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Abstract

:

The safety and stability of a distribution network will be affected by high photovoltaic (PV) penetration. Therefore, it is of great significance to evaluate the PV accommodation capacity of a distribution network and to select an appropriate PV accommodation scheme. This paper assesses the PV accommodation capacity of a distribution network with an improved algorithm and optimizes the accommodation scheme with a comprehensive index. First, the PSO (particle swarm optimization)–Monte Carlo algorithm is used to evaluate the maximum accommodation capacity of a distribution network with PV integration. Second, a year-round voltage timing simulation is performed to analyze the node voltage that exceeds the limit under the planned PV capacity, which is higher than the previously evaluated maximum accommodation capacity. Finally, the staged control strategy of the PV inverter and energy storage is carried out to select the scheme for the sizing and siting of energy storage. The simulation tests use a 10 kV standard distribution network as an example for PV evaluation and PV accommodation scheme selection to verify the feasibility and effectiveness of the proposed model.
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1. Introduction


In recent years, renewable energy has been strongly promoted due to its advantages, such as cleanliness, large reserves and renewability [1,2]. The most typical example is photovoltaic (PV) energy [3].



Although large-scale PV power has access to distribution networks, reducing power loss [4] and providing voltage support [5], high PV penetration in a distribution network will impact the safety [6], stability [7] and economy [8] of the distribution system. Thus, it is of great significance to correctly assess the PV accommodation capacity and to select reasonable accommodation schemes for a PV-rich-distribution network.



To date, many countries have conducted extensive and far-reaching research on PV accommodation capacity assessment and methods. The evaluation of the accommodation capacity of a distribution network can be performed with the dynamic simulation method and mathematical optimization method. The dynamic simulation method is based on some dynamic simulation software [9,10], such as OpenDss or PSCAD. The principle of this method is relatively simple but repeated, and a large number of calculations may be needed. The mathematical optimization method aims to solve the problem by the mathematical method, the intelligent algorithm method or the random scene simulation method [11,12,13]. Ayres processed the distribution network model linearly, and the capacity could be calculated by the voltage sensitivity matrix [14]. Koutroumpezis evaluated the maximum accommodation capacity of the distribution network through the optimization algorithm under the constraints of node voltage and line current, but the simulation scene was still a single scenario [15]. Furthermore, the Monte Carlo algorithm was adopted to randomly select the access points, access number and access capacity of a distribution PV system, and the PV accommodation capacity of the distribution network was obtained through a variety of scenario simulations [16]. However, the random scene simulation method requires a large number of calculations and takes a long time. Therefore, the evaluation algorithm can be further improved and modified.



Reasonable PV consumption methods can ensure the safety and stability of the distribution network [17,18]. Improving the PV accommodation capacity of a distribution network can be considered based on the power factor adjustment of PV inverters [19,20], energy storage technology [21,22], reactive power compensation [23,24], and grid reconstruction [25,26]. With the adjustment of a PV inverter, node voltage was returned to the normal value through staged control of the inverter [27], but the author did not consider the situation from the planned perspective. Zhao used the L index to determine the sizing and siting of energy storage [28]. Due to the correlation between nodes, the single-index configuration of energy storage is not the best choice. Tao built a bi-level planning model to configure the siting and sizing of energy storage [29]. However, the bi-level planning model is relatively complex, and the upper layer addresses energy storage at random. Taking the correlation between nodes into consideration, the distribution network is divided into several clusters [30]. According to the results of cluster division, a bi-level planning model was established to optimize the siting and sizing of installation PV and energy storage.



Considering some problems in terms of PV consumption method and evaluation, this paper uses a three-stage analysis of maximum accommodation capacity, completing the evaluation of PV accommodation capacity, the formulation of a PV accommodation scheme and the selection of a PV accommodation scheme in three stages. First, the PSO–Monte Carlo algorithm is used to evaluate the PV accommodation capacity with regards to calculation speed and calculation accuracy. Second, according to the results of the evaluation stage, a year-round voltage timing simulation is carried out from a planned perspective. The staged control strategy of the energy storage and inverter is carried out to formulate schemes of the sizing and siting of the energy storage in terms of the node voltage that exceeds the limit. Finally, the average voltage fluctuation index and maximum accommodation capacity index are introduced into each scheme. GRA (grey correlation analysis) and AHP (analytic hierarchy process) are used to choose the suitable scheme from the schemes in the stage of scheme formulation. Thus, the main contributions of the paper are summarized as follows:




	
Compared to traditional algorithms, PSO is used to optimize the Monte Carlo algorithm, which not only improves the calculation speed, but also improves the calculation accuracy in this paper.



	
Considering the characteristics of the correlation between nodes, two indexes are introduced to determine the sitting schemes of the energy storage devices objectively. Additionally, a cooperative game theory is proposed to optimize energy storage capacity and the annual abandoned PV power.



	
This article considers the impact of energy storage and abandoned PV power on the distribution network, and proposes the average improvement index of node voltage fluctuation and a maximum PV accommodation capacity index. Scheme selection is based on energy storage capacity, abandoned PV power and their influencing factors instead of simply considering energy storage capacity and abandoned PV power.









2. Three-Stage Analysis Process of PV Accommodation


This article mainly starts from the perspective of PV evaluation and the consumption method. We will divide this article into three stages. The first stage is mainly used to evaluate the PV accommodation capacity of the distribution network, while the second and third stages mainly carry out the work of PV consumption. Because the energy storage devices are used, it is necessary to consider the siting and sizing of the energy storage devices. Therefore, the schemes of the siting of the energy storage device are formulated in the second stage, and the energy storage capacity and annual total abandoned PV power are also determined. The third stage mainly explores the impact of energy storage and abandoned PV power on the distribution network, and select the final scheme with their influencing factors. Therefore, the three stages are PV accommodation capacity assessment, PV accommodation scheme formulation, and PV accommodation scheme selection, respectively. The specific measures in each stage are as follows:



The first stage: The PSO–Monte Carlo algorithm is used to assess the PV accommodation capacity of a distribution network with high calculation speed and accuracy.



The second stage: The PV capacity configuration is carried out from the planned perspective according to the result of the evaluation in the first stage. A year-round voltage timing simulation is performed to analyze the node voltage that exceeds the limit. The staged control strategy of the inverter and energy storage is adopted to formulate the different schemes of the sizing and siting of the energy storage. In this stage, the cluster strategy and the degree of node voltage that exceeds the limit are used to determine the siting of energy storage. The cooperative game algorithm is used to optimize the capacity of energy storage and abandoned PV power.



The third stage: The average improvement of node voltage fluctuation and maximum accommodation capacity indexes are introduced. Combining the four indicators of each scheme, the AHP and GRA are used to select the most appropriate scheme and finish determining the sizing and siting of energy storage.




3. PV Accommodation Capacity Assessment


3.1. Typical Moment


The permeability of the PV is defined as Equation (1).


   λ  p v   ( t ) =    P  p v   ( t )    P  l o a d   ( t )    



(1)




where    λ  p v   ( t )   is PV permeability at the time  t ,    P  p v   ( t )   is the PV power at the time  t ,    P  l o a d   ( t )   is the load power at the time  t , and  t  is one hour of annual hours from 1 to 8760.



In order to avoid the effect of different types of power, the annual load power and PV power are normalized to obtain the load annual fluctuation coefficient and PV annual fluctuation coefficient. Additionally, the annual fluctuation coefficient of load power and PV power is used to pick out the typical moment in Equation (2), which is reasonably verified in [31].


   I  p v   ( t ) =    P  p v   ( t ) /  P  p v , max      P  l o a d   ( t ) /  P  l o a d , max      



(2)




where    P  p v , max     is the maximum PV power throughout the year, and    P  l o a d , max     is the maximum load power throughout the year.



Figure 1 shows the process of annual load power and PV power fluctuation, which correspond to the denominator and numerator of Equation (2), respectively. According to Equation (2), the typical moment is 3399 h when the PV power is 0.7212 times smaller than the maximum PV power and the load power is 0.1811 times smaller than the maximum load power. At this time, the selected typical moment is not at the moment of minimum load or the maximum PV power but at the moment when the load is relatively low and the PV power is relatively high.



It is also the most appropriate time to explore the maximum accommodation capacity of a distribution network under this moment.




3.2. PSO–Monte Carlo algorithm


Although Monte Carlo can accurately evaluate the accommodation capacity of a distribution network, the accuracy is related to the number of scene simulations. The longer time it takes, the more accurately it assesses the capacity. In terms of the optimization algorithm, it is easy to fall into a local optimum if the initial value is not properly selected.



Considering the advantages and disadvantages of the algorithms, this paper uses the PSO to optimize the Monte Carlo algorithm to evaluate the accommodation capacity of a distribution system more accurately and quickly.



First, Monte Carlo is used to preliminarily obtain the maximum PV accommodation capacity and the PV capacity configuration of each node. Then, the PV capacity of each node is used as a reference to optimize initial value of PSO for the optimal solution. The process of evaluating PV accommodation capacity of a distribution network with the PSO–Monte Carlo algorithm is shown in Figure 2. The specific steps are as follows:




	
Determination of the number of PV grid connections:  N  accessible PV nodes can be connected to the distribution system from the load nodes of the distribution network.



	
Selection of PV grid connection location:    N  p v     PV nodes can be selected and connected to the distribution system from  N  accessible PV nodes.



	
Configuration of PV grid-connected capacity: The capacity of the accessible PV node is calculated based on    λ  p v     of its node power in Equation (3).


   C  p v   =  λ  p v    P  l o a d    



(3)







	
Determination of accessible PV power: According to the normalized PV fluctuation coefficient and local temperature, the PV power is calculated in combination with the PV grid connection capacity.



	
Power flow calculation: The forward and backward substitution method is used to calculate the voltage and power of each node according to the PV power, load power and distribution network parameters.



	
Repeated calculation:    λ  p v     is increased step by step until it reaches the preset maximum value. The maximum PV accommodation capacity of the distribution system is evaluated, and the PV installation capacity of each node is obtained under voltage safety constraints.



	
The maximum accommodation capacity evaluation: The PV capacity value of the PSO algorithm in each node is initialized according to the PV installation capacity of each node in step 6. The maximum accommodation capacity is assessed through the PSO optimization operation.










4. PV Accommodation Scheme Formulation


4.1. The Process of PV Accommodation Scheme Formulation


When the maximum evaluation does not meet the demand of the planned PV capacity of the distribution network, it is necessary to study the annual timing condition of node voltage under the planned capacity. According to the PV capacity configured by each node in the evaluation stage, the PV capacity of each node will increase in proportion to the planned capacity, and the year-round voltage timing simulation will proceed. The staged control strategy of inverter and energy storage is adopted to carry out the PV accommodation, the process of which is shown in Figure 3. The specific measures are as follows:




	
Annual voltage timing simulation from the planned perspective is carried out.



	
According to the condition of node voltage off-limit, the inverter reactive power regulation is used to carry out preliminary adjustment on the node, and the node voltage that exceeds the limit can be obtained after adjustment.



	
According to the degree to which the node voltage exceeds the limit and cluster strategy, the siting schemes of energy storage are formulated.



	
For different siting selection schemes, cooperative games are used to optimize the power of nodes configured energy storage. The optimal energy storage configuration capacity and the total annual abandoned PV power are obtained by cooperative games. Active PV power is discarded only at the node where the PV equipment is installed. In addition, the rate of total annual abandoned PV power is required to be less than 0.01%.









4.2. Staged Control Strategy of the PV Inverter and Energy Storage


The voltage regulation of the PV inverter can be roughly divided into two stages. The first stage is the regulation of the inverter reactive power until the maximum power factor or the maximum inverter capacity is reached. This stage will not discard the PV active power. The second stage is the regulation of the active power of the inverter. Discarding active power will be carried out at this stage. The energy storage stage is the same as the second stage of the inverter, which is adjusting the active power. Therefore, the inverter’s reactive power adjustment can be used to perform the first round of voltage adjustment, and energy storage combined with abandoned PV power are used as the second stage of adjustment if the node voltage exceeds the limit value.




4.3. The Siting of the Energy Storage


According to the abovementioned staged control strategy, the problems of the sizing and siting of energy storage need to be considered when using the energy storage. To solve these problems, a bi-level planning model is used to find the siting and sizing of the energy storage. The upper layer is for the siting of energy storage, and the lower layer is for the sizing of energy storage. The bi-level planning model has a certain complexity, and the upper layer uses random particles to find the position, which is a blinded method. Aiming at the shortcomings of bi-level planning, this paper will combine the degree to which the node voltage exceeds the limit and cluster strategy to conduct a comprehensive evaluation in order to formulate the energy storage siting scheme.



4.3.1. Cluster Strategy


Considering the strong and weak associations between nodes, the cluster strategy is used to divide the strong and weak node associations. The correlation between clusters is relatively weak, and the correlation within clusters is relatively strong. In this paper, the cluster division adopts the division method of [30]. The electrical distance is used as a structural index to measure the degree of the correlation of the changes in node voltage amplitude; the power balance is used as a power index to measure the effect of active and reactive power changes on the node.




4.3.2. Node Voltage Out-Of-Limit Degree


The indicator of the degree to which the node voltage exceeds the limit is used to measure the magnitude to which the node voltage is higher than the safety threshold at the moment when the voltage exceeds the limit, which is shown in Equation (4).


   D i  =   ∑  t = 1  M     |   U  i , t   −  U  N max    |    



(4)




where  M  is the number of hours when the voltage exceeds the limit in a year,    U  N max     is the upper limit value of safety voltage constraint, and    U  i , t     is voltage of node  i  at the time  t .





4.4. The Sizing of the Energy Storage


With the energy storage siting decided, a cooperative game is used to select the energy storage configuration in order to optimize the energy storage configuration capacity. At the same time, to reduce the energy storage capacity configuration and reduce the energy storage cost, part of the PV power is abandoned when the voltage exceeds the limit.



4.4.1. Cooperative Game Model


Cooperative game refers to the game behavior of all participants who are collectively rational and coordinate with each other to determine their own strategies. The game results are beneficial to all the participants. In this paper, the elements of participation in the cooperative game model are as shown below:




	
Participants:    N C    nodes installed in the energy storage system.



	
Strategy set: the annual charge and discharge power of energy storage, annual discarded PV power and reactive power at every moment at different nodes.



	
Characteristic function: the sum of energy storage capacity of the nodes and the annual abandoned PV power are the lowest in Equation (5).


   S  t o l   =   ∑  n = 1    N C       ∑  t = 1  T     S n  (  P  c h , t   ,  P  d i c h , t   ,  P  g p , t   ,  Q t  )   



(5)




where    N C    is the number of nodes installed for energy storage,    S n    is sum of energy storage capacity and the annual abandoned PV power of node  n , and    Q t    is the reactive power at the time  t  of node  n .









4.4.2. The Constraint of the Model


The use of energy storage and abandoned PV power for annual node scheduling optimization needs to satisfy the state-of-charge constraints of energy storage, charge–discharge constraints of energy storage, and abandoned PV power constraints.



1. Energy storage charging and discharging power:



Power charging and discharging cannot occur simultaneously, as is shown in Equation (6).


   P  c h , t   ·  P  d i s , t   = 0  



(6)




where    P  c h , t     is the charging power of energy storage at time  t , and    P  d i s , t     is the discharging power at time  t .



2. State of charge of energy storage:



To prolong the life of the electricity storage equipment, it is necessary to ensure that the state of charge of the electricity storage equipment is within a certain range.


   S  e , t   =  S  e , t − 1   +    P  c h , t    η  e c h   Δ t    S  N e     −    P  d i s , t   Δ t    S  N e    η  e d i s      



(7)






   S  e min   ≤  S  e , t   ≤  S  e max    



(8)




where    S  e , t     is the state of charge at the time  t ,    S  e , t − 1     is the state of charge at the time  t  − 1,    η  e c h     is the charging efficiency of the energy storage device,    η  e d i s     is the discharging efficiency of the energy storage device,    S  N e     is the rated capacity of the energy storage device, and   Δ t   is the unit scheduling period.



3. Abandoned PV power constraint:



The abandoned PV power needs to be less than the PV power generated at a certain moment.


   P  g p , t   ≤  P  p v , t    



(9)




where    P  g p , t     is the abandoned PV power at the time  t , and    P  p v , t     is the PV power at the time  t .






5. PV Accommodation Scheme Selection


Since the total energy storage configuration capacity and abandoned PV power of different nodes in different schemes are different, it is impossible to objectively measure the quality of different schemes by simply relying on energy storage configuration and abandoned PV power. Therefore, to balance and objectively measure the energy storage configuration and the abandoned PV power in each scheme, an average improvement indicator of node voltage fluctuation and a maximum consumption capacity indicator are introduced. For the four indicators in each plan, the final choice of the plan is to use a combination of AHP and GRA. Figure 4 shows the process of PV accommodation scheme selection, and the specific steps are as follows:




	
An average improvement of node voltage fluctuation and maximum accommodation capacity are calculated in each scheme.



	
A numerical matrix of four indicators in different schemes is built.



	
The numerical matrix is normalized as a sample sequence and the optimal reference sequence is selected.



	
The grey correlation is calculated according to the relationship between the optimal reference sequence and sample sequence.



	
AHP is used to determine the weight of GRA.



	
Weighted relevance, representing the degree of association with the optimal sample sequence, is calculated through weight and grey correlation.



	
The best scheme according to weighted relevance is sorted and chosen.








5.1. Index Introduction


To more objectively observe the impact of energy storage and abandoned PV power on the distribution network, two new indexes will be introduced.



5.1.1. The Average Improvement Indicator of Node Voltage Fluctuation


The energy storage device absorbs the PV power when the PV power is greater than the load power and releases the power when it is less than the load power. Therefore, it can improve the node voltage, and its voltage fluctuation improvement index can be defined in Equation (10).


    d  u i  =   d  U i  − d  U i ′    d  U i        d  U i  =   ∑  t = 1  T     |   U  i , t   −  U  i , a v    |       d  U i ′  =   ∑  t = 1  T     |   U  i , t  ′  −  U  i , a v  ′   |      



(10)




where    U  i , t     and    U  i , t  ′    are the voltage before and after improvement of the node  i  at the time  t , respectively,    U  i , a v     and    U  i , a v  ′    are the annual average voltages of node  i  before energy storage installation and after energy storage installation, respectively; and   d  U i    and   d  U i ′    are the voltage fluctuations of the node  i  before energy storage installation and after energy storage installation, respectively.



Since the number of energy storage configuration nodes is different under different schemes, the average fluctuation index is used for measurement in Equation (11).


   M  i n d   =  1   N C      ∑  i = 1    N C      d  u i    



(11)








5.1.2. Maximum Accommodation Capacity Index


Through energy storage and abandoned PV power processing, the node voltage can be restored to normal, and the node voltage level can be improved. The energy storage configuration of different schemes and the situation of discarding PV power are also different for the improvement of the new round of accommodation capacity.



The evaluation of the new maximum accommodation capacity is measured under the energy storage capacity, energy storage power, and annual PV power after the cooperative game. During the process of evaluating new maximum accommodation capacity, it is necessary to ensure that the charge and discharge of the energy storage at each moment do not exceed the energy storage charge and discharge power in the plan. The energy storage capacity and the abandoned PV capacity of the node configuration in the stage of new evaluation are consistent with the energy storage configuration and the total amount of abandoned PV power in the plan. In other words, the new round of accommodation capacity must be based on the node energy storage capacity, energy storage power and total annual abandoned PV power in the stage of the cooperative game.





5.2. Scheme Evaluation


For the four indicators of the above schemes, how to choose the most suitable scheme not only needs to take into account the correlation between the indexes and the ranking of the importance between the indexes, but it also needs to consider the data changes of different schemes within the indexes. Therefore, the correct choice of a better plan requires a combination of subjective and objective ways to choose a reasonable plan. AHP is a combination of quantitative methods and qualitative methods, using the experience of decision makers to judge the relative importance of the standards that measure whether the goals are achieved, and giving a reasonable weight for each standard of each decision-making plan. GRA is a multi-factor statistical analysis method, which is based on the sample data of each factor and uses the grey correlation degree to describe the strength, size and order of the relationship between the factors. That is, AHP focuses more on subjective experience, weights of which are used to find the important order of index, while GRA focuses more on the numerical relationship of data factors. In this paper, GRA is used to analyze the degree of correlation between the values in different indexes. AHP is used to determine the importance of different indexes according to subjective judgement. The specific evaluation process with AHP and GRA is as follows:



1. Determine the sample and optimized reference sequence:



There are a total of  m  samples in  n  indicators composing the numerical matrix   X =   (  x  i j   )   m n    . The numerical matrix is normalized as the sample sequence with Equation (12), and the optimized reference sequence is selected from the sample sequence with Equation (13). The optimized reference sequence is optimal value in  n  indicators, which is the minimum or maximum value in  n  indicators.


   c  i j   =    x  i j   −  min j   x  i j      max j   x  i j   −  min j   x  i j      



(12)






   d j  = o p t (  c  i j   )  



(13)




where    x  i j     is the corresponding value in  i  samples of  j  indicators,   i = 1 , 2 , ⋯ , m  ,   j = 1 , 2 , ⋯ , n  , and    d j    is the optimal value in the  j  indicator.



2. Calculate the grey correlation:



   Δ  i j     is defined as the absolute deviation between the  i  value sample and optimal value sample in the  j  indicator in Equation (14).


   Δ  i j   =  |   c  i j   −  d j   |   



(14)




The grey correlation    ε  i j     can be calculated by Equation (15).


   ε  i j   =    min i     min j   Δ  i j   + ρ  max i     max j   Δ  i j      Δ  i j   + ρ  max i     max j   Δ  i j      



(15)




The general resolution coefficient value  ρ  is 0.5, which lacks objectivity. The resolution coefficient  ρ  is determined according to reference [32], which makes it more consistent with the sample data and more objective.



3. Determine the weight of GRA with AHP:



A judgement matrix combining the subjective importance of the indexes is constructed. The judgement matrix must pass the consistency test. Weight   ω = (  ω 1  ,  ω 2  , ⋯ ,  ω j  )   can be obtained after meeting the AHP standard principle.



4. Calculate weighted relevance:



Weighted relevance can be calculated with Equation (16), which reflects the correlation between the optimal sample and value sample.


   γ i  =   ∑  j = 1  n     ε  i j    ω j    



(16)







5. Select the final scheme:



The greater the value of    γ i   , the greater the correlation between the first sample and the optimal sample. Therefore, the optimal solution can be selected according to the degree of correlation.





6. Analysis of Examples


6.1. Parameters of Examples


This example uses MATLAB2019a for the simulation. The operating system is a 64-bit Windows 10 system, the RAM is 4.0 GB, the CPU is Intel Core I7-5500U, 2.4 GHz, and the core frequency is 3.0 GHz. This example uses the IEEE 33 system, which is shown in Figure 5. The reference voltage of the system is 12.66 kV. The base power of the system is 10 MVA. Node 1 is the balanced node whose voltage is 1.04 pu, and the total system load is 3.72 MW + j2.30 Mvar. The PV output system and load fluctuation coefficient are shown in Figure 1 above, and the ambient temperature is taken as 25 °C. The inverter limit power factor is set to 0.95. To ensure that the inverter has sufficient reactive power regulation capacity, the inverter capacity is set to 1.1 times higher than the PV installation capacity. The unit period for optimized scheduling is 1 h, and the total period for optimized scheduling is 1 year.



Considering that the urban area of the distribution network is relatively small, it is considered that the change in light density within a distribution network is not very large, so the light intensity of each node is considered to be the same.



This paper will take node voltage as the constraint and meet equal constraints of active and reactive power in the distribution network. Considering the assessment standards of power supply companies, the maximum safety unit value of the node voltage shall not exceed 1.05 pu, and the minimum safety unit value shall not be less than 0.95 pu.




6.2. Evaluation of the Results of Accommodation


To objectively evaluate the effect of the PSO–Monte Carlo algorithm, this paper compares the calculation time and accuracy between the traditional Monte Carlo algorithm and the optimized Monte Carlo algorithm.    λ  p v     can be adopted from 0.1 to 3. The interval step increment is 0.1.



The traditional algorithm will run 2000 times to simulate scenes with each increase in step, that is, a total of 60,000 times using the Monte Carlo algorithm for random scene simulation.



The optimized algorithm will run 200 times to simulate scenes with each increase in step, that is, a total of 6000 times using the PSO–Monte Carlo algorithm for random scene simulation.



Related parameters of the PSO algorithm are set as the upper and lower limits to avoid local optimal solution, and the value of three parameters will be changed during each iteration in Equation (17).


     W =  W max  −   (  W  max   −  W  min   ) k    C  M a x i t e r           C 1  =  C  1 max   −   (  C  1 max   −  C  1 min   ) k    C  M a x i t e r          C 2  =  C  2 max   −   (  C  2 max   −  C  2 min   ) k    C  M a x i t e r        



(17)




where  W  is inertia weight,    W  max     and    W  max     are the upper and lower limits of  W ,    C 1    and    C 2    are learning factors,    C  1 max     and    C  1 min     are the upper and lower limits of    C 1   ,    C  2 max     and    C  2 min     are the upper and lower limits of    C 2   ,  k  is the number of current iteration, and    C  M a x i t e r     is the number of the maximum iteration.



A large number of experimental simulations is conducted to ensure the global optimal solution.    W  max     and    W  min     are set to 0.5 and 0, respectively.    C  1 max     and    C  1 min     are set to 2 and 1, respectively.    C  2 max     and    C  2 min     are set to 2 and 1, respectively.    C  M a x i t e r     is 500.



The results are shown in Table 1.



Table 1 shows that the PSO–Monte Carlo algorithm exhibits a certain improvement in terms of calculation time and accuracy.



The first step uses Monte Carlo to simulate the scene to obtain the maximum PV accommodation capacity of the distribution network and the PV capacity of the nodes. The node configuring the PV system is not a weak voltage node but a strong voltage support node that can accommodate higher PV capacity. However, there is a problem that different voltage support nodes are also different for the capacity of accommodating PV. Since the PV capacity at the node in the simulation scenes increases in proportion to the load power of the node, the capacity evaluation is stopped until the minimum accommodation capacity of the voltage support point is reached. If the maximum accommodation capacity is assessed as much as possible, the voltage support node of the maximum accommodation capacity should be configured first. The aim of PSO is usually to target the maximum capacity and optimize the PV capacity at the voltage support node. This approach can avoid the limitation of the minimum consumption node and obtain more accurate results of the assessment of the consumption. If the Monte Carlo algorithm is not used to find the strong voltage support nodes and the initial value of PSO, PSO can easily fall into a local optimum. Thus, the accommodation capacity evaluation is higher than the single Monte Carlo algorithm and the PSO algorithm.



The accuracy of the Monte Carlo algorithm lies in the simulation of a large number of scenes. In this paper, 60,000 scenes are used for simulation to obtain the PV accommodation capacity under this algorithm. However, a large number of scene simulations affect the calculation time. The more simulation scenes there are, the longer time it takes, whereas when using the PSO algorithm to optimize the Monte Carlo algorithm, the number of simulation scene is reduced by 10 times, which greatly reduces the calculation speed. In addition, although number of iterations of the PSO is set to 500, the calculation time is relatively small after testing. Therefore, the overall calculation speed of the improved algorithm is much faster than the traditional algorithm.




6.3. The Result of a Year-Round Voltage Timing Simulation


According to the distribution of the node PV capacity in Figure 6, the capacity of some nodes is almost 0, the PV installation capacity of some nodes is less than 100 kW, and the capacity of some nodes is higher than 100 kW. It is worth noting that the boundary of this simulation is only a simulation of the scene with the largest installation capacity.



It is assumed that when the planned PV capacity of the distribution network reaches 6 MW, the original node PV access capacity increases in proportion. According to the annual PV factor and the load factor, the annual voltage timing simulation is carried out. Since node 24 is installed with the largest PV capacity, the node voltage limit is also the most serious, as shown in Figure 7. Therefore, it is necessary to use the staged control strategy of the inverter and energy storage to restore the node to the specified value in order to ensure the safety and stability of the distribution network.




6.4. The Siting of Energy Storage


According to the voltage situation of each node simulated throughout the year, the selection of the energy storage siting scheme is combined with the degree to which the voltage exceeds the limit and cluster division strategy.



This paper divides the standard distribution network into four clusters through the principle of electrical distance and power balance under configuring the node PV capacity. The degree to which the voltage exceeds the limit for each node in each cluster is shown in Figure 8.



Figure 8a shows that the nodes in cluster 1 that exceed the voltage limit are 23, 24, and 25. There are no nodes in cluster 2 that exceed the voltage limit, so it is empty in Figure 8b. Figure 8c shows that the nodes in cluster 3 that exceed the voltage limit are 5, 6, 7, 8, 9, 26, 27, 28, 29, 30, and 33. Figure 8d shows that the voltage-over-limit nodes in cluster 4 are 10, 11, and 12.



Considering the characteristics of the cluster, a preliminary selection is first made according to the degree to which the node voltage exceeds the limit in the cluster and, then, a comprehensive evaluation is conducted in combination with the relationship between the clusters. If the differences in the degrees to which the voltage exceeds the limit between adjacent nodes in the cluster is relatively large, the node with a severe voltage limit is considered to drive the node with a severely small voltage limit. Therefore, the voltage of the node with a lower voltage limit will naturally be dropped into the normal value when the voltage of node with a severe limit can be dropped into the specific value under the adjustment of the energy storage. After choosing the nodes in the cluster, we consider the correlation between the clusters. If the degree to which the maximum voltage limit in the cluster is much smaller than the degree to which the minimum voltage exceeds the limit in the remaining clusters, it is considered that the cluster voltage limit is driven by the remaining clusters. Thus, the energy storage will be installed in any node in this cluster.



In cluster 1, the degree to which the voltage exceeds the limit in nodes 24 and 25 is relatively large, while the degree to which the voltage exceeds the limit in node 23 is relatively small. It can be considered that the voltage of node 23 that exceeds the limit is driven by nodes 24 and 25. Therefore, nodes 24 and 25 will be configured as energy storage. Cluster 2 has no voltage overrun, so it is not considered. The voltages of nodes 6, 26, 27, and 28 in cluster 3 that exceed the limit are different from those of the remaining nodes. Therefore, the energy storage devices need to be installed. The degree to which the voltage exceeds the limit in cluster 4 is the lowest and significantly smaller than the remaining clusters. Therefore, it can be considered that the node voltage of cluster 4 that exceeds the limit is driven by the remaining clusters. Therefore, cluster 4 does not perform the energy storage configuration.



According to the abovementioned node energy storage configuration, the proposed nodes 24, 25, 6, 27, 26, and 28 are used as candidate nodes of the energy storage configuration. The following energy storage configuration plan is drawn according to the degree to which the limit is exceeded in the clusters, as shown in Table 2.




6.5. The Sizing of Energy Storage


According to the above energy storage scheme, a cooperative game is performed to obtain the optimal energy storage capacity and the annual abandoned PV power. The result of specific energy storage capacity and rated power of each node in each scheme is shown in Table 3. Combining the two new indexes introduced, total energy storage capacity, annual total abandoned PV power, the average improvement of node voltage fluctuation and maximum PV accommodation capacity are calculated in each scheme, as shown in Table 4.



Since the PV power generated in the whole year is 8800 MW, the abandoned PV power in the results is in line with the requirements.



In Table 3 and Table 4, a single node is for the energy storage configuration, which is the relative smallest in all schemes, but the annual total abandoned PV power in this scheme is the highest. Generally, the sum of energy storage and abandoned PV power is the lowest in all schemes. Since a single node cannot cooperate with other nodes, its new maximum accommodation ability is lowest under the determined energy storage capacity and annual abandoned PV power in scheme 1. While the energy storage capacity is configured at six nodes in the sixth scheme, the new accommodation capacity is improved to 7.72 MW, the highest maximum accommodation capacity in all schemes. In the sixth scheme, the total energy storage configuration capacity is the highest, and the annual abandoned PV power is the lowest. However, the sum of energy storage and abandoned PV power is the largest. Different schemes have different energy storage capacities and abandoned PV power values. The maximum accommodation capacity is related to the number of the nodes and the sum of annual PV power and energy storage capacity. The average improvement indicator of node voltage fluctuation is not directly related to the number of node configurations. In general, the node voltage fluctuation was significantly improved due to the adjustment of energy storage and abandoned PV power.




6.6. Multi-Index Evaluation


AHP and GRA are used for the comprehensive evaluation. In this paper, the important order of using AHP to determine weight is energy storage capacity, maximum accommodation capacity, abandoned PV power and average node voltage improvement level. It is verified that the consistency ratio (CR) in AHP is 0.0191, which passes the consistency test. The best resolution coefficient value  ρ  is 0.3523 in this article. The results are shown in Table 5.



Scheme 6 has the highest weighted relevance with the optimized reference consequence. Since scheme 6 has more energy storage capacity configurations, coordinated work among nodes can increase the power consumption capacity of the distribution network. When the PV required by the distribution network needs to be further expanded, an additional expansion of 1.72 MW of PV capacity can be carried out.





7. Conclusions


This article focuses on the evaluation and method of PV accommodation. The PSO–Monte Carlo algorithm is used to evaluate the distribution network’s accommodation capacity. The staged control strategy of inverters and energy storage is used to ensure the safety and stability of the distribution system. The conclusions are as follows:




	
The PSO–Monte Carlo algorithm overcomes the shortcomings of the traditional PSO and Monte Carlo algorithms. The photovoltaic accommodation capacity assessment of the distribution network was improved in terms of the calculation speed and accuracy.



	
The siting of the energy storage is selected by the indictors of the degree to which the node voltage exceeds the limit and cluster strategy to avoid the randomness of addressing the bi-level planned algorithm.



	
According to the energy storage siting scheme, a cooperative game is used to optimize the annual energy storage and abandoned PV power of a node. This game improves the new accommodation capacity and the average degree of node voltage fluctuation.



	
Combined with the consideration of the actual situation, the introduction of two indicators, the average node voltage improvement and the limit accommodation capacity can more objectively reflect the impact of energy storage and abandoned photovoltaic on a distribution network. The final decision maker can make final decisions based on the importance of different indicators.
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Figure 1. (a) Load annual fluctuation coefficient; (b) photovoltaic annual fluctuation coefficient. 
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Figure 2. Evaluation process with the PSO-optimized Monte Carlo algorithm. 
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Figure 3. The process of the PV accommodation scheme formulation. 
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Figure 4. The process of photovoltaic accommodation scheme selection. 
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Figure 5. Standard IEEE 33 node distribution network model. 
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Figure 6. The distribution of node PV capacity. 
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Figure 7. The annual voltage of node 24 under the planned capacity. 
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Figure 8. (a) The degree to which each node voltage exceeds the limit in cluster 1; (b) the degree to which each node voltage exceeds the limit in cluster 2; (c) the degree to which each node voltage exceeds the limit in cluster 3; (d) the degree to which each node voltage exceeds the limit in cluster 4. 
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Table 1. Results of different algorithms.
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	Algorithm
	Time/s
	Maximum Accommodation Capacity/MW





	Monte Carlo
	177.80
	3.65



	PSO–Monte Carlo
	3.07
	4.53
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Table 2. The siting scheme of energy storage.
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	Schemes
	Node Configuring Energy Storage





	1
	24



	2
	24, 25



	3
	24, 25, 27



	4
	24, 25, 27, 26



	5
	24, 25, 27, 26, 6



	6
	24, 25, 27, 26, 6, 28
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Table 3. The rated energy storage capacity and power of nodes in each scheme.
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Schemes

	
1

	
2

	
3

	
4

	
5

	
6






	
Node

	
24

	
Energy storage Capacity/kW·h

	
3900

	
4270

	
4640

	
4640

	
4810

	
4680




	
Energy storage power/kW

	
695

	
1230

	
1190

	
1180

	
1220

	
1180




	
25

	
Energy storage Capacity/kW·h

	
0

	
1780

	
2030

	
1960

	
1890

	
2020




	
Energy storage power/kW

	
0

	
197

	
201

	
205

	
206

	
219




	
27

	
Energy storage Capacity/kW·h

	
0

	
0

	
417

	
417

	
417

	
417




	
Energy storage power/kW

	
0

	
0

	
78

	
88

	
117

	
96




	
26

	
Energy storage Capacity/kW·h

	
0

	
0

	
0

	
256

	
256

	
276




	
Energy storage power/kW

	
0

	
0

	
0

	
27

	
27

	
26




	
6

	
Energy storage Capacity/kW·h

	
0

	
0

	
0

	
0

	
246

	
271




	
Energy storage power/kW

	
0

	
0

	
0

	
0

	
27

	
27




	
28

	
Energy storage Capacity/kW·h

	
0

	
0

	
0

	
0

	
0

	
711




	
Energy storage power/kW

	
0

	
0

	
0

	
0

	
0

	
126
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Table 4. Result of four indexes in each scheme.
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	Schemes
	Total Energy Storage Capacity/MW·h
	Annual Total Abandoned PV Power/MW
	The Average Improvement of Node Voltage Fluctuation/%
	New PV Accommodation Capacity/MW





	1
	3.90
	3.70
	11.00
	6.67



	2
	6.06
	3.09
	13.89
	7.09



	3
	7.09
	2.97
	11.10
	7.29



	4
	7.27
	2.81
	9.75
	7.39



	5
	7.63
	2.37
	9.08
	7.52



	6
	8.38
	2.02
	9.87
	7.72
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Table 5. Comprehensive results of multi-index evaluation.
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	Scheme
	1
	2
	3
	4
	5
	6





	Weighted relevance
	0.6650
	0.6226
	0.6027
	0.6182
	0.6712
	0.7979
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