International Journal of Electrical and Computer Engineering (IJECE)
Vol. 13, No. 4, August 2023, pp. 3885~3894
ISSN: 2088-8708, DOI: 10.11591/ijece.v13i4.pp3885-3894 O 3885

Performance of low-cost solar radiation logger

Agus Risdiyanto?, Ant. Ardath Kristi', Agus Junaedi!, Bambang Susanto?, Noviadi A. Rachman?,

Anwar Mugorobin?, Harjono P. Santosa!, Ahmad Fudholi*?
'Research Center for Energy Conversion and Conservation, National Research and Innovation Agency, Bandung, Indonesia
2Solar Energy Research Institute, Universiti Kebangsaan Malaysia, Bangi Selangor, Malaysia

Article Info

ABSTRACT

Article history:

Received Oct 22, 2021
Revised Jul 2, 2022
Accepted Jul 5, 2022

Keywords:

Irradiance

Newton polynomial interpolation
Solar energy

Solar radiation meter
Temperature sensor

In solar power systems, irradiance value data are among the most important
parameters. Such data can be used in installing photovoltaic (PV) modules,
such as determining the exact location, tilt angle, and required area, for
optimal power efficiency. In this study, the comprehensive simulation and
implementation of a solar radiation meter with a PV cell and temperature
sensor are presented. The irradiance measurement value is based on the
power reading generated by the small capacity of the PV cell at a specific
load converted into a digital value in the microcontroller using the implicit
Newton polynomial interpolation (NPI) equation as a low-cost alternative
method. The effect of temperature is included in the conversion to obtain
precise measurement results. Firstly, the structure and characteristics of the
PV cell are discussed. Secondly, the parameters, measuring method, and
conversion of the measurement reading data using the NPI equation are
presented to assess the results. Finally, the simulation of the solar radiation

meter using the PSIM and implementation of the hardware are conducted to
validate the concepts and compare their results. The proposed hardware has
an average error of 2.72% in the implementation of the measurement test.
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1. INTRODUCTION

The availability of renewable energy source (RES) data is fundamental before the implementation of
renewable energy technology, especially in areas facing problems with electricity availability. For example,
the application of solar power plants requires a solar radiation time series and meteorological variables as key
elements for modeling the energy production of solar power plants. At present, using energy from renewable
resources is a key factor in improving and adding benefits to society because it is sustainable [1], [2]. One
such RES is solar energy, which is secure, clean, and available on earth throughout the year. Solar energy has
great potential and vast application prospects that can be used to meet the majority of the total energy
demand. The most promising, emerging solar energy technology is photovoltaic (PV) technology, which can
transform solar radiation into electric energy through PV modules [3]-[6].

In conjunction with solar PV modules, as a new RES, the intensity of the sun is measured in watt
per square meter (W/m?2), which is called irradiance [7]. The intensity of solar radiation is one of the most
important parameters that must be determined before solar PV modules are installed to ensure their operation
at the maximum power point (MPP) [8]-[10]. This task is complicated by the fact that this operating point
changes significantly as a function of solar radiation and cell temperature, which can be illustrated by a
typical current-voltage (I-V) curve of a PV array [11]-[14].
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Numerous researchers developed various methods for measuring the intensity of solar radiation.
Common sensors for measuring the intensity of solar radiation are pyranometers and irradiance meters
[15], [16]. A pyranometer is utilized for measuring solar radiation on the flat surface of a 180-degree plane.
Solar radiation passes through two glass domes and is absorbed by a black ceramic disk bound tightly to a
thermopile sensor [17]. Most thermopile sensors can convert small thermopile voltage outputs into watts per
square meter and generate or record the data. To obtain real-time radiation values based on the data quality
desired, a pyranometer must be developed to display the data of the measurement results. A pyranometer
generally uses cables to connect sensors to processing devices and data viewers. However, despite the
addition of equipment, the use of a pyranometer is rare owing to high costs [18].

Low-cost methods for measuring solar radiation were developed, including using green light
emitting diodes (LEDs) as sensors to conduct accurate field measurements of global, direct, and diffuse solar
radiation [19], employing light-dependent resistor (LDR) sensors [20], and applying the mathematical model
of extraterrestrial radiation absorbed by concentrating PV panels in specific locations [21]. Similar methods
for measuring solar radiation using PV panels as sensors were also presented, in which measurement results
are based on parameters of open circuit voltage, short circuit current, and solar panel temperature [22], [23].

This study presents a new low-cost alternative method for measuring solar radiation using small-
capacity PV cells and temperature sensors to complete the collection of the research projects mentioned
above. In this method, irradiance measurement resulted based on the PV output power at a certain load. In
addition, the power value is converted using the Newton polynomial interpolation (NPI) equation to obtain
the same value according to the calibration value. This method has been simulated using the PSIM software
and implemented in the field to compare the results.

2. MATERIALS AND METHODS

The proposed measurement system uses low-cost materials such as a small capacity of PV cells, a
temperature sensor, and a microcontroller as the processing unit to display the results. Changes in radiation
intensity will result in changes in the power generated by the PV cells. To produce an accurate amount of
irradiance (W/m?), in the conversion system, the electric power from the PV cell (watts) must include the
calculation of the correction value generated by the temperature sensor (°C this value is necessary because
the power generated by the PV cells with the same radiation intensity can vary owing to the influence of
temperature changes. The results of the power and temperature readings of the PV cells are then converted
into digital values by an electronic device using a microcontroller following the equation programmed to be
displayed on the liquid-crystal display (LCD) display.

2.1. Electrical characteristics of PV cells

PV cells are rated based on their production of wattage, voltage, and amperage under specific conditions.
The industry standard against which all PV cells are rated and compared is the standard test conditions (STC).
The STC is a defined set of approximate laboratory test conditions under which PV cells may be used. Although
other standards offering better real-world approximations exist, the STC provides the most universal standard
for characterizing PV cells in terms of two parameters, namely, irradiance and temperature [24].

Every solar PV cell has unique performance characteristics, which can be represented graphically in
a chart. This graph is called the ‘I-V curve’ and refers to the module’s output relationship between the current
(1) and voltage (V) under prevailing irradiance (1000 W/m?) and temperature (25°C) conditions according to
the STC standard [25], [26]. A typical 1-V curve, including the maximum power of the solar PV cell at
varying irradiance levels. To obtain maximum power corresponding to irradiance, the solar PV cells must be
operated at the MPP, located around the curvature/knee of its I-V curve. The voltage generated by the PV
cells is also influenced by temperature, where the higher the temperature, the lower the output voltage. As the
characteristics of the current and voltage of the PV cells are not linear, the maximum power output from the
PV cells decreases as the cell temperature increases [27].

2.2. NPl approach

The electrical characteristics of PV cells are nonlinear owing to the influence of the irradiance
parameters and temperature [28]. Specifically, the non-ideal diode component of PV cells requires a
convenient mathematical equation for modeling and simulation [29], [30]. One of the equations used for
solving mathematical models resulting in a form with nonlinear characteristics is the Newton-Raphson
equation. This equation was used by other researchers to model the 1-V curves of PV cells using a single
diode at STC, with high accuracy [31].

Interpolation is the process used for finding and calculating the value of a function with a curve
formed from a set of points typically resulting from a known function, where the curve must be connected to
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all existing points with high accuracy. The most widely used interpolation function is the polynomial
function because the value of polynomial functions is easy to operate. A polynomial can interpolate values
when a polynomial can be used to calculate a value, such as y, which is related to x and not contained in an
observation but lies between the x values in that observation. In this study, y represents irradiance, and x
represents the PV power. The irradiance values are determined from the simulations, and the results are
known functions with nonlinear curves with respect to the PV power. In other words, in this study, the role of
the NP1 equation is to display the linear irradiance values of the nonlinear PV power values.

A polynomial P, (x), which has a degree less than or equal to n in its standard form, is a function
that can be written as (1),

P.(x)=ay+ax+ +a,x"a,#0 1)

where the coefficients ay, a4, ..., a,, are real numbers. If the coefficients are not zero, then the polynomial has
a degree of n. The shape of the Newton polynomial with a degree of n is presented in (2),

PB(x) = ag+ a;(x —x0) + a;(x —x)(x —x0) + -+ an(x —x0)(x —x1) .. (x —x,—1)  (2)

where a, and a, are the coefficients of the Newton polynomial function. Recursively, the preceding analysis
can be generalized to fit an n™-order polynomial to n+1 data points. The n"™-order polynomial is presented in

(3) [31],
Bu(x) = P (X) + @y (x = %) (X = %) oo (X = X5-4) @)

where the basis of Py(x) = f(x,) = a;. The mean absolute percentage error indicator can be used to
measure the accuracy of the estimation analysis, as presented in (4),

PE¢
T

MAPE =¥I_, (4)

where y; is the actual data value at time t, f; is the estimated data value at time t and T is the amount of data.

3. SIMULATION AND PROTOTYPE IMPLEMENTATION
3.1. Simulation

A simulation is performed to test whether the measurement method works well and is in accordance
with the theoretical approach before the actual implementation. Simulations performed using the PSIM
software produce ideal outputs. That is, the output is unaffected by irregularities such as noise (known as
noise in electronics) and interference that typically occur in the actual electrical circuit (real), and the
parameter values in each component are real and precise values. The simulation begins with the design of the
PV cell model, referring to market product specifications, as follows: Pm=0.6 W (£10%), Vm=5.5 V,
Im=0.9 A, Voc=6.5 V, and Isc=0.12 A, according to the STC standard (200—1,000 W/m?, 25 °C). The PV cell
model simulation and 1-V characteristics, including the P curve, are shown in Figures 1 and 2, respectively.
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Figure 1. Simulation circuit of existing PV cell

The simulation circuit is depicted in Figure 3. The irradiance range used in the simulation test is
100-2,000 W/m?, with an interval of 100, producing 20 measurement data calculated using the NPI
approach, including the temperature correction factor value. The simulation tests for these options are
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performed at temperatures of 25°C and 60 °C to analyze the effect of temperature. The temperature
correction factor is determined by calculating the value of the percentage increase in the PV power every
1 °C, which is then added to the results of the irradiance calculation of the NPI equation. The complete

process of this simulation is presented in the flowchart in Figure 4.
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Figure 2. I-V characteristics of PV cell at STC testing
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Figure 3. Simulation circuit of measurement system
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Figure 4. Simulation flowchart
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3.2. Prototype implementation

The prototype design starts with the PV cell preparation according to the specifications presented
previously. The PV cell is polycrystalline, with a dimension of 6.5x6.5 cm, which is available in the market.
A single DS18B20-type intelligent temperature sensor is mounted on the back surface of the PV cell to
determine its surface temperature. This sensor belongs to a new generation of adaptive intelligent
temperature sensors that can directly convert temperature signals into serial digital signals in processing
units. The load connected directly to the PV cell is from a 56 ohm resistor, determined based on the
calculation of the maximum voltage and current according to the specification data.

Next, the PV power and temperature readings are converted into digital values by the analog to
digital converter (ADC) provided in the internal processing unit. The processing unit, which is an Arduino
Uno microcontroller board equipped with an 8-bit AVR ATmega328p microprocessor, is used to program the
input reading results using the NPI formula and to display them on the LCD module. The hardware
implementation is illustrated in Figure 5.

PV Module LCD

Load (Resistor)

Batteries

Figure 5. Measurement system hardware

Sunlight hits the PV cell, and the measurement data are displayed on the LCD in the form of
irradiance data (W/m?) as well as several additional measurement data options, such as PV temperature (°C),
ambient temperature (°C) and humidity (%), which can be used for further analysis. The accuracy of the
measurement data from the prototype is determined by comparing the data from the prototype with the data
from a standard solar radiation meter, namely, a Tenmars TM-207 BTU solar power meter with a remote
sensor/pyranometer. The testing of the measurement system is depicted in Figure 6.

Prototype

TENMARS TM-207

Figure 6. Irradiance measurement system testing
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4. RESULTS AND DISCUSSION
4.1. Simulation

The simulated circuit presented in Figure 3 uses the PSIM software. The first step is to determine
the PV output power by providing an irradiance (irr) of 100-2,000 W/m?. To determine the effect of
temperature, PV power measurements are conducted at temperatures of 25 °C (P_25) and 60 °C (P_60).
Figure 7 shows the simulation results according to the software display with irradiance (Irr) as input in
Figure 7(a) and PV power (P) as output in Figure 7(b).

An increase in irradiance per 100, from 0 to 2,000 W/m? linearly as shown in Figure 7(a), will result
in an increase in the PV power, from 0.006 to -0.76 W nonlinearly as shown in Figure 7(b). This outcome can
be seen in the shape of the resulting PV power curves resembling the letter S. Another interesting observation
is that in the irradiance range of 0 to 2,000 W/m?, the effect of increasing temperature from 25 °C to 60 °C
lead to a decrease in the efficiency of the PV output power by approximately 0.393% for every 1°C. In the
second step, the measured power data are used as a reference for the values listed on the x-axis, with a power
range of 0-0.76 W, whereas the y-axis is irradiated within the range of 02,000 W/m?. With the NPI equation
solved in Microsoft Excel, a curve similar to that depicted in Figure 8 is obtained.
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Figure 7. Simulation results comparison between radiation and PV output power: (a) irradiance and (b) PV
power output at 25 °C and 60 °C
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Figure 8. PV power versus irradiance curve using NPI equation

The solid black curve represents the irradiance curve given in the simulation and will become the
reference curve. The NPI equation can be used in several stages based on the order level to make the PV
power curve similar/close to the irradiance curve. The results of each NPI equation order are then compared
with the reference curve. The 3-order NPI equation yields inaccurate results. Similarly, the 4™ order
produces inaccurate curves but approaches the trend of the reference curve. As the results of the 4™ order are
unsatisfactory, the equation is continued to the 5" order, which generates nearly accurate results as indicated
by the solid gray curve. In the final step, the 5"-order NPI equation is chosen for the calculation of the
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conversion process then retested with the circuit shown in Figure 3, with the results obtained based on the
measurements at the output point (result).

Figure 9 shows irradiance measurement simulation results with the time based in Figure 9(a) and PV
power based in Figure 9(b). It can be explained that the irradiance measurements at temperatures of 25 °C
and 60 °C follow the trend of the radiation reference curve, with the lowest error rate of 0.084% in an
irradiance of 1,300 W/m? and the highest error rate of 7.03% in an irradiance of 700 W/m?2. This indicates
that the irradiance measurement is not affected by the temperature of the PV cell. In the simulation
measurement results, the average error percentage of the proposed method is 1.63%.
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Figure 9. Irradiance measurement simulation results (a) time based and (b) PV power based

4.2. Prototype implementation

Prototype testing is conducted outdoors on a field on a sunny day using the standard irradiance
meter (Tenmars TM-207), as shown in Figure 7. The prototype and Tenmars TM-207 meters are attached
together side by side in a vertical position from the ground (90 degrees from the horizontal line).
Measurements and data retrieval are conducted manually from 7:00 to 16:30, at 30 minute intervals, and the
results are presented in Figure 10. Overall, the irradiance measurement curve from the prototype successfully
follows the same trend as the measurement curve from the standard irradiance meter. In this study, a change
in PV temperature does not affect the irradiance reading owing to the temperature correction factor value,
which is also included in the NPI equation. However, errors are observed at certain reading points, such as at
21:00 and from 13.00 to 15:00, which exhibit an average maximum error of 4.65%, and at 10:30 to 00:00,
which exhibit a minimum error of 0.39%.

,,,,,,,,,,,,, Tenmars TM-207 (W/m?) Prototype (W/m?) T_PV(Q)
1400 - r 100
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Temperature (°C)

400 -

200 A

T T T T
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Figure 10. Irradiance and PV temperature measurement results of prototype and Tenmars TM-207 meters

Overall, the average error in the measurement implementation in the field is 2.72%. The error value
indicates that the proposed method has high accuracy in irradiation measurement and the prototype has
shown good measurement performance even though it was built with low-cost materials. Generally,
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differences in errors in simulations with implementations are common owing to various factors. Some of
these factors can be attributed to differences in the value of the component parameter between the simulation
tool and the actual component, differences in the response time of the reading between the simulation and
actual implementation, and the influence of other environmental conditions that do not consider the
parameters.

5. CONCLUSION

The simulation and implementation of a solar radiation meter are presented in this paper. In
addition, the method for converting PV cells' power into irradiance using the NPI approach is discussed. The
simulation and prototype implementation show the same characteristic trends and measurement results,
which do not differ considerably between the simulation and implementation. In various solar radiation
meters, changes in temperature can affect the PV power output but do not affect the irradiation values
displayed in the measurement, because temperature correction is considered in the conversion equation.
Overall, the proposed methods can be used as a low-cost alternative for measuring solar radiation, especially
relating to the collection and analysis of measurement data for solar system applications.
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