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Abstract: Microgrids based on photovoltaic array supplying do not have capacity to compensate
imbalances between generation and load demand, which can occur in islanded operation and
cause voltage and frequency deviations. Therefore, battery energy storage systems are inserted
to help in microgrid regulation. Grid-forming droop control is applied for PV /battery hybrid
units to be capable of controlling voltage and frequency in the islanded mode of the microgrid.
The objective of this article is to present a performance analysis of this control, considering
several load levels in microgrid including the ones when battery energy storage systems state
of charge limits are reached, what is followed by its turning off. For this purpose, simulations
were conducted in the MATLAB/Simulink environment using a simplified low voltage system.
The results point out to the effectiveness of the control when the battery is connected to the
system despite load changes, regulating voltage and frequency levels. However, with the battery

disconnection, the control is no longer able to regulate microgrid operation.

Keywords: Three-phase microgrid; islanded operation; hybrid photovoltaic/battery unit;
grid-forming droop control; state of charge-based control.

1. INTRODUCTION

Microgrids can be comprehended as power systems on
a smaller scale that aim to facilitate the integration of
distributed generation into the electrical system (Lasseter,
2002), such as photovoltaic (PV) generation. In addition
to distributed generation, microgrids also have batteries
and loads in their composition. These grids can operate
connected to the main grid or in islanded mode and can
be single/three-phase, in direct or alternating current, or
even a combination of both, when they are called hybrid
microgrids (Unamuno and Barrena, 2015). In Fig. 1 it is
possible to observe the microgrid configuration studied in
this paper and its elements, described in Section 2. The
connection of the microgrid to the main grid is made by
the circuit breaker (CB), which represents the connection
switch to the grid. When the microgrid is connected,
the CB is closed and the microgrid works in connected
mode to inject or absorb power from the grid. When in
islanding mode, the CB is open and the microgrid operates
independently, being responsible for balancing its power
generation with its connected loads (Olivares et al., 2014).
Since PV supply does not have the capacity to compensate
imbalances between generation and load demand, battery
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energy storage systems (BESS) are connected to the MG to
help regulate the frequency and voltage as they are efficient
systems with quick response to disturbances. BESS can
be connected to the microgrid as individual units or can
be connected together to the PV unit, forming a hybrid
generation unit (Fakham et al., 2011), being a more cost
effective configuration.

In islanded mode, the proper functioning of the control
system for power management in the microgrid is essen-
tial. Control strategies can be centralized or decentralized.
The centralized control strategy relies on communication
between units and microgrid loads, which reduces system
reliability. On the other hand, the decentralized control
method requires only local measurements, such as droop
control, and can also use non-critical communications to
achieve other goals such as restoring voltage and frequency
variations (Karimi et al., 2017b; Guerrero et al., 2011). The
droop control is one of the most discussed and applied
strategies to the operation of microgrids. According to
Netto Moura (2019), this method is effective for power
sharing and is attractive as it does not depend on commu-
nication between the inverters of the different units. This
work adopts a grid-forming (GFM) droop control strategy
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Figure 1. Three-phase microgrid architecture with hybrid source unit.

that has been extensively used in microgrid configurations
to actively control the frequency and voltage output (Pat-
tabiraman et al., 2018). The strategy, based on Karimi
et al. (2017b), makes it possible to have a proper power
management in the microgrid in the face of load changes
in MG.

This article analyzes the behavior of a three-phase mi-
crogrid when BESS is applied to mitigate voltage and
frequency deviations in moments of unbalance between
generation and load, in addition to controlling the terminal
voltage of this system at a safe value. The main goal is to
present a performance analysis of the grid-forming control
seen in Karimi et al. (2017b) but exposing the voltages
behavior among the variations in the system. In addition,
the microgrid will also be analyzed when BESS reaches its
SoC limit and needs to be disconnected from the system.
In this microgrid, composed of a hybrid unit with PV
generation and battery, the decentralized method strategy
controls the power delivered to the loads.

The paper is organized as follows: in Section 2, the struc-
ture of the three-phase microgrid with a hybrid generation
unit is presented. In Section 3 the control systems used
for connected and islanded modes are presented. Section 4
presents the results of the simulations performed. Section
5 ends the article with the conclusion.

2. MICROGRID ARCHITECTURE AND MODELING

The three-phase microgrid analyzed in this work is illus-
trated in Fig. 1 and all its power and voltage characteristics
are described in Table 1. In this configuration, it is con-
nected to the grid through a A-Y transformer and a CB.
The three-phase unit (TPU) is composed of PV and BESS
generation, and loads are connected to the TPU interface
inverter terminal busbar. The inverter is connected to the
common coupling point (PCC) through an LCL filter,
which helps ensure that the output impedance of unit is
mainly inductive. The BESS is connected to the dc-link
through a bidirectional buck-boost converter and the PV
array is connected through a boost converter.

The two-level voltage source inverter (VSI) topology
adopted for the TPU, chosen for its simplicity and wide
use, is seen in Barbi (2007). The bidirectional buck-boost
converter was based in Kazimierczuk (2015) and an ideal
current source represents the PV. Using an ideal current
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source ensures that a constant power is injected into the
microgrid even in islanding situations, which is the role
that the maximum power point tracker (MPPT) plays
when working with PV. The lithium-ion battery model
presented in Silva et al. (2021) was adopted to represent
the BESS. It is based on the open circuit terminal voltage
versus SoC relation, experimentally estimated by Baronti
et al. (2013, 2014).

3. ISLANDED MODE CONTROL

The microgrid seen in this work has the ability to operate
in connected and islanded modes due to the implemented
control systems. In this work, the behavior of the microgrid
when operating in islanded mode will be analyzed, where
initially the microgrid is connected to the grid and then
the CB will switch to the islanded mode.

In connected mode, the VSI control is responsible for
keeping the dc-link voltage as close as possible from its
setpoint in face of variations in the system. This control
system can be seen in Barros and Barros (2017).

The grid-forming droop control structure used to operate
in islanded mode is based on Karimi et al. (2017b,a) and is
illustrated in Fig. 2, where iq, iy, and 7. are the currents
that flow through each phase before the LCL filter; Ly,
Cy and Ly are the LCL filter components; ¢4, %, and i,
are the currents in PCC; V,;. are the voltages across the
capacitor of the LCL filter, and P,yt—abe and Qout—abe are
the active and reactive power in PCC, respectively. This
control comprises: power calculation (Akagi et al., 1984),
reference voltage amplitude and frequency calculation, AC
voltage control loop and PWM.

The reference voltage frequency is given by the P — f
droop function and the amplitude is given by @ — v
droop function. The proportional-resonant (PR) control
for AC voltage control was based on Vasquez et al. (2013).
The dc-link voltage control was implemented based on
the bidirectional buck-boost converter control seen in
Mahmood et al. (2015); Matos et al. (2015).

In this scenario, the microgrid will operate in the following
modes:

e Mode 1: Grid connected operation, when the grid
absorbs excess power or injects it into the microgrid
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Figure 2. VSI control structure for islanded mode. Adapted
from Karimi et al. (2017b,a).

f Vv
fo Vo
f v
0 Po P P 0 Q Q Q

Figure 3. Traditional droop control curves. Adapted from
Zhang et al. (2018).

and the VSI control is able to regulate the dc-link
voltage;

e Mode 2: In islanded operation, when total MG load is
larger than PV power and battery provides the nec-
essary surplus load power. In this case, bidirectional
buck-boost converter regulates the dc-link voltage
and VSI is droop-controlled;

e Mode 3: In islanded operation, when total MG load is
less than PV power and battery absorbs the surplus
PV power. In this case, bidirectional buck-boost con-
verter regulates the dc-link voltage and VSI is droop-
controlled;

e Mode 4: In islanded operation, when battery reaches
its SoC limit and needs to be disconnected from
the system. The bidirectional buck-boost converter
is unable to control the dc-link voltage.

3.1 Droop control

The microgrid adopts the droop control strategy to allow
its output to be automatically adjusted according to the
given power characteristic (Zhang et al., 2018). With this
mechanism, the PV will be able to respond to system
dynamics, such as load changes. Traditional droop control
curves are illustrated in Fig. 3, and its equations are:

f=fo+m-(P—P), (1)
where f is the MG frequency, fj is the nominal frequency,
m is the P — f droop coefficient, P is the measured active

power, Py is the nominal power, V is the terminal busbar
voltage amplitude, V} is the nominal voltage, n is the @ —v
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Figure 5. Controller block diagram of the dc-dc converter.

droop coefficient, () is the measured reactive power and (g
is the nominal reactive power.

3.2 Proportional-resonant controller

The closed loop PR controller allows a sinusoidal reference
signal with frequency wg to be reapplied to the system
output, guaranteeing zero error at this frequency in steady
state. In Vasquez et al. (2013) is seen the structure of the
resonant control for the three-phase VSI, developed in the
synchronous reference frame with abc/af transformation.
The voltages generated by the droop control go to the
PR control, where the control of sinusoidal voltages and
currents is performed. Fig. 4 illustrates the configuration of
the resonant control, where V¢ 4. are the voltages across
the capacitor of the LCL filter, Vi ..y .. are the voltages
genereted by the droop control, ir, 4. are the currents that
flow through each phase and V. is the dc-link voltage
measurement.

The VSI control strategy with a PR controller including
the adjustment of the control parameters can be seen in
detail in Vasquez et al. (2013).

3.8 Control of the bidirectional buck-boost converter

The bidirectional buck-boost converter allows the charge
and discharge of the battery and is also used to control the
dc-link voltage. In Matos et al. (2015) and Mahmood et al.
(2015) the dynamic equations of control and controller
design are seen and Fig. 5 illustrates its block diagram.
The control parameters adjustments can also be seen in
Mahmood et al. (2015). The dc-link voltage control is
initially performed generating a irp current reference,
which is the current that flows through the inductor
of the bidirectional buck-boost converter. The output of
this control is the PWM voltage reference responsible for
controlling the switch states of the bidirectional buck-
boost converter, represented by S; and Ss.
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In islanded mode, since the PV works in maximum power
and there is no power assistance from the grid, the battery
unit is responsible for voltage regulation injecting or ab-
sorbing active power into the microgrid. This action makes
it possible to regulate the dc-link voltage.

4. SIMULATION RESULTS

The microgrid system was built according to the parame-
ters presented in Table 1 and the simulations were carried
out in the MATLAB Simulink environment. The control
parameters for both modes are in Tables A.1 and A.2 in
the Appendix A. A constant impedance model was used
to define the loads. Their resistances are summarized in
Tables 2 and 3.

Table 1. Simulation Parameters.

Parameter Symbol  Value  Unit
Nominal Voltage E* 127 Vims
Nominal Frequency fo 60 Hz
Nominal DC-Link Voltage Ve 300 Vv
PV Power Ppv 1000 W
Converter-Side Inductance L 0.5 mH
Filter Capacitance Cg 9 uF
Grid-Side Inductance Lo 0.5 mH
Battery Energy Capacity Epat 20 Ah

Battery Voltage Vbat 155 Vv

The battery cell data was obtaned in Baronti et al. (2013)
and the proper voltage was achieved by placing these cells
in series. To demonstrate the control performance and the
battery role in the regulation of frequency and voltage
of the microgrid, tests were carried out in three different
load scenarios with a 4% unbalance between each phase,
starting the simulation in connected mode and islanding
itint=1s.

In an islanded microgrid, the frequency and voltage di-
rectly depend on the balance between generation and load.
Therefore, they may vary if this criterion is not fully
met. This simulation does not use the secondary micro-
grid control seen in Guerrero et al. (2013) to compensate
for frequency and amplitude deviations. If there is a big
imbalance in the microgrid, the frequency and voltage can
go out of their limits due to the absence of this control
interference.

Three scenarios have been tested, in the first one the PV
power is larger than the load plus system losses, therefore,
the battery charges to absorb the generation surplus.
In this situation, the battery reaches its maximum SoC
limit and is disconnected from the system. In the second
scenario the PV power is less than the load plus losses in
the system, therefore, the battery discharges to inject the
excess power needed in the microgrid. In this situation, the
battery reaches its minimum SoC limit and is disconnected
from the system. The SoC limits are considered 20% and
90% based on lithium-ion battery characteristics. In the
third one, a scenario is seen where there are load variations
in islanded mode that force the battery to charge and
discharge to supply the needs of the system and to regulate
the dc-link voltage. In all the scenarios mentioned, before
the disconnection of the battery, bidirectional buck-boost
converter is able to regulate the dc-link voltage.
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Figure 6. Scenario for a Z, ;. = 102, 98.33, 94.3 Q load.

4.1 First Scenario - Load Plus Losses Less Than Genera-
tion

In this scenario, a load smaller than the generation is con-
nected until the maximum SoC limit is reached. When the
battery is disconnected, there is no longer the possibility
of storing the excess generation and therefore, the dc-
link voltage rises so that the system balance is reached.
Fig. 6 shows the graphics of the PCC voltage, dc-link
voltage, active power, microgrid frequency and SoC when
the impedance load is set to Z, . = 102, 98.33, 94.3 Q.
With battery disconnection, the PR control is able to
maintain the PCC voltage, but the dc-link voltage rises.

For a Zgp. = 472, 480, 505 2 load, the battery tends
to absorb more power and charges faster. The dc-link
also absorbs more power and presents a higher voltage
after battery disconnection, causing a larger frequency
variation. This behavior can be seen in Fig. 7.

This scenario was analyzed for different load values and
they are summarized in Table 2. The values seen for the
dc-link voltage are those obtained after the battery exit
from the system. In all situations it is possible to observe
that the control regulates the dc-link voltage, except when
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Figure 7. Scenario for a Z, 3 . = 472, 480, 505 Q load.

the battery is disconnected from the system. PR control
allows load voltages to be maintained.

Table 2. Charging Scenario.

Z1oap (a,b,c) [Q]  Pprss W] Vic [V]  fmaz [He]
102, 98.33, 94.3 -94.2 313.7 62.60
144, 148.66, 155.4 -182.6 326.6 63.43
187, 193, 201.5 -224.2 331.8 63.78
237, 248.66, 255 -232.1 333.1 64.05
472, 480, 505 -254.0 334.3 64.51

4.2 Second Scenario - Load Plus Losses Larger Than
Generation

In this scenario, a load larger than the generation is
connected until the minimum SoC limit is reached. Fig.
8 shows the graphics when the impedance load is set to
Zap,e =40, 41.5, 43.25 Q. Battery disconnection causes a
decrease in the AC voltage, causing a decrease in the load
power, which becomes lower than the generation power.
This happens due to the fact that the load model is
of constant impedance type. In response, the frequency
tends to increase. This can happen in a real system for a
real load, where the AC voltage decrease and consequent
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Figure 8. Scenario for a Z, ;. = 40, 41.5, 43.25 Q load.

load decrease could be different, which would change the
frequency variation.

Fora Z,p . = 31.8, 33, 34.4 Q impedance load, the battery
injects more power in the load and then will discharge
faster. The dc-link also injects more power and presents
a lower voltage after battery disconnection. This behavior
can be seen in Fig. 9.

This scenario was analyzed for different load values and
they are summarized in Table 3. The values seen for the
dc-link voltages are those obtained after the battery exit
from the system and f,, is the nadir frequency seen at
the time of islanding. In all situations it is possible to
observe that the bidirectional buck-boost converter control
regulates the dc-link voltage, except when the battery is
disconnected from the system.

Table 3. Discharging Scenario.

Z10aD (a,b,c) [  Pprss W] Ve [V]  fmin [HZ]
40, 41.5, 43.25 438.4 247.1 59.78
39.2, 40, 42 473.2 244.2 59.68
39, 37.5, 36 546.5 237.1 59.42
33.6, 35, 36.4 633.2 230.3 59.10
31.8, 33, 34.4 706.6 224.6 58.82
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4.8 Third Scenario

In this scenario, the behavior of the microgrid is analyzed
when load is smaller or larger than the generation. In this
case, the dc-link voltage is controlled despite the islanding
at 1 s with load smaller and the load change at 3 s. Fig.
10 shows frequency behavior, among others.

5. CONCLUSION

This article analyzed the voltage and frequency regula-
tion in a three-phase islanded microgrid with a hybrid
photovoltaic/battery generation unit using a grid-forming
droop control. This control actively generates frequency
and voltage references and controls the AC voltage through
an internal proportional-resonant. This enabled the mi-
crogrid to work efficiently in different situations of load
variations with the battery state of charge within accept-
able limits. Simulation results showed that the lithium-ion
battery is able to provide voltage and frequency support
when connected to the microgrid. Battery disconnection
is performed within defined limits in order to increase its
useful life, allowing it to work for more cycles and thus
reducing system costs. However, with the disconnection,
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Zap,e =39, 37.5, 36 (2 loads.

the control is no longer able to regulate dc-link voltage

and consequently the AC voltage and frequency levels.

Appendix A. CONTROL PARAMETERS

The control parameters used in simulations are summa-

rized in Tables A.1 and A.2.
Table A.1. Connected Control Parameters.

Parameter Symbol Value

DC-Link Voltage (PI) Kp, Ki 250, 500
Direct Axis Current (PI) Kp,Ki  0.15,0.5
Quadrature Axis Current (PI) K,,K; 0.5, 0.15

Table A.2. Islanded Control Parameters.

Parameter Symbol Value
Voltage Loop (PR) Kpv, Kiv 500, 500
Current Loop (PR) Kpr, Kir, 100, 100
DC-Link Voltage (PI) Kp, Ki 0.63, 150
Bidirectional Indutor Current (PI) Kp, Ki 0.2325, 1.57
Frequency Droop Coefficient m 0.005
Voltage Droop Coefficient n 1
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