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I. INTRODUCTION

The integration of renewable sources such as photovoltaic panels, and energy storage, requires converters that control voltages
and can also compensate for nonlinear load effects expected in power- electronic environments [1], [2]. Hybrid Energy Storage Systems
(HESS) that combine batteries and supercapacitors can achieve optimal energy and power density, but these systems will only operate
successfully if the power-electronic interface satisfies performance expectations [3], [4]. To manage the harmonic distortion, voltage
imbalance and dynamic load variations hybrid active power systems can be used. Their performance is highly dependent on the control
scheme implemented. While PI-based filters are widely used for grid-interfacing applications, they may exhibit sluggish response under
fast transients. Fractional-order controllers such as FOPID introduce adjustable dynamic behavior that better suits nonlinear compensation
and converter coordination [5], [6], [7]. High-gain converters such as quadratic boost converters further support PV and hybrid storage
applications by providing the required DC-link level with reduced component stress [8], [9]. When paired with active filtering and
advanced control techniques, they enable robust PQ conditioning even under variable renewable input and nonlinear load conditions [10],
[11]. This work focuses on a unified implementation that integrates a QBC, HAF, and PI/FOPID control to evaluate the improvements in
voltage regulation, harmonic mitigation, and transient behavior.

II. SYSTEM DESCRIPTION

Figure 1 illustrates the proposed setup for the QBC-integrated hybrid active filter system. This system combines a photovoltaic
(PV) source and a battery, each of which is processed through a QBC stage to convert DC power with high gain. The outputs are then
combined at the DC link and sent to the hybrid active filter [12], [13]. This filter injects a compensating current into the transmission line,
which helps to reduce the effects of nonlinear loads and provides reactive power support.
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Figure 1: Proposed Block Diagram of QBC with the hybrid active filter system.
Source: Authors, (2026).

The above circuit configuration which is the QBC-based Hybrid Active Filter (HAF) system is presented in Figure 2. The HAF
monitors the load-side current waveform in a constant manner [14], [15]. According to the identified harmonic and reactive components,
it produces a suitable and compensating signal. This injection of current forces the source current to remain almost sinusoidal and phase-
aligned with the voltage [16], [17]. The design supports both harmonic mitigation and reactive-power balancing.
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Figure 2: Proposed Circuit Diagram of QBC with Hybrid Active Filter.
Source: Authors, (2026).

The closed-loop simulation model of the QBC-fed Hybrid Active Filter (HAF) system using PI and FOPID controllers is shown
in Fig. 3. A closed-loop controller regulates and controls the QBC output voltage [18], [19] [20]. The PI controller uses proportional and
integral actions; whereas the FOPID controller uses an adjustable fractional-order terms that provide greater range in shaping transient
the characteristics of the output. Both controllers utilize feedback from the DC-link voltage to determine and control the switching

command for the converter.
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Figure 3: Closed Loop Simulation Block Diagram.
Source: Authors, (2026).
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The Figure 4 shows the Closed-loop Circuit of PI/FOPID. In this configuration, the controller constantly monitors the difference
between the reference input and the actual system response [21], [22]. According to this error, the controller tweaks the control signal to

ensure the system output moves towards the pre-set value. This feedback mechanism helps maintain accuracy and stability in the overall
system performance.
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Figure 4: Closed Loop Circuit Diagram of PI/FOPID Controller.
Source: Authors, (2026).

The QBC uses a single MOSFET (M1) along with two inductors (L1, L2), two capacitors (C1, C2), and three diodes (D1, D2,
D3). The duty cycle K determines the switch conduction duration. Operating in continuous conduction mode allows the converter to

achieve a squared voltage conversion ratio, making it suitable for renewable sources requiring substantial step-up capability [23], [24].
The corresponding circuit layout is illustrated in Figure 5.
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Figure 5: Circuit diagram of Quadratic Boost Converter
Source: Authors, (2026).

I1.1. MODE 1 OPERATION

When M1 is turned on, D1 and D3 remain reverse-biased and D2 conducts. L1 stores energy from the input source, while L2 is
energized through C1. Capacitor C2 supplies the load during this interval, causing its voltage to drop slightly.
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Figure 6: Quadratic Boost Converter: Topology when SW is tuned ON.
Source: Authors, (2026).
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Figure 7: Quadratic Boost Converter: Topology when SW is turned off.
Source: Authors, (2026).
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When M1 is switched off, D1 and D3 conduct, routing the inductors stored energy toward C1, C2, and the load. L1 transfers
energy primarily into C1, whereas L2 supplies the load directly. Both C1 and C2 are charged during this period, and the inductor

voltages reverse due to the decreasing current [25].
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III. RESULTS AND DISCUSSIONS
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Figure 8: Circuit diagram of QBC with hybrid active Filter load disturbance.
Source: Authors, (2026).
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Figure 8 illustrates the implementation of the QBC interfaced with a hybrid active filter under dynamic load-disturbance

conditions.
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Figure 9: Output Voltage.
Source: Authors, (2026).

The instantaneous output-voltage profile, shown in Fig. 9, reaches a peak magnitude of nearly 4730 V. The corresponding RMS
output voltage, presented in Figure 10, stabilizes around 3030 V.
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Figure 10: RMS Output Voltage.
Source: Authors, (2026).

The output current waveform, illustrated in Figure. 11, indicates that the converter delivers an average load current of

approximately 13.4 A.
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Figure 11: Output Current.
Source: Authors, (2026).
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Figure 12: Real Power.w.
Source: Authors, (2026).
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Figure 12 presents the real-power profile of the system, demonstrating an effective power transfer of about 7.34x104 W. The
corresponding reactive-power characteristic, shown in Figure 13, is measured to be 3.56x104 VAR, reflecting the system’s reactive
component under the applied load conditions.
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Figure 13: Reactive Power.
Source: Authors, (2026).

EH%N'_'JM“'_‘I K
-—- e 4 o Tl
B [ e A e

It =yl
R
i |

= L1

P

Figure 14: Circuit Diagram of QBC with Hybrid Active Filter PI controller.
Source: Authors, (2026).

The above Figure 14 shows the configuration of the quadratic boost converter (QBC) integrated with a hybrid active filter and
governed by a closed-loop PI control scheme. This controller regulates the switching action to maintain a stable high-gain output even
during load side or supply side variations.
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Figure 15: Output Voltage.
Source: Authors, (2026).

Figure 15 shows the instantaneous output voltage waveform witch reaches a peak value of approximately 4600 V. The
corresponding RMS output voltage is plotted in Fig. 16, that is around 3250 V, indicating effective voltage stabilization under PI-
controlled operation.
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Figure 16: RMS Output Voltage.
Source: Authors, (2026).
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The output voltage THD, illustrated in Figure 17, is around 4.75%. The output current waveform, presented in Figure 18, shows

that the system delivers an average loa

Figure 17: Output Voltage THD.
Source: Authors, (2026).

d current of approximately 13.2 A under PI-controlled operation.
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Figure 18: Output Current.
Source: Authors, (2026).

(THD) of the output current, is illustrated in Figure 19 which is around 4.34%. This confirms the

improved waveform quality achieved through the hybrid active filter.
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Figure 19: Output Current THD
Source: Authors, (2026).
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Figure 20: Real Power.
Source: Authors, (2026).

The real-power measurement which is depicted in Figure 20 indicates a delivered power of about 8.3x104 W, while the reactive-
power profile shown in Figure 21 shows a corresponding value of approximately 3.98x104 VAR. These results signify the converter’s
capability to regulate current and maintain acceptable power-quality indices.
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Figure 21: Reactive Power.
Source: Authors, (2026).
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Figure 22: Circuit Diagram of QBC with hybrid active Filter FOPID Controller
Source: Authors, (2026).

Figure 22 illustrates a system of the quadratic boost converter (QBC) along with a hybrid active filter which is regulated through
a closed-loop FOPID control strategy. The dynamic response time is enhanced by the fractional-order controller which improves steady
state accuracy when compared to traditional PI control systems.
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Figure 23: Output Voltage.
Source: Authors, (2026).

The instantaneous output-voltage with a peak amplitude of approximately 4600V as shown in the waveform in Figure 23. The
corresponding RMS of the output voltage is shown in Figure 24 which is about 3245V witch basically shows the stable high-gain
performance under FOPID based regulation.
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Figure 24: RMS Output Voltage.
Source: Authors, (2026).
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Figure 25: Output Voltage THD.
Source: Authors, (2026).

The output voltage THD, illustrated in Figure 25, is around 4.42%. The output current waveform, illustrated in Figure 26,
indicates that the system supplies an average load current of approximately 13.2 A under FOPID-controlled operation.
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Figure 26: Output Voltage.
Source: Authors, (2026).
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The total harmonic distortion (THD) of the output current is shown in Figure 27 which is around 4.14% which reflects the
improved harmonic suppression achieved because of the hybrid active filter and fractional-order control.
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Figure 27: Output Current THD.
Source: Authors, (2026).
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Figure 28: Real Power.
Source: Authors, (2026).

Figiure 28 shows the real — power measurement with a delivered power of about 8.25 W, while the reactive-power profile is
illustrated in Figure 29 which records a value close to 3.98 VAR. These results demonstrate enhanced current regulation, reduced
distortion, and improved power-quality performance with the FOPID controller.
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Figure 29: Reactive Power.
Source: Authors, (2026).
Table 1: Comparison of Time Domain Parameters.
Controller Tr Tp Ts Ess
PI 1.52 1.54 1.55 2.73
FOPID 1.23 1.24 1.26 2.15

Source: Authors, (2026).

Table 1 presents the comparisons of the key time-domain performance metrics for the QBC equipped with a hybrid active filter
(HAF) when regulated by PI and FOPID controllers. The following bar-chart representation of these time-domain metrics is shown in
Figure 30, providing a visual comparison of the dynamic improvements achieved with each control strategy.
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Figure 30: Bar Graph of Time domain parameters of PI/FOPID of QBC with HAF system.
Source: Authors, (2026).

Table 2: Comparison of Current THD.
Controller Current THD (%) Voltage THD (%)
PI 434 4.75
FOPID 4.14 442
Source: Authors, (2026).
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Figure 31: Bar graph of output current THD of PI/FOPID for QBC with HAF system.
Source: Authors, (2026).

Table 2 show the collective comparative analysis of output voltage and current THD for the QBC using the hybrid active filter
(HAF) under PI and FOPID control strategies. The corresponding bar- graph representation in Fig. 31 visually signifies the variation in
harmonic distortion levels and shows the improvement achieved with the fractional-order controller.

IV. CONCLUSION

A complete QBC—HAF system regulated by PI and FOPID controller was designed, analysed and simulated. The results indicate
that the fractional-order controller provides faster temporary behaviour, reduced steady-state deviation, and improved harmonic
compensation compared to the PI scheme. A comparison of time-domain metrics reveals that FOPID control improves the rise, peak, and
settling times relative to the PI controller also the steady-state error also decreases indicating the improved accuracy. Harmonic analysis
shows that both current and voltage THD values are reduced when using fractional- order regulation. These improvements signify the
suitability of FOPID-controlled QBC-HAF configurations for renewable-energy power-conditioning applications.
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