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ABSTRACT The expanding use of photovoltaics (PV) as a green energy resource has been rising in these
years, mostly due to the possibility of being incorporated with traditional power systems, to meet the
world’s energy needs and reduce carbon emissions. However, providing green electricity from this renewable
generator is frequently vulnerable to power quality (PQ) disruptions resulting from the PV’s intermittent
nature and other factors associated with the electric grid, power converters, and linked loads. These
disruptions need to be reduced to keep the investigated system’s PQ from deteriorating. The investigated
system includes PV, DC-DC, and DC-AC converters, filter, power grid, and control schemes. If the DC-
DC converter is not managed, a deviation from the maximum power point (MPP) extrapolated from the PV
system will take place. In order to maximize the energy harvested from the PV system by managing the
DC-DC converter, this research developed two MPP tracking (MPPT) algorithms: artificial neural networks
(ANN) and cuckoo search (CS). Additionally, a design and implementation for a shunt active power filter
(LCL) using genetic algorithm and GRG is provided to lower the injected total harmonic distortion (THD)
and thereby enhance the PQ. To achieve the smallest size of the LCL components, the generalized reduced
gradient (GRG) was the best compared to genetic algorithms GA. The results of the simulation showed that
ANN performed better at tracking maximum power than CS. With the designed LCL, the THD is reduced
by 99.78% compared to without a filter. To verify the simulation’s findings, a practical configuration is
implemented.

INDEX TERMS Artificial neural network (ANN), Cuckoo search (CS), LCL filter, MPPT, total harmonic
distortion (THD).

I. INTRODUCTION

The utilization of renewable energy sources (RESs) espe-
cially solar (PV) has increased and evolved globally since
they are a clean and secure alternative [1]. It is a cutting-edge
replacement for fossil fuels, which will ultimately exhaust.

The associate editor coordinating the review of this manuscript and

approving it for publication was Norbert Herencsar

First off, before they became more prevalent in domestic
appliances, electrical grids, communications, and vehicles,
PV panels were mostly used in big factories and missions in
space [2], [3]. Reference [4] examined the development of
PV technologies with regard to the cell materials used and
the ambient conditions impacting the efficacy of PV cells.
PV systems have the capability to operate in off-grid and on-
grid modes. As a potential substitute for traditional non-RESs
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and pollution-free, grid-connected PV (GCPV) technology
has caught the interest of corporations and academia.

One of the most RESs of electricity for future energy gen-
eration has been thought to be PV systems. These systems use
photon energy to create electrical energy. Since these sources
produce low voltage output, high step-up dc/dc converters
are utilized in a variety of applications, such as fuel cell
technology, wind power, and solar systems, to convert low
voltage into high voltage [5], [6]. PV must have become
an attractive alternative as a result of both the increasing
demand for electricity and the expensive and limited supply
of traditional energy sources. Availability, zero emissions,
and low operation and maintenance costs are all advantages.
The utilization of PV energy systems, both in their indepen-
dent and grid-tied forms, must be increased as a result [7],
[8]. PV appears to be essentially unreliable due to location,
timing, months, and atmosphere, however, it is also still quite
costly to execute. PV panel efficacy appears to be much
improved by running the system near to its maximum power
point (MPP) in order to obtain the anticipated highest power
output [9].

The GCPV’s generated power is impacted by weather
fluctuation; thus, it cannot operate at its maximum capacity.
Scholars are looking into methods of maximum power point
tracking (MPPT) to ensure that PV systems function at MPP
under fluctuations in weather as a result of the subsequent
fall in the efficacy of energy conversion [10], [11]. Different
MPPT approaches are used together with power electronic
equipment under uniform radiation; the most popular online
strategies are perturbed and observe (P&O), hill climbing
(HC), artificial neural network (ANN), fuzzy logic, and incre-
mental conductance (IN) [12], [13], [14]. Additional indirect
(offline) methods involving constant voltage, constant cur-
rent, and curve fitting have been thoroughly explained in [15]
and [16]. Hybrid algorithms have been used, as shown in the
case of partial shading or non-uniform radiation [17], [18].

One of the primary issues with using PV power sys-
tems, particularly at the point of common coupling (PCC),
is the power quality (PQ) [19]. The primary sources of PQ
problems, specifically the creation of voltage and current
harmonics, are variable solar irradiation, grid faults, and
nonlinear loads with advanced power electronics equipment.
Unwanted effects of harmonic distortion (HD) on the power
grid include interruption of the grid’s regular operation,
overheating of linked devices, reduction in electrical meter
accuracy, interfering with lines of communication, and a rise
in the demanded current [20], [21]. Reference [22] studied
the similarities and differences between Brazilian standards
for GCPV inverters and comparable standards in Europe and
the US. Reference [23] analyzed the voltage and current HDs
at the PCC of a GCPV system applying the ICA method.
A harmonic management technique was suggested to keep
the total HD (THD) within the acceptable range after an
assessment of the prevalence of the current THD in the GCPV
structure [24].
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The major power components of a typical GCPV system
appear to be the inverter and the passive filter. Although MLIs
are preferred in 3-phase systems, particularly for big power
applications when the switching frequency is low, a current-
controlled two-level inverter has traditionally been used as a
power conditioner in modest energy household setups. When
those systems are used, the grid is exposed to the undesirable
harmonic currents produced by the inverter, which lowers
the system’s efficiency. As a consequence, a number of stan-
dards, including IEEE-519 and IEEE-1547, were developed
to restrict the entry of undesired harmonics into the grid
[20], [25]. A low-pass filter is required to put between the
inverter and the grid for all power levels to meet the criteria
of these standards [26]. Constructing the ideal passive filter
for grid-based systems is not a simple task due to a number of
factors, such as the possibility of resonance between the filter
circuit and system impedance [27], [28]. It is a challenging
problem that cannot be assured by standard design methods
to find the optimal first-order L-filter implementation that
meets the needed requirements while remaining as affordable
as possible [29]. High-order topologies of passive filters will
provide greater harmonic attenuation at lower total induc-
tance rates as a result, which will decrease the filter’s size and
cost [30]. Changes in solar irradiance and switching devices
with cutting-edge power electronic units are the main causes
of power flaws, particularly the production of both voltage
and current HDs [31].

HDs in electrical systems have been eliminated using a
variety of methods, including passive and active filters. Ref-
erence [32] showed that an LCL filter with a shunt damping
resistor reduced THD to 0.26%; as a result, it performed
better than the L and LC structures in mitigating harmonics.
In [33], a parallel RC circuit and a digital filter were used to
show the hybrid damping approach. Reference [34] a shunt
active filter and the d-q regulating method were used for
a developed GCPV system to minimize the current THD
from 27.3% to 3.9%. In [35], a hybrid damping strategy’s
properties using a combination of passive and active damp-
ing approaches, achieving the current THD value of 3.7%.
Reference [36] investigated the d-q shunt active filter and
INC approach for MPP monitoring used to keep current THD
within acceptable ranges. For the DC bus voltage manage-
ment, the suggested study used the ANN controller rather
than the traditional PI controller. Simulated results from this
approach demonstrate that the existing THD was decreased
to 3.2%. For harmonic suppression, there are numerous alter-
native techniques besides filters that could be helpful. In [37],
when the 127- multi-level inverter (MLI) was compared with
MLIs of lower levels, the current THD was decreased to
2.33% by the 127-level MLI. The operation of the pulse
width modulation (PWM) inverter and its resulting energy
efficiency of a GCPV system was improved with the direct
power control methodology. The findings demonstrated that
this strategy had positive repercussions. The operation of
the pulse width modulation (PWM) inverter and its resulting
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energy efficiency of a GCPV system were improved with
the suggestion of a direct power control methodology. The
simulation demonstrated that this strategy had positive reper-
cussions [38]. The harmonic limitations for system voltages
between 120 and 69 kV were presented in [39].

The main focus of this study is on developing a GCPV
system in accordance with the aforementioned needs and
standards criteria using intelligent techniques. The investi-
gated configuration is constructed using a two-level con-
verter, a boost converter, an LCL filter, and a PV array. The
architecture of the management system in the d-q reference
frame is covered. The results of an inverter, LCL filter, and
MPPT algorithm are discussed along with an experimental
implementation. These results also show that the current con-
trol strategy responds by lowering the harmonic voltage and
current by 12.73 t0 0.03% and 13.92 to 0.028%, respectively.
The following are the significant discoveries and accomplish-
ments:

o The application of two MPPT methods, namely the
ANN and the cuckoo search (CS) approach, for GCPV
systems, is a significant contribution made by this
study. The duty cycle (D) of the DC-DC converter
can be adjusted to reflect changes in the MPP by
using ANN or CS to update the control signal. In this
work, the suggested ANN and the CS techniques,
are contrasted. The ANN method surpassed the CS
algorithm in terms of performance and speed of dynamic
responsiveness for MPPT in a number of control
indices, including overshoot, rising time, and transient
response.

o Tokeep voltage and current THD at the higher switching
frequency within prescribed limits, an effective LCL
filter is constructed. The LCL filter is designed with
genetic algorithm (GA) and generalized reduced gradi-
ent (GRG) algorithms and the results prove the GRG
superiority. The PCC shall give an appropriate level
of PQ problems utilizing these complicated character-
istics in accordance with the updated criteria. All PQ
issues have been altered and deteriorated to the stan-
dard stated level as a result of the simulation findings
by putting into place efficient controls and compliance
mechanisms.

The paper is prepared as follows: section II, PV modeling
is addressed; section III, the investigated MPPT techniques
(ANN, and CS) are presented; section IV the GCPV is ana-
lyzed and the facing issues is presented; section V discusses
the proposed filter design with GA, GRG, and conventional
method; section VI the simulation, expermintal, and dis-
cussion of proposals are made; and as the last part, the
conclusions are presented.

Il. PV ARRAY MODELLING
The model based on one diode and the equivalent circuit is
represented in Fig 1.

VOLUME 11, 2023

Irradiation

T~
-/
=l
.q.____
=
=
= + e

FIGURE 1. One diode equivalent circuit.

TABLE 1. Parameters of the used PV panel.

Parameters Value

Ppv 100 kW
Open circuit voltage of one PV module (Voc) 642V
Grid angular frequency (®) 314 rad/s
Inverter carrier frequency (Fg) 10 kHz
Sample time 1 us

The inductance of the boost SuH
Dc-Link capacitance 2 x 12 mF
The reference voltage of the Dc-Link 500 V
The measured voltage of the Dc-Link 500V

Current characteristics are given by the following
equation [27]:

(va+1pv»R.r) V
[Pv:ph_10|:eq e N O
Rsn

where, Ipy is the photocurrent, I, is the saturation cur-
rent of the diode, I,y is the PV output current, Vpy is
the PV output voltage, T denotes junction temperature,
A ideality factor, k=1.38e-23 Boltzmann’s constant, q is
chargeonanelectron=1.60e-19, and Ry, Ry, are serial and
shunt resistances, respectively. The used photovoltaic panels
have the following characteristics in Table 1. The obtained
electrical characteristics are obtained by taking into account
the effects of solar temperature variations, as depicted in
Figs 2(a) and (b).

IIl. MPPT APPROACHES

Two tracking approaches are described in this subsection,
they may be used to guide a PV system toward the best
functioning point in the face of shifting environmental cir-
cumstances [40], [41].

A. ANN MECHANISM

Among the most effective artificial intelligence (Al) method-
ologies to model the behavior of ANNS in persons would be
the artificial intelligence system. It serves as a paradigm for
interpreting data [42]. A huge number of basic parts known as
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FIGURE 2. Characteristics of (Ipy — Vpy) and (Ppy — Vpy) under solar
temperature variations.

neurons help compensate ANNs, which also operate together
concurrently to solve these issues.

This method determines the outputs as well as the goal
repeatedly till the channel’s output is identical towards the
objective. Furthermore, retraining necessitates a substantial
number of input/target combinations. Hidden, input, and out-
put layers make up the three layers that make up an ANN,
as shown in Fig. 3. The input layer takes received inputs as
well as distributes these toward the hidden layer’s synapses.
The output layer creates a correct outcome of the ANN.
Through input to output, a hidden layer does the intermediary
computations. Following conducting various experiments, its
architecture becomes finally decided upon [42].

Temperature (X) with irradiance (Y) have been chosen
because quell inputs with both the help of 5 neurons located
in the hidden layer as well as the output seems to be the duty
ratio (Z) [39]. When developing the network, the input data
set points have been gathered. At a steady 25°C, X ranges
from 250 to 1000W/m? in increments of 250W/m?. Y addi-
tionally ranges from 25 to 45 degrees Celsius at a steady
1000 watts per square meter.

But using the Logistic regression training algorithm
method, Fig 4 depicts the mean error (ME) graph in off-
retraining. There have been three data segments: 70 percent
of the total for instruction, 15 percent respectively for
confirmation, plus 15 percent of the total number for assess-
ment. The performance will improve with decreasing ME
[43], [44].
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Especially in comparison to a fractional- order PID
(FOPID) controller, this technique provides a rapid reaction
as well as less fluctuation. ANN seems to be self-learning
and therefore does not require retraining. The primary short-
coming of the ANN includes black box operating & sluggish
retraining [45], [46].

B. CS MECHANISM

Another of the finest optimization meta-heuristic method-
ologies called CS, which also has gained popularity across
automated systems [47]. Instance MPP, technology operates
PV systems promptly and effectively [48].

The above methodology was influenced mostly by bel-
ligerent spawning as well as the bloodsucking attitude of
cuckoo birds, who deposit their clutches in cooperative
colonies or sometimes steal other birds’ clutches to enhance
the likelihood that their individual eggs would hatch [47].

A CS technique has always been based on three guidelines:
either every cuckoo might only lay one egg contains in a
random selection nest, the greatest nest in the initial iteration
with slightly elevated eggs (i.e., with the cheapest options
of the decision variables) will pass toward the following
generation, and the host bird can find the cuckoo’s egg inside
another nest with something like a statistical likelihood Pa
therefore (0 < Pa < 1).
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FIGURE 5. Flowchart for the CS algorithm.

A presenter bird’s strongest clutch is randomly sought
throughout the selection process. It could possibly be
designed after the Based optimization flight mathematical
theorem. Figure 5 is an implementation of the CS chart.
PV power (PPV) and current (IPV) have been monitored and
serve as parameters within that approach. An outcome seems
to be the control signal (D), which may be adjusted using
Lévy flight as follows [49]:

D™D =D+« @ Levy flight(1) 2)

Because once [ is indeed the sampling quantity, t seems to
be the number of iterations, « is really the staging process
(o >0 also presumed that o =1), as well as the combination
indicates entrance-wise matrix multiplication. Dyeg(t) repre-
sents samples/eggs or the best duty cycle among the fitness.
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Obtain duty cycle
Dbest to converter

Anyone would decide the amount of « as follows:
a = ap(X," — Xi®) 3)

Levy dispersion using the power function is employed to
estimate the step length, from which:

Levy (A\) ~ u = L™ *where(1 < A < 3) 4)

IV. A GRID INTEGRATED SYSTEM UNDER
INVESTIGATION

Figure 6 displays the setup of the component for the system
under test. Two mechanisms are advised for PV systems
that are connected to the electrical grid. The PV’s power
is controlled in the first stage by a DC-DC converter. This
allows for maximum power requirement in the normal case
or MPPT mode. The second step is composed of a two-level
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FIGURE 6. Architecture of PV installations that are connected to the grid.

three-phase Voltage Source Converter (VSC) and a DC/AC
inverter. The DC link of the VSC has been coupled to the
boost converter’s output. The three-phase VSC consists of
three Insulated Gate Bipolar Transistor IGBT) legs. The LCL
filter’s other end is connected to the common connection
point, and the VSC’s output terminals are coupled. Fig. 6 dis-
plays the management diagram for the PV-connected system
that was employed in this study. The boost converter manage-
ment, as well as the grid-tied inverter control, are the two key
components of the state’s control. The configuration MPPT is
suggested for boost control. The recommended system’s first
stage aims to increase the voltage output to the desired level
and configure the PV’s controller parameters to its maximum
power operating point. Current, power, MPPT, and voltage
collapse sensing are all parts of the control module. The
system filter’s three-phase perspective is seen in Fig. 7.

A. PV-HD REQUIREMETS

The distortion for voltage and current waves that causes
particles to diverge beyond their normal characteristics or
shapes is referred to only as frequency deviation. It is always
often seen as a serious PQ problem. Due to the installation
of inverters, converters, as well as other power electronic
devices, oscillations would occur in a PV system. Different
power-electronic elements contained in the PVs contribute
generate distortions throughout this situation [50]. Excessive
both voltage and current disturbances’ magnitude also con-
tribute to additional network failures as well as the breakdown
of grid-side protective devices. To ensure that harmonic con-
tent somewhere at PCC is maintained to a minimal, stringent
rules seem to be in place. According to [47], HD may indeed
be defined and measured using the THD of either voltage
or current. With the exceptions of ERECG83 and VDE-AR-
N4105, as these are extremely strict and demand a THD for
PV assimilation compared with fewer than 3% [51], various
HD standards are implemented all across the development of
PV system process automation throughout into grid. Despite
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TABLE 2. Current HD limits of the PV systems.

Standards Type (h) Distortion limit 1(-;1;
Odd 33<h <0.3%
IEEE 23<h<33 <0.6%
i547as477 17<h<21 <1.5%
7.2(Austra 11<h<15 <2%
lia, China, 3<h=9 <4% <5%
Malaysia)  Even 10<h<32 <0.5%
2<h<8 <1%
Odd h=3,5,&7 <(2.3,1.14,&0.77) %
UK h=9,11, & 13 <(0.4,0.33,&0.21) %
(EREC 11<h<15 <0.15% <3%
G83stds.) Even  h=24,and 6 <(1.08,0.43, & 0.3) %
8<h<40 <0.15%
Odd h=3,5, &7 <(3.45,1.71,& 1.15) %
IEE h=9,11, & 13 <(0.6,0.5 & 0.3) %
61000-3-2 15<h<39 <0.225% <5%
Even h=2,4,& 6 <(1.6,0.65, & 0.45) %
8<h<40 <0.345%
TABLE 3. Voltage HD limits of the PV systems.
Standards Voltage bus M?érﬁgxlciual 1;5/?;)
IEEE 519 (V<D kV 5% 8%
(1=V<69) kV 3% 5%
(69<v<i61) kv 1.5% 2.5%
(V>161) kV 1% 1.5%
IEC 61000-3-2  (2.3<V<69) kV 3% 5%
(69<v<l6l) kv 1.5% 2.5%
(V>161) kV 1% 1.5%

this, those that are equivalent. The distortion restrictions
regarding current and voltage that have to be acquired at PCC
are summarized in Tables 2 and 3, correspondingly.

The control system provides responsible for managing and
adhering to current rules pertaining to voltage fluctuation,
voltage sag, distortions, voltage mismatch, frequencies, and
power factor in order to keep grid stability [50]. In conclusion,
in order to confirm authentication and accordance only with
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FIGURE 7. The integrated PV system’s control diagram for filter design.

previously discontinued incorporation requirements, the PVs
need to employ the PQ requirements set certification confir-
mation. Throughout this regard, this division evaluates and
controls the power quality of massive PV systems connected
to the distribution network online with applicable PQ regula-
tion changes.

B. REDUCTION OF HARMONICS ACCORDING TO THE
REQUIREMENTS OF THE STANDARDS

The control and structuring methodologies could have a
positive or negative influence mostly on oscillations output.
CS installations must be clearly cultivated in accordance with
the most contemporary requirements as a consequence. The
huge control system is connected to such an HV side (11 kV)
throughout this experiment, as stated in Section III. Per the
harmonic guidelines (Table 2 and 3), the total THD there
at PCC must be lower than 5%, whether it be for current
harmonic current (I-THD) or voltage harmonic distortions
(V-THD), with the exception of UK requirements, whose
call for the I-THD to be lower than 3%.c In this study, the
THD of something like the PVs current waveform (voltages
and currents) around PCC is evaluated and calculated using
the fast Fourier transform (FFT) simulation software tool
to record particular harmonics. Mostly in construction pro-
cess to lower oscillations, the following methodology and
tactics have been taken into account: In order to reduce
output, I-THD and V-THD, the self-commutated PV inverter,
a standard conversion of the GCPV with a DC-DC con-
verter, current-controlled PV inverters, voltage-controlled PV
inverters, current-controlled PV inverters, current-controlled
PV inverters, PWM switching, and harmonics reduction are
all used. But at the other hand, the I-THD and V-THD
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oscillated at a rate of around 22.22 and 6.72 percent over
the standards’ tolerances, respectively. The PWM carrier fre-
quency is increased while an appropriate LCL filter is built to
reduce the harmonic level.

V. DESIGN CRITERIA FOR PASSIVE GRID FILTERS

A. CONVENTIONAL DESIGN

To be able to meet the requirements of the standards, the
major objective of grid filter design (GFD) methods is
to absorb current harmonics to specific acceptable values
defined by the relevant specifications. Traditional GFD stan-
dards are meant to include some factors when determining the
proper rating for the passive elements as presented in [46],
[47], [52], and [53].

B. GA METHOD

GAs are evolutionary methods that can be utilized to find the
optimal solution for the creation function of an enhancement
task. Holland first proposed GAs, computer programmers
that mimic the course of natural evolution, in 1970. Every
iteration of GAs alters a population of people, with each addi-
tional person serving as a stand-in for a potential solution to
the issue. Those in the population who are physically fit live to
reproduce, recombining their genetic material to produce new
humans as offspring. Modeling the genetic material involves
using some type of data structure, most typically a small
number of features. Like in nature, the decision provides the
necessary drive.

A fitness estimate is given to each remedy, indicating how
efficient it is in comparison to other options in individu-
als [49]. The recombination procedure is mimicked by a
crossover mechanism that exchanges sections of data strings

106865



IEEE Access

N. F. Ibrahim et al.: Operation of Grid-Connected PV System With ANN-Based MPPT and an Optimized LCL Filter

N0

Imm%“ Evaluate Fitness — Select Parents — Crossover Mautation Termination
Population

Criferia

FIGURE 8. Basic GA cycle.

START

Y

Performance Specification  [g«=sccsscccccccccccncaccccccaas '

A 4

Calculation of filter cofficiients [#-----------c-ccccu-n

Y

Structure Realization g eeeccnnns

AATDAdS T

: :
Finite Word length effects B
=
s

analysis & solution

R

Y

Hardware & software
implementation & testing

A

FIGURE 9. Flow chart of digital filter (DF) design.

between the chromosomes. A mutation that causes the strings
to change randomly also adds new genetic material [54]. Only
when a specific preset probability is satisfied to do these
genetic processes happen frequently. As depicted in Fig. 8,
the selection, crossover, and mutation processes make up
the basic GA cycle or generation [55], [43]. This cycle is
continued until a set of predefined conditions are satisfied.
Owing to developments in electronic circuit technological
advances, the model of developing systems becomes more
and more feasible, and GAs have been used for a variety of
real-world difficulties, such as GFD as depicted in Fig 9.
Since nonlinear and multimodal error surfaces are fre-
quently present in digital infinite-impulse response (IIR)
filters, it is vital to employ global optimization techniques to
avoid local minima. In order to ensure the filter’s stability
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while permitting the magnitude response to approximate a
targeted characteristic, the values of ai and bi must be selected
carefully. So far, scientific research has paid very little focus
on the application of GAs in analog filters (AFs) [56]. A range
of practical challenges must be taken into account when
designing an AF [14], [18]. One of them is choosing the
component values. A conventional type of GA is used in the
design of the [IR- DF. The GA-based IIR-DF is made utilizing
selection, crossover, and mutation. The range [0.19, 0.79] of
the selected random number has been shown to be adequate.
Fitness is evaluated in the standardized frequency range [0,1]
over a regular grid of frequency points. The choice is the pro-
cedure of choosing components from the current generation
to replace them in the following. The filter’s structure uses
the selection function, which assigns a portion of the wheel
to each person based on their level of fitness. The procedure
of having a child from two parents involves replacing a piece
from one parent with the corresponding part from the second
parent, and vice versa. Upon getting married, double point
crossover produces filters between pairs of individuals and
then yields the present generation. A mutation is an alteration
introduced to some of the children generated by the crossover
procedure by arbitrarily altering the value of one of the bits.
The advantage of this method is that it can restore lost genetic
values when the population converges too quickly. The filter
parameters were stored as a 16-bit binary string with a pop-
ulation size of 50 with starting crossover probabilities and
mutation probabilities of 0.7 and 0.03, correspondingly. The
filter values produced by the GA filter follow the templates
for phase as well as magnitude. The group’s fitness value
for the option I is determined by employing the given fitness
equation [57]:
. 1 5

O = o ®)
where J(w), and K are the cost function value, and the number
of poles outside the unit circle, respectively.

C. GRG TECHNIQUE

GRG is a useful technique for getting the best result. The goal
of GRG is to get the lowest values of L, L, and C under the
assumption that THD is permitted. One way to describe the
goal function for GRG optimization is as follows [18], [58]:

minf (x) = (1 + %) Ly(x =[Lp, r, C]) 6)

The IEEE Standard 1547 clarify the permitted range of THD.
The specification specifies that THD cannot exceed 5%. The
restrictive value of THD might be set at 4.5% to depart a
specific margin. The restriction is stated as:

THD (x) = 4.5% @)
The f(x)’s reduced gradient is written as

gra (x) = Vf (x) ®)
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Considering that x; is the first iteration, the value becomes
xk after k repetitions. The possible drop route at the site is
represented as follows:

_ | —(k);graj(xk) gra; (xk) >0
P = [ —gra;(xk)  gra; (xk) <0 ®)
Describe a higher bound of the coefficient which is written
as:
(k)
=min | ——— 10
gy = Min { (pk)j] (10)

The coefficient « that satisfies min f(xx+pk) can therefore be
obtained in the range [0, « max]. Fig. 10 depicts the GRG’s
flowchart. The termination condition of iteration is that THD
(xx) equals 4.5%. Here, xk is the outcome of the optimization.
Based on this, the permitted range for L; Lo, r, and C are
0.0358 < L, < 0.0133 mH, 120< r < 152.12, 1.87e-08 <
C <3.97¢-08 uF, 0.0158 < L; <0.0221 mH.

The optimized result is [0.0133 mH, 0.0221 mH, 152 and
3.97 wF] for the original value of x1 of [0.0112 mH,
0.0221 mH, 152 and 3.97e-08 F]. The capacitor has a
sequence of fixed values in its actual state. 4 uF is the
temperature that is most similar to 3.97 uF. Consequently,
4 F is chosen as the value of C. The parameters of the LCL
filter are [0.01 mH, 0.03 mH, 152, and 4 wF] when the fixed
value of C participates in the GRG.

D. LC-FILTER DESIGN
The limitation of the LC filter is that the shunt element is inef-
fective when connected to a stiff grid network, where the grid
impedance is insignificant at the switching frequency. The
output current ripple is the same as the inductor current ripple
with an L-filter, where the attenuation depends solely on the
filter inductance. The LC filter in Fig. 7 is a second-order
filter giving —40 dB/decade attenuation. Since the previous
L-filter achieves low attenuation of the inverter switching
components, a shunt element is needed to further attenuate
the switching frequency components. This shunt component
must be selected to produce low reactance at the switching
frequency. But within the control frequency range, this ele-
ment must present a high magnitude impedance. A capacitor
is used as the shunt element. The resonant frequency is cal-
culated from (11).

Ji L] (1D

*~ 2 JIc

The LC type has been investigated in UPS systems with a
resistive load [25]. This LC filter is suited to configurations
where the load impedance across C is relatively high at and
above the switching frequency. The cost and the reactive
power consumption of the LC sorts are more than the L filter
because of the addition of the shunt element.

E. LCL-FILTER DESIGN

Switching loss frequencies for both converters could be
employed because the LCL filter attenuates at frequen-
cies exceeding the maximum resonance frequency by
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60 dB/decade. Furthermore, the design offers less ripple
current from across network inductance as well as greater dis-
persion between both the bandpass and network impedance.
LCL filter is nevertheless appropriate for our purpose.
Although with minimal inductance settings, the LCL fil-
ter demonstrates better current fluctuation dampening. The
mechanism may indeed experience resonant frequencies and
unsustainable behaviors as nothing more than a result. As a
result, the filtering needs to still be exactly created using the
characteristics of the particular converter. There are several
papers somewhat on the construction of LCL filters in sci-
entific articles. The filter’s break frequencies are a crucial
element. Since this filtering requires to achieve sufficient
dampening inside this area of something like the converter’s
cutoff frequency, the latter’s cut-off frequency should be at
least half of that frequency. Additionally, there needs to be
enough space between the cut-off frequency and the grid
frequencies. This same LCL filter’s cut-off frequency could
well be determined using:

1 Li+L
Frog = — % | — 1% (12)
2 Lix Lg% C

Additionally susceptible to disturbances, the LCL filter might
amplify harmonics close to its cut-off frequency. As a result,
attenuation is introduced to the filter. Another easiest method
is to include a dampening resistance. That resistance could be
placed in parallel to the inductor on the side of the converter
perhaps in parallel or in series to the filter capacitor in one
of four possible locations. The decision was made decided to
use a series resistor in conjunction well with a filter capacitor.
The absorption resistor’s value may very well be computed
using,
R 1 13

sd = 3res * Cf (13)

Essentially nothing remains of the maximum somewhere
at frequency response. This method is a straightforward as
well as dependable method, but somehow it significantly
reduces the filter’s effectiveness and raises the system’s ther-
mal losses. Active attenuation may be employed to remedy
this issue. The potential throughout the capacitor is decreased
mostly by resistance by something like a value proportionate
to the current flowing through everything. Moreover, this
seems to be possible in the controlled system. The word
monitors and distinguishes the current by Cy.

Rather than employing an actual resistor, this same esti-
mated value is deducted from either the required current.
With no losses, the filter is actively damped in this manner
by a synthetic resistor. The above theory’s weaknesses com-
prise the need for an extra current sensor or the possibility
of noise issues due to the differentiator’s amplification of
high-frequency impulses [28]. The LCL filter featuring low-
ering resistance shown in Fig. 11 has been studied in terms of
investigation and evaluation methods.

Ve

= rde (14)
16F % Al _max

L;
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FIGURE 10. Flow chart of GRG technique.

where Alp_ 4y is the 10% current ripple specified by: 7y = Uﬁ /Sh a7
P 2 1
Al _max = 0.01 n* \/— (15) Co /wn * Zp (18)
n —_— .
Cr = 0.05%Cy (16) Lg = r+Li (19)
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FIGURE 11. Schematic diagram of LCL filter components.

TABLE 4. Performance and duty ratio evaluation comparing suggested
approaches.

X(W/m?) 500 740 922 1000

Y(C) 25 25 25 25
cs 0474 0476 0479 0.481
ANN 0493 04994 04997 0.5

VI. SIMULATION RESULTS AND ANALYSIS
The complete circuital model of the GCPV model is shown
in Fig. 11. Firstly, a solar panel is fed to the DC-DC con-
verter which is controlled by the MPPT techniques. Then
the DC input is converted into three-phase AC using VSC
so that it can be implemented with the grid. The out-
put at the connection junction of the grid and inverter is
shown in Fig. 11. In this case, the irradiance is increased
from 500 to 1000 W/m? between 1 and 2 sec., and the
temperature is kept constant at 25°C. With this increase in the
irradiance between 1 and 2 sec., the PV power and current
are slightly affected by the variation in the irradiance as
depicted in Figs. 11 and 12, respectively. The best profile with
fewer oscillations is obtained when applying the proposed
MPPT algorithm, ANN. PV voltage is slightly increased as
shown in Fig. 13. The oscillations in this voltage profile are
high when using CS, while using ANN, the oscillations are
reduced with the superiority of ANN over CS. Fig.14 shows
the duty cycle (D). Some control measures for the PV voltage,
current, power, and D when using the two MPPT algorithms
for test case 2 are summarized in Tables 4, 5, and 6. From
this comparison, the proposed ANN could reach the highest
MPP with the best profile for the PV power among the two
algorithms. The CS algorithm could improve the profile of
PV current, and voltage.

The model of the proposed control scenario is developed
on MATLAB/Simulink platform. The proposed system is
implemented on several conditions, such as steady state, grid
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FIGURE 14. D with the investigated techniques.

TABLE 5. Assessment of the effectiveness of several suggested solutions
in perspective of dynamic response and variation.

MPPT X(W/m?) 500 740 922 1000
0
Tnput Y(°C) 25 25 25 25
Tracking
cs time 0.023 0.013 0.009 0.007
oscillation medium medium medium medium
(s)
Tracking
ANN t.lme. 0.014 0.002 0.004 0.005
oscillation none none none none
(s)

voltage balanced, variable solar irradiation level, and dis-
torted grid voltage condition. Fig. 15 shows that the system is
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TABLE 6. Comparison of the suggested MPPT methods’ total expenses
and computation times.

Hardware
MPPT Sensed
Implementation Cost Software
Methods ) parameters
Type  Complexity
CS Digital Complex Medium V&l High
ANN Digital Complex High X&Y Medium
=
<50 & :
R AN A \ g \
§ H 1 i { \ t ' H
S0 \ X S
=
Q 7 1 ; 'I'
= | 1
Y -

0.6
Time (s)

FIGURE 15. Output current signal without a filter.
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5
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FIGURE 16. Output voltage signal without filter.
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—
=

=) =]
T T
1 1

-
T
1

0 20 40 60 80 100
Harmonic order

.L_“.‘

Mag (% of Fundamental)

FIGURE 17. Harmonic spectra for output current signal without a filter.

running under variable solar irradiation level conditions. Dur-
ing this period the system is affected by harmonic distortion in
voltage and current of the grid, to protect the grid from these
harmonics a comparative LC and APF-based LCL filter is
proposed. The outputs of the system without a filter are shown
in Figs. 15 and 16. The THD of each voltage and current
without a filter is shown in Figs. 17 and 18, respectively.
Figures 19 and 20 show the outputs of the system with
an LC filter. The THD of each voltage and current with
an LC filter is shown in Fig. 21 and Fig. 22, respectively.
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FIGURE 18. Harmonic spectra for output voltage signal without a filter.
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FIGURE 20. Output voltage signal with LC-filter design.
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FIGURE 21. Harmonic spectra for output current signal with LC filter
design.

From Figs. 21 and 22, we find that when using the LC filter,
the THD of current decreased from 13.92 to 8.21 and that
according to the current HD limits of the PV systems standard
is rejected. We also find that the THD of voltage decreased
using the LC filter in the waveform from 12.73 to 11.3, and
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FIGURE 22. Harmonic spectra for output voltage signal with LC filter
design.
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FIGURE 24. Output current signal with LCL-filter design.

that’s according to the voltage HD limits of the PV systems
standard is rejected.

Figures 23 and 24 show the outputs of the system with
an LCL filter. The THD of each voltage and current with
an LCL filter is shown in Fig. 25 and Fig. 26, respectively.
From Figs. 25 and 26, we find that when using the LCL
filter, the THD of current decreased using the LCL filter in
the waveform from 13.92 to 0.028 this is according to the
current HD limits of the PV systems standard enhancement.
We also find that the THD of voltage decreased using the LCL
filter in the waveform from 12.73 to 0.03 this is according
to the voltage HD limits of the PV systems standard is an
improvement.

Due to the addition of the LCL filter, the HD was mostly
attenuated. These steps were repeated with different design
filters and the THD is calculated for each design for compar-
ison purposes. Table 7 shows the THD of all filters designed
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FIGURE 26. Harmonic spectra for output current signal with LCL filter
design.

TABLE 7. THD Comparison of the suggested Filters design.

Filters I-THD V-THD

Without 13.92 12.73
With LC 8.21 11.3
With LCL  0.03 0.028

TABLE 8. Comparing the traditional design approach with the
evolutionary search techniques (GA and GRG) for the LCL filter.

Evolutionary search

Filter Conventional approach
parameter design GRG
GA
(proposed)
Cmax ) 5.069835¢-08  ° 'Ogéze' 3.9789¢-08
Ll m 0.03315 0.0220 0.0221
L2 m 0.06495 0.01689 0.0133
Ra 228.178 193.19 152.12

without and with filters and Table 8 Comparison between
the conventional design method, the GA approach, and the
proposed GRG technique for the LCL filter.

THD is a metric for waveform purity and is frequently used
to assess how well the filter functions. An LCL filter often has
a lesser THD than an LC. This is due to the fact that an LCL
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FIGURE 27. Implemented LCL filter.

reduces the level of harmonics of the waveform supplied by
connecting a series L and a parallel C to the load. A larger
THD may result from an LC filter’s single series L or parallel
C. Furthermore, compared to LC types, LCL types are more
effective at suppressing high-order HD. This is due to the fact
that an LCL type has a large damping capacity for upper-order
harmonics that a load may produce. It’s important to keep in
mind that the precise comparison of THD between LC and
LCL sorts will rely on the particular design and operating
circumstances. LCL kinds are typically more appropriate than
LC filters for tasks that call for minimal THD, such as PQ
enhancement.

Most LCL design approaches include hand-tuning of
design factors like element values and structure. This can
be a labor-intensive and iterative process, and the designer
must draw on their knowledge and experience to produce
a successful design. On the other hand, evolutionary search
methods, including GA and GRG, utilize an optimization
algorithm that resembles the procedure of nature choice to
identify the best design. These approaches are analytically
costly but may swiftly examine the architectural space and
identify solutions that are close to ideal, frequently requiring
fewer manual tweaks. In terms of computing efficiency, GRG
is superior to GA, but if the design space is complicated,
it might not be able to locate the global optimum.

A. EXPERIMENTAL RESULTS OF DESIGN FILTER

The proposed LCL has been validated using a grid-
connected three-phase 115 W inverter prototype with the abil-
ity to operate in a stand-alone mode. The LCL filter is shown
in Fig. 27, based on parameter values listed in Table 8, has
been designed and built. The control algorithm was exe-
cuted in a dSPACE 1104 real-time platform. Even though
the system had been constructed utilizing appropriate control
techniques and tools, as illustrated in Figs. 28 and 29, the
I-THD had been greater than the usual threshold for distortion
elimination. It may be noticed that the present waveform’s
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FIGURE 29. Total and individual harmonics levels of the output current
waveform before filtering by LCL filter.
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FIGURE 30. Current waveform after filtering by LCL filter.

harmonics oscillated at a frequency of 14. 92 percent. As a
result, the efficacy of the suggested system was enhanced,
and the I-THD has been lowered to 3% as demonstrated in
Figs. 30 and 31. This was accomplished by designing the
LCL filter efficiently and increasing the switching frequency.
Figs. 28 and 30 show the current signal preceding and fol-
lowing the LCL filter, respectively. Evidently, the overall
harmonic oscillations in the application filter design in a PV
system are now decreased from 14.92% to 3% after filtering
because of an LCL filter. Furthermore, the designed filter
values is Cmax (F):SO UF, L1 H) = 30 IIIH, L2 (H):54 mH,
and Ry)=1.6 k.

The V-THD had been greater than the usual thresh-
old for distortion elimination. It may be noticed that the
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FIGURE 31. Total and individual harmonics levels of the output current
waveform after filtering by LCL filter.

| Va(V)
(V)
£ 400 #11 W ve(v)
= #1:2
% :
= 51/
e
- #1:3
5
o 400
0.6 0.65 0.7 0.75 0.8

Time (sec)

FIGURE 32. Voltage waveform before filtering by LCL filter.
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FIGURE 33. Total and individual harmonics levels of the output voltage
waveform before filtering by LCL filter.

present waveform’s harmonics oscillated at a frequency of
7.3 percent. As a result, the efficacy of the suggested sys-
tem was enhanced, and the VTHD has been lowered to
0.029% as demonstrated in Figs. 33 and 35. This was
accomplished by designing the LCL filter efficiently and
increasing the switching frequency. Figures 32 and 34 show
the voltage signal preceding and following the LCL fil-
ter, respectively. Evidently, the overall harmonic oscillations
in the application filter design in a PV system are now
decreased from 7.3% to 0.029% after filtering because of an
LCL filter.
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FIGURE 34. Voltage waveform after filtering by LCL filter.
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FIGURE 35. Total and individual harmonics levels of the output voltage
waveform after filtering by LCL filter.

VIi. CONCLUSION

In this study, MPPT based on two alternative methods (ANN
and CS) for a GCPV system is investigated. The additional
benefit of ANN is that it tracks environmental conditions
more quickly than CS systems. Due to its changeable step
size, the ANN approach produces a steady response for
computing MPP. It also improved the profile of PV power,
voltage, current, and D using a number of control methods.
All of the schemes had extremely high THD at first, but
once the designed and proposed filter has been added, THD
dropped to less than 1%, which is within acceptable limits.
Passive damping techniques are employed and described in
this work. The Matlab/Simulink toolbox (LC, and LCL) is
used to assess several typologies for a 100 kW three-phase
inverter GCPV system. The damped LCL filter with a series
resistor is the best option, as demonstrated by the reduction
of the total harmonic destruction current from 14.92 to 3%,
and reduction of the THD voltage from 7.3 to 0.029%, and
the suppression of the resonant peak.
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