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Abstract

The energy demand is increasing unprecedentedly day by
day due to the rapid development of technology. Clean and
sustainable energy sources are used more intensively to
meet environmental demands. This paper aims to design a
grid-connected hybrid system consisting of a 12.45 kW
Photovoltaic (PV) system and a 10 kWh capacity battery
energy storage system (BESS). In the design procedure,
Perturb and Observe (P&O), Incremental Conductance
(INC), Artificial Neural Network (ANN), and Hybrid
Maximum Power Point Tracking (MPPT) algorithms are
implemented and tested. The most efficient method is
selected to yield the maximum power output from the PV
module under a variety of environmental conditions. Since
the capacity of PV and BESS are different, it is determined
that Total Harmonic Distortion (THD) of injected current is
high during night mode. To solve this issue and enhance
power quality, a double-mode LCL filter is developed.
When a single-mode LCL filter is used, the THD value is
obtained as 4.8%. In the two-mode LCL filter application,
this value has been reduced to 3.2%. The overall efficiency
is measured as 97.5% under low irradiation conditions for
the system with ANN-MPPT.

Keywords: PV, Power quality improvement, ANN MPPT,
Energy storage

1 Introduction

The energy demand is increasing rapidly due to the
development of technology, population growth and
migration of people to developed countries. To meet this
increasing demand, different energy resources are used. The
first one is called as conventional resource. It leads to air
pollution threatening human health, global warming, melting
of glaciers, releasing greenhouse gases, and etc. [1]. In order
to cope with these situations, renewable energy sources
(RES) offer more environmentally, friendly, reliable, healthy
and sustainable energy production way. On a global scale,
conventional energy sources are replaced by RES. Recently,
technological developments and investments are getting
enhanced in this field. Solar energy is very convenient
compared with other sources owing to be sustainable,

Oz

Teknolojinin hizli bir gekilde gelismesine bagli olarak
enerji talebi giinden giine artmaktadir. Cevresel talepleri
kargilayabilmek icin temiz ve siirdiiriilebilir enerji
kaynaklart daha yogun bir sekilde kullanilmalmaktadir. Bu
makalede, 12.45 kW Fotovoltaik (FV) sistem ve 10 kWh
kapasiteli batarya enerji depolama sisteminden (BEDS)
olusan sebeke baglantili bir hibrit sistem tasarlanmustir.
Tasarim prosediiriinde Degistir&Gozle (D&G), Artan
lletkenlik (A-I), Yapay Sinir Aglar1 (YSA) ve Hibrit
Maksimum Gii¢ Noktas1 Izleme (MGNI) algoritmalart
uygulanmis ve test edilmistir. Uygulanan algoritmalar
arasindan degisen ¢evre kosullari altinda FV modiilden
maksimum gii¢ ¢ikisini saglayacak yontem segilmistir. FV
ve BEDS’nin gii¢leri birbirinden farkli oldugu i¢in, sistem
gece modundayken Toplam Harmonik Bozulmasinin
(THB) arttig1 tespit edilmistir. Bu sorunu ¢6zmek ve gii¢
kalitesini arttirmak icin iki modlu bir LCL filtresi
uygulanmistir. Tek modlu LCL filter kullanildiginda THD
degeri %4.8 elde edilmistir. 1ki modlu LCL filter
uygulamasinda bu deger %3.2’ye diisiiriilmustiir. Ayrica
YSA- MPPT ¢alistirildiginda diisiik 1sinimda %97.5 sistem
verimliligi gézlemlenmistir.

Anahtar kelimeler: FV, Gii¢ kalitesinin iyilestirilmesi,
YSA MGNI, Enerji depolama.

cleaned and abundant [2]. Solar energy is the radiant energy
released by the fusion process in the core of the sun. Solar
energy can be directly converter into electrical energy with
the help of PV panels. The generated voltage and current
from the PV vary depending on the irradiance and
temperature level. In order to reduce the payback time of the
investment costs for PV systems, it is extremely important to
keep PV power at maximum level. Various algorithms are
used to track the operation point and keep the power at
maximum level. These algorithms are called as MPPT
methods [3]. MPPT method not only ensures the power
maximization from the PV module but also increases the
operating life of the PV system [4]. MPPT method basically
generates a reference signal. The DC-DC converter is
controlled by the Pulse Width Modulation (PWM) signal
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coming from MPPT integrated controller. The generated
control signal is sent to the power converter as a trigger.

This study aims to design a system that enables the
transmission of power generated by a PV system to the grid
and BESS based on irradiation and temperature levels. When
the PV system is off, the system utilizes the BESS to
maintain power continuity. BESS is designed to capture
energy store for later utilization efficiently. Itis crucial to the
functioning of electricity. An efficient BESS is significant
for enhancing battery performance [5]. In addition to these
design objectives, it is aimed to design a single LCL filter
that will operate in two separate modes for day and night
mode to increase power quality by reducing harmonic
distortion of injected current. This design is performed on the
MATLAB/Simulink platform. Furthermore, the system
should always keep the power produced by the PV panel at
a maximum level against changing irradiance levels. It is
aimed to use various MPPT algorithms and to determine the
most effective one. The response of the system to changing
conditions is observed, and a stable system structure is
provided

After, this introduction section, in Section 2, the
importance and global status of renewable energy, along
with the methods for DC-DC converters and MPPT
algorithms are presented. In Section 3, the design parameters
of the circuit topologies that constitute the system are
provided. In Section 4, the results and discussions section
compares the outcomes of the applied MPPT methods.
Finally, Section 5 presents the overall conclusions of the
study.

2 Hybrid PV-BESS

In Turkey, energy consumption is rising year by year as
shown in Figure 1. Resource utilization is also increasing to
meet demand at same ratio. The value and importance of
energy resources has increased considerably. Being
independent and self-sufficient in the energy sector has
become the goal of countries [6]. To meet this demand, RES
have taken a crucial role [7]. RES involve solar energy, wind
energy, geothermal energy and bioenergy. These resources
provide sustainable, reliable, inexhaustible, clean and more
technological energy production [8]. According to the
EMBER report [9] as shown in Figure 2 solar energy has
taken part of 4.5% among whole electricity generation
methods in 2022.
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Figure 1. Energy consumption graph of Turkey
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Figure 2. Methods of electricity generation in 2022

The irradiation levels of different places are also
different. Utilizing solar energy quite descends the negative
impact of carbon emissions. Moreover, this type of energy
does not release detrimental gases that could devastate the
environment. On the other hand, PV panels show that
harvesting energy type from the sun is a non-polluting,
reliable, and clean source of energy [10]. This source is used
either directly or indirectly for various implementations that
are not only restricted to industry processes but also feasible
in other areas such as the drying of agricultural parts, battery
electric vehicles, solar-powered refrigerators, water heating,
and solar cooking. Cooking with solar energy can often be
used in areas where there is plenty of radiation and no
electricity [11]. The producing power from solar is only
available in the daytime. If the uninterruptible power
generation is required, battery assisted PV systems can be
constructed. However, this hybrid systems ensure additional
costs that raise the installation cost of the system [12]. PV
module efficiencies are generally in the range of 14-22%
depending on the quality of the production company.
Together with technological developments, the ratio of
efficiency is tried to be increased [13]. The temperature
factor is also crucial in area selection. The efficiency of PV
panels may decrease at high temperatures and this leads to a
reduction in energy production [14].
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Figure 3. Proposed grid-connected hybrid PV&BESS
system
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The grid-connected hybrid PV & BES system involves
PV modules, a DC-DC boost converter, an inverter, an LCL
filter, a bidirectional buck-boost converter, and storage units.
These are the main parts. DC-DC converters have significant
tasks. Adjustment of voltage level and providing operation
on maximum power are among these tasks. In many PV
applications, the magnitude of voltage on the load side needs
to be higher than the generated voltage from PV [15].

2.1 DC-DC converter topologies

A traditional boost converter is comprised of an inductor,
a diode, a transistor, and an output capacitor being parallel to
the load. The switching devices can be an IGBT or MOSFET
[16] as shown in Figure 4.
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Figure 4. Circuit analogy of boost converter

Boost converter can be designed with the following
formulas:

Vin (VO - Vm)

=Gy, )
o, = Tty @
Vin
Duty cycle = (1 — 7) (3)
0
C = (Ip * Duty cycle) /(fs * Voc * AVj) (4)
R = Y 5
A 5)

Another type of converter is the bidirectional buck-boost
converter as shown in Figure 5. It can be applied in various
applications. As reversed to traditional unidirectional
converters, power flows in two directions can be ensured. It
can be also used for UPS, fuel cells, wind turbines,
photovoltaic systems, plug-in hybrid electric vehicles
(PHEV), battery electric vehicles (BEV), and smart grids
[17, 18]. Bidirectional arrangements reduce the size of the
circuit and increase the performance of the system. There is
no need for two converters to adjust the flow of the current
in forward and reverse direction. The entire process can be
handled in a single circuit. Thus, bidirectional buck-boost
converters ensure cost reduction and high reliability for
charging batteries [19]. In this paper, a non-isolated
bidirectional converter has been used and connected to the
battery.
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Figure 5. Circuit analogy of bidirectional converter

2.2 MPPT methods

In this paper, four different MPPT algorithms are
performed. The P&O algorithm is the most common tracking
method. The simplicity and low cost of the method make it
one of the most preferred techniques. The conventional P&O
algorithm has several drawbacks such as convergence speed,
determination of accurate perturbation direction, and number
of oscillations [20].
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Figure 6. Flowchart of P&O algorithm

This topology adjusts the duty ratio by comparing the
present value of the power and the previous value. It achieves
this by applying a perturbation to the reference. The
flowchart of the design is expressed in Figure 6. The
topology ensures that the specific parameter stays around the
maximum power point by repeatedly perturbing the
operating point. If there is a momentary power drop due to
changing weather conditions, the P&O algorithm perturbs
the reference and adjust the power harvesting level upper
position. The second method is called as INC which can
eliminate the slow response and steady-state errors of the
P&O algorithm. It is advantageous under fast-changing
weather conditions due to the dynamic response. However,
the INC is more complex and harder to implement than the
P&O method. The INC method tracks MPP using the slope
of the P-V curve. This procedure uses instantaneous
conductance which is represented by 1/V and incremental
conductance which is symbolized by dl/dV for MPPT [21]
and the flowchart is given in Figure 7.
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Figure 7. Flowchart of INC algorithm

The other method which is called as ANN-MPPT which
is an intelligent way to keep the power at maximum level.
The response of traditional algorithms is quite low in
changing weather conditions. For this reason, traditional
methods are replaced with intelligent algorithms. Designing
a tracker using an ANN is one of the intelligent ways. ANN-
based controllers have several capabilities like nonlinear
mapping, robust operation, high-level efficiency, high-speed
response [22].
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Figure 8. Flowchart of ANN algorithm

ANN controller has two inputs which are temperature
and irradiance. The aim of the neural network is to arrange
the duty ratio for the DC-DC converter. For changes in
temperature or irradiation level, the system quickly sets the
duty ratio again.

The last method is called as Hybrid-MPPT which is
created from the best outputs of three separate methods at
certain irradiance levels.

Another special part is the DC/AC inverter in the PV
system. Inverters are key components that combine grid and
PV circuit design. In a single-stage system, both MPPT and
grid synchronization are performed by the inverter [23]. To
acquire the best performance from the panel, choosing an
appropriate grid-connected inverter is a critical topic [24]. In
the design stage of the grid-connected inverters, filters are

used for producing pure sine waves. It should be placed
between the inverter and the electric grid. The most effective
filter to damp the current harmonics is the LCL filter [25]. It
can be used at low switching frequencies. It has a lower
voltage drop and higher absorption factor compared with
conventional L and LC filters [26].
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Figure 9. Grid-connected inverter with LCL filter
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In grid-connected systems, the phase angle information
of utility voltage is a crucial part of controlling inverters [27].
Phase information is used in the stage of power control. PLL
algorithm acquires this information to synchronize utility
and three-phase inverter. The main duty of PLL is to extract
phase angles with the help of some specific operations [28].
The performance of the system directly depends on the
quality of the PLL design. Besides taking phase information,
PLL should provide low distortion output and suppress
frequency variations. It includes negative feedback. Thus,
the circuit structure becomes a closed loop. It consists of a
phase detector, a voltage-controlled oscillator and a loop
filter [29].

3 Design stage

Panel type and the number of cells differ according to the
proposed power level to be produced. In this paper, 1Soltech-
1STH-FRL-4H-260-M60 is used as a PV module. The
parameters of the PV array are indicated below.

Table 1. Parameters of PV system

Power at STC (W) 260
Power at PTC (W) 2314
Power Density at STC (W / m?) 155.689
Vmp: Voltage at Max Power (V) 31.6
Imp: Current at Max Power (A) 7.93
Voc: Open Circuit Voltage (V) 38.6
Isc: Short Circuit Current (A) 8.21
Open Circuit Voltage Temp Coefficient (%/°C) -0.356
Short Circuit Current Temp Coefficient (%/°C) 0.07
Max Power Temp Coefficient (% / °C) -0.453

PV array characteristics are given in Figure 10.
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Array type: 15cltech 1STH-FRL-4H-260-M60-BLK;
12 series modules; 4 parallel strings
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Figure 10. The I-V and P-V curves of the PV system

The generated power is transmitted to the boost converter
to arrange the power level. The output voltage of the PV
panel is about 380V4. The system DC bus voltage is
calculated as 700V. It is necessary to use a boost converter
to increase the voltage level. In addition, current and voltage
fluctuations in circuits occur for many reasons. These are
called as ripples and to improve system performance, ripple
probability should be added to the parameter calculation. The
voltage ripple percentage is taken at 1% and the current
ripple percentage is taken at 10%. The parameter values of
the boost converter are specified in Table 2.

Table 2. Boost converter design parameters

Input Voltage (Vin) 380V
Output Voltage (Vou) 700V
Duty Ratio (D) 0.4571
Switching Frequency (fsw) 20000Hz
Output Current (lou) 17.78A
Voltage Ripple (DV) 7
Current Ripple (DI) 1.78
Capacitor (Cou) 58.076uF
Desired Input Current (di) 3.276A
Inductor (L) 2.6519mH
Load (R) 39.36Q

The parameters of DC-DC boost converter is shown in
Figure 11. The PWM signal of the boost converter is
produced with the help of MPPT algorithms. The efficiency
and steady-state response of each algorithm is different.

@

Figure 11. Simulation circuit of the boost converter

PWML1 signal is generated using the P&O MPPT method,
PWM?2 signal is generated using the INC method and
PWM3 signal is generated using the ANN method. When
these methods are compared, it is determined that different
methods provide good reactions for different irradiation
levels. For this reason, a hybrid method that combines the
best ones in certain irradiances is designed and this system
seems more efficient at low radiation levels as shown in
Figure 12. After these systems, BESS is performed by
combining some different stages. These stages are to build a
DC-DC bidirectional buck-boost converter, battery and
internal parameters, battery charging, and discharging
controller.

;

:

PWM1
4 Hiiwm ibritPWM]
PWMZ  HMPPT

PWM3

E

3
Figure 12. Function block of hybrid MPPT

The battery is chosen lithium-ion type. Battery
specifications are given in Table 3.

Table 3. Design parameters of battery

Type of battery Lithium-lon
Nominal voltage 420V
Rated capacity 24Ah
Cut off voltage 315V
Fully charged voltage 488.87V
Discharge Current 10.43A

The designed battery is tied to the DC bus with a
bidirectional buck-boost converter that is used to decrease or
increase voltage levels during the discharging and charging
stages. The device has two sides which are called as high side
and the low side. The DC bus voltage is taken at 700V as the
high voltage side of the bidirectional converter. Battery
voltage is chosen 455V as the low side of the converter. This
procedure provides bidirectional current flow. The daytime
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period is assumed to be 1 sec. and the nighttime period is
assumed to be 1 sec. Since the PV panel generates power
during the daytime, the battery performs the charging
process. During nighttime, the battery is adjusted to the
discharge mode automatically. The circuit diagram is shown
in Figure 13 and bidirectional buck-boost converter
parameters are stated in Table 4.
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Figure 13. Block diagram of BESS
Table 4. Parameters of bidirectional converter

Capacitor (C) 1mF
First Resistor (Ry) 1Q
Inductor (L) 6mH
Second Resistor (Ry) 0.05Q
DC Bus Voltage (Vi) 700V
Battery Voltage (V.) 455V
Switching Frequency 10kHz
Input Current Ripple 10%
Output Current Ripple 1%

In the charging state procedure, the difference between
the battery voltage and the reference voltage is taken. This
obtained value is given to the controller as an input signal.
After that, the output of the controller is used to acquire the
charging current as shown in Figure 14. The charging
operation is assumed as 1 second (between O to 1) in the
simulation part. The system operates for 1 second in daytime
mode and switches to night mode. Another process is called
as discharging mode, the difference is taken between the DC
bus voltage and the reference voltage.

Charging Mode

Vout

455 = Pl <

Figure 14. Charging controller of BESS

The six separate PWM signals are generated from the
incoming signal and given to each switch mode transistor as
a trigger signal. p-q control is performed as shown in Figure
15. Park and inverse park transformation is utilized for
creating a robust p-q control structure. In addition, phase

information is also needed when applying the inverse park
transformation which is represented by d-g to a-b-c block in
Matlab/Simulink. The phase information component can be
easily taken from the PLL circuit performed in the
simulation. Since the battery and PV power are different, it
is determined that the THD increased in a single LCL filter
when switching from day mode and night mode. To prevent
this situation, two robust filter modes have been designed
according to two separate power levels. During the daytime,
the first mode LCL filter works when the PV is in the active
region. The second mode, LCL filter is in the off position.
During the nighttime, when the PV is cut off region, the
second mode LCL filter works.
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Figure 15. Power control of the three-phase inverter

In the first mode, LCL filter is in the off position as
shown in Figure 16. The first mode LCL filter corresponds
to daytime mode, and the second mode filter is represented
to nighttime mode and THD is significantly reduced.

LCL Filter
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Figure 16. Representation of three-phase LCL filter

The parameter values of the first mode LCL filter,
referred to as the daytime mode LCL filter, are presented in
Table 5. When the PV system is off, the parameter values of
the LCL filter are shown in Table 6.

Table 5. Daytime mode LCL filter

L, (Left Side Inductor) 2.5mH
R; (Left Side Resistor) ImQ
Capacitor 22uF
R (Bottom Side Resistor) 2Q

L, (Right Side Inductor) 100puH
Rs (Right Side Resistor) ImQ
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Table 6. Nighttime mode LCL filter

L; (Left Side Inductor) 2.1535mH
R; (Left Side Resistor) ImQ
Capacitor 18.76uF
Rt (Bottom Side Resistor) 0.6286Q2
L, (Right Side Inductor) 68.85pH

The two-mode LCL filter, the cost reduction is obtained
at 32% on the right-side inductor, 15% on the capacitor, 14%
on the left-side inductor, and 31% on the right-side resistor.

4 Results of the research

In this section, outcomes of the P&O method at 1000
W/m? are indicated and the battery is operated for a total of
2 seconds, in daytime mode and nighttime mode. The
SOC(%) percentage of the battery, the voltage of the battery,
and the battery current value are indicated in Figure 17.
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Figure 17. Battery outcomes with P&O at 1000 W/m?

At 1000 W/m? level, the efficiency is around 96% with
the P&O method as shown in Figure 18 and Figure 19.
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Figure 18. Efficiency of P&O method at 1000 W/m?
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Figure 19. THD of two-mode LCL-P&O 1000 W/m?

The outcomes of the battery and DC bus voltage are
stated in Figure 20 when INC tracking method is on.
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Figure 20. Battery outcomes with INC at 1000 W/m?

When the DC bus voltage of the INC method is compared
with that of P&O, it is observed that there are fewer ripples
in this method as shown in Figure 21. This shows that using
the INC method, the pure DC signal form is approached. The
efficiency of the INC algorithm is around 95.8%.

iwis s it L]

([T

Figure 21. Efficiency of INC method at 1000 W/m?

Figure 22 shows the THD graph of the inverter output
current. When the system is only in daytime mode, the
distortion value decreased compared to P&O while the THD
level of the P&O method is between the range of 4.2% - 4.5%
in daytime mode. In the INC method, this value is in the
range of 4.2% - 4.3%.
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Figure 22. THD of two-mode LCL-INC 1000 W/m?

In this part, the ANN tracking method is used at 1000
W/m?2, If the DC bus voltage of the ANN method is analyzed
as shown in Figure 23, it is observed that there are fewer
ripples with using ANN compared to conventional
algorithms. The efficiency of the system with ANN method
is indicated in Figure 24.
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Figure 23. Battery outcomes with ANN at 1000 W/m?
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Figure 24. Efficiency of ANN method at 1000 W/m?

THD graph of the inverter output current is indicated as
shown in In Figure 25. The THD level of the ANN method
is between the range of 3.9%- 4% in daytime mode. If the
second LCL filter structure is not applied in this circuit, the
THD value of the current would have increased up to 5%.
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Figure 25. THD of two-mode LCL with ANN MPPT at
1000 W/m?

The ANN tracking algorithm is analyzed at 600 W/m?2,
ANN  method gives much smoother inverter output
waveform than other methods. The battery and DC bus
voltage results are expressed and the battery voltage, current
and SOC values are similar to other irradiance levels. The
ANN algorithm has a greater effect on DC voltage
generation than traditional MPPT methods. The smoothest
shape of the DC bus voltage has been acquired in this section
by using the ANN based MPPT method at 600 W/m?. The
power efficiency of the system at 600 W/m?, which is
evaluated as low irradiance is also available in Figure 26.
The power efficiency level is achieved around 97.5%. The
ANN tracking method gives more efficient results and THD
level at low irradiation as shown in Figure 27. The distortion
value during daytime mode is between 2.95% - 3.05% which

is the best THD acquired in daytime mode as shown in
Figure 28.
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Figure 26. Battery outcomes with ANN at 600 W/m?
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Figure 27. Efficiency of ANN method at 600 W/m?
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Figure 28. THD of two-mode LCL-ANN 600 W/m?

All the previous simulation results are evaluated and
efficiency levels are studied. The percentage of efficiency
offered by each method is different when the irradiance level
changes. The obtained graph for specific irradiance is also
available in Figure 29 and 30. The values alter from 1000
W/m? to 0 W/m? during the interval of 0-1 second. The
irradiance parameter starts from 1000 W/m? and then it
decreases to 800 W/m? at 0.2 seconds. After the change of
selected MPPT during 0.2 to 0.4 seconds, the radiation level
brings down from 800 W/m? to 600 W/m? at 0.4 seconds.
Then, the efficiency percentage of an MPPT method is
determined for 600 W/m? is between 0.4 to 0.6 seconds.
When the simulation time is at 0.6 seconds, the irradiance
level is reduced to 400 W/m?, The selected MPPT for 400
W/m? is executed for 0.2 seconds. When the simulation time
reaches 0.8s, the radiation level is decreased to 200 W/m?2,
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Figure 29. Irradiance level for hybrid-MPPT

PWM produced by P&O-MPPT is used at 1000 W/m?2.
When the radiation level reaches 800 W/m?, all algorithms
are compared and it is observed that the most efficient
method is INC. All the results for 600 W/m? are examined
and the most efficient method becomes ANN- MPPT. For
the 400 W/m?, ANN gives the most efficient result. Finally,
the 200 W/m? INC algorithm ensures the best outcome.
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Figure 30. Efficiency result of hybrid mode MPPT
The efficiency and THD values are stated in Table 7.

Table 7. Summary of simulation results

General Simulation Outcomes of Paper

P&O INC ANN
Irr. Thd  Eff. Thd  Eff. Thd. Eff.
(W/m?) (%) (%) (%) (%) (%) (%)
1000 403 958 411 958 39 96

800 342 955 351 957 33 97.6
600 295 952 308 952 29 97.4
400 301 935 276 937 25 94.9
200 254 874 242 885 23 86.7

5 Conclusions

The main objective of this paper is to determine the
algorithm that keeps the energy obtained from sunlight at the
maximum level in the most efficient way. The power
generated by the PV panel is studied at three irradiance
levels: 1000 W/m?, 800 W/m?, and 600 W/m2. These
irradiance levels are tested with three different MPPT
methods, excluding the hybrid method. In the hybrid method,
irradiance levels range from 1000 W/m? to 200 W/m?. The
system operates in daytime mode between 0-1 seconds.
During this time, the PV feeds the battery and transfers

power to the grid. In the time interval of 1-2 seconds, the PV
enters the cut-off region, and the battery switches to
discharge mode to supply power to the system. The initially
designed single-mode LCL filter resulted in high THD
during the transition from daytime to nighttime, so efforts
were focused on addressing this issue. The high THD is
caused by the difference between the power produced by the
PV and the power supplied by the battery. To overcome this
problem, two-mode LCL filter that operates separately for
daytime and nighttime is used. When the PV is active, the
first mode filter operates, and the second mode filter is off.
When the PV is inactive, the first filter turns off, and the
second filter becomes active. A new improvement to the
LCL filter contributes to a decrease in THD from 4.8% to
3.2%. The algorithm that provides the best results at low
irradiance levels is the Hybrid MPPT method. In this
tracking algorithm, PWM is generated with ANN at low
irradiance levels. At high irradiance levels, conventional
methods are used to generate PWM. Maximum efficiency of
97.5% - 97.7% is achieved using the ANN algorithm. In
recent studies, the importance and implementation of hybrid
energy solutions continue to increase day by day [30-34].
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