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The power quality (PQ) has been significantly affected by the integration of intermittent non-conventional sources (NCS) into the local distribution system in addition to the adoption of power electronic technologies to regulate non-linear loads. This article combines the H-bridge cascade five-level unified power quality conditioner (5L-UPQC) with the wind power generation system (WPGS), solar photovoltaic power generation system (SPVGS), and battery storage system (BSS) as an effective approach to address PQ problems. The utilization of the Levenberg–Marquardt backpropagation (LMBP)-trained Artificial neural network controller (ANNC) in the UPQC is recommended for generating appropriate reference signals for the converters. This eliminates the requirement for conventional complex conversions, such as abc, dq0, and αβ. Moreover, the artificial neuro-fuzzy interface system (ANFIS) is recommended for achieving a DC-link balance. Football game optimization (FBGO) is utilized to determine the optimal shunt and series filter characteristics. The major objectives of the proposed system are to reduce the current waveform irregularities, resulting in a decrease in the total harmonic distortion (THD), an enhancement in the power factor (PF), the mitigation of supply voltage imbalances and disturbances, and the maintenance of a steady direct-current link capacitor voltage (DLCV), despite the variations in the load, solar irradiation, and wind velocity. The efficiency of the suggested strategy is assessed using four case studies that involve different loads, variable wind velocities, and source voltage balancing conditions. Based on the simulation studies and obtained results, the suggested method significantly decreases the THD to values of 2.91%, 3.63%, 3.75%, and 3.50%. Additionally, it achieves a power factor of unity, which is considerably lower compared to other multilevel schemes that use the traditional symmetrical reference frame (SRF) and instantaneous reactive power (pq) methods. This design has been executed using the MATLAB/Simulink program.
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1 INTRODUCTION
In recent years, integrating renewable energy systems, like solar and wind, into the distribution network has been encouraged to reduce the stress on converters and ratings. The output of a traditional square-wave inverter is a square wave with a significant amount of harmonics. This necessitates the use of filters to tailor the output and create a sinusoidal shape. When employing traditional square-wave inverters, the cost and size of the filter rise, which becomes a significant disadvantage. An admirable property of multilevel inverters is that they produce leveled output. Compared to traditional square-wave inverters, leveled output requires smaller filters.
1.1 Motivation for the research work
Lately, there has been a growing emphasis on the role of unified power quality conditioner (UPQC) in distributed power generation systems. The integration of UPQC with a non-conventional source (NCS) has become increasingly crucial compared to the traditional grid-connected voltage source converter (VSC). This approach offers several benefits, including the maintenance of a stable direct-current link capacitor voltage (DLCV) amidst load fluctuations, improvement in the power quality (PQ) on the grid, ensuring the safety of sensitive loads against disturbances from the grid side, and enhancing the fault ride-through capability of the converter during transient events. Notably, UPQC combined with NCS systems is particularly well-suited for three-phase three-wire distribution systems. One key aspect of UPQC is the generation of reference signals. In the existing literature, the methods for generating reference signals for the series and shunt compensators of UPQC have primarily relied on complex techniques, such as the dq and instantaneous reactive power (pq) theory. However, in an effort to circumvent these complexities, electrical engineers are increasingly turning to artificial intelligence controllers.
1.2 Literature review
The solar-integrated UPQC was developed to address PQ issues efficiently. In order to obtain the most power and maintain the DLCV balance, a unique fuzzy-based proportional integral controller (PIC) was created for the maximum power tracking technique (Yang et al., 2019). In addition, an innovative hybrid-enhanced method for the shunt active power filter (SHAPF) connected with the artificial neural network (ANN) technology was introduced to minimize current waveform flaws and boost PQ in the distribution network (Ganesan and Srinath, 2019). The best tuning of a fractional-order proportional integral controller for reactive power and harmonic compensation under balanced and unbalanced loading conditions was then used to construct the particle swarm optimization (PSO) and gray-wolf optimization (GWO)-based optimal SHAPF, which was then tested experimentally (Mishra et al., 2020). However, using hysteresis and pulse-width modulation (PWM) approaches, the effectiveness of wind systems associated with UPQC was investigated under various loads and problematic conditions (DheyaaIed and Goksu, 2022). Additionally, using the technique of impedance matching, the flow of power in UPQC was examined on a three-phase system under various working conditions (Zhao et al., 2021).
Additionally, the power flow analysis of UPQC was investigated on a three-phase distribution grid under various operating situations using the method of impedance matching (Yap et al., 2017). Moreover, the fuzzy-based hybrid technique was adopted to achieve the maximum out of the photovoltaics (PVs). However, to reduce complexity, the ANN was considered for UPQC reference signal generation to solve PQ issues (Srilakshmi et al., 2023). To reduce the current total harmonic distortion (THD), the intelligent fuzzy-tuned PIC was created for the hybrid shunt active and passive filters. By utilizing Clarke’s transformation, the performance study was carried out for various loads (Lin and Simachew, 2022). Solar-supplied UPQC was also introduced to lower the THD of the supply current at voltage variations, like sag and swell, by utilizing the ANN. Additionally, under various load conditions, the developed approach was contrasted with symmetrical reference frame (SRF) and pq methods (Okech et al., 2022). An evolutionary PSO and GWO algorithm was proposed to select optimal Kp and Ki values of the PIC of the SHAPF to minimize the THD and manage reactive power, respectively (Mishra et al., 2022). However, to regulate DLCV and to handle power, the feed-forward ANN has been suggested for PV/wind-associated UPQC (Chandrasekaran et al., 2021).
To lower THD in the grid current waveform, the H-bridge inverter-based single phase SHAPF with a modified predictive current control approach was introduced (Belqasem et al., 2022). Furthermore, the microgrid-connected multilevel D-STATCOM was developed to eliminate voltage and current distortions effectively (Sarker et al., 2020). Furthermore, a comprehensive study was carried out on various phase synchronization techniques that were used to control the working of the SHAPF (Yap et al., 2019). The novel technique was introduced for the UPQC to improve the power quality to regulate energy transfer between sources and loads (Szromba, 2020).
For the AC–DC microgrid system, intelligent hybrid controllers, such as fuzzy-PIC and fuzzy PID controllers, were developed to increase the PQ and stabilize the voltage in the presence of D-STATCOM (NafehHeikalEl-Sehiemy and Salem, 2022). However, the GWO was suggested to optimize the gain values of PIC-based UPQC to reduce the THD for both linear and non-linear loads (Marcel et al., 2023). Hysteresis current control was used for pulse generation, stabilizing the DLCV for SHAPF to effectively deal with PQ issues. Additionally, linear and non-linear loads were considered to study the performance (Imam et al., 2020). Biogeography-based optimization (BBO) was selected to obtain optimal gain values of the PIC and for fast action in fault identification with higher accuracy with the motive of stabilizing DLCV fluctuations (Sayed et al., 2021).
The hybrid fuzzy-ANN control technique has been adopted for UPQC to minimize the current THD and voltage fluctuations and improve the network usage (Renduchintala et al., 2021). The improved bat and moth–flame metaheuristic optimization methods were hybridized to solve the PQ issues by the optimal selection of the gain values of PIC (Rajesh et al., 2021). The fuzzy logic controller (FLC) was developed for the series-active power filter (SeAF) of the distribution network to minimize the current- and voltage-related PQ problems (Pazhanimuthu and Ramesh, 2018).
The predator–prey firefly algorithm was selected for the optimal selection of the gain values of the PIC adapted to the SHAPF to reduce the THD and to enhance the power factor (PF) (Sahithullah et al., 2019). Soccer match optimization for the optimal selection of weights for the ANN controller was suggested for PV/battery-associated UPQC to solve PQ issues (Koganti et al., 2022). The ant colony optimization (ACO) algorithm was chosen for selecting the Kp and Ki values of the PIC for the SHAPF to reduce the THD under several loading conditions (Sakthivel et al., 2015). An adaptive novel hysteresis band with the FLC was suggested to the PV-powered nine-level VSC of UPQC to receive fluctuation-free signals (Hassan et al., 2022). Next, the soccer match algorithmic approach was suggested for the appropriate choice of PIC gain values for UPQC to successfully handle both voltage fluctuations and current distortions (Srilakshmi et al., 2022).
For UPQC, the hybrid control strategy combining the FLC and ANN features was suggested as a way to lessen the flaws in the grid’s voltage and current waveforms while still maintaining DLCV for dynamic loads (KogantiKrishna and Reddy Salkuti, 2022). The ANN-based method was suggested for five-level UPQC to control the PQ problems (Sudheer and Kota, 2017). The firefly-based optimization algorithm was used to train the ANNC, which was developed for the shunt VSC for the PV/battery UPQC to reduce the mean-square error (MSE) and minimize the THD (Ramadevi et al., 2023). The self-tuning filter-based method was developed for UPQC integrated with renewable sources to address PQ issues (Mansoor et al., 2023). The Levenberg–Marquardt backpropagation (LMBP)-trained ANN controller was adopted for UPQC to mitigate the current- and voltage-related PQ problems efficiently (Zhou et al., 2006).
Moreover, a special improved UPQC with several objectives and variables that can be optimized using the BHO and PSO techniques to alter the PIC variables has been designed to decrease the system THD (Khosravi et al., 2023). Furthermore, a suggestion was made to use power-compensating approaches to connect the AC/DC microgrid to the grid in order to lower the harmonic amplitudes. This entails maximizing the gain coefficients in specific filter compensation apparatuses. The PIC’s optimized coefficients were linked to the cost functions that took into account the inaccuracy of the controller, voltage harmonics, and current harmonics (Khosravi et al., 2021).
1.3 Key contribution
The literature listed in Table 1 makes it abundantly evident that the majority of the works mostly concentrated on different controllers using the pre-existing traditional control methods for UPQC that included complicated Park’s and Clarke’s transformations. In addition to an artificial neuro-fuzzy interface system (ANFIS) controller for DC-link balancing, this publication develops ANN-based reference signal generation for the PV/battery-coupled DC-link UPQC.
TABLE 1 | Literature survey.
[image: Table 1]The novelty of this manuscript is highlighted in the steps below:
➢ Introducing the Levenberg–Marquardt-trained ANNC for generating effective reference signals in order to eliminate the necessity of complex abc–dq0–αβ0 conversions, i.e., SRF and pq theories in UPQC.
➢ The optimal selection of the H-bridge cascade 5L-UPQC shunt and series filter parameters for effectively reducing the imperfections in the current waveforms effectively using football game optimization (FBGO).
➢ Proposing the hybrid ANFIS controller to maintain a constant DLCV.
➢ Incorporating solar power with storage systems of the DC link of 5L-UPQC to reduce the stress and burden on the VSC, which supports and meets the load demand and maintains a constant DLCV during load variations.
➢ The objective of the proposed system is to diminish the source current THD and eliminate the grid voltage side troubles, like disturbance, swell, and sag.
➢ Additionally, the suggested ANFIS for 5L-UPQC in association with the PV, wind, and battery storage system (BSS) (5L-MUPQC) is examined on four test cases for several types of loads, solar irradiation, and wind velocity to show its superior performance.
This paper is structured as follows: Section 2 shows the modeling of 5L-UPQC, Section 3 explains the proposed control scheme, Section 4 demonstrates the results and discussion, and Section 5 concludes the manuscript.
2 MODELLING OF THE DEVELOPED 5L-MUPQC
Figure 1 shows the proposed 5L-UPQC configuration, which connects the PVs and batteries to the DC link of UPQC. Combining series and shunt VSCs creates UPQC. By supplying the appropriate compensation voltage via the injecting transformer and the inductor, the SHAPF seeks to resolve grid-side voltage-related issues. The SHAPF is similarly connected to the grid via the interface inductance. By injecting a sufficient compensating current, the SHAPF seeks to decrease the current waveform harmonics and maintain the DLCV constant with a minimal settling time.
[image: Figure 1]FIGURE 1 | Proposed 5L-MUPQC configuration.
One of the best structures is the multilevel inverter cascaded H-bridge topology, which requires no clamping tools or components. Although the cascaded H-bridge topology’s layout is straightforward, more DC sources are needed to power each single H-bridge cell. Two H-bridge cells are cascaded into a five-level H-bridge structure, and every single H-bridge cell is powered by a DC source. Figure 2 displays a multilevel inverter five-level cascaded H-bridge arrangement; it also displays the cascaded H-bridge’s 5L voltage output in the phase. The five-level output is produced by sequentially triggering power switches as the whole DC-link voltage is divided across two H-bridge cells. Figure 2 shows the power switches used for five-level cascaded H-bridge, and its switching order is given in Table 2.
[image: Figure 2]FIGURE 2 | Single-phase 5L-cascade H-bridge UPQC with the output.
TABLE 2 | On/off of switches considered for 5L-cascaded H-bridge UPQC.
[image: Table 2]2.1 Selection of Cdc
The value of [image: image] can be calculated by Eq. 1:
[image: image]
[image: image] is chosen within the suggested system’s permissible rating range.
2.2 Selection of [image: image] and [image: image]
The shunt VSC is linked to the network through an inductor ([image: image]), given by Eq. 2, which relies on the switching frequency, ripple current, and DLCV; it is given as follows:
[image: image]
assuming m is 1, [image: image] is 1.5, and [image: image] is 10 kHz. Similarly, [image: image] is given by Eqs 3, 4
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Assuming [image: image] as 10 kHz, the series inductance depends on the ripple current.
2.3 External support for 5L-MUPQC at the DC link
The solar/battery-fed DC link is proposed for the diode-clamped 5L-UPQC. It consists of a hybrid solar and battery energy system to regulate the DLCV at changing loads. External support can reduce the converter ratings and stress by lowering the utility’s demands. The equation for the power demand of the suggested technique is given in Eq. 5:
[image: image]
The PV model used in this work was selected from the Simulink library. To create the necessary quantity of voltage and current, the PV modules are connected in series to form a string. Some of these strings are then connected in parallel. Here, Eq. 6 describes the solar output. Figure 3 illustrates the PV cell properties for a fixed temperature and changing irradiance. The incremental conductance-based MPPT is adopted to extract the maximum output from the PV system (Srilakshmi et al., 2023):
[image: image]
[image: Figure 3]FIGURE 3 | Triangular membership function (MSF).
Moreover, the BSS aids in supporting the DLCV’s stabilization. The cells are stacked in parallel or series in a battery to provide the necessary voltage and current. Since Li-ion batteries have benefits like slower discharge and inexpensive maintenance costs, this work chooses them from the Simulink library. The state of charge of the battery (SOCOB) (Koganti et al., 2022) is expressed in Eq. 7:
[image: image]
The SPG will choose whether to charge or discharge the battery while adhering to the restrictions stated by Eq. 8. Figure 5 depicts the battery’s drain. Table 3 displays the power division at DC’s link capacitor, and Table 4 provides the ratings selected for PV, battery, and wind systems. Figure 4 shows the control mechanism for the solar, wind, and battery system fed to the DC link.
[image: image]
TABLE 3 | DC-link power distribution.
[image: Table 3]TABLE 4 | NCS ratings.
[image: Table 4][image: Figure 4]FIGURE 4 | Control of photovoltaic (PV), wind, and battery systems with boost and buck–boost converters.
The wind-generated AC voltage is rectified into the DC voltage, which is then boosted through a boost converter. A permanent magnet synchronous machine was considered in the present work. Wind power generation (KogantiKrishna and Reddy Salkuti, 2022) is given by Eqs 9–13:
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3 PROPOSED CONTROL SCHEME
Generally, chances take place at the distribution side during dynamic load variations. For a brief period, the system must be restored to its initial value in order to function normally. Here, using the recommended ANNC, the PWM hysteresis current control for the shunt VSC and gate pulses for the series VSC are produced by the PWM technique.
3.1 Shunt VSC
The major goal of the SHAPF is to manage the DLCV under faults and dynamic loading circumstances and to suppress current signal distortions by injecting the compensating current. The output layer (OL), input layer (IL), and hidden layer (HL) components of the ANN make up its structure, where the IL gathers data supplied as input and sends it to the HL. When linked between the IL and the HL, it is afterward multiplied by the appropriate weights on the connected links. Here, calculations are performed with a chosen bias on the HL, and the outcomes are gathered in the OL.
In this case, the LMBP-based ANN is chosen. To get the desired output, the weights of the link are adjusted during training by analyzing the mistake. For ANN training, where the performance function is the MSE, the LMBP training method is used. The LMBP algorithm updates the weights using the obtained derivatives, which has the advantages of rapid convergence and effective learning.
3.1.1 ANFIS
It is advised that the ANFIS keeps the DLCV constant. The proposed ANFIS combines fuzzy logic and ANN elements to create an intelligent hybrid controller. However, in order to keep the DLCV constant, the obtained DLCV—whose output, E, and CE are taken into consideration—is compared to the selected reference DLCV. As seen in Figure 5, the inputs given to the ANNC are first trained based on the Gaussian membership function (MSF) to yield the best results. The ANFIS is primarily composed of five layers: the first layer, called fuzzification, produces the fuzzy MSF, which is given by Eq. 14 and is depicted in Figure 5.
[image: image]
[image: Figure 5]FIGURE 5 | Fuzzy MSF for (A) E, (B) CE.
where [image: image] are the MSF outputs obtained from the first layer.
The representation of the triangular MSF is exhibited by Eq. 15:
[image: image]
where bi is the fuzzy set i’s point of greatest support and xmax–xmin (high and low bonds) is the range (world of discourse) of x. The inputs that are taken into consideration are the negative-big (NEB), negative-medium (NEM), zero (ZOE), positive-small (PES), positive-big (PEB), positive-medium (PEM), and negative-small (NES) input. MF’s inputs are displayed in Figure 5. We can see the fuzzy rule base in Table 5.
TABLE 5 | Lower and upper bounds of variables.
[image: Table 5]Furthermore, the AND operator is used in the second layer (where fuzzy rule weighting is carried out) to calculate the firing strength [image: image] by accounting for the MSF produced in the initial layer, the result of which is ascertained using Eq. 16:
[image: image]
The third layer is where the values from the previous layer are normalized. Normalization is achieved at each node in this layer by computing the ratio, as given in Eq. 17, of the firing strength (true values) of the kth rule to the sum of the firing strengths of all other rules:
[image: image]
The self-adaptive capability of the ANNC is executed through the application of the inference parameters [image: image] in the fourth layer, which produces an output as defined in Eq. 18:
[image: image]
As shown in Eq. 19, the inputs are finally combined in the fifth layer to provide the final required total output of the ANFIS. The suggested ANFIS’s configuration and the MSF for inputs 1 and 2 are shown in Figure 6.
[image: image]
[image: Figure 6]FIGURE 6 | Structure of the artificial neuro-fuzzy interface system (ANFIS).
In this work, the ANFIS is trained to keep the DLCV stable and to generate reference current signals. However, for keeping the DLCV constant, the reference DLCV (Vrefdc) is compared with the actual DLCV (Vdc); its error is chosen as input data, Δidc. Subsequently, the load currents (il_abc) and the DC loss component (Δidc) are regarded as the input, whereas the reference currents (irefsh_abc) are regarded as target data, as depicted in Figure 7. Figure 8 shows the selected neurons’ structure.
[image: Figure 7]FIGURE 7 | Control of the shunt converter.
[image: Figure 8]FIGURE 8 | ANNC for referencing the current generation.
3.2 Series VSC
The main function of the series filter is to reduce source voltage signal imperfections by injecting an appropriate compensating voltage to keep the load voltage constant. The suggested series VSC reference signal production strategy is shown in Figure 9, and the construction of an ANN with an HIL of 200 neurons is shown in Figure 10. The supply voltages (Vs_abc) are regarded as data for the input to produce the reference voltage signals (Vrefse_abc), whereas the reference voltage is regarded as the goal data to the ANN. Moreover, the PWM produces pulses for a series converter.
[image: Figure 9]FIGURE 9 | Series voltage source converter (VSC) controller.
[image: Figure 10]FIGURE 10 | Structure of the ANNC for reference voltage generation.
4 FBGO-BASED SHUNT AND SERIES FILTER PARAMETER SELECTION
FBGO is a metaheuristic optimization algorithm that simulates the behaviors of football players. Within this framework, a team of players is established, and the position of each player corresponds to a solution point on the football field. The evaluation of each player’s performance is based on the performance function (PEF), which is derived from the objective function (Eq. 26). The movements of these players, guided by a team coach, mimic the process of obtaining the ball and reaching a goal, involving two distinct phases: random walk and coaching. The proposed method is used to determine the optimal values of resistance and inductances of shunt and series filters (variables) with the goal of minimizing the THD. Each player is defined to denote the problem variables, as given in Eq. 20. The upper and lower bounds of variables are given in Table 5.
[image: image]
[image: image]
The random player movements, under the supervision of a team coach, follow a two-step process to accomplish the tasks of retrieving the ball and reaching the goal, as detailed below.
4.1 Random walk
Individually, every player embarks on a random walk, aiming to locate a position closer to the ball with the aspiration of scoring a goal. During this phase, there are no specific instructions or guidance from the coach.
[image: image]
σi is reduced for every iteration by σi = σiϴ.
4.2 Coaching
The player heightens the pressure on their opponent by advancing as directed by the game coach, taking into account the hyper distance (HD) between players, which is determined by Eq. 23:
[image: image]
Players whose HD values exceed a certain threshold, denoted as “[image: image]”, are directed to relocate themselves closer to the optimal nearby positions, [image: image] by Eq. 24:
[image: image]
The value of “[image: image]” is slowly reduced toward its designated minimum value ([image: image] min) through Eq. 25, and η resembles the constant.
[image: image]
In the substitution plan, the team coach replaces ineffective players with better players to improve the chances of achieving a goal. Each proficient player, whose PEF exceeds the cost constraint value ([image: image]), is exchanged for a nearby skilled player, according to the coach’s memory (CM), using Eq. 5. [image: image] will gradually be reduced as the iteration moves, as defined by Eq. 26:
[image: image]
where [image: image] indicates the succession constant. If the new player strays from the soccer field, they are returned to the field through the use of Eq. 24.
4.3 Solution process
A set of players is initially generated with random values, and their PEFs are calculated using Eq. 21. Following this, they are ranked based on their PEF. The HD between each player and the most efficient player is computed. Subsequently, the random walk and coaching steps are carried out using Eqs 22, 23, respectively. The entire cycle, encompassing the PEF evaluation, HD computation, and the execution of random walks and coaching, constitutes the iteration. This process is repeated until convergence is achieved. The player with the highest PEF is identified as the optimal player once convergence is reached. Figure 11 gives the flowchart of the algorithm for the solution. FBGO has a higher efficiency with faster convergence; it is capable of solving multi-objective and complex engineering problems effectively. Moreover, it has its own limitations, like being a computational burden.
[image: Figure 11]FIGURE 11 | Flowchart of football game optimization (FBGO) for the proposed system.
5 RESULTS AND DISCUSSIONS
Using MATLAB 2016a, the suggested M-UPQC with ANFBC was created. Figure 12 displays the suggested method’s Simulink model. Table 6 also shows the system and the UPQC parameters with the loads being taken into account. To demonstrate the improved performance of the designed system, Table 7 presents four different case studies with various combinations of non-linear loads and PQ issue conditions with variable wind velocity, solar irradiation, and so on. In this instance, the voltage source (VS) is chosen as an unequal phase supply for instances 3 and 4 and a balanced phase supply for studies 1 and 2. Cases 1 and 2 take into account the voltage sag, voltage swell, and voltage disturbance difficulties. Therefore, the goals were to minimize the THD, increase the PF, and maintain a constant DLCV. With the purpose of demonstrating the effectiveness of the suggested ANFBC, synchronous reference frame theory (SRFT) comparison analysis was performed. Using Eq. 27, the PF is calculated from the THD.
[image: image]
[image: Figure 12]FIGURE 12 | Simulink models of proposed M-UPQC with the ANFIS controller.
TABLE 6 | 5L-UPQC parameters with loads.
[image: Table 6]TABLE 7 | Test cases studies considered for different loads.
[image: Table 7]The voltage sag/swell ([image: image]) is evaluated by Eq. 28:
[image: image]
The injected voltage by the series filter is calculated by Eq. 29:
[image: image]
The injected current by the shunt filter is calculated by Eq. 30:
[image: image]
In case 1, the VS is initially considered to be balanced. To assess the performance of the SHAPF, a 30% balanced sag was intentionally introduced into the source voltage between the time interval of 0.25 and 0.35 s, as depicted in Figure 13A. However, the ANNC system effectively detects the voltage dip, applies a suitable compensating voltage through the coupling transformer, and maintains a consistent voltage at the load terminals. To further evaluate the performance of the SHAPF with the proposed ANFIS and FBGO optimally selected filter parameters, both loads 1 and 3 were considered simultaneously.
[image: Figure 13]FIGURE 13 | Waveforms for the first case study.
As shown in Figure 13B, the load current waveform exhibited contamination and non-sinusoidal behavior but remained balanced. The suggested approach mitigates the irregularities in the current waveform, leading to a reduction in the current’s THD from 17.34% to 2.91% while concurrently raising the PF from 0.7764 to nearly unity. Furthermore, the proposed method sustains a steady DLCV for the load under the conditions of 11 m/s wind velocity, 1000 W/m2 irradiation, and a constant temperature of 25°C, as represented in Figure 13C.
In case 2, similar to case 1, the source voltage is initially assumed to be balanced. To examine the working of the SHAPF under the conditions of a 30% swell and disturbance, these events are introduced during the time intervals of 0.4–0.5 s and 0.6–0.7 s, respectively. However, it is evident from Figure 14A that the ANNC effectively recognizes the voltage increase and disturbance, subsequently eliminating them by introducing the necessary compensating voltage.
[image: Figure 14]FIGURE 14 | Waveforms for the second case study.
The load current was found to be non-sinusoidal and unbalanced due to the presence of loads 2 and 4, as depicted in Figure 14B. Nevertheless, the proposed method manages to reduce the THD of the current from 15.34% to 3.63%, which is lower when compared to the SRFT and pq methods and raises the PF from 0.8664 to unity. It is important to note that the wind velocity and load fluctuations are considered simultaneously, with constant irradiation and temperature. However, the suggested approach maintains a steady DLCV of 700 V, as shown in Figure 14C.
In case 3, the source voltage is intentionally taken to be unbalanced, and the performance of the SHAPF is assessed under stable-state voltage conditions, as demonstrated in Figure 15A. Nevertheless, the ANNC effectively recognizes the inequalities in the phase voltage and rectifies it by inserting the necessary voltage. To examine the operation of the SHAPF, loads 1 and 2 are considered, resulting in the observation of a significantly contaminated yet balanced load current waveform, as seen in Figure 15B. The proposed system successfully rectifies the imperfections in the current waveform. The THD of the current is reduced from 27.90% to 3.75%, and the PF is elevated from 0.8145 to 0.9999. Furthermore, the suggested controller maintains a constant DLCV during variations in the load and solar irradiation, alongside a consistent wind velocity, as depicted in Figure 15C.
[image: Figure 15]FIGURE 15 | Waveforms for the third case study.
In case 4, the source voltage is intentionally set to be unbalanced, and the ANNC-controlled SHAPF adeptly identifies inequalities and successfully rectifies them, as depicted in Figure 16A. In this scenario, the simultaneous connection of loads 1 and 4 results in a contaminated and unbalanced load-current waveform, as illustrated in Figure 16B. However, the proposed SHAPF with FBGO functions efficiently, leading to a reduction in the THD of the current from 19.86% to 3.50% and a rise in the PF from 0.6412 to unity. Furthermore, the suggested controller successfully maintains a consistent DLCV during load variations, as demonstrated in Figure 16C.
[image: Figure 16]FIGURE 16 | Waveforms of the suggested system for case 4.
Table 8 provides a comparison of the THD and the PF between the proposed method and other techniques such as SRFT and pq theories with 5L and three levels of UPQC. Table 8 demonstrates that the proposed method significantly reduces the THD and boosts the PF in comparison to the other approaches. Figure 17 illustrates the convergence graph of the proposed FBGO in comparison to the genetic algorithm (GA) and ACO. This plot clearly demonstrates that the proposed FBGO achieves the lowest THD value in just 17 iterations, which is notably less when compared to the GA (62 iterations) and ACO (43 iterations). Moreover, Table 9 provides the optimized values of control variables. The output voltage of five-level UPQC is represented in Figure 18. Lastly, Figure 19 presents the FFT analysis of the current for the proposed system in the second case.
TABLE 8 | THD and PF comparison.
[image: Table 8][image: Figure 17]FIGURE 17 | Case 1 convergence plot.
TABLE 9 | Comparison of the design parameters.
[image: Table 9][image: Figure 18]FIGURE 18 | Switching voltage of 5L-UPQC.
[image: Figure 19]FIGURE 19 | THD spectrum.
6 CONCLUSION
In this research, an approach based on ANNC is introduced for a 5L-UPQC interconnected with solar, wind, and battery sources. The ANN controller, trained with the Levenberg–Marquardt algorithm, is employed within the UPQC system to generate reference signals for the converters. This obviates the need for conventional transformations, like abc, dq0, and αβ. Furthermore, the optimization of filter parameters is achieved through football game optimization, and an ANFIS is proposed for the SHAPF to maintain a stable DLCV balance. The proposed 5L-UPQC system effectively sustains a constant DLCV, despite variations in loads, solar irradiation, and wind conditions. It successfully mitigates current harmonics, enhances the shape of the current waveform, resulting in an improved power factor, and effectively eliminates fluctuations in the grid voltage, such as interruptions, sags, swells, and disturbances. In the future, this approach can be extended to multilevel UPQC systems employing reduced switches.
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