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Abstract: A controller of photovoltaic panels was designed to take advantage of
solar electric power, facilitate and promote its use in urban areas; the controller
connects with a server to send data of its status and also request important
information that will help its autonomy and efficiency, the information that server
provides is based on a statistical analysis, the variables analyzed are the voltage on
the photovoltaic panel that is directly proportional to the radiation of the sun and
the battery voltage that is directly proportional to the amount of energy stored; the
data is obtained from other controllers who also communicate to server, acting as
sample collectors; this is how the Internet of things environment is formed, a large
network formed by controllers that collaborate with each other. In the most basic
form of the controller, it works by managing the solar electric energy, determines
when solar electric power is supplied to the load and when to switch a circuit to
provide power from the conventional electric grid.
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Resumen: Un controlador de paneles fotovoltaicos fue disefiado para aprovechar
la energfa eléctrica solar, facilitar y promover su uso en areas urbanas; el controlador
se conecta con un servidor para enviar datos de su estado y también solicita
informacién importante que ayudara a su autonomia y eficiencia, la informacién
que el servidor proporciona se basa en un analisis estadistico, las variables
analizadas son el voltaje en el panel fotovoltaico que esta directamente
proporcional a la radiacién del sol y el voltaje de la baterfa que es directamente
proporcional a la cantidad de energfa almacenada; los datos se obtienen de otros
controladores que también se comunican con el servidor, actuando como
recolectores de muestras; asi es como se forma el entorno de Internet de las cosas,
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una gran red formada por controladores que colaboran entre si. En la forma mas
basica del controlador, funciona administrando la energfa eléctrica solar, determina
cuando se suministra energfa eléctrica solar a la carga y cuando se debe conmutar
un circuito para proporcionar energfa de la red eléctrica convencional.

Palabras clave: panel fotovoltaico, controlador, energfa eléctrica solar, areas
urbanas, Internet de las cosas

1 INTRODUCTION

Solar energy is free and is not being used, a device can manage this energy
efficiently, can be used easily, maintains its autonomy so that its operation does not
depend on the intervention of a human, promote the massive use of solar electric
energy in urban areas and cause a great impact on the energy savings of the
conventional electricity grid.

2 PROBLEM STATEMENT

The problem of the research is how to use solar electric energy in a massive way
in urban areas to save the electric power consumption of the conventional electric
grid, efficiently and automatically, that is, without the intervention or administration
of man.

3 OBJECTIVE OF THE INVESTIGATION

Design an Internet of Things environment based on a photovoltaic panel
controller for the massive use of solar electric energy in urban areas.

4 BASIC PHOTOVOLTAIC PANEL SYSTEM

4.1 Elements and Functions

The system consists of a photovoltaic panel to receive solar energy, a battery to
store the energy, a controller that manages the energy and the load.
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Figura 1: Basic photovoltaic panel system diagram.

4.2  Operation of a Conventional Controller

A conventional controller has the function of charging the storage battery with
solar electric energy obtained from a photovoltaic panel, it also has an output to
supply the energy from the battery to the load, when the voltage level in the battery
is lower than 12 volts in direct current, the controller stops providing power to the
load. The algorithm of the Fig. 2 is used [1].

Start

/ What isthe /
battery
/ voltage? /

Is it greater than
12v?

Provide energy from
Yes—| the battery to the
load

Do not provide
energy to the load

Figura 2: Conventional controller algorithm.

5 METHODOLOGY

51 Data Collection

The methodology that was used for the data collection was taking quantitative
samples of the behavior of the main elements of the controller prototype in a real
environment. The samples are taken in a one minute interval for 24 hours, thus
having 1440 samples per day, all this to improve and develop the prototype.
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5.2 Instruments

To collect data, a microcontroller was used to interpret the data that is received
in its analog inputs from a sensor or directly from the elements of the system. Then
these data are stored in an EEPROM and then transferred to a computer and to be
able to develop the new system design [2].

Sensoror —\ ...
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o, | Microcontroller EEPROM

Figura 3: Data collection system.

The microcontroller used is the ATmega328P included in an Arduino UNO
board, the EEPROM used is the 24L.C256 and the sensors or elements are specific
according to the type of data that you want to obtain. To program the
microcontroller, obtain the data from the EEPROM and perform prototype tests; a
computer with the Arduino IDE software is used. To make the results graphs and
prototype algorithms; MatlLab is used [3].

To develop the prototype, simulations were made in Matlab until the optimal
design was determined, then the Arduino language will be used to implement the
design in a microcontroller ATmega328P.

5.3 Solar Radiation

The figure shows the result of taking samples of solar radiation with an LDR
sensor.
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Figura 4: Solar radiation vs time on MatLab.

6 DESIGN

6.1  Prototype

The ATmega328P microcontroller included in an Arduino UNO board was
used, additionally electrical and electronic devices were used to obtain data from the
photovoltaic panel and from the battery through the analog inputs A0 and Al

respectively.
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Figura 5: Controller prototype without network and global positioning

system modules.

The relays are controlled by the digital outputs D6 and D7, they fulfill the
function of switching a circuit so that the output of the system uses the electrical grid

of 220 volts in alternating current or the battery that together with an inverter

provides 220 volts in alternating current, according to convenience. The used

photovoltaic panel has a power of 60W and provides from 17 to 21 volts in direct

current, the used battery is a calcium battery and provides 12 volts in direct current

and 60 ampere hour; the inverter used supports a power of 500 watts. The load

consumes 30 watts for all tests.

The network module is the Ethernet ENC28]60 compatible with Arduino UNO
that allows the connection to Internet, and the global positioning system module is
the NEOGM that allows to obtain the geographic coordinates. The Fig. 6. shows the
complete prototype diagram.
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Figura 6: Complete controller prototype.

6.2 Photovoltaic Panel

The Fig. 7 shows the result of taking samples of the voltage generated by the
photovoltaic panel when exposed to the solar radiation shown in Fig. 4.

The voltage in the photovoltaic panel is directly proportional to the solar
radiation, when using a photovoltaic panel of 17 volts in direct current, the maximum
value of almost 20 volts is observed in hours of higher solar radiation and almost 0
volts at night. The signal is not very stable because it is transferring energy to the
load, this produces the effect of charging and discharging the battery that consumes
photovoltaic panel energy and therefore its voltage goes up and down.

Photovoltaic Panel Voltage vs Time
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Figura 7: Photovoltaic panel voltage during a day.
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6.3 Battery

The Fig. 8 shows the result of taking samples of the voltage in the battery on
the same day that the samples were taken from the photovoltaic panel shown in Fig.
7. The battery stores the energy, the voltage can reach a level of 12 to 14 volts when
it is charged, but at the end of the day a rebound effect occurs between 16 and 20
hours of the day, between those hours the sun goes down, the battery is discharged,
it reaches a value below 12 volts, so the controller switches a circuit to not send
power from the battery to the load; however, the battery, not being connected to the
load, increases the value of its voltage to 12 volts or more, this causes the controller
to switch a circuit to again provide power to the load from the battery, as this time
the charge on the battery is too low and the voltage on the battery will drop back to
a value below 12 volts; this is repeated continuously until taking an action that
suppresses this bounce, this will be improved in the new controller design [4].

Battery Voltage vs Time
T

Hours

Figura 8: Battery voltage versus time.

6.4 Internet of Things Environment

The environment is shown in Fig. 9 where the server obtains data of the
photovoltaic panels voltage and the batteries voltage of the customers, several times
a day.
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Figura 9: Internet of things environment.

The data is processed in the server by finding the median of the photovoltaic
panels voltage obtained during the day, greater than 12 volts, and also the median of
the batteries voltage obtained in the minimum required load, greater than 12 volts,
for example, the median for Fig. 7 is 13.26 and the median for Fig. 8 is 12.78, then
two new values are found inversely proportional to their respective medians and were
called photovoltaic panel's limit voltage and battery’s limit voltage; and they are
broadcasted to geographically close customers. If the median of the battery voltage
of the customers is high, the corresponding limit voltage will decrease to take
advantage of the energy stored in the batteries, but it will never be less than 12 volts;
if, on the other hand, the median is low, the limit voltage will increase to save energy
in the batteries, but it will never be greater than 14 volts. If the median of the
photovoltaic panel voltage of the customers is high, the corresponding limit voltage
will decrease to take advantage of the energy of the solar radiation, but it will never
be less than 12 volts, if, on the other hand, it is low, the limit voltage will increase to
save energy in the batteries, but it will never be greater than 16 volts. The client can
use a device to monitor the status of the controller and the server statistics; even in
future improvements can take actions on the controller [5].
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7 New Algorithm

The "Use Electric Grid" process means that the system is using the conventional
electrical grid to provide power to the load, the "Use Battery" process means that the

system uses the local battery to provide power to the load.
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Figura 10: New designed algorithm.
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Vp is the variable for the voltage in the local photovoltaic panel and Vb is the
variable for the voltage in the local battery, Vtp is the variable for photovoltaic panel’s
limit voltage and Vtb is variable for battery’s limit voltage; Vtp and Vtb are calculated
by the server [6]. The "Wait 10 minutes" process eliminates the bounce shown in the
Fig. 8.

8 RESULTS

8.1  System performance

The system output is just where the load is placed, Fig. 11 shows the result of
applying one of the first algorithms of the controller with the signals of Fig. 7 and
Fig. 8 as inputs.

Fig. 11. shows the result in the output during a day, where a high logical value
means that the system's battery is used to provide power to the load and a low logic
value means that the electrical gird is used to provide power to the load. The rebound
effect is very frequent especially at dawn, between 6 and 8 hours, and at sunset,
between 16 and 20 hours. The rebound is detrimental because the switching of the
circuit and the constant phase change can damage the load, generate an instability in
the conventional electrical grid and cause a malfunction of the devices on the load.
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Figura 11: System output applying one of the first algorithms of the
controller.

Fig. 12 shows the result of applying the final algorithm of Fig. 10 in the new
controller prototype, with the signals of Fig. 7 and Fig. 8 as inputs. The rebound
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effect decreases considerably, this way it has achieved better performance, better
autonomy and efficiency using collaboration in an Internet environment of things.
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Figura 12: System output using the final controller algorithm.

Fig. 13 shows a receipt of the energy consumption evolution of the conventional
electrical grid, the prototype of the system came into operation on February 13,2017
and showed a very considerable savings.
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Figura 13: Energy consumption evolution of the electrical grid.

8.2  System cost for a customer

The time to recover the investment is 2 years, 3 months and 26 days, while the

system can continue working for up to 25 years replacing parts with a short useful
life.
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8.3

Photovoltaic panel (Lifetime of 20 to 25 years) - $§109.03 USD
Battery (Life of 4 to 5 years) - $140.19 USD

Controller + Network Module + GPS Module (Lifespan of 5 years) - $45.17
USD

Inverter (Lifetime of 10 years) - $54.52 USD
Total Cost - $348.91 USD

Savings

Potentially, the annual energy savings of a small population of 13,000

households with the system is 7.78GWh, enough to provide electricity to 7969
houscholds for a year.

Average Monthly Savings - $10.96 USD
Average Annual Savings - $131.48 USD
Monthly Energy Savings Average - 49.88KWh
Annual Energy Saving Average - 598.56KWh
Total Cost - $348.91 USD
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