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Abstract: The installation of electric vehicle supply equipment (EVSE) increases demand and peak loads, poten-
tially straining existing energy distribution infrastructure. Dispersed and inadequately planned placement of
charging points (CPs) can disrupt the electrical grid, surpass contracted demand thresholds, and require infras-
tructure upgrades, thereby incurring unfeasible costs for Distribution System Operators (DSOs). In this context,
it is necessary to recognize the role of business models in enabling effective electrification of the transportation
sector. In response to these challenges, this paper introduces a novel e-mobility hub management strategy, tailored
for implementation in the Brazilian context. The proposed strategy revolves around a microgrid configuration
encompassing dispatchable and photovoltaic generation, a battery energy storage system (BESS), EVSE infrastruc-
ture, and local loads. Moreover, this centralized controller facilitates the implementation of dynamic pricing and
demand-response mechanisms, integral to business models seeking to integrate EVSE into the distribution grid.
To validate the efficacy of the proposed solution, hardware-in-the-loop (HIL) simulations of the microgrid system
are conducted. These simulations, incorporating the centralized controller, serve as a tool for assessing system
performance and viability before on-site equipment deployment. Finally, this paper concludes with the insights
gleaned from test analysis and its discussion through a selection of the most expressive scenarios, including

islanded and connected operation modes.

Keywords: hardware-in-the-loop; demand-response strategies, microgrid modeling; real-time simulation; e-mobility

1. Introduction

Increasingly destructive environmental impacts have been observed, alongside the urgent need to
stop climate change, specially driven by the large volume of greenhouse gas emissions (GHGs) [1-4]. One
of the contributions that stands out in the quest for reducing these emissions is e-mobility, referring to
the use of vehicles powered by electricity, whether from the grid or distributed energy resources (DERs),
replacing traditional vehicles that use combustion engines. The transportation sector plays a significant
role in GHG emissions due to its high dependence on fossil fuels such as gasoline and diesel [5,6]. A
massive transition to electric-driven transports can significantly reduce the carbon footprint and gradually
contribute to sectoral decarbonization. Although, the number of public charging points are increasingly
necessary in order to accomplish such transition [7].

Furthermore, e-mobility provides greater energy efficiency. Electric vehicles (EVs) convert a larger
portion of grid energy into useful work, compared to combustion engine vehicles [4,8,9]. When the
increasing of renewable energy generation in electricity production is considered, the environmental
footprint of electric vehicles becomes even more positive, making them a more sustainable alternative.
That is the case for Brazil, where renewable energy generation represents more than eighty percent
of electricity offer [10,11]. Although e-mobility is remarked as a promising solution when massively
applied in countries where renewable energy generation is significant, several studies address a
considerable impact of EVSE insertion in the energy distribution systems. Even though several
charging and integration methodologies have emerged in the last decade, including the possibility
for vehicle-to-grid operations (V2G), these impacts on the distribution grid are still expected to be
significant in the following years [9,12-16].
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A second issue on the path throughout e-mobility advance is related to the importance of the
business models applied [17]. Whereas public or private endeavor, distribution system operators
(DSOs) and charge point operators (CPOs) must pace with the long term economical outcomes of
gradually increasing the number of charge points (CPs). Increase of the local grid capacity and
maintenance costs are also significant and must be considered. Hence, a business model in the sector
must cover the costs related to infrastructure scalability, energy consume and CP maintenance while
still enabling an economically viable service for the EV drivers.

DSOs and CPOs can rely on microgrid-based solutions (MGs) with local photovoltaic energy
generation (PV) and demand-response strategies [18], along with dynamic pricing in order to mitigate
the impacts on the energy grid and to create an economically viable service [19]. MGs constitute a
reliable and robust complement to ensure resilience and reliability in power supply to consumers,
owing to issues such as instability in the main grid, including degradation of electrical power quality,
periods of high load demand, and islanding occurrences [20,21].

The scenery in Brazil has its own characteristics, which completely differs from current reviews
over European, Asian and North-American EV markets [22,23]. In Brazil, the advance of e-mobility
must yet to overcome particular difficulties. In this context, the low demand for charging infrastructure
and EV market prices (which are not yet truly competitive when traditional combustion engine vehicles
are considered) can be highlighted, as discussed by the authors in [24].

Although, as occurs in many other countries, there are governmental policies in Brazil which
support initiatives designed to overcome the aforementioned issues. For instance, The Brazilian
Electricity Regulatory Agency (ANEEL), through its Research and Development (R&D) programs,
promotes the advancement of new technologies and business models in order to innovate regulations
and benefit society, supporting cases developed by companies in the energy sector. This paper presents
the solution developed in the context of the Equatorial case. The Equatorial Group is a major DSO
which also operates in the energy generation and transmission sectors.

This case will implement e-mobility hubs (e-MHs) based on MGs with grid-tied and islanded
capabilities as well as the validation with HIL. The validation scheme is designed to accelerate
the testing process of the solution and to mitigate risks through real-time simulation, ensuring the
effectiveness and reliability of the strategy before its practical implementation.

In this sense, the major contribution of this paper is a cost-driven, real-time management strategy
for e-MHs in Brazil, which aggregates the following characteristics:

¢ Mitigation of e-MH overload in case of sudden consume increase and reduction on local protec-
tive device triggering occurrence;

* Capacity of prioritizing EV charging operations and overlook their power limits according to
local grid-conditions, dynamic pricing;

¢ EVSE scalability, minimizing infrastructure alterations for future installation of new charging
stations;

¢ Islanded operation with a set of control rules which guarantees safe operation for photovoltaics,
avoiding generation surplus.

This paper is structured as follows. In Section 2, an overview of the e-MH structure considered
in the project is presented. Section 3 describes the management strategy developed. Next, Section 4
describes the implementation using HIL. Section 5 describes and analyzes the tests scenarios considered.
Finally, Section 6 outlines the conclusions of this work.

2. Foreseen Microgrid and Their Structure - The Equatorial Case

The case presented by this paper will be implemented in two different regions in Brazil. Both are
attended by Equatorial:

® Region 1: Macapé, the capital of Amapa state, located at North area;
* Region 2: Goiania, the capital of Goids state, located at Central-West area.
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The Figure 1 shows the e-MH installation locations as well as city locations in Brazil. In Amapa
city, a e-MH will be installed with a CP composed by two charging stations. In Region 2, on the other
hand, the e-MH will be installed at a public location, with a single charging station.

Pier do Santa Inés, Beira Rio St, Macapa City
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Figure 1. Locations where e-MHs will be installed.

In order to present all infrastructure devices which will be used in the project, Figure 2 shows how
its components are distributed in the e-MH. Figure 2 also shows the communication mesh that link
these components to a programmable logic controller (PLC) which will host the centralized controller.
This controller has all functionalities to manage the e-MH, discussed in Section 3.

In this context, the PLC is responsible for acquire and monitor data from energy meters, EVSE
and DERs: battery energy storage system (BESS), with respective Battery Management System (BMS),
Photovoltaic (PV) and Dispatchable generator (DG). Moreover, the PLC is also used to establish the
parameters and restrictions for energy consume and energy generation.
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Figure 2. Architecture for the e-MH: DERs, data acquisition and processing, monitoring, communica-
tion and cloud servers.

The energy meters allows tracking the power provided by the e-MH primary energy source
(distribution grid) and secondary source. A third energy meter tracks the power drawn by the local
loads. This tracking, used for both operation modes (islanded or connected) is essential for the
controller in order to execute the decision making. When the primary source is absent, the secondary
source is started by the automatic transfer switch (ATS). The ATS also sends signal to the PLC, through
its digital input module, indicating if the e-MH is operating in connected or islanded mode.

There are two AC-DC converters planed for each e-MH site, for BESS and PV respectively. The
PLC receives the power measurements provided by both converters and control their operation. For the
PV, the PLC may limit the energy generation by saturating the output for the maximum power point
tracking algorithm (MPPT), which acts on the converter control. As for the BESS, PLC is responsible
for deciding its operation mode (charging or discharging) and for controlling its power reference.

In the upper portion of Figure 2 it is possible to observe the PLC application structure. This
architecture is divided in two sections: real-time (RT) and Linux operational system.

The communication between PLC, meters, converters and DG is implemented through RT func-
tions, following IEC 61131-3 specification. The RT portion also hosts a TCP modbus server with an
equivalent memory space for all maps from the equipment which will be installed on site. There-
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fore, all values read from equipment on site are copied to the modbus server map. On the Linux
portion, a Docker container is used to execute the Python application. This application includes the
controller functionalities for the e-MH energy management (acquisition, processing and data monitor-
ing), TCP modbus client, an API client, the customer information and the system logger. With this
implementation, it is possible to exchange information between RT and Linux through TCP modbus.

Therefore, the modbus client at Linux executes a request command when it is necessary to read or
write a value to the modbus server running at the RT portion. For example, if a meter measurement is
necessary for the energy management running in the Python application, its modbus client will read
the last measurement available for that meter at the modbus server, running at the RT portion.

For the operation, the PLC communicates with two cloud-based servers: an OCPP server (from
Open Charge Point Protocol acronym) and a SFTP server (from Secure File Transfer Protocol). The
communication between EVSE and the controller does not depend on the RT functions, as observed
in Figure 2. This communication is handled by the OCPP server, which is, in fact, an SteVE instance.
SteVE (name derived from Steckdosenverwaltung, socket administration, in German) is a java-based
software distributed under general public licence (GPL). Its development started at the RWTH Aachen
University in 2013 and its aim is to support the deployment of electric mobility [25]. This software
package contains all major functionalities described in the OCPP protocol, hence, allowing the remote
control of EVSE as well as authentication and transaction-related data storage. SteVE also has an
adjacent API implemented, which will be extended in order to allow requests to be made automatically
by the PLC, using a 4G modem.

For monitoring consumption and energy generation, as well as providing alarms and fault
identification, the Python gathers essential information such as energy consumption, generation, and
event logs, device status, which are then securely sent to an SFTP server. Power BI processes this data
into interactive dashboards and reports, allowing for detailed real-time monitoring and analysis of the
energy system.

Table 1 shows installed and contracted capacity values for the e-MH considered. The equipment
operational limits are shown in Table 2. These constitute some of the major parameters considered by
the controller while solving the power dispatch calculation and taking decisions concerning the e-MH
management.

Table 1. Consumer unit capacity.

Consumer unit limitations Rated power (kW)

Installed capacity 60.0
Contracted capacity 50.0

Table 2. Equipment operational limits.

Device Rated power (kW)
PV 20.0
BESS 20.0
Load 5.0
CC-CA Converter (PV) 20.0
CC-CA Converter (BESS) 20.0
Dispatchable Generator (DG) 30.0
EVSE 20.0

Finally, with the e-MH structure of the project presented, the following section aims to detail the
implementation of the centralized controller, demonstrating how its functionalities were designed to
operate while managing the e-MH.
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3. Management Strategy

This section will explore the e-MH management strategy for the Equatorial case. This strategy has
two distinct functionality groups: protection functionalities and economic functionalities. At Figure 3,
the protection functionalities guarantees the e-MH safety by prioritizing the detection of possible
issues and preventing the e-MH from danger or compromising events. That includes alarm monitoring
and fail identification, which can mitigate possible problems on the e-MH operation. Thus, given its
importance, the protection group receives the higher priority.

Alarm and fault

Protection aspects;
monitoring '

e-MH status
monitoring (Cones:| Cost-related : E.V.SE :
prioritization

(connected or c'a p.ac'lty rules
islanded) limiting rule

Economic aspects

Figure 3. Centralized controller features.

The economic group is focused on efficiency and optimization while using energy resources. For
this group, the management strategy considers variables as e-MH grid status (connected or islanded),
peak-demand hours, contracted capacity, energy prices (which may vary dynamically), BESS state of
charge (SoC). Other factors are also considered part of the strategy as well as reducing the consume of
diesel and maximizing BESS life expectancy.

It is also important to establish the inner-group priorities. For the protection group, alarm and
fault monitoring have more priority than installed capacity limiting even when e-MH is islanded,
given its importance in case, for example, of a failed protective device. Similarly, considering the
economic aspects group, the e-MH status monitoring is the rule with higher priority, followed by
contracted capacity limiting, cost-related rules and EVSE prioritization rule. This hierarchy seeks to
balance economic aspects, operation reliability and yet to allow charge prioritization. The following
sections give a detailed view for each of the functionalities.

3.1. Alarm and Fault Monitoring

The Table 3 resumes the eight alarm types monitored that could be activated by the controller
proposed. The Table 3 also shows the alarm activation conditions. The controller constantly evaluates
its activation conditions. Besides logging its occurrence, the controller also try to mitigate the problem
detected in case of an alarm triggered. This section continues by explaining each alarm.
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Table 3. Alarms with respective activation criteria and post-activation procedures.

Alarm  Activation Post-activation procedures

1 Current A, B or C > max. value configured ~ Limit CP power to a protection value!
Reduce BESS reference to 0
Reduce PV power limit to 0
Reduce DG power reference to 0

2 Meter error status detected Limit CP power to a protection value;
Reduce BESS reference to 0
Reduce PV power limit to 0
Reduce DG power reference to 0

3 PV DC-AC converter error status detected ~ Reduce PV power limit to 0
Reduce BESS reference to 0

4 BESS error status detected Reduce BESS reference to 0
Reduce PV power limit to 0

5 DG error status detected Reduce DG power reference to 0

6 EVSE fault status detected Reduce connector power limit to zero
Exclude connector from EVSE prioritization

7 Communication timeout between PLC and  Activate alarms 2, 3,4, or 5
e-MH components

8 Communication timeout between PLC and  Consider previous EVs status and
OCPP server power references

1 CP power limit is reduced to zero if overcurrent persists for the evaluation period. 2 Only executed in islanded
operation mode.

3.1.1. Alarm 1

The first alarm concerns the identification of an overcurrent occurrence, as illustrated by Figure 4.
The consumer unit meter records the measured currents, and the controller compares them with a
preconfigured value. If the measured value exceeds the configured maximum value, the alarm is
activated and the power available to the CP is reduced to a protective value. This reduction should be
followed by a decrease in the measured currents at the input. Currents are then evaluated for a time
interval from t; to t,. The power available to the CP remains at a protective value if there is no more
overcurrent occurrence in this interval. Otherwise, the power available to the CP will be reduced to
zero, stopping its operation.

______ max current ——— measured current
Persistence interval Persistence interval
—_ — —_ :(—):
3 A : : i:/ A . h
-~ -
o o
(<5} (9]}
o S 5 R o sy ASPTRDUPURIUPENS R
=} =}
Q Q

N, L] »

ty ty Time (s) ty to Time (s)

Figure 4. Activation criteria for alarm 1. (a) Overcurrent occurrence followed by current reduction
(after CP power decrease); (b) Persistence of overcurrent followed by CP shutdown.
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3.1.2. Alarm 2

The alarm 2 is triggered whenever a meter sends an error status. The power available to the
CP is reduced to a protective value whenever such error is identified. Also, in that case, DER power
references are reduced to zero if the e-MH is operating in connected mode. For islanded case, the BESS
reference is only reduced after the PV power is checked to be zero.

3.1.3. Alarm 3

Alarm 3 is activated when there is a fail status coming from the PV converter. After its activation,
the controller sets the PV power limit to zero. If the e-MH is operating in islanded mode, the controller
also reduces BESS power reference to zero in case PV power actually reduces to zero.

3.1.4. Alarm 4

Alarm 4 is similar to alarm 3. It is triggered whenever the BESS converter sends an error status.
In that case, if e-MH is operating in connected mode, the controller only reduces the BESS power
reference. For the islanded mode, on the other hand, it is necessary to reduce PV power to zero prior
to reduce BESS power to zero.

3.1.5. Alarm 5

Alarm 5 is triggered when an error status is captured for the DG. In that case, controller will set its
power reference to zero. By default, the DG is only used when e-MH is in connected mode, therefore
this alarm can only occur while in connected mode. The DG is not considered for islanded mode in
order to keep power balance and avoid energy generation to exceed the power drawn by the local
loads and CP in case one of them have a sudden reduction in their use.

3.1.6. Alarm 6

Alarm 6 is triggered when a faulted status is captured for a charging connector, being immediately
removed from the prioritization rule. Its power limit is also reduced to zero. This occurrence is logged
and later used to schedule corrective maintenance. This data may also be used to inform the drivers
that connector is not available in the area through driving assistance applications.

3.1.7. Alarm 7

The alarm 7 is activated whenever there is communication is lost between PLC and meters or
between PLC and DERs. Loss of communication with meters will also result in activation of the alarm
2 and its protective measures. This approach is also used for any of the DERs, which would trigger
alarms 3 to 5 as well as their protective measures, as described in sections 3.1.3 - 3.1.5.

3.1.8. Alarm 8

Alarm 8 is triggered when there is communication loss between OCPP server and PLC. In
this situation, controller is not able to send requests to the APIL Therefore, in that case, controller
must consider the last connector status received and last power references set for the connectors
until communication resumes. By looking at the monitoring data, CPO should be able to identify
this communication fault in case becomes persistent, reconfigure CP for stand alone operation and
schedule corrective maintenance.

3.2. e-MH Status Monitoring

The controller identifies whether the e-MH is operating in connected or islanded mode. In
connected mode, contracted capacity limiting, cost-related rules and EVSE prioritization functionalities
are applied. In islanded mode, the functionalities of installed capacity limiting and EVSE prioritization
are applied. The controller also incorporates a strategy that allows BESS to be recharged using the
energy generated by the PV plant when the e-MH is operating in islanded mode, as represented by
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Figure 5. The goal is to ensure that the BESS is recharged almost exclusively with energy produced by
the PV plant, in a safe manner.

Upon identifying that the e-MH is in islanded mode, the first action taken by the controller is to
limit the available power for the CP to a maximum value, which is previously configured by the CPO
in the consumer information parameters. Initially, the BESS power reference and PV generation limit
are reduce to zero. From this moment on, the BESS begins to increase its reference power. When the
measured power of the BESS reaches the reference, the controller increases the generation limit power
of the PV system to 90% of the increment made in the BESS. In Figure 5, it can be observed that the PV
generation limit is always smaller than BESS power reference. This increment is repeated periodically
for both BESS and PV generation while there is enough solar irratiation for PV generation to reach
its limit. In that case, BESS power reference may be increased until reaches 60% of its rated power.
However, if a decrease in solar irradiance occurs during this process of increment, the controller starts
to decrease the PV generation limit, as shown at time instant t; at Figure 5. In that case, the reference
power for BESS is also decreased, subsequently. The values of the decrements made for the PV system
and BESS are the same as those applied during the increment. At t;, BESS charging power is again
close to power provided by PV generation.

...... PV power limit - ----- BESS power reference
PV measured power BESS measured power

Power (W)

Power (W)

I 7
t3 Time (s)

Figure 5. BESS and PV power management when e-MH is in islanded operation mode.

In the example given in Figure 5, after t;, the controller starts increasing the BESS reference again.
Once BESS power becomes close to the reference power, the PV generation limit is incremented again
to check if the PV could increase its generation. However, unlike the condition before ¢, the PV power
does not increase because the solar irradiation is still low. After this moment, the PV generation limit is
decremented again, followed by a decrement of the BESS reference. In this way, the controller always
checks if there is enough PV generation to recharge the BESS, assessing if the power generated by
the PV is following the power measured in the BESS as desired. This check is done by periodically
increasing BESS power reference followed by the an increase in PV generation limit, as shown between
the intervals t, and f3.

At t3, after the increment on PV generation limit, the generated power increased, allowing another
increment in the reference power of the BESS, and so the cycle repeats. It is worth noting that the BESS
recharge is not entirely done by the power generated by the PV. However, as mentioned earlier, the
strategy aims to minimize the use of the secondary source as much as possible to recharge the BESS in
islanded mode.
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Lastly, in islanded mode, the BESS is discharged only when the sum of the measured power in
the load and EVSEs exceeds the discharge limit configured, established at 60% of the nominal power
of the BESS.

3.3. Safety and Protection Rules

The contracted capacity must not be exceeded while e-MH is operating in connected mode. That is
essential to avoid extra costs due to penalties for excessive energy consumption. On the other hand, the
installed capacity must not be exceeded while e-MH is operating in islanded mode. That is important
to prevent overload that could compromise all equipment in the circuit. Thus, both functionalities play
crucial roles, whether e-MH is connected or islanded.

The strategy explained below applies to both functionalities i.e. both operating modes. Equation 1
is used to determine the threshold value to active the functionality. The value of p_in_limit represents
a power limit, calculated by multiplying two factors. The first factor, p_in_con fig, represents the value
of the installed or contracted capacity, depending on the context in which the equation is applied.
For example, if we are dealing with the installed capacity limiting functionality, p_in_con fig would
represent the installed capacity. Similarly, if we are dealing with the contracted capacity limiting
functionality, p_in_con fig would represent the contracted capacity. The second factor, tx_limit, is a
ratio that indicates how far the power limit is from the actual contracted or installed capacity. For
example, if tx_limit=0.9, this means that the power limit is a 10% of the contracted or installed capacity.
This equation provides a flexible way to adjust the power limit based on the specific requirements of
the e-MH and its operational conditions. Figure 6 provides a better understanding of what has been
presented and also helps understanding the next equations of this strategy.

p_in_limit = p_in_config - tx_limit (1)

As shown in Figure 6, the strategy aims at constantly check if input power of the e-MH
(p_in_measure) has exceeded p_in_limit. The controller intervene in BESS power reference (equa-
tions 2 and 3) and in the CP available power (equations 4 and 5) if p_in_measure exceeds p_in_limit.

In case of overload, if the BESS is in discharge mode, its reference power (p_bess_ref) is reduced
to decrease p_in_measure. On the other hand, if the BESS is in charge mode and overload occurs, its
reference power is increased to help compensate for the increase in e-MH demand, always respecting
BESS rated power (p_bess_rated). Subsequently, the controller also reduces the available power to
the CP (p_limit_cp). The value calculated for the CP is divided among its busy connectors using the
prioritization rule, as will be detailed in Section 3.4. Therefore, both adjustments result in p_in_measure
returning to a value below p_in_limit.

In equations 4 and 5, the value zero is assigned to flag_bess_max if there was a need to increase
p_bess_ref and if this increase causes p_bess_ref to be greater than p_bess_rated. Otherwise, the
value 1 is assigned. On the other hand, flag_ready_bess indicates whether the BESS is able to change
p_bess_ref. These conditions are listed below:

¢ Conditions for flag_ready_bess = 0:

— BESS is inactive;

— Controller needs to increase BESS discharge power but SoC is below its inferior operation
limit;

— Controller needs to increase BESS charge power but SoC is over its upper operation limit;

— Controller needs to increase BESS power but it is already at rated power.

¢ Conditions for flag_ready_bess = 1:

— BESS is active;
— Controller needs to increase BESS discharge power and SoC is still above its inferior opera-

tion limit;
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— Controller needs to increase BESS charge power and SoC is still below its upper operation
limit;

p_bess_ref = p_bess_measure & a - p_bess_measure 2)

p_in_measure — p_in_limit
® =
p_evse_measure + p_bess_measure

)

p_limit_cp = p_evse_measure — [,B - p_evse_measure

4
+ (p_bess_ref — p_bess_rated) - flag_bess_max - flag_ready_bess] @

p_in_measure — p_in_limit

B = 5)

p_evse_measure + (p_bess_measure - flag_ready_bess)

A

p_in_config

p_in_limit

p_in_measure

Power (W)

p_bess_measure

>

time(s)

Figure 6. Capacity limiting functionality example. The controller reduces BESS and EVSE power in
case overload is detected.

The power limit acts as a safety margin to prevent p_in_measure from reaching values close to
the contracted or installed capacity. However, it is important to highlight that this margin does not
guarantee that input power will never exceed the limits in transient situations since it depends on
factors as the value chosen for tx_limit, load variation and communication delay for the measurements.
The appropriate choice of tx_limit should be evaluated based on the e-MH characteristics, considering
its responsiveness to load variations.

Finally, since the contracted capacity must be below installed capacity, both functionalities will
prevent the measured power to reach installed capacity.

3.4. EVSE Prioritization Rule

The recharge prioritization functionality creates a list with all busy connectors, which are sorted
according to the time since each authentication. The first element of this list corresponds to the
connector that has been busy for the longest time. The last element corresponds to the connector which
is busy for the shortest time. Additionally, the functionality establishes that each connector in this list
should receive a weight, with the value of each weight related to the time the connector is occupied.
For example, the first element of the list has a higher weight, while the last element of the list has a
lower weight.
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The CP power is distributed among the connectors according to the weights given in the priori-
tization rule. The connector with the highest weight receives a larger share of the CP power, while
the connector with the lowest weight receives the smallest share. The list is updated every time a
connector has its status changed. The controller reorganizes the list, updates the weight assigned to
each connector, and redistributes the power.

The EVSE prioritization offers an advantage by allowing busy connectors for longer periods
to receive a larger share of the available power. This approach speeds up the charging process and
minimizes waiting time for a parking space at the charger.

3.5. Cost-Related Rules

This functionally defines which criteria are used to determine the dispatch of power from the
DG, to charge and discharge the BESS and to establish the CP power limit in connected mode. These
criteria uses the energy tariffs for the electrical grid, DG, BESS, and CP. The controller verifies whether
the e-MH is operating during peak hours or not, the amount of fuel in the DG, BESS SoC and e-MH
input power.

The tariffs can be changed during the operation of the e-MH e.g. in dynamic pricing applica-
tion. These changes also prompt the controller to adjust the power balance during the operation.
Table 4 presents the description of the parameters and variables used to define the minimum criteria.
Subsequently, the minimum criteria for the use of the DG and BESS are presented.

Table 4. Parameters and variables used at the cost-related rules.

Parameters Description

tr_grid Utility grid energy tariff per kWh
tr_dg DG use cost per kWh

tr_bess BESS use cost per kWh

tr_recharge_cp
dg_fuel_capacity

EV charging tariff per kWh
DG fuel tank capacity in liters

p_in_limit Contracted capacity activation limit in kW
soc_min Inferior operation limit for BESS as percentage
soc_max Upper operation limit for BESS as percentage
h_peak_start Peak demand period starting time

h_peak_end Peak demand period ending time

n_evse_busy Number of busy connectors at the CP
tx_recharge_slow BESS slow recharge ratio

p_dg_rated DG rated power in kW

p_bess_rated BESS rated power in kW

p_evse_rated

Charging connector rated power in kW

Variables

Description

dg_fuel_measured
p_in_measured

DG remaining fuel as percentage
Measurement of the power drawn from the grid in
kW

soc Current BESS SoC as percentage
h_current Current time

p_pv_measured PV power measurement in kW
p_dg_ref DG power reference in kW

p_bess_ref BESS power reference in kW
p_load_measured Power measured at the local load in kW
p_limit_cp Power allowed to CP in kW

Minimal criteria for DG use:

1. If dg_fuel_measured > 0.1 -dg_fuel_capacity:
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e If p_in_measured 4+ p_pv_measured < p_in_limit

- tr_dg < tr_grid and p_bess_rated < p_in_measured or soc < soc_min) for (h_current <

h_peak_start and h feak end < h_current)
- tr_dg < tr_grid for h_peak_start < h_current < h_peak_end

o If p_in_measured + p_pv_measured > p_in_limit

— p_bess_rated < p_in_measured + p_pv_measured or soc < soc_min

Minimal criteria for BESS use in discharge mode:
1. If soc > soc_min

o If h_current < h_peak_start and h_peak_end < h_current

— tr_grid > tr_bess and soc > 50%
o If h_peak_start < h_current < h_peak_end

— tr_grid > tr_bess
Minimal criteria for BESS use in charge mode:

® soc < soc_max
* p_pv_measured > 0 or (p_in_measured + p_pv_measured) < p_in_limit

After defining the minimum criteria, the cost rules are used to control the e-MH power dispatch.
Table 4 presents the description of the parameters for this functionality.

When tr_dg > tr_grid, no power should be dispatched by the DG. In that case, only CP power
limit and BESS reference are defined, based on the tariffs tr_recharge_cp and tr_bess.

On the other hand, if tr_dg < tr_grid, DG power reference is also defined:

1. If tr_dg > tr_grid:

o p dg ref =0
o If (n_evse_busy - p_evse_rated) > p_in_limit — p_load_measured:

(a) If tr_recharge_cp > tr_bess:

— p_bess_ref = MIN(p_bess_rated, ((n_evse_busy - p_evse_rated)

? in_limit — p_load_measured))
- p_limit_cp = p_ m _limit — p_load_measured + p_bess_ref

(b) If tr_recharge_cp < tr_bess:

— p_bess_ref = —1- MIN(tx_slow_recharge - p_bess_rated,

FU _measured)
— p_limit_cp = p_in_limit — p_load_measured + p_bess_ref

o If (n_evse_busy - p_evse_rated) < p_in_limit — p_load_measured:

Eb; p_limit_cp = (n_evse_busy - p_evse_rated)
p_bess_ref = —1- MIN(tx_slow_recharge - p_bess_rated,

(p_in_limit — p_load_measured — p_limit_cp + p_pv_measured))

2. Iftr_dg < tr_grid:

o If (n_evse_busy - p_evse_rated) > p_in_limit — p_load_measured:

(a) If tr_recharge_cp > tr_bess:

- p_bess_ref = MIN(p_bess_rated,

%n evse_busy - p_evse_rated) — p_in_limit — p_load_measured))
p_bess_ref ™+ p_in_limit

— p_load_measured < (n_evse_busy - p_evse_rated):
i. p_dg ref = MIN(p_dg_rated, (n_evse_busy - p_evse_rated)
— p_bess_ref + p_in_limit — p_load_measured)
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ii. p_limit_cp = p_bess_ref + p_dg_ref + p_in_limit
— p_load_measured
— If p_bess_ref + p_in_limit
— p_load_measured > (n_evse_busy - p_evse_rated):
1 p_dg ref =0 o
ii. p_limit_cp = p_bess_ref + p_in_limit — p_load_measured
(b) If tr_recharge_cp < tr_bess:

- p_bess_ref = —1- MIN(tx_slow_recharge - p_bess_rated,

p_pv_measured
- p_dg_ref = MIN(p_dg_rated, (n_evse_busy - p_evse_rated)

— Sp_in_limit — p_load_measured)) o
- p_limit_cp = p_dg_ref + p_bess_ref + p_in_limit

— p_load_measured
o If (n_evse_busy - p_evse_rated) < p_in_limit — p_load_measured:
Eg; p_limite_cp = (n_evse_busy - p_evse_rated)
p_bess_ref = —1- MIN(tx_slow_recharge - p_bess_rated,

(p_in_limit — p_load_measured — p_limit_cp + p_pv_measuerd))
(c) p_dg_ref =0

3.6. Data Acquisition and Data Flux

A significant part of the control strategy proposed relies on the communication between the PLC,
e-MH equipment, and cloud servers. Figure 7 presents a simplified sequence diagram for the project.
The diagram shows the order in which the PLC executes his tasks and which type of information
is exchanged. In general, data from equipment on site will be acquired by using modbus or using
PLC digital input channel. In the sequence, data from EVSE is acquired through API requests. Once
all necessary data is acquired and copied to SFTP server, the PLC application calculates the power
dispatch and sends the DER references using modbus. In the sequence, prioritization rule is executed
using the CP power limit computed so the EVSE setpoints can be posted back to the OCPP API, which
relays them to the charging connectors.

It is important to observe that communication delays must be considered in the control processes.
Communication delay may be attributed to a range of factors including physical distance between
equipment, processing capacity, communication bandwidth among other causes [26-29]. Although
unlikely to happen, a large delay in communication (»5s) could cause safety issues. To mitigate the
problems in such case, the controller implementation considers an upper limit on the communication
delay. If delay exceeds this threshold, an alarm signal is generated by the controller and the appropriate
actions are taken, as detailed in Section 3.1.
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Figure 7. Simplified sequence diagram for the proposed management strategy.

Modbus client (PLC) ]

4. Hardware-in-the-Loop Implementation

This section presents a HIL implementation for the project infrastructure and management
solution proposed. The HIL technology was introduced on the last decades and its use is becoming
a standard step in design and optimization for automatic control development. This technology is
specially useful for power systems, where, in practice, equipment replacement capacity is low and
tests may involve risks of varied types.

In many cases, tests using simulations in real time with HIL also require less time and spend less
financial resources when compared to practical tests [30,31]. Thus, the e-MH described at Section 2
was modeled using Typhoon HIL 602+ (HIL device) as represented in Figure 8.
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Figure 8. HIL architecture and communication implemented for evaluation of the proposed manage-
ment strategy.

For the HIL model, all communication between the PLC and CP was implemented using Modbus,
reducing the communication complexity by skipping the cloud OCPP server. However, since transport
delay is an important aspect to be considered in the management strategy proposed, time delay blocks
were included for all components in the HIL model which communicate with the PLC. These blocks
were configured to represent the total amount of time delay expected after the project commissioning.

For the validation, comma-separated value files (CSV) are used to input real data in the simulation.
That is the case for the local load curve, the EV charge curve and solar irradiation. The initial time
of the day is configurable through the SCADA main script so the tests can comprise a wide range of
scenarios. These input values can also be overthrow if a fix value is necessary.

For the tests, the PLC application periodically accesses data received from all meters, DERs, ATS
and CP while the real-time simulation is running in the HIL device. The HIL device uses a FPGA-based
multi-core processor optimized for time-exact simulation of electrical domain models [32]. In the
model implemented (HIL model), the electrical and signal processing components are distributed for
different processing units (CPUs) in order to enable parallel computing. This partitioning reduces
memory usage and allows the use of a smaller base time step in the FPGA solver, which is important
to faithfully reproduce the electric circuit behaviour.

The base time step must be chosen observing the mathematical complexity and the level of detail
targeted for the model. For the case presented in this paper, it is important to achieve accurate power
flux for the 60 Hz electrical system and to represent the communication between PLC and each of the
e-MH components. Also, the project does not include power converter design validation nor islanding
detection algorithms i.e. it is not necessary to analyze high frequency switching effects. Moreover,
the hardware components considered for the actual e-MH installation are commercially available
already, thus can be considered individually validated. Hence, the electrical components used in the
HIL model are based on averaged model present in the Typhoon standard libraries. Therefore, the
base time step chosen for the FPGA solver is 10e~°s. This value is small enough when compared to the
electric system period (0.016s).

The HIL device also uses various execution rates, which must be a base time step multiple
number. This resource is useful because some model components have an inner control mesh or signal
processing block that requires frequency decoupling e.g. DG control or the PV MPPT. For the case
presented in this paper, the main execution rate is le~>s and inner control meshes uses 2¢ .
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Overall, during a HIL simulation, the proposed controller constantly calculates the power dis-
patch for all controllable components considering the data acquired from HIL and the functionalities
described in Section 3.

5. e-MH Test Setup

In this section, five test scenarios are used to demonstrate the e-MH operation while governed by
the proposed controller using the HIL implementation described in the Section 4. The experimental
setup used can be observed in Figure 9. The PLC used is the Wago PFC200.

A
| Rl LT Saaes)

= S
| WL

Figure 9. Experimental setup. (a) PLC; (b) HIL device; (c) HIL model; (d) SCADA panel; (e) 4G
communication modem; (f) UPS.

In all scenarios, the customer information is fed to the controller as described in Figure 2, which
also includes the power limits to be considered. The results use the same signal convention from Sec-
tion 3. The BESS power is represented as negative value for charging operation and as a positive value
for discharging operation. In contrast, the consumer unit meter gives a negative power measurement
when the e-MH is delivering energy to the grid.

The controller constantly checks for possible modifications in the input parameters. Hence, items
of the customer information can be modified during the operation, in order to modify the controller
behaviour itself, according to the features described in Section 3. For instance, in all scenarios of
this Section, the values for the energy tariffs starts normalized such that tr_rechage_cp > tr_dg >
tr_grid > tr_bess. However, the prices could be modified on the run according to a DSO or CPO order.
This modification would then lead to changes in the controller behavior, as commonly adopted in
demand-response and dynamic pricing strategies.

For each of the scenarios described in the following sections, the HIL device is started through
the SCADA panel, starting the real time simulation and, at the same time, data collection, which
is copied to the CSV file. After model initialization in the HIL device, the PLC is started, starting
its communication with HIL, using the TCP modbus protocol. Lastly, unless explicitly mentioned
otherwise, consumer unit parameters and component rated power are the same as in tables 1 and 2,
respectively.
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5.1. Scenario 1 - Islanding and Re-Connection

The first scenario major objective is to demonstrate the general behavior of the controller for EV
charging operations in connected and islanded modes. Figure 10 presents the results for Scenario 1.
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Figure 10. Test scenario 1 - simultaneous charging of two EVs with islanded period (in pale red).
(a) Contracted capacity (purple); Power measured by consumer unit meter (blue); Power measured by
secondary source meter (orange); Charge point power (red); PV power (pink); BESS power (brown);
Local load power (green); (b) Connector 1 charging power (blue); Connector 2 charging power (orange).

When operation starts, the controller increases the PV limit to its rated power at the same time as
charges the BESS at a slow rate. Since the local loads are the only other component draining power
from the e-MH and solar irradiation is high enough at the moment, the energy surplus is delivered
to the grid. After 60 seconds, an EV charging operation starts, using connector 1, as observed in
Figure 10b.

Initially, since there is only one connector in use, the controller allows maximum power (20 kW)
for connector 1. However, as a second EV requests to recharge using connector 2 after 110 seconds, the
controller decreases power reference for connector 1 in order to keep the e-MH consumption within
power restrictions. It is important to observe once more that allowable power for the CP does not
account current PV generation, because its intermittence is expected.

An islanding event occurs at 175 seconds, stopping all operation for a few seconds. When ATS
switches to the secondary source, the charging operations are resumed and the original priority order
is kept. Local loads are also attended. However, CP power is limited to a 10 kW maximum while the
e-MH is operating in islanded mode. The controller also resets BESS charging and PV operation using
the mechanism described in Section 3.2. This mechanism will be better detailed through the results
shown at Section 5.3.

After 350 seconds, the EV at connector 2 stops its charging procedure so the controller can now
increase the power allowed to connector 1 without increasing overall CP energy consume, as observed
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at Figure 10a. When e-MH is reconnected, at 415 seconds, the controller can again set the PV connector
1 limits to their respective rated power. Also, the BESS charging operation is again set to slow charge.

Therefore, as observed through Figure 10a and Figure 10b, the controller proposed prioritizes
the charging operations according to the order of occupation and maintain this information as long as
EVs are still connected to the CP. In terms of BESS use, slow charge operation is preferred when e-MH
is connected to the grid in order to maximize battery life. In islanded operation mode, the controller
reduces CP maximum power and regulates BESS charging according to PV power availability. Overall,
in islanded mode, the proposed controller reduces energy consumption and avoids energy generation
surpass.

5.2. Scenario 2 - Peak Demand Period

Figure 11 presents the results obtained for the test scenario 2. Its major objective is to demonstrate
the proposed strategy concerning demand peak time and demand-side actions i.e. using the cost-
related rules presented in Section 3.5. In addition, for Scenario 2, the DG is also considered.
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Figure 11. Test scenario 2 — simultaneous charging of three EVs with peak demand period (in light
gray). (a) Contracted capacity (purple); Input power limit (red); PV power (pink); Power measured
by consumer unit meter (blue); Charge point power (green); BESS power (Brown); Local load power
(orange); Dispatchable generator power (grey); (b) Connector 1 charging power (blue); Connector 2
charging power (orange); Connector 3 charging power (green).

As in the initial seconds of Scenario 1, PV limit is set to its rated power at the same time as
BESS is set to charge at a slow rate, as shown by Figure 11a. The behavior concerning EV charging is
also similar to the previous test. More priority is given to EVs connected first, as can be observed in
Figure 10b. At 125 seconds, solar irradiation starts to vary, which causes PV generation to oscillate
between 5 and 20 kW.

After 150 seconds, the peak demand period starts. At this moment, the controller changes BESS to
discharge mode, providing more power to the CP, dispatching more power to the EVs, without increase
energy consumption from the grid. After 220 seconds, the grid energy tariff (tr_grid) is increased. Also,
the tariff value for DG use (tr_dg) is decreased (i.e. tr_dg < tr_grid), simulating a demand-side action
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in order to compensate solar generation decrease and overall consume at the grid during peak demand
time. Therefore, at this moment the controller sets the DG power reference to 10 kW in order to supply
part of the energy consume at the e-MH as PV generation decays.

When the peak demand period finishes at 275 seconds, all tariffs are set to their original values i.e.
tr_dg > tr_grid. Therefore, there is no longer advantage in DG use in terms of costs. Also, since BESS
is no longer in discharging operation, the power allowed for EV charging is decreased to around 40 kW.
After 330 seconds, CP consumption reduces and PV generation increases so the controller resumes
BESS slow charging operation setting is reference to -5 kW. The last charging connector is released at
355 seconds, making overall energy consume to decrease under 5 kW with a slightly increase in PV
generation.

5.3. Scenario 3 - Islanded Operation

The third scenario considered, shown in Figure 12 is focused on the islanded operation and gives
a detailed view on BESS and PV operation. For this scenario, the BESS model capacity at HIL was
significantly reduced in order to demonstrate a complete cycle of charge within a short period of time.
Also, BESS SoC was set to start at 85%.
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Figure 12. Test scenario 3 - Islanded operation (in pale red). (a) Power measured by consumer unit
meter (blue); Power measured by secondary source meter (orange); Charge point power (red); PV
power (brown); BESS power (purple); Local load power (green); BESS power reference (grey, dashed);
PV power limit (pink, dashed) (b) BESS SoC (blue); BESS SoC upper operation limit (orange); BESS
SoC inferior operation limit (green).

Once more, at the beginning of the test, an EV is connected to the CP. After 45 seconds, islanding
occurs, stopping all operation for a few seconds. When ATS switches to the secondary source, the EV
charging operation is resumed, drawing 10 kW from the secondary energy source. Since the BESS is
initially fully charged (SoC >= 85%) and PV generation is not considered on CP power calculation,
the PV generation limit is kept at zero, avoiding undesirable generation surpass. The controller also
sets the BESS reference to discharge mode in order to reduce the power drawn from the secondary
source, which is reduced from 10 kW to 5 kW, as shown in Figure 12a.
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After about 145 seconds, BESS SoC reaches its inferior operation limit (20%), as observed in
Figure 12b. Therefore, the controller starts to charge the BESS using PV generation by slowly increasing
BESS and PV power (as described in Section 3.2) in coordinated steps of 1 kW. After 240 seconds, solar
irradiation reduces so PV generation start to decay behind its limit for the next 70 seconds, as observed
at Figure 12a. Thus, the controller also changes PV limit and BESS reference in order to reduce power
drawn from secondary source (which, in this case, would be consumed by the BESS) at the same time
as guarantees that all power generated by the PV will be consumed by the BESS charging operation.

At 310 seconds, solar irradiation increases again and the BESS is not yet fully charged. Hence, the
controller restart to increase BESS reference and PV power limit until BESS gets fully charged, which
occurs at 395 seconds, as shown by Figure 12b. At this moment, PV limit is again set to zero and BESS
starts a new discharging cycle, which reduces the power drawn from secondary source.

5.4. Scenario 4 - Power Surpass

The Scenario 4 is focused in actions taken by the controller in case of an unexpected increase on
local loads, causing the power drawn from the grid to surpass the input power limit by using the
safety and protection rules described at Section 3.3. In order to cause it, the local load rated power was
increased to 20 kW in the HIL model and kept disconnected at the start of test. The model was also
configured to simulate the solar irradiation at the early morning, maintaining PV generation under
5 kW at the start of the test. The results for such test are demonstrated in Figure 13.
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Figure 13. Test scenario 4 - Simultaneous charge of five EVs with input power limit surpass. (a) Instal-
lation capacity (orange); contracted capacity(blue); Input power limit (brown); Consumer unit meter
(green); Charge point power (purple); Local load power (red); BESS power (pink); PV power (grey);
(b) Connector 1 (blue); Connector 2 (orange); Connector 3 (green); Connector 4 (red); Connector 5

(purple).

Five EVs were simultaneously connected to the CP (seen at Figure 13a), while BESS was kept in
slow charge mode, which elevates overall consume to 40 kW, as observed at Figure 13a. In order to
provoke the limit surpass, at 49 seconds, the local load is connected to the e-MH, rapidly increasing
the power drawn from the grid. When the e-MH power consume surpasses the input power limit, set
in the consumer unit parameters, the proposed controller stops to charge the BESS and reduces the


https://doi.org/10.20944/preprints202406.0192.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 June 2024 d0i:10.20944/preprints202406.0192.v1

22 of 26

power allowed to the CP to about 24 kW. Consequently, all EVs have their power limit reduced while
prioritization order is maintained, as shown in Figure 13b.

By reducing the power destined for EV charging and stopping BESS operation the controller
brings the overall power drawn from the grid back to acceptable values, around 40 kW. After 76
seconds, solar irradiation increases and PV generation reaches its rated power. Again, since PV power
is not accounted for EV use, the power allowed to the CP is kept at 24 kW. In this case, PV generation
is used to decrease e-MH energy consume.

5.5. Scenario 5 - Power Surpass in Islanded Operation

The Figure 14 shows the results for test Scenario 5. Similarly to the test shown in the Section 5.4,
this scenario is intended to validate the controller behavior when an unexpected increase on local
loads occurs, causing the power drawn from the secondary source to surpass the input power limits
configured for islanded operation.
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Figure 14. Scenario 5 - Simultaneous charge of five EVs with input power limit surpass in islanded
mode. (a) Installation power (blue); Input Power limit (purple); Power measured by secondary source
meter (orange); Charge point power (red); Local load power (green); BESS power (Brown); PV power
(pink); (b) Connector 1 (blue); Connector 2 (orange); Connector 3 (green); Connector 4 (red); Connector
5 (purple).

In this case, the local load rated power was increased to from 5 to 15 kW in the HIL model and
kept disconnected at the start of test. Also, the limit of power allowed to the CP in islanded mode was
increased from 10 kW to 40 kW.

In the beginning, PV power limit and BESS reference are slowly increased, in a coordinated way,
with 1 kW steps, avoiding excessive generation. After 25 seconds, the first EV is connected followed
sequentially by the remaining connectors. In this case, because each EV is connected after a certain
period of time, it is possible to observe that the controller proposed first reduces power already in use
prior to allows the power limit to recently connected EV. This behavior can again be observed through
the CP power oscillation in the first 60 seconds at Figure 14a.
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After 65 seconds, the local load is connected to the e-MH, increasing the power drawn from
the secondary source. When the power drawn surpasses the input power limit set, the proposed
controller reduces the power allowed to the CP to about 32 kW. Once again, all EVs have their power
limit reduced while prioritization order is maintained, as shown in Figure 14b. In this event the
BESS charging operation and PV generation are also stopped. By reducing the power allowed for EV
charging, the controller brings the overall power drawn from the secondary source back to acceptable
values, around 46 kW until the local load is disconnected from the e-MH, after 94 seconds. At this
moment, power allowed to the CP can again be increased from 32 to 40 kW and kept until EVs start do
release the connectors after 110 seconds, as demonstrated in Figure 14b.

6. Conclusions

This paper proposed a centralized control strategy for managing e-MHs based in MGs, capable
of operating connected or islanded from the electrical grid, composed of EVSE, DG, PV and BESS,
through a real case study.

In Section 3, the features that define the controller strategy were presented. Communication
between the PLC and the equipment provides the functionalities with the necessary data to make
decisions based on a series of management rules. As a result, the functionalities work by constantly
defining the PV generation limit, BESS and DG power references and the power allowed to EVSE.

To validate the proposed strategy, the equipment from the real scenario was modeled using HIL.
The most significant scenarios were considered, as shown in Section 5. It was possible to observe
that the power allocated to the CP was distributed among the connectors according to their order of
connection, thus validating the recharge prioritization rule.

In scenario 2, the changes occurred in power dispatch during peak hours demonstrated that the
proposed solution fits the use of demand-response strategies. Another important aspect addressed in
this work was the incorporation of dynamic pricing mechanisms, as also demonstrated in scenario 2.
A variation in grid and DG tariffs was considered during HIL validation, which resulted in changes in
the dispatch calculation.

In islanded operation, the proposed strategy prioritizes BESS charge with PV as much as possible,
using drawing less power from the secondary source. The strategy allows charging the BESS with a
renewable energy source, avoiding excessive fuel consumption in cases where the secondary source is
a grid-forming DG. Consequently, the proposed controller can also reduce costs while ensures that the
e-MH safely operates in islanded mode.

Considering scenarios 4 and 5, the power limit value configured in Figure 6 influences the safety
margin so that the measured power is kept below contracted capacity in connected mode and is
also kept below the installed capacity for both operation modes. During a high load variation, a
shorter safety margin allows greater risk during the transient. However, it also allows better use
of the power capacity. A greater safety margin reduces the risk. However, it also reduces capacity
use. Therefore, choosing the appropriate value for threshold, works as a regulating tool. It balances
operational security of the e-MH with efficiency and optimal utilization of the available resources.
This regulation must be evaluated based on the specific characteristics of the e-MH structure and its
operating conditions.
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Abbreviations

The following abbreviations are used in this manuscript:

ANEEL  Brazilian Electricity Regulatory Agency

API Application Programming Interface
ATS Automatic Transfer Switch
BESS Battery Energy Storage System
BI Business Intelligence

BMS Battery Management System
CP Charge Point

CPO Charge Point Operator

CPU Processing Unit

Csv Comma separated values

DER Distributed Energy Resource
DG Dispatchable Generator

DSO Distribution System Operator
e-MH e-Mobility Hub

EV Electric Vehicle

EVSE Electric Vehicle Supply Equipment
FPGA Field-Programmable Gate Array
GHG Greenhouse gas

GPL General Public Licence
HIL Hardware-in-the-loop
MG Microgrid

MPPT Maximum power point tracking
OCPP Open Charge Point Protocol
PLC Programmable Logic Controller
PV Photovoltaics

RFID Radio Frequency Identification
R&D Research and Development

RT Real-Time

SFTP Secure File Transfer Protocol

SoC State of Charge

SCADA  Supervisory Control and Data Acquisition
uPs Uninterruptible power supply

V2G Vehicle-to-Grid
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