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h i g h l i g h t s

� Topological properties of medium voltage distribution networks were investigated.
� Graph theory and complex networks analysis techniques were used in the study.
� A novel depth dependent approach was developed to investigate topological properties.
� Key properties to characterise distribution networks were identified and quantified.

a r t i c l e i n f o

Article history:
Received 16 May 2017
Received in revised form 28 June 2017
Accepted 29 June 2017
Available online xxxx

Keywords:
Complex network analysis
Electricity distribution networks
Low carbon technologies
Medium voltage
Topological properties

a b s t r a c t

With a large penetration of low carbon technologies (LCTs) at medium voltage and low voltage levels,
electricity distribution networks are undergoing rapid changes. Much research has been carried out to
analyse the impact of employing LCTs in distribution networks based on either real or synthetic network
samples. Results of such studies are usually case specific and of limited applicability to other networks.
Topological properties of a distribution networks describe how different network components are located
and connected, which are critical for the investigation of network performance. However, the number of
network modelling and simulation platforms are limited in the open literature which can provide random
realistic representations of electricity distribution networks. Thus, it is difficult to arrive to generalized
and robust conclusions on impact studies of LCTs. As the initial step to bridge this gap, this paper studies
the topological properties of real-world electricity distribution networks at the medium voltage level by
employing the techniques from complex networks analysis and graph theory. The networks have been
modelled as graphs with nodes representing electrical components of the network and links standing
for the connections between the nodes through distribution lines. The key topological properties that
characterize different types (urban and sub-urban) of distribution networks have been identified and
quantified. A novel approach to obtain depth-dependent topological properties has also been developed.
Results show that the node degree and edge length related graph properties are a key to characterize dif-
ferent types of electricity distribution networks and depth dependent network properties are able to bet-
ter characterize the topological properties of urban and sub-urban networks.

� 2017 Published by Elsevier Ltd.

1. Introduction

The increasing penetration of Distributed Energy Resources
(DERs) together with load growth, the new requirements of
decarbonisation, efficiency, security and quality of power
supply and the deregulation of the electricity markets have

significantly changed the traditional approaches to planning,
design and operation of the electrical power system. The High
Voltage (HV) transmission grid is usually the backbone of a
national power system. Distribution networks are very large
and topologically complicated systems which connect the HV
transmission grid to end users. Electricity distribution networks
are undergoing rapid changes in recent years. With numerous
Low Carbon Technologies (LCTs), e.g. electric vehicles, wind
and solar farms, introducing at the Medium Voltage (MV) and
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Low Voltage (LV) levels, the distribution networks are of
increasing importance [1].

Much research has been carried out worldwide to analyse and
quantify the impacts of LCTs on electricity distribution networks.
Most of these studies are based on real network samples [2–4]
standard synthetic networks such as the IEEE test cases [5,6] or
other representative test networks [7,8]. As a result, most reported
analysis in the literature is only useful for evaluating a specific test
case and conclusions made from such studies have limited applica-
bility to other networks. Moreover, a large number of newmethod-
ologies and algorithms have been proposed recently to overcome
the operational challenges of the electrical power system with
the integration of smart grids technologies. The effectiveness of
these methodologies were mostly tested or implemented on one
or a few specific test networks that are not yet able to provide
robust and generalized conclusions [9–11].

However, there is a clear need of providing generalized and
robust conclusions on network studies for strategic decision-
making and policy support. For example, it is important for policy
making to have the ability of characterizing and quantifying how
differently the urban networks and rural networks perform with
different integration levels of a new LCT. A network modelling
and simulation platform with the ability of providing
statistically-similar realistic models of electricity distribution net-
works, can be used to make such generalized conclusions through
a large number of simulation studies.

However, it is often difficult to produce a large amount of ran-
dom, realistic models for most of the real-world networks includ-
ing the electricity distribution networks. Identifying and
quantifying the important statistical properties of different types
of distribution networks is a key requirement when developing
such random, realistic network models. Statistical properties of
electric power networks can be categorized into two groups: topo-
logical properties and electrical properties. Both electrical and
topological properties of electricity distribution networks have a
significant impact on their overall network performance including
voltage drops, power losses, network reliability and costs, etc. This

paper focuses on investigating the topological properties of the
real-world electricity distribution networks.

Statistical properties of power networks have been studied by
many researchers. In the past, the interest of studying the statisti-
cal properties, primarily the topological properties of electrical
power grid was mainly led by the major blackouts happened in
North America [12,13], Italy [14], Europe [15] and few other power
grids [16]. After these large-scale blackouts happened worldwide,
researchers were seeking solutions for improving security and reli-
ability of the power grid from different perspectives. Ref. [17] pro-
vides an overview of the security and privacy issues in Smart Grids
and [18] developed a new control method for nonlinear dynamics
of the power systems. Advances in statistical physics and complex
network theory together with graph theory applications also have
developed new areas of interest in vulnerability assessment in
power systems.

Much literature is summarized in the recent survey conducted
by G. A. Pagani on the review on ‘power grids as complex networks’
[19]. Majority of the studies focused on the HV networks and the
work carried out in the MV and LV level are very limited. The main
goal of many HV network studies was to find out the connection
between the structure of the power grid and the risk probability
based on well-known complex network models [20,21] such as
random graph model [22], small-world network models [23] and
scale-free network models [24]. The structure of HV grids is differ-
ent from that of MV and LV grids. The HV transmission and sub-
transmission is usually a meshed system, but distribution net-
works (MV and LV) are mainly with radial structures. Therefore,
the research findings in the HV network analysis cannot be directly
used in MV and LV networks.

In addition, a few new network models have been developed in
the past decade some of them with some efforts in investigating
the statistical properties of the power grid [25–30]. It was observed
that the electricity distribution networks consist of self-repeating
patterns, which is a key property in fractal structures. Fractal based
models have been proposed for the power grid [26,29]. However,
the main objective of these new developments was different from

Nomenclature

Abbreviations
CNA complex networks analysis
DER distributed energy resources
HV high voltage
LCT low carbon technologies
LV low voltage
MV medium voltage

Sets and matrices
A adjacency matrix
D distance matrix
E edges set
G graph
K degree matrix
L Laplacian matrix
V vertices/nodes set

Parameters and variables
br branching rate
C average clustering coefficient
Ci clustering coefficient of node i
circuit_id circuit identification number
dr,x depth of node x from the root node r
Df fractal dimension

dmax maximum depth
eavg average edge length
ki degree of a node i
kavg average degree of the network
l level of the network
lavg average path length
Ltotal total network length
M total number of edges
me number of edges in the edge length range e
N total number of nodes
nk number of nodes with degree equals to k
P(k) degree distribution
P(e) edge length distribution
r root node
x, y coordinates of the nodes
startx, starty coordinates of a starting point of an edge
endx, endy coordinates of an end point of an edge
q Pearson correlation coefficient
e box size used in the box counting method
kG(i) number of edges between the neighbours of node i
sG(i) total number of edges that can exist among the

neighbours of node i
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