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Abstract: Accelerated environmental impacts are a growing concern in the modern world. Electric
mobility and the transition to a cleaner energy matrix have become increasingly discussed topics. In
this context, this work presents a framework for controlling an electric vehicle (EV)-charging station
integrated into a microgrid application as a basis for creating the infrastructure integrated into a
smart grid concept. Considering the electrification of the transportation sector future perspectives, a
brief review is conducted on the impacts of EV fleet growth in different countries and how smart-
charging technologies are identified as solutions for mitigating the negative effects of energy and
power consumption associated with EV-charging stations. An analysis of the technical characteristics
and the tools that enable the deployment of a fleet-charging operator are examined, specifically
focusing on the communication protocol for EVs, such as the OCPP (Open Charge Point Protocol)
parameterization/configuration. A new EV-charging station control method is proposed to manage
the impacts of distributed solar photovoltaic generation and mitigate the effects of the duck curve.
Finally, an integration architecture via IEC 61850 for these elements is proposed, in a practical
implementation for variable power control, considering different strategies to deal with distributed
generation impact using EV-fleet-charging power demand dynamic management.

Keywords: OCPP; IEC 61850; electric vehicles; microgrid; charging stations

1. Introduction

Climate change and health issues in large urban centers, stemming from greenhouse
gas emissions, are among the greatest sustainable development challenges faced by modern
society [1–4]. Due to the growing struggles against the advancement of these factors, there
is significant concern about achieving the goals of mitigating environmental damage, air
quality, and public health through the reduction in the emissions [5,6].

In 2014, approximately 14% of global CO2 emissions originated from the transporta-
tion sector [7]. From the perspective of emission sources, in the USA, a report by the
Environmental Protection Agency (EPA) found that in 2019, about 28% of the country’s
greenhouse gas emissions came from transportation, primarily from the combustion of fuel
in internal combustion engine vehicles [8].

One of the main solutions proposed globally for reducing pollutant gas emissions is
electric mobility, considered an emerging strategic industry [1–3,5,6]. Electric mobility is
identified as a key factor in achieving carbon neutrality in Europe by 2050 [6]. Various enti-
ties, including countries, provinces, governmental institutions, and vehicle manufacturers,
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emphasize the urgency of this matter by committing to cease the production or acquisition
of new internal combustion engine vehicles at different points over the next 40 years [5,9].

Consequently, it is also necessary to consider that the electrification of transportation
may present new challenges. The growth of the electric vehicle (EV) fleet will affect
not only the spatiotemporal distribution of pollutant emissions [5] but also the energy
distribution profile in major urban centers. The supply of electrical power for recharging is
geographically linked to the route and permanence of the vehicle. Therefore, the feasibility
of recharging is also conditioned by the availability of capacity in the power transmission
grid [10].

The interoperability of devices and communication between different agents in the
power grid are essential for the development of smart grids [11]. For example, to control
an EVSE (Electric Vehicle Supply Equipment), a well-established communication structure
is necessary. The interaction dynamics between the equipment occur at the software level
through communication protocols, which are, in summary, a set of definitions for the
structure of the data exchanged between two or more devices. Communication protocols
establish the rules for correctly receiving and sending data and information [12].

The IEC 61850 standard [13] is an international standard for the automation of energy
distribution and the control of electrical substations, as well as for the control of distributed
energy resources [14]. Due to its structure that applies the object-oriented programming
paradigm [11,14–16], it has a very broad range of applications. Ideally, any type of com-
munication object can be implemented, and consequently, it is possible to communicate
with a wide range of devices with diverse functions and from different manufacturers [11].
Thus, the protocol established by the IEC 61850 standard is presented as a tool with high
potential for use by a fleet operator to integrate the agents of a smart grid [11,14,15].

The OCPP—Open Charge Point Protocol—is the communication protocol currently
accepted by the EVSE industry for communication between the charging station and its con-
trol system, such as the FO (Fleet Operator) or some other type of intelligent system [11,17].
When integrated with IEC 61850, it allows the FO to treat the EVSE as a distributed resource
unit in the network. Therefore, considering the established communication standards, the
objective is to propose a framework for the relationship between the FO and the EVSE
through the OCPP communication protocol. To this end, a necessary requirement is to
identify how the protocol establishes and maintains communication, what type of informa-
tion the EVSE can exchange with the FO, and how communication with electrical sector
equipment (for example, via IEC 61850) can be structured.

1.1. Electric Fleet Growth and Grid Impacts

It is common for studies to consider different scenarios of EV market penetration [18],
that is, a comparison between the current share of demand and the potential share of
demand. The higher the penetration rate, the greater the spread of the technology [19].
These scenarios include, for instance, general market conditions, shocks in gasoline supply,
changes in vehicle prices, government subsidies, tax exemptions, among others [18].

In 2012, Al-Alawi and Bradley [18], in their literature review on EV market forecasting
studies, presented some of the barriers or factors impacting a buyer’s predisposition to
opt for EVs: lack of familiarity with the technology, battery lifespan, battery replacement
cost, fuel cost, uncertainties about vehicle range, uncertainties about cost–benefit, different
purchasing options, social and digital influence, and vehicle class. Given these factors,
their analysis results indicated that by 2020, in the U.S., with an active policy of promoting
PHEV technology, it would be possible to achieve around 4% to 5% of the total vehicle sales
share and have 2% to 4% of market penetration. According to data from the Statista data
collection and analysis platform [20,21], in 2019, approximately 4.72 million vehicles were
sold in the U.S., of which about 0.32 million were EVs, including BEVs (Battery Electric
Vehicles) and PHEVs (Plug-in Hybrid Electric Vehicles), totaling about 6.7% of the total,
surpassing initial forecasts.
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In more recent literature, Kapustin [3] used a logistic growth methodology to forecast
the impact of EV fleet growth on the electric grid. This methodology predicts the growth of
product units in the market through an S-curve approximation, with growth accelerating
at the beginning of the product’s spread and decelerating from the middle to the end as
the market nears saturation. According to the analysis, by 2040, the number of EVs will
have grown by 60 to 70 times, reaching about 12% to 28% of the global fleet, depending on
the scenario.

Shepherd [22] proposes a market diffusion model that considers buyer susceptibility
based on different premises, such as subsidy regimes, marketing strategies, BEV character-
istics, EV lifespan, taxation, and information diffusion through interpersonal relationships.
Among three different scenarios in the model, it is predicted that by 2050 in the United
Kingdom, the BEV and PHEV fleet could account for 36.5% to 47.43% of the total fleet.

Ref. [23], also analyzing the impact on the electric grid and using the same forecasting
method as Kapustin [3], predicted that, from 2020 to 2030, the EV fleet in the city of
Campinas-SP, Brazil, could increase by 76 to 168 times, from 392 vehicles in 2020 to 29,000
to 66,000 in 2030. In recent years, EVs have been considered the conventional solution for
pollutant gas emissions. However, due to the accelerated and hard-to-predict disruptive
growth of electrification [24], both positive and negative consequences may arise.

Different impact management strategies have been adopted, considering energy as-
pects. Solar photovoltaic generation can be locally integrated with EV-charging stations to
reduce grid consumption [25]. Microgrids are a natural strategy for power coordination
in variable loads, despite the challenges related to regulatory and technical requirements
for connection to distribution systems [26]. To mitigate electrical impacts associated with
peak power, battery storage systems can be employed [25,27]. However, the use of stor-
age systems can reduce financial attractiveness and compromise economic viability [28].
Therefore, a strategy could be load management through power control techniques for
charging stations, with the integration of communication systems (IEC 61850 and OCPP,
for instance), forming an intelligent grid with coordinated management.

Green, in [29], conducted an extensive and important literature review of 25 different
sources on the impact that an EV fleet can have on the power grid. The review highlights
the importance of this type of study, and by comparing different forecasting and impact
models, we can increasingly approach models that resemble real scenarios, enabling and
promoting increasingly accurate and reliable results. The study points out various factors
and characteristics of vehicles, consumers, and the electrical grid itself, each having impacts
on energy balance and infrastructure in their own way.

Generally, [29] noted that there are different perspectives on this issue. For example,
evaluating the impact on a macro level, considering the global variation in energy con-
sumption, shows whether infrastructure expansion is necessary. The literature reviewed
by Green indicates that although the global impact of predicted consumption is small
percentage-wise, this consumption will evidently be geographically imbalanced, with
higher concentration in large urban centers. From this point, other studies reviewed by
Green assess local impacts, now considering micro factors, such as:

Charging Profile—The considerations of profile among studies vary. The profile can
be generic, “anytime during the day”, referred to as uncontrolled or uniform charging; it
can revolve around user behavioral patterns, for example, at the beginning of the day when
the user arrives at the destination, such as the workplace, or at the end of the day when the
user returns home after completing their daily commute; it can be related to the presence
of fast and slow charging in the mix of chargers; it can be related to the level of information
and communication between charging points, referred to as Regulated Charging, when
there is some level of information dissemination affecting user preference for charging
during off-peak times, and Unregulated Charging otherwise; or still, considered the most
advanced type of charging, Smart Charging pertains to all types of charging that implement
intelligent decision-making technologies.
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Consumption Profile and Renewable Energy Matrix—There is an interaction between
the population’s energy consumption profile, the charging profile, and the presence of
renewable sources like solar and wind energy in the energy matrix. With extensive re-
newable generation infrastructure, intelligent load management is necessary due to the
irregular energy availability throughout the day. Ideally, the literature suggests that energy
storage systems should store surplus energy during generation peaks and provide it during
low-generation periods. Additionally, EVs should ideally be charged during generation
peaks to avoid load during low-generation times.

Local Transformer Capacity—It is observed that electrical grid transformers tend to
have a reduced lifespan related to how close they operate to their limits, as well as large load
variations during operation. Some studies indicate that depending on the charging scenario
and the speed of fleet electrification, transformers may have their lifespan shortened by
operating marginally at their limits. Additionally, they may have a higher probability of
failure due to oscillations or might not support the load, requiring infrastructure investment.

In [3], Kapustin used a complex modeling tool, SCANER, which consists of a sophis-
ticated system composed of different forecasting tools. The study predicts that by 2040,
global energy consumption could be 7% to 10% higher compared to the scenario without
EVs, with the increase geographically concentrated in regions already showing growing
EV penetration, such as the USA, China, and the European Union. In some cases, the
study predicts that energy consumption from EVs could reach one-third of the total in a
country. It is also important to note that regions with high EV penetration may present
a potential issue related to a “peak-to-peak” effect on the grid, which involves a high
variation between maximum and minimum energy consumption values throughout the
day, potentially causing grid instabilities, necessitating case-by-case impact analysis.

Kapustin also points out that these high-penetration regions focus on planning the
expansion of the renewable energy matrix, highlighting again the potential risks associated
with consumption, charging, and generation profiles of these renewable sources, making
intelligent management of charging profiles and energy storage necessary.

Hudson [30], studying residential circuits, used simulations with 24 different scenar-
ios, varying parameters such as consumption profile, charging profile, residential solar
generation, and residential energy storage with battery sets. The study was based on a set
of 180 transformers divided among 50 kVA, 75 kVA, and 100 kVA, feeding 1422 residences
distributed among them.

In the study results, Hudson observed that a comparison in the scenario without
solar generation or batteries, merely changing the charging profile from uncontrolled to
smart charging, could reduce peak demand by almost 100% per residence during the day,
redistributing consumption between 5 PM and 11 PM to other times.

Moreover, an important addition to this study concerns analyses related to a parameter
called the Equivalent Aging Factor related to transformers. The calculations showed that
scenarios with significant variations in power or even the direction of power in transformers
increase this factor by an average of 23% to 55%, but in specific circuits, it can increase by
up to 150%, implying that, in some scenarios, the infrastructure impacts can become highly
relevant. Conversely, in scenarios where smart charging was implemented, this average
value could be reduced by 5% to 21% and the maximum by 7% to 45%.

As described in [31,32], despite the potential benefits, smart-charging strategies have
impacts on power factor and harmonics, since EVs consume a relatively large amount of
reactive power at lower currents and some models violate the power factor limits for the
low-voltage grid. One of the strategies to mitigate the occurrence of electrical impacts
could be the use of battery energy storage systems or the use of tools that can support
the assessment of electrical impacts associated with charging for distribution network
operators with low short-circuit power [33].

In summary, some of the literature supports the necessity of having an intelligent
charging system. Therefore, the objective of this work will emphasize smart charging
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and the supervision of EV stations, justifying the need to control EVSEs and the types of
technologies involved in this process.

1.2. EV Charging Power Management Strategies and Distributed Generation Coupling

In recent years, distribution networks have been subjected to the variability of renew-
able sources. The penetration level of DG units, especially generation based on uncontrolled
energy resources, such as PV solar, is a factor that should be controlled and may be consid-
ered as a fundamental challenge for reliable operation of EPS [34], raising concerns about
grid access requisites and regulations improvement across the world [35]. The main point
is that DG units depend on natural resources which are uncontrollable by humans and may
create an imbalance in the supply and demand of energy in the grid known as the “duck
curve”. As described in [34], the duck curve, reproduced in Figure 1, derives its name
based on a chart published by the California Independent System Operator (CAISO) in
2013 resembling a duck and highlights the sharp midday drop in power demand resulting
from peak solar energy production followed by a short, steep ramp-up in the early evening
hours as the demand for energy increases and solar energy production falls [36,37]. The
graphic in Figure 1 shows the effect of growing levels of solar generation on the daily net
load in CAISO’s service territory [38]. Currently, the solution of this problem can be found
in the application of different energy storage technologies: the energy storage system (ESS),
battery energy storage systems (BESS) [24,39], fast response thermal units, plug-in electric
vehicles, concentrated solar power and pumped storage hydroelectricity [40–43], or flexible
generation [44,45], as well as an application of different management methods, such as
demand response and demand dispatch, can be used [36,46,47]. In this paper, a strategy
for dealing with the consequences of the curve is proposed based on full integration of
EV-charging stations using OCPP and IEC 61850 for load management via current control
during charging events.
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One of the challenges associated with the duck curve format in systems with high
penetration of DG is the difficulty in separating the power component of electrical loads
from the power component associated with generators, as the utility meters are usually
concentrated only at specific points on the feeder branches, collecting net power injection
measurements. Thus, in the duck curve, the effects of load variation throughout the day
are combined with the variability of distributed photovoltaic solar generation, resulting in
power reduction ramps in the early hours of the day and power increase ramps at the end
of the day, as illustrated in Figure 1. By managing the EV-charging stations loads connected



Energies 2024, 17, 5394 6 of 27

at the end of the feeders, as a demand-side management strategy, electrical vehicles could
contribute to reduce grid impacts of distributed generation in power systems.

2. Power Grid Infrastructure Management

The use of smart-charging technology is identified as a solution for mitigating the
negative effects of energy consumption, balancing the power grid, reducing infrastructure
wear and tear [29,30,48], and as a factor for increasing the penetration of renewable en-
ergy systems [30]. It becomes evident that to achieve an optimal scenario, administrative
intervention in the charging infrastructure is necessary, by acting on controlling and super-
vising the interchanges between the EV fleet and the infrastructure, especially when the
Vehicle-to-Grid (V2G) energy flow technology is present. To utilize the V2G capability, it
is necessary for the EV and the charging station to have the capacity for DC–AC current
converter in the vehicle to grid direction [4]. Additionally, there is a need for charging
stations to have access to information and be able to receive commands from a central
control system, the Central System (CS), in a dynamic called the smart grid. Through
smart-charging techniques, depending on the level of control between the smart grid and
the charging station, the CS could provide and receive information about the current grid
conditions, or even, in scenarios with a higher level of control, make charging/discharging
decisions for the vehicles [49].

There are also two important potentials for using V2G, both related to a possible
passive income associated with the EV market, which becomes significant when a single
person or company owns many EVs. This is possible because with efficient management, it
is possible to use the potential of EV batteries to be considered a distributed storage system,
generating cost reductions or profit associated with the EV fleet [2,49]. These two potentials
are as follows: (i) the capability to serve as an ancillary service for regulating the power
grid [10]; and (ii) the ability to absorb excess generation from renewable sources such as
solar and wind energy [49].

There are few studies on the management of EV charger infrastructure, Hu et al. [49],
for instance, introduces the concept of an electric grid operator entity participating in the
smart grid, referred to as an “EV fleet operator” (EV FO). Other names have been proposed,
such as “virtual EV power plant”, “EV aggregator”, and “EV service provider”. The study
points out that an EV FO would essentially have three functions: (i) ensuring the needs of
EV owners through management that maintains user parameters (e.g., always keeping the
EV battery above 80%); (ii) managing the process of providing energy to the power grid
during peak hours, offering greater energy balance; and (iii) providing ancillary services to
various elements and operators of power systems. Figure 2 illustrates a possible scenario of
integration between these different entities in the energy sector and the types of interactions
the FO [49].

The ancillary services that can be provided to Transmission System Operators (TSOs)
are primarily associated with power regulation, which involves increasing or decreasing
the operating power of a specific system element to align it with others, but also includes
frequency regulation. The use of EVs for this purpose presents substantial financial returns
to owners [2]. For Distribution System Operators (DSOs), the study indicates that EV FOs
can currently provide two types of ancillary services: (1) peak load prevention and loss
reduction; (2) voltage regulation.

As for ancillary services to Renewable Energy Sources (RES), they are based on the
increasing adoption of renewable energy generation sources, which tend to exhibit inter-
mittent behavior, such as solar and wind energy [49]. Integration with a system capable of
absorbing surplus energy during peak generation and making it available again during low
generation periods presents significant utilization potential, as demonstrated by Dallinger
and Wietschel [50], who showed that by 2030, in Germany, the projected EV fleet associated
with the renewable energy matrix could absorb about 50% of the annual surplus generation,
energy that would be lost (curtailment effect) in the absence of energy storage systems.
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Finally, the cost-minimization services that can be provided to users through the
actions of FOs need to be carefully analyzed. Dynamically programmed charging sched-
ules applied individually to charging stations can be used to implement charging and
discharging calendars for EVs depending on the value of electricity at certain times of the
day. Some potentially negative points to observe in this regard are as follows: (1) additional
investment costs in infrastructure enabling bidirectional energy flow; (2) deployment of
advanced communication and metering systems; (3) increased battery degradation due to
significantly higher usage cycles compared to scenarios without V2G [49].

3. Control and Supervision of Electric Vehicle Supply Units

An important aspect of the management offered by FOs concerns the communication
infrastructure to be used. Communication between the EVSE and the EV follows an interna-
tional standardization (based on ISO 15118 [51]) and does not require human intervention.
On the other hand, communication between the FO and the TSO, DSO, and RES could be
carried out via conventional internet, with well-established protocols and communication
frameworks [12]; however, with the increasing expansion of the EV architecture, protocols
specifically designed to facilitate the data interchange between its different agents may be
more attractive; examples of such protocols are (1) the Open Charge Point Protocol (OCPP)
used for communication between FO and EVSE, the most used for this purpose worldwide;
(2) Hubject’s Open Charge Protocol (OICP), widely used on Europe for communication
between FO and the other external agents; (3) IEC 61850, which has the capability of stan-
dardizing the communication between all the elements; and (4) SAEJ2836/3TM, which also
allows communication between distributed energy resources or EVSEs with their respective
managers. The latter has the key characteristic of allowing for the V2G dynamic, because its
EVSE-to-EV communication is based on IEC/TR 61850-90-7 [52]. A visual representation
of the architecture showing the protocols that may be used in information transactions
is illustrated in Figure 3, and information regarding the elements using the protocols is
shown in Table 1 [49].
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Table 1. Communication standards of the EVSE in the context of smart grids.

Protocol Elements Involved

ISO 15118 EV, EVSE
SAE J 2836 EV, EVSE
OCPP EVSE, FO
OICP FO, Other agents
IEC61850 All elements

Considering the potential impacts of fleet growth in the distribution power grid, in
a scenario of high EV penetration, the integration between distributed charging points
becomes necessary. In this regard, it is essential to understand the characteristics of the
elements involved, such as charging stations specifications, and the types of connection
plugs used. In 2010, a non-profit organization, ElaadNL, aimed to install 10,000 charging
stations in the Netherlands and, for this purpose, began developing a protocol to standard-
ize the control of these stations: OCPP. In 2010, the first version, OCPP 1.0, was released,
which was made available from the outset as a tool to encourage the growth of the industry
and the protocol itself. In 2012, with the growth of technology and the emergence of new
demands, the first update, OCPP 1.5, was released [53].

In 2014, the Open Charge Alliance (OCA) was established as a non-profit organization
under Dutch law. The OCA emerged from a joint effort of product and service providers,
with the aim of fostering initiatives related to infrastructure systems, logistics, and research
and development related to EVs. It is the institution responsible for the development and
maintenance of the OCPP [53]. In 2015, OCPP 1.6 was launched, which added several new
features, such as load management and the implementation of smart charging. Version 1.6
is currently the most widely used in the world. In 2018 and 2020, versions 2.0 and 2.0.1 were
released, respectively. Although they were developed with a joint effort of research and
industry feedback, they incorporated communication models incompatible with previous
versions, which hindered their adoption [53].

For a detailed analysis of the OCPP 1.6 protocol, the official protocol documenta-
tion [17] provided by the OCA will be used as a basis, and the most relevant informative
points will be explored. As it is the most globally used version and already allows func-
tionalities such as load control and smart charging, the OCPP 1.6 protocol was chosen as
the object of study. In order to standardize the nomenclature of the elements, two basic
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definitions must be established: (i) the term Central System (CS) is used in OCPP to denote
the equipment connected to the EVSE and exchanging information with it, and (ii) the term
Charge Point refers to the EVSE itself in the protocol [17].

It is important to note that OCPP 1.6 allows the use of the WebSocket protocol for
communication, enabling the implementation of usage modes based on JSON (Java Script
Object Notation) or SOAP (Simple Object Access Protocol) [17]. Although the modes have
their particularities, they are analogous in objectives and use similar logic. Between the
two, the JSON mode was chosen for its simplicity and compatibility with the other tools
that will be used in the framework proposed later in this work.

4. Proposed Control Architecture

As described previously, in order to mitigate negative fossil fuel impacts on the
environment, several countries, in addition to setting ambitious renewable energy targets,
are moving towards the replacement of vehicle fleets with EVs in the coming decades. The
transition towards decarbonization presents individual challenges, such as the potential for
transformer overloads during peak EV consumption times or surplus energy during peak
renewable energy generation periods, but the integration between those technologies also
offers some solutions for the problems caused by each one individually.

As previously mentioned, studies revised by Green [29] from pre-2010, had already
shown that the impacts caused by the electrification of the vehicle fleets could not be
dismissed and neither could the intermittency of the renewable generation. Several studies,
like [50], also pointed to the benefits of interaction between those technologies to avoid
overgeneration losses and mitigate the overload of transformers. Among the mitigation
strategies are the use of management technologies for (1) optimizing the dynamics of EV
charging through smart charging or load balancing (mitigating impacts on the electrical
grid) and (2) integrating renewable energy sources with distributed energy resources.
Noting that, when EVs operated with proper management in a V2G dynamic under a
smart-charging profile, distributed energy resources can be considered to store the excess
energy from renewable sources.

In agreement with this perspective, most recent studies also elaborate that it is of
utmost importance that we start to address how to reduce those negative impacts, such
as [54] where real life charging historical data from 10 EVSEs was collected to create a Multi
Objective Optimization model for a decision-making scenario based on cost policies and
other related parameters that could have a negative impact for companies and [55] where a
deep analysis of the entire EV infrastructure, policies, and prospections was made.

But, even though all the previously mentioned studies bring different scenarios and
analysis, showing the kinds of problems that we are likely to face with macro impact as-
sessments, there is a lack of discussions about the micro perspective, with few elaborations
on how the different physical components in the given structure interact with each other
in practice, which brings us to more technical discussions about communication stability,
compatibility, security, interoperability, integrity of data, and others. Thus, in this paper,
we present a perspective that is focused on understanding the different elements that may
be present in a practical environment.

To address these challenges, an architecture based on the Central Smart Charging
proposed by the OCA [17] is presented and applied to integrate an EVSE into a network of
different intelligent electrical devices, independent of the electrical grid and incorporating
multiple energy resources (in addition to the charging station). Figure 4 illustrates the
concept and general communication topology between the electrical system devices and
the charging station. Voltage and current measurements in the feeder branches are obtained
via IEC 61850, while the OCPP 1.6 protocol is used to send management data to the
charging station.
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4.1. OCPP Request-Sending and -Receiving Algorithm

To differentiate the received messages used to create and send a response to the EVSE
according to the protocol, it is necessary to implement an integration between a switch
node, responsible for identifying the type of each command received by the CS (Central
System), and function nodes, responsible for assembling the response payload to be sent.
The resulting structure is represented in Figure 5. It is also through a function node that the
message data is processed to be saved in the database.
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4.2. Central Smart Charging

The management of multiple charging stations can be implemented using the OCPP
framework defined as Central Smart Charging (CSS), illustrated in Figure 6. The CSS is
directly responsible for all control of the EVSEs, capable of performing different types
of control and limitations based on data sent by an external system, such as periods of
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unavailability, reservation requests and load limits [17]. From this principle, a scenario of
integrating multiple elements installed at an EV-charging station is analyzed. Considering
the context of decarbonization, socio-environmental motivations, and the need to mitigate
electrical impacts, it may become common in the future for charging stations to be built
with the integration of renewable energy sources, energy storage, and grid integration, as
described in projects [23,24], where the presented system includes photovoltaic generation,
high-capacity batteries, and EV-charging stations.
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4.3. Storage and Mobility Laboratory–LAM Microgrid

The complete integration of a microgrid with multiple DERs and charging stations,
considering configurations, protocol interoperability, and device parameterization, is a
complex challenge. However, when fully operational, it effectively contributes to the
formation of smart grids, mitigating impacts and allowing for the rational use of assets
(transformers, transmission lines, feeders, etc.). Due to these complexities, to observe and
experiment with the possible difficulties arising from the integration of energy resources, the
implementation was carried out in a controlled environment. The developed methodology
was applied in the Storage and Mobility Laboratory (LAM).

The microgrid equipment is illustrated in Figure 7. The facility contains one on-grid
inverter (1), three off-grid inverters/chargers (2), two charge controllers (3), the battery
storage system (4), a diesel generator (5), and an EV charging station (installed externally
and has two 22 kW AC Type 2 plugs). All the equipment is physically connected into the
electrical panel and (logical) integrated through compatible communication protocols.
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The SLM facility’s general communication topology is represented in Figure 8, in a
microgrid setup [27]. The installation includes energy resource equipment such as the
Ongrid inverter, 19 kWp of photovoltaic modules, grid integration, lithium-ion batteries,
and the EVSE. The LAM also features control and automation equipment, including a
PLC and a centralized controller—the Cerbo GX—which is responsible for controlling the
charging stations.
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5. Measurement Results and Implementation of Smart-Charging Strategy—Control by
Charging Profile

This section describes the results of implementing a smart-charging strategy aimed at
controlling the operation mode of a charging station. Initially, measurements were taken
of a charging profile without the adoption of a demand management strategy (Section A).
Then, the results of the operation with a management strategy acting as a limiter of the
charging current are presented, either iteratively (Section B) or through a pre-configured
charging profile (Section C).

5.1. Standard (Without Control) Charging Scenario

A database was created to store messages sent by the charger, as well as general
measurements of electrical quantities, enabling the observation of the implementation
results. Figure 9 illustrates the recorded voltage variations in each phase over several hours
at one of the low voltage buses of the distribution system, obtained via IEC 61850. Figure 10
shows samples of measurements of instantaneous electrical quantities (voltage, current,
and power factor in each phase). Figure 10 illustrates the power measurements on the LMS
meter (in each phase) at the low-voltage bus connection of the charging station over six
days of a week. The orange curve in Figure 11 represents a charge carried out without
management. It is observable that, although it occurs during a period with photovoltaic
solar generation, it represents a high-power demand in a short interval of time.
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distribution system—obtained via IEC 61850.

To demonstrate the system’s functionality, data were collected initially from a complete
charge without restrictions, with the EVSE offering its maximum current and no charging
profile implemented, as shown in Figure 12. The graph presents values measured from
a real charge with a 22 kW AC station. The curve represents the behavior of a charging
method adopted for preserving the lifespan of lithium-ion batteries, called “constant current
constant voltage—CC/CV mode” [56], which is applied due to the increase in the internal
resistance of batteries at the end of the charge [57]. Studies show that not applying this
method can cause accelerated degradation not only to the batteries but also to the vehicle’s
internal electronic systems [56,58].

The EV charger used was a 22 kW model, with an AC plug type 2 standard. During a
charging session, the station sends current and voltage data. However, the vehicle’s battery
SoC data, as well as the values of internal parameters of the vehicle’s AC/DC electronic
converter, are not directly accessible via OCPP for the equipment used. Nonetheless, the
current data during a charging session can be observed in Figure 12. Since the electric
current is an available parameter, the management strategy is based on controlling the
current supplied to the charging stations.
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Figure 11. Power measurements on the LAM meter (in each phase) at the low voltage bus connection
of the charging station—via IEC 61850.
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Figure 12. Charging current of an EV (measurement data)—obtained via OCPP 1.6 at the charging
station (without current limitation).

5.2. Smart-Charging Strategy—Dynamic Limited Current Test Using OCPP Network

In [29,54,55], several approaches to control the current were mentioned; the majority
of them were related to turning the charger on/off based on criteria such as time, variable
pricing policies, or maximum available power output. This process is undesirable per
se because of the possible negative impacts on battery longevity caused by the discrete
charging process. Therefore, if the objective is to allow a full-time complex control of
and, eventually, access to the energy stored in the EV batteries (V2G), as a consequence, it
is necessary to develop strategies that allow for the EVSE to continuously charge with a
controlled current limit, which also aggregates the benefit of avoiding the rapid temperature
increase due to high currents on the batteries, culminating in the following proposed
current control.

The main idea of the new current-controlling method proposed and described in
this section was to suggest an algorithm capable of dynamically altering the current limit
throughout the day and then collect the charging data from the EVSE operating under its



Energies 2024, 17, 5394 15 of 27

rules. The algorithm applies Equation (1), which is the scaling of a variable x with a known
range [Xmin, Xmax], to a new range [a, b]:

y(x) = (b − a)
x − Xmin

Xmax − Xmin
+ a (1)

The management strategy is based on the idea of using historical data on electrical
demand variation throughout the day to scale within a range of current limitations for the
EVSE. From these values, at predefined intervals, such as every 10 or 30 min, the Central
Charging Server (CCS) modifies the maximum current offered for charging, aiming to
mitigate the impact of EV charging during peak hours.

The data used in the equation come from the current range defined by the EVSE
manufacturer at LAM, between 12A and 32A [59], and the average daily consumption
data for January 2024 in the state of California, USA, ranging from 3180 MW to 23657 MW,
provided by the California Independent System Operator (California ISO) [60] (simulating
the duck curve as a consequence of DG penetration). The result of using Equation (1) can
be seen in Figure 13. It is observable that the maximum current value allowed for charging
occurs during periods of lower power demand in the electrical system. Analyzing the
results, the management strategy reduces the demand from EVs by up to 62.5% through the
redistribution of consumption throughout the day. A disadvantage would be the increased
charging time for EVs during peak hours, which, depending on the user’s needs, could have
a significant impact. This could justify, for example, a model where the maximum current
at that time could be charged at a recharging price rate above the standard energy rate.
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The power limitation curve data were used to vary the range considering a future
horizon of 1 h (updated every hour following the scaling as per Equation (1)). The calculated
maximum current value was sent to the EVSE every 5 min, resulting in the data shown in
Figure 14. As illustrated in the figure, it is evident that the proposed dynamic control of
the current is feasible, and the algorithm and execution model can be generalized for other
control modalities and purposes.
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Figure 14. Result of the execution of the charging-control algorithm in a charging scenario, with
scaling calculation updates within a 1 h horizon.

The current-limiting algorithm aims to increase the current available to chargers
during periods of greater power availability in the feeder branches, following the pattern
established by the duck curve. By using the inverse relationship given by Equation (1), the
current supplied to the chargers is indirectly correlated with periods of high photovoltaic
solar generation and low load demand. In Figure 13, it is possible to observe that the
highest current magnitudes are made available to the chargers during the hours of the
day associated with periods of higher solar irradiation. If the feeder branch also has,
for instance, wind generation, the algorithm will also prioritize current availability for
recharging during periods of higher wind power production (provided the load does not
absorb the power generated by the wind).

5.3. Smart Charging: Control by Charging Profile

In this test, current control is defined based on a predefined profile. This control mode
has results similar to those in the previous section, differing only in the methodology by
which current limits are sent to the EVSE. In a practical example, daily consumption data
were used to create a charging profile that applies the current limit hourly. The JSON sent
to the EVSE is illustrated in Figure 15, and the resulting EVSE current limit throughout the
day, collected with the OCPP GetConfiguration command, can be seen in Figure 16.

It is observable that even with control applied hourly, the apparent delay does not
seem significant. However, this delay can still be minimized if control is performed every
10 min instead of every hour, for example. This curve, as in the previous case, demonstrates
a potential mitigation of the impact of current from EV charging during peak demand
periods on the grid.
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6. Smart-Charging Strategy—Dynamic Current Limited Using IEC 61850 Network

Currently, microgrids face significant interoperability challenges due to the diversity of
existing and incompatible protocols and architectures [61]. Although a microgrid is linked
to an electrical system domain, a wide variety of industrial protocols can be found, such as
Modbus RTU and TCP, CAN-BUS, EtherCAT, Profibus, proprietary protocols, and analog
instrumentation networks. The lack of interoperability observed in industrial environments
is also present in environments involving distributed generation.

As described in the previous section, when EV chargers are added to a microgrid, an
additional protocol is introduced: the Open Charge Point Protocol (OCPP), which stands
out as an open standard for communication between chargers and charging management
systems, often with various versions featuring incompatible functionalities [61]. The variety
of protocols and lack of interoperability represent significant challenges for the integration
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and efficient operation of these systems [62]. Devices with different protocols often need to
be integrated into a single management system, requiring flexible solutions to overcome
communication barriers.

In this context, IEC 61850 becomes a viable solution for standardizing all commu-
nication, given its established application in distributed generation (DER) environments
and electric vehicle chargers [63]. IEC 61850 provides a standardized framework for data
modeling and message exchange, facilitating communication between devices from dif-
ferent manufacturers. Its ability to abstract low-level communication details makes it
applicable to a wide variety of devices and applications. Additionally, its object-oriented
and event-driven approach allows for efficient integration of systems that include both
traditional and modern devices [64].

The use of IEC 61850 in such a diverse domain composition with many distinct net-
works is also hindered by the high cost of the equipment that implements this standard.
Therefore, one of the objectives of this article is to propose the use of low-cost micropro-
cessor hardware as a viable solution for creating logically distributed smart microgrids,
making them interoperable and self-descriptive, which are fundamental characteristics of
this standard.

IEC 61850 uses abstract information models represented by classes and services, ensur-
ing that devices from different manufacturers can communicate and operate in a distributed
manner. Virtual entities represent specific functionalities of physical devices, facilitating the
exchange of information and the execution of complex functions in a standardized manner.
These entities are called logical nodes, and the grouping of logical nodes for implementing
specific and well-defined functions forms a logical device. Therefore, a real IEC-compliant
device contains embedded logical devices, communication services and protocols, and
physical interface connections to the medium [65].

Efficient communication between logical nodes in physical devices is ensured by
fast and reliable protocols such as Generic Object-Oriented Substation Events (GOOSEs),
Sampled Value (SV), and Manufacturing Message Specification (MMS), which allow for
real-time message exchange between devices and between devices and Supervisory Control
and Data Acquisition (SCADA) systems, essential for dynamic control and monitoring
in photovoltaic generation systems and electric vehicle charging. However, a crucial
aspect is the modeling of the information to be transmitted over the network, as will be
demonstrated below.

In the context of electric vehicle chargers and photovoltaic generation, IEC 61850
enables these systems to be monitored and controlled in real-time, optimizing energy
production and efficiently integrating with the electrical grid, including measurements
of solar irradiance, module temperature, voltage, current, and output power, among
other relevant data [61–64]. For electric vehicle chargers, the standard allows for dynamic
load management, adjusting the charging current based on energy availability and grid
conditions, preventing overloads and ensuring safe charging. Chargers can coordinate
with photovoltaic systems to efficiently use renewable energy, maximizing the use of solar
energy for vehicle charging.

6.1. IEC 61850 Information Modeling Highlighting the Distribution of Intelligent Electronic
Device (IED)

For this article, a communication architecture based on IEC 61850 is proposed, as
illustrated in Figure 17. This architecture employs abstract models represented by classes,
making the systems independent of various protocol stacks and ensuring interoperability
between devices from different manufacturers. This is particularly crucial in microgrid
environments with electric vehicle chargers, where the number of manufacturers and
different protocols can be considerably large. Figure 17 shows the distribution of the main
logical nodes required to control the current consumed by the EVSE. This setup presents a
distributed control system where the first IED (power meter IED) performs the necessary
electrical measurements, the second IED (controller IED) executes the control algorithm,
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and the third IED (actuator IED) acts on the EVSE to maintain the power flow within the
parameters defined by the control. Finally, a SCADA device monitors all variables in this
distributed system.
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It is important to note that the measurement equipment was entirely built in the
laboratory for the implementation of this article, using the integration of an ESP32 for con-
structing the IED that performs system measurement and protection in case of overcurrent
and overvoltage. This article will not explore how the measurement equipment was built.

It is also important to mention that both the control and protection of the system can
be as complex as desired, including the IED interacting with the EVSE, utilizing various
other logical nodes to perform functions not considered in this work. However, given that
the primary objective of this article is to control the charging current in a distributed DER
environment, the primary entities performing this task were selected.

6.2. Relationship Between Functions, Logical Nodes, and Physical Devices

In the IEC 61850 standard, the relationship between functions, logical nodes, and
physical devices is fundamental for communication and automation in electrical systems.
Functions are specific activities such as measurement, protection, control, automation,
and monitoring necessary for operating and controlling devices within a domain. These
functions are abstract and independent of the physical hardware, allowing flexibility
in implementation.

Logical nodes represent these specific functions virtually within the automation system.
Each LN groups a set of data and services related to a specific function. Identified by
standardized names, LNs are also independent of the physical hardware, facilitating
interoperability and modularity.



Energies 2024, 17, 5394 20 of 27

Physical devices refer to the physical hardware that hosts one or more logical nodes.
These devices, known as Intelligent Electronic Devices (IEDs), can be protection relays,
meters, and controllers, as well as microprocessor-based devices, the latter being developed
and used in this article. Each physical device can contain multiple logical nodes, depending
on the functions it needs to perform.

Figure 18 presents the functions used in the preparation of this work (the letter ‘X’
denotes the presence or absence of a Logical Node in the function composition). The rela-
tionship between functions, logical nodes, and physical devices is structured with abstract
functions mapped to specific logical nodes. These logical nodes are then implemented
in physical devices, where an IED can host multiple LNs, allowing for the simultaneous
execution of various functions.
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The actual implementation of physical devices involves executing the functions de-
fined by the logical nodes, as well as the communication between these devices carried
out through communication networks standardized by IEC 61850, such as SV, GOOSE,
and MMS.

The separation between functions, LNs, and PDs provides flexibility in configuring
and expanding automation systems, facilitating scalability. The modularity of logical nodes
allows for the addition of new functions and devices without significant reconfigurations,
promoting efficiency and reliability in managing operations in electrical systems. Under-
standing this relationship is essential for the successful implementation of automation
systems that meet modern demands for efficiency and integration.

It is observed that the current control function proposed in this article is composed
of four logical nodes, and the associated protection function is composed of five logical
nodes. The entire project utilizes four physical devices, one of which is a SCADA for
data supervision.

6.3. Implementation of Lib IEC 61850 in Smart Meter and Actuator IEDS

To integrate the libiec61850 library with the ESP32 microcontroller, several modifica-
tions to the library’s source code were necessary. One significant change was the creation
of a hardware abstraction layer, as the library originally supported only Linux, BSD, and
Windows abstraction layers. This hardware layer simplifies the library’s portability, allow-
ing only specific functions to be redesigned and associated with the Espressif framework
functions for IoT development (ESP-IDF).
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In the ESP32 microcontrollers, publishers and subscribers for the GOOSE protocol, as
well as MMS servers with logical nodes information, were implemented. The libiec61850
library allows the creation of MMS servers statically, using pre-existing XML configuration
files, or dynamically, where creation occurs at runtime. For this setup, both logical nodes
and their respective attributes were created dynamically, simplifying the configuration
process for each device. In this application, the microcontrollers were not configured with
timestamps, using the initial UNIX time instead.

This project demonstrates the efficient integration of ESP32 and Raspberry Pi de-
vices using the IEC 61850 standard and protocols such as GOOSE and SV for controlling
and monitoring an electric-vehicle-charging system. Using specific logical nodes and
implementing libraries such as libiec61850 and Micro-OCPP ensures compliance with in-
ternational standards and interoperability between heterogeneous devices. The described
approach ensures safe, efficient, and intelligent management of charging operations, align-
ing with modern sustainability and energy efficiency requirements. Next, the operation of
each IED in the project will be detailed. Figure 19 presents the network architecture used,
as well as the devices, in a logical communication diagram that illustrates the data flow
and their respective protocols.

Energies 2024, 17, x FOR PEER REVIEW 22 of 28 
 

 

allowing only specific functions to be redesigned and associated with the Espressif frame-
work functions for IoT development (ESP-IDF). 

In the ESP32 microcontrollers, publishers and subscribers for the GOOSE protocol, 
as well as MMS servers with logical nodes information, were implemented. The li-
biec61850 library allows the creation of MMS servers statically, using pre-existing XML 
configuration files, or dynamically, where creation occurs at runtime. For this setup, both 
logical nodes and their respective attributes were created dynamically, simplifying the 
configuration process for each device. In this application, the microcontrollers were not 
configured with timestamps, using the initial UNIX time instead. 

This project demonstrates the efficient integration of ESP32 and Raspberry Pi devices 
using the IEC 61850 standard and protocols such as GOOSE and SV for controlling and 
monitoring an electric-vehicle-charging system. Using specific logical nodes and imple-
menting libraries such as libiec61850 and Micro-OCPP ensures compliance with interna-
tional standards and interoperability between heterogeneous devices. The described ap-
proach ensures safe, efficient, and intelligent management of charging operations, align-
ing with modern sustainability and energy efficiency requirements. Next, the operation 
of each IED in the project will be detailed. Figure 19 presents the network architecture 
used, as well as the devices, in a logical communication diagram that illustrates the data 
flow and their respective protocols. 

 
Figure 19. Network architecture. 

6.3.1. Power Meter IED Implemented on ESP32 
The first ESP32 was configured using the libiec61850 library to receive the main elec-

trical measurements (voltages and currents, active, reactive, and apparent power) of the 
three-phase network through the logical node MMXU. Each of these quantities is repre-
sented by a data class of type WYE (Phase to ground/neutral related measured values of 
a three-phase system) within the logical node, specific for three-phase measurements. The 
three-phase current and power measurements were published on the network using the 
SV protocol, continuously making this information available for subscription by the con-
trol IED. 

Additionally, this IED includes logical nodes related to electrical protection, such as 
instantaneous overcurrent protection through the logical node PIOC, and overvoltage and 
undervoltage protection with the logical nodes PTOV and PTUV, respectively. These log-
ical nodes use a data class called ACT (Protection Activation Information), which can ac-
tivate the protection either generally or specify the phase/neutral of the quantity. The pro-
tection signals will be published on the network using the GOOSE protocol, allowing for 
the actuator IED to perform the necessary protections. 

6.3.2. Controller IED Implemented on Raspberry Pi 

Figure 19. Network architecture.

6.3.1. Power Meter IED Implemented on ESP32

The first ESP32 was configured using the libiec61850 library to receive the main
electrical measurements (voltages and currents, active, reactive, and apparent power) of
the three-phase network through the logical node MMXU. Each of these quantities is
represented by a data class of type WYE (Phase to ground/neutral related measured values
of a three-phase system) within the logical node, specific for three-phase measurements.
The three-phase current and power measurements were published on the network using
the SV protocol, continuously making this information available for subscription by the
control IED.

Additionally, this IED includes logical nodes related to electrical protection, such
as instantaneous overcurrent protection through the logical node PIOC, and overvoltage
and undervoltage protection with the logical nodes PTOV and PTUV, respectively. These
logical nodes use a data class called ACT (Protection Activation Information), which can
activate the protection either generally or specify the phase/neutral of the quantity. The
protection signals will be published on the network using the GOOSE protocol, allowing
for the actuator IED to perform the necessary protections.

6.3.2. Controller IED Implemented on Raspberry Pi

The single-board computer Raspberry Pi is responsible for subscribing to the analog
current and power data from the measurement IED via the SV protocol, using them
to perform control through a specific method. Since the library already has a defined
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abstraction layer for Linux operating systems, it was only necessary to implement it via
Node-RED, compiling and executing the source code through the “exec” and “daemon”
nodes of the platform. Two pairs of “exec” and “daemon” were used: the first for the
subscriber of the SAMPLED VALUES protocol and the second to create the control IED.

The logical node used in this IED is DRCC, responsible for detailing the control
operation. The maximum power value obtained through control is then placed in an APC
(controllable analog process value) data class present in this IED, whose variation will
result in network publication via the GOOSE protocol. This will allow for the actuator IED
to subscribe and send this new setpoint to the electric vehicle charger.

6.3.3. Actuator IED Implemented on ESP32

The actuator IED receives the protection data from the measurement IED and the
power setpoint value from the electric vehicle charger via GOOSE subscription. The
received setpoint value is stored in the “ChaPwrLim” (Charging Power Limit) attribute
of the logical node DESE, specific to electric vehicle charging equipment. The received
protection data are used in the logical node PTRC, which performs the trip operation to
activate the protection breaker if necessary. Besides being configured with libiec61850, the
second ESP32 was implemented with the Micro-OCPP library, enabling communication
with a server using the OCPP (Open Charge Point Protocol). This protocol is used in electric
vehicle charging stations to manage charging sessions and obtain real-time data on the
station’s operation.

6.4. Communication Protocols Parameterization, Compatibility Challenges, and Scalability

The adoption of OCPP 1.6 presents both advantages and challenges. One of the key
advantages of OCPP 1.6 is its wide acceptance in the industry, particularly due to its sup-
port for functionalities such as smart charging and load management. However, with the
introduction of newer versions, such as OCPP 2.0 and 2.0.1, additional functionalities have
been introduced, including enhanced security features (e.g., secure authentication), greater
communication flexibility, and improved vehicle-to-grid (V2G) interaction capabilities.
Despite these improvements, there are compatibility challenges between OCPP 1.6 and the
newer versions. For instance, OCPP 2.0 adopts a different communication model, which is
not retroactively compatible with version 1.6. This may require infrastructure upgrades
or the implementation of intermediary layers to ensure interoperability between versions.
Furthermore, as alternative protocols, such as the ISO 15118 standard for V2G communi-
cation, continue to evolve, the industry may face additional interoperability challenges.
In scenarios where charging stations or fleet operators must support multiple protocols
(e.g., OCPP, IEC 61850, ISO 15118), the complexity of managing these interactions increases,
requiring the implementation of adaptable gateway solutions or software frameworks
based on the specific version in use. In this work, the choice to use OCPP 1.6 for the
available charger in the laboratory was a practical decision. However, for new EV charging
models that utilize more recent protocol versions, in certain contexts, it would be more
appropriate to adopt OCPP 2.0.1 due to significant changes in key commands, such as
‘StartTransaction’ and ‘StopTransaction’ (present in version 1.6), which have been replaced
by an authorization process (‘Authorize’) combined with the TransactionEvent command
in version 2.0.1. Considering these changes, it would also be necessary to develop a library
to support OCPP 2.0.1 to ensure future compatibility.

When the IEC 61850-based approach is applied, the proposed architecture becomes
inherently distributed, with functions modeled by standardized logical nodes (LNs), which
can be located in physically separated equipment from different manufacturers. The modu-
lar nature of the standard allows the architecture to scale without the need for significant
modifications to the existing infrastructure, facilitating the addition of new equipment with-
out major reconfigurations. IEC 61850-7-420 [66], which specifically addresses Distributed
Energy Resources (DERs), covers various sources of distributed generation, such as solar
photovoltaic generation, energy storage, cogeneration systems, as well as electric vehicles
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and their charging systems. For each type of generation source, there is an appropriate
set of logical nodes that can be used, enabling the seamless integration of new distributed
generation sources. Moreover, the use of standardized protocols from the standard, such
as GOOSE (Generic Object-Oriented Substation Event), SV (Sampled Values), and MMS
(Manufacturing Message Specification), reduces the need for network conversion devices,
even with the introduction of new manufacturers and their proprietary protocols. Thus,
the scalability of IEC 61850 is further enhanced by the abstraction of communication layers,
which simplifies the integration of new devices into different generation systems.

7. Conclusions

After evaluating the main concepts regarding EVs, it is possible to observe that despite
the challenges of implementing EVs, primarily associated with the need for distributed
control and supervision, they also offer solutions to upcoming challenges in the context
of the energy transition to renewable energy matrices with a high presence of distributed
energy resources.

It is important to note that, as a disruptive technology, there is still an ideological
social barrier to be overcome by the market for the widespread adoption of electric vehicles.
As initially reviewed in this work through the literature review, forecasting results can be
affected by bias in the database, which, to many, might go unnoticed. From this perspective,
it is crucial to continue fostering critical and scientific thinking so that through practical
and theoretical verification of the study objects, effective conclusions and solutions for the
presented challenges can be reached.

In recent years, there has been an accelerated growth in the technological dissemination
of EVs. This period brings not only research and development demands but also market
opportunities for new sectors, such as the creation and maintenance of infrastructure, which
can particularly benefit from this work. In this context, this work revisits the theoretical
aspects involving EVs and presents step-by-step implementations to share the necessary
technical/practical knowledge for creating and maintaining the infrastructure.

It was possible to analyze that, in a somewhat more distant reality, there will be
a significant demand for more advanced management of these EV fleets, which can be
integrated with other technological solutions like microgrids and solar power generation,
in order to create a sustainable, efficient, and functional electrical system as a smart grid.
This work contributes by describing a practical case study involving control over an EVSE
through the implementation of a Charging Server in a microgrid infrastructure. The desired
control and supervision results were successfully achieved, both in terms of data collection
and control to mitigate the impacts of EVSEs during peak energy consumption periods.
Furthermore, by using the correct parameterizations according to OCPP 1.6, through
different approaches, it is possible to generalize the applications for a context of control
with multiple EVSEs and achieve a higher level of complexity in managing the charging of
EV fleets.

One of the challenges of the proposed methods is the integration and coordination of
communication systems for dynamic/iterative power control. As described in Section 6,
several pieces of equipment are required to establish a robust communication network
for implementing control via IEC 61850. Fortunately, more simplified implementations
based on pre-established standards, where current control is configured based on a stan-
dardized curve and set directly via OCPP, can avoid the need for infrastructure developed
for continuous data acquisition. For electrical systems in developing infrastructure and
less available communication systems, the configuration proposed in Section 5.3 (Smart
Charging: Control by Charging Profile) is more recommended, as the current control of the
chargers is preconfigured.

The implementation of the dynamic current-limiting algorithm demonstrates a signifi-
cant advancement in smart-charging technology, contributing to the efficient integration
of EVs into the existing electrical grid while leveraging renewable energy sources. Future
works should explore optimization of the algorithm and its application across larger EVSE
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networks to fully realize the benefits of smart charging in the context of a sustainable
energy ecosystem.
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