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Introduction 

Nowadays humanity is called to respond to important challenges dictated by the eco-

nomic, social and environmental crisis we are currently experiencing. 

This requires, in a relatively short time, a radical change in society, concerning 

many of its aspects. In the last decades, people have become more and more accus-

tomed to living with technologies, that have become essential tools in everyday life. 

For this reason, technology is called to be the main enabler to respond to the require-

ments dictated by the ecological transition. However, it is immediate to understand 

how technology, for its own sake, is not enough. Educating people to live in a smarter 

and sustainable way is essential in order to look forward to the years to come with 

confidence. We have to rethink the way we live together on a territory, work and 

produce locally and globally. 

In this context, the concept of Smart City opens the possibility to integrate and 

cooperate all the main aspects of the life of the society with the aim of reaching a 

more equal, inclusive and, above all, sustainable living. In the long term, it will also 

enable us to adopt a sustainable development approach, by favoring renewable en-

ergies, modifying our consumption behavior, and limiting waste. In fact, unsustain-

able consumption of resources and development patterns are having serious impact 

on our planet, as is the depletion of natural resources, pollution, reduced biodiversity 

and increased environmental problems. 

This Smart City approach requires a holistic perspective that differs from the 

traditional one where thematic issues were studied independently. This is due both 

to the need to reconcile and integrate multiple specific viewpoints and disciplines, 

and to the wide range of stakeholders (individual citizens, administrators, the busi-

ness world, etc.) [1]. 



2 Introduction 

 

From an energy management perspective, electrical energy has a central role in 

the future of cities. In fact, energy efficiency optimization and local self-sufficiency 

are crucial achievements in facing traditional resources run-out and global market 

instability and unreliability. 

The shift toward renewable energy sources (e.g., photovoltaic, solar, wind, geo-

thermal, biomass/biogas, etc.) implies the widespread diffusion of distributed gener-

ation, generally, on a small and medium scale. These energy sources are often char-

acterized by erratic and non-dispatchable nature, in that they are strictly dependent 

on meteorological and environmental conditions or based on irregularly available 

raw matter. The result is that one main point of the modern grid is to bring together, 

in terms of availability in time, the offer of energy with the load demand. This re-

quires the installation of energy storage systems that can store the energy in excess 

and give it back when there is a deficit of production. In this context, the grid of the 

future will have to be a Smart Grid. 

Proper sizing of the components of a Smart Grid, as well as studying the intro-

duction of new components, namely renewable generation, storage, etc., and ensur-

ing acceptable system reliability and security, is not a trivial task. Offline simulation 

models and Digital Twins, together with the already partially present supervisory, 

control and monitoring systems, open the way for new smart tools for Smart Grid 

planning, development, and live automated control. In this perspective, it is neces-

sary to implement system-level models with tight execution-time constraints. In fact, 

they must be able to run in real-time (e.g., in live Digital Twins) or even faster than 

real-time (to allow making predictions on the evolution of the system). Therefore, it 

is necessary to move from the traditional modelling approach, based on detailed 

physical models, to top-level behavioral models. 

 

This dissertation is organized as follows. 

- Chapter 1 gives an overview about the Smart Grids and their role in the 

Smart City framework. After introducing the concepts of Smart City and 

Smart Grid, highlighting the main aims and assets of each one, a brief 

study on Micro Grid architectures (1.4.1) and control (1.4.2) is pre-

sented, coming from a literature review work carried out during the PhD 

years. Then, in 1.5, the focus is moved to the state of the art on Smart 
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Grid simulations, introducing the main topic of the work, detailed in 

Chapter 2. 

- Chapter 2 presents the main research activity carried out. The simulation 

model of a campus-level Micro Grid is presented, showing details about 

the developed library of components and considerations on the chosen 

approach. The University of Parma South Campus is taken as an exam-

ple of a district-level grid, conceived to accommodate, in the next years, 

all the elements to build a Smart Micro Grid. 

- Chapter 3 presents a smart soiling monitoring system for photovoltaic 

modules developed at the university campus. Here it is shown how the 

models implemented in Chapter 2 can be customized to model a Nano 

Grid where new concepts (like the smart soiling sensor) can be included 

in order to test their effectiveness and effect through long-time (tens of 

years) simulations. 

- Chapter 4 gives a further example involving the simulation library. In 

this case, the simulation model of a DC Nano Grid is developed to design 

and size the power supply system to charge a fleet of industrial electric 

vehicles. The model includes the behavior of the vehicles, of the charg-

ing stations and of the job scheduling algorithm coordinating the vehi-

cles’ operation. 

- Chapter 5 presents a work carried out in collaboration with Infineon 

Technologies Austria. Here the behavioral modelling approach is ap-

plied to the case of on-board automotive power distribution networks. 

Behavioral modelling allows to perform mission profile simulations 

keeping the simulation time within reasonable bounds. This allows sys-

tem designers to study the interaction between components at different 

levels of the distribution network, also in an early development stage, 

when physical prototypes are not yet available. 

 

This PhD work is part of the Smart City 4.0 Sustainable LAB funded by the 

Emilia-Romagna region (see 1.2). 



 



 

 

Chapter 1  

 

Smart Cities and Smart Grids 

The concept of Smart City (SC) is very wide, with numerous facets related with the 

areas in which it is inserted. In the literature, the origin of the term “Smart City” is 

traced back to the end of the 19th century and it gained popularity in the 20th century 

[2]. Since the beginning, the concept of Smart City was related to ideas about the 

future of society, economy, and urban settlements under the effect of the advancing 

technologies. 

1.1 Definition of Smart City 

In the literature there is no unique definition of SC. In 2014 the International Tele-

communication Union presented a study of definitions and terms associated to the 

smart sustainable city topic. They found out more than one hundred different defini-

tions reviewing articles obtained from a variety of sources, covering all the areas of 

interest on the topic, from academia and research communities, government initia-

tives, international organizations, corporate/company profiles, trade associations, 

standards development organizations, etc. [3]. The most frequently recurring key-

words in SC definitions have been grouped in 8 categories: 

1) quality of life and lifestyle, 

2) infrastructure and services, 
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3) Information Communication Technologies (ICT), communication, in-

telligence, information, 

4) people, citizens, society, 

5) environment and sustainability, 

6) governance, management, and administration, 

7) economy and finance, 

8) mobility. 

The chart in Figure 1.1 gives a comprehensive view of the number of occurrences 

of the keywords found for each category. 

 

Figure 1.1: Number of smart city related keyword for each category 

found by the International Telecommunication Union. 

What most smart city definitions have in common is the statement of the need to 

consider an innovative and forward-looking use of the infrastructural systems, with 

positive outcomes on the climate, environment, and social and economic impact. 

Among them, electricity is identified as a key factor for its central role in modern 

life, and the increasing relative weight in the energy use. In addition, it requires a 

network of sensors and communication systems for capturing and sharing infor-

mation. The energy systems and the city itself will have to be flexible, adapting to 
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the different conditions and needs (population, environment, governance, mobility 

requirements), and anticipating the potential variations in all components and at all 

levels in the constituent systems [4]. 

Another important element to take into consideration when giving a definition 

of smart city is that although the conceptual view of smart cities can have a general 

validity, all implementations will inevitably be local. Each city is unique; each en-

ergy grid is unique; and their design, operation, and path to smartness will be unique. 

However, this fact accentuates the value of a common reference framework for the 

evaluation of the impacts potentially deriving from the implementation of Smart 

Grids (SG) and cities. This common framework will allow comparing results, learn-

ing common lessons, reflecting on the relative value of technologies and services, 

and most importantly of the opportunities for replicating, adjusting, and scaling up 

solutions. 

1.2 The Smart City 4.0 Sustainable LAB initiative 

The Smart City 4.0 Sustainable LAB (SC4SL) is a local research laboratory initiative 

of the Emilia-Romagna region founded in 2018 at the University of Parma to support 

public administrations and institutions and local stakeholders in the smart city tran-

sition [5]. In 2019, it developed into an initiative involving all the universities of the 

Emilia-Romagna region with the aim of promoting a deeply interdisciplinary and 

holistic approach to the development of smart and wise cities that enclose the pene-

tration of new technologies, the advancement of sustainability policies, the valoriza-

tion of artistic and cultural heritage, and a principle of inclusiveness applied to both 

people and places. 

In May 2019, a protocol of agreement was signed with the Emilia-Romagna Re-

gional Government with the main goal of defining SC development lines over a 

three-year time horizon, and a program featuring several work directions, including 

academic research towards a working methodology for public administrations, pilot 

projects for city administrations and regional institutions, and educational support 

for public administrations and the definition of emerging issues. 
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The SC4SL is at the center of a regional-scale network made of 46 research 

groups and 292 researchers working in the regional universities, covering all the dis-

ciplines that can contribute to innovate and valorize contemporary cities. The work-

ing group (2019/2022) features 10 PhD students whose doctoral research started in 

November 2019, 10 supervisors and 10 tutors. The PhD positions are co-funded by 

the Regional Government and by the research groups of the participating universi-

ties, with the aim of developing SCs research lines through a long-term collaborative 

effort [6]. 

1.3 Smart Grids 

The European Technology Platform of Smart Grids defines a SG (concept repre-

sented in Figure 1.2) as an electricity network that intelligently integrates the actions 

of all the users connected to it, namely generators, consumers and those that assume 

both roles (known as “prosumers”) with the aim of efficiently delivering sustainable, 

economic and secure electricity supplies [7]. There are many other definitions, all of 

them highlighting the ability to automatically manage the energy production and de-

mand making autonomous decisions with the aim of optimally accommodating the 

needs of the consumers and the availability of the producers. The National Institute 

of Standards and Technologies (NIST) defines the SG as a modern grid that allows 

bi-directional flows of energy and utilizes two-way communication and control ca-

pabilities that lead to a wide range of new functionalities and applications, in contrast 

to the state of the art of the present grid, where the energy is delivered unidirection-

ally from generation centers to consumption centers [8]. The Energy Independence 

and Security Act of 2007 conceives the SG as a modernization to the electrical net-

work with monitoring capabilities, which increases grid resiliency to disruptions, and 

automatically optimizes grid operation of interconnected system components, start-

ing from central generating units and distributed generation (DG) through transmis-

sion networks, down to load centers [9]. The US-based Electric Power Research In-

stitute (EPRI) defines the smart grid as the transition from the current grid, where 

the flow of power is permitted from the central generation to load locations, into a 
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grid where there is a peer-to-peer consumer interactions, DG, and control centers 

[10]. 

 

Figure 1.2: The Smart Grid concept. 

Table 1.1 shows a comparison of the key aspects of the SG compared to the 

conventional PG. 

Developing a smart grid would allow to flexibly manage the capacity and capa-

bilities of the grid for accommodating variable power demand, integrating new 

sources of energy, managing bidirectional and flexible sub-grids, and to allow new 

players to participate in new energy markets. It is especially the renewable and dis-

tributed types of energy sources (wind, solar, small hydro) that require such smart 

flexibility to integrate them in the system without affecting the reliable operation of 

the grid. Therefore, the smart grid is one key technology for reaching the climate 

goals, which heavily rely on increasing the share of RES [11]. 

The smart grid framework involves (directly or indirectly) most of the assets and 

stakeholders of the SC. In fact, as highlighted in Figure 1.3, the main asset, namely 

the technical one, is inevitably linked with other two important assets: environment 
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and economy. The interactions between these three aspects necessarily involve 

stakeholders pertaining to the most varied areas of the society. 

From this, it emerges that the concept of SG is closely related to the concept of 

SC, nevertheless, it is important to underline that a SG can be built as a standalone 

infrastructure applying only to the energetic aspects. However, to reach a complete 

smartness, it is not sufficient to have a SG, it is necessary to have an entirely smart 

system covering most of the aspects of the SC framework (Figure 1.4). An obvious 

example is given by the future of transportation systems and vehicles migrating to 

the electric power supply. 

Table 1.1: Comparison of the main aspects of a conventional and a smart grid. 

 Conventional Grid vs Smart Grid  

One-directional communication Bi-directional communication 

Electromechanical Digital 

Large capacity central generation Distributed generation with various capacities 

Limited number of sensors Sensors dominant system 

Less scope for self-monitoring Complete scope for self-monitoring 

Less scope for automatic restoration Complete scope for Automatic restoration or 

Self-healing 

Less adaptable in case of failures and blackouts Adaptive and allows islanding 

Restricted control Ubiquitous control 

Limited choices for consumers Wide variety of choices for consumers 

Hierarchical structure Network structure 

Less feasible for feedback network The inherent and real-time control 

Wide area interrupts at the time of outage Filtering and islanding disconnection 

Network restriction control Network comprehensive control 

Customers and subscriptions provided with 

limited services 

Customers and subscriptions provided with var-

ious services 

Radial Network Dispersed Network 

Slower in response during emergencies Quicker in response during emergencies 

Small volumes of data available Large quantities of data available 

A SG must be: 

- flexible: fulfilling customers’ needs whilst responding to the changes and 

challenges ahead; 
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- accessible: granting connection access to all network users, particularly for 

renewable power sources and high efficiency local generation with zero or 

low carbon emissions; 

- reliable: assuring and improving security and quality of supply, consistent 

with the demands of the digital age with resilience to hazards and uncertain-

ties; 

- economic: providing best value through innovation, efficient energy man-

agement and level-playing-field competition and regulation. 

 

Figure 1.3: SGs involve  most of the assets and stakeholders of the SC. 

 

Figure 1.4: SC and SG intercorrelation. 
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These requirements come from the main future needs of the electricity grid stake-

holders, namely: 

- user-centric approach: increased interest in electricity market opportuni-

ties, value added services, flexible demand for energy, lower prices, micro-

generation opportunities; 

- electricity network renewal and innovation: pursuing efficient asset man-

agement, increasing the degree of automation for better quality of service; 

using system wide remote control; applying efficient investments to solve 

infrastructure ageing; 

- security of supply: limited primary resources of traditional energy sources, 

flexible storage; need for higher reliability and quality; increase network and 

generation capacity; 

- liberalized markets: responding to the requirements and opportunities of 

liberalization by developing and enabling both new products and new ser-

vices; high demand flexibility and controlled price volatility, flexible and 

predictable tariffs; liquid markets for trading of energy and grid services; 

- interoperability of electricity networks: supporting the implementation of 

the internal market; efficient management of cross border and transit net-

work congestion; improving the long-distance transport and integration of 

renewable energy sources; strengthening security of supply through en-

hanced transfer capabilities; 

- DG and (RES): local energy management, losses and emissions reduction, 

integration within power networks; 

- central generation: renewal of the existing power-plants, development of 

efficiency improvements, increased flexibility towards the system services, 

integration with RES and DG; 

- environmental issues: reaching Kyoto Protocol targets; evaluate their im-

pact on the electricity transits; reduce losses; increasing social responsibility 

and sustainability; optimizing visual impact and land-use; reduce permission 

times for new infrastructure; 

- demand response and demand side management: developing strategies 

for local demand modulation and load control by electronic metering and 

automatic meter management systems; 
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- politics and regulatory aspects: continuing development and harmoniza-

tion of policies and regulatory frameworks; 

- social and demographic aspects: considering changed demand of an age-

ing society with increased comfort and quality of life [12]. 

The core of the SG operation is the energy management which ensures that the 

stability between supply and demand is maintained, while respecting all system con-

straints for economical, reliable, and safe operation of the electrical system. It also 

includes optimization, which ensures a reduction in the cost of power generation. 

Generators, retailers, and consumers view the transmission network as a public 

resource to which they should have unlimited access. This approach has the desirable 

effect of pushing the system towards an optimal utilization of the assets. However, 

this optimization is constrained by security limits since wide-spread service inter-

ruptions spanning over long periods of time are unacceptable in our modern societies 

due to their huge economic and social costs. Since transmission system operators are 

responsible for maintaining the reliability of the electric power system, they must 

therefore define the operating limits (security constraints) that must be respected. 

While energy management in a distribution system helps improve system per-

formance, it also presents limitations and challenges, such as confidentiality on the 

customer side, operations in a large system, regular system upgrades, and reliability 

issues. To adjust the flow of electricity exchanged from suppliers to consumers, to 

improve flexible and reliable grids, the integration of numerous components as RES, 

distributed control rooms and ESSs is needed. This requires the use of information 

and communication technologies (ICT) from the points of generation to customers 

in a smart way, as an integral part of the SG framework. 

A key element in SG implementation are the smart meters, namely, digital sen-

sors coupled to intelligent control systems implementing smart metering techniques, 

running analytical algorithms for automating, controlling and monitoring the bidi-

rectional flow of electricity between source and user. Smart metering, control and 

actuation require real-time, two-way communication to permit, among other things, 

fast recovery of power service after a blackout: rotating power outages can cause a 

disruptive domino effect that negatively impacts banking, communications, manu-

facturing, traffic and security. 

The widespread use of online ICT systems and communication networks, how-

ever, exposes to cyber-attacks. Hackers can access the supposedly protected data and 
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inject false information into the grid measurements, which cannot be easily detected 

by existing operational practices. 

1.4 Micro Grids and Nano Grids 

Micro Grids (MG) are small-scale (e.g., district-level) electrical distribution net-

works consisting of distributed generators (renewable and/or non-renewable gener-

ators), heterogenous loads, and energy storage devices that operate in grid-connected 

or islanded mode, coordinated and interfaced by suitable power electronic converters 

and devices [13]. 

The power delivered by RES in the early stages of their integration in the tradi-

tional grid was infinitesimal in comparison to the one coming from the conventional 

generators and, hence, their impact on the power network was quite unnoticeable. 

However, with recent developments and commitments toward renewable and sus-

tainable power, RES such as photovoltaic (PV), wind, hydropower, and hydrogen 

power are rapidly penetrating the power grid. Therefore, microgrid small-scale op-

eration facilitates flexibility to consolidate appropriate control schemes and power 

management algorithms to maintain the quality of power supplied to the local loads 

as well as the one exchanged with the higher-level SG [14]. The same applies when 

MGs are designed to establish a point of common coupling (PCC) that plays a key 

role in the formation of DC, AC, and hybrid AC-DC microgrids for various domains 

of voltage and frequency levels. In this respect, several power electronic interfacing 

configurations and topologies have been proposed not only to achieve a diversified 

power generation framework but also to enable MGs to manage the power and en-

ergy flows effectively [15], [16]. 

1.4.1 Micro Grid and Nano Grid Architectures 

As schematically represented in Figure 1.5, MGs can be classified based on their 

topology in three major groups, namely, AC, DC and hybrid [17], [18]. NGs can 

operate as AC, DC or hybrid structures, too [19], [20], but they usually have smaller 

capacity and serve a smaller area (e.g., a single building or load) [21]–[23]. 
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(c) 

Figure 1.5: Main MG and NG architectures. (a) in an AC grid, (b) is a DC grid, 

(c) is a hybrid architecture with both AC and DC busses. 

Another common trait between MGs and NGs is the ability to operate both in 

islanded and grid-connected mode [19]. 

Most of the power transmission in the world is based on AC technology, which 

historically imposed itself on DC transmission mainly thanks to easy trans-

former-based voltage step-up for long-distance dispatch [24], [25]. 

In the case of the AC NG of Figure 1.5a, energy flows into the AC NG feeder 

from the utility grid as well as from DERs that may be DC sources, such as PV arrays 

or batteries, requiring DC/AC converters; however, AC/DC/AC back-to-back con-

verters are often utilized with AC power sources like wind farms, micro-turbines, or 

tidal power stations, to adapt the voltage level and frequency produced by the AC 

generators to the grid requirements [26]. On the other hand, large segments of 

Utility Grid
AC

DC

AC LoadDC LoadBatteryPV Array

DC

DC

DC

DC

DC

AC

DC Load

DC

AC

AC Load
Diesel 

Generator
Wind Turbine

AC

AC

AC Network

DC Network

DC Bus

AC Bus

Monitoring & Control



 17 

 

 

residential and commercial loads consist of low power electronics like personal com-

puters, battery chargers, or LED lighting systems that require AC/DC conversion to 

be connected to an AC NG.  

Connecting these DC loads directly or through high-efficiency DC/DC convert-

ers to the bus of a DC NG (Figure 1.5b) would reduce the need for energy conversion 

stages and improve the overall efficiency and reliability of the system [27], [28]. 

Recently, DC NGs have thus become increasingly attractive, also due to the im-

proved performance and reduced cost of native DC systems such as PV, BESS, elec-

tric vehicles (EVs), fuel cells (FCs), which can be connected to a DC grid efficiently 

and reliably [18], [29]. In fact, avoiding double conversion from DC to AC on the 

generation side and from AC to DC at the load end, the system complexity is reduced 

and its efficiency and reliability are increased [23], [26], [30]. Moreover, the absence 

of reactive power in DC distribution lines reduces power losses and voltage drops 

and increases the capacity of electrical lines [26]. In [31], the transmitted power is 

found to increase up to a factor of ten moving from AC to three-line DC distribution. 

Future DC NG will likely use two voltage levels: a high-voltage DC (e.g., 380 V) 

for home appliances or EV charging, and a low-voltage DC (e.g., 48 V) for supplying 

computers and low-power electronics [19], [21], [27], [32], hence the need for effi-

cient DC/DC conversion.  

The DC NG is connected to the utility grid via a bidirectional AC/DC converter 

that must be properly controlled to compensate for the voltage ripple arising on the 

DC voltage bus: ref. [33] discusses a zero-sequence operation mode of the converter 

and gives a summary of other ripple mitigation approaches.  

Ref. [21] for example considers a commercial power system scenario with a large 

number of non-linear loads such as lighting appliances, computers, monitors, adjust-

able-speed drives for air conditioning, etc. A traditional grid scenario, where each 

load is supplied in AC, is compared with a DC-based architecture demonstrating that 

the latter is convenient from the efficiency, reliability and economic points of view. 

A DC bus voltage equal to the peak value of the standard 230 V AC line is shown to 

be the best solution for supplying native AC loads with DC power. This prevents 

overloading of the input rectifiers of the power supply units by lowering the amount 

of current flowing. 

Ref. [34] describes a home-level, small power DC NG with an AC interface with 

the PG. A comparison between the modified DC version of the home appliances and 
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the legacy AC ones is carried out to show the convenience of the DC distribution. 

Ref. [35] also presents a residential-level NG implementation featuring a low voltage 

DC (LVDC) bus with an additional AC grid interface. Ref. [36] demonstrates the 

benefits of DC migration showing results of efficiency improvements of various sys-

tem components in a commercial building supplied by 380 V DC and providing local 

24 V plugs for small loads. 

Finally, a hybrid NG (see Figure 1.5c) combines separately controlled AC and 

DC distribution lines, to exploit the advantages of both AC and DC grids [37]–[39]: 

DC loads and DERs can be connected to the DC bus, while AC loads and DERs can 

be connected to the AC bus, potentially eliminating the need for DC/AC/DC or 

AC/DC/AC conversion, thus increasing efficiency and reducing complexity and 

cost. In hybrid microgrids [40], the design can be optimized to minimize the cost of 

investments and maximize the energy efficiency through the optimal sizing of DERs, 

loads and ESSs following different approaches: a combination of different particle 

swarm optimization (PSO) based algorithms in [41], a multi-objective optimization 

of the mathematical model of the MG/NG aimed at minimizing daily energy con-

sumption and greenhouse gas (GHG) emission [39], or through a time-of-use ap-

proach to reduce the cost of energy [42]. 

Ref. [43] presents a case study of hybrid AC-DC NG, part of a larger cam-

pus-level microgrid. The NG can operate in islanded mode in case of microgrid 

faults. The NG is equipped with two sets of PV arrays – separately connected to AC 

and DC subsystems – and a battery-based storage system used by both the subsys-

tems to level-off the PV output power. The DC distribution bus features a 48 V DC 

voltage while the AC bus is a four wire, three-phase bus with 120 V line-to-neutral 

voltage. DC/DC buck converters interface a set of PV arrays with the DC subsystem. 

The other set of PV arrays is connected to the AC subsystem via DC/AC inverters. 

The AC and DC buses are interlinked through bidirectional AC/DC converters that 

transfer power between the two subsystems and regulate the bus voltage amplitudes. 

The NG connects with the higher-level MG on the AC side. 

Most NGs, conceived as the evolution of an existing part of a legacy AC grid, 

are characterized by a hybrid topology, allowing to take advantage of the DC distri-

bution while maintaining the possibility to power AC loads and to exchange energy 

with an upper-level distribution grid (usually in AC). 
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The architecture of a power system impacts its scalability, reliability, robustness, 

resilience, and cost. This means that it is possible to draw another classification for 

MGs and NGs considering the type of bus used for power distribution. An interesting 

comparative analysis of DC microgrid architectures which can be extended to AC 

and hybrid MGs and NGs was given in [44]. Here single-bus (Figure 1.6a,b), 

ring-bus (Figure 1.6c), zonal-bus (Figure 1.6d), ladder-bus (Figure 1.6e), and 

multi-terminal (Figure 1.6f) structures are compared in terms of bus voltage levels, 

BESS connection, inherent stability, expandability to multiple buses, and reliability. 

Each of these solutions has its own strengths and drawbacks, and more research in 

this area is necessary to reduce their complexity level and solve existing problems. 

However, in the absence of standardization, numerous optimal system architectures 

can be defined in relation to the chosen physical variables and to the requirements of 

the loads. 

1.4.2 Micro Grid and Nano Grid Control 

Together with the specific NG architecture, the adopted control strategy is another 

key aspect impacting on the choice and design of power converters. 

Given the complexity of energy grids, the approach followed in the development 

of their control system is typically hierarchical [45], with a variety of possible solu-

tions. As early as in 2010, the authors of ref. [46] proposed a general approach to 

hierarchical control of microgrids derived by the multilevel hierarchical control of 

the International Society of Automation-95 (ISA95) standard. The 6 levels envi-

sioned by this standard can be reduced in this context to 4 (levels 0-3). As the con-

sidered level increases, stability and robustness of operation of the lower levels re-

quire a decreasing bandwidth of downward control and reference signals. The result-

ing 0-3 levels (Figure 1.7) are the following: 

Level 0 – Inner control loops: The regulation of each power module is performed 

at this level. Both feedback and feedforward control loops can be implemented to 

regulate the output voltage and the current while keeping the system stable. This 

level supports load sharing among parallel-connected power converters.  
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(e) 

  

 
(f) 

 

Figure 1.6: DC MG and NG classification based on bus structure: 

single-bus (a, b), ring-bus (c), zonal-bus (d), ladder-bus (e), 

multi-terminal (f). 
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Figure 1.7: Graphical schematization of the general 

hierarchical control approach derived from ISA95 standard. 

Figure 1.8 shows a hierarchical control structure with conventional droop control 

for AC microgrids proposed in [45]. The secondary control is used not only to syn-

chronize all the microgrid units, but also to manage the synchronization between the 

microgrid with the main utility grid. Above secondary control, the tertiary control is 

used for controlling and managing the power flows between microgrid and main 

grid. At this level, one of the tasks can be power re-distribution among DERs. The 

optimum economic operating point is reached by regulating the set point of each 

resource unit [47]. 

Considering the voltage amplitude 𝐸𝑖 and the angular speed 𝜔0 of the 𝑖-th in-

verter connected to the AC grid bus, the equations of the conventional 𝑃/𝜔 and 𝑄/𝐸 

droop characteristics shown in Figure 1.9 are the following: 

 𝜔𝑖 = 𝜔0 − 𝐺𝜔-𝑖 ∙ 𝑃𝑖                 𝐸𝑖 = 𝐸0 − 𝐺𝐸-𝑖 ∙ 𝑄𝑖  

where 𝑃𝑖 and 𝑄𝑖 are, respectively, the active and reactive power at the output of the 

𝑖-th inverter, 𝜔0 is the angular frequency at no load, 𝐸0 is the inverter output voltage 

at no load, and 𝐺𝜔-𝑖 and 𝐺𝐸-𝑖 are the frequency droop coefficient and voltage droop 

coefficient of the 𝑖-th inverter, respectively. 

Droop coefficients are calculated as follows: 

 𝐺𝜔-𝑖 =
∆𝜔

𝑃𝑖-𝑚𝑎𝑥
                 𝐺𝐸-𝑖 =

∆𝐸

𝑄𝑖-𝑚𝑎𝑥
  

(1.1) 

(1.2) 
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where ∆𝜔 and ∆𝐸 are the maximum accepted deviation of angular speed and voltage, 

respectively, and 𝑃𝑖-𝑚𝑎𝑥 and 𝑄𝑖-𝑚𝑎𝑥 are the nominal active and reactive power sup-

plied by the inverter, respectively. 

 

Figure 1.8: Hierarchical control structure with 

conventional droop control for AC microgrids. 

One of the distinct advantages of droop control is that it does not require critical 

communication connections between parallel-connected converters, which improves 

the system reliability [48], [49]. 
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Figure 1.9: Conventional 𝑃/𝜔 (a) and 𝑄/𝐸 (b) droop characteristics. 

By droop regulation the primary control achieves the required power sharing, at 

the expense of some deviation of frequency and voltage from their rated values. Sec-

ondary control – implemented by a higher-level hierarchical entity (e.g., a supervisor 

unit) – then takes charge sensing the microgrid voltage amplitude and frequency and 

compensating the deviations. 

An interesting review of droop control techniques [50] shows solutions featuring 

an intermediate control loop in addition to the conventional ones, with voltage and 

frequency performance improvement of inverters parallel-connected with the AC 

grid bus. 

The droop regulation can be applied also in DC MGs or NGs. Of course, in this 

case the control operations are different from those required in AC microgrids. While 

in an AC microgrid two units are required to control frequency and voltage, in a DC 

microgrid the control is applied to voltage alone. Of course, it follows that the control 

of AC and DC microgrids must be implemented with different algorithms and ap-

proaches. However, the control strategies can share the same classification. 
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- Conventional droop control: it is one of the popular decentralized control 

strategies [51], adopted to minimize or eliminate the current circulating be-

tween converters without a communication link. It also provides good volt-

age regulation. 

- Virtual-Resistance-based Droop Control: by inserting a virtual droop re-

sistance that is a function of the voltage at the output of the DC/DC converter 

connected to the DC bus distributing the electricity to the loads, it is possible 

to achieve a non-linear droop characteristic improving the voltage regulation 

compared to the conventional droop control [52]. 

- Adaptive Droop Control: adaptive control does not require in-depth 

knowledge of the system for control design, unlike conventional and virtual 

resistance droop techniques. In fact, in this case the control parameters are 

self-adapted to satisfy both power sharing and DC bus voltage stability cri-

teria [53]. 

In any case, the droop units execute control algorithms to guarantee system per-

formance and stability. 

The main goals of microgrid control can be listed as follows [7]: 

- smooth switching from grid-connected mode to islanded mode, and vice 

versa; 

- efficient regulation of voltages and currents in both islanded and grid-con-

nected modes; 

- efficient proportional load power-sharing; 

- ensure stability with constant power load as well as non-linear ones; 

- coordinate DERs, BES and others storage devices included in the system; 

- control the power flows in the microgrid and, if grid-connected, with the 

utility grid; 

- synchronize the microgrid with the utility grid; 

- prevent grid failures and avoid black starts; 

- ensure uninterrupted power supply to critical loads (e.g., hospitals); 

- maximize DER potential; 

- minimize transmission losses; 

- optimize generation cost; 

- reduce the cost of load dispatching; 
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- optimize the microgrid energy production to be competitive in the energy 

market. 

A plethora of microgrid control strategies can be found in the literature. Figure 

1.10 shows in a diagram a possible taxonomy of microgrid control techniques [54]. 

In the next paragraphs we will focus specifically on the classification based on con-

troller function. 
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Figure 1.10: Schematic classification of MG/NG control techniques. 

1.4.2.1 Centralized Control 

In the case of centralized control, the distributed generators of the grid are connected 

to a control unit such as a microcontroller, or a switch, or a server that provides 

reference values for primary control. In this technique, a microgrid central controller 

(MGCC) gathers data from the controlled distributed generators, based on which it 

performs calculations to determine the control actions necessary to properly manage 
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the power flows in the microgrid [55]. A schematic diagram of a microgrid with this 

type of control is shown in Figure 1.11. Hierarchically, a device controller operates 

at the primary control level. 
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Figure 1.11: Schematic diagram of a microgrid with centralized control. 

The control commands need to be transferred to the peripheral units via an ap-

propriate communication medium. The strong reliance on high-speed communica-

tion between the MGCC and its monitored and controlled units is the main disad-

vantage of this method, because any communication fault will affect the performance 

of the whole microgrid and may even result in complete black-out. Beside poor fault 

tolerance capability, the major drawbacks of this control method include the need 

for supervisory control, and low scalability. Among the advantages of the centralized 

controller are the effective controllability of the whole system, the need for a single 

controller, and the possibility to define general strategies for monitoring and control-

ling the system. 

In DC microgrids, the central control is typically implemented with the mas-

ter-slave architecture shown in Figure 1.12 for managing parallel operation of mul-

tiple distributed sources [56]. In this case, a converter operates as master voltage 

source converter controlling slave units feeding the required current as ordered by 

the master controller. 
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Figure 1.12: Scheme of a Master-Slave architecture for centralized control of a MG. 

Problems related to specific converters can be solved with different methods. For 

example, PWM controlled DC/DC step-up converters can usually regulate the output 

voltage over a small range, and works have been published aiming to solve or miti-

gate this problem. As an example, authors in ref. [57] showed the results obtained 

using a master-slave approach with phase-shift control for an input-series and out-

put-parallel full-bridge converter. Features like flexibility and simple implementa-

tion make it suitable for high power and high voltage grids. 

In [58], an improved master-slave control strategy based on 𝐼-𝛥𝑉 droop ad-

dresses the problem of smooth transition between grid-connected and islanded 

modes. Here, when the microgrid is grid-connected, the energy storage converter 

operates as a slave controlling the current as in conventional master-slave control, 

while during island detection and islanding it smoothly transitions to voltage control 

with a droop approach. 

1.4.2.2 Decentralized control 

In a decentralized architecture primary and secondary level controls are implemented 

in microgrid units above the converter controls. Different topologies can be found in 

the literature, with (Figure 1.13a) or without (Figure 1.13b) an MGCC controlling 

distributed generators (DG) as proposed in [59]. 
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The decentralized control strategy is considered the most reliable, but there are 

limitations due to the absence or to the reduced band of communication links. 
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Figure 1.13: MG decentralized control architectures with (a) or without (b) an MGCC. 
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1.4.2.3 Distributed Control 

In this case, the controllers of each power electronic unit are connected to a network 

to form a distributed secondary control mainly aimed at maintaining proper load 

sharing and steady grid voltage. This approach has the advantages of both centralized 

and decentralized control architectures. 

Figure 1.14 shows a diagram of a distributed control architecture [60]. Here, each 

unit uses local variables, as voltage and frequency, exchanged with its neighbors. 

The communication link is bidirectional to allow global optimization as in a central-

ized scheme. 
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Figure 1.14: Diagram of a distributed control architecture. 

Compared with architectures using single centralized control, this solution re-

duces the risk of global system failure since the system is immune to one-point fail-

ures. It also provides good stability along with reduced communication cost. More-

over, distributed control is highly scalable (significant increase in DG units makes it 

quite difficult to up-scale a centralized control system). 

The main problems include voltage and frequency restorations, and power-shar-

ing improvements [61]. 

The techniques used for a distributed secondary control are different. For exam-

ple [62], [63]: 

- Multi-agent system; 

- Consensus-based technique; 
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- Decomposition-based techniques; 

- Distributed model predictive control-based techniques. 
 

1.5 State of the art on simulations 

As analyzed in the previous chapter, the traditional power generation and distribution 

systems will be supplanted by the SG concept and framework which will transform 

the way the legacy power grid has been traditionally designed and managed. The 

plethora of actors involved in this process, including intermittent and variable gen-

eration from RES, mobile loads, and storage, such as EVs and the need of 

plug-and-play functionalities, will increase the uncertainty and complexity of the en-

ergy management system [64]. Consequently, this complexity accelerates the need 

to identify the appropriate computational tools to perform designing and sizing ac-

tions in this future SG context. 

However, there is a plethora of black-box simulation tools in this area, which 

challenges the network designer and operators to find an appropriate tool based on 

their objectives and on the kind, size, and topology of the grid. In general, this sim-

ulation software allows the user to define the number, the size and the nominal pa-

rameters of the model of each component of the network. After running the simula-

tion, they provide results including the optimal size of each component of the system 

and provide detailed information about energy flows among various components. 

Some, additionally compute statistics about carbon footprint and financial/cost anal-

ysis. 

Several tools are conceived to help transmission network operators to model and 

analyze power generation systems or power transmission and distribution systems. 

Authors in [65] give a comprehensive review of these tools, alongside to short-circuit 

and power-quality and stability analysis tools. Many other black-box tools are de-

signed to cope with modelling complete energy systems including generation (also 

from RES), storage and typical load consumption profiles. A complete review of 

these tools is given in [66]. In addition, ref. [67] gives a more refined review and 

comparative analysis restricted to 19 simulation tools for hybrid renewable energy 

systems. 
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If we shift the focus from black-box (always offline) systems towards the tools 

used in research for the design, sizing, and optimization of developed prototypes, as 

well as tools employed in online systems, including Hardware-In-The-Loop (HIL) 

or Supervisory Control and Data Acquisition (SCADA) facilities, simulation tools 

can be classified in two main categories: offline and real-time [68], [69]. 

Most of the power system simulators are offline, namely, they run the simulation 

on a standard processor (e.g., a personal computer or workstation) and provide the 

results in an output file or on the screen. They do not interact with any external 

equipment, and they operate on local available datasets and information: everything 

that needs to be included in the simulation is modeled within the simulator. In case 

it is necessary to increase the total computational power, or when we need to split 

the model among different specialized simulation platforms, one or more parts of the 

system can be modeled and run on different platforms, externally interconnected by 

means of proper interfaces and communication protocols. This is called a co-simu-

lation, but it is still an offline simulation paradigm. The main characteristic of the 

offline simulation is that it does not have to coordinate its simulation speed with any 

real-time event. Almost all power-flow and transient stability simulators are consid-

ered offline simulators, as well as Electromagnetic Transient (EMT) simulators. In 

off-line simulations, the speed of the simulation can be faster (or much faster) or 

slower (or much slower) than the real-time evolution of a phenomenon. Therefore, 

in some cases offline simulations are convenient compared to real-time ones in case 

the computation can be executed faster; vice versa, there are cases when a slow-ex-

ecuting model can perform better if run on a real-time specialized simulator, even 

when it does not require to interact with real-world equipment. 

Real-time simulators perform instantaneous time domain simulations running in 

hard real-time using dedicated, purpose-built, high performance, multicore, 

multi-processor computing platforms with real-time/low-latency input/output inter-

face capabilities. While their simulation results are the same as off-line simulation, 

their real-time nature and I/O capabilities allow them to connect to external equip-

ment (automation and control as well as, in some cases, power equipment) for closed 

loop testing, which is called HIL simulation. 

A special application of the real-time simulation paradigm is the case where a 

simulator interacts, controls and exchange live data and signals with an online 

real-world physical system or network. In this case it is called online simulation. 
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These simulators can help with the decision-making process in system control: it is 

the case of SCADA systems. 

1.5.1 Model-based Design 

Model-based design (MBD) is a mathematical and visual method of addressing the 

problems associated with designing complex control systems and is being used suc-

cessfully in many motion control, industrial equipment, aerospace, automotive, and 

power electronics applications. It provides an efficient approach for the four key el-

ements of the development process cycle, namely: 

 1st modeling a plant (system identification), 

 2nd analyzing and synthesizing a controller for the plant, 

 3rd simulating the plant and controller, 

 4th deploying the controller. 

This allows to integrate all these phases and to provide a common framework 

throughout the entire design process. 

This MBD paradigm is significantly different from the traditional design meth-

odology. Rather than using complex structures and extensive software code, design-

ers can now define advanced functional characteristics using continuous time and 

discrete-time building blocks. These models, along with some simulation tools, can 

lead to rapid prototyping, virtual functional verification, software testing, and vali-

dation. MBD is a process that enables faster, more cost-effective development of 

dynamic systems, including control systems, signal processing, and communications 

systems. In MBD, a system model is at the center of the development process, from 

requirements development, through design, implementation, and testing. The control 

algorithm model is a specification that is continually refined throughout the devel-

opment process [68]. 

The MBD framework workflow consists of four steps as outlined in Figure 1.15. 

The first step is called Model-in-the-Loop (MIL), Figure 1.16: it consists in an of-

fline simulation where neither the controller, nor the plant, operates in real-time. At 

this step engineers can study the performance of the system and design the control 

algorithms in a virtual environment, by running computer simulations of the com-

plete system or subsystem. 
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Figure 1.15: MBD simulations. Workflow: from MIL to HIL. 

 

Figure 1.16: MIL: setup of the offline simulation model of the system. 

 

The second phase is SIL, Figure 1.17. Here the control section of the model is 

re-written or converted into code (e.g., C/C++) and inserted in the model by means 

of S-functions (system-functions). S-functions allow to define how a subsystem 

works during different phases of the simulation, such as initialization, update, deriv-

atives, outputs, and termination. In every step of a simulation, a method is invoked 

by the simulation engine to fulfill a specific task [70]. This allows to lower the level 

of abstraction, getting closer to the real implementation. 

A step further consists in deploying the control code on a real (embedded) de-

vice, like a microcontroller, a DSP, an FPGA, etc., as shown schematically in Figure 
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1.18. This third phase is called Processor-in-the-Loop (PIL). The control device then 

needs, to communicate with the simulation environment by means of standard inter-

faces and protocols like JTAG (e.g., over USB), TCP or UDP over Ethernet, etc. In 

this way, the processor is provided with virtual signals coming from the simulated 

plant, it can process them, and it produces control outputs which are sent back to the 

model of the plant, closing the loop. This phase allows the designers to test the per-

formance of the processing unit and to revise the code, to optimize the whole execu-

tion. It is important to note that, at this stage, the controller is not exchanging any 

signals with the real world, therefore no hardware interface peripherals are used yet. 

 

Figure 1.17: SIL: the control logic is compiled into executable code. 

 

Figure 1.18: PIL: the control code is deployed to an embedded device 

and interfaced with the simulated plant through a data communication line. 

The last step is HIL. As shown in Figure 1.19, it is a technique for combining a 

simulation model of a system with actual physical control hardware, such that the 

hardware performs as though it were integrated into the real system. The hardware 
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controller and associated software are connected to a mathematical simulation of the 

system plant, which is executed on a dedicated simulator in real-time. To connect 

the real-time model to the hardware controller, the simulator is equipped with spe-

cialized hardware enabling it to receive electrical signals from the controller, as ac-

tuator commands to drive the plant, and it converts these signals into the physical 

variables connected to the plant model. After that, the plant model calculates the 

physical variables that represent the outputs of the plant, these values are converted 

into electrical signals (that represent the voltages produced by the sensors) and they 

are fed to the controller inputs. Here, also the physical I/O capabilities (both digital, 

analog, and specialized peripherals e.g., PWM generation) of the controller are in-

volved and tested. 

 

 

Figure 1.19: HIL: the embedded controller is interfaced 

with a specialized simulator, exchanging physical signals. 

 

Moving the focus from the controller to the plant, the HIL paradigm can be re-

versed, namely, the control section and, optionally, a section of the plant, are simu-

lated by a real-time software and interfaced with a physical implementation of the 

plant (or the remaining part of it) as in Figure 1.20. In this case it is referred to as 

power-HIL (p-HIL) – while the previous case is sometimes called control-HIL 

(c-HIL). In this case, too, it is necessary to have a specialized simulation platform, 

equipped, in addition, with ad-hoc interfaces that allow the exchange of power sig-

nals with the physical system. 
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Figure 1.20: p-HIL: the plant (or a part of it) is setup in the real world and interfaced with a 

speialized simulator able to echange both control and power signals. 

1.5.2 Digital Twins and SCADA in Smart Grids 

During the last decade, the rapid diffusion of the HIL (especially p-HIL) paradigm 

led to the possibility of exploring a new world where real-time simulation models 

are paired and interact directly with on-field technologies and systems. This paved 

the way for the diffusion of the concept of Digital Twin (DT) and of SCADA systems 

within smart grids. Furthermore, these technologies are receiving a strong boost in 

the context where online monitoring, flexibility in operation, better inventory, man-

agement, and personalization of services are the most promising market pulls, and 

where availability of cheap sensors and communication technologies, together with 

the widespread diffusion of artificial intelligence, cloud and edge computing are the 

major technology push [71]. 

A DT is a detailed virtual representation of a physical system. According to the 

literature, the DT approach should contain three major components: the physical sys-

tem (physical twin), the virtual model of the system (i.e., the DT itself) and a bidi-

rectional information link in between physical and virtual twins [72]. The two second 

components can be implemented by means of an HIL system. 

When a DT is connected to its physical counterpart, it does not only give 

real-time information for more sophisticated decision making, but it can also make 

predictions about how the system will evolve or behave in the future, augmenting 
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sensor data with synthetic data generated from faster-then-real-time parallel simula-

tions. 

The DT approach can achieve three main results: 

- fine tuning and validation of the DT model, thanks to data collected in 

real-time on the field; 

- perform offline simulations involving the DT to predict or study the ef-

fects of changes to the system (e.g., introduction of new components or 

parts, change in the size of components, etc.) or to the environment in 

which the system operates; 

- perform online simulations where the DT (or multiple instances of it) 

runs in real-time (or faster-than-real-time), allowing to make automated 

decisions in a more informed way, perform data statistics and analysis 

to detect/predict the equipment status and defects in time [73], and, fi-

nally, allowing human interaction and monitoring (sometimes called hu-

man-in-the-loop) through advanced graphical user interfaces (see Figure 

1.21). 

 

Figure 1.21: Diagram of an online DT. 

Modeling the behavior of physical systems is the first step towards creating a DT 
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RES generation) is significant. Therefore, implementing models by traditional ap-

proach, namely, individual modeling of the physics underlying each single compo-

nent, in a way that they can meet the functional requirements of a DT is not practical 

or even feasible. This calls for simplified behavioral models, easily (or automati-

cally) tunable with data from the field. The complexity of detailed physical models 

describing many interconnected dynamic systems also represents a big problem 

when the target is reaching real-time (or higher) performance. 

In particular, in EMT domain simulations the length of the simulation time-steps 

is strictly related to the switching frequency of the converters, requiring very high 

temporal resolution, thus lot of solver iterations. This leads to models capable of very 

fine representation of the system dynamics but simulations running much slower 

than real-time. Therefore, this kind of models are very useful, thanks to their level 

of detail, in designing single components of a system (e.g., power converters, de-

vice-level control algorithms, etc.), but they can represent an unacceptable overhead 

in system-level (grid-level) simulations. A way to overcome this is designing behav-

ioral models in phasor-domain simulations. To summarize the concept, in Figure 

1.22 the DT approach capabilities are drawn in a virtual model-fidelity/simula-

tion-speed space. 

 

Figure 1.22: Correlation between simulation-speed and model-fidelity 

considering different DT deliverables. 
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In the power systems area, online DTs represent the natural evolution for 

SCADA systems, allowing to build the control centers for the future SG [74]. 

According to [75], SCADA systems are defined as a collection of equipment that 

will provide a remote operator with sufficient information to determine the status of 

a particular piece of equipment or a process, and take actions regarding that equip-

ment or process without being physically present. The terminology SCADA is gen-

erally used when the process to be controlled is spread over a wide geographic area, 

like power systems. To date, the majority of DSO employ SCADA technologies to 

manage the distribution network with different functions at different levels of the 

system (Figure 1.23), including centralized and distributed power generation plants. 

SCADA involves three major activities: 

- data acquisition from the field, 

- monitoring and supervisory control of the plant, 

- automated (or manual) decision making and actuation. 

 

Figure 1.23: SCADA applications in power systems. 
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1.6 Contributions of the thesis 

The main contribution of this thesis is to provide a library of behavioral models 

for top-level simulations of SGs. Secondly, a building thermal model is integrated 

with electrical models in order to obtain a comprehensive energy model. As we will 

show in simulation results, the goal of the given approach is to obtain information 

about the evolution of the system in terms of energy and power exchange between 

the actors of the grid, the state of the main components (storage systems, loads acti-

vation and scaling, PV production, fault detection and islanded operation…), volt-

ages and currents values in phasor domain. A further important advantage is given 

by the fact that this kind of models allows simulations to be carried out on a large 

time scale (in the order of months to years) with a particularly low ratio between the 

simulated time span and the computation time: less than 0.15% using standard CPUs 

in the case of the models presented in the following chapters. As detailed in the pre-

vious paragraphs, this aspect is of particular importance when you need to perform 

real-time or faster than real-time simulations (e.g., in DT applications or in predict-

ing/estimating the evolution of a system). These execution times are orders of mag-

nitude lower than those generally required by simulations in the EMT domain where 

detailed electrical or physical models are employed. In the latter case, in fact, the 

simulation execution speed is much lower than the real-time as the maximum simu-

lation time step is bound to the physical dynamics of the electronic components 

and/or to the maximum operating frequency of the switching components [76]. 

The behavioral approach allows to make system-level considerations about the 

introduction and sizing of new grid components considering many aspects, from the 

electrical one to the economic balance, the environmental benefits, etc. 

 



 

 

Chapter 2  

 

University of Parma South 

Campus Grid Model 

The smart MG paradigm is one of the key elements in the process of accommodating 

the penetration of DERs at the distribution level. The diffusion of erratic, non-dis-

patchable DERs makes distributed autonomous control a necessary complement of 

standard control strategies conceived for one-directional energy flows that are des-

tined to be displaced by much more complex and less predictable bidirectional flow 

patterns. Besides, the aggregation of DERs, Battery Energy Storage Systems 

(BESSs), and loads, in potentially autonomous clusters such as Micro- or Nano-

Grids fosters efficiency, sustainability and grid resilience. Smart energy MGs are 

therefore key ingredients of the recipe for Smart Cities [77]. 

University campuses are natural playgrounds for the development of MG con-

cepts, thanks to the ideal scale and a dynamic environment from both intellectual 

and real-estate development points of view [78]–[86]. 

Authors in [78] present an energy management algorithm for the optimal dis-

patching applied to the case of the Savona Campus Smart Polygeneration Microgrid, 

considering Combined Heat and Power (CHP) units, boilers, electrical storage, and 

electric loads. In [79], the same facility is employed as a test bed for studying the 

effects of the PV penetration on the campus grid from an economical point of view. 

Paper [80] present a design proposal for the future implementation of a microgrid in 

the University Campus of UNICAMP in Brazil: a description of the state-of-the-art 
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of the microgrid is given and the introduction of new components is discussed. Ref. 

[81] describes the University of New Mexico grid and argues about the introduction 

of a communication system infrastructure to interact with the outside world to regu-

late the internal energy consumption according to energy availability. In [82], the 

introduction of a commercial SCADA system into the Federal University of Ceará 

campus grid is described. The aim is to improve the quality of service by increasing 

the reliability and security of the power distribution system. Authors in [83], present 

the case of study of the Trieste University Campus: a power flow simulation model 

is designed, and the introduction of smart meters and actuators is discussed, giving 

preliminary experimental results. In [84] the National Laboratory of Smart Grids of 

the University of Colombia is described. In particular, the design of a multi-layer 

reference model is discussed, and a commercial data management and data-driven 

decision-making platform is chosen to fulfill all the functions and objectives of the 

framework. Authors in [85] present the case of the Saudi Arabia University Campus 

where energy metering and management systems are installed in many of the facili-

ties’ buildings. An automated control system is set up to schedule lights and air han-

dling units resulting in a 14.3% reduction in energy consumption. Finally, in ref. [86] 

the development of a DT of the National Autonomous University of Mexico smart 

grid is presented. The DT is obtained by combining two commercial systems, 

namely, a SCADA platform and a power systems simulator. The DT is employed in 

integrating new renewable energy sources linked to balance increasing load demand, 

analyzing power outages and energy quality, studying the integration of electric ve-

hicles, etc… 

 

The University of Parma South Campus (UPSC) hosts 4 departments and 10 re-

search centers covering a wide spectrum of scientific and technological disciplines, 

together with recreational and sports facilities, cafeterias, etc. The number of stu-

dents, faculty and staff is in the range of ten thousand. The installation of 677 kWp 

of photovoltaic (PV) power generation and ten charging stations for electric vehicles 

(EVs) marked the beginning of a process that should see, in the next few years, up-

scaling of PV generation capability, BESS deployment, and installation of a meter-

ing network to monitor and control the energy grids (electrical and thermal). The 

electric MG will be integrated with the thermal grid [87], [88] into a smart energy 

grid for optimized performance and efficiency. 
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Detailed modeling of the key elements of the energy infrastructure and of the 

MG as a whole is a necessary step in this process: first, as a design and planning tool; 

in the second stage, as the backbone of the MG control system. This chapter de-

scribes the development of a MATLAB-based campus MG DT and its use to inves-

tigate possible scenarios of PV generation and BESS deployment in combination 

with EV charging stations [89]. In particular, a library of models for the components 

of a campus MG is presented including: 

- a model for the PV plants with MPPT control algorithm; 

- a model for the BESS for grid-connected and islanded operation modes; 

- a detailed model of the heat-pump-based heating/cooling system of a cam-

pus building, coupling the dynamic thermal model with the electric grid 

model; this kind of comprehensive energy grid modeling will likely gain 

importance in the near future as the concept of integrated energy districts 

and their modeling become more common; 

- outdoor lighting load modeling; 

- active power/frequency (P-f) droop characteristics for the estimation of MG 

frequency variations in islanded mode. 

It is worth pointing out that at the present stage the model is not intended to serve 

MG control purposes [90], [91], load flow or stability analysis; rather, it is aimed at 

giving a physical description of the main components of the electric MG as a guide 

to development planning [92]–[95]. 

2.1 Modeling Approach 

The UPSC MG DT is built in MATLAB-Simulink environment. Because the aim is 

to study the evolution of the grid towards increased smartness, it is necessary to 

evaluate its economic and environmental sustainability over long periods of time, 

which calls for simulating time windows of at least a year. Therefore, simplifications 

are required in order to reduce the computational load and make simulations much 

faster than real-time. A discrete-time three-phase phasor-domain simulation [96] 

method is adopted, which implies, in particular, that the frequency is considered to 

be constant (a few considerations about the inclusion of frequency variations are 
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given in 2.4). The model is developed in the Simscape Electrical Specialized Power 

Systems environment. 

An ideal voltage generator represents the connection with the national power 

grid (NPG), which is currently the main source of energy for the UPSC. From this 

Point of Common Coupling (PCC), the internal grid is organized in a tree-like struc-

ture with additional loops serving buildings of recent construction and for emergency 

and backup purposes. Each node of the tree is equipped with a transformation cabi-

net. Transformers, transferring power from medium voltage to low voltage utilities, 

are modelled by the Simscape block Three phase transformer (Three windings). Me-

dium voltage (MV) distribution lines have no neutral reference, whereas low voltage 

power is distributed with the additional neutral wire. Each distribution cable is mod-

elled by the block Distributed Parameters Line with per-unit-length values of re-

sistance, inductance, and capacitance specific for the UPSC case. End-side utilities 

consist of buildings or building compounds. In total, the model currently includes 18 

facilities, including classrooms, scientific laboratories, offices, sport facilities (with 

outdoor and indoor facilities and swimming pools), canteens and cafeterias. A sche-

matic diagram of the UPSC MG is shown in Figure 2.1. 

2.2 The Campus Grid Model 

In this section the MATLAB/Simulink models of the components of the MG DT are 

described. Loads include generic campus buildings, a detailed model of a building 

heating/cooling system, and outdoor lighting loads. Loads are modeled as current 

sinks, with active power absorption profiles described in the paragraph 0. Reactive 

power absorption is considered based on a constant load angle that characterizes the 

individual loads. Generation is currently limited to PV (paragraph 2.2.4), and storage 

to battery banks (paragraph 2.2.5); a battery like model is also used for the EV charg-

ing stations (paragraph 2.2.6). 
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Figure 2.1: Schematic diagram of the UPSC grid model. 

 

2.2.1 Generic Building Modeling 

Loads are modeled considering weekly power consumption profiles. The UPSC grid 

development plan includes the deployment of a network of smart metering devices 

for consumption monitoring. However, to date, the only available data comes from 

legacy metering devices recording the monthly consumption of selected buildings 

and of the whole campus. Thus, our consumption profiles are built based on reason-

able scaling of the available measured profiles. In the case of office buildings, real-

istic power consumption profiles based on a measurement campaign performed on a 

representative building are built, upscaling or downscaling figures depending on the 

building area and population. In particular, the weekly consumption profile of a rep-

resentative building is measured at three different times of the year: (1) winter (av-

erage of a few weeks from December to February); (2) spring (end of April) (Figure 

2.2); (3) early summer (mid-June). These sample profiles are then scaled according 
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to the monthly energy consumption of the whole UPSC (Figure 2.3); in Figure 2.4 

the computed yearly profile for the sample building is plotted, obtained by scaling 

the measured data of Figure 2.2 according to the overall consumption of Figure 2.3. 

 

 

Figure 2.2: Typical weekly load power profile for a sample UPSC building. 

Data measured in mid-June. 

 

Figure 2.3: Total monthly consumption of the UPSC over a year. 
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Figure 2.4: Calculated yearly power profile for a sample building. 

2.2.2 Building Heating/Cooling System Modeling 

The integration of thermal and electrical energy aspects in a single model has not 

received much attention in the literature. This will likely have to change due to the 

increasing diffusion of heat pump systems, often fed by rooftop PV. This paragraph 

shows an example of a combined electrical/thermal model. The UPSC building we 

modeled (Vislab in Figure 2.1) is one of the most recently built in the campus. Unlike 

the others, it is equipped with its own heat pump heating/cooling system. 

To reduce the model complexity, all the rooms are lumped into a single Building 

Air Thermal Mass; likewise, roof, walls, and windows are each represented by a 

single thermal mass. Figure 2.5 shows the Simulink implementation: the thermal 

masses describing roof, walls and windows are coupled on one side with the indoor 

air thermal mass, on the other with the external atmosphere. Heat conduction and 

convection coefficients are input parameters regulating the heat flow on either side. 

The outdoor air temperature comes from a measured dataset. 

The heating or cooling action performed by the fan coil units is modeled by 

means of a controlled Thermal Power Source that transfers heat from the convector 

coil to the indoor air mass according to the control signal Fan Coil Thermal Power. 

The convector coil is a pipe wherein flows the thermal fluid coming from the heat 

pump, with a thermal mass representing its thermal capacitance. The Fan Coil Ther-

mal Power is computed based on the fan running state (on/off, speed) and the heat 
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exchange efficiency of the fan coil. The fan is activated by a hysteresis thermostat 

featuring four different temperature set points, as shown in Table 2.1, depending on 

the season (summer cooling, winter heating, or midseason off-state) and working 

hours, (normal operation during working hours and days, quiet operation otherwise: 

the quiet mode is meant as a compromise between energy saving and the need to 

keep temperature fluctuations within acceptable bounds). 

 

Figure 2.5: Simulink implementation of the thermal model of the VisLab building. 

Table 2.1: Temperature hysteresis thresholds employed in the 

thermostat implementation for the activation of the fan coil units. 

 Season 

Summer Winter 

Mode 
Normal 22 ÷ 23 °C 20 ÷ 21 °C 

Quiet 26 ÷ 28 °C 13 ÷ 14 °C 

When the fan coil is active, its speed depends on the difference between the room 

temperature and the thermostat set point, as detailed in Table 2.2 (in quiet, the speed 

is L1). 
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Table 2.2: Fan speed as a function of the difference between the room 

temperature and the temperature set point of the thermostat controller. 

ΔT = Troom − Tset Fan speed level 

ΔT ≤ 0.5 °C L1 (30% of max speed) 

0.5 °C < ΔT ≤ 1.5 °C L2 (70% of max speed) 

ΔT > 1.5 °C L3 (max speed) 

The fan state (on/off, speed) is combined with the heat exchange efficiencies 

shown in Figure 2.6 to yield the Fan Coil Thermal Power. Troom on the horizontal 

axes of the charts in Figure 2.6 is not the actual room temperature but an equivalent 

value that accounts for the variations of both room and fluid temperatures (e.g., in 

the heating case of Figure 2.6 (top), efficiency decreases as the actual room temper-

ature increases and/or as the fluid temperature decreases; the opposite happens in the 

cooling case). 

 

Figure 2.6: Fan coil heat exchange efficiency curves as a function of the room air 

temperature for heating (nominal temperature: 20 °C) (top), and cooling (nominal 

temperature: 27 °C) (bottom). The efficiency is defined to be 1 at the nominal temperature. 

(Data from a manufacturer data sheet.) 
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The algorithm governing the operation of the fan coil unit model (Figure 2.5) is 

described by the following set of equations: 

 𝑃𝑡ℎ = 𝑎 ∙ 𝑐𝑠 ∙ 𝑃𝑡ℎ𝑛𝑜𝑚
∙ 𝑓 (𝑇𝑟𝑜𝑜𝑚𝑒𝑞

)  

 𝑇𝑟𝑜𝑜𝑚𝑒𝑞
= 𝑇𝑟𝑜𝑜𝑚 − (𝑇𝑙𝑖𝑞𝑢𝑖𝑑 − 𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑟𝑒𝑓

)  

 𝑃𝑒𝑙 = 𝑏 ∙ 𝑐𝑠 ∙ 𝑃𝑒𝑙𝑛𝑜𝑚
  

 𝑎 = {

1, 𝑠 = L3
0.7, 𝑠 = L2
0.3, 𝑠 = L1

0.05, 𝑠 = L0

      𝑏 = {

1, 𝑠 = L3
0.7, 𝑠 = L2
0.3, 𝑠 = L1

0, 𝑠 = L0

  

where: 

 𝑃𝑡ℎ computed thermal power provided by the fan coil to the indoor air 

mass; 

 𝑎 fan thermal exchange capability (non-zero even when off, due to 

coil-to-air heat exchange); 

 𝑐𝑠 binary variable indicating the activation state of the conditioning 

system (when zero, it means that also the recirculating liquid is 

stopped); 

 𝑃𝑡ℎ𝑛𝑜𝑚
 nominal thermal power of a fan coil unit (different when heating or 

cooling); 

 𝑓(•) non-linear efficiency/room temperature function of a fan coil unit 

(see Figure 2.6); 

 𝑇𝑟𝑜𝑜𝑚𝑒𝑞
 computed equivalent room temperature; 

 𝑇𝑟𝑜𝑜𝑚 temperature of the air inside the building; 

 𝑇𝑙𝑖𝑞𝑢𝑖𝑑 temperature of the liquid inside the coil; 

 𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑟𝑒𝑓
 reference temperature of the liquid inside the coil (50 °C when heat-

ing, 10 °C when cooling); 

 𝑃𝑒𝑙 computed amount of electrical power absorbed by the fan coil unit; 

 𝑏 similar to 𝑎, but applied to the electrical power absorbed by the unit; 

 𝑃𝑒𝑙𝑛𝑜𝑚
 nominal electrical power rating of a unit; 

 𝑠 fan speed setting (Table 2.2, L0 means that the fan is off). 

(2.1) 

(2.2) 

(2.3) 

(2.4) 
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The maximum instantaneous thermal power that can be provided by the fan coil 

to the air is computed starting from the nominal power capability 𝑃𝑡ℎ𝑛𝑜𝑚
 of the fan 

coil and it is scaled considering the equivalent room temperature 𝑇𝑟𝑜𝑜𝑚𝑒𝑞
 (difference 

between the temperature of the circulating liquid and the one of the air inside the 

building) according to the heat exchange efficiency curves (Figure 2.6). The value 

we obtain is scaled again (𝑎 coefficient), proportionally to the fan speed (𝑠). Note 

that when the fan is turned off, if the temperature of the liquid is different from the 

room temperature, the power exchange is non null. 

Heat exchange efficiency curves (Figure 2.6) given in manufacturer datasheets 

are computed considering a fixed (nominal) temperature for the circulating liquid 

(𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑟𝑒𝑓
). However, in real operational scenarios 𝑇𝑙𝑖𝑞𝑢𝑖d varies during time, thus 

the exchange efficiency of the fan coil also depends on the temperature of the liquid. 

That is the reason why we introduce equation (2.2) in order to estimate an equivalent 

room temperature to be employed with datasheet efficiency curves. 

The electrical consumption of the fan coil, due to the motor driving the fan, is 

computed by scaling (𝑏 factor) the nominal power of the motor 𝑃𝑒𝑙𝑛𝑜𝑚
 in a way 

proportional to the selected fan speed (𝑠). 

The building subsystem model (Figure 2.5) is coupled with the heat pump unit 

subsystem model (Figure 2.7), which features: 

- a pair of pipes implementing a lumped model of the thermal liquid circuit; 

- a water tank, which is the thermal storage of the system; 

- two recirculation pumps; 

- a heat exchanger, whereby the thermal power generated by the heat pump is 

transferred to the thermal liquid; 

- a controlled thermal power source connected to the heat exchanger, repre-

senting the thermal pump heating action; 

- a temperature source for outdoor temperature reference. 

 

The implementation of Figure 2.7 consists of two thermal liquid circuits, each 

with its own Circulating Pump. The Circulating Pump 1 pumps water from the tank 

through a heat exchanger where the water is heated up or cooled down by the heat 

pump (Power Source), before flowing back into the tank. The heat exchanger is also 
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coupled with the ambient temperature (Tamb Source) to emulate the system thermal 

losses. The second circuit, driven by the Circulating Pump 2 pumps water from the 

tank through the pipeline that supplies the fan coil unit. The amount of thermal power 

provided to the water by the heat pump is proportional to the difference between the 

water temperature set point and the actual value of the temperature of the liquid in 

the tank. The control logic uses different temperature set-point ranges depending on 

the time of the day and on the working days’ calendar, according to Table 2.3. 

 

Figure 2.7: Model of the heat pump unit with the water tank, the heat exchanger and the 

circulating pumps. 

Table 2.3: Water temperature range thresholds 

employed in the control of the heat pump unit. 

 Season 

Summer Winter 

Mode 
Normal 10 ÷ 18 °C 40 ÷ 50 °C 

Quiet 16 ÷ 20 °C 38 ÷ 42 °C 

The time dependence of the electric power consumption of the heating/cooling 

system, displayed in Figure 2.8 for a sample week in January, shows the daily early 

morning peaks due to the heating pump restoring the liquid to the Normal conditions 

after the nighttime rest, and the intra-day oscillations due to the on off and step speed 
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regulation of the fan coil units. The total electric energy consumption for the air 

conditioning is of about 12 MWh during the first part of the year (heating mode), 

3 MWh during the summer period (cooling mode) and 8 MWh during the final part 

of the year (heating mode), with a global annual consumption of about 23 MWh. 

 

Figure 2.8: Power consumption of the air conditioning 

system of the VisLab building for a week in January. 

2.2.3 Outdoor Lighting Modeling 

Outdoor lighting is generally estimated to contribute about 15% of the whole urban 

electric energy consumption [97]. We modeled two outdoor lighting subsystems, one 

for street lighting, one for the areas surrounding the campus buildings. 

The street lighting subsystem allows for simple calculations starting from a given 

set of parameters, namely: 

- illumination level 𝐸 in lux (luminous flux per unit area); 

- coefficient of utilization 𝑐𝑈, the value of which (close to 0.3) depends on 

the lamp fixture (fixture type, mounting height, length of the mast arm, 

etc.); 

- maintenance factor 𝑓𝑀 (generally close to 0.9); 

- width of the roadway 𝑤𝑅, in meters [m]; 

- distance between the luminaries 𝑑𝐿, in meters [m]; 

- length of the street 𝐿𝑆, in meters [m]. 
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It is possible to obtain the average light radiation flux 𝜙𝐴 in Lumen, applying the 

following formula [98]: 

 𝜙𝐴 =
𝐸∙𝑤𝑅∙𝑑𝐿∙𝑓𝑀

𝑐𝑈
  

then, the required lamp power in Watt is estimated by using the empirical for-

mula (obtained from interpolation of data [98] coming from various lamp sizes): 

 𝑃𝑙𝑎𝑚𝑝 = 0.0682 ∙ 𝜙𝐴
0.8742

  

Finally, we compute the number of lamps (𝑛𝑙𝑎𝑚𝑝𝑠) required to cover the entire 

street length, and the total nominal power (𝑃𝑡𝑜𝑡) of the street lighting subsystem: 

 𝑛𝑙𝑎𝑚𝑝𝑠 =
𝐿𝑆

𝑑𝐿
  

 𝑃𝑡𝑜𝑡 = 𝑃𝑙𝑎𝑚𝑝 ∙  𝑛𝑙𝑎𝑚𝑝𝑠  

This nominal (maximum) power is used as a reference value for a scheduling 

algorithm that accounts for both the natural light level and the time of the day or 

night, turning lights on when natural light falls below the set threshold (with an ap-

propriate hysteresis value). The illumination level is then regulated by the daily dim-

ming profile in Figure 2.9. For better physical emulation of the electrical behavior, 

the reactive power absorbed by the lamp drivers is estimated, considering that the 

power factor is close to one when the dimming level is 100% and it decreases to 

0.8 ÷ 0.85 for the lowest dimming levels. 

As for the illumination of the outdoor areas surrounding the campus buildings, 

the mask parameters in input to the block are: 

- nominal power of each lighting element (lamp); 

- equivalent perimeter of the building (considering only the areas actually 

illuminated); 

- type of lamp (LED or halogen). 

 

The total lamp power is estimated starting from data of a specific installation 

around a reference building. The same scheduling and dimming profile are used as 

for street lighting. 

(2.5) 

(2.6) 

(2.7) 

(2.8) 
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Figure 2.9: Dimming profile used for the outdoor lighting systems. 

 

The UPSC grid model features 5 street lighting subsystems (4 main streets plus 

1 for parking areas) for a total nominal power of about 11 kW. For the building ex-

ternal lighting, we instantiate a subsystem for each building, with nominal powers 

ranging from < 1 kW to > 8 kW, depending on the length of the illuminated perime-

ter; the total nominal power is 56 kW. 

2.2.4 Photovoltaic Plant Modeling 

The UPSC currently features a total PV production of 677 kWp; divided into three 

plants installed on different locations. The largest plant is installed on a building 

(denoted as Q02) that mostly hosts teaching facilities and consist of two installations: 

one (270 kWp) on the rooftop, the other (250 kWp) on a solar shelter. The second 

plant is divided in many installations placed on the rooftops of the engineering build-

ings; it consists of 7 sub-plants, six of which rated 20 kWp and one rated 10 kWp, 

for a total of 130 kWp. The third plant is rated 27 kWp and it is located on the roof 

of the VisLab spin-off facility. 

As shown in Figure 2.10, PV plants are modeled as an array of modules in series 

(𝑁𝑠) and parallel (𝑁𝑝) governed by a Maximum Power Point Tracking (MPPT) con-

troller [99]. For the sake of simulation speed, the entire PV array and the MPPT 

controller are described by mathematical blocks implementing the corresponding 

equations. 
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Figure 2.10: PV plant model with MPPT controller. 

The PV module (Figure 2.11) is described as series of elementary PV cells and 

it is modeled by the 1-diode equations [100], [101] supplemented by a static thermal 

model [102] that computes the cell temperature starting from ambient temperature 

and wind speed profiles. The equations of the 1-diode model are combined in order 

to obtain a block able to compute the current output of a module based on ambient 

data (namely, irradiance and cell temperature), the voltage across the module and the 

current at the previous simulation step. This choice allows to simplify the mathemat-

ical solution that would otherwise require numerical inversion of an exponential ex-

pression. All the equations are inserted by means of a MATLAB function block. 

The implementation of the PV module model is graphically summarized in Fig-

ure 2.12, where: 

- 𝑉𝑚𝑜𝑑 and 𝐼𝑚𝑜𝑑 are, respectively, the voltage across the module and the cur-

rent generated by it, 

- 𝐺 and 𝐺𝑟𝑒𝑓 are the input irradiance and the one at Standard Test Conditions 

(STC) [103], 

- 𝑇𝑐 and 𝑇𝑟 are the input cell temperature and the one at STC, 
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- 𝜇𝑉𝑂𝐶
 and 𝜇𝐼𝑆𝐶

 are the temperature dependency factors respectively for the 

open-circuit voltage and the short-circuit current, 

- 𝐼𝐿 is the photogenerated current, while 𝐼𝐿𝑟𝑒𝑓
 is the one at STC, 

- 𝐼𝑑 is built-in diode current, 

- 𝑅𝑠ℎ and 𝑅𝑠 are, respectively, the parallel and series resistance of the module, 

- 𝑛𝑠 is the number of cells in series in the module, 

- 𝛾 is the ideality factor of the cell, 

- 𝑞 nad 𝑘 are physical constants, namely, the elementary charge (𝑞 =  1.6 ∙

10−19 𝐶) and the Boltzmann constant (𝑘 =  1.38 ∙ 10−23 𝐽 ∙ 𝐾−1), 

- 𝐼0 is the reverse saturation current, while 𝐼0𝑟𝑒𝑓
 is the saturation current at 

STC. 

 

Figure 2.11: PV module model (Single Diode + Thermal). 
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Figure 2.12: Graphical representation of the 1-diode model for the PV module. 

 

The PV module model is designed to automatically tune the equations’ constants 

(𝑅𝑠ℎ, 𝑅𝑠, 𝛾, 𝐼0𝑟𝑒𝑓
, 𝐼𝐿𝑟𝑒𝑓

) in the model initialization phase (after the compilation and 

before starting the simulation loop) starting from common datasheet parameters, 

namely: 

- 𝑉𝑀𝑃𝑃, the voltage at the maximum power point (MPP) at STC; 

- 𝐼𝑀𝑃𝑃, the current at the MPP at STC; 

- 𝑉𝑂𝐶, the open circuit voltage at STC; 

- 𝐼𝑆𝐶, the short circuit current at STC; 

- the number of cells in the module, 𝑛𝑠; 

- the temperature dependency factors, 𝜇𝑉𝑂𝐶
 and 𝜇𝐼𝑆𝐶

. 

 

The tuning of the constants is performed by evaluating, in the order, the follow-

ing set of expressions: 

 

𝐼𝐿𝑟𝑒𝑓
≅ 𝐼𝑆𝐶   (2.9) 
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𝑅𝑠ℎ =
𝑉𝑀𝑃𝑃

𝐼𝑆𝐶  −  𝐼𝑀𝑃𝑃
 

𝑅𝑠 =
𝑘 𝑇𝑟 𝑛𝑠  

𝑙𝑜𝑔 (
𝐼𝐿𝑟𝑒𝑓

− 𝐼𝑀𝑃𝑃  −
𝑉𝑀𝑃𝑃
𝑅𝑠ℎ

𝐼𝐿𝑟𝑒𝑓
 −

𝑉𝑂𝐶
𝑅𝑠ℎ

)

𝑞
 − 𝑉𝑀𝑃  + 𝑉𝑂𝐶

𝐼𝑀𝑃𝑃
 

𝛾 =  𝑞
𝑉𝑀𝑃𝑃  +  𝐼𝑀𝑃𝑃 𝑅𝑠  −  𝑉𝑂𝐶

𝑘 𝑇𝑟 𝑛𝑠 𝑙𝑜𝑔 (
𝐼𝐿𝑟𝑒𝑓

 −  𝐼𝑀𝑃𝑃  −
𝑉𝑀𝑃𝑃  +  𝐼𝑀𝑃𝑃 𝑅𝑠

𝑅𝑠ℎ

𝐼𝐿𝑟𝑒𝑓
 −

𝑉𝑂𝐶
𝑅𝑠ℎ

)

 

𝐼0𝑟𝑒𝑓
=

𝐼𝐿𝑟𝑒𝑓
 −

𝑉𝑂𝐶
𝑅𝑠ℎ

𝑒𝑥𝑝 (𝑞
𝑉𝑂𝐶

𝑘 𝑇𝑟 𝛾 𝑛𝑠
) −  1

 

𝐼𝐿𝑟𝑒𝑓
 =  𝐼𝑆𝐶  +  𝐼0𝑟𝑒𝑓

 (𝑒𝑥𝑝 (𝑞 𝐼𝑆𝐶

𝑅𝑠

𝛾 𝑘 𝑇𝑟 𝑛𝑠
)  −  1) + 𝐼𝑆𝐶

𝑅𝑠

𝑅𝑠ℎ
 

 

 

 

 

 

The automatic procedure from datasheet specifications to model parameters can 

be performed in a light way thanks to the simplicity of the 1-diode model, which 

does not require to know physical details about the PV-cells. On the other hand, the 

1-diode model is good enough to reasonably estimate the PV plant power production. 

In fact, if compared, for example, with the 2-diode model, which gives a more phys-

ically sophisticated description, it shows a difference in power estimation error be-

low 1% [104]. 

2.2.4.1 Cell Temperature Estimation 

The most important factor affecting the energy yield of a PV cell is the solar 

irradiance; however, since solar cells are made of semiconductors, they are also very 

sensitive to temperature. As accounted for in 1-diode equations, the open-circuit 

voltage decreases significantly with increasing temperature of the PV module, 

(2.10) 

(2.11) 

(2.12) 

(2.13) 

(2.14) 
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whereas the short circuit current increases slightly. Depending on the technologies, 

the 𝜇𝐼𝑆𝐶
 factor ranges from around 0.04 to 0.09 %/°C, while the 𝜇𝑉𝑂𝐶

 is in the range 

of -0.25 %/°C to -0.45 %/°C, giving a total MPP variation from -0.13 %/°C 

to -0.48 %/°C [105]. 

 

For most PV installations, direct measurements of the cell temperature are not 

available, thus cell temperature datasets are almost non-existent. Therefore, it is nec-

essary to empirically parameterize the physical relation between the PV cell temper-

ature (𝑇𝑐), ambient air temperature (𝑇𝑎), incoming irradiance (𝐺) and other meteor-

ological parameters, among which the most significant is the wind speed (𝑣𝑤). Au-

thors in [102] compare six different cell temperature static estimation models. 

Through experimental validation they identify the one proposed in [106] 

(Mattei 1-2) as the most suitable for the majority of the PV plants with modules made 

of silicon-based cells. Nevertheless, in case of amorphous silicon PV modules the 

model in ref. [107] (Koehl) has proved to be more accurate; finally, in case of Cad-

mium Telluride (CdTe) cells, the model in [108] (Kurtz) is found to give the best 

match. In (2.15) we report the equation of the Mattei 1 model for cell-temperature 

(𝑇𝑐) estimation: 

 𝑇𝑐 =
𝑈𝑃𝑉(𝑣𝑤)∙𝑇𝑎+𝐺∙[𝜏∙𝑎−𝜂𝑟∙(1−𝛽𝑟∙𝑇𝑟)]

𝑈𝑃𝑉(𝑣𝑤)+𝛽𝑟∙𝜂𝑟∙𝐺
  

where: 

𝑈𝑃𝑉 is the heat exchange coefficient of the PV module [W∙m−2∙°C−1] em-

pirically defined in [106] as 𝑈𝑃𝑉(𝑣𝑤) = 26.6 + 2.3 𝑣𝑤; 

𝑣𝑤 is the wind speed [m/s]; 

𝑇𝑎 is the ambient temperature [°C]; 

𝐺 is the solar irradiance [W/m2]; 

𝜏 ∙ 𝑎 is the product between transmittance and absorption coefficients of 

the PV cell: one can assume 0.81 as typical value; 

𝜂𝑟 is the efficiency of the module when operated in STC; 

𝛽𝑟 is the temperature coefficient at STC; 

𝑇𝑟 is the STC reference temperature (25 °C). 

(2.15) 
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For the sake of completeness, below we give the equations of the Koehl (2.16) 

and Kurtz (2.17) models: 

 𝑇𝑐 = 𝑇𝑎 +
𝐺

𝑈0+𝑈1∙𝑣𝑤
  

 𝑇𝑐 = 𝑇𝑎 + 𝐺 ∙ 𝑒−3,473−0,0594 𝑣𝑤  

where: 

𝑣𝑤, 𝑇𝑎, 𝐺 are the same as in (2.15); 

𝑈0, 𝑈1 are constants depending on the specific PV cell technology: in 

case of amorphous silicon typical values are 𝑈0 = 25.73 and 

𝑈1 = 10.67 [m−1∙s] (see [102] for additional values). 

In our model we implemented all six equations reviewed in [102], namely Stand-

ard, Mattei 1, Mattei 2, Skoplaki, Koehl, Kurtz (Figure 2.11). The user is allowed to 

select the desired one from the mask of the PV plant subsystem: the default choice 

is Mattei 1. 

2.2.4.2 MPPT Controller 

The MPPT controller observes its internal voltage set-point (V_ref) and the 

power output (P) of the two most recent simulation time steps and determines the 

optimum operating point on a virtual I-V curve. We choose to implement the perturb 

and observe MPPT algorithm thanks to its computational simplicity. As shown in 

Figure 2.13, for each step of the discrete time simulation, power and voltage incre-

ment or decrement (Δ𝑃𝑃𝑉 and Δ𝑉𝑟𝑒𝑓) are observed, allowing to determine if the pre-

sent operating point of the PV plant is to the right or left with respect to the MPP. 

An increase or decrease action is taken accordingly on the voltage reference out-

put of the controller (𝑉𝑟𝑒𝑓 in Figure 2.10). In particular, if the power output is de-

creasing (the system is moving away from the MPP), we need to take an action on 

𝑉𝑟𝑒𝑓 opposite to the last one taken, therefore, if the voltage was decreasing (we are 

to the left of the MPP), we increase it and, vice versa, if it was increasing (we are to 

the right of the MPP), we decrease it. In the opposite way, if the power is increasing 

(the system is approaching the MPP), we keep taking the same action on 𝑉𝑟𝑒𝑓, there-

fore, if the voltage was decreasing (we are to the right of the MPP) we keep decreas-

ing it, vice versa, if it was increasing (we are to the left of the MPP), we keep 

(2.16) 

(2.17) 
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increasing 𝑉𝑟𝑒𝑓. In Figure 2.14 we show the Simulink implementation of the MPPT 

controller with an additional control logic to stop the perturb action when the MPP 

has been reached, and an additional curtailment signal that allows to perform a Load 

Power Tracking (LPT) algorithm when the UPSC grid is required to operate in is-

landed mode and there is an excess in energy production. 

 

Figure 2.13: Graphical representation of the perturb and observe  

MPPT algorithm implementation. 

 

Figure 2.14: Simulink implementation of the perturb and observe MPPT control algorithm. 
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2.2.4.3 Interface with the UPSC Grid 

As shown in Figure 2.10, the power output obtained by the equations (P_out) is 

then injected into the Simscape power grid (at nodes L1, L2, L3) by three current 

generators, each with a complex set point obtained dividing the complex power by 

the measured grid voltage. The real and imaginary part of the injected power are 

computed by the PQ controller subsystem. The input signal Q_set is the reactive 

power exchanged with the NPG. The controller determines the value of the output Q 

in order to minimize the reactive power Q_set. The maximum reactive power that 

can be injected (or absorbed) is limited by cosφ = 0.9 (a typical value for PV invert-

ers). The P output is computed from the DC power (P_out) and the reactive power. 

For islanded MG operation, the PV plants and the BESS must be sized in such a 

way as to keep service disruption and load shedding within acceptable limits. This 

implies, in particular, that over significant parts of the year the PV plant production 

may exceed the load demand. When this happens, and the BESS is in full-charge 

conditions, the PV power production must be curtailed. Therefore, the MPPT con-

troller model supports a derating mode, the activation of which is driven by a central 

supervision unit. In derating mode the controller drifts from the MPP according to 

the derating value provided, thus decreasing the output power according to the load 

demand. 

The solar irradiance data used for computing the PV energy production, as well 

as temperature and wind speed records, come from the ARPAE database of the Emi-

lia Romagna region [109]. 

2.2.5 BESS Modeling 

As shown in Figure 2.15, the storage system model consists of four sub-systems: (1) 

the interface with the campus distribution grid when the UPSC is powered by the 

NPG through the PCC (Converter AC Side - gc); (2) the interface with the campus 

grid for operation in islanded mode (Converter AC Side - ngc); (3) the charge/dis-

charge controller (gc Controller); (4) the Battery block. 3 and 4 are implemented 

with mathematical blocks and equations. The interface blocks represent at a high 

level of abstraction the DC/AC and DC/AC converters. 
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Figure 2.15: BESS Simulink implementation. 

When in grid-connected mode, the interface with the AC grid is modeled with 

three current generators, similarly to the PV interface model described above. The 

generated or absorbed power is computed by the gc Controller. The model accounts 

for conversion efficiencies (assumed constant for simplicity). The gc Controller fea-

tures an integral controller that computes the set-point for the current entering or 

exiting the battery. According to the battery output voltage, power is computed and 

used as set-point for the AC/DC or DC/AC interface plus/minus the conversion 

losses. The gc Controller is coordinated by a central control unit that provides the 

power set point (P_set). Charge and discharge rates are computed based on the re-

quested power (positive for discharging, negative for charging) and the maximum 
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ratings of the converter and battery. The BESS output saturates when the request 

exceeds the maximum ratings. The P_set signal is determined by the central control 

unit, the policy of which is to minimize the energy bought from the NPG by storing 

the PV energy excess in the BESS. 

When the MG disconnects from the NPG (e.g., during faults) and works in is-

landed mode, the Converter AC Side - ngc interface is selected: the conversion stage 

is a 3 phase amplitude controlled AC voltage source, as shown in Figure 2.16. The 

amplitude of the output voltages is computed by the Vadjust subsystem according to 

the instantaneous value of the state of charge (SoC). 50% SoC corresponds with an 

output voltage equal to the nominal value; then, the output voltage amplitude is var-

ied above or below the nominal value if the SoC goes over or under its midpoint, 

respectively. This allows different BESS installations to automatically equalize the 

respective SoC by supplying more or less energy to the grid. The voltage/SoC slope 

is constant when 22% < SoC < 90% and becomes steeper outside this range to pre-

vent battery overcharging and over-discharging. In islanded mode, a central control 

unit receives data from the BESS: upon reaching the full SoC value (90%), the con-

trol unit sends a derating value to the PV MPPT controllers, based on the SoC and 

its slope. 

 

Figure 2.16: BESS AC interface when operated in islanded mode. 
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The battery cells (Figure 2.17) are modeled by the Tremblay Dessaint equations 

[110], wherein the SoC is computed by a time-domain integration of the cell current; 

the output voltage is computed based on the SoC using an empirical equation tuned 

on the basis of the following parameters extracted from the discharge curve: the out-

put voltage at fully charged cell (𝐸𝑓𝑢𝑙𝑙); the output voltage and depth of discharge 

(DoD) at the end of the exponential zone (𝐸𝑒𝑥𝑝, 𝑄𝑒𝑥𝑝); the output voltage and DoD 

at the end of the nominal zone (𝐸𝑛𝑜𝑚, 𝑄𝑛𝑜𝑚); the model also requires a value for the 

internal equivalent series resistance and an estimate of the battery dynamic response 

time (experimentally determined to be 30s for most applications [110]). The dynamic 

response time is necessary to compute a filtered time profile of the current (𝑖∗) used 

to recreate the dynamic behavior. 

 

Figure 2.17: Battery cell model. 

Two slightly different equations are employed in computing the battery terminal 

voltage (𝑉𝑏𝑎𝑡𝑡) for the discharge and charge modes: 

  - discharge mode:  

 𝑉𝑏𝑎𝑡𝑡 = 𝐸0 − 𝑅 ∙ 𝑖 − 𝐾
𝑄𝑓𝑢𝑙𝑙

𝑄𝑓𝑢𝑙𝑙−𝑄𝑑
(𝑄𝑑 + 𝑖∗) + 𝐴 exp(−𝐵 ∙ 𝑄𝑑)  (2.18) 
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  - charge mode:  

 𝑉𝑏𝑎𝑡𝑡 = 𝐸0 − 𝑅 ∙ 𝑖 − 𝐾
𝑄𝑓𝑢𝑙𝑙

𝑄𝑓𝑢𝑙𝑙−𝑄𝑑
𝑄𝑑 − 𝐾

𝑄𝑓𝑢𝑙𝑙

𝑄𝑑−0.1∙𝑄𝑓𝑢𝑙𝑙
𝑖∗ + 𝐴 exp(−𝐵 ∙ 𝑄𝑑)  

where: 

𝑉𝑏𝑎𝑡𝑡 [V] is the cell output voltage; 

𝑅 [Ω] is the internal series resistance; 

𝑄𝑓𝑢𝑙𝑙 [Ah] is the battery full capacity (at 100% SoC); 

𝑄𝑑  [Ah] is the battery discharge level; 

𝑖 [A] is the current exiting the battery, 

𝑖∗ [A] is the filtered version of the current computed in order to emulate 

the dynamic response of the battery. 

The constants 𝐴, 𝐾, 𝐸0, in the equations above are computed at the model ini-

tialization phase (before the simulation starts) by setting the cell parameters values, 

namely: 𝐸𝑓𝑢𝑙𝑙, 𝐸𝑒𝑥𝑝, 𝑄𝑒𝑥𝑝, 𝐸𝑛𝑜𝑚, 𝑄𝑛𝑜𝑚. The constant 𝐵 is set at 3/𝑄𝑒𝑥𝑝, as empiri-

cally obtained in [110]. 

The BESS model features reactive power compensation implemented in the 

same way as in the PV model. 

2.2.6 EV Charging Station Modeling 

The battery cell model described above is used to emulate the operation of the 10 

EV charging stations located in front of the Q02 building (where we also have the 

largest PV plant, as discussed before). Since no field data have been collected yet 

from this facility, we simulated a reasonable rate of random activation of the charg-

ing stations (during working hours and days). Each station is described (as in Figure 

2.18) by a charge controller, the interface with the AC grid, and a battery cell pack 

simulating the EV under charge. When the start signal is activated (a vehicle charg-

ing request), if the station is not busy with a previous charge request the SoC is reset 

and charging proceeds until full SoC is achieved. Charging is regulated by the 

Charger & Control subsystem, which implements a constant current/constant volt-

age (CC/CV) algorithm [111]. Figure 2.19 shows an example of a charging profile 

of one of the charging stations computed by the model. 

(2.19) 
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Figure 2.18: Simulink model of an EV charging station. 

 

Figure 2.19: Example of 2 charging cycles performed by an EV charging station. 
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2.3 Simulation Results 

Since the aim of our model is to support planning for increasing penetration of PV 

generation and BESS, maintaining at the same time satisfactory grid performance, 

two key aspects are the economic benefits and the environmental footprint. 

From an economic point of view, we consider the following indicators (prices 

and costs in Table 2.4): 

- cost of energy bought from the power grid (𝐶𝑃𝐺
𝑏  [

€

kWh
]); 

- revenue from energy sold to the grid (𝐶𝑃𝐺
𝑠  [

€

kWh
]); 

- capital cost (installation and maintenance) for PV plants (20 year depre-

ciation time) (𝐶𝐶𝑃𝑉  [
€

kWp ∙ year
]); 

- capital cost (installation and maintenance cost) for the BESS (10 year 

depreciation time) (𝐶𝐶𝐸𝑆𝑆  [
€

kWh ∙ year
]). 

The total cost 𝐶𝑇𝑂𝑇 at the end of the year is computed as: 

𝐶𝑇𝑂𝑇 = ∫ (𝑃𝑃𝐺
+ (𝑡)

𝑇𝑠𝑡𝑜𝑝

0
 𝐶𝑃𝐺

𝑏 − 𝑃𝑃𝐺
− (𝑡) 𝐶𝑃𝐺

𝑠 ) 𝑑𝑡 +   

                                                       +
𝑇𝑠𝑡𝑜𝑝

8760
 (𝐼𝑆𝑃𝑉 𝐶𝐶𝑃𝑉 + 𝐼𝑆𝐸𝑆𝑆 𝐶𝐶𝐸𝑆𝑆)  

where: 

𝑃𝑃𝐺
+  is the power coming from the power grid (kW); 

𝑃𝑃𝐺
−  is the power (absolute value) injected into the NPG (kW); 

𝐼𝑆𝑃𝑉 is the overall size of the PV installations expressed in kWp; 

𝐼𝑆𝐸𝑆𝑆 is the total installed BESS capacity in kWh; 

𝑇𝑠𝑡𝑜𝑝 is the duration of the simulation time window in hours. 

As far as the environmental footprint is concerned, we consider the CO2 emission 

due to the energy bought from the NPG. The CO2 emission rate (𝑅𝐶𝑂2
) is estimated 

based on real-time data from [112] (0.270
kg(CO2)

kWh
 for northern Italy). The total 

amount of CO2 emitted over the simulation period is given by: 

 𝑇𝐶𝑂2
= ∫ 𝑃𝑃𝐺

+ (𝑡) 𝑅𝐶𝑂2
 𝑑𝑡

𝑇𝑠𝑡𝑜𝑝

0
  

(2.20) 

(2.21) 
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Table 2.4: Prices and costs considered in the model for economic estimates. 

𝑪𝑷𝑮
𝒃  𝑪𝑷𝑮

𝒔  𝑪𝑪𝑷𝑽 𝑪𝑪𝑬𝑺𝑺 

0.182 
€

𝑘𝑊ℎ
 0.09 

€

𝑘𝑊ℎ
 25 

€

𝑘𝑊𝑝  ∙  𝑦𝑒𝑎𝑟
 35 

€

𝑘𝑊ℎ ∙  𝑦𝑒𝑎𝑟
 

  (from [113]) (from [114]) 

We performed simulations comparing three configurations of the UPSC grid: 

1) no PV, no BESS; 2) 3 MWp installed PV, no BESS; 3) 3 MWp installed PV, 

4.5 MWh installed BESS. We considered three 1-week scenarios in the months of 

April, June, and November. The PV installation size assumes complete covering of 

the available rooftop area and is approximately equal to the peak load demand. The 

size of the BESS is tuned so that the whole SoC dynamics is exploited during oper-

ation. 

Before discussing the obtained results, it is important to point out that the prices 

and the costs considered in this simulation campaign are referred to mean values 

computed in the year 2020 considering the specific case of the UPSC. The aim of 

this dissertation is to focus on the methodology, therefore, simulation results are in-

tended to show the kind of considerations and evaluations that can be made thanks 

to the developed models, once the constraints dictated by the specific case of study 

have been fixed. 

Figure 2.20 illustrates the results for the April week. The power coming from (if 

positive) or injected to (if negative) the grid is shown in Figure 2.20a. With neither 

PV nor BESS (solid red line), the whole load demand is serviced by the NPG and 

power can only take on positive values. With PV generation (dotted blue line), dur-

ing daytime the load demand is completely satisfied by PV, with energy surplus dur-

ing peak production hours sold to the NPG (negative power values). At nighttime, 

loads are supplied by the NPG. Finally, when we introduce the BESS (black dot-

dashed line) the amount of energy sold to the NPG is minimized because the excess 

PV production is stored in the batteries. Figure 2.20b shows the power exchanged 

with the BESS: positive when supplying loads (discharging), negative when storing 

energy (charging). Figure 2.20c shows the SoC. 

Table 2.5 gives the total economic (capital plus running costs) and carbon impact 

of the UPSC grid over 3 weeks in the months of April, June, and November, respect- 
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(a) 

 

 

(b) 
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(c) 

Figure 2.20: Simulation results for a week at the end of April. (a) Three scenarios are 

compared: with connection to the utility grid only (red line); with 3 MWp PV plants 

installation (blue dotted line); with 3 MWp PV plants combined with a centralized 4.5 MWh 

BESS (black dot-dashed line). (b) Power exchanged with the BESS. (c) State of charge of 

the BESS. 

tively. Simulation results show that from an economic point of view, large benefit 

comes from PV installation, while the BESS brings no additional cost reduction. PV 

plants are expected to bring economic savings in a 16% - 51% range and CO2 yearly 

emission reduction between 16% - 42%, depending on weather conditions. Con-

versely, the additional installation of a BESS is not economically convenient: rela-

tive to the PV only case the estimated loss is 13% - 29%. However, the BESS yields 

4% - 19% CO2 reduction. 

We also performed year-long simulations, summarized in Table 2.6, for the years 

2014, 2015, and 2016. In Figure 2.21, we give a detailed view of the total economic 

expenditure (energy + system operation costs) and of the CO2 emission trends for 

the year 2016 over the 3 considered scenarios. Year-long simulations also confirm 

that with the current prices the introduction of a BESS is unfavorable from a purely 

economic point of view (8-9% economic loss if compared to the PV only case), but 

it allows to decrease the CO2 emissions by an additional 5-6% relative to the PV-

only case. However, it is expected that in the next few years the economic outlook 

for BESS installations will improve [114]. In, particular, according to a recent survey 

by NREL [115], the next 5 years should bring a 14-36% cost reduction, with a mid-

dle-of-the-road value around 25. 
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We performed an additional set of year-long simulations in order to assess the 

effect of the reactive power compensation systems the PV and BESS models.  

Table 2.7 shows the results for 2014, 2015 and 2016 with and without reactive 

power compensation, considering a typical power-factor limit of 0.9. 

Table 2.5: Results of week-long simulations under three scenarios. The PV and 

BESS installed capacities, where present, are 3 MWp and 4.5 MWh, respectively. 

 April June November 

Total expenditure 

[103 €] 

no PV 

no BESS 
31.8 41.4 38.6 

PV 

no BESS 
15.6 (-51%) 25.5 (-38%) 32.4 (-16%) 

PV + 

BESS 
20.0 (-37%) 32.8 (-21%) 36.6 (-5%) 

Total CO2 

emissions [103 kg] 

no PV 

no BESS 
66.0 88.0 77.3 

PV 

no BESS 
38.4 (-42%) 56.2 (-36%) 64.7 (-16%) 

PV + 

BESS 
31.1 (-53%) 53.9 (-39%) 61.3 (-21%) 

Table 2.6: Results of year-long simulations under three scenarios. The PV and 

BESS installed capacities, where present, are 3 MWp and 4.5 MWh, respectively. 

 2014 2015 2016 

Total expenditure 

[106 €] 

no PV 

no BESS 
2.20 2.20 2.20 

PV 

no BESS 
1.55 (-30%) 1.48 (-33%) 1.49 (-32%) 

PV + 

BESS 
1.67 (-24%) 1.62 (-26%) 1.63 (-26%) 

Total CO2 

emissions [106 kg] 

no PV 

no BESS 
4.24 4.24 4.24 

PV 

no BESS 
3.04 (-28%) 2.95 (-30%) 2.93 (-31%) 

PV + 

BESS 
2.88 (-32%) 2.78 (-34%) 2.79 (-34%) 
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(a) 

 

(b) 

Figure 2.21: Total economic expenditure and CO2 emission trends 

for the year 2016 over the 3 considered simulation scenarios. 
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An example of islanded mode operation in the case of NPG fault is shown in 

Figure 2.22. When undervoltage (< 85% of the nominal voltage) or overvoltage 

(> 110% of the nominal voltage) are detected, the main controller triggers a Grid 

fault signal, the campus grid is physically disconnected from the NPG (the Grid con-

nected mode signal goes low) and the BESS starts operating accordingly as an AC 

voltage generator. 

 

Table 2.7: Reactive energy exchanged with the power grid 

with and without reactive power compensation by PV and BESS. 

 2014 2015 2016 

Reactive energy 

exchanged 

with the grid 

[MVARh] 

Without Q 

compensation 
4432 4432 4429 

With Q 

compensation 
3217 3153 3054 

Δ (%) -27.4% -28.9% -31.0% 

 

The example shows two faults. The first one happens at a high solar irradiance 

time of day, when the PV production exceeds the load demand and the BESS is at 

high SoC level (over 90%). As shown in Figure 2.22 (Power Grid Power chart), just 

before the fault the exchange between the campus grid and the NPG is nearly zero 

due to high PV production. When the fault happens (red trace in the top chart), the 

grid is disconnected and about 20 minutes later the PV plants are put in derating 

mode (green trace in the top chart) due to the full charge condition of the BESS, in 

order to curtail the excess of local energy production. When the second fault happens 

(red trace in the top chart), the SoC of the BESS is below 12.5%, so 90% of the loads 

are disconnected (Load Shedding chart), in order to guarantee servicing high priority 

loads. After a few minutes, thanks to PV production, the BESS SoC starts rising 

(BESS SoC chart), and the load shedding action moves to lower priority classes, 

resulting first in 25% (after 5 minutes) and then 50% (after 20 minutes) of the loads 

restored to operation. 
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Figure 2.22: Islanded MG operation in two instances of power grid fault. 

— Grid Fault        — Grid connected        — PV derating 

BESS SoC [%] 

Load Shedding [%] 
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Local Grid Frequency [Hz] 
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2.4 Droop Characteristics 

When the UPSC grid is in islanded mode, the MG frequency is not fixed by the NPG. 

As discussed in 2.1, to achieve fast simulations over long time intervals our approach 

is based on a phasor simulation solver, which considers the frequency constant. This 

makes it impossible to consider a frequency control loop with primary and secondary 

control such as should be implemented in the real microgrid (see 1.4.2). However, 

we implemented a simple mathematical estimation of the islanded MG frequency 

based on the typical characteristics of a power/frequency (P/f) droop control [46], 

[116], [117]: 

 𝑓𝑖 = 𝑓0 − 𝑘𝑖 ∙ (𝑃𝑖 − 𝑃𝑖0
)  

where 𝑃𝑖 is the power supplied to the local grid by the i-th unit and 𝑃𝑖0
 is its reference 

value; 𝑓0 is the nominal frequency (no load conditions); 𝑓𝑖 is the output frequency; 

𝑘𝑖 is the P/f droop. 

Two different droop characteristics are implemented for the PV plants and for 

the BESS, respectively, to emulate the following scenarios: 

1) as long as the load demand is lower than (or equal to) the total available PV 

power, frequency regulation is performed by the PV units; 

2) when the load demand cannot be satisfied by the PV plants, regulation is 

taken over by the BESS. In the latter case, frequency regulation considers 

both the power delivered by the storage system and its SoC. 

In Figure 2.23a we show the PV droop curve, where 𝑓0 is the nominal frequency 

(50 Hz in Europe) and 𝑓1 is the value when PV units are at full-load condition; ∆𝑓𝑃𝑉 

is the maximum possible frequency variation when regulation is performed by the 

PV units. Figure 2.23b shows the BESS droop: when the SoC increases the system 

is allowed to deliver more power. When the BESS takes control of the regulation, 

the MG frequency varies from 𝑓1 (end of the PV units’ regulation region) to 𝑓𝑚𝑖𝑛 

(minimum allowed frequency allowed). 

The bottom trace in Figure 2.22 shows the frequency estimation for islanded 

mode under the two contingencies described in 2.3. In the first fault, frequency is 

regulated by the PV droop in the derating mode intervals, by the BESS in the re-

maining intervals. In the second fault, the PV production is greater than the load 

(2.22) 
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demand (the BESS is recharging), therefore the PV inverters take charge of the fre-

quency regulation. 

 

 

 

(a) 

 

(b) 

Figure 2.23: P/f droop characteristics for the PV units (top) and the BESS (bottom). 
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In this chapter, a library of models for top-level behavioral simulations of a cam-

pus microgrid has been presented: including PV generation, BESSs, load profiles, 

EV charging stations, heat-pump-based heating/cooling systems, etc. The aim of the 

tool is to simulate the evolution of the grid on a large time scale (in the order of 

months to years) allowing to make system-level considerations about the introduc-

tion and sizing of new grid components considering many aspects: from the electrical 

one to the economic balance, the environmental benefits, etc. Thanks to the given 

level of abstraction, the time required to complete a simulation is kept into reasona-

ble bounds, obtaining a ratio between the simulated time span and the computation 

time lower than 0.15% (i.e., about 9 to 12 hours – depending on the host CPU – for 

simulating an entire year). 

 



 



 

 

Chapter 3  

 

Smart Soiling Monitoring System 

for Photovoltaic Modules 

The diffusion of decentralised small-scale RES power generation is giving a boost 

to the development of smart NG, particularly to increase the sustainability of elec-

tricity production and the efficiency of distribution. To ensure continuity of service, 

the reliability and maintainability of NGs are crucial problems that must be consid-

ered. Consequently, alongside management aspects connected with the generation 

and efficient use of RES, there are also equally important aspects related with the 

system maintenance and its automation via continuous real-time monitoring. Smart 

monitoring and maintenance policies affect the quality and timing of restoring inter-

ventions and can significantly reduce downtime, therefore they can have a relevant 

impact on the energy production, cost and waste. 

Solar photovoltaic technology is one of the renewable technologies, which has a 

potential to shape a clean, reliable, scalable and affordable electricity system for the 

future. In addition, it is the most abundant, inexhaustible and clean. Considering this 

fact, all over the world governments are encouraging the development and deploy-

ment of solar PV technology. Nevertheless, the use of solar PV modules requires 

particular attention to the monitoring and maintenance processes of the PV modules. 

Thanks to its ubiquity and to the progress of PV technologies – which prompted 

significant cost reduction in the last decade [118] – solar energy often plays a key 

role in MGs and NGs. 
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The power output of PV installations depends on several factors: environmental 

factors such as solar irradiance, temperature, dust deposition, and system factors 

such as module and inverter efficiencies; storage capabilities also play a significant 

role in the overall system performance by allowing some decoupling between energy 

production and demand [119]. 

In the first place, the energy output of a PV module is directly related to the 

incoming solar energy, irradiance varying according to weather conditions and the 

sun position. The module output current is approximately linearly dependent on the 

impinging irradiance level, hence the MPP is strongly related to irradiance. Conse-

quently, module soiling due to dust accumulation etc., and the maintenance counter-

measures aimed at assuring adequate conversion efficiency over the PV plant life-

time, must be factored in when making life-cycle economic estimates for PV instal-

lations. 

Soiling is caused by dirt, dust and other particles covering the surface of the PV 

modules. The dust composition (pollutants, airborne liquid constituents, particulates, 

pollen), colour (due to different mineral composition) and the amount and type of 

soiling vary widely with plant location [120]–[122]. The dust properties and its dep-

osition rate are also affected by ambient conditions including humidity, wind speed 

and direction, and seasonal variations [123]. 

To counter the effects of soiling, panels must be periodically cleaned. This can 

be carried out with manual, mechanised, or robotic action by either wet or dry solu-

tions, or by electrodynamic screen techniques [124], [125]. 

At present, most PV arrays are inspected and cleaned with a scheduling that typ-

ically does not depend on the actual state of dirtiness and its effect on energy pro-

duction efficiency. Neglecting the efficiency/maintenance trade-off may result in 

wasteful costs due to unnecessary cleaning actions. Therefore, an automated soiling 

sensing approach can be useful to develop a decision-making process accounting 

also for the trade-off between reliability of energy production, demand/offer match-

ing, and cost. In this way, a supervisor can plan targeted interventions with optimal 

maintenance timing. 

Detection of dust deposition, concentrated dirt, or any soiling-related malfunc-

tion allows to decide when and what kind of cleaning is required, which calls for the 

development of a monitoring system with smart data management to automatically 

plan maintenance interventions, by combining weather forecasts and historical data, 
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irradiance sensors and soiling sensors. Papers in [126]–[129] show studies of PV 

module cleaning protocols, while analysis of the effects of dirt and dust deposition 

can be found in [130]–[134]. 

A few soiling detection kits for medium/large scale plants have already been 

developed and marketed. A non-exhaustive list is reported in refs. [135]–[141]. 

These systems base their operation on the comparison of electrical measurements 

obtained from a clean reference module and from one exposed to soiling agents (ex-

cept for the one in [135], which is based on LED and photodiode soiling ratio detec-

tion). 

In this chapter we propose a prototype of a soiling detection system for PV mod-

ules, designed to be a low-cost solution for small-scale DC NG operating either in 

grid-connected or islanded mode. The prototype sensor can detect dust deposition, 

thus helping distinguish between efficiency reduction due to dust and that due to 

degradation of PV modules or electronic components[142]. In order to test the use-

fulness of the automated sensing approach, we developed a MATLAB/Simulink 

model of a smart NG and estimated the economic benefits of the proposed approach 

and the optimum cleaning intervention rates [143]. 

3.1 Soiling Sensor Prototype 

The proposed soiling sensing approach applies two techniques in parallel, namely, 

I-V curve analysis [144] and optical inspection [145], to quantify the degradation 

and qualify the dirt accumulated on PV modules, respectively. 

The sensor consists of a small off-grid PV module employed as a reference for 

dust analysis. Factory data about the two different modules employed in the experi-

ments can be found in Table 3.1. We developed an acquisition board for module 

electrical performance characterization and used a camera to take photos of the mod-

ule to be processed by MATLAB optical analysis algorithms. 

In order to measure the I-V curve of the PV reference module we built an acqui-

sition board (Figure 3.1) equipped with a power MOSFET acting as an active load.  
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Table 3.1: Factory data of the reference modules use in the experiments. 

S. E. Project SEM25M (c-Si) 

Open circuit voltage (Voc) 21.3 V 

Short circuit current (Isc) 1.6 A 

Maximum Power rating (Pmax) 25 W 

Active area (A) 1869 cm2 
 

ICO-SPT-40W (thin-film) 

Open circuit voltage (Voc) 24 V 

Short circuit current (Isc) 2.88 A 

Maximum Power rating (Pmax) 40 W 

Active area (A) 4293 cm2 

 

Figure 3.1: I-V characteristic acquisition board prototype. 

An STM32 microcontroller generates a PWM wave, which is input to a low-pass 

filter. The duty-cycle is varied to obtain a DC voltage sweep that is applied to the 

transistor gate, thereby varying its channel resistance, from below threshold to fully-

on state, hence obtaining a sweep from open circuit to short circuit for the PV module 

load. 

Under each load condition, the current and voltage across the module are sam-

pled by the microcontroller ADC, after being properly conditioned by onboard signal 
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attenuation circuits. The voltage drop across a shunt resistor is used to measure the 

magnitude of the current. The acquisition board is also equipped with circuits suita-

ble for measuring the ambient temperature and the cell temperature by means of 

PT1000 thermistors. The collected data are finally sent to a computer where a 

MATLAB script performs the necessary processing tasks. The electrical and logical 

structure of the board is shown in Figure 3.2. 

 

Figure 3.2: Diagram of the soiling sensing system. 

The optical analysis is performed by taking digital photos of the module from a 

fixed position. A MATLAB script processes the image by artificial vision algorithms 

to calculate the amount of the soiled area. The process starts with a photo of the clean 

module, which serves the purpose of the masking step that is necessary to cut out 

non-active areas, such as the frame and cell interconnect metallization. Four red 

markers serve as reference points for the geometric transformation that removes de-

formation effects due to perspective. 

Figure 3.3 shows the flowchart of the overall image analysis process. First the 

image object is loaded and the position of the markers detected. Second, the image 

is binarized applying appropriate color threshold levels. Third, the image is cropped 

and de-warped with the help of the markers. If the size of the image differs from the 

reference one, it is properly scaled to fit the reference frame. Finally, the dust-cov-

ered area is determined by means of a pixel analysis. In addition, the algorithm can 
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detect sub-areas characterized by different kind of depositions, thus allowing to es-

tablish if the dust distribution is uniform or aggregated in spots. Quantitative data is 

output on the percentage of covered area, the area of the widest spot (if any), and the 

prevailing color component (useful in determining the type of dirt). 

 

Figure 3.3: Flowchart of the image analysis process. 

3.1.1 Experimental Results 

Experiments were performed artificially depositing a weighted amount of dust on 

the reference module. Dust is collected from area surrounding the module. It is ob-

tained by finely sieving some dry soil, resulting in a mixture of potting soil, sand, 

etc. This technique allows only particles with a diameter < 0.5 mm to pass through. 

Then, dust is spread on the reference module, which was preventively cleaned. The 

selected amount of powder is quantified by means of a precision scale with 1 mg 

accuracy. To avoid powder to be dispersed, a thin layer of water is sprayed on the 
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module. This also allows to emulate the effects of rain and dew effects on dust dep-

osition. Once the module has dried the analysis procedure starts: the I-V curve is 

acquired in parallel with irradiance, ambient temperature, and cell temperature (a 

PT1000 sensor is tightly attached behind the PV reference module in correspondence 

with a cell). Meanwhile, a photo of the module is taken and processed. Figure 3.4 

shows the test setup for I-V curves acquisition at different levels of controlled dust 

deposition. 

 

Figure 3.4: Soiling sensor test setup. 

In Figure 3.5 we show some results obtained with I-V characteristics extraction 

for different amount of dust, for a c-Si (Figure 3.5a) and for a thin-film module (Fig-

ure 3.5b). Tests are performed for each module at constant irradiance and ambient 

temperature. 

From each curve, the MPP is determined. MPPs are plotted in Figure 3.6, nor-

malized with respect to the STC value, showing a quite linear relationship between 

the amount of deposited dust and power loss. The extracted slopes are about 

1.7·10-3 (g/m2)-1 and 1.9·10-3 (g/m2)-1 for c-Si and thin-film, respectively. 
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Figure 3.5: I-V characteristics at different levels of dust deposition 

obtained by means of the soiling sensor prototype: 

in a) using the c-Si reference module, in b) using the thin film module. 

 

 

Figure 3.6: Normalized MPP plot as function of the deposited dust density. 

The levels of dust we choose are not referred to a specific real case and have 

been chosen to be able to deposit a known quantity of dust in a controlled manner, 

in order to study the evolution of the electrical characteristics of the module as func-

tion of the quantity of deposited dust. 
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Optical analysis has also been performed on the reference modules. Results for 

two different dust distributions are shown in Figure 3.7. Case a) shows a uniform 

powder distribution on a c-Si module, resulting in a detected covered area of 36%; 

in case b) dust is deposited on a thin-film panel in non-uniform random stains, re-

sulting in 10% coverage. Finally, Figure 3.8 illustrates a result obtained applying a 

new soiling technique in which dust is deposited using compressed air. This allows 

to obtain uniformity levels similar to the ones reached with aerosol method [144] but 

much more quickly. 

 

 

 

c-Si module 

G = 700 W/m2 

Tmod = 38 °C 

Thin-film module 

G = 900 W/m2 

Tmod = 44 °C 

Figure 3.7: Optical analysis results. a) uniform dust deposition on c-Si module 

(36% cov-ered area); b) stain-like deposition on thin film module (10% covered area). 

The camera viewport is parallel to the ground while modules are tilted by about 28°. 
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→ 
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Figure 3.8: Photo of the c-Si PV module with compressed-air deposited dust (left) and 

image after MATLAB elaboration (right). Estimated heavily covered area: about 30%. 

3.2 Simulation Model of a Nano Grid with PV Soiling 

Monitoring 

In order to test different control strategies and to assess the usefulness of quantitative 

knowledge of PV modules soiling for maintenance policy optimization, we devel-

oped a simulation model of a DC NG in MATLAB/Simulink environment. 

Power losses due to dust accumulation are quantified introducing the concept of 

Soiling Factor (𝑆𝐹). As defined in [146], the SF is the percentage loss in equivalent 

irradiance (𝐺𝑒𝑞) reaching the module due to the presence of dust accumulation on 

the PV module (Figure 3.9). The SF value can be estimated by means of the soiling 

sensor prototype presented (paragraph 3.1). 

The model can simulate both islanded mode and grid-connected operation. Fig-

ure 3.10 shows the model’s root level, where two independent nano-smart-grid 

(NSG) sub-models are instantiated. One (NSG Dirty) models the actual NG opera-

tion, with a PV plant subjected to dust deposition effects; the other (NSG Clean) is a 

reference NG model featuring perfectly clean PV modules. The NSG models run in 

parallel and are fed by the same scenario inputs, except for the soiling profile and 

the cleaning task activation trigger, which apply to NSG Dirty only. 
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Figure 3.9: The SF concept (left) and how SF value is computed 

starting from data coming from the proposed soiling sensor (right). 

 

Figure 3.10: Root level of the Simulink model: two NG models run in parallel: 

the first one (NSG Dirty) takes into account the soiling effect, 

the second (NSG Clean) features perfectly clean PV modules. 

The root level of the model (Figure 3.10) also features energy cost computation 

blocks yielding quantitative information about economic losses due to soiling ef-

fects; economic losses are evaluated differently, depending on the NG operation 

mode (islanded or grid-connected). 
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In the grid-connected scenario the focus is on the energy flow to and from the 

grid, and losses come from two main contributions: the reduction of energy exported 

to the grid, and the increase of energy import from the grid during shortfall phases. 

Starting from the power flowing out of the NG (𝑃𝑔𝑟𝑖𝑑), we define exported (𝑃𝑜𝑢𝑡) 

and imported (𝑃𝑖𝑛) power flows (3.1) which, integrated over time, yield the amounts 

of sold (𝐸𝑠𝑜𝑙𝑑) and purchased (𝐸𝑝𝑢𝑟𝑐ℎ) energy (3.2). The prices per kWh of sold and 

purchased energy (𝑅𝑠𝑜𝑙𝑑, and 𝑅𝑝𝑢𝑟𝑐ℎ, respectively) are then used to compute the 

revenue for energy sold (𝐶𝑠𝑜𝑙𝑑) and the expenditure for energy purchased (𝐶𝑝𝑢𝑟𝑐ℎ) 

(3.2), and the overall energy cost (𝐶𝑡𝑜𝑡) for the NG (3.4). 

 𝑃𝑜𝑢𝑡 = {
𝑃𝑔𝑟𝑖𝑑 , 𝑃𝑔𝑟𝑖𝑑 > 0

0, 𝑃𝑔𝑟𝑖𝑑 ≤ 0
, 𝑃𝑖𝑛 = {

−𝑃𝑔𝑟𝑖𝑑 , 𝑃𝑔𝑟𝑖𝑑 < 0

0, 𝑃𝑔𝑟𝑖𝑑 ≥ 0
  

 𝐸𝑠𝑜𝑙𝑑 = ∫ 𝑃𝑜𝑢𝑡(𝑡) 𝑑𝑡
𝑇𝑠𝑡𝑜𝑝

0
, 𝐸𝑝𝑢𝑟𝑐ℎ = ∫ 𝑃𝑖𝑛(𝑡) 𝑑𝑡

𝑇𝑠𝑡𝑜𝑝

0
  

 𝐶𝑠𝑜𝑙𝑑 = 𝑅𝑠𝑜𝑙𝑑 ∙ 𝐸𝑠𝑜𝑙𝑑 ,      𝐶𝑝𝑢𝑟𝑐ℎ = 𝑅𝑝𝑢𝑟𝑐ℎ ∙ 𝐸𝑝𝑢𝑟𝑐ℎ  

 𝐶𝑡𝑜𝑡 = 𝐶𝑠𝑜𝑙𝑑 − 𝐶𝑝𝑢𝑟𝑐ℎ  

These equations are applied to both Dirty and Clean NSG models and, finally, 

the loss due to soiling is computed as:  

 𝐶𝑙𝑜𝑠𝑠 = 𝐶𝑡𝑜𝑡
𝑐𝑙𝑒𝑎𝑛 − 𝐶𝑡𝑜𝑡

𝑑𝑖𝑟𝑡𝑦
  

When operating in islanded mode, losses come from the re- 

duction of energy production due to soiling resulting in extra load shedding relative 

to the clean PV scenario. Thus, in this case, the power profiles of off-forced loads 

are integrated, the value of unsold energy is computed based on the price per kWh, 

and, finally, the economic loss relative to the clean-PV scenario is determined. 

The cleaning task trigger and the total cost of cleaning interventions are gener-

ated and computed by the Cleaning Scheduler and Costs block, starting from clean-

ing frequency set-point input. 

Our NSG model (Figure 3.11) represents a typical office environment, powered 

by PV plant, featuring an energy storage system and a few DC loads, such as LED 

lamps, laptops, printers, tablets and smartphones. Figure 3.11, in particular, shows 

(3.1) 

(3.2) 

(3.3) 

(3.4) 

(3.5) 
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the NSG Dirty subsystem; NSG Clean differs from NSG Dirty in that the effects of 

dust deposition and cleaning interventions are neglected in the Scenario subsystem. 

The Scenario block reads solar irradiance and load power profiles in workspace 

look-up-tables, as well as the values of ambient temperature and wind speed, and 

computes the SF as the integral over time of an average soiling rate that depends on 

the specific geographical location [147], [148]. SF saturates at 80%, and is reset at 

0% every time a rising edge coming from Cleaning Scheduler is detected, signaling 

that a cleaning task has been carried out. 

The PV Plant subsystem (Figure 3.12) contains both the PV array model and the 

MPPT control algorithm. The PV module behaviour is described starting from the 

1-diode model equations, to which we added a static thermal model (see para-

graph 2.2.4) and the effect of the SF on the equivalent irradiance hitting the cell. The 

1-diode model parameters are computed starting from datasheet values. The MPPT 

controller can be enabled or disabled by the central control unit in order to achieve 

either MPPT or LPT operating modes. The latter is to be selected in islanded mode, 

when there is an excess of available energy, and storage is full. Under these condi-

tions, the PV energy production is curtailed to satisfy load demand only. The irradi-

ance input (𝐺) is reduced according to the SF, by computing a complementary clean-

ness factor (1 − 𝑆𝐹) (Figure 3.12). 

The Loads control block implements a load shedding algorithm by assigning 

predefined priorities to loads. Knowing priority levels and load power profiles, ac-

cording to the storage State of Charge (SoC) and PV power availability, loads are 

allowed to be on or disconnected. 

The Storage subsystem (Figure 3.13) models a lithium cell battery pack with its 

charging and control units (see paragraph 2.2.5), considering, in addition, elementary 

thermal and aging behaviour Figure 3.14. The DP signal injects the excess power 

from the PV block into the grid when the battery is fully charged, or absorbs the PV 

power deficit from the grid when the battery is discharged. 

Finally, power balance is computed by the BUS Power Balance block, which 

calculates the energy flowing to the storage unit based on PV power production and 

load consumption. 

The Control Unit subsystem coordinates energy flows by determining whether 

enabling or disabling the MPPT mode. In grid-connected mode MPPT is always en-

abled and all loads are connected. 



96 

 

 

 

Smart Soiling Monitoring System for Photovoltaic Modules 

 

Figure 3.11: View of the NG sub-model (dirty case). 

 

 

Figure 3.12: PV plant subsystem comprising PV module model, 

MPPT controller, and the SF effect on the irradiance level. 
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Figure 3.13: NG Storage subsystem consisting of the charger control and the battery model. 

 

 

Figure 3.14: Detailed view of the battery model with SOC calculation (ampere counter), 

cell voltage calculation, cell temperature calculation and ageing estimation. 
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3.2.1 Simulation Results 

Figure 3.15 gives an example of results for the NSG subsystem obtained under a 

2-days long scenario under three different soiling conditions: SF = 0 (clean mod-

ules), 10%, and 30%. Irradiance and ambient temperature data from PVGIS [149] 

refers to Parma, Italy, Azimuth = 0°, Slope = 30°; typical load power profiles are 

from [150]. 

 

Figure 3.15: Simulation results obtained with 0 (clean PV array), 10%, and 30% SF. 

Irradiance profile from June 21-22 scenario in Parma (Italy). PV array peak power is 

3 kWp, azimuth is 0° and slope is 30°. 

Some parametric simulations involving the whole model have been carried out 

to evaluate the economic loss due to dust deposition. Different scenarios have been 

considered to take into account various economic conditions and SF ratios. Complete 

results are given in Table 3.2, while one specific result is detailed in Figure 3.16 
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Table 3.2: Results obtained with multi scenario parametric simulations. 

Cleaning cost 

[€/intervention] 

Energy price 

[€/kWh] SF rate 

[%/year] 

Optimal scheduling 

interval [years] 

Buying Selling Grid conn. Islanded 

150 0.18 0.13 0.015 3 10 

150 0.18 0.13 0.03 2 6 

150 0.18 0.13 0.06 1.5 3.75 

150 0.18 0.13 0.09 1 15.75 

150 0.18 0.13 0.12 1 15.75 

150 0.24 0.18 0.015 2.5 10 

150 0.24 0.18 0.03 1.75 6 

150 0.24 0.18 0.06 1.25 3.75 

150 0.24 0.18 0.09 1 15.75 

150 0.24 0.18 0.12 1 15.75 

200 0.18 0.13 0.015 3 15.75 

200 0.18 0.13 0.03 2.5 7.5 

200 0.18 0.13 0.06 1.5 15.75 

200 0.18 0.13 0.09 1.25 15.75 

200 0.18 0.13 0.12 1 15.75 

200 0.24 0.18 0.015 3 10 

200 0.24 0.18 0.03 2 6 

200 0.24 0.18 0.06 1.5 3.75 

200 0.24 0.18 0.09 1 15.75 

200 0.24 0.18 0.12 1 15.75 

290 0.18 0.13 0.015 3.75 15.75 

290 0.18 0.13 0.03 3 7.5 

290 0.18 0.13 0.06 2 15.75 

290 0.18 0.13 0.09 1.5 15.75 

290 0.18 0.13 0.12 1.5 15.75 

290 0.24 0.18 0.015 3 15.75 

290 0.24 0.18 0.03 2.5 7.5 

290 0.24 0.18 0.06 1.5 15.75 

290 0.24 0.18 0.09 1.5 15.75 

290 0.24 0.18 0.12 1 15.75 
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Smart Soiling Monitoring System for Photovoltaic Modules 

Referring to the case of a SF yearly increase rate of 0.06% (absolute), cost per clean-

ing intervention of 300 €, and energy price of 0.24 €/kWh and 0.18 €/kWh for buy-

ing and selling, respectively. In all scenarios, the final cost is evaluated just before 

the plant end-of-life (30 years). Table 3.2 shows that cleaning interventions are much 

more convenient in grid-connected NGs. In islanded mode, on the other hand, often 

PV and storage systems are oversized in order to minimize the occurrence of load 

shedding. Therefore, the PV plant often operates in LPT mode, and performance loss 

due to soiling has no significant impact. It should be noted that in this work the en-

ergy deficit (causing load shedding) was given the same economic value as that of 

energy purchased from the grid; this assumption has no universal value and should 

therefore be modified depending on the specific operational context. 

 

 

 

 

Figure 3.16: Detailed results of the scenario with 0.06%/year SF rate, cleaning intervention 

cost of 300 €, energy cost of 0.24 €/kWh and 0.18 €/kWh for selling and buying 

respectively. Results are shown for both islanded and grid-connected modes. 
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Concluding, the contribution of this chapter is to describe a new sensing ap-

proach to detect PV module performance degradation due to soiling. As shown by 

the simulation results, the proposed prototype can be integrated inside a NG in order 

to provide optimum cleaning intervention rates according to the operating scenario, 

differing by energy price, soiling rate, and grid operating mode. This will allow to 

reduce PV plant downtime due to cleaning interventions, and keep efficiency at its 

maximum, considering the best trade-off between maintenance cost and losses due 

to soiling. 

 



 



 

 

Chapter 4  

 

Modelling of a Nano Grid to 

Charge a Fleet of Industrial 

Electric Vehicles 

The increased use of EVs in industrial environments (e.g., battery-powered forklifts) 

requires proper design of the grid architecture. Environmental and economic consid-

erations encourage the use of RES to charge the vehicle fleet batteries [151]. How-

ever, the sizing of the facility power system, including the source nominal power and 

the capacity of the ESS, requires careful consideration of various parameters. From 

an environmental standpoint, increased self-sufficiency is mandatory to maximize 

the use of the green energy produced. However, if the primary energy source is a PV 

plant, maximizing self-sufficiency requires the installation of a suitably sized ESS, 

and increasing the ESS capacity is critical for reducing the energy exchange with the 

PG [152]. From an economic perspective, the optimum trade-off between the costs 

of initial investment (i.e., PV and ESS size), running costs and PG consumption must 

be determined [153]. From the technical and logistical standpoints, one must include 

considerations about the real estate footprint of the PV array and ESS, which criti-

cally depend on the size and location of the facilities. Finally, the EV charging strat-

egy, namely, timing, frequency, and duration, must be defined considering the elec-

tric grid characteristics to reduce the cost of PG power consumption, increase the 

battery lifetime, and maximize the operability time of the EV [154]. 
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Modelling of a Nano Grid to Charge a Fleet of Industrial Electric 

Vehicles 

In this chapter a novel approach to define the most suitable grid architecture 

based on behavioral PLECS modeling is presented [155]. Preliminary validation on 

the behavior of the model is carried out through tests on a reduced-scale system. The 

model considers the number of EVs, initial investment costs, PG consumption costs, 

CO2 footprint, and EV working time requirements. Through simulations, the opti-

mum capacity of the PV and ESS installations can be determined by considering 

economic, technological, or environmental aspects. 

4.1 Overview of the model 

Figure 4.1 shows the grid architecture of the simulation model considering a case 

study featuring a fleet of 10 EVs, each equipped with a 10.5 kWh battery, and 2 

charging stations supplied by a PV plant supported by an ESS and by the PG. the 

EVs fleet is governed by a job scheduler assigning jobs and recharging actions. The 

default schedule consists of working phases of about 2 hours alternated with 5-mi-

nute charging phases (exceptions are made when the state of charge of an EV is too 

low). Work cycles and durations are assigned in a pseudo-random way. 

 

Figure 4.1: Grid architecture of the simulation model. 

PV Plant

Nanogrid ESS

National Grid

Charging 
Station 1

Charging 
Station 2

AGV 1 AGV i AGV 10

Job 
Scheduler
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We choose PLECS as simulation tool, in anticipation of carrying out HIL simu-

lations using a Plexim RT-BOX for model validation. The model consists of 5 main 

blocks (Figure 4.2): a subsystem (10 AGVs) that runs the models of 10 vehicles in 

parallel, a subsystem modelling the job scheduling algorithm, the model of the PV 

plant, alongside with its MPPT controller, the BESS and an energy meter to estimate 

the global energy consumption from the PG and the operating costs. 

 

Figure 4.2: Global view of the model implemented in PLECS simulation environment. 

4.1.1 Vehicles and Charging Stations 

Vehicles are modelled by means of a FSM (Figure 4.3) coupled with the model of a 

battery as shown in Figure 4.4. To simplify the model, each vehicle contains both 

the logic underlying the duration of the jobs and the one underlying the charging 

station. The two algorithms are mutually selected depending on the commands com-

ing from the job scheduler. 

10 AGVs Job Scheduler

PV + MPPT

BESS + Control

Energy meters and costs estimation
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Modelling of a Nano Grid to Charge a Fleet of Industrial Electric 

Vehicles 

 

Figure 4.3: FSM modelling the behavior of the EV. 

 

Figure 4.4: PLECS model of a vehicle. 

A vehicle can be in three different states. The initial one is the off state in which, 

the vehicle is parked, waiting to receive a trigger from the job scheduler. If a job 

trigger is received the FSM sets the vehicle as busy (VehicleBusy goes high) and 

keeps it in this state for a random period of 2 ± 0.5 hours. An exception is made if 

the vehicle reaches a state of charge (SoC) below 20% and it is unable to complete 

(Vehicle working)

[SoC < MinSoCAfterCh]

/ ChargeDuration = 30;

[SoC>=SoC_Lim_Hi |

stateDuration >= ChargeDuration]

/ tooLow = 0;

/ tooLow = 0;

[SoC<=SoC_Lim_Lo]

/ tooLow = 1;

[SoC<=SoC_Lim_Lo |

stateDuration >= jobSchedDuration]

[extTrig>0 & SoC<SoC_Lim_Hi] / 

ChargeDuration = ChargeTypDuration;
[extTrig<0 & SoC>SoC_Lim_Lo]
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its work: in this case the TooLow signal is asserted to properly notify the job sched-

uler. When the job is completed successfully, VehicleBusy is reset, and the vehicle 

is ready the receive a new trigger. If a charging trigger is received the ChargerBusy 

flag is asserted (together with the VehicleBusy signal) allowing the job scheduler to 

count the number of vehicles under charge (thus virtually the number of free charg-

ing stations). Then the battery is fast-charged at constant current rate for 5 minutes. 

An extension on the charging time is allowed in case, after 5 minutes, the SoC is still 

below the minimum threshold of 80%. (See paragraph 2.2.5 for details about the 

model of the battery.) 

4.1.2 Job Scheduling Algorithm 

The job scheduler is designed to monitor the global state of the system, namely the 

state of the vehicles and the number of available (or busy) charging stations. 

At each iteration of the simulation, the algorithm checks whether there are any 

free vehicles. If at least one charging station is available, foreach free vehicle, if its 

last performed action was carrying out an assigned job, it is triggered for charging 

its battery. Then the algorithm extracts a random number (limited to the total number 

of vehicles in the fleet) and if the corresponding vehicle is free, and its SoC is above 

a minimum safe value, it is triggered for a new job. Figure 4.5 shows the job sched-

uler model. Finally, through the subsystem mask, it is possible to specify the working 

hours and days, outside of which no new action is triggered. 

 

Figure 4.5: Job Scheduler implementation in PLECS. 
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Modelling of a Nano Grid to Charge a Fleet of Industrial Electric 

Vehicles 

4.1.3 Power Supply System and Costs Estimation 

The power required to charge the EVs is supplied by a PV plant supported by a BESS 

and by the connection with the PG. 

The PV array production is obtained by combining in series and parallel the 

model of a PV module described by the 1-diode equivalent circuit equations (see 

paragraph 2.2.4). The perturb & observe MPPT algorithm (see 2.2.4.2) is imple-

mented to continuously extract the maximum available power from the PV plant. 

Observing the variation in PV voltage and power output the algorithm determines a 

new value of voltage to set as input of the 1-diode PV model. Solar irradiance and 

ambient temperature datasets are from the PVGIS database [149]. 

The BESS is modelled (similarly to the PV plant) starting from empirical equa-

tions representing the behavior of a Li-ion battery unit, the voltage and current of 

which are suitably scaled (series and parallels) to obtain the entire storage unit (see 

2.2.5). 

The system is operated to try to minimize the amount of energy exchanged with 

the power grid. The power entering (positive) or supplied by (negative) the BESS is 

computed by subtracting the value of power consumed by the loads from the PV 

power. If the BESS is in full SoC and there is an excess in energy production, the 

difference of power is sold to the PG. Conversely, if the BESS is in low SoC and the 

PV production is not able to satisfy the load demand, the required amount of energy 

is bought from the PG. 

The total operating cost after one year (𝐶𝑡𝑜𝑡,1𝑦) is obtained as in (4.1), (4.2) and 

(4.3): 

 𝐶𝐸,1𝑦 = 𝑈𝐸
𝑏𝑜𝑢𝑔ℎ𝑡

∫ 𝑃𝑏𝑜𝑢𝑔ℎ𝑡𝑑𝑡
1𝑦

0
− 𝑈𝐸

𝑠𝑜𝑙𝑑 ∫ 𝑃𝑠𝑜𝑙𝑑𝑑𝑡
1𝑦

0
  

 𝐶𝑃𝑉
𝑖𝑛𝑠𝑡,1𝑦

=
𝑃𝑃𝑉

𝑝𝑘
∙𝑈𝑃𝑉

20
   ;     𝐶𝐵𝐸𝑆𝑆

𝑖𝑛𝑠𝑡,1𝑦
=

𝑄𝐵𝑆𝑆
𝑡𝑜𝑡 ∙𝑈𝐵𝐸𝑆𝑆

10
  

 𝐶𝑡𝑜𝑡,1𝑦 = 𝐶𝐸,1𝑦 + (𝐶𝑃𝑉
𝑖𝑛𝑠𝑡,1𝑦

+ 𝐶𝐵𝐸𝑆𝑆
𝑖𝑛𝑠𝑡,1𝑦

)  

The power exchanged with the PG is split in positive (𝑃𝑏𝑜𝑢𝑔ℎ𝑡 [𝑘𝑊]) and nega-

tive (𝑃𝑠𝑜𝑙𝑑  [𝑘𝑊]) components and integrated over time to obtain, the amount of en-

ergy sold and bought to/from the PG (integrals in (4.1)). Then, proper €/kWh prices 

(4.1) 

(4.2) 

(4.3) 
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(𝑈𝐸
𝑏𝑜𝑢𝑔ℎ𝑡

 and 𝑈𝐸
𝑠𝑜𝑙𝑑) are applied to each component, obtaining the energy cost bal-

ance (𝐶𝐸,1𝑦 [€]). Finally, we add the installation costs of the PV and of the BESS 

plants (𝐶𝑃𝑉
𝑖𝑛𝑠𝑡,1𝑦

 and 𝐶𝐸𝑆𝑆
𝑖𝑛𝑠𝑡,1𝑦

), computed from per-unit of peak-power (𝑈𝑃𝑉  [
€

𝑘𝑊𝑝
]) 

and energy-capacity (𝑈𝐵𝐸𝑆𝑆 [
€

𝑘𝑊ℎ
]) costs, considering the actual size of each plant 

(𝑃𝑃𝑉
𝑝𝑘

 [𝑘𝑊𝑝] and 𝑄𝐵𝑆𝑆
𝑡𝑜𝑡  [𝑘𝑊ℎ]) and the typical plant lifetime (20 years for PV and 10 

years for BESS). 

In addition, from an environmental standpoint, it is possible to estimate the 

amount of CO2 produced due to the energy bought from the PG by applying a proper 

emission factor (
𝑘𝑔𝐶𝑂2

𝑘𝑊ℎ
) computed in [112]. 

4.2 Reduced-scale Prototype 

Before performing yearlong simulations, to find the optimum mix between PV and 

BESS size minimizing the system costs, we designed and setup a reduced-scale DC 

prototype to validate the behavior of the model. To reduce the prototyping time, we 

deployed all the control logic of the system to the PLECS RT Box 1 HIL simulator.  

Figure 4.6a shows the block diagram of the prototype, while Figure 4.6b is the 

test bench implemented. The PV plant is emulated by means of a power generator 

with built-in solar array simulator which is interfaced with the BESS (emulated by 

Battery 1) by means of a DC/DC converter (U1). Battery 1 is also intended to fix the 

common DC-bus voltage (VB1). The behavior of an EV is emulated by means of a 

battery (Battery 2), representing the onboard storage of the vehicle, that can be (ac-

cording to the given fleet scheduling pattern) charged by means of the DC/DC con-

verter U2, or discharged in a controlled fashion (emulating a working cycle) by 

means of the converter U3 closed on a power resistor (RL). The HIL simulator is 

responsible for generating the Pulse-Width-Modulation (PWM) control signals for 

the converters. U1 is controlled by the MPPT algorithm, while U2 and U3 are mu-

tually activated according to the job scheduling algorithm and operated by a Propor-

tional-Integrative (PI) controller, closing the proper voltage and current loops. 
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Modelling of a Nano Grid to Charge a Fleet of Industrial Electric 

Vehicles 

 

(a) 

 

(b) 

Figure 4.6: Reduced-scale system prototype: a) the block diagram, b) the test bench setup. 

Figure 4.7 shows the simulated power profiles for three values of the PV plant 

capacity, with a working scenario of about 8 h per day. Parametric simulations are 

used to estimate the optimal size for PV and BESS installations. For several 

PV-BESS combinations, we computed the total economic cost after one year of op-

eration, including the installation costs and the energy balance costs. The model al-

lows the identification of the PV-ESS combination minimizing the system opera-

tional cost. Table 4.1 shows the results obtained considering a scenario where the 

EVs are operated 24 h a day. In this case the optimal combination can be identified 

with the solution of a 59 kWp PV size and a 155 kWh ESS capacity. 

DC/DC (U1)

RL

DC/DC (U2)

DC/DC (U3)

V VPV

A

IPV

V

VB1
A IB1

A

IB2

V VB2

V VL

Battery 1

Battery 2
PV

VPV IPV IB1VB1 IB2VB2 VL

U1 PWM

U2 PWM

U3 PWM

RT Box
D

C
 B

u
s

Electric 
Vehicle

Power Supply 
System

PLECS HIL 
Model

PV 
Simulator

PLECS
RT BOX

Battery1
(BESS)

Battery2
(EV)

DC/DC 
(U3)DC/DC 

(U1)

DC/DC 
(U2)

Load
(RL)



 111 

 

 

 

Table 4.1: 1-year simulation results considering a 24 h/day operating scenario for the EVs. 

PV size 

[kWp] 

ESS size 

[kWh] 
𝑪𝑷𝑽

𝒊𝒏𝒔𝒕,𝟏𝒚
 

[103 €] 

𝑪𝑩𝑬𝑺𝑺
𝒊𝒏𝒔𝒕,𝟏𝒚

 

[103 €] 

𝑪𝑬,𝟏𝒚 

[103 €] 

𝑪𝒕𝒐𝒕,𝟏𝒚 

[103 €] 

CO2  

emissions [kg] 

20 0 0.50 0.00 17.71 18.21 6.43 

20 52 0.50 1.76 15.88 18.14 5.53 

20 78 0.50 2.64 15.84 18.98 5.52 

20 104 0.50 3.52 15.80 19.82 5.52 

20 155 0.50 5.25 15.75 21.50 5.51 

20 207 0.50 7.01 15.63 23.14 5.50 

39 0 0.98 0.00 13.56 14.53 5.78 

39 52 0.98 1.76 10.79 13.52 4.39 

39 78 0.98 2.64 9.60 13.21 3.80 

39 104 0.98 3.52 8.55 13.05 3.28 

39 155 0.98 5.25 7.15 13.38 2.60 

39 207 0.98 7.01 6.93 14.91 2.52 

59 0 1.48 0.00 10.09 11.57 5.48 

59 52 1.48 1.76 7.10 10.33 3.98 

59 78 1.48 2.64 5.77 9.89 3.32 

59 104 1.48 3.52 4.50 9.49 2.69 

59 155 1.48 5.25 2.53 9.25 1.70 

59 207 1.48 7.01 1.99 10.47 1.47 

 

 

 

Concluding, in this chapter we have shown a novel approach to define the most 

suitable grid architecture to charge EV fleets in the industrial environment using sys-

tem-level models implemented in PLECS simulation environment. 

Models has been validated through a reduced-scale experimental test bench. The 

proposed approach allows to define different EVs operation scenarios and to obtain 

the optimum capacity of the PV and ESS installations by considering economic, 

technological, or environmental aspects. 
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Figure 4.7: Power profiles of a 1-week simulation. Results for 8h/day EVs operation 

scenario considering 3 different PV installations: 59 kWp, 39 kWp, 20 kWp. 
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Chapter 5  

 

Behavioral Modeling of Power 

Devices for System-level 

Simulations for Automotive 

Applications 

In this chapter, a system simulation approach to model the behavior of PROFET™ 

devices [156] for automotive applications is presented. This work has been carried 

out in collaboration with Infineon Technologies Austria, Automotive Division, Vil-

lach, Austria. 

PROFET™ (protected FET) is the commercial name under which Infineon com-

mercializes high-side power devices featuring built-in protections including over-

temperature and over-current, plus additional diagnostic features such as current 

sensing. These fast electronic protected switches can detect a hazardous condition 

and respond in quickly and reliably. This allows to enhance the safety of the auto-

motive distribution system where robustness against different types of unexpected 

events such as electrical overloads and short-circuit events is a mandatory feature. 

In fact, a short-circuit that is not interrupted fast enough could generate drastic over-

heating of cables, potentially leading to a permanent damage of harnesses and the 

involved electrical components, or even to a fire event in the worst-case scenario. 
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Behavioral Modeling of Power Devices for System-level Simulations for 

Automotive Applications 

System integrators need accurate models that can simulate the product’s behav-

ior, usually available as SPICE models. However, it is also necessary to investigate 

alternative approaches to the modelling of such products, especially when the focus 

is on the simulation of a mission profile, possibly with changing conditions during 

lifetime (e.g., ambient temperature, overload situations, etc.). Hence, a simplified 

modelling approach is required to keep the simulation time within reasonable bounds 

[157], [158]. 

In this work PLCES simulation environment [159] is the tool chosen to design 

the behavioral model for the PROFET™ device thanks to its simplified approach to 

the modeling of solid-state switches and the possibility to graphically design finite 

state machines (FSM) useful in modeling the behavior of the integrated control logic 

[160]. 

The system applications presented in this chapter are relatively simple, but the 

modelling concept can be applied to more extensive and modular systems. Such a 

modelling approach is of particular importance during the early concept develop-

ment phase of a product or a system, especially when physical prototypes are not 

available. Virtual prototyping is especially advantageous to evaluate new concepts 

for the product itself, or to check how the product would behave in more complex 

systems [161], [162]. In particular, early detection of pitfalls, block interdependences 

and topology optimization can be performed relying on behavioral models, even in 

the absence of experimental data. Behavioral modelling gives the user flexibility to 

replicate the relevant behavior of the system of which the considered product will be 

a part, while neglecting aspects that are not relevant to the problem at hand, thus 

making the model lean and quick to simulate. 

5.1 PROFET™ Behavioral Simulation Model 

Figure 5.1 shows the block diagram of a dual-channel PROFET™ product. A 

PROFET™ device is a high-side power device, consisting of an integrated power 

stage (or more, in case of multi-channel devices) and the logic necessary to operate 

it correctly. Since the focus is on the behavioral modelling of the product, certain 
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features closely related to the electrical domain (e.g., gate control, charge pump) can 

be neglected in PLECS, where the gate is driven by a logic signal (high/low). 

The main features to be included in the model are: 

- over-temperature protection, including basic thermal modelling of the 

thermal sensors; 

- over-current protection; 

- output voltage limitation (namely, Zener clamping); 

- internal state diagram; 

- the power stage. 

 

Figure 5.1: Block diagram of a PROFET™ device [163]. 

The model implemented is composed of four subsystems (Figure 5.2): the input 

state machine (with the FSM), the power stage, the thermal model, and the fault- 
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handling logic. The approach shown in this chapter is general, and it should be un-

derstood as an investigation of the modelling possibilities, not necessarily related to 

a particular product. 

5.1.1 Input Control Logic 

Since the device keeps memory of its operational state in order to properly detect 

and manage faulty conditions, an FSM is introduced in the model as the core of the 

integrated control logic behavior. The FSM presents three inputs (Figure 5.3): the 

user control signal (in), the clamping condition signal (clmp), and the fault condition 

signal (flt). Outputs of the subsystem are the power stage gate control signal (gate) 

and a fault condition counting number (fault_num). 

 

Figure 5.3: Particular of the input state machine subsystem. 

At the first simulation step, the FSM user input signal is kept at zero through a 

memory block, connected with the user control signal through an AND gate logic 

block. This improves convergence at the first simulation step. 

Figure 5.4 shows in detail the FSM, composed by four states: Off state, On state, 

Fault state and Clamping state. 

Starting from the Off state, when the user input in goes to 1 with no fault and no 

clamping signal condition, the FSM moves to the On state, setting the output gate to 

1. In this state, two possible signal transitions can happen: the input could change 

from 1 to 0, still with no fault and no clamping conditions, therefore the FSM moves 

to the Off state. Otherwise, a fault signal transition from 0 to 1 could move the FSM 
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Automotive Applications 

to the fault state. In both cases, the gate output signal is 0. In both Off state and Fault 

state, when the clamping signal becomes 1 the FSM moves to the Clamping state. 

 

Figure 5.4: PROFET™ FSM state diagram in PLECS. 

To turn on the power stage, the FSM necessarily moves through the Off state. 

Therefore, latch or automatic restart behavior in case of fault can be modeled by 

changing the verification of the user input, which can be done through either transi-

tion detection or a condition verification. In Figure 3, the in signal is written between 

square brackets, meaning that the device will restart automatically as long as the 

signal is kept high. Therefore, the restart is defined by the external fault signal. After 

a fault condition vanishes, the fault signal can be kept high for a determined amount 

of time. This allows to restart the PROFET™ with a different rate in relation to the 

detected fault. Instead, if the in signal is checked outside the brackets, the input has 

to be lowered and then raised back to 1 for the Off to On transition, obtaining a latch 

behavior of the PROFET™. 
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5.1.2 Power Stage 

The behavior of the power stage of the product is described (Figure 5.5) by means 

of an ideal switch (FET1) with a Zener diode (Z1) connected in antiparallel. The 

model considers the on-resistance of the PROFET™ (included in FET1) and the 

body-diode and clamping behaviors (by means of Z1). If the FET1 is turned off, Z1 

allows the current discharge and fixes 𝑉𝐷𝑆 at the clamping voltage. When 𝐼𝐷 > 0, 

the clamping condition is verified by a comparator block and used as input signal for 

the FSM control. 

The voltage between drain and ground is sensed as well to check for the un-

dervoltage fault condition. 

 

Figure 5.5: Power-stage model in PLECS. 
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5.1.3 Thermal Model and Protections 

The thermal section of the model is shown in Figure 5.6. It consists of three RC 

Forster thermal networks: the first one for the estimation of the junction temperature 

(Tjunction) of the built-in DMOS (only for debug purposes), the second one (Tsense) 

estimates the temperature of the chip at the power stage side, while the third one 

(Tref) estimates the temperature of the chip at the logic side. 

Input of the thermal block is the instant power dissipation on the DMOS, given 

by 𝑉𝐷𝑆 ∙ 𝐼𝐷. The DMOS temperature sensor model output is connected to a relay 

block (Schmitt trigger) with thresholds of 150 °C and 180 °C (Relay1), which gen-

erates an OT fault signal. Furthermore, the difference between the sense temperature 

and the reference temperature of the PROFET™ is checked with a hysteresis from 

40 °C to 80 °C, generating a dT fault signal (Relay2). 

 

Figure 5.6: Thermal network and protections subsystem. 

5.1.4 Fault Detection Logic 

The fault logic subsystem shown in Figure 5.7 considers all the different fault 

signals from the power stage and the thermal subsystem. The output of the OR logic 

gate is sent to the FSM (flt). 𝐼𝐷  is compared with the ITRIP value and an overcurrent 

fault signal is generated if 𝐼𝐷 > 𝐼𝑇𝑅𝐼𝑃. When the undervoltage fault is enabled, the 

𝑉𝐷-𝐺𝑁𝐷 voltage is connected to a hysteresis block, and a fault signal is sent to the 

FSM when the voltage decreases under 3.1 V. For the overcurrent and undervoltage 

faults, a monoflop block of PLECS is used to maintain the fault condition for a cer-

tain amount of time after the condition is terminated. 
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Figure 5.7: Fault logic subsystem consisting of overcurrent protection, 

undervoltage detection and thermal protections. 

5.2 Auxiliary Components Modeling 

To test the model of the PROFET™ device under realistic circuit configurations, we 

modeled in PLECS additional components, namely, the model of DC distribution 

cables and, as a typical load, a heated filament bulb lamp. 

5.2.1 DC Automotive Wire 

The cable contribution to the global system robustness cannot be neglected for many 

reasons, especially when fault events are considered. From the electrical and operat-

ing point-of-view, potentially dangerous behaviors are induced by voltage drops. 

Cable resistive and inductive effects are responsible for these drops. Furthermore, 

from a safety point-of-view, cable heating must be modeled. Overheating issues can 

be checked, and the cable resistance per-unit-length (pul) can be changed in relation 

to the chosen cable. Figure 5.8 shows a possible PLECS implementation where sim-

ple modeling approach for both the electrical and thermal behavior of a DC cable 

has been considered [164]. 
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The electrical part of the model consists of an elementary R-L series circuit fea-

turing pul values for the specific type of cable; pul values are multiplied by the par-

ticular cable length. The thermal behavior of the cable is modelled by a single stage 

RC Foster thermal network. The heat flow in W/m 𝑄𝑤𝑖𝑟𝑒 is computed starting from 

the value of the current flowing in the cable according to equation (5.1): 

 𝑄𝑤𝑖𝑟𝑒 = 𝑅𝑝𝑢𝑙 ∗ 𝐼𝑤𝑖𝑟𝑒
2   

 

Figure 5.8: Simple thermal and electrical model for a DC cable. 

5.2.2 Heated Filament Bulb Lamp 

Legacy electromechanical components, such as relays and passive protections like 

fuses, can be replaced by PROFET™ devices for driving loads turn-on and turn-off. 

A typical load is represented by heated filament lamps [165]. This kind of light 

sources are characterized by a strong dependence between the electrical and the ther-

mal behavior. In particular, the filament equivalent resistance is related to its tem-

perature by a positive coefficient. 

The resulting behavior consists in high inrush currents at cold temperature (at 

turn-on), decreasing to the nominal rated value as the filament reaches the typical 

operating temperature of a few thousand Kelvin. The model presented in [166] has 

(5.1) 
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been chosen for the PLECS implementation. It consists of a thermal network with 

two thermal capacitances, as shown in Figure 5.9. 

 

Figure 5.9: Heated filament bulb lamp model in PLECS. 

𝐶𝑓 represents the thermal capacitance of the filament, while 𝐶𝑠 is the lamp sup-

port thermal capacitance. 𝑇𝑓 and 𝑇𝑠 represent the filament and lamp support absolute 

temperatures, respectively. There are three power contributions: the joule effect elec-

tric power contribution 𝑃𝑒, the convection (Pc) and radiation (Pr) power contribu-

tions. The joule effect power 𝑃𝑒 is computed by the subsystem F2 according to equa-

tion (5.2). 

 𝑃𝑒 =
𝑉𝑖𝑛

2

𝑅ℎ
  

Convection and radiation are packed as a single negative source and computed 

through the empirical expression related to Fourier and Stefan-Boltzmann laws of 

equation (5.3). 

 𝑃𝑐 + 𝑃𝑟 = 𝑎(𝑇𝑓 − 𝑇𝑎) + 𝑏 𝑇𝑓
4  

The coefficients, 𝑎 and 𝑏, have been empirically extracted in [166] for an H4 

automotive lamp. 

A comprehensive expression for the thermal model is given by the system of 

equations (5.4). 

(5.2) 

(5.3) 
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 {

𝑑𝑇𝑓

𝑑𝑇
=

1

𝐶𝑓
[𝑃𝑒 − (𝑃𝑐 + 𝑃𝑟) −

𝑇𝑓−𝑇𝑠

𝑅𝑠
]

𝑑𝑇𝑠

𝑑𝑇
=

𝑇𝑓−𝑇𝑠

𝑅𝑠𝐶𝑠

  

Finally, the electrical behavior is modelled by a variable resistor, the value of 

which is obtained by implementing equation (5.5) in subsystem F1: 

 𝑅ℎ = 𝑅𝑐 (
𝑇𝑓

𝑇𝑐
)

1.2285
  

𝑅ℎ and 𝑇𝑓 are the estimated resistance and temperature of the filament, while 𝑅𝑐 

is a resistance reference value measured at cold conditions, at the temperature 𝑇𝑐. 

5.3 Simulation Results 

In this paragraph simulation results are shown involving the PROFET™ device be-

havioral model. The simulations are focused on typical application scenarios at both 

normal and faulty operating conditions. 

Figure 5.10 shows the first simulation scenario presented. It consists of a PRO-

FET™ driving a bulb lamp. Realistic conditions are modeled introducing two distri-

bution cables: a 2-meter-long supply-side wire (20 mΩ, 2 µH) and a 10-meter-long 

load-side wire (100 mΩ, 10 µH). 

Figure 5.12 shows simulation results of the turn-on behavior with a lamp load. 

Initially, the current quickly increases up to 45 A and the temperature 𝑇𝑠𝑒𝑛𝑠𝑒 on the 

PROFET™ device increases due to the current inrush; 𝑇𝑟𝑒𝑓 increases, too, but with 

a slower time constant. Then, in about 200 ms, the current approaches its nominal 

value corresponding with the lamp filament steady-state temperature. In this scenario 

no faults are triggered. 

The second scenario, shown in Figure 5.11, consists of a short circuit event with 

the device automatic restart configuration. 

Simulation results are summarized in Figure 5.13. Because of the short circuit, 

when the device is switched on, the current starts increasing and it quickly reaches 

the ITRIP threshold of 80 A (red line in Figure 5.13). In this case the ITRIP 
 

(5.4) 

(5.5) 
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Figure 5.10: Typical load driving application scenario. 

 

 

Figure 5.11: Short circuit fault scenario. 
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protection signal is sent to the FSM, which forces the DMOS to switch off. The 

overvoltage due to the stray inductances of wires is handled by the PROFET™ via 

Zener clamping. The self-heating induced by such fault event is higher than in nor-

mal operation, and the protections are designed to keep the device within its Safe 

Operating Area (SOA). The device is then allowed to restart when the protections 

are internally released, since the faulty condition has disappeared. Due to the persis-

tence of the short-circuit, at each restart the temperature 𝑇𝑟𝑒𝑓, as well as 𝑇𝑠𝑒𝑛𝑠𝑒 peak 

value, keeps increasing until reaching a periodic behavior. This results in a progres-

sive increase of the delay in restart time. In fact, the average temperature reached by 

the device is closer to the lower threshold, so the OT requires more time to exit from 

its fault condition. 

5.4 Enhanced Model with Current Limitation 

The model presented so far for the device represents the common behavior of the 

majority of the traditional PROFET™ products, which are mainly based on ITRIP 

(overcurrent) protection. However, newly commercialized products can operate in 

current limitation mode when in overload conditions. To recreate such a behavior, it 

is necessary to improve the model of the built-in switch in order to be able to vary 

the channel resistance of the device to control the current flowing through it. A phys-

ical model is required where the source-gate connection is available. 

To keep the model lean and able to simulate entire mission profiles in reasonable 

time, we choose to adopt the Curtice model [167] to describe using a single equation 

(5.6) both the operating regions of the FET (avoiding discontinuities). 

 𝐼𝐷 = 𝛽(𝑉𝐺𝑆 − 𝑉𝑇0)2(1 + 𝜆𝑉𝐷𝑆) tanh(𝛼𝑉𝐷𝑆)  

where: 

𝛼: is the 𝑉𝐷𝑆 slope [1/V], 

𝛽: is the gain [A/V2], 

𝜆: is the channel length modulation [1/V], 

𝑉𝑇0: is the channel threshold voltage [V]. 

(5.6) 
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The Curtice model implementation in PLECS is shown in Figure 5.14. We put 

an additional RC stage on the gate to obtain a realistic finite turn-on and turn-off 

behavior of the FET and we added a bypass switch to avoid reaching negative current 

flowing in FET1 if going outside of the model’s field of existence. 

Figure 5.15 shows the global view of the enhanced PROFET™ model with cur-

rent limitation. Because when 𝐼𝐷 becomes negative a clamping occurs and Z1 acts 

as a short circuit, FET1 is no more effective, and its effect can be temporarily re-

moved bypassing it (S1) in order to help the solver and to speed up the simulation, 

avoiding handling discontinuities in Curtice model due to abrupt variations of 𝑉𝐷𝑆. 

Current limitation behavior is modelled, as in Figure 5.16, by monitoring the 

difference between the nominal current limit (I_lim) of the product (adjustable in the 

PROFET™ model mask) and the instantaneous value of 𝐼𝐷. When the latter starts 

approaching the limit value, the gate voltage (Vg0) of the Curtice FET is proportion-

ally reduced till reaching a null value when 𝐼𝐷 ≥ I_lim. The slope of the limitation 

action can be controlled by varying the klim gain value. 

 

 

Figure 5.14: Curtice FET model implementation in PLECS. 

Helps 

avoiding VDS

discontinuities

Strengthen solver 

convergence 

RC low-pass 

behavior at the 

gate (to have a 

finite turn-on and 

turn-off)
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Figure 5.16: Current limitation controller. 

5.4.1 Simulation of Power Distribution Networks 

The two models presented so far for the PROFET™ devices – namely the one with 

current protection (ITRIP) and the one with current limitation (ILIM) – are very use-

ful in understanding the behavior of power distribution networks (PDN), where mul-

tiple high-side switches are employed at different levels of the network. In this 

sub-paragraph we show two simple examples of a 2-layer PDN. They show the ad-

vantages of this kind of simulation approach which allows system designers to test 

many different configurations of a PDN choosing the right PROFET™ products, 

accounting for possible faulty conditions at different levels of the PDN and their 

effects on the remaining parts of the network. 

The first simulation scenario is presented in Figure 5.17. The PDN is supplied 

by a 12 V battery (2nd order R-R∥C equivalent model [168]). The whole network is 

driven by an ILIM device (90 A limitation threshold) located at the root level, then 

each load, namely 2 lamps, a resistive load, and a capacitive load, is controlled by 

an ITRIP device (80 A protection threshold). Also the cables are considered, with 

typical lengths for automotive applications. Details about the size of each component 

can be found in Figure 5.17. 

Simulation output in Figure 5.18 shows that, in the turn-on phase (all loads are 

turned on at time t = 3 ms), the current inrush on the lamps, along with the capacitor 

Cld3, causes the PROFET0 to trigger the current limitation state. When the current 

limitation threshold is exceeded the control logic makes the embedded DMOS to 

increase its channel resistance, so the voltage across the PROFET0 starts increasing 

and, consequently, the supply voltage on the lower end of the distribution network 
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decreases. This causes the devices 1 and 4 to trigger an under-voltage fault (namely 

the voltage supply protection). We see that 𝑉𝐷𝑆0
 is zero because PROFET0 is active 

since the beginning of the simulation, then all the loads are turned-on (so 𝑉𝐷𝑆1,2,3,4
 

drop to 0 and 𝐼𝐷1,2,3,4
 increase) and 𝐼𝐷0

 starts increasing until it reaches the 90 A 

threshold. At this point, 𝑉𝐷𝑆0
 rapidly increases in order to cope with the current in-

rush. The increase in 𝑉𝐷𝑆0
 voltage-drop, causes PROFET1 and 4 to go in voltage 

supply protection (third group of plots in Figure 5.18), therefore they turn-off and 

back on again after a short recovery time. In addition, it is interesting to note that, 

while PROFET1 and 4 go in under voltage condition, this is not the case for PRO-

FET2 and 3. This is due to the inductive behavior of the cables which allows to keep 

the voltage of the second side of the network at a sufficient level. 

Summarizing, this first scenario allows system designers to catch one possible 

issue arising when using current-limited devices as upper-level switches. 

 

 

Figure 5.17: Simulation scenario of a 2-layer PDN with 

an ILIM root device and four load driving ITRIP devices. 

60 W 2 Ω 30 Ω // 2 mF
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Figure 5.18: Simulation results of the first proposed scenario (Figure 5.17). 

The schematic of the second example we propose is in Figure 5.19. A 3.3 mF 

intermediate-level buffer capacitor (Cbuffer) is added as a possible solution to miti-

gate current limitation effects due to ILIM root devices, when coping with loads with 

high turn-on inrush currents. As shown in Figure 5.20, at time t = 10ms PROFET0 

is turned on and it instantaneously goes in current limitation due to the high current 

inrush caused by Cbuffer charging. 

At time t = 10ms, loads are turned-on and, as in the previous scenario, we have 

a high inrush current peak and PROFET0 tries to limit it, increasing its 𝑉𝐷𝑆. How-

ever, in this second case, thanks to the buffer capacitor, the voltage on the bus 

(namely the supply voltage for PROFET1 and 4) is kept at an acceptable level (be-

tween 8 and 9 V) resulting in no voltage supply fault condition as confirmed by the 

mid-plot in Figure 5.20. 

We have an additional advantage coming from the introduction of Cbuffer: the 

current of PROFET0 is much less “noisy” when one of the load-end devices is in 

ITRIP condition, therefore, 𝐼𝐷1
 and 𝐼𝐷4

 are less affected by the 𝐼𝐷2
 or 𝐼𝐷3

 behavior in 

case of short circuit faults. 
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Figure 5.19: Simulation scenario of a 2-layer PDN with additional buffer capacitor. 

 

 

Concluding, the modeling approach discussed in this chapter demonstrate how 

the behavioral modelling allows system designers to build a comprehensive sys-

tem-level model including the main control functionalities and protections of the de-

vice under design, allowing to study the interaction between components at different 

levels of the PDN by means of mission profile simulations, keeping the simulation 

time within reasonable bounds. 

60 W 2 Ω 30 Ω // 2 mF
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Figure 5.20: Simulation results of the second proposed scenario (Figure 5.19). 
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Conclusions 

In this dissertation the topic of top-level behavioral simulation models for SGs (MGs 

and NGs) has been explored, presenting three case study (Chapter 2, Chapter 3 and 

Chapter 4). 

The traditional power generation and distribution systems will be supplanted by 

the SG concept which will give a major shift the way the legacy power grid has been 

traditionally designed and managed. The wide plethora of actors involved in this 

process, including intermittent and variable generation from RES, mobile loads, and 

storage, such as EVs and the need of plug-and-play functionalities, will increase the 

uncertainty and complexity of the energy management system. This complexity ac-

celerates the need to identify the appropriate computational tools to perform design-

ing and sizing actions in this future SG context. 

MBD approach alongside with the adoption of DTs in SCADA systems, opens 

for the necessity to have simplified behavioral models in order to satisfy real-time 

and faster than real-time execution constraints. 

 

One of the main contributions of this thesis consists in providing a library of 

behavioral models, and showing the approach we adopted, to allow smart grid sim-

ulations to be carried out on a large time scale (in the order of months to years) 

maintaining reasonably small the ratio between the simulated time span and the com-

putation time required by completing the simulation. In this context, the main work 

presented in the thesis is the simulation model of the UPSC (Chapter 2). University 

campuses are natural playgrounds for the development of district-level MG con-

cepts, thanks to the ideal scale and their dynamic environment due to the presence 

of many different facilities: scientific, technological, recreational, sports, etc. 
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Detailed modeling of the key elements of the energy infrastructure and of the MG as 

a whole is a necessary step: first, as a design and planning tool, in the second stage, 

as the backbone of the MG control system. The development of a MATLAB-based 

campus MG model has been presented as well as its use to investigate possible sce-

narios of PV generation and BESS deployment in combination with EV charging 

stations. Additionally, a detailed model of the heat-pump-based heating/cooling sys-

tem of a campus building, coupling the dynamic thermal model with the electric grid 

model is included; this kind of comprehensive energy grid modeling will likely gain 

importance in the near future as the concept of integrated energy districts and their 

modeling become more common. 

Solar photovoltaic technology is one of the renewable technologies, which has a 

potential to shape a clean, reliable, scalable, and affordable electricity system for the 

future. In addition, it is the most abundant, inexhaustible, and clean. Considering this 

fact, all over the world governments are encouraging the development and deploy-

ment of solar PV technology. Nevertheless, the use of solar PV plants requires par-

ticular attention to the monitoring and maintenance processes of the PV modules. 

For this reason, PV monitoring issues have been analyzed in Chapter 3. A new smart 

soiling sensor prototype has been proposed coupled with the simulation model of a 

DC NG. Accounting for the effect of the soiling deposited on the modules, the model 

allows to plan the optimum scheduling time for PV cleaning interventions, balancing 

the loss of production due to soil with the cost of a cleaning intervention, thus mini-

mizing the economic impact. 

For the reasons discussed in several points of this dissertation, environmental 

and economic considerations encourage the use of RES to charge the batteries of 

EVs in industrial environments. This requires having tools to proper design the grid 

architecture and size the facility power system. If the primary energy source is a PV 

plant, maximizing self-sufficiency requires the installation of a suitably sized ESS, 

and increasing the ESS capacity is critical for reducing the energy exchange with the 

PG. In Chapter 4 a novel approach to define the most suitable grid architecture based 

on behavioral PLECS modeling has been presented. From simulation outputs, it is 

possible to find the optimum trade-off between the costs of initial investment, run-

ning costs and PG consumption considering both economic and environmental per-

spectives. In particular, the model considers the number of EVs, initial investment 

costs, PG consumption costs, CO2 footprint, and EV working time requirements. 
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Recently, behavioral modelling is gaining more and more importance in various 

designing fields. In Chapter 5 the behavioral approach has been applied to the case 

of automotive PDNs. The work, carried out on behalf of Infineon Technology Aus-

tria, is focused on designing the simulation model of a high side switch (namely, 

PROFET™ family products) for automotive applications. The behavior of the model 

has been described including all the main control functionalities and protections of 

the device. Finally, the model of the product has been used to demonstrate how be-

havioral modelling allows system designers to study the interaction between compo-

nents at different levels of the PDN by means of mission profile simulations, keeping 

the simulation time within reasonable bounds. 
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