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ARTICLE INFO ABSTRACT

Article History With the ongoing rise in global energy demand, grid-connected photovoltaic (PV) systems
Received: November 30, 2025 are increasingly recognised as a viable and sustainable energy alternative. These systems
Revised: December 10, 2025 primarily operate using one of two distinct topologies: the two-stage (DC-DC-AC)
Accepted: January 1, 2026 configuration, in which the voltage from solar panels is initially boosted by a DC-DC
Published: January 31, 2026 converter before being converted to AC through an inverter. While functional, this design
Keywords: presents inherent drawbacks, including increased system size, higher costs, and reduced
Single stage, efficiency due to multiple conversion stages. To address these challenges, the single-stage
Two stage, (DC-AC) topology has been developed, directly linking solar panels to the inverter and
PV Grid connected, eliminating the need for a DC-DC converter to enhance overall system efficiency. This study
MPPT, aims to identify the optimal topology for grid-connected PV systems by offering a
Incremental conductance, comprehensive comparative analysis of power loss, system efficiency, and MPPT algorithm
Renewable Energy. performance across these two configurations in a 150 kW grid-connected PV system under

varying irradiance conditions. The simulation results underscore the superiority of the
single-stage topology, demonstrating its streamlined design, cost-efficiency, and improved
energy performance. Consequently, this analysis provides a valuable framework for
engineers and researchers in selecting optimised configurations for grid-connected PV
systems.
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I. INTRODUCTION

Due to the increasing global need for electrical energy, solar photovoltaic (PV) technology is recognised as a cost-effective solution
for power generation across various sectors, including residential energy systems, small off-grid applications, and large infrastructure
projects [1]. The power output of photovoltaic panels must be controlled, as it depends on external conditions such as temperature and
solar irradiation. Maximum Power Point Tracking (MPPT) techniques are used to ensure that PV panels produce the maximum possible
power [2]. Incremental Conductance (IncCond) and Perturb and Observe (P&O) are two of the most extensively utilised algorithms for
grid-connected systems, owing to their clarity and simplicity of implementation [3]. Grid-connected PV systems use two topologies. The
first is a two-stage topology, as shown in Figure 1, which uses a DC-DC converter to boost the photovoltaic voltage and track the
maximum power point of the solar panels. In the second stage, a single-phase or three-phase inverter injects the electricity produced by
the solar PV system into the grid and ensures its synchronization [4].
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The two-stage topology has certain drawbacks, despite its benefits in controller design. Additional stages increase system
complexity, which reduces overall system dependability [5]. As the number of circuit stages increases, power losses also increase,
lowering the overall efficiency of energy transfer. As shown in Figure 2, a system that relies solely on the inverter is known as a single-
stage topology. It is designed to eliminate the drawbacks of the two-stage topology [6].
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Figure 1: Two stage structure.
Source: Authors, (2026).
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Figure 2: Single stage structure.
Source: Authors, (2026).

The primary objective of this paper is a comparative study of system efficiency, power loss, and the performance of Maximum
Power Point Tracking (MPPT) methods between single-stage and two-stage topologies for a 150 kW solar photovoltaic (PV) power plant.
This study provides valuable insights to support informed decision-making in the design and implementation of grid-connected PV
systems. The paper is organised as follows: Section 2 details the design of the solar PV array. Section 3 discusses the modelling of the
DC-DC boost converter. Section 4 describes the MPPT methods used in the analysis. In Section 5, the control technique of the grid-
connected inverter is explained. Section 6 presents the simulation process and compares the results obtained. Finally, Section 7 concludes
the study by summarising the key findings and their implications.
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Figure 3: The PV array configuration.
Source: Authors, (2026).

Il. PV POWER PLANT MODELING AND SIZING
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The PV array represents the entire energy-generating system[7], consisting of multiple modules connected in series or parallel to
produce high levels of current, voltage, and power. In this study, the PV system includes 365 solar panels arranged into 73 strings, with
each string containing five panels. Table 1 outlines the characteristics of the PV modules under standard test conditions (STC).

Table 1: PV module characteristics.

The Parameter The Value
Rated maximum power (Pmax) 415 W
Voltage at Prax 729V
Current at Pmax 5.69 A
Open-circuit PV voltage 85.3V
Short-circuit PV current 6.09 A
The number of cells 128

Source: Authors, (2026).

Figure 3 displays the PV array design with the single-diode model, which is frequently used to study the behavior and performance
of PV cells [8]. The Ip, can be determined by using the following equation[9]:
VpvtlpyRs Voo + LR
Ipy = Lpn = I [exp e — 1] - % €Y)
sh

In this equation, I, represents the PV output current, and V,,, denotes the PV output voltage. The parameters include R, the
shunt resistance, and R, the series resistance. I,y is the current generated by solar irradiation, while V; refers to the thermal voltage.
Additionally, I, is the diode saturation current, and « stands for the ideality factor of the junction[3].

Figures 4 and 5 display the characteristics of the photovoltaic power plant under varying solar irradiance levels of 300, 600, 800, and
1000 W/mz, These figures illustrate how irradiance affects key performance metrics, including output voltage (Vp,), power (Py,), and
current (Ipy).
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Figure 4: The power-voltage characteristic curve. Figure 5: The current-voltage characteristic curve.
Source: Authors, (2026). Source: Authors, (2026).

At maximum irradiance (1000 W/m2), the PV system achieves a voltage of 364.7 V with a power output of 151.42 kW, and a
corresponding current of 415.2 A. As irradiance decreases to 800 W/mz, the system voltage remains relatively stable at 364.1 V, but
power and current reduce to 121.12 kW and 332.7 A, respectively. At 600 W/mz, the voltage is 362.2 V, power output is 90.60 kW, and
current is 250.1 A. Lastly, under the lowest irradiance of 300 W/m2, the voltage drops slightly to 357.9 V, with power output at 44.67 kW
and current at 124.8 A.

I1l. MODELLING OF THE DC-DC BOOST CONVERTER

The Boost Converter, as shown in Figure 6, consists of key components including an inductor, a power switch (typically a
MOSFET or IGBT), a diode, and input/output capacitors for voltage filtering [10]. These components work together to boost the input
voltage to a higher output level. In this system, the Maximum Power Point Tracking (MPPT) algorithm dynamically adjusts the
converter’s duty cycle (D) to continuously track the Maximum Power Point (MPP) of the PV array, optimizing power extraction under
varying irradiance conditions [11]. The relationship between the output voltage (Vo) and input voltage (V) is represented by the
following equation [12]:

V,
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Figure 6: DC-DC hoost converter.
Source: Authors, (2026).

To design the boost converter for efficient elimination of current and voltage ripples, the following equations are used [13]:

D
Cn = X P xLx 01 )
D(1—-D)?xR
T 2xf ®
PMPP
R= ()
Vgrid

IV. INCREMENTAL CONDUCTANCE MPPT ALGORITHM

This algorithm is based on the slope of the PV system’s voltage and power curvese is zero at the Maximum Power Point (MPP)
[14], allowing the MPP to be tracked by comparing the incremental conductance ( AA—:) to the instantaneous conductance (%), as shown in

Equation 6 [15]. This comparison indicates which side of the MPP the PV array is currently operating on[16] . Figure 7 the flowchart of
the Incremental Conductance (IncCond) method.
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Figure 7: Flow chart of IncCond Method.
Source: Authors, (2026).
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V. CONTROL STRATEGY OF PV INVERTER

The control strategy for the PV inverter consists of two main control loops. The first loop employs a proportional-integral (PI)
controller to maintain the DC-link voltage at either the nominal reference voltage or the maximum power point (MPP) voltage[17], as
determined by the MPPT algorithm in a single-stage configuration. The output of this loop is the reference for the active current.
Meanwhile, the reactive current reference is typically set to zero to achieve a power factor close to unity[10].
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Figure 8: Control structure of the three-phase inverter.
Source: Authors, (2026).

To synchronise the inverter’s output with the grid, a phase-locked loop (PLL) is used [18]. The PLL provides the phase angle
required for the park transformation, which converts the grid’s three-phase instantaneous voltages and currents into the dq reference
frame[19]. Within this frame, inner PI controllers generate active and reactive voltage references based on the desired power output[20].
The dg-to-abc transformation then uses these active and reactive voltage references to create a reference voltage, Vabc, which is fed into
the PWM generator. This generator produces the switching pulses for the inverter[4]. Figure 8 illustrates the concept of dg-control for a
three-phase PV inverter.

V1. SIMULATION RESULTS AND DISCUSSION

In this section, for comparison, the performances of the two topologes. The simulations shown in Figures 9 and 10 are run, and

their parameters are listed in Table 2.
Table 1: Simulation parameters.

The Parameter | The Value
Ugrid 220V
frequency 50 Hz
LFiIter, IquIter 0.09H1.1Q
Lboost 3mH
Choost 1100 pF
Coc 120000 pF

Source: Authors, (2026).
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Figure 9: Simulation model of the two-stage topology.
Source: Authors, (2026).
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Figure 11 : Single-stage topologies Simulation result.
Source: Authors, (2026).
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Figure 12: Two-stage topologies Simulation result.
Source: Authors, (2026).
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The simulation results presented in Figures 11 and 12 illustrate key performance metrics, including voltage, current, and power
output for the PV array, as well as the power injected into the grid for both single-stage and two-stage topologies. At maximum irradiance
(1000 W/m?), the PV panels in the single-stage system generated an output power of 151.393 kW, with 145.643 kW successfully injected
into the grid. In comparison, the two-stage system's PV panels produced a slightly lower output of 149.302 kW, of which 139.341 kW
was injected into the grid due to additional conversion losses. As irradiance decreased, the single-stage topology maintained its efficiency
advantage. At 800 W/mz, the PV panels in the single-stage system generated 121.098 kW, with 115.405 kW reaching the grid, while the
two-stage system produced 119.467 kW and injected 110.838 kW. This trend persisted at 600 W/m?, with the single-stage topology
producing 90.5887 kW and injecting 86.5306 kW, compared to the two-stage system’s output of 89.0307 kW and grid injection of 81.5161
kW. At the lowest irradiance level (300 W/m?), the single-stage system generated 44.6634 kW, injecting 42.0708 kW into the grid,
whereas the two-stage system generated 43.3373 kW with only 38.9558 kW reaching the grid.
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Figure 13: Quantitative Comparison of Single-Stage Two-Stage Power Losses.
Source: Authors, (2026).
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Figure 14: Quantitative Comparison of Efficiency in Single-Stage and Two-Stage Topologie.
Source: Authors, (2026).

The histogram columns in Figures 13 and 14 provide a visual, quantitative comparison between the two topologies, emphasizing
the disparity in power losses at various irradiance levels. Power losses in the two-stage system reached 9.96 kW, 8.63 kW, 7.51 kW, and
4.38 kW at irradiance levels of 1000 W/mz2, 800 W/m2, 600 W/m2, and 300 W/m?, respectively. In comparison, the single-stage topology
showed lower losses of 5.75 kW, 5.69 kW, 4.06 kW, and 2.59 kW at the same irradiance levels. This reduction in power loss is attributed
to the direct connection between the solar panels and the inverter in the single-stage design, eliminating the DC converter stage losses
present in the two-stage system. The histogram effectively highlights these differences, reinforcing the efficiency advantage of the single-
stage topology, which recorded efficiencies of 96%, 95%, 95%, and 94% under irradiance levels of 1000 W/m2, 800 W/m2, 600 W/m2,
and 300 W/m2, respectively, as opposed to the two-stage system’s efficiencies of 93%, 92%, 91%, and 89%. These results collectively
support the single-stage configuration as a more efficient and economically viable choice for grid-connected PV systems, given its
capacity to reduce power losses and enhance energy transfer efficiency.

VI. CONCLUSION

This study offers valuable insights into the optimisation of grid-connected photovoltaic (PV) systems through a comprehensive
comparative analysis of single-stage and two-stage topologies within a 150 kW power plant framework. The findings reveal that the
single-stage architecture significantly reduces power losses compared to its two-stage counterpart, resulting in enhanced overall
efficiency. Furthermore, the Maximum Power Point Tracking (MPPT) algorithm exhibited superior performance in the single-stage
configuration, successfully achieving a higher and more accurate maximum power point across varying solar irradiance conditions. This
improvement underscores the efficacy of employing an inverter directly for maximum power tracking, as opposed to relying on a DC-

Page 414



ITEGAM-JETIA, Manaus, v.12 n.57, p. 408-415, January/February, 2026.

DC converter. Additionally, the single-stage topology presents multiple advantages, such as its compact size and cost-effectiveness,
providing essential guidance for engineers and researchers in selecting the most optimal configurations for grid-connected PV systems.
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