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Abstract

:

With the large amounts of small capacity and heterogeneous distributed electricity units connected to the distribution power network, there exist increasingly complex management challenges. In this paper, a new management scheme that can classify and divide the distributed units according to their adjustable characteristics is proposed, which consequently forms an effective collection of fragmented adjustable ability and promotes the utilization of micropower resources. Inspired by the social division of labor in the biological community, the approach is based on a logical aggregation with the division of labor. A feature extraction method was acquired on the basis of the daily output curve, which reduces the data dimension and, subsequently, clusters the output feature points by the K-means algorithm. The simulation is performed by taking the measured output curve of low voltage distributed units on the low voltage side. The experimental results analyze the characteristics of seven classes of distributed units, allocate two main features, and reorganize them into a cluster; so, the “5-dimensional feature array” is reduced to “2-dimensional feature points”. The results demonstrate that the proposed cluster method can enable the power grid to identify and classify the distributed units automatically.
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1. Introduction


With the rise of the concept of a green economy, the distribution network is gradually changing from passive consumers to active prosumers [1,2]. Rooftop photovoltaics, small wind turbines, electric vehicles, and other adjustable resources are booming on the demand side. Adjustable resources refer to distributed units on the demand side that are capable of providing support for the grid by adjusting their special characteristics and charging time for energy storage, for example; thus, they are complementary to the grid side. However, the uncertain power supply of green resources and the increase in the disorderly charge of electric vehicles have led to a rapid increase in volatility and randomness on the distribution side. Therefore, how to manage a large number of small-volume distributed units and make full use of their fragmented adjustable ability is an urgent problem to be solved.



Aggregation is the inevitable choice to deal with fragmented power resources [3], while the logical aggregation represented by a virtual power plant [4,5], a prosumer virtual community [6], can establish the association of wide-area fragmented resources in the information space and form a virtual organization to participate in power grid control. Based on the idea of regional physical aggregation, there are different types, such as the microgrid that is networked separately in a physical space [7] and the microgrid that is governed by zoning based on the existing distribution structure [8,9]. They form autonomously with nearby combinations in the same region and then participate in the regulation of the main network as a whole, greatly reducing the workload of the main network scheduling. Microgrids are physical aggregations of local energy, in which the same area in close proximity is combined to achieve autonomy; then, they are connected to the grid via a common connection point, which is equivalent to accessing a node from the grid’s perspective, greatly reducing the grid’s scheduling workload. However, such physical aggregation is often limited by region, and once formed, the topology is relatively fixed, limiting future expansion, change, and adjustment flexibility. A virtual power plant is a collection of specific resources in a broad information-information space that are first bundled and then regulated as a virtual aggregator [10]. Unlike a microgrid with a single point of access, each member dispersed in a physical space serves as a channel for the virtual power plant to connect to the grid, allowing for greater freedom and tolerance in structure and control. Although virtual power plants enable more flexible combination mechanisms and resource aggregation across regions, their primary focus is on the ability to operate in the electricity market and participate in electricity trading. Virtual communities, another type of virtual aggregation, achieve a higher level of development in terms of combination mechanisms by aggregating goal-oriented groups of producers and consumers [11]. Therefore, logical aggregation can realize the cross-regional aggregation of distributed power resources with a more flexible combination mechanism, which provides the feasibility for the power system to manage and control massively distributed units more effectively [12].



Meanwhile, with big data, with the mature application of the SCADA system and smart meters, the advanced real-time collection and monitoring technology provides the conditions for power user characteristics’ analysis [13]. Diversified flexible load characteristics can be accurately divided, and researchers have begun to develop heterogeneous coordination strategies according to the adjustable capacity of different loads [14]. Consequently, the power operation state data can be used to analyze the diversified output preferences and adjustable characteristics of various distributed units. If we classify units with similar characteristics into one category and determine their division of labor according to the type of power ancillary services [15], the controllable units with the same division of labor can be logically aggregated. Thus, the collective effect with a “social division of labor” similar to a biological community is formed, which will contribute to the orderly classification and convergence of a large number of fragmented adjustable capabilities originally on the low-voltage distribution side to absorb the power supply resources on the distribution side, encouraging small and micro resources to play an active role in participating in power ancillary services in the near future.



The contributions of this paper are as follows: (1) This paper realizes the logical aggregation of controllable distributed units with the concept of the division of labor. (2) This paper studies the feature extraction method based on the day-ahead output curve of controllable units. (3) Then, through the selection of the clustering index and the formulation of the clustering process, the dimension of the “output curve” is reduced to “output feature points”. (4) Finally, based on a K-means algorithm, the “output feature points” are clustered and analyzed so that the automatic classification and identification of controllable distributed units can be realized.



The organization of this paper is as follows. Section 2 introduces the features of controllable distributed units and extracts the clustering index, after which the cluster method based on the K-means algorithm is proposed. Section 3 presents the simulation results and analysis. Finally, the paper is concluded in Section 4.




2. Materials and Methods


2.1. Classification of Controllable Distributed Units


Power ancillary service is a service that must be provided to ensure the safety and reliability of the power system [16]. At present, the low-voltage distribution side mainly provides three kinds of ancillary services: frequency modulation, voltage regulation, and peak load shifting for the main grid. In addition, according to the requirements of response time and capacity, the frequency modulation ancillary service can be subdivided into inertia support and primary frequency modulation. Thus, the adjustable power resources can be logically aggregated according to the types of ancillary services involved, namely, the distributed units providing the same kind of service are regarded as a logical organization.



After comprehensively considering the types of services required and the heterogeneous adjustable characteristics of all kinds of distributed units, the existing controllable distributed units in China’s low-voltage distribution network were divided into the following seven categories, and the adjustable characteristics of each type of distributed unit are summarized as follows:




	
Controllable generator class








This class includes distributed generators such as micro gas turbines and internal combustion engines. This kind of distributed unit only has the characteristic of unidirectional power generation, which can respond quickly when the system frequency fluctuates and provide inertia support. At the same time, its active power and reactive power output are completely adjustable, and there is only a limit on rated power.



	
Wind power class






These units only have unidirectional power generation characteristics, and the output power is greatly affected by the natural environment, which has the disadvantages of intermittence and randomness. Owing to their rotating structure, these units can carry out fast frequency responses when the power grid frequency falls [17,18]. They also have a certain active power-adjustable capacity, but the reactive power-adjustable capacity is relatively weak.



	
Photovoltaic class






These units only have unidirectional power generation characteristics, and the output is uncertain due to the influence of external environmental conditions. Their adjustment ability of active and reactive power is relatively strong, but the response speed is slow and cannot enhance the inertia of the system.



	
Energy storage class






These units have the characteristics of bidirectional power exchange and strong adjustable ability, which means they can play a very important role in inertia support, primary frequency modulation, voltage regulation, and peak load shifting of the distribution network.



	
Electric vehicle class






These units have the characteristics of bidirectional power exchange, which is similar to energy storage, but their regulation capacity and capacity will be disturbed by human factors, and the controllable unit is weaker than the energy storage class. At present, these units are mainly used in distribution network peak load shifting and primary frequency modulation.



	
Prosumer class






These units can generate electrical energy as well as consume electric energy. However, unlike energy storage and electric vehicle units, their charge and discharge characteristics will be affected by many factors, such as the natural environment, human behavior, and so on, which are almost uncontrollable. Furthermore, they are generally used to provide peak load shifting ancillary services.



	
Flexible load class






These units only have unidirectional power consumption characteristics and do not have the ability to inject power into the distribution network, but they can balance electric energy, providing peak-load shifting services under the mechanism of demand-side response.




2.2. Cluster Analysis of Controllable Distributed Units Based on Daily Output Curve


To realize the idea of “aggregation with social division”, in the actual operation process, the power grid should be able to perceive and distinguish between the heterogeneous characteristics or categories of the abovementioned distributed units; so, it is necessary to explore a more appropriate method for the power grid to achieve an automatic identification of their categories. The daily output curve reflects the output preference and adjustable characteristics of a distributed unit objectively to some extent. Therefore, to realize the classification proposed in the previous section, based on the operation data from the SCADA system, and starting from the daily output curves of all kinds of controllable distributed units, a cluster analysis method is proposed in this section.



2.2.1. Feature Extraction of the Daily Output Curve for a Controllable Distributed Unit


To achieve the classification of controllable distributed units based on the day-ahead output curve, the characteristics of the output curve must be fully described. Therefore, this paper proposes five indicators: the maximum allowable capacity ratio   C i  , the energy exchange bidirectionality   B i  , the output fluctuation   F i  , the daytime output ratio   D i  , and the travel peak capacity ratio   K i   to extract the whole and local output characteristics of the distributed units. In addition, the generation of the distributed unit is positive, the consumption is negative, and the rated power is always positive in the following.



	
Maximum allowable capacity ratio   C i  






This index represents the ratio between the absolute value of the maximum power generation (or consumption) and the rated power of the distributed unit in the day-ahead output curve, which can be calculated by (1):


   C i  =    |   P  m a x , i    |    P  e , i    ,  



(1)




where   P  m a x , i    represents the maximum exchange power between the distributed unit i and the main grid on that day, and   P  e , i    indicates the rated power of the distributed unit i.



	
Energy exchange bidirectionality   B i  






This index describes distributed the units’ ability for bidirectional power exchange between the main gird. For units whose output curves are only located at the positive or negative axis of the y-axis and for units whose output curves are on both sides of the x-axis, we have:


   B i  =          ∫   P  c o n s , i    ( t )   dt   ∫  P  p r o d , i    ( t )  dt   , ∫   P  c o n s , i    ( t )   dt < ∫  P  p r o d , i    ( t )  dt          ∫  P  p r o d , i    ( t )  dt   ∫   P  c o n s , i    ( t )   dt   , ∫   P  c o n s , i    ( t )   dt > ∫  P  p r o d , i    ( t )  dt       



(2)




where    P  p r o d , i    ( t )    indicates the part of the daily output curve of the distributed unit i located at the positive axis of the y-axis;    P  c o n s , i    ( t )    represents the part of the daily output curve of a distributed unit located on the negative axis of the y-axis.



	
Output fluctuation   F i  






This index describes the fluctuation of the generation (or consumption) of the distributed units. Two secondary indexes are defined, the output deviation rate   y i   and the output unbalance degree   x i  , which are calculated by Formulas (3) and (4), respectively.


   y i  =    m a x ( |    P ¯   h o u r , i    | )  −  m i n ( |    P ¯   h o u r , i    | )    P  e , i     



(3)






   x i  = 1 −    |    P ¯   d a y , i    |    m a x ( |   P ¯   h o u r , i   | )   ,  



(4)




where   P  h o u r , i    and   P  d a y , i    indicate the average power per hour and the daily average power of distributed unit i, respectively. Then, the output fluctuation of the distributed unit i is as follows:


   F i  =  1 2   (  x i  +  y i  )  .  



(5)







	
Daytime output ratio   D i  






This index represents the ratio of the power exchange capacity between the distributed unit i and the main grid from 6:00 to 18:00 and is mainly used to measure the influence of natural conditions such as sunshine intensity on the output of the distributed unit i. The specific calculation method is as follows:


   D i  =    ∫  t = 6   t = 18    |  P i   ( t )  d t |      ∫  t = 0   t = 24    |  P i   ( t )  d t |     .  



(6)







	
Peak capacity ratio   K i  






The index represents the ratio of the average power of the distributed unit i to the daily maximum hourly power during the travel peak period (7:30–9:30 and 17:30–19:30), which is used to measure the influence of human behavior factors on the output of the distributed unit i. The specific calculation method is as follows:


   K i  =    |    P ¯   m o r , i    | + |    P ¯   e v e , i    |    m a x ( |   P ¯   h o u r , i   | )   ,  



(7)




where    P ¯   m o r , i    is the average power exchanged between the distributed unit i and the main grid during the early travel peak between 7:30 and 9:30, and    P ¯   e v e , i    is the average power exchanged between the distributed unit i and the main grid during the late travel peak between 17:30 and 19:30.




2.2.2. Clustering Index and Clustering Process


Among the seven classes of units determined in Section 2, only the daily output curve of the flexible load unit is completely located in the negative axis of the y-axis, so it is easy to distinguish and does not need to be considered when comparing the similarities and differences of the output characteristics. Therefore, the typical daily output characteristics of the remaining six types of controllable distributed units are extracted through (1) to (7), and the typical output characteristic radar charts of these classes are drawn according to the index calculation results, as shown in Figure 1. By comparing and analyzing the six subgraphs in Figure 1, the following conclusions can be drawn:




	
From the horizontal comparison among all kinds of units








The maximum allowable capacity ratio   C i   of all kinds of units is at a higher level and does not have obvious differentiation; further, this index is easily affected by the natural environment and other human-made factors in actual operation. Therefore, from a comprehensive point of view, the contribution feature is not suitable to be used as the main clustering index.



	
For photovoltaic, wind power, and controllable generator units






They only have unidirectional power generation capacity, so    B i  = 0  ; for prosumer, energy storage, and electric vehicle units, they all have bidirectional power exchange characteristics, so    B i  > 0  . Therefore,   B i   can be used as the initial classification index, and the distributed units participating in clustering can be roughly divided into a “unidirectional generation group” and a “bidirectional exchange group”, and accurate clustering can be achieved in the two groups.



	
For the three classes of the distributed units of the “unidirectional generation group”






The daytime output ratio of photovoltaic class is close to 1, which is significantly higher than that of the other two classes, and has a distinct degree of differentiation. At the same time, due to the influence of environmental factors, the output of photovoltaic and wind power show obvious randomness and uncertainty, and the   F i   is significantly higher than that of the controllable generator class. In summary,   D i   and   F i   are selected as the clustering indexes of the photovoltaic, wind power, and controllable generator classes.



	
For the three classes of the distributed units of the “bidirectional exchange group”






  B i   is greater than 0, but energy storage units, as a kind of distributed unit with complete bidirectional power exchange capability, have a   B i   significantly higher than that of the other two classes. In addition, the output of electric vehicles will be affected by human activities, and there is a significant difference in   K i  . In summary,   B i   and   K i   are selected as the clustering indexes of the prosumer, energy storage, and electric vehicle classes.



Figure 1 shows the radar charts of the typical output characteristics of the six classes of distributed units. We can conclude that each class has five related indexes with varying proportions. The feature contributing to the primary clustering index may be retrieved using the clustering technique provided in this article, so the “5-dimensional feature array” is reduced to “2-dimensional feature points” to complete the point clustering of the three types of controllable distributed units. The clustering indexes corresponding to all classes of distributed units are summarized in Figure 2. According to the clustering index selected in Figure 2, this paper developed a controllable distributed unit type classification and clustering process under the K-means algorithm, as shown in Figure 3. The clustering process was by the output characteristic. The classical K-means algorithm was improved with the differentiation between the output characteristics. Based on the distance from each data point to the clustering center being minimum, the data points were divided into multiple point clusters [19], thus achieving the purpose of “high similarity within the cluster characteristics and low similarity between clusters”.






3. Results


Through the proposed clustering method and process, the 80 day-ahead output curves in Figure 4 were divided into seven types of organizations, including 13 photovoltaic, 14 wind power, 8 adjustable power generation, 10 electric energy generation and consumption, 12 energy storage, 9 electric vehicles, and 14 flexible loads, as shown in Figure 5. At the same time, it can also be observed that in the clustering process of this example, there was an obvious degree of differentiation between the point clusters formed, which also ensured the feasibility and effectiveness of the classification to a certain extent. In order to understand the correctness of the proposed clustering scheme more intuitively, as can be seen from Figure 6, the output curves of the distributed units in each type of organization were similar in shape, and their characteristics were basically consistent with the explanation and analysis in this section. Therefore, it can be concluded that through the proposed organization division and clustering scheme, the power grid control center can independently classify distributed units according to the adjustable capacity.



Through the output feature extraction and clustering analysis the scheme proposed in this section, the controllable distributed unit classification based on the day-ahead output curve can be achieved. Combined with the adjustable characteristic analysis of all class units in Section 2, this paper provides a prerequisite for the logical aggregation of the main grid according to the adjustable capacity of each distributed unit. Although the operation mechanism within organizations and the cooperation mode between organizations still need to be further studied, it can be predicted that the logical aggregation strategy with a high division of labor can improve the order of the internal management of the distribution network, which provides a new idea for the utilization and control of massively distributed units.



In summary, from these data, we found that the power system can classify the distributed units independently according to the adjustable capacity through the classification method we proposed. Through the classification of the controllable distributed units on the low-voltage distribution side, this paper used the operation data collected and stored by the SCADA system to realize feature extraction and classification according to the daily output curve of various controllable distributed units. By taking the daily output curves of 80 groups of different distributed units measured in a training base and using the clustering scheme proposed in this paper, the goal was verified according to the results’ analysis.




4. Conclusions


This paper used the method of cluster analysis to automatically identify the heterogeneity and categories of distributed units, which will manage the original chaotic large fragmentation of the low-voltage distribution side. The nearby distribution network should be absorbed, the rational allocation of energy storage capacity will be promoted, and small and micro resources will be encouraged to play a positive role in participating in ancillary power services. Firstly, a feature extraction method of the day-ahead output curve of controllable distributed units on the low voltage distribution side was proposed, which reduced the dimensions of the daily output curve to “output characteristic points”, and the classification of the distributed units on the distribution side was completed by using the K-means clustering analysis algorithm. In addition, the paper also took the measured day-ahead output curves of the distributed units in a low-voltage distribution network as an example, and the clustering results fully demonstrated the effectiveness of the method in classifying the controllable distributed units. The cluster strategy based on adjustable distribution unit characteristics will aid in the orderly classification and aggregation of the previously chaotic and disorderly distribution side. In a future power system with a “social division of labor”, the collective effect will smooth out the random fluctuations of the consumer side of electricity consumption and stimulate small and micro resources in ancillary power services. The aggregated distributed units should be used in the power system’s ancillary services in future research. To fully account for the diverse characteristics of the members of the seven types of organizations, a specific mechanism that encourages the aggregation to participate will be designed.
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Figure 1. Radar charts of the typical output characteristics of the six classes of distributed units. (a) Photovoltaic class; (b) Wind power class; (c) Controllable generators class; (d) Prosumer class; (e) Energy storage class; (f) Electric vehicle class. 
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Figure 2. Summary of the clustering index for the various distributed units. 
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Figure 3. Flow chart of the distributed unit classification and clustering. 
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Figure 4. Actual daily output curve of 80 distributed units. 






Figure 4. Actual daily output curve of 80 distributed units.



[image: Energies 15 04754 g004]







[image: Energies 15 04754 g005 550] 





Figure 5. Cluster results of distributed unit output characteristic points. (a) Cluster results of unidirectional generation group; (b) Cluster results of bidirectional exchange group. 
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Figure 6. Summary of the output curves of the various distributed units. (a) Photovoltaic class; (b) Wind power class; (c) Controllable generator class; (d) Prosumer class; (e) Energy storage class; (f) Electric vehicle class; (g) Flexible load class. 
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