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Photovoltaic (PV) systems require an effective charging control strategy to
regulate power transfer to batteries under varying operating conditions. This
study develops and evaluates a simulation-based solar charging regulator that
integrates a buck converter with Perturb and Observe (P&0O) maximum power
point tracking (MPPT), Pl-based PV voltage regulation, and Coulomb

Counting-based State of Charge (SOC) estimation. The proposed control

structure combines MPPT for determining the PV voltage reference, a PI
controller for regulating the PV voltage through buck converter duty-cycle
adjustment, and a supervisory SOC control mechanism for managing the
battery charging process. The system was modeled and simulated in
MATLAB/Simulink to evaluate PV operating conditions, converter duty
cycle, battery voltage and current, SOC estimation, and charging cut-off
behavior. The simulation results show that the PV operating point is
maintained at approximately 29 V and 7.5 A, corresponding to approximately
210 W during the initial charging condition. As the charging process
progresses, the battery SOC increases from approximately 99.99% to 100%
and reaches the defined full-charge condition at approximately 3.45 s. At the
cut-off condition, the supervisory controller reduces the buck converter duty
cycle from approximately 0.5 to 0, causing the battery charging current to
decrease to 0 A and thus automatically disabling the charging command.
These results demonstrate the feasibility of integrating P&O MPPT, PI-based
voltage regulation, and Coulomb Counting-based SOC supervision into a
coordinated solar charging regulator.
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1. INTRODUCTION

Photovoltaic (PV) technology has significant potential as one of the renewable energy sources because
it can be applied to various system scales. However, the power produced by PV is affected by environmental
conditions, especially solar irradiation and temperature, so its current-current and voltage-power characteristics
change and the PV operating point is not always at the maximum power point (Maximum Power Point, MPP).
Therefore, the Maximum Power Point Tracking (MPPT) technique is used to maintain PV operations around
MPP under various conditions [1], [2]. Various MPPT methods have been developed, such as Hill Climbing,
Perturb and Observe (P&O), Incremental Conductance (INC), Fuzzy Logic Control (FLC), and Particle Swarm
Optimization (PSO) [1], [3]. Among these techniques, P&O is widely used because its algorithm structure is
simple and its computational requirements are relatively low [2], [4]. This method determines the direction of
the change in the operating point by providing a perturbation to the PV voltage and observing the resulting
power change. However, conventional P&O can experience oscillations around the MPP and performance
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degradation when environmental conditions change rapidly [2], [4], so that various P&O developments have
been undertaken to improve tracking response [5]. Nonetheless, the main function of the MPPT is to optimize
the PV operating point, so an additional mechanism is needed to determine whether the battery charging
process can still be resumed when the charging condition has been reached.

In PV-based battery charging systems, DC-DC converters are used to regulate the energy transfer
between PV and the battery. Buck converters are appropriately used when the PV voltage is higher than the
battery charging voltage, while duty cycles are used to control the operating conditions of the converter. The
integration of MPPT with DC—DC converters has been extensively studied to improve PV energy utilization
and regulate power transfer during the charging process [6], [7]. Closed-loop controls, such as Proportional-
Integral (PI), can be used to maintain voltage at reference values and improve the dynamic response of the
system [8]. However, the setting of PV operating points and power transfer does not by itself provide
information about the condition of the battery charge. For this reason, supervision parameters such as State of
Charge (SOC) are required, which can be estimated using a variety of methods, including model-based
methods, Kalman filters, and Coulomb Counting [9], [10]. Coulomb Counting calculates SOC changes based
on the integration of battery current over time and is relatively simple to implement because it uses directly
measured battery current [11], [12]. This method, however, is affected by the initial SOC, battery capacity
uncertainty, current measurement errors, and the accumulation of integration errors [12].

Previous research has addressed MPPT, DC-DC converter control, and battery condition management
from different approaches. Research [6], [8] develop a battery charging system that combines MPPT with DC—
DC converter and charge control, so that PV power can be utilized and adjusted to the needs of battery charging.
And research [9], [11] also developed PV systems with adaptive step-size P&O connected to buck converters
and battery charging strategies. Meanwhile, research on SOC has focused more on the development and
evaluation of estimation methods to obtain information on battery conditions, including the Coulomb Counting
approach and filter-based methods [6], [7]. These studies show that MPPT, converter control, and battery
condition monitoring have been extensively developed, but the focus of control is still different, namely PV
power optimization, energy transfer regulation, or battery condition estimation. These differences in functions
show the importance of regulating the relationship between the control parts when all three are used in a single
PV-based battery charging system.

Although the integration of MPPT with converters and battery charging strategies has been developed
in previous studies, the coordination between maximum power point tracking, converter regulation, and
charging termination decisions based on battery condition still needs to be clarified. In some systems, MPPT
plays a role in determining PV operating points, while converter controls are tasked with following these
references through duty cycle settings. Meanwhile, SOC information is used to monitor battery condition, but
it is not always placed as part of a monitoring mechanism that directly determines the sustainability of the
charging process. These conditions indicate the need to distinguish the PV power optimization function and
the charge monitoring function in a single coordinated control structure. In this study, P&O is used to generate
PV voltage references, PI controllers set the duty cycle of the converter buck so that the PV voltage follows
the reference, while Coulomb Counting is used to obtain SOC information that together with the battery voltage
is the basis for the decision to maintain or stop charging commands. With this approach, the condition of the
battery does not change the function of the MPPT, but becomes the basis for the supervisory controller to
determine whether the charging process is still allowed.

The novelty of this research lies in the application of a hierarchical control structure that connects the
process of tracking the maximum power of PV, the setting of the converter, and the monitoring of battery
condition in a single charging system. In the proposed structure, the P&O is not only used to track the MPP,
but also to generate the PV voltage reference which is input to the PI controller. The PI controller then adjusts
the duty cycle of the buck converter so that the PV voltage follows the reference. At the supervisory level,
Coulomb Counting is used to obtain SOC information which together with the battery voltage forms the basis
for the decision to maintain or stop the charging process. With the division of functions, the condition of the
battery can affect the charging permit without changing the main function of the MPPT in maintaining the PV
operating point. The contribution of this research thus lies in the relationship and coordination between these
levels of control in a single PV battery charging regulator architecture.

Therefore, this study aims to develop and evaluate a PV-based battery charge setting system using a
buck converter that integrates P&O-based MPPT, Pl-based PV voltage regulation, and Coulomb Counting-
based SOC monitoring. In this structure, MPPT is used to maintain PV operations around the maximum power
point, while the battery condition is used as the basis for determining whether the energy from PV can still be
delivered to the battery. This strategy is used so that the process of extracting maximum power from PV does
not directly cause charging to continue when the battery has reached the specified charging condition.
Evaluations were carried out on PV voltage, current, and power, duty cycle buck converter, battery voltage and
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current, SOC response, and system response to the charging stop condition. The results of the evaluation were
used to determine the system's ability to maintain the PV operating point, regulate energy transfer through the
buck converter, monitor the battery charge condition, and stop the charge command when the SOC limit and
the predetermined battery voltage were reached.

2. METHODS

This research uses a simulation-based method to design and evaluate a photovoltaic (PV) battery
charging regulation system. The proposed system consists of a PV source, a buck converter, a battery, a Perturb
and Observe (P&0O) Maximum Power Point Tracking (MPPT) algorithm, a Proportional-Integral (PI)
controller, and a Coulomb Counting-based State of Charge (SOC) estimation method. The buck converter
serves as the power interface between the PV source and the battery [13], [14]. The P&O MPPT algorithm
determines the reference PV voltage corresponding to the maximum power operating point, while the PI
controller regulates the actual PV voltage by adjusting the converter duty cycle. Meanwhile, the Coulomb
Counting method estimates the battery SOC and provides information to the supervisory control for
determining the charging enable, cut-off, and restart conditions [15], [16].

The proposed system is modeled and simulated using MATLAB/Simulink. The simulation model is
developed to evaluate the interaction between the MPPT algorithm, PI-controlled buck converter, battery
charging process, and SOC-based supervisory control. The simulation results are evaluated based on the PV
voltage, PV current, PV power, converter duty cycle, battery voltage, battery current, and estimated SOC [17].

The functional relationship among the PV source, P&O MPPT, PI controller, buck converter, battery,
and Coulomb Counting-based SOC estimation is presented in Figure 1.
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Figure 1. Block diagram of a solar charging control system based on a buck converter.

Figure 1 represents the conceptual control structure of the proposed system. The PV source provides
voltage and current measurements to the P&O MPPT algorithm. Based on the measured PV voltage and power,
the P&O algorithm determines the reference PV voltage. This reference is compared with the measured PV
voltage, and the resulting error is processed by the PI controller. The PI controller generates the duty-cycle
command for the buck converter so that the PV operating voltage follows the reference generated by the MPPT
algorithm. The buck converter then transfers the PV-generated energy to the battery. At the battery side, the
charging current is used by the Coulomb Counting method to estimate the SOC. The estimated SOC and battery
voltage are subsequently provided to the supervisory control to determine whether the charging command
remains enabled or is disabled.

The detailed implementation of the proposed control structure in the simulation environment is shown
in Figure 2.
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Figure 2. Overall configuration of a buck converter-based solar charging control system.

Figure 2 shows the overall simulation configuration used to implement the proposed system. It
includes the signal connections between the PV model, P&O MPPT algorithm, PI controller, PWM generation,
buck converter, battery model, SOC estimation, and switch. The detailed configuration allows the control
sequence and signal flow used in the simulation to be evaluated.

2.1. Buck Converter

The buck converter is used as a step-down DC-DC converter that serves as an interface between the
photovoltaic (PV) source and the battery. The converter reduces the PV voltage to a level suitable for the
battery charging process. In addition to performing voltage conversion, the buck converter provides the control
interface through which the PV operating point can be regulated. Changes in the converter duty cycle modify
the electrical operating condition of the PV source, allowing the PV voltage to follow the reference generated
by the Perturb and Observe (P&O) MPPT algorithm [18].

The buck converter circuit used in the proposed system is shown in Figure 3.
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Figure 3. Buck converter circuit in a PV-based charging system.

The converter parameters are determined according to the operating conditions of the system. The
design calculations include the duty cycle, inductor current ripple, output voltage ripple, average inductor
current for rectifier diode selection, peak inductor current, inductance, capacitance, and load resistance. The
calculated parameters are used as the basis for selecting and configuring the converter components in the
simulation model [18].

The design equations used for the buck converter are summarized in Table 1.

Table 1. Buck Converter Formula.

No Parameter Nilai
1 Duty Cycle ) D = Vout?ut buck (1)
. Vinput
2 Ripple Current Inductor : AL = 20%x Lourpur (2)
3 Ripple Voltage : AVout = 1%xVin (3)
4 rectifier diode selection : I average Buck = Lout Buck ¥ (1 — dutty CyCle) (4)
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No Parameter Nilai
5 Current Peak Inductor © DLpeakbuck = lout puck + Deltay, )
Vout X Vin = Vout)
6  Inductor [ = eut” in” tout] )
Al X fo X Vin
7 Capacitor . C= Loutput buckzx Induktor buck (7)
’ 2 x Voutput buckX Delta yout Buck
R - Vourput2
8 Recistor : load Buck = — p ®)

The table 1 presents several important parameters in the design of a buck converter, which are used
to determine the specifications of the components and the characteristics of the circuit. Equation (1) is used to
determine the duty cycle (D), which is the ratio of the output voltage (Voutput) to the input voltage (Vinput).
The duty cycle indicates the proportion of time that the switch remains in the ON state during one switching
period. Equation (2) is used to determine the inductor ripple current (Al}), which is set at 20% of the output
current (loutput). This value represents the allowable variation in the inductor current during the switching
process. Equation (3) is used to determine the output voltage ripple (AV,,;), which is set at 1% of the output
voltage. This value represents the maximum allowable voltage variation to maintain a stable output voltage.
Equation (4) is used for the selection of the rectifier diode by determining the average current flowing through
the diode based on the output current and duty cycle, expressed as I} gyerage Buck = lout (1 — D). This equation
indicates that the average diode current is affected by the duty cycle. Equation (5) is used to determine the peak
inductor current (/peak), which is the sum of the output current and half of the inductor ripple current, I,eq, =

A . L. . . .
Ty + % This value is important for ensuring that the selected inductor can handle the maximum current

without reaching saturation.

Furthermore, Equation (6) is used to determine the required inductance value (L) for the buck
converter. The inductance value is influenced by the input voltage, output voltage, allowable ripple current,
switching frequency (f;), and duty cycle. The inductor functions to store and release energy during the
switching process, thereby maintaining a more stable output current. Equation (7) is used to determine the
output capacitor value (C), which functions to reduce the output voltage ripple. The capacitor value is
influenced by the output current, duty cycle, switching frequency, and allowable voltage ripple. A smaller
target voltage ripple generally requires a larger capacitance value.

Finally, Equation (8) is used to determine the load resistance (R;,,4) based on the output voltage and
Véut

P
consumed by the load, and load resistance. Therefore, Equations (1) through (8) are used as the basis for

designing the buck converter, starting from determining the duty cycle, current and voltage ripple, and diode
selection, to determining the peak current, inductor, capacitor, and load resistance values. The converter is
configured to provide the required voltage and current conditions for charging the 12 V, 100 Ah lead-acid
battery.

load power, expressed as R;,qq = . This equation shows the relationship between the output voltage, power

2.2. MPPT Perturb and Observe

The Perturb and Observe (P&OQ) algorithm is used to determine the maximum power point (MPP)
operating condition of the photovoltaic (PV) source under varying irradiation conditions. The algorithm
operates by applying a small perturbation to the PV reference voltage and observing the resulting change in
PV power [19], [20]. Based on the change in power and voltage, the algorithm determines the direction of the
next perturbation so that the PV operating point moves toward the maximum power point.

The P&O MPPT flowchart is shown in Figure 4.
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Figure 4. MPPT Peft-urb. énd Observe Flowchart.

As shown in Figure 4, the process begins by initializing the reference voltage, perturbation step size,
and previous PV voltage and power values. The instantaneous PV power is then calculated from the measured
PV voltage and current. The present power and voltage are compared with their corresponding values from the
previous iteration to determine the direction of the perturbation. When the perturbation results in an increase
in PV power, the perturbation direction is maintained. Conversely, when the PV power decreases, the
perturbation direction is reversed.

In this study, the perturbation step is set to 0.15 V. After each update, the PV reference voltage is
constrained within the predetermined operating range to maintain stable operation. The resulting reference
voltage is then supplied to the PI controller. Therefore, the P&O algorithm determines the desired PV operating
voltage, whereas the PI controller is responsible for regulating the actual PV voltage through the buck converter
duty cycle. This control process is continuously repeated to respond to changes in the PV operating conditions.

2.3. PI Controller

The PI controller is used to regulate the PV operating voltage by controlling the duty cycle of the buck
converter. The controller operates in a closed-loop configuration in which the reference PV voltage generated
by the P&O MPPT algorithm is compared with the measured PV voltage. The resulting voltage error is
processed by the PI controller to generate the duty-cycle command [21], [22].

The relationship between the reference voltage, measured PV voltage, PI controller, and converter
duty cycle is illustrated in Figure 5.
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Figure 5. Duty cycle control block diagram.

The PI controller is implemented in parallel form and continuous-time representation. Its output is
limited to the specified duty-cycle range to prevent the converter from operating outside the defined control
limits. During normal charging, the PI controller output is passed through the supervisory switch to the PWM
generator. The PWM signal then controls the switching device of the buck converter.

The supervisory switch provides an additional control layer for the battery charging process. When
the battery has not reached the defined full-charge condition, the switch allows the PI-generated duty-cycle
command to reach the PWM generator. When the cut-off condition is reached, the supervisory switch blocks
the charging command and forces the PWM duty cycle to a non-charging condition. Therefore, the PI controller
regulates the PV voltage during active charging, while the supervisory switch determines whether the converter
is permitted to continue transferring energy to the battery.

The PI controller parameters used in the simulation are summarized in Table 2.

Table 2. PI Controller Parameters

No Parameter Value
1 Controller type PI
2 Controller form Parallel
3 Time domain Continuous-time
4 Proportional gain, Vy,p —0.0397534768249176
5 Integral gain, Iy;p —5.18190685384352
6 Lower saturation limit 0.05
7 Upper saturation limit 0.95
8 Tuning method Transfer Function Based (PID Tuner App)

Table 2 presents the PI controller parameters used to regulate the system response. The controller type
is set to PI (Proportional-Integral), which combines proportional and integral actions to reduce the difference
between the reference value and the actual output. The controller form is parallel, meaning that the proportional
and integral components operate independently and their outputs are combined to produce the controller signal.
The controller uses a continuous-time domain, indicating that the PI control algorithm is designed to operate
continuously rather than in a discrete sampling-based form.

The proportional gain (Vyp) is set to —0.0397534768249176, while the integral gain (Iy;p) is set to
—5.18190685384352. The proportional gain determines the controller's immediate response to the error,
whereas the integral gain accumulates the error over time to eliminate steady-state error. The negative values
of both gains indicate that the controller action is configured according to the direction or polarity of the
controlled system. The lower saturation limit is set to 0.05, while the upper saturation limit is 0.95. These limits
constrain the controller output within the range of 0.05-0.95, preventing the control signal from exceeding the
allowable operating range of the system.

Finally, the PI controller parameters are obtained using a Transfer Function Based tuning method
through the PID Tuner App. This method uses the system's transfer function to determine suitable controller
gains so that the desired dynamic response and stability can be achieved. Overall, the parameters in Table 2
define the PI controller configuration and limit its output to ensure appropriate and stable control performance.

2.4. Coloum Counting

The battery is used as the energy storage element at the output of the buck converter. The battery
model has a nominal capacity of 100 Ah, an initial SOC of 99.99%, and a charging voltage limit of 12.6 V.
Battery current and voltage are continuously monitored to estimate the SOC and determine the charging
condition.

SOC estimation is performed using the Coulomb Counting method, which estimates the change in
battery SOC from the accumulated battery current over time. The SOC estimation equation used in the
simulation is given by:

SoC(k) = SOC(k — 1) + ’héﬂ x 100% 9)

n

The current sign convention follows the implementation of the battery model in Simulink. The
estimated SOC and battery voltage are then supplied to the supervisory switch controller. During the charging
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state, the charging command is enabled when the SOC remains below the full-charge threshold and the battery
voltage is below the specified charging voltage limit:

SOC < 100% and Vyg < 12.6V (10)

When the SOC reaches 100% or the battery voltage reaches 12.6 V, the supervisory controller disables
the charging command by blocking the PWM control signal. To prevent repeated switching around the full-
charge condition, a hysteresis threshold is applied. After cut-off, charging is permitted again when the SOC
decreases to 95% and the battery voltage remains below the specified charging limit:

SOC < 95% (11)

Thus, the Coulomb Counting method is used specifically for SOC estimation, while the estimated
SOC and battery voltage are used by the supervisory controller to determine the charging enable, cut-off, and
restart conditions. During active charging, the P&O MPPT and PI controller continue to regulate the PV
operating point and the buck converter duty cycle. When a cut-off condition is reached, the supervisory
controller overrides the normal charging command and disables the PWM command.

3. RESULTS AND DISCUSSION

This section presents and discusses the simulation results of the proposed PV battery charging
regulation system. The evaluation focuses on the battery State of Charge (SOC), charging current, duty-cycle
response, PV operating conditions, and buck converter voltage response. The results are analyzed to evaluate
the interaction between the P&O MPPT algorithm, PI controller, buck converter, and Coulomb Counting-based
supervisory charging control.

The overall simulation performance is summarized in Table 3. The values are obtained from the
simulation responses presented in Figures 6-9.

Table 3. Summary of Simulation Performance

No Parameter Simulation Result Operating Condition
1 Initial battery voltage 114V Beginning of simulation
2 Battery voltage during 11.90 V Normal charging
charging
3 Battery current -11Ato-7A Active charging
4 Final battery current 0A After charging cut-off
5 Initial SOC 99.99% Beginning of observation
6  Full SOC 100% 3.45s
7 PV voltage 29V Normal operating condition
8 PV current 7.5 A Normal operating condition
9 PV power 210 W Normal operating condition
10  Reduced PV power 120 W Changed PV condition
11 PV voltage at cut-off 33V Charging disabled
12 Duty cycle 0.5 Normal charging
13 Duty cycle at cut-off 0 Charging disabled
14 Battery charging voltage 126 V Supervisory limit
limit

The results indicate that the proposed control structure coordinates the PV-side MPPT and voltage
regulation with the battery-side charging supervision. During normal charging, the P&O algorithm determines
the PV voltage reference, while the PI controller adjusts the buck converter duty cycle to regulate the PV
operating voltage. When the battery reaches the defined full-charge condition, the supervisory controller
disables the charging command, resulting in a duty cycle of zero and a battery charging current of 0 A.

3.1 Coulomb Counting-Based SOC Evaluation

The performance of battery charging is evaluated based on voltage, current, and State of Charge
(SOC) estimated using the Coulomb Counting method, as shown in Figure 6. This method calculates the
accumulation of current over time to monitor SOC changes during the charging process.
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Figure 6. Coulomb Counting-Based SOC Evaluation

At the beginning of the observation (0-0.22 s), the battery voltage rapidly increased from around 11.4
V to 11.88 V, then rose slowly and stabilized around 11.90 V. Between 1.5-5 s, the battery current was around
—11 A and then decreased to —7 A at around 3 s, as the SOC increased from around 99.99% to 100%. The SOC
reached 100% at around 3.4-3.5 s and then remained constant. At around 3.45 s, the battery current dropped
from =7 A to 0 A after the SOC reached 100%. This condition indicates that the SOC estimation based on
Coulomb Counting is integrated with switch control, where reaching full SOC serves as the basis for activating
the charging cut-off.

3.2 Duty Cycle Testing Under Various SOC Conditions

The duty cycle response was analyzed to see the relationship between the battery charging condition
and the buck converter control signal, as shown in Figure 7. At the beginning of the simulation, the duty cycle
increased to around 0.5, then remained relatively stable with small fluctuations until it approached 3.45s.

Controler Duty Cycis Rosponss

Figure 7. Duty Cycle Testing Under Various SOC Conditions

The relatively stable duty cycle around 0.5 indicates that the system is still in a normal charging
condition and the buck converter continues to operate to transfer energy from the PV to the battery. At around
3.45 s, the duty cycle drops from around 0.5 to 0 and remains at that level until the end of the simulation. This
change occurs simultaneously with the SOC reaching 100% and the battery current becoming 0 A, indicating
that the charging cut-off has been activated by the switch control. The results show the relationship between
SOC and duty cycle: as long as the SOC has not reached the full limit, the duty cycle continues to be used to
support the charging process, whereas when the SOC reaches 100%, the switch control changes the duty cycle
to 0 to end the charging process.

3.3 MPPT Testing of PV Systems

The performance of Maximum Power Point Tracking (MPPT) is analyzed based on the response of
voltage, current, and PV power over time, as shown in Figure 8. These three parameters are used to observe
changes in the PV operating point during normal conditions, changes in source conditions, and when the system
enters the charging cut-off condition.
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At the beginning of the simulation, the PV voltage experienced a transient before reaching around 28—
29 V, with a current of about 7.5 A and a power of around 210 W. This condition remained relatively stable
until about 3 seconds, indicating that the PV operating point could be maintained during the initial period. At
around 3 seconds, the PV voltage and current decreased to approximately 26—27 V and 4.5 A, respectively,
causing the power to drop to around 120 W. This condition indicated a change in the PV operating point, which
was then followed by adjustments from the MPPT controller.

This condition persisted until close to 3.4 seconds with lower power. Subsequently, at around 3.4-3.5
seconds, the PV voltage increased to about 33 V, while the PV current and power dropped to 0 A. This condition
indicated the cessation of energy transfer from the PV and was consistent with the duty cycle reduction from
about 0.5 to 0 in Figure 7. Thus, the charging cut-off causes the buck converter to stop supplying energy to the
battery.

3.4 Buck Converter Testing

The performance of the buck converter is evaluated based on the input and output voltage response
over time, as shown in Figure 9. This analysis aims to assess the converter's ability to reduce the PV voltage
and produce the appropriate voltage during the battery charging process.

Buck Converter Voltage Performance

PV Input Valtage (V_0n})

Tiewe | sernra

Beck Carmesrter Ousput Vakage (V_out)

Figure 9. Buck Converter Testing

On the input side, the PV voltage experiences a transient up to around 36 V before dropping and
stabilizing in the range of 28-29 V for about 3 seconds. At around 3 seconds, the input voltage decreases to
2627 V, then increases to around 33 V toward 3.4-3.5 seconds as the system enters the charging cut-off
condition. This change corresponds with the duty cycle dropping to zero. On the output side, the voltage
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increases from around 11.0 V to 11.88 V in about 0.02 seconds, then gradually rises to around 11.9 V by the
end of the observation interval.

This shows that the buck converter is capable of reducing the higher PV voltage to an output voltage
suitable for the battery charging process. The difference between the input voltage of around 28—-29 V and the
output voltage of around 11.9 V indicate the function of the buck converter as a conversion stage between the
PV and the battery. During the charging process, a duty cycle of around 0.5 maintains the conversion process,
while at cut-off, the duty cycle becomes zero, cut off the energy transfer to the battery.

4. CONCLUSION

This study successfully developed and evaluated a simulation-based solar charging regulator that
coordinates MPPT, closed-loop buck converter control, and SOC-based charging supervision. The proposed
system was able to regulate the PV operating point during the charging process and automatically terminate
the charging command when the battery reached the defined full-charge condition.

The simulation results show that during normal charging, the buck converter operates with a duty
cycle of approximately 0.5, while the battery charging current remains in the range of approximately -11 A to
-7 A. Starting from a near-full initial SOC condition, the estimated battery SOC reaches 100% at approximately
3.45 s. At this condition, the supervisory controller reduces the duty cycle from approximately 0.5 to 0, causing
the battery charging current to decrease to 0 A and thus automatically disabling the charging command. These
results demonstrate that the proposed control structure can coordinate PV power extraction, converter
regulation, and battery charging supervision within a single charging system.

Overall, the proposed system demonstrates the feasibility of using SOC-based supervisory control to
determine the continuation or termination of PV-to-battery charging while maintaining MPPT and closed-loop
voltage regulation during normal operation. The results provide a basis for further development and
experimental validation using hardware implementation under varying irradiation, temperature, and battery
operating conditions.
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