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ARTICLE INFO ABSTRACT

Handling editor: X Zhao With the increasing integration of solar photovoltaic (PV) systems into modern power grids, grid stability and
power quality have become a critical challenge due to environmental variability and non-linear load dynamics.
To deal with these problems, this research proposes a novel control strategy by incorporating Deep Attention
Dilated Residual Convolutional Neural Network (DADRCNN) with Hippopotamus Optimization Algorithm (HOA)
to optimally manage energy in a grid-connected photovoltaic system. The key goal of this study is to mitigate
power quality issues like harmonic distortions, voltage fluctuations, and load imbalances, thereby improving the
power system’s overall performance and stability. To achieve this, DADRCNN precisely tracks the maximum
power point, while HOA optimizes the converter’s duty cycle to ensure effective control. The proposed control
technique is simulated in MATLAB and evaluated against existing strategies. Findings demonstrate that the
proposed strategy achieves a high accuracy of 99.84 %, the lowest total harmonic distortion of 1.08 %, and a low
computation time of 1.05 s, outperforming existing models. In addition, statistical analysis confirms the
robustness and reliability of the proposed technique, indicating its practical applicability for PV energy con-
version in smart grid environments.
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1. Introduction Environmental factors such as fluctuating irradiance and tempera-
ture introduce further instability in PV output, making consistent power
delivery a challenge [11,12]. Furthermore, the integration of photo-
voltaic systems into the grid requires effective coordination with energy
storage technologies to mitigate intermittency and ensure

demand-supply balance [13]. The nonlinear nature of PV systems has

a) Background

Solar photovoltaic (PV) systems have become integral to modern
energy infrastructures, offering sustainable and environmentally

friendly power generation [1]. Their incorporation into grid networks
improves energy security by diversifying the energy mix and aids in the
reduction of greenhouse gas emissions [2]. The evolution of grid-tied
photovoltaic systems has led to the development of multi-functional
energy conversion systems that extend beyond mere power generation
[3]. These systems are designed to perform secondary services such as
reactive power compensation, voltage regulation, and harmonic miti-
gation, improving overall power quality [4-6]. Complex control tech-
niques have been used to maximize the performance of these
multifunctional systems. Techniques such as adaptive neuro-fuzzy
inference systems have been explored to improve the dynamic
response and stability of grid-tied photovoltaic systems [7-10].
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led to the development of several Maximum Power Point Tracking
(MPPT) approaches, like gradual behaviour, perturb and observe (P&0O),
and fuzzy-based methods [14]. Managing PV power within the grid and
addressing associated challenges presents a formidable task. The liter-
ature discusses several solar-fed grid-tied configurations intended to
improve power quality [15]. The proposed method has used Solar En-
ergy Conversion Systems (SECS) to support the grid in remote areas and
during moments of high demand [16]. These issues become more
prominent in smaller energy systems, where load behavior is less pre-
dictable and more sensitive to disturbances, often resulting in power
quality fluctuations and stability concerns [17].
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Fig. 10. Comparison of computation time between proposed and exist-
ing methods.

Table 3

Comparative analyses between proposed and existing methods.
Methods Accuracy (%) THD (%)
Proposed 99.84 1.08
SNN 91.22 4.05
AGO-RNN 94.73 1.89
MABC-ANN 96.01 2.34

Table 4

Statistical comparison between proposed and existing methods.
Methods Std. Deviation Mean Median
Proposed 0.082 1.208 1.173
SNN 0.133 1.362 1.357
AGO-RNN 0.107 1.303 1.296
MABC-ANN 0.096 1.279 1.224

algorithm’s robustness but also emphasizes its practical feasibility for
deployment in modern distributed energy systems.

Moreover, the proposed method’s computational efficiency,
demonstrated by its shortest computing time, offers a significant
advancement over current methods. This is especially critical for ap-
plications in dynamic grid environments where latency can significantly
damage response accuracy and system performance. The statistical
analysis reinforces this by showing the lowest standard deviation and
closer grouping around the mean, indicating higher reliability and
consistency. The effective fusion of a bio-inspired optimization method
with deep learning-based temporal-spatial feature extraction sets this
work apart. This allows for a more intelligent, adaptive, and resilient
control strategy that dynamically adjusts to uncertainties, offering sig-
nificant advancements over rule-based controllers. However, the study
does not fully capture the complexities and stochastic variations of real-
world grid conditions. Moreover, the strategy was exclusively applied to
a PV-based system, which limits its immediate generalizability to hybrid
renewable systems involving wind, battery storage, or other distributed
energy resources.

5. Conclusion

This research presented a novel control strategy to effectively
manage a grid-linked solar photovoltaic system. The proposed strategy
is applied to ease power quality issues like harmonic distortions and load
imbalances, while also optimizing computational efficiency. The tech-
nology guarantees higher energy conversion and increased overall sta-
bility of the grid-linked photovoltaic system by precisely tracking the
maximum power point with DADRCNN and fine-tuning the duty cycle of
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the converter using HOA. The proposed control strategy has been
excluded in MATLAB and assessed against existing methods. The out-
comes indicate that the proposed strategy achieves the fastest compu-
tation time of 1.05 s, significantly outperforming SNN, AGO-RNN and
MABC-ANN. This highlights its superior computational efficiency,
making it well-suited for dynamic grid-tied solar energy applications.
Additionally, the proposed method achieves the highest accuracy at
99.84 %, and also attains a low THD of 1.08 % analysed to existing
models, indicating superior power quality. Statistical analysis further
shows the proposed strategy’s reliability, outperforming the existing
methods. These findings confirm that the proposed control strategy of-
fers improved performance, establishing it as an effective and robust
solution for grid-tied solar energy conversion systems. Future work will
focus on extending this control strategy to hybrid renewable energy
systems, aiming to further enhance system resilience and energy man-
agement. Additionally, implementing the proposed method in real-time
hardware setups will provide practical validation.

CRediT authorship contribution statement

Subash Kumar C S: Writing - original draft. Saravanan R: Super-
vision. Srinivas G: Supervision. Murugan A S S: Supervision.

Ethical approval

There are no human subjects studies in this article that any of the
writers have conducted.

Disclosure of interest
Not appropriate.
Code availability
Not appropriate.
Consent to participate:
Not appropriate
Consent for publication:
Not appropriate
Funding information

This study did not receive any specific grant from a public, private, or
nonprofit funding source.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Acknowledgement

None.

Data availability

No data was used for the research described in the article.



S.K. CSetal

References

[1]

[2]

[3]

[4

=

[5

fad}

[6

[}

[7

—

[8

—

[9

[}

[10]

[11]

[12]

[13]

[14]

Suarez-Ramon I, Alvarez-Rodriguez M, Ruiz-Manso C, Perez-Dominguez F,
Gonzalez-Vega P. A general sizing methodology of grid-connected PV systems to
meet the zero-energy goal in buildings. Energy 2024;306:132580.

Liang J, Xiao K, Wang X, Hou T, Zeng C, Gao X, Zhong C. Revisiting solar energy
flow in nanomaterial-microorganism hybrid systems. Chem Rev 2024;124(15):
9081-112.

Bao Q, Qian W, Ma G, Qiu X, Zhang H, Zhou H, Chen M. Influence of the change
direction of total solar irradiance at the inclined surface on power generation
performance of photovoltaic power station: a focus on output power and
photoelectric conversion efficiency. Energy 2025;324:135975.

Zhang J, Shi T, Liu T, Gao F, Cai D, Liu P, Yang S. Design and synthesis of a UV-vis-
NIR response heterostructure system: for efficient solar energy conversion and BPA
photocatalytic degradation. Appl Surf Sci 2024;653:159346.

Muthamizh S, Dheebanathan A, Devanesan S, Vasugi S, Arul varman K. Improved
photocatalytic and antibacterial properties by hydrothermally fabricate CuWO4/
PANI-Ppy nanocomposites. Mater. Sci. Eng. B Solid State Mater. Adv. Technol.
2025;316:118141. https://doi.org/10.1016/j.mseb.2025.118141.
Azhakanantham D, Viswanathan VN, Selvamani M, Kesavan AV, Alotaibi MA,
Ramamurthy PC. Absorption-induced external quantum efficiency modulation in
organic nanocrystals incorporated organic solar cells. J. Mater. Sci.: Mater.
Electron. 2024;35. https://doi.org/10.1007/s10854-024-13556-7.

Alharbi AG, Olabi AG, Rezk H, Fathy A, Abdelkareem MA. Optimized energy
management and control strategy of photovoltaic/PEM fuel cell/batteries/
supercapacitors DC microgrid system. Energy 2024;290:130121.

Mohamed M, Alaas Z, Al Faiya B, Hegazy HY, Mohamed WI, Abdelwahab SAM.
Performance improvement of grid-connected PV-Wind hybrid systems using
adaptive NeuroFuzzy inference system and fuzzy FOPID advanced control with
OPAL-RT. IEEE Access 2025.

Selvamani M, Vadivel S, Govindhan G, Macadangdang Jr RR, Alsulmi A,
Sambasivam S, Sundaramoorthy A. a-Fe203/MoS2 heterostructured nanomaterial
for enhanced visible-light photocatalytic performance under sunlight irradiation.
J. Mater. Sci.: Mater. Electron. 2024;35. https://doi.org/10.1007/s10854-024-12
835-7.

Azhakanantham D, Raghu G, Selvamani M, Ramamurthy PC, Seikh AH,

Kesavan AV. Role of proton conducting polyelectrolyte on the organic
photovoltaics efficiency. J. Mater. Sci.: Mater. Electron. 2024;35. https://doi.
0rg/10.1007/s10854-024-12547-y.

Tripathi AK, Aruna M, Elumalai PV, Karthik K, Khan SA, Asif M, Rao KS. Advancing
solar PV panel power prediction: a comparative machine learning approach in
fluctuating environmental conditions. Case Stud Therm Eng 2024;59:104459.
Sampurnam S, Muthamizh S, Varman KA, Narayanan V. A homogeneous Zr based
polyoxometalate coupled with Ppy/PTA for efficient photocatalytic degradation of
organic pollutants. J. Mater. Sci.: Mater. Electron. 2024;35. https://doi.
org/10.1007/s10854-023-11817-5.

Rasool MH, Taylan O, Perwez U, Batunlu C. Comparative assessment of multi-
objective optimization of hybrid energy storage system considering grid balancing.
Renew Energy 2023;216:119107.

Wu H, Shan S, Tian J, Zhang G, Zhou Z. Thermodynamic theorical and parametric
analysis of a photovoltaic-photo/thermochemistry synergistic conversion system
with full spectrum cascading utilization. Energy Convers Manag 2024;314:118701.

12

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Energy 332 (2025) 137154

Ashrafi-Peyman Z, Jafargholi A, Moshfegh AZ. An elliptical nanoantenna array
plasmonic metasurface for efficient solar energy harvesting. Nanoscale 2024;16(7):
3591-605.

Belkhode P, Giripunje M, Dhande M, Gajbhiye T, Waghmare S, Tupkar R,
Gondane R. Nanomaterials applications in solar energy: exploring future prospects
and challenges. Mater Today Proc 2024.

Mohamed A, Wazeer EM, El Masry SM, Ghany AA, Mosa MA. A novel scheme of
load frequency control for a multi-microgrids power system utilizing electric
vehicles and supercapacitors. J Energy Storage 2024;89:111799.

Kumar V, Kumar R, Jarial RK. Power quality enhancement of dual stage three
phase grid integrated SPV system using sequential neural network-based
algorithm. Elec Power Syst Res 2024;230:110246.

Babu PC, Kumar DG, Sireesha NV, Pushkarna M, Prashanth BV, Dsnmrao,
Alphonse S. Modeling and performance analysis of a grid-connected photovoltaic
system with advanced controller considering varying environmental conditions. Int
J Energy Res 2023;2023(1):1631605.

Debdouche N, Zarour L, Chebabhi A, Bessous N, Benbouhenni H, Colak I. Genetic
algorithm-super-twisting technique for grid-connected PV system associate with
filter. Energy Rep 2023;10:4231-52.

Ibrahim NF, Mahmoud MM, Al Thaiban AM, Barnawi AB, Elbarbary ZMS, Omar Al,
Abdelfattah H. Operation of grid-connected PV system with ANN-based MPPT and
an optimized LCL filter using GRG algorithm for enhanced power quality. IEEE
Access 2023;11:106859-76.

Gayathri AR, Natarajan K, Matcha M, Aravinda K. Enhanced modelling and control
strategy for grid-connected PV system utilizing high-gain Quasi-Z source converter
and optimized ANN-MPPT algorithm. Electr Eng 2025;107(4):4921-38.

Daravath R, Sandepudi SR. Low voltage ride through control strategy for a two-
stage grid-tied solar photovoltaic system with grid faults. Electric power
components and systems. 2024. p. 1-20.

Shevela D, Kern JF, Govindjee G, Messinger J. Solar energy conversion by
photosystem II: principles and structures. Photosynth Res 2023;156(3):279-307.
Chakraborty S, Modi G, Singh B, Panigrahi BK. Control of a grid-tied battery-less
two-stage solar PV system with seamless transition and autonomous dispatch
capability. IEEE Trans Ind Appl 2023;59(6):7669-80.

Srinath NS, Sundarabalan CK, Sharma J, Balasundar C, Vijayakumar V. Quasi
newton least mean fourth control for multifunctional grid tied solar photovoltaic
system. Sustain Energy Technol Assessments 2023;57:103272.

Soumana RA, Saulo MJ, Muriithi CM. New control strategy for multifunctional
grid-connected photovoltaic systems. Results Eng 2022;14:100422.

Prasad D, Kumar N, Sharma R, Malik H, Marquez FPG, Pinar-Pérez JM. A novel
ANROA based control approach for grid-tied multi-functional solar energy
conversion system. Energy Rep 2023;9:2044-57.

De Lara M, Carpentier P, Chancelier JP, Leclere V. Optimization methods for the
smart grid. Report commissioned by the Conseil Francais de I'Energie, Ecole des
Ponts ParisTech 2014.

Ma Y, Xu S, Jiang T, Wang Z, Wang Y, Liu M, Ma X. Learning a deep attention
dilated residual convolutional neural network for landslide susceptibility mapping
in Hanzhong City, Shaanxi Province, China. Remote Sens 2023;15(13):3296.
Amiri MH, MehrabiHashjin N, Montazeri M, Mirjalili S, Khodadadi N.
Hippopotamus optimization algorithm: a novel nature-inspired optimization
algorithm. Sci Rep 2024;14(1):5032.


http://refhub.elsevier.com/S0360-5442(25)02796-3/sref1
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref1
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref1
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref2
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref2
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref2
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref3
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref3
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref3
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref3
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref4
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref4
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref4
https://doi.org/10.1016/j.mseb.2025.118141
https://doi.org/10.1007/s10854-024-13556-7
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref5
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref5
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref5
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref6
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref6
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref6
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref6
https://doi.org/10.1007/s10854-024-12835-7
https://doi.org/10.1007/s10854-024-12835-7
https://doi.org/10.1007/s10854-024-12547-y
https://doi.org/10.1007/s10854-024-12547-y
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref7
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref7
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref7
https://doi.org/10.1007/s10854-023-11817-5
https://doi.org/10.1007/s10854-023-11817-5
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref8
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref8
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref8
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref9
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref9
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref9
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref10
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref10
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref10
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref11
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref11
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref11
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref12
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref12
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref12
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref13
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref13
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref13
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref14
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref14
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref14
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref14
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref15
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref15
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref15
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref16
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref16
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref16
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref16
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref17
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref17
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref17
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref18
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref18
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref18
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref19
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref19
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref20
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref20
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref20
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref21
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref21
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref21
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref22
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref22
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref23
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref23
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref23
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref24
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref24
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref24
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref25
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref25
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref25
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref26
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref26
http://refhub.elsevier.com/S0360-5442(25)02796-3/sref26

	Intelligent control strategy for grid-integrated PV systems with enhanced dynamic performance
	1 Introduction
	5 Conclusion
	CRediT authorship contribution statement
	Ethical approval
	Disclosure of interest
	Code availability
	Consent to participate:
	Consent for publication:
	Funding information
	Declaration of competing interest
	Acknowledgement
	Data availability
	References


