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The large-scale integration of renewable energy sources and power electronic devices has led to increasingly dispersed and networked characteristics of power quality disturbances in distribution systems. Traditional control devices, limited by their fixed-point control, no longer meet the development needs of modern distribution systems. Considering the distribution and structural characteristics of the current new-type sources and loads, a multifunctional inverter power quality coordinated control strategy based on comprehensive evaluation is proposed. This strategy aims to achieve power quality coordinated control by utilizing optimal compensation capacity while the grid-connected inverter provides active power output. Firstly, the traditional ipiq power quality detection method is analyzed and improved to enable detection of harmonics, reactive power, and three-phase imbalance currents in single-phase systems or three-phase four-wire systems. Secondly, in the power quality assessment, a balanced algorithm is employed to obtain the comprehensive evaluation index of power quality, thereby improving the deficiencies of single-weight evaluation. Next, to ensure the grid-connected inverter achieves optimal power quality coordinated control with minimal compensation capacity, an optimization compensation function is established between compensation capacity and comprehensive power quality index. This function is optimized using non-dominated sorting genetic algorithm to enhance equipment utilization and system economy. Finally, the feasibility and effectiveness of the proposed method are validated through simulations, demonstrating the achievement of optimal capacity configuration for power quality coordinated control while ensuring active power output by the grid-connected inverter.
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1 INTRODUCTION
The substantial integration of renewable energy sources and power electronic devices has led to the emergence of “dual-high” characteristics in power systems. However, with the increasing diversity of source-load types, power quality issues in distribution networks have become more severe, posing significant risks to daily life and production (Zhou et al., 2020; Ratnam et al., 2020; Moghbel et al., 2018). Traditional methods for power quality control primarily involve the installation of additional power quality control equipment. However, the practical placement of such equipment needs to be carefully considered, taking into account factors such as construction, investment, maintenance costs, and inevitable losses during idle operation. Clearly, this approach no longer meets the economic demands of distribution networks (Moghbel et al., 2018; Zhai et al., 2020).
Therefore, in order to ensure the good power quality and governance economy of the distribution network, some scholars put forward the idea of using the coordination ability of photovoltaic, electric vehicles, energy storage and other flexible equipment to carry out collaborative control of power quality (Kumar, 2024; Zanib et al., 2023). Reference (Kumar et al., 2023a) takes into account the difficulty of charging electric vehicles in remote areas, proposes a novel charging adapter topology, which is based on a single current sensor, which further improves the operation economy of distribution network. Reference (Kumar et al., 2023b) introduces a unique adaptive control technique, and an auto-tuned Maximum-power-point tracking (MPPT) control technique for the grid-interfaced photovoltaic (PV) assisted onboard Electric Vehicle (EV) charging infrastructure, which ensures the power management and power quality of photovoltaic and electric vehicles.
At the same time, the power quality of distribution network can be improved by improving the specific control strategy or optimizing the auxiliary service (Saxena et al., 2022). For example, in reference (Kumar et al., 2020), a novel unique FOGI for fundamental component harvesting and HPO for GMPPT have been presented for optimum working behaviour of the integrated grid with a solar PV array, which is partially shaded, undervoltage and waveform distortion of the grid.
In addition, considering that PV power generation systems are highly susceptible to natural environmental factors such as sunlight intensity and temperature, they are typically designed with large capacity margins and operate with significant redundancy. Moreover, grid-connected inverters for renewable energy sources share strong structural and control similarities with control equipment, differing only in output characteristics and control objectives (Sun et al., 2019; Peng et al., 2021; Manrique MacHado et al., 2023). Therefore, multifunctional grid-connected inverters (MFGCI), capable of active power generation, harmonic control, and reactive compensation, have received widespread attention from scholars both domestically and internationally (Wang et al., 2020; Xavier et al., 2019). For instance, utilizing the redundant capacity of grid-connected inverters for harmonic suppression and reactive compensation, or harnessing the coordinated power quality control capability of distributed photovoltaics to manage decentralized power quality disturbances, can not only save space and reduce construction and operating costs but also further improve the equipment utilization of grid-connected inverters (Song et al., 2022; Zhijun et al., 2022; Guo et al., 2024).
Currently, research on MFGCI is relatively scarce, with most focusing on harmonic control and reactive compensation. Moreover, accurately detecting, tracking, and controlling the compensation amount for harmonics, reactive power, and three-phase imbalances in the grid are crucial technical challenges (Jiang et al., 2018). Reference (Jia et al., 2021) proposed a current detection technique for active power filters (APF) without separating positive and negative sequences and reactive currents. Based on the analysis of the topology structure and the construction of an equivalent model, this method utilizes a quasi-proportional resonant control to directly coordinate instruction currents at different frequencies, achieving grid harmonic and reactive power compensation. In addition, Reference (Liang et al., 2018) introduced a novel Discrete Fourier Transform (DFT) algorithm capable of rapidly extracting harmonic components and compensating for harmonic, reactive, and three-phase imbalance components in the grid while considering load types. Furthermore, to ensure the normal operation of MFGCI under voltage imbalance conditions, Reference (Safa et al., 2017) improved the controller for three-phase grid-connected inverters, but still encountered challenges in managing three-phase imbalances.
Meanwhile, due to the limited remaining capacity of inverters, how to optimally manage power quality disturbances using appropriate capacity remains a pressing issue. Reference (Peng et al., 2021) aimed to optimize the power quality level at the Point of Common Coupling (PCC) as the objective function. It optimized the compensation capacity through real-time calculation of optimal compensation currents and secondary weight adjustments and solved it using the Lagrange multiplier method, achieving comprehensive management of power quality at various nodes in microgrids. Reference (Bonaldo et al., 2016), with the objective of minimizing inverter capacity, constrained the post-management comprehensive indicators, enabling flexible adjustment of power quality coordination in microgrids. Reference (Song et al., 2022), considering reactive power and harmonics as the comprehensive indicators for power quality compensation, utilized a multi-objective particle swarm algorithm to obtain the non-dominated set of solutions for optimal comprehensive indicators and minimal management costs, achieving customized power quality indicators at the PCC node. However, the above studies only considered a limited number of power quality indicators such as harmonics and reactive power compensation or optimized compensation using single objectives, without simultaneously considering inverter capacity and multiple power quality indicators, indicating certain shortcomings.
Furthermore, in the process of optimization, it is essential to utilize an appropriate method for comprehensive power quality assessment to establish optimization objectives for power quality and inverter capacity at the PCC node. Currently, both domestic and international scholars have conducted extensive research on comprehensive power quality assessment, primarily integrating multiple evaluation indicators into a single power quality comprehensive indicator by assigning different weights. This approach aims to reflect the overall power quality level of the distribution network (Yingying et al., 2020). Reference (Hongshan et al., 2022) employed the Criteria Importance Through Intercriteria Correlation (CRITC) method to obtain objective weights. Building upon this, they utilized an improved Grey-Technique for Order Preference by Similarity to Ideal Solution (Grey-TOPSIS) method to overcome errors resulting from the single Euclidean distance and fuzzy interval, achieving power quality grading assessment at the PCC node. Reference (Wang et al., 2017) analyzes various power quality indicators, extracts unified parameters for each indicator, calculates subjective and objective weights, and employs projection method to obtain the projection values of boundary data and data to be evaluated, thus determining the power quality level range of the system. However, most current research only considers the influence of a single weight on the evaluation results, potentially leading to significant differences in the excellence levels among indicators and consequently introducing errors in comprehensive evaluation results.
In summary, the stochasticity and volatility of photovoltaic output, along with the uncertainty of loads, lead to frequent fluctuations in power quality and remaining capacity of grid-connected inverters. Addressing the rational establishment of comprehensive power quality indicators and optimal allocation of remaining capacity is imperative. Therefore, this paper proposes a grid-connected inverter power quality cooperative control strategy based on comprehensive weight assessment. Firstly, improvements are made to the traditional ipiq method to adapt it to three-phase four-wire systems and accurately measure the harmonic, reactive power, and three-phase imbalance currents at compensation nodes. Secondly, the main and objective weights are determined using the improved Analytic Hierarchy Process (AHP) and the Criteria Importance Through Intercriteria Correlation (CRITIC) method, respectively. The optimal comprehensive weight is then solved using an equilibrium algorithm. Next, based on the idea of matching comprehensive weight indicators with governance capacity, optimization objectives for comprehensive power quality indicators and governance capacity are established. These objectives are solved using the Non-dominated sorting genetic algorithm II (NSGA-II) with an elite strategy. Finally, the feasibility and effectiveness of the proposed method are verified through simulation, providing reference and inspiration for future research on MFGCI.
2 MFGCI CONTROL STRATEGY
2.1 Power quality disturbance detection
Currently, the detection methods for harmonics and reactive currents primarily fall into two categories: frequency domain methods, represented by Fourier transform and wavelet transform, and time domain methods, represented by analog filters and instantaneous reactive power theory. This paper aims to utilize grid-connected inverters to compensate for harmonics, reactive power, and address the three-phase imbalance issues in cooperative governance systems. However, due to the presence of three-phase imbalance disturbances in the system, traditional detection methods often introduce interference in harmonic detection, leading to inaccurate compensation currents. Therefore, this paper proposes improvements to detection methods based on instantaneous power theory to accurately capture harmonic currents to be compensated, as well as negative or zero-sequence currents in the presence of three-phase imbalance disturbances in the system. The system block diagram is shown in Figure 1.
[image: Figure 1]FIGURE 1 | System block diagram.
For three-phase four-wire inverters, cooperative governance consists of two parts. First is the compensation of three-phase harmonic and reactive currents, which can be detected using the ipiq method (Al-Gahtani et al., 2022). Second is the compensation of neutral current. In this paper, based on the traditional ipiq detection method, the symmetrical component method is employed to cancel out the positive-sequence component, resulting in the negative-sequence and zero-sequence currents flowing through the neutral line, thereby obtaining the neutral current compensation. The specific block diagram is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Diagram for harmonic, reactive power, and three-phase imbalance current detection.
In the figure, ug represents the voltage at the access node, ig represents the current at the access node, PLL stands for Phase-Locked Loop, LPF denotes Low Pass Filter, i1 represents the fundamental current, i*abc represents the harmonic current, i*n represents the neutral line imbalance current, iabcn represents the compensating current output by the inverter, and C1, C2 are as shown in Eqs 1, 2.
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where ω0 represents the reference frequency, n represents the harmonic order to be detected, and t represents the corresponding operating time, i’p and i’q is instantaneous active current and instantaneous reactive current, respectively. [image: image] and [image: image] are respectively the instantaneous active current and instantaneous reactive current after filtering
The improved ipiq method utilized in this paper enables precise detection of any harmonic order in both three-phase four-wire systems and single-phase systems. This method accurately captures all zero-sequence, positive-sequence, and negative-sequence components. By eliminating the positive-sequence component, the neutral current can be obtained, thus determining the harmonic and reactive power components to be compensated, as well as the neutral line imbalance current in the system. This process provides robust support for the subsequent synthesis of command currents for grid-connected inverters.
2.2 Grid-connected command current generation method
Assuming that the active power generated by the grid-connected inverter is P and the reactive power is Q, we can get:
[image: image]
Where ud, uq, id and iq represent the d and q-axis components of the terminal voltage and current, respectively. Em and Im denote the effective values of the terminal voltage and current, and θ is the angle between them.
Transforming Eq. 3, we obtain Eq. 4:
[image: image]
The final grid-connected command current is obtained by adding the power command current to the compensation command current, as shown in Eq. 5:
[image: image]
Where i*ref is the output command current of the multifunctional inverter, ihabcn is the compensation command current, and iref is the power command current.
In conclusion, the grid-connected command current of the inverter is the sum of the compensation current and the power current. Unlike traditional inverters, multifunctional inverters sacrifice their own output current quality to perform cooperative control over the energy quality in the system. However, further discussion is needed on how to allocate power and perform real-time control.
2.3 Strategy for cooperative control of power quality
There is no significant difference in the topology between MFGCI and traditional inverters. The difference lies only in the current control section. Moreover, to prevent actual benefits from being compromised, MFGCI should first meet the normal power generation requirements of the system before utilizing the remaining capacity for cooperative power quality control. The control block diagram is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Diagram of multifunctional inverter structure and control strategy.
In the figure, P* and Q* represent the specified active power and reactive power, respectively. iL denotes the load current, ic represents the inverter output current, udc is the source-side voltage, and C denotes the DC-side stabilizing capacitor, ig indicates the current on the grid side.
3 DETERMINATION OF COMPOSITE WEIGHT FOR POWER QUALITY INDICES
Based on the aforementioned, the output characteristics of MFGCI, surplus capacity, and power quality disturbances at the PCC node are uncertain. Currently, issues such as the cooperative governance effect and capacity allocation for voltage deviation, harmonics, and three-phase imbalance remain unresolved. Therefore, this paper will establish composite power quality assessment indicators to provide a basis for subsequent optimization objectives for power quality.
3.1 Subjective weight calculation
The AHP is a systematic evaluation method that guides human thinking processes and subjective judgments through standardization and quantification, effectively reducing the influence of numerous uncertainty factors. This method optimizes the process of system analysis and computation, assisting decision-makers in maintaining a consistent mode of thinking during evaluation and decision-making processes. In this paper, the AHP method has been improved, streamlining the process of obtaining hierarchical rankings without the need for consistency checks, significantly reducing computational workload. Furthermore, by only comparing the importance of adjacent criteria, the construction process of the judgment matrix has been optimized, making the importance of each criterion more intuitively clear. The specific steps are as follows:
1) Determine the importance of each power quality indicator and rank them in descending order, as shown in Eq. 6:
[image: image]
Where ai represents the i-th power quality indicator.
2) Compare adjacent indicators to obtain relative scale values si, as shown in Eq. 7:
[image: image]
Where si represents the relative scale value of ai to ai+1, with detailed values as per the reference (Liu et al., 2022; Ming et al., 2023).
3) Establish the judgment matrix X for the n indicators, as shown in Eq. 8:
[image: image]

4) Determine the subjective weights ω1 for each indicator, as shown in Eq. 9:
[image: image]
Where rij represents the elements of matrix X.
3.2 Objective weight calculation
The CRITIC weighting method is an assessment approach that analyses the information content of evaluation criteria based on two dimensions: comparative intensity and conflict. Comparative intensity measures the differences between evaluation criteria using the concept of mean square deviation, while conflict reflects the correlation between criteria through correlation coefficients. This method integrates the correlation and differences between criteria during the weighting process, effectively overcoming the limitations of entropy weighting by considering the correlation between criteria. As a result, the weighting process becomes more objective and scientific. The specific steps are as follows:
1) Normalize and standardize the collected data to eliminate the influence of different units of measurement for different criteria.
2) Calculate the correlation coefficients for each criterion, as shown in Eq. 10:
[image: image]
In the equation, xi represents the i-th data point of indicator x, yi represents the i-th data point of indicator y, which [image: image] are the means of the data sets for indicators x and y respectively, and ζij denotes the correlation coefficient between the i-th and j-th indicators.
3) Calculate the information quantity Cj for each indicator, as shown in Eq. 11:
[image: image]
Where σj is the variance of indicator j, and (1-ζij) reflects the conflict between indicators.
4) Calculate the objective weight ω2 for each indicator, as shown in Eq. 12:
[image: image]
3.3 Comprehensive weight of power quality indicators
In the field of power quality assessment, relying solely on subjective weights may overlook the disturbance probability and stochastic characteristics of power quality indicators in different operating conditions. Similarly, relying solely on objective weights may ignore the potential impact and hazards of each indicator, thereby reducing the accuracy of power quality assessment. To address the limitations of single-weight assessment accuracy, this paper utilizes a game equilibrium algorithm to solve comprehensive weights. This algorithm integrates subjective preferences based on expert judgment or user requirements with probability information from objective data, thereby enhancing practicality and accuracy in real-world scenarios. The specific steps are as follows:
1) Constructing the comprehensive weight ω. The comprehensive weight ω can be linearly represented by the subjective weight ω1 and the objective weight ω2, as shown in Eq. 13:
[image: image]
Where a and b are the combination coefficients of subjective and objective weights, respectively.
2) To solve the combination coefficients, we formulate an objective function and constraints based on game theory, aiming to minimize the deviations between the subjective, objective, and combined weights. The expression is shown in Eq. 14:
[image: image]
4 MFGCI MULTI-OBJECTIVE OPTIMIZATION COMPENSATION STRATEGY
4.1 Method for corresponding electric power quality indices with capacities
For additional requirements for specific article types and further information please refer to “Article types” on every Frontiers journal page.
In the aspect of coordinated control of electric power quality, due to the differences in disturbance characteristics and dimensions of various electric power quality indices, it is difficult to directly optimize them using multi-objective algorithms. Therefore, this paper proposes a method to calculate the correspondence between electric power quality indices and compensation capacities. Specifically, it is as follows.
The nodal Jacobian matrix J can be determined from the system’s load flow correction equations, as shown in Eq. 15. Inverting it yields the voltage-power sensitivities of each node, represented by the sensitivity matrix as shown in Eq. 16.
[image: image]
In the equations, ΔP represents the active power change, ΔQ represents the reactive power change, Δδ represents the voltage phase change, ΔU represents the voltage magnitude change, U is the actual voltage at the grid side.
[image: image]
In the equations, [image: image] represents the sensitivity of active power with respect to voltage phase, [image: image] represents the sensitivity of reactive power with respect to voltage phase, represents the sensitivity of active power with respect to voltage magnitude, and [image: image] represents the sensitivity of reactive power with respect to voltage magnitude.
According to the active-reactive voltage sensitivity, the voltage deviation f1 after coordinated control of grid-connected inverters can be obtained, as shown in Eq. 17:
[image: image]
In the equation, ΔU represents the magnitude of the voltage deviation before control, S* denotes the compensating capacity used by the grid-connected inverter for coordinated power quality control, and α1 is the voltage deviation compensation coefficient, UN indicates the rated voltage of the power grid side.
Assuming the harmonic compensation current is I*h, according to circuit principles, its compensation capacity is related to the compensation current as follows:
[image: image]
In the equation, U represents the actual voltage at the PCC, and S*h represents the harmonic compensation capacity.
From Eq. 18, the harmonic index f2 and the three-phase imbalance f3 after coordinated control of the grid-connected inverter can be obtained as shown in Eq. 19:
[image: image]
In the equation, α2 and α3 represent the harmonic compensation coefficient and the three-phase imbalance compensation coefficient, respectively. I1 denotes the actual fundamental current, Ih stands for the harmonic monitoring current, and In represents the neutral current monitoring.
4.2 Multi-objective optimization compensation strategy
When harnessing the surplus capacity of inverters for coordinated power quality control, three aspects need to be considered. Firstly, without affecting their active power output characteristics, it is essential to utilize the minimum surplus capacity for optimal control. Secondly, to ensure the equipment operates safely and stably, a certain margin of capacity should be retained. Thirdly, efforts should be made to ensure that all indicators remain within the national standards. Based on these requirements and the analysis above, a multi-objective optimization model for inverters can be established, as shown in Eq. 20:
[image: image]
Where, ω(i) represents the comprehensive weights corresponding to each indicator; αi denotes the compensation coefficients for each indicator; and f*i stands for the prescribed limits specified by national standards for each indicator.
In the comprehensive evaluation and optimization of power quality, there exists a significant trade-off relationship between these two optimization objectives, making it difficult to quantify their relative importance. Therefore, it is not appropriate to simplify this optimization problem into a single-objective optimization problem, but rather it requires the use of effective methods for resolution. NSGA-II, as a novel multi-objective optimization algorithm, has been widely applied in power system generation capacity planning, optimization configuration of new energy sources, and energy storage (Guo et al., 2022; Honghai et al., 2022; Linlin et al., 2022). Given the dynamic operating state of MFGCI, this study employs the NSGA-II algorithm to co-optimize their capacity and power quality, aiming to obtain the Pareto optimal solution set. Based on the practical application scenario requirements, the optimal solution is selected from this set to achieve the optimal configuration of both MFGCI capacity and power quality. The process flowchart is illustrated in Figure 4, with specific steps outlined as follows:
1) Parameter Initialization: Given the parameters of the multifunctional grid-connected inverter, set the objective functions and constraints, including the ranges of voltage deviation, harmonic, and three-phase imbalance compensation coefficients, as well as the limits of each index. Set the population size N, maximum genetic generations Gm, crossover probability Pc, and mutation probability Pm for the NSGA-II algorithm. Initialize the population and generate a population Pt of size N.
2) Fitness Calculation and Nondominated Sorting: Calculate the fitness of individuals in the population for each power quality index and compensation capacity, and perform nondominated sorting on the population to determine the superiority of each individual.
3) Genetic and Mutation Operations: Use selection, single-point crossover, and uniform mutation operations to evolve the population, resulting in a new offspring population Qt of size N.
4) Population Merging and Selection of New Parent Population: Merge the parent population Pt and offspring population Qt to form a population Rt of size 2N. Perform fast nondominated sorting and crowding distance calculation on Rt, and select N individuals from Rt based on nondominated relationships and individual crowding distances to form a new parent population.
5) Iteration Process: Repeat steps (3) and (4) until reaching the maximum genetic generations Gm. Output the Pareto optimal solution set and obtain the optimal voltage deviation, harmonic, and three-phase imbalance compensation coefficients.
[image: Figure 4]FIGURE 4 | NSGA-Ⅱ algorithm Flowchart.
5 SIMULATION VERIFICATION AND ANALYSIS
To validate the rationality of the proposed method for obtaining comprehensive weights of power quality and the effectiveness and feasibility of the multi-objective optimization method, simulation experiments were conducted using Matlab/Simulink software. The system was configured with a rated voltage of 220 V, a rated frequency of 50 Hz, line impedance parameters of 0.35 + 0.28j, a capacity of 30 kVA for the grid-connected photovoltaic inverter, which operates in two modes: MPPT flexible power tracking and constant power tracking. The switching frequency was set to 20 kHz, the bus rated voltage was 800 V, the filter inductance was 1.5 mH, the filter capacitance is 32.8 µF, and the damping resistance is 2.6 Ω. The simulation step size was set to 1 ns. The topology structure was as shown in the previous Figure 1. The simulation model included the connection of three-phase unbalanced loads and uncontrollable power electronic devices to simulate the actual operation scenarios of harmonics and three-phase imbalances in the system.
5.1 Full compensation
To verify the MFGCI in compensating for harmonic, three-phase imbalance, and voltage deviation issues while outputting active power, assume the following conditions: under sufficient sunlight and suitable temperature, the grid-connected inverter has an active power output of 15 kW. The uncontrollable power electronic rectifier load is 2 mH + 10 Ω. The unbalanced load power for phases ABC is respectively 20 kW, 5 kW, and 5 kW. The simulation experiment proceeds as follows: Before 0.1 s, the photovoltaic system is not grid-connected. At 0.1 s, the PV system starts grid connection. At 0.2 s, full compensation for harmonic and reactive power is applied. At 0.3 s, full compensation for three-phase imbalance is applied. The current waveform at PCC Node 1 is shown in Figure 5, and the various disturbances in electrical power quality are depicted in Figure 6.
[image: Figure 5]FIGURE 5 | The current waveform at the PCC under full compensation.
[image: Figure 6]FIGURE 6 | Power quality disturbances at the PCC node under full compensation.
As shown in Figures 5, 6, during the period from 0 to 0.1 s, the MFGCI did not perform coordinated power quality control. Consequently, there was significant waveform distortion at the PCC node, with the THD around 15%, the three-phase current imbalance reaching 23%, and the voltage deviation rate hitting 10.91%, indicating poor overall power quality.
At 0.1 s, the PV system’s grid connection resulted in the output of a certain amount of active power, causing an uplift effect on the voltage at the PCC node. This reduced the voltage deviation rate from 10.91% to 5.45%. However, due to the harmonic distortion present in the grid-side waveform, the PLL was affected, leading to a roughly 2% increase in harmonics, reaching 17.34%.
At 0.2 s, the MFGCI implemented coordinated control for harmonic and reactive power compensation. This reduced the harmonic distortion rate at the grid connection point from 14.7% to below 2%. Due to the small system size, the reactive power compensation effect was significant, reducing the voltage deviation rate at the grid connection point to less than 1% after compensation.
At 0.3 s, the multifunctional converter performed three-phase unbalanced current compensation at the grid connection node. The neutral current was reduced from 20A to almost 0A, effectively eliminating the three-phase current imbalance disturbances.
Figure 7 shows the comprehensive and individual power quality disturbance indicators at the PCC node. From Figure 7, it can be observed that when MFGCI is not engaged in coordinated control, the comprehensive power quality indicator F1 is 0.1611. The effect of voltage rise and harmonic disturbance after the photovoltaic grid connection at 0.1 s reduces F1 to 0.1502. After compensating for harmonics and voltage deviation at 0.2 s, F1 decreases to 0.0730. Following the management of three-phase imbalance at 0.3 s, F1 further reduces to 0.0105. Notably, the voltage deviation is only 0.91%, harmonics are at 1.73%, and the three-phase current imbalance is close to 0%. Overall, under full compensation, the power quality level at the PCC node far exceeds the national standard requirements.
[image: Figure 7]FIGURE 7 | Individual and comprehensive indicators at the PCC node under full compensation.
However, in the case of full compensation, the total capacity of the inverter is 30 kVA, 15 kW is used for active power output, 11.75 kVar is used for power quality collaborative governance, of which 3.3 kVar is used for reactive power compensation, 3.87 kVar is used for harmonic governance, 4.58 kVar is used for three-phase unbalance current compensation, and the residual margin is 3.25 kVA. Meet capacity redundancy requirements. However, it is obvious that if the stronger light intensity leads to greater active power output or more severe power quality disturbance, the required capacity must be greater than the rated capacity of the inverter, and the full compensation strategy will be difficult to deal with such problems, so it is urgent to propose a MFGCI capacity allocation strategy that adapts to different application scenarios.
5.2 Multi-objective optimization compensation
To verify the feasibility and effectiveness of the multi-objective optimization method proposed in this paper, simulation verification is conducted and compared with the case of full compensation. The parameters design of NSGA-II is as shown in Table 1, and the rest of the simulation parameters remain consistent with full compensation.
TABLE 1 | NSGA-II and indicator constraint parameters settings.
[image: Table 1]The Pareto Frontier of multi-objective optimization for MFGCI’s coordinated control capacity in terms of electric power quality, using NSGA-II, is shown in Figure 8. As seen in Figure 8A, when F2 = 0, indicating no coordinated control, the comprehensive electric power quality index F1 reaches its maximum value of 0.161; as F2 increases, the corresponding F1 decreases. When the input capacity is 11.8 kVA, corresponding to full compensation, F1 decreases to 0, which is consistent with the full compensation mentioned earlier. Considering the limited residual capacity of MFGCI, it is necessary to optimize the compensation coefficients αi based on the relationship between F1 and F2 on the Pareto boundary and actual operating conditions. Figure 8B illustrates the relationship between the electric power quality comprehensive index F1 and the optimal compensation coefficients αi determined by NSGA-II. Based on the desired value of F1 set to 0.02, the optimal compensation coefficients satisfying the Pareto Frontier are obtained as follows: α1 = 0.17; α2 = 0.27; α3 = 0.21. To visually assess the effectiveness of the optimized electric power quality coordinated control, the compensation strategies before and after optimization are segmented for simulation as follows: no compensation from 0 to 0.1 s, full compensation from 0.1 to 0.2 s, and optimized compensation from 0.2 to 0.3 s. The current waveforms of MFGCI under different modes are shown in Figure 9.
[image: Figure 8]FIGURE 8 | (A) Pareto Frontier of NSGA-Ⅱ solution; (B) The relation of each compensation coefficient of NSGA-II solution.
[image: Figure 9]FIGURE 9 | The current waveform at the PCC node varies under different strategies.
As shown in Figures 9, 10, during the initial stage from 0 to 0.1 s, the grid-connected inverter had not yet implemented power quality coordinated management. Due to the integration of nonlinear devices, the current harmonic distortion at the PCC node reached 17.56%. The three-phase current imbalance reached 22.87% due to asymmetric loads, and the voltage deviation rate at the grid connection node reached 11.65% due to line losses and equipment power demands, indicating poor overall power quality.
[image: Figure 10]FIGURE 10 | Power quality indicators at PCC nodes under different strategies.
At 0.1 s, the grid-connected inverter fully compensated for power quality disturbances at the PCC node. Analysis shows that the current at the PCC node became nearly a standard sine wave. The combined action of active and reactive power increased the node voltage at the PCC, reducing the voltage deviation rate to 0.91%, the harmonic content to 1.73%, and the three-phase current imbalance to 1.04%.
At 0.2 s, the inverter employed an optimized compensation strategy. The analysis indicates that, compared to the full compensation strategy, the optimized compensation strategy resulted in a slight increase in power quality disturbances. The voltage deviation rate rose from 0.91% to 1.61%, the harmonic content from 1.73% to 2.46%, and the three-phase current imbalance from 1.04% to 1.87%. However, considering the optimized compensation coefficients, the compensation capacity required by the inverter decreased by 2.75 kVA, and the compensation efficiency improved by approximately 20%.
The various power quality disturbances under different strategies are shown in Figure 10, while the power quality comprehensive index F1 is depicted in Figure 11. It can be observed from Figures 10, 11 that under the optimized compensation strategy, although there are still slight power quality disturbances at the PCC node, they are generally consistent with the set target values. Compared to the full compensation strategy, the power quality comprehensive index F under the optimized compensation strategy only increases by around 0.01, while saving 2.75 kVA of compensation capacity, leading to a 20% increase in the utilization rate of remaining capacity. Moreover, compared to directly installing power quality control devices, this strategy saves construction costs by utilizing 9 kVA of capacity and ensures that the power quality index after compensation fully meets national standards.
[image: Figure 11]FIGURE 11 | (A) Comprehensive index at PCC under two strategies; (B) MFGCI operating capacity at PCC under two strategies.
The simulation results above validate the feasibility and effectiveness of the proposed multi-functional inverter capacity optimization strategy in this paper. This enables MFGCI to effectively utilize its remaining capacity to coordinate the management of power quality disturbances while delivering active power. Moreover, it can adjust compensation coefficients according to actual operating conditions and the level of power quality supply and demand, thereby providing a high-quality power supply level for the distribution network.
6 CONCLUSION
This paper proposes a coordinated optimization control strategy for multifunctional inverters based on comprehensive weight evaluation. This strategy aims to address power quality issues such as voltage deviation, harmonics, and three-phase imbalance in the distribution network through the coordinated control of multifunctional converters. The traditional ipiq method is improved to make it suitable for detecting power quality disturbances in three-phase four-wire systems and single-phase systems, further achieving the acquisition of grid-connected command current. Then, the improved AHP and CRITIC methods are used to determine subjective and objective weights, respectively. The comprehensive weight is obtained using a game equilibrium algorithm, addressing the limitations of using a single weight evaluation. Furthermore, based on the method of corresponding power quality indices and capacity, the NSGA-II algorithm is employed to obtain the optimal compensation coefficients, ensuring optimal allocation between comprehensive power quality indices and capacity distribution while maintaining active power output. Simulations verify the feasibility and effectiveness of the proposed method, showing that the optimized compensation method proposed in this paper improves equipment utilization by 20% and enhances economic benefits.
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