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Abstract: The operation targets of the distribution management system (DMS) have be-
come increasingly diverse and complex. This complexity stems from the integration of
distributed energy resources (DERs) to achieve carbon neutrality, alongside the introduction
of new facilities such as electric vehicle charging stations and IoT sensors into the power
distribution network. As the distribution system diversifies, there has been a growing need
for interoperability to address these challenges effectively. Numerous DMS applications
rely on topology processing (TP) for analyzing and managing power network structure,
and the demand for nodes to process the connectivity has increased with the addition of
new operational equipment. The speed of TP decreases as the number of nodes managed
by a single DMS increases. Consequently, the operational reliability of TP-based DMS
applications declines due to a decrease in the performance of TP. This paper proposes a
new framework leveraging ontology databases (ODBs) to improve the performance of
TP in DMS under an interoperability environment. The presented framework identifies
shortcomings of traditional DMS utilizing relational databases (RDBs) and proposes a
remedy by employing an ODB framework to achieve faster TP performance based on
the common information model (CIM) for ensuring interoperability between components
within the DMS. To validate the efficacy of the proposed method, various case studies were
conducted on the DMS managing the headquarters level actual distribution network of
the Republic of Korea to compare the TP performance in the case of an RDB and an ODB
applied to the DMS. Results of case studies demonstrate that the proposed CIM-oriented
ODB framework for the DMS guarantees much faster TP speed than the one with an RDB.

Keywords: common information model; distribution management system; interoperability;
ontology database; topology processing

1. Introduction
1.1. Framework and Motivation

The introduction of new power facilities and evolving grid operational strategies,
including heightened interconnection of renewable energy sources, deployment of electric
vehicle (EV) charging stations, and adoption of medium-voltage direct current (MVDC)
interconnection technology, is reshaping the landscape of power distribution networks.
With the global expansion of renewable energy, the capacity of newly installed distributed
energy resources (DERs) has been continuously increasing, with total installed capacity
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expected to exceed 500 GW by 2030 [1]. As the share of distributed energy increases, the
related market is also expanding, and substantial investments are being made to enhance
grid operation reliability by transitioning to distribution system operators (DSOs). These
investments encompass electrification, renewable energy integration, grid modernization,
and digitalization. In Europe, investments are projected to exceed approximately 600 billion
euros by 2030 [2]. The 10th Basic Power Supply Plan, as outlined by the Ministry of Industry
of the Korean government, forecasts a rise in renewable energy generation to 21.6% by
2030 and to 30.6% by 2036 [3]. Additionally, the Ministry of Environment has unveiled the
2050 Long-Term Low-Carbon Power Generation Strategy, targeting a renewable energy
generation share of 65-80% by 2050 [4]. As of 2021, in the Republic of Korea, the cumulative
number of registered EVs and EV charging stations has been steadily increasing, reaching
approximately 230,000 and 70,000 units, respectively [5]. Furthermore, the necessity of
securing MVDC distribution operation technology by 2030 is indicated in the 4th Energy
Technology Development Plan [6]. The increasing complexity and diversity of entities
managed within a DMS to cover the medium-voltage grid necessitate an adaptable system
capable of accommodating technical and business changes in distribution networks. De-
veloping an advanced DMS with each shift in the power distribution system’s business
environment is impractical. Furthermore, predicting the development and implementation
of power facilities, crucial for ensuring the future efficiency and stability of the distribution
system, poses significant challenges. Adapting to evolving business landscapes requires
ensuring interoperability among components in the DMS. When a DMS facilitates interop-
erability among its internal components, it becomes capable of effectively responding to
shifts in business dynamics. The flexibility and scalability inherent in DMS components
allow for the addition of new features or processes, or modifications to existing ones, with
minimal disruption to interactions among system components.

1.2. Literature Review

Efforts have been made globally to ensure a standardized way of exchanging data
between internal components of a DMS, and the International Electrotechnical Com-
mission (IEC) Technical Committee (TC) 57 CIM, defined in the IEC 61970, 61968, and
62325 standard series, has been adopted to ensure interoperability since it serves as the
standardized information model for the operational IT systems of power networks, such
as energy management systems (EMSs) and DMSs [7-9]. Refs. [10,11] emphasize com-
munication standards and CIM applicable to data, while [12] deals with DMSs for smart
grids considering CIM-based interoperability. Furthermore, the CIM-based standard open
platform, Grid APPS-D, has been designed to develop advanced distribution applications
in an advanced DMS [13-16], and new applications for the advanced DMS based on CIM
have been developed [17,18]. Along with interoperability for components of a DMS, re-
search on standardized data exchange between DSOs utilizing a DMS as an operating IT
system and transmission system operators (TSOs) has been internationally conducted. The
TDX-ASSIST project aims to design and develop novel information and communication
technology (ICT) tools and techniques that facilitate scalable and secure information sys-
tems and data exchange between TSO and DSO based on CIM [19,20]. As the CIM-based
standardized data exchange is becoming more important worldwide, a CIM-based DMS
platform configuration with a CIM-friendly database is required to meet data exchange
requirements for the new features and processes in an advanced DMS.

Traditionally, DMSs have been constructed on RDBs to uphold operational speed, reli-
ability, and stability. Utilizing an RDB intuitively enables the representation of information,
facilitating efficient and organized data management through structured tables. Further-
more, the inherent characteristics of RDBs ensure consistency and integrity, maintaining
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data synchronization. However, predefining table structures poses challenges in adapting
flexibly to schema changes. Additionally, if a CIM-based DMS platform operates on an RDB,
an object-relational impedance mismatch occurs between the object-oriented CIM and the
RDB structure, which makes the RDB hard to intuitively represent CIM objects [21,22]. One
solution to this challenge is leveraging an object-relational mapping (ORM) tool, such as
SQLAIlchemy, Hibernate, Django ORM, Entity Framework, and Sequelize, facilitating the
mapping of object-oriented models to RDBs. However, while ORM tools address some
issues, they fail to mitigate fundamental issues associated with transformation processing.
These include performance degradation and increased query complexity stemming from
transformation processes. RDBs still exhibit drawbacks such as difficulty in handling
modifications to the information model and reduced TP speed [23,24], which is crucial for
applications in a DMS based on TP, as it provides an analyzed and managed power network
structure for TP-based applications such as load flow and state estimation. RDBs suffer
from slower topological search speeds as they only allow index searches on primary keys.
Consequently, using index searches to locate nodes for TP and their connected counterparts
is complex and time-consuming, and this reliance on TP inevitably leads to performance
degradation in TP-based DMS applications. Highly sophisticated relational SQL queries
must be developed to conduct graph traversal and pattern discovery using large numbers
of joins across CIM concepts, although several CIM-based commercial products utiliz-
ing RDBs with excellent performance, such as EcoStruxure ADMS from Schneider and
Spectrum Power from Siemens, are available.

Research has explored the introduction of various databases, including object—
relational databases (ORDBs) [25], and no-SQL databases [26,27] to a DMS based on
CIM-oriented standard interfaces. Ref. [25] presents a design approach for an ORDB
based on CIM, enabling flexible data conversion between the object-oriented and RDB
paradigms through ORM. Although ORM is structured to streamline complexity and en-
hance development efficiency by automating ORM, it can inadvertently generate complex
SQL queries or inappropriate joins during the mapping process, leading to performance
degradation. Furthermore, database-specific features or optimized queries cannot be used
due to the limitations of database optimization. While creating a more complex data model
may alleviate the object-relational impedance mismatch, it can introduce dependencies
on specific ORM tools, complicating future database changes. Regarding the utilization
of graph databases (GDBs), Ref. [26] presented the limitations of existing RDBs in storing
and processing large-scale ontologies and suggested a GDB-based approach. Ref. [27]
proposed a design methodology for a GDB-based framework aimed at storing and pro-
cessing data in power system applications. Both studies suggested storing large-scale
ontologies using a GDB, which falls under the category of no-SQL databases and ODBs.
However, neither study offered a specific implementation approach tailored for real-time
DMSs. To date, there has been no research exploring the utilization of ODBs to improve TP
performance in real-time DMS while ensuring guaranteed interoperability, as proposed
in this study. A brief summary of these related works is presented in Table 1 to highlight
their main contributions, strengths, and limitations in the context of CIM-based DMS and
database approaches.
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Table 1. Summary of representative research works on CIM-based DMS platforms and database

approaches.
Ref. No. Key Contribution Strengths Limitations
Introduction of communication . . .
[10,11] standards and CIM for Provides a fpundatlonal Lacks practlc.al
. understanding of CIM implementation aspects
data modeling
Apphcatlon. (.)f CIM-based Emphasizes integration Does not focus on data
[12] interoperability in smart importance in advanced DMS  storage or performance
grid DMS P seorp
Development of GridAPPS-D, a Enab'les a dvanced DMS Ma“le f.ocused' on
[13-16] application development application logic, not
CIM-based open platform
and reuse database performance
Implementation of new . .
9 b sivaned Demorsates theprcial - Noanlys o da
DMS applications y P & y
TDX-ASSIST project for . . Not directly related to
[1920]  TSO-DSO CIM-based Extends CIM interoperability .| ime DMs
across system boundaries .
data exchange database design
Issues of using RDB with CIM: Maintains reliability and Schema rigidity, low TP
[21,22] . . . . performance,
object-relational mismatch structure in legacy systems .
complex queries
[23,24] Analysis of TP performance Highlights the need for {“;H:i[gdi?:lﬂslgf:; and
! degradation in CIM-based RDBs  flexible modeling POlos
model updates
[25] Proposal of CIM-based ORDB Bridges object— ORM-related complexity,
with ORM tools relational paradigm optimization limitations
[26,27] GDB-based framework for storing  Suitable for semantic Lacks real-time DMS

large-scale CIM ontologies

modeling and scalability

implementation or TP focus

1.3. Contributions and Content Summary

The majority of previous studies have focused on researching the development of
frameworks for managing ontology-based information models, rather than exploring meth-
ods to integrate an ODB as a component in a real-time DMS. Leveraging the adaptability
and modifiability of CIM, research on information model frameworks capable of effectively
accommodating information models has been actively conducted. As proposed in previous
research, an ODB possesses the capability to adapt to changes in the information model and
offers scalability, rendering it suitable for designing a repository to manage it. Moreover,
an ODB can be utilized in the design of a CIM-based framework as a modeling environ-
ment for representing graphic information and conducting tests related to various power
system operations.

ODBs offer a graph-based and schema-flexible approach to storing domain knowledge,
in contrast to traditional RDBs that rely on fixed table structures. ODBs can represent CIM
objects natively without transformation, making it easier to update information models and
perform graph-based queries. This flexibility helps address key limitations of RDB-based
DMS platforms, particularly in TP, where performance and scalability are critical.

While previous studies have proposed CIM-based frameworks and explored the po-
tential of graph or ontology-based databases to store large-scale ontologies, most have
remained at the conceptual level or lacked consideration for real-time operational en-
vironments. Based on the literature reviewed, this study is the first to implement and
validate an ODB framework specifically designed for real-time DMS operations to en-
hance TP performance while maintaining full interoperability. The proposed framework is
tested using actual distribution network data from the DMS operated by KEPCO in the
Republic of Korea.
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This study contributes to the field by presenting the first implementation and valida-
tion of an ODB framework specifically designed for real-time DMS operations to enhance
TP performance while maintaining full interoperability. In particular, it identifies and
addresses three key limitations of RDB-based DMS platforms:

e  The object-relational impedance mismatch between the object-oriented CIM and the
table-based RDB structure

e The inflexibility to accommodate changes in the information model due to
rigid schemas

e  Performance degradation in TP stemming from inefficient graph traversal mechanisms
in RDBs

Furthermore, techniques for using ODB as a database for CIM-oriented DMS are
presented. When developing the DMS, interoperability can be secured by applying ODB
based on model-driven development (MDD) and component-based development (CBD)
methodologies, which have advantages in the three aspects presented above. Since the
RDF schemas and corresponding payloads are inserted directly into the ODB schema and
data, there is no object-relational impedance mismatch, and it is easy to change the DB
schema. Additionally, both the ODB data and messages exchanged through middleware
are composed of the RDF syntax, facilitating efficient topology search. Despite the benefits
of the proposed framework, current limitations include the need for manual ontology
modeling and instance mapping. Future work will focus on developing semi-automated
tools to alleviate this burden and enhance the scalability of the framework, and will also
consider the potential of extending the ODB framework through integration with smart
grid technologies and large-scale IoT-based systems.

The structure of this paper is outlined as follows: the configuration and development
methodology of a DMS ensuring interoperability with IEC TC57 CIM are presented in
Section 2. Section 3 presents and analyzes the issues arising from applying RDBs in a
CIM-based DMS structure. Section 4 presents a new framework for integrating ODBs into
the CIM-based DMS to address the issues associated with traditional RDBs. In Section 5,
case studies are described to validate the proposed framework and demonstrate its efficacy.
Finally, the conclusion is in Section 6.

2. CIM-Based DMS Platform Structure Considering Interoperability
2.1. IEC TC57 CIM

The IEC TC57 CIM standard originated from EPRI’s control center API (CCAPI)
research project [28]. Initially, the project aimed to streamline the process and cost of inte-
grating new applications into EMSs or other systems while also minimizing investments in
existing, well-functioning applications. It sought to provide an integrated framework for
connecting existing applications and systems. The main objective of the IEC 61970 series is
to integrate applications developed by multiple suppliers within a control center environ-
ment. It provides a comprehensive set of guidelines and standards to facilitate seamless
information exchange with external systems of the control center. The IEC 61970 standard
is structured based on the CBD methodology, which involves developing and combining
independent components separately to construct a software system. By utilizing the CBD
approach, applications can be integrated by modifying the component container, even
changes in the communication layer.

The IEC 61970 standard defines the base CIM as the standard information model,
which is crucial for ensuring interoperability among components within EMS [7]. CIM is
an abstract model representing the various power system resources using object-oriented
modeling techniques. In this study, the latest version of the CIM UML model officially
released by the CIM User Group was adopted. The applied version, CIM UML 100.1.1.1,
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incorporates IEC 61970 version 17.40, IEC 61968 version 13.13b, and IEC 62325 version
3.17b. Released on 4 July 2022, this version supports the integrated application of the three
CIM standards. To provide a clearer overview of the scope and purpose of these standards,
Table 2 summarizes the key features and application fields of the IEC 61970, IEC 61968, and
IEC 62325 standards.

Table 2. Overview of CIM-Based Standards.

Standard Application Domain Description
IEC 61970 Transmission Systems Defmes .the CIM for energy management system (EMS)
integration and information exchange.
L Supports data exchange between distribution management
IEC 61968 Distribution Systems systems (DMS) and other utility applications.
IEC 62325 Electricity Markets Provides models and messages for electricity market

communications based on CIM.

It enables the modeling of logical information, such as equipment or voltage/current
required for actual power system operations, into recognizable object forms. These objects
are represented by classes and attributes, organized into logical packages, each correspond-
ing to a specific part of the entire power system. A subset of the complete CIM is referred
to as a profile that contains only the corresponding information for a specific data exchange.
Figure 1 shows the Unified Modeling Language (UML) diagram of the profile representing
network topology. It includes classes such as ConductingEquipment, Terminal, and Connec-
tivityNode. ConductingEquipment models equipment that is responsible for conducting
electricity and serves as a top-class entity encompassing various power system components
such as ACLineSegment, Switch, and EnergyConsumer. Terminal represents the physical
junction that connects multiple ConductingEquipments, while ConnectivityNode serves
as a node facilitating connections between ConductingEquipments. Each ConductingE-
quipment is connected through Terminals. Figure 2 shows how to represent a simple
distribution network in CIM. It depicts a structure that connects Terminals at both ends of
ConductingEquipment and connects Terminals to ConnectivityNodes. If the connections
in the real system of Switch1, Branch?7, and Load5 are expressed by CIM, then Switchl,
Branch?7, and Load5 correspond to Switchl, ACLineSegment7, and EnergyConsumer5,
respectively. The interconnection of Switchl, ACLineSegment?7, and EnergyConsumer5
can be expressed by ConnectivityNode3 connecting Terminal2 for Switch2, Terminal6 for
ACLinesegment?, and Terminal4 for EnergyConsumer5.

IdentifiedObject

+ mRID
‘P\

+ name

ConductingEquipment Terminal ConnectivityNode
+ phases —
ACLineSegment Switch EnergyConsumer
+r + open +p
+X +q
+ length

Figure 1. UML diagram for a profile regarding network topology.
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Switchl Switch2 Switch3
Q Branch?7 /‘\ Branch2 O
Load5 Loadl1 Loadl7 Load23
ConnectivityNode Terminal ACLineSegment
| ]

- EnergyConsumer

Figure 2. Transformation of a distribution network model into a CIM.

2.2. CIM-Based Distribution Management System

DMS is an IT system designed to remotely monitor and control the distribution net-
work, aiming to improve the reliability and efficiency of a distribution system. As shown in
Figure 3, the operating system can collect data generated by the terminal devices through
the front-end processor (FEP) to monitor and control the status of the terminal devices
installed on-site. Data exchange can occur via the DNP protocol with terminal devices.
Additionally, interconnection to other systems can be facilitated through an external gate-
way [8]. Internally, the components of the DMS can exchange data based on the IEC 61970
standard, ensuring interoperability among them. The DMS comprises an information
model, middleware, database, FEP, human-machine interface (HMI), and relevant applica-
tions. The information model represents the data model that DMS components intend to
exchange with each other. Middleware functions as a data bus, providing communication
and data exchange between components through messaging. The database is a comprehen-
sive set of data managed and integrated by numerous individuals, allowing for systematic
storage, integration, and structuring of data. The FEP communicates with terminal devices
and wired /wireless communications networks using defined protocols to transmit data
to the central control device. The HMI provides operators with real-time system status
information via a screen interface. Lastly, the applications provide a variety of modules
designed to operate systems efficiently, including load flow calculation, voltage control, as
well as fault location, isolation, and service restoration (FLISR).

(DNP) External
(IEC61850) FEP APPs HMIs Gateway (IEC61968)

I | I I

Middleware (IEC61970)

Data Alarm
Agent Processor

| G | S
Static Alarm/

Figure 3. General platform architecture of the CIM-based DMS.
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Applying CIM to a DMS platform enables the establishment of a CBD-based devel-
opment environment, allowing the management of DMS elements at a component level.
Similarly to assembling IC chips or electronic components to create a PCB board, various
components can be combined to develop a DMS. Moreover, leveraging standard inter-
faces allows multiple vendors to participate in building a single DMS without needing to
develop all necessary technologies from scratch. With a platform supporting CIM-based
standard interfaces, components can be installed in the application storage, allowing for
flexible utilization. To establish such a platform, the database must comply with CIM
standards. The information model may evolve with the addition, modification, or removal
of new models to accommodate changes in the power industry business. However, as the
RDBs are designed for CIM compliance, they may become increasingly complex and lose
the advantages associated with RDB usage. To support such a CIM-based platform, the
underlying information model must be clearly defined and systematically managed. In
this context, the CIM is defined using UML class diagrams, and standard tools such as
CIMTool and Enterprise Architect (EA) are utilized to automatically convert the model
into RDF and XML representations. Furthermore, CIM extensions are conducted based on
a structured methodology involving use case definition, business object design, and gap
analysis, following the procedure proposed in [29].

3. Comprehensive Analysis of Issues of CIM-Based DMS Using RDB

This section analyzes and describes issues arising from the introduction of an RDB to
a CIM-based DMS. Traditional DMS platforms have primarily utilized RDBs. The DMS
database is primarily used to store static network models and historical data regarding
the operation of a distribution system, as well as for managing alarms, ensuring real-time
operation, consistency, and reliability of the data managed in the database. RDBs store data
in a fixed tabular format, making information simple and intuitively represented, thus easily
perceivable by humans. By utilizing an RDB, it is possible to efficiently and systematically
manage structured data in the form of tables. Owing to the inherent characteristics of RDBs,
they can ensure data integrity and maintain consistency by continuously synchronizing
information. By implementing queries effectively, it is possible to increase search speed
by utilizing the fixed structural characteristics of the database. In some cases, joining
tables can be used to improve search speed, but as the number of joined tables increases,
readability decreases, and query execution time significantly increases. The time complexity
for finding ‘m” elements in ‘n’ tables using queries in a traditional RDB is O(mlog, ). As
the complexity of the join query increases, additional parameters contribute to the time
complexity of the query process. Despite the numerous advantages of RDB as a database
type, CIM-based DMS can encounter various issues. In an object-oriented CIM-based DMS,
using an RDB can lead to object-relational impedance mismatch, difficulties in adapting to
information model changes, and decreased performance in TP.

3.1. Object—Relational Impedance Mismatch

When utilizing an RDB, the problem of impedance mismatch between CIM objects and
relations arises [22]. Storing data received from a component in the middleware into the
database results in an impedance mismatch with the data model. Object-oriented languages
support inheritance, polymorphism, and association, allowing data representation as
an object graph. RDBs represent data in the form of tables and columns, storing data
using relationships between tables, which can lead to inconsistencies between objects and
table models. Object-relational impedance mismatch is discussed in terms of granularity,
inheritance, identity, association, and data retrieval perspectives. The object model can be
more granular than the relational model, resulting in an object model composed of more
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classes than the number of tables in the database, as shown in Figure 4. RDBs lack support
for the concept of inheritance. In power distribution systems, switches are classified into
reclosers, circuit breakers, and load break switches based on their characteristics. In CIM,
the ProtectedSwitch class is defined as the parent class, with the Recloser, Breaker, and
LoadBreakSwitch classes as its child classes, inheriting from the ProtectedSwitch class.
Because of the absence of inheritance support, RDBs require designing one table for each
object or designing each class as a table. RDBs ensure exactly one identity through the
concept of primary keys, whereas objects define both identity and equivalence. Correlations
in RDBs are defined by foreign keys, which lack directionality. In contrast, objects exhibit
directionality in their correlations and bidirectionality by defining the association twice.
In object-oriented applications, a graph traversal method is employed, starting from one
object and connecting to others through links. In RDB, data exploration is performed using
joins to minimize the number of SQL queries. Various entities are loaded, and the desired
entities are selected through a join.

Connectivity
Table Node
Clas | Tdentified Field (PII;)DID
Object ;nl
. + mRID
Attribute tal Impedance Mismatch cl
Relation
Generalization 7?
— Terminal
Conpectivity Terminal (PK) ID
o mRID
+cl +dl al
Association di
(FK) CN_ID

Figure 4. An example of object-relational impedance mismatch.

An RDB is a database that organizes data in a tabular format and establishes cor-
relations between data through foreign key relationships. The table structure should be
designed to enable ORM of the object-oriented model to the RDB. The table design meth-
ods for expressing object-oriented can be largely divided into two approaches. The first
approach involves designing tables at a class level, representing individual objects. In this
case, the process of object creation and query execution becomes complex due to the table,
resulting in a significantly slower processing speed. By utilizing foreign key relationships,
all correlations (association, aggregation, generalization) in CIM are expressed, making it
impossible to distinguish correlations in the RDB. Secondly, to minimize the number of
join operations between tables, designing tables at the object level is feasible. However,
designing tables on an object-by-object basis can hinder the scalability of the model and
render it vulnerable to maintenance issues.

Figure 5a represents the tabular representation of the IdentifiedObject, Connectivi-
tyNode, and Terminal classes presented in Figure 4. When designing a table at the class
level for the child classes of IdentifiedObject, namely ConnectivityNode and Terminal,
tables for IdentifiedObject, ConnectivityNode, and Terminal can be created as shown in
Figure 5a. Each table contains attributes as fields, and foreign keys can be added in the
child classes’ fields to represent the inheritance relationship. To create a ConnectivityNode
object with mRID “563’, both the IdentifiedObject and ConnectivityNode tables need to be
explored. By using the foreign key ‘IO_ID’ in the ConnectivityNode table, the record in
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the IdentifiedObject table corresponding to the parent class of the object can be retrieved,
allowing the creation of a complete object. Similarly, for Terminals, exploration of both
the IdentifiedObject and Terminal tables is required, and objects can be created using the
foreign key ‘IO_ID’ in the Terminal table. The topology of ConnectivityNode and Terminal
can be explored using the foreign key ‘CN_ID" in the Terminal table.

Connectivity
Identified Connectivity Node
Object Node (PK) ID
(PK) ID +——H (PK) ID mRID
mRID H— el al
al (FK)IO ID cl
/N AN
Terminal Terminal
(PK) ID (PK) ID
d1 mRID
— (FK)I10_ID al
(FK)CN_ID dl
(FK) CN_ID

(a) (b)

Figure 5. An example of the RDB schema design for objects: (a) class tabulation; (b) object tabulation.

If the table is designed at the object level, as shown in Figure 5b, the ConnectivityNode
table can incorporate the attributes of the parent class, IdentifiedObject, to reduce the need
for joins. Designing tables at the class level by incorporating the attributes of the parent
class, the query complexity decreases compared to designing tables at the parent class level,
similar to Terminal. However, if a new child class is introduced in the Terminal due to
changes in CIM, the structure of the table becomes more complex as new attributes are
added to the Terminal table. When two or more new child classes are added, each with
additional attributes, there may be unused attributes depending on the object. If fields
defined in a database are never used, space is wasted. Executing a table query that includes
unnecessary fields takes a significant amount of time to read and write data, resulting
in degraded performance. The readability of the table is poor, causing confusion during
maintenance work. Furthermore, maintaining data integrity can be challenging, leading to
potential inconsistencies.

3.2. Difficulty of Changing Database Schema

With the rising usage of EVs, charging stations for them are being integrated into
the power distribution network. Additionally, new facilities such as converter stations
and soft-open points (SOPs) are being introduced with the emergence of DC networks.
These new elements impact not only the components but also the operation and system
of the distribution network. As the power business progresses, the information model for
a DMS undergoes modifications. Conversely, if certain equipment becomes obsolete, the
associated information model is deleted. If the same element has a different usage concept
or is expanded, changes to the information model become imperative. Figure 6 illustrates
changes in the information model, reflecting additions of new equipment, removal of
existing ones, and modifications of existing components, due to the transformation of the
power distribution network operating system. Upon implementing the SOP for operating
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the DC power distribution network, the new SoftOpenPoint class can be introduced to the
existing information model. In scenarios where SOP replaces the existing switch equipment,
the Switch class might be removed. Given that the existing information model addresses
AC networks, adjustments can be made to accommodate DC networks by converting the
ACLineSegment class to the LineSegment class.

IdentifiedObject

[dentifiedObject

+mRID +mRID
+ name tname
Delete Add Update
Switch ACLineSegment SoftOpenPoint | | LineSegment
+ open + length + refVoltage + length
Tr +r
+X +x
(a) (b)

Figure 6. Change in the information model due to new requirements on the power industry business:
(a) deletion; (b) addition and update.

An information model can be extended or modified to accommodate new data re-
quirements arising from new demands or business needs. Due to the characteristics of
the information model, the CIM-based DMS can adapt to changes in the power business.
However, aligning the schema in the RDB with the updated information model in the
DMS necessitates modification. However, RDBs are not structured to easily accommodate
changes in the data model. They come with constraints aimed at maintaining data con-
sistency, and altering the schema changes entails additional effort to ensure data integrity.
Complex tasks, including modifying table structures and constraints, rebuilding indexes,
and adjusting correlations between tables, are necessary. These tasks impact multiple
components connected to the database, leading to confusion and increased costs for schema
modifications. The scenario where a database schema is altered due to modifications in
the information model can be classified as shown in Figure 7. Changes in CIM compo-
nents are classified into modifying, deleting, and adding. Modifications to CIM elements
are classified as changes in class names, attribute names, and correlations. Correlations
can transit between association and aggregation, and vice versa. The generalization re-
lationship may also change, or aggregation or association may transit to generalization.
Deletion of CIM elements falls into three categories: class deletion, attribute deletion, and
correlation deletion. The addition of CIM elements can be classified into cases where the
top-level class, sub-class, or attribute name is added, as well as when aggregation, associ-
ation, or generalization is added. Types of correlations include aggregation, association,
and generalization.
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CIM Elements Change Class Name

Attribute Name

Association/Aggregation/Generalization

* Association — Aggregation

* Aggregation — Association

* Generalization

* Association — Generalization

* Aggregation — Generalization

CIM Elements Delete — Class

— Attribute

—| Association/Aggregation/Generalization

CIM Elements Add 7 Subclass/Superclass

— Attribute

— Association/Aggregation/Generalization

Figure 7. Types of information model modification.

Various scenarios for database schema changes are shown in Table 3. If there are
modifications, deletions, or additions to the new CIM elements, the database schema
must undergo alterations and migration. Migration involves transferring data from an
existing database to a new one in accordance with its structure. Analyzing changes in
the information model is necessary to redesign certain components based on the existing
RDB schema, considering the modifications. A database migration file can be generated to
modify the RDB schema according to the redesigned schema. The complexity of schema
changes varies depending on whether the existing database schema is tabulated with classes
or objects. In the modification depicted in Figure 5a, classes, attributes, and correlations
are mapped, respectively, to tables, fields, and foreign key relationships. When objects
are tabulated, as shown in Figure 5b, attributes are mapped to fields, while classes and
correlations are handled differently depending on the situation. As shown in Table 3,
when converting classes into tables from the perspective of database schema changes, the
process is relatively straightforward and not excessively complex, as it involves a direct
one-to-one mapping of elements. Mapping classes, attributes, correlations, and associations
to tables, fields, and foreign key relationships simplifies the modification process. However,
when objects are tabulated, handling schema changes becomes more intricate, necessitating
consideration of tables, fields, and foreign key relationships in certain cases. For instance,
adding more than two new child classes may result in unused fields depending on the
record. Redesigning the schema of a table based on its lowest child class to eliminate
unnecessary fields complicates the database migration process. Furthermore, if DMS
components are directly accessing the database to retrieve data, the impact of information
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model changes on the DMS is amplified. In such cases, not only is modifying the database
schema necessary, but also adopting the code where DMS components access the database.

Table 3. Structural modification of an RDB due to changes in information models.

Modification of Information Models Class Tabulation Object Tabulation

table name (depending

class name table name
on the case)
Change attribute name field name field name
correlation between classes change Not changed
table '(delet.mg the mh.e ritance ble or related field (depending
class relationship and foreign key on the case)
relationship between tables)
Delete attribute field field
. . . foreign key relationship
correlation between classes foreign key relationship between tables (depending on
between tables
the case)
table and set a foreign related table or field (depending
subclass/superclass K . .
ey relationship on the case)
attribute field field
Add
field of inheritance relationship;
correlation between classes foreign key relationship otherwise, foreign

key relationship

3.3. Degradation of Topology Processing Performance

The operational landscape of advanced DMS in the Republic of Korea has evolved
significantly, now boasting about 430,000 operational nodes. This growth can be attributed
to the expansion of the power network, the proliferation of terminal devices, and the
rise in DERs. The power network exhibits a radial-typed topology, where most DMS
applications, including load flow analysis, system reconfiguration, state estimation, and
FLISR, rely heavily on efficient TP. The performance of several key applications crucial
for managing the power distribution network is directly influenced by the performance
of TP. The load flow analysis application is software designed to calculate the magnitude
and phase of voltages at each node based on network topology information. For optimal
functionality, this application necessitates the accurate input of precise topology data.
It facilitates the determination of the operating cycle of applications, adaptable to the
operator’s needs or requirements. During the system design phase, it plays a crucial
role in running system analysis applications to verify and address potential issues within
the network, especially in worst-case scenarios. Furthermore, it serves as a core feature
within the system reconfiguration application. The FLISR application is pivotal in detecting
faults within the distribution network, identifying the affected section, and devising the
most efficient recovery plan. Incorporating topology processing functionality is crucial for
pinpointing fault sections accurately. However, the recent expansion of the distribution
network has led to a slowdown in the time for TP within the RDB-based DMS. The TP to
handle a specific distribution network area in a headquarters takes about 90 [s], a critical
factor for event-mode applications such as FLISR. Event-mode applications operate in
response to specific events, and the performance of a FLISR application depends on its
ability to swiftly react to occurrences such as malfunctions or overloads. Considering that
the target time for FLISR of advanced DMS in the Republic of Korea is 180 [s], a topology
processing time of 90 [s] alone could potentially pose challenges.



Appl. Sci. 2025, 15, 4105

14 of 29

The RDB-based DMS utilizes B—Tree or B+Tree data structures to search for correla-
tions between ConductingEquipment, Terminal, and ConnectivityNode, enabling rapid
index search. In RDBs such as MySQL and PostgreSQL, the B+Tree structure is commonly
used for index searching. In a B—Tree, each node can house multiple keys and children.
These keys are organized in sorted order, with each key being sorted into a left subtree
containing values smaller than itself and a right subtree containing values larger than itself.
B—Trees boast more branches compared to binary trees, allowing them to store a greater
number of keys. Their nodes accommodate multiple keys, resulting in a relatively low
tree height depending on the key count. This feature facilitates the efficient processing of
extensive data sets. A B+Tree, an advanced structure derived from a B—Tree, comprises
internal and leaf nodes. Internal nodes exclusively store keys, while leaf nodes store values.
In a B—Tree, all leaf nodes form a linked list, necessitating a search from the root node when
seeking adjacent leaf nodes. However, a B+Tree allows for linear search on the leaf nodes,
resulting in a significant reduction in time complexity. This structure finds widespread use
in large-scale database systems, proving efficient for range searches and sequential access.
As shown in Table 4, it is observed that binary trees exhibit a straightforward structure,
while B—Trees and B+Trees are specialized for large-scale data and index structures.

Table 4. Comparison of Binary Tree, B—Tree, and B+Tree.

Category Binary Tree B—Tree B+Tree
. . Multiple child nodes Multiple child nodes
Number of child nodes Up to 2 child nodes (the number can be defined) (the number can be defined)

Data storage location

Key and value are stored at Key and value are stored at both

Only the key is stored at the
internal node, and the actual

the node the internal and leaf nodes data are stored at the leaf node

Index
structure

. This index structure is
mainly used in large DBs or

Data are searched based file systems e  This structure is widely
on the key e  Data search and range used in a large DB system.
Data search, insert, and search are supported by ° Efficient for range search
deletion are efficient storing keys and values at and sequential access
both the internal and
leaf nodes

In RDBs, correlations for TP can be expressed through foreign key relationships be-
tween tables. The TP involves exploring these foreign keys. As shown in Figure 8, the
database is designed so that the Terminal class holds information about the ConductingE-
quipment and ConnectivityNode topology at both ends. Consequently, only Terminals
with primary keys can be searched using the index. However, when exploring correlations
between foreign keys, ConductingEquipment, and ConnectivityNode, index exploration
becomes impractical. This limitation results in extended processing times for TP.

In RDBs, indexes are typically set only for primary keys due to their inherent charac-
teristics. An index serves as a method to efficiently manage and swiftly search for data.
Although utilizing an index allows for efficient searching of records, there are limitations on
the types of data that can benefit from it. In RDB, indexes are automatically generated only
for primary keys and not for any other columns. Consequently, searching for data based
on the primary key can be swiftly executed using an index. However, when searching
for other columns, the index cannot be utilized, necessitating sequential scanning of the
entire record. To locate a specific record, the database must sequentially search through all
records, resulting in a slow topological search speed. As the volume of data increases, the
speed of searching decelerates, and the time complexity increases exponentially, as shown
in Equation (1). These constraints contribute to the reduction in the speed of topology
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exploration in RDB. This issue becomes particularly pronounced in databases handling
large-scale systems. To extract and analyze topology information effectively, a faster search
speed is advantageous. Equation (1) reflects the worst-case time complexity of an RDB,
which requires multiple nested joins to process relational queries.

Terminal ConductingEquipment
(PK) ID H (PK) ID
mRID CE_TYPE
name | mRID
phases name
(FK) CE 1D open
(FK) CN_ID r
X
length
/]
ConnectivityNode
(PK) ID
H mRID
name

Figure 8. RDB schema design for topology processing.

O<hRDB) = O(I’lz) (1)

Figure 9 depicts an example of topology processing using data stored in an RDB based
on the conceptual model presented in Figure 2. When exploring Terminal8 for the first time,
it is essential to verify that the IDs of the ConnectivityNode and ConductingEquipment
connected to Terminal8 are 7 and 9, respectively. Subsequently, the next step involves
searching for the Terminal with ConnectivityNode ID ‘7’. As the only primary key, ID,
of the Terminal table permits index searching, it becomes necessary to search through all
Terminals to confirm if the ConnectivityNode ID is ‘7’. Therefore, the time complexity of
the RDB search increases to O (nz). Conversely, in a B+Tree structure, employing index
search yields a time complexity of O(nlog, n). However, since the ConductingEquipment
and ConnectivityNode fields lack primary key status, index search remains unattainable.

(PK) (FK) (FK)
ID |CE_ID|/CN_ID

8 7 9
ID |CE ID|CN_ID ID |CE ID|CN _ID
6 7 3 10 | 11 9

NN

ID [CEID/CN_ID| | ID |CE_ID|CN_ID|| ID |CE_ID|CN_ID
2 1 3 4 5 3 12 | 13 9

Figure 9. An example of topology processing using data in an RDB.
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4. The Proposed CIM-Oriented Ontology Database Framework for DMS

In this paper, we propose a new CIM-oriented ODB framework to address the issues
caused by the use of RDB in Section 3 and implement an ODB within DMS. Ontology
entails the definition of components within a particular domain and a specification of
relationships between them. An ODB is a database that stores ontologies in the form of a
knowledge graph, using standards such as RDF or the Web Ontology Language (OWL)
to represent ontologies. It can store or output files in RDF format in a triple structure,
and it can also be represented in RDF graph format. RDF is an XML-based framework
for describing metadata about a particular resource and stores data in the form of a triple
that treats the resource, attribute, and attribute value as a unified unit. In this structure,
resources, attributes, and values of attributes correspond to subjects, predicates, and objects
of the triple structure, respectively. Multiple sets of triples can be merged if they have
the same node name. By connecting these triples, we can create an RDF graph structure,
establishing relationships between resources. This graph-based structure is convenient for
TP, so an ODB suitable for TP has been implemented. Leveraging these characteristics can
enhance the TP speed compared to that in the RDB-based DMS.

4.1. Development Process of the CIM-Oriented DMS Using an Ontology Database

Integrating an ODB into a DMS involves five distinct stages. First, determining the
appropriate ontology types for the DMS is essential. This requires analyzing use cases
to consider the types of data that will be represented and managed within the system.
Second, based on the results of the requirements analysis, designing an ontology becomes
imperative. This ontology can be represented as an information model comprising classes,
attributes, and associations, enabling the expression of relationships between entities and
objects. Third, it is possible to construct an ODB in the form of an RDF triple graph based
on the designed information model. Fourth, integrating the ODB into the DMS necessitates
a database inference engine. This engine functions as the input-output interface of the
internal components of the DMS, receiving a profile input in the form of a schema and
producing the corresponding payload as output. The components of DMS can exchange
data stored in the ODB through an inference engine. Finally, the system should be adaptable
to future changes or expansions. The information model can be modified, added to, or
deleted according to evolving business needs, and the ODB is designed with a flexible
structure to handle this. It must be possible to maintain additions, changes, and deletions
of new or existing classes, attributes, and associations.

Figure 10 illustrates the CIM-oriented DMS development process based on the inte-
gration of MDD and CBD methodologies. In the MDD approach, an information model is
first designed as a Platform-Independent Model (PIM) using standard modeling tools such
as EA. This model is then transformed into a Platform-Specific Model (PSM) by deriving
interface specifications, including RDF Schema (RDFS), XML Schema (XSD), and Interface
Definition Language (IDL) based on the CIM structure [30].

From the PSM outputs, interface-specific software components such as adaptors are au-
tomatically generated using a code generator, allowing a seamless transition from abstract
models to implementation. Meanwhile, the CBD approach supports the modularization of
the system into independently manageable components. Each component is connected to
the middleware through its own adaptor, and the middleware facilitates communication
with the ODB via a data agent.

The data agent, equipped with RDF inference capabilities, enables semantic reasoning
and accommodates changes in information models. All internal components conform to
CIM-based interface profiles, allowing for consistent and standardized data exchange across
the DMS. This integrated MDD-CBD methodology supports automatic interface generation
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and flexible service composition, thereby enhancing the scalability, maintainability, and
interoperability of the system under evolving policy and operational requirements.

Model-Driven Development Component-Based Development

Component 1

PIM

i
i -~ Adaptor

/

,/ < Middleware >
!
PSM | XSD || RDF || DL | |

!
|
I
@ ,' Data Agent
| /J\
!
Code Generator /

f e~
!

@ / Ontology
Code Adaptor 7

Figure 10. CIM-oriented DMS development based on MDD and CBD methodologies.

4.2. Details of Ontology Database Utilization
The ODB stores data in RDF files, allowing it to be structured in a subject-predicate—
object (S5-P-O) format. Since the object-oriented information model used as an interface
between components can be directly converted into a database without any transformation,
there is no occurrence of object-relational impedance mismatch. The ODB allows for the
flexible import and export of data in the CIM/RDF/XML file format. The RDF inference
engine, depicted as ‘Data Agent” in Figure 11, acts as an interface service connecting the
middleware to the ODB. Within the ODB, data are stored in the RDF triple. An ontology
for the power network operating system, encompassing the power network, facilities, and
operational technology, can be defined. This ontology can be modeled as an information
model based on IEC TC57 CIM, and it can be represented in the form of RDF triples.
As opposed to an RDB, an ODB does not require a schema design phase because the
information model itself represents the database. The information model itself serves as
both the schema and payload of the ODB. By utilizing the data agent, it is possible to define
and map profiles for the interface between applications, in addition to handling changes
in information models. The proposed ODB-based DMS framework can accommodate
diverse communication models among system components by flexibly defining CIM-based
interface profiles. This aligns with recent studies, such as [31], which emphasize the need
for customizable architectures in distributed energy systems to support heterogeneous
interaction patterns.
Figure 12 shows a portion of the interface schema that is stored in the ODB in the
form of S-P-O triples. The schema for the Switch class is defined by inputting ‘S’, ‘P,
and ‘O’ as base:Switch, rdf:type, and rdf:Class, respectively. Since the class name that
we want to define is Switch, ‘S’, ‘P’, and ‘O’ are entered as base:Switch, rdfs:label, and
“Switch”@en, respectively. The comment representing the description of Switch is entered
as base:Switch, rdfs:comment, and ‘Description of Switch’ for S, P, and O, respectively. Since
the Switch class is part of the Wires package, ‘S’, ‘P’, and ‘O’ are entered as base:Switch,
cims:belongsToCategory, and base:Package_Wires, respectively. As the superclass of
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Switch is IdentifiedObject, ‘'S’, ‘P’, and ‘O” are entered as base:Switch, rdfs:subClassOf,
base:IdentifiedObject, respectively.

APP1 APP2
Adaptor Adaptor
T
New Output i Input
CIM Ehements < ‘Middleware > New Profile
EA ‘\ ‘
'"”’é S Data Agent 5:-:-:-‘_‘} _____ Profile A
O 7 0! Complete CIM —
O O
O Ol | Schema Profile B }¢-————1
Coo — —
O O ) Payload Profile C |¢_____
O O] . — —

Ontology Database
Figure 11. CIM-oriented DMS using ontology database architecture.

CIM/XML/RDF Schema

(<rdfs:Class rdf:ID¥“Switch™}

more electric ct /rdfs:comment>
<cims:belongsToC rdf:resource="http://www.desktop-
egkvgqS.net/2019/£im: e Wires”/>

</rdfs:Class>

Ontology Da/Zbase \ \

y N N0
(base:Switch def:type j(rdfs:Class j
base:Switch rdfs:label “Switch”@en
“A generic device
base:Switch rdfs:comment designed to close or
open, or both, one or
more electric circuits.”
base:Switch cims:belongsToCategory base:Package Wires
base:Switch rdfs:subClassOf base:IdentifiedObject

Figure 12. An example of storing an interface schema in an ontology database.

Figure 13 shows the switch data as part of the payload, stored in the ODB as an
5-P-O triple. Since the mRID of the Switch is “10992901066’, ‘S, ‘P’, and ‘O’ are entered as
base:10992901066, rdf:type, and cim:Switch, respectively. The value of the attribute Iden-
tifiedObject.aliasName for the object with mRID 10992901066 in Switch is ‘Switch4964’.
Therefore, ‘S’, 'P’, and ‘O’ are entered as base:10992901066, cim:IdentifiedObject.aliasName,
and “Switch4964”, respectively. The values of the Switch.locked attribute are set to ‘S’,
‘P’, and ‘O’ with the respective input values of base:10992901066, cim:Switch.locked, and
“false” because the Switch.locked property is false. The remaining attributes are also stored
in the ODB in RDF triple format, following the same method as described above.
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CIM/XML/RDF Payload

<cim:Switch.open>fajsog/Smy;Switch.open>
<cim:Switch.switch@nCoNnt>53<{¢im:Switch.switchOnCount>
</cim:Switch>

Y N

O
(base:10992901066  (rdf:type j@im:Swi} D
base:10992901066 | SimldentifiedObjectaliasN g iicnagear
base: 10992901066 cim:Switch.locked “false”
base:10992901066 cim:Switch.normalOpen “true”
base:10992901066 cim:Switch.open “false”
base: 10992901066 cim:Switch.switchOnCount | “54”

Figure 13. An example of storing payload data in an ontology database.

Data can be exchanged between the ODB and other components in DMS by referring
to a defined schema that specifies the syntax in which the syntax of the data to be exchanged
is defined and by generating a payload accordingly. The profile intended for transfer from
the ODB to other components represents a subset of the complete information model stored
in the ODB. The schema for a specific profile can be used as the desired data exchange
between components in the form of a payload. By utilizing an RDF inference engine,
one can parse the schema to determine the composition of the profile in terms of classes
and properties and subsequently extract the corresponding data from the database. This
capability allows for accommodating new profiles as they are created. Figure 14 shows
how an RDF inference engine can derive a payload using a schema and data from ODB
as input. The RDF inference engine parses the schema to determine the structure of the
desired output data and then retrieves the corresponding data from the ODB to generate
the output in the form of a payload. By parsing the schema, it is possible to confirm that the
class is Switch and that the Switch class includes the properties IdentifiedObject.aliasName
and Switch.locked. With knowledge of the structure of the payload to be output, we
will proceed to explore and store all instances of ‘S” in the ODB where ‘P’ is rdf:type and
‘O’ is cim:Switch. Then, for all the ‘S’, ‘O’ whose ‘P’ is IdentifiedObject.aliasName and
Switch.locked is stored, and finally a payload is generated by using the stored ‘S’ and ‘O’.
This payload facilitates the input and output of information for a specific application on the
Switch, as outlined in Figure 14. The ODB schema flexibly supports diverse object types by
allowing datatype property extensions through subclassing. If a class is already defined in
CIM, it is used as is; otherwise, a new subclass can be created by inheriting from an existing
CIM class. The selection of a parent class for inheritance depends on the characteristics of
the object. For instance, HVAC systems can be modeled as subclasses of the Equipment
class and defined energy consumption attributes, while sensor systems can directly utilize
existing CIM classes and may include properties such as measurement intervals.
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CIM/XML/RDF Schema - Profile
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<cim:Switch.locked>true</cim:Switch.locked> ...

</cim:Switch>

Figure 14. An example of generating a payload using an interface schema.

4.3. The Procedure of Topology Processing Using an Ontology Database

Figure 15 represents a subset of the lineage models stored in the ODB, with data
for ‘“Terminal4’ and ‘Switch4964’ represented as ‘S’, ‘P’, and ‘O’. RDF triples can be repre-
sented in the form of an RDF graph, as shown in Figure 15, where the subject and object
nodes are merged. The Terminal with the mRID ‘53002901066" includes not only the at-
tribute name, which belongs to the Terminal class called ‘Terminal4’, but also correlations
with the Switch having mRID 10992901066’. Unlike an RDB, an ODB includes correla-
tions between components within the data itself, allowing straightforward exploration of
hierarchical topologies.

(]

P
53002901066 > Terminal4

IdentifiedObject.name

53002901066 > 10992901066
Terminal.ConductingEquipment
10992901066 > Switch4964

IdentifiedObject.name

@ Merge

IdentifiedObject.name
q Terminal4
Terminal. ConductingEquipment
10992901066

1)

53002901066

I

Switch4964

IdentifiedObject.name

Figure 15. Joining RDF triples.
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If an ODB is utilized, correlations between components of the power distribution
system can be stored in the RDF structure, facilitating TP. The ODB can be implemented as
an RDF triple store or a GDB. RDF triple store involves storing data by structuring RDB
tables into RDF triples (S-P-O). A GDB, however, is a type of no-SQL database that stores
RDF nodes in a graph format. An RDF triple store allows index searching, treating all the
S, P, and O as primary keys. Utilizing these characteristics facilitates data indexing and
efficient exploration. Each RDF triple possesses a unique address, enabling swift retrieval
of desired data stored in the database through triple indexing. Therefore, the RDF triple
store is advantageous for TP, and the time complexity of the RDF triple store in terms of TP
can be expressed as Equation (2). This equation indicates the extent to which the processing
time of topology increases relative to the amount of data given. As the number of nodes
increases, the speed of TP becomes significantly faster compared to an RDB. By utilizing
an RDF triple store, it is possible to efficiently process and explore large-scale RDF data.
Equation (2) theoretically represents the time complexity of topology processing using
an RDF triple store, which leverages the advantages of structured triple indexing. This
equation is derived based on the assumption that each element—subject (S), predicate (P),
and object (O)—is treated as a primary key in the triple-based index structure.

O(hrpr) = O(nlog, n) )

Table 4 shows examples of RDF triples stored in an RDF triple store. Figure 16
illustrates TP using the RDF triple store, based on the example presented in Table 4. As
shown in Figure 16, the initial search involves querying records where ‘S’, ‘P’, and ‘O’
are ‘0, “Terminal.ConductingEquipment’, and ‘1’, respectively. Subsequently, the next
step entails searching for records where ‘S’ is ‘1’ to establish a topology connection. This
involves searching for records where ‘S’ equals ‘1" and ‘O’ equals ‘2. This process is iterated
by searching for records where ‘S’ equals ‘2’. Since S-P-Os are all treated as primary keys,
they can be efficiently processed using an index search.

(PK)  (PK)
S O | O_SI
0 1 -
S O | O_sI
1 2 - S O | O._SI
>% 6 7 -
S O | 0O_sI V
2 3 - S (0] 0 _SI
7 8 -
S O | 0.SI >/
3 4 6 S O | O_SI
8 9 -
S O | O_sI V
4 5 - S O | 0.sI
N 9 10 12
S O | 0O_SI S O |0l
10 11 - 12 13 -
N A

Figure 16. Topology processing using an RDF triple store.
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A GDB stores data in an RDF graph structure, allowing direct connections between
data elements. A GDB is a database well suitable for handling complex operations using
graph theory. It utilizes index-free adjacency, allowing swift node traversal without the
necessity for index searches. Since the data are directly connected in a graph structure,
the speed of TP is significantly faster. This structure allows for a clear representation of
relationships between data and facilitates easy comprehension of complex relationships.
In the RDF graph structure, each node represents an entity, and each edge represents
a relationship between entities. Through this data structure, it is possible to explore
connected nodes starting from a specific node. By exploring each node and its connected
nodes, one can efficiently and rapidly find the desired information. Equation (3) describes
the optimal traversal performance of a GDB, which is based on index-free adjacency.
These characteristics are advantageous for TP, and the time complexity in this case can be
expressed as follows:

O(hgpp) = O(n) (3)

The GDB demonstrates exceptional performance in handling large-scale intercon-
nected data environments. This is attributed to its graph structure, which effectively
represents data relationships and allows for efficient exploration. Figure 17 illustrates an
example of TP using a GDB. As shown in Figure 17, it can be observed that the ‘“Termi-
nal.ConductingEquipment’ of ‘0" is ‘1" and the ‘ConductingEquipment.Terminal’ of 1" is 2"
The topology can be easily explored by iterating through this process. Starting from ‘0’, one
can sequentially explore ‘S’, ‘P’, and ‘O’ in the order of ‘1’, ‘2, and ‘3’ to find the next node.

Terminal.ConductingEquipment

Terminal.ConnectivityNode

ConnectivityNode. Terminal @
@ Terminal. Conductngqu]pment

Terminal. Conductngqulpment

Conductngqmpment Terminal

Terminal.ConnectivityNode

ConnecnvltyNode Terminal

Terminal.ConductingEquipment Termmal ConductingEquipment

T T

Figure 17. Topology processing using a graph database.

An RDB restricts index searches solely to primary keys, resulting in sluggish topology
searches. On the contrary, an RDF triple store utilizes each triple (S, P, and O) as a primary
key, and a GDB leverages the correlations of the RDF graph format, leading to rapid TP.
Comparatively, the complexity of the system search varies; an RDB has a complexity of
O(n?), while an RDF triple store and a GDB exhibit the complexities of O(n log, n) and
O(n), respectively. As the number of nodes increases, the time complexity of an RDB
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increases rapidly, resulting in poor topology processing performance. Equations (1)—(3) are
theoretically derived to characterize the data traversal behavior of each database type in
the context of TP within DMS platforms. These results will contribute to a more rigorous
evaluation of system scalability and reliability under practical conditions.

Although ODBs rely on semantic inference and graph-based processing, which may
raise concerns about computational cost and slower query execution compared to tradi-
tional RDBs, this limitation is mitigated in the context of DMSs. Since power systems
are inherently modeled as graph structures for topology-based applications such as load
flow, fault detection, and network switching, the graph-oriented nature of ODBs pro-
vides structural alignment with DMS data models. In particular, the use of GDBs with
index-free adjacency significantly enhances traversal speed without requiring complex join
operations. Furthermore, semantic reasoning can be limited to offline or non-real-time
processing tasks, enabling efficient and lightweight topology processing in real-time ap-
plications. This compatibility between domain structure and database design contributes
to maintaining system performance while leveraging the flexibility and extensibility of
ontology-based frameworks.

The proposed framework supports scalability for large-scale real-time DMS plat-
forms by leveraging the graph-based and schema-flexible properties of ODBs. In the case
study, topology processing performance was evaluated using actual operational data from
KEPCO'’s headquarters-level DMS. The system supports between 156 and 629 feeders per
headquarters, depending on the region, validating the proposed framework’s effectiveness
in high-complexity, real-time conditions. This scalability is demonstrated through the case
study results in Section 5.2 (Areas A, B, and C).

5. Case Studies

To verify the effectiveness of the proposed approach for applying an ODB into a DMS,
various case studies were conducted. This paper compared the processing speed of TP when
employing an RDB and an ODB to verify the feasibility of the proposed framework. A test
platform in Figure 18 was developed for conducting case studies, comprising middleware,
data agent, application, and database components. Middleware facilitates the transfer of
the payload generated by the data agent to the application. The data agent receives data
from the database, creates a payload, and transmits it to the middleware. The application
then processes the topology using the payload as input. The results of the case studies
were compared using an RDB, an RDF triple store, and a GDB. MSSQL, Apache Jena SDB,
and Neo4j were employed to perform research on the RDB, the RDF triple stores, and the
GDB, respectively. The computer simulations were executed on a server equipped with an
i7-8700k CPU, 16 GB RAM, and an NVIDIA GeForce GTX560 graphics card, operating on
the Windows 10 64-bit operating system.
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Figure 18. Configuration of the test platform.
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5.1. Comparison of Topology Processing Time by the Number of Nodes

Table 5 depicts the distribution network layout of the ‘area A’ of KEPCO, used for case
studies. As shown in Table 5, there are 441,284 Terminals, 164,222 ConnectivityNodes, and
269,268 ConductingEquipments. The class inheriting from ConductingEquipment includes
EnergySource, EnergyConsumer, Switch, Junction, LineSegment, PowerTransformer, and
BusBarSection. EnergySource class is used to model distributed power generation, while
EnergyConsumer class is chosen to represent loads. The Switch class is used to indicate
all switches used by KEPCO, including automatic and manual switches, automatic load
transfer switches, and composite switches. Line section information is represented by
using the ACLineSegment class, while bus information within a substation is modeled
by using BusBarSection class. Additionally, the PowerTransformer class is used to model
the power transformer within a substation, and the step voltage regulator is utilized on
distribution lines.

Table 5. Number of nodes within the test distribution network.

CIM Object Number of Nodes
Terminal 441,284
ConnectivityNode 164,222
EnergySource 13,992
EnergyConsumer 9110
Switch 58,113
. . Junction 64,994
ConductingEquipment ACLineSegment 122,561
PowerTransformer 176
BusBarSection 322
Total ConductingEquipment 269,268
Total CIM Objects 874,774

Figures 19 and 20 depict the graphs illustrating the TP time for each database as the
number of target system nodes in the DMS increases. Figure 19 compares the TP time
of the RDB and the ODB, while Figure 20 compares the TP time of the RDF triple store
and the GDB within the ODB. As shown in Figures 19 and 20, the TP time of the RDB
escalates rapidly compared to the ODB using both the RDF triple store and GDB as the
number of nodes increases. Table 6 shows the exploration time of the topology based
on the number of nodes. When there are 10,000 terminals, the exploration speed of the
RDF triple store is approximately 186 times faster compared to the RDB, while the GDB is
approximately 557 times faster. However, with 400,000 terminals, the exploration speed
of the RDF triple store is approximately 19,745 times faster than that of the RDB, while
the GDB is approximately 73,340 times faster. As the number of nodes increases, the
impact on the speed of TP becomes more pronounced. Therefore, through a case study,
it is demonstrated that applying an ODB is more advantageous for large-scale systems,
although several CIM-based commercial products utilizing RDBs with highly sophisticated
SQL queries can significantly enhance TP performance.

Table 6. Topology processing time according to the number of nodes.

Number of Terminals RDB [ms] RDF Triple Store [ms] GDB [ms]
10,000 0.557 0.003 0.001
100,000 60.200 0.022 0.005
200,000 379.238 0.044 0.014
300,000 1081.562 0.078 0.021

400,000 2053.510 0.104 0.028
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5.2. Expansion to Three Distribution Networks of the Republic of Korea

To expand the applicability of the proposed approach, the validity of the proposed
approach for applying an ODB, as presented in this study, is verified by using three
distribution networks of the Republic of Korea, areas A, B, and C. A comparative analysis
is conducted on the TP performance across KEPCO's three distribution networks. The
time taken to receive input data from the RDB, the RDF triple store, and the GDB through
the data agent and middleware, and to generate a payload in the application is measured.
Table 7 shows the number of nodes for each component of the distribution system managed
by each area of the Republic of Korea. As shown in Table 7, the total number of nodes
managed by areas A, B, and C is 874,774, 524,748, and 220,450, respectively, with area A
overseeing the highest number of nodes.

Table 7. Number of network nodes for three areas in the Republic of Korea.

Area  Terminal  Connectivity Node Conducting Equipment Total Objects
A 441,284 164,222 269,268 874,774
B 265,981 95,544 163,223 524,748
C 112,205 39,849 68,396 220,450

Table 8 represents the TP speeds when applying the RDB and the ODB to their
respective target systems. As shown in Table 8, the exploration speed of the RDB compared
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to the ODB increases rapidly as the number of nodes in the target system increases. This
demonstrates the advantage of employing the ODB in larger systems. The exploration
time for the RDB ranges from a maximum of 2283 [ms] to a minimum of 82 [ms]. It is
evident that the performance of TP in the ODB improves in comparison to the RDB as the
number of nodes managed by the areas increases. Area A finds that the TP speed of the
RDF triple store is approximately 20,210 times faster than that of the RDB, while the GDB
is approximately 78,749 times faster. Similarly, for area B, querying the RDF triple store is
approximately 9846 times faster than the RDB, while the GDB is approximately 39,383 times
faster. For area C, the exploration speed of the RDF triple store is approximately 3452 times
faster than that of the RDB, while the GDB is approximately 11,834 times faster. As the
number of nodes managed by the DMS increases, the difference in TP speed between RDB
and ODB applications becomes more pronounced.

Table 8. Topology processing time for three areas in the Republic of Korea.

Area RDB [ms] RDF Triple Store [ms] GDB [ms]
A 2283.725 0.113 0.029
B 707.889 0.072 0.018
C 82.840 0.024 0.007

6. Conclusions

This paper proposed a CIM-based framework that applies an ODB to a DMS to
enhance interoperability and improve TP performance. By employing the RDF-based,
schema-flexible structure of the ODB, the proposed approach effectively addresses three
key limitations of traditional RDBs: object-relational impedance mismatch, inflexibility to
accommodate information model changes, and performance degradation in TP. Objects
modeled in the CIM format can be directly stored as RDF triples or graph structures within
the ODB, enabling seamless object-to-database mapping. This eliminates the need for
transformation processes and enhances data consistency and query efficiency. The ODB
also enables knowledge inference through RDF reasoning capabilities, and it provides
a flexible interface for data import/export in CIM/RDF/XML formats. The proposed
approach has been validated through case studies using actual DMS operational data from
the Republic of Korea, demonstrating its practical viability in a real-world environment.
Furthermore, standardized interfaces across all DMS components—including the ODB—
facilitate seamless system integration and pave the way for the development of a knowledge
inference engine based on ODBs.

Although this study is based on Korea’s DMS environment, the proposed framework
is applicable to other countries that adopt IEC CIM standards, supporting international
interoperability and platform scalability. This work builds upon the authors” previous
research on CIM extension, RDF-based data handling, and ontology system integration for
power grid applications. Future studies will explore international case studies and cross-
country implementation scenarios to validate the adaptability of the proposed framework
in various regulatory and operational contexts. The proposed framework supports policy-
driven requirements for interoperability, transparency, and modular system integration. By
aligning with globally recognized standards such as IEC 61970/61968, it lays a foundation
for future regulatory compliance and cross-border energy system harmonization.

Despite the benefits of the proposed framework, current limitations include the need
for manual ontology modeling and instance mapping. Future work will focus on develop-
ing semi-automated tools to alleviate this burden and further enhance the scalability and
usability of the framework.
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The following abbreviations are used in this manuscript:

DMS distribution management system
DER distributed energy resource

P topology processing

ODB ontology database

RDB relational database

CIM common information model

EV electric vehicle

MVDC  medium-voltage direct current
DSO distribution system operator

IEC International Electrotechnical Commission
TC Technical Committee

EMS energy management systems

TSO transmission system operator

ICT information and communication technology

ORM object-relational mapping
ORDB  object-relational database

GDB graph database

MDD model-driven development
CBD component-based development
CCAPI  control center API

UML unified modeling language
FEP front-end processor

HMI human-machine interface
FLISR fault location, isolation, and service restoration
EA Enterprise Architect

SOP soft-open point

OWL web ontology language

PIM Platform-Independent Model
PSM Platform-Specific Model

RDFS RDF Schema

XSD XML Schema

IDL Interface Definition Language
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