Improving the reliability of urban electrical distribution networks based on optimal configuration
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Abstract. This paper presents a comprehensive study of the issues related to providing continuous and reliable power supply to electricity consumers connected to urban distribution networks. Within the scope of the research, methods for forming an optimal configuration aimed at improving the reliability of consumers power supply have been developed. These methods are proposed taking into account the structure of urban electrical distribution networks, load characteristics, and existing technical constraints. In addition, the application of the optimal configuration makes it possible to reduce power supply interruptions, enhance network stability, and improve the quality indicators of electrical energy delivered to consumers. The obtained results are recommended for practical application in the design and modernization of urban power supply systems.
INTRODUCTION
At present, ensuring the continuity and reliability of electricity consumption is one of the priority tasks of the electric power industry in developed cities around the world. Therefore, measures aimed at improving the technical and economic performance of power supply systems are being increasingly implemented on a large scale. Under conditions of population growth, urban infrastructure expansion, and rising demand for electrical energy, the efficient operation of urban electrical distribution networks becomes particularly important. In this context, the formation of an optimal network configuration is considered one of the key factors ensuring the stability and economic efficiency of the power supply system [1, 5, 14, 19].
The optimal configuration of urban electrical distribution networks is formed based on the results of optimal analysis conducted with respect to the ideal structure of such networks. During this analysis, the developed principles and optimal construction algorithms determine the placement of network elements, their interconnections, and the distribution of power flows. As a result, technical losses occurring during the transmission and distribution of electrical energy are reduced, and the overall reliability level of the network is enhanced [2, 4, 6, 18].
From a practical point of view, when designing urban electrical distribution networks, a number of key parameters are determined in advance. These include the cross-sectional areas of medium-voltage and low-voltage (up to 1000 V) network cables, the rated capacities of transformer substations (TS), as well as the number of outgoing feeders from the supply source. For areas with the same electrical load density, these parameters remain almost constant and are taken as initial conditions when selecting the network configuration [1, 8, 11].
Under such conditions, the optimal configuration of distribution electrical networks must satisfy several important requirements. First of all, the total length of the network and the lengths of lines at each rated voltage level should be minimized. This allows construction and operational costs to be reduced. At the same time, the optimal configuration should correspond to the minimum total capital and operating costs. Economically rational placement of network elements contributes to reducing the cost of electrical energy and increasing investment efficiency [3, 6, 9].
If, at a given voltage level, the optimal load of each line is approximately the same, such a condition ensures a balanced distribution of loads throughout the network. As a result, overloading of lines and transformers is prevented, the probability of emergency situations is reduced, and the overall reliability indicators of the network are improved. Therefore, the formation of an optimal configuration is an effective means of minimizing the total costs of urban electrical distribution networks and achieving uninterrupted power supply to electricity consumers [1-2, 17].
EXPERIMENTAL RESEARCH
At the initial stage of forming an optimal configuration of an urban electrical distribution network, the construction of a basic configuration “element” is considered. This element represents a fundamental structural unit of the network and is defined by a set of fixed points in a two-dimensional plane corresponding to electricity consumption nodes. These points are assumed to be preliminarily grouped and spatially separated in accordance with the load distribution and urban layout characteristics [3, 11, 15]. The methodological basis of this stage relies on classical graph-theoretical approaches for connecting a finite number of fixed nodes under given constraints.
Existing methods for determining the optimal configuration of urban power distribution networks generally approximate the solution by constructing minimum spanning trees or minimum-cost tree structures, sometimes supplemented by auxiliary connections [4, 7]. Any problem related to the determination of an optimal network configuration can be reduced to one of several canonical topological models, depending on the admissible connection rules and node characteristics. In this context, the following cases must be considered [10]:
- if connections are allowed only between adjacent points, and each node can be connected by no more than two edges, the problem corresponds to a single linear connection path, as illustrated in Figure 1a;
- if arbitrary connections between points are permitted and each node can serve as a branching point for two or more edges, the problem is classified as [10] a minimum spanning tree problem (Figure 1c);
- if additional edges may be connected at existing nodes without introducing new branching points, the configuration corresponds to a shortest-distance tree, where distances are minimized relative to a reference node (Figure 1b);
- if the introduction of additional branching nodes (not belonging to the original set of N marked points) is allowed, the configuration [20] corresponds to a Shteiner tree construction (Figure 1d).
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FIGURE 1. Possible topological models for network configuration based on the spatial distribution of consumption nodes.	
These theoretical models provide a useful framework for understanding the structural properties of optimal configurations. However, their practical applicability depends strongly on the physical, technical, and regulatory constraints inherent to urban environments [7, 13, 18, 20].
[bookmark: _GoBack]When selecting an optimal configuration for urban distribution networks, particular attention must be paid to the routing characteristics of cable lines. In practice, low-voltage cable lines (up to 1000 V) are typically laid within landscaped areas, along pedestrian pathways, or beneath lawns, while medium-voltage cable lines are predominantly installed under sidewalks or along roadways. These routing constraints impose a rectilinear structure on cable paths, which significantly affects distance calculations [4, 6, 9, 12-45].
Analysis of existing urban distribution networks and implemented design projects shows that, for cable routing in city environments, the use of rectilinear (Manhattan) distance provides a more realistic estimate of cable length than conventional Euclidean distance [20]. Accordingly, the distance between two points in the plane is expressed as:

,                                                             (1)

where, in this case, the coordinate of points , , ,  - 1 and 2. It should be noted that, under this metric, multiple routes of equal minimum length may exist between two points, reflecting the flexibility of cable routing along orthogonal urban corridors [17].
From a purely theoretical perspective, the construction of a Shteiner tree can yield a substantial reduction in total line length-up to approximately two-thirds compared to a minimum spanning tree. However, the practical implementation of Shteiner tree solutions in urban cable networks is limited by several critical factors:
- additional branching nodes introduced by Shteiner constructions often lack the capability to accommodate multiple cable connections at consumer access points, particularly where three or four feeders converge. This limitation adversely affects both economic feasibility and power supply reliability [15];
- urban environments impose numerous physical and regulatory restrictions on cable routing, including existing underground infrastructure, land ownership boundaries, and safety requirements, which restrict the placement of additional branching nodes.
As a result, despite their theoretical attractiveness, Shteiner tree principles are generally unsuitable for the formation of cable line configurations in urban distribution electrical networks.
In contrast, in small cities and rural areas, overhead distribution lines with rated voltages of 0.4, 6 or 10 kV are widely used. Under these conditions, the formation of minimum tree structures with additional branching nodes can be both technically feasible and economically justified [16]. This is due to two primary factors:
- first, the creation of additional branching points on overhead line supports is relatively inexpensive and can be implemented in a straightforward and reliable manner;
- second, small cities typically exhibit lower building density and larger spacing between consumers, resulting in a higher number of consumers being connected to a single feeder. In such cases, the introduction of additional branching nodes can significantly reduce the total length of distribution lines and improve network efficiency [3].
The above considerations define the construction of a configuration “element” with N consumption points distributed in a plane. The complete problem of determining the optimal configuration of an urban distribution electrical network-under previously selected optimal parameters that remain invariant for approximately uniform load density - can be formulated as follows [11, 14, 19-20].
Given N consumption points with known spatial coordinates and calculated electrical loads, it is required to determine:
- the optimal location and rated capacity of transformer substations;
- the configuration of all low-voltage (≤1000 V) distribution lines supplied by each transformer substation;
- the configuration of the medium-voltage distribution network serving the considered area [3].
All network lines must be selected with optimal current-carrying capacity and must satisfy technical, operational, and topological constraints, including those related to routing bandwidth and urban infrastructure limitations [5, 7, 14]. The fundamental procedures for constructing the optimal configuration of an electrical distribution network with N fixed nodes in the plane are thus established, forming the basis for further computational optimization and reliability analysis.

RESEARCH RESULTS
Based on previously selected optimal techno-economic parameters, the problem of forming an optimal configuration of urban distribution electrical networks requires a complex, multi-stage computational procedure [8, 14, 18]. This procedure is aimed at ensuring reliable, cost-effective, and efficient delivery of electrical energy to consumers and is implemented through the following sequential steps:
a) consumer grouping and placement of transformer substations: at the initial stage, electricity consumers within the urban area are grouped according to transformer substations (TS) with optimal rated capacity. The grouping process takes into account the magnitude of consumer loads, their spatial coordinates, and consumption characteristics. For each group, the electrical load center is determined, and the optimal location of the corresponding transformer substation is identified based on this center [2, 5]. As a result, the number of TS, their rated capacities, and their spatial distribution are technically and economically justified.
b) design of the low-voltage network (≤1000 V) within each TS service area: in the next stage, a low-voltage distribution network with a rated voltage of up to 1000 V is designed within the service area of each transformer substation [4]. During this process, the optimal current-carrying capacity of outgoing feeders is selected. The loads supplied by each outgoing feeder are divided into subgroups, and feeder routing is determined in accordance with the spatial distribution and magnitude of the connected loads. As a result, the geometric configuration, length, and load allocation of each feeder are established.
c) iterative refinement of low-voltage network configuration: to improve the efficiency of the low-voltage network, the initial consumer grouping assumptions are revised. Within this iterative procedure, the locations of transformer substations, their service areas, and the configuration of the ≤1000 V network are recalculated [1]. The iteration process continues until the selected optimization criteria-such as minimization of total network length, reduction of power losses, or minimization of construction costs - are satisfactorily met.
d) grouping of transformer substations for the medium voltage network: after forming the low-voltage networks, transformer substations are grouped for connection to the medium-voltage distribution network [3] (typically 6–10 kV). The set of TS supplied by each medium-voltage feeder is determined, and the optimal current-carrying capacity of these feeders is selected. Subsequently, the layout and configuration of each feeder branch are defined.
e) iterative optimization of the medium-voltage network configuration: at the final stage, the medium-voltage network is optimized through iterative modification of the initial grouping conditions and starting points. Multiple network configuration alternatives are evaluated, and for each alternative, the total length of the medium-voltage network is calculated [6]. The configuration that achieves the minimum total network length is selected as the optimal solution. Where necessary, additional constraints related to network reliability, redundancy, and operational requirements are incorporated into the optimization process.
CONCLUSIONS
This study addressed the problem of improving the reliability of urban electrical distribution networks through the formation of an optimal network configuration based on previously selected techno-economic parameters. A systematic, multi-stage methodology was developed that integrates consumer grouping, optimal placement of transformer substations, and iterative optimization of both low-voltage and medium-voltage network structures.
The proposed approach enables the rational allocation of electrical loads and the efficient spatial organization of network elements while satisfying technical, topological, and operational constraints. By applying iterative refinement at different voltage levels, the methodology ensures balanced load distribution, reduced total network length, and minimized power losses. As a result, the probability of overload conditions and emergency situations is significantly reduced, leading to improved reliability and continuity of power supply for urban consumers.
The analysis of network configuration elements demonstrated that, under realistic urban planning constraints, the use of rectilinear distance metrics provides a more accurate representation of cable routing in city environments than conventional Euclidean distances. While theoretical solutions such as Steiner tree constructions offer potential reductions in line length, their practical implementation in urban cable networks is limited due to reliability, construction, and routing constraints. The proposed configuration principles therefore represent a technically feasible and economically justified compromise between theoretical optimality and real-world applicability.
The obtained results confirm that the formation of an optimal configuration, under conditions of approximately uniform load density, leads to a reduction in capital and operating costs while simultaneously enhancing network reliability and energy supply quality. The developed methodology can be effectively applied in the planning, reconstruction, and modernization of urban distribution networks, particularly in rapidly developing cities with increasing electrical load demand.
Future research will focus on extending the proposed approach by incorporating reliability indices, probabilistic load variations, and distributed energy resources, as well as integrating smart grid technologies and real-time monitoring data to further enhance the resilience and adaptability of urban electrical distribution systems.
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