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Abstract: Aiming at the consumption problems caused by the high proportion of renewable energy being connected to the
distribution network, it also aims to improve the power supply reliability of the power system and reduce the
operating costs of the power system. This paper proposes a two-stage planning method for distributed
generation and energy storage systems that considers the hierarchical partitioning of source-storage-load.
Firstly, an electrical distance structural index that comprehensively considers active power output and reactive
power output is proposed to divide the distributed generation voltage regulation domain and determine the
access location and number of distributed power sources. Secondly, a two-stage planning is carried out based on
the zoning results. In the phase 1 distribution network-zoning optimization layer, the network loss is
minimized so that the node voltage in the area does not exceed the limit, and the distributed generation
configuration results are initially determined; in phase 2, the partition-node optimization layer is planned with
the goal of economic optimization, and the distance-based improved ant lion algorithm is used to solve the
problem to obtain the optimal distributed generation and energy storage system configuration. Finally, the
IEEE33 node system was used for simulation. The results showed that the voltage quality was significantly
improved after optimization, and the overall revenue increased by about 20.6%, verifying the effectiveness
of the two-stage planning.
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Nomenclature



	ΔP
	Variation of active power injected into system nodes



	ΔQ
	Variation of reactive power injected into system nodes



	ΔV
	Node voltage amplitude change



	Δδ
	Node voltage phase angle change



	J
	Jacobian matrix



	J−1
	Jacobian inverse matrix



	LPδ
	Active power-voltage phase angle sensitivity matrix



	LQδ
	Reactive power-voltage phase angle sensitivity matrix



	LPV
	Active power-voltage amplitude sensitivity matrix



	LQV
	Reactive power-voltage amplitude sensitivity matrix



	dPVij
	The ratio of the voltage change produced by itself and node i when the active power of a node changes



	dQVij
	The ratio of the voltage change produced by itself and node i when the active power of a node changes



	Dij
	The electrical distance between node i and node j



	ω1,ω2,ω3
	Weights



	Rij
	Wire resistance between nodes i and j



	Vi,Vj
	The voltage of node i and j



	Pi,Pj
	Active power of node i and j



	θij
	Power factor angle



	Qi,Qj
	Reactive power of node i and j



	PWmax(i)
	The maximum possible output of the wind turbine at time i



	PSmax(i)
	The maximum possible output of photovoltaic at time i



	Gij,Bij
	Admittance parameter between node i and node j



	θij
	Phase angle difference between node i and node j



	Vmin,Vmax
	The upper and lower limits of the voltage amplitude of each node



	VGilower,VGiupper
	The upper and lower voltage limits of generator node i



	PGilower,PGiupper
	Upper and lower limits of active power of generator node i



	QGilower,QGiupper
	Upper and lower limits of reactive power of generator node i



	C1
	Power generation costs



	C2
	Initial investment cost of energy storage system



	C3
	Operation and maintenance costs



	C4
	Battery fixed investment cost



	ri
	Generator fuel cost for power generation



	αi, βi, γi
	Generator cost factor



	PGi
	Active output of node i



	Cp
	Cost coefficient per unit power of battery energy storage



	Cb
	Cost coefficient of battery energy storage unit capacity



	Pinv,jESS
	Rated charging and discharging power of battery energy storage



	Einv,jESS
	Rated capacity of battery energy storage



	k
	Annual operation and maintenance cost coefficient of battery energy storage unit charging/discharging power



	Ni
	The number of configurations of the i-th distributed power supply



	CA
	The installed cost of the i-th distributed power supply



	r
	Discount rate



	Y
	The production life of the i-th distributed power supply



	C5
	Proceeds from the sale of scenery



	C6
	Low storage and high yield



	P_DG
	Wind and photovoltaic capacity



	Pcd
	Charging and discharging power of energy storage



	Cq
	Grid-connected electricity prices for wind power and photovoltaics



	SOCmin
	Energy storage state of charge lower limit



	SOCmax
	Upper limit of energy storage state of charge



	PESS_min
	Energy storage system power lower limit



	PESS_max
	Energy storage system power upper limit



	Xit
	The position of the ant in the i-th dimension in the iteration



	ai
	The minimum value of the i-th random walk



	bi
	The maximum value of the i-th random walk



	ci
	The minimum value of all dimensions of the i-th ant



	cit
	The minimum value of the i-th dimension random walk at the t-th iteration



	dit
	The maximum value of the i-th dimension random walk at the t-th iteration



	Antlionjt
	The position of the j-th antlion in the i-th iteration





1  Introduction

With the proposal of the energy goal of “2030 carbon peak and 2060 carbon neutrality” [1], the distribution network is facing new demands to adapt to the access of a higher proportion of distributed renewable power sources [2]. The energy storage system connects resources on the three sides of “source, grid, and load” with its ability to transfer electrical energy in time and space and to support power in two directions [3]. It is of great significance for building a new power system and promoting the realization of the dual-carbon strategic goal [4]. However, energy storage system has the dual attributes of load and power supply [5], and the reasonable configuration is directly related to the cost and benefit value [6]. Therefore, to make the distribution network operate more economically, safely, and reliably, and to take advantage of the energy storage system, it is necessary to carry out a two-stage optimization plan for distributed generation and energy storage system that takes into account site selection and capacity optimization and optimal dispatch.

The high proportion of distributed power supply access makes the traditional power grid planning method no longer applicable. How to reasonably plan distributed generation and energy storage system to make the power grid operation more reliable is the focus of current research [7]. Literature [8] proposes an evaluation index for system peaking adaptability, realizes energy storage capacity optimization through analytical methods, optimizes the configuration plan to reflect the characteristics of new energy, and meets the demand for energy storage location and capacity in distribution networks containing high penetration rates of new energy; Literature [9,10] proposes a wind, solar and storage joint planning method that takes into account the operation risks of the distribution network to solve the installation location and capacity of the energy storage system; Literature [11] proposes a new approach to determine the optimal location and capacity of microgrid systems for reducing non-service energy. And taking into account both reliability and investment costs, the proposed model also determines the most appropriate energy storage access capacity. Literature [12] proposes a distributed power grid optimization method using double-layer optimization design, but it mainly focused on load-side demand and did not consider the impact of distributed energy itself on the distribution network. The above literature mainly considers the coordinated planning of distributed power sources and energy storage from an economic point of view.

Literature [13] proposes a joint planning model of distributed power sources and energy storage in active distribution networks to increase the penetration rate of renewable energy in distribution networks. An improved binary particle swarm optimization algorithm based on chaos optimization was developed to solve the model and achieve optimal joint planning through alternating iterations between two levels. Using economic benefits, voltage deviation, penetration rate and wind and solar absorption as indicators, a multi-objective programming model was established and an improved multi-objective particle swarm optimization algorithm was used for verification. Literature [14] considers a two-layer model of electric-hydrogen hybrid energy storage system considering demand side response. The upper-layer model aims at minimizing net load fluctuations, maximizing user satisfaction with electricity purchase costs and comfort with electricity after considering demand side response, and derives the optimal time-of-use electricity price setting strategy based on the electricity price elasticity matrix model. The lower-layer model is based on the time-of-use electricity price strategy solved by the upper-layer model, targeting the minimum life cycle cost of the electricity hydrogen hybrid-energy storage system, the voltage fluctuation of the active distribution network, and the net load fluctuation after considering the demand side response and being connected to the electricity hydrogen hybrid-energy storage system. Through optimal planning of electricity hydrogen hybrid-energy storage system, the best balance between investment economy, active distribution network load stability and voltage quality can be achieved. Literature [15] uses a two-stage model to select and size battery energy storage systems in distribution networks. Priority is given in the first phase to meeting the flexibility needs of distribution system operators by managing congestion or supply interruptions in local networks. In the second stage, the battery energy storage system is optimized and configured to increase system revenue by providing frequency suppression backup for normal system operation, and an IEEE33 node system is used for verification.

Although the above-mentioned literature considers different focuses in the dual-layer planning of distributed generation and energy storage system, the objective functions selected are also different, mainly from the perspective of coordination of technical indicators (voltage, network loss, etc.) and economic indicators. Storage collaborative planning is used to improve the comprehensive carrying capacity of the power grid and maintain safe, efficient and stable operation of the power grid.

Due to the decentralized nature of the distributed power system, processing the distribution network system as a whole is very time-consuming in terms of calculation time. If there are too many nodes, the optimization efficiency may be low. Therefore, you can consider introducing the idea of partitioning and dividing the dispersed distributed generation into several subnets for regional voltage management. Literature [16] proposes a cluster comprehensive performance index that combines the source-storage matching degree index and the modularity index, and uses the synchronous alternating direction multiplier algorithm to solve it, and realizes the distributed optimal dispatch of the distribution network through cluster control; Literature [17] proposes a new network partitioning method based on community detection algorithm to achieve partitioned voltage control by controlling response time, and proposes optimal reactive and active power control strategies for voltage control in each cluster; Literature [18] uses an improved Fast-Newman algorithm to perform double-layer partitioning for reactive power compensation and active power compensation, making the voltage regulation results more accurate and making the combination of reactive power compensation and active power reduction more reasonable. Most of the above literature uses the method of partitioning to solve the voltage over-limit problem. The above existing distribution network partitioning methods mainly consider electrical distance indicators. The research focuses on distribution network voltage control, mainly focusing on voltage over-limit and new energy consumption, while less consideration is given to the coordinated dispatch of active power in the distribution network and the power complementarity of source and load.

Based on the above research, the innovation points of this article are as follows:

1.    In view of the problem that distributed power sources are dispersed and difficult to control uniformly, this paper proposes an electrical distance structural index based on active-reactive voltage sensitivity. Not only does the partitioning result take into account the network topology, but also the impact of active/reactive power on voltage regulation sensitivity, giving full play to the power complementary characteristics of source and load;

2.    In the two-stage planning of distributed generation and energy storage system, the characteristics of the post-partition distribution network are considered, and the overall optimization problem of distributed generation and energy storage system is turned into a sub-problem based on regions based on the principle that the node voltage does not exceed the limit. It reduces the impact on the optimal solution when the capacity and location change, speeds up the solution speed, and during the solution process not only keeps the node voltage from exceeding the limit, reduces the network power loss, but also optimizes the economics of the energy storage system configuration.

This paper first divides the voltage regulation areas of each distributed power supply based on the electrical distance structural index based on active-reactive voltage sensitivity. Secondly, a two-stage planning is carried out based on the partition, with minimum network loss and optimal economy. The goal is to construct a two-stage planning model and use the distance-based improved ant lion algorithm to solve it. Finally, it is solved based on the IEEE33 node example to verify the effectiveness of the two-stage planning.

2  Distribution Network Hierarchical Zoning Strategy Considering Source-Storage-Load

When a high proportion of distributed power sources are connected to the distribution network, the operating status of the distribution network will be more volatile and uncertain compared with the operating status of the traditional distribution network [19,20]. It is easy to cause reverse flow of power and cause voltage to exceed the limit. Therefore, according to the degree of impact on the voltage of each node when the distributed generation output changes, this paper proposes an electrical distance structural index that comprehensively considers active and reactive output, reasonably divides the distributed generation voltage regulation domain and determines the location and number of distributed power supply connections.

2.1 Electrical Distance Structural Index Based on Active-Reactive Voltage Sensitivity

By calculating the Newton-Raphson power flow correction equation [21] in polar coordinate form, the voltage sensitivity matrix related to active and reactive power can be obtained, the equation is:

[ΔPΔQ]=J[ΔδΔV]=[∂P∂δ∂P∂V∂Q∂δ∂Q∂V][ΔδΔV](1)

Perform the inverse transformation of the Jacobian matrix to obtain the sensitivity matrix:

[ΔδΔV]=J−1[ΔPΔQ]=[LPδLQδLPVLQV][ΔPΔQ](2)

According to formula (2), the change of any node voltage has a certain relationship with the change of the injected active power and reactive power, which can be expressed as:

ΔV=LPV⋅ΔP+LQV⋅ΔQ(3)

The sensitivity matrix between power and voltage amplitude in distribution networks often defines an important indicator of electrical distance. In this article, the electrical distance structural index comprehensively considers the influence of active and reactive power. The electrical distances DPVij and DQVij based on the power-voltage amplitude sensitivity matrices LPV and LQV are:

{dPVij=ln⁡LPVjjLPVijdQVij=ln⁡LQVjjLQVij(4)

{DPVij=(dPVi1−dPVj1)2+⋯+(dPVin−dPVjn)2DQVij=(dQVi1−dQVj1)2+⋯+(dQVin−dQVjn)2(5)

In the formula: dPVij and dQVij are used to express the degree of impact on the node when the active power and reactive power change. When the electrical coupling between two nodes becomes closer, the impact of power changes on the two nodes will be closer, and the electrical distance will become smaller.

This paper constructs an electrical distance structural index that comprehensively considers active and reactive power, expressed as:

λ=ω1DPVij+ω2DQVij+ω3DijDijmax−Dijmin(6)

2.2 Method for Dividing Voltage Regulation Domains Based on Structural Indicators

Taking the maximum structural index as the goal of regional division, the distribution grid area is divided according to the three stages of initialization, node merging and area merging. The specific division process is as shown in the Fig. 1.
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Figure 1: Regional division flow chart

First, in the initialization stage, a single node in the distribution network is regarded as a region, with a total of n regions;

Secondly, in the node merging stage, the selection node i is added to the area where the adjacent nodes are located in turn, and the node with the largest increase is calculated according to the system’s structural index increment formula, and then the node i is merged with the area and the regional structure is updated;

Finally, in the area merging stage, a new network topology is formed based on the area division results in the node merging stage. When the structural index of area division reaches the maximum, the optimal division result is obtained.

3  Distributed Power Supply-Energy Storage Two-Stage Planning Model and Solution Method

This paper carries out a two-stage planning model of distributed generation and energy storage system based on the hierarchical partitioning results obtained in the first part. The overall framework diagram is shown in Fig. 2.
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Figure 2: Overall flow chart of two-stage planning

3.1 Distributed Power Supply-Energy Storage Two-Stage Planning Model

3.1.1 Phase 1 Planning

The stage 1 planning model is the distribution network-zoning optimization layer, and its optimization results are used as the input of the next stage planning model. This part comprehensively considers the distributed power supply configuration in each area, with the goal of minimizing network loss, so that the node voltage in each area does not exceed the limit, and obtains the preliminary distributed generation capacity configuration. The first stage planning model construction method is as follows:

(1) Objective function

minPLoss=∑i=1n∑j=1nRijViVj[(PiPj+QiQj)cos⁡θij−(PiQi+PjQj)sin⁡θij](7)

(2) Restrictive condition

a) Photovoltaic and wind power constraints

0≤PW(i)≤PWmax(i)(8)

0≤PS(i)≤PSmax(i)(9)

b) Power flow constraints

{Pload−PWT−PPV−PESS=Vi∑j=1nUj(Gijcos⁡θij+Bijsin⁡θij)Qload−QWT−QPV−QESS=Vi∑j=1nUj(Gijsin⁡θij−Bijcos⁡θij)(10)

c) Node voltage constraints

Vmin≤Vij≤Vmax(11)

d) Generator constraints

{VGilower≤VGi≤VGiupperPGilower≤PGi≤PGiupperQGilower≤QGi≤QGiupper(12)

3.1.2 Phase 2 Planning

The stage 2 planning model is a partition-node optimization area, which mainly considers the economical operation of the distribution network. This article mainly considers two parts, namely, the minimum operating cost and the maximum benefit of distributed generation and energy storage system. The operating costs are divided into power generation costs, energy storage initial investment costs, operation and maintenance costs, and battery fixed investment costs; the income is mainly based on charging and discharging based on load demand and grid time-of-use electricity prices to obtain energy storage’s low storage and high discharge income and proceeds from the sale of scenery.

(1) Objective function

a) Operating costs

Pcos⁡t=min(C1+C2+C3+C4)(13)

{C1=∑i=1N⁡ri=∑i=1N⁡(αi+βiPGi+γiPGi2)C2=∑j∈N⁡(CpPinv,jESS+CbEinv,jESS)C3=∑j∈N⁡k∗ConC4=∑j∈N⁡Ni∗CA∗r(1+r)Y(1+r)Y−1(14)

b) Operating income

Pprofit=max(C5+C6)(15)

{C5=Cq∗P_DGC6=∑j∈NPcd∗Gprice(16)

(2) Restrictive condition

a) SOC constraints

SOCmin≤SOC(i)≤SOCmax(17)

b) Energy storage energy balance constraints

∑i=1TPESS(i)⋅Δt=0(18)

c) Energy storage charge and discharge constraints

PESS_min≤Pstore≤PESS_max(19)

3.2 Two-Stage Planning Solution Method

3.2.1 Two-Stage Planning Optimization Method

First, the distribution network is divided into different areas using structural indicators based on electrical distance, and the initial values of distributed power sources and loads connected to the system are set. The power flow is calculated through MATPOWER to obtain the voltage {U1,U2⋯Ui},∀i∈{1,2⋯Ne} of each node. Calculate the voltage exceeding the limit amplitude of the internal nodes in each area, and calculate the voltage sensitivity Sii=∂Ui/∂Pi of the exceeding node.

Next, enter the two-stage planning part. In the first stage of planning, the network loss is minimized as the goal, so that the node voltage does not exceed the limit and Ui(t) is kept between the upper and lower limits. The preliminary configuration results of the distributed power supply obtained in this stage are passed to the next stage; In the second stage planning model, the economic optimization is the goal, and the energy storage system connected in each area is optimally configured, and the upper limit voltage lines of each node are defined as Umax and Umin, respectively. When the node voltage is less than the lower limit of the voltage regulation voltage, the energy storage and discharge power is increased to increase the voltage level, and the energy storage and discharge power Pdischarg⁡e(t)=(Umin−Ui(t))/Sii; when the node voltage is greater than the voltage regulation upper limit, the energy storage charging power is increased to reduce the node voltage, and the energy storage and charging power Pcharg⁡e(t)=(Umax−Ui(t))/Sii, obtain the energy storage system capacity configuration results in each region.

Based on the results obtained from the economic model in the second stage, according to the energy storage charge and discharge constraints and SOC constraints, the results obtained in the second stage and the first stage are mutually variable and target quantities, and the configuration results obtained in the first stage are corrected. After each iteration, a power flow calculation is performed to obtain the system voltage Ui(t), network loss PLoss and other parameters. Through two-stage planning, the configuration of distributed generation and energy storage system is obtained when the system network loss is minimized, the energy storage operation cost is minimized, and the wind and solar revenue is maximized without the voltage exceeding the limit.

3.2.2 Two-Stage Programming Method

This paper uses the distance-based improved ant lion algorithm to solve the problem. The random walk of ants around the ant lion walks in each dimension, ensuring the randomness of each dimension. However, the random walk will be affected by the trap set by the ant lion, so the algorithm also needs to simulate the trap of the ant lion. In this process, it is mainly controlled by the trap range of the ant lion. The search space of the ant can be expressed as:

Xit=(xit−ai)∗(bi−cit)dit−ai+ci(20)

The ants will be affected by the trap during the random walk, that is, the position of the ant lion and the size of the trap. The formula is as follows:

cit=Antlionjt+ct(21)

dit=Antlionjt+dt(22)

As the number of iterations increases, the ants gradually approach the center of the ant lion trap. Therefore, reducing the spatial range can effectively improve the convergence speed, and conduct concentrated searches near the high-quality solution range to obtain the optimal solution.

In the traditional ant lion algorithm, ants walk randomly. The distance between ants and ant lions is not considered, which will cause the algorithm to fall into a local optimal solution prematurely. Therefore, we should consider adding a distance variable so that each ant lion is surrounded by ants, and ant lions with low fitness are also surrounded by ants for random walks. Therefore, ant lions are selected in two situations during the random walk.

The first situation is that the ant is within the trap range of an ant lion. At this time, the distance factor should be added. The ant lion closest to the ant is the current optimal ant lion, and it also has the greatest ability to capture ants. If the optimal solution randomly walks to RandAt, the solution obtained by Russian roulette performs a random walk to RandEt, and the nearest solution randomly walks to RandDt, the ant’s final random walk position is updated as:

Antit=αRandAt+βRandEt+γRandDt(23)

The second case is that the ant is not within the trap range of any ant lion. In this case, there is no need to consider the distance factor. The final random walking position of the ant is:

Antit=0.5RandAt+0.5RandEt(24)

The specific process of the distance-based antlion optimization algorithm is shown in Fig. 3.
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Figure 3: Distance-based antlion optimization algorithm process

4  Case Analysis

4.1 Calculation Example Parameter Description

In order to verify the reliability of the two-stage planning model, the IEEE33 node system is used as the test system [22], and node 1 is the balance node. When performing power flow calculation, the system’s base voltage is 12.66 kV, the system’s base capacity is 10 MVA, the power factor is set to 0.95, and the convergence accuracy is μ=10−4. The time-of-use electricity price is as follows: 0–8 h electricity price is 0.45 yuan/kWh; 8–16 h electricity price is 0.79 yuan/kWh; 19–24 h electricity price is 0.94 yuan/kWh.

In this example, the distributed power photovoltaic simulation is based on a normal distribution with a mean of 0.5 and a standard deviation of 0.1 [23,24]. The node voltage constraint is controlled between 0.95 and 1.07 p.u. The total load distribution throughout the day is shown in Fig. 4. The economic parameters related to distributed power supply and energy storage are shown in Table 1.
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Figure 4: System total load output curve
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To verify the effectiveness of the two-stage planning scheme considering the hierarchical partitioning proposed in this article, the following three planning schemes are constructed, and the configuration results of different schemes are compared and analyzed.

Option 1: Use the original single-layer planning model, with the voltage not exceeding the limit as the planning goal, and determine the access locations of distributed generation and energy storage system based on voltage sensitivity. Then plan the access capacity of each node.

Option 2: Adopt a two-stage planning model. Stage 1 aims to minimize network loss and optimize the access location and capacity of distributed generation. Stage 2 aims to optimize economic efficiency and optimize the location and capacity of energy storage system and distributed generation.

Option 3: Obtain the zoning results based on the structural indicators of electrical distance, and conduct two-stage planning based on the zoning results.

4.2 Two-Stage Planning Results and Analysis

4.2.1 Typical Scenario Analysis

First, 1,000 time-series scenery scenes are generated. Both wind power and photovoltaics conform to the normal distribution [25]. The uncertainty of wind power output is realized by simulating the uncertainty of wind speed, which satisfies the Weibull distribution [26]. Light intensity at different times throughout the day follows a Beta distribution. Then the Latin hypercube sampling method is used for sampling [27]. The scenery output after sampling is shown in Fig. 5.

[image: images]

Figure 5: Scenery output scene after sampling

There are a total of 1,000 scenes after sampling. The scene reduction method is used to reduce these scenes. Determine a subset of the initial set of scenarios. And redistribute the scene probability to it, so that a certain probability distance between the probability distribution of the retained scene and the probability of the initial scene set is the shortest, thereby reducing the probability of small probability and adding it to the scene with the closest probability distance to its scene, finally get a typical scenario. And the 10 scenes with the highest probability of occurrence are retained, as shown in Fig. 6. These 10 scenes all ensure that the Euclidean distance from the original scene is the smallest and within the upper and lower limits of the extreme scene. They are also the scenes to be used in the two-stage planning.

[image: images]

Figure 6: Scenery output scene after scene reduction

4.2.2 Comparative Analysis of Two-Stage Planning Results

a)   Node voltage analysis

The distribution network is divided into regions based on the comprehensive index of electrical distance. The division structure is shown in Table 2 and Fig. 7.

[image: images]

[image: images]

Figure 7: IEEE33 node partition results

Based on the above partitioning results, the node voltage comparison results of each scheme are shown in Fig. 8. The scenery output after partitioning is shown in Fig. 9. Comparing the system voltages of different schemes, in the single-layer planning model of Scheme 1, when the voltage exceeds the lower limit due to the access of distributed power sources, the minimum voltage is 0.941 p.u., which is lower than the 0.95 p.u. set in the calculation example. By optimizing the energy storage configuration, Scheme 2 and Scheme 3 increase their minimum voltage to 0.951 and 0.957 p.u., respectively, so that the voltage of the distribution network is within the allowable range. The voltage deviations under the three schemes are 3.69%, 2.9% and 2.23%, respectively. The voltage deviation after optimization is significantly reduced. Therefore, reasonable configuration of distributed generation and energy storage system processing in the system will regulate the node voltage of the system.

[image: images]

Figure 8: Voltage distribution under different schemes
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Figure 9: Scenery contribution in case of option three

b)   Network loss analysis

Reducing the network loss on the line can reduce the power loss, which can not only improve the economy but also be more environmentally friendly. The network losses under different schemes are shown in Fig. 10. The average network losses under the three schemes are 0.28, 0.22 and 0.16 MW, respectively. The result after two-stage planning is 21.4% lower than the result of the single-layer planning model. The two-stage planning after partitioning is 27.2% lower than that without partitioning. The overall power loss of the distribution system has been reduced to a certain extent, which proves that two-stage planning after partitioning can further reduce network losses, save energy and reduce emissions, and is conducive to the overall stability of the system.

[image: images]

Figure 10: Network loss analysis under different solutions

c)   Economic analysis

In order to facilitate the observation of the timing actions of the energy storage system, the energy storage actions of a typical day are selected for explanation in Fig. 11. Positive values represent energy storage discharge, and negative values represent energy storage charging. During the period of 8:00–17:00, in order to balance the overvoltage caused by the output of distributed power sources, the energy storage is charged at this time; the distributed power supply is in a period of low output between 0:00–8:00 and 18:00–24:00, at this time, the energy storage is discharged to meet the peak load demand.

[image: images]

Figure 11: Energy storage actions under different schemes

The changing trend of energy storage SOC throughout the day is shown in Fig. 12. In order to prevent overcharge and overdischarge of energy storage components, according to the SOC status constraints of the energy storage system, the SOC of the energy storage is always controlled to remain between 0 and 0.8. fluctuation.

[image: images]

Figure 12: SOC optimization results under different solutions

The economic indicators under different schemes are shown in Table 3. As can be seen from Table 3, the overall investment cost of two-stage planning after zoning is reduced by 58.1% compared to the single-layer planning solution, and the income from wind and solar grid connection is increased by 20.6%. The results in Table 2 show that all costs of the distribution network have been reduced after optimization, which verifies the effectiveness of the optimization method proposed in this article.

[image: images]

5  Conclusion

In order to solve the voltage over-limit and accommodation problems caused by the access of high-proportion distributed power sources, this paper proposes an electrical distance structural index that comprehensively considers active output and reactive power output. This index reasonably divides the distributed generation voltage regulation domain and determines the location and number of distributed power supply connections. It is relatively more universal than existing indicators. And based on the zoning results, a two-stage planning is carried out, comprehensively considering the coordination between distributed power sources and energy storage, and planning with the goal of minimizing network losses and optimizing economics, making the planning results more comprehensive and reasonable.

Finally, the distance-based ant lion optimization algorithm is used to solve the problem. The solution results can take into account the different needs of different entities. The voltage and network loss of the entire network have been significantly improved, the voltage deviation has been reduced to 2.23%, and the average network loss has been reduced by 27.2% compared with the case without partitioning. The overall investment cost was reduced by 58.1%, and the income from wind and solar grid connection increased by 20.6%, which not only achieved the safe operation of the distribution network, but also met the profit needs of distributed power sources and energy storage.
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Table 1: Parameters related to distributed power and energy storage

Photovoltaic Wind power Battery
Annual cost factor 8% 8% 8%
Service life/year 20 20 20
Discount rate 0.1259 0.1259 -
Investment cost per unit capacity 10000 8000 30000
(yuan/kW)
Investment cost per unit power — - 8000
(yuan/kW)
Operation and maintenance cost per 0.08 0.01 0.08
unit power generation (yuan/kWh)
SOC upper and lower limits - - 0.1-0.8

Charge and discharge efficiency — — 80%
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Table 3: Comparison of economics under different plans

Access location and capacity Cost/yuan Income/yuan

Plan 1 Node 18: 0.32 MW energy storage 4200 4020
Node 13: 0.17 MW wind power
Node 29: 0.20 MW photovoltaic

Plan 2 Node 24: 0.26 MW energy storage 1890 4450
Node 7: 0.14 MW wind power
Node 29: 0.15 MW photovoltaic

Plan 3 Node 5: 0.27 MW energy storage 1760 5060
Node 22: 0.199 MW wind power
Node 21: 0.45 MW photovoltaic
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Table 2: Zoning results based on electrical distance structural indicators

Area Node
Area 1 5-11,26-27
Area 2 26,29-33

Area 3 2-4,12-25
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