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Abstract

In this paper, a P&O-based maximum power point tracking (MPPT) system that combines a Fuzzy-PI controller on a
proposed PV system is analyzed to achieve the highest power production of a photovoltaic (PV) system and improve system
performance and fast response. The proposed PV system consists of a Photovoltaic array, a voltage riser, a DC to DC type
converter, and an MPPT algorithm using a combined P&O method of Fuzzy-PI controller. All elements of the PV system are
simulated using MATLAB/Simulink. The simulation results show that the maximum power point tracking approach using
P&O combined with Fuzzy-PI provides a high efficiency of 97.39% with a speed of 0.025 seconds reaching the optimum
point and a steady ripple of 0.06 volts. Meanwhile, the optimum point tracking system without the Fuzzy-PI combination to
reach the maximum power point takes 0.14 seconds and the steady state ripples are 30 volts. However, when a P&O-based
MPPT system is combined with a PI controller, the response time reaches a maximum power point of 0.11 seconds with a
steady state ripple of 17 volts. The results of the proposed analysis and simulation produce high performance, both in terms
of response speed time, low ripple and high efficiency.

Keywords: MPPT, P&O, Fuzzy-PI Combination, Solar Panel.

1. Introduction negative effects on the environment, and are

considered dirty energy sources [3].
In modern times, electricity is a primary necessity

for humanity. Without electricity, human activities, Indonesia has a vast potential of natural resources
whether in houscholds, government, business, or that can be developed as renewable energy sources.
industry, would come to a halt. The demand for However, the development of renewable energy for
electricity increases each year, and in 2023, daily use has not yet become a top priority. In fact,
electricity consumption reached 288.44 terawatt- Indonesia's renewable energy potential reaches
hours (TWh), marking a 5.32% increase compared 3,687 GW, which includes 3,294 GW from solar
t0 273.76 TWh in 2022 [1]. energy, 95 GW from hydro, 57 GW from bioenergy,
155 GW from wind, 23 GW from geothermal, and
According to data released by the Ministry of 63 GW from ocean energy. Indonesia needs to
Energy and Mineral Resources (ESDM) in May urgently accelerate the transition to renewable
2023, the total installed capacity of power plants in energy [4].
Indonesia in 2023 reached 83,842.83 MW or
83,842 MW. Of this total, fossil energy accounts The low-carbon development strategy is a key
for 71,197.38 MW or 71,197 MW (15%), while element in the transition to a green economy and
renewable energy sources (EBT) account for sustainable development, supported by various
12,645.45 MW or 12,645 MW (85%)[2]. policies outlined in Law No. 71 of 2021 and
Presidential Regulation No. 98 of 2021. Achieving
Power plants that supply energy for human needs Indonesia's vision for 2045 and the net zero
generally rely on fossil fuels such as coal, oil, and emissions target by 2060 will require significant
natural gas. Based on their life cycle, oil produces challenges and strong collaboration from all parties.
970 grams of CO2 per kilowatt-hour (gCO2/kWh), Indonesia has set an ambitious target to reduce
coal 820 grams of CO2 per kWh, and natural gas greenhouse gas emissions by 31.89% by 2030, in
490 grams of CO2 per kWh. Thus, while these line with Law No. 4 of 2023 concerning the
three types of fossil fuels are effective in generating Development and Strengthening of the Financial
electricity, they also have negative impacts in the Sector. The government also aims to develop
form of CO2 emissions per kWh. Fossil fuels rooftop solar power plants (PLTS) with a total
directly contribute to climate change, cause various capacity of 2,145 megawatts during the 2021-2030
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period [5].

Currently, there are various options for using solar
panels, tailored to the needs and environmental
conditions where the panels are installed. Some of
the types of solar panels available on the market
include: Monocrystalline, which has a solar cell
efficiency of about 15% to 20%, and Poly-
Crystalline, with an efficiency of around 13% to
16%. However, solar panels have nonlinear output
characteristics, influenced by factors such as
irradiation, temperature, and load impedance,
resulting in energy production ranging from 13% to
20%. [6-8].

Solar energy is one of the rapidly developing
renewable energy sources and offers a highly
promising solution. Since the efficiency of solar
cells available on the market is still low, methods
are needed to enhance the efficiency of the
electricity generated by solar panels by maximizing
the power at a specific operating point known as the
Maximum Power Point (MPP). Therefore, MPPT is
required to find the MPP when temperature and/or
irradiance changes. Changes in irradiance directly
affect the MPP of the solar panels, so MPP tracking
techniques are needed to adjust to the speed and
direction of irradiance changes [9-11].

Energy optimization of solar panels is achieved
using the Maximum Power Point Tracking (MPPT)
technique, which ensures that the solar panels
operate at the Maximum Power Point (MPP). MPP
is the point on the voltage-current (V-I) or voltage-
power (V-P) curve of the solar panel where the
panel operates at maximum efficiency and delivers
maximum power [12].

The low efficiency of PV systems serves as a major
impetus for seeking the maximum power output
from these systems. In recent years, there has been
significant research focused on developing PV
systems using MPPT methods. Direct MPPT
methods for finding the Maximum Power Point
(MPP), such as the Perturb and Observe (P&O)
method, have been extensively studied [13-17].
Another method to enhance the power output of
solar panels by finding the maximum power point
in the system is the Fuzzy Logic Controller, which
can improve the efficiency of the solar panel's
power output [18-21]. Next, many researchers
employ methods that combine proportional and
integral controllers with Fuzzy, fractional order,
and P&O to quickly achieve maximum power and
ensure high precision stability [22-25]. In this paper,
a combined fuzzy-PI control algorithm is proposed
for maximum power point tracking (MPPT) in
photovoltaic (PV) systems. This algorithm is
designed to address the shortcomings of using PI or
fuzzy control algorithms individually in MPPT

~157 ~

applications. By integrating traditional PI control
with fuzzy control, the fuzzy-PI algorithm is
developed. In this approach, when tracking errors
are large, the fuzzy controller is activated to adjust
quickly and enhance control robustness. Conversely,
when tracking errors are small, the control switches
to the PI algorithm to minimize errors in stable
conditions. Simulation results demonstrate that the
fuzzy-PI algorithm achieves high speed and
precision in MPPT. Moreover, this combined
algorithm can effectively adjust to new maximum
power points even with changes in environmental
conditions, offering improved performance and
tracking stability.

This paper aims to develop a maximum power point
tracking (MPPT) system that can continuously
identify and maintain the maximum energy output
from solar panels. This chapter focuses on
modeling MPPT wusing a perturb and observe
algorithm combined with Fuzzy-PI to enhance the
power output of photovoltaic solar systems with
high efficiency and accuracy. Simulations will be
carried out on PV systems equipped with MPPT as
well as on PV systems without MPPT using
MATLAB/Simulink  software. An analytical
comparison will be performed between the two
systems under various temperature and solar
irradiance conditions.

2. Research Methodology

In this study, the components used include a Fux
meter, a laptop, and Simulink Matlab software. The
steps taken to analyze and simulate the
maximization of solar panel energy using the
Perturb and Observe algorithm combined with a
Fuzzy-PI controller are as follows: first, analyzing
and designing the boost converter model parameters;
second, analyzing the P&O algorithm; third,
designing proportional and integral controller
parameters using Simulink Matlab software; and
fourth, analyzing Fuzzy membership and designing
and analyzing the combination of P&O and Fuzzy-
PI control. The optimization scheme for the solar
panel system using MPPT based on P&O combined
with the Fuzzy-PI controller is shown in Figure 1.
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Figure 1. Block Diagram Scheme for Solar Panel System
Optimization.



2.1. Characteristics of Photovoltaic (PV) Solar
Panels.

The conversion of sunlight into electrical energy,
which results in voltage, current, and power
through a photovoltaic system, is influenced by
changes in irradiance and temperature produced by
the photovoltaic panels. To analyze the I-V and V-P
characteristics, refer to Figure 2, which shows
temperature variations at 25°C, 35°C, and 45°C
with a constant irradiance of 1000 W/m? The
photovoltaic power data wusing the TSM-
250PA05.08 module with a capacity of 250 WP is
also listed in Table 1.

Table 1: Specifications Data for the TSM-250PA05.08
Photovoltaic Panel

Power Rating (Vmp) 250 W
Voltage at Maximum Power (Vmp) 31V
Current at Maximum Power (Imp) 8,06A
Open-Circuit Voltage (Voc) 37,6V
Short-Circuit Current (Isc) 8,55A
Total Number of Cells in Series (Ns) 60
Total Number of Cells in Parallel (Np) 1

Series Resistance Rs 0,247
Parallel Resistance Rsh 301,814

Based on the data in Table 1, the characteristic
graph of the solar panel at an irradiance of 1000
W/m? with varying temperature values is presented
in Figure 2.
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Figure 2. I-V and V-P Characteristics of the Solar Panel with
Temperature Variation.

Figure 2 shows that the maximum power occurs at
point Pm, which is the result of the multiplication
between maximum voltage and maximum current
on the photovoltaic panel. At an irradiation of 1000
W/m? and a temperature of 25°C, the maximum
voltage is 31V, the maximum current is 8.06 A, and
the maximum power is 249.86 W. At a temperature
of 35°C, the maximum voltage decreases to 29.67V,
the maximum current remains 8.06 A, and the
maximum power is 239.18 W. At a temperature of
45°C, the maximum voltage further drops to 28.31
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V, the maximum current is 844 A, and the
maximum power is 228.75 W. This indicates that,
at the same irradiation level, the maximum power
decreases with increasing temperature, so as the
temperature rises, the energy produced by the
photovoltaic panel decreases. Additionally, the
characteristics of the photovoltaic panel at a
temperature of 25°C with varying irradiance of 500
W/m?, 800 W/m?, and 1000 W/m? are shown in
Figure 3.
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Figure 3. shows the characteristics of the I-V and V-P

Figure 3 shows the characteristics of the I-V and V-
P curves for photovoltaic systems with varying
irradiation levels. It demonstrates that maximum
power occurs at point Pm, which is the product of
maximum voltage and maximum current for the
photovoltaic panel at a temperature of 25°C. At an
irradiation of 1000 W/m?, the maximum voltage is
31V, maximum current is 8.06 A, and maximum
power is 249.86 W. At 500 W/m?, the maximum
voltage is 30.89V, maximum current is 4.03 A, and
maximum power is 124.52 W. At 100 W/m?, the
maximum voltage is 29.28 V, maximum current is
0.81 A, and maximum power is 23.57 W. This
indicates that, at the same temperature, as
irradiation increases, the maximum power also
increases. Therefore, higher irradiation levels result
in greater photovoltaic energy output.

2.2.  Boost Converter

This type of converter is a direct current (DC)
converter designed to produce an output voltage
higher than its input voltage, commonly known as a
boost converter. As shown in Figure 4, the main
components of this converter include a Mosfet,
diode, inductor, and capacitor.
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Figure 4: Boost Converter Circuit (Rashid, 1993)



The inductor is designed to maintain voltage
stability per second in the converter and to reduce
output current fluctuations. It is expected that the
inductor will operate in continuous conduction
mode with a current ripple ranging from 20% to
40% of the output current (Hauke, 2010). Thus, the
inductor value is 2 mH, and the desired output
voltage ripple is 0.1%, which determines the
capacitor capacitance to be 2 mF, and the output
resistance is 3.85 ohms.

2.3. Perturb and Observe algorithm

function duty=MPPT PandO(Vpv,Ipv)
duty init=0;

duty min=0;

duty max=0.95;

delta=125e-6;

persistent Vold Pold duty old

if isempty(Vold)

% Initial value of the variable is set to 3, and 3
variables are initialized to zero.Vold=0;
Pold=0;

duty old=duty init;

end

% Calculate measured arry power
P=Vpv*Ipv;

% Increase or decrease duty cycle base
if (P-Pold)~=0

% Comparing the current power with the power
before

if (P-Pold)>0

if (Vpv-Vold)>0

duty=duty old-delta;

else

duty=duty old-delta;

end

else

if(Vpv-Vold)>0

duty=duty_old+delta;

else

duty=duty_old-delta;

end

end

else

duty= duty old;

end

% Limit the duty cycle, as during operation it can
be greater than one or less than zero.

if duty>=duty max

duty=duty max;

elseif duty<=duty min

duty=duty min;

end

% Then update the internal values

duty old=duty;

Vold=Vpv;

Pold=P;
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2.4. Fuzzzy Logic System

Fuzzy logic is a method of logic that mimics human
thinking by dealing with uncertainty through the
use of values between 0 and 1 and logical
operations. A fuzzy controller is an advanced
technology that enables the creation of nonlinear
controllers based on the knowledge and experience
of experts. Generally, fuzzy logic involves several
process stages: fuzzification, inference, rule base,
and defuzzification. This process takes numeric
data as input and, through fuzzification, inference,
rule base, and defuzzification, produces numeric
data as output. Fuzzy processes can be applied in
both numerical and linguistic domains. The block
diagram of a fuzzy controller can be found in
Figure 5.
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Figure 5. Block diagram of the fuzzy logic controller.
2.5. Proportional Integral (PI) Control.

The use of Proportional Integral (PI) control aims to
achieve optimal performance in terms of settling
time and maximum overshoot, while ensuring
system stability [28-29]. The block diagram of PI
control is shown in Figure 6 below.
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Figure 6: Block diagram of PI control action.
A PI controller (Proportional-Integral Controller) is
a special case of a PID controller that does not use
the derivative (D) of the error.

2.6. Fuzzy-PI Design

Figure 7: Shows the design of the fuzzy-PI logic

system
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Figure 7. Design of the fuzzy-PI logic system




The Fuzzy control applied in this system uses the
Mandani inference method. In this Fuzzy Mandani
inference system, both the input and output
membership functions are presented through Fuzzy
membership functions. The system has two inputs:
1. The first input is the error of the power-to-
voltage change ratio (e), represented by five
Fuzzy membership functions: Negative Big
(NB), Negative Small (NS), Zero (Z), Positive
Small (PS), and Positive Big (PB).

The second input is the change in error of the
power-to-voltage change ratio (de), represented
by three membership functions in the form of
trapezoidal and triangular functions with
categories of Negative, Zero, and Positive.

For the outputs, there are two types of Fuzzy
membership functions:

1. The first output relates to KP (proportional gain
constant), represented by three Fuzzy
membership functions: Small (S), Medium (M),
and Big (B).

The second output relates to Ki (integral gain
constant), represented by five membership
functions: Very Small (VS), Small (S), Medium
(M), Big (B), and Very Big (VB).

The proportional values for KP range from 240 to
260, while the values for Ki range from 400 to 430.
The structure of the Fuzzy Mandani inference
system with input and output membership functions
is detailed in Figure 8 [9].
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Membership Function of Proportional Gain (Kp)
Output

n(x)

VS M VB

400 405 410 415 410 425 430

Membership Function of Integral Gain (Ki) Output
The rule base in fuzzy logic control represents a
form of "If-Then" or "If-Then" implication rules.
The fuzzy logic system design has 25 rule bases as
shown in Table 2.

Table 2. Fuzzy Rule Base Design

2 NB NS z PS PB

Ae

N M M M B B

z M M M B B

P M M M B B
Rule Base for KP Output

& NB NS z PS PB

Ae

N S M B VB VB

z Vs M M B VB

P S S M M VB
Rule Base for Ki Output

The Fuzzy Mamdani results from the rule base in
Table 3 show that if the input error is set to 0.1 and
the change in error is also set to 0.1, then the
proportional gain (Kp) is 256.2 and the integral

gain (Ki) is 415, as presented in Figure 9.

Figure 9. Fuzzy Mamdani Results from Simulink Matlab

3. Results and Discussions

The performance of the MPPT-based P&O method
combined with a Fuzzy-PI controller is evaluated
and compared with the MPPT-based P&O method
without the Fuzzy-PI controller, as well as the
MPPT-based P&O method alone. This evaluation is
carried out through theoretical analysis and digital
simulation under three different conditions using
MATLAB/Simulink. The PV module is connected
to the load via a DC-DC boost converter. The
simulation circuit schematic for the MPPT-based
P&0O method combined with the Fuzzy-PI
controller is shown in Figure 10.



Figure 10. Simulation circuit schematic of the MPPT-based
P&O method combined with a Fuzzy-PI controller

When the performance of the MPPT-based P&O
method combined with a Fuzzy-PI controller was
evaluated under radiation conditions of 1000 W/m?
and a temperature of 25°C, the simulation results
are shown in Figure 11.

e

Figure 11. Output power response time to reach steady-state for
the MPPT-based P&O method combined with the Fuzzy-PI
controller

Figure 11 shows that the output power signal of the
solar panel reaches its maximum value within 0.025
seconds, with a steady-state ripple of 0.06 V, as
illustrated in Figure 12.

/

Figure 12. Steady-state ripple response of the MPPT-based P&O
method combined with the Fuzzy-PI controller.

Meanwhile, the response of the MPPT-based P&O
method without the Fuzzy-PI controller under
radiation conditions of 1000 W/m?> and a
temperature of 25°C is shown in Figure 13.
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Figure 13. Output power response time to reach steady-state for
the MPPT-based P&O method without a Fuzzy-PI controller.

Figure 13 shows that the output power signal of the
solar panel reaches a steady or stable state within
0.14 seconds, with a steady-state ripple of 30 volts.
Meanwhile, the response of the MPPT-based P&O
method without a PI controller under radiation
conditions of 1000 W/m? and a temperature of 25°C
is shown in Figure 14.

Figure 14. Response of the MPPT-based P&O method with a PI
controller

Figure 14 shows that the output power signal of the
solar panel reaches a steady or stable state within
0.11 seconds, with a steady-state ripple of 17 volts.

4. Conclusion

Based on the performance of the three methods
analyzed and simulated, when the solar panel is
controlled using only the P&O algorithm, the
response time for the output power signal to reach
the optimum point is 0.14 seconds, with a steady-
state ripple of 30 volts. After the solar panel utilizes
the MPPT-based P&O method with a PI controller,
the output power signal reaches the maximum
power point in 0.11 seconds, but the steady-state
ripple decreases to 17 volts. Meanwhile, with the
MPPT-based P&O method combined with the
Fuzzy-PI controller, the response time to reach the
maximum power point is only 0.025 seconds, and
the steady-state ripple is just 0.06 volts.
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