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Abstract- The presented work introduces a grid-integrated photovoltaic (PV) generation system, that incorporates a DC-to-
DC converter and a DC to AC inverter specifically designed to handle partial shading conditions. The DC-to-DC converter
employs an MPPT algorithm inspired by the construction of the Giza Pyramid, while the inverter is controlled using virtual
synchronous generation (VSG) control. The GPC based MPPT algorithm is used to optimize the PV system's energy
harvesting capabilities. By leveraging mathematical principles and optimization techniques inspired by the pyramid's
design, the Giza Pyramid construction based MPPT algorithm aims to enhance the description of a synchronous generator.
This paper aims to upgrade the overall efficacy of the PV systems, particularly under challenging operating conditions like
partial shading conditions. VSG control enables renewable energy systems to seamlessly integrate with the existing power
grids. It helps to maintain grid stability during normal operation, handle grid disturbances, and support grid voltage and
frequency control. The system simulation is conducted with MATLAB/Simulink. The gained outcomes are assessed with
those obtained from a PV system employing a Particle Swarm Optimization (PSO) MPPT process. The comparative
analysis provides the effectiveness of the intended MPPT algorithm in handling partial shading situations.

Keywords: Particle Swarm Optimization, virtual synchronous generation control, MPPT, Giza Pyramid Construction
Algorithm, DC to DC converter

Introduction the power grid frequency [2]. The inertial response of

synchronous generators (SGs) can effectively by regulated

The utilization of energy sources by distributed
generators (DGs) is increasing nowadays [1]. This trend is
attributed to the growing recognition of the negative effect of
environmental pollution. The stability of the power system
becomes a significant concern. Conventional synchronous
generators (SGs) are commonly employed for maintaining

either gripping or supplying the Kinetic energy stowed in
their rotors. Synchronous generators (SGs) show an
important role in regulating the frequency response of the
power grid [3] resulting in a smoother frequency control. In
addition, synchronous generators (SGs) can deliver a
significant amount of kinetic energy to sudden disturbances
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or Traditional synchronous generators (SGs) have a crucial
function in supporting the utility grid [4]. Conversely,
distributed generators (DGs) based on inverters lack the
essential inertia and grid-forming capability, posing a risk to
the strength of the power grid [5]. To address the challenges
associated with inverter-based distributed generators (DGs),
a control strategy based on virtual synchronous generators
was designed. In recent times, multiple algorithms have been
developed for virtual synchronous generators (VSGs) [6].
The fundamental principle of VSG control is justified in
adopting the widely used swing equation for synchronous
generators (SGs) through droop control [7]. Therefore, VSG
control emulates the essential attributes of synchronous
generators (SGs), such as inertia and droop mechanism, to
enable the emulation of rotating inertia in inverter-based
distributed generators (DGs). With its inherent capabilities,
the VSG has the potential to enhance grid stability.

Furthermore, the control system of the VSG can operate
around islanded mode as well, facilitating natural load
sharing like traditional synchronous generators (SGs) [8].
Consequently, a significant amount of research has been
dedicated to the control of VSGs, as discussed in detail in
[9]. In [10], a pioneering approach was presented, with a
corrective VSG control structure. The aim of this algorithm
is to effectively mitigate distorted current waveforms. In
[11], an alternative approach was investigated to enhance
synchronization stability. This method utilizes the frequency
change among the power grid and the virtual synchronous
generator (VSG) is utilized to manage reactive control within
the system. Moreover, in the context of microgrid systems
equipped with grid-connected inverters of distributed
generators (DGs), [12] introduced a specialized virtual
synchronous generator (VSG) with a fuzzy secondary
controller. This VSG was specifically designed to regulate
voltage and frequency.

To tackle the challenges, researchers and academics have
made efforts to address them by incorporating the inverter
power factor modeling and then integrating rotor swing
equations to the inverter control system. This method allows
the inverter to drive as a VSG by providing virtual inactivity
[13]. Since 2008, various configurations for VSG techniques
have been proposed worldwide [14]. These approaches
encompass diverse methods such as particle swarm
optimization, as recommended in [15], which considers
voltage angle deviations of generators; pole placement for
oscillation damping, as presented in [16]; a hybrid control
method that combines inactivity and checking for islanded
microgrids, as explained in [17]; simulated excitation control
method [18]; and enhanced fuzzy logic controllers [19],
among several others.

In recent times, there have been multiple attempts to
alter and adjust droop control techniques. In a study
referenced as [20], a novel approach to virtual synchronous
generator control was developed, featuring the integration of
adaptable droop coefficients. This approach aims to tackle
challenges such as less energy allocation and a significant
reduction in frequency oscillations in islanded microgrids.
The challenges such as reduced power quality and significant
frequency oscillations in islanded microgrids, [21]

introduced a control technique for virtual synchronous
generators created on adaptive droop coefficients. The
control approach employed for VSGs exhibited remarkable
accuracy in power distribution, this approach results in
improved active performance and frequency stability of the
power grid system. Furthermore, implementing the same
VSG control methodology enables better voltage stability in
microgrid systems through voltage deviation adjustments.

Researchers in [22] studied the impact of various
coefficients on voltage stability. They utilized self-adaptive
control of the droop coefficient to model a VSG and noticed
that during disturbances and transient conditions, there was a
decrease in frequency and voltage deviation. In [23], a virtual
impedance-based control method for VSG was introduced.
By utilizing simulated resistivity, the behavior of the VSG
was effectively regulated. In [24] proposed fixed parameter
damping techniques for VSG control. These techniques
incorporated state feedback and a low-pass filter, effectively
addressing low-frequency oscillation problems. Notably,
these methods also improved the microgrid's ability to
attenuate power ripples during operation.

Researchers have developed various approaches to
optimize the global maximum power point (GMPP) of PV
systems under varying climate conditions, known as
maximum power point tracking (MPPT) methods. In
reference [25], the researchers introduced MPPT systems that
were designed specifically to track the GMPP in the presence
of partial shading conditions (PSC). Nevertheless, these
algorithms often struggle to accurately identify the true
GMPP and can become trapped in local power peaks due to
the constant variations in the duty ratio of partial shading
conditions (PSC). Consequently, the power output of PV
procedures may be reduced [26].

To check the limits associated with typical algorithms,
researchers have proposed hybrid MPPT algorithms that
leverage the advantages of combining two unlike algorithms.
As an example, in [27], an algorithm utilizes large datasets in
real-time and employs a filtering mechanism to eliminate
unwanted data points was introduced. While the method
mentioned above exhibits a rapid response and lower training
error, it tends to have fewer bifurcations caused by climatic
variations. Similarly, another researcher proposed a hybrid
algorithm that combines linear tangent (LT) and interpolation
techniques and developed a method to track the GMPP when
partial shading conditions (PSC) occur. This algorithm
effectively overcomes certain limitations and exhibits a delay
in response time under rapidly changing climatic conditions
because of the need for re-loading of the DC scheme.

During recent developments, researchers have devised a
hybrid approach that combines to achieve high efficiency in
PV applications, researchers focused on optimizing
multilevel inverters using an (ANN) combined with (NR)
algorithm [29]. This method demonstrates efficiency by
utilizing the ANN for guiding and estimate purposes, while
NR is engaged for additional optimization.

The model and performance assessment of a PV
generation method addresses the challenges posed by partial
shading conditions. The system involves a DC/DC converter
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and a DC/AC inverter, which are essential components for
grid addition of PV systems. To enhance energy harvesting
capabilities, in the DC/DC converter, a novel MPPT
algorithm, inspired by the construction of the Giza Pyramid,
is utilized. This Giza Pyramid construction based MPPT
algorithm  utilizes unique techniques derived from
mathematical principles and optimization strategies inspired
by the pyramid's design. Its aim is to enhance the overall
effectiveness and working of PV systems, particularly in
scenarios with partial shading.

The control of the PV technique's inverter is achieved
through the utilization of virtual synchronous generation
(VSG) control. This control strategy enables the emulation of
synchronous generator characteristics, this includes various
functionalities such as voltage and frequency regulation,
inertia response, and fault ride-through capability. The
integration of VSG control allows the PV system to
seamlessly connect with existing power grids, maintain grid
stability during normal operation, handle grid disturbances,
and support grid voltage and frequency control. The study
employs MATLAB/Simulink for system simulation,
comparing the results with those obtained from a PV system
utilizing a Particle Swarm Optimization (PSO) created
MPPT algorithm. This comparative analysis provides
valuable insights into the performance and efficacy of the
aimed Giza Pyramid construction based MPPT algorithm
under partial shading conditions. Overall, the research aims
to contribute to the advancement of PV generation systems,
specifically addressing challenges that are related to partial
shading, and offers potential improvements in efficiency,
performance, and grid integration capabilities.

2. PV Cell modelling

The PV cell is represented by a two-diode model,
illustrated in Figure 1, includes two reverse saturation diodes
with  diode currents represented by lm and
ls2. The ideality factors of these diodes are denoted by I]; and
1), respectively. The presence of an additional second diode
current in the model highlights the influence of combined
losses occurring in the depletion region of the cell examined.
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Fig. 1. Equivalent circuit of PV panel with two diodes

Achieving optimal efficiency in a PV generation system
necessitates operating at the maximum power point, which is
impacted by two atmospheric parameters: irradiation and
temperature. In cases where the rated power of a single PV
panel is inadequate, Attaining the desired voltage and power
output can be accomplished by connecting multiple low-

rated panels in either series or parallel configurations. Partial
shading of some PV panels, caused by clouds, buildings, or
trees, can result in non-uniform irradiance levels, leading to
voltage drops across those panels. As a result of this voltage
drop, the affected PV panels can exhibit behavior like that of
a load on the remaining PV system which causes power and
voltage mismatches and potentially leads to hotspot effects.
To relieve the effects of partial shading and prevent hotspots,
bypass diodes are installed across the PV panels.
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Fig. 2. PV generation system with four series connected PV
arrays.
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Figure 3 illustrates the characteristics of a PV system
including the current-voltage (IV) and power-voltage (PV)
curves comprising four series-connected PV arrays. It
showcases the system's behaviors under both uniform
irradiance levels and partial shading conditions. The
maximum capacity of each PV array is 100 kW, and the total
capacity of the PV system reaches 400 kW at maximum. In
situations where the irradiance levels are uneven, the power
vs voltage curve of the PV array exhibits multiple local
maxima in addition to a single global maximum. To
maximize the utilization of solar energy from a PV system, it
is key to run the system at the total optimum, even when
exposed to non-uniform irradiance conditions. To achieve
this goal, the utilization of efficient algorithms and control
strategies becomes necessary to continuously track and
maintain the PV system at the GMPP. The study utilizes a
novel Giza Pyramid Construction (GPC) based MPPT
algorithm to efficiently obtain extreme power from the PV
generation system.

3. Partial Shading Conditions

When PV module arrays experience partial shading
conditions (PSC), their efficiency is significantly reduced
because of reduced output voltage and current. PSC can be
produced by a variety of factors, this encompasses shading
effects caused by dust, nearby structure, clouds, as well as
malfunctioning of PV modules. One of the major
consequences of PSC is the emergence of multi-power peaks
on the P-V curve, namely the local and global power peaks.
These peaks indicate that the PV system is producing
multiple power outputs, which can further decrease its
overall efficiency. The highest power point on the power-
voltage (PV) curve is commonly referred to as the global
power peak, representing the optimal power output.
Conversely, the lowest power peak resulting from abrupt
environmental changes is known as the local power peak. To
ensure optimal proficiency of the PV system, the utilization
of an MPPT controller is needed. The adoption of a novel
Giza Pyramid Construction (GPC) based MPPT algorithm
enables the PV system to control at its peak efficiency, even
when subjected to partial shading conditions (PSC).

3.1. GIZA Pyramid Construction Algorithm

Pseudo-code of proposed algorithm

1. Initialize dimensions of the problem, population
size, maximum iterations, and down and high limits
of the result

2. Initialize an array with random values.

3. Calculate the cost of each initialized stone block or
worker, find the best worker and term him as
Pharaoh’s agent

4. While ite< Maximum iterations do

5. For i=1 to the number of stone blocks or workers
do

1. Determine the stone block displacement (Eq.

10)

2. Determine the worker movement (Eq. 11)

3. Find the new position (Eq. 12)

4. Find the probability of substituting the
workers (Eg. 13)

5. Calculate the next position and cost

6. If cost<Pharaoh’s agent cost, then
1. Set worker of new cost is Pharaoh’s

agent

7. Endif

6. End For
7. End While

8. Solution=c

3.2. Power Quality

High-quality power refers to a consistent voltage supply
that operates within a predetermined range. Power quality
concerns are focused on deviations from the essential
frequency and the presence of a pure sinusoidal waveform in
electrical systems. High-quality power is characterized by an
alternating current (AC) frequency that closely matches the
required frequency and the absence of any distortions in the
waveform. These issues can have detrimental effects on the
lifespan of electrical devices. Power generation is the
capability to consistently generate power at a required
frequency, through minimal variations. Power quality
problems can have a major effect for consumers, as they can
result in lower system power factors and ultimately lead to
higher monthly utility bills. Several organizations worldwide
are dedicating significant efforts to the development of
power quality standards that are met for various electrical
equipment.

The emergence of harmonics is considered the most
significant power quality issue. Harmonics are characterized
by voltages or currents that have frequencies that are integer
multiples of the fundamental/intended frequency [31]. When
the harmonics align with the intended voltage or current, it
can lead to waveform distortion. In grid-integrated PV
systems, harmonics can originate from multiple sources,
including converters, power electronics devices, and
controlled or uncontrolled rectifier loads. These loads can
cause fluctuations in current, leading to a distorted waveform
and resulting in voltage drops across the system impedance.
To measure the level of distortion in the waveform with
respect to the fundamental waveform, Researchers often use
Total Harmonic Distortion (THD) as a metric for power
quality. According to the IEEE-519 standard, in an ideal
scenario, a sinusoidal waveform would have a Total
Harmonic Distortion (THD) of 0%, it is recommended to
maintain the Total Harmonic Distortion (THD) level in an
electrical system below 5%. Equations (1) and (2) are widely
utilized for calculating the THD level of voltage and current,
respectively.

Nin=2"R

=
THD, = x 100% (1)

¥y
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1SN 2

NE
THD, = '% % 100% (2)

1

Equations (1) and (2) determine the THD levels of
voltage and current, where V, and I, denote the respective
nth harmonics of voltage and current. Additionally, V1 and I;
represent the base magnitude. The calculation considers the
maximum harmonic order (N) for consideration. A high
THD level can have a major impact on the power quality and
power factor. Equation (3) illustrates the relationship
between the power factor and harmonics.

1

PF=—/— = (3)
[ THD%
J1+ (5o )
Other types of frequency disturbances can be

characterized by Voltage variations, like unbalanced voltage,
voltage sag, swell, and interruption, among others, are
characterized by the magnitude of the voltage deviation.
These variations can have durations ranging from
instantaneous to transient or temporary. The usual
description and limits of these voltage modifications are
defined by IEEE norms [32].

4. Grid connected PV System Description

Figure 4 depicts the block diagram of a grid-connected
PV system, which employs a two-stage system to enable
power supply from PV generation to the grid. It incorporates
a GPC-based MPPT control, which enables tracking of the
GMPP and ensures the maintenance of an ideal voltage
across the capacitor of DC link. The PV system remains
operational even when abnormal weather conditions are
present. The boost converter design is utilized to increase the
DC link voltage to the required level for the DC/AC inverter,
utilizing the bus capacitor for this purpose. The capacitor
between boost converter and the significance of VSC lies in
its ability to ensure the generation of a steady DC voltage
and it helps in reducing voltage fluctuations across the PV
array.

The capacitor positioned between the boost converter
and VSC serves several essential functions. These include
stabilizing the DC voltage, minimizing voltage ripples, and
acting as a power storage system. It plays a crucial role in
supplying power to the inverter during transient faults, partial
shading conditions (PSC), and similar occurrences. To
enhance power quality, the connection between the DC/AC
inverter and the utility grid incorporates an LC filter,
specifically designed to mitigate high-order harmonics.
Additionally, an inverter control loop system is implemented
in the setup by regulating the grid-interfacing inverter,
enabling the conversion of DC power to AC power.

Under diverse operating conditions, the proposed system
demonstrates high efficiency and power quality. To improve
power condition by controlling the grid interfacing inverter, a
double control loop is employed. The control system
contains an inner current loop and an outer voltage loop,
which rely on the sensing of the source voltages and VSC
output currents. Park's transformation is adopted to convert

the currents and voltages into DQ frame. The aim of this
transformation is to establish an operating point that guides
the PWM (Pulse Width Modulation) to control the IGBT
(Insulated Gate Bipolar Transistor) of the inverter, resulting
in the production of a smooth sine wave. To achieve this, a
dual control loop system is implemented, containing an inner
loop for current controller and an outer loop for voltage
control. This system monitors the three-phase inverter
currents and grid voltages. The presented research paper
introduces a grid-integrated PV system that is interconnected
with both linear and nonlinear loads. To achieve
synchronization between the grid and inverter, the system
incorporates the technique of double second-order
generalized integrator phase-locked loop (DSOGI-PLL).

PV Generation
System

‘lrl
—
Vew Vog
I k DC-DC I .
Boost ) Source
I Converter | Converter

Spoost Sy to SGI

Voltage

l 1 lllub( Grid

MPPT

Algorithm Load

Fig. 4. Grid integrated PV generation System
4.1. VSG-ESS Control Method

The "P-Droop" mechanism is used to control the primary
frequency, whereas the "Q-Droop" technique is implemented
to regulate the output voltage which is mostly associated
with automatic power and the voltage measured at the point
of common coupling (PCC). Secondary frequency control
employs the inertial equation in VSG. The terminal voltage
is significantly influenced by the reactive power supplied by
a power generator, which is utilized to simulate the
equivalent line inductive impedance between the inverter
output and the PCC. The terminal voltage often exhibits a
drooping behavior. The swing equation is of utmost
importance when evaluating the transient stability of a power
system since it enables the examination of power system
stability. The swing equation is a mathematical
representation of the rotor's movement relative to the stator
field over time. It is typically presented in the following
form:

d Gy Prr. — Es

n = o —D{mm —c-;.‘uc,] (4)

The swing equation is defined by the relationship
between the electromagnetic power (P.), mechanical power
(Pm), and the rated (wg) and mechanical (mm) angular
frequencies. The damping coefficient is represented by D,
and the moment of inertia of the virtual rotor is denoted by J.
The load bus's voltage and current measurements in three
phases undergo a conversion process to DQ representation
using Park's transformation. Park’s transformation is a
mathematical tool that allows for the conversion of three-
phase electrical quantities, such as voltage and current, to
two-phase dq quantities that are easier to analyze and control.
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In addition, the analysis of real and reactive power from the
grid serves as input signals for the P-F and Q-V droop
control mechanisms. These blocks operate by altering the
output frequency and voltage levels of the system in response
to changes in load demand. This is achieved by utilizing the
power measurements of the grid as a reference for the droop
control blocks. Frequency and voltage control of the system
were achieved through the implementation of droop
controllers. The Q-V droop regulator establishes the
reference voltage, while the P-F droop controller determines
both the phase angle and frequency of the Virtual
Synchronous Generator (VSG).

The droop controllers ensure the system operates
consistently and continuously by modifying these parameters
in accordance with variations in load demand. The source
current for the current control block is calculated using the
synchronous approach. After obtaining the source current
using the synchronous approach, the current control module
computes the necessary three-phase source voltage for
implementing Pulse Width Modulation (PWM). Utilizing the
reference voltage and the angle produced by the P-F drop
controller, the system employs the values to fulfill its
operational requirements. The PWM module generates gate
pulses that are transmitted to the inverter. The gate pulses
facilitate the inverter in delivering the necessary real and
reactive power to meet the load demand. The primary
purpose of the LC filter is to reduce or eliminate the output
harmonics generated by the inverter.

4.2. Active Power-Frequency Control

P-F and Q-V droop controls are widely employed as
preferred methods in medium and high voltage microgrids
with distributed generation systems to effectively handle
variations in real and reactive power. By modifying the
frequency and voltage levels of the system output in
accordance with load demand fluctuations, these control
methods ensure the stable operation of the microgrid. By
using P-F and Q-V droop controls, the distributed generation
system can effectively manage the balance between real and
reactive power, ensuring reliable and efficient operation of
the microgrid.

By = Pre,r' + k‘h'{mi’f}'— - ':""'g} (5)

Prer is the required active power to be injected by the inverter,
oref, and wg are reference and actual angular frequencies, kw
is the active power droop measurement.

4.3. Reactive Power-Voltage Control

The voltage converted by a VSC commonly exhibits a
characteristic of decreasing or drooping behavior in relation
to reactive power. This drooping behavior is closely
associated with the reactive power produced by the inverters.

'[‘:q' {Qre,r' - '?[m:} {ﬁ‘:]

Vnom rated voltage, Qe is the reference reactive power to be
injected by the inverter, Qin actual inverter output reactive

1’?’9}' = IIr:ir'u;*i'r. -

power, Kq is the reactive power droop coefficient, Ve
reference voltage at the output of the inverter.

The swing equation for virtual synchronous generator-
based inverter control is given as

diy,
g
Fr — P =.lrsmlg ?"' Dp{mre,r' - mg} (7)

D, virtual damping factor, Js is the virtual inertia, Pr
virtual shaft real power.

From the equation (1), 6, can be calculated as

6,=fo, =] —w;)]at} e (8]

For reactive power control, virtual electromotive force
Vma, Vimp @nd Ve are calculated as

Vg = Yy sin(g;)
2
Vine = Wy s[n(ﬁ'g - ?:I (9)

2
Vine = Wrag sin(ﬁ‘g +?]

[ Po—Fo) =D fw .,

Ys is the virtual rotor flux which regulates the actual
voltage magnitude Vmag t0 Vrer generated by reactive power
droop control. Error between Vmag and Vet is the input to the
Pl controller and output of the PI regulator is adopted as
virtual rotor flux ys. Before calculating virtual electromotive
force, high frequency components in virtual rotor flux are
filtered by low pass filter. Inner current control and outer
voltage and active power regulator are adopted to generate
reference voltages Varer, Vot and Veer for inverter. By
applying sinusoidal pulse width modulation on these
reference voltages, switching pulses required by inverter can
be generated.

g

V. E, I
v, abec o (P - = . T fab.: WVerer, tos
0

Virel | SPWM |y

b
Vine dq
—_

Fig. 5. Virtual synchronous generator base control strategy
for Inverter

5. Simulation results

The GPC based MPPT for DC-DC converter and
discrete VSG based control system for DC-AC inverter are
verified through four case studies using
MATLAB/SIMULINK. The PV system contains four series-

442



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

S. Keerthi Sonam et al., Vol.14, No.2, June, 2024

connected PV arrays, and each array comprises 80 parallel
strings and 5 modules linked in series per string.

5.1. Case 1.

In Case Study 1, the presentation of the proposed Giza
Pyramid Construction (GPC)-based MPPT technique is
examined in partial shading conditions (PSC). The study
examines variations in solar irradiance, with different levels
measured at 1000 W/m2, 600 W/m?, 400 W/m?, and 800
W/m2, while the module temperature fluctuates between
35°C, 29°C, 21°C, and 30°C. To maintain a consistent DC
current within defined boundaries for the inverter and
enhance its responsiveness, the DC link inductor is set up
with a frequency of 100 mH, the proposed discrete VSG
control system is evaluated with a linear load of 400 kW and
in terms of voltage and current total harmonic distortion
(THD) as well as active and reactive power, the value of 100
KVAR is being evaluated. The comparison involves
evaluating the proposed GPC MPPT and discrete VSG
inverter control strategy in contrast to the PSO MPPT
technique.

Table 1. Pattern 1 of Irradiance values in W/m? for case 1

Oto2sec | 2to4sec | 4to6 6to8
sec sec
PV Array 1 1000 600 400 800
PV Array 2 1000 600 400 800
PV Array 3 1000 600 400 800
PV Array 4 1000 600 400 800

During Case Study 1, the MPPT method built on GPC
showcased accurate tracking of the maximum PV power
corresponding to variations in irradiance. As a result, the
system achieved an outstanding efficiency level of 99.85%
and exhibited remarkably minimal energy losses, measuring
just 0.15%. The suggested MPPT technique successfully
upheld a consistent optimal DC link voltage for the input
side of the inverter, while the Boost DC-DC converter
maintained a constant switching frequency of 10 kHz.
Notably, the aimed method demonstrated rapid tracking
capabilities, accurately identifying the true GMPP within a
mere 0.04 seconds.

Figure 6 illustrates the PV generation system's inverter
output voltage and current. At 1 second, a decrease in the PV
generated power resulted in a reduction in the inverter's
output current. FFT analysis revealed that the inverter output
current exhibited a total harmonic distortion (THD) of 1.32%
when using the proposed GPC-based MPPT. However, when
employing the PSO-based MPPT, the current THD increased
to 3.4% due to higher ripples in the DC side current.

During the grid THD analysis, it was noted that the grid
current waveform spectrum exhibited prominent harmonics
primarily at the third and fifth orders. Consequently, the
designed inverter control system was specifically crafted and

optimized to reduce the presence of these harmonics at their
individual frequencies. Figure 7 depicts the inverter voltage
and current waveforms after filtering, showcasing the
effectiveness of the applied measures. The load voltage and
current profiles are depicted in Figure 8. The inverter's power
profiles, both in terms of dynamics and reactive components
obtained using GPC MPPT (Figure 9) and PSO MPPT
(Figure 10), are presented. It is evident that the transient
behavior of the power profiles with GPC MPPT is superior
to that of PSO MPPT, particularly during changes in
irradiance. Figure 11 and Figure 12 depict the dynamic and
fluctuating power of the load using GPC MPPT and PSO
MPPT techniques, respectively. Additionally, Figure 13 and
Figure 14 present graphical illustrations depicting the
injection of active and reactive power into the grid.
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5.2. Case 2.

Case study 2 evaluates the efficacy of the GPC-based
MPPT and discrete VSG control system under partial
shading conditions. The study involves varying solar
irradiance levels and module temperature changes to estimate
the execution of the system. The solar irradiance levels used
in the study are 1000 W/m?, 650 W/m2, and 930 W/m? for
PV1, 1000 W/m?, 300 W/m?, and 380 W/m? for PV2, 1000
W/m2, 450 W/m?, and 250 W/m? for PV3, and 1000 W/m?,
720 W/m?, and 550 W/m? for PV4. The module temperature
changes used in the study are 35°C, 25°C, and 28°C. To
minimize system losses, the DC link inductor is decreased to
a value of 80 mH. A constant linear resistant load of 200 kW
is linked to the system. The THD is analyzed using the Fast
Fourier Transform (FFT) technique in unity with the IEEE
519 standard.

Figure 17 displays the voltage and current output of the
PV inverter. However, there are harmonics exhibits in the
voltage signal. To mitigate these harmonics, an inductive
filter is employed, and Figure 18 portrays the filtered voltage
and current that ensued. The load voltage and current
waveforms are presented in Figure 19. Figure 20 presents the
active and reactive power profiles of the PV inverter, while
Figure 21 showcases the power profiles of the load. Figure
22 illustrates the power profiles of the grid. The grid shows
an important task in maintaining uninterrupted power supply
to the load, particularly in scenarios where there is a decrease
in irradiance due to partial shading. During such
circumstancesThe grid functions as an alternative power
source, providing compensation for the decreased power
generation from the PV system.

By providing the further power needed by the load, the
grid ensures a consistent power supply to meet the load
requirements, thereby guaranteeing the reliability and
continuity of electrical supply in challenging conditions.

Table 2. Pattern 2 for irradiance values in W/m? for case 2

Oto2sec | 2to4sec | 4to6sec
PV Array 1 1000 650 930
PV Array 2 1000 300 380
PV Array 3 1000 450 250
PV Array 4 1000 720 550
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Figure 25. The load voltage and current waveforms are
presented in Figure 26. The (THD) of the load current is
measured to be 1.3%, indicating a relatively low level of
harmonic content.

Figure 27 represents the active and reactive power
profiles of the PV inverter, while Figure 28 illustrates the
power profiles of the load. Figure 29 showcases the power
profiles of the grid. To ensure uninterrupted power supply to
the load, especially during situations where there is a
reduction in irradiance due to partial shading conditions or
there is a failure in any PV array, the grid plays a crucial
role. It can handle the additional power required by the load,
compensating for the decrease in power generated by the PV
system. This ensures a constant power supply to meet the
load requirements, even under challenging conditions.

Table 3. Pattern 3 for irradiance values in W/m? for case 3

Active Power(W)

LT

Renct] n'l' Power(VAR)

mi

Oto2sec | 2to4sec | 4to6sec
PV Array 1 1000 650 930
PV Array 2 1000 300 380
PV Array 3 0 0 0
PV Array 4 1000 720 550

Fig. 22. Grid Injected Active and Reactive Power
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5.3. Case 3.

Case study 3 evaluates the proposed MPPT and inverter
control strategy under the worst partial shaded irradiance
pattern. In this array, the third PV array receives 0 irradiance,
which signifies the failure of the PV array. A bypass diode
across the respective PV array short circuits it for continuous
working of the PV system. The study aims to enhance power
quality in such conditions. To reduce system losses, the
inductor in DC link is lowered to 50 mH. The proposed
discrete VSG control system was evaluated with a linear load
of 400 kW and 100 kVAR. Figure 24 displays the voltage
and current output produced by the PV inverter. However,
there are harmonics existent in the voltage signal. To
mitigate these harmonics, an inductive filter is employed, and
the resulting filtered voltage and current are depicted in
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Fig. 24. Inverter VVoltage and Current
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5.4.Case 4

Case study 4 evaluates the proposed work for irradiance
values of a 24-hour day, gathered from the National
Renewable Energy Laboratory (NREL) [33]. Fig 31 presents
variable irradiance values. A consistent linear load with a
power demand of 400 kW and a reactive power demand of
100 kVAR is connected and the results are examined to
check the constant power provided to the load. The power
output of the solar PV system is determined by utilizing the
provided irradiance values. To ensure the system meets the
load requirements, the power output from the PV system and
the grid are interconnected with the load demand. This case
demonstrates the feasibility of the offered work for different
irradiance values. Fig 32 depicts load active power, PV
inverter active power and grid active power. The outcome
shows that the system can meet the load requirements for a
24-hour period, even with a constant linear load. This
suggests that the system could be used to provide continuous
power to a variety of loads.
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6. Conclusion

This paper presented a complete study on a PV
generation system designed to address partial shading
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conditions. The system employed a DC/DC converter
utilizing a novel MPPT algorithm inspired by the
construction of the Giza Pyramid. This algorithm
incorporated unique techniques based on mathematical
principles and optimization strategies derived from the
pyramid's design, enhancing the system's energy harvesting
capabilities and overall efficiency. Furthermore, the PV
system was controlled by virtual synchronous generation
(VSG) controller, which emulated the activities of a
synchronous generator. This control strategy enabled
seamless integration with the grid by adjusting voltage and
frequency, responding to grid disturbances, and supporting
grid stability. The utilization of VSG control facilitated
reliable and stable power delivery to the grid, even in
challenging operational conditions. Simulation of the PV
system was conducted utilizing MATLAB/Simulink, and the
outcome were associated among those obtained from a PV
system utilizing a (PSO) based MPPT algorithm. This
comparative analysis provided valuable insights into the
performance and efficacy of the future Giza Pyramid
construction based MPPT algorithm in handling partial
shading conditions. Overall, the findings of this study
highlight the potential of the Giza Pyramid construction
based MPPT algorithm and VSG control in improving the
efficiency, reliability, and grid integration capabilities of PV
generation systems. The research contributes to the
development of advanced techniques for maximizing PV
system performance, particularly in scenarios involving
partial shading conditions.
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