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Abstract: Smart grids of the future will create and provide huge data volumes, which are sub-
ject to FAIR (Findable, Accessible, Interoperable, and Reusable) data management solutions when
used within the scientific domain and for operation. FAIR Digital Objects (FDOs) provide access
to (meta)data, and ontologies explicitly describe metadata as well as application data objects and
domains. The present paper proposes a novel approach to integrate FAIR digital objects and on-
tologies as metadata models in order to support data access for energy researchers, energy research
applications, operational applications and energy information systems. As the first example domain
to be modeled using an ontology and to get integrated with FAIR digital objects, a photovoltaic
(PV) system model is selected. For the given purpose, a discussion of existing energy ontologies
shows the necessity to develop a new PV ontology. By integration of FDOs, this new PV ontology is
introduced in the present paper. Furthermore, the concept of FDOs is integrated with the PV ontology
in such a way that it allows for generalization. By this, the present paper contributes to a sustainable
data management for smart grid operation, especially for interoperability, by using ontologies and,
hence, unambiguous semantics. An information system application that visualizes the PV system, its
describing data and collected sensor data, is proposed. As a proof of concept the details of the use
case implementation are presented.

Keywords: ontology; FAIR digital objects; photovoltaic system; data management

1. Introduction

In order to ensure the best possible reliability of power supply when using more
and more renewable energy, today’s power grids undergo a drastic evolution. They
have to change from demand-driven architectures to architectures which are supply and
demand-driven networks with the ability to handle the volatility of renewable energies
and, even more, to satisfy the expected increasing demands [1]. These new networks
are called smart grids [2], and they are used to describe the communicative connection
of the actors in the energy supply system to the power grid, from power generation,
transmission, storage and distribution to power consumption. The result is an integrated
data and energy network with completely new structures and functions. The networking
takes place through the use of information and communication technologies (ICT) as well
as decentralized energy management systems to coordinate the individual components.
Huge amounts of data are generated and required during the research on smart grids [3].
This is also the case in technology development, where data are generated in all areas
(materials, smart grid technology, power electronics). It is also relevant in the area of
smart grid control, where data are provided by models, simulations and experiments
in virtual, test and operational grids. The data must be adequately managed, made
available and be findable for others, which supports sharing and reuse between different
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research groups and research fields. Furthermore, semantic interoperability is an important
requirement to improve the exchangeability of data [4]. This allows different tools to
access the data without having to convert it into compatible data structures in terms of
formats, types and encodings. All these requirements represent a major challenge for
intelligent data management. To solve this challenge, up-to-date technologies in research
data management have to be applied. One promising approach is given by the FAIR
principles, which have been defined by Wilkinson [5]. FAIR stands for Findable, Accessible,
Interoperable, and Reusable, which correspond to the features that have already been
identified above. The concept of Digital Objects (DOs) provides solutions to meet the
FAIR principles and has recently evolved to the concept of so called FAIR Digital Objects
(FDOs) [6]. The requirement of interoperability is mainly a matter of semantics that can be
adequately supported by the utilization of ontologies and standardized schemas.

The aim of the paper is to provide a first solution to the described challenge by
combining these promising technologies to a novel energy data management concept.

As an application example a real photovoltaic (PV) system is chosen, which provides
a relevant amount of structural and descriptive data for the development of a non trivial
concept. Furthermore, in-house expert knowledge exists to develop an adequately detailed
model of the system. For this model, different standards and an in-house ontology are
used and it is shown how these can be integrated with FDOs. The modeled system can be
generically extended, if further components such as a weather station should be added.
The concept is agnostic about the used standards and ontologies. Therefore, it can be
applied to other energy related facilities as well. As a proof of concept, a use case that
visualizes a real PV system, its describing data from sensors that have been installed for
research purpose, is designed: methods and components are introduced to gather and
collect data as well as a system design and corresponding programming that uses existing
data storage solutions and modularizes the tasks of visualizing various aspects of PV
systems. It is generalized to be applicable to other use cases as well.

This paper firstly describes the underlying technologies, digital objects, FAIR digital
objects and ontologies. The necessity of an own PV ontology and its description are
explained. The used standards are explained and presented and the used FDO is defined.
The key point of the paper describes the novel approach to integrate ontologies and
standards using FDOs. This is followed by an explanation of the generalized application
of the concept as well as possible limitations. Then the implementation of the use case is
described. The paper concludes with a summary and outlook.

2. Underlying Technologies

This work proposes the integration of FAIR Digital Objects with ontologies to build a
metadata environment for data storage and access that adheres to the FAIR principles [5].
This section introduces these underlying technologies and presents the important related
work, in order to accomplish a sound understanding of the overall conceptual approach
given in the following section.

2.1. Digital Objects

The term Digital Object (DO) goes back to a paper published by Kahn and Wilensky
in 1995, which has been republished in 2006 [7]. The concept of DOs and the Digital Object
Architecture (DOA) will be briefly outlined and then, in the next subsection, lead to the
more up-to-date FDOs. It is important to note that the DOs from [7] are data structures and
cannot be used to reference other IT resources directly. Of course, such resources can be
described as data structures to suit the DO world.

A DO must have an identifier, named a handle by [7]. It is explicitly mentioned that
handles are not supposed to be manipulated by users directly. Handles are delivered
from handle generators. When retrieving a DO, its handle is presented to a handle server,
which delivers name and address of a repository where the DO can be requested from.
The DOA essentially consists of the handle system and the repositories. Taking a closer
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look at DOs, the handle is contained in a structure called key metadata, which are all
metadata that belong, mandatory or optionally, to all DOs regardless of the application
domain. To introduce domain specific metadata, there is a so-called Properties Record in
parallel to the DO, that also references key metadata. Figure 1 shows the properties of DOs
with their key metadata and Properties Record as described in [7].

During the last 20 years, many extensions to the original concept have been proposed,
formulated and also implemented: by the DONA Foundation based on the Digital Object
Interface Protocol (DOIP) [8], by the International Telecommunication Union ITU, and by
the working group Data Foundation and Terminology in the Research Data Alliance (RDA-
DEFT). An overview about the features can be found in [9].

Repository

L
[ 1

Key Metadata Properties Record Digital Object

Key Metadata Key Metadata

ID - Handle
Other Key Metadata ID - Handle ID - Handle
(optional) Other Other
Key Metadata Key Metadata
Other Metadata * Data

Figure 1. Properties of a Digital Object [* May Vary from Repository to Repository].

2.2. FAIR

Wilkinson introduced and described the FAIR principles in [5], which led to the idea of
a FAIR ecosystem [6] and this gave rise to a new branch in the family tree of DOs, namely,
the FAIR Digital Objects (FDOs). The authors of [6] present recommendations which
propose models for FDOs and a system of key services for FAIR data management. They
state that FDOs cannot exist without these services which they call a FAIR ecosystem. In the
following years until now quite a few FAIR implementations have proven the feasibility
of the FAIR ecosystem concept, as is shown in [10]. Schultes and Wittenburg [11] describe
the evolution of FDOs from DOs by extending their definition according to the FAIR
principles, particularly by including strong metadata type binding. They also mention
the Internet of FAIR Data and Services (IFDS) by GO FAIR (https://www.go-fair.org/
resources/internet-fair-data-services/) that is comparable to the FAIR ecosystem in [6].
As for the implementation of the FAIR principles, Ref. [12] gives a detailed interpretations
of each principle and also sheds light on possible implementation features, respectively,
accompanied by examples of existing solutions. In a recent work [13], an insight into
implementation details of interfaces and tools around the FAIR Data Point metadata
repository is given. An important basis for this work is the FDO specification of the FAIR
Digital Objects Forum [14], which is a guideline for the concept presented in this work.

2.2.1. FAIR Principles

The FAIR principles state that research data have to be Findable, Accessible, Interoper-
able, and Reusable, according to the four letters of the acronym. Essentially, for findability,
this means the usage of globally unique persistent identifiers (PIDs), a main concept, called
handles back in Kahn and Wilensky’s work [7]. For accessibility, open, free and standard-
ized protocols are required, which also allow authentication and authorization procedures
and provide tombstone information on already deleted data. Most important features that
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support reusability are accessible data usage licenses, provision of provenance metadata
and adhering to open and non-proprietary community standards.

Interoperability in the context of the FAIR principles primarily is semantic interoper-
ability, and most likely the most important principle. First of all, it depends on the language
that is used, which has to be a standard language and applicable in a wide range of cases.
A vocabulary is needed, that in itself adheres to FAIR and gives a strict and explicit naming.
Finally, qualified references must interlink various metadata objects. Among others, this
paper holds the view that ontologies are the technology to accomplish these goals.

2.2.2. FAIR Digital Objects

The description of DOs already contains features and properties that also apply to
FDOs. What makes these digital objects respectively resources FAIR digital objects is their
existence in a FAIR ecosystem with key services enabling FAIR and with the provision
of operations to retrieve application data. In contrast to Figure 1, FDOs comprise key
metadata, other metadata and a link to application data. Henceforth, the DOA handle
becomes the PID. In [6], it is pointed out that the implementation of FDOs should rely on
vocabularies, ontologie, and other metadata specifications and standards. Ref. [15] gives
a detailed overview of the development, the basic components and the surroundings of
FDOs in a digital object world. Furthermore, the DOIP is proposed as a core protocol even
for FDOs.

The obligatory set of key metadata can be seen as attached to an FDO’s PID and is also
called Kernel Information (KI) or PID record. The specification of the set of metadata used
in KI is defined by a Kernel Information Profile (KIP). The Research Data Alliance (RDA)
(https:/ /www.rd-alliance.org/) has released a recommendation paper [16] proposing
15 attributes KI should include. The Helmholtz Metadata Collaboration (HMC) (https:
/ /helmholtz-metadaten.de/en) uses this recommendation and extends the set of attributes
to adapt it to Helmholtz research data requirements. The modified HMC Kernel Information
Profile (Helmholtz KIP) will be released soon [17]. The most important attributes of this
profile for the proposed concept are explained in Table 1.

Table 1. Helmholtz Kernel Information Profile.

Attribute Name

Cardinality =~ Description

kernellnformationProfile

digitalObjectType
digitalObjectLocation
hasMetadata
isMetadataFor

This attribute expects a PID as value and states the profile used in the concrete record.

! The profile must be identifiable by a PID.

1 The PID of the data type of the actual data.

1+ The URL pointing to the actual data.
0+ A PID pointing to another FDO which has metadata about the data of this FDO.
0/1 The inverse of hasMetadata pointing to an FDO for what this FDO has metadata.

2.3. Ontologies
2.3.1. Ontologies—Basic Components of Semantic Technology

As a basis for ontology building in the energy domain, starting in this work with
a photovoltaics ontology, a combined definition is formulated, that emphasizes various
elements which have been discussed in more detail in the literature. The definition is:

Definition 1. An ontology specifies concepts of a knsemaedge domain, their properties and their
mutual relationships. It comprises a vocabulary to define the terms, a taxonomy stating the concept
hierarchy, and rules to allow for reasoning.

The term ontology goes back to work of Gruber in the 1990s [18]. Since then, ontologies
have gained a lot of significance in computer science concerning knowledge representation
and knowledge processing. Ref. [19] presents a good overview that supports the main part
of the definition given above and also explicitly mentions the significance of ontologies for
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object-oriented software design and an increasing convergence of both disciplines. More
detail on vocabularies and taxonomies as constituting parts of ontologies can be found
in [20] and [21], respectively. In [22], ontologies are called a special type of conceptual
models and rules and axioms are explicitly noted as a basis for reasoning.

Ref. [23] is about ontologies in Model Driven Engineering (MDE) and states that the
Unified Modeling Language (UML) is suitable for static modeling. In ontology building it
allows the definition of the vocabulary, the creation of the taxonomy and the modeling of
properties and relations between classes that represent an ontology’s concepts. Additionally,
object diagrams support working on instances of an ontology.

Instantiating the concepts described by an ontology delivers objects that describe a real
scenario. Properties contain describing data and relations or associations connecting the
instances. Thereby, the data are well structured and each concept or instance, respectively,
is put into a meaningful context. Ontological methods are thus a kind of best practice,
and from the beginning they supported knowledge representation in so-called knowledge
bases [24]. Up to now, ontologies provide benefits for many other communities, e.g., the
Semantic Web, as explained in [25], where also their significance for Big Data is addressed.

Ref. [20], as early as 1998, states that ontologies are important for effective communication
and also for interoperability and reusability. The latter two are the most important of the
four FAIR principles. Frequently, the question of the difference between schemas and
ontologies arises. This is an important point which has been studied in many papers,
e.g., [27,28]. Ref. [27] makes important statements in writing that conceptual schemas
are used for design, whereas ontologies are used at runtime. Furthermore, ontologies
should hold application-independent domain knowledge, while schemas are for special
applications within enterprises. Yet, both arguments are more on usage and complexity
than real differences. Additional axioms that make ontologies logical schemas with the
capability for reasoning, as referred to in [28], are in contrast a valid distinction.

A large number of studies tackle the problem of matching ontologies. In this early
stage of ontology development for PV, or energy systems in general, it may not really
matter, but already the question of integrating existing ontologies or fragments of existing
ontologies came up. It is beyond doubt that this well known challenge will strike this work
in the long run, too. So far, for the moment, Ref. [20] is an appropriate reference to start with
this important field of ontology development. Furthermore, Ref. [29] is about conceptual
and ontological modeling in information systems, and therefore of importance for this
work since the new PV ontology, in a first step, aims at supporting information systems.

2.3.2. Ontologies for the Energy Domain

In contemporary energy research and energy management, ontologies are already as
widespread as in other domains. It shall not be the task of this work to give an overview on
the entire energy domain. Nevertheless, in recent years, with the Open Energy Ontology
(OEO) [30], considerable effort has been undertaken to build an ontology that comprises
the entire energy system. It relies on the Basic Formal Ontology (BFO) [31] and is an
open community-driven project on GitHub (https://github.com/OpenEnergyPlatform/
ontology).

Since photovoltaics together with wind energy are the major renewable energies and
probably the most important representatives of future electricity generating technologies,
it is interesting to learn that ontology developments are also in progress for wind energy.
In [32], the authors report on their work to establish a considerable wind energy ontology
named OntoWind.

2.3.3. The Subdomain Photovoltaics

Before starting to create an own ontology for photovoltaic systems, already existing
approaches have to be examined. There can also be found ontological work in neighboring
fields. For example [33] and [34] both aim at developing ontologies to describe the knowl-
edge on various methods for solar irradiation forecasting, which shows that ontological
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modeling goes well beyond modeling of appliances and hardware systems. In [35], Wang
proposes a decision support system that is based on an ontology for solar energy supply
and demand analysis. In [36], it is pointed out that there is a lack of standardization for pho-
tovoltaics which prevents an optimal data analysis. The paper concentrates on events and
proposes an ontology to semantically integrate event log entries. A similar approach con-
cerning maximum power point tracking (MPPT) (See e.g., https:/ /www.aurorasolar.com/
blog/the-importance-of-modeling-global-maximum-power-point-tracking /), a method
to optimize power output of PV systems, is described by [37]. In this study, special focus
is laid on PV operation under shading conditions, a very relevant point since shading
strongly affects power output. To the authors’ best knowledge the Common Information
Model (CIM) [38] does not contain detailed photovoltaics although a bunch of classes also
covering solar irradiation have been proposed in [39]. Ref. [40] describes a new branch
in CIM for facilities connecting to a power grid by power electronics instead of rotating
masses and there is a subclass PhotoVoltaicUnit, but it does not have any photovoltaic
specific properties. Therefore, it remains for future effort to built PV into CIM.

The photovoltaic technology ontology system (PV-TONS) is an ontology created to be
used in decision systems. It provides a rule-based reasoning mechanism to determine the
optimal selection of PV systems and PV components for sustainable buildings. The model,
which is already describing a lot of PV system components, has been presented in [41,42]. It
has been very valuable as a template for the development of the PV ontology introduced in
this work, but is insufficient to describe the PV components and their relations to each other
with reasonable accuracy for our use case. The SEAS project consists of a bunch of ontologies
for the energy domain that especially supports the consumption side. The ontologies are
described in detail in [43]. Built on top of the SEAS Electric Power System Ontology,
the Photovoltaic Ontology contains four classes to describe the generating components
and a PowerlInverter as a special transformer, as well as a SolarTracker as a derivative of an
actuator. Thus, it contains the basics needed to describe PV systems, and in this respect
it is comparable to the OEO [30] that has been already mentioned. The OEO yet offers
a broader approach which is not constrained to a special aspect of energy systems, like
e.g., consumption in the SEAS ontologies. The PV-related classes in this ontology are
also relying on and embedded into a basis of electrical component classes, and due to
this all-encompassing scope, OEO has the most promising solution for an ontological
description of PV from the point of view of energy research data management and its
metadata requirements. Nevertheless, it has been decided to develop an own ontology at
first. In a second step, and since OEOQ is still an ongoing project as well as a cooperation
partner of the authors, there may be the option to merge the much larger energy domain of
the OEO and the more detailed approached for photovoltaics followed in this work.

3. Approach

The general approach presented in this paper is the integration of ontologies and
metadata standards with FDOs. To the best knowledge of the authors, this integration of
these three technologies is new and not present in the scientific literature. The instantiations
of ontologies and metadata standards are carriers of domain specific metadata. Additionally,
there will always be key metadata as described already by the early DO concept in [7],
which are implemented as so-called kernel information and explained in more detail in
Section 2.2.2, where it is also shown how FDOs cover these kernel information together
with links to all other ontology-based metadata.

Metadata can be distinguished in three aggregated functional classes: descriptive,
structural and administrative metadata [44]. The domain specific ontology-based metadata
are structural metadata describing the data structures or classes to implement further
metadata by instantiation, which themselves describe the application data sets the user’s
are interested in. This further metadata is called descriptive metadata. To come back to
key metadata or kernel information, this kind is also called administrative metadata, and it
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stores, e.g., provenance data or data to localize and access the application data. There are
even ontologies available; an example is the W3C PROV ontology [45] for provenance.

When using ontologies instead of schemas, the semantics can be expressed by the
vocabularies as well as the taxonomy of domain concepts given by these ontologies. Further
information can be provided and explored by users in the form of axioms that allow
reasoning and, thus, enhance the possibilities to search for research data. It should also
be emphasized that ontological data form a graph of data objects with the associations or
in general the predicates forming the edges and the data objects as well as the primitive
data stored in object properties are forming the nodes. This graph not only spans the world
of instances, but also crosses via instanceOf, which predicates a bridge into the structural
metadata graph of the ontology. In this graph, the FDOs are also included as upstream
objects with kernel information metadata directly included and domain-specific metadata
being linked to them. Even the user, holding the PID of an FDO, thus, becomes a logical
part of this network. Concerning kernel information, the work presented here relies on the
Helmholtz KIP as a schema for FDOs.

The development of the PV ontology has been done with the support of the tools Pro-
tégé (https:/ /protege.stanford.edu/) and Enterprise Architect (https:/ /www.sparxsystems.
de/), both being well suited to cope with important languages and formats for the ontolog-
ical world, like Web Ontology Language (OWL) as leading language in Protégé and UML
for graphical working in Enterprise Architect. A further development decision is given
by modeling of descriptive metadata with classes from IEC 61850 [46], the attachment of
geocoordinates using GeoJSON [47], and the ontological description of measurement data,
the major application data for PV research applications, with the help of SensorML [48].

4. FAIR Photovoltaic System

A digital description of a facility is a big challenge. One way to approach this challenge
is to define for which task the digital description should be used. Then the data needed to
solve the task can be determined. In this case the photovoltaic system (PV system) shall
be used in an information system which enables a user to visualize the PV system and to
find information about every component that is used in the system. The following data
are required:

1. Definition which components exist and how they are interconnected.
In the following, this data is referred to as structural composition data. It is described
using the PVOntology. The data can be categorized as descriptive metadata, since it
describes the structure of the PV system.

2. Properties of the components
This data is called master data and is a set of models of each component. For non-
MeasuringDevices, the standards IEC 61850 and GeoJSON are used; in the case of
MeasurementDevices components, only the standard SensorML is used. The data can
be categorized as descriptive metadata as well, since they describe the properties of each
component.

3. Description of measurement data of each sensor
The structure of the measurement data of a sensor belongs to the category of
structural metadata.

4. Storage location of the measurement data of each sensor
The location of the measurement data belongs to the category of administrative metadata.
Both items 3 and 4 are described using the SensorML standard.

Figure 2 shows a grid-connected photovoltaic system with an independent battery
storage. The system has three PV modules combined to a string. The string is connected
to a power inverter which transform the direct current into alternating current and feeds
the energy via an energy meter into the power grid. On the other side of the energy
meter another power inverter is connected which can either leech energy from the grid
to its battery storage or feed energy from the battery storage into the grid. Figure 2 is
already the structural composition data of the exemplary PV system, but to have a formal
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description, the PVOntology is used. Each of the components (excluding the energy meter)
has master data which is described using IEC 61850 as well as a geographical position
provided by the world geodetic system WGS84 that is described in GeoJSON. The master
data of the energy meter and the structure of the measured data as well as the location
of the measurements is described using SensorML. In the following, the PVOntology is
introduced, followed by short introductions to the used standards IEC 61850, GeoJSON and
SensorML. Before the concept of integrating the used standards with FDOs is explained,
Research Data Collections are introduced which are used in the integration.

Connection Point

PV string P
o,

PV module H PV module H PV module +—|‘_‘

Battery
Storage

Figure 2. Exemplary PV System.

4.1. PV Ontology

The PVOntology shown in Figure 3 describes the structural composition of the PV
system. It defines classes and the relations between them which are found in common PV
systems [49]. The ontology consists of about twenty classes, whereupon six of them are main
classes: PhotovoltaicSystem, SystemConcept, SystemComponent, Controller, MeasurementDevice
and ConnectionPoint. All other classes are subclasses of SystemComponent. The root node
of the PV ontology graph is PhotovoltaicSystem. It declares a complete PV system and
defines four relations to four of the other five main classes. The relation usesSystemConcept
is a 1-to-1 relation stating which of the four PV system concepts defined in [49] are used.
usesMeasuringDevice and usesController cover the system’s instrumentation. The entry point
into the structure of the photovoltaic power generation hardware is given by composed Of.
All subunits contained by this relation are instances of a subclass of SystemComponent.
These three relations are all one-to-many relations.

As mentioned before, the SystemConcept class defines the conceptual setup of a PV
system. Following [49], there exists four concepts of photovoltaic systems: Centrallnverter,
Stringlnverter, ModulelntegratedInverter and PowerOptimizer. The Centrallnverter concept is
created by using one inverter for the whole system, all photovoltaic strings (PV modules
connected in series) are connected in parallel at the single inverter. The advantage of this
concept is that only one inverter is required, but through the parallel connection of the
strings a mismatching loss occurs if some of the strings are shadowed (the maximum power
point is averaged over all strings). To overcome the mismatching loss, each string needs to
have an own inverter which can operate each string on its maximum power point. This
concept is called the StringInverter concept. In practical system implementations, often
two strings with equal module count and shadowing properties are connected to one
inverter. Another approach is to install an inverter onto every PV module. This leads
to the ModulelntegratedInverter concept that allows to get the maximum power of each
module, but also has a high effort in acquisition and maintenance costs. The last concept,
the PowerOptimizer, uses a so-called power optimizer for each PV module. It is a DC/DC
transformer allowing to operate each module at their power maximum. These modules are
connected in series to a central inverter which does the transformation of direct current to
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<<r51f:ty;3e>>

pv:Centralinverter | <<rdf:type>>

= pv:SystemConcept pv:usesSystemConcept (1..1)4 pv:PhotovoltaicSystem

alternate current. This concept can reduce the costs of a module integrated approach by
preserving the same advantages.

pv:Stringlnverter

pv:Powerlnverter

pv:Switch

<<rdf:type>> pv:usesController  pv:usesMeasuringDevice
<<rdf:type>> ) .
pv:Modulelntegratedinverter ’ pv:Controller H pv:MeasuringDevice ‘
pv:composedOf
pv:PowerOptimizer
pv:controls pv:measuresAt pv:measuresAt

pv:hasConnectionPoint: pv:ConnectionPoint

(S) pv:connectedTo

pv:DCDCConverter

pv:PowerConverter T
pv:MPPTracker ’ pv:Array pv:Module ‘ ’ pv:Cell ‘ ’ pv:MovableMounting ‘

LF pv: composedOfT pv: composedof pv:FixedMounting

pv:mountedOn (0..1)————

pv:mountedOn (0..1)
Figure 3. Overview of the PVOntology.

The classes MeasuringDevice and Controller allow to define sensors and actors belong-
ing to the PV system instrumentation. The information recorded from a sensor can be used
in plant operation like performing temperature protection of modules, tracking the sun’s
position, or to make predictions, e.g., power generation predictions or replacement predic-
tions. Of course, all kinds of sensor information may also be of interest in doing energy
research or in simulations with simulated sensors which are also based on an ontology.
Actors are used to control the behavior of the system like setting the maximal power output
or aligning a PV system with solar tracking towards the sun. Actors may also be activated
during experimental studies in research.

ConnectionPoints are used to describe the electrical interconnection of SystemCompo-
nents. A component may have one or many ConnectionPoints denoted by the object property
hasConnectionPoint. A ConnectionPoint can be connectedTo another point. Using an explicit
point instead of relations between components has the advantage that coupling points are
specified explicitly in a electrical net. For instance, if three components are connected to
each other through the same wire an approach with relation ends in a triangle situation (c1
is connected to c2, 2 is connected to ¢3, c3 is connected to c1). In such a triangle situation, it
is not possible to determine if only one wire is used or up to three wires are used to connect
them. This problem is circumvented by using an explicit coupling point.

The SystemComponent is an abstract top class for the more specific PV system com-
ponents and must be seen as a modeling-helper class only, it is the top class of all com-
ponents a PV system may consists of. A PhotovoltaicSystem is composedOf none to many
SystemComponents, i.e., a PV system is modeled by creating a list of components which
belong to the system. Therefore, the list of components only needs to include compo-
nents which are not directly or indirectly referred by the PhotovoltaicSystem class. Listing 1
shows the exemplary PV system (cf. Figure 2) modeled with PVOntology using Turtle
(https:/ /www.w3.org/TeamSubmission/turtle/) syntax.
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Listing 1. Excerpt of the Resource Description Framework (RDF). Description of the
Exemplary PV System using Turtle Syntax.

@prefix ex: <http://example.org/facilities/b445#> .
@prefix pv: <http://iai.kit.edu/onto/photovoltaic#> .

ex:PVSystem a pv:PhotovoltaicSystem ;
pv:usesSystemConcept pv:Stringlnverter ;
pv:composed0f ex:string , ex:strinv ,
ex:batInv , ex:battery ,
ex:meterﬁ.

ex:modulel a pv:Module ;
pv:hasConnectionPoint ex:cp_modulel_1 ,
ex:cp_modulel_2 .
ex:module2 a pv:Module (...)
ex:module3 a pv:Module (...)

ex:string a pv:String ;
pv:composedOf ex:modulel ,
ex:module2 ,
ex:module3 ;
pv:hasConnectionPoint ex:cp_stringﬁ.

ex:strInv a pv:PowerInverter ;
pv:hasConnectionPoint ex:cp_strInv_1 ,
ex:cp_strInv_2 .
ex:batInv a pv:PowerInverter (...)

ex:battery a pv:Battery ;
pv:hasConnectionPoint ex:cp_batteryﬁ.

ex:meter a pv:MeasurementDevice ;
pv:hasConnectionPoint ex:cp_meter_1 ,
ex:cp_meter_?ﬂ.

ex:cp_modulel_1 a pv:ConnectionPoint ;
pv:connectedTo ex:cp_string .
ex:cp... (...)

4.2. IEC 61850 and GeoJ]SON

The IEC 61850 is a international standard for substation automation systems developed
and maintained by the International Electrotechnical Commission (IEC) (https:/ /iec.ch).
Primarily, it is a communication standard for information exchange between devices in
a smart grid. The exchanged information is described by classes defining all relevant
properties a device or facility may have. These class definitions create a set of well-defined
schemas which are used in this work as models for the components of a PV system.
For instance, the model of a power inverter (DINV) in IEC 61850 contains data like device
ratings (e.g., maximum power output), operational limits (e.g., maximum voltage input),
device properties (e.g., if the power inverter uses field effect transistors or thyristors)
and more general data like vendor or model name. GeoJSON [47] is an open standard
based on the JavaScript Object Notation (JSON) file format to describe simple geographical
features. It is used to model positioning information of a PV component using geographical
coordinates. Both standards are used to describe the master data of a component in the PV
system which is not a MeasurementDevice. Listing 2 shows the IEC 61850 part of the master
data of the PV power inverter (cf. Figure 2) using the DINV class from the standard and
Listing 3 shows the corresponding GeoJSON part.
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Listing 2. Excerpt of the Power Inverter’s Master Data using IEC 61850’s DINV Class.

{
"WRtg": {
"setMag": { "f": 15000.0 },
"units": { "SIUnit": 38 }
3,
"InVMaxLim": {
"setMag": { "f": 1000.0 1},
"units": { "SIUnit": 29 }
},
"InAMaxLim": {
"setMag": { "f": 33.0 },
"units": { "SIUnit": 5 }
},
"NamP1t": {
"vendor": "SMA",
"model": "Sunny Tripower 15000TL"
3,

n. on n

Listing 3. GeoJSON of the Power Inverter’s Master Data.

{
"type": "Polygon",
"coordinates": [[
[8.43366, 49.0956], [8.43373, 49.09578],
[8.43375, 49.09578], [8.43367, 49.09559]
1]
}

4.3. SensorML

SensorML is a standard developed by the Open Geospatial Consortium (OGC) (http:
/ /www.opengeospatial.org/) to describe sensors and measurement processes [48]. In this
concept it is used to describe the sensor, its measurements, the data structure of the
measurements and the location where the measurements can be retrieved from. Moreover,
it allows to specify the geo-location of a sensor; therefore, GeoJSON is not needed. For future
work, it will be considered to use only GeoJSON for localization, so that information of the
same kind is described in one standard. Listing 4 shows an excerpt of the description of a
sensor sitting in the same casing as the above mentioned power inverter and measures the
outgoing power and other electrical quantities.

4.4. Research Data Collections

When reading the RDA recommendations on the Kernel Information Profile, it is no-
ticeable that there is no possibility to bundle multiple data into one record. For this purpose,
the RDA has proposed another recommendation—the Research Data Collection [50]. Col-
lections allow to bundle digital objects to reference them at once. The items of a collection
do not need to be FDOs, but FDOs are valid collection items. In this concept collections are
used every time information about the PV system is not, for whatever reason, available
as FDO.

4.5. Integrating Structural Composition Data and Master Data with FDOs

At this point the model of the exemplary PV system is a set of decoupled objects using
four different schema domains: the master data objects (IEC61850, GeoJSON, SensorML)
of the components and the structural composition data object (PVOntology). It is now
required to combine these objects to a coherent model by connecting the master data objects
to their corresponding entity in the structural composition data object. Figure 4 shows
the instantiated novel concept of the exemplary PV system. The background color of the
rectangles are used to distinguish between four logical layers: the yellow layer (labeled
RDF graph) contains the instance graph of the PV system—the structural composition
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data; the green layer (labeled FDOs) contains the FDOs connecting the decoupled objects;
the blue layer (each labeled with the name of a standard) contains the master data and the
violet layer indicates Research Data Collection instances.

Listing 4. Excerpt of the Sensor’s Master Data using SensorML.
{

"type": "PhysicalSystem",
"identification": [{

"type": "Term", "definition": "http://sensorml.com/ont/swe/property/Manufacturer",
"label": "Manufacturer Name",
"value": "SMA Solar Technology"

o
"type": "Term", "definition": "http://sensorml.com/ont/swe/property/ModelNumber",
"label": "Manufacturer Model",
"value": "Sunny Tripower 15000TL"

1,

"outputs": {"type": "OutputList", "output": {
"type": "Datalnterface", "data": {
"type": "DataStream", "elementType": {

"type": "DataRecord","definition": "http://sensorml.com/ont/swe/property/TimeSeries",
"field": [{
"name": "time"
: ,

"type": "Time",
"definition": "http://qudt.org/vocab/quantitykind/Time",
"uom": { "href": "http://qudt.org/vocab/unit/SEC" }
3o
"name": "fields",
"type": "DataRecord",
"field": ["...", {
"name": "GridMs.W.phsA",
"type": "Quantity",
"definition": "http://qudt.org/vocab/quantitykind/ActivePower",
"uom": { "href": "http://qudt.org/vocab/unit/W" }},
{0y
},
"4..”]
}, "values": {
"href": "url-to-measurement-data"
1333
},
"position": [{
"type": "Point", "id": "sensorLocation",
"srsName": "http://www.opengis.net/def/crs/EPSG/0/4326",
"coordinates": "49.095850 8.433728"
1
}

To create the model, FDO fdo445 needs to be created first. This object points with its
digitalObjectLocation attribute to the structural composition data object containing the RDF
graph of the PV system instance. The digitalObjectType indicates that the actual data is
an RDF graph using the PVOntology and formatted using Turtle syntax. With this FDO
the structural composition data of the PV system can be referenced. To connect, e.g., the
power inverter’s master data with its corresponding node in the RDF graph, the FDO
fdo0815 needs to be created. It points with its digitalObjectLocation into the RDF graph.
This is done indirectly by referencing fdo445 to get to the RDF graph and using a fragment
identifier (delimited by the @ character) ex:strInv to reference the node in the graph.
The digitalObject Type of fdo0815 states that it is a power inverter of a photovoltaic system.
With the attribute hasMetadata pointing to fdo1331, it tells a user that more information
about this power inverter can be found in the referenced FDO fdo1331. fdo1331 states with
its digitalObject Type attribute that its data is of type Research Data Collection and with the
digitalObjectLocation it points to the location of the collection. This collection bundles all
master data of the power inverter into an information package. The items of the collection
are pointing to the concrete master data objects (in Figure 4 the collection contains the items
pointing to the objects: StrInv (DINV) of the IEC 61850 standard and StrInv of the GeoJSON
standard). This approach can be applied to all other nodes of the RDF graph for which
master data objects exists that need to be connected to a graph node. The data of the PV
string ex:string is organized analogous as well as the data of the energy meter ex:meter
with one exception. flo14641 does not point to a Research Data Collection; it directly points
to a master data object. This is also a valid approach, the concept does not require to use
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Research Data Collections at all. As explained in Section 4.4 the hasMetadata attribute of an
FDO has cardinality 0+, which means it can be used multiple times to reference multiple
other FDOs by their PID. A user needs to determine if a data object should be available
as FDO, e.g., if the data object needs to be referenced in a publication, or if a collection is
used. The advantage of a collection is that only one FDO is needed to make the collection
referenceable; the items of the collection do not have to be FDOs themselves (but can
be FDOs).

RDF graph S oo eoe0sS composedOf--------
E ex:cp_string .
L7 pv:ConnectionPoint {7~ 777777 ComposedOf-------: .

ex:string pv:String
ex:modulel ex:module2 ex:module3
pv:Module pv:Module pv:Module

i

ex:cp_strinv_1
pv:ConnectionPoint

ex:meter
pv:Measurement
Device

-------- composedOf---:

ex:battery
pv:Battery

ex:PVSystem

pv:PhotovoltaicSystem
A

A
objectLocation objectLocation objectLocation objecLocation
fdo445@e1(:string fdo445|@ex:str|nv fdofl45@ex:meter fdo445@ex|:PVSystem
I I I I
fdo4711 fdo0815 fdo1337 fdo445 fdo42
7y 7y T T ,5%47 | |
%
%,
4
hasMetadata  hasMetadata hasMetadata
— | fdol21 fdo1331 > (fdo14641
' : ; | FDOs
objectLocation '—, objectLocation
objectLVocation
Strinv IEC61850 GeoJSON SensorML
Strinv
(DINV) > Strinv > Meter
String .
> > String
(DPVA)
3
String Batlnv
(DINV) Batinv
Battery
| (ZBAT) Battery

Figure 4. Diagram of the Modeling Concept using the Exemplary PV System from Figure 2.

To make the whole PV system referenceable, a single PID is required. This can be done
by creating a further FDO fdo42 (cf. Figure 4). This FDO points with its location attribute to
the photovoltaic system top node of the RDF graph, stating that the FDO is this concrete
photovoltaic system from the graph. The digitalObjectType of the FDO states that it is a
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photovoltaic system and the hasMetadata attribute is specified multiple times referencing all
FDOs of the components of the PV system as well as fdo445 which points to the RDF graph.
fdo42 acts as the root node into the FDO model tree from which any information about the
PV system can be accessed.

5. Generalization and Limitations

The key element of the concept is the creation of an FDO as a digital representative of
a physical object. The datatype of the FDO states the type of physical object, the assigned
PID makes the object referenceable. Using the hasMetadata respectively isMetadataFor field
of the HMC KIP metadata can be attached to the object describing the object in detail.
Through the loose linking, i.e., the mentioned fields do not enforce any specific kinds of
metadata, arbitrary metadata can be added which allows descriptions of different aspects
of the object. Further, the usage of fragment identifiers in the digitalObjectLocation field
allows to precisely state which object the FDO is about through referencing a specific entity
in one or more metadata descriptions. This is helpful at least when an object consists of sub
objects. The description of a sub object is done the same way as for an object. An object
becomes a sub object by being linked to another object using hasMetadata respectively
isMetadataFor. This linking induces an object graph. Since the concept for describing a sub
object stays the same, the same logic can be used to find information while traversing the
object graph. A further advantage is that it is easy to add more metadata to an (sub) object
without touching other FDOs than the one which is extended. Of course it is up to the
modeler which granularity (number of FDOs) is sufficient for the intended purpose.

In general, the concept is applicable at least to every technical system which consists
of one or more objects or components.

A disadvantage of the concept is the high number of FDOs that are required to describe
big systems in detail. This leads to a lot of links that must be resolved to find an object and
its related description if the object’s PID is not known in advance.

6. Implementation

In order to show the applicability of the concept, the use case described in Section 4
is implemented—creating an information system application to visualize a PV system
and allowing a user to interactively explore the data of the system. As exemplary PV
systen, the respective PV system on the rooftop of the authors’ institute is considered.
The implementation is split into two parts, the data gathering and storing part, and the
conceptualizing and programming part of the actual application.

The data are gathered by reading the documentation and product information papers
as well as interviewing the operators of the PV system. Then the data are categorized into
the three categories described in Section 4 and stored as schema-conform data objects using
JSON file format. To be able to create the FDOs, data types for different components of
the PV system and the used schemas need to be defined. Therefore, the data type registry
test instance (http:/ /dtr-test.pidconsortium.eu) of the GWDG (https://www.gwdg.de)
is used. A data type registry is a central database for data types providing machine and
human-readable definitions as required in [16]. Having the data types setup, a script
is developed which allows to semi-automatically create FDOs for all the data objects.
FDOs and data objects are stored in the Metastore ([51]) a database developed in the HMC
project. This database allows storing schemas and instances in one place, validating each
instance to conform to its associated schema before it is stored. The Metastore has a modern
Representational State Transfer (REST) interface to retrieve and manipulate stored objects.

The visualization application is developed as a web application using the modern
JavaScript framework React (https://reactjs.org/). Moreover, the application is imple-
mented as a plugin for the FDO Browser. This browser, which originated from an idea of
the authors to interactively explore the contents and interconnectedness of an FDO, offers a
convenient programming interface for resolving, parsing and managing FDOs and a plugin
interface to visualize and explore the data referenced by the FDO. The plugin selection is
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based on the digitalObjectType property of an FDO. A plugin is assigned to one or more
data types. Entering a PID of an FDO in the browser initiates the browser to resolve the
given PID, receiving the properties of the FDO and parsing them into an internal class
representation. This procedure is transparent to the user, the user only sees a loading
animation which changes to a horizontal split view after successful processing. Figure 5
shows a table listing all the properties of an FDO. The table is located in the upper part
of the horizontal split view. The lower part of the split view is used to present the visual
output of the plugins and is referred to as plugin view. If multiple plugins are assigned to a
data type, the plugin view offers the user a selection box.

PID: 99.T13337/b0000000000000000001

Fﬂ kernelinformationProfile 21.T11148/b9b76f887845e32d29(7

% digitalObjectType 21.T11148/b73a8755bb90{3383328

B dateCreated 8/26/2022, 8:27:21 PM

o digitalObjectLocation https://itdedm-handle-resolver.cloud iai.kit.edu/99.T13337/a0000000000000000007@https://iai kit edu/facilities

Building445#PVSystem_Building445

© license https://spdx.org/licenses/CC-BY-4.0.html
: hasMetadata 99.T13337/b0000000000000000002 36 W

Figure 5. Screenshot of the FDO-Browsers Table View Showing the Properties of an FDO.

For the implementation, five plugins are required: four plugins which visualize
the data of the four schemas used in this concept (PVOntology, IEC 61850, GeoJSON
and SensorML) and an additional plugin (FDOBridge Plugin) responsible for navigating
in the FDO induced object graph, i.e., finding the data about a specific PV component.
The following sections summarize the implementation and describe essential features of
the plugins PVOntology, IEC 61850, SensorML and FDO Bridge. A plugin for GeoJSON
has not been developed yet.

6.1. PVOntology Plugin

The PVOntology Plugin has the task to create a visualization of an arbitrary RDF graph
which is created using the PVOntology ontology. Of course only the terms and relations
contained in the ontology are visualized. Figure 6 shows a screenshot of the visualization of
the institutes PV system created by the plugin. To load the plugin, the calling process passes
the graph instance to the constructor. Then the plugin parses the graph data and transforms
it into the representation required by the used diagramming library. The transformation
process maps each used component to a Scalable Vector Graphic (SVG) based representation.
The size of the graphical representation and the position in the diagram is determined by a
callback function. This function is called for each component. As parameter, the Uniform
Resource Identifier (URI) of the component (i.e., the RDF identifier) is passed and as return
value a GeoJSON object is expected containing size and position of the corresponding
component. If size and/or position are not given, a default value for the size is used and
the position is determined by the diagramming library built-in layout algorithm. After the
transformation process, the PV system is visualized as an interactive SVG graphic that
allows to zoom and pan using a mouse-like input device. To react to user mouse-click
events, another callback function can be provided. This function takes as parameter the
URI of the component and has no return value. The FDOBridge Plugin uses this callback
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Figure 6. Screenshot of the PVOntology Plugin Visualizing the PV System

6.2. IEC 61850 Plugin

The IEC 61850 Plugin is designed as a table that concisely presents the information
from the IEC 61850 classes. The table headers are created from the corresponding schema
of each class. The calling process passes an IEC 61850 schema-conform object to the plugin;
the object is parsed and information is extracted in a human-readable way. Figure 7 shows
a screenshot of the visualized master data of a power inverter.

One challenge is to recognize to which class an object belongs, since in this work the
standard is not used as intended as hierarchical stacked objects. Instead, the classes are used
standalone to describe a specific aspect of a PV component. There are three approaches
to identify the class of an object: the object states its class by itself, an algorithm analyzes
the structure of the data and estimates suitable classes, or the information is passed as an
additional argument. The authors chose the first approach since it is easy to implement
and has less drawbacks than the other ones, as elaborated in the following: Using the
second approach has a huge time overhead, although in this case an algorithm could use
the schemas to find the best fitting class. It would have to examine more than 500 IEC
61850 classes. Further, it would be possible to reduce the search space, and thus directly
the time consumption, by providing only a subset of classes which are relevant for this
use case, i.e., only classes required for PV systems, but this would restrict the usage of the
plugin to just this use case. The third approach could be realized by either creating a data
type for each class of IEC 61850 or the data source, where the data object is retrieved from,
must provide additional information. In the former case, it would be required to copy the
class names of the whole IEC 61850 into a data type registry which creates a problem of
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responsibility regarding curation. In the latter case, the interface to the data source must be
known by the retrieving process to be able to parse the additional information.

Plugin View

IEC 61850 Plug - Power Inverter -
Vendor SMA
Model Sunny Tripower 15000TL
Description Three phases
Apparent Power 0 VAr
Active Power @ 15000 W
Inverter Switch Type Field effect transistor
Phase A Configuration Feeding from N 1o A
Phase B Configuration Feeding from N fo B
Phase C Configuration Feeding fromN1o C
Maximum Input Voltage 1000V
Maximum Input Current 33A
Cutput Frequency Setting 50 Hz

Figure 7. Screenshot of the IEC 61850 Plugin Visualizing the Master Data of an Power Inverter.

6.3. SensorML Plugin

As described in Section 4.3, SensorML allows to model every aspect of a sensor. To vi-
sualize every aspect of a sensor in a suitable way is a software project of its own. Therefore,
the plugin is restricted to only visualize the measurement data of a sensor as line graphs.
Moreover, it is assumed that the interface of the web service, where the measurement data
can be retrieved, follows the interface specifications of the institutes internal time series
services as described in [52]. With this restriction and assumption, creating the plugin is
pretty straight-forward. The calling process passes an object conforming to the SensorML
specification to the plugin. The plugin analyzes the object and extracts the information
about the structure of the measurement data and its location. Then a request for the mea-
surement data of the last 24 h is made. The plugin presents the user a selection of the
measurement fields contained in the response. The user selects one or more measurement
fields. The selected measurement fields are visualized as line chart. Figure 8 shows the
visualized measurements of the power production and the grid frequency of a power
inverter of the PV system.
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Figure 8. Screenshot of the SensorML Plugin Visualizing Power and Grid Frequency Measurements.

6.4. FDOBridge Plugin

The FDOBridge Plugin can be seen as the controller in a Model View Controller (MVC)
architecture. FDOs and schema instances are the models in this architecture, and the plugins
described above are the views. To initialize the plugin, a BridgeFDO and a Plugin Loader
object are provided from the calling process. The given BridgeFDO induces a subgraph
of the FDO induced object graph. First, the plugin examines the referenced FDOs in the
hasMetadata field of the given BridgeFDO. If only BridgeFDOs are referenced, they will be
listed and the user may explore them by opening them in the FDO browser. This case only
occurs if the given BridgeFDO is the root node of the FDO graph and no non-BridgeFDO
are referenced. If a non-BridgeFDO is found, it is passed to the Plugin Loader to obtain a
suitable plugin. It is possible that more than one non-BridgeFDOs are referenced. Then the
user needs to be asked which of these FDOs shall be loaded using a plugin.

The FDOBridge Plugin registers a callback on the loaded plugin. The callback is
called by the loaded plugin (if the plugin supports this) each time the user interacts with a
visualization element. For instance, if the loaded plugin is the PVOntology Plugin as shown
in Figure 6, the callback is called every time a user clicks on a component. As parameters
the callback receives an identifier and expects a list of plugin suggestions as return value.
The FDOBridge Plugin treats this identifier as a fragment identifier and searches for a match
in the digitalObjectLocation field of each referenced BridgeFDO. If a matching BridgeFDO is
found, the FDOBridge Plugin traverses the subgraph, induced by the matching BridgeFDO,
to resolve all referenced non-BridgeFDOs and creates a list of plugin suggestions using
the Plugin Loader. A plugin suggestion is an intermediate object that allows to defer the
initialization of a plugin. The plugin, which triggered the callback execution, decides based
on the plugin suggestions which further plugin for the user interaction should be initialized.
During the callback phase, the FDOBridge Plugin acts as MVC controller fetching models
(data) and passes them to appropriate views.

7. Conclusions and Outlook

In this paper, a novel concept for metadata modeling in energy data management is
presented. It combines ontologies and other metadata standards with FAIR Digital Objects
(FDOs). The integration of these technologies is applied to a PV system. Several existing
PV ontologies are examined and for various reasons none of these approaches do fully
comply with the new concept. Therefore, a custom PV ontology is developed and presented
in this work. After the first step in developing a new PV ontology, combining it with a
weather ontology will be one of the next steps to be taken, especially since the example PV
system treated in this paper is equipped with a weather station. Therefore, Ref. [53] shall
be mentioned here as a candidate for quickly extending the new PV ontology.

In Section 6 a reference implementation is described and implemented using the PV
information system use case from Section 4. It should be noted that the reference imple-
mentation does not yet support Research Data Collections [50]. In future work, collection
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support will be implemented using [54] which is developed within HMC. We plan to imple-
ment the presented concept also with other tools, like an in-house development using RDF
technology [55] or a microservice-based approach as described in [52]. A third candidate is
an electronic lab notebook allowing to use arbitrary schemas models [56]. Afterwards, it
will be evaluated which implementation will work best for our data management purposes.

Since the ontologies and standards built into the concept are agnostically interchange-
able, this concept is explicitly designed for application to any other energy system and
even non-energy systems. It remains to a next step to demonstrate the general applicability.

On the methodological level, further work on the PV ontology is planned. With the
experience and results from the self-developed ontologies, weaknesses could be identified,
which will be improved in a next step. In order not to develop another ontology in a niche,
it would be favorable to integrate the PV ontology with an existing greater ontology project.
Because the authors are involved in a cooperation with partners from the Open Energy
Ontology [30], it is planned to integrate the PV ontology into OEO.
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