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work without the data and information provided by ElaadNL and Enexis. Therefore, I
sincerely thank both companies for their support.

Besides them, many other people supported me throughout these months. My flat-
mates Francesco and Marco always took good care of my mental health during these
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Abstract

Although the idea of electric vehicles fell out of favour in the 1930s, it seems this phe-
nomenon is now reversing and that many companies are willing to invest again on this
technology. The advantages are clear: no emissions and the possibility to power vehicles
by means of sustainable sources. On the other hand, a high number of simultaneously
active charging stations would likely lead to severe problems in the electrical network,
e.g. grid congestions and voltage issues. One of the main goals of this work is to es-
timate the impact that a higher EV penetration has on the power loading of the lines
and transformers in a distribution grid. Once these effects are clear, the focus can move
towards the investigation of possible strategies to limit it.

Excluding an equipment reinforcement, the only possible way to keep a grid operat-
ing when the general working conditions approach the technical limits, is to improve the
power management. In this regard, five control strategies were tested in different com-
binations. Among these, three were implemented on a single charging station level to
control the charging operations of the single vehicles. These are the uncontrolled charg-
ing (the most commonly used strategy worldwide), the average power charging, where a
constant low power is provided during the whole parking time, and the local optimisation
charging, where a completely local optimisation analysis is carried out to calculate the
cheapest operation possible. The other two strategies instead were implemented at cen-
tral level, to curtail power in case of necessity. These are the Equal Curtailment Method,
that prioritises an equal division of the curtailment among the chargers, and the Flexi-
ble Curtailment Method, that optimises the curtailment considering the flexibility of the
charging stations.

Several tests were run by means of simulations on real Dutch distribution grid models
and they showed that simple charging strategies – such as the average power charging
– can lead to both low charging prices and low loading percentages. It seemed hardly
possible, though, to make the charging stations take greater advantage of the low prices
at night, without causing overloading issues. However, this could be achieved if a curtail-
ment scheme was also included by means of a central coordination unit. Therefore, it is
clear that different levels of complexity may bring benefits to the network, but they may
also present drawbacks. The purpose of this work is to shed some light on the different
possibilities and to provide hints on how to choose the most appropriate strategy for each
situation.
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1 Introduction

The integration of Electric Vehicles (EV) in the grid is an ongoing process that is at-
tracting more and more attention. A lot of research has already been made on the topic
to allow a safer, more convenient and more efficient integration of this emerging new
technology. In this regard, it is interesting to notice that a significant number of sources
focused only on its introduction by means of microgrids1 (MG). In many of these studies,
it was proved that a very efficient charging operation could be achieved. However, such
solutions could only be applied where MGs are already widely integrated in the system,
which is currently not a very common condition. A more common situation (in the
Netherlands as well) is that consumers are connected to the grid via nodes2 that do not
operate like MGs. These nodes may differ from MGs in terms of dimension and because
they cannot operate in islanded mode. Therefore, the natural question that arises is:
how to integrate EVs in the current distribution system?

In this regard, one of the most important aspects to consider is that a higher pen-
etration of electric vehicles is expected to significantly affect the electrical network. In
particular, the load demand would increase a great deal in peak hours, and – in case
Vehicles-to-Grid (V2G) mechanisms are implemented – also the power flow could be
considerably altered and become bi-directional. Therefore, many Transmission System
Operators (TSO), Distribution System Operators (DSO) and energy companies are now
investigating whether the current status of the grid is sufficient to withstand a higher
and higher penetration of EVs and, if so, to what extent. However, it should also be
mentioned that the results of this analysis may differ depending on how this technology
is going to be implemented in practice. In fact, it is obvious to expect that by adopting
smarter charging strategies or introducing a curtailment scheme to be used in case of
potentially dangerous situations, EVs could be regarded as safer and less problematic.
Therefore, the purpose of this thesis is to compare some of the different strategies and
schemes that could be adopted to implement these new elements in the grid and observe
the effects they lead to. By doing so, it is possible to shed some light on some of the
challenges and possibilities that await what could be called the electrical power system
of the future.

1These are defined by [5] as systems that can manage themselves and operate both autonomously or
grid connected.

2In this report, the term node is used to refer to the point at which the connection of one or multiple
utilities occurs.

1



2 Chapter 1. Introduction

Figure 1.1: Passenger electric car stock in main markets [1]

1.1 A new Transportation Revolution: Electric Vehicles

In this section, an overview of the spreading of electric vehicles is provided. Section 1.1.1
describes the trends of this phenomenon on a global scale, whereas section 1.1.2 focuses
only on the situation in the Netherlands. The information contained in these first two
parts should give a first insight into what is foreseen to be the future of mobility. Then,
section 1.1.3 provides an overview on the challenges and the benefits that come with EVs.

1.1.1 Electric vehicles in the world

An electric vehicle can be defined as ”a vehicle that is driven by an electric motor which
draws its current either from storage batteries or from overhead cables” [6]. There is
already a long history behind this topology of vehicles. In fact, although it is still
discussed to whom the credit for this invention belongs to, the first EVs date back to the
1830s. Since then, they had become more and more popular, until they almost completely
died out because of the development of Internal Combustion Engine Vehicles (ICEV) in
the 1930s [7].

Nowadays, it seems the phenomenon has started reversing and EVs are getting pro-
gressively more common almost everywhere around the world. As of the end of 2018,
the global number of EVs reached 5.1 millions (considering both fully electric and hybrid
vehicles). As shown by figure 1.1, more than 40% of the global electric fleet is located in
China, while Europe and USA accounts for 24% and 22%, respectively. The outstanding
percentage reached by the People’s Republic of China can be explained through the sev-
eral policies adopted by the government, such as the ”China’s 12th 5-year plan” [8]. Also
in other countries the electric vehicles’ integration is reaching very interesting results,
such as in Japan, where there are now more EV charging points than petrol stations [9].

Furthermore, the exponential rise in sales registered so far, visible in figure 1.1, seems
to be in line with what stated in the Paris Agreement. This was signed by the represen-
tatives of 195 countries and set the goal of maintaining the global rise in temperature at
1.5 °C above pre-industrial levels and, in the worst case, not to exceed a 2 °C limit. Be-
ing the transport sector accountable for almost one quarter of the energy-related global
GHG emissions, it is clear that a transport electric revolution will play a major role in
this sustainable transition. As a matter of fact, according to the IEA, around 75% of all
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the vehicles sold worldwide has to be electric by 2050 [10, 11]. In this sense, along with
the very well known Tesla, other car brands started producing their own electric models.
Among them are Nissan, Peugeot, Mitsubishi, General Motors and Chevrolet [12].

1.1.2 Electric vehicles in the Netherlands

As of 2018, the overall number of EVs registered in the Netherlands is around 143,000, of
which approximately 98,000 are Plug-in Hybrid Electric Vehicles (PHEV), while the rest
are Battery Electric Vehicles (BEV) [13]. According to the same source, this number is
not the highest in Europe, as other countries such as Norway (249,000), United Kingdom
(198,000), Germany (194,000) and France (166,000) have bigger EV fleets, as of the
same year. Nevertheless, the results obtained by the Netherlands can still be regarded
as exceptional, since its population is considerably smaller than in the other countries
(except for Norway). Furthermore, the Dutch electrical network has an outstanding
number of 37,000 charging points, which is the highest in Europe. For all these reasons,
the Netherlands is considered one of the front runners in the field of EVs.

The current situation is likely to improve even further thanks to the goals set in the
coalition agreement presented by the leaders of four of the most important parties in the
Dutch parliament. According to this, ”The aim is for all new cars to be zero emission by
2030 at the latest” and ”[...] ensure that charging infrastructure is in place to meet the
needs of the new stock of electric vehicles” [14, p. 43]. To practically achieve these goals,
several government incentives have been introduced. Among these are subsidy schemes
for fully electric vehicles and the possibility to use dedicated bus lanes for electric taxis
and other specific categories of EVs [13]. Furthermore, all fully electric vehicles are
exempt from both purchase tax (Belasting van Personenauto’s en Motorrijwielen, or
BPM) and road tax (motorrijtuigenbelasting, or MRB) until 2020 [15]. It is important
to notice that these exemptions are not valid for PHEVs. In fact, hybrid vehicles need
to pay additional fees on the BPM based on the CO2 emitted and get only an adjusted
discount on the MRB [16,17]. This caused a decline in the sales of PHEVs, as it can be
seen in figure 1.2.

In the same figure it is also possible to see that the sales of BEVs increased exponen-
tially. According to [18], the EV penetration could already reach a percentage of 47% by
2030. Therefore, it is clear that this phenomenon of steadily higher sales of EVs needs
to carefully be analysed, so to make sure that all the possible consequences (described in
the next section) are kept under control.

1.1.3 Challenges and benefits of EVs

As explained in the previous sections, the penetration of EVs in the electrical network is
likely to be massive in the coming years. This will come with both challenges and new
possibilities for the electrical networks.

EVs’ new loads are likely to make the operation of the electrical systems even more
complex than it already is. As a matter of fact, their introduction in the network comes
with several disadvantages, such as high uncertainty, disparity and non linearity [19].
Furthermore, these kinds of vehicles are characterised by a very high power demand. For
instance, a 24 kWh packed Nissan Leaf has a power consumption very close to a single
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Figure 1.2: Development in the number of EVs registered in the Netherlands [2]

household in Europe [20]. Therefore, a high penetration of this technology constitutes a
serious threat for the grid.

According to [21–24], some of the problems that are likely to be experienced are
overloads of lines and equipment, voltage deviations, degradation of power quality and
higher power losses in the grid. On top of that, also a significant reduction of the expected
life of the distribution transformer is foreseen [25, 26]. Potential effects of a higher EV
penetration in the Netherlands are studied in [27], where the results show that a 42%
increase in the load peak would be registered in case all vehicle owners switched to a fully
electric one. A similar research was carried out for the U.K. and the results showed that
an EV penetration of 20% would already cause an increase in the peak load of 35.8% [28].

On the other hand, EVs can bring many benefits as well. According to [29] and [30],
EVs, on average, drive daily 38 km and are parked at home or in work places for around
22/23 hours per day. This means that electric vehicles are particularly suitable for
integrating Demand Response (DR) mechanisms and ancillary services. As highlighted by
C. Ahn et al. [31], because of their fast response time, EVs may help system operators’ job
of responding to the minute-by-minute fluctuations in the network. Their implementation
in the electrical system for frequency regulation and energy storage purposes is discussed
in [12] too. Finally, EVs can also be used to flatten peak demands (valley filling) and
therefore increasing the amount of utilities connected to the grid, without reinforcing
it [18, 32]. In this sense, EVs could really help the introduction of renewable sources to
the energy generation portfolio. However, to do so, some technical problems need to be
solved first, such as the expected cycle life of the batteries mounted on the EVs [20].
This holds even more true if solutions like the V2G are adopted3.

3The implementation of DR mechanisms does not necessarily imply EVs giving energy to the grid
(V2G). It can also be achieved by simply postponing the charging process of the connected vehicles.
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As stated at the beginning of this chapter, the way through which EVs and charging
stations are decided to be introduced in the grid could make a huge different on the
final outcomes. Some strategies are certainly smarter and more efficient than others,
but may suffer of other problems, such as high complexity, or rely on grid conditions
or assumptions not entirely fulfilled. Therefore, the control schemes to be adopted will
most likely be a trade-off of all the possible solutions and necessary conditions.

Some of the possible strategies are based on a completely local control, some on a
completely central entity, whereas some others mix these two possibilities. Throughout
this thesis, several comparisons on different combinations of schemes are presented, so to
give a wide overview of the topic.

1.2 Renewable distributed generation

One important aspect that also needs to be considered is the presence of Renewable
Energy Sources (RES) in the electrical network. The use of these ”clean” technologies
allows a more sustainable energy production and, therefore, would increase the chances
to meet the goals set with the Paris Agreement.

However, the integration in the grid of technologies such as solar and wind power
also leads to great challenges. One of these is that their presence makes the system’s
behaviour more subject to weather uncertainties. This could lead to sudden and very
significant changes in the power generated, causing in turn issues in the grid, such as
voltage oscillations and under voltage situations. On top of that, the introduction of
distributed generation – mainly photovoltaic (PV) panels in the residential sector – also
has effects on the flow of power, that because of this change is now becoming bidirectional.
This has very serious consequences on the protection systems, since circuit breakers may
have problems in isolating a faulty section in case of a bidirectional flux of power.

Furthermore, another problem could arise when the power flows in the opposite di-
rection, from the nodes towards the upper feeder. Van Amstel describes this problem
by means of the coincidence factor, that is used to ”describe the affiliation of the peak
demand of individuals to the peak demand of a group” [29, p. 26]. Elements like the PV
panels have a coincidence factor that is remarkably close to 1. This means that when
the sun starts shining, all the solar panels installed start producing power at the exact
same moment. A sudden voltage rise would be the direct consequence of it and, in case
of high power installed, line overloads could occur as well. This coincidence factor close
to unity is also the reason why a solar eclipse is a big challenge for TSOs [33].

On the other hand, a local sustainable generation would also lead to several positive
effects. In case power is generated locally, there would be less necessity of transporting
huge quantities of energy. Therefore, less losses would be registered on the lines and the
possibility of having overloading and (especially) under voltage situations could decrease
if these technologies are implemented efficiently.

The conclusion of these few observations is that the benefits brought by a steadily
higher PV penetration in the network come with several challenges as well. Nevertheless,
the number of solar panels installed all over the world are skyrocketing. For instance,
the installed solar capacity in the Netherlands increased from 287 MWp in 2012 to 4522
MWp in 2018 [34]. For this reason, numerous PV panels were added to the models of
the grids, as it is better explained in section 6.2.
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1.3 Research questions

The previous sections show the relevance that EVs currently have on the electrical power
system and give an idea of what could be the potential impact of a higher EV penetration
in future. This EV penetration is expected to lead to different consequences depending
on the topology of the grid analysed (rural, urban or sub-urban), but in all cases it is
foreseen to be very significant. In order to relieve the impact of this phenomenon, one
solution is to improve the power management in the grid. In particular, it is possible to
operate on two different levels: on a local level and on a central level.

The former refers to the possibility of implementing different charging behaviours
at the single chargers. These could reach various levels of complexity but, being their
operation entirely local, their uncoordinated actions could easily lead to severe conse-
quences on the network. The central level instead offers the advantage of including in
the analysis the operation of all the elements involved in the system. In particular, the
central scheme considered in this research is a curtailment mechanism to ensure that the
technical constraints of the grid are always satisfied.

The main objective of this study is to evaluate the impact that different charging
strategies have on the distribution grid and the effects of the implementation of a central
curtailment scheme. Therefore, the main research question is the following:

What is the impact on the distribution grid of different charging strategies and how
can these coordinate with a central entity?

Besides it, the following three sub-questions are also introduced (more details about
the single questions can be found in section 3.3).

� To what extent are grids affected by higher EV penetrations?

� How and to what extent does a smart charging scheme affect the grid with respect
to uncontrolled charging?

� Can a local control strategy coordinate with a central curtailment scheme to effi-
ciently solve overloading situations occurring in the grid?

1.4 Research outline

The content of this work is organised as follows. Chapter 2 provides an overview of the
literature present on the topic, followed by a critical analysis of it. In chapter 3 all the
main assumptions are listed and both the focus and the methodology of the research
are described. The next two chapters go into the methods and schemes adopted in this
thesis, by describing the two main parts of this work: the development of a local controller
(Chapter 4) and the development of a central controller (Chapter 5). Chapter 6 provides
some relevant information concerning the grids and the data used for the simulations.
Finally, chapters 7 and 8 show respectively the most relevant results of this work and the
main conclusions of it.
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The purpose of this chapter is to give an overview of the different strategies and solutions
proposed in literature to front all the problems and challenges highlighted in chapter 1.
The first topics of interest are the possible different charging strategies that exist to power
the electric vehicles connected to the grid. Then, the focus can move towards methods
through which different entities, with different goals, could operate and coordinate with
each other to achieve global optimal solutions. These global optimal solutions not only
refer to the grid operating in the cheapest possible way, but also to ensure the system
always stays within its technical limits.

The chapter is organised as follows. Section 2.1 goes trough some of the most relevant
charging strategies that exist in literature. Section 2.2 describes several aspects regarding
microgrids and the way this topic can be relevant for the thesis. In section 2.3, instead,
the role of aggregators is discussed, along with how these entities can coordinate with
each other and/or with a central entity. Finally, section 2.4 summarises the main papers
studied on the topic of power curtailment, queuing strategies and the way fairness could
be considered in a model.

2.1 Local charging strategies

When it comes to electric vehicles and the way they interact with the grid, one of the
most important aspects to consider is the charging strategy that is adopted. Many differ-
ent possibilities exist and, among them, the uncontrolled charging is certainly the most
common one. This strategy – sometimes also called dumb or unregulated charging – starts
charging the EVs with the highest tolerated power immediately after their connection.
When compared with other charging schemes, the uncontrolled charging very often leads
to less efficient results in terms of costs and impact on the grid.

In this regard, the authors of [35] proved possible to obtain a lower peak demand and
a higher minimum voltage with both the so-called profit maximization charging and the
power factor control charging. The purpose of the former is to prioritise the charging
operation at low price moments, while the latter reduces the power factor of the charging
process any time there is a violation of the voltage, so to always maintain the voltage
at all nodes above a set level. Saldanha et al. [36] also investigated over the possibility
to replace the uncontrolled charging with a smarter strategy, in order to reduce the grid
impact of the electric vehicles. In this case, though, the comparison was made with the
delayed charging. This strategy makes use of two different prices: a low peak hour price

7
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from 00:00 to 07:00 and a high peak hour price during the rest of the day. The delayed
charging led to a lower impact of the EV on the grid, but showed also a second peak of
power occurring during off-peak hours. This charging scheme is sometimes also called
double-tariff charging and the impact of its implementation is discussed by the authors
of [37] too.

Müller et al. [38] describe and compare in their research another possible charging
strategy. In particular, they illustrate the working principles of the Voltage Guided
Control. This strategy adjusts the power given to the EVs according to the voltage
registered at the junction. As long as the voltage stays within the allowed limits, the
charging process is carried on at the rated power. In case the voltage drops below the
set limit, the charging power is reduced linearly so to increase the voltage. Besides this
voltage based strategy, they also analysed a price oriented strategy similar to the one
described in [35]. The results of their simulations showed that this strategy led to the
most serious grid impact as a result of the high charging concentration registered at
night.

This last result highlights one of the most relevant obstacles to the implementation
of a smart charging strategy that is completely local. In fact, the lack of coordination
can very often lead to high charging concurrency at low price moments. For this reason,
the authors of [39] describe an optimisation charging strategy that aims at making use
of the low prices registered at night, while also coordinating with the DSO. By means
of this approach the overall network operation cost is minimised and the overloads are
mitigated. Other possible approaches to mitigate the impact on the grid of higher EV
penetrations are described in the following sections.

2.2 Similarities with MGs’ coordination strategies

As of 2018, only a few MGs exist in the Netherlands and all of them are still part of
research projects [40], therefore a solution for the integration of EVs in this country
cannot rely yet on the use of this technology. Nevertheless, many of the authors who
discussed about the integration of EVs and RESs through MGs described problems and
challenges similar to the ones that are likely to occur in a traditional electrical network.
While considering their studies, though, it is important to keep in mind that there are
some crucial differences between a microgrid and a node [41]. The most important one is
that the former can operate in islanded mode, therefore completely disconnected from the
feeder, while the latter cannot. This makes the problem of safe islanded mode operation
– discussed in many sources – completely irrelevant for the research of this thesis.

Sources [42–44] focuses on hierarchical systems and coordination between MGs. In all
cases, each MG performs its individual optimisation and then communicates the solution
to a central system which returns new set-points to all MGs. In [42] the idea of the
authors is to minimise the costs at the single MG level by setting a very high purchasing
price (from the grid) after a power limit value is exceeded. Once the optimisation analysis
is completed at the MG level, each MG sends to the central system the total power it
needs (load minus RES generation) and the central controller behaves accordingly. This
means that in general, each MG adjusts its own peak power, while the central system
adjusts the optimum point for the whole system. [43] focuses more on describing the
System of Systems method to coordinate and interconnect multiple MGs. The idea in
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this case is to connect heterogeneous autonomous systems so to make them operate as a
single larger entity. The authors of [44], instead, optimise the coordinated behaviour of
MGs by setting internal price incentive mechanisms. By establishing appropriate selling
and buying prices they believed (and proved) possible to stimulate the trading of energy
in a multiple microgrid context. This method is based on setting appropriate prices for
the next hour that are communicated to all the MGs. This has an influence on the results
of their individual optimisation analysis of the next hour and also leads to better PV
utilisation. The Stackelberg game theory is adopted for the price setting optimisation.

In all the cases here reported, the global system optimisation is performed by coor-
dinating (in different ways) power exchange between MGs and between single MGs and
the upper grid. This situation is very different from that of a node, which can exchange
power only with the feeder at which is connected. However, the architecture described
in [42], where the global optimal solution is reached after a hierarchical coordination pro-
cess between MGs and a central entity, appears to be applicable also in case of a regular
grid, namely where no MGs are included. Instead, all those methods relying on price
control for the coordination process are more unlikely to be adopted. This is because the
current Dutch electrical network does not allow direct power exchange between nodes,
unlike in the interlinked community described in [45], where all MGs are assumed to be
interlinked via an AC bus.

Finally, the authors of [30] follow a slightly different approach to the problem. The
first analysis is performed by the central controller and this determines the best power
to give/take to each MG considering all the loads. The EVs in this analysis are regarded
as both loads and batteries. Once the schedule is completed and sent to all the MGs,
these in turn optimise their strategy according to their specific EVs’ requests. Therefore,
the approach is very similar to the ones described above, with the difference that the
analysis starts from the central entity instead than from the single local ones.

2.3 Aggregator’s role

Before discussing about research on aggregators in an electrical grid, it would be useful to
provide a general definition of this term. In the Official Journal of the European Union,
an aggregator is defined as ”a demand service provider that combines multiple short-
duration consumer loads for sale or auction in organised energy markets” [46, p. 14].
So, being its function the coordination of several small entities, its role in the whole
EV integration process could be very relevant and it seemed, therefore, worth studying
deeper.

In [47], the authors deal with problems that are similar to the ones described in the
previous section, namely they try to coordinate different aggregators to reach a global
optimal solution. In this sense, however, it is more similar to the approach followed
in [30]. In fact, the process starts with the central entity sending initial set-points to
the aggregators, which reply in turn with an adjusted solution. When the convergence
criteria are met, the method stops. This method, although theoretically very valid, could
suffer from high solving time, due to the several iterations that could be run before the
convergence criteria are eventually met.

The authors in [48], instead, describes a complete different approach where there is
a strong communication system between all the aggregators. However, they dive deeper
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into other aspects, such as mobility awareness (arrival time calculated by means of speed,
routes, etc.). This is a very interesting approach, because it allows in theory to get rele-
vant information from EVs before they reach a charging point. Therefore, the advantage
of this strategy is that the charging process of all the electric vehicles can be organised
in a more efficient manner. On the other hand, this method necessarily ends up dealing
with a higher quantity of information that needs to be shared in innovative ways, by
means of the vehicle itself or via an app connected to the EV. Also in research [49] the
authors describe the possibility of including in the analysis parameters such as EV routes
and traffic. Although the results of both these two studies make their approach appear
very promising, the difficulties in implementing such a strategy , namely traffic and EVs
remote control, make the implementation of these strategies very unlikely in the near
future.

It is also relevant to analyse the study carried out by S. Paudyal et al. [3], where a
similar approach is followed and they use the driving distance of the vehicles to calculate
their State of Charge (SOC). In this case, however, they also describe an interesting
hierarchical strategy, where the optimal operation of the single charging stations and
the global optimal operation of the grid are carried out on two different levels. The
methodology followed in this paper is briefly summarised in the diagram of figure 2.1.

Figure 2.1: Principle of application of the method described in [3]
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2.4 Power curtailment methods and queuing models

In case a central controller is included in the system to coordinate all the nodes, it is
likely it would also be responsible for curtailing some of the flexible loads when potentially
dangerous situations are detected. This procedure could activate, for instance, if any line
or transformer approaches its technical limits. If so, this central entity would be in charge
of deciding when to activate this protection mechanism and which elements should be
curtailed first. According to [29], this is one of the four possible ways to implement
flexibility on the demand-side and it is defined as direct control. When such a scheme
is adopted , the DSO has permission to control the connection of all the present flexible
devices, by switching them on or off depending on the situation. In general, these flexible
loads receive an incentive for their availability [50]. Nevertheless, it is clear that anytime
a curtailing situation occurs and it is needed to decide which loads to curtail first, this
decision cannot be taken lightly. In fact, DSOs are not allowed to discriminate one
customer over the others [51]. These issues turn therefore into fairness problems, which
solutions could in general be subjective and could not apply in the same way to all
situations. Furthermore, as the authors of [52] highlight, efficiency and other goals may
be considered having a higher priority with respect to fairness. The same paper is also
used to describe other aspects, such as the way fairness can be measured in a system and
how consumers’ satisfaction is affected by other consumers’ higher or lower consumption.
These elements, the authors point out, could significantly affect the curtailment actions.

Another source reviewed on the topic of power curtailment is the work presented by
N. Leemput et al. [53], where the authors provide an interesting analysis of the impact of
uncontrolled charging on the grid. They also give an interesting way to define the priority
for charging an EV. In particular, they decide to use the final time at which the charging
process has to start in order to have the battery fully charged at the departure time.
Then, they also discuss the weak correlation between PV panels and electric vehicles,
namely the fact that the power demand valley created by PV power production around
noon is not filled up through coordinated charging. As clearly explained in the paper, ”at
the moment the PV installations are producing power, most vehicles are not charging,
because they are not located at home or they are already fully charged” [53, p. 3].

Also in [54], some parameters for defining the priority of the electric vehicles con-
nected at the charging points are given. These are the State of Charge (SOC) of the
EV, the energy already given to the vehicle and the time-slack (defined as the remain-
ing connection time minus the minimum charging time required). Especially, this last
parameter seems very effective in conveying the room for manoeuvre of an EV, i.e. its
flexibility, by means of a single number. On the other hand, the first two (SOC and
given energy) appear to be more related with what concerns the fairness of the charging
process management. Further details on this topic are given in section 5.6.3.

The authors of [55] propose an interesting approach for PV over voltage, however it
relates more to real-time control on a local basis. As a matter of fact, the described strat-
egy includes warning voltages that have to be pre-set on a node level. Such parameters
are used to calculate the maximum power allowed at that node, so not to make the grid
operate beyond its technical limits. Also in [56] the focus is on the voltage behaviour.
In this, also a thorough analysis on the higher influence of the nodes at the end of the
feeders is given, where a correlation between the X/R value and the higher voltage com-
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pensation of the PV inverters at the end of the feeder is given. As far as the curtailment
process is concerned, the authors assumed an equal division of power curtailment among
all the elements involved. A similar fair division of the curtailment is assumed in [57] as
well.



3 Research methodology and objectives

In this chapter, some of the most important aspects of the thesis are presented. In par-
ticular, section 3.1 describes what are considered to be the most important contributions
of this work, followed by a description of its main focus. Then, in section 3.2 all the main
assumptions adopted for this analysis are listed, along with a brief explanation for them.
Finally, the methodology followed for this study is presented in section 3.3.

3.1 Contribution and focus of the thesis

The many papers, research and books mentioned in the previous chapter show the enor-
mous relevance that the topic has been having in the last decade. The introduction
of EV technologies is likely to be massive and it is better to be prepared for it, so to
avoid more serious problems in future. In this regard, many of those studies proved to
have effective approaches to front the future challenges that await the grids all over the
world. Nevertheless, many times they also present disadvantages or technical difficulties,
which make their utilisation trickier. Some of the strategies proposed in those studies,
for instance, could be adopted only under very specific conditions. Others instead, did
not consider the combination of different elements, such as the presence of both EVs and
PVs.

For this reason, the main purpose of this thesis is to analyse and compare some of
the possible strategies described – more or less extensively – in literature. The wished
result is to reach a better understanding of what schemes and methods are more likely to
be adopted in future and, eventually, which ones could be used in combination. In this
sense, the two aspects considered in this research are the charging strategies adopted on
a local level – therefore, on a single charging station or on a single node level – and the
possible presence of a central unit. This second entity would be in charge of ensuring the
technical constraints of the grid are always satisfied, by means of a curtailment scheme
introduced to prevent any potentially dangerous operation.

As explained in section 1.1.3, the higher penetration of EVs in the grid is bound to
lead to several negative effects, among which are overloads, under voltage and voltage
fluctuations. Being these topics very wide, although very related one to the others, this
work focuses on one of them only, i.e. the overloading issues. Therefore, the goal of this
study is to analyse and develop solutions to congestion problems related to both lines
and transformers in a distribution grid. Voltage problems, although could in theory be
solved by means of similar schemes, are not covered in this work. More details on this
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can be found in section 8.2. This choice also had a substantial effect on the necessary
curtailment schemes.

A second aspect that is necessary to highlight is that, although it was in the initial
intentions, no PV curtailment scheme was finally implemented in this work. This choice
was made after obtaining the results of the first simulations. In these, none of the possible
technical problems related to photovoltaic panels, such as over voltage situations or lines
overloaded for high power injection, was detected. Therefore, this curtailment scheme
was theorised, but, in the end, it was not implemented.

3.2 Main assumptions

Every time any kind of system needs to be represented by means of a model, the number
and the nature of the adopted assumptions is fundamental. This is also the case for this
thesis, where several assumptions were adopted to create the models of the grids on the
software and to use the algorithms described in the next chapters. The main assumptions
used for this thesis are listed below.

1. Regular loads, such as households, cannot be curtailed. In case problems are ex-
perienced in the grids, only charging stations can be curtailed. This assumption
was introduced to account for the fact that residential and industrial loads are
rarely flexible. Therefore, any time a load-shedding operation includes one of these
elements, there could in general be a loss in terms of money, as a compensation
from the DSO is due to it [58]. On the contrary, charging points can in theory
provide more flexibility to the system, as their charging process can be interrupted
if needed and they could still receive all the energy they need on time.

2. For the sake of simplicity, the grid topology is assumed to be fixed. This is an im-
portant assumption, as load-shedding is in general considered by DSOs as the very
last resource to use in case of problems in the grid. As explained in [59, 60], other
methods, such as network reconfiguration by means of changes in the open/close
status of the switches, are in general preferred to solve foreseen overloading situa-
tions.

3. Regular loads have priority in using the power coming from the PV panels. Charg-
ing stations connected at the same node will use that solar power only when there
is a surplus in generation.

4. In chapter 5 a central entity is described, which is authorised to totally control all
the charging stations present in the grid. This entity receives data regarding the
connected electric vehicles from the charging stations and has the power to curtail
them whenever it is needed. This role could be thought as taken by the DSO.

5. The foreseen behaviour of both regular loads and solar panels – used by the nodes
for their local optimisation analysis – is considered to be known with 100% accuracy.
On the contrary, the same nodes do not have any information on the EVs that will
connect to their charging points until the moment of connection.
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6. All the regular loads and charging stations are connected to the nodes via 3-phase
connections only. There are two main reasons for this assumption. First, it avoids
any imbalance in the grid between the three phases – since this is considered out
of the scope of this study – and second, it significantly increases the convergence
ratio of the simulations, as better explained in section 6.4.

7. All the regular loads and charging stations are modelled with a constant power
behaviour. This assumption negatively affects the convergence of the simulations.
More details on this assumption are given in section 6.4.

8. The prices that are used for energy purchasing are the ones taken from the Day-
ahead Market. This assumption was made as these prices are already known from
the previous day, so they allow to better optimise the charging process of the EVs
that are connected for several hours. As highlighted by Limmer et al., this is not
entirely realistic as ”it requires the knowledge or at least a good prediction of the
energy requirements of the EVs that have to be charged on the next day” [61, p. 1].
However, the prices from the two markets appear to have in general similar evolution
and, as mentioned in [62], the difference in price between the Day-ahead and the
Intraday markets is generally below 10 e/MWh.

9. In this study, only the active component of the power was considered. This as-
sumption comes from the large quantity of power electronics that is installed along
with PV panels and charging stations. The presence of this equipment is expected
to bring the average power factor value close to unity.

3.3 Research Methodology

As already said in section 3.1, this work aims at comparing different control schemes for
all the charging points in the electrical distribution network, with the intention to make
its operation safe, reliable and, eventually, also cheap and fair to all consumers. All these
goals could be achieved by following different strategies to be implemented either on a
local or on a central level. Then, the combination of schemes implemented on both levels
could in theory lead to even better results.

Therefore, different local control strategies were introduced to study their effects on
the grids. In this sense, there was a large variety of schemes that could be implemented
on a local level – as summarised in section 2.1 – and it was interesting to notice how
some of them led to several advantages that were paid, even so, with a low computational
complexity.

The three local schemes compared in this thesis are the uncontrolled charging (the
most common strategies adopted nowadays), the average power charging (where a con-
stant low power is provided during the whole parking time) and the local optimisation
charging. In this last scheme, a completely local optimisation analysis is carried out at
each charging station, so to calculate the most convenient charging behaviour possible.
More information about these three schemes can be found in chapter 4.

The other way a charging point can be controlled is by means of a central unit in
charge of controlling the global operating status of the network and that takes care
of ensuring the whole grid operates within the limits. In fact, by controlling the EV
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chargers on a local level only, their combined effect is not considered and this could lead
to disastrous effects, such as huge peaks of power in the network. For this reason, a
central curtailment scheme could be implemented to ensure the absence of overloading
situations – as this is the focus of the thesis – throughout the whole simulation time.

As it can be easily found out, there is abundant literature describing similar systems
and one of the main points in the most studies is the strategy according to which loads
are curtailed in case of necessity. Many different possibilities exist and two of them were
tested on the model to see the effects in terms of grid conditions and EVs’ satisfaction at
the time of their departure. The first strategy tested – here defined as Equal Curtailment
Method (ECM) – prioritises an equal division of the curtailment among the charging
stations. The second one instead – defined as Flexible Curtailment Method (FCM) –
tries to optimise the curtailment operation by considering the ”room for manoeuvre” at
each charger. A more detailed explanation of these schemes is provided in chapter 5.

Finally, some of these different strategies were used in combination, trying to take
the best aspects out of each method. By doing so – therefore, by comparing the results
of all those combinations – it was possible to get a better insight into what are the best
possible strategies to allow a smoother EV integration process.

All these schemes and control strategies – written as Python scripts to be executed
on models in PowerFactory of real Dutch low voltage grids – were used to answer to all
the questions listed in section 1.3. Those questions are reported here in further detail.

� To what extent are grids affected by higher EV penetrations?
Experience shows that the currently used grids are in general reliable and fully
working for regular operations at any time throughout the year. However, it is
foreseen severe overloading problems will be experienced with increasing penetra-
tions of EVs in the system. How much do these problems increase with higher EV
penetrations in the grids? How much does the topology of the grid affect these
results?

� How and to what extent does a smart charging scheme affect the grid
with respect to uncontrolled charging?
Uncontrolled charging has already been proved poorly effective in many previous
studies. Nevertheless, it still is the most commonly adopted strategy nowadays.
How significant is the difference in results when a smarter charging strategy is
adopted at all charging points? To what extent would this influence the use of
solar power and the charging price of the EVs? How much does a smarter charging
strategy affect the necessity of implementing a central unit to control the full grid?

� Can a local control strategy coordinate with a central curtailment scheme
to efficiently solve overloading situations occurring in the grid?
Once the effects of different local charging strategies are tested, it would be in-
teresting to see whether they can also coordinate with a central unit. In such a
combination the local controllers would take care of scheduling the charging pro-
cesses, whereas the central unit would ensure no overloading situations occur. Can
the respect of technical limits be ensured by adopting such a combination? What
would be the effect on the EVs’ satisfaction at the time of their departure? Would
a smart curtailment strategy lead to better results with respect to a strategy that
priorities equal shedding among the elements?
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One of the most relevant aspects concerning the whole EV charging field is probably
the power that is used for the process. This depends in general on both the Electric
Vehicle Supply Equipment (EVSE), i.e. the charging station, and the electric vehicle
itself. The charging power has a major role in the operation, especially in terms of the
time needed to complete the charge and the losses that are overall registered. Clearly,
the higher the charging power, the lower the time needed for a complete charge of the
vehicle. However, a higher charging power could also lead to a lower efficiency of the
operation. Furthermore, fast chargers also represent a more serious threat for the grid, as
they may have power requests even 10-20 times higher with respect to the slow ones. All
these aspects highlight how important are the charging schemes that are implemented at
the single charging stations.

In this chapter, three possible strategies are detailed. In section 4.1, the easiest
charging method, known as uncontrolled charging, is described. Then, a slightly more
sophisticated method – here defined as average power charging – is reported in section
4.2. Finally, in section 4.3 it is explained how to implement an optimisation analysis at
a local level to obtain a cheaper charging process.

4.1 Uncontrolled charging

The first and the easiest method that can be used to charge an electric vehicle is the
so-called uncontrolled charging, also sometimes playfully referred to as dumb charging.
When this charging scheme is adopted, the vehicle’s battery starts getting power from
the EVSE immediately after the EV is connected. As far as the power used for the
process is concerned, this will be the maximum power that the combination EVSE-EV
allows and that will be maintained constant for the whole duration of the operation.

As it is easy to understand, there is no smart strategy behind this method and in
case an EV asks power at a charging station during a peak period, no mechanism is
implemented to avoid an even higher peak load. This aspect is particularly relevant,
as the majority of the electric vehicles are connected to a charger when the owner gets
home after work. This happens in general at around 6-8 pm, which is the moment when
the grid power demand is already the highest. Therefore, such a behaviour is bound to
create problems if the grid is already operating close to its limit conditions.

Although these problems are very well known by the scientific community, the un-
controlled charging is still the most common charging scheme adopted around the globe.
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This is mainly due to the simplicity of the strategy that makes its implementation easier
than any other option.

In order to simulate this charging strategy in the model, an uncontrolled charging
behaviour is specifically made for every new EV reaching a charging station. A power
input equal to the rated power is assigned to the EV at all the time-steps needed for the
charge but the last one. In fact, if the same rated power was used at the last time-step
as well, the final given energy would be slightly less or would exceed to a small degree
the energy demand of the vehicle. This would happen as the time-steps set for the
simulations lie in the order of several minutes. Although this could have been in general
considered as an acceptable approximation, it was preferred to include this different last
time-step, so to make the comparisons with the other strategies more precise. In figure
5.4, it is possible to observe an example of the application of a different charging power
at the last time-step.

4.2 Average power charging

The second charging scheme discussed in this thesis is here defined as average power
charging. Also in this case, the charging process starts immediately after the EV connec-
tion and the whole process is carried on using a constant power. However, the power used
is not simply a rated power depending on the electric vehicle and the charging station,
but it is calculated considering a few parameters. In particular, this power is calculated
by means of the following formula

Pavg =
Easked

Tdep − Tarr
(4.1)

where Easked is the overall energy asked by the EV, Tarr the arrival time and Tdep is
the expected departure time.

There are two main differences between this scheme and the previous one. The first
difference is that, in order to calculate the charging power, the user needs to provide
some information, namely the overall energy required and the expected departure time.
This implies that the charging process is not anymore connect-and-charge, but that there
is also a moment where the user has to provide this kind of information. This could be
done, for instance, by means of an app on the smartphone or directly using the charging
column.

The second main difference is in one of the implications that come with this method,
namely that there is power flowing from the EVSE to the EV for the whole parking dura-
tion. In the previously described scheme, instead, this situation was unlikely, especially
with a long parking time. Therefore, the main idea behind the average power charging
strategy is to fully use the parking time of the EV. This aspect can be fully appreciated
by looking at the graph in figure 4.1. In this, the areas enclosed by the two rectangles
have to be the same in order to provide to the EV the same total amount of energy by
using either of the two methods.

By comparing the two rectangles and considering the coincidence factor aspect ex-
plained in section 1.2, it is apparent that the uncontrolled charging scheme is more likely
to cause overloading issues than the average power scheme.
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Figure 4.1: Comparison of uncontrolled charging and average power charging

4.3 Local algorithm: optimisation at the single node

The most sophisticated charging scheme tested in this thesis is based on the results of
the work of my PhD supervisor, MSc. Y. Yu. The work she presented – as part of the
OSCD project [4] – focuses on the analysis of a single node’s behaviour in an electrical
grid and on the creation of a local optimisation control strategy that aims at minimising
the charging cost of any electric vehicle connected to the analysed node. This is based
on the fact that the electricity price is not constant throughout the day. Therefore, by
choosing a low price period, the EV charging overall costs can be diminished.

4.3.1 General method

Several aspects need to be considered in this approach. First, it is necessary to include
in the analysis the behaviour of all the elements connected to the node. These could be
in general ’regular’ loads – such as households, small industries and so on – photovoltaic
panels and charging stations of different kinds (residential, public, etc.). As far as regular
loads and PV panels are concerned, the behaviour of these can be predicted by means of
past data for the former and weather forecasts for the latter. Obviously, these forecasts
come in general with a certain error that can be more or less severe depending on different
aspects. However, it was assumed in this thesis that the foreseen behaviour of both
regular loads and PV panels is 100% accurate. On the contrary, the behaviour of the
electric vehicles that connect to the different charging points, although follows some
known general patterns, it was assumed to be unknown in the node analysis. Therefore,
only when an EV reaches the charging station the node receives the data about it.

In this regard, like in the average power charging scheme, also this strategy needs
data like the expected departure time and the required energy. On top of that, additional
data regarding the node itself is required to consider the technical limits of the node, such
as the maximum allowed exported or imported power. Therefore, information about the
connection of the charging stations to the node and of the node to the electrical grid also
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needs to be considered for the optimisation. Finally, also information about the prices
for the next hours needs to be known.

Once all this information is available, an optimisation analysis can be executed to
determine the best charging behaviour for all the electric vehicles connected at that
moment. It is important, though, to specify when this optimisation analysis takes place
in practice, i.e. it is fundamental to specify what are the conditions that trigger it. This
is in fact a very important point as it has a great impact on the computational complexity
of the whole code.

The general rule is to start a new optimisation analysis at node n anytime a new
vehicle reaches that node to charge. When this happens, the period considered for
the optimisation analysis extends from the current moment until the last expected EV
departure, i.e. the departure time of the electric vehicle that leaves the node last. When
a new optimisation starts, the analysis horizon, namely the period considered for the
analysis, may be extended with respect to the previous analysis. This may happen in
case the just arrived EV expects to leave the node after the previous last expected EV
departure. For instance, if at 13:00 the last departure time of all the EVs connected is
at 18:00, the optimisation horizon extends until 18.00. If at 13:30 a new vehicle arrives
at the node, expecting to leave at 20:00, the new optimisation analysis will now consider
all the points in time until 20:00. This is what is called dynamic receding horizon.

When an EV reaches a node, as just said in the previous paragraph, a new optimi-
sation analysis starts. It is now important, however, to see what happens if there are
already other vehicles connected to other chargers at the same node when the new EV
arrives. In that case, the charging process of those EVs is considered as split into two
parts: from their arrival time until the new EV’s arrival time and from the new EV’s
arrival time until their expected departure time. The energy demand for the second part
is calculated as

Ereq,2 = Etotal − Egiven,1 (4.2)

where Etotal is the overall EV energy demand, while Ereq,2 and Egiven,1 represent the
energy demand for the second part of the charging process and the energy given during
the first one, respectively.

In case an EV leaves the node instead, nothing happens apart from some parameters
being set to zero or to their default values.

In figure 4.2 it is possible to see the example of a node with 4 charging stations. At
the simulated time ti a new vehicle arrives at Charger 1 and the horizon is set to T d

2 ,
that is the last expected departure time of all the vehicles. Furthermore, as stated in the
previous paragraphs, the already present vehicles get their charging process ’split’ into
two parts (only from an analysis point of view, as physically nothing changes). Finally,
at Charger 3 nothing happens, as there are no EVs connected.

4.3.2 Optimisation analysis

As far as the optimisation analysis is concerned, the objective is to minimise the operation
costs at all the J charging stations at node n. Being t a single time-step in the dynamic
receding horizon and i the index of the i -th EV connected to node n, the optimisation
variables are defined as follows.
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Figure 4.2: Evolution of the optimisation horizon in a node with 4 charging stations

� EV battery energy: bEV ,i,t (Barr,i < bEV ,i,t < Barr,i +Dch,i ∀ i, t)

� Node imported power: pimp,t (0 < pimp,t < P up
imp ∀ t)

� Node exported power: pexp,t (0 < pexp,t < P up
exp ∀ t)

� PV power used: pPV ,t (0 < pPV ,t < PPV ,produced,t ∀ t)

� EV charging power: pEV ,i,t (0 < pEV ,i,t < PEV ,rated ∀ i, t)

The battery energy at the arrival Barr,i and the total energy request Dch,i are provided
by the EVs when they connect to a charger. The parameters P up

imp and P up
exp are instead

set by the DSO (or any other entity responsible for the correct operation of the grid) to
ensure the power always stays within the allowed capacity of the node.

The power equations are fulfilled by means of the following constraints.

pimp,t − pexp,t =

∑J
i=1 pEV ,i,t

ηch
+ Pload,t − pPV ,t ∀ t (4.3)

bEV ,i,t = Barr,i +
t∑

t=Tarr

pEV ,i,t · ηEV ·∆t ∀ i, t (4.4)

In these, Pload,t is the sum of all the loads connected at the node, while ∆t is the
time-step length set for the simulation. The efficiencies ηch and ηEV of power conversion
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from the grid to the charger and from the charger to the EVs were set to the ideal value
of 1, as this allowed a more coherent and clear comparison of the different local charging
strategies,

Finally, the objective of the optimisation analysis can be summarised by means of
the following mathematical expression. In this, Thor indicates the last time step of the
dynamic receding horizon.

J∑
i=1

(Barr,i +Dch,i − bEV ,i,Tdep
) · cpenalty +

Thor∑
t=t0

(pimp,t · cbuy,t − pexp,t · csell) ·∆t (4.5)

The three different prices included in this equation are all expressed in e/kWh. The
first one (cpenalty) indicates the penalty to be paid (potentially by the DSO) in case the
EVs do not receive all the energy they required. Provided that – to the best of the
author’s knowledge – no information on the topic exists in literature, this parameter was
set to the extremely high value of 100 e/kWh, so to make the algorithm avoid consumers’
dissatisfaction at all costs. The other two parameters instead – cbuy,t and csell – refer to
the prices associated with the import and export transactions. The former is a variable
value taken from the Day-ahead Market, while the latter is a constant value to account
for the presence of a feed-in tariff. This fixed value was set to 0.02 e/kWh.

One final aspect that has to be mentioned is that before any local optimisation analysis
is started some general acceptance criteria are checked. These make sure, for instance,
that the EV is not asking for too much energy in a too short time or that the overall
energy required does not exceed the limits of the battery.

A summary of some of the most important aspects regarding the three local charging
schemes is provided in table 4.1.

Charging

start time

User

information

Charging

power

Uncontrolled

charging

Right after EV

connection
Not needed Rated power

Average power

charging

Right after EV

connection
Needed Pavg = Easked

Tdep−Tarr

Local optimisation

charging

Depending on

optimisation results
Needed

Depending on

optimisation results

Table 4.1: Summary of the main information concerning the 3 charging schemes
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In the previous chapter, the logic of the different local controller schemes are thoroughly
described. However, as it will be explained in the following section, a completely de-
localised strategy presents several disadvantages. In this regard, the introduction of a
central entity, or a central controller (CC), may bring huge benefits to the system. The
roles it should fulfil are twofold: ensuring that the technical constraints of the feeder are
not violated and coordinating the EVs’ charging process, so not to generate consumers’
dissatisfaction. To ensure this, though, it may sometimes be necessary to curtail power
somewhere in the grid. When such a process takes place, there are three main steps
to follow: detect the loads to shed, calculate the overall amount of power to cut and
distributing the power to be cut among the loads.

This chapter goes through all the mentioned points and it is organised as follows.
In section 5.1 some of the most relevant problems of a completely delocalised scheme
are described. In section 5.2 the general working scheme of the CC is described, while
sections 5.3 and 5.4 describe the methods adopted to detect the loads to shed and to
calculate the amount of power to cut, respectively. Then, section 5.5 describes the first
method according to which the power to shed is divided among the different loads, the
Equal Curtailment Method. A possible alternative curtailment strategy – the Flexible
Curtailment Method – is instead described in 5.6. Finally, section 5.7 goes through some
modifications of the curtailment strategy in case the grids are operated as meshed.

5.1 Problems of a completely delocalised architecture

One of the main advantages of implementing a completely local control at the single nodes
is its exceptionally low computational complexity. By not making the nodes continuously
exchange information with a central entity and by also considering a lower amount of
data, the computational burden results significantly lighter with respect to a central
control scheme [11, 63]. This makes the local optimisation problem more likely to be
solved in an acceptable period of time (in this sense, the definition of acceptable depends
on the application itself). On the other hand, this approach presents a very important
downside too. The lack of information about the external environment, namely the
behaviour of the other nodes, and their consequent lack of coordination inevitably cause
mediocre results. Sometimes this could even lead to the failure of the whole optimisation
process, as it will be explained in the following paragraphs.

When it comes to EVs’ integration in the network, there are several issues that are
likely to arise with a controller scheme that is entirely local. All these problems arise at
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the feeder or at its transformer and are very often caused by the too high power requests.
As it has already been highlighted in previous studies [12, 64, 65], a high penetration of
EVs into the network could significantly stress the electrical grid. This could happen
because EVs’ owners would probably start charging their vehicles as soon as they get
home, therefore during an already high peak power moment. This behaviour seems
very similar to the one described for PVs in section 1.2. In fact, because of the similar
behaviour of their owners, EVs are also considered to have a high coincidence factor.

With the implementation of a local scheme only, nodes will request power or inject
some without considering what the other nodes are doing. For this reason, a very high
EV penetration is expected to cause two different kinds of problems: technical problems
and dissatisfaction of the consumers.

As far as the former are concerned, two of the most serious problems are caused by an
excessive power demand. These are lines (or transformers) overloads and under voltage
issues (this last phenomenon is more likely to be registered at the nodes that are farther
from the transformer). However, as already stated in section 3.1, the focus of this thesis
is on overloading issues only.

The dissatisfaction of the consumers instead can be easily explained by means of a
few examples where a completely local optimisation control scheme is implemented. In
case there is a general high consumption in the grid, for instance at around 8 pm, EVs
will ask for little power because of the high price of electricity. In case the price is low
instead, all the EVs will ask for power and a demand peak will be registered. This would
cause in turn technical problems that, however, could be easily solved by introducing a
power limitation scheme at all the nodes.

However, if there is no high consumption and price is neither low nor high, nodes may
decide to postpone EVs’ charging to a low price moment (for instance at 5 am), since
the only power exchange constraints they have are the technical ones dictated by their
own connection to the feeder. If all the nodes behave in the same way, the consequent
peak of power at 5 am will be curtailed because of the limits of the feeder. This means
that, since at around 7/8 am also regular loads will ask for more power and some EVs
will need to leave, there is a high chance that many EVs will not be able to fulfil their
charging process.

5.2 Central controller logic

Now that the reasons for introducing a central curtailment unit have been described, it is
possible to be more specific on how such a controller operates in practice. This is briefly
summarised in the diagram of figure 5.1.

When the load flow at a certain instant of time is run and a problem is detected
(for instance a congested line), the curtailment scheme is activated. The first part of
the process consists in compiling a list of all the charging points eventually available to
be curtailed. In this regard, as it will be further explained in section 5.3, the two main
factors to be considered are the charging points’ position, i.e. whether they are located
downstream of the problematic element, and if there are EVs currently connected. In
case there are charging stations fulfilling both these two conditions, the vehicles connected
to them are added to the list of possible EVs to curtail. The list of vehicles that will
actually experience a reduction in their consumption and the extent of this reduction
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Figure 5.1: Principle of application of the method in case of a congested line

depend on the result of the curtailment method, but this is the last step. Before that, it
is necessary to calculate the power that has to be cut to solve the congestion problem.
This calculation, described in section 5.4, is done by means of basic electric mathematical
relations and formulae reported in the DIgSILENT PowerFactory manual [66]. Once this
calculation is executed, the power-shedding can be finally divided among the involved
charging points according to the Equal Curtailment Method (ECM), described in section
5.5, or to the Flexible Curtailment Method (FCM), described in section 5.6.

5.3 Localisation of the nodes to curtail

As already highlighted in the previous sections, when problems in the grid, such as
line congestion or transformer overloading, are detected, it is possible to solve them by
curtailing some of the loads connected at that moment. One of the main assumption
of this thesis, though, is that regular loads cannot be curtailed. Therefore, the only
available loads to be temporarily disconnected in such situations are the electric vehicles
that are charging when the grid problems are experienced.

In this regard, EVs offer a lot of flexibility, as, even in case they get curtailed, they
may still get all the energy they need before the departure time. However, when a
problem like an overloaded line is registered, power has to be cut at charging stations
that have an influence on that line. This means that whenever any problem in the grid
occurs, before taking any action, it is first necessary to localise the charging stations
that affect the registered phenomenon. The criteria according to which a charging point
has an influence on it or not is if it comes after (according to the power direction) the
problematic element. Therefore, the only charging stations that should (or could) be
curtailed are the ones downstream of the interested line or transformer.
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5.3.1 General method

Distribution grids are very often built following a meshed design, but they are usually
operated in a radial fashion, mostly because of technical limitations in the protection
system [67–70]. When they are operated radially, the flux of power is very easy to predict.
In fact, power always flows from the transformer to the end of the branches following
the same path, as, when any load asks for power, this can come from one direction only
and always taking the same way. Thank to this characteristic, it is possible to create a
Localisation Reference Matrix (LRM) – like the one shown in figure 5.2 – that connects
every single line in the network to all the charging stations that may have an influence
on it. The advantages of this method are the following:

� Anytime a problem is experienced at a line or at a transformer, it is sufficient to
check this reference matrix to know what are the best charging stations to curtail.

� Once the LRM is created, it can be used in every situation and at any moment of
time. The computational complexity of the analysis is therefore lighter, as it is not
needed to run the calculations at every load flow.

� The creation of this reference matrix can be done by means of scripts specifically
made for the purpose (see section 5.3.2).

� The use of this LRM method allows to curtail only the charging stations that affect
the problematic element without making any position discrimination, such as the
distance from the transformer.

Figure 5.2 shows a part of the LRM built for Rural Grid. The elements on the vertical
axis represent the names of the lines, whereas the ones on the horizontal axis are the
names of the charging points. When there is a unit value at the intersection of a line
and a charging station, it means the latter has an influence on the former (therefore the
charging point is downstream of the line).

However, this reference matrix only is not sufficient to understand what are the
charging stations to disconnect in case of technical issues. The reasons for this are twofold:
1) not all the charging points downstream of an overloaded element have necessarily
electric vehicles connected at that moment of time and 2) even in case there are vehicles
connected, this does not imply that they are currently being charged.

For these reasons, if a problem is experienced, it is necessary to check what are the
charging points with EVs connected and which ones are asking for power at that moment
of time. This operation can be done very easily and it hardly affects the complexity of
the code.

5.3.2 Building of the Localisation Reference Matrix

The creation of a correct Localisation Reference Matrix is of vital importance for the
successful operation of the curtailment actions executed by the central unit. To do so,
several methods had been tried out until a satisfying result was finally reached.

Two possible main designs were considered: one based on the voltage behaviour of the
nodes and one only looking at the power flowing through the lines and the transformers.
Although the design of the latter would have been significantly easier, it was finally
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Figure 5.2: Part of the Localisation Reference Matrix built for Rural Grid

decided to proceed with the voltage option. This decision was made considering future
applications of the codes where a voltage control scheme could also be included.

The general idea behind this scheme is to activate at the same time all the charging
points present in the model with a constant power (for instance set to 2 kW). After a
load flow is run, all the lines present in the grid (in this case defined as primary lines) are
checked one by one. When any primary line is checked, an iteration starts. Starting from
this primary line, all the lines (in this case defined as secondary lines) located downstream
of the primary one will be analysed in a sequence and if a charging point is encountered,
that charging point is registered at the right spot of the LRM. For instance, in case ’line
105 ’ is the primary line analysed and the charging point ’Chr Home 3 is encountered
while analysing the downstream secondary lines, a value of 1 will be registered at the
right position of the matrix, as shown in figure 5.2. In order to understand what is the
’downstream direction’ at any line, the nodes at the 2 extremes of the line are checked
to find out which one has the lowest voltage. When there are no more secondary lines
downstream of a primary line, a new iteration starts where a new line (considered as a
primary line) is checked.

For this scheme to be effective, all the ’regular’ loads and PV panels need to be set to
zero power, so not to cause undesired variations in the voltage. For the same reason, also
the capacitance of all the lines has to be set to zero. In fact, the presence of phenomena
such as the Ferranti effect [71, 72] could lead to wrong outcomes. Obviously, all these
parameters are changed only for the construction of the reference matrix and are set back
to their original values to run the simulated scenarios.

This scheme was tested on different grids and the results obtained were verified and
proved to be 100% accurate in case of radial grids.
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5.4 Calculation of the power to cut

In this section, the second step of the curtailing process – the calculation of the power to
be cut to solve an overloading issue – is described. The procedure here reported refers
to the calculation of this power in case of line overloads, but the same logic can also be
used in case the overloaded element is a transformer.

The starting point is the loading percentage of the problematic line taken into con-
sideration. From this number, expressed as a percentage, the desired result is the corre-
sponding power to be cut, so to bring back the loading percentage below the safety limit.
This safety limit can be set depending on the situations.

The line loading percentage, according to the manual provided by DIgSILENT [73],
is calculated as

loading = max

{
|Ibus,i|
Ir

,
|Ibus,j |
Ir

}
· 100 (5.1)

where Ibus,i and Ibus,j are the magnitudes of the currents at the two terminals i and
j, while Ir is the rated current of the line.

Being the lines used 3-phase, the current flowing through each phase could be different
from the others. This means that equation 5.1 could return 3 different values when used
on the 3 different phases. For the assumptions listed in 3.2 though, this does not happen
and the currents flowing on the three phases are all the same. Nevertheless, all the
calculations that are here reported refer to the general case where a phase could be more
loaded than the others.

Therefore, for the calculation in equation 5.1, the phase considered is the one where
the highest current is registered. The next step is to find a relation between this current
and the power flowing through the line.

Being Pp and Qp respectively the active and the reactive power at phase p, the
complex power Sp at the same phase can be defined as

Sp = Up · Ip∗ = Pp + jQp (5.2)

with

Up = Ubase(up,real + jup,imm) (5.3)

Ip∗ = Ibase(ip,real − jip,imm) = Ip(cosφi − jsinφi) (5.4)

where all the voltages up and the currents ip are expressed in p.u.. The parameters
Ubase (expressed in V) and Ibase (expressed in A) refer to the base values for the voltage
and the current, respectively, while the term Ip (also expressed in A) refers to the mag-
nitude of the current. Combining equations 5.3 and 5.4 with 5.2 and considering only
the real part, it is possible to find the relation between the magnitude of the current and
the power flowing through one phase of the line. This relation is shown in equation 5.5.

Ip =
Pp

Ubase(up,realcosφi + up,immsinφi)
=

Pp

Kload
(5.5)
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Finally, combining equations 5.1 and 5.5 it is possible to obtain relation 5.6 that
allows to obtain the power flowing through phase p starting from the loading percentage
of the line.

Pp =
loading

100
KloadIr (5.6)

By means of this formula it is possible to calculate the power Pp that is flowing at
the time of the overloading and the maximum power allowed P ′p, so to have a loading
percentage below the set safety limit. The difference ∆P = Pp − P ′p is the amount of
power that has to stop flowing through that phase in order to solve the overloading issue.

However, as mentioned in section 3.2, two of the assumptions of this analysis are that
the only loads that can be curtailed are the charging stations and that these are always
connected to the network by means of 3-phase connections. This has a big impact on the
model. For instance, in case it is necessary to reduce the power flowing through a phase
by x kW in order to solve the overloading problem of a specific line, cutting that amount
of power downstream of the line is not enough. For the assumptions made, the reduction
of power at any charging station is distributed equally among the 3 phases. Therefore,
whenever a reduction of x kW is needed to solve an overloading problem (calculated for
a single phase), a curtailment of 3x should instead be applied.

5.5 Equal Curtailment Method (ECM)

5.5.1 General method

The logic behind this method is very straightforward and effective. Whenever any over-
loading problem in the grid is registered and some power needs to be curtailed, the ECM
guarantees a fair absolute division of the burden among the nodes. This division is cal-
culated by means of a an optimisation analysis carried out using the Gurobi optimisation
library (see section 6.1). The steps performed by the algorithm – according to the general
scheme of action described in section 5.2 – are the following:

� A load flow analysis is executed. This returns that lines l0, l1, ..., lL are overloaded.
In this example no transformers are overloaded, but in case there were, the proce-
dure would be exactly the same.

� The power in excess at all the overloaded lines is calculated as Pl0 for l0, Pl1 for l1
and so forth. These parameters Pli refer to the ∆P defined in the previous section.

� A list of all the charging stations downstream of each overloaded line is compiled
by means of the LRM described in section 5.3. Then, among all the chargers,
only the ones with an EV asking for power at that moment of time are considered.
These charging points will be labelled as jo, j1, ..., jN . The correspondence of the
overloaded lines with their active downstream charging stations is summarised in
matrix ÃL,N (equation 5.7). In this the indexes kl,i have a value of 1 in case charger
i is downstream of line l and is currently asking for power. They are set to zero
otherwise. The size of the matrix is L × N , where L is the number of overloaded
lines, while N is the overall number of (active) charging stations involved in the
analysis, that is the union of all the active chargers downstream of each line. It
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should be noted therefore that matrix ÃL,N is different from the LRM, as the latter
does not consider if there are EVs asking for power at the chargers.

ÃL,N =



k0,0 k0,1 · · · k0,i · · · k0,N
k1,0 k1,1 · · · k1,i · · · k1,N

...
...

. . .
...

. . .
...

kl,0 kl,1 · · · kl,i · · · kl,N
...

...
. . .

...
. . .

...
kL,0 kL,1 · · · kL,i · · · kL,N


(5.7)

The variables of the optimisation analysis are Pj0 , Pj1 , ..., PjN , that are the power to
be cut at charging stations jo, j1, ..., jN , respectively. For these variables the following
conditions apply:

Pj0 , Pj1 , ..., PjN ≥ 0 (5.8)

Pji ≤ PMAX,ji (5.9)

Where PMAX,ji represents the maximum power that is possible to curtail at charging
station ji.

As far as the constraints are concerned, these are built so that the overloading situ-
ation is solved once the optimisation analysis is carried out. Being p̄j and p̄l two vectors
containing all the optimisation variables and the power to be cut at each line, respectively,
the set of constraints can be expressed in matrix notation as

ÃL,N · p̄j ≥ p̄l (5.10)

where

p̄j =


Pj0

Pj1
...

PjN

 (5.11) p̄l =


Pl0

Pl1
...
PlL

 (5.12)

that leads to the equations

k0,0 · Pj0 + k0,1 · Pj1 + ...+ k0,N · PjN ≥ Pl0

k1,0 · Pj0 + k1,1 · Pj1 + ...+ k1,N · PjN ≥ Pl1

...

kL,0 · Pj0 + kL,1 · Pj1 + ...+ kL,N · PjN ≥ PlL

(5.13)

In this optimisation analysis there are two objectives with different priorities. These
are shown in equations 5.14 and 5.15

minimise

N∑
i=0

Pji (5.14)
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minimise

N∑
i=0

N∑
k=0

|Pji − Pjk | (5.15)

The first objective guarantees that the minimum possible amount of power is cur-
tailed to solve the overloading problem, whereas the second one aims at minimising the
differences between the power cut at the different charging stations. These two objectives
are set with different priorities. Namely, objective 5.14 is set with a higher priority with
respect to objective 5.15. This means, according to the Gurobi manual [74], that the
second objective is considered only to discern among all the optimal solutions of the first
objective. This is the so-called hierarchical approach. Once this optimisation analysis is
executed, the amount of power to cut at each node is known.

Figure 5.3: 2-feeder grid example

One important aspect to highlight is the reason why the minimisation of the differ-
ences between the power cut at each charging station was set as an objective instead than
a constraint. This was done as it is not expected to have all chargers cutting down the
same amount of power and that this minimisation of the differences should only be done
provided that the total power curtailed does not increase. This is immediately clear by
looking at the example of figure 5.3. Let us assume to have a single objective (equation
5.14) and that both line 11 and line 21 are overloaded, with an excessive 3 kW at the
former and 6 kW at the latter. In this case the constraints would be

Pcut(1.1) + Pcut(1.2) + Pcut(1.3) ≥ 3 kW (Line 11)

Pcut(2.1) + Pcut(2.2) + Pcut(2.3) ≥ 6 kW (Line 21)
(5.16)

To solve the problem at line 11, for instance, it is necessary to cut a total of 3 kW
from the loads 1.1, 1.2 and 1.3. Any summation of the 3 curtailments leading to a total
of 3 kW would do the job. However, in order to have a fair process, the desired goal
would be to have a power curtailment equal at all the 3 loads, namely to cut only 1
kW at each of them. A similar reasoning can be followed for line 21, where the optimal
solution would be to curtail 2 kW at each load.
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This could be obtained by means of a constraint, that forces, for instance, the variables
present in the same inequality of the set (equation 5.13) to all assume the same value.
Therefore, the constraints of the just studied example would be

Pcut(1.1) = Pcut(1.2) = Pcut(1.3) (Line 11)

Pcut(2.1) = Pcut(2.2) = Pcut(2.3) (Line 21)
(5.17)

However, this method would stop working as soon as the same variable is present in
two or more different inequalities, i.e. if there is a node that is downstream of two or
more different overloaded lines. This can again be observed by means of figure 5.3. If
line 13 too is overloaded with an excessive power of 5 kW, the situation would be totally
different. In this case, the conditions to be fulfilled would be:

Pcut(1.1) + Pcut(1.2) + Pcut(1.3) ≥ 3 kW (Line 11)

Pcut(1.2) + Pcut(1.3) ≥ 5 kW (Line 13)

Pcut(2.1) + Pcut(2.2) + Pcut(2.3) ≥ 6 kW (Line 21)

(5.18)

The conditions to be satisfied to make all the variables present in the same inequality
to be the same would be the same as before (equation 5.17). Therefore, the solution to
5.18 would be

Pcut(1.1) = Pcut(1.2) = Pcut(1.3) = 2.5 kW

Pcut(2.1) = Pcut(2.2) = Pcut(2.3) = 2 kW
(5.19)

Such a solution is not optimal, as the constraints 5.17 are too limiting. On the
other hand, when the variables present in the same inequality are not forced to be equal
(therefore constraints 5.17 are not considered), but objective 5.15 is included instead, an
optimal solution can be found as shown below

Pcut(1.1) = 0 kW

Pcut(1.2) = Pcut(1.3) = 2.5 kW

Pcut(2.1) = Pcut(2.2) = Pcut(2.3) = 2 kW

(5.20)

5.5.2 Rescheduling the power after curtailment

This section of the chapter is used to describe the last needed step of a curtailment
operation, that is rescheduling the EV charging process after some power is curtailed.

In case of uncontrolled charging, an example of the rescheduling operation is shown
in figure 5.4. In the upper part of the graph it is possible to see the charging process that
is scheduled for a vehicle arriving at 18:50, requiring 10 kWh of energy and expecting to
leave at 19:40. The first three time-steps are characterised by a rated charging power,
whereas the last one shows a lower power , so to exactly reach the amount of 10 kWh
asked.

In the lower part of the graph, the same charging process is shown, where also a
curtailment scheme is implemented. This scheme intervenes during the second time-
step and cuts down the charging power to 5 kW. At the time-step after this curtailment
operation, since no more curtailment actions are taken, the charging process goes back to
the rated power and completes the operation. Therefore, in both cases, the same amount
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Figure 5.4: Example of rescheduling process in case of uncontrolled charging (Tarr: 18:50,
Tdep: 19:40, Required energy : 10 kWh).

of energy was given within the allowed period. Naturally, depending on how severe are
the curtailing conditions, this may not be always the case and it could happen that EVs
have to leave before they have received the required energy. In this case the charging
station would have failed to complete the charge.

A similar process is needed also in case the charging strategy adopted at the single
nodes is the local optimisation charging scheme. In this case, though, rescheduling the
power is slightly more complicated than in the uncontrolled scheme. In a nutshell, every
time a node gets curtailed, a new optimisation analysis has to be carried out at that
node to re-plan the whole charging operation. In this new analysis, the energy needed
by the electric vehicles is the energy they required in the first place minus the energy
they have already received. Furthermore, a new constraint has to be set, to limit the
maximum power that the node can import during the current time-step according to the
restrictions set by the CC. This new constraint is shown in equation 5.21, where Pcut,i

represents the energy curtailed at chargers i obtained from the CC optimisation.

pEV ,i,t < PEV ,rated − Pcut,i (5.21)

5.6 Flexible Curtailment Method (FCM)

In this section, some of the disadvantages of the ECM strategy presented in section 5.5
are briefly described. Then, a possible alternative design for the curtailment scheme –
defined as Flexible Curtailment Method (FCM) – is illustrated. The implementation of
this design can in theory lead to better results in terms of percentage of successfully
completed charging processes after a curtailment operation.
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5.6.1 Disadvantages of ECM

The method described in section 5.5 was thought up as a process to guarantee a fair
curtailment operation to be used as an emergency scheme to prevent any overloading
situation in the grid. Although efficient results and fairness towards all the involved
parties were considered as the two main priorities, this scheme still suffers from a few
issues concerning these two specific aspects.

One of the most relevant issues of the ECM is that this method does not consider
the magnitude of the charging power at the single charging stations, meaning that its
goal is to cut the same absolute power from all of them (naturally, only up to power
they are currently providing). Therefore, the same amount of power could be cut at
two different charging stations, one having, for instance, twice the power demand of the
other. This approach can be acceptable under the assumption (mentioned in section 3.2)
that EVs are the only elements that are going to be curtailed by the ECM. However,
should also regular loads be considered in future research, it is clear that residential loads
and industrial loads, for instance, could not be curtailed in the same way. In order to
avoid this, it could be in theory possible to cut the same amount of relative power to all
the involved elements (taken singularly or considering the nodes), instead of the absolute
power. However, it should be noted that such a strategy could hardly be applied in case
of multiple constraints, i.e. multiple elements overloaded. In a nutshell, the difficulties
in this case would arise from the fact that different overloaded elements could lead to
different curtailment percentages of the same charging stations. These problems could
be overcome by using the highest percentage calculated for every charging station, but
in that case the objective of equation 5.14 would not be efficiently satisfied.

Another relevant issues with the ECM strategy is that there is a chance that the
same amount of power is curtailed at a highly flexible charging station, i.e. which is
not urgently requiring power, and at a highly unflexible one. This would probably lead
to plenty of room for manoeuvre at the former and a high consumer dissatisfaction at
the latter. Therefore, the grid reliability, which is a very important aspect especially
in the Netherlands, would significantly be affected. To avoid this and in order not to
pay a penalty for not meeting the EVs’ requests, adopting a method that considers the
flexibility of each node may be a better strategy. The next section will deal with this
specific aspect and will describe a method that considers the flexibility of the charging
stations before curtailing them.

5.6.2 Flexible Curtailment Method

One of the main point of this method is probably the definition of a priority parameter, so
to translate a charger’s urgency of power into a number. This number can be compared
with the ones of the other charging stations and, when necessary, power will be curtailed
accordingly. Several studies have already been made on the topic [11,53,54]. In particular,
[54] cites a parameter that could be considered as a priority factor. This can be defined
as follows

PFi =
∆tmin,i

∆ti
(5.22)

where ∆ti is calculated as the difference Tdep,i − t at charging station ji, where t
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represents the present time of calculation and Tdep,i the expected departure time of the
vehicle connected to the charger. The term ∆tmin,i refers instead to the minimum time
necessary to complete the charging process and it is calculated as

∆tmin,i =
dch,i
Pr,i

(5.23)

where dch,i is the remaining energy asked by the vehicle and Pr,i is the rated power of
the charging station ji. This priority factor PFi gives an indication of how urgent is the
need of power at the studied element and the closer it gets to 1, the more urgent it needs
power to charge its EV. In case PFi > 1, it will not be possible anymore to complete
the charging process. This parameter could be used to decide which charging stations
should be curtailed first in order to cause the least dissatisfaction possible. To do so, the
charging stations with a low PFi should be curtailed first and the once with a PFi close
to 1 should not be curtailed at all.

It should also be noted that the parameter PFi refers to the current flexibility of
the charging station, i.e. to the flexibility calculated at the moment of the curtailment.
Another possibility would be to use the ”historical flexibility”. This could be done by
simply calculating ∆ti as the difference Tdep,i − Tarr,i, instead than using the current time
t, and dch,i as the total energy request of the EV. The choice to implement the current
flexibility was made as the other option does not consider the energy already given to
the EVs. In a scenario where the chargers could operate with very different behaviours –
for instance when much PV power is available with a local optimisation charging scheme
implemented – the historical flexibility could not really express the real energy urgency
of a node with respect to the others.

The implementation of this mechanism can be done in a very straightforward way,
by simply keeping unchanged all the equations from 5.7 to 5.14 and modifying 5.15
only. In fact, equation 5.15 was specifically introduced to guarantee a fair division of
the curtailment. This time, instead, this division should be made according to the PFi

values of the charging stations and this can be done by using the following low priority
objective instead of equation 5.15

minimise
N∑
i=0

PFi · Pji (5.24)

5.6.3 Fairness of the approach

In the previous section, the logic according to which the FCM curtails power at the
charging stations is explained. It is important to highlight that the main goal of this
strategy is to generate as little consumers’ dissatisfaction as possible. In fact, the idea is
that consumers would not mind being curtailed as long as they still receive the energy
they have asked before their departure time. Therefore, any time it is needed, it could
be a better choice to curtail some charging stations instead of others, although this may
be considered not fair from a consumer point of view.

In case significant curtailments are foreseen, though, this strategy could lead to a
very unfair distribution of dissatisfaction among the consumers. In fact, a very small
difference in the PFi could cause one EV to get a full charge, while another one not to
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get any energy at all, before they both leave. This is a very important drawback of this
approach that should be carefully considered before implementing this strategy in any
grid.

As far as fairness is concerned, there are also other aspects that should be taken into
account. These are not considered in this thesis and are here reported only for possible
future studies on the same topic.

One of these aspects can be described by means of an example. Let us assume that
EV j1 arrives at node n1 at time tarr1, while EV j2 arrives at node n2 at time tarr2. The
relation tarr1 < tarr2 is valid and the two vehicles let the system know that they will
leave at the same time, therefore tdep1 = tdep2 = tdep. Furthermore, the two vehicles ask
for the same energy, that means dch,j1 = dch,j2 = dch,j . A local optimisation charging
scheme is implemented at both chargers and, as a result of their analyses, none of the
EVs has received any energy yet at time t0, such that tarr1 < tarr2 < t0 < tdep. This
decision was made with the intention to charge the vehicles during lower price moments.
However, when the price is low, it is possible that the high charging concurrency of
all the chargers in the network leads to the activation of the curtailment mechanism.
One possible consequence of this curtailment is that the system realises that it will not
be able to fulfil the energy requests of both j1 and j2. Should we only consider the
equations described in sections 5.5.1 and 5.6.2, EVs j1 and j2 would result having the
same flexibility (and therefore being curtailed in the same way). However, this could be
considered unfair to j1 since it waited for that energy for a longer time.

Similar situations may present when considering two other aspects: the state of charge
(SOC) and the energy that has already been provided to the vehicles. Including the
former in the analysis would make the system prioritise the charging operation of the
EVs with a lower SOC, while the latter would also allow to consider which vehicles have
received less energy with respect to the others.

5.7 Meshed Grids

According to literature, most distribution grids are operated radially even when they
present meshed characteristics. However, this is not always the case and, provided that
an adequate protection system is included, these could also operate maintaining a meshed
structure. The method described in section 5.3 can in general be applied to meshed grids
as well, but some modifications need to be introduced.

5.7.1 Building of the Localisation Reference Matrix

In case of radial networks, the path and the direction followed by the power through
the lines is always the same. However, when it comes to meshed grids, this rule does
not apply anymore. In fact, depending on which loads and charging stations are active
and on the magnitude of their power requests, power could follow different paths and –
in extreme cases – even different directions. In a nutshell, this means that the charging
points downstream of a line may be different with a different power request from the
loads. Therefore, the construction of a general matrix, like the ones built for the radial
grids, presents problems and disadvantages.

One way to overcome these obstacles follows from the assumption that, although
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power flow may be different from time to time, such variations are never too extreme.
Therefore, the list of vehicles downstream of a congested line obtained from a general
reference matrix is, in the general case, not different from a list specifically compiled
for that moment of time. In general, this approximation may be more or less severe
depending on the number of loops in the meshed network. Nevertheless, it proved to
always hold true in the studied meshed grids, where different simulations were run to
verify this theory a posteriori.

Nevertheless, the construction of the LRM proved to be harder than in the radial
case. In fact, when the method used for radial grids was applied to the meshed networks,
some of the results were evidently not representative of the real situation. The main
reason for these wrong results were the loop themselves that were causing the algorithm
to check the same line multiple times. To solve the problem, a simple code to avoid a
double check of the same line was introduced. Nevertheless, some of the results were
still wrong. This was caused by the fact that the grid topology significantly affects the
extent to which the charging stations influence the voltage in the network. To avoid this
problem, a new similar code was created where the charging stations are activated one
by one and each time the lines of the whole grid are checked.

Naturally, this last modification has a huge effect in terms of computational complex-
ity. However, being this code needed to be run only once per grid, the cost was considered
worth the result. As a matter of fact, the outcome of the code was checked again and
no mistakes were found. It should be noted, though, that different configurations of the
same grid (obtained by changing the status of the switches present) are associated to
different LRMs.

5.7.2 Power curtailment

In case of meshed grids another relevant problem arises from the fact that the nodes in
the network are in general served by multiple lines. This makes the curtailment process
slightly trickier and the reason can be easily seen by means of an example. If a charging
station is receiving a power of Pchr coming from two different lines, line A and line B,
and line A is overloaded (for instance there is Pextra extra power flowing through it),
then cutting only Pextra from the charging station is not sufficient to solve the problem.
This is because, on average, 0.5 · Pextra will stop flowing through line A and another
0.5 · Pextra through line B, instead of the desired result of cutting Pextra from line A.
This implies, being one of the assumptions that the grid topology is fixed, that a larger
amount of power has to be cut downstream of a line, with respect to the power calculation
described in section 5.4. To what extent this power has to be increased depends on the
grid topology and on the current load demand.

In order to calculate it, a curtailment process in 2 runs was implemented.

� A first load flow is run and, in case overloads are detected, the power to be cut for
each overloaded element is calculated by means of the formulae presented in section
5.4. Then, the optimisation analysis is run and the power to cut at all chargers is
obtained.

� The next step is to run a second load flow. If overloading situations are still
detected, the power to be cut for each overloaded line is calculated again using the
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formulae of section 5.4. The power P1 that had to be cut at the first run for the
overloaded line l is now compared with the power P2 that has to be cut now. The
power to be cut to relieve line l at this second load flow, therefore, is not P2, but
kincr · P2, where kincr is defined as

kincr = 1 +
P2

P1
(5.25)

However, being this method only an approximate way to include the influence of the
meshed grid topology in the algorithm, a safety factor also needs to be included. This
safety factor ksf is in general different from grid to grid and it can be adjusted according
to the results obtained. As a general approximation, however, it lies around 5% for
transformers and 50% for lines. It is important to notice that this second percentage,
although appears very high to be a safety factor, it corresponds, in the general case, only
to a few kWs (1 or 2 in the most cases) as it is only used to adjust an already reduced
power demand. Once this safety factor is known, the power to be cut at the second load
flow is

P ′2 = P2 · kincr · (1 + ksf ) (5.26)



6 Case studies and scenarios

This chapter summarises the main information regarding the simulated scenarios and
the elements included in them. In particular, section 6.1 gives an overview of the main
tools that were used to carry out the work, while section 6.2 describes the nature and
the sources of all the data needed to simulate the behaviour of the main elements present
in the grids, such as PV panels, loads and EVs. Then, section 6.3 lists all the simulated
grids, along with their main characteristics. Finally, a few considerations and remarks
on the simulation of complex grids are expressed in section 6.4.

6.1 Programming language and software

The software that was used for the simulations of all the grids is PowerFactory, that
allows to create, modify and simulate any kind of grids (big, small, radial, meshed,
etc.). The data used for the simulations can be easily given in input to all the different
elements present in a grid. This aspect makes PowerFactory – once some experience on
the software is gained – a very useful and user-friendly tool. For the simulations different
combinations of elements and data-types had been tried, but finally, after comparing
results and simulation times, it was decided to feed almost all the data to the software
as .ChaVec [66]. Another potential option was the use of Quasi-dynamic simulations in
combination with .ChaTime objects. However, when it came to set the desired simulated
periods, this solution showed considerably less flexibility.

In order to correctly simulate the studied scenarios, many parameters and elements
had to be set according to the specific situations. In case the local optimisation charging
scheme or either of the two curtailment methods were implemented, some parameters and
values needed to be changed during the simulations as well. To do so, different algorithms
were developed as scripts in Python. Once these scripts are imported in PowerFactory
and executed, they coordinate the whole simulation process. In particular they take care
of:

� importing the necessary data

� assigning the correct parameters and ”behaviours” to all elements

� launching and controlling the simulation

� saving the results

39
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These scripts were not written specifically for the tested grids and were in general
thought up to be used on any other grid in PowerFactory.

One last tool that needs to be mentioned here is the Gurobi Optimizer. As already
explained in chapters 4 and 5, the local optimisation charging scheme and both the
curtailments schemes (ECM and FCM) need to execute optimisation analyses. For this
reason, the Gurobi library was downloaded and imported in all the codes that required
that. This, as well as PowerFactory, is a commercial product that provides free licenses
to students and made, therefore, this thesis possible.

6.2 The simulated data

In order to simulate all the scenarios in PowerFactory, a significant amount of data was
needed. Focusing this thesis on the effects experienced in the grid with the introduction
of different percentages of electric vehicles (with respect to the number of regular vehicles
registered in the Netherlands), it is clear that the EV data was of vital importance. This
was obtained from the company ElaadNL [75]. This data includes all information needed
regarding the electric vehicles, such as their arrival and leaving time, and their energy
demand. This data provides information concerning electric vehicles coming and leaving
for a full week period. In particular, it refers to the first week of January 2018. In order
to be able to simulate any moment of the year 2018, this data was replicated and used
for the whole year.

Being the EV market very uncertain for the future, it was assumed that all EVs have
either a 50 or a 100 kWh battery size. More specifics on this are provided in table 6.1.

Electric Vehicle Percentage Battery size Charging power

Type 1 70% 50 kWh 17.25 kW (3×25A)

Type 2 30% 100 kWh 17.25 kW (3×25A)

Table 6.1: Specifics of the two types of electric vehicles used for the simulations

Another relevant set of data is the one concerning the simulation of all the ”regular”
loads in the grid. These were simulated by means of their yearly energy demand in kWh
(data provided along with the grids by the Dutch DSO Enexis) and standardised load
profiles [76]. Finally, the production of the PV panels was simulated using the data
provided by the authors of [77], who thoroughly researched on the topic.

As already mentioned in the previous section, this data was imported into the model
by means of the scripts used for the simulations.

6.3 The simulated grids

In this section, a quick overview of the 3 grids used for the simulations is given. These
were chosen as representative cases of the three main possible categories of grids: rural,
urban and sub-urban. For the sake of simplicity, these categories are also used as names
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to refer to them. Therefore, the three grids used for all the simulations are referred to as
Rural Grid, Urban Grid and Sub-urban Grid.

The first one – Rural Grid – represents the typical case of lines installed far from
the urban centre, where all the loads are located far from each other. This constitutes
the easiest study scenario, as it is a completely radial network. A map of the model
on PowerFactory can be seen in figure 6.1. The other 2 categories instead – Urban
Grid and Sub-urban Grid – have both meshed networks. Their models can be seen in
figures 7.5 and 7.6, respectively. The nominal voltage of all three categories is 230/400
V (line-to-neutral and line-to-line voltages).

Figure 6.1: Model map of Rural Grid, 80% EV penetration

These grids represent real electrical networks located in the Netherlands and their
models were provided by the Dutch DSO Enexis, along with all the necessary data to
simulate them.

For all these networks four possible different EV penetration percentages are imple-
mented: 0%, 20%, 50% and 80%. These percentages refer to the fraction of EVs out
of all the vehicles present in those grids. In particular, these numbers were obtained by
considering the average number of cars per household as reported in table 6.2.

The same table also reports the percentages of the different kinds of charging stations
that are included in the grids. This aspect is crucial as the charging behaviours registered
at the three kinds of charging point are very different one from the others.

As far as the photovoltaic panels are concerned, these were added to the different
grids following the specifics reported in [4]. All this information is summarised for all the
grids in table 6.3.
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Region Avg car/HH
Home

charger

Semi-public

charger

Public

charger

Rural 1.25 70% 15% 15%

Urban 0.5 25% 37.5% 37.5%

Sub-urban 0.9 50% 25% 25%

Table 6.2: Average number of cars per household in different regions and percentages of
different charging stations [4]

General Elements EV penetration

Topology Nodes Transformers PVs Reg. loads 20% 50% 80%

Rural Grid Radial 511 1 35 138 Home 13 33 53

Semi-public 2 6 10

Public 2 6 9

Urban Grid Meshed 1684 2 18 349 Home 4 10 15

Semi-public 5 13 20

Public 4 11 18

Sub-urban Grid Meshed 2553 3 122 809 Home 40 99 159

Semi-public 17 43 69

Public 15 39 62

Table 6.3: Summary of the main information concerning the 3 studied grids

6.4 Simulation of complex grids

A countless number of simulations were launched during the development of this study
and some of them highlighted crucial aspects that needed to be considered. In particular,
convergence problems were very often registered. This term is used to describe the
situation where the iteration process – that is run to find a solution to the load flow
analysis – does not reach convergence and that, therefore, leads to no results that can be
used.

One aspect that has to be mentioned is what happens in PowerFactory in case an
iteration process does not reach convergence. As explained in the manual [66], if a
solution is not found within the maximum numbers of set iterations, the automatic model
adaptation for convergency option comes into play. Once an iteration process has failed to
converge, this option slightly changes the model so to make it more linear and, therefore,
more likely to converge. This adaptation is operated in levels (from Level 1 up to Level
4), where the higher the level reached, the more severe are the changes made to the
model.

The problem of load flow non-convergence is certainly not novel in literature and
several authors throughout the years have researched on the topic. Some of the solutions
proposed by these were tested [78–80], but they all seemed of no use for the issues
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registered during the simulations. Therefore, different tests were run, so to detect what
was the cause of those convergence issues.

Figure 6.2: Largest errors registered in Sub-urban Grid during a simulation

All these problems were studied in the network Sub-urban Grid, as this seemed to
be the most seriously affected grid by these problems. The starting point was the error
messages returned by the software anytime a simulation failed to converge. As it can
be seen in figure 6.2, the errors alternated between two values. Two possible causes
for this were indicated in the PowerFactory manual and in the book ”PowerFactory
Applications for Power System Analysis” [81]. The former states that an error not
continuously decreasing may be an indication of voltage stability issues. To verify this,
the grid was made ideally lossless, so to keep the voltage stable at 1 p.u. at every point
of the network. Nevertheless, the same problems of figure 6.2 were still registered. Also
the possible cause indicated in [81] turned out not to be the right one. This indicates
weak networks with high amounts of PV generation as a possible reason for algorithms
alternating between two values. However, similar results were again obtained with the
PV panels out of service.

Some positive effects, though, were registered when the grid was simplified by means
of a script that summarises all the loads, PVs and charging stations along a whole radial
branch in a few elements only. The branches on which it is desired to have such simplifi-
cation can be selected one by one. The effect of this operation is a much simpler grid to
simulate the same amount and nature of loads. The effects of this modification are shown
in figure 6.3. While simulating with the simplified version of the grid, less convergence
problems were registered. This seems to imply that the convergence problems arise for
the high complexity of the grids, that leads in turn to a more complex set of equations.

This conclusion is also supported by the way through which these problems cease to
appear when the automatic model adaptation intervenes. Before any load flow is run and
if not specified otherwise, the software assigns a constant power model to all the loads
by default. This means that the voltage has no influence on the magnitude of power.
However, when the automatic model adaptation is activated, one of the most relevant
modified factors is the voltage dependency of the loads. In addition, this dependence is
increased with increasing levels of adaptation. This means that whenever the automatic
model adaptation for convergency comes into play, the results of the load flow do not
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Figure 6.3: Expanded models of Sub-urban Grid : a) original version, b) simplified version

refer anymore to a constant power behaviour. In fact, depending on the level of adapta-
tion reached, different coefficients for the constant power, constant current and constant
impedance are introduced [66]. More details about how these coefficients influence the
load behaviour are given in the next paragraphs.

The reason why convergence is reached more easily with a voltage dependent be-
haviour is thoroughly explained in several sources, among which are [82,83]. In particular,
Soman et al. say that

Constant power loads lead to stability problems because there is a tendency to increase
the current, in order to maintain constant power even though voltage drops. This can
lead to a further drop in the voltage. Constant impedance loads, on the other hand
tend to damp voltage oscillations [83, p. 13].

This is why several sources [66,81,84] recommend to model loads as voltage dependent
elements, especially in low voltage networks. This is usually done by means of two
different approaches:

1. ZIP-Model

P = P0 ·

(
aP + bP ·

(
v

v0

)
+ cP ·

(
v

v0

)2
)

(6.1)

Q = Q0 ·

(
aQ+ bQ ·

(
v

v0

)
+ cQ ·

(
v

v0

)2
)

(6.2)

a+ b+ c = 1 (6.3)

where a, b and c are the coefficients for the constant power, constant current and
constant impedance contributions, respectively. P represents the power asked by
the load (different from the nominal value P0), which depends on the ratio of the
registered voltage v to the nominal voltage v0. The same logic applies to the
reactive power Q.
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2. Exponential Model

P = P0 ·
(
v

v0

)eP

(6.4)

Q = Q0 ·
(
v

v0

)eQ

(6.5)

Possible values for the exponential parameters are reported in [85]. This model is
less common in literature.

Depending on the values assumed for all the different coefficients, it is clear that
the voltage dependence of the active power P and the reactive power Q could be very
significant. Furthermore, being the voltage drop along a feeder very much dependent
on the kinds of loads present, it is straightforward that the way of representing them is
crucial to simulate an accurate voltage drop.

This aspect, however, collides a great deal with the data used for the analysis. In
fact, this data specifies the yearly energy consumption of the single loads and, when
a constant impedance behaviour was used to simulate them, differences up to around
50% were registered in the overall consumption. Therefore, in order to guarantee the
fulfilment of the yearly energy condition, it was decided to simulate all the scenarios
with loads modelled as constant power elements. To do so, the ZIP-Model was used
where the coefficients were set as

a = 1

b = c = 0

The assumption described in section 3.2 to consider all the loads connected to the
grid with a 3-phase connection made the constant power modelling possible. In fact, the
conversion of all single-phase loads into 3-phase loads significantly simplified the models
and allowed to simulate them without registering any convergency problem.
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7 Simulation results

In chapters 1 and 3 several questions are posed. All of them concerns either the cur-
rent status of the grids or the effects that different control strategies could have on the
electrical network. Then, some of those strategies are thoroughly described through-
out the rest of the thesis. The goal of this chapter is to finally answer to all the initially
posed questions by showing the outcomes of several different analyses specifically thought
for the purpose. These analyses were carried out simulating different scenarios on the
grids described in section 6.3. One of the most recurrent parameters reported for the
studied scenarios is the maximum loading percentage, that refers to the highest loading
percentage registered among the lines and the transformers.

This chapter is organised as follows. In section 7.1 the impact of a higher EV pen-
etration on the current status of the grid is described. Then, in section 7.2 there is a
comparison between the three charging strategies described in chapter 4 and their effects
on the grid. Finally, section 7.3 describes the effect of a coordination between the local
charging stations and a central curtailment unit.

7.1 Effects of a higher EV penetration

The first point of interest was the extent to which grids are affected by higher EV pene-
trations and whether their operation is still safe when a higher number of EVs connect
simultaneously. These kinds of questions are particularly relevant nowadays, as several
companies and organisations worldwide are pushing more and more for the introduction
of these technologies. Therefore, a thorough study of this phenomenon should be carried
out to allow a higher EV penetration only where that is possible. A reinforcement of the
grid could instead be considered if that higher EV penetration causes problems to the
network.

For all the simulations presented in this section, the charging strategy adopted was
always the uncontrolled charging, as this is the most common charging scheme used
nowadays all over the world. Furthermore, no central entity to control the flux of power
was implemented.

7.1.1 Rural Grid

In general, almost all the studied grids proved to withstand a very high penetration
of electric vehicles. For instance, Rural Grid, where the system’s topology was strictly
radial, registered no problems at all and the integration of charging stations proceeded

47
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Figure 7.1: Maximum loading percentage of lines and transformers at each moment of
time for Rural Grid (uncontrolled charging case), Winter Scenario (Period: 01/01/2018,
00:00 - 07/01/2018, 23:50; Time-step: 10 min).

Peak value

max loading [%]

(Transformer)

RMS

max loading [%]

(Transformer)

Peak value

max loading [%]

(Line)

RMS

max loading [%]

(Line)

Max total

power demand

[kW]

EV penetration: 0% 28.95 17.47 18.72 11.24 115.14

EV penetration: 20% 48.83 19.73 46.80 18.36 192.72

EV penetration: 50% 62.06 23.25 56.76 23.50 244.47

EV penetration: 80% 81.16 26.90 56.91 26.40 319.71

Table 7.1: Summary of the main information regarding the four tested EV penetrations
for Rural Grid (uncontrolled charging case), Winter Scenario (Period: 01/01/2018, 00:00
- 07/01/2018, 23:50; Time-step: 10 min).
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Figure 7.2: General overview of power in kW at each moment of time for Rural Grid
(uncontrolled charging case), Winter Scenario (Period: 01/01/2018, 00:00 - 07/01/2018,
23:50; Time-step: 10 min). Only 2 days are shown.

smoothly even with the highest percentage tested of 80%. In figure 7.1 it is possible
to see the effects on the loading of the different EV penetrations tested on Rural Grid.
In particular the parameters plotted in this graph are the maximum loading percentage
registered at each moment of time among all transformers and lines. From the figure
it is possible to see that the only transformer present is the element that registered the
highest loading percentages. This is a direct consequence of the fact that there is a single
transformer in the grid and that the charging stations are evenly distributed within the
network. As better specified in table 7.1, the highest peak registered by the transformer
increased by more than 50 percentage points from the 0% penetration case to the 80%
one. Nevertheless, no overloading was registered throughout the whole simulated week.

Figure 7.2 instead, gives an overview on the power flowing through the grid for all
the EV penetration percentages tested. Although the cumulative effect of the loads and
charging stations together is not shown in the graph, table 7.1 reports the peak value of
this cumulative power that was registered during the simulated week.

From the table and the two figures it is clear that reinforcements of the grids are
not always necessary, even when the number of charging points introduced is comparable
to the number of regular loads (in Rural Grid, for instance, the ratio of the absolute
numbers of EVs to regular loads is 72/138 in the 80% penetration scenario). However,
this is not always the case, as it will be shown in the next sections.

7.1.2 Urban Grid

In this section, the results of the simulations run on Urban Grid are reported. The
approach used to evaluate the impact of a higher EV penetration is the same that was
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Figure 7.3: Maximum loading percentage of lines and transformer at each moment of
time for Urban Grid (uncontrolled charging case), radial operation (switches ’331848940’,
’331842504’ and ’331847842’ open), Winter Scenario (Period: 01/01/2018, 00:00 -
07/01/2018, 23:50; Time-step: 10 min).

Peak value

max loading [%]

(Transformer)

RMS

max loading [%]
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max loading [%]

(Line)

RMS

max loading [%]

(Line)

Max total

power demand

[kW]

EV penetration: 0% 79.60 53.64 38.60 26.12 346.93

EV penetration: 20% 87.80 55.06 52.35 28.26 379.11

EV penetration: 50% 94.76 57.08 62.99 30.21 406.26

EV penetration: 80% 102.05 59.06 62.82 31.69 431.63

Table 7.2: Summary of the main information regarding the four tested EV penetrations
for Urban Grid (uncontrolled charging case), radial operation (switches ’331848940’,
’331842504’ and ’331847842’ open), Winter Scenario (Period: 01/01/2018, 00:00 -
07/01/2018, 23:50; Time-step: 10 min).
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applied in the previous section. Therefore, four different EV penetrations were tested:
0%, 20%, 50% and 80%. The main results in numbers of these simulations are reported
in table 7.2. For these simulations the switches ’331848940’, ’331842504’ and ’331847842’
were kept open and, therefore, the grid was operated radially. This was done according
to the instructions provided by the Dutch DSO Enexis.

Figure 7.3 shows results for the lines that are similar to the ones obtained for Rural
Grid. However, it is clear that in this case the loading percentages obtained for the
transformers are a more serious problem. In fact, during the one week simulation, the
technical limit of 100% was exceeded twice and in other two moments the working con-
ditions were close to this limit. From this, it is clear that Urban Grid is not able to
withstand a too high EV penetration.

The main reason for this result is the fact that this grid was already operating not
too far from its technical limits. This can be clearly seen in figure 7.3, where the maxi-
mum loading percentage of transformers reaches peaks of almost 80% before any EV is
introduced. Although the average number of cars per household was the lowest among
the three different topologies of network studied (see table 6.2), the already very busy
operation of the grid made the reaching of the limit working conditions inevitable.

7.1.3 Sub-urban Grid and the need for data verification

Peak value

max loading [%]

(Transformer)

RMS

max loading [%]

(Transformer)

Peak value

max loading [%]

(Line)

RMS

max loading [%]

(Line)

Max total

power demand

[kW]

EV penetration: 0% 109.06 65.06 118.72 69.75 554.47

EV penetration: 20% 151.94 70.84 194.45 77.42 705.08

EV penetration: 50% 188.66 80.53 204.40 88.93 885.04

EV penetration: 80% 243.16 91.85 344.46 105.59 1034.80

Table 7.3: Summary of the main information regarding the four tested EV penetrations
for Suburban Grid (uncontrolled charging case), Winter Scenario (Period: 01/01/2018,
00:00 - 07/01/2018, 23:50; Time-step: 10 min).

The simulation of Sub-urban Grid was without a doubt the trickiest one, as not
only was this grid the most complex one in terms of number of nodes, but it was also
highly meshed. In this regard, the information given by the Dutch DSO Enexis included
a number of switches to be kept open during operation, but this was not sufficient to
interrupt many of the loops. This means that the grid was still highly meshed. As already
explained in section 5.3, it is uncommon for distribution grids to be operated in a meshed
configuration and in case they are, the number of loops tends not to be too high. For this
reason and for the results obtained from the simulations (briefly presented in the next
paragraph), it is reasonable to assume the data received is either incomplete or incorrect.
One possible cause for the incorrect functioning of the model may be the fact that other
switches have to be kept open during operation. Being this only an assumption, it was
decided to contact the DSO Enexis for clarifications about this grid. However, as of the
date of handing in this thesis, no reply was received from them. Therefore, the results
presented in the next paragraph are to consider strictly qualitative and are only reported
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Figure 7.4: Maximum loading percentage of lines and transformer at each moment of time
for Sub-urban Grid (uncontrolled charging case), Winter Scenario (Period: 01/01/2018,
00:00 - 07/01/2018, 23:50; Time-step: 10 min).

for the sake of completeness.

As it is possible to see from figure 7.4, there are overloading situations in Sub-urban
Grid occurring at both lines and transformers even before the introduction of electric
vehicles. This, of course, would mean that the studied grid is currently not operating
within its technical limit. Being Sub-urban Grid the model of a real existing grid, the
only possible explanation is that there is some inconsistency in the data used. For this
reason, as already said in the previous paragraph, a communication process was started
to verify the data. More information on the results obtained from the simulations run
on Sub-urban Grid is provided in table 7.3.

7.1.4 Reinforcement of the grid

When the average operating conditions of any electrical network get too close to the
technical limits there are two possible solutions: reinforcing the grid or improving the
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power management. The second solution is usually preferred, where possible, as it comes
in general with lower costs with respect to the other one. However, improving the power
management is not a solution that can always be applied and, sometimes, new investments
on the grids are inevitable. Therefore, it is clear that which one of the two solutions is
applied depends mainly on two aspects: general operating conditions of the grid and
costs of the two solutions.

A quick evaluation of the needed grid reinforcements can be easily done once the
operating conditions are known all over the network. The data saved during the simu-
lations allows to easily make this analysis. In fact, at the end of the simulation, one file
is created that contains a list of all the elements that got overloaded, along with other
useful information.

Urban Grid

Figure 7.5: Loading heat-map of Urban Grid, uncontrolled charging case, 80% EV pen-
etration, 04/01/2018 18:20.

In the case of Urban Grid, figure 7.3 shows that transformers are not able to with-
stand an EV penetration of 80%. In particular, one of the two transformers – labelled in
the model with the name ”98” and with a rated power of 0.4 MVA – reaches a peak of
102.05% (as it can also be seen in table 7.2). Being the power factor equal to 1 and the
three phases all balanced, it is possible to calculate the LV rated current of the trans-
former single phases as Ir = Pr/(UL−L ·

√
3). By means of this formula, equation 5.1



54 Chapter 7. Simulation results

and knowing that the highest phase current registered at the transformer is 592.1 A, it
is possible to calculate the needed rated power of the transformer. The result of such
calculations is that, in order to always keep the loading percentage below 90%, a new
transformer is needed with a rated power of 0.46 MVA.

Sub-urban Grid

Figure 7.6: Loading heat-map of Sub-urban Grid, uncontrolled charging case, 0% EV
penetration, 02/01/2018 18:00.

Regardless of the issues reported in the previous section, a similar analysis can also be
done for Sub-urban Grid. For instance, it is possible to get an idea of the reinforcements
needed in order to make the grid safely operate in the base case of 0% EV penetration.
Being this grid already very loaded, the goal in this case is to keep all the elements only
below the limit of 100% instead of 90%. In figure 7.6 it is possible to see the overloaded
elements at one peak moment of the simulation.

From the results of the analysis, only two types of cables registered loadings over
100%:

� Type 1 : 1229 GPLKh 4× 35mm2 Cu + 4× 2.5mm2 Cu
(Rated current 0.13 kA, Rated Voltage 0.75 kV)

� Type 2 : 1016 V-VMvKhsas 4× 50mm2 Al + 4× 2.5mm2 Cu
(Rated current 0.145 kA, Rated Voltage 0.75 kV)

The total length of these cables that have to be replaced is 181 m (per phase) and
their position is visible in figure 7.6. Assuming to make the calculations only by means of
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the highest current registered in these lines of 172.5 A, the result comes straightforward
from equation 5.1. Therefore, in order to keep the loading percentage of all those lines
always below 100% a cable is needed with a rated current of around 175 A. Different
possible solutions can be found in the library of the model and one of them is the cable
1253 GPLKh 4× 50mm2 Cu + 4× 6mm2 Cu (Rated current 0.175 kA, Rated Voltage
0.75 kV).

Finally, an analysis similar to the one made for Urban Grid can be done for the
problematic transformer named ”277”, highlighted in figure 7.6. By means of the same
approach used before and knowing that the highest registered current is 632.8 A, it is
possible to conclude that the needed rated power to make the transformer always operate
below the limit of 100% is 0.44 MVA.

7.1.5 Effects on the voltage

Although not included in the focus of the thesis, it is still interesting to observe what
is the voltage behaviour of the simulated grids when the overall number of EVs in the
network rises. Figures 7.7 and 7.8 are reported for the purpose and show the voltage
situation in Rural Grid and Urban Grid, respectively.

As it is possible to see, peaks of around 0.955 p.u. represent the most critical situations
in both grids. According to the international standard IEC 60038 [86], the voltage
tolerance for the LV networks is defined as ±10% of the nominal voltage. Therefore,
these limits are still met even in the case of the highest EV penetration tested.

However, it is clear that this deviation of the voltage from its nominal value is highly
dependent on the loads that are active in the network. This means, for instance, that
the only way to assess the voltage levels present in a network during the planning phase
is a probabilistic analysis. Similarly, the simulations run in this thesis made use of
standardised load profiles that do not exclude, therefore, the possibility of voltages lower
than the ones showed in the two figures. On top of this, as also pointed out by Nijhuis [87],
it is also possible that voltage deviations in the MV network propagate into the LV voltage
one. For this reason, it could be a better approach to consider a more stringent limit
of ±5%. If this last tolerance is used, the two grids are then operating close to the
allowed limits and, although the congestion issues seem to appear more urgent, also the
voltage situation should be carefully considered when evaluating the impact of EVs in
the network.

7.2 Comparison of different charging behaviours

Another relevant part of this thesis concerns the different results that are obtained from
the simulations of a grid, by setting different charging behaviour strategies at the single
charging stations. Three different options are described in chapter 4: uncontrolled charg-
ing, average power charging and local optimisation charging. Their main characteristics
are summarised in table 4.1.

To run the tests, two different scenarios were used (Winter Scenario and Summer
Scenario), where the EV penetration, the time period and the time-step were set. Their
main characteristics are here listed:
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Figure 7.7: Minimum voltage registered at each moment of time for Rural Grid (uncon-
trolled charging case), Winter Scenario (Period: 01/01/2018, 00:00 - 07/01/2018, 23:50;
Time-step: 10 min).

Figure 7.8: Minimum voltage registered at each moment of time for Urban Grid
(uncontrolled charging case), radial operation (switches ’331848940’, ’331842504’ and
’331847842’ open), Winter Scenario (Period: 01/01/2018, 00:00 - 07/01/2018, 23:50;
Time-step: 10 min).
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� Winter Scenario: Grid : Rural Grid, EV penetration: 80%; Period : 01/01/2018,
00:00 - 07/01/2018, 23:50; Time-step: 10 min

� Summer Scenario: Grid : Rural Grid, EV penetration: 80%; Period : 02/07/2018,
00:00 - 08/07/2018, 23:50; Time-step: 10 min

On each scenario, the 3 different charging strategies were tried out one at a time, so
to observe how the 3 different local controls could deal with the same situation.

The main results of the winter scenario simulations are summarised in figure 7.9,
figure 7.11 and table 7.4, while the main results of the summer scenario simulations in
figure 7.10, figure 7.12 and table 7.5.

Figure 7.9: Comparison of the maximum loading percentage of lines and transformer of
the 3 different strategies on Rural Grid, Winter Scenario, EV penetration: 80% (Period:
01/01/2018, 00:00 - 07/01/2018, 23:50; Time-step: 10 min). Only 2 days are shown.

By looking at figures 7.9 and 7.10 it is immediately clear that in both scenarios the
only charging strategy that leads to overloading issues is the local optimisation charging.
The evolution of the Day-ahead market price reported for both graphs highlights the
cause of the overloads: those were moments of very low prices. Therefore, being the
optimisation of the costs the main objective of the analyses carried on at each charging
station, all of them scheduled the highest power amount for those moments in time. As
already mentioned in section 5.1, the lack of information about the external environment
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Figure 7.10: Comparison of the maximum loading percentage of lines and transformer of
the 3 different strategies on Rural Grid, Summer Scenario, EV penetration: 80% (Period:
02/07/2018, 00:00 - 08/07/2018, 23:50; Time-step: 10 min). Only 2 days are shown.

and, therefore, the complete lack of coordination between the nodes, inevitably leads to
mediocre results. In particular, they led in this case to overloading issues.

The uncontrolled charging scenario confirmed instead the expected results of regis-
tering the highest load peaks around 18:00 - 19:00. It was positive, though, to observe
that those peaks did not exceed the technical limits of the grid. Finally, the average
power charging scheme led to a very smooth behaviour where no significant peaks in the
loading were registered. All information regarding peaks and root mean square values
for the two scenarios are reported in tables 7.4 and 7.5.

The overall energy given to the EVs throughout the whole week is not reported in the
tables, but it lies around 4696 kWh for all the scenarios, as all of them were simulated
using the exact same EV behaviour. However, some small differences between these
values were registered due to the slightly different approximations on the calculations
executed for the 3 different strategies. Nevertheless, these differences never exceeded the
0.01%.

On the third column of the two tables, the percentage of the energy given to the EVs
coming from PVs is reported. This indicates the energy that from the photovoltaic panels
was directly fed into the charging stations out of the total energy received by the EVs.
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Figure 7.11: Comparison of power of the 3 different strategies on Rural Grid, Winter
Scenario, EV penetration: 80% (Period: 01/01/2018, 00:00 - 07/01/2018, 23:50; Time-
step: 10 min). Only 2 days are shown.

Figure 7.12: Comparison of power of the 3 different strategies on Rural Grid, Summer
Scenario, EV penetration: 80% (Period: 02/07/2018, 00:00 - 08/07/2018, 23:50; Time-
step: 10 min). Only 2 days are shown.
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As it can be immediately noticed, the difference between the winter and the summer
scenario is very significant. This, of course, is due to the higher solar irradiation that is
in general registered during the summer. However, it is also important to notice another
detail in this same column: the highest amount of solar energy is used in the average
power charging scenario and not in the local optimisation one, as one would expect. The
reason of this result is one of the constraints set for the optimisation analysis. To avoid
an ever-changing behaviour, that could in general affect the EVs’ battery, a lower limit
to the charging power was given. This led the electric vehicles not to use the PV power
when that was too low.

As far as the PV energy is concerned, there is one last aspect that needs to be
mentioned, namely the assumption that the energy produced by the PV panels is given
to the EVs only if there is a surplus in generation. In fact, as already specified in section
3.2, the regular loads connected at the same node have priority in receiving that power.
This assumption significantly limited the solar power utilisation obtained with the local
optimisation scheme. Nevertheless, it is still possible to observe a higher concentration
of EV charging processes in case of high solar production. The time-period around
”2018-07-04 12:00” (in figure 7.12) shows a very high solar production with respect to
the time-period around ”2018-01-03 12:00” (in figure 7.11). From the same figures it
is also possible to see how this translates into a higher concentration of EV charging
operations in the local optimisation scheme. This effect can be directly associated to the
PV panels for two reasons. First, both those days are Wednesdays, which means that
the EV behaviour simulated is the same in the two cases (see section 6.2). Second, as
it is possible to see in figures 7.10 and 7.9, both those periods are characterised by high
market prices.

Finally, the last two columns of the tables report the price per 10 kWh in two different
perspectives. The first column indicates the average price in case the whole amount of
energy was purchased and taken from the grid, while the second column distinguishes
the power taken directly from the PV panels, that was assumed to be taken for free.

According to those numbers, there is a quite significant difference in average price
between the different cases and, as expected, the uncontrolled charging is the strategy
with the highest price, while the local optimisation strategy led to the cheapest one. The
prices registered for the average power charging scheme lie almost exactly in the middle
between them. In the summer scenario, it is also possible to see a very relevant difference
between the average price registered with or without considering the PV contribution. In
particular, the local optimisation scheme tried to exploit PV power as much as possible,
while the average power charging scheme ’naturally’ did that, as there always were EVs
connected asking for little power that could, therefore, be taken from PVs.

From the results of this analysis, it seems that the average power charging scheme
leads to the overall best results. As a matter of fact, the price is an acceptable trade-off
between the 2 extremes registered in the uncontrolled and in the local optimisation cases.
Furthermore, as it can be seen by comparing the peak and RMS values, it is also the case
with the lowest loading percentages registered. These reasons, along with the fact that
it needs very little information to be implemented, make this strategy a good choice for
a higher and safer integration of EVs in the network.
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Peak value

max loading [%]

(Transformer or line)

RMS

max loading [%]

(Transformer or line)

Total EV

energy from

PV [%]

Avg charging

price

[e/10 kWh]

Avg charging

price (PV included)

[e/10 kWh]

Uncontrolled

charging
81.16 29.58 0.06 0.399 0.399

Average power

charging
45.87 25.17 0.44 0.354 0.352

Local optimisation

charging
107.61 29.50 0.31 0.274 0.273

Table 7.4: Main results of the simulation of Rural Grid, Winter Scenario, EV penetration:
80% (Period: 01/01/2018, 00:00 - 07/01/2018, 23:50; Time-step: 10 min)

Peak value

max loading [%]

(Transformer or line)

RMS

max loading [%]

(Transformer or line)

Total EV

energy from

PV [%]

Avg charging

price

[e/10 kWh]

Avg charging

price (PV included)

[e/10 kWh]

Uncontrolled

charging
67.44 25.58 0.82 0.583 0.578

Average power

charging
36.07 17.76 10.83 0.547 0.490

Local optimisation

charging
128.20 25.68 9.06 0.478 0.429

Table 7.5: Main results of the simulation of Rural Grid, Summer Scenario, EV penetra-
tion: 80% (Period: 02/07/2018, 00:00 - 08/07/2018, 23:50; Time-step: 10 min)

7.3 Coordination with a central unit

One of the most interesting aspects of the previous section is the high difference in price
between the different charging schemes. On the other hand, this very relevant difference
also came with high loading percentages caused by the complete lack of coordination
between the different charging stations. From the results observed in the previous sections
it is clear that the electrical network would benefit a great deal from the installation of
a power control mechanism ensuring that the grid constraints are always fulfilled. The
logic that this mechanism should follow and more details on how it was built up are
better described in chapter 5. This section is used instead to evaluate the effects of its
implementation.

7.3.1 Coordination with ECM

In this first subsection the effects of the Equal Percentage Method (ECM) are observed.
Figure 7.13 shows the result of a simulation run on the winter scenario, in case of un-
controlled charging, where the maximum loading percentage allowed (of both lines and
transformers) was set to to 60%. Naturally, such a strict limit would hardly be used in real
networks and this simulation was only intended to test the operation of the curtailment
scheme.

Considering the grid constraints only, the results were excellent, as the mechanism
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Figure 7.13: Test of implementation of ECM on Rural Grid, Winter Scenario, Uncon-
trolled Charging, EV penetration: 80%, Set loading limit: 60% (Period: 01/01/2018,
00:00 - 07/01/2018, 23:50; Time-step: 10 min)

proved to be correctly implemented and forced the grid to operate within the new set
limit. From the EV side instead, a few remarks need to be made. Anytime an EV
charging process was curtailed, this was re-scheduled according to the logic described
in section 5.5.2. In theory, this causes only a postponement of the charging process.
However, this does not always hold true, as if the parking time is limited, the EVs could
leave without having received the desired energy. This is exactly what happened in
the tested scenario where a total amount of 3.6 kWh was failed to be provided in four
different charging processes. Considering that the whole energy provided during the week
was 4696 kWh, the successful charging percentage is 99.92%. This of course represents
an economical loss as well – although small – because it is likely a penalty to be paid
would be introduced in these cases.

Figure 7.14 instead shows the result of the implementation of the ECM on Urban
Grid when operated radially. In this case the upper loading limit for both lines and
transformers was set to 90%. The total energy that was failed to be provided to the
EVs is 6.7 kWh out of the total 3050.3 kWh asked. Therefore, this leads to a successful
charging percentage of 99.78%.

When the same grid was operated in a (slightly) meshed configuration, by keeping
the three switches ’331848940’, ’331842504’ and ’331847842’ closed, different results were
obtained. In fact, the successful charging percentage is now of 99.92%, being the overall
energy failed to be provided of only 2.5 kWh. A small difference in the loading evolution
can be observed by comparing figure 7.14 with figure 7.15. This last simulation proved
in particular that the curtailment scheme can be also applied to meshed grids.

A failure in some of the charging processes was also registered when the ECM was
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Figure 7.14: Test of implementation of ECM on Urban Grid, Winter Scenario, Uncon-
trolled Charging, radial operation (switches ’331848940’, ’331842504’ and ’331847842’
open), EV penetration: 80%, Set loading limit: 90% (Period: 01/01/2018, 00:00 -
07/01/2018, 23:50; Time-step: 10 min)

Figure 7.15: Test of implementation of ECM on Urban Grid, Winter Scenario, Uncon-
trolled Charging, meshed operation (switches ’331848940’, ’331842504’ and ’331847842’
closed), EV penetration: 80%, Set loading limit: 90% (Period: 01/01/2018, 00:00 -
07/01/2018, 23:50; Time-step: 10 min)
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Figure 7.16: Test of implementation of ECM on Rural Grid, Summer Scenario, Local Op-
timisation Charging, EV penetration: 80%, Set loading limit: 90% (Period: 02/07/2018,
00:00 - 08/07/2018, 23:50; Time-step: 10 min)

tested with a local optimisation charging strategy implemented at the nodes. As ex-
plained in section 5.5.2, in this case the rescheduling operation is carried out by means
of new optimisation analyses.

This test was run on the summer scenario of Rural Grid and the maximum loading
percentages (of either lines or transformers) at each moment of time are shown in figure
7.16. As it can be seen, the curtailing mechanism worked perfectly in this case too,
as the set limit of 90% was always respected. The energy that was failed to be pro-
vided amounts to approximately 11.3 kWh (out of 4696 kWh). Therefore, the successful
charging percentage of this test is 99.76%.

Some differences between the two mechanisms shown in figures 7.13, 7.14 and 7.15
on one side and figure 7.16 on the other side can be observed by means of their zoomed
sections. In the last mentioned graph it is possible to see a sudden loading spike (that
was not present in the non-curtailed case) occurring a few time-steps after the curtail-
ment process had taken place. This formed as a result of the new optimisation analyses
carried out at the nodes. Similar sudden spikes cannot form in case of uncontrolled charg-
ing, as the rescheduling process postpones all the charging processes to the time-steps
immediately after the curtailment operation.

Finally, it is important to highlight why all these successful charging percentages
below 100% are obtained. In fact, it is reasonable to imagine that a better planning of the
EV operations by the CC could lead to better results. However, such an operation comes
with many difficulties. The first one is that, on the contrary of regular loads behaviour
and solar power forecasts, that are assumed to be known with 100% accuracy, the CC
does not have any information regarding the EVs before they connect to the chargers.
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This means that it is not possible to include into the local optimisation analyses the
behaviour of EVs that are not connected yet to the grid. A possible way to solve this
would be to implement a first-come-first-served logic, where the EVs that arrive later
are not allowed to schedule charging operations at already very ”busy” moments. In this
case, though, a huge amount of data and calculations would be needed, as it would be
necessary to check the effect of each new EV on every element of the grid at all moments
of time. On top of that, a first-come-first-served logic also inevitably leads to fairness
problems. In alternative, another possibility would be to carry out a new optimisation
analysis at all nodes any time a new EV connects anywhere in the grid. However, in this
case the amount of calculations needed would increase exponentially. Therefore, in order
to solve the problem, it was decided to implement instead a smarter curtailment strategy
(see section 5.6). The result of its implementation are shown in the next section.

7.3.2 Coordination with FCM

The last aspect considered in this work concerns the different results that could be ob-
tained by using different curtailing mechanisms. In the previous section it was highlighted
how the ECM brought to the desired results in terms of grid constraints, but also that
there was a percentage of electric vehicles that left the charging station before receiving
the desired amount of energy. That happened because among the vehicles that got cur-
tailed were some urgently needing power, as their departure time was close. In fact, one
of the main disadvantages of the ECM, as explained in section 5.6.1, is that the method
does not consider the flexibility of the charging stations, namely how urgently they need
the power they are asking for. Therefore, the purpose of the FCM is to consider this
flexibility before curtailing the different charging stations.

To observe the effects of the FCM, this method was tested on the same scenario of
figure 7.16. A difference between the application of the two schemes (ECM and FCM)
can be observed in figure 7.17, where it is possible to see a slightly different evolution of
the loading and the power profiles. These differences are caused by the fact that different
EVs were curtailed in the two scenarios. In fact, in the FCM scenario the EVs with a
high priority factor kept on receiving all the power they were asking. The effects of this
different strategy can be fully appreciated by considering that the successful charging
percentage in the FCM case is 100%, against the 99.76% of the ECM case.

A similar analysis was also made for the scenario of figure 7.14. Similarly to the test
run on Rural Grid, the successful charging percentage increased from 99.78% (ECM case)
to 100% (FCM case).
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Figure 7.17: Comparison of ECM and FCM on Rural Grid, Summer Scenario, Local Op-
timisation Charging, EV penetration: 80%, Set loading limit: 90% (Period: 02/07/2018,
00:00 - 08/07/2018, 23:50; Time-step: 10 min). Only 9 hours are shown.



8 Conclusions and recommendations

The purpose of this study is to analyse and compare some of the possible strategies that
can be used to ease a higher penetration of electric vehicles in the grid. These different
strategies were tested on several scenarios to delineate some of the most important as-
pects involved, such as the respect of the grid constraints and the price of the charging
processes.

The chapter is divided into two parts: section 8.1, where the main conclusions of this
thesis are reported, and section 8.2, where it is possible to find some relevant recommen-
dations for further research.

8.1 Conclusions

On the basis of the results described in the previous chapter, it is now possible to answer
to all those questions that were posed in chapter 1.

1. To what extent are grids affected by higher EV penetrations?

As it was already expected, the impact of a higher EV penetration on a distribution
grid is huge. However, the effects that are registered seem to depend a great deal
on the topology of the examined network. This is mainly due to the different
average number of cars per household. In fact, when tested with the same high EV
penetration level of 80%, Urban Grid registered an increase in its peak transformer
loading of almost 23%, while Rural Grid showed an increase of the same parameter
of more than 50%.

To further support this, the results obtained for Sub-urban Grid – although strictly
qualitative – seem to suggest an even more serious impact of the electric vehicles
on the network. This is not unexpected, as this topology of grid has a large average
number of cars per household and a very dense concentration of loads.

There are two other aspects that are noteworthy. First, one of the main reasons why
Rural Grid did not show overloading situations was the fact that it was operating
very far from its technical limits before the introduction of any EV. Clearly, this is
not always the case. Second, a lower impact of the EVs on the lines with respect to
the transformers is a very positive phenomenon in rural grids like the tested one.
As a matter of fact, the typical topology of these networks is strictly radial and,
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therefore, does not allow load balancing operations to prevent possible overloads in
the system

2. How and to what extent does a smart charging scheme affect the grid with respect
to uncontrolled charging?

The almost universal use of the uncontrolled charging scheme at the charging sta-
tions is due to its incredible technical and practical simplicity. Nevertheless, the
results of the simulations proved that high peaks of power demand - and therefore of
both lines and transformers loading - are inevitable. These are always concentrated
at already very busy moments of the day, usually at around 18:00/19:00.

Interestingly, the local optimisation charging scheme led to more severe concen-
trations of the power demand, although at a different time. In fact, all charging
stations tried to postpone their charging operations to very low price moments at
night, leading to overloading issues even in grids that were considered safe when op-
erating with the uncontrolled charging scheme. The average power charging scheme,
instead, showed the lowest loading percentages of all the three studied strategies.

Another significant difference between the three schemes is in the average charging
price. As expected, the uncontrolled charging strategy led to the highest price,
while the local optimisation charging strategy to the lowest one. In the simulated
scenarios the difference in the average charging price between these two schemes
reached outstanding percentages of around 30%. The price of the average power
charging strategy lies approximately in the middle between the other two schemes.

Finally, it is important to highlight how the local optimisation charging scheme
always tried to optimise the use of power from PVs. The relevance of this con-
tribution can be fully appreciated observing the results of the simulated summer
scenario, where the energy taken from the solar panels reached values more than 10
times the ones registered in the uncontrolled charging simulations. In this regard,
also the average power charging strategy showed high solar utilisation percentages.
In fact, this scheme ”naturally” exploits solar energy, as there always are EVs
connected asking for little power that can, therefore, be taken from PVs.

3. Can a local control strategy coordinate with a central curtailment scheme to effi-
ciently solve overloading situations occurring in the grid?

Both the implementation of the uncontrolled charging scheme and of the local opti-
misation charging scheme led to the expected result of recurrent overloading issues
in the grid. The main reason for them was the complete lack of coordination be-
tween the single charging stations. Once this coordination was introduced by means
of the ECM, though, the grids started operating again within the allowed limits.

However, this practice showed in the simulations two of the foreseen main limits:
higher percentages of EV dissatisfaction in case of grids operating close to their
technical limits – as it was natural to expect – and a tendency of this percentage
to increase when the local optimisation charging scheme was implemented. This
second effect in particular was caused by the high concentrations of EV power
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demand and the fact that some EVs postponed their charging process until the
very last moment – for cost reasons – without being able to carry it out because
they got curtailed.

In this regard, the simulations showed that better results can be obtained when
implementing a smarter curtailment scheme. When tested on the same scenarios,
the ECM and the FCM led to different successful charging percentages of 99.76%
(or 99.78%) and 100%, respectively. This means that the implementation of curtail-
ment methods that consider the ’flexibility’ of the charging stations before taking
any action might be a substantial contribution for a smooth introduction process
of electric vehicles in society.

8.2 Future research

As specified in the first chapters, the main focus of this work is on the analysis of possible
overloads that could arise from the introduction of a higher number of electric vehicles
in the network. However, the problems encountered while analysing Sub-urban Grid did
not allow to obtain quantitative information on that grid, but only qualitative results.
These showed that the impact on this topology of network is potentially huge. Therefore,
it is imperative to further analyse this missing grid topology in order to get a complete
image of the impact that EVs may have on distribution grids.

Another aspect that may be relevant for future studies is represented by the possible
presence of voltage issues as well. In this regard, the brief analysis carried out for the
purpose showed very frequent sudden drops of the voltage. Although not exceeding the
technical limits, those drops are quite significant and, being the voltage variations very
steep, the grid could suffer from their presence. Should this turn out to represent a
serious problem, an EV curtailment mechanism for under voltage issues could also be
considered. In this case, though, particular attention should be paid to the topic of
fairness towards the users. In fact, the distance of a node from the upper transformer
is a crucial aspect when it comes to voltage issues. Therefore, the idea of solving under
voltage problems by mainly curtailing the nodes farther from the transformer could in
general be tempting. Naturally, this would be unfair towards all those nodes, as they
would always be the ones to get curtailed first.

Other possible topics that might be of interest are the possibility to include errors
in the PV production and load forecasts, the introduction of single-phase loads in the
model (to evaluate the effect of a possible unbalanced network) and the simulations of the
loads by means of more sophisticated models to include their dependence on the voltage.
All these aspects would add further details to the grid modelling and would therefore
guarantee more accurate results.

Finally, it would be wise in any future research to keep in closer contact with all
the companies that are interested or involved in the project. This aspect is particularly
important as it seems DSOs have a modus operandi which is not often reported in books.
This aspect, along with all the information and data they posses, makes a higher involve-
ment from their side a crucial point to get relevant results in shorter times. Therefore, a
closer collaboration with them may be a substantial point to consider in future studies.
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