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The frequency domain approach is based on the temperature dependence of the phase-shift (∆∅) between a modulated excitation signal and corresponded emission signal, which is an interpretation of the lifetime (𝜏) in the frequency domain, assuming a mono-exponential behaviour (∆∅ = 2𝜋𝑓 𝑚 𝜏), and which depends on the excitation modulated frequency (𝑓 𝑚 ). Unlike the time-domain method, which requires rectangular pulses and which decay time is relatively insensitive to the duration and frequency of the pulses, in the frequency domain, various periodic waveforms can be used (square, rectangular, sine, truncate, etc) 4 and the performance is largely influenced by the modulation frequency 5 . Here, we investigate the optimum measurement parameters for the phase shift methods, and then compare the two techniques when used to evaluate the same data. These findings are then applied for 2D temperature measurements on an electrical battery.

The optimization of the phase-shift method was first performed in a point measurement configuration, the phosphor powder is housed in a temperature-controlled cell and excited by a blue LED (455 nm), while the luminescence emission (690 nm) was filtered with a 665 nm LP filter and collected with a silicon photo-diode. YAG: Cr 3+ is used as a phosphor, since it is excitable in the visible region (450 nm), and it has a relatively long lifetime at room temperature (ms) which does not require fast electronics for excitation and detection but is yet fast enough for the slow battery charging process evaluated in this work. Measurements were performed at steady temperature conditions, over five temperatures ranging from 24 to 110°C and for five modulation frequencies ranging from 50 to 1000 Hz. Each recording set were split into data subsets of fixed timespan defining the temporal resolution of the measurements before evaluating the phase of the signal in each subset by discrete Fourier transform (DFT). The mean phase shift served as temperature calibration curves, which are frequency dependent, and the subset-to-subset variations are used as an estimate of the phase shift precision 𝜎 ∆∅ . To analyse the parameters influencing the temperature precision, we decompose it as shown in Error! Reference source not found..

𝜎 𝑇 = 𝜎 ∆∅ ( 1 𝜏 𝑑𝜏 𝑑𝑇 ) × ( 𝜏𝑑∆∅ 𝑑𝜏 )

Equation 1 Temperature precision

This equation has three terms and each of them were analysed to find the possibility of optimization. There, it was found experimentally that 𝜎 ∆∅ is approximately constant for phase shift values below 7𝜋/16. (

1 𝜏 𝑑𝜏 𝑑𝑇
) is the relative lifetime sensitivity of the phosphor, which is an intrinsic property of the phosphor and cannot be optimised. Lastly,

( 𝜏𝑑∆∅ 𝑑𝜏
) is a sensitivity factor, which was found to correlate well with its theoretically value ( 𝑡𝑎𝑛(∆∅ 1+(𝑡𝑎𝑛(∆∅)) 2 ) and is maximized when ∆∅ = 𝜋/4. From this analysis, the optimum frequency for a given phosphor and temperature range is 𝑓 𝑚,𝑜𝑝𝑡 = 1/2𝜋𝜏 which agrees with other studies6 . Thus, for temperatures ranging between 0 -75°C, 100 Hz was found to be the optimized frequency.

In addition, the phase-shift method was compared with the lifetime method, under the same data, for three different scenarios: noisy data, smooth data and long off-time data. To evaluate a single decay time, constant in a robust manner, on decay curves presenting a multi-exponential nature, an iteratively defined fitted window method7 is often used in conjunction with a Levenberg-Marquardt algorithm. This was applied here and the comparative results are presented in Figure 1, which shows that the phase-shift method provides better temperature precision under the different scenarios, especially for noisy data where the improvement is more notorious. This effect, which is also observed on synthetic data, is a direct effect of the data evaluation algorithm, where the DFT used in the frequency domain method results in lower variations than the Levenberg-Marquardt non-linear optimization used for the time domain methods.

Finally, the optimal parameters were used when applying a 2D phase shift approach to measure the surface temperature of a pouch cell electrical battery. The battery (26x25 cm) was coated with a mixture of YAG:Cr 3+ powder and HPC binder and was illuminated by two blue LED's (1W) modulated squared-waveform at 100 Hz and the luminescence was collected by a high-speed camera recording at 5 kHz. Phase shift field was evaluated from recordings of 1250 images for an integration time of 250 ms. The measurements were conducted while charging and discharging the battery. Figure 2 presents one of the temperature images during charging which indicates the non-uniform heat generation due to different tap materials. Using isothermal data at room temperature, the single pixel precision was found to be 60 mk for an image resolution of 150 x 150 pixels corresponding to a spatial resolution of around 1.8 mm. 

Conclusions

This study demonstrates that phosphor thermometry when optimised can provide measurements with a level of precision in the tens of mK range. In this respect was found that the phase shift method can yield a better performance than the decay time method at fixed time resolution. Those findings were exploited to probe the non-uniform heat generation on a battery pouch cell during charging with a level of temperature resolution comparable to IR thermography with the significant advantage that it uses only visible radiation.
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 1 Figure 1 Phase-shift vs lifetime method under the same data.

Figure 2 :

 2 Figure 2: Temperature imagen on battery surface during charging.
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