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In dissolved gas analysis of transformers, methane is one of the key indicators for fault diagnosis, thus accurate methane detection means a lot for early transformer failure caused by partial discharge or overheat. Photoacoustic Spectroscopy (PAS) combined with Tunable Diode Laser (TDL) as light source, is to provide high precision and selectivity in gas measurement, especially in conditions of trace gas measurement with limited light length and sample volume. By constructing an experimental platform, the intensity, linearity, and stability of photoacoustic signals under different bias DC waveforms (sawtooth wave, triangle wave, and sine wave) were compared and analyzed. The experimental results indicate that different bias DC waveforms have a significant impact on the photoacoustic signal. With sine wave configuration the system achieves the best measurement performance and accurate methane measurement (under 1.4 s integrated time, the detection limit 0.2 ppm) and meets the requirement of on-line dissolved gas analysis (DGA) for transformers.
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1 INTRODUCTION
Transformers, as critical components within power systems, have operational states that directly impact the safety and stability of the grid. Dissolved Gas Analysis (DGA) serves as a vital method for diagnosing internal faults in transformers, with methane (CH4) being one of the characteristic gases whose concentration changes can effectively indicate the severity of internal transformer faults (IEEE Xplore, 2019). Therefore, the accurate detection of methane concentration in oil is of significant importance for the early warning and diagnosis of transformer faults.
Traditional DGA detection technologies, such as gas chromatography, electrochemical sensing, and infrared spectroscopy, although widely used, are often limited by issues related to sensitivity, selectivity, or response time. In early photoacoustic spectroscopy DGA, broadband infrared light sources combined with narrowband filters were typically used as light sources, with mechanical choppers modulating the light signal. The moving parts could introduce instabilities, such as frequency fluctuations or phase changes, which might affect the accuracy and repeatability of measurements (Miklos et al., 2011; Liu et al., 2020). Additionally, narrowband filters, used to selectively transmit light of specific wavelengths, usually have a linewidth of tens to hundreds of nanometers, which can lead to overlapping absorption peaks of different gases, causing cross interference of absorption signals, especially severe in multi-component gas analysis (Hodgkinson and Tatam, 2013; Ren et al., 2020).
Tunable Distributed Feedback (DFB) lasers can provide very narrow linewidths (no more than 3 MHz) and highly stable output, reducing cross-interference from other gases. Moreover, as one of the most important features of tunable lasers, the wavelength of the output light can be altered by modulating the injection current of the laser (Ren et al., 2020), eliminating the need for mechanical chopping, thereby reducing vibrations and electromagnetic interference caused by mechanical choppers and simplifying the overall structure of the device.
In recent decades, there has been considerable research on laser photoacoustic spectroscopy for detecting gases in transformer oil. In 2014, WANG et al. from Dalian University of Technology utilized a DFB laser combined with an EDFA amplifier and a resonant photoacoustic cavity to detect C2H2 and CO2 in oil (Wu, 2013). In 2020, MA et al. from Harbin Institute of Technology employed a DFB laser combined with quartz-enhanced photoacoustic spectroscopy (QEPAS), using wavelength modulation and second-harmonic detection techniques, to achieve the detection of C2H2 in oil (Ma et al., 2017). In 2022, ZHU et al. from Dalian University of Technology used a DFB laser combined with an EDFA amplifier and a non-resonant cavity, along with wavelength modulation and second-harmonic detection techniques, to detect C2H2 and CH4 in oil (Zhu et al., 2022). In 2023, Zhang et al. from Xidian University designed a T-type multi-resonance cell optimized for transformer oil DGA, using quantum cascade lasers (QCLs) and interband cascade lasers (ICLs) to minimize cross-interference to measure C2H2 and CH4 (Zhang, 2010). While these studies predominantly relied on resonant photoacoustic cavities, wavelength modulation, and second-harmonic detection, practical challenges remain, particularly when dealing with cost and small gas sample volumes extracted from oil. Additionally, the influence of bias DC waveforms in tunable lasers on photoacoustic signals has not been thoroughly investigated, representing a critical gap in optimizing detection sensitivity and stability.
This paper proposes a photoacoustic spectroscopy gas detection method based on a tunable DFB laser and a non-resonant cavity. By adjusting the injection bias current waveform of the laser and comparing the gas signal strengths under different waveforms, the optimal bias DC waveform is determined to meet the requirements of practical field application.
2 PRINCIPLE AND METHOD
Photoacoustic Spectroscopy (PAS) gas detection technology is a detection method based on the photoacoustic effect. Its fundamental principle relies on the absorption characteristics of gas molecules at specific wavelengths of light, and the concentration of the gas is determined by measuring the intensity of the photoacoustic signal (Zhang, 2010). In laser photoacoustic spectroscopy, a tunable laser is used as the light source, emitting modulated light that matches the absorption lines of the target gas (Chen et al., 2012). The photoacoustic cell is filled with the gas to be measured. When the modulated light passes through the cell, gas molecules absorb the light energy, generating the photoacoustic effect and producing acoustic signals. These signals are detected by a highly sensitive acoustic sensor and converted into electrical signals. After amplification, filtering, and other processing steps, the electrical signals are recorded and analyzed by a data acquisition system. By establishing the relationship between the intensity of the photoacoustic signal and the gas concentration, and using standard gases of known concentrations for calibration, the concentration of the target gas can be accurately determined (Wang et al., 2024).
2.1 The selection of laser wavelength
In the near-infrared band, methane gas exhibits strong absorption lines. According to the HITRAN database, the absorption line strength of methane at 1651 nm reaches the order of 10^-21 cm/molecule. In contrast, the absorption line strengths of carbon dioxide (CO2) and water vapor (H2O), which are present in the atmosphere at certain concentrations, are only on the order of 10^-27 cm/molecule at this wavelength. This significant difference in magnitude implies that, in practical applications, the absorption interference from carbon dioxide and water vapor on methane can be neglected. Additionally, in DGA detection, the interference from other hydrocarbon gases on methane is virtually negligible. Figure 1 shows the absorption spectra of methane, water vapor, and carbon dioxide near 1651 nm, all of which are at reasonable ambient concentration.
[image: Figure 1]FIGURE 1 | The absorption spectra of methane, water vapor, and carbon dioxide near 1,651 nm.
2.2 Experimental system
A schematic diagram of Laser photoacoustic is shown as Figure 2.
[image: Figure 2]FIGURE 2 | Schematic diagram of laser photoacoustic.
The experimental system employs a tunable DFB laser, QTDFB-16511510SA2S (Quantel Technology, China) with SM fiber pigtail, 15 mW and FC/APC connector. By adjusting the temperature and current parameters, the laser outputs a central wavelength of 1,651 nm at temperature of 30°C and bias DC of 91 mA. The laser light is delivered via a single-mode optical fiber and directly coupled into the photoacoustic cell through a coupler. To accommodate the small gas sample volumes typical in transformer DGA applications, the photoacoustic cell is designed as a non-resonant cavity made of brass. The internal shape of the cavity is cylindrical, with a volume of 5 mL, and the inner walls are polished and gold-plated to minimize adsorption and maximize reflection (Bijnen et al., 1996). A microphone is embedded within the photoacoustic cavity, model GRAS 40AD-FV1/2’ (GRAS Sound & Vibration A/S, Denmark), with a response frequency range of 3.15 Hz–10 kHz. The data acquisition device is an NI9181 (National Instruments, USA). The laser driver, signal generator, lock-in amplifier, and control software are all custom-developed programs.
2.3 Experimental method
2.3.1 Wavelength scanning method
The “Wavelength Scanning Method” involves modulating the bias DC injected into the tunable laser, thereby altering the output wavelength of the laser to periodically scan the absorption peaks of the target gas molecules. The gas molecules absorb laser light at specific wavelengths. This absorption follows the Beer-Lambert Law, which states that the amount of light absorbed is proportional to the concentration of the gas molecules. The mathematical expression of the Beer-Lambert Law is shown in Equation 1:
[image: image]
Where: I is the intensity of the light passing through the sample cell, I0 is the initial intensity of the light, α the absorptivity or formerly called the extinction coefficient; L is the length of light path, C is the gas concentration in the sample cell.
In this study, when the laser output light scans across the gas absorption line profile, a difference in the photoacoustic signal is formed between the absorption minimum and the absorption maximum. By periodically scanning the absorption minimum and maximum, a periodic photoacoustic signal S is generated. The microphone detects the changes in the photoacoustic signal (Zhang et al., 2018). This process can be expressed mathematically as follows:
[image: image]
Where: Sm is the sensitivity of the microphone; Ccell is the photoacoustic cell constant, determined by the geometric dimensions and material of the cell; Pλ the incident light power, α is the absorption coefficient of the gas molecules at the incident light wavelength, C the concentration of the target gas. When Sm and Ccell are determined, the amplitude of the photoacoustic signal is related to Pλ, α and C.
When the photoacoustic cell is filled with the target gas, C is a constant. Below, we discuss the relationship of the photoacoustic signal S with Pλ and α, respectively.
Under the assumption of negligible losses, the incident light power Pi(λ) can be replaced by the laser output power Pi(λ), which is related to the laser drive current (Li et al., 2024; Fukuda et al., 2010). At a constant temperature, the output wavelength is linearly related to the laser drive current, as expressed by the following formula:
[image: image]
Where: λs the initial output wavelength of the laser at a constant temperature; h is a constant related to the laser output power and wavelength.
The molecular absorption spectrum is not an ideal line with zero width but exhibits broadening due to various factors, resulting in different line profiles (Gamache, 2005; Boone et al., 2007). Depending on the broadening mechanisms, the line profiles can be categorized into three types:
Collision broadening, which dominates under high-pressure conditions and is described by the Lorentzian profile; Doppler broadening (natural broadening), which is significant in low-pressure environments and is described by the Doppler profile;
Voigt profile, which is used when both broadening mechanisms are present and neither the Doppler nor Lorentzian profile alone can accurately describe the absorption line shape. The Voigt profile is a convolution of the Lorentzian and Doppler profiles. The Voigt profile function is an integral form and does not have a simple analytical expression. Its integral form is related to the half-widths of the Lorentzian and Doppler profiles: 
[image: image]
Where: αD is the half-width of Doppler profile; αL the half-width of the Lorentzian profiles, [image: image], [image: image], [image: image], λ1 is the central wavelength, λ0 is the central wavelength of the profile.
By substituting Equations 3, 4 into Equation 2, the following formula is obtained:
[image: image]
From this, it can be concluded that the wavelength scanning method, by changing the input current to the laser, alters both the laser output power and the gas absorption coefficient (i.e., the height corresponding to the wavelength in the absorption line profile), thereby affecting the magnitude of the photoacoustic signal.
After integrating the scanned waveform, the area of the output waveform is:
[image: image]
where: λss and λse represent the starting and ending wavelengths generated by the laser scanning current, respectively.
Define K(λ) as:
[image: image]
In Equation 5, the Voigt profile remains essentially unchanged under normal temperature and pressure conditions but cannot be expressed in a simple analytical form. Instead, discrete numerical calculations of the line profile function can be employed (John, 1973).
From Equation 6, it can be observed that within a fixed wavelength scanning range, the power output aligns with the shape of the Voigt profile, and K(λ) remains constant as shown in Equation 7. The area of the photoacoustic signal exhibits a linear relationship with the gas concentration.
Based on the analysis above, the photoacoustic signal waveform, under constant laser output power, should generate a signal that matches the Voigt profile when scanning the absorption Voigt profile function. However, in practice, as the output wavelength changes during scanning, the laser output power also varies, resulting in a photoacoustic signal waveform that differs from the ideal Voigt profile.
2.3.2 The waveforms of bias DC
The bias DC input parameters include current magnitude, frequency, and waveform (Gospodinova et al., 2000; Şenel et al., 2014). The current magnitude is directly determined by the laser’s output wavelength and cannot be altered. Theoretically, the lower the frequency, the greater the cumulative photoacoustic signal (Tam, 1986). However, considering potential distortion in the microphone’s response to low-frequency signals, a modulation frequency of 15 Hz is chosen for the current.
Using a signal generator, three different waveforms of modulation current are generated: sawtooth wave, triangular wave, and sine wave. The schematic diagram of wavelength variation over time for these waveforms is shown in Figure 3 below:
[image: Figure 3]FIGURE 3 | Three types of waveform for modulation.
3 EXPERIMENTAL RESULTS AND DISCUSSION
3.1 PA signal waveform and phase
According to the Spectraplot database, the Voigt profile of CH4 at 1651 nm is shown in Figure 4. This absorption corresponds to second overtones (2ν3) and combination bands (ν3 + ν4) (Brown et al., 2013).
[image: Figure 4]FIGURE 4 | The absorption profile of methane at 1,651 nm.
The input waveforms of the bias DC for the tunable laser were set to sawtooth wave, triangle waveand sine wave respectively, and injected into the laser at the same frequency of 15 Hz. The photoacoustic cavity was pre-filled with 99.8 ppm calibration gas of methane. The obtained photoacoustic signal waveforms and their phase relationships with the reference waveforms are shown in the Figure 5 below.
[image: Figure 5]FIGURE 5 | The PA signal waveforms with different types of waveform for modulation.
3.1.1 Sawtooth wave method
When using a sawtooth wave as the bias DC waveform, the calculation method for φ∆ is the same as in Equation 6. When the wavelength λ0 is between λss and λse, the photoacoustic signal waveform should approximate the truncated waveform of the gas Voigt absorption profile. As shown in Figure 6., the scanned range of wavelength is from 1650.8 nm to 1651.1 nm, covering the whole absorption peak, and the intercepted area forms a larger photoacoustic signal area. However, in this process, it is challenging in engineering application to stabilize the wavelength at the midpoint between λss and λse. When calculating the waveform area using a lock-in amplifier, the phase cannot remain consistent. Also as indicated in Figure 5., the phase of signal waveform is not in line with the reference, but in this case, has a 70° phase lag.
[image: Figure 6]FIGURE 6 | The scanned range of wavelength under sawtooth wave method.
3.1.2 Triangle wave method
To address the phase inconsistency issue of the sawtooth wave, a triangle wave was used to modulate the bias DC. The driving current was started from 1650.8 nm as λss and increased to the absorption peak central wavelength λ0 1650.95 nm as the ending point λse then gradually decreased from the peak back to λss. When this driving method operates on the left half-cycle of the gas absorption profile, the photoacoustic signal generated by the target gas is in the same phase with the background noise signal. When operating on the right half-cycle, the photoacoustic signal generated by the target gas is in the opposite phase with the background noise signal. This study focuses on the left half-cycle of the gas absorption profile, as shown in Figure 7 below.
[image: Figure 7]FIGURE 7 | The scanned range of wavelength under triangle wave method.
The calculation method for φ∆ in the triangle wave is the same as in Equation 6. By selecting λ0 as the scanning cutoff wavelength and leveraging the symmetry of the Voigt profile, the rising and falling edges of the modulation current generate symmetrical photoacoustic signals. Although the waveform does not perfectly match the Voigt profile, it is more resembled on shape to the Voigt profile than the sawtooth wave. When λss and λse strictly scan the left half-cycle of the Voigt profile, the peak of the photoacoustic signal appears at a 180° phase, which helps reduce external interference during lock-in calculations.
3.1.3 Sine wave method
To further enhance the intensity of the photoacoustic signal, i.e., increase the scanning area, a sine wave was used as the modulation current waveform. The practice is generally the same as it is under triangle wave method only the sine waveform applied, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | The scanned range of wavelength under sine wave method.
The calculation method for φ∆ in the sine wave differs slightly from Equation 6. In the sine wave half-cycle method, the wavelength rises during the 0∼π/2 phase, with the waveform rising faster in the initial part and slower in the latter part. Due to equidistant time sampling, this scanning method results in more signal points being acquired closer to λ0 in the latter part. During the π/2∼π phase, the wavelength decreases, with the waveform falling slower in the initial part and faster in the latter part, resulting in more signal points being acquired closer to λ0 in the initial part. Overall, this scanning method generates a larger photoacoustic signal area and a stronger photoacoustic signal.
3.2 Photoacoustic signal intensity and linearity
The input waveforms of the bias DC for the tunable laser were set to sawtooth wave, triangular wave, and sine wave respectively, and injected into the laser at the same frequency of 15 Hz. The photoacoustic cavity was pre-filled with pure nitrogen and 5.9/11/22/37.6/99.8/240.3 ppm calibration gas of methane respectively. The obtained photoacoustic signal intensities and linearities are shown in the Figure 9 below:
[image: Figure 9]FIGURE 9 | The PA signal intensity and linearity with different types of waveform.
Consistent with theoretical predictions, the peak area under the sine waveform is the largest, resulting in the highest photoacoustic signal intensity, followed by the triangle waveform, while the sawtooth waveform exhibits the smallest peak area and signal intensity.
In term of linearity, due to the ability of sine wave and triangle wave to better lock the phase, the position of the maximum value is relatively fixed. Over the entire measurement range, this ensures minimal phase drift, thereby guaranteeing the reliability and accuracy of the data, as they exhibit excellent linearity. In contrast, the phase of the sawtooth wave is more difficult to stabilize, especially at low concentrations, where the position of the maximum value is more susceptible to interference from environmental factors and internal electrical noise, resulting in lower reliability.
3.3 Limit of detection (LOD)
After determining the optimal bias DC modulation waveform as the sine wave, the limit of detection can be calculated by Equation 8.
[image: image]
To record the noise N with pure nitrogen, the number of data is 128 and the average value of N is 0.148μV, as Figure 10 shown. The signal intensity K of sine wave is 2.3095 μV/ppm as shown in Figure 9.
[image: Figure 10]FIGURE 10 | The zero signal with sine wave.
With an integration time of 1.4 s, the LOD of methane was determined to be 0.2 ppm. This meets the requirements for online oil-gas monitoring applications.
4 CONCLUSION
This study systematically investigated the effects of different bias DC waveforms (sawtooth wave, triangle wave, sine wave) on the measurement of methane concentration in oil using photoacoustic spectroscopy by constructing an experimental platform. The experimental results demonstrate that the bias DC waveform of the laser significantly affects the intensity, linearity, and stability of the photoacoustic signal, with the sine wave providing the best measurement performance.
Specifically, under the same experimental conditions, the sawtooth wave was unsuitable due to difficulties in phase locking. The photoacoustic signal intensity under sine wave bias was higher than that under triangle wave bias. This is primarily because waveform variation of the sine wave results in more sampling points near the center wavelength, thereby increasing the scanning area and intensity of the photoacoustic signal. Additionally, the linearity under sine wave bias was superior to that under sawtooth and triangle wave biases, benefiting from the smooth and continuous waveform characteristics of the sine wave, which effectively suppresses high-frequency noise interference. In terms of stability, the photoacoustic signal under sine wave bias exhibited the smallest fluctuations, demonstrating excellent repeatability and reliability.
In conclusion, sine wave bias DC modulation is the optimal choice for photoacoustic spectroscopy measurement of methane concentration in oil. With the sine wave as the bias modulation, the detection system exhibited good linearity and a low detection limit. This study provides theoretical and experimental references for optimizing the performance of photoacoustic spectroscopy systems and improving the accuracy and reliability of methane detection in oil. Future research could explore the effects of other waveforms or composite waveforms on the photoacoustic signal and develop more efficient and stable online monitoring systems for methane in oil based on practical application scenarios.
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