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Abstract

:

Due to a greater social and environmental awareness of citizens, advantageous regulations and a favourable economic return on investment, the presence of photovoltaic (PV) installations in distribution grids is increasing. In the future, not only a significant increase in photovoltaic generation is expected, but also in other of the so-called distributed energy resources (DER), such as wind generation, storage, electric vehicle charging points or manageable demands. Despite the benefits posed by these technologies, an uncontrolled spread could create important challenges for the power system, such as increase of energy losses or voltages out-of-limits along the grid, for example. These issues are expected to be more pronounced in low voltage (LV) distribution networks. This article has two main objectives: proposing a method to calculate the LV distributed photovoltaic generation hosting capacity (HC) that minimizes system losses and evaluating different management techniques for solar PV inverters and their effect on the hosting capacity. The HC calculation is based on a mixture of deterministic methods using time series data and statistical ones: using real smart meters data from customers and generating different combinations of solar PV facilities placements and power to evaluate its effect on the grid operation.
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1. Introduction


The interest in renewable energies has grown considerably all over the world in recent time. Among renewable energies, solar photovoltaics is by far the most widespread technology adopted for distributed power generation. The global photovoltaic energy generation capacity is increasing rapidly due to efficiency improvements and cost reductions in recent years. It is expected that by 2022, solar PV will be the largest renewable energy source worldwide [1].



Not too many years ago, photovoltaic systems were considered suitable only for isolated systems in remote locations, because solar PV was costly and there were serious concerns regarding negative impacts on the grid [2]. Large cost reductions, together with improved inverter technology and new standards and regulations have made solar PV also attractive for grid connected applications, covering a wide range from utility-scale facilities to small, distributed installations.



PV systems can be connected to the grid at any voltage level and can be classified into three main categories according to their size (power generation) [1]:




	
Large-scale (or utility-scale) systems have an installed power higher than 100 MWp and are typically connected to high-voltage transport grids.



	
Medium power systems, from 1 MWp to 100 MWp, are connected to medium voltage distribution grids.



	
Small systems, with a generation power below from 1 MWp, are distributed along low-voltage grids and very small systems (below 10 kWp) are typically connected to single-phase residential systems. The number of small systems in self-consumption applications has been increasing rapidly in recent years as a way to reduce electric energy bills for residential and commercial customers. In fact, a new term has emerged as a consequence of this phenomenon of self-consumption: “prosumers” [3], which indicated the important evolution of the end user from a passive consumer to a more active producer and consumer. This paper is focused on small and very small PV systems power level, connected always in prosumers’ facilities, and the related impacts on LV grids.








The electric power system (transmission and distribution) was designed for unidirectional power flows, from generation to consumption points. This classical conception of the electric system limits system flexibility and adaptability to new technologies, as distributed generation or storage in LV grids. Consequently, new requirements and technologies become necessary to deploy in a safe manner a massive integration of renewable energy sources in distribution grids, both medium and low voltage [4]. These new requirements and technologies are incorporated in the concept of the “smart grid”.



As explained in the previous paragraphs, PV generation integrated in AC LV grids is a popular and accessible source of renewable energy for many potential consumers. Solar resource availability in most areas of the world makes this option for electric generation widely adoptable. Furthermore, it can provide benefits to the grid in terms of reduced losses or overload compensation, as well as improve voltage control and management.



Despite the potential benefits of distributed PV, solar radiation variability is an important issue which may lead to instability at the common connection point, with respect to voltage and frequency variations [5]. A high penetration of distributed generators (prosumers) could create different failure possibilities, not only in the LV grid, but also in the medium voltage (MV) grid. Intermittent renewable energy integration presents significant technical and economic challenges. So that, an optimal strategy to operate and control the distribution grid in presence of high photovoltaic generation levels is essential. Main issues of solar PV distributed generation are well known and are listed here below [6,7]:




	
Voltage deviations. Energy injection of distributed resources along LV lines can change voltage profiles, generating overvoltage and undervoltage whose value can change along the day.



	
Phase imbalances. In most scenarios, LV photovoltaic facilities are single-phase, generating imbalances respect to the other phases, this phenomenon causes an increase in neutral current and, therefore, losses increase.



	
System losses. Total line losses decrease as photovoltaic penetration increases and energy generated is consumed locally. However, if the active power injected by the PV systems to the connection point exceeds the load demand, losses increase as not all the energy can be consumed and it is exported to the grid.



	
Reverse power flow. Electric grids have been designed to withstand unidirectional power flows, so a power flow in the opposite direction could generate problems, affecting grid components as transformers, especially if protection devices are not designed to deal with reverse power flows.



	
Harmonic injection. Harmonic currents generate voltage harmonics in LV grids that distort the waveform affecting connected loads. Some PV inverters can introduce harmonics into the grid, which means losses increase in transformers that cause heating in its windings and also heating in protection systems, leading them to malfunctions.



	
Short-circuit currents. High photovoltaic penetration levels cause greater short-circuit currents, which could lead to greater damage to the grid equipment.








To evaluate the effect of renewable generation systems, the penetration level and its limit in the shape of hosting capacity are used. For the first term, the adopted definition in this article is the relation between the total installed peak power and the total power contracted by consumers, kWp/kW in a given LV grid [8]. For the second one, hosting capacity, there are many definitions as shown in [9] or [10], but the approach used in this paper is the maximum penetration level of distributed solar PV generation that could be installed without exceeding grid safe operating limits (thermal and voltages) and reducing energy losses.



As it can be seen, the calculation of the hosting capacity of a grid is not trivial and is influenced by many parameters as the grid components and its characteristics, the consumption profiles of the customers connected, the generation resources and their location in the electrical system [9,10]. In [8] a deep analysis of hosting capacity tools and methods is made and the next main HC assessment techniques classification is proposed:




	
Deterministic methods




	○

	
Constant generation methods, that assume that the output of DERs is fixed during the evaluated period. These techniques require small amounts of input data, are simple and fast but the results are approximated and the scenarios tested are reduced.




	○

	
Time series methods, in these techniques the constant value of DERs, the main drawback of previous methods, is avoided using generation profiles. This approach is accurate but need big data sets.









	
Stochastic methods introduce the variability or ignorance of many factors, as DERs power or location [11], in the calculation process. Stochastic techniques do not need large amounts of data and can provide accurate results but can be slow and complex



	
Optimization based methods. DERs are placed and sized as a result of an optimization process. These methods are exact for the optimal case, not for others.



	
Streamlined methods. In these methods the scenarios evaluated are reduced to an amount that represent the possible grid states. These techniques have approximated results.








There are many works calculating hosting capacities for an electric grid and others that propose and evaluate different techniques to increase this penetration level without jeopardizing the system or increasing losses. For example, Reference [12] lists and describes current and new solutions to enable a large-scale penetration of solar PV systems in distribution grids. The authors classify the solutions according to the provider: DSO, prosumer and interactive solutions. Proposed solutions are: network reinforcement, STATCOM use, prosumer storage, increase of self-consumption using tariff incentives, curtailment of power feed-in to the grid, active power control of PV inverter depending on the grid voltage (P(U)), reactive power control of PV inverter depending on the grid voltage or generated active power (Q(U) and Q(P)) or demand response managed by local price signals are some examples.



In References [13,14,15], as in other many sources, the use of distributed storage is proposed to increase the penetration of solar PV generation reducing its impact on the grid. To reach a widespread adoption of this solution, storage costs need to be further reduced. In several countries, government support is given to accelerate mass adoption with the objective of the desired cost reduction.



On the other hand, Reference [16] proposes and analyses the use of Set Voltage Regulators (SVR) to reduce voltage fluctuations in distribution systems with high solar PV penetration levels. This solution, although interesting, involves the renovation of expensive assets.



In Reference [17] a deep analysis of the negative effects in electric distribution grids with high solar PV penetrations is carried out. To mitigate these negative effects, the connection of PV generators as three-phase systems is proposed. This solution is proved to reduce losses and voltage issues, but it is difficult to be applied in real grids as many consumers have single-phase grid connections and a mixture of single phase and three phase solar PV generation systems is more than expected.



Reference [8] proposes the installation of single-phase solar PV generators in specific phases to reduce grid issues and increase PV penetration. To choose the proper phase, a deep analysis of load along time has to be carried out. This solution is also promising, but the installation of solar PV facilities depends mainly on the consumers and some country-specific normative make the limitation of the installation of PV generators in public grids difficult.



The main objective of [18] is to evaluate how prosumers can support the distribution system operator in the management of the grid and focuses on the changes and demand management, that the customer can offer to benefit both, prosumer and DSO. It also shows the importance of photovoltaic installations near consumption points in order to obtain a better balance between generation and consumption. A big effort is being made through different projects, as in [19] or in [20], and platforms to design, develop, test and foster these local flexibility markets.



Reference [21] shows a different approach as it includes economic and regulatory aspects in the analysis of the maximum PV penetration. The effect of self-consumption policies (economics) and regulations in PV facilities size is analysed to evaluate the PV penetration level in the electric grid and its effect on grid operation. This paper proposes proper regulation, technical and economical, as an alternative to grid reinforcement in high PV penetration grids. Reference [22] continues with the economical point of view to propose solutions to improve solar PV penetration without hampering the electric system in Latvia.



In Reference [23], a reactive power control is implemented in PV inverters managing reactive power according to voltage in the grid connection point. It also reduces the active power generation if the reactive power consumption does not produce the desired decrease in terminal voltage. Reference [24] proposes three reactive power controls in order to reduce overvoltage, two of them based on reactive power management depending on active power generated, Q(P) and the other to grid voltage, Q(U).



Following these ideas, the objective of this article is twofold: on the one hand, to propose a method to calculate the photovoltaic hosting capacity that minimizes system losses, and on the other, to evaluate different management techniques for solar PV inverters and their effect on the hosting capacity aforementioned. As it is shown in the next section, the proposed HC calculation method is a mixture of the deterministic methods using time series data and the statistical ones. This union aims to obtain a simple and fast-running method that provides accurate results and covers multiple possible scenarios for the deployment of distributed generation. Other works as [11] or [25] propose similar methods, but in the research shown in this document real data from users is used, solar PV facilities are installed always in consumers facilities (single or three-phase), to evaluate the effect of self-consumption, and its power is variable and related to the contracted power of the possible prosumer.



This paper is organised as follows: Section 2 describes the grid used to test different PV inverter control and the methodology used to calculate the optimal hosting capacity and the effect on it of the solar PV inverters management. Section 3 shows the main results of the tests carried out. All calculations shown in this document have been carried out on a real low-voltage distribution grid in Granada, southern Spain. Finally, Section 4 discusses the main conclusions derived from the simulations and proposes new working lines.




2. Materials and Methods


The case study presented here, has been carried out using PowerFactory DIgSILENT software (Stuttgart, Germany), with data from a real distribution network in southern Spain and consumption data form customers smart meters. A methodology has been developed in order to derive hosting capacity of distributed PV generation that minimizes grid losses and ensures a safe operation of the grid. The framework has been also employed to evaluate several control strategies of the solar PV inverters and its effect on the aforementioned hosting capacity.



For the simulations, the following inputs have been available:




	
Network model in PowerFactory DIgSILENT.



	
A typical consumer profiles of the set day (active and reactive power)



	
Voltage profile in the transformer LV side of the selected day.



	
Irradiation for PVs generation.








Next, the methodology to obtain the optimal distributed photovoltaic penetration is detailed. This analysis consists in increasing the photovoltaic penetration with steps of 10 kW, to reach the maximum level of PV penetration that could be installed by the clients randomly. In the Figure 1, it is shown a flow chart of the methodology to apply. The first step of the flowchart is to define different variables:




	(a)

	
maximum number of scenarios for each level of penetration (Max_num_scenarios). For this study 30 scenarios have been chosen.




	(b)

	
maximum penetration level (Max_Penetration). For this study 400 kW,




	(c)

	
the minimum level of penetration (Install_level). For this study it starts with 10 kW.









After defining the model parameters, the scenario counter is initialized (Scenario = 0). This variable is a counter increase (scenario = scenario + 1) until reaching 30 scenarios at each level of penetration. These 30 scenarios locate PV facilities uniform distribution in the network at existing customer connections, applying a Monte Carlo approach. The total power installed with PVs is set as the level of penetration. The size of each PV system is assumed to be equal to the customer’s contracted power and the phase to which it is connected. The total PV power installed is defined by the level of penetration. After completing all scenarios, penetration level is increased by 10 kW. This process is repeated until maximum penetration level is reached.



Networks should not have congestion problems or voltage deviations. Limits are set by each facility. In this case it is Grupo Cuerva that stablishes that voltage limits are 1.07 p.u. and 0.93 p.u., while the congestion limit of lines and transformer is 100%. In order to verify if there are any problems of congestion or voltage deviations, a quasi-dynamic study is executed each scenario, which consists in a power flow for each hour of a day.



If no problems are detected, total losses are calculated and stored for each of the 24 h. Once there are 30 valid scenarios, the penetration of PVs is increased (Penetration = Penetration + 10 kW) until the maximum penetration is reached (Max_Penetration). After that, the curve “PV penetration-losses” is obtained. Finally, the optimal PV penetration level is derived from the minimum of the PV penetration-loss curve. According to the model definition, network losses decrease with increasing PV penetration until a certain level, where losses start to increase again.



After obtaining the optimal penetration value that minimizes systems losses, ten random uses cases are created with the optimal renewable penetration (240 kW), this choice is based on the study made to obtain the minimum losses in the system. The ten use cases are created with different PVs location (more information about the network topology in Appendix B). These ten use cases include congestion or voltage deviations. The control strategies are then evaluated in terms of ability to solve voltage problems caused by distributed PV generation. The controls tested are:




	
Constant power reactive control (Q = constant): PVs consume or generate reactive power regardless of the active power installed. An amount of reactive power to be consumed or generated must be set. In order to evaluate efficiently this control strategy, six different values for Q are studied:




	○

	
Consumption of 10% active power PVs (Q = 10% P)




	○

	
Consumption of 20% active power PVs (Q = 20% P)




	○

	
Consumption of 30% active power PVs (Q = 30% P)




	○

	
Generation of 10% active power PVs (Q = 10% P)




	○

	
Generation of 10% active power PVs (Q = 20% P)




	○

	
Generation of 10% active power PVs (Q = 30% P)









	
Reactive power control with constant power factor (PF = constant): The power factor of PVs is set as a constant. To evaluate this control strategy, six PF values are considered indicating if it has inductive or capacitive characteristic (to consume or to generate, respectively):




	○

	
PF = 0.95 inductive




	○

	
PF = 0.95 capacitive




	○

	
PF = 0.9 inductive




	○

	
PF = 0.9 capacitive




	○

	
PF = 0.85 inductive




	○

	
PF = 0.85 capacitive









	
Power factor control depending on the active power generated (PF = f(P)) [26]: PVs consume reactive power as a function of the active power generated at each moment. In this case the power factor depends on the active power generation. For this control strategy, two parameters are defined: (1) the minimum active power, that indicates which is the value where reactive power consumption starts; (2) the minimum value of the power factor.



Figure 2 shows the PF variation curve used to set control strategies such as:




	○

	
P = 0.5 p.u. and PF = 0.9




	○

	
P = 0.5 p.u. and PF = 0.95




	○

	
P = 0.65 p.u. and PF = 0.9




	○

	
P = 0.65 p.u. and PF = 0.95









	
Reactive power control depending on terminal voltage (Q = f(U)): PVs consume or generate enough reactive power to ensure that the grid terminals are within the permitted range. If the voltage is below a marked limit (i.e., 0.98 p.u.), the PV generates reactive power; and if the voltage is above a marked limit (i.e., 1.02 p.u.), the PV consumes reactive power. The maximum reactive power generated is reached when the voltage is 0.95 p.u. and the maximum reactive power consumed is reached when the voltage is 1.05 p.u. The three strategies implemented in this control are:




	○

	
PF = 0.95




	○

	
PF = 0.9




	○

	
PF = 0.85














In order to test this methodology, a network model has been developed in PowerFactory DIgSILENT. A real model provided by Grupo Cuerva has been chosen, this real model is a district of a rural town. This model contains 266 consumers, from which 45 have a three-phase connection and 221 single-phase. The total installed power of all customer is 1, 320 MW approximately. This network is divided in 11 feeders (Figure A1 in Appendix A, each of the feeders is indicated in different colours) which have different lengths and different numbers of consumers. Figure 3 shows the LV network topology (More information about the network topology in Appendix A).




3. Results


The first part of this section provides the results of the study of optimal PV penetration and in the second part results from the different use cases are presented for each control strategy.



3.1. Optimal PV Penetration


As explained in Section 2, a method has been developed to obtain the optimum value (minimum losses in the LV network) of distributed PV penetration within a LV network, where PV systems are associated by Monte Carlo method to consumers within the LV grid.



For this purpose, in each level of penetration (10 kW, 20 kW…) until the maximum is reached (Max_Penetration), 30 scenarios are carried out in which Monte Carlo distributed generation is installed, that is, for each level of penetration 30 different scenarios will be obtained. For each of these scenarios a quasi-dynamic study (load flow for each hour) is carried out, allowing to obtain the value of the losses.



Each blue point in the Figure 4 represents the losses of scenario (total losses in the grid) in each PV penetration level, In other words, each level of penetration (PV generation) in Figure 4 has 30 blue points that represent the losses of each of the 30 scenarios (30 scenarios are defined as Max_num_scenarios in Figure 1, i.e., the 30 scenarios for each level of penetration in which losses are calculated). The tendency line that occurs between the different scenarios is the line that occurs when connecting the average points of losses of each level of penetration (PV generation).



Figure 4 confirms the expected effect, that distributed PV reduces total losses until certain penetration level and further increasing of PV installations increases also grid losses. The Monte Carlo method also reveals important differences depending on the actual distribution of the PV system within the grid.



As mentioned before, the increase of distributed PV generation may create problems in the network, such as voltage deviations (U > 1.07 p.u. or U < 0.93 p.u.) and congestions. One of the main issues is overvoltage as PV production may produce inverse power flows which increase voltage.



Figure 5 shows, in orange, the scenarios with problems in the network (congestion and/or voltage deviations) that have been obtained by Monte Carlo method, while trying to reach the 30 scenarios (30 scenarios are defined as Max_num_scenarios in Figure 1, i.e., the 30 scenarios for each level of penetration in which losses are calculated), without problems (blue).



As it can be seen in Figure 5, as distributed PV generation increases, more scenarios were found with problems of voltage deviations, which complicated the finding of the 30 scenarios without voltage deviations. For example, in the scenario with a penetration of 240 kW of distributed PV, 12 scenarios with grid problems have been obtained, this means that to find 30 scenarios without problems, 42 scenarios had to be analysed.




3.2. PV Control


In the following paragraphs, the control strategies explained in Section 2 are compared identifying the advantages and disadvantages of each control. To highlight the advantages and disadvantages of each option, three indicators have been used:




	
Losses



	
Voltage deviations (undervoltage and overvoltage)



	
Congestions








To test each of the controls, ten use cases are created with different PV locations (see Appendix A for the locations of the PVs in each use case) but all of them with the same penetration 240 kW (total installed power for the PVs). In each of the use cases, a quasi-dynamic study (hourly load flow) will be performed over the period of one day in which the three indicators mentioned above will be calculated.



3.2.1. Constant Power Reactive Control


As explained in Section 2, the constant reactive power control consumes or generates the reactive power according to the value of the active power. Six values for reactive power have been considered (10, 20 and 30% of active power, capacitive and inductive)



The results obtained for these six control strategies in terms of losses (first indicator) can be seen in Figure 6. Figure 6 shows that the lowest values of losses are obtained when reactive power is being generated, since in all use cases, the lowest losses are obtained when the reactive power generated is 20% of the active power. This is because the reactive power is consumed by the loads and the reactive power transported by the network is minimized. While it is consumed, the highest losses are obtained in all use cases (grey points).



The second key indicator in this analysis is voltage deviation. In this case, no undervoltage event happened but overvoltage events occur. These overvoltage events are visualized in Figure 7.



When generating more reactive power (green and blue lines in Figure 7) there are more overvoltage events than when reactive power is consumed (grey line in Figure 7). For example, in use case 4, when reactive power is generated at 30% of active power, there are 25 overvoltage events in the network. However, if the reactive power is consumed at 30% of the active power, only one overvoltage event has been observed. Finally, the key congestion indicator has been analysed and the shows no congestion in any use case.




3.2.2. Reactive Power Control with Constant Power Factor


This control strategy considers a constant power factor, fixing reactive power proportional to active power generated. As mentioned in Section 2, six different PF levels have been considered (0.85, 0.9 and 0.95 inductive and capacitive).



The first indicator analysed is the losses, the results obtained for each use case can be seen in Figure 8. General conclusions are very similar to the first control strategy, where capacitive power factors are leading to lowest losses.



As can be seen in Figure 9, results regarding overvoltages are also very similar to the first control strategy with fixed reactive power control. In comparison, a slightly higher number of overvoltage events are observed for fixed PF control. This effect can be explained due to the fact that reactive power is highest when active power peaks, which are the hours where reversed power flows can be observed.



Finally, the result of this congestion indicator shows zero as there is no congestion in any of the use cases.




3.2.3. Power Factor Control Depending on Generated Active Power


The PV inverter consumes reactive power as a function of generated active power, the control parameters analysed are:




	○

	
P = 0.5 p.u. and PF = 0.9




	○

	
P = 0.5 p.u. and PF = 0.95




	○

	
P = 0.65 p.u. and PF = 0.9




	○

	
P = 0.65 p.u. and PF = 0.95









The results obtained evaluating the losses for this control strategy can be seen in Figure 10. As it can be seen in Figure 10, the loss values obtained applying the different control parameters are very close to each other. Thus, the effect on network losses is very limited.



Overvoltage events are shown in Figure 11. Similar to the other two control strategies, no under-voltage is observed. The number of overvoltage events in this case is considerably lower, which is mainly due to the fact that no capacitive reactive power has been considered.



In Figure 11, it can be seen that the control strategy of reactive power generation with 0.5 p.u. of active power and PF = 0.9 p.u., is the one where less overvoltage events are obtained. Therefore, if only the overvoltage events are considered, this would be the optimal strategy.




3.2.4. Reactive Power Control Depending on Terminal Voltage


With this strategy, PV facilities aim keeping terminal voltages within desired limits, adjusting reactive power accordingly withing a predefined range. In this case study, reactive power limits have been defined in terms of PF, considering 3 cases.



	○

	
PF = 0.95 p.u.




	○

	
PF = 0.9 p.u.




	○

	
PF = 0.85 p.u.







The first key indicator to analyse is losses. Figure 12 shows network losses for this control strategy of PF = 0.95 p.u. (grey dots), PF = 0.9 p.u. (yellow dots) and PF = 0.85 p.u. (green dots).



Figure 12 shows that the lowest losses are obtained when the power factor is 0.95, i.e., when less reactive power is delivered per voltage level.



The number of overvoltage events is shown in Figure 13, where is becomes clear that with the lowest PF (0.85) limit, overvoltages can be reduced most. This is not surprising, as the more reactive power is allowed to be consumed, the higher is the effect on terminal voltages. Nevertheless, it should be highlighted here, that this reduction of overvoltages comes with the downside of increased network losses.



As happened in the previous control, in the use case there are no congestions and therefore the last key indicator, congestions, is zero.




3.2.5. Comparison of Control Strategies


In this section, all evaluated control strategies are compared regarding losses and overvoltages. Figure 14 shows a comparison of network losses. Each control has several points according to the different control strategies: 6 dots for Q constant represented by a blue dot in Figure 14, 6 for PF constant represented by red dots in Figure 14, 4 for PF = f(P) represented by green dots in Figure 14 and 3 for Q = f(U)) represented by yellow dots in Figure 14.



In the Figure 14, identifying the optimal control is difficult because there is no clear tendency in the controls. For example, in the constant value control of Q, a very small value of losses is observed if the reactive power is low and a very high value of losses if the reactive power consumed is high. The same situation occurs when the constant PF control is applied. However, the three dots (green dots in Figure 14) that define the PF = f(P) are close and the losses are small enough in order to select this control as optimal control.



Figure 15 shows the number of overvoltage events in each use case for each control strategy. In Figure 15 it can be seen the effectiveness of each control. It is represented by the number of terminals in overvoltage. The results show that Q = f(U) (yellow line Figure 15) is the most effective control as in all use cases has the lowest number of overvoltage events.



For the selection of the optimal control, it is necessary to take into account both key indicators (losses, voltage deviations) and to reach an agreement on which level of losses and overvoltage events are considered as valid. As a conclusion, the optimal controls would be Q = f(u) and PF = f(p) since they are the controls that cause the least overvoltage events and the loss values are sufficiently small.






4. Conclusions


In this paper, two main topics have been analysed: on the one hand, to propose a method to calculate the photovoltaic hosting capacity that minimizes system losses, and on the other, to evaluate different management techniques for solar PV inverters and their effect on the hosting capacity aforementioned



In a first step, optimal PV penetration levels have been derived using a Monte Carlos approach, considering optimal PV penetration when network losses are minimised, that is to say, the HC has been obtained in each node where self-consumption can be introduced, which minimizes the losses of the system.. This approach is very promising for planning purposes, if a detailed network model is available. Similar methods are proposed in the works of [11] or [25], however in this article the scope has been extended using real data from the smart meters, the installed PVs can be installed in single phase or three-phase (depending on the installation of the consumer), the size of the installed PV will depend on the contracted power of the consumer, with this it is possible to evaluate the effect of PV self-consumption in a distribution network. Some improvements can be proposed for future studies: (i) it has been used a standard day and it is proposed to use a whole year of smart meter data to evaluate the seasonal effect (autumn, spring, winter and summer), (ii) it has been assumed that PV facilities power is equal to the contracted power and it could be interesting modelling the variability of the installed PV facilities and for the last (iii) it will be evaluated other methods to expand the penetration of renewables such as distributes storage technologies and / or demand response policies, either through direct signals or through a local market flexibility.



The second topic was dedicated to the evaluation of 4 different control strategies of solar PV inverters, considering the possibility of reactive power control to mitigate excessive voltage deviations. In addition, the effect on total network losses have been documented. Congestion problems were also expected, but were not observed in this case study, given the restrictive condition which limits installed solar PV power at consumer premises to their respective contracted power. The effectiveness of this limit could be demonstrated hereby.



In the tested grid, 240 kW of installed PV power has been found as the optimal penetration level in terms of technical losses. The 4 control strategies have been tested for this penetration level, and ten use cases were generated in which overvoltage occurred. Control strategies with constant reactive power or PF setpoints were outperformed by more dynamic approaches considering generated power to modify PF and terminal voltages to modify reactive power.
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Appendix A


In this section the main characteristics of the network model used for the developments are detailed. Figure A1 shows a single-line diagram of the network, in which each of the feeders that conform the network can be seen in different colours.
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Figure A1. Network Topology. 






Figure A1. Network Topology.
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The cables used to model the network are listed in Table A1, this table shows the characteristics of the type of cable which are: voltage of the conductor (Voltage), maximum allowed current (Current), the cable is type, resistance (R), reactance (X) and inductance (L).
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Table A1. Type of conductors.






Table A1. Type of conductors.





	Type of Conductor
	Voltage (kV)
	Current (kA)
	Phases
	R (Ohm/Km)
	X (Ohm/Km)
	L (mH/Km)





	RV 2X25 AL
	0.4
	0.074
	1
	1.44
	0.078
	0.2482817



	RV 2X50 AL
	0.4
	0.105
	1
	0.77
	0.0777
	0.2473268



	RV 3X150 AL
	0.4
	0.2
	3
	0.249
	0.072
	0.2291831



	RV 3X25 AL
	0.4
	0.074
	3
	1.44
	0.078
	0.2482817



	RV 3X50 AL
	0.4
	0.105
	3
	0.77
	0.0777
	0.2473268



	RV 4X50 AL
	0.4
	0.105
	3
	0.77
	0.0777
	0.2473268



	RV 4X95 AL
	0.4
	0.155
	3
	0.39
	0.0733
	0.2333211



	RZ 3X16 CU
	0.4
	0.075
	1
	1.45
	0.0813
	0.2587859



	RZ 3X6 CU
	0.4
	0.053
	3
	3.95
	0.0901
	0.2867972



	RZ 4X10AL
	0.4
	0.054
	3
	3.61
	0.086
	0.2737465



	RZ 4X16 AL
	0.4
	0.058
	3
	2.27
	0.0813
	0.2587859



	RZ 4X25 AL
	0.4
	0.074
	3
	1.44
	0.078
	0.2482817








To characterize the network, real measurements of the clients obtained from the smart meters have been used, in Figure A2 an example of the consumption of two customers profiles is shown.
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Figure A2. Active power profiles of different customers. 






Figure A2. Active power profiles of different customers.
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The voltages of the secondary substation are shown in Figure A3, In Figure A3 the voltage of phase 1 (phase R) can be seen in blue, the voltage of phase 2 (phase S) can be seen in orange and the voltage of phase 3 (phase T) can be seen in grey.
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Figure A3. Voltage in secondary substation. 






Figure A3. Voltage in secondary substation.



[image: Energies 13 04347 g0a3]





The characteristics of the secondary substation are described in the Table A2.
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Table A2. Characteristics of the secondary substation.






Table A2. Characteristics of the secondary substation.





	Name of Transformer
	HV-Side (kV)
	LV-Side (kV)
	Rated Power (MVA)





	Trafo
	20
	0.4
	0.65









Appendix B


Use case 1:



Figure A4 shows the location of the photovoltaic installations in case of use 1, the locations of the photovoltaic installations are shaded in blue.
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Figure A4. Use case 1—Location of PVs. 






Figure A4. Use case 1—Location of PVs.
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Use case 2:



Figure A5 shows the location of the photovoltaic installations in case of use 2, the locations of the photovoltaic installations are shaded in blue.
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Figure A5. Use case 2—Location of PVs. 






Figure A5. Use case 2—Location of PVs.
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Use case 3:



Figure A6 shows the location of the photovoltaic installations in case of use 3, the locations of the photovoltaic installations are shaded in blue.
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Figure A6. Use case 3—Location of PVs. 






Figure A6. Use case 3—Location of PVs.
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Use case 4:



Figure A7 shows the location of the photovoltaic installations in case of use 4, the locations of the photovoltaic installations are shaded in blue.
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Figure A7. Use case 4—Location of PVs. 






Figure A7. Use case 4—Location of PVs.
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Use case 5:



Figure A8 shows the location of the photovoltaic installations in case of use 5, the locations of the photovoltaic installations are shaded in blue.
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Figure A8. Use case 5—Location of PVs. 






Figure A8. Use case 5—Location of PVs.
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Use case 6:



Figure A9 shows the location of the photovoltaic installations in case of use 6, the locations of the photovoltaic installations are shaded in blue.
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Figure A9. Use case 6—Location of PVs. 






Figure A9. Use case 6—Location of PVs.
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Use case 7:



Figure A10 shows the location of the photovoltaic installations in case of use 7, the locations of the photovoltaic installations are shaded in blue.
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Figure A10. Use case 7—Location of PVs. 






Figure A10. Use case 7—Location of PVs.
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Use case 8:



Figure A11 shows the location of the photovoltaic installations in case of use 8, the locations of the photovoltaic installations are shaded in blue.
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Figure A11. Use case 8—Location of PVs. 






Figure A11. Use case 8—Location of PVs.
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Use case 9:



Figure A12 shows the location of the photovoltaic installations in case of use 9, the locations of the photovoltaic installations are shaded in blue.
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Figure A12. Use case 9—Location of PVs. 






Figure A12. Use case 9—Location of PVs.
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Use Case 10:



Figure A13 the location of the photovoltaic installations in case of use 10, the locations of the photovoltaic installations are shaded in blue.
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Figure A13. Use case 10—Location of PVs. 






Figure A13. Use case 10—Location of PVs.
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Appendix C


This section details the results of each use case for each of the control strategies. The tables show the results of voltage deviations and losses.



Constant power reactive control
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Table A3. Constant power reactive control: Losses.






Table A3. Constant power reactive control: Losses.





	
Use Cases

	
Constant Power Reactive Control (Q = Constant)




	
Q = 10% P Cons

	
Q = 20% P Cons

	
Q = 30% P Cons

	
Q = 10% P Gen

	
Q = 20% P Gen

	
Q = 30% P Gen






	
Use Case 1

	
0.0173

	
0.0220

	
0.0279

	
0.0119

	
0.0112

	
0.0119




	
Use Case 2

	
0.0187

	
0.0232

	
0.0290

	
0.0139

	
0.0135

	
0.0145




	
Use Case 3

	
0.0223

	
0.0264

	
0.0319

	
0.0187

	
0.0192

	
0.0213




	
Use Case 4

	
0.0213

	
0.0246

	
0.0289

	
0.0184

	
0.0187

	
0.0202




	
Use Case 5

	
0.0181

	
0.0223

	
0.0277

	
0.0134

	
0.0129

	
0.0135




	
Use Case 6

	
0.0206

	
0.0246

	
0.0300

	
0.0168

	
0.0170

	
0.0185




	
Use Case 7

	
0.0194

	
0.0240

	
0.0300

	
0.0147

	
0.0145

	
0.0157




	
Use Case 8

	
0.0193

	
0.0229

	
0.0277

	
0.0155

	
0.0153

	
0.0163




	
Use Case 9

	
0.0183

	
0.0221

	
0.0271

	
0.0140

	
0.0135

	
0.0141




	
Use Case 10

	
0.0195

	
0.0235

	
0.0288

	
0.0153

	
0.0152

	
0.0163
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Table A4. Constant reactive power control: Voltage deviations.






Table A4. Constant reactive power control: Voltage deviations.





	
Use Cases

	
Constant Power Reactive Control (Q = Constant)




	
Q = 10% P Cons

	
Q = 20% P Cons

	
Q = 30% P Cons

	
Q = 10% P Gen

	
Q = 20% P Gen

	
Q = 30% P Gen






	
Use Case 1

	
0

	
0

	
0

	
5

	
15

	
15




	
Use Case 2

	
3

	
2

	
2

	
3

	
4

	
5




	
Use Case 3

	
12

	
12

	
9

	
13

	
20

	
5




	
Use Case 4

	
3

	
2

	
1

	
13

	
17

	
25




	
Use Case 5

	
5

	
5

	
5

	
5

	
5

	
5




	
Use Case 6

	
0

	
0

	
0

	
1

	
1

	
1




	
Use Case 7

	
11

	
10

	
6

	
12

	
12

	
14




	
Use Case 8

	
5

	
5

	
5

	
5

	
5

	
5




	
Use Case 9

	
1

	
0

	
0

	
4

	
5

	
5




	
Use Case 10

	
3

	
3

	
2

	
9

	
9

	
9









Reactive power control with constant power factor
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Table A5. Reactive power control with constant power factor: Losses.






Table A5. Reactive power control with constant power factor: Losses.





	
Use Cases

	
Reactive Power Control with Constant Power Factor (PF = Constant):




	
PF = 0.85 ind

	
PF = 0.9 ind

	
PF = 0.95 ind

	
PF = 0.95 cap

	
PF = 0.9 cap

	
PF = 0.85 cap






	
Use Case 1

	
0.0231

	
0.0204

	
0.0178

	
0.0125

	
0.0127

	
0.0132




	
Use Case 2

	
0.0244

	
0.0219

	
0.0193

	
0.0145

	
0.0148

	
0.0155




	
Use Case 3

	
0.0280

	
0.0254

	
0.0229

	
0.0194

	
0.0201

	
0.0213




	
Use Case 4

	
0.0255

	
0.0238

	
0.0219

	
0.0189

	
0.0195

	
0.0203




	
Use Case 5

	
0.0236

	
0.0211

	
0.0187

	
0.0140

	
0.0142

	
0.0147




	
Use Case 6

	
0.0261

	
0.0236

	
0.0212

	
0.0174

	
0.0179

	
0.0189




	
Use Case 7

	
0.0258

	
0.0229

	
0.0202

	
0.0153

	
0.0158

	
0.0166




	
Use Case 8

	
0.0243

	
0.0220

	
0.0199

	
0.0160

	
0.0164

	
0.0171




	
Use Case 9

	
0.0234

	
0.0211

	
0.0188

	
0.0145

	
0.0147

	
0.0152




	
Use Case 10

	
0.0249

	
0.0225

	
0.0201

	
0.0159

	
0.0163

	
0.0171











[image: Table] 





Table A6. Reactive power control with constant power factor: Voltage deviations.






Table A6. Reactive power control with constant power factor: Voltage deviations.





	
Use Cases

	
Reactive Power Control with Constant Power Factor (PF = Constant):




	
PF = 0.85 ind

	
PF = 0.9 ind

	
PF = 0.95 ind

	
PF = 0.95 cap

	
PF = 0.9 cap

	
PF = 0.85 cap






	
Use Case 1

	
0

	
0

	
0

	
15

	
17

	
18




	
Use Case 2

	
2

	
2

	
2

	
4

	
5

	
5




	
Use Case 3

	
9

	
9

	
9

	
20

	
21

	
31




	
Use Case 4

	
0

	
1

	
1

	
22

	
31

	
9




	
Use Case 5

	
3

	
3

	
5

	
5

	
5

	
5




	
Use Case 6

	
0

	
0

	
0

	
3

	
5

	
9




	
Use Case 7

	
5

	
5

	
8

	
13

	
15

	
15




	
Use Case 8

	
5

	
5

	
5

	
5

	
5

	
5




	
Use Case 9

	
0

	
0

	
0

	
5

	
5

	
5




	
Use Case 10

	
0

	
2

	
3

	
9

	
10

	
10









Power factor control depending on the active power generated
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Table A7. Power factor control depending on the active power generated: Losses.






Table A7. Power factor control depending on the active power generated: Losses.





	
Use Cases

	
Power Factor Control Depending on the Active Power Generated (PF = f(P)):




	
P = 0.5 & PF = 0.9

	
P = 0.5 & PF = 0.95

	
P = 0.65 & PF = 0.9

	
P = 0.65 & PF = 0.95






	
Use Case 1

	
0.0164

	
0.0155

	
0.0150

	
0.0146




	
Use Case 2

	
0.0180

	
0.0171

	
0.0166

	
0.0163




	
Use Case 3

	
0.0218

	
0.0211

	
0.0207

	
0.0204




	
Use Case 4

	
0.0210

	
0.0203

	
0.0201

	
0.0198




	
Use Case 5

	
0.0174

	
0.0165

	
0.0161

	
0.0158




	
Use Case 6

	
0.0201

	
0.0192

	
0.0189

	
0.0185




	
Use Case 7

	
0.0189

	
0.0179

	
0.0174

	
0.0170




	
Use Case 8

	
0.0189

	
0.0181

	
0.0177

	
0.0174




	
Use Case 9

	
0.0177

	
0.0169

	
0.0165

	
0.0162




	
Use Case 10

	
0.0190

	
0.0181

	
0.0177

	
0.0173
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Table A8. Power factor control depending on the active power generated: Voltage deviations.






Table A8. Power factor control depending on the active power generated: Voltage deviations.





	
Use Cases

	
Power Factor Control Depending on the Active Power Generated (PF = f(P)):




	
P = 0.5 & PF = 0.9

	
P = 0.5 & PF = 0.95

	
P = 0.65 & PF = 0.9

	
P = 0.65 & PF = 0.95






	
Use Case 1

	
0

	
0

	
0

	
0




	
Use Case 2

	
2

	
2

	
2

	
2




	
Use Case 3

	
9

	
12

	
12

	
12




	
Use Case 4

	
1

	
2

	
2

	
3




	
Use Case 5

	
5

	
5

	
5

	
5




	
Use Case 6

	
0

	
0

	
0

	
0




	
Use Case 7

	
8

	
10

	
10

	
11




	
Use Case 8

	
5

	
5

	
5

	
5




	
Use Case 9

	
0

	
0

	
0

	
1




	
Use Case 10

	
3

	
3

	
3

	
3









Reactive power control depending on terminal voltage
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Table A9. Reactive power control depending on terminal voltage: Losses.






Table A9. Reactive power control depending on terminal voltage: Losses.





	
Use Cases

	
Reactive Power Control Depending on Terminal Voltage (Q = f(U))




	
PF = 0.95

	
PF = 0.9

	
PF = 0.85






	
Use Case 1

	
0.0176

	
0.0199

	
0.0217




	
Use Case 2

	
0.0190

	
0.0214

	
0.0234




	
Use Case 3

	
0.0231

	
0.0259

	
0.0282




	
Use Case 4

	
0.0218

	
0.0238

	
0.0256




	
Use Case 5

	
0.0180

	
0.0199

	
0.0215




	
Use Case 6

	
0.0214

	
0.0238

	
0.0259




	
Use Case 7

	
0.0197

	
0.0221

	
0.0242




	
Use Case 8

	
0.0191

	
0.0209

	
0.0224




	
Use Case 9

	
0.0182

	
0.0201

	
0.0217




	
Use Case 10

	
0.0196

	
0.0218

	
0.0237
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Table A10. Reactive power control depending on terminal voltage: Voltage deviations.






Table A10. Reactive power control depending on terminal voltage: Voltage deviations.





	
Use Cases

	
Reactive Power Control Depending on Terminal Voltage (Q = f(U))




	
PF = 0.95

	
PF = 0.9

	
PF = 0.85






	
Use Case 1

	
0

	
0

	
0




	
Use Case 2

	
2

	
2

	
2




	
Use Case 3

	
9

	
9

	
9




	
Use Case 4

	
1

	
0

	
0




	
Use Case 5

	
5

	
3

	
3




	
Use Case 6

	
0

	
0

	
0




	
Use Case 7

	
5

	
5

	
5




	
Use Case 8

	
5

	
3

	
3




	
Use Case 9

	
0

	
0

	
0




	
Use Case 10

	
2

	
0

	
0
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Figure 1. Methodology to obtain the optimal PV penetration level. 
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Figure 2. PF variation curve depending on the active power generated. 
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Figure 3. LV network topology of the case study. 
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Figure 4. Total grid losses from all scenarios and PV penetration levels. 
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Figure 5. Comparison of simulated scenarios with and without problems. 
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Figure 6. Constant power reactive control: Losses (More information see Table A3 in Appendix C). 
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Figure 7. Constant reactive power control: Voltage deviations. (More information see Table A4 in Appendix C). 
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Figure 8. Reactive power control with constant power factor: Losses (More information see Table A5 in Appendix C). 
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Figure 9. Reactive power control with constant power factor: Voltage deviations (More information see Table A6 in Appendix C). 
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Figure 10. Reactive power control with constant power factor: Losses (More information see Table A7 in Appendix C). 
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Figure 11. Power factor control depending on the active power generated: Voltage deviations (More information see Table A8 in Appendix C). 
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Figure 12. Reactive power control depending on terminal voltage: Losses (More information see Table A9 in Appendix C). 
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Figure 13. Reactive power control depending on terminal voltage: Voltage deviations (More information see Table A10 in Appendix C). 






Figure 13. Reactive power control depending on terminal voltage: Voltage deviations (More information see Table A10 in Appendix C).



[image: Energies 13 04347 g013]







[image: Energies 13 04347 g014 550] 





Figure 14. Results all controls: Losses. 
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Figure 15. Results all controls: Voltage deviations. 
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