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1. INTRODUCTION

Increased use of fossil energy leads to an increase in greenhouse gas emissions, resulting in climate
instability as well as an increase in global temperatures and sea levels. Many researchers have proven that
emissions contributed the greatest to climate change from 1750 to 2005 CO; [1]-[3]. Therefore, the
development of new and renewable energy is a top priority in efforts to reduce carbon emissions and maintain
sustainable energy availability. Several new and renewable energy sources, such as wind energy [4]-[6], solar
cell [7]-[9], hydropower [10]-[13], and geothermal [14], [15], have been the main focus in this endeavor.
Indonesia itself has a potential for water energy of up to 75,091 MW spread throughout Indonesia, but its
utilization has only reached around 7.2%. Most of this water energy use is for power generation. Hydroelectric
power plants have proven to be reliable and account for 66% of the total 7 GW of new and renewable energy
power plants, according to Institute for Essential Services Reform in 2019 [15]-[18]. In addition, Indonesia's
location in the equatorial region provides this region with an average of 8-10 hours of solar radiation per day,
with a potential solar energy that can be produced of 4.80 kWh/m?/day [19]-[21]. Therefore, a strategy is needed
to take advantage of this availability. This is by integrating the two energy sources in a single system,
commonly known as a hybrid system. New hybrid and renewable electric energy systems offer a number of
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advantages that include high reliability, optimal efficiency, and a friendly environment with minimal emissions
even without emissions. However, it should be noted that the implementation of a hybrid system requires
thorough consideration of various technical aspects. This includes the selection of suitable currents as well as
effective distribution strategies to ensure a stable and efficient supply of power to a wide range of loads. In this
context, choosing DC current and implementing a buck-boost converter system can be the right solution to deal
with these challenges [22], [23].

According to previous research, a battery charging system was modelled using a buck-boost non-
inverting converter at solar panels. The system was designed with a minimum input voltage of 18 V and a
maximum output voltage of 52 V, with an expected output voltage of 48 V. Software SIMetrix was used to
ensure the desired performance. The system is also equipped with driver switching on and off controlled by a
PIC16F877 microcontroller, which serves to set the system in buck or boost mode [24]. Then, another previous
research topic was a buck converter battery charging controller design for a photovoltaic system. They designed
a buck converter by simulating the system using the MATLAB SIMULINK application and the perturb and
observe (P&O) algorithm. This P&O algorithm ensures that the system operates at maximum power point,
while the buck converter serves to lower the voltage to a certain level. This system uses a PID controller to
regulate the battery charging process. The use of a PID controller has been proven to increase the efficiency of
the battery charging system by reducing the losses generated [25]. Meanwhile, the lead-acid battery charging
system on solar panels has been conducted. This system implements maximum power point tracking (MPPT)
with the perturb and observe (P&O) algorithm. This research maintains the state of charge (SoC) battery at
60%, using a buck converter to lower the voltage before charging the battery. Conventional diodes on buck
converters were replaced with MOSFETs, which were proven to improve battery charging efficiency compared
to conventional buck converters [26].

Based on previous research and the stated problem, the novelty of this research is designing a battery
charging system for hybrid power plants using pico-hydro cross flow turbines and solar panels. This system
uses a buck-boost converter type non-inverting based on a PID controller to maintain a stable voltage level. Two
voltage sources from different plants will be combined; when the DC voltage is already at the same level, the
voltage can be parallelised to improve the charging efficiency of the battery.

2. METHOD

This research is planned to be carried out in the Department of Electrical Engineering, Universitas
Sumatera Utara, Medan City, Indonesia. The design of the charging system in a hybrid plant uses
components related to the charging system. The overall design of a pico hydro power plant using a crossflow
turbine and solar panels is shown in Figure 1. The block diagram of the charging system in a hybrid plant is
shown in Figure 2. It is described as a block diagram of the system offered. Meanwhile, the charging system
schema for a hybrid is shown in Figure 3. The flow diagram is a chart of the design process in the research,
which explains the working system of the design as seen in Figure 4.

Nozzle width 18cm
High 75cm

Turbine diameter 30cm \

Figure 1. Design of crossflow turbine and solar panel
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This charging system design uses a non-inverting buck boost converter system, which is one type of
buck-boost converter that has been explained in the previous chapter. This design requires several
components, such as resistors, capacitors, diodes, MOSFETs, inductors, and others. In this system, the
MOSFET driver will be controlled using a microcontroller with PID control logic. The non-inverting buck-
boost converter circuit in this study is shown in Figures 5 and 6, which includes the schematic for the
Arduino control circuit with voltage and current sensors. The selection of the trial and error method on PID
control parameters with Kp = 0.8, Ki = 0.04, and Kd = 0.002 is because the designed system has nonlinear
and dynamic characteristics, namely the energy source comes from a fluctuating pico-hydro cross flow
turbine and solar panels, the load and environmental conditions change, and the mathematical model of the
system is difficult to obtain precisely.
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3.1. System design results

The design of the charging system for a hybrid power plant combining hydropower and solar panels
was carried out with the assistance of additional software to ensure optimal design. After the design process
was completed, the system was assembled according to the procedures described above. Thus, the final result
of the charging system design for this hybrid power plant can be seen in Figure 7, which shows the
implementation and final configuration of the designed system.

3.2. Solar panel testing

This test uses a solar panel with a capacity of 50 WP, which has the specifications as listed in
Table 1. These specifications include technical parameters such as maximum voltage (Vmp), maximum
current (Imp), no-load voltage (Voc), short-circuit current (Isc), as well as panel efficiency. Understanding
these specifications is important to know the optimal working limits of the solar panels being tested.

Figure 7. Syst

em design

Table 1. Specification of monocrystalline solar panel 50 WP

Specification of solar panel Value
Maximum power (Pmax) 50 W
Voltage and Pmax (Vmp) 18.1V
Current at Pmax (Imp) 2.78 A
Open circuit voltage (Voc) 222V
Short circuit current (Isc) 2.96 A
Maximum system voltage 1000 VDC
Power tolerance +3%
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The test was carried out under two different conditions, namely without load and with load. In no-
load conditions, measurements are made to determine the maximum voltage that solar panels can generate
under certain conditions. Meanwhile, load testing is carried out by connecting solar panels to an electrical
system to analyse how the voltage and electrical current generated can be used to power devices or supply
power to energy storage systems.

3.2.1. Without load

In without load conditions, measurements are taken to determine the maximum voltage that solar
panels can generate under various lighting conditions. This measurement aims to understand the output
characteristics of the solar panel voltage in the absence of current flowing to the load. The test results under
these conditions can be seen in Table 2, which shows the variation in the output voltage generated by the
solar panel based on the intensity of light received at each hour of measurement. By knowing the value of the
no-load voltage (Voc) under various conditions, it is possible to determine the maximum potential that the
solar panel has before it is loaded. This data is a reference in analysing the performance of solar panels when
used in the actual electrical system.

Table 2. Solar panels without load
Testing time  Light intensity ~ Surface temperature of ~ Voltage (V)

(lux) solar panel (°C)
08.00 33740 314 20.6
09.00 61450 41.8 20.6
10.00 117200 38.5 21.0
11.00 146200 43.0 21.0
12.00 79700 443 20.8
13.00 75830 41.5 20.7
14.00 61070 41.2 20.6
15.00 47910 38.7 20.5
16.00 29740 34.7 20.3
17.00 22390 34.0 20.0

3.2.2. With load

The load used in this test is a lime resistor with a power of 20 watts and a resistance of 10 ohms.
The selection of lime resistors as a load aims to provide a fixed load that allows the analysis of the current
and voltage characteristics generated by the solar panel under real conditions. In this test, data is recorded
every hour to obtain information about the voltage and electric current generated by the solar panel when
connected to the load. Under load, the solar panel's output voltage will decrease compared to the no-load
condition, so it's important to know the extent to which these changes occur. The data can be seen in Table 3.

Table 3. Solar panels with load
Testing time  Light intensity ~ Surface temperature of ~ Voltage (V)  Current (A)

(lux) solar panel (°C)
08.00 33740 31.4 7.6 0.77
09.00 61450 41.8 12.8 1.30
10.00 117200 38.5 17.9 1.81
11.00 146200 43.0 18.7 1.87
12.00 79700 443 15.2 1.44
13.00 75830 41.5 14.7 1.39
14.00 61070 41.2 12.6 1.18
15.00 47910 38.7 10.2 0.96
16.00 29740 347 6.4 0.61
17.00 22390 34.0 4.8 0.46

Based on Tables 2 and 3, the increase in light intensity is directly proportional to the increase in the
output voltage of the solar panel. In this test, when the light intensity reached a maximum value of 146200
lux at 11.00 WIB, the output voltage without load was recorded at 21.0 V, while with load it dropped to
18.7 V with a current of 1.87 A. On the other hand, when the light intensity is at its lowest point, which is
22390 lux at 17.00 WIB, the output voltage without load is 20.0 V and drops to 4.8 V when loaded with a
current value of 0.46 A. So that the graph between the no-load voltage, the charged voltage, and the light
intensity can be seen in Figure 8. The higher the intensity of the light received, the greater the voltage and
current that solar panels can generate. This shows that the light intensity factor greatly affects the
performance of solar panels in producing optimal electrical power.
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3.3. Crossflow water turbine testing

The test of this crossflow water turbine aims to analyse its performance characteristics in more
depth. The testing process includes a variety of important parameters, such as the variation of the vane guide,
the variation of the nozzle angle, the revolutions per minute (RPM) of the generator, as well as the output
voltage generated during operation. Data collection is carried out systematically by considering two main
conditions, namely, without load and with load. Testing under no load aims to determine the basic
characteristics of turbines and generators while operating without external resistance, while testing under
load aims to evaluate the performance of the system when generating power for a particular device or
electrical system.

3.3.1. Without load

In without load conditions, crossflow turbine testing is carried out to analyze its performance
without external obstacles. The test results are summarised in Figures 9 and 10, including the variation of the
guide vane, nozzle angle, generator RPM, and output voltage produced. This data is used to understand the
influence of parameters on turbine rotation and system efficiency before loading.

3.3.2. With load

The load used in this test is a 20-watt, 10 ohm lime resistor, which functions as an electrical load to
simulate actual operational conditions. In this test, the parameters observed include the RPM of the generator,
as well as the output voltage and current generated when the system is working with loads. Compared to no-
load conditions, the results of these tests can provide an idea of how the load affects the turbine efficiency as
well as the electrical power that the system can generate. In the test without load and with a load on the
crossflow turbine, a graph of the relationship between the vane guide, nozzle angle, and voltage, as well as
the generator RPM and output voltage produced by the generator, can be seen in Figures 11 and 12.
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Figure 9. Voltage of the guide vane and nozzle angle without a load condition
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Based on the test results, it was concluded that the maximum voltage occurred when the generator
RPM reached the highest value, with a 75% variation of the guide vane with a nozzle angle of 10°. In
comparison, the minimum voltage occurred when the RPM of the generator was at the lowest value, with a
variation of the guide vane of 25% with a nozzle angle of 30°. The data collected show the linear relationship
between the generator's RPM and the output voltage of the generator. The higher the RPM produced, the
greater the voltage generated by the generator. This indicates that RPM has a significant influence on the
performance of generators in crossflow air turbines in producing electrical power optimally.
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3.4. Testing buck-boost converter

In this test, a system design test was carried out on one of the types of buck-boost converters used in
this study, namely the non-inverting buck-boost converter. This test aims to evaluate the performance of the
non-inverting buck-boost converter. Data collection is carried out with the help of an adjustable power supply
with various voltage values to analyse the performance of the non-inverting buck-boost converter under
various operational conditions.

3.4.1. Buck mode

In the buck mode test, it is expected that the non-inverting buck-boost converter system that has
been designed will be able to lower the voltage to a setpoint of 14.4 V. The test results data can be seen in
Table 4. Furthermore, the error value generated by the system can be calculated using (1), and the duty cycle
value can be determined through (2). Where D denotes the duty cycle (%), V,, denotes the output voltage,
and V;, indicates the input voltage. In Table 4, data on buck mode performance in a system designed to
maintain the desired setpoint value are obtained. In this mode, the system manages to lower the input voltage
value greater than 14.4 V to the set value, with an error value of no more than 2%.

Error = Lsetpoint—Vouput 1 00s (1)
Vsetpoint
— Yout
D= e (2)
3.4.2. Boost mode

In the boost mode test, it is expected that the non-inverting buck-boost converter system that has
been designed will be able to lower the voltage to a setpoint of 14.4 V. The test results data can be seen in
Table 5. The data on the performance of the boost mode on the system is obtained, which is designed to
maintain the desired setpoint value.

Table 4. Test testing data buck
Vinput (V) Voutput (V)  Duty cycle (%)  Error (%)

16 14.42 92 0.138
16.7 14.5 86.2 0.694
17 14.34 84.7 0.416
18 14.5 80 0.694
18.6 14.58 77.4 1.25
19.3 14.5 75.1 0.694
19.7 14.5 73.6 0.694
20 14.34 71.7 0.416
20.5 14.42 70.3 0.138
22 14.66 66.6 1.806

Table 5. Test testing data boost
Vinput (V) Voutput (V)  Duty cycle (%)  Error (%)

8.1 14.5 44.1 0.694
8.5 14.42 41 0.138
9.2 14.66 34.5 1.806
9.6 14.5 33.7 0.694
10.2 14.34 28.8 0.416
10.8 14.5 25.5 0.694
11.1 14.5 24.1 0.694
12 14.42 17.9 0.138
12.6 14.58 13.9 1.25
13 14.42 11 0.139

3.5. Non-inverting buck-boost converter with PID control logic

At this stage of testing, a system design test was carried out on the non-inverting buck-boost
converter with the addition of PID control logic. In addition, PID control parameters were also determined to
be applied to the non-inverting buck-boost converter system for solar panels and crossflow water turbines.
The process of determining these parameters uses the trial-and-error method. With the variation of several
fluctuating voltage inputs, it is found that the best parameter is when the values of Kp (0.8), Ki (0.04), and
Kd (0.002) are used. That way, the system can work well by producing the desired setpoint value.

Int J Appl Power Eng, Vol. 15, No. 3, September 2026: 1314-1326
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3.6. Overall charging system testing

At this stage, integration testing was carried out on the entire solar panel system and air crossflow
turbine by applying a non-inverting buck-boost converter based on PID control logic. In this test, the input
and output values of the system that has been integrated with the designed system will be seen. This test aims
to evaluate the performance of the system during charging on a 12V, 5 Ah battery pack. In this design, a
hybrid current can produce a value with a range of £1 A. The battery is found that charging a current of 0.5 A
takes £10 hours, and for a current of 5 A, it takes +30 minutes. So, the author can assume that this charging
test will take +3 hours to charge. Therefore, this test was carried out at 10.00 WIB — 13.00 WIB, considering
that this time is the optimal point for the use of solar panels. Meanwhile, the results of the charging test data
from the solar panel power plant can be seen in Table 6. Furthermore, data on the system designed on the
crossflow air turbine can also be seen in Table 7.

So that each non-inverting buck-boost converter in each plant will produce a voltage value that has
been set at a setpoint of 14.4 V. Then each output of the non-inverting buck-boost converter will be
paralleled to get the output value of the designed system and will be connected to the battery. Furthermore,
the estimated time to charge the battery is obtained. This data can be seen in Table 8. It can be seen that the
battery voltage reaches the full point of 13.85 V with a time record of 3 hours, so a graph is obtained showing
the time needed to charge a 12 V, 5 Ah battery.

Table 6. Test testing data buck
Time Vinput Tinput Voutbuck-boost Iout buck-boost Error (%)

(%) (A) converter (V) converter (A)
10.00 17.14 1.73 13.57 1.01 5.76
1020 17.20 1.74 14.00 1.33 243
1040  17.16 1.73 13.50 1.27 2.78
11.00  18.60 1.87 14.01 1.34 2.70
11.20  17.01 1.70 13.98 1.32 291
11.40 1551 1.56 13.78 1.29 4.30
12.00  15.60 1.57 13.88 1.31 3.61
1220 1531 1.53 13.61 1.28 5.48
1240 1498 1.50 13.65 1.28 5.20
13.00  14.95 1.49 13.80 1.30 4.16

Table 7. Data hybrid from water turbine plants crossflow
Time Vinput Iinput Voutbuck-boost Iout buck-boost Error (%)

) (A) converter (V) converter (A)
10.00 9.70 0.93 14.01 1.33 2.71
10.20 9.81 0.94 13.98 1.32 2.92
10.40 10.04 0.97 14.01 1.31 2.71
11.00 9.50 091 13.78 1.30 431
11.20 10.57 1.1 14.34 1.36 0.42
11.40 10.62 1.03 14.42 1.37 0.14
12.00 10.30 1.02 14.03 1.32 2.57
12.20 10.38 1.03 14.01 1.29 2.71
12.40 9.70 0.94 14.03 1.28 2.57
13.00 8.90 0.86 13.62 1.01 5.42

Table 8. System-wide integration data

Time Solar panels Water turbine Hybrid Error  Battery
Voutput Tloutput Voutput Ioutput Voutput Toutput (%)  voltage
Q%) (A) ™ (A) ™ (A) ™
10.00 13.57 1.01 14.01 1.33 14.50 1.50 0.69 12.50
10.20 14.00 1.33 13.98 1.32 14.05 1.06 243 12.99
10.40 13.50 1.27 14.01 1.31 14.32 0.93 0.56 13.14
11.00 14.01 1.34 13.78 1.30 14.18 0.82 1.53 13.24
11.20 13.98 1.32 14.34 1.36 14.51 0.72 0.76 13.37
11.40 13.78 1.29 14.42 1.37 14.36 0.60 0.28 13.50
12.00 13.88 1.31 14.03 1.32 14.21 0.52 1.32 13.59
12.20 13.61 1.28 14.01 1.29 14.04 0.46 2.50 13.67
12.40 13.65 1.28 14.03 1.28 14.22 0.42 1.25 13.76
13.00 13.80 1.30 13.62 1.01 14.24 0.37 1.11 13.85
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3.7. Testing discharging

Before discharging is carried out, the battery is first charged until it reaches full capacity. After that,
the battery is connected to a load in the form of a 12 V, 30 W DC lamp to observe the duration of discharge
until the battery reaches the minimum operating voltage. Keep in mind that discharging the battery does not
completely discharge the battery, only to the voltage level of £12.4 V. The data from these test results is then
presented in Figure 13, which shows the time it takes, with a range of 5 minutes, until the battery is fully
discharged. As shown in Figure 13, the discharging process takes 55 minutes to reach a voltage of 12.37 V.
The graph shows the change in battery voltage during the discharging process over 5 minutes. This result also
aligns with previous research, showing that the presence of PID leads to smaller errors [27]-[29].

12.56

12.53
12.51 12.51 12.48

1244 12,42 12.41 1 3 e

5 10 15 20 25 30 35 40 45 50 55
Time (Minutes)

—8-—Discharging Voltage
Figure 13. Graphs discharging battery

4. CONCLUSION

The use of a non-inverting buck-boost converter with PID control logic is crucial for maintaining
the stability of the battery charging system. This converter maintains optimal voltage, preventing overvoltage
and undervoltage. With a hybrid output, it can reach a setpoint of 14.4 V, with an average voltage of
14.263 V and an average error of 1.243%. Then, the experimental results demonstrate that integrating a non-
inverting buck-boost converter with PID control provides robust voltage regulation during battery charging,
maintaining a precise 14.4 V setpoint with minimal deviation and achieving full capacity within three hours,
as specified by the manufacturer. In hydro power applications, optimisation of the cross-flow turbine’s guide
vane (75%) and nozzle angle (10°) significantly enhances energy conversion efficiency, producing 11.663 W
of electrical output. For photovoltaic systems, light intensity is a dominant factor, with peak performance of
34.96 W at 146,200 lux and a substantial decline under reduced illumination. Collectively, these findings
emphasise the critical interplay among advanced control strategies, mechanical optimization, and
environmental parameters to maximise the efficiency and reliability of hybrid renewable energy systems.
Future research may explore the implementation of alternative converter topologies, such as bidirectional
DC-DC converters, to further enhance system efficiency. Additionally, employing more advanced battery
discharging measurement systems is recommended to improve data accuracy. The PID control parameters in
this study were determined through a trial-and-error approach, which may not yield optimal performance;
therefore, future studies should consider systematic tuning methods, such as the Ziegler—Nichols technique or
other optimization algorithms, to achieve superior control precision.
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