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ABSTRACT— In order to make the charging process of the battery easier, it needs to possess a design tool
with suitable characteristics. One of the main characteristics of the battery is the State of Charge (SoC) or
simply the battery capacity, which is calculated with the help of the initial voltage value. In this process, a
100Wp photovoltaic panel with 12V DC voltage is applied. The method used is experimental and
simulation/modeling, and its purpose is to optimize the efficiency of the process of the battery charging.
Furthermore, the Arduino microcontroller, which functions are a detector during battery charging, was used
to determine the current and voltage sensor controller circuit. The voltage and SoC on the battery are
automatically monitored via the LCD and on the SD card using the data logger shield module. ICM algorithm
used for modeling-simulation in this study is one of the MPPT type used by photovoltaic systems that work
at optimum conditions, thereby producing maximum power. The results showed that the battery charging
simulation increased by 0.05% every 30 minutes. Furthermore, the simulation validation using
Matlab/Simulink is carried out with data in accordance with the prototype design, at an efficiency of 88.37%.
KEYWORDS: battery, charging current, ICM algorithm, SoC.
1. INTRODUCTION
Photovoltaic technology is designed to capture solar energy, the most significant energy source on the earth.
However, the largest percentage of the installed photovoltaics is still used as a backup energy source and a
smaller percentage as a main source of energy in rural areas. Almost every household that uses a photovoltaic
system needs a backup battery. The produced electricity cannot always be used immediately. Therefore, the
battery will store the energy, and it can be used at night, or when demanded [1]. Research related to solar
irradiance in tropical climate conditions has been investigated [2]. Sometimes the output voltage of the
photovoltaic system is higher than the voltage of the battery. Therefore, it is needed to regulate before starting
to charge the battery. Hence, Solar Charge Controller (SCC) can be used to regulate the voltage charging the
battery [3]. Application of photovoltaic power sources for interconnection systems for Microgrid systems on
the island [4]. Battery capacity is an important characteristic that shows the capability of the battery to store
electrical energy. The unit of measure is Amperes-hours (Ah). Each cell has a voltage of 2V, and each of them
is capable of providing power until the voltage level drops to 1.75V. Furthermore, if the voltage of each cell
is 1.75V, it will continue to decrease, and its effective capacity will be used [5]. In order to design
the photovoltaic system, first, the information about how much power is one area/household needs is required.
An excellent way to identify the demanded power is with a simulation on Matlab/Simulink. In this research,
a 100Wp photovoltaic system is being examined in the simulation program. There are few inputs that affect
the final production of power, among others: solar irradiance, temperature, panel voltage, panel current, and
battery charging process [6]. The MPPT method is a strategy for optimizing the generated power and finding
the maximal power point in which the photovoltaic needs to work using the SEPIC converter to increases and
decrease the voltage. Moreover, it applies the ICM, which is based on an observation of a P-V curve and the
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distinction of power with respect to the voltage. It is shown that the performance of the converter is greatly
influenced by the duty cycle. With the MPPT method, the power transferred to the load is maximized. In this
example, the highest efficiency is achieved when the load is 61 Ohms or when it is equal to 48% [7]. It is
important to comprehend the connection between the variation of the photovoltaic module slope angle and
the generation of electrical energy. The purpose of this observation is to find the optimal position of the
photovoltaic system to increase the absorption of solar energy when connected to a battery charging system.
This prototype will work when the battery voltage levels are in the minimum or maximum state. When the
battery voltage is in the minimum state, the charging process will automatically start, and when it has reached
the maximum state, the charging process will stop [8]. It is crucial to inspect the voltage during the process of
charging in order to keep the battery safe for further uses and to preserve its life. Solar Charge Controller
(SCC) is adequate for DC voltage and can stabilize the voltage from the photovoltaic that is charging the
battery.
There is research-based on the actual state in Jordan about the energy performance and the efficiency of the
on-grid solar photovoltaic system, whose purpose is to create a genuine energy database for the country by
analyzing the results. Additionally, it supports the use of photovoltaics because they are a clean and
economical energy source, either grid-connected or independent. A photovoltaic system is considered
competent if the annual energy efficiency is 12.1%, the average annual performance ratio is 78.14%, and the
average annual capacity factor is 26.34%. By comparing the obtained results with the actual values, it can be
determined that this approach is a good strategy to estimate the energy efficiency and the performance of
photovoltaic plants. Finally, it can also be used as an example for future photovoltaic power plants in Jordan
[9]. A similar study to help maximize the photovoltaic efficiency is using a Dye-Sensitized Solar Cell (DSSC)
device. The current density-voltage characteristic (J-V) is measured in a DSSC device environment.
Additionally, the model parameter was calibrated to prognosticate the maximal efficiency from a DSSC with
unknown inductor values. The J-V curve helps to install the photovoltaic system successfully using Trusted
Capability Maturity Model (TCMM) with combining resistors in series, with an efficiency of 5.46% and a
tolerance of <0.1% [10]. To keep the battery performance in good shape, it is necessary to prevent
overcharging. To detect the situation, it is required to have information about the battery capacity. Therefore,
battery is equipped with a sensor that functions to check whether the battery is working optimally and to
provide information about value of the SoC. The entire control system in battery charging is based on the
SoC. In this study, an automatic battery charging device with solar power is analyzed. It can charge several
batteries based on their voltage level. First, it charges the battery with the lowest voltage level, and it estimates
its SoC, then it automatically starts to charge the one with a higher voltage level. The SoC shows the capacity
of the battery in percentage, and it is an important parameter for the battery management system. However,
SoC cannot be measured directly [11]. The study's purpose is to design an automatic battery charger that uses
solar power and to model a photovoltaic system using the ICM algorithm with a buck-boost converter. The
presence of the MPPT in the photovoltaic system is a significant feature that helps to improve the efficiency
of the entire power plant. In the first step of the process, the sensor will detect the voltages of each battery.
The charging process will start when it detects the lowest SoC level. The charging current starts to flow if the
SoC of the battery is below than 30%, and it stops when the SoC level is 100%. According to the initial setup
of the battery charging system, the sensor will read the lowest SoC value in this case, which is based on the
measurements of voltage and current from each battery. It is important to mention again that this battery
charging system is modelled using Matlab/Simulink software with MPPT controller and ICM algorithm. The
ICM algorithm is practically a buck-boost converter circuit whose purpose to optimize battery charging and
improving the efficiency of the battery.
2. Methodology
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Photovoltaic (PV) devices generatif electricity directly from sunlight via an electronic process that occurs
naturally in certain types of material, called semiconductors. As long as the semiconductive material is
exposed to solar radiation, PV will produce electrical energy. The I-V characteristic of photovoltaic is a typical
I-V curve. In order to capture an I-V curve, it is needed to perform the Standard Test Condition (STC)- 1000
Watt per square meter (this number refers to the amount of light energy falling on a given area at a given time)
and the temperature of the solar cell needs to be 25°C. There are three most important points on the I-V curve
- Maximum Power Point (MPP), Open Circuit Voltage (Voc), Short Circuit Current (Isc) [10], [12], [13], [14].
Alternative energy technologies produce clean energy to meet the world's needs in terms of transportation.
Efficiency, storage, and utilization of energy systems play an important role in energy consumption. The level
of efficiency for renewable alternative energy technologies provides technical capabilities for experimental
and model implementation [7]. The proposed approach to the efficiency of renewable energy sources is
calculated computationally [15]. The electric potential of solar photovoltaic and biomass has been
implemented in Bangladesh. The efficiency of the feasibility of this hybrid energy system to provide
sustainable electricity [16]. Design and economic analysis of a photovoltaic system for the campus sports
complex located at Sultan Qaboos University in Oman [17]. Application of grid energy storage technology to
maximize the absorption of renewable energy. Different optimal strategies for Battery Energy Storage
Systems (BESS) coordinate with wind-based generators. Charging and using BESS for network operational
constraints are node voltage limits, feeder current limits, and node power balance, etc [18].
2.1 Maximum Power Point Tracker (MPPT)
The output values of the photovoltaic systems are nonlinear. The P-V and I-V curves have a peak point that
changes along with temperature and irradiance. To achieve high efficiency in the production of electrical
energy, the photovoltaics should have a stable output at its maximum point. Photovoltaics do not work
automatically at their maximum power, the PV system needs to have MPPT in order to find the point easily
and maintain their presence [19]. The quality of the performance of the PV system directly depends on the
quality of the MPPT system. If the quality of the performance of the system is needed, the quality of the MPPT
system needs to be measured. Therefore, the MPPT is an electronic system and it can produce maximum
power compared to the mechanical tracking system that changes the position of the module towards the solar
position [10], [20]. The MPPT technique is based on an iterative method that is on time and complex for
comparative techniques. The most commonly used approach is the P&O algorithm. This algorithm is utilized
to improve time performance and computational complexity. This technique is flexible for digital signal
processing [21]. The maximum power tracking, perturb and observe (PO) algorithm is the simplest algorithm.
This research uses a maximum power tracking algorithm with a modification of the P&O and the Salp Swarm
(SS) algorithms. This condition was tested in steady and dynamic conditions using MATLAB/Simulink. The
simulation results obtained are compared between SS and P&O algorithms to produce efficiency for maximum
power tracking in a fast time [22], [23]. ICM algorithm is one of the Maximum Power Point (MPP) tracking
techniques based on incremental measurements of the conductance changes. By comparing the incremental
measurements, it can be noticed that the variations in power, voltage, and current are caused by the changes
in the temperature and solar irradiance. Figure 1 shows the working concept of the ICM algorithm for finding
MPP values in every circumstance. When the value of the conductance is zero then it will maintain at the MPP
point. When the value is more than zero, the algorithm will detect the value towards the left, when the value
is less than zero, it will detect the value towards the right. Therefore, the system can control the reference
voltage in order to maintain power at its maximum point by adjusting the magnitude of the PWM [20], [24].
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Figure 1. ICM curve [21]
2.2 Design of Photovoltaic Battery Charging Systems
Optimal determination of the location of Solar Photovoltaics (SPV) and Battery Energy Storage Systems
(BESS) in the battery cycle charging system. Optimal management of charging and using the BESS cycle by
absorbing SPV as a source of electricity. Significant increase in load deviation index, increase in node voltage
profile, reduction in feeder power loss without reverse power flow [3]. This paper has developed a novel
microcontroller for photovoltaic systems connected to grid. The prototype integrated converter module 100W
consisting of a controller and fly back inverter has been built and tested. The prototype is designed for
Japanese grid-connections [14]. Energy management strategy to oversee the flow of power in stand-alone dc
microgrid. This power plant consists of wind turbines, photovoltaic, battery storage systems, and diesel
generators combined with supercapacitors. Microgrid is modeled using the Matlab/Simulink/SimPowSys
environment [8][18][25]. Configuration and control strategies for a Modular Multilevel Converter (MMC)
based on Photovoltaic Battery Energy Storage (PV-BES) systems. The BES system for converters is
connected to dc from the BES sub-module using several isolated converters. The effectiveness of power
leveling techniques using the PV-BES system uses a time-domain simulation in a PSCAD/EMTDC software
environment [24]. In this paper, an automatic battery charger is designed using solar power and an Arduino
microcontroller is used as a controller. The Arduino microcontroller is connected with a 60Ah battery and a
20Wp PV that has a function to supply the microcontroller if the battery starts to run out. If this situation
happens, the automatic battery charger needs to be changed with another charging device that uses an Arduino
microcontroller. Instead of using a microcontroller as a voltage regulator, a power supply circuit is used. In
order to have the same output voltage as with Arduino microcontroller, the input voltage needs to be greater
than the input value when using the Arduino. In this design, the LM7805 is used with an input DC voltage
between 8 and 18 V, and a fixed output value of 5V DC according to the required voltage by the
microcontroller, sensor, and the Liquid Crystal Display (LCD). Current and voltage sensors are applied to
observe the current and battery voltage while charging. The current sensor uses ACA712 20A equipped with
ADS1115 to increase the accuracy of the measurement of current when charging. The voltage sensor has a
purpose to examine the nominal battery voltage and then to ensure that it would not exceed the maximal value
while charging. Additionally, a relay is needed for the charging process in order to close the relay (automatic
switch) when the battery is fully charged. The process of charging is based on the SOC value where the pins
on the Arduino microcontroller can be logic level high or low. The microcontroller gives a command to the
transistor, whose purpose is to activate or deactivate the relay coil.
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Figure 2. Battery Charging Device Scheme
Figure 2 shows an automatic battery charging system combined with photovoltaic sources. This system is
almost the same as the conventional charging, but it is far more efficient. For example, if one of the batteries
is full, the automatic battery charging system will immediately move to the next battery that needs to be
recharge. Hence the energy generated by the solar cell will be maximized. During the charging, the most
important parameters - voltage, current, and SoC values of each battery are displayed on the LCD and
automatically stored on an SD Card by using the Data Logger Shield (DLS) module to facilitate the battery
monitoring. Coulomb Counting (CC) is an uncomplicated method for SoC estimation. However, it has a
drawback in the information of previous SoC initial value and tolerates with error propagation. The nominal
battery capacity is marked with Q, and I is the amount of electric current entering and leaving the battery when
the charging process starts. The remaining battery capacity can be calculated by measuring the flow rate of
the charging current and integrating with respect to time [11]. The voltage sensor will detect each battery
voltage and will determine its SoC value - to determine their capacity at a particular time. The one with the
lowest SoC value is the first selected to start recharging, it will stop when the SoC reaches 100%, and it would
automatically start to charge the next battery. This process will happen continuously until the battery SoC is
100% and the process of charging stops. When it is fully charged (100%), the voltage starts to decrease slowly
even if it is not used; therefore, the battery's SoC value is also reduced. If the conditions for producing
electricity from solar power are still adequate and sufficient, the full battery can be replaced with another
battery that needs to be recharged. DLS helps to determine the measurement time and save the data into a SD
card. The LCD functions are used as a medium to display the voltage, current, and SoC values of each battery.
All the main components are organized into a reliable device with the required design, and the programming
is performed using the Arduino module.
2.3 Modeling of Photovoltaic Battery Charging Systems
The process of modeling a photovoltaic-based battery charging system using the ICM algorithm is dependable
on the design of each component in the PV system such as solar cells, ICM algorithms, buck- boost converters,
and batteries. Each of them is carefully designed in order to fulfill the objectives of the model. By applying
the STC, the solar irradiation needs to maintain 1000W/m2, the temperature of the solar cells to be 25°C, the
maximum power achieved with the module - Solar Energy F-2BTM100 type will be 100W and it will have
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an efficiency of 37%. The input in the photovoltaic is solar energy - solar irradiation values and solar cell
temperatures, and at the output - electrical energy ready to be used by electrical appliances. The current as
input and voltage as an output are controlled by MPPT ICM algorithm. The maximal power point tracker of
the photovoltaic output is connected to the Pulse-Width Modulation (PWM) signal and its use is as an input
converter for data control, then connected to a MOSFET as power and switching control for the components.
Voltage and current that are entering the buck-boost converter are the same that are used for charging the
battery. During the simulation, the added SOC batteries before and after the charging process can be observed.
Figure 3 shows a photovoltaic system design connected to a buck-boost converter. The value of the voltage
(which is an output of the photovoltaic) is an input to the buck-boost converter, and in the converter, it adapts
to match with the reference voltage given by the MPPT in the duty cycle. The voltage at the output of the
converter will be fixed at a certain value. Several components built up the buck-boost converter - diodes,
inductors, capacitors, MOSFETs, and resistors. The ICM algorithm has input PWM signals used for control
of the converter. Subsequently, the PWM signal is connected to the MOSFET converter that is used as a power
and switching control.

Figure 3. Model of photovoltaic-based battery charging system using ICM algorithm
3. Results and Discussion
The automatic battery charger in its design has several electronic components such as voltage and current
(ACS712) sensors, Arduino Uno, shield data loggers, and LCDs. This device is used as a battery charging
controller and it will be connected to the PV system because the automatic circuit consists of a few interrelated
components. The test duration was ± 180 minutes with an average weather temperature of 30°C, and an
average solar panel temperature of 38°C. The test was done with voltage values of the batteries - battery 1 of
11.59 V with a SoC value of 41.86% and battery 2 of 11.95 V with a SoC value of 55.91%. The required
charging time for battery 1 is around 89 minutes with an average charging current of 1.39 A and a charging
voltage of 14 V. After the battery 1 is fully charged, the charging process automatically starts recharging the
second battery. The time needed for battery 2 to reach the value of SoC 100% (from 55.91%) is 91 minutes
with an average charging current of 2.1 A and a charging voltage of 14 V. Figure 4 (a) shows the battery
voltage deviation during the charging process. When battery 1 is charged, the voltage increases from the initial
value of 11.59 V to the maximum charging value of 14.3 V. The charging stops when the SoC value is 100%.
When the charging of the battery 1 stops, the voltage starts to decrease slowly until it becomes 13.1 V.
Subsequently, the charging automatically starts to recharge the battery 2. Its voltage increases from the initial
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Voltage (Vdc)

Current (Ampere)

value 11.95V to the maximum value of 14.3 V, until it is fully charged. Figure 4 (b) shows the flow of the
current through the battery while the process of charging is active. The charging current in the first battery
has a maximum value of 4.99 A, whereas the second reaches the value of 3.96 A. Figure 5 shows the increasing
of the SoC value of both batteries. The SoC value of battery 1 increases from 41.86% to 100%, and the second
from 55.91% up to 100%.

Ibat2

(a)
(b)
Figure 4. (a) Voltage Test (b) Battery Charging Current
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Figure 5. Testing SOC When Charging a Battery
Figure 6 (a) shows a simulation that recorded an increase in the battery SoC value of 0.05% (from 50.01% to
50.06%) for a simulation test time of 2 seconds, and spent 30 minutes. Figure 6 (b) shows the charging current
that flows through the battery during the charging process. The charging current increases to a value close to
10A, it starts to decrease, and it approaches the value of 5A. The variation is different from the charging
voltage shown in Figure 6 (c). The path of the charging voltage is slightly more stable (the values changes are
from 10 V up to 12.2 V). Figure 6 (d) happened because the breaker on battery 1 was closed and battery 2 was
open. This can be seen in the picture above the relay status of battery 1 is closed, while battery 2 is opened.
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As for the increasing in SoC, it can't be seen significantly because of the length of the Simulink battery
charging simulation process. The simulation is carried out with the SoC in the position of 30%, 50%, 70%,
and 90%. Based on the design, test, and simulation, the final efficiency is 88.37% calculated with solar
irradiation of 1000W/m2 and temperature of the solar cells of 25°C in the MATLAB/Simulink environment.

current

voltage

Figure 6. The output waveform of the battery charging via simulation when the battery is in the position of
50% (a) charging the battery SoC, (b) the current when charging, (c) the voltage when charging the battery
During testing, the measurement results of voltage, current, SoC, and battery status are stored every second
on the SD card, Data Logger is used. It was found that the amount of data obtained and stored is 39,975.
Figure 6 presents simulation footage from Matlab/Simulink that shows the fluctuations in SoC, current, and
voltage of the battery. It can be noted that the fluctuations in the battery SoC are caused by the magnitude and
the temperature of the photovoltaic. The input parameters in Matlab/Simulink are the STC values - 1000W/m2
and 25°C. Figure 7 is the irradiation condition of solar cells with different efficiency values. The change in
output power is low, the solar irradiation gets smaller. Therefore, the efficiency value is calculated while
simultaneously comparing the maximum power and ideal solar cell power during the simulation.
Pmax (W)
100

Efficiency (%)

80
60
40
20

-200

40
-20

60

80

1000

1200

4674

ISSN: 04532198
Volume 62, Issue 08, September, 2020
Solar radiation (W/m2)
Figure 7. The efficiency and maximum power
4. Conclusion
It can be concluded from the design and the test results that the battery charging system using solar energy is
capable of charging two batteries in a sequence, where the one with the lower voltage level has a priority to
be recharged first. The SoC value is one of the most important parameters of the battery because it needs to
be sent to the microcontroller to cut off the charging when the SoC = 100%. Observing the important data current, voltage, and battery SoC, during the charging process, is done via the LCD, and it can be stored on
the SD card using the DLS data module. If the charging process is done with implementing the standard test
conditions, the increase of the SOC value in each iteration is greater compared to the value obtained in
Matlab/Simulink simulation. It shows a 0.05% increase every 30 minutes. Based on the results of the
simulation made in Matlab/Simulink concerning the prototype design and using the MPPT ICM algorithm,
the calculated final efficiency is 88.4%.
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