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ABSTRACT — Renewable energy will eventually replace fossil energy. Direct current (dc) microgrids can operate
independently without being connected to the utility grid. The configuration of a dc microgrid system may encompass wind
turbines, permanent magnet synchronous generators (PMSG), rectifiers, dc-dc boost converters, bidirectional dc-dc
converters, batteries, and maximum power point tracking (MPPT). Systems with complex components have the problem of
maintaining a stable dc voltage amid a load or wind speed change. This paper focuses on improving the performance of dc
microgrids by adding voltage control to satisfy the load demand and maintain a constant dc voltage stability. Tests were
conducted under three conditions. In the first condition, the wind turbine may supply the load and battery; in the second
condition, the wind turbine and battery supply the load; and in the third condition, the battery fully supplies the load. The
test results showed that the performance of the designed system could satisfy the load demand and charge the battery. When
the wind turbine generators were unable to satisfy the load demand, the battery and wind turbine could supply the load. The
system could maintain a voltage on the dc bus of 400 V, with a deviation of only 1%. According to the IEC 61000-14-17,

this value remains within the acceptable load tolerance limit.
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I. INTRODUCTION

The demand for electricity escalates as Indonesia’s
population increases. One of the largest renewable energy
resources is wind energy. The Ministry of Energy and Mineral
Resources (Energi dan Sumber Daya Mineral Republik
Indonesia, ESDM) asserts that Indonesia has a wind energy
potential of 60.65 GW because Indonesia is an archipelagic
country with numerous coastal areas possessing sufficient
potential for power generation. The direct current (dc)
microgrid is an excellent way to harness renewable energy
sources and is a viable solution to address the growing demand
for electricity loads [1]. There are several types of microgrids,
including alternating current (ac) microgrids, dc microgrids,
and combined microgrids (ac/dc). The dc microgrids are
superior to ac microgrids due to numerous advantages,
resulting in significant attention for their development [2], [3].

The advantages of dc microgrid are its reliable system,
simpler structure, better performance, and higher converter
efficiency [4], [5]. In the future, renewable energy will be the
source of electricity, replacing fossil energy. Microgrids can
operate independently without being connected to the utility
grid. This technique is commonly used in areas that are outside
the utility grid. However, an ideal control strategy for dc-dc
converters is required to improve the performance of the dc
microgrid. This control is needed because many converters in
the dc microgrid are connected in parallel to supply the load [6].

One of the most promising renewable energy sources is
wind energy. The kinetic energy of the wind is converted into
electrical energy using wind turbines through a rotating rotor
connected to a generator. These wind turbines can be installed
in various locations, from onshore to offshore waters,
depending on their design and capacity. Nevertheless, the
dynamic characteristics of the wind result in the slower reaction
of the power that can be absorbed by wind power plants. As a
result, it is hard to maintain maximum power [7]. Various
efforts can be made to optimize wind turbines, ranging from
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blades, generators, to controllers. Wind turbines require
technology that can enhance their system reliability in altering
wind conditions. One such technologies is the maximum power
point tracking (MPPT) controller. MPPT tracks the power
generated by wind turbines to achieve their maximum point
under variable wind conditions [8]. One of the most widely
used methods of MPPT is perturb & observe (P&O). This
algorithm manipulates the duty cycle value of the converter to
continuously increase or decrease the voltage of the wind
turbine based on the previous power value until it reaches the
maximum power point.

The dc-dc converter regulates the energy flow from the
renewable energy source to the load and energy storage on the
dc microgrid. In a dc microgrid utilizing wind turbines without
energy storage, the energy supply to the load will be cut off
despite the utilization of the MPPT to generate maximum
output power. As a result, microgrid systems require
technology that can enhance system reliability. The solution is
to provide electrical energy storage technology from backup
energy sources [9], [10]. To enhance the reliability of the
microgrid system, a bidirectional dc-dc converter with a battery
as an energy storage component can be employed to store the
energy produced by wind turbines. Bidirectional dc-dc
converters have two operating modes: battery charging mode
and battery discharge mode [11]. A battery will store excess
energy when its capacity produces more energy than the load
demands. Conversely, when its capacity produces less energy
than the load demands, the energy stored in the battery will be
used. Thus, this paper addresses the difficulties of maintaining
a stable power supply to the load when there is a change in load
or in wind speed.

There have been several previous studies regarding dc
microgrid configuration and converter design. In some
scientific works, researchers have investigated various
renewable energy sources, including hydro, solar, wind, tides,
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biomass, biogas, and geothermal [12]-[14]. Due to the
stochastic nature of renewable energy sources, the utilization of
such energy sources requires a combination of storage devices.
In general, previous research findings suggest that
algorithmically optimized bidirectional dc-dc converters can
improve efficiency [15], [16]. Based on previous research, the
passive control method on a bidirectional dc-dc converter
connected to a battery for voltage regulation in a dc microgrid
cannot dynamically respond to load changes [17]. This research
designed a voltage regulation system for wind-battery turbine-
based dc microgrids with a bidirectional topology employing
Pl-based voltage control to ensure voltage stability and fulfill
load demands.

Il. SYSTEM CONFIGURATION

Figure 1 presents the block diagram of the design of the
wind turbine-battery-based dc microgrid voltage regulation
system. This system comprises the wind turbines, permanent
magnet synchronous generators (PMSG), rectifiers, dc-dc
boost converters, bidirectional dc-dc converters, MPPT,
proportional-integral (PI) control, batter, and dc load.

A. WIND TURBINES

The uneven heating of the earth by the sun has made wind
energy an alternative that can be utilized by humans to generate
electricity [18]. Wind turbines, also dubbed windmills, are
tools that can convert alternative energy, namely wind, to
electrical energy. The working principle of the wind turbines is
that the wind speed generates mechanical energy (rotation),
which is subsequently being utilized as the generator drivers.
The amount of wind power harvested by the turbine depends
on the size of the turbine blades and the wind speed in an area

[18]. Equation (1) can be used to calculate the wind power (B,).

P, = % R?pv3 )

with R being the spokes of a wind turbine, p being the air
density, and v being the wind speed. Equation (2) can be
employed to formulate the generated mechanical power (B,,).

B, = %Cp TR?pv3 2

where C,, is the power coefficient (%) [18].

According to the Betz limit, the maximum efficiency of a
wind turbine is 0.57. The power coefficient (C,) and tip speed
ratio (TSR) (1) determine the mechanical power. TSR is the
ratio of turbine and wind speed, while power coefficient is the
ratio of mechanical and wind power [18]. Equation (3) is used
to calculate the power coefficient (C,), whereas TSR (X) can be
calculated using (4).

€= 3)
A= LR (4)

v

Parameters used in this research are shown in Table I. The
mechanical output power is 3,000 W, the base wind speed is 12
m/s, the maximum power at the base wind speed is 1 p.u., while
the basic rotation speed of the generator is 1.3 p.u. The pitch
angle used is 0°.

B. PERMANENT MAGNET SYNCHRONOUS GENERATOR
(PMSG)
Generators are tool that can convert mechanical to electrical
energies. If the voltage (V) equals to current (1), generators

p-ISSN 2301-4156 | e-ISSN 2460-5719

MMP P&O

T o

Wind L prisG »| Rectifier »| Boost » («— Load DC
Turbine Converter

DpC- >
DC Converter |

Battery

A

Y

Controller
Proposional Integral
(PI)

Figure 1. Block diagram of the system.

convert torque (T) and rotor rotation speed (w). When
employed in the wind turbines with low to medium power
capacity, PMSG usually produces 3-phase ac electricity. In this
research, preset model number 6 was used on the Simulink
MATLAB. PMSG generator parameters used is presented in
Table II.

C. RECTIFIER

Wave rectifiers are composed of diode that function as the
ac to dc wave. The diode allows half of the wave to pass
through when the ac flows, while blocking the other half of the
wave [19]. In this system design, a half-wave rectifier was used
with a single diode to stop the negative signal side of the PMSG
ac output wave and skip the positive signal side. Furthermore,
the rectifier parameters used were a snubber resistance of
100,000 Q, a forward voltage of 0.8 V, a power electronic
device used a diode, and three bridge arms.

D. BOOST CONVERTER

One type of dc converter is a dc-dc boost topology
converter that increases the input voltage to a higher output
voltage. A boost converter consists of an inductor (L), an active
switch component such as a MOSFET or insulated-gate bipolar
transistor (IGBT) (Q), a diode as a passive switch (D), and a
capacitor (C). The inductor in the boost converter circuit is used
to store energy in the form of current, while the capacitor is
used as a filter to reduce the output voltage ripples [20]. Figure
2 shows a model of the boost converter network. The
parameters of the boost converter used were a switching
frequency (fs) of 5,000 Hz, an inductor (L) of 0.0750 H, and a
capacitor (C) of 0.46875 F.

In buck mode, the relationship between the output voltage
(V,) and the input voltage (Vs) are shown in (5).

Vs

V=1-% ©)

D

The output capacitor (C) and minimum inductor (Lminy values
of buck converters are expressed by (6) and (7).

(1-D)?+D+R
Linin = 225 (6)
D+Vout
Cinin = VrRef (7

E. PERTURB AND OBSERVE (P&0) ALGORITHM

MPPT monitoring methods are often used in wind power
generation to maximize power harvesting from renewable
energy sources. MPPT is used to optimize the generator voltage
through a rectifier at the boost converter location [21]. The
working principle of MPPT P&O is shown in Figure 3.
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TABLE |
WIND TURBINE PARAMETERS
Parameters Quantities and Units
Nominal mechanical output power 3,000 W
Base power of the electrical generator | 3,000/0.9 VA
Base wind speed 12 m/d
Maximum power at base wind speed 1pu
of nominal mechanical pow '
Base rotational speed of base 13
3pu

generator
Pitch angle beta to display wind 0°
turbine power characteristics

TABLE Il
PARAMETER PMSG

Parameters Quantities and Units
Number of phases 3
Back electromotive force (EMF) Sinusoidal
waveform
Rotor type Round
Mechanical input Torsi (Tm)
Stator phase resistance 0.4578 Q
Inductance armature 0.00334 H
Voltage DC 300V
Rpm 2,300 Rpm
Torque 10 Nm-14.2 Nm
LYY Y -
+ Inductor D;;de +
B £
g = §

Figure 2. Boost converter circuit.

The algorithm used has an iterative nature, namely the
calculation and adjustment of values are carried out repeatedly.
This iteration process allows the system to adaptively respond
to changing operating conditions. This algorithm started by
reading the voltage (V) and current (1) values as inputs. Next,
the power (P) was calculated, followed by the calculation of the
voltage change (4V7) and the power change (4P) for each
iteration. Based on the 4V and 4P values, the algorithm would
adjust the optimal duty cycle (D) value. This process would
repeat continuously until the maximum power point was met.

F. DC-DC BIDIRECTIONAL CONVERTER

Bidirectional dc-dc converters can transfer power from the
source side to the load side or vice versa [22]. They are different
from dc-dc converters such as buck and boost converters. This
is because bidirectional converters do not have diodes that
prevent the current flow from reversing direction.

1) BUCK MODE

Bidirectional dc-dc converters operate like regular buck
converters in this mode. Output voltages have lower values
than input voltages. The relationship between the output
voltage (Vo) and the input voltage (Vs) in buck mode is
expressed by (8).

V, =V x D. 8

The capacitor outputs (C) and minimum inductor (Lmin) in the
buck convertors are expressed by (9) and (10) [15].
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2) BOOST MODE

In this mode, the bidirectional dc-dc convertors operate like
regular boost convertors. The output voltage value is higher
than that of input voltage. The relationship between the output
voltage (Vo) and the input voltage (Vs) is indicated by (5) and
the value of the low-voltage side capacitor is indicated by (7).

The bidirectional dc-dc converter mode depends on the dc
bus voltage. The set point of the dc bus is 400 V. When the
amount of energy generated by the wind turbine exceeds the
load demand, the dc bus will have a voltage of 400 V and the
bidirectional dc-dc converter operates on buck mode to charge
the battery. However, the bidirectional dc-dc converter
operates on boost mode, indicating that the dc bus will undergo
a voltage drop due to the wind turbine’s power being lower than
the load demand. Consequently, the dc bus will experience a
voltage drop. The bidirectional dc-dc converter used had
parameters of a switching frequency (fs) of 5,000 Hz, inductor
(L) of 0.004 H, a low-voltage side capacitor of 0.000625 F, and
a high-voltage side capacitor of 0.000625 F.

G. PICONTROL

The bidirectional dc-dc converter, operating in continuous
conduction mode (CCM), controls the dc by regulating the duty
cycle. On both the boost and the buck sides, the PI control
maintains a constant voltage. As shown in Figure 4, the Pl
control loop forms this control. The feedback signal to the PlI
control is the output voltage (V KB). The external voltage loop
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Figure 4. Simulation model of the design of a wind turbine-battery-based dc microgrid voltage regulation system capacity on Simulink MATLAB.

provides a reference for the PI control loop. In the external
voltage loop, V KB is obtained and compared to the reference
voltage (V ref). The PI control handles the difference between
the two. To obtain the duty cycle, the PI control processes the
difference to generate a stable voltage for the dc bus supply on
the high-voltage side.

H. BATTERY

A battery is a tool that can convert chemical energy in the
battery into electrical energy. Basically, a battery is a machine
that converts chemical energy in its active material into
electrical energy through an electrochemical redox reaction or
oxidation-reduction. A battery consists of an electrolyte, which
serves as a conductor as well as positive and negative terminals.
The output current from the battery is dc current. The energy
storage system unit in the United States microgrid system is
designed to provide a stable voltage to the load under changing
load conditions. Since the power generated by the wind turbine
does not always meet the required load, the battery that
functions as energy storage can help meet the load demand. In
this case, the battery state-of-charge (SoC) system is
considered to be in the range of 50% with a battery capacity of
200 Ah.

. LOAD

In designing a wind turbine-battery-based dc microgrid
voltage regulation system, resistive loads were used to test the
system’s reliability. There are two variations of resistive loads,
each with a load of 1,000 W. The first load variation was
directly connected to the designed system. On the other hand,
the second load variation was connected to the system at the
third second, resulting in the total load of 2,000 W. Therefore,
the reliability of the designed system could be analyzed.

J. IEC 61000-4-17

IEC 61000-4-17 is an international standard for
electromagnetic compatibility (EMC) testing, specifically
addressing disturbances caused by transient dc voltages. This
standard outlines the method for testing the resistance of
electrical or electronic equipment to ripple in the input dc
power. It applies to low-voltage dc power in equipment
supplied by an external rectifier system, or a battery being
charged. The IEC 61000-4-17 standard permits a ripple voltage
of up to 1% of the nominal voltage in dc electronic equipment.
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These standard covers voltage waveforms, ranges, settings, and
test procedures.

ll. RESULTS AND DISCUSSION

This section outlines the testing results of the design of the
wind turbine-battery-based dc microgrid voltage regulation
system. The proposed system was simulated for 5 s using
Simulink MATLAB. The simulation circuit model is shown in
Figure 4.

The wind turbine capacity used was 3 kW. In this study,
there were three variations of wind speed, each representing a
particular condition. The first variation is the wind speed of 12
m/s. In this condition, the wind power plant entirely supplied
the load, and excess power from the plant was used to charge
the battery. The second variation is the wind speed of 8 m/s. In
this wind speed condition, the power generated by the plant was
not optimal, so the existing battery played an active role in
assisting the wind power plant to supply the load. In the third
variation with a wind speed being 4 m/s, the wind power plant
was unable to generate any power at all. Hence, the battery
entirely supplied the existing load. This study also carried out
tests with additional loads when each condition took place. It
aimed to determine the voltage regulation performance of the
designed dc bus.

A. LOAD AND BATTERY SUPPLIED BY WIND TURBINES
Figure 5 shows a wind turbine power, load, and
bidirectional dc-dc converter graph. Based on the simulation
results that had been carried out, the output power of the wind
turbine with a wind speed of 12 m/s was 3,600 W. Figure 5
shows that the output power of the wind turbine has a non-
constant value, and oscillations occur continuously. It is a
power tracking process carried out by the boost converter with
the MPPT P&O algorithm so that the power generated will
continuously oscillate to obtain the maximum output power of
the wind turbine. The wind turbine could supply the load and
charge the battery with a wind speed of 12 m/s. It can be seen
in Figure 5 that the power in the bidirectional dc-dc converter
operates in buck mode for battery charging, as evidenced by the
battery power, which has a negative value indicating the
process of charging the battery. Oscillation occurred in the
battery charging process because the input coming from the
wind turbine oscillated as well. At the third second in the
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Figure 5. Wind turbine output, load, and battery power when the wind speed is
12 m/s.
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Figure 6. Dc bus voltage when the wind speed is 12 m/s.

simulation, the load on the system increased from 1,000 W to
2,000 W. When the load increased, the output power of the
wind turbine remained unchanged. The difference can be seen
in the existing battery power. The initial power input to the
battery was -2,500 W, then it became -1,500 W.

Figure 6 illustrates the voltage graph on the dc bus of the
microgrid system with a wind speed of 12 m/s. When the wind
turbine supplied the load and charged the battery, the voltage
on the dc bus of the microgrid system could maintain the
voltage at a level of 400 V. In the third second, there was an
additional load on the system, causing the voltage value to drop
slightly and subsequently return to the level of 400 V. The
measurement results of the dc bus’s lowest and the highest
voltages immediately after the addition of the load in the third
second were 399.7 V and 400 V. Hence, the voltage fluctuation
of the dc bus was 0.3 V. The dc bus could maintain the voltage

ata level of 400 V despite the additional load in the third second.

The dc bus could maintain a voltage level of 400 V, with a
voltage ripple of 0.3 V (0.075% of the nominal voltage).
According to the IEC 61000-4-17 standard, this voltage ripple
remains within the acceptable tolerance limit for dc electronic
equipment, which is below 1%.

Figure 7 presents the SoC battery graph. With a wind speed
of 12 m/s, the wind turbine could supply the load while

charging the battery. The SoC battery value increased over time.

In the third second, there was an additional load on the system,

resulting in the power used to charge the battery getting smaller.

Figure 7 shows that after the third second, the SoC battery
curve is getting flatter compared to the previous second.

B. LOAD SUPPLIED BY WIND TURBINES AND
BATTERIES
Figure 8 shows a wind turbine power, load, and
bidirectional dc-dc converter graph. Based on the simulation
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Figure 8. Wind turbine output, load, and battery power when the wind speed is 8
m/s.

results that had been carried out, the output power of the wind
turbine with a wind speed of 8 m/s was around 1,600 W. Figure
8 shows that the output power of the wind turbine has a non-
constant value, and oscillations occur continuously. This
occurs because the power tracking process is carried out by the
boost converter with the MPPT P&O algorithm so that the
power generated will continuously oscillate to obtain the
maximum output power of the wind turbine. With a wind speed
of 8 m/s, the wind turbine was incapable of supplying the load,
so in this system, the battery also had a role in supplying the
load. This can be seen in Figure 8. The bidirectional dc-dc
converter provided power to the load in boost mode, indicating
a positive battery power value. At the third second in the
simulation, the load on the system increased from 1,000 W to
2,000 W. When the load increased, the output power of the
wind turbine remained unchanged as the maximum power
achievable at a wind speed of 8 m/s was 1,600 W. The
difference can be seen from the power on the bidirectional dc-
dc converter, namely the output power from the battery, which
was initially -600 W, changed to 400 W.

Figure 9 shows the voltage graph on the dc bus of the
microgrid system with a wind speed of 8 m/s. The microgrid
system could maintain the voltage on the dc bus at 400 V when
the wind turbine and battery supplied the load. In the third
second, there was an additional load on the system, causing the
voltage value to drop slightly and subsequently return to the
level of 400 V. The measurement results of the dc bus’s lowest
and the highest voltages immediately after the addition of the
load in the third second were 399.8 V and 400.1. Hence, the
fluctuation of the dc bus voltage was 0.3 V. The wind turbine
and battery could maintain the dc bus voltage at 400 V, and the
supply to the load was not interrupted. The dc bus could
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Figure 9. Bus voltage when the wind speed is 8 m/s.
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Figure 10. SoC battery when the wind speed is 8 m/s.

maintain a voltage level of 400 V, with a voltage ripple of 0.3
V (0.075% of the nominal voltage). According to the IEC
61000-4-17 standard, the voltage ripple is still within the
acceptable tolerance limit for the dc electronic equipment,
which is below 1%.

Figure 10 illustrates the graph of the SoC battery. With a
wind speed of 8 m/s, the battery needed to contribute to
supplying the load because the maximum output power of the
wind turbine was not enough to fully supply the load. The SoC
battery value decreased over time. In the third second, the
system experienced an increase in load, prompting an increase
in the battery output power to supply the load. Figure 10 shows
that after the third second, the SoC battery curve is steeper
compared to the previous second.

C. LOAD SUPPLIED BY BATTERIES

Figure 11 shows a graph of wind turbine power, load, and
bidirectional dc-dc converter. Based on the simulation results
that had been carried out, the wind turbine could not produce
output power when the wind speed was 4 m/s. At this wind
speed, the load on the system was fully supplied by the battery.
Figure 11 shows that the bidirectional dc-dc converter works in
boost mode to supply the load, as evidenced by the positive
battery power. In the third second of the simulation, the load on
the system increased from 1,000 W to 2,000 W. When the load
increased, the output power from the battery also changed, the
same as the power on the load. It indicates that the battery fully
supplies the load.

Figure 12 illustrates the voltage graph on the dc bus of the
microgrid system with a wind speed of 4 m/s. When the battery
entirely supplied the load, the voltage on the dc bus of the
microgrid system can be maintained at a level of 400 V. In the
third second, there was an additional load on the system,
causing the voltage value to drop slightly and subsequently
return to the level of 400 V. The measurement results indicated
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Figure 11. Wind turbine output, load, and battery power when the wind speed is
4 m/s.
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Figure 13. SoC battery when the wind speed is 4 m/s.

that the lowest and highest voltages of the dc bus immediately
after the addition of the load in the third second were 399.8 V
and 400 V. Hence, the fluctuation of the dc bus voltage was 0.2
V. The battery could maintain the dc bus voltage at a level of
400 V and the supply to the load was not interrupted. The dc
bus could maintain a voltage level of 400 V, with a voltage
ripple of 0.2 V (0.05% of the nominal voltage). According to
the IEC 61000-4-17 standard, this voltage ripple remains
within the acceptable tolerance limit for the dc electronic
equipment, which is below 1%.

Figure 13 displays the graph of the SoC battery. With a
wind speed of 4 m/s, the battery completely supplied the load
because the wind turbine could not generate power. It can be
seen that the SoC battery value decreases over time. The SoC
curve with this wind speed is steeper compared to the SoC
curve at a wind speed of 8 m/s. In the third second, there was
an additional load on the system, causing an increase in the
battery output power to supply the load. Figure 13 shows that
after the 3rd second, the SoC curve on the battery is steeper
compared to the previous second.
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IV. CONCLUSION

The performance of the designed dc microgrid system can
operate well. The output power of the wind turbine can meet
the load demand and charge the battery. When the turbine
cannot generate output power, the battery can meet the load
demand. The test results showed that at a wind speed of 12 m/s,
the wind turbine could generate electricity to meet the load
demand and charge the battery. At a wind speed of 8 m/s, the
battery could supply the lack of turbine output power to meet
the load demand. At a wind speed of 4 m/s, the wind turbine
failed to generate output power, and the battery entirely
supplied the load. The proposed system successfully
maintained the voltage on the dc bus at 400 V with a deviation
of only 1%. Based on the IEC 61000-4-17 reference, these
values remain below the load tolerance limit.
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