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Abstract. A popular alternative to using fossil fuels to generate power is to use a
photovoltaic (PV) system. However, the efficiency of PV system is very sensitive
to the environmental conditions and frequent maintenance is needed to achieve the
best performance. In practice, data of both the surrounding environment and the
PV system need to be collected simultaneously to monitor the status and also to
characterize the performance of the system. But this cannot be done manually as
the PV system is commonly placed at remote or hard-to-reach places. To address
this problem, an IoT based solar photovoltaic monitoring system is designed and
developed in this project. ESP32 is used as the core processing unit. Several sen-
sors such as temperature, solar irradiation, current and voltage sensors are used for
data collection. An IoT cloud server is used to store and display the data. The mea-
surement results show satisfactory accuracy and reliability of the system. Further
data analysis of the collected high temporal resolution sensor data reveals substan-
tially different correlations of the parameters in three different weather conditions
during non-rainy days, namely cool and cloudy, moderately hot and sunny, and
very hot and sunny. A support vector machine (SVM) regression is proposed to
predict the PV panel temperature and the result is compared to the conventional
least square regression. Improved prediction performance is observed especially
for the very hot and sunny scenario.
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1 Introduction

The over dependency on fossil fuels may cause the depletion of electricity generation
resources for the use of our future generation. Thismakes the renewable energy resources
such as solar energy, wind energy and hydroelectric energy become the crucial part of the
efforts to lower down the dependency on fossil fuels as they can be produced in a sustain-
able manner. Solar energy is one of the most important renewable energies used around
the world. Solar photovoltaic (PV) system is used to generate energy from the sunlight.
The performance of the PV panel used is very sensitive to the environmental conditions
and it determines the power that can be generated from the panel. So, optimization and

© The Author(s) 2023
M. Y. bin Alias (Ed.): MECON 2022, AER 214, pp. 401–412, 2023.
https://doi.org/10.2991/978-94-6463-082-4_35

http://crossmark.crossref.org/dialog/?doi=10.2991/978-94-6463-082-4_35&domain=pdf
https://doi.org/10.2991/978-94-6463-082-4_35


402 M. A. Pozi et al.

maintenance of the PV system are crucial to get the best out of the installed PV system.
Solar PV systems are normally installed in hard-to-access areas. Manual collection of
data for monitoring and analyzing the condition and performance of the PV cells can
be costly and time consuming. To overcome this challenge, an Internet-of-things (IoT)
based monitoring system is a promising solution.

The output power or efficiency of a solar PV system is mostly governed by envi-
ronmental factors such as solar intensity, operating temperature of the solar cells, and
sunlight direction [1]. Aside from climatic and operating factors, various technologi-
cal factors can also influence the amount of electricity generated by a PV system such
as the type of solar cell employed. Monitoring the parameters of a solar PV system is
important for measuring the system’s performance and efficiency, promptly identifying
possible issues, and troubleshooting problems before the system suffers loss. Output
current and voltage, operating temperature of the PV panel, soiling on PV panel and
weather conditions are some of the commonly measured and monitored parameters [2].

1.1 Previous Work

In the literature, there are many low-cost IoT-based monitoring system developed for
measuring and logging the parameters of solar PV system and also the environmental
conditions such as those reported in [3–7]. These systems mainly consist of 4 compo-
nents: Sensors, microcontroller and interfacing, wireless connectivity, as well as cloud
server. The data collected are normally used for PV system condition monitoring, per-
formance optimization, and for characterizing the correlation between the different
parameters [8].

PV panel temperature is one of the most important factors affecting the performance
of the PV system under real operating conditions. However, long-term and large-scale
accurate measurement of the PV panel temperature could be challenging because of the
high-cost sensor and the requirement of good thermal coupling. Hence, there is a need to
predict the instantaneous value of solar PV panel temperature. For IoT applications, due
to the limited computing and storage resources, low complexity approach is preferred.
Various theoretical and empirical models had been proposed for this purpose but they are
mostly rigid physics-based models or linear regression models based on small datasets
with time resolution of days, hours, or even minutes [9–11].

In this work, a support vector machine (SVM) regression is proposed to predict solar
PV panel temperature based on high temporal resolution real measurements of ambient
temperature, solar irradiance, and output power.
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2 System Development

In this work, the developed solar PV monitoring system has two parts: the power system
and data collection part. The power system part consists of a solar panel, a pulse width
modulation (PWM) solar charge controller and a rechargeable battery. An 18 V 30 W
polycrystalline solar panel with dimensions 600 × 350 × 17 mm is used. The output
power from the solar panel charges the battery and power the whole system. The solar
charge controller acts as controller and switches thepower sourcebetween solar panel and
battery depending on the battery’s current capacity. A 12 V sealed lead acid battery with
capacity of 7.2 AH is used. Figure 1 shows the hardware components of the monitoring
system.

The data collection part of the system consists of the sensors and the controller. The
sensors used are voltage sensor, current sensor, surrounding temperature sensor, solar
panel temperature sensor and solar irradiation sensor. The solar irradiation sensor has a
spectral range of 0.3–3 µm. It is capable of measuring in the range 0–800 W/m2 with a
resolution of 1 W/m2. A waterproof digital temperature sensor capable of measuring −
55 to 125 °C with a precision of ±0.5 °C is used for measuring the temperature of the
solar panel. An ambient temperature sensor mounted in a ventilated shield is used for
measuring the surrounding temperature.

Fig. 1. Hardware Components
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Fig. 2. Flowchart of Data Collection

ANodeMCUEsp32module is used as the controller of the system. It has the capabil-
ity of connecting to the Wi-Fi network for uploading data to the internet. The controller
collects data from all the sensors in the system, performs the required data conversion
and calculation, and uploads the data to a cloud server (ThingSpeak) for storing and
display. Figure 2 shows the flowchart of the data collection process.

Figure 3 shows the developed solar PVmonitoring system. To ensure that the system
is able to operate under all weather conditions, those non waterproof components are
placed in and protected with a weatherproof enclosure (see Fig. 4).
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Fig. 3. Developed System

Fig. 4. Components in the Weatherproof Box

3 Result and Discussion

3.1 Accuracy of Measured Current, Voltage and Temperature Values

The accuracy of the sensor reading is important to make sure the performance and
reliability of the solar PV monitoring system are verified before the data collection is
started. The data received by ThingSpeak are compared to the values of the reading
on a measurement instrument. The output current and voltage are measured using a
multimeter. Ten sets of data have been taken and recorded for both voltage and current.
The mean squared error of the voltage reading is 0.04874 and the average accuracy is
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around 94.23%. The error may be due to the heat loss at the resistor of the voltage sensor.
The mean squared error for the current reading is quite low at around 0.000428 and the
average accuracy is around 94.23%. The small error may be caused by the disturbance
at the sensor by other electromagnetic force exist around the connection as the ACS712
current sensor is a linear sensor based on the Hall-effect. Temperature detected is also
compared with a measurement instrument to assess the accuracy of the data. An infrared
thermometer is used to compare the reading of the solar PV panel’s temperature with that
of the DS18B20 temperature sensor. Ten sets of data have been recorded and compared
with the temperature data uploaded. The mean squared error for temperature is 0.69.
This shows the value read from the temperature sensor is reliable with average accuracy
of 97.84%.

3.2 Analysis of Data

The developed IoT-based solar PV monitoring system was set up in an open area for
data collection. The collection of the data started from around 9:00 am to 5:00 pm with
the system connected to the Wi-Fi network. The data were uploaded to the ThingSpeak
platform for every 15 s interval throughout the day and then downloaded for analysis.
Some collected data are presented and analysed in this section to gain insight about the
relationship between the environmental conditions and the power generated by the solar
PV panel.

Table 1 shows the summary of the data collection work done for 14 days during
the non-rainy days. The minimum and maximum measured panel temperatures are also
given. Figure 5 shows the data collected during a typically cool and cloudy day.

Table 1. Data collection during clear days

Data Date Weather Condition Temp (°C) Min-Max

1 20/2/2022 Moderately hot & sunny 33.0–52.3

2 22/2/2022 Moderately hot & sunny 30.6–39.4

3 26/2/2022 Cool & cloudy 28.3–31.5

4 27/2/2022 Cool & cloudy 30.0–39.5

5 28/2/2022 Moderately hot & sunny 29.9–42.4

6 04/3/2022 Cool & cloudy 28.7–34.6

7 06/3/2022 Cool & cloudy 26.1–44.9

8 07/3/2022 Cool & cloudy 30.4–38.2

9 08/3/2022 Moderately hot & sunny 31.8–46.4

10 11/3/2022 Moderately hot & sunny 30.5–52.4

11 12/3/2022 Moderately hot & sunny 30.0–50.0

12 13/3/2022 Moderately hot & sunny 32.0–53.6

13 17/3/2022 Moderately hot & sunny 30.7–52.8

14 19/3/2022 Very hot & sunny 28.4–60.1
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Fig. 5. Typical data during a cool and cloudy day

Fig. 6. Typical data during a moderately hot and sunny day

The ambient temperature of the day was relatively low which shows that day was
not really sunny and hot. The maximum ambient temperature was around 32 °C. The
solar irradiation also seems to be fluctuating due to the occasional sunny intervals. The
relationship between the generated power and the solar irradiation can be clearly seen
as the output power follows closely the trend of the solar irradiation value.

The data for a moderately hot and sunny is shown in Fig. 6. The solar irradiation
value was quite consistently at the high value during the time 12.00 pm to 1.40 pm
and 2.30 pm to 4.00 pm. The recorded solar panel temperature is quite high with the
maximum at around 55 °C. The maximum ambient temperature was about 37 °C. The
maximum solar irradiation value of the day was around 208 W/m2. The fluctuation in
the solar irradiation happened because of the shade made by the clouds that sometimes
blocked the sunlight. The data collected shows the clear relationship between the solar
irradiation and power generated.

Figure 7 shows the data collected during a very hot and sunny day.
The ambient temperature of the day shows the day during data collectionwas very hot

with maximum ambient temperature of 38 °C at around 12.40 am. The solar irradiation
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Fig. 7. Typical data during a very hot and sunny day

Fig. 8. Average values of the measured data

was very high and consistent from around 11.30 am to 3.50 pm. The long duration of
sunlight exposure during the hot day heated up the solar panel substantially. It can be
seen the solar PV panel achieved maximum temperature of 60.1 °C.

The average values of the data collected during the 14 days are calculated and plotted
in Fig. 8.

3.3 Prediction of PV Panel Temperature

The data collected during the different weather conditions shows that the characteristics
and correlations between the parameters are weather dependent and may not be linearly
proportional to each other. Figures 9, 10 and 11 characterize the relationships between
the panel temperature versus ambient temperature, solar irradiance, and output power
respectively for three different types of weather conditions, namely cool and cloudy
(cool), moderately hot (moderate) and sunny and very hot and sunny (hot).

Positive correlations are observed between the PV panel temperature and the other
three parameters. This confirms that the data of ambient temperature, solar irradiance and
output power are useful for predicting the PV panel temperature value. Nevertheless, the
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Fig. 9. PV panel temperature versus ambient temperature

Fig. 10. PV panel temperature versus solar irradiance

correlations are dependent on weather condition and may not be properly characterized
by linear regression.

In this work, a low-complexity SVM regression approach using a Gaussian kernel
function is proposed to predict the temperature of PV panel using the ambient temper-
ature, solar irradiance and output power. Figure 12 compares the measurement data for
4 days and the predicted temperature values using linear least squares (LS) regression
and the proposed SVM regression.

The linear regression works well for low to moderate temperature scenarios but
performs poorly for very hot and sunny weather condition. This may be due to the
relationship between PV panel temperature and the other three parameters in high tem-
perature are no longer linear. The prediction mean squared errors (MSE) of the proposed
method and the LS method are 10.09 and 22.87 respectively.
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Fig. 11. PV panel temperature versus output power

Fig. 12. Prediction of solar PV panel temperature

4 Conclusion

An IoT-based monitoring system has been developed for solar PV system in this work.
The measured sensor data are validated using standard measurement instruments with
low mean square error. The readings from the voltage and current sensor have average
accuracy of 98.53% and 94.23% respectively. The data from the temperature sensor used
for measuring the PV panel temperature is found to have 97.39% average accuracy. A
data collection campaign had been conducted from around 9:00 am to 5:00 pm for 14
non-rainy days. The data were uploaded to a cloud server for every 15 s interval through-
out the day and then downloaded for analysis. The collected datasets are categorized
according to three weather conditions – cool and cloudy, moderately hot and sunny,
and very hot and sunny. Detailed data analysis of the measured parameter data reveals
substantially different correlations of the parameters in the three different weather con-
ditions. Due to this, the conventional LS regression based PV temperature prediction
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method works well for low to moderate temperature scenarios but performs poorly for
very hot and sunny weather condition. A low-complexity SVM regression approach
using a Gaussian kernel function is therefore proposed to predict the temperature of
PV panel using the ambient temperature, solar irradiance and output power. Improved
prediction performance is observed especially for the very hot and sunny scenario. For
future work, other environmental sensors such as air humidity and wind sensors can be
added to the current system and more datasets can be gathered for better analysis and
modelling.
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