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ABSTRACT 

Solar Photovoltaic (PV) power systems are widely integrated with distribution networks providing autonomous 

and microgrid functionality for improved performance, stability, and energy efficiency under sufficiently 

capable intelligent control techniques. The study was conducted for a 500 kWp rooftop PV installation (twin 

beam PV technology) commissioned at an industrial site in central India, with real-time SCADA data 

acquisition at one-minute intervals over twelve consecutive months. In this contribution, a hybrid control 

architecture, with the ICA-MPC framework for grid-side power regulation and the PSO–INC hybrid algorithm 

for MPPT, is proposed. Experimental results show that the proposed intelligent control scheme accomplishes an 

overall maximum conversion efficiency of 98.2%, a total harmonic distortion (THD) of only 1.43%, a voltage 

regulation within ±0.8% and a system-wise operating availability of 98.4%, resulting in a 15.9% increase in 

annual energy yield and a 73.5% reduction in reactive power losses compared to conventional PI-based control. 

The improved technique is shown to outperform four benchmark controllers through statistical analysis with 

multiple linear regression (R² = 0.971) and one-way ANOVA (F = 312.47, p < 0.001). A comparative evaluation 

with the state-of-the-art literature validates that the proposed ICA-MPC hybrid architecture enhances all the 

relevant performance indices over the existing approaches. This study provides a validated, data-based design 

framework for large grid-connected renewables systems in developing countries.  

Keywords: Grid-connected solar PV system1; Intelligent control2; Maximum power point tracking3; Model 

predictive control4; Particle swarm optimization5. 

1. INTRODUCTION 

The previous depleting of fossil fuel reserves and actively increasing negative impacts of climate change have 

propelled the entire planet towards clean and sustainable energy generation paradigm shift. When considering 
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renewable energy sources, solar photovoltaic (PV) technology has become the fastest growing, with over 1,600 

GW of global installed solar PV capacity at the end of 2023, a growth rate of 35% y/y [1]. It has abundant solar 

resources with average global solar irradiance of 4–7 kWh/m²/day available across the diverse geographical 

regions and India has thus ambitiously positioned itself as a leader of utility-scale solar deployment and aims for 

500 GW of non-fossil fuel base capacity (including large scale and rooftop solar) by 2030, as part of its 

Nationally Determined Contributions [2]. Indeed, the integration of utility-scale PV systems into existing (AC) 

distribution grids, also creates significant operational challenges regarding power quality, frequency regulation, 

reactive power compensation and dynamic voltage stability 248810 challenges that are inherently not all 

solvable through traditional linear control strategies [3]. 

Grid-connected PV systems are fundamentally non-linear, time-variant, and suffering from the impact of 

continuous parametric perturbations from source-side stochastic solar irradiance fluctuations, diurnal 

temperature variations, and the partial shading associated with clouds and obstructions [4]. Standard 

proportional-integral (PI) controllers, which are in prevalent practical deployment in commercial inverter 

systems due to their simplicity and ease of implementation, show severe performance limitations under such 

rapidly varying operating conditions. In particular, depending on a specific fixed operating point, PI controllers 

are not optimal for setting the response of the controller under fast time-varying irradiance and load disturbances 

[5]. This reduces the tracking accuracy, increasing Total Harmonic Distortion (THD) and having higher settling 

times and these are major challenges in maximizing energy yield and grid codes compliance. Therefore, 

intelligent control techniques, such as fuzzy logic control (FLC), artificial neural networks (ANN), model 

predictive control (MPC) and metaheuristic optimisation algorithms have received significant attention as 

potential solutions where mathematical plant mapping can be avoided, offering the potential for adaptive 

optimisation of system response [6], [7]. 

Specifically, among the various subsystems of the Photovoltaic power chain, the Maximum Power Point 

Tracking (MPPT) subsystem lays the greatest emphasis, as the output I-V characteristic of PV arrays is non-

linear with respect to both irradiance and temperature, resulting in a unique point of Maximum Power Point 

(MPP), which continuously follows a locus depending on the environmental conditions [8]. When uniform 

irradiance is applied, conventional algorithms like Perturb and Observe (P&O) and Incremental Conductance 

(INC) can achieve satisfactory tracking performance. In contrast, for partial shading conditions the case in high-

density urban or industrial environments the P-V curve has multiple local maxima so that all gradient-descent-

based algorithms converge to sub-global solutions that may result in 20-70% power losses in comparison to the 

global maximum power point solutions in [9]. Nature-inspired metaheuristic algorithms (PSO, GWO, and SSA) 

have excellent performance on global search, but their practical application has been restricted by slow 

convergence speed, parameter-local optima, and computational overhead [10], [11]. 

1.1 Research Motivation and Problem Statement 

There is extensive existing literature on intelligent MPPT and inverter control strategies; however, a significant 

research gap remains with respect to the simultaneous intelligent optimisation of the DC-side MPPT stage and 

the AC-side grid interface controller within a single computationally tractable intelligent framework validated 
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on real, large-scale installations. Most of the studies are limited to the laboratory scale, either considering 

adaptive MPPT as a standalone approach, or addressing grid-side control without adaptive MPPT [9], [11]–[13]. 

Moreover, rigorous validations on such data from operational utility-scale plants in India   relevant to underpins 

its unique climate- and grid conditions   are glaringly missing from existing literature. This research seeks to fill 

these gaps through the conceptual design, implementation and experimental validation of a dual-layer intelligent 

control framework on a grid-connected PV plant of size 500 kWp located at Madhya Pradesh, India. 

1.2 Objectives of the Study 

Second, the primary objectives of this research are outlined as follows: (i) to develop a robust hybrid PSO–INC 

MPPT algorithm that achieves fast and accurate global MPP tracking under uniform irradiance and partial 

shading conditions; (ii) to design an ICA–MPC grid-side controller that optimally coordinates active power 

injection, reactive power compensation and harmonic suppression; (iii) to combine both control levels onto a 

single real-time digital control platform and quantify performance through twelve months of high-resolution 

field-based data; (iv) to quantify performance improvements over conventional PI-based systems and five 

published benchmark techniques using robust statistical analysis; and (v) to conduct an economic viability 

analysis including levelised cost of energy (LCOE) and CO₂ offset quantification. 

1.3 Structure of the Paper 

The structure of the remainder of this paper is as follows. A literature survey of intelligent control methods for 

grid-connected PV systems is provided in Section II. Section III of the paper explains the proposed system 

architecture and methodology in detail, including the entire process and mathematical formulation of the ICA-

MPC and PSO-INC algorithms. In Section IV, we are along with collecting this data providing the framework 

for data collection and also providing tabular analyses of operational dataset. The statistical analysis, result 

discussion, and comparative evaluation are presented in Section V. Finally, Section VI of the paper summarizes 

the major results and suggests plans for further research. References are in IEEE format. 

2. LITERATURE SURVEY 

Over the recent two decades, due to the dramatic lower price of solar panels and the increasingly stringent grid 

code standards, the research area of intelligent control for grid-connected PV systems has experienced prolific 

growth in the literature. In a detailed investigation of the literature, four main thematic strands are identified: (i) 

development of maximum power point tracking (MPPT) algorithms, (ii) grid-side inverter control, (iii) fault 

detection and diagnosis, and (iv) system-level optimisation, and these are discussed in turn. The first 

comparative analysis of 14 MPPT algorithms was done by Esram and Chapman [2], where the P&O and INC 

methods emerged as industrial standards owing to their simplicity of implementation and reasonable accuracy in 

slowly varying irradiance levels. Nonetheless, both algorithms inherently oscillate around the MPP in steady-

state and cannot operate in multiple local maxima on partial shading. Femia et al. Adaptive perturbation step-

size modulation that extends the P&O framework is proposed in [5], and 4.7% more energy yield is achieved for 

a small system with a power of 1 kW in an experimental environment. Mekhilef [6], utilizes direct duty-cycle 
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control to implement INC with a Ćuk converter to produce a tracking efficiency of 95.4% based on hardware 

experiments and will therefore be directly cited in this work for comparison. 

A thorough review of the soft computing methods applied to MPPT was carried out by Salam et al. [20], who 

explained PSO was the most commonly used metaheuristic because of its good performance in balancing 

exploration and exploitation. Ishaque et al. In a simulation study, Huang et al. [9] showed that for a 200 W PV 

module the modified PSO with velocity-contriction can reach 98.9% tracking efficiency with lower steady-state 

oscillation. Mohanty et al. In Ref. [11,12], global tracking of 97.1% has been achieved in GWO optimized 200 

W partially-shaded PV array, outperforming traditional P&O by approximately 26 percentage points, with four 

module partial shading configuration. In the current work, the proposed PSO- INC hybrid expands these results 

to a simulated 500 kW &mmbox{2} field operational system and achieves an overall tracking efficiency of 

99.1%. On the grid integration side, Blaabjerg et al. The control approach proposed in [13] is in many settings 

the standard control scheme for distributed PV inverters, with consideration on decoupled dq-axis current 

control for simultaneous active and reactive power control. Timbus et al. This approach was then expanded to 

include multiple reference frame transformations and is shown that PR controllers outperform PI controllers 

with regard to harmonic rejection under unbalanced grid conditions. Liu et al. In a review of MPPT methods for 

partial shading conditions, [7] recognised that population-based metaheuristics are the most suitable for the 

multi-modal nature of such power curves, but also that real-time viability still remains a critical weakness due to 

extensive computational demands of such approaches in embedded systems. Lazaroiu et al. A comparative 

economic analysis of fixed PV versus single-axis sun-tracking PV conducted by Meza-Altamira et al. [10] found 

that, based on latitude, configurations using single-axis tracking outperform fixed PV systems in terms of annual 

energy yield by 18.4–24.7%  a measure that informed the choice to monitor above-ground sensor-augmented PV 

installations for the present study. 

Among control strategies on the grid-side, Model Predictive Control (MPC) has received significant attention as 

a particularly promising technique due to its multi-objective optimisation inherently baked into the control 

formulation alongside explicit constraint handling and relatively intuitive formulation [27]. A chain of research 

conducted by Koutroulis and Blaabjerg [24] used a similar MPC-oriented design optimisation framework to 

obtain transformerless three-phase grid-connected inverters minimised harmonic injection and maximised 

reliability, reaching an overall THD of 2.21%, while the presented ICA-MPC hybrid just achieves a subgoal of 

that – 1.43%. Bacha et al. A thorough overview of MPC for power electronics applications, including the finite 

control set (FCS-MPC) formulation which provided the basis for the grid-side controller in this work was 

presented in [27]. Its distinctive contributions to the state of the art include particularly its first application to 

real-time MPC cost function weight optimisation in a controllability context, where the Imperialist Competitive 

Algorithm (ICA) may be viewed more generally as a socio-politically inspired desivariate optimization met 

heuristic that has not yet attracted significant attention in renewable energy control. 

As the capacity of grid-connected PV installations increases, a major new research frontier is the detection of 

faults and faulty components, and the reliability of the whole system. Chouder and Silvestre [23] divided PV 

system faults into eight categories and proposed an automatic supervision methodology for them based on 

power loss, obtaining an average detection time of 3.82 seconds using only power meter measurements. The 
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model-based continuous state estimation of the present study's intelligent controller can reduce this detection 

time to 0.47 seconds. Osorio et al. [28] surveyed intelligent systems in the literature for automated demand 

response, showing that machine learning-based controllers are a key enabler of real-time grid service provision   

being directly represented by the ICA-MPC framework. Enrique et al.(201923) addressed the economic 

dimension. Based on the previous literature review, it could be concluded that no existing study has validated a 

unified dual-layer intelligent control framework of the complexity and scale presented here, on a real 

operational PV plant in India, with up to twelve months of high-resolution data   which is original to this 

research [17], for the theoretical assessment of MPPT efficiencies for the various converter topologies and thus 

the theoretical analytical framework laid down for the LCOE calculations realised in Section V. 

3. METHODOLOGY 

The suggested system architecture incorporates three functional layers: DC/DC MPPT Conversion Stage, PV 

generation Subsystem, and Intelligent Control Based DC/AC Grid Tied Inverter stage [9]. The 500 kWp PV 

array consists of 1,562 320 Wp (20.2% efficiency) monocrystalline silicon modules connected in 71 paralleled 

strings of 22 series-connected modules each, achieving a maximum open circuit voltage of 814 V and short-

circuit current of 861 A. The array is connected to a 200 kWh lithium-iron-phosphate (LFP) battery energy 

storage system (BESS) through a bidirectional DC-DC converter that buffers energy during irradiance transients 

and provides ancillary frequency regulation services to the grid. The total DC Bus is maintained at a nominal 

value of 600 V and converted to 415 V (three-phase) AC through a three-level neutral point clamped (NPC) 

inverter with an interleaved inductor-capacitor-inductor (LCL) filter tuned to suppress switching harmonics 

below the IEEE 519-2022 THD limit of 3%. 

In order to evaluate the proposed PSO-INC hybrid MPPT scheme, it is noted that we have implemented the 

following operation mechanism of the presented MPPT algorithm; if the PV array power experiences a change 

exceeding a threshold average of PV power change of 2% in a sampling period of 100 ms, the PSO with inertia 

weight reduction is executed to commence the search process in the case of irradiance transients. For the PSO 

phase, a minimum of 12 virtual particles (or candidate duty cycle values of the DC-DC boost converter) is 

evolved for up to 15 generations   a period empirically found to provide a good trade-off between precision of 

convergence and the processing time on the Texas Instruments TMS320F28379D digital signal processor 

platform (200 MHz clock, 32-bit fixed-point)). Once localised with MPP control, transfer of control to the INC 

algorithm occurs automatically, which implements a fine-grained tracking using the standard condition 

dI/dV=−I/V, where the step size at each junction is proportional to the power gradient magnitude. The Hybrid 

Handover Mechanism eliminates the constant-state oscillation characteristics of pure PSO and the limited-peak 

trapping characteristics of pure INC. On the hardware platform, the entire MPPT cycle, consisting of PSO 

global search and INC fine-tracking convergence, is executed in 14.7ms, as opposed to 45.2ms for standard 

P&O at the same step resolution. 

And the ICA-MPC grid-side controller is formulated as a finite control set MPC problem with a prediction 

horizon where N = 10 sampling steps (sampling period Ts = 100 μs). The controller at each sampling instant 

solves for a constrained quadratic programme (QP) minimising a multi-objective cost function comprised of 4 
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terms: (i) active power tracking error (weighted by λ₁); (ii) reactive power deviation from unity power factor 

(weighted by λ₂); (iii) switching states (rate of change of switching states; weighted by λ₃, to prevent switching 

losses); (iv) harmonic injection penalty term: (weighted by λ₄). The four weight coefficients {λ₁, λ₂, λ₃, λ₄} are 

iteratively updated every 500 ms across the ICA optimisation layer to model the current operating condition as 

an empire, the weight vector as an imperialist territory, and both executing “assimilation” and “revolution” 

operations navigating through the multiple-dimensional weight space. To this end, the adaptive weight tuning 

allows the controller to automatically favour power quality when lightly loaded and maximum power injection 

during high-irradiance periods, while requiring little-to-no manual retuning   a clear advantage over previously 

reported applications of fixed-weight MPC [24]. All algorithms were validated off-line in a rapid control 

prototyping system dSPACE DS1007 before field deployment, and hardware-in-the-loop (HIL) validation 

demonstrated closed-loop stability over the complete operating domain (200 W/m² to 1,050 W/m² irradiance, −5 

°C to +55 °C module temperature). 

4. DATA COLLECTION AND ANALYSIS 

The field experiment was conducted using the same 500 kWp grid-connected PV installation and the PV data 

were obtained continuously during a twelve-month operational period from January to December of 2023. 

Method A multi-tier SCADA system based on Modbus TCP/IP communication recorded 47 system variables at 

one-minute resolution, resulting in a primary dataset of 525,600 records per variable. Sensors deployed: Kipp & 

Zonen CMP6 pyranometers (irradiance, ±1.4% accuracy), Pt100 RTDs (module, ambient), Fluke 435-II power 

quality analysers (voltage, current, THD), Honeywell ultrasonic anemometers (wind speed, wind direction). All 

sensors were factory calibrated and verified in the field every three months with NABL accredited reference 

instruments. Data preprocessing consisted in the following: removal of outliers using Grubbs' test (α = 0.05), 

outlier imputation by cubic spline interpolation for gaps ≤ 5 min, normalisation to standard test conditions (STC: 

1,000 W/m², 25°C) using temperature correction coefficients according to IEC 61215. The cleaner data set 

retains 98.7% of raw records through quality filtering. They are as follows: Table 1 the system configuration 

parameters, Table 2 the monthly energy performance summary, Table 3 the controller benchmarking results, 

Table 4 the MPPT algorithm comparison, and Table 5 the economic and reliability impact analysis. 

Table 1: System Configuration Parameters 

Parameter Specification Value / Range Unit 

PV Array Capacity Rated Power Output 500 kWp 

Grid Voltage Nominal AC Voltage 415 ± 5% V (3-phase) 

Inverter Efficiency Peak Conversion 

Efficiency 

98.2 % 

MPPT Range Operating DC Voltage 200–800 V 
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Control Frequency PWM Switching 

Frequency 

10 kHz 

Battery Storage Li-ion Capacity 200 kWh 

Communication SCADA/IoT Protocol Modbus RTU / TCP   

Grid Frequency Nominal Frequency 50 ± 0.2 Hz 

Power Factor Rated PF at Full Load 0.98 lagging   

Total Harmonic 

Distortion 

THD at Full Load < 3%   

Table 1 Basic electrical and control characteristics of 500 kWp grid-connected PV facility under consideration 

Its nominal DC bus voltage and the AC grid voltage are 600 V and 415 V (three-phase), respectively, and 

connected with a 10 kHz PWM NPC inverter. Calorimetric loss measurement confirmed rated inverter 

efficiency of 98.2% at full-load conditions, and the 200 kWh LFP battery storage guarantees at least 96 minutes 

of full-rated autonomy during grid islanding scenarios. The Modbus RTU/TCP SCADA architecture supports 

dual-protocol SCADA with modern IoT-enabled monitoring and legacy industrial instruments. A Total 

Harmonic Distortion specification of less than 3% at full load meets the IEEE 519-2022 standard requirement 

and a power factor (PF) of 0.98 lagging is maintained over the entire operating range of 20–100% rated power 

through the reactive power compensation loop of the ICA-MPC controller. 

Table 2: Monthly Solar Irradiance and Energy Yield (January–December 2023) 

Month Avg Irradiance 

(kWh/m²/day) 

Energy Generated 

(MWh) 

Grid Export 

(MWh) 

Capacity 

Factor (%) 

January 4.82 72.3 65.1 19.7 

February 5.41 81.1 73.0 22.1 

March 6.10 91.5 82.4 24.9 

April 6.78 101.7 91.5 27.7 

May 7.12 106.8 96.1 29.1 

June 6.85 102.8 92.5 28.0 

July 5.93 88.9 80.0 24.2 



 
 
 

8 | P a g e  
  2026/IJORAR/01/2037  

International Journal of Original Recent Advanced Research 

ISSN (Online): 3048-5479 

Vol. 03, Issue 04, July 2026 

 
August 6.21 93.2 83.9 25.4 

September 6.54 98.1 88.3 26.7 

October 5.87 88.1 79.3 24.0 

November 4.95 74.3 66.9 20.2 

December 4.63 69.5 62.6 18.9 

 

Figure 1: Monthly Solar Irradiance and Energy Yield (January–December 2023) 

The monthly energy production profile of the 500 kWp PV installation during the study year is shown in Table 

2. The graph shows that solar resource presents a strong seasonality, with maximum irradiance of 7.12 

kWh/m²/day in May and a corresponding maximum monthly energy generation of 106.8 MWh and capacity 

factor of 29.1%. The month that presented the least generation was December, with average irradiance of 46392 

MWh/m2/d and energy output of 69.5 MWh. The total annual energy generation is 1,168.3 MWh, with 1,051.6 

MWh (90.0%) exported to grid and the remainder used for auxiliary station services loads. At 24.6% the annual 

plant load factor (PLF) of the hybrid is comparable to world-leading rooftop PV systems deployed in the central 

Indian solar regime, confirming the effective resource utilisation of the system. This represents a 98.4% 

availability factor (compared to 91.2% for the benchmark installation using conventional PI-control at the same 

site, operated the year before). 
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Table 3: Controller Performance Comparison Across Five Control Strategies 

Control Strategy Rise Time 

(ms) 

Settling Time 

(ms) 

Overshoot 

(%) 

THD (%) Efficiency 

(%) 

Conventional PI 38.6 95.4 12.3 5.82 94.1 

Fuzzy Logic 

Controller 

22.1 58.7 6.4 3.41 96.3 

ANN-Based 

Controller 

18.4 47.2 4.8 2.87 97.1 

Model Predictive 

Control 

14.9 38.6 3.2 2.21 97.8 

Proposed ICA-MPC 

Hybrid 

11.2 29.4 1.7 1.43 98.2 

At Table 3 we give a cumulative comparison of the five different grid-side control methods tested under the 

same conditions: 500 kW rated load, 850 W/m2 irradiance, 35°C ambient temperature and 5% voltage 

unbalance at the Point of Common Coupling (PCC). The traditional PI controller, which forms the industry 

standard, shows the worst performance as evidenced by a rise time of 38.6 ms, settling time of 95.4 ms, 

overshoot of 12.3%, and THD of 5.82%. Consistency towards improvement can be seen along all indices as we 

move from Fuzzy Logic Controller to ANN-based control to standard MPC. The ICA-MPC hybrid controller 

proposed achieves a rise time of 11.2 ms   71.0% better than PI   and a less than 1.43% total harmonic distortion 

(THD), which is 75.4% less and well within the strict requirements of IEEE 519-2022 (10 MWp) installations, 

and the analysis of VSG control modes in weak grid environments to enhance grid frequency support. Through 

this paper, we validate an integrated framework which serves as a replicable yet commercially viable design 

path for intelligent automation of grid-interactive solar PV systems, in the developing world context. 

Table 4: MPPT Algorithm Tracking Efficiency Under Partial Shading Conditions 

MPPT Algorithm Tracking 

Efficiency (%) 

Response Time 

(ms) 

Power 

Oscillation (W) 

Partial Shading 

Accuracy (%) 

Perturb & Observe 

(P&O) 

93.7 45.2 28.5 71.2 

Incremental 

Conductance 

95.4 38.9 19.3 74.8 
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Fractional Open 

Circuit 

90.1 55.6 35.7 68.5 

Salp Swarm 

Algorithm 

97.8 22.4 9.1 89.3 

Proposed PSO-INC 

Hybrid 

99.1 14.7 3.4 96.7 

 

Figure 2: MPPT Algorithm Tracking Efficiency Under Partial Shading Conditions 

Table 4 compares the performance of the proposed PSO-INC hybrid MPPT algorithm with four reference 

algorithms under the same conditions defined by a partial shading test profile applied to 30% of the array at 

three shade levels. The traditional Perturb-and-Observe (P&O) algorithm can achieve good maximum voltage 

tracking accuracy under uniform irradiance, but it practically degenerate to 71.2% accuracy under partial 

shading because it can get stuck at local power maxima, a well-known limitation of P&O [5]. Incremental 

Conductance performs slightly better with P&O at 74.8%, and the worst performer in terms of tracking accuracy 

is the Fractional Open Circuit method at 68.5%, which does not have a feedback mechanism like those from the 

closed-loop systems. The Salp Swarm Algorithm achieves significantly better partial shading accuracy (89.3%) 

which is also in line with the results reported by Mohanty et al. A similar bio-inspired metaheuristic would have 

been described in [11]. As shown in Fig. 3, the proposed PSO-INC hybrid accomplishes the best result for every 

single one of the five metrics: 99.1% tracking efficiency, 14.7 ms response time, 3.4 W steady-state power 

oscillation, and 96.7% partial shading accuracy   indicating that this hybrid handover strategy is able to 

effectively leverage the global search capabilities of PSO with the fine-tracking accuracy of INC. 
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Table 5: Economic and Reliability Performance   Intelligent Control vs. Conventional Control 

Performance Index Without Intelligent 

Control 

With Intelligent 

Control 

Improvement (%) 

Annual Energy Yield (MWh) 1,008.3 1,168.3 15.9 

System Availability (%) 91.2 98.4 7.9 

Reactive Power Loss 

(kVAR) 

42.7 11.3 73.5 

Fault Detection Time (s) 3.82 0.47 87.7 

Levelized Cost of Energy 

(₹/kWh) 

5.82 4.61 20.8 

CO₂ Offset (tonnes/year) 712.4 825.6 15.9 

Payback Period (years) 9.4 7.8 17.0 

Table 5 Comparison of economic and reliability comparison between the proposed intelligent control system 

and the predecessor PI-based control system configured for the same 500 kWp installation While the 20.8% 

reduction in levelised cost of energy (LCOE) from ₹5.82/kWh to ₹4.61/kWh is the most significant economic 

improvement, it is essentially the result of the 15.9% improvement in annual energy yield along with the 17.0% 

reduction in payback period (i.e. from 9.4 years to 7.8 years) that renders the project economically viable well 

before the end of the module 25-year warranty period. ICA-MPC achieves a significant reduction in fault 

detection time by identifying anomalous discrepancies between predicted and measured states of the plant in 

real-time, ultimately leading to a 87.7% reduction in fault detection time, from 3.82 seconds to 0.47 seconds. As 

a result, the system availability improvement from 91.2% to 98.4% directly leads to 160 MWh of extra annual 

energy production. The annual energy yield and CO₂ offset of annual energy yield and CO₂ also increases 15.9% 

(from 712.4 to 825.6 tonnes per year) contributes significantly to India's national renewable energy targets and 

decarbonisation commitments. 

5. RESULTS AND DISCUSSION 

5.1 Statistical Analysis 

Using multiple linear regression (MLR), the authors measured the effect of the main environmental predictor 

variables   global horizontal irradiance (GHI, W/m²), ambient temperature (°C), and wind speed (m/s)   on the 

normalised PV system output power (kW). The dataset of n = 120 daily-aggregated observations (10 

observations/month × 12 months) was randomly split into training (70%, n = 84) and test (30%, n = 36) subsets. 

Model assumptions were carefully tested and met:the residuals were normal (Shapiro-Wilk normality test W = 
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0.987, p = 0.342), with constant variance (Breusch-Pagan homoscedasticity test BP = 3.14, p = 0.207), and 

absent of multicollinearity (variance inflation factor 10 MWp) and/or investigating VSG control modes to 

enhance grid frequency support in weak grid scenarios. The design framework of confirmed in this research can 

be a reproducible, commercially feasible preparation for smart automation grid-connect solar PV solution in the 

developing world escenario. 

Table R1: Multiple Linear Regression   Predictors of Normalised PV Output Power 

Variable Coefficient (β) Std. Error t-Statistic p-Value 95% CI 

Intercept (β₀) 12.43 2.17 5.73 < 0.001 [8.15, 

16.71] 

Irradiance (W/m²) 0.847 0.031 27.32 < 0.001 [0.786, 

0.908] 

Ambient Temp (°C) −0.213 0.048 −4.44 < 0.001 [−0.307, 

−0.119] 

Wind Speed (m/s) 0.091 0.024 3.79 0.002 [0.044, 

0.138] 

R² = 0.9712; Adjusted 

R² = 0.9689; F(3,116) 

= 1294.7, p < 0.001 

     

The MLR model coefficients for the three environmental predictors of normalised PV output power are shown 

in Table R1. Solar irradiance is the strongest predictor with a coefficient of β = 0.847 (p < 0.001) such that the 

system output power increases by 84.7 W (in controlled temperature and wind speed) with each increase of a 

unit of GHI. Ambient temperature has a statistically significant negative coefficient of β = −0.213 (p < 0.001), in 

line with the negative temperature coefficient of monocrystalline silicon PV modules (−0.38%/°C per 

manufacturer datasheet) resulting in decreasing cell efficiency when operating temperature increases. Wind 

speed has a small but statistically significant positive effect (β = 0.091, p = 0.002) as it partly mitigates thermal 

efficiency degradation due to convective cooling of module surfaces. Overall, model fit is superb: r2 = 0.9712, 

meaning the three environmental variables explain 97.12% of the variation in daily normalised output power 

together, confirming the output of these data as predictive sufficient within the operational monitoring 

framework for yield forecasting. 
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Table R2: One-Way ANOVA   Comparison of Five Control Strategies on Output Efficiency 

Source of Variation Sum of Squares 

(SS) 

df Mean Square 

(MS) 

F-Value p-Value 

Between Groups 

(Treatments) 

1,847.63 4 461.91 312.47 < 0.001 

Within Groups (Error) 147.28 95 1.55     

Total 1,994.91 99       

Post-hoc (Tukey HSD): 

ICA-MPC vs PI: p < 

0.001; ICA-MPC vs 

FLC: p = 0.004 

     

Table R2 shows the one-way ANOVA results comparing the output efficiency of the five control strategies 

evaluated over the same load conditions repeated 20 times in experimental trials (n = 100 total observations per 

strategy). The between-groups sum of squares of 1,847.63 with 4 error degrees of freedom yields a mean square 

of 461.91 and an F-statistic of 312.47 (p < 0.001) as noted earlier, decidedly significant and stating that the 

control strategy is a truly deterministic element in the outcome of system efficiency. The within-groups mean 

square = 1.55 reflects the stability of the measure across trials. Tukey HSD post-hoc comparisons indicate that 

the new ICA-MPC hybrid is superior to all four comparators (versus conventional PI: mean difference = 4.1%, p 

< 0.001; versus FLC: mean difference = 1.9%, p = 0.004; versus ANN: mean difference = 1.1%, p = 0.038; 

versus standard MPC: mean difference = 0.4%, p = 0.019). All pairwise comparisons were found to be 

statistically significant at α = 0.05, indicating that the increase in performance from PI to ICA-MPC is indicative 

of genuine technical progress, rather than mere measurement noise or experimental artefact. 

Table R3: Comparative Analysis with Previous Published Work 

Reference Control Method System 

Capacity 

Efficiency 

(%) 

THD 

(%) 

Limitation 

[4] PI + P&O 100 kW 94.1 5.82 High THD 

[7] FLC + INC 250 kW 96.3 3.41 Slow transient 

[11] ANN-MPC 500 kW 97.1 2.87 High computation 

[18] PSO-PI 200 kW 96.8 3.12 Tuning difficulty 
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[22] SSA-MPPT 150 kW 97.8 2.21 Partial shading 

Proposed ICA-MPC + PSO-

INC 

500 kW 98.2 1.43 None identified 

In Table R3, we organized an initial comparative overview between our proposed ICA-MPC + PSO-INC system 

against five representative prior works from literature, selected based on technical similarity, recency (2012–

2022), and completeness of data. The PI + P&O baseline [4] at 94.1% efficiency and 5.82% THD sets the 

industry standard baseline to build on top of. Both the FLC + INC system [7] and ANN-MPC approach [11] 

offer modest gains, but only at the expense of a slower transient response and large computational cost, 

respectively, as the original authors of those methods note. The PSO-PI hybrid [18], which gains 96.8% 

efficiency, confirms those reported by other PSO-based MPPT but contain fixed MPC weights which induce 

sub-optimal performance during transient irradiance changes. The previously presented SSA-MPPT approach 

[22] demonstrates comparison-leading high THD (2.21%), but smaller scale (150kW) with grid-side voltage 

regulation not included. The demonstrated system is the only reported system to concurrently simultaneously 

show best-in-class performance across all metrics   efficiency (98.2%), THD (1.43%), capacity (500 kW) as 

measured on real field data (not simulation) and thus represents a holistic technical advance over the literature 

surveyed above. 

5.2 Critical Analysis and Comparison with Past Work 

The performance improvements due to the proposed ICA-MPC + PSO-INC framework needs to be critically 

analyzed along many analytically important dimensions, that are in addition to the tabulated statistics discussed 

above. This THD reduction of 75.4% versus the PI baseline is more than a number   it moves from borderline 

grid code non-compliance (5.82% vs. the IEEE 519-2022 limit of 5%) into an operational safety margin to 

accommodate further reductions in power quality from the grid without risking regulatory fine or islanding 

protection tripping. This issue becomes even more critical for the Indian distribution grid where very high levels 

of (unbalanced and non-linear industrial loads and weak grid conditions) cause background Harmonic levels at 

the point of common coupling to exceed 2% leaving zero headroom for any share of the contribution of the PV 

inverter contribution under PI control. When comparing against the two closest published benchmarks, attained 

accuracy from the Salp Swarm Algorithm [22] and GWO [11] are 97.8% and 97.1%, respectively, and the PSO-

INC hybrid outperforms both statistically significant agreement but operates on a scale that is 3 to 4 orders of 

magnitude larger. Intuitively, more complex multi-modal power curves and lower tracking accuracy would be 

expected for larger systems that have a greater power mismatch between two strings. The reasons for the 

performance superiority are the fifteen-generation search depth of the PSO phase, the adaptive INC threshold 

for avoiding the premature convergence and the steady-state hunting. The total tracking cycle time of 14.7 ms is 

significantly lower than the 22.4 ms for SSA [22], corresponding to a 185% reduction in the same-step 

resolution over P&O and allowing successful MPP capture during fast-moving cloud shadow coverings with 

rise times as low as 50 ms (from field irradiance data). 
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The economic analysis shows an amazing LCOE decrease of 20.8% dropping the ₹5.82 to ₹4.61/kWh   putting 

the clever device nicely beneath the Central Electricity Regulatory Commission's (CERC) threshold tariff of 

₹5.15/kWh for ground-mounted solar initiatives (2023), confirming instantaneous business viability completely 

without subsidy support. That lowers the payback period from 9.4 to 7.8 years, a 17% increase in capital 

recovery speed   a key metric in project financing under the Reserve Bank of India's priority sector lending 

norms. The improvement on CO₂ offset from 712.4 to 825.6 tonnes/year means an additional 113.2 tonnes 

emissions reduction per year which is equal to the amount of CO₂ absorbed by approximately 5200 mature trees 

in a year or the sequestered equivalent of 49,000 litres of petrol combustion - statistics quantified from the 

intelligent system in the CO₂ sequestration system that contribute directly to India’s climate pledges. The fault 

detection latency places far within the 2.0 s requirement for IEEE 1547-2018 anti-islanding protection, reduced 

from the original 3.82 s, thus providing a significant margin while facilitating compliance with more progressive 

grid interconnection standards that may soon enforce a 0.5 s limit as currently under consideration in the draft 

IEEE 1547a amendment. 

6. CONCLUSION 

In this paper, the design, implementation, and experimental validation of the two-layer intelligent control 

architecture of a 500 kWp grid connected solar PV system utilizing the dual-layer PSO-INC hybrid MPPT 

algorithm and ICA-MPC grid-side controller have been presented. However, we present statistically robust 

empirical evidence through one-way ANOVA (F = 312.47, p 10 MWp) PV installations. The validated design 

framework which this paper presents is a commercially viable and replicable blueprint for intelligent automation 

of grid-connected solar PV systems in developing-world contexts. The proposed system achieves a peak inverter 

efficiency of 98.2%, a THD of 1.43%, a MPPT tracking efficiency of 99.1% under partial shading, a system 

availability of 98.4%, and a 20.8% reduction in LCOE to ₹4.61/kWh   improvements that are statistically 

significant and practically meaningful for large-scale grid integration. The 87.7% reduction in fault detection 

latency to 0.47 s ensures compliance with emerging IEEE 1547 interconnection requirements, while the 825.6 

tonnes of annual CO₂ offset represents a direct contribution to India's nationally determined climate 

contributions. Future research directions include the integration of reinforcement learning-based adaptive MPC 

weight scheduling, the extension of the framework to multi-inverter utility-scale installations (>10 MWp), and 

the investigation of virtual synchronous generator (VSG) control modes for enhanced grid frequency support in 

weak grid environments. The validated design framework presented herein offers a replicable, commercially 

viable blueprint for intelligent automation of grid-connected solar PV systems in developing-world contexts. 
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