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Abstract This paper presents and discusses the Fuzzy-
based MPPT technique optimized using the Genetic
Algorithm (GA). The proposed GA simultaneously pro-
duces optimized ranges of both membership functions and
the rule base of fuzzy. MATLAB coded GA to optimize the
Fuzzy Logic Controller (FLC) is integrated with the
Simulink model of the Photovoltaic (PV) system and
training is performed online by operating the PV system for
different conditions. GA provides the optimized member-
ship functions and rule base of FLC upon completion of
training. FLC is developed using the optimized values
obtained from the training. The SPV system model with the
GA-optimized fuzzy MPPT is built and simulation is per-
formed. For a more realistic study, analysis of PV system
under abruptly varying weather conditions is carried out
using real-time data of a particular day on which the
changes are very frequent. Besides, simulation of solar PV
system is carried out with fuzzy MPPT and Artificial Neuro
Fuzzy Inference System (ANFIS) MPPT for similar cases,
the results are presented and discussed. The results show
that the GA-optimized FLC-based MPP tracking method
has better performance with improved tracking accuracy
and faster response under all weather conditions.
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Introduction

The output power of Solar PV (SPV) systems mainly
depends on the weather conditions and in particular, the
temperature of PV cells (T.;;) and the irradiation (G..;). In
SPV systems, Maximum Power Point Trackers are used for
maximum power harvesting by controlling the DC-DC
converter employed in it. Numerous MPPT methods have
been proposed over the past two decades [1-3]. MPPT
algorithms are categorized as model-free and model-based
techniques [4]. Perturb and Observe (PnO) MPPT, Hill
Climbing MPPT, Incremental Conductance (InC) tech-
nique, Open circuit voltage (V,.) and Short circuit current
(Iy.) are some of the other model free techniques [3—10].
PnO MPPT technique is the most commonly used model-
free MPPT method [5]. Artificial Intelligence (AI) based
techniques and MPPT algorithms using bio-inspired evo-
lutionary computing technique are categorized as model-
based methods [3-5, 8—10]. MPPT algorithms developed
using Fuzzy Logic Control (FLC), Neural Network (ANN),
Genetic Algorithm (GA), and optimization techniques such
as Particle Swarm Optimization (PSO), Ant colony Opti-
mization (ACO), Elephant Herding Optimization (EHO),
Grey Wolf Optimization (GWO) can be found in literatures
[11-13]. The model-free methods use the instantaneous
values such as current (1,,), voltage (V,,) and/or power
(Ppy) of the SPV module for MPP searching and to generate
the duty cycles. But, the model-based methods use the
physical parameters like V,. I, of the SPV module or
sometimes solar irradiation (G) and temperature (T) of the
cell to produce the control signals.

The conventional and most accepted MPPT method is
the PnO MPPT method. PnO method adjusts the operating
point based on the slope of the characteristics curve of PV.
PnO MPPT technique is comparatively simple and its
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implementation is also easy. But, it has poor tracking
efficiency, especially under varying weather conditions.
The other model-free methods like Ripple Current Corre-
lation (RCC) MPPT can trace the MPP effectively. How-
ever, they have complexity in hardware implementation.
The issue asscoaited with Short Circuit current and Open
Circuit Voltage MPPT techniques is that /. and V,,. can be
measured only by isolating the source from the load.
Hence, the system need to be disconnected from the source
in a regular interval for the measurement both /. and V,,.
This leads to power loss and reduction of efficiency. The Al
techniques offer several advantages when compared to
conventional methods. The MPP searching methods based
on Al techniques and bio inspired optimization methods are
capable to provide faster response, tracking is compara-
tively more accurate and they are more efficient.

Fuzzy Logic Control (FLC) is capable of handling non-
linear systems and works well even if the input(s) are not
precise. But, expert knowledge about system dynamics is
significant for the development of Fuzzy based controllers.
In the case of Fuzzy MPPT algorithms, the input, output
Membership Functions (MFs) and Rule base (RB) are
optimized in trial and error basis based on the knowledge
of the expert. This process is time-consuming. Moreover,
the complexity increases as the number of membership
functions and the rule base increases. Al techniques such as
ANN and GA are often used to optimize the MPPT con-
trollers to improve the efficiency and accuracy of tracking.

GA is a stochastic search algorithm. GA is used for
optimizing FLC GA in several ways. GA optimizes either
the MFs or RBs by keeping the other one fixed. GA is also
capable of optimizing both the MFs and RBs simultane-
ously through the learning process [14-16]. The opti-
mization of fuzzy using GA is mostly adopted for
applications like data classification and feature extractions
[17].

The work presented in [17] uses GA to estimate the
reference current value for the short circuit current method
(Iy.). Hadji et al. [18], propose a similar GA optimzed
MPPT algorithm which uses short circuit curent (/) and
open circuit voltage (V,,.) for optimization of the operating
points. The common issue asscoaited with the proposed
techniques is that I, and V,. can be measured only by
isolating the source from the load. Hence, the system need
to be disconnected from the source in a regular interval for
the measurement both /. and V,.. This leads to power loss
and reduction of efficiency. Moreover, the comparision of
the proposed techniques is carried out only with the basic
conventionnal algoirhtms such as PnO and InC. The MPPT
approach using GA proposed by the researchers [19] has
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embedded the PnO algorithm with GA. In [20] GA based
MPPT algorithm is proposed for shaded conditions. How-
ever, the mutation process is not taken into account in this
work. In the literature [21, 22], the optimization of fuzzy
MPPT using is GA discussed. In both studies, optimization
of controller gain is only performed. Optimization of either
rule base or membership function is not considered. In the
literature [23], a comparative study of GA optimized
MPPT for grid connected solar PV system is discussed.
PnO-PI MPPT and PI-Fuzzy MPPT algorithms are opti-
mized using GA and the performance comparison between
the optimized algorithms are carried out. However, mem-
bership functions of fuzzy or the rule base are not opti-
mized using GA. An MPPT algorithm using modified GA
and firefly optimization algorithm is presented and dis-
cussed by the researchers [24]. The algorithm proposed by
the scientists [25] combines InC, PID controller and GA for
improved performance. The PID controller is tuned by GA
and the variable step size of InC MPPT is predicted by this
way. As this algorithm combines three different method-
ologies for MPP tracking, the complexity of the propose
method is very high. Optimization of MPPT controller of
the Solar Power system used in water pumping application
is presented and discussed by the previous researchers [26].
GA is used for updated the duty cycle function and not for
optimization of MF and RB. Optimization of Fuzzy MPPT
using GA is presented by the scientists [27]. However, the
membership functions or the rule base of the Fuzzy MPPT
or not optimized by GA. In this work, GA is used to
optimize the tuning of PI controllers connected at various
stages of the Fuzzy MPPT controller.

In most of the literatures where Fuzzy-GA based MPPT
algorithms are discussed, fuzzy MPPT is combined with
PI/PID controllers or the conventional MPPT techniques.
Optimization of MPPT controller using Genetic Algorithm
proposed in the literatures mostly dealt with tuning of
controller gain or step size of the conventional algorithms
such as PnO and InC MPPT. In the literature [28], opti-
mization of FLC MPPT using GA is proposed. GA is used
to optimized the membership function. But, rule base is not
optimized. In this paper, optimization of Fuzzy MPPT
using GA which simultaneously optimizes both the MFs
and RB is proposed. To learn the optimized MFs and the
RB of the fuzzy-based MPPT; the MATLAB coded GA is
connected to the standalone solar PV system is operated
under different environmental conditions. Solar irradiation
and temperature are considered as input and the duty cycle
is the output of FLC.GA performs online training for all the
selected input cases until the set criteria are met.
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Development of Optimal Fuzzy MPPT Using
Genetic Algorithm

The block diagram representation of a stand-alone SPV
power system is presented in Fig. 1. The power generated
by the PV array is transferred to the load through the power
conditioning unit. Based on the input(s), the MPPT con-
troller fine-tunes the operating point of the power condi-
tioning unit until the maximum power point is reached.

In the SPV system, the duty cycle of the DC-DC con-
verter is the control parameter. The operating point varies
when the duty cycle is changed. So, the duty cycle should
be varied corresponding to the changes occurred at the PV
source so as to operate the converter at the maximum
power point for the present condition. Fuzzy MPPT uses
either electrical parameters such as module current (I,,),
module voltage (V,,) and module power (P,,) or the
physical parameters like cell temperature (7.;), cell irra-
diation (G,.;) as the inputs. In this study, 7.y, Ge.; are
selected as inputs and duty cycle as the output. Figure 2
shows the flow chart of optimization using a genetic
algorithm.

The process of convergence to the optimal solution
starts with the generation of the population of individuals.
This individual represents the candidate solution for the
given problem. The fitness value is assigned to each indi-
vidual in the population and the individuals of the popu-
lation will go through fitness evaluation based on the given
criterion i.e., the objective function. The best to fit indi-
viduals selected based on the selection operator will form a
new population. Then the parents will be selected for
reproduction and undergo crossover, mutation to find new
solutions. The process will be repeated until the problem
met with the selected criteria. The implementation details
are presented in the below subsections.

Fig. 1 Stand-alone SPV system
with MPPT
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Fig. 2 GA based optimization flowchart [14]
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duty cycle (D) is obtained. With the obtained values, a data
set consists of .., G..;; and D is formed. The structure of
each individual in the population is given in Fig. 3. Each
individual has three chromosomes as shown. The chro-
mosome belonging to the inputs is a 2-bit length binary
string and the output has a bit length of 3. Every single bit
in a chromosome is a gene.

Fitness Function

In the SPV system, the requirement is to transfer maximum
power to the load. Hence, the objective is to minimize the
error between the power generated by the PV module and
the power extracted by the load for the given conditions.

min(error) = Pmax(pv) - Pacmal(pv)

P axpvy 1 the maximum power under of SPV module
for Standard Test Conditions (STC). This data is generally
available in the datasheet information provided by the
manufacturer. The fitness function is defined as

k

error

F =

where, k is the amplifying factor of fitness value. K value is
generally kept as small as possible to achieve a wide range
of fitness value for chromosomes. Once the fitness function
is identified, the algorithm will then move on to find the
best fit solutions for reproduction. Selection of best fit
solutions is explained below.

Selection

Every new generation (genetic process) is produced from
the set of selected individual. Selection of such individuals
plays an important role in GA. During the selection, a new
population is formed, usually with the same population
size. The chromosomes are selected from the members of
the current population based on a particular scheme. The
best fit chromosomes will be selected for the next gener-
ation. Tournament selection method is adopted for indi-
vidual selection in this work.
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Fig. 3 Structure of an individual
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Crossover Operator

The crossover operator is a recombination operator, which
is mainly responsible for the global search property of the
GA. In crossover operator, two parent individuals are
selected from the mating pool, and the offspring are pro-
duced by exchanging some portions of the parent chro-
mosomes with the specified probability. The probability of
the crossover operator is typically in the range of 0.6-0.9.

In two point crossover operator, two Cross over points
are selected from the parents as shown in Fig. 4a. The
binary string selected from the parents is highlighted. The
new features (child) produced from the parents after two
point crossover operation are shown in Fig. 4b.

Mutation Operator

Mutation operator introduces new material into the popu-
lation and thereby allows faster and more accurate con-
vergence and prevents convergence to a local optimal
value. For rule set, bit-wise mutation is used which
switches a few randomly chosen bits from 1 to 0 or from 0
to 1 with a small mutation probability between 0.0001 and
0.1

Results and Discussion

Simulation standalone SPV system with GA optimized
fuzzy MPPT is carried out for different input conditions
and the results taken. The performance of the optimized
fuzzy MPPT is validated by comparing its results with
ANFIS MPPT and Fuzzy MPPT based SPV systems. A
60 W PV system is considered in this work. The electrical
specifications of the MSX60 SPV module, which is used as
a source in this work is given in Table 1. DC-DC Boost
converter is used as a power-conditioning unit. The con-
verter is designed based on the voltage at maximum power
point (V,,,,) and Maximum power (P,,,,) output of the PV
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Fig. 4 a Parent chromosomes, b two point crossover new features
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Table 1 Specifications of MSX 60 SPV module

Description Value
Maximum power (P,,.,) 60 W
Open-circuit voltage (V) 21.1V
Short-circuit current (/) 38 A
Voltage at MPP (V,,,,,) 171V
Current at MPP (1,,,,,) 35A
Table 2 DC-DC converter specification

Description Value
Input capacitor 100 pF
Output capacitor 50 puF
Inductor 1.19 mH
Resistor 11.54 Q

Module. The output voltage and switching frequency of the
selected converter are chosen as V,=24V and f
= 10 kHz. Other parameters of the DC-DC converter is
given in Table 2.

Optimization of FLC Using GA

To optimize the MF and RB of fuzzy MPPT, GA-FLC
based MPPT is interconnected to the SPV system model
consists of a PV module, DC-DC boost converter with the
resistive load as shown in Fig. 5. The training parameters
of GA are as given.

Table 3 GA-FLC optimization

Step  Generate initial population
1 Repeat step 2-5 while i < maximum generation

Step Calculate the fitness of individuals in the population using the
2 fitness function equation

Step  Apply tournament selection and find two best fit solutions

3 from the population

Step  Find the new feature (child) by applying tow point cross over
4 function to the selected features (parents)

Step  Apply bit-wise mutation and produce a new material
5

Step  Update the points of membership functions of input(s), outputs

6 and rule base

The number of generations is selected as 25. Population
size, cross over rate and mutation rate are 50, 0.6 and 0.01
respectively.

Each individual in the GA-FLC population produces the
duty cycle. The duty cycle each individual in the popula-
tion is given to the SPV system, the corresponding output
power of the SPV module (P cuqipry) 18 taken back to GA.
The fitness value is determined using Pcsqipv)- From the
fitness value, the best-fit value is selected for the next
population. The same process is repeated for the specified
number of generations. Once, the algorithm has converged,
the optimal value is given as output by the GA-FLC. The
complete process of GA-FLC optimization is presented as
algorithm in Table 3.

GA generates optimized values for the input and output
MFs. GA gives the optimum rules set upon convergence.
The membership function of T, G..;, and D based on the
GA optimization are given in Fig. 6a—c respectively.

The membership functions are classified as Very Low
(VL), Low (L), Medium (M), High (H) and Very High
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Table 4 Fuzzy rules

Gcell T('ell

VL L M H VH
VL VL L M H VH
L L L M H VH
M L M M H VH
H M M H VH VH
VH M H H VH VH

(VH) for all the inputs and output. The optimized rule base
produced by GA is given in Table 4.
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Simulation of PV System with Optimized FLC
MPPT

Solar PV system is simulated with different MPPT algo-
rithms under many input conditions, the obtained results
presented and discussed in this section. For performance
analysis, the proposed GA optimized Fuzzy MPPT is
compared with ANFIS MPPT and Fuzzy MPPT developed
based on user knowledge about the system. A detailed
simulation study is carried out under (i) Standard Test
Conditions (25 °C, 1000 W/mz) (i1) Changing Irradiation
conditions (iii) Abruptly Varying Input conditions and (iv)
Real Time weather conditions.

Case 1: Standard Test Conditions

The duty cycle output of Fuzzy, GA optimized fuzzy and
the ANFIS MPPT based system are shown in Fig. 7a and
the power output with the MPPTs is given in Fig. 7b.

Based on the converter design, the actual duty cycle for
maximum power output under the standard test conditions
is D = 0.32. The duty cycle generated by the GA optimized
Fuzzy MPPTs coincides very well to the desired value and
the output power is also very close to the expected value
(60 W). Under standard test condition, 99.88% efficiency
is obtained from the solar PV system with GA optimized
fuzzy MPPT technique.

Case2: Changing Irradiation Conditions

The changing irradiation is applied to the solar PV system
with constant temperature (25 °C) as shown in Fig. 8a.

Duty cycle output of different MPPT controllers is
shown in Fig. 8b and the power output of the system for
given input conditions is shown in Fig. 8c. It can be rea-
lised form the power output of the system, that the duty
cycles produced by the GA optimized fuzzy is more
accurate in all conditions.

Case 3: Real Time Weather Conditions

A study on abruptly varying input conditions are carried
out using the real time data collected from the weather
station. The weather station acquire data in the sampling
rate of 30 s, i.e., the weather information such as temper-
ature, irradiation and windspeed acquired by the sensors
are stored in the data base in 30 s interval. The data is
available for user in the cloud in a datewise format.
Temperature and solar irradiation on a particular day with
frequent variations is depicted in Fig. 9a and b respec-
tively. The plots are drawn using the data collected from
weather station.
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Fig. 7 a Duty cycle output of 0.315 I I I I I I I I I
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16 data samples of temperature and irradiation are col-
lected in a regular interval between The variation in irra-
diation is very frequent in the morning and particularly
from 9:40 AM to 12.10 PM since, the weather is abruptly
changing during this period. The collected data is given as
step input to the solar PV system as shown in Fig. 9c and d
respectively.

The duty cycle and the power output of the SPV system
for the given input conditions with the selected MPPT
techniques are shown in Temperature and solar irradiation
on a day with frequent variations is depicted in Fig. 10a
and b respectively. The optimized fuzzy MPPT outperform
in all conditions than the fuzzy MPPT developed based on
the expert knowledge.

A detailed comparison of the PV generated power,
power output of converter with different MPPT controllers
for various input conditions are presented in Table 5. From
the table in can be realized that the proposed MPPT con-
troller has better tracing performance under all given input
conditions and the overall efficiency of the solar PV system
is comparatively higher than the other MPPT based sys-
tems. Efficiency of solar PV system with Fuzzy, ANFIS
and Ga optimized fuzzy system under various conditions is
depicted in Fig. 11.

From these results, it can be concluded that the proposed
GA optimized fuzzy MPPT is capable tracking accurately
under all input conditions and the power extracted from the
PV source is comparatively higher with the proposed
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Fig. 8 a Change of irradiation,
b duty cycle tracking under
change of irradiation, ¢ output
power under change of
irradiation
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Fig. 9 a Real time temperature, T T T T
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Fig. 10 a Tracking T T T T T T T
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Table 5 Performance comparison of SPV system with different MPPT controllers

Test G (W/m? T (°C) Fuzzy GA fuzzy ANFIS

Py (W) P, (W) n (%) Ppy (W) Py (W) n (%) Py (W) P, (W) n (%)

1 791 29.54 45.92 43.93 95.66 46.19 44.17 95.63 46.18 44.18 95.66
2 632.2 29.21 35.04 34.18 97.54 36.44 36.11 99.10 36.03 35.69 99.05
3 750.5 29.22 43.51 4147 95.31 43.62 41.68 95.55 43.80 41.80 95.44
4 723.6 29.06 41.93 41.34 98.59 4221 41.70 98.79 42.11 41.44 98.40
5 481.1 28.76 22.41 21.64 96.55 24.74 24.07 97.30 23.19 22.50 97.00
6 7222 28.94 42.01 39.87 94.90 42.14 40.10 95.15 42.12 40.03 95.03
7 791 28.29 46.46 44.33 95.42 46.44 44.37 95.53 46.44 44.34 95.49
Overall efficiency 96.28 96.72 96.58
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Fig. 11 Efficiency of SPV 100 T
system with different MPPT
algorithms
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MPPT algorithm than that of the fuzzy and ANFIS MPPT
based system.

Conclusion

A fuzzy MPPT controller optimized using GA for the SPV
system is proposed and discussed in this paper. The MFs
and RB of the fuzzy MPPT are simultaneously optimized
using GA. A comprehensive simulation is carried out for
standard test condition, fast-changing and abruptly chang-
ing irradiation levels at a constant temperature. Particu-
larly, the abruptly varying weather conditions are analyzed
using the real time data. Comparative analysis of the SPV
system with proposed MPPT, ANFIS MPPT and fuzzy
MPP tracking technique for the same input conditions are
also presented and discussed. From the results, it is inferred
that the tracking response of GA-FLC corresponding to the
environmental changes is faster and accurate. Moreover,
the duty cycle generated by the GA-FLC based MPPT is
more accurate under abruptly changing environmental
conditions due to the optimization of MFs and RB of FLC.
The tracking efficiency of proposed GA optimized Fuzzy
MPPT based SPV system is comparatively higher than
Fuzzy, ANFIS MPPT based system under all tested con-
ditions and the overall efficiency of the proposed GA
optimized Fuzzy MPPT is 96.72%.
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