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Abstract

In 2019, fossil energy produced more than 88% of Indonesia's electrical energy. For this
reason, innovation in supplying electrical energy via renewable energy is required. One of

This work is licensed them is wind energy with a potential of 60.6 GW, which has only been utilized at 0.15
s S GW or only 0.25% of the existing potential. One of the essential components in this power
ShereAlike 4.0 plant is the battery. The process of charging the battery that is not suitable can cause a

International License . . .
decrease in battery performance. Therefore, a battery charger is built that uses a buck

converter to lower the voltage while employing PI control to regulate the output voltage.
From system testing, it is found that the output voltage of the charge controller is stable,
where the most significant error value from the output voltage value is 0.972%. The
average output current from the buck converter test using the PI approach is 16.84 mA,
while the average input current is 15.73 mA. As a result, this charge controller can improve
the battery charger's charging efficiency and hence lengthen the battery's lifetime.
Keywords: wind, turbine, battery, Arduino Uno.

1. Introduction

Electricity is an essential need and is a resource needed in daily activities. The longer the need for
electricity will increase along with the increase and development of both the population, regional
development, and the increasing amount of investment. In addition, the government is also committed
to making the best efforts for equitable distribution of electricity for the realization of equitable energy.
This support by Ministerial Regulation No. 38, 2016, concerning the “Acceleration of Electrification in
Undeveloped Rural Areas, Remote Areas, Borders, and Small Inhabited Islands through the
Implementation of Small-Scale Electricity Supply Businesses” [1]. The effort makes to achieve 100%
electrification ratio by 2024 following the Decree of the Minister of Energy and Mineral Resources of
the Republic of Indonesia Number 1567, 2018, concerning the “Business Plan for the Provision of
Electricity for PT Perusahaan Listrik Negara (Persero) from 2018 to 2027 [2]. On the other side,
electricity demand expects to grow more than seven times to 1,611 TWh in 2050. [3]. However, in 2019
more than 88% of electricity energy in Indonesia is still generated by fossil energy, with around 60%
from coal, 22 % from natural gas, 6% from oil, and only 12% produced from renewable energy [4].
Because fossil energy is a non-renewable energy source, it will run out if consumed indefinitely. In
addition, the use of fossil energy will also cause air pollution and increase the greenhouse effect, which
is harmful to public health [S]-[7]. For this reason, innovations require to continuously fulfil electrical
energy in Indonesia by utilizing the potential of renewable energy.

Based on previous research, there are solutions to utilize wind energy potential in Indonesia.
Wind speed in Indonesia classifies as low wind speed [8]. The potential for low-speed wind energy can
utilize by using vertical wind turbines. This study aims to determine the performance of vertical wind
turbines with variations in the number of blades used. The previous research results found that the fewer
blades used in the manufacture of vertical wind turbines, the greater the rotational speed, but will have
drawbacks, namely low torque moments and vice versa. In the previous study, wherein the high loading
test, the efficiency value of the turbine with two blades had the lowest efficiency [9].
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In previous research by Nugraha and Priyambodo [10], research was carried out on the angle of
the vertical wind turbine blade placement, which carry out with four angle variations, i.e. 22.5°, 45°, -
22.5°, and -45°. Where the purpose of the study is to find out how the position of the most efficient
wind turbine blades. The research conducted finds that wind turbines can produce the highest power
coefficient with a pitch angle of 45° and C, max 7.39% with a TSR of 0.422 [10].

Furthermore, one of the essential components in this power plant is the battery, which functions
as a store of energy generated from a vertical wind turbine [11]. After use, the battery needs to recharge.
The recharging process of the battery that is not suitable can cause a decrease in battery performance.
In a previous study [12], it was conducted on charger controllers using a buck converter. This research
aims to design a charge controller for small scale utilization. Wherefrom the research conducted, it was
found that the output voltage value of the charger controller was a maximum of 13.5 V with a maximum
current output of 3 A.

In this research, a buck converter is used in a battery charger to reduce the voltage utilized to
charge the battery. The output of the buck converter will be read by the current and voltage sensors,
which will display on the LCD. In reading the current amount, the INA219 sensor is used, while the
voltage value reading uses a voltage divider circuit. Sensor data processing is carried out by Arduino
Uno using PI (Proportional Integral) control. Then the microcontroller will send data in the form of
PWM to the driver to adjust the output of the buck converter. The PI control system regulates the output
voltage stability of 14.4 V during the battery charging process. The advantage of using the PI method
in this system is that it stabilizes the output voltage even though the input changes as the effect of the
wind speed changes frequently.

Furthermore, the charge controller on the market for turbines does not include an interface for
the system's input and output voltage values. So, the user must manually monitor to find out the input
and output voltages on the system, and the system may involve a more complex system. This system
can increase the effectiveness charging of the battery charger and extend the battery's lifetime.

2. Method

2.1.  Calculation of Generated Power Potential

The calculation data is used in the selection of the generator. From the data collection of wind speed
characteristics, it is found that the average wind speed is 4.037 m/s. From the speed value, it can be
calculated the electric power potential generated by Equation 1 [13],

@ =C. Xy xpn X xlx x 3 1
) = Co Xy X Xy XS X p Xy 1)
Psys 1 3 3

=) = 0409075 x0.85 x2 x 1.2 kg/m’ x 4.037° ms

P

(%) = 7.486 W/m?

where Psys/A is the power produced per unit area of the blade in W/m? [13], [14], C, is power coefficient,
N« 1s transmission efficiency [15], #, is battery efficiency [16], 7, is generator efficiency [17], p is air
density in kg/m® [18], and v is wind speed in m/s. From the calculations, it is found that the maximum
power that can be generated is 7.486 W/m?.

2.2.  Work Principle

This part aims to support the performance of the tool made. The components used in the tool making
process are shown in Figure 1. The chart is divided into input, process, and output. There is a voltage
sensor, INA219 current sensor, and power output from the turbine as an electrical power source in the
input section. Then, the process section consists of the Arduino Uno microcontroller board as a PWM
producer and the part that processes input data from the voltage sensor and current sensor. In addition,
a buck converter is useful for maintaining the power output that enters the battery to be constant and
according to the planning that has been done. Lastly, the output consists of a battery and an LCD to
display current and voltage output. This research controls the output voltage using PI control and
determines the PI control design's value using analytical methods. The flowchart of the PI setting system
at the output voltage of the buck converter is shown in Figure 2.

24



D Priyambodo ef al., Design A Battery Charger ...

TASV
DC Generator —p>  INA219 » Buck Converter »  INA219 > Relay » Baterry
| |
} T 7Y T !
v [ ! [ v
I : I
| |
Voltage sensor I ! I Voltage sensor
| |
: L] 12c [Pwm | 12C |a— :
b » ADC ADC |¢—————oc
‘ P1 controller ‘
Arduino Uno GPIO - ————-— LCD
Power flow Control flow
—_— —_—

Figure 1. The components used in the tool making process.
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Figure 2. The flowchart of the Pl setting system.
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Figure 3. Buck converter circuit in PSIM application.

2.3.  System Planning

The first step of system planning is to determine the value of and during the charging process. For the
design of the PI control, it is necessary to know the results of the simulation waves under open-loop
conditions. For this reason, a simulation of the buck converter circuit was carried out using the PSIM
application. A series made on the PSIM application is shown in Figure 3.

From the circuit that has been made, run simulation is carried out and the output voltage
waveform of the buck converter is known. Based on the simulation results of the open-loop buck
converter as shown in the Figure 4, it is found that the response wave of the output voltage at steady
state is 14.26 V with a steady state time of 66.89 ms. Based on the waves obtained in the above test, the
following data were obtained as shown in Table 1. From the data output in Table 1, calculations are
made to find the open-loop transfer function.

First, determine the gain over all (K) value use Equation 2 [19].
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|
20|
z
& 15 Pl'
s
é’_ 10 |
S
5
°5 0.2 04 0.6 0.8

Time (s)

Figure 4. The output voltage waveform of the buck converter circuit.

Table 1. Data output of the buck converter circuit.

Output Value
Steady state time (%) 0.06 s
Steady state voltage (¥is) 14.26 volts
Target voltage (X) 14.40 volts
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Table 2. Data output from the waves generated.

Output Value
Setpoint (¥is) 14.40 volts
Peak wave (Y,) 23.47 volts
Time to peak wave (fy,) 0.0115s

Then, determine of the time constant (7) value by Equation 3 [20], [21] and Equation 4.
t, =51 3)

r===——=00125s (4)

The next step is to calculate the value of #," by Equation 5 [15], [22] and Equation 6,

t,¥ =57 )

| 1
t =— xt, == x006s=0.012s (6)

n 5

and we get the value of 7* (Equation 7) [16],
.t 00125
'=—=-"——=0,024s (7
n 5

The values of K, (Equation 8) and K; (Equation 9) in this system are [23],

K-t - 0012s 4 ss0 ®)
P rxe 099x0.024s
K, 0.5050
o DY 9
Kij=— = oo =42.087 ©)

From the calculations that have been carried out, it is found that the values of K, and K; are 0.5050 and
42.087, respectively.

Then, to perform tests on mathlab, calculations must be carried out to obtain the transfer function
of the open-loop buck converter circuit [24]. From the waves generated from the experiment using the
PSIM application, we obtained data as shown in Table 2. The value of X is,

Vow 1440

K= = =18 10
Duty Cycle  0.80 (10)
value of {is [25],
1 1
¢ = = =0.2523 (1)
3.14
1L 1+
1+ 23.47-14.4
m(YP ) YSS) n (=77 )
YSS
and value of w is [26],
T 3.14
0= =316.0577 (12)

b x [1-¢  0.0115x+1-0.2523°
P
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So, the open-loop transfer function of the buck converter circuit is

N o 1,798,064.644 (13)
e OV e ™ 217159.489 5 + 99,892.48

2.4.  Data Analysis

After the testing phase of the tool in the field and the tool runs smoothly, the data collection is carried
out. After the experimental data are obtained in the field, the next stage of data analysis is carried out.
This stage is carried out to determine the tool's performance and the tool's suitability with a
predetermined system design.

2.4.1. Simple Linear Regression Equation

The meaning of regression is estimation or forecasting. Regression analysis is useful for estimating the
relationship between the value of one variable with another variable or can also be interpreted as an
estimate of the statistical relationship between two or more variables. Simple linear regression analysis
uses only two variables involved. The simple linear regression formula can be seen in Equation 14 [27],
[28],

y=a+ b(x) (14)

where a is constant, b is regression coefficient, y is dependent variable, and x is independent variable.
Where to find the values of @ and b can use the Equation 15 and Equation 16 [25].

XY -BXX
a=—— (15)
nxXY - 2X-2Y
P ey (19

This method is used for the calibration phase of the INA219 sensor and the voltage sensor. The
dependent variables of the voltage sensor and INA219 sensor are the voltage and current values
measured on the multimeter. While the independent variable used is the result of reading the sensor
value. From the two tests data, a linear regression formula was calculated using a graph in the excel
application to find out the equations that appeared when the values of the two variables were entered.

2.4.2. Error Percentage Value

This stage is carried out by comparing the data from measurements and calculations. By doing this, the
error percentage will be found from the data that has been obtained. The percentage error value is the
value obtained from the absolute value of the reduction in the actual value (V,) and the experimental
value (N.) divided by the actual value (V,) and multiplied by 100%, as shown in Equation 17.

a'Ne

Error (%) =

x100% (17)

a

2.4.3. Error Average Value
The average error value is the value obtained from the division between the number of error values (3 e)
and the amount of data (P) [27], as shown in Equation 18.

Xe=— (18)
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Figure 5. Wind speed data collection process.

3. Result and Discussion

3.1. Wind Speed Test

Velocity data is collected at this stage, which is then used to carry out the design stage of the vertical
axis wind turbine blades. This data collection was carried out by measuring the wind speed at Kenjeran
Beach using an anemometer (Figure 5). This wind speed data collection was carried out on June 29,
2021, from 06.00 WIB to 18.00 WIB, recording data every hour. From the measurements that have
been carried out, the following data were obtained, as shown in Table 3. Where from the data in Table
3, can be made a graph as shown in Figure 6.

Table 3. Wind speed test data.

No. Time (WIB) Wind Speed (m/s)

1 06.00 2,70
2 07.00 2,90
3. 08.00 3,32
4. 09.00 3,41
5 10.00 3,52
6 11.00 3,86
7 12.00 4,20
8. 13.00 4,43
9. 14.00 4,76
10. 15.00 5,12
11. 16.00 5,53
12. 17.00 4,34
13. 18.00 4,40
Average 4,037
6
o 5
E
~ 4
2
a3
wn
22
= 1
0

00:00 02:24 04:48 07:12 09:36 12:.00 14:24 16:48 19:12
Testing Time (WIB)

Figure 6. Wind speed measurement.
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From the data in Table 3, it can be concluded that in the evening, the wind speed will be faster
until 16.00 WIB, after which the wind speed will decrease and will be stable until the evening.
Meanwhile, this test found that the lowest wind speed was at 06.00 WIB, which was 2.7 m/s.
Meanwhile, the highest wind speed data is at 16.00 WIB, with a wind speed of 5.53 m/s. From testing
the wind speed data, it was found that the average wind speed was 4.037 m/s.

3.2.  Open-Loop Buck Converter Test

This test is conducted to determine the output of the buck converter when the system is not subjected
to the PI method. Open-loop testing on the system integration of this converter is to use a resistive load
at the output of the buck converter. This test is carried out using a duty cycle value of 80%. From the
tests carried out, the data is shown in Table 4 and presented in a graph as shown in Figure 7.

From the tests carried out, it was found that the output voltage value of the buck converter in the
test with an input voltage of 18.5 volts to 16.5 volts was below the setpoint (Figure 8). As for the input
voltage of 19 V, the output voltage of the buck converter is above the setpoint. For this reason, it is
necessary to use a method to improve the output voltage of the buck converter.

Table 4. Buck converter test data in open-loop.

Vin (V) Vout (V) lin (mA) lout (mA) D (0/0) Error Vout (%)

19.0 15.05 15.3 17.1 79 4.514
18.5 13.57 15.2 17.0 73 5.764
18.0 14.32 154 17.4 80 0.556
175 13.95 154 17.1 80 3.125
17.0 13.57 155 17.1 80 5.764
16.5 13.20 15.3 17.0 80 8.333
Average 4.676

20

15

Voltage (V)
=

5
0
1 2 3 4 5 6
Testing Time (WIB)
V input (V) V output (V)

Figure 7. Open-loop buck converter charging data.

Figure 8. Open-loop buck converter test.
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3.3.  Buck Converter Test in Close-Loop without Pl Method

This test is carried out by applying the duty cycle value where the duty cycle is obtained from reducing
the set point value with the sensor reading value. The output voltage sensor in the circuit will be used
as feedback which gives the reading of the voltage value in the system. From the tests carried out, the
data is shown in Table 5 and presented in a graph as shown in Figure 9. The output voltage from the
system test using closed control without any method. From the tests that have been carried out, it is
found that the output value of the buck converter is unstable (Figure 10). This is because the duty cycle
of the buck converter only depends on feedback and is not processed by a method.

3.4. Buck Converter Test with PI Method

The next buck converter test is to use the PI method. Where the K, value used is 278. The results of the
tests carried out can be seen in Table 6 and presented in a graph as shown in Figure 11. Based on the
tests carried out, the output voltage of the buck converter is unstable (Figure 12). This is because the
greater the value of K, given, the system will work unstable or the system response will be isolated.

Table 5. Buck converter test data in close-loop.

Vin (V) Vout (V) lin (mA) lout (mA) D (%) Error Vout (%)

19.0 15.31 13.9 274 80.6 6.319
18.5 14.91 14.1 28.1 80.6 3.542
18.0 14.72 14.3 30.7 81.8 2.222
17.5 14.31 14.2 30.6 81.8 0.625
17.0 13.92 14.4 29.9 81.9 3.333
16.5 13.65 14.3 30.3 82.7 5.208
Average 3.541
20
18 ——— o—
16 — ¢ =S
14 ° — e

Voltage (V)
=

1 2 3 4 5 6
Test Number

==@==\/input (V) ==0==\output (V)

Figure 9. Close-loop buck converter test data.

Figure 10. Close-loop buck converter test.
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Table 6. Buck converter test with Pl method.

Vin (V) Vout (V) lin (MA) lout (MA) D (%) Error Vout (%)

19.0 6.905 6.9 11.1 36.3 52.049
18.5 6.813 6.8 11.7 36.8 52.688
18.0 6.718 6.9 11.2 37.3 53.347
17.5 6.622 7.1 11.3 37.8 54.014
17.0 6.524 7.0 11.2 38.4 54.694
16.5 6.425 6.9 11.4 38.9 55.382
Average 53.690
20
16
14
210
S 8
S 6 C= -0- == == — Py
4
2
0
1 2 3 4 5 6

Test Number
=0=\/ input (V) ==@=\Voutput (V)

Figure 11. Close-loop buck converter test data with Pl method.

Figure 12. Buck converter test with Pl method.

Based on Table 6, the percentage error value of the system's output voltage is quite significant. This is
because the small K, value makes the buck converter's output unable to reach the set point.

3.5. Close-Loop Testing of Charger Controller with PlI
The PI control test aims to determine whether the system can maintain a constant voltage according to
the design and compare the system when it is without control and when it is given control. The test is
carried out using the input from the DC power supply, which is then inserted into the input of the buck
converter. The load used during the simulation is a resistive load of 1 kQ. This test is carried out using
a random input voltage.

Meanwhile, when the test uses the value of K, = 0.5050 (Equation 8) and K; = 42.087 (Equation
9), where the determination to get the value uses the analytical method. Below is the buck converter
simulation test data with open-loop and close-loop. From the experimental data on the PI control (Table
7), by varying the input voltage to find out how the response of the PI control, it proves that the use of
PI control on the system is able to maintain the output voltage. The input and output voltage data on the
buck converter test are presented in Figure 13.
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Table 7. Close-loop buck converter test data.

Vin (V) Vout (V) lin (MA) lout (MA) D (%) Efficiency (%) Error (%)

18.94 14.49 1.8 2.1 77 89 0.625
18.87 14.49 2.1 2.3 77 84 0.625
19.09 14.37 2.2 2.3 75 79 0.208
19.84 14.47 1.9 2.3 73 88 0.486
21.02 14.30 2.1 2.4 68 78 0.694
20.14 14.32 2.0 2.1 71 75 0.556
19.89 14.32 2.1 2.6 72 89 0.556
17.43 14.15 1.9 2.3 81 98 1.736
18.62 14.35 2.0 2.5 77 96 0.347
22.68 14.54 1.6 2.0 64 80 0.972
22.92 14.54 2.0 2.7 63 86 0.972
21.48 14.66 1.8 2.4 68 91 1.806
19.97 14.39 2.2 2.6 72 85 0.069
22.92 14.54 2.0 2.9 63 92 0.972
21.31 14.35 2.0 2.8 67 94 0.347
19.97 14.39 2.0 2.3 72 83 0.069
20.06 14.39 1.9 2.6 72 98 0.069
20.81 14.37 1.8 2.1 69 81 0.208
24.51 14.32 2.0 2.4 58 70 0.556
23.15 14.44 1.8 2.2 62 76 0.278
19.09 14.64 1.9 2.5 77 101 1.667
22.32 14.34 2.1 2.4 64 73 0.417
18.94 14.49 1.8 2.1 77 89 0.625
18.87 14.49 2.1 2.3 77 84 0.625
19.09 14.37 2.2 2.3 75 79 0.208

Average 70 86 0.647

Based on Figure 13 and Figure 14, it is found that the average output voltage value is 14.48 V
which is close to the value of the charging voltage on the planned battery, which is 14.40 V. From the
tests that have been carried out, it is found that the buck converter can maintain the output voltage value
in accordance with the constant voltage condition with an average error percentage of 0.647 % (Table
7).
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Figure 13. Buck converter test.
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Figure 14. Buck converter testing using the PI method.

3.6. Buck Converter Testing with Battery Load

System testing with a battery load (Figure 15) is carried out to know how long it takes to fully charge
the battery and test the cut off module installed at the output of the charger controller, which is used to
disconnect the circuit when the battery is full. In this charging simulation, a 7.2 Ah VRLA LC-
R127R2CH battery is used. When testing the battery charging process, what must be considered is the
initial SOC of the battery. In this test, the initial SOC is used at the time of charging, which is 12.3 V.
For this reason, relay settings are made to charge when the battery voltage is 12 volts.

From the test data in Table 8, it is found that the system is capable of charging the battery. In this
test, it can be seen that the system has been able to carry out the charging process on a battery. When
the system is charging, the measured voltage will follow the cut-off relay's measured voltage (Figure
16). From this test, it is known that charging the battery from 50% to 100% SOC condition takes 23
minutes.

Figure 15. Buck converter test with battery load.

Table 8. Buck converter test data with battery load.

Time (minutes)  Vin (V) Iin (A) Vout (V) Iout (A) Relay Condition

0 18,33 0,949 12,3 1,146 On
3 18,46 0,89 12,4 1,139 On
7 18,69 0,824 12,5 1,074 On
12 18,53 0,739 12,6 0,957 On
18 18,43 0,635 12,7 0,814 On
23 18,32 0,618 12,8 0,780 Off
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Figure 16. Battery charging test.

3.7. Integration Test with Wind Turbine

This test was carried out at Kenjeran Beach Surabaya, where this test was carried out by applying power
input to the charger controller using a vertical wind turbine (Figure 17). On the other hand, observations
were also made regarding the wind speed at Kenjeran Beach when this integration test was carried out.
In this system, the input value of the buck converter from the vertical wind turbine will be measured
and the value of the power output coming out of the buck converter will also be observed. The value of
the input and output of the charger controller will be observed through the value displayed by the LCD.
The test data that has been carried out can be seen in Table 9. From the tests carried out, it was found
that charging the battery with an initial voltage of 12.3—12.8 V takes 31 minutes and the relay will turn
off when the battery is full (Figure 18).

Figure 17. Charge controller integration test.

Table 9. Data integration test with wind turbine.

Time (minutes) Wind Speed (m/s) Vin (V) Tin (A)  Vout (V) Lot (A) Relay Condition

0 4.2 17.63 1.23 12.3 1.25 On
4 4.3 17.81 1.32 12.4 1.36 On
8 4.1 17.51 1.27 12.5 1.35 On
12 4.2 17.71 1.38 12.6 1.41 On
16 3.9 17.49 0.95 12.7 1.14 On
20 3.9 17.52 0.79 12.7 0.84 On
24 3.6 16.43 0.72 12.7 0.81 On
28 3.7 16.71 0.64 12.8 0.72 On
31 3.7 16.38 0.05 12.8 0.02 Off
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Figure 18. Charge controller integration test.

3.8. Discussion

The efficiency value of the buck converter obtained from this study is 85.115-95.154%. In addition,
the output voltage of the charge controller becomes stable when the system is subjected to the PI method
with an error percentage of 0.972%. The output current from the charge controller has a value greater
than the input current, with an average output current of 16.84 mA, while the average input current is
15.73 mA. From the research done, it can be seen that the use of PI control can make the output voltage
and buck converter stable. This tool has an input voltage limit of 25 V. When the voltage exceeds 25
V, the voltage sensor circuit will burn out. In addition, when the input voltage is greater than 25 V, the
input voltage to the Arduino digital pin exceeds 5 V, which creates an overvoltage. The method used
can make the voltage out of the buck converter more stable.

4., Conclusion

Based on data collection characteristics of wind speed, data obtained wind speed of 3.66 m/s and air
density of 1.2 kg/m®. The power generated by the hybrid power plant is 95.47-101.62 Watt. From the
research that has been done, it is found that the output voltage value of the battery charger made has an
average error percentage of 1.373% and the power output efficiency of the battery charger is 83—95%.
There is a need for research on calculating the type of ferrite material in the inductor and the magnitude
of the switching frequency used in this charge controller to produce a more efficient output.
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