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Resilience assessment and enhancement in distribution networks primarily focus on the ability to support and recover critical loads after extreme events. With the increasing integration of new energy sources and power electronics, distribution networks have gained a degree of resilience. However, the impact of power quality issues on these networks has become more severe. In some cases, even networks assessed as highly resilient by users suffer equipment damage and substantial economic losses due to power quality issues. To address this issue, this paper builds upon conventional distribution network resilience assessment methods by supplementing and modifying indices in the dimensions of resistance and recovery to account for power quality issues. Furthermore, an optimized energy storage system (ESS) configuration model is proposed as a technical means to minimize the total operational cost of the distribution network while enhancing comprehensive resilience indices. The proposed nonlinear optimization model is solved using second-order cone relaxation techniques. Finally, the proposed strategy is simulated on the IEEE 33-node distribution network. The simulation results demonstrate that the proposed strategy effectively improves the comprehensive resilience indices of the distribution network and reduces the total operational cost.
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1 INTRODUCTION
The distribution network resilience reflects the ability of the distribution system to re-sist, adapt to, and recover from various disturbances. Research on the resilience of distribution networks has garnered widespread attention against the backdrop of the low-carbon transition and the integration of renewable energy sources (Paul et al., 2024; Mishra et al., 2021; Sonal and Ghosh, 2021; Zhou et al., 2023). As the proportion of distributed photovoltaic (PV) generation systems in distribution networks continues to increase, the ability to support critical loads during extreme events has significantly improved. However, this increase has also introduced a series of power quality issues, deteriorating the steady-state power quality of the grid. Simultaneously, the proportion of power quality-sensitive loads in distribution networks has been increasing yearly. Various sensitive users are adversely affected by transient power quality disturbances, such as voltage sags (Chen et al., 2013), leading to issues such as process interruptions, substandard products, reduced production efficiency, and equipment damage, which result in significant economic losses. There is a substantial mismatch between the actual resilience perceived by sensitive users and the evaluation results from existing resilience assessment systems. Therefore, considering the impact of power quality in comprehensive distribution network resilience assessments is both objective and necessary. Currently, ESS are garnering extensive attention in research focused on enhancing the resilience of distribution networks according to their flexible regulation capabilities (Zhang et al., 2023; Nazemi et al., 2020; Mishra et al., 2022; Shi et al., 2022). Especially, Reference (Shi et al., 2022) proposes a mixed-integer program-based centralized and distributed BESS allocation, which considers the optimal locations and operation status of ESSs. Consequently, selecting effective and economical ESS optimization configurations to enhance the comprehensive resilience of distribution networks holds significant theoretical and practical importance.
Numerous studies have explored planning schemes to enhance the recovery resilience of distribution networks. Reference (Liu et al., 2022) proposed an ESS optimization configuration method based on prospect theory to improve the comprehensive utility of ESSs and grid resilience. Reference (Zhang et al., 2021) presented a two-stage strategy to enhance distribution network resilience by ensuring power supply through multisource coordination before and after disasters. References (Yuan et al., 2016) and (Tur, 2020) focused on optimizing ESS configurations with the objective functions of improving distribution network supply reliability and minimizing comprehensive operational costs to enhance both the resilience and economic efficiency of the distribution network.
In addition, the anti-interference ability of the user side of the distribution network for power quality events after large-scale distributed photovoltaic access has also received extensive attention. In Reference (Alshareef, 2023), the correction index of power supply reliability considering the sag equivalent time is given to measure the influence of the modern load on power quality. Reference (Li et al., 2023) investigated the impact of power quality in the joint optimization of wind and storage in distribution networks, revealing the relationship between the integration capacity of various renewable energy sources and power quality levels. References (Kadir et al., 2014) and (Zuo et al., 2015) selected the power quality indices most affected by distributed PV integration as evaluation factors and proposed correction schemes to improve power quality indices using data envelopment analysis and power quality health assessment methods, respectively. References (Lu et al., 2019) and (Venkatesan et al., 2024) addressed a series of power quality issues brought about by the integration of distributed renewable energy, enhancing the economic efficiency and power supply quality of the distribution network through optimized ESS configurations. These studies primarily focused on using ESSs to improve the distribution network’s support and recovery capabilities for critical loads or to enhance power quality indices. However, they did not fully reflect the improvement in comprehensive resilience indices of distribution networks when accounting for the impact of power quality. As a result, even with high conventional resilience evaluation results, power quality indices may still exceed certain limits, potentially harming user-side electrical equipment.
In summary, the existing resilience improvement studies for distribution networks are still mainly focused on conventional power quality indices; although an ESS can be used as an effective method to improve the power quality of distribution networks, if only a single power quality index is used as the objective function under multiple power quality indices, the planning results may cause other power quality problems in the operation of the system, and it is difficult to effectively improve the comprehensive toughness of the distribution network. To address the abovementioned deficiencies, this paper incorporates the impact of power quality issues into the dimensions of resistance and recovery. The main contributions are summarized as follows:
• Enhanced Power Quality Consideration: Incorporating power quality indicators into the conventional comprehensive resilience assessment index system more comprehensively reflects the comprehensive resilience level of the distribution network, and avoids the deterioration of power quality level in the distribution network when the resilience assessment level is high. Meanwhile, the multi-dimensional resilience index reduces the possibility of equipment damage and economic loss caused by power quality issues in distribution network under disturbance.
• Dual-Objective Optimization: The proposed model employs a dual-objective optimization strategy that simultaneously minimizes operational costs and maximizes resilience. Meanwhile, this paper applies a linear weighting method after fuzzifying the objective functions to integrate the two objectives, and transform the bi-objective optimization problem into a single-objective optimization problem. This approach addresses the high economic costs associated with ESS configurations, balancing resilience with operational efficiency.
• Adaptability to High PV Penetration: Under the condition of using the comprehensive resilience index of the distribution network as the judgment standard, the coupling mechanism between the distributed photovoltaic penetration rate and the energy storage configuration capacity of the distribution network is analyzed, and the matching between the optimal configuration capacity of the energy storage and the optimal installed capacity of the photovoltaic is realized.
2 COMPREHENSIVE RESILIENCE EVALUATION SYSTEM FOR REGIONAL DISTRIBUTION NETWORKS
Considering the various disturbances that distribution networks need to withstand, this paper adopts three performance characteristics—resistance, recovery, and adaptability—as primary indices for comprehensive resilience (Paul et al., 2024). Since the focus of this study is on enhancing distribution network resilience through ESS configurations, directly relevant secondary indices are selected to multidimensionally characterize the comprehensive resilience of the distribution network, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Distribution network comprehensive resilience evaluation system.
The resilience demand and enhancement module primarily provide an overall description of the causes of resilience deficiencies in the distribution network, quantifies relevant indicators, and outlines improvement measures. This module also refines and integrates the proposed power quality indicators with traditional resilience indexes to establish a comprehensive resilience assessment index system. Furthermore, the comprehensive resilience index obtained is used as an objective function. By accounting for the boundary of multi-resource adjustment capabilities, a strategy and solution method for enhancing distribution network resilience are proposed. This approach yields the optimized configuration of energy storage and evaluates the resilience improvement of the distribution network.
2.1 Resistance index (F1)
Resistance typically refers to the ability of a distribution network to withstand disturbances that may cause safety and stability issues in electrical equipment and systems. However, with the high penetration of distributed PV systems, the intermittent and variable nature of PV generation can lead to significant fluctuations in voltage levels and power quality, rapid changes in solar irradiance result in unpredictable voltage deviations and fluctuations, making it damaging electrical equipment and threatening the safe operation of the system. Additionally, PV systems use power electronic converters that can introduce harmonic distortions into the network. This is particularly problematic when a high proportion of PV systems are connected to the grid, as cumulative harmonic effects can degrade power quality and affect sensitive equipment. Therefore, this paper builds upon the traditional definition by further considering the grid’s tolerance to total current harmonic distortion, voltage deviation, and voltage fluctuation. Consequently, a resistance index (F1) that accounts for power quality is constructed.
2.1.1 Bus voltage margin (F11)
The bus voltage margin refers to the buffer between the actual operating voltage of the bus and its upper voltage limit. This metric is used to assess the bus’s ability to remain within limits during grid disturbances and can be expressed as Equation 1.
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where U is the operating voltage of the evaluated bus and Umax and Umin are the maximum and minimum voltage limits, respectively.
2.1.2 Comprehensive voltage qualification rate (F12)
The comprehensive voltage qualification rate refers to the proportion of time within an operational period during which the user side voltage remains within the acceptable range. This metric is used to measure the availability of power quality as experienced by the users and can be expressed as Equation 2.
[image: image]
where M is the number of users; tst,i is the number of hours that the voltage for user i remains within the acceptable range during an operational period; and T is the total assessment period.
2.1.3 Harmonic current margin (F13)
The total harmonic distortion (THD) of the current refers to the ratio of the root mean square (RMS) value of the harmonic content to the RMS value of the fundamental component in the current flowing through electrical loads. When the total harmonic current distortion in the distribution network exceeds acceptable limits, it can cause excessive heating in transformers and motors, leading to damage to electrical equipment (Zuo et al., 2015). Therefore, this paper considers the harmonic current margin of the distribution network following the integration of distributed PV and ESS, which can be expressed as follows:
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where Ih is the hth harmonic current; I1 is the fundamental current; IPV is the fundamental current injected by the PV generation system; IESS is the fundamental current injected by the ESS; and 5% and 3% represent the limit and warning values, respectively (IEEE Recommended Practices and Requirements, 1992).
2.1.4 Voltage deviation margin (F14)
Voltage deviation refers to the relative difference between the actual operating voltage at a node and the system’s nominal voltage. When the voltage deviation exceeds acceptable limits, it can reduce the performance or even cause damage to electrical equipment, such as motors (Zuo et al., 2015). Therefore, this paper considers the voltage deviation margin of the distribution network, which can be expressed as follows:
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where Ui is the actual operating voltage at node i; UN is the nominal system voltage; and 7% and 4.2% represent the limit and warning values, respectively (General Administration of Quality Supervision, 2008b).
2.1.5 Voltage fluctuation margin (F15)
Voltage fluctuation refers to the ratio of the difference between the maximum and minimum voltages at a node during an operational period to the system’s nominal volt-age. When the voltage fluctuation exceeds acceptable limits, it can cause malfunction or even damage to electronic instruments and equipment (Zuo et al., 2015). Therefore, this paper considers the voltage fluctuation margin of the distribution network, which is expressed as follows:
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where ΔUi is the difference between the maximum and minimum voltages at node i during the operational period; 3% and 1.8% represent the limit and warning values, respectively (General Administration of Quality Supervision, 2008a).
2.2 Resilience index (F2)
Generally, resilience refers to the ability of a distribution network to quickly restore system performance after disruptions. Sudden changes in load demand, especially in networks with high PV penetration, can lead to voltage sags and swells. These fluctuations impact the reliability of power supplied to users and increase the likelihood of equipment malfunction or damage. Consequently, directly related indices are selected, and adjustments are made to account for the impact of voltage sags and short-term interruptions (referred to as voltage sags) in the assessment of system supply reliability.
2.2.1 Power supply reliability (F21)
Power supply reliability refers to the ability of a power system to provide a continuous electricity supply. The increasing prevalence of sensitive equipment has heightened the impact of voltage sags, which can disrupt the normal operation of user equipment and even cause damage, leading to significant losses and hazards for users. Therefore, this study modifies the power supply reliability to account for the impact of voltage sag events, which is expressed as follows:
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where ttd represents the average number of outage hours for users in the region and ttd-sag is the equivalent average number of outage hours due to voltage sag events for users in the region.
2.2.2 Load loss rate (F22)
The load loss rate refers to the proportion of the interrupted load to the total load during extreme events. This metric is used to assess the ability of the distribution network to maintain a power supply to critical loads during such events and is expressed as Equation 7.
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where Pzd represents all the interrupted loads in the system and Pload represents all the loads in the system.
2.3 Adaptability index (F3)
Generally, adaptability refers to a distribution network’s flexible resources and transmission capacity margins, which enable it to accommodate fluctuations in system operating conditions caused by disturbances.
2.3.1 Line average load rate (F31)
The line average load rate refers to the average ratio of the maximum load to the capacity of each line in the distribution network. This metric is used to assess the ability of the distribution network to handle future load uncertainties and fluctuations and can be expressed as Equation 8:
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where Rtotal is the sum of the load rates of all lines in the network; Nb is the number of lines in the system.
2.3.2 Distributed generation penetration rate (F32)
The distributed generation penetration rate refers to the proportion of the total capacity of flexible resources connected to the system. This metric is used to assess the ability of the distribution network to regulate various flexible resources in response to disturbances and can be expressed as Equation 9.
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where PW and PPV are the total capacities of the wind and photovoltaic systems connected to the grid, respectively, and PG is the total capacity of the thermal power generation units.
2.3.3 Load peak-to-valley difference rate (F33)
The load peak-to-valley difference rate refers to the ratio of the difference between the maximum and minimum loads to the maximum load within a specific time period in the power system. This metric is used to assess the power regulation capacity required by the distribution network to accommodate daily load variations, which can be expressed as Equation 10.
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where PH is the peak load; PL is the valley load in the region on a typical day.
It should be noted that the design of the resilience assessment framework in this study, particularly in selecting indicators for resistance and recovery, fully considers the typical disturbances associated with high distributed PV penetration, such as voltage deviations and harmonic currents. These factors are especially prominent given the fluctuations in PV output, which significantly impact the power quality and stability of distribution networks. Consequently, the adjustments and enhancements made to resilience indicators in this context allow the model to more accurately reflect the resilience characteristics of systems under high PV penetration conditions.
2.4 Comprehensive resilience index (Fre)
2.4.1 Subjective weights analysis based on improved analytic hierarchy process
Considering the varying operating environments and service users of different types of distributed power sources, it is crucial to consider the perspectives of users from different regions when conducting comprehensive resilience assessments. Therefore, this article adopts the improved AHP. The specific implementation steps are as follows.
Step 1: Determine the hierarchical structure of the comprehensive resilience indicators based on suggestions from all stakeholders, and rank them according to their importance.
Step 2: Compare the importance of each indicator sequentially and determine the corresponding scale.
Step 3: Calculate the values of other elements based on the transitivity of the importance of each indicator and establish the following judgment matrix as Equation 11.
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where A is the judgement matrix of indicator’s importance; n represents the number of indicators to be evaluated; rij is the indicator scale.
Step 4: Calculate the weight values of each indicator from matrix A as Equation 12:
[image: image]
where si represents the subjective weight value corresponding to the comprehensive toughness indicators.
2.4.2 Objective weight analysis determination based on entropy weight method
The specific steps of entropy weight method are as follows.
Step 1: Indices dimensionless. Since the indicators of resistance, resilience, and adaptability in this article are all positive indicators (i.e., the larger the indicator value, the better), the calculated formula is as Equation 13.
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where zij is the jth evaluation indicator in the ith evaluation scenario after non-dimension; xij is the original evaluation indicators; xj,min and xj,max are the minimum and maximum values of original evaluation indicators.
Step 2: The entropy of the uth index in the vth evaluation scenario is defined as Equation 14.
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where eu is the entropy of proposed indicator.
Step 3: Calculate the objective weight values of each indicator as Equation 15:
[image: image]
where ωm is the objective weight of proposed indicators.
2.4.3 The optimal weight of comprehensive subjective and objective weighting
Based on the abovementioned index system, the comprehensive resilience index measurement vector F is obtained, the comprehensive assessment result Fre is expressed as Equations 16, 17:
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where n represents the number of indices to be evaluated.
3 ESS OPTIMIZATION CONFIGURATION MODEL FOR ENHANCING DISTRIBUTION NETWORK RESILIENCE
This article constructs a multi-objective optimization model for ESS optimal capacity allocation with the lowest total cost of the distribution network and the highest comprehensive resilience index considering power quality. The model is expressed as Equation 18:
[image: image]
where x is the optimization variable; U is the control variable; Ctotal(x, u) and Fre (x, u) represent the total cost and the comprehensive resilience of the distribution network, respectively; H(x, u) and G(x, u) are the equality and inequality constraints of the model, respectively.
Due to the differing dimensions of the optimal distribution network resilience objective and the total operating cost objective, a simple addition of the two is not feasible. Thus, this paper applies a linear weighting method after fuzzifying the objective functions to integrate the two objectives and transform the bi-objective optimization problem into a single-objective optimization problem. The specific steps are as follows.
Step 1: Perform optimization with the objective function of minimizing the total operating cost of the distribution network, yielding the minimum operating cost f1m, which serves as the lower bound for operating costs. Substitute f1m into the objective function f2 to obtain the resilience index of the distribution network f2m under these conditions, setting the lower bound for resilience.
Step 2: Perform optimization with the objective of maximizing distribution network resilience, obtaining the optimal resilience f2M, which serves as the lower bound for resilience. Substitute f2M into the objective function f1 to determine the corresponding total operating cost f2M, setting the upper bound for operating costs.
Step 3: Apply fuzzification to the objective functions, using the membership function defined as Equations 19, 20:
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where μ(f1) and μ(f2) represent the membership functions of the economic objective and the operational resilience objective, respectively.
Further employing a linear weighting method to combine the two objective functions enables the transformation of the bi-objective optimization problem into a single-objective optimization problem for solution. The bi-objective optimization model is transformed as Equation 21:
[image: image]
where α and β represent the weight coefficients corresponding to the membership functions of each objective, with α + β = 1.
In addition, the block diagram of the ESS optimized configuration model proposed in this paper is shown in Figure 2. Based on the proposed comprehensive resilience index of distribution network, under multi-dimensional constraints, the optimal operation cost of distribution network and the optimal comprehensive resilience of the system are taken as the objective function, and the mixed integer optimization is used to solve the problem. The optimal configuration scheme and optimal operation strategy of ESS are obtained, which can enhance the resilience of distribution network and help the stable operation of the system.
[image: Figure 2]FIGURE 2 | Block diagram of the optimized strategy.
3.1 Objectives
3.1.1 Lowest total cost
The total cost of the model mainly includes the investment conversion cost Cinvest, operation and maintenance cost Cmaint, and network loss cost Closs of the distribution network ES device within one operating cycle. This paper further considers the economic loss cost Csag caused by user voltage sag events. The objective function is as follows:
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where Ωess is the set of all nodes configured with ESS; Ress is the discount rate of ESS; Yes is the service life of ESS; Cinvest is the investment cost per unit capacity; Eess,i is the ESS capacity configured for node i; Cmaint is the annual operating and maintenance cost per unit capacity; Ωb is the set of all branches in the distribution network; Closs is the unit network loss cost; Iij,t is the current of branch ij at time t; Rij is the resistance of branch ij; CSAG is the average economic loss value of a single voltage sag for the user, and K is the number of voltage sag events that occur within one operating cycle.
3.1.2 Strongest comprehensive resilience
Based on the conventional grid elasticity index evaluation system, this paper further considers the impact of distributed PV access on power quality indicators, and proposes a comprehensive resilience index that takes into account both traditional elasticity indicators and power quality. The objective function is to achieve the strongest comprehensive resilience of the distribution network within one operating cycle:
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3.2 Constraints
3.2.1 Power balance constraint
The distribution system satisfies power balance as Equation 24
[image: image]
where PG,t, PWT,t, PPV,t, PES,t are the outputs of thermal power units, wind turbines, PV, and ESS in the distribution network at time t, respectively.
3.2.2 ESS operating constraint
The ESS operating satisfies Equations 25, 26:
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where μi is a 0-1 variable, in which μi = 1 indicates that ESS is configured at node i, and μi = 0 indicates that ESS is not configured at node i; Pch i,max, Pdis i,max are the maximum values of ESS charging and discharging power at node i, respectively; Pi,t is the exchange power between ESS and distribution network at node i at time t; ei,t, ei,t+Δt are the capacities of ESS at node i at time t, t+Δt, respectively; SOCi,t, SOCi,0, SOCi,T are the state of charge of the ESS at node i at time t, 0, and T, respectively; SOCi,min, SOCi,max are the upper and lower limits of the state of charge of the ESS at node i, respectively; Eess,i is the capacity of ESS at node i.
3.2.3 Branch flow constraints
Node power constraints as Equations 27, 28:
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Ohm’s law constraint (Equation 29):
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Node voltage constraint as Equation 30:
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where Vi,min and Vi,max are the minimum and maximum voltage amplitudes operating at node i.
Branch current constraint as Equation 31:
[image: image]
where Iij,t is the current flowing through branch ij; Iij,max is the maximum current allowed by branch ij.
3.2.4 Resilience indicator constraints
To ensure the safe operation of the distribution network, the comprehensive resilience index should meet the constraint conditions of not exceeding the limit as Equation 32:
[image: image]
where [image: image] is the comprehensive resilience indicator limits.
3.3 Model linearization based on convex relaxation technique
The above ES optimization configuration model is a non-convex nonlinear programming problem that is difficult to solve. Therefore, this paper uses second-order cone relaxation technology to transform the model in advance, making it easy to solve using mature commercial optimization software Gurobi (Zhang et al., 2024).
3.3.1 Linearization of power flow constraints
Perform second-order cone relaxation transformation on the ES optimization configuration model with Xij = I2ij and Yj = V2j as Equations 33–36:
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3.3.2 Linearization of objective function
The cost of network loss can be linearized as Equation 37:
[image: image]
3.3.3 Linearization of ES operation constraints
Nonlinear constraints containing 0-1 variables can be transformed using the Big-M method as Equation 38:
[image: image]
where M1 and M2 are relatively large constants; A1 and A2 are auxiliary variables.
4 CASE STUDY
4.1 Scene setting
In this study, the IEEE 33-node distribution system with integrated distributed PVs is used for case analysis (Jiang et al., 2021), as shown in Figure 3. The system consists of 33 nodes, with distributed PV installation points at nodes 6, 12, 14, 16, 22, 23, and 30. The PV installation capacities are 150 kW, 350 kW, 300 kW, 100 kW, 200 kW, 300 kW, 100 kW, and 350 kW. The basic parameters of the ESS devices are shown in Table 1.
[image: Figure 3]FIGURE 3 | IEEE 33 node system.
TABLE 1 | Parameters of ESS.
[image: Table 1]Due to the high cost of ESSs, the overall resilience and economy of the distribution network cannot be optimized simultaneously, and considering the power quality issues caused by the randomness and volatility of distributed photovoltaic output will affect the results of the ESS optimization configuration. Therefore, this article conducts simulation verification on the three cases that exist in actual situations.
Case 1. For the high-resilience distribution network in the demonstration area with distributed PV access, the optimization objective is to maximize the comprehensive resilience index, as defined in Equation 23.
Case 2. Considering the relatively high investment cost of ESSs, the optimization objectives in practical engineering applications are to minimize the total cost, as defined in Equation 22, and to maximize the comprehensive resilience index, as defined in Equation 23.
Case 3. Based on Scenario 2, consider the impact of power quality indices, specifically Equations 3–5 and the modified Equation 6, on the optimal configuration of the ESS.
4.2 Analysis of simulation results
The results of the optimal configuration of the ESS are shown in Table 2. A conventional distribution network lacking an ESS has a weaker ability to address the power quality issues brought about by large-scale distributed PV integration. Additionally, it does not possess sufficient flexibility to handle significant disturbances under extreme events. Consequently, its evaluation results are inevitably lower in the comprehensive resilience assessment system presented in this paper:
TABLE 2 | Optimization configuration results.
[image: Table 2]Firstly, the configuration of the ESS can smooth the power fluctuations caused by distributed PVs and optimize the power flow to enhance the resistance of the distribution network. Second, it can support uninterrupted loads during significant disturbances and dynamically compensate for voltage amplitudes during voltage sags to improve the distribution network’s recovery. Finally, it can enrich the control methods of the distribution network to enhance adaptability. Therefore, its integration significantly increases the system’s comprehensive resilience index. However, the high investment and operational costs of ESS equipment reduce the economic efficiency of the distribution network. As a result, compared to the traditional distribution network, the comprehensive resilience index of Scenario one increases significantly from 0.753 to 0.863, while the total operating cost also increases. Case 2 considers the economic efficiency of the distribution network based on Scenario 1, and Case 3 further considers power quality issues based on Case 2. The comparison shows that under the comprehensive resilience assessment system proposed in this paper, considering power quality can enhance a distribution net-work’s comprehensive resilience without increasing daily investment and operating costs. This is because the optimization strategy in Case 2 may overlook power quality issues, leading to suboptimal configuration results.
To further analyze the impact of the proposed strategy on the distribution network, the operating scenarios are conducted as shown in Table 3. Specifically, scenario two increases the PV access compared to scenario 1, and the difference between scenario three and 4 with PV and ESS configured is whether to consider power quality. The voltage amplitude conditions at each node in the typical day under different operating scenarios and optimization strategies are shown in Figure 4. The power quality-related indices under different scenarios are presented in Figure 5.
TABLE 3 | Different operating scenarios in the distributed system.
[image: Table 3][image: Figure 4]FIGURE 4 | Voltage amplitude under different scenarios. (A) Voltage amplitude in Scenario 1. (B) Voltage amplitude in Scenario 2. (C) Voltage amplitude in Scenario 3. (D) Voltage amplitude in Scenario 4.
[image: Figure 5]FIGURE 5 | Power quality related indices in different scenarios. (A) Voltage fluctuation in Scenarios 1–4. (B) Voltage deviation in Scenarios 1–4. (C) Total harmonic distortion Scenarios 1–4. (D) Power supply reliability Scenarios 1–4.
Combining Figure 3 and Table 3, it can be seen that with the optimal ESS configuration strategy proposed in this paper, the power quality indices in the resistance dimension of the distribution network are improved compared to those of traditional resilience enhancement strategies. This is due to the optimization of power flow and the suppression of power fluctuations caused by the integration of distributed PVs. According to Equation 3, both PV systems and ESS integration reduce the fundamental current of the distribution network, leading to an increase in the THD to 2.328%. However, in the optimization configuration strategy proposed in this paper, the reduction in the ESS capacity decreases the injected power, thereby increasing the fundamental cur-rent of the distribution network and reducing the system’s THD to 1.970%. Furthermore, as shown in Equation 6, considering the impact of voltage sags on the resilience dimension of the distribution network, the power supply reliability index decreases. This more accurately reflects the power supply quality for systems with a high proportion of sensitive users.
4.3 Analysis of optimization results for different seasons
The typical daily generation coefficient curves of distributed PVs in different seasons are shown in Figure 6. The varying solar intensity across seasons leads to different out-puts from distributed PV, thereby affecting the comprehensive resilience of the distribution network. In this section, the comprehensive resilience index Fre is set to a fixed value of 0.75 as a constraint condition to optimize the model. This approach aims to study the capacity of the required ESS configuration to achieve the same resilience level in different seasons. The results are shown in Figure 7.
[image: Figure 6]FIGURE 6 | Solar radiation on typical days in different seasons.
[image: Figure 7]FIGURE 7 | Optimization results in different seasons.
As shown in Figure 7, under the premise that the resilience index of the distribution network is 0.75, the required ESS configuration capacity is smallest in summer at 660 kW due to the high solar intensity and the large proportion of distributed PV output. In winter, the required capacity is the highest at 890 kW, as the solar intensity is weak, and the dis-tributed PV output is approximately 50% of that in summer. The PV outputs in spring and autumn are slightly lower than those in summer, with the required ESS capacities being 710 kW and 800 kW, respectively.
Considering power quality indices, the integration of distributed PV systems deteriorates power quality issues, resulting in a slight increase in daily average costs. However, in winter, the adverse impact on power quality is minimal due to the low PV output, thus requiring a smaller ESS configuration capacity. In conclusion, when optimizing the ESS configuration in a distribution network, the impact of PV output fluctuations caused by seasonal climate changes must also be considered.
4.4 Analysis of optimization results for different distributed PV penetration rates
An increase in the proportion of distributed PV integration exacerbates power quality issues in the distribution network. Therefore, this section sets the distributed PV penetration rates at 25%, 50%, 75%, and 100%. The results of the ESS optimization are shown in Figure 6. As illustrated in the figure, with the increase in distributed PV penetration, the ESS configuration capacity and the daily average cost of the regional distribution network initially decrease and then increase. At low penetration rates, the integration of distributed PVs improves low-voltage issues in the distribution network, enhancing the comprehensive resilience index. However, at higher penetration rates, the integration of distributed PVs can lead to power quality issues, which negatively affect the comprehensive resilience index.
As shown in Figure 8, under the optimization configuration strategy proposed in this paper, when the penetration rate reaches 50%, the comprehensive resilience index of the distribution network is highest at 0.838, and the required daily average cost is lowest at Ұ2392. In this scenario, both the comprehensive resilience index and economic efficiency of the distribution network are superior to those in other situations. Therefore, from the perspective of enhancing the comprehensive resilience of the distribution network through the optimal ESS configuration, there is an optimal penetration rate for distributed PV integration. Compared with traditional optimization configuration strategies, when the PV penetration rate exceeds 50%, the required ESS configuration capacity is greater than that in scenarios without considering power quality. This is because higher PV penetration rates lead to power quality issues, necessitating a larger ESS capacity to improve the comprehensive resilience index.
[image: Figure 8]FIGURE 8 | Optimization results in different PV penetrations.
5 CONCLUSION
In this paper, an ESS optimization configuration model aimed at minimizing the comprehensive resilience index and total operating cost of a distribution network is con-structed. The validity of the model is verified through a comparative analysis of three scenario examples. The following main conclusions are drawn.
(1) By incorporating the impact of power quality issues into the resilience assessment system of the distribution network, this paper provides a more comprehensive reflection of the network’s comprehensive resilience capability. This effectively avoids discrepancies between the resilience assessment results of the distribution network and the actual resilience perceived by the users.
(2) The ESS optimization configuration strategy proposed in this paper can improve the power quality level of the distribution network in both the resistance and recovery dimensions. This reduces the likelihood of equipment damage and economic losses caused by power quality issues during disturbances. Therefore, it is more reasonable to adopt this ESS optimization configuration strategy in regional distribution networks with large-scale distributed PV integration.
(3) When using the comprehensive resilience index of the optimized ESS configuration as the evaluation standard, there is an optimal penetration rate for distributed PV integration. Under these operating conditions, a relatively small ESS capacity can achieve a high comprehensive resilience index for the distribution network.
While the resilience assessment framework proposed in this study is broadly applicable to distribution networks with high PV penetration, additional event-specific indicators may be necessary for a more comprehensive assessment under extreme events, such as earthquakes or severe weather conditions. Future research could expand the model’s applicability to improve evaluation accuracy across a wider range of scenarios, thereby more effectively enhancing the resilience performance of distribution networks.
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