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Abstract

The ongoing energy transition to reduce carbon emissions presents some of the
most formidable challenges the energy sector has ever experienced, requiring a
paradigm change that involves diverse players and heterogeneous concerns, including
regulations, economic drivers, societal, and environmental aspects. Central to this
transition is the adoption of integrated Multi-Energy Systems (MES) to efficiently
produce, distribute, store, and convert energy among different vectors. A deep
understanding of MES is fundamental to harness the potential for energy savings
and foster energy transition toward a low-carbon future. Unfortunately, the inherent
complexity of MES makes them extremely difficult to analyze, understand, design,

and optimize.

This dissertation addresses this problem by applying Information and Communi-
cation Technology (ICT) and proposing different distributed software methods and
platforms for modelling and co-simulating MES. These solutions will enable the
definition of a virtual representation of the real world as a composition of models by
applying co-simulation techniques, permitting the analysis of a MES scenario from
multiple viewpoints and at different spatio-temporal scales, providing a structured

basis to design, develop and validate novel solutions and technologies for MES.

Firstly, this dissertation proposes GAMES, a General-purpose Architecture model
for MES, which helps designers in describing a MES scenario by applying Model-
Based System Engineering (MBSE) and Model Driven Architecture (MDA) strate-
gies. GAMES builds a solid conceptual framework of the energy sectors and aspects
involved in MES offering a guided and semi-automated definition of complex MES
scenarios. Then, it proposes three variants of a co-simulation infrastructure to ad-
dress the interconnection of heterogeneous General-purpose Programming Language
(GPL), software, and hardware simulators. Depending on the interconnected sim-

ulators, a MES designer could choose among: i) the Pure Software Co-simulation



vi

Infrastructure when the MES scenario presents models developed in GPL and soft-
ware simulators with slow temporal evolution, i.e. their time step duration is equal or
greater than one second; ii) the Digital Real-Time Co-simulation Infrastructure when
the MES scenario presents models developed with hardware simulators with fast
temporal evolution, i.e. their time step duration is around tens of microseconds with
strict real-time requirements for Hardware-In-the-Loop (HIL) and Power Hardware-
In-the-Loop (PHIL) testing; and, finally, iii) the Hybrid Co-simulation Infrastructure
that joins together the previous infrastructures to simulate complex MES scenarios
with both slow and fast temporal evolution of involved simulators. To conclude, the
Distributed Event-Driven Infrastructure is proposed with the purpose of scaling a
simulated MES application and/or service from a testing environment to a real-world

scenario.

The proposed solutions will ultimately promote and accelerate the energy transi-
tion by making the simulation of complex MES scenarios easier, more accurate, and
more efficient. Ease of use of such a solution comes from tools that automate and
validate the definition of involved energy scenarios. Accuracy instead comes from
the inclusion of heterogeneous simulators that capture the multifaceted nature of the
scenario under analysis. Finally, efficiency comes from distributed simulations and
support for dedicated hardware.

This promises a broad impact for both academic researchers and practitioners
working in the energy sector. Indeed, the solutions proposed in this dissertation offer
a common playground where both researchers and companies can share knowledge
and assess their solutions. Different actors may benefit from the outcome of this
dissertation: i) distribution system operators, who manage the distribution grids; ii)
energy aggregators, who manage the resources and loads of both consumers and
prosumers to generate savings and offer ancillary services to the grid; iii) public
administrators and decision-makers, who are in charge of drawing policies to plan the
energy transition; iv) energy managers, who manage energy flows in a building/small
district; v) energy communities, which are a new emerging actor of the energy
sector consisting of single citizens, companies, and public administration, and aim to
adopt renewable energy sources and storage systems to produce and consume energy

locally and share it in a peer-to-peer market.
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Chapter 1
Introduction

Smart Cities and their energy systems mainly contribute to climate change due to high
levels of energy consumption and Greenhouse Gas (GHG) emission [1]. According
to the United Nations Habitat, cities consume about 78% of global energy demand
and generate more than 60% of GHG emissions primarily through the consumption
of fossil fuels for energy supply and transportation [2]. To reach the ambitious goals
of the Glasgow agreement [3], a drastic reduction in carbon emission is needed. To
achieve such a reduction, a transition from classic fossil fuels to Renewable Energy
Source (RES) as well as the adoption of integrated energy system components, such

as micro co-generators, is required.

Nowadays, close cooperation between different energy vectors is timidly taking
place and increasing in energy systems management through Distributed Multi-
Generation (DMG). For instance, Combined Heat and Power (CHP) systems, in
which electricity, heat exchanging fluids, and gas networks interact with each other,
are gaining great interest from the research community as a solution to optimize the
involved energy vectors’ consumption guaranteeing secure and affordable energy
systems and reduce the overall amount of GHG emission and local pollution to
meet the challenging European Union (EU)’s 2030 Climate Target Plans. Other
DMG examples that are characterizing this transformation of our energy systems are
Electric Heat Pumps (EHP), air conditioning devices, tri-generation of electricity,
heat, and cooling, and so on. In the same way, different energy sectors are widely
taking advantage of the interaction with energy vectors to ensure their operation. Like
the interactions between electricity, the fuel chain, and the transport sector ensured by



2 Introduction

MES
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- /

Fig. 1.1 System Engineering description of a Multi-Energy System (MES)

Electric Vehicles (EV), bio-fuels and hydrogen-based transport that is reducing the
environmental footprint of road transport. So, the vertical approach of facing energy
system innovation, design, and development must evolve in an integrated approach.
This transition will change completely the structure of the energy systems from
standalone hierarchical centralised energy systems to cooperative and distributed
energy systems, the so-called Multi-Energy System (MES) vision highlighted by the
European Green Deal’s action plan [4] and Clean Energy for all Europeans package

[S].

MES are complex systems in which different energy vectors (e.g. electricity,
heat exchanging fluids, natural gas, and hydrogen), energy sectors (e.g. fuels, trans-
port), and their respective generation, transformation, transmission, and distribution
systems interact with each other to optimise the overall resulting System-of-System
(SoS) with a specific objective, also considering each of the interconnected sub-
system operational management [6]. While MES components interact in such a
multi-faceted way that they are very difficult to be analysed comprehensively, such
systems and the ones with DMG can be the major option to decarbonize the en-
ergy sector. In fact, MES means the coordinated planning and operation of the
energy system across multiple energy carriers, energy markets, end-use sectors, and
above-mentioned technologies at different functional layers to maximise efficiency,
minimise waste, power a climate-neutral circular economy, and achieve a low carbon
future [4, 7]. Moreover, this vision increases technical, economical, and environ-
mental performance at both the operational and the planning stage with respect to

"classical" energy systems whose sectors are treated independently.

The systemic description of a MES could be analyzed as a black-box with
external interaction determined by an input and output equivalent model following a



system engineering approach (see Figure 1.1). Starting from a literature analysis, the

main aspects to analyse in-depth these systems have been identified:

* the multi-fuel perspective represented in Figure 1.2a. It analyses the different
inputs that a MES requires, including "classical" natural gas to biomasses and
RES for both electrical and thermal energy, that will be integrated together to
optimize the supply of the demand for the service offered by the MES;

* the multi-service perspective represented in Figure 1.2b. It identifies the
output of MES operations, in terms of service offered by the MES itself (e.g.
optimization of energy pattern), with particular attention to the supply level.
It is worth noting that one of the most relevant use cases is the combined

production of multiple energy carriers;

* the multi-scale perspective represented in Figure 1.2c. It scales the analysis
from small environments up to large-scale scenarios (e.g. house, district, city,
region, state). MES could be intended in different ways of aggregations, such
as components involved in the MES or even just conceptually;

* the multi-time perspective represented in Figure 1.2e. It harmonizes and
synchronizes different operational timings. Each energy vector is characterized
by different transitional states that happen with their own temporal resolution.
Once an operational analysis of a MES is taken into account, this perspective
requires particular attention in managing a shared temporal resolution for all

energy vectors involved;

* the energy network perspective represented in Figure 1.2d. It takes into
account different vector’s distribution and transmission systems (e.g. electrical
lines, gas, and district heating pipes). The principal objective is to determine in-
novative multi-energy technologies that could optimize and reduce the systems

cost of the networks involved;

* the digitalization perspective to monitor and manage the overall MES com-
ponents through Information and Communication Technologies (ICT). This
perspective determines a transition from an old analogic semi-automated to
digital fully-automated management of energy vector’s operations, taking into

account each single energy system digitalization composing a MES;
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* the economic and business perspective to study the impact of new solutions
and services on the marketplace, taking into account different stakeholders,

national policies, and energy vector’s regulation.

Thus, MES complexity is difficult to be understood without exploiting models
merging cyber-physical, economic, and social perspectives. Moreover, such analysis
must also consider constraints and feedback from regulators, economic drivers, social
and environmental behaviours [8]. Therefore, the major challenges associated with
the design, simulation, and management of MES use cases lie in an effective holistic
analysis based on collaboration among different domain experts and integration
of their specialised modelling and simulation tools. Indeed, experts from different
domains may misunderstand each other due to different terminology and backgrounds
and, usually, cannot communicate and exchange information with each other due to

data format incompatibility and license restrictions of tools.

To foster this energy transition, ICT tools are required to simulate and test such a
heterogeneous SoS before deploying innovative solutions in real-world scenarios that
fulfil these complex interactions. The energy research community concentrated its
effort on developing standalone simulation tools to cope with the needs of analysing
this disruptive transition. Different simulation tools have been proposed to analyse
specific aspects of these complex systems. For instance, Digital Real-Time Simula-
tor (DRTS) have been proposed to analyse Electro-Magnetic Transients (EMT) of
innovative equipment within electricity power transmission and distribution lines.
However, these solutions focus only on some of the above-mentioned perspectives.
Other solutions are more complete and allow analysis of all the aspects required by
MES. Often, these solutions follow a vertical design in different fields of technology
(e.g. electrical and thermal engineering, distribution and transmission grid manage-
ment, and energy market analysis). Hence, MES scenario developers must dedicate

a steep learning curve to master these solutions.

So, standalone simulation is failing in describing the multi-disciplinarity, multi-
domain, and multi-model vision of these complex systems with the required spatio-
temporal scalability to face the energy system integration with composite and in-
telligent control strategies [4]. Further efforts are required to extend standalone
capabilities with a distributed simulative approach, taking into account heteroge-
neous aspects of the aforementioned SoS. In the literature, co-simulation techniques

have been proposed to interconnect different domain-specific software, General-
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Purpose Programming Language (GPPL), and hardware simulators, exploiting each
of the respective tool peculiarities in a shared simulation environment capable of

analysing concurrent aspects of a MES.

1.1 Open Challenges

The complex nature of Multi-Energy System (MES) leads to the essential need of new
framework to plan, develop and test these large-scale SoS. A MES designer demands
proper engineering and validation approaches, methods, concepts, and corresponding
tools. ICT could acknowledge these requirements and provides a structured basis
for the design, development, and validation of new solutions and technologies. This
section tries to list different challenges and objectives still open in this field. The
challenges addressed by this dissertation are grouped into four main pillars: i)
Knowledge Integration, ii) Design Framework, iii) Automated Composability, and

iv) Co-simulation Technologies.

1.1.1 Knowledge Integration

A Multi-Energy System (MES) is categorised as a complex system from a system
engineering perspective [9]. Complex systems are composed of a great number of
different elements employing dynamic connections. In Figure 1.3, two principal
viewpoints can be assessed: i) system dynamics and changeability [10] in term of
parameters, effects and mechanisms, and ii) variety, multiplicity, and size to represent
the scalability of the system. Specifically, the elements that compose a MES should
be grouped by energy vector membership, represented by the third axis. Following
this interpretation, MES can be stated as heavily interconnected SoS with composite

system dynamic interaction belonging to a single energy vector.

Due to the complexity of the analysis, we can define two different perspectives
by designing a MES: 1) Vertical Knowledge Integration, and 11) Horizontal Knowl-
edge Integration. Vertical Knowledge Integration represents the different scientific
contexts specific to an individual energy vector. For instance, each electricity vector
could be split into generation, transmission, distribution, distributed energy resources,
and consumer/prosumer premises. Each of these contexts requires specific expertise

to be comprehensively analysed.
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Instead, Horizontal Knowledge Integration is aiming at a broader MES analysis
by avoiding or reducing complexity for a specific energy vector, towards the concept
of a Simple System. Nevertheless, such knowledge integration expresses the com-
plexity of the interaction between the energy vectors. From the point of view of the
energetical aspect, these perspectives generate two mutually exclusive objectives: 1)
reducing the MES details design to address a more scalable system, or ii) increasing

the MES details, reducing the dimension of the overall system.

Integrating monitoring, management, and control aspects in a MES analysis dra-
matically increase the order of complexity. Data signalling through ICT engineering
is a requirement to enable such functionalities. It requires a wider vision to define
the exchange of information between all the elements composing a MES. Moreover,
data signalling must be enabled by a communication network (i.e. Internet) involving
all the protocol suite stacks elements that allow information exchange in the analysis.
Dealing with ICT rises different needs: i) a common information model descrip-
tion evenly distributed among MES entities, ii) a dedicated application protocol to
monitor, manage and control such MES entities, iii) network management of the
data signalling, and iv) cyber-security and data privacy management to increase the

resilience of MES against cyber attacks and threats.

Lastly, business, economics, and regulation aspects play a role of great impor-
tance to join the energy market and offer new commercial services (e.g. ancillary
services, Demand Response (DR) and Demand Side Management (DSM)) exploit-
ing innovative business models and ICT. To face decision-making assessment and
economic feasibility of such services, a MES designer must choose among different
alternatives: i) outline a business model to commercialise a service, ii) select different
MES-related technology to provide such service, and iii) enable the ICT component
to fulfil the service in an optimal and secure fashion. All three requirements impact

the economic feasibility of the service.

Figure 1.4 shows the representation of concurrent MES aspects as a complex
Cyber-Physical Energy System (CPES) with overlapping structures. Each of the pos-
sible stakeholders of a MES design introduce its own aspect of the SoS infrastructure.
Thus, the first challenge highlights the need for unified tools to support the design
and analysis of MES architectures. These tools must allow effort parallelisation
of MES architecture design, permitting each stakeholder to design its own aspect

exploiting the others’ high-level SoS structures.
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1.1.2 Design Framework

The major concern regarding MES design lies in the development and testing of
innovative technologies to ensure operational functionality, stability and safety.
Systematic analysis on a formal basis is impossible when dealing with the high-level
complexity of MES design. Also, hardware testing in laboratory or fields trial are
expensive and inflexible tools to assess a MES scenario. On the other hand, software

simulation could be a viable solution which is scalable and cost-effective.

Operational analysis of a MES requires collaboration of expert in each different
aspect presented in Figure 1.4. To achieve these objectives, each analysed field of
technology introduces knowledge and terminology from different MES domains.
To deal with such heterogeneity, a Design Framework is needed to allow the inter-
connection of executable interdisciplinary models without involving their detailed
complexity. The manual configuration of such multi-faceted scenarios in nowadays
design framework can be error-prone. For instance, holonic component with complex
behaviour and many interfaces with different domains (e.g. Communication Net-
work) requires handling a complex simulation engine. Moreover, scaling the analysis
from small environments up to large-scale scenarios (e.g. house, district, city, region,

state) could increase the complexity of different components’ interconnection.

Thus, the design framework must be focused on the high-level description of the
MES scenarios avoiding details of model coupling and interfacing. It should rely on
a simple and viable modelling language shared among MES scientific community.
This will ensure a reduction in coding effort to achieve a valid analysis result. Models,
software, simulators and hardware must be accessible among experts in the fields
through a disposable shared library to avoid their design from the scratch and enhance
their reliability. Moreover, a discovery service must be integrated into the design
framework to foster the reuse of items already compliant with the co-simulation

infrastructure.

Finally, the interconnection of models into scenarios must be automated allowing
to respect a set of interconnection rules defined for each library item. Avoiding
manual interconnection reduces the possible erroneous link between models, leading

to a faultless and reliable scenario generation.

These requirements will reduce the gigantic modelling effort needed to cope with

such a complex scenario.
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1.1.3 Automated Composability

This challenge reflects the complex effort needed by ICT engineering to deal with
the physical interconnection of MES software simulators and hardware (e.g. micro
CHP, Thermal Storages, and EHP).

Normally, software simulators employ a Domain Specific Languages (DSL) to
parametrise simulated entities in a grey-box modelling approach. DSL allows usage
of Application Programming Interface (API) to describe different aspects of a system
(i.e. inputs, attributes, control variables and outputs).

Often, these software simulators follow a vertical design in different fields of
technology (e.g. electrical and thermal engineering, distribution and transmission
grid management and energy market analysis). Hence, MES scenario developers

must dedicate a steep learning curve to master these solutions.

Furthermore, simulations are commonly achieved in a standalone environment
without taking into account information from distributed or third-parties components.
Nevertheless, this process should be implemented by considering the different inter-
actions between the simulation environment and external sources. For instance, a
simulated model could retrieve input data from interconnected hardware to generate
the desired system stimulus.

Hardware set-ups are of great value in hardware assessment for a MES scenario
but intrinsically originate criticalities in the test-bed configuration. Depending on the
hardware, strict real-time constraints are introduced increasing the interconnection
complexity. Moreover, the ICT integration of distributed software simulators and

hardware entities requires expertise in distributed network interconnection.

An Automated Composability process could face these issues. Relying on the
above-mentioned design framework, a dedicated compiler could generate each
specific DSL code related to a particular component of the MES scenario, either
hardware or software, and could offer a self-regulating distributed network intercon-

nection of the relationship among the different participants.
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1.1.4 Co-simulation Technologies

Co-simulation is a challenging task when dealing with heterogeneous ICT simula-
tion tools. It must preserve high efficiency and accuracy in each single subsystem
simulation. Furthermore, the complex dynamic system of systems simulation ob-
tained by coupling different simulators may not cause instability and inaccuracies.
The main challenges in this regard are Time Synchronisation and Regulation, and

Communication.

Time Synchronisation is mandatory when the distributed co-simulation infrastruc-
ture interacts in a time-dependent manner. It refers to the algorithm used to ensure
temporally correct ordering among events generated by various simulators. So, time
synchronisation must share among the simulation entities a common time reference
to respect the aforementioned time step evolution constraint. Time Regulation instead
refers to the need of instituting a policy to regulate how individual simulators evolve
over time. For instance, a particular simulator could be a leader of the distributed
environment (i.e. time-regulating), and some others could be followers (i.e. time-
constrained). Depending on the application, a policy must be created using a correct
time regulation scheme for the simulators involved, which can have a major impact
on the performance and correctness of the distributed co-simulation environment.
By following this time regulation policy, the co-simulation framework must ensure
the correct ordering of simulators’ internal state evolution respecting each of the

simulator time step evolution.

On the other hand, Communication refers to data exchange among different
interconnected simulators, normally carried out by telecommunication protocols.
Choosing the right protocol is fundamental to design an accurate and reliable co-
simulation infrastructure, capable of ensuring the stability of the numerical solution.
The main issues are normally generated by latency (or lag). In a co-simulation
context, latency is the time delay between the sending procedure of data retrieved
from a simulator engine and the receiving procedure that provides the received data
to the solver of other distributed simulator environments to fulfil their numerical
calculation. Latency is the main cause of instability and inaccuracies for a distributed
co-simulation infrastructure and must be mitigated by applying specific techniques.
So, the communication strategy must ensure the data exchange management via
communication protocols, such as Transmission Control Protocol (TCP) and User

Datagram Protocol (UDP), and must consider the complex ordering of the internal
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state evolution of each interconnected simulator with the aim of reducing the latency

experienced by the exchanged messages.

Finally, for software and GPPL simulators, the entire co-simulation process
may require a master algorithm that ensures the correct evolution of the simulation
environment, so-called Co-simulation Orchestrator Engine (COE). For hardware
simulators (i.e. DRTS), the simulation process instead cannot be controlled by
an external entity since their time regulation must respect the real-time constraint
to permit Hardware-In-the-Loop (HIL) and Power Hardware-In-the-Loop (PHIL)
interconnection for testing purposes, so-called hard real-time environments. So,
the interconnections among software and GPPL and hardware simulators raise a

complex issue, which has not yet been tackled by the research community.

1.2 Goals and Achievements

A first literature analysis revealed that applying co-simulation solutions could reduce
the complex effort needed for modelling the heterogeneous set of components and
equipment required for a MES scenario simulation with respect to standalone simu-
lation software and/or GPPL simulation libraries. In fact, co-simulation techniques
have been taken into account in this dissertation to propose a solution to relieve MES
designer from the complex effort needed to analyse both operational and planning
aspects of a MES.

Co-simulation is a flexible approach to integrate different domain-specific simu-
lators together in a shared and distributed simulation environment. Following this
paradigm, a complex scenario is decomposed in a SoS topology in which each node
(i.e. subsystem) is simulated by a different simulator engine (or solver). This decom-
position allows choosing among a set of domain-specific simulation tools to find the
best solution that enhances numerical calculation and boosts the computational time
of a single subsystem. For instance, DRTS is a plus to fulfil a Smart Grid simulation

in a distributed co-simulation infrastructure.

As a result, this dissertation proposes different modelling and co-simulation
techniques designed, developed, and tested over real-world scenarios to demonstrate

the feasibility of applying co-simulation in such a complex system analysis. The
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application of these techniques will foster the energy transition towards integrated

energy systems, so-called MES vision.

The main achievement is proposing a set of comprehensive tools that a MES
designer could choose to simulate a MES scenario, depending on the perspectives
and aspects that must be taken into account for the scenario analysis. These tools will
avoid the complexity of employing standalone simulation software or state-of-the-art
co-simulation solution to represent such a heterogeneous set of components and

equipment required by MES analysis.

Firstly. this dissertation proposes a comprehensive architectural description
for modelling and co-simulate MES, so-called General-purpose Architecture for
MES (GAMES), following "from the black-box to the white-box" approach. The
presented architectural model integrates and extends the Smart Grid Architecture
Model (SGAM) to deal with the definition of MES use cases. Thus, the proposed
solution enables a modular methodology where different aspects of a MES can be
analysed altogether with high-level details of the use case description, exploiting
Unified Modeling Language (UML) to characterise each component involved as a
black-box. Furthermore, GAMES integrates Systems Modeling Language (SysML)
to enable a systemic description of the MES component and their interconnections,
following a grey-box approach. This will allow translating the systemic description
of components involved in MES use cases into DSL code of each software simulator
involved in the co-simulation scenario and hardware configuration files for the
interconnection of real-world devices, allowing a white-box analysis of software and
hardware involved in the MES use case. GAMES is considered a solution of the
former open challenges Knowledge Integration, Design Framework, and Automated

Composability.

Then, this dissertation proposes three different co-simulation infrastructures that
allow a MES designer to develop, test, and deploy a MES simulation interconnecting
different GPPL, simulation software, and hardware simulators in a unique simulative
tool. Depending on the set of simulator entities interconnected, a MES designer

could choose among the three configurations of the proposed architecture, namely:

* The Pure Software Co-simulation Infrastructure capable of interconnecting
GPPL and simulation software related to specific operational and planning

assessment of a MES use case with slow temporal evolution;
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* The Digital Real-Time Co-simulation Infrastructure capable of interconnecting
different hardware simulators, i.e. DRTS, when a MES designer needs to
analyse in real-time demanding MES operational use case with fast temporal
evolution (e.g. power grids), allowing HIL and PHIL testing;

* The Hybrid Co-simulation Infrastructure capable of analysing a MES use
case with concurrent slow and fast temporal evolution of its operational and
planning aspects.

Furthermore, this dissertation proposes an event-based infrastructure, so-called
the Distributed Event-Driven Platform, that allows near real-time testing of MES
use case offering the possibility to switch easily from a testing environment to a
real-world application of a particular MES functionality. These two infrastructures
are considered as a solution to the former open challenges Automated Composability,

and Co-simulation Techniques.

Finally, a scalability assessment of the existing co-simulation framework is
presented to determine whether or not to apply one of the co-simulation solutions
present in the state of the art, depending on the MES use case under analysis and its
requirement.

1.3 Structure of the Dissertation

The structure of this dissertation is as follows. Chapter 2 provides a theoretical
background on the system engineering tools used to analyse and decompose a MES
scenario into a System-of-System (SoS) structure to then apply Model Based System
Engineering (MBSE) techniques to standardise the proposed scenario description
among the energy research community by applying a model-based approach. Then, a
literature review of co-simulation standards, techniques, and solutions is presented in
Chapter 3, highlighting the proposed infrastructure novelties. Chapter 4 introduces
the innovative General-purpose Architecture for MES (GAMES) architecture and
describe its main structure that facilitate a MES scenario description. Chapter 5
presents the co-simulation infrastructures proposed in this dissertation in its three
variants, namely i) the Pure Software, ii) the Digital Real-Time, and iii) the Hybrid
Co-simulation Infrastructures. Each of their layered infrastructures has been pre-
sented and analysed and tested over a specific MES scenario. Chapter 6 introduces
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instead the distributed event-driven platform that allows testing innovative MES
services in a co-simulation environment to then scale to a real-world application.
The platform novelties have been tested over a real-world MES scenario. Then, a
scalability comparison has been presented in Chapter 7 to determine which of the
literature co-simulation orchestrator perform better in rising the simulated entities
composing a MES. Finally, Chapter 8 reports concluding remarks.



Chapter 2

Enabling Technologies

2.1 Systems Engineering

Many phenomena in daily life are delineated as systems, such as MES. Following
the fundamentals of Systems Engineering, systems are defined as a composition
of elements that represent their fundamental building blocks. Each element is
characterized by properties and functions. Properties are understood as parameters
of an element. For instance, a Photovoltaic (PV) panel represent an element of a
photovoltaic system and one of its property is its peak power. Functions, on the other
hand, represent the purpose of an element. For a PV panel, one of its functions is the
production of electricity from solar radiation.

The elements of a system could also be viewed as a system itself. This process,
called system decomposition, yields several subsystems that normally have the
same properties and functions. Thus, PV panels that are constituent elements of a
photovoltaic system could be seen as subsystems. Each of the generated subsystems
has the same properties and parameters, which fits the above definition of a system.
In fact, a PV panel is composed of solar cells, its constituent elements, which present
particular properties and functions. It is worth noting that this process could be
iterated again on PV panels by applying system decomposition to generate different
subsystems (i.e. their solar cells).

Elements of the system are associated with each other through relations. The
elements and their relations define the structure of a system. Following the pho-

tovoltaic system example, different PV panels (i.e. its elements) can be combined
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in parallel interconnections or in series with copper cables (i.e. their relations) in
order to increase the electricity production of the overall system. The schema of the

interconnection of the different elements defines the system structure.

Finally, a system composed of its elements and relations allows the definition of
its boundary with the outside world, the so-called environment. Other elements or
systems that affect or are affected by the system are located outside the boundary of
the system. In the literature, these systems are referred as the environmental system.
Figure 2.1 provides a graphical representation of all of the above definitions that
allows a clear understanding of the basic terms of a system.

When dealing with systems that are composed of heterogeneous elements, it
is fundamental to define further notions, such as System-of-System (SoS) which
extends the concept of system decomposition. It describes a decomposition of a
system in which the generated subsystems (i.e. its heterogeneous elements) can
operate independently of each other. Thus, each of the subsystems that make up a
SoS has its own purpose that is independent of the purposes of the other subsystems.
Together, they will implement additional or greater benefits than any single system

could provide. To conclude this introduction to the Systems Engineering notions, the
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SoS or a single system is described by its system hierarchy that orders and relates all
the entities that satisfy the benefits of the SoS or system.

2.1.1 Black box, grey box, and white box systems

It is of paramount importance to choose from a set of possible complexities of a
system, depending on the advantage exploited by the completeness of detail that a
system designer would like to reach. For example, a system could be described by
its transfer function f applied to inputs / to recover outputs O without complicated
models or complex internal dynamics, as described in Figure 2.2a. Systems in which
the internal construction or phenomenon is meaningless or unknown are called black
box systems [9]. This level of description is essential when trying to reduce the
complexity of a system description.
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Fig. 2.2 Generic representation of different levels of description of a system: (a)
black box, (b) white box, and (c) gray box systems

A white box system [9], on the opposite, analytically expresses the real con-
nections between inputs and outputs that must be observed in detail or are of great
significance for the purpose of the system definition (e.g. for simulative purposes),
as depicted in Figure 2.2b. In these systems, all the smallest heterogeneous ele-
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ments and relationships are detailed and described without the possibility of further

breaking up the structure of the system.

A grey box system [9] instead is used when its description is roughly or partially
structured, as described in Figure 2.2c. Roughly structured means that the level of
detail is low. Partially structured alternatively indicates that the level of detail varies
depending on the definition of the elements: some system parts could be structured

in an elementary way or not at all, and others are structured with complete details.

These definitions can be applied in an arbitrary fashion by the system designer
since we can define the transition from a black box to a white box system passing

from a variable number of grey box systems in different, multi-faceted ways.

2.1.2 System aspects

All systems and SoS can be seen from different perspectives and viewpoints. Each
perspective and viewpoints define a system aspect, that typically enhances a particular

analysis of the system and the composition of its elements.
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In Figure 2.3, three different aspects of a SoS are presented, each one depicting
a different type of relation between subsystems (i.e. Material, Information, and
Energy flows). The resulting system presents a typical overlapping structure that
is capable to join all the previous aspects together. Multi-Energy Systems (MESs)
are a clear example of these systems where different energy, ICT, financial, and
business perspectives add their own vision of the relations among subsystems and of
subsystems themselves, modelling and highlighting a particular behavior, quality, or
property of the MES.

2.1.3 System types

When dealing with a particular aspect, a systems designer must choose between
different levels of detail needed to analyze a system. For example, a system might
be analyzed using a black box or gray box approach, resulting in a low number of
elements and relationships. Conversely, the system could be described with high
resolution by various types of elements with complex and dynamic relationships
through a white box approach. In this sense, it is useful to define different types of
systems according to their variety, multiplicity, and size, and on the other hand by
their dynamics and changeability.
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These two axes are represented in Figure 2.4, where four definitions of system

types have been introduced as follow:

A Simple System consists of a low number of elements that exhibit permanent
relationships with low intensity [9]. These systems can be explicited in their
entirety - in special cases even through mathematical or analytical methods.
So, they present a small variety, multiplicity, and size, and low dynamics and
changeability.

* A Massively Interconnected, Complicated System has a high number of ele-
ments. These elements have a large variety and are interconnected by simple,
static relationships [9]. Due to their size, it could be very difficult to explicitly
describe these systems that normally require computer simulation to depict
their behavior.

* A Dynamic, Complicated System presents elements with temporal and, often,
non-linear behavior of relationship with other elements [9]. Although they
present normally a really low number of elements, it results difficult to describe

quantitatively or to predict the system behavior due to their dynamic character.

* A Complex System joins together Massively Interconnected and Dynamic,
Complicated Systems. These systems present a great number of elements and
composite relationships with high dynamic connections [9]. This type is the
most difficult to be analysed. In some cases, representing and describing the
complexity of these systems may be an impossible task and simplifications

must necessarily be made.

As much as possible, a systems engineer should try to describe a system by
reducing the complexity of the necessary aspects, and try to represent them as simple
systems.

2.2 Model Based System Engineering

The former definition of MBSE from International Council on Systems Engineering
(INCOSE) in [11] is "the formalized application of modeling to support system

requirements, design, analysis, verification, and validation activities beginning in the
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conceptual design phase and continuing throughout development and later life cycle
phases. MBSE is part of a long-term trend toward model-centric approaches adopted
by other engineering disciplines, including mechanical, electrical, and software. In
particular, MBSE is expected to replace the document-centric approach that has
been practiced by systems engineers in the past and to influence the future practice
of systems engineering by being fully integrated into the definition of systems

engineering processes."

In 1997, Object Management Group (OMG) presents its first attempt of stan-
dardization of model-based approach specification, so calledUML [12]. UML is a
General-Purpose Programming Language (GPPL) for modelling software that pro-
vides a standard to visualize its design following a system engineering perspective.
In 2005, UML become an International Standardization Organization (ISO) standard
for software engineering and has been extended to a second revision in 2017 [13].
It offers two main diagram types, called Structural and Behavioral UML Diagrams.
Although UML offers different simple software to deploy the overall model-based
approach, the common practice of software engineers has been to choose among a set
of these diagrams and draw them in an informal fashion. These informal diagrams
are then shared with other colleagues to describe the structure of the software under
development.

The main technical implementation of MBSE in the field of system analysis
instead has been SysML [14] that is a GPPL for modelling systems that, similarly
to UML, follow a system engineering perspective. It offers the possibility to sup-
port the specification, analysis, design, verification and validation from simple to
complex system studies. In 2012, SysML become an ISO standard for system en-
gineering [15]. SysML is an extension of some UML schema to support system

engineering applications.

2.2.1 Model Driven Architecture

Model Driven Architecture (MDA) was presented in 2001 by the OMG as standard
for applying model-based approach to software development.

The main goals of the standard are portability, interoperability, and reusability
of software among different hardware and GPPL through an architectural vision.

It embraces the complete lifecycle development of a software, from the analysis,
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Fig. 2.5 MDA vision

design, and testing to the deployment and maintenance of software. In brief, it
is an approach that applies existing OMG specification (e.g. UML) to optimize
software development taking care of the above-mentioned concerns and avoiding
technological definition, enabling the interoperability required for a commercial
software solution. MDA general vision is depicted in Figure 2.5, which presents a
diagram that illustrates the possible applications and the proposed solutions by the

standard.

The two main concepts of MDA are models and transformations. When dealing
with the first step of the MDA process, the software developer must create via UML
diagrams i) a Computational Independent Model (CIM) that represent a model of the
overall business rules that encompass the core business of specific software, and ii) a
Platform Independent Model (PIM) that instead represent a model to maps the CIM
entities into the relative services offered by the software in a platform independent
way. The PIM can be transformed in different specific software platforms (e.g. .NET
Framework) through Platform Specific Model (PSM) that contains the specification
and entities of the PIM with added details to determine how these specifications and
entities are mapped in a specific platform described by the Platform Definition Model

(PDM). A PIM could have one or more PSM, depending on the number of platforms
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Models
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Fig. 2.6 MDA process
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Fig. 2.7 Model-Based System Engineering (MBSE) conceptual model of an architec-
ture description according to ISO 42010

in which a software developer wants to deploy its software solution. Finally, the
PSM is compiled into code to be run by the specific platform defined in the PSM. It
1s worth noting the relations among models (i.e. CIM, PIM, PDM, and PSM) and

their transformations till reaching the code in Figure 2.6.

2.2.2 1S042010 and Architecture Design

Another huge effort of the scientific community to foster the application of MBSE in
architectural description of system and software is the IEC/ISO/Institute of Electrical
and Electronics Engineers (IEEE) 42010:2011 standard [16], ISO 42010 for short.

ISO 42010 defines architecture description for the creation and analysis of

architectures of systems by providing a comprehensive architecture ontology. The
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application of the standard ensures a coherent practice for system and software
architecture descriptions and description languages, taking into account also the
architecture framework development. It can also be used to assess compliance to the

standard of an already developed system and software architecture to its provision.

In Figure 2.7, the standard introduces the conceptual model for architecture de-
scription that is commonly used to define an abstract of the architecture by means of
concepts (e.g. stakeholder, concern, architecture view and viewpoint) and properties
(e.g. relations among concepts). More details can be found in [16].
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2.3 Smart Grid Architecture Model

SGAM [17] is one of the most promising model-based tools in the field of energy
engineering, in particular for power grid evolution and innovation. It is a tool to
design and validate Smart Grid use cases in an architectural viewpoint based on
ISO 42010 standard [18]. As depicted in Figure 2.8, SGAM is a 3D structure with
three main axis for the dimension of: i) Domains , i1) Zones, and iii) Interoperability
Layer.
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Fig. 2.8 Smart Grid Architecture Model (SGAM)

Domains represents the overall conversion chain of electricity following the
National Institute of Standards and Technology (NIST) Conceptual Model [19] based
upon [EC 62890 Value Stream Chain [20]. Domains are described as follows:

* Bulk Generation represents the production of electricity in bulk quantities typi-
cally connected to the transmission system, such as fossil, nuclear, hydropower
plants, off-shore wind farms, large-scale solar plants (e.g. PV);
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* Transmission represents the infrastructure and organization allowing transport

of electricity over long distances;

* Distribution represents the infrastructure and organization permitting to dis-

tribute electricity to customers;

* Distributed Energy Resource (DER) represents the entities applying small
scale generation technologies, typically between 3kW and 10MW, directly

connected to distribution infrastructure (e.g. PV plants);

* Customer Premises represent the end users of the conversion chain like indus-
trial, commercial, and residential customers, either consuming or producing

electricity (e.g. rooftop PV installation and micro-turbine).

Zones represents the hierarchical levels of ICT control system implemented along
the Domains to control the conversion chain of electricity based upon IEC 62264 [21]
and IEC 61512 [22] Hierarchical Level for Automation. Zones are described as
follows:

* Market represents the market operation enabled by the overall electric conver-

sion chain (e.g. mass market, retail market, and related energy trade actions);

» Enterprise encompasses commercial and organizational processes, services,
and infrastructure for enterprises, like utilities, service providers, or energy
traders (e.g. asset management, logistics, billing, and customer relationship

management);

* Operation hosts power system operative control in the respective domain
(e.g. Distribution Management System (DMS), Energy Management System
(EMS), and Virtual Power Plant (VPP) management);

* Station represents the aggregation equipments for a geographical area of
interest (e.g. data concentrators, substation automation, and local Supervisory
Control and Data Acquisition (SCADA) system);

* Field represents the protection, control, and monitor equipment of the power
system, usually called Intelligent Electronic Device (IED) (e.g. protection

relay, bay controller, and measure acquisition system);
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* Process represents the physical equipment directly involved in the physical,
chemical, and spatial transformation of energy (e.g. generators, transformers,

cables, solar plants, and storage).

Zones reflect a functional separation of data aggregation. For instance, real-time
measurements system are typically in the Field and Station zones. Instead, functions
that cover a large geographical area are usually located in the Operation or Enterprise
zone.

Finally, Interoperability Layers are relevant to the mission of integrating and in-
teroperating different systems in the electrical conversion chain [23]. Interoperability
Layers are fund on MBSE and follow IEC 42010 standard [17]. In fact, they are ar-
chitectural viewpoints to frame business, functional, informational, communication,

and physical concerns. Thus, they are divided into five main layers:

* Component Layer represents the physical distribution of all participating
equipment in the Smart Grid context;

* Communication Layer describes protocols and mechanisms with the purpose
of data signalling;

* Information Layer describes information exchanged between functions, ser-

vices, and components in terms of data models and information models;

* Functional Layer includes functions and services with their relationships and

links independently from actors and physical implementations;

* Business Layer maps regulatory, market and economic structures, policies,
and business models of market stakeholders involved. It supports business

executives in decision-making related to new business models and cases.

Thus, SGAM identifies the right solution for a high-level architectural analysis of
a Smart Grid solution and offers an effective response when dealing with reference
architecture in a smart context [24]. SGAM adoptions have been proposed in the
literature to couple Smart Grid use case with other areas. For instance, Hurtado
et al. [25, 26] couple a Building Energy Management Systems with the Smart
Grid (SG-BEMYS). In [27], Schuh et al. present the E-Mobility Information System
Architecture (EM-ISA) to deal with human interaction with electric vehicles in Smart
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Grid use cases. Moreover, Shafiullah et al. [28] extend SG-BEMS to redefine the
prosumer domain as the Neighborhood domain (SG-NEMS).

2.4 Co-simulation Techniques

The co-simulation approach is effective when dealing with multi-domain complex
systems in which analytical assessments are no longer feasible considering their
complexity. Co-simulation is often related to Cyber-Physical System (CPS) [29]
and, in particular, Cyber-Physical Energy System (CPES) [30], of which the most
prominent example can be found in the MES concept. General notions about co-
simulation are thoroughly reported in [31] and [32]. In these literature definitions,
co-simulation is a flexible approach that allows the integration of heterogeneous
domain-specific simulators creating a shared simulation environment. Therefore,
this paradigm allows decomposing a complex system in a SoS structure by applying
system engineering. Each of the identified subsystems deals with a well-defined
problem and is simulated by a specific simulator engine (or solver) that interacts
with other subsystems’ simulator engines (or solvers). This decomposition allows
choosing among a set of domain-specific simulation tools to find the best solution
that enhances numerical calculation and boosts the computational time of a single
subsystem. For instance, Digital Real-Time Simulator (DRTS) is a plus to fulfil a

Smart Grid simulation in a distributed co-simulation infrastructure.

The co-simulation approach must preserve high efficiency and accuracy in each
individual subsystem simulation. Furthermore, the complex dynamic SoS simulation
obtained by coupling different simulators may not cause instability and inaccuracies.
In fact, computer-aided power system analysis with DRTS could be error-prone in
a co-simulation environment. The effect of interconnecting different simulators to-
gether could lead to results that differ from the corresponding standalone simulation,

affecting the numerical stability and accuracy of the solution.

Besides the several implementations of co-simulation frameworks, a shared
general architecture can be highlighted. The main components required to build
a co-simulation framework are depicted in Figure 2.9a: i) the Scenario, ii) the

Orchestrator, iii) the Simulator, and iv) the Model Instance.
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Fig. 2.9 Component relational schema of a general co-simulation framework (a) and
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The Scenario is a representation of the simulated environment that contains
the formal knowledge of the entire complex system. It is not an actual physical
component of the co-simulation framework. In fact, it represents the configuration
offered by the co-simulation framework that manages the startup of the Orchestrator,
the initialization of the Simulators, and states the relationships that occur between
Model Instances. The Orchestrator is the main component of a co-simulation
framework and manages the exchange of data from the Simulators and their time
regulation and synchronization. Simulators instead contain a specific Model Instance
class and have different functionalities (e.g. solvers) to perform their domain-specific
computations. Simulators instantiate their Models multiple times and govern the
resulting collection by acting as a communication adapter with the Orchestrator. In
fact, Simulators transmit inputs received by their peers via the Orchestrator and the
Orchestrator commands to their Model Instance collection. In return, Simulators
receive outputs from Model Instances that are sent to the Orchestrator. Finally,
Model Instances are representations of multiple homogeneous physical entities. They
contain a physical model that could belong to different mathematical types, ranging
from pure algebraic equations to differential equations, as well as finite element

methods or behavioural models [29].

In addition, the arrangement of these components addresses three main tasks that
represent the most important challenges to ensure a reliable, accurate, and stable
co-simulation framework, which are i) the Initialization, ii) the Time Regulation and

Synchronization, and iii) the Data Exchange Management.

Initialization

The Initialization task is performed by the Scenario that initiates the Simulators
with the proper parameters setting (e.g. time step duration and start date) and
communicates the number of Model Instances that compose their collection. The
Initialization process finally sets up the co-simulation environment by establishing all
the relationships and connections among Model Instances of all Simulators involved

in the co-simulation environment.
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Time Synchronization and Regulation

The Time Regulation and Synchronization tasks manage and regulate the time step
progression of each individual Simulator. Time Synchronisation is mandatory when
the distributed co-simulation infrastructure interacts in a time-dependent manner.
It refers to the algorithm used to ensure temporally correct ordering among events
generated by various simulators. Time Regulation instead refers to the need of insti-
tuting a policy to regulate how individual simulators evolve over time. For instance,
a particular simulator could be the leader of the distributed environment (i.e. time-
regulating), and some others could be a follower (i.e. time-constrained). Depending
on the application, a policy must be created using a correct time regulation scheme
for the simulators involved, which can have a major impact on the performance and

correctness of the distributed co-simulation environment.

Co-simulation can be classified according to its time regulation paradigms [32],
which are: 1) Discrete Event (DE) or event-based regulation, and i1) Continuous Time
(CT) or time-stepped regulation. The DE paradigm proceeds in time by exploiting
events that trigger an evolution of the dynamics of the co-simulated environment.
Thus, Model Instances communicate via Simulators with each other using events that
might change their internal state or trigger other events. Conversely, the CT paradigm
determines the evolution of the time step with a constant time interval in which the
Simulators evolve their internal states by exchanging inputs and forwarding outputs
at the end of each time step. Some co-simulation frameworks are able to handle
both paradigms, resulting in a hybrid regulation paradigm. This case requires a
complex time regulation algorithm where the synchronization task becomes even

more critical.

Data Exchange Management

The Data Exchange Management task handles the communication among Model
Instances, Simulators, and the Orchestrator by implementing telecommunication
protocols that are usually the most effective solution for this task. Choosing the
right protocol is fundamental to designing an accurate and reliable co-simulation
infrastructure, capable of ensuring the stability of the numerical solution. In data
exchange management, the main issue is related to the communication latency that

usually affects telecommunication protocols. More specifically, communication
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latency in co-simulation frameworks refers to the amount of time elapsed from
the forwarding of the output variables of one Model Instance to the reception of
the variable as input by another Model Instance. Latency is the main cause of
instability and inaccuracies for a distributed co-simulation infrastructure and must be
mitigated by applying specific techniques. Large latency can compromise the overall
co-simulation environment when dealing with strict time constraints of a particular

Simulator that could internally trigger a time step overflow.

2.4.1 Co-simulation Standards

The two main standardization efforts for co-simulation are i) High Level Architecture
(HLA), and ii1) Functional Mock-up Interface (FMI). In the next two paragraphs,

their main infrastructures, components, and offered services are introduced.

High-Level Architecture (HLA)

The High Level Architecture (HLA) [33] is the first major generic standard for
distributed simulations and provides rich set of services that are essential for creating,
executing, and managing a co-simulation environment. It was originally developed
by the US Department of Defence for military distributed simulations but it was
designed as a completely generic architecture that can work with any simulations.
HLA was taken over by IEEE in the recent IEEE1516 HLA [34] standard. It is
organized into three parts: i) the Interface Specification that defines the key interface
API that simulators use for integration, ii) the Object Management Template (OMT)
that specifies the information that simulators communicate, and iii) the HLA-Rules
that specifies the set of rules that individual simulators must follow to be HLA-

compliant.

The individual simulations are called federates and the composed simulation
environment with many parallel running federates is called a federation. Federates
exchange data via data structures that are stateless or maintain states. Any federate
may publish and/or subscribe to these data structures. It specifies different delivery
methods such as reliable delivery or best-effort delivery. The key difference between
the two methods is that with reliable delivery, a message will definitely be delivered,
whereas with best-effort delivery, the message will be carried with the best effort,

but there is no guarantee that it will be delivered. As reliable delivery uses various
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network protocols for guaranteeing delivery of messages, it could involve large prop-
agation delays, which in turn could increase the run-time of the overall simulation.
On the other hand, best-effort delivery can be faster to execute, but it could lead to
some lost messages. Thus, there is a trade-off between using reliable or best-effort

message delivery methods.

To manage time regulation, synchronization among federates, HLA provides
Run-Time Infrastructure (RTI), its main component. It offers time management
services to the federation. Federates internally maintain their own internal logical
time, which they can choose to synchronize with the RTI time or wall-clock or both
or none. Furthermore, each federate can be i) time regulating if their time controls
time progression of all time constrained federates, ii) time constrained if their time
is controlled by time regulating federates, or iii) both time regulating as well as
time-constrained, or iv) neither time regulating or time constrained. This provides
significant flexibility in designing time synchronization among simulators varying
from no-time synchronization to full-time synchronization, where all federates run in
a lockstep manner. A number of RTI implementations exist in both the open-source
and commercial domain such as Portico RTI [35], Pitch RTI [36], and Mak RTI [37].

Functional Mock-up Interface (FMI)

Functional Mock-up Interface (FMI) FMI is a recent effort by the ITEA2 project
MODELISAR [38] and is widely used for model exchange and co-simulations,
especially in the automotive industry. The FMI standard provides a well-defined set
of function calls to specify simulation input and output variables and to control its
execution and state updates. FMI-compliant simulations pack shared libraries that
can be executed using the standardized function calls. These function calls span all
stages of the model execution, like initialization, configuration, access, modification,

and manipulation.

The FMI standard consists of two main parts. The first part is Functional Mock-
up Interface for Model Exchange (FMI-ME), which standardizes the distribution of
a dynamic system model in the form of generated C-Code as an input/output block
to other simulation environments. The second part is Functional Mock-up Interface
for Co-simulation (FMI-CS), which standardizes the mechanisms for coupling of

two or more simulation tools in a co-simulation environment.
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Fig. 2.10 Functional Mock-up Interface for Model Exchange (FMI-ME)

As shown in Figure 2.10, a dynamic system model is enclosed in the form of a
Functional Mock-up Unit (FMU). The FMU is a zip-archive that mainly contains
an eXtensible Markup Language (XML) file that provides meta-data and further
details of the model such as default start and stop times, variable types, units, tool-
specific data, parameter and variable names and attributes. It also contains shared
library files in executable format (e.g. .dll or .so), which conform to the function call
specifications given in the standard. When FMI-ME is used, the FMU contains only
the system model, but no solver. Here the dynamic system model is solved through
numerical integration using an external solver (see Figure 2.10). When FMI-CS

instead is used, the FMU contains both the system model and a solver.

FMI assumes a discrete set of communication points, which represent the only
times when the subsystems can exchange data. Outside of these points, the subsys-
tems are executed independently. Finally, the FMI standard does not specify how to
implement an orchestrator to keep the mechanism of initialization, time regulation,
synchronization, and data exchange management. So, the FMI user must provide a
valuable orchestrator solution to manage the FMU participating to the co-simulation

environment.
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Fig. 2.11 Functional Mock-up Interface for Co-simulation (FMI-CS)

2.4.2 Co-simulation Solutions

In this Section, the analysis of two of the most widely adopted co-simulation
frameworks in literature is presented. The analysis is performed by applying the
above-mentioned definitions, and identifying the principal differences among the
co-simulation frameworks. The co-simulation frameworks analyzed are Mosaik
and HELICS. Both frameworks provide all the above-mentioned co-simulation
functionalities and are exploitable with Python language.

The co-simulation approach is shared with the Multi-Agent System (MAS)
concept and, indeed, several studies implement co-simulation frameworks exploiting
MAS tools [39-43]. The concept of Agents in MAS applications can easily comply
with the definition of SoS covering the needs of a co-simulation framework and,
in particular, to its required components. AIOMAS was included in the analysis.
AIOMAS is a Python library for developing MAS that could be useful in deploying
a MES co-simulation environment. It can be considered a viable alternative solution
to co-simulation frameworks, as demonstrated in [41]. In the following sections,
the main infrastructure of these three frameworks and the details of their main

components are described to better highlight their peculiarities.
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Mosaik

Mosaik is a Python co-simulation framework developed to couple existing Sim-
ulators in the Smart Grid field. Its general architecture does not preclude other
domain applications. Mosaik provides different Application Program Interfaces
(APIs) and components for the main functionalities of a co-simulation framework.
Firstly, the Python Scenario API allows for creating a Python script Scenario that
instantiates and establishes input/output relationships between Model Instances and
Simulators. The High-level Simulators API instead provides an abstract class with
communication, time regulation, and synchronization features already implemented.
They are language agnostic, thus allowing the integration of different programming
languages (i.e. Python, C++, and JAVA) and Simulator software (e.g. MATLAB).
The Low-level API instead offers the possibility to establish a plain network socket
for exchanging serialized JSON data to extend Mosaik Simulators integration capa-
bilities. The implementation of this API requires a meta description of the Simulator

that states its parameters and the exchanged variables.

Figure 2.9b depicts the relational entities in Mosaik architecture. The Orches-
trator role is fulfilled by two components: the SimManager and the Scheduler.
These two components respectively share the tasks of Data Exchange Management
and Time Regulation and Synchronization. The SimManager starts the Simulators
that govern their Model Instance collection and, subsequently, handles their data
exchange. Mosaik manages multiple Simulators that can create Model Instance
collection by instantiating their Models. The Scheduler instead synchronizes the

Simulators’ time regulation and could manage both CT and DE paradigms.

HELICS

Hierarchical Engine for Large-scale Infrastructure Co-Simulation (HELICS) is a
co-simulation framework based on IEEE1516 HLA standards [44, 45]. It integrates
Simulators from different programming languages (i.e. Python, C++, JAVA, Nim)
and simulation software (e.g. MATLAB) in a scalable and distributed environment.

The HELICS architecture and its relational entities are presented in Figure 2.9c.
The Scenario in this framework consists of a JSON configuration file in which all
the necessary links and parameters for the instances are made explicit. HELICS

introduces a different terminology with respect to Figure 2.9a. It retains the concept
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of Simulators, which in this case, are generic executables that can instantiate a
multitude of Federates. Federates represent specific entities defined in the Scenario
that executes their respective physical models. HELICS architecture is distributed
so each Federate can communicate with others through a publish/subscribe [46]
approach via Cores. Cores are components embedded in Simulators that allow
their Federates to join Federations and enable communication with the HELICS
architecture. The Data Exchange Management task among Federation is guaranteed
by the Broker component that coordinates the exchange among different Federation.
A Broker could also communicate with other Brokers, and consequently with other
Federations, enabling the possibility of deploying a hierarchical architecture. Finally,
the Orchestrator is managed by the Run-Time Infrastructure (RTI), a component
inherited by HLA standard, to ensure a proper Time Regulation and Synchronization

of the overall co-simulation environment in both CT and DE paradigms.

AIOMAS

AIOMAS is a Python library to implement MAS. It has been chosen to present
parallelism between MAS and co-simulation frameworks. At an higher level of
abstraction, AIOMAS provides four main classes: i) the Container, ii) the Agent,
iii) the Remote Procedure Call (RPC), iv) the Clock and v) the OOP Scenario.

Figure 2.9d shows AIOMAS relational entities following the generic co-simulation
infrastructure described above. The Object Oriented Programming (OOP) Scenario
component in this configuration does not have a specific implementation. In fact, its
design and development are completely up to the end user who can decide to create a
specific general Python script or distribute Agents linking inside their Python classes
(i.e. OOP Scenario). The tasks required to establish the co-simulated environment
are similar to the aforementioned frameworks and are: i) the Container creation, ii)
the Agent collection generation, iii) and the distributed orchestration infrastructure
start-up (i.e. Clocks/RPC). Agents incorporate specific models of the physical enti-
ties they describe and execute their behaviour. Containers, on the other hand, host
Agents and communicate with them via RPC servers that handle the Data Exchange
Management task. In a Container, Agents implement RPC clients that manage
remote communication, using the Container as a gateway to reach Agents that belong
to other Containers. Each Container implements the task of Time Regulation and

Synchronization through the implementation of a shared distributed Clock. The time
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evolution of the co-simulation environments could follow the CT or DE paradigms,

depending on the user’s implementation choice.



Chapter 3

Related Works

In the last few decades, a robust research effort has been given to develop domain-
specific simulation tools that have been used to simulate the behaviour of MES and
solve the problems of a particular domain with high efficiency and accuracy [47].
However, the analysis of complex MES requires the collaboration of researchers
from different disciplines in the energy, ICT, social, economic, and political sectors.
These perspectives reflect on the difficult effort needed to simulate MES to assess
their efficiency from an operational and planning viewpoint. Standalone solutions
have been proposed in the literature to analyse and simulate MES. However, these
solutions focus only on some of the above-mentioned perspectives. Other solutions
are more complete and allow the analysis of all the aspects required by MES. Often,
these solutions follow a vertical design in different fields of technology (e.g. electrical
and thermal engineering, distribution and transmission grid management, and energy
market analysis). Hence, MES scenario developers must dedicate a steep learning

curve to master these solutions.

A growing effort appears to focus on combining two or more modelling frame-
works to integrate aspects of different domains and functional layers with the ex-
ploitation of novel methodologies, standards, and tools [48], such as co-simulation
infrastructures. Co-simulation has been widely applied to integrate several models
in order to represent and describe the complexity of MES [49, 50]. In particular,
co-simulation platforms have been developed for studying applications such as new

strategies for city energy supply and demand, urban energy planning, or distribution
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networks analysis and stability for an efficient DER penetration in a new smart

citizen-centric energy system [51, 52].

The energy research community has concentrated its effort on applying co-
simulation covering three main sectors of MES, also called integrated energy systems:
1) Smart Grid, ii) Cyber-Physical Energy System (CPES), and iii) MES District and
Smart MES Building.

3.1 Smart Grid Co-simulation

The first and most promising sector in which co-simulation has been adopted as a
valuable solution to assess innovative components, equipment, control strategies,
and services is the Smart Grid context. Following the Smart Grid Architecture
Model (SGAM) definition, different domains of interest can be identified, such
as generation, transmission, distribution, DER, and customer premises. The most
demanding simulations are related to the transmission and distribution grids where
the security, resilience, and safety of their operations is of paramount importance
to avoid power grid overloads and, in the worst cases, blackouts of portions of the

power grid.

When dealing with pure software co-simulation for power systems, different
solutions are proposing co-simulation technologies to interconnect heterogeneous
simulation environments by means of an orchestrator entity that manages time
evolution, regulation, and data exchange between different simulator entities. For
instance, Bharati et al. [5S3] implement a complex transmission and distribution co-
simulation framework based on HELICS to effectively provide innovative algorithms
for future power grid planning, validation of controls under critical contingencies, and
validation of various wide-area monitoring and controls. However, these solutions
cannot deal with the time-domain analysis (e.g. EMT) of large Alternating Current
(AC) power systems that requires significant computational power to reduce the
simulation time-step, enlarge network sizes, and accurately capture the fast transients.
For EMT analysis, a widely accepted and well-used pure software solution is the
Electro-Magnetic Transients Program (EMTP) [54] that implements the Dommel

algorithm for the network solution.
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Owing to the limits of pure software-based simulations, rising interest in testing
real-world hardware has focused power system researchers’ attention on real-time
simulation [55]. Such a paradigm refers to a software model of a physical system
that can execute at the same rate as the real-world physical system following the
wall clock time. Simulations of such a paradigm are performed in a discrete constant
time-stepped environment (i.e. fixed time step simulation) in which they must
solve the internal state equation of the system under test in less time than the fixed
time step duration. Conversely, an over-run error occurs. The time constraint of a
real-time simulation varies depending on the application: transient stability studies,
for example, can be performed with phasors-based simulations with a time step
duration in the range of 10 ms. On the other hand, Electro-Magnetic Transients
(EMT) simulations require around tens of microseconds fixed time step duration to
depict the detailed dynamics of large AC systems [56]. To this purpose, innovative
multiprocessor architecture (e.g. IBM® Power8) and Field Programmable Gate Array
(FPGA) have been proposed as a suitable solution to ensure hardware acceleration
of EMT analysis [57] to respect real-time constraints. Different works analysed
multi Digital Signal Processor (multi-DSP) [58—60], multi Reduced Instruction Set
Computer (multi-RISC) [61], PC-cluster architectures [62, 63] and FPGA solutions.
For instance, Chen et al. [64] present an FPGA-based real-time EMTP simulator
based on a deeply pipelined paralleled Dommel algorithm.

Moreover, such technologies ensure fast Digital and Analogue Input/Output (I/O)
facilities to create the closed-loop interface with a real power system component,
allowing Hardware-In-the-Loop (HIL) and Power Hardware-In-the-Loop (PHIL)
to test its functionalities in a protected environment (i.e. laboratory setup). PHIL
avoids huge costs in deploying such a component in the real world and shortens the
design cycle. Nevertheless, PHIL is subject to stability and accuracy issues due to
the latency of communication and power amplifier harmonic distortions between the
power Device Under Test (DUT) and the simulated Rest Of the System (ROS). For
this reason, different Interface Algorithms (IA) have been proposed in the literature
to mitigate the effect of communication latency and stabilise the overall system under
test [65], such as the Ideal Transformer Method (ITM).

In the last decades, different commercial real-time solutions have gained the inter-
est of power system designers to address the real-time constraint and apply HIL and
PHIL testing, so-called Digital Real-Time Simulator (DRTS). The most important
DRTS producers for power system analysis are RTDS Technology and OPAL-RT.
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In particular, RTDS Technology proposes the NovaCor chassis, a POWERS8 RISC
10-core architecture, capable of continuous real-time EMT. Different plug-and-play
external boards enable Digital I/O, Analogue I/O, and standard communication
protocols for power systems (e.g. PMU, GOOSE, SV, MODBUS, etc.) according to
Standards IEEE C37.118 [66] and IEC 61850 [67], widening its scope of application.
Finally, RTDS provides RSCAD, a comprehensive software graphical interface to

design complex power system scenarios.

OPAL-RT instead propose a different chassis solution (e.g. OP5700) that im-
plements FPGA-based real-time simulator to meet the requirements for the most
demanding PHIL and Rapid Control Prototyping (RCP) application. Also, in this
case, OPAL-RT furnishes Digital and Analogue I/O and different standard communi-
cation protocols on board. Opal-RT proposes RT-LAB as a graphical interface, an
extension of the MATLAB Simulink environment dedicated to the control of their

simulator chassis.

However, both DRTS suffers a limited number of nodes that restricts the scalabil-
ity of the Power System Under Test (PSUT). Different works have proposed to relax
the complexity of the simulation of some parts of the power network in analysis and
scale up the PSUT, the so-called multi-rate approach [68]. The multi-rate approach
proposes to define different time resolutions for different areas of the PSUT but
still, the scalability is limited. To cope with such a limitation, the power system
research community starts proposing co-simulation techniques to interconnect to-
gether different DRTS exploiting fast high-bandwidth telecommunication protocols
based either on TCP or UDP. A detailed overview of methods, test procedures,
studies, and experiences in this regard is provided in [69]. This work is presented
by members of the Survey of Smart Grid International Research Facility Network
task on Advanced Laboratory Testing Methods. Other related co-simulation works
are discussed in [70, 71] for distribution networks and Transmission System Op-
erator (TSO)-Distribution System Operator (DSO) customer coordination studies,

respectively.

For instance, the VILLAS framework [72] allows the setup of geographically
distributed laboratories, interconnecting different DRTS to enable PHIL testing.
But even with these optimistic premises, DRTS interconnection suffers a series of
inaccuracies due to time latencies, jitter, limited bandwidth, and network interface

management of the communication link. These inaccuracies could affect the stability
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of a PSUT co-simulation as in PHIL systems when trying to interconnect a DUT to
a simulated ROS. In fact, PHIL introduces several criticalities with error (i.e. time
delay and power amplifier harmonics distortion) generated by the power interface that
may cause severe instability issues or unacceptably inaccurate results. These effects
are comparable to DRTS interconnection ones. Similarly, [73] presents a framework
for virtual integration of laboratories. This can enable co-simulation and joint
experiments involving both hardware and software resources hosted at geographically
distributed laboratories. In [74], Ren et al. present the PHIL instability problem
highlighting the importance of checking the closed-loop stability and improving
it through a particular IA. In [65], the most interesting IA are compared together:
i) the ITM and its variants [75-77], and ii) the Damping Impedance Method with
different estimation algorithms of the damping impedance [78, 79]. The outcome of
this comparison highlights that ITM is the straightforward and the simplest IA to
implement PHIL application.

More general HIL interconnection for IED testing (e.g. PMU) could exploit
other ICT to mitigate the effects of desynchronisation among DRTS internal clock
and the IED DUT in HIL configuration. In this regard, IEEE1588 Precision Time
Protocol (PTP) [80] is one of the most used synchronisation protocols in Smart Grid
testing. PTP aligns with high precision different internal clocks avoiding effects
of time misalignment of ROS and DUT during real-time simulations. For instance,
Blair et al. [81] propose a real-time test-bed for measurements and analysis of
distributed PMU systems for Smart Grid control and protection exploiting PTP to
synchronise the simulated ROS and the PMU IED DUT. Similarly, a co-simulation
test bench using OPAL-RT with its modelling software RT-LAB and FPGAs for
analysing photovoltaic power generation systems is presented and discussed in [82].
EMT-Root Mean Square (RMS) co-simulation involving OPAL-RT’s ePhasorSim
and RTDS is covered in [83]. This work demonstrates the applicability of this
co-simulation for HIL testing of protective relays. Likewise, [84] presents a hybrid
co-simulation setup based on the Mosaik framework for EMT-RMS co-simulations.
In this work, the authors employ the FMI for the co-simulations. Power systems
and communication co-simulations are discussed in [85—87] for SCADA systems,
cyber-physical studies, and cybersecurity investigations, respectively.
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3.2 Cyber-Physical Energy System Co-simulation

Cyber-Physical Energy System (CPES) are of great interest to analyse integrated
energy systems solution that deals with innovative control strategies and services. In
this context, the physical energy system (e.g. power system) and its main components
(e.g. transformer, relays, switches) are equipped with Intelligent Electronic Device
(IED) that allows i) the collection of measurements, data, and information about their
operational status, and ii) the direct control of their equipment. IEDs are interfaces
for the cyber world that allow communication via Internet protocols to distributed
intelligence (e.g. control room) permitting the optimal monitoring and control of the

physical energy system.

When dealing with CPES co-simulation of innovative control strategies, an
energy system simulation (e.g. power system) is interfaced with a communication
network (e.g. Metropolitan Area Network (MAN)) to implement innovative services
and test the data exchange among physical components and equipment by means
of innovative communication protocol (e.g. IEC/ISO 61850). These co-simulations
have been mainly focused on the study of innovative Smart Grid solutions. A
comprehensive review of CPES Smart Grid solutions has been presented in Table 3.1.
It reports a comparison of the reviewed smart-grid co-simulation environments.
It highlights: 1) what kind of co-simulation is performed; ii) if the framework is
compliant with SGAM; iii) if and what network simulator has been integrated into the
framework; iv) if a DRTS is used; v) which are the integrated software frameworks;
vi) if HIL simulation are supported; vii) if the simulation environment interacts with

Internet of Things (IoT) devices.

For instance, Hopkinson et al. [88] present a co-simulation environment, called
EPOCHS, that is based on HLA standard [33]. EPOCHS is a breakthrough technol-
ogy since it is the first known co-simulator for realising simulations of power systems
and communication networks. To evaluate electromagnetic scenarios involving com-
munication networks, EPOCHS integrates 1) ns-2 [89], a communication network
simulator; ii)) PSCAD/EMTDC, a commercial electromagnetic transient simulator;
and iii) PSLF, a commercial electro-mechanical transient simulator. INSPIRE [90]
is another co-simulation platform based on HLA technology. It interconnects a
power system simulator, called DIgSILENT PowerFactory, with a communication
network simulator, called OPNET [91], and a continuous time-based application
modelled in MATLAB, JAVA, GNU R and C++. It is based on both the IEC/ISO
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61850 standard and the IEC/ISO 61968/61970 common information model. Thus,
INSPIRE is limited on simulating the interactions between both Components and
Communication Layers in SGAM. Shum et al. [92] presented a more complex ad-hoc
co-simulation platform based on HLA and JADE, a popular multi-agent platform.
The platform integrates OPNET with the commercial electromagnetic transient sim-
ulator PSCAD/EMTDC. The framework aims at easing in understanding, evaluating,

and debugging of distributed smart grid software.

Compared to [88, 90, 92], GECO [93] exploits a different approach to create a co-
simulation environment between PSLF and ns-2. In GECO, co-simulation is achieved
through a global event-driven mechanism to manage the co-simulation orchestration
instead of HLA technology. Yang et al. [94] presented a co-simulation framework
for validating distributed controls in Smart Grids, based on both Hardware- and
Software-In-the-Loop approaches. Controls are designed by exploiting a model-
driven approach based on the IEC/ISO 61499 standard. The communication among
power plants and the controllers, that are developed in MATLAB Simulink, is
achieved through UDP and TCP sockets. Mosaik [100] is a framework for modular
simulation of active components in Smart Grids that also follows an event-driven
approach. Mosaik has been used by Nguyen et al. [95] to integrate DRTS (i.e.
RTDS) with Omnet++ (a communication network simulator) and perform Power

Hardware-in-the-Loop simulations.

For analysing the performance of Smart Grid technology, Bian et al. [96] pre-
sented a real-time co-simulation platform that integrates Opal-RT and OPNET.
The platform provides the possibility to interface the OPNET simulation environ-
ment with the real world through Internet protocols. Venkataramanan et al. [97]
developed an ad-hoc co-simulation platform that can be used as a test-bed for mi-
crogrid cyber-physical analysis. It combines: 1) an RTDS, ii) the Common Open
Research Emulator (a.k.a. CORE), and iii) Open Platform Communication based
on FreeOPCUA. OOCoSim [98] is another co-simulation framework that integrates
both OPNET and OpenDSS (a power system simulator). OOCoSim framework has
been applied to study only demand response applications in a smart-grid scenario.
Finally, Mirz et al. [99] proposed a co-simulation architecture for power system
communication and market analysis in smart grids. The authors proposed a data
model to integrate and allow the communication among i) market models in python,

11) power system simulations in Modelica, and iii) network models in ns-3.
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3.3 MES District and Smart MES Building Co-simulation

Finally, the last sectors in which the energy research community applied co-simulation
techniques are the smallest unit of this innovative integrated energy systems vision:
MES district and Smart MES Building. In this context, new enabling technolo-
gies have been adopted to support the co-simulation techniques, such as FMI [101]
and Mosaik co-simulation framework [102]. In [51], authors demonstrated that
FMI [101] is essential in co-simulating MES district models. In particular, they
performed a comparative analysis between canonical standalone simulation and co-
simulation through FMI with the aim of assessing performance and scalability. They
demonstrated that co-simulation can run up to 90 times faster than the integrated
simulation for 24-dwellings in a district. Meanwhile, authors in [52] showed the
capability of the Mosaik framework by developing a Cyber-Physical Energy System
(CPES) test environment for simulation planning, uncertainty quantification, and the
development of Multi-Agent System (MAS). Nevertheless, due to the complexity
and heterogeneity of MES, the co-simulation platforms in literature seem to still
face technical challenges in providing an easy-to-use and cross-domain scenario

composition and co-simulation environment.

Although energy district offers great potential for saving, the smallest entity that
could compose a MES are buildings and these entities offer the most feasible and
suitable innovation for the integrated energy vision. In fact, the great potential in
energy-saving and grid balancing that Smart MES Buildings could offer has attracted
many researchers to developing co-simulation frameworks tools specialised to model
in detail these buildings by describing their individual components and their complex
interactions [104-106, 110, 111, 107-109]. Indeed, they play a crucial role as they
are responsible for roughly 40% of the overall energy consumption [112]. Table 3.2
reports a comparison of reviewed co-simulation frameworks for MES, with particular
attention to Smart MES Buildings, highlighting the co-simulation techniques, the

scenario design and composition procedures, and the use of standalone models.

Commonly, the co-simulation techniques were used to enhance the modelling of
individual components of Smart MES Building by using EnergyPlus, which is one
of the most widely used building energy modelling software [104—106, 108, 109].
Fewer researchers have performed co-simulation with EnergyPlus by use of a middle-
ware coupling [106, 109], such as Building Controls Virtual Test Bed (BCVTB) [113]
that allows connecting different simulation programs, such as Modelica, Radiance,
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and MATLAB Simulink. However, BCVTB is not standardised and is limited to
the use of ad-hoc integrated modules. Many other researchers have chosen a more
flexible and standardised approach using FMI coupled with EnergyPlus and various
software and tools [104, 105, 108] or FMI coupled with another building energy
simulation tool in a Modelica-based environment [107].

3.4 Novelties

This dissertation faces the challenges still open in the modeling and co-simulation
of Multi-Energy System (MES) by proposing different solutions that could assist a
MES designer facing different MES scenarios:

* Following a system engineering approach, General-purpose Architecture for
MES (GAMES) is proposed as a reference architecture for MES use case
description. GAMES supports a MES designer with the following tasks: i)
describe the MES use case definition through UML application; ii) outline the
systemic description by extending the UML use case with SysML diagrams
of the complex interactions among cyber-physical components and entities;
and iii) deploy the co-simulation infrastructure for testing of the MES scenario
with an automated compilation of the most basic models of the components

and entities that interact in the MES use case.

* The Pure Software Co-simulation Infrastructure is proposed when the MES
scenario under analysis could be simulated by means of common GPPL (e.g.
Python, Java, C++) and/or simulation software (e.g. EnergyPlus, MATLAB
Simulink, Modelica) and does not require real-time simulation (i.e. DRTS) to
run fast time stepped models (e.g. EMT analysis of power system).

* The Digital Real-Time Co-simulation Infrastructure is proposed when the
MES scenario concentrates on real-time fast transient analysis of a MES (e.g.
EMT analysis of power grid).

* The Hybrid Co-simulation Infrastructure is proposed to join the Pure Soft-
ware and Digital Real-Time Co-simulation Infrastructure when a MES designer

requires both slow and fast co-simulation environments.
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* Finally, the Distributed Event-Driven Co-simulation Infrastructure that
allows CPES analysis of MES to test disruptive control strategies in a co-

simulation environment that then could scale to real-world applications.

In the following sections, the novelty with respect to the state-of-the-art solutions

of co-simulation techniques and infrastructure are highlighted for every contribution.

3.4.1 General-purpose Architecture for Multi-Energy Systems

To the best of our knowledge, a reference architecture for MES is not present in
literature. None of the above mentioned SGAM extensions in Section 2.3 deal
with MES use case design. Moreover, the presented literature solution on co-
simulation does not follow reference architecture models backing a high-level use
case description. Thus, they do not assist a use case designer in analysing a dynamic
complex system scenario to deploy a reliable operational analysis of a MES. Thus,
an integrated approach is needed to: i) propose a reference architecture model for
MES use case description to enhance knowledge integration among MES designer
community, ii) allow the integration of a systemic description of a MES use case
into the above-mentioned reference architecture to deal with a grey-box description
of the component involved, and iii) incorporate an automated process that permits
to translate the systemic grey-box description into specific simulator DSL and

interconnect them following a co-simulation approach.

This dissertation propose General-purpose Architecture for MES (GAMES).
GAMES follow the innovative approach "from the black box to the white box". The
presented architectural model integrates and extends the SGAM to deal with the
definition of MES use cases following a black-box approach. Thus, the proposed
solution enables a modular methodology where different aspects of a MES can be
analysed altogether with high-level details of the use case description, exploiting
UML to characterise each component involved as a black-box. In its core, it im-
plements a SysML coupling with the proposed architectural model to deal with a
grey-box systemic description of the MES use case describing i) single components
structure (i.e. input, attribute, parameter, and output), i1) each component specific
simulation target (i.e. DSL or HIL specification), and iii) interconnection between
components towards a operational description of the MES use case. This will allow

translating the systemic description of components involved in MES use cases into
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DSL code of each software simulator involved in the co-simulation scenario and
hardware configuration files for the interconnection of real-world devices, enabling
a white-box analysis of software and hardware involved in the MES use case and a

secure set-up of a co-simulation framework to run MES use cases.

3.4.2 Pure Software Co-simulation Infrastructure

Although the reviewed co-simulation frameworks are suitable for analysing spe-
cific MES solutions, they seem to lack compelling flexibility and usability on easy
and collaborative integration of several standalone domain-specific models for a
broader analysis of MES use cases [104—106, 110, 111, 107-109]. Indeed, these
frameworks generally use circumscribed co-simulation master algorithms or delim-
ited co-simulation environments that make demanding and effort the integration
of models and scenario composition [104, 105, 107, 108]. Moreover, in most
cases [104, 105, 108], the implemented models are not standalone. Still, they are
mainly inside of a few comprehensive simulators, thus partly losing the potential and
advantages of the co-simulation framework. Hence, none of these literature solutions
integrate different domain-specific MES models together.

On these premises, this dissertation presents a Pure Software Co-simulation
Infrastructure that exploits a multi-modeling approach in order to simulate and
assess energy performance in MES. The presented platform integrates heterogeneous
simulation models by exploiting the flexible Mosaik co-simulation framework [102]
that has been extended to embed FMI [101] allowing the interoperability among
various simulation engines and tools (i.e. Energy Plus, Modelica, and MATLAB
Simulink). The proposed platform permits a modular integration of several domain-
specific models and simulation engines with a plug-and-play fashion through an
effective cross-domain scenario configuration procedure. This solution tackles the
challenges associated with the combination of software and knowledge across various
domains, enhancing cooperation among the domain experts and making it easier
to implement their models. Furthermore, our solution allows locating each model
in different network nodes which communicate with the master node (i.e. Mosaik)
through Internet protocol suite (i.e. TCP), providing a distributed co-simulation

environment.
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With respect to literature solutions compared in Table 3.2, our platform simul-
taneously integrates different heterogeneous and distributed models. The platform
has been assessed with a scenario that simulates the electrical and thermal energy
demand and behaviour of a smart MES building, which includes: i) models for
household occupancy, thermal demand, and indoor temperature scheduling, ii) mod-
els to realistically emulate appliances’ load consumption, iii) photovoltaic simulator
based on geographic information system, iv) an electric heat-pump with integrated
control strategy, v) smart meters, vi) an electric storage, and vii) weather information

provided by third-party services through web-service communication.

3.4.3 Digital Real-Time Co-simulation Infrastructure

With respect to literature solutions, none of the above-mentioned methods is capable
of enhancing the scalability of the PSUT without affecting its numerical stability and
accuracy. Hence, this dissertation proposes the Digital Real-Time Co-simulation In-
frastructure that uses the Aurora 8B/10B protocol. This ensures low communication
latencies and consequently, the least nonlinear effect on the numerical solution of the
PSUT. Moreover, the proposed co-simulation architecture exploits IEEE1588 PTP
that synchronises and regulates continuous-time behaviour with high precision. This
is achieved by aligning the internal reference clocks of the different interconnected
DRTS with a common Global Positioning System (GPS) clock signal. Furthermore,
the additional scientific novelty in this work is the application of the ITM IA to the
proposed distributed Digital Real-Time Co-simulation Infrastructure. Exploiting
ITM IA, we obtain a decoupled PSUT numerical solution. This is demonstrated by
following the Nyquist principles of frequency-domain analysis, commonly used in
PHIL context to determine the stability of IA. The proposed frequency-domain and
time-domain analyses prove the basis for the application of the proposed distributed

digital real-time co-simulation infrastructure for power system analysis.

3.4.4 Hybrid Co-simulation Infrastructure

None of the above-mentioned literature solutions is capable of interconnecting pure
software co-simulation with digital real-time co-simulation. For software and GPPL
simulators, the entire pure software co-simulation process may require a master

algorithm that ensures the correct evolution of the simulation environment, so-called
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COE. For digital real-time co-simulation, the simulators (i.e. DRTS) process instead
cannot be controlled by an external entity since their time regulation must respect
the real-time constraint to permit HIL and PHIL interconnection for testing purposes,
so-called hard real-time environments. So, the interconnection among software and
GPPL and hardware simulators raises complex issues, which have not yet been
tackled by the research community.

This dissertation presents the innovative Hybrid Co-simulation Infrastructure that
allows the interconnection among multi-model simulation software (e.g. MATLAB
Simulink, Modelica, EnergyPlus), General-Purpose Programming Language (GPPL)
(e.g. Python, C++, Java), and commercial Digital Real-Time Simulator (DRTS) (e.g.
OPAL-RT). To couple pure software co-simulation with the hard real-time world of
DRTS, it exploits a soft real-time approach where the pure software co-simulation
environment runs at the wall-clock time, mimicking a real-world scenario. The
soft real-time approach is not obliged to precisely respect the real-time constraints
and must allow the possibility to run slightly in overrun since a normal software
co-simulation environment and its behavior (e.g. a MES building) does not im-
pact the fast transient of a power grid. The soft and hard real-time environment
communication is ensured by a near real-time middleware that exploits VILLAS-
framework [114] to ensure the correct data exchange among simulation models and
entities. By employing this disruptive strategy, the Hybrid Co-simulation Infrastruc-
ture ensures the correct wall-clock time evolution of the co-simulated MES scenario
and respects the real-time constraint of the interconnected DRTS that permits to
include fast time-stepped simulation of a power grid model into the MES scenario.
Moreover, the DRTS capabilities enable the HIL and PHIL testing of real-world
hardware, creating a powerful testbed for innovative power grid technologies and
components. It is worth noting that normally the real-time world requires a small
time step duration, around tens of microseconds for EMT analysis. To cope with
these strict real-time constraints, the pure software co-simulation environment has
been stressed and accelerated to reach low time step duration, around one hundred
milliseconds, to deploy a realistic MES scenario where a building is capable of
offering demand response and ancillary services (e.g. voltage regulation) to the
power grid.
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3.4.5 Distributed Event-Driven Infrastructure

The presented literature solutions, with the exception of [99], do not follow SGAM
that supports the design of services highlighting the interoperability among the
actors in the MES context. Moreover, [88, 93, 97] are designed and implemented
for a specific use-case scenario with particular requirements. Whilst, these kinds
of co-simulation platforms must be designed to be flexible as much as possible to

simulate general-purpose services, even concurrently, in MES.

Thus, a multi-model approach is needed to allow cooperation among different
simulation models, possibly distributed over the Internet and communicating by
exploiting standard protocols and data formats. This makes easier the definition
of more complex MES scenarios. Finally, literature solutions lack the integration
of IoT devices and third-party platforms that can feed the algorithm to be tested
with real-world data, even in (near-) real-time. Furthermore, the integration of
IoT communication paradigms and protocols enable the required flexibility and
scalability in performing HIL co-simulations. Thus, a platform that integrates [oT
protocols can be ready to integrate next-generation devices (e.g. real-world smart

meters).

This dissertation proposes a distributed multi-model co-simulations platform to
asses and evaluates general purpose services in MES by implementing an event-driven
approach. It exploits communication paradigms peculiar to [oT platforms, to imple-
ment a flexible framework where different MES scenarios and simulations can be
executed. In its core, it implements i) different software simulation environments,
i) DRTS, and iii) three different communication network simulators (to be used
alternately according to co-simulation requirements). Thanks to the integration of
DRTS, the platform is also ready to perform HIL and PHIL simulations. Whilst
by using IoT protocols, it allows interoperability with real-world 10T devices and
third-party platforms.

The strength of this platform comes from its capability to host new different use
cases, input data, or models by means of its modules in a plug-and-play fashion, with
a minimum effort to change the overall setup. As an example, several DMG can be
integrated as either independent simulators or standalone physical generators thanks
to our IoT-based architecture which is a novel contribution to the co-simulations

of MES with respect to conventional setups. The proposed platform is designed
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for general purpose services, but its distinguished capability, compared to many
existing platforms, is related to co-simulation and real-like analysis of the use cases
in which low communication latency is crucial and electromagnetic transient analysis
is required. Coordination of switching of converters connecting emerging DMG to
low inertial systems for voltage or frequency control, and improving the reliability
of networks by advanced outage management system are two main examples of such
use cases. In these applications, a large number of devices are also involved, which
makes their fast coordination and connectivity a challenge. Regarding advanced
outage management systems, which is the context of the use case discussed in the
use case presented in Section 6.2, a newly developed self-healing scheme named De-
centralised Fault Detection and Isolation, and Centralised Restoration (De-FDI-CR)
has been simulated by using the proposed platform. Successful deployment of
such schemes creates self-healing distribution power grids with high reliability and
customer satisfaction.



Chapter 4

GAMES: General-purpose
Architecture model for Multi-Energy
Systems

Several improvement attempts are trying to extend reference architectures (e.g.
SGAM for electric use case descriptions) to deal with a systemic description of
dynamics involved in complex MES use cases. However, a reference architecture
for MES is not present in the literature. Moreover, the presented literature solution
on co-simulation do not follow reference architecture models backing a high-level
use case description. Thus, they do not assist a use case designer in analysing a
dynamic complex system scenario to deploy a reliable operational analysis of a
MES. Thus, an integrated approach is needed to: i) propose a reference architecture
model for MES use case descriptions to enhance knowledge integration among MES
designer community, ii) allow the integration of a systemic description of a MES
use case into the above-mentioned reference architecture to deal with a grey-box
description of the components involved, and iii) incorporate an automated process
that permits to translate the systemic grey-box description into specific simulator

DSLs and interconnect them following a co-simulation approach.

In this Chapter, the General-purpose Architecture for MES (GAMES) is proposed
as an architectural modelling methodology that allows knowledge integration of

different energy, ICT, financial, business, and regulatory frameworks to perform
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MES modelling, use case definition and simulation extending SGAM to cope with
MES.

4.1 '"From the black box to the white box'' approach

GAMES follows the innovative approach "from the black box to the white box".
It exploits and extends SGAM to deal with MES use cases following a black-
box approach. In its core, it implements a SysML coupling with the proposed
architectural model to deal with a grey-box systemic description of the MES use
case describing 1) single components structure (i.e. input, attribute, parameter, and
output), ii) each component specific simulation target (i.e. DSL or HIL specification),
and iii) interconnection between components towards an operational description
of the MES use case. Furthermore, GAMES automatizes the generation of each
software component specific DSL code and HIL specification allowing a reliable

and secure set-up of a co-simulation framework to run MES use cases.

Moreover, it allows a systemic description of a MES use case exploiting UML
and SysML to describe cyber and physical components in depth and their inter-
connections. Finally, it will automatise the generation of each specific DSL code
or HIL configuration related to a particular MES component. Furthermore, it will

interconnect them using co-simulation techniques.

Following the scheme in Figure 4.1, GAMES is structured in three main layers:
i) Conceptualisation and Specification, ii) Component Design Development, and
iii) Domain-specific Implementation. Each layer addresses one of the challenges
defined in Chapter 1.

4.2 Conceptualisation and Specification

Software Engineering offers tools to address architectural descriptions, use cases,
scenarios, and case studies. The aim of such a tool is to transfer tacit knowledge
when trying to document experience gained in a vertical field of technology (e.g.
electrical and thermal engineering, distribution and transmission grid management,
and energy market analysis). Formal and explicit knowledge (as opposed to tacit

knowledge) must be avoided to offer a clear high-level viewpoint of a use case.
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Fig. 4.1 GAMES hierarchical structure of the System-of-Systems.

4.2.1 GAMES Architectural Design

Following the hierarchical structure of GAMES shown in Figure 4.2, GAMES
Conceptualisation and Specification 1s based upon an extended version of the SGAM
to cope with MES use cases description. One contribution of GAMES is to expand the
SGAM Component Layer to three (or more) dimensions, each one for every energy
vector. GAMES Conceptualisation and Specification extends SGAM considering that
other energy vectors (e.g. heat exchanging fluids and gas) share a common structure
with the electrical one. Following the MBSE structure in Figure 2.7, each energy
vector identifies a different architecture view of physical layer concern. Moreover,
the physical management of each energy vector supply chain involves different
stakeholders from a structural and regulatory framework perspective addressing
such concern. Consequentially, each energy vector requires a different architectural
viewpoint, governing the architectural view of the physical interconnection between

components.

It may be argued that the same division should apply to other layers (e.g. Commu-
nication and Information Layer). However, MES designers must focus their effort on
developing communication, informational, functional, and business solutions shared
among all energy vectors involved in the use case. So, other layers are inherited by

SGAM and extended to cope with all energy vector interactions.

Unified Modeling Language (UML) is considered as de facto standard language
in the field of Software Engineering, and it has been implemented into GAMES.
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Fig. 4.2 General-purpose Architectural model for MES engineering application
(GAMES).

The usage of UML in GAMES allows sharing of use cases universally among MES
scientific community fostering reuse and extension of already developed use cases.
A MES designer could choose among different Integrated Development Environment
(IDE) supporting UML to scratch their MES use cases. Use Case formalization and
MES conceptualization are processed into Business and Functional layers and they
are suitably described by Use Case, Activity, and Sequence UML diagrams. While
MES specifications are handled into Information, Communication, and Component
layers and they are commonly described by Class, Object, Timing, Interaction and

Communication UML diagrams.

4.3 Component Design Development

A conceptual mapping between SGAM Interoperability Layers and MDA reveals a
lack of SGAM approach to technological representation. MDA 1is a design approach
for software systems separating functionality and technology. The abstraction defined
by MDA are:
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Fig. 4.3 SGAM and GAMES parallelism with Model Driven Architecture.

* Computational Independent Model (CIM): which is a systematic level de-

scribing functionality perspective;

* Platform Independent Model (PIM): which is an architectural level that
decomposes the system in subsystem approaching it in a black-box fashion;

* Platform Specific Model (PSM): which involves the technological platform
description of each component and the whole system, necessary for the actual

implementation;

* Platform Specific Implementation (PSI): which is the implementation of the
physical component, either hardware or software (i.e. source code).

A parallelism between Model Driven Architecture (MDA) and SGAM repre-
sentation is shown in Figure 4.3. Business and Functional Layers express the CIM

level describing the functional perspective by the means of economical and service

description. Furthermore, Information, Communication, and Component Layers are
represented by the PIM level concerning the SoS from ICT and physical equipment
perspective. Finally, PSM and PSI are related to the Smart Grid constituent compo-
nents considered as black-boxes. As shown in Figure 4.3, GAMES Conceptualisation
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and Specification behaves as SGAM. However, GAMES "from the black box to the
white box" approach allows to expand Conceptualisation and Specification (i.e. black
box approach) and zoom in analysis details providing GAMES Component Design

Development.

Component Design Development enables a design framework to describe a MES
use case from a systemic viewpoint covering the needs of the MDA PIM with an
in-depth analytical and logical description of the components. It exploits SysML,
a general-purpose architecture modeling language for Systems Engineering appli-
cations based on UML. SysML is an enabling technology for MBSE. It supports
the specification, analysis, design, verification, and validation of a broad range of
systems. These systems may include hardware, software, information, and processes.
SysML usage fosters the integration of functional aspects of MES components de-
scribed in GAMES and their interfaces over interoperability layers, taking advantage
of the same IDE to deploy the SysML diagrams. Each constituent component of
GAMES is operationally, logically, and analytically described by the Component
Design Development. Moreover, it describes the component interconnections and
data exchange between entities bypassing the specific components’ coupling and
interfacing. Conversely to SGAM, each component of GAMES is unpacked as a
grey box model through SysML application. The component is described by the
so-called Four Pillars of SysML, referring to the four essential diagrams of SysML.:

Requirement, Activity, Block, and Parametric diagrams.

4.4 Domain-specific Implementation

Formal knowledge is rather important when different vertical fields of a MES are
focused. In this context, formal knowledge is represented by the effort needed to
design a MES component. Commonly, a MES component shows complex behaviour,
endogenous and exogenous dynamics, and many interconnections with different
energy vectors. When the scope of the analysis covers multiple vertical fields, the

challenge becomes quite demanding.

GAMES Domain-specific Implementation will relieve MES designers from the
formal knowledge required to exploit domain models related to the above-mentioned
component technologies. The aim is to combine the UML/SysML diagrams with
executable semantics to obtain an high level abstraction, supporting the translation
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of PIM into PSM (model to model transformation) and compilation of PSM into
PSI (DSL code generation). It will specify the selected underlying technology (i.e.
DSL and hardware configuration) in which each component will be deployed, tested
and validated. The automation of the process identifies the simplest and smallest
description of the block, avoiding complex component behaviour. This operation
prevents the manual configuration of each component which can be error-prone.
Moreover, a MES designer could access each generated DSL code and integrate
complex functionalities of the components in the case of a particular simulation
objective. Furthermore, Domain-specific Implementation simplifies the appropriate
interconnections of such heterogeneous software and hardware components allowing

the interconnection to a co-simulation framework.



Chapter 5

Distributed Multi-Modelling
Co-simulation Infrastructure

In this chapter, three different versions of the proposed co-simulation infrastructure
are presented: 1) the Pure Software Co-simulation Infrastructure, ii) the Digital Real-
Time Co-simulation Infrastructure, and iii) the Hybrid Co-simulation Infrastructure.
The Pure Software Co-simulation Infrastructure is a platform version that comes to
aid in designing, developing, and testing MES scenarios which interconnect models
designed with GPPL and simulation software. The platform allows to integrate
models that present internal dynamics with a time step duration greater than 1 second
and does not requires real-time evolution. This is typically the case of energy vectors
and carriers that presents slow temporal dynamics, such as heat exchange fluids for
cooling and heating, natural gas, and some electrical behaviour like consumption
and production pattern for optimal power flow. The aim of this platform is to offer to
the MES research community the possibility to integrate the vertical and horizontal
knowledge for SoS design of different energy vectors, as presented in Chapter 4. The
platform will integrate heterogeneous models of physical and social phenomena with
a simple plug-and-play approach, accurately reproducing MES and the environment
in which they operate and supporting the different stakeholders in the energy market
to take short and long-term decisions. So, it will simulate phenomena that evolve at
different spatio-temporal scales from households to districts and cities, from seconds
to years.
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The Digital Real-Time Co-simulation Infrastructure instead has been developed
for modelling and simulating of MES scenario that requires slow time step duration,
in the order of microseconds, to analyse fast transients such as the analysis required
for assessing security, reliability, and stability of the electricity networks, like the
EMT analysis of transient evolution in case of a fault in the distribution or transmis-
sion grid. These analyses commonly require the use of Digital Real-Time Simulator
(DRTS) capable of solving the Dommel equations of the power system under analysis
in a matter of microseconds. Furthermore, DRTS respect the real-time constraints
and permits to interconnect real-world hardware and devices through HIL and PHIL
techniques to test in protected environments innovative physical components for
MES. However, the complexity of the Dommel equation and the relative amount of
computational time required to solve them limit the scalability of the system under
analysis to respect the real-time constraints. To cope with that limitation, the Digital
Real-Time Co-simulation Infrastructure has been proposed to locally interconnect
different DRTS by means of point-to-point fast bandwidth optical interconnection
and a proper synchronization protocol to align these complex hardware calculations,
allowing the interconnection of real components and equipment exploiting HIL and
PHIL techniques.

When dealing with both the above-mentioned MES scenario requirements, the
Hybrid Co-simulation Infrastructure glues together the Pure Software Co-simulation
and the Digital Real-Time Co-simulation Infrastructure to offer the possibility to
analyse slow and fast phenomena in the same platform. To cope with this challenging
objective, this infrastructure exploits a coupling methodology that obligates the pure
software environment to respect the real-time constraints in a slack fashion (i.e. soft
real-time), since the impact of slow temporal dynamics does not impact the evolution
of a fast real-time environment (i.e. hard real-time). By means of a near real-time
adaptation layer, the soft and hard real-time environments could exchange data and
could extend the spatio-temporal scale of the MES scenario under analysis.

In the next sections, each of the above-mentioned platform configurations is
discussed in depth by following the proposed analytical structure, which i) describes
the infrastructure configuration, ii) proposes a MES scenario, and iii) presents its

relative experimental results.
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5.1 Pure Software Co-simulation

The pure software co-simulation infrastructure lays the foundations of the hybrid
co-simulation infrastructure by integrating different GPPL (e.g. Python, Java, C++)
and simulation software (e.g. MATLAB Simulink, Modelica, EnergyPlus) into
a co-simulation environment. From an architectural perspective, it enables the
application of a SoS structure to analyse a MES scenario by integrating identified
subsystems coming from different interoperability layers and domains of knowledge
in order to fulfil the co-simulated scenario solution. To join these perspectives and
help researchers in design, develop and test new components or solutions in such
a complex energy system, GAMES [115] was firstly applied by using a MBSE
approach to perform a holistic and systematic analysis of the MES use case, which
is subsequently translated into an executable scenario and simulated in the proposed
co-simulation platform.

- -
Scenario Builder

Set up

COE

Mosaik Simulator API

Interfaces

Simulators

Fig. 5.1 Scheme of the pure software co-simulation infrastructure. It reports the
enabling technologies and main elements of the platform: Scenario Builder, Data
I/0O & Dashboard interface, Mosaik COE including Scenario and Simulator API,
FMI/Mosaik adapter, simulation blocks and their interfaces.

This section focuses on the software infrastructure of the proposed co-simulation
platform and its embodied elements, as depicted in Figure 5.1, by showing its
functionalities, capability, and usability of easily performing scenario design and

composition as illustrated in Figure 5.2, integrating domain-specific models, and
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simulating complex energy system scenarios. Indeed, each technological field expert
could cooperate by deploying its own simulation models shared among the platform
research community. In this view, the pure software co-simulation infrastructure is
able to integrate already existing models performed by domain-specific simulation
software in a shared and distributed co-simulation environment where the different
models can be added/removed/replaced in a plug-and-play fashion through a cross-
domain scenario configuration procedure. From a software platform perspective,
each model is seen as a grey-box model automatically connected with the other
models based on the designed scenario. Therefore, each domain expert shall develop
its model only, ensuring that it exposes the input/output variables and parameters
necessary to build the scenario by establishing a common understanding with the
co-simulation expert and the other domain experts. Finally, since the platform has
been designed to be highly distributed, the different models can run on different

computers/servers connected over the Internet.

To achieve the above-mentioned purposes, the platform was based on three main

enabling technologies outlined in the following paragraphs:

* Co-simulation Techniques: Co-simulation has been identified as a flexible
approach to integrate sub-models coming from different domain-specific mod-
els and simulation tools in a shared and distributed simulation environment.
Essentially, co-simulation techniques allow integration of a system of systems,
each one simulated by a different simulator engine (or solver). Indeed, the
domain-specific subsystems are modelled by the domain experts and usually
simulated by their specialised solvers and modelling tools. Therefore, this
approach preserves the use of efficient and suitable subsystems’ solvers that
are coupled to obtain a more complex dynamic system of systems simula-
tion in terms of scalability, variety and composability of models. Moreover,
co-simulation enhances performances in respect to stand-alone simulations
thanks to the ability to distribute and parallelise the computation either in
a cluster of servers and computers or in a cloud environment, allowing to
choose the best simulation engine for each model to be integrated as they will
exchange information over the Internet. Finally, co-simulation facilitates the
hybrid multi-modelling approach, in which different modelling paradigms
(e.g., agent-based, equation-based, discrete-event based) can be easily coupled

into the shared environment.
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* Functional Mock-up Interface (FMI): Commonly, domain-specific energy

modelling tools and their solvers cannot communicate and exchange informa-
tion with each other due to data formats incompatibility and license restrictions.
This issue often raises in trying to interconnect a proprietary simulation plat-
form (e.g. MATLAB Simulink) that requires a license to run its solver and does
not allow interconnection with other simulation software. Moreover, often they
do not exchange information among different instances of the same simulation
engine. Finally, energy models designers may come across Intellectual Prop-
erty Right (IPR) restrictions that do not allow them to share their models with
the scientific community. To face these issues, FMI [101] has been proposed
as a tool-independent standard that allows i) to encapsulate model and its simu-
lation engine, ii) to support direct control of the model through a standardised
interface, and iii) to exchange data among different models [101]. In practice,
FMI defines an interface based on a set of C-functions with the model that is
implemented by an executable, called FMU. In a nutshell, FMU is a ZIP file
that contains all the equations used by the model, its resources, documentation,
and an XML file that describes the model structure and defines the variables
used by FMU. Generally, FMU either embeds the simulation engine that is
supplied by the exporting tool, or it requires the simulation environment to

perform numerical integrations.

Co-simulation Orchestrator Engine (COE): The co-simulation approach re-
quires a master algorithm to create instances of models and manage time
evolution and regulation in a shared simulation environment, the so-called Or-
chestrator. In recent years, different COE have been developed [48] based on
specific application cases. Among them, the open-source co-simulation frame-
work Mosaik [102] provides good performance, high usability, and flexibility.
Indeed, Mosaik can be integrated with several power grid simulators (e.g.
pypower, pandapower) and any other simulators written with various GPPL,
such as Python, C++ and Java. Moreover, Mosaik allows the distribution of
simulators exploiting TCP/IP communications used for data exchange.
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5.1.1 Pure Software Co-simulation Infrastructure

As illustrated in Figure 5.1, the pure software co-simulation infrastructure can be
divided into different framework layers, where each layer can be distributed into
different network nodes to improve co-simulation performances through such a
distributed computation environment. The platform framework layers are: i) the
set-up layer consisting of a Scenario Builder and Data I/0 & Dashboard modules, ii)
the Mosaik COE layer with the FMI/Mosaik adapter, iii) the interfaces layer between
COE and simulators through Mosaik API, and iv) the layer of the attached simulators
to perform the required scenario. The platform framework layers are outlined in the

following paragraphs.

Scenario Builder, Data I/O & Dashboard

Scenario Builder module is a wrapper that simplifies and tailors the interface to Mo-
saik COE by translating input data and processing information through the different
COE levels. The module composes the overall energy scenario through an effective
cross-domain scenario configuration procedure that establishes a common under-
standing among the co-simulation expert and model domain experts, as illustrated in
Figure 5.2. In particular, the wrapper parses a YAML configuration file containing
all information to set up the entire co-simulation environment and distributes such
information throughout the underlying classes and methods of Mosaik COE. YAML
is a human-readable data serialisation standard based on nested objects as “key:
value” structures, commonly used as a configuration file. Figure 5.3 depicts the
adopted schema of a YAML file describing the scenario template structure and its
main contents. In our co-simulation platform, the schema of the YAML configuration
file is based on four root objects: i) scenario configuration that contains common
scenario settings, ii) simulator configuration that includes models’ instances with
their simulation settings and initial conditions, iii) connections that contains topol-
ogy of the connections among models’ instances exploiting a list of run-time data
exchanged for each connection, and iv) scenario outputs that includes setting to

display or save the desired variables.

The use of YAML by the platform’s users allows for simplifying the scenario
composition using default settings patterns of the objects and focusing only on

changing the desired parameters in a plug-and-play fashion. Indeed, it is possible to
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compose different YAML files containing template objects that share the adopted
schema into a single YAML configuration file. For example, a modelist can focus
on setting significant model instance parameters and connections in agreement with

the other experts and the scenario requirements, while later can add built-in YAML
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Fig. 5.2 Overview of the main steps to perform scenario design and composition
starting from a MES use case within the co-simulation platform.
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Fig. 5.3 The tree diagram from the YAML template scenario file showing the general
characteristics of the scenario schema root element, with main parent elements and
children elements of: i) scenario configuration, ii) simulators configuration, iii)
connections topology of data flow, and iv) scenario outputs.

templates to set up the connection protocol interface and the shared simulation
environment interface. Furthermore, if the platform’s user explicitly requests the
output of desired variables under the YAML root object scenario outputs, then
the Scenario Builder automatically adds and connects back-end components that
are necessary to provide the functionalities of the Data I/0 & Dashboard module.
Finally, the Scenario Builder module allows the centralisation of the set-up operation
in a single network node that distributes the information remotely to the other network
nodes.

Data I/0 module instead provides an interface to easily set and retrieve requested
data coming from the co-simulation infrastructure. In particular the module is made
by: i) an output interface for storing data through Hierarchical Data Format (HDFS),
ii) an input interface for setting environment, scenario, and tunable parameters
through a publish/subscribe pattern [46] using the open-source asynchronous mes-
saging library ZeroMQ, as well as iii) an interface to communicate with a web app
Dashboard. The Dashboard was developed to provide a user-friendly lab-view inter-
face that provides a data flow graph among scenario models, a run-time simulation
view, and a canvas to plot the time series of the desired variables from the output

simulation data set.
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Mosaik COE

The Mosaik COE is the master node of the pure software co-simulation platform
and provides time management and synchronisation to orchestrate the co-simulation
environment during its run-time execution. Furthermore, it allows control and
management of data flow among the models’ instances. As shown in Figure 5.2,
Mosaik COE receives as input the scenario information from the Scenario Builder

and set up the co-simulation environment exploiting:

* Mosaik Scenario API that allows to start simulators and instantiate their
models to generate the co-simulation environment as described in the scenario
configuration file, i.e. how the models’ instances should be parameterised and

interconnected with each other.

* Mosaik Simulator API that has to be implemented to establish an interface
between Mosaik and a simulator to set up data exchange and orchestrate all
stages of the co-simulation framework (i.e. initialisation, step management,

data handling by getting/setting them from/to models’ instances).

The COE manages the time synchronisation based on a Discrete Event (DE) synchro-
nisation method. To do so, Mosaik sets a schedule based on the time-step description
provided by each simulator. According to these descriptions, the schedule contains
pre-defined synchronisation points and exploits a directed acyclic schedule graph to
determine the order of step commands, which are sent to each simulator. It is worth
noting that this feature allows the integration of simulators with different time step

resolutions in the same co-simulation scenario, from one second up to ad lib.

FMI/Mosaik adapter

The FMI/Mosaik adapter was developed to map the Mosaik Simulator API with FMI
functions by using the FMPy library [116], an open-source Python-based library to
simulate FMU, as shown in Figure 5.1. Moreover, FMPy supports the latest versions
of the FMU co-simulation and model-exchange methods, which were validated with
cross-check rules defined by the FMI standard steering committee. The adapter
allows loading and controlling FMU in the shared co-simulation environment that

interacts with the FMU through C-functions to create one or more instances of a
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model, to manage simulation evolution, and to exchange data enabling interaction
among different simulation engines. Therefore, the adapter automatise the integration
of new encapsulated FMU models without the domain expert having to implement
the Mosaik Simulator API specification, as shown in Figure 5.2. Indeed, a YAML
FMU simulator template is provided to standardise the platform’s user data input
procedure by establishing a common understanding with the other domain experts.
Subsequently, the Scenario Builder can process and integrate the FMU simulator
into the co-simulation environment automating the setup and execution of the FMU

instances.

Simulators and Interfaces

Each model has to be integrated into the co-simulation environment by exploiting the
Mosaik Simulator API specification to handle the COE-simulator communication.
This preliminary procedure could be challenging because, normally, the model’s
domain expert does not know the co-simulation framework, and it would be necessary
to collaborate with the co-simulation expert, as illustrated in Figure 5.2. To make
this procedure effective, the Scenario Builder module provides a standard YAML
simulator template that helps to set up the simulation and model requirements
through a grey-box modelling approach with minimum effort and cost. Therefore, it
subsequently simplifies the model integration process into the co-simulation platform.

The co-simulation platform accepts both Python simulators and encapsulated
models as FMU thanks to FMI/Mosaik adapters. The simulators expose their in-
put/output variables and parameters to the shared simulation environment, thus the
Scenario Builder provides to connect them among each other and with the COE.
Hence, the platform guarantees a plug-and-play integration of models and simulators,
in which one or more models can be easily replaced without affecting the whole
simulation engine. Finally, simulators can reside on different network nodes and com-
municate through TCP/IP sockets allowing distributed and parallelised computing to

enhance co-simulation performances.

5.1.2 Applications and Results

The flexibility provided by the pure software co-simulation platform permits to

use it as a virtual test bed for complex MES, as well as conducting experimental
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research on enabling technologies. To demonstrate the capability of the presented
platform in integrating and synchronising heterogeneous models written in different
programming languages and executed with different software in a plug-and-play
fashion, a well-consolidated and feasible Smart MES Building scenario was designed
and implemented. Indeed, it is out of the scope of the present research to propose
new domain-specific models or scenarios since the focus of the dissertation is on
the co-simulation infrastructure by showing the effective and simplified use of the
platform layers to realise complex scenarios. This section provides a full description

of the design of a Smart MES Building scenario and the simulators implemented.

Figure 5.4 illustrates the scheme of simulation blocks, focusing on blocks related
to the cyber-physical elements of the system, and the energy and data flow among
them. A simulation block represents an encapsulated entity of the system under
analysis, which contains the standalone model that is able to interact with the envi-
ronment exchanging data, parameters, and state variables dynamically. As illustrated
in Figure 5.2, the simulation blocks are added, parameterised and connected through
the YAML configuration files provided by the domain experts and finally managed
by Scenario Builder that instances the models and composes the overall scenario

automatically.

The scenario consists of an EnergyPlus building model plugged into the platform
through a FMU, and linked to a Modelica-based Electric Heat Pump model with
a control system model, encapsulated in FMU as well. Another FMU provides
a battery system modelled in MATLAB Simulink. Furthermore, a PV system,
household behaviour, and weather data are provided to the building by linking
stand-alone Python simulators. In addition to the simulation blocks illustrated in
Figure 5.4, the Scenario Builder automatically adds and connects the back-end

blocks as described in the previous section.

i) Solar & Local Weather. Weather data are integrated from third-party data
sources, such as Weather Underground [117], through an integrated Python appli-
cation interface. As shown in Figure 5.4, the application retrieves the information
at the time step required by the models and distributes them in run-time through
Mosaik which manages the time synchronisation. If the minimum available time
step of the weather data sources is greater than the time step required by a model, a
linear interpolation is performed.
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ii) PV system. The PV system was modelled by integrating the simulation
infrastructure presented in [118]. The infrastructure allows to estimate the PV
potential and to simulate the solar radiation profiles in real-sky conditions with a high
spatio-temporal resolution (depending on the resolutions of the input data). It uses as
inputs: (a) Geographic Information System (GIS) data to describe building rooftops
in terms of slope, orientation, possible obstacles, and shadows; (b) weather data
provided by Solar & Local Weather block such as the Global Horizontal Irradiance
(GHI) in real-sky condition GHI and the outdoor Dry-Bulb Temperature Tp,ypy;.
The PV simulation can be performed with the same time step as the resolution of
the GHI data. The on-site generated electricity is primarily self-consumed by the
household while any surplus is used to charge the battery or sent to the grid. The last
case happens if the battery is already fully charged.

iii) Household behaviour. The household behaviour was integrated into the

co-simulation platform by using the Python simulator proposed in [119]. The model
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Fig. 5.4 Block diagram of the scenario designed within the co-simulation platform.
The diagram shows both the energy- and data-flow connections between simulation
blocks.
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uses a different kind of input data to create a non-homogeneous semi-Markov model
for simulating the household electricity behaviour and thermal gains and retrieving
the aggregated electricity and thermal load profiles. The Household behaviour
simulator performs activity simulation with a resolution of 10 minutes, and it can
provide appliances and aggregate load profiles with a time step of one second up to
ad lib.

The model creates the household by specifying the composition of the family,
starting from census data. Then, the set of appliances in the households is distributed
according to statistics obtained from Use of Energy surveys. Whilst, the statistics
obtained from the Time of Use surveys were used to create a Semi-Markov model
and generate each person’s behaviour. Finally, the simulator uses the created Semi-
Markov model to generate household behaviour in terms of occupancy, type and
duration of each activity performed by the household’s inhabitants, which is associ-
ated with specific usage of electric appliances (e.g., washing machine, dish-washer,
vacuum cleaner, fridge, etc.). The simulator also uses weather data, provided by
Solar & Local Weather block, to compute the energy consumption of domestic

lighting systems according to solar radiation GHI.

In the end, the Household behaviour parses the number of occupants in a zone and
their interactions with lights and appliances, providing aggregated loads, appliances
and lights loads and schedules, which are given as input vector (HHpgepqay) to the
Building block.

iv) Electric Heat Pump (EHP). The air-to-water EHP has been developed using
Modelica’s standard components by using the open-source OpenModelica mod-
elling and simulation environment. The EHP model was exported as a FMU for
co-simulation that contains the model and exposes inputs and outputs, as shown in
Figure 5.4. Moreover, the numerical solver is embedded and supplied by OpenMod-
elica. Finally, the EHP model was interfaced through the FMI/Mosaik adapter.

The EHP model computes the sensible heat gain required to maintain the set-point
temperature 7g.; in rooms. The EHP needs as input the regulation of the actuator
provided by the EHP Controller. The coefficient of performance of EHP is set by
a parametric relationship with the outdoor Dry-Bulb Temperature Tp,yp,; and the
outlet flow temperature of the water-based underfloor heating system. The most
implemented regulation system for the outlet flow temperature is the use of a climatic

curve, which sets the temperature based on the outdoor temperature Tp,yp,; through
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a piece-wises linear function. The output of the EHP FMU is the heat requested
by the Building block through the heating system. The measured variable 7,400,
provided by the Building block is controlled to maintain the desired set-point T,
by implementing a Proportional-Integral-Derivative (PID) controller that acts on the
water mass flow rate of the heating system through regulation of the control valve
actuator (CV). PID is a negative feedback closed-loop control system that calculates
the error value as the difference between the desired set-point 7., and the measured
value Tj,400- and applies a correction based on proportional, integral and derivative
terms on the CV actuator to regulate water mass flow rate and minimise the error
over time. It is worth noting that thanks to the platform’s flexibility, it is possible to
replace the control system in a plug-and-play fashion with more advanced control

systems.

v) Building. The building was modelled in EnergyPlus, a well-known open-
source detailed building energy modelling engine that performs calculations of
energy consumption in buildings, such as heating and cooling loads, disaggregated
energy end-uses, and many other building-related features. Furthermore, EnergyPlus
allows exporting the IDF file building model as a FMU for co-simulation through
the Python package EnergyPlusToFMU. It is worth noting that EnergyPlus is a well-
established energy simulation engine used as the core engine of many commercial and
non-commercial energy simulation software, such as OpenStudio and DesignBuilder.
These solutions provide a graphical interface and additional tools to improve the
building’s design and complexity, such as the import of CAD geometry, 3D model,
or the direct import of building models from Building Information Modelling (BIM)
tools. Therefore, the potential provided by EnergyPlus and its extensions combined
with the possibility of exporting the building model as a FMU unlocks a perfect
integration within the co-simulation platform, allowing flexibility and composability
of building models with different levels of complexity and design by following the
modelist choices and the scenario objectives.

Inputs and outputs of the Building FMU are managed by EnergyPlus through
three types of External Interface objects being on the IDF file: i) the vector of the
Household behaviour variables (HHp,jq,) and heat gain provided by EHP for the
water-based underfloor heating system were interfaced as input schedules, ii) the
indoor temperature 7j,4,, and set-point temperature T, were linked to external
interface as output variables, and iii) the weather data needed by EnergyPlus (i.e.,

Dry-Bulb Temperature, Dew-Point Temperature, Relative Humidity, Barometric
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Pressure, Direct Normal Radiation, Diffuse Horizontal Radiation, Total and Opaque
Sky Cover, Wind Direction, Wind Speed) were interfaced as input actuators passing
a vector data (Weather). EnergyPlus can perform simulations with a minimum time

step of one minute up to one hour.

vi) Battery. The electrical energy storage system was modelled in MATLAB
Simulink by using the generic battery model provided by the Simscape Library, and
it was encapsulated into a FMU for co-simulation. The model describes the dynamic
behaviour of the most popular types of rechargeable batteries, and it can be fully
parameterised using a commercial battery data sheet. The main parameters are the
type of battery (e.g., Li-ion and lead-acid), nominal voltage, and rated capacity. The
other detailed parameters are derived from the discharge characteristics and they are

already implemented in the Simulink model for the common types of batteries.

The battery model was electrically connected with the production unit and the
loads. A simplified controller manages the charge and discharge of the battery under
the depth of discharge limit, prioritising self-consumption and, eventually, charging
the battery only from the surplus of PV production. The main state variables of the
battery (SOC, A and V) are sent to the Smart Meter to manage the energy flux of
the entire system. For simplicity, in this scenario, it was neglected the temperature
and aging effects on the battery. However, based on the capability of the battery
model, it is possible to simulate these effects by interfacing it with the other blocks
of the scenario, e.g., the Solar & Local Weather or the Building block to provide the
ambient temperature to the battery. The present battery model is set to simulate the

charge and discharge of the battery with a resolution of 10 minutes.

vii) Smart Meter. The virtual Smart Meter provides the physical and data interface
between the building system and the distribution network. It receives the PV electrical
generation (PVggen), the aggregated household electrical load (HHE[0qq), the EHP
electrical consumption (H Pgrqq), and main state variables of the battery (SOC, A
and V). It was used as a data collector manager returning the simulation results either
in run-time or at the end of the simulation. The smart meter simulator can perform
the simulation with whatever time step resolution without any limitation. Moreover,
the smart meter model is equipped with the Message Queuing Telemetry Transport
(MQTT) publish/subscribe protocol in order to transmit to external smart metering
infrastructures the measured values.
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Smart MES Building Simulation and Results

In order to test the capability and usability of the pure software co-simulation
infrastructure, the scenario designed in Section 5.1.2 was simulated for a hypothetical
and realistic house located in Turin, Italy. The scenario is a test case to evaluate the
energy performance of a complex building energy system through the analysis of its
dynamics and operation. Therefore, the YAML configuration file (see the schema in
Figure 5.3) was filled with all data required to set up a co-simulation environment,
models, and connections among them as described in the following.

Our test case consists of a Building of about 150 m? equipped with a water-based
underfloor heating system. It was modelled with the OpenStudio suite that supports
whole building energy modelling using EnergyPlus engine. The software includes
a SketchUp plug-in to graphically create the geometry needed for EnergyPlus, as
depicted in Figure 5.5.

The geometry, materials, and construction layers of the building model have been
chosen to be representative of a single-family house in Northern Italy. The main

geometric and construction data of the building envelope are shown in Table 5.1.

The Solar & Local Weather block provides weather data to the sub-models of
the scenario, giving the location and the reference year.

Before starting the co-simulation, the Household behaviour block generates the
family, starting from the local socio-demographic and energy-related data. It consists

of four members: a full-time man worker, a housewife, and two student kids.

Fig. 5.5 The 3D layout of the house modelled with the OpenStudio suite and
SketchUp plug-in.
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Quantity Unit Value
Conditioned net floor area  m? 136.82
Conditioned gross volume  m?> 412
Gross Wall Area m? 134.64
Gross Window-Wall Ratio - 0.26
U-value external wall Wm2K~"! 0.427
U-value floor (roof) Wm2K~' 1.260
U-value window Wm2K~' 2.674

Table 5.1 Main geometric and construction data of the building envelope.

The PV system is composed of 16 panels on the roof-top south oriented with a

37° tilt angle. It provides a total of 5 kW), to the premises.

An EHP is installed in order to satisfy the heating demand of the house with
a power input of 3 kW, and a COP of 4 at nominal conditions. The heat pump is
equipped with a PID controller and an inertial flywheel to decouple the heat generator
with the underfloor heating system. The performance characteristics were retrieved
from data sheets of common residential heat pumps. In the winter season, the desired
indoor temperature was set to 20 °C! from 6:00 to 22:00, and 16 °C for the remaining
day’s hours.

A Lithium-Ion battery is installed with a rated capacity of 60 Az and a nominal
voltage of 200 V and is located inside the house. The parameters of the discharge

characteristics were derived from the built-in Li-Ion battery Simulink model.

The Scenario Builder module parses the YAML configuration file to retrieve all
the required information to perform the scenario simulation and distributes them to
COE through Mosaik API. The simulation blocks are instantiated using the Mosaik
Simulator API (retrieving model settings, parameters, constants, and time-step) and
connected to each other, as shown in Figure 5.4, via Mosaik Scenario API. The
time-steps At were set considering the scenario characteristics, the capability of the
solvers, and computational effort: EnergyPlus (i.e. the Building ) 10 min, Modelica
(i.e. the Electric Heat Pump) 5 min, MATLAB Simulink (i.e. the Battery) 10 min, PV
simulator 15 min and household behaviour 10 min. The Solar & Local Weather block
provides data to each simulation engine at the requested time step. The scenario

I'The Italian regulation establishes private homes are not supposed to be heated to more than 20 °C,
although the norms allow a margin of 2 °C.
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was simulated for a whole thermal season. The distributed co-simulation platform
resides in our campus and involves five computers (or nodes) all connected between
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Fig. 5.6 The figure presents the scenario simulation results showing a general time
window of two consecutive days i.e., a weekend of January. The time-series plots
depict: (a) the number of people in the house; (b) the State Of Charge (SOC) of
the battery; (c) the profiles of the net power, total load, PV production, and battery,
highlighting the self-consumption and the energy covered by the combined PV-
battery system; (d) the view of load profile in terms of its disaggregated elements, i.e.,
lights, appliances, and heat pump, the latter linked to its Coefficient Of Performance
(COP); (e) the outdoor, indoor, and scheduled set-point temperatures.
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them by using a Local Area Network (LAN). Each network node is an Intel® Xeon®
E3-1245v5 Central Processing Unit (CPU)@3.50Ghz with 32GB DDR4@2133MHz
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Fig. 5.7 The figure presents the scenario simulation results showing a general time
window of two consecutive working days of March. The time-series plots depict: (f)
the number of people in the house; (g) the State Of Charge (SOC) of the battery; (h)
the profiles of the net power, total load, PV production, and battery, highlighting the
self-consumption and the energy covered by the combined PV-battery system; (i) the
view of load profile in terms of its disaggregated elements, i.e., lights, appliances,
and heat pump, the latter linked to its Coefficient Of Performance (COP); (j) the
outdoor, indoor, and scheduled set-point temperatures.
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RAM. The different simulators and models are distributed across the five computers
as follows:

* Node A Scenario set-up and Mosaik COE;

Node B Python simulators (i.e. Household behaviour, PV, Smart Meter, and
Solar & Local Weather);

* Node C EnergyPlus (i.e. Building FMU);

Node D MATLAB Simulink (i.e. Battery FMU);

Node E Modelica (i.e. EHP FMU).

The main results of the simulation are depicted in Figure 5.6 and Figure 5.7.
The figure shows a general time window of two consecutive days of two months,
i.e. a weekend of January in Figure 5.6(a)-(e) and two working days of March in
Figure 5.7(f)-(j). The chosen months represent the colder and hotter month of the
thermal season in the given location. The main characterising data for analysing the
energy building behaviour are the occupancy, battery profile and State Of Charge
(50C), total and disaggregated load profiles, Coefficient Of Performance (COP)
of EHP, PV production, net power and net energy import/export measured on the
meter, self-consumption, energy from/to battery, energy covered from combined
PV-battery system and, finally, outdoor and indoor temperatures with the schedule of
the desired temperature. The data were collected with a sampling time of 10 minutes.
Nevertheless, it can be requested from the co-simulation platform information from
either each module that exposes inputs/outputs and parameters or the simulation
environment directly at wherever sampling time.

The household behaviour is resumed by the occupancy in Figure 5.6(a) and
Figure 5.7(f). Occupancy is one of the most important factors affecting the building
energy demand for heating/cooling by varying conditioning periods and house
settings, as well as the electricity demand by the use of the EHP itself, lights, and
appliances as shown in the disaggregated loads plot in Figure 5.6(d) and Figure 5.7(i).
As shown in Figure 5.6(e) and Figure 5.7(j), the set-point temperature’s schedule
affects the thermal demand from the EHP and, as a consequence, its electrical
consumption. Moreover, the electric load requested by the EHP to satisfy the heating
demand is considerably higher than the electrical household consumption due to
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appliances and lights, especially on colder days. Therefore, the resulting aggregated
load profile, shown in Figure 5.6(c) and Figure 5.7(h), almost follows the EHP load
profile. For example, on the weekend of January during the morning from 6:00 to
9:00, the EHP consumption increases until it reach a maximum power absorption
of about 1.4 kW to cover the increased heating demand due to the change in indoor
set-point temperature. Meanwhile, people leave the house and, as a consequence,
light and appliance consumption becomes minimum and does not exceed 0.5 kW of
absorption. However, on the same morning hours during the working days of March,
it takes place different power peaks of about 2 kW caused by more use of appliances
and lights.

By comparing the curves of EHP load and its COP in Figure 5.6(d) and Fig-
ure 5.7(1), the EHP consumption is almost higher when the COP drops and vice
versa. An example can be seen on the afternoons of January, where the EHP absorbs
about 0.5 kW while its COP reaches about 3.6. More noticeable on March, where
COP reaches 4.4 while the EHP absorbs only 0.25 kW. This typical behaviour is
linked to the outlet flow temperature of the EHP that is regulated by a climatic curve.
Indeed it is regulated considering the outdoor temperature. As a consequence, the

COP qualitatively follows the outdoor temperature.

During winter days, the outdoor temperature can quickly swing, as shown in the
temperatures plot in Figure 5.6(e) and Figure 5.7(j), even reaching temperatures
below zero as in January. The requested heating demand is satisfied by the EHP
and, thanks to the PID control strategy, the room temperature remains around the
set-point temperatures with few little oscillations. The PID controller was tuned
during run-time simulation till reaching optimum values and stability for the desired
control response. Indeed, the tunable parameters can be changed during execution

through Data I/0 interface, thus directly seeing the feedback results on simulation.

Following the power-related plot in Figure 5.6(c) and Figure 5.7(h), we can
see how the combined PV-battery system affects the load profile of the building
measured on the meter (net power). The energy management system rules the energy
flows by maximising self-consumption: the in-site electricity production is directly
used to cover the load reducing the imported power from the grid, and any surplus
is used to charge the battery whenever it is not full. Otherwise, the power surplus
is exported to the grid. The load profile and PV production curves show the timing

imbalance between peak demand and renewable energy production. The battery helps
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to reduce the timing imbalance by shifting the load: it is charged during daylight by
solar power, then it is discharged, providing power into the premises in the evening,
thus reducing imported power and increasing self-consumption. The Figure 5.6(b)
and Figure 5.7(g) show the SOC curve during the analysed days, which are strictly
correlated with the charging and discharging phases depicted in Figure 5.6(c) and
Figure 5.7(h). As can be seen in the figures, a change of sign on the first derivative
of the SOC curve from positive to negative is equivalent to a change of phase of
the battery from power charging to power discharging, and vice versa. When the
first derivative is null, corresponding to SOC equal to the upper (95%) or lower limit
(5%), the battery power is null.

During the days of March, the combination of good solar radiation and low EHP
load results in high levels of SOC up to full charge, thus increasing the opportunity
to sell energy to the grid. Moreover, the storage capacity of the battery permits it to
cover the entire evening and night loads. As an example, on March 3 following
Figure 5.7(g)-(h), the daily PV production was 19.91 kWh: about 17.68 kW h was
self-consumed of which 5.96 kW h directly used to cover the load and 11.72 kWh
used to charge the battery, while the remaining 2.23 kWh was sold to the grid. In
particular, the battery starts charging at 8:30 until reaching the upper charge limit
at 14:00 when the power surplus begins to be sold until the end of PV production.
From 18:00 until the next beginning of the daily PV production, the battery succeeds
in covering the entire load, even remaining with a SOC of about 50%. On the other
hand, during the colder and cloudy days of January resulting in less solar radiation,
the power export rarely happens and the battery works at low operating levels. In any
case, the exploitation of the accumulated capacity permits it to cover a significant
part of the evening load. For instance, on January 4" following Figure 5.6(b)-(c), the
daily PV production is entirely self-consumed. A part of this energy was exploited
to charge the empty battery up to about 40% of SOC and later used to cover about
4.54 kW h of the load during the afternoon until 19:00.

The pure software co-simulation platform simulates the complexity of the Smart
MES Building dynamics with great details and realism by integrating each subsystem
with its solver’s flexibility and efficiency. Notably, as depicted in Figure 5.6(c) and
Figure 5.7(h), the daily PV production profiles of the two months analysed are
affected by the real-sky weather conditions resulting in markedly different. During
the two days analysed in January, the power peaks of PV do not exceed 2.6 kW and
their profiles result jagged due to the cold and cloudy days of the winter, with a total
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in-site electricity production of 22.15 kW h. Going towards spring in March, the PV
profiles are more uniform due to warmer and clear days, reaching power peaks of
almost 3.5 kW with a total production of 40.38 kW h. On the other hand, the energy
management system actively responds to the variability of PV production and load

request by charging and discharging the battery.

Testing of a different control strategy

The flexibility and usability of the proposed co-simulation platform permit us to
easily implement experiments testing different solutions. Indeed, it is only needed to
replace the desired simulator block in a plug-and-play fashion through the Scenario
Builder module. The module sees the simulator as a grey-box model, thus it will
only be necessary to re-link the input/output variables with the other models and set
the internal parameters of the new integrated block through the YAML configuration
file.

By way of example, the PID controller of the EHP was replaced with a more
simpler hysteresis controller that turns ON/OFF the heating system if the Tj,400r
exceeds -2/42 °C with respect to Tgs. The indoor temperature trends and EHP
loads obtained from the simulation of the two control strategies were compared and
depicted in Figure 5.8 during the days of March. As it can be seen, the PID controller
regulates the indoor temperature better than the hysteresis one, hence reducing the
discomfort by maintaining on average the temperature closer to the chosen set-point.
From an energy point of view, the EHP regulated with the PID controller performs
better than the hysteresis controller by reducing its energy consumption by about
33%. Indeed, during the two days of March, EHP with PID controller consumes
53.92 kW h, while EHP with hysteresis controller consumes 79.77 kW h.

In the end, there is no limitation on implementing more advanced control strate-
gies as their usage is strictly dependent on the use case analysed only. For exam-
ple, it is possible to implement more advanced control strategies and optimisation
algorithms that, for instance, are based on Model Predictive Control or deep Rein-
forcement Learning. For example, a general control block can be implemented as
follow: the emulator could be a detailed EnergyPlus model or even a HIL. model of
a real building that could share information through a TCP/IP connection with the
possibility to control the heating system within the co-simulation platform remotely;
to perform the predictions, a validated dynamic model based on reduced order RC
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Fig. 5.8 Comparison of the indoor temperatures trends and EHP loads by implement-
ing different control strategies: PID and hysteresis Control Systems.

model can be implemented directly in Python or by using dedicated libraries, which
can be easily integrated into the co-simulation platform by implementing the Mosaik
Simulator API; the optimisation algorithms can be implemented by exploiting plenty
of different libraries as well. Finally, the connection of the various elements of the
control block with the rest of the system can be made through the Scenario Builder
module, similarly to what was made with the other simulation blocks. In the same
way, the flexibility and usability of the proposed co-simulation platform also permit
to effectively integrate algorithms that are able to analyse the system more in-depth,

for example, to find optimal control and operating strategies concerning a pre-defined
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objective function, e.g., maximising the total self-consumption, which increases the
savings by buying less energy from the grid. Regarding the system plants’ sizing,
in this work, the cost-benefits analysis of the optimal PV and battery sizes was
out of the scope. However, the co-simulation platform allows to find the optimal
sizes of the subsystems performing optimisation by simulation, or directly using
advanced optimisation tools by exploiting the capability of the platform to perform a
multi-modelling simulation. In conclusion, the simplified scenario composition and
implementation procedures demonstrate the usability of the co-simulation platform,
where different disciplinary fields and tools can be integrated by sharing common
knowledge to build even more complex energy scenarios.
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Fig. 5.9 The Digital Real-Time Co-simulation Infrastructure and its three main
architectural layers.

5.2 Digital Real-Time Co-simulation

The Digital Real-Time Co-simulation Infrastructure lays the foundations of the hybrid
co-simulation infrastructure to allow a point-to-point interconnection of different
commercial DRTS (e.g. OPAL-RT and RTDS Technologies) by exploiting Aurora
8B/10B, a serial protocol to exchange data by employing an optical fiber medium,
and IEEE1588 PTP, that is commonly used to synchronize internal reference clocks
throughout a computer network. Aurora 8B/10B reduces the effects of uncertainty
brought about by communication latency by adhering to real-time constraints in
a co-simulated environment. IEEE1588 PTP protocol instead permits to align co-
simulation execution and logging of synchronized results coming from the different
DRTS.
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5.2.1 Digital Real-Time Co-simulation Infrastructure

The architectural description of the proposed infrastructure is presented in Figure 5.9
and consists of three main layers: i) the GPS Synchronization Layer, ii) the Digital
Real-Time Simulator (DRTS) Layer, and iii) the Power System Co-simulation Layer.
The rest of this section presents every single layer and its main components and the

laboratory setups that are used to test the infrastructure functionalities.

GPS Synchronization Layer

This layer ensures the overall infrastructure time synchronization by exploiting a
GPS clock. In fact, the GPS is a global navigation satellite system that not only
provides geolocation but also time information and synchronization by broadcasting
a time reference clock aligned to the GPS atomic clock technology that resides in
each GPS satellite. The GPS clock is a piece of equipment that receives the GPS
signal and aligns its internal reference clock to the atomic time without needing a
local atomic clock, ensuring a global synchronization of the laboratory with other
laboratories worldwide. Once synchronized with the GPS, this equipment offers
different local synchronization protocols, such as IRIG-B, 1PPS, and the IEEE1588

Precision Time Protocol (PTP).

Our infrastructure exploits the IEEE1588 PTP to synchronize both internal refer-
ence clocks of the interconnected DRTS. By exploiting the PTP stack functionalities,
the GPS clock sets its operation in master mode to control other slaves by broad-
casting PTP packets on a LAN. The end-user could choose among a set of standard
PTP profiles (e.g. Default profile) that serve different final uses. Moreover, the PTP
stack offers two different delay mechanisms, namely, i) the End-to-End (E2E) and ii)
the Peer-to-Peer (P2P), that provides PTP functionalities to the two homonymous
types of transparent clocks. The E2E mechanism allows the calculation of the overall
latency among the master and slave nodes ensuring the fastest synchronization with
a low precision. Moreover, this delay mechanism ensures the most interoperable
version of the PTP standard, reducing the limitations on hardware that can be used
in the PTP network. The P2P delay mechanism instead allows a fine-grained and
precise latency calculation of each hop of the network path between the master and
the slave node. However, it reduces the interoperability of different hardware since

they must implement the overall PTP standard protocol stack.
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Furthermore, PTP offers two different protocols to allow communication among
master and slave nodes: i) Layer 2 (i.e. IEEE802.3 or Ethernet) that ensures a fast
synchronization in the same network segment, and iii) Layer 3 (i.e. IP) that allows
the time synchronization of wider networks. Depending on the LAN configuration
of the laboratory, the end-user could choose among the two layers. Apart from this
configuration, the GPS clock is interconnected to the LAN using two RJ45 Ethernet

interfaces, one serving the E2E, and the other the P2P delay mechanism.

DRTS Layer

This is the core layer of the proposed infrastructure. It allows the interconnection
among two commercial DRTS exploiting a bi-directional point-to-point physical
interconnection. Our infrastructure exploits Aurora 8B/10B, the fastest protocol
on board of commercial DRTSs. Aurora is a link-layer protocol that exchanges
serial streams through a point-to-point standard full-duplex multi-mode optical fiber
link ensuring a high bandwidth from 2 Gbps to 5 Gbps to exchange data with a
lightweight packet overhead. Aurora datagram is completely configured by the
end-user as a variable sequence of 32-bit integer and float. This protocol ensures the
lowest latency of communication between the set of protocols that are commonly
used for DRTS interconnection (e.g. Ethernet). To enable the Aurora protocol, each
DRTS must occupy one of the available Aurora Small-form Factor Pluggable (SFP)

ports for the data exchange.

Each DRTS is also equipped with a IEEE1588 PTP synchronization board since
the time synchronization among the DRTSs involved in the proposed infrastructure
is ensured by the IEEE1588 PTP. PTP boards are set as slave-only PTP nodes.
Moreover, they are interconnected with the GPS synchronization layer with an RJ45
Ethernet cable to receive PTP packets coming from the PTP master node (i.e. GPS
clock) and align the DRTS internal reference clock to the reference master clock.
Finally, each interconnected DRTS implements its own logic to fulfil the real-time
simulation of the assigned power subsystem by including simulation blocks that

enables i) the Aurora link and ii) the PTP synchronization in the compiled models.
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Fig. 5.10 Monolithic electric circuit (a) composed by an AC voltage source u; and
two impedances Z4 and Zp and the application of ITM IA (b)

Power System Co-simulation Layer

This layers enable the logical co-simulation of a power system by splitting the PSUT
through the Ideal Transformer Method (ITM) Interface Algorithm (IA), commonly
used in PHIL application to interconnect a physical piece of equipment, so-called
DUT, to the simulated ROS. This IA is the simplest way to set up a PHIL system
and it has been chosen to simply and efficiently split a PSUT into a source and load
power subsystem modelled inside each DRTS. The ITM IA described in Figure 5.10b
exploits a controlled voltage generator in the load part of the power subsystem that
reproduces the voltage v4 measured in the source part (i.e. v,), and a current
generator in the source part of the power subsystem to reproduce the current ip
measured in the load part (i.e. i). Moreover, it applies a latency that is proportional
to the latency experimented by the exchanged variable from DRTS rack 1 and rack 2
to take effect on the load part of the circuit (i.e. Tp,) and vice versa (i.e. Tp,).

In Figure 5.11, the equivalent block diagram of the ITM circuit could lead us
to its frequency-domain stability analysis. Exploiting the ITM open-loop function
described by Equation 5.1, the Nyquist diagram is calculated for Z4 = 50 € and dif-
ferent values of Zg, namely 50, 100, 200,300,400, and 500 Q. Following the Nyquist
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Fig. 5.11 Equivalent Block Diagram of the ITM IA

criterion, the Nyquist diagram of the open-loop function of the ITM system must not
encircle the critical point (—1,0) to ensure stability. As depicted in Figure 5.12, the
ratio Z4 /Zp must be minor than 1 to ensure the Nyquist criterion. Also if the stability
is ensured by this criterion, a large latency of the paths 7p, and Tp, could provoke

nonlinearities (i.e. phase shift) that impact both frequency-domain and time-domain

accuracy of the overall system.
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Fig. 5.12 Nyquist diagrams of the open-loop transfer function G,

Laboratory Setups

The proposed laboratory setups reduce significantly the latency between two DRTS
chosen among the available commercial solutions for electric grid analysis, i.e.
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Fig. 5.13 Different configuration of the Digital Real-Time Co-simulation Layer: (a)
RTDS-RTDS, (b) OPAL-OPAL, and (c) RTDS-OPAL in both directions.

OPAL-RT OP5700 (OPAL) and RTDS Technologies NovaCor (RTDS). Following the
architectural description in Figure 5.9, the GPS Synchronization Layer is managed
by the Meinberg microSync HR102HQ GPS clock with an IEEE 1588-2008 v2
Default Layer 2 profile. This GPS clock offers four configurable Ethernet interfaces.
Since RTDS and OPAL synchronization boards implement two different Transparent
Clock (TC), port 2 have been configured to manage End-to-End (E2E) TC and port
3 instead to manage Peer-to-Peer (P2P) TC. Obviously, the Meinberg microSync
HR102HQ GPS clock is set as the master node of the IEEE1588 PTP stack, and the
two DRTS synchronization boards racks are set as slave mode to ensure a proper

setup of the synchronization with the reference master clock.

RTDS racks must be provided with the GTSYNC card capability to manage
the interaction with the Meinberg GPS clock. GTSYNC is a peripheral board
interconnected with the core rack using an optical fiber link that allows different
kinds of synchronisation protocols (e.g. IEEE1588 PTP, 1PPS, IRIG-B) both in slave
and master mode. Moreover, the GTSYNC only accept P2P TC configuration of the
IEEE1588 PTP stack. So, both RTDS racks’ GTSYNC cards are connected with
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a RJ45 Ethernet cable to port 3 of the Meinberg GPS clock exploiting an Ethernet
switch. To enable the GTSYNC capability in the RTDS, GTSYNC block must
be added in the RSCAD draft of the simulated use case. OPAL instead provides
the Oregano card that communicate with the core rack through PCle bus. Like
the GTSYNC, the Oregano card allows the same set of synchronization protocols.
However, the TC configuration of the IEEE1588 PTP stack must be E2E. So, both
OPAL racks’ Oregano cards are connected with a RJ45 Ethernet cable to port 2 of
the GPS clock using the Oregano Syn1588 Ethernet switch to reduce latency of the
PTP E2E packets. The time regulation schema is negligible since both DRTSs evolve
their simulation with an independent time-regulating schema that ensures the correct
event ordering respecting the proper real-time constraint. Since the proposed circuit
to test the interconnection is a simple source-load circuit, the source part will trigger
the simulation starting time of the load part. Results from DRTS racks are indeed
aligned considering the internal clock time as a reference since the IEEE1588 PTP

stack ensures the correct time synchronisation schema.

Since each commercial DRTS solution implements its own numerical solver and
implementation of the Aurora 8B/10B, different configurations of the DRTS layer
are proposed in Figure 5.13 to take into analysis each possible DRTS combination.
Figure 5.13a present two RTDS racks that have been coupled with a 25 meters
optical fiber link exploiting the Aurora protocol. Figure 5.13b instead presents two
OPAL racks interconnected by the same optical fiber link exploiting Aurora protocol.
Finally, an RTDS rack and an OPAL rack have been coupled together as depicted in
Figure 5.13c. This interconnection has been analysed in both directions, considering
rack 1 as the generation source and rack 2 as the load of the proposed power system

co-simulation scenario.

Figure 5.14 presents the sequence operation diagrams of a time step for both
RTDS and OPAL are presented to highlight the management of the Aurora Read
(RD) and Write (WR) operations. In Figure 5.14a, RTDS executes after each time
step starting time an instantaneous WR operation followed by a RD. At the end of
the RD, received variables are exchanged with the Control Signal Core that runs
its operations in parallel with the Power System Component Cores. At the end of
the time step, Control Signal Core and Power System Component Cores exchange
both the control signal variable and the network variables (i.e. voltages and currents).
The OPAL sequence operation diagram instead is presented in Figure 5.14b. At the
very begging of each time step, the FPGA exchanges data received by the Aurora
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Fig. 5.14 Sequence operation diagrams of the FPGA Aurora Read (red blocks) and
Write (green blocks) implementations in RTDS NovaCor (a), and OPAL-RT OP5700
(b), highlighting the data exchange between the FPGA and CPU operations (orange
blocks).

RD operation in the previous step with the CPU. Then, the CPU Calculation of the
model is executed. After this operation, data are moved from the CPU to the FPGA.
For each time step, WR operation is continuously transmitting data each 2.5 ps and
updates the values exchanged once the CPU ends the operation of moving data to the
FPGA. During the idle time at the end of this exchange, the FPGA also executes an
Aurora RD operation that instead terminates at the end of the time step. The Aurora
WR operation continues along the next time step by sending the same data received
in the previous time step until new data comes at the end of each CPU Calculation
operation. This hack implemented in the FPGA bitstream of the OPAL enables faster

data transmission in hybrid configuration (see Figure 5.13c).

Aurora could be enabled in RTDS chassis through RSCAD by using the _rtds_aurora
block, so-called Aurora block. This block permits to define the selected SFP
transceiver port, the processor number, a priority level of computation, the frame
definition (i.e. exchanged environment variables with a maximum width of 128),
and the sequence number blocking property of the Aurora link. In OPAL systems
instead, the Aurora protocol is enabled through RT-LAB by selecting the proper
SFP communication block that defines the FPGA Dataln and DataOut port numbers
and enables a variable width of the exchanged signals with a maximum of 255 dou-
bles exchanged. The Aurora link configuration (e.g. SFP transceiver port) instead
is defined in the FPGA bitstream, which is uploaded during the scenario loading
operations.

Finally, the Power System Co-simulation Layer implements the simple ITM
circuit presented in Figure 5.10b by splitting the monolithic circuit (Figure 5.10a)
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into a source circuit A and a load circuit B. This simple power system co-simulation
scenario allows a precise calculation of the latency among the different configurations
of the DRTS layer, and the time-domain and frequency-domain accuracy of the co-

simulated results by comparing them with the standalone monolithic results.

5.2.2 Applications and Results

This section presents the experimental results of the ITM IA applied to the proposed
Digital Real-Time Co-simulation Infrastructure. The ITM circuit in Figure 5.10b
has been implemented in both DRTS (i.e. RTDS NovaCor and OPAL-RT OP5700)
by exploiting RSCAD and RT-LAB software. In source part A of Figure 5.10b,
u1 is a monophase voltage source with a voltage amplitude of 100kV peak and a
nominal frequency of 50 Hz. The pure resistive impedance Z4 is set to 50 Q. vy
is retrieved employing a metering point to send its values each time step to load
part B through the Aurora link. The load part B of Figure 5.10b instead receive
via the Aurora link the voltage signal v4 that forces the controlled voltage source
v/ to generate a delayed v, signal. Zp is set to two different values i) to test the
ITM near the instability region, and ii) to present a stable version of the ITM TA
application, namely 50.5 Q and 500 Q. To return feedback to the source part A,
a metering point retrieves ip current to then send it back through the Aurora link.
This value is received by source part A and imposed through the controlled current
source i. The ITM IA circuit has been tested for all the infrastructure configurations,
namely, i) RTDS-RTDS, ii) OPAL-OPAL, iii) RTDS-OPAL, and iv) OPAL-RTDS
(see Figure 5.13). All the configurations exploit a 25-meter long standard full-duplex
multi-mode optical fiber cable as physical media to interconnect both racks.

In the next sections, we discuss the experimental results on: i) the ITM IA
Latency Calculation that describes the time step contributions to the overall latency
experimented by the ITM IA circuit for each of the Digital Real-Time Simulation
layer configurations, ii) the ITM IA Time-domain Accuracy Analysis that compares
the standalone voltages signals with the co-simulated ITM IA case in the stable region
(Zp = 500Q2) and near the instability region (Zg = 50.5Q) for each configuration of
the infrastructure, and iii) the ITM IA Frequency-domain Accuracy Analysis that,
similarly to the time-domain case, compares the standalone frequential contents with
the co-simulated solution ones for both regions and all infrastructure configurations.

For each section, the time step duration Tg;,, has been changed from 20 us to 500 ps
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to highlight possible dependencies from the time step duration that could influence

the overall latency.

ITM IA Latency Calculation

For each infrastructure configuration, the overall latency experimented by the ITM 1A
circuit solution will be described using its sequence operation diagrams in Figure 5.15.
More in-depth, these sequence diagrams describe each single time step contribution
highlighting internal operations executed by each DRTS and the data exchange
among the interconnected racks. Depending on the infrastructure configuration,
these operations will contribute or not to the overall latency represented by Tp, + Tp,
in Equation 5.1, generating phase shifts that will impact both time-domain and

frequency-domain accuracy of the ITM IA circuit solution.

RTDS-RTDS By exploiting RSCAD software libraries, Aurora blocks are set with
the sequence number blocking configuration activated on port 24 for both RTDS
racks. The overall latency experimented by the ITM IA application is 57g;,, for all
Ts;n values. The contributions are depicted in the sequence operation diagram in
Figure 5.15a. From ¢t = 0 to t = Tg;y,,, the Power System Component Core (PSCC) of
RTDS rack 1 calculates v4 and passes its value to the Control System Core (CSC).
From t = T;,, to t = 27T§;,,, rack 1 retrieves v4 value from the CSC and send it
through the Aurora link by executing a write operation (WR). In the same time
interval, RTDS rack 2 receives v4 value from the Aurora link with a read operation
(RD) and gives it to the CSC that is in charge to send its value to the PSCC at the end
of the time interval. From ¢t = 2Ty;,, to t = 4Ty;,,,, rack 2 calculates the current ip by
applying v, voltage to the controlled voltage source v/, and, finally, moves ig from
the PSCC to the CSC. These operations take 27s;,,,. From t = 4Ty, to t = 5Ty, rack
2 retrieves the ip value from the CSC and executes an Aurora WR operation. In the
same time interval, rack 1 receives its value by executing an Aurora RD operation
and passes its value to the CSC. To conclude, the effect of ip on v4 calculation
requires another Tg;;, to take effect on source part A of the circuit in Figure 5.10b.
The ITM IA latency is calculated from the first v4 calculation in rack 1 at t = Tg;,, to

the effect of ip to v4 calculation at t = 67g;,,, resulting correctly in 57g;y,.
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OPAL-OPAL By exploiting RT-LAB software libraries, the SFP block has been
integrated into both models of the ITM circuit. SFP blocks are set on port SFPOO
for both OPAL racks. The calculated latency results 27§, for all Tg;,, values and
its contributions are depicted in Figure 5.15b. From t = 0 to ¢ = Tg;;,, the Control
Processing Unit (CPU) of the OPAL rack 1 calculates v4 and provides its value to the
FPGA that executes the Aurora WR operation. In the same time interval, the FPGA
of the OPAL rack 2 receives the v4 value by executing the Aurora RD operation.
Right at the beginning of the time interval between t = Tg;,, and t = 2Ty;,,, rack
2 moves v4 value from the FPGA to the CPU. Subsequently, the CPU of rack 2
executes the calculation to retrieve the current ig, moves its value to the FPGA, and
sends it through the Aurora link with an Aurora WR operation. To conclude this time
interval, rack 1 will receive the ip value and will store it in the FPGA by executing
an Aurora RD operation. In the last time interval from ¢ = 27, to t = 3Tg;,, ip
moves from the FPGA to the CPU to allow the calculation of the effect on v4 on
the source circuit. v4 value is updated at the end of this time interval as a result of
the circuit numerical solution. So, the ITM IA latency is calculated from the first
v4 calculation in rack 1 at r = Tg;,, to the effect of ig to v4 calculation at t = 3T,

resulting correctly in 27;y,,.

RTDS-OPAL The source circuit of Figure 5.10b in the RSCAD draft and load
counterpart in the RT-LAB model of the two previous cases are used in this first
hybrid configuration. The physical interconnection of the optical fiber link has
been changed from port 23 of the RTDS rack 1 to port SFPO1 of the OPAL rack
2. The overall latency is 4Ty, for all Ts;,, values. The contributions are presented
in Figure 5.15c. From ¢t = 0 to t = 2Ty;,,,, RTDS rack 1 executes same operations
described in the previous Paragraph 5.2.2, presenting as a result v4 at t = Tgjy,.
OPAL rack 2 receive v4 value by executing an Aurora RD operation at the end of the
time interval from ¢ = T, to t = 2Tg;,,. At the very beginning of the time interval
from t = 2T, to t = 3Ts;,,, OPAL rack 2 moves v4 value from the FPGA to the CPU
and, then, executes ig calculation. In the same time interval, the current ig is moved
from the CPU to the FPGA to finally execute the Aurora WR operation. Aurora WR
lasts till the next time interval from ¢ = 37;,, to t = 47T;,,, where RTDS rack 1 reads
ip current and passes to the CSC its value, concluding the interval by passthrough
ip to the PSCC. Finally, RTDS rack 1 calculates v4 in the last time interval from
t = 4Ts;y, to t = 5Tgj,. The ITM IA latency results 47g;,, by considering from the
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first v4 calculation in RTDS rack 1 at r = Tg;,,, to the effect of ip to v4 calculation at
t = 5Tgim.

OPAL-RTDS The source circuit in the RT-LAB draft and load circuit in the
RSCAD model of the first two cases are used in this second hybrid configuration.
The physical interconnection of the optical fiber link has been changed from port
SFPOO of OPAL rack 1 to port 24 of RTDS rack 2. The I'TM IA latency results 57y,
for all Tg;,, values. As in previous cases, contributions are described by presenting the
configuration’s sequence operation diagram in Figure 5.15¢c. From t = 0 to t = T,
OPAL rack 1 executes the same operations described in the previous Paragraph 5.2.2.
However, RTDS rack 2 reads v4 value from the Aurora link in the next time interval
from ¢t = Tg;,, to t = 2Tg;,,. From t = Tg;,, to t = 5T;,,,, RTDS rack 2 executes the
same operations of the previous Paragraph 5.2.2. So, OPAL rack 1 retrieves the i
value at the end of the time interval from r = 4Tg;,,, to t = 5Ty;;,,. In the last interval,
the CPU in OPAL rack 1 receives from the FPGA ip value, calculates the v4 effect,
and, finally, presents its value as a result. The overall experimented latency is 57y,
considering from the first v4 calculation in OPAL rack 1 to the effect of ip to v4

calculation at t = 67g;,,.

ITM IA Time-domain Accuracy Analysis

The time-domain analysis demonstrates that our infrastructure obtains good ac-
curacy of the co-simulated solution. We compared the results of our distributed
co-simulation system with a monolithic solution that runs the standalone circuit
in Figure 5.10a. The results presented in this subsection are obtained only for a
worst-case scenario, that is when Tg;,, is set to 500 ps. The worst-case scenario is con-
sidered as a limit case since normal EMT analysis for electric grid scenario exploits
a time step duration of around 50 pus. The monolithic electric circuit in Figure 5.10a
has been run simultaneously to the ITM IA case to retrieve the standalone voltage
and current, namely vjf“l and igeal. The results in Figure 5.16 are presented only
for voltages v;f"l (blu line), v4 (green line), and vp (orange line) to avoid repetition,
as the power factor of a purely resistive circuit is 1 and currents and voltages are
in phase. Voltages v;f“l , V4, and vp have been analysed for the two Zp values that
represent the stable ITM case (i.e. Zgp = 500 2) and near the instability region of the
ITM circuit (i.e. Zgp = 50.5 Q). Finally, the instability transient generated by case
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Fig. 5.16 Voltages time plots to compare time-domain accuracy of the monolithic
circuit (blue) and ITM IA application (green and orange) for Ty = 500 us in the
stability region (a,c,e,g), and near the instability region (b,d,f,h) for different Digital
Real-Time Co-simulation Infrastructure configurations, namely, RTDS-RTDS (a,b),
OPAL-OPAL (c,d), RTDS-OPAL (e,f), and OPAL-RTDS (g,h).

Zp = 50.5 Q is presented in Figure 5.17. The results demonstrate that applying a
Tsim lower than 500 us ensures good time accuracy for both regions, reproducing
with high fidelity the monolithic solution.

RTDS-RTDS The case Zp = 500 Q is presented in Figure 5.16a. v4 overlies

;f“l confirming that the ITM application is capable of reproducing correctly the
standalone simulation with a slight rise of 2.28% of v4 voltage peak caused by the
round trip latency of the ITM circuit. vp follows vy, delayed of 1500 ps that is equal

to 37s;y. This is Tp, latency of the ITM open-loop function G,; in Equation 5.1.
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This latency is described in the previous subsection 5.2.2 and is composed of the

first three time step contributions.

The case Zp = 50.5 Q instead is presented in Figure 5.16b and presents major
instabilities due to the phase shift generated by the ITM application. In particular,
the distortions are generated by the round trip latency 57g;,, equal to 2500 us and
the Z4 /Zp ratio equal to 0.9900, near the instability region of the ITM open-loop

function G,; in Equation 5.1. v4 initial peak exceed 40.72% compared to v;f“l .

VB
follows the v4 trend with a latency of 1500 ps. Similarly to the stable ITM case,
it results correctly in 37%;,,. In Figure 5.17a, the distortion transient lasts 0.4 s
stabilising the result with a 7.92% rise compared to the voltage rise of the case
Zp = 500 Q. Finally, v4 presents a non-linear distortion of the sine due to the [ITM

application near the instability region.

OPAL-OPAL The case Zg = 500 Q is presented in Figure 5.16c. v4 overlies vﬁf“l
with an insignificant rise of 0.37% compared to the v4 voltage peak caused by the
smallest round trip latency between the different infrastructure configurations equal
to 27s;,. vp follows vy, delayed of 500 us that is equal to 17§;,,. This latency is
described in Section 5.2.2 and is composed of the first time step contribution.The case
Zp = 50.5 Q instead is presented in Figure 5.16d and still presents major instabilities.
In this case, the distortions are denser than in the previous case in Section 5.2.2 due
to the higher frequency of the phase shift generated by the round trip latency 27,
and the Z4 /Zp ratio. v4 initial peak exceeds 26.56% compared to vjf“l . vp follows
the v4 trend with a latency of 500 us. Similarly to the stable ITM case, it results
correctly in 17§;,,. In Figure 5.17b, the distortion transient lasts 0.16 s stabilising
the result with an 1.25% rise compared to v/’f“l. To conclude, v4 does not present

particular non-linear distortion.

RTDS-OPAL The case Zp = 500 Q is presented in Figure 5.16e. v4 follows vjf“l
with a 0.83% rise of the v4 voltage peak. vp follows v4, delayed of 1000 ps that
is equal to 2Tg;,, confirming the description of the sequence operation diagram in
Section 5.2.2. The case Zp = 500 Q instead is presented in Figure 5.16f and presents
similar instabilities to the previous cases. The distortions generated by the round trip
latency 47s;, and the Z, /Zp ratio produce a vy4 initial peak with a rise of 16.97%

compared to v:f“l. vp follows the v4 trend with a latency of 1000 us, which results
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Fig. 5.17 Voltages time plots to compare the monolithic circuit (orange) and the
transient (blue) when applying I'TM IA for 7; = 500 us near the instability region
with a detail of the non linear effect on the numerical solution for different Digital
Real-Time Co-simulation Infrastructure configuration, namely, RTDS-RTDS (a),
OPAL-OPAL (b), RTDS-OPAL (c), and OPAL-RTDS (d).
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correctly 27g;,,,. In Figure 5.17c, the distortion transient lasts 0.32 s stabilising the
result with a 5.14% rise compared to vff“l . Lastly, v4 presents non-linear distortion
smaller than case presented in Section 5.2.2 due to the lower latency experimented

by the ITM IA circuit.

OPAL-RTDS The case Zg = 500 Q is presented in Figure 5.16g. This case
presents results similar to case in Section 5.2.2. However, v4 overlies v/’f“l with
a smaller rise equal to 1.47%. vp follows v4, delayed of 1500 us that is equal to
3Tsim- The case Zp = 50.5 Q instead is presented in Figure 5.16h and presents the
same instabilities as the case presented in Section 5.2.2. In particular, v4 initial
peak exceeds 40.72% compared to v/’f“l. vp follows v4 with the latency of 1500 us,
confirming the 37;, latency expectation. In Figure 5.17d, the distortion transient
real

lasts 0.4 s stabilising the result with a 7.92% rise compared to vy. Finally, v4

presents the same non-linear distortion as the case presented in Section 5.2.2.

ITM IA Frequency-domain Accuracy Analysis

The frequency-domain analysis allows a complete understanding of the effects of the
latency experimented by applying the ITM IA circuit to the proposed co-simulation
infrastructure. This analysis is obtained by applying Welch’s method for the Power
Spectral Density (PSD) estimation applied to voltage signals v/’f“l and v, for both Zp
values to compare the monolithic implementation w.r.t. the co-simulated one. As
depicted in Section 5.2.2, the latency experimented from the different configurations
of the proposed infrastructure gives rise to non-linearity in the time-domain results
generated by the phase shift caused by the ITM IA application. The highest effect is
resulting near the instability region (i.e. Zg = 50.5 Q) for all configurations.

In fact, the phase shift time-domain effect near the instability region is similar to
a triangle wave trend summed to the original voltage signal. A triangle wave can be
approximated in the time-domain with additive synthesis, summing odd harmonics
of the fundamental sine wave of frequency fx while multiplying every other odd
harmonic by —1 and multiplying the amplitude of the harmonics by 1 over the square

of their mode number n as described in Equation 5.2:

8 N—1 .
xtriangZE(t) = ﬁ Z (71)171 2sm(27rfAnt) (5.2)
i=0



108 Distributed Multi-Modelling Co-simulation Infrastructure

1010

108 —— PSD Vs —— PSD v
106 —— PSD v —— PSD vy
I 10 4 fi |
> 102 T > - N %
—_— —_— | -
g 10 3 =
1072 * 10~
104 -4
- -
1o 200 400 600 800 10 0 200 460 6 800 1000
Freauency [Hz] Freauency [Hzl
10° 10°
s — PSDva 105 —— PSDvs
1o —— PSD v N A —— PSD v
N 10t = 10t I
F z I\
T 107 T 10 /
E o _INC
. 10-7 - p—
g —_— g 0 e e e S W RN
o101 — Emu el
107" 1071
19 -1
10 200 0 6 800 10 0 200 260 6 800 1000
Frequency [Hz] Frequency [Hz]
(©) (d)
10° — PSDV, 10° — PSDV,
10° — PSD Vel 10° —— PSD vres!
¥ o0 ¥ oo i
L 107 % 107 \
Q 107 e Q 1077 \,M
Lm I | &1 Tl
10-" 1015
19 -19
10 200 460 600 800 10 10 200 400 800 1000
Frequency [Hz] Frequency [Hz]
(e) ®
101 o
108 — PSD s o — PSDV,
s
108 —— PSD v 1w | | —— PSD vl
N No10t i J
I 10% T JI\ M Il
T — < 107 /1N ) /
T 102 - 2> ah SN
> I 7 —
2 100 — a3 7—7777:\:@:«'Www/
U, & 1071 R
10
10-4 10"
. -19
107 200 7 800 T 10 200 200 600 800 1000

0 600
Freauency [Hz]

9]

Frequency [Hz]

(b

Fig. 5.18 Voltages Power Spectral Density (PSD) estimation applying Welch’s
method to compare frequency-domain accuracy of the monolithic circuit (red) and
ITM IA application for 7y = 500 ps in the stability region (a,c,e,g), and near the in-
stability region (b,d,f,h) for different Digital Real-Time Co-simulation Infrastructure
configurations, namely, RTDS-RTDS (a,b), OPAL-OPAL (c,d), RTDS-OPAL (e,f),

and OPAL-RTDS (g,h).
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As for each round trip latency of the open-loop function G,; in Equation 5.1 the
phase shift time-domain effect changes signs, we can consider the fundamental sine
wave period of the generated triangle wave Ty twice the round trip latency. Then, the
fundamental frequency fy is equal to the inverse of the period 7). So, a spike in fx
will be always present for the case Zg = 50.5 Q. Following the approximation in the
time-domain with additive synthesis, the other frequency components of the triangle
wave will be the odd harmonics 3 fa, 5 fa, and so on. Since the resolution of Welch’s
method for the PSD estimation is limited by the sampling period Tg;,, to 1 kHz, some
cases will present also odd harmonics depending on the round trip latency. As matter
of fact, the higher the round trip latency, the lower is f) and consequently its odd

harmonics.

RTDS-RTDS v4 PSD accurately overly vff"l peak at f = 50Hz (i.e. the power
supply frequency) for Zp = 500 Q without any other frequency disturbances, as
depicted in Figure 5.18a. So, the standalone frequency content result is correctly
replicated. The case Zp = 50.5 Q in Figure 5.18b instead presents v4 PSD with the
former peak at f = 50 Hz and three frequency peaks at f = 200, 600 and 1000 Hz.
Since the round trip latency calculated in the previous Section 5.2.2 is 57;,, and
following the previous assumption, T results 107§;,, and f is exactly 200 Hz that
is the fundamental sine wave component of the triangle wave. Consequently, the
frequencies of the odd harmonics are 600 Hz, 1000 Hz, and so on. These three
frequency components are appreciated in Figure 5.18b. Moreover, they can be
noticed also in Figure 5.18a (i.e. Zgp = 500 ) but their effect is mitigated by the
magnitude of Z4 /Zp equal to 0.1.

OPAL-OPAL v, PSD accurately overly vjf“l peak at f = S0Hz (i.e. the power
supply frequency) for Zp = 500 Q in Figure 5.18c. For Zp = 50.5 Q, two main
components result from the PSD estimation as depicted in Figure 5.18d: i) f =
50Hz which is the former power supply frequency, and ii) fo = 500Hz that is
the fundamental sine wave of the triangle wave spectrum. The round trip latency
of the ITM application for the OPAL-OPAL interconnection is 27g;,,, resulting in
a Th = 4Ty, that confirms the PSD component of fo = 500Hz. Since the PSD
is limited to 1 kHz, the odd harmonics 3 fa, 5fa, and so on, of the triangle wave

approximation cannot be appreciated.
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RTDS-OPAL The stable ITM application for Zg = 500 Q correctly reproduce
v/ff“l peak at f = 50 Hz in the v4 PSD represented in Figure 5.18e. For Zg = 50.5 Q
instead two harmonics of f = 250Hz and f = 750 Hz can be appreciated as well
as the former power supply frequency f = 50Hz, as depicted in Figure 5.18f.
Following the additive synthesis hypothesis and considering the round trip latency
of the RTDS-OPAL interconnection equal to 47g;,,, Ta results 87g;, and so the
calculated fundamental sine frequency of the triangle wave confirms the former peak
at f = 250 Hz and its first odd harmonic at f = 750 Hz.

OPAL-RTDS Since for this case, the round trip latency is equal to the case in
Section 5.2.2 (i.e. 5Tg;,,), we can assume similar observations on the frequency-
domain accuracy. For Zg = 500 Q in Figure 5.18¢g, v4 PSD closely reproduces vjfal
peak at f = 50 Hz without disturbances. For Zg = 50.5 Q, the former power supply
peak is reproduced with three harmonic components at f = 200, 600 and 1000 Hz as
depicted in Figure 5.18h. With the same assumptions of the case in Section 5.2.2,
the fundamental sine frequency of the triangle wave is exactly 200 Hz and its visible
odd harmonics are the former peaks at f = 600 and 1000 Hz.
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5.3 Hybrid Co-simulation

The Hybrid Co-simulation Infrastructure makes it possible to simulate a complex
MES scenario, offering MES designers a comprehensive tool to easily interconnect
heterogeneous models from the module libraries in the platform in a plug-and-
play manner. The infrastructure leverages a multi-model view in which the MES
designer can choose among several interchangeable versions of the same simulated
model, choosing from different engines (i.e. GPPL, software simulators, hardware
simulators) depending on the required spatio-temporal scalability. This vision ensures
the ability to simulate the fast-to-slow temporal evolution of a MES scenario in a
single co-simulation platform, freeing up the potential to scale the scenario under
analysis by choosing the right combination of models in a distributed infrastructure.

The infrastructure also provides the flexibility to easily extend the available
module libraries and develop innovative component models following the appropriate
interfaces defined by the technologies implemented in the infrastructure, unlocking
simulation capabilities for large-scale MES scenarios. The designer can choose
from simulation software (e.g. MATLAB Simulink, Modelica, EnergyPlus), GPPL
models (e.g. Python, C++, Java), and commercial DRTS models (e.g. OPAL-RT).

Finally, the infrastructure offers the possibility of replacing simulation modules
by integrating a real-world device in an HIL or PHIL manner for laboratory testing.
In addition, real-world applications and services can be integrated to test their

functionality in a co-simulation environment.

5.3.1 Hybrid Co-simulation Infrastructure

The infrastructure is presented in Figure 5.19, consisting of three main vertical layers:
i) the Data Source Layer, ii) the Co-simulation Layer, and iii) the Application Layer.

The rest of this section will describe in depth each layer.

Data Source Layer

The Data Source Layer contains the sources of information needed to describe a
MES scenario, offering standard interfaces to access, query, and retrieve data from

other layers of the platform. It includes several Database (DB) modules, which are: i)
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the GIS data sources to provide georeferenced data for models of the co-simulation
environments that make up a specific MES scenario (e.g. Census Data, Cadastral
Maps, Digital Elevation Models, or Weather Data), ii) the Models data sources to
provide basic elements for model definition, such as Building Archetypes & Data,
Energy Networks (e.g., district heating, power grid, distribution network), Markets
Data and Technologies Data of various energy systems, and iii) the Third-party
Sources to offer platform users the ability to design a custom adapter to support
additional third-party DB to retrieve data from real applications.

Co-simulation Layer

The Co-simulation Layer is the core of the Hybrid Co-simulation Infrastructure. It
sets up the co-simulation environment retrieving all the required information from
the Application Layer (See Section 5.3.1). It is composed by three main horizontal
layers, namely i) the Middleware Layer, ii) the Software Simulation Layer, and iii)

the Hardware Simulation Layer.

Middleware Layer The Middleware Layer is the central component of the Co-

simulation Layer that provides the communication between the soft real-time co-
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simulation of the Software Simulation Layer (see Section 5.3.1) and hard real-time
simulation environments of the Hardware Simulation Layer (see Section 5.3.1) ex-
ploiting a near real-time approach. It implements this communication by exploiting
VILLASframework [120], a toolset for local and geographically distributed real-time
co-simulations. It consists of several components called Nodes that allow flexible
interconnections among different technological software (e.g. GPPL) and hardware
(e.g. RTDS, OPAL-RT) components exploiting various communication protocols
(e.g. TCP, UDP, MQTT). VILLASframework acts as an adaptation layer, exploiting
a near real-time communication that follows the wall-clock time ensuring negligible
communication latency among different Nodes. To ensure the proper synchronisation
with the infrastructure, VILLASframework resides in a cluster node synchronised
by means of IEEE1588 PTP. PTP ensures the internal clock synchronisation of
each of the interconnected cluster nodes with a precision up to tens of nanoseconds.
The COE and DRTS Nodes permits to exchange information among the Software
and the Hardware Simulation Layers. Moreover, VILLASframework allows the
interconnection of PHIL and HIL Nodes by exploiting common Internet communi-
cation protocols. The Middleware Layer includes a Scenario/Simulation DB based
on a time-series database (i.e. InfluxDB [121]) to store information about the MES
scenario and collect all results coming from the overall co-simulation environment
via the DB Node. These results will be visualized via the Application Layer modules
(see Section 5.3.1). Finally, VILLASframework is capable of supporting different
Interface Nodes that could serve to interconnect real-world applications and services
that want to feed the co-simulation environments. For instance, a real-world ser-
vice for MES consumer aggregation could be interconnected to the co-simulation

infrastructure to test its performances in a protected environment.

Software Simulation Layer The Software Simulation Layer exploits a pure soft-
ware co-simulation framework based upon Mosaik [102], a Python-based framework
originally designed to co-simulate Smart Grid scenarios, which is easily extensible
to cope with MES domains. Its main core is the COE Mosaik that handles the initial-
isation, the data exchange management, and the time regulation and synchronisation

of simulators and their model instances.

During the initialisation phase, the COE Mosaik passes to all interconnected
simulators their parameters (e.g. number of model instances, time step duration, start

date, end date) and model instances input/output relationships with other simulators’
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model instances. This important task is managed through the Mosaik Scenario API
that offers a common setup procedure calls for setting the MES scenario. Moreover,
COE Mosaik manages the time regulation and synchronisation of both Time-based
and Event-based Simulators. Time-based Simulators evolve their model instances
with a constant time stepped evolution. Vice versa, Event-based Simulators wait for
specific asynchronous events to trigger their model instances’ internal state changes

and then forward their outputs to other simulators as events.

The data exchange management instead is achieved by exploiting the COE
Interfaces that allow forwarding the initialisation information, the time regulation
and synchronisation commands, and the model instances inputs/outputs to each
interconnected simulator. Moreover, the COE Interfaces allow the distribution of
simulators and their models on a computer cluster, enhancing their vertical and
horizontal scalability. Finally, these interfaces could enable the interconnection of
Third-party Simulator to prevent IPR issues by exploiting the Mosaik Simulator API.
Thus, a third-party company can plug in its own models in a wider MES scenario

without sharing its engine.

Mosaik offers two main COE Interfaces by design: i) the GPPL Interfaces
that allows the interconnection of models designed with common programming
languages (i.e. Python, C++, Java) to exploit their simulation libraries (e.g. pan-
dapower [122], pandapipes [123], odeint [124]), and ii) the Socket Interfaces that

permits to interconnect distributed simulators via TCP or UDP protocol.

In our previous work [125], Mosaik have been integrated with an FMI Interface
for FMI standard. FMI allows to encapsulate models in an FMUs. The FMU
permits the coupling of the models even if they are based on different DSL and
their simulation software (e.g. MATLAB Simulink, Modelica, EnergyPlus). In this
paper, Mosaik has been integrated with a VILLAS Interface to easily exploit the
Middleware Layer to exchange co-simulation results with the Hardware Simulation
Layer. To that purpose, the Software Simulation Layer employs a soft real-time
regulation and synchronisation that executes all models considering a common
wall-clock time evolution synchronised with the Hardware Simulation Layer by
means of the IEEE1588 PTP standard [126]. The cluster nodes, where the Software
Simulation Layer resides, are equipped with a proper PTP board that receives the
proper synchronisation packets from a GPS master clock.
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Hardware Simulation Layer The Hardware Simulation Layer allows the inter-
connection of a commercial Digital Real-Time Simulator (e.g. OPAL-RT or RTDS
Technologies) to the proposed co-simulation infrastructure. This layer can run
specific models of MES components that require a hard real-time execution (e.g.
power grid, electric vehicle charging system). Moreover, it allows the coupling of a
real-time model with external Hardware-In-the-Loop (HIL) and Power Hardware-In-
the-Loop (PHIL) to test and validate a real device in a protected virtual environment,
avoiding huge deployment costs and the associated risk of deploying the component

in a real-world environment.

It is worth noting the parallelism between the COE Mosaik and the DRTS
hardware, which is the core of this layer. The DRTS exploits the common digital
real-time capabilities of self-regulating the time evolution with small time step
durations of around tens of microseconds. To ensure the proper synchronisation with
the overall infrastructure, the DRTS is equipped with a IEEE1588 PTP board that
receives the PTP synchronisation packets from the external GPS master clock. It
offers by design different DRTS Interfaces to communicate with external entities.
The most important interface is the Software API that allows to receive the compiled
Real-Time Models from the DRTS Controller (e.g. RT-LAB or RSCAD). From the
DRTS Controller application, the user can design and develop one or more Real-Time
Models exploiting its Graphical User Interface (GUI), and compile, load and execute
them on top of the DRTS hardware. The Software API is capable also to receive
commands from external entities. In fact, it serves as the main interface with the
Scenario Builder of the Application Layer (see Section 5.3.1) that is capable to load
and run a Real-Time Model already compiled by the DRTS Controller and saved in
the Model Catalogue (see Section 5.3.1).

The DRTS simulator offers other DRTS Interfaces that manages the interconnec-
tion with real devices unlocking HIL or PHIL simulation. For instance, the Analog
Input/Output (AIO) and the Digital Input/Output (DIO) Interfaces forward and/or
retrieve respectively analogue and digital voltage signal feeding the real-time simu-
lation environment with real-world values. Another example is the SFP Interfaces,
that enable fast communication protocol (i.e. Xilinx Aurora) with external hardware
with a bandwidth around 2 Gbps. Finally, the DRTS offers the Socket Interface to
exploit common transport layer protocols over Internet (i.e. TCP and UDP) and
standard protocol (e.g. IEC61850, GOOSE) unlocking the control of other power

equipment. This is the main interface of the infrastructure that allows communi-
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cation with the Software Simulation Layer via the Middleware Layer through the
VILLASframework DRTS Node. Finally, HIL and PHIL devices interconnected with
the DRTS that are equipped with socket capabilities are also capable to communi-
cate with the Software Simulation Layer via the Middleware Layer exploiting the
VILLASframework HIL and PHIL Nodes.

Application Layer

The Application Layer manages the modules that describe and compose a complex
MES scenario into a co-simulation environment by selecting the proper models and
interconnecting them together in a user-friendly and plug-and-play fashion.

The Model Catalogue module acts as a library that collects all models from
already deployed MES scenarios. Moreover, it gathers information about the con-
figuration setup of each model, such as its time step duration, initial conditions,
required inputs, provided outputs, and available data flows with other models. The
Model Catalogue module offers to the platform users the possibility of extending
the collection with new MES models by choosing one of the different possible sim-
ulation environments (i.e. simulation software, GPPL, and DRTS) with the proper
co-simulation configuration required to interconnect the model to the Co-simulation
Layer.

The Scenario Design module instead supports the user definition of a MES sce-
nario by offering a comprehensive automated tool to interconnect models contained
in the Model Catalogue module in a plug-and-play fashion. This module offers a
standard YAML configuration template to set up the MES scenario by exploiting a
grey-box modelling approach with minimum effort and cost [103]. The YAML tree
description in Figure 5.20 extends the Pure Software Co-simulation Infrastructure
YAML tree diagram of Section 5.1.1 by adding:

* the VILLAS connection in the Simulators Configuration that contains the
specific information to set up the communication and data exchange with the
Middleware Layer (more details in 5.3.1);

* the Energy Networks contains the settings about the already integrated en-
ergy network simulators that exploit the Python libraries pandapower and
pandapipes [122, 123] or the DRTS Real-Time Models;
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¢ the Network Connections in the Connection tree that contains the information

topology of the connections

among energy networks exploiting a list of run-

time data exchanged for each connection;

By exploiting each model configuration and setup information that resides in
the Model Catalogue, the YAML template guides the platform user in designing the

MES scenario, preventing the manual configuration of the interconnection of models

which can be error-prone.

Finally, the Scenario Builder module is in charge of compiling the resulting MES

scenario from the Scenario Design modules and communicates its configuration

to the Co-simulation Layer, which instantiates and configures individual models

to concretely execute the co-simulation environment. The Scenario Builder also

validates the proposed MES scenario by exploiting simulator-specific knowledge (e.g.
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model configuration and setup information) from the Model Catalogue module. This
enables the Scenario Builder to identify suitable interconnection as well as to detect
possible inconsistencies in the defined scenario with respect to typical input/output
relationships captured by the model configuration and setup information. Moreover,
the Scenario Builder set up each individual simulator software, GPPL, and DRTS
for their physical interconnection and network communication to the Co-simulation

Layer.

The Application Layer also includes the Grafana Dashboard [127] and GIS
Maps. The Grafana Dashboard module presents the co-simulation results of the
MES scenario under analysis by retrieving information from the Scenario/Simulation
Database contained in the Middleware Layer of the Co-simulation Layer. The GIS
Maps module instead exploits the georeferenced information from the Data Source
Layer and presents them into maps to better describe co-simulation results on a
spatial scale.

5.3.2 Applications and Results

This section describes the MES scenario and models exploited for testing the capa-
bilities and performances of the proposed Hybrid Co-simulation Infrastructure. The
flexibility provided by the co-simulation platform allows to use it as a virtual test-bed
for complex MES use cases, as well as conducting experimental research on enabling
technologies. As highlighted in the literature of recent years [6], the MES operation
and planning shall be coordinated across the energy carriers, infrastructures, and
consumption sectors to foster energy transition towards reliable and cost-effective
energy services. In particular, the scenario proposes the provision of flexibility and
effective ancillary services to the power distribution grid via the growing penetration
of DERs installed on the building site (e.g., PV, electrochemical batteries) and the
deployment of smart building energy management systems and control strategies

combined with demand response programs [128].

In particular, the scenario proposes the evaluation of a voltage regulation ancillary
service for the power grid distribution network. The service is provided directly by
the Building Energy Management System (BEMS) of a building equipped with a PV
and a battery system, coordinated with a Voltage Control System (VCS). Figure 5.21
shows the overall energy scenario, which consists of an area of interest of a real
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Fig. 5.21 Schema of the MV/LV power grid and the low voltage regulation system
coupled with the building energy management system.

Italian MV/LV network and real demand and generation profiles obtained from an
Italian DSO. The grid was taken from [129] and it consists of five main MV feeders,
of which Grosso feeder was considered to perform the scenario simulation. The
test feeder consists of 11 buses with 10 equivalent loads and 6 equivalent power
injections from PV plants. These injections and withdrawals represent equivalent
power system models of the external areas of the grid. The B12 bus extends towards
the B13 bus the LV network where an equivalent LV load is present in bus B14 and
the building energy system with the LV point of measure and the VCS in bus B15.
To demonstrate the capability of the VCS and test the platform, the grid was placed
under severe energy demand by reasonably increasing the loads causing a decrease
of the buses’ voltage towards the lower voltage limit. Indeed, the VCS measures the
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voltage across the LV bus B15 and sends the power requests to the BEMS only if the
measured voltage exceeds the tolerance of 10% around the nominal voltage value in
both direction, i.e. Vy = 0.9 p.u. and Vy = 1.1 p.u., in compliance with the European
standard EN 50160 CENELEC [130]. After receiving the power request, the BEMS
evaluates the availability of the internal energy resources (i.e., PV production and
battery capacity) based on the building load characteristics to decide if the building
can provide the total amount of the power requested or a part of it and for how
long. The VCS is based on a fuzzy logic PID controller that can operate at different
sample times. For example, it could be deployed directly on the control system of
the distribution grid, operating at very short sample times. In this scenario, the VCS
is considered a cloud service over the Internet taking the real voltage measures and

communicating the power requests to BEMS.

Each element constituting the energy scenario was modelled and implemented
into the Hybrid Co-simulation Infrastructure. Figure 5.22 depicts the scheme of
simulation blocks and their connections among them building up the scenario. In par-
ticular, the blocks represent the cyber-physical components containing the standalone
models related to the customer premises and the power grid. The simulation blocks
interact with the shared simulation environment linking them through different kinds
of connections based on the simulator typologies, i.e., real-time hardware (blue
blocks) and pure software (orange blocks) simulators are connected throughout the
COE and DRTS Nodes. In addition, the blue striped block represents the HIL compo-
nent, i.e., the Physical Smart Meter. To build up the energy scenario, the simulation
blocks are added, parameterised, and connected through the YAML configuration
files provided by the domain experts through the Scenario Design and finally built
by the Scenario Builder that instances the models, composes the overall scenario

automatically, and execute the co-simulation.

The following subsections describe the characteristics of the models implemented
for the scenario under analysis. The various models were divided into i) Environment

and Power Grid and ii) Customer Premises.

Environment and Power Grid

In this scenario, the environment can be represented by the weather module and the
other simulators acting as the interface between the power grid and the customer

premises, i.e., the household.
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Fig. 5.22 Simulator block diagram of the energy scenario designed within the Hybrid
Co-simulation Infrastructure.

Weather. Weather data are integrated from third-party data sources, such as
Weather Underground [117], through an integrated Python API. The Weather module
retrieves the information at the required time step by the models and distributes
them in run-time through the COE Mosaik. If the minimum available time step of
the weather data sources is greater than the time step required by a model, a linear

interpolation is performed.

Power Grid. The DRTS simulator has been used to execute the simulation of the
power grid. In particular, the OPAL-RT OP5700 is used for deploying the MV/LV
power grid model. It requires the configuration of the simulation solver eMEGAsim
which can be done through MATLAB Simulink. Once the model of the grid has been
completed in Simulink, it needs to be uploaded on the DRTS simulator by using
RT-LAB which compiles the model in order to run it with a time step duration of
50 usec. For the scenario simulation, the aggregated MV/LV Load Profiles and PV
Systems generation profiles have been used for all the buses with the only exception
of the bus B15, which is connected with the high-detailed model of the customer

premises.

Physical Smart Meter. The device used is a 3-phase smart meter prototype (a.k.a.
3-SMA) composed by a Raspberry Pi and a Data Acquisition Board that allows the
device to collect data with a frequency of 3.2 KHz. In the scenario under test, the
Data Acquisition Board is connected between the grid and the simulated household

by means of an analogue output block in the DRTS model. So, the analogue voltage
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and current measurements coming from the analogue output board are collected from
the DRTS. The 3-SMA receives these values and is in charge of pre-processing the
collected data each 50 msec. Such collected data are processed to obtain the voltages
and currents RMS values. Moreover, the 3-SMA communicates the RMS values to
the other component of the infrastructure that requires the measurement as input via
the HIL Node of VILLASframework. Further details on the 3-SMA prototype can
be found in [129, 131].

LV Voltage Controller. The VCS i1s based on fuzzy logic PID controller monitor-
ing the voltage Vp;5 and sending the request capacity P, to the BEMS if the voltage
exceed the tolerance. The controller calculates the error value as the difference
between the desired min/max tolerated voltage and the measured value Vp;5 and
applies a correction based on proportional, integral, and derivative terms on the
Py that is requested to not exceed the tolerance and minimise the error over time.
The model is developed in Simulink using the Fuzzy Logic and Control System
Toolboxes, and exported as a FMU. In addition, Simulink allows one to freely choose
the time resolution, thus providing flexibility to set the software in real-time and

seeks to quickly exchange data with the real-time simulators, such as DRTS.

Customer Premises

The customer premises represent the building energy system with its physical com-
ponents, such as the envelope, energy conversion technologies, and entities, such
as the habitants living inside the building. They are modelled by coupling diverse
simulators, described in the following sections. A more detailed description of the

building energy system can be found in our previous works [103, 125].

Rooftop PV System. The Rooftop PV System is modelled by using the infrastruc-
ture presented in [118]. This infrastructure allows estimating the solar radiation and
PV potential profiles in real-sky conditions with a high spatio-temporal resolution
by integrating different decomposition and transposition models in literature for
estimating the plane of array irradiance. It uses as inputs: (a) GIS data to describe
building rooftops in terms of slope, orientation, possible obstacles, and shadows;
(b) weather data provided by Weather block, at least the Global Horizontal Irradiance
in real-sky condition GHI (but also the Diffuse Horizontal Irradiance and Direct Nor-

mal Irradiance if they are available) and the outdoor Dry-Bulb Temperature Tp,ypy-
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The PV simulation can be performed with the same time step as the resolution of the
GHI data.

Household behaviour. The household behaviour was modelled by using the
simulator proposed in [119]. The model uses diverse input data characterising the
household, i.e., census data, weather data, Use of Energy and Time of Use surveys,
to create a non-homogeneous semi-Markov model for simulating over time the
household occupancy, type and duration of activities performed by household’s
inhabitants, which is associated to specific usage of electric appliances and lights.
In the end, the Household behaviour parses the number of occupants in a zone and
their interactions with lights and appliances, providing aggregated loads, appliances
and lights loads, and schedules, which are given as input vector (HHp.pay) to the
Building Envelope. The Household behaviour simulator simulates with a resolution
of 10 minutes, but can also provide appliances and aggregate load profiles with a

time step from one second to ad lib.

Electric Heat Pump and EHP Controller. The air-to-water EHP was modelled
using the open-source modelling and simulation environment OpenModelica. The
EHP model was exported as an FMU for co-simulation, as shown in Figure 5.22.
In addition, the EHP model was interfaced through the COE Mosaik Interface
FMI adapter to communicate with the platform effectively. The EHP FMU calculates
the sensible heat gain required to maintain the set-point temperature 7., in the rooms.
The EHP requires as input the control signal for the Control Valve actuator (CV),
which is provided by the EHP Controller, the T, selected or scheduled by the
household, the measured indoor temperature 7j;,4,,, and the Dry-Bulb Temperature
Tpryur- The measured variable 7,400 supplied by the Building Envelope block is
controlled to maintain the desired set-point T, by using the EHP Controller that is a
PID controller acting on the heating system water mass flow rate through regulation
of the CV. It is worth noting that thanks to the platform’s flexibility, it is possible to
replace the control system with more advanced control systems in a plug-and-play

fashion.

Building Envelope. The Building Envelope was modelled in EnergyPlus, a well-
known open-source software for detailed energy modelling of buildings that allows
calculation of building energy use, such as heating and cooling loads, disaggregated
energy end-use, and many other building-related features. In addition, EnergyPlus

allows exporting the building model from the IDF file as FMU for co-simulation via
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the Python package EnergyPlusToFMU. Inputs and outputs of the Building Envelope
FMU are managed by EnergyPlus via External Interface objects located in the IDF
file. In particular, the exchanged variables are the vector of the Household behaviour
variables (HHp,p4y), the heat gain Qg,, provided by EHP, the indoor temperature
Tinaoor and set-point temperature 7., and the vector of weather data Wea required
by EnergyPlus. EnergyPlus can perform simulations with a minimum time step of 1

min up to 1 h.

Battery System. The electrical energy storage system was modelled in MATLAB
Simulink using the Simscale Library and embedded into the DRTS to couple it with
the power distribution network in real-time, in order to describe the fast dynamics
correctly. The model simulates the dynamic behaviour of a Li-lon battery, and it
can be fully parameterised using a commercial battery datasheet. The battery model
was electrically connected on the behind-the-meter Point of Delivery (POD) of the
household. The main state variables of the battery (i.e., SOC, A and V in Direct
Current (DC)) are sent to BEMS that manages the energy fluxes in the building
though the battery signal operations B,, based on the requests of the VCS. The
battery model is set to simulate the charge and discharge of the battery with a

resolution of 10 minutes

Household POD HW. The Household POD represents the physical point of
withdrawal and/or injection of electricity into the distribution network. It was
modelled in Simulink as a PQ Load element and embedded into the DRTS. It is
physically connected through a hardware link with the Smart Meter in order to
exchange the power measures and electrically connected through real-time simulated
electrical lines with the behind-the-meter battery system and the front-of-the-meter
power distribution grid. In particular, the Household POD receives the power-related
data signals from the pure software simulators of the building through COE Node
of VILLASframework and translates them into real-time simulated AC voltage and
current. Moreover, It sends the data of power withdrawal or injection to the BEMS.

Building Energy Management System. The BEMS is a ruled-based control
algorithm that manages the charge and discharge of the battery under the depth of
discharge limit, prioritising self-consumption and, eventually, charging the battery
only from the surplus of PV production. However, when the BEMS receives the
requests for upward or downward capacity from the VCS, it verifies if there is
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space for providing the requested flexibility or not by directly controlling the battery

parameters for further injection/withdrawal or the PV system only for withdrawal.

Household POD SW. The virtual Household POD provides the data interface
between the hardware Household POD and the pure software simulators of the
building. It collects the PV electrical generation (P,,q), the aggregated household
electrical load (Pygioaq), the EHP electrical consumption (Pegpioqq), and main state
variables of the battery (SOC, A and V in DC). It was used as a data collector manager
returning the simulation results either in run-time or at the end of the simulation. The
smart meter simulator can perform the simulation with whatever time step resolution

without any limitation.

Experimental Results

The scenario presented in Section 5.3.2 was simulated in order to test the functionali-
ties of the presented Hybrid Co-simulation Infrastructure. The following paragraphs
describe respectively: i) the Software, Hardware, and Network Setup, ii) the Scenario

Setup, iii) the Scenario Results, and iv) the Co-simulation Latencies.

Software, Hardware, and Network Setup The Co-simulation Layer is imple-
mented in the Energy Center in our university campus, where each physical hardware
entity in the proposed infrastructure (e.g. servers and DRTS) is interconnected via
a 10 Gbps Ethernet switch minimizing the latency in data exchange over the Local
Area Network (LAN).

The Software Simulation Layer in Figure 5.19 involves a master node with 2 Intel
Xeon Gold 6238R CPU@2.20 GHz with 192GB DDR4@3200MHz RAM and four
nodes Intel Xeon E3-1245v5 CPU@3.50 GHz with 32 GB DDR4@2133 MHz RAM.
The master node hosts the COE Mosaik with its Interfaces and all the Middleware
Layer entities (i.e. VILLASframework and the Scenario/Simulation Database). The
four nodes instead host all the software modules in the energy scenario of Figure 5.22.
Node A runs the Household Behaviour, the Rooftop PV System, the Household POD
SW, and the Weather modules that are software simulators in Python. Node B hosts
the Building Envelope FMU modelled with EnergyPlus. Node C executes the LV
Voltage Controller FMU developed in MATLAB Simulink. Finally, Node D runs the
Electric Heat Pump and the EHP Controller FMUs as OpenModelica models. These
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models communicates with the COE Mosaik by implementing the FMI and GPPL
API Interfaces.

All nodes have a Fedora 33 Real-Time Kernel-based operating system that
is designed to maintain low latency, constant response time, and determinism of
a specific application process. Finally, the Hardware Simulation Layer involves
an OPAL-RT OP5700 (i.e. a DRTS) combining a Xilinx Virtex-7 FPGA with 3
over 16 Intel Xeon ES5 activated processing cores to meet the requirements for the
most demanding HIL and PHIL real-time applications with analogue and digital
input/output expansion boards. The OPAL-RT OP5700 hosts the following modules
of Figure 5.22: i) MV/LV Power Grid, ii) MV/LV Load Profiles, iii) Photovoltaic
System, iv) Household POD, v) Battery System, and vi) BEMS.

To ensure the time synchronization of all simulation nodes with the OPAL-RT
OP5700, the platform exploits the IEEE1588 PTP standard. The OP5700 and the
nodes are all equipped with the Oregano Syn1588 PTP synchronization board to
achieve the overall time synchronization of the proposed infrastructure by exploiting
an external GPS clock. To reach lower latencies and a correct handling of the PTP
packets, another private LAN was implemented by means of an Oregano Syn1588
switch that routes the PTP packets via hardware acceleration. The GPS clock and
the Oregano cards are all interconnected to the Oregano switch via Ethernet cables.

The Hardware Layer allows to perform HIL and PHIL testing. In particular,
the scenario under test includes a 3-SMA smart-meter prototype derived from our
previous work [131]. The Data Acquisition Board of the 3-SMA meter is connected
to the analogue output of the OPAL-RT OP5700. This board is in charge of collecting
the voltage and current values generated during the simulation as if it was physically
connected to the LV bus of the electric network. Measurements are continuously
transferred to the computational unit of the meter which evaluates the RMS and the
phase of those measurements and communicates such results to the HIL Node of
VILLASframework, and thus to the other entities in the infrastructure needing these
data.

All entities of the Application Layer stand in a node Intel Xeon E3-1245v5
CPU@3.50 GHz with 32 GB DDR4@2133 MHz RAM and all the Data Source
Layer instead on a node Intel Xeon Silver 4114 CPU@2.20 GHz with 16 GB
DDR4@3200 MHz RAM with 8x600 GB SAS 10k HD for database management
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and write/read operation acceleration. These nodes do not require proper time

synchronization with the Co-simulation Layer.

Scenario Setup The standardised YAML configuration files were filled through
the Scenario Design with all data and parameters required to set up the co-simulation
environment, simulators, and their models, as well as connections among them as

depicted in Figure 5.22. The relevant model settings are described in the following.

The models related to the customer premises were parametrised and set as
in [125]. The time-steps were set considering the capability of the solvers and
computational effort, as well as the needs for the real-time hardware coupling:
EnergyPlus Building Envelope 10 min, Modelica Electric Heat Pump 5 min, Rooftop
PV System 15 min, Household Behaviour 10 min, Matlab Simulink LV Voltage
Controller 100 ms, and Household POD SW 100 ms. In particular, these last two
were set with smaller time steps as they shall be coupled with the hardware simulators
(see Figure 5.22). The Weather module provides data to each simulation engine at
the requested time step. All the models implemented in OPAL-RT (i.e., the MV/LV
Power Grid, the MV/LV Load Profiles, the PV Systems, the Battery System, the
BEMS, and the Household POD HW) have been compiled to run with a time step
duration of 50 usec. Moreover, it was assumed that for all the connection points of
the grid the power factor is maintained above 0.95. The Battery System is composed
of two battery packs in series with a rated capacity of 60 Ak and a nominal voltage
of 200 V. The parameters of the discharge characteristics were derived from the

built-in Li-Ion battery Simulink model.

In the end, the Scenario Builder module parses the YAML configuration files
to retrieve all the required information to perform the scenario simulation and
automatically distributes them to the Co-Simulation Layer exploiting the API of
COE Mosaik, DRTS OPAL-RT, and middleware VILLASframework.

Scenario Results The scenario was simulated by exploiting the real-time capability
of the Hybrid Co-simulation Infrastructure for two consecutive days during the
thermal season by considering the use cases without voltage control, called BAU,
and with the activated voltage control system, called VRS. The main results of the
simulation are depicted in Figure 5.23 (BAU on the left and VRS on the right). It

shows the main characterising variables for comparing the two use cases bringing
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Fig. 5.23 Simulation results of two consecutive days during the thermal season by
considering the use cases without voltage control Business As Usual (BAU) (left),
and with activated voltage control system Voltage Regulation Service (VRS) (right).
In particular, plots (c) and (h) show the power and energy exchanges at bus B15
measured on the customer premises, i.e, related to the battery (Ppr, Epr and Eg?),
PV production (P4 and Ep}), consumption (Piyaq), net values (Pye; and Ey;) and
self-consumption (Epy4pr and Esc).
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out the benefits of the control strategies, as well as the delays and noises that derive
from the coupling of pure software and hardware simulators. In particular, the
Figure 5.23a(a) and (f) show the RMS voltage in p.u. measured at bus B13. To
highlight the round trip time latency due to the HIL and the co-simulation application,
the voltage measure was collected directly from the Real-Time Model VggAL and
indirectly from the Smart Meter VY{54/K both in OPAL-RT. Figure 5.23(b) and
(g) show the power measured at bus B13, Pg3, and the power request, Py, for
voltage control, both collected from OPAL-RT. Figure 5.23(c) and (h) show the
power and related energy exchanges at bus B15 measured on the customer premises
(see the figure caption for more details), and the battery State Of Charge (SOC) in
Figure 5.23(d) and (i). In particular, the load Py,,q and production P,,,, data were
collected from Mosaik, while the data related to the battery and the net power and
energy exchanges were collected from OPAL-RT. Overall, the data were collected
with a sampling time of one second. However, it is possible to request information
from each module exposing inputs/outputs and parameters or from the simulation

environment directly at any sampling time.

By comparing the voltage curves in Figure 5.23(a) and (f), the VCS together with
the BEMS succeed on maintaining the voltage above the tolerance limit of 0.9 p.u.
during the whole period of simulation, as opposed to BAU use case in which the
voltage falls under the limit due to the high network withdrawals, especially during
the peak hours as depicted in Figure 5.23(b). Considering the VRS use case, the
Figure 5.23(g) and (h) clarify how VCS and BEMS act to control the voltage on the
distribution grid. The first capacity request P, occurs from 09:30 til 12:30 of the
first simulated day amounting to approximately 4 kW at the peak. It can be seen
that the request is immediately full-fill by the PV production Ef,? of the building by
injecting directly into the grid rather than charging the battery, as highlighted by the
reduction of the stored energy Epr in the request period. By analysing the second
grid request of the day, from 16:00 to 21:00, of about 8 kW at the peak, the capacity is
provided directly from the battery that is discharging to cover the household demand
Epr as well as the external request Eg7’. It is important to note that, unlike the BAU
use case, the PV production and battery capacity are exploited when needed and
if possible by the VCS causing probable inconveniences for the household. For
example, as shown in Figure 5.23(h) and (i) as opposed to Figure 5.23(c) and (d), the
battery results completely discharged at about 00:00 and it is not able to cover the
household demand til 09:00 of the day after (the SOC reaches the discharge limit of
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10 %), naturally obliging withdrawal from the grid during this period. This is a cost
for the family that must be adequately covered and remunerated in order to sustain
the network ancillary service. Moreover, this withdrawal, which happens in VRS
use case compared to BAU, does not affect the ancillary service because it occurs at

night when the demand for electricity in the grid is low.

In the end, the voltage regulation service, provided by the coordinated action
of the LV VCS with the BEMS, succeeds to limit the voltage drop and not letting
it exceed the tolerated limits, as highlighted in Figure 5.24 by comparing the BAU
scenario with respect to the VRS one. In particular, the figure shows the area
encompassing the voltage from bus B1 in the MV grid towards the LV grid at the
final bus B15 in both scenarios. It can be observed that in the VRS scenario, the
voltage is always maintained above 0.9 p.u., while in the BAU scenario the voltage is
not controlled and it drops up to 0.885 p.u.. Clearly, the voltage in MV bus B1 is not
influenced by the LV regulation. In addition, it can be noted that the LV regulation
changes the use of the grid also at times when control does not take place, e.g. from
12:00 to 14:00 of the first day and from 13:00 to about 15:00, in which the voltage is

lower than the BAU scenario, but still above the tolerated limits.

Voltage [p.u.]

0.88 - [Vs1, V1] bau Va1, Vs vrs

00 03 06 09 12 15 18 21 00 03 06 09 12 15 18 21 00
Time [h] (1 sec of sampling time)

Fig. 5.24 Area encompassing the range of voltages buses in the whole MV/LV grid
considering both BAU (red) and VRS (green) scenarios.

Co-simulation Latencies The complex interactions among the Co-simulation
Layer entities could cause latencies and relative inaccuracies mainly due to two main

factors: i) the SoS hierarchy of the Software Simulator Layer modules interconnected,
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and ii) the interconnection among the Hardware Simulation Layer and the Software

Simulation Layer via the Middleware Layer.

In the Software Simulation Layer, the co-simulation application decomposes the
overall MES system in its fundamental components and equipment models. This SoS
vision is then applied to the COE Mosaik and imposes the same hierarchy between
the simulator inputs and outputs, causing latencies multiple of the smallest time step
duration of the modules interconnected by the COE Mosaik in the propagation of the
effects related to a particular simulator, causing inaccuracies in the overall simulation
results. For instance, the Rooftop PV System module is receiving information about
the GHI from the Weather module as input, which affects its output in the next time
step. So the latency is exactly 1 time step duration, i.e. 100 msec. Then, the Rooftop
PV System simulator is generating outputs that are communicated as input to other
simulators. For instance, the power production of the PV system is forwarded to
the Household POD SW module and impact its output in the next time step of
co-simulation, causing two time step of latencies for being affected by the Weather
module output. When the output value fluctuations of the simulator are negligible, the
effect of this latency is unnoticeable. When the values are strongly fluctuating instead,
the effect becomes noticeable and could cause serious inaccuracies. Moreover, this
is further exacerbated when the simulators present different time step duration. In
Figure 5.23(c) and 5.23(g) for instance, the power production of the PV system in
the second day between 9:00 and 15:00 strongly fluctuates due to the cloudy day data
received in input by the Weather module. This causes inaccuracies in the fluctuations
of the Household POD SW calculation due to the latency of the above-mentioned
SoS hierarchy.

Another cause of latency is caused by the interconnection among the Hardware
and Software Simulation Layers via the Middleware Layer and is predominant in
the case of HIL and PHIL application [126]. To calculate this effect during the
co-simulation, the results of the RMS voltage have been measured directly inside
the Real-Time Model and indirectly from the COE Mosaik. In Figure 5.23(f), the
direct and indirect measurements of the RMS voltage B13 in p.u. are depicted in
the zoomed plot. The direct measure VBollgAL is calculated inside the Real-Time
Model and saved in a MATLAB file. It is worth noting that VHZAL anticipates the
indirect measure VY9SAIK In fact, VYI$SAK is experiencing a round trip time latency

generated by the following operations:



132 Distributed Multi-Modelling Co-simulation Infrastructure

Hardware Co-simulation ; Middleware ; Software Co-simulation
Layer i Layer i Layer
: . LV Voltage
DRTS i VILLASFramework ‘ ! ‘ COE Mosaik ‘ ‘ Controlltger
vor | e
ng/’llect E
L S N | N N A L
I — >
1
1
! s
Tﬁz;ﬂlk
(e;)
Tﬁg;aik
MOSAIK ‘(g.) ' TRedirect ~ (f) ) ' -
Vpi13 < — | < E | |

Fig. 5.25 Sequence diagram of the direct and indirect measurement operations to
calculate the round trip time latency of V%?SAIK .

a. the 3-phase voltage signals of bus B15 are calculated in the Real-Time Model for
each time step (i.e. 50 usec) and reproduced as three +5 V signals in the analogue
outputs of the OPAL-RT OP5700;

b. 3-SMA, the HIL Smart Meter, collects the +5 V signals, calculates each 50 msec
the 3-phase RMS voltage values, and sends them to the HIL Node of VILLASframe-
work via UDP in a packet;

c¢. VILLASframework receives this packet and redirects it to the COE Node via
UDP;

d. the COE Mosaik receives the packet and sends it in the next time step (i.e. after
100 msec) to the LV Voltage Controller via TCP that decodifies it to then use the
3-phase RMS voltage values to generate the Py, battery request;

e. the LV Voltage Controller codifies the packet and sends it back to the COE Mosaik
via TCP in the next COE Mosaik time step (i.e. after 100 msec). The Mosaik COE
redirects it to the COE Node in VILLASframework via UDP;

J. VILLASframework receives the packet, translates it to the OPAL-RT data format,
and redirect it to the DRTS Node;

g. Finally, the Socket Interface of the OPAL-RT OP5700 DRTS receives the packet
and saves the 3-phase RMS voltages in a MATLAB file.
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These operations are depicted in Figure 5.25 with their respective timings. It
is worth noting that the communication latencies among the entities in the wired
network (i.e. the black arrows) are negligible with respect to operations’ latencies.

The resulting overall round trip time latency is expressed by the following Equation:

_ SM SM VILLAS Mosaik VILLAS
RTT = TCollect + Tprocess T TRedirecl +2% TStep + TRedirect (5:3)

where RTT is the overall round trip time; ng/[ll o 18 the 3-SMA collection duration

of the 5V signals which is a constant latency of 50 msec; Tﬁ%’ms is the 3-SMA
processing time due to the RMS calculation and codification of the Google proto-
buffer which is a variable latency with an average value of 37.5 msec; TRVeIdLl.I;?Ci is the
time spent by VILLASframework to receive a message from an input Node, process
it, and redirect to the right output Node which is a variable latency with a negligible
average value if 0.754 usec; and Tsﬁtﬁ‘[’f“"k is the COE Mosaik time step duration which
is a constant latency of 100 msec. The overall RTT results in a variable latency
with an average value of 287.5 msec, which can be neglected as compared with the
communication requirements for ancillary services (e.g., voltage regulation) in a

realistic scenario as demonstrated in [132].



Chapter 6

Distributed Event-Driven Platform

As demonstrated in the previous chapters, it is fundamental to exploit co-simulation
environments to assess and test the feasibility of innovative services and function-
alities for MES. However, the co-simulation infrastructures presented in Chapter 5
cannot switch from a simulative environment to real-world deployment of a particular
application under test, limiting its Technological Readiness Level (TRL). This task is
fundamental to reduce the TRL evolution of a proper component, piece of equipment,

function, or service in MES context.

To cope with this issue, the Distributed Event-Driven Infrastructure has been
designed to simulate and assess general purpose services for a smart management
of MES to then allow their switching to a real-world deployment by exploiting
an event-driven approach that exploits common communication protocols that are
used in the field of MES (e.g. IEC 61850, GOOSE, PMU). In fact, it exploits a
CPES description of the MES scenario that permits to include these cyber aspects
in the co-simulation environments to then switch to real-world implementation of
the simulated communication protocols. Figure 6.1 shows its architecture that fol-
lows the interoperability and inter-dependency among layers depicted in GAMES
in Chapter 4. Its modularity takes advantage of the microservices software design
pattern, which consists on developing software as a suite of small services, each
running in its own process and communicating with lightweight mechanisms [133].
This increases flexibility and maintainability because services are small, highly
decoupled and focus on doing a small task [134]. The platform implements IoT

communication paradigms and technologies to allow a fast bidirectional communica-
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Fig. 6.1 Scheme of the proposed SGAM-Based Co-Simulation platform.

tion among its entities, either hardware or software. In particular, it exploits the two
main communication paradigms: i) publish/subscribe [135] through MQTT proto-
col [136] and ii) request/response offering REpresentational State Transfer (REST)
web services [137]. Publish/subscribe allows asynchronous communication that com-
plements request/response. Furthermore, publish/subscribe enables the development
of scalable loosely-coupled event-driven systems, services and applications that can
react in (near-) real-time to certain events [138]. All these features ease developers
in creating new simulation scenarios in a plug-and-play fashion also integrating
third-party software. Moreover, the distributed event-driven infrastructure solution
provides support to migrate from a fully simulated environment to the real-word.
The rest of this section describes all the modules for each layer in the platform.
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6.1 Distributed Event-Driven Infrastructure

Following the GAMES approach, the Distributed Event-Driven Infrastructure is
composed by four main layers: i) the Component Layer, ii) the Communication
Layer, iii) the Information Layer, and iv) the Function Layer. In the following

paragraphs each layer has been described.

6.1.1 Component Layer

The Component Layer represents all the interacting entities, either hardware or
software, needed to build a service operating in a MES scenario following a multi-
model approach. It is worth noting that the three Component Layers presented in
GAMES are omitted from Figure 6.1 to avoid repetitions and for readability of the
architecture. As shown in Figure 6.1, it is made up of three macroblocks: 1) Simulated

Environment, ii) Real-world Environment and iii) Integration Module.

On the one hand, the Simulated Environment consists of both digital real-time
simulators (e.g. OPAL-RT and RTDS Technologies) and different software simu-
lation frameworks (e.g. MATLAB Simulink), where models are executed. Thanks
to real-time capabilities provided by this macro-block, no significant latency is
introduced to simulations. These models and components could be inherited by
the co-simulation infrastructure presented in Chapter 5. On the other hand, the
Real-world Environment consists of heterogeneous hardware devices that exploit
different protocols, either wireless or wired, to communicate (e.g. Wi-Fi, ZigBee,
PLC).

The components of these two macroblocks are integrated into our co-simulation
platform by exploiting the Integration Module. To allow bidirectional communi-
cation, it acts as a bridge between the underlying technologies and the rest of the
platform following a methodology in [139]. In this perspective, each component in
the Simulated or in the Real-world Environment needs its own Software- or Device-
Integrator, respectively. Once the corresponding integrator receives new data from
its low-level technology, this data is translated into a common data format and sent

to the rest of the platform by exploiting either MQTT or REST, and vice-versa.

In a nutshell, the Component Layer provides features to enable a modular multi-

model approach, where the different models, running in their own simulation frame-
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works, are combined together to build MES scenarios. Integration of DRTS allows
simulations that realistically reproduce electromagnetic transient in power grid dis-
tribution and transmission networks enabling also HIL. Finally, devices deployed in
the real world can be integrated into our platform to feed and asses novel services

with real data.

6.1.2 Communication Layer

Future MES will be equipped with several internet-connected devices that will
communicate, even with each other, to provide a service [140]. Thus, evaluating the
impact of data transmission in existing communication networks is of paramount
importance to address service requirements even in terms of data transmission
latency [67]. In this view, the Communication Layer helps in connecting the

different entities, either hardware or software, in our co-simulation platform.

As shown in Figure 6.1, the first module is the MQTT Message Broker, which is
the main actor to allow a bidirectional and asynchronous communication based on

the MQTT protocol. Thus, it routes data from publishers to subscribers.

This layer optionally provides different simulators to realistically emulate com-
munication networks. Thus, developers can optionally switch from the real-word
MAN to a virtual MAN to study their simulation scenarios also from the data trans-
mission viewpoint, i.e. transmission latency, bandwidth, low-level protocols, and
access media (e.g. fiber optic, LTE, NBIoT, and WiMax). Following a method-
ology in [141, 142], we embedded three main Communication Network Simula-
tors that can be alternatively chosen by developers according to their assessments:
1) Mininet [143], ii) Omnet++ [144] and iii) ns-3 [145]. Mininet is a network em-
ulator for building virtual networks consisting of hosts, switches, controllers, and
links exploiting both real kernel Linux and real network stack. It is recommended to
evaluate end-to-end time latency and the maximum bandwidth of communicating
devices. Whilst, Omnet++ and ns-3 are two frameworks for in-depth simulations
of different physical layers and protocols in communication networks. They also
allow assessments of the overall IP suite. Both Omnet++ and ns-3 are suitable for
performing stack message exchange analysis to design innovative protocols. These
simulators implement real-time software schedulers, hence also this layer does not in-

troduce significant latency to whole simulation scenarios. In a test-bed co-simulation
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environment, the selected communication network simulator can be deployed in
a server working as a virtual router where the virtual MAN runs. Thus, all the
communication traffic generated by the entities in the platform is routed through this
virtual router to analyse delays, congestion, and packet losses. This is valid also for

communication flows either based on MQTT or REST.

6.1.3 Information Layer

The Information Layer in Figure 6.1 defines data formats and information models
for the data exchanged between the entities, either hardware or software, in our
co-simulation platform. By default, it proposes open-standard formats that are com-
pletely language-independent, such as JavaScript Object Notation (JSON) and eX-
tensible Markup Language (XML). Both data formats are widely used in distributed
software architectures and web applications. In particular, JSON is becoming a stan-
dard for data exchange, even among IoT devices, because it is 1) lightweight, ii) easy
to understand, manipulate and generate, and iii) self-describing and human-readable.
Nonetheless, our platform is open in integrating other data formats according to the

requirements of the different simulation scenarios.

Regarding the information models, our solution is compliant with both IEC 61850 [146]
and ISO 17800 [147] which are the two main standards for making communication
between IED and control centers. The former is used for information exchange be-
tween the electrical substations and IED. Whilst, the latter is used for data exchange

between control systems and end-use IED.

6.1.4 Function Layer

The Function Layer in Figure 6.1 includes the main functionality that is commonly
used by the other entities in the co-simulation platform, i.e. 1) Asset Management to
manage information related to MES equipment and their geo-referenced locations;
i1) Device Management to manage interactions between devices and other entities
in the platform (e.g. services); and iii) Data Acquisition and Storage to store real
and/or simulated data coming from other entities in the platform into scalable non-
relational database (e.g. MongoDB). This layer defines also the functionality that

a general-purpose service provides for smart management of electrical distribution
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Fig. 6.2 Sequence Diagram of a generic smart grid scenario.

network, such as 1) Optimal Power Flow and ii) Decentralised Fault Detection and
Isolation, and Centralised Restoration, a.k.a. De-FDI-CR. The selected scenario
to test the distributed event-driven infrastructure is focused on services to make a
smart grid (i.e. one of the most challenging MES components) support self-healing
and resilience to faults. However, thanks to its modularity, the platform is flexible in
defining and including adding new services that can either play concurrently or be
replaced in a plug-and-play fashion to add other MES aspects.

6.1.5 Sequence diagram of a generic smart grid scenario

This section describes the communication flow in our platform for a generic MES
scenario to be co-simulated. Figure 6.2 reports a sequence diagram with the interac-
tion among the possible actors in the co-simulation, each of them running a different
model.

In this example, we suppose that the actors are running in four different servers
and a DRTS that are connected in a real dedicated local area network designed to

minimise network latency (e.g. by exploiting gigabit Ethernet technology).
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Fig. 6.3 IEEE 34-node radial network with three normally open switches.

As depicted in Figure 6.2, DRTS runs a model reproducing the behaviour of a
smart grid distribution network that exchanges information with the other actors in the
system by exploiting the MQTT protocol. When DRTS publishes the Message-1 with,
for instance, some alerts or measurements to MQTT Message Broker, this message
is routed through the virtual MAN simulated in one of the integrated communication
network simulators to realistically assess the delay in the transmission till reaching
the subscribed Service-A. To fulfil its computation, Service-A invokes Service-B by
sending the Message-2 again via MQTT routed through the virtual MAN. After a
post-process is performed by Service-B, it replays to Service-A sending the resulting
Message-3. Finally, Service-A ends its computation and sends the Message-4 with,

for example, an actuation command to DRTS.

6.2 Application and Results

This section presents the experimental results of applying our developed Fault
Detection Isolation and Restoration (FDIR) scheme on both the IEEE 34-node radial
network [148] and a portion of an urban distribution grid, respectively.

6.2.1 IEEE 34-Node Case Study

Figure 6.3 shows a single-line diagram of the IEEE 34-node system. In order to
examine different reconfiguration options, we added three Normally OPen (NOP)
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Fig. 6.4 Voltage profiles corresponding to different reconfiguration options - IEEE
34-Node Grid.

switches between nodes 864 and 842, 890 and 834, and 856 and 838. The model of
this case is implemented in MATLAB Simulink to be loaded to OPAL-RT real-time
simulator for running a real-time simulation. A single-phase to ground fault is
triggered between nodes 858 and 834.

After detecting the fault and isolating the branch between nodes 858 and 842,
FDIR central agent should decide which NOP to close to not only restore the rest
of the network but also minimise the power loss and achieve the best possible
voltage profile. Figure 6.4 plots different voltage profiles corresponding to different
configurations. Configl, Config2, and Config3 are configurations of the network
after closing switches of 864-842, 890-834, and 856-838, respectively.

Figure 6.5 compares different power flows over lines considering different con-
figuration options. Results plotted in Figure 6.4 and Figure 6.5 shows that Config3
has the best system performance comparing to the other options.

To quantify this difference, we calculated the Voltage Deviation Index (VDI)
defined as the sum of the square of voltage deviation at each node (Equation 6.1). The
voltage deviation index for Configl, Config2, and Config3 are 0.0455pu, 0.0463 pu,
and 0.0373pu, respectively. From power flow results, the total power loss of the
system is the least with Config3. The total power loss for the three configurations
as Configl, Config2, and Config3, is obtained 5011.6kW, 4921.5kW, and 4813.5kW,
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Fig. 6.5 Comparing power flow of the lines after three different reconfiguration cases
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respectively. According to the results, FDIR finally choose Config3 to restore the
system after fault.

N
vDI=Y |V, - Vi]? 6.1)
i=1

6.2.2 Three-feeder realistic case study in Turin

This section presents the experimental results of the proposed FDIR schema applied
to the three-feeder network shown in Figure 6.6. This also demonstrates how our

co-simulation platform would support an interoperability analysis of a use case
following the GAMES.

Once the fault is triggered, an Inverse Definite Minimum Time over-current relay
(IDMT) at MV3 detects the violation and triggers a sectionalizer to disconnect the
supply of the rest of the feeder from MV3. Figure 6.7 presents voltage and current
signals captured by the relay IED next to the fault location (i.e. at MV3). In our case,
all relays are tuned with the same settings of IDMT. Hence in case of neglecting
delay of waveform propagation along the line, the occurrence of a fault anywhere
on the feeder would trigger all upstream relays. This is intentionally set in order

to stress FDIR reaction for more peer-to-peer command exchange. The reaction is
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Fig. 6.6 Grid topology for co-simulation tests of De-FDI-CR.

the chain of re-closing commands starting from MV3 to the beginning of the feeder.
Re-closing all open switches of the upstream side is a part of supply restoration to
re-energise all the loads of the feeder before the location of the fault.

Prior to restoration, the decentralised logic isolates the section between MV3 and
MV4. This is done by sending a command from MV3 to MV4 right after detecting
the fault.

After isolating the fault, MV 3 initiates the chain of peer-to-peer command pass
as discussed above. At the same time, MV3 also sends an alarm message to the
centralised logic of De-FDI-CR which contains the hardware ID of the IED installed
at MV3. This launches the algorithm to create three possible network configurations
based on the status of NOP1, NOP2, and NOP3; and select the best option to restore
the rest of feeder. The three configurations formed by closing NOP1, NOP2 and
NOP3 are named Configl, Config2, and Config3, respectively.

The affected feeder has a distributed generator with 29.05kW and 3.1kVAr pro-
duction at the time of the study. All the load and generation values are collected by

meter [EDs (i.e. smart meters) installed at the substations. The data is reported every
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15 minutes through the communication system. In our case, meter and relay IEDs

are the same devices with the three features as well as event recording.

Considering the distributed generator as an uncontrollable generation, an Optimal
Power Flow (OPF) is called for the three configurations. We use the standard AC
OPF that consists of 18 vectors of voltage angles and magnitudes and 2 vectors of
generator real and reactive power injections. Since there are only two controllable
generators that belong to the same network operator, the objective would be loss
minimisation rather than cost minimisation. The equality constraints are simply the
full set of 36 nonlinear real and reactive power balance equations as there are 18
involved nodes. The inequality constraints consist of two sets of 17 branch flow
limits as non-linear functions of the bus voltage angles and magnitudes. The variable
limits include an equality constraint on any reference bus angle and upper and lower
limits on all bus voltage magnitudes and real and reactive generator injections. The

limits for the node voltage magnitudes are set between 0.95pu and 1.05 pu.

The central logic algorithm is written in Python and it calls MATLAB MAT-
POWER to execute OPF. Changing the configurations and running OPF for the
three cases, resulted in three different sets of power flow of the lines (Figure 6.8).
We obtained 8.20kW, 9.16kW, and 7.48kW power loss for Configl, Config2, and
Config3, respectively.

Figure 6.9 is depicted to represent the voltage profile of the three cases; as it is
shown in this figure, Config3 has a much better voltage profile compared to Configl
and Config2 in most of the substations.

As for the IEEE 34-node radial network, we calculated the VDI following the
Equation 6.1. The voltage deviation obtained is given by the difference between the
calculated voltage and the rated voltage equal to 1pu or 22volts. Voltage deviation
index for Configl, Config2, and Config3 are 0.0012pu, 0.0021pu, and 0.0008 pu,

respectively.

Since, no violations or reverse power flow are observed in the three cases, all are
acceptable choices, however, ranking them based on either power losses or voltage
deviation index makes CR send an actuation command to NOP3 to reconfigure the

network as Config3 shown in Figure 6.11.

Figure 6.10 reports the results on communication latency when a fault is lo-

cated and restored at different congestion rates, neglecting the computation time of
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Fig. 6.7 Retrieved waveforms for the single-line to ground fault.

De-FDI-CR service. The computation time of the algorithm did not exceed a few
milliseconds (10ms to 20ms) which is negligible in our case. This is the time needed
to send an alarm from smart meters to De-FDI-CR and to send back an actuation
command from De-FDI-CR to NOPs via MQTT across the MAN. Both alarms and
commands are sent as messages of about 85 bytes each, compliant with the JSON

data format.

As shown in Figure 6.10, our analysis started by considering first the MAN with
a congestion rate of 1% where routers are almost completely unloaded. Thus, routers
process incoming packets almost immediately. In this scenario, the median value of

the communication time needed to report and restore a fault is about 40ms.

Increasing the overall MAN congestion up to 50% by increasing the background
traffic, the median value for the communication latency raised almost constantly
without exceeding the 100ms. This is due to the impact of the generated background
traffic on routers. Indeed, the time spent by a packet in a router before being

processed increases, and this creates queues on the routers, as expected.



146 Distributed Event-Driven Platform

600 T T T
Il Config1
500 [ Config2 | |
[ IcConfig3

400

w
8

Power Flow [kW]
N
8

g

-100

Network Branches

Fig. 6.8 Comparing power-flow of the lines in the three configurations.

0.998 -

0.996 -

0.994

== Config1
=== Config2 .
Config3

VOLTAGE [P.U.]
1<) 1<)
© °©
® © ©
® © N

0.986 -

0.984 -

0.982 -

0.98

Substations

Fig. 6.9 Comparing voltage profiles in the three configurations.



6.2 Application and Results 147

500 Latency Trend

700
600

500

Latency [ms]
B
3

300 []

"}

S R B S

1 10 20 30 40 50 60 70 80 90 100
Congestion Rate [%]

Fig. 6.10 Communication latency at different congestion rates.

MV14  MV13 MV12 MV11 MV10 MV9
NOP1 NOP2 /
MV1 MV4 MV5 MV6 Mv7
NOP3
MV15 MV16 Mv17 MV18 MV19 MV20 MV21
Legend: Residential Industrial ‘—l Distributed O Switch/recloser controlled by IED
Load Load Generation relay

Fig. 6.11 Final reconfiguration of the network for restoration.
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Performance | Performance .
. Values Example of services
Requirements Classes
TTO >1000 ms | Files, events, log contents, SCADA
TT1 1000 ms Events, alarms
TT2 500 ms Operator commands
Transfer Time TT3 100 ms Slow automation interactions
TT4 20 ms Fast automation interactions
TT5 10 ms Releases, status changes
TT6 3 ms Trips, blockings

Table 6.1 Communication requirements and performance classes for power systems
defined by IEC61850

Growing the congestion from 60% to 80%, the median value for the communi-
cation latency slightly increased from almost 110ms to 160ms. Finally, with MAN
congestion equal to 90% and 100% the median time delay is about 280ms and
slightly lower than 500ms, respectively.

The IEC 61850 standard [67] defines the communication requirements to be
addressed in the power distribution networks. Thanks to our distributed multi-model
co-simulation platform, we are able to evaluate these communication requirements
for a specific service (i.e. De-FDI-CR) in a realistic simulation scenario. Indeed,
referring to the performance classes in Table 6.1, defined by the standard, our
experimental results on time delay satisfy the requirements of classes 770, TT1 and
TT2. This is also confirmed when the MAN congestion rate is 100%, which is a very
critical situation in a communication network. However, in this very worst scenario,
only a few packets exceeded the 500ms reaching a max time delay of about 650ms
(see the red portion in Figure 6.10). It is worth noting that Internet providers and
network managers try to avoid this critical situation that, for long periods, could lead
to the collapse of the MAN itself.



Chapter 7

Scalability Comparison of
Co-simulation Frameworks

The most complicated and debated issue in co-simulation applications is scalability
which is defined as the property of a co-simulation framework to handle an increas-
ing amount of heterogeneous Simulators and their model instances, considering the
composite relationships that interconnect them together to run a large-scale complex
system, such as a Multi-Energy System (MES). From an Information and Commu-
nication Technology (ICT) perspective, scalability is measured typically with three
indicators known as scalability dimensions: i) size, ii) geographical, and iii) adminis-
trative scalability. Size scalability represents the issues in growing the dimension
of the co-simulated system and what are the possible solutions to manage the high
number of Simulators and Model Instances to run a huge complex Scenario and
its orchestration. Geographical scalability, on the other hand, is the representation
of the complexity of managing an increasing number of geographically distributed
computational nodes (e.g., different laboratories) to implement a co-simulation Sce-
nario. Finally, administrative scalability represents the difficulties in managing a
co-simulation framework when dealing with increasing both previous scalability
dimensions, thus the engineering effort required to avoid the complex setup of the
co-simulation framework, the orchestrator, the distribution of Simulators and their

Model Instances among network nodes, and their interconnections.

The two main scaling directions of a co-simulation framework are i) vertical

scaling and ii) horizontal scaling, as illustrated in Figure 7.1. Vertical scaling takes
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Fig. 7.1 Vertical and Horizontal Scaling

advantage of the parallel capabilities of a single node to distribute the co-simulated
Scenario across multiple processes, each of which runs a certain Simulator. Depend-
ing on the Simulators, their Model Instances, and their relationships defined by the
Scenario, vertical scaling could be applied with different methods and strategies.
It is worth noting that this scaling direction commonly results in limited scaling
of the size of the complex system. Conversely, horizontal scaling exploits the dis-
tribution of the co-simulation Scenario over multiple network nodes, joining them
by means of telecommunication protocols. In this view, different Simulators are
distributed over different network nodes that manage their Model Instances. Also in
this case, there are different solutions depending on the relationships between the
Model Instances of each involved Simulator. This approach requires a distributed
co-simulation Orchestrator that can act as a load balancer that distributes tasks and
manages data exchange and synchronization of all working nodes. The above two
directions of scalability are not mutually exclusive and, instead, are typically used
in a hybrid configuration to improve the scalability of a co-simulation framework.
Hybrid configuration is an advantage when dealing with particular simulation soft-

ware and/or hardware needed to simulate a specific component of a complex system.
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For instance, a Digital Real-Time Simulator (DRTS) is required in some specific
MES Scenarios to perform an Electromagnetic Transient (EMT) analysis of a power
grid [149]. This particular hardware acts as a vertical scaling component of the
hybrid scaling vision to enable fast real-time simulation of the power grid model.
Then, the DRTS will be interconnected with a distributed co-simulation environment
running other MES models. This distributed configuration participates in the hybrid

scaling vision of implementing horizontal scaling.

For the purpose of evaluating the scalability of the co-simulation frameworks
presented in Section 2.4.2, a hybrid scaling approach has been chosen among the
three possible options to assess what could be the impact of scaling up and scaling
out a generic MES Scenario on a distributed cluster of nodes. The benchmark

configurations described in Figure 7.2 are:

1. The Classic Co-simulation configuration (see Figure 7.2a) is the common
configuration of co-simulation frameworks (i.e. Mosaik and HELICS) where
Simulators are run by different cluster nodes handled by the Orchestrator
master node that manages their data exchange and synchronization. Each

Simulator node manages iteratively its M Model Instances in a single process;

2. The Multi-process Co-simulation configuration (see Figure 7.2c) that evolves
the classic configuration by enabling a multi-process division of a Simulator
node (e.g. Simulator A), replicating it in N Simulator processes (e.g. Simulator
Ay,...,Ay). Considering M Model Instances, each Simulator process manages
M /N Model Instances;

3. The Classic Multi-Agent System configuration (see Figure 7.2b) is the typical
configuration of the AIOMAS framework. When dealing with a small number
of Agents, AIOMAS exploits the Main Container for each Agent class that is
spread on one of the available cluster nodes. Each Main Container manages 1)
the data exchange with its fellow and its Agents through the RPC protocol and
i1) the distributed synchronization through its internal Clock. Likewise Model
Instances, Agents are replicated in a single process by applying a concurrent
multi-threading. When dealing with a high number of M of Agents, the Main
Container (e.g. Main Container A) could delegate to N spawned Containers
(e.g. Container Ay, ...,Ay) the Agent management, resulting in M /N Agents
assigned to each child Container;
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Fig. 7.2 The proposed co-simulation benchmark configurations: (a) Classic Co-
simulation, (b) Classic Multi-Agent System, (c) Multi-process Co-simulation, and
(d) Classic Co-simulation configuration with encapsulated multi-process Multi-Agent
System.

4. The Classic Co-simulation configuration with encapsulated multi-process
Multi-Agent Systems (see Figure 7.2d) that manages a hybrid configuration of
the Classic Co-simulation configuration where each Simulator encapsulates
an AIOMAS Main Containers that spawn N child Container in different sub-
processes. Each of the child Containers manages M /N Agents, enhancing the
scalability of a Classic Co-simulation configuration by applying the Classic
Multi-Agent System one and its multi-process implementation with concurrent
multi-threading.

7.1 Benchmark Key Performance Index (KPI)

The KPI was defined over a time interval of the main contributions that compose
the Total Execution Time of a co-simulated Scenario. These processes are depicted
in Figure 7.3 and are: i) the Scenario Setup Process, in which the co-simulation

framework starts the Orchestrator, initializes Simulators with their Model Instances,
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Total
Execution
Scenario Co-simulation Termination
Setup
Time Time Time Time Time Time Time Time Time Time
Step 0 Step 1 Step 2 Step 3 Step 4 Step N-4 | Step N-3 | Step N-2 | Step N-1 | Step N
Generator Retrieve | Calculate Return
Inputs State Ouput
Simulator Retrieve Calculate Return
A Inputs State Ouput
Simulator Retrieve Calculate Return
B Inputs State Ouput
Collector Retrieve Calculate Return
Inputs State Ouput

Fig. 7.3 Decomposition of the Total Execution Time in its main contribution: i) the
Scenario Setup, ii) the Co-simulation, and iii) the Termination Processes. The former
Co-simulation Process could be decomposed in its main time interval units, the Time

Steps.
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and, finally, links all the Model Instances to deploy the co-simulated Scenario; ii)
the Co-simulation Process that is an iterative process in which the co-simulated
Scenario evolves its state each Time Step (i.e. its fundamental unit); Finally, iii) The
Termination Process in which the co-simulation framework stops the Orchestrator,
releases Model Instances and terminates Simulators execution. Each Time Step
is a complex routine in which each Simulator retrieves the input dependencies for
its Model Instance collection, iteratively executes each Model Instance calculation
updating its state, and, finally, collects Model Instance collection outputs to forward
them to other Simulators. Simulators operate in parallel as depicted in Figure 7.3
where the execution of the four Simulators is highlighted for Time Step 4. This
parallel execution impacts the accuracy of the co-simulated solution with a finite time
step latency related to Simulator input/output dependencies that causes negligible
inaccuracies of the solution with respect to a standalone simulation [150]. Each Time
Step duration could vary depending on the input/output Data Exchange Management,
the communication latencies, and the particular computational condition of each

cluster node.

Three main time-based KPIs have been employed to evaluate the scalability of

each benchmark configuration and its Scenario implementation:

e the Setup Execution Time which is the time interval where the co-simulation

framework executes the Scenario operations;

* the Average Time Step Duration U7 that is estimated as the maximum of
the means of the time duration 7 of the S co-simulative time steps of each
Simulator Sim; involved in the co-simulation environment I;

S i

Ur = mzllxu% where = %, I ={Simy,...,Simy} (7.1)
[AS

o the Total Execution Time that includes all the contributions of the Scenario

Setup, the Co-simulation, and the Termination Processes.

7.2 Scenario Setup

The proposed benchmark to assess the scalability of the three co-simulation frame-

works under analysis applies a general MES Scenario and its implementations are
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described in Figure 7.5. The MES Scenario includes four typical actors of a net-
worked urban environment. The four Simulators (or Containers in the AIOMAS
perspective) are: 1) the Meteo Simulator, ii) the PV Simulator, iii) the Building
Simulator, and iv) the Power Grid Simulator. Figure 7.4 shows the four Simulators
along with their interactions. Specifically, both the PV and the Building Simulators
take weather data from the Meteo Simulator as inputs to perform their calculations.
Their outputs are sent to the Power Grid Simulator which uses them as inputs to
calculate the power flow of the power grid. The time resolution of the simulators
is configurable and could differ from one simulator to another (e.g. Building time
model duration of 1 hour and 15 min for the PV Simulators). Each Simulator is

presented in the following sections.

PV simulator
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‘ﬂ‘, Power
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- Solar Irradiance Power
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Fig. 7.4 Simulators of the analyzed physical MES Scenario

7.2.1 The Meteo Simulator

The Meteo Simulator is a stateless Simulator and acts as a weather file reader
(.epw format), obtaining measurements about the weather (i.e. temperature, solar

irradiance, and humidity) for each simulation time step. It forwards these outputs to

both PV and Building Simulators.
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7.2.2 The PV Simulator

The PV Simulator is a stateless Simulator that uses the estimate PV energy service
of the model in [118]. It estimates the hourly energy production of PV solar panels
for each simulation time step. The given model receives weather conditions and
information about the surface area of each panel and uses them to perform its calcula-
tions. It also estimates the cell temperature using the so-called NOCT method [151]
when wind speed is not available as input and, on the other hand, it uses the Mattei
method [152] when wind speed is available. The output of this simulator is the
generating power for the given time step, which is forwarded to the Power Grid

Simulator.

7.2.3 The Building Simulator

The Building Simulator is a stateful Simulator that exploits the model presented
in [41] to simulate a digital twin of a building equipped with a heat pump sys-
tem. Within the model, the thermal behaviour of the envelope is treated with a
Resistance-Capacitance model [153] and a fine-grained model of the heat pump
with all subsystems (e.g., emission, distribution, and generation) is provided. The
model calculates the hourly heating demand of the building considering also the heat
contributions generated from human occupancy and appliances through archetypes
patterns. The heat load is then converted to the heat pump power request. To con-
clude, the former model has four main functionalities that calculate: 1) the real-time
heat pump power demand, ii) the heat pump power demand forecasting, iii) the heat
pump energy flexibility, and iv) the actuation commands of the heat pump control
strategy. The proposed Scenario only uses the heat pump’s real-time power demand
as output for the Power Grid Simulator. The Building Simulator is stateful because it
keeps track of the previous indoor air temperature condition when calculating the
heat pump demand for a new time step. The inputs for this simulator are the weather
information sent by the Meteo Simulator, while the output is the heat-pump demand

load for the given time step, which is forwarded to the Power Grid Simulator.
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7.2.4 The Power Grid Simulator

The Power Grid Simulator is a stateless Simulator that emulates a power grid model
with different connected loads. The power grid is based on the model presented
in [154] and takes advantage of the Python electrical system analysis tool pan-
dapower [155]. This model contains a representation of the network topology and its
main components (e.g. buses, lines, transformers) along with their nominal param-
eters. It is easily configurable and allows the integration of loads, generators, and
storage. This Simulator collects the hourly data coming from the PV Simulator and
the Building Simulator (i.e. the PV power generation and the Building power load)

to solve the power flow analysis of the grid network.

7.2.5 Benchmark Configuration

The benchmark design will consider the general Scenario depicted above. The
scalability problem is addressed by rising up the M number of Model Instances (i.e.
Agents for AIOMAS framework) of the PV and Building Simulators. The different
benchmark configurations will run the generic Scenario on a cluster computing envi-
ronment of four nodes with a master node serving as Orchestrator when needed. The
implementations of the Scenario for each configuration and its cluster deployment

are described in Figure 7.5 and are:

1. The Classic Co-simulation implementation (see Figure 7.5a) that uses the
master node as Orchestrator and the four cluster nodes, one for each of the
above-mentioned Simulators. Two cluster nodes manage respectively the
Meteo Simulator and the Power Grid Simulator, each one handling its single
Model Instance. The remaining nodes manage respectively the PV Simulator
and the Building Simulator. Finally, each Simulator iteratively runs M Model

Instances in its process;

2. The Multi-process Co-simulation implementation (see Figure 7.5b) that uses
the same implementation of the previous case (a). However, the cluster nodes,
assigned to PV and Building Simulators, replicate on N processes each indi-
vidual Simulator, equally distributing in each process the M Model Instances.
For instance, each of the PV Simulator processes Ay, ...,Ay manages M /N
Model Instances;
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Fig. 7.5 Different implementations of the co-simulation framework benchmark
configurations: (a) standalone co-simulation, (b) multi-process co-simulation, (c)
standalone MAS, and (d) standalone co-simulation with encapsulated MAS.

3. The Classic Multi-Agent System implementation (see Figure 7.5c) that uses the
four cluster nodes without the master node. Two cluster nodes implement a
simple Container structure that handles respectively the Meteo Agent and the
Power Grid Agent. The other two cluster nodes manage respectively the Main
PV Container and Main Building Container, each one handling M Agents.
Each Main Container spawns N child Containers that handle M /N Agents.
For instance, the Main PV Container spawns child Containers Ay, ...,Ay each
one managing M /N equally distributed Agents;

4. The Classic Co-simulation implementation with encapsulated Multi-Process
Multi-Agent Systems (see Figure 7.5d) that uses the same implementation of
the Classic Co-simulation case. However, the PV and Building Simulators
processes on the two cluster nodes encapsulate the Main Container class that

manages the spawning of N child Containers in different sub-processes. Each
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of the child Container manages M /N Agents like in the Classic Multi-Agent

System implementation of Main PV/Building Containers;

Finally, the analysis was conducted on seven different co-simulation configura-
tions. For each configuration, the M number of Model Instances (PVs and buildings)
was scaled from 1, 100, 10k, 100k, to 1 M with the exception of configurations
involving Mosaik. In fact, Mosaik has a design limitation on the maximum size
of data exchanged that did not allow scaling beyond 10k of Model Instances. The
proposed configurations are: i) two configurations of the standalone co-simulation
(Figure 7.5a) for HELICS and Mosaik; i1) two configurations of the multi-process
co-simulation (Figure 7.5b) for HELICS multi-process and Mosaik multi-process;
iii) one configuration of standalone MAS (Figure 7.5¢) for AIOMAS; iv) two config-
urations of the standalone co-simulation with encapsulated MAS (Figure 7.5d) for
HELICS-AIOMAS and Mosaik-AIOMAS.

7.3 Experimental Results

The co-simulation benchmark has been deployed in a Virtual Machines environment

based upon OpenStack cluster with the specification illustrated in Table 7.1.

Node Name Core RAM Storage 0S Role
1 h
Cloud 16 64Gb 128 Gb Ubuntu server  Orchestrator
Master 20.04.2 LTS  (when needed)
Ubuntu server Building

Cloud 1 32 128Gb 256 Gb K
20.04.2 LTS Simulators

Ubuntu server PV
20.04.2 LTS Simulators

Cloud 2 32 128Gb 256 Gb

Ubuntu server Meteo
20.04.2 LTS Simulator

Cloud 3 32 128Gb 256 Gb

Ubuntu server  Power Grid
20.04.2 LTS Simulator

Cloud 4 32 128Gb 256 Gb

Table 7.1 Summary of the computational nodes used in the simulations

To test the scalability of the different implementations presented in Figure 7.5,
the MES Scenario has been used as a baseline for the seven proposed configurations

in Section Benchmark Configuration. The co-simulated environment has been run



160 Scalability Comparison of Co-simulation Frameworks

for seven winter days with an hour resolution. Model Instances of Building and PV
Simulators were scaled up. In the next sections, the time-based KPIs mentioned
in Section 7.1 are presented to evaluate the comparison among the different co-

simulation framework configurations.

7.3.1 Setup Execution Time

The Setup Execution Time considers the time duration of the Scenario configuration
operations. In a nutshell, these operations are related to the Initialization task
of a general co-simulation framework. In Figure 7.6, the setup execution time
performances of the different configurations are presented. Standalone Mosaik
keeps the setup time nearly constant around 7 s but it cannot handle more than 10k
instances due to its design limitations. This result highlights that standalone Mosaik
is well designed for small co-simulation environments but does not scale up when
considering larger environments. Mosaik multi-process instead presents the most
time-consuming Initialization task among the benchmarked frameworks. In fact,
Mosaik multi-process experiences a big setup time duration difference when rising
from 1 instance (i.e. 1 process) to 100 instances (i.e. multiple processes), going from
around 6 s to 62 s. Then, the trend flattens out because the same number of parallel
processes have been launched when going from 100 to 10k, saturating the available
cores. Standalone HELICS suffers a drastic increase in the setup time from around 7 s
to 66 s only when the instance number passes from 100 k to 1 M. The best performing
configuration is HELICS multi-process framework which is stable at around 5 s from
1 to 100k instances. It is worth noting that this framework drastically reduces the
time increase of standalone HELICS when going from 100k to 1 M instances by
distributing the computational power for any Simulator over multiple cores, resulting
in a setup time of 19 s. For the Mosaik-AIOMAS framework, results are similar to
the Mosaik multi-process framework with the main difference that the major time
increment occurs when going from 10 s for 100 instances to 61 s for 10k instances.
This is due to the threshold used to decide when AIOMAS starts the creation of the
multi-process containers. In our case, this threshold is above 100 Model instances.
This behaviour does not occur when coupling HELICS and AIOMAS because
launching multi-processes and container creation is handled by HELICS with less

computational overhead, following the same HELICS multi-process trend.
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Fig. 7.6 Setup time duration of the different co-simulation frameworks and their
configurations

7.3.2 Average Time Step Duration

The average time step duration reports the execution time of a complete time step
that is estimated as the maximum among the meantime step duration of every
single Simulator. Figure 7.7 reports this KPI for all the benchmarked co-simulation
frameworks. The average time step duration differences among the co-simulation
frameworks are really small up to 10k instances, except for Mosaik-AIOMAS and
AIOMAS due to the overhead introduced by the message exchange between Agents.
Indeed, Mosaik-AIOMAS takes 0.78 s at 10 k instances and AIOMAS takes 0.76s,
while all the others take around 0.1s. As already mentioned, a comparison with
Mosaik is only possible below 10 k Model Instances. Up to this point, the benefits of
a multi-processing approach are not significant compared to the respective standalone
solutions. The limitations of both standalone and the AIOMAS frameworks are
clearly visible when dealing with more than 10 k Model Instances. In fact, standalone
HELICS takes about 16 times longer than its multi-process version with 1 M Model
Instances. Instead, solutions incorporating AIOMAS even though they perform
better than pure HELICS are outperformed by HELICS multi-process. Overall,
the configuration with multi-process HELICS performs the best, particularly with
paramount performance on the largest scaling Scenario.
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Fig. 7.7 Average time step duration of the different co-simulation frameworks and
their configurations

7.3.3 Total Execution Time

Total Execution Time represents the time duration of the entire co-simulation process
from Initialization to the end of all the tasks. Figure 7.8 presents trend similarities
with the average time step duration KPI in Figure 7.7. In fact, this KPI is a composi-
tion of the setup execution time and the sum of the duration of the time steps required
to fulfil the co-simulation of the Scenario. When dealing with short simulations,
the effect of the setup execution time on the total execution time is larger. Instead,
with longer simulations, this effect could be negligible. The KPI trends of the total
execution time in Figure 7.8 consolidate the performance considerations made in
Section 7.3.2, showing the HELICS multi-process as the best performing framework.
Looking at the values at 10k Model Instances, it is possible to see that Mosaik,
Mosaik-AIOMAS, Mosaik multi-process, and AIOMAS diverges about 100 s with
respect to other configurations. This is due to the higher setup execution time of
these configurations and greater variability of the average time step execution.

7.3.4 Qualitative comparison

Table 7.2 presents a qualitative comparison among the benchmarked co-simulation

frameworks. This comparison is done considering only the multi-process version
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Fig. 7.8 Total execution time of the proposed Scenario for the different co-simulation
frameworks and their configurations

of HELICS and Mosaik frameworks because their standalone versions, as well
as the hybrid configurations (HELICS-AIOMAS and Mosaik-AIOMAS), do not
bring any KPI improvements. The qualitative comparison among the benchmarked
co-simulation frameworks presented in Table 7.2 points out different characteristic
of the frameworks that can help in choosing the right solution depending on the
Scenario under analysis. Concerning the Scenario component (see Scenario in
Table 7.2), a first comparison could be made on how the configuration is performed
and what effort is required to fulfil the Scenario implementation. Mosaik needs
a Python script in which the end user must start the Simulators, instantiate their
Models and link them through connectors. This process requires low effort since it
is well documented and standardized. HELICS instead uses a JSON file to set up all
the required configurations and, thus, has a really low implementation complexity.
However, this process could suffer from errors in deploying the correct connection
among Model Instances. Finally, AIOMAS requires more effort in the initialization
due to the absence of predefined Scenario standards. Linking and instantiating
the Models can occur within the Agent definitions or in separate scripts, and is
completely up to the end user design. This results in a more complex but freer

implementation process.

Simulation management, which is the primary responsibility of the Orchestra-
tor, has different characteristics among the three frameworks (see Orchestrator in
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Table 7.2); specifically with respect to communications and synchronization. Mosaik
handles synchronization via its Scheduler, limiting or making cumbersome custom
intra-step operations. Vice versa, HELICS offers an RTI to manage time regulation
and synchronization, allowing a greater freedom of development than the Mosaik
Scheduler. In contrast, AIOMAS does not offer a proper Orchestrator and time regu-
lation and synchronization task is managed in a distributed clock implementation,
which means that the end user must take into account this task in a programmatic
way encapsulating time management into Agents. The communication approach is
based on Request/Response for both Mosaik and AIOMAS that exploit respectively
TCP and RPC over TCP for communication purposes. HELICS instead uses a Pub-
lish/Subscribe approach that could enhance the performance but can lead to wasting
resources in data polling requests. To conclude, the three frameworks implement
both event-based and time-based simulation paradigms.

Another important aspect is Simulator Integration (see Simulator Integration
in Table 7.2). While HELICS and Mosaik allow the integration of a wide range
of Simulators based on different programming languages and simulation software,
AIOMAS has no particular API for integrating other programming languages than
Python and, if necessary, this must be implemented ad-hoc by the end user. Therefore,
the integration of the Simulators in Mosaik and HELICS results in a low-effort task.
AIOMAS instead is more complex.

Looking at Scalability (see Scalability in Table 7.2), the three frameworks can
deploy Simulators or Containers horizontally by distributing their management on
different cluster nodes. However, they differ in the possible implementation of
vertical scaling. For instance, Mosaik allows multi-processing but its implementation
is manual. HELICS multi-processing instead is handled automatically by the co-
simulation framework. AIOMAS provides an automatic concurrent multi-threading
of Containers. Conversely, AIOMAS multi-processing requires manual implementa-
tion. Finally, the above features and proposed results allow for a comparison of the
overall scalability performance. Mosaik performed the worst scalability mainly due
to the intrinsic limitation that does not allow to scale up beyond 10 k Model Instances.
AIOMAS performed medium scalability limited by the overhead increment when
dealing with a rise of Agents. HELICS returned the best scalability, showing that its
multi-process management of Simulators is capable of reaching 1 M instances with

paramount performances.
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Co-simulation Frameworks Mosaik HELICS AIOMAS
Programmatic Programmatic
Configuration gram JSON (Agent-based/
(scripting) ..
Scenario scripting)
Complexity Low Low High
Svnchronization Scheduler Scheduler Custom
y (SimPy) (RTI) (Distributed clocks)
Communication Request/ Publish/ Request/
paradigm Response Subscribe Response
Orchestrator Data Exchange TCP ZeroMQ TCP/RPC
. Time-stepped/ Time-stepped/ Time-stepped/
Tipology Event-based Event-based Event-based
Programming Python MIJA}]’;}LOZB
languages / MATLAB
. Java Python
Simulator Java
C++
Software C++ .
. Nim
Simulator Integration
Integration Complexity Low Low High
Horizontal Distributed Distributed Distributed
Concurrent
. Multi-process  Multi-process Multl-threaffhng
Vertical i (Automatic)
(Manual) (Automatic) . .
Multi-processing
Scalability (Manual)
Performance Low High Medium

Table 7.2 Qualitative Comparison among Mosaik, HELICS, and AIOMAS

It 1s worth noting that Mosaik demonstrated to be a valuable solution when
dealing with small to medium scale MES scenarios and has been chosen in the
implementation of the Pure Software Co-simulation Infrastructure and the Hybrid Co-
simulation Infrastructure. Its simplicity in developing a MES scenario results in a low
complexity that could help a MES designer in rapid deployment of a MES operational
and planning analysis. Moreover, the Mosaik COE capabilities are comparable to
the HELICS COE when dealing with time-stepped and event-based simulators.
Furthermore, the simulator integration allows the fast interconnection of GPPL
and simulator software with low complexity. However, scalability is limited when
dealing with large-scale scenarios. HELICS has been recently proposed as a viable
competitor of Mosaik by the research community. So, the future implementation of
the proposed infrastructures will be upgraded to HELICS COE which will enhance
their horizontal and vertical scaling.



Chapter 8
Conclusion

In this dissertation, GAMES is presented as a general-purpose architectural model
tools for MES engineering application. The architectural model deals with different
challenges identified in the field of MES planning, development and testing. GAMES
is divided into a hierarchical infrastructure that follows "from the black-box to the
white-box" approach. Firstly, it integrates an MBSE architectural model for MES use
case description extending SGAM. Then, it allows the systemic description of each
model permitting a grey-box description of each component involved in the MES
use case through SysML. Finally, GAMES will allow to translate the UML/SysML
descriptors into PSM and compiled into DSL code to simulate software components

and connect specific hardware into the simulation loop.

Following GAMES architecture, three configurations of the Distributed Multi-
Modelling Co-simulation Infrastructure have been proposed to face the execution of
MES use case co-simulation:

e The Pure Software Co-simulation Infrastructure is capable to perform multi-
modelling scenario simulation of MES, evaluating its energy performance by
analysing complex dynamics, operations, and control strategies. The platform
permits the integration of several and heterogeneous simulators by coupling
Mosaik framework and the FMI standard in a shared and distributed envi-
ronment. Indeed, the platform applies distributed computing to parallelise
simulators’ execution of different models. This choice enhances the flexibility
and scalability of the overall co-simulation platform, extending feasible inter-

connections between models and simulators. Moreover, the scenario-making
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process was simplified and centralised by adopting a single standardised con-
figuration file managed by the Scenario Builder module. In this way, the
platform permits to easily plug-and-play one or more models with predefined
settings patterns. A demonstration example of a building energy system was
designed, and a test-case scenario was presented to test the functionalities,
capability, and usability of the co-simulation platform. From the results, it is
possible to observe how the platform can co-simulate different aspects of a
building with a high level of detail and complexity without losing the flexibility
and efficiency of the integrated subsystems solvers.

The Digital Real-Time Co-simulation Infrastructure that is capable to intercon-
nect different commercial DRTS by means of Aurora 8B/10B communication
protocol. The infrastructure reduces the communication latency experienced
by the data exchange among DRTS, allowing to run EMT analysis of a SoS
co-simulated power system scenario. Moreover, the infrastructure offers
IEEE1588 PTP standard as a synchronization method to avoid misalignment
of the real-time executions, permitting to compare results coming from every
single DRTS for logging and post-processing purposes. The infrastructure
proposes the PHIL ITM IA as the most simple method to split the power
system scenario into sub-models each of them runs by the interconnected
DRTS, following a SoS approach. Similar to a PHIL set-up, ITM IA ensures
stability and accuracy of the numerical solution of a PSUT within the fol-
lowing constraint: Z /Zg << 1. Furthermore, using the Aurora protocol for
communication helps reduce the latency effect on the ITM IA and therefore
improves its stability and accuracy. The communication latency is calculated
by exploiting the ICT infrastructure of DRTSs under analysis, highlighting the
internal data exchange among CPU and FPGA to correctly manage Aurora
8B/10B communication protocol. The simple PSUT has been run in a worst-
case scenario with a simulation time step of 500 s to assess the time-domain
accuracy of the solution in both stability and near the instability regions of
the ITM IA. The proposed infrastructure ensures in both cases an acceptable
accuracy in reproducing the behaviour of the monolithic electric circuit. As
EMT analysis commonly uses smaller time steps, around 50 s, we assume
that our infrastructure allows the EMT analysis of a larger scenario, enhancing
the scalability of PSUT. It is worth noting that a smaller time step also allows
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for a relaxation of the constraint of the impedance ratio, making it possible to
operate with Z, /Zp ~ 1.

* The Hybrid Co-simulation Infrastructure joins the previous two configuration
and allows the interconnection among multi-model simulation software based
on DSL (e.g. MATLAB Simulink, Modelica, EnergyPlus), General-Purpose
Programming Language (GPPL) (e.g. Python, C++, Java), and commercial
Digital Real-Time Simulator (DRTS) (e.g. OPAL-RT). The soft (i.e. simu-
lation software, GPPL) and hard (i.e. DRTS) real-time environments com-
munication is ensured by a near real-time middleware that exploits VILLAS-
framework [156] demonstrating the correct data exchange among simulation
models and entities with negligible latencies. By employing this disruptive
strategy, the infrastructure ensures the correct wall-clock time evolution of
the co-simulated MES scenario and respects the real-time constraint of the
interconnected DRTS that permits to include fast time-stepped simulation (e.g.
power grid model) into the MES scenario. Moreover, the DRTS capabilities
enable the HIL and PHIL testing of real-world hardware, creating a powerful
testbed for innovative power grid technologies and components. The flexibility
provided by the proposed co-simulation platform permits to use it as a virtual
test bed for complex MES, as well as conducting experimental research on
enabling technologies.

Then, this dissertation proposes the Distributed Event-Driven Platform to demon-
strate how this infrastructure could be used to map and simulate new strategies and
algorithms with a GAMES-based approach, to then scale up to real-world appli-
cations. The integration of DRTS enables the possibility of developing HIL and
PHIL setups for testing physical devices and power equipment while integrating
new algorithms and strategies. Moreover, the integration of communication network
simulators in the platform enables the possibility to test and develop use cases by
taking into account the performance of the communication networks and protocols.
To conclude, this platform allows the deployment of a test bed scheme for innovative
MES services and functionalities in a real-world system by simply switching from

the co-simulated environment to the Internet.

Finally, this dissertation compares and tests the scalability of two popular co-
simulation orchestrators, namely Mosaik and HELICS. The MAS frameworks
AIOMAS have been included to test its scalability as a co-simulation framework.
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The comparison is developed using a simple co-simulations MES scenario. The
results show that Mosaik has a limitation in the number of connected entities that
have stopped at ten thousand instances. However, it presents low complexity in the
MES use case design for small to medium scenarios and the integration of simulators
from GPPL to software simulators. So, it has been chosen as the principal COE of
the Pure Software Co-simulation Infrastructure and its extension towards the Hybrid
Co-simulation Infrastructure. On the other hand, HELICS has shown the capabil-
ity of scaling up to millions of simulator instances with paramount performance.
AIOMAS has demonstrated the same scaling capabilities of HELICS w.r.t to the
number of instances. However, HELICS outperforms AIOMAS in terms of simula-
tion time if the simulators are executed in multi-process. Based on this scalability
assessment, HELICS will be proposed as the future COE implementation of the
proposed infrastructures to push forward a multi-purpose, multi-model, multi-time,

and multi-scale co-simulation framework for MES analysis.

The proposed co-simulation platform and its variants aim to intelligently optimize
the planning and operation of an MES and test new advanced solutions. For example,
it is possible to simulate the abundance of different buildings, such as the scenario
presented in Section 5.1.2, by considering the dynamic behaviour of energy networks
simulated by a DRTS. These kinds of scenarios can be simulated to analyze and
optimize MES use cases, to improve decision making, and to provide appropriate
energy policies and interventions at the urban scale. In addition, an agent-based
approach can be implemented to model the entities and actors that make up the
complex socioeconomic environment, such as distributors, aggregators, and energy
communities, who govern their physical systems by interacting with each other. The
proposed infrastructure is a disruptive tool that will have a broad impact for both
academic research and energy stakeholders, providing a common playing field where
they can share their knowledge and evaluate new technologies and solutions for the
widespread application of the MES vision. This is possible, and indeed extremely
beneficial, to further the energy transition and achieve the ambitious goals of the
Glasgow [3] agreement set by the United Nations, reducing our energy footprint to

save our planet.
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