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ABSTRACT

This paper proposes a fully decentralized control approach, based on AC bus signaling, to integrate the
operation of voltage- and current-controlled converters that exist in an isolated low-voltage microgrid, so
they may be fully steered under grid-feeding, grid-supporting, and grid-forming control principles. The
proposed strategy, devised by classic and modified droop-based controllers, allows control of the microgrid
active power relating to the system frequency, while regulating the reactive power related to the voltage,
dispensing any need for communication infrastructures. Beyond ensuring proper microgrid power balance at
all times, the control strategy prioritizes energy extraction from non-dispatchable sources (i.e., photovoltaic-
based systems), whereas it uses dispatchable sources (i.e., battery-based systems) to share active and
reactive power proportionally to their capabilities. As a consequence of the proper and novel management of
battery-based converters, battery overvoltage and overcurrent are avoided, supporting a prolonged lifespan.
Simulation results considering an autonomous microgrid operating under several scenarios are presented,
to demonstrate the capabilities of the proposed control scheme on steering the different topologies of
converters.

INDEX TERMS Battery energy storage systems, decentralized control, distributed generation, microgrids,
power control.

I. INTRODUCTION since they operate disconnected from the main grid and rely
on autonomous control approaches to overcome many opera-
tional challenges. For instance, some challenges are the MG
power balance and the adequate coordination of multiple con-
verters that operate forming the grid, feeding loads, or sim-
ply dispatching active power [3]-[6]. Consequently, power
converters are commonly designed to operate under current-
or voltage-controlled modes [7], behaving as grid-forming
(GFC), grid-supporting (GSC), or grid-feeding (GFdC) units
[8], depending on their purpose. So, the following studies
are highlighted to give grounds to this paper, as well as to
emphasize its novelties and contributions.

OWER electronic converters are becoming key players

on supporting the decentralization of electrical systems
[1]. For example, they play an important role on ensuring
compliant interface of renewable energy sources (RESs) of
non-dispatchable nature (e.g., PV- and wind-based genera-
tion). Moreover, integration of dispatchable sources such as
battery energy storage systems (BESSs) relies more and more
on their use [2]. However, to adequately integrate multiple
distributed sources that provide particular operational fea-
tures, converters need to incorporate different control strate-
gies according to their desired interactivity with the grid.

This is particular true for islanded AC microgrids (MGs),
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A. LITERATURE REVIEW

The decentralized coordination of current- and voltage-

controlled converters in MGs (i.e., relying on communication-
free approaches) has been widely explored in literature,
mostly taking advantage of the conventional droop control
[4]-[6], [9], [10]. However, many limitations are inherent
to droop control, such as the difficulty to maintain power
sharing accuracy along with proper regulation of voltage
magnitude and frequency, as well as issues related to slow
dynamics [5]. Additionally, when GFCs and GSCs interface
BESSs in MGs, droop control is not commonly implemented
with the capability of avoiding batteries overcurrent and
overvoltage, as poor transient and steady-state controllability
is inherent to the method [11]. Thus, to overcome the
main operational limitations of conventional droop-based
approaches, strategies like the adoption of virtual impedance
loops [12]-[15], decentralized hierarchical control layers
[5], [16], [17], and other novel strategies [18]-[21] have
been studied.

The majority of works in literature, nevertheless, consider:
i) only the existence of either current- or voltage-controlled
converters in a MG; or ii) even if these two types of control
topologies are modeled [7], the concern to provide concomi-
tant support to the integration of GFCs, GSCs, and GFdCs
is not commonly found. Additionally, the management of ac-
tive and reactive power incorporating dispatchable and non-
dispatchable sources in one strategy is scarce, considering
that priorization of power generation from RESs is usually
desired, and issues like overvoltages and overcurrents in
BESSs need to be properly considered.

The concept of AC bus signaling [22], [23] is an approach
that provides support to insert all these above-mentioned con-
cerns within the management of droop-regulated autonomous
MGs. By dynamically analyzing changes in AC bus volt-
age and frequency signals, droop-controlled converters being
ruled under diversified control principles can automatically
adjust their behaviors to achieve proper MG operation. Fre-
quency bus signaling (FBS), for instance, is proposed in [24]
and [25], being integrated to primary and secondary con-
trol layers to achieve frequency regulation, while preventing
overcharging in BESSs operating under voltage-controlled
mode. Nonetheless, the control topologies within [24] and

[25] are not fully decentralized, the existence of GSCs is not
considered, and the matter of reactive power sharing is not
addressed.

FBS is also used in [23], along with smooth switching
droop control, to achieve frequency regulation and to allow
converters to seamlessly transit between power- and voltage-
controlled modes. However, the operation of GFCs and
GFdCs is not discussed considering the existence of GSCs.
Shifting-frequency droop control has also been proposed for
FBS control in [26], without supporting reactive power shar-
ing capability. Similarly, frequency restoration is achieved
in [27] by means of a small-AC-signal injection approach
that maintains equalized real power sharing, without consid-
ering neither the existence of current-controlled converters,
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nor the presence of BESSs. Hierarchical control based on
primary and secondary layers is proposed under a distributed
approach in [28] to regulate voltage and frequency, although
current-controlled converters are not modeled.

Conventional droop control accounting for regulation of
BESS’ voltage is presented in [29]. It is demonstrated that
support to frequency and voltage amplitude regulation is
achievable, while offering proper charging of BESSs. How-
ever, converters operating as GSCs are disregarded, and the
method is subjected to non-accurate reactive power sharing
due to mismatches in line impedances. Limitation in batteries
overcurrent is neither addressed in [29], which may imply in
battery damage.

With regards to the matter of power balance among RESs,
BESSs and loads, FBS and frequency-voltage bus signaling
can also be employed in autonomous MGs, as done re-
spectively in [30] and [22]. Equalization of state-of-charge
(SoC) is considered in such studies, along with the use
of conventional droop control, allowing to achieve proper
charging of BESSs. However, again, GSCs are not present in
the MG control schemes. Power balance is discussed in [31]
as well, being based on FBS and constant-voltage constant-
frequency control, although only GFCs and GFdCs are con-
sidered, and focus is given to abnormal operation conditions
of the MG, such as during short-term power shortage.

Finally, a summarized literature review is presented in
Table 1, aiming at highlighting the different control topolo-
gies and converter operating modes found in major studies.
Consequently, the contributions of this paper can be more
clearly presented as follows.

B. PAPER CONTRIBUTIONS AND ORGANIZATION

This paper focuses on developing a fully decentralized
control for the three types of converters (i.e., GFC, GFdC and
GSC), taking into account the overvoltage and overcurrent
limitations of battery banks. Thus, the main innovation is
the battery overcurrent control for the GFC, and the con-
trol approach proposed for the GSC, which includes both
battery overvoltage and overcurrent control functionalities.
Taking into account the before-mentioned literature review,
to the best of author’s knowledge, such contributions have
not been found in previous works. Yet, in addition to the
comprehensive review presented relating to the use of the
AC bus signaling concept, other contributions of this paper
are highlighted as follows:

o Present a fully decentralized control approach based
on the integration of different droop-based strategies
in which current- and voltage-controlled converters can
be concomitantly steered within an autonomous MG to
support efficient, reliable and safe operation;

o The proposed strategy allows to achieve proper power
balance among GFCs, GSCs, and GFdCs at all times,
ensuring adequate synergy among them. Such approach
also provides means to automatically prioritize power
generation from non-dispatchable RESs (e.g., PV-based
generation). Additionally, concerning to the control of
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TABLE 1. Summary of literature review considering the control of autonomous MGs with different topologies of converters.

Ref

Goal

Control Topology and Operation Mode of converters

CCM VCM GFC GSC GFdC Decent.

Principle

Fully Power Control ~ Overcurrent

Active Reactive Control

[22]

[23]

[24]

[25]

[26]

(28]

[29]

[30]

(31]

Here

Accurate reactive power
sharing and compensation
of voltage harmonics

Power balance maintenance
and charging control
of BESSs with SoC
equalization

Frequency regulation, and
seamless transition between
power-controlled and VCM
modes

Frequency regulation, and
prevention of overcharging
and overdischarging in
BESSs

Frequency regulation, power
balance among RESs and
BESSs, and prevention of
overcharging in BESSs

Frequency regulation and
battery charging control

Frequency and  voltage
regulation, accurate reactive
power sharing, and optimal
active power control
Frequency and voltage regu-
lation, and battery charging
control

Active power control and
mitigation of frequency de-
viation

Real-time power balance
under abnormal condition of
short-term power shortage

Power balance maintenance,
frequency and voltage reg-
ulation, prevention of over-
voltage and overcurrent in
BESS, and accurate power
sharing

Modified droop with capaci-
tive virtual impedance
Reverse droop control

Voltage-frequency bus sig-
naling
Conventional droop control

Frequency bus signaling
Smooth switching droop
control

Frequency bus signaling
Primary and secondary lay-
ers

Frequency bus signaling
Virtual inertia loop

Primary and secondary lay-
ers

Frequency bus signaling
Shifting-frequency  droop
term based on SoC of
BESSs

Primary and secondary lay-
ers

Conventional droop control
Battery voltage regulation
with FBS.

Frequency bus signaling

P-f droop using SoC of
BESSs

Frequency bus signaling
Constant-voltage constant-
frequency control

Classic droop control

AC bus signaling
Conventional droop control
Modified droop control

v

v v X v v v v X

CCM stands for current-controlled mode, and VCM stands for voltage-controlled mode.

BESSs, both current- and voltage-controlled modes are
supported, steering their converters without causing
overvoltage or overcurrent of batteries, which improves
the lifespan of such systems;
« As conventional droop control is inherently affected by
mismatches in line impedances existing over the MG,
a modified droop-based strategy, which is based on the
voltage drop compensation of the line resistance in the
voltage reference, is proposed to improve reactive power
sharing accuracy and regulation of load bus voltage;
its operational features are compared to a classic droop
method.

It is also worth reinforcing that, with regard to the above-
mentioned contributions and the work found in [32], this
paper: i) presents a different coordination approach for the
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converters, which uses different droop curves and limiting
operational parameters; ii) incorporates the controllable over-
voltage/overcurrent capabilities not previously discussed in
[32]; and iii) brings more extensive literature review, as well
as further discussions and simulation results to demonstrate
the wide range of capabilities of the proposed methods.

Thus, this paper is organized as follows. In Section II,
the MG topology and decentralized operational premises are
presented, demonstrating how active and reactive power are
proposed to be regulated. In Section III, the control principles
of current- and voltage-controlled converters are presented,
highlighting the droop-based schemes proposed for the GFC,
GSC, and GFdC units to be considered. Simulation results
are shown in Section IV comprising different operational
conditions and scenarios to demonstrate the capabilities of
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FIGURE 1. The considered autonomous decentralized MG structure.

the proposed integrated scheme. A summary of the findings
of this paper finally conclude the paper in Section V.

Il. STRUCTURE AND OPERATION OF AN
AUTONOMOUS DECENTRALIZED MICROGRID

The considered MG topology adopted within this paper,
based on an autonomous perspective of operation, is shown
in Fig 1. Such system is herein considered as a single-phase
MG, and it basically comprises dispersed converters, which
are driven according to different control perspectives un-
der either current- or voltage-controlled modes, one generic
load representing any consumer of electrical energy, as well
as different line impedances among all point-of-couplings
(PoCs). Note that converters are designed as either as PV-
based generation or BESS, being this first implemented for
the GFdC unit, and the latter considered for both the GFC
and GSC units.

Since autonomous systems in general operate islanded, the
GFC unit is endowed with the function of forming the AC
grid, providing the voltage and frequency references to the
whole MG. Thus, such converter is driven under a voltage-
controlled approach, as a voltage source. On the other hand,
the GFdC unit feeds the MG with the generated power from
its primary energy source (i.e., its RES) [8]. Consequently,
it runs as a controlled current source. Lastly, the GSC unit
is capable of absorbing or injecting active and reactive power
to support the MG’s voltage and frequency regulation. Due to
its flexibility of operation, such unit might be steered as either
a controlled voltage source or a controlled current source,
depending on the desired operational behavior.

Regarding the MG infrastructure and its operational as-
pects, the following additional considerations are important
to be highlighted: i) the MG operation dynamics is deter-
mined by the GFC unit, since this converter imposes the volt-
age amplitude (V') and angular frequency (w) for the entire
system; ii) the GSC and GFdC units operate responding to the
variations of (V') and (w), adjusting their active and reactive
powers accordingly; and iii) the AC bus signaling principle
and droop-controllers regulate the active and reactive power
processed by the converters, being described as follows.
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FIGURE 2. P — w droop curve with power curtailment for GFC and GSC units.

A. ACTIVE POWER SHARING

When BESSs exist within a MG, there are two crucial
operational aspects that need to be accounted for maintaining
the integrity and ensuring long lifespan of such storage
elements. The first aspect is to keep the magnitude of the
recharge current of a BESS below its designed maximum
limit. With respect to the second aspect, it is required to main-
tain the terminal voltage of the batteries within acceptable
range, avoiding overvoltage stresses. Taken together, these
two aspects also need to be accounted for the steering of the
GFC unit, beyond their employment on imposing adequate
voltage and frequency signals, dictating proper transient and
steady-state dynamics for the entire MG.

The operational principle and active power (P) balance
of the GFC unit is presented in Fig. 2, its relationship with
the MG angular frequency can be identified. There are two
regions that establish the operational range of the system. The
first region, called “Droop Control”, sets the normal condi-
tion of the MG, and the GFC unit injects or absorbs active
power without controlling the recharging current or voltage
of its battery bank. For such scenario, when the power drawn
by the loads is greater than the power supplied by the RESs,
power contribution from the batteries is required. Thus, the
GFC unit decreases the grid frequency proportionally to the
supplied active power, as seen in Fig. 2.

The droop curve of Fig. 2 is implemented in the GFC
unit, which determines the MG frequency dynamics. Thus,
whenever the GFC provides or absorbs active power, the MG
frequency varies from its rated value (wg), but being always
within a predetermined range (W, and wy,q,). The adopted
frequency range is set on the basis of the allowed frequency
excursion given in accordance with the international standard
CENELEC EN50160 [33], which defines a frequency vari-
ation of +2% for isolated systems not fed by synchronous
generators, as described in Section III-A.

On the contrary, when the power provided by RESs is
greater than the loads demand, the surplus energy must
recharge the battery banks spread over the MG. Under such
condition, the GFC increases the grid frequency to share
the remaining power among the battery banks of GFC and
GSC units, in accordance with their droop equations. Thus,
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FIGURE 3. P — w droop curve with power curtailment for the GFAC unit.

both converters endowing BESSs are able to provide power
to the MG and to be recharged proportionally to their rated
powers. On the other hand, in respect to the second region of
operation given in Fig. 2, namely "Power Curtailment", if the
active power supplied by the RESs is excessively high, the
recharging current of the GFC’s battery system may exceed
its maximum value and such a parameter must therefore be
limited. To achieve such functionality, the MG frequency is
increased to an operation point between the range of w4,
and wiimiz-

For the GFdC units, as seen in Fig. 3, active power con-
version is provided as much as possible, according to the
maximum power point tracking (MPPT) setpoint, when at
nominal frequency (wp) and when within normal operational
condition. Simultaneously, as shown in Fig. 2, when wy, the
GFC and GSC units do not provide active power, ensur-
ing that the use of power from non-dispachable renewable
sources (i.e., such as the PV-based one) take precedence over
the dispatchable ones (i.e., BESSs), unless power insuffi-
ciency occurs from high load consumption. In respect to the
power curtailment region, Fig. 3 demonstrates that the GFdC
unit is controlled to constrain its output power if the MG
frequency is higher than w4, up to the point of presenting
null generation if the frequency deviates above wy;,it-

Another scenario existing within the power curtailment
region of Figs. 2 and Fig. 3 is the voltage control of the
GFC’s battery bank, which follows the same aforementioned
strategy for limiting the recharge current. By reaching the
maximum allowed voltage of its battery bank, also known
as gasification voltage, the GFC unit increases the frequency
to a value between w4, and wy;m,i to curtail the power
supplied by the GFdC one, aiming at keeping the terminal
voltage of its battery bank constant, while still presenting
lower recharging current.

Finally, in regard to the GSC unit, its operational active
power curve resembles the P — w droop region presented in
Fig. 2. Such converter follows a current-controlled approach,
consequently constraining its maximum recharging current
and limiting its voltage value as required to avoid operation
above nominal values. Additionally, the converter indepen-
dently stops the recharging process when the battery is fully-
recharged, ensuring that the two before-mentioned crucial
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operational aspects for battery-based converters are obeyed.

B. REACTIVE POWER SHARING

This paper considers the relationship between P — w and
@ — V as control premises; hence, the voltage amplitude
of the MG corresponds to reactive power () flow control.
Besides, under an autonomous perspective of operation, it is
intended that the reactive power demanded by loads should
be proportionally shared among the dispersed converters.
Nonetheless, when adopting classic droop control technique,
the inaccuracy of reactive power sharing among DERs is
commonly caused by line impedance mismatching alone or
together with different droop gains among converters [34].

Consequently, in this paper, the RMS voltage acts as bus
signaling for current-controlled converters to provide the
correct amount of reactive power. However, when different
line impedances between the converters and the load (i.e.,
main bus) exist, the RMS voltage value at each converter
is different if compared to other PoCs due to the voltage
drop in the impedances. This situation causes the current-
controlled converters to measure RMS voltage values differ-
ent from the MG rated value, and thus to obtain inaccurate
values of reactive power. As a result, this causes high current
flow among converters when the MG operates without load
demand, also impairing reactive power sharing performance.
For the case of two converters comprising the same rated
power, for example, the one with lower impedance provides
the largest portion of reactive power. Then, to minimize the
influence of line impedance in reactive power sharing, this
paper proposes a new and modified droop equation (1) that
compensates the voltage drop of line resistance, adding its
value (Ryine - Lactive) to the voltage reference.

V= (Vb + Rline . Iactive) - kn . (Q - QO) (1)

Similar approaches were proposed in [34]-[36], in which
the voltage drop in the virtual resistance is subtracted from
the voltage reference used for the converter control. Never-
theless, unlike these studies, one proposes to add the voltage
drop to the voltage reference, which inherently also provides
improved voltage regulation at the load bus.

In general, the value of the line resistance (R;;,) iS esti-
mated knowing the distance between the PoC of a converter
and the neighbouring circuit node, as well as the cable param-
eters to be used for the connection. However, for MGs with
several distributed loads, the line impedance value is different
for each load; in these cases, rendering this technique as less
effective. Nonetheless, this aspect does not affect the small-
scale MG topology considered within this paper.

This paper considers the implementation of the GFdC
unit also contributing to reactive power sharing, according
to (1). Therefore, the reactive power is more adequately and
proportionally divided among GFC, GFdC, and GSC units,
than when conventional droop is employed. The following
section will further explain the implementation process of the
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FIGURE 4. Block diagram of structure and control scheme of GFC.

aforementioned active and reactive power control schemes,
for all three converter topologies.

lll. CURRENT AND VOLTAGE CONTROL SCHEMES FOR
CONVERTERS IN A DECENTRALIZED MG
A. GRID-FORMING CONVERTER

The GFC unit is responsible for imposing the voltage and
frequency AC signals for the entire MG operation. Fig. 4
shows the power electronics structure and control scheme of
GFC. As illustrated, there are two main blocks in the control
structure of this converter: the "Droop Controller GFC" block
and the "Battery voltage and current control" block. The
remaining control structure of this converter is a classic grid-
forming converter, in which the "Voltage control and SPWM"
block presents inner voltage/current control loops [8] and the
sinusoidal PWM modulator that generates the command to
the power switches.

1) Droop Controller of the GFC Unit

The main feature of this block is the implementation
of the droop controller. It is used to generate the voltage
reference for the voltage-controlled operation of the GFC,
to adequately control the voltage magnitude and frequency
of the MG. A summary of the implementation of this droop-
based approach for the GFC unit is shown in Fig. 5.

In such control structure, once the GFC operates in the
"Power curtailment" region, the "Hysteresis Comparator"”
block provides the Sy signal to the GFC Droop Controller,
which indicates the need for power curtailment according
to the voltage value of the battery bank (vp,:). Then, (vpat)
is measured and, if such quantity is above Vyg¢maz, Which
is the gasification voltage value of this system, then the
Hysteresis Comparator sets S = 1. Under such condition,
the GFC Droop Controller block takes its f, input, which
is the frequency provided by the Voltage Controller of the
battery, and multiplies it by 27 to obtain a value between
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FIGURE 5. Block diagram of GFC Droop Controller.

Wmaz and Wiimie, resulting in wgrpe = wy. Thus, when
the GFC unit provides active power and the V3, voltage
leaves the hysteresis loop (i.e., reducing its value to less than
Viatmaz — AV), the signaling value is Sg = 0. In such a
case, the value of Vigpmaer — AV gives the voltage value of
the battery bank in a fully charged open circuit.

When maximum battery current is reached during recharg-
ing, a minimum power P,,;, according to the desired max-
imum recharge current and battery voltage must be defined.
Thus, by reaching an active power value inferior to P,,;,, the
frequency used for the reference voltage is replaced by wy,
provided by the battery current controller (i.e., wgrc = wr),
in such a way that the GFAC unit limits its generated power
and consequently reduces the battery recharging current.

When there is no need for power curtailment, the fre-
quency is defined by (2), which comes from the classic
P — w droop law, characterizing the GFC operation within
the "Droop Control" region of Fig. 2, having wgrc = w*.
Additionally, for the GFC unit to reach the adequate peak
voltage value (V*) (i.e., voltage magnitude) at its output, (3)
is used, originated from (1), but considering )y = 0.

w*:wo—km-P (2)

V= (VO + Rline : Iactive) - kn . Q (3)

The coefficients k,,, and k,, in Fig. 5 are calculated as (4)
and (5):

Wmaz — Wmin
oy = —mar — min 4
Pm,am - szn ( )
Vmam - szn
kp=—7——— &)
Qmaz - Qmin

The wiqz and wy,;, quantities define frequency variation
according to the active power of the GFC unit. On the other
hand, V4, and V,,;, define the variation of voltage ampli-
tude as a function of the reactive power. Herein, the k,, and
k., coefficients are set on the basis of the allowed frequency
excursion given in accordance with the international standard
CENELEC EN50160 [33] and by following the Brazilian
ANEEL Normative Resolution 469 [37]. It is defined a
frequency variation of £2% for isolated systems not fed by
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TABLE 2. Limit values for frequency and voltage variation

Parameter Value

wo 377 [rad/s]
Wmin 373.23 [rad/s]
Wmaz 380.77 [rad/s]
Wlimit 384.54 [rad/s]
Vo 311.13 [V]
Vinin 295.57 [V]
Vinax 326.68 [V]

FIGURE 6. Block diagram of battery voltage and current control loops for the
GFC unit.

synchronous generators and voltage variation limits of 202
Vrms to 231 Vrms (i.e., for nominal 220 Vrms at 60 Hz).

In summary, the GFC unit operates in two regions (i.e.,
the "Droop Control” and the "Power curtailment"), with four
ranges of frequency values. Frequency is found in +1% for
this first region, and in +2% for the latter one, with a nominal
frequency of 60 Hz. Similarly, the voltage may vary in 5%,
with respect to the nominal peak voltage of 311 V (i.e., 220
Vrms). Such values are gathered in Table 2, showing the
allowed limits set for frequencies and voltages.

Finally, the control scheme of the GFC unit is concluded
by taking the wg e and integrating it to generate the 0grc
angle of the converter reference voltage. Later, such signal
feeds a sine function and the output is multiplied by the peak
value V*. Therefore, a sinusoidal voltage is generated by the
converter with frequency wgrc and amplitude V'*.

2) GFC Battery Voltage and Current Controls

The second most important control block of the GFC unit
(i.e., "Battery voltage and current control" functions) is ex-
panded in Fig. 6. Such block diagrams represent the means to
provide frequency values to synthesize the reference voltage
for the converter, aiming at maintaining a maximum value of
voltage or current during the battery recharge procedure. The
battery voltage and current controllers are split to facilitate
the understanding.

The proposed voltage control scheme in Fig. 6 provides a
frequency signal (f,) to be synthesized by the converter, con-
sidering that such frequency value is useful to automatically
and indirectly steer the GFdC unit so that it can reduce its
output power when needed. This signal prompts the regula-
tion of the recharge current of the battery bank, consequently
maintaining a fixed terminal voltage value (Vpatmaz). TO
curtail the output power of the GFAC unit, the value of the
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output frequency (f,) of this control must be within the limit
fmaz and fiimic. Thereby, the current frequency of the GFC
unit is added to the A f value, and a limiter is employed on
the control output for reassurance. Since the frequency varies
depending on the battery voltage, a low-pass filter (LPF)
is used to filter out the voltage fluctuation, thus obtaining
an average voltage value and offering reduced frequency
oscillations.

The Hwpqe controller is tuned based on the system model
represented in Fig. 7. Besides, the Hpuy,: plant seen by
the controller is composed by the battery bank (Hp,), the
Hvy,q4 gain, the H,, transfer function, and the LPF transfer
function (Hypr). The term H,,, given by (6), represents
the amount of power that will be reduced according to the
obtained frequency variation. The power variation on the
GFdC unit is linear with respect to frequency variation.
Therefore, H),; is modeled as a static gain calculated as the
inverse of k,,, with opposite sign due to the control action.

The Hv,,q, gain converts power into current to recharge
the battery. Considering that, during the action of the control,
the battery terminal voltage varies around Vjgtmaqz, the term
(7) is obtained. The Hy,; transfer function, which represents
the physical modeling of the battery bank, is derived from
the the model for lead-acid batteries proposed in [38]. Such
formulation is based on a Thevenin equivalent circuit and
results in a transfer function that relates the terminal voltage
of the battery bank with the current. Consequently, the entire
circuit is considered as an equivalent impedance and is given
by (8). To extract the average component of the battery
terminal voltage, a second-order LPF is used, as shown in
(9). Moreover, the battery voltage presents ripple, due to the
switching of the GFC converter, which has an oscillatory
component at 120 H z. Therefore, the LPF is tuned to a cut-
off frequency of w, = 10 Hz, using a damping coefficient of
& =0.707.

Thus, the open-loop transfer function is obtained by (10),
being represented by Fig. 7. Finally, to define the parameters
of the Huyy; controller, it is set a cut-off frequency for the
compensated open-loop system of 10 times the cut-off fre-
quency of Hp,:, which has the slowest and most predominant
dynamics of the plant. Therefore, fc,, . =~ = 10X fe, .
Then, based on a frequency design method [39], it is possible
to calculate the parameters of the controller. The module of
the compensated open-loop system at the cut-off frequency
is unity and the phase margin (PM) is set close to 60°.

1 Pmin_PO

Hyy=——=—""" —- 6
pot km flimit - fmam ( )
1
H maxr — T, 7
! %utmaw ( )
Ubat 1 R
Hyq(s) = 224 = R+ ———2 ) (8
i) =22 (sms ) @
2
We
Herr () = o o s+ ®
7
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FIGURE 7. Block diagram of battery voltage control scheme of GFC.

FIGURE 8. Block diagram of battery current control scheme for GFC.

OLVbat(s) = H'Ubat (S) . Hpot . vaaw . Hbat(s) . HLPF(S)
(10)

Now, likewise done for the voltage controller, the battery
current control scheme is devised as shown in Fig. 6. When
the battery recharging current reaches a value higher than
the previous defined threshold Ipq¢144, the controller Hiyg,
varies the frequency that is added to the f,,,... Consequently,
power curtailment occurs at the output of the GFdC unit,
guaranteeing a constant value of recharging current.

To tune the Hipqs controller consider the system shown
in Fig. 8. Hence, the Hpliy,, transfer function seen from
the controller comprises the Hy,,¢ gain, the Hvconss gain, as
well as the LPF transfer function Hy, pg, used to obtain the
average from the current signal that may present oscillations
of 120 Hz.

For such current control scheme, the same H,,,; function
of (6) is used. As the dynamics of the current signal is much
faster than the battery voltage V3, the latter is considered
constant from the current control perspective. Thus, the
Huveopnst gain resembles (7), but the value of the nominal
voltage (i.e., 12 V) for each battery is used, as represented
by (11). The LPF function is the same as before for (9).

1
chonst - ‘/const (11)
Using a PI controller for Hiyg, the open-loop transfer
function is found for the battery current control, as in (12).
It is important to highlight that the dynamics of the control
plant are dominated by the features of the LPF design.
Therefore, to calculate the parameters of the controller, a cut-
off frequency for O Ly, is chosen, to be close to the cut-off
frequency of Hy pr, which is 10 H z.

Oleat(S) - Hibat(s) . Hpot . chonst . HLPF(S) (12)
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FIGURE 9. Block diagram of structure and control scheme of the GFdC unit.

B. GRID-FEEDING CONVERTER

This section details the structure and control scheme of
the GFdC unit presented in Fig. 9. The "PLL" block detects
the frequency and voltage angle of the PoC for the converter
to operate under current-controlled mode, also used for the
synchronization algorithm. A simplified single-phase PLL
algorithm is used, as described in [40]. The "Current con-
trol and SPWM" block represents the inner current control
loop and sinusoidal PWM modulator that drives the power
switches of the converter. Yet, the "MPPT" block comprises
the tracking algorithm of maximum power point of the pri-
mary energy source. As previously mentioned, the current-
controlled operation of the GFdC also relies on a droop
controller, explained in the following section.

1) GFdC Droop Controller

Fig. 10 expands the "GFdC Droop Controller" block that is
responsible for providing the AC current reference I rqc™
for the converter. This reference is attained based on the
frequency fgrgc and voltage Vgars quantities sensed at
that PoC. The Igpqc™ current signal is synthesized by
the sum of two quantities, the active ([ g.t;ve) and reactive
(I Reactive) current components. This first component (i.e.,
I Active) 1s obtained by dividing the active power Pgrqc by
the measured Vs voltage. Sequentially, the magnitude of
the current component is obtained and synchronized with the
MG voltage by multiplying it by the sin(fgrqc) function,
obtained from the PLL.

Again, the active power (Pgpqc) is defined under two
regions of operation: the "droop control" and the "power
curtailment”, as shown in Fig. 3, and as ruled by the fre-
quency farqco attained in respect to the AC voltage signaling
from that PoC. Once operation occurs in the "droop control"
region, power curtailment does not occur, since the battery
bank of the GFC unit is not fully recharged. Consequently,
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Droop Controller
GFdC

FIGURE 10. Block diagram of droop controller for the GFdC unit.

ferac must be lower than f,,,., steering the GFdC unit
to convert the maximum power available at its DC side, so
that the power from its renewable source (Py;ppr) is fully
exploited on the basis of the MPPT algorithm.

Under a operational condition within the "power curtail-
ment" region, the fgrqc frequency becomes greater than,
or equal to fy,qe, Which leads to Porac = Paroop. In this
case, Pyro0p 18 the power reference in response to frequency
variation. For this GFdC unit, the droop equation for active
power control is given by (13), in which Fy is the nominal
power of the primary energy source, and k,, is the slope
coefficient calculated by (14). The term P,,;,, is considered
null, since the considered GFdC unit does not absorb power,
and P,,,, is the converter rated power.

+ fmaw - fG’FdC

Pdroop :PO A (13)
flimit - fmaz

k,, = 2lmit — Jmaz 14

Pmaw - szn ( )

With regard to the reactive current component, I geqctive, it
is obtained by dividing the reactive power ) 4r00p by the PoC
voltage Vrars, later synchronized with the quadrature com-
ponent of the voltage by being multiplied by sin(0gric —
90). Qdroop is derived from (1) and rearranged in (15). Yet, in
such formulation, @ is the reactive power set by a secondary
controller, considered null since this control layer does not
exist in the fully decentralized scheme within this paper. The
term Rjjpne - Lyctive in (15) is the voltage drop on the estimated
line resistance on the GFdC side, and kn is calculated as in

(5).

ine * Loctive —
eroop _ QO + VO + Rl ne kact ve VRMS (15)

C. GRID-SUPPORTING CONVERTER

The GSC unit is also a converter powered by a battery
bank at its DC side, similar to the topology of the GFC unit,
although endowed with output current control (i.e., as it is
here operated under current-controlled mode). Fig. 11 shows
the structure and control scheme of this GSC unit. Due to
the nature of operation of this converter, the output current
igsc should accurately follow the reference current Igsc™.
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FIGURE 11. Block diagram of structure and control scheme of the GSC unit.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Sse!

Vs

'
'
'
'
'
%
I
'
'
'
'
'
'
i
T
'
'
'
'
'

Droop Controller

FIGURE 12. Block diagram of Droop Controller for GSC.

Then, the "GSC Droop Controller" block is responsible for
providing the current reference Igsc™, while the "Battery
voltage control” block is needed to regulate the maximum
battery voltage. Both control blocks are detailed in the fol-
lowing section.

1) Droop Controller for the GSC Unit

This block provides the current reference used within
the inner current control loop, represented by the "Current
control and SPWM" block in Fig. 11. Fig. 12 shows how the
Igsc”™ current is defined. Such structure resembles the droop
dontroller of the GFAC unit, since both are operating under
current-controlled mode. Therefore, analogous to the grid-
feeding converter, the Igsc™ current for the GSC unit is split
into two terms, which are I 4.¢;ve and I geactive-

The calculation of the reactive current term is identical to
the approach used for the GFAC unit. On the other hand, for
the calculation of the active current term, the Py;.q0p term in
(16) is computed first, later converted to current for the GSC
control. The k,,, coefficient is calculated as in (4).

(fo — fasc)

o (16)

Pdroop =

9
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FIGURE 13. Block diagram of battery voltage control for the GSC unit.

Then, Pgroop is divided by the PoC voltage (Vrars),
resulting in I4,00p, Which is later added with the outcome
of the "Battery Voltage Control" block (Al4¢). When Ig,0p
is negative, the battery voltage reaches its maximum value.
Consequently, the "Battery voltage control" block provides a
Al 4c value that, when added to the negative value of 14,o0p,
the absolute value of I 4ctive_rars is reduced. Therefore, the
battery recharging current is limited and its terminal voltage
is kept controlled at a constant value. If vpe: < Viatmaz,
then the Al4¢ value is null. Moreover, since the GSC unit
operates under current-controlled mode, a maximum battery
current regulator is not needed, as it is enough to add an
internal limiter to the output current.

2) Battery Voltage Control for the GSC Unit

Similar to the GFC, the voltage of the battery bank of
the GSC unit needs to be controlled, which is achieved by
regulating the value of the AC current reference of the GSC.
A summarized scheme of this strategy is shown in Fig. 13.

The battery average voltage is obtained through a LPF,
as done for the GFC unit, and compared to a maximum
voltage value (Viqtmaz) established. The error goes through
the Hy gsc controller, and Al,¢ feeds the "GSC Droop
Controller" block.The error is, beforehand, multiplied by the
Sk signal of the “Hysteresis comparator” block in Fig. 13,
which establishes Sr = 1 only when the vy, voltage exceeds
the Viatmas threshold, analogously to the GFC unit.

For the design of the Hy g5 controller, the system model
shown in Fig. 14 is considered. The Hpvgsc plant used
for the design of the controller is composed of the battery
bank Hyp,;, using the same design principle as in (8), the
H ac/pc gain, which converts the AC current reference to
the battery DC current, and the LPF as in (9). To calculate
the H,c/pc gain, an ideal system with no-losses must be
considered, and constant battery voltage is obtained by the
controllers’ action. Therefore, the DC power will be equal to
the AC power, but with opposite signs, due to the direction of
the adopted polarity. Thus, the ratio between Ipc and I4¢ is
obtained by (17). Finally, for tuning the Hy ggsc controller,
the same methodology adopted for the battery voltage control
of the GFC unit is used, as long as a cut-off frequency for the
compensated open-loop system is 10 times higher than the
cut-off frequency of Hyg;.

10

FIGURE 14. Battery voltage control model for designing the Hy gsc
controller.

I _Ipc  Vewms
AC/DC = IAC B _%atmax

a7

IV. SIMULATION RESULTS

The autonomous MG topology presented in Fig. 1 was
implemented by means of the PSIM sofware, used as a
testbench for simulation results, to demonstrate the operation
features of the proposed decentralized strategy of the current-
and voltage-controlled converters (i.e., one GFC unit, one
GFdC unit, and one GSC unit). In a MG with more than
one GSC or GFdC, the converters would still share active
and reactive power proportionally to their rated power, and
it is reinforced that the control approach would have the
same performance, without impacting the overall operation
herein demonstrated. Such a scenario has been reported in
[41]. The existing load is implemented to assume variable
behaviors and values depending on the case study targeted.
For instance, firstly, the simulated cases are considered only
the presence of resistive loads, and later on further results
considered RL loads. Moreover, the controllers proposed and
designed throughout the paper are concomitantly verified
herein.

Five simulation scenarios are presented to assess the
main features of the proposed control methods, in which
it is demonstrated that: A) active power injection generated
from RESs is prioritized over generation from dispatchable
sources (i.e., BESSs); B) battery-based converters support the
injection of active power if RESs are not able to properly
supply the loads; C) batteries are recharged proportionally
among converters comprising such systems, according to
their rated power, regardless of their control topology; D)
power curtailment is adequately performed to avoid over-
voltage/overcurrents in BESSs; and E) the modified droop
control proposed for reactive power sharing is presented and
compared with classic droop control.

In this paper, it is considered PV-based generation for the
GFdC, and BESS for the GFC and GSC units, but other
sources could also be used (e.g., wind turbines or micro-
turbines). As wind turbines are not dispatchable sources and
use MPPT algorithms, they would fit within the same ap-
proach as the one for PV sources, controlled as GFdC. Micro-
turbines, on the other hand, are dispatchable sources that do
not store energy. Consequently, they could be considered as
a GSC with null minimum active power (P,,;, = 0) for
calculating the k,,, coefficient in (4) and (16). By doing so,
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TABLE 3. Battery Banks Equivalent Circuit Parameters

GFC battery bank parameters

Co (F) Ci1 (F) R1 () Rs (mQ)

10588.25 14 2 85
GSC battery bank parameters

Co (F) C1 (F) R1 (Q) Rs (m©Q)

3032.09 4.01 6.99 170

TABLE 4. Simulation parameters of GFC, GFdC and GSC

GFC Simulation Parameters Value
Rated power (Sgrc) 22500 VA
Output voltage (Vac) 220V
L inductor 0.6 mH
CF capacitor 7.6 uF
Switching frequency (fs) 15 kHz

Power Praz | Pmin
Power Qmaz ‘ Q'mzn

18000 | -18000 W
13500 | -13500 var

Max. battery voltage (Vpgtmaz) 476 V

Max. battery current (Ipqtmaz) 44 A

Zline GFC 0.071 + 50.017
GFdC Simulation Parameters Value

Rated power (Sgrac) 31250 VA

L inductor 0.33 mH

Switching frequency (fs) 15 kHz

Power Praz | Pmin 25000 | O W

Power Qmaax | Qmin 18750 | -18750 var

Zline_GFdC 0.047 + 50.011 Q
GSC Simulation Parameters Value

Rated power (Sgsc) 6250 VA

L g inductor 4 mH

Switching frequency (fs) 15kHz

Power Prmaz | Pmin 5000 | -5000 W

Power Qmaz | Qmin 3750 | -3750 var

9hline Max. battery voltage Viatmaz) 476 V

Max. battery current (Ipqtmaqz) 1225 A

Zline_GSC 0.277 4 50.009 Q

they would adequately perform proper power sharing with
other converters. Another slight difference in the control
scheme would be the absence of the “Battery voltage control”
block, which would not impair the system performance.

The considered parameters of the battery models are pre-
sented in Table 3, being based on [38]. For the GFC unit,
a bank with 34 lead-acid batteries is considered, presenting
nominal capacity of 220 Ah. For the GSC unit, the same
arrangement of 34 batteries of 12V in series is considered,
however, with batteries of 63 Ah of nominal capacity. The
parameters of the GFC, GFdC and GSC units are shown in
Table 4. The values for voltage and frequency variations of
the MG are in Table 2.

A. ACTIVE POWER PRIORITIZATION FROM RES

The results of this first simulated case study are shown in
Fig. 15, in which the MG initially presents no load and a
load step occurs at 1.5 s. The load power is considered to be
equivalent to the RES available power (i.e., the power being
generated by the GFdC unit). The power supplied by the RES
is automatically prioritized in relation to the power provided
by batteries-based converters. This is certified by the fact
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FIGURE 15. Case study 1 - RES generation taking precedence over BESSs.
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FIGURE 16. Case study 2 - Distributed batteries contributing proportionally to
active power provision.

that only the GFdC unit provides active power, while the
GFC and GSC units operate standing by (i.e., practically not
processing active power). The grid frequency is adequately
regulated to its nominal value of 60 Hz, showing adequate
synergy among the converters.

B. EXPLOITATION OF BESS FOR POWER
CONTRIBUTION

This second scenario is a continuation of the previous
result, demanding an additional load step to occur at 2.5 s, as
seen in the result depicted in Fig. 16. For such condition, the
load demanded power becomes higher than the RES available
power. Thus, the battery-based converters contribute with
power proportionately to their nominal ratings. It is demon-
strated that, in 2.88 s, the GFC and the GSC units provide
approximately 25% of their nominal powers. Consequently,
in Fig. 16 the RES is prioritized, as the GFdC unit keeps
processing its maximum power available and the other con-
verters increase their active power injection. Additionally,
this feature is possible due to the fact that the frequency is
below the pre-set value limit of 60.6 Hz (fy,42)-

C. PROPORTIONAL RECHARGE OF DISTRIBUTED
BESS

The case study 3 represented in Fig. 17 considers a load
power inferior to the available power from the GFdC unit.

11
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FIGURE 17. Case study 3 - proportional recharge of distributed battery
banks.

Under such conditions, the extra power of the GFAC unit
recharges the batteries of the GFC and GSC units, which
occurs proportionally to their rated powers, and aims to
maintain power balance. Note in Fig. 17 that the GFC and
GSC units are recharged proportionally and steadily with
approximately 82% of their minimum powers at 2.07 s.
In addition, practically no significant frequency deviation
occurs during such operation.

D. OPERATION UNDER RES POWER CURTAILMENT

For this scenario, two simulated case studies demonstrate
the possible conditions to cause active power curtailment
from RESs, characterized by reaching the maximum voltage
or maximum current of the battery system of the GFC unit.
Thus, both conditions need to be properly addressed by the
employed controllers.

1) Maximum Current Control of the GFC BESS

Firstly, case study 4 shown in Fig. 18 considers the MG
operating without loads, while having the maximum power
from the GFdC unit (i.e., the one comprising RES) available
for charging the batteries of the GFC and GSC units. In
steady state, the average current of the GFC BESS tends
to exceed its maximum limit, which is Ipiimaes = 44 A.
Thus, the "Battery current control” block of the GFC unit
increases the grid frequency to a value greater than f,, 4., SO
that the GFAC unit automatically curtails its output power.
This condition characterizes the system operation as on the
"Power curtailment" region of the control curves previously
explained in Sections II and III.

By analyzing Fig. 18 it is possible to note that the fre-
quency is 60.61 Hz at 2.39 s (i.e., it is above the maximum
limit of 60.6 Hz), consequently leading the GFdC unit to
curtail its output power to 24.4 kW. Such integrated condition
imposed by the decentralized control approach allows for the
limitation of the recharge current of the GFC unit to 43.6 A,
which is below Ipgimaer = 44 A. Moreover, it can be seen
that the GSC unit performs its own current regulation, in an
autonomous manner, absorbing a maximum current 12.19 A.

Later in this simulated case, a load step occurs at 2.5 s,
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FIGURE 18. Case study 4 - RES power curtailment due to maximum current
of GFC battery.

causing the battery to reduce its recharging current, and
consequently, triggering the GFC unit to lower its frequency
value to 60.37 Hz, returning the MG operation to the "Droop
Control" region. Besides, the GFAC unit is steered to provide
its maximum available power of 2479 kW.

2) Maximum Voltage Control of the GFC and GSC BESSs

Fig. 19 shows case study 5, in which GFC is recharged
until its maximum battery voltage value Vi ¢maq 18 achieved
(i.e., occuring at 33.5s). When Vigtmar = 476V, the "Bat-
tery voltage control" scheme of the GFC unit increases the
frequency of the MG to a value between f,,q, and frimae,
driving the GFdC unit to curtail its output power once more.
Thus, the GFC unit maintains the recharging procedure with
battery voltage below its maximum value, and with a reduced
current, characterizing operation within the "Power curtail-
ment" region. Note that the GFC and GSC units are recharged
with currents that are proportional to their rated powers, and
the two battery banks show very similar dynamics, achieving
their maximum values practically at the same time.

It is worth reinforcing that the maximum battery voltage
of the GSC unit is controlled autonomously. For instance,
Fig. 20 zooms the previous result to show the reduction of
input power of the GSC unit when its battery voltage reaches
the maximum limit of 476V . Note that, in 35.46 s, the GSC
unit is consuming an active power of —5062W when the
maximum battery voltage is reached. Thereafter, in 37.88 s,
the converter power is reduced to —3129W to maintain the
battery voltage within the acceptable limit and in cohesion
with the operation of the GFC and GFdC units.

E. REACTIVE POWER SHARING BASED ON MODIFIED
DROOP CONTROL

This final scenario (i.e., case study 6) shows simulations
with an RL load aiming at assessing the reactive power—
sharing capability of the current- and voltage-controlled con-
verters. The conventional droop control technique is consid-
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FIGURE 20. Case study 5 - maximum voltage control of GSC battery.

ered and compared with the modified droop strategy pro-
posed within this paper. Thus, Fig. 21 presents the simula-
tion results adopting conventional droop control, while Fig.
22 shows the operation considering the proposed modified
version of (1). In both simulated cases, the converters are
connected at 1.15 s, without the presence of loads, and at
the instant 3 s, the same RL load of the previous case is
connected, presenting power factor of 0.8.

For the classic droop method, Fig. 21 demonstrates how
that the provision of reactive power by the converters is
strongly influenced by the line impedances. Consequently,
as expected, the reactive power supplied by the converters
are not proportional to their rated powers. It is noticed, for
instance, that Q¢ p¢ is greater than Q¢ pqc, While the nom-
inal power of the GFAC unit is greater than that of the GFC.
Another inconvenience of the conventional droop is that,
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FIGURE 21. Case study 6 - Reactive power sharing simulation with
conventional droop control.
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FIGURE 22. Case study 6 - Reactive power sharing simulation with modified
droop control.

during the no load condition, there is a significant amount of
unwanted reactive power circulation among converters, with
a value of up to 6 kV Ar for the GFdC unit. In addition, the
voltage at the load bus is inherently affected, presenting a
value beyond the 5% deviation range defined in Table 2.

On the contrary, by analyzing the operation considering
the modified droop control in Fig. 22, it can be verified that
the reactive power flowing among converters is reduced in
relation to the above-mentioned classic approach, reaching
a maximum value of 2 kV Ar for the GFC unit during the
no load condition. When a load step occurs at 3 s, the
influence of the line impedances is also reduced, and the
reactive power sharing among converters presents reasonable
proportionality. Moreover, the voltage in the load bus is
adequately regulated, and stays within the desired range.
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V. CONCLUSION

This paper presented a decentralized control approach
for autonomous MGs, in which converters of different
operational natures (i.e., behaving as current- or voltage-
controlled) coexist and take advantage of the concept of AC
bus signaling for proper coordination. Thus, grid-forming,
grid-feeding, and grid-supporting converters can endure syn-
ergistic operation based on different droop control curves
proposed within this paper. As a consequence, when dis-
persed converters are properly managed, power balance
among the MG existing entities and automatic prioritiza-
tion of renewable-based generation from non-dispatchable
sources are achieved.

By proposing a charging and discharging control scheme,
it was demonstrated that overcurrents and overvoltages can
be avoided, to ensure the reliable operation of BESSs, which
consequently prolongs their lifespan. In addition, the con-
trol strategy supports the converters of such BESSs to be
driven either under current- or voltage-controlled modes. The
complete design of control loops and droop operating curves
of converters were thoroughly demonstrated. Furthermore,
novel droop-based equations (i.e., (1) and (3)) were proposed,
based on the line resistance voltage drop compensation, to
mitigate the influence of mismatching line impedances on
reactive power sharing among converters. Several simula-
tions results were presented to certify the effectiveness of the
approach and its applicability to the control of an autonomous
and inverter-dominated MG.
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