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1. INTRODUCTION

In solar cell installations, solar irradiation is one of the essential things to predict photovoltaic
energy output [1], [2]. Pyranometer works to measure light radiation on a plane surface [3]-[6].
Electromagnetic waves that penetrate the pyranometer will produce a flux whose magnitude depends on the
wave’s angle of incidence. Pyranometer is the most trusted scientific instrumentation tool in PV system
monitoring [7]-[10].

The implementation of the pyranometer needs to be adjusted in advance to the type and
characteristics of the geographical conditions of an area. The characteristics of the pyranometer include
linearity, precision, accuracy, response time, and hysteresis [11]-[13]. It is important to characterize the
pyranometer to find out how compatible it is with the location conditions that are the object of the monitoring
system.

The error value of the irradiation measurement from the pyranometer can be known, one of which is
the level of linearity. The graph reading between the irradiation value and the output value of PV will make a
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linear line. Based on this, the error value will be known based on the point farthest from the linear line
(deviation value) [14]. Deviation from the irradiation reading is also caused by the hysterisis effect [14]-[18].

Several studies have been carried out in the characterization of pyranometers, especially for
applications in solar generating systems. One of them is Nugraha et al. [19] who develop a pyranometer to
measure diffusion radiation, global radiation, direct radiation, and radiation duration. Then Ali et al. [20] also
develop a simple solar lux measurement using light dependent resistor (LDR). This research uses Arduino to
process and display the measurement result. In the other hand, a research that develop mathematical model to
predict the solar irradiation data is done by Meenal et al. [21]. The model can be used to reduce costly
pyranometer usage.

In PV system monitoring, sensor response time is also crucial in predicting PV output. Although,
every pyranometer device has its own characteristic and needs interface circuit. So, its electricity signal can
be occured by the instrument or controller. The issue coming with type and specification of the interface
circuit, like filter, operational amplifier or signal converter needed. Characteristics of the instrumentation
system of pyranometer make the sensor can perform good measurement. Thus, analyzing the characteristics
of the pyranometer makes it easier for observers to determine the error value in the measurement so that the
measurement results are precise and accurate. Therefore, this research is conducted to analyze the different
instrumentation systems for measuring irradiation levels using photovoltaic pyranometers.

2. METHOD

Research on the characterization of the pyranometer to measure the level of solar irradiation was
carried out in several stages. These stages are shown in Figure 1. The first research stage is problem
identification, where the problem in this study is an instrumentation system suitable for pyranometers. This
instrumentation system is used so that the pyranometer output electrical signal can be measured and
processed by the pyranometer. Such identification includes determining the appropriate sensor interface
circuit. After that is a literature study to find out the research that discusses the pyranometer. This is to

determine the novelty of this research.

| Identification of problems |

Study literature

|Experimenta| observation

Data collection

Is data sufficient?

Data analysis

Figure 1. Research flow diagram

After that, the experimental observation stage was carried out, starting from the experimental set to
the data collection method. The experimental set will be shown in the next subchapter. The method of data
collection is to compare the sensor readings with a solar power meter (SPM), which is carried out by
increasing and decreasing also is carried out 5 times. All data collected is then processed and analyzed in
order to show the character values of the pyranometer sensor, such as; regression values, accuracy, precision,
linearity error, and hysteresis error. In addition to being shown in the dataset, these parameters are also
displayed in a graph. From the results of the analysis, conclusions will be obtained that show the character of
the pyranometer sensor which has this type of photovoltaic.
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2.1. Photovoltaic pyranometer

Photovoltaic pyranometer has working concept like a photovoltaic cell. The active part of this
device consists of a photovoltaic cell near the core of the circuit [22], [23]. The electrons that are carriers of
electric charge are generated from photovoltaic cells exposed to solar radiation [24]-[26]. The practical solar
radiation to do this ranges from 350 nm to 1150 nm.

This type of pyranometer is commonly used as a simulator for photovoltaic power generation systems.
Then this device is used to calculate or predict the effectiveness of solar panels and system performance. This is
because the spectrum of light that this type of pyranometer can be the same as the solar panels used in the
system. In addition, it can also be used as a diagnostic point of performance or system failure.

This study uses two receivepyranometer sensor devices of the same type. Pyranometer one has a
variety SP-Lite 2 from Kipp and Zonen manufacturers. The device has a sensitivity of 10 V/W/m?2 with an
irradiation level measurement range of up to 2000 W/mz2. In comparison, the second pyranometer is the
SEM228 type from Sentec manufacture. There are two types of communication signal output from this
pyranometer, namely those that use RS485 and those that use Modbus (4-20 mA). This pyranometer has a
measurement range of up to 1500 W/m?, which is narrower than the SP-Lite 2.

2.2. Measurement system

This study uses a microcontroller system to test the pyranometer device's measurement and
characterisation. The microcontroller is used to acquire and process analog signal data from the sensor and
the interface circuit. The measurement data is then recorded directly for simulation in the software. Figure 2
is a block diagram of the control system for testing two pyranometer sensors. Both control systems use an
external analog to digital converter (ADC) 16-bit. Its goal is to increase the resolution so that the
measurement will increase accuracy.

Figure 2(a) shows that the SP-Lite 2 pyranometer requires an amplifier circuit. This is because the
output voltage of the sensor is UV scale. This pyranometer is an active sensor type, producing its output
signal without power supply from other circuits. The AD620 amplifier circuit is used to amplify the voltage
to an mV scale. This is done so that the sensor signal can be read by the ADC pin. The microcontroller board
used is Arduino Uno, which has an ADC resolution of 10 bits. The data from the control system is then
recorded and stored. Then the data set is processed and analyzed using software on a computer to determine
the character of the sensor under study.

While Figure 2(b) shows a block diagram of the test control system for the Sentec SEM228
pyranometer. The output signal from this pyranometer is a Modbus signal of 4-20 mA, so it must be
converted to an analog voltage of 0-5 V so that it can be read by the ADC pin of the microcontroller. After
that, the data set is processed like the first pyranometer.

Sensor Amplifier i " Data PC
pyranometer circuit —»| External ADC |[—»{ Microcontroller —» stored ™ software

(@)

Sensaor Modbus-RTU
pyranometer controller

Data PC

—» External ADC | —»| Microcontroller ——wm stored software

(b)
Figure 2. System control for measurement and characterization of pyranometers (a) system for Kipp and
Zonen SP-Lite 2 and (b) system for Sentec SEM228

2.3. Data acquisition

The pyranometer measurement data acquisition process is carried out in the lab. This experiment
uses artificial lighting from a 1000 W halogen lamp. The reason for using a halogen lamp is that it has light
with a wavelength range that almost resembles direct sunlight from the sun. There is an ultraviolet glow from
the light produced by a 1000 W halogen lamp.

Figure 3 shows an experimental set using a halogen lamp facing perpendicular to the pyranometer’s
lens. The distance between the halogen lamp and the pyranometer’s lens was varied to obtain different
irradiation level readings. The experiment was carried out alternately between pyranometer one and two,
using a Lutron solar power meter (SPM) type SPM-1116SD. Both pyranometer experiments have variations
in the value of the irradiation level from 0 to 1050 W/m2. The range of variations of the experiment was
carried out at 50 W/m? intervals.
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Figure 3. Experiment set for data collection

The data acquired from the two pyranometers are the interface circuit’s output voltage
(amplifier/Modbus controller) and the ADC value displayed on the Arduino serial monitor. Then the data set
is compared with the irradiation value of the SPM. After that, the regression formula is obtained.

2.4. Characterization

The sensor characterization process in this study is needed to determine the character and
performance of the pyranometer. The pyranometer is used to measure the solar irradiation parameters. Where
the measurement results are used to analyze the potential of solar energy, it is also used to determine the
performance of solar power generation systems.

The characteristics of the pyranometer sensor analyzed in this study are; accuracy, precision,
linearity, and hysteresis. The first analysis is the accuracy of each sensor. Accuracy shows the performance
of a measuring instrument. Accuracy determines how precise a measuring instrument is in giving a particular
value [27]. This analysis was done by comparing the sensor's output value with the standardised measuring
instrument's output value. The comparison is conducted by (1).

Error = IStandart value—test value (1)

Standart value

The second analysis is the precision of each sensor. The accuracy shows the performance of a
measuring instrument gives a constant scale value many times. This can be calculated from the standard
deviation obtained, which can be calculated by (2).

Z?:l(xi_x) (2)

ox = D)

Then linearity is the relationship between input and output parameters that can be represented as a
straight line in a graphic [28]. Linearity is closely related to proportionality of input and output. On the other
hand, the hysteresis is the parameter that determines the sensor’s response. Test conducted with varying the
input parameter into increasing and decreasing points. The increasing points and decreasing points will show
the different graphs. That graph will obtain the highest difference point called the hysteresis point. This point
shows the actual response of the sensor if it is given an increase or decrease in input or if it has any precision
loss. This characterization process is also vital to determining the regression equation.

3. RESULTS AND DISCUSSION

Compared to previous researchs, this article presents a characterization method and shows the
results on solar irradiation measurements using a pyranometer. This is coupled with the use of a photovoltaic
type pyranometer which has the principle of converting solar irradiation into electrical signals. It also
provides a suitable interface circuit for this type of pyranometer. This is so that electrical signals can be
processed digitally by microprocessor or microcontroller-based devices.
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3.1. Regression formula

Figure 4 shows the comparison of ADC reading in instrumentation system for SP-Lite 3 and
SEM228. Figure 4(a) shows the AD620 instrumentation amplifier was set for the first pyranometer
experiment with a gain of 1168%. With the output voltage range of the pyranometer of 0-3.2 mV, the
resulting AD620 output voltage of 0-3674 mV. The output voltage of the amplifier without light intensity is
324 mV. The irradiation intensity of 1051 50 W/m2 produces an input voltage of 3.2 mV, which is very
small. With this output voltage range, the maximum ADC value that can be read is 30215, which can't be
more than that. The experiment was carried out 20 times with variations in the sun intensity increasing at
intervals of 50 W/m2. From the investigation for pyranometer one, we get (3) regression;

Irr, = 0.0476 x ADC, — 12.4486 ©)

Figure 4(b) shows the experimental pyranometer two uses a Modbus controller to convert a
4-20 mA current signal into an analog voltage. The output voltage range of this Modbus controller is 0-3.5 V.
With this voltage range, the Arduino ADC pin can read the pyranometer output. From the experiment for
pyranometer two, we get (4) regressions:

Irr, = 0.0321 x ADC, + 47.39 4)

The regression formula generated by the above process is used to convert the ADC value into the
irradiation level value in units of W/m2, That way, the accuracy and precision parameters can be known.
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Figure 4. ADC reading value vs level irradiation (a) Kipp and Zonen SP-Lite 3 and (b) Sentec SEM228

3.2. Accuracy and precision analysis

This test was carried out in the range of solar irradiation levels from 9.1-1052 W/m? with an average
change interval of 49.66 W/m2 Tests to analyze accuracy and precision were carried out four times. The
experiment process uses the same standard measuring instrument, the same lighting source, the same
experimental operator, and the same measuring operator. Figure 5 shows an analytical graph of the accuracy of
the two pyranometers tested. Figure 5(a) indicates that the SP-Lite 3 type pyranometer has reasonably good
accuracy with an average error value of 2.05 W/mz2. Therefore, the Kipp and Zonen pyranometer has minimum
accuracy of 94.17%. While Figure 5(b) shows that the SEM228 type pyranometer has good accuracy with an
average error value of 4.27 W/m2. The Sentec pyranometer has minimum accuracy of 91.76%.

Therefore, the SP-Lite 3 has a higher accuracy rate than SEM228. This can be caused by the op-amp
ADG30 interface circuit, which can convert electrical signals with high linearity. Figure 6 shows the graph of
the precision analysis of the two pyranometers tested three times. Figure 6(a) indicates that the SP-Lite 3 type
pyranometer has a fairly good precision with a maximum value of 7.47. Therefore, this pyranometer has a
precision of 92.53%. While Figure 6(b) shows that the SEM228 type pyranometer has good accuracy with a
deviation value of 9.23. This second pyranometer has a precision of 90.77%. Therefore, the second
pyranometer has a higher level of precision than the first pyranometer.
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Figure 5. Accuracy test results (a) Kipp and Zonen SP-Lite 3 and (b) Sentec SEM228
1200 ‘ 20 1200 20
*x  1stread O 1tstread
% 2ndread 18 2nd read 18
{60 3rd read 1000} 3rd read Lo
16 o @ 16
= 14 = c” 14
g 800 § so0t o 5
= 12 = 12 8§
= - Y g
3 600 ) 10 3 600f 8 10
> 3 > A& ©
8 ; 8 3 /4 4 &
ﬁ 400 — />«‘\\§;"/g\"'\ / \\ 16 ﬁ 409 =N N a i "w‘ // “\‘ .\‘ 16 i
LT NN \ = b / N AT & \ [
\\ / ’¥_// \\ / 4 \ r/ o “./ 4
200 x Y 200 [ VAL-)
Y
2 <B" 12
5o
0

200 400 600 800

Standardized value (W/m2)

(@)

1000

400 600 800
Standardized value (W/m2)

(b)

1000

Figure 6. Precision test results (a) Kipp and Zonen SP-Lite 3 and (b) Sentec SEM228

3.3. Linearity of the pyranometers

Linearity testing aims to determine whether two variables have a linear relationship or not
significantly. This test examines how much influence variable x as input has on variable y as output. This
happens both the influence is directly proportional or inversely. The more linear the relationship between the
two variables, the higher the correlation. This test is used as a prerequisite in correlation analysis or linear
regression. This test was conducted by comparing the system control output variable to standardized
measurement instrument reading.

Figure 7 shows that the SEM228 pyranometer device has better linearity than the SP-Lite 2 device.
The linearity test was done with 95% confidence bounds. pValue of the Standardized_value variable on both
tests is very small; each is 1.3977e-72 and 2.1197e-60. Therefore, means that the variables are statistically
significant in the model. The result in Figure 7(a) shows that the SP-Lite 3 pyranometer has an R-squared
0.995 with an average linearity error of 1.59%. According to Figure 7(b), a test on SEM228 found that R-
squared 0.985 with average linearity error, of 1.53%. Therefore, the SEM228 pyranometer will be more
accurate and precise if the Arduino program on the pyranometer uses the conversion (4) obtained from the
regression process.

3.4. Sensor’s hysteresis

Hysteresis is an error that forms a graph of the difference between increasing and decreasing
measurements. The test is done by changing the input variable with an increase of 8-1053 W/m2. Then
continued with a decrease from 1053-9 W/m2. The input variable is the level of light irradiation. Figure 8 shows
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the difference in response between the SP-Lite 2 and SEM228 pyranometers when an increase and decrease test
was applied. The decreasing test is done by changing the input irradiance 11 times with an average interval of

49.66 W/m2. While the conversion was also carried out 11 times with an average interval of 52.56 W/m2.
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Figure 7. Linearity test results (a) Kipp and Zonen SP-Lite 3 and (b) Sentec SEM228
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The graph is shown by Figure 8(a) test results and SPL-Lite 3 reduction. Where in the graph there is
a significant path difference at irradiance below 800 W/m2. The difference in values that causes the peak
hysteresis occurs at the radiation point of around 300-310 W/m2. This can be caused by the character of the
sensor that makes the response to a decrease in the input irradiance deviate from the increase in the input
irradiance. Figure 8(b) shows that there is no significant difference between an increase and a decrease.

Therefore, the hysteresis effect on the SEM228 pyranometer can be neglected.
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Figure 8. Hysteresis test results (a) Kipp and Zonen SP-Lite 3 and (b) Sentec SEM228

3.5. Overall system characteristics

1200

After analyzing the characteristics of the instrumentation system on the 2 pyranometers being tested.
Then the conclusion of the test results is presented in the Table 1. Table 1 shows good results of the SP-Lite 3
pyranometer with an interface circuit using the AD620 op-amp module. The AD620 module is set to increase
the passive voltage from the pyranometer to 0-3.58 V. With this voltage range, it can be read and processed
on the Arduino program. Not quite there, the instrumentation system is also added with an external ADC
module to increase the voltage reading resolution to 16-bit. While the results of the characterization of the
SEM228 pyranometer also show good results, it's just that the accuracy and precision are still below SP-Lite
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3. The SEM228 pyranometer is equipped with a Modbus controller interface circuit. This modbus converts a
4-20 mA current signal into a 0-5 V voltage signal. With gain and zero point settings, the instrumentation
system for this SEM228 can output a voltage of 0.02-3.67 V.

Table 1. The instrumentation system’s characteristic for pyranometer SP-Lite 3 and SEM228

No. Parameter SP-Lite 3 SEM228
1 Maximum error 5.83% 8.24%
2 Accuracy 94.17% 91.76%
3 Standard deviation 7.47 9.23
4 Precision 92.53% 90.77%
5 Non-linearity error 1.59% 1.53%
6 Maximum hysteresis error 187 W/m? 133 W/m2

4. CONCLUSION

Photovoltaic pyranometer has the same way of working as photovoltaic cell. This type of sensor
device can convert solar irradiation energy into electrical energy. This pyranometer works by capturing
sunlight at an angle perpendicular to the probe. The Kipp and Zonen SP-Lite 2 pyranometer has a spectral
range of 400-1100 nm with an irradiation measurement range of up to 2000 W/m2. While the Sentec
SEM228 pyranometer has a spectral range of 0.3—3 um with a measurement range of up to 1800 W/m2, The
test results of several characteristic parameters of the instrumentation system on the two pyranometers show
that the SP-Lite 3 instrumentation system has a higher level of accuracy and precision than the SEM228
instrumentation system. This is because the SP-Lite 3 instrumentation system has better linearity. On the
other hand, the SP-Lite 3 instrumentation system lacks a more pronounced hysteresis effect than the
SEM228. This can be caused because the SP-Lite 3 has a fast response time, which is less than 500 ns. The
use of an interface circuit between the pyranometer and the microcontroller is very useful for processing or
converting electrical signals so that they can be processed by a microcontroller board, such as an Arduino. In
addition, the use of an external ADC is also useful for increasing the measurement resolution so that a higher
level of accuracy and precision of the instrumentation system is obtained.
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