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Abstract: Solar PV modules offer clean, renewable energy, reducing carbon footprint and lowering
electricity costs. They provide energy independence and require low maintenance. However, previously
adopted techniques like simple MPPT methods often struggled with efficiency under variable irradiance and
partial shading conditions. These methods lacked adaptability and precision, leading to suboptimal power
extraction and increased reliance on grid electricity. Advanced algorithms and better optimization
techniques address these drawbacks by enhancing efficiency and responsiveness. A novel hybrid technique
is introduced for maximizing the power output of Solar Bifacial Half cut single PV panels while ensuring
consistent power flow within the system. These panels incorporate bifacial technology, capturing sunlight
on both their front and rear surfaces, and utilize half-cut solar cells, dividing conventional cells into two
smaller ones for increased efficiency and reduced losses, especially in shaded or non-uniform irradiance
conditions. The proposed hybrid technique combines the Random Forest Algorithm (RFA) with the Osprey
Algorithm (OA), enhancing the prediction accuracy of RFA. In order to maximise PV output power, this
combined strategy known as RFA-OA focuses on continuously tracking the Maximum Power Point (MPP).
Based on voltage and current parameters, the RFA-OA algorithm specifically calculates the precise duty
cycles required for the PV's DC-DC converter under various shading situations. This control method
minimises fluctuations in system parameters and outside disturbances to provide the best possible load
demand satisfaction. The suggested approach is put into practice in the MATLAB/Simulink environment
and contrasted with current practices. It achieves a remarkable maximum output power efficiency of
99.951% for the PV panel, showcasing its efficacy in maximizing power generation while maintaining
system stability and reliability.

systems, photovoltaic (PV) technology is notable as the
main energy source. While hybrid systems are better in
windy areas, hybrid PV-diesel battery systems are
particularly useful in areas where winter solar
irradiation is significantly lower than summer solar
irradiation [9]. Power electronic converter technological
developments have lessened the drawbacks of
renewable energy systems. Converters use a variety of
maximum power tracking techniques, such as buck,

1 Introduction

Non-renewable energy sources have grown less and less
essential in meeting the world's power needs in recent
years due to growing concerns about global warming
and the efficient use of renewable energy sources
(RESs) [1, 2]. The increasing global interest in energy

serves as a reminder of the necessity to look into .
alternative energy sources. The development of boost, and bi-directional converters [10—13]. In solar

renewable energy has proven to be highly beneficial due and wind PV systems, dlffe?en't MPP Frackmg (MPPT)
to the drawbacks of fossil fuels [3-5]. After decades of approaches are used to maximise turbine power output
research, two of the most popular renewable energy [%4]' . EV—V\fhnd standalonel SSyls;emE/IPe;{lrploy MP}I:T
sources (RESs) are solar photovoltaic (PV) systems and algorit ms o.r conx:iertgrs [ d R d 1 i C approac esl
wind energy systems. Since 1.2 billion people lack come in two: standard and advanced. Lonventiona
access to energy in many developing nations, standalone methods have trouble in tracking the largest power point
. i under a range of weather conditions. Advanced MPPT
systems are more economical than connecting power e
lines to the grid at several places. Hybrid standalone app roache§ are more sop h1stlcated even though t.he.y are
systems provide even more cost-effectiveness by more efficient than classic procedures [18].Maximizing

utilizing special energy sources [6-8]. In standalone power extraction in a solar 'PV module is crucial to
enhance overall energy efficiency, reduce dependency
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on non-renewable energy sources, and lower electricity
costs. Ensuring the PV system operates at its peak power
point optimizes the conversion of solar energy into
electrical power, thereby maximizing the return on
investment for solar installations [19]. Additionally,
efficient power extraction contributes to sustainable
energy practices, decreases carbon footprint, and
supports the transition to a greener energy grid. Overall,
it ensures that solar energy systems are both
economically viable and environmentally beneficial
[20].

2 Objectives of the Research Work

The prediction accuracy of the system is greatly
increased when the Random Forest Algorithm (RFA)
and Osprey Algorithm (OA) are integrated, especially in
situations with dynamic and uneven irradiance. This
enhancement allows for more accurate tracking of the
MPP of the Solar Bifacial Half-cut single PV panel.

The primary objective of the suggested hybrid
technique (RFA-OA) is to optimize the source system's
output power.

The MPPT process which is based on RFA-OA, is
designed to efficiently handle variations in system
parameters and outside disruptions.

The suggested method guarantees the best possible
load fulfillment by continuously modifying the PV
panel's operational parameters and streamlining the
power flow throughout the system.

3 Recent research works: a brief review

The literature has examined a number of methods for
controlling power flow and monitoring the MPP in solar
PV generating systems. The following is a list of some
of these methods:

Ibrahim et al. [21] suggested a hybrid photovoltaic/
wind energy to support and feed the utility grid. Versaci
and La Foresta [22] introduced an intuitionistic fuzzy
Takagi-Sugeno technique that is optimised for energy
management in isolated direct current microgrid systems
with solar and wind power. By using an Adaptive MPPT
system, Jamadar and Singaram [23] were able to
maintain a consistent PV system output and achieve a
noteworthy improvement in energy output of about
10.20% when compared to standard MPPT systems. The
effect of solar and wind power injection on the small
signal stability of an 11 kV power network in Nigeria
was assessed by Michael et al. [24]. A hybrid renewable
energy system using photovoltaic and wind energy
conversion technologies was shown by Elymany et al.
[25]. Maka and Chaudhary [26] conducted a model that
integrates a photovoltaic system with battery storage in
order to boost energy efficiency using solar simulation in
the "system advisor model" programme. Endiz [27]
approximated the MPPT and fast prototyping of a low-
power solar charge controller quickly.

The significance of power flow management and
MPP tracking in SPV producing systems is emphasized

by the study of recent studies. Variations in load demand
as well as climatic information like temperature and
radiation provide serious problems for SPV applications,
mostly because controlling several energy sources is
complicated. Numerous techniques have been used to
manage power flow in SPV systems. But although FA
adds complexity, FLC needs a lot of data and isn't
appropriate for programs that change greatly from past
data. These methods are employed for power
management, but because more samples are needed, they
are more sophisticated. Advanced technology is required
for optimum MPP tracking and power flow management
in order to tackle these difficulties. Further research in
this field is motivated by the paucity of control strategies
offered in previous studies to track MPP in SPV systems.

4 Configuration of MPPT system

Fig. 1 illustrates how the Hybrid Renewable Energy
System (HRES) is configured to regulate MPPT and
Power Flow Management (PFM) in a solar bifacial half-
cut single PV panel system with a three-phase AC load.
Main and auxiliary sources, such as a single solar PV
panel with a bifacial half-cut and a battery acting as an
energy storage device, take the place of transient grid
conditions. A boost converter is linked to the AC load of
the solar bifacial half-cut single PV panel unit to optimise
the amount of solar power that is available. In the event
that the solar bifacial half-cut single PV panel unit is not
there, sustained electricity is provided. The battery uses
a simultaneous buck-boost DC transformer to regulate
the Energy Storage System (ESS). Every energy unit
mentioned before receives electricity from the AC grid
through a three-phase Voltage Source Inverter (VSI).
The HRES system is linked with the microgrid through
Point of Common Coupling (PCC) bus, which also
supplies electricity to it through the inverter's DC
component. Xcl stands for the capacitive response itself,
resistances R1 and R2, intermediate line inductances L1
and L2, and the parallel X1 and X2 that connect the PCC
and inverter. The microgrid's local AC loads' actual and
reactive power requirements are represented by the
letters PL and QL, respectively. The control outputs are
the instantaneous active and reactive power (P1 and Q1),
the bus 1 voltage (V1), and the inverter present (Ii). The
suggested solution generates control signals that are used
to operate the VSI switches using the Pulse Width
Modulation (PWM) technique. Mathematical modelling
of the solar bifacial half-cut single PV panel is presented
in the following section.

5 Modelling of Solar Bifacial Half Cut
Single PV Panel System

We use a two-diode model to accurately represent the
properties of the solar bifacial half-cut single PV arrays
in order to assess the suggested MPPT approach. This
modeling technique, especially under low-irradiance
situations, not only improves performance accuracy but
also cuts down on processing time. The PV cell array is
designed by adding a diode connector in parallel to the
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current source and calculating the necessary power
flow[28, 29]. The circuit in that cell consists of parallel
and serial resistors that are connected across the diode.
The configuration of photovoltaic cell design is shown in
Figure 2. Figures 3 and 4 illustrate the analysis of the
power (P-V) and current characteristics (I-V) at different
temperatures.

Equations (1) and (2) can be used to evaluate the
current flow in circuit "L."

IPV_]d_]shZID (D

R
I=1, -1,- I{exp (Zk—zfj - 1} )

where [, specifies PV current, T specifies Diode
temperature, [ specifies leakage current at series
resistance, ¢ is Electron charge,RT specifies thermal
resistance, R, specifies the Shunt Resistor, R specifies
Series Resistor, /; specifies shunt current, & specifies

Boltzmann constant, and [, specifies diode current.

The design structure can be used to calculate the PV
cell array's total current output as follows:
I=N,l, -

3)
NI7M_N13[S eXp[qRTJ—I
R, akT

This allows for the temperature-dependent variation
of the reserved saturation current to be calculated,
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where, T op defines Temperature at operating point,
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T y specifies reference temperature at rated value.
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Fig.2: I-V characteristics of Solar cell

Subsequently, the MPPT controller adjusts the
switching device in the converter architecture based on
the variations in irradiance levels at each time instant.
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Fig.3: P-V characteristics of Solar cell
Important characteristics of solar cells include the fill
factor, maximum power point (MPP), open circuit
voltage (Voc), short circuit current (Isc), and solar cell
efficiency. Isc stands for the current in the event of a
short circuit, which happens at zero voltage and low
impedance.

[(atV:O):]SC (5)

where Isc is found in the power quadrant's greatest
current value and near the start of the forward-bias
sweep. In a perfect world, the maximum current value is
equal to the entire current that photon excitation causes
in the solar cell.

C(atl =0)=VC (6)

where VOC, for a forward-bias sweep, is also the
highest voltage differential across the cell in the energy
quadrant. In the quadrant where power is biasedly
forwarded, Voc equals Vm. The open circuit voltage is
expressed as follows:

AkT 1
C ln Y24
q I

where Tc is the cell operating temperature (°K), A is
the ideality constant of the diode, Ipv is the saturation or
leakage current of the diode, and q is the electron charge
[1.60 x 10-19°C]. k is the Boltzmann constant [1.38 x 10-
23J/K].

Im stands for the maximum current. The relationship

between a solar cell's maximum power output and the
power of incident light is known as its efficiency.

Voc = ()

P
n=-—"t )
b
where Pin is the input power from source.
Pin =G. AC (10)
The fill factor (FF) is worked out as follows:
P
FF =—"™M (11)
VOC [SC

Fill factors typically fall between 0.5 and 0.82. But
when the temperature of the cell rises, the fill factor falls.
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5.1 Nonlinear Model for VSI Using an LCL Filter

In this part, the dynamic equation of the Voltage Source
Inverter (VSI) with the LCL filter is simulated. Actual
(P) and reactive (Q) power are taken into consideration
within the Place of Common Coupling (PCC) bus
together with other unmodeled dynamic characteristics.
Using the ABC to dq conversion equations reduces
computing cost and eliminates unnecessary Phase-
Locked Loop (PLL) variable estimates. The state-space
model of the VSI with the LCL filter is described, and
the dynamical framework can be stated in terms of power
(P, Q). The LCL filter circuit simulation with damping
resistance is shown in Figure 5, and the related equations
are as follows.

_ (Vi,abc - labc ) R

I’ = =L, (12)
i,abc Ll L ( i,abc )
V) e — ) R

[* = 1,abc 2 abc 2 [ 13

1,abc L2 L2 ( zabc) ( )
. 1

Vl,abc = (Ii,abc - Il,abc ) (14)
C,

BUS1 R BUS 2

Fig 4: LCL filter circuit model with damping resistance
The real (P) and reactive (Q) power at buses 1 and 2
are calculated using the following equations:

P =v,y iy + Vi ly + Ve b (15)
al(lbz - u)
+ Vbl(l - at)
TV (lai - lbi)

Q = \/g (16)

The current parameters are formulated as follows:

dy _ R a = var)
lig 1 Vai — Va1
— =iy tio, + 17
dt L L, {17
d, R W, —vo)
liq 1 . . ql ql
— =1, tiw; +— 1
e L, L (%)

The active and reactive power output in bus 1 is

expressed as:

P=gig+vyiy,) (19)
Q=g ig+Varig) (20)
%’:_LI_IR P—a)Q+L1—1uq @1
%:_Ll_lzegmm;_lup (22)

In order to determine bus 2's reactive and real power,
the control variables are stated as follows,

Up =Y Vai — Va1 Vyqi (23)

2 2
- (le + Vql) (24)
In the part that follows, the MPPT problem and

power flow control strategy based on the suggested
hybrid technique are then thoroughly detailed.

uq =Vau Vai + Vql ti

5.2 Application of Proposed Hybrid Technique
for MPPT and PFM

The aim of choosing the RFA and OA for maximizing
power extraction in a solar PV module is to improve
prediction accuracy and optimization efficiency. RFA's
ensemble learning technique enhances the accuracy of
solar power predictions by managing large datasets and
capturing complex interactions. OA, a nature-inspired
optimization algorithm, effectively identifies the
maximum power point under varying conditions.
Together, these algorithms ensure precise and adaptive
control of the PV system, leading to optimal power
extraction, increased energy efficiency, and reduced
operational costs, ultimately promoting sustainable and
reliable solar energy utilization.
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Fig 5: Structure of RFA technique

This section describes how hybrid technology can be
used to provide consistent load capacity by integrating a
photovoltaic generating system with an energy storage
system. The RFA and OA are combined in the suggested
hybrid approach, known as RFA-OA [29, 30]. This
study's major goal is to track the MPP as efficiently as
possible while keeping the power flowing within the
grid-connected HRES. In order to account for
fluctuations in power, the RFA-OA technique further
forecasts control signals for the VSI on the load side. The
suggested techniques enable the prediction of control
parameters such load-side power demand, storage
element state of charge, and RES accessibility. Fig. 6
depicts the RFA technique's structure.

distribution of Iree n
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Fig. 6. Architecture of solar bifacial half cut single PV panel
generating system
The system data for the proposed study, matrix D,
include real and reactive power controller gain settings

and
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The following formula is used to determine each
osprey's fitness based on its initial position values:

LG )G () - G, (t)G, ()]

AIG G () - - G2 ()G (e)) (26)

S =

LG ()G () G ()G ()

Equation (27), which examines the objective function
in the optimisation issue is represented by minimising the
error value.

Obj F,=Min E(x) 27)
E(x)= P (l)_ P1(t)’E(x)= q rer (t)_‘]l(t)’

the error function of the system is represented as £(x) .
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Fig. 7. Flow diagram of Proposed Technique
At system starting, the algorithm is set up to control
the HRES system's power flow, resulting in the best
MPPT at the end of this stage. The RFA is specifically

made for the solar photovoltaic system's MPPT. By

properly satisfying load requirements, this control
technique effectively minimises fluctuations in system
characteristics and external disturbances. To find online
control signals, the RFA technique executes the active
and reactive power difference concurrently. RFA
functions during the prediction process as an ensemble
machine learning technique. The total number of trees in
the forest and the number of splits in the subset at each
node are the two hyperparameters that are included. Fig.
7 displays the proposed technique's flow diagram.

6 Results and discussion

The suggested hybrid technique's efficacy is assessed by
contrasting its results with three widely used MPPT
techniques: Grey Wolf Optimization (GWO), Genetic
Algorithm-Fuzzy  (GAFUZZY), and the base
(traditional) method. The following tests are performed
on all four algorithms: The first case involves a
continuous change in irradiance, the second involves a
sudden step change in irradiance, the third involves
simultaneous step changes in irradiance, and the fourth
case involves partial shading.
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Fig. 8. PV power comparison under case 1
The power of the suggested and current approaches
is shown in Fig. 8. In the recommended method, the
power value increases to 60W at intervals of 0.1 to 0.5
seconds. On the other hand, for the methods that are
currently in use (Base, GAFUZZY, and GWO), the

power drops to 100W after 1.5 seconds.
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Fig.9. PV power comparison under case 2
Fig.9 shows a comparison of PV power between the
suggested and current methods. The current methods
taken into consideration include Base, GAFUZZY, and
GWO. There is a time span of 0 to 2 seconds. The PV
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power in the suggested method is more than in the
methods already in use.
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Fig.10. PV power comparison under case 3

PV power is compared between the proposed and
existing technologies in Fig. 10. In this subplot, the
usefulness of the recommended approach is investigated.
The current methods taken into consideration include
Base, GAFUZZY, and GWO. In the time intervals of 0
to 2 seconds, the suggested technique shows higher
values than the current techniques.
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Fig. 11. PV power comparison under case 4

0

The output power produced by solar systems utilizing
the SSA-GBDT approach is compared to earlier methods
such as GBDT, ANN, and SSA in Fig. 11. The purpose
of the analysis is to evaluate the effectiveness of different
approaches versus the established method in generating
PV output power under partial shadowing. In this
analysis, the output power generated by the SSA-GBDT
algorithm surpasses 12000 W, outperforming the output
power generated by the ANN, GBDT, and SSA
algorithms combined. Fig.11's left side displays a
zoomed in view of the output power produced by the
PV's SSA-GBDT, SSA, GBDT, and ANN under partial
shadowing.
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Fig. 12. Analysis of (a) Fitness of proposed technique
(b) Fitness Comparison

The fitness graph of the suggested methodology is
shown in Figure 12, along with a comparison of its
fitness over several iterations with other methods. The
fitness analysis of the suggested technique is shown in
Figure 12(a), where fitness values ranging from 3 to 0.3
indicate convergence at the 20th iteration. The suggested
method and current methods are compared for fitness in
Figure 12(b). The suggested approach achieves fitness
values between 3 and 0.3 at the 20th iteration, when it
converges. Meanwhile, the Grey Wolf Optimization
(GWO) converges at the 24th iteration, yielding fitness
values from 3.4 to 0.4. The Genetic Algorithm with
Fuzzy Logic (GA-Fuzzy) converges at the 36th iteration,
producing fitness values from 3.5 to 0.5. Finally, the base
method converges at the 38th iteration, with fitness
values ranging from 4.2 to 0.6.

Table 1.Efficiency comparison of source power
Efficiency of PV power (%)

. . Source
Solution techniques PV panel
ANN [31] 79.265
GBDT [31] 82.237
SSA [31] 98.935
SSA-GBDT [31] 99.710
Proposed Technique | 99.951

The efficiency comparison of PV power between the
suggested and current methods is shown in Table 1. The
suggested method's effectiveness in every scenario,
which produces the best efficiency outcomes, is well
demonstrated in the table. Efficiency shows that the
chosen approach optimizes power extraction from the
photovoltaic system.
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Table 2: Modeling metrics under various trials
Metrics 50 trails

Base | GAFuzzy | GWO | Proposed
RMSE 253 | 178 224 7.710
MAPE 16.1 |53 12.1 0.732
MBE 6.1 1.8 4.1 0.9955
Execution | ;| 54 70 | 1.009
time (s)

100 trails
RMSE 284 | 229 25.5 5.07
MAPE 172 | 6.4 15.0 0.90
MBE 11.1 | 6.9 7.1 1.64
l?xecutlon 9 3 73 )
time (s)

For both the suggested and current approaches, Table
2 shows the MAPE (Mean Absolute Percentage Error),
RMSE (Root Mean Squared Error), MBE (Mean Bias
Error), and execution time. For the proposed method, the
RMSE is 7.710, MAPE is 0.732, MBE is 0.9955, and
execution time is 1.009. In 100 trials, the proposed
method yields an RMSE of 5.07, MAPE of 0.90, MBE
of 1.64, and an execution time of 2s.

In the first case of continuous change in irradiance,
the system smoothly adapts to varying light levels,
ensuring steady power extraction. In the second case of a
sudden step change in irradiance, the system quickly
adjusts to the new light conditions, demonstrating its
responsiveness. The third case, with simultaneous step
changes in irradiance, tests the system's ability to handle
multiple rapid adjustments, showing its robustness. In
the fourth case involving partial shading, the system
effectively manages wuneven light distribution,
optimizing power extraction despite the challenges.
Overall, these scenarios validate the system's
adaptability and efficiency under diverse conditions.

7 Conclusion

Challenges in maximizing power extraction in a solar
PV module include varying irradiance levels, partial
shading, temperature fluctuations, and the need for real-
time optimization. Additionally, accurately predicting
and responding to rapid environmental changes requires
sophisticated algorithms, robust hardware, and efficient
energy management systems.This work proposes an
efficient RFA-OA technique to enhance the MPPT and
power flow control of a solar PV production system. For
the DC-DC converter of the SPV, the RFA-OA
technique determines the required duty cycles under
instantaneous shading conditions. The RFA algorithm is
used to properly design the MPPT of the SPV system.
This control method meets load requirements as
efficiently as possible while minimising changes in
system characteristics and external disturbances. The
recommended method is carried out using the
MATLAB/Simulink platform. The simulation's findings
demonstrate that the hybrid solution that has been
recommended effectively tracks the PV generating
system's maximum power production and surpasses
existing methods for power flow management in solar
PV generation systems. Future directions for maximizing

power extraction in solar PV modules include
advancements in machine learning algorithms,
integration of real-time adaptive control systems, and
development of more efficient MPPT techniques,
enhanced energy storage solutions, and improved PV
materials to increase efficiency and resilience under
varying environmental conditions.
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