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Abstract – This paper presents temperature measurement of solar photovoltaic modules using the 
custom-made system composed of an infrared temperature sensor and a microcontroller. The obtained 
measurement results are processed, displayed and stored on a PC using the custom-made virtual 
instrument. The proposed system overcomes some of the problems related to the contact sensor 
application, and at the same time offers accurate readings and better flexibility. The proposed system is 
especially suitable for applications where the cost is a limiting factor in the choice of measuring 
system. The conducted analysis and the obtained results have shown an excellent accuracy of the 
proposed system in comparison to a high quality thermal imaging camera used as the reference 
instrument. 
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1. Introduction 
 
The manufacturers of photovoltaic (PV) modules 

provide their electrical parameters only at the standard test 
conditions (STC). One of these parameters is the power 
that PV module delivers when it is illuminated with 
1 kW/m2 of luminous power, while the temperature of a PV 
cell is at 25°C. However, in reality, under environmental 
conditions these values vary significantly. With increase of 
a PV module temperature above the STC rated value, the 
PV module output current increases exponentially and the 
output voltage decreases linearly. This means that as the 
PV module becomes hotter the less power it produces than 
rated at STC [1-4]. The power drop of a monocrystalline 
PV module HYM260W [5], used to evaluate the proposed 
system is illustrated by Fig. 1.  

Under the extreme summer conditions power 
deterioration of the HYM260W PV module can easily 
exceed 60-70 W, as shown in Fig. 1. Even if the ambient 
temperature is 25°C, temperature of PV modules can be 
much higher due to direct sun radiation which heats PV 
modules. This applies particularly to PV modules mounted 
on rooftops since they have far less air circulation beneath 
them and cools them [6]. 

In order to properly evaluate the power drop of the PV 
module caused by the temperature rise, it is essential to 
measure the temperature of a PV module accurately. The 
accurate measurement of a PV module temperature is a 
challenging process. Temperature measurement should be 

performed at the actual semiconductor junctions, but 
instead, it is usually measured at the backside surface of 
the PV module which inevitably leads to a small error 
due to temperature difference between semiconductor 
and backside surface [3, 7].  

Conventional systems for temperature measurement of 
PV modules are based on contact temperature sensors [8, 
9]. The majority of commercial sensors for this application 
are analog Pt100s or Pt1000s. However, the cost of a 
Pt100 sensor, made specifically for PV application, 
RTF4-5.0, is around 50$ [10] and the cost of a fairly good 
instrumentation system for Pt100 varies between 100$ 
and 500$. The costs significantly increase if it necessary 
to monitor temperature from more than one PV module. 
Furthermore, issues with wire resistances sometimes 
cannot be neglected. Rather than purchasing an expensive 
instrument, sometimes is more convenient to develop a 
low-cost custom-made system based on analog sensors 
such as a LM35 [9, 11] and a NTC thermistor [12], or a 
digital sensor like a DS18B20 [13-15]. These systems 
could cost up to 30$ but they suffer from accuracy issues if 
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Fig. 1. Power drop of a PV module HYM260W [5]
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the sensor is not properly thermally insulated [14]. Namely, 
if the sensor is not properly or with its entire surface 
coupled to the PV module, its readings will be inaccurate 
because it is not in thermal equilibrium. This means that 
the sensor readings will be lower than actual due to impact 
of ambient temperature [14]. However, thermal insulation 
of any temperature sensor is a challenging process and 
requires application of quality reference instrument. In 
addition, some low-cost systems require additional analog 
circuits such as amplifiers which makes the system more 
complex [12] and some sensors, such as an encapsulated 
DS18B20 and a NTC thermistor require calibration [12, 
13] with application of a reference instrument. Moreover, 
any contact sensor, no matter how small it is, will disturb 
the measurement site and consequently introduce a small 
measurement error [16]. In addition, when coupled to the 
PV module, the contact temperature sensor cannot be 
easily moved over the surface of the PV module, which is 
sometimes necessary.  

The non-contact method for temperature measurement 
based on infrared (IR) temperature sensors, represents 
more convenient solution since the sensor does not have to 
be physically coupled to a PV module [17]. If an IR sensor 
is compensated for ambient temperature then it would 
overcome all the issues of contact sensors. 

This paper presents the development, realization and 
testing procedure of accurate, inexpensive system used 
for PV module temperature measurement. The proposed 
system is based on the non-contact method for temperature 
measurement using the IR sensor MLX90614. Based on 
the authors’ knowledge, this method has not been previously 
investigated in a literature. A high quality thermal imaging 
camera Jenoptik Varioscan 3021ST with resolution better 
than ±0.3°C is used as the reference instrument for 
verification of the proposed system readings. It is shown 
that the difference between the corresponding measure-
ments taken by the proposed system and the Varioscan 
3021ST is less than ±0.5°C which is the range of Pt100 
sensors [14].  

A custom-made virtual instrument used to monitor 
operation of the proposed system is designed in LabVIEW. 

 
 

2. System Design 
 
The proposed system is rather simple and it is based on 

the IR sensor MLX90614ESF-ACF worth around 20$. 
The MLX90614 integrates IR thermopile sensors and a 
custom signal modulation chip in a single TO-39 package. 
It is capable of measuring object and ambient temperature 
independently. The MLX90614 is delivered factory 
calibrated with a digital output. Since the accuracy is 
specified when the sensor is in thermal equilibrium and 
under isothermal conditions, Melexis developed xCx series 
of sensors which internally measure the thermal gradients 
and the measured object temperature is compensated for 

them [18, 19]. All this makes the MLX90614 superior over 
specifically made Pt100s and any other contact sensor in 
terms of costs, accuracy and simplicity because it is 
cheaper than a specifically made Pt100, it is compensated 
for ambient temperature in contrast to contact sensors, it 
does not have to be calibrated and it requires less of 
additional electronics. 

Ambient temperature is an important factor since it has a 
major impact on PV module temperature and therefore 
needs to be constantly monitored during the evaluation of 
the proposed system. For this application, a DS18B20 
temperature sensor is employed.  

The proposed system is built around a PIC18F4550 
microcontroller (MCU) to which the MLX90614 is 
connected via I2C bus while the DS18B20 is connected via 
1-Wire bus. The system operation is pretty straightforward, 
upon obtaining the readings from both sensors, the MCU 
forwards them to the PC via built-in HID protocol. Virtual 
instrument, installed on the PC, acquires these results, 
handles their processing and then displays them. The 
acquired measurement results can optionally be saved in 
Excel file if the corresponding function in the virtual 
instrument is enabled. At the end of each measurement 
cycle the adjustable time delay is inserted, which has two 
roles. The first is to prevent the PC memory dumps and 
Windows crashes and the second is to control the pace of 
data acquisition. Photo of the proposed system is shown 
in Fig. 2. 

In order to conduct measurements in a flexible manner 
both sensors are connected to the MCU via 2 m long cables. 
It should be noted that the proposed system, without 
DS18B20, can be realized with less than 30$ which is in 
the price range of majority of low-cost contact sensor 

 
Fig. 2. Photo of the proposed system 
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based systems and it also represents the fraction of the 
costs of a Pt100 based system. 

The suitable virtual instrument for the data acquisition is 
developed in LabVIEW. Print screen of the virtual 
instrument while the system is running is shown in Fig. 3. 

 
 

3. Experimental Results and Discussion 
 
As stated above, the MLX90614 is factory calibrated 

and on that basis the proposed system does not need to be 
calibrated. For the proper validation of the readings obtained 
using the proposed system, the high quality thermal imaging 
camera Jenoptik Varioscan 3021ST with the temperature 
resolution of 0.03°C is employed as the reference instrument, 
i.e. the measurements obtained from the proposed system 
are compared with the thermal imaging camera readings. 
The main reason for employment of this thermal imaging 
camera is because no sensor can provide as accurate 
measurements as the thermal imaging camera can. Thermal 
images taken by this camera are processed and analyzed 
using Irbis Professional software. 

The experimentation is conducted on a 260 W mono-
crystalline PV module HYM260W with the nominal 
electrical parameters at the STC given in Table 1 [5]. 

To thoroughly test the proposed system, evaluation 
measurements were conducted continuously in the 
laboratory over the several months while the readings were 
taken on every minute with the MLX90614 attached 2 cm 
away from the PV module at the right angle so it measures 
temperature from a specific measurement spot [20]. The 
MLX90614 is placed perpendicular to the PV module 
because then emissivity of the PV module backside is at 
its highest [21-23]. Additionally, by increasing the angle 
of incidence above 30°, the emissivity begins to drop 
hence the PV module temperature measurements are no 
longer accurate as when the MLX90614 is placed 
perpendicular. The measurements were also conducted 
outdoors under real-life environmental conditions. Both 
evaluation stages are conducted on the same 260 W 

monocrystalline PV module HYM260W. To validate the 
system readings, measurement series were conducted 
with the thermal imaging camera Varioscan 3021ST 
simultaneously measuring temperature of the same 
measurement spot as the MLX90614. The thermal imaging 
camera was synchronized with the proposed system, i.e. 
it was set to take photos at the same moment as the 
proposed system takes its readings. The photo of the 
experimentation setup is shown in Fig. 4.  

Before taking any measurements it was essential to 
adjust the proper emissivity of the thermal imaging camera 
and the MLX90614 for the backside of the PV module. The 
emissivity of the backside, made of white Tedlar, is 
calculated in the paper [24] and it is found to be 0.85, 
which is only 0.02 less than the value typical for the white 
Tedlar available in the literature. Therefore, the emissivity 
of the Varioscan 3021ST and the MLX90614 was set to 
0.85. 

In reality, when the PV module is not exposed to the sun 
radiation, i.e. when it is shaded, its temperature is almost 
equal to the ambient temperature. This means that the 
measured PV module temperature is confined by the 
ambient temperature, i.e. the PV module temperature and 
the ambient temperature are nearly the same. Under this 
condition the accuracy of the MLX90614 is the best. For 
this reason, during the laboratory evaluation the measure-
ments were conducted in which the PV module was shaded 
and its temperature was confined by the constant adjustable 
ambient temperature. The results of this experiment, taken 

Fig. 3. Print screen of the virtual instrument front panel

Table 1. Nominal electrical parameters of HYM260W PV 
module at STC [5] 

Optimum operation voltage 48 V 
Optimum operation current 5.42 A 

Open-circuit voltage 58.4 V 
Open-circuit current 5.96 A 

Maximum power at STC 260 W 
Module efficiency 15.3 % 

Temperature Coefficient -0.48 %/°C 

 

 
Fig. 4. Photo of the experimentation setup 
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during two successive hours, are presented in Fig. 5 with 
the readings taken on every minute. 

Results presented in Fig. 5 clearly demonstrate an 
excellent accordance between corresponding measurements 
taken with the Varioscan 3021ST and those obtained by the 
proposed system. Fig. 6 gives the graphical representation 
of the difference between the corresponding measurements 
taken by the proposed system and the Varioscan 3021ST. 

As one can observe from Fig. 6, the difference between 
the corresponding measurements is less than ±0.3°C. It 
should be noted that the realized system does not perform 
averaging or filtration of the measurements taken by the 
MLX90614 and the DS18B20.  

Due to an intensive sun radiation and a lack of air 
circulation during summer periods, the difference between 
the ambient and the PV module temperatures can be quite 
severe and can go up to 55°C [25, 26]. As stated above, at 
such temperature difference the contact sensors must be 
thermally insulated or else their readings will be lower than 
actual [14]. In fact, the greater the difference between the 
PV module and the ambient temperature is the greater will 
be the error that contact sensors produce. As already 
mentioned, the MLX90614 overcomes these issues since it 
has ambient temperature compensation. In order to 
evaluate this, during the laboratory experiment several 
measurement series were conducted in which the PV 
module was heated up to 50°C using an industrial heater 
while the ambient temperature was 25°C. The graphical 

representation of the difference between the corresponding 
measurements taken by the proposed system and the 
Varioscan 3021ST when the PV module temperature was 
50°C is shown in Fig. 7. 

In order to evaluate the MLX90614 accuracy under 
environmental conditions, outdoor experimentation is 
performed on the same PV module implemented in a 3 kW 
PV power plant facing south with 30º of inclination during 
the spring of 2016. During this evaluation stage the 
DS18B20 was thermally insulated with 1 cm thick 
extruded polystyrene insulation block and was employed to 
measure PV module temperature 2.5 cm away from the 
MLX90614. The idea for this setup is to illustrate the 
difference between the measurements taken by the two 
measurement methods with similar prices since the 
DS18B20 is extensively used for PV module temperature 
measurement [13-15]. It should be noted that, thickness of 
the XPS insulation block has a massive impact on the 
DS18B20 accuracy [14]. Too thin XPS insulation block is 
insufficient to properly insulate the DS18B20 which is 
manifested as much lower readings than recorded with the 
Varioscan 3021ST. On the other hand, although it provides 
more accurate readings, too thick XPS block produced 
higher readings than recorded with the Varioscan 3021ST 
and heated up the PV cell. Results of the conducted 
experimentation showed that optimal thickness of the XPS 
insulation for the DS18B20 is 1 cm because the obtained 
readings were the most accurate. One hour measurements 
of the hottest period recorded during this experiment, when 

Fig. 5. Results of the laboratory evaluation 
 

Fig. 6. Difference between the corresponding measure-
ments 

Fig. 7. Difference between the corresponding measurements
when PV module temperature is 50°C 

 

Fig. 8. Results of the outdoor experiment 
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ambient temperature was around 25ºC, are shown in Fig. 8. 
As can be seen from Fig. 8, the corresponding 

measurements taken by the MLX90614 and the Varioscan 
3021ST are in nearly the same ratio as in case for 
laboratory experimentation. It should be noted that during 
this measurement there were few minor wind gusts, which 
together with few clouds caused the PV module 
temperature to slightly drop. However, the wind did not 
have an impact on the MLX90614 accuracy. Graphical 
representation of the difference between the corresponding 
measurements taken by the both sensors and the Varioscan 
3021ST is shown in Fig. 9. 

By viewing Fig. 9 it is evident that the difference 
between the corresponding measurements taken by the 
MLX90614 and the Varioscan 3021ST is less than ±0.5°C. 
However, the difference between the corresponding 
measurements taken by the DS18B20 and the Varioscan 
3021ST is 1.5°C. This means that method based on the 
thermally insulated DS18B20 provides less accurate 
measurements in contrast to the method based on the 
MLX90614 while both of them are in the same price range. 

 
 

4. Conclusion 
 
In this paper the design, construction and testing of a 

precise, inexpensive instrumentation system for reliable 
temperature measurement of PV modules was presented. 
The realized system is based on the IR sensor MLX90614 
and the microcontroller PIC18F4550. The thermal 
imaging camera Jenoptik Varioscan 3021ST was used as 
the reference instrument for the proper validation of 
measurement results obtained by the proposed system. 
According to the authors’ knowledge and available literature, 
the application of an IR sensor, such as MLX90614, for 
the temperature measurement of PV modules is for the 
first time proposed in this paper. Proposed solution is 
more than one order of magnitude less expensive than 
the Pt100 based solution and it is in the price range of 
low-cost and less accurate solutions which require some 
sort of improvisation i.e. for the same amount of money 
the proposed solution offers better accuracy and flexibility. 

IR sensor MLX90614 overcomes the problems of 
traditional contact sensors concerning the thermal insulation, 
immunity to ambient temperature and coupling to a PV 
module. Advantages of this sensor over contact sensors are 
clearly demonstrated during the outdoor experiment. 

The custom-made virtual instrument conducts the com-
munication initialization between the realized system and 
the PC, data acquisition and processing, visualization of 
measurement results and their storage.  

The experimental results have demonstrated that the 
MLX90614 IR sensor has an excellent response time, i.e. it 
reacts almost instantaneously to any temperature change of 
the PV module.  

During the experiments performed in the laboratory, it 
was demonstrated that the difference between the corres-
ponding measurements taken by the proposed system and 
the reference instrument, i.e. thermal imaging camera is 
less than ±0.5°C which is the range of Pt100 sensors. 
Outdoor experiment under real-life conditions demonstrated 
superior accuracy of the proposed method over thermally 
insulated contact sensor and it also showed that the 
difference between the corresponding measurements taken 
by the proposed system and thermal imaging camera is still 
better than ±0.5°C. 
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