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Abstract

This research paper presents the method of fuzzy logic system to
optimize the energy extraction in a photovoltaic (PV) power
system. The maximum power of a (PV) module varies due to
changing temperature, solar radiation, and load. To maximize
efficiency, PV systems use a maximum power point tracker
(MPPT) to constantly extract the highest power that can be
produced by a solar panel and then deliver it to the load. The
general structure of an (MPPT) system contains a (DC-DC)
converter (an electronic device that converts a source of direct
current DC from one voltage level to another) and a controller. The
(MPPT) finds and maintains operations at the maximum power
point using a tracking algorithm during variations in weather
conditions. Because of the nonlinear behavior of (PV) module
current-voltage characteristics and the nonlinearity of (DC-DC)
converters due to switching, conventional controllers are unable to
provide the best response, especially when dealing with wide
parameter variations and line transients. The goal of this work is to
design andimplement a maximum power point tracker that uses a
fuzzy logic control algorithm. Fuzzy logic naturally provides a
superior controller for this type of nonlinear application. This
method also benefits from the artificial intelligence approach for
overcoming the complexity in modeling nonlinear systems. In
order to succeed in this work, an (MPPT) system consisting of a
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(PV) module, a (DC-DC) converter, and a fuzzy logic controller is
designed and simulated in Simulink. Analyses of buck- boost
converter characteristics are carried out to find the most suitable
topology for the PV system used. An integrated model of the PV
module with the identified converter is simulated in MATLAB to
derive the expert knowledge needed to formulate and tune the
fuzzy logic controller. The simulation results show that, the fuzzy
logic controller is able to obtain the desired outcomes which are
actual power generation of solar panels at different irradiance and
temperature.

Keywords: Fuzzy logic, PV, MPPT, DC-DC converter, MATLAB
programming.
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1. Introduction

There is a noticeable increase in energy consumption due to
increases in industrial development and human consumption. This
issue has driven interest in research and technological investments
related to the optimization of energy efficiency and the use of
sustainable and renewable energy sources. At the same time, the
use of fossil fuels for the generation of power is decreasing and
also becoming more expensive. The most important consideration
in replacing conventional energy sources with more
environmentally friendly renewable sources (such as solar and
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wind energy) is finding out how to extract the maximum energy
and deliver the maximum power at a minimum cost for the desired
load. Integration of two or more types of energy sources may offer
the best way of improving power generation by varying the
contribution from each energy source, depending on the load
demand. The main purpose of this work is to develop and optimize
maximum power point tracking and control of a multi-source
alternative energy generation system consisting of photovoltaic
(PV) modules, wind generators and other sources. PV power is are
new able energy source that has recently sparked significant
interest and may in the near future replace nonrenewable sources
such as fossil fuels. However, to achieve this change-over, PV
power cost per kilowatt-hour has to be competitive in comparison
to fossil fuel energy sources. The material used in the structure of
solar cells and the technology used in arranging the solar cells to
form a module are considered key factors that affect the efficiency
of PV modules. At the present time, PV modules have only about
12-26% efficiency in converting solar irradiance to electricity,
which is quite low [1]. Gallium Arsenide solar cells have a high
rate of efficiency of 29%, whereas Silicon solar cells have about
12-14% efficiency [2]. Moreover, efficiency can drop due to load
conditions, PV module temperature, or decreases in solar
insulation. In order to capture the maximum-rated power from a
PV module, it is necessary to operate the module at its optimal
power point. To do this, a controller called a maximum power
point tracker (MPPT) is required. PVmodules are non-linear power
sources and their output power depends on the terminal operating
voltage. Therefore, the function of the MPPT is to compensate for
the varying current-voltage characteristics of the solar cell. The
MPPT modifies the output voltage and current of the PV module
and determines the operating point that will give the maximum
power. The MPPT must be able to accurately track the constantly
varying operating point where the maximum power is delivered to
increase the efficiency of the PV module. The main purpose of this
research is to design and implement a fuzzy logic-based maximum
power point tracker for a photovoltaic power supply. In order to
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accomplish this work, an MPPT model consisting of a dc-dc
converter and a fuzzy logic controller is developed. The most
suitable topology of buck-boost converter has been chosen to fit all
components of the entire PV system. A combined model of the PV
module and the selected buck-boost converter is simulated, and the
results used to obtain the best design needed to formulate and tune
the fuzzy logic control algorithm for tracking the maximum power.

2. Equivalent Circuit of Solar Cell

The equivalent circuit of a solar cell consists of an ideal current
generator in parallel with a diode in reverse bias, both of which are
connected to a load. The generated current is directly proportional
to light intensity. Although the amount of current produced varies
with light intensity, there are other limitations in solar cells which
cap their efficiency. These limitations are represented by the other
components in the circuit as shown in figure 1 below.

o o Col

Figurel. Equivalent circuit of solar cell [3]

Parallel to this ideal current generator is a diode. The power that
can be extracted from a device (P) is equal to current (I) times by
voltage (V):

P=VxI 1)

To describe and model solar cells there are some equations that
can be extracted from the equivalent circuit of solar cell. In its
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simplest form, the current through the load can be described as the
amount of current generated minus the current that flows through
the diodes and the current lost to shunt resistance.

[ =1Igen — Ipiode — Isn (2)

where | is current extracted, I;.,is the generated current, Ip;,qe1S
diode current, and Ig,is current lost to shunt resistance.
The ideal diode equation Ip;,qe IS:

Ip = I {exp 5] - 1 ®)

Where I,is the reverse saturation current, n is the diode ideality
factor, g is the charge constant, k is the Boltzmann constant, and T
Is absolute temperature. Therefore, the overall current equation can
be written as:

\%
I= Tgen — Io {exp [r| — 1} = Iy (4)
Equation (4) gives us the relationship between a current and a
voltage produced by solar cell [3].

3. Reference Model

Table (1) below shows the electrical characteristics of the
proposed 130 W solar panel, which here is used as the simulation
reference module and the modified model for this work is two
modules of 130Wconnected in parallel.

Table (1). Electrical Characteristics Data of the proposed 130W
solar panel.

Voltage at maximum power (Vmp) 17.33V

Current at maximum power (Imp)
Open circuit voltage (Voc)
Short circuit current (Iscr)
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Total number of cells in series (Ns)

Total number of cells in parallel (Np)

The test condition electrical specifications are: cell temperature at
25°C; spectrum at 1.5 air mass; and irradiance at 1 KW/m2.

4. DC-DC Buck-Boost Converter

The averaged output and input voltage and current values for an
optimized buck-boost converter are as follows [4]:

Vo = Vg(-2) (5)

1-D
lh = Ig(5>) (6)
The input side’s load resistance R’ is equated as:
, 1-D
R'=R(5)? (")

As such, the load seen by the source can be decreased or increased
by varying D as (0 < D < 1). Therefore, the buck-boost converter
can operate successfully in Zones either I or 1l as shown in Figure
(2). The next section sees the development of a state space
converter model [4].

Iy
1 ﬂf/Rz a 1£th
A
I . e
L SSNNNNNSSSSsSSsSSsSsSs T Pos
5
= c
= R
=
< > AR
N =
Vimp b v

Module Voltage (V)

Figure 2. Maximum power point tracking of a PV module [5]
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Figure (3) below, shows the selected components parameters of buck-
boost converter with the proposed solar panel.

Figure 3. Simulink/ MATLAB model of buck-boost converter with the
proposed solar panel

5. Fuzzy Logic Controller Design & System Simulation

Fuzzy logic controller plays the main role in this research, which
controls PWM of dc-dc converter based on output of fuzzy
controller. In other words, designing fuzzy controller in this work
depends on studying behavior of solar panel at different irradiance,
temperature, and dc-dc converter characteristics. The inputs of
proposed fuzzy controller are current and voltage and the output of
fuzzy controller is duty cycle. Firstly, the proposed fuzzy
controller was tested in MATLAB by changing the inputs
manually and the output was observed at different changes of
inputs to validate the performance of the designed fuzzy controller.
Figure 4 illustrates the followed mechanism of the full system in
this research. In addition, specific details of designing fuzzy
controller are mentioned in next paragraphs of section 5.
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V Fuzzv Logic
o Control

PWM Modulator

Figure 4. Fuzzy control scheme for a maximum power point tracker [6]

5.1 Membership Functions of the Proposed Fuzzy System
Fuzzy sets for each input and output variable are defined as shown
in Figure (5). Three fuzzy subsets; small, medium, and high were
chosen for the inputs and output variables of fuzzy controller.
Moreover, in Figure (5), trapezoidal shapes have been adopted for
the member ship functions. The range of the inputs memberships
which are PV voltage and PV current were modified according to
the characteristics of proposed solar panel mentioned in table 1
(Voo = 25V, Ig. = 8.5A). Also, the duty cycle which represents
the output of fuzzy controller was ranged between zero and one to
give more flexibility for switching the buck-boost converter.

5.2 Derivation of Control Rules

Fuzzy control rules are extracted by analyzing the system
behavior. The different operating conditions are considered in
order to improve tracking performance in terms of dynamic
response and robustness. The algorithm can be explained as
follows: The tracking process is started with an initial duty cycle,
D = 0. The converter input current I,,,, and voltage V,,, are then
measured and sense the duty cycle that can give maximum power
outputof the converter at that time based on predicted values that
have already been entered into fuzzy system. This operation
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repeats itself continuously until the power reaches the maximum
value and the system becomes stable.

Me mbership function plots T A 181

small medium high

:] 10
input variabde "current”

(a)

Membership function plots e 181

small medium high

10 15 20 25
input variable "Voltaga"

(b)

Membership function plots it 181
s M H

& 0z 08

;lutput i *duty yda

(©)

Figure.5 Membership functions for (a) Input current of converter
(b) Input voltage of converter (c) Output duty cycle of fuzzy
controller
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5.3 Tunning of Control Rules

The fuzzy rules of the proposed system have been derived from the
system behavior and tested in Simulink/ MATLAB. Table (2)
below indicates the rules based on the membership functions that
shown in Figure (5) above.

Table (2): Fuzzy controller rules.

The fuzzy logic algorithm was simulated in Simulink/ MATLAB
using the fuzzy logic toolbox and the rules were tuned precisely.
The basic window of fuzzy designer is illustrated in Figure (6),
where the controller based on Mamdani's fuzzy inference method
and centroid method as a defuzzification process is used.

| File Edit View
|

S

MD

Voltage

FIS Name: PVBB1 FIS Type: mamdani |

And methad — Cument Vaniable

Or mathad i Nama cument

Typa input

¢ Ho o

Im phcation -

Range [0 18]

Aggregation M

<> H <

Defuzzification cantroid

| Systemn "PWBB1": 2 inputs, 1 output, and 9 nikes |

Figure 6. Fuzzy logic designer in MATLAB tool box

Figure (7) demonstrates the fuzzy controller rule surface which is a
graphical representation of the rule base. And Figure (8) shows the
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rule viewer which indicates the operation of the fuzzy controller
during the change of inputs.

® ® Surface Viewer: PVBB1
File Edit View Options

Voltage 90 current
X {input): current B Y {(nput): Voltage E Z (output): MD B
|M. Input: "Pbtpoms: 101 || [ Heip | Ciose |I
B |

Figure.7 Graphical representation of fuzzy controller rules

@ ® Rule Viewer: PVBB1

File Edit View Options

- IR . ] 21

N N T —
| [ [ |
Y = R .

| I = 071 e

[} 18 0 25 OE]‘

Input:  [13.53;2.915)] "F‘Dlpoiltsz 101 ||Mm |
|Opu19daystﬂ'nPVBB1.9mlsa ||| Help. || Close ||

Figure 8. Fuzzy controller rule viewer
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After the fuzzy controller was modified in MATLAB the FIS file
was created in order to be called in the Simulink system. In Figure
(9) we can observe the performance of the fuzzy controller by
reading the output of fuzzy controller at different values of inputs.
Many readings of inputs, which represent current and voltage of
PV, and outputs which represent duty cycle were taken and listed
in Table (3) in results and discussion section.

Current PWM
= ittty
173 with Fuleviewsr
=
(I
Dhuty cycle

Figure 9. The optimum duty cycle from fuzzy controller

The simulation model shown in Figure (10) below was
implemented in Simulink/ MATLAB at different changes of
irradiance.

Discrete,
Ys@ 1e-07s.

Dowergun

M

Flzzy Logic
Controller
with Ruleviewer

PWM Generator Demux
(2-Level)

BUCK BOOST Converter for MPPT of 260 W PV system

]
v % oL % E:

Voliage Measurement2| >°0%¢
— o
. =
e m>
) ._|—- +
\—’
Diode2
4’ E Product outpUt power
L

ProductL ouppowert

A
et Measf vemm
v

Figure 10. The complete simulated design of proposed photovoltaic
system with fuzzy logic controller
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In order to check the fuzzy controller performance and the
efficiency of the converter the readings of input power and output
power of the MPPT were taken at solar irradiance (1000w/m?,
800w/m?2, 600w/m?, 400w/m?, 200w/m?), and also duty cycle
was observed at the same values of radiation. Table (4) illustrates
more details about simulation results.

6. Simulation Results & Discussion

Table 3 below shows the test results of simulated fuzzy controller
that is shown in figure (9) above. Many readings were taken of
duty cycle based on manually changes of current and voltage to
emulate current and voltage of solar panel. The readings show that
the proposed fuzzy controller responds to the change of inputs as
illustrated in table 3. Therefore, to validated that the fuzzy
controller works well, it was implemented in Simulink with entire
system of PV based MPPT. The table 4 illustrates the efficiency of
MPPT controller based fuzzy logic design, which indicates the
highest power that can be extracted from photovoltaic system at
different conditions of irradiance and temperature. Figures (11 -
13) demonstrate the input power and output power of PV system at
different irradiance and temperature depending on the change of
duty cycle of dc-dc converter.

Table (3): Optimum duty cycle at different values of input current
& voltage.

0.919
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Table (4): Simulation results of fuzzy MPPT.

Irradiance || Input power ]| Output power || Duty cycle || Efficiency
(W/m"2) (W) (W) %

1000 257.7 0.97788126

[ 800 ] 2097 200.9 0.95803529

0
oo oo | | oe Joomes
o0 | es | s | 0w |ooweren)

300 :
— Input power
—— Qutput power
z 200 2
5
z
< 100
0 f L 1 1 L
0 0.2 0.4 0.6 0.8 1
Time (s)
Figure 11. (a) Input power versus output power at 200w/m”2 of
irradiance.
1
0.8
0.6
0.4
0.2}
0+ —
0.3822 0.3323 0.3824 U.3SZS 0.3826 0.3327 0.3828
Duty cycle
Figure 11. (b) Output duty cycle of fuzzy controller at 200w/m”2 of
irradiance
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Figure 12. (a) Input power versus output power at 600w/m”2 of
irradiance.
1 i
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Figure 12. (b) Output duty cycle of fuzzy controller at 600w/m”2 of
irradiance.
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Figure 13. (a) Input power versus output power at 1000w/m”2 of
irradiance.
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Figure 13. (b) Output duty cycle of fuzzy controller at 2000w/m”2 of
irradiance.

7. Conclusion

In this paper, A Fuzzy controller for tracking maximum power
point of photovoltaic source was proposed and simulated in
Simulink/MATLAB. The controller was based on the basic blocks
offuzzy system, which are (Fuzzification, Inference, and
Defuzzification). These blocks read inputsof fuzzy and program
the process of the inputs and convert the program into output
action respectively. The trapezoidal shapes of inputs and output
membership functions were proposed in this controller and
Mamdani's fuzzy inference method and centroid method as
aDefuzzification process were chosen for this controller as well.
The whole system includes PV, buck-boost converter, fuzzy
controller, and load was modeled and simulated under
differentchanges ofirradiance. The results indicate that the
proposed fuzzy controller performed well and able to maintain
output power of solar panels at its maximum point.

8. References

[1]Ocran, Theodore Amissah, Junyi Cao, Binggang Cao, and
Xinghua Sun. "Artificial neural network maximum power
point tracker for solar electric vehicle." Tsinghua science and
technology 10, no. 2 (2005): 204-208.

17 Copyright © ISTJ A gine gaball (5 gia
Al 5 o slall 0 gal) Alsall



International Science and Volume35aad) g g ol iyt i

Jetmobgoural - Part 1 e e g 2

October 2024 s

22024/10 /31 ;g ddsal) o W ydialy  a2024/10 /7 sfubiy 48,50 adi) &

[2]Wang, Xiaoting, John Byrne, Lado Kurdgelashvili, and Allen
Barnett. "High efficiency photovoltaics: on the way to
becoming a major electricity source." Wiley Interdisciplinary
Reviews: Energy and Environment 1, no. 2 (2012): 132-151.

[3 D. M. OKane, "Ossila,” [Online]. Available:
https://www.ossila.com/pages/equivalent-circuit-of-solar-cell.
[Accessed 15 October 2024].

[4]Mohan, Ned, Tore M. Undeland, and William P.
Robbins. Power electronics: converters, applications, and
design. John wiley& sons, 2003.

[5]Erickson, Robert W., and Dragan Maksimovic. Fundamentals
of power electronics. Springer Science & Business Media,
2007.

[6]M. Y. Baramadeh, "Maximum Power Point Tracker Controller
Using Fuzzy Logic Control with Battery Load for
Photovoltaics Systems,” Smart Grid and Renewable Energy,
vol. 12, no. 10, p. 19, 2021.

18 Copyright © ISTJ A gine gaball (5 gia
Al 5 o slall 40 all dlaall



