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Photovoltaic (PV) systems with integrated battery energy storage systems
(BESs) play a crucial role in promoting energy efficiency, sustainability, and the use of
renewable energy sources. The main aim of this study is to develop an artificial neural
network (ANN) based maximum power point tracking (MPPT) method that eliminates
the drawbacks of conventional perturb & observe (P&O) and incremental conductance
(INC) MPPT methods. Moreover, an optimal operation of the grid-connected hybrid PV-
BES system is presented by considering the real atmospheric data taken from the Turkish
State Meteorological Service. MATLAB/Simulink is used to design and test the
constructed 12 kW PV system with 10 kWh capacity BES. In this study, a scenario is
created for all operating modes of the hybrid system. The solar irradiation curve of a-
determined day is created from the real meteorological data of Tarsus/Mersin. In
addition, simulation results for constant irradiation values as 1000 W/m? and for 500
W/m?at 25°C are analyzed separately. It is observed from the simulation results that the
presented ANN-based MPPT method gives better total harmonic distortion (THD)
results than conventional MPPT methods for variable atmospheric conditions and all
operating modes of the system. Especially at low irradiance values, the ANN-based
MPPT illustrate better performance values for parameters such as efficiency, THD, and
tracking capability.

Keywords: Battery Energy Storage System (BESs), Total Harmonic Distortion (THD),
ANN-Based MPPT, Grid Connected Hybrid Systems.
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Entegre pil enerji depolama sistemlerine sahip fotovoltaik (FV) sistemler, enerji
verimliligini, siirdiriilebilirligi ve yenilenebilir enerji kaynaklarinin kullaniminda ¢ok
O6nemli bir rol oynamaktadir. Bu ¢alismanin amaci, sebeke baglantili hibrit sistemin
optimal tasarimini saglayarak, en yaygin kullanilan geleneksel yontemler olan Degistir
& Gozlemle ve Artan iletkenlik maksimum gii¢ noktasi takibi (MGNT) yontemlerinden
daha iyi sonuglar veren yapay sinir aglari (YSA) tabanli bir MGNT ydntemi
gelistirmektir. MATLAB/Simulink 10 kWh kapasiteli akii depolama sistemi ile 12 kW
FV sisteminden olusan hibrit sistemi tasarlamak ve test etmek i¢in kullanilir. Bu
calismada hibrit sistemin tiim c¢alisma modlar1 i¢in bir senaryo olusturulmustur.
Tarsus/Mersin'in gergek meteorolojik verilerinden olusan bir giiniin giines 15mnim egrisi
olugturulmus ve sistem bu 1smm egrisi ile simiile edilerek, MGNT yo6ntemleri
karsilastirilmistir. Ayrica 25°C'de 1000 W/m? ve 500 W/m? i¢in simiilasyon sonuglari
ayr1 ayri analiz edilmis ve karsilastirilmistir. Sunulan YSA tabanli MGNT yonteminin,
degisken atmosfer kosullar1 ve sistemin tiim ¢aligma modlari igin diger yontemlere gore
daha iyi toplam harmonik bozulma (THD) sonuglari simiilasyon sonuglarindan
gozlemlenmistir. Ozellikle diisiik 1511m degerlerinde geleneksel MGNT yontemleri
daha yiliksek THD degerlerine sahipken, onerilen YSA tabanlit MGNT yontemi ile bu
durum 6nlenmis ve diisiik 1s1n1ma sahip hava kosullar1 i¢in daha verimli bir sistem elde
edilmistir.

Anahtar Kelimeler: Batarya Enerji Depolama Sistemi, Toplam Harmonik Bozulma,
YSA Tabanlt MGNT, Sebekeye Bagli Hibrit Enerji Sistemleri.
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EXTENDED SUMMARY

The interest in renewable energy sources has increased due to the continuous
grow in energy need, environmental friendliness, and inexhaustibility. The demand
for power storage systems has risen to obtain more efficiency from renewable energy
sources and to ensure uninterrupted energy flow. In this study, the optimal design of
a hybrid system consisting of PV and BES is carried out. The Hybrid System is
designed and tested in MATLAB/Simulink. This design consists of 4 stages. These
are (i); production of maximum power from the PV system, (ii) battery design, (iii)
design of current controlled DC-AC inverter, and (iv) determination of the scenario
that operates the whole system.

In order to obtain maximum power from the PV system, MPPT controlled
DC-DC interleaved converter is designed. The DC-DC interleaved boost converter
is used for the connection of PV and inverter, thus dividing the current into two
branches and reducing transmission losses. The traditional P&O and INC methods
are compared with the proposed ANN-based MPPT method. The installed power of
the PV system is selected as 12.48 kW. Considering the variable weather conditions
and shading effect, the PV system is designed as two separate arrays.

The capacity of BES system is determined as 10 kwWh. A bidirectional buck-
boost converter is designed so that the BES system can transmit power in two
directions over DC-link. When the battery is charged, the converter works in buck
mode, the battery is fed via DC-link, this is achieved by controlling the battery
current and voltage. In case the battery is discharged, the converter works in boost
mode and power is transferred to the DC-link, in this case, battery current and DC-
link voltage control is provided. The maximum and minimum values of the state of
charge (SOC) are 90% and 50% respectively.

A current-controlled DC-AC inverter is designed to transfer the produced

power from PV to grid and the stored power from battery to grid. Active and reactive



power control is provided in the system, but only active power support mode is used.
LCL filter is designed in order to eliminate the harmonics generated by the inverter.

A working scenario has been designed in order to use the generated power
more efficiently and to ensure that the power flows to the grid or the battery can be
realized at the right time intervals. The study consists of three ANN-based
forecasting models; long short-term memory (LSTM), recurrent neural network
(RNN), feedforward backpropagation neural network (FFBPNN) that estimates the
daily total solar irradiation by using real meteorological data of Tarsus/Mersin in
order to run the scenario depending on the weather conditions. The accuracy of this
estimation is evaluated by normalized mean absolute error (NMAE), weighted mean
absolute error (WMAE), normalized root mean squared error (NRMSE) and mean
absolute percentage error (MAPE) which are more suitable and frequently used to
evaluate meteorological forecasts. The FFBPNN model gives the best results among
the other methods with 3.64% for NMAE, 5.40% for WMAE, 6.70% for NRMSE
and 7.46% for MAPE. An energy management scheme is created based on the
estimated total daily solar irradiation. As a result of the irradiation forecast for the
next day, the SOC of the battery can be decided by considering the cloudy and sunny
weather conditions.

In the operating scenario of the system, the aim is to ensure the most efficient
use of the generated and stored power. Therefore, when the battery PV power
generation is sufficient, the battery is charged until the SOC reaches 90%. While the
battery is being charged, the power generated from the PV system is transferred to
both the battery and the grid. In cases where PV power generation cannot meet the
energy needs, that is, if PV cannot produce power, the battery will discharge until its
SOC is 50%. In this case, the energy stored in the battery is transferred to the grid.
Thus, energy continuity is ensured by using the stored power produced from PV
during the daytime, for night hours when the PV system cannot benefit. The system
is simulated and tested in MATLAB/Simulink and the results are taken for 1000

W/m?, 500 W/m? and an irradiation curve of Tarsus/Mersin created by the real data
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obtained from meteorology. The system's charge mode, discharge mode and PV-to
grid mode are simulated separately for these irradiation values and the results are
compared. Higher THD values are especially encountered at low irradiance values
for the system operated with traditional MPPT methods. On the other hand, it is seen
that the system operated with the proposed ANN-based MPPT method has lower
THD values even at low irradiance values for all operating modes. In addition, the
oscillations and tracking capability of the proposed MPPT are far superior when the
traditional MPPT methods are considered. As a result, when the battery, inverter
output, DC-link voltage and THD graphs given for all operating modes are
examined, it is seen that a more stable and lower THD system is designed with the
ANN-based MPPT method developed in this study.






GENISLETILMIS OZET

Enerji ihtiyacinin siirekli artmasi, ¢evre dostu ve titkenmez olmasi nedeniyle
yenilenebilir enerji kaynaklarina olan ilgiyi artmigtir. Yenilenebilir enerji
kaynaklarindan daha fazla verim elde etmek ve kesintisiz enerji akisin1 saglamak
i¢in gii¢ depolama sistemlerine olan talep de artmistir. Bu ¢alismada, FV ve batarya
depolama sisteminden olusan hibrit bir sistemin optimal tasarimi gergeklestirilmistir.
FV ve batarya enerji depolama sisteminden olusan hibrit sistem MATLAB/Simulink
'te tasarlanmig ve test edilmistir. Sistem tasarimi 4 asamadan olusmaktadir. Bunlar;
FV sistemden maksimum gii¢ tiretimi, batarya tasarimi, akim kontrollii DC-AC
evirici tasarimi ve tiim sistemi ¢alistiracak senaryonun belirlenmesidir.

FV sistemden maksimum giic elde etmek icin MGNT kontrolorleri
tarafindan kontrol edilen DC-DC serpistirmeli doniistiiriicti tasarimui yapilmigtir. DC-
DC serpistirmeli doniistiirticti sayesinde FV sistemi ile DC baglanti noktasi
arasindaki baglanti1 gerceklestirilir ve akim iki kola boliinerek iletim kayiplar
azaltilir. Geleneksel yontemlerden P&O ve INC yontemleri, 6nerilen YSA tabanl
yontemle karsilastirilir. FV sistemin kurulu giicii 12.48 KW olarak belirlenmis ve
degisken hava kosullar1 ve gblgeleme etkisi géz 6niinde bulundurularak PV sistemi
iki ayr1 dizi olarak tasarlanmistir.

Batarya depolama sisteminin kapasitesi 10 kWh olarak belirlenmistir.
Batarya sisteminin DC baglant1 noktasi {izerinden giiciin iki yonde iletebilmesi i¢in
cift yonlii bir algaltici-ylikseltici doniistiiriicii tasarlanmigtir. Batarya sarj edildiginde
doniistliricii algaltici modunda ¢alisir, batarya DC baglant1 noktas1 {izerinden
beslenir, bu batarya akimi ve voltaji kontrol edilerek gergeklestirilir. Bataryanin
bosalmasi durumunda doniistiiriicii yiikseltici modunda calisir ve DC baglanti
noktasina gii¢ aktarilir, bu durum batarya akimi ve DC baglant1 noktasinin gerilim
kontrolii saglanarak gerceklestirilir. Batarya sarj ylizdesinin maksimum ve minimum

degerleri sirasiyla %90, ve %50'dir.
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Akim kontrollii bir DC-AC evirici, FV sistem tarafindan iiretilen giiciin
sebekeye aktarilmasi ve bataryada depolanan giiciin sebekeye aktarilmasi igin
tasarlanmistir. Sistemde aktif ve reaktif gii¢c kontrolii saglanir ancak sadece aktif gii¢
destek modu kullanilmistir. LCL filtre sistemdeki bozulmalar1 ortadan kaldirmak ve
sistemde olusan harmoniklerin azaltilmasi i¢in tasarlanmustur.

FV sistem tarafindan iretilen giliciin verimli kullanilmasi ve sistemler
arasinda dogru zamanda giic akisinin saglanmasi icin bir caligma senaryosu
tasarlanmistir. Bu ¢alismada, senaryonun daha anlamli hale gelebilmesi ve batarya
caligma seklinin hava kosullarina gére belirlenebilmesi amaciyla Tarsus/Mersin'in
gergek meteorolojik verileri kullanilarak giinliik toplam gilines 1sinimini tahmin eden
yapay sinir ag1 tabanli metotlarindan olan uzun kisa siireli bellek, tekrarlayan sinir
ag1 ve ileri geri yayilim tahmin modelleri olusturulmustur. Bu modellerin tahmin
dogrulugu, NMAE, WMAE ve NRMSE gibi sik kullanilan performans endeksleriyle
degerlendirilmistir. En iyi tahmin sonucu ileri geri yayilim modelinden NMAE i¢in
%3,64, WMAE i¢in %5,40, NRMSE i¢in %6,70 ve MAPE icin %7,46 olarak elde
edilmistir. Ertesi giin i¢in tahmin edilen toplam giinliik giines 1s1nimina dayali olarak
bir enerji yonetim semasi olusturulmustur. Bu sayede, bir sonraki giin i¢in yapilan
tahmin sonucunda, bulutlu ve giinesli hava kosullar1 géz 6niinde bulundurularak
bataryanin doluluk orani yiizdesine karar verilebilir. Bu ¢alismada verilen senaryo
giinesli hava kosullar1 i¢in verilmistir. Bu senaryoda, yiiksek gilines 1siniminin
oldugu saat dilimlerinde bataryanin doluluk yiizdesi %90'm altindaysa, batarya
%90'a kadar sarj edilir. Giines 1giniminin elektrik {iretimi i¢in yetersiz oldugu saat
dilimlerinde ise FV sistemi elektrik iiretimini durdurur. Bu durumda bataryanin
doluluk yiizdesi %50'den fazla ise batarya doluluk yiizdesi %50 olana kadar
bataryadan sebekeye giic aktarilir. Boylece giindiiz FV sistemden iiretilen ve
bataryada depolanan gii¢, FV sisteminden yararlanilamayan gece saatlerinde
kullanilarak enerji siirekliligi saglanir. Sonug olarak, sistem 1000 W/m?, 500 W/m?
ve Tarsus/Mersin'e ait gercek bir giiniin 1s1nlama egrisi i¢in test edilir. Sistemin sarj

modu, desarj modu ve FV' den sebekeye modu bu 1sinlama degerleri igin ayr1 ayri
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incelenerek sonuglar alinir ve karsilastirilir. Geleneksel MGNT yontemleri ile
calistirilan sistemde, 6zellikle diisiik 15111m degerlerinde daha yiiksek THD degerleri
ile karsilasilmaktadir. Onerilen YSA tabanli MGNT yontemi ile ¢alistirilan sistemin
tim calisma modlarinda daha diisiik ayar siiresine sahip oldugu ve diisiik 151ma
degerlerinde bile diisiik THD degerlerinde galistig1 goriilmektedir. Sonug olarak tiim
caligma modlari i¢in verilen batarya, evirici akim gerilim ¢ikisi, DC-baglanti noktasi
gerilimi ve THD grafikleri incelendiginde, bu calismada gelistirilen YSA tabanh
MGNT yontemi ile daha kararli ve diisitk THD sistemi tasarlandigi goriilmektedir.
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1. INTRODUCTION

1.1. Statement of Problem and Research Motivation

Nowadays, the interest in renewable energy sources (RESs) has gradually
increased due to the depletion of traditional energy sources, their harm to the
environment and the inability to meet sufficient energy demand. RESs are
inexhaustible and clean energy sources that comes from nature such as geothermal,
biomass, sun, wind, hydropower and tidal. The solar power is one of the most
effective sources among the other RESs for several reasons such as being
sustainability, economical, pollution free and easy to install (Chauhan and Singh,
2021).

Photovoltaics (PVs) convert sunlight into electrical energy by using the
photoelectric effect. The sun's radiation is directly converted into usable electricity
by PV systems that are made of photovoltaic modules, which are semiconductor
devices. PV power depends highly on solar irradiation and temperature (Igbal, 2017).
In consequence, maximum power extraction from the PV system plays a crucial role
in increasing the efficiency of the solar power generation for all weather conditions.
Therefore, an appropriate MPPT technique to track the MPP is of high need (Bollipo
etal., 2021).

The Figure 1.1. shows the current versus voltage (I-V) and power versus
voltage (P-V) characteristics for constant temperature variable irradiation values, the
I-V and P-V characteristics for constant irradiation variable temperature values for a
PV cell.
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The IV and P-V curve of a PV module for
constant temperature variable irradiation
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Figure 1.1. I-V and P-V characteristics of a PV module at specified temperature-

variable radiation values & specified radiation-variable temperature
values

Since the power generation of the PV panel is directly dependent on the
weather conditions, the behavior of the generated PV power is discontinuous.

Therefore, it is not always possible for the PV array to meet the load demand alone

2
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at every time (Narayanan et al., 2020). This causes power mismatch and imbalance
in the system. In order to minimize these problems occurring in the system and to
increase the efficient use of the energy produced BESs is used with PV system. BESs
has some benefits over traditional energy sources, which include fast and steady
response, adaptability, controllability, environmental friendliness, and geographical
independence, and are considered as a potential solution to the global warming
problem (Hannan et al., 2021). The main components of the renewable energy and
battery energy storage system (RE-BESS) include the energy supply, energy storage,

grid integration, load control and energy management (Liu et al., 2020).

\\ DC-DC .| bpc-ac
Converter o o Inverter

PV Module

DC BUS

DC-DC
Bidirectional |
Converter

A

Figure 1.2. A block diagram of a hybrid PV-BES grid connected system

The basic structure of a grid connected PV-BES system is shown in Figure
1.2. The system consists of a DC-DC converter that controlled by a MPPT algorithm
to obtain the maximum power from PV arrays. The BESs is connected DC-link with
a bidirectional DC-DC converter that is controlled with a battery controller algorithm
to set the dc voltage, battery voltage, battery current and state of charge (SOC) at
desired values while the system is charging and discharging. In addition, DC-AC

inverter that is controlled with current controller is used for grid integration.
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1.2. Objective and Outline of the thesis

The main objective of these thesis is modelling and simulating a grid tied
PV-BES system with an optimal energy management algorithm and proposed ANN-
based MPPT algorithm by use of MATLAB/Simulink. The model consists of
interleaved DC-DC boost converter, ANN-based MPPT controller, DC-DC
bidirectional buck-boost converter, proportional-integral (P1) controller for charging
discharging processes, three phase current controlled DC-AC inverter, and LCL
filter. In addition, traditional MPPT methods, that are mostly used, are modeled, and
simulated to demonstrate the superiority of the proposed method. In this study, it is
aimed to manage the produced energy better, mitigate harmonics, not to decrease the
efficiency obtained from the system, stabilize the system earlier in sudden changing
temperature and radiation values compared to conventional MPPT methods.

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

In Chapter 2, the current state of the world and Turkey in terms of renewable
energy is summarized, the system overview is presented and the extensive literature
review of the converters’ topologies, controllers’ algorithms, energy storage and
energy management strategies are presented in detail.

In Chapter 3, the power circuit parameters of grid-tied hybrid system model
components are designed in MATLAB/Simulink program for simulation cases. The
proposed system and the working principle of whole system are detailed with the
energy management scheme.

In Chapter 4, different case results are given for both conventional MPPT
methods and proposed MPPT method. The results are given as graphically.

In Chapter 5, the conclusions of the study are explained and the future work

topics on optimal energy management and BESs are explained.
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1.3. Contributions of Thesis

The important contributions of this thesis can be summarized as follows:

e This study emphasizes the importance of uninterrupted, continuous, and
efficient use of energy, and focuses on the use of grid tied PV-BES systems
at low power to spread the usage of renewable energy sources at every power
level.

e Recent studies on the design of grid-connected PV-BES systems are
reviewed and a summary of the current literature on the main topics of this
thesis is made.

e The results of MPPT methods for variable weather conditions are clearly
given and compared.

¢ Mitigation of harmonics in grid tied PV-BES system is carried out as follows
for different operating cases with proposed ANN-based MPPT method.

v" PV to grid and battery for 1000 W/m? at charging mode THD% < 1.5%
v" PV to grid mode for 1000 W/m? THD% < 1%

v' Battery to grid mode at discharging mode THD% < 3%

v PV to grid and battery for 500 W/m? at charging mode THD% < 3%
v PV to grid mode for 500 W/m? THD% < 2%

¢ Energy management is required for more efficient use of solar energy. It also
helps increase battery life by adjusting the lower and upper limits of SOC.
In order to make the working scenario applied to the system more
meaningful, this study is supported by the total daily solar irradiation
estimation performed with the real meteorological data of Tarsus / Mersin
with LSTM, RNN, and FFBPNN models. In this way, we can make our

energy plan by estimating the energy to be produced from our PV plant.
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In order for the power estimation to be more rational and understandable,
irradiation estimation result is evaluated with performance metrics such as
NRMSE, NMAE, WMAE and MAPE.

An operation scenario is created for sunny weather conditions and the
irradiation curve of a day is created from the real meteorological data of
Tarsus/Mersin and it is observed how the system works with created
scenario. Thus, it is seen that this study, which is carried out in the simulation
environment, also works at low THD for suddenly changing weather
conditions and settles more quickly that the conventional MPPT methods.
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2. LITERATURE REVIEW

2.1. Renewable Energy

Today, the ever-increasing need for energy plays a crucial and fundamental
role in determining the economic and political levels of countries. Energy
dependence is the most important factor in specifying the level of development of a
country in all aspects of life. The total energy consumption of world between 1965

and 2021 is shown in the Figure 2.1.

Total Energy Consumption of World
1965-2021
600,00

500,00
400,00

300,00

Exajoules

200,00

100,00

Figure 2.1. The total energy consumption of world

Energy is obtained from renewable and non-renewable energy sources.
Conventional energy sources, also called non-renewable and exhaustible, are
carbon-based. While producing energy from these sources, carbon-based gases are
released into the environment, and these gases cause the world to warm up and cause

permanent climate change. Renewable energy attracts worldwide attention due to
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environmental concerns. New policies require grid operators to supply a certain
percentage of their load from RES or face high penalties (Mohandes et al., 2021).
Since it is inexhaustible and reduce the carbon footprint, greenhouse gases around
the world, it become the focal point of developed and developing countries.
Considering all these situations, various international environmental agreements
such as ‘Paris Agreements’ have been signed, aiming for all living creatures in the
world to live in a cleaner, healthier, more permanent world, and in line with these
agreements, it is aimed to provide the produced energy mostly from renewable
energy sources. The total energy consumption of the world in 2020 and 2021 by
fuels is presented in Figure 2.2. As can be seen from the graph, a significant portion

of the consumed energy is obtained from renewable energy.

Total Energy Consumption of World by Fuel
200,00 2020-2021
180,00
160,00
140,00
o 120,00
100,00
80,00 m 2020
60,00 m 2021

40,00
i . Natural Nuclear Hydro = Renew
QOil .
Gas energy electric ables
W 2020 174,17 138,44 151,07 24,44 41,09 34,80

m2021 184,21 14535 160,10 2531 40,26 39,91
Figure 2.2. Total energy consumption of the world by fuel 2020-2021

S

Exajoul

As the need for energy increases, the need for electricity also increases.

Growth of population, increase in production, settled life, hospitals, basic life needs
8
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are the main reasons for the rise of electricity productions. The total Electricity
generation of world between 1985 and 2021 is shown in Figure 2.3 and in Figure 2.4
the total electricity generation of world by fuel for 2020-2021 years is presented.

The Total Electricity Generation of World

1985-2021
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Figure 2.3. The total electricity generation of world 1985-2021

As seen in Figure 2.4, 11% of the total electricity produced in the world in
2020 was provided by renewable energy. In 2022, this rate increased to 12.84%. The
undeniable contribution of renewable energy to energy and the environment has
brought all types of renewable energy into focus. One of them is undoubtedly solar
energy. The use of photovoltaic electricity is constantly increasing around the world
since there is no fuel problem, ease of use, no mechanical wear, modularity,
commissioning in a very short time, working smoothly for many years and being a

clean energy source. According to the 2021 world energy report published by BP-
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Statistics, while the total installed PV power in the world was 710281MW in 2020,
this is increased by 19% in 2021 and reached 843086 MW.

Total Electricity Generation of World by Fuel
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m2020 661,7 6371,7 9439,3 2694,0 4346,0 3146,6 230,0
m2021 720,3 65185 10244,0 2800,3 4273,8 3657,2 252,2

Figure 2.4. Total electricity generation of world by fuel 2020-2021

In parallel with the world, energy consumption in Turkey also increases over
the years. According to the latest energy reports of announced by Turkish Electricity
Transmission Corporation (TETC), Turkey’s installed capacity is shown in Figure
2.5 between 1980 and 2020 with 5 years intervals. Although the statistical data for
2021 has not been published yet, it is mentioned that in 2021, 31.4% of our electricity
production come from coal, 32.7% from natural gas, 16.8% from hydraulic energy,

9.4% from wind, 4% from solar, 3.2% from 2% was obtained from geothermal
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energy and 2.4% from other sources. Furthermore, the installed capacity of Turkey
is announced as 101,518.3 MW in the June 2022 report by TETC.

Development of Tirkiye's installed capacity over the years
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Figure 2.5. Development of Turkey's installed power over the years

The main reasons that lead all countries of the world to seek new energy
sources, such as the ever-increasing need for energy, depleting energy resources, and
foreign dependency in energy, have led Turkey to make incentives and investments
in RESs. Figure 2.6 shows the graph of Turkey Installed Power Development by
Primary Energy Sources (2010-2021). As can be seen from the Figure 2.6, solar
energy meets a significant part of our energy needs.
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Figure 2.6. Turkey’s installed power development by primary energy sources 2010-
2021

In the June 2022 installed power report that is published by TETC, it was
stated that renewable energy has reached 54,871.5 MW and renewable energy power
plants constituted 54.05% of the total installed power and the installed power of solar

power plants increased to 8479.1 MW.

2.2. System Overview and Grid Connection Standards
In this part of study, there is literature review of the main topologies and
control algorithms that make up the grid-connected PV-BES hybrid system seen in

Figure 2.7.
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Figure 2.7. The overview of proposed system

The DC-DC interleaved boost converter is designed for boosting the output
voltage of PV array. MPPT is used for extracting the maximum power from PV
arrays. Among the MPPT methods, P&O, INC methods which are commonly used
also called traditional methods, and proposed ANN-based MPPT method are used.
Battery PI controller is designed for defining the reference signals for DC-DC
bidirectional buck-boost converter based on the operating scenario of the system.
Thus, our DC-DC bidirectional converter can buck DC-link voltage for charging
process or boost the battery voltage for discharging process for specified values. So,
the DC-link voltage is constantly controlled. The power controller-controlled DC-
AC inverter which integrates the system into the grid is designed. Synchronization
with the grid is a very important problem, so before networking the PV system, it is
necessary to evaluate how the network is affected. PV systems that will be integrated
into the grid must be designed to provide the necessary rules and standards for
essential integration. With the use of these standards, the technical conditions that
must be complied with in the electricity transfer system of the countries are provided.
These rules vary from country to country. There are also well-known international
standards, such as Institute of Electrical and Electronics Engineers (IEEE) and

International Electro technical Commission (IEC).
13
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In Turkey these regulations are demonstrated in ELECTRICITY MARKET
GRID REGULATION (EMGR) with the latest version that is published in Official
Gazette of the Republic of Turkey no 29013 on 28/5/2014 (EPDK, 2014).

e Frequency: The rated frequency of the system is controlled by
TETC. It is determined in the operating range of 47.5-51.5 Hz and
around 50 Hertz (Hz). When the operating frequency drops below
47.5 Hz or rises above 51.5 Hz, the system must be disconnected

from the mains.

2.3. DC-DC Switch Mode Converter
2.3.1. Topologies

The DC-DC converters are divided into two main groups as isolated and
non-isolated converters. In non-isolated topologies, power is transferred without
magnetic isolation, they have a simpler structure. Although they cannot take
advantage of some of the important advantages of galvanic isolation, they are not
affected by the disadvantages either. It is suitable for use in applications where size
and weight are important. (Gorji et al., 2019). The classification of the non-isolated

DC-DC converters are shown in Figure 2.8.

Nonisolated
Converters

| ' |

Interleaved Conventional Multi
pc-DC Dc-DC Device / Port
Converters Converters
J\
I ) 4 \ 4 1
Boost Buck- Cuk SEPIC
Boost

14



2. LITERATURE REVIEW Helin BOZKURT

Figure 2.8. Non-isolated DC-DC converters

Insulation implies the existence of an electrical barrier between the inputs
and outputs of the converter. A high frequency transformer can act as this barrier.
The main advantage of this barrier is its use for high voltage applications. In addition,
these isolated transducers can be configured as positive or negative (Kummara et al.,

2020). Isolated Converters are shown in Figure 2.9.

Isolated
Converters
¥ ¥ ¥ ¥ v ¥
Z- Source Flyback Bridge Forward Multiport Push-pull
J\
I Jl’ A R
Full Half Single Dual
Bridge Bridge Active Active

Figure 2.9. Isolated DC-DC converters

In the literature there are various studies on DC-DC Converter topologies.
In (Amir et al., 2019) , comparative analysis of isolated and non-isolated DC-DC
converters, focusing on transformer-less topology for high voltage gain in
photovoltaic systems is studied under different situations such as ideal and non-ideal
conditions. In (G and Singh, 2017), it has been shown that the choice of converter
has an effect on the performance of the PV system, and a comprehensive literature
review for non-isolated topologies for the selection is given. In (Mumtaz et al., 2021)
non-isolated DC-DC converters are analyzed based on different controlling
algorithms for renewable energy systems. In (Sivakumar et al., 2016) , a comparative
performance analysis of non-isolated converters such as buck-boost, cuk, sepic, luo,

and state space modelling of these converters are figured out.
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2.3.1.1. Buck Converter

Buck converter which is also called step down converter is used for
obtaining a lower voltage level at the output than the voltage level at the input. The
circuit topology is given in the Figure 2.10. This topology can be used to connect

high module voltages to low load or battery voltages (Taghvaee et al., 2013).
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Figure 2.10. Buck converter topology

Buck converter operates when the load impedance (R.) bigger than the
optimum impedance (Rwmep). In the operating mode intervals, it changes the duty
cycle (D) to obtain maximum power. At the maximum power point Rypp equal to
input side impedance (R;). The duty cycles determine the on and off state of the IGBT
for the relationship between the input and output voltages. When the switch is ON
state, the diode is reverse biased and the inductor current rises its maximum value
and stores the energy, in the OFF state of switch the inductor transfers its energy to

the capacitor and load. The average of the output voltage is zero.
(Vout - Vin) * ton — Vour * toff =0 (2-1)

Vout — ton — D
Vin  (ton + tosy)

(2.2)

2.3.1.2. Boost Converter
Boost converter is one of the widely used DC-DC converter types for

increasing the output voltage level. It is also called as step-up converter. The boost
16
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converter topology is shown in Figure 2.11. Boost converter is a basic DC-DC
voltage booster circuit with a variety of features that make it suitable for various
applications in products ranging from low-power portable devices to high-power

stationary applications (Forouzesh et al., 2017).

(G50) >

| L
‘\\\ &)s c SR
| 1

Figure 2.11. Boost converter topology

Boost converter operates while the Ry is smaller than the Ruep. At the
maximum power point R;is equal to Rvep. Duty cycle determines the operation states
of IGBT. At the ON state of switch inductor stores energy, the inductor current rises
to its maximum value, the diode is in OFF position. At the OFF state of switch the
inductor current decreases its minimum value because of releasing its energy to load
and capacitor, the diode is in ON position and the output voltage occurs. The average

of the output voltage is zero.

(AiL)open + (AlL)closed = 0 (2.3)

Vix(D+1=D) =V, +(1—D) =0 2.4)
Vi

_ 25

Vo 1-0D (2.5)

17



2. LITERATURE REVIEW Helin BOZKURT

2.3.1.3. Bidirectional Buck-Boost Converter

Bidirectional DC-DC converters are used to transfer power in both directions
between two dc sources (Igbal, 2017). The basic bidirectional converter is presented
based on the original buck and boost converter (Gorji et al., 2019). The basic

topology is shown in Figure 2.12.
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Figure 2.12. Bidirectional buck-boost converter topology

A bidirectional buck-boost DC-DC converter has two dc voltages levels:
high and low. It consists of two switches, one inductor and one capacitor. While the
circuit is in buck mode in the operation of S;, the boost mode is applied in the
operation of S,. In this way, since it is a bidirectional circuit topology, it is widely
used in various applications consisting of 2 separate voltage levels. The duty cycles
of the switches determine the operating modes of S; and S. The duty cycles for buck

and boost operating modes are expressed as follows.

VL
- = 2.6
Dbuck VH (2.6)
VL
=1—-— 2.7
Dboost =1 VH (2.7)

2.3.1.4. Interleaved Boost Converter
DC-DC converters are typically employed as power electronics interfaces in
the photovoltaic generators and other renewable energy sources (Abdelkhalek et al.,

2020). Although the use of boost converter is very common, it has many
18
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disadvantages such as input current and output voltage fluctuations. These
disadvantages are eliminated by using an interleaved boost converter by sharing the
current among the elements (Mohammed and Devaraj, 2015a).

Interleaved boost converters consist of two or more boost converters in
parallel combination. The interleaved boost converter topology is shown in as
displayed Figure 2.13 with two switches (MOSFETS) and two inductors connected
in parallel to split the input current among the inductors that improves the reliability
and efficiency with smaller size of filter component and less ripple voltage and
current over conventional boost converter (Nahar and Bashir Uddin, 2019; Alharbi
etal., 2020).

L1 D1
{000} >
L2 D2

—{ 500+

\\\\ =|= Cn ) sty s2 =|= Couty R

Figure 2.13. Interleaved Boost Converter Topology

The interleaved boost converter design equations are as follows.

_ Vout + Va = Vinmin

D = 2.8

max Vout + Vd - Von ( )
Vout + Vd - Vinmax

D iy = 2.9

i Vout + Vd - Von ( )

(Vinmin - Von)Dmax(l - Dmax) (2 10)

Leyic =
crit f:glout
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The interleaved boost converter topology is widely used in PV applications
because of low current ripples while comparing with the conventional boost
converters. The interleaved converters have the wider continuous current mode, the
reduced output voltage ripple, the low switching losses and the high efficiency (Sefa
and Ozdemir, 2009) by reducing the conduction losses (I°R) with sharing the current
in two paths (Abdelkhalek et al., 2020).

2.3.2. MPPT Control Techniques

Dynamic performance of MPPT algorithms is important to ensure high-
power output under practical operating conditions (Li et al., 2021). MPPT techniques
are classified as; conventional, intelligent, optimization and hybrid tracking methods
as seen in Figure 2.14 (Bollipo et al., 2021).
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Figure 2.14. MPPT techniques
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Conventional MPPT methods contain short circuit current (SCC), open
circuit voltage (OCV), ripple correlation control, constant voltage, hill climbing,
P&O, INC, and adaptive reference voltages methods. these methods are mostly used
for uniform weather conditions as the PV generates only one global maximum power
point (GMPP). conventional MPPT methods are implemented easily but have
oscillations around MPP that cause the system to lose power.

Intelligent MPPT methods contain ANN, fuzzy logic controller, gauss
newton technique, sliding mode control and Fibonacci series based MPPT methods.
These techniques have faster response to track MPP. ANN technique responds more
quickly to changing weather conditions, but big data processing is needed to perform
the training task. Fuzzy logic controller can solve the limitations of traditional MPPT
techniques, which include high settling time and steady state error (SSE), but it has
difficulties in creating fuzzy rules. The gauss-newton method is the fastest one
among the mathematical computational MPPT techniques. It is mainly used to solve
nonlinear problems associated with the least squares approximation (Bollipo et al.,
2020). Tracking of MPP causes increased computation time and big data storage
problem, this problem is solved by Fibonacci-based tracking algorithm by limiting
the search and moving to look the range for optimal operating point (Bollipo et al.,
2021). The artificial intelligence based MPPT algorithms are reviewed by (Yap et
al., 2020) and merits and demerits of all ANN methods are shown in tables and recent
studies are also shown. A comparative performance analysis of ANN-based MPPT
methods with different training algorithms for PV systems is performed by (Roy and
Amin, 2021).

Optimization MPPT methods contain particle swarm optimization (PSO),
artificial bee colony, cuckoo search (CS), grey wolf optimization (GWO) and ant
colony optimization (ACO). Particle swarm optimization is a stochastic optimal
algorithm inspired by the living mechanisms and social behavior of flocks of birds
and fish for finding food and traveling together (S. U. Khan et al., 2015). The PSO

has some advantages such as robustness, flexibility, and rapidity, during the tracking
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process, but it is easy for the MPP to fall into the local optimum that resulting in
inability to reach the global peak (Ibrahim et al., 2020). Cuckoo search (CS) is a
meta-heuristic optimization algorithm stimulated from observing the life style of
Cuckoo birds in their survival strategy along with the behavior of Lévy flight
(Alrashidi et al., 2019). Grey wolf optimization imitates the hunting mechanism of
gray wolves. In descending order of leadership, gray wolves are called alpha, beta,
delta, and omega. Hunting consists of mathematically applied prey search, siege and
attack operations to perform optimization (Behera et al., 2019). Ant colony
optimization (ACO) is another swarm optimization technique based on the
phenomenon of ants searching for the shortest path to their colony (Besheer and
Adly, 2012). Nowadays, ACO is often applied in conjunction with different MPPT
techniques to determine GMPP in often varying weather conditions, with only a pair
of voltage and current sensors capable of continuously monitoring the changes in
real time (A. Ali et al., 2020). Artificial bee colonies (ABC) emerge from the
foraging process of honeybees. Honeybees living in colonies search for food by
dividing into groups. Honey bees are generally divided into three types; worker,
lookout and scout (Gonzalez-Castano et al., 2021) likewise, the best MPP is sought
by assigning an individual tracking procedure.

Hybrid MPPT methods are created by mixing two different tracking methods
to increase the system efficiency. In the literature there are various combination of
MPPT techniques. Some of the hybrid studies in the literature are as follows: An
experimental estimation of hybrid ANFIS-PSO-based MPPT for PV grid integration
under fluctuating sun irradiance is performed by (Priyadarshi et al., 2020). In
(Figueiredo and Aquino, 2021) hybrid MPPT technique PSO-P&O is applied to
photovoltaic systems under uniform and partial shading conditions. An efficient
fuzzy-logic based variable-step INC MPPT method for grid-connected PV systems
is performed by (M. N. Ali et al., 2021). A hybrid MPPT method based on iterative
learning control and P&O method is performed by (Zhang et al., 2021) to eliminate
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the steady-state oscillations, and errors, when the operation point is close to the MPP

or a small irradiance variation occurs.

2.3.2.1. Incremental Conductance

INC MPPT algorithm is one of the most used algorithms due to its ease of
implementation. The INC is tried to track the MPP by considering the P-V
characteristic of the PV module. The Inc. strategy depends on the way that the
derivative of the output power P with respect to the panel voltage V is equivalent to
zero at the MPP (Bollipo et al., 2021). The change in voltage, current and power

determines the perturbation direction as in the tracking principle in Figure 2.15.

Measure
Vk. Ik

}

Calculate
dV =Vk - V(k-1)
dl =Tk - [(k-1)

S

NO NO

& @

I_YFS N01

Decrease Duty Increase Duty Decrease Duty Increase Duty
Cycle Cycle Cycle Cycle
~YLS v L v YES—

A 4

Return

Figure 2.15. The flowchart of INC method
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This technique is fundamentally based on the fact that the derivative of the
PV panel output with its voltage as given in equations below (Safari and Mekhilef,
2011).

ap 0
av - (2.11)
d(IV)_H_VdI ~I+VAI

av v ~ AV (212)

The equation can be described as follows.

Al 1
v at MPP (2.13)
Al 1
v > —il left of MPP (2.14)
Al I
a < — right of MPP (2.15)

The algorithm continuously tracks the PV output and adjust the duty cycle
of the converter by increasing and decreasing the perturbation based on equations
adjusts the duty cycle (D) of the converter to achieve MPP (Mohammed and Devaraj,
2015b). The INC method has many advantages such as tracking speed, tracking
accuracy and efficiency. Despite these advantages, INC algorithm has two major
disadvantages; the continuous oscillations even after reaching the steady state, and
the incapability to effectively track sudden changes in operating conditions
(Bhattacharyya et al., 2021).

2.3.2.2. Perturb & Observe
P&O method is one of the simplest and commonly used online MPPT

technique. Fundamentally, this strategy checks for the change in PV cell power (dP),

25



2. LITERATURE REVIEW

Helin BOZKURT

then checks for the sign of PV cell voltage (dV). The flow chart of the conventional
P&O approach is presented in Figure 2.16. In the process, the reference voltage is
perturbed, and the system response is observed. This determines the direction of the

next perturbation (Zongo, 2021).
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The position of MPP of P&O method determine the position of the operation
point relative to the MPP based on the non-linear characteristics of the solar array,
moving it back and forth to achieve the MPP by injecting a perturbation in the PV
voltage/current/duty ratio (Sher et al., 2015). The position of MPP is defined by use

of below equations.

Figure 2.16. The flowchart of P&O method

26




2. LITERATURE REVIEW Helin BOZKURT

ap

o 0 at MPP (2.16)
dP

v > 0 , left of MPP (2_17)
dP .

-, < 0, right of MPP (2.18)

The P&O MPPT technique has some disadvantages that significantly affect
the output power of the PV system. One of them is the perturbation size, which limits
the rate of convergence and determines the amplitude of oscillations around V mpp.
The other drawback is that this method causes power loss at the time of a perturbation
and it fails to track the MPP at diverse irradiation and temperature conditions (Basha

and Rani, 2020).

2.3.2.3. ANN-Based MPPT Methods

ANNSs are computational models inspired by the human brain (Guerra et al.,
2021). It is generally used for complex and nonlinear problems by regulating weights
and biases (lbnelouad et al., 2021). ANN can be defined as a parallel distributed
information processing structure consisting of inputs and at least one hidden layer
and one output layer. These layers have processing elements called interconnected
neurons (Talbi et al., 2021).

LSTM networks are a type of iterative neural network that can handle
difficult nonlinear approximation tasks of time series (Alnejaili et al., 2021). The
LSTM network structure consists of forget gate, input gate, and output gate as shown
in Figure 2.17. These gates can be opened or closed to add results to the calculation
of the current layer, depending on whether the output in that layer reaches the
threshold. In LSTM, inputs can learn mapping for temporal dependency relation
(Sun et al., 2018a).
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Figure 2.17 The basic LSTM structure (Sun et al., 2018b)

The RNN is one time-series model that is similar to FFBPNN except that
there is feedback from each hidden layer’s neurons to input layer (Shafique and
Tjernberg, 2021). Unlike traditional neural networks, in RNN, inputs are dependent
on each other (Garud et al., 2021). The learning mechanism used to calculate new
states recursively by applying activation functions over the inputs and previous states
of the network is called RNNs (Teke, 2022). The structure of RNN is shown in
Figure 2.18.

W Unfolded

Figure 2.18. The basic RNN structure
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The FFBPNN is a supervised learning method that used to obtain the
relationship between input and output variables by adjusting the weights and biases
for minimizing the error value. The basic structure of FFBPNN model is illustrated
in Figure 2.19. The FFBPNN consists of an input layer, an output layer and at least

one hidden layer.
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Figure 2.19. The FFBPNN structure (Teke, 2022)

For PV applications, FFBPNN is used to train and test the nonlinear
relationship between I-V and P-V. From input current, input voltage, irradiance,
temperature to metrological data, ANN takes these inputs and constantly learns to
match the behavior of the solar system for maximum power (Basha and Rani, 2020).
The output of the model can be reference voltage or duty cycle for PWM which
smoothens the switching operation of IGBT (Roy and Amin, 2021). The accuracy of
the created model depends on many features such as the learning algorithm used, the
number of layers, the size of the data, the activation function used, the ratio between

training data and testing data etc.
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The ANN method reduces the steady-state oscillations at the MPP during
dynamic irradiation conditions (Basha and Rani, 2020). ANN-based MPPT is proven
to exhibit the capability of tracking MPP with the minimum transient time and low
ripple under the real operation climatic condition. However, an accurate,
standardized and appropriate training dataset is the main limitation for optimal

performance of ANN without high training error (Yap et al., 2020).

2.4. DC-AC Switch Mode Inverter

The DC-AC inverters are known as power electronic converters that enable
the transfer of DC power to AC power. They are classified as current source inverters
(CSls) that control AC output in current waveform and voltage source inverters
(VSls) that control AC output in voltage form. In (Zeb et al., 2018), dissimilarity
between VSI and CSI are given as a table. VSIs are favorable for PV applications
due to cost, efficiency, and size over CSlIs (M. N. H. Khan et al., 2020). The main
purpose of these topologies is to design a three-phase voltage source that controls
the amplitude, phase, and frequency of the voltages. In (Tahir et al., 2018) , a
comprehensive review for VSlIs topologies and their controlling techniques are
given.

Single-phase VSI with half-bridge and full-bridge topologies are used for
the low power range. Three-phase VSIs are used in medium to high power

applications. The full bridge VSI topology is shown in Figure 2.20.
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Figure 2.20. Three phases full bridge VSI

To obtain the three-phase AC current in three phases VSI, six gating signals
need to be sent to the switches of the inverter. S1, S3, S5 are 3 phase symmetrical
switching functions with phase shift 120° (Permatasari, 2015). Both switches in the
same leg cannot be turned ON at the same time, as it would short the input voltage
violating the Kirchhoff’s Voltage Law. The switching states of the three-phase

inverter is shown in Table 2.1.

Table 2.1. The switching states of three phase full bridge VSI

State S1 S2 S3 S4 S5 S6 Vab Vbc Vca
1 on on off off off on Vdc 0 Vdc
2 on on on off off off 0 Vvdc Vdc
3 off on on on off off Vdc Vvdc 0
4 off off on on on off Vdc 0 Vdc
5 off off off on on on 0 Vdc Vdc
6 on off off off on on Vdc Vdc 0
7 on off on offf on off 0 0
8 off on off on off on 0 0 0

In this thesis, a full-bridge two-level VSI is designed, which is suitable for
the system power rating range. It is aimed to obtain pure sinusoidal current, low

harmonic distortion and unity power factor by applying it with an efficient controller.
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2.4.1. Synchronous Reference Frame — Phase Locked Loop

The DC-AC controllers regulate the required gate signals for three phase
inverters to work. The structure and control system of the inverter should take
advantage of capabilities such as harmonic detection, power control and power factor
correction. Also, the grid voltage phase is added to the control system implemented
by the phase locked loop. As a result, the PLL is used to synchronize the base
reference current and the grid (Athari et al., 2017).

The active and reactive power control (PQ) is applied in PLL based on the
d-q reference frame. The primary purpose of using PQ control is to maintain
constant active power and reactive power at source terminals when the frequency
and terminal voltage fluctuates within the recommended limits (Ansari et al., 2021).
The power control of inverter is achieved by implementing the power controller,
voltage controller and current controller, respectively. The scheme of these processes

is given in Figure 2.21 (Pogaku et al., 2007).

* IL* Vit
Vo Voltage Current .
Inverter Filter —
Controller Controller
T IL

Vo,lo

Power
Controller

Vo,lo

Figure 2.21. The scheme of inverter controller

The Figure 2.22 shows the block diagram of the voltage controller. The
reference voltage for voltage controller is obtained from the output of the power
controller as seen in Figure 2.21. The obtained reference voltage is controlled by
implementing the Pl controller after the necessary feedforward and feedback
processes as seen in Figure 2.22, and the reference of the current controller is seen

at the output.
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Vod* Pl ILa*
Vod
Voq
Vod
Voq
Voq* PI ILq*

Figure 2.22. The voltage controller

The same process is achieved for current controller as shown in The Figure
2.23. The reference voltage for current controller is obtained from the output of the
voltage controller as seen in Figure 2.22. The obtained reference current is controlled
by implementing the PI controller after the necessary feedforward and feedback
processes as seen in Figure 2.23, and the voltage reference for d-g components of -

are obtained at the output.

ILd* PI Vid*

ILd

0

ILq

ILd

ILq

Vig*

P

ILq* Pl

Figure 2.23. The current controller
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2.5. LCL Filter

The use of power converters is crucial in maximizing the power transfer
from renewable energy sources such as wind, solar, or even a hydrogen-based fuel
cell to the utility grid (Reznik et al., 2014). Switching frequency harmonics by
inverters leads to a new dimension of research problems and solutions. A suitable
filter is required to connect inverters to grid (Poongothai and Vasudevan, 2019). The
generation of harmonics around the switching frequency can be filtered out by the
large inductance connected to the output of the converter. However, large inductance
reduces the dynamics of the system and the operating range of the converter. The
inverter can be equipped with an LCL filter instead of inductance (Bauer, 2010). The
LCL filter model is shown in Figure 2.24. The following equations are used to obtain
the correct LCL filter parameters (CELIK, 2019).

LT RT

_ T

Figure 2.24. The LCL filter

To extracting the transfer function, the current flowing through the filter is

given as in equation.

iLi_ iC - iLg = O (219)

The voltages in ‘s’ domain are given as

Vi=ilis + V¢ (2.20)
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Vg = _iLngS + I/C

(2.21)
— ’ 1
VC = I m + Rd (222)
. 1 ; 1
e 1 2. )i 1 R
= L;s+ m +Rq |l — (m + Ra)iLg (2.24)
1 ' 1 .
Vy = m + Ry Jip; — (Lgs + a + Rd)ng (2.25)

2.6. Harmonic Mitigation

With the increasing number of renewable distributed generation (DG) units
connected to utility power grids, the deterioration of power quality at the PCC point
is becoming a major concern (Liang and Andalib-Bin-karim, 2017). In power
quality, harmonics are an important concern in all the utility sectors (Alexander,
2016). As one of the clean energy sources, PV can provide abundant and free energy
from the sun, its use has increased in recent years. However, compared to other
renewable technologies, the PV system still has disadvantages such as high cost and
low efficiency. In addition, fluctuating energy from the sun creates harmonics in the
generated power that can lead to undesirable system performance. THD is the ratio
of the distorted power to the main power of the signal and is most commonly used
to indicate the amount of signal degradation (Alhafadhi and Teh, 2020). Also it is
the measure that quantifies “how close the waveform is to pure sine” for both current
and voltage (Alexander, 2016). In other words, THD value is essential for system
continuity and efficiency. The formulas given in equations in (2.26) and (2.27) are

used to calculate voltage and current THD’s.
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100 * Ii\1’=2 th,rms
\ (2.26)

VTHD_F = v,
,rms
100 = ’Zli\llzz Ii%,rms
[THD_F = ! (2.27)
1,rms

Various studies have been conducted in the literature showing the harmonic
mitigation in PV systems. In (Alexander and Manigandan, 2014), the intelligent
techniques such as Genetic Algorithm, ANN and particle swarm optimization
methods are used for PWM generation of fifteen level multilevel inverter in solar
system to reduce the harmonics. In (Reveles-Miranda et al., 2020), a passivity-based
control scheme is conducted to control a grid-connected PV inverter under the
presence of nonlinear loads and reactive power with continuous operation for THD
mitigation and power factor correction. In (Gowtham et al., 2022), various MPPT
controlling methods such as P&O, optimized P&O, gravitational search algorithm
are used to generate inter harmonic emissions for improving source voltage and
current. The output power is also improved by reducing the THD value with
optimized P&O MPPT controlling method. In (Sorte et al., 2021), the comparison
between PSO and current reference control based MPPT are examined with an
adaptive power management algorithm for a grid connected PV-Battery system
according to MPP tracking efficiency, dc voltage settling time and THD. In (Tofigh
et al., 2021), harmonic reduction for a grid tied PV system is conducted based on
fast Fourier Transform. In (Liang and Andalib-Bin-karim, 2017), diverse controlling
methods such as current control method, voltage control method, hybrid control
method, active filtering methods are reviewed to reduce harmonics in grid connected

renewable energy sources.
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2.7. Energy Storage and Energy Management System Control Strategies for On
Grid Applications

As the need for energy increases day by day, it has become an inevitable end
that renewable energy sources will be used in all areas of life, such as homes,
workplaces, factories, schools. In this way, hybrid energy systems have been
included in our lives in order to use the obtained energies more efficiently and to
compensate for the fluctuating and unpredictable features of PV power generation
(Liu et al., 2019). The most common of these are PV included battery systems. Each
hybrid systems are created differs in energy management; this mostly depends on
the operating purpose of the system. The purpose of the hybrid system can be to feed
a critical load, to support the grid mode, or just to meet its own energy at any time
of the day or etc. That is, the working scenario of each system is created to be
different and unique. But they all have some striking common points; to obtain
maximum power with MPPT, to ensure that the DC-link voltage is stable, to create
the necessary conditions for the grid integration and to ensure that the produced and
stored energy is used in the most efficient way.

In the literature there are diverse studies on energy management of PV
battery hybrid systems. In (Khezri et al., 2022), the optimal planning PV and battery
hybrid system for on grid residential sector is reviewed with the care of technical
data, energy management, electricity pricing, design parameters based on rooftop
availability, country policies, import/export power, power balance features of the
system. In (Qays et al., 2020) an intelligent controlling method based on SOC
estimation with use of back propagation neural network algorithm is developed for
battery management system to control charging, discharging and islanding processes
to increase battery lifetime. In (Hong et al., 2019), energy management is conducted
with an integrated three-port power converter that shares the power switches both
for DC-DC full bridge converter and bidirectional converter to balance the power
switches for MPPT and charging/discharging processes. In (Malar et al., 2020), a

power management algorithm based on the PSO-firefly algorithm tuned PI is
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proposed to enhance DC-link voltage and dynamic, steady-state responses of hybrid
system that consists of wind turbine, PV cell, BES and load. In (Wu et al., 2015), a
demand side management is conducted with the care of battery size, PV power
output and minimizing the electricity cost based on a developed open loop optimal
controlling method for 24h and a closed loop model predictive control for uncertain
disturbances. In (Di Piazza et al., 2019), the hybrid PV-BES integration to grid is
enhanced by reducing the peak-to-mean ratio with an energy management algorithm.
In (Rates, 2021), new practical rule-based energy management for an Australian
house with PV-BES grid integrated system is examined based on 4 different options
for a sunny week in summer and a cloudy week in winter by use of real data. In
(Yonis Buswig et al., 2020), a battery management system is designed based on SOC
estimation for controlling a PV-BES system and the real data used for SOC
estimation by use of BPNN algorithm with an 0.082% error rate. In (Khezri et al.,
2022), a comprehensive review on designing, energy controlling, pricing programs

and the-state-of-the-art methods for a grid connected PV-BES system is conducted.

2.8. The Performance Evaluation Metrics

Performance evaluation metrics are used to calculate the accuracy of
unobservable results by performing a statistical accuracy assessment. The G; is the
actual daily total solar irradiation value while the G'; is the predicted daily total solar
irradiation value. The equations of the performance metrics are as follow. (Nespoli
etal., 2019)

YieqlG — Gy
NRMSE (%) = *— N .100 (2.28)
Nzltv=16t
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1
N Zt=1lGr — G4l
N &t=1lbt t 100

WMAE (%) =
t=1Gt (2.29)

1 < , (2.30)
t=1
1N |G, -6
MAPE (%) = — Z £t 100 (2.31)
N Lu—r| G,

2.9. Summary

In this section the literature review of the main topics of thesis are given with
an extended literature review. Previous studies on the MPPT techniques, the
converter topologies, the BESs, energy management methods, harmonic reduction

are mentioned.
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3. DESIGN AND OPERATION OF PROPOSED SYSTEM

In this study, it is aimed to reduce the current harmonic by developing a
FFBPNN-based MPPT method compared to the traditional-based MPPT methods
P&O and INC, by targeting the optimal design for the grid-connected PV-BES
system. The proposed system outline diagram is shown in the Figure 3.1. The system
is simulated by use of MATLAB/Simulink.

DC Bus

6.24 kW 700 Vdc
Dc-DC
e Interleaved |
‘\\\ PV Boost

Rraal Converter
ANN & Inc. ‘,
Con MPPT PV to DC- link

* Breaker
6.24 KW
DC-DC 12 kW
‘ e Interleaved | |
‘\ PV Boost ———%—— PCAC L LcLFiter
Breaker Converter Grid nverter
Breaker
J
N Dc-DC GRID
A Bidirectional e Controller
) Buck-Boost - 400 Vac
Battery Converter Battery to DC- link
Breaker Breaker
10 kWh A

Battery PI
Controller

Figure 3.1. The proposed PV-BES on grid system

In this section, the design of the whole system is explained in 4 sections.
Solar power design with DC-DC interleaved boost converter design, BES system
design with DC-DC bidirectional buck-boost converter design, DC-AC inverter
design controlled by PLL controller and finally the scenario that ensures that

efficient and continuous operation of the whole system is designed.

41



3. DESIGN AND OPERATION OF PROPOSED SYSTEM Helin BOZKURT

3.1. Solar Power

In this section, the design of solar power, that forms our PV-BES grid-
connected system, starting from temperature and radiation to the integrated part of
power generation into the DC-link, is explained. PV array design, DC-DC
interleaved boost converter design, conventional and proposed ANN-based MPPT

design are explained, respectively, under the sub-titles that make up this section.

3.1.1. PV Array

The solar power in the system is positioned by dividing into two parts,
assuming shading situations, in this way it is aimed to make the power produced
more realistic considering the variable weather condition. The PV module

specifications that make up the solar power system are mentioned in Table 3.1.

Table 3.1. The PV module specifications
Technical Properties of Utilized Solar Power System

Solar power total capacity 12.48 kW
PV Array-1 6.24 kW
PV Array-2 6.24 kW

Technical Properties of Utilized Photovoltaic Module

Nominal max. power (Pmax) 260 W

Opt. operating voltage (Vmp) 30.7V

Open circuit voltage (Voc) 37.8V

Short circuit current (Isc) 8.99 A

Module efficiency 16.16%

Max. system voltage 1000 V (IEC) or 600 V (UL)
Application classification Class A

Power tolerance 0~+5W

The PV module 1-V and P-V characteristics are shown as graphs in Figure
3.2 for 1000 W/m?, 500 W/m?and 100 W/m? irradiances at 25 °C.
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The I-V and P-V curve of PV module for
constant temperature variable irradiation
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Figure 3.2. PV module I-V and P-V characteristic

Solar power system with a total power of 12.48 kW is considered at 2
separate points and the power is divided into two. Thus, by creating 2 separate arrays
specified in Table 3.1, the power of each array is determined as 6.24 kW. These PV
arrays are obtained by connecting 2 strings in parallel, consisting of 12 serial
connected modules per string of the PV module whose specifications are given in
Table 3.1. The PV arrays I-V and P-V characteristic graphs are shown in Figure 3.3
for 1000 W/m?, 500 W/m?and 100 W/m? irradiances at 25 °C.
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The |-V and P-V curve of PV array for
constant temperature variable irradiation
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Figure 3.3. PV array I-V and P-V characteristic graphs

The PV arrays output voltage, current and power are shown in Table 3.2 for
standard test conditions (STC) for 1000 W/m? at 25 °C.

Table 3.2. The specifications of PV arrays
Technical Properties of Utilized PV Arrays

Number of series connected modules per strings 12

Number of parallel connected strings 2
Voltage at MPP under STC 418.8V
Current at MPP under STC 149 A
Maximum output power under STC 6.24 kW

3.1.2. DC-DC Interleaved Boost Converter Design

A two-layer DC-DC interleaved boost converter is designed to operate the
PV system at MPP. The interleaved boost converter is described in our previous
sections 2.3.1. Two separate switches work with 180° phase shift with the control of

MPPT controller and act as 2 separate boost converters. By dividing the current into
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2 branches, the transmission losses (I?R) are reduced, thus a more efficient operating
system is obtained. The converter also reduces the ripples for voltage and current at
the output. The interleaved boost converter consists of input and output capacitors,
power switches and the inductors. Choosing the appropriate inductor and capacitor
is quite important. This is because fluctuations in the input and output waveform
affect the controller performance and thus the overall efficiency of the system. The
limit values of fluctuations in input current and output voltage are defined as 10%
and 1%, respectively. For the design, the equations in the interleaved boost converter
section are used and the parameters in the Table 3.3 are obtained. The Figure 3.4

shows the simulink model of the interleaved boost converter.

oz}

Temperaiurei

. Cowt ::
p— G Swicth_1 —] Switch_2 [—|

Figure 3.4. The DC-DC interleaved boost converter MATLAB/Simulink
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Table 3.3. The DC-DC interleaved boost converter design parameters

Parameters of Interleaved Boost Converter for Each PV Array

Rated Power
Vin-min

Vin-max

Vout

lin-max

Alin-max

Switching Frequency
Input Current Ripple
Output Voltage Ripple
Lboost

Cin

Duty Cycle (D)

6.24 kW
250 Vv
418.8V
700 V
12.48 A
1.24 A
20 kHz
%10
%1

6.8 mH
0.1 mF
0.41

The duty cycle is defined for power switches of interleaved boost converter

by subtracting the output voltage of the MPPT controller from the panel output

voltage and feeding this difference with the Pl (Proportional-Integral) parameters.

This signal is then compared with a reference signal in the range (0-1) and the power

switches in the converter are fed by these signals for operating as shown in Figure

3.5.

MFPPT
)

.‘. \-'ref—ﬂ: !—F Pz

Figure 3.5. The duty signals of switches
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3.1.3. ANN-Based MPPT Controller Design

The proposed MPPT controller is designed based on ANN. The purpose of
designing an artificial intelligence-based controller is to provide an earlier response
to variable weather conditions and to ensure continuous operation of the system and
to eliminate the drawbacks of conventional MPPT techniques in terms tracking
speed, tracking accuracy, oscillations, and overall system efficiency. However, this
method is more complex, and its accuracy highly relies on PV panel characteristics.
The power obtained from the PV modules is directly affected by the variable weather
conditions and this negatively affects the operation of the whole system, the more
we purify the system from fluctuations, the more stable the system becomes. The
MATLAB neural network training tool is used for network creation.
Data collection is the first and most important step in creating an ANN-based
forecast. For this reason, firstly, a voltage variation table is created at the output
against the temperature and radiation changes determined as input for the PV
module. The obtained data is divided into 80% training data and 20% testing data.
Different combinations of the single hidden layer between the input and output layers
have been tried more than a hundred times. The network was created as in Figure
3.6.

A\ Meural Metwork Training ;nntraintool) — >

Meural Network

Algorithms

Data Division: Random fdividerard]
Training Levenherg-Marquardt ftrainlmj
Performance: Mean Sguared Error  [mise}

Calculat ons: MEX

Figure 3.6. The proposed ANN network model
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As the PV voltage is a nonlinear output of temperature and irradiation the
FFBPNN type and Levenberg-Marquart training function is used to solve non-linear
least squares problems based on nonlinear activation function tangent sigmoid

transfer function. The regression graphic of the trained proposed network is shown

in Figure 3.7.
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Figure 3.7. The regression graph of ANN-based network
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The performance of proposed network is evaluated based on mean squared
error (MSE) as in the Figure 3.8.
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Figure 3.8. Performance of ANN-based network

3.2. Battery Energy Storage System

The BES system has started to be used in many areas together with solar
energy. While this provides a more ecological energy cycle for the environment, it
also provides a technological solution for rural areas. Although the first thing that
comes to mind is to use this hybrid system in rural areas, today this system is used
in homes, schools, factories etc.

In the BES system, respectively; the design of the battery, the design of the
DC-DC bidirectional buck-boost converter, the design of the Pl controller for the
charge and discharge processes of the battery are very essential for the creation of
the system.

For the battery design the lithium-ion battery is chosen in battery block of

MATLAB/Simulink with 420 nominal voltage and 24 Ah (ampere-hour) rated
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capacity. The battery power capacity is specified as 10 kW. The lower and upper
limits of SOC are determined as 50% and 90%, respectively. That is, a battery that
discharge up to 50% and charge up to 90% has been designed. The battery block

parameters configuration in Simulink is shown in Figure 3.9.

Block Parareters: Battery e
Battery (mask) (link)

Implements a generic battery model for most popular battery types.
Temperature and aging (due to cycling) effects can be specified for
Lithium-Ion battery type.

Parameters  Discharge
Type: | Lithium-Ion ha
Temperature
[ simulate temperature effects
Aging
[ simulate aging effects

Nominal voltage (V) |420

Rated capacity (Ah) |24

Initial state-of-charge (%) |50

Battery response time (s) | 1

Cancel Help Apply
Figure 3.9. Battery block parameters

The battery is connected to DC-link with a bidirectional buck-boost
converter to decrease and increase voltage levels as specified during the charging
and discharging processes. The Simulink model of DC-DC bidirectional buck-boost
converter is conducted as shown in the Figure 3.10. The DC-link voltage is specified
with 700 V as the high voltage side of the bidirectional buck-boost converter. The

battery voltage is specified with 455 V as the low voltage side of the converter.
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Boost Mode Signal Buck mode signal

Battery
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<Currant (A= Inductance
—pd—m
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Figure 3.10. The DC-DC bidirectional buck-boost converter model in
MATLAB/Simulink

[DChus_voltage]

Capacitance %
4 .
)

The design features of the circuit elements used in the bidirectional buck-
boost converter are also given in the Table 3.4.
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Table 3.4. DC-DC bidirectional buck-boost converter parameters

Parameters of DC-DC Bidirectional Buck-Boost Converter

Rated Power Capacity 10 kW
V. - Battery voltage 455V
VH — DC-link voltage 700 V
Switching Frequency 20 kHz
Input Current Ripple %10
Output Voltage Ripple %1
Lcrit-buck 3.62 mH
Lerit-boost 3.61 mH
Cerit-buck 3 uF
Cerit-boost 36 pF
Lchosen 3.7mH
Cechosen 40 uF
Douck 0.64
Dpooost 0.36

The most important point after the circuit design is the correct feeding of the
operating signals of the switches. The charging and discharging states of the battery
are studied separately.

In the charging state, the difference between the voltage of the battery and
the reference voltage is taken and this difference is controlled by the Pl parameters
and multiplied by (-1) to obtain the reference charging current (IB_ref) for battery at
the output. Thus, both the battery voltage is controlled, and the reference charging
current is determined depending on the battery voltage. This process for charging is
shown in Figure 3.11. The reference voltage is specified as 455 V that is the voltage
of the battery at 90% SOC and the maximum charging current is determined as 10.43
A with reference to the nominal discharge current of the battery in the battery block.
After the reference charging current for the battery is determined, the difference

between this value and the measured current of the battery is controlled by the Pl
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parameters. The P1 output is then compared with a reference signal in the (0, 1) range
to generate gate signals for charging processes. The charging process is end up when
the SOC of the battery reaches 90%.

CHARGING Pl CONTROLLER

VBt -

> F'I{zy‘—%»{ 1B_ref
455 +

Battery
Voltage Controller

h J

> Plz) >

S_Pcharg

5_Mcharg

T'm _
I m
g =
.

1A

Charging
Current Controller

Figure 3.11. The charging process control of the battery

In the discharging process the difference between DC-link voltage and the
reference voltage is feed by Pl parameters to obtain the reference discharging current
for the battery. In this way, both the DC-link voltage is controlled and the maximum
discharging current (IB_ref) of the battery is determined as 10.43 A. This processes
for discharging are shown in Figure 3.12. After the reference discharging current for
the battery is determined, the difference between this value and the measured current
of the battery is controlled by the Pl parameters. The PI output is then compared with
a reference signal in the (0, 1) range to generate gate signals for discharging
processes. The discharging process is end up when the SOC of the battery reaches
50%.
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DISCHARGING Pl CONTROLLER
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Figure 3.12. The discharging process control of the battery

3.3. Current Controller for DC-AC Inverter

The output current control of the power converter as magnitude and phase
angle provides control of active and reactive power in the system. In this thesis the
balance between active and reactive power is provided with PLL controller. The PLL
block of MATLAB is used to transfer the output phase to ground voltage Vanc to
phase angle (Ph) as seen in Figure 3.13.

Freq [p
wi 4’@

PLL Phase angle

Figure 3.13. The PLL block

This obtained phase angle is used in the direct-quadrature-zero (d-g-0)

transformation of Vay that is the measured phase to ground voltage after the LCL
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filter and lanc that is the measured phase to ground current of the inverter before LCL
filter as seen in Figure 3.14.

(VD]
O
[Vahc]>h — P abc
I [
dqg0 [vaj
[Ph] P w
abc to dg
(o]
[labe] >+ H P abc
m [
dq0 [Qy
[Ph] — P w

abc to dg transform

Figure 3.14. The d-g-0 transformation of the voltage and current

The ID, 1Q, and VD, VQ components extracted from lac and Vae,
respectively, are used in a closed loop designed for active and reactive power control.
For active power control, the voltage controller and the current controller are
respectively involved in this loop. Voltage control is provided by subtracting the VD
value from the determined reference voltage and passing the obtained value through
the PI controller. The reference voltage is specified as 330 V. Voltage PI controller
output is the default reference current value of 18 A. The value obtained by
subtracting the ID value from the reference current is passed through the PI controller
to provide current control. In this way, the ED component is obtained as a result of

these processes shown in Figure 3.15.
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Figure 3.15. The active power controls

For reactive power control, the voltage controller and current controller are
respectively involved in. Voltage control is achieved by subtracting the VQ value
from the determined reference voltage and passing the obtained value through the PI
controller. The reference voltage for reactive power control is assumed to be zero.
Current control is provided by passing the value obtained by subtracting the 1Q value
from the result obtained after the voltage control is passed through the PI controller.

EQ component is obtained as a result of these processes that shown in Figure 3.16.

Pl(z) o o [EQ]

0 o PI(z)

Figure 3.16. The reactive power controls

By obtaining the ED and EQ values suitable for the system, the conversion
from d-g-0 to abc is re-established. By using the reference voltages obtained after
the abc conversion, pulse signals that determine the operation of the IGBTs forming

the DC-AC inverter are obtained as shown in Figure 3.17.
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Figure 3.17. PWM generation

3.4. LCL Filter Design

A high-order LCL filter is used to smooth out the output current of the
voltage source inverter. This improves the transient behavior by reducing the
harmonics and improves the operating range of the inverter. The design parameters

of the inverter are calculated by the equations in section 2.5 and listed in Table 3.5.

Table 3.5. The design parameters of LCL filter
Design Parameters of LCL Filter

L1 25 mH
L2 25 mH
Ct 30uF
Rdamping 20

3.5. System Operating Scenario

The operating scenario of the system is designed to support the most
effective consumption of the generated power. The consumption rates of electrical
energy vary throughout the day. Different tariffs are applied for different time zones
depending on low and high consumption. There are 3 different tariff zones in Turkey;
it is the daytime period between the hours 06.00-17.00, the peak period between the
17.00-22.00 and the night period between 22.00-06.00. Between these periods, the
highest energy consumption occurs between 17.00 and 22.00 that is the peak period.
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The energy consumption tariffs applied vary for these three periods. The tariff
applied during the night period is cheaper than the day period, while the highest tariff
is applied during the peak period. For this reason, it is very important to use the
energy produced correctly, that is, to manage it correctly. The daily total solar
irradiation estimation is performed by use of the real meteorological data of Tarsus
obtained from the Turkish Meteorological Service to support this study in terms of
energy management. The estimation is performed with LSTM, RNN and FFBPNN
methods. The accuracy of these estimations is evaluated with performance metrics
such as NRMSE, NMAE, MAPE and WMAE. The estimated daily total solar
irradiation value gives us information about the weather conditions of the next day
and the amount of power to be produced from the PV panel used. In this way,
considering whether the next day will be sunny or cloudy, it is decided whether the
power in the battery is not consumed, consumed, or consumed up to a limited SOC
value. As a result, the irradiation estimation indirectly allows us to estimate the
power that will be produced from the PV system, which gives the opportunity to
decide how the system will work according to the weather conditions. The flow

diagram describing this energy management is given in Figure 3.18.
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Figure 3.18. The energy management of the system

Meteorological data consists of daily average temperature, daily average
wind speed, daily average humidity, daily total sunshine duration and daily total
solar irradiation for ten years from 2010 to 2020. While examining meteorological
data, deficiencies in the data and data beyond the theoretical limits are observed. To
fit the data into ANN models, the data should be fully organized before ANN models
are created. The deficiencies and anomalies found in the data are corrected. In this
dataset, linear interpolation method is used to process abnormal data, followed by
data filtering and data splitting. 3622 days are used for training process and 183 days
for testing purpose.

Literature studies and the MATLAB help tool is reviewed to decide how to
choose the training option for LSTM from stochastic gradient descent with
momentum (SGDM), root mean square spread (RMSProp), and adaptive moment
estimation (ADAM). The ADAM optimizer uses similar update parameters as
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RMSProp with an additional momentum term and drift correction. ADAM is also
used for less feature data and generally achieves a faster-than-normal convergence
rate. It is known as one of the best optimizers. Different combinations of model
parameters are tried and the parameters that give the best results of the model created

with LSTM for daily total irradiation estimation are as in the Table 3.6.

Table 3.6. The LSTM model parameters
The LSTM Model Parameters

NumHiddenUnits 200
TrainingOptions Adam
MaxEpoch 350
MiniBatchsSize 16
GradientThreshold 1
InitialLearnRate 0.005
LearnRateSchedule Piecewise
LearnRateDropPeriod 250
LearnRateDropFactor 0.2
Verbose 1

The RNN model is created in MATLAB. Various combination of training
functions with different number of hidden neurons are tried. The best result for RNN
model is obtained with 10 hidden neurons. The network of RNN model is shown in
Figure 3.19. The Levenberg-Marquardt training function is used with tangent
sigmoid transfer function to predict nonlinear output waveform of daily total solar

irradiation.
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Figure 3.19. The network of RNN model

The daily total solar irradiation estimation is performed by creating
FFBPNN-based model in MATLAB. The network model of FFBPNN model is
shown in Figure 3.20. Various training functions with different transfer functions
and hidden layer numbers are tried, and the best result is performed with the
Levenberg-Marquardt training function with tangent sigmoid transfer function to
predict nonlinear output waveform of daily total solar irradiation.
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Figure 3.20 .The network of FFBPNN model

The regression graphs of these three ANN-based models created in
MATLAB are given in the Figure 3.21. As can be seen from the graphs, the FFBPNN

model give the best results.
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Figure 3.21. The regression graphs of ANN models

The actual total daily solar irradiation vs ANN models’ predictions and error

magnitudes are shown in Figure 3.22.
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Figure 3.22. The actual total daily total solar irradiation vs ANN models’ predictions
and error magnitudes

The accuracy assessment of the models’ predictions is evaluated with
performance metrics and given in the Table 3.7. The best results for LSTM model
are taken with the parameters in Table 3.6. Both RNN and FFBPNN models consist
of 10 hidden layers. In order to obtain the best results, the created ANN models run

with different training functions in different combinations.

Table 3.7. The evaluation of ANN-based model on the performance indices

Model NMAE% WMAE% NRMSE% MAPE%
LSTM 4.39 6.55 9.99 11.89
RNN 3.65 5.42 6.93 8.47
FFBPNN 3.61 5.36 6.70 7.46
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In the creation of the scenario for the system, the limit values shown in the
Figure 3.21 are considered. MATLAB function block is used for the algorithm.
Firstly, the total produced PV power Ppy, the grid frequency Fgig, the irradiation and
the SOC of the battery are measured as function inputs. The function outputs are
defined as grid breaker, PV to DC-link breaker, and battery to DC-link breaker. The
specified limit values for the inputs determines whether the breakers are on and off.
The lowest and highest values for the grid frequency are specified as 47.5 Hz and
51.5 Hz respectively according to grid connection standards. The lower value of Ppy

is determined as 620 W for continuous and stable solar power.
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Figure 3.23. The proposed system scenario for sunny days

66



3. DESIGN AND OPERATION OF PROPOSED SYSTEM Helin BOZKURT

3.5.1. Charging Mode (PV to Battery)

The mode of charging the battery in the system occurs when the Ppy > 620
W, the irradiation > 400 W/m? and the SOC < 90%. In other words, if the PV
produces power during the daytime and is stable, if the power is produced at a level
that can charge the Ppy battery, and if the battery's SOC < 90%, the battery is charged
until it reaches 90% SOC. In this way, the battery is ready for the peak time interval
to support the grid. The irradiation must not be less than 400 irradiances for charging
the battery. This is because the battery is at 50% SOC before it starts charging. In
other words, since there is 5 KW of power in the battery, we must have Ppy more than
5 kW to be able to press current to the battery. When the function inputs meet these
conditions, the function outputs allow the battery to be charged by opening the grid
breaker and closing the battery breaker and DC-link breaker. In this way, the energy
flow is only ensured between the PV system and the battery until it reaches 90%
SOC.

3.5.2. Discharging Mode (Battery to Grid)

The mode of discharging the battery in the system occurs when the Ppy < 620
W and the SOC > 50%. In other words, when the power generation of the PV system
stops and the battery's SOC > 50%, the battery is discharged until it reaches 50%
SOC. In this way, the battery is ready for the peak time interval to support the grid.
When the function inputs meet these conditions, the function outputs close the grid
breaker, the battery breaker and open the DC-link breaker, allowing the battery to
discharge. In this way, the energy flow is only provided between the battery and the
grid until the battery reaches 50% SOC.

3.5.3. PV to Grid Mode
It is the time when all the power produced by the PV is transmitted to the
grid. For the system to work in this mode; Ppv > 620 W and SOC should be at least

90%. When the inputs meet these conditions, the battery breaker determined as the
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output will be in the open position, the grid breaker and the DC-link breaker will be
in the closed position.

3.5.4. Fault Mode
This mode occurs when the network frequency value is outside the

determined values and the transmission of the generated power to the grid is stopped.

3.6. Summary

In this section, the details of the system designed in MATLAB/Simulink are
given. PV system, DC-DC interleaved boost converter, DC-DC bidirectional
converter, LCL filter, current-controlled DC-AC inverter, battery parameters, energy
management scheme, the daily total solar irradiation estimation from meteorological
data, proposed ANN-based MPPT method and scenario created for sunny days are

given in detail.
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4. TEST RESULTS AND DISCUSSIONS

The test results of the proposed system and its comparison with other MPPT
methods are examined in this section. MATLAB/Simulink is used for hybrid system
design. The operation of the system is investigated depending on different weather
conditions. This study is examined at 25 °C, 1000 W/m? and 25 °C, and 500 W/m?
and 25 °C with the irradiation of a day created from real meteorological data of
Tarsus/Mersin. Charging mode, discharging mode, PV to grid mode is given
separately for each weather conditions. System THD, inverter current-voltage,
battery SOC, battery current-voltage, DC-link voltage and power efficiency results

are obtained for each mode separately for all weather conditions.

4.1. Perturb & Observe
4.1.1. Charging Mode
4.1.1.1. 1000 W/m? at 25 °C

The charging mode of the battery is simulated for 1000 W/m? irradiation at
25 °C temperature for the P&O method, and graphic results are given in this section.
For this situation to occur, the SOC of the battery must be below 90%. The maximum
and minimum charging current is determined as 10. 43 A, 8.5 A respectively, for this
situation. Figure 4.1 shows the SOC, current and voltage graphs when the battery is
charging at 1000 W/m? from PV system. The initial SOC value of the battery is given
as 50% and it is observed on the graph that SOC increases. The battery is charged
with a voltage value varying between 454 V and 456 V. The current value is between

the maximum and minimum current values.
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Figure 4.1. The SOC, voltage and current of the battery at charging mode with P&O
at 1000 W/m?

The produced PV power is shown in Figure 4.2. With the P&O method, it is
seen that the power produced by the PV is at the level of 12.46 kW.
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Figure 4.2. The produced PV power with P&O for charging mode at 1000 W/m?

The power transferred to the battery from this generated power is shown in
the Figure 4.3.
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The power transferred to the grid from this generated power is shown in the

Figure 4.4.
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In the charging state of the battery the inverter voltage and current graphs

are shown in Figure 4.5. As can be seen from the graphs, the

current and voltage graphs have the same phase angle.
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Figure 4.5. The voltage and current of inverter output at charging mode with P&O
at 1000 W/m?

While power transfer is provided from the PV system to both the battery and
the grid, the DC-link voltage must also be at the specified level for stability. Figure
4.6 and 4.7 shows that this voltage oscillates around 710 V.
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Figure 4.6. The DC-link voltage at charging mode with P&O at 1000 W/m?
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Figure 4.7. The DC-link voltage at charging mode with P&O at 1000 W/m?

The measurement of power efficiency in simulation studies is constantly
changing due to small step size values, so efficiency is measured by use of the 'mean’
block, which is averaged power efficiency over the simulation period. The power

efficiency graph is seen in Figure 4.8. It is just below 92%.
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The THD for charging state is shown in Figure 4.9. Although it is seen that

THD falls below 1.5%, it is also seen that there are times when it is above 2%.
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Figure 4.9. The THD of system at charging mode with P&O at 1000 W/m?
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4.1.1.2. 500 W/m?at 25 °C

The charging mode for P&O method is analyzed for 500 W/m? irradiance at
25 °C temperature. The power generated from the PV system is transferred to both
the battery and the grid. While examining this situation, the charging current of the
battery is re-evaluated by calculating the power that the irradiation value can
produce. While this transfer takes place, the generated power is distributed to the
grid and the battery in a balanced way. If the battery is storing power with maximum
current, large filters are needed for the power transferred to the grid. To avoid this
situation, the charging current for 500 W/m? irradiation is determined as 5 A, as

shown in Figure 4.10.
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Figure 4.10. The SOC, voltage and current of the battery at charging mode with P&O
at 500 W/m?
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The power transferred to the grid from this generated power is shown in the
Figure 4.13.
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Figure 4.13. The power transferred to grid at charging mode with P&O at 500 W/m?

Inverter output voltage and current graphs are shown in Figure 4.14. The
sum of the currents of the PV and the battery shows that the system is at 500 W/m?.

It is seen that there is no phase difference between current and voltage and pf is zero.
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Figure 4.14. The voltage and current of inverter output at charging mode with P&O
at 500 W/m?

It is observed that the oscillation is more than 1000 W/m? by looking at the
current graph in Figure 4.14. The THD graph of the system is also shown in Figure
4.15.
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Figure 4.15. The THD of the system at charging mode with P&O at 500 W/m?

The efficiency of the generated power for 500 W/m? is given in Figure 4.16.

Efficiency is around 84%.
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Figure 4.16. The efficiency of produced power at charging mode with P&O at 500
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The DC-link voltage oscillates around 710 V, it is given in Figure 4.17 and
Figure 4.18.
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Figure 4.17. The DC-link voltage at charging mode with P&O at 500 W/m?
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Figure 4.18. The DC-link voltage at charging mode with P&O at 500 W/m?

4.1.2. PV to Grid Mode
4.1.2.1. 1000 W/m? at 25 °C
The PV to grid mode of the system is simulated for 1000 W/m? irradiation
and 25 °C temperature values for P&O method, and graphic results are given in this
section. For this situation to occur, the SOC of the battery must be above or equal to
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90%. In this case all the power produced by the PV is transferred to the grid. The
inverter voltage and current graph is shown in the Figure 4.19 for 1000 W/m?. As
seen in Figure 4.19 the pf value is zero, the current and voltage graphs have the same
phase angle, the maximum phase voltage value is 325 V and the current value per

phase is maximum 25 A.
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Figure 4.19. The voltage and current of inverter output at PV to grid mode with P&O
at 1000 W/m?

The produced PV power is shown in Figure 4.20. With the P&O method, it
is seen that the power produced by the PV is at the level is between 12.45 kW and
12.46 kW.
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Figure 4.20. The produced PV power with P&O for PV to grid mode at 1000 W/m?

The power transferred to the grid from this generated power is shown in the
Figure 4.21.
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Figure 4.21. The power transferred to the grid with P&O for PV to grid mode at 1000
W/m?
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In this case, as the SOC value of the battery is given as 90%, as seen in
Figure 4.22, the battery has never been charged. The battery voltage is stable at 455
V, the battery current is zero.
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Figure 4.22. The SOC, voltage and current of the battery for PV to grid mode with
P&O at 1000 W/m?

The DC-link voltage is oscillating between 705 V and 715 V as seen in
Figure 4.23 and 4.24.
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Figure 4.23. DC-link voltage for PV to grid mode with P&O at 1000 W/m?

T35

DC-link Voltage

725 -

720 -

5
Tos

700 -
695 -

690 -

685 -

112 1.14 1.16 1.18 1.2 1.22
Time(s)

Figure 4.24. DC-link voltage for PV to grid mode with P&O at 1000 W/m?

The efficiency of the power produced in the system is close to 92% in Figure
4.25 for the PV to grid mode.
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Figure 4.25. The efficiency of produced power

It is seen from the Figure 4.26 that the THD decreases and increases by

around 1% while transferring power from PV to the grid.
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Figure 4.26. The THD of system for PV to grid mode with P&O at 1000 W/m?
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4.1.2.2. 500 W/m?at 25 °C

The PV to grid mode of the system is simulated for 500 W/m? irradiation
and 25 °C temperature values for P&O method, and graphic results are given in this
section. For this situation to occur, the SOC of the battery must be above or equal to
90%. In this case all the power produced by the PV is transferred to the grid. The
inverter voltage and current graph is shown in the Figure 4.27 for 500 W/m?. As seen
in Figure 4.27 the pf value is zero, the current and voltage graphs have the same
phase angle, the maximum phase voltage value is 325 V and the current value per

phase is maximum 12.5 A.
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Figure 4.27. The voltage and current of inverter output for PV to grid mode with
P&O at 500 W/m?
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The produced PV power is shown in Figure 4.28. With the P&O method, it
is seen that the power produced by the PV is at the level of 6.3 kW.
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Figure 4.28. The produced PV power with P&O for PV to grid mode at 500 W/m?

The power transferred to the grid from this generated power is shown in the
Figure 4.29.
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Figure 4.29. The power transferred to the grid with P&O for PV to grid mode at 500
W/m?

In this case, as the SOC value of the battery is given as 90%, as seen in
Figure 4.30, the battery has never been charged. The battery voltage is stable at 455

V, the battery current is zero.
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Figure 4.30. The SOC, current and voltage of battery for PV to grid mode with P&O
at 500 W/m?

The Dc-link voltage is oscillating between 700 V and 715 V as seen in Figure
4.31 and Figure 4.32.
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Figure 4.31. DC-link voltage for PV to grid mode with P&O at 500 W/m?
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Figure 4.32. DC-link voltage for PV to grid mode with P&O at 500 W/m?

The efficiency of the power produced in the system is 84% in Figure 4.33

for the PV to

grid mode at 500 W/m?.
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Figure 4.33. The (foiciency of produced power for PV to grid mode with P&O at 500
W/m

It is seen in Figure 4.34 THD varies between 2% and 4% when transferring
power from PV to grid.
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Figure 4.34. The THD of system for PV to grid mode with P&O at 500 W/m?
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4.1.3. Discharging Mode Battery to Grid

The results of discharging mode for P&O method are shown in this part. The
discharging mode occurs when the SOC is above %50 and Ppv is lower than 620 W.
The battery is assumed to be fully charged before discharging. The SOC of the
battery is 90%. The battery discharge current ranges from a maximum of 10.43 A to
aminimum of 8.5 A. SOC, voltage, and current graphs for the discharge mode of the
battery are shown in the Figure 4.35. As seen in Figure 4.35 the battery is in

discharging mode. The power in the battery is transferred to the grid.

00 <50C (%)>
89.99 |
89.98 |
89.97 |
89.96 |
B9.95 |
0 0.5 1 1.5 2 25 3 3.5 4 45 5

<Current (A)>

20

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
<Voltage (V)=

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time(s)

Figure 4.35. The SOC, current and voltage of battery for discharging mode
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The battery power is seen in Figure 4.36 when the battery is discharging

mode.
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Figure 4.36. The battery power for discharging mode

The power transferred from the battery to the grid is displayed in Figure

4.37.
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Figure 4.37. The power transferred to grid at discharging mode
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The inverter output voltage and current graph is seen in Figure 4.38. It is
seen from the graphs that the pf is zero.
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Figure 4.38. The voltage and current of inverter output for discharging mode

The power transfer from the battery to the grid is carried out via the DC-
link. In this case, it is seen that the DC-link voltage oscillates between 705 V and
710 V in Figure 4.39 and 4.40.
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Figure 4.39. The DC-link voltage for discharging mode
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Figure 4.40. The DC-link voltage for discharging mode

It is seen from the Figure 4.41 that the THD decreases and increases by

around 2% when the power is transferred from battery to grid.
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Figure 4.41. The THD of system for discharging mode

4.2. Incremental Conductance
4.2.1. Charging Mode
4.2.1.1. 1000 W/m? at 25 °C

The charging mode of the battery is simulated for 1000 W/m? irradiation at
25 °C temperature for the INC method, and graphic results are given in this section.
For this situation to occur, the SOC of the battery must be below 90%. The maximum
and minimum charging current is determined as 10. 43 A, 8.5 A respectively, for this
situation. Figure 4.42 shows the SOC, current and voltage states when the battery is
charging at 1000 W/m?. The initial SOC value of the battery is given as 50% and it
is observed on the graph that it increases. The battery is charged with a voltage value
varying between 454 V and 456 V. The current value is between the maximum and

minimum current values that we have mentioned before.
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Figure 4.42. The SOC, current and voltage of the battery at charging process with
INC at 1000 W/m?

The produced PV power is shown in Figure 4.43. With the INC method, it
is seen that the power produced by the PV is at the level of 12.45 kW.
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Figure 4.43. The produced PV power with INC for charging mode at 1000 W/m?

The power transferred to the battery from this generated power is shown in
the Figure 4.44.
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Figure 4.44. The power transferred to battery for charging mode with INC at 1000
W/m?

The power transferred to the grid from this generated power is shown in the
Figure 4.45.
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Figure 4.45. The power transferred to grid for charging mode with INC at 1000 W/m?

In the charging state of the battery the inverter voltage and current graphs
are shown in Figure 4.46. As can be seen from the graphs, the pf value is zero, the
current and voltage graphs have the same phase angle.
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Figure 4.46. The voltage and current of inverter for charging mode with INC at 1000
W/m?

While power transfer is provided from PV system to both the battery and the
grid, the DC-link voltage should be at the specified level. Figure 4.47 and Figure
4.48 shows that this voltage varies between 700 V and 715 V.
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Figure 4.47. The DC-link voltage for charging mode with INC at 1000 W/m?
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Figure 4.48. The DC-link voltage for charging mode with INC at 1000 W/m?

The measurement of power efficiency in simulation studies is constantly

changing due to small step size values, so efficiency is measured using the 'mean'
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block, which is averaged power efficiency over the simulation period. The power
efficiency graph is seen in Figure 4.49.
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Figure 4.49. The efficiency of produced power for charging mode with INC at 1000
W/m?

The THD for charging state is shown in Figure 4.50. THD of the system

varies between 2% and 4%.

103



4. TEST RESULTS AND DISCUSSIONS Helin BOZKURT

sl

16

14

12

10 |

_2 1 1 1 1 1 1 1 1 -rlme(s‘] ]
0 0.5 1 1.5 2 2.5 3 35 4 45 5

Figure 4.50. The THD of system for charging mode with INC at 1000 W/m?

4.2.1.2. 500 W/m? at 25 °C

The charging mode for Inc Con method is analyzed for 500 W/m? irradiance
at 25 °C temperature. The power generated from the PV system is transferred to both
the battery and the grid. While examining this situation, the charging current of the
battery is re-evaluated by calculating the power that the irradiation value can
produce. While this transmission is taking place, the power produced must be
balanced distributed. Large filters should be used for the inverter while the battery
stores power with maximum current. To avoid this situation, the charging current is

determined as 5 A for 500 W/m? irradiation, as shown in the Figure 4.51.
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Figure 4.51. The SOC, voltage and current of the battery for charging mode with
INC at 500 W/m?

The produced PV power is shown in Figure 4.52. With the INC method, it
is seen that the power produced by the PV oscillates around of 6.2 kW.
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Figure 4.52. The produced PV power for charging mode with INC at 500 W/m?

The power transferred to the battery from this generated power is shown in
the Figure 4.53.
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Figure 4.53. The 2power transferred to battery for charging mode with INC at 500
W/m

The power transferred to the grid from this generated power is shown in the
Figure 4.54.
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Figure 4.54. The power transferred to grid for charging mode with INC at 500 W/m?

The inverter output voltage and current graphs are shown in Figure 4.55. It

is seen that there is no phase difference between current and voltage and pf is zero.
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Figure 4.55. The voltage and current of inverter output for charging mode with INC
at 500 W/m?

It is observed that the oscillation is more than 1000 W/m? by looking at the
current graph in Figure 4.55. The THD of the system is also shown in Figure 4.56.

It is observed that the THD of the system increases at low irradiance.
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Figure 4.56. The THD of the system for charging mode with INC at 500 W/m?

The THD of the system oscillates between 6%

and 8% as seen in Figure

4.56. The power transfer takes place via the DC-link. The DC-link voltage oscillates

between 705 V and 710 V. The graphic showing the DC-link voltage is seen in the

Figure 4.57 and Figure 4.58.
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Figure 4.57. DC-link voltage for charging mode with INC at 500 W/m?

109



4. TEST RESULTS AND DISCUSSIONS Helin BOZKURT

735

DC-link Voltage

725

720

M5

70

705

695

1 1 1 1 1 1
1.21 1.22 1.23 1.24 1.25 1.26
Time(s)

Figure 4.58. The DC-link voltage for charging mode with INC at 500 W/m?

The efficiency of the generated power for 500 W/m? is given in Figure 4.59.
Efficiency is between 83% and 84%.
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Figure 4.59. The efficiency of produced power for charging mode with INC at 500
W/m?
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4.2.2. PV to Grid Mode
4.2.2.1. 1000 W/m? at 25 °C

The PV to grid mode of the system is simulated for 1000 W/m? irradiation
and 25 °C temperature values for the INC method, and graphic results are given in
this section. For this situation to occur, the SOC of the battery must be above or equal
to 90%. In this case all the power produced by the PV is transferred to the grid. The
inverter output voltage and current graph is shown in the Figure 4.60 for 1000 W/m?.
As seen in Figure 4.60 the pf value is zero, the current and voltage graphs have the
same phase angle. As seen in Figure 4.60, the maximum phase voltage value is 325
V, and the current value is maximum 25 A. This value is the maximum value of the

current per phase.
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Figure 4.60. The voltage and current of inverter output for PV to grid mode with INC

at 1000 W/m?

The produced PV power is shown in Figure 4.61. With the INC method, it
is seen that the power produced by the PV is at the level is between 12.4 kW and
12.45 kW.
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Figure 4.61. The produced PV power with INC for PV to grid mode at 1000 W/m?

The power transferred to the grid from this generated power is shown in the
Figure 4.62.
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Figure 4.62. The power transferred to the grid with INC for PV to grid mode at 1000
W/m?
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In this case, as the SOC value of the battery is given as 90%, as seen in

Figure 4.63, the battery should not be charged at all.
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Figure 4.63. The SOC, voltage and current of the battery for PV to grid mode with

INC at 1000 W/m?

In Figure 4.64 and Figure 4.65, it is seen that the DC-link voltage oscillates

between 705V and 715 V.
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Figure 4.64. The DC-link voltage for PV to grid mode with INC at 1000 W/m?
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Figure 4.65. The DC-link voltage for PV to grid mode with INC at 1000 W/m?

The power efficiency of the system for PV to grid mode is seen in Figure

4.66 as 92%.
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Figure 4.66. The efficiency of produced power for PV to grid mode with INC at 1000

W/m?

The THD of the system is seen in Figure 4.67. The THD varies between 1%
and 3%.
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Figure 4.67. The THD of system for PV to grid mode with INC at 1000 W/m?
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4.2.2.2. 500 W/m?at 25 °C

The PV to grid mode of the system is simulated for 500 W/m? irradiation
and 25 °C temperature values for the INC method, and graphic results are given in
this section. For this situation to occur, the SOC of the battery must be above or equal
to 90%. In this case all the power produced by the PV is transferred to the grid. The
inverter output voltage and current graph is shown in the Figure 4.68 for 500 W/m?.
As seen in Figure 4.68 the pf value is zero, the current and voltage graphs have the
same phase angle. As seen in Figure 4.68, the maximum phase voltage value is 325
V, and the current value is maximum 12.5 A. This value is the maximum value of

the current per phase.
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Figure 4.68. The voltage and current of inverter output for PV to grid mode with INC
at 500 W/m?

The produced PV power is shown in Figure 4.69. With the INC method, it
is seen that the power produced by the PV is at the level is between 6 kW and 6.2
KW.
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Figure 4.69. The produced PV power with INC for PV to grid mode at 500 W/m?

The power transferred to the grid from this generated power is shown in the

Figure 4.70.
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Figure 4.70. The power transferred to the grid with INC for PV to grid mode at 500
W/m?
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In this case, as the SOC value of the battery is given as 90%, as seen in

Figure 4.71, the battery should not be charged at all.

90.00007

90.00006

90.00005

90.00004

90.00003

90.00002

Figure 4.71.
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The SOC, current and voltage of battery for PV to grid mode with INC

at 500 W/m?

In Figure 4.72 and Figure 4.73, it is seen that the DC-link voltage oscillates

around 700 V and 715 V.
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Figure 4.72. DC-link voltage for PV to grid mode with INC at 500 W/m?
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Figure 4.73. DC-link voltage for PV to grid mode with INC at 500 W/m?

The power efficiency for the PV-to-grid mode of the system is seen in Figure
4.74 as close to 83%.
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Figure 4.74. The efficiency of produced power for PV to grid mode with INC at 500

W/m?

The THD of the system is seen in Figure 4.75. The THD varies between 2%
and 4%.
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Figure 4.75. The THD of system for PV to grid mode with INC at 500 W/m?

4.2.3. Discharging Mode Battery to Grid
The results of discharging mode for Inc Con method are shown in this part.

The discharging mode occurs when the SOC is above %50 and Ppy is lower than 620
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W. The battery is assumed to be fully charged before discharging. The SOC of the
battery is 90%. The battery discharge current ranges from a maximum of 10.43 A to
aminimum of 8.5 A. SOC, voltage, and current graphs for the discharge mode of the

battery are shown in the Figure 4.76.
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Figure 4.76. Discharging mode of the battery

The battery power is seen in Figure 4.77 when the battery is discharging

mode.

123



4. TEST RESULTS AND DISCUSSIONS Helin BOZKURT

7000 |

Power of battery

6000

5000

4000

3000 |

2000

1000

ok

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time(s)

Figure 4.77. The battery power for discharging mode

The power transferred from the battery to the grid is displayed in Figure
4.78.
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Figure 4.78. The power transferred to grid at discharging mode
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The power transfer from the battery to the grid is carried out via the DC-
link. In this case, it is seen that the DC-link voltage oscillates between 705 V and
710 Vdc in Figure 4.79 and Figure 4.80.
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Figure 4.79. The DC-link voltage for discharging mode
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Figure 4.80. The DC-link voltage for discharging mode

The inverter output voltage current graph for the discharge mode is shown
in the Figure 4.81.
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Figure 4.81. The voltage and current of inverter output for discharging mode

System THD is seen as close to 2% while the battery is being discharged.
Figure 4.82 is given.

126



4. TEST RESULTS AND DISCUSSIONS Helin BOZKURT

0 0.5 1 1.5 2 25 3 3.5 4 45 5
Time(s)

Figure 4.82. The THD of the system for discharging mode

4.3. Proposed ANN-based MPPT method
4.3.1. Charging Mode
4.3.1.1. 1000 W/m? at 25 °C

The charging mode of the battery is simulated for 1000 W/m? irradiation at
25 °C temperature for the ANN method, and graphic results are given in this section.
For this situation to occur, the SOC of the battery must be below 90%. The maximum
and minimum charging current is determined as 10. 43 A, 8.5 A respectively, for this
situation. Figure 4.83 shows the SOC, current and voltage graphs when the battery
is charging at 1000 W/m? from PV system. The initial SOC value of the battery is
given as 50% and it is observed on the graph that SOC increases. The battery is
charged with a voltage value varying between 454 V and 456 V. The current value

is between the maximum and minimum current values.
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Figure 4.83. The SOC, current and voltage of battery for charging mode with ANN-
based method at 1000 W/m?

The produced PV power is shown in Figure 4.84. With the ANN-based
method, it is seen that the power produced by the PV is at the level of 12.48 kW.
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Figure 4.84. The produced PV power with ANN-based method for charging mode at
1000 W/m?

The power transferred to the battery from this generated power is shown in
the Figure 4.85.
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Figure 4.85. The power transferred to battery for charging mode with ANN-based
method at 1000 W/m?
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The power transferred to the grid from this generated power is shown in the
Figure 4.86.
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Figure 4.86. The power transferred to grid for charging mode with ANN-based
method at 1000 W/m?

In the charging state of the battery the inverter output voltage and current
graphs are shown in Figure 4.87. As can be seen from the graphs, the pf value is

zero, the current and voltage graphs have the same phase angle.
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Figure 4.87. The voltage and current of inverter output for charging mode with ANN-
based method at 1000 W/m?

While power transfer is provided from PV system to both the battery and the
grid, the DC-link voltage should be at the specified level. Figure 4.88 and Figure
4.89 shows that this voltage is around 710 V.
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Figure 4.88. The DC-link voltage for charging mode with ANN-based method at

1000 W/m?
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Figure 4.89. The DC-link voltage for charging mode with ANN-based method at

1000 W/m?

The efficiency of produced power is shown in Figure 4.90. It is seen around

92%.
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Figure 4.90. The efficiency of produced power for charging mode with ANN-based
method at 1000 W/m?

The THD of the proposed ANN-based method system gives lower results
than the P&O and INC methods. Compared to the results for the 1000 W/m? charge
mode of other MPPT methods, the THD of the proposed method is between 1.3%
and 1.4%, the THD for P&O is between 1.5% and 2%, and the INC is between 2%
and 4% The Figure 4.91 and Figure 4.92 shows the THD for proposed ANN-based
method.
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Figure 4.91. The THD of system for charging mode with ANN-based method at 1000
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Figure 4.92. The THD of system for charging mode with ANN-based method at 1000
W/m?
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4.3.1.2. 500 W/m? at 25 °C

The charging mode for ANN-based method is analyzed for 500 W/m?
irradiance at 25 °C temperature. The power generated from the PV system is
transferred to both the battery and the grid. While examining this situation, the
charging current of the battery is re-evaluated by calculating the power that the
irradiation value can produce. While this transmission is taking place, the power
produced must be balanced distributed. Large filters should be used for the inverter
while the battery stores power with maximum current. To avoid this situation, the
charging current is determined as 5 A for 500 W/m? irradiation, as shown in the
Figure 4.93.
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Figure 4.93. The SOC, current and voltage of battery for charging mode with ANN-
based method at 500 W/m?
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The produced PV power is shown in Figure 4.94. With the INC method, it
is seen that the power produced by the PV oscillates around of 6.2 kW.
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Figure 4.94. The produced PV power for charging mode with ANN-based method at
500 W/m?

The power transferred to the battery from this generated power is shown in
the Figure 4.95.
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The power transferred to the grid from this generated power is shown in the

Figure 4.96.
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Figure 4.96. The power transferred to grid for charging mode with ANN-based

method at 500 W/m?
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The inverter output voltage and current graphs are shown in Figure 4.97. It
is seen that there is no phase difference between current and voltage and pf is zero.
It is observed that the oscillation is more than 500 W/m? by looking at the current
graph in Figure 4.97.
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Figure 4.97. The voltage and current of inverter output for charging mode with ANN-
based method at 500 W/m?
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The power transfer takes place via the DC-link. The DC-link voltage

oscillates

around 705 V. The graphic showing the DC-link voltage is seen in the

Figure 4.98 and Figure 4.99.
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Figure 4.98. The DC-link voltage for charging mode with ANN-based method at 500
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Figure 4.99. The DC-link voltage for charging mode with ANN-based method at 500

W/m?
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The THD of the system is shown in Figure 4.100. The THD of the proposed

ANN-based MPPT system gives better results than the P&O and INC methods.
Compared to the results for the 500 W/m? charge mode of other MPPT methods, the
THD of the proposed method is between 2% and 3%, the THD for P&O is between
2% and 4%, and the THD for INC is between 6% and 8%.
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Figure 4.100. The THD of system for charging mode with ANN-based method at

500 W/m?

The proposed ANN-based MPPT method increases the efficiency of the

produced power in the system for low irradiance values. It is seen from the Figure
4.101 that the efficiency is 84.5%.
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Figure 4.101. The efficiency of produced power for charging mode with ANN-based
method at 500 W/m?

4.3.2. PV to Grid Mode
4.3.2.1. 1000 W/m? at 25 °C

The PV to grid mode of the system is simulated for 1000 W/m? irradiation
and 25 °C temperature values for proposed ANN-based method, and graphic results
are given in this section. For this situation to occur, the SOC of the battery must be
above or equal to 90%. In this case all the power produced by the PV is transferred
to the grid. The inverter output voltage and current graph is shown in the Figure
4.102 for 1000 W/m?. As seen in Figure 4.102 the pf value is zero, the current and
voltage graphs have the same phase angle. As seen in Figure 4.102, the maximum
phase voltage value is 325 V, and the current value is maximum 25 A. This value is

the maximum value of the current per phase.
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Figure 4.102. The voltage and current of inverter output for PV to grid mode with
ANN-based method

The produced PV power is shown in Figure 4.103. With the ANN-based
method, it is seen that the power produced by the PV is at the level is between 12.48
KW.
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Figure 4.103. The produced PV power with ANN-based method for PV to grid mode
at 1000 W/m?

The power transferred to the grid from this generated power is shown in the
Figure 4.104.
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Figure 4.104. The power transferred to the grid with ANN-based method for PV to
grid mode at 1000 W/m?
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In this case, as the SOC value of the battery is given as 90%, as seen in
Figure 4.105, the battery should not be charged at all.
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Figure 4.105. The SOC, current and voltage of battery

In Figure 4.106 and Figure 4.107, it is seen that the DC-link voltage
oscillates between 705 V and 710 V.
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Figure 4.106. The DC-link voltage for PV to grid mode at 1000 W/m?
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Figure 4.107. The DC-link voltage for PV to grid mode at 1000 W/m?

The power efficiency of the system for PV to grid mode is seen in Figure
4.108 as 92%.
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Figure 4.108. The efficiency of produced power for PV to grid mode with ANN-
based method at 1000 W/m?

The THD of the proposed ANN-based MPPT system gives lower results than
the P&O and INC methods. Compared to the results for the 1000 W/m? PV to grid
mode of other MPPT methods, the THD of the proposed method is under 1 % around
0.85%, the THD for P&O oscillates around 1% and the THD for INC is between 1%
and 3%. The Figure 4.109 shows the THD for proposed ANN-based method.
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Figure 4.109. The THD of system for PV to grid mode with ANN-based method at
1000 W/m?
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4.3.2.2. 500 W/m? at 25 °C

The PV to grid mode of the system is simulated for 500 W/m? irradiation
and 25 °C temperature values for ANN-based method, and graphic results are given
in this section. For this situation to occur, the SOC of the battery must be above or
equal to 90%. In this case all the power produced by the PV is transferred to the grid.
The inverter output voltage and current graph is shown in the Figure 4.110 for 500
W/m2, As seen in Figure 4.110 the pf value is zero, the current and voltage graphs
have the same phase angle. As seen in Figure 4.110, the maximum phase voltage
value is 325 V, and the current value is maximum 12.5 A. This value is the maximum

value of the current per phase.
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Figure 4.110. The voltage and current of inverter output for PV to grid mode with
ANN-based method at 500 W/m?

The produced PV power is shown in Figure 4.111. With the ANN-based
method, it is seen that the power produced by the PV is at the level of 6.32 kKW.
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Figure 4.111. The produced PV power with ANN-based method for PV to grid mode
at 500 W/m?

The power transferred to the grid from this generated power is shown in the
Figure 4.112.
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Figure 4.112. The power transferred to grid with ANN-based method for PV to grid
mode at 500 W/m?
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In this case, as the SOC value of the battery is given as 90%, as seen in
Figure 4.113, the battery should not be charged at all.
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Figure 4.113. The SOC, current and voltage of battery for PV to grid mode with
ANN-based method at 500 W/m?

In Figure 4.114 and Figure 4.115, it is seen that the DC-link voltage
oscillates between 705 V and 710 V.
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Figure 4.114. The DC-link voltage for PV to grid mode with ANN at 500 W/m?
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Figure 4.115. The DC-link voltage for PV to grid mode with ANN at 500 W/m?

The power efficiency for the PV-to-grid mode of the system is seen in Figure
4.116 as close to 84.3%.
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Figure 4.116. The efficiency of produced power for PV to grid mode with ANN-
based method at 500 W/m?

The THD of the proposed ANN-based MPPT system gives better results than
the P&O and Inc methods. Compared to the results for the 500 W/m? PV-to-grid
mode of other MPPT methods, the THD of the proposed method is between 1% and
2%, the THD for P&O is between 2% and 4%, and the THD for INC is between 2%
and 4%. The Figure 4.117 shows the THD for proposed ANN-based method.
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Figure 4.117. The THD of system for PV to grid mode with ANN-based method at
500 W/m?
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4.3.3. Discharging Mode Battery to Grid

The results of discharging mode for ANN-based method are shown in this
part. The discharging mode occurs when the SOC is above %50 and Pey is lower
than 620 W. The battery is assumed to be fully charged before discharging. The SOC
of the battery is 90%. The battery discharge current ranges from a maximum of 10.43
A to a minimum of 8.5 A. SOC, voltage, and current graphs for the discharge mode
of the battery are shown in the Figure 4.118. As seen in Figure 4.118 the battery is

in discharging mode. The power in the battery is transferred to the grid.
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Figure 4.118. The SOC, current and voltage of battery for discharging mode

153



4. TEST RESULTS AND DISCUSSIONS Helin BOZKURT

The battery power is seen in Figure 4.119 when the battery is discharging
mode.
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Figure 4.119. The battery power for discharging mode

The power transferred from the battery to the grid is displayed in Figure
4.120.
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Figure 4.120. The power transferred to grid at discharging mode
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The power transfer from the battery to the grid is carried out via the DC-
link. In this case, it is seen that the DC-link voltage oscillates between 705 V and
710 Vdc in Figure 4.121 and Figure 4.122.

80O

DC-link Voltage

700

600 -

500 -

400

300 -

200

100 -

0 0.5 1 1.5 2 25 3 35 4 45 5
Time(s)

Figure 4.121. The DC-link voltage for discharging mode
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Figure 4.122. The DC-link voltage for discharging mode
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The inverter output voltage and current graph is shown in the Figure 4.123
for discharging mode of battery. As seen in Figure 4.123 the pf value is zero, the
current and voltage graphs have the same phase angle.
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Figure 4.123. The voltage and current of inverter output for discharging mode

System THD is seen as close to 2% while the battery is being discharged as
seen in Figure 4.124.
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Figure 4.124. The THD of system for discharging mode

4.4. Real Solar Irradiation graph of a day at 25 °C

In this section, solar irradiation graph of a sunny day is created from real
meteorological data of Tarsus / Mersin. The graph shown in the Figure 4.125 shows
the variation of solar irradiation on a sunny day throughout the day. With this created
variable solar irradiation, the sunny day scenario in Figure 3.21 is tested within the
scope of energy management and the results of the MPPT methods are compared.
The simulation time is 24 seconds. Since it takes a long time to charge the battery in
the simulation environment, every second spent in the simulation is considered an
hour. It is thought that our PV system starts to generate power at 05:00 am and

simulation results are shown up to 19:00 pm.
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Figure 4.125. The solar irradiation of a day

According to the scenario in Figure 3.21 when the system starts to work with
the irradiation given in the Figure 4.125; It works in PV to grid mode until the
irradiation reaches 400 W/m?2. When the irradiance is greater than 400 W/m?, the
power generated from the PV is transmitted to both the battery and the grid, and the
battery is charged. In this case, the battery is charged with low current since the
irradiation is not very high. If the irradiance is higher than 750 W/m?, the battery
charging current increases. When the irradiance drops below 400 W/m?, the battery
stops charging and the generated power is transferred to the grid. When the PV power
generation is less than 620 W, the PV stops producing power and the battery starts
to discharge. The initial SOC of the battery is given as 51% to show the discharging
processes clearly. The Figure 4.126 shows the SOC, current and voltage of the
battery for INC, P&O and ANN-based MPPT methods. It is seen from the graphs of

Figure 4.126 that the scenario is working well.
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Figure 4.126. The SOC, current and voltage of battery for sunny day

As seen in Figure 4.126, when the irradiation exceeds 400W/m?, the power

generated from the PV is transferred to the batter and grid. This occurs between 5.25s

and 14.5s. In this period, the battery current is charged with different current values

according to the times when the irradiation is high and low. Between 14.5s and 16.5s,

the power generated from the PV is only transferred to the grid. The energy stored

in the battery is then transferred to the grid. While the battery is charged as in Figure

4.126, the power transferred to the grid varies. The voltage and current of inverter

output is seen in Figure 4.127.
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Figure 4.127. The voltage and current of inverter output for sunny day

The graph of the inverter output voltage current graph while the battery is
charging for ANN-based MPPT method is given in the Figure 4.128.
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Figure 4.128. The voltage and current of inverter output for charging mode based on
ANN method

The graph of the inverter output voltage current graph while the battery is
charging for INC method is given in the Figure 4.129.
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Figure 4.129. The voltage and current of inverter output for charging based on INC
method

The graph of the inverter output voltage current graph while the battery is
charging for P&O method is given in the Figure 4.130.
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Figure 4.130. The voltage and current of inverter based on P&O method

The THD of the system operated with the ANN model is given in the Figure
4.131.
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Figure 4.131. The THD of system based on ANN method

The THD of the system operated with the INC model is given in the Figure
4.132.
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Figure 4.132. The THD of system based on INC method
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The THD of the system operated with the P&O model is given in the Figure
4.133.
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Figure 4.133. The THD of system based on P&O method

When the THD graphs are examined, it is seen that the THD of the ANN-
based model responds more quickly to variable weather conditions and settles more
quickly. While the system is operating in PV to grid transfer mode for up to 5.25s, a
THD reduced to 2% in a short time is seen in the ANN-based method. While the
battery is charging in the range of 5.25s and 7s, power is transferred to the grid and
battery at the same time. In this time, the THD of the ANN-based model is mostly
below 3%, while multi-oscillation THD values are seen in the Inc and P&O methods.
In the 7s and 12s range, the THD of the ANN-based model is seen in the 1% and 2%
range. In this case, the battery continues to charge. In this time, the THD of the Inc
method is in the range of 2% and 4%, and the P&O method is in the range of 1% to
3%, but very oscillating. While the THD of other methods increases between 12s
and 14.5s, the THD of the ANN-based method is below 3%. Between 17s and 19s,
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the energy stored in the battery is transferred to the grid. In this case, the THD is
between 2% and 3% for all MPPT methods.

4.5. Summary

In this section, the hybrid system created in MATLAB/Simulink is tested by
adhering to the sunny day scenario. For 1000 W/m? and 500 W/m?; Charge mode,
discharge mode, PV-to grid mode is examined. In addition, the results of MPPT
methods are compared with the real irradiation curve of a day, which is created with

meteorological data of Tarsus /Mersin.
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5. CONCLUSIONS AND FUTURE PERSPECTIVES

The optimal design of the PV-BES system is successfully performed with
various operating modes and scenarios. The conclusions drawn from this study are

listed below.

e The optimal design of a hybrid PV-BES system is performed with
proposed ANN-based, Inc, P&O MPPT methods and the results are
compared.
e Inthe study, the daily total solar irradiation estimation is performed by
using the real meteorological data of the Tarsus / Mersin with LSTM,
RNN, and FFBPNN models. The results are compared, and the best
resulting model contributes to the system in terms of the effective
consumption of the produced power. Thus, it can be decided how the
power stored in the battery will be consumed by estimating the power
to be produced from the PV system for the next day.
e  Mitigation of harmonics in grid tied PV-BES system is carried out for.
> PV to grid and battery mode at 1000 W/m? that called charging
mode THD% < 1.5%,

» PV to grid mode for 1000 W/m? THD% < 1%,

»  Battery to grid mode that called as discharging mode THD% < 3%,
PV to grid and battery for 500 W/m? at charging mode THD% <
3%,

> PV to grid mode for 500 W/m? THD% < 2% with proposed ANN-
based method,

» The Table 5.1 shows the THD results at constant irradiation values

for all operating modes and MPPT methods.
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Table 5.1. The THD values for all operating modes
Irradiation Operating Mode Injected method THD%

1000 W/m? Charging ANN ~1.3%
1000 W/m? Charging P&O 1.5-2%
1000 W/m? Charging INC 2- 4%
500 W/m? Charging ANN 2- 3%
500 W/m? Charging P&O 2- 4%
500 W/m? Charging INC 6- 8%
1000 W/m? PV to grid mode = ANN ~ 0.85%
1000 W/m2 PV to grid mode P&O ~1%
1000 W/m2 PV to grid mode INC 1- 3%
500 W/m? PV to grid mode  ANN 1- 2%
500 W/m? PV to grid mode  P&O 2- 4%
500 W/m? PV to grid mode  INC 2- 4%
0 Discharging - ~ 2%

e Itisobserved from the results of the system operated for 500 W/m? that
the proposed ANN-based MPPT method at low irradiance slightly
increases the system efficiency. While power efficiency is 84% and
below in P&O and INC methods, the power efficiency is around 84.5%
for the proposed ANN-based MPPT method.

e  The system is operated for 3 different MPPT methods with the solar
irradiation curve of a day created from the real data of Tarsus. The
results of the proposed sunny day scenario are obtained and compared.
Thus, more realistic results for variable weather conditions are obtained
from the system tested with data from a real day.

e Asaresult of the data obtained from the system operated with the real

solar irradiation curve; It is clearly seen in the graphs that the proposed
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ANN-based MPPT method settles faster than the P&O and INC
methods and the system works with lower THD for all operating modes.

e As a result, mitigation of harmonics in grid tied PV-BES system is
carried out for PV to grid and battery mode at 1000 W/m? that called
charging mode THD% < 1.5% , PV to grid mode for 1000 W/m? THD%
< 1%, battery to grid mode that called as discharging mode THD% <
3%, PV to grid and battery for 500 W/m? at charging mode THD% <
3%, PV to grid mode for 500 W/m? THD% < 2% with proposed ANN-
based method. Furthermore, the power efficiency of system is enhanced
for lower irradiance weather conditions based on ANN method.

In future studies, it is planned to carry out studies on energy management

and determination of the capacity of battery storage systems, as well as on the

improvement methods of inverter power quality and inter harmonic issues.
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