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With the gradual increase in the penetration rate of distributed power sources, in view of the planning problem of coordinating the location and capacity of distributed power sources with the grid frame and transformers of the distribution network, a distribution network that takes into account distributed power sources is proposed. Aiming at the lowest cost of investment, maintenance, energy production, energy loss, and load loss penalty, and considering the power flow constraints, planning and operation constraints of each planning stage, a multi-stage expansion planning model for the distribution network is established. The mixed-integer linear programming algorithm is used to solve the problem, and the optimal planning scheme at each stage is obtained. The simulation results show that the multi-stage expansion planning method for coordinating distributed power and distribution network proposed in this paper can prevent the problems of isolated nodes and transmission nodes, improve the reliability of the planning scheme, and have good economic benefits.
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1 INTRODUCTION
With the deterioration of the environment and the continuous change of the energy structure (National Development and Reform Commission, 2015; Mansor and Levi, 2018; Nikoobakht et al., 2020), the penetration of Distributed Generation (DG) is gradually increasing (Afraz et al., 2019; Borghei and Ghassemi, 2021). This means that the distribution network structure as well as the power supply mode has changed (Alarcon et al., 2020; Vahidinasab et al., 2020). On the one hand, the planning results of distributed power supply and distribution network will affect each other, and it is difficult to achieve the overall optimum for a single separate planning. This will affect the planning economy and reliability (Cattani et al., 2020; Shahbazi et al., 2021a). On the other hand, for medium-term and long-term distribution network planning, its construction works are often divided into multiple stages, which are reasonably adjusted according to the changes in load. A single-stage planning model makes it difficult to take into account future load changes and the impact of distributed power sources (Franco, 2016). Therefore, it is necessary to coordinate and unify the siting and capacity of distributed power with the planning of the distribution network’s grid and transformers. And it is important to study a multi-stage coordinated planning method of distribution network taking into account distributed power sources.
There are a lot of research on distribution network planning problems (Saeed and Mahmud, 2018; Koutsoukis and Georgilakis, 2019; Faria et al., 2020; Delarestaghi et al., 2021; Mojtahedzadeh et al., 2021). The author in Liu et al. (2019) takes into account the volatility of DG output and establishes a DG siting and capacity model with the minimum risk of distribution network operation as the objective function. Narimani et al. (2018) use Monte Carlo for simulation and introduces delayed option theory for planning the multiple uncertainties of load as well as tariff in incremental distribution network planning. Jooshaki et al. (2020) considers the impact of DG on the distribution network grid structure and optimizes the lines, DG locations, and capacity of the distribution network in the distribution network planning process, but ignores the coordination between DG and the distribution network. In response to the above problems, Akbari and Moghaddam (2020) proposes to construct a fuzzy planning of distribution network grid considering DG output uncertainty. It coordinates the interaction between DG and the distribution network grid. Hemmati et al. (2015) considers the uncertainty of load and price in the electricity market environment. In the paper, a coordination and expansion planning model of distribution network and DG is proposed and the model is solved by particle swarm optimization algorithm. Muoz -Delgado et al. (2014) considered several alternatives for the installation or replacement of DGs, feeders, and transformers, and proposed a joint expansion planning model for DGs and distribution networks. The results show that incorporating distributed generation investments into the distribution network problem can significantly reduce investment costs. However, these models involve only one planning phase. In the actual planning process, construction projects are often divided into multiple stages. If a single-stage planning model is used, it is difficult to take into account future load changes and the impact of distributed power sources, and lacks an integrated layout for long-term investment strategies.
To address the multi-stage planning problem, the Tabares et al. (2015); Xing et al. (2016) considered line, substation, and distributed power supply renewal replacement and proposed a multi-stage planning model of distribution network with mixed integer linear programming. However, relatively little attention has been paid to the issue of joint expansion. The author in Masoumi-Amiri et al. (2021) propose a multi-stage planning model for active distribution networks considering the load level by using a clustering algorithm for multi-stage division of the source-load timing characteristics. And it increases the penetration of distributed power and the reliability of the system. Xiao et al. (2020) proposes an active distribution network multi-stage two-level planning model. The paper presents the boundary conditions for the most multi-stage planning with operationally constrained cases. The model improves the economics of the investment as well as the reliability of the actual operation. Shahbazi et al. (2021b) use the idea of multi-stage planning for the siting of distributed power sources and distribution grids and for the expansion of the grid. The paper improves the convergence speed of model solving by using the improved genetic membrane algorithm. However, it ignores the expansion decision of distributed generation and focuses the study on the impact of distributed power expansion on distribution investment deferral instead of solving the optimization problem of the joint expansion planning model.
To address the problems of existing research, this paper proposes a multi-stage planning method for distribution networks that considers distributed power sources. This paper establishes a multi-stage expansion planning model for distribution networks. The model aims to minimize the cost of investment, maintenance, energy production, energy loss and loss of load penalties and consider the tidal constraints, planning and operational constraints for each planning stage. The model is solved using a mixed integer linear programming algorithm to obtain the optimal planning solution for each stage. At the end of the article, the economics and effectiveness of the proposed method are verified by simulation examples.
2 DISTRIBUTION NETWORK COORDINATION PLANNING MODEL
2.1 Objective Function
The distribution network planning model aims at minimizing the total cost F. The objective function mainly includes investment cost [image: image], maintenance cost [image: image], production cost [image: image], energy loss cost [image: image] and penalty cost [image: image]. The details are as follows:
[image: image]
Where, T is the set of planning stages; i is the annual interest rate; nT is the number of planning stages; [image: image] is the investment cost; [image: image] are the cost of energy production, maintenance, losses and penalties at stage t, respectively; [image: image] are the cost of energy production, maintenance, losses and penalties for the time planning phase nT, respectively.
2.1.1 Investment Costs
Investment costs for all stages include replacement and new feeder costs, reinforcement of existing substations and new substation costs, new transformer costs, and distributed power costs. The formula is shown below:
[image: image]
Where, [image: image] are the set of new feeders, transformers and distributed power sources that can be constructed, respectively; [image: image] are collection of substations and distributed power supplies; [image: image] is the set of feeder types l, where feeder type L: [image: image] represent existing feeders, replaceable feeders, new replaceable feeders and new feeders; [image: image] are the investment cost factors for feeders, substations, transformers and distributed power sources, respectively; [image: image] is the length of the feeder sr; [image: image] are 0–1 variables and it is used to indicate whether decision feeders, substations, transformers and distributed power supplies are constructed; [image: image] is the system power factor; [image: image] is the rated capacity of generator k.
2.1.2 Maintenance Costs
Maintenance costs in all stages include feeder, transformer and generator maintenance costs. This is shown in Equation 3
[image: image]
Where, [image: image] is the transformer type, where [image: image] represent existing transformers and new transformers respectively; [image: image] is the type of generator set, where [image: image] represent conventional units and distributed wind turbines respectively; [image: image] are the maintenance cost factors for feeders, generators and transformers; [image: image] are 0–1 variables and these variables are used to make decisions about feeder, transformer and generator operating conditions.
2.1.3 Energy Production Costs
Energy production costs for each stage include energy production conversion costs for substations and distributed power sources and determined by Equation 4
[image: image]
Where, [image: image] is the set of load levels; [image: image] is the duration of the load level b; [image: image] are the cost coefficients of energy supply for substations and generating units; [image: image] are the currents injected into node s by the transformer and generator set, respectively.
2.1.4 Energy Loss Costs
Energy loss costs include energy loss costs for transformers and feeders. The specific calculation of energy loss cost is shown in Equation 5
[image: image]
Where, [image: image] is the energy loss cost factor of the substation; [image: image] are the impedance of the transformer and the unit impedance of the feeder; [image: image] is the current injected into node s by the transformer; [image: image] is the current in the feeder sr.
2.1.5 Penalty Costs
Penalty costs include those incurred by generators and substations when they fail to meet load demand. The penalty cost is calculated by Equation 6
[image: image]
Where, [image: image] is the penalty cost factor and [image: image] is the unsatisfied load of node s.
2.2 Constraint Conditions
2.2.1 Flow Constraint
The flow constraint is used to constrain the operating state of the system to ensure the normal operation of the system, and the relevant constraint equation is as follows.
1) Node voltage constraints
[image: image]
Where, a is the voltage of node s at load level b in planning stage t; b, c are the minimum and maximum values of node voltage, respectively.
2) Feeder current constraints
[image: image]
Where, [image: image] is the maximum value of the current flowing through the feeder.
3) Transformer injection current constraints
[image: image]
Where, [image: image] is the maximum value of transformer current injection.
4) Loss of load constraints
[image: image]
Where, [image: image] is the load factor at load level b; [image: image] is the maximum load demand at node s.
5) Unit output constraints
[image: image]
Where, [image: image] is the maximum wind speed level.
6) Distributed power penetration constraints
[image: image]
Where, [image: image] is the upper limit of penetration of distributed generation.
7) Node current balance constraints
[image: image]
8) Feeder state constraints
[image: image]
Where, [image: image] are the voltage amplitudes at node s and node r, respectively.
2.2.2 Planning and Operational Constraints
In this paper, Eqs. 15–18 are line, substation, transformer, and distributed power supply construction constraints and these constructions allow up to one reinforcement, replacement or new construction; Eq. 19 is a new transformer constraint to ensure that new transformers can only be added to previously expanded or constructed substations; Eqs. 20–22 are the constraints on the use of the feeder, which determine the direction of the current; Eqs. 23, 24 are the new transformers and distributed generators put into operation constraints; Eq. 25 is the investment constraint for each stage. The construction program for each stage, the timing as well as the number of lines, substations, transformers, and distributed power sources shall meet the following constraints:
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Where, [image: image] is the investment budget for stage t; [image: image] is the set of feeder types l, where feeder type L: [image: image] represent existing feeders, replaceable feeders, new replaceable feeders and new feeders; [image: image] is the length of the feeder sr; [image: image] are 0–1 variables and it is used to indicate whether decision feeders, substations, transformers and distributed power supplies are constructed.
3 SIMULATION AND ANALYSIS
3.1 Parameter Setting
In this paper, to verify the validity of the proposed methodology, a 3-year phase planning analysis is conducted using the IEEE 24-node power distribution system. The system includes 20 load nodes, 4 substation nodes and 33 feeders, and its topology is shown in Figure 1. Where the system voltage level is 20 KV, the upper and lower limits of the node voltage are 0.95–1.05pu of the rated voltage, and the inflation rate is 0.05; the load data for the three stages are shown in Table 1, with a load power factor of 0.9 and a load cutting cost of 16 yuan/kwh; line data as shown in Table 2, with a feeder life of 30 years; The wind speed data for each region in the three stages are shown in Table 3; the parameters related to the DG to be selected and the conventional unit are shown in Table 4, where the positions to be selected are {1, 4, 5, 9, 15, 17, 18, 19} for the DG and {2, 3, 7, 13, 15, 16, 17, 20} for the conventional unit; the parameters of the constructed and to-be-constructed substation are shown in Table 5, and the cost of purchasing power from the substation is 0.49 yuan/kwh; the relevant parameters of the conductor to be selected are shown in Table 6.
[image: Figure 1]FIGURE 1 | 24 node distribution system.
TABLE 1 | Distribution network node load data.
[image: Table 1]TABLE 2 | Branch data.
[image: Table 2]TABLE 3 | Wind speed for each area in the three stages.
[image: Table 3]TABLE 4 | Related parameters of DG to be selected and conventional units.
[image: Table 4]TABLE 5 | Related parameters for candidate transformers units.
[image: Table 5]TABLE 6 | Related parameters for candidate conductors units.
[image: Table 6]The simulation was performed in Win10 environment with Intel(R) Core(TM) i5-7200U CPU @ 2.50GHz, running memory of 8 GB, and simulation software of MATLAB R2016b. Since the model developed is an integer linear programming model, the YALMIP & CPLEX solver is used to solve the model. Two cases are set up for comparative analysis.
Case I. distribution network expansion planning without considering distributed power sources.
Case II. Multi-stage expansion planning of distribution network considering distributed power sources (method in this paper).
3.2 Analysis of Planning Results
As can be seen in Figure 2, the two cases have significantly different planning results at each planning stage. The capacity of the feeder and transformer installed without distributed power is greater than the capacity of the feeder and transformer installed with distributed power. It results in larger investment costs in feeders and transformers. In the case of distributed generation, the load pressure can be effectively relieved by installing wind turbines as the load demand gradually increases. On the other hand, more distributed power sources are installed in the C zone, where wind speeds are higher, and conventional generators are mostly installed at load nodes outside the C zone.
[image: Figure 2]FIGURE 2 | Planning schemes for two cases.
3.3 System Performance Comparison
The unit output as well as loss data for different cases are shown in Table 7. As can be seen in Table 7, the addition of distributed power sources leads to a significant reduction in the level of energy provided by the transformer located at the substation node. In addition, for Case 2, the energy losses in the feeder and transformer are lower than those in Case 1, except for the energy losses in the transformer in stage 2, which are slightly higher than those in Case 1. In stage 2, the energy provided by the transformer in Case 2 is lower compared to Case 1. However, the overall output is higher due to the distributed power supply.
TABLE 7 | Unit output and loss in different cases.
[image: Table 7]3.4 Comparison of Planning Economics
A comparison of the planning economics for different cases is shown in Table 8. The table shows that for Case 1 the investment cost in stage 2 is higher compared to stage 1 and stage 3. The reason for this is the construction of two new substations at nodes 23 and 24 in phase 2, including the installation of two new transformers at these nodes. But for Case 2, the biggest investment cost is during Stage 1. It is caused by the addition of substations and transformers at candidate node 23 in stage 1 and the installation of three distributed power sources at nodes 3, 4, and 7. In both cases, as load demand increases, O&M costs as well as wear and tear costs are gradually rising. It can be seen that the addition of DG makes Case 2 incur higher investment and maintenance costs compared to Case 1. However, the costs associated with energy production and energy losses are lower, resulting in more significant overall economics. The total cost is reduced by 7.55% relative to Case 1.
TABLE 8 | Planning costs in different cases.
[image: Table 8]3.5 Analysis of Penetration Levels
Figure 3 shows the variation of the total cost for penetration levels between 0% and 25%. It can be seen that the total planning cost decreases significantly as the wind penetration level increases.
[image: Figure 3]FIGURE 3 | The relationship between distributed power penetration level and total cost.
4 CONCLUSION
In this paper, the application of distributed power investment decision in multi-stage distribution expansion planning problem is studied, and a multi-stage coordinated planning method for distribution network taking into account distributed power is proposed. Simulation results show that, on the one hand, coordinating the investment decision of distributed power sources with the expansion planning of the distribution network can prevent the problems of isolated and transmission nodes. It also reduces network energy loss, thus improving the reliability of planning results. On the other hand, multi-stage planning can avoid the depreciation cost of equipment generated by overbuilding and equipment redundancy in the early stage of operation. Multi-stage planning is a more rational planning scheme based on the load demand at each planning stage and has good economic benefits.
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