema, 2013). This loop can be clearly seen in
flowchart of P&O algorithm which demonstrated in Figure 3.12.

> Start

Measure Iy, Vp, and
calculate the Py,

I

AP =P,— Py
AV =V, —Vpa
YES
< AP =0
NO
YES AP >0 NO
v A v .
Increase Decrease Increase Decrease
Vet Vet Vet Vet

A v A 3

Figure 3.12. Flowchart of P&O algorithm

The P&O MPPT technique has some drawbacks that dramatically affect the
output power of the PV system. One of them is perturbation size, this limits the

convergence speed and determines the amplitude of oscillations around the V,,,,,,. It

39



3. PV CONVERTERS AND MPPT CONTROLLERS Ozgiir CELIK

cannot be stably positioned on V,,,,, (Veerachary, 2008; Salas et al., 2006). To

mitigate this situation adaptive perturbation size algorithms had been proposed in the
literature (Femia et al., 2007; Abdelselam et al., 2011).

Isc
Impp ”””””””””””””””””

Current (amps)—Power (watts)

Voltage (volts)

Figure 3.13. Example of erratic behavior of P&O algorithm under variable
atmospheric conditions (Eltawil and Zhao, 2013)

Other one is, the algorithm lack of specifying the correct perturbation
direction under rapidly changing atmospheric conditions as shown in Figure 3.13 and
the operating point diverges from the V;,.,,,,. However, being simple, not requiring PV
panel characteristic attributes and easy implementation can be expressed as
advantages (Bhatnagar and Nema, 2013; Enrique et al., 2010).

3.4.2. Incremental Conductance MPPT Technique

This technique is fundamentally based on the fact that the derivative of the
PV panel output with its voltage as given in Equation 3.8 (Safari and Mekhilef,
2011).

dp
av

—d(IV)=I+V§—‘I/EI+V§—‘I/ (3.8)
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Equation 3.8 can be explained as below;

Al I
E——;,atMPP

AL S _ L left of MPP
AV \%4

Al I
o<y right of MPP

I
> Prpp

Vmpp Voc va
Voltage (volts)

Figure 3.14. State of operating voltage of PV panel

Current (amps)—Power (watts)

One of the most crucial problems of P&O algorithm, oscillation of operating
voltage around MPP, is mitigated by the Incremental Conductance method (INC). As

mentioned before when operating voltage reaches the MPP where 2_5: 0, this

realized by the algorithm and the increase in voltage is stopped (Bhatnagar and
Nema, 2013). The operation of PV panel is maintained at this point unless a change
occurs at atmospheric conditions as seen in Figure 3.15 (Esram and Chapman, 2007,
Hussein et al. 1995).
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Figure 3.15. Flowchart of INC algorithm

As the P&O algorithm, specifying the rate of increment size is an important

issue. Because, convergence speed is mainly rely on this parameter (Hussein et al.

1995; Eltawil and Zhao, 2013). This situation is handled by using variable step-size

INC algorithm. According to the position of the operating voltage the step size is

adjusted (Mei et al., 2011; Bennett et al., 2013).

INC method has many advantageous compared to P&O method in terms of

tracking speed, tracking accuracy and efficiency. Furthermore, under partial shading

conditions, INC method supplies more efficient results. On the other hand, INC

MPPT method is more complex and in practical applications operation of the

algorithm adversely affected by noise and errors on the measured control values

(Safari and Mekhilef, 2011).
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3.4.3. Artificial Neural Network Based MPPT Technique

Artificial neural networks (ANNSs) are intelligent systems that are remarkably
employed to solve sophisticated problems in many different areas such as pattern
recognition, identification, classification and control systems (Hasni et al., 2012).
ANN structure is based on our understanding of biological nervous system
(Lippmann, 1987). Neurons are the basic structural unit of nervous system and
receive inputs from other sources, combine them in some way, perform a generally
nonlinear operation on the result, and then give the final result (Kung, 1993). ANN
models fundamentally comprises of multiple connected neurons and nodes. The
neurons have five basic components namely input, weight-bias, threshold, summing

junction and output as illustrated in Figure 3.16.

Summing Activation
% Juncticn Functiocn

"
Xn
\:“)O—-"f
Wiy
Input . ! )
signals Weights gi

Threshold
Figure 3.16. Basic structure of an artificial neuron

ANNSs, which used for non-linear problems, commonly have three layers.
These layers are named as input layer, hidden layer and output layer, respectively as

shown in Figure 3.17.

Input Layer Hidden Layer Output Layer

Output

Figure 3.17. lllustration of a neural network
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Number of inputs, number of neurons in each layer and initial values of
weights and biases are completely user-dependent.

Nowadays, ANNs are widely employed in MPPT applications. Also they
supply reasonable results in terms of performance and efficiency of the system.
Especially, against partial shading conditions, the major problem of PV systems,
provides better results compared to conventional algorithms (Liu et al., 2013; Mellit
and Kalogirou, 2014; Salah and Ouali, 2011). The input parameters of network can
be PV parameters like voltage and current or atmospheric variables such as
temperature and irradiance. The output can be reference voltage or duty cycle which
used to adjust the PWM signal of DC-DC converter to operate at MPP (Esram and
Chapman, 2007).

Accuracy of the network mainly rely on the number of neurons in hidden
layer, the learning algorithm, training data set and combination of input parameters.
Also the network must be trained repeatedly to obtain the best model. Because the
initial values of weights and biases are determined randomly, and one train is not
enough to decide convenient network.

The merits of ANN are improving efficiency for both uniform irradiance and
partial shading conditions. However, PV panels have different characteristics, so an
ANN model cannot be used for every kind of PV panels. Also characteristics of
panels are change with time and ANN become useless. To overcome this problem

adaptive ANN methods are proposed in the literature (Mellit et al., 2007).

3.4.4. Hybrid MPPT Technique

Many researchers have introduced different MPPT techniques for tracking the
MPP as mentioned in previous sections. These techniques have some merits and
demerits relative to each other. If it is meticulously considered, these demerits can be
converted to merits by combining different MPPT techniques.

A hybrid method that employs fractional open-circuit voltage (FOCV) and
P&O techniques is proposed by Murtaza et al. This technique is equipped with duty

cycle optimization method (Murtaza et al., 2014). A current-based sliding mode
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MPPT algorithm is presented by Bianconi et al. to optimize the P&O (Bianconi et al.,
2013). Another hybrid method, which uses offline calculation of the open circuit
voltage and P&O technique is proposed by Moradi and Reisi (Moradi and Reisi,
2011; Tafticht et al., 2007). A MPPT technique that based on analytical equations of
solar cell and P&O method is proposed by Moradi et al (Moradi et al., 2013).
Especially for partially shading conditions, which constitutes local MPPs and
confusing the algorithm's operation can be exceeded by using hybrid methods.
Moreover, convergence speed of the MPPT techniques can be improved remarkably.
On the other hand, usage of hybrid techniques may cause erratic behaviors and
unstable operation of the system. Also it makes the system much more complex and
cost of the system may be dramatically increased. Number of controlled variables
can be another parameter which can be taken into account for the evaluation of the

developed MPPT technique.

3.5. Control of Grid Connected Three Phase Inverter

The capabilities to control output current are applicable to PV inverter
applications, with the capability to restrict the over current during short circuit and
adjust the power factor or reactive power or voltage very precisely (Muljadi et al.,
2013). PV inverter can achieve current that alterable in its magnitude and phase
angle. A change to be made in the magnitude of the current in phase with the voltage
will affect the real power output only, changing the phase angle of the current will
change both the real and reactive power output of the inverter (NREL, 2015). For the
purpose of integrating a PV system to the utility grid, it is essential to convert DC
output power to three phase AC power. A simple active power (P) and reactive
power (Q) regulation method is one of the inverter control method, which can
provide acceptable three phase AC output power (Muljadi et al., 2013; Rajapakse
and Muthumuni, 2009).
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3.5.1. Simple P and Q Regulation Inverter Control Method

It can be clearly said that unity power factor and pushing active power to the
grid can be achieved by controlling active and reactive power flow of the system. P
control can be implemented by controlling the DC-link voltage. To control DC-link
voltage, a Pl controller can be used. A reference voltage value is specified and
compared with the actual voltage on the DC-link capacitor, and then the error signal
is passed throughout a PI controller as extinguished in Figure 3.18. Output of the PI
controller can be used to adjust phase angle of sinusoidal signal that employed in
firing pulse generator (Kalbat, 2013).

| P |
Vdc_link —»@—»

Figure 3.18. DC link voltage controller

The second PI controller is employed to set the reactive power flow. It is
important to force the inverter to operate at unity power factor. This is necessary for
supplying sinusoidal voltage and current which are in phase at the output of inverter.
Output of this PI controller can be used to adjust magnitude of sinusoidal signal that

employed in firing pulse generator.
3.6. Summary

In this chapter, PV converter types and MPPT controllers are discussed, and
their importance are mentioned by explaining their merits and demerits. Interleaved
boost converter’s operation is discussed in details. Moreover, different conventional
MPPT methods are investigated and their advantages and disadvantages are
highlighted. Also, inverter configurations are discussed and information is provided

about their respective superiority to each other.
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4. DESIGN OF PROPOSED PHOTOVOLTAIC SYSTEM

4.1. Photovoltaic Module Verification

In order to study the embedded power system applications, generalized PV
module and array model are quite essential. In this thesis, a generalized five
parameters model of a PV panel is reviewed by employing an equivalent single diode
model and performed with PSCAD/EMTDC software environment by employing a
number of pre-defined constants with FORTRAN coding. The simulated model only
uses the data provided by the manufacturer with equations given in previous section
to extract the cell I-V characteristics curve for any operating condition.

Sun Power E19\240 solar panel output characteristics have been simulated
and examined by taking into account the effect of operating temperature and
irradiance on the 1/V and P/V curves. Furthermore, a model is constructed to study
the effect of partial shading on the PV array. To approve the validity of the model,
the presented experimental results under STC in datasheet, which is demonstrated in

Figure 4.1, is compared with the simulation results.

7
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=
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Valtage (V)
Figure 4.1. I/V characteristics of simulated PV Panel with dependence on irradiance
and module temperature (SUNPOWER E19/240 Solar Panel)

The used mathematical model has more favorable features than the physical
model, since it is easy to control diode quality factor, band gap energy and
temperature coefficient by varying those (Said et al., 2012). The considered model
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can be used to extract a cell characteristic or a module characteristic. Also the given
model is applicable to different modules by changing the electrical data provided by
the manufacturer such as open circuit voltage, short circuit current, voltage and
current at maximum power point, number of parallel and series cells and reference
temperature.

The most important point to obtain the closest simulated model of a real
system, values of serial and parallel resistance must be accurately defined. The
definition method consisting of serial and parallel resistance is fundamentally based
on trial and error. The error rate is obtained by comparing the simulation results and
experimental results provided by the datasheet of the PV module.

The power circuit used to extract I/V and P/V characteristics is given in
Figure 4.2.

Main : Controls -

G T
== 1000 —50
: Fs E rs
E [o E [o Ipv
= 200 “o Vo !
1000 25 z
e L
< PV Panel
I T | Model Sin f\dag 002 )
1 =} B req
= £ : L L)
+ +
G \_/D

Figure 4.2. The power circuit used for characterization of modeled PV panel

The waveforms of open circuit voltage and short circuit current of the PV
panel under different atmospheric conditions are given in Figure 4.3, Figure 4.4,

Figure 4.5, and Figure 4.6, respectively.
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Figure 4.3. Open circuit voltage of the modeled PV panel at 1000 W/m? irradiance
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Figure 4.4. Short circuit current of the modeled PV panel at 1000 W/m? irradiance
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Figure 4.5. Open circuit voltage of the modeled PV panel at 800 W/m? irradiance
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Figure 4.6. Short circuit current of the modeled PV panel at 800 W/m? irradiance

I/V characteristics of the modeled PV panel at 1000 W/m? irradiance and at

800 W/m? irradiance are demonstrated in Figure 4.7 and Figure 4.8, respectively.
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Figure 4.7. 1/V characteristic of the modeled PV panel at 1000 W/m? irradiance
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Figure 4.8. 1/V characteristic of the modeled PV panel at 800 W/m? irradiance
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The extracted panel characteristics results are presented for 1000 W/m? and
800 W/m? irradiance values. With the experimental results provided in datasheet, it is
easy to compare the results for validation of the developed model.

Finally, the 1/V and P/V characteristics of the constructed PV array, which
includes 6 PV panel in parallel and 9 in series, is provided in Figure 4.9. Moreover,
characteristics of the constructed PV strings are demonstrated in Table 4.1.

Table 4.1. Characteristics of the constructed PV strings

Number of series connected panels in a string 9
Number of parallel connected panels in a string 6
Output voltage rating at MPP under STC 364.5V
Output current rating at MPP under STC 35.58A
Maximum power output under STC 13.1kW
X Coordinate Y Coordinate
= \/pv (kV) Ppv (MW)
Vpv (kV) Ipv  (kA)
0.0400
Ty
0.0350 - 1AV
0.0300 -
0.0250
0.0200 -
0.0150
PV
0.0100 -
0.0050 -
0.0000 . . | | X
0.00 0.10 0.20 0.30 0.40 0.50

Figure 4.9. I/V and P/V curves of the constructed PV array

The employed power circuit for investigation of the effect of the partial
shading is presented in Figure 4.10. The effect of partial shading on the I/V and P/V
characteristic under different shading patterns and configurations are shown in
Figure 4.11 and 4.12, respectively. The output of a PV module can be reduced

dramatically in case of having even a small shaded area on the PV module. This
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phenomenon can be extended for arrays which consist of strings of modules, when
even a panel is shaded; it affects the performance of the entire string. External by-
pass diodes, purposely added by the manufacturer or the system designer, improve
performance of the PV panels. These diodes are added in parallel with modules or

blocks of cells within a module to mitigate the impact of shading (Masters, 2013).
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Figure 4.10. The power circuit used for characterization of the PV system under
partial shading conditions

Two different cases are examined and the results are described below.
Case 1: When the irradiance value of 3 PV panel reduced to 400 W/m?,
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Figure 4.11. 1/V characteristic of the modeled PV system under partial shading
conditions

0.000
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Case 2: When the irradiance value of 3" PV panel reduced to 400 W/m? and then 2"
PV panel reduced to 200 W/m?,
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Figure 4.12. 1/V characteristic of the modeled PV system under partial shading
conditions

4.2. Design of the Interleaved Boost Converter

To ensure reaching the maximum operating point of the PV panels, an
interleaved boost converter is employed. This structure is considered as two
independent DC-DC converters, which operate independently from each other. Each
converter has its own MPPT controller and switched with 180° phase shift relative to
each other. Substantially, each branch can control an amount of power up to 13kW
and permissible amount of current specified as 35A. The main goal is defined as
obtaining higher efficiency by dividing the output current into two branches which
reduces the I°R losses, decreases leakage inductance to attain a lower switching loss,
reduces electromagnetic interference and ripples in the input and output waveform.
Two parallel switches are used for solving the heating problem of the switches.

The interleaved boost converter design fundamentally consists of the
selection of the inductors, the input and output capacitors, the power switches and the
output diodes (TI, 2013). It is considerably important to select proper inductor and
capacitor. Because the ripples in the input and output waveform affect the controller

performance and consequently overall efficiency of the system. Also these ripples
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directly have influence on the lifespan of the converter components. The limit values
of the ripples on the current and voltage defined as 10% and 1%, respectively.
Switching frequency of the DC-DC converter is specified as 20 kHz. First step of the
design can be determining the maximum value of the input power (P,,,,) to attain the

maximum inductor current duty cycle (D) (TI, 2013).

_ Pmax

lout—max = Vout (4.1)
Rioaa = Ioutojfmx (42)
Diax = Vout_v‘:it_min (4.3)
Dypip = "M nmmex (4.4)
Lboost = L L (4-5)

fs4l

Employing the above equations yields the limit value of inductor (Lj,,s:) as
2.335mH. The parameters of the Equation (4.5) are determined as V;,,_nin = 340V,
Dypax = 0.514 and AI = 3.742.

VoutD(1-D)
Lboost = tfsT (4-6)
Iout—maxDZ
Cin = 0.02(1-D)fsVin (4.7)

According to the above equation, which is used for confirming the value of
Lpoost, desired output voltage (V,,;) is 700V, V;, at Ppax IS 365V, Ppax 1S 13KW.
Depending on these data, D is found as 0.479, the value of inductor (Ly,os:) iS

calculated as 2.334mH. This value is the minimum limit value for the inductor
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operating at CCM. Value of C;, is basically dependent on the output voltage of the
PV panel, in other words the input voltage of the DC-DC converter. Therefore, it can
be adjusted by analyzing PV output voltage characteristics.

The partial view of inductor current and output power of the converter is

illustrated in Figure 4.13 and Figure 4.14, respectively.
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Figure 4.13. Inductor current of a branch of an interleaved boost converter
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Figure 4.14. Output power of a branch of an interleaved boost converter

12.8

To generate switching signal for the interleaved DC-DC converter, output of
MPPT block is subtracted from measured PV output voltage and then the outcome is
fed into a PI controller. Finally, the result is compared with a carrier signal by using
a comparator as shown in Figure 4.15.
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Figure 4.15. Generating the switching signal for Interleaved DC-DC converter

4.3. Design of the Proposed and Conventional MPPT Block

In this thesis, two conventional MPPT techniques and a novel ANN based

hybrid MPPT algorithm is presented by employing EMTDC/PSCAD software

environment by using a number of pre-defined constants with FORTRAN coding.

The modeled blocks are shown below in Figure 4.16.

Incremental Conductance

Artificial Meural MNetwork
PPT Method

WMPPT Method
A 0 icond & ANN
Vo LA JURLE | fyepr Vmee o WPPT —1—;-
G IV method Ympptin mppt_an
Ipv 1+sT | IV F F7 Metnod
Perturb and Observation Hybrid (P&0 and ANMN)
WMPPT Method WMPPT Method
WVp Vpve
Vpv_F Vpv_F
Ip Ip
Iv_F Feo Ipv_F _
Hybrid
K] s K] s
aoflem
4374 vog T Vmpm‘ 4374 Yok
' ' wppr VTR ke
Vmpg0x Vmpgz Vmppi_hyo
364.5 Wethod 364.5
Tsmplex Tsmplez
0.01 0.01
Wethod
Vmpg-‘nn
Vmppt_ann
SJ

Figure 4.16. The modeled MPPT blocks
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A signal generator is designed to compare performance of the MPPT
techniques. This generator gives 1000 W/m? irradiance for 5 seconds, then decreases
950 W/m?, 850 W/m?, 700 W/m?, 600 W/m? and finally increases 700 W/m?, 800
W/m?, and 1000 W/m?. Each irradiance level is applied for 1 second as shown in
Figure 4.17.
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Figure 4.17. Output of the signal generator as irradiance level

0.40

4.3.1. Perturb and Observation MPPT Technique

Perturb and Observe (P&O) is an iterative online MPPT technique, which
uses the voltage of the PV module for the perturbation as discussed in section 3.4.1.
P&O MPPT technique is exhibited in PSCAD/EMTDC software environment by
using a number of pre-defined constants with FORTRAN coding. The output is
connected to the boost converter to achieve the MPPT. To evaluate the P&O MPPT
technique, a number of test procedures are implemented; merits and demerits of the
method are explained and shown in figures. Figure 4.18 illustrates voltage

perturbation of the P&O algorithm under variable irradiance.
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Figure 4.18. Voltage perturbation of the P&O algorithm under variable irradiance

Figure 4.19 shows PV output voltage and MPPT voltage, when irradiance is
decreased from 1000 W/m? to 400 W/m?.
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Figure 4.19. PV output voltage and MPPT voltage change when irradiance is varied

As can be seen in Figure 4.20, the PV output voltage follows the MPPT
voltage, but it has some drawbacks such as being unable to track the MPPT voltage
when a sudden change occur in irradiance. It remains under the generated MPPT

voltage, cannot quickly restore itself and also suffers from high oscillations.

58



4. DESIGN OF PROPOSED PHOTOVOLTAIC SYSTEM Ozgiir CELIK

= Vmppt_po(kV) = Vpv (kV)

0.3525
0.3500 Ml
0.3475

0.3450 4

0.3425 4

0.3400 A

0.3375 A
Time(s)

0.3350 T T T T T T 1

9.20 9.25 9.30 9.35 9.40 9.45 9.50
Figure 4.20. MPPT voltage and PV voltage behavior under rapidly changed

irradiance

P&O algorithm suffers from oscillations around V,,,,,,, restoring itself after the

pp?
fluctuations in atmospheric conditions and determination of accurate tracking
direction as seen in Figures.

The power output of a branch of the interleaved boost converter under rapidly

changed irradiance exhibited in Figure 4.21.
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Figure 4.21. The effect of rapidly changed irradiance on the power output of PV
array

The effect of rapidly changed irradiance on the I/V and P/V characteristics of
PV array is presented in Figure 4.22.
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Figure 4.22. The effect of rapidly changed irradiance on the I/V and P/V
characteristics of PV array

4.3.2. Incremental Conductance MPPT Technique

INC is another iterative online MPPT technique, which developed for
eliminate the deficiencies of P&O algorithm. INC method far more superior
compared to P&O method in terms of tracking speed, tracking accuracy and overall
system efficiency. However, this method is more complex and more sensitive against
the noises and errors on the measured control values, because it operates with the
logic of derivative. INC MPPT technique is exhibited in PSCAD/EMTDC software
environment by using a number of pre-defined constants with FORTRAN coding.

To investigate the INC MPPT technique some test procedures are
implemented, advantages and disadvantages of the algorithm are explained and
demonstrated in figures.

Figure 4.23 shows voltage perturbation of the INC algorithm under variable

irradiance.
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Figure 4.23. The voltage perturbation of the INC algorithm under variable irradiance

Figure 4.24 shows PV output voltage and MPPT voltage, when the irradiance

level is rapidly increased and decreased.
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Figure 4.24. PV output voltage and MPPT voltage change related to irradiance level

As seen in Figure 4.25, the PV output voltage tracks the MPPT voltage

without any significant spike or tracking fault.
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Figure 4.25. MPPT voltage and PV voltage behavior under rapidly changed
irradiance

The effect of rapidly changed irradiance on the power output of PV array is

demonstrated in Figure 4.26.
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Figure 4.26. The effect of rapidly changed irradiance on the power output of PV
array

2.0

The effect of rapidly changed irradiance on the I/V and P/V characteristics of
PV array is demonstrated in Figure 4.27. It is obviously seen in this Figure INC
method is more powerful than P&O algorithm in terms of determination of accurate

tracking direction under rapidly changing irradiance level.
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Figure 4.27. The effect of rapidly changed irradiance on the I/V and P/V
characteristics of PV array

4.3.3. Proposed Artificial Neural Network Based MPPT Technique

In this thesis, ANN is implemented using MATLAB m-file. The proposed
ANN has two inputs, which are named as solar irradiance and temperature and one
output which is the maximum power point voltage. The network is trained using the
‘MATLAB nnet tool box’ as shown in Figure 4.28. To create accurate neural
network model usage of MATLAB is quite easier and more effective than using
PSCAD. In this thesis, MATLAB is only used for determination of weights and
biases, in other words it is only employed for training stage. After specifying weights
and biases, these values are transferred to PSCAD and application of ANN is
implemented by using FORTRAN codes. Mathematical calculations like
normalization of the input data that sensed in real time, processing of normalized
data in hidden and output layer and denormalization of network’s output are realized
in PSCAD/EMTDC.
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Figure 4.28. MATLAB neural network tool box

The first step of developing the ANN model is the selection of the input
variables and the second step is the determination of the number of hidden neurons.
These steps are employed with different learning algorithms and the number of
hidden layers. The input and target data is adjusted in the range from -1 to 1 for
normalization. The system is selected as 2x96 input matrix with 1x96 output matrix.
The input/target datasets are divided randomly into three subsets: training;
validation; and testing datasets. 70% of dataset is used for training, 15% of dataset is
used for testing and 15% of dataset is used for validation. The numbers of hidden
neurons are varied from 3 to 10 for obtaining best model. A network with few hidden
neurons will have limited learning capabilities, while an excess of hidden neurons
will lead to over fitting or generalization loss.

Some of the system parameters are given as; the number of epoch is 100,
specified number of iterations (net.trainParam.max_fail) for preventing over fitting is
50, learning algorithms are LM and SCG algorithm, transfer functions are tansig and
purelin. On the other hand “over fitting’ is obstructed by the usage of early stopping
techniques. When the error on validation set increases for a defined number of
iterations, the training process is finished automatically. The model was run about 50
times to obtain the best results. The reason of several attempts, weights and biases
are chosen randomly and this affects the accuracy of the model. Design procedure is

given in Figure 4.29.
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Figure 4.29. Training procedure of proposed ANN based MPPT algorithm

Performance and regression plots are illustrated in Figure 4.30 and 4.31,
respectively. The results reveal that MSE (Mean Squared Error) becomes minimum
and no significant over fitting at epoch 16, regression plot shows network output and

targets are almost close because very good fit occurs along 45° line.
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Figure 4.30. Performance plot of network
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Figure 4.31. Regre?sion plot of network for all and test

ANN is an offline soft computing MPPT technique, which is developed to
eliminate the deficiencies of conventional algorithms. The proposed method has
much superiority compared to conventional MPPT techniques in terms of tracking
speed, tracking accuracy, oscillations and overall system efficiency. However, this
method is more complex and its accuracy highly relies on PV panel characteristics.

As illustrated in Figure 4.32, numbers of oscillations are reduced according to
mostly used MPPT techniques P&O and INC. Furthermore, the following of accurate
tracking direction is achieved by the proposed ANN based MPPT technique.
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Figure 4.32. MPPT voltage and PV voltage behavior under rapidly changed
irradiance

The effect of rapidly changed irradiance on the power output of PV array is
demonstrated in Figure 4.33. It is quite clear that the power flow is improved by
using the proposed algorithm when compared to INC and P&O algorithms. Hence,

the overall system efficiency is increased by employing proposed MPPT algorithm.
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Figure 4.33. PV output power under different irradiance level by using ANN based
MPPT algorithm
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The effect of rapidly changed irradiance on the I/V and P/V characteristics of
PV array, when ANN based MPPT technique is applied, is demonstrated in Figure
4.34. It can be clearly seen that the operation voltage mainly located around the MPP

voltage. This situation affects the number of oscillation and tracking accuracy.
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Figure 4.34. The effect of rapidly changed irradiance on the I/V and P/V
characteristics of PV array

4.3.4. Proposed Hybrid MPPT Technique: Combination of P&O and ANN

This method is developed to eliminate deficiencies of conventional
algorithms, and to create an efficient solution against the partially shading
conditions. This method is focused on the irradiance level; solar radiation is
measured at multiple points. These measurement results are processed and when the
average irradiance change exceeds specified value, MPP reference voltage is
provided by the ANN based MPPT technique. It is planned to overcome the slowness
of convergence speed and the amplitude of oscillations. Design procedure of the

proposed Hybrid MPPT technique is given in Figure 4.35.
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Figure 4.35. Design procedure of the proposed Hybrid MPPT technique
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Also reference voltage changes and voltage perturbation related with the
proposed hybrid MPPT technique is demonstrated in Figure 4.36
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Figure 4.36. Reference voltage changes with the proposed hybrid MPPT technique

However, it makes the system much more complex and cost of the system
may be dramatically increased. Number of controlled variables can be another
parameter which can be taken into account for the evaluation of the developed MPPT
technique.

The number and layout of the sensors are very important. Because the sensors
used for measuring the solar irradiance level are too expensive. Therefore, definition
of a proper layout with minimum number of sensors is an important issue. It is
suggested that the alignment of the sensors should not be on same axis like east-west
or north-south. When the cloud transition occurs the average change of the irradiance
become zero and the system cannot realize this transition. The strings used in this

thesis for a branch of interleaved DC-DC converter is demonstrated in Figure 4.37.
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Figure 4.37. A string, which connected to a branch of converter
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In this string PV panels are divided into two parts and sensors are located as
illustrated in Figure 4.38. It is planned to cover all possible changes in atmospheric
conditions in terms of shading. Sensors are located at the point where the
three medians of the triangle intersect. It was placed in the center of gravity, in other
words. With this location plan the most efficient point is defined and the covered

area is divided into equal areas.

798 cm

l 6 PV panels in parallel

1559 cm

24 m
9 PV panels in series

Figure 4.38. The suggested layout of irradiation measurement sensors
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With the proposed Hybrid MPPT method, it will be easy to follow sudden
voltage changes due to the irradiance change. Hence, this method can eliminate
deficiencies like slowness of convergence speed and the number of oscillations. Also
it will contribute to follow small changes with the help of iterative method.
Furthermore, it can be exploited from superiority of the ANN based MPPT method
in partial shading conditions.

4.4. Design of the Voltage Source Inverter

The inverter circuits are used for converting DC voltage to AC voltage.
Switching devices with anti-paralleling diodes having turn-off capability are
employed in the inverter circuits. A VSI is energized by a capacitor named as DC-
Link capacitor at the input. An interface filter is used for obtaining an available
waveform at the output side of VVSI and the connection in parallel to the distribution
line as illustrated in Figure 3.6.

The VSI that employed in PV systems provides a sinusoidal current
waveform. This current can be injected to the grid after filtered. To obtain the three-
phase AC current in three phases VSI, six gating signals need to be sent to the
switches of the inverter. H1, H3, H5 are 3 phase symmetrical switching function with
phase shift 120°. The switch S1 and S4 is turned on for 180°. The switches of any leg
of the inverter cannot be switched simultaneously due to preserving the dc link
voltage supply from being short circuited. It can be concluded that the desired
waveform is obtained by accurately controlling the switches in the inverter.

One of the most important design stages is choosing an appropriate DC-link
capacitor value. A DC-link capacitor provides constant DC-link voltage to the
inverter and controlling the DC voltage on the capacitor ensures to control active
power flow to the grid. Moreover, it reduces the voltage ripple across the PV
terminals.

The selection of reference capacitor voltage (Vdcref) and capacitance of the

DC-link capacitor Cpc can be extracted by using (4.8) and (4.9),
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2V2V
Vdcref = «/§miL (4.8)

where Vg.or is the reference capacitor voltage, V,, is line to line grid

voltage, m, is the modulation index, Cq. is the DC capacitor value. Reference DC

voltage is accepted as 700V using Equation (4.8) when m,=1 and V;; = 400V.

_ 3SynT
(1.8V)?—(14Vi)?

(4.9)

Cdc

where 1}, is peak value of grid voltage, S,, is apparent power of system, T is
system time period, n is the cycle that starts working the controller. DC capacitor
value is calculated as 44 mF using (4.9) when V,,, = 326.6V, S,, = 200kVA, n = 0.5
and T = 0.02 s. The DC link capacitor value is selected as 40mF.

4.5. Design of the Voltage Source Inverter Controller

The ability to control the current output of the power converter both in
magnitude and phase angle enables the power inverter to control active and reactive
power flow control. In this thesis for providing the active power control, DC-link
voltage is controlled by a P1 controller. A reference DC-link voltage is specified and
the system is forced to operating at this voltage value. To generate proper phase
angle for reference sine wave used in firing pulse generator, reference DC-link
voltage is subtracted from measured DC voltage on DC-link capacitor and then the
outcome is passed through a PI controller. Output of PI controller is employed as
phase angle of reference sine wave. Phase angle variation under variable irradiance

level is illustrated in Figure 4.39.
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Figure 4.39. Output of DC-link controller under variable irradiance level
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Fluctuations on the DC-link capacitor is illustrated in Figure 4.40
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Figure 4.40. Fluctuations of the DC-link voltage.
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By using same way, reactive power control is implemented by using a Pl
controller. Reference reactive power value is assumed to be zero. To generate proper
magnitude for reference sine wave employed in firing pulse generator, reference
reactive power value is subtracted from measured reactive power injected to the grid
and then the outcome is passed through a PI controller. Output of Pl controller is
employed as magnitude of reference sine wave. Magnitude variation under variable

irradiance level is shown in Figure 4.41.
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Figure 4.41. Output of reactive power controller under variable irradiance level

0.50

Compensated reactive power output is demonstrated in Figure 4.42.
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Figure 4.42. Variation of the output reactive power

Variation of injected current under variable irradiance level is shown in Figure 4.43.
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Figure 4.43. Overview of injected current under variable irradiance level
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Effect of rapidly changing irradiance level on the injected current is exhibited
in Figure 4.44.
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Figure 4.44. Effect of rapidly changing irradiance level on the injected current
4.6. Design of the Inverter Output Filter
4.6.1. L Filter
To operate under variable irradiance level, an AC filtering stage is required to

further smoothen the output and limit the voltage drop in the AC side of the inverter
(Rahman and Varma, 2011).

YTYTYNY o
Vs rron Y
L Filter

Figure 4.45. Circuit diagram of L filter

Peak ripple current is a criterion to design the inductor. For calculating the
ripple current, maximum current generation capacity is considered and the effect of
inductor resistance is considered to be negligible. Depending on these circumstances,
the inverter reference voltage is equal to the supply voltage. Thus the required

smoothing inductance is given by (Chaoui et al., 2008):
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V,
Lf_ g

6fswlph(p-pymax

(4.10)

where Appp-pymax= 15% of peak compensation current, Vg is the supply
voltage of inverter (DC link voltage) and f;,, is the switching frequency. The
smoothing inductance is calculated as 2.34mH using (4.10) when V,;.= 700V,
Aphp-pymax= 20A and f;, = 2.5kHz. To improve the smoothing inductance

performance in simulation study, the inductance is selected as 2.2mH.

4.7. Summary

In this chapter, design of the overall system is presented. Selection of circuit
components for each part of the system is given with mathematical equations and
calculations. The important selection criteria are highlighted. The PV model is
verified by using the manufacturer data sheet. The conventional and proposed MPPT
techniques are simulated and discussed. A deeply comparison is made between these
techniques, disabilities of conventional methods are revealed and improvements with
proposed methods are explained. The circuit diagram of the modeled PV system is

shown in Figure 4.46.
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Figure 4.46. The circuit diagram of the modeled PV system
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5. CASE STUDIES AND SIMULATION RESULTS

5.1. Test System

In this section, all the simulations for the whole system, most commonly used
conventional MPPT techniques, proposed ANN and ANN based hybrid MPPT
techniques are demonstrated and investigated. The simulation of the system is
realized with predefined PSCAD blocks and FORTRAN coding based user defined
blocks. To simulate the whole system, the modeled PV arrays are subjected to
1000W/m?, 800W/m?, 600W/m? and 700W/m? of solar irradiance, respectively. A
signal generator is presented as an irradiance source. With the help of this signal
source, the value of irradiance is instantaneously changed and performances of the
MPPT techniques are easily specified.

The each test PV string consists of 9 modules in series and 6 modules in
parallel. Different levels of insolation and temperature are applied to panels and the
strings are allocated into several parts which receives different insolation level for
creating different partial shading conditions. The goal of the simulation study is to
verify the dynamic and steady state response of the conventional and proposed
MPPT techniques under rapidly changed irradiance level and partially shading
conditions. The modeled system has been tested with different conventional and
proposed MPPT techniques and without MPPT controller under different
atmospheric conditions. System test parameters are listed in Tables 5.1 - 5.3.

Table 5.1. PSCAD/EMTDC simulation parameters
PSCAD/EMTDC Parameters

Solution time step 20 us
Channel plot step 100 ps
Duration of simulation run 155
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Table 5.2. System parameters

System Parameters

Voltage source (Vpp) 330V-370V

Fundamental frequency 50 Hz

Impedance of feeder R=0.134 Q, X=1.067mH (for 1km)
Linear load P=100kW Q=10kVAR

DC link voltage 700V

DC link capacitor 40 mF

Switching frequency Converter 20 kHz---Inverter 2.5 kHz
L filter Li=2.2 mH

L boost Lp=2.5 mH

C boost Cin=1mF

Table 5.3. Control system parameters
DC Link PI Controller Parameters

Proportional gain 0.5
Integral time constant 1.2s
Reactive Power Pl Controller Parameters
Proportional gain 0.2
Integral time constant 0.1s
Converter Pl Controller Parameters

Proportional gain 1.2
Integral time constant 05s

The power circuit diagram of grid connected two stage PV system on
PSCAD/EMTDC employed in this thesis is shown in Figure 5.1.
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Figure 5.1. PSCAD/EMTDC model of grid connected two stage PV system
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5.2. Photovoltaic System without MPPT

The simulation is run at t=0s to 15s. The output power of the one PV string
varies from 13kW to 7.5kW due to the change of irradiance. First the system is
operated at certain reference voltage (V,.r), which achieves the maximum output
power at STC (25°C and 1000W/m?) and then the atmospheric conditions
(temperature and irradiance) are changed with the help of signal generator. Figure
5.2 provides that the power output after the conditions have changed is not the
maximum power as the PV array voltage remains at certain value of voltage. This

value is not the voltage required to achieve the maximum power in that case.

= Ppv (kW)
13kW

13.0
12.0 1

11.01 10.3KW

10.0 4

8.88kW
9.0 A

8.0 A 7.5kW

7.0 1
6.0

5.0 4
Time(s)

4.0 5.0 60 7.0 8.0 90 100 110 120 130
Figure 5.2. The output power of the PV array without MPPT

4.0

It is clear that when atmospheric conditions change, the reference voltage of
the DC-DC converter should also be changed to compensate the difference in the
voltage and to track the MPP. Although major changes are performed in radiation,
Figure 5.3 shows that the V,,pp remains constant. Hence, maximum power cannot be
extracted from the PV panels.
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Figure 5.3. I/V and P/V characteristic of PV string with INC MPPT technique

The DC link voltage is almost kept constant at 700V with the help of DC link
voltage controller as illustrated in Figure 5.4.
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Figure 5.4. The DC link voltage of the system under variable atmospheric conditions
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The injected reactive and active power to the grid is demonstrated in Figure
5.5 and Figure 5.6, respectively. As seen in Figure 5.5, the amount of injected
reactive power is successfully controlled by the controller of the inverter and the

system is operated at unity power factor.
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Figure 5.5. Reactive power output of the system without MPPT
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Figure 5.6. Active power output of the system without MPPT

To show the system is operating at unity power factor, output voltage and

current of the inverter is overlapped in Figure 5.7.
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Figure 5.7. Inverter operation at unity power factor
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THD value of the injected current is decreased below 5% with the help of L

filter as shown in Figure 5.8.
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Figure 5.8. THD value of the injected grid current

The fluctuation of the inverter output current with the change of the
irradiance is showed in Figure 5.9 (a) and (b).
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Figure 5.9. The fluctuation of the inverter output current with the irradiance change
(a) from 600W/m? to 1000W/m? (b) 800W/m? to 600 W/m?

Grid synchronization is provided by using output of the reactive power and
DC-link voltage controller, which employed as modulation index and phase angle
directly in firing pulse generation block. To demonstrate the grid synchronization

output voltage of the inverter and the grid voltage is overlapped in Figure 5.10.

= Eg (kV) (Scaled by dividing 0.01) Vinv (kV)
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Figure 5.10. Grid synchronization of the system

5.3. Photovoltaic System with Perturb and Observation Technique

The simulation is run at t=0s to 15s. The output power of the PV string varies
from 13.08kW to 7.6kW as a result of the variation of the irradiance. The system is
operated at reference voltage (V,..r), which is obtained from the P&O algorithm to
achieve the maximum output power. Figure 5.11 provides power output after the

conditions have changed. When the irradiance value is suddenly increased, an instant
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fluctuation occurs in output power. The main reason of this situation can be
explained as this MPPT technique lacks of specifying the accurate perturbation side
of the MPPT voltage when a sudden change occurs in irradiance. It remains under

the generated MPPT voltage, cannot quickly restore itself and also suffers from high

oscillations.
= Ppv (kW)
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12.0 1
11.0 1
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4.0 Time(s)

40 5.0 6.0 7.0 8.0 90 100 110 120 130

Figure 5.11. The output power of the PV array with P&O MPPT technique

The effect of rapidly changed irradiance on the I/V and P/V characteristics of
PV array is demonstrated in Figure 5.12. Vy,pp is changed with the variation of the
irradiation by the P&O algorithm. P&O MPPT technique works well under constant
irradiance but has more difficulty under rapid irradiance change as it needs more

time to track the V,pp Of new irradiance.
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Figure 5.12. I/V and P/V characteristic of PV string with P&O MPPT technique

The DC link voltage is kept constant at 700V as illustrated in Figure 5.13.
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Figure 5.13. The DC link voltage of the system under variable atmospheric
conditions

0.00

The injected reactive and active power to the grid is demonstrated in Figure
5.14 and Figure 5.15, respectively. As seen in Figure 5.14, the amount of injected
reactive power is successfully controlled by the controller. It almost forces the

system to move reactive power injection to a value near zero.
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Figure 5.14. Reactive power output of the system with P&O MPPT technique
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Figure 5.15. Active power output of the system with P&O MPPT technique
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To prove the system is operating at unity power factor, output voltage and
current of the inverter is overlapped as shown in Figure 5.16.

0.40 = linv (KA) Vinv (kV)
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Figure 5.16. Inverter operation at unity power factor

89



5. CASE STUDIES AND SIMULATION RESULTS Ozgiir CELIK

THD value of the injected current is decreased below 5% by usage of L filter

as shown in Figure 5.17.
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Figure 5.17. THD value of the injected grid current with P&O MPPT technique

The fluctuation of the inverter output current with the change of the

irradiance is showed in Figure 5.18 (a) and (b).
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Figure 5.18. The fluctuation of the inverter output current with the irradiance change
(a) from 600W/m? to 700W/m? (b) 1000 W/m?
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To demonstrate the grid synchronization output voltage of the inverter and

the grid voltage is overlapped in Figure 5.19.
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Figure 5.19. Grid synchronization of the system with P&O MPPT technique

5.4. Photovoltaic System with Incremental Conductance Technique

For the same conditions, the system is operated again with the INC algorithm.
The output power of the PV string varies from 13.1kW to 7.65kW because of the
change of the irradiance. The system is operated at reference voltage (V;..r), which is
specified by the INC algorithm to generate convenient switching signal and achieve
the maximum output power. Figure 5.20 shows the output power after the
atmospheric conditions have changed. INC algorithm yields much more energy

beside the P&O algorithm. With reference voltage perturbation related to Z—;, faster
recovery and accurate perturbation side of the Vypp is achieved. In addition, INC
MPPT technique is less confused by noise, system dynamics and change in
atmospheric conditions compared to the P&O MPPT technique. Moreover, INC
method far more superior compared to P&O method in terms of tracking speed and

tracking direction accuracy.
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Figure 5.20. The output power of the PV array with INC MPPT technique

The effect of rapidly changed irradiance on the I/V and P/V characteristics of
PV array is demonstrated in Figure 5.21. Vyppr IS changed with the variation of the
irradiation by the INC algorithm. INC MPPT technique works well under both
constant and variable irradiance compared to P&O MPPT technique.
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Figure 5.21. I/V and P/V characteristic of PV string with INC MPPT technique

Despite the radiation changes, the DC link voltage is almost kept at 700V as
demonstrated in Figure 5.22.
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Figure 5.22. The DC link voltage of the system under variable atmospheric
conditions
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The injected reactive and active power to the grid is illustrated in Figure 5.23

and Figure 5.24, respectively.
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Figure 5.23. Reactive power output of the system with INC MPPT technique
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Figure 5.24. Active power output of the system with INC MPPT technique
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As seen from Figure 5.25. the inverter operates at unity power factor and

irradiation changes are successfully compensated by the controller.
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Figure 5.25. Inverter operation at unity power factor
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THD value of the injected current is decreased below 5% as shown in Figure

5.26.
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Figure 5.26. THD value of the injected grid current with INC MPPT technique

The fluctuation of the inverter output current with the change of the

irradiance is showed in Figure 5.27 (a) and (b).
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5.27. The fluctuation of the inverter output current with the irradiance change

(a) from 800W/m? to 600W/m? and then 700W/m? (b) 1000W/m?

Grid synchronization of the system is shown in Figure5.28.
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5.28. Grid synchronization of the system with INC MPPT technique
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5.5. Photovoltaic System with Proposed ANN based MPPT Technique

The simulation is run at t=0s to 15s. The output power of the PV string varies
from 13.1kW to 7.68kW due to the change of irradiance. The system is operated at
reference voltage (V;..r), which is generated by the presented ANN algorithm to
achieve the maximum output power. Figure 5.29 demonstrates the output power
variations due to the atmospheric conditions are reduced by the proposed algorithm.
In addition, deficiencies of the conventional MPPT techniques like determining
correct perturbation direction when a sudden change occurs in irradiance, restoring
the reference voltage, number of oscillations and convergence speed are improved. It
can be concluded that the results realized by this MPPT technique are more efficient

than those obtained with the conventional MPPT techniques.
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Figure 5.29. The output power of the PV array with ANN based MPPT technique

4.0

The effect of rapidly changed irradiance on the I/V and P/V characteristics of
PV array is demonstrated in Figure 5.30. Vyppt IS changed with the variation of the
irradiation by the proposed ANN algorithm. It can be clearly seen that the
convergence speed and tracking accuracy is considerably improved. The presented
ANN MPPT technique works well under both constant and variable irradiance
compared to P&O and INC MPPT technique.
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Figure 5.30. I/V and P/V characteristic of PV string with ANN based MPPT
technique

The DC link voltage is kept constant at 700V as demonstrated in Figure 5.31.
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Figure 5.31. The DC link voltage of the system under variable atmospheric
conditions

0.10

The injected reactive and active power to the grid is demonstrated in Figure
5.32 and Figure 5.33, respectively. As seen in Figure 5.32 the amount of injected
reactive power is successfully controlled by the controller of the inverter and the

system is operated at unity power factor.
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Figure 5.32. Reactive power output of the system with ANN based MPPT technique
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Figure 5.33. Active power output of the system with ANN based MPPT technique
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To show the system is operating at unity power factor output voltage and

current of the inverter is overlapped in Figure 5.34.

040 ™ linv (kA) Vinv (kV)

0.30 A
0.20 A

o.lo-h,M;.f.rwun'npwnnMMM HARRARARN

_Z:iiﬂigmmuuwwwwwwmwwuwww

T T T T T Tlm?(S)
8.00 8.10 8.20 8.30 8.40 8.50
Figure 5.34. Inverter operation at unity power factor
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THD value of the injected current is decreased below 5% by usage of L filter
as shown in Figure 5.35
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Figure 5.35. THD value of the injected grid current with the ANN MPPT technique
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The fluctuation of the inverter output current with the change of the

irradiance is showed in Figure 5.36 (a) and (b).
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Figure 5.36. The fluctuation of the inverter output current with the irradiance change
(a) from 1000W/m? to 800W/m? (b) 700W/m?
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Grid synchronization of the inverter is showed in Figure 5.37.
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Figure 5.37. Grid synchronization of the system with the ANN MPPT technique

5.6. Photovoltaic System with Proposed Hybrid MPPT Technique

To evaluate power output and robustness of the proposed MPPT technique

and compare it with other conventional MPPT techniques same signal generator is

employed as an irradiance source. It can be clearly concluded that when a significant

change occurs in irradiance, proposed algorithm supplies a remarkable results in

terms of convergence speed and determining perturbation direction as seen in Figure

5.38.
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Figure 5.38. Robustness of the proposed algorithm against to sudden drop of

the irradiance

When the power output of a branch is examined, it is not possible to see a

considerable change compared to other conventional methods as seen in Figure 5.39.

100



5. CASE STUDIES AND SIMULATION RESULTS Ozgiir CELIK

= Ppv (kW)
13.0 4
12.04
11.04
10.0 4
9.0 A
8.0 A |
Time(s)I

00 40 50 60 70 80 90 100 1o 130 130
Figure 5.39. The output power of the PV array with Hybrid MPPT technique

To make a deeply evaluation and demonstrate the superiorities of proposed
technique a different signal generator, which instantaneously changes the value of
the irradiance is presented and used as an irradiance source. Advantages of the
proposed Hybrid MPPT technique can be clearly illustrated with the help of this
signal generator. The simulation is run at t=0s to 15s. Output of the generator is

demonstrated in Figure 5.40.
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Figure 5.40. Output of the signal generator that used for testing Hybrid MPPT
technique

The output power of the PV varies from 13.1kW to 7.69kW as shown in
Figure 5.38 due to the change of irradiance. The system is operated at reference

voltage (V;..r), which is obtained from the proposed Hybrid algorithm to achieve the
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maximum output power. Also, Figure 5.41 demonstrates the fluctuations on the
output power due to the rapidly variations of the atmospheric conditions are reduced.
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Figure 5.41. The output power of the PV array with Hybrid MPPT technique

The effect of rapidly changed irradiance on the I/V and P/V characteristics of
PV array is demonstrated in Figure 5.42. Vypp is successfully changed with the
variation of the irradiation by the proposed Hybrid algorithm. Reference operating

voltage is maintained at Vy;pp even with modest and major changes in irradiance.
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Figure 5.42. 1/V and P/V characteristic of PV string with Hybrid MPPT technique
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It can be clearly seen that the convergence speed and tracking accuracy is
considerably improved. The presented hybrid MPPT technique works well under
variable irradiance compared to P&O and INC MPPT technique. The proposed
algorithm has demonstrated its robustness for variation of the irradiance even with a
sudden drop of the irradiance. The reference voltage is updated instantaneously and
the algorithm can immediately specify the new reference voltage value. This
improves the convergence speed. In addition, deficiencies of the conventional MPPT
techniques like determining correct perturbation side when a sudden change occurs
in irradiance, restoring the reference voltage and numbers of oscillations are
improved as shown in Figure 5.43. Consequently, the results are obviously

demonstrated that P&O algorithm is improved.
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Figure 5.43. Reference voltage perturbation under rapidly changing irradiance

It can be concluded that the results realized by hybrid MPPT technique are
more efficient than those obtained with the conventional MPPT techniques and ANN
based MPPT technique. Also, dependency on PV panel characteristics is removed.
This is the property of the ANN based MPPT technique and reduces the efficiency
with aging. The modest changes in the irradiance are properly tracked by the

proposed algorithm as illustrated in Figure 5.44.
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Figure 5.44. Reference voltage perturbation of ANN and Hybrid MPPT method

The DC link voltage is almost kept constant at 700V as demonstrated in
Figure 5.45.
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Figure 5.45. The DC link voltage of the system under variable atmospheric
conditions

The injected reactive and active power to the grid is demonstrated in Figure
5.46 and Figure 5.47, respectively. As seen in Figure 5.46 the amount of injected
reactive power is successfully controlled by the controller of the inverter and the

system is operated at unity power factor.
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Figure 5.46. Reactive power output of the system with Hybrid MPPT technique
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Figure 5.47. Active power output of the system with Hybrid MPPT technique

To show the system is operating at unity power factor output voltage and
current of the inverter is overlapped in Figure 5.48.
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Figure 5.48. Inverter operation at unity power factor
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THD value of the injected current is decreased below 5% by usage of L filter

as shown in Figure 5.49
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Figure 5.49. THD value of the injected grid current with Hybrid MPPT technique

The fluctuation of the inverter output current with the change of the

irradiance is showed in Figure 5.50 (a) and (b).
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Grid synchronization of the system is illustrated in Figure 5.51.
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Figure 5.51. Grid synchronization of the system with Hybrid MPPT technique

5.7. Proposed MPPT Techniques vs. Conventional MPPT Techniques

The power rating of our system indicates that the generation capacity of the
installed system. It does not demonstrate the produced energy output. In brief to
evaluate the all components of the system especially controllers we need to know the
produced amount of the electricity. The amount of energy that our systems produce
highly depends on irradiance and temperature. In addition, the orientation and tilt of
our installation, intensity of irradiance, sunshine duration and shadow conditions are
affects the energy output of the system.

To show the robustness of the MPPT methods the modeled PV arrays are
subjected to 1000W/m?, 800W/m?, 600W/m? and 700W/m? of solar irradiance,
respectively. Daily mean sunshine duration is taken as 5.2 hour for Adana.

Calculated amount of energy production per hour according to employed

MPPT techniques is given in Table 5.4.

Table 5.4. Amount of energy production according to employed MPPT techniques

MPPT Techniques Energy Production
P&O MPPT Technique 76.21270 kWh
INC MPPT Technique 76.31548 kWh
ANN MPPT Technique 76.35690 kWh
Hybrid MPPT Technique 76.41987 kWh
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Daily energy production of the system for 5.2 hour is provided in Table 5.5.

Table 5.5. Daily and monthly energy production of the system

As seen from the tables the best results are obtained with the usage of Hybrid
MPPT technique under rapidly changed uniform irradiance.

Furthermore, for analyzing the superiority of the presented MPPT techniques,
one of the created PV string is partially shaded as shown in Figure 5.52.

Figure 5.52. Partially shaded PV string

When the presented MPPT techniques are independently applied to the
partially shaded string, amount of output energy production of the string according to

employed MPPT techniques is provided in Table 5.6.
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Table 5.6. Energy production of a PV string under partially shading condition

MPPT Techniques Energy Production
P&O MPPT Technique 10,99369 kWh
INC MPPT Technique 10,92687 kWh
ANN MPPT Technique 11,00265 kWh
Hybrid MPPT Technique 11,01250 kWh

As seen from the Table 5.6 under partially shading conditions Hybrid MPPT
technique supplies the better energy output than the other conventional MPPT

techniques.

5.8. Summary

In this section, the developed MPPT techniques are simulated for several
irradiation levels, which adjusted by a signal generator, and their superiorities
compared with each other. The proposed ANN based and Hybrid MPPT techniques
exhibits faster response and more accurate results than the P&O and INC MPPT
techniques. Furthermore, partial shading condition is analyzed for developed MPPT
techniques, and the results are compared with each other in terms of generated
hourly, daily and monthly energy. In addition, the inverter control scheme is tested
under various irradiance levels and it can keep the DC-link’s voltage constant at

desired value and able to adjust the injected reactive power near to zero.
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6. CONCLUSIONS, CHALLENGES AND FUTURE WORKS

In this thesis, a rigorous model of two stage grid connected PV system is
developed and then MPPT techniques are highlighted. The proposed system is based
on the use of a multi string inverter, which comprises an interleaved DC-DC boost
converter, a 3-phase full bridge DC-AC inverter with a L filter as the grid interface.
A novel Hybrid MPPT technique and ANN based MPPT techniques are incorporated
with this system. Also, the comprehensive literature research is conducted to
understand and design the proposed MPPT techniques. Various simulations are
performed with PSCAD/EMTDC 4.2.1 simulation software. Based on the obtained
results, the proposed algorithms operates effectively compared to mostly used
conventional MPPT algorithms even in cases of rapidly changing atmospheric
conditions and partial shading conditions. The deficiencies of the conventional
MPPT techniques are defined and the main components and operation principle of
entire of the grid-tied PV system particularly MPPT techniques are explained in
Chapters 1 to 3. In Chapter 4, the design of the proposed MPPT techniques and is
clarified in detail. The performance and efficiency of the proposed system are tested
with different simulation cases by PSCAD/EMTDC program in Chapter 5.

The main findings of the thesis are outlined in below.

e The simulation results of the modeled PV panels shows that the simulated
models are accurate to determine the 1/V when compared with the
characteristics given from the data sheet.

e The simulations of the modeled PV panels demonstrate that the models used
in this thesis are adequate to test the MPPT algorithm and to show effect of
partial shading conditions.

e P&O algorithm has some drawbacks such as it cannot track the MPPT
voltage when a sudden change occurs in irradiance. It remains under the
generated MPPT voltage, cannot quickly restore itself and also suffers from

high oscillations.
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e The INC technique suffers also from a relatively slow dynamic response time
due to the complex computations to calculate the instantaneous and
incremental changes and then compare them to each other.

e An ANN based MPPT technique and Hybrid MPPT technique is proposed,
which predicts the appropriate reference voltage for generating control signal
of DC-DC converter and removes the disabilities of conventional MPPT
techniques.

e Proposed MPPT algorithms are validated for several case studies, and the
obtained results are compared with that of conventional MPPT algorithms in
terms of convergence speed, specifying of correct direction side, oscillations
and overall system efficiency under rapidly changing atmospheric conditions
and partial shading conditions.

e Interleaved DC-DC boost converter topology, which provides fast dynamic
response and reduced ripples on input and output waveforms, is presented.

e Multi-string inverter type, which supplies extra input ports of inverter ensure
efficient control of the entire system by controlling of MPP in small strings of
PV systems, is simulated.

e A DC link voltage controller and reactive power flow controller are presented
in order to solve the problem of regulating the voltage at the input of the three
phase VSI and reducing the reactive power flow.

e L filter has the advantage of lower cost and higher dynamic response since
smaller area is needed to achieve required performance in damping the
switching harmonics comparing with LC or LCL filters.

e The THD value of the output current is less than 5%, which is within IEEE-
519 & IEC-6000-3 standards.

e Injected reactive power of established PV system is compensated and the

power factor is always kept at higher than 0.98.
MPPT controllers are well founded in the literature and market. However, some

subjects still need further research and analysis. The recommendations for the future

works can be summarized as follows:

112



6. CONCLUSIONS, CHALLENGES AND FUTURE WORKS Ozgiir CELIK

e The constructed two stage grid-tied PV system and proposed MPPT
techniques can be tested by implementation of a physical model where the
efficiency and accuracy of the proposed system can be better evaluated.

e Different DC-DC converter configurations, which affect the MPPT capability
of the system, can be developed and evaluated for PV applications.

e DC-AC inverter controller part can be improved and tested for different cases
and fault analysis can be performed to specify the optimal control strategy.

e Several filter types such as L, LC, LCL and etc., can be integrated to output
of the inverter and an evaluation can be realized in terms of damping the
switching harmonics, dynamic response and cost.

e Islanding issue and anti-islanding protection application for grid tied PV
systems can be investigated.

e Optimal layout with the use of a minimum number of solar irradiation

measurement sensors can be approved experimentally.
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APPENDIX A: Datasheet of SUNPOWER E19 / 240 Solar Panel

BENEFITS

Highest Efficiency
SunPowear™ Solar Panels are the most
afficient photovoltaic panels on the

market today

More Power

Our panels produce more power in
the same amount of space —up to 50%
more than conventional dasigns and
100% more than thin film solar panals.

Reduced Installation Cost
More power per panel means fewer
panels per install. This saves both time

and money.

Reliable and Robust Design

Proven materials, tampemd [ronlgh]u, . 3 )

and a shirdy anodised frome allow The SunPower™ 240 Solar Panel provides today’s highest efficiency
panel to operate reliably in multiple and performance. Utilising 72 SunPower backcontact solar cells, the

mounting configurations.

SunPower 240 dslivers a total panel conversion efficiency of 19.3%.
The panel’s reduced vollagefemperature coafficiant, anfireflactive glass
and exceptional low-light performance affributes provide outstanding

energy delivery per peak power wait.
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Elerical Data IV Curve
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Mechanical Data
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