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Abstract – Implementation of photovoltaic systems encounters problems, particularly concerning Partial Shading Conditions 
(PSC), solar irradiance, and temperature, which influence the generated output power. The PSC can diminish the power efficiency of 
the photovoltaic system. Consequently, a controller is required to optimize the photovoltaic system’s power output by considering 
the power supply characteristics. This paper discusses optimal power control in photovoltaic system under PSC. The proposed 
method employs a Modified Perturb and Observe (MP&O) algorithm based on the observation of current and voltage output 
from the photovoltaic system. The MP&O algorithm is integrated into a microcontroller and will provide PWM signals to operate 
the synchronous buck converter. Testing was performed under PSC. The experimental results indicated that the synchronous buck 
converter achieved a performance efficiency of 85%. The efficacy of the MP&O algorithm was evaluated without the MPPT method 
and conventional P&O algorithm. The MP&O algorithm outperformed compared to without MPPT method and conventional P&O 
algorithm. The MP&O algorithm yielded more consistent output power and necessitated a quicker tracking duration. The proposed 
method achieves an average output power efficiency of 84%; in contrast, without the MPPT method, it only reached 57%, and with 
the conventional P&O algorithm, it attains an efficiency of just 70%.
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1.	 	INTRODUCTION

The use of renewable energy as a source of electri-
cal energy continues to increase every year due to the 
increasing awareness of the use of environmentally 
friendly energy and the reduction of fossil energy. Us-
ing renewable energy is one way to address climate 
change by reducing carbon emissions [1]. One of the 

most commonly used renewable energy sources in In-
donesia nowadays is solar energy, which is converted 
into electrical energy through photovoltaic systems. 
Photovoltaic systems are one of the ideal power plants 
to be developed in Indonesia because Indonesia is 
located on the equator, which can receive sunlight 
throughout the year. However, photovoltaic systems 
have the main problem of low efficiency in converting 
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electrical energy, with the generated electrical power 
affected by environmental conditions and uneven 
lighting, also known as Partial Shading Condition (PSC) 
[2-4]. The PSC occurs due to shadows from particular 
objects such as buildings, trees, or dust that partially 
cover the photovoltaic, thus reducing the power gen-
erated from the photovoltaic [5]. Moreover, PSC makes 
the photovoltaic module unbalanced, resulting in 
many peaks in the P-V curve, making it challenging 
to reach Maximum Power Point (MPP). This condition 
causes a decrease in photovoltaic efficiency of up to 
70%, as a result of which the entire performance of the 
photovoltaic system will be affected [6]. Thus, photo-
voltaic systems require control to improve system ef-
ficiency in the face of PSC [7].

Increasing photovoltaic efficiency can be done through 
optimal power regulation, which is done by adjusting 
the duty cycle of the connected power converter. Several 
power converters are used in photovoltaic systems, in-
cluding a DC-DC converter. DC-DC converters play an im-
portant role in renewable energy [8]. Nevertheless, power 
converters try using fewer parts, namely capacitors and 
inductors. The voltage spikes result from the elimination, 
causing the converter’s design to be more complicated 
[9]. Several power converters that can be used, including 
buck converters. A buck converter, or step-down convert-
er, is one type of DC-DC converter that can convert volt-
age from a high level to a lower level. Buck converters are 
ideal when implemented on DC current-based systems 
[10, 11]. Buck converters installed in photovoltaic systems 
provide stability and quick response during transient cir-
cumstances, even though they are susceptible to instabil-
ity during voltage drops. This makes the efficiency of the 
buck converter not optimal [12]. The synchronous buck 
converter is a buck converter that uses two MOSFETs; re-
placing the diode with a MOSFET can reduce conduction 
losses and improve voltage stability at the output [13]. On 
the secondary side, using MOSFET to replace a diode can 
increase converter efficiency and reduce voltage spikes, 
and MOSFET can last a long time [14]. To get high ef-
ficiency, it is necessary to regulate the duty cycle of the 
synchronous buck converter. Several methods have been 
developed for managing the duty cycle of this power con-
verter, called the Maximum Power Point Tracking (MPPT) 
method. In its implementation, this MPPT method is em-
bedded in an embedded system to regulate the convert-
er’s performance [15, 16]. One of the most widely used 
conventional MPPT methods is the Perturb and Observe 
(P&O) algorithm, which can be implemented cheaply [17, 
18].  However, this algorithm continues to be trapped at 
the Local Maximum Power Point (LMPP), which happens 
under PSC so that it cannot reach the Global Maximum 
Power Point (GMPP) [19]. Compared to the Particle Swarm 
Optimization (PSO) algorithm, the P&O algorithm is faster 
in determining the optimum power but solves the steady 
state [20]. The P&O algorithm experiences drift problems 
during rapid changes in resistive loads because it is ham-
pered in overcoming power loss problems, so that the 
P&O algorithm can produce oscillations [21-23]. To im-

prove the performance of the P&O algorithm, the con-
ventional method is modified by providing constraints 
on specific parameters to enhance the method’s perfor-
mance in PSC. This modification makes the system adapt 
faster to rapidly changing environmental conditions and 
reduces the tracking time needed to reach MPP. A modi-
fication of the P&O algorithm has been developed for 
photovoltaic systems, where the step size is not constant. 
Still, it can change accordingly based on changes in the 
slope of photovoltaic characteristics. Based on simulation 
results, it performs better with the same tracking time as 
P&O and more minor oscillations. However, this algorithm 
has not considered the PSC [24]. 

This paper will explain the application of Modified 
Perturb and Observe (MP&O) to photovoltaic systems 
using synchronous buck converters under PSC. A syn-
chronous buck converter is designed and tested exper-
imentally. The MP&O algorithm is embedded in the mi-
crocontroller, and the performance will be compared 
without the MPPT method and with the conventional 
P&O algorithm on the same PSC. The use of a micro-
controller in this equipment will produce a reliable and 
economically valuable system.

2.	 METHODOLOGY

Fig. 1 shows the block diagram of the photovoltaic sys-
tem, consisting of a photovoltaic, switch, synchronous 
buck converter, current sensor, voltage sensor, loads, 
and embedded system. The output of the photovoltaic 
module will be connected to the synchronous buck 
converter. The voltage sensor and current sensor will 
detect the photovoltaic current and voltage output. An 
embedded system in the form of a microcontroller func-
tions as a controller. The MP&O algorithm is embedded 
in the microcontroller, creating a duty cycle to drive the 
synchronous buck converter. The microcontroller will 
read the photovoltaic module output voltage and cur-
rent and calculate its output power based on it. Based on 
the output power generated by the photovoltaic mod-
ule, the MP&O algorithm will determine the converter’s 
duty cycle so that the system can work at the maximum 
power point. For the system’s safety, the microcontroller 
will set the input switch that connects the photovoltaic 
module with the converter and the load switch that con-
nects the converter and the load. Suppose the output 
voltage of the photovoltaic module is low and cannot 
supply the load. In the case, the microcontroller will ac-
tivate the input switch to disconnect the photovoltaic 
module from the synchronous buck converter. 

Fig. 1. System Block Diagram
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This paper uses a 200 Wp polycrystalline photovolta-
ic module that is commercially available for use. Photo-
voltaic converts solar irradiation into electrical energy 
through electrons, attracting semiconductor materials 
such as monocrystalline and polycrystalline. Photovol-
taic modules are composed of main components such 
as current sources, diodes, and resistors connected in 
parallel and series, as shown in Fig. 2 [21]. The equiva-
lent circuit diagram of the photovoltaic module sup-
ports the design of converters and also MPPT methods. 
This ensures that the designed system can operate ef-
ficiently according to environmental conditions. The 
current source (Iph) indicates the current produced by 
solar energy. The diode (d) is represented with the leak-
age current in the photovoltaic module, which enables 
the diode current (Id) to flow when forward biased. The 
parallel or shunt resistance (Rp) symbolizes the leak-
age current in the module, with the current through 
it represented as Ip. The series resistor (Rs) represents 
the interval resistive losses within the module and its 
connections. The output current (Ipv) from the module 
is the current delivered to the load. Vpv describes the 
voltage at the terminals of the photovoltaic module.

Fig. 2. PV Equivalent Circuit Diagram

Fig. 3 shows the I-V and P-V characteristic curves with 
an irradiance difference of 200 W/m2 up to 1000 W/m2 
and a constant temperature of 25°C. The I-V curve indi-
cates that the output current of the photovoltaic mod-
ule is affected by solar irradiation; increased irradiation 
results in higher current production, and conversely, 
decreased irradiation results in lower current output. 
Similarly, the P-V curve indicates the power output is 
enhanced under higher irradiation conditions. None-
theless, if the irradiation is ineffective, it cannot reach 
the peak value. The characteristic curve shows the 
MPP location; this curve is also used to design the 
MPPT method. This analysis aims to demonstrate the 
efficacy of the photovoltaic module utilized. Model-
ling and simulation with MATLAB/Simulink related to 
the module specification data used to comprehend 
the relationship between current, voltage, output, and 
features. The red curves denote maximum conditions, 
whilst the blue curves indicate lower irradiance.

PSC occurs because the photovoltaic module is partially 
covered by shadows from buildings, trees, and dust. Thus, 
the maximum power generated under PSC becomes non-
uniform. In the photovoltaic characteristic curve shown in 
Fig. 3, the MPP has different variations and depends on 

environmental conditions. However, the MPPT method is 
designed to track the MPP dynamically, even under PSC, 
providing reassurance of its effectiveness [19].

Fig. 3. I-V and P-V Characteristic Curve Photovoltaic 
Module with Different Irradiation

2.1.	 Synchronous Buck Converter

When the photovoltaic module is covered with shad-
ow, the power produced by the module is significantly re-
duced. Thus, a converter with higher efficiency is needed 
to minimize power loss. The synchronous buck converter 
is a modification of the buck converter to reduce the volt-
age from a higher level to a lower level; in this synchronous 
buck converter, the function of the diode is replaced by 
Metal Oxide Semiconductor Field Effect Transistor (MOS-
FET). This replacement aims to increase the efficiency of 
the power loss resulting from thermal performance [13].

The synchronous buck converter consists of principal 
components, namely inductors, capacitors, and MOS-
FET, as a switch that aims to reduce the voltage from a 
higher level to a lower level. In its operation, the syn-
chronous buck converter operates using two switches, 
so-called MOSFET, whose circuit can be seen in Fig. 4. On 
the circuit diagram to show how the components are 
interconnected to facilitate the implementation of the 
converter and assist in simulating the converter before 
it is implemented. To achieve high efficiency, it is divid-
ed into two modes; in an active mode, where MOSFET 
1 is on and MOSFET 2 is off, the current from the input 
source will pass through the inductor to supply energy 
to the load, which makes the inductor current increase. 
In discharge mode where MOSFET 1 off and MOSFET 2 
on, the energy stored by the inductor in active mode will 
flow to the load, which decreases the inductor current, 
but the load still gets the energy supply [25, 26].

Fig. 4. Synchronous Buck Converter Circuit Diagram
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The output voltage produced by the synchronous 
buck converter (Vout) determined based on the duty cy-
cle (D) given to the MOSFET. The Vout can be determined 
using the following equation.

Vout=D⋅Vin (1)

The converter input voltage (Vin) is the output volt-
age of photovoltaic module with a maximum voltage 
36 V, and duty cycle dynamically adjusted to keep the 
Vout constant at 15 V, even with fluctuations in the Vin. 
The selection of inductor (L) with inductor current 
ripple (∆IL) is limited to 35% if the reduced inductance 
value causes an increase in the peak current within the 
inductor, causing it to operate over its specified limita-
tions. This results in a reduction in the inductor's per-
formance inside the system. Consequently, it is neces-
sary to evaluate the actual dimensions of the inductor 
utilizing the following equation.

(2)

Where is the switching frequency (fs) of 39 kHz was 
chosen because it is stable, smooth, and efficient 
for power regulation. Based on the equation (2), the 
specified inductance value is 60 μH. Due to the high 
inductance value, it will reduce the ripple current even 
though it increases the component size.

Input capacitors are crucial to stabilizing the input 
voltage for peak current demands during duty cycle 
switching and mitigating voltage fluctuations caused 
by fast current variations. The output voltage ripple 
(∆Vo) value is set to 5% to reduce the capacitor size. The 
following equation determines the capacitance value. 

(3)

Based on equation (3), using the Electrolytic Capacitor 
(ELCO) type, the specified capacitance value is 470 μF. 
The ELCO type is selected because it has a high capaci-
tance ratio, suitable for filtering and energy storage. This 
capacitor effectively minimizes output voltage ripple 
and supports transient current demands on switch-
ing. Furthermore, the selection of N-channel MOSFET 
IRFP4110 as the switching component is because it can 
handle continuous currents up to 120 A with adequate 
cooling and peak current up to 670 A for a short dura-
tion. Fig. 5 shows the built synchronous buck converter.

Fig. 5. Synchronous Buck Converter

2.2.	 Modified Perturb and Observe

The MPPT method is used to improve the energy ef-
ficiency of photovoltaic systems [17]. Increasing the 
efficiency of photovoltaic systems in PSC can be done 
through duty cycle converter settings using MPPT al-
gorithms. One of the widely implemented MPPT algo-
rithms is P&O. P&O has a high tracking speed and lower 
computational complexity compared to metaheuristic 
algorithms such as Particle Swarm Optimization (PSO) 
and Firefly Algorithm (FA) [23]. The P&O algorithm has 
advantages in simplicity and ease of implementation. 
However, the P&O algorithm has limitations, such as 
the step size selection and possible oscillations around 
the MPP when the step size is not appropriate. There-
fore, although the P&O algorithm is simple, it does not 
provide the same tracking accuracy and stability as 
other algorithms [27]. Fig. 6 shows the flowchart for the 
P&O algorithm. The duty cycle change in this algorithm 
depends on the step size with a value of 0.05. 

Fig. 6. Conventional P&O Algorithm Flowchart

In this paper, a Modified P&O (MP&O) algorithm is 
carried out to increase the efficiency of the photovol-
taic system. The MP&O algorithm is expected to re-
duce the oscillation in a steady state and accelerate the 
achievement of MPP in PSC. Since the MPPT method 
can prevent power loss by stabilizing power fluctua-
tions during extreme weather conditions, it is impor-
tant to improve photovoltaic systems. The performance 
of the modified P&O algorithm will be compared with 
the conventional P&O algorithm.

Efficiency (Eff) evaluates a method’s effectiveness of 
by comparing the output power produced by the pro-
posed method to the output power real generated by 
the photovoltaic module, represented as a percentage. 
The proposed methods tested are divided into three 
parts: without the MPPT method, with the P&O algo-
rithm, and with the MP&O algorithm. A near 100% ef-
ficiency result signifies the method's success in power 
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utilization, whilst a low efficiency value denotes its in-
effectiveness in power optimization. Efficiency can be 
determined using following equation.

(4)

Fig. 7 shows the flowchart of the MP&O algorithm, 
which generates the duty cycle that will be sent to 
the synchronous buck converter. The algorithm works 
based on the measuring of the output current and volt-
age at the photovoltaic module, which is used to calcu-
late the photovoltaic output power (P). The change in 
output power will determine the duty cycle sent to the 
converter, where the following equation determines 
the change in power (dP)

dP=P(k)-P(k-1) (5)

Where P(k) is current power and P(k-1) is previous pow-
er. There are several possibilities for the MP&O algorithm.

•	 If power reaches the MPP then dP<β, the duty cycle 
value is fixed D(k)=D(k-1).

•	 If power P(k)>P(k-1) and duty cycle D(k)>D(k-1) or 
P(k)<P(k-1) and D(k)<D(k-1), the duty cycle must 
be increased D(k)=D(k-1)+dD.

•	 If power P(k)>P(k-1) and duty cycle D(k)<D(k-1) or 
P(k)<P(k-1) and D(k)>D(k-1), the duty cycle must 
be decreased D(k)=D(k-1)-dD.

dD is a step size that will change depending on the it-
eration. At each iteration the dD value will be updated by 
dD(k)=dD(k-1)-C. Where C is a constant value. This paper C 
has two values, namely C1=0.02 and C2=0.03. The more it-
erations, the smaller the dD value because it is close to the 
optimum value to reduce oscillations in the steady state. 

Fig. 7. Modified P&O Flowchart

3.	 RESULTS AND DISCUSSION

The designed and built photovoltaic system was 
tested experimental testing to assess the performance 
of both the overall system and the integrated modified 
P&O algorithm within the embedded system. The tests 
were carried out in several stages: photovoltaic mod-
ule, synchronous buck converter, and whole system. 
Photovoltaic testing is done by shading the photovol-
taic without a synchronous buck converter circuit. The 
converter testing aims to evaluate the performance of 
the synchronous buck converter. This test is carried out 
by changing the duty cycle and input voltage, so that 
the efficiency of the circuit can be evaluated. The over-
all system test evaluates the performance of photovol-
taic systems equipped with optimal power control us-
ing the modified P&O algorithm. Overall system testing 
is done by providing three PSCs. The three conditions 
are 0% shading, 30% shading, and 50% shading.

When the synchronous buck converter circuit and 
resistive load are connected directly, the characteristic 
curve of the photovoltaic output power test results un-
der PSC is displayed in Fig. 8. This photovoltaic test in-
volves varying the resistive load and testing the photo-
voltaic module in both shading and without shading en-
vironments. Testing of photovoltaic modules is done to 
find the MPP produced by photovoltaic module under 
various shading scenarios in the field, such as building 
shading. The resistive load is also adjusted to assess the 
photovoltaic reaction to changes in the load connected 
to the system. Because shading affects the output pow-
er produced by photovoltaic module, the test findings 
demonstrate that the output power of a photovoltaic 
module can drop when shading is present. The photo-
voltaic module may provide up to 36.5 W of power. The 
graphs from the testing show that the MPP changes in 
response to the load resistance value and irradiation 
level. Therefore, in order to maximize the output power 
under PSC, the MPPT approach is required.

Fig. 8. Photovoltaic Characteristic Curve with 
Shading Based on Test

Fig. 9 shows the experiment setup for testing the syn-
chronous buck converter in the laboratory. The test is 
conducted by changing the duty cycle and input volt-
age. The synchronous buck converter output voltage 
and duty cycle are displayed on the oscilloscope equip-
ment, as shown in Fig. 10. The graph on the oscilloscope 
shows the shape of the voltage at a particular duty cycle.
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Fig. 9. Converter Testing Process

Fig. 10. Oscilloscope Graph of Synchronous Buck 
Converter Response

Based on the test results of the synchronous buck 
converter in Fig. 11 shows the performance generated 
from this converter. Given a voltage of 40 V DC, the 
greater the duty cycle value, the higher the output volt-
age produced. This is because the switch has a longer 
active time, while the smaller the duty cycle value will 
reduce the active time.

Fig. 11. Voltage Output of Synchronous Buck 
Converter with 40 V Input Voltage

Fig. 12. Efficiency of Synchronous Buck Converter 
with Duty Cycle Variations

Overall, system testing is conducted to test the per-
formance of the MP&O algorithm embedded in the 
microcontroller. The MP&O algorithm is based on the 
measurement of current and voltage generated by the 
photovoltaic by the current and voltage sensors.  The 
microcontroller will read the output of the current and 
voltage sensors and calculate the power generated 
based on the measurement results.  The output of the 
MP&O algorithm is the duty cycle.  The microcontroller 
will send a Pulse Width Modulation (PWM) signal with 
the duty cycle to drive the switching components in 
the synchronous buck converter.  Through this duty 
cycle setting, the photovoltaic system will produce op-
timal power.  The performance of MP&O is compared 
with the performance of the without MPPT method 
and with the conventional P&O algorithm.  

Fig. 13 shows the output power of the photovoltaic 
system without the MPPT algorithm, conducted under 
PSC divided into three scenarios: 0%, 30%, and 50% 
shading. The average output power without shading is 
23.8 W. Shading reduces power; specifically, under 30% 
shading, the average power is 20.7 W, while 50% shad-
ing further drops it to 20 W. 

Fig. 13. Power Output Without the MPPT Method

Fig. 14 shows the output power of the photovoltaic 
system by applying the conventional P&O algorithm 
under PSC. PSC changes are given in several condi-
tions: the initial condition with 0% shading, then given 
shading of 30%, and then 50% shading. The average 
output power with 0% shading condition is 28 W, with 
30% shading is 25 W. In the 50% shading condition, the 
photovoltaic system with the P&O algorithm will pro-
duce an average output power of 23.4 W.
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Fig. 14. Power Output Using Conventional P&O

Fig. 15 shows the output power of the photovol-
taic system using modified P&O algorithm under PSC, 
namely with 0% shading, 30% shading and 50% shad-
ing. The average output power without shading condi-
tion is 32.6 W; with 30% shading, it is 31 W, and at 50% 
shading, the photovoltaic system with MP&O will pro-
duce an average output power of 28 W.

Fig. 15. Power Output Using Modified P&O

The performance of the photovoltaic system with 
modified P&O is compared with the without MPPT 
method and P&O algorithm under PSC. The output 
power of the photovoltaic system (Pout) without any 
MPPT method is lower than that of the conventional 
P&O algorithm and modified P&O algorithm. In ad-
dition, without the MPPT method, the system lacks 
the ability to maintain the drop required to optimize 
the photovoltaic performance. The modified P&O al-
gorithm is more stable with lower oscillations than 
without the MPPT method and with the conventional 
P&O algorithm. Efficiency is defined as the ratio of the 
output power extracted by the modified P&O meth-
od, which is the suggested way, to the without MPPT 
method and with conventional P&O algorithm as a 
comparison method with maximum output power of 
the photovoltaic module. Under some circumstances, 
the efficiency formula used to evaluate the proposed 
method may be the most effective way to harvest 
power from photovoltaic modules. The algorithm’s ef-
ficiency is calculated by the equation (4). Table 1 shows 
the efficiency comparison between without the MPPT 
method, with conventional P&O algorithm, and with 
modified P&O under PSC. Modified P&O algorithm has 
a higher efficiency; the average efficiency is 84%, while 
without the MPPT method is 57%, and using conven-
tional P&O algorithm is 70%.

Table 1. Efficiency of Proposed Method

Shading

Without  
MPPT

Conventional 
P&O

Modified  
P&O

Pout 
(W)

Eff  
(%)

Pout 
(W)

Eff  
(%)

Pout 
(W)

Eff  
(%)

0% 23.8 65 28 77 32.6 89

30% 20.7 56 25 69 31 85

50% 20 55 23.4 64 28 77

4.	 CONCLUSION

This paper describes applying the modified P&O al-
gorithm on a photovoltaic system with PSC to enable 
optimal power production. The modified P&O algorithm 
is integrated into a microcontroller that will adjust the 
duty cycle of the PWM signal transmitted to the synchro-
nous buck converter. Optimal power management in the 
photovoltaic system is attained by adjusting the duty 
cycle transmitted to the synchronous buck converter. 
The effectiveness testing findings indicate that the syn-
chronous buck converter achieves an efficiency of 85%. 
The efficacy of the modified P&O algorithm is juxta-
posed with that of the conventional P&O algorithm. The 
proposed method was evaluated under three shading 
conditions: 0% shading, 30% shading, and 50% shading. 
The proposed method yields more stable photovoltaic 
output power than conventional P&O algorithm under 
partial shading conditions and can significantly improve 
the power conversion efficiency. The efficiency of the 
photovoltaic system utilizing modified P&O algorithm 
is 84%, whereas the photovoltaic employing conven-
tional P&O algorithm achieves an efficiency of 70% and 
without MPPT method, the efficiency is 57%. Further 
research will advance the photovoltaic system utilizing 
the suggested technology linked to alternating current 
loads and integrated with additional electrical energy 
sources or a hybrid renewable energy system.
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