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Abstract: - The adoption of Distributed Generation (DG) systems, such as photovoltaic (PV) panels, is increasing due to their environmental
advantages and potential to lessen reliance on fossil fuels. However, Renewable Energy Sources (RES) like PV can cause Power Quality
(PQ) issues, including voltage and current harmonics, which negatively impact grid stability and efficiency. To mitigate these problems, this
study introduces a Hybrid Active Power Filter (HAPF). This filter, powered by a high-gain Interleaved Luo (I-Luo) Converter fed by a PV
system, effectively reduces harmonic distortions, addresses reactive power issues, and stabilizes voltage in the distribution network. To
further enhance the converter's performance, a Modified Squirrel Search-based Pl controller is implemented. Known for its robust and
efficient convergence, this optimization algorithm adjusts the PI controller settings to improve dynamic response and ensure precise
harmonic compensation. Additionally, a Recurrent Neural Network (RNN)-based harmonic extraction technique is employed to accurately
identify and quantify harmonic components in voltage and current waveforms, enabling precise HAPF control. Simulations conducted in
MATLAB demonstrate that the integration of RNN-based harmonic extraction, HAPF, and the I-Luo Converter with Modified Squirrel
Search optimization significantly enhances Power Quality in DG systems.
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1.Introduction

As Distributed Renewable Energy Sources (RESs) are increasingly integrated into the utility grid, Power
Quality of Distributed Generation systems (DGSs) have emerged as a key issue. Control methodologies and
grid-connected converter architectures have been extensively studied as modules for integrating RESs into
utility grids [1, 2]. Due to harmonic resonant frequencies, reactive, harmonic, and imbalanced current from local
loads can exacerbate the PQ at the point of common coupling (PCC) and lead to DGS instabilities [3]. Two
strategies are frequently used to address these issues. One focuses on applying state-of-the-art control techniques
to improve the output current waveforms and the ability of grid-connected converters to operate continuously
under atypical utility conditions [4]. This method might not be able to totally remove the DGSs' negative effects
on the current poor power quality, though. The second way to deal with the power quality issue is to use
particular PQ conditioners. Nevertheless, because of the unwanted resonance present in high-voltage circuits,
the use of passive filters cannot guarantee desired results. Passive power filters are not as good as active power
filters because of their resonance issues and inability to reduce system harmonics. In the meantime, harmonic
removal with active filters is very expensive. Thus, a hybrid active filter—an intermediary solution—has been
identified as the optimal choice for harmonic reduction [5-8]. In this study, we address the use of HAPF for
harmonic removal in electrical distribution networks. Because it actively compensates for unwanted harmonics
and reactive power components, the HAPF plays a crucial role in achieving improved PQ. The use of RNN for
precise harmonic extraction is a notable innovation in this work. This method contributes to the accurate control
of the HAPF by enabling the system to intelligently and adaptively extract harmonic information from voltage
and current waveforms. Conversely, installing a separate device is necessary for either an active or passive air
conditioner. Negative consequences such as increased cost, power rating, dimensions, and man-hour will always
exist as a result. From DGSs' point of view, some grid-connected power conversion devices offer extra features
like reactive power control, suppression of distortions, and changes in uneven energy that could be useful add-
ons to improve PQ. DGSs constructed around electrical components have the potential to be significant players
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in LV network distribution by offering extra amenities to the electrical grid as a high degree method of
integrating RESs. This additional facility requires knowledge of these grid-connected converters. The operation
of power converters in DGSs is suggested to be either grid-feeding or grid-supporting, based on examples of
hierarchical control systems [9-14].

Implementing renewable energy systems, particularly photovoltaic (PV) systems, is widely recommended.
Residential PV systems are increasingly popular for several reasons. One significant factor is the substantial
drop in PV costs in recent years, with expectations for further reductions. Additionally, extensive research is
underway to enhance PV efficiency, indicating that PV systems will likely dominate Distributed Generation
(DG) in the coming years. However, sudden increases in sunlight can cause the PV array's output current to
surge, requiring the use of a converter to manage this variability[14-17].

Single-stage converters like Buck, Boost, Buck-Boost, SEPIC, and LUO converters are commonly used as DC-
DC converters due to their reliability, cost-effectiveness, and simple design. However, these converters often
suffer from low efficiency, high ripple, and fluctuating source and load currents.

To address these issues, Interleaved LUO (I-Luo) converters have been proposed, offering improved efficiency
and reduced ripples. Traditional Pl controllers, while widely used, are sensitive to parameter changes,
environmental conditions, and other factors. Therefore, a more robust controller is needed to manage variables
such as the fluctuating weather conditions affecting PV systems [17-21].

Among the optimization techniques that have become developed over time are PSO, P&O, and GA. All of these
systems have different requirements for hardware, cost, monitoring speed, precision, and effectiveness. They
often function excellently, but they are difficult to implement on a low-cost digital controller [22—25]. The well-
known class of meta-heuristics known as MSSO, which takes its cue from squirrels, is used in this work. To
enhance the energy flow of a grid-integrated PV system, a high gained I-Luo Converter and a Pl controller
based on the MSSO algorithm are used in this paper.

The study presents the Hybrid Active Power Filter (HAPF) as an essential tool for enhancing Power Quality
(PQ) in distributed generation systems. The HAPF effectively reduces harmonic distortions, manages reactive
power fluctuations, and stabilizes voltage, tackling PQ issues linked to the integration of Renewable Energy
Sources (RESs) such as photovoltaic (PV) systems into power grids. Furthermore, the research incorporates
novel methods to boost the HAPF's efficiency in maintaining grid stability and overall performance.

The proposed work includes several key innovations:
- A high-gain Interleaved Luo Converter for improved power conversion efficiency from the PV system.
- An MSSO-based PI controller for advanced control.

- An RNN-based technique for precise harmonic extraction from voltage and current waveforms, enabling
adaptive and accurate HAPF control.

The proposed work advances the field of DGSs with innovative approaches to enhancing power quality. The
system's effectiveness is thoroughly validated through MATLAB simulations.

2. Overview of the Proposed System

The suggested system ensures resilient operation of the PV system to meet non-linear load demands.
Components like the PV array, I-Luo converter, Modified Squirrel-based PI controller, and HAPF were
carefully considered in system design. Figure 1 illustrates the basic circuit design of the proposed solar PV-
based system. The I-Luo converter boosts output while minimizing switching losses from the PV array. A Pl
controller with MSSO-tuned parameters maintains the I-Luo converter's output voltage. Through optimization,
the I-Luo converter reduces switching losses and enhances output voltage stability.
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Figure 1. Basic configuration of Hybrid Active Power Filter

The MSSO-PI controller effectively addresses peak overshoot compared to the traditional PI controller. A
calibrated Pl controller ensures steady-state operation without exceeding set limits. Solar PV systems can
surpass their rated capacities, enabling excess power to be shared with neighbouring users. Restrictions during
optimization manage detuning impacts and failures, enhancing filter reliability. The HAPF, utilizing RNN,
reduces harmonics and improves power factor in distribution systems. The subsequent sections detail the
proposed system's architecture and implementation.

3. Modelling of the work
3.1. Design of PV Array

Figure 2 illustrates the equivalent circuit of the PV system. The PV cell's performance is influenced by its input
characteristics, where Iprepresents diode current, | and V denote output current and voltage, and R, and Rq

represent series and parallel resistance. The input current of the solar cell is termed as Iy, .

ANA——
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Figure 2. Equivalent circuit of PV cell

Equations (1) and (2) illustrate that PV cell's output current varies depending on the input cell current,
temperature voltage, the PV cell's output voltage, and its resistance.

(qv)
I = Ipycen — Iscent [expaq% - 1] 1)

] = IpV _ 10 [exp (v+Rs.Dq 1] _ (W+Rsd) (2)

aVy Rp

Equation (2)'s representation of current output is for a single PV cell. With the PV module arrangement, this can
be expressed as (3) illustrates. Typically, this is dependent on N, or the quantity of PV cells linked in series.

(v+Rs.)q _ 1] _ (v+RsD) (3)

I'=1Ipy = 1Io [exp aKT.Ng R

14

As evident from (3), the current-voltage (I-V) relationship of the PV array is non-linear due to variations in solar
insolation and array temperature. Optimizing the ideal working region becomes crucial for maximizing PV
output power, where matching the array resistance with the load resistance results in peak power production.
The positive I-LUO converter then harnesses the recovered output power from the PV panel.
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3.2. Interleaved Luo Converter

To get minimal output distortion and excellent voltage transfer efficiency of PV energy are made possible with
the aid of the I-Luo converter. Figure 3 shows the converter's planned circuit. Simulink-based simulation is used
to assess the I-Luo converter's efficiency under varying illumination.

Figure 3. I-Luo converter Circuit
3.2.1 Principle of Working

This section covers the operation and performance of the I-Luo converter when it is turned ON and OFF. The
detailed description of I-Luo converter operation is depicted in Figure 4 (a—c). The fundamental purpose of the
I-Luo converter is to maintain steady-state voltage and current. The power switch S; and S, , the switching
capacitor C; and C,, and the inductance L, and L, are all depicted as parts of the converter.

+
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<
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Figure 4. Working of the I-Luo converter in; (a) Mode-1; (b) Mode-2 and 4; (c) Mode-3

Power switches S; and S, are firstly in the ON and OFF positions in mode-1, respectively, which causes diode
Dy, to be forward biased and D, to be reverse biased. The extra PV supply charges the capacitors ¢, and C,
while leaving the inductors L, and L, contacts open so as to permit current to pass through the load. The
converter that has been recommended contains two diodes. It regulates the current in one-way switches. Here,
the reverse-biased diode D, limits the source of current from the other side whereas the forward-biased diode
D; permits a supply of current across the load. mode-2 demonstrates that the diodes Dy, and D,, are reverse
biased as a result of the power switches S, and S, remaining in the ON state simultaneously. At this point, the
PV supply is charging the inductor L, , L, . In mode-2, it is discovered that both diodes D, and D, are reverse
biased. Power switches S; and S, are in the OFF and ON states at the start of mode- 3. As a result, diode Dy, is
forward biased and diode Dy, is reverse biased. L, is released once L, has been charged, allowing flow of
current to the load. While diode D; limits, diode D, allows current to move in the direction of the load. Mode-4
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demonstrates that both power switches are in OFF, which indicates the forward bias for diodes D,; and D, .
The load releases the mode-4 inductor, placing the diode in forward bias.

Equation 4 expresses the converter’s output voltage, which is V, .

2—-d
Vo = 3§VPV 4)
Where V,,, ,the PV array’s output voltage and d is the converter's duty cycle. If the PV's output voltage is at its
lowest, a high operating cycle might be required. A power switch, a capacitor, and an inductor make up the I-
Luo converter. Equation (5) illustrates that only 40% of ripple current can be allowed when an inductor is used.

As a result, the issue of output ripple current can be reduced.

_ . (Vox40%)
Al = Iy X 40% = lo >t (5)
The nominal values of L, and L, can be calculated using (6) as follows:
Ly, L, =Y max (6)

AILX fow

where dmax represents the pulse's highest duty cycle when applied to an I-Luo converter. Equation (7) can be
used to get the current's input RMS value:

Al
lein(rms) = 5L ™)

As demonstrated in (8), the output current is instantly transferred to the output capacitor when the Switch is ON,

electrifying the inductor.
Vpct+V
Ieo(rms) = Iy ’% (8)

where V}, is the voltage drop between diodes D, and Dy, and V. is the converter's output voltage. Equation
(9), which gives the resulting capacitance value, can be used to calculate it.

_ Ioxd
Co

VrippleXO.Sstw

9)

where X, s and X¢,, are the impedance at 50% duty cycle and switching frequency, respectively, and d is the
PWM pulse duty cycle.

3.3. Tuning of PI Controller with Modified Squirrel Search Optimization (MSSO) Algorithm

The MSSO, a ground-breaking optimization method, assumes that the search region contains (n) squirrels that
fly and (n) deciduous trees. Each flying squirrel only has one tree, and they search through them in order. Three
sorts of tree types are distinguished: normal, oak or acorn nuts, and hickory. The final assumption is that three of
the trees and one of the trees is an oak tree. The following definition describes the location vector for each ith
flying squirrel.

Fs; = (Fsi1, Fsip, ., Fsig), (i = 1,2, ...,n) (10)
Every flying squirrel's size is Fs;; , and its beginning location is
Fs; =Fs; +U(0,1) * Fsy — Fs,, 11)

Where U(0,1) is a value chosen at random from [0, 1] and Fsy;, Fs; are the upper and lower search boundaries.
The fitness values for the people will be arranged in ascending order, with hickory trees serving as the least
value, followed by acorn trees on the other three minimum numbers, and normal trees for the remaining trees.
Predators in the forest have a Pdp probability of being there, which affects how individuals migrate to locate
food. If there are no predators in the forest, there are three categories for how individuals find food:
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FSL, + dg * G * FS}, — FSE)R, = Pdp

Pt =
Random Location others

(12)

R, is a random number between [0,1] utilized to maintain equilibrium between the exploration and exploitation
modes. Flying squirrels will transition from conventional trees to acorn trees, taking the following new
position:

FStt = {FS,ﬁt +dg * G * FSt, — FSt)R, = Pdp (13)
Random Location others

R, has a value drawn at random from [0, 1]. Flying squirrels may transition from hickory trees to conventional
trees, changing their location to:

FStt = {FSflt +dg * G * FS}, — FSt)R; > Pdp (14)
Random Location others

R5 also has a random value in the [0, 1] range. The gliding distance and angle are shown in (21) as follows:

__ Ny
dg " tan(g)ssf (15)

D
tan(p) =2 (16)
D=—1— 17
~ 2pv2scp )

1

~ 2pv2scy, (18)

st = \/gl,gzl St =Sty i=12,...,Nfs (19)

Some squirrels couldn’t find food at the conclusion of the winter season, so they had to look in other places.
These squirrels moved as shown in (20),

FSEE., = Fs, + Levy(n) = (Fsy — Fs;)  (20)

Where Levy(n) = 0.01 = rzgl (21)
lrplB
(n) = (n 1), r, and r;, are two random numbers between [0, 1], and is a constant value of 1.5. Last but not least,

in order to get the best system efficiency, it is necessary to choose a suitable set of fitness criteria. The MSSO
method uses the ITAE in (22) as a measure of fitness parameter.

ITA = [|e| dt (22)

Once the squirrels' locations are updated based on migration and possible Levy Flight, the algorithm calculates
the control efforts for each squirrel. This entails computing the error between the reference and actual voltages,
followed by generating proportional and integral terms using the Pl controller's gains. The resultant control
effort represents an adjustment to the converter's switching operation. The application of calculated control
efforts to the Interleaved Luo Converter induces adjustments in its switching logic. This dynamic adaptation of
the switching operation aims to steer the actual output voltage closer to the desired reference voltage.

3.4. Modelling of Hybrid Active Power Filter

In Figure 5, an active filter and passive filter combine to form a HAPF, controlled by a dedicated block. While
the active filter addresses low-frequency harmonics from non-linear loads, the passive filter tackles higher-
frequency harmonics. HAPF offers advantages over traditional filters by addressing nearby harmonic current
issues and resonances, at a lower capacity compared to regular active power filters. Employing HAPF provides
a cost-effective solution for active filter implementation. Selection criteria for HAPF effectiveness include filter
structure, control strategy (e.g., RNN), filter type in the control loop, and component sizing.
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3.4.1. DQ Theory based control using RNN Classifier

The DQ theory, also known as Park's or Clarke's transformation, converts three-phase signals into two
orthogonal components: D (Direct) and Q (Quadrature), simplifying control in rotating reference frames. In
HAPF control, it's utilized to extract harmonic components from three-phase currents, generating reference
currents for desired harmonic compensation and power factor correction. Figure 5 illustrates the structure of
RNN-assisted DQ control. Transformation equations for DQ theory are outlined below:

D-axis component (i;):

ig = iz * cos(0) + i, * cos(@ — 2m/3) + i, * cos(O +2?n) (23)
Q-axis component (i,):

lg = —ig * sin(0) - i, * sin(0 - 2n/3) - i, = sin(6 + 2m/3) (24)

Where: i, iy, i, are the measured three-phase currents. 0 is the angle of the rotating reference frame.

RNN GATING
CLASSIFIER M PULSES

v TRAINED
Mo PLL DATA
= cos B

Figure 5. DQ Theory based control

The RNN classifier is a trained intelligent system designed to detect and remove harmonics from the reference
current signal, generating a distortion-free output. The process involves several steps: assembling a
comprehensive dataset with labelled reference current signals, covering various operational conditions and
harmonic interferences. During training, the RNN learns intricate patterns distinguishing harmonics from non-
harmonics within the signals. Sequentially presented input signals enable the RNN to progressively analyze and
understand sequential dependencies, making predictions about harmonic presence.

During training, a defined loss function quantifies the disparity between the RNN's predictions and actual labels
(harmonic or non-harmonic). An optimization algorithm refines the RNN's predictive abilities by adjusting
internal parameters. Once trained, the RNN processes new reference current signals in real-time, continually
predicting harmonics. Upon identifying harmonics, the RNN adjusts the output to eliminate harmonic content,
resulting in an improved reference current. This distortion-free signal serves as an optimal input for the PWM
generator, controlling the Hybrid Active Power Filter (HAPF).

4. Results and Discussions

Solar cell power is enhanced via an I-Luo converter before conversion to AC power using a single-phase VSI
system in MATLAB. The parameter Specifications for the proposed system are:

PV system: Pak Power 10KW, V. = 22.6V, ;. = 41.6A, Vg, = 12V, Number of panels=20,500w;

I-Luo converter: Ly, L, = 1mH, C;,C, = 4.7uF, C, = 22,00uF and the Non-Linear load R=100Q L =10mH.
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Figure 6. Solar panel (a) Temperature waveform (b) Irradiance waveform

Figure 6 illustrates the characteristics of the solar PV system concerning temperature and radiation. Following
the sun's temperature rise, the initial 25°C temperature increases to an average of 35°C. Similarly, the panel
maintains its initial irradiation level of 800W/sq m, but after 0.2s, it rises to 1000W/sq m due to temperature
increase, supplying ample power to the converter input.

Figure 7 illustrates the waveform of electrical voltage and current from the solar panel to the I-Luo converter.
Initially, an input voltage of 62V is achieved and maintained for 0.2 seconds. Subsequently, the voltage
increases to 75V and remains constant due to a rise in the PV parameter. Consequently, a constant current level
of 80A is reached after 0.22 seconds from the peak increase of the PV current's first phase.
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Figure 7. Solar panel (a) Voltage waveform (b) Current waveform

Figure 8 illustrates the control of the DC link supply to achieve the output voltage of the I-Luo converter using
Pl and MSSO-PI controllers. In Figure 8(a), it is evident that tuning is necessary as the Pl controller fails to
stabilize the voltage at 600V. Conversely, Figure 8(b) shows that the MSSO-tuned PI controller produces a
reliable output. To promptly attain stable DC voltage and maintain a stabilized voltage of 600V, the use of an
MSSO-PI controller is recommended.
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Figure 8. Output Voltage of Proposed Converter by adopting (a) PI controller, (b) MSSO-PI controller
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The suitable output current from the I-Luo converter is shown in Figure 9. The current is observed to vary in the
initial phases before stabilizing and remaining constant at 16A after 0.1s.

Figure 10 illustrates a voltage gain analysis comparing the proposed I-Luo converter architecture to
conventional converters. Investigations revealed that the proposed converter produced a 1:12 improvement in
voltage gain.

Table 1: Comparison of Converter Performance

Converters | Voltage gain | Efficiency (%)

SEPIC 1:8 88.82 % [26]
Luo 1:9 90% [27]
I-Luo 1:12 97.42%

Table 1 presents a comparison of the effectiveness of the proposed converter with conventional SEPIC and Luo
converters. The recommended I-Luo converter architecture demonstrates superior performance with 97.42%
efficiency and a 1:12 voltage gain compared to SEPIC and Luo converter architectures. This information
suggests that the PV system efficiently raises the low DC voltage generated by solar panels to an optimal level
compatible with grid integration.

Table 2: Controller Performance Analysis

Performance Measures | Pl MSSO-PI

Peak Time (T,) in sec 0.02 | 0.002

Rise Time (T;.) in sec 0.002 | 0.001

Settling Time (Ty) insec | 0.45 | 0.07

Table 2 displays the outcomes of modifying the Pl controller variables to provide better converter performance
along with the related findings. The recommended MSSO-PI controller, as seen in Figure 9, stabilizes a voltage
of 600V faster than the conventional PI controller at a time of 0.01s. As a result, the suggested system reacts to
changes in operational conditions, such as fluctuating solar irradiance, load requirements, and grid conditions,
promptly and precisely.
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Figures 11(a) and (b) display the voltage and current waveforms of a 3® grid, representing various forms of
electrical energy. These waveforms ensure consistent power transmission, efficient operation of electrical
equipment, and maintenance of system reliability through regulated voltage and current flow.
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Figure 12. Power factor waveform Figure 13. Performance measure of THD value

Figure 12 illustrates that the system's power factor is close to unity, while Figure 13 analyses the effectiveness
of THD in the grid-connected PV system, showing a value of 1.96%. This indicates that the PV system
generates high-quality, pure power with minimal harmonic distortion fed into the grid. Moreover, it ensures
enhanced grid compatibility, reducing the risk of breakdowns and instabilities.

5. Conclusion

The increasing use of nonlinear devices introduces harmonics into power system networks, causing distortion in
current and voltage signals and harm to power distributed Generation systems (DGS). Therefore, eliminating
harmonics in power systems is crucial. HAPF based on RNN provides an effective and economical solution to
reduce harmonics and enhance power factor in DGS. For power factor (PF) re-regulation at the mains in steady
state and varying operational voltages, an I-Luo converter for PV systems is devised, and Pl controller settings
are adjusted using the MSSO. Simulation results demonstrate a steady and efficient response for the suggested
controller, achieving the target speed with a quick and stable reaction. THD effectiveness achieves 1.96%,
indicating minimal harmonic distortion entering the grid.
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