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ABSTRACT

Maximum Power Point Tracking (MPPT) is crucial for maximizing the energy output of photovoltaic (PV) systems
by continuously adjusting the operating point of the panels to track the point of maximum power production
under changing environmental conditions. This work proposes the design of an MPPT system for solar PV
installations using the Differential Grey Wolf Optimizer (DGWO). It dynamically adjusts the parameters of the
MPPT controller, specifically the duty cycle of the SEPIC converter, to efficiently track the Maximum Power
Point (MPP). The proposed system aims to enhance the energy harvesting capability of solar PV systems by
optimizing their performance under varying solar irradiance, temperature and shading conditions. Simulation
results demonstrate the effectiveness of the DGWO-based MPPT system in maximizing the power output of
solar PV installations compared to conventional MPPT methods. This research contributes to the development
of advanced MPPT techniques for improving the efficiency and reliability of solar energy systems.
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STD Standard Irradiation Condition
PSC Partial Shading Condition
DE Differential Evolution

1 Introduction

Solar panels are indeed popular renewable energy systems (RES) due to several advantages
such as low maintenance, modularity and scalability, etc. [1]. Many research studies indeed focus
on maximizing the benefits of electrical energy produced by PV systems. These research efforts are
crucial for advancing PV technology, making it more efficient, cost-effective, and accessible. This, in
turn, enhances its role in the global transition to RES [2-4].

These research investigations can be broadly categorized into two main groups: one dedicated to
improving the efficiency of PV cells and modules and the other aimed at enhancing the utilization of
PV energy [5].

Therefore, to optimize the performance of PV systems irrespective of environmental changes
and to draw the maximum power from the solar panels, an MPPT algorithm is implemented. The
MPPT algorithm prevents voltage collapse by keeping the system operating close to its MPP. The
primary advantages of the MPPT algorithm are its robustness and ease of application [6]. In the MPPT
topology, the reference voltage and current are continually adjusted (increased or decreased) based on
the previous power values until the MPP is reached.

The power output of a solar module fluctuates due to various factors, leading to a shift in
the working point of the PV array towards MPP. To track the MPP effectively, the PV voltage is
continuously perturbed, and as the perturbation’s power increases, the working point moves closer
to the MPP. Once the maximum power is achieved, the perturbation is reversed to maintain the power
variation at its smallest possible size.

To achieve precise perturbation control, an additional proportional-integral (PI) controller was
incorporated to adjust the duty cycle ratio of the MPPT based converter. This adjustment establishes
the reference perturbation voltage. However, it was observed that this perturbation technique resulted
in some power loss and occasionally hindered the system from rapidly tracking power changes during
dynamic atmospheric conditions.

Evolutionary Computation (EC) techniques have been suggested as a means to address the MPPT
topology. However, EC techniques may suffer from poor convergence rates and slow convergence
times. In contrast, metaheuristic techniques have shown better convergence rates and faster conver-
gence compared to EC techniques [7-9]. Metaheuristic algorithms have become popular in the MPPT
field because they can handle complex functions without needing extra information like derivatives.
They’re good at searching and optimizing real-world problems with multiple possible solutions, which
makes them a good fit for MPPT tasks [10,11].

Several metheuristic methodologies with notable topologies, including PSO, GWO, ACO, ABC
and WOA have been incorporated for MPPT [12,13]. Similarly, a modified version of the Seagull
Optimization (MSOA) has been proposed for MPPT. This approach integrates the Levy Flight (LFM)
and the heat exchange formula from TEO into SOA [14]. However, these algorithms may require a large
number of iterations to converge [15—17] and can be time-consuming [18,19].

To address the complexities present in the above said methods, researchers introduced the DGWO,
which is a comprehensive approach designed to tackle computationally expensive problems. It can
efficiently explore the search space, making it suitable for optimizing complex problems with multiple
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variables. It offers a promising and effective approach to optimizing the performance of PV systems,
leading to increased energy harvesting efficiency, reduced power loss, and improved system stability
under varying environmental conditions.

Thus, this study proposed a novel PV system architecture that effectively integrates SEPIC
converter. The integration of this converter allows for enhanced power conversion efficiency and
better management of power fluctuations in the PV system. To achieve optimal performance, the
researchers utilized the DGWO based MPPT algorithm. The findings of this research are expected to
have significant implications for the development of advanced PV systems, contributing to the wider
adoption of PV as a sustainable and environmentally friendly power source in grid-tied applications.

2 Methodology
The block diagram of the proposed topology is depicted in Fig. 1.
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Figure 1: Block diagram-proposed system

Therefore, the suggested configuration includes a PV array coupled with an innovative DGWO
based MPPT topology. The PV output is elevated utilizing a SEPIC boost converter, with its
functionality regulated by the MPPT topology.

2.1 Top of Form
2.1.1 Solar Panel
PV cells, also known as solar cells, are the fundamental building blocks of solar panels. When

sunlight interacts with the semiconductor material within the PV cell, it excites electrons, creating an
internal electrical field. The Equivalent circuit of PV Cell is depicted in Fig. 2.
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Figure 2: Equivalent circuit (PV cell) [20]

A basic representation of a PV cell depicted in Fig. 2 comprises a diode connected in parallel with
an ideal current source. The current source generates a current that mirrors the intensity of incident
solar radiation.
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Thus, the current and voltage obtained from the output is depicted in Egs. (1) and (2).

. 3 V + IR,
I=1Isc—1Io (6% — 1) — (%) (1)
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2.2 Design of Converter

SEPIC converter is a versatile and efficient DC-DC converter that plays a significant role in
modern power electronics systems, providing stable and regulated voltage conversion for a wide range
of applications. This converter has the ability to maintain continuous input and output currents, which
reduces output voltage ripple and makes it suitable for sensitive electronic devices.

Thus, it consists of an inductor, a capacitor and a switch. It has two separate capacitors, one on
the input side and one on the output side, allowing for the unique ability to handle both step-up and
step-down voltage conversion. The circuit diagram of the SEPIC converter is given in Fig. 3.
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Figure 3: Circuit diagram of SEPIC converter

The operation of the SEPIC converter is as follows:

1. During the first phase, when the switches are closed, the inductor stores energy from the input
voltage (V,,) in its magnetic field.
2. In the second phase, when the switches are open, the stored energy in the inductor is transferred

to the output capacitor (C,) and the load. At this point, the output voltage (V,,) is higher or lower
than the input voltage, depending on the duty cycle of the switches.

3. The unique feature of the SEPIC converter is that during the second phase, the inductor also
transfers energy to the input capacitor (C,,). This allows it to handle step-up and step-down voltage
conversion without requiring a transformer.

Fig. 4 depicts the circuit during on and off cycles of the power button (respectively in Fig. 4a,b).
Thus, the voltage gain of the circuit is depicted in Eq. (3).
D

Vo= —V, 3
0 l—D in ()
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Figure 4: Equivalent circuit diagram

2.2.1 Inductor Design

When designing an inductor, it is essential to account for the inductor ripple current (I.).
Therefore, it becomes necessary to calculate this ripple current using Eq. (4).

A (1) = 30% x (%) “)

Using this ripple current, values of L, &L, has been calculated using Eq. (5).

Vi x (D)

L=L=1)2 _ 5

L=k () ©)
where A (I,)-Change in I, D-Duty Cycle.
2.2.2 Capacitor Design

Similarly, the capacitor at the output can be derived using Eq. (6).
Ioul X (Dmax)

C=—— "= (6)

AV x (1)
where D,,..—Duty Cycle, f,—Switching Frequency.
Consequently, the design constraints of the components utilized during simulation are presented

in Table 1.

Table 1: Design parameters (Converter)

Parameter Values
L, L, 0.0017H
C1 Cl

(Continued)
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Table 1 (continued)

Parameter Values
G 500e-6
Vi, 200
Vou 600

f 100e3

2.3 Differential Grey Wolf Optimizer (DGWO)

Thus, the proposed DGWO integrates the GWO and DE algorithms to enhance optimization per-
formance. Initially, the GWO algorithm is employed for global exploration due to its effective domain
detection abilities. The DE algorithm is then utilized to refine solutions and prevent convergence to
local optima.

The working of the algorithm is depicted below:

1. Initialization: Generate an initial population of candidate solutions. For GWO, this could
involve randomly positioning a pack of grey wolves within the search space. For DE, it typically
involves randomly initializing a population of vectors representing potential solutions.

2. Fitness Evaluation: Evaluate the fitness of each candidate solution using the objective function.
In the context of optimization problems, this function quantifies the quality of a solution.

3. GWO Global Search: Employ the GWO algorithm to perform global exploration. Grey wolves
iteratively adjust their positions in the search space based on fitness values, aiming to converge toward
optimal solutions. This phase focuses on exploring diverse regions of the search space.

4. DE Local Refinement: Apply the DE algorithm to refine solutions and prevent premature
convergence. DE iteratively generates new candidate solutions by combining and mutating existing
ones, thereby facilitating local exploration and refinement.

5. Termination Criterion: Determine whether a termination criterion is met.

6. Output: Return the best solution found during the optimization process.

Thus, the suggested DGWO-based MPPT algorithm’s flowchart is depicted in Fig. 5.

The fitness function of the DGWO algorithm is given as
P(d") > P(d"™" (7)
where

p—Power,

d-Duty Cycle,

k—No. of iterations.

3 Result and Discussion

The MPPT implementation involves the utilization of a SEPIC converter. The essential waveforms
of the devised system under this operational scenario are illustrated in the figures below. Remarkably,
the incorporated DGWO-MPPT has effectively mitigated the oscillations typically observed around
the MPP, thereby enhancing the overall stability and consistency of the system’s performance.
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Figure 5: Flowchart of GWO

To comprehensively evaluate the efficacy of the proposed topology, a series of distinct cases with
different PSC has been considered for the investigation of its performance. The results of these cases
are summarized in Table 2, highlighting the system’s response and behavior under varying conditions.

Thus, to prove the efficiency of the proposed DGWO topology, it is compared with the traditional
P&O algorithm and cuckoo search optimization algorithm. P&O is a widely used algorithm for
MPPT. It continuously perturbs the operating point of the PV system and observes the resulting
change in power output. Based on this observation, it adjusts the operating point in the direction
that maximizes power output. Cuckoo Search Algorithm (CSA) depending on Levy flight concepts,
provides a versatile and efficient approach in solving optimization problems.
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Table 2: Description of different cases
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Conditions

Irradiation values

Irradiation 1 Irradiation 2 Irradiation 3

Pmax

(STD)
PSC1
PSC2
PSC3

1000 1000 1000
300 1000 700
400 500 700
500 200 100

249.9
119.2
100.1
34.8

3.1 Case 1

Standard Irradiation Condition

A comprehensive assessment of PV module performance under consistent irradiance conditions
(250 Watts) through power-vs.-time analysis, as depicted in Fig. 6. It is important to note that all PV
modules receive equivalent irradiance levels in this setup.

—DGWO
—P&O
~Cuckoo

0 0.2 0.4 0.6 0.8 1
Time (Sec)

Figure 6: Standard shading condition for DGWO

Through rigorous simulation testing, the DGWO-MPPT has demonstrated significant perfor-
mance outcomes. Specifically, it has yielded an MPP of 249.9 Watts with a notably reduced time
duration. This achievement surpasses the results obtained using the cuckoo algorithm (249.6 Watts)
and the P&O algorithm (149.29 Watts). These findings are visually presented in Fig. 6, where the
simulation outcomes of the DGWO, cuckoo and P&O algorithms are displayed for comparison.
Furthermore, its efficiency has been quantified at an impressive 99.9%, which notably exceeds the

efficiencies of the cuckoo algorithm (99.8%) and the P&O algorithm (59.6%).

The performance evaluation extends to the analysis of duty cycles, as illustrated in Fig. 7. The
outcomes clearly establish the superior performance of the DGWO MPPT in comparison to alternative

approaches.
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Figure 7: Duty cycle for standard shading condition
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3.2 Case?2
Partial Shading Condition 1

Under the specified irradiance conditions (300, 1000, and 700 units), a thorough analysis has been
conducted. Notably, the DGWO algorithm emerges as the frontrunner, achieving the highest power

output at an impressive 119.2 W. Close behind, the Cuckoo algorithm achieves 119.1 W, while the P&O
algorithm attains 84.3 W. These achievements are depicted in Fig. 8.
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Figure 8: Power output

An important facet of this comparison is efficiency. In this regard, the DGWO algorithm excels
with a remarkable efficiency of 99.7% whereas the Cuckoo algorithm follows with an efficiency of
99.5%, and the P&O algorithm lags behind with an efficiency of 70%.

Fig. 9 distinctly illustrates the changes in the duty cycle graph. Notably, the red line represents the
DGWO algorithm’s duty cycle, which demonstrates a remarkable degree of stability after attaining
its maximum power output during steady-state time. This observation underscores the DGWO
algorithm’s proficiency in achieving and maintaining optimal operating conditions.
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Figure 9: Duty cycle

3.3 Case3
Partial Shading Condition 2

In the context of a partial shading condition (400, 500, 700 units), the DGWO algorithm emerges
as the optimal performer, achieving the highest power output of 100.1 W. This is followed by the
Cuckoo algorithm, which attains 99.4 W, and the P&O algorithm, reaching 87.3 W. These results are
evaluated against the backdrop of a total available power of 119.5 W, as illustrated in Fig. 10.

The DGWO achieves an impressive efficiency of 99.7%, outperforming the Cuckoo algorithm at
99.5% and the P&O algorithm at 70%.
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Figure 10: Output power

Fig. 11 portrays the alterations in the duty cycle. The red line signifies the DGWO algorithm’s
duty cycle, which showcases remarkable stability subsequent to achieving its maximum power output
during the steady-state time. This distinctive behavior highlights the DGWO algorithm’s effectiveness
in promptly attaining and sustaining optimal operational conditions.

0.6 ::;fn?:w
S | | 0o
o] I i
”““ ' |J4 J || Al J

Tl

| |
=02 || |Ll||[ |IIlli I|l||I|| |

T |
i |uH (LI

0 01 02 03 04 05 06 07 08 09 1
Time (Sec)

Figure 11: Duty cycle

3.4 Case 4
Partial Shading Condition 3

Under the conditions of partial shading (500, 200, 100 units), the DGWO algorithm achieves
power output of 34.8 W which is higher than both the Cuckoo algorithm (34.2 W) and the P&O
algorithm (32.5 W). These outcomes are evaluated in relation to a total available power of 34.9 W,

visually depicted in Fig. 12. Similarly, the duty cycle of the proposed topologies have been explored in
Fig. 13.
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Figure 12: Partial shading condition 3 for DGWO
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Figure 13: Duty cycle for partial shading condition 3

Table 3 and Fig. 14 display the proposed DGWO algorithm is compared with the other two
algorithms in terms of tracking time, maximum power and efficiency.

Table 3: Comparison result of GWO, Cuckoo and P&O method

Algorithm Parameters DGWO CUCKOO P&O
P (W) 249.9 249.6 149.29
Standard O/P Efficiency (%) 99.9 99.8 59.6
t(s) 0.163 0.168 0.04
Poax (W) 119.2 118.7 84.3
PSCl1 Efficiency (%) 99.7 98.9 70
t(s) 0.054 0.083 0.093
P (W) 100.1 99.4 87.3
PSC2 Efficiency (%) 93 92 81.2
t(s) 0.174 0.172 1.5
P (W) 34.8 34.2 32.5
PSC3 Efficiency (%) 99.7 98.0 93
t (s) 0.134 0.05 0.03

-

elficiency (%)
cB68888583888

mGWO
B CUCKOO
PO

Conditions

Figure 14: Comparative analysis
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3.5 Experimental Results

The hardware implementation confirms the effectiveness of the DGWO-MPPT approach. In this
PV system setup, three series-connected PV modules form the PV array. A microcontroller, specifically
the dsPIC30F4011, receives current and voltage data from sensors connected to the PV array. It then
generates a Pulse Width Modulation (PWM) signal for the boost converter’s switch. The DGWO
MPPT algorithm determines this signal, ensuring the boost converter’s duty cycle is optimized to
match the Global Maximum Power Point (GMPP).

The results of the hardware implementation under uniform irradiation conditions are depicted in
Fig. 15.

16.55 =
K
Voltage
3.6+
1
Current
- y
! Power
0.0s 50s

Figure 15: Hardware results (Standard condition)

4 Conclusion

In this work, a SEPIC converter along with a DGWO-based MPPT algorithm is tailored for
PV systems. The MPPT algorithm, based on the DGWO method, adjusts the converter’s duty cycle.
Simulation results show that this combined approach can effectively track the MPP of a PV system,
even when there are sudden changes in sunlight. It responds quickly to these changes and reduces
fluctuations around the MPP, leading to more stable performance. Thus, the results obtained during
the different irradiance conditions are listed below.

Under STD, the efficiency reaches approximately 99.9%, surpassing that of traditional methods.
Conversely, the Cuckoo algorithm achieves about 99.8%, closely aligning with the proposed topology.
However, when subjected to PSC, the DGWO demonstrates remarkable efficiency at around 99%,
whereas the CSA is about 98% across all PSC. Consequently, the superiority of the DGWO algorithm
has been proved.

Additionally, the use of the SEPIC converter eliminates non-operational zones and allows
monitoring of the PV module’s MPP at various input voltage levels. The adoption of advanced opti-
mization techniques such as DGWO fosters innovation in the renewable energy sector. It encourages
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the development of more efficient and reliable solar energy solutions, making renewable energy
technologies more accessible and economically viable.
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