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Abstract

:

In this work, a fiber Bragg grating (FBG) sensor network inscribed in a polarization-maintaining (PM) fiber is proposed to proceed with a multipoint simultaneous temperature and strain discrimination in different locations (positive and negative terminals, and middle) on a cylindrical Li-ion battery. The birefringence property of the PM fibers, together with FBG sensors, allowed such an application using only one fiber line fixed to the edges of the battery. The battery was subjected to two different charge/discharge cycles, one with nominal charging and discharging conditions (1.00 C and 1.13 C, respectively) and another with abusive conditions (1.88 C for charge and 2.39 C for discharge). The PM-FBG sensors registered maximum temperature and strain variations at the end of the abusive discharge process of the battery; the positive terminal achieved a 28.7 ± 0.3 °C temperature variation, while the center achieved 221 ± 10 με strain variation. The results indicate a different strain variation behavior in the middle location when compared to the negative and positive terminals, as well as a higher temperature variation in both terminals when compared to the middle location. The use of PM-FBG sensors successfully demonstrates their feasibility in locally tracking and discriminating strain and temperature shifts in a battery surface. To our knowledge, this is the first study using the application of PM-FBG sensors to monitor and discriminate critical safety parameters in Li-ion batteries.
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1. Introduction


Lithium-ion batteries (LiB) are currently widely used in several solutions regarding energy storage, portable energy supply, and automotive mobility. Since the beginning, LiBs have achieved a substantial improvement in their characteristics due to applications of discoveries in their construction [1,2]. Owing to thire high energy density, longer cycle life, and actual scalability, the application of LiBs in several projects regarding electrical mobility and remote power supply has been massively increased [3]. The most significant challenge in designing a LiB system is to ensure its inherent safety under normal and abusive operating conditions, which is essential to control key parameters such as temperature and strain variations [4]. High temperatures within the battery cell may damage an important battery component, i.e., the solid electrolyte interface layer, triggering uncontrolled exothermic reactions between the lithiated anode and the liquid electrolyte, leading to the rapidly and irreversible increase of internal temperature and, thus, inducing combustion or eventual explosion of the cell, compromising the battery safety [5]. Uncontrolled strain on the battery shell may lead the appearance of cracks and will expose the internal components battery to the oxygen, also compromising battery safety. Thus, due to the use of batteries with increasing capacity and energy density, the monitoring and control of strain and temperature variations with high precision and speed are mandatory.



Once the internal battery parameters are crucial to truly understand the state of the cell while submitted to charge/discharge cycles or during electric vehicle operation, they are essential to develop better approaches regarding the battery performance, lifetime, and safety. This fact motivated the INSTABAT project to research and develop smart batteries, and to develop new methodologies to sense critical parameters within the battery cells [6]. LiBs are monitored by a battery management system (BMS); however, currently, this system can only measure accessible external parameters such as voltage, current, and external temperature. As the control of internal parameters is critical to the safety of LiBs, the BMS can make approximations and predictions based on theoretical models, yet it cannot sense the temperature inside the battery [7]. This fact has led to several investigations regarding temperature sensing within the battery cell [8,9]. Generally, electronic sensors are used for this purpose; however, these devices present low endurance against the electrochemical harsh environment of LiBs, and their volume is too overwhelming for insertion into a battery cell with low invasiveness, leading to unreliable measurements and significant damage to the battery cell. An alternative measurement solution is the use of sensors based on optical fiber technology [10,11]. Optical fiber sensors (OFSs) started to be integrated into LiBs in 2013, improving the monitorization of parameters, such as temperature, strain, and pressure [3,12,13,14,15]. The tracking of these parameters enables real-time control of battery indicators such as the states of charge, discharge, health, power, energy, and safety (SoX) [16,17].



Among OFSs, fiber Bragg grating (FBG) sensors are currently highly rated and widely used to sense battery parameters. FBG sensors present many advantages, such as multiplexing and multipoint measurement possibilities, immunity to electromagnetic interference, small size/low invasiveness, greater precision, and faster response time when compared to usual electronic sensors, such as thermocouples, thermistors, and strain gauges [18].



In 2016, FBGs were integrated into LiB cells to perform temperature tracking during charge/discharge cycling tests. The authors claimed that the reduced dimensions and high chemical endurance make them an attractive choice to be embedded within LiBs [4].



Nascimento et al. integrated FBGs and thermocouples (TC) on the same LiB surface locations, aiming to compare their signal responses. The results revealed that the FBGs presented better performance in terms of response rate and rise time to temperature variations, making the optical sensors a better solution for real-time temperature tracking [19].



The same authors also developed a study regarding the thermal behavior on a surface of LiB, using an FBG network to detect the influence of different environmental conditions on battery performance. It was possible to verify critical areas of the battery where a sharp thermal gradient is originated; in these regions, a higher heat dissipation rate is required. Faster shifts in voltage tends to induce higher temperature variations on the LiB surface [20].



McTurk et al. also developed an internal temperature measurement using FBGs, using Li-plated Cu wire as a reference. The temperature in the cell core was higher than the surface of the battery shell at the end of a 1 C discharge step [14].



Yang et al. used FBGs integrated in LiBs to compare the performance against thermocouples, measuring temperature variations in real time while the batteries operated under different charge/discharge conditions. The FBG sensors exhibited a better thermal response when compared to the thermocouples [16].



FBGs are simultaneously sensitive to multiple external variations, suffering from large cross-sensitivity. This behavior can lead to an inaccurate measurement if the negligible external parameters are not kept constant or are not controlled by others sensor heads. The external temperature variation may interfere with strain measurement experiments if an accurate strategy is not elaborated [11].



In this way, there has been increasing interest in the development of efficient approaches to segregate multiple parameter stimulations in FBG sensor applications. The utilization of FBG sensors in two different parallel optical fiber lines, where one is submitted to strain and the other is in a strain-free situation, has already been applied to track and discriminate simultaneous strain and temperature in batteries [21]. However, recent studies regarding the application of the birefringent properties of polarization maintaining (PM) fibers revealed new possibilities to discriminate such parameters using only one optical fiber line. Nevertheless, PM optical fibers have not yet been applied to battery research.



In 2014, Li et al. used chemically etched FBGs in PANDA PM fiber to achieve temperature-independent refractive index sensing [22]. In 2017, Zhu et al. used PANDA-FBG sensors to measure a dynamic strain and temperature sensing system, using thermocouples and strain gauge sensors to better propagate the measurement errors [23]. In 2019, FBG sensors inscribed in a PM few-mode fiber were used to discriminate simultaneous temperature and strain variations [24]. In 2020, Guo et al. proposed and demonstrated a highly birefringent FBG fabricated by the inscription of a sawtooth stressor close to the optical fiber core; the sensor was capable of simultaneously measuring temperature and strain [25]. In 2022, Lu et al. developed a sensing probe based on a birefringent interferometer cascaded with a PM-FBG sensor; they experimentally demonstrated temperature, strain, and refractive index discrimination simultaneously using only one sensor head [26].



In this study, an exploratory application using birefringent optical fibers in battery sensing is demonstrated and discussed. Using only one PANDA optical fiber line, with three FBG sensors recorded on it, the simultaneous discrimination of external temperature and axial strain variations of an 18650 LiB, during different galvanostatic cycles, was performed. To our knowledge, this is the first time that the application of PM optical fiber sensors in batteries is reported.




2. Materials and Methods


2.1. The Battery


For the experiment, a commercial INR18650 MH1 3200 mAh LiB (18 × 65 mm), manufactured by LG Chem company, with a nominal voltage of 3.63 V, was tested in charge and discharge cycles over different constant-current constant-voltage (CCCV) and open-circuit voltage conditions. To perform the tests, the polymeric protection of LiB was removed to disclose the aluminum surface of the battery, as shown in Figure 1.




2.2. FBG Sensor Inscription


The FBGs were inscribed in a commercial photosensitive PANDA fiber (PS-PM980, Thorlabs Inc., Newton, MA, USA) with a birefringence index of 3.0 × 10−4. A phase mask method was used for the inscription step, using a pulsed Q-switched Nd:YAG laser system (LOTIS TII LS-2137U Laser, Minsk, Belarus) lasing at the fourth harmonic (@266 nm) and focusing the beam on the fiber with a plano-convex cylindrical lens (working length of 320 mm) [27]. The physical length of the inscribed FBGs was 8 mm. The inscription time of each FBG was around 180 s. An illustrative scheme of the inscription method is presented in Figure 2. The optical interrogator (Hyperion si155 Optical Sensing Instrument, Luna, VA, USA) was used to acquire the reflected signal of the FBG sensors while they were inscribed, and the optical system represented the lens and mirrors aggregated to direct the ultraviolet (UV) beam to the phase mask.



To track strain and temperature shifts at three different points of the battery, three FBGs (0.8 cm in length, spaced out 1.4 cm from each other) were inscribed in the PANDA fiber to employ a multipoint measurement setup. At room temperature, 20 °C, the Bragg wavelengths for fast and slow peaks were 1530.64 nm and 1531.05 nm (PM-FBG1), 1539.05 nm and 1539.46 nm (PM-FBG2), and 1553.19 nm and 1553.61 nm (PM-FBG3), respectively, in a strain-free situation. Accordingly, different phase masks were used to inscribe each PM-FBG sensor. Figure 3 shows the spectral response of all PM-FBGs designed, resulting in the PM optical fiber line sensing probe.



The PANDA fiber geometry induces anisotropic behavior of the effective refractive index along the fiber, originating two refractive index components (   n f    and    n s   ) depending on the light polarization direction. Once the Bragg wavelength depends on the effective refractive index (Equation (1), where    Λ B    is the period of the FBG gratings), two Bragg wavelengths (   λ f    and    λ s   ) reflections can be observed in the spectrum reading. The effective birefringence value (B) can be calculated using Equation (2) [28].


   λ  f , s   = 2  n  f , s    Λ B  ,  



(1)






  B =  |   n f  −  n s   |  =  |     λ f  −  λ s    2  Λ B     |  ,  



(2)




where    n f    and    n s    are the effective indices for the slow and fast modes, respectively.




2.3. Strain and Temperature Calibrations


To proceed with the longitudinal strain calibration, a micrometric translation stage method was performed. For this, the fiber with all PM-FBG sensors was fixed with glue on the edges of a static base and to a translation stage, as shown in Figure 4. The initial length (L) was 345 mm, increasing in 0.05 mm steps up to 0.55 mm length variation.



To correlate the variation in length to strain, Equation (3) was used.


  ε =  δ L  ,  



(3)




where L is the initial length in mm,  δ  is the length variation in mm, and  ε  is the longitudinal strain applied to the fiber.



For the thermal calibration process, the optical fiber was already fixed to the battery cell surface with glue, subjecting the fiber and the PM-FBG sensors to thermal expansion/contractions, and allowing the detection of the real temperature sensitivity promoted by the sensitivity-increasing effect due to the thermal expansion coefficient of the aluminum alloy battery shell, during heating and cooling steps [30]. The fiber in the sensor’s regions was covered by a thermal paste to improve heat flow between the battery and the sensors. The temperature calibration was performed by changing the temperature between 25.0 and 50.0 °C, in 5 °C steps, during the heating and cooling processes. The climatic chamber (model LC64, from WeissTechnik, Supplylab, Lisbon, Portugal, with an operating range between −70 and 180 °C) was used for this proposal. The battery cell instrumented with the optical fiber was introduced in the climatic chamber and submitted to different temperatures; the optical interrogator provided the Bragg wavelength peaks relative to the temperature variation. A PC with the Enlight® software was used to proceed with the data visualization and data logging.




2.4. Experimental Cycling Tests


For the experimental tests, two different cycles were performed (normal and abusive conditions), each of them consisting of one consecutive discharge/charge cycle with a rest interval between each operation, for temperature stabilization under normal convection. The battery and the sensors were always kept in a constant-temperature environment at 20 °C. For the charging process, a commercial Turnigy Accucell-6 balance charger/discharger was used to guarantee two different charge currents at 1.00 C (normal condition) and 1.88 C (abusive condition). Due to the safety restrictions of the equipment, during this step, the current decreased over time. For the discharge processes, resistors of 1 Ω and 0.48 Ω were used to guarantee 1.13 C (normal condition) and 2.39 C (abusive condition) discharge rates, respectively, during the experiment. A 12 bit resolution data acquisition system (DAQ) (USB6008, National Instruments) provided the data acquirement of voltage in the battery’s terminals. A computer connected to the devices accomplished the data logging of the measurements, allowing real-time monitoring; the experimental setup is exemplified in Figure 5a.



The optical fiber with all sensors was attached to the battery surface after thermal characterization, and the distance between consecutive fixed points was 2 cm. The battery was always disposed of in the horizontal orientation, as shown in Figure 5b. The subsequent data processing was performed using a MATLAB® routine.




2.5. Temperature and Strain Discrimination


All PM-FBG sensitivities were essential to proceed with the simultaneous discrimination of temperature and strain. As shown in Equation (4), the K matrix was composed of the sensitivity constants to temperature and strain, where    K f    and    K s    represent the sensitivity of the fast and slow peaks, respectively, for both temperature (T) and strain (ε) [31].


   (      Δ  λ f        Δ λ s      )  =  (       K  ε f        K  T f          K  ε s        K  T s        )   (      Δ ε        Δ T       )  = K  (      Δ ε        Δ T       )  ,    (      Δ ε        Δ T       )  =  K  − 1    (      Δ  λ f        Δ λ s      )  .  



(4)







By proceeding with the calculation of the inverse matrix and multiplying it by Bragg wavelength of fast (  Δ  λ f   ) and slow (  Δ  λ f   ) peaks of each sensor, the result provided the discriminated strain (  Δ ε  ) and temperature (ΔT) shifts.





3. Results


3.1. PM-FBG Temperature and Strain Discrimination


After the calibration processes, the sensitivities for fast and slow peaks of each PM-FBGs were determined and are described in Table 1. In this experimental configuration, higher temperature sensitivities were obtained due to the thermal expansion coefficient of the battery aluminum surface material, when compared to the sensitivity of a strain-free optical fiber [17].



Once the aluminum thermal expansion differed according to its thermal condition (material hysteresis), i.e., a cooling or heating situation, two different thermal sensitivities could be determined relative to each PM-FBG sensor. In this way, in this study, different inverse matrices were applied for the calculations of ΔT and Δε during the cycling tests, depending on if the last ΔT iterative derivative was positive (heating) or negative (cooling). However, to overcome this issue for real sensing applications, a mean value could also be determined between both heating and cooling sensitivities, although this last strategy may induce less accurate measurements. The mean errors associated with the ΔT and Δε measurements were calculated considering the standard deviation between the maximum and minimum fluctuations of the sensors signals acquired in the climatic chamber with a stabilized temperature (20.0 ± 0.3 °C) varying the strain values, and by varying the temperature with a fixed strain (500 ± 10 με). For these calculations and to increase the measurement accuracy, precise signal processing tolls based on data treatment FFT filters were used.



Accordingly, the K sensitivity matrix for each sensor, in both heating and cooling situations, and the respective determinants are shown in Table 2. For possible simultaneous measurement, the determinant value must be nonzero.




3.2. Experimental Results during Galvanostatic Cycling Tests


Figure 6 shows the temperature and strain variations over voltage performance at charge/discharge cycles for the PM-FBGs placed in positions close to negative terminal (PM-FBG1), middle of battery (PM-FBG 2), and positive terminal (PM-FBG 3). The different steps of the experiment are separated by dashed lines, where D, C, and R represents discharge, charge, and rest steps, respectively. Both charge and discharge processes presented greater temperature and strain variations when the battery was operated at higher C-rates. For both charge steps, the temperature increased in the first half of the process and then decreased until the end of the charge, due to the current adjustment charging mode of the charger used.



For the first cycle, under normal operating conditions, the temperature variation reached similar values during the charge and discharge processes and the negative terminal presented higher variations (12.5 ± 0.3 °C) when compared to the middle (9.5 ± 0.3 °C) and the positive terminal (12.2 ± 0.3 °C). In the final of the 1.13 C discharge, the middle of the battery presented higher strain variation (155 ± 10 με) if compared to the negative (113 ± 10 με) and positive (123 ± 10 με) terminals; otherwise, a contraction/relaxation was observed during the 1.00 C charge process. On the negative terminal (see Figure 6a), a sudden decrease in the strain was observed exactly when the charge step started, probably correlated with the Li-ion migration to the positive side of the battery. During the rest intervals, both temperature and strain variations were relieved. Despite the higher current rate in the terminals of the battery, the middle location presented higher strain variations, probably due the battery cylindrical shape, whereas the middle of the cylinder presented higher displacement freedom when compared to the terminals.



For the second cycle, under abnormal operating conditions, the temperature and deformation registered the most significative increases in the test. As shown in Figure 6c, at the end of abusive discharge, the positive terminal achieved the highest temperature variation (28.7 ± 0.3 °C vs. 21.0 ± 0.3 °C in the middle and 25.9 ± 0.3 °C in the negative terminal), due to the higher internal current flows on this region. On the other hand, in the middle, the highest strain variation was registered, 221 ± 10 με, vs. 143 ± 10 με in the negative and 107 ± 10 με in the positive terminals, respectively. After the beginning of the abusive charge, for almost 10 min, the middle location (see Figure 6b) also presented a positive strain shift, followed by a relaxation behavior, similar to the first charge cycle, in normal conditions, up to the end of this process.



Correlating the strain changes to deformation values of the battery is possible by multiplying it by the distance between the optical fiber fixed points, using Equation (3). In this way, the deformation measured in this experiment can be referent to the thermal expansion and contraction of the battery materials, as well as the lithium-ion flow during their operation, resembling breathing, in which there is an expansion during discharge and a contraction during charge. The higher relative deformation detected by the PM-FBG sensors was ~0.02 % at the end of the abusive discharge and in the middle location (see Figure 7).



The results obtained are in accordance with previous studies regarding battery cell strain behavior during charge/discharge cycles, using strain gauges placed in different spots of 18650 batteries [32]. In this way, future work regarding the application birefringent PM optical fibers in other battery configurations (pouch cells) may be approached using these types of sensors, enabling the simultaneous measurement of internal temperature and strain variations in different battery points or multi-stack layers.



The proposed approach promotes a noninvasive, multipoint, and real-time monitoring of battery cell safety parameters. Such a technique has no influence on the safety or performance of the battery cell, once neither the interior nor the battery housing is damaged by the optical sensors. Although the tests are based on a commercial battery operation, applying this technique in real commercial applications would require extra cost, mainly to promote the adequate interface for the integration of the optical data obtained in the BMS and to guarantee the standardization of measurements. The purpose of this application is to develop new and better approaches to acquire temperature and strain variation data for future estimations of battery safety parameters; therefore, it is not expected to apply this instrumentation setup to real commercial applications.



PM-FBG sensors may be embedded within battery cell materials to track internal strains variations; however, to provide a simultaneous measurement of temperature and strain within the cell, the optical fiber would have to be allocated during the manufacturing process of the jelly roll. However, we believe that such a sensing approach would be more useful when applied during the development stage of new battery designs (laboratory tests), before their commercialization, in order to evaluate their performance and safety limits. Later, it would be possible to correlate the internal parameter data to develop new thermal model algorithms.



The measurement range of optical fiber sensors is determined by the physical limits of the respective optical fiber where these types of sensors are inscribed. In this way, as the optical fiber used was a commercial silica fiber, a measurement range of −50 to 350 °C and up to 3000 με is expected for temperature and strain variations, respectively. In a thermal runaway event, the battery can achieve maximum temperatures on the order of 1000 °C; however, as it is triggered in a temperature range of 100–250 °C [33] and as the main objective of this sensing approach is to improve the safety through the early detection of the thermal runaway events, the PM-FBG sensors used are available to identify the first triggering stages of thermal runaway.





4. Conclusions


A simultaneous temperature and strain discrimination using FBG sensors recorded in PANDA fibers was studied in real time and during operation of an 18650 Li-ion battery, for the first time. Temperature calibration of the sensors was performed after being fixed in direct contact with the cylindrical battery surface. Voltage performance during different charge/discharge cycles, at 1.00 C (normal condition) and 1.88 C (abusive condition) for the charge step, and at 1.13 C (normal condition) and 2.39 C (abusive condition) for the discharge step, was evaluated to collect and analyze the temperature and longitudinal strain variations from the three PM-FBGs located in different zones of the battery (negative terminal, middle, and positive terminal). According to the results, the PM-FBG sensors located in the middle of the battery detected higher longitudinal strain variations, during the discharge process, in both cycles. Close to the positive terminal, in abusive conditions, higher temperature variations were monitored due to the higher current fluxes, and higher heat generation was simultaneously produced. Longitudinal deformation data indicated that the battery compensated for the extension suffered during discharge and for the contraction suffered during charging steps.
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Figure 1. INR18650 MH1 3200 mAh battery cell. 
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Figure 2. Illustrative scheme of FBG sensor inscription. The phase mask splits the UV beam into secondary beams, −1st order and +1st order, which interact with the optical fiber core, originating the gratings and the FBG sensor [29]. The birefringence property of the PM optical fibers induces two different propagation modes, resulting in two shifted Bragg wavelengths represented by the fast and slow peaks, as shown in the spectrum read of the optical interrogator. 
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Figure 3. Spectrum response of the three PM-FBG sensors inscribed in the same PM optical fiber; six peaks were acquired using the optical interrogator and the fast and slow peaks of each PM-FBG sensor. 
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Figure 4. Schematic of micrometric translation stage method. The PM fiber and the PM-FBG sensors were subjected to crescent strain steps, while the optical interrogator performed the Bragg wavelength variation measurement, allowing the correlation of strain variation and the Bragg wavelength shift. 
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Figure 5. (a) Illustrative scheme of the experimental setup. (b) The optical fiber and the PM-FBG sensors fixed to the battery cell. The optical fiber was fixed to the battery after temperature calibration; thus, the experimental probe was in near-initial strain conditions. 
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Figure 6. (a) Temperature and strain variations detected over voltage performance for (a) negative terminal (PM-FBG 1), (b) middle (PM-FBG 2), and (c) positive terminal (PM-FBG 3) of the battery. 
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Figure 7. Deformation variation detected by the PM-FBG sensors over voltage signal for (a) negative terminal, (b) middle, and (c) positive terminal of the battery. Higher deformation variation was recorded in the middle location, at the end of abusive discharge, where a 0.02% variation occurred. The higher deformation registered in the charge steps were in the early beginning of such processes, presenting a lower relative displacement of 0.01%, also in the middle location. The battery terminals tended to present lower deformation values. 
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Table 1. PM-FBG temperature and strain sensitivities obtained from the experimental calibrations.
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Temperature [pm/°C]

	
Strain [pm/με]




	

	
Heating

	
Cooling

	






	
Sensors

	
    K  T f     

	
    K  T s     

	
    K  T f     

	
    K  T s     

	
    K  ε f     

	
    K  ε s     




	
FBG 1

	
22.1 ± 0.2

	
21.7 ± 0.2

	
23.3 ± 0.2

	
23.0 ± 0.2

	
1.201 ± 0.005

	
1.211 ± 0.006




	
FBG 2

	
22.3 ± 0.2

	
21.7 ± 0.2

	
23.5 ± 0.2

	
23.0 ± 0.2

	
1.207 ± 0.005

	
1.216 ± 0.006




	
FBG 3

	
22.5 ± 0.1

	
22.1 ± 0.2

	
23.7 ± 0.3

	
23.3 ± 0.3

	
1.215 ± 0.005

	
1.225 ± 0.005
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Table 2. Determinant values calculated from the matrixial method during heating and cooling steps.
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Heating

	
Cooling




	
Sensors

	
K Matrix

	
Determinant

	
K Matrix

	
Determinant






	
PM-FBG 1

	
   K =  (          1.201     22.1               1.211     21.7          )    

	
−0.701

	
   K =  (          1.201     23.3               1.211     23.0          )    

	
−0.593




	
PM-FBG 2

	
   K =  (          1.207     22.3               1.216     21.7          )    

	
−0.925

	
   K =  (          1.207     23.5               1.216     23.0          )    

	
−0.815




	
PM-FBG 3

	
   K =  (          1.215     22.5               1.225     22.1          )    

	
−0.711

	
   K =  (          1.215     23.7               1.225     23.3          )    

	
−0.723
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