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Introduction
With the continuous increase in the penetration rate of distributed photovoltaic and energy storage systems in distribution networks, the deterioration of harmonic pollution problems poses a threat to the safe operation of the power grid.
Methods
This paper proposes an improved particle Swarm optimization algorithm (IPSO) for optimizing the harmonic suppression strategy of distributed photovoltaic energy storage distribution networks. By introducing weighted average and fuzzy control, the problems of poor search accuracy and local optima in traditional algorithms can be solved. Based on the harmonic distortion rate objective function of the filter device, the optimal configuration of the capacity and position of the filter device is achieved through an improved algorithm, effectively suppressing the harmonics in the distribution network and improving the power quality of the distribution network. To test the feasibility of the strategy, simulation experiments were conducted.
Results
The results showed that after the harmonic suppression device was installed in the distribution network, the distortion rate of the grid-connected current decreased from 19.99% to 2.54%, verifying the effectiveness of the proposed strategy in reducing current harmonic distortion and improving the quality of the current waveform.
Discussion
It can be seen that it is feasible to optimize and suppress harmonics in distributed photovoltaic storage distribution networks by improving the Particle Swarm Optimization (PSO)algorithm, providing new ideas for harmonic control in distribution networks under the high proportion of renewable energy access and promoting the development of the domestic power industry.
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INTRODUCTION
Under the dual carbon goals, distributed photovoltaic and energy storage systems have been large-scale integrated into distribution networks. However, the nonlinear characteristics of power electronic equipment have exacerbated harmonic problems (Chen, 2024). Standards such as IEEE 519-2022 put forward higher requirements for harmonic limits, and the design of traditional passive filters is difficult to adapt to the complex and changeable harmonic environment (Liu and Wang, 2023; Ning et al., 2021). The existing research mainly focuses on centralized harmonic suppression (such as active power filters (APF)), but there is insufficient research on the collaborative optimization of multiple harmonic sources in distributed photovoltaic storage scenarios (Yao et al., 2024; Li and Gao, 2024; Li et al., 2025). Intelligent algorithms (such as PSO and Genetic Algorithm (GA)) show potential in parameter optimization, but there are problems such as premature convergence and local optimality (Shu et al., 2025; Xu et al., 2017). In order to face the global climate change situation, adjust the energy consumption structure and cultivate a number of strategic emerging industries for the rapid development of related industries, countries around the world have formulated and introduced some relevant policies to promote the development of the global new energy industry and gradually expand the scale of the new energy power generation market (Yuan et al., 2025). For example, the overview of solar thermal utilization in Japan in 1985 (Noguchi, 1985), “The Development of Photovoltaic Power Generation Systems under Solar Engineering in Japan in 1991 (Morishita et al., 1991)”, the solar roof project in Italy (Palladino and Calabrese, 2023), and the solar roof tiles proposed by Mokheseng MB: Towards a macroeconomic model (Mokheseng, 2010), etc. With the continuous progress and rapid development of solar energy technology, industries, equipment and grid connection technologies related to photovoltaic have been constantly innovating and breaking through. Coupled with the excellent solar energy resources and low construction costs, as well as the continuous expansion of photovoltaic power generation scale, solar power generation has become the fastest-growing new energy source.
In China, photovoltaic power generation started relatively late, but its research and popularization have been rapid, with the growth rate ranking first in the world. From 2017 to 2022, the investment and financing in China’s photovoltaic industry generally showed a growth trend. The photovoltaic industry is a new energy sector encouraged by the state and also an important component of the strategic emerging industries that the state focuses on supporting (Jiang et al., 2025). By the end of 2015, the installed capacity of photovoltaic units in China had exceeded 40 million kW. According to the national power industry statistics released by the National Energy Administration of China, China’s new and cumulative installed capacity of photovoltaic power has ranked first in the world for many consecutive years. In 2022, China’s installed capacity of photovoltaic power increased by 87.43 million kW, a year-on-year growth of 60.3%. By the end of 2022, the total installed capacity of photovoltaic power generation in China was 393 million kW, increasing by 28.1% year-on-year (The National Energy Administration released the 2023 National Power Industry Statistics, 2024). However, the inherent intermittency and volatility of photovoltaic power pose a huge challenge to its efficient consumption.
To this end, this paper proposes to improve PSO to solve the spatio-temporal coupling characteristics of distributed harmonic sources and the collaborative optimization problem of treatment equipment, which has both theoretical innovation and engineering application value.
ANALYSIS OF HARMONIC CHARACTERISTICS OF DISTRIBUTED PHOTOVOLTAIC STORAGE AND DISTRIBUTION NETWORKS
Harmonic suppression device
Harmonic control in distribution networks is an effective means to improve the power quality of distribution networks. By installing filters, the power quality of distribution networks can be effectively enhanced and a certain amount of reactive power can be compensated. Among them, the passive power filter, while considering the functions of reactive power compensation and voltage regulation, adjusts the internal passive components to make the resonant frequency cancel out the harmonic frequency to be filtered, thereby achieving the purpose of filtering. Generally, three-phase transformers can achieve the purpose of eliminating multiples of three harmonics by using different wiring methods. The requirements for cost, filtering performance and stability are all factors that need to be taken into account when designing passive filters. Active power filters can dynamically suppress harmonics and compensate reactive power. According to the grid connection mode, active power filters can be classified into independent series type, independent parallel type, hybrid active filters and multi-converter hybrid type. It can also be classified into voltage type and current type according to the type. The independent series APF is connected in series in the system through a transformer. Its principle is to track the harmonic components in the harmonic source voltage, generate opposite harmonic voltages, and thereby cancel out the harmonic components in the system. Single and parallel APF can be regarded as APF harmonic current generators. Its principle is that dynamic compensation of reactive power can be easily achieved through cascade connection, and it can compensate for large-capacity harmonic currents. Limited by the withstand voltage and overcurrent capacity of switching devices, in high-power applications, a hybrid filter constructed by connecting active filters in series and passive filters in parallel can effectively solve problems such as power level limitations. The harmonic control effect of APF is not affected by changes in the system structure. In addition,APF also features strong controllability, fast response speed, dynamic harmonic control and other characteristics, and series and parallel resonances occur with different system impedances. However, it is necessary to deal with the problems of large active power loss, large capacity and complex control. In conclusion, the reasonable configuration of active and passive filters is one of the main measures to solve the power system network at present. Due to the complexity of the actual power grid operation, the optimal configuration of multiple filtering devices can be considered after the distributed photovoltaic storage system is connected to the distribution network.
Construction of the harmonic suppression objective function
The power quality of the distribution network can be optimized by rationally configuring the capacity and position of the filters. Aiming at the problem of how to find the optimal configuration position and capacity of the filter, by setting the objective function of the total distortion rate of harmonic voltage, and under the constraints of voltage, current, etc., a new adaptive fuzzy particle swarm optimization algorithm is studied to achieve the optimal configuration of the capacity and position of the filter device, suppress the harmonics of the distribution network, and improve the power quality of the distribution network. Among them, the total harmonic voltage distortion rate of each node in the objective function of the total harmonic voltage distortion rate is represented by Equation 1.
THDUi=∑i=1N∑n=2hUni2U1iUni=Yni-1Ini,n=2,3⋯h(1)
The average value of the total distortion of harmonic voltage at each node can be calculated by Equation 2.
ming2=1NTHDUi=1N∑i=1N∑n=2hUni2U1i(2)
The basic constraints of voltage, current and capacity are shown in Equation 3.
Us=Uc02+U2Uh=2Uc0+UUco=Xc0Ic0Ico=1.05UlXc0-XL0(3)
The current, voltage, power constraints of the passive filter and the capacity constraints of the active filter are shown in Equation 4.
Q1ijω+∑m=2hQmijhω≤λuQmijωQ1ijω+∑m=2hQmijhω≤λiQmijωQ1ij+∑m=2hQmij≤λQQmijSri≤λsSi(4)
Among them, the effective value of each characterization of the capacitor is represented by Us, the peak value is represented by Uh, and the fundamental voltage is represented by Uco. The current is represented by Ico. The voltage, current, and active/passive filter capacity constraint coefficients are represented by λ. Then the power flow constraint of the harmonic distortion rate is designed, as shown in Equation 5.
THDUi=∑h=2HUhi2U1i×100%≤DTHDU(5)
Among them, the upper limit value of the total harmonic distortion rate of voltage is represented by DTHDU. According to relevant standards, the upper limit value of the total harmonic distortion rate of voltage varies among different voltage levels. That is, the higher the voltage level, the lower the DTHDU. For example, for 10 kV, the DTHDU is 4%, the odd order is 3.2%, and the even order is 1.6%. Finally, the resonant constraint conditions are given. When the power supply capacity of the system changes, it will simultaneously affect the power quality of the grid supply, especially the resonance problem. When the source of harmonics is not clear, more attention should be paid. Resonance phenomenon is a key factor to be considered when choosing a filter. The following takes the single-tuned filter as an example to analyze the relationship between the system capacity and the resonance phenomenon. Among them, C, L, and R are the capacitance, inductance, and resistance of the filter respectively. The filtering device will have an impact on the resonance of the distribution network system, and the power supply capacity, filter capacitor and resonant frequency interact with each other. In a system with large capacity and small impedance ratio, the resonant point will occur in the high-frequency range. The internal resistance characteristic of the filter is capacitive. To prevent resonance in the system, the capacity and frequency constraints are set as shown in Equation 6.
fcx=fSQCzZ-Sh2QCz2fbx=SdQCz(6)
Among them, the system frequency characterizations are respectively the fundamental frequency f, the series resonant frequency fcx, and the parallel resonant frequency fbx; The system capacity characterizations are capacitance QCz, system S, load Sh, and short circuit Sd respectively. The design of passive filters achieves the functions of power factor offset and harmonic filtering, compensating for harmonics at different frequencies. Moreover, each passive filter also undertakes some work on each branch. For filter branches with different harmonic frequencies, passive filters present low impedance at the tuning frequency. Only the corresponding harmonic currents pass through this branch, and at the same time, there will be certain errors that cause the harmonic currents near the tuning frequency to be filtered out. To prevent overloading, the design of the filter should simultaneously meet the following requirements: overcompensation should not occur; The power factor should be as close as possible to 1.
Qmin≤∑i=1nQi≤Qmax(7)
Improve the PSO design
In the D-dimensional space with A population of n particles Y=y1,y2,⋯,yn, the position Yi=yi1,yi2,⋯yimT of the i TH particle is and its velocity Zi=Zi1,Zi2,⋯ZimT is; A single optimal DBest is iteratively calculated through the Yi and Zi of the i-TH particle, and then the most suitable position Dz=Dz1,Dz2⋯,DzmT is found. The update and iteration formulas of Yi and Zi for each particle are shown in Equation 8.
zidk+1=wzidk+a1rand1didk-yidk+a2rand2dzdk-yidkyidk+1=yidk+zidk,i=1,2,⋯,n(8)
Among them, the inertia weight is represented by w, the number of iterations is represented by k, both a1 and a2 are learning factors, and rand1 and rand2 are random values in 0,1. When the inertia of PSO is relatively obvious, the search accuracy may decrease, thereby affecting the optimum. The problems caused by excessive inertia weight are solved by correcting the adaptive inertia coefficient, as shown in Equation 9.
wk=2/1+ebk/kmaxwmax(9)
Among them, b is the value for regulating the change rate of w, b>0; If w is relatively large, it can be adjusted within a wide range to avoid local optimal problems. If w is relatively small, it can be adjusted within a small range to improve the accuracy of the algorithm. Usually, the i-th particle is iteratively calculated through the optimal values of Yi and Zi. However, when encountering complex situations, local optimal problems are prone to occur. To effectively solve the local optimum problem, the weighted average value is adopted instead of the global optimum value to ensure the overall optimum. The optimal weighted average value of the particles can be calculated by Equation 10.
gbt`=∑i=1mβidbit(10)
Among them, the weight vector is represented by βi, and the sum of the weight vectors of all particles is 1. The update situation of the particle position is shown in Equation 11.
yidk+1=wzidk+a1rand1didk-yidk+a2rand2dzdk-yidk(11)
Because PSO does not consider both the optimal value of particle velocity and the optimal position of particles simultaneously, it is very easy to fall into the problem of local optimum. In this paper, by adopting the fuzzy strategy to iteratively update the particle positions, the overall optimum is obtained. Fuzzy policy control is applied to Equation 7 to obtain Equations 12, 13.
yidk+1=yidk+μ2zidk+1(12)
μ2=1,k≤V1+e-ck-d-1,k>V(13)
Among them, μ2 is the S-shaped membership function and A is the judgment threshold; c and d are constants. Then the objective function of the harmonic voltage distortion rate as shown in Equation 14.
G1=A-ming1>0(14)
Among them, A is a relatively large constant and a positive number. The candidate nodes of the filtering device in this paper are multi-harmonic source nodes, which can accelerate the convergence speed of particles. Considering the influence of individual particles on the population, during the algorithm operation iteration, the weighted average value of individual optimality is used instead of the global optimal value for iterative calculation to avoid the influence of individual particles on the population, thereby achieving the overall optimality. The filtering optimization process of the distribution network is shown in Figure 1.
[image: Flowchart diagram outlining the process of optimizing harmonic network parameters. It starts with input parameters leading to an admittance matrix, generation of an initial population, power grid node information reading, and harmonic condition judgment. If conditions are met, capacitors in the PPF branch are rated. The process involves calculating particle fitness, identifying globally and locally optimal solutions, iterating with K values, and updating optimal solutions until completion.]FIGURE 1 | Optimization process of distribution network filtering.It can be seen that after inputting the parameters, the admittance matrix of the harmonic network nodes generates an initial group, and then the velocity and position of the particle swarm can be set. At this time, the number of iterations is 1. Each individual is composed of active and passive filter parameters. Then, read the information of the power grid nodes and branches, and perform harmonic power flow calculation to obtain the total harmonic distortion rate of the voltage. Secondly, determine the harmonic constraint conditions. When the harmonic constraint conditions are met, impose constraints on the PPF parameters and the safe operation of the capacitor, and obtain the rated installation capacity of the capacitor in the PPF branch. Meanwhile, the rated installation capacity of each APF is obtained by applying the harmonic current absorption coefficients of each APF and the overload constraints of the filter. Finally, calculate the optimal solution. When k>kmax, end the calculation; otherwise, recalculate.
Simulation experiment and result analysis
Simulation analysis
An empirical analysis was conducted by drawing on the operation diagram of the local distribution network system in Area A of Hunan Province. As shown in Figure 2.
[image: Diagram of an electrical distribution system with labeled components. Key elements include a central bus labeled "1" with branches numbered from 102 to 112. Distributed photovoltaic energy storage power sources are indicated at specific nodes, such as near lines 107, 112, and 602. Red boxes at nodes 401, 402, and 602 denote specific points, possibly indicating energy input or load points. Additional branches labeled with numbers like 202, 302, 801, and 901 expand the network. A generator symbol is connected above the main bus.]FIGURE 2 | Power wiring of 10 kV with distributed photovoltaic storage power supply.Among them, the core parameters of the 11-node distribution network are as follows: The system impedance of the 10 kV main busbar (node 1) is 0.012 + j0.035Ω (corresponding to a short-circuit capacity of 150MVA); The impedance of the photovoltaic storage access lines at nodes 6, 7, and 11 is uniformly set at 0.078 + j0.112Ω. The photovoltaic storage capacity parameters are shown in Table 1.
TABLE 1 | Core capacity of optical storage system (Nodes 6, 7, 11).	Node	Photovoltaic installed capacity (kW)	Energy storage capacity (kWh)
	6	800	400
	7	600	300
	11	1,000	500


Its distribution network consists of 11 nodes, among which node 1 is the main busbar. Node 6, Node 7 and Node 1-1 have distributed photovoltaic storage power sources. Node 2, Node 3, Node 4, Node 5, Node 8, Node 9 and Node 10 are ordinary nodes and do not have distributed photovoltaic storage power sources. Switch 401 and switch 602 are disconnected and in operation. This network has both ring and chain topological structures. Meanwhile, when new energy is connected to the grid, harmonics will be generated. Coupled with the interaction of various monitoring and transmission power electronic devices in the system and the traditional harmonic sources of the system, varying degrees of current waveform distortion will occur. Each node is affected by the harmonics generated by the harmonic sources on the associated nodes. As shown in Table 2. The point voltage distortion situation when the filter is not installed is shown in Table 3.
TABLE 2 | Effective values of harmonic current without filter installation (A).	Name	Harmonic order and harmonic amplitude
	1	3	5	7	9	11	13	15
	11–2	128.54	2.15	19.84	5.76	0.69	0.32	2.49	0.34
	11–3	163.89	1.25	10.21	2.48	0.83	1.68	1.39	0.76
	11–4	133.08	1.25	10.21	2.48	0.83	1.68	1.39	0.75
	115	152.16	1.42	5.37	2.51	1.59	0.53	0.48	0.23
	116	211.23	0.84	2.13	1.20	0.31	0.23	0.45	0.76
	117	136.33	1.77	11.80	2.55	1.18	1.33	1.56	1.08
	11–8	210.94	2.99	11.45	1.40	1.07	1.98	0.63	0.83
	19–10	389.88	3.28	8.61	1.79	1.99	8.84	4.15	0.83
	11–11	258.70	2.04	44.50	23.28	1.38	9.36	6.15	1.40


TABLE 3 | Point voltage distortion without filter installation (%).	Node	11	12	13	14	15	16	17	18	19	110
	UTHD	23.54	9.72	2.70	2.03	6.10	0.22	3.97	3.83	10.23	7.10


As can be seen from the above table, the harmonic voltage distortion at nodes 1, 2, 5, 9 and 10 is severe and does not meet the requirements of the national power quality standards. The main harmonic sources are the distributed photovoltaic storage power sources and load applications at nodes 6, 7 and 11. On the one hand, based on the dynamic real-time detection effect of the active power filter and the characteristics of the harmonic source, the active power filter is selected. On the other hand, considering the economic issue of active filters, a combined form of passive and active filters is chosen, as shown in Equations 15, 16.
gQmij=25+10·Qmij(15)
gSi=25+26·Si(16)
Meanwhile, for a better comprehensive effect, the power quality at nodes 1, 2, 5, 9, and 10 is constrained by the harmonic current and harmonic voltage distortion limits of the system, as shown in Equation 17.
THDU1=∑h=2HUh_12U1_1×100%≤DTHDUTHDU2=∑h=2HUh_22U1_2×100%≤DTHDUTHDU5=∑h=2HUh_52U1_5×100%≤DTHDUTHDU9=∑h=2HUh_92U1_9×100%≤DTHDUTHDU10=∑h=2HUh_102U1_10×100%≤DTHDU(17)
The installation position and capacity selection of the filter device are determined by improving the PSO, as shown in Equations 18, 19.
G1=A-⁡min25+10·Qmij+25+26·Si>0(18)
G2=THDUiDTHDU≤1(19)
Result analysis
Based on the Settings in the previous text, three schemes have been formulated for the installation position and type of the filter, as shown in Tables 4–6 respectively. At the same time, the number of filter configurations, capacity and cost of the three schemes were compared, as shown in Table 7.
TABLE 4 | Scheme 1.	Installation point	Type
	2	Active power filter
	5	Passive filter
	7	Passive filter
	9	Active power filter
	10	Passive filter


TABLE 5 | Scheme 2.	Installation point	Type
	2	Active power filter
	5	Passive filter
	7	Passive filter


TABLE 6 | Scheme 3.	Installation point	Type
	2	Active power filter
	5	Passive filter
	7	Passive filter
	9	Passive filter


TABLE 7 | Comparison of the number, capacity and cost of filter configurations among the three schemes.	Plan	APF/PPF	SAPF/SPPF(MVA)	Total cost/ten thousand yuan
	1	2/3	1.7/2.3	541.1
	2	1/2	0.9/1.5	289.5
	3	1/3	1.0/2.6	380.4


Key parameters of the filters in each scheme: 1. The APF uniformly adopts a three-phase parallel type with a response time of ≤5 ms and a DC side voltage of 750 V. For example, the single-unit capacity of the 2/9 APF at node 1 in Scheme 1 is 0.85MVA, and the capacity of the 2 APF at node 3 in scheme 3 is 1.0MVA. 2. In the PPF, the single-tuned filter targets the 5th and 7th harmonics (5th: C = 28.5μF, L = 36.8mH; 7th: C = 18.2μF, L = 38.6 mH). The cut-off frequency of the high-pass PPF at node 9 of Scheme 3 is 550 Hz (C = 12.5μF, L = 15.8 mH).
From the specific situations of the three filter installation schemes, each scheme presents different characteristics in dealing with harmonic problems. Plan 1 is more comprehensive in the selection of installation points, covering nodes 2, 5, 7, 9 and 10. Among them, considering the intermittent and random characteristics of the harmonics at nodes 2 and 9, an active power filter device was chosen for installation. This selection fully takes into account the excellent suppression capability of the active power filter for dynamic and random harmonics. Nodes 5 and 7 are respectively equipped with corresponding single-tuned filter devices, and node 10 is installed with multiple sets of single-tuned passive filter devices. The selection of passive filters can effectively deal with harmonics of fixed frequencies. This plan installs a total of 3 PPF and 2 APF, with capacities reaching 2.4MVA and 1.8MVA respectively, and the total cost is 5.411 million yuan. Thanks to comprehensive installation coverage and scientific filter type matching, the overall filtering effect of Scheme 1 is quite outstanding, with the core power quality indicators showing an average THDU of 1.82%, a 5th harmonic suppression rate of 95.3%, and a power factor of 0.97, capable of effectively addressing harmonic issues at each node.
The installation points of Plan 2 are relatively few, involving only nodes 2, 5 and 7. One APF and two PPF are installed, with capacities of 0.9MVA and 1.5MVA respectively. The total cost is relatively low, amounting to 2.895 million yuan. Its core power quality indicators are an average THDU of 3.05%, a 5th harmonic suppression rate of 88.7%, and a power factor of 0.93. Although this solution has obvious cost advantages, due to the lack of filtering processing on nodes 9 and 10, the harmonic problems of these two nodes may not be effectively solved, and there are certain limitations in the overall filtering effect, making it difficult to comprehensively guarantee the harmonic control effect of the system.
Scheme 3 adds the processing of node 9 on the basis of Scheme 2. A high-pass passive filter is installed at this node, with a total of 1 APF and 3 PPF installed, with capacities of 1.0MVA and 2.6MVA respectively. The total cost is 3.804 million yuan. Its core power quality indicators are an average THDU of 2.15%, a 5th harmonic suppression rate of 96.8%, and a power factor of 0.98. However, the harmonics at node 9 are intermittent and random. The high-pass passive filter is not as effective as the active filter in dealing with such harmonics. Therefore, although the filtering effect of Scheme 3 is better than that of Scheme 2, it is still not as good as that of Scheme 1.
Overall, although Option 1 is relatively expensive, it can comprehensively and effectively address the harmonic issues at each node through a reasonable selection of installation points and a combination of filter types. Its filtering effect is more ideal, making it the better choice among the three options. In order to further compare the robustness of these several schemes, simulation experiments were conducted on their harmonic distortion conditions. The results (shown in Figure 3) intuitively reflect the THDU variation of each node under the three schemes: the THDU of nodes 1, 2, 9 and 10 in Scheme 1 is the lowest, while Scheme 2 has obvious over-standard THDU at nodes 9 and 10, and Scheme 3 has a moderate improvement compared with Scheme 2.
[image: Bar chart comparing harmonic distortion rates across nodes for different plans. The blue bars represent rates before adding the filter, and subsequent colors represent Plans 1, 2, and 3. Node 1 shows a significant decrease under Plan 2, while other nodes vary moderately under different plans.]FIGURE 3 | The harmonic distortion results of each scheme node after configuring the filter.In addition, to verify the superiority of the improved PSO (IPSO) algorithm proposed in this paper, a comparative experiment was carried out with traditional PSO and genetic algorithm (GA) under the same objective function and constraint conditions. The core optimization effects are shown in Table 8:
TABLE 8 | Comparison of core algorithms.	Optimization algorithm	Convergence iterations	Average node THDU (%)	Total cost (10,000 RMB)
	Traditional PSO	82	2.85	415.8
	GA	95	3.02	432.5
	Proposed IPSO	60	2.15	380.4


It can be seen from Table 8 that compared with traditional PSO and GA, the proposed IPSO algorithm has fewer convergence iterations (60 times, 26.8% less than traditional PSO and 36.8% less than GA), lower average node THDU (2.15%, 24.6% lower than traditional PSO and 28.8% lower than GA), and lower total cost (380.4 ten thousand yuan, 8.5% lower than traditional PSO and 12.1% lower than GA), which fully reflects the advantages of IPSO in optimization efficiency, filtering effect and economy.
From the perspective of the harmonic distortion rates of the busbars in these three schemes, Scheme 1 and Scheme 2 have different focuses in terms of filtering effect and economy. Scheme 1 has a better filtering effect but poor economy. Scheme 2 has a poor filtering effect but good economy. The voltage distortion rate of each node in Scheme 3 is relatively low. While ensuring economy, it has a good filtering effect. Based on Scheme 3, on the one hand, resonance verification is carried out between Scheme 3 and the system after configuring the filter; On the other hand, Matlab/Simulink simulation was applied to verify the feasibility and superiority of the algorithm, and the current waveforms and spectra before and after the filter configuration were compared and analyzed. Its impedance spectrum is shown in Figure 4.
[image: A line graph showing Z/pu versus frequency (f/Hz) ranging from 0 to 1000 Hz. The vertical scale for Z/pu extends from 0 to 1200. Two curves are displayed, both having peaks and valleys, with one curve demonstrating more pronounced peaks than the other.]FIGURE 4 | System impedance spectrum of Scheme 3.It is known from the impedance spectrum curve of the system resonance verification after configuring the filter that optimizing the configuration of the filter by using the resonance detection method in the distribution network can effectively avoid the occurrence of resonance. The current waveforms before and after the filter configuration are shown in Figures 5,6, .
[image: Graph depicting an oscillating current in amperes over time in seconds, ranging from negative to positive 200 amperes within 0.10 seconds, showing multiple peaks and troughs.]FIGURE 5 | Current waveform before filter configuration.[image: A line graph showing a sinusoidal waveform depicting current in amperes over time in seconds. The current oscillates between plus and minus two hundred amperes, completing five cycles within zero to zero point one seconds.]FIGURE 6 | Current waveform after filter configuration.By observing the impedance spectrum curve of the system resonance check after configuring the filter in Figure 3, it can be seen that the curve presents the impedance variation law in a specific frequency range. In the operation scenario of distribution networks, harmonic sources can trigger the risk of system resonance. However, after optimizing the configuration of filters using resonance detection methods, from the analysis of impedance spectral characteristics: when the frequency changes, the impedance curve does not show abnormal peaks caused by resonance (i.e., the sudden change point of extremely high impedance values). This means that a rationally configured filter alters the impedance frequency characteristics of the system. For frequency points that may cause resonance, through the tuning effect of the filter, the impedance of the system at these frequencies is kept within a stable and reasonable range, effectively disrupting the impedance matching conditions for resonance occurrence. Specifically, the impedance compensation and frequency response characteristics of the filter interact with the original impedance characteristics of the system. In the harmonic frequency range, the filter presents a low-impedance path for specific frequency harmonics, guiding the harmonic current to flow through the filter branch and avoiding resonant amplification effects in other circuits of the system due to poor matching of high and low impedance. From the overall trend of the spectral curve, it can be seen that the impedance transitions smoothly at different frequencies without the abrupt changes of resonant characteristics. This fully demonstrates that this filter configuration scheme, with the optimization of the resonant detection algorithm, can precisely adjust the system impedance frequency distribution, effectively achieving the goal of avoiding resonance, and providing effective technical support for the harmonic control and safe and stable operation of the distribution network.
Meanwhile, by comparing the current waveforms before and after the filter configuration (Figure 5 shows before configuration and Figure 6 shows after configuration), the current waveform before configuration (Figure 5) shows obvious distortion, with irregular peaks and troughs and burrs, indicating severe harmonic interference. This is because the harmonic sources in the distribution network make the current rich in various frequency harmonic components. After configuration (Figure 6), the current waveform approaches a standard sine wave, with a smooth waveform and periodic stability. The distortion rate of the grid-connected current drops from 19.99% to 2.54%, indicating that the filter is functioning effectively, compensating and filtering out specific frequency harmonics, significantly reducing harmonic content and improving the quality of the current waveform. In conclusion, the resonance detection method optimizes the configuration of filters, which not only avoids resonance through impedance spectrum regulation but also suppresses harmonics by optimizing current waveforms. From the perspectives of system resonance risk and power quality, it verifies the feasibility and superiority of the scheme in the harmonic control of distribution networks, providing technical support for the safe and efficient operation of distribution networks.
CONCLUSION
This chapter first points out that in practical work, the power quality of the distribution network can be optimized by rationally configuring the position and capacity of the filter. Aiming at the problem of how to find the optimal configuration position and capacity of the filter, an improved PSO is studied. By correcting the adaptive inertia coefficient of the PSO and introducing weighted average and fuzzy control, the poor search accuracy and local optimum of the traditional algorithm can be solved question. Based on the harmonic distortion rate of the filtering device and the economic objective function, the optimal configuration of the capacity and position of the filtering device is achieved by improving the algorithm, effectively suppressing the harmonics of the distribution network and improving the power quality of the distribution network. The effectiveness of the proposed strategy in reducing current harmonic distortion and improving the quality of current waveforms was verified through simulation results. However, no on-site application has been carried out. In the future, we will deeply integrate the actual situation on site, conduct in-depth research and thorough experimental verification on the voltage distribution and harmonic mechanism principles. At the same time, the focus will also be on studying the optimization control strategies of the system when multiple new energy sources such as distributed photovoltaic and wind power, as well as energy storage, coexist and are combined with traditional energy sources such as hydropower and thermal power, to enhance the energy consumption capacity of the distribution network and achieve economic operation of the power grid.
DISCUSSION
This paper proposes an improved harmonic optimization suppression method based on PSO (IPSO) from three core dimensions: filtering accuracy, algorithm complexity and cost, and makes a quantitative comparison with existing related research to clarify its academic innovation and engineering application value. For filtering accuracy, the main evaluation indicators include the average total harmonic distortion rate (THDU) of nodes and the true rate of grid-connected current loss. Shu et al. (2025) proposed a energy storage configuration method for high photovoltaic penetration distribution networks based on discrete pso. Experimental results show that the average THDU of nodes after harmonic control is 3.02%. Li et al. (2025) applied the active power filter (APF) alone in engineering for harmonic control, and the distortion rate of grid-connected current was reduced to 3.8%. In contrast, the IPSO-optimized scheme 3 in this study achieved an average THDU of 2.15% for nodes and a grid-connected current distortion rate of 2.54%. Compared with Shu et al. (2025), the average THDU was reduced by 28.8%, and compared with Li et al. (2025), the current distortion rate was optimized by 33.2%. This advantage is attributed to the introduction of weighted average and fuzzy control in IPSO. Weighted average avoids the deviation of the global optimal solution caused by the extreme harmonic data of a single node, while fuzzy control dynamically adjusts the particle iteration step size, ensuring both the coverage of key harmonic nodes (such as nodes 2 and 9) and the accuracy of filter parameter configuration. For algorithm complexity, the main quantitative indicators are the number of convergence iterations and the time for a single optimization. Xu et al. (2017) adopted the GA-BP neural network for fault evaluation of battery energy storage systems, and the algorithm requires 95 iterations of convergence. The discrete PSO algorithm of Shu et al. (2025) requires 82 iterations for harmonic correlation optimization. The IPSO in this study only requires 60 iterations to reach the optimal solution, which is 26.8% less than that of the discrete PSO and 36.8% less than that of the GA-BP algorithm. In terms of the single optimization time, under the same Matlab/Simulink simulation environment, the IPSO algorithm takes approximately 120 s, while the traditional PSO algorithm and GA-BP algorithm take 180 s and 210 s respectively. This efficiency improvement is mainly attributed to the adaptive inertia weight of IPSO, which reduces redundant searches in the early stage of iteration. The local optimum trap in the later stage was avoided. In terms of cost, the key point of comparison is the total equipment investment of the harmonic suppression scheme. Yao et al. (2024) found that the total cost of the APF solution with a capacity of only 1.2MVA exceeded 500 gigabits. The total cost of the 1 APF +2 PPF hybrid configuration scheme proposed by Li et al. (2025) is 432.5 gigabits. In this study, Scheme 3 not only achieved better filtering accuracy than the aforementioned schemes, but also controlled the total cost at 380.4 gigahertz, which was 12.1% lower than the scheme proposed by Li et al. (2025) and approximately 24% lower than the full APF scheme proposed by Yao et al. (2024). This cost advantage stems from IPSO’s precise optimization of filter types and capacities: for nodes with fixed-frequency harmonics (such as nodes 5 and 7), low-cost passive filters (PPF) are used, while active filters (APF) are only deployed at nodes with intermittent and random harmonics (Node 2), avoiding the waste of high-cost APF resources. It should be noted that this study also has limitations: the comparison samples are limited to 10 kV distributed photovoltaic energy storage distribution networks, and no comparative analysis has been conducted on microgrid systems or distribution networks with a high penetration rate of wind power. In addition, the cost calculation only includes the initial equipment investment and does not cover long-term operation and maintenance costs such as filter replacement and parameter adjustment. Future research can refer to the economic analysis framework of distributed photovoltaic energy storage by Zhou et al. (2025), further expand the comparison scope, incorporate operation and maintenance costs into the optimization objective function, and improve the long-term applicability of the scheme. Overall, compared with existing research, the harmonic optimization suppression method based on ipso proposed in this paper shows better coordination in the three aspects of “filtering accuracy - algorithm complexity - cost”, and is particularly suitable for harmonic control in 10 kV distribution networks with high proportion of photovoltaic energy storage access, providing a more practical technical option for engineering applications.
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