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Abstract

:

This paper deals with the optimal reconfiguration problem of DC distribution networks by proposing a new mixed-integer nonlinear programming (MINLP) formulation. This MINLP model focuses on minimising the power losses in the distribution lines by reformulating the classical power balance equations through a branch-to-node incidence matrix. The general algebraic modelling system (GAMS) is chosen as a solution tool, showing in tutorial form the implementation of the proposed MINLP model in a 6-nodes test feeder with 10 candidate lines. The validation of the MINLP formulation is performed in two classical 10-nodes DC test feeders. These are typically used for power flow and optimal power flow analyses. Numerical results demonstrate that power losses are reduced by about   16 %   when the optimal reconfiguration plan is found. The numerical validations are made in the GAMS software licensed by Universidad Tecnológica de Bolívar.






Keywords:


branch-to-node incidence matrix; direct current networks; mixed-integer nonlinear programming model; general algebraic modelling system; optimal reconfiguration of distribution grids












1. Introduction


Rapid advances in power electronics, i.e., conversion technologies, have transformed the classical distribution networks, where power comes from large scale generators interconnected through transmission grids to the substations, into modern electrical networks where interactions between generators and end-consumers have a place in the same voltage level (e.g., medium- or low-voltage distribution) [1,2,3]. These modern networks have been named as active distribution grids or smart grids, with these characteristics: (i) the large-scale integration of power electronic converters to interface renewable energy resources and battery energy storage systems [4], (ii) the possibility to be designed in AC, DC or hybrid configurations [5], (iii) the ability to work in microgrids that can be connected or disconnected from the main grid to manage its energy resources efficiently [6].



In the case of new distribution networks or extensions of the existing ones, the DC paradigm is an attractive alternative since these grids are easily controllable due to the simplification of the number of variables, i.e., the objective of control in these grids is the voltage profile provided in all the nodes of the networks [5,7,8]. This is because reactive power and frequency are concepts only applicable to AC distribution. In addition, DC networks present lower power losses and best voltage profiles (no inductive effect in steady-state conditions) since only active power is transported by the feeders, which is a remarkable advantage compared to classical AC networks [9].



The DC networks can be designed and operated using multiple renewable energy resources, such as photovoltaic panels [10], energy storage devices (batteries, supercapacitors or superconductors) [11], home appliances [12] and computer servers [13], among others. Observe that in the case of applications where AC energy is required (i.e., motors), this energy can be provided by interfacing the DC distribution network with voltage source inverters that generate sinusoidal voltages and the required reactive power at the load point [4]. The main advantage of using converters to interface AC loads is making them controllable, i.e., they can be added into the grid operation environment as active consumers that may or may not be dispatched inside of demand response plans [14]. Nevertheless, the implementation of DC networks for power distribution has some difficulties, such as high costs in the application of protection schemes [15,16], power electronic devices such as voltage source converters required to generate the voltage output [4] and high costs related to measuring devices [17], among others. Notice that these aspects must be taken into account when DC technologies are preferred over classical AC technology, for the electrical networks expansion in urban and rural areas in order to guarantee the return of investment in the planning period [17].



The DC paradigm distribution is definitely an option in modern power systems based on the advantages previously mentioned. In specialised literature during the last two decades, the DC networks have grabbed much attention, from large-scale to small-scale power applications (i.e., HVDC transmission networks and LVDC distribution applications) [5,18,19]. To analyse these grids, new power flow methods and optimal power flows strategies have been recently proposed based on exact and/or metaheuristic optimisation for the analysis under steady-state conditions [7,20]. The main characteristic of these analyses is that the topology of the DC networks has been considered as a fixed input of the problem [21]. Nevertheless, in real application cases, the DC grid configuration can be variable. Due to the high variation of the renewable energy resources, topology changes are needed to obtain the best performance of the network to efficiently meet the loads interconnected on it [22]. Based on this classical consideration, when DC grids are analysed, this research is motivated in presenting an alternative of analysis for DC distribution feeders taking into account changes in the DC grid structure to improve its operative efficiency. For this purpose, a new mathematical model for optimal reconfiguration of DC distribution networks is presented, based on a mixed-integer nonlinear formulation that selects the best subset of distribution lines that must be connected to provide energy to the end-consumers with the lowest power losses.



The problem of the optimal reconfiguration of electrical distribution networks has been largely explored in AC electrical networks with multiple optimisation approaches, most of them, based on metaheuristics, such as genetic algorithms [23], tabu search [24], particle swarm optimisation [25], ant colony [26] or modified culture search algorithm [27], and so on. Authors in [28] have proposed a multiobjective optimisation approach to solve the problem of the optimal reconfiguration in distribution networks simultaneously considering the optimal location and sizing of renewable energy sources based on wind and photovoltaic plants. As a solution technique, the strength Pareto evolutionary algorithm II has been proposed, which allows the obtaining of the optimal Pareto from between annual operation costs and the number of greenhouse emissions. Fuzzy set theory is used to select the best compromise solution among acquired Pareto set. Numerical results demonstrate the applicability and effectiveness of the proposed approach, mainly in the electrical networks feed by fossil sources. In [29], a metaheuristic approach named the salp swarm algorithm has been proposed to solve the problem of the optimal reconfiguration problem in distribution networks considering the optimal location and sizing of distribution generators simultaneously. Numerical results in two classical test feeders composed by 33 and 69 nodes demonstrate that the solution of this problem in the same stage is more efficient than the uncoupled approaches reported in the literature when the objective is to minimise the total grid losses and the voltage profile improvement. Authors of [30] have presented an optimal reconfiguration approach for distribution networks considering realistic time-varying load models and renewable energy resources in a simultaneous manner. As a solution technique, a multiobjective genetic algorithm is employed to minimise the total power losses and maximise the annual cost savings. Numerical results in the 33-node test feeder demonstrate efficiency and robustness compared to literature reports based on metaheuristics regarding Pareto front and processing times. In [31], an optimal reconfiguration approach has been proposed for active distribution networks. It is composed of multiple microgrids considering a daily economic dispatch environment as a function of the amount of renewable energy and energy storage availability. The main objective of the mathematical model presented is the minimisation of the total energy losses in the grid during its operation. The solution of this problem was to address a hybrid combination between conventional and selective particle swarm optimisation methods. Numerical results in the 33-node test feeder demonstrate the effectiveness and robustness of the proposed approach regarding processing times via parallel computing. In reference [32] has recently proposed an optimal reconfiguration approach in distribution networks in order to improve reliability indices and decrease the operational cost of power systems under a microgrid environment by considering electric vehicles and renewable energy. As a solution technique, an improved version has been proposed of the classical genetic algorithm, and all the numerical validations were made in the 33-node test feeder where the optimal reconfiguration plan optimises the grid operation (i.e., energy losses minimisation) when a shortage in renewables or electric vehicles are redispatched. Authors of [33] have presented a complete literature review about optimal reconfiguration approaches by offering the most typically objective functions and solution techniques with the main focus on the solution technique based on heuristic and metaheuristic optimisation approaches.



In the case of DC networks, the first approach reported in the literature was made in 2020 in [22] where the authors propose the optimal reconfiguration of low-voltage DC networks to maintain voltage profiles in an acceptable range. To represent the problem, these authors reformulate the MINLP model into an integer second-order cone programming formulation, which is solved through a branch and bound approach. It is worth mentioning that the work reported in [22] increases in a quadratic manner the number of variables required to represent the equivalent optimisation problem. This characteristic can increase the processing times with the additional need to use specialised software to achieve the optimal solution [34]. The combination of convex optimisation models, i.e., second-order cone programming to solve the conventional power flow, with branch and bound methods to deal with binary variables, can guarantee the optimal global solution of the relaxed optimisation model [35]. Nevertheless, in the final solution reported by the mixed-integer convex approximation, small estimation errors can be presented when these are evaluated in the exact MINLP model, mainly caused by the approximations employed in the optimal power flow problem [36,37]. Note that the main difference between our proposal and the work presented in [22] are (i) the use of power losses as an objective function by guaranteeing that all the voltage profiles are within allowable ranges and (ii) the use of our approach to reconfigure the DC network or can even be used to make technical studies regarding the optimal expansion of the DC network to provide electrical service to new potential users. The complete list of contributions of our approach is listed below.



The main contributions of this research regarding DC distribution can be summarised as follows:




	✓

	
The proposal of a new mathematical model that represents the problem of the optimal reconfiguration of DC distribution networks with an MINLP structure, taking into account the power balance equations as a function of the voltage profiles and the branch currents through an incidence branch-to-node incidence matrix.




	✓

	
The GAMS package presentation as a solution tool in a tutorial form that introduces bachelor engineering students and researchers in the modelling of mathematical optimisation problems. This is specially important because GAMS interface allows the implementation of MINLP models with the same compact structure of the symbolic model that represents the problem under study, which helps to learn about it (GAMS) in an intuitive way applying to all the areas related with mathematical optimisation.




	✓

	
The prospect to extend the proposed MINLP model to the optimal selection of routes in DC distribution networks in order to analyse future extensions of the existing DC networks or make projections for future distribution networks.









This research is framed within the active distribution network analysis, specifically in the DC distribution area, which presents a new MINLP model that represents the optimal reconfiguration problem in DC grids. In this sense, we concentrate our efforts on the representation of the technical operative aspects of the network, i.e., operational variables such as currents in lines, voltages at nodes and power losses. Thus, the proposed objective function is to minimise the total power losses caused by the distribution activity. Nevertheless, economic aspects, such as construction and maintenance of lines and cost of acquisition of power electronic interfaces are considered for future research. In addition, possible bipolar configurations of electrical DC distribution networks are not considered in this research. Nevertheless, as presented in [38], it will be possible to reformulate the proposed MINLP model to introduce these possible grid configurations that can originate fascinating and attractive future works to the scientific community.



The remainder of this document is structured as follows: Section 2 presents the mathematical formulation of the optimal reconfiguration problem in DC networks by highlighting the importance of the branch-to-node incidence matrix in this formulation. Section 3 presents the solution strategy based on the implementation of the MINLP model in the GAMS interface, using a tutorial sense with a small DC test feeder composed of 6 nodes and 10 candidate lines (this example offers the optimal selection of routes in DC distribution networks). Section 4 describes the main features of the test systems used to validate the proposed MINLP model, which are composed of 10 and 21 nodes. These are classically used in power flow and optimal power flow analysis for DC networks. Section 5 presents the numerical results and their discussion by highlighting the main advantages of DC grids reconfiguration for power loss reduction and voltage profile improvements. Finally, Section 6 presents the main conclusions derived from this research and some possible future investigation lines.




2. Mathematical Formulation


The problem of the optimal reconfiguration in direct current networks can be represented as a mixed-integer nonlinear programming model based on the following facts: (i) the presence of binary variables regarding the selection of the branch l, i.e.,   x l  , and (ii) the nonlinear relation between voltage and currents related to the power balance at each node of the network when constant power consumption is presented.



Remark 1.

The power balance equations in a dc network are typically formulated with nodal voltage variables when the interest is to solve optimal power flow problems or optimal location of shunt devices. Nevertheless, in the case of the optimal reconfiguration problem, the best representation of the problem is based on the currents flowing the branches. These currents allow to calculate the effect of the reconfiguration on the DC network, directly by modifying the resistive parameters in the distribution lines [39].





To develop the mathematical formulation of the reconfiguration problem in DC networks, let us define the branch-to-node incidence matrix as follows:

Definition 1 (Branch-to-node incidence matrix).

The branch-to-node incidence matrix   A ∈  R  b × n     is a rectangular matrix composed of n columns associated with the nodes of the network and b rows related to the all branches of the network [40,41]. This matrix is filled by   − 1 , 0 , 1   based on the criteria presented in Equation (1)


      A  l k   =     1     if      e l  =   v k  →  v m         − 1    if     e l  =   v m  →  v k          −  0    if     v k  ∉  e l  ,          



(1)




where   e l   is the unitary element that represents the line connection between vertices   v k   and   v m   on the graph that represents the electrical connection among nodes.







The branch-to-node incidence matrix presented in Definition 1 relates nodal injected currents to branch currents, allowing the transformation of the classical power balance equations formulated with voltages into a formulation that combines voltages and branch currents.



The complete mathematical model representing the problem of the optimal reconfiguration of DC distribution feeders is described as follows [39].



Objective function:


     min  p loss  =  ∑  l ∈ L     r l   i l 2   ,     



(2)




where   p loss   corresponds to the objective function value associated to the total power losses in all branches of the DC system,   r l   is the resistive effect related to the branch l (The term resistive effect makes a reference to the physical opposition to the current flow that is intrinsically associated with real conductors due to their atomic composition, i.e., corresponds to the resistance value of the conductor at ambient temperature), and   i l   is the current that flows through this line.



Set of constraints:


      p  k  g  −  p  k  d  =  v k   ∑  l ∈ L     A  l k    i l   ,  ∀ k ∈ N ,     



(3)






      i l  =  x l   ∑  k ∈ N     g l   A  l k    v k   ,  ∀ l ∈ L ,     



(4)






      ∑  l ∈ L    x l  = n −  n s  ,     



(5)






      v min  ≤  v k  ≤  v max  ,  ∀ k ∈ N ,     



(6)






     −  i l max  ≤  i l  ≤  i max  ,  ∀  l l  ∈ L ,     



(7)




where   p  k  g   and   p  k  d   represent the power generation and power consumption at node k,   v k   is the voltage value in the node k,   A  l k    is the component of the branch-to-node matrix that defines whether the node k and line l are connected,   x l   is the binary variable associated with the selection of the branch l in the reconfiguration plan,   g l   is the conductance value associated with the branch l, i.e.,    g l  =  1  r l    ; n represents the number of nodes and   n s   corresponds to the number of voltage controlled sources (i.e., slack nodes);   v min   and   v max   are the minimum and maximum voltage values permitted at the node k;   i l max   is the maximum current that is supported by the conductor associated to the branch l. Note that  L  and  N  are the sets that contain all the branches and nodes, respectively.



The interpretation of the mathematical model (2)–(7) is as follows: Equation (2) represents the objective function related to the minimisation of the power losses in all the conductors of the DC network. Expression (3) defines the power balance equation at each node, i.e., the application of the first Kirchhoff’s law and the first Tellegen’s theorem. Equation (4) determines the magnitude of the current that flows through the branch l, which is a function of the binary variable   x l  . Expression (5) determines the number of conductors that can be activated in the final configuration of the problem, added to (3) which is widely-known in specialised literature as the radial constraint [39]. Equation (6) is a type-box constraint that determines the voltage regulation bounds allowed in the DC network. Finally, Expression (7) determines the thermal capabilities of the conductor connected to the branch l.



Remark 2.

The solution of the optimisation model (2)–(7) is not an easy task, since it corresponds to a MINLP formulation, which is indeed an NP-hard optimisation problem [39]. For this reason, we select the general algebraic modelling (GAMS) as a solution methodology due to its excellent results reported in literature [42].





It is important to mention that in modern power systems, the most used devices to implement reconfiguration plans are the reclosers, since they can be operated in remote manner trough the SCADA system [43,44]. This implies that real-time reconfiguration plans can be programmed as a function of the grid and load conditions [22].




3. Solution Strategy


We employ the GAMS optimisation environment to solve the mathematical model associated with the optimal reconfiguration of DC distribution network. GAMS is focused on the mathematical model structure and not on the solution methodology. This feature makes GAMS an ideal alternative to introduce bachelor engineering students and researchers into the mathematical optimisation world.



We select the GAMS optimisation package as a solver since it has been employed mainly in mathematical optimisation, as reported in the scientific literature. Some of the problems solved with GAMS are optimal operation and allocation of batteries in AC and DC power systems [45,46], stability analysis in DC networks [47], the optimal location of distributed generators in AC and DC networks [8,42], optimal design of water distribution networks [48], optimal design of osmotic power plants [49], optimal design of thermoacoustic engines [50], optimal economic dispatch in thermal power systems [51], and optimal design of a standing wave thermoacoustic refrigerator [52], among others.



The main advantages of using GAMS software to solve optimisation problems are: (i) the usage of sets to define subindexes of variables to make a compact formulation of the mathematical problem under study. (ii) the organisation of the numerical information, i.e., constant parameters, vectors, and matrices, in tables as a function of the sets’ indexes. (iii) the definition of all the variables of the problem, i.e., continuous, binary and/or, discrete variables, and their maximum and minimum bounds. (iv) the definition of all the equations representing the mathematical structure of the problem in compact form, i.e., as a function of the sets previously defined. (v) the selection of the solution approach, i.e., maximisation or minimisation and the nature of the problem (e.g., linear programming, nonlinear programming, quadratic programming, mixed-integer nonlinear programming, and so on). Appendix A illustrates an example of the implementation of mixed-integer nonlinear programming model that represents the problem of the optimal reconfiguration of DC grids [51]. In addition, in the flow chart presented in Figure 1, the main steps using the GAMS environment is presented. Note that this implementation is based on the general description of GAMS software reported in [46].




4. Test Systems


Two test feeders widely used in power flow and optimal power flow analysis are considered to validate the proposed MINLP formulation to reconfigure DC distribution networks. The first test feeder is composed of 10 nodes and the second one has 21 nodes. The complete information of both test feeders is described below.



4.1. 10-Nodes Test Feeder


The first test system corresponds to the 10-nodes LVDC microgrid proposed in [53]. The electrical configuration and the network parameters of this test system are shown in Figure 2 and Table 1, respectively. For this test system, the bases for power and voltage are 100 kW and 1 kV respectively, and the maximum current allowed in conductors is 5 pu.



The information of the links for possible reconfiguration of the 10-nodes test feeder is reported in Table 2.



In this test feeder, it is important to observe that constant resistive loads are connected at some nodes. Nevertheless, in the power balance constraint defined by (3), this was not initially considered, for this reason. Here, it is presented a soft modification to include the effect of the resistive loads as follows:


      p  k  g  −  p  k  d  −  g k   v k 2  =  v k   ∑  l ∈ L     A  l k    i l   ,  ∀ k ∈ N ,     



(8)




where   g k   is the value of the load defined as a conductive parameter.




4.2. 23-Nodes Test Feeder


This test feeder corresponds to a medium voltage DC grid projected to be operated at the nominal voltage of the distribution network in Bogotá city (This is a fictitious network employed in this paper to validate the use of the MINLP proposed model for optimal reconfiguration (planning) of medium voltage DC networks), i.e.,   11.40   kV which is composed by 12 nodes connected to the conversion station connected at node 1. This allows attending   6.54   MW of demand and 11 nodes projected to be connected to the existing test feeder by adding a new substation (node 21) with a total demand about   5.10   MW. The electrical configuration of the existent and new demands is depicted in Figure 3.



The information of the existing and projected lines is reported in Table 3, while information regarding existing and new loads is listed in Table 4.



Notice that in this test system for the existing configuration, there is   207.3193   kW with a minimum voltage value of   0.9438   pu at node 11.





5. Computational Validation


The implementation of the proposed mathematical model for optimal reconfiguration of DC distribution networks was performed in the GAMS optimisation package with the solver SBB in a desktop computer with an INTEL(R) Core(TM) i5–3550 3.5-GHz processor and 8 GB of RAM running a 64-bit version of Windows 7 Professional. All the numerical results in the 10- and 21-nodes test feeders are reported below.



5.1. 10-Nodes Test Feeder


The initial configuration of the 10-nodes test feeder is reported in Figure 2. Considering a voltage control at the substation of about 1 kV and the base power in 100 kW, initial power losses in all the conductors is of about   14.36   kW with the minimum voltage at the node 9 with a value of   968.96   V, i.e.,   0.97   pu. Once the SBB solver is used in the GAMS interface to solve the reconfiguration problem in the 10-nodes test feeder, it is obtained the final configuration of this test feeder, as depicted in Figure 4.



Once this test feeder is reconfigured, the final power losses are   11.71   kW, which implies a grid reduction of about   18.45 %   in comparison with the benchmark case. In addition, the lowest voltage value in the reconfigured system corresponds to the node 9 with a value of   973.10   V, i.e.,   0.97   pu. The voltage profile comparison between the initial and the final configurations is presented in Figure 5. In this figure, we can observe an improvement of the voltage profiles at all the nodes when the reconfiguration plan is applied. This improvement is about   4   V at all the nodes (except in the substation which is always fixed).



Regarding currents in the conductors, we have for the initial configuration, a total current of   497.09   A flowing through the line that connects nodes 1 and 2, i.e., a loadability of   99.42 %  . This implies that in the initial conditions, the loads in this test system cannot be increased since the conductor between nodes 1 and 2 is fully charged. When the reconfiguration plan is implemented, the same line is the most charged with a current flow of   375.04   A, which implies a loadability of   75.01  %. This is translated into a   24.41 %   of release in the capacity of this feeder that can be used to transfer energy to new potential loads or possible increments in the existing ones.




5.2. Real-Time Reconfiguration Applications


To present the possibility of using the proposed MINLP model for optimal reconfiguration of DC distribution networks with real-time applications, we consider three possible load cases (LC) (Note that LC # means Load Case #) in the 10-nodes test feeder as presented in Figure 6 for each of the constant power consumption.



Note that the LC 1 is the peak load condition evaluated, defined in the Section 5.1 for the 10-nodes test feeder, while the LC 2 and LC 3 present two possible behaviours of the load nodes during a period of time under analysis. It is important to mention that in the literature, this load variation in distribution loads is typically separated by hours, which implies that if the reconfiguration plan is reached in seconds or few minutes, then, it will be suitable to be implemented through the SCADA system.



Table 5 presents the total energy losses for these three possible load cases considering optimal reconfiguration for each load condition and its comparison with the benchmark case, i.e., considering the original topology presented in Figure 2.



Notice that for each load scenario, the MINLP model is solved in GAMS with the SBB solver. A solution is reached that reduces the total power losses in the grid, by taking approximately 40 s to solve it. The time implies that each reconfiguration plan is suitable to be implemented in real load scenarios hours-based demand forecasting.



In Figure 7, it is shown where the optimal configuration topologies were reached by our proposed MINLP model in the load cases 2 and 3 respectively.



Observe that each electrical configuration for each load case is different when compared to all the load cases as can be seen in Figure 4 and Figure 7. This confirms that for each load condition there is an optimal combination of lines with a minimum power losses on the grid, that is suitable to be implemented by utilities if a complete communication system and set of reclosers are adequately disposed along the power grid, based on the concept of the real-time reconfiguration.




5.3. 23-Nodes Test Feeder


Note that in the case of the 23-nodes test feeder, we are only interested in illustrating our proposed MINLP model to evaluate possible expansion plannings in DC distribution networks; nevertheless, this example is purely illustrative since modifications regarding investments and operative costs must be added to the objective function to reach an adequate grid configuration plan as presented in [39] for the AC grids’ case.



In the case of the 23-nodes test feeder, we evaluate three expansion scenarios as follows: Scenario 1 (S1) the power expansion of the electrical network without the substation connected at node 23, Scenario 2 (S2) the possibility of injecting   2.50   MW without voltage control capabilities, i.e., the connection of a distributed generator, and Scenario 3 (S3) the possibility of controlling the voltage at node 23 (i.e., a new slack node).



Table 6 presents the results regarding power losses and the low voltage value for each simulation case.



From the results reported in Table 6, we can observe that:




	✓

	
The S1 corresponds to the worst simulation scenario regarding the final power losses since the unique power source is located at node 1. This implies that to provide energy to the new loads, there will be an increment on the current flows, producing higher power losses.




	✓

	
In the S2 the power losses are reduced respect to the S1 in about   77.06   kW, i.e.,   16.17 %   (Note that this percentage of reduction was calculated considering it as the benchmark case the S1, where the highest power losses are presented for this 23-nodes test feeder) due to the injection of active power in the node 23. Nevertheless, it is possible to observe that in this case, the lower voltage profile is presented at node 11 with a value of   0.93   pu. This result evidences the nonlinear relation between voltage profiles and power losses reduction, which implies that lower power losses do not necessarily mean best voltage profiles (compare the S1 and S2).




	✓

	
In S3 when the node 23 is assigned as a slack node, the final power losses of the grid are   210.99   kW. This means an improvement of   30.80 %   respect to the S1. In addition, due to the presence of this second voltage controlled node, the minimum voltage profile is presented at node 5 with a value of   0.94   pu. This is slightly better than both previous cases.









In Figure 8, the complete voltage profiles for the 23-nodes test feeder in the three simulation cases has been reported. In this figure, it is possible to observe the effect of the power injection at node 23 regarding voltage performance in the entire network. This injection directly influences the area where the generator is located by improving these voltages compared to the S1. Nevertheless, note that in all the simulation cases, the voltage regulation bounds are fulfilled, i.e., all the voltages are between 0.90 pu and 1.10 pu. (These voltage regulation bounds are selected since in the Colombian power system for medium-voltage, levels are assigned by the regulatory entity a maximum variation of   ± 10 %   in the point of the load coupling [54]).



Regarding current flows in the 23-nodes test feeder, we initially assume that, all the lines can carry at most 500 A. In the case of the S1, the maximum current is presented in the corridor that connects nodes 1 and 3 with   463.14   A. This implies a loadability of   92.63 %  . In the S2, the maximum flow is presented in the same corridor with a loadability of   78.77 %   (i.e., 393.84 A). The maximum current in S3 is   440.96   A, which flows through the line connected between nodes 1 and 2. The loadability of this line is   88.19  %. These results suggest that the injection of the active power in node 23 allows the release of capability on the most charged lines, which can be taken as a surplus for future expansion plans or to attend possible increments in load consumptions.



The solution reached by GAMS when the mathematical model for optimal reconfiguration of DC test feeder is implemented in Figure 9, which is presented the configuration reached by the S3.



Observe that in the solution reported in Figure 9, both substations have radial grid configurations, which fulfils constraint (5) related to the number of conductors required to guarantee a tree configuration. In addition, for this feeder substation located at node 1, it is provided   9193.49   kW of power, and the new power source located at node 23 provides   2776.34   kW. Note that the efficiency of this configuration is   97.24 %  , which confirms that DC technology is a powerful alternative to expand medium-voltage distribution networks.



Remark 3.

The average processing times to solve the optimal reconfiguration/expansion problem in the 23-nodes test feeder using the GAMS interface is about   30   s. This implies that this software guarantees the analysis of a wide range of scenarios before making economic decisions on behalf of the distribution company.






5.4. Scalability Test


To demonstrate that the proposed MINLP model is scalable, i.e., this can be applied to DC networks with high number of nodes, we include simulations in a 33- and 69-node test feeders proposed in [41,55]. These systems are classically employed for validating optimal reconfiguration plans in AC electrical networks [56].



5.4.1. 33-Node Test Feeder


The 33-node test feeder reported in [55] is modified by adding four new routes that can be used to reconfigure this system. The initial topology of this test system is depicted in Figure 10, and the branch and load information is reported in Table 7.



This system is operated at a medium-voltage level with 12.66 kV at the substation and   135.25   kW of power losses for the initial configuration. Once the MINLP model for the 33-nodes test feeder is solved, the final configuration introduces a line between nodes 22 and 26 and disconnects the line between nodes 6 and 26. This results in the power losses in this system being   107.48   kW. This new configuration allows a reduction of   20.54 %   in the grid losses compared with the benchmark case. It is important to mention that the processing time required to solve the MINLP model for the 33-nodes test feeder is about 4 s, which confirms that the proposed approach can be adapted to real-time operation scenarios. Regarding voltage profiles, Figure 11 presents the voltage behaviour in this test feeder before and after the reconfiguration plan.



From Figure 11, we can observe that in both cases, the node with the lowest voltage profile is the node 18; nevertheless, in the benchmark case (i.e., without reconfiguration), the voltage in this node is 0.93 pu; while after reconfiguring the network reaches 0.95 pu. This implies a difference of   165.72   V between both solutions, which confirms that the proposed MINLP model also improves the voltage profile when power losses are minimised.




5.4.2. 69-Node Test Feeder


The 69-node test feeder configuration is composed of 68 branches and 69 nodes, which are operated with 12.66 kV at the substation node. This system has an initial power loss of   153.85   kW for the original configuration reported in [55] with a minimum voltage of   11.74   kV at node 69. After implementing the proposed MINLP model in this 69-node test feeder considering possible connection routes reported in [56] and presented in Table 8, the final power losses are   85.26   kW with a minimum voltage at node 69 with   12.11   kV.



Note that when applied to the reconfiguration plan, the total power losses are reduced to about   45.58 %  , i.e., a reduction of 68.59 kW; and the minimum voltage profile at node 69 improves by about   370   V. These results confirm that reconfiguration DC power grids is a powerful alternative to enhance grid performance during a load condition. The simulation time to solve the MINLP model in the 69-node test feeder was about   10   s, which confirms that the proposed approach can be adapted to real-time operation scenarios.






6. Conclusions and Future Works


A mixed-integer nonlinear programming model for optimal reconfiguration of DC feeders has been proposed in this research. The mathematical formulation was founded in the power balance equations rewritten as a function of the branch currents using the branch-to-node incidence matrix. Numerical results in five test feeders confirm that is possible to reach optimal reconfiguration plans by implementing the proposed MINLP model in the GAMS software with processing times lower than 30 s in all the cases.



A numerical validation in a medium-voltage test feeder composed of 23 nodes demonstrates that the proposed MINLP model can be adapted to reconfiguration and expansion plans, since its mathematical models are identical, with the main advantage that multiple one or multiple slack nodes can use it.



Simulations in the 33- and 69-node test feeders demonstrate that the proposed MINLP model is suitable for being applied to large scale medium-voltage DC grids with power losses minimisation about   20.54 %   and   45.58 %  , respectively. In addition, numerical validations in the 10-node test feeder show that the MINLP formulation combined to the GAMS software is suitable for implementing real-time reconfiguration plans with minimum computational efforts as a function of the power consumptions at the load points.



Some of the possible future works derived from this paper can be the following: (i) extend the proposed MINLP model to the optimal selection of wires gauge for DC grids considering technical and economic aspects, as well as to propose a mixed-integer convex relaxation to address the problem studied in this contribution with optimality guarantee; (ii) the inclusion of temporal variable in the MINLP formulation to address the issue of optimal reconfiguration of DC networks considering renewables and battery energy storage devices; (iii) the implementation of metaheuristic optimisation techniques to solve the mathematical model (2)–(7) in a sequential manner (master-slave optimisation) in order to develop free access software for students, researchers or even distribution companies; and (iv) study the possibility of extending the proposed MINLP model to electrical networks that combines AC and DC feeders to offer optimal reconfiguration plans in modern hybrid distribution systems.



As a recommendation, we suggest free access software with the following tools: PowerModels (transmission, ac), PowerModelsDistribution (distribution, ac) and PowerModelsACDC (transmission, ac+dc+converters). These have been developed in Julia environment and can be used to implement power system optimisation problems, as an alternative to GAMS to solve the proposed MINLP model.
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Appendix A. Numerical Example


To illustrate the implementation of an optimisation problem in GAMS, let us consider a small DC test feeder composed of 6 nodes and 10 possible distribution routes. The information about this small test example is reported in Figure A1 and Table A1 and Table A2. Note that this test feeder has a power consumption of 130 kW, and it has been designed to operate at 380 V. In addition, for all the lines, the maximum current is set in 250 A.
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Figure A1. Electrical configuration for the 6-nodes test system used in the GAMS example. 
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Table A1. Branches information.






Table A1. Branches information.





	Line
	    r l    [   Ω   ]
	Line
	    r l    [   Ω   ]
	Line
	    r l    [   Ω   ]
	Line
	    r l    [   Ω   ]
	Line
	    r l    [   Ω   ]





	a
	0.0855
	f
	0.0727
	b
	0.0946
	g
	0.0689
	c
	0.0845



	d
	0.0556
	i
	0.0450
	e
	0.0524
	j
	0.0445
	h
	0.0785
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Table A2. Load information.






Table A2. Load information.





	Node k
	Load [kW]
	Node k
	Load [kW]
	Node k
	Load [kW]
	Node k
	Load [kW]





	1
	0.0
	4
	33
	2
	32
	5
	27



	3
	18
	6
	20
	-
	-
	-
	-








To implement the optimisation model that defines the optimal reconfiguration (if no one line is existent, then, the proposed model can be applied to the optimal route selection into a DC distribution network) plan in the DC distribution network. It is necessary to define the branch-to-node incidence matrix, which for this small test feeder takes the following form:


     A =     1    − 1    0   0   0   0     1   0    − 1    0   0   0     0   1    − 1    0   0   0     0   1   0    − 1    0   0     0   1   0   0    − 1    0     0   0   1    − 1    0   0     0   0   1   0   0    − 1      0   0   0   1    − 1    0     0   0   0   1   0    − 1      0   0   0   0   1    − 1          



(A1)




where rows are rearranged starting from line a to line j, and columns from node 1 to node 6, respectively.



The complete GAMS implementation of the optimal reconfiguration problem is presented in Algorithm A1.



Note that in the Algorithm A1, the main aspects of the mathematical optimisation using the GAMS interface are clearly presented, as previously mentioned. Recall that from line 35 to line 47 it is presented the complete formulation of the reconfiguration problem, i.e., the compact implementation of the mathematical model described from (2) to (7).



Once Algorithm A1 is executed to solve the reconfiguration problem by choosing the SBB solver, the solution found is reported in Table A3. Note that this solution is indeed the global optimal solution reached by the SBB solver after applying the branch and bound search method to deal with the final solution of the MINLP model in the case of the 6-nodes test feeder.
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Table A3. Solution reached by general algebraic modelling system (GAMS) for the reconfiguration problem in the 6-nodes test feeder.
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    v 1  =    380.00 V

	
    v 2  =    366.16 V

	
    v 3  =    361.18 V

	
    v 4  =    354.41 V




	
   v 5  =   362.25 V

	
   v 6  =   357.33 V

	
   x a  =   1

	
   x b  =   1




	
   x e  =   1

	
   x f  =   1

	
   x g  =   1

	
    i a  =   161.93 A




	
    i b  =   198.92 A

	
    i e  =   74.53 A

	
    i f  =   93.11 A

	
    i g  =   55.97 A




	
   p loss  =   7.12 kW

	
   p g  =   137.12 kW









From results in Table A3 note that the minimum voltage is presented at node 4 with a value of   354.41   V, equivalent to   0.93   pu, which is within the voltage regulation boundaries assigned to this system between 0.90 pu to 1.10 pu). Additionally, the power losses in this grid are   7.12   kW, which implies that the efficiency of this grid when the peak load occurs is about   94.81 %  . The variable x in Table A3 contains the information about the lines selected to distribute the electricity in this network; this final configuration is depicted in Figure A2.



It is worth mentioning that the line with the maximum current is the line b with   198.92   A, which implies a maximum chargeability of   79.57 %  , while the minimum current is presented in line g with a chargeability of about   22.39 %  . This behaviour is expected, since the line b is directly connected to the substation, which provides energy to nodes 3, 4 and 6 (i.e., 71 kW), while line g only allows flow of power towards node 6, i.e.,   20   kW.



	Algorithm 1: GAMS implementation of the reconfiguration problem in the 6-nodes test feeder.
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Figure A2. Selected configuration for the 6-nodes test system. 
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Figure 1. Flow chart of the proposed optimisation approach for optimal reconfiguration of DC grids. 






Figure 1. Flow chart of the proposed optimisation approach for optimal reconfiguration of DC grids.



[image: Energies 13 04440 g001]







[image: Energies 13 04440 g002 550] 





Figure 2. Electrical configuration for the 10-nodes test feeder. 
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Figure 3. Electrical configuration for the 23-nodes test feeder. 
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Figure 4. Electrical configuration for the 10-test test feeder after of the optimal reconfiguration plan. 
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Figure 5. Voltage comparison between initial and final configurations in the 10-nodes test feeder. 
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Figure 6. Three load demand scenarios in constant power loads. 
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Figure 7. Electrical configuration for the 10-nodes test feeder after optimal reconfiguration for load cases 2 and 3: (a) LC 2, and (b) LC 3. 
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Figure 8. Voltage comparison between initial and final configurations in the 10-nodes test feeder. 
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Figure 9. Electrical configuration for the 23-nodes test feeder reached for the S3. 
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Figure 10. Electrical configuration for the 33-nodes test system (taken from [55]). 
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Figure 11. Voltage profile in the 33-nodes test feeder before and after reconfiguration. 
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Table 1. Electrical parameters of the 10-nodes test feeder.
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	Node k
	Node m
	   r km    [pu]
	Type of Node
	   P m d    [pu] −    R m d    [pu]





	1 (slack)
	2
	0.0050
	Step-node
	—



	2
	3
	0.0015
	Constant power
	0.80



	2
	4
	0.0020
	Constant power
	1.30



	4
	5
	0.0018
	Constant power
	0.50



	2
	6
	0.0023
	Constant resistance
	2.00



	6
	7
	0.0017
	Step-node
	—



	7
	8
	0.0021
	Constant power
	0.30



	7
	9
	0.0013
	Constant power
	0.70



	3
	10
	0.0015
	Constant resistance
	1.25
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Table 2. Connections proposed for the 10-nodes test feeder.
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	Node k
	Node m
	   r km    [pu]
	Node k
	Node m
	   r km    [pu]





	1
	6
	0.0205
	8
	9
	0.0014



	3
	4
	0.0010
	3
	6
	0.0011



	5
	8
	0.0018
	5
	10
	0.0012



	6
	10
	0.0012
	8
	10
	0.0011
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Table 3. Existing and proposed connections in the 23-nodes test feeder.
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	Node k
	Node m
	    r km    [   Ω   ]
	Node k
	Node m
	    r km    [   Ω   ]
	Node k
	Node m
	    r km    [   Ω   ]





	1
	2
	0.5452
	3
	13
	0.5420
	19
	18
	0.7584



	1
	3
	0.2845
	13
	10
	0.6520
	11
	20
	0.5218



	1
	4
	0.7548
	13
	14
	0.7502
	21
	17
	0.6252



	2
	6
	0.8521
	14
	12
	0.6545
	21
	22
	0.3886



	2
	7
	0.5569
	5
	15
	0.7686
	20
	23
	0.7565



	2
	8
	0.6545
	15
	9
	0.3725
	22
	23
	0.6100



	4
	5
	0.7789
	9
	16
	0.4236
	11
	19
	0.7852



	6
	9
	0.8596
	6
	17
	0.5652
	21
	18
	0.6387



	7
	10
	0.9746
	16
	17
	0.3696
	21
	20
	0.3265



	10
	11
	0.8795
	8
	17
	0.8541
	20
	22
	0.5555



	10
	12
	1.1014
	8
	18
	0.9110
	12
	23
	0.6565
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Table 4. Load information for the 23-nodes test feeder.






Table 4. Load information for the 23-nodes test feeder.





	Node k
	   P k d    [kW]
	Node k
	   P k d    [kW]
	Node k
	   P k d    [kW]
	Node k
	   P k d    [kW]
	Node k
	   P k d    [kW]





	1
	0
	9
	290
	17
	250
	6
	850
	14
	620



	2
	520
	10
	650
	18
	400
	7
	760
	15
	310



	3
	750
	11
	800
	19
	510
	8
	375
	16
	750



	4
	600
	12
	620
	20
	300
	22
	380
	23
	100



	5
	325
	13
	850
	21
	630
	–
	–
	–
	–










[image: Table] 





Table 5. Power losses at each load case.






Table 5. Power losses at each load case.





	Load Case
	Base Case [kW]
	Reconf. Plan [%]
	Improvement [%]





	LC 1
	14.36
	11.71
	18.45



	LC 2
	6.54
	5.75
	12.13



	LC 3
	8.54
	7.56
	11.41
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Table 6. Behaviour of the power losses in the 23-nodes test feeder for each simulation case.






Table 6. Behaviour of the power losses in the 23-nodes test feeder for each simulation case.





	Scenario
	Power Losses [kW]
	Min. Vol. (Node) [pu]





	S1
	476.61
	(19) 0.93



	S2
	399.54
	(11) 0.93



	S3
	329.83
	(5) 0.94
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Table 7. Electrical parameters for the 33-nodes test system.






Table 7. Electrical parameters for the 33-nodes test system.





	
From

	
To

	
    R ij    [   Ω   ]

	
   P j    [kW]

	
From

	
To

	
    R ij    [   Ω   ]

	
   P j    [kW]






	
1

	
2

	
0.0922

	
100

	
17

	
18

	
0.7320

	
90




	
2

	
3

	
0.4930

	
90

	
2

	
19

	
0.1640

	
90




	
3

	
4

	
0.3660

	
120

	
19

	
20

	
1.5042

	
90




	
4

	
5

	
0.3811

	
60

	
20

	
21

	
0.4095

	
90




	
5

	
6

	
0.8190

	
60

	
21

	
22

	
0.7089

	
90




	
6

	
7

	
0.1872

	
200

	
3

	
23

	
0.4512

	
90




	
7

	
8

	
1.7114

	
200

	
23

	
24

	
0.8980

	
420




	
8

	
9

	
1.0300

	
60

	
24

	
25

	
0.8900

	
420




	
9

	
10

	
1.0400

	
60

	
6

	
26

	
0.2030

	
60




	
10

	
11

	
0.1966

	
45

	
26

	
27

	
0.2842

	
60




	
11

	
12

	
0.3744

	
60

	
27

	
28

	
1.0590

	
60




	
12

	
13

	
1.4680

	
60

	
28

	
29

	
0.8042

	
120




	
13

	
14

	
0.5416

	
120

	
29

	
30

	
0.5075

	
200




	
14

	
15

	
0.5910

	
60

	
30

	
31

	
0.9744

	
150




	
15

	
16

	
0.7463

	
60

	
31

	
32

	
0.3105

	
210




	
16

	
17

	
1.2890

	
60

	
32

	
33

	
0.3410

	
60




	
Proposed lines for reconfiguration




	
12

	
32

	
0.3410

	
—

	
8

	
28

	
0.1556

	
—




	
22

	
26

	
0.3560

	
—

	
25

	
7

	
0.4585

	
—
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Table 8. Initial and final configurations for the 69-node test feeder.






Table 8. Initial and final configurations for the 69-node test feeder.





	
Initial Open Lines

	
Final Open Lines






	
Node  i  

	
Node  j  

	
Resistance[  Ω  ]

	
Node  i 

	
Node  j 

	
Resistance[  Ω  ]




	
11

	
43

	
0.5000

	
11

	
43

	
0.5000




	
13

	
21

	
0.5000

	
13

	
21

	
0.5000




	
14

	
46

	
1.0000

	
13

	
14

	
1.0440




	
50

	
59

	
2.0000

	
58

	
59

	
0.3042




	
27

	
65

	
1.0000

	
27

	
65

	
1.0000
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