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Thainá Matos Santana Delgado ∗ Giusep Magno da Silva Ribeiro ∗

Camila Mara Vital Barros ∗∗ Luciano Sales Barros ∗∗
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Abstract: In a scenario where the use of renewable sources only expands and the level of
complexity of distribution systems becomes increasingly large, microgrids are an attractive
grid configuration option as they enhance system reliability and keep the electrical parameters
within quality standards. This paper aims to detail the main control strategies used to ensure
the operation of single-phase microgrids. The simulated system has photovoltaic (PV) solar
generation and supplies variable local loads that require the support of battery energy storage
systems (BESS). The simulations began with the proper functioning test connected to the grid,
followed by the islanding of this system, and once islanded, the system is subjected to generation
and load variations. For this purpose, Matlab/Simulink is used to accomplish the simulations.
The results show transitions between states with few oscillations and fast returns to the operating
point.

Keywords: Single-phase microgrid, islanded operation, grid-connected operation,
photovoltaic/battery unit, grid-forming droop control.

1. INTRODUCTION

Renewable energy sources in the electrical system have
significantly expanded the search for more efficient and
autonomous systems. One of the most delicate situations
with renewable energy today is the integration of these
elements in a distributed way, close to the consumer. That
happens because the elements that make this connection
possible disturb the parameters of the grid, making their
correct operation difficult (Bilgili et al., 2015).

Microgrids have gained attention due to their ability to
address reliability and energy quality issues in systems,
such as energy generation through renewable sources near
loads (Saeed et al., 2021). For this, the microgrid must
function appropriately connected to the electrical grid and
operate in islanded mode. It must also transition smoothly
between states and maintain a reliable power supply to
all loads within the system while meeting quality criteria
(Vasquez et al., 2013).

The microgrid studied here has a solar photovoltaic with
a battery energy storage system (PV/BESS) prepared to
operate connected to the grid or islanded. The control
strategy used for the grid-connected system is the resonant
control assisted by a phase-locked loop based on a second-

order generalized integrator (SOGI-PLL). For islanded
mode, the tested strategy is droop control with primary
and secondary stages. Control is decentralized and uses
only local measurements to adjust microgrid parameters.

This paper aims to detail the operation of a single-phase
microgrid using a combination of simple control techniques
and realistic equipment modeling. It exposes scenarios
that this type of grid must be prepared to support,
subjecting the structure to generation variations that
represent possible intermittencies inherent to PV solar
generation and load variations that represent an increase
or decrease in demand at the location.

Section 2 provides an overview of the components of the
microgrid. Section 3 presents the control strategies for the
grid-connected mode, while section 4 details the control
strategies for operating in islanded mode.

2. SYSTEM DESCRIPTION AND MODELLING

The microgrid under study, shown in Fig. 1, is modeled
to operate in an islanded or grid-connected mode. The
generation is a hybrid PV/BESS unit connected to the
grid via a two-stage converter. The Matlab/Simulink is the
software responsible for generating the results presented,
and Table 1 lists the parameters setup of the system
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Figure 1. System control diagram.

components. The solar panel is modeled and validated
according to Villalva et al. (2009); in this case, a PV
source consists of five 345 W modules connected in series
(RISEN RMS 72-6-345P). The Maximum Power Point
(MPP) is tracked with the Perturb and Observe (P&O)
methodology (Murtaza et al., 2013), and this unit goes
through a DC-DC boost converter for a connection to a
DC-link.

The BESS is modeled according to Baronti et al. (2014)
and is connected to the same DC-link through a buck-
boost converter to allow charging or discharging of this
device according to the system demand (Argyrou et al.,
2021). After the DC-link, the single-phase full-bridge volt-
age source inverter (VSI) uses SPWM modulation (Khan
et al., 2020) to convert the DC voltage to AC and connect
to an LCL filter that improves the quality of the generated
wave (Reznik et al., 2014).

A circuit breaker isolates the system when necessary and
terminates the connection to the common coupling point
(PCC). When connected to the grid, a sufficiently large
grid impedance simulates a weak grid (Zhang et al.,
2023), and when operating in islanded mode, the microgrid
supplies a single-phase resistive load. The time considered
for islanding detection is one cycle (Nale et al., 2024).

Table 1. Parameters setup.

Symbol Description Value Unit

Vgrid Nominal grid voltage (rms) 127 V
Ppv PV Unit power 1725 W
PBESS BESS Unit power 400 W
VBESS BESS Voltage 200 V
CBESS Buck-Boost capacitance 1000 µF
LBESS Buck-Boost indutance 10 mH
Cpv Boost capacitance 100 µF
Lpv Boost indutance 10 mH
fo Nominal grid frequency 60 Hz
fs Switching frequency 10 kHz
VDC DC-link voltage 400 V
CDC DC-link capacitance 3000 µF
LLf VSI-side indutance 1.4 mH
LLo Grid-side indutance 270 µH
Cf Filter capacitance 14 µF
Zg Grid impedance 0.8 + j0.75 Ω

3. ISLANDED MODE CONTROL

For the microgrid to operate in islanded mode, a grid-
forming control is required. Then, primary and secondary

droop control is employed to supply the local load. In
addition, the BESS control loop must be responsible for
keeping the DC-link voltage constant. Table 2 summarizes
all the calculated gains for the system controls in island
mode.

Table 2. Islanded mode control parameters.

Description Symbol Value

DC-Link Voltage PI kpvB , kivB 21.13, 2822.63
Bidirectional Current PI kpiB , kiiB 0.042, 70
Droop gain m,n 0.002, 0.01
Voltage loop PR kprv , kirv , kihv 4.8, 4.8, 48
Current loop PR kpr, kir, kih 6, 6, 60
Cut-off frequency PR ωc 5 rad/s
Cut-off frequency Droop ωfc 37.7 rad/s

3.1 Control of the bidirectional buck-boost converter

The DC-link control is performed by bidirectional buck-
boost, as seen in Fig. 2. A Proportional Integral (PI)
controller, responsible for voltage control, is added in
cascade to the current control responsible for switching.
Now that it is no longer possible to rely on the grid
to absorb the excess power, the idea arises of using the
BESS to regulate the voltage on the DC-link as the excess
generation power tries to increase this voltage, and the
opposite is also valid (Mahmood et al., 2015).
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ILB_min

S2
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VDC
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Figure 2. BESS bidirectional converter control strategy.

3.2 Droop control

Fig. 3 describes how the droop control works. The voltage
and current measured in the LCL filter are used to calcu-
late the reference active and reactive powers for the droop
control according to He et al. (2013). Having these values,
(1) and (2) that relate f−P and V −Q are the core of the
primary droop logic. An increase in active power decreases
the system frequency, just as an increase in reactive power
generates a voltage drop.

f = fo +m · (Po − P ) (1)

V = Vo + n · (Qo −Q) (2)

Sociedade Brasileira de Automática (SBA) 
XXV Congresso Brasileiro de Automática - CBA 2024, 15 a 18 de outubro de 2024 

ISSN: 2525-8311 3833 DOI: 10.20906/CBA2024/4744



VDC

+

-

LCL FilterSingle-Phase
VSI 

iLf ig

Power
Calculation

Droop Control

P Q

Vgen, fgen

PR Control

PWM

VCf

V

Q

f

P

Wave Generator

E=Vgensin(2πfgent)

Loads

Figure 3. VSI grid-forming control diagram.

where in (1), f is the microgrid frequency, fo is the nominal
frequency, m is the P − f droop coefficient, Po is the
nominal power and P is the measured active power, and in
(2), V is the amplitude of the voltage delivered, Vo is the
nominal voltage, n is the Q − V droop coefficient, Qo is
the nominal reactive power and Q is the measured reactive
power.

These equations, however, are unable to restore voltage
and frequency values to the nominal after oscillations in
the system (Karimi et al., 2017). To solve this problem, a
secondary control is proposed by Nutkani et al. (2015).

The output voltage of the droop primary passes through
a low-pass filter with a cut-off frequency one decade below
the nominal system frequency (Guerrero et al., 2004).
This filtered value is subtracted from the nominal system
voltage, which is, in sequence, added to the measured
initial primary voltage. It is possible to do the same process
to the frequency output. Fig. 4 illustrates this step.

ωfc
s+ωfc

fgen Vgen
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fDroop

ωfc
s+ωfc

V*

VDroop ΔVΔf

Figure 4. Secondary droop control.

Returning to Fig. 3, now with the voltage and frequency
adjusted, the reference signal E is generated, composed of
the amplitude Vgen and the frequency fgen resulting from
the secondary droop. This signal must go through cascade
control using the proportional-resonant (PR) controller.
Here, the voltage and current signals are adjusted to
generate a reference voltage for inverter switching. The PR
control has the advantages of a gain dimension equal to a
simple PI, can zero the steady-state error in a sinusoidal
signal, and allows the use of a harmonic compensator
(Teodorescu et al., 2006) (Vasquez et al., 2013). The
diagram in Fig. 5 details the configuration of the resonant
control.
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Figure 5. Proportional-resonant control.

4. GRID-CONNECTED MODE CONTROL

In grid-connected mode, the single-phase inverter operates
as grid-following. With the support of a PLL, the VSI
control delivers a current compatible with the distribution
system to the grid while keeping the voltage on the DC-link
constant. Bidirectional BESS converter control supports
the delivery of requested power even with intermittent PV
generation. Table 3 summarizes all the calculated gains for
the system controls in grid-connected mode.

Table 3. Connected mode control parameters.

Description Symbol Value

Vdc loop gains kcpv , kciv 0.35, 8.75
Bidirectional PI1 kpi1, kii1 2.862e-7, 0.6208
Bidirectional PI2 kpi2, kii2 1.062e-6, 0.708
Vg loop gains kgpv , kgiv 0.1, 0.002
Ig PR+HC loop gains kpr, kir, kih 1.6, 200, 100
Cut-off frequency ωc 5 rad/s

4.1 BESS bidirectional converter control

During grid-connected mode, the BESS control takes place
using the system’s power balance as a reference. A power
delivered to the system is defined, and to minimize the
intermittence to which the PV generation is subject, the
BESS charges when the generation is more than 1300 W,
and when the generation is lower, it discharges. The control
has mechanisms to prevent the BESS from exceeding its
limits, aiming for a longer useful life.

To achieve this, two PIs made the current control through
the buck-boost to activate switches S2 and S3, as shown in
Fig. 6. The proportional and integral gains are calculated
through the buck and boost transfer functions separately,
with each PI responsible for a key (Argyrou et al., 2021).
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Figure 6. BESS bidirectional converter control strategy.

4.2 VSI control

In this mode, the control system maintains the nomi-
nal DC-link voltage, and the current is injected into the
grid using a cascade control system. The control strat-
egy adopted illustrates Fig. 7, where you can see the
single-phase VSI, the cascade control, and the SOGI-PLL
method, implemented based on the study carried out by
Xu et al. (2021), which is responsible for maintaining
synchronism between the inverter and the grid. In this
operating mode, VDC is controlled by setting this variable
to a reference value through the voltage control loop, the
external loop in the cascade control shown in Fig. 7. In
this way, the error between the voltage VDC and VDC∗ is
the input signal for the PI controller, which is responsible
for generating the reference current for the second control
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stage in the internal current loop (Teodorescu et al., 2006).
The transfer function represented by (3) is used to size the
gains of this PI, where Vdc is the voltage on the DC-link
and Iinv is the current at the VSI output.

GVdc
(s) =

Vdc(s)

Iinv(s)
= − 1

sCf
(3)

With this, the PI output is applied to a PR type II
controller with a transfer function represented by (4). The
adjustment of gains is made in the same way as for a PI
controller. The ωc is the cut-off frequency, and the ω0 is the
grid frequency. Furthermore, it is designed compensation
for the 3rd, 5th, and 7th, in the same format as shown in
Fig. 5 for the islanded system.

GPR(s) = kpr +
2kirωcs

s2 + 2ωcs+ ω2
0

(4)

Therefore, the signal generated by the current loop is
combined with a synchronization signal obtained using
the SOGI-PLL method. This signal is compared with the
Ig, and the resulting is input to the PR control, thus
regulating the sinusoidal current and producing the input
for the PWM used.

5. PV BOOST CONVERTER CONTROL

A control strategy that is useful for both connected and
islanded modes is the PV boost converter control. The
first part of this control is responsible for ensuring the
maximum operating point of the PV modules. Here, the
Perturb and Observe (P&O) methodology is adopted, as it
is one of the simplest with proven performance (Murtaza
et al., 2013). Furthermore, a second part of this strategy
aims to control the boost PWM switching. It is now
necessary to deliver the expected voltage on the DC-link.
To do this, it uses two PIs in the cascade as shown in Fig.
8.

The first and most external PI is responsible for zeroing
the voltage error at the output of the PV modules, and
the second PI is responsible for adjusting the generation
current. Finally, a switching signal is generated to control
S1.

The gains, shown in the Table 4, are calculated by the
boost transfer function and the voltage values available
in solar generation and desired in the DC-link (Argyrou
et al., 2021).

S1MPPT
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Ipv* PI
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PWM

Figure 8. PV boost converter control strategy.

Table 4. PV boost control parameters.

Description Symbol Value

Vpv loop gains kpv , kiv -0.1257, -53.41
Ipv loop gains kpi, kii 0.185,3.14

6. SIMULATION RESULTS

The gains shown in Tables 2, 3, and 4 were adjusted
using the Sisotool, a Matlab platform. From the transfer
functions, this tool allows the design of single input and
output controllers for feedback systems, using the root
locus graph and the bode diagram as reference.

The results are separated into four analyzed scenarios. The
first scenario must confirm the correct operation of the
grid-connected. The system is requested to supply the grid
with a fixed power of 1300 W, regardless of local demand.
At 2.0 s, the irradiance drops by half, and the system
must continue to supply the requested power with BESS
support. At 3.5 s, the generation increases to a value below
the nominal value.

The second scenario displays the change of operating
modes from on-grid to island without other changes in the
system dynamics. At 2.5 s, the microgrid is disconnected to
the grid, switching the control modes. The third scenario
tests the islanded system under load variations. Initially,
the microgrid supplies a lower load than the generation,
and at 2.5 s, the load increases to a higher power than the
generation, and after that, at 3.5 s, it decreases again. The
fourth and final scenario shows the islanded system facing
variations in generation. At 2.0 s, the PV generation suffers
a drop of half of its power, and only at 3.5 s it recovers to
power sufficient to supply the load.

6.1 First scenario

Fig. 9 shows that the BESS is charging until 2.0 s due to
excess generation, and after the drop, it starts supplying
power. It also seems that the voltage in the DC-link os-
cillates slightly and returns to the reference value before
0.5 s. A 10 V undershoot is the most severe oscillation. At
3.5 s, the system responds proportionally to the generation
increases, with the BESS returning to the charging state
with lower power. Due to the reference provided by the
grid, the voltage at the PCC does not change. Further-
more, it is possible to see a current oscillation that lasts
as long as the system takes to return to equilibrium. It
is observed as a slight dip without much damage to the
waveform.

6.2 Second scenario

Fig. 10 shows the change of operating modes from on-grid
to island. Observing the behavior of the graph on the DC-
link, it is possible to verify oscillations of less than 3 V
and a return time of 50 ms. The frequency reaches a peak
of 59.8 Hz and returns to the nominal value at the same
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Figure 9. Operation of the grid-connected system.

time as the DC-link voltage. The BESS power also does
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Figure 10. Operation of the system in the moment of
islanding.

not suffer large fluctuations with the change of states. The
current undergoes rapid deformation, reaching a peak of
35 A, but returns to the nominal value instantly, causing
no further damage to the wave shape.

6.3 Third scenario

Now Fig. 11 shows the islanded system under load varia-
tions. The simulation starts with a very low load, which
causes the BESS charge, and at 2.5 s, the load increases
enough for the PV generation to require the support of the

BESS. At 3.5 s, the charge drops again to an intermediate
value. From the moment the load decreases, the voltage on
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Figure 11. Islanded system with load variation.

the DC-link only takes 3.0 cycles to return to the reference.
It is possible to notice that with each change in loads, the
frequency exhibits a peak proportional to the change in
load. The highest peak reached 59.5 Hz. The current and
voltage in the PCC do not exhibit deformations, changing
only its modulus. The State-of-Charge (SoC) also has a
charge or discharge rate proportional to the size of the
charge. It is worth mentioning that this variation is within
the equipment’s safety range.

6.4 Fourth scenario

Fig. 12 shows the islanded system facing variations in a
generation. At 2.0 s, the generation drops to half the nomi-
nal value, and at 3.5 s, the PV generation increases but to a
value still lower than the nominal. This situation generated
the lowest frequency peak among the simulations made
here, 58.5 Hz, but it is instantaneous in duration, and less
than 0.2 s already returned to the nominal value. Voltage
and current in the PCC practically do not feel oscillations
and maintain the wave without distortions.

7. CONCLUSION

This article studied the operation of a single-phase Micro-
grid with a hybrid PV/BESS generation unit, with control
logic prepared to maintain operation in grid-connected or
islanded mode. This system has had its performance tested
in the face of load or generation fluctuations. The analysis
parameters used are overshoot and stabilization time of
frequency and voltage on the DC-link. Furthermore, it is
observed how these variations affected the power balance,
battery SoC behavior, and voltage and current at the point
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Figure 12. Islanded system with generation variation.

of common coupling. The microgrid control managed to
return the analyzed parameters to the reference value in a
very short time. The longest return time is less than 0.5 s
and occurs when the system is connected to the grid with
a sudden variation in generation power to half its nominal
value. The highest frequency peak in islanded mode also
occurred due to generation drops, reaching an instanta-
neous peak of 58.5 Hz that lasted 0.2 s. Furthermore, the
system resumes operations quickly and efficiently in all
proposed situations. As a possibility for future work, the
microgrid could be exposed to more challenging loads and
extreme scenarios that test the physical limitations of its
components.
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