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Abstract: A solid demand to integrate energy consumption and co-generation emerged worldwide,
motivated, on one hand, by the need to diversify and enhance energy supply, and, one the other hand,
by the pressure to attend to the requirements of a heterogeneous class of users. The coupling between
energy service provision and final users also includes balancing user needs, eliminating excesses,
and optimizing energy supply while avoiding blackouts. Another motivation is the challenge of
having sustainable sources and many adapted to the user ecosystem. Altogether, these motivations
lead to more abstract design approaches to co-generation-distributed systems, such as those based
on goal-oriented requirements used to model smart grids. This work considers the available design
practices and its difficulties in proposing a new method capable of producing a flexible requirement
model that could serve for design and maintenance purposes. We suggest coupling the approach
based on goal-oriented requirements with model-based engineering to support such a model. The
expected result is a sound and flexible requirements model, including a model for the interaction
with the final user (now being considered a producer and consumer simultaneously). A case study
is presented, wherein a small energy service system in an isolated community in the Amazon rain
forest was designed.
Keywords: microgrid model-based systems engineering; service systems; goal-oriented requirements
engineering
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Sustainable smart grid (SG) systems are a viable alternative to face the demand of
improving and diversifying energy supply services, relying on distributed systems that are
also adaptable to specific consumers.
The design challenge is to integrate legacy energy supply; to fit all requirements
emanated from hybrid consumers who are now producers (or prosumers); and to simultaneously maintain energy quality. The resulting system is open since it is possible to
introduce or remove new prosumers. New design approaches are a demand to face this
challenge [1].
Traditional distribution energy supply relies on a general method related to matching
theory (even if the designers explicitly use this association) [2]. A “well-posted” problem
P related to energy supply should match known systems and equipment or previously
studied and practiced methods. Typically, the demand is to organize and optimize distribution from a centralized energy provider and user demands are not personalized. Users
are classified into generic classes.
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Automation is a control or optimized control problem for traditional energy systems,
admitting a small degree of “intelligence”. For distributed production-consuming flexible
energy services, as described above, design automation is a collaborative multiagent
system, which could also be intelligent–coupling with the consumer results from personal
requirements and no longer from generic classification. Design methods should face all
these demands.
In a single word, we must say that the demand is now for a distributed prosumer
service system, where the term “service” carries the usual meaning provided by the Service
Science [3]. Figure 1 illustrates this change [4].

Figure 1. Smart grid present and future. (Reprinted with permission from Ref. [5]. Copyright 2021 IEEE).

We claim that new design methods for energy service distribution must be interdisciplinary, integrating traditional methods and practices, and others typically used in ICT
(Information and Communication Technology) or in multiagent systems. Since we are now
dealing with services, instead of direct provision, another demand is to introduce Service
Engineering Design (SED).
The initial requirements phase acquires importance once it should model the integration of distributed agents in a service ecosystem merged by a central energy provider.
The coupling with the consumer (who is also a provider) must be included in this model,
which was never done by traditional methods [6].
Requirements validation is not straightforward for the described ecosystem. Actually,
for automated systems, formal representation and verification are key issues, leading to a
cycle composed of modeling, formalization, and verification. Existing methods consider
this cycle a preliminary stage, where the problem P is modeled after some refinements,
leading to a model-based requirements approach [7–9].
This article presents a proposal for the formal requirements modeling cycle, relying
on a goal-oriented approach customarily used for automated systems including hardware
and software, as in metro systems. We anticipate formalization to the requirements phase
using a preliminary representation in a schematic language called KAOS (Knowledge
Acquisition and Object Specification) [10], fitting into model-based requirements engineering (MBRE) [11]. Therefore, requirements are captured in a diagramatic model (KAOS),
starting with a preliminary requirement specification and a refinement cycle composed
of analysis and formalization in a formal language (Petri Nets); followed by a property
analysis and (formal) verification; and a post-modeling analysis, which points to further
improvements. The cycle iterates up to a final model that feeds the design of solutions,
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formalized in the same language (Petri Nets). In the design phase, developers should
look for matching between the problems specified and the available (or new) solutions to
produce energy to store [12] or insert other sustainable alternatives as wind turbines [13].
This article is organized as follows: Section 2 presents the background and state of the
art. Section 3 provides a conceptual description of the proposed method. Section 4 presents
its application in a case study and the results. Finally, a concluding section overviews the
contributions of this work and suggests perspectives on future work.
This article is an extended version of the paper presented in the 14th International
Conference of Industrial Applications, INDUSCON2021, in Portuguese [5].
2. Design Perspectives to Energy Systems
Smart grid (SG) ecosystem design brings new demands that insert this process in
the category of complex energy systems due to its connections with different areas of
knowledge (e.g., physics, engineering, communication, and even human–systems interaction) [14].
However, from a systems engineering perspective, the most significant change from
traditional methods is treating generation and distribution environments as systems rather
than arrays of products or devices [15]. Attempts to modify and modernize the conventional design approach by considering the introduction of ICT or even software methods
such as the “V” model, also used by the manufacturing industry, have been employed.
The “V” model derived from the structured approach for software was adapted to model
systems, including software, hardware, and interactions with users. Essentially, the “V”
is a “top-down” method, where one part of the “V” goes down from the requirements
to prototyping and goes through both system analysis and design. The other part of the
“V” goes up from prototyping to system delivering, going through local tests, integration
tests, and final deployment. In attempting to adapt this method to the design of electrical
energy systems, Roboam [15] proposed an extended model, including some recursion and
interlaced multiples Vs. Figure 2 depicts the essence of this hierarchical view.

Figure 2. Design V Cycle. (Based on [15], Reprinted with permission from Ref. [5]. Copyright 2021 IEEE).

Roboam [15] was already concerned with presenting a systemic proposal, even if
it still followed the basic steps functionally, as in the classic “V”. The novelty relies on
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the proposition of an extended life cycle, starting with a requirements phase, which is
not particularly present in the conventional design of energy systems. The drawback is
the difficulty of adapting this proposal for distributed systems. An alternative was to
use an iteration of “V” cycles to recover flexibility. Requirements were represented in
UML (Unified Modeling Language) and also used in several reference models for energy
systems design.
Another perspective is the use of the Life Cycle Assessment (LCA) using multiobjective optimization techniques [14]. LCA also stresses the importance of the early phase
and it is an interdisciplinary approach, integrating concepts from engineering design,
ecology, sustainability, and economic and thermodynamic aspects. Figure 3 presents the
basics for this proposal. Information is organized and structured using concepts of system
modeling, also redirecting energy distribution projects towards systems design engineering.

Figure 3. LCA metodology (Adapted with permission from Ref. [14]. Copyright 2021 Elsevier).

LCA is a very precise technique that goes into operational details since the initial stages
and, for this exact reason, does not allow for a broader and systemic view. This leads to the
anticipation of decision-making, which is a very inconvenient feature in complex projects
that also requires flexibility. Additionally, it does not consider domain restrictions from
the local environment where the project should be deployed, which are very important to
reinforce sustainability and user interactions. Therefore, system maintenance could become
more complicated. Furthermore, the proposed method is mainly oriented towards systems
with a centralized provisioning of energy.
Another perspective brings a specification formalism using a requirements technique
based on graph theory for modeling and verification. This reinforces the need to formalize
the project from the very beginning: the requirements phase. The work was presented
by Frangopoulos [16] and proposed a method for solving energy problems with a large
number of non-linear and complex degrees of freedom.
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Frangupoulos presented a proposal directly based on the analysis and formal verification of requirements. However, he pointed to a design concerned exclusively with technical
aspects without considering the application domain, as required in systemic approaches.
Therefore, although there is a good improvement associated with the formal modeling and
capture of workflow, using graph theory, aspects related to user interaction and regional
insertion are not covered. It would be necessary to recover all external domain restrictions
and also user interactions (as consumer and producer) from parallel documentation, either
formal or informal, to complete the modeling based on graphs, as shown in Figure 4.

Figure 4. Graph showing a “mental map” (requirements) for the connections between energy
components (Reprinted with permission from Ref. [16]. Copyright 2021 Christos Frangopoulos).

We advocate the importance of a plain life cycle to energy systems, particularly related
to the production/consumer distributed architecture based on smart grids. The life cycle
should be based on the anticipation of a formal representation of requirements. Still, it
should also allow for process analysis, domain coupling (covering both interactions and
restrictions), and proper modeling of transactions with the prosumer. To avoid losing
connections with the conventional methods and practitioners in the area, we also should
consider a possible coupling with reference models as proposed by reliable institutions
responsible for maintaining regular standards, simplifying the design process.
The Reference Models for Smart Grid Systems
There is an international effort to develop a model or architecture that is globally
recognized and used by the leading players in the electricity sector which allows for
the unification of methods and criteria, including the development of projects including
SGs [17].
The IEEE 2030 standard is considered the most significant recent effort to standardize
architectures for the development of SG systems [17]. In this context, the classic "V" model
used in the systems area received the additional contribution of a semi-formal functional
approach based on UML [18,19], introducing the need to insert visual diagrams from the
elicitation stage and requirements analysis.
We identify current methodological trends for the power system design:
•

•

Methods are generally prescriptive, based on methodological or local regulations,
but the domain (the region where the electric system will be implemented) is not
included as an essential element of design;
Most methods are primarily functional, that is, they prioritize system functionality
and general requirements are restricted to that, generating a severe risk of consistency
due to lack (or incompleteness) of non-functional requirements;
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•

•
•

•

•

Many methods are device-oriented, that is, they are centered on the matching to
specific devices probably to facilitate the integration with legacy distribution systems,
regional conditions, or users;
Many methods consider SG as a product or an arrangement of products composing
the electrical system, with few or no consideration to their interaction with users;
Some approaches consider centralized master–slave systems, where SGs are individual
resources tightly coupled to a master system that centralizes all control or information,
basically eliminating flexibility;
In many conventional methods, the evolution of the system is not a design concern,
as in systems design, which makes it difficult to introduce changes or innovations (or
even to meet emerging requirements); and
Despite all the effort to standardize and build project repositories for reuse, reuse is
not part of design methods.

Therefore, we conclude that a modern approach to designing energy systems requires
a requirements cycle that must be closed (as a model should be), combining hierarchy with
distributed system concepts. It should also be formal. Based on this, we present a proposal
for a design cycle for energy multiagent-distributed systems.
Reference models have been developed to orient the design of electric systems. In the
following section, we will describe only principals.
EPRI/NIST (Electric Power Research Institute/National Institute of Standards) was
sponsored by IntelliGrid, while the European Commission (EC) developed the SGAM
(smart grid architecture model) architecture. They are the strongest reference architectures
for SG design. These architectures are based on open standards, allowing for interoperability between products and systems. Additionally, they embrace a systematic approach
for addressing multidisciplinary distributed systems-based SGs, starting with a UML requirement specification. Reusability was also considered using a IEC/PAS (International
Electrotechnical Commission/Public Available Specification) 62559-based repository of
use-case model histories [7,8,19,20]. IntelliGrid and SGAM architectures dominated the
scene both in the academy and market. Still, we should point out that they consist of a
purely functional approach based on use case, as conceived for requirements elicitation
rather than analysis.
SGAM architecture has a method for mapping SG use-case information through topdown layered development [8]. Layers are derived from the use-case analysis, starting
with the component, business, functional, information, and communication layers.
Basic reference models also rely on functionality and are suitable for merging conventional methods, reinforcing a longer life cycle and making the requirements analysis
difficult.
3. A New Proposed Approach for SG Systems Design
The most improving design feature is to treat SG as a system, including model-based
systems engineering (MBSE). The International Council on Systems Engineering defines
MBSE as the formal application of modeling to support system requirements, design,
analysis, verification, and validation activities, starting from the conceptual design phase
and continuing throughout the development as well as later life cycle phases [21–23].
Additionally, MBSE has several frameworks for examining different corporate system
views: business view, system, technology, operations, and service [24].
From the systems design perspective, an “ideal” design must be correct and complete,
for which formalization is a crucial issue [11]. The formal approach can clarify objectives
and provide both uniqueness and closeness in the different phases of design:
•
•
•

In requirement (defining the what and why);
In design (defining how to satisfy the requirements efficiently with controlled costs);
and
In implementation (deploying a prototype that interacts with the end-user and works
properly up to decommission).
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Frequently, a new system is required to “replace” an existing one that has become
obsolete. The process should start by modeling the “System As-Is”, that is, the legacy
system. “New requirements” should then detach the differences between the “System
As-Is” and the target “System To-Be”, as shown in Figure 5.

Figure 5. Creativity cycle based on (Reprinted with permission from Ref. [25]. Copyright 2021
Brazilian Society of Automation).

Another important feature is related to the paradigm shift that moves “product”
systems into service systems, leading to thinking in models rather than prototypes, aiming
to disconnect from the legacy functionality of their parts [26]. Therefore, structuring
a complex system means using the concept of hierarchy, that is, to divide the primary
system into parts recursively until the level where components are very simple or already
developed is reached.
However, a simple hierarchical approach does not help to understand a complex system. Integration is challenging and emerging requirements could appear after deployment
(sometimes when the system is already being used), forcing a re-design. The hierarchy
should combine loosely coupling components or services facilitating the reuse.
In this scenario, the concept of System of Systems (SoS) emerges. SoS is defined as a
set of constituent systems that exist and are developed to perform specific services or tasks
independently from the legacy system they work with [27].
3.1. Smart Grid as a Distributed Arrangement of Services
The NIST Framework and Roadmap for Smart Grid Interoperability Standards, Release 1.0, was adapted to include an SoS approach for SG. Figure 6 shows a diagrammatic
view that connects different systems (and services), implying some responsibility in the
consumption or provision and including the final user in the design process. It could
be interpreted as a domain functional representation, relating to operations, provision,
destination, and an implicit agent responsibility.
Analyzing SG systems as an SoS [28] leads to a model where the SG can be thought of
as a “company providing energy services to different markets”. Therefore, this system’s
design is hardly conceivable without strategic planning and service control management to
maximize performance and optimize its functioning. Thus, technological, environmental,
and socioeconomic aspects must be considered in the same perspective and be reflected
upon in a knowledge model related to requirements. It necessarily points to a requirements
model that transcends functionality.
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Figure 6. Smart grid SoS.

Designing SG as a distributed arrangement of services in an SoS perspective requires
an MBSE approach, starting with the requirements phase and going through both modeling and formalization. Such an approach should include and transcend functionality,
looking for alternative methods to requirements engineering that relate to agents and map
responsibility, and represent user coupling [29].
Therefore, considering the importance of the requirements stage in SG design, we propose extending the strictly functional approach to goal-oriented requirements Engineering
(GORE), exploring the possibility of providing a model-based requirements cycle.
3.2. The GORE Method for SG Systems Design
The GORE approach aims to eliminate the dichotomy between functional and nonfunctional requirements [10]. Although working with functionalities sounds more intuitive,
as a one-way delivering action, objectives are related to quality, user satisfaction, and feedback. Therefore, it is suitable for the user-coupling proposed in service engineering. Objectives represent the most stable information in the system and are problem-oriented, while
other functional techniques are solution-oriented. Thus, objectives become an excellent
communication tool with stakeholders regarding a particular problem solution.
An objective is a statement of intent that the system must satisfy through cooperation
between agents, active components of the system, and those responsible for the operations
behind the actions and processes [30]. In the last decade, the GORE method’s popularity
has increased, reaching a higher level of maturity [31,32]. The main reason for this is
its capability to ease decision-making and lead to optimized solutions, different from
the purely functional method, which depends on the completeness after including the
non-functional requirements set.
For these reasons, we chose a goal-oriented approach for requirements elicitation,
modeling, and analysis, composing a model-based requirements cycle. We also use a
diagrammatic semi-formal language which is easily understood by the stakeholders [33].
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Goal-Oriented Elicitation and Modeling
Goal-oriented elicitation and modeling use a semi-formal visual language called KAOS
(Knowledge Acquisition in Automated Specification) to identify business requirements,
build a network of objectives and operations, and attribute responsibility to agents, associating them with goals and requirements. KAOS generates a causal visual diagram with a
suit transference to a formal LTL (linear temporal logic) specification. It was developed by
the University of Oregon (USA) and the University of Louvain (Belgium) in 1990 [34].
Thus, we can construct formal LTL specifications from KAOS requirement models.
Objectives are defined at different levels of abstraction, from high-level goals related to
organizational, strategy, and diffusely specified objectives, to lower-level objectives with
more technical, detailed, and system design-related specifications [10]. Figure 7 presents
the schematic diagram of such a model.

Figure 7. KAOS diagrams with goal-oriented elements (Reprinted with permission from Ref. [35]. Copyright 2021
Respect-IT).

A tree represents KAOS objectives in which the nodes represent objectives and edges
represent relations (composition, refinement, dependency, and constraint).
The main objective (matching the “system goal”) abstracts the design problem, while
sub-objectives represent compositional refinements or sub-goals. Expectations or intentions
are related to objectives, which would not be possible in a purely functional method. Agents
would stand by active objects that could change the state of the system. Figure 8 shows the
basic elements for KAOS diagrams.
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Figure 8. KAOS elements (Reprinted with permission from Ref. [5]. Copyright 2021 IEEE).

The main difference between a KAOS and UML diagram is that while KAOS integrates
the requirements model in four diagrams, UML requires up to thirteen structural and
twelve behavior diagrams. Although it is unnecessary to use all UML diagrams to model
requirements, it raises the problem of finding a minimal set.
Regarding requirements model formalization, there is a direct algorithm to transfer
KAOS diagrams’ linear temporal logic (LTL) [36]. It is instrumental in requirements
analysis, but to model automated systems, it is also necessary to use processes and a formal
language capable of representing workflow, such as Petri Nets.
Some of authors worked to introduce process and workflow analyses in the requirements cycle, proposing algorithms to transfer UML [37] or KAOS diagrams into Petri
Nets [38]. Thus, we can have a requirement cycle using UML to fit some of the reference
models or use KAOS diagrams. In this work, we will explore the second option.
3.3. Verification of Requirements Based on Petri Nets
Verification is crucial to the proposed method for designing a power electronic mesh of
sustainable resources integrated into a conventional electrical distribution system. The basic
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assumption is that requirement specifications must be formalized, analyzed, and verified
before searching for an effective solution.
As with any automated system, integrated electronic power plants have to guarantee
the proper convergence of objectives towards the satisfaction of user needs (as services)
while also avoiding undesirable states and obstacles. This could be obtained from the
modeling and verification of requirements, which would lead to the design of solutions
that could also be verified using the same formalism, increasing traceability in the whole
design process.
Verification could be done by generating the state space or by analyzing workflows (of
control and items) using property analysis in Petri Nets, or both. Temporal and hierarchical
extensions are also welcome.
4. A New Requirement Cycle for Microgrid Systems Design
We propose for a requirements cycle to be inserted in a design approach for microgrids
that have the following characteristics:
•

•
•
•
•
•

Systemic vision, that is, a holistic approach where the microgrid is a service system
component and therefore should be considering since the early design phase to work
in the context of a more extensive and evolving system that will enforce flexibility and
reusability;
The microgrid service system is built based on system goals and in a legacy system
(the system-as-is);
The approach should be based on objectives, especially in the early phase (goaloriented requirements);
The method follows service-oriented engineering, which means that the proper coupling between system and user is part of the design;
The process is recursive and distributed, allowing for the use of subsystems already
developed or specifying components that will be developed later; and
Formalization should be present since the requirements phase using LTL and Petri Nets.

In this work, we will focus on the early phase. MBSE will be the overall approach to
propose a requirements cycle that can specifically sustain electrical systems based on the
interaction of different subsystems, namely a systems of systems (SoS). Subsystems could
also be microgrids, generators, or primary power sources. Requirements are adapted to fit
user profiles and preferences, and to anticipate emerging requirements and new demands
raised after implementation.
We start by representing the existing system (the System As-Is) and using it as a
reference to define new goals, expecting to convert it into the System To-Be. Suppose there
is no system-as-is (in which case the challenge is to make a design from scratch). In that
case, a model is derived from the requirements elicitation, capturing the intentions of
stakeholders and final users.
The distributed system arrangement is treated as a service. Using GORE techniques
will help to overcome the so-called functional dilemma: the balance between functional
and non-functional requirements. The goal approach potentializes design reuse, flexibility,
and maintenance while anticipating formalization accuracy.
Figure 9 shows the process, which starts by collecting data from the domain where
the system is supposed to be used (including user profiles). Once the system-to-be goals
are derived and synthesized in a diagrammatic model, they should be formalized in LTL
or Petri Nets.
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Figure 9. The requirements life cycle (Reprinted with permission from Ref. [5]. Copyright 2021 IEEE).

Petri Nets structural and behavioral properties can analyze the dynamic process and
workflow [37]. Verification should certify the work done and also provide directions for
the new requirements cycling.
In the following, we will show the requirement cycle in a case study for a power
supply system (a smart grid) installed in an isolated Amazon forest community.
5. Case Study: Energy Supply in an Isolated Community
The proposed method was applied in a case study based on the R&D Project “Minigrid
with intermittent sources to serve isolated areas”, which was a project conceived by a
research group and implemented in an isolated community in 2012 [39]. The project’s
main goal was to develop and implement a solar–diesel battery microgrid, which we
take as the system-as-is. The implementation domain was a small community in Laranjal
do Jarí, located in Amapá province, covered by the Brazilian Amazon forest (Figure 10).
In this region, many county communities are energetically isolated from the conventional
hydroelectric provider.
The project was revisited to provide maintenance, that is, to attend to missed or emergent requirements and to improve automation. We detected some emerging requirements
using the goal-oriented modeling built over the legacy system-as-is used to design the new
system. Another goal of this maintenance process was to check and enhance sustainability
and compatibility between the system and the local environment. Finally, the user coupling
(originally only consumer) was also a goal, especially in terms of exploring this user’s
possibility to produce energy.
The microgrid mixed both AC and DC architecture, as shown in Figure 11. The legacy
system (system-as-is) combined intermittent solar energy with battery sources and diesel
generation units in a single automated generation system. The diesel generator was a
backup unit to guarantee operation when the solar source was not producing the expected charge.
A data acquisition system (DAS) for control, monitoring, and storage was embedded
in the network of inverters used to provide information about the system’s behavior, such
as the amount of energy generated and specific load consumption.
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Figure 10. Location of the small villages where the project was implemented. Thet are close to a large hydroelectric facility
but did not have energy.

Figure 11. Microgrid legacy system. There were two sources (PV): the microgrid provided an
alternate current (CA) and the photovoltaic system provided power associated with a battery BT1,
which provided a continuous current (CC). (Reprinted with permission from Ref. [25]. Copyright
2021 Sociedade Brasileira de Automática).

Energy meters monitor each customer’s consumption and show when they overtake
pre-established values. The monthly energy consumption of the units was not monitored
by energy meters, as the purpose was not billing.
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5.1. Modeling the System-As-Is
Following the requirement cycle of Figure 9, we started by organizing and classifying
information, as shown in Table 1. This information was used to identify and justify objectives.
Table 1. Project data.
Data

Description

Technical data
Demand study
Availability of daily energy to be granted
Availability of the energy matrix
Dimensioning of the photovoltaic system
Dimensioning of the battery bank
Dimensioning of the auxiliary generation system
Dimensioning of electrical connections
Characteristic of the existing electric grid
Energy management system

Project data

Operational data
Monitoring of operational variables
Maintenance program for microgrid systems
Microgrid data and communication storage system
System security procedures

Microgrid operation and control

Financial data
Budget spreadsheets
Acquisition of materials and labor
Cost of transport logistics

Financial and economic analysis of the project

Legal/social data
Regulatory standard
Socioeconomic survey
Perspective of population increase

Environmental licenses

Environmental data
Survey of environmental restrictions

Environmental impact survey worksheet

Some revisiting points emerged from the analysis. Most of them were derived from
the emerging requirements or changes that appearred after implementation either in the
environment or in the consumer’s attitude. Such requirements would not be identified
using a strictly functional approach, which justifies choosing a goal-oriented method.
The objective model for the legacy system’s (system-as-is) objectives is shown in
Figure 12. Basic information derived from the original project’s documentation but additional expectations and constrains (and conflicts) emerged from the analysis of Table 2.
Table 2. Possible new goals to the project.
List of Possible New Goals
•
•
•
•
•
•
•

Excessive energy consumption coupled with the presence of clandestine load connections
not foreseen in the basic project, thus can increase consumption by approximately 240%
Increase in diesel fuel consumption, overtaking the subsidized quota due to increased energy
demand
Abnormal operating conditions of the battery banks, working below the state of charge (SoC)
of 50%
The increase in energy consumption also caused an overload in transformers and power
cables
There is no monitoring control in the energy consumption
There are no penalties due to energy theft and due to the lack of energy contracts
The “culture of wasting energy” was not disciplined or prohibited
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Figure 12. Objetives for System-As-Is (Adapted with permission from Ref. [25]. Copyright 2021 Brazilian Society of Automation).
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The main goal for the system-as-is was to “Provide a low voltage microgrid” and it
was refined in the sub-goals successively. For instance, “Meeting operational requirements”
depends on the sub-objectives “Managing energy production”, “Measuring consumption”,
and the expectation “Schedule maintenance”. Requirement expectations are linked to the
agents concerned with them: the Concessionaire, responsible for maintenance; the User;
the Power Meter (a passive interface in the legacy system); the data acquisition system
(DAS) Controller; or the financial provider (the Government). Notice that in the original
project, the agent identified as “User” is responsible only for “Monitor Measurement”,
that is, this agent is not a consumer (recall that the system does not charge its consumers).
Consequently, the project does not identify the system and its components as a service.
5.2. Modeling the System-To-Be
We first need to identify the target problem and its relation to the execution environment to model the system-to-be. From the analysis of the system-as-is, we understand that
a possible problem is related to the excessive energy consumption due to the advantages
that electricity offers rather than to the technical energy losses related to the end-users’
alienation from the energy provision. Energy stealing was also a problem, motivated by
changes in the user attitude.
The system’s environment does not a general provider, turning it into an isolated
microgrid very dependent on the energy it could generate and responsible for its own
backup to avoid interruptions.
We propose changing the domain from an isolated microgrid to a distributed microgrid (on-grid) with a higher degree of automation to solve these problems. Domain
changes, such as automated measurement and new communication technologies, appear
as new objectives. In addition to technical changes, the new system must be safe and
reliable, and must meet all interested parties’ requirements (such as the utility, financial,
and environmental agencies). In the new scenario, the user becomes a prosumer and
should provide information feedback to optimize the microgrid system.
The new system can no longer be considered a “product”. Therefore, it will be
necessary to prioritize the requirements of the system that provides this service.
The primary (system) goal of the system-to-be is to improve the low voltage legacy microgrid design in the Amazon region. Still, now the objective is to enhance the automation level.
Emerging requirements anticipated in the system-as-is modeling appear in expectations,
obstacles, or restrictions, and lead to new requirements.
Thus, to achieve the System To-Be’s objectives, we propose a SoS+ architecture that
supports a new arrangement of services (subsystems) where agents are dynamic elements.
The final user is one of these dynamical elements and has a complex structure of resources,
as shown in Figure 13. One of these constituent systems is the smart meter (SM).
The system-as-is goal showed that the power supply would be blocked whenever the
user consumption exceeds a pre-established limit of 100 kWH. There is no consideration of
historical consumer data.
Figure 14 shows the objective diagram for the system-to-be, in which the main objective is to “Improve the low Voltage legacy Microgrid in the Amazon region”. The
sub-objectives “Improving Strategic Planning”, “Optimize energy production”, and ”Improve operational management” should contribute to the achievement of this primary goal.
These sub-objectives can be successively refined.
The analysis of the objective diagrams points to the need for a service system that
supports a higher level of control and interaction with the prosumer. Parameters such as the
energy production and consumption in each unit should be monitored, as well as its balance
between provision and consumption. All data should be directed to an advanced metering
infrastructure (AMI) which acts as a service provider instead of a passive supervisor.
The detection of electricity stealing is a goal. Naturally, the SM should process information
and commands to activate or deactivate the dealership’s energy provision.
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The goal of “Reducing energy consumption” would fail if the user does not take the
actions required. These actions should range from energy-saving acts to the production of
energy as a prosumer. The adequate coupling with the end-user is ensured by monitoring
the transaction communication.

Figure 13. User domain.

5.2.1. The Object Model
An object model should describe all the agents that contribute to the functioning of
the system service, be it humans or machines. Object modeling is also practiced in other
representations, including UML, and does not constitute a novelty. It is also essential for
the goal-oriented approach to support the interaction between the energy system service
and its prosumers. We will further illustrate the modeling of the role of a machine, namely
the smart meter.
The prosumer characteristic appears in the goal-oriented model, including the same
individual prosumer as an external user (and therefore a consumer) and as part of the
system (an energy service provider).
Agent modeling will also be used to support responsibility diagrams.
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Figure 14. Goal diagram for the system-to-be.
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5.2.2. The Responsibility Model
The responsibility model maps the relationship between agents and their role in
requirements satisfaction and restrictions. Building a responsibility model means analyzing
different requirements and expectations, and assigning agents responsible for launching,
performing, or receiving their results.
The responsibility model denotes relations where an agent can be the service provider
or service consumer for modeling services. A provider or consumer relation was detailed
only in the Petri Nets model since it does not belong to the current goal-oriented method.
Figure 15 shows the responsibility diagram for our case study and describes both the
new requirements and expectations assigned to the end user and SM agents, respectively.

Figure 15. Agent user.

5.2.3. The Operation’s Diagram
The operation’s diagram describes agents’ behavior for meeting requirements. For instance, the SM agent must fulfill the requirement “Receive information of energy consumed
and produced” and the expectation “Inform the user about Energy consumed and produced”. In further maintenance, any change in the communication with the user would
lead to an investigation, reprogramming, or modification of this agent.
Figure 16 shows a definition for the object Smart Meter (“SM”) and Figure 17 shows
its behavior carrying out operations that affect the “Consumption report” and cause the
activation of the “Register consumption” operation. It is verified that this operation has
an entry called the “Measurement data received” event and the corresponding output is
represented by the “Consumption report” object. The “Recorded record” event represents
the end of the operation.
5.2.4. The Operation’s Diagram
The operation’s Diagram describes agents’ behavior for meeting requirements. For instance, the SM agent must fulfill the requirement “Receive information of energy consumed
and produced” and the expectation “Inform the user about Energy consumed and pro-
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duced”, respectively. In further maintenance, any change in the communication with the
user would lead to an investigation, reprogramming, or modification of this agent.
Figure 17 also shows the “SM” behavior carrying out operations that causes the
activation of the “Register consumption” operation. It is verified that this operation
has an entry called “Measurement data received” event, which corresponding output is
represented by the “Consumption report” object. The “Recorded record” event represents
the end of the operation.
Figure 16 presents the “SM” agent’s requirements and expectations.

Figure 16. Agent SM.
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Figure 17. SM operation to monitor consumption.
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6. Formalizing the Requirements Model
Finally, the requirements model, composed of the objective, object, operation, and responsibility diagrams, could be transferred to a formal representation in linear temporal
logic (LTL) or Petri Nets. Since we intend to work with automated processes, we will
introduce a formal representation in Petri Nets, following the standard IEC 61850.
7. Analysis of the Partial Results
The outcomes of the proposed methods appear in the design process of the case
study presented.
The proposed requirements cycle starts modeling the system-as-is (if a legacy system
exists) to understand and analyze the current design situation. The system-as-is is scrutinized to find flaws or improvements to be inserted in the system-to-be. This part of the
method is already proposed in existing material for KAOS [35,36,40].
We should also point out that we applied the goal-oriented approach, delaying the
expression of discrimination between functional and non-functional aspects, and always
relying on goals to collapse or hide this need. We avoided the pressure to balance functional
and non-functional requirements at the beginning of the process while dealing with the
problem definition (not with solutions) and with incomplete knowledge. Non-functional
requirements will be included as domain restrictions later.
The service design appeared in the process only heuristically and although very useful,
it still needs to be formalized in further work. For instance, the current model admits direct
formal modeling for users’ classes but the coupling between the service provided and the
user agents was not formalized. In other words, it is essential to highlight the importance of
value co-creation modeling to support (human) user interaction with the service. A formal
approach for that is being developed by the authors and will be published later.
The Petri Net in Figure 18 can be analyzed using available environments to evaluate
its transition graph (as an automaton) or to perform property analysis. Either way, we can
extract and verify the desired properties or detect some unexpected behavior that should
be removed from the control/service system. A Petri Net is a formal schema that captures
the behavioral and structural properties of a target system. It is well used in modeling
automated dynamical systems. The ISO/IEC 15.909 standard provides a unified definition
of the formalism used by the market and academy.
The proposed method follows a cycle of model-driven requirements development
for a distributed energy service system, mapping the interaction between all agents, be it
humans or machines, and its relationship with the surrounding environment. This is very
helpful to ensure sustainability and human well-being as part of the design process.

Machines 2021, 9, 370

23 of 26

Fault Operation
1

1

1

T3

P1

T0

T11

T12
1

P10

T20

P4

1

1

1

T21

1

1

1

1

1

T22

1

T9

1

T18

T15

T5

T4

1

1

1

T23

1

1

1

T29

1

1

1

1

1

1

1

P6

1

T17

P3

P0

1

1

P7

1

1

1

1

1

P9

1

1

1
1

T28

1

T10

T19

1

1

T7

1

T8

1

1

1

1

1

1

T16

T27

T25

1

T2

1

T1

1

1

1

1

T24

P8

T13

P5

T14

1

P2

1

T26
1

Autonomous Mode

Synchonization
Operation

Grid-connected Mode

Figure 18. Petri Net model IEC for the system service operation (Reprinted with permission from Ref. [5]. Copyright 2021 IEEE).

Machines 2021, 9, 370

24 of 26

8. Conclusions
This paper’s contribution is a requirement cycle that faces the growing complexity
of microgrid design in sustainable environments. In such cases, the tendency is to couple
the low-voltage distribution of energy [41] with a sustainable network of prosumer units,
reducing harmful interference in the environment while integrating the energy service with
its prosumers. The system is open, meaning that it will be frequently used for designing,
implementing, and integrating (or removing) new prosumer arrangements on top of a
legacy system that minimizes long-wire transmissions, especially inside forests.
To fit this demand, we advocate that:
•
•
•
•

Distributed microgrid systems should be modeled and designed as systems or systems
of systems (SoS);
Distributed microgrid systems should be designed as services or service of services
(SoS+);
Distributed microgrid systems design should be modeled and formalized, allowing
for a sound verification and coupling with the legacy system; and
Distributed microgrid clusters must be easily adapted and reconfigured.

To achieve these goals, we proposed a model-driven requirements life cycle based on
a goal-oriented approach to model services, stressing the communication and coupling
with the end-useR, which is a critical issue for the service approach. Dynamic requirements
synthesized by this approach are invariant and will be preserved both in the design process
and even after, up to the system elimination. Formalization as well as property and process
analysis are performed in Petri Nets.
Once the focus is on the life cycle, we prefer to avoid a tedious mathematical explanation of all aspects. Instead, we chose to show the method’s practical applicability,
preserving soundness. A case study based on a real application provided a suitable example: a microgrid design that needs to be expanded to a distributed smart grid service to
provide energy in a small community in a tropical forest with substantial sustainability
restrictions. We used its implementation as system-as-is and revised the design, leading to
emergent requirements and a missing coupling with the final user. Integrating a serviceoriented component with goal-oriented requirements is the main contribution of this paper,
reinforcing environmental restrictions and (human) user integration.
The state-transition direct approach to represent dynamics—the main characteristic of
an automated process—was introduced using a Petri Net formal representation. However,
the transference from KAOS modeling to Petri Nets was not fully automated. A new
development concerns creating an XML representation for KAOS that could match PNML
(Petri Nets Markup Language) as defined by ISO/IEC 15.909 (which defines the Petri Net
approach). In further work, we plan to introduce this automated transfer system.
A possible drawback of the proposed method is related to scalability. From one side,
the intense use of hierarchy in systems design is a way to deal with scalability and the
SoS (and SoS+) approach could add the possibility to analyze components separately or to
reuse some of them. From the other side, exploring XML to export models and integrate
documentation in XML (actually in KML, which is a Kaos Markup Language) should make
this problem slightly better than in UML, even if not solving it.
Finally, some communication problems detected will be treated using the standard IEC
61850 [42], wherein reference models must be represented appropriately in goal-oriented
diagrams and translated to Petri Nets. This development was slightly shown in the case
study but is not fully automated yet. The authors are also developing a software tool to
do this.
Author Contributions: Conceptualization, M.A.O. and J.R.S.; data curation, M.A.O., J.R.S. and E.L.P.;
formal analysis, M.A.O. and J.R.S.; investigation, M.A.O. and J.R.S.; methodology, M.A.O. and J.R.S.;
supervision, J.R.S. and E.L.P.; validation, M.A.O. and J.R.S.; data analysis, M.A.O., J.R.S. and E.L.P.;
visualization, J.R.S. and E.L.P.; writing—original draft preparation, M.A.O., J.R.S. and E.L.P. All
authors have read and agreed to the published version of the manuscript.

Machines 2021, 9, 370

25 of 26

Funding: Funded by the Graduate Program in Mechanical Engineering, Escola Politécnica, Universidade de São Paulo.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Acknowledgments: The authors acknowledge their respective institutions for supporting their
research activities: UEA, USP, and the support given by FAPEAM (Amazon Research Foundation) to
the first author.
Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
The following abbreviations are used in this manuscript:
SG
KAOS
MBRE
EPRI/NIST
SGAM
UML
IEC
MBSE
SoS
SoS+
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model-based requirements engineering
Electric Power Research Institute/National Institute of Standards
smart grid architecture model
Unified Modeling Language
International Electrotechnical Comission
model-based systems engineering
systems of systems
service of services
goal-oriented requirements engineering
linear temporal logic
smart meter

References
1.
2.
3.
4.
5.
6.
7.

8.

9.
10.
11.
12.
13.
14.
15.

de Oliveira, V.C.; Silva, J.R. A service-oriented framework to the design of information system service. J. Serv. Sci. Res. 2015,
7, 55–96. [CrossRef]
Han, Z.; Gu, Y.; Saad, W. Matching Theory for Wireless Networks; Springer: Berlin/Heidelberg, Germany, 2017.
Spohrer, J.; Anderson, N.; Pass, N.; Ager, T.; Gruhl, D. Service Science. J. Grid Comput. 2008, 6, 313–324. [CrossRef]
Nyso. Distributed Energy Resources Roadmap for New York’s Wholesale Electricity Markets: A Report by the New York Independent System
Operator; New York Independent System Operator: Nwe York, NY, USA, 2017.
Postigo, M.; Pellini, E.; Silva, J. Proposta de método sistêmico baseado em modelos para Smart Grid. In Proceedings of the 14th
IEEE International Conference on Industry Applications (INDUSCON), São Paulo, Brazil, 15–18 August 2021; pp. 41063–41070.
Kendal, S.L.; Creen, M. An Introduction to Knowledge Engineering; Springer: Berlin/Heidelberg, Germany, 2007.
Rohjans, S.; Dänekas, C.; Uslar, M. Requirements for smart grid ICT-architectures. In Proceedings of the 2012 3rd IEEE PES
International Conference and Exhibition, Innovative Smart Grid Technologies (ISGT Europe), Berlin, Germany, 14–17 October
2012; pp. 1–8.
Uslar, M.; Specht, M.; Dänekas, C.; Trefke, J.; Rohjans, S.; González, J.M.; Rosinger, C.; Bleiker, R. Standardization in Smart
Grids: Introduction to IT-Related Methodologies, Architectures and Standards; Springer Science & Business Media: Berlin/Heidelberg,
Germany, 2012.
Postigo, M.A.O.; Silva, J.R. Modeling in Petri Nets for micro smart grid operation based on IEC 61850 architecture. In Proceedings
of the 2018 Simposio Brasileiro de Sistemas Eletricos (SBSE), Niteroi, Brazil, 12–16 May 2018; pp. 1–6.
Van Lamsweerde, A. Requirements Engineering: From System Goals to UML Models to Software; John Wiley & Sons: Chichester, UK,
2009; Volume 10.
Cretu, L.G.; Dumitriu, F. Model-Driven Engineering of Information Systems: Principles, Techniques, and Practice; CRC Press: Boca
Raton, FL, USA, 2014.
Zaman, M.; Halder, R.; Buakharl, S.; Ashraf, H.; Kim, C.H. Impacts of Responsive Loads and Energy Storage System on Frequency
Response of a Multi-Machine Power System. Machines 2019, 7, 34. [CrossRef]
Ju, X.; Liu, F.; Wang, L.; Lee, W.J. Wind farm layout optimization based on support vector regression guided genetic algorithm
with consideration of participation among landowners. Energy Convers. Manag. 2019, 196, 1267–1281. [CrossRef]
Gerber, L. A systematic methodology for the environomic design and synthesis of energy systems combining process integration,
Life Cycle Assessment and industrial ecolog. Comput. Chem. Eng. 2013, 59, 2–16. [CrossRef]
Roboam, X. Systemic Design Methodologies for Electrical Energy Systems: Analysis, Synthesis and Management; John Wiley & Sons:
Hoboken, NJ, USA, 2012.

Machines 2021, 9, 370

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

31.

32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.

26 of 26

Frangopoulos, C.A.; Von Spakovsky, M.R.; Sciubba, E. A brief review of methods for the design and synthesis optimization of
energy systems. Int. J. Thermodyn. 2002, 5, 151–160.
Nafi, N.S.; Ahmed, K.; Gregory, M.A.; Datta, M. A survey of smart grid architectures, applications, benefits and standardization.
J. Netw. Comput. Appl. 2016, 76, 23–36. [CrossRef]
Ranganathan, P.; Nygard, K.E.; Magel, K. UML Design Patters in Smart Grid. In Proceedings of the Computers and their
Application CATA, New Orleans, LA, USA, 23–25 March 2011; pp. 114–119.
IEC. Intelligrid Methodology for Developing Requirements for Energy Systems; IEC: Geneva, Switzerland, 2008.
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: Berlin/Heidelberg, Germany, 2017.
INCOSE. Systems Engineering Vision 2020; INCOSE-TP-2004-004-02; INCOSE: San Diego, CA, USA, 2007.
INCOSE. SEBOK v.2.2; INCOSE: San Diego, CA, USA, 2020.
INCOSE. Guide for Writing Requirements; Prepared by: Requirements Working Group; INCOSE: San Diego, CA, USA, 2015.
Jamshidi, M. Systems of Systems Engineering: Principles and Applications; CRC Press: Boca Raton, FL, USA, 2008.
Postigo, M.A.O.; Silva, J.R. Microgrid System Design Based on Model Based Systems Engineering: The Case Study in the Amazon
Region. Simpósio Brasileiro de Sistemas Elétricos-SBSE 2020, 1. [CrossRef]
Silva, J.R.; Nof, S.Y. Manufacturing service: From e-work and service-oriented approach towards a product-service architecture.
IFAC-PapersOnLine 2015, 48, 1628–1633. [CrossRef]
Buede, D.M.; Miller, W.D. The Engineering Design of Systems: Models and Methods; John Wiley & Sons: Hoboken, NJ, USA, 2016.
Lopes, A.J.; Lezama, R.; Pineda, R. Model based systems engineering for smart grids as systems of systems. Procedia Comput. Sci.
2011, 6, 441–450. [CrossRef]
FitzPatrick, G.J.; Wollman, D.A. NIST interoperability framework and action plans. In IEEE PES General Meeting; IEEE: Piscataway,
NJ, USA, 2010; pp. 1–4.
van Lamsweerde, A. Goal-oriented requirements engineering: From system objectives to UML models to precise software
specifications. In Proceedings of the 25th International Conference on Software Engineering, Portland, OR, USA, 3–10 May 2003;
pp. 744–745.
Mavin, A.; Teufl, S.; Femmer, H.; Eckardt, J.; Mund, J. Does Goal-Oriented Requirements Engineering Achieve its Goal? In
Proceedings of the IEEE 25th International Conference on Engineering Requirements, Lisbon, Portugal, 4–8 September 2017;
pp. 174–183.
Parveen, S.; Imam, A. Analysis of different techniques of GORE (Goal oriented requirement engineering). Glob. Sci-Tech 2017,
9, 22–36. [CrossRef]
Lapouchnian, A. Goal-Oriented Requirements Engineering: An Overview of the Current Research; Technical Report; University of
Toronto: Toronto, ON, Canada, 2005.
Ponsard, C.; Darimont, R.; Michot, A. Combining Models, Diagrams and Tables for Efficient Requirements Engineering: Lessons
Learned from the Industry. In Proceedings of the INFORSID, Biarritz, France, 26–29 May 2015, pp. 235–250.
Respect, I. A Kaos Tutorial, 2007. Available online: http://www.objectiver.com/fileadmin/download/documents/KaosTutorial.
pdf (accessed on 3 November 2021).
Horkoff, J.; Aydemir, F.B.; Cardoso, E.; Li, T.; Maté, A.; Paja, E.; Salnitri, M.; Piras, L.; Mylopoulos, J.; Giorgini, P. Goal-oriented
requirements engineering: An extended systematic mapping study. Requir. Eng. 2019, 24, 133–160. [CrossRef] [PubMed]
Salmon, A.; del Foyo, P.; Silva, J. Verification of Automated systems Using Invariants. In Proceedings of the Brazilian Congress of
Automation, Belo Horizonte, Brazil, 20–24 September 2014; pp. 3511–3518.
Silva, J.M.; Silva, J.R. Combining KAOS and GHENeSys in the requirement and analysis of service manufacturing. IFACPapersOnLine 2015, 48, 1634–1639. [CrossRef]
Martinez, J.R.; Saidel, M.A.; Fadigas, E.A. Influence of non-dispatchable energy sources on the dynamic performance of
MicroGrids. Electr. Power Syst. Res. 2016, 131, 96–104. [CrossRef]
Nwokeki, J.; Clark, T.; Barns, B. Towards a Comprehensive Meta-model for KAOS. In Proceedings of the IEEE Workshop on
Model-Driven Requirements Engineering Workshop—MoDRE, Rio de Janeiro, Brazil, 15 July 2013; pp. 30–39.
Gomes, R.; Costa, C., Jr.; Silva, J.; Sicchar, J. SmartLVGrid Platform—Convergence of Legacy Low-Voltage Circuits toward the
Smart Grid Paradigm. Energies 2019, 12, 2590. [CrossRef]
Deng, W.; Pei, W.; Shen, Z.; Zhao, Z.; Qu, H. Adaptive micro-grid operation based on IEC 61850. Energies 2015, 8, 4455–4475.
[CrossRef]

