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ABSTRACT The scales of the power distribution networks in real-world power grids expand quickly while
the network structures are becoming more and more complex. The power grid companies analyze the power
distribution networks in different business scenarios with different topology models. In this work, we propose
a hierarchical graph model to describe the medium-voltage distribution network (which is a typical power
distribution network in power grids) based on homeomorphic transformation. The hierarchical graph model
preserves the basic network topology described by the traditional Common Information Model (CIM).
Firstly, the nodes in the distribution network topology are classified according to graph theory. Secondly,
three typical business scenarios of distribution network topology analysis are summarized, and the original
model is simplified by progressive dimensionality reduction method to meet the analysis requirements
of different scenarios, the simplified method consists of three abstract levels: critical path, core path and
minimal path, and can effectively reduce the space complexity of the model while maintaining the topological
properties. Thirdly, a multi-level distribution network topology construction and mapping method based on
the graph database is proposed. It is used to realize the rapid conversion and traceability between different
levels of topology. Finally, a practical distribution network in a county is used as an example to verify the
effectiveness of the proposed method in the aspects such as topology rendering and path searching. The
evaluation indicates that the proposed model can visualize the distribution network intuitively. The model
can also speed up the visualization and path searching significantly.

INDEX TERMS Dimensionality reduction, distribution network, homeomorphism transformation, topology

formulation.

I. INTRODUCTION

A. BACKGROUND

For power grid companies, the power distribution network is
the final link to the users, and its quality directly relates to the
user experience. In order to improve the reliability of power
supply, the medium-voltage distribution network is designed
in a closed-loop manner and is operated in the open-loop
topology. The power distribution network contains a large
number of tie switches and segment switches, which makes
the distribution network form a complex network [1], [2]. The
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topology structure of the power distribution network is the
basis of analysis and visualization, thus it is important for
distribution network operation and management [3]-[6].
During power grid management, the requirements and
granularity of different business scenarios are different. The
scopes and levels of the involved power grid topology are also

quite different.
o Distribution network planning [7], [8] is a typical

macro-level business application. It analyzes at a large
spatial scale, spanning many regional distribution net-
works, power supply units and feeders.

« Distribution network operation mode optimization [9] is
a typical meso-level business application. The analysis
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scope spans multiple feeders that are directly or indi-
rectly connected, and the analysis granularity is a feeder
segment.

« Distribution network inspection and maintenance [10] is
a typical micro-level business application. It focuses on
the feeder-level topology to locate and analyze equip-
ment or components such as towers, ring network cabi-
nets (ring main unit), and distribution transformers.

In order to realize the automatic management of the power
grid, the existing power grid analytic systems are mostly
based on the ‘“connection point-terminal” model of IEC
CIM [11] to model and store the topology of the distribu-
tion networks. Most of the existing systems use a relational
database to store the topology model. Each row in the topol-
ogy data table represents the connection relationship between
a certain device and adjacent connection points or termi-
nals. The topology analysis over power distribution networks
requires iterative queries of the topology table.

However, the existing power grid analytic systems cannot
meet the modeling and storage requirements of the more and
more complex business applications. In terms of distribution
network topology modeling, different power grid business
applications focus on different topology ranges. They require
a multi-level distribution network topology model. However,
the existing CIM model can only provide the most fine-
grained connection relationship between power grid equip-
ment, which is only suitable for micro-level analysis. It hardly
meets the analysis needs of meso-level and macro-level appli-
cations. In terms of distribution network model storage, the
current relational database storage performance is difficult
to meet the real-time requirements of complex distribution
network topology analysis and visualization rendering appli-
cations. The multi-hop neighborhood and path analysis in
those applications will generate a large number of traversal
and join operations in the relational database, resulting in high
I/O overhead and long calculation time.

B. RELATED WORK

In order to support multi-level and multi-type power grid
management applications, a variety of distribution network
topology modeling and storage methods have been proposed
by academia and industry. Among the CIM-based topol-
ogy models, single-line diagrams and contact diagrams are
the mostly used topology models in the current engineering
applications. The single-line diagram [12], [13] focuses on
the micro-level topology and is widely used in production
management systems. It describes the details and connection
relationships of equipment in a single feeder, but it cannot
intuitively describe the connection characteristics of the dis-
tribution network. The connection diagram [14], [15] focuses
on describing the macro grid characteristics of the regional
distribution network. However, the rendering speed of con-
nection diagram visualization is slow. The dense arrange-
ment of equipment in connection diagrams results in a
poor visualization experience. It is also difficult to establish

VOLUME 10, 2022

connections between the single-line diagrams and the con-
nection diagrams. Literature [16] proposes a meso-level
topology model centered around substations. Its scope is
between the single-line diagram and the connection diagram.
However, this model cannot intuitively describe the feeder
connection relationships across substations.

To simplify the distribution network topology models, Lit-
erature [17] propose regarding on-column switches as nodes
and feeders between adjacent nodes and distribution trans-
formers as edges. Literature [18] propose a topology simplifi-
cation method using feeder blocks and equivalent branches to
improve the efficiency of reliability assessment calculations.
Literature [19] proposes a topology simplification method
for the business scenario of failover recovery. The method
shrinks the topology of distribution network branch lines and
merges load points. Literature [20] simplify the distribution
network topology by evaluating the effect of edge partitioning
on graph connectivity.

However, the above distribution network topology mod-
eling methods fail to provide a systematic and compre-
hensive modeling method. The existing modeling methods
focus on a single level. They cannot adapt to various power
grid business applications on different levels, like transmis-
sion tower optimization between cities [21] and power grid
visualization [22].

In terms of distribution network topology storage, in order
to overcome the shortcomings of relational database stor-
age, Literature [23] propose a power system database frame-
work based on the CIM model and graph database. A graph
database is a non-relational database. It stores relational infor-
mation between entities based on a graph model. Through
distributed parallel computing, it has unique performance
advantages in dealing with massive and complex business
scenarios [24]. The power grid is a natural graph, which is
suitable for modeling and calculation using a graph database.
Literature [25] use a simplified CIM/E model to effectively
reduce the complexity of graph databases.

However, the above storage methods mainly concentrate
on small-scale or medium-scale large power grids. The power
distribution networks have much larger scales than large
power grid. The existing storage methods do not optimize
their storage design for large-scale distribution networks.

C. CONTRIBUTIONS

To meet the needs of multi-level analysis in power grid
business applications on large-scale power distribution net-
works, in this paper, we propose a hierarchical graph model
for distribution network topology based on homeomorphic
transformation. In this paper, we focus on modeling the
medium-voltage distribution network in power distribution
networks. The medium-voltage distribution network is com-
plex and large with multiple kinds of equipment in it.
We further propose a group of techniques to construct the
hierarchical graph model efficiently and store the model in a
graph database. We summarize our contributions in this paper
as follows:
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(1) We propose a homeomorphic transformation method
to reduce the dimension of the “‘connection point-terminal”
model used by the CIM model. The homeomorphic transfor-
mation can preserve the electrical connectivity characteristics
of the power grid. It is the basis of the simplified operation of
the distribution network topology (Section 2).

(2) Based on the homeomorphic transformation, we fur-
ther propose three topological levels for power distribution
networks. The three levels are developed around the concept
of critical path, core path and minimal path, respectively.
They can support the analysis of micro, meso and macro
distribution network business, respectively. We connect the
three levels with an inherent mapping to form a systematic
hierarchical graph model for power distribution networks.
Compared with the existing modeling methods, our method
supports different levels of analysis at the same time and also
supports cross-level business applications. (Section 3)

(3) We propose three distribution network topology sim-
plification methods to construct the three levels in the hierar-
chical graph model from the original CIM model. We also
propose a mapping schema to store the hierarchical graph
model in a graph database. The mapping schema supports
both the single-plane topology query and cross-plane topol-
ogy analysis. (Section 4)

(4) We evaluate the effectiveness and efficiency of the pro-
posed hierarchical graph model and the graph-based storage
method over a real-world county-level regional distribution
network. We adopt visualization analysis and transfer path
search as two typical analysis application scenarios in our
evaluation. The evaluation shows that the proposed hierar-
chical model can significantly reduce the topology com-
plexity in medium and macro business scenarios, achieving
exponential improvements in topology loading and query
efficiency. The transfer path search application shows that
the mapping schema that we use in the graph database
can converse and trace between different topology levels
in a short time. Compared with the traditional relational
database storage, our method can reduce the calculation time
of transfer path search by up to 3 orders of magnitude.
(Section 5)

To sum up, the advantages of the modeling and storage
methods proposed in this paper over the existing methods are
in two aspects. On the one hand, our method supports micro,
meso and macro levels of power grid analysis at the same
time. On the other hand, our method can effectively improve
the data querying efficiency and reduce the running time of
power grid analysis applications.

The rest of the article is organized as follows. Section II
introduces the definition of basic topology model of medium
voltage distribution network. The typical scenarios of dis-
tribution network topology analysis and their correspond-
ing simplified methods are introduced in section III. The
application of three business scenarios in graph database and
case analysis are described in Sections IV and V respec-
tively. Finally, Section VI is reserved for conclusions and
discussions.
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Il. DEFINITION OF THE BASIC GRAPH MODEL OF THE
MVDN

The topology of the MVDN is in form of a hierarchical
structure. Basically, the feeder consists of basic components
like switches, transformers, breakers and power lines, and
is connected to a bus at specific substation. Several feeders
are interconnected with contact point. A power supply unit
usually includes several related feeders. A regional distribu-
tion network includes multiple power supply units. With the
development and expansion of the urban area, new power
supply units are planned, designed, constructed and con-
nected to the exits network. Thus, the modern distribution
system is more complex than the transmission system. In this
paper, we focus on the primary equipment in the distribu-
tion network, and do not consider secondary equipment or
automation equipment, such as voltage/current transformers,
remote terminal unit and fault indicator.

A. ‘CONNECTIVITY NODE - TERMINAL MODEL

The topology of a distribution network can be modeled by the
graph G = (V, E), where V and E refer to the node set and
edge set respectively. According to the different meanings
given to V and E, there are different kinds of graph models
of the distribution network topology. IEC CIM is one of
them. It uses an object-oriented method to define the basic
components, and the ‘Connective node — Terminal’ model
to describe the connection relationship among them, i.e.,
each conductive component is associated with one or more
terminals, and each terminal is associated with a connectivity
node.

00
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FIGURE 1. Connectivity node-terminal model.

As shown in Figure 1, the connectivity node is the point
where several terminals of the conductive components are
connected with zero impedance. It helps build up the con-
nections among different conductive components.

The MVDN mainly consists of conducting compo-
nents and buses. Conducting components include breakers,
switches, power lines, distribution transformers, etc. Buses
include the ends of the power lines, buses of the transformers
and substations. In the CIM model, all these components are
connected using the connectivity nodes and the terminals.

Figure 2 is a partial diagram of a single feeder, whose
connectivity node-terminal model is shown in Figure 3.
We denote N as the number of the conducting components
(N7: distribution transformers, N»: switches, N3: power lines),
M as the number of the bus components, K as the number of
connectivity nodes, and usually K > M.
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FIGURE 2. Single feeder diagram (partial).

Since each distribution transformer, switch, power line and
bus have 1, 2, 2 and 1 terminals respectively, the total number
of terminals is Tyuymi = N1 + 2*N, + 2*N3 + M. Hence the
total number of nodes in the graph shown in Figure 3 is

Vil =N +M + Thum + K
=2N; +3(N2 +N3)+2M + K (1)

It should be noted that in the CIM model, the bus compo-
nent is connected to the connectivity point with the terminal.
This part can be simplified as a bus contraction model. After
the transformation, Figure 3 can be converted to Figure 4,
where the number of terminals is Ty = N1+ 2*(Ny + N3),
and the total number of the graph is

|V2|:N+Tnum2+K:2N1+3(N2+N3)+K (2)

B. TOPOLOGY SIMPLICATION MODEL BASED ON
HOMEOMORPHIC TRANSFORMATION

In the graph theory, homeomorphism refers to the preserva-
tion of all the topological characteristics of a given space
after mapping operation such as continuous extension and
bending, between two topological spaces. That is, all topo-
logical properties of a given space are preserved by repeated
expansion and contraction of 2-degree nodes, as defined in
Appendix A. Figure 5 shows an example of homeomorphism
transformation. The graph G1 is contracted to the graph G2
with the 2-degree node v, and the graph G2 is expanded to the
graph G1 with the 2-degree node v. Therefore, the graph G1
and G2 are homeomorphic.

In the model shown in Figure 4, the connectivity nodes
and terminals are virtual nodes without physical meaning.
For this reason, the model can be further simplified using
the homeomorphism transformation. The steps are shown as
follows.

Step1-1: With the contraction of a graph with a 2-degree
node, the two-degree virtual nodes are merged into the
virtual edges. Only the nodes that represent components
are kept in the graph.

Stepl-2: With the homeomorphic transformation, the
nodes that represent bus components and the virtual edges
near them are merged into ‘physical edges’.

After the two steps, Figure 4 is converted into Figure 6.
In this model, the number of the nodes in the graph is

V3] =N +M =N +N2+ N3 + M 3)
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FIGURE 4. Connectivity node-terminal model after the bus contraction
transformation.

Gl G2

FIGURE 5. Example of homeomorphism transformation.
because K > M, we have K > 2M, and then
Vol =2 N1 +3(V2 +N3)+ K > 2(N; + N, + N3 + M)
4)

According to equation (3) and (4), we have |V,|/|V3]| > 2.
This means that the number of nodes in the compacted model
is less than 1/2 of the one of the original model. Moreover,
no physical information is lost in the contraction. This paper
uses this compacted model as the graph model of the MV
distribution network.

Ill. DISTRIBUTION NETWORK TOPOLOGY ANALYSIS
TYPICAL SCENARIOS AND CORRESPONDING TOPOLOGY
LEVELS
The MVDN has a large volume of equipment, complex con-
nection relationships, and its topology changes frequently.
Topology is important basic information about the distribu-
tion network. The difference in application scenarios leads
to differential topology resolution requirements. This paper
divides the application scenarios into three levels: micro,
meso and macro levels, which correspond to the three topol-
ogy levels: feeder level, power supply unit level and regional
distribution network level. The power supply unit is an inde-
pendent power supply area composed of multiple intercon-
nected feeders, which is defined in Appendix B.

These service scenarios involve a wide range of power
supply areas, a difference of 3~5 orders of magnitude
in device volumes, and different analysis characteristics.
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FIGURE 6. Simplified model based on shrinkage of terminals and
connectivity nodes.

TABLE 1. Three levels of the scenarios.

Hicrarchy Typlcgl Topological Analy31-s Negligible '
scenarios level granularity  topology details
Micro Power 1'1ne Single component -
inspection feeder
Load transfer Contact feeder details inside the
Meso . .
analysis unit segment feeder segment
Regional details not related
Network eglons to the connection
Marco . distribution feeder . g
planning relationship in
network

feeders

Table 1 lists the three scenarios and topology analysis
characteristics, including analysis granularity and negligi-
ble topology details. In order to improve the performance
requirements of various scene topology analysis and visual
rendering, hierarchical topology abstraction method can be
used to reduce dimension compression.

In this section, a three-level paths (critical path, core path
and minimal path) dimensionality reduction method is pro-
posed. It takes a single feeder as the basic object, and the
three-level paths are all based on the corresponding abstract
model of feeders.

A. FEEDER-LEVEL MICRO SCENARIO (ORIGINAL PATH)
Micro scenarios are generally limited to single feeders, and
typical micro applications include equipment asset manage-
ment, daily line inspection, and line high loss and theft anal-
ysis. Therefore, they can be analyzed independently feeder
by feeder. The granularity of analysis is at the equipment
level, requiring the components and connection relationships
within the feeder to be as complete and detailed as possible.
The distribution network topology corresponding to the
micro business scenario is the basic graph model based on the
contraction and simplification of terminals and connection
points proposed in Section II, which is called ““original path™.

B. POWER-SUPPLY-UNIT-LEVEL MESO SCENARIO
(CRITICAL PATH)

Meso scenarios can generally be limited to the inside of the
power supply unit of the distribution network. Typical meso
applications include planned maintenance of distribution
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FIGURE 7. An example of the main path of the feeder.

networks, fault outage recovery, and optimization of
heavy-haul line operation, etc. These applications involve
cross-feeder analysis, so the model of a single feeder can-
not satisfy the requirement. The analysis range should be
expanded to multiple feeders connected by tie switches.
In these applications, the analysis resolution is the feeder seg-
ment controlled by tie/section switches, because the details
inside the feeder segment are negligible.

1) RELATED TOPOLOGY NODE DEFINITIONS
Definition 1 Main path of the feeder:

The set of paths formed by circuit breaker nodes connected
to feeder trees and tie switch nodes is called main paths of the
feeder.

As is shown in Figure 7, path; ~path, are formed by
accessing n tie switches from the breaker. The main path
Gt_main 1S obtained by taking the union of these paths, that is

n
Gf-main = Ui:l path; (5)

The main path is the principal structure of a feeder. Obvi-
ously, the main feeder path Gy_ iy is a subtree of the original
topology model Gy. The root node of Gy_pain is the breaker,
and the leaf nodes of it are the tie switches. Feeder main path
is an important intermediate form in the simplified evolution
of distribution network topology from original path to critical
path.

Definition 2 Bifurcation vertex (BV):

The node which is on the main path of the feeder, and
of which the degree is greater than or equal to 3, is the
bifurcation vertex.

Definition 3 Load subtree, load vertex (LV):

For the node N, on the main path of the feeder, if there is
a subtree with this node as the root and one or more subtrees
with leaf nodes on the original path, and the other nodes in the
subtree are not on the main path, the subtree is called a load
subtree, and the node Ny is a load node (LV). If a load node is
also a bifurcation node, the node is called a bifurcation node
with load instead of an ordinary load node.

Definition 4 relay vertex (RV):

The non-load, non-switch 2-degree vertex on the main
path of the feeder, such as cable intermediate joints, cable
terminal heads, ordinary relay towers, are defined as the relay
vertex (RV).

Definition 5 Feeder segment:

The path between any two adjacent switch (breakers,
section switch and tie switch) vertices or bifurcation vertices
is defined as the feeder segment.

VOLUME 10, 2022
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FIGURE 8. Critical path abstraction process.

Definition 6 Virtual Load Vertex (VV):

When the feeder segment with a load vertex is abstracted
into an edge, a vertex will be added to the edge to represent
the loads in the feeder segment. This vertex is defined as the
virtual load vertex.

2) CRITICAL PATH SIMPLIFICATION METHOD

The meso-level scenario focuses on the analysis of the trans-
fer capacity between feeders, and the load characteristics of
each segment on the feeder. Therefore, the internal structure
of the feeder segment can be ignored. The goal of the critical
path abstraction is to prune the original path, that is, neglect
the load vertex, load subtrees, and relay vertex in it. The steps
of generating the core path from the original topology model
are as follows:

Step 2-1: Extract the main path and load subtrees from the
original path, and label BV, LV and RV, and remove all load
subtrees.

Step 2-2: Traverse the main path to identify all feeder
segments, and combine the load vertices and relay vertices
on each feeder segment into virtual load vertices.

Figure 8 shows the process of generating the feeder main
path from the original path and eventually simplifying it to
a critical path. In the part of original path shown in Fig-
ure 8-1, there are 9 vertices (PO~P8) and 10 distribution
transformers. First, the main path is identified, and PO is
labeled as BV1, P3, P6, P7 are labeled as RV1~RV3, P1,
P2, P4, P5, P8 are labeled as LV1~LVS5, and all the load
subtrees are removed, the main path of the feeder is dis-
played, as shown in Figure 8-2. Then, the feeder segments
{BV1,CB1}, {CB1,CB2}, {CB2,TS1} are identified, and the
nodes in these segments is combined into the virtual load
vertices VV1~VV3 to obtain the critical path, as is shown
in Figure 8-3.

It can be seen that the critical path is transformed from
the main path of the original model through homeomorphism
transformation. This process effectively simplifies the orig-
inal topology without losing any critical information. The
number of vertices in the topology graph is also reduced
significantly. If the original path Gpim = (Vp, Ep) has N
vertices, including k tie switches, x section switches and
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FIGURE 9. Core path abstraction process.

y bifurcation vertices, its space complexity is O(N). After
Gprim = (Vp, Ep) is abstracted as Gkey = (Vk, Ex), its space
complexity decreases to O(k+x+-y), obviously N > k+x+y.
Therefore, the space complexity of the critical path is much
lower than that of the original path. The space complexity of
the critical path is proved in Appendix C.

C. REGIONAL-LEVEL MACRO SCENARIO (CORE
PATH/MINIMAL PATH)

A typical macro application scenario is the investment plan-
ning in distribution networks, including network reliability
analysis, new substation positioning, upgrading of the weak-
ness area in the distribution network. The whole MVDN,
which consists of buses and feeders in each substation in the
area, needs to be analyzed. The analysis granularity is power
supply units or feeders, which means the analysis focuses
on the feeder connection relationship instead of other details
inside the feeders.

Note that some scenarios require the macro topology at
first, and then degrade into meso and micro topology step
by step. Therefore, the switching between topologies with
different abstraction levels is necessary for analysis and
visualization.

1) CORE PATH SIMPLIFICATION METHOD

The objective of core path abstraction is to shield feeder
segment information in the critical path, and only preserve
the core nodes involved in the feeder profile, namely, circuit
breakers, bifurcation nodes and tie switches. The path formed
by adjacent core nodes is called the core feeder segment. The
core feeder segment is identified by traversing the critical
path of the feeder, and the segmented switches and virtual
load nodes in each core feeder segment are shrunk to generate
the core path of the feeder.

Figure 9 shows the process of generating the core path
from a simplified abstraction of the critical path. The crit-
ical path shown in Figure 9-1 contains three core feeder
segments, which are{BRK,BV1},{BV1,TS1}, {BVI1,TS2}.
The core path in Figure 9-2 is obtained by neglecting VVO0
in {BRK,BV1}, VV1~VV3, CB1, CB2 in {BVI1,TS1}, and
VV4, VV5,CB3, CB4 in {BV1,TS2}.

It can be seen that the core path is transformed from the
critical path through homeomorphism transformation. The
number of vertices is reduced while retaining the original
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topological properties. If the critical path Ggey = (Vk, Ex)
has k tie switch, x section switch and y bifurcation vertices,
its space complexity is O(k + x + y). After GKey = (Vi,
Ey) is abstracted as Goore = (Ve, Ec), its space complexity
decreases to O(k). Usually, the number of section switches
in the distribution network is several times the number of the
tie switches. The spatial complexity proof of the core path is
shown in Appendix D.

2) MINIMAL PATH SIMPLIFICATION METHOD

The complexity of topology is significantly decreased after
simplifying the original topology to the critical path and to
the core path. However, the urban distribution network often
adopts high reliability network structures, such as the double-
loop network connection. In these network structures, there
are many parallel-connected tie switches, which increase the
complexity of topology analysis and visualization. Based on
the core path, topology complexity can be further reduced by
simplifying the connection switch nodes.

Definition 7 Equivalent tie switch, virtual tie switch:

In the critical path, if two bifurcation vertices on differ-
ent feeders are connected by several parallel tie switches,
these switches are the equivalent tie switch. The connection
between the two bifurcation vertices can be simplified as an
edge with a virtual tie switch on it.

The steps of generating the minimal path are as follows:

Step 3-1: Check the core path of the feeders in a power
supply unit

Case 1: Bifurcation vertex BV1 is in the feeder GCorel,
and bifurcation vertex BV2 is in the feeder GCore2. There
are ¢ parallel tie switches between BV1 and BV2. They are
equivalent tie switches, and are combined into a virtual tie
switch, and go to Step 3-2;

Case 2: If the situation in case 1 doesn’t exist, the abstrac-
tion process is finished.

Step 3-2: The degree of BV1 and BV2 decreases after the
combination of the equivalent tie switches:

BV1.degree = BV 1. degree — q + 1
BV2. degree = BV?2. degree — q + 1

If the degree of any of the vertices decreases to 2,
it becomes a rely vertex, and can be neglected by using
the steps in Section II1.B.

Step 3-3: Go back to Step 3-1 to look for any other equiv-
alent tie switches again.

In Figure 10, there are 4 Ring Main Units (RMUs) at
the terminals of feeder A and feeder B. The buses of
the RMUs are A3, A4, B3 and B4. These buses are con-
nected by tie switches TS1~TS6. According to the defi-
nition 11, TS1~TS3 are the equivalent switches between
A3 and B3, and TS4~TS6 are the equivalent switches
between A4 and B4.
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FIGURE 10. Two feeders with equivalent switches between them.

TABLE 2. Abstract method and node selection in different topology
layers.

Topology  Abstraction Reta}ned Negla?cted Abstraction method
level level vertices vertices
Single
feeder Original path All
(micro)
breakers,
bifurcation
Power . Vertfce;, tie Loacll vertex, Load aggregation,
supply unit  Critical path switches, oad homeomorphism
section subtree, .
( meso ) . transformation
switches, relay vertex
new virtual
load vertices
Regional breaker, Section Homeomorphism
distribution ~ Core path/ bifurcation switch, transformation,
network mininal path vertices virtual load duplicate edge
(macro) tie switch vertex combination

The process of generating the minimal path of Figure 10 is
illustrated in Figure 11. First, the equivalent switches
TS1~TS3 and TS4~TS6 are simplified as virtual tie switches
TSV1 and TSV2, as is shown in Figure 11-1. The degrees of
A3, A4, B3 and B4 decrease from 4 to 2, so they are neglected,
as is shown in Figure 11-2. Then, TSV1 and TSV2 become
equivalent tie switches, so they are simplified as TSV3, as is
shown in Figure 11-3. Meanwhile, the degree of A2 and B2
decreases from 3 to 2, so they are neglected, as is shown in
Figure 11-4. Finally, there are no equivalent tie switches and
2-degree vertices in the path, and the abstraction process is
completed.

If one feeder is connected to other i feeders with k tie
switches, and the tie switches on the minimal path is k’, then
obviously 7 <=k’ <= k. It means that the space complexity
of the path decreases from O(k) to O(k ).

D. TOPOLOGY DIMENSION REDUCTION SUMMARY

The service characteristics of different scenarios are intro-
duced in the previous section. The spatial complexity of the
distribution network topology is gradually reduced through
continuous dimension reduction abstractions.

Table 2 lists the corresponding abstract methods and node
selection at different topological levels: The original path
corresponds to the microscopic topological level, including
all nodes in the distribution network topology; The critical
path abstract method corresponds to the meso topological
level. Since the structure in the feeder segment can be ignored
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Fig. 11-1: Virtual tie switch generation
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FIGURE 11. Minimal path abstraction process.
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FIGURE 12. Four topology planes with mapping relationships.

in the meso scene, the load nodes, load subtrees and relay
nodes in the original path can be removed. The core path
(including the minimal) abstract method corresponds to the
macroscopic topological level, and can ignore the structures
in the feeder that have nothing to do with the contact charac-
teristics, so only three types of nodes such as feeder circuit
breaker, bifurcation node and tie switch are reserved.

IV. APPLICATION OF THE HIERARCHICAL MODELS
USING NEO4J) GRAPH DATABASE
Neo4j is one of the most popular graph databases. According
to the above-mentioned hierarchical models, we transform
the CIM model of each feeder in the regional distribution
network to a vertice-edge based model and store in the Neo4;j
graph database.

Compared to the traditional relational database, the Neo4j
graph database has significantly improved the storage and
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FIGURE 13. Visualized topology of the power supply unit CB003.

analysis efficiency on the distribution network topology.
In the relational database, the information of each device is
stored as an independent record in the table, and is bridged by
connection points and terminal records to each other. There-
fore, in topology analysis, it is necessary to recursively query
all the related vertices and load their information into RAM.
When multiple feeders are involved, the queried information
need to be spliced. However, it does not require such complex
operation when using Neo4j database, since there is a natural
connecting relationship among the vertices in Neo4j. Based
on the Cypher language, the topology of the entire network
can be searched and analyzed efficiently. In addition, the
Neo4j database can store data attribute values for the vertices
and edges through key-value pairs. Moreover, personalized
labels can also be defined on the vertices and edges, so the
Neo4j database has rich description capability on topology.
In practical applications, by adding labels such as ‘original
path’, ‘critical path’, ‘core path’, and ‘minimal path’ to the
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TABLE 3. The number of vertices in different topology plane.

Number

original critical core  minimal
Network range feeodfers path path path path
10kV Feeder X 1 195 15 9
Power Supply Unit
CBO02 3 1027 47 22 22
Power Supply Unit
CBO03 7 3552 115 36 28
North Zone 57 22481 894 313 220
Whole county 146 65236 2195 733 528

vertices and edges in each abstraction level, four topology
planes which are logically independent can be constructed.
Afterwards, as shown in Figure 12, the mapping relationship
between adjacent topology planes is established. The physi-
cal vertices, such as switches, bifurcation points, etc. in the
higher-level topology plane and the corresponding physical
vertices in the lower-level topology plane are connected by
one-to-one mapping edges. The virtual vertices, such as the
virtual load, virtual tie switch, etc. in the higher-level topol-
ogy plane and the corresponding physical vertices in the
lower-level topology plane are connected by one-to-many
mapping edges. In this way, fast switching between different
topology planes can be realized.

V. CASE STUDY

The proposed algorithm is verified using the case of a prac-
tical MVDN in a limited scale county-level area in Jiangsu
province, China. The distribution network contains 146 10kV
feeders and 5800 distribution transformers, and is divided into
four zones: East Zone, West Zone, North Zone and South
Zone. Each of them consists of several power supply units.
The relational database software and graph database software
used in this test are MySQL 5.2.4 and Neo4j 3.5.17. The test
is conducted on a PC workstation with a 4-core 3.3GHz CPU
and 16GB RAM.

A. SCENARIO: VISUALIZATION

In the visualization interface of the test distribution net-
work, the density of vertex (devices) and edges (power lines)
directly affect the loading latency and the user’s experience
on the displayed topology.

This section carries out the analysis of the vertex quantity
and the query time of the distribution network in different
topology scales. Single feeder (10kV Feeder X), small power
supply unit CB002 (3 feeders), medium power supply unit
CBO003 (7 feeders), North Zone (57 feeders), and the distribu-
tion network of the whole county (146 feeders) are analyzed
respectively. Their numbers of vertices in different topology
scales are shown in Table 3.

It can be seen that the number of vertices becomes smaller
and smaller from original path to the critical path. The
compression ratio of the abstraction is more than 20:1. The
number of vertices in the core path/minimal path is further
reduced on the basis of the critical path. Figure 13 shows the
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visualized original path, critical path, core path and minimal
path of the power supply unit CB0O03.

The loading performances of the networks in different
topology planes are tested using the visual debugging tool
in Neo4j. The result is shown in Figure 14. Note that a
logarithmic transformation is applied on the Y-axis.

It can be seen that the loading time may exceeds 10 seconds
if the original path is used. Such a long time will influence the
user’s experience in application. If the scale of the network
becomes larger, Timeout Error may occur. The step-by-step
abstraction, i.e., original path — critical path — core path —
minimal path, can tackle this problem by reducing the loading
time to second-level.

B. SCENARIO: LOAD TRANSFER PATH SEARCHING

The load transfer is the most frequent operation in the
MVDN. When the maintenance is carried out or the failure
occurs, the load transfer between feeders can be performed
through a series of actions of the section switches and tie
switches.

The case used in this section is shown in Figure 15. There
are two main transformers in Substation A supplying 12 feed-
ers onits 10kV Bus I and 10kV Bus II. When the maintenance
is going to be carried out on one of the main transformers, the
other transformer will undertake all the loads. Therefore, a
load transfer for the five feeders (feeder /-feeder 5) connected
to 10kV Bus Il is required. In order to design the load transfer
strategy, all the possible load transfer paths need to be found
out and analyzed to form the optimal scheme.

The task is accomplished by using the deep first
search (DFS) algorithm on the original path and the critical
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TABLE 4. The number of possible transfer paths between each feeder
and the directly connected feeder.

Feeder | 6 | 7 | 8|9 | 10| 11 |12 | 13 | 14 | 15 | Total
1 Sl -1 2. - - - 2 - 2 6
2 -l - - 12 - 3 - - - 5
3 -l -3 - - - - - 3 6
4 N 3 4 |- - - 7
5 401-1-141- - - - - - 8

path in Neo4j, and on the model stored in the relational
database MySQL for comparison. The time consumptions of
the three models are shown in Figure 16. It can be seen that
after the path search on the critical path scale is completed, the
original path needed in the transfer can be obtained through
the reverse mapping introduced in section I'V.

Table 4 shows the number of possible transfer paths among
feeders and the contact lines. As mentioned in section II, the
transfer path search belongs to the meso topology analysis
scenario, and the structure within the feeder segment can be
ignored. The test results also verify that the critical path based
reverse mapping can obtain paths that are identical to the ones
obtained from the original path search.

It can be seen that, in the scenario of searching the load
transfer path, the performance is improved dozens of times
by using the original path rather than the traditional relational
database (MySQL). Moreover, the performance is further
improved by using the critical path rather than the original
path. It reveals that the graph-model-based topology abstrac-
tion and dimensionality reduction can significantly improve
the path search performance in meso or macro scenarios.

VI. CONCLUSION

In this paper, the simplification method of distribution net-
work model based on homeomorphic variation is proposed,
which can significantly reduce the topology complexity in
medium and macro business scenarios, and realize the expo-
nential improvement of topology loading and query effi-
ciency. At the same time, the application of graph database
realizes the fast conversion and traceability of different
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topologies, which lays a data foundation for the efficient
calculation and analysis of distribution network. Finally, the
effectiveness of the algorithm in topology rendering and rout-
ing search is verified by an example of county level regional
distribution network.

However, this paper does not consider the dynamic char-
acteristics of the distribution network topology, so there are
still some limitations, how to effectively describe, store and
efficiently analyze the historical multitemporal topology of
the distribution network based on the graph model remains
to be further studied. In addition, the research of this paper
is limited to medium voltage distribution network, and the
topology modeling and analysis of low voltage distribution
network is also worth further study.

APPENDIX

A. DEFINITION OF HOMEOMORPHISM
TRANSFORMATION

Homeomorphism refers to the preservation of all topological
properties of a given space by mapping between two topo-
logical spaces through continuous extension and bending.
The basic definition of homeomorphism transformation is as
follows:

Definition A-1 Expansion and contraction of a graph with
a 2-degree node:

Inserting a 2-degree node in an edge of graph G will divide
it into two edges, which is called the expansion of a graph
with a 2-degree node. Deleting a 2-degree node will combine
the two edges connected to the node into one edge, which is
called the contraction of a graph with a 2-degree node.

Definition A-2 Isomorphism:

If two graphs are completely structural equivalent, they are
isomorphic.

Definition A-3 Homeomorphism:

If the graphs G1 and G2 are isomorphic originally or after
expansions and contractions with 2-degree nodes, they are
homeomorphic.

B. DEFINITION OF A POWER SUPPLY UNIT

A partial distribution network consisting of a set of feeders
with direct or indirect contact relationships is called a power
supply unit. Therefore, the power supply unit is an area which
is independent in the dispatch, operation and maintenance.
It is suitable for a topological level in meso scenario analysis.

C. SPACE COMPLEXITY PROOF OF CRITICAL PATH
If the original path Gpyim = (V), Epp) has N vertices, including
k tie switches, x section switches and y bifurcation vertices.
Assume that the virtual load node set is VVSet and the virtual
load node set is VLSet.

Let GKeyS = (Vks, Exs) be a subtree whose critical path
contains only egress circuit breaker, contact switch, segmen-
tal switch, bifurcation point and connection relation of each

node. The total number of nodes in the subtree is:
Visl =k +x+y+1 (C-1
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By the characteristics of the tree, the tree of the total
number of edges |Exs| equals to the total number of nodes
minus one tree, namely:

|Eks| = Vis| =1 =k +x+y (C-2)

According to definition 5, each edge of GKeyS is a feeder
segment. Each feeder segment contains at most one virtual
load node. Therefore, the number of virtual load nodes meets
the following requirements:

[IVVSet| <= |Ex| =k +x+y (C-3)
The total number of GKey nodes is as follows:
IVl = [Vis| + [VVSet| (C-4)
According to (C-1), (C-3) and (C-4),
il <=Gk+x+y+D+k+x+y <
=2k+x+y+1 (C-5)

Therefore, the space complexity required to store the GKey
is Otk +x +y).

D. SPACE COMPLEXITY PROOF OF CORE PATH

Assuming that the feeder critical path GKey = (Vk, Ex)
contains k contact switches, x segmental switches and y bifur-
cation points, the total number of nodes in the corresponding
core path tree is:

Vel =k+y+1 (D-1)

According to the characteristics of the tree, the total num-
ber of edges of the core path is equal to the total number of
nodes minus 1, namely:

|Ee| = Vel =1=k+y (D-2)

In addition, since the degree of all bifurcation nodes is
greater than or equal to 3, the total degree d_cnt of all nodes
in the core path satisfies:

d_ent >=k*1 +y*3+1 (D-3)

Since the tree has the property that the total degree of nodes
is twice the number of edges, the number of edges of the core
path satisfies:

|E.| =d_cnt/2 >= (k+3y+1)/2 (D-4)
To sum up, it can be concluded from (D-2) and (D-4):

k+y>=(k+3p+1)/2
k>=y+1

(D-5)
(D-6)

According to formula (D-1) and (D-6), the total number
of nodes in the feeder core path |Vc| <= 2k, so the storage
complexity required by the core path is O(k).
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