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Abstract: The expansion of distributed generation in the context of microgrids has allowed
the emergence of increasingly larger and more complex structures, with different amounts of
converters and control techniques, different operating modes, presence of local loads, among
others. In this context, the development of models to analyze the stability of microgrids
provides an important tool for greater assurance of a safe and efficient operation. Thus, the
objective of this paper is to propose a modular small-signal model, capable to represent different
configurations of microgrids, for system stability analysis. As a case study is presented a
microgrid with two converters, using two different control techniques: droop and synchronverter,
with local loads and operating in connected mode. The paper validates the developed small-
signal model, through the comparison with the behavior of a dynamic model simulated in
MATLAB/Simulink, and presents stability analysis in relation to the controllers gains.
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1. INTRODUCTION

In recent years, the demand for renewable energy genera-
tion has increased considerably, mainly for economic and
environmental reasons, with a greater search for alterna-
tives to replace fossil fuel resources (Borazjani et al., 2014)
and to diversify energy generation. In this context, the idea
of distributed generation (DG) has been widely discussed,
in which electrical sources locally, such as photovoltaic
power plants and wind turbines, provide electrical energy
for local loads (Vechiu et al., 2011). The possibility of in-
tegrating distributed generation units became viable with
the concept of microgrids, which allows the interconnection
between sources, loads and storage elements (Saeed et al.,
2021).

Microgrids can operate in two conditions: connected mode,
when the generating units exchange energy with the main
grid, and isolated mode, in which these units are respon-
sible for maintaining the integrity of the grid without the
assistance of a main grid (Zhou et al., 2020). Regardless of
the operating mode, it is notable that there is a need for
interfaces between DG units to form a microgrid and make
possible the connection to a main grid (Vechiu et al., 2011),
since most of the distributed/renewable-energy genera-
tors correspond to different forms of generation, such as:
variable-frequency AC sources, high-frequency AC sources,
or DC sources (Zhong and Weiss, 2011).
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With the large number of converters present in a micro-
grid, the control method becomes essential to ensure stabil-
ity and power quality. There are different converter control
techniques, some of which allow converters to share loads
or supply power together with the main grid without com-
munication (Borazjani et al., 2014). In this sense, it is pos-
sible to highlight: the droop control, already consolidated
in the literature, and the synchronverter, that has received
attention among researchers. These two techniques have
in common the idea of emulating a synchronous machine
(Ferreira et al., 2016; Zhong and Weiss, 2011).

Considering the entire context of a microgrid, which ranges
from the control used in a simple converter to the entire
structure, stability analysis becomes very important to
understand better the essential characteristics for safe and
efficient operation. Most of the stability analysis have
been focused on small-signal modelling in conjunction
with linearization methods, which is valid around an
equilibrium point (Konstantopoulos et al., 2014) and, in
general, models found in the literature are developed for a
specific microgrid configuration.

This paper proposes a modular small-signal model, which
allows different microgrid configurations, in terms of oper-
ating mode (connected or isolated), number of converters,
use of different control techniques and presence or absence
of local loads, making it easier to carry out changes in the
structure without the need to change the entire model. To
validate the proposed model, a microgrid configuration is
defined as a case study, with: two converters, controlled
by two different control techniques (droop and synchron-
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verter), operating in connected mode and with the pres-
ence of local loads. The model is analyzed numerically and
the main characteristics are discussed.

2. A BRIEF REVIEW ON CONVERTERS
EMULATING SYNCHRONOUS MACHINES

Figure 1 presents the converter with its power and control
parts. In the power part, a primary source, such as photo-
voltaic or wind power, is shown, connected to the input of
a DC-AC converter, which has an LC filter at its output,
represented by L; and Cy. This converter is connected to
the grid, with a Z, line impedance. The converter control is
implemented with the calculation of the active and reactive
powers, from the voltage and current measurements, and
then these powers are controlled. The output of the PQ
control loops provides the setpoints for the inner voltage
and current control loops, which, finally, generate the refer-
ences for the PWM (Pulse Width Modulation), responsible
for driving the static power devices of the converter.

Converter .
v Grid
Primary| | | = Zg
source T ~
DC
Interface T
Power
PWM Calculator]
Inner | PQ
Control | Control

Figure 1. Power and control parts present in a converter,
showing the voltage and current (inner) control, the
external active (P) and reactive (@) power control,
and the interactions with a primary source and the
grid.

Control techniques that emulate the behavior of syn-
chronous machines represent a viable possibility of decen-
tralized control for the parallel connection of converters.
These techniques have some advantages, such as: possi-
bility of independent control of reactive and active power
injection, ability to operate converters in parallel with dif-
ferent nominal parameters, easy power sharing capability,
among others (Ferreira, 2019).

Subsections 2.1 and 2.2 present a basic review of droop
and synchronverter control methods, respectively.

2.1 Droop Control

Droop control is the most popular method for power
sharing between sources in a microgrid (Wandhare et al.,
2014). It is based on the idea that, even though the flow of
active and reactive powers in a system are not decoupled,
active power mainly depends on frequency and reactive
power mainly depends on voltage amplitude, considering
a predominantly inductive grid (Coelho, 2000). Thus, the
frequency and voltage control is achieved through the
active and reactive powers respectively, as shown in (1)

and (2).
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w=Q" — ky(P; — P*), (1)
v=V"—k(Qr — Q"), (2)

where Q* and V* are the angular frequency and magnitude
voltage references, k, and k, are the droop coefficients,
the Py and @y terms are the measured average active
and reactive powers, obtained through voltage and current
measurements and calculated in the dq reference. P*
and QQ* represent the active and reactive power setpoints
(Wang et al., 2020).

It is important to mention that different configurations are
required depending on the operating conditions. Figure 2
illustrates the droop control with these configurations.

p Q*

P, Ko L

n|-

Qs

Q*

Figure 2. Block diagram with different settings of droop
control, with or without integral action in reactive
power loop, depending on S,; switch.

When the microgrid operates in connected mode, the
converter must supply the selected values of active and
reactive powers, P* and Q*, without significant steady
state errors. In the frequency control loop, shown in the
top of Figure 2, the presence of the integrator ensures zero
steady state error. However, in the voltage control loop, the
integrator is not naturally used, allowing errors to occur
in the supply of the desired reactive power, considering
the connected operating mode. Therefore, in this case, it
is necessary to add it to the loop, in parallel with gain
K, and the integrator gain K; must be properly chosen,
according to the power supply definitions. This insertion
can be done by closing the Sg; switch, which adds this
element to the voltage loop.

In isolated mode, the focus becomes on controlling voltage
magnitude and frequency, not being necessary to correct
steady state errors of active and reactive powers. In this
case, the integrator in the voltage loop is no longer useful
and needs to be removed, by opening the S;; switch in
Figure 2.

2.2 Synchronverter

The synchronverter algorithm originated from the idea of
converters that mimic synchronous generators, introduced
in Zhong and Weiss (2011). A synchronverter can be
basically divided into a power part, composed of the
converter itself and LC filters, and a control part, where
there is the mathematical model of a three-phase round-
rotor synchronous machine (Zhong et al., 2014). Figure 3
illustrates the control part.
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Figure 3. Block diagram with different settings of the
synchronverter, with or without the effect of the
difference between V;. and V,;, depending on S, switch.

The three equations in the central block of Figure 3
represent the electromagnetic torque (T.), the output
voltage (e) or, in other words, the induced voltage of the
virtual machine, and the reactive power (Q).

Te = Myiy(i,sin (0)), (3)
szMfif.sin (Q), (4)
Q = —wMyiz(i,cos (6)). (5)

My and iy are the mutual inductance and the rotor
excitation current, respectively; w is the frequency; (-, -)
represents the conventional inner product, in IR®, and
sin (0) and cos (@) are:

sin (9)
sin (9) = l

cos (0)
sin (0 — 2#/3)] ,cos () = [cos (6 — 27‘(’/3)] .
sin (6 + 27/3) cos (0 + 27/3)

In addition to these terms, inputs ¢ and V, receives the
current and voltage, measured at the converter output,
and w, and V,. are the angular frequency and magnitude
voltage references. P* and Q* are the active and reactive
power setpoints. The coefficients D, and D, represent the
damping factor of a synchronous machine and the voltage-
droop coefficient, respectively, and the term K defines the
gain of the integrator in the voltage-droop control loop. All
these mentioned terms are better described and explored
in Zhong and Weiss (2011).

This control technique is very similar to the droop con-
trol, with the same strategy of controlling power through
adjustment of frequency and voltage amplitude. The most
relevant difference is that, in the synchronverter, there is a
virtual inertia, represented by the term J in Figure 3 (Liu
et al., 2015). One advantage is that when a synchronverter
is connected to the grid, no significant difference is felt by
the grid, compared to a synchronous generator. This allows
the usage of the same control algorithms commonly used
in power systems (Wei et al., 2015).

An important feature is that the reactive power delivered
by the synchronverter, considering its original structure
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and operation in connected mode, presents a steady state
error. In this sense, Zhong et al. (2014) proposes, among
other adaptations, a solution to overcome this problem,
which consists of adding the S, switch, present in Figure 3.
When the switch is opened, Myiy is generated only by the
difference between the power setpoint and the measured
power, without the influence of the difference between V.
and Vj. This guarantees null error for the reactive power,
with greater precision in the delivery of the requested
power.

3. SMALL-SIGNAL MODELS APPLIED TO
ISOLATED AND GRID-CONNECTED POWER
SYSTEMS

There are several examples in the literature of small-signal
models applied to distributed generation or microgrids.
Considering an AC microgrid, the configurations vary, gen-
erally, in relation to the operating mode (connected or iso-
lated), quantity of converters, converter control technique,
the presence or absence of local loads, also with differences
between the type of load. In this context, there are different
model structures, which can be modular or fixed, in the
sense of allowing or not changes in the structure.

Table 1 gathers the main characteristics of models devel-
oped in some references (Cao et al., 2014; Coelho et al.,
2002; Ferreira et al., 2019; Liu et al., 2020; Rodriguez-
Cabero et al., 2017; Vetoshkin and Miiller, 2020; Wei et al.,
2015; Yu et al., 2015), with different configurations and
structures.

Table 1. Characteristics of small-signal model references.

Reference Modular Control Mode
Cao et al. No Droop Isolated
Coelho et al. No Droop Isolated
Ferreira et al. Yes Droop/ Connected
Synchron.
Liu et al. No Droop Isolated
Rodriguez-Cabero et al. No Synchron. Isolated
Vetoshkin and Miiller No Synchron. Isolated
Wei et al. No Synchron.  Connected
Yu et al. No Droop Connected

In almost all the cited examples, the models were de-
veloped through state-space representation, which despite
having different configurations, do not present modularity,
that is, do not easily allow modifications of the structure.

In this sense, the small-signal model shown in Ferreira
et al. (2019) is represented in a different way, in the Laplace
domain, in which each part of the system is presented
in its own matrix, with a modular aspect. However, its
modularity is explored only in the possibility of modifying
the control technique through the exchange of a matrix.

The main idea of the present work is to further explore
the model obtained by Ferreira et al. (2019), presenting a
model structure where it is possible to modularly represent
microgrids with different configurations, being able to
operate in isolated or connected mode.

4. A MODIFIED MODULAR SMALL-SIGNAL MODEL
FOR DIFFERENT MICROGRID CONFIGURATIONS

The modeling developed by Ferreira et al. (2019) presents
the entire structure of a converter connected to a main grid
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divided into blocks of transfer matrices, which linearize
the non-linear behavior present in many parts of the
structure. In that case, the main idea is to obtain a unified
structure that allows modifying the control technique
through the exchange of a single 2 x 2 matrix, in order
to mainly compare the dynamic operation of the droop
control and the synchronverter. This structure is shown in
Figure 4, and can be basically divided into three parts:
line impedance, present between the converter and the
main grid; representation of frequency variations, which
generate effects on line impedance, and the converter
together with the control loops, which range from power
measurement to the generation of the reference voltage.

Line impedance
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Figure 4. Block diagram of the small-signal model
(Adapted from Ferreira et al., 2019).

Each block presented in Figure 4 represents a specific part
of the model and is better described and shown in Table 2.

R and L are the line resistance and inductance, and are
also important for calculating the impact of frequency
variation. Vg, V4, I and I, represent the operating points
of the converter output voltage and current, all in the dq
reference frame. In the droop control matrix, the w; term
is present, representing the cut-off frequency of the power
measurement low-pass filter. V' and () are the operating
points of converter output voltage magnitude and system
frequency. All these terms shown in Table 2 can be better
understood in Ferreira et al. (2019), which inserts and
introduces them during modeling development.

The Gec block, shown in Figure 4, represents the ratio
between the output voltage and the reference voltage of
the converter, having in its structure the inner voltage
and current control loops. Considering that these loops are
faster when compared to external power control loops, and
therefore practically do not influence the system dynamics,
this Gc block was disregarded in this work, not being
shown in Table 2, reducing the complexity of development
and analysis.

The model obtained by Ferreira et al. (2019) was applied in
two distinct microgrids, one using droop control technique
and other using synchronverter. However, the model was
not applied to a microgrid that involves, simultaneously,
both control techniques. In the present work, the model
proposed by Ferreira et al. (2019) was extended, highlight-
ing the modularity and flexibility capabilities of the model
to different microgrids configurations. The performance of
the modeling is validated in a microgrid with two con-

ISSN: 2525-8311

1393

verters using two different control techniques, droop and
synchronverter, operating in connected mode and with the
presence of local loads.

Figure 5 illustrates the structure defined for this work,
which brings the idea of having a flexible microgrid,
regarding the operating mode, possibility of connecting
local loads, number of converters and types of control
techniques.

Converter 1
L, R
o—
—
L Ver 7 o
Converter 2 Grid
L. R VL, Ry Lg

VCZ |
- . Cc2

Convérte rn
L Ra i Ll Local
Ve ) loads

n
ICn

Figure 5. Flexible representation of a microgrid for dif-
ferent configurations: connected or isolated mode,
with/without local loads and with a variable number
of converters and control techniques.

To obtain the small-signal model of the microgrid in
Figure 5, it is necessary to obtain the equations that
basically involve the voltages and currents, which are the
inputs/outputs of the model blocks, in addition to the
impedance of each part. In Figure 5 the current load Iy, is
given by

In=1c1+1Ico+ ...+ Icn — 1a, (6)

where I, Ioo, ..., Ic, are the converters currents and I
the current supplied to the main grid. The load voltage V7,
is given by the Ohm’s law

Vi =21, (7)

where Zp, is the load impedance. The current coming from
any of the converters is given by

Ico = Vou — Vi) Zow 7, (8)

where the index x represents a specific converter, with Ve,
and Zc, being their respective output voltage and line
impedance.

The reasoning for calculating the current from the micro-
grid to the main grid is exactly the same, being calculated
through

Ic= (Vi —Va)Za ™", 9)

where Vi and Zg are the main grid voltage and line
impedance.

When the main grid operates helping the converters to
supply the loads, the only difference will be in the modifi-
cation of the signs of the current I and the voltages V,
and Vg in (6) and in (9), respectively.

In the next section, the modeling procedure presented
so far is validated through the case study of a specific
microgrid configuration.
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Table 2. Description and representation of the small-signal model blocks by Ferreira et al. (2019)

Block Description Matrix
L (sL+R) —-QL
Zo Line impedance [ QL (sL+ R)
3 i 3 0
K Power measurement 3 Rﬁ‘: *V‘Z'd} Z:| + 5 [f?q iﬂ [Zﬂ
L
Gq4 Droop gains and low-pass filter stwy wy
0
T +wy
1 1
" Q(sJ+ Dyp) 0
Gs Synchronverter Ay 1 p
Q (sJ+Dp) (35 +Dy)
Vg Va
1%
Grp Reference voltage Kj ﬁ
s 14
Vg-s Vg-s
Gpr Converter output voltage and frequency [Vd VOV, V}
Guw Frequency variation [1 O]
—(s+ &)1, —Qrd
(s + £)2 + 92
Giw Impact of frequency variation

(s + )y —QIq
(s + )2 + Q2

5. PROPOSAL AND VALIDATION OF THE
MODULAR SMALL-SIGNAL MODEL

To validate the proposed modular small-signal model, a
microgrid structure was defined for a case study, with: two
converters, local loads and operating in connected mode. A
control technique was determined for each converter, with
droop control for one and synchronverter for the other,
which represents a characteristic not explored by any of
the references mentioned in Table 1.

The block diagram of the proposed model is shown in
Figure 6.

As mentioned before, the inner voltage and current control
loops were not considered in the model, defining the G,
block, shown in Figure 4, as a unity gain for the voltage
input and zero gain for the current input. This was done
for both converters. In addition, the control matrices were
modified in the model shown in Figure 6, in relation to
those presented in Table 2, adding the integrator in parallel
with the gain K, in the droop control of converter 1, as
shown in subsection 2.1, and removing the effect of the
difference between the voltages in the voltage loop, in the
synchronverter of converter 2, as shown in subsection 2.2.

In order to validate the small-signal model of the proposed
microgrid, a dynamic model was implemented in MAT-
LAB/Simulink with the same structure, to compare the
behavior of both models. Table 3 presents the parameters
used for the simulations.
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Table 3. Simulation parameters.

Parameters Value Unit
Grid
Voltage magnitude (Vi) 1272 \%
Frequency (fa) 60 Hz
Line resistance (R¢g) 6 mg
Line inductance (Lg) 5.34 uwH
Local loads
Active power (Pr,) 5 kW
Reactive power (Qr) 2.5 kV Ar
Converter 1 (droop control)
Line resistance (R1) 0.33 Q
Line inductance (L1) 48 wH
Coupling inductance (Lc1) 1.56 mH
Output active power (Pp) 6 kW
Output reactive power (Q1) 3 kV Ar
Frequency droop gain (Kp) 5.24-104 (rad/s)/W
Voltage droop gain (Kg) 2.99-1073 V/V Ar
Voltage loop integrator gain (Kg;) 0.4 -
Low-pass filter frequency (wy) 6 Hz
Converter 2 (synchronverter)
Line resistance (R2) 0.37 Q
Line inductance (L2) 32.5 nH
Coupling inductance (Lc2) 2.34 mH
Output active power (P2) 4 kW
Output reactive power (Q2) 2 kV Ar
Damping factor (Dp) 3.38 N -m/(rad/s)
Voltage-drooping coefficient (Dg) 222.71 VAr/V
Virtual moment of inertia (J) 8.96 - 103 kg -m?
Voltage loop integrator gain (K) 2227.11 VAr/V
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Figure 6. Block diagram of the microgrid proposed for a
case study, with: two converters, each with a control
technique (droop and synchronverter), local loads and
operating in connected mode.

For validation, output frequency and current in the d-axis
variations were evaluated for each converter, applying a 5%
voltage sag disturbance in the d-axis voltage of the main
grid, during 50 ms. Figures 7a and 7b show the results
obtained for converter 1 and figures 8a and 8b for converter
2, both for the dynamic model and for the small-signal
model.

0.8 : :
— —Dynamic model
= - Small-signal
g 0
3
<
-0.6 I I I I I
24 25 26 27 28 29 3
Time [s]
(a)
15 : :
—Dynamic model
= — Small-signal
o3 0
<
-15 I I I I I
24 25 2.6 27 2.8 29 3
Time [s]

Figure 7. Dynamic behavior in converter 1 (droop control),
under a 5% sag disturbance at the main grid d-axis
voltage for 50 ms, of: (a) frequency variation and (b)
d-axis current variation.
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0.8 : :
— —Dynamic model
= - Small-signal
g 0
3
<
-0.6 I I I I I
24 25 2.6 2.7 2.8 29 3
Time [s]
(a)
10 \ :
—Dynamic model
=) — Small-signal
S 0
<
-10 I I I I I
24 2.5 2.6 2.7 2.8 29 3
Time [s]

(b)

Figure 8. Dynamic behavior in converter 2 (synchron-
verter), under a 5% sag disturbance at the main grid
d-axis voltage for 50 ms, of: (a) frequency variation
and (b) d-axis current variation.

As it can be seen in Figures 7a, 7b, 8a and 8b, the dynam-
ics in both models were close, with minimal differences
between them. Although the results of the operation in
isolated mode are not shown in this work, due to page
limits, the small-signal model was also validated in this
mode, presenting a similar performance with that observed
in the connected mode.

The possibility of working with a linear model, as is the
case here, presents the advantage of having several stability
analysis tools available, and this approach is explored in
the next topic. A relevant consequence of linearization
is that the model performance depends on how close to
the operating points it is being used. The further away
from the operating points, lower the performance. In
this sense, it is clear the importance of considering that
the small-signal model will represent the real system in
an approximate way. Thus, a model can have a more
conservative representation, indicating smaller margins for
parameter variation, or a less conservative representation,
where the real system has smaller margins, compared to
the small-signal model. In all cases, it is more interesting to
obtain a more conservative model, which ensures stability
for the indicated limits.

5.1 Stability Analysis

To analyze the stability of the established microgrid con-
figuration, through the small-signal model, the position
of the system poles in the complex plane was evaluated
during the variation of the controllers gains, in order to
obtain the stability limits of the microgrid for the adjusted
parameters. Figure 9 shows the system poles with the
parameters of Table 3, in which the system is stable.

Figures 10a, 10b, 11a and 11b show the small-signal model
poles in the complex plane, in an enlarged form, during the
variation of gains K, and K, of the droop control, and
D, and D, of the synchronverter, respectively, showing
the gain limit where the system ceases to be stable and
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Figure 9. Poles of the small-signal model with the defined
parameters.

becomes unstable. To verify the results, the frequency, ob-
tained in the dynamic model, is presented for the converter
where the gain has been changed, with a variation of 10%
around the limit value obtained, that is, with a gain of 5%
lower than the limit and with a 5% higher gain.
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Figure 10. Small-signal model poles in the complex plane
during (a) K, gain variation and (b) K, gain vari-
ation, and dynamic model frequency in converter 1
(droop control) with 10% variation around the (a) K,
limit for instability and (b) K|, limit for instability.
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Figure 11. Small-signal model poles in the complex plane
during (a) D, gain variation and (b) D, gain vari-
ation, and dynamic model frequency in converter 2
(synchronverter) with 10% variation around the (a)
D,, limit for instability and (b) Dy limit for instability.

As can be seen in Figures 10a, 10b, 11la and 11b, the
frequency behavior, obtained in the dynamic model for
each selected gain, is considerably close to the results
presented for the position of the poles in the complex
plane, where the 10% variation around the obtained limits,
made the dynamic model go from stable to the stability
threshold, for the four gains analyzed. These results point
to an interesting feature of the small-signal model: it
represents the dynamic model conservatively, that is, the
small-signal model points to microgrid instability before
this actually happens in the dynamic model. Among the
possibilities of representing the small-signal model, this is
the best scenario, with a margin in the variation of the
parameters of the dynamic model before the instability.

6. CONCLUSION

This paper proposes a modular small-signal model for
different microgrid configurations. The main contributions
were: the generalization of the model developed by Ferreira
et al. (2019), expanding its use to a more diversified
microgrid structure, enabling different configurations, and
the application of this model for stability analysis of a
microgrid that explores these configurations possibilities,
with two converters being controlled by two different
techniques (droop and synchronverter), in a microgrid
operating in connected mode and with local loads.
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The results obtained showed that the proposed small-
signal model is applicable, properly representing the sim-
ulated dynamic model, and with a conservative represen-
tation, from the point of view of stability analysis. This
evidences the possibility of application in more complex
microgrids, with more elements present, in addition to be-
ing able to operate in both connected and isolated modes.

The realization of this work allowed to highlight some
approaches not explored in it, which may represent rel-
evant future contributions. Among them, it is possible
to mention: the verification of the validity region of the
proposed small-signal model, quantifying the deterioration
away from the operating points; the use of more stability
analysis tools and the possibility of doing this analysis for
other microgrid parameters, such as a load change, which,
in the current proposed model, requires the modification of
all parameters due to the change in the operating points.
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