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Abstract: This Paper targets the analysis and optimization of the dynamic time response of a photovoltaic (PV) energy
conversion system with a closed-loop re-boost converter, with active and reactive power control implemented by a fractional-
order proportional—integral—-derivative (FOPID) controller. The research targets the modelling and simulation of FOPID-based
current limitation for a grid-connected inverter, ensuring stable and efficient operation under varying load and grid conditions.
Active and reactive power control have played major roles in power system applications, especially with voltage-source
inverters (VSIs), where pulse-width modulation (PWM) techniques are used to generate the switching pulses. To improve
power quality, an active filter is employed to eliminate load current harmonics, ensuring the overall reliability of the grid
interface. Simulation experiments are performed to compare the responses of FOPID-controlled active and reactive power
methods with those of a conventional proportional—integral (P1) controller. The comparison is based on extensive time-domain
parameters and includes data on transient response, settling time, and harmonic suppression. Comparative results indicate that
although both control schemes are satisfactory, the FOPID-based scheme consistently delivers better performance, with higher
dynamic response, lower overshoot, and improved harmonic elimination than its Pl-based counterpart.
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One of the most promising and sustainable solutions to the increasing energy demand of the modern man has come in the form
of solar power generation, where, in countries around the world, the demands placed on traditional sources of energy lead to
greater atmospheric concerns and greater environmental implications. The ever-decreasing supply of conventional energy
resources, the continually rising electricity generation costs, and the urgent problem of greenhouse gas emissions make solar
photovoltaic (PV) technology a viable, sustainable, and efficient alternative energy source. In many areas, especially in the
developing world, solar power is increasingly seen as more than just a way for developing countries to supplement conventional
power plants; to some, it is an essential technology for electrifying rural and remote areas that centralised power plants do not
reach or serve [1]. Under these settings, the importance of PV power conversion systems is crucial, as they affect the reliability,
quality, and energy efficiency delivered to residential and industrial loads. States such as Gujarat in India have proven the
grand-scale feasibility of solar generation by harnessing abundant solar radiation to convert sunlight directly into electricity,
with no chemical emissions. Nevertheless, the efficient deployment of solar power production still faces challenges, including
the intermittency of the solar resource, the temperature dependence of PV modules, and the need for power conditioning stages
to be connected to the grid and to function correctly under all operating conditions [2].

The Sunlight converted to electrical power undergoes multiple steps, and in a grid-integrated system, an efficient Power
conditioner is required for Power control, regulation, and power flow optimisation. For that purpose, depending on the
application, they can be designed in single-stage (SS) or two-stage (TS) topologies, each with Pros and Cons. At the residential
scale, single-stage power conditioners are commonly used because their structure is relatively simple and low-cost, and their
performance is sufficient for power levels typically below 5 kW [3]. A conventional method used herein is a single-phase PWM
inverter for connecting PV modules directly to the grid. The high intrinsic efficiency and power density are significant as well,
helping reduce costs and enabling use for small, decentralised solar installations at homes and small businesses. However, the
single-stage structure typically lacks galvanic isolation because no transformer is used between the PV modules and the grid,
posing safety risks under certain circumstances. Furthermore, the inverter must invert the DC voltage generated by the PV
modules into alternating current (AC) that can be fed to the grid and must also perform maximum power point tracking (MPPT)
to ensure the PV system continuously operates at its maximum power point. To achieve such dual functionality while retaining
stability and efficiency constitutes a fundamental technical challenge [4]; [5].

To achieve high efficiency and high-frequency operations, resonant components are explored as substitutes. For example,
resonant-type converters can be realised in ZCS or ZVS mode, reducing switch losses and EMI and enabling high-frequency
DC-DC conversion. Such converters are particularly advantageous in PV applications where high-frequency operation may be
required to achieve a compact design and a fast dynamic response [6]. Nevertheless, resonant converters generally require
additional passive components, such as inductors and capacitors, which can increase circuit complexity, overall volume, and
even price. Furthermore, the rating of the converter components shall closely match the requirements for output voltage and
current, thereby reducing the need to scale up these components in larger plants. Two-stage architectures offer an alternative,
particularly when performance and flexibility requirements are stronger. Usually, a two-stage system consists of a DC-DC
converter cascaded with a DC—AC inverter, with a DC link capacitor serving as an energy buffer between them. The DC-DC
converter can be a transformerless, non-isolated, medium voltage DC-DC converter or have galvanic isolation using a high
frequency transformer [7]. Non-isolated topologies are usually more efficient but better suited to low-voltage residential
applications, while isolated topologies improve safety and offer voltage-levelling flexibility at the expense of efficiency. In
such systems, the DC-DC converter performs voltage regulation and MPPT independently, allowing the inverter to focus on
synchronisation and grid power delivery [8].

This separation of functions enhances control precision and flexibility, but it comes at the expense of additional components
and higher cost. While two-stage systems provide robust performance, their practical implementation in small-scale residential
PV plants introduces challenges. Because the power levels are relatively low (often below 3 kW), only a limited number of PV
modules can be connected in series to form a string [9]. Consequently, the inverter input DC voltage may fall below the required
level for direct DC-AC conversion, particularly when PV module temperatures rise above 40-45 °C, reducing the module
voltage output. To overcome this limitation, a step-up DC-DC converter is often placed between the PV array and the inverter
to boost the input voltage, thereby ensuring reliable operation and enabling MPPT [10]. Although effective, this additional
stage increases system complexity, size, and cost, prompting researchers to explore improved single-stage configurations with
built-in voltage boosting. Among these alternatives, single-stage converters with internal voltage boosting, such as flying
inductor converters or hybrid topologies combining elements of single- and two-stage systems, have attracted attention [11].
For instance, quasi-sine-wave PWM inverters with time-sharing can selectively activate a boost converter stage only when the
input voltage is insufficient to generate the required grid voltage.

Such designs achieve a quasi-single-step operation, optimising efficiency while ensuring reliable grid connection even under
low PV voltage conditions. Similarly, in battery-assisted applications, DC-DC converters may regulate the output voltage to
levels close to the input voltage, ensuring stability and continuity of power supply during fluctuations in solar generation [12].
To increase efficiency and minimise component loading, the concept of series compensation has been proposed. In this method,
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the buck-boost DC-DC converter is used in cascade with the PV strings, not in parallel. The converter only corrects for the
voltage mismatch between the PV output and the inverter input, not the entire power. This greatly decreases the converter's
power rating, reduces losses, and improves efficiency while ensuring stable operation. The converter's function is reduced when
the PV output voltage is high enough to operate the inverter, thereby further improving the system's performance. Moreover,
such designs enable the integration of chargeable and dischargable batteries that can deliver device power to the system during
low irradiance and/or disruptions to the system for any reason [13]. The series-compensation-based converter systems according
to the invention are particularly suited for residential and suburban use, where economic, small size, and reliability are important
factors. They embody the advantages of voltage gain, MPPT capability, and low converter stress, without compromising overall
efficiency and power quality. The increasing penetration of such systems is also in line with the electrification of distributed
solar power generation.

2. Methodology

The methodology adopted for this work is based on the modelling, control, and performance analysis of a grid-connected
photovoltaic (PV) system integrated with a re-boost converter, an inverter, and advanced control schemes, as shown in Figure
1. The block diagram, which highlights the flow of power from the PV array and battery through the re-boost converter and
inverter to the grid, while the controllers ensure stability, power quality, and dynamic performance.
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Figure 1: Block diagram of PV and battery-based re-boost converter with inverter in a closed-loop grid-connected system
with PI and FOPID controller

2.1. Photovoltaic Cell

The system begins with the PV module, which acts as the primary energy source. A PV cell operates on the principle of the
photovoltaic effect, where sunlight is directly converted into electrical energy. The equivalent electrical circuit of a PV cell can
be modelled as a current source in parallel with a diode, accounting for the photocurrent generated by solar irradiation and the
diode current due to recombination losses (Figure 2).

Current

Source r ; 7 Load

Figure 2: Equivalent circuit of solar panel
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Load current:
I, = Iph —Ip 1)

Where I_is the load current, Iph is the photo current, and ID is the diode current. Voltage and current vary with solar irradiance
and temperature. As both voltage and current vary with environmental conditions, the PV module inherently exhibits nonlinear
power characteristics, necessitating a maximum power point tracking (MPPT) algorithm to extract optimal energy at all times.

2.2. Maximum Power Point Tracking (MPPT)

The MPPT algorithm is integrated with the re-boost converter to achieve optimal energy harvesting. The principle behind
MPPT is based on the maximum power transfer theorem, which states that the output power of a system is maximised when
the source and load impedances are matched. In the PV system, this translates to dynamically adjusting the PV array's operating
voltage and current to maximise the product P = V x | under varying irradiation and temperature conditions. The MPPT
controller generates the reference signal that regulates the duty cycle of the re-boost converter, ensuring that the converter
operates at the most efficient point on the PV characteristic curve.

2.3. Re-Boost Converter
The re-boost converter serves as an essential power conditioning stage in the system. Unlike a simple boost converter, the re-

boost topology allows for flexible voltage regulation by stepping up the DC voltage from the PV array to the required level for
the inverter input. It is a high-frequency switching circuit comprising an inductor, a controlled switch, diodes, and a capacitor.
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Figure 3: Re-boost converter

The duty cycle of a re-boost converter controlling the switching signal depends on the input voltage for the output voltage.
Values for the passive components, particularly the inductor and capacitor, are selected based on the required output-voltage
ripple, the constant switching frequency, and the current-ripple constraints. Then, steady-state operation is guaranteed, with
losses and efficiency reduced to a minimum. The circuit diagram of the Re-boost converter is shown in Figure 3. The
conditioned DC voltage from the re-boost converter is fed to an inverter that generates AC power for grid connection. A filter
is connected at the inverter's output to avoid harmonics and ensure power quality, which must be met before connecting to the
grid. The system handles linear and nonlinear loads, and it is known that, to maintain stability under these conditions, advanced
control strategies (Pl and FOPID) are used. These controllers regulate the active and reactive power flow between the inverter
and the grid to improve dynamic response and reduce steady-state error. The control system is implemented in a closed-loop
architecture, with the measured voltage and current compared to the preset reference levels. These error signals are applied to
the P1-FOPID controller that implements the desired linear region, yielding control signals for the PWM unit. The PWM
controls the re-boost converter and inverter, turning them on and off to ensure the system tracks the reference inputs. The
fractional-order terms of the proposed FOPID controller improve robustness and provide better transient and steady-state
performance, as shown in the simulation results compared with the standard P1 controller. Thus, the methodology integrates
three key aspects: accurate modelling of the PV module, efficient DC-DC conversion via a re-boost converter with MPPT
control, and precise regulation of grid power flow using advanced controllers. Together, these ensure reliable energy harvesting,
reduced harmonics, lower steady-state error, and improved response time, making the system suitable for real-world grid-
connected PV applications:

v, = 2
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The output voltage (Vo) depends on the input voltage (Vs) and the duty cycle (D). The standards for inductors and capacitors
can be designed using the equations below, selecting a constant switching frequency (f), and specifying the (AVo/Vo) output
voltage ripple appropriately:

D
L= D(1-D)?R )
- 2f

3. Simulation Discussion and Experimental Results

The simulation model of the PV array integrated with the re-boost converter, inverter, and grid-connected load under
disturbance conditions is illustrated in Figure 4.
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Figure 4: Circuit diagram of PV and battery-based Re-boost converter with an inverter grid-connected load disturbance
system

The voltage response of the PV module is shown in Figure 5, where the steady-state output voltage is approximately 48 V.
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Figure 5: Voltage across PV

The output voltage of the re-boost converter is shown in Figure 6, with an amplified value of approximately 140 V.
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Figure 6: Voltage across the re-boost converter

Figure 7 depicts the voltage profile across the RL load, which stabilises at nearly 200 V.
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Figure 7: Voltage across RL load

The quality of the output voltage is further evaluated using total harmonic distortion (THD) analysis, as presented in Figure 8.
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Figure 8: Output voltage THD

The fundamental component at 50 Hz is recorded as 144.9, with a corresponding THD percentage of 4.23%. The current
through the RL load is shown in Figure 9, reaching 10 A under the given operating conditions.
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Figure 9: Current through RL load

The harmonic profile of the load current is depicted in Figure 10, where the fundamental current component at 50 Hz is 11.16
A, and the associated THD is calculated as 4.56%.
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Figure 10: Output current THD

The system’s power analysis is presented in Figures 11 and 12. The real power delivered to the grid is approximately 140 W,
while the reactive power component is approximately 1000 VAR.
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Figure 11: Real power

These results confirm that the proposed PV, re-boost converter inverter configuration effectively regulates the voltage and

current while maintaining harmonic levels within acceptable limits, thereby ensuring stable power delivery to the grid under
load disturbances.
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Figure 12: Reactive power

The configuration of the PV array integrated with the re-boost converter, inverter, and grid connection operating under a closed-
loop PI controller is presented in Figure 13.

Figure 13: Circuit diagram of PV and battery-based re-boost converter with inverter grid-connected closed-loop PI-PI
controller

The voltage characteristic of the PV module is shown in Figure 14, where the output voltage is approximately 50 V.
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Figure 14: Voltage across PV

The boosted voltage at the output of the re-boost converter is shown in Figure 15, with a recorded value of about 175 V.
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Figure 15: Voltage across the re-boost converter

Figure 16 displays the voltage across the RL load, which stabilises at nearly 230 V.
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Figure 16: Voltage across the RL load

The harmonic performance of the output voltage is analysed in Figure 17, where the fundamental component at 50 Hz is 122.2,
and the corresponding total harmonic distortion (THD) is 3.36%.
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Figure 17: Output voltage THD

The current through the RL load is shown in Figure 18, reaching approximately 12.5 A.
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Figure 18: Current through RL load

Figure 19 presents the current harmonic spectrum, with the fundamental component at 50 Hz measured as 11.52 A and a THD
value of 3.92%.
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The system's power characteristics are summarised in Figures 20 and 21. The real power output is approximately 175 W, while

Fundamental (60Hz) = 11 562 , THD= 3.92%
T T T T T T T T T

Mag (% of Fundamental)

o 2 4 6 8 10 12 14 16 18 20
Harmaonic order

Figure 19: Output current THD

the reactive power is approximately 1400 VAR.

These findings show that the PV-re-boost converter—inverter system regulated by a PI controller can maintain stable voltage
and current levels, deliver adequate real power, and reduce harmonic distortion within permissible limits for grid-connected

operation.

Qw)

The operation of the PV array integrated with the re-boost converter and inverter under a grid-connected closed-loop FOPID
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Figure 20: Real power flow
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Figure 21: Reactive power flow

controller is illustrated in Figure 22.

Figure 22: Circuit diagram of PV and battery-based Re boost converter with inverter grid-connected closed-loop FOPID-

FOPID controller
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The voltage profile of the PV module is presented in Figure 23, showing a stable output of approximately 50 V.
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Figure 23: Voltage across PV

The boosted voltage obtained from the re-boost converter is displayed in Figure 24, where the output reaches about 175 V.
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Figure 24: Voltage across the re-boost converter

The corresponding voltage across the RL load is shown in Figure 25 and is maintained at nearly 230 V.
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Figure 25: Voltage across RL load

The harmonic quality of the output voltage is analysed in Figure 26, with the fundamental component at 50 Hz measured as
152.7 and the total harmonic distortion (THD) recorded at 2.92%.
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Figure 26: Output voltage THD

The current through the RL load is shown in Figure 27 and is 12.5 Amps.
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Figure 27: Current through RL load

Current THD is shown in Figure 28. The current THD fundamental at 5Hz is 11.96, and the THD is 3.22%.
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Figure 28: Output current THD

The real power is shown in Figure 29 and is 175 VAR.
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Figure 29: Real power

The reactive power is shown in Figure 30 and is 1400 watts.
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Figure 30: Reactive power
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The comparative evaluation of time-domain parameters for the Pl and FOPID controllers is presented in Table 1. The
application of the FOPID—FOPID scheme results in significant performance improvements. Specifically, the rise time decreases
from 1.64 s to 1.57 s, while the peak time is reduced from 2.21 s to 1.82 s. Similarly, the settling time shows improvement,
dropping from 2.67 sto 2.04 s.

Table 1: Comparison of time domain parameters

Controller Trsec) Ts(sec) Th(sec) Essv)
Pl 1.64 2.67 2.21 3.3
FOPID 1.57 2.04 1.82 2.4

In addition, the steady-state error decreases notably, from 3.5 V in the PI1-PI case to 2.4 V with the FOPID—FOPID approach.
These enhancements highlight the superior dynamic response of the FOPID controller compared to the conventional PI method.
The comparison is illustrated in the bar chart of time-domain parameters in Figure 31, which clearly demonstrates the
improvements achieved by the proposed control strategy.
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Figure 31: Bar chart comparison of crime parameters

The comparative analysis of voltage and current total harmonic distortion (THD) is summarised in Table 2. For the PI controller,
the voltage THD is 3.60%, and the current THD is 3.92%. In contrast, the FOPID controller demonstrates improved
performance, with voltage THD reduced to 2.92% and current THD lowered to 3.22%. These results clearly indicate that the
FOPID-based system provides superior harmonic suppression compared to the conventional Pl-controlled approach.

Table 2: Comparison of voltage and current THD

Controller Voltage THD Current THD
PI 3.60% 3.92%
FOPID 2.92% 3.22%

4. Conclusion

The performance evaluation of the re-boost converter-based active and reactive filter in a closed-loop grid-connected voltage
source inverter demonstrates the effectiveness of the proposed control strategy. Simulation outcomes confirm that replacing the
conventional PI controller with the FOPID controller yields noticeable improvements in both transient and steady-state
performance. The steady-state error, initially observed at 3.5 V with PI control, is reduced to 2.6 V with FOPID control,
indicating improved voltage regulation accuracy. Similarly, the settling time is reduced from 2.67 seconds to 2.04 seconds,
highlighting the system's enhanced dynamic response. In addition to these improvements, the proposed design helps minimise
total harmonic distortion (THD) of voltage and current, line voltage drop, and overall system error, thereby improving the
quality of power delivered to the grid. Although the system offers these advantages, it has the drawback of requiring larger
passive components, such as inductors and capacitors, which may increase size, cost, and complexity. Nonetheless, the trade-
off appears justified in applications where improved performance and reliability are of higher priority. Overall, the study
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suggests that the FOPID-based active and reactive filter is a strong alternative to existing PI-based systems, providing superior
power quality, faster response, and greater robustness for grid-integrated renewable energy conversion systems.
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