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ABSTRACT

The objective of the research was to determine within the intelligent control algorithms for monitoring the
Maximum Power Point, which is the most efficient for photovoltaic installations connected to the network. The
technical and descriptive methodology planned the design of the microgrid. In addition, the simulation was
proposed using the MATLAB/Simulink software, an intelligent control algorithm, based on Fuzzy logic for
monitoring the maximum power point. The electric microgrid model and its energy management in the case study,
proposes an area made up of 25 houses that is located in a climatic zone that provides ideal conditions. For
reasons of availability of a renewable energy resource, photovoltaic energy is considered as a source of energy
supply. In the design of the fuzzy controller, the inputs and outputs of the system were analyzed, variables were
established, the respective universe of discourse and membership functions were proposed, so that they were
better adjusted to the maximum power algorithm. The variables were defined, where the characteristic curves P
vs V and | vs V of the solar modules were taken as reference, being the inputs to control the error (E) and the error
variation (CE), and the output of the fuzzy controller (D) is the converter control signal, the same one that
suffered increases and decreases to regulate that the system works at its maximum power point.

Keywords: Control Algorithm, Smart Technology, Photovoltaic Installations.

Introduction

Today's society is constantly taking actions that set the tone in terms of environmental protection to mitigate the
threat posed by climate change, based on this on a global scale, various agreements, conventions and treaties have
been made to manage the environmental alterations produced by anthropogenic pollution. among which the 2030
Agenda for Sustainable Development should be highlighted.

In the case of the energy context, responsible nations and companies are obliged to seek behavior based on the
principles of sustainability, given that according to experts from the United Nations Environment Program (UNEP),
energy production is the factor that contributes most to climate change. It is there, then, where it is necessary to
establish correctives, measures or models that allow this important economic sector to have the possibility of
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managing the energy resource well under the premise that as a human right it must be accessible to the entire
population, in addition to offering increasingly less polluting services for the environment.

Thus, the energy transition from non-renewable energy sources such as fossil fuels to renewable, non-polluting
energy sources such as solar, wind or other energy is already a reality that several countries around the world,
including Ecuador, are already traveling, taking into account that economic development measures are increasingly
demanding from the perspective of environmental responsibility and in the idea of achieving the objectives of
environmental responsibility together. Sustainable development (SDG) of the 2030 Agenda, which is set out in SDG
number 7: Ensure access to affordable, safe, sustainable and modern energy. In order to channel energy processes on
the basis of sustainable behaviour, technology has been a fundamental aspect that has allowed the development of
tools that make the use of natural sources possible, such as photovoltaic solar energy, which allows solar panels to
be integrated into different products, such as for the intelligent control of the maximum power point (MPPT)
monitoring of photovoltaic installations connected to the grid. since its performance is to guarantee that the energy
requirements of the load can be supplied.

Ecuador obtains a large part of its electrical energy from mostly hydroelectric power plants and thermoelectric
generation plants, the latter producing CO2 into the environment. Currently, in the process of energy transition that
the Ecuadorian State has assumed for several years, it has eventually incorporated renewable energies as
photovoltaic energy, however, it is necessary to expand its use further, because, due to its geographical location, the
country has characteristics of high solar energy potential that can be classified as excellent for use as an alternative
energy source according to international standards and make feasible The generation of electricity through
photovoltaic energy in various regions where this fundamental basic service is still lacking or in the best of cases
requires improvements to optimize the energy supply to the population.

In response to these indications, especially in Ecuador, the energy transition has been promoted for several years,
within the framework of the guiding principles on environmental care and in the recognition, as stated by the
governing body in Ecuadorian energy policy, the Ministry of Energy and Non-Renewable Natural Resources
(MERNNR), of the need to build desirable national energy scenarios based on innovative methodologies and
international experiences. contemplating the reality and self-determination in the sustainable development of the
country (MERNN, 2019).

In addition, this institution states that the work of energy policies in Ecuadorian territory certainly aims at the
purpose of adequately supplying the country's ever-growing demand for electricity, complying with criteria of
reliability, quality, economy, and less environmental impact (MERNN, 2019).

In this sense, Ecuador has important natural resources with high possibilities that can be used as renewable energy
sources, within which solar resources have been identified as having viable technical potential (MERNN, 2019).
Thus, the characteristics of Ecuador's geographical location are ideal for embarking on activities related to
optimizing energy access while addressing the risk of adverse impacts on the environment.

Some of the currently identified values of solar potential are presented in the Solar Atlas of Ecuador, a document
issued by the National Electricity Council (CONELEC), in this way the average direct insolation value of
continental Ecuador is 2,543 Wh/m2/day; the average diffuse insolation is 2,032 Wh/m2/day; and the average global
insolation is 4,575 Wh/m2/day (CONELEC, 2008).

On this basis, at the national level, solar radiation is an excellent means to generate complementary energy to that
from oil, because of this, the scenario that occurs in the Tachina Parish of the Esmeraldas canton in Ecuador,
indicates that plans can be addressed related to the use of the solar energy source through photovoltaic technology to
improve access to energy resources for the inhabitants under the focus of economic sustainability. social and
environmental.

On this point, it is especially pertinent to highlight that in technological matters there has been a great expansion in
information and communication technologies to innovate electrical systems that are increasingly pressured to meet
the growing demand from the perspective of a quality, efficient, timely service, accessible to all people and with
greater respect for the environment. In this idea, Guido & Carrizo (2016) highlights, technological innovations are
key to deploying a new spectrum of supply possibilities with greater efficiency, in addition to introducing a new way
of managing electricity flows.

In this sense, the objective of this work is to determine within the intelligent control algorithms for the monitoring of
the maximum power point, which is the most efficient for the photovoltaic installations connected to the grid in the
Tachina parish of the Esmeraldas canton, in order to provide answers and/or solutions to the difficulties encountered
to optimize the electrical service in this locality.

Methodology

This research is identified as a technical study, of descriptive level. In addition, it is supported by documentary and
bibliographic research in order to theoretically support the study and the proposal. In considerations of Corral, &
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Maldonado, (2011) a technical research complies with the cycle of Planning, Production and Function, based on the
experience of the researcher to solve the research study problem. In this particular case, it offers a possible response
or solution to a problematic situation found in the context of the parish of Tachina in the canton of Esmeraldas.
Regarding descriptive research, Sabino (2000) refers to the fact that it is a matter of describing some significant
characteristics of the reality addressed, which reveals relevant systematic information on the behavior of the
phenomenon and comparable to that of other theoretical sources. It is also important to indicate that this work was
supported by documentary research based on the consultation of several texts on the subject to support the
interpretation of the reality investigated. According to Arias, (2004), documentary research is a process based on the
search for information in secondary printed, electronic or audiovisual sources, for subsequent analysis and
interpretation. In the same way, a simulation procedure was applied for the conceptual design of the selected
technology, using the MATLAB/Simulink software, an intelligent control algorithm, based on Fuzzy Logic for the
monitoring of the maximum power point in the parish of Tachina in the canton of Esmeraldas.

Characterization of the study area

The Parish of Tachina is located in the North of the Republic of Ecuador, northeast of the canton and province of
Esmeraldas, to the right of the city of Esmeraldas, on the right bank downstream of the Esmeraldas River, next to the
mouth of the Esmeraldas River, separated by this wide and beautiful river, a privileged site for exploitation and
ecotourism.

Figure 1. Location of Tachina Parish
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Note. Location of the area where the project was carried out. Taken from Google Maps.

Electricity demand

This project proposes as a case study, an area of the Tachina parish of the Esmeraldas Canton, which comprises 25

homes with an energy demand of around 25 KVA, in which it is intended to implement a photovoltaic microgrid

that supplies energy to this area, it should be noted that the power factor of the system is 0.98.

Data:

S =25KVA

Fp =098

P=SxF,=25%0,98 = 24,5 KW
Starting from the power, we will proceed to calculate the number of solar panels necessary to generate that amount
of energy, in the following formula we will find:
E.+1,3
T HpW,

Where:
#N: number of solar panels.
Er: Electricity demand
Hp: Peak operating hours of the photovoltaic microgrid 5 hours
Wp: The amount of power in KW that a solar panel can deliver, which depends on the manufacturer in this case, will
be 0.34 KW.

24,5KW = 1,3

AN = — 034 18,7 :: 18 Paneles fotovoltaicos

Solar array features
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The maximum power point of a solar panel varies according to changes in solar irradiation and temperature. The
typical characteristic curves of current versus voltage, power versus voltage at different levels of solar irradiation,
and power versus voltage at different temperatures, are illustrated in Figure 2a and 2b respectively.

Figure 2. Voltage-Current and P-V characteristics of a solar cell for various temperature values
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Note. Voltage-current curve for a solar cell with variation in solar Note. Power-voltage curve for a solar cell with
irradiation. Taken from Granda (2017). temperature variation. Taken from Granda (2017).

The region of the current source, in which the internal impedance of the panel is high, is located on the left side of
the current-voltage curve. The MPPT of the panel is located at the knee of the current-voltage curve. According to
the theory of maximum power transfer, the power delivered to the load is maximum when the internal impedance of
the source matches the impedance of the load.

Therefore, the impedance seen from the input side of the converter (can be adjusted by PWM control signal) must
match the internal impedance of the panel if the system is required to operate at or near the MPPT of the solar panel.
If the system operates in the voltage source (low impedance) region of the panel's characteristic curve, the panel's
terminal voltage will collapse.

From Figures 2a and 2b it can be seen that each curve has a maximum power point (MPP), which is the optimal
point for the efficient use of the panel and this point depends on the temperature values. The primary function of an
MPPT is to adjust the panel's output voltage to a value where the panel supplies maximum power to the load
(Ravindran, Sutaria, 2016).

Maximum Power Point MPPT

When a PV module is connected directly to a load, the PV module's operating point will be at the intersection of its
I-V characteristic and the load line which is the I-V ratio of the load (Bandri, Syofian, & Effendi, 2019).

In general, this point of operation is not in the MPP of the photovoltaic field, which can be clearly seen in Figure 3.

Figure 3. V-I Curves with Various Resistive Loads
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Note. Operating point of the PV module at the intersection of its I-V feature. Taken from Yatimi and Aroudam
(2015).

Therefore, in a direct-coupled system, the PV array typically needs to be oversized to ensure that the power
requirements of the load can be supplied. This leads to an overpriced system. To overcome this problem, a switched-
mode power converter can be used to maintain the PV operating point in the MPPT.
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The MPPT controls the voltage or current of the PV array independently of those of the load. However, the location
of the MPPT in the I-V feature is not known a priori. It must be located, either through model calculation or by
search algorithm. The situation is further complicated by the fact that MPPT is non-linearly dependent on irradiance
and temperature (Yatimi & Aroudam, 2015).
Solar Cell Output Features
The output power of the solar cell is a nonlinear function against the temperature and intensity of light, Figure 4
shows the relationship curve between the temperature and the output power of the solar cell, where the match
between the solar panel and the battery bank or utility grid is optimized, and converts a high DC voltage to a low
voltage needed to charge the batteries (Qin & Lu, 2012).

Figure 4. The Relationship Between Temperature and Power Output
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Note. Curve of the relationship between the temperature and the output power of the solar cell. Taken from (Qin and
Lu, 2012).
Maximum Power Point (MPPT) Tracking
It is a method of determining the point at which the maximum power generated by solar panels is produced. Based
on research conducted by Prinanda and Sulistyowati, (2015), one of the advantages of using MPPT is the speed in
satisfying the photovoltaic equilibrium condition for the conditions required by the load and that it can be filled with
solar panels. MPPT requires two components that support the input current to operate. The two components are
combined to obtain the power value P as in Equation 2.

P=VxI(1)
Under conditions of different temperature and irradiance, the values obtained from the MPPT are different. The
proper method is required to obtain the value of the maximum power generated by the solar panels.
Perturba y Observa Method
The Perturba y Observa method consists of two phases:
1. Change to disturb, send a voltage, or a current reference solar cell.
2. Observe, perform the power calculation caused by disturbing it.
The power benchmarking before and after the process disturbance performed as a reference used to increase or
decrease the voltage to the next step and obtain the MPP value. In the research carried out by Francis et al (2012),
algorithms were used and began by measuring the voltage V (k) and the current I (k) to obtain P (k) (Morales, 2010).
Perturb (V) given to observe the value of the output power P (k + 1).
The value of P (k + 1) and then compared to your P (k). If the value of P (k + 1) is greater than P (k), it can be
concluded that the disturbance made by Niali (2013) is correct.
Conversely, if the value of P (k + 1) is less than P (k) then the disturbance must be made in the opposite direction.
This is how the Maximum Power Point (MPPT) value can be obtained (Bandri et al., 2019).
Fuzzy logic-based controller
Schematically, the configuration of the fuzzy controller for a DC/DC converter is given by Figure 5.
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Figure 5. Fuzzy Control Scheme for DC/DC Converter
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Note. Diffuse control scheme: current and voltage are counted. Taken from Gonzalez Espinosa (2021). In original
language English

In Figure 5 it is observed that both the current and the voltage are counted, and then taken to the A/D channels, this
to then obtain the error which is one of the inputs of the fuzzy control, this error is obtained with the following
equation:E (k)

P(k)— P(k—1)

Vik) = V(k—-1)

Where and are the power and voltage of the photovoltaic panel, respectively. Therefore, to obtain the maximum
power generated it must be zero P(k)V (k)E (k)(Gonzalez, 2021).

The remaining input to the fuzzy controller corresponds to the so-called error change, which is determined by
making the difference between the current value of the error and its previous value as presented in the following
formula:

E(k) =

CE(k) = E(k) — E(k—1)
The fuzzy controller algorithm is divided into three stages:
1. Fuzzification, where data is transformed to be worked on in a diffuse environment.
2. Inference makes decisions, and defines the rules of the system that are subsequently evaluated to obtain a
fuzzy output.
3. Defuzzification is where the output obtained is again transformed into a concrete variable understandable
by the rest of the system.
Simulation and results
The study microgrid located in the Tachina parish of the Esmeraldas Canton, is composed of a 16 kW photovoltaic
system and a 30 kW energy storage system. The microgrid can work in a grid-connected manner or isolated in the
event of a failure or to save money.
In this case, two models of electricity microgrid are proposed:
—  The first model implements an MPPT (Perturb and Observe) algorithm.
—  The second model implements a fuzzy controller applied to Maximum Power Point algorithms.
Model 1. Microgrid with MPPT (Perturb and Observe) Algorithm
In Figure 6, you can see the circuit of the photovoltaic inverter. An MPPT (Perturb and Observe) algorithm was
implemented to extract the maximum power from the photovoltaic panel and increase the efficiency of the system,
breakers were also added to the output of each subsystem to emulate various scenarios.
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Figure 6. Microgrid with MPPT (Perturb and Observe) Algorithm
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Source: Made with MATLAB/Simulink.

An LC low-pass filter was implemented in the output of the inverter, in order to obtain a sine wave with the lowest

possible THD, since due to the transitions of opening and closing the power transistors at high frequencies there are
signals at different unwanted frequencies.

Figure 7. Photovoltaic Inverter Circuit.
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Source: Made with MATLAB/Simulink.

Figure 8 shows the MPPT algorithm implemented in a Simulink function.

1577



David Ricardo Macas-Mendoza,Ismael Elias Erazo-Velasco,Junior Manfredo Rojas-Rosado,José Vicencio Bautista-Sanchez,Byron Emilio Blandon-
Matamba,Roberto Ivan Rodriguez-Jijon

Figure 8. MPPT algorithm.
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Source: Made with MATLAB/Simulink.
Figure 9 shows the bidirectional inverter, which has the ability to deliver and absorb energy. When the battery's state
of charge is below its lower limit value, the battery should no longer be discharged, and when it is above its
maximum limit, the battery should not be charged.
It is advisable that these values be respected, precisely to increase the useful life. As in the case of the photovoltaic
inverter, an LC low-pass filter is implemented.
Figure 9. Bidirectional inverter.
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Model 2. Microgrid with Fuzzy Controller Applied to Maximum Power Point Algorithms
Figure 10 shows below the Micorred model with fuzzy controller applied to maximum power point algorithms
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Figure 10. Micorred with Fuzzy Controller Applied to Maximum Power Point Algorithms.
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To design a fuzzy controller, it is necessary to analyze the type of inputs and outputs of the system to be controlled.
The variables must be established and based on them their respective universe of discourse and functions of
belonging must be proposed, so that they better fit the maximum power algorithm.
When defining the variables, the characteristic curves P s V and I s V of the solar modules are taken as a reference.
The inputs selected for the controller are: the error (E) and the error variation (CE), calculated as follows:
P(k)— P(k—1)

E(k) =
Vik) = V(k—1)

CE(k)= E(k) — E(k—1)
E(k): An error indicating whether the PV panel's operating point is on the right, left, or in the MPP. Analytically it
also represents the slope of the curve at time k.
CE(k): The error variation represents which direction the operating point moves.
The output of the diffuse controller (D) is the control signal of the converter and can undergo increases or decreases
to regulate the system working in the MPP. The duty cycle can be calculated with the sum of the variation of the
duty cycle and the previous value.

D(k) = AD(k) + D(k—1)
Based on the design, five linguistic variables are created for each input of the controller, which are: Large Negative
(NB), Small Negative (NS), Zero (SE), Small Positive (PS), and Large Positive (PB). Figures 11a, 11b, and 11c
show the variables:
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Figure 11. Input Variable E(k), CE(k) and Output Variable Delta D
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After establishing the functions of belonging and their corresponding universes of discourses, the fuzzy rules are
defined. For this system, 25 control rules were established that depend on the number of functions of belonging to
inputs and outputs. Figure 12 a shows the rules used themselves, which are "If-Then". The control surface can be
generated with the rulers, as can be seen in Figure 12 b. The control surface indicates the behavior of the Fuzzy
controller based on the input signals.
Figure 12. Control Rules and Control Surface
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The circuit implemented for the MPPT controller of the Fuzzy logic can be visualized. The first part is the
construction of the input variables E and CE, the Fuzzy Logic Controller block contains the fuzzy logic. Finally, the
duty cycle that will be the control signal of the Boost converter is calculated.
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Figure 13. Diagram of the Fuzzy Algorithm Applied to the Tracking of the Maximum Power Point of the
Photovoltaic Module
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Figure 14 shows the voltage signal of the photovoltaic panel, it can be seen that at the instant t=0.015s the Fuzzy

controller works at its maximum operating point equal to 174.1.
Figure 14. Photovoltaic Panel Voltage Curve
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In Figure 15, you can see that at the beginning of the simulation the Fuzzy controller goes past the maximum power
point due to the value of the error variation, then the controller causes the voltage to move clockwise until it reaches

the MPP.
Figure 15. Characteristic P vs V curve
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In Figure 15a, the first graph we can see the state of charge of the battery. The SOC indicates the amount of energy,
in percentage of charge and discharge of the battery. A battery can operate within a safe operating range in which
the voltage signature is nearly linear. The range of the safe operating window can imply potential differences, but

the secure SoC is usually set between 20% and 80%.
Beyond certain values, batteries cannot continue to store or deliver energy at risk of degrading or being in unsafe

operating conditions.

We can observe that the battery is discharging from zero to four seconds, and more or less in four seconds we can
imagine that it is at 20% of its total capacity, then it will not be able to discharge anymore. In this way, it will be
necessary to charge the battery, in four seconds it begins to charge the battery again by simulating the behavior of

the bidirectional inverter that the energy can go from one side to the other.
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The second graph shows that when the current is delivered to the battery, even over discharge, it is positive, while a

negative value is obtained in the state of charge.
Figure 15 a. Battery State of Charge. In original language
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Figure 15 b. Voltage and Current of the Charge. In
original language English
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During a period of three seconds, it was possible to verify the delivery of energy by the grid, leading to the global
energy supply. This is shown in Figure 15 b, which shows the transmission of the minimum time over the operation
of the battery.
Figure 15 c¢ shows the graph of the power of the photovoltaic panel, which at 0.5 the inverter is disconnected
because it needs time to synchronize with the grid. At 0.5 it is connected to the inverter and we see that the
irradiation in this case is 250W/m2, so more or less we have a power of 4000 W/m2, since the maximum irradiation
power in 1000W/m2 corresponds to 16 kW. In that sense, in 1.5 seconds let's imagine that we are reaching noon
then the irradiation increases and the power that is going to be delivered to the grid also increases, and in 2.5
seconds it happened that we are already at noon at maximum irradiation then we deliver the maximum power.
In Figure 15 d, in the first graph we can see that from zero to three seconds the electrical network is delivering
energy, so the battery at that moment is not charged or discharged, that is, the battery is at rest, let's imagine a UPC
that when some failure occurs in the network the battery enters to deliver energy.
Figure 15 e shows the current distortion in the load, which is within normal parameters.
Figure 15 f shows below the graphs of the photovoltaic panel voltage and irradiation that vary in different values, we
can see that if we vary by 1.5 we transform from 250 W/m2 to 750 W/m2, the photovoltaic panel works at the
maximum power point in each variation, that is, it works at its highest efficiency point, where it was validated for
different irradiation values to see the behavior of the photovoltaic system.
Figure 15 g, represents the characteristic curves of the photovoltaic panel, where the irradiation was varied and it has
that for each irradiation there is a different curve, it can be seen that in the value of 425 W/m2 is the maximum
power point, that the photovoltaic system is working at its maximum point to extract the maximum power.
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Figure 15h represents the irradiance data from the Homer software that is plotted in the MATLAB/Simulink
software.

Conclusions

Through the literature review carried out, it has been possible to learn about different solutions for the improvement
of the electricity service. These solutions, mostly based on the modernization of electricity distribution networks to
smart grids, and which implement technologies that guarantee the continuous supply of electricity to users, can be
implemented in the future to improve the quality of the electricity service.

From the evaluation methodology, positive results have been obtained, it can be verified that, through the correct use
of the energy resource, it has been determined that solar energy is the most convenient and usable for its use.

The model of the electrical microgrid and its energy management in a case study, proposes an area composed of 25
homes that is located in a climatic area that provides the ideal conditions. For reasons of availability of renewable
energy resources, photovoltaic energy is considered as a source of energy supply.

Two microgrid models were proposed in MATLAB/Simulink, where the first implements an MPPT (Perturb and
Observe) algorithm that varies in order to stay at the maximum point, and the second adapts a fuzzy controller
applied to Maximum Power Point algorithms that is located at the maximum point, allowing 100% work and better
use of the energy resource.

In the design of the fuzzy controller, the inputs and outputs of the system were analyzed, variables were established,
the respective universe of discourse and belonging functions were proposed, so that they were better adjusted to the
maximum power algorithm.

The variables were defined, where the characteristic curves P vs V and I vs V of the solar modules were taken as a
reference, being the inputs to control the error (E) and the error variation (CE), and the output of the fuzzy controller
(D) is the converter control signal, the same that underwent increases and decreases to regulate that the system
works at its maximum power point.

It is also proposed to seek the sponsorship of institutions specialized in alternative energy issues, large companies
and financial entities for the financing of future photovoltaic energy projects within the canton of Esmeraldas in
order to promote the energy transition to clean energies with its own resources, together with the fact of promoting
environmental sustainability environmental responsibility framed in SDG 7 of the 2030 Agenda on the supply and
access of energy for all in line with the responsibility of caring for natural ecosystems.
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