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ABSTRACT

Photovoltaic (PV) system performance highly depends on meteorological parameters and, to reduce frequent
maintenance and avoid PV system failure, the meteorological and electrical parameters of the system need to be
monitored. This paper is on the development of a simple, reliable and high precision photovoltaic monitoring
system, which obtains PV system parameters (i.e. PV panel temperature, irradiance, PV battery voltage, ambient
temperature and humidity and PV system load current) in real time, display and store the parameters in personal
computer. The system uses electronic sensors to obtain the PV system parameters, which are then processed by a
microcontroller with Arduino Board and the parameters displayed in personal computer. C language was used for
the microcontroller programming. From the experimental results obtained from the work, it shows that the
parameters obtained using the developed systems have good correlations with those obtained using standard
commercial instruments used in meteorological stations and laboratory for measurements of the same parameters.
The mean bias error of the parameters obtained using the developed system to those obtained using
meteorological/laboratory instruments are 0.043%, 0.0412%,-0.297% and 0.024% for solar radiation intensity,
temperature, humidity and PV battery voltage measurements respectively. The research would provide PV end-
users with important information that will be useful in improving PV system performance by reducing frequency of

maintenance and also avoid PV system failure.
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1. INTRODUCTION

Photovoltaic (PV) monitoring is an important issue as
the world broadens its portfolio of power options to
meet growing energy demands and increasingly
stringent environmental concerns; solar power is
emerging as an attractive option. Of all the routes for
conversion of solar into useful energy, direct
conversion of sunlight to electricity through solar PV
technology is well accepted. Solar PV has been
recognized as an important route for generation of
substantial quantities of power by utilizing the light
energy from solar radiation.

Accurate and consistent evaluations of PV system
performance the continuing
development of the PV industry. For component
manufacturers,  performance
benchmarks of quality for existing products. For
research and development teams, they are a key

metric for helping to identify future needs. For

are critical for

evaluations are
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systems integrators and end customers, they are vital
tools for evaluating products and product quality to
guide future decision-making. As the industry has
grown, a clear need has arisen for greater use of and
education about appropriate industry standard
performance parameters for PV systems. These
performance parameters allow the detection of
operational problems; facilitate the comparison of
systems that may differ with respect to design,
technology, or geographic location;
models for system performance estimation during the
design phase [1].

PV monitoring systems are required to record a vast
number of parameters based on IEC617247 standard.
Some of the parameters to be recorded include
temperature, humidity, irradiance, voltage and load
current.

When a PV panel is placed on a roof top, the solar
module will heat up, resulting in its temperature

and validate
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raising to up to 80°C depending on whether air gaps
are present between the panel and the roof to exploit
natural ventilation, also when the temperature of the
PV battery bank exceeds certain degrees it would
affect the life span of the battery, so temperature
monitoring and control need to be associated with PV
system for better performance.

Higher levels of irradiance will cause more electrons
to flow from the PV panel [2]. The amount of voltage
produced by the PV panel is affected by the irradiance
value. A PV panel voltage output is primarily affected
by temperature. The relationship between panel
voltage and temperature is actually an inverse one, as
the panel temperature increases, the voltage value
decreases and vice versa [3].

Presence of water or moisture content due to dew
formation on the PV battery bank, would result in
short circuit of the battery terminals and it will lead to
deposition of some chemical on the battery terminals,
this bring the need to monitor and control the
humidity in the PV system power bank [4].

Because of the foregoing reasons and the need for
optimum utilization of solar energy as electricity
source, the monitoring of PV parameters becomes
essential [5].

The objective of this study is to develop a
microcontroller-based PV monitoring system with
easy-to-obtain hardware, flexible that meets the
accuracy requirements established by the IEC61724
standard related to photovoltaic monitoring systems
This study uses set of electronic sensors which are
interfaced with Atmega328 microcontroller with
Arduino Board to obtain the PV system parameters
(i.e. PV panel temperature, irradiance, PV battery
voltage, temperature, humidity and load current) in
real time and to display and store the parameters in
personal computer.

2. LITERATURE REVIEW

Different technologies and mechanisms for PV
monitoring exist, which depend on the availability of
materials, method and needs of the researcher [6].
Based on surveyed literature, the fundamental
components associated with typical PV monitoring
system are:

a) Sensors/Data Acquisition systems

b) Controller

c) Display
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2.1 Sensors/Data Acquisition Systems

Sensors are electronic devices that are used to obtain
physical information of a parameter of interest and
convert it signal. In typical PV
monitoring systems, electronic sensors are used to
obtain parameters required for the
monitoring system, these parameters which include

into electrical

that are

irradiance, temperature, humidity, voltage and
current etc.
2.1.1 Irradiance Sensing

The in-plane irradiance is measured in the same plane
as the photovoltaic array by means of the calibrated
reference devices or light dependent resistor (LDR),
photo resistor or photocell [7].
measuring irradiance is pyranometer, a pyranometer
is used for measuring solar irradiance on a planar
surface and it is designed to measure the solar
radiation flux density (W/m?2) from the hemisphere
above within a wavelength.

Another sensor for

2.1.2 Temperature Sensing

The PV module temperatures are measured at a
location that is representative of the array conditions,
using temperature sensors located in the photovoltaic
station. The temperature of PV system can be
measured using electronic sensors, such as thermistor
or LM35 sensor depending on the need of the design,
in which the sensor would be placed at the PV module
or PV power bank side [8]. But LM35 sensor is more of
use, it has been utilized to measure the temperature of
solar energy installation because of its advantage of
high precision integrated circuit with output voltage
of the sensor that is linearly proportional to the
Celsius temperature and it does not require any
external calibration. The these
temperature sensors, including signal conditioning,
must be greater than 1°C in order to determine the
temperature of the reference cell or the reference
modules [9].

accuracy of

2.1.3 Humidity Sensing

The presence of high humidity on the solar cell of the
PV module will lead to decrease in electricity that
could be produced at the output of solar module [10].
Different sensors such as digital weather meter,
electronic capacitor sensor LM331, STH10 sensor etc
are used to measure the relative humidity of the PV
system; the sensors are placed at the PV module or
power bank side to obtain the humidity of the PV
system.
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2.1.4 Voltage and Current Sensing

The voltage and current parameters may be either
direct current (DC) or alternating current (AC). The
accuracy of the voltage and current sensors, including
signal conditioning, must be greater than 1%. The two
main methods of measuring current consist of using
shunts or current transducers. The use of shunts is
very simple and does not require an extra power
supply but does require a high sample rate monitoring
for measuring AC [11].

The use of current transducers requires a power
supply and can measure both AC and DC [12].
Similarly, the voltage transducer or voltage dividers
can be used to measure the DC voltage. The cost will
be higher for the voltage transducer [13].

2.2 Controller

In every monitoring system, controller plays vital
roles of handling the data from the sensor to end
users. Hence, a proper selection of the controller is of
paramount importance. In past research works,
monitoring was usually done by using microcontroller
or data acquisition card module. Even though data
acquisition card or module are more expensive
compared to microcontroller, they are easier to
program and have been used in many reported
systems [14]. For microcontroller, the resolution of
the Analog to Digital converter (ADC) is usually an
important factor, as it can influence the accuracy of
the monitored data.

The microcontroller receive acquired analog signal
from the sensors, convert it to digital and transmit this
digital signal to a serial level converter for serial
transmission to the personal computer through serial
port and receive using HyperTerminal program for
display and logging.

LabView is a software package that provides the
functional tools and user interface for data acquisition,
LabView plays a vital role in data acquisition process.
The real time display of the data is possible with the
aid of LabView software and also capable of storing,
processing, and displaying the collected data [15]. In
most cases, one or more sensors transmit analogue
readings to the data acquisition card in the computer.
These analogue data are then converted to individual
digital values and are made available to LabView, at
which point they can be displayed to the user [16].

2.3 Display
To add value to a monitoring system, a PC-based
display feature for monitoring is added to the system,
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this allows users to observe real time data of the
monitoring parameters. Program is developed in
personal computer for visual display of the collected
data, analysis graphical
presentation of the data and data stored for a record
purpose [17].

and further such as

2.4 Review of Existing Systems

[18] presented an Integrated Data-Acquisition for
Renewable Sources System Monitoring; a set of
sensors were used for measuring both meteorological
data and electrical parameters (i.e. temperature,
humidity, voltage and current) of the PV system.
LabView program was used to further process, display
and store the collected data in the PC disk. This system
has advantages of rapid development and flexibility
and can be easily used for controlling the renewable
energy system operation.

Fuentes, et a/ [19] developed a microcontroller-based
data acquisition system for remote PV plant. The
measurement system uses a silicon-cell pyranometer
as a solar radiation sensor. The data obtained from the
sensor was passed to an internal A/D converter of the
microcontroller and stored in a serial I2C EEPROM
and then uploaded to a portable computer. The results
showed that the logical operation of the system was
clear.

The implementation
monitoring system for grid-connected PV converter
was undertaken [20]. The study obtained solar
radiation, temperature, PV voltage, PV current, grid
voltage and grid current using data acquisition
method which consists of different electronics
sensors. Implementation results showed that the
system was able to function with good performance.
Pietruszko and Gradzki [21] developed a PV system
that comprised of data acquisition system, Zigbee and
RS-232 communication modules and computer that
permits user to collect data wirelessly. PIC16F877
type of microcontroller was used; RS-232 makes a
bridge of communication between host computer and
data acquisition modules. The host computer contains
some software that allow collecting data and creating
chart, the result obtained by the authors showed that
the system was reliable and has low maintenance cost
compared to other PV monitoring systems.

In future, research in photovoltaic monitoring system
would be to obtain both the PV panel and PV battery
metrological and electrical parameters wirelessly and
provide a user-friendly Web interface to download,
browse, share, and organize data.

of a web-based wireless
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Fig. 1: Block Diagram of the Microcontroller-Based Photovoltaic Monitoring System

In addition, this will
application layer to be used to develop customized
Web pages for presenting PV power system
information to computer users with advantages of
low-cost and low power consumption.

provide a Web service

3. METHODS AND MATERIALS

The proposed PV monitoring system consists of a
microcontroller Atmega328, voltage sensing circuit
(voltage divider), current sensing circuit LTC6101,
temperature sensor LM35, humidity sensor DTH11,
irradiation sensor (light dependant resistor), analog-
to-digital converter circuit, and serially interfaced
personal computer. Fig.1 shows the block diagram of
the developed PV monitoring system.

The microcontroller program is developed using
Arduino package software. This program is written in
C language. The parameters obtained from the
developed system are collected with the aid of sensors
that are interfaced with the microcontroller unit and
transferred to personal computer via a serial/USB
cable.

The sensors obtain the PV system parameters, namely;
PV panel and battery temperatures, battery humidity
and PV irradiance, while the voltage and current
sensing circuit obtain the electrical parameters (load
current and battery voltage) of the PV battery. Once
the different sensor signals are obtained and
processed by the microcontroller, the data is then sent
serially to the PC for display and storage.

The flowchart for the system with
microcontroller peripheral initialization, then the
flowchart proceeds by the scanning of the various
sensors reading and storing them in its RAM and
transmits this data to the computer via the serial
interfacing, as depicted in the Algorithm shown in Fig.
2.

starts
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After developing the microcontroller program, the
prototype of the system was assembled in order to
carry out experimental test. Fig. 3
developed system prototype, while Fig. 4, 5, and 6
shows the experimental set up.

shows the

Start

Display and Store
Parameters

Initialize the
ATMega328 l,

l

Scan all the
Sensors

v

External Stop
Command ?

Information
available?

Convert Information in to
Physical and Electrical
Parameters

Fig. 2: Flowchart for the PV Monitoring System

\\ il

\ \
Fig. 3: Developed PV Monitoring System Prototype
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Fig. 4: Monitoring System Connected to PV Power Bank

Fig.5a: Humidity Measurement using the Developed
System

Fig.5b: Humidity Measurement using Meteorological
Station Instrument

Fig.6a: Irradiance Measurement using the Developed
System
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Fig.6b: Irradiance Measurement using Meteorological
Station Instrument

4. RESULTS AND DISCUSSIONS

The experimental test was conducted with a view to
demonstrating the performance of the developed
system in relation to that of standard commercial
weather station and laboratory instruments and to
validate the accuracy of the results obtained from the
developed system. Fig.7 shows a one-day irradiance
profile using the developed system and that of
meteorological station located at Bauchi, Nigeria
(Long 10.28164; Lat 9.79096) on 21st March, 2016
from 6:00am to 6:00pm which happens to be a sunny
day.

Fig. 7 shows solar radiation intensity measured by the
developed system and that of meteorological station
instrument, which illustrates that the data obtained
from the developed system fit well to that obtained
from meteorological station instrument, with minimal
dispersion.

After demonstrating the good correlation of the
results obtained using the developed system in
relation  to obtained  from
meteorological station for irradiance measurement,
the system also measured and compares temperature,
humidity, voltage and current measurements with
that obtained from meteorological/laboratory
instruments.

measurements
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Fig. 7: One-day Solar Radiation Intensity Measured by
the Developed System and that of Meteorological Station
Instrument.

Vol. 35, No. 4, October 2016 908



DEVELOPMENT OF MICROCONTROLLER-BASED MONITORING SYSTEM FOR A STAND-ALONE PV SYSTEM

The results are analyzed using mean bias error (MBE).
Table 1 shows the statistical results obtained by
comparing the data obtained from standard
commercial instrument and that of the developed
system on a sunny day using MBE.

The MBE gives a measure of the difference between
the estimators’ expected value and the true value of
the parameter being estimated, it is expressed by the
following equation;

MBE = Z (Xestimated 1; Xmeasure)2 (1)

Where X estimareathe data is measured by the developed
system X peasuredS the obtained from the
meteorological station and N is the number of sample
data.

After demonstrating the behavior and good accuracy
of the sensors under harsh environmental conditions,
then measurement of the parameters of a stand-alone
PV system was conducted. The PV system panel was
120° North-East direction at Bauchi, Nigeria (Long
10.28164; Lat 9.79096) on 23t March, 2016 from
6:00am to 6:00pm which happens to be a sunny day.

—— Developed system
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Fig. 8: One-day Profile of PV Panel Irradiance from the
developed system and standard commercial instrument.
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Fig. 10: One-day Profile of PV Battery Humidity from the
developed system and standard commercial instrument.
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Figs.: 8 to 11lillustrate the results obtained from the

developed system and standard commercial

instrument.

Table 1: Mean Bias Error on Data Obtained from
Developed System and that from Meteorological /
Laboratory Instruments

Parameter Mean Bias Error (MBE) %
Irradiance 0.0432
Temperature 0.0412
Humidity -0.297
Voltage 0.024
Current 0.0182

Fig. 8 shows the variation of the irradiance level, with
the irradiance level at zero at 6:00, and increases to a
max level of 900W/m?2 at12:00 and also during the
period 12:55 to 14:15. The increase in the irradiance
level is not a steadily gradual one. The figure has
many peaks; this is due to the fact that, in addition to
the day the measurement was conducted being sunny
it was also cloudy. This resulted in the moving clouds
to interfere with the irradiation level.
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Fig 9: One-day Profile of PV Panel Temperature from the
developed system and standard commercial instrument

70 - —— Developed system
LA s St ard insirum ent
[F]
ESU-—.———Q//’J‘ILA—_\
L+
2 40 -
g
'T'SD- ﬂ
E"zn
o
& 10 -
E 0

mwmwmwwmuwdoLwmRiouwmdLwmTdLwmTdowdLwoeowWeowWm.ewWw.uwW.Lwm.Lwm

o g ™Mo g M 0 o 0N O s N OoOWmMmA WM

O w6 DS O AN NM oS In D WD

7T 4 4 4 4 d dd d d A
Time of the day (Hhvmm)

Fig 11: One-day Profile of PV Battery Temperature from
the developed system and standard commercial
Instrument.
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Fig 12: One-day Profile of PV Battery Voltage from the
developed system and standard commercial instrument.

Fig. 9 shows the temperature profile of the PV panel.
The temp (30°) of the panel was low during early
morning (6:00) and increases exponentially to a max
temp of 35.5°C between 12:00 and 13:10, and
thereafter gradually decreases to 30°C at 17:00.

Fig. 10 indicates that humidity of the battery was high
(60%) at 6:00, it increases to a max value of 65% at
6:45. The humidity kept on decreasing thereafter and
stabilized at 25% level at 12:00.

The variation in the temp of the battery is relatively
small as it varied between 26°C and 31°C. The max
temp of the battery occurred at 14:15 as shown in Fig.
11.

The battery voltage was 10V as at 6:00 because the PV
system worked during the previous night, resulting in
the draining of the stored energy. However, as the
irradiance level on the PV panel increases, the battery
get charged and the voltage across the battery
increases gradually to 12V as at 11:55, and remains
constant thereafter as shown in Fig. 12.

The loading profile on the PV system is relatively
constant resulting in a current of approximately 5.7A
flowing as the load current as depicted in Fig. 13.
Based on the above discussions, it could be seen that
as the irradiance level increases, the temp of both the
panel and battery also increases, while the battery
humidity decreases. Similarly, the battery gets
charged and its voltage gradually increases and
stabilized at 12V. As the sun sets, the irradiance level
decreases and temp of both the panel and battery
decreases, but the battery humidity remains fairly
constant as from 12:00 upwards.
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Fig 13: One-day Profile of PV Battery Load Current from
the developed system and standard commercial
Instrument

5. CONCLUSION

A system meeting the accuracy requirements
established by the IEC61724 standard related to
photovoltaic monitoring systems was presented. The
system design
hardware, making it accessible to any researcher or
user for the development of systems of their own
design and use. This flexibility makes the system more
suitable for each intended application such as the
monitoring of PV plants and the collection of data at
remote locations in developing countries.

From the experimental results obtained from the
study, its shows that the parameters obtained using
the developed system have good correlations with
those  obtained from standard commercial
instruments used in meteorological stations and
laboratory, with mean bias errors of 0.043% for solar
radiation intensity channel, 0.0412% for temperature
channel, -0.297% for humidity measurement channel
and 0.024% for PV battery voltage channel.

features include easy-to-obtain
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