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Introducing solar and wind power into distribution networks (DNs) is an important initiative to promote the cleanliness and low-carbonization operation of DNs. However, the source and load outputs are uncertain in DNs, which will lead to problems of inaccurate regulation and insufficient renewable energy utilization. Therefore, this study provides an efficient multi-timescale regulation strategy for DNs based on active and passive resources combined. First, the day-ahead regulation model is constructed to minimize the total operating cost in a day for DNs. It aims to determine the on-load tap changer (OLTC) and capacitor bank (CB) switching schemes and consider them as the constraints for intraday regulation by power flow unification. Then, an intraday source and load uncertainty model is considered, which aims to cope with the problems of inaccuracies in the day-ahead source and load prediction. Based on this, the objective function of the intraday regulation model is set. It aims to minimize the deviation from the total day-ahead cost and then ensure the optimal system economy and determine the intraday new energy and energy storage system (ESS) short-time action scheme. Finally, the example results show that the proposed scheme can achieve the maximum utilization of renewable energy and improve the low-carbon economic operation of the whole system.
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1 INTRODUCTION
With the increasing prominence of environmental issues and energy security, renewable energy development has gained importance. Renewable energy sources, such as solar and wind, are widely used in distribution networks (DNs) to enhance their low-carbon economic operation (Yang et al., 2021). However, distributed power output will lead to a voltage increase at the renewable energy access point, which may result in a voltage overrun (Karthikeyan et al., 2017; Zhang and Xu, 2020; Tewari et al., 2021; Chathurangi et al., 2022), limiting the further utilization of renewable energy. At the same time, the uncertainty of renewable energy output and the inaccuracies in renewable energy prediction make it difficult to coordinate the regulation strategy established over the day-ahead long timescale (Huo et al., 2018; Langenmayr et al., 2020; Wang et al., 2021). Therefore, it is one of the key issues to improve the benefits of distributed power grid connections, i.e., under the condition of meeting the voltage limit of the DN, to enhance renewable energy output and solve the problem of new energy output fluctuation in a short time.
Existing regulation is generally achieved by power electronic devices. For example, a SOP-based voltage regulation scheme is proposed to solve the voltage overrun problem caused by high-penetration renewable energy (Hu et al., 2020; You and Lu, 2022; Li et al., 2023). However, power electronic devices are costly, and their nonlinear and fast-switching characteristics can adversely affect power quality. The utilization of passive resources such as an on-load tap changer (OLTC) and a capacitor bank (CB), which are already present in DNs, can be cost-saving and relatively economical. Xu et al. (2023) prevented the DN voltage from being too high by reducing the voltage through the OLTC when the active power of photovoltaic (PV) is high. To ensure the safety of DN operation, the tap position of the OLTC and the number of CB casting groups are robustly optimized to effectively regulate the node voltage within the desired range (Ma et al., 2021). However, the potential of OLTC regulation in promoting renewable energy utilization is neglected. Therefore, some studies have investigated the DN voltage regulation scheme based on the OLTC and PV with its own static synchronous compensator function to regulate the DN voltage, which requires no additional equipment and is conducive to the renewable energy utilization of the DN (Dutta et al., 2020). Furthermore, interconnection scenarios have been investigated. The coordinated voltage and reactive power optimization model using the OLTC and CB demonstrated that reactive voltage regulation can improve the utilization of PV (Home-Ortiz et al., 2022). However, the above studies did not consider the combined regulation of passive resources such as the OLTC and CB and active resources such as renewable energy and energy storage systems (ESSs) under different timescales, which cannot achieve the optimal utilization of renewable energy. In addition, some scholars have established a day-ahead optimization model with the objective of achieving optimal operating costs. In the intraday optimization model, the voltage fluctuation is smoothed by optimizing the PV reactive power output to reduce the control cost (Guo et al., 2014). However, it does not consider distributed power sources such as the ESS that may still exist in the DN. A day-ahead–intraday active reactive power coordination reduction optimization model is proposed for the DN (Zhang et al., 2020). The day-ahead stage reduces voltage fluctuation through active reactive power coordination, but it only performs reactive power optimization in the intraday stage. A two-stage active–reactive power coordination optimization model is constructed, which integrates various regulation devices (Gao et al., 2017). The OLTC, CB, and ESS are used as decision variables in the day-ahead phase, and the output of the static reactive power compensator is optimized in the intraday phase, improving the economy of system operation. However, it is difficult to give full play to the fast regulation advantage of day-ahead scheduling for the ESS only.
Therefore, this study proposes an efficient multi-timescale regulation strategy for the DN based on the combined active and passive resources. It matches the intraday short-time regulation with the day-ahead OLTC and CB casting schemes for combined regulation. First, with the objective of optimal system economic cost, the regulation generates the OLTC and CB switching schemes for the next 24 h. The OLTC and CB switching schemes are taken as the intraday constraints. Then, source and load uncertainty modeling is performed in the intraday regulation stage, aiming to reduce the negative impacts on the system operation caused by renewable energy short-term output fluctuation and the source and load prediction inaccuracies in the day-ahead stage. Furthermore, to minimize the deviation between the total intraday operating cost and the day-ahead economic cost, a regulation model is established to optimize the economic performance of the system. The optimal regulation instructions for renewable energy and ESS are obtained by solving the model. In this way, the optimal utilization of renewable energy can be realized under the premise of satisfying the voltage limit of the DN, and the low-carbon economic operation capability of the system can be improved.
2 COMBINED ACTIVE AND PASSIVE RESOURCE MULTI-TIMESCALE REGULATION FRAMEWORK
In this study, the DN containing source and passive resources is taken as the object of study. Active resources include PV, wind turbine (WT), and ESS, and passive resources include OLTC and CB. To fully coordinate the fast- and slow-regulation characteristics of multiple resources, a multi-timescale regulation framework is proposed, as shown in Figure 1. It consists of two phases of day-ahead and intraday regulation.
[image: Figure 1]FIGURE 1 | Framework of multi-time scale regulation.
First, basic parameters such as network lines and forecast loads are collected to determine the initial conditions for model building and solving. Then, the objective function of the day-ahead regulation model is to minimize the total operating cost in a day. It includes main grid power purchase costs, active loss costs, renewable energy and ESS maintenance costs, and wind and light discarded costs. The constraints on the characteristics of key equipment such as OLTC and CB, as well as the power flow and safety constraints on system operation, are set. The non-convex constraints in the model are relaxed using cone optimization to improve the model solution rate. The model is solved to determine the OLTC and CB switching scheme, which are used as the constraints for the intraday operation regulation using power flow unification to achieve the intraday regulation of the OLTC, thus adjusting the voltage of the root node and the renewable energy access point. In the intraday phase, the source and load uncertainty is modeled, which is based on the probabilistic model of renewable energy and load output, to cope with the high volatility and inaccuracies in the source and load prediction. On this basis, the intraday regulation model is constructed to minimize the deviation from the total day-ahead cost. At the same time, the system operation safety constraints and power flow constraints under intraday regulation are set, including the root node voltage and the CB input reactive power, which are unified with the day-ahead phase. Finally, the renewable energy and ESS action schemes under the intraday short timescale are determined to cope with the long regulation cycle of OLTC and CB taps, which is difficult to match with the real-time power demand of the source and load.
3 MULTI-TIMESCALE EFFICIENT REGULATION STRATEGY MODEL FOR DISTRIBUTION NETWORKS WITH ACTIVE AND PASSIVE RESOURCES COMBINED
3.1 Day-ahead regulation models
3.1.1 Objective function
The day-ahead regulation model aimed to minimize the total operating cost in a day and seek optimal economic efficiency. It includes main grid power purchase costs, active loss costs, renewable energy and ESS maintenance costs, and wind and light discarded costs. The objective function of the day-ahead regulation model is
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where Δtpre is the day-ahead regulation time; t is the time; Fnet, Floss, Fdg, Fess, and Fqdg are the main grid power purchase cost, active loss cost, renewable energy and ESS maintenance cost, and wind and light discarded cost, respectively; cnet, closs, cpv, cwt, cess, cqpv, and cqwt are the unit main grid power purchase price, active loss price, PV maintenance cost, WT maintenance cost, ESS maintenance cost, discarded light cost, and discarded wind cost, respectively; Pg,t, [image: image], and rij are the amount of power purchased by the DN, the square of the branch current between node i and node j, and the branch impedance between node i and node j, respectively; Ppv,t and Pwt,t are the amount of PV and WT consumed, respectively; Pch,t and Pdch,t are the ESS charging and discharging powers, respectively; Ppv’,t and Pwt’,t are the discarded wind and light power, respectively.
3.1.2 Restrictive condition
3.1.2.1 ESS constraints
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Eq. (3) provides the charge/discharge state constraint of the ESS; Eq. (4) provides the energy state constraint of the ESS; Eq. (5) provides the upper and lower limit value constraints of the charge state of the ESS; and Eq. (6) provides the charge state constraint of the ESS. In the equation, udch,t and uch,t are the 0–1 variables, which denote the charge/discharge identifiers of the ESS, respectively; Sess,start and Sess,end are the beginning and end of the charge state, respectively; [image: image] and [image: image] are the upper and lower limits of the capacity of the ESS, respectively; [image: image] and [image: image] are the charging and discharging power of the ESS, respectively; and Sess,i,t is the capacity of the ESS.
3.1.2.2 PV and WT constraints
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where [image: image] is the active power output by the ith PV at time t; [image: image] is the minimum limit value of the active power output by the ith PV; [image: image] is the maximum limit value of the active power that can be output by the ith PV; [image: image] is the active power output by the ith WT at time t; [image: image] is the minimum limit value of the active power output by the ith WT; and [image: image] is the maximum limit value of the active power that can be output by the ith WT.
3.1.2.3 OLTC constraints
With the addition of the OLTC, the substation bus node is converted to an adjustable variable with the following substitutions:
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where the BOLTC is the set of substation nodes containing the OLTC; [image: image] is the value of the voltage on the high-voltage side of the high voltage-to-medium voltage (HV/MV) transformer, which is constant; [image: image] and [image: image] are the squares of the upper and lower bounds of the OLTC adjustable ratios; and [image: image] is the square of the OLTC ratios, which is defined as the ratio of the secondary side to the primary side, and is a discrete-value variable, which can be introduced in the form of a 0–1 variable, further dealt with in (Wan et al., 2023)
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where rj,s denotes the difference in the square of the transformation ratio between the OLTC stall s and s-1, i.e., the neighboring regulation increment. [image: image] is a 0–1 identifying variable. We consider that it is subject to constraints such as the limit on the number of regulation times, which can be further constrained to be
[image: image]
A limit is set on the total number of OLTC operations multiple times, considering factors such as equipment life or economy:
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where [image: image] and [image: image] denote the OLTC stall regulation change identifier, as a 0–1 variable. If [image: image] = 1, the OLTC stall value is larger at time t than the stall value at time t-1, and [image: image] is similar; [image: image] is the range of the maximum change in the OLTC stalls; and [image: image] is the maximum allowable number of adjustments of OLTC stalls in time T.
3.1.2.4 CB constraints
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where BCB is the set of nodes with CBs; [image: image] is the number of CB groups actually put into operation, which is a discrete variable value; [image: image] is the upper limit of the number of CB groups connected to node j; and [image: image] is the power that can be compensated by each group of CBs (Wan et al., 2023).
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Eq. (14) provides the total number of operation limits in multiple times, where NCB,max is the upper limit of the number of operations. In addition, the absolute value constraint in the above equation can be handled as follows. By defining the auxiliary variable [image: image] which represents the change in CB compensation capacity between neighboring time periods, it can be obtained as follow:
[image: image]
3.1.2.5 Power flow constraints
The DN power flow constraints are non-convex. To improve the solution rate, this study carries out two-step relaxations: phase-angle relaxation and convex relaxation (Farivar and Low, 2013a; Farivar and Low, 2013b). Let I∼ ij = │Iij│2 and V∼ i = │Vi│2; then, the power flow constraint after relaxation is
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where i∈u(j) and k∈v(j) are the set of branches with j as the end and first nodes, respectively; Pij and Qij are the active and reactive power flowing from node i to node j, respectively; rij and xij are the resistance and reactance of the branch ij, respectively; Pj and Qj are the equivalent active and reactive power of node j, respectively; I∼ ij is the square of the current flowing through the branch ij; V∼ i is the square of the voltage amplitude at node i; Pload,j, Pch,j, Pdch,j, PDG,j, and PG,j are the active power of the load, the charging power of the ESS, the discharging power of the ESS, the power out of the distributed power source, and the power purchased from the grid, respectively; and Qload,j, QCB,j, and QG,j are the reactive power of the load, the reactive power out of the CB, and the reactive power from the generator.
3.1.2.6 Safe operation constraints
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where Vmax and Vmin are the upper and lower limits of the node voltage, respectively, and Imax is the upper limit of the current allowed to pass through the branch.
3.2 Intraday regulation models
3.2.1 Intraday source and load uncertainty treatment
3.2.1.1 Forecast inaccuracies in the handling of load
If the mean and standard deviation of the load probability distribution function, i.e., μD and σD, are known and the range of load variations is divided into several scenarios, the probability density function πd for the dth load scenario is obtained (Heydt et al., 1981). The power value of the dth load scenario is expressed as
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where [image: image] and [image: image] denote the maximum and minimum power values of the dth load scenario, respectively, and Pd denotes the power value of the dth load scenario.
3.2.1.2 Modeling of WT output uncertainty
The wind speed generally obeys a two-parameter Weibull distribution, and let v be a random variable representing the wind speed, which can be obtained as its probability density function (Dai et al., 2023). Then, the wind speed-based turbine output model can be expressed as
[image: image]
where PWT is the actual WT output; [image: image] is the rated power of a single WT; uin, uoff, and urate are the cut-in, cut-out, and rated wind speeds of the WT, respectively.
3.2.1.3 Modeling of PV output uncertainty
Statistically, the light intensity r approximately obeys a beta distribution over a certain time. According to its probability density function (Luo et al., 2020), a PV output model based on different light intensities can be obtained:
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where PSTC is the rated PV output power under standard rated conditions; Gc is the irradiance at the operating point; kp is the power temperature coefficient; and Tc is the cell temperature at the operating point.
3.2.1.4 Multi-scenario generation and reduction
The Latin hypercube sampling (LHS) (Cai et al., 2022) method is used to generate many source–load–output scenarios obeying the constraints of the predicted power distribution. Finally, the scene reduction method considering the Kantorovich distance was used to reduce the scene (Fang et al., 2023).
3.2.2 Objective function
The objective function of the intraday regulation model is to minimize the deviation from the total day-ahead cost and ensure optimal system economics. The intraday total cost includes the main grid power purchase cost, active loss cost, renewable energy and ESS maintenance cost, and wind and light discarded costs. The intraday objective function is
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where Δtint is the intraday regulation time; t is the time; Fnet, Floss, Fdg, Fess, and Fqdg are the main grid power purchase cost, active loss cost, renewable energy and ESS maintenance cost, and wind and light discarded cost, respectively; cnet, closs, cpv, cwt, cess, cqpv, and cqwt are the unit main grid power purchase price, active loss price, PV maintenance cost, WT maintenance cost, ESS maintenance cost, discarded light cost, and discarded wind cost, respectively; Pg,t, [image: image], and rij are the amount of power purchased by the DN, the square of the branch current between node i and node j, and the branch impedance between node i and node j, respectively; Ppv,t and Pwt,t are the amount of PV and WT power consumed, respectively; Pch,t and Pdch,t are the ESS charging and discharging power, respectively; and Ppv’,t and Pwt’,t are the discarded wind and light power, respectively.
3.2.3 Restrictive condition
3.2.3.1 Power flow unification constraints
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where Vg_int is the root node voltage of the intraday regulation model; Vg_pre is the root node voltage obtained by solving the day-ahead regulation model; Kint is the CB gear in the intraday regulation model; and Kpre is the CB gear obtained by solving the day-ahead regulation model.
In addition to the power flow unification constraints, the ESS, PV, and WT constraints, power flow constraints, and safe operation constraints of the intraday regulation model are the same as those of the day-ahead regulation, except that the regulation time is different, which will not be repeated here.
4 SIMULATION VERIFICATION AND RESULT ANALYSIS
In this study, a 10-kV (IEEE15 node) voltage level is selected as an example to simulate the DN; the DN structure is shown in Figure 2. The system relates to the OLTC at the connection point with the main grid, and two CBs are connected to nodes 5 and 9. Three microgrids (MGs) interact with each other through the DN with energy exchange. MG1 and MG2 are configured with the ESS and PV, MG3 is configured with WT, and the system is connected to the main grid with electronic toll collection (ETC) meters. The meters are used as a tool to measure electricity. The day-ahead load data are typical industrial load data (Ge et al., 2020), the renewable energy output data are the same as in the study by Li et al. (2021), the day-ahead regulation time Δtpre is taken as 1 h, and the intraday regulation time Δtint is taken as 15 min. The intraday source and load-predicted outputs are shown in Figure 3, and the parameters of the simulation are shown in Table 1.
[image: Figure 2]FIGURE 2 | Diagram of DN structure.
[image: Figure 3]FIGURE 3 | Output of intraday source and load predicted.
TABLE 1 | Simulation parameters.
[image: Table 1]Two schemes are set up for comparative analysis. In the traditional scheme, active and passive resources combined are not considered, i.e., there is no consideration of the day-ahead OLTC and CB switching schemes, and only intraday regulation is considered. In the proposed scheme, the optimal scheduling model of this study is a multi-timescale efficient regulation strategy for the DN based on the combined active and passive resources. It uses the day-ahead OLTC and CB switching schemes as constraints for the intraday operation and then carries out the optimal computation of the economy; at the same time, the operation of the DN is further optimized.
4.1 Economic analysis
The regulation model is solved for both schemes, and the results are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Daily operating costs/RMB.
As shown in Figure 4, the total operating cost of the proposed scheme is reduced by 11.52% compared with the traditional scheme, in which the active loss is reduced by 52.31% and the cost of light discarded is reduced by 25.01%. Therefore, an efficient multi-timescale regulation strategy for the DN based on active and passive resources combined can achieve voltage regulation through the OLTC and improve the renewable energy utilization rate. At the same time, it flexibly adjusts the system’s reactive power, reduces line losses, and ensures system economy.
Figures 5, 6 show the CB gear change in the proposed scheme and the reactive power output from the main grid-side comparison of the proposed and traditional schemes, respectively. As shown in the figures, the two sets of CBs act 10 times, and the CBs in the proposed scheme provide part of the reactive power support so that the total amount of reactive power issued from the main grid side is reduced, and the flow of reactive power in the grid is reduced. At the same time, it reduces the loss of the line due to the delivery of reactive power and improves transmission efficiency.
[image: Figure 5]FIGURE 5 | Gear position of the CB.
[image: Figure 6]FIGURE 6 | Reactive power output from the main grid side.
4.2 Renewable energy utilization analysis
The change in the OLTC gear position is shown in Figure 7, the comparison of renewable energy real-time utilization under the two schemes is shown in Figure 8, and the active power output from the main grid side under the two schemes is shown in Figure 9. The PV access point (nodes 5 and 11) voltages for both scenarios are shown in Figures 10, 11. The renewable energy utilization rate of the proposed scheme is higher than that of the traditional scheme, which is because, at 11:00–17:00, the renewable energy output is larger than the load power demand. It results in the backward transmission of power from the renewable energy access side to the main grid side. The traditional scheme does not consider the OLTC regulation, so the root node voltage cannot be regulated. The system restricts renewable energy output to ensure that the voltage of the renewable energy access point does not go beyond the upper limit. In the proposed scheme, the OLTC gear is reduced to 8. The system decreases the voltage at the root node by regulating the OLTC, thus decreasing the voltage at the new energy access point. Under the premise that the voltage at the new energy access point does not exceed the limit, the power emitted by photovoltaic and wind turbines is increased as much as possible to improve the rate of new energy consumption.
[image: Figure 7]FIGURE 7 | Gear position of the OLTC.
[image: Figure 8]FIGURE 8 | Real-time utilization power of renewable energy.
[image: Figure 9]FIGURE 9 | Active power output from the main grid side.
[image: Figure 10]FIGURE 10 | Five-node voltage.
[image: Figure 11]FIGURE 11 | Eleven-node voltage.
4.3 Voltage analysis
Figure 12 shows the real-time active loss comparison of the two schemes, and Figures 13, 14 show the 24-h node voltage of the traditional and proposed schemes. The figure shows that the OLTC in the proposed scheme can improve the renewable energy utilization rate while improving the DN voltage level and reducing the system’s active loss.
[image: Figure 12]FIGURE 12 | Real time active loss.
[image: Figure 13]FIGURE 13 | Diagram showing the 24-h node voltage of the traditional scheme.
[image: Figure 14]FIGURE 14 | Diagram showing the 24-h node voltage of the proposed scheme.
5 DISCUSSION AND LIMITATIONS
In the actual DN, the proposed scheme needs to be realized using communication technology. Based on the multi-timescale regulation proposed, a DN communication architecture adapted to the regulation architecture is constructed, as shown in Figure 15.
[image: Figure 15]FIGURE 15 | DN communication architecture.
First, the controller controls the reactive power output of the CB. The output power information of the PV, WT, and ESS can be obtained through the inverter. Then, the intelligent terminal collects the power information of various active and passive resources within the DN through Modbus, DL/T645, RS485 (Dai et al., 2023), and other communication protocols. The collected information is sent to the DN cloud platform through an MQTT communication protocol. On this basis, it is calculated and analyzed by the DN cloud platform. The optimal operation program can be generated and sent to various types of equipment. Thus, the low-carbon economic operation of the DN is accomplished.
It is worth pointing out that the strategy proposed in this paper provides strong support for low-carbon economic operations during the steady state of the DN. However, during special scenarios, such as three-phase imbalance and fault outage, the internal tidal current situation of the DN is more complicated, and in-depth research and optimization of the system operation state for the above scenarios will be the next direction.
6 CONCLUSION
This study proposes an efficient multi-timescale regulation strategy for the DN based on a combination of active and passive resources. Aiming at the problems of insufficient renewable energy utilization and the difficulty in matching the long timescale regulation with the short-time power demand of the source and load, as well as issues with OLTC and CB taps, the following conclusions are obtained through simulation verification.
1) In this study, the OLTC and CB switching schemes are used as the constraints of intraday regulation using power flow unification. It helps realize the purpose of the intraday adjustment of the OLTC gear, thus adjusting the voltage of the root node and new energy access point to promote the further output of renewable energy. The rate of renewable energy utilization increased from 95.76% under the traditional regulation strategy to 96.82%.
2) The renewable energy and ESS short-time action scheme determined by intraday short-time regulation, which solves the problem of the long regulation cycle of OLTC and CB taps, is difficult to match with the short-time power demand of the source and load. Compared with the traditional regulation strategy, the total cost of operation of the proposed strategy is reduced by 11.52%. Among them, the active loss is reduced by 52.31%, and the cost of discarded light is reduced by 25.01%. The proposed scheme improves the low-carbon economic operation capability of the whole system.
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