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Abstract: Accelerated environmental impacts are a growing concern in the modern world. As a result, electric
mobility and the transition to a cleaner energy matrix have become increasingly discussed topics. Several
countries and entities have already made medium and long-term commitments related to electric mobility. 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 future perspectives associated with the electrification of the transportation sector and expected
impacts, a brief review is conducted on the prospects for the growth of electric vehicle fleets 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 of EV charging is carried out, 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. Additionally, a new charging station control method
is proposed, aiming to manage the impacts of integrating distributed solar photovoltaic generation and
mitigate the effects of the duck curve. Finally, this work also proposes an integration architecture for these
elements, resulting in a practical implementation for variable power control throughout the day, considering
different strategies to deal with distributed generation impact using EV fleet charging power demand dynamic
management. Finally, a proposal for integration via IEC 61850 using low-cost devices for the implementation
of a digital communication system is presented.

Keywords: OCPP 1.6; 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, 2,
3, 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 of the emissions [5, 6].

In 2014, approximately 14% of global CO2 emissions originated from the transportation 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, 2, 3, 5, 6] is identified as a key factor in
achieving carbon neutrality in Europe by 2050 [6]. Various entities, including countries, provinces,
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governmental institutions, and vehicle manufacturers, 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 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 [13].
Due to its structure that applies the object-oriented programming paradigm [11, 13, 14, 15], has a very
broad range of applications. Ideally, any type of communication 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, 13, 14].

The OCPP - Open Charge Point Protocol is the communication protocol currently accepted by
the EVSE industry for communication between the charging station and its control system, such as
the FO (Fleet Operator) or some other type of intelligent system [11, 16]. 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 will be 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 information 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 [17], 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 [18]. These scenarios include, for
instance, general market conditions, shocks in gasoline supply, changes in vehicle prices,
government subsidies, tax exemptions, among others [17].

In 2012, Al-Alawi and Bradley [17], 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% market penetration.
According to data from the Statista data collection and analysis platform [19, 20], 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 [21] proposes a market diffusion model that considers buyer susceptibility based
on different premises, such as subsidy regimes, marketing strategies, BEV characteristics, 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. [22], 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 [23], both positive
and negative consequences may arise.

Different impact management strategies have been adopted, considering energy aspects.
Solar photovoltaic generation can be locally integrated with EV charging stations to reduce grid
consumption [24]. 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 [25]. To mitigate electrical impacts associated with peak power, battery
storage systems can be employed [24] [26]. However, the use of storage systems can reduce
financial attractiveness and compromise economic viability [27]. 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 [28] 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, [28] noted that there are different perspectives on this issue. For example,
evaluating the impact on a macro level, considering the global variation in energy consumption,
shows whether infrastructure expansion is necessary. The literature reviewed by Green indicates
that although the global impact of predicted consumption is percentage-wise small, 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, which 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 renewable 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 sophisticated
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 [29], studying residential circuits, used simulations with 24 different scenarios,
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%.

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 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 renewable
sources. The penetration level of DG units, especially generation based on uncontrolled energy
resource, such as PV solar, is a factor that should be controlled and may be considered as a
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fundamental challenge for reliable operation of EPS [30], raising concerns about grid access requisites
ang regulations improvement over the world [31]. 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 [30], 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 demand for energy increases and solar energy production falls [32, 33]. The graphic
in Figure 1 shows the effect of growing levels of solar generation on the daily net load in CAISO’s
service territory [34]. Nowadays, 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) [23] [35], fast response thermal units, plug-in electric vehicles, concentrated solar
power and pumped storage hydroelectricity [36, 37, 38, 39] or flexible generation [40, 41] as well as
an application of different management methods, such as demand response and demand dispatch,
can be used [32, 42, 43]. 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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Figure 1. The duck curve — DG insertion on distribution feeders [34].

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 [28, 29, 44], and as a
factor for increasing the penetration of renewable energy systems [29]. It becomes evident that to achieve an
optimal scenario, administrative intervention in the charging infrastructure is necessary, by acting on
controlling and supervising 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 [45].

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] [45]. These two potentials are: (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 [45].
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There are few studies on the management of EV charger infrastructure, Hu et al. [45], 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; (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 [45].
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Figure 2. Relationships between the EV FO and various entities present in a smart grid - Adapted
from [45].

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 intermittent behavior, such
as solar and wind energy [45]. 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 [46], 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.

Finally, the cost-minimization services that can be provided to users through the actions of FOs
need to be carefully analyzed. Dynamically programmed charging schedules 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
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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 [45].

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 international
standardization (based on IEC 15118) 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,
communication with the EVSE can be performed using unconventional protocols, such as the IEC
61850, SAE]2836/3TM, Open Charge Point Protocol (OCPP), and Hubject's Open Charge Protocol
(OICP), as illustrated in Figure 3 [45].

IEC 15118
N

EVSE

OCFP

IEC 61850
i‘ ot -~" Public
“ e network

FOs
Figure 3. Communication standards of the EVSE in the context of smart grids.

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 that 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 standardize 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 [47].

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 protocol
[47]. 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 [47].

For a detailed analysis of the OCPP 1.6 protocol, the official protocol documentation [16]
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 functionalities 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 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 [16].
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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) [16]. Although the modes have their
particularities, they are analogous in objectives and use similar logic. Between the two, 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. 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. With proper management,
EVs, when operated in a V2G dynamic under a Smart Charging profile, can be considered distributed
energy resources that store the excess energy from renewable sources.

To address these challenges, an architecture based on the Central Smart Charging proposed by
the OCA [16], is presented, 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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Figure 4. Schematic of Integration of Electrical System Information and Charging Stations with IEC
61850 and OCPP.

4.1. OCPP request - Sending and Receiving Algorithm

To differentiate the received messages in order 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 payload of the response 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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Figure 5. Flow structure created for processing messages sent by the EVSE.

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 unavailability, reservation requests and load limits
[16]. 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[22] and [23], where the presented system includes photovoltaic generation,
high-capacity batteries, and EV Charging Stations.

OCPP charging profile

OCPP charging profile

Control Pilot signal

EV2
Figure 6. Central Smart Charging General Topology.

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 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
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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 EV Charing 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.

Figure 7. LAM Microgrid — Physical connection of equipment.

The SLM facility general communication topology is represented in Figure 8, in a microgrid
setup [26]. 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.

EQUIPMENT CONTROL AND MONITORING
" EVSE
2x 22kW Inbebed monitoring
— = . Supervisory system
57 = On Grid
21 modules inverter N
PV-8.35 kWp - * e \I\l\‘
) “‘\
\
OCPP1.6 iy

)

N\ Main

Generator AC-0UT 1 4
1IkvA AC-IN2 ! \ L
’\rIODBUS
i AC—OUT 2 1 .\
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Bateries — 13.8kWh SmartPhone access
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Figure 8. Equipment of Storage and Mobility Laboratory — Electrical connections and communication
infrastructure.
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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.

[ phasea D phaseB [7] phaseC
224

223
222

221

220
219
218

17:12:00 17:42:00 18:12:00 18:42:00 19:12:00

Time [hnm:ss]

Figure 9. Measurements (voltage in each phase) at the low voltage buses of the distribution system —
obtained via IEC 61850.

Voltage [V rms] Current [A rms] Power Factor

Voltage - phase A Current - phase A Power Factor - phase A

‘ 218.61 = 0.276 . ‘ -0.01

Voltage - phase B Current - phase B Power Factor - phase B

‘ 220.49 . . 0345 : ‘.08

Voltage - phase C Current - phase C Power Factor - phase C

‘ 221.03 0.621 to.u
° - 2 s Aroin 500

Figure 10. Measurements (voltage, current, and power factor) at the low voltage buses of the
distribution system — obtained via IEC 61850.
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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.

To demonstrate the system’s functionality, initially, data was collected 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” [48],
which is applied due to the increase in the internal resistance of batteries at the end of the charge [49].
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 [48, 50].

EV Charging Current [A]

DN W W
S W O W

EV Charging Current [A]
S o

W

0
4:56:20 PM 5:16:20 PM 5:36:20 PM  5:56:20 PM  6:16:20 PM  6:36:20 PM  6:56:35 PM  7:16:35 PM

Time

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 Strateqy — Dynamic Limited Current Test Using OCPP Network

The main idea for this section was to collect charging data from the EVSE operating under the
control of an algorithm capable of dynamically altering the current limit throughout the day. The
algorithm applies Equation (1), which is the scaling of a variable x with a known range [Xyin, Ximaxl,
to a new range [a, b].

X — Xinin
yx)=(b-a);———+a 1
KXmax — Xmin ( )
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 minutes, the Central Charging Server (CCS)
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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 [51]; 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) [52] (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 allowed current value 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.

Power Managment Strategy for EV Charging Stations

35 25000
30
20000
25
= 15000 =
=20 S
5 &
t o
a1 10000 2
10
5000
5
0 0
0:00 224 448 T2 936  12:00 1424 1648 1912 21:36  0:00
Tempo

Corrente maxima Demanda de poténcia

Figure 13. Maximum current calculated by scaling method.

The power limitation curve data were used to vary the range considering a future horizon of 1
hour (updated every hour following the scaling as per Equation 1). The calculated maximum current
value was sent to the EVSE every 5 minutes, 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.


https://doi.org/10.20944/preprints202410.1124.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 October 2024 d0i:10.20944/preprints202410.1124.v1

14

EV Charging Control - Dynamic profile

35
30
25
EZ 20 T N
5 15
essmmm EV Charging Current (Measurment)[A]
10 EV Charging Maximum Current - Setpoint [A]
EV Charging calculated current by Eq. (1) [A]
5 Maximum Current [A] Feeder/System  Power Demand
0
8:17:14PM  8:25:58 PM  8:34:42PM  8:43:27PM  8:52:11 PM  9:00:55PM  9:09:39 PM
Time

Figure 14. Result of the execution of the charging control algorithm in a charging scenario, with
scaling calculation updates within a 1-hour horizon.

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 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.

msg.payload = {
"connectorId": o,
"csChargingProfiles": {
"chargingProfileId": profileld,
"stackLevel": o,
"chargingProfilePurpose":
"ChargePointMaxProfile",
"chargingProfileKind": "Recurring",
"recurrencyKind": "Daily",
"chargingSchedule": {
"chargingRateUnit": "A",
"chargingSchedulePeriod": [

"limit": 19.4e,
"startPeriod": @

3

"limit": 19.79,
"startPeriod": 3600
}s

.. (values for other periods of the day) ..

"limit": 13.15,
"startPeriod": 79200
Y,

"limit": 14.60,
"startPeriod": 82800
]
1.

Figure 15. JSON code executed to create the charging profile.
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Figure 16. Chargin Current Limits defined by predefined charging profile based on the calculated
values.

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 minutes
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.

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 [53]. 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 [53]. The variety of protocols and lack of
interoperability represent significant challenges for the integration and efficient operation of these
systems [54]. 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 communication, given
its established application in distributed generation (DER) environments and electric vehicle chargers
[55]. IEC 61850 provides a standardized framework for data modeling and message exchange,
facilitating communication between devices from different 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 efficient integration of systems
that include both traditional and modern devices [56].

The use of IEC 61850 in such a diverse domain composition with many distinct networks 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 microprocessor hardware as a viable solution
for creating logically distributed smart microgrids, making them interoperable and self-descriptive,
which are fundamental characteristics of this standard.
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IEC 61850 uses abstract information models represented by classes and services, ensuring 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 [57].

Efficient communication between Logical Nodes in physical devices is ensured by fast and
reliable protocols such as Generic Object-Oriented Substation Events (GOOSE), Sampled Value (SV),
and Manufacturing Message Specification (MMS), which allow 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 [58-61]. For electric vehicle chargers,
the standard allows 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, 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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Figure 17. Communication architecture based on Logical Nodes.

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 constructing 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.

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
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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 relationship 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 the simultaneous execution of various functions.

Functions

Logical Current Equipment  Physical
Nodes control protection  Devices

MMXU class
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x
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mIED power meter ElIED controller

ElED actuator ESCADA

Figure 18. Current control and Equipment protection function.

The actual implementation of Physical Devices involves executing the functions defined 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 the
addition of new functions and devices without significant reconfigurations, promoting efficiency and
reliability in managing operations in electrical systems. Understanding 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 4 Logical
Nodes, and the associated protection function is composed of 5 Logical Nodes. The entire project
utilizes 4 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 modifications 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, allowing only specific functions to be
redesigned and associated with the “Espressif framework 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 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 devices using the
IEC 61850 standard and protocols such as GOOSE and SV for controlling and monitoring an electric
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vehicle charging system. Using specific Logical Nodes and implementing libraries such as libiec61850
and Micro-OCPP ensures compliance with international standards and interoperability between
heterogeneous devices. The described approach ensures safe, efficient, and intelligent management
of charging operations, aligning with modern sustainability and energy efficiency requirements.
Next, the operation of each IED in the project will be detailed.

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 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 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 analogue
process value) data class present in this IED, whose variation will result in network publication via
the GOOSE protocol. This will allow 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 is 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.

7. Conclusion

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
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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. This is why 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. In this context, 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.

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