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The deepening of rural revitalization has diversified the development of rural economic industries and led to the rapid growth of energy demand. However, the infrastructure of the rural distribution network is relatively weak, and voltage fluctuations are becoming increasingly severe, posing huge challenges to the operational safety and stability of the distribution network. This study presents an active-reactive coordinated voltage regulation strategy for a rural distribution network with large-scale aquaculture activity by considering approaches that include distributed energy generation, energy storage, static var generators, and demand response (DR) of the aquaculture load. The proposed approach involves construction of a DR model for aquaculture equipment based on energy demand and operational characteristics. Accordingly, a voltage regulation optimization model is established with the goal of minimizing voltage fluctuations at the nodes of the distribution network by solving the weighted mean of vectors algorithm. Finally, a case study is used to verify the effectiveness of the proposed voltage regulation strategy, which is of great significance for promoting the development of rural distribution networks and economic industries.
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1 INTRODUCTION
Significant progress has been made in rural economic development under the active guidance of the rural revitalization strategy in China (Zhang et al., 2023a, 2023b). However, the rural distribution network, as an important link connecting the power grid with thousands of households, has failed to keep up with the rapid developments in infrastructure construction, becoming a key factor restricting the improvement of power quality and enhancement of power supply reliability (Yang et al., 2024; Lei et al., 2024). With the rapid development of rural economic industries, there has been an unprecedented growth trend in energy demand. In particular, given the acceleration of agricultural modernization, extensive use of high-energy-consuming equipment such as large agricultural machinery and agricultural product processing facilities has led to a sharp increase in rural energy consumption, imposing higher requirements on the carrying capacity and stability of the distribution network (Štumbrger et al., 2021; Jia et al., 2021). Among these challenges, voltage deviation remains the most critical and widespread issue in rural distribution networks.
In recent years, research on voltage issues in the rural distribution network has produced rich results (Lei et al., 2024b; Pan et al., 2018). Bhatt (2022) proposed an optimal operation strategy for a photovoltaic-integrated rural distribution network to solve the problem of voltage variation under constraints caused by the node voltage, conductor thermal load, and transformer tap. Silveira et al. (2024) focused on minimizing voltage unbalance by integrating impedance elements in specific areas of the rural distribution network and proposed a novel interline compensation method based on the network parameters as well as determination of the optimal compensation through precise calculations. Marchesan et al. (2022) focused on three-phase two-wire rural distribution systems and proposed a method to alleviate voltage unbalance by determining the appropriate spacing of overhead conductors, thereby eliminating the need for additional reactive power compensation devices and reducing the installation time and cost. Zhang et al. (2023c) designed a profit strategy utilizing blockchain technology to determine an optimal energy pricing model; this model accounts for the network topology, load fluctuations, and reputation values of the consumers within agricultural parks. The proposed method effectively mitigates the photovoltaic consumption problem while adhering to appropriate voltage limits, thereby enhancing the overall benefits of photovoltaic generation and the consumers in the rural distribution network.
In addition to the solutions reported in the abovementioned studies concerning voltage issues in distribution networks, the introduction of demand response (DR) technology to voltage regulation has been shown to produce excellent results (Ahmed et al., 2024; Dong et al., 2025; Zhang et al., 2025). By guiding users to reduce their demand of flexible loads during peak energy consumption periods, the supply pressure on the distribution network can be alleviated to improve issues such as voltage drop and fluctuations (Xu et al., 2022). For example, Tao et al. (2023) constructed a voltage coordination optimization model by considering DR and stepped carbon trading to address the issue of voltage exceeding due to high-proportion distributed energy integration into the distribution network; the model was then solved via convex optimization using second-order cone programming. Gu and Huang (2023) designed a reinforcement learning framework based on an improved partially observable Markov decision process that combines confidence intervals for precise voltage-state perception and asynchronous learning with a shared data buffer; simulations based on real operational data demonstrated that this method could achieve significant voltage optimization and fast convergence. Rahman et al. (2022) proposed a dynamic fair incentive mechanism to coordinate a large number of DR participants for managing node voltages in a medium-voltage distribution network; this method was shown to reduce network power losses and reactive power from distributed generation, thereby effectively managing the voltages in the medium-voltage distribution network.
Although some studies have demonstrated that DR plays a significant role in the voltage regulation of a distribution network, the applications of DR for voltage regulation in rural distribution networks remain limited. The main reason for this is that the load demands in rural distribution networks are widely distributed such that the individual DR ability is weak, leading to high implementation difficulty and less-effective results for DR to participate in voltage regulation. However, given the large-scale development of rural economic industries, concentrated industrial loads characterized by high load demand and strong elasticity can further leverage the role of DR in voltage regulation of the rural distribution network. As a key area of modern agricultural progress, large-scale aquaculture has significantly increased rural incomes and promoted optimization of the rural industrial structure (Zhao, 2024; Jiang et al., 2024; Shahbaz et al., 2023). Large-scale aquaculture is affected by various factors, such as water temperature, water quality, and oxygen content (Wu et al., 2022). There are frequent needs for automatic feeding machines, oxygen-increasing machines, and water quality control equipment to increase aquaculture production. Aquaculture greenhouses need to be built to accommodate aquatic organisms with high water-temperature requirements. With the expansion of the scale of aquaculture, such equipment will generate huge energy demands, which will also affect the flow of the distribution network considerably and lead to voltage problems (Hashemi et al., 2024). Therefore, research on voltage regulation in a rural distribution network with large-scale aquaculture connections is of great significance for improving the operational safety and stability of the network. However, there are no relevant research reports on the impacts of large-scale aquaculture on the distribution network voltage and its solutions. Accordingly, we propose an active-reactive coordinated voltage regulation strategy to address the voltage fluctuations caused by large-scale aquaculture loads. To reduce the influence of aquaculture on the distribution network, aquaculture DR is used in voltage regulation by considering that the load demand of the aquaculture equipment has a certain degree of elasticity. Table 1 shows the comparison results of the approach proposed in this study with recent works. The main contributions of this study are as follows:
(1) An active-reactive coordinated voltage regulation framework is proposed for a rural distribution network by synergistically integrating aquaculture DR, distributed energy generation (DEG), energy storage, and static var generators (SVGs). In particular, the framework addresses voltage fluctuations caused by large-scale aquaculture loads via scheduling the energy demands of these loads, thereby achieving the effect of “the person tying the bell should untie it.”
(2) A DR model is constructed for aquaculture equipment for participation in voltage regulation by classifying the equipment into shiftable and interruptible loads. To ensure minimal impacts on aquatic organisms, the model for shiftable loads allows adjustment of the operational timings (e.g., shifting the feeding or water exchange periods to off-peak hours) while maintaining the key operational parameters (e.g., feeding frequency, water exchange volume), and the model for interruptible loads permits short-term load curtailment (e.g., temporary shutdown of the oxygen-increasing machine when the oxygen content in the water is sufficient) under strict constraints of water temperature and oxygen content.
(3) An optimization objective function is designed with the goal of minimizing the voltage fluctuations at the nodes of the distribution network. To determine the optimal regulation strategy, the weighted mean of vectors (INFO) algorithm is introduced using a mean-based vector update rule combined with a convergence acceleration mechanism. The algorithm adjusts the search direction dynamically through weighted mean vectors and accelerates convergence by incorporating the difference between the current optimal solution and random solutions to significantly improve the solution efficiency.
TABLE 1 | Comparison results of the proposed approach with recent works.
[image: Table 1]The remainder of this paper is organized as follows. The voltage regulation framework is proposed in Section 2. The energy consumption and DR models of the aquaculture equipment are described in Section 3. The voltage regulation strategy of the rural distribution network is formulated in Section 4. A case study is presented in Section 5. Lastly, the conclusions of this work are presented in Section 6.
2 VOLTAGE REGULATION FRAMEWORK FOR A RURAL DISTRIBUTION NETWORK
In the proposed scenario, we mainly focus on voltage regulation in a rural distribution network when a large-scale aquaculture system is connected to the network. Accordingly, an active–reactive coordinated voltage regulation framework is proposed, as shown in Figure 1. To ensure adequate voltage regulation performance, the framework integrates DEG, energy storage, SVGs, and DR of large-scale aquaculture. In particular, for DR of large-scale aquaculture, we consider the operational characteristics of the aquaculture equipment and establish energy consumption models to quantify their active and reactive power demands by accounting for factors such as feeding frequency, water quality parameters, and thermal balance in the greenhouses. Subsequently, the DR models are formulated by categorizing these loads into shiftable and interruptible loads. The corresponding constraints for each type of load are set to ensure that the load DR adjustments minimally impact aquatic growth while enabling participation in voltage regulation.
[image: Figure 1]FIGURE 1 | Active–reactive coordinated voltage regulation framework for a rural distribution network.
In terms of the voltage regulation strategy, the optimization model is developed with the objective of minimizing node voltage fluctuations by integrating contributions from DEG, SVGs, and aquaculture DR, among others. To guarantee the feasibility of the optimal strategy, the constraints are considered from the physical operational level of the actual system, including the power flow equations, DEG output, and node voltage boundaries. Based on the optimization model, the optimal strategy for voltage regulation is searched using the INFO algorithm that ensures fast convergence to the global optimal solution.
3 ENERGY CONSUMPTION AND DR MODELS OF THE AQUACULTURE EQUIPMENT
3.1 Energy consumption models of the aquaculture equipment
Based on the living habits of aquatic organisms and operating characteristics of aquaculture equipment, the energy consumption models of the following equipment are constructed.
3.1.1 Automatic feeding machine
For a large-scale aquaculture pond, an automatic feeding machine is an essential mechanical equipment that ensures biological timing and quantitative feed delivery in aquaculture. The energy consumption of the automatic feeding machine depends on the feeding frequency and feeding area, among others. The active and reactive power demands of the automatic feeding machine can be expressed as Equation 1.
[image: image]
where [image: image] is the maximum active power of the machine, [image: image] is the feeding number during the period [image: image], [image: image] is the feeding trajectory, [image: image] is the feeding velocity, and [image: image] is the power factor angle of the machine.
3.1.2 Oxygen-increasing machine
The oxygen-increasing machine is mainly used to enhance the oxygen content in the water, and its energy consumption is affected by various factors, such as the density of culture organisms, aquaculture season, and weather changes. The active and reactive power demands of the oxygen-increasing machine can be expressed as Equation 2.
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where [image: image] is the maximum active power of the machine, [image: image] is the operation time during the period [image: image], and [image: image] is the power factor angle of the machine.
3.1.3 Water quality control equipment
Water quality control equipment are useful for improving the water quality while avoiding large-scale death of the culture organisms owing to water pollution. The energy consumed by such equipment is mainly affected by the water area and water exchange volume. The active and reactive power demands of the water quality control equipment can be expressed as Equation 3.
[image: image]
where [image: image] is the maximum active power of the equipment, [image: image] is the frequency of water exchange during the period [image: image], [image: image] is the water area, [image: image] is the height of the exchanged water, and [image: image] is the power factor angle of the equipment.
3.1.4 Aquaculture greenhouse
Aquatic organisms that are sensitive to water temperature often require an aquaculture greenhouse that maintains the water within an optimal thermal range. The heating system in this greenhouse has high energy consumption, primarily to compensate for the heat lost from the water. The sources and losses of heat in the water mainly include convective heat exchange between the indoor air and water, heat conduction between the water and soil, thermal radiation from the sun to the water, and heat provided by the heating system. Figure 2 illustrates the heat exchange processes within the greenhouse.
[image: Figure 2]FIGURE 2 | Heat exchange processes in the greenhouse.
Based on the heat exchange process shown in Figure 2, the thermal balance constraint of the water in the greenhouse can be expressed as Equation 4.
[image: image]
where [image: image], [image: image], and [image: image] are the specific heat capacity, volume, and density of water, respectively; [image: image] is the water temperature; [image: image] is the heat provided by the heating system; [image: image] is the thermal radiation from the sun to the water; [image: image] is the convective heat exchange between the indoor air and water; [image: image] is the heat conduction between the water and soil. Concretely, the parameters [image: image], [image: image], and [image: image] are determined by Equation 5.
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where [image: image] is the water area, [image: image] is the coefficient of convective heat exchange between the indoor air and water, [image: image] is the soil thermal conductivity, [image: image] is the soil thickness, [image: image] is the soil temperature, [image: image] is the solar radiation transmitted by the greenhouse roof, [image: image] is the solar radiation absorbed by the water, and [image: image] is the intensity of solar radiation. Accordingly, the active and reactive power demands of the aquaculture greenhouse can be expressed as Equation 6.
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where [image: image] is the thermal efficiency of the heating system and [image: image] is the power factor angle of the system.
3.2 DR models of the aquaculture equipment
To enhance the voltage regulation of the distribution network, aquaculture equipment can participate in regulation given their flexible energy consumption demand characteristics. Generally, DR resources can be classified into shiftable and interruptible loads based on the operational characteristics of the loads (Zhou et al., 2024; Liu et al., 2022). Considering that the automatic feeding machine and water quality control equipment do not operate continuously, shifting their operations over relatively lengthy time periods does not significantly impact aquaculture organisms; thus, these equipment can be categorized as shiftable loads. In contrast, although shifting the operations of the oxygen-increasing machine and greenhouse heating system may have substantial effects on the dissolved oxygen content and water temperature, intermittent energy supply would have relatively minor short-term impacts on the water temperature and oxygen content; hence, these equipment can be classified as interruptible loads. To enable the participation of aquaculture equipment in DR while reducing the impacts on aquaculture organisms, the operations of the shiftable and interruptible equipment must adhere to the following constraints.
3.2.1 Shiftable loads
Automatic feeding machines require the feeding frequency to remain unaffected during load shifting to maintain the feed supply for aquaculture organisms. For water quality control equipment, the total water exchange volume should be maintained constant, requiring only adjustment of the timing of water exchange. Therefore, the energy consumption demands of automatic feeding machines and water quality control equipment participating in DR must satisfy Equation 7.
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where [image: image] is the amount of active load shifted out at node i during time period t for the automatic feeding machines and water quality control equipment, [image: image] is the amount of active load shifted in at node i during time period t, [image: image] is the state variable of the shiftable loads at node i during time period t, and [image: image] represents the loads being shifted out while [image: image] represents the loads being shifted in.
3.2.2 Interruptible loads
With regard to the interruptible loads participating in DR, the oxygen-increasing machines must operate intermittently to ensure that the oxygen content in the water remains within the range required by aquatic organisms. Furthermore, the heating systems in aquaculture greenhouses require that the water temperatures be maintained within ranges suitable for the survival of aquatic organisms. For the oxygen-increasing machine, the constraints for participation in DR can be expressed as Equation 8.
[image: image]
where [image: image] indicates the single interruption duration of the machine, [image: image] indicates whether the equipment is interrupted, [image: image] indicates the maximum duration of a single interruption of the machine, [image: image] indicates the maximum number of interruptions of the machine, and [image: image] indicates the reduction in the active power load by the machine at node i.
For the heating system in the greenhouse, the constraints for participation in DR can be expressed as Equation 9.
[image: image]
where [image: image] and [image: image] are the minimum and maximum temperature requirements for the water during time period t, respectively, [image: image] is the amount of heat reduction achieved by the heating system when the temperature of the water drops by [image: image], and [image: image] is the amount of active power load reduction achieved by the greenhouse at node i.
4 VOLTAGE REGULATION OF THE RURAL DISTRIBUTION NETWORK
4.1 Optimization model for voltage regulation
Large-scale aquaculture equipment connected to a rural distribution network can further exacerbate the low-voltage problem of the network. Therefore, we propose an active–reactive coordinated voltage regulation strategy for such rural distribution networks with large-scale aquaculture activities by arranging the joint participation of DEG, energy storage, SVGs, and DR of the aquaculture equipment. To minimize the node voltage fluctuations while ensuring stable operation and power quality of the distribution network, the optimal model is as Equation 10:
[image: image]
where [image: image] is the voltage amplitude of node i, [image: image] is the reference voltage of the distribution network, and N is the number of nodes in the distribution network.
4.2 Constraint model for voltage regulation
4.2.1 Constraints of the power flow equations
Constraints of the power flow equations can be expressed as Equation 11.
[image: image]
where [image: image], [image: image], [image: image], and [image: image] are the respective active power values associated with energy generation, DEG, energy storage, and the load at the ith node during time period t; [image: image], [image: image], [image: image], and [image: image] are the respective reactive power values of energy generation, DEG, the SVGs, and the load at the ith node during time period t, respectively; [image: image], [image: image], and [image: image] are the conductivity, reactance, and phase angle between nodes i and j, respectively.
4.2.2 Constraints of load demand
Constraints of load demand can be expressed as Equation 12.
[image: image]
where [image: image], [image: image], [image: image], and [image: image] are the actual active loads of the aquaculture equipment at node i during time t after implementing DR; [image: image] is the remaining active load of node i.
4.2.3 Constraints of DEG
Constraints of DEG can be expressed as in Equation 13.
[image: image]
where [image: image], [image: image], and [image: image] represent the maximum apparent, reactive, and active power values of DEG at node i, respectively.
4.2.4 Constraint of the SVG
Constraint of the SVG can be expressed as in Equation 14.
[image: image]
where [image: image] and [image: image] denote the maximum and minimum reactive power values of the SVG connected at node i, respectively.
4.2.5 Constraints of energy storage
Constraints of energy storage can be expressed as in Equations 15, 16.
[image: image]
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where [image: image] represents state of energy storage at node i, and [image: image] represents the discharged state of energy storage.
4.2.6 Constraint of the node voltage
Constraint of the node voltage can be expressed as in Equation 17.
[image: image]
where [image: image] and [image: image] are the minimum and maximum voltage amplitudes at node i.
4.3 Optimization algorithm for voltage regulation
To efficiently solve the optimization objective given by Eq. (10), we propose an active–reactive coordinated voltage regulation strategy for a rural distribution network based on the vector-weighted average optimization or INFO algorithm. The INFO algorithm employs a mean-based rule to update the vector positions and incorporates a convergence acceleration mechanism to enhance the global search capabilities (Zhang and Xiao, 2024; Feda et al., 2024). The INFO algorithm continuously updates the positions of the vectors through three phases, namely, the rule updating, vector merging, and local search phases, to determine the optimal solution. The detailed implementation steps for the optimization problem are presented in Figure 3.
(1)In the rule updating phase, the mean-based rule and convergence acceleration sections are used to calculate the position of the new vector. That is Equation 18.
[image: image]
where [image: image] is the current position vector for any individual l in the population Np at the gth iteration, [image: image] is the new position of the individual l at the gth iteration; MeanRule is the vector calculated using the mean rule, CA is the convergence acceleration section, and [image: image] is the vector scaling ratio that can be calculated as Equations 19–21.
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where [image: image] and [image: image] are two different weighted mean vectors based on the rule suggested by Ahmadianfar et al. (2023), r is the weight, [image: image] is the best position vector, [image: image] is a randomly selected position vector, [image: image] is the fitness value calculated based on the objective function in Eq. (10), [image: image] is a small positive number used to prevent zeroing of the denominator, [image: image] is a constant that varies with the number of iterations, and randn is a random number that follows a normal distribution.
(2)In the vector merging phase, the two vectors calculated in the previous step are combined with the conditional vector to generate a new vector. After the rule updating phase, the vectors [image: image] and [image: image] i are combined with the conditional vector [image: image] to generate a new vector. The specific formula for vector merging is as Equation 22.
[image: image]
where μ is a small positive number used to adjust the stride of the merged vector; rand1 and rand2 are two random numbers used to determine the merging of the vectors.
(3)In the local search phase, the search is conducted using the position vector of the current optimal solution to find a better solution. The specific method of local search involves addition of a small random number or weight factor to the position vector of the current optimal solution and multiplying the sum by a search direction vector as Equation 23.
[image: image]
where [image: image] is the new position vector derived by combining the components [image: image], [image: image], and [image: image]; υ1 and υ2 are two random numbers.
[image: Figure 3]FIGURE 3 | Detailed implementation steps for the formulated optimization problem.
5 CASE STUDY
Herein, we present a case study to show the performance of the proposed voltage regulation strategy for the rural distribution network.
5.1 Simulation parameters
The IEEE 33-node system was considered the rural distribution network in this case study, as shown in Figure 4. The rated voltage of the distribution network was 12.66 kV, total load was 3715 kW + j2300 kvar, and the allowable range of node voltages was ±5% of the rated voltage. Distributed photovoltaic power generation systems were applied at nodes 9, 14, 20, and 30, with the rated capacity of each DEG being set as 250 kW. Furthermore, a large-scale aquaculture system was connected to the rural distribution network at node 4. The parameters of the INFO algorithm were set as follows: population Np = 50, iteration time Maxg = 1,000, dimension dim = 240, parameter [image: image] = [2e−4, 2], randn is a random number following a normal distribution with a mean of 0 and a variance of 1, weight r = [0.1, 0.5], random numbers υ1 = [0, 2] and υ2 = [0, 2].
[image: Figure 4]FIGURE 4 | Rural distribution network based on the IEEE 33-node system.
The large-scale aquaculture system includes four main types of aquaculture equipment: automatic feeding machine, water quality control equipment, oxygen-increasing machine, and greenhouse heating system. Table 2 shows the energy consumption of the aquaculture equipment. The automatic feeding machines need to operate four times a day; the water quality control equipment should be turned on for no less than 8 h per day; the oxygen-increasing machines can be temporarily turned off when the oxygen content is sufficient; the greenhouse heating systems are operated such that shutdown is prohibited from 22:00 to 04:00 hours when the ambient temperature is low and the shutdown interval during other time periods shall not exceed 4 h continuously.
TABLE 2 | Parameters of different equipment in the distribution network.
[image: Table 2]5.2 Optimal results from voltage regulation
Figures 5, 6 show the comparison results of the node voltages in the rural distribution network before and after optimization. It is observed that some of the node voltages are below the safe range prior to optimization, whereas the voltage magnitudes generally increase and remain within reasonable limits after optimization. Concretely, Figure 5 illustrates that the voltages remain consistently low owing to high load demand and insufficient reactive power compensation capacity. After 17:00, the output of the DEG system decreases gradually during the nighttime hours. Aquaculture equipment and other user loads cause significant voltage drops in the distribution network. These voltage drops are more pronounced at end nodes with longer feeder lines (i.e., 17, 18, and 33) and are far below the normal voltage fluctuation range of 0.95 p.u. However, the overall voltage magnitudes in the distribution network (Figure 6) increase after optimization of the aquaculture equipment, SVGs, etc. These results indicate that the volatility reduced relatively, waveform changes became smoother, and end-node voltages improved significantly. During low-voltage periods after 20:00, operation of the energy storage systems and SVGs can effectively mitigate voltage drops to maintain all the node voltages within the reasonable range of 0.95–1.05 p.u.
[image: Figure 5]FIGURE 5 | Voltage amplitude of each node before optimization.
[image: Figure 6]FIGURE 6 | Voltage amplitude of each node after optimization.
The minimum voltage observed in the rural distribution network for a day is shown in Figure 7. Before regulation, the power supply pressure on the network intensifies during peak load periods with high demand, causing the minimum voltage of the system to drop to 0.93 p.u., which is below the safe range. After regulation, the minimum voltage increased to above 0.95 p.u., with the SVG providing reactive power compensation. Meanwhile, demand shifting of the water quality control equipment and automatic feeders combined with partial load reductions of the oxygen-increasing machine and greenhouse heating system was noted to alleviate the power supply pressure on the distribution network.
[image: Figure 7]FIGURE 7 | Minimum voltage of the rural distribution network observed over one day.
Figure 8 illustrates the energy demands of the automatic feeding machine and water quality control equipment. Before DR, the concentrated energy demands of the automatic feeding machine and water quality control equipment overlap with other user loads, resulting in peak loads. By adjusting the energy consumption of these equipment while meeting the operational requirements, the loads are shifted to low-load periods, thereby reducing the energy supply pressure during peak consumption periods and effectively mitigating low-voltage issues at the nodes.
[image: Figure 8]FIGURE 8 | Energy demands of the automatic feeding machine and water quality control equipment.
Figure 9 compares the energy demands of the oxygen-increasing machine and greenhouse heating system before and after DR implementation. Before DR, the oxygen-increasing machines operate intermittently during periods of sufficient oxygen content in the water, reducing the load demand across time slots. However, during low-oxygen intervals (11:00–14:00), the machines operate at full power to maintain aquatic health. The greenhouse heating system participates in DR by intermittently shutting down or reducing its load demand during high daytime temperatures, thereby lowering the overall energy demand. Therefore, adjusting the operational states of the oxygen-increasing machine and greenhouse heating system can enhance the effectiveness of voltage regulation at the nodes of the distribution network.
[image: Figure 9]FIGURE 9 | Energy demands of the oxygen-increasing machine and greenhouse heating equipment.
5.3 Analysis of the voltage regulation performance
To further verify the effectiveness of the proposed approach, we analyzed the voltage regulation effects under different scenarios, such as different penetration rates of the DEG system and different DR participation rates of the aquaculture load. Figure 10 shows the variation trends of the minimum voltage during daytime in the rural distribution network under different photovoltaic penetration rates (13.46%, 26.92%, 53.84%, and 67.29%). Here, the photovoltaic penetration rate was calculated using the ratio of the rated capacity of the photovoltaics to the total load. The results show that the minimum voltages of the system remained above 0.98 p.u. for different penetration rates and that there were no instances of voltages exceeding the limit. This indicates that the distribution network has strong DEG acceptance with the proposed voltage regulation strategy.
[image: Figure 10]FIGURE 10 | Minimum voltages of the rural distribution network under different penetration rates of DEG during daytime.
Figure 11 shows the voltage curves of node 4 over 1 day for scenarios with and without DR when the energy demand of the large-scale aquaculture system increases by a factor of two. It is observed that in the scenario without DR, although the proposed approach allows node voltage fluctuations within a reasonable range, the amplitude is relatively large during high load periods (from 17:00 to 22:00 in the evening) owing to the high energy demand of the large-scale aquaculture system and poor energy output of the DEG system. In the scenario with DR, the voltage fluctuations at node 4 tend to flatten significantly, showing better voltage regulation during high load periods. Compared to the scenario without DR, the voltage fluctuation rate at node 4 decreased by 41.89% with DR. This demonstrates that the DR mechanism can actively adjust energy demand on the load side, effectively reducing the peak fluctuations of the node voltage and improving voltage stability.
[image: Figure 11]FIGURE 11 | Voltages at node 4 over a day for scenarios with and without DR.
Figure 12 shows the minimum voltages of the distribution network for different DR participation rates of the aquaculture load (0%, 50%, and 100%). The results indicate that higher DR participation produces a higher minimum voltage value and lower fluctuations. Under the scenarios with 0% and 50% DR participation, the lowest voltages of the distribution network occur during periods with high energy demands of the large-scale aquaculture system and poor energy output of the DEG system. When 100% DR participation is considered, the energy demand of the aquaculture system reduces during the peak demand periods, increasing the minimum voltage of the distribution network. Therefore, DR participation of a large-scale aquaculture system has significant improvements on the voltage stability of the system.
[image: Figure 12]FIGURE 12 | Minimum voltages of the distribution network under different DR participation rates.
5.4 Optimization performance of the INFO algorithm
To verify the effectiveness of the INFO algorithm, exponential triangulation optimization (ETO) and particle swarm optimization (PSO) algorithms were introduced for comparative analyses. Figure 13 shows the convergence speeds of the three algorithms during optimization. It can be observed that INFO has the fastest convergence followed by ETO, while PSO has the slowest convergence. Given the expertise of the INFO approach in local search within a small range, its rapid convergence makes it more suitable for quickly finding the optimal solutions in complex optimization problems. Table 3 presents the optimal solutions of the three algorithms. The results demonstrate that the INFO algorithm reaches an optimal value of 0.00809 p.u. with the minimum number of iterations; further, it quickly converges to the global optimal solution and maintains stability during the initial search phase. However, the ETO algorithm shows a stable downward trend during the iterations and has strong global search ability. The PSO algorithm has the slowest convergence, low initial search efficiency, and tendency to converge to a local optimal solution.
[image: Figure 13]FIGURE 13 | Convergence speeds of various algorithms.
TABLE 3 | Optimal solutions obtained using various algorithms.
[image: Table 3]Figure 14 shows the minimum and maximum average voltages of the rural distribution network after voltage regulation using the above three algorithms. It is seen that there are significant differences in the voltage control capabilities of the different optimization algorithms. The voltage curve of the PSO algorithm has the largest fluctuation range. During the peak load period from 10:00 to 17:00 hours, the voltage fluctuation amplitude intensifies; the maximum voltage of the PSO algorithm fluctuates around 1.045 p.u. Compared with the PSO algorithm, the minimum and maximum voltage curves of the ETO algorithm fluctuate to a slightly lower extent. However, compared with the INFO algorithm, the voltage control capabilities are relatively weak. The INFO algorithm shows significant advantages in smoothing voltage fluctuations; hence, it presents the smoothest trends for both the maximum and minimum average voltages, effectively solving the low-voltage problem at the end of the distribution network. This indicates that the INFO algorithm improves the overall voltage stability of the distribution network.
[image: Figure 14]FIGURE 14 | Average minimum (bottom) and maximum (top) voltages of the rural distribution network after voltage regulation.
To quantitatively analyze voltage control after regulation using the various algorithms, the mean and variance of voltage deviation as well as maximum and minimum voltage values are introduced for intuitive comparisons and interpretation, as shown in Table 4. From the table, it is observed that the INFO algorithm is optimal in terms of controlling voltage deviation, variance, and maximum and minimum voltage values. The relatively small voltage deviation and variance values indicate a low degree of voltage fluctuation. Moreover, both the maximum and minimum voltage values are within the stable operating range of the distribution network, suggesting that this algorithm effectively addresses the issue of voltage overlimit. Thus, the INFO algorithm effectively smooths voltage fluctuations to ensure better voltage stability during operation of the distribution network.
TABLE 4 | Comparison of voltage characteristics under various algorithms.
[image: Table 4]6 CONCLUSION
This work presents an active-reactive coordinated voltage regulation strategy for a rural distribution network that supports large-scale aquaculture operations. By integrating various options for voltage regulation through DEG, energy storage, SVGs, and DR participation of the aquaculture equipment, the proposed approach aims to mitigate node voltage fluctuations while ensuring stable and reliable power supply. The optimized model was then designed to minimize node voltage fluctuations to ensure stable operation while maintaining power quality. Based on numerical simulations through a case study, the proposed approach is demonstrated to effectively improve voltage regulation of the rural distribution network by shifting or reducing the energy demands of the aquaculture equipment.
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