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Abstract

:

In order to avoid voltage problems derived from the connection of large amounts of renewable-based generation to the electrical distribution system, new advanced tools need to be developed that are able to exploit the presence of Distributed Energy Resources (DER). This paper describes the approach proposed for a predictive voltage control algorithm to be used in Low Voltage (LV) distribution networks in order to make use of available flexibilities from domestic consumers via their Home Energy Management System (HEMS) and more traditional resources from the Distribution System Operator (DSO), such as transformers with On-Load Tap Changer (OLTC) and storage devices. The proposed algorithm—the Low Voltage Control (LVC)—is detailed in this paper. The algorithm was tested through simulation using a real Portuguese LV network and real consumption and generation data, in order to evaluate its performance in preparation for a field-trial validation in a Portuguese smart grids pilot.
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1. Introduction


The deployment of Distributed Generation (DG) technologies, driven by several factors of political, social, economical, environmental and technical character has led to an increased complexity of distribution network operation. In particular, excessive DG penetration can sometimes negatively impact the performance of the system and may lead to voltage fluctuation problems, overvoltages, thermal overloading of network equipment, increased risk of exceeding equipment short circuit capacity as well as maloperation of protection equipment [1].



In deregulated energy markets, a conflict of interest has been found among the DG owners/ investors and Distribution System Operators (DSOs), as investors are looking forward to a greater integration of DG to the distribution network, while operators are primarily concerned with the management of their network in scenarios of excessive DG penetration levels. While in the past this conflict of interest was traditionally mitigated by defining new grid codes as a fair and transparent solution to decide when to accept or reject new DG connection requests [2], as the distribution networks move towards a more active concept, with the integration of controllable Distributed Energy Resources (DER), these methodologies become inefficient. In practice this limits the hosting capacity of DG connection, compromises the secure and efficient operation of the network, and can lead to curtailment of DG in high voltage scenarios. Voltage control in distribution networks is rapidly becoming a concern for DSOs, particularly in situations where high levels of Renewable Energy Sources (RES)—such as solar photovoltaic (PV) panels—are connected directly at the end-user’s premises [3]. This phenomenon is more prevalent in weak Low Voltage (LV) networks, that have long lines usually with low reactance/resistance (X/R) ratios, and where the injection of large amounts of renewable energy may lead to voltage magnitude fluctuations that may fall out of the range defined by the EN-50160 standard [4].



1.1. Active Distribution Network Management


Active distribution network management is seen as the key to a cost-effective integration of DER into distribution network planning and operation. This is in direct contrast to the current “fit-and-forget” approach that is still followed by most DSOs. Distribution networks were typically designed using deterministic studies or standard design rules, considering critical situations so that the networks could operate with a minimum amount of control, that is, eventual control problems were solved at the planning stage. Table 1 presents a summary of the experience gained by several DSOs worldwide and their rules of thumb for DG connection.



The practice of passive operation can limit the capacity of DG that can be connected to an existing system [1]. In contrast, active management techniques enable the distribution system operator to maximize the use of the existing network by taking full advantage of the network’s controllable DER in an integrated manner. The emerging electric grid is envisaged to allow for increased flexibility, scalability, and resiliency in handling the inherent variability of some renewable resources without compromising power quality [5]. In the recent past, quick but highly conservative methods such as the 15% rule followed by a large number of DSOs (see Table 1), were used as a way to limit DG integration. These methods do not take into account the location and production/consumption profiles of these resources, leading to a low hosting capacity, while not necessarily ensuring the system’s security and efficient operation. They also fail to reflect that some networks have higher hosting capacity, limiting the deployment of DG. As the DER penetration levels grow, other measures need to be taken [6].



As previously mentioned, one of the technical impacts resulting from the connection of large amounts of DG to distribution networks is related to the voltage rise effect. This fact, in addition to the fact that microgenerators are typically required to operate at unity power factor, results in voltage fluctuations at the equipment’s terminals that are directly proportional to the active power injected in the grid. Since it is a requirement of the distribution utility to supply its customers at a voltage level within specified limits, and of certain quality with minimal fluctuation, the development of voltage control techniques is crucial in order to increase the LV network’s maximum allowable DG connection capacity. Basically, two main control strategies can be found in the available technical literature—local distributed voltage control and centralized voltage control [7,8].



1.1.1. Decentralized Management Schemes


Active power generation curtailment is the most basic form of voltage control. It is performed by reducing the active power output of the DG unit when the voltage magnitude exceeds predefined limits. Decentralized control, on the other hand, can be achieved by not enforcing DG units to operate at unity power factor, but allowing the unit to manage its reactive power output. This voltage control scheme acts when predefined voltage limits at the DG unit’s terminals are overstepped, thus helping to reduce the voltage rise effect. When the voltage values are within admissible limits, the DG unit operates at unity power factor.



In Reference [9], the authors propose a decentralized control scheme, based on active and reactive power control algorithms to perform voltage control of the distribution network with a high penetration level of DG. The authors state that the proposed control scheme has higher performance in the mitigation of voltage deviations than more traditional control schemes, increasing the grid’s RES hosting capacity from 35.65% up to 66.7%. In Reference [10], a detailed analysis of the main operation modes and control structures for power converters is carried out. In Reference [11], an overview of the state-of-the-art decentralized control techniques is performed. Different control techniques and classification of inverter modules are investigated, detailing the pros and cons of each. Among this, it is possible to find inverters capable of parallel operation that, through the addition of communication links between the DG units’ inverter modules, are able to increase the reliability of this type of control and reduce the total amount of generation curtailment.




1.1.2. Centralized Management Schemes


Centralized voltage control schemes are based on information about a large portion—or even totality—of the distribution network, in order to determine the control actions to be implemented. Typically, these methods control not only the substation voltage level but also other resources with voltage control capabilities, such as energy storage devices, flexible loads, and controllable DG units. Usually, the network nodes’ voltages are either measured or estimated and obtained through an Advanced Metering Infrastructure (AMI) or similar. Centralized voltage control schemes may rely heavily on data and communication infrastructure, sensors and advanced control systems, but are able to ensure coordinated and optimized management of the available resources. By comparison, decentralized control schemes are simpler to implement, but the lack of coordination between devices often leads to sub-optimum solutions.



A typified approach to centralized control schemes is the use of optimization techniques. In Reference [12], the authors propose an Optimal Power Flow (OPF) algorithm to perform the voltage control of the LV network, recurring to energy storage devices and flexible loads. Similar approaches to the coordination of DER can also be found in References [13,14]. In Reference [15], the authors propose a genetic algorithm to determine the optimal operating point for several controllable resources. It was shown that the algorithm was able to keep the voltage values within the predefined limits for a set of simulated scenarios. In Reference [16], the authors propose an algorithm to determine the optimal dispatch of energy storage devices. The problem is represented by a nonlinear programming model that was formulated using an exponential voltage-dependent load model. In Reference [17], a two-level hierarchical energy management system for microgrid operation based on a robust model predictive control strategy is proposed. The objective function is formulated as the minimization of the cost of the energy drawn from the main grid, increasing self-consumption from local RES. Simulation results using data from a real urban community showed that when compared with an equivalent (non-robust) deterministic methodology (i.e., without considering uncertainty), show that the proposed solution achieved lower energy costs and obtained a more uniform grid power consumption, safer battery operation, and reduced peak loads.



Centralized voltage control techniques based on optimization methods can be complex and demanding from a computational power and hardware point-of-view, requiring dedicated systems to run the algorithms, such as Advanced Distribution Management Systems (ADMS), developed specifically to support the operation of the LV network. Given the large number of LV networks, simpler alternatives are sought in order to enable efficient monitoring and control of LV distribution grids with large integration of DER. In Reference [18], a method for the coordination of multiple energy storage systems is proposed for voltage control in LV distribution networks. The performance of coordinated control is compared with non-coordinated control using both a real-time digital simulator and a Matlab model of a real UK low voltage distribution network with a high installed capacity of solar PV. The proposed coordinated control scheme is able to use the ES devices more evenly and therefore reduces the costs of battery replacement. In Reference [19] are shown the results from a demonstration trial of a hierarchical control scheme, that combines a centralized algorithm with decentralized algorithms embedded in the inverters of DER. The control algorithm was demonstrated in a real LV network and the results obtained have shown that the proposed approach was able to keep the voltage values within the predefined limits, thus enabling a larger deployment of renewable energy in the network. In Reference [20], a voltage control method based on the active power variation of the DG unit’s output to stabilize the bus voltage is proposed. The simulation results show that the proposed method can effectively improve the voltage control capability of the network and enable it to operate normally under severe conditions. Through the control method proposed, the communication requirements are greatly reduced and the calculation time is effectively reduced. In Reference [21], an algorithm that reduces voltage and frequency deviations by coordinating multiple energy storage devices is proposed. The algorithm reduces the total number of charging and discharging times by calculating the sensitivity coefficient of the storage devices at different nodes and then selecting the appropriate devices to operate. The algorithm was validated on a typical distribution testing system and the results show that the voltage and frequency are controlled within the permissible range, the state of charge of the storage devices is controlled within the normal range, and the total number of charging and discharging cycles are reduced to prolong life.




1.1.3. InteGrid’s Approach


The European Union’s Horizon 2020 project InteGrid [22] aims at bridging the gap between citizens and technology/solution providers such as utilities, aggregators, manufacturers and other agents providing energy services. Hence, it expands from DSO’s distribution and access services to active market facilitation and system optimization services, while ensuring sustainability, security and quality of the energy supply. In the InteGrid project, a new tool for voltage control designed specifically for LV networks is currently being developed—the LVC module. In the context of InteGrid, it is assumed that the presence of DER can be exploited by the DSO for grid control and management purposes [23]. These DER can be either owned by the DSO, such as storage devices, or licensed by DSOs to participate in grid operation under a contractual agreement. The proposed tool is intended to be a decision support tool, to assist the DSO in the management of the LV grid in an active manner. Its aim is to identify a set of preventive control actions that can be implemented by the DSO in order to avoid foreseeable technical problems in the LV grid, such as voltage violations or branch/transformer overloads. Preliminary results, with a test LV network and typical load and generation profiles are presented in Reference [24]. In this work, the proposed LVC algorithm is described, and extensive results from simulations performed on real LV networks were obtained and partially presented in this paper.






2. Low Voltage Control Tool


2.1. Proposed Framework


The LVC tool performs the active management of an LV network recurring to two main resource types:




	
DSO-owned resources, such as OLTC transformers and energy storage devices, and



	
Privately-owned resources, in this case private consumers willing to participate in grid operation through demand response schemes.








It is assumed that the private consumers willing to participate in grid operation have installed a HEMS [25]. The HEMS is a local controller, installed at the private consumer household, that is simultaneously responsible for the optimization of the consumption of the household itself, and the calculation of the flexibility available for the different periods of the day, that can be exploited by the DSO to perform the active management of the LV network. Therefore, the HEMS acts as an interface between the LVC tool and the consumer’s appliances, communicating to the DSO the flexibility available in the household for a certain period ahead, and receiving eventual consumption change set-points that might be requested by the DSO. The interaction between the DSO and the private consumers willing participate into grid operation is performed through a type of neutral access platform, called grid and market hub (GM-Hub), responsible for collecting all the flexibility offers from the consumers and making them available to the DSO [26]. Furthermore, the GM-Hub is also responsible for receiving the control actions from the DSO (flexibility activation requests), and communicating them to the private consumers.



The LVC tool operates in two main timescales:




	
Preventive scale (typically one day ahead), and



	
Quasi-real-time scale (typically 15 min ahead).








In the preventive stage, the algorithm requires forecasts of generation, load and flexibility available provided by the private consumers in order to determine a preventive control action to apply to the LV network controllable resources [27,28]. The control actions produced by the preventive control module are communicated to the DSO, for validation purposes that then can accept or perform changes to the control action determined by the LVC algorithm. In real-time the algorithm uses a state estimation algorithm, the Low Voltage State Estimator (LVSE), to obtain a snapshot of the network in real-time recurring to a subset of the smart meters measurements available in the network [29,30]. It is important to highlight the requirement for the usage of a LVSE algorithm for the operationalization of the proposed management scheme, since current AMI solutions are unable to provide accurate synchronized real-time measurements in useful time in order to enable the management of the LV network in real-time. The main objective of the real-time control module is to assess the actual network conditions registered in real-time, and compare them to the conditions that were forecasted in the preventive stage. If these significantly differ, the control action is updated accordingly, and the new set-points (control action) are generated and submitted to the validation platform. Therefore, the real-time control module of the LVC tool has a corrective character, acting solely if the network conditions significantly differ from what was forecasted. A simplified schematic of the proposed framework is shown in Figure 1.




2.2. Description of the LVC Algorithm


As previously described, the LVC tool consists of two main modules: the preventive control module, that operates at a preventive scale of typically one day-ahead; and the real-time control module, that operates at a quasi-real-time timescale to monitor the LV network conditions and update the preventive control action, if required. The main objective of the LVC tool is to ensure that the DSO will be able to comply with the requirements of the EN-50160 standard concerning admissible supply voltage variations, even under scenarios where high RES and Electric Vehicle (EV) penetration levels are expected. The definition of the control action plan follows a merit order of actuation of the available flexible resources, typically according to their activation costs, that can be adjusted to the DSO’s preferences. It is reasonable to assume that the DSO controllable assets will always be considered first, as these are considered to have a lower operational cost, and only then the customers’ flexibility will be used.



Voltage Regulation in LV Networks


In LV networks with no DG, voltage control has traditionally been achieved by local compensation or by adjusting OLTC tap settings. However, with the advent of microgeneration, new methodologies are being developed in order to effectively tackle the voltage control problem at lower voltage levels in the distribution system. Since LV lines tend to be highly resistive as previously mentioned, traditional voltage control based only on reactive power management is ineffective [31,32].



In order to understand the influence of LV networks’ characteristics, consider the example system presented in Figure 2.



The expressions that determine the power flow in the LV line represented in Figure 2 (neglecting shunt admittances) are:


   P 12  =   R  V 1 2  − R  V 1   V 2  cos  (  θ 12  )  + X  V 1   V 2  sin  (  θ 12  )     R 2  +  X 2    ,  



(1)






   Q 12  =   X  V 1 2  − X  V 1   V 2  cos  (  θ 12  )  − R  V 1   V 2  sin  (  θ 12  )     R 2  +  X 2    ,  



(2)




with


   θ 12  =  θ 1  −  θ 2  ,  



(3)




where:




	  V i  

	
is the voltage magnitude at bus i




	  θ i  

	
is the voltage angle at bus i




	  S  i j   

	
is the apparent power flow in the branch connecting bus i to bus j




	  P  i j   

	
is the active power flow in the branch connecting bus i to bus j




	  Q  i j   

	
is the reactive power flow in the branch connecting bus i to bus j




	 Z 

	
is the impedance of the branch connecting bus 1 to bus 2




	 R 

	
is the resistance of the branch connecting bus 1 to bus 2




	 X 

	
is the reactance of the branch connecting bus 1 to bus 2









Considering that in LV networks, the line resistance is usually much greater than the line reactance (i.e.,   R ≫ X  ), the following expressions for active and reactive power flows can be derived from Equation (1) and Equation (2):


   P 12  =    V 1 2  −  V 1   V 2  cos  (  θ 12  )   R  ,  



(4)






   Q 12  =    V 1   V 2  sin  (  θ 12  )   R  .  



(5)







According to Equation (4), it can be seen that, in order to be able to inject active power from bus 2 to bus 1 in a resistive network, voltage should be higher at the bus 2 than at bus 1 (i.e.,    V 2  >  V 1   ). This shows that, contrary to the transmission system or even at some voltage levels of the distribution system, controlling reactive power flow is not as effective as real power for voltage control in LV networks. In LV networks, situations where the active power injection largely exceeds consumption—such as peak solar production coinciding with low load demand—can lead to overvoltages that violate the admissible limits. Similarly, consumption peaks derived, for instance, from simultaneous EV charging, can lead to undervoltages that can also violate the admissible limits. Furthermore, it is expected that LV networks will in the future accommodate large amounts of microgeneration units. Given that at the LV level both loads and microgeneration units are usually single-phase, given their small power rating, LV networks may suffer from phase unbalance, contrary to what happens at the MV or HV levels of the distribution system, for instance.





2.3. Control Actions Management Module


The core of the LVC tool is the Control Actions Management Module (CAMM). The CAMM is responsible for analysing network data and for computation of set-points to apply to the network’s controllable resources. Figure 3 shows a simplified flowchart of the CAMM.



When a voltage violation is identified, the CAMM starts by evaluating the available LV controllable resources, with the objective of determining the best-suited resources to address the constraint. The ranking of the resources is performed according to criteria established by the DSO, with the overall objective of minimizing the grid operation costs. The rank of each network resource is established according to the following criteria, by priority:




	
Resource type: the resource type is the highest priority criterion. In this work, priority was given to DSO-owned resources (OLTC transformers and energy storage devices) and then consumer-owned resources (flexibility from domestic clients via their HEMS, controllable microgenerators or loads).



	
Electrical distance to the voltage violation node: the next criterion in the rank computation of the resource is the electrical distance to the node where the voltage violation occurred. Priority is given to resources located in the same phase and that are electrically closer to the voltage violation node.



	
Available flexibility: for energy storage devices and HEMS. For storage devices, this flexibility is given by the State of Charge (SoC); for HEMS, this is the flexibility that is made available to participate in grid operation.



	
Contract characteristics and curtailment time: this criteria is used a last resort. Here we can consider the nature of the contracts established with private consumers (for instance, curtailment under severe conditions), and curtailment time of DG.








Once the best-suited resources are selected and ranked according to the aforementioned criteria, the first resource is selected and a set-point is computed, based on the electrical distance between the controllable resource’s node and the node where the voltage violation occurs. The impact of the set-point on the network nodes’ voltages is then evaluated recurring to an unbalanced three-phase power flow routine according to the formulation presented in Reference [33]. If the established set-point is unable to solve the constraint, the next resource in the controllable resources’ list is selected and a new set-point is computed. The control action plan is closed when the computed set-points are able to solve the voltage violation or when the controllable resources list is exhausted.




2.4. Preventive Control Module


The preventive control module is responsible for the computation of the preventive control action to apply in the LV network’s controllable resources. This occurs by pre-booking the controllable DER’ flexibility for the control period (typically, 24 h). It uses forecasts of active power generation and load for the several consumers and producers present in the network in order to estimate the voltage profiles for each control period. The control actions are determined taking into account the flexibility offers from private consumers, and the DSO-owned resources limits. The private consumers’ flexibility is pre-booked via the neutral access market platform (GM-Hub), and the set-points to apply in the DSO-owned resources are stored in the LVC’s local database, for deployment in real-time. The control actions are submitted to a validation platform, where an operator from the DSO has the option of validating, or updating, the control action determined by the LVC’s preventive control module. Figure 4 shows a simplified flowchart of the preventive control module.




2.5. Real-Time Control Module


The real-time control module is responsible for analysing the network’s node voltages in real-time, and correcting the previously established control action if necessary and if current conditions differ greatly from the ones previously assessed. In order to do this, it uses a snapshot of the most recent network state, provided by the LVSE algorithm. The LVSE algorithm is able to provide voltage and active power estimations for the several consumption and generation points present in the network. Figure 5 shows a simplified flowchart of the real-time control module.



Due to the more predictable character of the LV network’s voltage profiles when compared to the active power profiles, the voltage estimation is more accurate than the active power estimation. Therefore, the LVC’s real-time control module prioritises the voltage values obtained from the LVSE. If the voltage values obtained are outside of the voltage limits, the CAMM is run again to update the set-point plan generated by the preventive control module. The corrected (updated) control actions are also submitted to the validation platform, to be validated before the application on the LV network’s resources.





3. Simulation Results


3.1. Test-case Scenario Definition


The LVC algorithm was tested in a model of a real Portuguese LV distribution network. The network is composed by 241 buses and 239 lines, and has a total of 129 consumers. The single-line diagram of the simulation network can be seen in Figure A1 of the Appendix section. The MV/LV transformer does not have OLTC capabilities and a DSO-owned 27 kW/30 kWh energy storage device is located at node 117. HEMS were stochastically distributed to around 30% of the LV customers, simulating consumer led installation of these devices. To simulate a network with a high penetration level of renewable energy, it was considered that every consumer has a small microgeneration unit installed. The installed capacity of the generation unit was determined as a function of the consumer’s contracted power, according to the criteria listed in Table 2.



In Table 3, is provided a summary with the number and contracted power of clientes with and without HEMS, as well as the microgeneration installed capacity.




3.2. Model Validation


In order to evaluate the accuracy of the three-phase unbalanced power flow and the network parameters, voltage values obtained from the unbalanced three-phase power flow were compared to the actual voltage values supplied by the DSO and measured from the network, for four representative days of the four seasons of the year. In Figure 6 is shown the total active power consumption for the four representative days. In Figure 7, Figure 8, Figure 9 and Figure 10 are shown the comparisons between the historical voltage profiles and voltage profiles obtained through the three-phase unbalanced PF for the node electrically more distant from the distribution transformer for the four representative days.



The accuracy of the three-phase unbalanced power flow was evaluated through two different metrics, the Mean Absolute Percentage Error (MAPE) and the Root-Mean-Square Error (RMSE). The MAPE and RMSE are respectively given by:


  MAPE =   100 %  n   ∑  t = 1  n      A t  −  F t    A t     



(6)






  RMSE =     ∑  t = 1  n     F t  −  A t   2   n   ,  



(7)




where n is the number of instants, and   A t   and   F t   are respectively the actual and forecasted values for the instant t. The MAPE and RMSE values obtained per phase for the node electrically furthest to the MV/LV transformer, for the four representative days, are listed in Table 4. As it is possible to see from Figure 7, Figure 8, Figure 9 and Figure 10, and Table 4, the voltage values obtained are very close to the historical voltage values. The day where the voltage values present the highest error is the Winter day, with an average MAPE of 1.70%. The errors also have the tendency to decrease over time. The higher errors obtained for the Winter days may be explained by some configuration and synchronization errors in the acquisition of the data from the AMI. As these issues were solved, the voltage error values decreased significantly. The results obtained validate not only the accuracy of the unbalanced three-phase power flow implementation, but also the network’s electrical characteristics.




3.3. Simulation Results


The LVC algorithm was run in preventive control mode, for a planning horizon of 24 h and a frequency of 4 plans per hour (i.e., every 15 min). All of the consumers with HEMS were considered to be available to participate in grid operation, as well as the DSO-owned storage device located at node 117. The simulation was run for the Autumn day (Figure 10), the most recent data available. The voltage magnitude limits considered were   ± 10 %   of the distribution transformer nominal voltage,   V N  . It is important to note that although the voltage magnitude limits are considered to be   ± 10 %   V N   , the LVC algorithm establishes stricter limits in order to compensate for the errors associated with the forecasts and state estimation, as well as the uncertainty associated with the behaviour of the flexibility-providing consumers. By doing this, fewer corrections are required in real-time operation, at the expense of a higher flexibility usage, but the grid is operated in a safer manner. In Figure 11 a detail of the section of the network’s single-line diagram is shown where the voltage constraints are forecasted to occur. As it can be seen, the voltage violations are forecasted to occur towards the end of the feeder, that is, the nodes electrically more distant from the MV/LV distribution transformer.



In Figure 12 and Figure 13 the forecasted voltage profiles are shown for every customer in the LV network for a 24-h control horizon, before and after the application of the LVC tool, respectively.



As shown in Figure 12, the voltage profiles, without the application of the LVC preventive control algorithm, surpass the predefined voltage magnitude upper limit during the solar peak production period of the day. Furthermore, it can also be seen that the voltage magnitude profiles tend to follow a curve similar to the solar PV production curve. This can be explained from the analysis of Figure 6. Since the consumption is low during the peak solar production period of the day, the excessive microgeneration leads to reverse power flows, thus resulting in a voltage rise. Figure 14 shows in greater detail the voltage rise effect for the feeder and time instant where the worst voltage violation is registered, with and without the application of the LVC algorithm.



In Figure 15 the control action established to the DSO-owned storage device is shown. In Figure 16, Figure 17, Figure 18, Figure 19, Figure 20 and Figure 21 the control actions established to the consumers with HEMS are presented. In Table 5 a summary of the total flexibility provided by the HEMS is provided, together with the flexibility that is effectively requested by the LVC algorithm to the private consumers with HEMS.



As can be seen from Figure 16, Figure 17, Figure 18, Figure 19, Figure 20 and Figure 21 and Table 5, the algorithm uses only a small amount of the total flexibility provided by the HEMS in order to perform the active management of the LV network. Simulation results for one year, based on the four representative days, estimate that the total flexibility required from domestic consumers is 1821.50 kWh, 3.47% of the total flexibility available. From the analysis of Figure 15, it can be seen that the LVC algorithm uses the energy storage device, once the overvoltage is registered at around 11:45, respecting the pre-established merit order. However, since the DSO-owned device is electrically far from the violation node (see Figure A1), it is unable to fully solve the voltage constraint. Once this resource is exhausted, the LVC selects the next DER, in this case the HEMS that is electrically closer to the voltage violation. The process continues until the voltage constraint is solved. From Figure 15 it can also be seen that the LVC algorithm tries to regularize the SoC of the storage device, in order not to jeopardize the availability of the resource for future time instants. To counteract the consumption peak registered at the peak solar production period of the day, the storage device slowly discharges during periods where it does not disturb the normal operation of the network, thus maintaining the SoC level at a safe point for the next control period. For comparison purposes, in Figure 22, Figure 23 and Figure 24 the control actions required to maintain the voltage magnitude within the limits are presented, if only generation curtailment was considered instead of using available flexibility.



As it can be seen from Figure 22, Figure 23 and Figure 24, a total of three generators would need to be curtailed, in order to maintain the voltage magnitude within the limits. The total amount of energy curtailment required to securely operate the network is 2.42 kWh. With the proposed method, no curtailment is required.



In Table 6 the active power losses are presented, with and without the application of the LVC tool, as well as the percentage of reduction that was obtained for the simulation day, and the annual estimation. As can be seen, a total reduction of 3.50% was achieved with the LVC tool for this scenario. For comparison purposes, if the curtailment strategy was adopted (Figure 22, Figure 23 and Figure 24), the total amount of losses would be 20.47 kWh, a reduction of 1.71%. With the proposed method, it is expected an annual loss reduction of 2.44%. This is an interesting result, since the reduction of the power losses is not an objective of the LVC algorithm. This result can be explained by the fact that the LVC algorithm tries to find the resource that is electrically closer to the node where the voltage constraint occurs, in practice reducing the power flows in the feeder.



The presented results show the potential of the proposed tool to be applied to highly stressed networks, allowing for their secure operation in scenarios of high DG penetration. Furthermore, from the DSO point-of-view, the LVC tool would allow to defer (or even avoid) large investments in network reinforcement and/or DSO-owned DER, such as ES devices, to maintain the secure and efficient operation of the network. Taking into account the current deployment state of AMI, it is reasonable to assume that the proposed solution could be deployed to real networks in the near future. The tool will be demonstrated on a smart grid pilot in Portugal, where the proposed functionalities will be tested in a real testbed to assess the robustness and efficiency of the proposed framework.





4. Conclusions


Voltage control of LV networks is a big concern for DSOs, especially in networks with high integration levels of DG. In this paper, a new algorithm for voltage control in LV grids that takes advantage of the available DER and flexibility from domestic consumers is presented. The proposed approach operates in two different time frames: a preventive plan for n-hours ahead and a scheme to implement corrective measures in real-time. Simulation results, in preparation for a trial in a real environment, were obtained where it was shown that the proposed approach was able to solve all of the foreseen voltage violations, recurring to the available flexibility from the different existing DER.



The unbalanced three-phase power flow algorithm used by the LVC tool was first evaluated by comparing the voltage values obtained with actual historical values for four typical days, representative of the four seasons. The algorithm showed a good performance, presenting MAPEs of 0.26% and 0.27% for the Summer and Autumn days, respectively, the latest data available. The LVC algorithm was tested using a real LV network, with real consumption and generation data. In the simulation scenario, it was shown that the LVC algorithm was able to regularize all of the foreseen voltage constraints during the peak solar production period of the day, recurring to the flexibility provided by the DSO-owned storage device and the flexibility provided by the domestic consumers. Furthermore, it was also shown that the LVC tool has a positive impact on the active power losses, although this is not a direct objective of the algorithm.



With the growing integration of DG and electrification of several sectors—such as transportation—, it is envisioned that LV networks will become highly stressed in the near future. The proposed algorithm intends to be a tool to apply in stressed LV networks, increasing the efficiency and security of operation, at the same time encouraging the participation of the private customer in grid operation. From the operator point-of-view, this kind of tools have the potential to defer large investments in grid reinforcement, while maintaining the quality of energy supply.



Within the framework of the H2020 InteGrid project, the algorithm will now be tested in a set of smart grid demonstration networks operated by EDP Distribuição, located in Portugal, in the first quarter of 2020 in the exact same network that was used for the simulation studies presented here.
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Appendix A. Network Characterization
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Figure A1. Simulation network characterization. Single-line diagram. 
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Figure 1. Proposed framework for the Low Voltage Control (LVC). 
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Figure 2. Example system. 






Figure 2. Example system.
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Figure 3. Flowchart of Control Actions Management Module (CAMM). 
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Figure 4. Preventive control module flowchart. 
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Figure 5. Real-time control module flowchart. 
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Figure 6. Model validation. Total active power consumption for the four representative days. 
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Figure 7. Model validation. Voltage profiles—Winter day. 
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Figure 8. Model validation. Voltage profiles—Spring day. 
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Figure 9. Model validation. Voltage profiles—Summer day. 
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Figure 10. Model validation. Voltage profiles—Autumn day. 






Figure 10. Model validation. Voltage profiles—Autumn day.



[image: Applsci 10 02635 g010]







[image: Applsci 10 02635 g011 550] 





Figure 11. Simulation results. Single-line diagram of the network section where voltage violations are forecasted to occur. In yellow, nodes that violate the LVC’s limits; in red, nodes that violate the EN-50160 limit. 
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Figure 12. Simulation results. Forecasted voltage profiles, before the application of the LVC. 
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Figure 13. Simulation results. Forecasted voltage profiles, after the application of the LVC. 
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Figure 14. Worst voltage deviation. Comparison of the voltage profiles forecasted for the feeder and time instant where the worst voltage violation is forecasted to occur, with and without the application of the LVC. 
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Figure 15. Control action. DSO-owned storage device connected to node 117. 
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Figure 16. Control action. HEMS connected to node 28. 
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Figure 17. Control action. HEMS connected to node 40. 
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Figure 18. Control action. HEMS connected to node 66. 
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Figure 19. Control action. HEMS connected to node 88. 
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Figure 20. Control action. HEMS connected to node 115. 
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Figure 21. Control action. HEMS connected to node 132. 
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Figure 22. Control action. Generator connected to node 19. 
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Figure 23. Control action. Generator connected to node 27 (1). 
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Figure 24. Control action. Generator connected to node 27 (2). 
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Table 1. International Distribution System Operator (DSO) experiences and rules of thumb for Distributed Generation (DG) interconnections. Adapted from Reference [2].
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Country

	
Based on Thermal Limits Considerations

	
Based on Short-Circuit Capacity Considerations

	
Based on Loading/Generation Percentage






	
South Korea

	
For MV networks, the total DG ratings should be lower than 20% of the HV/LV transformer rating

	

	
For MV networks, the total DG ratings should be lower than 15% of the HV/MV transformer rating



	
The total DG ratings should be lower than 15% of the thermal limits of the affected feeders






	
N/A




	
Spain

	

	
The total DG ratings should be lower than 50% of the MV/LV transformer rating



	
The total DG ratings should be lower than 50% of the affected feeders






	
The total DG ratings should be lower than 10% of the short-circuit capacity at the point of common coupling

	
N/A




	
South Africa

	

	
For LV networks, the total DG ratings should be lower than 25% of the MV/LV transformer rating



	
For LV networks, the total DG ratings should be lower than 25% of the feeding circuit breaker rating in case of shared feeder with other loads



	
For LV networks, the total DG ratings should be lower than 75% of the feeding circuit breaker rating, in case of dedicated feeder for the DGs






	
N/A

	
The total DG ratings should be lower than 15% of the feeder peak load




	
China

	
N/A

	
The total DG ratings should be lower than 10% of the short-circuit capacity at the point of common coupling

	
N/A




	
USA

	
N/A

	

	
The total DG ratings should be lower than 10% of the short-circuit capacity at the point of common coupling



	
The total short-circuit capacity of the DGs should be lower than 25% of the short-circuit capacity of the feeder at the point of common coupling






	

	
For radial circuits, the total DG ratings should be lower than 15% of the feeder annual peak load



	
The total DG ratings on a feeder should be lower than 5% of the total circuit annual peak load



	
For DGs fed from 3-phase, 4-wire feeding system, the total DG ratings on a feeder should be lower than 10% of the total line section peak load









	
Belgium

	
For LV networks, total DG ratings should be lower than the MV/LV transformer rating

	
N/A

	
N/A




	
Canada

	
Reverse power flow occurred due to DG integration should not exceed 60% of the transformer rating at the substation and the minimum substation load

	
N/A

	
The total DG ratings should be lower than 50–100% of the feeder capacity or the substation annual minimum load




	




	
Czech

	
At the 110 kV networks, the total DG ratings should be lower than the HV transformer rating and the minimum substation load

	
N/A

	
N/A




	




	
Italy

	

	
The total DG ratings should be lower than 65% of the LV/LV transformer rating



	
The total DG ratings should be lower than 60% of the thermal limit of the affected feeders






	
N/A

	
N/A




	




	
Portugal

	
For LV networks, the total DG ratings should be lower than 25% of the MV/LV transformer rating

	
N/A

	
N/A
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Table 2. Network characterization. Generation installed capacity, according to the contracted power.
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Contracted

	
Microgeneration Installed




	
Power, [kVA]

	
Capacity, [kW]






	
1.15

	
0.50




	
3.45

	
1.00




	
4.60

	
1.50




	
5.75

	
1.75




	
6.90

	
2.00




	
10.35

	
2.50




	
20.70

	
4.00




	
27.60

	
5.00




	
41.40

	
7.50
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Table 3. Network characterization. Summary of the number, contracted power and of consumers with and without Home Energy Management System (HEMS).
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	Phase R
	Phase S
	Phase T
	Phase RST
	Total





	Number
	Total consumers
	46
	44
	31
	8
	129



	
	Consumers w/HEMS
	14
	13
	9
	2
	38



	
	Consumers w/HEMS, %
	30.43%
	29.55%
	29.03%
	25.00%
	29.46%



	Contracted
	Total consumers
	212.75
	215.05
	143.75
	144.9
	716.45



	power,   [ kVA ]  
	Consumers w/HEMS
	65.55
	65.55
	43.70
	27.60
	202.40



	
	Consumers w/HEMS, %
	30.81%
	30.48%
	30.40%
	19.05%
	28.25%



	Microgeneration
	Total producers
	61.75
	65.00
	42.50
	29.50
	198.75



	installed capacity,
	Producers w/HEMS
	19.75
	21.00
	13.25
	6.00
	60,00



	   [ kW ]   
	Producers w/HEMS, %
	31.98%
	32.31%
	31.18%
	20.34%
	30.19%
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Table 4. Model validation. Mean Absolute Percentage Error (MAPE) and the Root-Mean-Square Error (RMSE) values obtained for the electrically furthest node.
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MAPE, %

	
RMSE, p.u.




	

	
Phase R

	
Phase S

	
Phase T

	
Average

	
Phase R

	
Phase S

	
Phase T

	
Average






	
Winter

	
0.47%

	
2.40%

	
2.21%

	
1.70%

	
0.00003

	
0.00074

	
0.00069

	
0.00049




	
Spring

	
0.42%

	
0.18%

	
0.41%

	
0.34%

	
0.00003

	
0.00000

	
0.00003

	
0.00002




	
Summer

	
0.36%

	
0.11%

	
0.32%

	
0.26%

	
0.00002

	
0.00000

	
0.00002

	
0.00001




	
Autumn

	
0.40%

	
0,23%

	
0,17%

	
0.27%

	
0.00002

	
0.00001

	
0.00000

	
0.00001




	
Average

	
0.41%

	
0.73%

	
0.78%

	
0.64%

	
0.00003

	
0.00019

	
0.00018

	
0.00013
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Table 5. Control action. Flexibility requested to consumers with HEMS.
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Contracted

	
Total

	
Flexibility

	
Flexibility




	

	
Power, [kVA]

	
Flexibility, [kWh]

	
Used, [kWh]

	
Used, [%]






	
Node 28

	
3.45

	
16.45

	
0.06

	
0.35%




	
Node 40

	
4.60

	
22.17

	
0.67

	
3.02%




	
Node 66

	
6.90

	
33.14

	
0.60

	
1.81%




	
Node 88

	
4.60

	
22.09

	
1.40

	
6.32%




	
Node 115

	
3.45

	
16.70

	
1.07

	
6.41%




	
Node 132

	
6.90

	
33.12

	
1.54

	
4.64%




	
Total

	
-

	
143.67

	
5.33

	
3.71%
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Table 6. Power losses, with and without the application of the LVC tool.
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Simulation Day

	
Annual Estimation




	

	
Pre-LVC,

	
Post-LVC,

	
Reduction,

	
Pre-LVC

	
Post-LVC,

	
Reduction,




	

	
[kWh]

	
[kWh]

	
[%]

	
[kWh]

	
[kWh]

	
[%]






	
Phase R

	
5.90

	
5.77

	
2.21%

	
3182.15

	
3137.55

	
1.40%




	
Phase S

	
7.56

	
7.15

	
5.41%

	
3354.74

	
3196.12

	
4.73%




	
Phase T

	
3.72

	
3.70

	
0.57%

	
1833.82

	
1816.17

	
0.96%




	
Phase N

	
3.64

	
3.48

	
4.60%

	
1830.03

	
1801.79

	
1.54%




	
Total

	
20.82

	
20.10

	
3.50%

	
10200.74

	
9951.63

	
2.44%












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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