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Abstract. A driving force for the realization of a sustainable energy
supply is the integration of renewable energy resources. Due to their
stochastic generation behaviour, energy utilities are confronted with a
more complex operation of the underlying power grids. Additionally, due
to technology developments, controllable loads, integration with other
energy sources, changing regulatory rules, and the market liberalization,
the systems operation needs adaptation. Proper operational concepts and
intelligent automation provide the basis to turn the existing power sys-
tem into an intelligent entity, a cyber-physical energy system. The elec-
tric energy system is therefore moving from a single system to a system
of systems. While reaping the benefits with new intelligent behaviors, it
is expected that system-level developments, architectural concepts, ad-
vanced automation and control as well as the validation and testing will
play a significantly larger role in realizing future solutions and technolo-
gies. The implementation and deployment of these complex systems of
systems are associated with increasing engineering complexity resulting
also in increased engineering costs. Proper engineering and validation
approaches, concepts, and tools are partly missing until now. Therefore,
this paper discusses and summarizes the main needs and requirements
as well as the status quo in research and development related to the en-
gineering and validation of cyber-physical energy systems. Also research
trends and necessary future activities are outlined.
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1 Introduction

Renewables are key enablers in the plight to reduce greenhouse gas emissions
and cope with anthropogenic global warming [16]. The intermittent nature and
limited storage capabilities of renewables culminate in new challenges that power
system operators have to deal with in order to regulate power quality and ensure
security of supply [7]. At the same time, the increased availability of advanced
automation and communication technologies provides new opportunities for the
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derivation of intelligent solutions to tackle the challenges [11, 24]. Previous work
has shown various new methods of operating highly interconnected power grids,
and their corresponding components, in a more effective way. As a consequence
of these developments, the traditional power system is being transformed into
a Cyber-Physical Energy System (CPES) [31]. The electric energy system is
therefore moving from a single system to a system of systems.

While reaping the benefits that come along with those intelligent behaviours,
it is expected that system-level developments, architectural concepts, advanced
automation and control, innovative Information and Communication Technol-
ogy (ICT) as well as the validation and testing will play a significantly larger
role in realizing future solutions and technologies [11, 24]. The implementation,
validation, and deployment of these complex systems of systems are associated
with increasing engineering complexity resulting also in increased total life-cycle
costs. Proper engineering and validation approaches, concepts, and tools are
partly missing until now [26].

The aim of this paper is to discuss and summaries the main needs and re-
quirements as well as the status quo in research and development related to the
engineering and validation of CPES. Also research trends and necessary future
activities are outlined.

The remaining parts of the paper are organized as follows: Section 2 provides
a brief overview of the desired engineering and validation process of CPES-based
applications whereas in Section 3 the main problems and needs are identified.
Afterwards, the status quo in research and development is analysed in Section 4
followed by a discussion of future research trends in Section 5. Finally, the main
conclusions are provided in Section 6.

2 Desired CPES Engineering and Validation Process

As already mentioned above, the development of new application for CPES is
associated with increasing engineering complexity. One main issue with this is
that traditional engineering methods for power system automation were not in-
tended to be used for applications of this scale and complexity. By combining
the outcome of several publications in the last few years, a desired engineering
and validation process can be proposed containing four main phases: (i) spec-
ification and use case design, (ii) automated engineering, (iii) validation, and
(iv) deployment [8, 4, 21, 3, 13]. The proposed process is based on a model-driven
approach and is illustrated in Fig. 1 with the main focus on providing the user
with automated support throughout the whole process.

The process starts with a specification and use case design. Based on use case
description methods such as the Smart Grid Architecture Model (SGAM) and
IEC 62559 (also known as the IntelliGrid approach), a structured description
and visualization of use cases can be defined. However, to fully take advantage
of the high amount of information in the modelled use cases these description
methods must be transformed into machine-readable and formal formats [2].
Formal specifications together with the high-level use case description act as the
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Fig. 1. Overview of a desired engineering and validation process of CPES [22].

main input and thus form the basis for the following automated steps of the
development process [22].

The following automated steps in the process are based on the formal speci-
fications and use case descriptions. First of all, it is possible to generate different
types of configurations. This can be executable code for field devices, config-
urations for ICT equipment or generated setups for Supervisory Control And
Data Acquisition (SCADA). Model-based or ontology based approaches from
software engineering are examples of methods that can provide this kind of au-
tomation [22, 32]. Optimally it should also be possible to automatically validate
the resulting generated output configurations. Automated testing for software
development has already existed since several years. However, similar approaches
for CPES are currently missing. When testing CPES, multiple system aspects
need to be validated, such as ICT, automation/control, and security and privacy
topics apart from the power system itself [3, 25]. For system tests the advantage
of automated testing would be even greater than for single components.

Once validation has been successfully accomplished the last phase is deploy-
ment of the software and configurations to field devices. When the power system
relies on more and more software systems for a secure and safe operation, the
deployment and update process of this software gets more complicated. If up-
dates are not applied in the correct order, or if an update is unsuccessful, this
can cause the power system to operate incorrectly or even damage it or people
working with it. To support the user with this stage, the development process
should be able to analyze the power system state and create rollout schedules
that minimizes the risk of disruptive events and errors [13, 5, 27].

3 Main Problems and Needs

A characteristic feature of renewable sources and customer side solutions is that
they are mostly available in a decentralized way as DER [16]. From todays point
of view it is nearly impossible to address all future needs and requirements in
CPES and DER components. The flexible addition of new control functionalities
in DER components is therefore an essential future feature [33]. For example,
in Germany about 15 GW power is produced from PV systems today. The 50.2
Hz problem is a well-known fact because today it is nearly impossible to re-
motely update control functions and parameters of DER components to correct
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earlier grid code decisions [30]. Beyond purely technical solutions, changes in reg-
ulations and grid codes will also be indispensable. Consequently, the planning,
management, and operation of the future power systems have to be redefined.
The implementation and deployment of these complex systems of systems are
associated with increasing engineering complexity resulting in increasing engi-
neering costs.

The usage of proper methods, automation architectures, and corresponding
tools offers a huge optimization potential for the overall engineering process.
The starting point is detailed use case and requirements engineering. This has
led to a number of recent smart grid projects where use case descriptions of
corresponding applications are in the focus [9, 23]. Some promising approaches
have already been developed like the IntelliGrid method [12] or SGAM [10, 28,
29] but they are mainly lacking of a formalized and computer-readable repre-
sentation for engineering and validation automation. The same is true for other
input specifications that are typically provided as an input to the engineering
process. Also, there is no standardized way of representing the objects, e.g., con-
trollers and power grid components, neither in the way they are depicted, nor
in the semantics used in the description.

A significant amount of work has to be spent a repeated number of time (i)
in the specification, (ii) the implementation, (iii) the validation and testing but
also (iv) in the deployment phase. This is a very time-consuming and error-prone
approach to design and test CPES applications. To conclude, the following main
problems related to the engineering of CPES exist today [25, 26, 15]:

– Rigorous engineering: Rigorous model-based engineering concepts for CPES
applications are missing or only partly available.

– Rapidness and effort: CPES solutions are becoming more and more complex,
which results in increasing engineering efforts and costs. Therefore, it is
important to improve the rapidness of traditional engineering methods.

– Correctness: Due to the multidisciplinary character of CPES applications
this also requires the engineer to have an expert knowledge in each discipline.
This is often not the case, which increases the risk of human errors.

– Handling legacy systems: Power grid operators expect a long service life of
all components in their systems. Available proprietary automation solutions
in smart grid systems prevent efficient reuse of control software.

– Geographical dispersion: The distribution of components over large geo-
graphical areas requires special attention. New ICT approaches and wide-
area communication are needed.

– Interoperability: Interoperability is a critical issue in CPES applications. This
must be assured on all levels, from specifications over implementation, to
deployment and finally during operation. Also components from different
manufacturers must be handled, which requires a manufacturer independent
method.

– Real-time constraints: Some applications may enforce real-time constraints
on hardware, software and networking. Performance management is often
not adequately addressed in existing engineering processes.
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– Scalability: Current engineering methods are focusing on the development for
a single system. With the introduction of new intelligent grid components
and DER these methods must be able to handle not only a single system,
but a system of systems.

– Reference scenarios: Common and well understood reference scenarios, use
cases, and test case profiles for CPES need to be provided to power and
energy systems engineers and researchers; also, proper validation benchmark
criteria and key performance indicators as well as interoperability measures
for validating CPES solutions need to be developed, extended, and shared
with engineers and researchers.

– Deployment support: An easy, secure, and trustable deployment of CPES
applications to a large amount of corresponding components and devices is
necessary.

– Standardization: A harmonization and standardization of multi-domain CPES-
based engineering and validation approaches as well as corresponding and
testing procedures is required.

If the information gathered during the use case description phase can also be
used directly in an automated method, the development effort can substantially
be decreased. By collecting the use case information in a formal model this can
be used for direct automatic code generation. The result can be executable code
for field devices, communication configurations as well as HMI configurations.
Moreover, an automated approach also has the potential to de-crease implemen-
tation errors and at the same time increase the software quality [18].

The availability of both a formal specification of CPES use cases and the
possibility to automatically generate target configurations also enables the use
of automated testing. For CPES this can be pure software tests but can also be a
combination of software, hardware and simulations. When automatic validation
errors can be detected at an early stage, this will increase the overall quality and
mitigate the development risk. The quality of CPES applications is also very
much dependent on the experience and knowledge of the responsible engineer(s).
Furthermore, the electric energy system is becoming a multi-domain system. This
requires knowledge not only about the power system but also about ICT, control,
and automation issues. In order to benefit from the knowledge of experienced
engineers, machine learning can be used to reason about user design experience.

In the following sections the status quo in research and development is anal-
ysed and an outlook about potential future research directions are provided.

4 Status Quo in Research and Development

Promising approaches and research results categorized according to the above
outlined process (i.e, see Fig. 1) related to the engineering and validation of
CPES applications and solutions are briefly summarized and discussed below.
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4.1 Specification Phase

An approach for specifying and modelling CPES was introduced first with Intel-
liGrid [12] and later refined by SGAM [17]. In principle, SGAM provides a set of
concepts, viewpoints, and a mapping method and thus a structured approach for
smart grid architecture development. It allows depicting various aspects of smart
grid artefacts (information, communication, etc.) and supports identification and
coordination of elements on different levels. It also facilitates the identification
of interoperability issues [10, 29, 28]. The basis for SGAM is a three-dimensional
frame consisting of domains, zones and layers. The use of the SGAM modelling
approach combined with the IntelliGrid use case template provides a powerful
methodology for smart grid use case and application development. The design
steps as outlined in Fig. 2 define the structured approach [17]:

Fig. 2. SGAM-based design process for smart grid use cases and applications [17].

4.2 Engineering Phase

Model-Based Engineering: In order to provide tool support for the method-
ology illustrated in Fig. 2, Dänekas et al. developed the “SGAM Toolbox”, which
is an extension to the Enterprise Architect (EA) software [6]. This has the advan-
tage that standard UML modelling tools, such as sequence or activity diagrams
can be used by the engineering since these are standard parts of the EA tool.
With the SGAM Toolbox, support is provided to cover modeling of all steps
in the SGAM use case methodology. Additionally, due to the already included
code generation capabilities of EA, it is also possible to generate certain code
components based on the models made by the SGAM Toolbox. One drawback,
is that the code generation is intended for general-purpose applications and thus
no extended generation support for other configurations (e.g., communication or
HMI configurations) is provided [21].

Another work, also based on the SGAM Toolbox, by Knirsch et al. imple-
ments a model-driven assessment of privacy issues [14]. To do this, the analysis
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is based on modeled data flows between actors and secondly, an assessment can
be made during design time to study what impact it has on the modeled use
case. A related approach was also developed by Neureiter et al. [19], where they
use the SGAM models together with the “Guidelines for Smart Grid Cyberse-
curity” from the National Institute of Standards and Technology (NIST) [1]. By
including cybersecurity issues directly into the modeling of smart grid use cases
they show how this be used to study potential security implications, which can
serve as a basis for further implementations.

Another holistic approach for rapid development of intelligent power utility
automation applications was presented by Andrén et al. [2, 21]. In [2], the out-
line of a Model-Driven Engineering (MDE) approach for automated engineering
of smart grid applications was presented. This was later complemented with
a Domain-Specific Language (DSL) for SGAM compliant use case design [21].
Compared to the SGAM Toolbox this work also focuses on code generation as
well as generation of communication configurations. The result of these two pub-
lications is a model-based rapid engineering approach for smart grid automation
applications.

Ontology-Based Engineering: Ontologies are a way to abstract domain spe-
cific information, usually with the aim to represent objects, types, and their
semantic relations in a formal machine-readable way. Additionally, a set of in-
ference rules and restrictions on relations can be defined to support semantic
interpretation. An approach based on ontologies was used by Zanabria to model
multi-functional Energy Storage System (ESS) applications and to handle incon-
sistencies derived from the overlapping of corresponding applications [32]. Focus
was put on handling Energy Management System (EMS) application and for
this, the EMS Ontology (EMSOnto) was created [32]. An overview of the main
EMSOnto concepts are shown in Figure 3.
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Fig. 3. Overview of the EMSOnto engineering process [32].
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The core ontology defines the structure of a database (EMS-database) used
to gather relevant information for the design of the EMS functions. This infor-
mation can be available at the specification stage or it can be provided manually
by control engineers. The whole database is checked and validated against ter-
minological axioms contained in the EMS-ontology. A reasoner engine uses the
validated database to execute complex axioms and logical rules in order to de-
duce new information. This reasoning is used on the information in the database
in order to identify inconsistencies and also generate handling proposals of any
identified conflicts. This information is included within reports that are pre-
sented to the user, who analyses the reports and can decide on improvements
and modifications within the EMS design. The referred process is recursively
executed in order to achieve an error-free design [32].

4.3 Validation and Testing Phase

ERIGrid Holistic Validation Procedure: The specification and execution
of tests or experiments is central to any assessment approach. The holistic test-
ing procedure proposed in ERIGrid [25] aims to unify the approach to testing
across different research infrastructures, different testbed types and to facilitate
multi-domain testing. A central element of the ERIGrid approach is the Holistic
Test Description (HTD) method [3]; it defines a number of specification elements
for any test, to be identified independently of the particular assessment method-
ology. The specification elements comprise three main levels of specification as
outlined in Fig. 4:

– Test Case (TC): a concise formulation of the overall test objectives and
purpose of investigation, specifying the object under investigation, separat-
ing system structure from functions (system under test vs. functions) and
identifying test criteria.

– Test Specification (TS): a detailed description of the test system, control
parameters and test signals to address a specific subset of the test criteria.

– Experiment Specification (ES): how is the test specification realized in a
given testbed? What compromise had to be made in the representation with
respect to the test specification?

The method is supported by structured templates to facilitate the harmo-
nized recording of test descriptions as outlined also in Fig. 4. In addition it also
guides the test engineer in the identification of validation systems configurations
(i.e., from a generic to a specific and finally to a lab-based representation).

JRC Interoperability Testing Methodology: The interoperability in CPES
between different components and devices is an important issue. Testing the in-
teroperability in this domain requires producing detailed test cases describing
how the different players, services, and components are intended to interact with
each other. A systematic approach for developing CPES-based interoperability



Engineering and Validating Cyber-Physical Energy Systems 9

(a) (b)

Fig. 4. Overview of the ERIGrid holistic test description: (a) holistic testing method-
ology and corresponding templates, (b) validation system configurations on different
levels (adapted from [3]).

tests has the potential to facilitate the development of new solutions and applica-
tions. Therefore, the Joint Research Center (JRC) of the European Commission
(EC) has developed a corresponding methodology.

It helps the CPES engineer in a structured way to create interoperability
testing Use Cases, Basic Application Profiles (BAP) and Basic Application In-
teroperability Profiles (BAIOP) and it is used mainly as a common framework
for interoperability testing. Five main steps have been identified which are (i)
Use Case creation, (ii) Basic Application Profile (BAP) creation, (iii) Basic Ap-
plication Interoperability profile (BAIOP) creation, (iv) Design of Experiments
(DoE) as well as the (v) Testing and Analysis of Experiments (AE). Fig. 5
provides a brief overview of the overall approach.

Each stage allows the engineer to select certain features then used in the
subsequent stage. During the completion of all stages, the developer can select
relevant standards, their options, test beds with all qualified and test equipment
as well their attributes or functions used during the testing.

4.4 Deployment Phase

Especially for future CPES, where a large number of functions and services inter-
act with each other within a complex dynamic system, processes for deployment
and software update become more important and more complex. It is important
that deployment processes can ensure that all dependencies on all layers (power
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Fig. 5. Overview of the JRC interoperability testing approach [20].

system, communication, information) are fulfilled. Furthermore, these processes
also must be resilient against faults and attacks (internal and external). The
LarGo! project aims at enabling mass roll-out of smart grid applications for
grid and energy management by defining a seamless, safe and secure application
deployment process for the grid and customer domain [13].

In the LarGo! project two main approaches are followed. First, a new and
inter-domain software deployment process is designed to monitor multiple con-
ditions (e.g., timing, power system state, business and customer issues, weather
conditions) to ensure that the deployment of software results in the desired
overall system behavior. To enable the operator to create an optimal rollout
schedule, a tool helps the operator with a guided and assisted process. This
is combined with a knowledge-based systems to provide and resolve necessary
conditions and requirements [13]. The second part of LarGo! complements the
deployment process with secure and resilient system design. This includes devel-
opments of resilient control applications that can handle disruptive events, such
as faults and attacks, and also cyberssecurity concepts with the goal to detect
root-causes of errors after a software update (i.e., was the error caused by an
attack during the deployment process) [5, 27].

5 Discussion of Future Research Needs

In fact, current research show that already many aspects needed for a better
engineering and validation of CPES are available. Nevertheless, many issues are
still open and since the advancement of CPES technologies is still ongoing, new
needs are constantly appearing. In Section 3 several problems and needs were
pointed out. Some of these can already—at least partly—be solved by using the
approaches presented in this paper. The following list is an attempt to summarize



Engineering and Validating Cyber-Physical Energy Systems 11

the above presented approaches, show how the identified problems and needs
can be solved, and to point out possible research directions that still needs to
be explored:

– Harmonization of existing approaches: As already shown in this paper, there
are already quite many approaches that attempt to improve the engineering
and validation of CPES. However, it is also clear that these approaches all
have their own focus and cannot cover the whole development process, as
it is depicted in Fig. 1. Therefore, one important midterm goal for future
research will be to harmonize already existing approaches. This will directly
provide better support for rigorous engineering, rapidness and effort, correct-
ness, and deployment support of CPES applications since many approaches
already focus on these. Furthermore, through a harmonization a better in-
teroperability can be reached. A logical continuation, and a more longterm
goal, will be to integrate the harmonized approaches within international
standardization organizations.

– Large-scale examples and scenarios: Many of today’s approaches from re-
search are still to be proven on large-scale real world examples. More re-
search is needed were the different methods are applied to larger use cases.
This is important to solve any remaining issues regarding scalability. Associ-
tated is also the development of reference scenarios that can help to test and
benchmark future engineering and validation approaches as they emerge.

– Integration with traditional engineering approaches: Components and sys-
tems for the power system domain are known for their long lifespan. Due to
this, it will also be necessary for any new and future development process
to integrate with already existing traditional engineering approaches. This
is one the one hand necessary in order to increase the acceptance of the new
development approaches On the other hand it will also be needed to handle
legacy systems and to ensure interoperability with older components.

– Introducing new abstractions and modeling options: Following the continu-
ous development of CPES, the associated engineering and validation meth-
ods need to evolve as well. In order to handle increasingly complex systems
development, new abstractions and modeling options will be needed to sup-
port engineers. Real-time constrains, timing [15], geographical dispersion, and
scalability are examples of abstractions that are currently not supported by
any of the discussed approaches. The more complex the CPES gets, the
more computer-aided support—for example through machine-learning—will
be needed in order to handle these issues.

Summarizing, engineering and validation support will be critical for success-
ful development of future CPES applications. Without the proper tool support
many of the tasks will require immense manual efforts and will require engineers
educated in multiple domains (e.g., energy system physics, ICT, automation and
control, cybersecurity). The tools available today and currently in development
all provide small steps in the right direction, but more research efforts are still
needed in the years to come.
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6 Conclusions

The current electric energy system is moving towards CPES. Integration of more
and more renewable energy sources require a change of tactics for the planning
and operation today’s power systems. New technologies, such as ICT, automa-
tion, and control systems are needed together with changing regulatory rules
and a market liberalization. The implementation and deployment of these com-
plex systems of systems are associated with increasing engineering complexity
resulting also in increased engineering costs. Proper engineering and validation
approaches, concepts, and tools are partly missing until now.

In this paper the most major needs for future CPES engineering and valida-
tion approaches have been discussed. Furthermore, the current state of research
in this are today have been presented. The development of CPES applications
has been divided into four main phases: specification, engineering, validation,
and deployment. For each phase corresponding approaches have been presented,
highlighting advantages and disadvantages. This is followed by a discussion on
future research needs.

As a conclusion, engineering and validation support will be critical for suc-
cessful development of future CPES applications. Some needs are already cov-
ered by today’s approaches, but even more can be covered by harmonization
of those that already exist. Current approaches will also need to introduce new
abstractions and modeling possibilities once future CPES applications increase
in complexity. Examples are real-time constraints and timing, which are not yet
properly covered. In summary, more support can still be provided.
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6. Dänekas, C., Neureiter, C., Rohjans, S., Uslar, M., Engel, D.: Towards a Model-
Driven-Architecture Process for Smart Grid Projects. In: Benghozi, P.J., Krob, D.,
Lonjon, A., Panetto, H. (eds.) Digital Enterprise Design & Management, Advances
in Intelligent Systems and Computing, vol. 261, pp. 47–58. Springer International
Publishing (2014)

7. Farhangi, H.: The path of the smart grid. IEEE Power and Energy Magazine 8(1),
18–28 (2010)

8. Faschang, M.: Rapid control prototyping for networked Smart Grid systems based
on an agile development process. Ph.D. thesis, Vienna University of Technology
(2015)

9. Frascella, A., Swiderski, J., Proserpio, G., Rikos, E., Temiz, A., Babs, A., Uslar,
M., Branchetti, S., Graditi, G.: Looking for the unified classification and evalu-
ation approach of sg interface standards for the purposes of electra irp. In: 2015
International Symposium on Smart Electric Distribution Systems and Technologies
(EDST). pp. 318–323 (Sep 2015)

10. Gottschalk, M., Uslar, M., Delfs, C.: The Use Case and Smart Grid Architecture
Model Approach: The IEC 62559-2 Use Case Template and the SGAM applied in
various domains. Springer Verlag Heidelberg (2017)

11. Gungor, V., Sahin, D., Kocak, T., Ergut, S., Buccella, C., Cecati, C., Hancke,
G.: Smart Grid Technologies: Communication Technologies and Standards. IEEE
Transactions on Industrial Informatics 7(4), 529–539 (2011)

12. Hughes, J.: Intelligrid architecture concepts and iec61850. In: 2005/2006
IEEE/PES Transmission and Distribution Conference and Exhibition. pp. 401–
404 (May 2006)

13. Kintzler, F., Gawron-Deutsch, T., Cejka, S., Schulte, J., Uslar, M., Veith, E.M.,
Piatkowska, E., Smith, P., Kupzog, F., Sandberg, H., et al.: Large scale rollout of
smart grid services. In: 2018 Global Internet of Things Summit (GIoTS). pp. 1–7.
IEEE (2018)

14. Knirsch, F., Engel, D., Neureiter, C., Frincu, M., Prasanna, V.: Model-driven pri-
vacy assessment in the smart grid. In: International Conference on Information
Systems Security and Privacy (ICISSP). pp. 1–9. IEEE (2015)

15. Lee, E.A.: Cyber physical systems: Design challenges. In: Object oriented real-
time distributed computing (isorc), 2008 11th ieee international symposium on.
pp. 363–369. IEEE (2008)

16. Liserre, M., Sauter, T., Hung, J.Y.: Future energy systems: Integrating renewable
energy sources into the smart power grid through industrial electronics. IEEE
Industrial Electronics Magazine 4, 18–37 (2010)

17. Mandate M/490, European Commission: Standardization mandate to european
standardisation organisations (esos) to support european smart grid deployment
(2011)

18. Mellor, S.J., Scott, K., Uhl, A., Weise, D.: MDA distilled: principles of model-driven
architecture. Addison-Wesley Professional (2004)

19. Neureiter, C., Engel, D., Uslar, M.: Domain specific and model based systems
engineering in the smart grid as prerequesite for security by design. Electronics
5(2), 24 (2016)



14 T. I. Strasser and F. Pröstl Andrén
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Rosinger, C., Bleiker, R.: Standardization in smart grids: Introduction to it-related
methodologies, architectures and standards. Springer Science & Business Media
(2012)

30. Verband Deutscher Elektrotechniker (VDE): Technical minimum requirements for
the connection to and parallel operation with low-voltage distribution networks
(2011)

31. Yu, X., Xue, Y.: Smart grids: A cyberphysical systems perspective. Proceedings of
the IEEE 104(5), 1058–1070 (May 2016)

32. Zanabria, C.: Adaptable Engineering Support Framework for Multi-Functional
Battery Energy Storage Systems. Ph.D. thesis, Vienna University of Technology,
Institute of Mechanics and Mechatronics (2018)

33. Zhu, L., Shi, D., Duan, X.: Standard function blocks for flexible ied in iec 61850-
based substation automation. IEEE Transactions on Power Delivery 26(2), 1101–
1110 (Apr 2011)


