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Due to the nonlinearity of the power-voltage (P-V) characteristic, maximum
power can be obtained from the PV panel at a single operating point called the
Maximum Power Point (MPP). This point, which varies depending on
environmental and load conditions, must be determined continuously by a system
known as the Maximum Power Point Tracking (MPPT) system. The situation
where some parts of the PV panel receive different radiation due to obstructions
such as dirt, clouds and trees is called partial shading. In the absence of partial
shading, the P-V curve has only one maximum power point, while in the case of
partial shading, multiple local maximum power points occur. Determining the
highest value (global maximum power point GMPP) among these points and
operating the PV panel at this point is a problem that classical MPPT systems
cannot solve. As a result, in the case of partial shading, it is necessary to employ
GMPP tracking systems capable of locating the GMPP. In this thesis study, a new
bypass diode-based hybrid MPPT system is designed, which uses currents passing
through the bypass diodes to estimate the location of the GMPP and then searches
only around this location using the Particle Swarm Optimisation (PSO) algorithm.
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PV panelden, giig-gerilim (P-V) karakteristiginin dogrusal olmamasi
nedeniyle, Maksimum Gii¢ Noktasi (MGN) olarak adlandirilan, tek bir ¢alisma
noktasinda maksimum gii¢ elde edilebilir. Cevresel kosullar ve yiik durumuna gore
yeri degisen bu noktanin Maksimum Gii¢ Noktas1 Takip (MGNT) sistemi olarak
adlandirilan bir sistem tarafindan siirekli olarak belirlenmesi gerekmektedir. PV
panelin bazi1 bdliimlerinin kir, bulut, agac gibi engelleyiciler nedeniyle farkli 1g1nim
almast durumu kismi goélgelenme olarak adlandirilir. Kismi goélgelenmenin
olmadigr durumda P-V egrisinde sadece bir maksimum gii¢ noktasi bulunurken
kismi goélgelenme durumunda birden fazla lokal maksimum gii¢ noktasi meydana
gelmektedir. Bu noktalar arasindan en yiiksek degerli olan (global maksimum gii¢
noktast GMGN) tespit edilerek PV panelin bu noktada caligtirilmasi klasik MGNT
sistemlerinin ¢ozemedigi bir problemdir. Bu nedenle kismi gdlgelenme
durumunda, global maksimum gii¢ noktasini bulabilen GMGN takip sistemlerinin
kullanilmas1 gereklidir. Bu tez caligmasinda bypass diyotlarindan gecen akimlar
kullanilarak GMGN’nin yerini tahmin eden ve daha sonra sadece bu yer etrafinda
Pargacik Siirii Optimizasyonu (PSO) algoritmas: kullanarak arama yapan bypass
diyot tabanli yeni bir hibrit MGNT sistemi tasarlanmugtir.

Anahtar Kelimeler: MGNT, GMGN, Hibrit MGNT, Kismi Golgelenme, Baypas
Diyot
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EXTENDED ABSTRACT

The gradual decrease in fossil fuels used as energy sources and the increase
in negative environmental effects due to the use of these fuels cause an increasing
concern in the world. This concern has resulted in an increase in the use of
renewable energy resources, which are constantly renewed and do not deplete over
time, and have a very low environmental impact when compared to fossil fuels.
Wind, photovoltaic (PV), geothermal, and tidal energy are among the renewable
energy sources that have seen significant advancements in recent years.

Among renewable energy sources, the amount of increase in the use of
photovoltaic systems has the highest value. According to 2021 data, the total
installed power of PV systems worldwide is 942 GW, a 22 % increase over the
previous year (Gibb, et al., 2022).

Photovoltaic energy has a significant disadvantage in terms of efficiency.
Besides being renewable and sustainable, aside from the low efficiency of PV
panels, which are the main components used in energy conversion, the use of other
components, such as DC/AC inverters, which are required for energy production, is
not increasing quickly enough due to the high investment costs caused by the low
efficiency.

Consumers who invest in PV systems intend to maximize their economic
gain by generating as much power as possible and transferring it to a distribution
network that is exclusive to them or to which other consumers are also connected.
As a result, the greatest expectation from PV systems is that they produce the most
energy possible and thus recover the money spent on the investment as soon as
possible.

The production cost of PV panels used in energy conversion was $0.67/W in
2015, but it has since dropped to $0.26/W in 2021. On the other hand,
technological advancements in semiconductors and other components used in

power electronics cause the investment and operating costs of power generation
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facilities to decrease, as do the investment return times (Feldman, Dummit, Zuboy,
& Margolis, 2022).

Despite the decrease in production costs, the energy conversion efficiency of
PV panels remains low, necessitating the extraction of the maximum amount of
energy possible from the panels, i.e., operating them at maximum efficiency. One
of the most significant causes of efficiency loss is operating the PV panel at a
power point other than the MPP. The MPPT system is in charge of pulling the
operating point, which varies depending on load resistance and environmental
conditions, such as irradiance and temperature, to the maximum power point at that
time. The success of the MPPT system in locating and maintaining the MPP is
another critical parameter that affects the overall system's efficiency.

Assume that all panels connected in series receive the same amount of
radiation. In this case, a single maximum power point will emerge on the P-V
curve and MPPT systems using traditional search algorithms will successfully find
and track this point. However, in the case of partial shading, where some panels
receive less irradiance than others for whatever reason, multiple maximum power
points will emerge. This situation is a problem that traditional search algorithms
cannot solve, necessitating the use of meta-heuristic algorithms capable of locating
global optimum points.

Research on MPPT systems has focused on this topic, with numerous
algorithms proposed in the literature in recent years. Even though these algorithms
have different advantages over one another, the speed with which they reach the
global maximum power point and their ability to follow this point are the points
that must be developed for all algorithms (Ali, et al., 2020; Liu, Chen, & Huang,
2015; Kumar, Nema, Nema, & Verma, 2020; Yang, Zhang, Yu, Shu, & Fang,
2017).

Reaching the right MPP point as soon as possible for the MPPT system is a
desirable feature as it directly affects the system efficiency. The time it takes for

the MPPT system to reach the MPP point increases the amount of energy lost
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during this time. For this reason, researches on algorithms that will shorten the
search time as much as possible while reaching the MPP point of the algorithms
used are increasing.

In recent years, the use of heuristic algorithms has been used very often in
determining the GMP point. However, due to the large search spaces of these
algorithms, the access time to the GMP point is quite long.

Therefore, the energy losses in the dynamic state are quite high. On the other
hand, as the scanning process is repeated due to frequently changing operating
conditions, losses are repeated and efficiency decreases.

So, using heuristic algorithms alone in MPPT systems is quite problematic in
terms of applicability. The success of heuristic algorithms in detecting the GMP
point is indisputable. It is clear that the search range should be narrowed as much
as possible in order to shorten the search time, which negatively affects the system
efficiency.

In this regard, the importance of hybrid systems, in which different
algorithms are used together in the same MPPT system to develop some features, is
growing.

In the present thesis study, a new MPPT system was designed and simulated
by utilizing the current flowing through the bypass diode used to prevent the low
irradiated panel from causing excessive power loss by limiting the current of the
series-connected PV array in the event of partial shading.

The currents passing through the bypass diodes in a situation close to the
short circuit state are measured in this developed system, and the location of the
global maximum power point is approximated by using irradiance values and then

these values.



The estimated location of the global maximum power point is used as the
offset value of the search space of the Particle Swarm Optimization (PSO)
algorithm in the second step. The PSO algorithm's search space is shifted around
the predicted location of the global maximum power point on the P-V curve,
allowing for a search with a small number of particles in a small area. In this
manner, unlike conventional MPPT systems using the PSO algorithm, only a
subset of the P-V curve is scanned, rather than the entire P-V curve. Since the
scanning area is smaller than in other PSO algorithms, it requires fewer particles

and, thus, fewer iterations.
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GENISLETILMIS OZET

Enerji kaynagi olarak kullanilan fosil yakitlarin giderek azalmasi ve bu
yakitlarin kullanimi sonucunda ortaya ¢ikan olumsuz cevresel etkilerdeki artis,
diinyada giderek artan bir endiseye neden olmaktadir. Bu endise, siirekli olarak
yenilenen ve yasam boyu tiikenmeyen, cevresel etkileri ise fosil yakitlarla
kiyaslandiginda olduk¢a az olan yenilenebilir enerji kaynaklarinin kullaniminin
artmasina neden olmustur. Son yillarda kullanimi artan yenilebilir enerji kaynaklari
arasinda rilizgar, fotovoltaik (PV), jeotermal ve gel-git enerjilerinin kullaniminda
onemli gelismeler olmustur.

Fotovoltaik sistemlerin kullanimindaki artis miktar1 yenilenebilir enerji
kaynaklari igerisinde en yiiksek degere sahiptir. 2019 yili verilerine gore, diinya
genelindeki PV sistemlerin toplam 942 GW kurulu giice sahip oldugu, bir dnceki
yila gore ise %22’lik bir artis1 gostermistir (Gibb, et al., 2022).

Fotovoltaik Enerji, yenilenebilir ve siirdiiriilebilir olmasmin yaninda
verimlilik gibi ¢ok Onemli bir dezavantaji da vardir. Enerji doniistimiinde
kullanilan ana bilesen olan PV panellerin verimliliklerinin diisiik olmasinin
yaninda, enerji tiretimi i¢in gerekli olan DC/AC eviriciler gibi diger bilesenlerin
verimliliklerinin de diisiik olmasindan kaynaklanan yiiksek yatirnm maliyetleri
nedeniyle kullanimi yeterince hizli bir sekilde artmamaktadir.

PV sistemlerine yatirim yapan tiiketiciler, miimkiin olan maksimum giiciin
iiretilerek bunu sadece kendilerine ait veya diger tiiketicilerin de bagli oldugu bir
dagitim agma aktarmak suretiyle olasi maksimum ekonomik kazanci elde etmeyi
planlamiglardir. Bu nedenle, PV sistemlerinden en biiyiik beklenti miimkiin olan
maksimum enerjinin tretilmesi ve bu sayede yatirim igin harcanan paranin
olabildigince kisa siirede geri kazanilmasidir.

Enerji doniigiimiinde kullanilan PV panellerin iiretim maliyeti 2015 yilinda
0.67$/W iken 2021 yilinda 0.26$/W’a diismiistiir. Diger taraftan gii¢ elektroniginde

kullanilan yariiletken ve diger bilesenlerde ortaya g¢ikan teknolojik gelismeler,
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enerji liretim tesislerinin yatirim ve igletme maliyetlerinin giderek azalmasina ve
yatirim geri doniigiim siirelerinin de giderek kisalmasina neden olmaktadir
(Feldman, Dummit, Zuboy, & Margolis, 2022).

Uretim maliyetlerinde yasanan bu diisiise karsin, PV panellerin enerji
doniisiim verimliliklerinin halen diisiik olmasi nedeniyle panellerden miimkiin olan
maksimum enerjinin elde edilmesi yani maksimum verimde ¢alistirilmasini zorunlu
kilmaktadir. PV panelin maksimum gii¢ noktasindan farklt bir noktada
caligtirilmast ise verim kaybmin en Onemli sebeplerinden birisidir. Isinim ve
sicaklik gibi ¢evresel kosullarin yaninda yiik direncine de bagli olarak degisen
calisma noktasinin o andaki maksimum gii¢ noktasina gekilmesi gérevini MPPT
sistemi {istlenir. MPPT sisteminin maksimum gii¢ noktasini bulmadaki ve takip
etmedeki basarisit da tiim sistemin verimlili§ine etki eden ¢ok Onemli diger bir
parametredir.

Seri baglh tiim panellerin ayni miktarda radyasyon aldigim1 varsayalim. Bu
durumda, P-V egrisi iizerinde tek bir maksimum gii¢ noktas1 ortaya c¢ikacak ve
geleneksel arama algoritmalarin1 kullanan MPPT sistemleri bu noktay1 basariyla
bulup izleyecektir. Ancak, bazi panellerin diger panellere gore herhangi bir nedenle
daha az 1s1mmim aldig1 kismi golgelenme durumunda ise birden fazla maksimum gii¢
noktas1 ortaya cikacaktir. Bu durum, klasik arama algoritmalarinin {istesinden
gelemeyecekleri bir problemdir ve meta-sezgisel algoritmalar gibi global optimum
noktalarini bulma yetenegine sahip algoritmalarin kullanimini zorunlu kilar.

Son yillarda MPPT sistemleri konusunda yapilan arastirmalar bu alanda
yogunlasmig ve literatiirde ¢ok sayida algoritma Onerilmistir. Ancak, bu
algoritmalarin birbirlerine gore farkli {istlinliikkleri bulunsa da global maksimum
gli¢ noktasina erisim hizi ve bu noktay1 takip edebilme becerileri tiim algoritmalar
icin gelistirilmesi gereken noktalardir (Ali, et al., 2020; Liu, et al., 2015; Kumar, et
al., 2020; Yang, et al., 2017).

VIII



MPPT sisteminin dogru MPP noktasina miimkiin olan en kisa siirede
ulagsmasi1 sistem verimini dogrudan etkiledigi icin istenilen bir 6zelliktir. MPPT
sisteminin MPP noktasina ulagma siiresi, bu esnada kaybedilen enerji miktarini
arttirmaktadir. Bu nedenle kullanilan algoritmalarin MPP noktasina erisirken arama
zamanini olabildigince kisaltacak algoritmalarin konusunda yapilan aragtirmalar
giderek artmaktadir.

Son yillarda sezgisel algoritmalarin  kullanimi  GMP  noktasinin
belirlenmesinde ¢ok siklikla kullanilmaktadir. Ancak bu algoritmalarin aram
uzaylarinin biiyiikliigli nedeniyle GMP noktasina erisim siiresi olduk¢a uzun
olmaktadir. Bu nedenle dinamik durumdaki enerji kayiplari oldukga yiiksek
olmaktadir. Diger taraftan sik degisen galigma kosullari nedeniyle tarama islemi
yinelendigi i¢in kayiplarda yinelenmekte ve verim diismektedir.

Bu nedenle sezgisel algoritmalarin tekbaglarna MPPT sistemlerinde
kullanilmasi uygulanabilirlik agisindan oldukg¢a problemlidir.

Sezgisel algoritmalarin GMP noktasim1 tespit etmedeki basarilar
tartigmasizdir. Sistem verimini olumsuz olarak etkileyen arama siiresinin
kisaltilmasi i¢in arama aralaginin olabildigince daraltilmasi gerektigi agiktir.

Birtakim 6zelliklerin gelistirilmesi i¢in ayn1 MPPT sisteminde birbirinden
farkl1 algoritmalarin bir arada kullanildigi karma sistemlerin énemi bu agidan
giderek artmaktadir.

Bu tez ¢alismasinda, kismi golgelenme durumunda az 1sinim alan panelin
seri bagh PV dizisinin akimin1 sinirlayarak agir1 gii¢ kaybma neden olmasinin
engellenmesi amaciyla kullanilan bypass diyotundan geg¢en akimdan faydalanilarak
yeni bir MPPT sistemi tasarlanmis ve simiilasyonu yapilmistir.

Gelistirilen bu sistemde kisa devre durumuna yakin bir durumda bypass
diyotlarindan geg¢en akimlar olgiilerek once 1smim degerleri sonra bu degerler
kullanilarak global maksimum gii¢ noktasinin yeri yaklagik olarak tahmin

edilmektedir.
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Ikinci asamada global maksimum gii¢c noktasinin tahmini yeri Pargacik Siirii
Optimizasyonu (PSO) algoritmasinin arama uzayminim ofset degeri olarak
kullanilmigtir.  PSO algoritmasinin arama uzayi, P-V egrisi iizerinde global
maksimum gii¢ noktasinin tahmin edilen yeri civarina kaydirilarak sinirl bir alanda
smirli bir parcacik sayisi ile arama yapilmasi saglanmigtir. Bu sayede, PSO
algoritmali klasik MPPT sistemlerinin aksine tiim bir P-V egrisi degil P-V egrisi
iizerindeki sinirli bir alan taranmaktadir. Tarama alanm1 PSO kullanan diger
algoritmalara gore daha kiigiik olmasi nedeniyle de daha az sayida parcacik ve

dolayisiyla daha az iterasyon gerektirmektedir.
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1. INTRODUCTION

A photovoltaic cell is a semiconductor element that uses the photovoltaic
effect to convert the energy carried by photons of sunlight into electrical energy.
The PV cell is essentially a p-n junction made up of p-type and n-type
semiconductors like a diode. When sunlight strikes a p or n-type semiconductor,
the photons' energy causes free electron-hole pairs, known as charge carriers, to
appear in the semiconductor. The electric field that exists between the p and n
regions separates these electron-hole pairs, allowing them to accumulate in

different regions and creating a potential difference between the two ends.

1.1.The p-n Junction

When an n-type semiconductor in which electrons are the majority carriers,
and a p-type semiconductor in which the holes are the majority carriers, are
metallurgically combined, the resulting structure is a p-n junction.

Electrons and holes in the # and p-type regions diffuse from the majority to
the minority side immediately after the merger. As shown in Figure 1.1, a region
forms on both sides of the junction line in which the donor and acceptor atoms are
ionized in opposite polarity due to electron and hole recombination passing to the
opposite side. A built-in voltage occurs between the two sides of the junction point
due to the polarity of the ionized atoms in this region depleted of majority carriers.
This voltage difference, also known as the built-in potential barrier, creates an
electric field in the junction area, preventing the majority of carriers from passing
through to the other side. Thanks to this electric field arising in the depletion
region, the p-n junction only conducts current in one direction; that is, it works as a

diode (Luque & Hegedus, 2003).
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Figure 1.1 Build-in electric field of the p-n junction

1.2. The p-n Junction Diode

When a voltage is applied to the ends of a p-n junction in a direction that
decreases the electric field in the depleted region, i.e., the p-side is positive with
respect to the n-side, the width of the depleted region decreases. In this case, free
electrons and holes have crossed the potential barrier, allowing current to flow
between the terminals. On the contrary, when a voltage is applied such that the p
side is negative and the » side is positive, the width of the depleted region expands,
causing no current to flow and only a very small current, known as reverse
saturation current, to flow. This current is generated by minority carriers that are
thermally generated and are carried to the opposite side by the electric field.
Equation (1.1) expresses the relationship between the voltage applied to the p-n
diode terminals and the current flowing through them, and

Figure 1.2 depicts the I-V characteristic of the p-n diode (Gilbert, 2004).
qv,
1, =1|ex -1 1.1
p =4 |: p( 0 kT) } (1.1)

= Jo, reverse saturation current (A),

where,

= ]p diode current (A),
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= ¢, electron charge (1.602x10™" C),

= 5, diode ideality factor,

= Vp, diode voltage (V),

= k, Boltzmann’s constant (1.381x107 J/K),

= 7, junction temperature in Kelvin (K).

I &

lo i _

Figure 1.2 I-V Characteristics of the p-n junction diode

1.3.PV Cell

Figure 1.3 shows the physical structure of a PV cell. Metal strip contacts are
placed at regular intervals on the top layer to allow light to pass through.
Following these metal contacts are a thin n-type semiconductor layer and a thicker
p-type semiconductor layer. The metal connected with the p-type semiconductor is

placed at the bottom.



1. INTRODUCTION Biilent BUYUKGUZEL

/ front contact

anti-reflective
coating

~ n-type

semiconductor

—

p-type
semiconductor

— back contact

Figure 1.3 Physical structure of PV cell

Sunlight contains photons with varying wavelengths and energy levels that
match these wavelengths.  When sunlight strikes a semiconductor material,
photons with energies less than the semiconductor layer's band gap energy cannot
interact with the semiconductor material, and if the layer is in a light-transmitting
structure, they pass through the layer. Photons with energies equal to or greater
than the band gap energy cause electrons they collide with to enter the conduction
band, i.e., the free state, and the excess energy is converted into heat. In the
semiconductor, photons with energies greater than the band gap energy form
electron-hole pairs, as shown in Figure 1.4.

These free electrons and holes are distributed evenly throughout the silicon
crystal structure. After an average lifetime of 1 ms, some electrons and holes
recombine and release their energy as heat. If these moving charge carriers
approach the p-n junction boundary, the electric field in the depleted region will
push the electrons to the # region and the holes to the p region. In other words, the
electric field in the depletion region causes the separation of electron-hole pairs in
both regions of the PV Cell as a result of the collision of photons and the
accumulation of holes in the p region and electrons in the n region. This charge

accumulation in the p and n regions results in a potential difference between the

4
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leads of the PV cell and an electric current flowing over a connected load (Gilbert,
2004).
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Figure 1.4 Photon, electron and electric field interaction within the p-n junction

1.4.Basic Parameters of the PV Cell and Its I-V curve

Figure 1.5 depicts the simplest equivalent circuit of the PV cell, which has a
p-n diode structure. This equivalent circuit represents the ideal situation in which
losses are not considered. The current produced by the photons is shown in the
circuit by the current source /py. The value of this current is directly proportional

to the amount of irradiance falling on the PV cell (Wenham, Green, Watt, Corkish,
& Sproul, 2013).

Ipt

Figure 1.5 Equivalent circuit of the ideal PV cell
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The power-voltage relationship of the PV cell can be written as follows

using the equivalent circuit of the PV cell;

I=1, 1 [exp(%) —1} (1.2)
n

Figure 1.6 depicts a PV cell's I-V characteristics and basic parameters.
Examining the I-V characteristic reveals that the PV Cell acts as a current source at
low voltage levels and as a voltage source at high voltage levels. The Equation
(1.2) can also be used to understand the non-linear relationship between the PV
Cell's output current and voltage. The nonlinearity of the current-voltage
relationship leads to the nonlinearity of the generated power-voltage relationship.
As a result, the PV Cell can only transfer maximum power to the load at one point.
This point is called as the maximum power point (MPP), while the obtained power
is called as the maximum power (Pypp). Power gradually decreases on either side
of the maximum power point, so the variation of power with voltage is zero at this
point. In MPP, current and voltage values are denoted as Iypp and Vipp,
respectively. When the PV cell terminals are short-circuited, the current is referred
to as the short-circuit current (/sc), and when they are open-circuit, the voltage at
the terminals is referred to as the open-circuit voltage (Voc). There is no power
transfer from the PV cell to the outside in either case. If a load other than these two
situations is connected to the ends of the PV cell, power will be transferred to the

connected load.
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I-V and P-V-Characteristic of a Solar Cell
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Figure 1.6 The I-V and P-V curves of the PV Cell and its basic parameters

1.5.Effect of The Irradiance and Temperature on the I-V Characteristic

The most important environmental elements impacting the basic parameters
of PV cells are temperature and irradiance. The effect of these on the I-V and P-V
characteristics is shown in Figure 1.7. The relationship between temperature, /s
and Vo is linear, as shown in Equations (1.3) and (1.4). On the other hand, Voc
changes logarithmically with irradiance, whereas Isc changes linearly (Villalva,
Gazoli, & Filho, 2009). The power produced by the PV Cell declines with
temperature because the change of Vyc with temperature is higher and negative

than that of Isc.

(1.3)
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V05|T =Voe + e (T - Tsrc)

(1.4)
lsc|r =1g (1+a156 (T_TSTC))

where; «yoc and &5 stand for the temperature coefficients of Vpoc and Isgc,
respectively, G stands for the irradiance value, and G, stands for the irradiance
value under standard test conditions (STC). The irradiance value is applied as
1000 W/m?, the spectral distribution of the irradiance as 1.5, so the air mass (AM)
as 1.5, and the temperature as 25 C° in standard test conditions. AM defines the
thickness of the atmosphere through which the light falling on the PV panel passes.
AMI1 indicates that light enters the atmosphere perpendicularly, while AMI1.5

indicates that it enters at an angle of about 48°.

Current (A)

"
Power (W)

Current (A)
w
Power (W)
w

0 5 10 15 20
Voltage (V)

0 5 10 15 20
Voltage (V)

Figure 1.7 Effect of The Irradiance and Temperature on The I-V and P-V curves
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1.6.Module, String, Array

A single PV cell cannot be utilized alone in most applications due to the
open-circuit voltage of roughly 0.6 V. More than one PV Cell is connected in
series to enhance the open-circuit voltage to more useful levels, and a PV
module/panel is realized by encasing it in a protective sheath against external
causes.

The basic building block of PV applications is this structure, known as a
module or panel. Array structures are created by connecting modules in series to
generate higher voltages and strings in parallel to obtain greater currents, as shown

in Figure 1.8. All these structures can be called PV Source.

[N

cell module array
Figure 1.8 Photovoltaic Cell, Module, String, Array

1.7.Maximum Power Point Tracking

As previously stated, the I-V and P-V characteristics of the PV source (cell,
module, string, or array) are non-linear. As a result, for a particular temperature
and irradiance value, maximum power may be generated from the PV source only

at one point inside the operational zone, i.e., in the range of 0-Vyc. The voltage of
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MPP changes greatly with temperature, and the current value changes significantly
with irradiance, as illustrated in Figure 1.9.

It is obvious that; Vipp/lypp is the value of the load resistor (optimal load
resistance) that determines the maximum power point as the operating point. The I-
V characteristic will change if the external circumstances (irradiance and
temperature) change; hence the location of the MPP and the value of the optimum
load resistance will change as well. The PV source will function at a different
operating point than the maximum power point if the load connected to the PV
source and the optimal load value are not the same, and maximum power transfer
from the PV source to the load will be impossible. When a different load resistor
is coupled to a PV source with an optimum load resistor, the same thing happens.
Maximum power transfer will not be achievable in this situation because the
operating point will be different from MPP even if the environmental conditions

stay the same.

I | load line
I load line MPP
MPP
1000 Wim"* ) e ~
. Operatin; \ \
800 Winr’ ;:g,,.,,sg “\ Operaling =——m
T points a
600 Wim' /
400 Wim* / 75% |
200 Wm” 50 °C
50 Wi ﬁ\ 100 °C 25°C
v v

Figure 1.9 Location of the MPP at different irradiance and temperature

It is clear that the highest efficiency from a PV source can be obtained only
at MPP and that the efficiency will drop at operating points other than the
maximum power point. This is an undesirable situation for PV sources with low

energy conversion efficiency. The efficiency of a PV source is defined as:

10



1. INTRODUCTION Biilent BUYUKGUZEL

V,, oI
UZM (1.5)

[P(2)d2

where, the power density at a given 4 wavelength is denoted by P(4). In other
words, the efficiency of a PV source is the ratio of the power from the source to the
power supplied by the sunlight falling on it.

As shown in Figure 1.10, the maximum power point must be determined for
each scenario of environmental conditions and/or load resistance. The operating
point must be adjusted to obtain the most power from the PV source. A matching
circuit should be installed between the PV source and the load resistor, and the
operating point should be controlled by an appropriate control system to acquire
maximum power.

(MPPT).

This procedure is called Maximum Power Point Tracking

| A . . . AP
I(v) : : .
....... POV oo e e e
. MPP . .
Isc / : :
..................... --":I
Rorge N\ == | P
kowf — = === T o o —— —p
: : 6\\(\6' : Operatin : Loab
....;...«\.\o'o...; o b N\gPaint. ;.
O\\((\\) :\-\‘.\e 1/RLOA:D I I . .
.. V" d : \j)a e e e :. . I . .:. 1. N IR
. . I . I :
0 Vuer  Vioap Vv

Figure 1.10 Operating points of the load connected PV source

By adjusting the pulse/period ratio (D) of a DC/DC converter connected
between the load resistor and the source, as shown in Figure 1.11, the resistance

seen by the PV source can be adjusted according to the changing position of the
11
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maximum power point due to changing environmental conditions and/or changing
load resistance. At a steady state, assuming the DC/DC converter is lossless, the

voltage conversion ratio M(D) can be stated as:

M(D)= ’[’/ (1.6)

mn

The load resistance connected to the PV Cell, or the resistance Ri, which is

seen at the DC/DC converter's input, can be defined as:

R
R =—lead (1.7)

- (m(p))

The input resistance can be modified by adjusting the pulse/period ratio

of the switching signal applied to the DC/DC converter, as shown in Equation

(1.7).
DC/DC R
|_> ., Converter Loab

PWM output
CONTROL
VARIABLES
Input/Output MPPT
Voltage, Current ‘ ALGORITHM
Irradiance
Temperature

Figure 1.11 MPPT system connected to PV Source

12
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The MPPT system is a dynamic system that always ensures maximum power
from the system by eliminating the non-overlapping of the operating point and
MPP of the PV Cell due to changing environmental conditions and changing load
resistance. In other words, the MPPT system is a dynamic optimization system.
The PV system must be regularly monitored to optimize, and the DC/DC
converter's pulse/period ratio must be modified if a correction is deemed required
upon analyzing the received data. The evaluation of the data received from the
system, that is, the optimization process is performed by the algorithms used in the
MPPT system. These algorithms are also known as MPPT Algorithms or
methods/techniques. Most of these algorithms are implemented using both
hardware and software, while some use analogue structures only.

In MPPT systems, very different structures are used as DC/DC converters.
The voltage conversion ratio of the DC/DC converter utilized determines the
variable range of resistance seen by the PV source, as depicted in Equation (1.7).
Table 1.1 depicts the relationship between load resistance and input resistance for

common DC/DC converter architectures.

Table 1.1 Variation range of the R; according to converter type

Converter Type R Interval of the R;
Buck R,/D’ R <R <o
Boost (1-D)' R, 0<R <R,

Buck-Boost (1-D) R, /D? 0<R, <o

Despite the numerous studies on MPPT algorithms and DC/DC converter

topologies in the literature, the goal is always to run the PV source at maximum

efficiency.

13
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1.8. Partial Shading

As previously stated, the voltage of a single PV cell is insufficient for many
applications. As a result, after connecting multiple PV cells in series, a structure
known as a module is constructed by encasing it in a protective sheath. However,
the serial connection of PV cells brings with it a very big problem.

When some of the cells connected in a series get less irradiance (nonuniform
irradiance) than others due to factors such as clouds, shadowing from surrounding
structures, or pollution, it is called partial shading (PS). Partial shading will cause
cells to exhibit lower Ipy currents, hence, lower Igc currents than cells that receive
more irradiance. Because the cells are coupled in series, the array's operating
current will be limited to the lowest Isc current. If the PV array is short-circuited,
the p-n structure in cells with Isc values greater than the lowest /5c value will be
forward polarized due to the current that cannot be transferred to the load, while
the cell with the lowest Isc value will be reversely polarized, as shown in Figure
1.12. In other words, this cell will be used as a load by other cells, resulting in
power consumption. In fact, the excess power produced in other cells will be
consumed in this cell. This causes the cell with the lowest Isc to heat up, resulting
in hot spots on the array. However, if the reverse voltage applied to the cell
exceeds the p-n structure's breaking voltage in the opposite direction, the cell will
be permanently damaged.

In addition to the power reduction and hot spot issues that occur with partial
shading, exposing partially shaded cells to end voltages higher than the reverse
breaking point voltage is a significant issue that should be avoided.

In the event that partially shaded cells reach short circuit currents, bypassing
them by any means will be the most appropriate solution to all these problems. If
the current flowing through a PV array reaches the short-circuit current of a
partially shaded cell, the terminal voltage of that cell is zero, whereas when the
string is forced to carry more current by connecting a lower load resistor or

shorting it, the terminal voltage rises in the opposite direction.
14
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VCELL1 VCELL2 VCELL3  _  VCELL4
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Figure 1.12. PV string under partial shading and output current of the string

If a diode is connected in parallel to the terminals of the PV cell in such a
way that it is reverse biased under normal irradiance, this diode will be forward
biased in case of shadowing. In case of partial shading, the diode will turn on, and
this cell will be bypassed. The array current will no longer be limited by the shaded
cell once this diode, known as the bypass diode, turns on and provides an
additional current path. Because the bypass process also prevents the partially
shaded cell from being used as a load, no hot spots will occur, the breaking voltage
limits in the opposite direction will not be exceeded, and the cell will not sustain
permanent damage.

Although the use of a bypass diode prevents the string current from being
limited in the event of partial shading and thus reducing available power, another
issue arises.

Figure 1.13 shows a PV string with four modules that receive different
amounts of irradiance due to partial shading on one of the modules. The bypass
diodes in this string will turn on or off based on the string current value, which
varies with the operating point. In other words, the bypass diodes of modules in
which /sc current is less than the string current will be activated. As a result, the I-
V characteristic of a partially shaded PV array will differ significantly from that of
a PV array receiving uniform irradiance. I-V and P-V curves of this PV string are
depicted in Figure 1.14. The I-V curve has a two-step structure because, after a
certain current value due to two different irradiance values, the bypass diode of the

fourth cell turns on and bypasses the cell, and thus the string current is not limited

15
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by the fourth cell and continues to increase. The I-V curve's two-step structure
indicates two distinct maximum power points. This situation is clearly depicted in
the P-V curve. The number of steps in the I-V curve, and thus the number of
maximum power points, that is, the points with dP/dV = 0, will increase as the
number of cells receiving different irradiance increases. The highest-rated power
point is known as the Global Maximum Power Point (GMPP), while the others are
known as the Local Maximum Power Points (LMPP). Figure 1.14 depicts that the
maximum power obtained from the PV source is P3 if the bypass diode is not used,
whereas the maximum power obtained is a higher value (P2) if the bypass diode is
used. If the bypass diode is not used, the available power and system efficiency
will gradually decrease as the amount of shading of the PV source exposed to
partial shading increases. As a result, even though it complicates the optimization

algorithms, the use of a bypass diode is required for system efficiency.

VCELL1 VCELL2 VCELL3 _ _  VCELL4

Tour
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o — o — — — — —— — — — — — — -

Figure 1.13 Bypassing of the shaded cell using diode
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Conventional MPPT systems generally observe the change in power by
changing the voltage conversion ratio of the DC/DC converter and consider the
first maximum power point found as GMPP. While these systems are capable of
successfully determining the maximum power point in PV systems with a single
maximum power point, such as the P1 point in Figure 1.14, they can give incorrect
results in the case of partial shading where more than one maximum power point
occurs. Since these systems are designed for PV sources that operate under uniform
irradiance, they cannot distinguish the global maximum power point, such as the
P2 point shown in Figure 1.14, from multiple maximum power points.

As a result, a more complex search or optimization algorithm that can find
the global optimum in general in MPPT systems to be designed for PV sources

operating under partial shading is required.
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2. PV CELL MODELLING

The examination of the behaviour of PV sources in different operating
conditions using simulations in a computer environment plays an important role in
PV System research.

It is critical to use models that accurately reflect the characteristics of the PV
source, particularly when designing MPPT systems in computer-aided design
(CAD) studies that use circuit-based simulation tools such as PSPICE, PSIM, or
general-purpose simulation tools such as MATLAB. It is always preferable to
have a model that closely mimics the behaviour of the PV source, that is, using a
real PV source that is precisely matched to the I-V data measured under different
environmental conditions (irradiance and temperature).

The nonlinearity of the relationship between the output current and voltage
due to the p-n junction structure is the most difficult challenge in modelling the PV
Cell, which is the simplest PV source. The non-linear I-V relationship necessitates
the use of non-linear components in the model's construction. Another difficulty is
incorporating the effects of environmental conditions on the I-V characteristic into
the model.

Various models for PV Cells have been proposed in the literature, as have
numerous methods for determining the components of these models. The
accuracy, complexity, and adaptability to changing environmental conditions of
these models vary.

The equivalent circuit structure, which includes both linear and nonlinear
components, is the most popular among the approaches used for modelling the PV
Cell, such as Neural Network (AbdulHadi, Al-Ibrahim, & Virk, 2004; Karatepe,
Boztepe, & Colak, 2006), curve fitting (Andrei, Ivanovici, Predusca, Diaconu, &
Andrei, 2012), and Thevenin equivalent circuit (Chatterjee & Keyhani, 2011).

The PV Cell equivalent circuit-based model is typically built with one or
more current sources, resistors, and diodes. The most widely used equivalent
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circuit-based models are the Single Diode Model (SDM) and Double Diode Model
(DDM), depicted in Figure 2.1. If the SDM contains only a current source and a
D1 diode, it is referred to as the Ideal Single Diode Model (ISDM), and if the Rg is
included, it is referred to as the Simplified Single Diode Model (SSDM).

Despite a wide variety of PV Cell modelling techniques being available,
SDM is widely regarded as the model with the best balance of accuracy and
simplicity (Villalva, Gazoli, & Filho, 2009).

W

Ip1 * *IDQ +IRP h A
IpH ! ! é Rp v

D1 D2

| G S o
Figure 2.1 Single and Double Diode Model of the PV cell

2.1.Single Diode Model

In the model shown in Figure 2.1, where only the D1 diode is included, the
current source /py shows the photon-induced current caused by the light hitting the
PV cell, and the D1 diode shows the diffusion-induced losses. The series
resistance is the sum of the p-type and n-type semiconductor resistances, as well as
the resistances of the semiconductor-metal junction and metal contacts. Parallel
resistance, on the other hand, describes leakage currents caused by material defects
in the crystal structure, especially in the edge regions of the PV cell.

Using Figure 2.1, the relationship between the voltage and current between

the output terminals of the PV cell can be expressed as the equation given below;

q(V+1-RS)j_1}_V+[R5 @

nkT R

I=1py =1y =1 zlo[exp(
P
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2.2.Double Diode Model

As previously stated, electron-hole pairs in the p-n structure produced by
light striking the PV Cell are separated by the electric field located at the p-n
junction and pushed towards the p and n regions by the electric field. However,
recombination destroys some of these free electrons and holes before they can pass
to the opposite region of the junction. This phenomenon is known as
recombination, and it refers to the loss of carriers produced by light, which reduces
the efficiency of the PV cell.

As shown in Figure 2.1, a second diode is added to the model to account for
the recombination effect in the junction region, which becomes dominant,
especially at low voltages. The relationship between the voltage and current

between the terminals of the PV cell can be expressed in the Double Diode Model

as follows;
[=1p =1y =1y =1
qV +1-R,) qWV +1-R;)
I=1 |exp| ————=|-1|-7,| exp| ————==|—1 2.2
01( p( nkT 02 p kT (2.2)
_V+/‘R5
R

P

In this equation, n; and n, represent the quality factors of diodes D1 and D2,
respectively, and /y; and /), represent the reverse saturation currents of diodes D1

and D2, respectively.

2.3.Model of The PV Module

As can be seen in Figure 2.2, models of the structures, such as string and
array, can be developed by using a single diode PV Cell model. If it is assumed that
n, number of cells connected in series and that each cell is exposed to the same
irradiance and temperature, /py and I, values of all cells will be the same. It can be
easily found that the series resistance of the module is ng-Rg and parallel
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resistance is ng - Rp by using Thevenin's theorem. Terminal voltage of the series

connected PV cell string will be ng-Vp.
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Figure 2.2 SDM of The PV Module

2.4.Parameter Estimation for the SDM

All equivalent circuit-based models contain a number of parameters that
vary depending on the structure of the model. Accurate estimation/determination of
these parameters, which can change depending on the temperature and irradiance
value, is necessary for the accuracy of the model.

Ipy, Iy, Rs, n and Rp, are five parameters of the Single Diode Model that are
required to be determined. For this reason, SDM is also called the five parameter
model. In the literature, many methods have been proposed to determine/calculate
these parameters using basic parameters, such as Isc and Vo, that are given in the

datasheets of the manufacturers or obtained experimentally. These methods can be
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grouped into three main classes as analytical, numerical, and soft computing
methods (Chatterjee & Keyhani, 2011; Tamrakar & Gupta, 2015). The accuracy of

the obtained parameters differs according to the method used.

2.4.1. Analytical Methods

Commonly used analytical methods for determining SDM parameters only
solve explicit mathematical equations and need much less computation time than
other methods. These methods work well for both STC and varying environmental
conditions (Tamrakar & Gupta, 2015).

A fully analytical solution was proposed by Chan and Phang (1987) using
Equation (2.2) for extracting single and double diode model parameters and other
equations derived from this equation for short circuit and open circuit cases. In
some studies, since /, current can be neglected in the case of short circuit, solutions
have been made by assuming that /py equals to Isc. In the case of short circuit in
some works, /, current can be neglected; solutions are generated assuming that /py
equals to Isc (Villalva, Gazoli, & Filho, 2009; Femia, Petrone, Spagnuolo, &
Vitelli, 2017). Having obtained /py by using this approach, other parameter /, can
be found by using open-circuit voltage. However, there are also studies stating that
this approach will negatively affect the accuracy of the model (Sera, Teodorescu, &
Rodriguez, 2007).

Jain and Kapoor (2004) suggested using the Lambert W function in order to
determine the PV cell parameters. In this method, the current-voltage relationship
of the PV module, which is expressed in a transcendental equation, is transformed
into a Il = f(V) form using the Lambert W function, as expressed in Equation (2.3)

, and the solutions are provided without using iteration (Di Piazza & Vitale, 2013).
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Similarly, Batzelis et al. (2014) have offered another feature that expresses
the voltage according to the current by using the Lambert W function. Methods
using the Lambert W function combine the versatility and accuracy provided by the
single diode model with significantly faster and more accurate execution. Cubas et
al. (2014) proposed an analytical method using the Lambert W function to
transform the series resistance equation into an explicit equation. This method was
used in order to analyse the performance of the commercial PV module in different

irradiance and temperature levels.

2.4.2. Numerical Methods

The best approach to parameterization is to create a system of equations
using the key parameters given in the manufacturer datasheets (Andrei, Ivanovici,
Predusca, Diaconu, & Andrei, 2012; Mahmoud, Xiao, & Zeineldin, 2012;
Siddique, Xu, & De Doncker, 2013). Due to the fact that PV source is p-# junction
diode structure, and the relation of I-V is non-linear, the analytical expressions of
the models are both non-linear and are implicit because they are neither I = f (V)
nor V = f(I).

It is quite difficult to solve this system of equations, which is in the form of
I=f{I, V) and contains transcendental expressions analytically and can be solved
much more easily with numerical methods. For this reason, the majority of
scientific studies in the literature that develop methods for solving the PV model
parameter definition problem are based on numerical solutions using iterative

methods (Ayodele, Ogunjuyigbe, & Ekoh, 2016).
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For the determination of the PV source parameters, many iterative methods
were proposed in the literature. One of the most preferred methods among these
methods is the Newton-Raphson method (NRM) (Shongwe & Hanif, 2015; Chin,
Salam, & Ishaque, 2015; Villalva, Gazoli, & Filho, 2009). However, the incorrect
selection of initial conditions greatly affects its accuracy and convergence. The
study conducted by Villalva et al. (2009) and Moballegh (2014), chose the initial
value of Ry as zero, and its value is increased until the difference between the data
sheets and the calculated voltage value of the maximum power point (V) was
within an acceptable error range. Siddique (2013) and Rahman et al (2013) use the
same idea. Instead of adjusting the value of Ry, they changed the value of the diode
ideality factor between 1 and 2. Mahmoud et al (2013) proposed another method
for determining the parallel resistance Rp, in which the other four parameters are
calculated by a system of equations.

Defining the parameters of the PV model using the information given in the
data sheets provided by the manufacturer of the PV source is a very advantageous
method since there is no need to set up a measurement system. On the other hand,
in the study of Sera et al. (2007), they determined five parameters of the single
diode model, information in the manufacturer's data sheets, using an iterative
method. Some stages of the parameter determination procedure contain similarities
with analytical methods. They also examined the dependence of the study
parameters on irradiance and temperature. This study has been summarized below.

The equation system below can be written using the Equation (2.1);
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Photo generated current /p; and diode saturation current /, can be obtained

based on this equation system.
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The current at MP point [,pp can be expressed as follows using Equations (2.4) and

(2.5) together;

J =7 — VMPP +]MPPRS _ISCRS _
mpp — L5 R
P
(2.6)
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There are three unknowns, namely, Rs, Rp and n, in Equation (2.5), and two more
equations are needed to find them. These two equations can also be derived using

Equations (2.3) and (2.4).

7
dvlv—r,, "
1=l ypp
I R.—
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These three unknowns are found iteratively using the flowchart shown in Figure
2-3 and Equations (2.6) and (2.7) (Sera, Teodorescu, & Rodriguez, 2007; Di Piazza
& Vitale, 2013).
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Figure 2.3 Flow chart for determining five parameters

2.4.3. Soft Computing Methods

In PV parameter estimation, methods such as evolutionary and artificial
neural networks, in which artificial intelligence techniques are used, have been
increasingly used in recent years due to their accuracy and reliability in order to
overcome some of the problems encountered in analytical and iterative methods.
Many methods have been proposed using some popular evolutionary algorithms,
such as Genetic Algorithms (GA) (Saadaoui, Elyaqouti, Assalaou, & Lidaighbi,
2021) , Particle Swarm Optimization (PSO) (Fan, et al., 2022), Simplified Bird
Mating Optimization (SBMO) (Askarzadeh & dos Santos Coelho, 2015) , Cat
Swarm Optimization (CSO) (Guo, Meng, Sun, & Wang, 2016), Artificial Bee
Swarm Optimization (ABSO) (Askarzadeh & Rezazadeh, 2013; Duy, Ho, &
Dunnigan, 2020), Bacterial Aggregation (BA) (Awadallah, 2016), Flower
Pollination Algorithm (FPA) (Alam, Yousri, & Eteiba, 2015; Prasanth Ram, Pillai,
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Rajasekar, & Kumar Chinnaiyan, 2020), Adaptive Mutational Differential
Evolution (AMDE) (Muhsen, Ghazali, Khatib, & Abed, 2015), Differential
Evolutionary Algorithm (DEA ) (Kharchouf, Herbazi, & Chahboun, 2022) and
Artificial Neural Network (ANN) (Bonanno, Capizzi, Graditi, Napoli, & Tina,
2012; Fathabadi, 2013; Karatepe, Boztepe, & Colak, 2006; Zhang, 2021).

2.4.4. Parameter Estimation Method of the Sandia National Laboratories

In the study of Hansen (2015), a new method has been proposed in which the
previously mentioned analytical and numerical methods are used and the data
obtained as a result of the measurements carried out in the external environment of
Sandia National Laboratories for the estimation of the five parameters of SDM. In
outdoor measurements using different PV panels, data of approximately 4500 I-V
curves were obtained for each panel. These data are shared as open source by
Sandia National Laboratories. In the study, primarily Isc and Vpc temperature
coefficients were obtained from I-V curves using the linear curve fitting method,
and diode quality factor n was calculated by using Voc value and Lambert W

analytical method. Rs, Rp, Ipy and I, parameters are found by the iterative method.

2.5.Impact of the Irradiance and Temperature on The Parameters

Parameters belonging to a single diode model of a PV source are almost
always gathered using data obtained under standard test conditions. For this reason,
these parameters are only valid in STC, and the model created using the parameters
will also give correct results only for STC. On the other hand, since the
characteristics and model parameters of a PV source vary significantly with
irradiance and temperature, these extracted parameters need to be adjusted for
environmental conditions such as irradiance and ambient temperature other than
STC when used in the model.

The relationship of model parameters with temperature and irradiance is

defined as given in Equations (2.9) through (2.13) in many studies in the literature.
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where, a;qc (A/°C) is the temperature coefficient of short-circuit current, ayq¢
(V/°C) is the temperature coefficient of the open circuit voltage.

In many studies in the literature, it has been stated that the diode quality
factor for Silicon PV cells does not change with temperature and irradiance (Anani
& Ibrahim, 2020; Carrero, Ramirez, Rodriguez, & Platero, 2011; De Soto, Klein, &
Beckman, 2006; Siddique, Xu, & De Doncker, 2013; Villalva, Gazoli, & Ruppert
Filho, 2009; Di Piazza & Vitale, 2013).
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2.6. PV Model Implementation for Simulators

The electrical equivalent circuit of the PV cell in Figure 2.1 can be created
by using linear and non-linear components such as resistance, diode, and current
source in circuit-based simulation programs such as PSPICE, and its behaviour can
be examined by simulating it like other electrical circuits. This method is generally
more suitable for situations where environmental conditions and parameters are
assumed to be constant. Some limitations of direct circuit setup can be overcome
by using behavioural models.

The fact that any parameter can be changed instantly during the simulation is
important in terms of the accuracy of the simulation result and provides the user
with wider testing possibilities on the system in which the model is used.

Many commercial simulation programs, such as PSIM and MATLAB, have
configurable embedded blocks that characterize PV sources and can take into
account the effects of environmental conditions. Some simulators provided tools to
gather model parameters by using basic data such as I, Voc and Vypp given by the
manufacturer. If the simulation program allows the use of user-defined

mathematical expressions, it can be done easily, as in the PV source model.

Parameter Rs Ipy
—AMA————>—0
calculator
G | Ipn
Iéo Re + Y
T > S V7
Re - P
L O
= 7
| 5 lg=Im - Ioexp(n—Vt— D |ge——

Figure 2.4 PV Model implementation for simulator
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3. MPPT ALGORITHMS/ METHODS

One of the most important components of the MPPT system is the MPPT
algorithm. The MPPT algorithm adjusts the duty cycle value of the DC/DC
converter and brings the operating point of the PV source to the optimum value
after evaluating the measured data in order to obtain maximum power from the PV

source.

3.1.Classification of MPPT Algorithms

In the literature, there are many proposed methods/algorithms or techniques
for tracking the maximum power point in PV systems. Different classifications
have been made in the literature for many different methods proposed for MPPT.
While MPPT techniques were classified as online (direct or true seeking) and
offline (indirect or quasi seeking) in early studies (Salas, Olias, Barrado, & Lézaro,
20006), they were later classified as uniform irradiance and non-uniform irradiance
due to the increasing number of studies on partial shading (Ali, et al., 2020).

Offline MPPT algorithms are also known as model-based algorithms. These
algorithms are algorithms which are designed using basic parameters (Voc, Isc,
Typp, Viuppe, Pypp) obtained from data sheets provided by the manufacturer or as a
result of measurements made. While some methods, such as Neural Network
MPTT, use models based on these data, some methods, such as Constant Current
MPPT use mathematical functions which are obtained purely empirically (Grunow,
ve digerleri, 2004).

As can be seen in Figure 3.1, offline algorithms cannot find out the location
of the MPP precisely because they do not have a structure that generates feedback
to correct the operating point by instantly calculating the power obtained from the
PV source. Therefore, performance/efficiency to find and track maximum power
point (tracking efficiency) of these methods, which are also named as quasi seeking

algorithms, are limited.
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Figure 3.1 An Example of the Off-line MPPT/ Constant Current MPPT

As can be seen in Figure 3.2, algorithms called true seeking, online or direct
MPPT find the duty cycle value required to maximize the power obtained from the
PV source by instantly measuring the current and voltage values of the PV source
or load resistor, and control DC/DC convertor with the PWM signal. Unlike offline
algorithms, online algorithms do not need the model of the PV source for some
calculations. For this reason, as their performance does not change according to the
PV source used and environmental effects, their tracking efficiency/success is quite

high when compared to offline algorithms.
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Figure 3.2 An Example of the Online MPPT / P&O MPPT
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Uniform and nonuniform irradiance classification indicate whether an MPPT
system is capable of distinguishing between global and local maximum power
points that occur in case of nonuniform irradiance, such as partial shading. MPPT
algorithms taking place under the Uniform Irradiance classification should only be
operated under uniform irradiance because they can give erroneous results by
evaluating the first reached local maximum power point as the global maximum
power point in case of partial shading. Those under the nonuniform irradiance
classification generally give accurate or approximate results under both uniform

and nonuniform irradiance.

3.2.MPPT Algorithms for Uniform Irradiance

Many algorithms have been given in the literature that gives correct results
when there is no partial shading, in other words, in the case of only one maximum
power point on the PV curve. In this section, only commonly used algorithms are

examined.

3.2.1. Constant-voltage and Constant-current MPPT

The Constant Voltage MPPT method, which is also known as Fractional
Open Circuit Voltage MPPT is based on the assumption that Vpp is in the range of
70-80% of the open-circuit voltage, which varies depending on the PV source.

The MPPT system measures the open circuit voltage by periodically
disconnecting the PV source from the load. It then applies the calculated value
using the measured open circuit voltage and the predetermined coefficient as a
reference voltage to a PID (Proportional Integral Derivative) circuit whose output
is connected to the DC/DC converter. PID circuit changes the duty cycle value of
the DC/DC converter to the required value and brings the voltage of the PV source
into to the accepted point as Vypp.

The constant current MPPT method works similarly. In this method, short-

circuit current Isc substituted for Vo, Iypp substituted for Viypp.
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The tracking efficiency/success is limited since the coefficient used in both
methods varies according to the PV source, and the system does not contain a
feedback structure (Ramasamy & Suthanthira Vanitha, 2014; Tauseef & Nowicki,
2012; Esram & Chapman, 2007)

3.3.Current Based Analog MPPT with Pilot Cell

Biiylikgiizel & Aksoy (2016) developed a new low-cost, simple, analogue,
current-based MPPT system for a specific PV module and fixed load in their study.
In the developed system, the irradiance exposure of the PV module was obtained
by measuring the short circuit current of a pilot cell. With this irradiance value
obtained from the pilot cell, the irradiance-Rypp characteristic of the main PV
module and the characteristic of the DC/DC converter are used to determine the
location of the MPP effectively. In the study, KXOB22-4X3 as pilot cell, STP005
as PV module were used and SDM parameters of Main PV module were obtained
by the method described in Section 2.4.2. The accuracy of the model created using
the extracted parameters was confirmed using experimental measurement data. The
designed system was simulated in the MATLAB environment, using both constant
and variable irradiance profiles, and the results obtained were compared with the
experimental results, and it was determined that they were completely compatible.
The theory and working method on which the designed MPPT system is based are
explained in detail below.

The relationship between the optimum load resistance Rj;pp, Which is the
load resistance at the maximum power point of the PV module (STP005), and the
irradiance to which the module is exposed is shown in Figure 3.3 (a). In Figure 3.3
(b), the relationship between the input resistance of the buck type DC/DC converter

whose output is connected to a 30 Q resistor and the duty cycle value is given.
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Figure 3.3 G-Ry;pp and D- Ry relation for STPOOS PV panel (T=25 °C)

As can be seen in Figure 1.11, the load resistance of the PV source in an
MPPT system is actually the input resistance of the DC/DC converter. If the
irradiance value of the PV module and the variation of Rypp according to the
irradiance are known, the location of the MP point can be determined by adjusting
the duty cycle value of the DC/DC converter in accordance with the Rypp-
Irradiance curve.

In Figure 3.4, the relationship of the Dy;pp (Duty cycle at MPP)— Irradiance
is given for the PV system consisting of STP005 PV module and buck type DC/DC
converter with 30 Q load resistance connected. This graphic is obtained via
MATLAB using the Irradiance — Rypp and Duty — Ry relationship given in Figure
3.3. Figure 3.4 shows the required value of the duty cycle, which must be applied
to the DC/DC converter in order to obtain the Rypp that actually needs to be at a
certain irradiance value.

It is seen from Figure 3.4 that the Dy;pp — Irradiance relationship is almost
linear in the range of 0.2-1 kW/m® irradiance value, which is the beneficial region
for PV systems in terms of energy production. On the other hand, as mentioned in
the previous section, the relationship between the short-circuit current /g and

irradiance is also completely linear.
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Figure 3.4 Dypp- Irradiance relation of the main PV with best-fitting line.

Isc- Irradiance curves are given for both Pilot PV and Main PV in Figure
3.3. If the short-circuit current of the Pilot PV, Iscp, is measured correctly and
multiplied with an appropriate coefficient, the irradiance value to which the Main
PV is exposed can be obtained. Then, the Rypp value of the Main PV and thus the
MP point can be followed by using this irradiance value and the Rypp-Irradiance

There is also no need to measure the short-circuit current of the Main PV, as
the method does not require the ISC-Irradiance characteristics of the Pilot PV and
the Main PV to be similar to obtain the irradiance value of the Main PV.
Therefore, unlike similar current-based methods, the efficiency of the system
increases as the Main PV does not need to be short-circuited periodically to

measure the short-circuit current.
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Figure 3.5 Irradiance-Isc characteristics of the main and pilot PV panels.

The functional block diagram of the developed analog system is given in
Figure 3.6. The system consists of five main units: Pilot PV, Current to Voltage
Converter (CVC), PWM controller, buck type DC/DC Converter and Main PV. In

short, the system works as follows;

e To determine the irradiance level of the Main PV, Isc.p is multiplied by a
constant.

o The scaled Isc.p value is applied as an offset value to a summing circuit to
obtain the Irradiance -Dypp characteristic, given in Figure 3.4.

e The result obtained is applied as the control voltage (Vconrror) to set the

duty cycle value to the DC/DC converter.
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Figure 3.6 Functional block diagram of the proposed system.

Considering Figure 3.6, Vconrror can be expressed as:

V.

CONTROL =

Axly ,+B 3.1
where, 4 and B are constants and are calculated as described below using
experimental measurements and data obtained from MATLAB simulations using
the model of the PV module.

The relationship between short-circuit current of the pilot PV using Figure

3.5 (b) (Isc.p) and irradiance:

I, ,=0.015G
— 150713 (3-2)
0.015

Dypp can be expressed as below by using Figure 3.4.

D,y =0.5G+0.23 (3.3)

If Equation 3.2 is substituted in Equation 3.3;
D,y =3331,_, +0.23 (3.4)
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In Figure 3.7, the control voltage-duty cycle curve obtained as a result of
experimental studies of the TL494 PWM controller used in the designed MPPT
system is given. As a result of the curve fitting process using MATLAB and Figure

3.7, the control voltage Vconrror can be expressed as follows;

Voowmon = 3-023% Duty +0.61 (3.5)

By substituting Equation (3.7) in Equation (3.8);

Vowrmon = 3-023(Dyypp) +0.61

(3.6)
=99.97,. ,+13

A =999 Q and B = 1.3 V are found using simulation and experimental
results.

The CVC circuit designed using calculated A and B values is given in Figure 3.8.

The CVC circuit is designed using only a single OPAMP.
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Figure 3.7 D- Control Voltage relation of the PWM controller
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Figure 3.8 Designed analog-based MPPT circuit.

In case of the designed MPPT system is used and not used, power obtained

from the PV module has been examined with simulation and experimental

application, and the results obtained are given in Figure 3.9. The experimental

results obtained regarding the tracking error and tracking efficiency of the system

are given in Table 3.1.
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Figure 3.9 Comparison of the output power of the PV
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Table 3.1 MPPT system error and efficiency at different irradiance  levels for
T=25° C (experimental)
Irradiance Expected  Actual Tracking Tracking
(kW/m?) MPpy (W) Ppy (W) Error%  nueer%

0.2 0.84 0.79 5.95 94.05
0.3 1.33 1.28 3.76 94.24
0.4 1.84 1.77 3.80 96.20
0.5 2.37 2.28 3.80 96,20
0.6 2.89 2.80 3.1 96.89
0.7 3.43 3.32 3.21 96,79
0.8 3.96 3.91 1.26 98.74
0.9 4.50 4.48 0.44 99.56
1 5.05 4.98 1.39 98.61

One-day energy production of the MPPT system was calculated in the
MATLAB environment using real irradiance data, and the system was compared

with the classical P&O method. Comparison results are given in Table 3.2.

Table 3.2 Daily Energy production of the PV panel

Expected  Proposed Method Energy P&O Method Energy
(Wh/day) (Wh/day) Efficiency(%) (Wh/day) Efficiency(%)
20.7 20.6 99.5 20.5 99

3.4.Perturb and Observe (P&Q)/ Hill Climbing (HC)

Perturb and Observe is the most widely used algorithm due to its simplicity
and easy implementation. The P&O algorithm detects a certain change in the
operating point voltage of the PV source (perturb cycle), periodically increases or
decreases the duty cycle value of the DC/DC converter and observes the effect of
this change on the power obtained from the PV source (observe cycle). If the
resulting power is reduced, in other words, AP<0, the change is made in the
opposite direction in the next step.

As long as the change in power value is positive, the duty cycle value

continues to be changed in the same direction. As it can be seen in Figure 3.10,
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since no stopping criterion is defined in the algorithm, even if the MP point is
reached, it is passed beyond this point. The process is reversed as passing the MP
point will cause a decrease in power. The process is reversed as passing the MP
point will cause a decrease in power. This feature of the algorithm causes the
operating point to continuously move back and forth around the MP point (Femia,
Petrone, Spagnuolo, & Vitelli, 2017; Ahmed & Salam, 2014; Grunow, ve digerleri,
2004). This oscillation around the MP point and its misconduct in case of rapid
change of irradiance reduces the system efficiency (Salas, Olias, Barrado, &
Lézaro, 2006; Jiang, Srivatsan, & Maskell, 2018).

Despite the voltage of the PV source is changed by a constant AV in each
perturb step in the P&O method, the duty cycle of the DC/DC converter is changed
by a constant AD in the Hill Climbing method. That is to say, P&O and HC are two
different ways of doing the same basic method. Both methods are summarized in
Table 3-3. There are also studies that change the value of AV or AD as the MP
point is approached. Erroneous results can be obtained in both methods under
rapidly changing irradiance conditions (Veerachary, Senjyu, & Uezato, 2001; Xiao
& Dunford, 2004).

di \ \:\
"; \ 2 <0

4

Figure 3.10 P&O algorithm decision principle
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Table 3.3 Summary of P&O and HC

Perturbation Change in Power | Next Perturbation
Positive Positive Positive

Positive Negative Negative

Negative Positive Negative

Negative Negative Positive

3.5.Incremental Conductance (INC)

The MPPT system, in the INC method, periodically measures the voltage

and current of the PV source and calculates conductance (///) and incremental

conductance (AI/AV) values and finds which way the operating point of the PV

source should be shifted. Then it changes the duty cycle value of the DC/DC

converter by means of changing it and shifts the operating point to the right place.

System operation is summarized in Equation (3.7) and (3.8) (Grunow, ve digerleri,

2004).

da(vi
ﬁzgzj_{_[/iz[_{_[/ﬂ
v dv dv AV
P o AT .(at MPP)

dv AV |4

d—P>O ifA—]>—i ,(left of MPP)
av AV |4

d—P<0 ifﬂ<—i ,(right ofMPP)
av AV vV
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Figure 3.11 INC algorithm decision principle

As can be seen from the flowchart given in Figure 3.12, the biggest
difference from the P&O system is that the MPPT system does not change its
operating point when the environmental conditions and load conditions do not
change (AV and A/ equal 0). A mechanism that is not in the P&O method has been
added to this system to stop the periodic change in PV voltage when the MPP is
reached. Although it has advantages such as keeping up with rapidly changing
irradiance values and not oscillating at the MP point, it is a difficult method to
perform due to its complexity compared to P&O. (Kumar, Yadav, Singh, & Tiwari,

2018; Salas, Olias, Barrado, & Lazaro, 2006).
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Figure 3.12 Flowchart of the INC Method

3.6. Other Methods for Uniform Irradiance

Except from widely used P&O, HC, INC methods, Beta (Jain & Agarwal,
2004; Pradeep, Mouli, Reddy, & Raju, 2015), Current Swep (Tsang & Chan, 2015;
Moring & Pols, 2012), One Cycle Control (Fortunato, Giustiniani, Petrone,
Spagnuolo, & Vitelli, 2008; Chatterjee & Keyhani, 2011), Ripple Correlation
Control (Galtieri & Krein, 2018), System Oscillation (Ho, Chung, & Lo, 2004;
Obaid, Cipcigan, & Muhssin, 2017), Linear Current Control (Mumtaz, et al.,
2018), DC-link Capacitor Drop Control (Prasad, Myneni, & Kumar, 2018; Khatib,
Elmenreich, & Mohamed, 2017), Analytical Solution (Kuperman, 2014), Constant
Voltage (Leedy, Guo, & Aganah, 2012; Tauseef & Nowicki, 2012), Constant
Current (Di, Yundong, & Qianhong, 2014; Anoop & Nandakumar, 2018), Lookup
Table (Desai & Patel, 2007), Pilot Cell (Grunow, ve digerleri, 2004; Biiyiikglizel &
Aksoy, 2016) methods are MPPT methods which take place in the literature and

work under the uniform irradiance.
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3.7.GMPPT-MPPT Algorithms For Nonuniform Irradiance

Partial shading can be overcome where conventional MPPT methods fail by
using modified conventional MPPT methods (modified P&O, INC, HC), soft
computing methods such as meta-heuristic, or mixed methods using some of these
together.

These systems are also called Global Maximum Power Point Tracking
(GMMPT) systems because of their ability to find the highest value, that is, the
global maximum, among multiple maximum power points that occur due to partial

shading in the PV characteristic of a PV source.

3.7.1. Meta-Heuristic MPPT Algorithms

Optimization is an iterative process based on extensive research among
possible solutions to a problem to find the best (optimal) solution to a particular
problem. The best solution may be to minimize the cost of a manufacturing process
or maximize the efficiency of a system such as a PV system. The search process
within the set of possible solutions mentioned in this definition divides the
optimization algorithms/methods into two main classes as Gradient Based and
Direct Search algorithms. Gradient Based algorithms use differential calculus
operations during the search. For this reason, the function to be optimized, which is
also defined as the objective function, must be continuous and differentiable. In an
optimization process, if the objective function is continuous and differentiable,
Gradient Based algorithms should be used if not continuous and differentiable,
Direct Search algorithms should be used.

Most traditional optimization algorithms reach the optimum solution using
the gradient or higher derivatives of the objective function. In contrast, Direct
Search algorithm do not use the gradient of the objective function in solving the
optimization problem. A Direct Search algorithm searches through a set of points
around that point to find a better value (lower or higher) than the objective

function's value at a given point. Today, the most used algorithms in this algorithm
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classification are meta-heuristic algorithms, which are generally nature-inspired
algorithms.

The origin of word heuristically originates from the ancient Greek word
heuriskein, which means the art of developing new strategies (rules) in order to
solve problems. The Greek word meta suffix stands for high-level methodology.
The term meta-heuristic was first used by Glover (1986).

A heuristic algorithm can be considered as a procedure for finding a solution
for a given problem that is not necessarily optimal but can be considered good
enough. Heuristic algorithms are generally considered to be iterative algorithms
designed for a particular problem, where a new solution is sought at each iteration
that may be even better than the previous best solution. When the algorithm
terminates after a reasonable time, the solution it provides is the best of the
solutions found during iterations. No guarantee can be given that the solution
obtained is the optimum solution, but a well-designed heuristic algorithm can
usually provide at least a near-optimal solution.

On the other hand, metaheuristic algorithms are iterative algorithms that are
not designed to solve a particular problem, which combines two concepts of search
space, such as global search and local search, and use learning strategies to
structure the information obtained in order to reach a near-optimal solution.

Metaheuristic algorithms have been widely used in solving optimization
problems of PV systems in recent years, as they have proven their effectiveness in
solving complex optimization problems.

Metaheuristic optimization algorithms which are often inspired by nature,
perform iterative computations by dividing the search space into two main phases
to increase the probability of finding the global optimum solution to the problem.
These two contradictory but complementary search mechanisms are called
diversification/exploration and condensation/exploitation. The diversification
process aims to perform a comprehensive global search in order to eliminate the

possibility of getting stuck in a local optimum mostly through randomization
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within the search range. Condensation or exploitation usually aims to search near
successful samples and find local best solutions by evaluating useful solution

information stored in population memory.

3.7.1.1. Genetic Algorithm (GA)

A genetic algorithm is a nature-inspired algorithm that basically imitates the
theory of natural selection. This algorithm has three main processes called
selection, crossover, and mutation. Studies conducted have shown that GA, which
can be used to determine the parameters of the PV model, can also be used to
determine the MPP of PV systems under PSC (Smida & Sakly, 2015; Shaiek,
Smida, Sakly, & Mimouni, 2013; Daraban, Petreus, & Morel, 2014; Hilali,
Mardoude, Essahlaoui, Rahali, & El Ouanjli, 2022). However, it is complex and
difficult to implement such an algorithm with a low-cost microcontroller because it
requires high processing power. For this reason, it is necessary to use a

microcontroller or DSP with high processing power for MPPT systems using GA.

3.7.1.2. Differential Evolution (DE)

Although the basic algorithm structure of differential evolution is similar to
GA, it has a fundamental difference from GA. In the mutation/crossover
operations used to generate a new population in DE, the difference between two or
more vectors in the population is used to create a new vector.

Tey et al. (2018) proposed an advanced global search domain DE algorithm
for the GMPPT system. Tajuddin et al. (2014) developed the DE (DynNP-DE)
algorithm, which increases the accuracy and high convergence rate, which is a
desired feature in GMPPT systems, whose population size changes dynamically.
In the study by Ramli et al. (2015), a modified differential evolution (MDE) based
MPPT algorithm, which can also be applied to low-cost microcontrollers, is
proposed for PV systems under PSC. The proposed system can be applied to

microcontrollers with low processing power since it does not contain random
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numbers and has only one parameter to be adjusted, and it can reach MPP in a

maximum of 12 iterations for each situation.

3.7.1.3. Cuckoo search (CS)

The CS algorithm is a metaheuristic algorithm developed by Yang and Deb
(2009) based on the vital behaviours and reproductive activities of cuckoos. The
procedure for finding a nest for the cuckoo in the CS algorithm is characterized by
the Levy Flight mechanism instead of a simple random walk.

Peng et al., (2018) proposed a GMPPT system that uses a deterministic CS
(DCS) algorithm, which has some outstanding features such as simple structure and

easy adjustment of parameters.

3.7.14. Ant Colony Optimization (ACO)

Ant colony optimization is one of the types of algorithms designed inspired
by various living species and their behaviour in nature. The ACO algorithm, whose
command values can be adjusted instantly according to changing environmental
conditions, mimics the foraging behaviour of ants to determine the optimum
location within the foraging area. Jiang et al. (2013) proposed a GMPPT system
using ACO for large-scale PV sources.

One of the most important advantages of the ACO algorithm is that its
convergence is independent of the initial positions of the population. However, the
most important disadvantage is that positioning the ants away from the GMPP
increases the probability of getting stuck in the local maximum (Li, Jin, Akram,

Chen, & Ji, 2018).

3.7.1.5. Artificial Bee Colony Optimization (ABCO)
The ABCO algorithm introduced by Karaboga (2005) mimics the foraging
behaviour of bee colonies. The ABCO algorithm working in the MPPT system
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calculates the duty cycle value (D) of the DC/DC converter to change the operating

point of the PV source as follows;

D(i)=D,, +rand[01](D,, - D

max min )

D(i+1)=D(i)+8()(D(1)-D(i-1)) (3:9)

where, O is a constant in the range [-1 1]. The ABCO algorithm is simple as it is
flexible and only has two parameters to set. On the other hand, the convergence of
the algorithm is independent of the initial conditions (Sawant, Lbhattar, & Bhattar,
2016).

3.7.1.6. Grey wolf optimization (GWO)

Grey wolf optimization (GWO) is a metaheuristic algorithm developed mainly
by considering the hierarchies of grey wolves living in groups and their natural
hunting behaviour. The GWO algorithm has three main steps that mimic the wolf
pack's behaviour. These steps are expressed as hunting (searching), following the
prey, encircling the prey, and attacking. The prey-encircling behaviour of grey

wolves can be modelled as follows;

i = GXp(i)—Xp(il (3.10)
X(J+)=Xp()j)-BC

In this model, j represents the current iteration, F, G and B represent coefficient
vectors.

B=2ar,-a
- (3.11)
G=2r
During the iteration processes, vector a is reduced from 2 to O linearly, and vectors
r;and r, are random vectors that can take values in the range of [0 1] (Luo et al.,

2019; Yang et al., 2017).
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3.7.1.7. Bat search algorithm (BSA)

Bats use a feature called echolocation, which functions as a type of radar to
detect obstacles and search for their prey during their flight at night. Bats emit
sounds that can vary in frequency and amplitude. They listen to echoes returning
from objects. They can determine their prey's direction and distance according to
the return signal's direction and strength. On the other hand, bats display
completely random behaviours while searching for their prey. Yang et al. (2010)
developed a metaheuristic method, BSA, inspired by this feature of bats. The
mathematical expression of this algorithm is given in summary in the equation
below.

f':fmin+(f _fmin).a

J max

t+1 _ ¢t t+l
v,m =v,+(x;" —x)f,

(3.12)

t+l _ _t t+1
X/- —X/-+V/-

r t
Xnew - Xo/d +ek

where, xj and vj represent the position and speed of each bat that will be updated
during the optimization process, € represents a random number in the range of [-1
1], and Kt represents the average loudness. The average loudness decreases when
prey is found by the bat.

Kaced et al. (2017) proposed a new MPPT method with very high static
efficiency that can accurately detect GMPP using the BS algorithm.

3.7.1.8. Butterfly optimization algorithm (BOA)

A butterfly produces scents based on the food availability at that location as
it moves from one location to another while foraging. Thanks to this scent, which
can be felt by other butterflies, butterflies can share their personal information with

other butterflies and create a collective social information network.
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BOA is an algorithm that mimics the foraging and mating behaviour of
butterflies. The algorithm has two main stages, namely, global and local. The
global search phase is as expressed in Equation (3.13), and the local search phase is

expressed in Equation (3.14).

XM =xl+(rfeg *—x!)xf, (3.13)

x;" = x] +(r’ex| — x|)xf, (3.14)
x represents the position of the butterfly, x{ represents the solution vector, g*
represents the optimum solution obtained in the ongoing iteration, f;, i represents
butterfly's scent level, » represents a random number in the range of [0 1 ] (Arora &
Singh, 2019).
Aygil et al., (2019) proposed an MPPT system realized using BOA, and
stated that the performance and convergence rate of this system is higher than the

other two methods compared.

3.7.1.9. Firefly Algorithm (FA)

Thanks to a special chemical substance in their bodies, fireflies can emit a
yellow light around them, and they can communicate with other fireflies. Fireflies
convey their status during foraging (whether they have reached the food and the
status of the food) to other fireflies by using these features.

The key parameter that determines the movements of fireflies is the
brightness of the light they emit. If no firefly emits light in the firefly colony, each
firefly moves randomly. In the case of fireflies emitting light, those that emit less
light move towards those that emit more light.

Yang (2008) developed the Firefly Algorithm inspired by these behaviours

of fireflies. The firefly algorithm is summarized in Equation 3.15.
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Ty :|X/ - X,

p(r)=pe ™" (3.15)
i+ i 1

X, ' :Xp+ﬂ(r)(Xj—Xk)+a(rand—5)

wheere, X; and X represent the current position of the two fireflies, 7; represents
the distance between them, S(r) represents attraction among fireflies, 5, represents
the initial value of attractiveness, y represents the light absorption coefficient that
can vary in the range of [0 10], a represents the randomization coefficient.

Sundareswaran, et al., (2015) proposed a new GMPPT system that uses a
firefly algorithm for PV sources operating under partial shade. The implementation
of the proposed MPPT system was carried out using an inexpensive
microcontroller, and the results showed that GMPP tracking could be done
successfully under different irradiance scenarios.

A GMPPT system using a modified firefly algorithm (MFA) with a linear
relationship between the a and fycoefficients is proposed by Teshome et al. (2016)

and Farzaneh et al., (2018) in order to increase the search speed.

3.7.1.10.  Simulated Annealing (SA)

The application of heat treatment (heating and cooling) in order to change
the physical properties of a metal such as hardness is called annealing. The
potential energy of the mass is minimized by optimizing the molecular
arrangement of the metal particles by annealing. The SA algorithm put forward by
Kirkpatrick, et al., (1983) generally adopts an iterative motion according to the
variable temperature parameter, which mimics the annealing process of metals.

Wang et al., (2017) proposed a GMPPT system that uses the Enhanced SA
algorithm with a higher convergence rate and tracking efficiency compared to the

classical SA algorithm.
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3.7.1.11.  Particle Swarm Optimization (PSO)

It is one of the commonly used algorithms for PSO GMPPT systems. The
PSO algorithm was also used in the GMPPT system designed in this thesis.
Therefore, the PSO algorithm is explained in detail in this section.

PSO is a population-based optimization approach inspired by nature and
developed by Kennedy and Eberhart in 1995. It is used to search the solution space
of a problem in order to discover the best solution.

The fact that many animal swarms in nature, such as birds and fish,
communicate with one another in numerous ways during various activities such as
locating food, hunting, and escaping from predators boosts the speed and
likelihood of achieving the objective. The PSO algorithm is based on this
behaviour of animal swarms.

Any individual in a swarm is defined as a particle, and these particles
correspond to candidate solutions of a problem to be optimized. The positions of
the particles randomly placed in the search area at the beginning are updated
according to both the best value they obtained and the best value obtained in the
swarm so that the swarm moves towards the optimum solution. Meanwhile, certain
particles in the swarm are randomly separated, preventing the algorithm from being
locked in any local optimum (Ishaque & Salam, 2012; Sen, Pragallapati, Agarwal,
& Kumar, 2018; Ram & Rajasekar, 2017). The PSO algorithm is mathematically

summarized below.

Particle swarm S;

N particles showing potential solutions for n dimensions;

X, =(X0, %, ,X,.n)TeA, i=12,....N

i il
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The particles are transported through the search space at each iteration using

a position shift termed velocity, which is represented as:
T .
V, =(ViVigseosVy ) 5 =12, ,N

The velocity value of each particle is iteratively changed based on the
information collected in earlier phases of the algorithm to guarantee that the
particles reach any region of the search space and that the global optimum may be
established. The best place that each particle has ever visited is saved in memory

for this reason. The optimal particle locations are calculated as follows;
P={p,p,,... 0y}
p;(¢)=argmax £(¢)

In this equation, ¢ donates the value of the iteration counter.

PSO is a social behaviour simulation model-based algorithm. The
algorithm aims to reach the global optimum using the best position ever visited by
all particles. As a result, an information exchange mechanism is required for the
particles to relay their experiences to one another. If the index of the best position
with the highest function value in the P vector, which holds the best locations of

the particles in a particular iteration t, is indicated by g, it may be stated as follows;
P, (¢)=argmax £ (p,(t))

This value indicates the global maximum value at iteration t since it is the best

value selected by the herd at iteration t.

As a result of the previous statements, the traditional PSO algorithm is

expressed as given in Equation (3.16);

57



3. MPPT ALGORITHMS/ METHODS for PV SYSTEMS Biilent BUYUKGUZEL

v (E+D)=v,(O)+ R (2,(0) = x,(0)+ R, (£, (6) - x, (1))
x;(t+)=x,(t)+v,(t+1) (3.16)
i=12,.,N, j=12,.,n

where, R/ and R2 are random variables with uniform distributions in the range
[0,1], while ¢; and ¢, are weight factors, sometimes known as cognitive and social
parameters, respectively.

After the particles are updated and analyzed at each iteration, the optimal
places in memory are likewise modified. Thus, at iteration t+1, the new optimum

position of xi is defined as follows:

Dt +1) :{X,-(t +1), if £(x,(t+1)>f(pi(t))

p,(t), otherwise

The motion of any particle in the swarm, whose mathematical expression is given
in Equation (3.16), is shown in Figure 3.13. In Figure 3.14, the flow chart of the
PSO algorithm is given.

xi(t+1)

Position after

Cognitive
Global best update acceleration S2F2Pai(t)-Xi(t))
idate social influence
candidate
solution

S Individual best

solution

O vi(t+1)

Cognitive
acceleration
personal influence
ciR1(py(t)-xi(t))
— ¥ i
Position before - vi(t)
update

xi(t)

Figure 3.13 Movement of a particle in search space
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Figure 3.14 Flow chart of the PSO Algorithm

3.7.2. Inflection Voltages Based Methods

When the string current is higher than the short circuit current of any module
in the string, the bypass diode of that module turns on. As Figure 3.15 shows,
when the bypass diode turns on, a break occurs on the I-V curve, as the string
voltage will remain relatively constant. The voltage value at which this break
occurs is called the inflection voltage. As can be seen in Figure 3.15, the local

maximum power points are located near the inflection points.
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Figure 3.15 Inflection Voltages of the shaded PV string

In the Kesilmis, Karabacak, & Aksoy (2020) study, the voltage values of the

inflection points on the I-V curve were calculated as given in Equation (3.17).
Vo li]=ixVa—(n—i)xVb ; 1<i<n (3.17)

where, 7 is the number of modules in the array, i is the module number, Va is the
open circuit voltage of the modules, and Vb is the conduction voltage of the bypass

diodes.

In the proposed method, the voltage values of the local maximum power
points are calculated by multiplying these voltage values with a coefficient k that

varies according to the module, as given in Equation (3.18).
Viw [i]zkaW. [z] (3.18)

where, Vi [i] is the voltage value of the local maximum power point of module .
After obtaining the voltage values of the local maximum power points, the PV

array is adjusted to these voltage values, and the power value obtained at each local
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maximum power point is found. The largest of the obtained power values is the
GMP point.

The study by Mobarak & Bauman (2021), is actually based on the
inflection voltages method. This method uses parabolas with the vertex at the local
maximum and passing through the V¢, as shown in Figure 3.16. The LM, voltage
is found by multiplying the Vo with a coefficient, as in the fractional open circuit

voltage method.

I(Amper)&

8
7
6
st
4
3
2

1+
0

Figure 3.16 Parabolic Assumption Method

The Vsyrr voltages are calculated by finding the intersection point of the
parabola and short circuit currents using Equation (3.19). This voltage value is used
to calculate the voltage value of the next local maximum power point and the
power at that point. After calculating the power value at all local maximum points,

the GMP point is found.

(xi Vi )2 =4/, (yz _IMPP,/) (3.19)
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3.7.3. Two-Stage GMPPT Methods

More than one maximum power point (peak) occurs under partial shading
(PSC) in the P-V characteristic of a PV source. The number of these peaks is
directly related to the characteristic of the shading. Such a PV curve is divided into
regions with a single peak in each section, and the global maximum can be reached
if the location of the peak in each region can be determined using a conventional
algorithm such as P&O or INC. In other words, the location of the GMP point can
be found accurately by searching around the points where the GMP point is likely
to be found using one of the classical search methods (Liu, Li, Wu, & Zhou, 2017;
Gawande, Ghulaxe, Mahatme, Salvi, & Bagewadi, 2021). Although these methods
are similar to mixed methods, they are called two-stage methods.

The two-step method involves using a method such as metaheuristics to
determine the approximate position (a range) of the GMPP in the first step, using
traditional MPPT methods to determine the precise position of the GMPP.
Therefore, the key to the success of the two-stage method is the accuracy of the
GMPP range obtained in the first stage.

In the study of Patel and Agarwal (2006), it was determined that the
minimum distance between the local maximum power points occurring in the P-V
characteristic of a PV source under partial shading is 0.8V,c, and the local
maximum power points can be located at 0.8V or its integer multiples.

In the method proposed by Patel & Agarwal (2006), firstly, the total open-
circuit voltage of the series-connected string is found, and the search is started at
the point of 0.8Voc(rorar) with the P&O algorithm. The first peak is found, and the
power value is recorded. The other peak is found by shifting the search point of the
P&O algorithm 0.7Vocmobug), and the power point is recorded. The process
continues in this way until the next power value is less than the previous one. As
shown in Figure 3.17, if the power value of the previous peak is greater, it is

necessary to return to that point since it is the global maximum.
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e\

Power

\

Voltage

Figure 3.17 Method proposed by Patel (Patel & Agarwal, 2008).

In the study by Koutroulis & Blaabjerg (2012), to roughly determine the
location of the GMPP, they used a similar method to scan the entire P-V curve with
constant AP (called as Global Biased Search) as shown in Figure 3.18, As can be
seen from the flowchart given in the figure, in this method, after the global scan, a
local search is performed using another method around the highest value found in

the previous global scan in order to pinpoint the location of the GMPP.

Figure 3.18 Method proposed by by Koutroulis & Blaabjerg (2012)
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Figure 3.19 Flowchart of the Method proposed by Koutroulis

In the study by Kumar, Prabhakaran, & Balasubramanian (2022), an area
whose boundaries are changed dynamically is searched instead of searching the
entire I-V or P-V curve to find the GMP point. The boundaries of the searching

area are updated using Equation (3.20) at each sampling.

V — PMAX
MIN
I
MPP,STC (320)
] — PMAX
MIN O 9V

*Z7 OCSTRING

Pyx 1s the highest power value obtained during the scan so far, and Vjgyand gy
are limit values in this equation. On the other hand, using the difference of the
power values obtained in two consecutive samples, it is determined in which region

of the I-V curve (constant current or constant voltage) the current operating point is

64



3. MPPT ALGORITHMS/ METHODS for PV SYSTEMS Biilent BUYUKGUZEL

located. A constant increase in current or voltage is made according to the region
where the operating point is located. When the stopping criteria, which is set as
0.91 > Iy , 1s reached, the operating point of the array is brought to the voltage
value of the highest power value obtained during the scan. From this point on, the
location of the GMP point is determined using the classical P&O algorithm.

In a similar study by Deboucha, Kermadi, Mekhilef, & Belaid (2021), an
algorithm named Voltage Track Optimizer MPPT was proposed. As in the previous
study, this study is also based on the principle of not doing a search in an area that
is thought not to contain GMP point. The key parameters of the proposed method
are given in Equation (3.21). The parameters given in Equation (3.21) are

dynamically updated according to the data obtained at the end of each sample.

_ Bowr

Vs v stc
Viax = O'9VOC,STC
Ly = @

Viax (3.21)
Virarr <0-5V1x
Virarr <Viay

P
Vear = IG A

SDP

where, Pgypp 1s the highest power value obtained during the scan so far, Vrgr is
the starting point voltage of the scan, V;p is the ending voltage of the area that
will not be scanned. Ispp is the current value of the transition point of the [-V curve
from the current source region to the voltage source region, also called the section
dividing point (SDP). The first point where the difference between the current
values read in two consecutive samples falls below a particular value is recorded as

the SDP point. The proposed algorithm works as follows.
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Suppose the difference between the power values obtained from the array as
a result of two consecutive samplings is above a particular threshold value. In that
case, a new scanning process is started because the PV system's operating
conditions change. The initial power value is recorded as the current Gypp value,
and then, Viyx, Vigyv and Iy values are calculated using Equation (3.21). If the
starting point is in the range of [0 — 0.5V, 4x], scanning is performed to the left
side of the P-V curve, otherwise to the right side.

If the Vrgr < Viyn , the condition is met in the scans to the left side, and the
scanning process is terminated. Then the conditions given in Equation (3.22) are
tested. If both conditions are not met, scanning continues in the [Vsrarr — Vocl
interval. Otherwise, the scan process starts from Vg p voltage. The scanning
process continues in scans made to the right side until any of the conditions given
in Equation (3.22) are met. When the V},x is reached, the P&O algorithm is run to
find the exact location of the GMPP.

1

START

Vo >

SKIP — VMAX

<1

MIN

(3.22)

Karabacak, Kesilmis, & Aksoy (2022), in their study, proposed a new
method to avoid the erroneous results of the inflection voltages method. In the
proposed method, the voltages of the inflection points and the local maximum
power points are calculated as given in Equations 3.17 and 3.18. Then, the power
values of all local maximum power points are measured, and the exact location of
the GMP point is found by running the P&O algorithm around the point estimated
to be the GMP point.
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3.8.Hybridized MPPT Methods Under PSC

A method capable of finding the global maximum power point can often be
combined with another conventional or non-conventional method to increase its
efficiency/accuracy. These methods are called hybrid methods.

Alik et al. (2015) proposed a method combining NN and P&O algorithms. In
this method, NN gives an initial reference for the P&O algorithm, and P&O
performs a precise search according to this reference. The system's performance is
increased by combining the speed of NN and the accuracy of P&O.

Mohanty et al. (2017) proposed P&O and GWO algorithms, Lian et al.
(2014), Suryavanshi et al. (2012) proposed P&O and PSO algorithms,
Sundareswaran et al. (2015), proposed P&O and ACO, Pilakkat & Kanthalakshmi,
(2019) proposed methods combining P&O and ABCO algorithms.

In the case of partial shading in these proposed methods, the global
maximum point is approximately determined using one of the metaheuristic
methods. Then the P&O algorithm is used to determine the exact location of the
GMPP. The convergence speed of metaheuristic algorithms increases with fewer
iterations using the P&O algorithm.

Rahman & Islam (2020) proposed a new hybrid method (PSO-ANN) in
which PSO and ANN algorithms are used together, which can find the global
maximum among multiple maximum power points that occur in the case of partial
shading.

Gawande, Ghulaxe, Mahatme, Salvi, & Bagewadi (2021) proposed a method
(INC-PSO) in which the INC algorithm is run in the absence of partial shading, and
the PSO algorithm is run in the case of partial shading, thereby increasing the
efficiency of the MPPT system.
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4. BD CURRENT BASED GMPP ESTIMATOR

The position of the global maximum power point on a P-V curve is first
roughly estimated by the global search process and can then be located using the
local search process within the expected range, as with Two Stage MPPT systems.
Most of the GMPPT systems discussed in the preceding sections search the whole
P-V curve for the GMPP point. For this reason, the PV source is also operated at
operating points quite far from the GMP point. On the other hand, even if various
procedures, such as heuristic algorithms, are employed to minimize the search
time, obtaining the GMP point takes a long time because the search space covers
the whole P-V curve. All of these have a degrading effect on system efficiency. As
a result, determining the range where GMPP can be found and searching only that
region produces results much faster than searching algorithms that search for the
entire P-V curve.

In this thesis, a new system is designed to determine the relative irradiance
values of PV modules in a series connected array by measuring the currents
passing through the bypass diodes and estimating the GMPP's location using these

values.

4.1. Analysis of the P-V Curve of the PV String

Figure 4.1 shows the I-V curve obtained in STC one PV module under
uniform irradiance of a PV array consisting of 4 PV modules connected in series.
The parameters obtained in STC of the PV module used in the simulations are
given in Table 4.1. As can be easily seen from Figure 4.1, the I-V curve on the far
right, that is, the I-V curve of the PV array; actually, consists of the sum of the I-V

curves of 4 single modules.
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Figure 4.1 I-V curve of the PV string consisting of four modules under uniform
irradiance

Figure 4.2 shows the I-V curve of the same string under partial shading and
the amount of irradiance to which the PV modules are exposed, and Figure 4.3
shows the P-V curve under partial shading.

In the first region (S1) located at the far right of the I-V curve given in
Figure 4.2, the string current is smaller than the short circuit current that can be
produced by the M4 module with an irradiance value of 500 W/m®. For this reason,
the bypass diode of all modules is cut off, and all four panels produce an energy
proportional to the irradiance value they receive. As a result, all four panels help to
produce the local maximum power point in this region.

In the second region, the by-pass diode of the M4 module turns on since the
string current is greater than the short-circuit current that the M4 module can
produce. Therefore, the M4 module can no longer generate energy and it does not
help to establish the local maximum power point in this region.

When the array current surpasses the short circuit current of the M2 and M3
modules, which receive 700 W/m® irradiance, the bypass diodes of these modules

turn on, and the third region (S3) is entered. The local maximum power point in
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this region will be determined only by the M1 module, as other modules cannot

produce energy.

Gui=1000 W/m?
PM(NH ) GM2=7OO W/mz
GM3:700 W/m
Gume=500 W/m?

PM(M1+M2+M3)

PM(M1+M2+M3+M4)
Section
n

10 20 30 40 50 60 70 80

0
V(Volt)

Figure 4.2 I-V curve of the PV string consisting of four modules under PS

Table 4.1 Parameters of the PV string used in simulations

Parameter Value (@STC)
Voc (V) 21.80

Viree (V) 17.30

Isc (A) 7.90

Iyep (A) 7.23

Puiep (W) 125

alSC (% °C) 0.0428

a VOC (%°C) -0.3627

NS 36

A power of 125 W (Pypp=125 W in STC) can be produced because only the
M1 module, which receives 1000 W/m? irradiance, is active in the S3 region, as

shown in Figure 4.3.
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Figure 4.3 P-V curve of the PV string consisting of four modules under PS

In the S2 region, all modules except the M4 module contribute to energy
production according to their irradiance and operating points. Although the M1
module receives full irradiance, it contributes to energy production with a power of
less than 125 W as the operating point moves away from the maximum power
point due to the decrease in the string current. This situation can be easily
understood from Figure 4.4, which shows the change of current and voltage in the
entire P-V region of the M1 module.

All modules are active in the S1 region due to the decrease of the string
current. However, although modules other than the M4 module, which can operate
at the maximum power point, contribute to power generation, as they move away
from the maximum power points, they can no longer produce the power they could

produce in the previous regions.
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Figure 4.4 Voltage and current of the M1

In Figure 4.5, the P-V curve of the array and P-V curves of the modules
consisting of this string are shown on the same graph. When the figure is
examined, the contribution of each module to the local maximum formation in the
S1 region can be easily seen. The contribution of the modules to the local
maximum power point of 285 W in the S1 region is 76 W, 73 W, 73 W and 63 W,
respectively.

As a result, the power that can be obtained for any operating point from a PV
string with a bypass diode operating under partial shading is the sum of the power
that each module consisting of that string can produce at that operating point.

On the other hand, if the power that modules with different irradiance values
can produce at any operating point of the string can be determined, the location of

the local maximums can also be determined.
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Figure 4.5 P-V Curves of the String and Modules

4.2. Maximum Power-Irradiance Relation

There is various research in the literature that investigates the relations
between the maximum power generated from a PV source and the irradiance.

Outdoor measurements were performed in the study conducted by King et al.
(2002) for amorphous silicon (a-Si) and multi-crystalline silicon (mc-Si) PV
modules at Sandia National Laboratories (SNL). According to the measurement
results of this study, the relation between maximum power and irradiance is linear.
In another study conducted by King et al. (2004) at the Sandia Laboratory to
develop a PV performance model, outdoor measurements made on the mc-Si PV

module also showed that this relationship is linear, as shown in Figure 4.6.
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Figure 4.6 Maximum Power- Irradiance relation of the PV Module (King,
Kratochvil, & Boyson, 2004)

Marion (2008) created a PV performance model, commonly known as the
PVFORM model, at the National Renewable Energy Laboratory (NREL). This
model works with PV WATTS, NREL's web-based program, for calculating the
power generation of grid-connected PV installations. The relation between the
maximum power generated from the PV module and the irradiance and
temperature is specified in the PVFORM model by splitting the irradiance into two

distinct areas;

if G>125 W/m’;
G

PM(G,T) :G_PM(STC) (1+ 7/(T_TSTC ))
. STC i (4.1)
if G <125 W/m~;
0.008G>
PM(G,T) :G—PM(STC‘) (1 + 7(T — Ty ))

STC

In this equation, y donates the temperature coefficient of P, G denotes irradiance,
and T denotes temperature. The STC index indicates that these are the values at the

STC.

75



4. MPPT ALGORITHMS/ METHODS for PV SYSTEMS Biilent BUYUKGUZEL

Since the efficiency of PV sources decreases significantly at low irradiance
values, the irradiance range of 200-1000 W/m”® is considered the effective range
(Grunow, ve digerleri, 2004; Mavromatakis, Vignola, & Marion, 2017). As shown
in Equation 4.1, the relationship between maximum power and irradiance is linear
in the 200-1000 W/m® irradiance range.

Huld et al. (2011) analysed the performance of crystalline silicon (c-Si) PV
modules based on their irradiance and temperature values. The coefficients in the
proposed model were discovered utilizing data from indoor and outdoor
measurements as well as the curve-fitting approach. In this model, the relationship

between power, temperature and irradiance is defined as follows.

2
1+k11n( 5 J+kzln[ G ]
GSTC GSTC

+k3(T—TSTC)+k4(T—TSTC)ln( ¢ ] (4.2)

P P G

mpc.ry — Lmpsto) G
STC

STC

¢\ T Y
+k5(T—Tm)1n(—j +k6( ]
GSTC TS’TC

If the temperature value is the same as in the STC, Equation (4.2) becomes the

following equation since only the components with irradiance are effective.

2
G G G
P =P L 4k In| —— |+ &, In| —— (4.3)
MP(G.,T) MP(STC) GSTC [ 1 (GSTCJ 2 [GSTCJ J

There is a 15% deviation between the coefficients determined to be k;=-
0.01724, k,=-0.04047, and ks=5.0x110"° by Huld et al. (2011) and the calculation
for 200 W/m* using Equation (4.3) and the calculation using Equation (4.1).
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However, the same research also indicated that this proposed approach produced
excessive spikes at irradiance values of less than 300 W/m® in some PV modules.
If the relationship between the maximum power obtained from a PV source
and the irradiance is considered linear, the maximum power that can be obtained
for any irradiance value can be found by using the irradiance value to which the PV
source is exposed and the maximum power at the STC. The maximum power
obtained by this method will be valid for the STC temperature value. As shown in
Figure 4.7, the maximum power of two PV sources with the same temperature but
different irradiance may be determined by referring to the irradiance values and the

maximum power in the STC.

N
2 Pwstc f-————-------———- |
|
Module 1 L | |
N |
G~ . !
2 P2 | : :
| | [
| | | I
Il L Il :
3A G, Gi  Gsrtc G
Module 2

Figure 4.7 Maximum Power- Irradiance relation

At the same time, the P), value of one of the modules can be normalized and
used as a reference, and the Py, value of the other can be found relatively. For
example, if the maximum power that can be obtained from Module-1 in Figure 4.7
at G, irradiance value is accepted as 1 unit, the maximum power that can be
obtained from Module-2 operating under partial shading at G, irradiance value
will be Pyp= G, /G; unit.

On the other hand, as mentioned before in Section 1.5, when the terminals of

the PV panel are short-circuited, the short-circuit current /sc produced by the PV
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panel is equal to the current produced by the light, /py, if the effect of the series
resistance is neglected. Since /py changes linearly with irradiance, Igc also

changes linearly with irradiance as expressed in Equation (4.4).

G
[SC(G) = [G_J ISC(STC)

sTe (4.4)
Lsew __G (4.5)
[SC(STC) Gore

Equation (4.5) obtained by arranging Equation (4.4) shows that since the
relationship between short-circuit current and irradiance is linear, the irradiance
value can be used instead of the current value normalized with the /¢ (stc) value.

The P-I curve of the EE125MF5 PV panel, whose model is used in this
thesis study, obtained from the simulation in the MATLAB environment at a
constant temperature of 25 °C and different irradiance values, is given in Figure
4.8.
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Figure 4.8 P-I curve of the EE125MF5 PV panel
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4.3.Relation Between Irradiance and Bypass Diode Current

Figure 4.9 depicts two series-connected PV modules, one of which is
partially shaded. The first one of these modules is exposed to G, irradiance and
can generate the /gc; short circuit current. Because the second module is partially
shaded, it gets irradiance with a G, value lower than the G; value and can generate
Isc> short-circuit current that is lower than Isc;. Because the PV array's output is
short-circuited and a bypass diode is attached to the modules, a current equal to Is¢;
current runs through the array. The bypass diode of the second module will
activate because the short circuit current produced by partial shade is less than the

string current.

Module 1

g,
S

[
|
[
[
[
|I BPD1
[
[
[
|

lpv=lsci g

BPD2

IBPDZ

________________ T-

Figure 4.9 Bypass diode current of the PV under PS

If both modules are assumed to have identical properties, the current flowing

through the second module's bypass diode BPD, will be as follows;

79



4. MPPT ALGORITHMS/ METHODS for PV SYSTEMS Biilent BUYUKGUZEL

Lop, =[PV _[552

1

5C2

(4.6)

sc1

Equation (4.4) expresses the relationship between short-circuit current and
irradiance. If both modules are identical and at the same temperature, then using

this equation, the following statement can be made;

G &,

SC(STC) — SC(STC)
GSTC Gsrc
Gl F- Gz
=1 SC(STC) G
STC

Since a current equal to the short-circuit current of the first module receiving G,

/

BD2 —

4.7

irradiance from the PV array passes;

1, =1

v = Lscien
_/ G, 4.8)
—Ascistey A~
Gore
From the Equation (3.18),
G
[SC(STC') =1py 2.” 4.9)
1

If Equation (4.9) is written in Equation (4.7);
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G G -G
Lopy =1y 2.”( IG ZJ

1 STC

(4.10)
G
inf1-%)
Editing the expression in Equation (4.10) yields Equation (4.11).
G 1- Lopr 4.11)
Gl [PV

In fact, Equation (4.11) shows that the irradiance values of PV modules with
and without partial shading can be found relatively if the bypass diode and PV
array current are known. It is clear that the value obtained by Equation (4.11) is a
ratio and dimensionless. Therefore, the unit of the calculated irradiance values is

the unit.

4.4.Estimation of the GMPP Using Bypass Diode Current

Figure 4.10 shows the P-1 curve of the PV string mentioned in Section 4.1.
For any operating point or string current, the power to be obtained can be
calculated if the power to be produced from each module at that current value is

determined.
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Figure 4.10 P-I Curves of the String and Modules

For example, a power of 285 W can be obtained at the operating point where
the string current is 3.78 A. This point is also the global maximum power point, at
which the modules produce 76 W, 73 W, 73 W and 63 W, respectively. At this
point in the P-V curve, it can be seen that only one module is operating at the
maximum power point, while other modules are not operating at maximum power
because they are far from their maximum power points.

In order to determine the GMP point, first of all, it is necessary to determine
the irradiance value to which each module forming the array is exposed, using the
method described in Section 4.3. For this purpose, both the string current and the
bypass diode currents are measured by short-circuiting the ends of the PV string.
After the current values are obtained, the irradiance values are found by the ratio of
the bypass diode currents to the string current. In the case of a short circuit, no
current will flow through the bypass diodes of the modules with the highest
irradiance value. In this method, the irradiance values of the modules whose bypass

diodes in the off state are accepted as 1 Unit irradiance.
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The measurement values obtained in the short circuit condition of the string
mentioned in section 4.1 and the irradiance values obtained using Equation (4.9)
are given in Table 4.2. In this table, Shading Pattern 1 (SP1) indicates that the
modules are exposed to 1, 0.7, 0.7, and 0.5 kW/m’, respectively, and SP2 indicates
that they are exposed to 0.8, 0.7, 0.7, and 0.5 kW/m?, respectively. As can be seen
from Table 4.2, although the highest irradiance values were 1 and 0.8 kW/m’ in
different shading patterns applied to the string, the calculated irradiance values are
found to be 1 unit for both.

At irradiance values lower than STC, the string current will decrease.
However, the module with the highest irradiance value in the string also has the
highest short-circuit current. The bypass diode of these modules will not turn on in
the case of a short circuit. Therefore, the irradiance value of the module with the
highest irradiance value in a string is always considered as 1 unit. The irradiance
values of other modules are found by comparing the irradiance value of this

module.

Table 4.2 Current and Irradiance values of the PV string

IPV IBD'] IBD2 IBD3 IBD4
Current (A) 7.9240 0 23712 | 2.3712 | 3.9523
SP1 Irradiance (kW/m?) - M1 M2 M3 M4
(Applied) 3 1 0.7 0.7 05
Irradiance (Unit) -
(Calculated) 1 0.7007 0.7007 0.5012
lpy lgp1 lgp2 lsp3 lgp4
Gl ) 6.3423 0 0.7769 | 0.7769 | 2.3644
Irradiance (kW/m?) - M1 M2 M3 M4
SP2 | (Applied) - 0.8 0.7 0.7 0.5
Irradiance (Unit) -
(Calculated) 1 0.8775 0.8775 0.6272

This value actually shows the panel that produces the highest power in the

array as it has the highest irradiance value considering Equation (4.1). The
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maximum power produced by the other modules of the string can be found
relatively by referencing this module.

Using the given data in Table 4.2, it is conceivable that the following
methods could be used to determine which region contains the global maximum
power point. As given in Table 4.3, assuming that each bypass diode forms a
different region in the P-V curve, the maximum power that the active modules can
produce in these regions can be summed, and the region of the global maximum

point can be found.

Table 4.3 Two different approaches for GMPP

Section Module Power (Unit) Estimated Total | Estimated Total
Power Power
(unit) (W)
M1 M2 M3 M4
S4 1 - - - 1 125
S3 1 0.7 - - 1.7 212.5
S2 1 0.7 0.7 - 2.4 300
S1 1 0.7 0.7 0.5 2.9 362
S4 1 - - - 1 125
S3 0.7 0.7 - - 1.4 175
S2 0.7 0.7 0.7 - 2.1 262
S1 0.5 0.5 0.5 0.5 2 250

The most important problem to be overcome is to accurately determine the
contribution of a module that produces maximum power in one region to power
generation in another region.

For example, the module on the far left in the P-V curve given in Figure 4.5
is the module with the maximum irradiance and produces maximum power in the
0-21V region. When moving to the next region, the contribution of this module can
be taken as "1" unit, since the irradiance does not change. Or, it can be taken as
“0.7” unit since it has the same current as the module with less irradiance in the
next region. But both approaches will produce erroneous results, as shown in Table

4.3.
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In fact, it is clearly seen in Figure 4.11 that the calculation cannot be done in
these ways. It can be seen that the module with the highest irradiance in the array
produces only 76 W instead of 125 W at the global maximum power point. This is
because the module is not operating at its maximum operating point. Therefore, for
any irradiance value, the power produced by a module must be calculated

according to the operating point of the PV string.
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Figure 4.11 P-I data of String and its Modules

The direct calculation of the contribution of modules exposed to different
irradiance values in a PV string to the power produced at any operating point of the
string is difficult because the characteristics of I-V, P-V and P-I are not linear.
Compared to the I-V and P-V curves, the shape in which the P-I curve is relatively
linear, at least in the range [0-MPP], can be seen in Figure 4.11. On the other hand,
as previously mentioned, the x-axis of the P-I curve can be converted into the
irradiance axis with a suitable normalization process. Although relatively linear,

using the P-I curve to mathematically calculate the power to be obtained from a PV
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array at any operating point would be a rather erroneous approach. After applying
the piecewise linearization process, the use of the P-I curves in the calculation of
the power that can be obtained according to the operating point is a method that
will minimize the errors.

The P-I curve of the PV module, which is exposed to 1 kW/m* and 0.4
kW/m? irradiance values, whose basic parameters are given in Table 4.1, is given in
Figure 4.12._Actually, this curve is the P-I curve of a PV string consisting of two
modules and exposed to different irradiance values. The P-I curve of the PV
module operating at 1 kW/m?® irradiance value is linearized using the B line
between the Pyp; and Pc; points and the A line between the Py and 0O points. The
same process is done for the other curve using lines A and C. So; the curves are

linearized using the piecewise linearization process.
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Figure 4.12 P-I curve of the PV module under different irradiance

The equations of the lines A, B and C for the module whose parameters are

given in the Table 4.1 are given below.
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v, =20.62x
Vv, =32.5+12.7x

(4.12)
Ve =12.5+12.7x

Since the irradiance-maximum power relationship is linear, as explained in
Section 4.2, it is clear that these lines belonging to two panels with different
irradiance values will be parallel, and only the offset values will change according
to the irradiance. For this reason, the general equation of this trend line passing
through the maximum power point can be written as follows since the coefficients

given for the B line in Equation (4.12) are obtained for STC.

W(G)=32.5G+12.7x (4.13)

Using the A and B lines to find the power that a module exposed to
irradiance at the value of 1 kW/m” can produce at any operating point by using the
mathematical method will enable it to overcome the difficulties arising from the
nonlinearity in the P-I curve. It is clear that if the operating point is between the
Pmpr and the PC1 points, line B should be used, and if the current value is smaller
than PCI1, line C should be used. In fact, the P¢; point is the point where the line
change should be made. The same is valid for the module exposed to 0.4 kW/m?
irradiance. If the operating point is between the Py, and the P, points, the C line
should be used, and beyond this point, the A line should be used. The value of the
Pc points, which are the line change points, can be easily determined by using the
equation of line C to be used for that irradiance value and the equation of line A.

Using the method described above, the power produced by module 1 can
be calculated in addition to the power produced by Module 2 at the Pyp, operating
point. It can be seen from Figure 4.12 that the power produced by Module2 at the
Pup; operating point is 50 W, while the power produced by Modulel is 60 W, and

total power of 110 W is produced at this operating point. This value can be
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calculated using current values and Equation 4.12. At 2.9 A current value,
ya=59.79 W, yc=49.47 W is found, which confirms the result obtained graphically.
On the other hand, the global maximum power value that can be obtained from a
PV array in a given partial shading pattern can also be calculated using the same

method.

V4= Ve (4.14)

20.62x =32.5+12.68x
If the x-axis of the P-I curve given in Figure 4.12 is normalized with the 7p
value obtained in the STC of Modulel, the x-axis values can also be used as the
irradiance value for the maximum power points of the PV module. As can be seen
in Figure 4.13, as a result of the normalization of the x-axis, the maximum power

points of the Modules coincided with the irradiance values they were exposed to.
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Figure 4.13 P-I curve with normalized x axis

The irradiance value obtained by the method described in Section 4.3 is not

an absolute value, but a relative irradiance value obtained according to the highest
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irradiance value in the string. Therefore, the power values found using this
irradiance value are the relative power values found by referencing the module
exposed to the highest irradiance value in the string. Therefore, the power axis of
the P-I curve given in Figure 4.13 should also be normalized for lines A, B and C.
If these lines are normalized with 125 W, which is the maximum power of the

module at STC, the equations of the lines given in Equation (4.15) are obtained as

follows;
v, =12G(x)
vz =0.260+0.740G(x)
(4.15)
Ve =0.104+0.740G(x)
PC[G(M)] =Fq, xG(M)

where, G(M) is the irradiance value of the module and G(x) is the normalized
current value on the x-axis and, indirectly, the irradiance value for maximum
power points. Pc6ar; denotes the irradiance value of G(M) and the P value of the
module.

Py value is found as 0.56 for STC by using y, and yp given in Equation
(4.15). Pc values required for other irradiance values can be calculated as given in
Equation 4.15. For example, Pc(0.4) value required for the irradiance value of
G=0.4 kW/m’ is found as 0.54 x 0.4 = 0.22. This value can also be verified
graphically from Figure 4.13. It is clear that this value is actually the current value.

The equation y, of line A in Equation 4.15 is the same for all modules'
irradiance values. However, since the expressions of lines such as B and C passing
through the maximum power points of the modules depend on the irradiance of the
modules. It will be easier to use the general irradiance dependent form of line B as

given below.

Ysjoury = 0-260G(M) +0.740G (x) (4.16)
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After obtaining these values for the PV module used, the location of the
global maximum power point of the PV string operating under any shading pattern
can be determined by calculating the total power for the irradiance value of each
module.

For this purpose, first of all, the PV string is short-circuited, and the current
values of the bypass diodes are obtained. And then, the irradiance value of each
module is calculated using Equation (4.11) according to the irradiance value of the
module with the highest irradiance. Since the calculated irradiance values are not
absolute irradiance values, the irradiance value of the module with the highest
irradiance is always evaluated as 1 Unit [rradiance. For this reason, the power
value produced by the module that receives the highest irradiance is always
considered as 1 Unit W.

After the irradiance values of each module are found, they are sorted from
the highest to the lowest. The purpose of this operation is actually to obtain an
ordered array, as in the P-I curve. Then, using Equation (4.15), P¢ values, which
are the change points of linearization lines, are calculated according to the
irradiance value of each module.

The power that can be obtained from the string at the maximum operating

point of any module can be calculated as follows:

P(i)=P(1)><G(i)+iZ_l:E(j,i) 4.17)

where, the values of i and j refer to the position of the modules in the order of
irradiance, not their position in the string. E(j,i) indicates the contribution of
modules that receive higher irradiance but do not operate at their maximum power
point to the power produced by the module operating at any irradiance value and at
its maximum power point. For example, E£(1,4) represents the contribution of the
module, which is the first in the irradiance ranking because it receives the highest
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irradiance, to the power produced by the module, which is the 4th in the irradiance
ranking.

This contribution is calculated as:

N {0.260G( J)+0.740G() ,if G(i)> Py
Jol)=

oVl (4.18)
1.2G (D) , otherwise

To give an example, the components that make up the power at point A on the I-P
curve shown in Figure 4.11 are the contributions made by the M4 module operating
at its maximum power point and the M1, M2 and M3 modules which are not
operating at their maximum power points.

The operation of the Global Maximum Power Point estimator described in

this section is summarized in the flowchart given in Figure 4.14.
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Figure 4.14 Flow chart of the GMPPT location process

4.5. Relationship of Vy¢ with Temperature and Radiation

The relationship of Vo with temperature and radiation is given below.

n.kTn G
Voc (G,T) = Voc,(src) + g In G T e (T - Y—ESTC)) (4.19)

(s70)

where, ay ¢ 1s the temperature coefficient for Vpc. As can be seen from the given
equation, Vyc changes with both radiation and temperature._The [-V curves
obtained for different radiation and temperature values obtained as a result of the

simulation using the MATLAB model is given in the Figure 4.15. From the
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obtained I-V curves, when the STC values are taken as a reference, it is seen that
the maximum deviation occurs in the minimum temperature/maximum irradiance
and maximum temperature/minimum irradiance conditions. From the I-V curves
given in Figure 4.15, it has been determined graphically that the total deviation
value is 7.73 V.

Although this deviation is not at the predicted power value, it will cause a
deviation in the GMP point pointed out by the estimator since the Vyc value is
taken as a constant. However, this deviation will have no effect on the exact
determination of the GMP point if the MPTT system is allowed to search within a

sufficiently wide range centred on the given point.
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Figure 4.15 1-V curves at different irradiance and temperature values.
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5. BDC BASED GMPP TRACKING SYSTEM

In order to locate the GMP point, it is necessary to scan the entire area of the
P-V curve in many GMPPT systems given in the literature. Instead, roughly
determining the location of the GMP point using an estimator and then reaching the
result using a search algorithm around this determined location will shorten the
search time considerably. In this thesis, the GMPPT system designed for PV

sources operating under partial shading is given in Figure 5.1.

PV String BOOST DC/DC
CONVERTER
+ YY Y ’:
Y L
D
T Cin M jl— Cout —|— Rioap
Bypass Diode lpy Vey
Currents
IBD1..IBD6
/ Y PWM
output
GMPP PSO OUTPUT +
ns —m i PI PWM
ESTIMATOR ALGORITHM | OFFSET
Voc | VRrer e D

VOC, i

Figure 5.1 Block diagram of the GMPPT System

The system is intended for six series-connected 125 W Mitsubishi PV-
UE125MF5N PV module, each with a bypass diode connected in parallel. As a
DC/DC converter, a boost type converter is utilized where the input resistance can
be modified in the R;-0 range by adjusting the duty cycle value. Basically, the

system works as follows;
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First of all, the voltage of the PV array is brought to the Voc/4, which is very
close to the short-circuit condition, in order to turn the bypass diodes of the panels
into conduction, except for those exposed to maximum irradiance. Then, both the
array current and the bypass diode currents are measured.

As can be seen from Figure 5.2 and described in the previous section, the
GMPP Estimator Algorithm determines the estimated location of the GMP point as
i X Vgc. The i value here, actually indicates how many modules should be active
for GMPP if the modules are ordered from largest to smallest according to their
irradiance values.

Using this value and Equation (5.1), the PSO algorithm output in the range
[0 1] is transformed to the voltage range where the GMP point is located and
applied as a reference voltage to the PI controller. As a result, the PSO algorithm

is guaranteed to search inside this voltage range.

Vige =1 XV, +V,, (2(0,,5 —kw)) (5.1

In this equation, Opso represents the PSO algorithm output value, and &y is
the offset value of the voltage search window. When this value is set to 0.5, the
search range to the right and left of the point indicated by the GMPP Estimator will
be equal.
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Figure 5.2 Searching area of the PSO pointed by GMPP Estimator

For the purpose of finding the GMP point, giving a range determined by the

GMPP Estimator as a search area to the PSO algorithm allows searching in a much

smaller area than the [0 Vocsrrivg)] Tange.

If the estimator is pointing to the last section, only the left side of the centre

point will be scanned, as the centre point of the scan area will be the Vocsrrivg)-

Therefore only for the last section, the centre point of the scan window will be

shifted one section before.

The search area of the PSO algorithm is reduced by two-thirds in a string

with six bypass diodes, as demonstrated in this study. It is clear that this ratio will

be much higher as the number of bypass diodes increases.

97



5.BDC BASED GMPP TRACKING SYSTEM Biilent BUYUKGUZEL

5.1.DC/DC Converter
The relation between the input and output voltage of the Boost DC/DC

converter;

Vour = = (5.2)

where, D is duty cycle value. Using this equation, the relation between the load
resistance and the input resistance of the Boost DC/DC converter can be expressed

as follows;

R, =(1-D)R, (5.3)

Equation (5.3) demonstrates that when the D value changes in the [0 1]
range, the R;y value changes in the [R; 0] range. The load resistance of the PV
array is also the input resistance of the DC/DC converter. Therefore, since it is
necessary to operate the PV array at a point close to the short-circuit condition, the
boost topology, whose input resistance can be changed in the [R; 0] range, is
preferred as a DC/DC converter in the design of the GMPPT system. In this way,
the short-circuit current of the PV array can be measured without the need for
additional equipment.

As can be seen from Figure 5.3, the optimum load resistance reaches its
maximum value when all modules receive equal and minimum radiation. The
minimum value of the optimum load resistance occurs when a single module
receives maximum radiation, and the other modules do not receive any radiation.
The range of variation of the optimum load resistance is 2.5-72 Q.

In order to keep this value within the range of the input resistance of the
DC/DC converter, the load resistance was chosen as 100 Q. Using Equation (5.3),
at a load resistance of 100 Q, the duty cycle value that will provide 2.5 Q input
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resistance is found as D=0.84 and the output voltage is Vyyr = 106 V. If the
optimum load resistance is 72 €, these values are D=0.15, V7=123 V.

The critical inductance value required for the boost converter to work in
continuous current mode will be determined by the highest power value transferred
by the DC/DC converter. This power value can be produced when all modules
receive equal irradiance under STC conditions. The minimum value of the inductor
and output capacitor used in the boost converter is found using the equations given

below (Erickson & Maksimovic, 2007; Rashid, 2017).
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Figure 5.3 I-V curves of the PV string and optimum load lines
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If the switching frequency, the ripple of the coil current and the ripple of the
output voltage are chosen as 50 kHz,x 0.30x/y, and 0.10%Vour sy, respectively,
then L,y is found to be 1.65 mH, and Cyyr is to be 4 pF. Table 5.1 depicts the
design values used for the boost type DC/DC converter as well as the appropriate

component values.

Table 5.1 Design values of the DC/DC converter

fs 50 kHz
R 75 Q
AIL 2A
AVOUT 20V
LMIN 2.2 mH
COUT 47 uF
Cin 10 uF

5.2.PI Controller

In many GMPPT systems, the outputs of PSO and similar search algorithms
in the range of [0 1] are used to directly control the duty cycle value of the PWM
generator. However, in the designed system, since the location of the GMPP is
determined as the voltage value of the PV array, first of all, the output value in the
[0 1] range of the PSO algorithm is converted into the [(i — 1) X Vo (i +1) X
Vocl range.

In order to bring the operating point of the PV array to the desired voltage
value and keep it constant at this point, it is necessary to use a PI (Proportional
Integral) controller between the PSO and the PWM generator. The PSO output as
the reference value and the voltage of the PV array as the feedback value are
applied to the PI controller.

A classical PI controller was used in the designed system, and its parameters
were adjusted by the Ziegler- Nichols method (Meshram & Kanojiya, 2012;
Valério & Da Costa, 2006) using the SIMULINK/MATLAB model given in Figure

5.3.
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With the help of the simulation of the system using the SIMULINK model
given in Figure 5, it was determined that the K» and K; values should be 0.81 and

110, respectively, for stable operation.

=

Saturation
[0..1]

Continuaus

powergul

W T S -
J RL # b
i '

Figure 5.4 Simulink model of the PID controller

5.3.PSO Algorithm
The classical PSO algorithm is used in the GMPPT system. The coefficients
used in the algorithm were determined as c1 = 1,¢2 = 1.5,w = 0.5, by using the

simulation. The number of particles is chosen as 4 for optimum convergence.
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6. SIMULATION RESULTS

The designed GMPP Estimator and BDC Based GMPPT System were
modelled and simulated using MATLAB/SIMULINK.

6.1.Simulation and Validation of the GMPP Estimator

The validation of the GMPP Estimator algorithm, designed to predict the
location of the global maximum power point of the PV array operating under
partial shading, has been tested in the SIMULINK environment using different
shading patterns (SP). The SIMULINK model used in the simulation is shown in
figure x. The partial shading patterns used to test the accuracy of the algorithm are
given in Table 6.1. Shading patterns were obtained randomly using the rand
command in the MATLAB environment. Provided that the irradiance values in
the shading pattern remain the same, the I-V, P-V and P-I curves obtained as a
result of changing the modules to which these irradiance values are applied will be
the same. For this reason, in order to increase the intelligibility of the applied
pattern, the irradiance values were applied in order from smallest to largest.

The P-V curve obtained by applying SP6 to the PV array is given in Figure
6.1. In Figure 6.1, the voltage and power values of the local maximum power
points that occur due to partial shading and the power values calculated by the
Estimator are shown on the P-V curve for each section separately. When Figure 6.1
is examined, it can be seen that both the location of the MPP point is correctly
determined and the power values calculated with reference to the actual power
value in S1 are compatible with the local maximum power values obtained by

simulation.
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Figure 6.1 SIMULINK model of GMPP Estimator

Table 6.1 Shading Patterns Used for Testing

Module Shading Pattern (SP)

Number 1 2 3 4 5 6 7 8 9 10
M1 02 |02 |02 |02 H 0.2 H 045 |1
M2 02 |03 |02 |03 |02 |04 |08 |05 1
M3 02 |05 |05 |04 |03 |04 |08 |06 1
M4 02 |02 1 05 (05 |04 |05 |1 0.65 |1
M5 03 |1 1 07 |06 |05 |08 1 0.68 | 1
M6 1 1 1 0.7 |07 1 1 1 1 1

In order to comply with the working principle of the Estimator and to make a
correct comparison, the power values of the LMP points obtained from the P-V
curve given in Figure 6.1 and the maximum power value occurring in S1 are
proportioned, and the results are given in Table 6.2 for each section. Values

calculated by the estimator are also given in the same table for comparison.
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Figure 6.2 P-V curve of the string under PS6

Table 6.2 Power of the local maximums and sections

Power of the Local Maximum (W) / Section Power
S1 S2 S3 S4 S5 S6
P (W) 121 137 168 172 147 90
Puv-si /PLm-siy 1.00 | 1.13 1.38 1.42 1.21 0.74
Estimator result 1.00 | 1.10 1.30 1.33 1.14 0.70
Absolute Error 0 0.07 0.08 0.09 0.07 0.04
Relative Error (%) | 0 6.19 5.79 6.33 5.78 5.40

The resulting error between the Estimator result and the results obtained

directly from the P-V curve is due to the fact that the power loss in the bypass

diodes is not taken into account by the Estimator in the calculations. The power

loss caused by the bypass diodes can be understood from the fact that the power

value obtained from the PV array at S1 should be 125 W while it is 121 W.

The Global maximum power values (GMP) given in Table 6.2 and the

voltage (Veup) values at which these powers occur, the section values of the global

maximum power point estimated by the Estimator and the voltage range of this

point calculated as [ (i — 1) X Vy¢ i X V] are given in Table 6.3. The i value

is the value pointing to the section number on the P-V curve. The P-V curves,
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obtained by applying the shading patterns given in Table 6.1, and the string

voltages indicated by the Estimator are given in Figures 6.2 and 6.3.

Table 6.3 Estimated location of the GMP, GMP and range of V¢

Shadin 35(22T 2|2 las

9| Normalized Power of the Section |[E B |8 a |5 | S s =2

Pattern 538 |L |3 |06
S1|S2 |S3 [S4 |S5 |S6

SP1 1.00/0.22 |0.32 |0.42 |0.52 |0.61 125| 0 | 21| 16| 118

SP2 1.00{1.99 |0.68 |0.88 |1.07 |1.27
SP3 1.00[1.99 |2.99 |2.30 |1.73 |1.38
SP4 1.00{1.99 |2.29 |3.00 |1.65 |1.94
SP5 1.00[1.75 |2.25 |2.51 |2.42 |1.98
SP6 1.00{1.10 |1.30 |1.33 |1.14 |0.70
SP7 1.00/1.65 [1.67 |1.78 |2.18 (1.40
SP8 1.00{1.99 |2.99 |3.35 |4.15 |0.70
SP9 1.00{1.43 |2.04 |2.53 |2.71 |2.95
SP10  |1.00/2 3 4 5 6

248 | 21| 42| 34| 247
372 | 42| 63| 51| 373
262 | 63| 84| 73| 270
219 | 63| 54 | 75| 226
166 | 63| 84 | 75| 172
273 | 84 |105| 93 | 279
519 | 84 |105| 89 | 537
369 | 105/ 126|112| 344
750 [ 105|126/ 106| 750

olo|alo| b A Al w[ N

The data in Table 6.3 shows that the GMPP Estimator algorithm, which uses
bypass currents to give a specific range where the GMP point can be found, does

not fail in any of the partial shadowing patterns used in the testing process.
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Figure 6.3 P-V curve of the PV string under PS1-PS6
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Figure 6.4 P-V curve of the PV string under PS7-PS10

6.2.Simulation Results of the GMPPT System

The model of the GMPPT System realized using SIMULINK models is
given in Figure 6.5. GMPPT System performance was investigated by applying the
shading patterns given in Table 6 to the PV array. The results of SP2 and SP3 are

given in Figure 6.6 and Figure 6.7.
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Figure 6.6 Voltage-time and power-time waveform for SP2
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Figure 6.7 Voltage-time and power-time waveform for SP3

The simulation results show that the MPPT system finds the GMPP point
without error by searching within the range specified by the estimator. The static
MPPT error of the proposed GMPPT System defined as in Equation (5.5) is 1.6 %
for SP2 and 1% for SP3.

P —P
eMPTT % _ _ theoretical actual x 1 00 (6 1)

theoretical

On the other hand, it is seen that the GMPPT system reaches the GMP point
in 15 ms for SP2, and 8 ms for SP3. The PSO system reaches the value determined

by the GMPPT estimator in an average of 50 iterations.
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7. CONCLUSION AND FUTURE WORK

Partial shading is one of the important problems that negatively affects the
efficiency of PV systems and needs to be solved. Many methods have been
proposed in the literature to overcome this problem. However, an effective solution
has not been found by the researchers yet. In recent years, studies on hybrid
systems that use both heuristic and classical search algorithms to determine the
GMP point have been increasing.

In this thesis, in order to overcome the partial shading problem, a hybrid
system has been implemented with a new approach different from the existing
methods. Determining the radiations of the modules exposed to different radiations
due to partial shading and giving a range where the GMP point can be found to the
main search algorithm as the search space will provide convenience for the main
algorithm. In order to determine the GMP point, searching only two V¢ ranges
instead of searching a very wide range will increase the speed of the tracking
system to reach the GMP point.

The GMPP estimator is realized using the parameter and characteristic
curves of a particular PV panel. This situation can be considered as a disadvantage.
However, the model of the PV panel is not used in the GMPP estimation
calculations. Therefore, the computational load is quite low. This allows it to be
run on low-cost microcontrollers. The most important disadvantage of the proposed
method is that the calculations are made by assuming that the module temperatures
are equal.

There will be no difficulty in assembling the circuit board to the panels,
which is required for measuring the currents of the bypass diodes, which are
located in the junction box of the PV panel and can be removed when necessary.

The GMPP estimator can be integrated into any heuristic or conventional

searching algorithm that can search the entirety of a specified search space. Since
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the search space is limited, it is even possible to use a modified P&O algorithm to
work across the entire search space.

The simulation results given in the previous section show that both the
GMPP Estimator and the GMPPT System are working in accordance with the
theory put forward. As can be seen in Figure 6.6 and Figure 6.7, PSO, which is the
main search part of the system, searches in the interval determined by the Estimator
instead of scanning in the [0-V¢ | range.

As can be seen from the simulation results, the GMP point can be reached in
a short time, like 50 iterations on average, as a result of the search made in the
range indicated by the GMPP Estimator. During the simulation period until the
GMP point is reached, 14% energy loss occurs for SP2 and 10% for SP3. In
addition, the static error of the system is very low, such as 1.6%, depending on the
shading pattern. The most important reason why the energy loss is so low is that
the search is only done around the GMP point, thanks to the GMPP Estimator used.

On the other hand, the proposed system seems to be a suitable area for
improvement. For example, measuring the currents of bypass diodes in a PV array
allows the detection of modules that are permanently under partial shade due to
contamination and the generation of warning notifications.

In the future, for the development of the designed GMPP Estimator system,
studies will be continued on developing different methods for measuring bypass
diode currents and transferring these measurement data to the upper system over a

network.
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