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Abstract: The growing penetration of fast charging stations (FCSs) to electric vehicles (EVs) and dis-
tributed energy resources (DERs) in the electrical power system brings technical issue changes in the
voltage profile throughout grid nodes and feeder current overload. The provision of ancillary services by
DERs and FCSs arises as an appealing solution to reduce these adverse effects, enhancing the grid host-
ing capacity. The control of microgrids is essential for the coordinated implementation of these services.
Although microgrid control is widely applied to DERs, few studies address the coordinated control of
DERs and FCSs to obtain benefits for the electrical power system. This paper proposes a coordinated
and simultaneous control of DERs and FCSs based on the power-based control (PBC) strategy, efficiently
exploiting FCSs in a microgrid model previously unaddressed in the literature. The results show that,
with the coordinated control of DERs and FCSs, the control of the power flow in a minigrid (MG) is
achieved both in moments of high generation and in moments of high load, even with the maximum
operation of DERs.This method allows for the maintenance of voltage levels within values considered
acceptable by technical standards (above 0.93 pu). The maintenance of voltage levels is derived from
reducing the overload on the point of common coupling (PCC) of the minigrid by 28%, performing
the peak shaving ancillary service. Furthermore, the method allows for the control of zero power flow
in the PCC of the minigrid with the upstream electric grid in periods of high generation, performing
the ancillary service of valley filling. The method performs this control without compromising vehicle
recharging and power dispatch by DERs.

Keywords: microgrid control; fast charging station (FCS); power-based control (PBC); distributed
energy resource (DER); electric vehicle (EV)

1. Introduction

The emission of polluting gases into the atmosphere has been the subject of debates
and actions by several countries and industries. In humans, pollution can cause short-term
effects such as eye, throat, and nose irritation; headaches; nausea; and can worsen cases of
diseases such as bronchitis and pneumonia. Long-term effects may include heart disease,
lung cancer, and pulmonary emphysema [1]. According to a study by the University of
Chicago, the life expectancy of the inhabitants of South Korea is 1.4 years lower due to air
pollution, as the entire South Korean population lives in areas with pollution above the
levels recommended by the World Health Organization [2]. The effects on the environment
are also significant, leading to soil pollution and the mortality of plants and animals thanks
to polluting compounds such as sulfur dioxide and nitrogen oxides. Finally, a possible
acceleration in Earth’s warming is credited to carbon dioxide (due to its ability to retain
heat in the atmosphere) and other gases such as methane [1].
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Several governments have created laws and tax incentives to encourage solutions
that reduce such emissions. Since the 1970s, the USA has followed the Clean Air Act,
which regulates atmospheric emissions from stationary sources such as industries and
mobile sources (i.e., combustion vehicles) [3]. Members of the European Union must meet
obligations to reduce air pollution based on the National Emission Reduction Commitments
Directive (NECD) [4].

Both the USA and the European Union classify the road transport sector as a high
source of polluting gas emissions into the atmosphere. Combustion vehicles are responsible
for 27% of polluting gas emissions in the USA [5]. One of the ways to reduce the gas
emissions caused by the vehicle fleet during its use is through electrification, whether
through hybrid or fully electric vehicles (EVs).

However, consumer adoption of EVs is essential. One of consumers’ biggest concerns
regarding EVs is recharging time and vehicle charger infrastructure [6-8]. Despite the
advantage of being able to fully recharge overnight with low-power chargers, vehicles used
in public and individual passenger transport require recharging at shorter periods because
they cover a great distance during the day, even in urban regions. Typically, the service,
policing, emergency, and cargo transportation sectors cannot rely on slow recharges.

Based on this, the Federal Highway Administration (FHWA), an agency linked to
the United States Department of Transportation, proposed minimum standards for the
country’s road network [9] through the National Electric Vehicle Infrastructure Formula
Program. The document suggests that there be four charging stations with a minimum
power of 150 kW at each charging location, with a minimum distance of 80 km between the
stations and less than 2 km from highways. High-power charging stations are called fast
charging stations (FCSs).

Furthermore, [9] suggests the installation of 500,000 chargers by 2030. According to
data from the Alternative Fuels Data Center, an organization linked to the US Department of
Energy, there were around 40,000 DC fast charger ports across the country in February 2024,
with approximately 27% of them being in the state of California [10]. By 2022, the number of
DC fast chargers installed in the USA was around 6600, a smaller number than in countries
such as Germany (12,000) and France (9000) [11], even though they have more vehicles [12]
and greater territorial extension than the countries cited. China has around 760,000 fast
chargers, but around 70% are installed in just 10 of the country’s 22 provinces [11].

In addition to voltage disturbances [13,14] and high harmonic content [15-19], the
most significant impact of inserting electric vehicle chargers is the overload of the electrical
power system [20-23]. To accommodate the rise in electricity consumption, it is also
necessary to generate more energy. As the energy sector is also one of the sectors that emits
the most polluting gases into the atmosphere, the construction of polluting plants, such as
coal or gas thermoelectric plants, has been discouraged by agreements and laws [24].

Among all the forms of energy generation, two have received the most attention: solar
and wind. Due to not emitting polluting gases during their generation and the usage of
renewable resources, these two sources have been receiving incentives in several countries
such as the USA [25], Brazil [26], China [27], and the European Union [28].

The advantages of solar energy generation are explained by the easiness to install
for small energy consumers, transforming them into prosumers. Photovoltaic modules
can be installed on the roofs of houses, buildings, and condominium areas, reducing the
energy costs of these consumers. Thus, the concept of distributed generation represents a
transformative shift away from the conventional methods of energy production.

With distributed generation, new challenges arise for electrical power systems since
the systems were originally designed to deal with generation far from large electrical
energy consumption centers. Distributed generation aggravates issues related to voltage
and frequency regulation, generation intermittency, and feeder overload [29,30]. Changes
to electrical infrastructure through cable reconductoring and equipment replacement are
alternatives, but they are complex and costly. Therefore, one of the alternatives that arise to
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reduce these impacts on the electrical power system is the control of microgrids capable of
integrating all these new players into the electrical power system.

Despite the relevance of the subject, few studies discuss the simultaneous coordinated
control of FCSs and distributed energy resources (DERs), which is highly desired in the
aforementioned scenario. When it comes to providing ancillary services between FCSs and
DERs, many works address vehicle-to-grid (V2G) strategies [19,31—44]. However, in fast
charging applications, V2G is not an interesting alternative from the vehicle owner’s point
of view since the reverse power flow would increase the vehicle’s total recharging time.
Therefore, it is not common to find works that involve V2G and FCS.

Table 1 summarizes a comparative analysis of adherent state-of-the-art works that use
FCSs to provide ancillary services, categorizing them according to voltage level, ancillary
service category, control of DERs and FCSs, and the control architecture of DERs or FCSs
according to [45]. None of these strategies encompass the simultaneous control of FCSs
and DERs. Some use strategies with decentralized architectures that cannot compose an
advanced minigrid.

Table 1. Proposals that use FCS to provide ancillary services.

Reference Voltage Level Ancillary Service DERs Control  FCSs Control C?ntrol a
Category Architecture
Power quality (voltage and
[18] low voltage (LV) frequency disturbances X X X/X

and harmonic injection)

Power quality

[14] medium voltage (MV) (transient voltage disturbances) X X x/x
) Reactive power support
[46] MV (voltage control) X s
; Power quality
[13] MV (voltage disturbances) x x XX
) Active/reactive power support
(471 MV (voltage control) x x/C
) Active power support
(48] v (peak shaving) X X/D
. Reactive power support
(491 MV (voltage support) x x/D
[50] MV - X X/D
Active power support
(511 MV (peak shaving) X x/C
[52] LV - X x/C
Active power support
53] MV (load shifting) X X/D
) Reactive power support
(541 MV (voltage support) x X/D
Active power support
[55] MV (load shifting) X s
[56] MV - X C/x
Active power support:
Here LV/MV peak shaving c/C
and valley filling

a2 D = decentralized and C = centralized.

To the best of the authors” knowledge, no works were found that simultaneously con-
trol the DERs power dispatch and the FCSs power absorption. Thus, this paper proposes a
simultaneous control of these two entities, allowing better grid power quality and increased
operational flexibility due to controllability at different points in the network.

The main contribution of this paper is a novel method for simultaneous coordinated
control between fast charging stations (FCSs) and distributed energy resources (DERs) in a
minigrid (MG), categorizing it as an advanced minigrid [57]. An MG is a set composed of
one or more LV microgrids with DERs connected to medium voltage through transformers,
loads, generators, and FCSs also connected directly to medium voltage. This approach con-
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sists of hierarchically interconnecting smaller microgrids with the larger minigrid. Figure 1
shows the MG used in this paper, with a minigrid central controller (MGCC), microgrid
central controllers (4GCCs), and fast charging station central controllers (FCSCCs). The
objective of this control is to reduce or increase consumption at charging stations depend-
ing on the established boundary conditions to maintain power levels at the MG PCC that
guarantee the reliability of the grid power quality parameters.
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Figure 1. Representation of the medium-voltage minigrid to validate the proposal.

This paper is divided as follows: after the Introduction, Section 2 presents the liter-
ature review about the PBC method. Section 3 presents the proposed strategy and the
methodology and methods used to validate the concept of the control proposal. Section 4
presents the simulation results. Section 5 presents the results and is followed by Section 6,
which concludes this work.

2. Literature Review
Power-Based Control

First presented by [58] for single-phase low-voltage microgrids, other works improve
the power-based control (PBC) strategy over time. Table 2 presents work involving PBC
improvements, variation, or specific applications.

Figure 2 shows a schematic of the original PBC algorithm [58]. The PBC regulates,
through a central controller, the dispatch of active and reactive power between a microgrid
and PCC performing a proportional power sharing between DERs. To do so, the central
controller uses the following measurements and parameters:

e The active power (Ppcc) and reactive power (Qpcc) in the PCC of the microgrid in the
current cycle £.

*  The sum of the maximum active (P/j¢%) and reactive (QFr) powers that each DER
can dispatch in the current cycle ¢.
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e The sum of active (Pprr) and reactive (Qpgr) powers dispatched by DERs in the
current cycle /.

e The active power references (Plrfgc) and reactive (Q;féc) desired in the PCC in the next
cycle (0 +1).

Table 2. PBC enhancements and applications.

Reference Microgrid Migrogrid Control Power Quality Active Load Sharing
Configuration Architecture Compensation Control Coefficients
_ 1® to 2 wires . Reactive and
(58] and low voltage Centralized load unbalance x AP eaQ
1@ and 3@ Reactive and Xpa, Xpp, &
[59] to 4 wires and Centralized load balance X N P “'(X P b'e 012 <
low voltage Qar BQb = Qe
[60] toljz> ;ESS3§1d Centralized Reactive and X ; o z o D;PC/
load balance Qas FQbs EQer
low voltage Xp3d € X030
1P and 3@ Reactive and Xpa, Xpp, &
[61] to 4 wires and Centralized load balance X N Pa'“ P b'e 01;”'
low voltage Qar FQb & £ Qe
[62] tolf vjirll‘jsg’aqr)ld Centralized Reactive and X DIZC o z o zPU
load balance Qas FQbs EQer
low voltage Xp3d € X030
[63] 1® to 2 wire Centralized Reactive and X apgsr S0Ca, S0CEpror,
and low voltage load unbalance XQ1, Q2 € X3
1® and 3@ Load Xpg, Xpp, Xpc €
[64] to 4 wires and Distributed X Par ®Pb, Ebe
balance Xp3d
low voltage
1® and 2@ Reactive and Xpg, Xpp, &
[65] to 4 wires and Centralized toud balan X P
low voltage 0 ce Qar 4Qb € Qe
1@ and 2@ Reactive and Xpg, Xpp, &
[66] to 4 wires and Centralized load balan X N P’z"x P b'e lfc'
low voltage ° ce Qar Qb & 5Qe
1 apd 3 Centralized/ Reactive and Xpg, Xpp, Xpc,
[67] to 4 wires and decentralized load balance X XQa, KOp €
low voltage Qar BQb Qe
3® to 3 wires . Load MG
Here and medium voltage Centralized balance “p

With these measurements and parameters, it is possible to estimate the active power
load (P1) and reactive power load (Qr,) of the microgrid through (1) and (2), respectively.
The ¢ cycle is the control cycle of the algorithm. The power load of the microgrid includes
the entities that consume energy and generate energy that does not obey the central
controller; that is, the non-dispatchable DERs:

Pr(¢) = Ppcc(¥) + Pper(¥) (1)

Qr(¢) = Qpcc(€) + Qper(¢) 2)

From (1) and (2), the desired power to be dispatched by the DERs in the next control
cycle is defined according to (3) and (4). For instance, Equation (3) defines the active
power reference for the set of DERs for the next cycle, while (4) expresses the reactive
power reference:

Pzr)egR(£+1>:PL(£+1)_P;?C(£+1) 3)
QL (1) = Qu(t+1) — QL (t+1) (4)

For there to be proportional power sharing between the DERs of the microgrid, the
powers obtained in (3) and (4) are divided, respectively, by the active and reactive power
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maximums that each DER can dispatch at that moment. In this way, the coefficients ap and
ag are obtained, expressed by (5) and (6), respectively:

_ PSIJSIR(K +1) 5)
PBER(0)

_ QSJ];R(g+ 1) 6

T oBR®O ©

. ref ref
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Figure 2. Schematic of the original PBC algorithm.

The lower limit for the ap coefficient is —1, considering that the DER allows for control
of the absorption of its nominal power through the central controller. The upper limit for
ap is one, which means that the DER dispatches all the available power. The coefficient
ag also has the same lower and upper limits, with the lower limit being the maximum
inductive reactive power that the DER can dispatch and the upper limit being the maximum
capacitive reactive power that the DER can deliver. Current direction conventions and the
position of current meters can modify the meaning of the limits of the active and reactive
power coefficients.

All participant DERs of the microgrid control receive both coefficients. Each DER
will carry out a dispatch proportional to its power capacity, and the central controller will
be able to regulate the power dispatch in the PCC more efficiently, reducing losses in the
distribution system [58].

The advantages of PBC as a microgrid control algorithm are its simplicity, good
performance compared to strategies such as droop control, and its model-free approach (i.e.,
it is not necessary to know the grid parameters to control the microgrid, commonly required
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in optimal control approaches [58]). The disadvantages of PBC are mainly associated
with its centralized nature, such as its difficulty in scalability and dependence on the
communication link. Another disadvantage is the steady-state error in cases of non-
idealities in the communication link and power measurements carried out by DERs, which
can be corrected by using classical control strategies, such as proportional-integral (PI)
controllers [68].

3. Methodology and Methods
3.1. Proposed Power-Based Control Applied to Fast Charging Stations

As highlighted, the PBC algorithm is limited to the maximum power that DERs can
dispatch to the grid. Therefore, it is not possible to control the power dispatch in the PCC
of the minigrid at the desired values if there is a violation of the lower or upper limits of
the coefficients ap and a.

The proposed method herein takes advantage of the traditional PBC formulation
and improves it for applications during violation of the lower and upper limits of the
ap coefficient in a minigrid (MG). The superscript index of the coefficient ap determines
whether it comes to the minigrid (MG) or microgrid (#G) controller. The proposed control
will act at the tertiary level, controlling the power flow in the PCC of MGs with the upstream
grid. Figure 3 shows the hierarchy between controllers. This control hierarchy has the
following levels:

*  Quartenary level: Composed of a distribution system operator (DSO). The electric
power utility or a control entity that covers a set of minigrids controls the DSO,
responsible for determining the power references for the MGCC. With the absence
of the DSO, power references can be determined locally by the MGCC based on the
integrity of the voltage levels (as in the work of [67]) and grid frequency or based on
financial parameters involving energy consumption from the upstream grid.

e Tertiary level: Composed of an MGCC, responsible for controlling the power flow from
the MG to the upstream network. Responsible for sharing and processing information
from the microgrid central controller (#GCC), FCSCC, and DSO. It is responsible for
sending the coefficient rxffc to the yGCC and FCSCC and receives, from the DSO, the
desired power reference for the PCC of the MG.

e  Secondary level: Composed of the yGCC or FCSCC, responsible for controlling the
power flow from the microgrid/FCS with the upstream network. It is responsible
for sharing and processing information from the MGCC and local controllers of the
DER/energy managers of the FCS. Using the coefficient a}C, you must determine

your own coefficient oc%G and send it to the DERs or FCS energy managers.

e Primary level: Composed of DER local controllers and the FCS energy manager. In the
case of the FCS, it may be part of the FCSCC. Responsible for sharing and processing
information with yGCC/FCSCC and with the DER or FCS converters. It is he who
sends the power, current, or voltage references to the DER or FCS converters.

*  Level zero: Composed of the local controllers of the DER and FCS converters. They
share information with the DER local controller and are responsible for dispatch-
ing/absorbing power to the grid.

In addition to the DER as actuators contributing to the injection of active power, the
algorithm also uses the charging stations to control the active power at the PCC. This
configuration is typical of a multiple inputs single output (MISO) system.

One of the alternatives for controlling MISO systems is to carry out proportional
control between the actuators, the same way as PBC concerning DERs. As FCSs are
essentially controllable system loads, participation in control will be through the reduction
in power absorbed from their respective upstream connection points.

Figure 4 presents a power control diagram with the DERs and FCSs as actuators.
Based on the power reference and the power measured in the PCC, the control algorithm
establishes the power reference to be injected by the DER and the power reference to
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be absorbed by the FCS. Other non-controllable agents on the grid, whether loads or
generators, are a disturbance of the controlled variable (PCC power).

i Processing |
| time
1
1
! : Quartenary
1 1 /Distribution Level
s Units of System
, minutes ' Operator
1 1 (DSO) NN
Tertiar
Mimigrid Central Le\llely
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Figure 3. Control hierarchy of the proposed system.
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absorbed

Figure 4. Simplified power control scheme in the PCC of the medium-voltage microgrid through
shared control.

Therefore, the control algorithm must be able to process the measured power and
power reference information at the MG PCC to send commands to the actuators (microgrids
and FCS). Figure 5 shows the algorithm of the proposed system. Since the active and
reactive power amounts are orthogonal to each other (i.e., decoupled), analyses can be
conducted individually for each power term.

In the adaptation of PBC proposed in this work, the MGCC requires the following
measurements and parameters to send commands to the actuators:

*  The active power (PY°C) in the PCC of the minigrid in the current cycle ¢. This

information is collected locally by MGCC, which is connected to PCC.
N
*  The sum of the maximum active powers () P;"é‘?‘ ) that each microgrid can dispatch
i=1 "

in the current cycle £. N is the number of microgrids present in the minigrid. This
power is the sum of the maximum powers that DERs can dispatch. This information
is sent by uGCCs to the MGCC over a low bandwidth (according to the US Federal
Communications Commission [69], communication links below 25 Mbps are low-
bandwidth links) and long-range communication links;
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The sum of active powers ( E PpEg,) dispatched by the DERs of the microgrids in
i=1

the current cycle £. N is the number of microgrids present in the minigrid. This
information is sent by the DERs to pGCCs through a low-bandwidth communication
link, such as the radio data system (RDS). Subsequently, these data are sent to the
MGCC through a low-bandwidth and long-range communication link;

The desired active power reference in the PCC of the minigrid in the next cycle (£ + 1)
(P;/EIG)' This information is sent by the DSO to the MGCC over a low-bandwidth and
long-range communication link;

The sum of the maximum active powers (Z Pr¢s,) that each charging station can
=1

1=
absorb in the current cycle /. K is the number of FCSs present in the minigrid. This
information is sent by FCSCCs to the MGCC over a low bandwidth and long-range
communication link;

The sum of active powers ( Z Prcs,) absorbed by the charging stations in the current
=1

cycle £. K is the number of FCSS present in the minigrid. This information is sent by
FCSCCs to the MGCC over a low bandwidth and long-range communication link.
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1trol P, =
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Figure 5. Algorithm of the proposed minigrid control system.
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The first novelty is to calculate the total maximum power of the system, as shown
n (7). With this, there will be proportionality between the power dispatch of the DERs and
the increase or reduction in consumption by the FCSs:

N

Pmax (6) Z max _|_ Z Félg (7)

i=1

The second novelty is to calculate the power load of the minigrid, initially presented
in Equation (1) for microgrids. With FCSs, it is possible to account for their contributions,
as expressed in Equation (8):

M K
Py (0) = Py (0) + Y Popg, (¢ E”c“é( ) = Prcs,(0) 8)
i=1 =

From (8), it is possible to define the desired global power to be dispatched /absorbed
in the next control cycle by the set of DERs of microgrids and FCSs by using Equation (9):

gl{)bal (£+1) =Pyc(L+1) — ref c(l+1) 9

To achieve proportional power sharing between DERs and the reduction in the active
power consumed between the FCSs, the global power in (9) is divided by the maximum
active power of the minigrid in (7). Thus, the coefficient a?,AG expressed in (10) is obtained:

ref
(MG _ Peiopa (€ +1)

P pmux ( f) (10)

Based on the a}!C, each uGCC will calculate its respective “;G and send it to the DERs,
according to (11). In turn, each DER will carry out the dispatch by (12). The FCSs defines
the power to be demanded based on (13):

MG pmax
G, %p
= — (11)
L Ppir,
=1
Ppeg, = o " PpER, (12)
Prcs, = (1 — ap'®) PR (13)

Therefore, for the system to operate properly, there will be a proportionality between
the power dispatched by the DERs and the power reduced by the FCSs. The charging
station can operate with negative a}C coefficients, resulting in absorbed powers superior

to the maximum (for example, above the contracted demand).

3.2. Minigrid Parameters

A simulation of a medium-voltage minigrid, shown in Figure 1, containing three
microgrids, two fast charging stations, a load, and a non-dispatchable distributed generator,
is performed by using MATLAB/Simulink R2022b® software.

There is an external load on the PCC of the minigrid. Current sources, defined through
the voltage measured at their connection point and the power standard, represent the grid
elements modeled only with active power.

The MGCC can disconnect the minigrid from the upstream grid and be equipped
with a grid-forming converter, maintaining the characteristics of an advanced minigrid.
The grid-forming converter can also be performed by other elements, such as the internal
generator (if there is a storage system) or some FCS. This work does not address the
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islanded mode of this minigrid nor the characterization of the grid-forming converter.
Ref. [70] discusses a converter capable of operating as a grid-forming converter without
injecting harmonics into the electrical grid. Ref. [71] presents an alternative to FCSs with
this converter that can be used as a grid-forming unit.

Table 3 presents the characteristics of the grid elements. The FCSs are composed of
a battery energy storage system (BESS) with an energy of 646.4 kWh capable of charging
three 250 kW chargers simultaneously for 50 min. The power of the chargers is typical
of commercial chargers such as the Tesla Supercharger V3 [72]. Table 4 presents the
characteristics of the cables, represented by the grid impedances. The chosen cables operate
with voltages between 8.7 kV and 15 kV. In Brazil, the typical voltage of distribution
systems is 13.8 kV.

Table 3. Characteristics of the validation grid elements.

Grid Element Internal Elements Load Profile Power
Non-dispatchable DERs - 80 kWp
LV Microgrid 1 Dispatchable DERs - 80 kWp
Load Residential 200 kWp
Non-dispatchable DERs - 900 kWp
LV Microgrid 2 Dispatchable DERs - 60 kWp
Load Commercial 450 kWp
Non-dispatchable DERs - 500 kWp
LV Microgrid 3 Dispatchable DERs - 80 kWp
Load Residential 100 kWp
Chargers - 250 kW (3)
BESS - 750 kW
FCS 1 BESS Energy - 646.4 KkWh
BESS state of charge (SoC) - 20% to 100%
Contracted demand - 375 kW
Chargers - 250 kW (3)
BESS Power - 750 kW
FCS 2 BESS Energy - 646.4 KWh
BESS SoC - 20% to 100%
Contracted demand - 375 kW
Internal load - Residential 670 kWp
External load - Residential 4100 kWp
Internal generator - - 370 kWp

Table 4. Equivalent resistances and inductances of the simulated grid cables.

Symbol Cable Cross-Section Cable Equivalent Equivalent
(mm?) 2 Length (km) Resistance (Q2) Inductance (mH)
Ze 50 2.3 2.0 14
Zo1 50 1.7 12 0.9
Z1p 50 1.8 1.3 0.9
Z13 50 1.5 1.0 0.7
Z3y4 50 2.0 1.6 12

2 Considering unipolar aluminum cables for voltages between 8.7 and 15 kV [73].
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The LV Microgrid 1 (LVuG1) emulates a neighborhood with a predominance of houses
equipped with photovoltaic systems. Among the dispatchable DERs, there is a fixed base
of 30 kWp and 50 kWp of generation from solar energy, which varies throughout the day.
Figure 6 shows the profiles of the dispatchable and non-dispatchable DERs and the load of
the LV Microgrid 1.
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Figure 6. Power profiles: (a) LVuG1 dispatchable DERs. (b) LVuG1 non-dispatchable DERs.
(¢) LVuG1load. (d) LVuG2 dispatchable DERs. (e) LV G2 non-dispatchable DERs. (f) LV G2 load.

A medium-sized supermarket in Brazil is the basis for the LV Microgrid 2 (LVuG2)
data. Ref. [74] present, in their work, consumption data from this supermarket. Generation
data were estimated based on its total area (5962 m?), considering an average generation
of 0.15 kWp/m? [75]. Among the dispatchable DERs, there is a fixed base of 20 kWp and
40 kWp of generation from variable solar energy throughout the day. Figure 6 shows the
profiles of dispatchable and non-dispatchable DERs and the load of the LV Microgrid 2.

The LV Microgrid 3 (LVuG3) emulates a condominium with a large area dedicated to
its photovoltaic plant with high generation and low consumption. Among the dispatchable
DERs, there is a fixed base of 30 kWp and 50 kWp of generation from solar energy, which
varies throughout the day. Figure 7 presents the profiles of the dispatchable and non-
dispatchable DERs and the load of the LV Microgrid 3. Figure 7 also presents internal and
external load profiles and the internal generator based on the photovoltaic energy.
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Figure 7. Power profiles: (a) LVuG3 dispatchable DERs. (b) LVuG3 non-dispatchable DERs.
(c) LVuG3load. (d) Internal and (e) external load of the minigrid and (f) internal generator.

3.3. Evaluated Scenarios and Metrics

—_

There are six possibilities for the operation of the minigrid entities. They are:

Without FCSs: in this condition, there are no FCSs on the grid.

With FCSs not participating in the proposed control: Charging stations operate as
constant loads due to the internal management algorithm at all times. FCSs are not
controlled by the MGCC.

With FCSs participating in the proposed control: charging stations operate as constant
loads due to the internal management algorithm. Upon receiving a control command,
they start to control the energy demand according to the complement of the coefficient
ap (1 — ap). Therefore, FCSs are controlled by MGCC.

Without DERSs: in this condition, there is no type of distributed generation on the grid;
that is, the grid does not have dispatchable DERs nor non-dispatchable DERs.
Without dispatchable DERs: All the DERs in the network dispatch all available active
power. In this condition, the DERs are not controlled by the MGCC.

With dispatchable DERs: In this condition, the non-dispatchable DERs dispatch all
available active power, and the dispatchable DERs dispatch power according to the
index ap. The MGCC commands dispatchable DERs.

It will be considered that all FCSs have their own BESS and an internal energy-

management algorithm that maintains the grid power demand at a constant value within
the BESS energy absorption and dispatch limits. About the DERs of each microgrid, the
following conditions will be considered:

The non-dispatchable DERs do not have energy storage. Generation from photovoltaic
modules is the basis for all energy dispatch;
The dispatchable DERs have energy storage;
For dispatchable DERs, it is considered that there is an internal energy-management
system that manages the recharging of the batteries based on the generation of the
photovoltaic modules. This management will guarantee a fixed installment that can
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always be dispatched, even at times when there is no generation (e.g., at night). Some
works suggest energy-management algorithms for DERs [63,76-78].

The possibilities for the operation of the minigrid elements allow for the evaluation
of nine different scenarios, in which it is possible to evaluate the effect of the presence or
absence of the proposed control. Table 5 presents the nine possible scenarios.

Table 5. Possible scenarios for the operation of minigrid elements.

Scenario FCS? DERs? FCS Control? DERs Control?

1 X X X X

2 X X X

3 X X

4 X X X

5 X X

6 X

7 X X

8 X

9

Scenario 1 is the base scenario, in which there are no DERs and FCSs. This scenario
sketches the network with its initial design without overloads and adequate voltage levels.
Scenario 2 presents the insertion of non-dispatchable DERs without power control. This
scenario can increase voltage levels, especially at the DERs’ connection point. Scenario 3
presents the insertion of non-dispatchable and dispatchable DERs. This scenario allows for
greater operational flexibility of the grid with dispatching power from the minigrid to the
upstream grid.

Scenario 4 presents the insertion of FCSs without the insertion of DERs. This scenario
allows for the evaluation of a network without distributed generation and with large
passive loads such as FCSs. Scenario 5 presents the insertion of non-dispatchable DERs and
FCSs. This scenario relieves the grid during periods of high generation but does not relieve
it during periods of low generation. Scenario 6 presents the insertion of non-dispatchable
and dispatchable DERs and FCSs. This scenario relieves the grid during periods of high
generation without dispatching power from the minigrid to the upstream grid.

Scenario 7 presents the insertion of FCSs controlled by the proposed algorithm without
the insertion of DERs. In this scenario, the network is relieved during periods of high
consumption with high use of the BESSs of the FCSs. Scenario 8 presents the insertion of
FCSs controlled by the proposed algorithm with the insertion of non-dispatchable DERs.
This scenario allows for the reduction in the use of BESSs from FCSs but with power
dispatch from the minigrid to the upstream network.

Scenario 9 bases this work, in which both the FCS and dispatchable DERs are controlled
by using the proposed algorithm. In this scenario, relief from the electrical grid is expected
at times of high load with low use of the BESSs of the FCSs and with zero-flow control of
the power dispatch between the minigrid and the upstream electrical grid.

The control algorithm is activated during the periods shown in Table 6. The period
from 10 a.m. to 2 p.m. has the highest solar generation. The objective is to evaluate the
scenarios against a zero power reference in the medium-voltage PCC. The purpose is to
evaluate whether the control can not dispatch power to the upstream grid, realizing an
ancillary service of valley filling.

Table 6. Microgrid control activation periods and respective reference powers.

Activation Periods Reference Powers (kW)

10hto14h 0
18 hto22h 1550
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Another ancillary service performed by the proposed control is peak shaving. One
of the metrics to establish the desired power in the PCC of a minigrid is the voltage level.
A reference power of 1550 kW was defined in the activation period from 6 p.m. to 10 p.m. so
that the voltage in the PCC does not exceed the values considered appropriate by Module 8 of
Procedimento de Distribui¢do de Energia Elétrica no Sistema Elétrico Nacional (PRODIST) [79]
from Agéncia Nacional de Energia Elétrica (ANEEL), the regulatory agency for the Brazilian
electrical system. Another way to define this power is online, to always keep the voltage
within the limits considered appropriate [67]. Voltage levels are also influenced by the reactive
power in the PCC, which can change the active power reference levels to maintain voltage
at appropriate levels. Table 7 presents the steady-state voltage rating ranges for connection
points with a nominal voltage between 2.3 kV and 69 kV.

Table 7. Permanent voltage classification range for connection points with nominal voltage equal to
or greater than 2.3 kV and less than 69 kV according to PRODIST.

Reading Voltage Variation Range (RV)

Service Voltage in Relation to Reference Voltage (RefV)

Proper 0.93RefV < RV < 1.05RefV
Precarious 0.90RefV < RV < 0.93RefV
Critical RV < 0.90RefV or RV > 1.05RefV

4. Simulation Results

The nine scenarios proposed in Table 5 will be evaluated. With this, it is possible to
emphasize the disadvantages of each scenario and verify the performance of the control
proposed in the last scenario, showing its relevance to reducing overload problems and
precarious voltage levels.

4.1. Scenarios without FCS

Figure 8 presents the power terms and collective RMS voltage of the PCC considering
that there are no FCSs in the minigrid (scenarios 1 to 3 of Table 5). The positive power in
PCC flows from the upstream grid to the minigrid and vice versa.

In the base scenario (scenario 1 of Table 5), there is no violation of the established
limits. As it only has consumer loads, there is no active power dispatch from the minigrid
to the upstream network. Furthermore, the minigrid loads are not sufficient to exceed
the upper limit. In this way, the voltage in the PCC remains within the limits considered
appropriate, not exceeding the lower voltage limit, as shown in Figure 8b.

However, when adding only non-dispatchable DERs (scenario 2 of Table 5), the lower
power limit is exceeded, reaching 1096 kW of active power dispatch in the upstream grid.
With microgrid control applied to dispatchable DERs (scenario 3 of Table 5), there is a
power reduction, but not enough to maintain power above the lower level.
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Figure 8. Cont.
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Figure 8. (a,b) Power and RMS voltage in the PCC of the microgrid considering the absence of FCS

in three situations: without DERs (scenario 1), all DERs are non-dispatchable (scenario 2), and DERs
dispatchable and not dispatchable (scenario 3).

4.2. Scenarios with Uncontrolled FCS

Figure 9 shows the power terms and collective RMS voltage of the PCC considering
that the MGCC does not control the FCS present in the minigrid (scenarios 4 to 6 of Table 5).

Analyzing the scenario without DERs (scenario 4 of Table 5) presented in Figure 9a, a
violation of the upper power limit is observed from 2 p.m. onwards, ceasing only at 10 p.m.
The PCC voltage is considered precarious according to Table 7. There is also a violation of the
upper limit for cases with DERs without and with control between 6 p.m. and 10 p.m. With
the increase in load caused by the FCS and most of the generation concentrated at times of
low load, none of the scenarios evaluated allowed for load relief from 6 p.m. to 10 p.m.
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Figure 9. (a,b) Power and RMS voltage in the PCC of the microgrid with non-controllable FCS in
three situations: without DERs (scenario 4), all DERs are non-dispatchable (scenario 5), and DERs are
dispatchable and not dispatchable (scenario 6).

Considering the scenario with uncontrolled DERs (scenario 5 of Table 5), there was
a violation of the lower limit in the highest generation interval (between 10 a.m. and
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2 p.m.) with a minimum of —344 kW. For the scenario with DERs with control (scenario 6
of Table 5), there was no violation of the lower limit. It is worth mentioning that scenario 6
of Table 5 is equivalent to the original PBC since there is control of the DERs, but there is
no control of the FCS.

Compared to the scenarios presented in Figure 8, it was possible, by controlling the
dispatchable DERs through PBC, to regulate the active power in PCC and not dispatch
active power to the upstream grid at the time of highest generation. The consumption of
FCSs was essential to absorb the excess power of non-dispatchable DERs. However, the
power in the PCC reached a value of 28% above the upper limit, even with the maximum
power dispatch of the DERs.

4.3. Scenarios with FCS with Control

Figure 10 shows the power terms and collective RMS voltage of the PCC considering
that the MGCC controls the FCS present in the microgrid (scenarios 7 to 9 from Table 5).

Analyzing the scenario without DERs (scenario 7 of Table 5) presented in Figure 10a,
it is observed that there is a violation of the upper power limit from 2 p.m. onwards, as
well as the scenario without DERs presented in Figure 9a. However, from 6 p.m. to 9 p.m.,
the power in the PCC remains below the upper limit of Table 6.
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Figure 10. (a,b) Power and RMS voltage at PCC of the minigrid with FCS controllable in three
situations: without DERs (scenario 7), all DERs are non-dispatchable (scenario 8), and DERs are
dispatchable and not dispatchable (scenario 9).

One of the solutions to not exceed the upper limit in this scenario would be to extend
the microgrid control period between 2 p.m. and 10 p.m. However, this would require
a lot of energy from the BESS present at the stations since they would operate 4 h longer
with reduced grid demand. Figure 11 shows the aMC coefficients for the three scenarios
evaluated in Figure 10. It is possible to observe that the index a}® is higher for the case
without DERs, reaching a maximum of one. As stations reduce their demand according to
the magnitude of a}!C, the case without DERs ceases the demand from the FCS, requiring

the BESS to provide all the power necessary to recharge the vehicles.
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Figure 11. Coefficient values alﬁ’IG with FCS controllable in three situations: without DERs, all DERs
are non-dispatchable, and DERs are dispatchable and not dispatchable.

In the scenario with uncontrolled DERs (scenario 8 of Table 5) presented in Figure 10a,
there is no violation of the upper limit at any time throughout the day. Therefore, there is also
no violation of the lower voltage limit in the PCC of the microgrid, which always remains
within the limits considered appropriate according to Table 7. However, it was not possible to
maintain the power in the PCC above the lower limit between 10 a.m. and 2 p.m.

Also, analyzing Figure 11, the coefficient ap remained at high negative values, peaking
at —0.46. As a result, dispatchable DERs must absorb energy at 46% of their maximum ca-
pacity, and charging stations must increase their demand by 46%. Considering a maximum
demand increase of 20% in an FCS, the charging station limits its energy absorption and,
therefore, there will be deviations from the limit reference lower than the active power in
the PCC of the minigrid.

In the scenario with DERs with control (scenario 9 of Table 5), there is no violation of
the lower and upper limits, maintaining the voltage within the limits considered adequate
according to Table 7. Confront the values of a¥!C in Figure 11 of the scenarios with DERs
without control and with control, and it is observed that the minimum value of a?fc is
above —0.2 (—20%), which means that FCSs can increase their demand without exceeding
the imposed limits. Furthermore, at some times during the interval from 10 a.m. to 2 p.m.,
the ap values become positive, which means that the FCSs reduce their active power
demand while the DERs’ dispatchables begin to inject active power into the grid, even in a
condition of high generation by non-dispatchable DERs.

Figure 10 (DERs with control) shows that only with the simultaneous control of the
DERs and FCSs was it possible to maintain the PCC power between the lower and upper
limits. In this way, the PCC voltage remained at appropriate values.

By controlling only the DERs, the control is not able to keep the power in the PCC
below the upper limit, as shown in Figure 9 (DERs w/control). In this condition, the PCC
power exceeded the upper limit by 28%, taking the voltage in the PCC to a precarious level.
By controlling only the FCS, the control is not able to maintain the power in the PCC above
the lower limit, as shown in Figure 10 (DERs wo/control). In this condition, the PCC power
exceeded the lower limit by 254 kW, dispatching power to the upstream network.
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5. Discussion of Results

Figure 8 presents the scenarios without FCSs. It shows that the insertion of DERs
without energy storages or without sufficient load at times of high generation causes an
increase in voltage levels, especially at the DERs’ connection points. Without controlling the
DERs’ power dispatch, there is a high power dispatch from the minigrid to the upstream
network, which causes an increase in voltage in the PCC. For the case studied, this value
was 1 MW of power in a minigrid unprepared for reverse power flow. With the control of
dispatchable DERs, this value is reduced but still significant for the reverse power flow.

Increased energy consumption reduces the possibility of overvoltage on the electric
grid. However, unrestrained insertion without load control can cause feeders to overload
at times of high demand. Figure 9 presents scenarios with increased energy consumption
through FCSs. Due to the incompatibility between generation and demand, the overload of
the electrical system caused by FCSs shows that increasing consumption without coordina-
tion is not enough to avoid energy-quality problems in the electrical grid. In this case study,
the insertion of FCSs into the electrical grid without coordination caused an overload of
28% in the PCCs of the minigrid during periods of high energy demand.

Figure 10 shows that the insertion of FCSs without DERs substantially increases the
overload periods. Figure 11 shows that, in the case study of this work, there is an excessive
use of BESSs of FCSs in a grid without distributed generation. Inserting DERs alleviates
periods of overload. However, controlling only the loads (FCSs) does not prevent the
reverse power flow with the upstream electrical grid, violated at 344 kW for the case study.
Only the control of the DERs simultaneously and coordinated with controllable loads such
as the FCSs allows ancillary services such as valley filling to be carried out, avoiding reverse
power flow and peak shaving and avoiding overload on the PCC of the minigrid.

6. Conclusions

The proposed method is suitable for the simultaneous coordinated control of fast
charging stations (FCSs) and distributed energy resources (DERs). By controlling only the
DERs of the minigrid, there is a violation of the upper power level in the minigrid (MG)
point of common coupling (PCC), taking the voltage to precarious operating levels (below
0.93 pu). Controlling only the FCSs, there is a dispatch of 254 kW between the MG and the
upstream electrical grid, undesirable in a zero-flow condition. With the proposed method,
it is possible to guarantee the reliability of grid power quality parameters.

Low-voltage microgrids with controllable loads, such as lower-power vehicle chargers
or builds with energy storage, can also operate with the proposed control. The algorithm is
interesting in microgrids with high non-dispatchable generation, being able to increase the
hosting capacity with the insertion of controllable loads in the system, such as charging
stations equipped with energy storages, avoiding overvoltage levels in the hosting capacity
PCC of this microgrid at times of high generation without impacting voltage levels at
times of greater demand. The purpose of this work performs the ancillary services of
valley filling and peak shaving, maintaining voltage and power levels within appropriate
values and contributing to the simultaneous control studies of DERs and FCS. This type
of control allows for greater operational flexibility for the distribution system operator.
With this, large cities can operate with the addition of DERs and FCSs, avoiding changes
to the network infrastructure, reducing costs for the system operator and consumers, and
maintaining the safety and reliability of the electrical power system.
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Abbreviations
ANEEL Ageéncia Nacional de Energia Elétrica

BESS battery energy storage system

DER distributed energy resource

DSO distribution system operator

EV electric vehicle

FCSs fast charging station

FCSCC fast charging station central controller
LV low voltage

MG minigrid

MGCC minigrid central controller

MISO multiple inputs single output

MV medium voltage

PBC power-based control

PCC point of common coupling

PI proportional-integral

PRODIST  Procedimento de Distribuicdo de Energia Elétrica no Sistema Elétrico Nacional
SoC state of charge

uG microgrid

uGCC microgrid central controller

V2G vehicle-to-grid
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