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Abstract

ment of low-cost and accurate solar radiation meters.

This paper compares the sensitivities and accuracies of four different optoelectronic transducers in measuring solar
irradiance for the fabrication of portable and low-cost pyranometers. Trans-impedance conditioning circuits were
designed for two phototransistors (BP103 and SFH3310) and two photodiodes (BPW21 and BPW34). The Arduino
Mega 2560 was used as an interface between the analogue signal produced by the conditioning circuits and the digi-
tal output ports. The transducers with a standard pyranometer RSRA_05V were arranged on a vero board and exposed
to the sun. Statistical analysis of the experimental results produced the least root mean square error value

of 6.58794 Wm™ for phototransistor BP103 during the dry season followed by 13.35216 Wm™ for phototransistor
SFH3310 during the dry season. The correlation coefficients of BPW21, BPW34, BP103, and SFH3310 with the standard
pyranometer are 0.9489, 0.9916, 0.9976, and 0.9905, respectively. The experimental results obtained from the pho-
totransistors BP103 and SFH3310 strongly correlated with those of the standard pyranometer coupled with lower

root mean square error and mean bias error values than those of the photodiodes. Thus, the phototransistors BP103
and SFH3310 are more accurate and effective for measuring solar irradiance. This study contributes to the develop-

Keywords Phototransistors, Photodiodes, Pyranometer, Solar irradiance, Arduino Mega 2560

Introduction

Solar irradiance is the primary source of energy on the
earth and a major contributing factor to several other
phenomena such as global or regional climate varia-
tions (National Geographic, 2022; Penza et al., 2022),
ecosystems (Lean, 2017; Schmutz, 2021), telecommuni-
cation (Rocha et al., 2021), and renewable energy appli-
cations (Penza et al., 2022). In recent years, diverse solar
power systems are continuously installed worldwide
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as a measure to combat the negative impacts of climate
change and global warming caused by greenhouse gases
from fossil fuels. The relevance of solar irradiance meas-
urement in optimizing the performance of these power
systems cannot be over-emphasized (Al-Rasheedi et al.,
2018). For instance, the design of highly efficient solar
photovoltaic (PV) systems mostly requires the estima-
tion of global irradiation incidents on the earth’s surface.
Similarly, solar irradiance measurements are attracting
increasing attention in agriculture where impact assess-
ment of solar radiation is of utmost importance (Rocha
et al., 2021; Trnka et al., 2007). Moreover, accurate meas-
urements of solar irradiance play a critical role in the
development and validation of radiation models widely
utilized in solar resource assessments and energy simu-
lations (Al-Rasheedi et al., 2018; Gueymard, 2012; Guey-
mard & Ruiz-Arias, 2015).

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40807-023-00091-y&domain=pdf
http://orcid.org/0000-0003-2335-7283

Onatoyinbo et al. Sustainable Energy Research (2023) 10:19

Solar radiation can be evaluated either in the form of
total solar irradiance outside the earth’s atmosphere
using satellites or as global solar irradiance at the earth’s
surface by utilizing ground-based instrumentation such
as pyranometers (Roy et al., 2021). Generally, satellite
data are usually used in combination with ground data to
determine inter-annual variability and long-term mean
values (Wilbert et al., 2018). In the construction of a solar
power plant, ground measurements normally exhibit
incredibly greater accuracies compared to satellite data
concerning the general guidelines for choice of location,
instrument, system maintenance, and monitoring for
optimum performance (Wilbert et al., 2018).

For most system applications, reasonable accuracy at
a low cost is usually preferred over high accuracy at a
high cost in measuring global solar irradiance. The pyra-
nometers that give accurate readings are quite expensive
and hence not used extensively (Patil et al., 2013). Con-
sequently, there is a growing demand for inexpensive
devices for accurate monitoring of solar irradiance. In
meeting this demand, a wide range of low-cost pyranom-
eters consisting of different optoelectronic devices have
been reported by researchers. For instance, Tohsing et al.
(2019) developed a low-cost pyranometer by using a pho-
totransistor BPX43-4. Arduino Pro mini ATmega328P
microcontroller was used as an analogue—digital con-
verter (ADC). The components were assembled in FB05
for protection against environmental conditions. A Tef-
lon sheet with a thickness of 1.0 mm was used as a solar
radiation attenuator to prevent the transducer from satu-
ration. Irradiance obtained from the model pyranom-
eter CM21 and the prototype pyranometer were logged
at 2-min intervals. Analysis shows that the sensitivity of
the prototype was 1.65 mV/W.m™2, mean bias difference
—14.4%, and root mean square difference 15.5%. The
difference might be due to the limitation of the field of
view and the non-linearity of spectra between the pyra-
nometers (Tohsing et al., 2019). According to the authors,
the sensitivity of the prototype is satisfactory but can be
investigated further for greater accuracy. Likewise, Rocha
et al., (2021) developed a low-cost, surface solar radiation
measurement system utilizing photodiodes BPW34 as
transducers with a spectral range of 300—1400 nm inte-
grating Internet of Things technology. The performance
of the proposed system strongly correlated with that of
the government meteorology station (INMet pyranom-
eter) giving correlation coefficients (R*) of above 0.95.
The authors reported that the solar irradiance meter
functions like pyranometers built on thermopiles offering
high accuracy, low maintenance cost, and wide applica-
tions in climatology and power generation. Moreover,
Roy et al., (2021) fabricated a low-cost pyranometer using
five phototransistors L14G2 connected in parallel and
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in series with a load resistor. The phototransistors were
evenly placed on a semi-spherical body at an altitude of
11 m. The analogue voltage signal across the load resis-
tor that is proportional to the irradiance level was con-
verted to a digital signal by ATmega32L. The transmitter/
receiver circuit was incorporated into the system to
transmit the data from a remote area to the base station.
The digital output was logged at an interval of 30 min
for different weather conditions. Data analysis between
the developed system and the standard pyranometer LP
PYR 10 shows a mean bias error of —0.2819 Wm™2, mean
square error of 2.40 Wm ™2, mean absolute error of 1.27%,
and an average directional response error of 6.76%. Their
system provides an approach to acquire, compress, and
store the solar irradiance signal and transmit it from
remote areas to the base station.

Furthermore, Cekon et al. (2016) measured the solar
radiant flux based on silicon elements powered by two
AA1.5 V batteries. The intensity of sun radiation was
monitored by four different types of BPW34 photodi-
ode circuits with high speed and high radiant sensitiv-
ity. An output voltage from the conditioning circuits
is measured by a 10-bit Analogue-to-Digital converter
MCP3008 with the step size set to 300 mV and the res-
olution of measurement set to 3 Wm™2. A data logger
was assembled based on an ATmega328 microcontroller
which determines the output voltage of the photodiodes
and logs the data to SD card. The Real-Time Clock chip
PCF8563 and LED are used to indicate the status of the
device. Two standard pyranometers ALMEMO FLA628-
S and ALMEMO FLA 613 GS readings were used for the
comparison and analysis of the global radiation on the
horizontal plane and the global radiation on the vertical
plane. The comparison indicated good agreement on the
horizontal plane and the comparison for vertical planes
approximately matched except in the morning which
showed little deviation possibly due to the incidence
angle of the sun (Cekon et al., 2016).

Al-Rasheedi et al.,, (2018) investigated the capability of
photodiode sensors in providing low-uncertainty data
under harsh environments and over sufficiently long
periods to perform a thorough evaluation of the solar
resource. Two sensor technologies (thermopile radiom-
eters and photodiodes with rotating shadow bands) for
solar irradiance measurement in a desert environment
were compared. The analysis of the three components of
solar irradiance (global, direct, and diffuse) measured by
the two sensor technologies generally showed satisfactory
deviations within + 5% for global and direct components.
However, a few larger deviations in direct and global
irradiance were recorded at low zenith angles. Addition-
ally, negative bias and intricate patterns were found in
the diffuse deviations probably caused by an insufficient
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spectral correction of the diffuse reading (Al-Rasheedi
et al., 2018). Nevertheless, the deviations obtained from
the comparison of the two sensor types are negligibly low
to ensure a good assessment of the solar resources under
harsh and unstable desert conditions (Al-Rasheedi et al.,
2018).

Furthermore, the advent of Arduino has made data
acquisition easily possible, and thus, most modern
instrumentations are now digital based (Onatoyinbo,
2022). The advantage of digital-based instrumentation
cannot be over-emphasized as it gives better output, high
accuracy, improved timing, decreased circuit complexity,
and easing of data acquisition, manipulation, storage, and
interpretation (Onatoyinbo, 2022).

The comparison of solar radiation transducers con-
ducted in this study employs an Arduino module that
can accept a series of analogue input signals, then pro-
cess it based on the microprocessor’s command to give
the required digital output signals. The design consists
of five optoelectronic devices that generate parallel ana-
logue signals to the analogue ports of Arduino. A stand-
ard pyranometer RSRA_05V is the fifth device, used to
compare and validate the readings from the test opto-
electronic devices. The Arduino family is designed for a
low voltage of 5 V with a resolution of 0.004882 V/step
or volt/bit for the 10-bit analogue input (0 to 1024 steps).

Researchers have reported the measurement of solar
irradiance during the two main weather seasons in
Nigeria: wet or rainy season and dry or Harmattan sea-
son. The wet season is usually from April to October
while the dry season is between November and March
in southern Nigeria (Willoughby & Osinowo, 2018). In
northern Nigeria, the dry season usually lasts for several
months, typically from October to May. The wet season
normally starts in June and terminates in September.
Generally, the solar radiation intensity is lower dur-
ing the wet season months compared to the dry season
months. For instance, Nwankwo and Nnabuchi, (2015)
measured global solar radiation in Abakaliki, southeast
Nigeria using a locally made pyranometer. Solar irradi-
ance measurements were performed between the hours
of 12:00 and 16:00 with intervals of 5 min for dry and

Table 1 Specifications of the four optoelectronic transducers
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rainy seasons. Maximum irradiances of 1095.10 Wm ™2
and 689.48 Wm™? were recorded for dry and rainy
seasons, respectively. Similarly, Medugu and Yakubu,
(2011) estimated the monthly solar radiation in Yola,
northeast Nigeria, and reported that the maximum
values of global solar radiation appear in March, April,
and May with 24.38 MJm™? day™, 24.92 MJm ™2 day ™/,
and 24.54 MJm~2 day ! respectively, during dry season,
while 20.31 MJm ™2 day™* and 20.77 MJm~2 day~! were
observed for August and September respectively, during
wet season. Likewise, Uko et al. (2016) investigated the
effect of weather conditions on solar energy in Rivers
State University, south-south Nigeria. It was confirmed
that solar energy varies between 47.07 MJm~*Month™
and 113.99 MJm2Month™! with an annual mean of
87.87. The rainy season months of April to September
recorded a low value of 86.69 MJm~2 day™!, while the
dry season of November to January displayed a high
value of 89.05 MJm™2 day .

Furthermore, Oyelami et al., (2020) reviewed the per-
formance of different pyranometers for solar radiation
measurement and reported that the photodiode-based
pyranometer is the most suitable device for solar radia-
tion measurement in the developing country due to
their low cost, accuracy, and ease of fabrication. This
claim is further investigated in this study by evaluating
the sensitivities and accuracies of four different opto-
electronic transducers in measuring solar irradiance for
the fabrication of cost-effective pyranometers. The four
devices—two phototransistors (BP103 and SFH3310)
and two photodiodes (BPW21 and BPW34)—were cho-
sen based on their attractive features shown in Table 1

The radiant sensitivity area of the photodiodes is
7.5 mm? for BPW21 and BPW34 which is much greater
than those of the phototransistor BP103 (0.12 mm?)
and for phototransistor SFH3310 (0.29 mm?) indicat-
ing that the photodiodes receive more solar energy
than the phototransistors. Also, phototransistor BP103
can withstand an operating temperature range of —40
to+80 °C which is the smallest but suitable for the
weather in southwest Nigeria, the location of this study.
The minimum angle of half sensitivity is + 50° indicating

Parameters BP103 SFH3310 BPW21 BPW34
Radiant sensitivity area (mm?) 0.12 0.29 75 75
Operating temperature (°C) —40to+80 —40to+100 —40to+125 —40to+ 100
Range of spectral bandwidth (nm) 420-1130 350-970 420-675 430-1100
Angle of half sensitivity (degree) +55 +75 +50 +65

Dark current (nm) <100 <50 <30 <30
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that the performance of the transducers should be
equal to almost 100°.

Although several low-cost optoelectronic transducers
for solar irradiance measurement have been reported in
the literature, their accuracies are markedly lower than
those of expensive standard pyranometers. Therefore,
this study aims to develop a low-cost solar radiation
meter with a very high accuracy comparable to that of a
standard pyranometer. To achieve this, the sensitivities
and accuracies of four optoelectronic transducers were
compared to those of a standard pyranometer (RSRA-
05 V) using statistical analysis tools such as correlation
coefficient, the mean bias error, the root mean square
error, and the standard deviation to identify suitable
optoelectronic transducers for accurate measurements
of solar irradiance. The novelty of this study lies in the
use of Arduino Mega 2560 with an exceptionally high
data logging rate of 6 s which is comparable to those
of the standard pyranometers of 1 s (Vamvakas et al.,
2020).

BPW21
— —) A0
5 BPW34 . A1
A2
> BP103 —
. SFH3310 q
——— RSRA — 3 A5
D50-D53

1
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Material and methods

The block diagram for the comparison of solar radiation
transducers is illustrated in Fig. 1. It consists of six main
modules: photodiode or phototransistor, standard pyra-
nometer, conditioning circuit, integrated development
environment (IDE), power supply unit/battery, memory,
real-time clock (RTC), and output screen (LCD).

The power supply unit/battery delivers 5 V and 10 V
to power the solar irradiance measuring system. Trans-
ducers transform the solar energy received from the sun
into electrical energy which is fed into the conditioning
circuits to create the set-point for the output voltage
of the transformed solar radiance. The optoelectronic
transducers are usually calibrated using a standard pyra-
nometer (RSRA-05 V) with its output connected to one
of the analogue inputs of the Arduino Mega 2560 which
performs the analogue to digital conversion (ADC). The
converted digital signals are fed into the memory (data
logger) and to the LCD. The Arduino circuit operates as
a processor and does not store data. The digital output
data obtained from the Arduino circuit are stored in the

ARDUINO MEGA

SERIALPORT -

c/s/m/m

Fig. 1 Block diagram for the comparison of the four solar radiation transducers (BPW21, BPW34, BP103, SFH3310) using a standard pyranometer

(RSRA) as the benchmark
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memory. The output data from the Arduino circuit are
monitored through the output screen.

The comparison of the performance of photo-device
transducers is broken into three main steps: (i) design
and implementation of conditioning circuits, (ii) imple-
mentation of ADC, and (iii) calibration of the set-points.

Design and implementation of conditioning circuits.

The design and the calibration of the conditioning cir-
cuit can be classified into three parts: (i) design of
photodiodes trans-impedance circuit, (ii) design of
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phototransistor trans-impedance circuit, and (iii) design
of voltage amplification circuit.

Design of photodiode trans-impedance circuit

A photodiode is operated in reversed bias and the leak-
age current increases in proportion to the amount of light
falling on the junction. The output leakage current of a
photodiode is fed into the inverting input of an opera-
tional amplifier LM358 arranged in trans-impedance form
as demonstrated in Fig. 2a. The bandwidth frequency of
LM358 is 1 MHz and the breakdown current of the photo-
diode BPW34 is 100 pA. If R; is the feedback resistor and I

A +5v
10
pr| A +5V.
I I 10pF
1k 5k I
1K 10K}
27§ Y
27K g
ol
3 3

+ —>

1

2 _|_ > Z
x|
LM358 ~ OUTPUT VOLTAGE
# - OUTPUT VOLTAGE
5k
< —>
EEE— &'K SK[
(a) (b)
+5V
L
> 514+ ;
INPUT VOLTAGE 6 |_ >
4 LM358 OUTPUT VOLTAGE
—
5K g 10K
MW

.||_<.

()]

Fig. 2 a Photodiode trans-impedance circuit, b Phototransistor trans-impedance circuit, and ¢ Amplification circuit of the trans-impedance output

signal
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is the diode current, then Kirchhoft’s law is applied to the
inverting input of the photodiode trans-impedance circuit
in Fig. 2a:

Ide < 5. (1)

Since 1,=100 pA,

Ry < 5/(10*4)9 @)

R =5(10%) e,

Therefore, 11 kQ is used for Ry (i.e. 1 kQ and 10 kQ con-
nected in series).

To obtain a stable output from the operational amplifier,
there is a need to connect a capacitor to the feedback path.
For the required capacitor,

C< (ZJTRffb)_l, (3)

where f, is the bandwidth frequency is 1 MHz for
LM358, and Ryis 11 kQ. Therefore,

C< [(271)(11) (103) (106)} “'F < 1449 pF.

Thus, a 10 pF capacitor is connected in parallel with the
feedback resistor for output stability.

Design of phototransistor trans-impedance circuit

The same trans-impedance circuit was used for both pho-
todiodes (Fig. 2a) and phototransistors (Fig. 2b) since the
base junction of a phototransistor is left open and the main
difference between photodiode and phototransistor is the
current gain. The emitter and the collector of the pho-
totransistor are connected as shown in Fig. 2b.

Design of amplification circuit

The input signal from the transducer is small, which makes
the output signal of the trans-impedance circuit small;
therefore, signal amplification is necessary. LM358 opera-
tional amplifier is used for the amplification as described in
Fig. 2c.

A voltage amplification A, factor of 3 was used since the
output voltage of the system cannot be greater than the
applied potential. The values of R; and R, in Fig. 2c were
obtained by applying Eq. 4.

Ay =1+ (Rr/Ra), (4)

where R;=R, and R,=R;
If A, is 3, and R, is selected to be 5 kQ), then

Ry = Ra(A, — 1)

Page 6 of 15

Ry = 10k2.

The value of the feedback resistor used for the amplifi-
cation is 10 kQ.

Figure 3 describes the photograph of the four trans-
impedance circuits with the input connectors from the
transducers and the output connectors to the analogue
input of the Arduino module.

Implementation of the analogue-to-digital converter
(ADCQ)

The precision of the analogue signal obtained from the
transducer/trans-impedance circuit was achieved by
using an Arduino Mega module shown in Fig. 4. The con-
ditioning output ports as illustrated in Fig. 3 were con-
nected to the analogue inputs A0, A1, A2, and A3 of the
Arduino Mega 2560.

The pyranometer output is connected to the analogue
input A5 of the Arduino Mega 2560. Moreover, the
Arduino Mega microprocessor was programmed such
that it delivers a serial digital output that is stored in the
micro-SD card through a micro-SD card adapter.

Calibration of the set-points
For an accurate comparison of the four photoelectric
transducers to the standard pyranometer, the set-points
of the pot resistors in the conditioning circuits (Fig. 3)
must be adjusted. Figure 5 illustrates how the set-point
adjustment of the pot resistors was achieved and the pho-
tograph of the experimental setup is presented in Fig. 6.
The power supply is used to control the intensity of the
lamp, which is fixed at 15 V for a 60-W bulb. The distance
between the lamp and the transducer is kept constant at
3 cm. The pyranometer output voltage when the 60-W
bulb was fixed at 3 cm to the transducer was found to
be 1.03 V. The pyranometer was replaced by the trans-
ducer and the set-points of the conditioning circuits were
adjusted to obtain the same output voltage of 1.03 V.
The adjustments were performed for each of the four
transducers.

Techniques for comparing the transducers’ data

Mean bias error, root mean square error, and standard
deviation are three statistical methods employed in this
research to compare the effectiveness of the transducers.

Mean bias error

Mean bias error (MBE) is primarily used to estimate the
average bias in the model and to decide if any steps need
to be taken to correct the model bias. It also captures
the average bias in the prediction. A positive bias error
in a variable represents over-estimated data from data-
sets and vice versa (AgriMetSoft, 2019). Lower values of
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LM 358

Input pins from transducers

- Set-pots

Feedback components

Conditioning circuit 2

Fig. 3 Four trans-impedance circuits as conditioning circuits

errors and considerably higher values of the correlation
coefficient for the variable are of great importance. The
statistical relation for mean bias error is given as

1 N
MBE = ; (Ei — Py), (5)

where N is the total number of data samples, E is the
experimental value, and P is the measured value.

Root mean square error

The Root Mean Square Error (RMSE) is a frequently used
measure of the difference between values predicted by
a model and the values observed from the environment
that is being modelled. These individual differences are
also called residuals, and the RMSE serves to aggregate
them into a single measure of predictive power. RMSE
measures the extent of error between two datasets. In
other words, RMSE compares a predicted value and an
observed or known value (AgriMetSoft, 2019). The statis-
tical relation for RMSE is given as

N L pPA2
RMSEz,/MTLPZ), ©)

where N is the total number of data samples, E is the
experimental value, and P is the measured value.

Feedback adjuster

Cutput pins to Arduino

- Pyranometer power pins

Standard deviation

The standard deviation is used to express the statistical
variation in the values ascribed to a measured quantity
(Wikipedia, 2023). The standard deviation (o) of solar
irradiance measurements obtained from the four opto-
electronic transducers and the standard pyranometer
was estimated using the statistical relation

where X; is the solar irradiance data, g is the mean value
of the data, and N is the total number of data samples.

Software testing

After the software debugging and the errors were cor-
rected, the software programme was tested on the
hardware to determine if communication could be
established with the hardware. The arrangement of the
setup comprising transducers and the standard pyra-
nometer is displayed in Fig. 7 and was placed where the
solar radiation cannot be obstructed. Figure 8 describes
how the data logger, SD card module, conditioning cir-
cuits, and Arduino board module were connected. The
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Digital PWM-D13
Digital PWM-D12
Digital PWM-D11
Digital PWM-D10
Digital PWM-D9
Digital PWM-D8
Digital PWM-D7
Digital PWM-D6
Digital PWM-D5
Digital PWM-D4
Digital PWM-D3
Digital PWM-D2

Digital -D1  UART -Out
Digital -D0  UART -In
Digital -D14 UART -Out
Digital -D15 UART -In
Digital -D16 UART -Out
Digital -D17 UART -In
Digital -D18 UART -Out
Digital -D19 UART -In
Digital -D20 UART -Data
Digital -D21 UART -Clock

5V
5V

Fig. 4 Arduino Mega 2560 with its input/output pins. (Source: www.instructables.com/Arduino-Serial/)

readings were programmed in such a way to be sampled
and logged at 6-s intervals and stored in the SD card.

Results and discussion

Plots of the standard pyranometer (RSRA) output volt-
age against the output voltage of the transducers were
obtained using 500 data points and their linear regression
line was determined with their correlation coefficient.
Figure 9 shows the RSRA output voltage versus trans-
ducer BP103 output voltage. The regression line equation
for the plot is given as

y = 0.98x1 + 0.3638. ®)

From the experiment in Fig. 5, variable resistors
were adjusted such that the output voltage of standard

pyranometer RSRA and the trans-impedance circuits
were 1.02 V. If the circuit follows the pyranometer’s
trend, the amplification factor is to be one, the adjust-
ment is to be zero, and the correlation coefficient will
be one. The amplification factor is the rate at which the
pyranometer’s reading responds to the changes in other
transducer or trans-impedance readings. Variable x; in
Eq. 8 is the output voltage of the BP103 trans-imped-
ance circuit, the amplification factor is 0.98, and the
adjustment is 0.3638 V. The correlation (R?) between
RSRA and BP103 output voltages is 0.9976.

Similarly, the plot of RSRA output voltage versus
transducer BPW21 output voltage is illustrated in
Fig. 10.

The regression line equation of the plot is expressed as
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POWER s
SUPPLY
CONDITIONING
CIRCUIT
TRANSDUCER
CIRCUIT
MULTIMETER
Fig. 5 A schematic diagram for set-point adjustments
Power supply
Lamp
Standard Pyranometer
Transducer
MMultimeter
Pot-resistor
Arduino board
. .‘f
Fig. 6 Experimental setup of the pot resistors set-points
y = 13.033x, — 9.2824, ) Additionally, the plot of RSRA output voltage versus
transducer BPW34 output voltage is presented in Fig. 11.
where x, is the output voltage of the BPW21 trans- The regression line equation for the graph is given by
impedance circuit, the amplification factor is 13.033, _
and the adjustment is —9.2824 V. The correlation (R?) y = 65.35x3 — 52.617, (10)

between the RSRA output voltage and the BPW21 output
voltage is 0.9489.
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Fig. 7 Assembling of the transducers and the RSRA pyranometer
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B BPW34

SFH3310
BP103

BPW21

Pyranometer

RTC (real timeclock)

SD card module

From the transducers

#|—— Power supply

Fig. 8 Connections of the modules

where x5 is the output voltage of the BPW34 trans-
impedance circuit, while the amplification factor is 65.35
and the adjustment is —52.617 V. The correlation (R?)
between RSRA output voltage and BPW34 output volt-
age is 0.9916. The regression line of RSRA output voltage
versus SFH3310 output voltage as depicted in Fig. 12 is

Conditioring circuits output
Arduino module

y = 1.1009x4 + 0.0236, 11)

where x, is the output voltage of the phototransistor
SFH3310 trans-impedance circuit. The amplification fac-
tor is 1.1009 and the adjustment is 0.0236 V. The correla-
tion between RSRA output voltage and SFH3310 output
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voltage is 0.9905. Variables x;, x,, x5, and x, in Egs. 8,
9, 10, 11, respectively, are used to calibrate each of the
transducer models to that of the standard pyranometer
(RSRA). The pyranometer rating of 1 V per 360 Wm >
was used to determine the solar irradiance obtained by
the circuits of photodiodes and phototransistors.

According to the regression line parameters obtained
from Egs. 8,9, 10, 11, the amplification factors of pho-
totransistors BP103 and SFH3310 are almost one. Also,
the adjustment values for phototransistors BP103 and
SFH3310 are nearly zero. The correlation coefficients
(R?>) of BP103 and SFH3310 in comparison to the
standard pyranometer RSRA are approximately one
compared to the values for photodiodes BPW21 and
BPW34.

Furthermore, the solar radiation of the wet season on
14 October 2021 and 20 October 2021 and dry season on
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Table 2 Statistical results of the transducers (RMSE and MBE are measured in Wm™?)

Date Statistical Photodiode (BPW21) Photodiode (BPW34) Phototransistor Phototransistor
methods (BP103) (SFH3310)
14 October 2021 (Wet) RMSE 65.8387 254556 14.0569 95746
MBE 52338 8.0042 -5.6910 —3.6316
20 October 2021 (Wet) RMSE 26.3210 17.9658 6.5879 344052
MBE 0.2095 0.119084 —0.1488 83233
16 November 2021 (Dry) RMSE 88.8604 55.9709 22.0249 534414
MBE —48.7466 —15.2427 3.0164 284711
3 January 2022 (Dry) RMSE 64.0275 404330 194983 133522
MBE —22.7869 20.8441 -8.1516 -0.9317
700 14007 gpwa1
600 ——BPW34
1200 | ——BP103
SFH3310
& 500 ——RSRA
E 1000 |
2 400 _
g § 800 |
'—§ 300 gpwat g
= 500 ——BPW34 S 600 |
——BP103 £
100 SFH3310 400 -
——RSRA
0 ; ; ; ; ; ; ; ;
9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 200 1
Time (min)
Fig. 14 Plot of Solar irradiance against time for the wet season on 20 0 ‘ ‘ ‘ ‘ ‘ ‘
October 2021 1001 11:01  12:01  13:01 1401 1501  16:01
Time (min)
Fig. 16 Plot of Solar irradiance against time for the dry season on 3
January 2022
16 November 2021 and 3 January 2022 at the study loca-
tion (Ede in southwestern Nigeria, 7° 44" 20” N latitude,
1800 | ppwar 4° 26’ 1‘0 ” E longitude) was plotted against time and dis-
Leo0 | ——BPW34 playeq in l.flgs. 13, 14, 15, 16. The four days chosen. for
— BPIO3 solar irradiance measurement are good representations
1400 - SFH3310 of the two major weather seasons in Nigeria: the wet sea-
1200 | —RSRA son starts in March and ends in October, while the dry
N"éa 1000 | season usually begins in November and terminates at the
3 end of February (Nwankwo & Nnabuchi, 2015).
g 800 1 The mean bias error and root mean square error of the
£ 6004 four optoelectronic transducers in measuring the solar
200 | irradiance of the wet season on 14 October 2021 and 20
October 2021 and dry season on 16 November 2021 and
200 1 3 January 2022 at the study location (Redeemer’s Univer-
o ‘ ‘ ‘ ‘ ‘ ‘ sity, Ede, Southwest Nigeria) are shown in Table 2.
11:02 12:02 13:02 1402 1502 16:02  17:02 Considering the solar irradiance measurement during
] o ?imc (_‘“i“) the wet season on 14 October 2021, the RMSE value for
Il::g\;;nibilroztgfolar irradiance against time for the dry season on 16 photodiode BPW?21 is 65.8387 Wm~—2 which is relatively

high compared to other optoelectronic transducers.
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Table 3 Measurement standard deviations of the transducers and standard pyranometer measured in Wm™
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2

Date Standard Photodiode BPW21 Photodiode BPW34 Phototransistor Phototransistor
Pyranometer BP103 SFH3310

14 October 2021 (Wet) 309.4605 230.1520 266.9609 2772235 303.6276

20 October 2021 (Wet) 745291 69.7199 723347 74.1812 66.6208

16 November 2021 (Dry) 219.1965 174.2682 218.5445 226.5363 254.6983

3 January 2022 (Dry) 45,5326 622752 63.5853 46.8241 614530

Similarly, the RMSE for phototransistor SFH3310 is
9.5747 Wm~? indicating that the phototransistor corre-
lates strongly with the standard pyranometer RSRA.

On the wet day of 20 October 2021, the degree of cor-
relation is significant between 11:21 and 14:27 with
solar irradiance of 386.712 Wm™ and 537.876 Wm™?,
respectively, except for photodiode BPW34 that devi-
ates (Fig. 14). There is a significant difference between the
solar irradiance measurements of the four optoelectronic
transducers and that of the standard pyranometer RSRA
at 09:00-11:21 and 15:05-17:00 (Fig. 14). Despite the
difference, photodiode BPW34 has the minimum MBE
value of 0.1191 Wm™2. However, phototransistor BP103
has an RMSE value of 6.5879 Wm ™2 indicating a good
correlation with the standard pyranometer compared to
other transducers with higher RMSE values.

Moreover, there is a strong correlation between pho-
totransistor BP103 and standard pyranometer RSRA on
the dry day of 16 November 2021 (Fig. 15) with MBE
of 3.0164 Wm™? and RMSE of 22.0249 Wm 2 (Table 2)
which implies that BP103 has a very good sensitiv-
ity at that period and is suitable for pyranometer trans-
ducer. As illustrated in Fig. 15, the four transducers
have strong correlations with the standard pyranometer
RSRA from 09:02 to 14:54, but there is a marked differ-
ence in irradiance measurements between 14:54 and
17:02. Photodiodes BPW21 and BPW34 exhibit MBE of
—48.7466 Wm™2 and —15.2427 Wm ™2, respectively, sug-
gesting that the transducers over-estimated the measured
data which may be largely due to dusty atmosphere or
any other weather condition. Phototransistor SFH3310
with MBE of 28.4711 Wm™2 demonstrates that the trans-
ducer under-estimated the measured data which could be
attributed to solar radiation angle of incidence or weather
conditions.

Furthermore, phototransistors BP103 and SFH3310
exhibited a strong correlation with the standard pyra-
nometer RSRA in measuring the solar irradiance on the
dry day of 3 January 2022 as depicted in Fig. 16. The
RMSE value for BP103 and SEH3310 were 19.4983 Wm >
and 13.3521 Wm™>, respectively, while the photodiodes

Table 4 The cost of fabricating a phototransistor-based pyranometer

Items Price (US dollar)
Phototransistor BP103 043

Dual operational amplifier LM358 043

5 KQ ¥4 W Pot-resistor 0.66

27 KQ Va W resistor 0.11

1 KQ V2 W resistor 0.1

10 pF non-polarized capacitor 0.11

Copper board (4 cmx4 cm) 043

Packaging 217

Total cost 4.45

displayed higher RMSE values 64.0275 Wm™2 and
40.4330 Wm™2 for BPW21 and BPW34, respectively.
Between the hours of 12:21 and 13:28, there was a sig-
nificant difference in irradiance measurements by the
standard pyranometer and the transducers except for
phototransistor BP103 which may be due to variation in
temperature.

The measurement standard deviations of the four
optoelectronic transducers are compared to those of the
standard pyranometer RSRA as depicted in Table 3.

The measurement standard deviations of the four
transducers on wet days of 14 October 2021 and 20
October 2021 are relatively lower than that of the stand-
ard pyranometer (Table 3). The lowest standard devia-
tion of 66.62 Wm ™2 in the solar irradiance measurements
was delivered by phototransistor SFH3310 on the wet
day of 20 October 2021. Similarly, photodiodes BPW21
and BPW34 displayed standard deviations of 174.29 and
218.54 Wm™2, respectively, lesser than that of the stand-
ard pyranometer, for the solar irradiance measurements
captured on the dry day of 16 November 2021. However,
the standard pyranometer exhibited the lowest standard
deviation of 45.53 Wm™ in the measurement of solar
irradiance on the dry day of 3 January 2022, closely fol-
lowed by phototransistor BP103 with a standard devia-
tion of 46.82 Wm ™2,
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Moreover, to demonstrate the cost-effectiveness of the
proposed pyranometer compared to a standard pyra-
nometer, the price of fabricating the proposed pyranom-
eter using phototransistor BP103 is presented in Table 4.
While the cost of a standard pyranometer is 95 US dol-
lars (excluding shipping fees and import duties), a locally
fabricated phototransistor-based pyranometer costs just
a modest sum of 4.45 US dollars. Hence, the proposed
pyranometer is much cheaper than the standard pyra-
nometer RSRA_05 V.

Conclusion

The sensitivities and accuracies of four optoelectronic
transducers—two phototransistors (BP103 and SFH3310)
and two photodiodes (BPW21 and BPW34)-have been
compared to those of a standard pyranometer RSRA.
Arduino Mega 2560 was used as an interface between
the analogue signal produced by the conditioning cir-
cuits and the digital output ports. In this study, the use
of Arduino Mega 2560 with an exceptionally high data
logging rate of 6 s which is comparable to those of the
standard pyranometers of 1 s was demonstrated. Statisti-
cal analysis was carried out using the correlation coeffi-
cient (R?), the mean bias error (MBE), and the root mean
square error (RMSE) to compare the performance of the
optoelectronic transducers to that of the standard pyra-
nometer. The significant findings of this study are the
following:

+ The correlation coefficients of BPW21, BPW34,
BP103, and SFH3310 in comparison to standard
pyranometer RSRA are 0.9489, 0.9916, 0.9976, and
0.9905, respectively.

+ Phototransistor SFH3310 displayed the lowest RMSE
values of 9.5747 and 13.3521 Wm ™2 on the wet day
of 14 October 2021 and dry day of 3 January 2022,
respectively, indicating that the phototransistor cor-
relates strongly with the standard pyranometer
RSRA.

« Similarly, phototransistor BP103 recorded the lowest
RMSE values of 6.5879 Wm™ on the wet day of 20
October 2021, signifying a good correlation with the
standard pyranometer compared to other transduc-
ers with higher RMSE values.

+ A strong correlation was observed between pho-
totransistor BP103 and standard pyranometer RSRA
on the dry day of 16 November 2021 with the low-
est MBE of 3.0164 Wm 2 and the lowest RMSE of
22.0249 Wm™?, implying that the phototransistor has
an outstanding sensitivity at that period which quali-
fies it for pyranometer transducer.

o Therefore, based on the experimental results
obtained, phototransistors BP103 and SFH3310 are
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more accurate and effective in measuring solar irra-
diance than the photodiodes BPW21 and BPW 34.

Abbreviations

LCD Liquid crystal display

LED Light emitting diode

PV Photovoltaic

ADC Analogue-to-digital converter
INMet International Metrology

MBE Mean bias error

RMSE Root mean square error

IDE Integrated development environment
RTC Real-time clock

MJm™Day~'  Mega Joule per square metre per day
Eq. Equation

wm? Watts per square metre

lg Diode current

Re Feedback resistor

fy Bandwidth frequency

C Capacitance

A, Voltage amplification

N Total number of data samples

E Experimental value

P Measured value

o Standard deviation:

X; Solar irradiance data

u Mean value of solar irradiance data
Subscripts

d Diode

f Feedback

b Bandwidth

% Voltage

i

Non-zero positive integers
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