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As global energy demands increase, grid-connected photovoltaic systems are gaining
popularity and acceptance as a viable and attractive alternative energy source. These
systems face significant challenges in terms of power quality and maximising solar panel
output under varying environmental conditions. This study aims to experimentally validate
the effectiveness and stability of a single-stage grid-connected photovoltaic system and to
evaluate the performance of the Grey Wolf Optimization (GWO) and Particle Swarm

Keywords: Optimization (PSO) techniques in reaching the maximum power point under partial
Grey Wolf th.lml_zatlon, MPPT, Partlple shading conditions. For experimental validation, dSPACE 1104 and LAUNCHXL-
Swarm  Optimization, partial shading F28379D were used. The results demonstrate that the system exhibits both robustness and
conditions, PV grid-connected, single-stage stability, with the GWO algorithm outperforming PSO in terms of speed and accuracy in
topology achieving the maximum power point, thus enhancing the system's efficiency under
different operating conditions.
1. INTRODUCTION However, when panels are partially covered, these methods

Electricity has become a crucial component in worldwide
initiatives for economic and social development [1]. Therefore,
renewable energy is a wise choice for producing
environmentally friendly electricity without depending on
conventional sources, which have finite supplies and
significant ecological impacts. Solar energy is a prominent
form of renewable energy because of its cleanliness, cost-
efficiency, simplicity, and minimal maintenance needs,
making it an optimal alternative for fulfilling energy
requirements [2]. The widespread adoption of this technology
is further facilitated by its ability to be used in a range of
different sizes, from modest home systems to huge utility-
scale facilities. With the ongoing advancement of technology,
the effectiveness and cost-effectiveness of solar energy
systems are anticipated to increase, hence strengthening their
feasibility. Moreover, the incorporation of solar energy into
current energy systems might enhance energy resilience [3].

The primary technical challenge of PV systems is their
impoverished operational efficiency, which is caused by their
nonlinearity in characteristics and the variability of weather
conditions [2]. In order to maximise power output, it is
necessary to develop algorithms that can accurately identify
and track the maximum power point (MPP). These systems
need to be efficient and accurate in identifying the maximum
power point (MPP) and adapting to accommodate dynamic
conditions. For many solar systems, the well-accepted
methods of perturb and observe and incremental conductance
are highly preferred and usually yield good results [4].

1387

often encounter difficulties. Even as researchers explore other
approaches like artificial neural networks and fuzzy logic
control, these systems still struggle to maximise power
generation under shadowed conditions [5].

A novel class of MPPT controllers based on metaheuristic
approaches has become somewhat well-known recently.
These techniques address the shortcomings of conventional
MPPT systems and provide improved stability, thus more
suited to fit evolving circumstances [1]. Originally intended
for challenging optimisation issues in engineering and other
domains, they find extensive use currently. Their ability to
control difficult and nonlinear situations makes them
fascinating. Metaheuristic algorithms shine in global
optimisation; they ensure the real MPP within the operating
range of the system [6].

Grid-connected solar systems typically use one of two main
topologies. The first is the multi-stage system shown in Figure
1. This topology uses a DC-DC converter to monitor the
maximum power point of the PV solar panel and increase its
voltage [7]. In the second stage, an inverter synchronises and
injects the PV power into the grid. This design was functional,
but it had a lot of drawbacks, such as its huge size and high
cost. Furthermore, the increased number of components and
complex control systems result in higher initial costs. and
upkeep expenses, power loss also escalates, thereby reducing
the overall efficiency of energy transportation and potentially
raising concerns about reliability. Additionally, there are
concerns about subpar output quality and increased total
harmonic distortion (THD) [8].
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Figure 1. Multi-stage design

However, the second design shown in Figure 2 avoids the
need for a DC-DC converter by directly linking the solar
panels to an inverter that injects the photovoltaic electricity
into the grid. This technique simplifies the system by
decreasing its size, improving its efficiency, and maximising
its cost-effectiveness [7]. This design enhances efficiency and
streamlines the system by integrating the maximum power
point tracking (MPPT) function directly into the inverter,
hence reducing power losses. Furthermore, it offers improved
reliability, streamlined installation, and less maintenance,

making it a preferred choice for many photovoltaic systems [9].
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Figure 2. Single-stage design

The primary contribution of this paper is the practical
validation of two metaheuristic-based MPPT techniques for
single-stage, three-phase grid-connected photovoltaic systems
under partial shading conditions. These techniques are PSO
and GWO.

The objective is to utilise a single-stage system to validate
that these two techniques can effectively track the maximum
power point of the photovoltaic system under partial shading
conditions. Additionally, it aims to ensure high-quality power
injection and synchronisation with the grid.

The rest of the paper is organised as follows: Section 2
discusses the effects of partial shading on the PV system.
Section 3 examines the control strategy of the single-stage PV
grid-connected inverter. The details of the MPPT algorithms
used are explained in Section 4. Section 5 encompasses the
hardware description, results, and discussion of the single-
stage, three-phase grid-connected PV systems. Section 6
presents this work's final conclusion.

2. IMPACTS OF PARTIAL SHADING ON THE PV
SYSTEM

Obstacles such as trees, buildings, and clouds cause solar

panels to be exposed to uniform or non-uniform solar radiation.

During partial shading conditions (PSC), PV panels exposed
to uneven solar radiation may consume power rather than
generate it, leading to the formation of hotspots. To prevent
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hotspots, each PV panel is fitted with a bypass diode connected
in parallel. Additionally, a blocking diode is installed in series
with each parallel string. As a result, there is a current
mismatch among the series-connected PV panels and a voltage
mismatch across the parallel-connected strings [10]. These
mismatches produce many maximum power points (MPP) and
distort the PV modules' power characteristics. Out of all these
MPPs, the Global MPP (GMPP) is the highest; the others are
called Local MPPs (LMPP). The physical arrangement of the
PV modules and the weather conditions modify the positions
of these MPPs [11].

In this study, the photovoltaic system comprises two solar
panels connected in series. Figure 3 demonstrates that the
presence of trees causes partial shading, resulting in uneven
solar radiation exposure for numerous cells in these panels.
The characteristics of the PV module utilised in this work are
detailed in Table 1.

Figure 3. Photovoltaic panels utilised in this study

Table 1. PV module characteristics

The Parameter The Value
Rated maximum power (Pmax ) 190 W
Voltage at Pmax 36.6 V
Current at Pmax 5.69 A
Open-circuit voltage 85.3V
Short-circuit current 6.09 A
The number of cells 128

To determine the photovoltaic characteristics of the panels,
the LAUNCHXL-F28379D launchpad was wused in
conjunction with DC voltage and current sensors. As
illustrated in Figure 4, partial shading results in the emergence
of one Global Maximum Power Point (GMPP) at 191.7 W and
two Local Maximum Power Points (LMPPs), specifically at
94.33 W and 67.54 W on the power-voltage (P-V) curve. The
characteristic curves indicate that these shading conditions
significantly impact the photovoltaic panel performance.
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Figure 4. The power-voltage (P-V) characteristic curve



Figure 5 shows the corresponding current-voltage (I-V)
behaviour under the same conditions, complicating the
optimisation of energy extraction. As a result, it becomes
essential to implement effective Maximum Power Point
Tracking (MPPT) strategies.
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Figure 5. The current-voltage (I-V) characteristic curve

3. CONTROL STRATEGY OF THE SINGLE-STAGE
PV GRID-CONNECTED INVERTER

In the single-stage topology, the inverter simultaneously
injects photovoltaic power into the grid and tracks the
maximum power point [12]. This means the inverter control is
divided into two parts. The first part is responsible for tracking
the maximum power point using tracking algorithms, as
depicted in Figure 6. Following this, a proportional-integral
(PI) controller ensures that the DC-link voltage equals the PV
voltage reference V., extracted by the MPPT algorithm
This loop generates the reference current peak value Imax [13].
The amplitude of the Inax Current represents the active power
that is injected into the grid and takes into consideration the
losses in the system [14].
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Figure 6. Control strategy for the grid-connected inverter

To ensure the inverter output is perfectly synchronised with
the grid voltage, a phase-locked loop (PLL) is utilized. The
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PLL continuously provides the current grid phase 6, which is
vital for achieving accurate synchronization [15]. This real-
time phase 4 is then combined with Inax to generate the three-
phase current reference, a crucial step for aligning the
inverter's output with the grid's requirements.

The control of the inverter’s switching signals involves
comparing the actual grid currents i, , i,, and i, with their
reference values. This comparison is managed using hysteresis
controllers, which keep the grid currents within a predefined
hysteresis band 4i around the reference values. By keeping the
measured currents within this band, the hysteresis controllers
ensure that the inverter’s output remains consistently
synchronised with the grid.

This synchronisation process is essential for the efficient
and reliable injection of power into the grid. It minimises
phase and current mismatches, thereby optimising the overall
performance of the inverter and ensuring that the power
delivered to the grid is both stable and efficient. This method
not only enhances the operational reliability of the
photovoltaic system but also contributes to the stability and
quality of the power supply [16].

4. MAXIMUM
ALGORITHMS

POWER POINT TRACKING

A fundamental part of the photovoltaic (PV) system, the
MPPT control is responsible for continuously monitoring and
adjusting the system's operation to maximise power generation.
In response to changing environmental conditions, the MPPT
control in a single-stage topology works by regulating the PV
voltage reference V.., ensuring that the system operates at
its maximum power output However, this voltage is
constrained by the following limitations [12]:

va ref = ‘/§ X ‘/i X Vgn’d (1)

4.1 Particle Swarm Optimisation (PSO)

PSO is a meta-heuristic algorithm that is inspired by the
collective behaviour of animals in a flock, a phenomenon
referred to as swarm intelligence [17]. This algorithm is
particularly effective for tracking the Global Maximum Power
Point (GMPP) because it can handle the non-linear and multi-
modal characteristics of the P-V curve, especially in
challenging scenarios such as partial shading, where multiple
peaks can occur. The algorithm relies on several individuals,
called "particles," that are randomly distributed across the P-
V curve [11]. These particles change their positions in search
of the best personal position, and it is called Ppest. As for the
best position found by all particles, called Gpest. This balance
between personal best and global best ensures that the
algorithm efficiently navigates the search space to avoid
getting trapped in local maxima. The movement of each
particle is determined by its current position, as defined by Eq.
2):

XK1 = XK 4 yk+ )

where, i is the particle’s identifier and VX*!

defined by Eq. (3):

is the velocity

VI = wVf + o1y (Ppese — X[ + €171 (Ppest

- X5 ®



The inertia weight is denoted by the parameter w, which
helps control the trade-off between exploration and
exploitation. The acceleration coefficients are ¢; and ¢, which
guide the particles towards their personal best and the global
best positions. Random values 1; and 7, help introduce
variability, allowing the algorithm to escape local optima and
find the global maximum. These random values are typically
within the range of [0, 1] [2]. In order to find the global
maximum power point (GMPP), the search for the maximum
power point (MPP) during each iteration must satisfy the
criteria shown in Eq. (4):

P+ > P @)
where, P(v)¥*! and P(v)X denote the power of the PV
modules associated with the X; particle at iterations k+1 and £,
respectively. The location of a particle in a single-stage system
corresponds to the reference voltage V5 for the PV system
The adaptability of PSO contribute to its effectiveness in
MPPT applications, enabling it to efficiently manage the
dynamic characteristics of the P-V curve under varying
environmental conditions. Furthermore, its capability to
equilibrate exploration and exploitation allows PSO to escape
local optima, facilitating the identification of the Global
Maximum Power Point (GMPP). Figure 7 shows the flowchart
of the PSO implementation steps for MPPT [10].

Initialization of Random Vpvref
and Parameters of PSO such as :
W, cl, 2, and Velocity

2

Measure Vpv and Ipv
Calculate the PV power

2

Sort powers in descending order and
update Pbest for the initial Vpvref

Is the MPP
reached?

Yes

Calculate the velocity
using Pbest and Gbest

A

Update the new PSO PV voltage
reference using the velocity value

v

Measure Vpv and Ipv Calculate the PV

power for the new Vpvref

4.2 Grey Wolf Optimisation (GWO)

Maintain Vpvref at the
previous value

Sort powers in descending order
and update Pbest and Gbest for
the final updated Vpvref

Figure 7. Flowchart of PSO

The social structure and hunting behaviour of grey wolves
in their natural environment led one to develop the Grey Wolf
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Optimisation (GWO) method. Grey wolves use a system
combining a, S, J, and ® individuals to reproduce the
leadership hierarchy. This hierarchical structure is essential as
it facilitates cooperative hunting, allowing wolves to
efficiently locate and capture prey. We build GWO using the
best appropriate solution a which precisely models the social
structure of wolves. Usually indicated as f the second and third
best solutions are “0” accordingly. Classed as omega w, all the
other possible solutions reflect the highest negative result [18].
The process of grey wolf hunting may be divided into three
distinct steps: locating, trailing, and approaching the prey;
chasing, encircling, and capturing the prey; and finally,
launching an assault on the prey.

The GWO implementation steps for MPPT are shown in
Figure 8. The population of wolves in this optimization
method is spread out randomly across the “P-V” curve, with
each wolf's position corresponding to a specific voltage value.
This random distribution allows for comprehensive
exploration of the solution space, which is crucial for
identifying the GMPP effectively. To gauge their effectiveness,
the power output of each wolf is measured, with a higher
power output indicating that a wolf is closer to the Maximum
Power Point (MPP). Once the wolves are ranked based on their
power output, the top three are designated as a, 5, and J. These
leading wolves assist in navigating the search for the MPP [19].
In contrast, the @ wolves adjust their positions by encircling
the anticipated location of the MPP using the following

equations:

Initialization of Random PV Voltage Reference and
Parameters of GWO such asa A, C

v

Calculate the power for the initial random Vpvrel by }

measuring the voltage and current of the PV system.

2

‘ Sort powers in descending order and update |

Pbest for the initial Vpvref.

Is the MPP
reached?

Maintain Vpvref at the
previous value

Update Position of Vpvrefl
a,A and C

—

Updating Positions of Alpha, Beta, Delta,
and Omega Wolves

v

Calculate power for the updated Vpvref by
measuring PV voltage and current

v

‘ Sort powers in descending order and
- pdate Pbest and Gbest for the final
{ updated Vpvref

Figure 8. Flowchart of GWO

D = |CXp(k) = Xp (k)| (5)

Xk +1) = Xp(k) — |A.D]| (6)



In this formula, K denotes the current iteration, while D, A4,
and C are coefficient vectors X, represents the prey's position
vector, and X is the grey wolf's position vector. The coefficient
vectors A and C are calculated using the following formulas:

A (7)

®)

=247 —d

=27
The components of a decrease linearly from 2 to 0 over the
course of the iterations, while r; and r, are random vectors
within the range [0, 1] [20]. In order to use the Grey Wolf
Optimization (GWO) based MPPT in a single-stage
photovoltaic system, the PV voltage is designated as the
reference grey wolf. Thus, Eq. (6) can be altered in the
following manner:
varefi(k + 1) = varef l(k) —AXD (9)
The fitness function of the GWO algorithm is defined in the
following way:

P(varef )5( > P(varef)g(_l (10)

5. HARDWARE DESCRIPTION, RESULTS, AND
DISCUSSION OF THE SINGLE-STAGE THREE-
PHASE GRID-CONNECTED PV SYSTEM

In order to empirically verify the effectiveness of the MPPT
technique in a single-stage grid-connected system, a test rig
was built in the LGEB laboratory. Figure 9 displays a detailed
diagram of our experimental setup, comprising two
photovoltaic (PV) panels connected to a three-phase inverter.
The inverter is connected to the grid via a passive filter and an
autotransformer.The DC sensors are used to measure the
current and voltage in the photovoltaic system. These
measurements are then inputted into the ADC (Analogue-to-
Digital Converter) of the LAUNCHXL-F28379D. This
development kit is designed to manage the process of
maximum power point tracking (MPPT) and generate a PV
voltage reference using its digital-to-analogue converter
(DAC). The reference voltage, along with the measured
voltage and current obtained from the AC sensors, is then

transmitted to the dSPACE DS1104 control board's ADC.
During the final control stage, the dSPACE system utilises this
data to generate six synchronised pulse (PWM) signals that
drive the three-leg Gate (IGBT) grid-side inverter. In addition,
a Fluke 435 power quality and energy analysers were used to
guarantee efficient power injection into the grid and verify the
quality of the AC power, including its total harmonic
distortion (THD) and phase angle.

Figure 10 depicts the experimental test bench at the LGEB
laboratory. The experiment utilised a DC link capacitor with a
capacity of 2200 pF, an L-filter with an inductance of 10 mH,
and a three-phase autotransformer with a voltage rating of
21/380 V. The experiment took place on March 11, 2024,
under clear weather conditions with slowly varying solar
radiation. Specifically, the temperature was 32°C, and the
solar irradiance was 700 W/m?.

As previously mentioned, the solar panels in this study are
subjected to partial shading, resulting in two local maximum
power points and one global maximum power point of 191.17
W at 38.92 V, as illustrated in Figure 4. The results in Figure
11 reveal that both algorithms were effective in approaching
the global maximum power point. Notably, the GWO
algorithm significantly outperformed the PSO algorithm in
terms of accuracy, achieving a power output of “190.12 W”
compared to 188.76 W for PSO, a difference of approximately
2 W. While the difference in output power may seem minor in
this experiment, its significance increases substantially in
high-PV power systems, where it can become a considerable
discrepancy with notable impacts on overall efficiency and
energy generation. More importantly, GWO demonstrated
superior speed, reaching the global maximum power point in
just 2.8 s, whereas PSO required 8.8 s, resulting in a significant
6 s difference. This notable difference highlights the advantage
of GWO’s advanced search techniques and its ability to adapt
quickly to varying conditions. Furthermore, the simplicity of
GWO's hierarchical structure allows for more efficient
navigation of the solution space, in contrast to the complexity
involved in managing numerous individuals within the PSO
swarm, which can hinder its efficiency.

Given the negligible discrepancy in power reached (2 W)
between the two algorithms, the difference in their results on
the AC side, after reaching the maximum power point, is
insignificant. Therefore, the remaining results equally reflect
the performance of both algorithms.

Fluke 435 Power
Quality and Energy
Analyser

-------- y
Tabc
—- Filter
Inverter ReLs
e GO0
i
_IL‘_+ —C——~000 ™
< e AC BT
1
6 PWM autotransformer
= " ~
[ (7 6 (6 4% Labc
il [5] [
H‘ M f— Y abc
HE LR IORID] ADC .
| Jl— \py
DSPACE 1104

LAUNCHXL-F28379D

Figure 9. Experimental structure of the single-stage, three-phase grid-connected photovoltaic system
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distortions in the current waveforms are likely due to | S5 il T
harmonics introduced by the system’s switching components.
However, with a low total harmonic distortion (THD) of 3.7%
for current and 1.8% for voltage, as shown in Figures 16 and

industrial applications. THD values below 5% are generally
considered safe and compliant with international standards

demonstrates the effective performance of the inverter control
method, ensuring the stability of the single-stage system.

Figure 10. Laboratory equipment for experimental procedures
Note: 1. Computer for dSPACE 1104 Control. 2. Laptop for LAUNCHXL-F28379D Control. 3. Photovoltaic Panel Input. 4. Development Kit LAUNCHXL-
F28379D. 5. Real-Time Hardware dSPACE 1104. 6. Oscilloscope for DC Measurements. 7. Three-Phase Inverter. 8. AC Current and Voltage Sensors. 9.
Passive Filter (L). 10. Oscilloscope for AC Measurements. 11. Fluke 435 Power Quality and Energy Analyser. 12. Three-Phase Autotransformer. 13. Fluke

Current and Voltage Sensors. 14. DC Current and Voltage Sensors

GUINSTEK  wempts Ssus [T 1 || S GUINSTEK weapts SSas L o
P= W ﬁ - e R
< - P_.=188.76 w 1d1w/135W): I P_.=190.12w 1dw/135
- EE—— L b ST o :
v el " u Y- ] I ’_I
W 1 [
.y : - b -
| ™  m Ve =39V 1dwv/40V | I : J o= T 1drw 40V | |
ARSI e B YN, = |
‘(I.=4_84A1diw'4 P : ‘/I.=4_9A 1div/4
A T R T T i T s R o' SET RIS —————| [ - S - s PERNE
L L _ .
S L A [ ¢ bor
| SO a1 L
[ 0O = ) 2 [@me.eees ) 0 & Lo ] i D= o) % 0 £
(a) Particle Swarm Optimization (b) Grey Wolf Optimization

Figure 11. Experimental results for MPPT techniques

The injected current in the grid reached 4.6 A for each phase, which is a very acceptable value. Furthermore, no reactive
as shown in Figures 12, 13, and 14. There is also an observed power is injected into the grid, indicating a unit power factor,
inversion in the voltage and current signals, indicating a phase thanks to the effective synchronisation between the injected
angle difference of 180 < which occurs when power is injected current and the grid.
into the grid. As shown in Figure 15, all phases are balanced
with an ideal phase angle difference of 120 “between the three SCOPE
phases' currents and a stable frequency of 50 Hz. Slight

50,001 HzPu =F

17, these distortions remain within acceptable limits for most

[21]. This confirms the quality of the injected power and

. o . 03711724 10:30:31 12U 50Hz 38 WYE  EH50160
Finally, the results in Figure 18 show that the active power UAHN CURSOR
s : : >-P ZooM |  BACK
injected into the grid was 170 W. Compared to the power of L 1 ME2NES! ROHN OF F | Al

the solar panels, the losses in the inverter, filter resistance,
wiring, and measuring devices amount to approximately 20 W, Figure 12. Voltage and current in phase 1
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Figure 13. Voltage and current in phase 2
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Figure 14. Voltage and current in phase 3

PHASOR UNBALANCE

Put -
A1 fund 46 _24 : LiL2Ls
A2 fund 46
Asfuna 47
Hz2 50010 0
EH 19 - I BI]
Aoy -299
BA30 - B4
=120
03711724 10:32:32 12V 50Hz 38 WYE  ENS0160

U A
LiLle Ls METER (\}SCUPE BACK

Figure 15. Phasor unbalance

Harmonics
[1 THD 3.7%Ff"K 1.0 |
Pura @ 0:00:15 DR E<E
Qb OB -+ oo
N ] T I T I T T T T,

1.II||.... ISl e iy g o s g iy e g e s e e e e e e R

THDDC 1 3 5 7 9 m 13 15 17

03711724 10:33:59 12U 50Hz 30 WYE EHN50160
L1 L2 L3 HOLD
U AR SR Al L | HETER RUH

Figure 16. Current THD

1393

Harmonics
_ THD 1.8%f
Pum O 0:00:23 0
b MBI e

[ LTI e g g EE e pmm g e g gy g pmm et P

THODC 1 3 5 7 9 11 13 15 17

0311724 10:34:07 12U S0Hz38 WYE  ENS50160
vauw YLD wETER —
Figure 17. Voltage THD
POUER & ENERGY
Pura & 0:00:38 Y =G
L1 L2 L3
kU - 006 - 006 - 005- 017
L1 L2 L3
kVUA 0.06 0.06 0.05 017
L1 L2 L3
kvar 0.00 0.00 0.00 0.00
L1 L2 L3
PF -099 -100 -100 -D99
03/11/24 10:34:22 12U 50Hz30 WYE  ENS0160
TP tREwp  EVENTS  HOLD

Figure 18. Injected power

6. CONCLUSIONS

This study effectively demonstrates the efficiency of
optimisation algorithms for Maximum Power Point Tracking
(MPPT) in partially shaded solar panels using a single-stage
topology. The partial shading of the solar panels led to the
emergence of two local maximum power points and one global
maximum power point of “191.17 W at “38.92 V”. In this
context, the Grey Wolf Optimisation (GWO) algorithm
achieved remarkable performance, reaching the global
maximum power point in just “2.8 s”, whereas the PSO
algorithm took 8.8 seconds. Furthermore, GWO produced a
power output of “190.12 W” compared to PSO's “188.76 W”,
resulting in a difference of approximately “2 W”. This
outcome highlights GWOQO’s superior efficiency, recorded at
99.45%, underscoring its speed and effectiveness in
optimising photovoltaic power output.

During the power injection into the grid, the system
successfully maintained a 120-degree phase angle difference
between the currents in each phase, ensuring a stable
frequency of 50 Hz. With a low total harmonic distortion
(THD) of 3.7% for current and 1.8% for voltage, and without
any reactive power being injected into the grid, these results
emphasise the quality, performance, and stability of the single-
stage system in grid-connected solar applications.

Future research could focus on evaluating these algorithms
under different shading conditions to determine their
adaptability and robustness. Additionally, developing hybrid
PSO-GWO algorithms may leverage the strengths of both
techniques, potentially leading to enhanced optimisation



results. Applying deep learning for improved accuracy and
speed could enable more precise tracking of maximum power
points. Furthermore, optimising inverter designs is essential
for boosting efficiency, minimising losses, and improving
overall system performance.
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NOMENCLATURE

Giest Global best

GMPP Global Maximum Power Point
GWO Grey Wolf Optimizer

Lnax The reference current peak value
Ipy Photovoltaic panel Current
LMPP Local Maximum Power Point
MPPT Maximum Power Point Tracking
Phest Personal best

PLL Phase-Locked Loop

PSC Partial Shading Condition
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PSO Particle Swarm Optimization

PV Photovoltaic

Ppy Photovoltaic panel power
Vpvrer Reference voltage of PV array
Vow Photovoltaic panel voltage
THD Total harmonic distortion

Greek symbols

0 Phase angle





