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Abstract— This paper proposes the use of fiber Bragg gratings
(FBG) in thermal monitoring of photovoltaic (PV) modules. Results
acquired from FBG sensors were compared with two commonly
used temperature sensing techniques in PV modules: PT100 sensors
and infrared cameras. The experiments were performed using a PV
module in actual operating conditions (varying ambient
temperature and wind speed). Temperature changes in PV module
were monitored with 27 FBG sensors installed on its front surface.
During the experiments the ambient temperature, intensity of solar
radiation and wind velocity were also monitored. The acquired
results showed that FBG sensing technology has a potential for the
proposed application.

Index Terms—Optical fiber sensor, photovoltaic module, thermal monitoring.

. INTRODUCTION

After the oil shortage faced by industrial countries in the 70s, particularly in the period of 1973-
1978, other types of power generation were to be researched so that the energy problem could be
solved by renewable sources to ensure the supply of the industrial needs in the world. This could be
performed by focusing the research efforts on technologies of generation using solar and wind power,
biomass, geothermal, hydro and hydrogen sources [1]. Among the currently used renewable energy
sources, the use of photovoltaic models is strongly encouraged, especially by tax incentives and the
development of technologies that made possible the on grid power production (eliminating the need to
purchase batteries for energy storage, which reduces by approximately 40% the implementation costs
of photovoltaic system).Over the past decade, the use of photovoltaic energy has grown at an average
rate of 39% per year, while the most used photovoltaic panels are based on mono or polycrystalline
silicon and have 90% of the market share [2].

In contrast to the other renewable technologies for power generation, the development pace of the
photovoltaic systems market share has been relatively slow. It indicates two major disadvantages
based on the higher cost of the PV models and their lower energy efficiency (15% to 21% for
crystalline silicon panels). Among the eight major economic and technological goals of the

photovoltaic industry to be achieved by 2020, an increased conversion efficiency of commercial cells
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of monocrystalline silicon to 24%, and polycrystalline to 19%, is to be achieved, as well as the
reduction of the rate degradation of modules [2, 3].

The increase in temperature can cause efficiency losses in the PV model. It is estimated that in a
new panel, the generated output power is reduced at a rate of 0.5% per degree Celsius [4]. In PV
models installed in ambient temperature conditions, the heating can be caused by weather conditions,
energy production (PV module temperature) or even due to electrical or mechanical degradation of
cells, leads and terminals.

The PV module performance is strongly affected by the solar irradiance and its temperature.
Therefore, it is important to know the temperature of a solar PV model to predict its power output.

The measurement of temperature in photovoltaic models plays an essential role in testing technical
standards for characterization and approval of panels (IEC 60904 and 61215), in the identification of
generation profiles on installed panels in different climate regions [5] and in determining the electrical
degradation rate of the cells [6, 7, 8]. However, the determination of the temperature of the cells in a
PV module is not usually a practical task. It is not possible to directly measure the temperature on the
cells using an encapsulated commercial module. This task becomes more complex in cases where the
panel is working under actual operating conditions, where oscillations in the intensity of solar
irradiance, speed and direction of the wind would generate thermal gradients along the surface of the
panel [4, 9].

Currently the PV module operating temperature can be determined by several techniques. The
direct measurement of the PV back surface temperature using a thermoresistive sensor (PT100, NTC,
thermocouple) [5, 10, 11], indirect measurement using infrared camera (IR), ultraviolet camera (UV)
[6, 7] or using numerical modeling is a set of techniques that allow one to estimate the thermal
behavior of a PV module [9].

The literature registers an ever growing number of publications in the study of fiber Bragg gratings
(FBG) as sensor elements in several areas of the energy sector.

FBG sensors have been utilized to measure temperature in inverters in photovoltaic systems
[12,13]. Such power circuits are used to convert constant currents (CC) to alternate currents (AC).
The electrical process in the power circuit uses power trasistors switching that operate at high
frequencies in environments with high levels of electromagnetic interference (EMI), justifying use
FBG sensors.

In this scenario, this paper presents a study of the FBG application for temperature monitoring of a

PV module in real operation condition. Also a thermal mapping of the PV module has been presented.

Il. FBG TECHNOLOGY

The FBG is a periodic modulation of the core refractive index along an optical fiber, and it operates

as a filter that reflects a sharp spectral peak at a particular wavelength, that is close to the Bragg
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wavelength (Ag), as shown in Fig.1. The Bragg wavelength is related to the spatial period of the
modulation of the core refractive index (A) and the effective index of the fundamental mode (1) in a
single mode fiber [14].

Due to the thermo-optic coefficient and photo-elastic constant, when a fiber Bragg grating is subject
to temperature changes (AT) or longitudinal mechanical stress (Al), such disturbances in the FBG
result in a shift in the Bragg wavelength (Ag ) which can be detected by an interrogator [15]. For an
FBG of Bragg wavelength at 1550 nm (nanometer), the sensitivity of a single mode ordinary fiber a
deformation of 1u€ (microstrain) results in a shift of 1.3pm (picometer) and a 1°C variation causes the
Bragg wavelength to shift 10 pm. The shift in Bragg wavelength (A1) with strain and temperature
changes can be expressed using Equation (1) where the first term corresponds to strain and the second

term corresponds to temperature changes.
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Fig.1. Functional principle of a Bragg grating fiber
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where % is the change in fiber effective index due to photoelastic effect, % is the physical

d
elongation of the sensor (corresponding fractional change in the grating spacing), % is the change

in fiber effective index due to thermo-optic effect and Z—? is the inherent thermal expansion of the

fiber material.

Due to the small size of the fiber, to the possibility of sensor multiplexing, response to linear
behavior, high accuracy and sensitivity and immunity to electromagnetic interference (EMI), fiber
sensors have attracted an considerable interest from the researchers, thus FBGs are widely used as
sensor elements,. Also, FBGs are also designed for applications in the measurement at high
temperatures (1100°C), such as boilers, pipes and even nuclear reactors [16], and measurement at low

temperatures (-253°C), such as in the monitoring of cryogenic systems [17].
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FBG sensors are immune to electromagnetic interference (EMI) and have been used in areas of high
EMI, such as monitoring of the thermal variation of stators, motors and generators [18], inside of
bearings and thyristor bridges [19]; dynamic monitoring of composite structures in service, allowing
thermal expansion monitoring; movement of the foundation piles to monitor their integrity[20] and to

the study of mechanical deformation from latex paint drying process[21].

I1l. CONVENTIONAL TECHNIQUES FOR THERMAL MONITORING IN PHOTOVOLTAIC MODULE

Nowadays, a wide variety of techniques has been demonstrated for the measurement of the PV
module temperature. The most commonly used technique is based on the use of thermoresistive
sensor (normally a PT100 sensor [5, 10, 22] or thermocouple [23]), installed exactly in the middle of
its rear surface. This option is frequently used due to the fact that the sensors which are fixed on the
front surface can produce shading in cells, causing the performance of the power output of a PV
module to deteriorate. The temperature measured at that point is considered as the average
temperature of the PV module [24].

This method has a relatively low cost and easy installation, and is widely used in indoor
measurements or in situations where the PV module temperature is controlled with a cooling system
to keep the module to within certain temperatures. In actual operating conditions some experiments
also use this method, however in real world applications, which is subject to the incidence of winds,
the thermal gradient generated by air movement can reveal significant uncertainty in the
determination of the mean panel temperature, since the temperature is measured in a single point [25].
This is also used in experimental setup for technical standards, performance analysis of PV module
and validation of the thermal model for PV modules.

Another temperature measuring method in PV modules uses thermographic cameras, which detects
the level of infrared radiation (IR) emitted by the PV module, and also captures a thermal image that
indicates the module temperature. In this technique, the measurement is indirectly performed,
knowing that the sensing system does not have a physical contact with the module. Due to practicality
requisites, the front surface of the module is normally used.

This method is used to capture the thermal gradient in PV module [6, 7, 8]. The images obtained by
IR Image generate a matrix of hundreds of points (depending on the thermal resolution of each
thermal image). An image can be produced reaching high resolution and allowing one to detect
thermal gradients, which are caused by the incidence of winds, changes in the incoming solar
radiation and changes in the weather conditions. Additional problems as in hotspots and solar cell
cracks and micro cracks are related to electrical and mechanical degradation of the PV module. The
IR Image is commonly used in inspections of the degradations in PV modules that are installed in

solar power plants.
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IV. PACKAGING AND CHARACTERIZATION OF OPTICAL FIBER SENSORS

The optical fiber sensors used in this work were produced in the photonics laboratory at the UTFPR
- Curitiba, using an interferometric fabrication technique to imprint the Bragg gratings in optical
fibers with a phase mask [26]. FBG sensors were easily multiplexed in a serial fashion along an
optical fiber using four optical fiber strands. A set of seven fiber Bragg gratings (each one located at a
distance of 14,0 cm from each other) was produced, and one of the sets had six FBGs (located at a
distance of 16,7 cm from each other). A total of 27 sensors were used to monitor temperature changes
in the PV module depicted in Fig.2.

The sensors are identified by C,_S,, where C, corresponds to the fiber cable number x =1, 2, 3 or 4

and S, corresponds to the sensor in this fiber, y = 1, 2, 3 or 4.
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Fig.2. Distribution of fiber Bragg gratings in fibers

Bare FBGs are fragile and must be handled carefully. As a consequence, a suitable package should
be designed before being used to measure the temperature of PV module.

For this purpose, the 27 FBG sensors were packaged using the technique presented in [19] and [28].
This technique uses a steel tube (commercial syringe needle), where the Bragg grating is fixed in its

interior Fig.3(a).

Glue Steel tube FBG
fiber l /
N [

25 mm
(a) (b)

Fig.3. Package technique [28] (a) and the optical fiber after encapsulation (b)

This method also protects the core from mechanical stresses arising in the optical fiber attachment

to the front surface of the PV module or from the thermal expansion that eliminates problems related
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to the cross-sensitivity effect. Due to the small size of the steel tube, shading will not occur on the
panel.

The stainless steel needle used for the FBG packaging has a length of 25.0mm, outer diameter of
0.6 mm and inner diameter of 0.4 mm. A two-component epoxy type waterproof glue was used for the
bonding the optical fiber at the ends of the needle. The fully packaged fiber can be seen in Fig.3(b).

After packaging FBGs sensors, fiber cables were subjected to a thermal characterization process.
For this purpose, the optical fibers were placed inside a hollow copper tube, which has its external
wall totally immersed in a continuous flow of DC510 silicone oil.

The oil temperature was controlled by a circulating bath from Polyscience, 9002A11B model with
precision of 0.25°C, temperature stability of +£0.01°C and operating temperature range between -
20.0°C to 200.0°C. For the monitoring of the Bragg wavelength shift of FBGs sensors, the
characterization of temperature was carried out by an optical interrogator (model DI1410, by Micron-
Optics, resolution of 1pm and tunable laser source with spectrum of 1510 to 1590nm). The recording

of characterization data was performed by an interrogator software. The characterization system is

Characterization
Circulating bath software

shown in Fig.4.

Optical interrogator|

Copper tub
Copper tube thermally

insulated Optical fibers

Fig.4. Characterization system of optical fibers

The characterization was carried out in five tests, and at each test the temperature was increased
from 10.0°C to 70.0°C in incremental steps 0f10.0°C, using a circulating bath, and the resonance
Bragg wavelength shift was acquired. At the end of the process, the linearity coefficients of each
sensor and the combined uncertainties associated with the process of characterization and the
equipment used [29].

The PT100 sensor was also characterized using the same system (circulating bath). The wide
temperature range for the calibration was between 10.0°C to 70.0°C, in incremental steps of 10.0°C.

With the data collected, the PT100 characteristics were also found.
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V. EXPERIMENTAL SETUP

The experimental setup was implemented in the laboratory of POLITEC at the UTFPR campus Pato
Branco (Latitude: 26°13'43"S, Longitude: 52°40'14" W and altitude: 761 meters). The actual operation
condition, measurements were taken under changing atmospheric condition.

The technical characteristics of the PV module provided by the manufacturer are polycrystalline PV
module of 87.0W, installed on a metal platform with 35° inclination and its front face was directed to
the north. The optical fibers were fixed on the glass cover of the PV module, being distributed each
other in parallel, with a distance of 15.0cm between consecutive sensors. The sensors were fixed by

using a silicon thermal grease. The distribution of the FBGs sensors on the glass cover of the PV
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module is shown in Fig.5.

281

Fig.5. FBGs sensors on the glass cover of the PV module

After the packaging of the 27 FBGs sensors, the fibers were connected to the optical interrogator
type DI410, that was linked to a personal computer (PC). Temperature measurements data from FBGs
sensors were recorded in steps of 1 second and the arithmetic mean of 27 points was calculated.

To reproduce the single point measurement method using a thermoresistive sensor, a PT100 sensor
(manufactured by ECIL enterprise) was installed exactly in the center of the back surface of the PV
module. To minimize the influence of ambient temperature on the measurement, a thermal insulator
of polystyrene fixed on the back of the sensor was also used.

The changes in the incoming solar radiation, wind speed and ambient temperature were monitored
using a global radiation pyrometer (SPLite model, manufactured by Kipp&Zonen), one shell
anemometer (M-3 model, manufactured by Meteor) and a precision temperature sensor (LM35 model,
manufactured by National Semiconductor).In the experiments, output current or voltage from the PV
module, the measurements of voltage and current were acquired through a resistive bridge and a Hall

effect current sensor (ACS755LCB-050 manufactured by Allegro Microsystem).
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Except for the FBGs sensors, all the other sensors were connected to a signal conditioning interface,
which amplifies and filters the signals, conditioning the electrical levels to a compatible level for the
connection with the USB data acquisition interface (model NI USB-6259 BNC, manufactured by
National Instruments).The acquiring interface transmits the sensor data to a computer (PC) with an

acquisition period of 1 second.

VI. RESULTS

Data analysis was performed comparing the measurements obtained by the optical fiber sensors to
the PT100 sensor data and to thermal imaging obtained with the infrared camera. This analysis also
sought to highlight the behavior of sensors while detecting temperature variations with the PV module
subject to two specific conditions.

The first condition corresponds to an open circuit at the output of the PV, to explore the sensors to
detect the temperature variations induced only by environmental changes. If the PV module was left
in open circuit voltage, most of the incoming solar radiation would be converted to heat [30].

The second operating condition corresponds to the PV module with output electrical current to
exploit the ability of the sensors to detect overheating caused by cell defects.

A. FBGs sensors versus PT100 (open circuit voltage — current is not flowing)

During the test in open circuit voltage, as seen in Fig.6 (a), it should be observed that both the
PT100 sensor and FBGs sensors results exhibit similar trend curves for average temperature. In
Fig.6(b), the environmental conditions during the analyzed time period are presented, where the
variations in wind speed are presented every second (as collected during the experiment) and every

minute (as calculated by arithmetic mean).
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Fig.6. Temperature measured with PTOO sensor versus the mean temperature obtained with the fibers ()
under changes in environmental conditions (b) (R = 0.47Q)

During the experiment, the occurrence of cloud cover at three different moments caused the PV
module temperature to be affected. At 11h45min, a second cloud cover of about 9 seconds did not
affect the measured temperature, keeping the same heating curve before the occurred. Probably due
to PV module large thermal mass.

During this period, the PV module temperature increased, as the low wind speed was not
significantly contributing to the model cooling. The heating effect caused by solar radiation took a
significant role. However, the obstruction of the solar radiation for some periods of time, such as at
11h34min (21 seconds obstruction) caused a reduction of 2.2°C in the FBGs and of 1.6°C in the
PT100. At 11h54min (1min06s obstruction), a reduction of 2.9°C in the mean temperature of FBGs
and 2.4°C in the mean temperature of PT100 was recorded.

Throughout the experiment, the temperature measured by the PT100 sensor remained always
higher, reaching sometimes up to 6.5°C above the mean temperature of the FBGs (periods from
11h36min, 11h59min and 11h35min).

The difference between measured temperatures using PT100 sensor and average temperatures in
sensing fibers is caused by two main reasons. In the first one, the PT100 sensor is located in the
central region of the panel that is also a spot having the largest increase in temperature. In the second
case, average temperatures obtained by the FBGs have average values calculated from 27 signals from

sensors distributed over the panel surface. Therefore, regions with smaller temperatures than the
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values measured by the PT100 may be detected. The peripheral area in the panel usually has lower
temperatures than the added regions.

It is possible to notice that the larger differences observed in periods of time with higher speed of
wind are related to the larger cooling of the most outer parts of the module surface, reducing the mean
temperature of the FBGs.

The smallest difference observed was 4.4°C and occurred at 11h26min and 11h44min. During these
periods of time, the intensity of solar radiation is nearly constant and the wind speed up to 5m/s
allowed a greater thermal equilibrium of the PV module. Then, the mean temperature measurements
of the FBGs tended to the temperature measured by PT100 installed in the center of the PV module
back surface.

The cooling effect in peripheral areas of the PV module is evidenced when analyzing individually
each FBG sensor, which presents high values of temperature. For the same period of time, significant
temperature changes in PV module surface are observed, showed in Fig.7.The maximum difference
registered was 9.8°C.
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Fig.7. Comparison of the mean temperature of FBG with the six most extreme temperature measurements

B. FBGs sensors versus PT100 (current is flowing within the module)

The behavior of the measurements of the FBGs sensors and PT100 was also compared.

In order to illustrate the behavior of the measurements obtained with the FBGs and the PT100, the
PV module was connected to different resistive loads to allow the current to flow from OA to short
circuit current (Isc = 5.34A). Due to the appropriate electrical connections of the module, significant
temperature variations in the cells were only observed from a value close to the Isc current, with a
load having a relatively low resistance (R=0.47Q). It is important to note that when considering a
constant resistive load, the current flowing in the PV module is directly proportional to incident solar
radiation in this module. Therefore, it was possible to generate an output current with a value close to

Isc produced by a solar radiation intensity higher than 600W/m?.
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In Fig.8 (a) the curves of the mean temperature for both sensors FBGs and PT100 sensor are
depicted. PT100 values always have a larger value than the temperature registered by the FBGs, with

a maximum registered difference of 5.2°C (13h08min), and minimum of 2.4°C (13h07min).
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Fig.8. Temperature measured with PTOO sensor versus mean temperature obtained with the FBG (a) under
changes in environmental conditions (b) (R=0,47Q2)

However, when the analysis of the mean temperature of each FBGs sensor was performed, it was
observed that some measured points presented significant differences in the registered temperatures,
as shown in Fig.9.
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Fig.9. Comparison of the mean temperature of FBGs with the six most extreme temperature measurements
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Significant discrepancies occur in the observed case at 12h49min, when the C,_S; sensor was at
72.6°C, and the C,_S,sensor, at 50.0°C, possibly indicating that in the region where the C, S; was
installed, a cell overheating due to electrical degradation or resistive mismatching with other cells
occurred while connected in series. At this point, it has also been observed that this heating occurred
due to a period of time with low incidence of winds.

With the use of an infrared camera, it was observed that the cells monitored by sensors C;_S,,
C,_Ss and C,_Sshave higher registered temperatures than the other sensors.

Another observed feature in these cells is that the thermal variations are higher. It can be seen
between 13h08min and 13h12min, where after a period of time with low solar radiation incidence
(240W/m?), due to sun obstruction by a cloud cover, the incidence level increased (1231W/m?).
During this period of time, the cell monitored by C;_S, sensor increases its temperature from 56.9°C
to 67.6°C. In the same period of time, a cell without defects that was being monitored by the C,_Ss
sensor varied its temperature from 44.6°C to 47.5°C.

In general, for both assays the average of the FBGs and the PT100 temperature showed the behavior
of their similar curves, a difference between them being only observed in the range of 3.3°C to 7.2°C
(no current) and 2.1°C to 5.2°C (with current close to Isc).

FBG sensors present a suficiente sensitivity for the detection of electrical problems in photovoltaic
cells that are evidenced by positive thermal changes in the registered values. Since the current
commercial photovoltaic panels are sealed, it is not feasible to change the deteriorated cells that are
overheating without damaging the others. Therefore, registered temperature measurements can be
used to identify possible causes of such problems like poor quality cells, failures in the panel

fabrication process, resistive mismatch between cells, among other problems.

C. FBGs sensors versus thermal imaging (current is not flowing)

In the experimental setup, an infrared camera was used (model TI-25, manufactured by Fluke,
measurement range -20°C to 350°C, precision of +2°C).

The thermal gradient of the PV module was measured by the 27 FBGs sensors. With the results
obtained from the distributed FBG sensors, a map with the temperature location on the PV module
surface was generated in color scale, as shown in Fig.10(a).

The thermal gradient obtained by the thermal image was captured by setting the emissivity (¢) equal
to 0.85 (glass emissivity). For a better visualization, where the FBGs sensors were installed, the FBG
location is identified being represented by P1 to P27.

The images were registered by an infrared camera with an automatic scale bar for enhanced image

resolution, as illustrated in Fig.10(b).
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The differences of maximum and minimum temperatures values between the points measured by
the FBGs and the values obtained by the infrared camera for the same points were around 2.90°C (P3)
and -1.52°C (P26), with solar radiation intensity of 980W/m?and wind speed of 0.5m/s.

As the wind incidence was assumed to be zero, it was observed that thermal variations caused by
the heat from the incident solar radiation exposure and cooling due to the free convection can be
detected by the FBGs sensors, acquired from the bottom of a heated inclined PV module.

Natural convection of air is significant and temperature of the inferior part of the PV module being

colder than the superior part.
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Fig.10. Thermal gradient obtained with FBGs sensor(a) with infrared camera (b)

D. FBGs sensors versus infrared camera (current is flowing within the module)

Now current is flowing within the module and in Fig.11(b) five regions with the hottest cell (P2, P4,
P6, between P8 and P15, P17 and P24) were detected by the infrared camera. The FBGs have found
all those hot regions, except the region between P8 and P15 since it was a blind spot to the FBG
sensors, as can be seen in Fig.11(a).

In this specific region, the heat had no direct contribution caused by cells with problems, and is due
to the module box that is installed on back surface of the PV module, exactly in this region. The air
temperature in the closed box increased and the convective heat flow allowed the thermal energy to be
transferred to that region in the PV module. The greatest temperature differences between the
measurements of FBGs and the thermal images at the same points were -0.41°C (P1) and 3.66°C
(P16).

It is possible to observe the cells that have the higher temperatures with the thermal image obtained
by the infrared camera. The cells shape can be visualized with the same image.

In the generation of the thermal gradient created by software, the heating points are detected, even
though the limitation of the area of each cell is not shown. To make this gradient clearer, a possible
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solution would be to implement a mathematical model to limit the area of each cell, allowing a more

realistic approach to thermal panel distribution.
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Fig.11. Thermal gradient obtained with FBGs measurement (a) with infrared camera (b) (R=0,47Q)

CONCLUSION
It has been demonstrated that FBGs sensors can be used for temperature measurements and are

suited to be attached to the cover glass in the PV module. The FBG sensors were sensitive to
temperature changes caused by the distributed heat on the cells and the thermal gradients caused by
natural convection and wind incidence.

For quasi-distributed temperature monitoring on the frontal surface of the PV module, the FBG
sensors were able to register a mean temperature of the PV module in ambient temperature condition.
They have yielded good agreement when compared with traditional PT100 sensor and a superior
performance to measure quasi-distributed sensors in the PV module.

The improvement of the quality in temperature measurements obtained with the FBGs can
significantly contribute to the quality of tests based on technical standards for photovoltaic panels in
open environments. This become more evident in the case of determination of energy conversion
performance (IEC 60904) and electrical and mechanical degradation tests in panels (IEC 61215). In
such tests, operating temperature is a critical parameter for homologation and qualification of
evaluated panels.

Thermal mapping produced by the FBG sensors also allow an improved resolution in the
registration of temperature variations at each panel region. Those temperature changes gradually
deteriorate cells, tracks and conections in the panel. The use of such sensors for the thermal mapping
is an important tool for the study of improvements in the constructive process of panels.

The measurements made with the infrared camera demonstrated that thermal image has a high
resolution, but the monitoring with thermal images is an obstacle that will have to be overcome.
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The thermal mapping carried out with FBG scan be performed, however sensors must be attached
to the glass cover.

The use of FBGs sensors was proven to be an attractive option to monitor thermal variations of the
PV module. The monitoring process performed along several hours or days does not require the
constant presence of the operator to capture thermal images during data collection.

Due to the fragility of FBGs sensors for use in usual weather conditions, the sensors must be
packaged. The use of small metal tubes for packaging did not cause shadings in the cells, allowing
stable and consistent measurements of the surface temperature of the module, proving to be an
attractive option for this type of application.
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