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Abstract:



This paper presents the concept of the generalized power source in an active distribution network. After the energy storage system (ESS), distributed generators (DG), and demand-side controllable load are connected to the active distribution network, part of the system load can be undertaken by these ESS, DG, and controllable load instead of relying on the capacity of the substation, which greatly improves the reliability of the system. The above-mentioned distributed energy resources in the active distribution network are collectively referred to as the generalized power source (GPS). Substation credible capacity refers to the capacity of the GPS to supply the distribution network that is equivalent at the high voltage distribution network level when considering the faults of the main transformer, 110 kV lines, and circuit breakers. Considering the uncertainties and control strategies of GPS, this paper takes a specific distribution area as the background to study its substituted substation capacity. Based on a sequential Monte Carlo evaluation framework and the principle of constant reliability, an evaluation method of the GPS credible capacity is proposed. In order to verify the effectiveness of the method proposed in this paper, the credible capacity of various typical connection modes of a high voltage distribution network is quantitatively analyzed in the case study, which can provide a reference for the capacity planning of an active distribution network substation and grid structure selection.
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1. Introduction


An active distribution network can effectively integrate the distributed generation (DG), demand response (DR) load, energy storage, and other resources on the demand side, which can significantly improve the utilization ratio of equipment and the acceptable capacity of green energy [1]. With continuous increases in DG, energy storage system (ESS), and demand response (DR) resource penetration, they can be used to replace the substation capacity to carry part of the load.



Many existing studies only consider the capacity value of DG, while they fail to fully account for energy storage, DR, and its equivalent capacity value when interacting with DG. Therefore, in this paper, distributed generation, energy storage system, and demand-side controllable load are collectively referred to as the generalized power source (GPS) in an active distribution network. At the stage of substation capacity planning, we aimed to integrate the coordinated operation of the DG, ESS and DR, in addition to comprehensively accounting for their capacity value. Evaluating the amount of load that can be undertaken by the generalized power source instead of relying on substation capacity in the distribution network is important for substation locating, sizing, and reliability analysis with large-scale GPS integration.



The existing research on substation planning with DG mainly focuses on the calculation of the DG penetration level and the optimal configuration of DG [2,3]. In the substation planning stage, when the DG accesses the grid, there are two traditional methods of processing its influence on the substation locating and sizing. One method regards DG as a dynamic load with negative power consumption. The DG output is multiplied by a certain coefficient and counted in the total installed capacity. Although this method considers the contribution of DG output and effectively reduces the planning capacity of a substation, it does not consider the volatility of DG output. The loss of part of the load caused by potential DG failure will reduce the reliability of the system. The other method only considers the minimum DG output, which is conservative and cannot fully consider the DG capacity value.



At present, domestic and foreign scholars use the concept of credible capacity to evaluate the contribution of DG to maintaining an adequate system capacity. However, most of the studies are at the transmission grid level, which aims to study how much generating capacity can be replaced by DG. The related work is as follows: In a previous study [4], an empirical model for assessing the capacity of large-scale photovoltaic power generation is proposed, in which the capacity credit of a utility-grade photovoltaic was calculated using the effective load carrying capacity (ELCC) method. Another study [5] used the capacity factor method (CF) to measure the capacity credit of wind power instead of ELCC, but this method avoided the reliability calculation model and is not precise enough. Another author [6] extended the concept of power generation credible capacity to energy storage systems and demand-side response resources to assess the alternative to conventional generators.



The research of credible capacity mentioned above has all been undertaken at the transmission grid level. In more recent studies [7,8], the concept of credible capacity has been enlarged to the distribution grid level for the first time. A new substation optimization method based on capacity credit evaluation with DG is proposed. The specific method is as follows: in the intermediate link of the substation planning, the expected energy not supplied (EENS) is selected as an indicator of reliability. The increased load capacity after DG access is studied under the premise of equal generation reliability. This increased load is defined as the capacity credit, and will be deducted from the substation capacity. However, the shortcoming of this substation planning method is that the reliability calculation only takes the generation reliability into account and does not consider the influence of high-voltage distribution network structure. Therefore, the planned substation capacity would not reach the predetermined reliability level. As a result, re-updating the substation capacity according to the DG capacity credit may lead to great differences in transformer capacity and type selection in one area, which cannot guarantee the unity and consistency of the transformer selection in the same region. This method only considers DG and does not fully consider the value of the energy storage, DR, and its interaction with DG. In another study [9], the influence of the controllable load on the smart grid is evaluated by the improvement in power quality and reduction of the network loss in the high photovoltaic (PV) permeability grid.



As mentioned above, most of the studies to-date are at the transmission grid level, which studies how much generating capacity can be replaced by DG. The research gap of the credible capacity is that few studies are at the distribution grid level, with a lack of studies examining how much substation capacity can be replaced by GPS. Meanwhile, the influence of grid structure has not yet been considered. With the increasing access of distributed power supply and the load, the role of GPS should be considered when upgrading the grid. Therefore, the method of integrating the coordinated operation of the GPS and the method to account for the capacity replaced by GPS at the stage of the substation capacity planning will become the important issues for the planning of the distribution network with permeability of high distributed energy resources. Among them, the method of calculating the credible capacity is a key component to examine further.



On the basis of the above research, this paper first gives the definition of the GPS substation credible capacity in the distribution network. Following this, considering the uncertainties and control strategies of GPS, this paper takes a specific distribution area as the background under the premise of forecasting certain values of GPS penetration and GPS scattered distribution in the planning level year, which is needed to study its substation substitution capacity. Because the reliability of a high-voltage distribution network is not only related to the capacity of substations, but also to the structure of the high-voltage distribution network, the assessment method proposed in this paper regarding GPS substation capacity credit has considered the grid structure. The research results can set up the foundation for follow-up substation locating and sizing or the upgrading of the original substation.



The rest of this paper is organized as follows. Section 2 gives the definition of substation credible capacity of GPS in an active distribution network. The GPS output model is introduced in Section 3. Analysis of typical power supply modes of high voltage distribution network and reliability calculation method is shown in Section 4. The method for evaluating substation credible capacity of GPS considering grid structure is provided in Section 5. Section 6 is the case study. Finally, Section 7 is devoted to the conclusions.




2. Definition of Substation Credible Capacity of GPS in an Active Distribution Network


Large-scale distributed energy resources can be actively adjusted in an active distribution network to increase the power capacity and system reliability [10], which can partly replace the load which is currently provided by a higher-level power supply. However, intermittent DGs have strong randomness and volatility, which are difficult to effectively control. The load that the DG of the same capacity can carry is much smaller than that carried by the higher-level power supply. The energy storage system can stabilize the volatility of the intermittent DG output by setting reasonable operation strategies. The DG load capacity can be improved to a certain extent. The demand side response resource—an important part of the active distribution network—can flexibly change the load power according to the demand of the grid.



In summary, the access of DG, ESS, and the demand-side response load improves the reliability of the system and can be equivalent to a certain substation capacity to carry part of the load. The sources mentioned above are collectively known as the generalized power source (GPS) in a distribution network.



In order to evaluate the capacity value of GPS in a distribution network, the concept of credible capacity is adopted. According to different substitutes, the credible capacity of GPS in an active distribution network is defined as generation credible capacity, substation credible capacity, and feeder credible capacity.



	
Generation credible capacity refers to the capacity of the traditional generating units that can be equivalently replaced by the new energy resources unit at the transmission grid level under the same generation reliability, which can be applied to the power balance of power system planning.



	
Substation credible capacity refers to the capacity that can be equivalently replaced by GPS at the high-voltage distribution grid level, under the premise of obeying the equivalent reliability principle, considering the faults of main transformers, 110 kV lines, and circuit breakers. The substation credible capacity can be applied to the overall planning of substation capacity.



	
Feeder credible capacity refers to the line capacity replaced by the power sources at the distribution network level under the condition of a 10 kV line fault, considering the line power flow constraint and ensuring the reliability of a power supply. The line selection is known, and the calculation result is equivalent to the number of standard lines.






By definition, the substation credible capacity is the alternative part of substation capacity replaced by GPS under an equivalent reliability. The effective load carrying capacity (ELCC) indicator is adopted to assess the substation credible capacity of GPS.



The reliability at this time refers to the reliability of the high-voltage distribution network supplying power to 10 kV under the random failure of 110 kV lines and transformers. Due to the open-loop operation of a high voltage distribution network when there is in-station transferring and inter-station transferring, the reliability calculation needs to consider the topology change and line overload problem. The load capacity at this time is different from the evaluation of the generation credible capacity. This is because when the reliability is the same, the additional loads carried by the substation are not only related to the contribution of DG, but are also closely related to the load rate. A higher load rate results in a higher credible capacity [7]. Therefore, the definition of ELCC in this paper is the payload capacity under a certain load level.



To remove the contribution of the higher-level power grid, the maximum safety load of the given system should be determined first. The maximum safety load of the distribution network is the maximum load supply capacity in the case where the distribution network in a certain power supply area satisfies the N-1 safety standard under the actual operation. When there is no GPS in the system, the further load increases will result in the load rate exceeding the safety value. When this happens, the higher-level power grid will no longer be able to provide additional load capacity support. From this point, under the premise of the equal system reliability, the newly-added load is completely from the GPS. In addition, all the load and generalized power sources are equivalent to 10 kV, although this does not involve the medium voltage feeder.



Figure 1 is a schematic diagram of one power supply partition in one substation, indicating the location of GPS.


Figure 1. A power supply partition schematic diagram. DG: distributed generation; ESS: energy storage system; GPS: generalized power source.
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The substation credible capacity of GPS in an active distribution network can be expressed as Equation (1).
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(1)




where R(·) is the high-voltage distribution network reliability estimation function. Its reliability indicator can take LOEE (loss of energy expectation), SAIDI (system average interruption duration indicator) or EENS (expected energy not supplied) into account. Furthermore, CT is the substation capacity under a certain wiring mode; CGPS is the accessed GPS capacity under a certain wiring mode; L0 is the sum of 10 kV primal loads of substations in the power supply area; and ΔL is the sum of new load.



When Equation (1) is established, the corresponding ΔL is the substation credible capacity of CGPS.




3. GPS Output Model


In general, there are two types of operation control strategies: cooperative control decision and independent control decision. The control strategy is closely related to the output of each power source. In the cooperative control decision, each DG timing output is related to the control objectives in order to smooth the whole output. The optimal output in the independent control decision is related to the control strategy of each DG to maximize the output of a single DG. In this present study, independent control is taken as the example, assuming that GPS operate separately according to each of their own settings below.



3.1. Distributed Generator Modeling


Wind turbine generator (WTG) and photovoltaic (PV) are two of the most widely used new energy sources. Therefore, in this paper, DG is represented by WTG and PV, with its sequence output model shown in previous studies [11,12,13].




3.2. Energy Storage System Modeling


The output model of ESS is related to its operation strategy. One of the main tasks of ESS is to smooth the output fluctuation of intermittent energy such as WTG and PV. We defined the difference between load demand and DG output as the net exchange power, pex. In this paper, the operation strategy of the ESS in the normal running state is set as follows. When pex is less than 0, the energy storage discharges. In comparison, when pex is greater or equal to 0, the excess output power will be used to charge ESS, as described in Equation (2).
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(2a)
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(2b)




where [image: there is no content] and [image: there is no content] are, respectively, charge and discharge power of the energy storage battery at time t; ηc and ηd are, respectively, the efficiency of charge and discharge progress; γc is the ratio between the maximum charge power per unit time and the storage battery rated capacity (Snom); and γd is the ratio between the maximum discharge power per unit time and the storage battery rated capacity (Snom).



In order to maintain the fully charged state for ESS in case of a system fault and to reduce the frequency of state change between charge and discharge states to increase the service life of the ESS. This paper states that under normal operating conditions, once the charging starts, the ESS must keep charging until it reaches a specified level. Being different from the normal running state of the system, the net exchange power pex in the outage area caused by the fault should be considered as the amount of load transfer, as shown in Equation (3).
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(3)




where pload.t, ploss.t, and pDG.i.t are, respectively, the total load power in the blackout area at time t, grid power loss, and the upload power of Group i; pT.t is the amount of load that can be transferred in the power outage area; and NDG is the total number of DGs in the power outage area. The charge and discharge power of the ESS is determined by Equations (2) and (3). In addition, the charge and discharge power and charge state of the ESS should meet the three constraints below [10].
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(4)
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(5)
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(6)








3.3. Controllable Load


The demand-side response based on incentives mainly has the following types: direct load control (DLC), interruptible load (IL), demand side bidding (DSB), emergency demand response (EDR), and capacity/ancillary service program (CASP). Load control includes the first two types listed above. In this paper, we used interruptible load as the controllable load. This means that the DLC operators have the ability to shut down or cycle control the users’ electrical equipment through remote control devices during the peak period, with the advance notice usually being within 15 min. This paper assumes that the load under the same transformer belongs to the same partition and that when fault occurs, it has a direct control ability related to the controllable load in the same power supply partition and can cut the load down in time if needed.



In this paper, the maximum available controllable load of a single load point is in proportion to the load power of this point, as follows:
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(7)




where pD.i.t is the controllable load power that can be reduced at time t of load point i; α is the ratio of the controllable load to the load power of load point i; and pload.i.t is the load power of load point i at time t.



The fault recovery mechanism determines the power supply order and the power shortage of the load during the fault process, which ensures the DG power supply is the priority and considers the amount of load that can be transferred. When the two measures are still unable to meet the full load of power in the fault area, the ESS execute the operation fault condition strategy, as shown in Equation (3). The total controllable load to be reduced is as follows:
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(8)




where [image: there is no content] is the outage time. When the total controllable load in that area is greater than pIL.t, there will not be a load blackout. On the contrary, when the total controllable load in that area is less than pIL.t, this means that part of the load is still not supplied after using all the controllable load to implement direct load control. In this situation, the system power outage load is:
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(9)




where ND is the total number of controllable load set in the power outage area; and pD.i.t is the controllable load i that can be reduced at time t.





4. Reliability Calculation of High-Voltage Distribution Network Considering Grid Structure


According to The Code of Planning and Design of Urban Electric Network compiled by State Grid Corporation of China [14], when there is a high-voltage distribution network fault, the power loss loads are first transferred from the high-voltage distribution network, as the load under the same transformer belongs to the same partition. When the fault of the transfer lines or the transferred load reach the upper transfer limit, the power will be transferred through the medium-voltage side between substations. The high-voltage power transfer and the medium-voltage power transfer jointly determine the reliability of the system.



4.1. Analysis of Typical Power Supply Mode and Transfer Mode of High Voltage Distribution Network


A high-voltage (HV) distribution network mainly has the following wiring modes: direct power supply wiring, single-sided power T-type wiring, dual-power T-type wiring, and dual-power π-type wiring. In Figure 2, the electrical wiring diagram of mode 1 [15]—direct power supply wiring mode—is taken as an example. The electrical wiring diagrams of the other three modes are described in Appendix A, and will not be introduced here. Each transformer is responsible for supplying one load partition.


Figure 2. Mode 1, known as the direct power supply wiring.
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In this paper, the high-voltage side of the substation uses the line-transformer unit connection mode, whose connection between the incoming line and the main transformer is left out. The low-voltage side uses the sectionalized single-bus configuration. Assuming a transformer capacity of 40 megawatts (MW), there is an inter-station connecting line constraint of 10 MW and a domestic connecting line constraint of 40 MW. Each transformer can carry a maximum load of 25 MW. As the line limit transmission capacity is generally greater than the sum of the maximum safety load within the transformer substation, the line capacity limit on the transfer load is not considered.



In Figure 2, when the circuit breaker of 110 kV trunk line I fails, the load partition linked to the 2# transformer of 110 kV substation A loses power. The 25 MW load of this partition will be transferred through the substation A’s domestic connecting line and substation B's inter-station connecting line. Since the other three transformers can work properly, the power loss of the area can be transferred from the domestic connecting line for a 15 MW load as well as from the inter-station connecting line for a 10 MW load. The time it takes from blackout to being fully supplied is the load transfer time.



From the above analysis, we can see that the failure treatment approach is different for some components in different wiring patterns, which causes the difference in substation credible capacity after the GPS integration.




4.2. Reliability Calculation


At present, the reliability evaluation methods of a distribution network mainly include analytic methods and simulation methods. Considering the time order of PV and sequential control characteristics of ESS, in addition to the random failure of high-voltage lines and transformers, a reliability evaluation method based on a sequential Monte Carlo simulation method is presented in this paper.



The timing model of the active distribution network reliability calculation is established as considering different grid structures. This paper comprehensively considers the expected energy not supplied and loss of energy expectation [16] as the evaluation indicators, as shown in Equation (10) below.
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(10)




where N represents total years of simulation; Ens represents the loss of energy and energy not supplied in one fault condition; q is the GPS component failure status simulation times; and p is circuit component failure state simulation times. Circuit components are the components of the grid other than GPS components. The specific steps are as follows:

	Step 1:

	
Generate sequential change sequences. According to the WTG and PV output models, the sequential sequence of WTG and PV are generated in the range of total simulation time T. According to the operation strategy under the normal ESS operation states, the state of charge (SOC) sequential change sequences of the ESS are generated. The load sequence is constant and is set as the maximum safety load.




	Step 2:

	
Generate fault state sequences. Perform sequential simulations of GPS components and circuit components in the system, regardless of double and above failures. When the circuit component fault condition occurs, proceed to step 3a and p plus 1. When the fault condition of the GPS component is present, proceed to step 3b and q plus 1.




	Step 3:

	
Fault evaluation. According to different fault component, the evaluation methods are divided into two types:

	(a)

	
When the circuit component fails, look at the failure mode table to determine the loss of load area. Following this, according to the DG output sequence obtained in Step 1, the output condition of DG in the power loss area during the system failure is determined. Determine the size of the load to be transferred and the transfer path: when the transfer fails to complete, conduct a fault operation strategy on the energy storage in the power loss area to supply part of the load. If the total supplement of power for the entire load is not satisfied, determine the quantity of controllable load that needs to be reduced. After all the measures above, the load that still fails to be restored is the dead load of this failure. Record the power shortage for this fault state, Ens.n.




	(b)

	
When the GPS component fails, determine the fault area and remove the fault power. According to the DG output sequence obtained in Step 1, the output of the remaining DG in the fault area is determined. The rest of the processing is the same as step 3a.










	Step 4:

	
Indicator evaluation. The reliability indicator of the system after the GPS integration can be obtained by unifying the GPS component and circuit component fault state calculation indicators, as shown in Equation (10).











5. Method for Evaluating the Substation Credible Capacity of GPS


At present, the main methods of credible capacity evaluation are the bisection method [6,17] and Newton method [18]. Considering that there is no specific function formula for derivation, this paper uses the secant method [4,19], which has a fast computing speed. The secant method is a variation of the Newton iteration method, which is a numerical calculation method to find roots. The calculation process is as follows. Take two load values, namely L1 and L2, with the corresponding reliability values being R1 and R2. If R1 and R2 are greater than or less than R0 at the same time, these are re-selected until one of R1 and R2 is greater than R0, with the other one being less than R0. A straight line connecting the points (L1, R1) and (L2, R2), intersect the line whose ordinate is R0 and parallel to the abscissa axis at a point L. Obtain the corresponding reliability level R. If R is greater than R0, L is the new L1. Following this, connect the new (L1, R1) and (L2, R2) before creating a loop.



The concrete steps of solving the substation credible capacity of GPS in the active distribution network are as follows:

	Step 1:

	
Input the grid connection structure of the HV distribution network and the inter-station contact constraint of the substation. According to the previous literature [20], the maximum safety load of the system under the wiring structure is obtained by linear optimization. Through the automatic traversing of the computer, a failure impact analytical table of all circuit components is established and the modes of transferring are determined.




	Step 2:

	
Calculate the reliability level R0 in the primal system when the GPS is not integrated.




	Step 3:

	
Calculate the distribution network reliability level RG with GPS integration using the Monte Carlo simulation method as described in Section 4.2.




	Step 4:

	
Using the secant method to adjust load (primal load is the maximum safety load L0), make the system reliability RG after the GPS integration equal to the primal system reliability R0. Obtain the corresponding maximum safety load Lp at this time. The difference between Lp and L0 is the increment of the load, ΔL, which is exactly the substation credible capacity of the accessed GPS.









The concrete calculation is shown in Figure 3.


Figure 3. Computation flow of generalized power source (GPS) substation credible capacity calculation.
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6. Case Study


6.1. System Parameters


This paper takes the development zone in Gonghe County of Qinghai as an example. The planning area is 8.41 km2, which is divided into four districts for load forecasting. Supposing that all of the 110 kV/10 kV substation capacity in this area are 2 × 40 MVA, the loads in the four districts are equally distributed. The station internal contact constraint is 40 MVA, and the inter-station contact constraint is 10 MVA. According to the definition of the maximum safety load, the maximum supply load in one substation partition is 50 MVA. Under normal operating conditions, the peak load that each transformer can take is set as 25.0 MW. Therefore, we set the initial annual load peak as 25 MVA. If the station internal load transfer is designed with a backup automatic switch, the time for the transfer can be ignored. This paper is confined to the calculation accuracy. In order to make the results more observable, the inter-station load transfer time is set to 1 h. Circuit components are divided into four categories: 110 kV overhead lines, 10 kV circuit breakers, 110 kV circuit breakers, and 110/10 kV transformers. The failure rates and repair time are set in Table 1, in which t is one time, a represents one year, and u is one component. The reliability parameters of WTG and PV are shown in Table 2.



Table 1. The component reliability parameters.







	
Parameter

	
110 kV Overhead Lines

	
10 kV Circuit Breakers

	
110 kV Circuit Breakers

	
110/10 kV Transformers






	
Failure rate

	
0.01/t·(a·km)−1

	
0.005/t·(a·u)−1

	
0.02/t·(a·u)−1

	
0.005/t·(a·u)−1




	
Repair time (h)

	
12

	
4

	
7.5

	
48










Table 2. The reliability parameters of wind turbine generator (WTG) and photovoltaic (PV).







	
Parameter

	
WTG

	
PV






	
Fault probability (%/u)

	
8.68

	
3.1




	
Repair time (h)

	
5

	
5










In this paper, the case is provided, including four typical connection modes 1 to 4 that respectively corresponded to: direct power supply wiring, single-sided power T-type wiring, dual-power T-type wiring, and dual power supply π-type wiring. In each mode, a total of four substations of 220 kV and 110 kV are connected in line according to the geographical position in Figure 4 to ensure that the length of line of each mode is substantially equal. ACSR-120/20 overhead line is selected as the 110 kV line.


Figure 4. Geographical location sketch map of substations.
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On the whole, the failure transfer ways and reliability of the four modes are qualitatively summarized in Table 3.



Table 3. Qualitative analysis of the four modes.







	

	
Transfer Ways When 110 kV Circuit Breaker on Trunk Line I Fail

	
Reliability






	
mode 1

	
In-station + inter-station transfer

	
—




	
mode 2

	
In-station transfer only

	
Lower than mode 1




	
mode 3

	
Close contralateral breaker, quickly restored

	
Higher than mode 1 and 2




	
mode 4

	
Isolate the faulty line

	
Highest










The rated installed capacity of photovoltaic power generation in the region is 100 MW. The number of wind turbines is 358 units, while the rated capacity is 335 kW. The cut-in wind speed, rated wind speed, and cut-out wind speed of wind turbines are, respectively: 2 m/s, 12 m/s, and 25 m/s. According to the data of the Bureau of Meteorology, the average wind speed in Gonghe County is 13.5 m/s. In addition, a 25 MW load is used as a benchmark for the following GPS penetration rate calculation.




6.2. Impact of GPS Integration on System Reliability


This paper comparatively analyzes the trend of distribution network reliability, which was found to vary with the load under both conditions with and without GPS integration. This is shown in Figure 5. R0 is the reliability without GPS. RG is the reliability with GPS. The expected energy not supplied (EENS) is the indicator of reliability.


Figure 5. Reliability with and without GPS integration.
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With an increase in load, the gap in reliability before and after GPS integration increases, indicating that the credible capacity of GPS increases with load and shows an upward trend. When the load is less than 25 MW, the increase in load is not significant, although R0 and RG keep following the upward trend. This is because at this time, the load does not reach the maximum safety load of the system. The increased load can be shared by the system line capacity margin and the substation capacity margin, so the power shortage is basically the same. Therefore, in this paper, the initial load capacity corresponding to R0 is set as the maximum capacity of the distribution network satisfying the N-1 constraints, which is the maximum safety load of the system. This aims to eliminate the interference of the system capacity margin.




6.3. Substation Credible Capacity of GPS under Different Wiring Modes


During the calculation process, the reliability indicator R0 of mode 2 in the case of no GPS and a load of 25 MW is used as the benchmark to calculate the change of the credible capacity, corresponding to each instance under different GPS penetration rates. At the same time, WTG, PV, ESS, and each power supply penetration iterative calculation step length is 0.5%. In this paper, the definition of GPS penetration rate is defined as the proportion of the sum of the rated capacity of WTG, PV, and ESS to the maximum load of the system. Considering that there is a large influence of the controllable load and that the proportion is small in reality, the controllable load is set as a fixed value of 2% and is not included in the total penetration. The comparison of the simulation results of the four modes under different GPS penetration rates is shown in Figure 6.


Figure 6. Credible capacity under different wiring modes.
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Comparison between credible capacities of four wiring modes under different GPS penetration rates is shown in Table 4.



Table 4. Credible capacity of the four modes under different GPS penetration (megawatt).







	
Penetration%

	
Mode 1

	
Mode 2

	
Mode 3

	
Mode 4






	
2

	
2.3249

	
1.5143

	
4.3188

	
4.8913




	
4

	
2.9845

	
2.1590

	
4.6632

	
5.1839




	
6

	
3.3213

	
2.5824

	
4.8665

	
5.2943




	
8

	
3.7321

	
3.1089

	
5.1240

	
5.3563




	
10

	
4.1130

	
3.5056

	
5.3889

	
5.8032




	
12

	
4.3637

	
3.7645

	
5.6991

	
5.9209




	
14

	
4.5497

	
4.0938

	
5.9010

	
6.1892




	
16

	
4.7719

	
4.3850

	
5.9933

	
6.3257




	
18

	
4.9989

	
4.6959

	
6.0621

	
6.5443




	
20

	
5.2417

	
4.9392

	
6.4457

	
6.7315




	
22

	
5.4867

	
5.1257

	
6.7352

	
6.9637




	
24

	
5.6845

	
5.3471

	
6.8693

	
7.1246




	
26

	
5.7915

	
5.6427

	
7.0727

	
7.2218




	
28

	
6.0632

	
5.7976

	
7.2695

	
7.4959










According to the results shown in Table 4 and Figure 6, we can see that the substation credible capacity of GPS is different under different grid structures. Among them, the substation credible capacity corresponding to the single-side power T-type wiring in mode 2 is the minimum, while the substation credible capacity corresponding to the two-side power π-type wiring in mode 4 is the maximum. Mode 2 has the lowest reliability, and mode 4 has highest reliability, which verifies the analysis of Table 3. In addition, with a further increase in penetration, the gaps between substation credible capacities of GPS in those four modes become smaller. Within a certain range, the GPS capacity increases and the improvement of the system reliability is still significant.




6.4. Substation Credible Capacity of GPS under Different GPS Types


To further analyze the influence of different types of GPS on the substation credible capacity, we changed the penetration of intermittent DG (WTG and PV), energy storage system (ESS), and the demand-side controllable load (CL). This was made on the basis of other parameters remaining unchanged. Figure 7 shows the corresponding substation credible capacity in different scenarios.


Figure 7. Credible capacity under different types of GPS penetration. CL: controllable load.
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As shown in Figure 7, the increase in controllable load penetration contributes the most to the substation credible capacity in the case where only a single GPS increased penetration is considered. The impact of ESS is less than that of controllable load. When changing the penetration of WTG or PV power alone, the corresponding variation in substation credible capacity is small. Figure 8 shows the quadratic function fitting for only the changes in WTG and PV penetration. It can be seen that WTG is slightly more pronounced than PV.


Figure 8. WTG and PV quadratic function fitting curve.
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Credible capacity comparison under different DG (WTG and PV) and ESS penetration conditions is shown below (Figure 9).


Figure 9. Credible capacity under different DG (WTG and PV) and ESS penetrations.
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It can be seen that the increase of controllable load and ESS penetration will significantly improve the reliability of the system and contribute significantly to the substation capacity. Due to the intermittency and fluctuation, the increase of system reliability is not obvious when only WTG or PV is installed. They require ESS for cooperation in order to maximize the reliability of the distribution network and to improve the GPS substation capacity.





7. Conclusions


This paper considers WTG, PV, ESS, and the controllable load as a whole, which is referred to as the generalized power source (GPS) in a distribution network. The definition of the substation credible capacity of GPS is provided, and a calculation method of the substation credible capacity considering the grid structure is put forward. The substation credible capacity evaluates the capacity value that GPS can replace the capacity of the substation. The following conclusions are obtained by simulation analysis:

	
GPS in the distribution network can replace substation capacity. The access of GPS can reduce the shortage of power supply and improve the reliability of the system.



	
It is necessary to consider the influence of the different grid structures on substation credible capacity of GPS in order to improve reliability calculation accuracy and provide reference for the substation capacity planning of GPS integration in an active distribution network.



	
The contribution of the controllable load to substation credible capacity is the most obvious. The influence of the ESS is smaller than that of the controllable load. Due to the intermittency and fluctuation of the PV and WTG, ESS coordination is needed to maximize the substation credible capacity of GPS.
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Abbreviations


The following abbreviations are used in this manuscript:





	DG
	Distributed Generator



	DR
	Demand response



	GPS
	Generalized Power Source



	CF
	Capacity factor method



	HV
	High Voltage



	ESS
	Energy Storage System



	CL
	Controllable Load



	ELCC
	Effective Load Carrying Capacity



	EENS
	Expected energy not supplied



	LOEE
	Loss of energy expectation



	SAIDI
	System average interruption duration indicator



	WTG
	Wind Turbine Generator



	PV
	Photovoltaic



	DLC
	Direct Load Control



	IL
	Interruptible load



	DSB
	Demand-side bidding



	EDR
	Emergency demand response



	CASP
	Capacity/ancillary service program



	SOC
	State of Charge



	kV
	kilovolt



	MW
	Megawatt



	MVA
	Megavolt-ampere(s)



	ACSR
	Aluminum cable steel reinforced








Appendix A


The electrical wiring diagrams of modes 2, 3, and 4 mentioned in Section 4.1 are respectively shown in Figure A1, Figure A2 and Figure A3 [15].


Figure A1. Mode 2, known as single-sided power T-type wiring.
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Figure A2. Mode 3, known as dual-power T-type wiring.
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Figure A3. Mode 4, known as dual-power π-type wiring.
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The following is a simple example which illustrates the process of using the Monte Carlo simulation method and the secant method to obtain the GPS substation credible capacity, providing an illustration of the computation flow of Figure 3 in Section 5.





The wiring diagram of the simple example is taken from a portion of the wiring diagram of the direct power supply wiring mode 1 in Figure 2. As shown in Figure A4, there are five components in the network, including non-power components: circuit breakers [image: there is no content] and [image: there is no content]; a transformer [image: there is no content] and transmission line L ; and a generalized power source (GPS) for power supply. These are respectively numbered j = 1, 2, 3, 4, 5. The failure rate of the components is λj in an hour, while the repair time is [image: there is no content]. On the 10 kV bus side, the load [image: there is no content] and inter-station transfer power transmitted over the low voltage line [image: there is no content] are accessed.


Figure A4. Wiring diagram of the simple example.
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First, the following assumptions are made:

	(1)

	
Assuming that there is at most one component failure in the same time period, the probability of a failure of a single component in time ts is satisfied with the Poisson distribution [image: there is no content], where [image: there is no content] represents the failure rate of components in one hour.




	(2)

	
To calculate the substation credible capacity of GPS, set [image: there is no content] to constant [image: there is no content] here. That is, during the calculation process in 8760 h of a year, [image: there is no content] remains unchanged to remove the impact of load fluctuations.




	(3)

	
GPS components only fail in the working state, with the power loss in a failure equal to the rated output of the fault component.









	
The process of obtaining the reliability R using the Monte Carlo simulation method:

	(1)

	
Enter the component parameters, set the current time as [image: there is no content] = 0, the year k = 0, and the total failure power loss [image: there is no content] = 0.




	(2)

	
Calculate the fault probability [image: there is no content] of the five components.




	(3)

	
When k < N and ti is equal to 8760, reset ti = 0. When k < N and ti < 8760, calculate the WTG/PV output at time k and determine the SOC status of the ESS according to the size of [image: there is no content], [image: there is no content], [image: there is no content], and transfer load PT. At time ti, five random numbers (j = 1, 2, 3, 4, 5) that are uniformly distributed are generated. The probability of failure is compared with the corresponding random number.




	(4)

	
If [image: there is no content], no failure, return to the third step to calculate the next moment ti + 1.




	(5)

	
If [image: there is no content] and j is not a GPS component, j fails and the system switches to the circuit component failure state. The fault lasts for [image: there is no content] hours.

	(i)

	
Calculate the sum of the GPS outputs, including [image: there is no content], [image: there is no content], [image: there is no content], and [image: there is no content], and compare with load [image: there is no content] to determine the size of the controllable load [image: there is no content] to be reduced.




	(ii)

	
If there is still a load to be supplied after all the controllable load resources are used, the remaining load at this time is the power failure load [image: there is no content]. During the time [image: there is no content] to [image: there is no content] + 1, the total blackout is updated to [image: there is no content].




	(iii)

	
In the event of a fault duration [image: there is no content], if [image: there is no content] + [image: there is no content] < 8760, repeat steps (1) and (2). Otherwise, return to step (3).




	(iv)

	
When the fault is over, return to step (3).










	(6)

	
If [image: there is no content] and j is a GPS component, GPS component j fails, and the system enters the GPS component failure state. The fault lasts for [image: there is no content] hours.



	(i)

	
Calculate the lack of power supply PG for the GPS component.




	(ii)

	
During the time [image: there is no content] to [image: there is no content] + 1, update the total power loss [image: there is no content].




	(iii)

	
In the event of a fault duration [image: there is no content], if [image: there is no content] + [image: there is no content] < 8760, go back to step (6i). Otherwise, return to step (3). After the fault, return to step (3).








	(7)

	
When k = N, stop the calculation of the total amount of power loss and calculate the annual average loss of power [image: there is no content]. When N is large enough, [image: there is no content] of the system at this time.









	
Use the secant method to calculate the credible capacity:

	(1)

	
Enter the system parameters (including the GPS penetration at this time) and set the initial system maximum power supply load as [image: there is no content].




	(2)

	
Use the Monte Carlo method to calculate the original system reliability level R0 without GPS.




	(3)

	
Calculate the reliability level RG of the system, corresponding to the maximum supply load level under GPS.




	(4)

	
Use the secant method to adjust LP and repeat step (3). Finally, make RG = R0.




	(5)

	
Calculate [image: there is no content] according to the ELCC method, with the substation credible capacity at this level of GPS being ΔL.
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